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DO WE KNOW PM1 IN POLAND INSIDE OUT? 

The paper provides a concise review of key publications on particulate matter of aerodynamic diameter 
below 1 μm (PM1) having been published in Poland in the years 2007–2022. Data and conclusions related 
to the study of concentrations, chemical composition, and content of selected toxic and carcinogenic com-
pounds in PM1 as well as methods and conclusions on the assessment of the origin of PM1 in various regions 
of Poland have been tabulated. The conclusions of this review attempt to outline the directions of further 
research that could prove crucial in obtaining information and filling the identified gaps in knowledge about 
PM1 in Poland. While this work may be theoretical, it can serve as a valuable and compact source material 
for research groups, organizations supervising and financing research, as well as those responsible for as-
sessing air quality and mitigating negative health effects related to air quality. 

1. INTRODUCTION 

Most straightforward, atmospheric particulate matter (PM) called atmospheric aer-
osol, suspended particulates or shortening (with loss of precision) particulates or dust 
are particles suspended in the atmosphere [30]. Aerosol is a mixture (solution) of solids 
and/or liquid droplets (dispersed phase) suspended in a gas mixture (dispersion me-
dium) [3]. In atmospheric aerosol, the dispersion medium is atmospheric air [4]. For 
consistency in the following paragraphs, both atmospheric suspended particulates and 
atmospheric aerosol will be denoted as PM. It is an international standard approved by 
organisations such as the World Health Organization (WHO), the European Environ-
mental Agency (EEA), or the United States Environmental Protection Agency (US 
EPA), as well as a kind of standard in scientific publications and textbooks. 

The size of PM particles is usually expressed by a conventional aerodynamic di-
ameter, which is the diameter of a material sphere with a density of 1 g/cm3 that has the 
same terminal velocity as a given particle [4, 30]. It is assumed that the dispersed phase of 
atmospheric aerosol constitute particles with an aerodynamic diameter between 10–3 and  
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102 µm [4, 30]. The physicochemical properties of PM are closely related to the size of these 
particles. However, due to various processes governing PM in the atmosphere and the 
related changing physicochemical properties of PM, it is impossible to classify the size 
of individual particles. Therefore, the impact of PM on the natural environment, as well 
as human health and life, is examined and determined concerning specific particle size 
fractions. The PMx–y fraction of the dispersed phase of the atmospheric aerosol consists 
of all particles having aerodynamic diameters between x and y µm, with PM0.001–x being 
denoted as PMx. 

Although on a global scale, the coarse PM must constitute the majority of PM mass 
in the air (due to the great importance of generating PM sources such as deserts, seas and 
oceans, soil surfaces, natural processes during vegetation, etc.), in urban areas most of the 
mass of PM is fine PM, especially the PM1 fraction [18, 20], due to the origin of PM, more 
precisely speaking, from the fact that particularly in urban areas majority of anthropogenic 
emitters release gases and particles from the combustion, pyrolysis or processing of vari-
ous fuels and materials. Hence, PM in these areas consists mainly of carbon, hydrocar-
bons, oxides of various metals and secondary organic and inorganic matter and, contrary 
to typical PM particles associated with natural origin, are most often very fine particles 
and constitute mainly the PM1 fraction [20, 22, 42]. What is important, is that most com-
pounds with known or hypothetical harmful effects on health or the environment are ac-
cumulated in PM1 due to the origin of this fraction. Probably for these reasons, the stronger 
statistical relationships or responses of the studied biological materials are observed in the 
case of submicron PM than in other fractions [1, 6, 44]. It is worth emphasizing, however, 
that the common colloquial claim that fine PM has a stronger effect than total PM on 
health is not correct. PM contains PM2.5 or PM1, thus the impact of total PM is not less 
than the impact of fine PM. 

Data about fine PM concentration are generally available for various areas of Eu-
rope, especially today, almost 20 years after the introduction of the obligatory monitor-
ing of PM2.5 in selected areas. However, research on PM1 seems to be more interesting 
considering the observed mass size distribution of PM and PM components (more pre-
cisely, the values of median aerodynamic diameter (MMAD) and the geometric stand-
ard deviation (GSD)) for various locations [8, 25, 36, 42], as well as due to the afore-
mentioned stronger responses of the organism or cells during the interaction of fine 
particles. Although the database on the mass concentration of PM1 and its chemical 
composition across Europe is still quite poor, especially when it comes to measurements 
of longer duration, in Poland there is already quite a lot of information on this topic. It 
is widely known that scientists from Europe dealing with PM as well as employees and 
members of various institutions, i.a. the European Environment Agency, signal the neg-
ative impact of high concentrations of particulate matter in Poland (especially fine par-
ticulate matter and its main components) on air quality in other regions of Europe. 
Therefore, it was necessary to undertake research firstly focused on determining the 
origin of fine PM, and then reducing emissions from its main emitters. 
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In this work, information on PM1 concentrations as well as on the origin was col-
lected based on information on the contribution of certain selected compounds or groups 
of compounds in the mass of PM1 (using various approaches or different mathematical 
models). This work is a summary of the current state of knowledge and a base for insti-
tutions that are responsible for air quality management in Poland and which, based on 
already available data, could coordinate the development of PM monitoring in the miss-
ing scope. Moreover, this overview may be useful for other purposes, for example, in-
stitutions financing research in Poland and scientists applying for these funds. It seems 
that on the basis of the information collected here, it will be possible to assess gaps in 
the state of knowledge about PM1 in Poland, its origin and its impact. Such an attempt 
was made by the author of the work in conclusions. 

2. METHOD 

The papers cited in this review were identified by searching in Google Scholar, 
Springer, PubMed, Science Direct and Scopus databases using the combination of the 
following keywords: PM1 concentrations in Poland, PM1 in Poland, origin of PM1 in 
Poland, size segregated particulate matter in atmospheric air in Poland, and PM mass 
size distribution in atmospheric air in Poland. Only peer-reviewed research articles 
available in Polish and English languages published between 2005 and 2022 were con-
sidered. The survey was conducted in August 2022. In all the databases listed above 
about 120 000 records were found. Subsequently, papers in which the assumed key-
words appeared in the title and/or in the abstract were selected. After eliminating dupli-
cates, the extracted articles were read and those that did not match the assumed criteria 
were eliminated. Finally, 32 studies were selected. The results of the review are pre-
sented in the form of tables in the Appendix. 

3. RESULTS 

3.1. PM1 CONCENTRATION 

Fine PM research in Poland began at the beginning of the twenty-first century at the 
Institute of Environmental Engineering of the Polish Academy of Sciences. Since 2001, 
continuous, monitoring of PM2.5 concentrations has been carried out in Zabrze, one of 
the cities of Upper Silesia typical in terms of air pollution and its sources. The first paper 
on PM1, studied using the gravimetric method, comes from 2007 and describes the re-
sults of the first long measurement campaign in Poland taking into account this fraction 
(Table A1). It is not excluded that during this period in Poland, the concentration and/or 
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chemical composition of PM1 and/or fine PM, in general, was monitored in other scien-
tific centres. However, the results of these studies should not have been published so 
far. Based on the annual measurement series, it was possible for the first time to recog-
nize and describe the seasonal variability of PM1 concentrations and to indicate the 
shares of submicron PM in total PM in Zabrze – a typical industrialized city of Upper 
Silesia [8]. In the next research, the focus was on qualitative research of PM1 collected 
in Zabrze, including, among others, a new technique for PM testing (XPS). It was ap-
plied to this fraction of PM, allowing us to examine the elemental composition of the 
surface layer of PM. The dominant role of carbon in the elemental composition was 
demonstrated, and further analyses allowed to indicate the carbon compounds that it 
forms in the surface layer of PM1 [7]. 

About 5 years later, the first publication devoted to PM1 in Lower Silesia was pub-
lished [33]. Not only PM1 but also PM2.5 and PM10 concentrations were examined at 
several points characteristic of selected types of emissions in the urbanized urban area 
of Wrocław. 

Subsequent work has already allowed the systematic discovery and description of 
PM1 properties in other regions, especially in Silesia (quantitatively the largest amount 
of research). The focus was on the study of the chemical composition of PM1 as it be-
came clear that the results concerning only the fractional composition of PM and the 
shares of PM1 in PM as well as seasonal variability of these parameters will not be 
sufficient either to indicate the emission sources responsible for the found – very high 
concentrations of PM1 or to reliably attempt to estimate the health exposure of inhabit-
ants of Polish cities to PM1. Therefore, at several institutions in Poland, including Insti-
tute of Environmental Engineering of the Polish Academy of Sciences in Zabrze, Sile-
sian University of Technology, Wrocław University of Science and Technology, Warsaw 
University of Life Sciences, the University of Gdańsk and the AGH University of Science 
and Technology in Krakow, a study of the content of selected, characteristic, PM1 com-
ponents was started or research was carried out allowing a comprehensive assessment of 
PM1 macro- and microcomponents. Most studies were carried out in the southern part of 
Poland: in cities and suburban regions of Upper and Lower Silesia, in Krakow; several 
works were devoted to coastal regions and one selected location in Warsaw [9–17, 19, 
21–24, 26, 27, 29, 31, 35, 37–41, 43] (Table A1). 

Most attention was paid to the study of the elemental composition of PM1. In the 
beginning, it seemed that the assessment of elemental composition would be a good 
enough source of information to assess the origin of PM1 in almost every region. Un-
fortunately, the first works have already shown that this is not the case. Almost all of 
them signalled the blurring of the impact of various emission sources in urban areas and 
the inability to isolate the PM elemental profile appropriate for a specific/sought-after 
source. The need to collect very large data sets to assess the origin of PM in various 
areas and the organizational and economic problems associated with it were also pointed 
out. It became clear that for effective use of elemental composition data for a reliable 
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assessment of PM1 origin in urbanized areas, monitoring this composition should be 
carried out with much higher time resolution, and preferably in semi-automatic or auto-
matic mode [8, 13, 16, 19, 23, 24, 29, 33, 40, 41, 43]. 

A similar problem was noted in studies devoted to the content of polycyclic aro-
matic hydrocarbons in PM1 [9–12, 23, 24]. The multitude of PAH sources in the urban 
space, but also the transformations of PAHs both in the atmosphere and even after 
collecting the sample for the filter indicated that knowledge of the content of this 
group of compounds in PM1 is also not enough to assess the origin of PM1. Neverthe-
less, knowledge of this parameter turned out to be crucial for the possibility of organ-
izing different areas and regions due to the strength of the possible inhalation impact 
of PM1 (short and long term) on health. In many papers, there have been attempts to 
estimate the impact of PM1 on health associated with the content of PAHs and/or se-
lected heavy metals along with attempts to assess the increase in the risk of cancer 
(carcinogenic risk). It has been clearly shown that the greater the impact of municipal 
and industrial emissions on air quality in a given area, the greater this risk is. The need 
to expand research on toxic and carcinogenic components in PM, especially PM1, was 
also pointed out. It was also concluded that a full exposure assessment should take 
into account the results of tests from a long series of measurements and a full view of 
the chemical composition of PM1, including knowledge of speciation forms of some 
metals. Regarding it, one of the world’s first studies was started based on the specia-
tion analysis of chromium and arsenic in PM, in principle in 13 PM fractions, which 
allowed their quantitative estimation of PM1 mass [13]. PM1 chemical composition 
research was also done based on water. It was indicated that it is an important com-
ponent of PM1. The knowledge of water content in PM1, with properly conducted 
chemical analysis (temperature fractions), allows a fairly accurate determination of 
compounds formed by specific elements [27]. 

Quite an interesting approach and idea for assessing the origin of PM1 was presented 
in research devoted to selected receptors in Zabrze and Katowice. It was based on ex-
amining the mass distribution relative to the aerodynamic diameter of both PM and se-
lected compounds and elements in PM. This gave a picture of the modality of the dis-
tribution of PM and compounds in PM and the variability of this statistic depending on 
the place, and thus the strength of the impact of these dominant and minor sources of 
emissions, but also the season and thermodynamic conditions of the atmosphere. It was 
shown for the first time in Poland that most components, especially toxic and carcino-
genic, have a peak (local maximum, the first or the only) in the range of aerodynamic 
diameters up to 1 μm [19, 23, 24]. 

Already the first studies of the content of organic carbon and selected ions extracta-
ble in water showed that secondary organic and inorganic aerosol in the case of PM1 
mass is of great importance [21, 24], especially organic secondary compounds and am-
monium sulfate. Therefore, attention in further studies was directed to the assessment 
of the content of these components in PM1 and attempts to use information from these 
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studies to assess the origin of PM1 or at least to indicate the amount of PM1 mass that 
comes from the transformation of PM precursors in the atmosphere. Most of these stud-
ies were carried out for the region of Upper Silesia and Gdynia [14, 21, 24, 26, 31, 34, 
35, 38, 39]. 

3.2. PM1 ORIGIN 

Table A2 compiles data from studies to determine the origin of PM1 in different 
areas of Poland. One of the simplest ways in which these conclusions began was to 
recognize the seasonal variability of concentrations of both PM1 itself and its selected 
components [7, 43]. It was most often assumed that traffic emissions should have a more 
or less constant share in PM1 concentrations in the summer and winter seasons, while 
any excess in concentration over the level read in the summer season will be caused by 
emissions related to energy production. This can be, depending on the receptor, either 
emissions associated with the combustion of fuels in heating boilers in power plants or 
combined heat and power plants, or emissions from the combustion of coal and other 
fuels in domestic boilers or both. Of course, it is clear, that this is a significant simplifi-
cation and it only allows us to indicate certain trends and dependencies characteristic of 
places or areas in Poland. It seems that it would be a very good idea to link the data on 
the mass size and number size distribution of PM (or PM1 itself) in the receptor with 
data about distributions of PM particles from specific sources. So far no such method-
ology or mathematical apparatus has been developed. Up to now, the only idea to use 
mass and number size distribution in the assessment of the origin of PM (including PM1) 
was to analyze the variability of local maxima (their position and their number) and 
median value of these distributions depending on the place and season, and thus rather 
it was an attempt to relate the existing state to these data (if the point is close to the 
intersection, we assume the dominant impact of traffic emission) [18–20, 23, 42]. 

In the next research, simple indicators were used to assess the origin of PM1. These 
were both enrichment factors (EFs) of PM1 in selected elements and specific diagnostic 
ratios (based on concentrations of PAHs in PM1). The EFs allowed us to assess, more 
or less, the strength of the influence of anthropogenic emission on the concentrations of 
a specific element in PM. Unfortunately, a huge disadvantage of this approach is in 
general imprecise referencing to the elemental composition of, most commonly for the 
soil, the upper continental crust composition, which represents the averaged composi-
tion. It is clear that it is a matter with completely different grain sizes and properties 
than the one that creates mineral matter of natural origin in the area of research (each of 
the analyzed). Therefore, it would be ideal to select such matter in the receptor each 
time and relate the obtained results regarding the content of elements in PM1 to its ele-
mental composition. However, even these simple calculations also allowed to divide the 
elements studied in PM1 in some way [19, 22, 24, 41]. This did not give any knowledge 
about their sources, but allowed, for example, their inclusion in specific types of matter 
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quite precisely, and further the use of quite precise stoichiometric calculations aimed at 
determining the total mass of compounds that were present in PM1 [18–20, 22]. It should 
be emphasized that this approach is unique in the literature and has the potential to fur-
ther develop and undertake wider applications in combination with knowledge about 
the elemental composition of mineral matter in a given receptor. 

In the case of diagnostic ratio, many reports and data from the world literature were 
used to interpret them: about the values in specific sources or groups of sources assumed 
by the relations of specific PAHs in the PM sample. These values were related each time 
to the values obtained for PM1 in any receptor [10, 23, 24]. Again, the weakness of this 
methodology was a non-strict approach to data on PAHs’ relations in PM from specific 
sources, i.e., to data constituting a kind of reference. It was never (in the case of any of 
the sources) PM with such a grain size distribution as PM1, and it had a completely 
different chemical composition. The chemical composition of PM emitted from a spe-
cific source as well as different (than in the tested receptors) thermodynamic conditions 
cause, among others, a completely different distribution of PAH into those in the vola-
tiles and solids. What is more, the PAHs collected in PM1 studies in Poland should 
usually be suspected of being partially altered in relation not only to PAHs in various 
sources but also to PAHs in the receptor (artifacts resulting from the time of collection, 
method of collection, time in transport and many other factors). However, some clues 
have been found regarding the variability of diagnostic ratio values in different areas 
and conditions through this simple method. 

In some of the papers collected in Table A2, statistical methods were used to assess 
the origin of PM1, including in particular: principal component analysis PCA and posi-
tive matrix factorization PMF [13, 14, 27, 29, 40]. It is assumed that these are some of 
the best methods used to assign specific concentrations to specific sources in a specific 
receptor [5]. In this way, i.a. was shown that the origin of PM1 differs qualitatively and 
quantitatively between Zabrze and Warsaw. It was possible to capture the impact of 
industrial emissions in the cities of Upper Silesia on PM1 concentrations or typical mu-
nicipal emissions in almost every of the studied areas, including for example Krakow. 
Nevertheless, the correctness of the results obtained was dependent quite strongly on 
two main factors: 1. If the statistical methods were applied to all components of PM1 or 
only to the elemental composition of PM1, 2. How large were the analyzed data sets. 
The first factor is crucial because only knowledge of the mutual relations of some water-
soluble ions in PM1 or the relationship between concentrations of organic and elemental 
carbon allows to estimate, more or less accurately, the amount of secondary matter in 
PM1. Without knowledge of the share of this matter and linking it with specific sources, 
it is not possible, on the basis of knowledge only about the dependencies of the elements 
themselves, to assign specific emission sources to PM1. As for the second factor – the 
number of data samples used in statistical analyses – it should be said that this is the 
biggest drawback of research so far. Generally, whether PCA or PMF is used, in a gen-
eral sense, a matrix is built, which is transformed (rotated) so as to reduce the number 
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of variables (e.g., data on element concentrations). Of course, it is practically impossible 
to obtain pure components (sources), so such a rotation is chosen to make it as good as 
possible. The mathematical parameter limiting the applicability of these techniques is 
the rank of this matrix. The rank of the matrix is not greater than both the number of 
samples and the number of analyzed components. Due to the fact that elements of this 
matrix are results of measurements and elements with zero concentration or empty sam-
ples were priorly removed, the rank equals the minimum of number of samples and 
number of analyzed parameters of PM. If the decomposition in both PCA and PMF have 
to give interpretable results, the number of components has to be significantly lower 
than the rank, since it is obvious, for example, that having 12 samples of PM analyzed 
for 20 components, the decomposition into 12 components will give ideal, useless result, 
that every source is responsible for a single sample. Similarly, the decomposition of 365 
samples of 4 parameters into 4 or even 3 components will not give good results. Hence, 
it is important to understand that both the number of non-zero analyzed parameters as 
well as the number of samples have to be significantly larger than the assumed number 
of sources in the PCA or the PMF procedure. 

However, in general, undertaking this research was reasonable. It pointed out some 
problems and limitations but also pointed to the methods and skills that should be de-
veloped in the future and on which it is necessary to work. The authors’ experiences 
described in the discussions (Tables A1 and A2) and the conclusions from these works 
show also other problems besides the typically economic and technical ones were faced 
in experiments, namely the resolution of sampling, the availability of measurement 
sites, the cost of chemical analyses, etc. Problems related to the research itself and the 
possibility of ensuring the appropriate quality and reliability of the obtained results were 
also shown. Some papers refer to typical artefacts, but also to problems related to con-
tamination of blanks (among others, filters) or difficulties in obtaining adequate weigh-
ing accuracy (hygroscopicity and electrostatic of filters). 

So far, it seems that exhaustive PM1 studies have been carried out using a simple 
methodology of chemical mass closure [18–20, 22, 26]. Although they do not give the 
possibility of accurately assigning part of the PM1 mass to a specific source, they give 
an almost complete picture of the division of PM1 into specific groups of matter. PM1 
sources can be quite accurately divided combining these studies with a thorough analy-
sis of meteorological conditions (including the analysis of air mass inflows per receptor) 
and analysis of gaseous air pollutants. What is also important, this methodology does 
not require a huge amount of data, but only the selection of representative measurement 
periods and the use of a well-thought-out strategy of collecting PM1 and directing sam-
ples for specific analyses. It is almost certain that such a step (chemical mass closure 
analysis) should start each subsequent experiment in which the final result would be 
a quantitative assignment of PM1 mass to sources. 
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4. CONCLUSIONS 

In Poland, in many areas, PM1 research has not been conducted so far. While in 
Upper and Lower Silesia or Krakow and Gdynia PM1 have been quite intensively stud-
ied, there are regions of Poland where such research is missing. Therefore, there are 
reasons to focus on research in at least a few large cities where air quality problems 
periodically appear, e.g., Opole, Rzeszów, Łódź or Lublin. Research in other regions, 
including non-urban, is also important. They will identify the influx of polluted air from 
urban areas and assess its contribution to PM1 concentrations. To properly assess the 
origin of PM1, systematic studies are needed not only of PM precursors such as SO2, 
NOx, O3 or VOCs but also of other parameters such as variability of ammonia concen-
trations in selected regions. 

The research conducted so far lacks a certain regularity and consistency. It seems 
that, for example, when examining the composition of PM1 to assess the exposure of 
residents, it will be good to focus on comprehensive research in the future. In large 
cities, there are no studies devoted to the simultaneous study of several groups of toxic 
and/or carcinogenic components in PM1 along with additional parameters determining 
overall exposure (e.g., concentration of PAHs in the gas phase or VOCs concentration) 
and linking future analyses with the actual state (data on average age, etc., from a given 
place and not from the literature). 

There is a shortage of large collections of data on the chemical composition of PM1 
which would give the possibility of effective use of popular statistical methods to assess 
the origin of PM1. This proposal concerns many regions in Poland. In addition, it seems 
necessary to apply a case-by-case approach to data from each area, taking into account 
its specificities. So far, the results have not given clear answers in any receptor as to the 
percentage share of individual emitters in PM1 concentration. Perhaps the lack of inclu-
sion in the analysis of certain data, such as data on PM precursors or their initial analysis 
using chemical mass closure, will allow us to achieve clear answers in the next steps. 

Previous studies also indicate that some specific sources of emissions depending on 
the region should not be overlooked, such as industrial emissions. Therefore, it seems 
appropriate to determine the exact profiles of PM1 emissions and their precursors for 
typical and unusual (incidental) Polish emitters. It is also impossible to ignore the con-
tribution of periodic incidents such as grass burning, landfill fires, forest fires or mass 
events using flares, smoke candles or fireworks. 

So far, data on the mass distribution of PM1 have been published only for the region 
of Upper Silesia (several receptors). It seems that such data could be used to assess the 
origin in almost every region after the development of a certain mathematical apparatus. 
Given that these distributions are characteristic of each source, size distribution in the 
receptor is the same (if not better) parameter of PM for assessing the origin of PM as 
the chemical composition of PM. For future studies, one should consider whether mon-
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itoring the distributions themselves, both the mass, number and volume of PM1 parti-
cles, would not be more efficient in assessing the origin of PM1. It is worth noting that 
there are already many automatic devices that give results equivalent to reference meth-
odologies in the field of PM mass concentrations, whose principle of operation forces 
the measurement of PM concentration in many particle size ranges. This data can be 
successfully used with proper processing. 
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