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The tropospheric NO2 column from Sentinel-5P/TROPOMI (2018–2020) and Aura/OMI (2010–2020) over Poland, notably for 7 major Polish cities, was used to assess the annual variability and the COVID-19 lockdown effect. On a national scale, during lockdown (March–June 2020), strong sources of pollution were found in Katowice and Warszawa, as well as at the power plant in Bełchatów. A gradual drop in OMI NO2 values between March and June was found for all cities and the entire domain of Poland, this being a part of the annual NO2 cycle derived for every year from 2010 to 2020. In fact, the gradual drop of NO2 in the lockdown year was within the typical monthly and annual variability. In March 2020, Kraków showed the highest NO2 reduction rate. A reduction of NO2 was observed in Gdańsk, Wrocław, and Warszawa during every month of the lock-down period. Several factors, including wind speed and direction, temperature, and increased emission sources, can limit the dispersion and removal of NO2. Although meteorological conditions have a significant impact on the annual cycle of NO2 in Poland, it is important to note that anthropogenic emissions remain the primary driver of NO2 concentrations. Therefore, the study concludes that the effect of COVID-19 restrictions on NO2 pollution was negligible and clarifies the current understanding of the COVID-19 effect over Poland, with an emphasis on hotspots in the major Polish cities and their vicinity. This is consistent with our understanding that the reduction of NO2 pollution is seen in cities due to reduced traffic (domestic, municipal, and airborne).
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1 INTRODUCTION
The combined effect of ambient and household air pollution results in nearly 3 million fatalities each year, as a result of increased mortality due to stroke, cardiovascular diseases, chronic obstructive pulmonary disease, and cancer, among others (Dockery et al., 1993; Lim et al., 2012; Geddes et al., 2016). It is also a severe hazard to the environment. In recent years, increased public and global interest in addressing air quality issues has resulted from the COVID-19 restrictions on social interaction and the global economy, which have temporarily reduced pollution levels in many locations. One of the major air pollutants that has a negative effect on human health (Chen et al., 2007; Manisalidis et al., 2020) and at the same time absorbs visible sunlight (Vandaele et al., 1998; Solomon et al., 1999), thus making it observable by satellite instruments, is nitrogen dioxide (NO2). NO2 is mostly a secondary pollutant that results from chemical reactions between other pollutants, and it is a main component of photochemical smog. Its presence in urban areas is connected to the burning of fossil fuels as well as other types of combustion. NO2, along with nitric oxide (NO), is a major regulator of the free tropospheric oxidising capacity, influencing the build-up and result of radical species such as hydroxyl radicals (WHO, 2010). The amount of NO2 in our atmosphere is mainly related to the magnitude of NOx (= NO + NO2) emissions, and weather factors such as the solar zenith angle, wind speed, and temperature (Goldberg et al., 2020). There are several chemical forms of nitrogen oxides (NOx), however, NO2 is the air pollutant of greatest concern to human health. It is an important trace gas in the atmosphere, not only because of its health consequences, but also because it contributes to poor atmospheric visibility, and if its concentration gets above a certain threshold, it can have local radiative effects (Solomon et al., 1999). It has been established that the magnitude and hazard of air pollution are determined by location and site type (Ugboma & Nwobi, 2017), the magnitude of the emissions (Park et al., 2018), meteorological conditions (Li et al., 2019), and land surface features (WHO, 2010; Filonchyk et al., 2018; Wang et al., 2020). Hence, measures need to be taken to reduce air pollution.
Satellite remote sensing, e.g., using instrumentation on-board the Copernicus Sentinel missions launched by the European Space Agency (ESA), is an important technique for measuring air pollution. It has the advantage of delivering full and synoptic views of broad areas in a single image on a systematic basis, which is essential for assessing and mapping air pollution (Stebel et al., 2021). Satellite observations can also be useful to demonstrate, among others, events with human health implications, such as pandemic lockdowns. However, it is not used for air pollution regulatory purposes.
In December 2019, China reported an unexplained pneumonia outbreak. On 23 January 2020, Wuhan was quarantined, and other cities began enforcing disease restrictions. The disease spread from Asia to Europe and beyond. The World Health Organization declared this COVID-19 pandemic in March 2020 (WHO, 2010). Between February and March 2020, European governments imposed social isolation and lockdowns to prevent the spread of COVID-19. This lockdown was enforced in Poland on 20 March 2020. The lockdowns considerably impacted most industries, reduced traffic and other human activities. Restrictions include a ban on large crowd gatherings, home office work, and restrictions for both foreign and domestic travel. In many countries, these measures caused a historic temporary decline in atmospheric emissions, which demonstrated that improvements in air quality are attainable for some pollutant types.
Several researchers used observations from space, in situ measurements, and models to analyse the impact of COVID-19 on NO2 pollution. During the COVID-19 lockdown, there was a 6% decrease in NO2 in Tehran, Iran (Sharifi and Felegari, 2022), 30%–39.79% drop in NO2 in East China (Filonchyk et al., 2020; Fei et al., 2022), a 40%–50% drop in Arabian Pennisula (Karumuri et al., 2022), a 20%–40% reduction was recorded in India (Biswal et al., 2021), 9%–43% in the United States (Goldberg et al., 2020), 39% decrease in Greece (Koukouli et al., 2021), 23% drop was observed in Germany (Balamurugan et al., 2021), 50% reduction in Spain (Petetin et al., 2020), 67.7% drop in Rome, Italy (Bassani et al., 2021), and many more, especially those comparing the COVID-19 effect on NO2 across more than one European country (e.g. Barré et al., 2021; Solberg et al., 2021). However, there are very few studies on NO2 pollution in Poland. Szymankiewicz et al., 2021 showed the usefulness of NO2 from the Ozone Monitoring Instrument (OMI) and the SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) for improvement of NOx surface emission prediction. Kawka et al., 2021 examined the annual variation of TROPOspheric Monitoring Instrument (TROPOMI) NO2 and pointed out the importance of proper selection of satellite scenes for monthly averages. In relation to COVID-19 lockdown effect assessment, Grzybowski et al., 2021 reported ∼10% reduction of TROPOMI NO2 in early spring 2020 and Filonchyk et al., 2021 reported the 10%–19% reduction of OMI NO2 from 15 March to 25 April 2020. However, none of these studies attempted to assess the impact of the COVID-19 lockdown on air quality in Poland in terms of long-term variability of NO2, for which longer datasets need to be used, such as OMI NO2 for at least a decade.
The aim of this study is to use observations from space to quantify the impact of the COVID-19 lockdown on NO2 pollution over Poland with respect to decadal variability. Our initial hypothesis based on reported effects in the literature was that the reduction of NO2 during the COVID-19 lockdown over Poland should not be a typical one but still the lockdown effect should be significant (Barré et al., 2021; Solberg et al., 2021). To confirm or reject this hypothesis, we quantified NO2 changes during the COVID-19 lockdown period obtained from TROPOMI and OMI and assessed their significance in terms of the long-term OMI NO2 pollution levels over Poland domain and for selected Polish cities. As a result of the analyses, we found that the lockdown effect was negligible, being under the level of typical year-to-year decadal variability. Therefore, the key knowledge gap we sought to address was the absence of long-term analysis of OMI NO2 data in literature, specifically in terms of assessing the COVID-19 effect in the climatology context.
The paper is structured as follows: Section 2 is devoted to introducing the study area, instruments, datasets, and the methodology for satellite data retrieval; Section 3 presents the results; Section 4 is dedicated to discussion. Finally, the work is summarised and concluded in Section 5.
2 MATERIALS AND METHODS
2.1 Study area
The study area encompasses the country of Poland, in a rectangular domain with boundaries of 49–55°N, 14–25°E, as well as several selected biggest and most polluted cities (see Table 1; Figure 1). With a population of 38,169 million inhabitants, Poland has an area of 312,685 square kilometres. In the south, snow-capped peaks of the Carpathian and Sudeten mountain ranges, while in the north, undulating central lowlands and Baltic Sea can be found (Central Statistical Office/Basic Data, 2021; https://stat.gov.pl/podstawowe-dane/ last access 12 January 2022). The southern mountain ridge acts as an obstacle to air circulation, causing air masses to rise and cool as they approach higher elevations. This may allow clouds and precipitation to form, which can help to remove pollutants from the atmosphere. However, if the atmosphere is already polluted, these processes might result in the formation of acid rain, which may affect air quality even further. The lowlands of northern and central Poland are characterised by flat topography and a lack of substantial height variations. This implies that air masses can move more freely across the landscape, potentially spreading pollutants far. Furthermore, the mountain is more vulnerable to temperature inversions, which occur when a layer of warm air traps cooler, more polluting air close to the ground. This might result in the accumulation of pollutants and hence, poor air quality. The Baltic Sea can help to moderate air quality in the northern Poland. Pollutants can be dispersed by sea breezes, and the presence of water can help to absorb and filter out some pollutants. But if pollution levels are high, the sea may also act as a polluter, with industrial and agricultural runoff polluting the water and contributing to unhealthy air quality.
TABLE 1 | Demographic and geographic information about the seven study cities in Poland as well as the entire domain of Poland. [Population data are based on Central Statistical Office/Basic Data (2021) for all sites and https://Wrocław.stat.gov.pl/en for Wrocław].
[image: Table 1][image: Figure 1]FIGURE 1 | Map of Poland with locations of cities analysed in the study. Gdańsk (darkpurple), Białystok (green), Warszawa (black), Łódź (orange), Wroclaw (lightblue), Katowice (red), Kraków (blue), and Bełchatów power plant (gray).
The Bełchatów power plant (51.27 °N, 19.32 °E), is Poland’s largest contributor to NOx emissions, with a capacity of 25 kilotonnes in 2019 (SITE, 2023, last access: 31 January 2023). Meanwhile, the transportation sector is the nation’s second-largest contributor, accounting for 22%–25% of NOx emissions (Bartnicki et al., 2018). Noticeable NOx emission peaks can be seen in both the central and southern regions of Poland, where heavy road traffic combines with major combustion sources.
2.2 Instruments and datasets
The tropospheric column NO2 observations from TROPOMI and OMI are the main sources of data for this study. The instruments are described below.
The objective of the Sentinel-5 precursor (S5P) mission launched in October 2017 is to provide global information on a multitude of atmospheric trace gases, aerosol and cloud distributions affecting air quality and climate. The S5P is to fill the data gap and provide data continuity between the ESA’s Environmental Satellite (EnviSat) mission and the upcoming Sentinel-5. The satellite carries the state-of-the-art TROPOMI (TROPOspheric Monitoring Instrument) to map trace gases that can affect human health (Verhoelst et al., 2021). The hyperspectral spectrometer measures radiation in the UV (270–320 nm), VIS (310–500 nm), and IR (675–775 nm and 2,305–2,385 nm) spectral ranges (Veefkind et al., 2012). The 2-dim CCD detectors measure in 450 viewing directions across the 2,600 km swath with an integration time of ∼1 s, resulting in a high spatial resolution of 3.5 km × 7 km at nadir. In August 2019 the pixel size was decreased to 3.5 km × 5.5 km by reducing along-track averaging. A single satellite orbit around the Earth takes ∼100 min, resulting in daily global coverage due to the large sweep (Lange et al., 2021). Among other gases, S5P measures NO2, which is utilized for this work. The TROPOMI NO2 retrieval procedure is divided into three steps. The initial stage in NO2 processing is to retrieve the slant column density (SCD), Ns, the total amount of NO2 along the effective light path from the Sun through the atmosphere to the satellite using differential optical absorption spectroscopy (DOAS). The stratospheric vertical column density (VCD), [image: image], is then calculated using NO2 vertical profile information from a chemical transport model/data assimilation system that assimilates the SCDs—in the case of TROPOMI, TM5-MP. Lastly, the tropospheric VCD, [image: image] is calculated using: [image: image], where [image: image] and [image: image] are the stratospheric and tropospheric air mass factors (AMFs), which are affected by surface albedo, surface pressure, cloud fraction, cloud pressure, the shape of the NO2 vertical profile, and the viewing geometry of the satellite ground pixel in question (van Geffen et al., 2020, 2022).
We used Level-2 TROPOMI tropospheric column NO2 data from June 2018 to May 2020, i.e., the most recent, consistent, reprocessed NO2 product from the Sentinel-5P Product Algorithm Laboratory (S5P-PAL) Data Portal (https://data-portal.s5p-pal.com, last access 28 March 2022). The S5P-PAL system provides the most refined and reliable reprocessed S5P TROPOMI NO2 product, allowing for consistent data analysis, such as studying trends in the impact of COVID-19 on air pollution. The data were re-gridded to 0.01° × 0.01° using the Atmospheric Toolbox’s HARP package (https://atmospherictoolbox.org/harp, last access 8 December 2021). In accordance with recommendation guidelines (Eskes et al., 2020), measurements with a qa_value lower than 0.75 were not used. Cloud-radiance fractions of more than 50% are excluded using a qa_value of 0.75. This qa_value essentially removes cloud-covered scenes, fragments of the scenes covered by snow/ice, error and problematic retrievals. All level-2 TROPOMI NO2 products were converted from mol/m2 to Pmolec/cm2.
The National Aeronautics and Space Administration’s (NASA) Earth Observing System Aura satellite, launched in July 2004, carries OMI (Ozone Monitoring Instrument). OMI is an ultraviolet/visible (UV/VIS) nadir solar backscatter spectrometer with a spatial resolution of 13 km × 24 km that delivers almost worldwide coverage every 24 h. A variety of trace gases are measured along with aerosol properties, cloud top heights, and UV irradiance at the surface. Its unique capacity to retrieve essential trace gases contributed significantly to our understanding of stratospheric and tropospheric chemistry and climate change (Levelt et al., 2006). The retrieval algorithm for OMI NO2 involves three steps: 1) obtaining NO2 slant columns from OMI reflectance spectra using Differential Optical Absorption Spectroscopy (DOAS), 2) distinguishing between stratospheric and tropospheric contributions to the slant column, 3) using the tropospheric air mass factor (AMF), convert the tropospheric slant column to a vertical column (Bucsela et al., 2006; Boersma et al., 2011; Dirksen et al., 2011). The OMI NO2 data product used in this study was retrieved from Goddard Earth Sciences Data and Information Services Center (GES DISC, https://disc.gsfc.nasa.gov/datasets/OMNO2d_003/summary?keywords=NO2, last access 21 January 2023). We used a daily global gridded (0.25° × 0.25°) OMNO2d tropospheric column NO2, from January 2010 to December 2020 which is provided for all atmospheric and sky conditions with a cloud fraction of less than 30% (Krotkov et al., 2019). All OMI NO2 products were converted from mol/m2 to Pmolec/cm2.
We investigated the effect of weather on the reduction of tropospheric NO2 using the ERA5 reanalysis monthly mean meteorological data (100 m wind speed and direction, boundary layer height, and temperature at 2 m above ground level) with a resolution of 0.25° × 0.25° for the months of March, April, May, and June 2019–2020. Details can be found at https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5 (last access: 24 March 2023).
2.3 Methodology
NO2 concentrations vary from day to day due to changes in emissions and meteorology, and thus, conclusions on the lockdown effect cannot be drawn based solely on the daily data products. We averaged out the day-to-day meteorological variability in the TROPOMI NO2 products by computing the 14-day simple moving average (SMA, as in Eq. 1) during the COVID-19 lockdown period (mid-March to end of June), in order to properly assess the impact of changes caused by human activities in seven Polish major cities.
[image: image]
where a1, … an represent daily data points. The unweighted mean of the previous k data points is given by a SMA. The higher the value of k, the smoother the curve; nevertheless, increasing k reduces accuracy. The SMA is a frequently used statistical tool for smoothing time series data by calculating the unweighted mean of the previous k data points. In this instance, k was set to 14, which indicates that the we calculated the SMA for each day of the lockdown period using the previous 14 daily data points. In doing so, we were able to reduce the impact of day-to-day meteorological variation and more accurately capture the changes in NO2 caused by human activities. This method provides a more precise evaluation of the influence of human activities on NO2 concentrations during the lockdown period.
The percentage relative change (RC, as in Eq. 2) was used to assess how much the amount of NO2 in the troposphere changed with respect to the reference period.
[image: image]
where [image: image] represent the monthly mean NO2 in the year 2020 and the long-term monthly average over the reference period from 2010 to 2019, respectively. The mean was computed after filtering OMI missing data points and outliers. The RC method was used to determine the difference in NO2 concentrations between 2020 and the reference period. This method allows for a more accurate comparison of NO2 concentrations over time, as well as a reduction in the impact of seasonal and other NO2 concentration variations.
Furthermore, we computed the annual average of NO2 and analysed how it changed from year to year (2010–2020) to analyse differences in Poland’s largest cities (Białystok, Gdańsk, Katowice, Kraków, Łódź, Warszawa, and Wrocław). A manual method was used to draw bounding boxes on the Sentinel-5P pre-operations data hub. The latitude/longitude values were then obtained. The resolution of satellite imagery can have a significant impact on data accuracy. The box area over the smallest city was chosen to be sufficiently large to consider the different satellite resolutions over the different cities as negligible. It is worth noting that when comparing the 2020 observations to the OMI NO2 mean from 2010 to 2019 (Figure 4), we assumed that NO2 levels had remained stable from 2010 to 2019. This was accomplished by removing the long-term trend from all of the data before analysing it.
Please note that all data used in this study were provided using Ugboma and Stachlewska (2022) data publication.
The advantages of our methods are:
a) applying a 14-day simple moving average (SMA) of TROPOMI NO2 products during the COVID-19 lockdown period in order to properly assess the impact of changes caused by human activities in seven Polish major cities. This is crucial in order to average out day-to-day meteorological variability in the TROPOMI NO2 products.
b) using percentage relative change (RC) method to assess how much the amount of OMI NO2 in the troposphere changed with respect to the reference period. This is important to allow for a more accurate comparison of NO2 concentrations over time by accounting for seasonal and other NO2 concentration variations. Furthermore, to reduce the impact of outliers and missing data points by filtering OMI missing data points and outliers.
c) using annual average of NO2 to analyze how it changed from year to year (2010–2020) to obtain differences in Poland’s largest cities.
3 RESULTS
3.1 NO2 decrease as observed by TROPOMI
The monthly mean tropospheric column NO2 maps over Poland retrieved from TROPOMI were compared between the periods of March-June 2019 and 2020, as shown in Figures 2A–L, to depict changes during the COVID-19 lockdown period. In general, NO2 levels decreased in 2020 compared to 2019, especially in the west, central, and southern regions, except for the Bełchatów power plant in May and June. The hotspots marking the cities chosen for this study are well visible (refer to Figure 1).
[image: Figure 2]FIGURE 2 | Monthly mean of TROPOMI NO2 over Poland in the reference period of 2019 (March(A), April(D), May(G), June(J)), the COVID-19 year 2020 (March(B), April(E), May(H), June(K)), and the absolute differences (March(C), April(F), May(I), June(L)).
The TROPOMI NO2 percentage change in the country’s largest cities during COVID-19 lockdown is shown in Table 2. We do not observe a consistent reduction in each city within March to June 2020 (values vary from −48.34% to 30.30% in different months), whereby sometimes we even observe a strong increase (e.g., in March: 30.30% in Katowice, and 27.51% in Łódź). The strongest reduction in March was for Kraków (−48.34%), in April and May for Gdańsk (−35.83%, −30.61%), and in June for Katowice (−26.56%). Note that in all months the reduction was observed only in Gdańsk, Wrocław, and Warszawa but at very different rates. Thus, when we look at the individual cities, it is very difficult to argue that the observed reduction was directly caused by COVID-19 lockdown.
TABLE 2 | Relative percentage change in TROPOMI NO2 for March–June in 2019 and 2020.
[image: Table 2]A daily NO2 pollution across all the cities during period corresponding to COVID-19 lockdown in 2020 and for comparison in 2019 is shown in Figure 3. Daily mean variations (in Figure 3, blue) depicts day-to-day changes. For both years, Białystok and Gdańsk had low daily NO2 concentrations (between 0.21 and 5.26 Pmolec/cm2). Slightly higher values where for Wrocław, Łódź, and Warszawa (between 0.39 and 5.72 Pmolec/cm2). The highest variability was observed in Katowice and Kraków, reaching from 0 even up to 11.89 Pmolec/cm2, except for Kraków in 2020. So as to average out the effect of day-to-day variability, we also show the 14-day simple moving average (in Figure 3, orange line) of NO2 daily concentration. For some cities, NO2 14-day moving average of 2019 was similar to 2020 (e.g., Białystok, Gdańsk, Katowice, and Wrocław). For the other cities, there are more differences but not exceptional. Only for Warszawa, Wrocław, and Łódź, we see a small drop of NO2 directly after the imposition of the lockdown measures (20–24 March 2020). This confirms that we cannot unambiguously state that the COVID-19 effect was clearly evident in any of the cities.
[image: Figure 3]FIGURE 3 | TROPOMI NO2 daily variations (blue) and a 14-day moving average (orange) in selected Polish cities (locations in Figure 1) between 20 March and 30 June of 2019 and 2020.
3.2 OMI NO2 in COVID-19 year (2020) and the reference period (2010–2019)
Because the consistent dataset of the TROPOMI is limited to the 2020 versus 2019 comparative study, one needs to look at the expected decrease of NO2 levels for longer time series of OMI. The relative change (as in Eq. 2) of the monthly mean OMI NO2 concentration in 2020 versus the reference (2010–2019 average) for selected Polish cities and over the entire country is shown in Figure 4. In January, in all cities and over Poland, there was a positive relative change that indicated higher pollution than expected on average. For Białystok, it was the same for February. Positive changes are also seen in Gdańsk (March, April, June, August, and September). We see negative relative changes (indicating a decrease in NO2) for the majority of months in the entire domain of Poland (in gray) and most of the cities, except Gdańsk. The strongest negative relative change in several cities appeared not as expected in March/April but in June (81% in Warszawa, 80% in Białystok, 58% in Łódź, 40% in Katowice, 35% in Wrocław, 22% in Kraków). The nature of the negative relative changes over Poland is what one should expect in relation to the COVID-19 lockdown, but this is not the case for individual cities. It is important to note here that when comparing the 2020 observations to the OMI NO2 mean from 2010 to 2019 (Figure 4), we considered that NO2 levels had remained consistent from 2010 to 2019. This was performed by removing the long-term trend from all of the data prior to analysis. Note that the yearly values were not derived from just 10 data points but rather from the complete set of data spanning the years 2010–2019. It is important to emphasise that the trend we presented pertains specifically to columnar NO2 retrievals.
[image: Figure 4]FIGURE 4 | Relative change of the monthly mean OMI NO2 concentration (2020 versus the 2010–2019 average) for selected Polish cities (in colors) and over the entire Poland (gray).
The monthly mean NO2 with standard deviation for the reference years 2010–2019 compared to the monthly mean for the year 2020 for each city is depicted in Figure 5. The standard deviation bars demonstrate how NO2 levels varied within the month and city-to-city. The smaller the bar, the smaller the spread, implying that the data is clustered around the mean which can be seen in general in the summer months (JJA). Moreover, the greater standard deviation spread indicates that NO2 levels are more variable than the mean, as generally in the winter months. Data for Białystok and Gdańsk in the year 2020 are overlaying the long-term mean data. For Wrocław, Kraków, and Warszawa the overlay is less obvious, but values for 2020 are only slightly below the reference average. In Katowice and Łódź, the 2020 NO2 levels were below the long-term mean average. However, for all the cities, the levels are within the standard deviation bars of the reference.
[image: Figure 5]FIGURE 5 | Monthly mean NO2 with standard deviation derived from OMI for Poland and the selected Polish cities in the COVID-19 year 2020 (blue dashed line) and in the reference period of 2010–2019 (orange line with error bar denoting the standard deviation). The gray shade represents the COVID-19 lockdown period.
3.3 Meteorological data
According to the methodology of Barre et al., 2021 and Goldberg et al., 2020, we reviewed our data to determine if weather effects could be accounted for, taking into consideration that our study domain size and its locality significantly differ from those in their studies. Several parameters were assessed:
1. Solar zenith angle:
From March to June, the difference in solar zenith angle for Poland (latitude 49.00–55.04°N, longitude 14.07–24.15°E) is of only about 5°–10°, and as such, changes in solar zenith angle can be considered negligible for weather normalization over this domain, while for other studies they has to be considered, e.g., Balamurugan et al., 2021, Goldberg et al., 2020.
2. Day of week:
In Poland, the difference in city pollution levels between weekdays and weekends are not as pronounced as according to Goldberg et al., 2020 (15%–30%). In our recent study Minderyte et al. (2023), we found that, e.g., in Warsaw, the pollution levels were of about 7%–15% lower on weekends compared to weekdays, and as such they are not relevant in our case.
3. Wind speed and direction:
The normalization is required for wind speeds falling between 0–2 m/s and 20 m/s or above. However, in our case, the dominant wind speed observed was between 3–8 m/s considered a moderate wind (see Supplementary Figure S9), and thus falls outside the normalization range. Upon examining the separating factor of 5 m/s utilized by Goldberg et al., 2020, we have determined that it aligns with our current data. As a result, there is only very seldom a need for weather normalization in relation to the wind speed. As for the wind direction, it shows some variability in different months (see Supplementary Figure S9). NW, W, and SW winds are prone to transport more polluted air masses, while SE, E, and NE winds transport more clean air. The prevailing winds in March and May 2019, and April and May 2020 are from NW. Most of the winds in April 2019 are from E. The winds were mixed in June 2019 (balanced between NE and SW) and in June 2020 (balanced between NW and SE). This kind of wind direction variability in connection to moderate winds shows that air mass advection of polluted and cleaner air may be brought over the domain but it is not highly significant. As a result, weather normalization can be done only for a very few specific cases.
4. Temperature changes
The temperature changes over different months shown in Figure 6, demonstrate that for both 2019 and 2020, the dominant temperature ranges were between 14°C–15°C and there was no extreme anomaly temperatures recorded. The temperature range is cooler in March (13°C–14°C) than April, May and June (15°C–17°C). This can result in NO2 build up, particularly in urban areas with high traffic and/or industrial activity. The temperature range of remaining months is warmer (15°C–20°C) and is typically associated with the late-spring/early-summer months in Poland. Warmer temperatures can cause an increase in activity in the atmosphere, including more mixing between layers and increased turbulence. This can help in the dispersal of NO2 and the improvement of air quality.
5. Boundary layer height
[image: Figure 6]FIGURE 6 | Monthly mean of 2 m temperature from ERA5 over Poland in the reference period of 2019 (March(A), April(C), May(E), June(G)) and the COVID-19 year 2020 (March(B), April(D), May(F), June(H)).
According to Goldberg et al., 2020, the normalization is required if the boundary layer height is above 2,000 m or below 500 m, which was not observed over our domain. The air tends to be more stable in March (winter/pre-spring in Poland), with less mixing between different layers of the atmosphere. The higher boundary layer can facilitate NO2 dispersion and can promote its transport over long distances, whereas the lower boundary layer can result in NO2 accumulation near the ground surface. Supplementary Figure S8 shows that the boundary layer heights in May and June of both 2019 and 2020 were similar. There was more differences in March and April (more similar to May). The correction for the low boundary layer heights was not necessary (due to their occurrence only over the Baltic Sea). Therefore, the correction for the boundary layer height effect was only sporadically.
3.4 Validation of OMI NO2 data
Any validation study of in situ or surface data with satellite columnar data is challenging as these are not directly comparable quantities. Additionally, using the available in situ NO2 data from the European Environment Agency—EEA, (https://discomap.eea.europa.eu/map/fme/AirQualityExport.htm, last access: 12 June 2023) is limited due to low data coverage for Poland, which is available only from 2013 onwards. This prevents us from incorporating EEA data for the entire duration of our study period and the selected cities. However, on the basis of the existing (very limited) dataset, we obtained hourly NO2 data (for OMI overpass time 13:45) from the EEA. The computed R-squared values for EEA and OMI are as follows:
Białystok: −0.6466, Gdańsk: 0.5461, Łódź: 0.4109, Kraków: 0.3094, Warszawa: 0.5124, and Wrocław: −0.1124. These were based on annual averages from 2013 to 2020.
Still, one needs to understand that it is not possible to attempt a properly designed OMI NO2 validation study.
3.5 Limitations and uncertainty of satellite NO2 observations over Poland
There are several key points to consider when discussing the limitations and uncertainties of satellite NO2 observations over Poland:
1. Spatial resolution: Satellite observations typically provide measurements over a relatively large area, ranging from several square kilometres to tens of kilometres. This coarse spatial resolution may not capture local variations in NO2 pollution levels, particularly in densely populated urban areas with high spatial heterogeneity.
2. Vertical sensitivity: Satellites can measure the total amount of NO2 along the entire vertical column of the atmosphere. However, they cannot distinguish the specific concentration levels at different altitudes within the column. This means that satellite data alone do not provide information on the near-surface concentrations of NO2, which are often of particular interest for assessing air quality and human exposure.
3. Interference from aerosols and other Species: Aerosols can scatter or absorb the solar radiation on which the satellite signals rely. This interference can cause errors in the retrieved NO2 concentrations. Other atmospheric species, such as ozone (O3) and formaldehyde (HCHO), can also contribute to the measured signals, complicating the interpretation of NO2 observations even further.
4. Calibration and retrieval algorithms: Satellite instruments require calibration in order to convert measured NO2 concentrations into meaningful NO2 concentrations. Instrument calibration uncertainties, as well as the algorithms used to extract NO2 concentrations from raw data, can introduce biases and uncertainties into the final measurements.
5. Cloud Cover and weather conditions: Cloud cover and bad weather can obstruct satellite observations, limiting data availability and accuracy. Overcast skies and persistent cloud cover can have a significant impact on the number of valid observations, especially in cloudy regions.
6. Temporal coverage and sampling frequency: Satellite observations may have temporal coverage and sampling frequency limitations. Observations may not adequately capture diurnal or short-term variations in NO2 pollution, depending on the satellite’s orbit and revisit time. In addition, the lifespan of NO2 in the atmosphere is only a few hours.
7. Ground-based measurements and validation: Ground-based measurements and validation are essential for verifying satellite observations, but they can also introduce uncertainties of their own. The challenges arise from the availability, the specificity of their location, and the representativeness of ground-based NO2 measurements in the same spatiotemporal domain as the satellite observations, thereby posing difficulties and contributing to the overall uncertainty in the satellite data.
Therefore, when interpreting satellite NO2 observations over Poland, it is essential to keep these limitations and uncertainties in mind. To obtain a more detailed vertical profile of NO2 concentrations, additional measurements from ground-based instruments, such as surface monitors and/or vertical profiling instruments, models, and other complementary approaches can help mitigate these limitations and provide a better understanding of the distribution of NO2 at different altitudes.
4 DISCUSSION
The effect of the lockdown on NO2 levels in the atmosphere is expected to be highly dependent on the sources of NOx. In Poland, the majority of power plants runs on coal (e.g., Bełchatów) emitting a substantial amount of NOx (see SITE, 2023). The second major source of NOx is due to transportation. Local city NO2 levels are expected to lower during the COVID-19 because of reduced traffic (Koukouli et al., 2021; Solberg et al., 2021).
Our study shows that TROPOMI’s tropospheric column NO2 between March 16 and 30 June 2020 across Poland is similar to what was observed by Grzybowski et al. (2021), Solberg et al. (2021), Filonchyk et al. (2021), and Barré et al. (2021) for the same period. However, in the case of the Polish domain, these decreases are within the typical year-to-year variability (2010–2020). Low NO2 concentrations were clearly observed throughout the summer months, while high NO2 values were observed mainly during the winter months when energy is in high demand. This can also be attributed to reduced solar radiation due to substantial cloud cover and high solar zenith angles (Schneider et al., 2021) throughout the winter, resulting in the delayed removal of NO2 pollution from the atmosphere. Additionally, the low-level cloud cover (<2 km) over Poland during wintertime is significant (Wang et al., 2020). On the other hand, this could be due to the fact that NO2 stays in the atmosphere longer and emissions changes with the season, as a result traffic and residential heating.
As we already highlighted in the introduction, our approach to the COVID effect assessment differed from the existing literature in that, for the interpretation of the NO2 changes in 2020, we used not only TROPOMI but also OMI data. This allows us to look at the NO2 levels from a long-term perspective. The winter months (December, January, and February) show the highest variations (Figure 4), which is expected due to high energy demand during this period. Additionally, factors such as reduced solar radiation, increased cloud cover, and a high solar zenith angle contribute significantly to the slower removal of NO2 from the atmosphere. Moving into the spring months (March, April, and May), we did not observe a consistent reduction pattern. However, we noticed a steady decrease in NO2 levels, particularly in April and May, in cities like Białystok, Katowice, Kraków, Łódź, and Warszawa. This decline in these cities can be attributed to reduced traffic, industrial activities, and the implementation of air quality measures by local authorities.
The monthly NO2 levels in each city were compared in Figure 5 for the reference years 2010–2019 to 2020. Smaller bars, as seen in Poland, indicate less NO2 spread, implying that data from April to October is clustered around the mean NO2. Larger spreads indicate greater NO2 variability, which is common in the winter. Overall, the 2020 NO2 levels for all cities are within the standard deviation bars of the reference data. This suggests that during the months of April to October, the NO2 levels in Poland tend to remain relatively consistent and close to the average. In contrast, the winter months reveal more variation in NO2 levels, with a wider range of values observed. This evidence provides insights into the seasonal patterns of NO2 concentration in Poland, highlighting the periods of greater stability and variability in air pollution levels.
Our findings agree with existing studies—there was a decrease in NO2 levels in Poland during the COVID-19 lockdown period (Barré et al., 2021; Filonchyk et al., 2021; Grzybowski et al., 2021; Solberg et al., 2021). But we showed that it cannot be entirely attributed to COVID-19 and that it was within the typical variability of NO2 levels in Poland.
Here we used a consistent version of the TROPOMI NO2 dataset, which was not the case for earlier published papers based on the operational OFFL TROPOMI product. Our approach is novel because it is based on a decadal OMI dataset in addition to TROPOMI dataset. Although one could opine that in the early years of operation, we could have used the OMI dataset (from 2005 to 2020). But, data availability in Poland was low, and introducing 5 years of data would have no effect on the main finding.
We see negative relative changes for the majority of months in the entire domain of Poland and most of the cities (except Gdańsk). These are partly related to policy-induced emission reductions through the study period. The nature of the negative relative changes over Poland is what one should expect as to be in relation to COVID-19 lockdown; a decrease in April/May and steadily negative relative changes until September, back to the normal variability in September/October and a second strong decrease in November/December. The negative relative changes for the cities are however not following that nature. It is important to state here that satellites do not measure NO2 directly, but rather they measure the amount of sunlight that is absorbed or scattered by the Earth’s atmosphere. This data is then used to infer the concentration of various gases, including NO2, in the atmosphere. Therefore, the effect is not strong to be observed by TROPOMI, which agrees with the findings of Barré et al. (2021), Filonchyk et al. (2021), Grzybowski et al. (2021), and Solberg et al. (2021). The negligible effect of COVID-19 lockdown in Poland is not unique. We see also a very low effect, e.g., in Tehran, Iran (Sharifi & Felegari, 2022).
We assessed the need for weather normalisation of NO2 pollution by evaluating various meteorological parameters. Goldberg et al. (2020) suggested that solar zenith angle should be considered as a factor for weather normalisation. However, for our study domain, the difference in solar zenith angle between March and June was minimal. This means that the angle of the Sun was not a significant factor in weather normalization for this region. According to Minderyte et al. (2023), in Poland, the disparity in pollution levels between weekdays and weekends was not as pronounced as reported in previous research. Pollution levels in Warsaw, for example, were only 7%–15% lower on weekends compared to weekdays. At specific ranges, a normalization is required for wind speeds in the range (0–2 m/s, and 20 m/s or above), however, the prevailing wind speed in our case was considered moderate (between 3 and 8 m/s), which did not require weather normalization. Regarding wind direction, there was some variability across different months. Certain wind directions (NW, W, and SW) were found to transport more polluted air masses, while others (SE, E, and NE) transported cleaner air. Although there was variability in wind direction, the impact on air quality was not highly significant. The dominant temperature ranges were between 14°C–15°C during both 2019 and 2020, except for cooler temperatures in March (13°C–14°C) and slightly warmer temperatures in April, May, and June (15°C–17°C). Furthermore, warmer temperatures promote increased atmospheric activity and mixing between layers (Stull, 1988), which can lead to better dispersion of pollutants like NO2. Thus, temperature changes play a role in pollutant dispersion, with warmer temperatures (15°C–20°C) promoting better air quality. Moreover, the observed boundary layer heights in our study domain did not exceed the thresholds mentioned in previous research (Goldberg et al., 2020), as requiring weather normalization. The boundary layer heights in May and June of both 2019 and 2020 were similar, indicating a relatively stable atmosphere during that period. Correction for low boundary layer heights was only necessary sporadically, and such occurrences were mainly observed over the Baltic Sea.
Although one would expect the NO2 decrease to be explained by the nationwide lockdown and significant decline in economic activities (air, ship, and road transport, city public traffic), as well as many industrial activities, compensated by telecommuting work. Yet, we see that the columnar NO2 pollution decrease in Poland during COVID-19 was not significantly stronger than the long-term year-to-year variability (2010–2020). And therefore, in this context, we assess a negligible effect resulting from COVID-19 restrictions in Poland.
We emphasize that numerous studies have been conducted using TROPOMI, however disregarding the valuable contributions of OMI, which in our case shows advantage of using them together. Our findings align with previous research conducted by Bauwens et al. (2020) and Huang and Sun (2020). Our study specifically focuses on Poland and its major cities, known as one of the most polluted countries in Europe. We acknowledge that columnar NO2 retrievals have limitations and may not perfectly align with surface observations. However, this columnar to surface conversion is not in the scope of this paper. Moreover, the validation of OMI NO2 data has been extensively addressed in numerous studies (Compernolle et al., 2020; Ionov et al., 2008; Ma et al., 2013; Y. Wang et al., 2017; Wenig et al., 2008), and their findings are well-documented. Hence, our intention is not to replicate those studies.
The limitation of our study is related to the fact that we are not using the entire available TROPOMI dataset (2018–2022). We limited our dataset to only 2019–2020, as we wanted to use the same version of data. While we acknowledge that released in the future datasets might contain differences/improvements, we do not anticipate them to be significant enough to change the general founding of our study. The other limitation is that we used not all of the available OMI datasets (2005–2022). One might see it beneficial to include additional 5 years of data (before 2010) to make the trend of NO2 reduction even more visible. However, from climatological point of view, a decade of data provides adequate clarity in highlighting the long-term trend in the selected study area.
5 CONCLUSION
This study focused on the use of space observations to quantify the impact of the COVID-19 lockdown on NO2 pollution over Poland in relation to decadal variability. It contributes to a better understanding of COVID-19’s impact in Poland. We show that the decrease of NO2 levels in Poland during the lockdown was negligible, and it should be seen rather as a long-term effect of the government and local authorities’ successful measures undertaken to improve the air quality in Poland, which can be seen as well captured by OMI long-term trend of decrease of NO2 over Poland and Polish major cities. Furthermore, we found that wind speed can result in lower NO2 levels in Polish cities with relatively flat topography, but not in cities with more varied and hilly topography, which have more difficulty dispersing polluted air masses.
On the basis of 2010–2020 OMI and 2019–2020 TROPOMI NO2 data products we deeply assessed the reported in literature low effect on COVID-19 lockdown in Poland. Our research highlights the following most important findings:
• From 2010 to 2020, the long-term annual variability estimated from OMI tropospheric column NO2 indicates a declining trend for main major polluting cities in Central and South-Western Poland (e.g., Katowice, Łódź), while none for cities in Northern and North-Eastern Poland (e.g., Białystok), where pollution levels were in general lower for the past decade.
• Although the relative change in 2020 to the average 2010–2019 for the entire Poland domain and for the major Polish cities (Białystok, Gdańsk, Katowice, Kraków, Łódź, Wrocław, and Warszawa) shows a drop in OMI NO2 levels during the lockdown (mid-March to end of June), this change is not exceptional and lies within the year-to-year typical NO2 variability.
• The TROPOMI NO2 confirms that for the majority of the cities the NO2 drop during the COVID-19 lockdown was not clearly visible and did not follow the expected gradual change nor a step-wise drop.
Our research focuses on the effects of COVID-19 in Poland’s major cities, providing valuable insights into the current state of affairs, as the NO2 COVID-19 related reduction is mainly expected to be seen in cities due to reduced traffic (domestic, municipality, airborne).In the next step, we will focus on what was happening in the areas over other types of hotspots, specifically coal-driven power plants. Moreover, our long-term approach study is encouraging to be extended in the future for other Eastern European countries (e.g., Hungary, Slovakia, and Baltic countries), as those also reported in literature as “a very low COVID effect” countries.
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