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Abstract: The COVID-19 pandemic has affected many aspects of human well-being including air
quality. The present study aims at quantifying this effect by means of ground-level concentrations
of NOz, PM:5, as well as aerosol optical depth (AOD) measurements and tropospheric NOz column
number density (NO2 TVCD), during the imposed governmental restrictions in spring 2020. The
analyses were performed for both urban and non-built-up areas across the whole of Poland
accompanied by Warsaw (urban site) and Strzyzow (a background site). The results revealed that
mean PM2s concentrations in spring 2020 for urban and non-built-up areas across Poland and for
Warsaw were 20%, 23%, 15% lower than the 10-year average, respectively. Analogous mean NO2
concentrations were lower by 20%, 18%, 30% and NO2 TVCD revealed 9%, 4%, 9% reductions in
2020 as compared to 2019. Regarding mean AOD, retrieved from MERRA-2 reanalysis, it was found
that for the whole of Poland during spring 2020 the reduction in AOD as compared to the 10-year
average was 15%. The contribution of the lockdown within total air pollution reduction is not easily
assessable due to anomalous weather conditions in 2020 which resulted in advection of clean air
masses identified from MERRA-2 reanalysis and Strzyzow observatory.
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1. Introduction

Air pollution is a severe threat to public health and has been proven to be the main
cause of many fatal diseases. Air quality in Poland is one of the worst in the European
Union. In this respect, the report of the National Health Fund (NFZ) has revealed that a
potential reason for increased mortality in January and February 2017 was related to high
air pollution [1]. Similar findings regarding those suffering from cardiovascular problems
were reported by Sroczynski in 1988 [2], while the higher frequency of influenza is
positively correlated with air pollution [1]. Furthermore, the European Environmental
Agency (EEA) has quantified that around 47,000 people die every year due to poor air
quality in Poland [3] leading to the conclusion that it has a negative impact on the human
immune system [1]. Apart from particles less than 10 um in diameter (PMo) and particles
less than 2.5 um in diameter (PM2s), the main air pollutant that causes deaths in Poland
is nitrogen dioxide (NOz). Poor air quality became an even more significant threat when
the coronavirus (COVID-19) pandemic started in spring 2020, which was the main
motivation for the present study.

The COVID-19 outbreak first occurred in December 2019 in the city of Wuhan, capital
of the Chinese province of Hubei with more than 11 million citizens. This new coronavirus
spread all over the world and by the end of March 2020 the World Health Organization
(WHO) declared COVID-19 to be a global pandemic [4]. In Poland, the first pandemic
restrictions, commonly known as ‘lockdown’ [5], were imposed on 15 March 2020 when
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the state borders were closed. One day later it was decided to close schools. The increasing
number infected resulted in the most stringent restrictions being imposed from 11th to
20th April, when it was forbidden to go outdoors and to commute except for work. The
restrictions were gradually removed from 20 April 2020 when going outdoors was
allowed and on 6th June lockdown ceased apart from the requirement to wear face masks
in indoor public places [6].

The indirect impact of the pandemic on air pollution has been investigated in
numerous studies and Bauwens et al. [7] have analysed the distribution of NO: in China,
South Korea, USA, Iran and Western Europe. They confirmed that a significant reduction
in tropospheric NO:2 columns (NO2 TVCD) occurred during the lockdown in 2020 as
compared to 2019. This decrease was attributed to a reduction in traffic and industrial
emissions while meteorological conditions were found to be less significant. Ultimately,
it was emphasized that further research focusing on other variables like aerosol optical
depth (AOD) would further facilitate the analysis of observed air pollution reduction.
Similar results were reported by National Aeronautics and Space Administration (NASA)
[8] and Dutheil et al. [9] regarding the reduction in tropospheric NO: column
concentrations that were initially noticed around the area of Wuhan, and later in the whole
of China. Worldwide reduction in NO: pollution was also reported by Fu et al. [10] based
on an analysis of twenty cities across the world, confirming the reduction in NO: at all
locations. However, the magnitude of this reduction varied from ca. -60% in Delhi to ca. -
10% in Sydney. Venter et al. [11] studied NO: and PM:zs pollution in 34 countries
worldwide using in-situ measurements and satellite products generated from the
TROPOMI instrument onboard the Sentinel-5P platform and from the Moderate
Resolution Imaging Spectroradiometer (MODIS) onboard the TERRA platform. They
found that due to the lockdown the population-weighted concentration of NO: dropped
by 60% and the PM2s concentration dropped by 31%.

Studies on reductions in pollutants due to the COVID-19 lockdown were also carried
out for Poland. Menut et al. [12] studied PM25 and NO: reduction in March 2020, based
on the WRF-CHIMERE model, with and without lockdown restrictions. There was a
confirmed 27% NO: reduction over urban areas and a 26% NO: reduction over rural areas
in comparison with expected concentrations, and additionally a 5% reduction in PMas
over rural areas. On the other hand, PM2s concentration was 4% higher in 2020 than
expected without the lockdown effect over urban areas. Further, Filonchyk et al. [13]
analysed changes of AOD derived from the MODIS sensor mounted onboard the AQUA
and TERRA satellites, as well as NO2 columns derived from the OMI sensor mounted
onboard the AURA satellite in 2020 across five main polish cities: Gdansk, Lodz, Krakow,
Warsaw and Wroclaw. This study revealed 60%, 50% and 33% reduction in AOD over
Warsaw during March, April and May 2020 respectively as compared to the same periods
within 2019. Furthermore, the authors reported a ~6% increase of NO2 TVCD over
Warsaw in the first half of March, ~ 5% decrease in the second half of March, ~9% increase
in the first half of April and ~110% decrease in the second half of April in 2020 as compared
to 2019. Moreover, concentrations of PM2s and NO: were verified. Filonchyk et al. [13]
claimed that PM:2s concentration in Warsaw had changed by +25%, —20%, —12% in March,
April and May, and NO:z concentration by =15%, =9%, —20%.

The main objective of the presented study is to analyse the reduction in atmospheric
concentration of NOz, PM25 and AOD caused by the COVID-19 lockdown during spring
2020. A second objective is to establish a relationship between the reduction in air
pollution during the lockdown and average meteorological conditions across the last
decade. The study areas covered both urban and non-built-up areas across Poland and
regional sites at Warsaw and the Strzyzow background observatory. The aforementioned
studies covered a short time frame and did not analyse the specific weather conditions
which occurred in Poland during spring 2020 (see Section 3). In this respect, the present
study provides a broader perspective covering 10 years, utilises the novel TROPOMI
sensor featuring finer spatial and spectral resolutions than OMI, and relates the estimated
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air pollution reduction to the Strzyzow background station. Section 2 of this paper
describes the experiment in respect to the study area and input datasets, and describes its
methodology including data (pre)processing. Section 3 describes the weather conditions
that occurred in Poland during spring 2020 and discusses the results of the experiment.
Final conclusions are included in Section 4.

2. Materials and Methods
2.1. Description of the Datasets Analyzed

This research consists of data analysis obtained from ground-based (PMzs, NO,
AOD, equivalent black carbon concentration, aerosol scattering coefficient) and satellite
observation for the NO: column, as well as from model simulations and reanalysis
(meteorological conditions including anomalies of temperatures in respect to climatology,
relative frequencies of back-trajectories, frequency of surface inversions and AOD). The
research focuses on the period of COVID-19 restrictions from 1st of March 2020 to 30th of
June 2020.

2.1.1. Study Area

Poland is the study area for the research (Figure 1). Analyses for the whole country
were made for PM25, NO2 and AOD, and to recognise the distribution of PM2s and NO:
pollution over differing types of land use, analyses were made both for urban areas and
non-built-up areas. Moreover, concentrations of PM2s and NO: were recorded over
Warsaw to recognise any changes in pollution in the most populated city in Poland. Data
on AOD, equivalent black carbon (eBC) concentration and the aerosol scattering
coefficient at 525 nm were obtained from a station located in south-east of Poland
(Strzyzow, 444 m a.s.l,, 49.88° N, 21.86° E), which is in a non-built-up area.

2.1.2. In-Situ Air Quality Measurements

Air pollution in Poland is monitored by the Chief Inspectorate of Environmental
Protection (GIOS) at 130 stations for NO:z and 40 stations for PM2s5 [14]. The number of
stations is constantly changing, as some new ones are added and some old ones are
discontinued. In this respect, in the present study only stations that have been
continuously operating for an extensive period were used. In the case of the NO, there
were 68 urban stations and 10 non-built-up operational stations for the last 10 years (2011-
2020). For PMzs, the figures were 15 urban stations operational for the last 10 years (2011-
2020), but there was only one non-built-up operational station for just 8 years (2013-2020).
The 10 s measurements at a height of 2 m a.g.l. provided by GIOS as hourly means were
further grouped into four subsets: (1) all stations in Poland, (2) urban stations, (3) non-
built-up stations, (4) stations located in Warsaw.
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Figure 1. Location of GIOS stations measuring NOz, PM2s and the AERONET station. Red squares
correspond to urban stations where PMzs and NO: are measured, while green squares correspond
to non-built-up stations. Red triangles correspond to PM2s urban stations. Red circles to NOz urban
stations, while green circles are for NO2 non-built-up stations. A green cross gives the location of
the AERONET background station in Strzyzow where aerosol optical properties were measured.

GIOS measurements were complemented by a unique set of measurements from the
Strzyzow background station, which is a part of the Aerosol Robotic Network
(AERONET) [15]. The station is equipped with a CIMEL sun photometer [16], Aurora 4000
Nephelometer [17] and AE-31 Aethalometer [18] to measure AOD (at 340, 440, 500, 675,
870, 1020, 1640 nm), the aerosol scattering coefficient (at 450, 525 and 635 nm), and the
eBC concentrations (370, 470, 520, 590, 660, 880, 950 nm). In cases of AOD from AERONET,
the level of 2.0 and ver. 3.0 is used.

2.1.3. Tropospheric NO:2 Column Density (NO:2 TVCD) Retrieved from Sentinel-5P
TROPOMI Measurements

The Sentinel-5P satellite was launched on 13 October 2017, as a part of the Copernicus
Earth Observation Programme coordinated and managed by the European Commission
and the European Space Agency (ESA). This satellite mission supports global monitoring
of the atmosphere and climate by means of the hyperspectral Tropospheric Monitoring
Instrument (TROPOMI) sensor dedicated to air quality and ozone layer observations. The
TROPOMI instrument consists of four spectrometers measuring radiation in the
ultraviolet (270-320 nm), visible (310-500 nm), near-infrared (675-775 nm), and shortwave
infrared (2305-2385 nm) electromagnetic spectrums. Its spatial resolution is 3.5 km x 7 km
(for all products except methane) and 7 km x 7 km (methane) and spectral resolutions vary
from 1 nm in the UV band, through 0.5 nm in the VIR and NIR bands to 0.25 nm in the
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SWIR band. The swath width is 2600 km, which allows for daily monitoring of air
pollution at global scale [19]. Over Poland, Sentinel-5P imagery is acquired between 10:00
am and 1:00 pm UTC. Acquisition time was obtained by an application written in Google
Earth Engine as well as NO2 TVCD. The Sentinel-5P tropospheric NO2 column density
(L3_NOz) expressed in mol/m? used in this study features a spatial resolution of 0.01 arc
degrees (as provided by the Google Earth Engine: Sentinel-5P NRTI NOz: Near Real-Time
Nitrogen Dioxide product [20]) and covers two periods: 1 March 2019 to 30 June 2019 and
1 March 2020 to 30 June 2020. It is generated by the Dutch OMI NO: data products of
KNMI for OMI (DOMINO) [21,22], and Quality Assurance for Essential Climate Variables
(QA4ECV) [23] algorithms. Procedure of retrieval consists of three steps:

1. NO:z slant columns from the measured radiance and irradiance spectra is retrieved
by Differential Optical Absorption Spectroscopy (DOAS) method; Fitting function of
DOAS for TROPOMI follows the current non-linear fitting approach for OMI [22,24];

2. Tropospheric and stratospheric columns are separated;

3. Tropospheric and stratospheric slant columns are converted into tropospheric
vertical column density and stratospheric vertical column density.

Vertical profiles of NO2 are based on the chemistry transport model (CTM)—TM5-
MP [24,25] and are calculated for the centre of a pixel featuring a spatial resolution of 1° x
1° [25]. Finally, cloud cover filtering is performed by the FRESCO-S algorithm [26].

2.1.4. Ancillary Data from Models and Radiosondes

To support the interpretation of the GIOS measurements additional datasets were
used:

e Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2) [27,28] at 0.5° x 0.625° spatial and at 1 h temporal resolution (product
M2T1INXAER). MERRA-2 assimilates MODIS on Terra and Aqua [29] reflectance and
direct solar flux measurements at AERONET sites [15].

e NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
[30] to estimate transport of air masses. This included 96 trajectories for Warsaw at
0.5 km based on the Global Land Data Assimilation System GLDAS meteorological
data at 1° x 1° spatial resolution.

e The World Meteorological Organisation (WMO) radiosonde measurements for
temperature profiles from the Legionowo weather station 20 km from Warsaw to
identify surface air temperature inversions.

2.2. Methods of Data Processing
2.2.1. Analysis of In-Situ PM25 and NO2 Measurements

Daily mean atmospheric PM25 and NO: concentrations provided for each GIOS air
quality station were aggregated to decadal averages. The decadal estimates were
generated by averaging measurements taken across specific station types: (1) mean
estimates for all stations over Poland; (2) mean estimates for stations over urban areas; (3)
mean estimates for stations over non-built-up areas; (4) mean estimates for stations in
Warsaw. Furthermore, the decadal estimates were temporally aggregated into:

e  10-year decadal averages and standard deviations (2011-2020) for each decade from
7 to 18 for all analysed cases (except for the PM2s estimates for non-built-up areas
which featured a shorter time series);

e  8-year decadal averages and standard deviations (2013-2020) for each decade from 7
to 18 for PM2s decadal estimates for non-built-up areas;

e annual averages from the 7 to 18 decade (March-June), which were further used to
derive linear temporal trends. If a temporal trend was statistically significant
according to a f-test [31], it was used to derive annual anomalies of PM2s and NO2



Remote Sens. 2021, 13, 3784 6 of 23

concentrations. On the contrary, if the temporal trend was statistically insignificant,
then a multi-annual average was used to compute annual anomalies.

2.2.2. Analysis of the Sentinel-5 Tropospheric NO2 Column Density

The Sentinel-5P NO: product (L3_NO2) was analysed using the Google Earth Engine
(GEE) cloud platform, which combines the large earth observation (EO) archive with the
computing environment [20]. L3_NO: products were aggregated into decadal composites
by averaging pixels with a cloud fraction lower than 40%, as suggested by Bauwens et al.
[7] Other studies by Boersma et al. [23] and van Geffen et al. [32] revealed that a threshold
lower than 40% leads to more accurate NO: retrievals. However, Copernolle et al. [33]
claimed that low thresholds lead to the exclusion of aerosol and NO:z-polluted Sentinel-5P
scenes, which are essential from the perspective of the present study. Based on the decadal
product, the following statistics were computed:

e decadal median NO: for Poland;

e decadal median NO:z for urban areas in Poland where GIOS air quality stations are
located,;

e  decadal median NO: for non-built-up areas in Poland where GIOS air quality stations
are located;

e decadal median NO: from S-5P pixels located within Warsaw administrative
borders.

2.2.3. Analysis of Aerosol Optical Properties

AOD data in the MERRA-2 reanalysis is defined at 1 h intervals. Such data were
averaged over Poland (from 13.5° E to 24.5° E and from 48.5° N to 55° N) and then further
averaged into decadal composites. AOD, aerosol scattering coefficients, and eBC
measured at Strzyzow background station were averaged to daily means and then into
decadal estimates.

3. Results and Discussion
3.1. Meteorological Conditions in Poland during Spring 2020

Due to the fact that atmospheric pollution concentration and emission rates
(especially from heating systems) are a function of atmospheric parameters, this section
includes a brief description of weather conditions in 2019 and 2020 relative to long-term
means. The mean annual temperature anomalies were +2.0 °C and +1.8 °C, respectively,
for 2019 and 2020. The winter of 2020 was extremely warm (4.1 °C above the long-term
average) in contrast to the winter of 2019 (2.0 °C above average). Air temperature
anomalies during spring were significantly lower (+1.1 °C in 2019 and 0.0 °C in 2020).
Comparison of air temperatures across all spring months indicates higher temperatures
in 2020 than in 2019. Only in May, there were observed negative anomalies(-1.1 °C in 2019
and -2.3 °C in 2020); however, this has not influenced emission rates because the heating
season in Poland ends in March/April (Table 1).

Table 1. Mean air temperature anomalies in °C (compared to the 1991-2020 reference period) by month in Poland. Data
source: https://meteomodel.pl/ (accessed on 10 April 2021).

Years I II ITI IV \4 VI VII VIII IX X XI XII  Annual
2019 0.1 3.7 2.9 1.6 -1.1 5.3 0.2 2.0 0.9 2.0 2.9 3.6 2.0
2020 4.0 4.8 1.7 0.5 2.3 1.9 -0.1 2.0 1.8 2.0 2.4 24 1.8

Advection of air pollution was assessed on the basis of wind direction in Warsaw at
0.5 km derived from a 96-h back-trajectory from the HYSPLIT model (Figure 2). Wind
directions were further averaged to decadal estimates for 2019 and 2020 and for the 2010-
2019 reference period. Comparison of data from 2019 and 2020 in reference to long-term
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means shows some significant anomalies. For example, in April and at the beginning of
May (2020), transport from NW and W dominated and advection from this direction
usually brings clean Atlantic air masses to Central Europe. In contrast, during the same
period in 2019 (Figure 2a), more frequent transport from S, SE and E was observed;
however, between 11 and 20 April and between 1 and 10 May (2019) the circulation
changed to N.

I N
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Figure 2. Relative frequency of 96 h back-trajectories at 500 m over Warsaw obtained from HYSPLIT
simulation for (a) 2019, (b) 2020, and (c) for 2010-2019. Different colors show the direction of air
mass transport.

The HYSPLIT model revealed a variability of advection typical for Central Europe
and significant differences between spring 2019 and 2020. Similar differences between
2019 and 2020 were found on radiosonde measurements taken at the Legionowo weather
station 25 km from Warsaw. Figure 3 shows the frequency of surface inversions
(temperature gradient greater than 3 °C/100 m). In March 2020 the occurrence of
temperature inversions was twice that of 2019 and above the 2010-2019 average. In April
the differences between 2019, 2020 and the 2010-2019 average are low. In May 2020
temperature inversions were more frequent than in 2019 but less frequent than the 2010-
2019 average. On the contrary, in June 2019, inversions were twice as frequent as in June
2020. The number of surface inversions in June 2020 was about 50% less than the 2010-
2019 average.
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Figure 3. Frequency of surface inversions (temperature gradient greater than 3 °C/100 m) obtained
from radiosonde launches at Legionowo weather station 25 km from Warsaw. The blue, red, and
orange bars correspond to the springs of 2019, 2020, and to the reference period 2010-2019.

3.2. Background Aerosol Concentration in Poland

Preliminary results for PM2s atmospheric concentration within this study revealed a
need for an extended analysis of background aerosol concentration in order to facilitate
interpretation of the unusual fluctuations, which occurred in spring 2020. In this respect,
it was decided to include MERRA-2 reanalysis, complemented with unique
measurements of background aerosol properties from the AERONET station located in
Strzyzow. Mean spring (March—June) AOD at 550 nm, derived from MERRA-2 reanalysis
and averaged across Poland, revealed a 14% reduction for 2020 (0.165) in respect to 2019
(0.191) and a 15% reduction in respect to the 2010-2019 average (0.194). Temporal
variability of MERRA-2 AOD over Poland is presented on Figure 4. Results for 2020
indicate a significant reduction in AOD in April and May (red line) with respect to the
2010-2019 average (blue line) and to 2019 (black line).

The main drivers for AOD reduction in 2020 with respect to the 2010-2019 average
were sulphates (-18%), mineral dust (-16%) and organic carbon (-15%), black carbon
(-8%) while sea salt increased by 18% (Table 2). This indicates the advection of clear
atlantic air masses from NW and W which dominated Poland in April-May 2020 (Figure
2b). The same reduction in AOD at 500 nm in spring 2020 was observed at the background
AERONET station located at Strzyzow far from main roads, industrial and domestic
heating emissions. In this respect, AOD during April was about 50% of the 2010-2019
mean (Figure 5). Unfortunately, due to a sun photometer calibration issue, data from 2019
are not available in March and April. Mean AODs from March to June are 0.14, 0.23, 0.21,
for 2020, 2019 and the 2010-2019 average, respectively. Ultimately, it has to be stated that
the impact of COVID-19 lockdown on columnar AOD, induced by the reduction in vehicle
traffic, is expected to be marginal across Poland. This conclusion can be drawn from the
study of Zawadzka et al. [34] where it was proven that the variability in AOD during
spring and summer in Warsaw is rather small (0.01-0.02 at 500 nm) and that the
differences between the city center and rural areas are less than 10-15%. Only during very
slow advection of air masses coinciding with a temperature inversion does vehicle traffic
emission increase the difference.
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Table 2. Statistics of AOD components (at 550 nm) obtained from MERRA-2 reanalysis between March and June over
Poland.

AOD Statistics Sulphates Mineral Dust Organic Carbon Black Carbon Sea Salt Total AOD
2010-2019 mean 0.111 0.036 0.028 0.011 0.008 0.194
2020 mean 0.091 0.030 0.024 0.010 0.009 0.165

2010-2019 to 2020 relative
change (%)

-18 -16 -15 -8 +18 15

040 2019
2020
0.35 Average 2010-2019

[] Standard deviation

o
w
=]

o
o
o1

AOD at 550 nm
o o
o 8

0.05

0.00
07 08 09 10 11 12 13 14 15 16 17 18

Mar Apr May Jun
Decade of year

Figure 4. Temporal variability of 5-day running means of total AOD at 550 nm over Poland obtained
from MERRA-2 reanalysis. Blue, green and red lines show data for 2019, 2020 and 2010-2019,
respectively. The pink shadow indicates standard deviations of AOD for the 2010-2019 period.

To better understand the reason for reduction in AOD in 2020, the surface black
carbon (eBC) concentration from AE-31 aethalometer and the aerosol scattering coefficient
from Aurora 4000 nephelometer were analysed at the Strzyzow background station. Both
instruments recorded lower measurements in the middle of April 2020 in comparison to
the same period in 2019 and the 2010-2019 mean. However, during the end of March and
the beginning of April, values in 2020 were close to 2010-2019 means. For eBC there was
a significant drop in values in the first half of March 2019 and 2020 compared to the 2010-
2019 mean. This can be partly explained by the reduction in emissions from heating
systems (2-3 °C air temperature anomaly) but also by the transport of relatively clean air
masses (Figure 2). On the other hand, it is less likely that reduction of eBC in 2020 is due
to COVID-19 restriction, because Strzyzow station is localized in a large distance to road
traffic. The mean eBC for spring (March—June) was 641 ng/m?, 701 ng/m3, and 826 ng/m?,
respectively for the 2020, 2019 and 2010-2019 means. Temporal variability of the aerosol
scattering coefficient is similar to eBC. Due to instrument calibration issues, these data are
not available in March 2020 and in March-April of 2019. Based on the available data, we
estimated the mean scattering coefficient (during March-June): for 2020 (57.5 mm)
slightly lower than for 2019 (60.3 mm-) and for long-term data (60.0 mm™).
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Figure 5. Temporal variability of 5-day running means (a) AOD at 500 nm obtained from the CIMEL
sun photometer; (b) equivalent black carbon concentration (ng/m?®) from the AE-31 aethalometer;
and (c) the aerosol scattering coefficient at 525 nm from the Aurora 4000 nephelometer, all at the
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3.3. Decadal Variability in Ground-Based PMz.s Concentration Measurements

Magnitude and variability of mean decadal PM2s atmospheric concentration mostly
declines between decade 7th and 17th (Figure 6), which can be attributed to a reduction
in emissions from heating systems between winter and summer [35].

e’

50 @ i 5819 50

2019
20 -t 2020
—| Average 2011-2020 Average 2013-2020

.
=3
=
=3

|7 Standard deviation

[l Standard deviation

Ground-based PM; 5 [ug/m®]
Ground-based PMs s [ug/im?]

07 08 09 10 1 12 13 14 15 16 17 18 07 08 09 10 1 12 13 14 16 16 17 18
Jun Mar Apr Jun

May May
Decade of year Decade of year

Figure 6. Mean decadal ground-based PM2s concentrations (pg/m?) from GIOS air quality stations
in Poland in 2019 (blue line), 2020 (green line) and the multi-annual average (dashed red line).
Standard deviations corresponding to multi-annual averages are marked in pink. Panel (a) depicts
the average from 15 urban stations with respect to a 10-year multi-annual mean. Panel (b) depicts a
single non-built-up station with respect to an 8-year multi-annual mean.

Over urban areas in Poland, the mean PM2s concentration was significantly lower
(—20%) in 2020 as compared to the 10-year average, whereas in 2019 this difference was
less noticeable (-8%). The largest differences in respect to the 10-year average were
observed in the 11th decade (-39%), just after the lockdown restrictions had been imposed
in 2020. However, these differences were also large before the lockdown, during the 7th
decade (—32%) and the 8th decade (—38%). This implies that the meteorological conditions
in 2020 were particularly favourable for air quality due to lower emissions and dispersion
of air pollutants. This is apparent in Figure 2, where advection of clear and warm oceanic
(atlantic) air masses from N, NW, and W dominated completely. Consequently, a drastic
reduction in AOD concentration as compared to the 2010-2019 average occurred during
April 2020, which is clearly noticeable in the MERRA-2 reanalysis (Figure 4) and in
background measurements obtained at the Strzyzow AERONET station (Figure 5a). Due
to the relationship between AOD and PM:s concentrations [36-40], the same pattern is
noticeable for the background (non-built-up) station (Figure 6b) where PMoas
concentration in spring 2020 is almost constant, whereas in 2019 and for 2011-2020,
average values decline with time (analogous to urban stations). Unusually frequent
advection of warm atlantic air masses from N, NW and W, as opposed to cold continental
ones from E and NE, led to the positive air temperature anomalies for 2019 (2.9 °C) and
2020 (1.7 °C) reported in Table 1. This in turn leads to lower emissions from heating
systems and a further reduction of AOD and PM2s concentrations in urban areas.

Decadal mean PM2;5 concentrations in 2020 for urban areas are almost within a single
standard deviation from the 2011-2020 average. Consequently, it is hard to confirm and
quantify the direct impact of the COVID-19 lockdown on PM:s concentrations beyond
doubt.

These findings are reinforced by an analysis of PM2s concentrations in Warsaw
(Figure 7), where the reduction in vehicle traffic due to COVID-19 was abrupt and drastic
[41]. Despite more frequent temperature inversions (Figure 3) than the 2011-2020 average
(which should increase air pollution), PM2s concentrations for Warsaw are (again) within
a single standard deviation of the 2011-2020 average. Nevertheless, there is a significant
decrease in PM2s concentrations between the 10th and the 11th decade of 2020 (Figure 7),
which corresponds to the introduction of lockdown restrictions, but also to an unusually
frequent advection of oceanic air masses from the N, NW and W (Figure 2). Moreover,
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before the COVID-19 lockdown in the 7th and 8th decade of 2020, PM2.s concentrations for
urban stations (including Warsaw) were significantly lower than the 10-year average
(Figures 6a and 7). For the same period in 2019 these differences were even larger, which
can be attributed to the advection of warm atlantic air masses, positive temperature
anomalies (i.e., >2 °C) and infrequent temperature inversions (Figure 3).

50
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[ Standard deviation
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Figure 7. Mean decadal ground-based PMzs concentrations (pg/m®) from two GIOS air quality
stations located in Warsaw in 2019 (blue line), 2020 (green line) and the 10-year multi-annual
averages (dashed red line). Standard deviations corresponding to multi-annual averages are
marked in pink.

3.4. Multi-Annual Variability of Ground-Based PM2.s Concentration Measurements

Average PM2s concentrations from March to June for the years from 2011 to 2020
revealed a statistically significant (p-value < 0.05) negative temporal trend (Figure 8a,c) for
urban air quality stations (=0.9 pg/m? per 10 years) including Warsaw (-0.9 pg/m? per 10
years). These negative trends in Polish cities are related to cleaner technologies
implemented in heating systems and more efficient air pollution filters installed in cars.
On the contrary, for non-built-up area stations (Figure 8b), the 8-year temporal trend was
not statistically significant (p-value > 0.05). The average for that case was 16.04 pig/m?. This
indicates that background PM:2s concentrations in Poland have been stable over the last
eight years.
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Figure 8. March to June mean ground-based PM:2s5 concentrations (pg/m?) (black line: (a—c)), linear
regression (orange line: (a,c)) and anomalies (red bars: (a—c)) with respect to trends over: (a) urban
areas (b) non-built-up areas; (¢) Warsaw. For statistically insignificant trends, anomalies with
respect to averages were calculated (purple line: (b)).

The temporal trends for urban stations and multi-annual average for non-built-up
stations were used to compute anomalies of PM2s concentrations during spring for each
year (red bars on Figure 8). The acquired results revealed that in 2020 the anomalies were
not large for urban areas (0.8 pug/m?) and Warsaw (0.2 pg/m?). For 2019, they were even
smaller. However, the background (non-built-up) station revealed significant (-2.4 ug/m?)
reductions in PM2s concentrations in 2020, which again support the hypothesis that
weather conditions in spring 2020 were particularly favorable for air quality in Poland.

3.5. Decadal Variability of Ground-Based NO: Concentration Measurements

Temporal pattern of mean decadal NO: concentrations reveals a similar decline,
along with the spring period for PM2s concentrations. A significant source of NO: air
pollution is from vehicle traffic [11,42], whereas variations in PM2s concentrations are
more related to power generation and mesoscale conditions [43,44]. In this respect, traffic
measured at 32 sites across various locations in Poland during the COVID-19 lockdown
in 2020 decreased by 8776 vehicles per day as compared to year 2019 and by 7355 vehicles
per day as compared to 2018 [45].

This is noticeable in Figure 9b, where the mean decadal ground-based NO:
concentration for urban stations is significantly below any single standard deviation from
the 2011-2020 mean decadal value. On the contrary, background (non-built-up) stations
followed the 10-year mean decadal NO: concentrations more closely (within a single
standard deviation). Dissimilarity of patterns between urban and background (non-built-
up) stations may indicate that there was an additional factor (i.e., COVID-19 lockdown)
apart from meteorological conditions that affected the NO: concentration in Poland
during spring 2020. In this respect, the largest differences from the 10-year average for
urban stations were observed in the 11th decade (-36%) during the most stringent
lockdown period (Figure 9b). Nevertheless, significant reductions in a range of 20-30%
continued throughout the spring 2020.
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Figure 9. Mean decadal ground-based NO: concentrations (pg/m?) from GIOS air quality stations in
Poland in 2019 (blue line), 2020 (green line), and the 10-year multi-annual average (dashed red line).
Standard deviations corresponding to multi-annual averages are marked in pink. Panel (a) depicts
the average from all 78 stations in Poland; panel (b) depicts the average from 68 urban stations;
panel (c) depicts the average from 10 non-built-up stations.

These differences were even more pronounced for stations located in Warsaw during
the 11th decade (-58%) and 12th decade (-45%) of 2020. Overall, NO: concentrations in
Warsaw during spring 2020 were reduced by 30% as compared to the 2011-2020 average
and by 32% as compared to 2019 (Figure 10). Across the whole of Poland, NO:
concentrations in spring 2020 were 21% lower than the 2011-2020 average and 10% lower
than in 2019 (Figure 9a). Gradual lifting of COVID-19-related restrictions resulted in a 52%
increase in vehicle traffic between April and May 2020 and a 19% increase between May
and June [46,47]. This in turn corresponds well with the increase of NO:z concentrations in
Warsaw between 11th and 18th decades (Figure 10), but is opposite to the decreasing trend
across all urban stations in Poland (Figure 9b). This may indicate that the COVID-19
lockdown in Poland had a significant effect on NO2 concentrations only in large cities with
busy traffic.
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Figure 10. Mean decadal ground-based NOzs concentrations (pg/m?) from three GIOS air quality
stations located in Warsaw in 2019 (blue line), 2020 (green line) and the 10-year multi-annual
average (dashed red line). Standard deviations corresponding to multi-annual averages are marked
in pink.

NO: pollution is more related to local emissions, and thus a mesoscale airmass
advection direction is less important than local meteorological conditions. Nevertheless,
the local temperature inversions measured at Legionowo weather station (25 km from
Warsaw) seem not to be related to NO2 concentrations in Warsaw. For example, in June
2020, temperature inversions were around 50% less frequent than in 2019 (Figure 3), but
the differences in NO: concentrations were smallest (Figure 10). Furthermore, unusually
frequent advection of warm atlantic air masses from W and NW in spring 2019 (Figure 2)
did not directly influence NO: concentrations measured at urban stations, which followed
closely the 2011-2020 average from the 9th to the 18th decade. However, the indirect effect
of this event was related to increased mean air temperature by 2.9 °C in March 2019 (Table
1) and less intense fossil fuel burning by heating systems, which resulted in low NO2
concentrations in the 7th and 8th decades of 2019 (Figure 9b). Thus, it can be concluded
that in Poland factors such as vehicle traffic intensity and air temperature during the
heating season influence the NO: concentrations during spring more significantly than
temperature inversions and the direction of air masses advection.

3.6. Multi-Annual Variability of Ground-Based NO: Concentration Measurements

From the 10-year perspective (2011-2020), atmospheric NO: concentration was
smallest in 2020 for urban stations (including Warsaw) and the background station. For
urban stations this can be explained by a statistically significant negative trend (-0.6 ug/m?
per 10 years) that can be related to the implementation of more environmentally friendly
heating systems and to more efficient NO: filters mounted in cars. It is even more
expressed in the last 5 years. Absolute values had decreased from 20.50 ug/m? in 2016 to
18.83 pg/m? in 2017. There had been an increase in 2017, but in 2019 pollution decreased
(to 17.83 pg/m?3). However, the anomaly in 2020 was still the second largest in 10 years
and the largest in the last 5 years. More interestingly, there is no statistically significant
temporal trend in NO2 concentrations in Warsaw (Figure 11d) as opposed to other urban
stations in Poland (Figure 11a). This can be explained by the constantly increasing number
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of vehicles in Warsaw, related to its growth, and to the increasing income of Polish
households. The lack of statistically significant temporal trends in NO2 concentrations is
also apparent for non-built-up stations, which implies that in Poland, NO: background
concentrations during spring was stable within the 2011-2020 time frame. On the other
hand, there was a similar pattern of fluctuations of NO: concentrations over non-built-up
areas as over urban areas. Pollution had decreased in 2017, increased in 2018 and
decreased in 2019 and 2020 when the largest anomaly in respect to the average was
observed. Analogous to the analysis of PM2s concentrations presented in Section 3.4, the
mean anomalies of NO2 concentrations during spring for each year were computed using
either temporal trends (if they were statistically significant) or long-term averages. The
anomalies revealed that NO: concentrations during spring 2020 in Warsaw were
exceptionally low compared to the 2011-2020 period (Figure 11d). For other urban
stations, the anomalies for spring 2020 were also negative but less pronounced. This again
confirms that vehicle traffic in Warsaw is a significant source of NO2 emissions and that
this was drastically reduced due to the COVID-19 lockdown. In this respect, an increasing
intensity of vehicle traffic in Warsaw was noticeable in spring 2019, where mean NO:
concentrations are above the 2011-2020 average, regardless of favourable weather
conditions such as less frequent temperature inversions (Figure 3) and positive (>1.5 °C)
temperature anomalies during the heating season in March and April (Table 1). Therefore,
the significant reduction in NO: concentrations in spring 2020 can be attributed to the
COVID-19 lockdown.
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Figure 11. Mean ground-based NO: concentrations (ug/m?®) every year (black line: (a-d)), trends
(orange line: (a,b)) and anomalies (red bars: (a-d)) with respect to trends across Poland (a); urban

areas (b); non-built-up areas (c); and Warsaw (d). For statistically insignificant trends, anomalies
were calculated with respect to averages (purple line: (¢, d)).

Within the last few years, after the maximum of NO2 concentrations in 2015, pollution
had started to decrease. Then, it increased, but anomalies were still lower than anomalies
in 2015 and 2016. However, the reduction in 2020 is extraordinary even with respect to the
negative trend observed within the last five years.
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3.7. Decadal Variability of Tropospheric NO2 Column Number Density Derived from Sentinel-5P
Satellite Data

Air quality data derived from the TROPOMI sensor mounted onboard the Sentinel-
5 satellite provide unique capabilities in terms of large scale atmospheric NO:
concentration monitoring.

The short time series of Sentinel-5P data (since July 2018) allows a comparison of only
two spring seasons without a reference to long-term decadal variabilities. In this respect,
NO: concentrations derived from satellite measurements (Figure 12) reveal a similar
decline through the spring season to ground measurements (Figure 9). The agreement
between satellite and ground observations is also noticeable for mean differences in NO:z
concentrations between the spring seasons in 2019 and 2020. NO2 concentrations derived
from Sentinel-5P data were 6% lower in 2020 than in 2019 (Figure 12a) across the whole of
Poland, and were 9% lower for urban areas (including Warsaw) and 4% lower for non-
built-up areas. Furthermore, a distinct drop of NO2 concentrations during the 11th decade
of 2020, which coincides with the introduction of COVID-19-related restrictions, is visible
in both datasets for urban and background stations. In this decade, NO: concentrations
were lower in 2020 than in 2019 by 28% across the whole of Poland, by 30% across the
urban stations, by 37% across non-built-up areas and by 45% in Warsaw (Figure 13).
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Figure 12. Decade variability of median tropospheric NO2 column number density (molec/cm?-10%%)
over Poland (a); urban areas in Poland (b); and non-built-up areas in Poland (c); in 2020 (green line)
and 2019 (blue line). The X axis corresponds to a decade of the year.
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Figure 13. NO2 TVCD (molec/cm?) over Poland during 11th decade of the year: 2019 (a) and 2020
(b). Changes in NO2 TVCD (%) over Poland during the 11th decade (c) (difference of NO2 TVCD
during the 11th decade in 2020 (b)  with respect to 2019 (a).

Cross-decadal variability of NO:z concentrations derived from Sentinel-5P satellite
data is greater than analogous variability derived from ground station measurements.
This is related to the averaging of a different number of Sentinel-5 pixels masked due to
cloud cover and pixel geolocation inaccuracies. Due to pixels from subsequent orbits not
overlapping, a fraction of urban and rural areas within a pixel are changing. In general,
land cover over urban areas (including Warsaw) is very diversified —there are a lot of
green areas within an urban fabric. It is particularly visible for small spatial domains such
as the Warsaw agglomeration (Figure 14), where cross decadal NO: variability, derived
from coarse resolution satellite imagery, is much greater than for ground stations (Figure
10).
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Figure 14. Decade variability of median NO2 TVCD (molec/ecm?-10'%) in Warsaw in 2020 (green) and
2019 (blue).

4. Discussion

This study aimed at quantifying the impact of the restrictions imposed by the
COVID-19 lockdown during spring 2020 on PMas and NO: atmospheric concentrations.
In Poland, the restrictions caused a significant reduction in vehicle traffic by switching
from work-based to a remote work system (35% reduction as compared to 2019). The
analyses were based on multi-source datasets consisting of in-situ measurements from
GIOS air quality stations, in-situ aerosol properties measured at the Strzyzow AERONET
site, NO:z derived from Sentinel-5P satellite data, MERRA-2 climatic reanalysis, climatic
statistics based on surface synoptic observations, directions of airmass advections from
HYSPLIT model reanalysis, radiosonde measurements from Legionowo weather station,
and ancillary data on vehicle traffic. The results revealed that PM25 and NO: atmospheric
concentrations during spring 2020 decreased significantly in comparison to 2011-2020
average concentrations. In this respect, reductions in PM2s concentrations during the
COVID-19 lockdown were —20% at urban air quality stations and —15% at stations located
in Warsaw. Another study by Filonchyk et al. [13] showed that compared to 2019, PM2s
concentrations increased by 23% in March 2020, then decreased by 20% in April and
further by 12% in May. In this study, we estimated a 7% increase in March, 23% decrease
in April and a 12% decrease in May. However, we used data only from stations where
complete 10-year time series was available, while in 2019-2020 the number of stations
increased. On a national scale, other studies have reported a 19% reduction of PMzs
concentrations in China [48], a 21% reduction in Italy and a 20% reduction in Chile [49].
Although agreement between different studies is encouraging, it has to be noted that
environmental conditions across different countries differ significantly, COVID-19-
related restrictions were not imposed exactly at the same time worldwide and the time
span of analysed time series differed (in this study the longest being a 10-year
perspective).

Regarding non-built-up (background) air quality stations in Poland, which should
not be affected by anthropogenic pollution, a 23% reduction in PMas concentrations was
estimated for spring 2020. Similar decreases to PM2s concentrations were found for AOD,
which decreased by 14% across Poland according to MERRA-2 reanalysis and 14%
according to measurements taken at Strzyzow AERONET background site. This leads to
the conclusion that the COVID-19 lockdown was not the only reason for the decrease of
aerosol concentrations during spring 2020. This hypothesis was verified by an analysis of
wind direction from the HYSPLIT model, which revealed unusually frequent advection
of clean atlantic air masses from the NW, W and N, which prevailed from March to June
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2020. Significant weather anomalies in Western Europe were also reported by van
Heerwaarden et al. [50], who found that during spring 2020 solar irradiance over the
Netherlands was the highest since 1928. The advection of warm atlantic air masses and a
positive solar irradiance anomaly in spring 2020 resulted in positive temperature
anomalies in Poland (see Table 1), which in turn decreased the intensity of fossil fuel
burning for heating systems and consequently further improved air quality.

In terms of NO:z atmospheric concentrations, the mesoscale air mass advections are
less influential than local factors such as temperature inversions and emissions from fires
and heating systems [43,44]. However, within this study, no clear correlation between
NO: concentrations in Warsaw and the frequency of deep temperature inversions (>3 °C)
derived from radiosonde measurements taken at Legionowo weather station (25 km from
Warsaw) were confirmed. On the contrary, reduction in vehicle traffic in Warsaw due to
the COVID-19 lockdown seems to correspond well with the decrease of NO:
concentrations which for the 11th decade of 2020 (the time of the most stringent
restrictions) was 58% compared to 2011-2020 average. From the perspective of the spring
season in 2020, this reduction was 30% in Warsaw, 21% across Poland, 20% across urban
air quality stations and 18% across background stations. For comparison, a 40% NO:
concentration reduction was reported for London, 35% for Milan, 50% for Paris [51], 56%
for Madrid, 46% for Barcelona [52], 35% for Warsaw, 35% for Beijing, 30% for New York,
20% for Berlin, 20% for Tokyo and 10% for Sydney [10]. At a national scale Solberg et al.
[53] estimated by means of a General Additive Model (GAM) that with or without the
COVID-19 lockdown, NO:2 was reduced by 20% during spring 2020 across Poland. Similar
reductions were also reported for Denmark, Hungary and Czechia. Furthermore, this
study revealed strong agreement between NO: concentrations derived from Sentinel-5P
satellite data and in-situ measurements. In this respect, comparison of NO:z concentrations
between the springs of 2019 and 2020 revealed 6%, 9%, 4% reductions based on Sentinel-
5P product, and 10%, 9%, 12% reductions based on in-situ measurements across the whole
of Poland, across urban stations and background stations, respectively.

5. Conclusions

To conclude, it has to be emphasised that COVID-19 lockdown improved air quality
in Poland, but the magnitude of this effect is hard to dissociate from the unusual weather
conditions related to frequent advections of relatively clean and warm atlantic air masses.

Key findings of this research are:

e  Results revealed that PM2sand NO2 atmospheric concentrations and AOD decreased
significantly in spring 2020 in comparison with 2019 and 2011-2020 average
concentrations. Overall, air quality in Poland improved during COVID-19 lockdown
in spring 2020.

The period of the strictest restrictions (11-20th April) was the least polluted.
According to aerosol optical properties observed at the background station at
Strzyzow, the mesoscale conditions, such as wind characteristics, in particular
affected aerosol properties.

e NO: concentrations were not affected by advection of air masses. They were affected
by reduced transport and lower emissions from heating systems caused by the
positive air temperature anomalies. Particularly, reductions in vehicle traffic in
Warsaw corresponds well with the decrease in NO: surface concentrations.

e  Reduction of PM25, NO2 and NO: TVCD over Poland during COVID-19 lockdown
is low in comparison with reductions over other countries and cities.

e  The novel data source originating from the Sentinel-5P satellite provides a unique
perspective on NO: surface concentrations, which corresponds well with in-situ air
quality measurements.

Conclusions drawn from this study will be further used to model ground-based
concentrations of NO2 by means of a fusion of S-5P and meteorological data. Ultimately,
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a system for air quality monitoring in Poland based on multisource datasets will be
created.
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