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A B S T R A C T   

This article focuses on a statistical analysis of the corona virus disease 2019 (COVID-19) data that appeared until 
November 31, 2020 in Poland. The studied database, expressed in terms of both population and air pollution 
(particulate) indicators, is provided mainly by the Airly company, the Central Statistical Office (GUS) and the 
Rogalski project. The particular measured factors, which underwent standardization, were assessed for mutual 
dependency by means of a Pearson correlation coefficient and analysed by a linear regression. Based on the 
presented models, our results indicate that air quality (air pollution level) is the most important factor in the 
context of enabling COVID-19 case load increase in Poland.   

1. Introduction 

Coronaviruses are enveloped viruses whose genome is positive- 
stranded RNA (+ ssRNA). Until the appearance of a new virus called 
COVID-19, two viruses in this group were known to cause respiratory 
infections. The first is SARS-HCoV (Severe Acute Respiratory Syn
drome), which is responsible for severe lower respiratory tract in
fections. Transmission takes place by droplets and the mortality rate 
reaches 10% (Pancer, 2020). The second known virus from this group, 
which also infects the human respiratory tract, is MERS (Middle East 
Respiratory Syndrome). This virus spreads by airborne droplets as well. 
It causes fever, coughing and a shortness of breath that can turn into 
pneumonia. The MERS virus is characterized by a much higher (up to 
50%) mortality rate (Ahasan et al., 2013). Coronavirus disease 2019 
(COVID-19) belongs to the group of viruses that infect many species of 
animals, including humans. Due to limited human contact with the first 
species found to be COVID-19 susceptible, the bat, there is a scientific 

hypothesis that the virus was transmitted to humans from domesticated 
animal species (WHO, 2020). COVID-19 infection in humans causes a 
number of clinical symptoms, including: nasal congestion, runny nose, 
changes in smell and taste, fever, cough, fatigue, muscle pain, changes in 
chest computed tomography, lack of appetite, nausea, vomiting, 
decrease blood saturation below 94% and rapid breathing (Inglot et al., 
2020; Lovato and de Filippis, 2020). In April 2020, children also had a 
rash on the skin of (mainly) the upper limbs in the form of red, itchy 
blisters. 

In December 2019, the World Health Organization (WHO) issued a 
message on new cases of human disease in the city of Wuhan (China) 
linked to a coronavirus infection labelled COVID-19. In Poland, the first 
official appearance of the patient “0” was dated March 4, 2020, 
although, as indicated by Mostowy’s analyses (Mostowy, 2020), the 
epidemic in Poland actually first appeared in the second half of January 
2020. 

Our own observations suggest that the current coronavirus epidemic 
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in Poland is somewhat underestimated. As the data show, since the 
appearance of the patient “0”, the number of diagnosed infections and 
deaths significantly differs from the averaged data from countries such 
as Belgium, Spain, Great Britain, Italy, France, Sweden and even the 
Czech Republic (Table in (Wazna, 2020)). Taking into account the 
diagnostic possibilities in hospitals and the dedicated COVID-19 diag
nosis of coronavirus hospitals in the number of 21, special attention 
should be paid to the verification of people undergoing tests for the 
presence of viral RNA. In Poland, an assumption has been made that 
raises reservations that people with typical clinical symptoms (fever, dry 
choking cough, headache, dyspnoea) alone are referred for laboratory 
diagnosis. According to the authors, there is no justification for the 
mechanism of omitting in the diagnostics asymptomatic people sent to 
quarantine, who, in principle, may potentially act as vectors (carriers) in 
public space. This situation has come about because, for technical and 
financial reasons, hospitals in Poland do not have a sufficient number of 
tests that would not accidentally allow for the definition of infected 
people. Indeed, own observations indicate that many hospitals redirect 
samples for diagnostics to specialized diagnostic laboratories. 

In the first wave of the epidemic, the bottleneck of diagnostics in 
Poland was the introduction of obligatory use by laboratories of the so- 
called certified reagent kits, the quantity of which was heavily limited as 
they could only come from one source. It was not possible to use rtPCR 
reaction components commonly produced by biotechnology companies, 
including individually ordered primers for the above-mentioned reac
tion. This is a standard mechanism used in diagnostic work by medical 
laboratories and scientific institutions. Therefore, diagnostics were 
performed only on the most symptomatically advanced cases, without 
the possibility of performing mass tests on people suspected of being 
infected, or regular testing of medical personnel. This method of veri
fying the scale of COVID-19 infection in Poland therefore did not give a 
real picture of the epidemic’s development, which in turn would have 
disrupted the pattern and pace of its spread in Poland. 

At the time of the second wave of the COVID-19 epidemic in Poland 
in September–November 2020, however, a strategy was adopted to 
redirect symptomatic patients to GPs (primary care physician) and to 
reintroduced social restrictions, such as bans on assembly or on eating 
inside restaurants and business/commuting only travel restrictions. Yet, 
according to the scientists of the Polish Academy of Sciences (Duszyński 
et al., 2020), there is no simple translation between the increase in in
fections in Poland and the increase in the public’s sense of threat. This 
situation is not conducive to maintaining social restrictions during the 
second wave of the pandemic, and is manifested by “anti-mask” social 
groups, questioning of the restrictions imposed and even questioning the 
existence of COVID-19 disease. Since autumn 2020, due to the drastic 
increase in the number of cases and deaths in Poland (GUS - Poland’s 
Central Statistical Office - data for four years), (Fig. 1), the population 
classification system has been changed to incorporate the results of 
testing for COVID-19. 

Because of the daily number of deaths due to COVID-19 in Poland, 

which, according to the Ministry of Health (Fig. 2), has reached 650, 
decisions were also made to change the rules for referring patients to 
quarantine or isolation. At this point, it should be emphasized that in 
Fig. 2, which indicates the number of deaths, one observes quite sig
nificant fluctuations. Due to the fact that they are difficult to interpret, a 
line showing the number of deaths in the form of 7 day moving average 
has been included in the plot. The article (Ricon-Becker et al., 2020) 
attempts to explain these fluctuations as the effect of delayed reporting 
of these events. In addition, the increase in incidence recorded from 
September 2020 related to the second wave of the epidemic in Poland 
has resulted in first modification and then verification of the testing 
strategy. Three types of tests have started to be used on a massive scale: 
the SARS-CoV-2 virus RNA test, the antigen test and the serological tests. 
The last type of test is used in population monitoring studies in large 
cities because it gives a picture of the percentage of the population 
already exposed to COVID-19 as evidenced by antibody production. 

Professor Andrzej Fal, head of the Department of Allergology, Lung 
Diseases and Internal Diseases at the Ministry of Interior and Adminis
tration Hospital (oral information), has reported that in the develop
ment of the epidemic in November 2020, Poland was among the top five 
countries with the highest number of cases per 1 million inhabitants. 
Yet, according to the data of the Ministry of Health (as of November 7, 
2020), the daily number of infections has exceeded 27,000 patients - 
with a slightly decreasing trend over the next 20 days. With such an 
ineffective method of testing in relation to people with mild symptoms 
or with the completely asymptomatic taken out of the system, this is an 
unbelievable number (oral info, Prof. Tomasz Dzieciatkowski, virologist 
from the Medical University of Warsaw). 

In Fig. 3, one can see the plot of the total number of COVID-19 tests 
performed in Poland and the fraction of positive results. Both of these 
represent the 7-day moving average. Based on observations and in
terviews with clinicians working in the covid wards, it can be assumed 
that the figures released regarding the number of daily infections 
detected by currently available testing (Fig. 3) are lower than in reality, 
because these do not include the hospitalizations of patients with 
moderate symptoms. These people have been treated outside the 

Fig. 1. The number of deaths in Poland by individual years: 2016–2020.  

Fig. 2. Daily and total number of COVID-19 deaths in Poland.  

Fig. 3. Total number of COVID-19 tests in Poland.  
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hospital system and have not been subjected to diagnostic tests. 
Many pharmaceutical companies are working on the vaccine, such 

as: Moderna Therapeutics, Inovio Pharmaceuticals, Novavax, Vir 
Biotechnology, Stermirna Therapeutics, Johnson & Johnson, VIDO- 
InterVac, GeoVax-BravoVax, Clover Biopharmaceuticals, CureVac, 
Codagenix and Pfizer/BioNTech. The appearance of approved COVID- 
19 vaccines (Pfizer / BioNTech and Moderna Therapeutics) in 
December 2020 has brought about a real opportunity to create an im
mune block. This mechanism also arises in the spontaneous and un
controlled exposure of the population to the virus, through the natural 
selection of non-immune people and the acquisition of immunity 
through an increasing number of convalescents. In Poland, it is planned 
to vaccinate first of all people from the highest risk groups, i.e. medical 
personnel, people over 65 and people with diseases that increase the risk 
of a severe clinical course of COVID-19 infection. It should be assumed 
that the acquisition of herd immunity in the event of the commencement 
of mass vaccination at the turn of January and February 2021, will be 
possible around August of this year. The condition is vaccinating 70% of 
the entire population, because only this level of resistant people gua
rantees the development of herd immunity. 

1.1. Tipping points in the epidemic chain 

According to the data of the Ministry of Health in Poland, the main 
centres of the development of the coronavirus epidemic in Poland were 
hospital departments, nursing homes, schools and the so-called scattered 
outbreaks related to holidays and heightened population density in re
sorts at the turn of July and August. The worst situation in the first weeks 
of the spread of the epidemic in Poland was recorded in large agglom
erations (Śląskie and Mazowieckie voivodships), and may have resulted 
from the population density and the presence of large communication 
nodes in these cities (Katowice, Warsaw). The commuting of a large 
number of people from the surrounding towns and villages to their work 
places and to places of learning was, hence, conducive to uncontrolled 
infections, especially in the first phase of the epidemic. This meant that 
from mid-January until the introduction of obligatory remote work and 
study by the government, asymptomatic people were spreading COVID- 
19 through most sectors of the economy and administration (including 
the schools, kindergartens and universities). 

Of great importance in the epidemic chain was the lack of unam
biguous provisions related to the treatment of patients with chronic 
diseases, injuries or strokes and heart attacks, who, as undiagnosed, 
were referred to “clean” wards, and were not treated as potentially 
infected. Probably this resulted in medical personnel in Poland being 
among the huge share of people infected with COVID-19. Indeed, ac
cording to the Chief Sanitary Inspector, 17% of the infected are medical 
personnel (Gabriela, 2020). For comparison, the same figure is 10.3% in 
Italy, 14.4% in Spain, 5.7% in Great Britain, 20% in Portugal and 4.4% 
in China. This means that in hospitals / clinics / emergency de
partments, the protection system for healthcare workers is insufficient. 
Thus, for medical workers redirected to working in the wards renamed 
‘covid’, the lock system, the possibility of epidemiological path sepa
ration and non-inter-communication of people in contaminated and 
clean zones was ineffective. 

1.2. Border traffic as an element of social quarantine 

The Polish borders were closed on March 13, 2020, and a 14-day 
quarantine for people who work on the other side of the border was 
introduced. At the same time, in order to enable Poles working abroad to 
return home during the pandemic, in mid-March 2020, the government 
announced the “LOT to go home” program. As part of this project, 388 
flights returning citizens from over 70 destinations on six continents 
were carried out in three weeks, and about 32,000 people returned to 
Poland during this time. 

Border crossings have become a fairly widely criticized element of 

“introducing the pathogen” into the country. From an epidemiological 
point of view, the closure of borders with the simultaneous importation 
of such a large number of people from almost all continents in a short 
time contributed to the increase in the incidence of the disease in small 
towns and villages. This was probably due to the fact that people 
returning from a stay abroad “entered” the multi-generational homes 
where their parents or grandparents lived. Being from the greater risk 
zone (Germany, Italy, France), they introduced the coronavirus to local 
communities. The Border Sanitary Inspectorate, despite the fact that it is 
the institution responsible for such activities at the border, did not make 
decisions regarding the sanitary control of passengers on return flights to 
Poland. Lessons, were, however, learned. In autumn of 2020, due to the 
huge increase in infections, a ban on free movement in cross-border 
traffic was reintroduced (except for people working abroad and living 
in Poland on a daily basis). Limited to January 10, 2021, the possibility 
of crossing the border under the so-called ‘One-day trips’ designation 
(shopping in border regions and cross-border tourism) has had a very 
positive effect on reducing the appearance of new, uncontrolled out
breaks of COVID-19. 

1.3. Air pollution as a factor influencing the course of the COVID-19 
pandemic 

The aim of the study is to show both the course of morbidity and 
mortality from COVID-19 in Poland in spatial terms and, above all, to 
focus on the factors influencing the above phenomena. The research 
tried to approach individual issues in an interdisciplinary manner. 
During the research, numerical analyzes were performed that directly 
result from the data. Efforts were also made to reach specialists who 
indicated the factors that should be taken into account in the possible 
interpretations of individual results. The latter were largely the result of 
many hours of talks and debates conducted by the co-authors of this 
publication. To a large extent, these studies were possible thanks to the 
very strong commitment of Airly (which has a virtually countless vol
ume of data related to air pollution in Poland and around the world), and 
to the efforts of the space-time data specialists working there. 

This article is composed as follows. The upcoming Section 2 in
troduces the problem of the pandemic from a general point of view and 
is a review of important contributions in this field. In Section 3, the 
statistical tools applied to the analysis conducted in the current work are 
described. Section 4 sets out a description of the investigated data set: its 
sources, nature and considered geographical models. In Section 5, the 
dependencies and the factors influencing the course of COVID-19 in 
Poland are numerically analysed. In the subsequent section, 6, the ob
tained results are discussed; in this part of the paper, we also provide a 
wide-ranging description of the background to the COVID-19 pandemic 
spread in Poland, and refer to the current state of the literature. The final 
Section 7 concludes the work. 

2. Background literature review 

Pandemics of respiratory disease in humans vary in nature, spread, 
and mortality. The most important pandemics of influenza in humans 
include the Spanish (of which almost 50 million people have died), 
Asian (avian) flu (1–4 million), Hong Kong (avian) flu (1–4 million) and 
the American (swine) flu (100–400 thousand) (Gliński and Żmuda, 
2020). As the authors point out, the most common cause of an epidemic 
is a mutation in the genome of the pathogen and changes in the host’s 
organism. In the case of influenza, the pathogenic factors are viruses of 
the subtypes H1N1, H2N2 and H3N2, which are transmitted through 
secretions from the respiratory system of an infected person. In the case 
of viruses from the Coronaviridae family, the most dangerous pandemics 
concerned the SARS-CoV and MERS-CoV viruses. The first is called Se
vere Acute Respiratory Syndrome coronavirus, the second is Middle East 
Respiratory Syndrome. The authors of (Masood et al., 2020) indicate the 
lack of a defined intermediate host for COVID19 transmission. The 

P.A. Kowalski et al.                                                                                                                                                                                                                            



Ecological Informatics 63 (2021) 101284

4

epidemiological analysis shows that in the case of the Sars virus, the role 
of an intermediate link between bats (Chiroptera spp.) and man was 
played by a domestic animal, most likely a cat (Felis catus), and in the 
case of MERS, it was a dromedary (Camelus dromedarius). The SARS virus 
is an atypical pneumonia that first appeared in 2003 in the Guandong 
province of China and has spread to many countries around the world. 
The mortality from SARS was approximately 11%, with increased risk in 
patients over 60 years of age. For comparison, the MERS virus was first 
diagnosed in 2012 in the Middle East, from where it was transmitted to 
many European countries. Epidemiological data indicate that half of the 
patients infected with this type of virus developed severe respiratory 
diseases similar to clinical symptoms in infection with the SARS virus. 
According to (Hussain, 2014), mortality in the case of MERS infection 
may reach up to 40% of all infected patients. 

As early as spring 2020, attention was drawn to the fact that regions 
particularly affected by COVID-19 (e.g. Lombardy in Italy) were char
acterized by high air pollution. Even during the first wave of the 
pandemic, a number of publications appeared, which, based on the ex
amples of The Peoples Republic of China (PRC), the USA and Europe, 
showed the dependence of COVID-19 infection and mortality on air 
pollution. 

For example, the authors of (Zheng et al., 2020) quantified the effect 
of air pollution on COVID-19 risk infection based on the historical data 
of air quality in the PRC and COVID-19 case reports. For this purpose, 
the data from air quality stations from January 2015 to March 2020 was 
used; it included the particulate matter concentrations of PM2.5, PM10, 
SO2, CO, NO2, and O3 for selected 324 cities. A generalized linear model 
was applied to discover the association between long-term exposure to 
air pollutants and the risk of COVID-19 infection. It was shown that 
there was a significant relationship between reported and severe COVID- 
19 cases and the concentration of historical air pollutant. In particular, 
in all cities with air quality measured, an increase of 10μg/m3 in NO2 
and PM2.5 concentration was related to 22.41% and 15.35% increase in 
COVID-19 reported cases, respectively. In the case of severe COVID-19 
cases, such an increase was equal to 19.20% and 9.61%, respectively. 

The work (Wu et al., 2020) presented an investigation of the influ
ence of long-term average exposure to fine particulate matter (PM2.5) 
on an increased risk of COVID-19 death in the United States. The data set 
was obtained from the Center for Systems Science and the Engineering 
Coronavirus Resource Center of Johns Hopkins University and 
comprised cumulative number of COVID-19 deaths in 3087 counties 
until April 22, 2020. The PM2.5 values were computed based on 
2000–2016 period by averaging estimates in a given county; 19 county- 
level variables and one state-level variable were considered in the 
analysis. The association between the COVID-19 mortality rate and long- 
term PM2.5 exposure was explored with the use of a negative binomial 
mixed model, where COVID-19 deaths were selected as the outcome and 
PM2.5 as the exposure of interest. It was established that an increase of 
only 1μg/m3 in PM2.5 resulted in an 8% growth in the COVID-19 death 
rate. 

In (Cole et al., n.d.), the dependence of a long-term air pollution 
exposure to COVID-19 in 355 cities in the Netherlands was studied. The 
data was obtained from the National Institute for Public Health and the 
Environment and covered (i) infected cases between February and June, 
and (ii) annual concentrations of PM2.5, NO2, and SO2 measures. The 
average concentrations of PM2.5, NO2, and SO2 were reported to be: 
10.5, 15.8 and 0.8, respectively. A numerical analysis based on a 
negative binomial model revealed that there was a statistically signifi
cant positive association between air pollution (PM2.5 concentrations) 
and COVID-19 cases, hospital admissions and deaths. Expressed in 
numbers, an 1μg/m3 increase in PM2.5 concentrations contributed to a 
rise in COVID-19 infections over the value of 9.4, 3.0 more hospital 
admissions - and 2.3 more deaths. 

The study conducted in (Travaglio et al., 2020) showed potential 
links between air pollution and COVID-19 in England and was based on 
a wide range of data from regional-level, subregional-level and 

individual-level resources. The data on patients infected with SARS- 
CoV-2 were obtained from Public Health England and the UK Biobank, 
while virus-related deaths was retrieved from the National Health Ser
vice and the Office for National Statistics. Air pollution data were pro
vided by the European Environmental Agency (nitrogen dioxide, 
nitrogen oxide and ozone) and UK Air information resources (ozone, 
nitrogen oxides, PM2.5 and PM10). Here, a binomial regression model 
applied to UK Biobank data revealed that PM2.5 was a major contributor 
to COVID19 cases in England, i.e.: the increase of 1μg/m3 of PM2.5 was 
related with a 12% rising in COVID-19 cases. Moreover, a single-unit 
increase of PM10 involved approximately 8% more COVID-19 cases. 
Thus, after population density, nitrogen dioxide, nitrogen oxide and 
ozone levels constituted significant predictors of COVID-19-related 
deaths. 

The authors of (Dong et al., 2021) present research that assessed the 
short-term impact of PM2.5, PM10, NO2, SO2, CO and O3 on respiratory 
admissions in Lanzhou, PRC (China). For this purpose, daily hospital 
admissions from the three largest hospitals in Lanzhou and daily air 
pollution concentrations were compiled during a 4-year period 
(2014–2017). To estimate the association of air pollutants on respiratory 
admissions considering the influence of different confounders such as 
seasons, sex, and age groups, a generalized additive model was applied. 
The outcome of this action was the observation that a 10μg/m3 increase 
in PM2.5, PM10, SO2, CO and O3 concentrations resulted in 0.89%, 
0.33%, 3.01%, 3.20% and 0.73% growth in respiratory admission, 
respectively. No remarkable relationship was established between NO2 
and respiratory disease medication. 

The author of (Coro, 2020) introduced a means of establishing the 
infection rate of COVID-19 globally at a 0.5◦ resolution via a Maximum 
Entropy based Ecological Niche Model (ME-ENM). This model was 
designed to identify geographical areas as a potential that is subject to a 
high infection rate. It indicated the locations that could contribute to the 
increase of the infection rate by virtue of their particular geophysical 
(surface air temperature, precipitation, and elevation) and human- 
related characteristics (carbon dioxide and population density). ME- 
ENM was trained on high infection rate data from 54 Italian provinces 
(up to the end of March 2020) and then tested using datasets from World 
country reports. The application of ME-ENM allowed for the determi
nation of a risk index capable of identifying countries and regions having 
a high risk of disease increase. The presented results implied that a 
complex combination of the selected parameters might play a crucial 
role in understanding the spread of COVID-19 among human pop
ulations, particularly in Europe (Coro, 2020). 

The above-presented research immediately met with great interest in 
Poland, which has been for years, struggling with very poor quality air. 
However, the mild course of the first wave of the epidemic in Poland did 
not mobilize the scientific community to conduct in-depth research on 
this problem. It was only during the second wave that attention was 
drawn to the link between the concentration of disease and deaths in 
regions with high air pollution (the southern parts of upper Silesia and of 
Małopolska). At the same time, other factors that may be responsible for 
this phenomenon were analysed, and they also characterized the above- 
mentioned areas - such as, for example, high population density or the 
proximity of national borders. 

3. Materials and methods 

This section presents the tools and statistical models used to analyse 
the dependencies in this article. The first tool that was helpful in pre- 
processing the data was standardization (Williamson and Piattoeva, 
2019). This is a kind of normalization that allows changing the scope of 
individual variables so that they are presented in a similar numerical 
range. It should be emphasized here that this transformation preserves 
the distance relations between individual data. Thus, suppose one have a 
set of records xj ∈ℝn, j = 1, …, m where n is the number of features. For 
each element j = 1, …, m, the variables are transformed as follows: 
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xnew
j,i =

xj,i − mi

stdi
, (1)  

where: xj, i
new is the value of the variable xj, i after standardization with the 

given data, mi is the arithmetic mean of the i feature and stdi is the 
standard deviation of this feature. It is worth emphasizing here that the 
standardization of data is independent for each of the considered fea
tures i = 1, …, n. The data standardization procedure is carried out in 
most tasks that use tools from the domain of statistical analysis and 
machine learning. Standardization is not recommended for data that we 
know are not normally distributed. The factors analysed in this study 
were normalized according to the formula (1), therefore, they had 
values in a similar range and could be compared with each other. 

Another statistical tool used in this article is correlation. This is a 
measure that allows the checking of whether two variables X and Y are 
related to each other by a linear relationship. The Pearson R (Benesty 
et al., 2009) coefficient is a measure of the correlation. It is calculated as 
follows: 

R =
Cov(X,Y)

std(X)std(Y)
, (2)  

where Cov(X,Y) is the value of the covariance function between the X 
and Y variables, and std(X) is the standard deviation of the X variable. It 
is important to interpret the R coefficient. This takes real values in the 
range [− 1,1], and so, the extreme values, i.e. − 1 and 1, indicate an 
ideal, full correlation between the variable X and the variable Y, with the 
first being a match and the second being out-of-phase correspondence. 
The value of the R coefficient equal to zero, is the worst option because it 
indicates a complete lack of dependence between the studied variables. 
Intermediate thresholds of R values can be assumed and the correlation 
can be defined as weak: ∣R ∣  < 0.2, mean correlation 0.2 < ∣ R ∣  < 0.5, 
strong correlation 0.5 < ∣ R ∣  < 0.7, and ∣R ∣  > 0.7 is a very strong cor
relation. Of course, the absolute value | | is used in the above notation, 
because negative values of the R coefficient also prove that the variables 
correlate well, but against the phase. In the case of the analysis of many 
variables, their mutual correlation is placed in a square table that is 
characterized by symmetry and values of 1 on the diagonal. 

The third statistical tool used in this work is Linear Regression (LR). 
It is used to analyse the relationship between variables, and, notably, to 
study the impact of individual variables on a given phenomenon. 
Formally, LR is used in statistics to model the relationship between one 
scalar variable and more variables, the so-called explanatory variables. 
In this case, we are talking about the so-called multivariate linear 
regression. Suppose we have a set of pairs Xj = (xj, 1,…,xj, n;yj) for j = 1, 
…, m. The purpose of linear regression is to construct a linear transform 
that can be expressed as follows: 

Yj = w0 +w1xj,1 +…+wnxj,n +Ej (3)  

for each of the m examples of variables. In formula (3), the values of 
individual coefficients wi determine their influence on the variable Yj, 
and Ej is the error variable, which we interpret as an unobserved random 
variable that adds “noise” to the linear relationship. In this method, the 
main task is to determine the set of coefficients W = [w0,…,wn]. In this 
study, the Least Squares Estimation (LSE) (Marquardt, 1963) method 
was used to achieve this goal. The LSE algorithm is an optimization 
procedure, which in this case implements the postulate of finding such a 
set W* that the sum of squared distances between the value of the es
timate Ŷ and the value of Y for all data is as small as possible, therefore: 

W* =
∑m

j=1

(
WXj − Yj

)2
. (4) 

In this investigation, in order to find (4), Ordinary Least Squares 
(OLS) (de Souza and Junqueira, 2005), an optimisation method that 
belongs to the set of LSE optimisers, is applied. In this method, the dif
ference between the measured data and the estimated vector of W* 

coefficients can be presented in the following form: 

eq = Y = XW*. (5) 

For this vector e, the following cost function is determined: 

cost(W) = eT e = (Y − XW*)
T
(Y − XW*) (6) 

Thus, it can be shown that the derivative of the function (6) with 
respect to the weight vector W is: 

dcost(W)

dW
= − 2XT Y + 2XT XW. (7) 

Now, by equating formula (7) to zero, it is possible to determine the 
coefficients W satisfying eq. (4): 

W* =
(
XT X

)− 1XT Y. (8) 

The above method, for the purposes of this contribution, has been 
described very briefly. More about it can be found in (Uyank and Güler, 
2013). 

In the case of modelling or prediction of certain issues related to the 
COVID-19 pandemic, the use of modern and complex algorithmic so
lutions such as neural networks, fuzzy logic or maximum entropy would 
be advisable. However, in this study, our primary goal was to investigate 
the impact of individual factors on the phenomena associated with the 
pandemic, namely, the incidence of new infections and the surplus of 
deaths. We chose to apply the LR method. This is well established in 
literature, and is convergent, fast and, above all, fully interpretable. This 
interpretability allowed us to conduct a full analysis of the considered 
factors. 

To conclude, it is necessary to stress that the aforementioned tech
niques are applied in the following strict order. As part of pre- 
processing, all data are standardized. Subsequently, in order to obtain 
information on the relationship between variables in the form of cor
relation, the Pearson coefficient is determined. The last element is the 
application of LR method – as this allows for the investigation of the 
influence of individual variables on the analysed quantity. Interpreta
tion of this influence is based on the internal parameters of the LR 
model. 

4. Data characteristics 

The data for analysis, depending on the subject matter, was obtained 
from several sources. The first was information related to air pollution in 
the form of suspended particulates PM2.5 and PM10. Data related to this 
type of pollution come from the resources of Airly, which is a leader in 
Poland in terms of measuring air quality, and uses a dense network of its 
own devices that enables the possibility of visualization of the current 
atmospheric condition and prediction of air quality for the next 24 h. 
Another source of data was information related to deaths in Poland. This 
can be obtained from the Central Statistical Office. Undoubtedly, the 
data related to the course of COVID-19 in Poland, voluntarily compiled 
by Michal Rogalski (Rogalski, 2020) turned out to be very valuable. 
Unfortunately, the latter data with a detailed breakdown by district 
were made available by the Polish government only until November 23. 
After that date, only data related to voivodships has been published. The 
data from the Central Statistical Office (GUS, 2019) from 2019 shows 
that in Poland, the total number of residents is equal to approx. 38,411. 
Table 1 reveals the percentages of women and men diversified into the 
different age ranges. 

Table 1 
Percentage division of the population in Poland based on the age range.  

Sex Entire population Up to 44 44–65 Over 65 

Women 51.7: 52.6 (urban), 50.2 (country) 49.2 55.2 62.1 
Men 48.3: 47.4 (urban), 49.8 (country) 50.8 44.8 37.9  
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Poland is divided into 16 voivodships and 380 districts, and the area 
of the country is 31,270,000 ha. Due to the quite diverse nature of the 
population density of Poland’s inhabitants (Fig. 4), in this analysis, two 
geographical models were used independently. The first is divided into 
380 districts, and the second one into 73 NUTS-3 units. The latter 
characterizes different areas in the EU in a uniform way. 

The NUTS (fr. nomenclature des unités territoriales statistiques) repre
sents spatial units utilized for statistical analysis that are part of the 
common classification of territorial units for statistics in the European 
Union. The purpose of establishing the NUTS division was to standardize 
various administrative divisions between EU Member States and thus 
ensure comparable statistical data. The division of NUTS units is three- 
tier and is built upon the administrative divisions of the Member States. 
However, it has a number of conditions concerning, for example, the 
minimum and maximum size of units, as well as their changes over time, 
therefore, they may be different to the current administrative units in a 
given country. 

In Poland, 97 NUTS units have been designated and used statistically 
since 2018. These are, respectively: 7 NUTS-1 macroregions covering 
voivodeships (of which there are 16), 17 NUTS-2 regions, which include 
individual voivodships or their parts, and 73 NUTS-3 subregions 
grouping districts (in this paper called as ‘districts’). In Poland, almost 
all NUTS-2 units correspond to voivodships, with the exception of the 
Mazowieckie voivodship, where a separate region is the Warsaw capital 
macro region, separated from the Mazowieckie voivodship. 

NUTS-3 sub-regions will be used in further analyses due to the fact 
that they are the smallest units for which up-to-date data on deaths are 
available. 

Fig. 5 shows the mutual dependence of the location, i.e. the inclusion 
of districts within the NUTS3 units. 

In summary, it should be emphasized that both the environmental 
data, i.e. the information related to population and geographic condi
tions, and the air pollution data, are of the Big Data type. Its volume is in 
the order of terabytes in size. 

5. Data processing results and analysis 

5.1. The course of COVID-19 cases 

Due to the availability of data, we assumed for further analyses the 
number of confirmed cases of Sars-CoV-2 coronavirus infections in dis
tricts, compared to 100,000 inhabitants (as of November 23, 2020). The 
above mentioned allows a comparison of data in various regions of 
Poland, regardless of the adopted type of administrative division. 
Moreover, this figure tells us about the spread of the epidemic, and it can 
also be used to infer the course of cases, because acute illness, unlike 
asymptomatic cases, required more tests and thus has resulted in a 
greater number of reported cases. Therefore, we assumed that in the case 
of the testing strategy in Poland, the number of all positive results is 
strongly correlated with the number of positive results and the symp
tomatic course. 

Fig. 6 shows the number of officially confirmed COVID-19 cases in 
Poland as of the stated date. As in Fig. 4, the data is presented in two 
conventions. The first one (Fig. 6 left) shows the division of the country 
into districts, while the second one (Fig. 6 right) shows the distribution 
of incidence, taking into account the administrative division of Poland 
into NUTS-3 units. In both cases, the data covers the duration of the 
pandemic until 23/11/2020. As you can see, the areas most intensely 
affected by the disease are naturally associated with large urban centers 
such as Warsaw, Kraków, Poznań, etc. Moreover, a large number of 
regions characterized by morbidity are located in the southern part of 

Fig. 4. Population density in the territory of Poland defined by districts (left) and NUTS-3 (right).  

Fig. 5. The division of the territory of Poland into districts (thin line) and 
NUTS-3 (thick line). 
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the country, in particular in the Małopolskie, Śląskie, the Lower Silesian 
and Greater Poland borderlands and in part of the Podkarpackie 
voivodeship. 

5.2. Mortality in 2020 and 2019 in Poland 

The second, after the number of cases, explanatory variable, used by 
us for the analysis, was the surplus of deaths (in total, without dis
tinguishing between causes) in 2020 compared to 2019. This indicator 
may serve as a descriptor of the course of the epidemic in a given area, 
including deaths from COVID- 19 - both diagnosed and undiagnosed, as 
well as deaths resulting from the overload of health care in a given area 
caused by the pandemic. Current data on deaths are published for NUTS- 
3 units and such units were adopted for further analysis. 

Fig. 7 shows the distribution of the relative number of deaths in each 
NUTS-3 region. This relativity was presented as the percentage ratio of 
the number of deaths in 2020 (to November 30, 2020) to the number of 

deaths in the corresponding period of 2019. The first of the noticeable 
features of this analysis is that in practically each of the regions, the 
number of deaths in 2020 for each of the analysed sub-regions is higher 
than in the previous year by 110%, and in certain regions of Małopolska, 
Podkarpacie and the Płock subregion this increase covers as much as 
20%. The worst situation - a 24% increase in the number of deaths is 
observed in the region of the Podkarpackie Voivodeship near the border 
with Ukraine. Interestingly, this area has quite a large number of cases 
(compare Fig. 6 left) and a relatively small population (Fig. 4 left). 
However, in the rest of Poland, this increase in deaths is noticeable up to 
15%. 

Unfortunately, due to the lack of official data on the number of 
deaths via district, in this case analysis, it was not possible to present the 
distribution of excess deaths for a smaller territorial unit within Poland. 

5.3. Particulate matter air pollution in Poland 

One of the factors considered in the analysis is air pollution. As a 
measure of air pollution, we adopted the annual averaged values of 
PM2.5 (and PM 10) concentrations from all stations in a given district or 
NUTS-3 unit. In this study, we focused on averaged values, as such in
formation shows a broader profile of the presence of polluted air in a 
given area. Moreover, it is precisely this approach to data that is also 
important when analysing the impact of pollution on respiratory dis
eases, which include COVID-19 (Wiki, 2020). If there was no Airly 
sensor in the area of a given district, the data on pollution were sup
plemented on the basis of the values from neighbouring districts using 
own interpolation algorithms. Figs. 8 and 9 show the distribution of air 
pollution in the form of averaged values of dust concentrations PM2.5 
and PM10, respectively. Based on the analysis of data from Airly sensors, 
a very large correlation between these pollutants is easily noticeable. 
Indeed, for some measuring stations the value is approx. R = 0.96 
(Kowalski and Warchałowski, 2018). Due to the great correlation be
tween PM10 and PM2.5 assessments and that of these with certain ob
servations related to the analyses already performed in the first phase of 
the pandemic (Kowalski and Konior, 2020), the inquiry used only the 
PM2.5 pollutant as a defining unit. On a deeper analysis of Figs. 8 and 9, 
we can see basically single areas in which we do not observe high cor
relation. At the same time, it should be clearly emphasized that in both 
figures we have different scales, which result from separate standards 
and diverse accepted permissible values of concentrations of these pol
lutants. Over all, in this assessment, it can be noticed that the air 
pollution factor is quite strongly independent of the administrative di
vision. On the maps shown in Fig. 8, we can see that the western and 
northern border regions are areas of lowest air pollution values. In 

Fig. 6. Number of confirmed COVID-19 cases per 100,000 inhabitants by 31/10/2020 (left for administrative division into districts, right for NUTS-3).  

Fig. 7. Ratio of deaths occurring in 2020 to the number of deaths in 2019 
expressed as a percentage in individual NUTS-3 territorial units. 
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contrast, central regions, such as the districts of Mazowieckie and 
Wielkopolskie voivodeships, as well as that of Silesia and Małopolska, 
are very unfavourable in this respect. In particular, the trend is notice
able in the buffer zone of Kraków, Łódź and adjoining districts in Silesia. 
Interestingly, the above bad situation is very intensively noticeable in 
the mountainous regions of Poland - in such districts as Nowy Targ, 
Myślenice, Suski and Wadowicki. To a large extent, such unfavourable 
analytical results show the influence of geography (hilly locations) and, 
in most of them, the lack of an organized system of home insulation, as 
well as the use of coal for heating in wintertime. The poor state of air 
pollution levels in other regions is largely determined by the strong 
development of industry. 

5.4. Factor analysis 

This part of the article presents an analysis of the dependence of 
factors both on the number of new cases of corona virus and the number 
of deaths. For the analysis, apart from air pollution, we also took into 
account the impact of other factors, which will be briefly described. 
Below, in addition to the name and a short description of the factors, 
both their designation and the data source are presented. Thus, the 
following quantities (factors) were considered for the impact analysis: 

• population density (POP_DEN, source: GUS), determines the in
tensity of interpersonal contacts and the probability of infection 
(Carozzi et al., 2020);  

• touristic attractiveness (TUR, source: GUS) expresses the number of 
hotels per 100,000 inhabitants - this is an indicator of which districts 
were holiday destinations during times conducive to the spread of 
the virus;  

• % of the population under 14 (YNG_PCT, source: GUS), shows the 
percentage of children attending (primary and secondary) school; 
here, size is taken into account because school attendance has 
contributed to the spread of the epidemic (European Centre for 
Disease Prevention and Control, 2020);  

• % of seniors (SEN_PCT, source: GUS) - defines the percentage of the 
local population aged 65 and over; testifies to both the peripherality 
of districts mitigating the course of the epidemic and the extent of the 
group most vulnerable to the acute course of the disease (Walter and 
McGregor, 2020);  

• feminization rate in the senior population (FEM_SEN, source: GUS) - 
shows the ratio of women to men in the population over 60 – such 
figure is included because of the variability in the course of the 
disease according to the patient’s sex; 

Fig. 8. Average PM2.5 dust pollution in individual regions of Poland (left for administrative division into districts, right for NUTS-3).  

Fig. 9. Average PM10 dust pollution in individual regions of Poland (left for administrative division into districts, right for NUTS-3).  
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• % of the population employed in industry (INDST, source: GUS) – 
this indicates the degree of contribution of industrial or mining 
workplace to the emergence of disease outbreaks (Money.pl, 2020);  

• distance from land border crossings (BOR, source: OpenStreetMap) – 
this item indicates the ‘internationalization’ of a given district, and 
serves as a means of revealing the degree of possible contact with 
infected people coming from abroad;  

• access to medical assistance (DOC, source: GUS) – this factor is 
representative of the extent of locally available medical services – the 
number of doctors per 100 thousand residents;  

• feminization of society (FEM, source: GUS) - the numeric ratio of 
women to men; 

Additionally, the following determinations were used in the analysis:  

• POP (source: GUS) - population of a given region;  
• pm25 - concentration of pollution in the form of PM2.5 dust - average 

value in 2019–2020 based on Airly sensors;  
• DEATH_EXC (source: GUS) – the ratio (comparison) of the number of 

deaths: 2019 versus 2020;  
• C19_100k - (source: Rogalski (Rogalski, 2020)) - number of COVID- 

19 cases per 100,000 residents. 

In the first part, the mutual influence of individual factors was 
examined with the use of correlation. Tables 2 and 3 present the in
terdependencies between the factors, taking into account the districts 
and NUTS-3 regions. Table 2 lacks the value of the R factor for the 
DEATH_EXC variable because, from autumn 2020 onwards, information 
on the death ratio between 2020 and 2019 has not been published in 
official government data. 

Here, it should be noted that two variables standout: the number of 
doctors per 100,000 inhabitants (DOC) and the feminization of society 
(FEM). However, further analysis rejected the first variable due to the 
very high correlation with the location of large cities. In the second case, 
the FEM variable was also rejected, this time because of a very strong 
correlation with POP_DENS and SEN_PCT. Therefore, for the further part 
of the analysis of the impact of individual factors, a set of data was 
prepared consisting of 9 quantities (explanatory variables) and 1 (for 
districts) and 2 for (NUTS-3) dependent variables. 

The results presented in Tables 2 and 3 clearly show that there are 
several examples where the correlation between the selected factors 
exceeds the value of 0.5. Examples include the following relationships:  

• Air pollution and the number of COVID-19 cases,  
• Air pollution and ratio of number of deaths, 2019 versus 2020,  
• The number of cases of COVID-19 and the ratio of number of deaths, 

2019 versus 2020. 

The occurrence of the last of these relations is obvious, while the 

dependence of variables related to the occurrence of COVID-19 and 
mortality with air pollution is very disturbing. 

In the next part of the study, the relationship between individual 
factors was presented using the multivariate linear regression (MLR) 
method. Due to the already mentioned problems with data related to 
deaths, five models were synthesized:  

• M1 – a model taking into account the influence of the components on 
the number of COVID-19 infections per 100,000 (district level);  

• M2 - a model that takes into account the influence of the components 
on the number of COVID-19 infections per 100,000 (NUTS-3 unit 
populations);  

• M3 - a model taking into account the influence of the components on 
the number of COVID-19 infections per 100,000 inhabitants (NUTS-2 
unit population, aka voivodship population); 

• M4 – a model taking into account the influence of certain compo
nents on the ratio of deaths within NUTS-3 units, taking into account 
all variables.  

• M5 - a model that takes into account the influence of the components 
on the ratio of deaths within NUTS-3 units - with strongly correlated 
variables removed. For these territorial division units, the correlation 
of YNG_PCT with SEN_PCT is − 0.8. 

Figs. 10, 11 and 12 show the influence of the analysed factors on the 
number of COVID-19 cases. All factors were normalized, which made it 
possible to compare the impact of various parameters at the district 
level. Thus, the graph shows how, for example, an increase in the inci
dence (in cases per 100,000 inhabitants) will accompany an increase in 
the value of a given factor from its minimum to its maximum value. It is 
quite important to evaluate the model, which can be done using the R (2) 
measure, which for the models from M1 to M5 is 0.27, 0.49, 0.74, 0.43 
and 0.36, respectively. On the other hand, it has been observed that the 
use of larger spatial units (NUTS3, voivodeships) results in a corre
spondingly better adjustment of statistical models, due to the progres
sive aggregation (averaging) of data for these units (Fotheringham and 
Wong, 1991). 

Results based on M1, M2 and M3 (Fig. 10) showed that air pollution 
was the most important factor among the analysed factors, the increase 
of which was to the highest degree correlated with the increase in the 
incidence in districts, NUTS-3 and NUTS-2 units. These outcomes match 
the global-scale result presented in (Coro, 2020). The increase in 
pollution by 100% was accompanied by an increase in the incidence by 
as much as 200–250 cases (where the total number of cases throughout 
Poland is 2170/100 thousand people - data as of November 23, 2020). 
The population factor was in second place, which is quite a natural and 
expected result. Another factor is industrialization resulting from the 
number of people employed in industry or mining per 100,000 residents. 
This factor is very important at the district level, which is understand
able due to the relatively local nature of such jobs. Its impact can be 

Table 2 
Correlation given as Pearson coefficient between 12 variables, taking into account districts as units of administrative division. 
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determined on a 1:1 scale, so an increase by 100% determines the 
average increase in the incidence of about 90 people per day per 
100,000 residents. The fourth most negatively influencing factor at the 
level of districts and smaller NUTS-3 units is touristic attractiveness. The 
impact of this premise, with its 100% increase, is estimated at 55 and 37 
new disease cases per 100,000 residents in relevant territorial units. The 
last variable with a positive impact is the share of the number of children 
under 14 (the number people who are attending primary or secondary 
school per district), whose impact on the number of cases was limited to 
19. This factor is greatly underestimated as the data also covers the 
period in which children were not allowed to participate in live school 
activities. In addition, in this period in Poland, school children were 
forbidden from Monday to Friday to be moving about publicly between 
8 am and 4 pm without adult supervision. This could significantly 
reduce the impact of the YNG_PCT variable on the emergence of new 
chains of infections. Interestingly, this factor did not have a negative 
effect on the remaining M2 and M3 models. The remaining factors, i.e. 
feminization of senior population, distance from border crossings, the 
percentage of seniors in society, are not factors that accompanied the 
increase in the disease. The reason for such an impact of these factors 
may be, on the one hand, the quite strong self-preservation instinct of 
this group, which manifests itself in a fairly strong adherence to the 
recommendations, and on the other hand, the introduction of the so- 
called ‘hours exclusively for seniors’. 

The second round of analyses is related to the results presented in 
Figs. 11 and 12, which show the numerical impact of individual factors 
on excess deaths for the M4 and M5 models. In the first model, the first 
two positions are occupied by the variable share of seniors and young 
people in local society. While the first factor does not come as a surprise, 
because this group is very much at risk of dying from COVID-19 or 
having complications after suffering from this disease, the group of 
people under the age of 14 is quite surprising. Thus, the obtained de
pendencies were analysed once more. As a result, it turned out that both 
variables are very strongly correlated (R = − 0.8), so the replacement 
YNG_PCT was rejected from the M5 model. Air pollution is another 
factor that has a significant impact on the excess deaths. In this case, an 
increase of 100% of this factor induces an increase of 1.3% in the excess 
of deaths compared to the previous year (where the average increase in 
the ratio of deaths from 2020 to 2019 throughout Poland is 14%). Other 
factors positively influencing the excess deaths are the population and 
touristic attractiveness of the region. However, these variables have an 
impact of less than 1%. The remaining variables, i.e. industrialization 
and population density, have a negative impact on the number of deaths. 
The first of these, as shown in the previous factor analysis, is important 
in smaller units of territorial division such as districts. In contrast, the 
variable of population density is correlated with the presence of large 
cities, where there is much better access to professional medical care 
through a significant number of health centres and hospitals. 

As described above, only 8 of the describing variables were adopted 
for the next tested model. In the M5 model, the alternative YNG_PCT was 

Table 3 
Correlation given as Pearson coefficient between 13 variables, taking into account NUTS-3 as a unit of administrative division. 

Fig. 10. W* parameters values in MLR M1, M2 and M3 models.  

Fig. 11. W* parameters values in MLR M4 model.  

Fig. 12. W* parameters values in MLR M5 model.  
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rejected, thanks to which the influence of the percentage share of seniors 
significantly decreased (approx. 0.5%). On the other hand, the prereq
uisite for a very strong impact of air pollution on the excess deaths has 
come to the fore. In this model, the doubling of air pollution in the form 
of PM2.5 dust condensation implies a 1.6% increase in the excess of 
deaths compared to the previous year. Two other variables having a 
positive impact on this phenomenon are the population and the % of 
employed in industry (0.7% and 0.3%). On the other hand, such vari
ables as feminization of the senior population and population density 
have a negative impact on the excess mortality of approximately 0.55% 
and 0.8%, respectively. The first of these facts reports the different ef
fects of COVID-19 on men and women. As shown by this model, women 
are less likely to have a fatal outcome when afflicted. On the other hand, 
the reverse impact of population density - as in the M4 model - was 
determined by better access to medical services in large agglomeration 
clusters. 

6. Discussion 

There are many studies in the literature related to both the COVID-19 
disease itself and attempts to predict the direction of infection devel
opment and its inhibition through the use of prevention methods 
(Dansana et al., 2020; Melin et al., 2020; Rosario et al., 2020). Evalua
tion of the effectiveness of disinfection and prevention undertaken in 
Wuhan and assessment of the COVID-19 pandemic control methodology 
became the subject of the work of (Zhu et al., 2020). In turn, (Gatto 
et al., 2020) analysed the effects of the introduction of drastic preventive 
measures in Italy in 2019 – as based on modelling the developing 
epidemic. The analysis of factors influencing the recovery or death of the 
afflicted COVID-19 patient was the subject of a study by (Kang et al., n. 
d.) and Kang et al. (2020). Other reference sources are publications 
similar to this one and dealing with the course and development of the 
pandemic in a given country, e.g. in Italy (Lolli et al., 2020). The pub
lications describing various models of infectious diseases (Funk et al., 
2015; Melin et al., 2020) are very interesting, and aid in establishing 
viable predictivity of at least some phenomena. 

The problems and doubts related to the study of the impact of air 
pollution on COVID-19 disease were systematically analysed in the 
article (Heederik et al., 2020). The authors of this publication point to 
the rather cursory nature of the analyses and deliberations with regard 
to this quite important topic. The tendency to judge the causality of the 
disease on the basis of the correlation between airborne particulate 
matter and disease was also subjected to criticism, especially without the 
analysis of other factors that are obviously also correlated with the 
number of cases and air pollution - such as population density. That is 
why the authors of this study conducted a multivariate analysis that took 
into account factors other than air pollution. It is worth recalling here 
that for the purposes of the analysis, it was air pollution that turned out 
to be the most highly correlated variable among the analysed factors 
with the number of cases per 100,000 residents. 

Moreover, the authors of the discussed critical article (Heederik 
et al., 2020) point to the problem of research quality and publication 
reliability, which is particularly important with regard to the social 
significance of the studied problem. The authors of this publication can 
assure the research population that it was written on the basis of a 
multivariate analysis of a very large volume of data. Furthermore, the 
information it contains is the result of in-depth conclusions of an 
interdisciplinary team of scientists from various research establishments 
with input from external experts. 

Another interesting conclusion from the analysis carried out was that 
the use of larger spatial units resulted in a better fit of the statistical 
models - as measured by the correlation coefficient R. This results in the 
risk of hastily establishing a relationship when analysing large units, 
such as provincial or state entities (voivodships) and countries. On the 
other hand, analyses of smaller territorial units such as districts, require 
the availability of spatially accurate data. In the case of data on air 

quality in Poland (and in other EU countries), the number of state sta
tions measuring air pollution (and particularly particulate matter) is 
insufficient to conduct such analysis; it is necessary to use a network of 
low-cost devices in order to accurately map pollution. 

Since the archiving of data on the COVID-19 pandemic by individual 
countries of the world, many studies have been undertaken to estimate 
the increased risk of death among general or specific population cate
gories. In general, clinical observations indicate which are high-risk 
groups. These include people over 65 years of age, patients with 
chronic respiratory diseases (including asthmatics), people undergoing 
oncology treatment, as well as patients who are administered immu
nosuppressants or who are long-term immunosuppressed (afflicted with 
Lyme disease, hepatitis C and many other chronic diseases). As the study 
by (Goldstein and Lee, 2020) indicates, the age patterns of COVID-19- 
related mortality in different countries are remarkably similar and un
derline a clear correlation between the age of patients and the death 
rate. The authors established that, unlike HIV / AIDS and the drug 
epidemic, COVID-19 deaths will be concentrated over a period of 
months, not decades. Furthermore, according to the report 20–16 
(2020) by the International Center for Public Policy (Austin et al., 2020), 
there is a link between exposure to fine particulate matter and the 
morbidity and mortality from COVID-19. This research used an instru
mental approach to variables based on the wind direction. 

According to the age of hypotheses emerging among clinicians and 
virologists, it is difficult to determine which genetic factors (cancer 
burden, chronic diseases) or non-genetic factors (the state of the envi
ronment, including air and water quality, diet and lifestyle, as well as the 
general physiological state of the body) have a decisive influence on the 
course of the disease. An additional element is the exposure of the or
ganism to the pathogenic factor (in this case it is the amount of virus 
particles that enters the blood through the mucosa). Due to the tropism 
of the COVID-19 virus to the tissues of the lower respiratory tract, an 
important element is the initial presence of such an amount of virus 
particles that will not give the body time for an immune response and 
production of antibodies. For this reason, the condition of the infected 
patient and the environment in which he has to combat the disease are of 
great importance. 

7. Conclusion 

This publication describes the course of the corona virus pandemic in 
Poland that occurred until November 31, 2020. For the purposes of 
statistical analysis, many data sources were used, such as the 
population-related statistics that were provided by the Central Statistical 
Office. Another important source of data was Airly, which has been, for 
many years, generating air quality data through the use of a dense mesh 
of air pollution measurement devices established throughout Poland and 
much of the European Union. The last of the data sources is the Rogalski 
project (Rogalski, 2020), operating as part of a volunteer project that has 
contributed comprehensive data on the course of COVID-19 in Poland in 
a consistent form. 

The research used known statistical tools, on the basis of which it was 
possible to generate numerical conclusions on the relationship between 
both the number of COVID-19 cases per 100,000 local area inhabitants 
and the surplus of deaths occurring in 2020 and selected social, 
geographic and environmental factors. 

The applied statistical models made it possible to extract some de
pendencies flowing from the source data, which made it possible to 
explain, using the analysed factors, approx. 30% of the differentiation in 
the number of cases between individual districts. The remaining dif
ferentiation, which we have not been able to explain by means of the 
models used, may be related to the role of other factors (not yet iden
tified), as well as to the randomness of outbreaks in the initial stage of 
the epidemic. 

Our analysis showed that the correlation between air-borne partic
ulate matter (smog) and COVID-19 incidence was very clear and, what 
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must be underlined, was much higher than the correlation for any other 
factor that, according to the literature, may have a positive effect on the 
incidence and for which we were able to obtain data. 

Similar analyses are certainly worth carrying out for other countries - 
especially those harder hit by the coronavirus pandemic. It also remains 
to be analysed, in the light of data from Poland, the role of high pollution 
episodes and their impact on the course of the disease at a given 
moment, as well as the role of smog in virus transmission - which may be 
related to the observed seasonality of the disease. Therefore, the fight for 
clean air, as well as the monitoring of pollution and the disclosure of 
information about it to the public, may turn out to be crucial for finally 
defeating the COVID-19 pandemic. 

The researchers’ further plans with regard to COVID19 data are 
primarily related to the next phase of the pandemic. In future research, a 
study associated with vaccination effectiveness will be carried out in 
order to assess the potential of pandemic containment. 
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