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Abstract

:

Air pollution is one of the most important topics as it can cause various reactions of the organisms, such as mental health disorders, respiratory problems or various cardiovascular despises. Many of the side effects of pollution are caused by particulate matter (PM). Therefore air pollution, especially the concentration of PM is monitored in many European countries. In the past years, Skopje has been one of the top-ranked cities in the world concerning the concentration of PM. This paper investigates the effect of the pandemic with COVID-19 and the restriction measures on air quality. The data collected before the pandemic (May 2018), during the global pandemic (May 2020 and May 2021), and after the period with restriction measures (May 2022) are analyzed. The measurement parameters are collected at the technical campus of the Ss Cyril and Methodius University in Skopje, North Macedonia, in May 2018, May 2020, May 2021, and May 2022. In this research, it can be confirmed that the restriction measures had a significant positive impact on air pollution.
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1. Introduction


Potential atmospheric pollutants such as particulate matter (PM) having sizes less than 2.5  μ m or 10  μ m, ozone (O3), nitric oxide (NO2), and volatile organic compounds (VOC) emitted from industries and vehicles are considered hazardous to human health. Air pollution may increase the risks for various health issues, including mental health disorders [1], heart disease, stroke, obstructive pulmonary disease, pneumonia, cancer, etc, even when pollutant concentrations are below the permitted levels [2].



The coronavirus (COVID-19) was first detected in Wuhan, China in December 2019 [3] and it was shortly spread to more than 210 countries [4]. The World Health Organization declared the COVID-19 pandemic on 11 March 2020 [5]. Many countries, including North Macedonia, have implemented a variety of measures to limit the spread of COVID-19, including strict and partial lock-downs, curfews, regulations on social distancing, commuting and public transport restrictions as well as recommendations to work online whenever possible. In general, the restrictions contributed to the reduction of the transportation of people and goods and optimized the production of goods, which led to disruption of the established supply chains.All of these measures had an impact on air quality improvement by reducing the emissions from human activities [6].



While there are no exact proofs that show that air pollution directly affects an individual’s likelihood of dying from COVID-19, there is a large amount of research examining the relationships between PM2.5 and other COVID-19 outcomes such as hospitalization. Increased PM exposure can influence severe acute respiratory syndrome coronavirus (SARS-CoV) fatality [7]. An analysis made in 71 Italian provinces showed that long-term exposure to air pollutants (PM10, PM2.5, NO2, and O3) was strongly correlated with COVID-19 cases [8]. Similarly, the authors’ Wu et al. [9] showed that long-term average exposure to PM2.5 concentration increased the risk of COVID-19 infection.



On the other side, the COVID-19 pandemic had a positive impact on air quality. Experimental results in [10] show reduced pollutant NO2, PM2.5, PM10 emissions by approximately 20% to 40% in 2020, where the period of the lockdown was analyzed. The paper [11] suggests a statistical model based on a generalized additive model (GAM) to analyze the effect of the lockdown measures on NO2 in Europe. The relationships between various meteorological factors and temporal metrics (season, time of the day) and air pollution mitigation were analyzed. The study presented in [12] examines the impact of COVID-19 lockdown on air pollution mitigation in 44 regions in China. In the research presented in [13], the   C O   concentration in Sao Paolo, Brasil decreased by   64.8 %   compared with the average of the past 5 years due to the partial lockdown. The NO2 concentrations decreased by   54.3 %  , while the NO concentration was mitigated by   77.3 %  . The research presented in [14] indicated a decrease in NO2 concentrations as a result of the reduced vehicle traffic in Barcelona and Madrid, Spain during the lockdown in March 2020. In the paper by [15], it is shown that the NO2 concentration decreased by   22.5 %   in March 2020 compared to March 2019.



A systematic review in [16] indicates the effect of COVID-19 pandemic on ambient air quality and human mobility around the world. In the analysis made during the COVID-19 lockdown, the concentrations of PM2.5, NO2, PM10, SO2 and CO in the range of 2.9–76.5%, 18.0–96.0%, 6.0–75.0%, 6.8–49.0% and 6.2–64.8%, respectively, decreased. O3 concentration increased in the range of 2.4–252.3%. Similarly, authors in [17] show PM concentration mitigation due to lockdown, mainly due to less movement of people to keep “social distancing” to control spreading of the COVID-19 virus. The research presented in [18] confirmed a reduction in PM10, PM2.5,   C O  ,   N  O 2   , and   S  O 2    in the range of 34–48% in roadside measurement stations and 18–50% in non-roadside measurement stations during the full lockdown in Shanghai. The average concentration of PM2.5, PM10, NO2, and CO in March 2020 decreased by   45.45 %  ,   35.56 %  ,   20.41 %  , and   17.33 %  , respectively, compared with those in March 2019, as it is presented in [19]. In the study presented in [20], due to COVID-19 restriction rules the average concentration of PM2.5 decreased by   21 %   in February and March 2020, compared with that in February and March of 2017–2019. Similar results are presented in the analysis in Seoul, South Korea [21]. They analyzed the social distancing period for 30 days and concluded that the average concentrations of PM2.5. NO2 and CO decreased by   10.4 %  ,   16.4 %  , and   16.9 %  , respectively, compared with the period before social distancing [21] was imposed. The same conclusions can be confirmed from the analysis conducted in Seoul and Daegu, South Korea. The average concentrations of PM2.5 in March 2020 decreased by   36 %   and   30 %  , respectively, compared with those in March of 2017–2019 [22].



The problem of poor air quality has been observed in the city of Skopje for a number of years [23,24,25]. The reasons for the problem are related to its geospatial position and the climate conditions, which worsen in winter months. The rapid urbanization and population growth increase the energy demand in the city of Skopje, especially heat demand in the period from November until April. The geographical position of the city of Skopje, the capital city of North Macedonia, which is situated in the River Vardar valley, and the local weather conditions increase the accumulation of pollutants in the city. Additionally, the city of Skopje stretches for more than 23 km, but it is only 9 km wide. For years, Skopje has had a bad reputation for the enormous exceeding concentration of PM in the air throughout the whole year [26]. It is interesting to observe that the concentration of PM2.5 and PM10 in Skopje is much higher during the night. In [23] it was reported that the concentration of PM2.5 is   18 %   higher, and while the concentration of PM10 is almost   20 %   higher during the night compared to the daytime periods. The observed problems as well as the changes caused by the COVID-19 pandemic were the major drivers for conducting the study presented in this paper.



The aim of the paper is to investigate the impact of the COVID-19 pandemic on air pollution in Skopje. For this purpose, the PM concentrations in the city of Skopje, North Macedonia were investigated. The data were collected at the technical campus of the Faculty of Electrical Engineering and Information Technologies. The measurement data analyzed in this work covers the period: May 2018, May 2020, May 2021, and May 2022.



The paper is organized as follows. In Section 2 the sensors and methods used to collect the data are presented, along with the applied statistical tools. The following two sections present the measurement results, the statistical analyses and the related discussion. The results show the concentration of PM2.5 and PM10 was significantly reduced during the pandemic years, and as all COVID-19 measures were canceled in 2022, the air quality is reported to be as before the pandemic. The results show that in 2020 there is no difference between the concentration of PM2.5 and PM10 during day-time and nighttime, which is a different trend compared to results from previous measurement campaigns when night-time pollution was higher than day-time pollution [23]. This trend is again reported for 2022. In 2021, the air quality is significantly better than pre-pandemic, but still lower than in 2020. Continuing this trend, the results suggest that there is no significant difference in PM concentration air quality when pre-pandemic and post-pandemic years are compared.




2. Materials and Methods


This section presents the measurement system components and the applied method and tools for the conducted analysis.



2.1. Sensors


The measurement system based on wireless sensor network technology is composed of PM and gas sensors for monitoring the air quality parameters. The measurement monitoring system consists of four sensors and a Wi-Fi module integrated into a single-board controller. Sensors integrated with each node can measure the following parameters: PM 2.5  μ m or fewer micrometers (PM2.5), PM 10  μ m or fewer micrometers (PM10),   C O  , and   N  O 2   . The details of the sensing units and the controller are presented in Table 1.



SDS011 [27] is the sensing unit for PM concentration measurement. The integrated PM2.5 and PM10 unit uses laser scattering technique as a principle of operation. This sensor unit can measure the particle concentration between 0.3  μ m and 10  μ m. The MiCS-4514 is a miniature sensing unit comprising of two integrated sensors which measure CO and NO2. The main characteristics are high sensitivity, wide detection range and low heater current [28]. In this SMD package with miniature dimension, two measurement sensors are integrated. The main characteristics are high sensitivity, wide detection range, and low heater current.



The integrated controller is responsible for processing the data before they are transmitted to the network. The controller type used for this application is ESP32-WROOM-32D [29], and its characteristics are given in Table 1. The processing power of this module covers a wide range of applications, from low–power sensor networks, to more demanding tasks. The Wi-Fi module capable of transmitting the collected data to the closest router at the Faculty building is also an integrated part of the sensor node. The air quality monitoring system presented in this paper uses an open-source cloud platform for data collection and low-cost sensors using an available AC power supply. The measurement data can be monitored online or downloaded for additional analyses.



Further information and technical specifications of the used hardware can be found in [23].



The position of the measurement units is depicted in Figure 1. A group of sensors is used to collect the data presented in this paper. The first one is located on a metal construction between two single-story buildings and the second one is on the outer wall of a faculty building. The data for May 2018 was collected by sensor 1, while sensor 2 collected the data from May 2020. Due to technical problems, the collected data from May 2019 is insufficient for further analysis.




2.2. Methodology


This paper analyzes the data obtained in May 2018, May 2020, May 2021, and May 2022. The aim is to investigate if the global COVID-19 pandemic somehow contributed to air pollution mitigation, i.e., is there a statistically significant difference in the PM concentration pre, during, and post-COVID-19 pandemic.



The flowchart representing applied methodology is given in Figure 2. First, for each year, two datasets are queried from the databases—the first one containing the air pollution data, and the second one containing the meteorological data. Both datasets undergo a simple preprocessing in order to eliminate noisy signals, and are resampled for each hour. Merged based on the timestamp, they form the final dataset  D  used for the analysis of a particular year. Based on this dataset, the descriptive statistics of air pollution and meteorological conditions are calculated, and the distributions of air pollution over the whole year are presented. Finally, hypothesis testing is performed in order to validate if there is a difference in air pollution under different conditions over the years.




2.3. Statistical Tools


The collected data is analyzed using a proper set of statistical tools such as descriptive statistics, cross-correlation, hypothesis tests, and if needed, appropriate post hoc tests. For all terms not defined in this paper, the methods in [30] are considered. Descriptive statistics gives basic information about the data we are working with, i.e., give a general picture of the available data. In this paper, descriptive statistics are used to determine the mean, maximum and minimum for various variables and observed periods. These measures are used to describe the meteorological conditions, such as temperature, humidity, real feel temperature, and wind speed in the observed period, as well as the concentration of PM25 and PM10 in the air. The similarity between two variables is measured with cross-correlation; however, it is important to stress that the cross-correlation does not provide functional dependence between the variables. For determining the distribution of the variables (in this case the concentration of PM) hypothesis tests are used [30]. Hypothesis tests are also applied for detecting statistically significant differences between measurements. This set of statistical tools provides a coherent and appropriate methodology for assessing the influences of various factors on PM concentrations.



The aim of this paper is to determine whether the COVID-19 pandemic had a significant influence on PM concentration. To achieve this, a hypothesis test can be applied. The null-hypothesis   H 0  , also known as the status quo hypothesis, which is used in this paper, is defined as



   H 0   .

There is no difference between the conditions.





Clearly, the alternative hypothesis is    H a  :  “There is a difference between the conditions”. For all tests applied here, we set the significance level  α  to be   0.05  , which indicates a   5 %   risk of concluding that a difference exists when there is no actual difference. Each test determines a p-value for the given data which is compared to the significance level  α , and




	
if p-value   ≤ α  , the Null-hypothesis   H 0   is rejected and the alternative hypothesis,   H a  , is confirmed.



	
if p-value   > α  , then the Null-hypothesis is retained, so there is no statistically significant difference between the conditions.








The choice of statistical test depends on the size of the data set, the distribution of the observed variable, and whether the measurements are independent or not [30,31]. The standard Kolmogorov-Smirnov test is used to see if the data is normally distributed. In cases when the compared variables are not distributed normally, non-parametric tests such as Mann-Whitney test and Kruskal-Willis test are performed. Both tests are applied when the measurements are independent (different participants, measures at different moments…); but the first one is applied when two independent measures are compared, and the second one is applied when more independent measures are compared. The second test indicates that there is a difference between the conditions, but as there are three or more conditions it does not specify where that difference is detected. Therefore a post hoc has to be performed [31]. This test compares the conditions (variables) in pairs and locates the difference.



These tests give an option to evaluate the effect of the conditions (treatments). The effect is defined as the difference between the true population parameter and the null hypothesis value. The effect r of the factor [32] can be evaluated by the formula


  r =   | z |   n   ,  



(1)




where z is the corresponding z value obtained with the test statistics.





3. Results


The descriptive statistics for the meteorological data are presented in Table 2 and Table 3. The first table, Table 2, gives the descriptives for the temperature, real feel temperature, cloud cover, and visibility, while Table 3 presents the data for precipitation, humidity, and wind speed.



The reported meteorological data indicate that May 2020 and May 2021 were colder than May 2018 and May 2022; it is also interesting to observe that while the humidity ranges are similar for May 2020 and May 2021, the humidity, cloud coverage, and precipitation are much higher for May 2020.



The descriptive statistics for the PM measurements are presented in Table 4. The statistics are calculated for the whole day (WD), as well as for daytime (DT) and night-time (NT) separately. The reason for calculating the PM concentrations for various parts of the day was the already mentioned trends for high NT PM concentrations observed in previous studies [23]. These results suggest that the concentration of PM2.5 is highest in 2018, and the lowest in 2020 and 2021. For PM10 the highest concentrations are recorded in 2022, then in 2018, 2021, and 2020. To confirm these observations, hypothesis tests are performed.



The obtained data for the concentration of PM2.5 and PM10 show a very strong correlation between these two parameters during the observed period (the Pearson correlation coefficient is above 0.9 for 2018, 2020, and 2021), while the Pearson correlation coefficient in 2022 is smaller (0.74), but still indicates a strong correlation.



The data for PM2.5 and PM10 don’t have a normal distribution, which is confirmed by the Kolmogorov-Simirnov test and Shapiro-Wilk test for normality. The distribution of PM2.5 and PM10 is presented in Figure 3 and with boxplots given in Figure 4. From Figure 3 it is obvious that that data is positively skewed (right-skewed distribution). What strikes the eye here is that the distributions graph for the data in 2018 and 2022 are almost overlapping, while these graphs are different from the graphs of the data distribution in 2020 and 2021. Even more, the data distribution for 2020 and 2021 is skewed more to the right, compared to 2018 and 2022. This also indicates better air quality in 2020 and 2021 than in 2018 and 2022. The boxplots given in Figure 4 support already presented results regarding the (not) normality of the data. It is also obvious the variation of the data is much bigger in 2018 than in 2020 and 2021. The difference in the recorded data in 2020 and 2021 is very small for PM2.5, which is not the case for PM10. In 2018 compared to the other three observed periods many outliers are reported, and the maximal concentration is much higher than in the other three considered periods.



As the PM concentrations are not normally distributed, the non-parametric Mann-Whitney and Kruskal-Willis tests are performed on the observed data. Both tests are designed for independent variables. For the observed period, the DT (from 8 A.M. to 8 P.M.), the NT (from 8 P.M. to 8 A.M.), and WD PM concentrations were analyzed. The resulting descriptive statistics of the obtained data are presented in Table 4. Figure 4, Figure 5 and Figure 6 present the boxplots for the data. The descriptive analysis indicates that the PM concentration is lower in 2020 and 2021, and that there is no obvious difference in the PM concentration between DT and NT in 2020 (but there is a difference in the other three years). To see if the observed difference is significant we apply a nonparametric test. The performed Mann-Whitney U test with significance level   α = 0.05   shows that there is no statistically significant difference in the air quality during DT and NT in 2020 and 2022, but the difference is statistically significant in 2018 and 2021 for PM2.5 (p-value   ≈ 0  ).



The effect r of the factor [32] (day-night) can be evaluated by the Formula (1) where z is the corresponding z value that the Mann-Withey test produces [31], and n is the sample size (in this case   n = 681   for 2018 and   n = 221   for 2021). For the year 2018, the z value for PM2.5 and PM10 are   − 7.142   and   − 7.776   respectively, and hence the effect of day-night is small [31] for PM2.5 (  r = 0.276  ) and small to medium for PM10 (  r = 0.3  ). For the year 2021, the corresponding z values for PM2.5 and PM10 are   − 8.209   and   − 5.771   respectively, and therefore the effect of night-day is large for PM2.5 (  r = 0.55  ), while for PM10 the effect is medium (  r = 0.39  ).



The next step was to analyze if there is a difference in the concentration of PM2.5 (resp. PM10) in 2018, 2020, 2021, and 2022, i.e., pre-COVID, during the global pandemic, and post-COVID. The analyses was performed by applying the Kruskal-Willis test [31], which resulted in p-value   ≈ 0  , hence the Null hypothesis now is

  H 0  .

There is no difference in the concentration of PM2.5 (resp. PM10).




is rejected. To locate the difference a post hoc test was performed [31], and the results show that the concentration of PM2.5 and PM10 is significantly lower in 2020 compared to 2018 and 2022. Although there is a difference in concentration in favor of 2022, the results indicate that it is not significantly different than the concentration in 2018. Similarly, the concentration of PM in 2021 is significantly smaller than the concentration in 2018 and 2022. When PM concentrations are compared for 2020 and 2021 it is easy to see that the concentration in 2021 is higher than in 2020, and the results show that this difference is also statistically significant.



Applying (1) one can evaluate the effect size. Observe that the Kruskal-Wallis test is a   χ 2   statistic, so the resulting value should be converted into z score. The analysis shows the effect size, presented in Table 5. Values above 0.14 in literature are interpreted [33] as a large effect, while values in the interval   ( 0.01 , 0.06 )   are considered as a small effect. It is obvious that the COVID-19 pandemic had a large positive effect on air pollution in 2020 compared to 2018 and 2022, but the effect of COVID-19 was small to insignificant when 2022 compared to 2018. The effect for 2021 is reduced, compared to 2020.




4. Discussion


The data analyzed in this paper was collected with sensors located near the parking lot of the Faculty of Electrical Engineering and Information Technologies (see Figure 1) in May 2018, May 2020, May 2021, and May 2022. In May 2018 the faculty functioned at full capacity, but due to the COVID-19 pandemic, the campus was fully closed from the middle of March 2020 until late September. The number of activities on the campus gradually increased, and since February 2020 the faculty worked with   50 %   of its capacity. As the COVID-19 pandemic started in March 2020, the authorities in Macedonia introduced restriction measures such as quarantines and curfews, and also many stores and factories were closed or working with reduction. Schools were also closed till the end of the school year, and the administration worked at reduced capacity. All of the restriction measures ended at the beginning of 2022 and life was slowly getting back to “normal”.



The analyses in this paper consider data from May 2018, 2020, 2021, and 2022. May was chosen to eliminate the effects of the pollution typical for the heating season (sub-urban and some urban areas are not connected to the district heating system). Clearly, the habits of the people dramatically changed during the pandemic. The aim of the paper was to investigate whether these lifestyle changes affected in some way the air pollution. The results from the statistical analysis are presented in the previous section. Previous studies [23] have shown that PM concentration in Skopje is much higher during NT. The analyses on the observed set of data led to the same conclusion for May 2018, but that was not the case for the other observed years. There might be several reasons for the decrease in NT PM concentration-reduced economic activity due to the pandemic, reduced traffic, and possibly increased control of sources of pollution.



The analysis also shows that during the COVID-19 pandemic the concentration of PM2.5 and PM10 was significantly reduced, compared to 2018. Clearly, COVID-19 and implemented measures had a large effect on air pollution with PM2.5 and PM10 (see Table 5). The concentration of PM2.5 was reduced by   42 %   compared to May 2018, and the concentration of PM10 was reduced by   43 %  . The observed case for Skopje leads to similar conclusions as studies undertaken in other parts of the world, as described in the Section 1. Observing the statistics for the WD period, it can be concluded that the pollution in the post-COVID-19 period becomes similar to the pre-COVID-19 period. This may also serve as an indication of the factors that contribute to high concentrations of PM2.5 and PM10. Namely, the reduction of traffic, civil works, and economic activities in combination with positive weather factors (higher humidity) have a positive impact on PM concentration. The effect of each of these factors requires collection of additional data and further analyses. The COVID-19 pandemic and the restriction implemented by the government had a big effect on the air quality in a positive sense. Returning to the old habits results in a similar air quality as the pre-COVID-19 period.




5. Conclusions


The lockdown response to COVID-19 has caused an unexpected reduction in transportation and in the global economy. The change in daily habits and the complete lifestyle of people during the lockdowns and curfews at least made a positive contribution to air pollution reduction. The paper presents a systematic statistical approach to investigate the impact of the pandemic on the air quality in Skopje. The applied methodology allowed testing of the hypothesis that there is a difference between the PM2.5 and PM10 concentrations before, during, and after the COVID 19 pandemic. The analyses of the collected data confirmed that the PM concentrations were reduced in the years when certain restrictive measures were applied. Therefore, it can be concluded, that for the observed measurement location, the COVID 19 pandemic had a positive impact on PM concentration mitigation. After accounting for the variabilities of the PM concentrations in the observed period, it can be also concluded that there is a decline in PM concentration when comparing DT and NT.



Although the performed measurements are specific for the location, the conclusion and statistical analyses undertaken to assess the measurement location relative to the air pollution during COVID-19 can be generalized to obtain the following aspects. Firstly, the influence on people’s pandemic lifestyle (government and self-imposed restrictive measures) on PM concentrations under the described conditions is significant, which is confirmed by the statistical analyses presented in the paper. The conclusion should serve as a trigger to devise measures that will contribute to PM concentration reduction, especially in terms of optimization of inter-city commuting by using online collaboration tools in companies, optimizing transport chains, incentivizing alternative transportation, and so on. Of course, these measures should be developed in a manner that will not compromise the economic activities of the citizens. Additionally, these observations are confirmed by the data analyzed for the post-pandemic period, where the tendency of air pollution increase is noticeable, as people’s social habits and work obligations are nearly the same as in the pre-pandemic period. It should not be neglected that other factors may have an impact on air pollution. Such factors may turn out to be substantial and more important and therefore it is advisable to conduct further studies in this field.
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The following abbreviations are used in this manuscript:



	PM2.5
	Particular matter with dimension 2.5  μ m or less



	PM10
	Particular matter with dimension 10  μ m or less



	VOC
	Volatile organic compound



	WD
	Whole day



	DT
	daytime



	NT
	Night-time



	NO2
	Nitric oxide



	O3
	Ozone



	SMD
	Surface Mount Device
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Figure 1. Position of the sensors. The data for May 2018 was collected by sensor 1, while sensor 2 collected the data for May 2020, May 2021, and May 2022. In the immediate vicinity of the sensors, the existing plants are mostly deciduous flowering plants, but there are also evergreens. In particular, there are   43.2 %   trees of the Tillia type,   32.4 %   trees of the Populus type, and   24.3 %   trees of the Deodar cedar type. 
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Figure 2. Flowchart of the proposed methodology. 
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Figure 3. The distribution of PM2.5 (left) and PM10 (right) in May 2018, May 2020, May 2021, and May 2022. 
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Figure 4. Boxplot for PM2.5 (left), and PM10 (right) for the data in the observed period. 
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Figure 5. Boxplots for PM2.5 for daytime (left), and night-time (right) for the data in the observed period. 
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Figure 6. Boxplots for PM10 for daytime (left), and night-time (right) for the data in the observed period. 
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Table 1. Main characteristics of the sensing units (SDS011 and MiCS-4514) and controller EPS32.
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Sensing Units

	
Controller




	

	
SDS011

	
MiCS-4514

	
EPS32






	
Measurement parameters

	
PM2.5, PM10

	
CO,   N  O 2   

	
EP32




	
Power Supply

	
5 V

	
4.9–5.1 V

	
2.7–3.6 V




	
Operating temperature

	
   [ − 20   °  C , 50   °  C ]   

	
   [ − 30   °  C , 85   °  C ]   

	
   [ − 40   °  C , 85   °  C ]   




	
Range

	
0.0–999.9  μ g/m3

	

	




	
Maximum working current

	
220 mA

	

	




	
  C O   detection range

	

	
1–1000 ppm

	




	
Sensing resistance in air

	

	
100–1500 k Ω 

	




	
  N  O 2    detection range

	

	
0.05–5 ppm

	




	
Sensing resistance in air

	

	
0.8–20 k Ω 

	




	

	

	

	
SD Card, UART, SPI,




	
Module interface

	

	

	
I2C, Motor PWM




	
Wi-Fi frequency range

	

	

	
2.4–2.5 GHz
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Table 2. Descriptive statistics for the temperature, cloud cover, and visibility in Skopje in May 2018, May 2020, May 2021, and May 2022.
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Temperature (     °  C   )

	
Real Feel Temp (     °  C   )

	
Cloud Cover (%)

	
Visibility (km)






	

	
Range

	
Mean

	
Range

	
Mean

	
Range

	
Mean

	
Range

	
Mean




	
2018

	
   [ 11 , 33 ]   

	
   20.82   

	
   [ 10 , 33 ]   

	
   21.01   

	
   [ 1 , 70 ]   

	
   15.68   

	
   [ 5 , 10 ]   

	
   9.87   




	
2020

	
   [ 7 , 27 ]   

	
   16.22   

	
   [ 6 , 27 ]   

	
   16.33   

	
   [ 3 , 100 ]   

	
   50.44   

	
   [ 5 , 10 ]   

	
   9.67   




	
2021

	
   [ 7 , 27 ]   

	
   17.72   

	
   [ 6 , 28 ]   

	
18

	
   [ 2 , 88 ]   

	
   30.11   

	
   [ 7 , 10 ]   

	
   9.81   




	
2022

	
   [ 12 , 32 ]   

	
   21.18   

	
   [ 13 , 32 ]   

	
   21.54   

	
   [ 1 , 88 ]   

	
   25.56   

	
   [ 9 , 10 ]   

	
   9.92   
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Table 3. Descriptive statistics for precipitation, humidity, and wind speed in Skopje in May 2018, May 2020, May 2021, and May 2022.
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Precipitation (mm)

	
Humidity (%)

	
Wind Speed (km/h)






	

	
Range

	
Mean

	
Range

	
Mean

	
Range

	
Mean




	
2018

	
   [ 0 , 1 ]   

	
   0.034   

	
   [ 26 , 91 ]   

	
   60.16   

	
   [ 0 , 19 ]   

	
   7.06   




	
2020

	
   [ 0 , 2.6 ]   

	
   0.131   

	
   [ 41 , 95 ]   

	
   69.81   

	
   [ 0 , 17 ]   

	
   5.65   




	
2021

	
   [ 0 , 0.9 ]   

	
   0.058   

	
   [ 40 , 90 ]   

	
   44.24   

	
   [ 1 , 18 ]   

	
   5.95   




	
2022

	
   [ 0 , 0.7 ]   

	
   0.023   

	
   [ 30 , 92 ]   

	
   64.78   

	
   [ 0 , 12 ]   

	
   4.93   
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Table 4. Descriptive statistics for the concentration of PM2.5 and PM10 in the observed period during the whole day (WD), daytime (DT), and night-time (NT).






Table 4. Descriptive statistics for the concentration of PM2.5 and PM10 in the observed period during the whole day (WD), daytime (DT), and night-time (NT).















	
	
	
	PM2.5
	
	
	PM10
	





	
	
	WD
	DT
	NT
	WD
	DT
	NT



	
	2018
	1.4
	1.4
	2
	2.7
	2.7
	3.4



	Min
	2020
	1.4
	1.6
	0.5
	2.2
	2.2
	2.2



	
	2021
	1.1
	1.1
	1.8
	2.0
	2.0
	2.7



	
	2022
	2.0
	2.0
	2.9
	3.6
	3.6
	4.5



	
	2018
	22.2
	20.8
	22.2
	32.1
	27.9
	32.1



	Max
	2020
	10.2
	6.7
	5.5
	13.5
	11.2
	13.5



	
	2021
	10.4
	6.4
	10.4
	16.0
	12.5
	16.0



	
	2022
	12.6
	8.4
	12.6
	20.6
	20.5
	20.6



	
	2018
	5.5
	4.7
	6.2
	9.2
	8.1
	10.3



	Mean
	2020
	3.2
	3.2
	2.3
	5.2
	5.3
	5.1



	
	2021
	3.2
	2.5
	3.8
	5.9
	5.0
	6.7



	
	2022
	4.6
	4.1
	5.4
	9.5
	9.0
	10.1



	
	2018
	2.8
	2.4
	3.0
	3.9
	3.3
	4.2



	Standard
	2020
	1.2
	1.0
	1.0
	1.8
	1.6
	2.0



	Deviation
	2021
	1.3
	1.0
	1.3
	2.4
	2.1
	2.4



	
	2022
	1.8
	1.3
	2.0
	3.1
	2.8
	3.3
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Table 5. The effect size of COVID-19 pandemic. The pandemic had a large positive effect on air pollution in 2020 compared to 2018. This effect was gradually reduced in 2021, while the effect is small to insignificant when 2018 and 2022 are compared. Similar results are obtained when 2022 is compared to 2020 and 2021. The effect is small to insignificant when 2018 and 2022 are compared, as well as when 2020 and 2021 are compared.
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	Comparison
	2018–2020
	2018–2021
	2018–2022
	2020–2021
	2020–2022
	2021–2022





	PM2.5
	0.53
	0.3
	0.03
	0.07
	0.33
	0.21



	PM10
	0.61
	0.27
	0.05
	0.15
	0.45
	0.26
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
| Air pollution database |

Query
l ; Pollution(®)
Preprocessing Pollution®
& — > .
Resampling :
T Pollution™)
O
Query

|1\/Ieteo database |

Hypothesis testing

Meteo(?)
Meteo(?)

Meteo?)

—®» Visualization

Descriptive statistics





nav.xhtml


  atmosphere-14-00192


  
    		
      atmosphere-14-00192
    


  




  





media/file2.png
~113 m

=

Pedest

A

~41.2m

rian (service) road
*H_

o

~45 m

~48 m

%

Faculty building






media/file5.jpg





media/file3.jpg
o H e ] [ S ” R —

Query

(Motos database

Descriptive statistics

Hypothesis testing





media/file1.jpg





media/file7.jpg





media/file10.png
PM2.5

Boxplot for PM25 - day period

(o]
20.0 4
17.5 -

(o]
15.0
12.5 (o]

(o}
10.0 1

e (o]
7.5

o o]

5.0
2.5 -
0.0

1 T 1 1

2018 2020 2021 2022

Year

PM2.5

Boxplot for PM25 - night period

o

000

0o

o

1
2018

1
2020

Year

1
2021

1
2022






media/file12.png
PM10

Boxplot for PM10 - day period

(@]
25 - (0]
20 - o
(o]
15 (o)
10 = o
5 -
O -
1 T T 1
2018 2020 2021 2022

Year

PM10

Boxplot for PM10 - night period

o
© o
20 P
o
o
15 - o g
o
10 - o
5 =
2018 2020 2021 2022

Year






media/file9.jpg





media/file0.png





media/file8.png
PM2.5

Boxplot for PM2.5 Boxplot for PM10

(o) (o)
20.0
25 4 (o]
17.5 - o
(o) (o)
i i 0
15.0 o 20 8
12.5 - e o o o
8 2 15 4 (o)
10.0 - g o o Z 8
8 o)
7.5 4 8 10 8
5.0
5 -
2.5 -
00 i 1 T 1 1 0 i T T 1 1
2018 2020 2021 2022 2018 2020 2021 2022

Year Year





media/file11.jpg
EFELIRLIT

L





media/file6.png
Density

Distribution of PM2.5 values Distribution of PM10 values

2022 0.95 -

o
o
o
[

2018 0.20

2 0.15 -
05}
g
QO
A
0.10 4
0.05 -
0.00 4
I 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 2.5 5.0 7.5 10.0 125 150 175 20.0 0.0 2.5 5.0 7.5 10.0 125 150 175 20.0
PM10 [ug/m?]

PM2.5 [jg/m?]





