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Abstract: Air pollution by particulate matter (PM) is recognized as a one of the most important
environmental issue. A particular attention is being paid to fine PM fraction (PM2.5, PM1.0) due
to its detrimental impact on human health and long-term persistence in the air. Presented work is
an in-depth bibliometric study on the concentrations and chemical composition of PM2.5 among
27 rural and 38 urban/urban background stations dispersed across the Europe. Obtained results
indicate that the chemical composition of PM2.5, in terms of mass concentrations and percentage
contribution of main chemical constituents, is relatively different in various parts of Europe. Urban
and urban background stations are typically characterized by higher share of total carbon (TC) in
PM2.5, compared to rural background sites, mostly pronounced during the heating periods. The share
of the secondary inorganic aerosol (SIA) is typically higher at rural background stations, especially
in North-Western Europe. In general, the relative contribution of SIA in PM2.5 mass, both at rural
and urban background stations, showed more or less pronounced seasonal variation, opposite to
Polish measurement sites. Moreover, Poland stands out from the majority of the European stations
by strong dominance of total carbon over secondary inorganic aerosol.

Keywords: PM2.5; chemical composition; secondary inorganic aerosol; carbonaceous matter; rural
background; urban background; air quality monitoring

1. Introduction

Particulate matter (PM), often defined as atmospheric aerosol, is a general concept used
for a mixture of solid or liquid particles suspended in the air, including organic and inorganic
substances, volatile and non-volatile compounds, both water-soluble and insoluble, with different
chemical, physical and thermodynamic properties [1–3]. These substances can originate from natural
sources (erosion of rocks, soil resuspension, desert dust, volcanic eruptions, sea spray or biological
aerosol) and/or anthropogenic activities (combustion of fossil fuels and biomass, waste incineration,
high-temperature industrial processes, road abrasion, transport and municipal sources, etc.) [4] and
many of them have a documented negative impact on human health [5–7], climate [8,9], ecosystems [10]
and materials [11]. The definition of primary PM include particles emitted directly into the atmosphere;
whereas PM created as a result of reactions and chemical transformations of its precursors (sulphur
and nitrogen compounds, volatile organic compounds) is called a secondary pollution [9].
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According to the European Environment Agency (EEA), in addition to ozone (O3) and nitrogen
dioxide (NO2), PM is recognized as the most problematic air pollutant in Europe [12]. Particular
attention is being paid to the relationship between PM levels in the atmosphere and its impact
on the human health, with many authors attributing the most detrimental effects for the smallest
particles—PM2.5, especially PM1.0 (particles with aerodynamic diameter not greater than 2.5 and 1.0 µm,
respectively), because of their ability to reach the deepest parts of the lungs [5,13]. Numerous studies
indicate that ambient air in various areas usually contains a significant portion of fine particles [14–16].
In addition, they are often a carriers of various potentially toxic substances, such as polycyclic aromatic
hydrocarbons (PAHs) and heavy metals [16–18]. Moreover, it was found that fine aerosol particles are
capable of long-term persistence in the air and can be transported over long distances–hundreds or
even thousands of miles from the emission sources [8,19].

Although epidemiological studies have associated chronic and acute adverse health effects
with airborne particulate matter, our understanding of the exact causes and mechanisms of these
effects remains limited [20]. Scientific research conducted in recent years indicates that among the
physicochemical properties of the PM mainly size distribution, mass concentration and chemical
composition are mentioned as those responsible for negative health effects and environmental
impact [15]. However air quality standards have been defined exclusively based on PM mass
concentration (PM load). Directive 2008/50/EC establishes limit value for PM2.5 annual average
concentrations—25 µg·m−3 [21]. In comparison, more rigorous air quality guidelines (AQG), set by
World Health Organization (WHO), accounts to 10 µg·m−3 (regarding daily mean) and 25 µg·m−3

(regarding annual mean) [6]. Moreover, the Ambient Air Quality Directive [21] also sets two additional
standards for PM2.5, relating to the exposure concentration obligation (20 µg·m−3) and national
exposure reduction target (0–20%). Both standards depend on the average exposure indicator (AEI),
set at national level, based upon measurements in urban background locations [12,21].

In addition to the PM concentration and size distribution, chemical composition of particulates is
another factor, that directly influences the reactivity, toxicity and the scale of PM impacts on the human
body [5,7,20,22–24]. The knowledge about PM chemical composition also help to understand a time and
space variation in ambient particulate concentrations as well as source-receptor relationships [25–27].
These in turn allows to take specific actions aimed at reducing air pollution with solid particles [28,29].

The chemical composition of fine PM (PM2.5) differs significantly from the coarse PM fraction
(PM2.5–10), which is mainly due to their different origin and life time [2,14,30]. Numerous studies
indicate that the main constituent of fine and ultrafine particles are, in particular, carbonaceous aerosol
and water-soluble inorganic ions, for example, [31–33]. The contribution of sea spray and crustal dust
in PM2.5 and PM1 mass is much lower compared to coarse PM. However, in specific locations, it can be
quite significant [19,28,34].

In the urban air, particularly in areas with high population density, carbonaceous aerosol can
reach very high concentrations [35]. Literature data report that, in urbanized areas, carbon particles
can account 40–50% of fine PM mass [3]. Other studies indicate that the share of elemental and
organic carbon in PM2.5 from sites located in moderate latitudes varies between 5–9% and 20–50%,
respectively [36]. Carbonaceous matter bounded with atmospheric aerosol, named total carbon (TC),
consist of elemental carbon (EC), inorganic carbon (IC, or carbonated carbon—CC) and organic carbon
(OC) [2,3]. However, most commonly used analytical methods allow for determination of EC and OC
contents in aerosol particles.

Elementary carbon is emitted to the atmosphere mostly as primary pollutant, mainly as a result of
incomplete combustion of fossil fuels and pyrolysis of biological material during combustion [32,37].
In turn, organic carbon can come from both primary (primary organic carbon, POC) and secondary
sources (secondary organic carbon, SOC). The latter are related to oxidation of precursors such as
volatile organic compounds of biogenic and/or anthropogenic origin [32,38,39]. Secondary organic
aerosol (SOA), formed as a result of VOC oxidation, is an important part of the PM mass, especially
during the summer in areas covered with vegetation [31,40]. According to the 2013 EEA report [41],
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organic substances constitute on average about 30% of the PM2.5 concentration and about 20% of the
PM10 concentration, measured at regional background stations in Europe.

Water-soluble ions, next to elemental carbon and organic matter, constitute an important part
of fine particulate matter. PM-bound inorganic ions were intensively investigated and many studies
showed that they have a significant influence on natural environment. These compounds can alter
the chemical properties of other particles [1,42], they have also ability to scatter light and therefore
modify visibility. They can also act as cloud condensation nuclei and thereby directly or indirectly
affects the climate [3,43]. Moreover, they are among the most common substances contributing to the
atmospheric acidity [44,45].

Numerous studies indicate that water-soluble ions in suspended particles play a significant role
in atmospheric chemical reactions acting as precursors for new particles, especially sulphates (SO4

2−),
nitrates (NO3

−) and ammonium (NH4
+) [32,46,47]. Secondary Inorganic Aerosol (SIA) is produced in

the atmosphere through (photo-)chemical reactions of gaseous precursors (such as NOx, SO2, or NH3)
that may react with O3 and other reactive molecules (including radicals) to form mainly ammonium
nitrate (NH4NO3), ammonium sulphate ((NH4)2SO4) and ammonium bisulphate (NH4HSO4) [32].
In the atmosphere poor in ammonia, nitrate and sulphate can easily react with the sea salt and crustal
aerosols. It results in the formation of calcium and sodium sulphate (respectively: CaSO4 and Na2SO4),
as well as calcium and sodium nitrate (respectively: Ca(NO3)2 and NaNO3) in the coarse particles [3,9].

SIA influences, to a large extent, the concentrations and composition of fine PM, both in areas
far from significant emission sources as well as in urban areas [46–49]. In general, many studies have
shown that the main part of SIA is associated with fine particles and the largest contribution of SIA
to fine PM mass is usually identified at the rural background stations [9,48,50]. According to EEA
report [41], SIA constitute about one third of the PM10 and a half of the PM2.5 concentrations, measured
at regional background stations in Europe. In urban air, the concentration of SIA in PM mass is smaller,
due to the increased proportion of primary particles, coming from local sources [41].

The chemical composition of PM is relatively different in various parts of Europe. In general,
there is more carbon matter in PM10 in Central Europe, more nitrates in North-Western Europe and
more mineral dust in Southern Europe [34]. The share of carbonaceous matter in PM10 varies from
10% to 40% at EMEP (European Monitoring and Evaluation Programme) sites and between 35 and 50% at
sites located in the Mediterranean area. In addition, measurements of the PM chemical composition
show that there is a clear decrease in the relative contribution of SO4

2− and NO3
− ions in the PM10

mass as the distance from rural sites towards urban and communication stations increases. On the
contrary, the share of carbonaceous matter in the PM10 mass increases in the direction from rural sites
to traffic locations [34].

Although the last two decades have brought the improvement of ambient air quality, the problem
of exceeding the standards for PM10 and PM2.5 still remains unresolved in many areas within the
Europe [12,17,18,32]. As indicated in the latest EEA report [12], the long-term WHO AQG for PM10

(20 µg·m−3) and PM2.5 (10 µg·m−3) was exceeded at 48% and 68% stations respectively and in all the
reporting countries except Estonia (PM2.5, PM10), Switzerland (PM2.5, PM10), Finland (PM2.5), Hungary
(PM2.5), Norway (PM2.5), Iceland (PM10) and Ireland (PM10).

The research concerning the PM chemical composition and the identification of its sources have
been undertaken by many authors, for example, [7,17,25,32,36,51–56]. Also, some review studies has
been published, for example, [4,12,19,34,35,57,58], which allowed to significantly improve knowledge
about PM2.5 air pollution in areas with different emission characteristics. However, there is still a lack
of works that would present the above subject in quantitative terms by providing specific data on
concentrations and percentage contributions of PM main chemical constituents. Such studies would
greatly facilitate comparison of the results obtained by atmospheric pollution researchers, who are
often forced to review a significant number of publications. Comparative analysis is highly difficult
because the number of sites on which the aerosol was fully characterized is still limited, especially in
the southern and eastern parts of Europe [4,12,17,19,31,57]; this is particularly true for the fine PM
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fraction (PM2.5, PM1.0). Another problem is the inconsistency of location criteria and often limited data
sets (in many countries less than 5 years of the reporting time) [58].

In the context of the above-mentioned facts, the aim of the present study is to investigate the
concentrations and chemical composition of PM2.5 from selected urban and rural background stations
in Europe through a systematic review. This is the first such comprehensive and extensive analysis
in this issue, covering spatial and seasonal variability. The starting point for this publication were
the results obtained in the framework of the research project called Analysis of the seasonal variability
and origin of the secondary inorganic aerosol in fine particulate matter from selected background stations in
Poland (PRELUDIUM funding scheme 2nd edition, Project No. 2011/03/N/ST10/05542), conducted
during the years 2012–2015. Within the project, the concentrations and contributions of the main
chemical compounds of PM2.5 (carbonaceous matter, secondary inorganic ions) were estimated, which
has been published already in References [27,32,47,49]. In addition, as part of the project, an in-depth
literature studies were also carried out, resulting in this publication. Moreover, the knowledge about
the monitoring of air quality in Europe in terms of particulate matter concentrations and chemical
composition, especially in relation to PM2.5, was briefly discussed (Section 2).

2. Air Quality Monitoring in Terms of Particulate Matter

2.1. The Need of Measurements and Legal Aspects

The need of air quality monitoring in terms of atmospheric pollution with particulate matter is
directly related to its impact on human health, climate and ecosystems [12,34,58]. It also results from
the necessity to identify PM sources and to estimate the specific effects of actions aimed at reducing the
levels of ambient PM [12,29,59]. The air quality monitoring system operates on the basis of a number
of legal acts announced at the European Union level, among which the most important are:

- Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008 on ambient
air quality and cleaner air for Europe (O.J. UE, L 152/1 of 11.06.2008, p.1);

- Directive 2004/107/EC of the European Parliament and of the Council of 15 December 2004
relating to arsenic, cadmium, mercury, nickel and polycyclic aromatic hydrocarbons in ambient
air (O.J. UE L 23/3 of 26.01.2005, p. 3);

- Commission Implementing Decision of 12 December 2011 laying down rules for Directives
2004/107/EC and 2008/50/EC of the European Parliament and of the Council as regards the
reciprocal exchange of information and reporting on ambient air quality (O.J. UE, L 335/86 of
17.12.2011, p. 86);

- Commission Directive (EU) 2015/1480 of 28 August 2015 amending several annexes to Directive
2004/107/EC and 2008/50/EC of the European Parliament and of the Council laying down
the rules concerning reference methods, data validation and location of sampling points for the
assessment of ambient air quality (O.J. UE, L. 226/4 of 29.08.2015, p.4).

The assessment of air quality in EU Member States should be based on the common methods and
criteria [21]. The principal requirements in this regard are related to specific threshold concentrations of
a given pollutants as well as exposure of populations and ecosystems to these pollutants. As indicated
in Art. 6 of the Directive 2008/50/EC, measurements carried out at a fixed sampling points should
be mandatory in zones where long-term goals for ozone or thresholds for other pollutants have
been exceeded. Data obtained from monitoring can also be supplemented with modelling or
objective-estimation techniques to provide adequate information on the spatial distribution of air
pollutants. The use of complementary assessment methods should also allow to limit the minimum
required number of fixed sampling points.
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2.2. Types of Monitoring Stations

The classification of measurement stations in relation to specific criteria is of great importance
in air quality management [12]. Within the European Union, the most important legal acts in this
area are the Council Decision of 27 January 1997 establishing a reciprocal exchange of information
and data from networks and individual stations measuring ambient air pollution within the Member
States known as 97/101/EC Decision together with Commission Implementing Decision 2011/850/EC,
containing executive provisions on the reciprocal information exchange system and reports on ambient
air quality. The primary division of measurement stations into particular types is based on the influence
of the dominant emission source and therefore it can be distinguished into [60,61]:

- Traffic stations—pollutants concentrations are influenced mainly by emissions from neighbouring
communication routes;

- Industrial stations—pollutants concentrations are influenced predominantly by emissions from a
neighbouring single industrial source or industrial area with more sources;

- Background stations—pollutants concentrations are representative of the average exposure of the
general population (or vegetation and natural ecosystems) in the area covered by the assessment.

Among background stations, the following subgroups should be distinguished [60]:

- Urban and suburban background stations;
- Rural stations:

- Near-city background stations;
- Regional stations;
- Remote stations.

Suburban and urban background stations are located within cities or agglomerations and monitor
the “average” air pollution levels (urban background concentrations) resulting from the transport
of pollutants from outside the urban area and from emissions within the city [60]. Such stations are
not directly influenced by any dominant emission source, unless this source is characteristic for the
considered zone. An important goal of measurements carried out at the urban background stations
located in the territory of a given EU Member State is also the possibility to determine the average
exposure indicator (AEI) and therefore to set the national exposure reduction target and the exposure
concentration obligation [21].

It should be noted that in Directive 2008/50/EC particular subgroups of rural background stations
are in general considered together [21]. As indicated in the Article 8 of the Directive, measurements
carried out at rural background stations are crucial from the point of view of a better understanding
of the impacts of fine particulate matter and the development of appropriate policies in this area.
Generally, the primary objective of the PM2.5 measurements in rural background stations is to provide
reliable information on its background levels (Annex IV of Directive 2008/50/EC). This information is
further used to analyse elevated concentration levels in more polluted areas (urban, industrial areas,
areas exposed to the impact of road traffic). In addition, the results of measurements carried out at
a considered stations could provide information on the possible impact of long-range transport of
air pollution on the levels of PM concentrations in the country and on the identification of possible
sources of PM-related chemical compounds. More detailed information on the types and criteria to be
met by the background stations can be found in, for example, [60–62].

2.3. Localization of Monitoring Sites and the Spatial Distribution of PM Concentrations

Monitoring of air pollution by PM is not an easy task, due to the complex nature of atmospheric
particulate matter [3]. Difficulties arise mainly when comparing and analysing the results of PM
measurement gathered from different countries. They are also related to the differences in location
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criteria for measurement stations, limited data sets and the use of different sampling equipment at
various stations [34,58]. There are many methods for measuring the concentration of particulate matter
that have been developed and improved over the last decades [3,34,63]. National and international
guidelines recommend the gravimetric method as a standard method for the determination of the
PM2.5 and PM10 concentrations [21,64]. However, as the provisions of Directive 2008/50/EC indicate,
Member States may use any other method of collecting PM samples if they can prove its compliance
with the reference method. The principles and methodology for demonstrating the equivalence of
alternative methods are described in detail in the [65].

The concentration and size distribution of particulate matter as well as its chemical composition
varies considerably in time and space [3] and therefore it is necessary to carry out measurements of
PM on different types of stations and at different seasons of the year [31]. The detailed requirements
for the location of individual types of monitoring stations for particulate matter (and other criterion
pollutants) have been specified in Directive 2008/50/EC (Annex III). In addition to meteorological
conditions, seasonal changes or long-range transport of air pollutants [66–69], local conditions may
also affect the measurement point [1,70,71]. For a specific urban area, a uniform distribution of
PM2.5, PM10 or PM2.5–10 is often only a guess, usually due to the limited availability of measuring
equipment [4,34,35,57,72]. The impact is particularly strong for sources within a radius of around
10 km (neighbourhood scale) and very weak for the entire region [70]. Typically, the spatial distribution
of PM2.5 is relatively homogeneous; only in the vicinity of the PM emission source the concentrations
might be elevated in relation to the background concentrations [46,71]. For larger particles (PM2.5–10),
spatial changes are significant [71,73]. This also applies to bioaerosol, due to the strong influence of
local sources of pollen, bacteria and spores on the total load of particles in ambient air [74].

2.4. Monitoring of PM—European Data

Within the Europe, the monitoring of PM air pollution is carried out at air quality stations that
are a part of a national (e.g., AURN in UK, PAES in France, NEM in Poland) and/or international
networks (e.g., WMO’s GAW (Global Atmospheric Watch); European AirBase or EMEP) [75]. The data
on the PM mass concentration and chemical composition in Europe is collected within the framework
of the European Monitoring and Evaluation Programme (EMEP) [76]. It is also reported by the EU
member countries to the European Commission and collected in the EEA’s open-access database, that
is, AirBase [77], which contains information submitted by the participating countries throughout the
Europe starting from 2012. Information on air quality monitoring data, including PM concentration
and composition, is also supported by the European Air Quality Portal [78]. In addition, Member
States also publishes an annual reports on air quality to the provisions of the Directive, which include
a summary of exceedances of normative values together with a collective assessment of the effects of
such exceedances.

Air quality reports within EU countries are published annually by the European Environment
Agency and European Topic Centre on Air Pollution and Climate Change Mitigation (ETC/ACM).
The most current report, published in 2018, concern the description of the state of air quality in Europe
in the years 2000–2016 and presents updated data on air pollutant emissions and concentrations
and urban population exposure for 2016 [12]. As indicated within this report, the concentrations of
particulate matter continued to exceed the EU limit values and the WHO AQGs in large parts of the
Europe (Figure 1). For PM2.5 values above the annual limit were registered at 5% of the reporting
stations in four Member States and four other reporting countries. The highest PM2.5 annual average
concentrations were registered in Poland, Italy, the Balkan countries, Bulgaria and Turkey.

The number of sites measuring concentrations and chemical composition of PM10 and PM2.5

has been growing evenly over the last decade [58,79,80]. Nevertheless, data published both by the
EEA and a group of researchers from all over the Europe indicate that the number of sites on which
the aerosol was fully characterized is still limited, especially in the southern and eastern parts of
Europe; this is particularly true for fine PM fraction (PM2.5, PM1) [4,17,57]. Another problem is the
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inconsistency regarding location criteria and often limited data sets (in many countries less than 5 years
of the reporting time) [58]. It should be mentioned that most of the studies on air pollution by fine PM
have been associated with urban sites, however people living within rural areas are often exposed to
PM2.5 originating from both natural sources and human activities [32,81,82]. Therefore, more research
is needed to better understand this problem and to evaluate the contribution of local sources and
long-range transport of air pollutants in the concentrations and compositions of particulate matter.Appl. Sci. 2018, 8, x FOR PEER REVIEW  7 of 27 
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According to the data at the end of 2010 [80], the number of air quality monitoring stations at
which the chemical composition of PM2.5 was measured was only 15 but twice as many as in the
previous year (8 stations). The chemical composition of PM2.5 is investigated at only few EMEP
monitoring stations (in Austria, Germany, Spain, Italy and in the case of heavy metals—in Norway
and Czech Republic). The latest EEA report on air quality in Europe pointed that the PM2.5 chemical
composition (carbonaceous aerosols and water-soluble ions) were reported in many countries, that
is,: Austria, Croatia, Cyprus, Denmark, Finland (except EC), Germany, Ireland, Latvia (except EC
and OC), Lithuania, Malta, the Netherlands, Poland, Portugal (except NO3

−), Slovenia, Spain and
the United Kingdom. However, at majority of monitoring stations the research on PM2.5 chemistry
is not conducted in a continuous manner. They are usually carried out randomly (selected days of
the month) or concern aggregated weekly samples. In fact, the German Melpitz station is the only
institution where the investigations of the concentrations of anions, cations and carbon matter are
conducted in the 24-h PM samples over the whole year [58].

Although the data on the full chemical composition of PM, measured in the main monitoring
networks within the Europe (EEA, EMEP) are limited, many information is provided by research
projects, carried out by scientific institutions and development units and large infrastructure
projects [34]. Among the latter the following should be mentioned:

- European Supersites for Atmospheric Aerosol Research (EUSAAR) [83],
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- Aerosols, Clouds and Trace gases Research InfraStructure Network (ACTRIS) [84],
- Integrated non-CO2 Greenhouse Gas Observing System (InGOS) [85];
- Chemical On-line Composition and Source Apportionment of Fine Aerosol (COLOSSAL) [86].

Monitoring of air pollution with particulate matter in Poland has been carried out for many years
as a part of the National Environmental Monitoring (NEM) subsystem [87], however so far an attention
has focused mainly on the PM10 fraction. The research on PM2.5 has been conducted systematically
since 2000, at various measurement points of the country, belonging to the RIEP (Regional Inspectorate
for Environmental Protection) network and within the projects carried out in the research and
development sector. As pointed out in numerous scientific publications, for example, [15,17,31,32],
an information on PM2.5 concentration and especially on the chemical composition of PM2.5 is
still insufficient. There is a need to systematize knowledge on the problem of air pollution with
PM2.5 [15,31]. This is especially important in Poland where relatively high concentrations of PM2.5

considerably exceed the European levels. In addition, Poland is a specific country in terms of emission
conditions–high share of fossil fuels in energy production together with high emissions from industry
against the Western European countries [27,32,69].

3. Materials and Methods

The systematic review presented in this work followed the PRISMA guidelines [88]. Data available
in the European open-access databases, that is, Airbase (supported by EEA) and EBAS (supported
by Norwegian Institute for Air Research (NILU)) were utilized. Moreover, bibliometric data was
gathered using the Science Direct and Scopus databases, with restrictions only to English language
publications and original articles that investigated PM2.5 chemical composition. In both checked
databases the searching was realized in the advanced search with the search terms (i.e., “PM2.5/fine
particulate matter,” “chemical composition,” “secondary inorganic aerosol,” “carbonaceous matter,”
“rural background,” “air quality monitoring”), selecting the abstract, title, keywords and all years of
publication. Finally we screened all found publications with their looking into their titles, abstracts
and by reviewing full texts of articles that met our predetermined inclusion criteria.

The general theoretical information presented in this work was related to monitoring of PM
and were divided into 4 categories corresponding to the names of Sections 2.1–2.4. In this work we
include the results collected from 1998 till 2013, only at European measurement stations, meeting
the requirements for rural background stations and urban/urban background stations, which have
been briefly described in the Section 2.2. The measuring equipment used to collect PM2.5 samples
fulfilled the requirements for reference methods or methods recognized as equivalent [21,64,65].
Therefore the issues related with different location criteria of the monitoring stations and different
sampling equipment (Section 2.3) were not taken into account when comparing the results from
selected measurement sites. Details on the PM2.5 sampling methodology and analytical methods could
be found in particular references cited in the present work (Sections 4.1 and 4.2).

Among numerous of research studies, only a small percentage fulfilled the inclusion criteria,
which were primarily:

- Sufficient time coverage—only long-term measurements (at least 1 year) were taken into account,
with some exceptions regarding to specific season of the year;

- Full chemical characteristics of PM2.5—understand as full information on ionic and
carbon composition;

- Seasonal variability of PM2.5 concentrations and chemical compositions—we focused on the
scientific works in which the chemical composition of PM2.5 was considered in a seasonal
approach (heating and non-heating period, winter and summer season).

The starting point for this publication was the results obtained in the framework of research
project called Analysis of the seasonal variability and origin of the secondary inorganic aerosol
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in fine particulate matter from selected background stations in Poland (PRELUDIUM funding
scheme 2nd edition, Project no. 2011/03/N/ST10/05542), conducted during the years 2012–2015. The
main goal of the project was the analysis of the concentration, chemical composition and sources of
fine particulate matter PM2.5, from selected urban and rural background stations and the assessment of
SIA contribution to PM2.5 mass in investigated areas, including examination of its seasonal variation.
Research material included PM2.5 samples from 3 air quality monitoring stations, belonging to the
National Environment Monitoring (NEM) network and located in Szczecin (urban background),
Trzebinia (urban background) and Złoty Potok (rural background). The study included 2 periods
of the year 2013, representing the heating (January–March) and non-heating (May–June) season.
Within the project, the concentrations and contributions of main chemical compounds of PM2.5

(carbonaceous matter, secondary inorganic ions) were estimated, what has been published already
in References [27,32,47,49]. Mass concentration of PM2.5 was determined by the gravimetric method,
according to the standard PN-EN 12341:2014-07 [64]. For analyses of elemental and organic carbon
content in PM2.5 thermal-optical method was used, whereas ion content was determined by ion
chromatography. The details of analytical procedures could be found in the previous works for
example, [31,32].

Summarizing, the daily mean concentrations of PM2.5, as well as the concentration of its related
components, varied in wide range of values and exhibited spatial and seasonal variations. Regardless
of the season, the share of total carbon in PM2.5 exceeded 40% and was primarily determined by
fluctuations in the share of OC, which was generally above 30% of the PM2.5 mass. Ion composition
of PM2.5, from all measurement stations, was dominated by sulphates (SO4

2−), nitrates (NO3
−) and

ammonium (NH4
+). Combined share of above mentioned ions was (on average) ~34%, ~30% and ~18%

of PM2.5 mass, respectively in Szczecin, Trzebinia and Złoty Potok. The contribution of SIA was, in
general, higher than SOC (secondary organic carbon) contribution. In addition, inorganic ions contents
showed spatial variation with the highest levels recorded at urban background station in Trzebinia,
located in highly urbanized and industrialized area and lowest observed at rural background station in
Złoty Potok. The obtained results revealed that SIA contribution in PM2.5 mass was relatively constant
in both periods (in contrast to SOC contribution), however the share of individual inorganic ions in
PM2.5 mass showed different seasonal variations.

It was also found that the seasonal variation of PM2.5 concentrations and concentrations of its
major components was mainly due to changes in the intensity of emissions of PM2.5 and its precursors
from combustion sources, which increases in heating period, while clearly falls in the non-heating
period. Secondary aerosol, whose presence is related to oxidation of gaseous precursors emitted from
fuel combustion and biomass burning, had the largest contribution in observed PM2.5 concentrations.
In addition, the contribution of traffic sources together with road dust resuspension, was observed.
The share of natural sources (sea spray, crustal dust) was generally lower.

Obtained results and comprehensive bibliometric studies were the basis of the present work,
which is addressed on the quantitative comparison of the chemical characteristics of PM2.5 from
different rural and urban background stations in Europe (Sections 4.1 and 4.2). It should be noted that
information on concentrations of PM2.5 and related chemical constituents is an important contribution
to the knowledge of fine aerosol particles measured at ground level [47]. However, in order to obtain
full information about the seasonal and spatial variability of the chemical composition of fine PM
and the impact of different emission sources, it is also necessary to examine the relative content of
compounds contained in it, in particular the secondary inorganic aerosol and carbonaceous matter,
which is the dominant part of PM2.5 and PM1.0 [2,31,32]. Taking into consideration, the comparative
data is presented in the following form:

- tabular (Tables 1 and 2), where the data on concentrations of selected major components of PM2.5

are summarized (Section 4.1);
- graphical (Figures 2 and 3), where the shares of secondary inorganic ions (SO4

2−, NO3
− and

NH4
+) and total carbon (TC = EC + OC) in PM2.5 are shown (Section 4.2).
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Table 1. Concentrations of PM2.5 and its main chemical constituents [µg·m−3] recorded at selected rural background stations in Europe.

Location Period
Concentration [µg·m−3]

PM2.5 SO4
2− NO3

− NH4
+ Cl− K+ Na+ Mg2+ Ca2+ EC OC

Złoty Potok (PL), A [32,47]
Jan–Mar, Apr–Jul 2013 25.16 2.31 1.36 0.69 0.12 0.07 0.24 0.03 0.04 1.48 8.59

Jan–Mar 2013 34.02 2.80 2.04 1.08 0.20 0.10 0.26 0.03 0.05 2.17 12.69
Apr–Jul 2013 16.29 1.81 0.68 0.30 0.03 0.03 0.21 0.03 0.03 0.79 4.49

Racibórz (PL), C [32]
2011, 2012 31.56 3.64 3.06 1.66 1.35 0.12 0.28 0.03 0.04 1.96 12.08

H-2011, 2012 55.36 5.36 5.50 3.31 3.01 0.25 0.49 0.03 0.05 3.59 22.54
NH-2011, 2012 14.76 2.43 1.34 0.50 0.18 0.02 0.12 0.03 0.04 0.80 4.70

Puszcza Borecka (PL), B [77]
2011 12.79 2.11 1.43 0.78 0.14 0.11 0.30 0.02 0.08 0.58 3.42

H-2011 16.49 2.69 2.89 1.16 0.15 0.18 0.56 0.02 0.08 0.84 4.41
NH-2011 9.79 1.69 0.37 0.50 0.04 0.06 0.10 0.02 0.08 0.36 2.62

Zielonka (PL), A [77]
2011 16.07 1.78 1.46 1.08 0.14 0.10 0.12 0.01 0.10 0.88 4.25

H-2011 20.49 2.15 2.47 1.66 0.23 0.15 0.13 0.01 0.08 1.25 5.59
NH-2011 11.97 1.44 0.54 0.54 0.05 0.06 0.11 0.01 0.12 0.53 3.02

Košetice (CZ), B [89]
Feb 2009–Apr 2010 15.7 2.85 2.20 1.52 0.04 0.09 0.04 <0.01 - 0.61 4.07

winter: Feb 2009–Apr 2010 22.50 3.86 2.83 1.92 0.05 0.15 0.04 <0.01 - 0.80 6.00
summer: Feb 2009–Apr 2010 9.70 2.30 0.55 0.96 0.01 0.03 0.03 <0.01 - 0.36 2.12

Rucava (LV), B [76]
2009 16.74 0.76 0.41 - 0.25 0.10 0.50 0.03 0.26 - -

H-2009 19.18 0.92 0.50 - 0.25 0.12 0.79 0.02 0.09 - -
NH-2009 13.66 0.57 0.32 - 0.24 0.07 0.18 0.04 0.46 - -

Üto (FI), B [76]
2011 6.55 0.33 0.28 0.24 0.05 0.23 0.28 0.22 0.02 - -

H-2011 6.58 0.37 0.12 0.29 0.05 0.05 0.35 0.04 0.02 - -
NH-2011 6.53 0.30 0.44 0.19 0.06 0.41 0.20 0.41 0.02 - -

Harwell (UK), A [77]
2012 12.84 0.59 0.49 1.09 0.53 0.05 1.24 0.14 0.57 - -

H-2012 13.90 0.67 0.62 1.37 0.58 0.08 1.70 0.14 0.45 - -
NH-2012 11.74 0.50 0.33 0.76 0.47 0.02 0.71 0.13 0.71 - -

Risø (DK), B [77]
2011 15.06 2.00 2.90 1.53 0.34 0.10 0.29 0.03 0.04 - -

H-2011 17.44 2.32 3.35 1.78 0.45 0.14 0.35 0.04 0.05 - -
NH-2011 12.35 1.63 2.39 1.21 0.20 0.05 0.22 0.02 0.04 - -

Waldhof (DE), A [77]
2012 11.45 1.98 2.70 1.38 0.17 0.10 0.17 0.02 0.03 0.30 2.41

H-2012 14.13 2.22 4.59 1.95 0.29 0.13 0.22 0.02 0.03 0.41 2.59
NH-2012 8.79 1.74 0.90 0.84 0.06 0.06 0.12 0.01 0.04 0.20 2.24

Neuglobsow (DE), B [77]
2012 10.31 1.95 2.06 1.24 0.13 0.09 0.17 0.02 0.03 0.32 2.52

H-2012 13.14 2.11 3.59 1.71 0.21 0.12 0.22 0.02 0.03 0.45 3.02
NH-2012 7.47 1.79 0.53 0.76 0.06 0.05 0.12 0.01 0.04 0.20 2.05

Schauinsland (DE), BD [77]
2012 6.40 0.91 0.86 0.60 0.02 0.04 0.05 0.01 0.03 0.14 1.47

H-2012 6.58 0.72 1.19 0.62 0.02 0.04 0.04 <0.01 0.02 0.16 1.28
NH-2012 6.22 1.09 0.54 0.59 0.02 0.04 0.05 0.01 0.03 0.12 1.66
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Table 1. Cont.

Location Period
Concentration [µg·m−3]

PM2.5 SO4
2− NO3

− NH4
+ Cl− K+ Na+ Mg2+ Ca2+ EC OC

Melpitz (DE), B [30]

winter: 2004–2008 (a) 16.00 2.30 3.80 1.90 0.24 0.14 0.16 0.03 0.07 1.50 1.50
summer: 2004–2008 (a) 12.50 2.00 1.00 1.20 0.05 0.08 0.11 0.02 0.08 1.10 1.20
winter: 2004–2008 (b) 29.80 5.80 4.70 3.60 0.18 0.25 0.12 0.02 0.10 3.60 3.90

summer: 2004–2008 (b) 22.00 3.50 1.60 2.20 0.06 0.18 0.06 0.02 0.10 2.40 2.80

Cabauw-Zijdeweg (NL), A [77]
2011 15.25 2.27 3.93 1.69 0.20 0.10 0.25 0.04 0.06 0.56 2.30

H-2011 18.56 2.59 4.91 2.07 0.31 0.14 0.26 0.04 0.06 0.72 2.83
NH-2011 11.97 1.92 2.88 1.28 0.08 0.07 0.25 0.04 0.06 0.39 1.75

Paris [FR], A [55] Sep 2009–Sep 2010 12.60 1.90 2.20 1.20 0.16 0.12 0.14 0.02 0.05 050 2.90

Puy-de-Dôme (FR), BD [40] Feb-Mar 2009 (c) 10.00 1.28 1.71 1.08 0.07 - - - - 0.20 (d) 1.24 (e)

Jun 2010 (c) 27.00 5.45 2.33 3.69 0.06 - - - - 0.47 (d) 15.59 (e)

Chaumont (CH), AD [51] Apr 1998–Mar 1999 7.70 2.30 0.60 0.80 0.05 0.05 0.07 0.01 0.07 0.40 1.14

K-Puszta (HU), A [90] Summer 1999 (f) 23.32 2.66 0.10 0.17 - 0.24 - - - 5.09

Iskrba (SI), B [76]
2010 11.61 0.88 0.08 0.82 0.04 0.12 0.04 0.02 0.07 0.38 3.38

H-2010 13.22 0.91 0.12 0.85 0.05 0.17 0.05 0.02 0.06 0.53 3.77
NH-2010 10.07 0.85 0.04 0.79 0.03 0.08 0.04 0.02 0.08 0.23 2.99

Finokalia (GR), BE [91] Jul 2004–Jul 2006 (g) 12.00 4.40 0.10 1.45 0.08 0.12 0.05 0.01 0.07 0.27 1.42

Penteli (GR), BE [68] Mar–Aug 2008 23.80 4.62 1.11 1.25 1.53 - 0.52 0.19 2.03 0.48 4.10

Ayia Marina (CY), BE [77]
2011 16.22 3.25 0.14 0.89 0.06 0.11 0.12 0.02 0.25 0.22 1.68

H-2011 13.11 2.35 0.12 0.69 0.06 0.09 0.07 0.01 0.19 0.22 1.36
NH-2011 19.14 4.21 0.17 1.10 0.07 0.14 0.18 0.02 0.30 0.23 2.02

Ispra (IT), B [77]
2010 17.92 0.75 0.83 1.39 0.55 0.33 0.11 0.02 0.06 1.27 5.88

H-2010 26.56 0.71 1.41 1.96 0.32 0.59 0.10 0.02 0.01 1.91 9.03
NH-2010 9.02 0.78 0.17 0.84 0.79 0.07 0.11 0.03 0.10 0.65 2.71

Monte Martano (IT), A [92] 2009 10.90 1.90 0.84 0.54 0.07 0.06 0.02 0.06 0.25 0.18 2.30

Valverde del Camino (ES), A [93] Sep 2008–Aug 2009 21.56 2.50 0.70 0.73 - - - - - 0.37 4.67

Seville (ES), AD [93] Sep 2008–Aug 2009 19.98 2.87 0.68 0.70 - - - - - 0.36 4.14

Montseny (ES), B [76]
2007 11.96 0.88 0.25 0.75 0.08 0.10 0.03 0.03 0.09 0.17 1.74

H-2007 10.82 0.76 0.52 0.68 0.13 0.09 0.09 0.02 0.07 0.18 1.64
NH-2007 13.41 1.18 0.06 0.83 0.03 0.10 0.19 0.05 0.13 0.17 1.82

Country abbreviations (code ISO 3166): PL—Poland, CZ—Czech Republic; LV—Latvia; FI—Finland; UK—United Kingdom; DK—Denmark; DE—Germany; NL—Netherlands; FR—France;
CH—Switzerland; HU—Hungary; SI—Slovenia; GR—Greece; CY—Cyprus; IT—Italy; ES—Spain. Designations of stations: A—rural background station; B—regional background
station; C—suburban background station; D—high-altitude station (above 1000 m a.s.l.); E—rural station located in coastal area. H—heating season (months: Jan–Mar and Oct–Dec);
NH—non-heating season (months: Apr–Sep). (a) inflow of air masses from the western sector; (b) inflow of air masses from the eastern sector; (c) data for PM1.0 fraction; (d) expressed as BC
concentration; (e) expressed as the concentration of organic matter; (f) data for PM2.6 fraction; (g) data for PM1.3 fraction. The values read from the chart were written in italics.
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Table 2. Concentrations of PM2.5 and its main chemical constituents [µg·m−3] recorded at selected urban and urban background stations in Europe.

Location Period
Concentration [µg·m−3]

PM2.5 SO4
2− NO3

− NH4
+ Cl− K+ Na+ Mg2+ Ca2+ EC OC

Szczecin (PL), A [32,47]
Jan—Mar, May—Jul 2013 17.11 2.19 2.01 1.22 0.22 0.12 0.6 0.04 0.13 1.21 5.8

Jan—Mar 2013 24.36 2.73 3.13 1.88 0.34 0.21 0.63 0.05 0.16 1.67 8.48
May—Jul 2013 8.66 1.57 0.69 0.46 0.08 0.02 0.56 0.02 0.09 0.68 2.66

Trzebinia (PL), A [32,47]
Feb—Mar, May—Jul 2013 25.21 3.96 1.68 1.71 0.47 0.16 0.51 0.04 0.13 2.21 8.6

Feb—Mar 2013 39.16 4.7 3.19 2.94 1.06 0.29 0.6 0.07 0.18 3.97 15.39
May—Jul 2013 16.74 3.5 0.77 0.96 0.11 0.08 0.46 0.02 0.1 1.15 4.48

Katowice (PL), A [31]
H-2010 63.04 5.38 4.06 3.27 2.63 0.27 0.92 0.06 0.27 13.57 7.91

NH-2010 22.73 3.78 1.13 1.59 0.81 0.2 1.46 0.12 0.45 4.47 3.32

Zabrze (PL), A [45] Aug—Dec 2008 33.35 1.71 0.88 0.96 0.68 0.18 0.22 0.05 0.21 - -

Zabrze (PL), A [94]
Jan—Mar 2009 66.85 5.51 3.12 2.01 1.53 0.4 0.45 0.14 0.47 19.34 9.9
Jul—Nov 2009 18.44 3.23 0.51 0.53 0.04 0.14 0.24 - - 4.12 4.21

Gdańsk (PL), A [31]
H-2010 33.02 3.08 4.28 2.13 1.02 0.23 1.51 0.08 0.21 4.43 4.22

NH-2010 14.57 1.7 0.79 0.65 0.21 0.07 0.65 0.05 0.16 1.23 0.97

Prague (CZ), A [36] Nov 2002—Jan 2003 29.6 5.92 (a) 2.22 2.1 - - - - - 1.69 11.42

Helsinki (FI), A [52]
Nov 2009—Feb 2010 - 3.18 2.27 0.74 0.1 0.04 0.05 0.04 0.26 - -

Mar—May 2010 - 1.64 1.4 0.46 0.04 0.01 0.04 0.05 0.18 - -

Birmingham (UK), A [95] Nov 2008—Apr 2011 - 1.6 1.61 - 0.35 - - - - 1 2.3

Duisburg (DE), A [36] Oct—Nov 2002 14.7 2.79 (a) 1.91 1.1 - - - - - 1.32 3.26

Menen (BE), B [96]
winter 2003

17
4.99 5.28 1.88 0.89 0.25 - 0.03 0.07 - -

summer 2003 3.23 4.17 1.92 0.25 0.13 - 0.02 0.06 - -

Rotterdam (NL), A [97] Sep 2007—Oct 2008 17.5 4.1 - - - - - 2.1 3.3

Marseille (FR), A [56] Apr 2011—Jul 2012 19.6 2.2 (a) 1.7 1.5 - 0.08 0.1 - - 1.8 6.2

Saint-Omer (FR), C [54] Mar—Apr 2011 32.5 2.83 9.07 4.47 0.51 - - - - 5.21

Dunkerque (FR), E [98] Nov—Dec 2010 24.9 2.52 5.71 1.91 0.58 - - - - 6.2
Mar—Apr 2011 33.2 2.85 11.06 2.31 0.54 - - - - 4.73

Paris (FR), A [55] Sep 2009—Sep 2010 14.8 2 2.9 1.4 0.19 0.12 0.18 0.03 0.12 1.4 3

Basel (CH), B [51] Apr 1998—Mar 1999 18.9 4.1 3.1 2 0.15 0.22 0.11 0.01 0.07 1.6 3.21

Bern (CH), C [51] Apr 1998—Mar 1999 24.6 2.8 3 1.6 0.1 0.18 0.09 0.01 0.13 4.2 5.36

Zurich-Kaserne (CH), C [51] Apr 1998—Mar 1999 20 3.5 3.5 2.1 0.07 0.18 0.08 0.01 0.07 1.8 3.36

Budapest (HU), C [53]
Jun 2010—Mar 2013 21 2.84 2.14 1.33 0.11 0.18 0.22 0.05 0.16 2.02 5.42

winter: Jun 2010—Mar 2013 28.7 2.54 3.9 1.8 0.2 0.3 0.3 0.04 0.12 2 8.23
summer: Jun 2010—Mar 2013 14 3 0.26 0.9 0.03 0.09 0.13 0.04 0.1 1.88 2.87

Athens (GR), A [29] 2011—2012 18 3.70 1.08 1.27 0.1 0.22 0.29 0.05 0.37 0.92 5.98

Thessaloniki (GR), A [29] 2011—2012 25.9 4.5 1.89 3.2 0.14 0.12 0.09 0.02 0.18 0.69 5.89
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Table 2. Cont.

Location Period
Concentration [µg·m−3]

PM2.5 SO4
2− NO3

− NH4
+ Cl− K+ Na+ Mg2+ Ca2+ EC OC

Thessaloniki (GR), C [99]
Apr 2011—May 2012 37.7 3.96 2.4 3.8 0.39 0.14 0.29 0.07 1.43 1.29 6.62

H: Apr 2011—May 2012 41.9 3.96 3.07 4.85 0.37 0.12 0.14 0.05 1.6 1.5 8.84
NH: Apr 2011—May 2012 32.9 3.96 1.61 2.58 0.4 0.16 0.47 0.09 1.25 1.05 4.06

Limassol (CY), C [100] Jan 2012—Jan 2013 (b) 13.1 4.5 1.1 - - - - - - 0.7 1.8

Lecce (IT), A [101] Mar 2013—Jun 2013 14.4 2.76 0.34 0.71 0.17 0.18 0.34 0.03 0.2 0.52 2.97

Bologna (IT), A [7] 2011-2013 27.6 2.4 5.1 - - - - - - 1.6 5.1

Conegliano (IT), D [102] Apr 2012—Mar 2013 20 1.7 2.4 1.1 0.12 0.29 0.31 - 0.15 - -

Vicenza (IT), D [102] Apr 2012—Mar 2013 28 2.4 5 2.3 0.19 0.31 0.15 - 0.15 - -

Padua (IT), D [102] Apr 2012—Mar 2013 29 2.4 4.6 2 0.19 0.39 0.47 - 0.16 - -

Rovigo (IT), D [102] Apr 2012—Mar 2013 27 2.6 5.2 2.3 0.24 0.3 0.23 - 0.15 - -

Genoa (IT), A [56] Mar—Sep 2011 14 3.6 (a) 0.5 1.4 - 0.06 0.1 - - 1.4 2.7

Venice (IT), A [56] Jan—Dec 2011 30 3.4 (a) 5.4 2.3 - 0.4 0.2 - - 5.8

Barcelona (ES), A [56] Feb—Dec 2011 18.6 2.8 (a) 1 1 - - 0.3 - - 1.2 3

Madrid (ES), A [103]
Jan—Feb 2011 13.8 0.61 1.16 0.48 0.15 0.05 0.17 0.01 0.1 1.53 1.2

Jun 2009 16.6 1.02 0.69 0.27 0.16 0.05 0.2 0.03 0.21 0.94 2.71

Huelva (ES), A [104] Apr 2008—Dec 2009 19.3 2.8 1 0.8 0.2 - 0.5 - - 0.6 (c) 3.22

Pamplona (ES), C [105] 2009 15 2.07 1.63 1.24 0.08 - - - - 4.04

Elche (ES), A [44] Oct 2008—Oct 2009 13.6 2.76 1.22 0.85 0.19 0.24 0.43 0.04 0.42 - -

Valencia (ES), C [35] 2004, 2005 24 3.8 2.7 1.8 0.8 - - - - 7.2

L‘Eliana (ES), B [35] 2004, 2005 22 2.6 1.6 1.2 0.4 - - - - 5

Istanbul (TR), C [106] Jun 2010—May 2011 40 4.27 1.72 1.24 0.34 - - - - 12.66

Country abbreviations (code ISO 3166): PL—Poland, CZ—Czech Republic; FI—Finland; UK—United Kingdom; DE—Germany; BE—Belgium; NL—Netherlands; FR—France;
CH—Switzerland; HU—Hungary; GR—Greece; CY—Cyprus; IT—Italy; ES—Spain; TR—Turkey. Designations of stations: A—urban background station; B—suburban background station;
C—mixed urban stations (with influences from different emission sources); D—urban station located within residential zone; E—urban station with influences from industrial sources.
H—heating season (months: Jan-Mar and Oct-Dec); NH—non-heating season (months: Apr-Sep). (a) expressed as concentration of non-sea salt sulphates, nss-SO4

2−; (b) non-dust days;
(c) EC as BC. The values estimated based on the percentage contribution of particular compound in the PM2.5 mass were written in italics.
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In order to clarify the discussion of the comparative results, the following abbreviations appear
in the Sections 4.1 and 4.2 (where necessary): (a) Ep—values averaged over entire measuring period;
(b) Hp/Ws—values averaged over heating period/winter season; (c) NHp/Ss—values averaged over
non-heating period/summer (/spring) season.

4. Results and Discussion

4.1. Concentrations of PM2.5 and Its Related Main Chemical Compounds

The concentrations of PM2.5 registered both at rural (Table 1) and urban background stations
(Table 2), varied within wide range of values. Considering data for the former type of stations, it
can be observed that the concentrations of PM2.5 in Złoty Potok were visibly higher compared to
the values registered on most of the European rural sites, especially during the heating period. This
suggests that the main factor determining the concentration of PM2.5 in the investigated area was the
emission from anthropogenic sources, especially fossil fuels and biomass combustion in households
(low-level emission sources) [25,27,31,32,49,69]. The average concentrations of the main components in
PM2.5 from Złoty Potok were also higher, which is particularly evident in the case of the carbonaceous
aerosol, which was the predominant PM2.5 component from mentioned station (TC = 10.07 µg·m−3,
Ep), as well as other rural stations located in different parts of Poland. However, it is worth to note that
TC concentrations in Złoty Potok and Racibórz were higher compared to stations located in the central
and north-eastern part of the country (Zielonka, Puszcza Borecka) (see also [31]).

PM2.5 concentrations and associated carbon compounds from stations located in north-western
European countries were clearly lower, for example, Üto (Finland) (PM2.5 = 6.55 µg·m−3, Ep), Waldhof
(Germany) (PM2.5 = 11.45 µg·m−3; TC = 2.71 µg·m−3; Ep), Cabauw-Zijdeweg (the Netherlands)
(PM2.5 = 11.45 µg·m−3; TC = 2.86 µg·m−3; Ep), Paris (France) (PM2.5 = 12.60 µg·m−3; TC = 3.40 µg·m−3).
This also applies to the rural background stations located in Mediterranean area, for example, Finokalia
(Greece) (PM2.5 = 12.00 µg·m−3; TC = 1.69 µg·m−3), Monte Martano (Italy) (PM2.5 = 10.09 µg·m−3;
TC = 2.48 µg·m−3) or Montseny (Spain) (PM2.5 = 11.96 µg·m−3; TC = 1.91 µg·m−3; Ep), where the
proportion of PM2.5 in PM10 reaches relatively lower values, due to the higher load of crustal species
and sea spray in PM mass [91–93].

In the case of concentration of secondary inorganic ions (SO4
2− + NO3

− + NH4
+), regarded

as secondary inorganic aerosol (SIA), the situation was more diversified. The SIA concentrations
in Złoty Potok (SIA = 4.36 µg·m−3; Ep) was lower compared to the values recorded at many rural
background stations in Europe, for example, Košetice (the Czech Republic) (SIA = 6.57 µg·m−3; Ep),
Risø (Denmark) (SIA = 6.43 µg·m−3; Ep), Cabauw-Zijdeweg (the Netherlands) (SIA = 7.89 µg·m−3;
Ep), Paris (France) (SIA = 5.30 µg·m−3), Neuglobsow (SIA = 5.25 µg·m−3; Ep) as well as other German
stations (with exception to Schauinsland). However, it was higher than the SIA concentrations
registered in: Rucava (Latvia) (SIA = 1.17 µg·m−3; Ep), Utö (Sweden) (SIA = 0.85 µg·m−3; Ep),
Harwell (United Kingdom) (SIA = 2.17 µg·m−3; Ep), Chaumont (Switzerland) (SIA = 3.70 µg·m−3),
Iskrba (Slovenia) (SIA = 1.78 µg·m−3; Ep), Ispra (Italy) (SIA = 2.97 µg·m−3; Ep), Monte Martano
(Italy) (SIA = 3.28 µg·m−3) and Montseny (Spain) (SIA = 1.88 µg·m−3; Ep). Taking into account
the rural background stations in Poland, the SIA concentration in Złoty Potok was ~2 times lower
than the concentration of SIA in Raciborz (SIA = 8.36 µg·m−3; Ep), while comparable to the values
registered in Zielonka and Puszcza Borecka (in both cases: SIA = 4.32 µg·m−3; Ep), which applies
also to other averaging periods (Table 1). Moreover, it was comparable to the SIA concentration
from the measurement station at Ayia Marina (Cyprus) (SIA = 4.28 µg·m−3; Ep) and Seville (Spain)
(SIA = 4.25 µg·m−3), however in the first case higher concentration levels were recorded in the
non-heating season (opposite to Złoty Potok).

Generally, fine particulate matter concentrations recorded at urban and urban background stations
(Table 2) are higher than the PM2.5 concentrations from the rural background station (Table 1). As an
example, the following could be mentioned:
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- Urban background station in Paris (PM2.5 = 14.8 µg·m−3) and station in its suburbs
(PM2.5 = 12.6 µg·m−3) (France);

- Urban station in Thessaloniki (PM2.5 = 25.9 µg·m−3 and 37.7 µg·m−3 (Ep)) and rural background
stations in Finokalia (PM2.5 = 12.00 µg·m−3) and Penteli (PM2.5 = 23.8 µg·m−3) (Greece),

- Urban background station in Prague (PM2.5 = 29.6 µg·m−3) and regional background station in
Košetice (PM2.5 = 22.5 µg·m−3 (Ep)) (the Czech Republic, heating period).

The exceptions to the above rule could be explained by the different research period (e.g., PM2.5

concentrations in the summer season in Budapest (14 µg·m−3) and K-Puszta (23.32 µg·m−3), Hungary)
and the location conditions of measurement stations [31,71]. This is clearly visible on the basis of
the results obtained in the earlier mentioned research project (Section 3)—lower values of PM2.5

concentrations were recorded in Szczecin compared to Złoty Potok, due to the location of the former
station in a relatively “clean” coastal area [27,32,47,49].

Similarly, the concentrations of the selected main constituents of PM2.5 from urban areas (Table 2)
are generally higher compared to the values obtained in rural background stations (Table 1). The
exceptions concern mainly concentrations of secondary inorganic ions and as an example such situation
could be observed in:

- Poland: SIA concentrations in Szczecin (SIA = 5.42 µg·m−3; Ep) was closer to the value recorded
in Złoty Potok (SIA = 4.36 µg·m−3; Ep) than in Trzebinia (SIA = 7.35 µg·m−3; Ep);

- Germany: similar levels of the SIA concentrations from rural background stations located in
Waldhof (SIA = 6.06 µg·m−3; Ep) and Neuglobsow (SIA = 5.25 µg·m−3; Ep) and urban background
station in Duisburg (SIA = 5.80 µg·m−3);

- The Netherlands: higher SIA concentrations from rural background station in Cabauw-Zijdeweg
(SIA = 7.89 µg·m−3; Ep) in comparison with urban background station in Rotterdam
(SIA = 4.10 µg·m−3).

Regarding the concentrations of PM2.5 main constituents, urban background station in Szczecin
generally differed significantly compared to Trzebinia (Table 2), which information was mentioned
in the Section 3. Therefore, the comparison of the concentrations of these components with the
values recorded at other urban and urban background stations in Europe should be performed
separately. Thus, concentrations of carbonaceous aerosol in Trzebinia (TC = 10.81 µg·m−3 (Ep),
19.36 µg·m−3 (Hp) and 5.63 µg·m−3 (NHp)) were significantly higher compared to the values obtained
at majority of stations presented in Table 2, for example, Birmingham (UK) (TC = 3.30 µg·m−3),
Marseille (France) (TC = 8.00 µg·m−3) and Barcelona (Spain) (TC = 4.20 µg·m−3). Slightly similar values
of TC concentrations were noted only in Prague (the Czech republic) (TC = 13.11 µg·m−3) and Istanbul
(Turkey) (TC = 12.66 µg·m−3). The TC concentrations in Szczecin (TC = 7.01 µg·m−3 (Ep), 10.15 µg·m−3

(Hp) and 3.34 µg·m−3 (NHp)) was lower than the TC concentrations from Trzebinia and other stations
located in southern Poland. They were also comparable or slightly lower in respect to the values
registered in Athens (Greece) (TC = 6.90 µg·m−3), Marseille (France) (TC = 8.00 µg·m−3), Bologna
(Italy) (TC = 6.70 µg·m−3) as well as in Budapest (Hungary) (TC = 7.44 µg·m−3 (Ep)) and Thessaloniki
(Greece) (TC = 7.91 µg·m−3 (Ep)), where in addition a similar seasonal variation of TC concentrations
was observed (Table 2). On the other hand, they were relatively higher compared to the data from
many urban stations presented in Table 2, for example, Gdańsk (Poland) (TC = 8.65 µg·m−3 (Hp) and
2.20 µg·m−3 (NHp)), Birmingham (UK) (TC = 3.30 µg·m−3), Duisburg (Germany) (TC = 4.58 µg·m−3),
Saint-Omer (France) (TC = 5.21 µg·m−3), Limassol (Cyprus) (TC = 6.90 µg·m−3) and majority of
stations located in Italy (e.g., Genoa, TC = 4.10 µg·m−3) and Spain (e.g., Pamplona, TC = 6.90 µg·m−3).

Considering the total concentration of secondary inorganic ions, the values recorded in Trzebinia
(SIA = 7.35 µg·m−3 (Ep), 10.83 µg·m−3 (Hp) and 5.23 µg·m−3 (NHp)) were similar or lower than
the concentrations of SIA in Zabrze (Poland) (SIA = 10.64 µg·m−3 (Hp) and 4.27 µg·m−3 (NHp)),
Menen (Belgium) (SIA = 12.15 µg·m−3 (Ws) and 9.32 µg·m−3 (Ss)), Prague (Czech Republic)
(SIA = 10.24 µg·m−3), Dunkerque (France) (SIA = 10.14 µg·m−3 (Ws) and 16.32 µg·m−3 (Ss)) as well as
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Zurich (SIA = 9.10 µg·m−3) and other stations located in Switzerland. However, they were higher than
the values recorded in Paris (France) (SIA = 6.30 µg·m−3), Madrid (Spain) (SIA = 2.25 µg·m−3 (Ws)
and 1.98 µg·m−3, (Ss)) or Duisburg (Germany) (SIA = 5.80 µg·m−3).

In comparison to the urban and urban background stations listed in Table 2, the concentration of
SIA from Szczecin (SIA = 5.42 µg·m−3 (Ep), 7.74 µg·m−3 (Hp) and 2.72 µg·m−3 (NHp)) was generally
lower (e.g., Saint-Omer (France) (SIA = 16.37 µg·m−3), Thessaloniki (Greece) (SIA = 10.16 µg·m−3

(Ep)), Bologna (Italy) (SIA = 7.50 µg·m−3), Istanbul (Turkey) (SIA = 7.23 µg·m−3)) or comparable
(e.g., Athens (Greece) (SIA = 6.05 µg·m−3), Limassol (Cyprus) (SIA = 5.60 µg·m−3), Conegliano
(Italy) (SIA = 5.20 µg·m−3), Barcelona (Spain) (SIA = 4.80 µg·m−3)). The exceptions were the
urban background stations in Lecce (Italy) (SIA = 3.81 µg·m−3) and Rotterdam (the Netherlands)
(SIA = 4.10 µg·m−3). Moreover, SIA concentrations in Szczecin were also relatively low in relation to
the values observed at urban background stations in Poland (with the exception of the measurements
in Zabrze, in 2008), in contrast to Trzebinia, where SIA concentrations did not differ significantly from
those recorded at other stations located in the southern parts of the country.

4.2. Chemical Composition of PM2.5—Contributions

The relative content of SIA as well as carbonaceous aerosol and other chemical constituents bounded
with particulate matter can demonstrate considerable seasonal and temporal variability [31,34,79].
Both short-term and long-term studies indicate that meteorological parameters, such as temperature,
precipitation, wind direction and wind velocity, have great influence on atmospheric aerosol
properties [67,96,107]. In addition, temporal and spatial variation of particulate matter characteristics
is the function of the local emission sources as well as long-range transport of pollutants [49,96].

The contribution of main chemical compounds in PM2.5 mass (Figures 2 and 3) was calculated
on the basis of data contained in Tables 1 and 2. In case of the rural background stations selected
for comparisons, the SIA share in PM2.5 were within the range from ~12% (Hp) (Utö, Finland) to
~62% (Hp) (Waldhof, Germany) (Figure 2). The contribution of SIA in PM2.5 from the selected urban
and urban background stations ranged from ~12% (Ss) (Madrid, Spain) to ~68% (Menen, Belgium)
(Figure 3). The share of the secondary inorganic aerosol (SIA) was typically dominated by sulphates
and less often by nitrates (North-Western Europe, some urban background stations in Italy) (Figures 2
and 3). The content of ammonium ions was quite lower. In general, higher SIA shares in PM2.5 were
found at measurement stations located in central (Switzerland) and western Europe (France, Germany)
compared to the central and southern parts (Slovenia, Hungary, Italy, Spain). This applies to both
urban and urban background stations (Figure 3) as well as the rural background stations (Figure 2).
It is also worth to note that the contribution of SIA can change significantly within one country, as
confirmed by the urban background stations in France (from ~28% (Marsylia) to ~50% (Saint-Omer))
and Spain (from ~12% (Ss) (Madrid) to ~36% (Elche) and rural background stations in Greece (from
~29% (Penteli) to ~50% (Finokalia)) and Germany (from ~33% (Ss) (Melpitz) to ~62% (Hp) (Waldhof)).

Numerous studies have shown that the largest proportion of SIA in the PM mass is usually
identified at the background sites [9,48,50]. This can be also observed when looking into the data
presented in Figures 2 and 3, with the following stations as an example: Czech Republic (SIA: ~42%
(Ep) and ~35% in Košetice and Prague, respectively), Germany (SIA: ~53% (Ep), ~51% (Ep) and ~39%
in Waldhof, Neuglobsow and Duisburg, respectively) and Greece (SIA: ~50%, ~30% and ~27% (Ep) in
Penteli, Finokalia and Thessaloniki, respectively). However, the situation is often more complex—for
example in Finland, PM2.5 from Helsinki was characterized by a higher SIA content (~27%) compared
to Utö (~13% (Ep)). Another example could be the stations in Italy where, in general, higher SIA shares
were recorded in PM2.5 from urban and urban background stations. An exception may be the rural
background station in Monte Martano with a relatively high proportion of SIA in the fine particulate
matter (~30%). In case of Poland, results from the studies conducted as part of the mentioned research
project, have shown a significantly higher share of SIA in PM2.5 from Szczecin (~31% (Ep)) and
Trzebinia (~29% (Ep)) compared to Złoty Potok (~17% (Ep)). Nevertheless, the share of SIA in PM2.5
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from two considered urban background stations was quite lower with reference to the values recorded
in Puszcza Borecka (~34% (Ep)).

Taking into account the results recorded at the rural background station in Złoty Potok, the total
share of the secondary inorganic ions was generally lower in relation to the values recorded at the
stations listed in Figure 2 (e.g., stations in Germany, the Netherlands, France and Greece). It was
also lower compared to the share of SIA in PM2.5 from Raciborz, Puszcza Borecka and Zielonka, with
average (during calendar year) SIA/PM2.5 ratios at the level of ~26%, ~34% and ~27%, respectively.
Almost the same content of SIA in PM2.5 to the one found in Złoty Potok was recorded at the rural
background stations in Harwell (UK) (Ep), K-Puszta (Hungary) and Ispra (Italy) (Ep). It should be
noted that for the majority of the rural background stations (Figure 2), the share of SIA in PM2.5 showed
more or less pronounced seasonal variation (in contrast to Złoty Potok), with higher values recorded
in the heating period (e.g., Puszcza Borecka (~41%), Zielonka (~31%), Harwell (~19%), Waldhof
(~62%), Neuglobsow (~56%), Melpitz (~47–50%), Montseny (~18%)), less often in the non-heating
period (e.g., Racibórz (~29%), Üto (~14%), Ispra (~20%)) (Figure 2). However, the situation observed
in Złoty Potok (SIA: ~17%) is nothing exceptional—the lack of clear seasonal variability of the SIA
contribution in PM2.5 was also noted at some other stations in Europe, for example, Košetice (the Czech
Republic) (~39%), Risø (Denmark) (~43%), Schauinsland (Germany) (~36–38%), Cabauw-Zijdeweg
(The Netherlands (~51%), Puy-de-Dôme (France) (~41%), Iskrba (Slovenia) (~15–16%) (Figure 2).

It is also easily observable that in the case of many rural background stations, the secondary
inorganic aerosol clearly dominates over the carbon matter (Figure 2). Exceptions are two stations
located in Central Europe–Iskrba (Slovenia) (SIA: ~15% and TC: ~32%; Ep) and K-Puszta (Hungary)
(SIA: ~17% and TC: ~22%; Ss) as well as stations located in Italy (Ispra, SIA: ~17% and TC: ~40%;
Ep) and Spain (e.g., Montseny with similar contributions both for SIA and TC (~16%, Ep). The rural
background stations in Poland also differ a lot from the majority of stations listed in Figure 2 by the
strong dominance of TC over SIA. This situation also applies to the urban background station (Figure 3),
however the difference in the shares of the above-mentioned main components is less visible.

The contribution of TC in PM2.5 from the rural background stations reached values ranging
from ~12% (all averaging periods) (Ayia Marina, Cyprus) to ~59% (Puy-de-Dôme, France) (Figure 2).
Considering the measurement station in Złoty Potok (~40% (Ep)), the share of TC in PM2.5 was close
to the value recorded in Racibórz (~45% (Ep)) and clearly higher compared to the stations located
in Puszcza Borecka and Zielonka (respectively ~31% and ~32%; Ep), which applies to all averaging
periods. A comparable share of TC in the fine particulate matter was recorded only at the regional
background station in Ispra (Italy) (~40% (Ep)), however without distinct seasonal variation as in the
case of Złoty Potok. A clearly higher value of the share of TC in PM2.5 was recorded at the regional
background station in Puy-de-Dôme (France) during summer season (~59%), which could be explained
by the occurrence of an additional source of TC in this period—the emission of secondary organic
aerosol from biogenic sources (location of the station in the agricultural and forest area) [40].

In contrast to the secondary inorganic aerosol, the contribution of TC in PM2.5 from Złoty Potok
showed a clear seasonal variation with a higher shares in the heating period (~44%) compared to the
non-heating one (~32%) (Figure 2). Similar results were also found at other rural background stations
in Poland (except for Puszcza Borecka, TC: ~31% for all averaging period) and on some European
stations (e.g., Košetice (Czech Republic) (~30% (Ws) and ~26% (Ss)) and Ispra (Italy) (~41% (Hp) and
~37% (NHp)). However, in general the contribution of TC in PM2.5 from the rural background stations
listed in Figure 2 remained relatively constant over the year or was higher in the warm period, for
example, Schauinsland (Germany) (~22% (Hp) and ~28% (NHp)) and Puy-de-Dôme (France) (~14%
(Ws) and ~59% (Ss)).

Urban and urban background stations were typically characterized by higher share of TC in
PM2.5, which ranged from ~14% (Dunkerque (France), Ss) to ~49% (Trzebinia (Poland), Hp) (Figure 3).
Considering the entire period of research, the share of TC in PM2.5 from Szczecin (~41%) and Trzebinia
(~43%) was generally much higher in relation to data from the majority of stations listed in the Figure 3



Appl. Sci. 2019, 9, 98 20 of 27

(e.g., Saint-Omer (France) (~16%), Huelva (Spain) (~20%)). Relatively high TC/PM2.5 ratios were also
recorded at the measurement stations in Marseille (France) (~41%), Prague (the Czech Republic) (~44%,
Hp), Athens (Greece) (~38%) and Bern (Switzerland) (~39%).

In the case of urban and urban background stations, there is no such visible difference in the share
of SIA and TC in PM2.5 (Figure 3). A higher share of SIA was found, among others, at many stations
in Spain (e.g., Valencia, SIA: ~35% and TC: 30%), Duisburg (Germany) (SIA: ~39% and TC: 31%),
Thessaloniki (Greece) (SIA: ~27% and TC: 21%; Ep) and Genoa (Italy) (SIA: ~39% and TC: 29%). A clear
dominance of SIA over TC contribution characterized especially the PM2.5 composition in France (e.g.,
Saint Omer, SIA: ~50% and TC: 16%), Zurich (Switzerland) (SIA: ~46% and TC: 26%) and Limassol
(Cyprus) (SIA: ~43% and TC: 19%). The total carbon had the highest share of analysed chemical
components in the case of measurement stations in Prague (the Czech Republic) (SIA: ~36% and TC:
~44%), Rotterdam (the Netherlands) (SIA: ~23% and TC: ~31%), Marseille (France) (SIA: ~28% and TC:
~41%), Bern (Switzerland) (SIA: ~30% and TC: ~39%), Budapest (Hungary) (SIA: ~30% and TC: ~35%)
and Istanbul (Turkey) (~18% and ~32%). Also urban background stations in Szczecin and Trzebinia
(Poland) were characterized by a clear dominance of TC over SIA, with mean values averaged over
entire period amounted to: ~31% and ~41% (Szczecin) and ~29% and ~43% (Trzebinia), respectively.

The total share of secondary inorganic ions in PM2.5 from Szczecin and Trzebinia was generally
lower compared to the data registered at many stations located in the northern and central parts of
Europe, for example, Menen (Belgium) (~68%), Birmingham (UK) (~51%), Saint-Omer (France) (~50%),
Dunkerque (France) (~41% (Hp) and 49% (NHp)) and Basel (Switzerland) (~49%) (Figure 3). The share
of SIA remained in a similar range of values as SIA contribution registered at stations in Marseille
(France) (~28%), Bern (Switzerland) (~30%), Budapest (Hungary) (~28–30%), Padua (Italy) (~31%) or
Thessaloniki (~28%, Hp). Slightly lower shares of SIA were noted, among others, at stations in Helsinki
(Finland) (~27%), Rotterdam (the Netherlands) (~23%), Leece and Conegliano (Italy) (~26%), L‘Eliana
and Barcelona (Spain) (~25%) and Istanbul (Turkey) (~18%). Both stations in Szczecin and Trzebinia
were also characterized by a higher SIA share in PM2.5 and less pronounced seasonal variation of this
share compared to other urban background stations located in Poland (Figure 3). For most stations
listed in Figure 3, the higher SIA contribution in PM2.5 were generally found during the heating season
than non-heating one, for example, Thessaloniki (Greece) (~28% (Hp) and ~25% (NHp)) and Madrid
(Spain) (~16% (Hp) and ~12% (NHp)).

5. Conclusions

Comprehensive literature studies allowed to summarize knowledge about the monitoring of
air quality in Europe in terms of particulate matter, especially in relation to PM2.5. The present
work was addressed on quantitative comparison of the PM2.5 chemical characteristics measured at
different rural and urban background stations in Europe. The concentrations of PM2.5, as well as
PM2.5-related SIA and TC, registered both at rural and urban background stations varied within
wide range of values. Considering data for the former type of stations, it can be observed that the
concentrations of PM2.5 from Złoty Potok were visibly higher compared to the values observed on
most rural sites (north-western Europe, Mediterranean area) especially during the heating period. The
average concentrations of the main components in PM2.5 from Złoty Potok were also higher, which
is particularly evident in the case of the carbonaceous aerosol, which was the predominant PM2.5

component from mentioned station, as well as other rural stations located in different parts of Poland.
Generally, PM2.5 concentrations recorded at urban and urban background stations are higher

than the PM2.5 concentrations from the rural background stations. Some exceptions from this
rule could be explained by the different research period and the specific location conditions in
the measurement stations. This for example applies to the sites in Szczecin and Trzebinia, which
generally differed significantly in terms of concentrations of PM2.5 main constituents, with higher
values for the latter station. Taking into consideration the European data, the highest concentration
of carbonaceous aerosol was found in the central parts of Europe (southern Poland—Trzebinia,
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Katowice; Czech Republic—Prague) and in some southern European countries (Greece—Thessaloniki;
Turkey—Istanbul). The concentrations of SIA were more diversified, in general, with the highest
levels recorded in some French stations (Saint-Omer, Dunkerque), following by Menen (Belgium),
Thessaloniki (Greece), Helsinki (Finland), Rovigo (Italy) and stations located in southern Poland
(Trzebinia, Katowice, Zabrze).

The relative content of SIA as well as carbonaceous aerosol demonstrated different spatial and
seasonal variability. In general, higher SIA shares in PM2.5 were found at measurement stations located
in central (Switzerland) and western Europe (France, Germany) compared to the central and southern
parts (Slovenia, Hungary, Italy, Spain), which applies both to urban and urban background stations
as well as the rural background stations. In many cases (e.g., Czech Republic, Germany, Greece) the
largest proportion of SIA in the PM mass was identified at the rural background sites. However,
research conducted as a part of this work has shown that those ratios differs from site to site without
any trend—for example in Italy, Finland and Poland, with higher SIA shares in PM2.5 from urban
background sites.

Taking into account the results recorded at the rural background station in Złoty Potok, the total
share of secondary inorganic ions was generally lower or comparable to many European stations
having similar characteristics, without any significant seasonal variations. Another difference is related
to a strong dominance of TC over SIA in the case of Złoty Potok compared to the European data.
A comparable share of TC in the fine particulate matter was recorded only at the regional background
station in Ispra (Italy), however without any distinct seasonal variation as in the case of Złoty Potok.

Urban and urban background stations were typically characterized by a higher share of TC in
PM2.5, compared to the rural background sites, which ranged from ~14% (Dunkerque (France)) to
~49% (Trzebinia (Poland)). Moreover, for the former type of stations, there is also no such visible
difference in the share of SIA and TC in PM2.5. Considering the entire period of the measurements,
the share of TC in PM2.5 from Szczecin and Trzebinia was generally much higher in relation to data
from the majority of the European urban stations. Relatively high values of TC/PM2.5 ratio were also
recorded at the measurement stations in Marseille (France), Prague (Czech Republic), Athens (Greece)
and Bern (Switzerland). The total share of the secondary inorganic ions in PM2.5 from Szczecin and
Trzebinia was generally lower compared to data registered at many stations located in the northern
and central parts of the Europe (e.g., Menen (Belgium), Birmingham (UK), Saint-Omer and Dunkerque
(France) and Basel (Switzerland).

Finally, it was found that the measurement stations in Poland stand out from the other European
stations with lower or comparable contribution of SIA in PM2.5 mass and relatively high share of total
carbon. The strong dominance of carbonaceous aerosol over SIA results from the structure of energy
consumption in the country, with the dominance of fossil fuels, especially coal and lignite and the
wide use of biomass in low-efficiency furnaces. This probably results from the combustion conditions
favouring emissions of substances rich in organic carbon. It is also worth to note that the seasonal
variation of the SIA share in PM2.5 from Szczecin and Trzebinia is definitely less pronounced and
almost negligible in case of rural background station in Złoty Potok. While analysing the data recorded
at other European stations it could be easily observe that if seasonal differences occur, they are more
visible in the case of rural background stations.
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