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1. Introduction

Ambient air quality in the present-day Czech Republic (CR), one of the two succession
countries of Czechoslovakia post-1993, was perceived as a major problem with severe hu-
man health and environmental consequences, particularly between the 1970s and 1990s [1].
Since that time, the ambient air quality in the CR has improved substantially, due to newly
introduced stringent legislation and technical countermeasures. Nevertheless, there are still
activities which represent significant emission sources, such as local heating and increased
vehicle travel through communities. After a substantial decrease in emissions in both the
CR and its neighbouring countries, the levels of some ambient air pollutants from the 2000s
are still not satisfactory [2]. In this respect, aerosol, ground-level ozone and benzo[a]pyrene
remain major problems, as they do elsewhere in Europe [3].

This Special Issue of Atmosphere includes one review and 15 original research papers
highlighting the progress achieved both in monitoring and modelling air pollution as
an important supporting tool for improving of our living environment. Most of the
contributions included are aerosol-focused. This editorial provides a short introduction to
these interesting papers and presents them in a broader context.

2. Summary of This Special Issue
2.1. Review on the Time Trends and Spatial Changes in Ambient Air Pollution

In a detailed review, Hůnová [4] provides an overview of ambient air quality develop-
ment in the present-day Czech Republic over the past seven decades, i.e., from the 1950s to
present day. Major air pollution problems are highlighted, main hotspots and air pollutants
are indicated, and air pollution impacts on both human health and the environment are
discussed. This review provides a broader context for further contributions focussing more
specifically on individual ambient air pollutants and issues.

2.2. Aerosol Papers

Most papers in this SI are devoted to one of the major ambient air pollutants, i.e.,
aerosol, by examining it from different perspectives. Volná and Hladký [5] studied the links
between ambient PM10 concentrations and meteorological conditions over the Czech-Polish
border area, a hot spot region not only in the CR but for the whole of Europe. The analysis
of ultrafine particles, PM2.5, from the same region is provided by Seibert et al. [6], who
used the Positive Matrix Factorization approach to identify sources of local air pollution.
Their results indicated that the major factors to be blamed for pollution are emissions from
residential heating and the burning of solid fuels, followed by the regional primary and
secondary aerosol sources, whereas long-range transport and heavy industry appeared to
be of only minor importance. Pavlíková et al. [7] measured 34 elements in PM10 sampled
in the centre of Ostravsko-karvinská agglomeration at the top of a former mining tower
at a height of 90 m above ground to investigate regional air pollution. The elemental
composition was found to be seasonal-dependent, and it varied due to sampling conditions.
Three large industrial sources were identified as major contributors to regional ambient air
pollution, though these were not detected by conventional ground-level air monitoring.
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Furthermore, PM10 trans-boundary transport from Polish emission sources was indicated to
play a major role in winter, contributing substantially to air pollution in the studied region.

Using numerical modelling, Pospisil et al. [8] studied dispersion characteristics of
PM10 in the vicinity of roads passing different types of urban areas. The authors pointed
out that major parameters influencing the final shape of the PM10 mass concentration field
are wind direction and velocity, and the built-up area’s geometry substantially modifies air
flow velocity at the ground-level layers of the atmosphere. That the geometry of built-up
areas is important for ambient PM10 levels in cities is also supported by Neubauer et al. [9],
who studied hourly parallel records from two stations in Brno, one located in a park, the
other one in a built-up area. The authors concluded that, apart from meteorology, this factor
should definitely be accounted for in assessment of PM10 pollution in densely populated
urban areas with high levels of traffic.

Ďoubalová et al. [10] used a high-resolution weather and air-quality forecast system
to simulate a typical winter air pollution episode in January–February 2017 in the capital,
Prague. Their results confirmed previous findings about urbanisation’s effect on ambient
air quality in winter, indicating the general behaviour of air pollution in cities in the winter
period, regardless of the region or specific air pollution situation. Unique measurements of
exhaust PM10 emissions from two diesel–electric locomotives and one diesel–hydraulic
railcar, carried by Vojtisek-Lom et al. [11] during scheduled passenger service, revealed that,
despite the fact that these engines were approaching the end of their lives, their emissions
were substantially lower compared to cars. These data are very valuable, as information on
train emissions is practically non-existent.

Mikuška et al. [12] sampled submicron PM1 aerosol particles in two Czech urbanized
areas: a large city, Brno, and a small town, Šlapanice. They did so through campaigns
during heating and non-heating seasons in 2009–2010. Whereas the mean PM1 concen-
trations were nearly identical in summer, the mean PM1 concentrations in winter were
1.6 times higher in the small town. Based on analysis of 14 elements and 12 water-soluble
ions, the principal aerosol emission sources were identified. Brzezina et al. [13] studied
nanoparticle number concentrations of 61 size fractions (ranging between ca. 200 nm and
15 µm in aerodynamic diameter) in the air at a traffic site in Ústí nad Labem to compare
the behaviour of various size fractions within a day, a week, and a year. They attributed
the differences in variability of individual size fractions to pollution sources, physical
properties of particles, and to meteorological and dispersion conditions.

2.3. Benzo[a]pyrene in Ambient Air

A thorough analysis on ambient benzo[a]pyrene (BaP) concentrations is provided
by Schreiberová et al. [14]. They pointed out that, during the period of 2012–2018, a full
35–58% of the urban population in the CR were exposed to BaP concentrations above the
target value. According to the data from 48 Czech measuring sites, the mean ambient BaP
levels ranged from 0.4 ng·m−3 at a rural regional station to 7.7 ng·m−3 at an industrial
station. Furthermore, short-term campaign measurements in small settlements revealed
high values of daily BaP concentrations in winter seasons related to local heating.

2.4. Nitrogen Oxides in Ambient Air

Though exhibiting spatially limited ambient air quality levels, nitrogen oxides (NOx)
emitted by traffic represent a major problem at busy roads in many urbanized areas. In
their work, Vojtisek-Lom et al. [15] examined the effects of two problematic recent trends
related to increasing use of diesel passenger cars: (i) increasing ambient NO2/NOx ratio
resulting from conversion of NO into NO2 in catalysts, and (ii) disparity between vehicle
emission limits and real emission impacts on ambient air quality due to everyday driving in
Prague. They concluded that decreases in NOx emission limits for vehicles, introduced in
recent decades, have apparently failed to sufficiently reduce ambient NO2 levels in Prague.

2



Atmosphere 2021, 12, 770

2.5. Low-Cost Air Quality Sensors

With an ever-increasing need to control ambient air pollution in cities and industrial
areas, we have recently witnessed a boom in demand for low-cost air quality sensors.
Bauerová et al. [16] presented the results of almost a one-year field experiment comparing
the results of different low-cost sensors and co-located measurements by reference methods
used in the Czech nation-wide ambient air quality monitoring network. The authors
pointed out the importance of long-term comparison studies through which scientific
recommendations are transferred to the general public, providing valuable assistance
in decision-making processes when buying suitable types of sensors and eliminating
of possible flaws in their application; these revelations also help producers in further
enhancing their own products.

2.6. Regional and Urban Background Ambient Air Pollution

The ambient air concentrations from regional stations are important as reference sites,
providing ambient air quality levels for comparison to impact areas, such as cities and
industrial regions. For the CR, the National Atmospheric Observatory Košetice operated
by the Czech Hydrometeorological Institute, established in 1988, which participates in
numerous international programs, projects, and activities, serves as an important monitor-
ing site by providing data describing the air pollution at a regional scale. Váňa et al. [17]
summarized the long-term time trends in principle ambient air pollutants at the Košetice
Observatory in the context of air pollutant emission changes.

Huzlík et al. [18] examined the ambient air quality in park areas in Brno, the second
largest city of the CR. In spite of a general belief that green urban areas provide the best air
quality within the city, the measurements supporting this claim are mostly lacking. Based
on four 14-day campaigns measuring NO, NO2, PM10, and O3 levels, Huzlík et al. [18]
concluded that the air quality in the parks approached that of the urban background sites,
except for Koliště park, where similar ambient air pollution levels as at the traffic site
were measured.

2.7. Emissions

The only emission-oriented paper of this SI focuses on fluorinated greenhouse gases
(F-gases) that have been developed to replace stratospheric ozone-depleting substances,
and which are used in refrigeration and air-conditioning systems. Although not harmful to
the ozone layer, F-gases contribute substantially to the greenhouse effect and global climate
change; hence, they are deserving of world-wide attention. Müllerová et al. [19] provided
information on changes in the composition of F-gases used in the CR.

3. Concluding Remark

To conclude, the papers presented in this SI provide a valuable update both on time
trends and spatial changes in ambient air quality, and highlight the recent activities in both
monitoring and modelling of principle ambient air pollutants in the CR.
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Quality Forecasting over Prague within the URBI PRAGENSI Project: Model Performance during the Winter Period and the
Effect of Urban Parameterization on PM. Atmosphere 2020, 11, 625. [CrossRef]
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Abstract: Based on an analysis of related core papers and reports, this review presents a historical
perspective on ambient air pollution and ambient air quality development in the modern-day Czech
Republic (CR) over the past seven decades, i.e., from the 1950s to the present. It offers insights into
major air pollution problems, reveals the main hot spots and problematic regions and indicates the
principal air pollutants in the CR. Air pollution is not presented as a stand-alone problem, but in the
wider context of air pollution impacts both on human health and the environment in the CR. The
review is arranged into three main parts: (1) the time period until the Velvet Revolution of 1989, (2) the
transition period of the 1990s and (3) the modern period after 2000. Obviously, a major improvement
in ambient air quality has been achieved since the 1970s and 1980s, when air pollution in the former
Czechoslovakia culminated. Nevertheless, new challenges including fine aerosol, benzo[a]pyrene and
ground-level ozone, of which the limit values are still vastly exceeded, have emerged. Furthermore,
in spite of a significant reduction in overall emissions, the atmospheric deposition of nitrogen, in
particular, remains high in some regions.

Keywords: air pollution; air quality; 1950–2018; Czechoslovakia; emissions; aerosol; ground-level
ozone; atmospheric deposition; health outcomes; environmental issues

1. Introduction

The modern-day Czech Republic (CR), one of the two succession countries of the former
Czechoslovakia post 1993, is a Central European country with an infamous environmental pollution
history, including heavy air pollution with serious impacts in the past. These were mostly due to
emissions from burning poor-quality lignite of local provenience with very high contents of sulphur
used both for coal-powered thermal power plants and local, domestic heating systems. Extremely high
SO2 emissions affected the health of the inhabitants adversely and resulted in serious environmental
damage, including the decline of spruce forests. Furthermore, emissions from high stacks of large
power plants added substantially, due to long-range transport, to acid rain and the acidification of
ecosystems in other European regions, such as Scandinavia. The infamous ‘Black Triangle’, a border
region situated between the former Czechoslovakia, East Germany and Poland, belonged to the most
polluted areas of Europe at that time.

As a consequence of fundamental socioeconomic changes triggered by the Velvet Revolution of
1989, the introduction of new legislation, application of effective countermeasures in emission reduction
and modernisation of energy production and industry, alongside extensive gasification of local heating
systems, the overall situation in ambient air quality has improved substantially. An unprecedented
reduction in SO2 emissions of some 90% has been recorded, accompanied by reductions in TSP (total
suspended particles) and NOx (nitrogen oxides). Nevertheless, new challenges have emerged in air
pollution, such as fine aerosol particles, ground-level ozone, and benzo[a]pyrene (BaP), pollutants
of which the ambient air concentration currently extensively exceeds the legal limit values, affecting
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a substantial part of the population and vast geographical regions, and the concentrations of which
seem to be very difficult to decrease.

This review paper aims to address ambient air pollution in the CR in its historical perspective,
collating and summarising the essential information on ambient air pollution and changes thereto, in
context with its relevant negative impacts on the environment and human health over the last 70 years,
i.e., from the 1950s to the present. The review consists in three main parts covering the three principal
time periods: (1) the period until the Velvet Revolution of 1989, (2) the transition period between 1989
and 2000 and (3) the modern period after 2000.

2. Air Pollution in the Former Czechoslovakia (Prior to 1989)

2.1. Emission Sources and Source Areas

Czechoslovakia’s economy from the Second World War through the early 1980s grew at the expense
of severe degradation of its natural sources and environment [1–3]. At that time, Czechoslovakia was a
centrally planned economy under communist rule, with an emphasis on the massive development of
heavy industries [4]. Ambient air pollution has been considered a major environmental threat since the
1950s. At this very time, large coal-combustion power plants were put into operation [5,6], emitting
large quantities of sulphur dioxide (SO2), TSP, NOx and other pollutants [7]. These large emission
sources with high stacks (Figure 1) were concentrated in the northwest region of Bohemia (NWR,
location in map in Figure 2), in the Podkrusnohori region, adjacent to the German and Polish borders
in particular, where their operation was driven by local poor-quality lignite coal with extremely high
sulphur and ash content [8–10].

 

 

Č

Figure 1. Prunerov coal power plant (photo by the author).

The sulphur content in the local coal varied widely according to the individual coal deposits. Coal
mined in the North Bohemian Lignite Basin averaged about 1.2–3.5%, with a maximum total sulphur
content as high as 15.8% and an ash content ranging between 2.6% and 69.9% [11]. Some 50–95% of
sulphur compounds in the coal were emitted into the air [12]. The emissions were highly dependent
on the applied technology and leading of the burning process [13–15]. Moreover, other trace elements
potentially harmful for the environment, such as As, Be, Pb, V, F, Cr, Cu and Se were found in elevated
concentrations in North Bohemian coal and released into the atmosphere while burning. The highest
concentrations of As (387 ppm), Sb (7.5 ppm) and W (108.5 ppm) were reported from the Czechoslovak
Army Mine (abbreviated ČSA in Czech) quarry [11]. This coal was mined in open cast mines, the
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operation of which devastated the originally scenic landscape and caused the end of numerous small
settlements as well as the environmental, social and moral decline of the entire region [16–18].

 

 

−

−

−

−

−

Figure 2. Map showing the areas and places mentioned in this review.

Furthermore, other industries, such as chemical, metallurgical, textile, cellulose paper mills, and
glass and ceramic manufacture, added to the overall emissions [19]. The accumulation of numerous
large emission sources in the poorly ventilated Podkrusnohori valley in Northwest Bohemia resulted in
a poisonous air mixture, in particular during winter thermal inversions, when the ambient air pollutant
levels reached extremely high values [20]. Under the communist regime, however, information on
environmental, including ambient air, pollution was not available to the general population, and
half-classified materials were intended exclusively as reports for experts [21]. The SO2 annual mean
concentrations ranged in the order of hundreds of µg m−3, whereas the SO2 daily mean concentrations
ranged in the order of thousands of µg m−3. The measurements at that time recorded in the unpublished
internal reports of the Czech Hydrometeorological Institute (CHMI) in the above region, in particular in
the adjacent Krušné hory (Mts.) (Erzgebirge, the Ore Mts.) reached up to 130 µg m−3 of SO2 in annual
means during the 1970s (Figure 3). A daily mean of 1590 µg m−3 of SO2 (Figure 4) was recorded on 16
January 1982 [20]. For comparison, current ambient SO2 concentrations measured in the same region
are up to 10 µg m−3 of SO2 in the annual mean [22]. The Podkrusnohori region ranked amongst the
most polluted parts of the entire country [19]. Apart from the North Bohemia region, other emission
source regions included the major urban areas, such as Prague (the capital), Ostrava, Pilsen, Hradec
Králové and Brno, with numerous industrial enterprises and local heating systems operating on brown
coal and lignite, deteriorating the ambient air quality.
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Figure 3. Map of Northwest Bohemia (NWR in Figure 2), showing the SO2 annual means in µg m−3 in
1971–1980, the lines represent the isoconcentrations (redrawn according to [20]).

With 3150 kilotons in 1985, i.e., a full 203 kg per person per year in 1985, SO2 emissions in the
Czech-Slovak Federal Republic (CSFR) were the highest in Europe, 2.48 times higher than in Western
Europe per unit of gross national product (GNP) [23]. Further, the total NOx emissions (expressed as
NO2) were estimated to be 1200 kilotons annually, i.e., 57 kg per person per year; hence Czechoslovakia
took an infamous first place in NO2 emissions in Europe [23].

 

−

 

−Figure 4. Map of Northwest Bohemia (NWR in Figure 2), showing the SO2 daily mean in µg m−3 on
16 January 1982, the lines represent the isoconcentrations (redrawn according to [20]).

8



Atmosphere 2020, 11, 214

2.2. Ambient Air Quality Monitoring

The first measurements of ambient air pollution addressed sulphur dioxide (SO2) and total
suspended particles (TSP)—the then measured total sample of aerosol without particle fraction
distinction—and date back to the 1950s. The measurement activities at that time focussed on industrial
and highly populated areas and ambient air pollution was observed by the Public Health Service with
respect to serious human health impacts [24,25].

Regular ambient air quality monitoring has been in operation since the 1960s and individual
networks were aimed at the most polluted areas. The Czech Hydrometeorological Institute (CHMI)
has been responsible for nationwide ambient air quality monitoring since 1964. The first monitoring
sites were situated in the Podkrusnohori region in 1968. In 1969, the network expanded to the Ostrava
region and in 1970, to the Brno region [26]. Gradually, a fairly dense network was set up for monitoring
SO2 in particular. Smog regulation and warning systems were built, the first was put in operation in
North Bohemia in 1973 [27].

After covering the most heavily impacted regions, measurements also began in relatively
unpolluted areas, far from the major emission sources, in order to gain information on regional
background air pollution. The Svratouch site in the Czech-Moravian Highlands has supplied data on
air quality to the worldwide Background Air Pollution Monitoring Network (BAPMON) since 1972
and to the EMEP (European Monitoring and Evaluation Programme) since 1977 [28]. In the 1980s, the
Košetice site (KOS in Figure 2) was set up for environmental monitoring on a regional scale [29,30].
The air quality monitoring was supplemented by observations of precipitation chemistry, with the first
site established at Hrádek u Pacova in 1974 [31].

Apart from the CHMI, several other organisations were involved in ambient air quality
measurements for their own purposes, such as the Public Health Service (abbreviated in Czech
as HS), Organization for the Rationalization of Power Plants (abbreviated in Czech as ORGREZ),
Czech Geological Survey (abbreviated in Czech as ČGÚ, and later as ČGS), Forestry and Game
Management Research Institute (abbreviated in Czech as VÚLHM), Water Management Research
Institute (abbreviated in Czech as VÚV) and the Research Institute of Plant Production (abbreviated in
Czech as VÚRV).

Air pollution in Czechoslovakia culminated in the 1970s and 1980s. The monitoring results from
1971–1982 for the eight most heavily impacted regions defined by the then government (i.e., North
Bohemia, Mělnicko-Neratovicko, City of Prague, Hradecko-Pardubicko, Brno, West Bohemia and
Pilsen) were collated by the CHMI’s internal reports [20,32–38]. The incorporation of a certain area into
the impacted regions was based on the annual SO2 mean concentration above 30 µg m−3 (Figure 5).
Based on monitoring and dispersion modelling results, the above regions were categorised into three
different air pollution levels: (1) the most polluted, which were the North Bohemia and Prague regions,
(2) medium air pollution level—the West Bohemia, Ostravsko-Karvinsko and Mělnicko-Neratovicko
regions and (3) the lowest air pollution level—the Hradecko-Pardubicko and Brno regions. Interestingly,
the two most polluted regions, i.e., North Bohemia and Prague, showed similar air pollution levels,
though these originated from completely different emission sources. In North Bohemia, the problem
arose from large emission sources, whereas in Prague the local heating systems were the culprit.
Furthermore, with respect to distinct geomorphology, both Prague and the Podkrusnohori region have
been prone to frequent thermal inversion occurrence preventing pollutant dispersion [39–41].
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Figure 5. Map indicating the formerly impacted regions (in the 1970s and 1980s) with respect to air
pollution delimited by annual SO2 mean concentration above 30 µg m−3 (redrawn according to [41]).

2.3. Human Health Outcomes

The first information on measured ambient air pollutant concentrations in the then Czechoslovakia,
available only in Czech, originate from as early as the 1950s. They cover some industrial regions and are
related to local inhabitant health outcomes [24,25]. Children living in areas with high air pollution were
somewhat retarded in growth. Furthermore, they evinced significant changes in their red blood cell
counts. It was recognised that children responded to elevated SO2 concentrations in similar way as to
rather lower O2 pressure, such as in the high mountains: an increase in the total surface of erythrocytes
ensured the transfer of O2 to tissues easier [42]. It was demonstrated that a stay of 1–3 months in a
clean atmosphere had favourable effects on such children, especially with respect to the haemoglobin,
and that this reaction continued for about three months after the children returned to the region with
polluted air. Hence children used to be sent to an open-air school, where the air was relatively clean [42].
Air pollution belonged amongst the factors not only impairing human health but contributing even to
all-cause mortality. According to Bobak and Marmot [43], an estimated 2–3% of the total mortality
could be attributed to air pollution in the CR in 1987. Bobak and Leon [44], in a study examining infant
mortality and air pollution in 1986–1988 for 46 of the 85 districts of Czechoslovakia, reported a weakly
positive association between neonatal mortality and ambient TSP and SO2 concentrations.

A comprehensive Teplice programme aimed at a thorough study of the impacts on human health
caused by ambient air pollution, including aerosol, genotoxic organic compounds and toxic trace
elements in one of most heavily impacted districts of North Bohemia [45]. A significantly higher
prevalence of adverse respiratory symptoms and decreased lung function were indicated as compared
to the relatively clean Prachatice district in South Bohemia [46]. Moreover, a study of the effects of
exposure on pregnancy and birth revealed an excess prevalence of low birth weight and premature
births [47]. Furthermore, within this study, it was indicated that air pollution may alter early childhood
susceptibility to infections [48]. Exposure to intermittent air pollution in the North Bohemian Teplice
district was shown to cause sperm DNA damage resulting in an increase in rates of male-mediated
infertility, miscarriage, and other adverse reproductive outcomes [49].

2.4. Environmental Issues

Severe air pollution affected both human health and the environment. Mismanaged forest
ecosystems were susceptible to additional stresses [50–57]. A substantial part of forest areas (more
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than 60%) were damaged in various degrees by air pollution, namely SO2 acting either directly or
indirectly via acid deposition and subsequent soil changes. The outcomes included increased mortality
and decreased increments in forests, loss of valuable ecotypes, impact on water management and
overall decrease in stability of the landscape [58–60]. Damaged forests were the most visible and
best-known symptoms of acid rain [61,62]. Losses on forest wood attributable to air pollution in
the then Czechoslovakia were estimated at 9.5 million m3 year−1 by the International Institute for
Applied Systems Analysis (IIASA); this estimate being reckoned conservative, as exclusively SO2

was accounted for, whereas NOx and NH3 were not considered [63]. Unprecedented forest decline,
namely in the Krušné hory Mts., Jizerské hory Mts. and Krkonoše Mts., in the 1970s and 1980s were
of major concern for the then foresters and forest management [64] and attracted infamous attention
from scientists all over the world. The Krkonoše National Park (KRNAP) was cited—together with the
adjacent Polski Park Narodowy—by the International Union for Conservation of Nature and Natural
Resources (IUCN) as the world’s most threatened protected natural area [65].

Though Czech environmental studies at that time were practically non-existent [21], some papers on
ambient air pollution impacts on the environment can still be mentioned. Air pollution was reported to
influence the nesting ecology of the house martin (Delichon urbica) in 141 villages and towns in Czechoslovakia,
including a significant reduction in nesting density, colony size and occupancy [66]. Fluoride pollution
in wild deer assessed in North Bohemia showed significantly decreasing exposures from the mid-1990s,
attributed largely to the implementation of emission control devices on coal-fired power plants [67].

Emissions were also blamed for the contamination of crops. Ustyak and Petrikova [68] reported
that the results of their study for North Bohemia in 1987–1992 indicated very high contamination of
agricultural crops by heavy metals and As. Specifically, 3–16% of fodder crop samples and 49–86% of food
crop samples were contaminated (i.e., they showed higher heavy metal contents than was permissible at
that time) in spite of a low degree of soil contamination. The main pollutants of fodder crops were Hg,
Cd, Pb and Co, whereas the main pollutants of food crops were Cd, Cr, Hg, As, Pb, Ni and Zn [68].

Air pollution also affected precipitation chemistry, and consequent atmospheric deposition and
stream water chemistry was observed [69]. The long-term effects of atmospheric pollution by metals
and acids were documented even on sediment cores from Čertovo Lake in the Šumava Mts., situated
in a relatively unpolluted region [70].

2.5. Air Pollution in the Context of the Former Communist Countries

The problem of severe ambient air pollution and consequent human health and environmental
impacts was not limited exclusively to the former Czechoslovakia, but involved other Central European
communist countries, such as the former GDR (Eastern Germany or the Democratic Republic of
Germany) and Poland [71–73]. These three countries ranked among the worst polluters due to
emissions from the power generation systems as well as heat production both for industry and
municipalities. These sources accounted for about 90% of total SO2 emissions and about 60–70% of
emissions of dust and NOx [74]. Fly-ash emission in Eastern Europe was greater than in any other
industrial region in the world [65]. The heavily industrialised ‘Black Triangle’ (sometimes also called
the ‘Dirty Triangle’) region encompassing Northern Bohemia, Silesia and adjacent portions of Eastern
Germany was infamous for its heavily impacted environment and the high frequency of winter smog
occurrence causing an adverse effect on the health of local inhabitants and on the environment [74].

2.6. Long-Range Transport

A few decades ago, air pollution was considered entirely a local problem. The acceptable solution
seemed to be building high stacks to disperse the emissions and thus reduce ground-level air pollutant
concentrations. Due to long-range transport, however, the previously local-scale problem developed
into a regional-scale issue [75]. Consequently, towards the end of the 1960s, due to the long-range
transport of air pollutants, namely SO2 and NOx, a substantial decrease in pH of precipitation and
subsequent acidification of both terrestrial and aquatic ecosystems was observed over large portions of
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Europe, including areas distant from major emissions sources, such as Norway and Sweden [76]. The
problem, popularly called ‘acid rain’, resulted in important negative changes in chemistry and biota
in lakes, running water and forests and triggered hot debates among both scientists and the general
population [77–80]. The then Czechoslovakia, as a major emitter country, also contributed substantially
and was blamed for air pollution export and consequent acidification problems elsewhere [23,81].

3. The Period after the Velvet Revolution, the 1990s

Some positive trends, such as a decrease in ambient air pollution by several pollutants can be
tracked back as far as the 1980s [82]. The improvement in the state of the environment, including the
ambient air quality, however, has been clearly visible only since the transition from the communist
past triggered by the Velvet Revolution in November 1989. In the beginning, this was due mainly to
industrial decline, then later as a result of economic restructuring and privatisation [62,83]. In fact,
the environmental issues, including the vast dissatisfaction of a considerable part of the population
over the then ambient air pollution, contributed substantially to the collapse of the old regime in
Czechoslovakia [84–87]. From the very beginning, a strong emphasis was therefore placed on solving
environmental problems, including air pollution and the adoption of relevant countermeasures to
improve the poor state of the environment [88].

As for the emissions, an unprecedented reduction in SO2 of some 90% was achieved
via a combination of newly adopted strict legislation measures, considerable investments into
desulphurisation remedies installed at large emission sources and a transfer from burning lignite to gas
in residential heating. For comparison, the reduction in SO2 emissions in most European countries at
the same time accounted for approximately 60% [89]. At the same time, TSP emissions also decreased
substantially [90], whereas NOx emissions decreased considerably less [91]. An important motivation
for improvements was also the preparation of the CR for accession to the EU [92]. The CR became a
candidate for accession in 1993 and made all efforts to implement the EU legislation, including the Air
Quality Law, well in advance.

The most pronounced improvement in a dynamic decrease in air pollutant emissions was seen in
the period between 1989 and 1998 [93–95], the impetus to this favourable development being the newly
set up strict emission limits to be met in 1998 (Figures 6 and 7). The existing major emission sources
were forced to modernise or close up, without the exceptions abundantly permitted so far. Residential
heating systems switched from burning coal to gas in many places, including Prague. A substantial
reduction of residential coal consumption in the CR from 1990 to 2014 was achieved, by a factor of
6.2 [96].

 

 

Figure 6. Overall emissions of SO2, NOx, NH3, NM VOC and TSP in the Czech Republic (CR), according
to European Monitoring and Evaluation Programme (EMEP) data [97].
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Figure 7. Overall emissions of TSP, PM10 and PM2.5 in the CR, according to EMEP data [97].

The extent to which the changes in emissions were reflected in changes in ambient air quality
is shown for several sites representing different environments, altitudes and geographical regions
(Table 1, location in map in Figure 2). The trends in annual mean concentrations of SO2, NOx, PM10

and O3 from the 1990s to the present time are presented in Figures 8–11. The individual annual
means are missing in cases where the requirement of a sufficient number of measured values was not
fulfilled [22]. The most impressive decreases, most obvious in the presented diagram for the UNL and
TUS sites (both in NWR) and the Prague site LIB were recorded for SO2 (Figure 8). The ambient NOx

concentrations (Figure 9) show decreasing trends, though much milder than for SO2, with the highest
concentrations for the LIB site reflecting clearly the impact of a nearby main road, and somewhat
lower concentrations for the NWR sites (UNL and TUS) under influence of large thermal power plants.
Fairly large differences (as compared to SO2 and PM10) between NOx concentrations at different types
of sites are evident. Ambient PM10 concentrations (Figure 10) also show overall decreasing trends
with peaks at the beginning of the 2000s. Annual means of ambient O3 concentrations (Figure 11) are
not decreasing and show contrasting patterns to the above pollutants (Figures 8–10). In accordance
with the general assumption, the highest values were recorded at the CHU and BKR mountain sites,
whereas the lowest values were measured at the Prague LIB site.

Table 1. Measuring sites (location in map in Figure 2), the long-term records of which are presented in
Figures 8–11.

Station Code Altitude [m a.s.l.] Classification 1 Region

Ostrava-Poruba POR 242 B/S/R Ostrava
Mikulov-Sedlec MIK 245 B/R/A-REG South Moravia

Praha4-Libuš LIB 301 B/S/R Prague
Tušimice TUS 322 B/R/IA-NCl NWR 2

Ústí n.L.-Kočkov UNL 367 B/S/RN NWR 2

Svratouch SVR 735 B/R/N-REG C-M Uplands
Bílý Kříž BKR 890 B/R/N-REG Beskydy Mts.

Churáňov CHU 1118 B/R/N-REG Šumava Mts.
1 Classification according to the European Commission EC Decision EoI 97/101/EC: B/S/R—background/
suburban/residential, B/S/RN—background/suburban/residential, natural, B/R/IA/NCI—background/rural/industrial,
agricultural/near city, B/R/A-REG— background/rural/agricultural-regional, B/R/N-REG—background/rural/natural-regional,
2 NWR—Northwest region.
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Figure 8. Trends in ambient annual mean SO2 concentrations at selected sites (see Table 1, Figure 2),
1993–2019, based on Czech Hydrometeorological Institute (CHMI) data.

 

Figure 9. Trends in ambient annual mean NOx concentrations at selected sites (see Table 1, Figure 2),
1993–2019, based on CHMI data.

 

Figure 10. Trends in ambient annual mean PM10 concentrations at selected sites (see Table 1, Figure 2),
1993–2019, based on CHMI data.
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Figure 11. Trends in ambient annual mean O3 concentrations at selected sites (see Table 1, Figure 2),
1993–2018, based on CHMI data.

During the 1990s, Czechoslovakia started to be involved in various international activities,
including individual studies, projects and programmes bringing numerous interesting results
(e.g., [98–103]). For example, within a CAESAR (Central European Study on Air pollution and
Respiratory health) study encompassing 25 study areas in six Central and Eastern European countries
(Bulgaria, the Czech Republic, Hungary, Poland, Romania and the Slovak Republic), high PM10 and
PM2.5 levels were indicated, with large changes between seasons, likely due to local heating. The
measured PM levels were hypothesised to contribute to the observed reduced life expectancy in the
region [104]. For the first time, the environment including ambient air pollution of the Czech Republic
was assessed in the context of Europe’s environment in the comprehensive report published by the
European Environmental Agency (EEA) [105].

4. Air Pollution in the Modern-Day Czech Republic (after 2000)

The number of ambient air quality monitoring sites has changed continuously since 1969, the
highest number of stations was in operation in the 1980s and 1990s. The optimisation of the monitoring
network in the 2000s resulted in a reduction in the number of sites and the replacement of others.
Currently, 198 stations in the Czech Republic monitor the air quality, 127 of which are operated by the
CHMI. Of these 127 stations, 80 are automated [22].

Even though Czech ambient air quality improved substantially after 2000, the levels for some
ambient air pollutants are still not satisfactory [22]. Aerosol/suspended particles, ground-level ozone
and benzo[a]pyrene are considered the major problems, similarly to elsewhere in Europe [106].

The national legislation on air quality management evaluation in the Czech Republic is based on
European legislation. The basic legislative norm in the CR is Act No. 201/2012 Coll., on air protection
as amended (‘Air Protection Act’). The ambient air quality is observed and monitored by a nationwide
long-term monitoring network operated by the Czech Hydrometeorological Institute (CHMI) [22].
CHMI, an institute designated to monitor and assess the ambient air quality in the CR, focusses its
activities mainly on covering the criteria pollutants, i.e., the pollutants for which limit values were set
up on the basis of WHO recommendations [107,108] by relevant national legislation. In accordance
with EU legislation [109], these are in particular SO2, NOx, PM10, PM2.5, CO, benzene, benzo[a]pyrene,
and toxic metals in aerosol (Pb, Cd, As, Hg), monitored on a regular basis. Currently, due to historic
reasons, the CR belongs to the countries with the densest monitoring networks [110]. Nevertheless, in
accordance with legislation, the major regular monitoring activities are focused primarily on highly
populated major urban agglomerations, whereas monitoring in smaller towns and communities is
scarce, in spite of the fact that there are strong indications that they are highly polluted in particular
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due to local heating emissions, and in reality they are inhabited by a considerable share of the Czech
population [111–113].

CHMI runs two types of stations: automated and manually operated. The automated stations
measure continuously and give 1 h mean concentrations, whereas the manually operated stations
give 24 h mean concentrations. Precipitation chemistry is sampled on a monthly or weekly basis by
automated wet-only samplers. All the measured air quality data are stored in a central nationwide
ambient air database, ISKO (the Czech acronym for the Air Quality Information System) [22]. In
addition, a supersite observatory, Košetice, is run by the CHMI, participating in numerous international
activities, including long-term programmes and scientific projects [114]. The regular annual reports
providing detailed information on air quality are available and can be downloaded at the CHMI
website [115] in Czech and English versions. The results of continuous monitoring are summarised
and presented in user-friendly colour maps indicating the hotspot areas and problem regions. The
results are interpreted in the context of both human health and environmental effects. Apart from these
annual graphic yearbooks, long-term analyses are also available [116–118].

Furthermore, in addition to the nationwide ambient air quality monitoring run by the CHMI,
numerous other measuring activities are operated by other institutes and organisations for different
purposes. These include, e.g., the monitoring of persistent organic pollutants (POPs), which are not
explicitly included among the criteria pollutants but are widely recognised as extremely harmful
substances (due to their persistency and bioaccumulation) on human health [119–123]. In addition
to direct measurement, tree needles and mosses were proven to be useful monitors giving similar
information on POPs as high-volume air monitoring [124,125].

With regard to aerosol, not only lawful mass concentration, but also particle number concentration
(particle number size distribution) is measured, suitable in particular for aerosol dynamics and source
apportionment studies [126–128]. In addition, the main fractions of carbonaceous aerosols, i.e., organic
carbon (OC) and elemental carbon (EC) are measured in both urban and rural areas [129,130].

4.1. Aerosol

Aerosol, or suspended particles, is considered to be a major air pollution problem in the CR,
similarly to elsewhere [106]. According to the latest annual report [22] providing an assessment of
ambient air quality based on established limit values [109], in 2018, the daily limit value of 50 µg m−3

for PM10 was exceeded over 3.2% of the entire territory of the CR (in a grid of 1 × 1 km) inhabited by
approximately 14% of the population; the annual limit value of 40 µg m−3 for PM10 was exceeded at
0.1% of the entire territory of the CR with approximately 0.3% of the population. The annual limit value
of 25 µg m−3 for fine fraction of PM2.5 was exceeded in 1.2% of the entire territory of the CR inhabited
by approximately 6.1% of the population. The annual limit value of 1 ng m−3 for benzo[a]pyrene, an
established human carcinogen [131,132] related to PM2.5 aerosol fraction and indicator of polycyclic
aromatic hydrocarbons (PAHs) exposure, was exceeded in a number of cities and municipalities, on
12.6% of the entire CR territory inhabited by an astounding 35.5% of the country’s inhabitants [22].
The trends in BaP based on long-term monitoring by the CHMI at several suburban sites, representing
the exposure in residential areas of Czech cities in 2004–2018 are presented in Figure 12.

With respect to PAHs as a group, a study [133] measuring 15 PAHs (including seven which are
carcinogenic) in PM1 in the winters of 2013 and 2017 in industrial, urban and rural sites indicated
values ranging between 60.8 ng m−3 (in the city of Ostrava) and 11.7 ng m−3 (in the small town of
Čelákovice). The burning of biomass and coal used for residential heating in old-style boilers emits
high PaH concentrations in particular [134]. PAH concentrations linked to local heating, as one of the
important sources, were also found at the National Atmospheric Observatory Košetice (NAOK), a rural
background site in the CR [135]. Particle-bound carcinogenic PAHs concentration may be applied as
an indicator for estimation of the biologically active (mutagenic, genotoxic, embryotoxic) components
used for epidemiological studies of the effects of air pollution on human health [136].
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Figure 12. Trends in ambient annual mean BaP concentrations at selected sites (see Table 1, Figure 2),
2004–2018, based on CHMI data.

Due to long-term monitoring results, the Moravian-Silesian region/Ostrava region is recognised
not only as a Czech hotspot for PM and BaP, but also truly as a European hotspot [22,106]. Ambient
BaP concentrations frequently exceed the limit value of 1 ng m−3 at some sites of this region by seven
to nine times [22]. The Ostrava region, with its concentrated heavy industry was in the past nicknamed
the steel heart of the country. The heavy air pollution in this region results from several major sources,
such as traditional steel and coke plants, local heating (with common burning of waste or coal powder)
and traffic and, last but not least, by regional transport of polluted air masses from industrial parts of
Poland [137–143]. Industry is apparently the major source of ultrafine particles (UFP) [144,145], the
aerosol fraction which is blamed for the strongest effects on human health [146].

The local heating systems in Czech towns and villages burning either coal or wood also contribute
substantially to PM exposures [111–113,147–149]. It is estimated that nearly 20% of the households in
the CR are heated individually by the combustion of solid fuels [150]. That wood burning might be a
dominant source of PM10 mass followed by coal combustion was somewhat surprisingly demonstrated
even for the residential section of Mladá Boleslav, an industrial town famous for its large Skoda
automotive factory [151]. Moreover, an incorrectly led combustion process [152], including the
co-combustion of fuel with municipal waste, which is a common (though banned) practise in some
regions (in particular with low-income residents who use this practise due to economic reasons), adds
substantially to both PM and BaP emissions [153]. Currently, a programme subsidising the change of
old types of manually operated boilers, which do not meet the emission requirements of European
legislation [154] is under way, promoted and supported by the Ministry for the Environment.

All kinds of transport add substantially to this pollution and road vehicles in some places might
even be the principal source of aerosol, such as in Prague, with a still unfinished city bypass and the
major roads crossing the very centre of the city [155,156]. The hotspots are to be found in particular at
places along the main roads, as was shown, e.g., in a study aimed to quantify the UFP exposure in the
breathing zone in residential neighbourhoods of streets [157].

Serious health outcomes, including genotoxicity, due to the permanent high ambient PM and
BaP exposures were reported for the Ostrava region by several studies conducted recently [158–163].
Furthermore, a moderately strong association between air pollutant concentrations and respiratory
difficulties among asthmatic children and adolescents was reported [164]. The association between
particle number and PM2.5 concentrations and daily hospital admissions due to cardiovascular and
respiratory diseases was reported for Prague [165]. A long-term study of the health impacts of air
pollution on children in heavily polluted parts of the CR revealed that air pollution significantly
affected children’s health and resulted in increased respiratory morbidity [166,167].
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4.2. Ground-Level Ozone

Ground-level O3, recognized as an air pollutant only recently, has been monitored in the CR
since 1993. Though emissions of O3 precursors have decreased substantially (NOx, VOC and CO
by approximately one half and CH4 by one quarter in the CR and in neighbouring countries), no
corresponding decrease in O3 ambient levels has been observed. In a thorough time trend analysis of
continuous data from 26 long-term monitoring sites of various types (urban, mountain, rural) reflecting
different environments in 1994–2015, statistically significant decreasing trends were recorded only at
about one-half of these [117]. The fact that O3 concentrations show high year-to-year variability due to
their strong dependence on meteorological conditions of the specific year [168–170] was demonstrated
also on the Czech data [171]. Both meteorology and air pollution (precursor emissions) are responsible
for day-to-day variability in O3 concentrations. This was shown for five Czech rural sites representing
middle-elevated forests in Central Europe, where daily O3 levels were significantly associated with air
temperature, global solar radiation, relative humidity and ambient NOx concentrations, the association
being highly non-linear [172]. The phytotoxic potential of O3, expressed by exposure index for forests
AOT40F—a measure of potential effects as used throughout Europe [173]—is high for most of the
CR [110,174,175]. The highest AOT40F values observed reached 38–39 ppm h; and the critical level
for forest protection of 5 ppm h is usually exceeded early in the growing season, generally in May, at
most of the measuring sites [176]. The O3 spatial exposure pattern correlates strongly with the map
showing global solar radiation across the CR [177]. The highest O3 exposures are found in the relatively
unpolluted, with respect to other pollutants, southern portions of the CR [172]. The O3 concentrations
increase with the altitude, whereas the increase of AOT40 with rising altitude is less clear [178].

Apart from long-term monitoring sites, measuring pollution continuously using the reference
method as declared by the EU, as well as standard Quality Assurance/Quality Control (QA/QC)
procedures (EC, 2008), for developing more detailed O3 spatial patterns in more detailed scales, diffusive
(passive) samplers were used. According to recommendations given by Krupa and Legge [179], these
were used for indicative measurements within environmental studies conducted in protected natural
areas (the Jizerské hory Mts., Orlické hory Mts., Novohradské hory Mts. and České Švýcarsko National
Park), in complex, less accessible terrain in forested mountain areas without electricity available for
standard measurements, and proved very successful, offering high precision and accuracy [180–183].

To date, published papers on the O3 biological effects on Czech forests are ambiguous [183–188].
However, despite the fact that the recorded O3 concentrations are fairly high, no serious harmful
effects attributable to O3 have been published so far. This conclusion, i.e., that there is no clear field
evidence in forests under high O3 concentrations in the CR, corresponds with similar reports from
studies conducted throughout Europe (e.g., [189]).

In contrast to environmental studies, epidemiological studies indicated clear O3 impacts on human
health. In a five-year study (2002–2006) in Prague, including the 2003 and 2006 ozone abundant summer
seasons, a statistically significant association between O3 levels and daily mortality from respiratory
diseases was revealed [187]. A relative risk of 1.080 (95% CI: 1.031–1.132) was observed for mortality
from respiratory diseases per 10 µg m−3 increase in 1 day lagged daily mean O3 concentrations, which
acknowledged that O3 exposure in Prague, though lower when compared to many other European
cities, is high enough to influence human health adversely [190]. This factor should be examined
more with respect to climate change with an increasing frequency of extreme weather, including heat
waves [191].

4.3. Atmospheric Deposition

Atmospheric deposition, as an important self-cleaning process of the atmosphere, removes air
pollutants from the air on one hand, while on the other hand it acts as a contamination source for other
spheres, such as the hydrosphere, pedosphere and biosphere [170]. The long-term monitoring results
have shown a significant decrease in sulphur deposition at most measuring sites [94,116,192]. The
spatial pattern of changes in sulphur deposition fluxes between 1995 and 2011 revealed a decrease
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over forested areas in a wide range of 18.1 to 0.2 g m−2 year−1 with the highest improvement in the
formerly most heavily impacted areas [116]. In contrast, nitrogen deposition has not improved much,
and its spatial patterns are far more complex. The highest decrease in N deposition flux between 1995
and 2011 was a mere 2.5 g m−2 year−1 in the formerly most heavily impacted areas, a stagnation in
Southern and Northern Moravia and a mild increase of 0.4 g m−2 year−1 in the Jizerské Mts., close to
the Polish and German borders [116]. The trends in air pollutant emissions are reflected in changes in
atmospheric chemistry and deposition, including changing proportions of the ion ratios of NO3

−/SO4
2−,

NH4
+/SO4

2− and NH4
+/NO3- in precipitation [94,116,193].

Similarly as in other regions of Europe and US [194,195], it was demonstrated that in the CR,
by not considering (1) deposition path via fog and (2) unmeasured constituents of dry deposition,
such as NH3 and HNO3(g), the total sulphur and nitrogen depositions are likely to be underestimated
substantially [196,197]. Although the chemistry of fog is regularly observed at only a few sites in the
CR, and information on fog chemistry is scarce [198,199], it is widely recognised that fog in the CR is
enriched as compared to rain, particularly in SO4

2- and NO3
- [103,104,200]. Moreover, the hydrological

input of fog, namely in forested mountain areas, in the CR above 800 m above sea level might not
be negligible [201]. SO2 and NOx, precursors of SO4

2- and NO3
- in fog, were shown to be (apart

from the relative humidity) significant explanatory variables modelling the fog probability at Czech
sites [202]. The fog pathway should definitely be accounted for in real deposition flux studies, although
fog occurrence in the CR has decreased significantly over the last sixty years [203]. The chemistry of
rime (as a part of horizontal deposition) has been studied recently at 10 regional mountain-top sites in
the CR [204–207], nevertheless the contribution of rime to atmospheric deposition has been unclear
thus far.

Improving ambient air quality and decreasing atmospheric deposition have also been demonstrated
by long-term nationwide biomonitoring, including analyses of mosses and tree bark [208–213].
Furthermore, peat bogs proved useful for reflecting the history of heavy metal atmospheric deposition.
An analysis of historical rates of Pb deposition over the past 150–200 years using 210 Pb dated in
sphagnum-derived peat cores peaking in 1965–1992 confirmed a period of the highest production and
burning of local lignite [214]. Peaks in Hg accumulation rates in peat cores were indicated between the
1950s and 1980s, reflecting the emissions from intensive coal burning in Central Europe [215]. Moreover,
tree rings can be used as an archive for air pollution as was demonstrated for the Pb and 206Pb/207Pb
ratio [216]. A decrease in arsenic deposition for the Orlické hory Mts. (Adlergebirge) near the
Czech–Polish border in the winters of 1984–1986 and 2003–2015 was reported by Doušová et al. [217].

Recovery from acid deposition with respect to changes in soil, stream water and lake water
chemistry was reported from numerous places in the CR after the SO2 and NOx emission reduction in
Central Europe [218–222]. Nevertheless, in spite of a certain N deposition decrease, it was indicated
that Czech forest soil horizons up to 20 cm in depth are still affected by a high N input [223], and in
some regions elevated N deposition results in soil nutrient imbalances, in particular between nitrogen
and phosphorus and nitrogen and magnesium [224]. Consequently, a higher proportion of nitrophilous
species was detected in Czech forests during recent decades [225]. It was shown that a high acidic
deposition, apart from geographical variables affects the climate–growth association of Picea abies, the
most important tree species in the CR [226,227].

5. Conclusions

This review presents the ambient air quality development over the last 70 years in the territory of
the modern-day Czech Republic. Major activities and achievements in ambient air quality management
are indicated. The long-term nationwide monitoring results are supplemented by goal-directed
one-time studies. Furthermore, apart from the air quality itself, the ambient air pollution impacts on
both human health and the environment are collated.

It is obvious that much has been done in air pollution prevention, and that ambient air quality in
the CR has improved substantially over the period under review due to newly introduced stringent
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legislation and technical countermeasures. Nevertheless, there are still activities which remain
significant emission sources, such as local heating and vehicle transport travelling through communities,
which are political issues that are hard to manage. The share of the population permanently exposed
to PM and BaP concentrations above limit values remains considerable, and O3 exposure for both
humans and the environment is of high concern. Furthermore, despite significant emission reduction,
atmospheric deposition, in particular of nitrogen, remains high in some regions.

Long-term ambient air quality monitoring has generated a vast database, which is still, in spite of
numerous published studies, largely unexplored. This invaluable source of information should be
examined more thoroughly. An association of historical and modern-day results might be one of the
interesting goals for future analysis, offering a new perspective. Moreover, the ambient air quality data
offer a unique input for large environmental studies and models, exploring in detail how air pollution
affects the biosphere and hydrosphere, including forest, agricultural, natural and water ecosystems.
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of Black and Brown Coal in the Czech Republic); ČGS: Praha, Czech Republic, 2012; In Czech.
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20. Hrdá, J. (Ed.) Znečištění Ovzduší v Severočeské Oblasti (Ambient Air Pollution in North Bohemia); Výzkumná
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117. Hůnová, I.; Bäumelt, V. Observation-based trends in ambient ozone in the Czech Republic over the past two
decades. Atmos. Environ. 2018, 172, 157–167. [CrossRef]
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Moravec, P.; Scwarz, J. The influence of local emissions and regional air pollution transport on a European
air pollution hot spot. Environ. Sci. Pollut. Res. 2019, 26, 1675–1692. [CrossRef]
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149. Schladitz, A.; Leníček, J.; Beneš, I.; Kováč, M.; Skorkovský, J.; Soukup, A.; Jandlová, J.; Poulain, L.; Plachá, H.;
Loschau, G.; et al. Air quality in the German-Czech border region: A focus on harmful fractions of PM and
ultrafine particles. Atmos. Environ. 2015, 122, 236–249. [CrossRef]

150. Horák, J.; Hopan, F.; Šyc, M.; Machálek, P.; Krpec, K.; Ocelka, T.; Tomšej, T. Estimation of selected pollutant
emissions from solid-fuel combustion in small heating appliances. Chem. Listy 2011, 105, 851–855.

26



Atmosphere 2020, 11, 214
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176. Hůnová, I.; Schreiberová, M. Ambient ozone phytotoxic potential over the Czech forests as assessed by
AOT40. IForest 2012, 5, 153–162. [CrossRef]

177. Tolasz, R.; Miková, T.; Valeriánová, A.; Voženílek, V. Climate Atlas of Czechia; CHMI: Praha, Czech Republic,
2007.
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Abstract: This article assessed the links between PM10 pollution and meteorological conditions
over the Czech-Polish border area at the Třinec-Kosmos and Věřňovice sites often burdened with
high air pollution covering the years 2016–2019. For this purpose, the results of the measurements
of special systems (ceilometers) that monitor the atmospheric boundary layer were used in the
analysis. Meteorological conditions, including the mixing layer height (MLH), undoubtedly influence
the air pollution level. Combinations of meteorological conditions and their influence on PM10

concentrations also vary, depending on the pollution sources of a certain area and the geographical
conditions of the monitoring site. Gen1erally, the worst dispersion conditions for the PM10 air
pollution level occur at low air temperatures, low wind speed, and low height of the mixing layer
along with a wind direction from areas with a higher accumulation of pollution sources. The average
PM10 concentrations at temperatures below 1 ◦C reach the highest values on the occurrence of a
mixing layer height of up to 400 m at both sites. The influence of a rising height of the mixing layer
at temperatures below 1 ◦C on the average PM10 concentrations at Třinec-Kosmos site is not as
significant as in the case of Věřňovice, where a difference of several tens of µg·m−3 in the average PM10

concentrations was observed between levels of up to 200 m and levels of 200–300 m. The average
PM10 hourly concentrations at Třinec-Kosmos were the highest at wind speeds of up to 0.5 m·s−1,
at MLH levels of up to almost 600 m; at Věřňovice, the influence of wind speeds of up to 2 m·s−1 was
detected. Despite the fact that the most frequent PM10 contributions come to the Třinec-Kosmos site
from the SE direction, the average maximum concentration contributions come from the W–N sectors
at low wind speeds and MLHs of up to 400 m. In Věřňovice, regardless of the prevailing SW wind
direction, sources in the NE–E sector from the site have a crucial influence on the air pollution level
caused by PM10.

Keywords: mixing layer height; ceilometer; suspended particulate matter; air pollution;
Czech-Polish border

1. Introduction

PM10 is a problematic pollutant with a wide spectrum of effects on human health, mostly on
the respiratory and cardiovascular systems of the human body. The hazards of this pollutant lie not
only in its quantity, thus in high measured concentrations, but also in the morphology of the particles
and their qualitative composition. The suspended particulate matter is capable of creating bonds,
which may, of course, result in transferring a range of other elements, e.g., heavy metals and polycyclic
aromatic hydrocarbons, into the human body. The effects on the human body have clinically proven to
be negative, especially in the form of carcinogenesis [1–5], for some of these transported substances.
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As for the areas of concern, the areas in Europe most polluted by suspended particulate matter are the
Po Valley in northern Italy, the countries of Eastern Europe, including the Balkan Peninsula, and part
of Central Europe. The southern rim of the area (of Central Europe) occupies the northeastern part of
the Czech Republic, and spreads northwards (in terms of area) to the larger territory of Poland [6,7].
This Czech-Polish region is part of the Upper Silesian Basin, which is a black coal basin of European
significance. The first (primitive) black coal mining in the Upper Silesian Basin began as early as 1657
on Polish territory south of Katowice; real industrial mining development started in the Czech part
of the basin no earlier than the second half of the 19th century [8]. The mining industry became the
basis for the development of other industrial branches. In the entire region of the Upper Silesian Basin,
there is an intricately interconnected system of industry, traffic infrastructure, and high density of
population with individual solid fuel heating, which is historically related to black coal burning. All of
the transborder region of the Silesian Voivodeship in Poland and the Moravian-Silesian Region in the
Czech Republic rank among the most urbanized and industrialized regions in Europe [9,10]. All these
anthropogenic activities negatively influence all the environmental components, and pronounced
changes in these components have been recorded since the 1970s. From the point of view of air quality
improvement, there were significant positive changes in the 1990s during the economic restructuring
of both post-communist countries (Poland and the then-Czechoslovakia). Another major step forward
was the accession of both countries to the European Union and the necessity of adapting their legislation
to the EU requirements [11,12]. Owing to the mentioned measures, there has been a decrease in the
pollution load of the Czech-Polish region; the problems, however, remain, and the exceedance of the
pollution limits is still frequent [13,14]. This especially concerns the suspended particulate matter and
benzo(a)pyren [15].

The particular air pollution level in the region of concern does not depend solely on the pollution
source characteristics or the amount of discharged pollutants, but also on the physical geography and
meteorological conditions of the area in question. It is the meteorological conditions themselves that
determine the intensity and manner of the dispersion of contaminants [16]. The wind direction and
speed and the vertical atmospheric stability, contingent on the air temperature, are considered the most
important and decisive meteorological dispersion conditions. The wind characteristics influence the
transport of pollutants in the horizontal direction, the atmospheric stability and the air temperature
influence the dispersion of pollutants in the vertical direction. In the most stable situations, the air
temperature rises with the height and the conditions for the vertical mixing are the worst. Conversely,
at unstable stratification, the temperature drops more quickly than it would under regular conditions
in the atmosphere, and the conditions for pollutant dispersion are favorable [17–19].

It is possible to express the dispersion conditions numerically using the ventilation index, which
is defined as a product of the mixing layer height and the average wind speed in the mixing layer [20].
A situation with unfavorable dispersion conditions does not always have to mean the occurrence of
high contaminant concentrations. It is important to bear in mind the situation duration, the original
pollution level, the source distribution, and the emissions into the layer under inversion. It is, however,
possible to state that a significant exceedance of the allowed pollution limits occurs mostly in mildly
unfavorable and unfavorable dispersion conditions, or due to the concurrence of other meteorological
factors. In order to calculate the ventilation index, the ALADIN (Aire Limitée, Adaptation Dynamique,
Development International) numerical forecast model is used in the Czech Republic; this model is
meant mostly for short-term forecast composition [21]. It is also possible to find out the information
about the atmospheric boundary layer and the mixing layer height by means of direct monitoring.
Measurements using radiosondes, high masts, and special devices, such as SODARs (Sonic Detection
and Ranging), LIDARs (Light Detection and Ranging), and wind profilers, are used. In the presented
analysis, mixing layer height measurement results obtained by means of ceilometers were used.
The higher the mixing layer height, the more intensive the mixing of air, and thus, the better the
conditions are for contaminant dispersion [22,23].
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Awareness of the links between PM10 concentrations and meteorological variables and their
mutual combination is an important premise for assessment of the pollution situation and a possible
pollutant concentration trend forecast [24–28]. The detection of these dependences is especially
important for the assessment of complex situations with the occurrence of smog situations [29,30].
Apart from those pollutant concentrations exceeding the limit value, knowledge of the development of
the meteorological situation, weather forecasts, and thus the possibilities for overall improvement or
deterioration of the situation due to better or worse air pollutant dispersion, are important aspects
for the announcement of smog situations. Improving the knowledge of correlations between the
mostly high suspended particulate matter concentrations and the meteorological conditions may
be a significant aspect for defining the measures preventing health hazards in the assessed densely
populated region [31].

With this article, the authors reassume a similar topic of PM10 concentration dependences on the
mixing layer height in the area of interest [32]. In the mentioned analysis, the measurement results were
assessed at the Věřňovice, Třinec-Kosmos, and Mošnov/Studénka sites for the cold parts of the years
2016/2017 and 2017/2018. The differences in the established facts were caused mostly by a different site
location (orography) and by the structure of the sources that influence the pollution. Pollutants other
than PM10 and other meteorological variables were not included in the assessment.

The anticipated findings of this analysis shall be an understanding of the combinations of
the meteorological conditions, the mixing layer height, and the connection to PM10 concentrations.
The highest PM10 concentrations are generally reached at a low mixing layer height, low wind speed or
calm air, and at a low air temperature. These assumptions correspond to previous results concerning
the dependence of pollutant concentration on the mixing layer height in Europe [33–37]. Furthermore,
the mixing layer height and its influence on the pollutant concentrations in the air have been written
about in articles in Asia, e.g., in India [38] and China [39], which, as far as the comparability of
pollution-meteorology correlations is concerned, is hardly transferrable, given these significantly
different areas. The reasons are the different climatological conditions between the Czech-Polish border
area and Asia, specifically the meteorological and geographical conditions of the selected locations, the
air pollution intensity, and the different position and types of air pollution sources with respect to the
monitored ambient air quality stations. The wind direction and speed, as well as the mixing layer
height, also make it possible, at least in part, to reveal the main air pollution sources in the monitored
border locations. With regard to a different area relief in which the monitored locations are situated,
it has been assumed that the PM10 concentration dependences on meteorological variables are bound
to differ up to a certain point.

2. Experiments

For the assessment, sites of the Czech Hydrometeorological Institute [40] have been
chosen—Třinec-Kosmos [41] and Věřňovice [42], located in the northeastern part of the
Moravian-Silesian Region of the Czech Republic (Figure 1). The monitored sites are about 34 km
apart in a straight line. Both sites belong to the National Air Quality Monitoring Network of the
Czech Republic [43]. At the Třinec-Kosmos and Věřňovice sites, PM10 concentrations are measured by
means of a radiometric method based on the absorption of beta radiation in a sample collected on filter
material by means of an Automatic suspended particulate monitor MP101M [44]. The wind direction
and speed are measured at a standard height of 10 m by means of a WindSonic machine, based on
ultrasound technology. The air temperature is scanned at a height of 2 m above the ground, by means
of a Cormet company machine. At both sites, special ceilometer devices are placed that are traditionally
used to measure the height of the cloud base and the cloud amount in individual layers, the vertical
visibility, and the aerosol concentration in the ground atmospheric layer. These ceilometers contain
a presentation module that enables the measurement and display of the structure of the atmospheric
boundary layer based on an algorithm that determines the thickness of the mixing layer depending on
the aerosol concentration in the atmosphere. In both cases, these are Vaisala CL31 Ceilometers [45].
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It is necessary to point out that measurement by means of ceilometers is limited by height. Although
the upper measurement limit reaches the height of a few kilometers, it is impossible to regard the
Earth’s surface level as the bottom limit. In the vicinity of the Earth’s surface, the measurement is
limited by higher noise that can reach up to a height of 50 m [46].
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Figure 1. The assessed site location: (a) The location within Central Europe; (b) The location within the
Czech-Polish border region.

For the purposes of the analysis, the average hourly values of the mixing layer height were used,
calculated from the data measured at 16-second intervals from the ceilometers at the Třinec-Kosmos
and Věřňovice sites. The output hourly values of PM10, temperature, wind speed, and direction were
also used in the analysis. Due to large diurnal mixing layer height (MLH) variation, the analysis also
included the daily averages of the parameters. Correlation coefficients in the analysis are calculated
from the hourly and daily data in relation to the MLH, which was divided into 20 intervals and,
subsequently, from their arithmetic means and medians. In the case of daily MLH averages, intervals
from a height of 150 m are available. The assessed period is from 2016 to 2019. The data utilization
rate used for the monitored period was high. In the case of hourly data on PM10 and meteorological
variables (air temperature, wind direction, and speed) the average at both sites is 98%; it is 87% from
the ceilometers’ data for the mixing layer height. In order to assess higher PM10 concentrations and
exceedance numbers, a limit value of 50 µg·m−3 was purposefully chosen, which corresponds to the
value of the daily pollution limit for PM10 [13]. The term “cold period of the year” is used for the
months of January through March and October through December; the term “warm period of the year”
is used for the months of April through September.

In the analysis, concentration roses were also used for illustrative purposes, which show average
PM10 concentrations for the given wind direction and speed, as well as weighted concentration
roses [47]. The difference between a concentration rose and a weighted concentration rose is that the
latter provides information about how often a given wind direction and speed combination occurs and
states to what extent the concentrations detected for a given wind speed and direction affect the overall
average concentration for a given period. The comparison of the two roses may show a significant
pollution source located, however, in a sector from which the wind only rarely blows and thus does
not contribute significantly to the overall average concentration. The concentration rose reveals what
the pollution situation was at maximum concentrations of a given contaminant at a particular site;
the weighted concentration rose shows from what wind direction and at what speed the pollution
came to the largest extent for the whole period. For the above-described reasons, both rose types for
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the same site and period may vary significantly [48]. In the presented roses, there is information about
calm air, which is a situation with a wind speed of 0–0.2 m·s−1.

The Třinec-Kosmos site is situated in the center of the city of Třinec, in a typical residential
development. In the immediate vicinity of the site there are a parking lot as well as a residential
development type of road. In the northeastern (NE) direction from the site, the closest pollution line
source is a frequented road with an average number of vehicles of more than 9000 every 24 h [49].
The Třinecké železárny a.s. industrial plant premises are situated in the northwestern (NW) sector
about 1.5 km from the site. The closest housing development with individual heating is situated in
the N–NE direction about 500 m from the site, another is in the S–SW direction about 1 km from the
site. The shortest route towards the Polish border is in the NE direction about 3 km from the site.
The Třinec-Kosmos site is situated at the end of the Jablunkov Furrow, which starts at Jablunkov Pass
and separates the Moravian-Silesian and the Silesian Beskydy mountain ranges. The shortest distance
to the foothills of the Beskydy mountains is just 4.5 km southwest of the station. In the furrow is the
Olše River basin that drains off the surrounding undulating relief [50,51]. The direction of the furrow
also determines the prevailing wind direction along the southeast/northwest axis (Figure 2a) [52].
In the vicinity of the site, at a distance of 40 m in the NE direction, there is a high-rise, a roughly
50-meter-high building that may, with regard to the prevailing wind direction, slightly muffle the wind
influence from the northeast.
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Figure 2. Average frequency of counts by wind speed and wind direction, 2016–2019: (a) Třinec-Kosmos;
(b) Věřňovice.

According to the existing pollution assessment analyses of the Třinec-Kosmos site, apart from
the significant contribution of secondary particles, a combination of sources from abroad and local
heating and industry, as well as road traffic, contribute significantly to the PM10 concentrations [52].
At lower wind speeds of up to 2 m·s−1, with a prevailing southeastern (SE) wind direction, a significant
influence of dense housing development with individual heating is very likely to be seen at the site.
Conversely, in situations with a NW wind direction, a significant influence of the industrial sources of
Třinecké železárny is assumed, which includes both high- as well as low-emitting sources. At higher
wind speeds, the influence of sources situated north of the site at a greater distance is also apparent
here in the cold period of the year, which points at foreign sources from Poland.

The Věřňovice site is situated in the cadastral area of the Dolní Lutyně municipality, about 300 m
east of the Věřňovice village and about 1 km south of the Czech-Polish border. In the immediate
vicinity of the site, there is an infrequently used and partly paved road flanked by deciduous trees and
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fields. Roughly 1.5 km in the NW direction, there is a highway with roughly 11,000 vehicles a day [49].
The closest significant industrial source, Elektrárna Dětmarovice a.s., is situated about 3 km southeast
of the site. The Věřňovice site is situated in open terrain in the vicinity of the River Olše. At the site,
the prevailing wind direction is along the southwest/northeast axis where the more frequent flow is
southwest (Figure 2b). Věřňovice is situated in the area of the Ostrava Basin where the “Moravian
Gate” ends; this divides the Podbeskydská hilly area and Nízký Jeseník [50,51]. The shape of the
gate along the southwest/northeast axis significantly determines the prevailing wind direction of the
region where Věřňovice is situated. It is apparent from the existing analyses that local fireplaces have
the greatest contribution to the exceedance of PM10 pollution limits here among the primary sources,
mostly those used on the territory of Poland [52].

3. Results

The suspended particulate matter concentrations at both sites are assessed depending on the
mixing layer height and other meteorological variables—air temperature, wind speed, and direction.

3.1. Dependence of Suspended Particulate Matter Concentrations on the Mixing Layer Height

Based on the average daily courses of hourly concentrations of PM10 and MLH in the period
between 2016 and 2019 for both stations, it is obvious that the lowest MLH is measured in the evening
and night hours and the early morning hours (Figure 3). During this period, the highest PM10

concentrations were observed at the Věřňovice station. In both cases, higher PM10 concentrations were
observed in the cold part of the year, when the daily variability was also greater than in the warm part
of the year.
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Figure 3. Daily course of hourly PM10 concentrations and mixing layer height (MLH), 2016–2019:
(a) Třinec-Kosmos; (b) Věřňovice.

The distribution of the PM10 and MLH hourly values is depicted in Figure 4.
In order to work out the dependence of PM10 concentrations on the mixing layer height over the

period from 2016 to 2019, correlation coefficients have been calculated for the values of their averages
and medians. The median calculations have been added for the purposes of comparison without
the influence of extreme values. The highest mean and median hourly PM10 concentrations at the
Třinec-Kosmos station for the entire period between 2016–2019 were observed at MLHs of 150 to
300 m. At the Věřňovice station, the highest hourly concentrations were observed at the lowest MLH,
below 200 m. Domestic heating, a low (in terms of height) source of air pollution with the typical
chimney height below 15 m, has a significant effect at both locations. The Třinec-Kosmos station is
also significantly affected by the large industrial site of Třinecké železárny (Třinec Ironworks), with a
chimney height of 100 m or more. At MLHs below 300 m, there is an increase in PM10 concentrations,
due to emissions from both domestic heating and industrial sources. At lower MLHs, the emissions
from higher chimneys spread above this height. At higher MLHs (below 300 m), both domestic heating
emissions and nearby industrial sources are very significant. After comparing all the levels of MLH,
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higher PM10 concentration values occurred at Věřňovice than in Třinec-Kosmos. On the occurrence
of higher levels of the mixing layer, lower PM10 concentrations were reached at both sites (Figure 5).
For the Třinec-Kosmos station, the correlation coefficient for the 2016–2019 period calculated from the
mean hourly values of concentrations at increasing MLHs is −0.83; from the median values, it is −0.84.
The correlation coefficient from the mean daily values is −0.79; from the median values, it is −0.77.
At the Věřňovice station, the correlation coefficient from the mean hourly values for PM10 in relation
to the increasing MLH is −0.76, and from the median values, it is −0.85. The correlation coefficient
at the Věřňovice station for the entire period from 2016 to 2019 from the mean daily values is −0.74;
for the median values, it is −0.75.
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Figure 4. Hourly PM10 concentration variability in relation to MLH, 2016–2019: (a) Třinec-Kosmos;
(b) Věřňovice.
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Figure 5. Mean and median PM10 concentration values at mean and median MLH values, Třinec-Kosmos,
Věřňovice, 2016–2019.

The correlation coefficients (hourly and daily values) of PM10 dependences on MLH differ over
the period from 2016 to 2019 at both sites; it is, however, possible to state that they are statistically
significant dependences in all the cases (Table 1). When comparing the MLH arithmetic and median
averages in the individual years, the highest values were reached in 2019 at both sites; they were higher
at Věřňovice than at Třinec-Kosmos (Table 2).
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Table 1. Correlation coefficients of PM10 concentration dependences on MLH and the mixing layer
height values at the Třinec-Kosmos and Věřňovice sites, 2016–2019.

Year

Třinec-Kosmos Věřňovice

Hour Day Hour Day

Arithmetic
Mean

Median
Arithmetic

Mean
Median

Arithmetic
Mean

Median
Arithmetic

Mean
Median

2016 −0.85 −0.83 −0.81 −0.78 −0.76 −0.84 −0.70 −0.66

2017 −0.81 −0.83 −0.84 −0.81 −0.80 −0.90 −0.72 −0.69

2018 −0.81 −0.85 −0.79 −0.81 −0.82 −0.87 −0.81 −0.79

2019 −0.84 −0.84 −0.72 −0.69 −0.64 −0.78 −0.73 −0.85

Table 2. The mixing layer height values at the Třinec-Kosmos and Věřňovice sites, 2016–2019.

Year
Třinec-Kosmos Věřňovice

Arithmetic Mean (m) Median (m) Arithmetic Mean (m) Median (m)

2016 604 369 555 327

2017 659 425 628 372

2018 675 450 670 408

2019 705 501 821 553

3.2. Dependence of the Suspended Particulate Matter Concentrations on the Mixing Layer Height and
the Air Temperature

The distribution of temperature and MLH hourly values are depicted in Figure 6.
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Figure 6. Variation of hourly temperature values in relation to MLH, 2016–2019: (a) Třinec-Kosmos;
(b) Věřňovice.

The lowest average and median temperature values (hourly and daily values) were reached at
both sites over the whole period from 2016 to 2019 on the occurrence of MLHs of 150 up to 300 m.
From an MLH of 300 m the mean temperature values rise with increasing MLHs (or range around
similar values) and the highest values are observed at an MLH above 800 m (Figure 7). On average,
the statistical dependency expressed by a correlation coefficient between the temperature and MLH is
significant over the whole period from 2016 to 2019 at both sites. The correlation coefficients calculated
from the mean and median values (from the hourly and daily data) range between 0.85 and 0.94 on
average for the entire period of analysis for both stations.
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Figure 7. Mean and median temperature values at mean and median MLH values, Třinec-Kosmos,
Věřňovice, 2016–2019.

The correlation dependences between the temperature and the mixing layer height changed over
the years of 2016 to 2019 at both sites. The correlation dependence is significant every year of the
monitored period (Table 3).

Table 3. Correlation coefficients of dependences of the temperature on the MLH at the Třinec-Kosmos
and Věřňovice sites, 2016–2019.

Year

Třinec-Kosmos Věřňovice

Hour Day Hour Day

Arithmetic
Mean

Median
Arithmetic

Mean
Median

Arithmetic
Mean

Median
Arithmetic

Mean
Median

2016 0.95 0.88 0.89 0.81 0.94 0.87 0.89 0.90

2017 0.92 0.84 0.92 0.94 0.96 0.91 0.88 0.89

2018 0.90 0.82 0.88 0.90 0.93 0.84 0.93 0.89

2019 0.96 0.92 0.85 0.82 0.91 0.79 0.86 0.75

The PM10 concentrations are significantly dependent on the mixing layer height and temperature
in the case of both sites over the entire monitored period from 2016 to 2019. The average PM10

concentrations reach their highest values at temperatures below 1 ◦C. At the Třinec-Kosmos location,
the highest average daily and hourly PM10 concentrations were observed at temperatures below 1 ◦C
and a mixing layer height lower than 200 to 300 m. At temperatures above 5 ◦C, the average daily
PM10 concentrations were highest at an MLH between 200 and 300 m. At a higher MLH the PM10

concentration values were almost identical. The average daily and hourly PM10 concentrations at
the Věřňovice station reached the highest values during the entire period of analysis in combination
with the relationship between the temperature and height of the mixing layer, at temperatures below
1 ◦C and a mixing layer height below 200 m. At the same temperature, but at an MLH of 200–300 m,
the average daily concentrations were lower, but still double the limit value of 50 µg·m−3. A more
significant PM10 concentration dependence on temperature as well as MLH was observed at Věřňovice.
At Třinec, a lower temperature had a substantial influence on PM10 concentrations; the mixing layer
height influence was shown mostly up to an MLH of 400 m. The combination of a low temperature
and low MLH level corresponds to the general assumption about the occurrence of poorer dispersion
conditions in the cold period of the year as opposed to the assumed occurrence of better dispersion
conditions in the warm period of the year (Figures 8a and 9a). When observing the correlations
among the numbers of exceedances of PM10 daily concentration values of 50 µg·m−3 and the MLH
and temperature (Figures 8b and 9b), a decreasing count of exceedances of this value is apparent with
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a rising temperature and increasing MLH. The highest number of 50 µg·m−3 value exceedances for
PM10 daily concentrations is observed at temperatures below 1 ◦C and MLHs below 300 m. For both
sites, a slight increase in the number of 1-hour PM10 concentrations above 50 µg·m−3 is apparent at an
MLH level above 1000 m as opposed to 800 to 1000 m.
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Figure 8. The Třinec-Kosmos site, 2016–2019: (a) Average PM10 concentrations depending on the
mixing layer height and temperature; (b) Exceedance count of daily concentrations of 50 µg·m−3

depending on the mixing layer height and temperature.
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Figure 9. The Věřňovice site, 2016–2019: (a) Average PM10 concentrations depending on the mixing
layer height and temperature; (b) Exceedance count of daily concentrations of 50 µg·m−3 depending on
the mixing layer height and temperature.

3.3. Dependence of Suspended Particulate Matter Concentrations on the Mixing Layer Height, Wind Speed,
and Direction

The distribution of wind speed and MLH hourly values are depicted in Figure 10.
At the Třinec-Kosmos site, a wind speed measured at 10 m does not significantly change with

a rising MLH. At the Věřňovice site, the wind speed change is more apparent with a rising MLH.
Here, the difference of the average values of the wind speed on the occurrence of MLH levels of up
to 200 m and above 400 m makes up 1 and more m·s−1 (Figure 11). The correlation dependences of
the wind speed on MLH are low at the Třinec-Kosmos site; the Věřňovice site shows a statistically
more significant dependence than the Třinec-Kosmos site. Higher wind speeds are observed at the
Veřňovice station, compared to the Třinec-Kosmos station. The differences are due to the more complex
orography of the Třinec region compared to the relatively flat and open region surrounding Věřňovice.
The station in Třinec is located in a housing development, at the foothills of the Beskydy Mountains
(Chapter 2). This means that the correlation between MLH and wind speed at the Třinec-Kosmos
station is much less significant or even insignificant, compared to the station in Věřňovice.

The correlation dependences of the wind speed and MHL also differ from site to site throughout
the years of the assessed period. A statistically more significant dependence of the wind speed on the
MLH is apparent at the Věřňovice site (Table 4).
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Figure 10. Variation of hourly wind speed values in relation to MLH, 2016–2019: (a) Třinec-Kosmos;
(b) Věřňovice.
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Figure 11. Average and median values of the wind speed at average and median MLH values,
Třinec-Kosmos, Věřňovice, 2016–2019.

Table 4. Correlation coefficients of dependences of the wind speed on the MLH, Třinec-Kosmos and
Věřňovice, 2016–2019.

Year

Třinec-Kosmos Věřňovice

Hour Day Hour Day

Arithmetic
Mean

Median
Arithmetic

Mean
Median

Arithmetic
Mean

Median
Arithmetic

Mean
Median

2016 0.53 0.45 0.28 0.32 0.69 0.69 0.07 0.32

2017 0.56 0.41 0.46 0.55 0.79 0.79 0.53 0.49

2018 0.60 0.53 0.1 0.27 0.75 0.76 0.52 0.35

2019 0.51 0.34 0.01 0.2 0.63 0.71 0.43 0.37

PM10 concentrations are significantly dependent on the MLH and wind speed. At the
Třinec-Kosmos site, situations with calm air and wind speeds of up to 0.5 m·s−1 had an apparent
influence on higher hourly PM10 concentrations. At wind speeds between 0.5–2 m·s−1, the highest
average hourly concentrations were observed at MLHs of 200–300 m. The average daily PM10

concentrations were always the highest at MLHs below 200 m. Average daily wind speeds below
0.5 m·s−1 were not available for the two stations of interest (Třinec-Kosmos and Věřňovice). The daily
average wind speed values were 0.5 m·s−1 or more. The influence of the wind speed on PM10

concentrations decreased with the mixing layer height at the Třinec-Kosmos site. At wind speeds above
2 m·s−1, the PM10 concentrations were lowest at the site. During the observation of the occurrence
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of the hourly PM10 concentrations above 50 µg·m−3, the highest count of these higher values was
undoubtedly at wind speeds of 1–2 m·s−1 and 0.5–1 m·s−1 and MLHs of up to 300 m. The lowest
number of daily PM10 concentrations above 50 µg·m−3 was observed at wind speeds above 2 m·s−1

and MLHs above 400 m (Figure 12).
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Figure 12. The Třinec-Kosmos site, 2016–2019: (a) Average PM10 concentrations depending on the
mixing layer height and wind speed; (b) The count of exceedances of daily concentrations of 50 µg·m−3

depending on the mixing layer height and wind speed.

The situation at the Věřňovice site was slightly different. The highest average hourly PM10

concentrations were observed at MLHs below 200 m and wind speeds between 0.5–2 m·s−1, or under
calm conditions and wind speeds below 0.5 m·s−1. The highest average daily PM10 concentrations
were observed at MLHs below 200 m and wind speeds below 2 m·s−1. The lowest average PM10

concentrations were reached at all levels with the highest wind speeds above 2 m·s−1. The highest
number of 50 µg·m−3 value exceedances for PM10 daily concentrations was observed at wind speeds
between 1 and 2 m·s−1 and MLHs of 200 to 300 m, at lower wind speeds below 1 m·s−1, and MLHs
below 200 m (Figure 13).
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Figure 13. The Věřňovice site, 2016–2019: (a) Average PM10 concentration depending on the mixing
layer height and wind speed; (b) The count of exceedances of daily concentrations of 50 µg·m−3

depending on the mixing layer height and wind speed.

The prevailing wind directions vary noticeably over the whole period from 2016 to 2019 at both sites
(Figure 14). At the Třinec-Kosmos site, the prevailing wind direction is along the southeast/northwest
axis, where the SE wind direction prevails. The average relative frequencies of counts of wind directions
changed in the individual months throughout the whole period; the prevailing SE wind direction,
however, remained. The least frequent wind direction was NE. At the Věřňovice site, the highest
frequency of counts of the wind direction is along the southwest/northeast axis; the frequencies of counts
of the prevailing wind direction, however, differed throughout the year. On average, the southwestern
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(SW) wind direction prevailed in the cold months (October to March). In the warm part of the year,
the NE and NW wind directions prevailed. The SE wind direction at the Věřňovice site was the least
frequent throughout the whole monitored period.
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Figure 14. Relative frequency of counts of wind direction representation, 2016–2019: (a) the Třinec-Kosmos
site; (b) the Věřňovice site.

The average monthly PM10 concentrations reached the highest values at the lowest average
MLH in the cold months of the year at all wind directions at Třinec-Kosmos. The lowest average
monthly PM10 concentrations were reached during the SE wind direction. During the SE and E wind
directions, the MLHs also reached the lowest values of the average monthly heights of the mixing
layer. In comparing the years from 2016 to 2019, it is apparent that on average, 2019 showed higher
values of the mixing layer height than the preceding years, which is also reflected in the lower average
PM10 concentrations (Figure 15).
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Figure 15. Average PM10 concentrations depending on the mixing layer height and wind direction,
the Třinec-Kosmos site, 2016–2019.

The weighted concentration roses for PM10 divided according to the mixing layer height (Figure 16)
show that the most frequent contribution to the average PM10 concentrations for the period from 2016 to
2019 comes to the Třinec-Kosmos site from a southeasterly direction, which basically corresponds to the
described prevailing wind directions at this location. This information, however, does not necessarily
mean that the maximum PM10 concentration contributions also come from the same direction; winds
from other directions can carry higher concentrations of PM10, which may lead to the exceedance of the
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daily limit of the pollution value for PM10 of 50 µg·m−3. The division of the weighted concentration
roses according to the mixing layer height describes the PM10 concentration at the height of the ground
measurement at the site when the mixing layer height reached various levels.
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Figure 16. PM10 weighted concentration rose divided according to the mixing layer height (in m),
the Třinec-Kosmos site, 2016–2019.

The lowest MLHs at the Věřňovice site are registered for the NE and E wind directions, when the
highest average PM10 concentrations were reached over the entire period from 2016 to 2019. Conversely,
the highest MLHs are reached during wind directions from the S to W sectors, when the lowest average
monthly PM10 concentrations occur during the SE and SW wind directions. Having compared the
individual years, it becomes apparent that as well as at Třinec-Kosmos, the average MLH in 2019 was,
on the whole, the highest, and the average PM10 concentrations reached the lowest values of the entire
monitoring period (Figure 17).
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Figure 17. Average PM10 concentrations depending on the mixing layer height and wind direction,
the Věřňovice site, 2016–2019.
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The weighted concentration roses for PM10, divided according to the mixing layer height
(Figure 18), show that the most frequent contribution to the average PM10 concentrations for the period
from 2016 to 2019 come to the Věřňovice site from the NE sector at wind speeds of up to 2 m·s−1,
despite the fact that, on the whole, the SW wind direction significantly prevails at the site. The division
of the weighted concentration roses according to the mixing layer height does not describe the PM10

concentrations and the wind direction at a certain MLH, but a situation at a ground measurement
height at the site and during the time when the mixing layer height reached the described height.
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Figure 18. A weighted PM10 concentration rose divided according to the mixing layer height, the
Věřňovice site, 2016–2019.

When comparing Figures 14, 17 and 18, a difference in the layout of the frequency of counts of
wind directions between both sites becomes apparent. While at the Třinec-Kosmos site, a boundary of
the prevailing wind direction along the southeast/northwest axis is more sharply visible in the pictures,
at Věřňovice, despite the fact that the prevailing wind direction is along the southwest/northeast
axis, the frequencies of counts of directions are spread more evenly to the other sectors, as well.
This situation corresponds to the information described in Chapters 1 and 2.

The concentration roses (Figure 19) for 2016–2019 show that the maximum PM10 concentration
contributions come to the Třinec-Kosmos site at a low MLH level of up to 200 m and low wind speeds
of up to 1 m·s−1 from the northern (N) to the western (W) sector. For MLHs of 200–400 m, an influence
of the wind direction from the E sector is also significantly shown, as well as the influence from the N
and W sectors. The average maximum PM10 concentration contributions at the site occur at MLHs of
up to 400 m above the ground and at wind speeds of up to 2 m·s−1. On the occurrence of a higher MLH
level of up to 600 m, a higher wind speed of above 4 m·s−1 from the N and NE directions contributes
to the resulting situation more significantly. From the point of view of the PM10 concentration roses
divided according to the mixing layer height for the Třinec-Kosmos site, it is possible to regard the SW
wind directions as those directions with the lowest PM10 contribution; at higher wind speeds of above
4 m·s−1, the S–SE directions also contribute the lowest amount.

Figure 20 illustrates concentration roses for the Věřňovice site for 2016–2019, which are divided
according to the different heights of the mixing layer. The highest PM10 concentration contributions
are reached up to the occurrence of MLHs of 200 m above the ground at wind speeds of up to 2 m·s−1

from the E–NE. The influence of the wind from these directions is shown in the average maximum
PM10 contributions up to the height of 600 m, during which time the influence of a rising wind speed
of up to about 6 m·s−1 also increases proportionally.
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Figure 19. Average PM10 concentration roses divided according to the mixing layer height,
Třinec-Kosmos site, 2016–2019.
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Figure 20. Average PM10 concentration roses divided according to the mixing layer height, the
Věřňovice site, 2016–2019.

When comparing the PM10 concentration contributions at the sites after the division according
to the wind directions and according to the MLH levels (Figures 15–20), it is apparent that at higher
MLHs the contributions generally reach lower values for all wind directions.

4. Discussion

The detection of dependences of PM10 concentrations on the mixing layer height may point out at
possible pollution sources in the area; it would, however, be necessary to check the exact determination
of the source type by other methods used in assessing the field of air quality, e.g., by more detailed
air pollutant measurements and by methods for pollution source identification, e.g., Positive Matrix
Factorization (PMF) [53] and back trajectories [54]. The high PM10 concentrations in combination with
the low mixing layer height provide information about the high influence of low-emitting sources of
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air pollution (individual heating) on the air quality at a given site. On the other hand, higher PM10

concentrations reached at higher MLH levels show the influence of industrial sources, sources with
emission release at greater heights. High concentrations combined with a low wind speed, perhaps
even with no wind, show the influence of sources in the vicinity of the site. Conversely, higher wind
speeds combined with high PM10 concentrations correspond to the premise of transport from more
remote places to the site [16,17,24–26].

The findings of this work correspond to the conclusions of Air Quality Improvement Program [52]
elaborated for both sites and areas of interest in which the sites are located and also to the “Air
Pollution Sources Contribution to PM2.5 Concentration in the Northeastern Part of the Czech Republic”
analysis [55].

As mentioned before in Section 2, the meteorological variables data used the analysis from the
ground measurements of temperature at a height of 2 m above the ground; the wind direction and
speed were measured at 10 m above the ground. The values of these variables at various mixing layer
heights were not included in the analysis. A vertical wind direction and speed and temperature profile
would be a significant addition to the assessment that would, among other things, provide information
about the occurrence of temperature inversions. This information could be completed with distant
measurement data or from model calculations in a subsequent assessment. It is necessary to point out
again that the ceilometer measurement is biased by noise at the lowest level above the ground [46],
which interferes up to roughly 50 m according to the existing available sources.

Although the PM10 concentrations are significantly dependent both on the wind speed and the
mixing layer height, the dependence of the wind speed and MLH does not show a significant statistical
dependence. The differences are also apparent between both assessed sites with a statistically higher
dependence detected at the Věřňovice site. Orography is assumed to play an important role in this
aspect (Section 2). While the Věřňovice site is situated in open terrain, the Třinec-Kosmos site is situated
in an urban development at the end of Jablunkov Furrow at the foothills of the Moravian-Silesian
Beskydy mountains.

Correlation dependences for the wind direction and MLH have not been elaborated. The authors
do not consider this aspect important. The prevailing wind direction is different at both sites, the
difference lying mostly in the area geomorphology where the sites are situated. The authors find the
wind direction and speed assessment sufficiently useful, divided according to the MLHs mentioned
in this article. These indicators serve primarily for detection of the origin and location of possible
pollution sources that influence the given area.

Another opportunity for analysis is the assessment of other pollutants’ dependence on the mixing
layer height. Among the examples are ground-level ozone and processing for the warm part of the
year [56], as well as a more detailed assessment of the behavior of pollutants such as sulfur dioxide,
nitrogen dioxide, and suspended particles during winter smog situations when there is a low mixing
layer height [32].

The disadvantage of an assessment of the relationships between meteorology and ambient air
quality with regard to the mixing layer height lies in the fact that there are no available data from
a longer sequence of ceilometer measurement. The assessment of the mixing layer height trends
from a long-term point of view would surely bring additional information about the development
or changes of the dispersion conditions, especially in the areas with poor air quality. The observed
information may serve as a basis for the evaluation of current situations with high PM10 concentrations,
for announcing and invalidating smog situations, and model solutions of pollution situation forecasts.

5. Conclusions

The presented analysis provides evidence of the influence of the mixing layer height, combined
with other meteorological variables, on PM10 concentrations in the area of the Czech-Polish border,
which faces problems with a complex representation of a substantial number of various pollution
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source types. The influence on the pollution situation in combination with meteorological variables at
a given site also differs depending on the varied geographical conditions.

The influence of a temperature below 1 ◦C on the pollution situation is noticeable at both
sites. The highest numbers of exceedances of PM10 daily concentrations of 50 µg·m−3 occur at low
temperatures combined with a mixing layer height of up to 300 m. In the case of Třinec-Kosmos,
the average PM10 concentrations at temperatures below 1 ◦C reach the highest values on the occurrence
of a mixing layer height of up to 300 to 400 m. The decrease in PM10 concentrations with increasing
MLHs at temperatures below 1 ◦C is not very significant. In this case, the influence of a rising height of
the mixing layer at temperatures below 1 ◦C on the average PM10 concentrations is not as significant as
in the case of Věřňovice, where a difference of several tens of µg·m−3 in the average PM10 concentrations
is observed between levels of up to 200 m, and levels of 200–300 m.

The influence of the wind speed on the occurrence of various MLHs on PM10 concentrations is
also noticeable. The average PM10 hourly concentrations at Třinec-Kosmos are the highest at wind
speeds of up to 0.2 m·s−1, or 0.5 m·s−1, at MLH levels of up to almost 600 m, at Věřňovice the influence
of wind speeds of up to 2 m·s−1 is detected. In both cases, throughout the assessment of the number
of PM10 daily concentrations above 50 µg·m−3, it is then clear that higher values occur in the case
of Třinec at wind speeds of 0.5 up to 2 m·s−1 and MLHs of 200–300 m. At the Věřňovice station,
the highest number of limit value exceedances was observed at wind speeds between 1–2 m·s−1 and at
wind speeds above 2 m·s−1 and MLHs of 200–300 m.

The influence of the wind direction combined with the MLH is different at both sites; however, it is
crucial as well. Despite the fact that the most frequent PM10 contributions come to the Třinec-Kosmos
site from the SE direction, the average maximum concentration contributions come from the W–N
sectors at low wind speeds and MLHs of up to 400 m. In Věřňovice, regardless of the prevailing SW
wind direction, sources in the NE–E sector from the site have a crucial influence on the air pollution
level caused by PM10. The maximum PM10 contributions are reached on the occurrence of MLHs of up
to 200 m at Věřňovice station.
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19. Jaňour, Z. Modelování Mezní Vrstvy Atmosféry (Atmospheric Boundary Layer Modeling), 1st ed.; [Učební Text
pro Posluchače Matematicko-Fyzikální Fakulty UK] [Textbook for Students of Faculty of Mathematics and
Physics of Charles University]; Karolinum: Praha, Czech, 2001; ISBN 80-246-0330-6. (In Czech)

20. Keder, J.; Škáchová, H. Hodnocení Rozptylových Podmínek pro Šíření Znečišt’ujících Látek Pomocí Ventilačního
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Podmínek na Kvalitu Ovzduší v Přeshraniční Oblasti Slezska a Moravy (Influence of Meteorological Conditions on Air
Quality in the Cross-Border Region of Silesia and Moravia), 1st ed.; Český Hydrometeorologický Ústav: Praha,
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Warning and Regulation System). Available online: http://portal.chmi.cz/files/portal/docs/uoco/smog/SVRS_
pravidla-fungovani.pdf (accessed on 18 February 2020). (In Czech)

32. Volná, V.; Hladký, D. Koncentrace suspendovaných částic PM10 a výška směšovací vrstvy v
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49. ŘSD ČR. Intenzity Dopravy na Dálnicích a Silnicích I. Třídy v ČR v Roce 2010. Available
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Ambient Air Quality Department, Czech Hydrometeorology Institute, 708 00 Ostrava, Czech Republic;
irina.nikolova@chmi.cz (I.N.); vladimira.volna@chmi.cz (V.V.); blanka.krejci@chmi.cz (B.K.);
daniel.hladky@chmi.cz (D.H.)
* Correspondence: radim.seibert@chmi.cz

Received: 30 March 2020; Accepted: 15 May 2020; Published: 19 May 2020
����������
�������

Abstract: This article focuses on the source apportionment of air pollution in a specific northeastern
part of the Czech Republic. The research area, located around the city of Třinec, is significantly affected
by a complex spectrum of air pollution sources, including local residential heating (coal and wood
burning), heavy industry (mainly iron and steel production), road traffic, and regional and long-range
air pollution transport from the nearby cities, Poland, and other countries. The main pollution sources
contributing to the total concentration of fine suspended particles (PM2.5) were evaluated on the basis
of the measurements at three sites and on subsequent positive matrix factorization modeling. The six
major air pollution factors were identified, and their relative and absolute contributions were
quantified. The result of the study is that the most important current task of air protection is to
reduce the residential emissions from solid fuels, which are responsible for approximately 50–60% of
PM2.5 concentration, followed by the regional primary and secondary aerosol sources (up to 40% of
the total PM2.5 aerosol mass). Lower contributions have been identified in the case of resuspended
mineral and biogenic particles (15–20%), long-range (trans-European) air pollution transport (up to
10%), and heavy industry (up to 10% in the most affected location). A detailed discussion has been
provided considering specific regional EC (elemental carbon)–OC (organic carbon) relations in the
region with traditional coal-burning for household heating which complicate the interpretation of the
PMF (Positive Matrix Factorization) results, especially due to the interference between the traffic,
residential heating, and biogenic aerosol factors.

Keywords: source apportionment; PMF (Positive Matrix Factorization); air pollution; PM2.5

1. Introduction

In the past decades, in the post-socialist countries of Central and Eastern Europe, persistent
concentrations of PM10 and PM2.5 [1,2] performing the role of carriers of toxicologically significant
polycyclic aromatic hydrocarbons (PAH) [3] have been a prominent problem for air quality from the
point of view of reaching the limits of pollution and the relevant associated health hazards. The pollution
situation regarding these substances has been changing only very slowly, whereas the horizon of
reaching air polution limits in some regions has been impossible to estimate [4,5] (p. 62). One such
outstandingly polluted area is the Silesian region, most of which is located in the territory of Poland, but
which extends in part into the adjacent northeastern part of the Czech Republic. This is an area with a
complex composition of air pollution sources. It has traditionally been a coal-mining region with heavy
industry and high area urbanization with relevant vigorous motor vehicle traffic. In the Czech part of
the region, there are two areas with different relations between emissions and air pollution. These are
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Ostravsko, resembling in its orography the Polish basin part of Silesia, and Třinecko, of which the
rugged terrain topography (the Beskydy foothills) leads to varied meteorological relations [6].

The cause of this serious air pollution is the especially high anthropogenic emissions of
pollutants [7]. In order to decrease them, it is necessary to intensify measures aimed at the main
pollution sources. Although air quality and pollution cause evaluations have been carried out for
approximately 50 years, as a result of the gradual development and complexity of the relations between
emissions and air pollution no professional consensus regarding the question at what rate the individual
air pollution source types influence the air quality here has been agreed thus far; or let us just say that
the answer to the question differs depending on the various time periods. The aim of the research has
been to provide the source apportionment of the PM2.5 ambient air concentration in Třinecko using
the current procedures of receptor modeling and thus provide the basis for the correct direction of
future measures to improve air quality. Identification of the main factor contributions influencing the
PM2.5 concentration has been the primary goal. Part of the research has been to compare the analytical
methods ICP-MS (mass spectrometry with inductively coupled plasma) and ED XRF (energy-dispersive
X-ray fluorescence spectrometry) from the point of view of their usability for source apportionment by
means of receptor modeling. The goal of comparing these datasets was to find whether the results
would differ in terms of the types of sources and their contribution to PM2.5 concentration.

The methodology of the works carried out was based on project activities by the Czech
Hydrometeorological Institute in cooperation with an American environmental protection agency
(U.S. EPA, United States Environmental Protection Agency) in 2012 [8,9]. It was a pilot air pollution
source apportionment in the Czech part of the Moravian-Silesian Region. The realization of the project
proved that the methodology approach with the positive matrix factorization model (PMF) used brings
credible results even for an area affected by a complex emission mixture.

The research area is located in the eastern part of the Czech Republic, in the Moravian-Silesian
Region, in the vicinity of the international border with Poland (Figure 1a,b). The area of interest includes
the town of Třinec and its surroundings up to a distance of tens of kilometers. In order to identify the
sources by means of PMF, dust aerosol sampling has been carried out at three sites in the town of
Třinec and its surrounding areas. These were the local areas of Kosmos, Ropice, and Vrchy (Figure 1c).
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Figure 1. The location of the research area: (a) Position within Central Europe; (b) The position of the
town of Třinec; (c) Sampling site locations. Topography base: http://air.discomap.eea.europa.eu.

The research area is affected by emissions from a number of various air pollution source types.
From the Czech sources there is emission abundance, especially as far as iron metallurgy is concerned
(TŘINECKÉ ŽELEZÁRNY, a.s. integrated steelworks on the north-northwestern periphery of the town
of Třinec, approximately in the middle between the below-described sampling sites of Kosmos and
Ropice). The other local industrial works relate mainly to the metallurgical production in Třinec and
the regionally strongly developed automotive industry [7].
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From the point of view of individual residential heating, the situation here is similar to the wider
surrounding area in Silesia. Outside the towns, there is sparse low-floor housing development with the
traditional representation of coal in the fuel mixture used for residential heating [10]. The intensity
of motor vehicle traffic here does not exceed the usual values in similarly urbanized locations of the
Czech Republic. It is localized towards the Třinec city center and international highway corridors
towards Poland and Slovakia [11].

The average yearly concentrations of PM10 and PM2.5 in the ambient air have generally been
decreasing in the direction from the heavily polluted city of Ostrava and its surroundings and the Polish
part of Silesia in the north-northeast, to the relatively lightly polluted mountain area of the Beskydy in
the south-southwest [12]. Apart from the Beskydy area, the PM2.5 limit of pollution exceeds the values
of 20 µg.m−3 which is stated as the maximum limit by a regulation that comes into force in 2020 [7]
(p. 179), [12]. The increased particulate matter concentrations (PM) bear relation to benzo[a]pyrene
pollution, the limit of which has been exceeded several times over in the whole of the research area [7]
(pp. 171–172).

The population in the research area is concentrated especially in the Olše valley, mainly in the city
of Třinec. Our initial analysis, based on the population density, size, and immission concentrations,
shows that within the research area, the current air pollution inflicts the highest population health
hazards in the city of Třinec and in the villages located in the Jablunkov Furrow (Vendryně, Bystřice).

2. Experiments

2.1. Sampling Sites

One of the sampling sites marked in Figure 1c is Třinec-Kosmos, which is also the location of
the current site of the same name of the National Air Quality Monitoring Network of the Czech
Republic. The locality represents background concentrations in the residential zones in an urban
environment. In the vicinity, there are a parking, four-lane roads, and residential individual houses
with individual residential heating. The main industrial air pollution source in the surrounding area
is an integrated steelworks, about 2 km to the north-northeast. With regard to the vicinity of the
international border with Poland (about 3.5 km to the northeast), it is possible to presume significant
transborder pollution transport.

The Ropice sampling site is situated in the flat valley of the River Olše, between the cities of
Třinec and Český Těšín. The air pollution here is composed of industrial activity, especially in Třinec
(there is an integrated steelworks in the vicinity of about 1.5 km to the southeast, and about 700 m in
the same direction there is a neighboring industrial zone). Motor vehicle traffic in the surrounding
areas is represented mainly by the E75 road and its two-level junction with Road II/468 about 300 m
to the northwest. There are also local fugitive emissions of PM in the surrounding area (facilities for
building-demolition waste use and other kinds of loose material handling), and individual residential
heating. With regard to the vicinity of the international border with Poland (about 650 m to the
northeast), it is also possible to expect significant transborder pollution transport here.

The Vrchy sampling site is situated in a slightly sloping area at the foothills of the Beskydy
Mountains. It represents a background country location in an open, sparsely forested landscape with
a diffused settlement of individual houses (the Silesian housing development). The main sources of
pollution in the surrounding area are predominantly individual residential heating with solid fuels, and
agricultural activities. The surrounding transport sources are mainly the newly built E75 moderately
loaded four-lane highway about 850 m away.

2.2. Sample Collection

The measured species and the campaign duration followed up the evaluation requirements by
means of the PMF model. The sampling campaign was designed to use the data from three sampling
sites in the Třinecko area in the PMF model. By this approach, different sources influencing the air
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quality in different parts of Třinecko were taken into account and a larger dataset was used, as it allowed
to achieve more robust and more representative PMF results than could be provided by modeling of
the individual locations. Samples collected at different sites have already been used in many other
PMF source apportionment studies and, the approach has proven to increase the statistical significance
of the analysis, although it assumes that the chemical profiles of the sources do not vary at the different
sites [13] (pp. 134–136). The measurement at the three locations mentioned in Sections 1 and 2.1 was
divided into summer and winter sampling. The summer sampling was carried out from 5 June 2018 at
6:00 a.m. to 4 July 2018 at 6:00 p.m. The winter sampling was carried out from 14 December 2018 at
6:00 a.m. to 21 January 2019 at 6:00 p.m. All times in this article are stated in coordinated universal
time (UTC). The number of samples collected and subsequently lab processed during the summer
campaign was 54 (Ropice) up to 56 (Vrchy), and during the winter campaign, the number ranged
from 70 (Kosmos and Vrchy) to 78 (Ropice). In the case of both the ICP-MS (mass spectrometry with
inductively coupled plasma) and ED XRF (energy-dispersive X-ray spectroscopy) datasets, the time
series of total size from 125 (Kosmos) to 126 (Ropice and Vrchy) samples has been used for the PMF
model (sum of the summer and winter samples). The number of samples has been sufficient for reliable
source apportionment based on the PMF model, as it is in accordance with its official user guide [14]
(PMF is often used on speciated PM2.5 datasets with a size above 100 samples).

Three sequence automatic samplers (Sven Leckel SEQ, Ingenieurbüro GmbH, Berlin, Germany)
and one manual sampler (Sven Leckel MVS, Ingenieurbüro GmbH, Berlin, Germany) have been placed
at every sampling site. The samples for PAHs and selected organic molecular tracers were collected
simultaneously on 47 mm quartz fiber filters and on polyurethane foam (PUF, density 0.022 g/cm3) to
collect both solid and gas–phase components of the PAHs. The same quartz fiber filters were used
to collect samples for a levoglucosan analysis. The samples for other species analyses were collected
on 47 mm glass fiber filters, with the exception of the analysis using the ICP-MS method, which was
carried out on cellulose nitrate filters of the same diameter. At the Ropice sampling site, one Leckel
SEQ automatic sequence sampler was operated for sampling on 47 mm Teflon filters for subsequent
analysis using the ED XRF method.

All the dust aerosol samples were collected continuously for 12 h. For the collection of all the
samples, sampling flows and collection heads were used, ensuring representative sampling of PM2.5

fraction. The measurement of gas pollutants was carried out at the Ropice and Vrchy sites by automatic
continuous analyzers placed in the mobile air quality monitoring vehicles. At all the sites, the wind
speed and direction were monitored throughout the entire measurement process.

2.3. Laboratory Analyses

The lab analyses were performed in the Czech Hydrometeorological Institute, with the exception
of determining the Na+, K+, Ca2+, and Mg2+ concentrations, which was done in the laboratories of
the “ALS Czech Republic, s.r.o.” company (Prague, Czechia), and determining levoglucosan, which
was done in the laboratories of the Institute of Chemical Process Fundamentals (ICPF) of the Czech
Academy of Sciences. In all the collected aerosol samples, the same species were analyzed using the
following methods to determine the ambient air concentrations:

• gravimetric analysis: PM2.5 mass
• thermo-optical transmission: organic and elemental carbon (OC/EC)
• spectrometric analysis: ammonia (NH4

+)
• optical emission spectrometry with inductively coupled plasma (ICP-OES): Na+, K+, Ca2+, Mg2+

• ion chromatography with conductivity detection (IC-CD): sulfates and nitrates (SO4
2−, NO3

−)
• gas chromatography with mass detection (GC-MS):
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# PAH (anthracene (A), benzo[a]anthracene (BaA), benzo[a]pyrene (BaP), benzo[b]fluoranthene
(BbF), benzo[e]pyrene (BeP), benzo[ghi]perylene (BghiPRL), benzo[j]fluoranthene (BjF),
benzo[k]fluoranthene (BkF), coronene (COR), chrysene (CRY), dibenz[a,h]anthracene (DBahA),
phenanthrene (FEN), fluorene (Fl), fluoranthene (FLU), indeno[1,2,3-cd]pyrene (I123cdP),
picene (PIC), perylene (PRL), pyrene (PYR), retene (RET)),

# hopanes (17α(H)-22,29,30-trisnorhopane, 17α(H),21β(H)-30-norhopane, 17α(H),21β(H)-hopane,
17β(H),21α(H)-hopane, 22S-17α(H),21β(H)- homohopane, 22R-17α(H),21β(H)-homohopane),

# steranes (ααα 20S-cholestane, αββ (20R)-cholestane, ααα 20R-cholestane, αββ 20R
24S-methylcholestane, αββ 20R 24R-ethylcholestane, ααα 20R 24R-ethylcholestane)

• mass spectrometry with inductively coupled plasma (ICP-MS): Li, B, Na, Mg, Al, Si, K, Ca, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Mo, Pd, Ag, Cd, In, Sn, Sb, Te, Cs, Ba, La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Hg, Tl, Pb, Bi, Th, U

• high-performance anion-exchange chromatography with pulsed amperometric detection
(IC HPAE-PAD): levoglucosan

• continuous analyzer measurement:

# UV-fluorescence (Teledyne Advanced Pollution Instrumentation T100): SO2

# chemiluminescence (Teledyne Advanced Pollution Instrumentation T200): nitrogen oxides
(NO, NO2, NOx)

# optoelectronic method (FIDAS 200): PM2.5, PM10

At the Ropice site, within the usability of ED XRF testing, species concentrations were also
determined by means of this method in the following scale: Na, Mg, Al, Si, S, K, Ca, Ti, V, Cr, Mn, Fe,
Ni, Cu, Zn, As, Se, Cd, Sb, Ba, and Pb. A parallel set of results as an alternative to the results of ICP-MS
was thus acquired for subsequent receptor modeling.

3. Results

3.1. Wind Speed and Direction at the Sampling Sites

The following wind roses (Figure 2) document the situation at the sampling sites during the
summer and winter sampling campaigns.

(17α(H) 17α(H),21β(H) 17α(H),21β(H)
17β(H),21α(H) 17α(H),21β(H) 17α(H),21β(H)

(ααα αββ ααα αββ
αββ ααα







 

Figure 2. Wind roses structured by season representing the sampling campaign.
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In order to interpret the modeling outputs and evaluate the predictive values of the assessment,
the wind direction and speed were compared and measured during the sampling campaigns, with the
average at the Kosmos site, which is also a site of the National Air Quality Monitoring Network of the
Czech Republic, for the years 2009–2018. The prevailing wind direction corresponds to its long-term
average. The average wind speed was generally higher (about 1.6 m.s−1 at the time of sampling) as
opposed to its long-term average (about 1.3 m.s−1).

3.2. Analysis of the Measured Concentrations

The summary Table 1 lists the mean species concentrations, standard deviations, and percentages
of missing and below-detection-limit observations. In the case of metals, only the ICP-MS results are
listed in the table, as they are available at all three sampling sites, as opposed to the ED XRF results,
which were measured at the Ropice site only.

Table 1. Species quantified in this study (summary of all 3 sampling sites). Std. Dev.:Standard deviation;
BDL: Below detection limit; N/A: no data available.

SUMMER WINTER

Species
Mean

(ng.m−3)
Std. Dev.
(ng.m−3)

Percent
Missing

Percent
BDL

Mean
(ng.m−3)

Std. Dev.
(ng.m−3)

Percent
Missing

Percent
BDL

PM2.5 1.3 × 104 6.0 × 103 0% 0% 2.8 × 104 3.4 × 104 0% 0%
Li (ICP) 1.3 × 10−1 8.7 × 10−2 2% 88% 1.7 × 10−1 2.2 × 10−1 7% 2%
B (ICP) 5.0 × 100 3.2 × 100 2% 24% 5.2 × 100 6.6 × 100 7% 26%

Na (ICP) 8.6 × 101 7.3 × 101 2% 36% 1.1 × 102 1.1 × 102 7% 0%
Mg (ICP) 2.9 × 101 1.8 × 101 2% 4% 2.0 × 101 7.0 × 101 7% 10%
Al (ICP) 5.6 × 101 4.6 × 101 2% 10% 3.0 × 101 2.0 × 102 7% 4%
Si (ICP) 1.0 × 102 1.5 × 102 2% 42% 1.2 × 102 1.9 × 102 7% 48%
K (ICP) 1.1 × 102 1.3 × 102 2% 25% 2.8 × 102 9.4 × 102 7% 1%
Ca (ICP) 9.8 × 101 7.2 × 101 2% 9% 2.9 × 101 5.4 × 101 7% 16%
Ti (ICP) 1.3 × 100 8.8 × 10−1 2% 6% 6.8 × 10−1 1.3 × 100 7% 3%
V (ICP) 3.5 × 10−1 2.1 × 10−1 2% 5% 1.5 × 10−1 1.8 × 10−1 7% 0%
Cr (ICP) 3.6 × 100 2.3 × 100 2% 10% 1.1 × 100 2.0 × 100 7% 26%
Mn (ICP) 8.6 × 100 1.3 × 101 2% 5% 6.4 × 100 1.4 × 101 7% 0%
Fe (ICP) 2.4 × 102 3.8 × 102 2% 5% 1.7 × 102 3.7 × 102 7% 3%
Co (ICP) 4.3 × 10−2 3.5 × 10−2 2% 12% 5.2 × 10−2 6.7 × 10−2 7% 0%
Ni (ICP) 1.3 × 100 2.1 × 100 2% 36% 8.1 × 10−1 1.6 × 100 7% 25%
Cu (ICP) 4.6 × 100 3.4 × 100 2% 5% 4.6 × 100 1.6 × 101 7% 15%
Zn (ICP) 3.6 × 101 3.7 × 101 2% 5% 3.4 × 101 8.0 × 101 7% 0%
Ga (ICP) 1.6 × 10−1 1.3 × 10−1 2% 3% 3.5 × 10−1 7.6 × 10−1 7% 0%
Ge (ICP) 6.9 × 10−2 1.1 × 10−1 2% 6% 1.1 × 10−1 1.4 × 10−1 7% 0%
As (ICP) 7.7 × 10−1 7.0 × 10−1 2% 4% 1.3 × 100 1.3 × 100 7% 0%
Se (ICP) 6.6 × 10−1 4.2 × 10−1 2% 18% 4.5 × 10−1 5.5 × 10−1 7% 6%
Rb (ICP) 4.1 × 10−1 5.8 × 10−1 2% 5% 7.2 × 10−1 9.3 × 10−1 7% 0%
Sr (ICP) 5.5 × 10−1 3.7 × 10−1 2% 6% 1.5 × 100 1.2 × 101 7% 6%

Mo (ICP) 6.8 × 10−1 1.6 × 100 2% 3% 4.8 × 10−1 1.1 × 100 7% 0%
Pd (ICP) 1.2 × 10−3 6.3 × 10−4 2% 82% 1.8 × 10−3 7.8 × 10−3 7% 29%
Ag (ICP) 3.6 × 10−2 3.4 × 10−2 2% 7% 3.1 × 10−2 3.5 × 10−2 7% 6%
Cd (ICP) 2.1 × 10−1 2.0 × 10−1 2% 1% 2.6 × 10−1 3.1 × 10−1 7% 3%
In (ICP) 7.8 × 10−3 7.3 × 10−3 2% 32% 9.0 × 10−3 1.2 × 10−2 7% 1%
Sn (ICP) 1.3 × 100 1.1 × 100 2% 3% 1.0 × 100 1.1 × 100 7% 1%
Sb (ICP) 8.7 × 10−1 6.6 × 10−1 2% 3% 5.8 × 10−1 6.6 × 10−1 7% 0%
Te (ICP) 8.2 × 10−3 9.4 × 10−3 2% 14% 1.1 × 10−2 2.1 × 10−2 7% 7%
Cs (ICP) 7.3 × 10−2 1.5 × 10−1 2% 6% 1.1 × 10−1 2.1 × 10−1 7% 0%
Ba (ICP) 1.8 × 100 1.1 × 100 2% 5% 4.1 × 100 3.1 × 101 7% 18%
La (ICP) 4.0 × 10−2 3.0 × 10−2 2% 12% 1.2 × 10−2 1.8 × 10−2 7% 11%
Ce (ICP) 7.7 × 10−2 5.7 × 10−2 2% 10% 2.2 × 10−2 3.7 × 10−2 7% 8%
Pr (ICP) 9.4 × 10−3 8.3 × 10−3 2% 19% 2.0 × 10−3 2.2 × 10−3 7% 21%
Nd (ICP) 3.4 × 10−2 3.0 × 10−2 2% 9% 8.3 × 10−3 8.9 × 10−3 7% 14%
Sm (ICP) 6.8 × 10−3 5.9 × 10−3 2% 26% 2.0 × 10−3 2.2 × 10−3 7% 16%
Eu (ICP) 2.0 × 10−3 1.3 × 10−3 2% 41% 2.5 × 10−3 1.3 × 10−2 7% 28%
Gd (ICP) 7.3 × 10−3 6.2 × 10−3 2% 19% 2.7 × 10−3 2.6 × 10−3 7% 12%
Tb (ICP) 1.1 × 10−3 7.4 × 10−4 2% 24% 7.6 × 10−4 2.9 × 10−4 61% 4%
Dy (ICP) 5.0 × 10−3 4.0 × 10−3 2% 20% 1.5 × 10−3 1.7 × 10−3 7% 23%
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Table 1. Cont.

SUMMER WINTER

Species
Mean

(ng.m−3)
Std. Dev.
(ng.m−3)

Percent
Missing

Percent
BDL

Mean
(ng.m−3)

Std. Dev.
(ng.m−3)

Percent
Missing

Percent
BDL

Ho (ICP) 1.1 × 10−3 7.4 × 10−4 2% 23% 8.1 × 10−4 3.0 × 10−4 57% 3%
Er (ICP) 3.0 × 10−3 2.2 × 10−3 2% 31% 1.1 × 10−3 7.7 × 10−4 7% 68%
Tm (ICP) 6.4 × 10−4 3.6 × 10−4 2% 54% 6.2 × 10−4 1.7 × 10−4 80% 5%
Yb (ICP) 2.8 × 10−3 2.1 × 10−3 2% 35% 1.0 × 10−3 1.0 × 10−3 7% 30%
Lu (ICP) 5.5 × 10−4 3.1 × 10−4 2% 67% 5.8 × 10−4 1.9 × 10−4 88% 4%
Hf (ICP) 6.0 × 10−3 4.5 × 10−3 2% 14% 2.7 × 10−3 4.4 × 10−3 7% 12%
Ta (ICP) 1.4 × 10−1 2.7 × 10−1 2% 64% 6.1 × 10−2 1.2 × 10−1 7% 61%
W (ICP) 6.4 × 10−2 7.5 × 10−2 2% 6% 8.5 × 10−2 9.4 × 10−2 7% 3%
Re (ICP) 2.3 × 10−3 5.2 × 10−3 2% 30% 1.6 × 10−3 1.6 × 10−3 26% 0%
Hg (ICP) 1.0 × 10−1 1.5 × 10−1 2% 94% 1.7 × 10−1 2.6 × 10−1 7% 27%
Tl (ICP) 6.0 × 10−2 5.2 × 10−2 2% 11% 1.3 × 10−1 2.0 × 10−1 7% 0%
Pb (ICP) 8.5 × 100 7.8 × 100 2% 1% 1.1 × 101 1.4 × 101 7% 0%
Bi (ICP) 2.4 × 10−1 3.0 × 10−1 2% 2% 7.3 × 10−1 5.2 × 100 7% 3%
Th (ICP) 7.4 × 10−3 5.9 × 10−3 2% 16% 1.5 × 10−3 1.7 × 10−3 7% 27%
U (ICP) 7.1 × 10−3 6.8 × 10−3 2% 29% 7.9 × 10−3 1.3 × 10−2 7% 55%

OC 4.3 × 103 1.7 × 103 0% 0% 1.9 × 103 2.3 × 103 7% 0%
EC 5.2 × 102 3.1 × 102 0% 0% 1.1 × 104 1.3 × 104 7% 0%

sulphates 2.7 × 103 1.1 × 103 0% 0% 3.2 × 103 2.7 × 103 7% 0%
nitrates 1.3 × 103 7.1 × 102 0% 0% 2.2 × 103 2.0 × 103 7% 0%

ammonium ion 5.0 × 102 3.9 × 102 0% 0% 1.2 × 103 1.4 × 103 7% 0%
Fluorene 7.5 × 100 5.0 × 100 5% 1% 2.4 × 101 1.9 × 101 11% 0%

Phenanthrene 1.3 × 101 6.7 × 100 5% 0% 4.8 × 101 3.1 × 101 11% 0%
Anthracene 3.8 × 10−1 3.1 × 10−1 5% 0% 5.3 × 100 5.5 × 100 11% 0%

Fluoranthene 3.1 × 100 1.5 × 100 5% 0% 1.9 × 101 1.5 × 101 11% 0%
Pyrene 1.5 × 100 7.7 × 10−1 5% 0% 1.3 × 101 1.2 × 101 11% 0%

Benz[a]anthracene 3.0 × 10−1 2.5 × 10−1 5% 1% 6.8 × 100 7.9 × 100 11% 0%
Chrysene 3.8 × 10−1 2.5 × 10−1 5% 0% 5.0 × 100 5.4 × 100 11% 0%

Benzo[b]fluoranthene 4.6 × 10−1 3.5 × 10−1 5% 0% 4.0 × 100 3.8 × 100 11% 0%
Benzo[k]fluoranthene 2.2 × 10−1 1.7 × 10−1 5% 2% 2.1 × 100 2.0 × 100 11% 0%
Benzo[j]fluoranthene 2.4 × 10−1 1.8 × 10−1 5% 1% 1.9 × 100 1.9 × 100 11% 0%

Benzo[a]pyrene 3.2 × 10−1 2.3 × 10−1 5% 1% 3.9 × 100 4.3 × 100 11% 0%
Indeno[1,2,3-cd]pyrene 2.9 × 10−1 2.8 × 10−1 5% 6% 4.4 × 100 4.5 × 100 11% 0%
Dibenz[a,h]anthracene 1.5 × 10−1 1.4 × 10−1 5% 6% 9.9 × 10−1 1.0 × 100 11% 0%
Benzo[g,h,i]perylene 2.8 × 10−1 2.2 × 10−1 5% 2% 2.9 × 100 3.0 × 100 11% 0%

Coronene 9.2 × 10−2 6.0 × 10−2 5% 11% 8.5 × 10−1 9.1 × 10−1 11% 0%
Perylene 6.9 × 10−2 5.1 × 10−2 5% 26% 5.9 × 10−1 6.4 × 10−1 11% 2%
Retene 2.1 × 10−1 1.3 × 10−1 5% 1% 2.5 × 100 2.9 × 100 11% 0%
Picene 8.4 × 10−2 4.7 × 10−2 5% 11% 8.3 × 10−1 1.0 × 100 11% 0%

Benzo[e]pyrene 2.9 × 10−1 2.3 × 10−1 5% 1% 2.0 × 100 2.0 × 100 11% 0%
Na+ 4.2 × 103 1.4 × 103 0% 0% 2.5 × 103 6.4 × 102 7% 0%
K+ 1.7 × 102 1.1 × 102 0% 2% 3.3 × 102 1.4 × 103 7% 0%

Ca2+ 5.1 × 103 1.6 × 103 0% 0% 3.4 × 103 9.8 × 102 7% 0%
Mg2+ 6.2 × 102 3.1 × 102 0% 0% 3.1 × 102 1.4 × 102 7% 0%

levoglucosan 7.8 × 101 7.1 × 101 0% 1% 5.8 × 102 5.7 × 102 7% 0%
SO2 7.1 × 103 3.9 × 103 67% 0% 8.8 × 103 8.2 × 103 70% 0%
NO 1.2 × 103 1.0 × 103 33% 0% 2.9 × 103 5.1 × 103 36% 0%
NO2 1.1 × 104 6.5 × 103 33% 0% 1.4 × 104 1.1 × 104 36% 0%
CO 2.1 × 105 2.6 × 104 95% 0% 4.8 × 105 4.8 × 105 36% 0%
O3 N/A N/A 100% 0% 3.9 × 104 1.6 × 104 9% 0%

ααα 20R-Cholestane 9.9 × 10−2 8.4 × 10−2 7% 64% 9.5 × 10−2 3.1 × 10−2 16% 82%
ααα 20R 24R-Ethylcholestane N/A N/A 100% 0% 2.3 × 10−1 2.4 × 10−1 11% 49%

17α(H)-22,29,30-Trisnorhopane 9.6 × 10−2 5.4 × 10−2 7% 57% 5.7 × 10−1 6.7 × 10−1 10% 2%
17α(H),21β(H)-30-Norhopane 2.0 × 10−1 1.1 × 10−1 7% 54% 7.9 × 10−1 7.7 × 10−1 10% 0%

17α(H),21β(H)-Hopane 2.8 × 10−1 1.8 × 10−1 7% 77% 9.0 × 10−1 8.9 × 10−1 10% 0%
17β(H),21α(H)-Hopane 7.1 × 10−2 3.0 × 10−2 7% 81% 4.1 × 10−1 4.5 × 10−1 10% 3%

17α(H),21β(H)-22S-Homohopane 2.1 × 10−1 1.2 × 10−1 7% 85% 3.7 × 10−1 4.7 × 10−1 10% 2%
17α(H),21β(H)-22R-Homohopane 1.1 × 10−1 7.1 × 10−2 7% 73% 7.0 × 10−1 8.3 × 10−1 10% 0%

The measured data show significantly higher concentrations and time variations of heavy PAHs,
levoglucosan, retene, picene, and elemental carbon during the winter sampling campaign (about or
more than one order of magnitude). On the other hand, most of the typical crustal species, like Mg,
Al, Ca, T, and lanthanoides, plus organic carbon, show higher concentrations and variations in the
summer. The highest PM2.5 concentrations were detected at Ropice, somewhat lower concentrations
at the Kosmos site and the significantly lowest concentrations at the Vrchy site. In the time series of
some metals and hopanes, a sizable percentage of values occurred below the detection limit of the
laboratory methods. These cases tended to occur more often in the summer period. The laboratory
method sensitivity to detect the concentrations of other analytes was sufficient to reliably quantify
its concentrations.
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Tables 2 and 3 list the mean species concentrations, standard deviations, and percentages of
missing and below-detection-limit observations at the Ropice sampling site provided by ICP-MS and
ED XRF methods in the summer and winter samplings, respectively.

Table 2. Species concentrations at the Ropice site measured by ICP-MS and ED XRF during the summer
sampling period. Std. Dev.: Standard deviation; BDL: Below detection limit.

ICP-MS ED XRF

Species
Mean

(ng.m−3)
Std. Dev.
(ng.m−3)

Percent
Missing

Percent
BDL

Mean
(ng.m−3)

Std. Dev.
(ng.m−3)

Percent
Missing

Percent
BDL

Na 8.5 × 101 7.4 × 101 5% 39% 5.3 × 101 3.8 × 101 0% 10%
Mg 3.1 × 101 2.3 × 101 5% 2% 1.0 × 102 4.8 × 101 0% 0%
K 1.2 × 102 1.5 × 102 5% 39% 1.1 × 102 8.8 × 101 0% 19%
Ca 1.1 × 102 9.0 × 101 5% 4% 8.5 × 101 7.4 × 101 0% 0%
Ti 1.4 × 100 7.1 × 10−1 5% 0% 3.8 × 100 3.0 × 100 0% 0%
V 3.8 × 10−1 2.2 × 10−1 5% 0% 2.4 × 10−1 1.2 × 10−1 0% 0%
Cr 4.3 × 100 3.5 × 100 5% 9% 3.9 × 100 1.4 × 100 0% 0%
Mn 1.4 × 101 2.2 × 101 5% 0% 1.4 × 101 2.1 × 101 0% 0%
Fe 3.9 × 102 6.3 × 102 5% 0% 3.6 × 102 5.3 × 102 0% 0%
Ni 2.1 × 100 3.1 × 100 5% 27% 1.1 × 100 2.6 × 100 0% 0%
Cu 6.0 × 100 4.8 × 100 5% 4% 5.0 × 100 4.4 × 100 0% 0%
Zn 5.1 × 101 4.7 × 101 5% 0% 5.8 × 101 5.1 × 101 0% 2%
As 1.0 × 100 9.7 × 10−1 5% 0% 4.1 × 10−1 3.9 × 10−1 0% 0%
Se 8.5 × 10−1 4.6 × 10−1 5% 11% 1.1 × 100 4.9 × 10−1 0% 0%
Sb 1.1 × 100 7.8 × 10−1 5% 0% -2.3 × 101 1.2 × 101 0% 0%
Ba 1.8 × 100 8.9 × 10−1 5% 2% 1.6 × 100 9.3 × 10−1 0% 0%
Pb 1.1 × 101 1.1 × 101 5% 0% 1.2 × 101 1.1 × 101 0% 2%

Table 3. Species concentrations at the Ropice site measured by ICP-MS and ED XRF during the winter
sampling period. Std. Dev.: Standard deviation; BDL: Below detection limit.

ICP-MS ED XRF

Species
Mean

(ng.m−3)
Std. Dev.
(ng.m−3)

Percent
Missing

Percent
BDL

Mean
(ng.m−3)

Std. Dev.
(ng.m−3)

Percent
Missing

Percent
BDL

Na 1.4 × 102 1.4 × 102 0% 0% 7.2 × 101 5.7 × 101 0% 3%
Mg 2.5 × 101 6.2 × 101 0% 15% 8.7 × 101 1.1 × 102 0% 3%
K 3.0 × 102 4.1 × 102 0% 0% 4.8 × 102 8.2 × 102 0% 1%
Ca 5.1 × 101 8.2 × 101 0% 6% 6.0 × 101 1.3 × 102 0% 0%
Ti 7.6 × 10−1 9.6 × 10−1 0% 1% 2.1 × 100 2.1 × 100 0% 0%
V 2.0 × 10−1 1.9 × 10−1 0% 0% 4.5 × 10−1 3.9 × 10−1 0% 0%
Cr 2.1 × 100 2.8 × 100 0% 15% 4.0 × 100 2.0 × 100 0% 1%
Mn 1.3 × 101 2.1 × 101 0% 0% 1.7 × 101 2.7 × 101 0% 0%
Fe 3.6 × 102 5.6 × 102 0% 4% 4.8 × 102 7.7 × 102 0% 4%
Ni 1.1 × 100 2.2 × 100 0% 29% 1.5 × 100 4.8 × 100 0% 0%
Cu 6.2 × 100 1.3 × 101 0% 14% 9.8 × 100 2.3 × 101 0% 0%
Zn 5.7 × 101 1.3 × 102 0% 0% 9.0 × 101 1.7 × 102 0% 3%
As 1.8 × 100 1.8 × 100 0% 0% 9.8 × 10−1 8.8 × 10−1 0% 0%
Se 6.6 × 10−1 8.1 × 10−1 0% 6% 1.6 × 100 1.5 × 100 0% 0%
Sb 7.9 × 10−1 9.2 × 10−1 0% 0% 3.5 × 10−1 8.0 × 10−1 0% 0%
Ba 4.0 × 100 2.4 × 101 0% 5% 3.7 × 100 2.1 × 101 0% 0%
Pb 1.8 × 101 1.9 × 101 0% 0% 2.4 × 101 2.2 × 101 0% 1%

Both ICP-MS and ED XRF show a similar seasonal variation of concentrations, as shown in Table 1
(visibly higher crustal species concentrations in summer, and potassium and heavy metals strongly
related to biomass and coal combustion in winter). Due to the low reliability of measuring Al, Si, and
Cd by the ED XRF, which was found during previous internal measuring tests of this method, this
species has been excluded from the comparison of methods in Table 2; Table 3.

The majority of the species showed nearly lognormal distribution. Only in the case of ozone did
the dataset come anywhere near normal distribution. Part of the analytes showed bimodal distribution
denotative of the influence of at least two different pollution sources. As a significantly larger number of
datasets thus affected was detected at the Kosmos and Vrchy sites, it is probably the result of pollution
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transport from more remote areas during specific meteorological conditions, while at Ropice, pollution
from neighboring sources has a greater impact. At the Kosmos and Ropice sampling sites, the statistical
distribution of some species concentrations was more deformed in the area of high values. It is likely
to be connected with the occurrence of intensive concentration peaks at these more polluted locations
(the result of meteorological situations that rarely occur, but bring high pollution concentrations).

On average, the majority of the measured species has had higher concentrations in the winter
period and at night, which goes hand in hand with the series of PM2.5 concentration. Significantly higher
winter concentrations were detected mainly regarding species, the emissions of which are associated
with residential heating by solid fuels. They are As, K, K+, levoglucosan, retene, picene, EC, and PAH.
Apart from these, concentrations several times higher were also detected in the cold half of the year, as
opposed to the summer campaign, in the case of nitrogen oxides and nitrates.

In order to evaluate the basic relations among the measured species, correlation matrices have
been elaborated, onto which a cluster analysis has been applied by means of the R statistical software.
The result of the cluster analysis preliminarily indicated five factors influencing the variability of the
measured species concentrations.

3.3. Positive Matrix Factorization (PMF) Modeling

PMF model 5.0 was used in accordance with the U.S. EPA Positive Matrix Factorization (PMF),
Fundamentals and User Guide [14]. Based on parallel analyses from Ropice using the ICP-MS and ED
XRF methods, an individual PMF model was elaborated for this location for each of the datasets to
allow comparison of the PMF results. The results of the other laboratory analyses used in both models
(see Section 2.3) were the same. Using the signal/noise ratio, the species were split into the categories of
STRONG, WEAK, and BAD. 40 STRONG species were used in the case of the dataset, including the
data from ICP-MS, and in the case of the ED XRF dataset, they were 33.

It was necessary to exclude a night sample from 31 December 2018 to 1 January 2019 from the time
data series and the following day for the air polluted by a wide spectrum of analytes (especially Ba, Pd,
Mg, Al, S, Ti, and Cu) caused by New Year’s Eve celebrations. With regard to the fact that the source of
this extreme concentration peak was an isolated instance, its influence is unassessable by means of PMF.
An isolated value of Zn in the sample from 21 December 2018 (6:00 a.m–6:00 p.m. UTC), which is about
one order of magnitude higher than the average concentration for the rest of the measured period, was
also excluded. The missing values were replaced by a median with uncertainty set at quadruple the
median value. The values below the detection limit were assigned one-half of the detection limit and
their uncertainty, at 5/6 of the detection limit.

Special care for gas species which do not contribute to the total PM2.5 mass was carried out due
to the risk of their possible negative effect on the model solution, e.g., creating redundant unreal
factors. Many model runs with different parameters and various gas species have been carried out
to test if their use leads to disturbing or complicating model solutions or if they support reasonable
interpretation. During the modeling, good usability of gas species was discovered. They have acted not
as the main strong markers of specific air pollution sources, but have provided useful supplementary
information for profile interpretation. The NO/NO2 ratio was used successfully when considering
the effect of local/distant sources, or of fresh/altered pollution, as complementary information to
nitrogen ion concentrations. In a similar way, the SO2/sulfate ratio was kept in mind when significant
effects of local sources were interpreted (e.g., steelworks and local residential heating clusters). For the
mentioned reasons, NO, NO2, and SO2 have been incorporated in the PMF modeling dataset. Due to
technical issues, ozone was measured in the winter part of the sampling campaign only. Because of
this fact and the complex chemical reactivity of ozone, its role may be confusing rather than beneficial
during interpretation of the model. Ozone has thus been excluded from the PMF model of Ropice.
Despite the mentioned arguments, during the comprehensive modeling of all three locations ozone
has been used with caution. After obtaining a rough stable model solution, ozone has been classified
as WEAK and included in the PMF species. The aim of such a controvesal use of ozone has been to
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test the source profiles in which it tends to be present and to verify if its presence in the profiles is in
agreement with the expectation. Using ozone in the comprehensive PMF dataset has been one of the
complementary methods to evaluate whether the model corresponds to the real atmospheric relations.
Neither the identified factors nor their contributions have been negatively affected by declaring ozone
as a WEAK variable.

Using the ICP-MS and ED XRF data, the stable model solution (normal distribution and acceptable
residue size in line with the PMF user guide [14], mutual independence of the identified factors,
ratio Q/Qexp, etc.) was established with 5 factors. For the final PMF solution for the Ropice location,
50 model runs have been done using both the ED XRF and ICP-MS datasets. The same number of
model runs has been executed within the comprehensive model of all three sampling locations. Based
on the bootstrap analysis, the ED XRF and ICP-MS model solution rotations were used with the values
of Fpeak = 0.5 and 1.0, respectively. The coefficient of determination of the predicted and measured
concentrations of PM2.5 in the case of the ED XRF and ICP-MS datasets reached the values of R2 = 0.91
and 0.93, respectively. The Ropice site model was elaborated with 20% extra modeling uncertainty for
both the ICP-MS and ED XRF datasets.

Due to the known limitations of ED XRF (see the discussion in the Section 4.2), ICP-MS has been
considered to be the main method for the source apportionment whereas ED XRF was the suplementary
method for testing its ablity in PMF. In order to elaborate a comprehensive PMF model including all
three sampling sites (Kosmos, Ropice, Vrchy) only the ICP-MS method element analysis results were
used, as it has a wider species composition and lower uncertainty than ED XRF.

For the PMF model, 31 analytes were classified as STRONG. This comprehensive evaluation was
elaborated with an 18% extra modeling uncertainty. In other parameters, the modeling methodology
was identical to the model of the Ropice site.

3.4. Identified Factors and Their Contributions to PM2.5 Concentrations Using the All-sites Model

Within the comprehensive model solution based on the ICP-MS dataset and including all
3 sampling sites, the same factors as those within the PMF model of the Ropice site have been identified.
The only difference is the “residential heating” factor differentiation into two independent factors
according to the kind of fuel. The chemical composition and factor time series are evident from the
graphs in Appendices A and B, respectively.

Residential heating type 1: Dominant representation of polycyclic aromatic hydrocarbons (PAH),
elemental carbon (EC), with an increased percentage of levoglucosan and some heavy metals (arsenic,
selenium), hopanes, and nitrogen oxides. The daily variation of factor contributions fluctuates a great
deal, with its maxima at night. The day/night difference in winter with stable heating operation is in no
way as significant as in the summer, when there is only extra heating and hot supply water heating in
the evening and the night hours.

Residential heating type 2: These are probably the same sources as in the case of the “local residential
heating type 1” factor, but using other fuels or illegal waste combustion. The chemical profile is similar
to the case of the “local residential heating type 1” factor, but with a higher representation of a wide
spectrum of metals (antimony, cadmium, silver, tin, zinc, lead). The time series fluctuated significantly
in the evaluated period, especially in the summer. In the summer as opposed to the winter period, a
significantly higher contribution of this factor to the overall PM2.5 mass was detected.

Regional aerosol: A characteristic feature of this factor is the high representation of nitrogen
ions (NH4

+, NO3
−) combined with sulfates or/and sulfur, metals (vanadium, selenium, tin, indium,

arsenic) and hopanes and an increased contribution of organic carbon. In the signature of the regional
aerosol, the influence of coal combustion in individual residential heating sources is evident (sulfur,
vanadium, selenium, arsenic), and also, most likely, of motor vehicle traffic (nitrogen ions and
nitrogen oxides). Its chemical composition and the factor time series imply that, apart from the
primary suspended particles (emitted directly from the pollution sources), it also includes secondary
aerosol. The factor contribution time series is marked by somewhat lower variability in the course of the
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sampling campaign as opposed to the locally occurring residential heating. In the winter period, several
sequences of consecutive days of increased values were detected when the concentrations, as opposed
to local source fingerprints, did not decrease to low values as fast as in the case of “Residential heating”
factors, which bears evidence of pollution transported from longer distances. During some high
pollution episodes in the winter, delayed entrance of this factor after the residential heating factor was
noticed, which probably corresponded to the gradual rise of a secondary aerosol in the region during
deteriorated dispersion conditions.

Crustal: This is, above all, resuspended dust from the Earth’s surface lifted by the wind and
road traffic. In its chemical profile, an increased percentage of species abundant in the Earth’s crust is
thus prominent (aluminum, barium, strontium, titanium). In comparison with other factor profiles,
these elements are accompanied by increased concentrations of ozone, which corresponds to the
relatively high contribution of this factor in the period with intense sunshine. The high percentage
of organic carbon and, meanwhile, the low percentage of elemental carbon, testify to the presence of
an important biogenic component, probably especially pollen and biogenic particles in the summer
period of the sampling campaign. This issue is further discussed in Section 4. The factor is typical
for its significant daily variation with the maxima during the day. In a yearly course, higher factor
contribution in the warm part of the year was discovered; in the course of the winter sampling
campaign, the contribution of this factor was close to zero.

Long-range transport: The chemical profile contains particles of which the composition is mostly
sea salt (ions Na+, Mg2+, Ca2+), sulfates, nitrates, and ozone with the representation of hopanes.
Less significantly, nitrogen oxides demonstrate in its signature. In its chemical profile, a small percentage
of coal combustion emissions also demonstrates (arsenic and selenium), probably originating from
large industrial energy sources. It is apparent that it is a mixture of sea aerosol with a secondary
aerosol that is developed from primary anthropogenic emissions in the course of its long transport
time. The factor demonstrates itself by a time series with unremarkable day/night variation and by the
relatively lowest difference of the concentration’s contribution out of all the identified factors between
the summer and winter parts of the campaign.

Iron and steelworks: A factor composed of dominant percentage of iron and manganese accompanied
by molybdenum and, relatively less significantly, by a wide spectrum of other metals (lead, indium,
thallium, silver, cobalt, zinc, arsenic, selenium, and strontium), which corresponds to the complex
production of iron, steel, and relevant productions in the large industrial premises surrounding the
TŘINECKÉ ŽELEZÁRNY, a.s. plant. The factor time series is extremely variable, depending on the
wind direction (very high contribution to PM2.5 concentration when the emission plume heads towards
the sampling site from the metallurgical plant, as opposed to the almost zero influence in other cases).
The average size of the factor contribution in the warm and cold parts of the sampling campaign
was similar.

The apportioned percentages and PM2.5 concentrations of the main air pollution sources are
illustrated in the following graph (Figure 3).
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Figure 3. Relative (a) and absolute (b) factor contributions to the average PM2.5 concentration.

3.5. The Conformity of the Identified Factors and Their Contributions to PM2.5 Concentrations Using ICP-MS
and ED XRF Datasets at the Ropice Site

The identified factors at the Ropice site were identical when using both compared analytical
methods (ICP-MS and ED XRF): local residential heating, regional aerosol, long-range transport, iron
and steelworks, and crustal. Figures 4 and 5 show the chemical profiles of the factors identified by
PMF using the ICP-MS and ED XRF datasets.

 

−
17α(H),21β(H) 17α(H),21β(H)

−
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Figure 4. PMF factor profiles at the Ropice sampling site based on the ICP-MS dataset. S−hop:
17α(H),21β(H)-22S-Homohopane; R-hop: 17α(H),21β(H)-22R-Homohopane.
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Figure 5. PMF factor profiles at the Ropice sampling site based on ED XRF dataset. S−hop:
17α(H),21β(H)-22S-Homohopane; R-hop: 17α(H),21β(H)-22R-Homohopane.

The PMF model with the ICP-MS and ED XRF datasets is based on partly different species
composition, and, therefore, direct comparison of the model results is impossible. As shown in
Figures 4 and 5, with ICP-MS and ED XRF datasets, the same characteristic diagnostic species groups are
present in the chemical profiles, which have led to the same identified factors. The final solution is easily
interpretable: “Residential heating” stands out by PAHs, elemental carbon, levoglucosan percentage,
and relatively high 17α(H),21β(H)-22R-Homohopane / 17α(H),21β(H)-22S-Homohopane ratio (due to
the frequent burning of low-quality coal). “Regional aerosol” is rich in nitrogen ions and sulfates (in the
case of the ED XRF dataset, also in sulfur) as a manifestation of chemical-transformed road traffic and
coal-burning emissions. The “crustal” factor contains significant percentages of Mg, Al, Ca, and Ba
(ICP-MS dataset), and Ca, Ti, and Ba (ED XRF dataset), respectively. Long-range transport is typical in its
high sea-salt percentage with sulfates, nitrates, and a relatively low 17α(H),21β(H)-22R-Homohopane
/ 17α(H),21β(H)-22S-Homohopane ratio. The iron and steelworks chemical profile is characteristic
for its dominant percentage of Fe, Mn, and a wide spectrum of heavy metals in combination with
nitrogen oxides.

Overall, the PMF factor profiles based on both the ICP-MS and ED XRF datasets are similar and
contain the same diagnostic species (further discussion on the specifics of chemical profiles is a part of
Section 4). The identified factors at the Ropice site are the same as the comprehensive all-sites PMF
model factors, which were explained in more detail in Section 3.4.

3.6. Pollution Source Areas

Based on the time series of the factor contributions to PM2.5 concentrations and hourly values of
the wind direction and speed at individual sampling sites, time-weighted concentration roses and
CPF (Conditional Probability Function) graphs have been elaborated, based on which it is possible to
determine the directions of the main pollution origins. The time-weighted concentration roses include
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all the model quantified values; the CPF has been visualized for the contribution values exceeding
the 90th percentile. The time-weighted concentration roses of the identified factor contributions form
Appendix C. The CPF graphs proved to have little illustrative value and do not contain enough
information; that is why they are not part of the article. The determination of the pollution source areas
was limited by the amount of data available (about 130 values for each location). Thus, for a more
precise source localization, it was inefficient to apply some methods that are more demanding as far as
a statistical file size is concerned, e.g., PSCF (potential source contribution function).

Local residential heating type 1: At the Kosmos site, the factor acts especially from the direction
of the densely populated Jablunkov Furrow (probably the influence of Vendryně, Bystřice, and other
villages) and from the north-northwest (probably the influence of the periphery of Třinec). At Ropice
the main part of this pollution type is transported from two prevailing directions, north (Olše valley)
and south. In both cases, with regard to the high average contributions from these directions, the factor
is the influence of the local residential development nearby. The Vrchy site is significantly different in
this respect. The factor here acts mainly from the north, and, with respect to the occurrence of both
high and low factor contributions, it is probably a combination of the local sources from the Vrchy part
as well as the influence from more remote areas, e.g., the Nebory development part.

Local residential heating type 2: At the Kosmos site, the most intense concentration peaks of this
factor occurred when the wind originated from the northwest (influence of peripheral parts of the city
of Třinec in the Olše valley). A significant contribution here occurs both in the warm and cold halves of
the year. In winter, however, pollution transport prevails from the southeast. At the Ropice and Vrchy
sites, the main source areas are identical to the local residential heating type 1 factor.

Regional aerosol: At the Kosmos and Ropice sites, the winter contribution was approximately
double as opposed to the summer contribution, and the main pollution origin directions are analogical,
as in the case of the residential heating type 1 and 2 factors (from Jablunkov Furrow and sites situated
at lower locations in the Olše valley. At Ropice, however, this occurred most significantly from the
south). At the Vrchy site, on the contrary, from the point of view of both the maxima and the average
contribution values, northwest wind directions dominate, which shows pollution transport not only
from the neighboring areas of the city of Třinec, but also from the city of Ostrava and its surroundings
or villages situated in this direction.

Crustal: At the Kosmos site, factor contributions prevail from the southeast and northwest,
and at the Ropice site, from the north and especially the south. At the Vrchy site, although the
contribution peaks are connected with a southwest wind direction, probably from the nearby local
source (field work), meteorological situations with north and southeast wind directions had a decisive
influence on the average factor contribution here.

Long-range transport: The main average contribution of long-range transport comes from the
north-northwest. The less significant part of the long-range pollution transport was captured at the
Kosmos and Vrchy sites in periods with a southeastern wind, thus from the corridor of Jablunkov
Furrow. At Ropice, it came from the southern direction.

Iron and steelworks: At the Kosmos site, which is situated windward of the integrated metallurgical
plant, the high factor contributions occurred during the northwest current. At Ropice, which is situated
leeward of the metallurgical sources, there were dominant contributions from the south and southeast.
At the background countryside site of Vrchy, the quantified contributions of this factor reached very
low values; the determination of the source direction is thus unreliable here. For guidance, the origin is
indicated north of the sampling site. All the evaluated directions correspond to both the sampling site
location and a presumed source (TŘINECKÉ ŽELEZÁRNY, a.s. steelworks).
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4. Discussion

4.1. Specific Aspects of Identified Factor Profiles

In most aspects, the identified factors and the species percentages in the PMF factor profiles are
in line with the expectations based on the chemical composition of the supposed emission sources.
Further discussion is needed regarding the road traffic contribution to the concentration of PM2.5.
As shown in the chemical profiles in Figures 4 and 5, and Appendix A, no standalone chemical
profile representing road traffic has been identified by PMF. This applies to all model runs in the case
of both the ICP-MS and the ED XRF datasets. The road transport species pattern (especially high
contribution of nitrogen oxides and nitrogen ions) is clearly visible in the “Regional aerosol” factor
instead, which is a mixed factor combining vehicle emissions and other regionally acting pollution
sources. Despite many model runs with testing exclusion/inclusion of many species, road traffic as
a standalone PMF factor has never been isolated. Similar problem with the traffic identification in
the Moravian-Silesian Region has already been encountered in other study using PMF [15]. This is
likely due to the fact that in all sampling locations, road traffic cannot be considered as a significant air
pollution factor in comparison with other sources, e.g., residential heating or steelworks. There are no
heavily loaded roads near the sampling locations. No significant or even dominant traffic contribution
to PM2.5 concentration is expected here. Based on the results in previous studies [16] (p. 241, 248),
it can be assumed that sources with well-defined chemical profiles and seasonal time trends, that
make appreciable contributions, can be better quantified by the PMF model than those with low
contributions to the PM mass. A relatively low contribution and insignificant seasonal variation leads
to the hypothesis that the factor of primary traffic particles has not been identified by the PMF model
due to the dominancy of other regionally specific source types with partly similar chemical profiles.
The complex of metals and NOx from traffic is similar as from steelworks and household heating,
EC and OC come especially from household heating and, dust resuspended from the roads by vehicles
movement contains pattern of crustal species similar to soil and urban dust which is resuspended
by the wind. The road traffic emissions influencing the sampling areas are mainly not of local origin
and are predominantly transported to the measurement points from longer distances, together with
some other sources of emissions in the same time periods. Thus, they cannot be separated by statistical
methods including PMF. In addition, due to the expected main road traffic emission origin at distances
from several kilometers to one hundred kilometers (agglomeration of Ostrava, the Polish part of Silesia,
and the Třinec city center), there is enough time for chemical transformations of road emissions during
the atmospheric transport, especially in the presence of complex pollution with many reactive radicals
in the heavily polluted northeast part of the Czech Republic. As discussed in large intercomparison
studies [16] (p. 249), datasets from areas with complex atmo-spheric transport and chemistry are likely
to be more challenging to quantify the sources (especially secondary and/or distant ones) than areas
influenced mainly by local sources. Mixed factors with both residential heating and traffic have been
found in several other studies, including the strongly polluted city of Ostrava in the Moravian-Silesian
Region [17] (pp. 149–150). Due to the mentioned reasons, we consider the PMF solution, with the road
traffic factor mixed with other regionally acting sources in the “Regional aerosol” factor, as reasonable.
Based on previous research results [16] (p. 249), the time resolution of the datasets influences the ability
of receptor models to capture the time patterns of mobile sources. According this information, a higher
time resolution allowing evaluation of daily variations could be useful for the quantification of the
traffic contribution to the PM mass in the specific region of Třinecko.

Due to the complex transformation processes of ozone in the atmosphere, its concentration does
not directly correspond to sources of emissions. However, when proceeding with special caution,
it provides additional information due to its dependence on meteorological conditions at the time
of operation of some source types. Although ozone is only a weak supporting indication for PMF
interpretation, its presence in the “Crustal” and “Long-range transport” factors (maximum in dry
summer days with strong sunshine), its absence in the “Residential heating” factors (maximum
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operation in winter when ozone concentrations are low), and the moderate percentages in the “Iron and
steelworks” factor (stable year-round source operation) correspond well with real relations in the
atmosphere. It suggests that the model interpretation is reasonable in this respect.

Another interesting aspect demanding an explanation is the content of organic carbon in the
chemical profiles factor. As shown in Figures 4 and 5 and in Appendix A, in all model results,
ICP-MS and ED XRF datasets, and in Ropice and the comprehensive all-locations model, organic
carbon accounts for significant mass percentages in the “Crustal” factor. The PMF model tendency to
incorporate the high portion of organic carbon into the “Crustal” chemical profile has been verified
repeatedly during the modeling. It is customary and rational to expect its main content rather in
factors related to incomplete burning processes like household coal and biomass burning or diesel
engine operation. Unlike some other studies [18] (pp. 101–103), the measured organic carbon summer
concentrations are more than twice as high as in the winter (the mean concentration varies in the
range of 4.0–4.6 µg.m−3 in the summer, depending on the sampling site, and 1.4–1.7 µg.m−3 in the
winter, respectively), in spite of the fact that both residential heating and traffic emissions are higher in
the winter. The measured data thus surprisingly indicate that the main source of organic carbon is
neither road traffic nor household heating in the surveyed area. An analysis of the EC/OC ratio in the
warm and cold parts of the sampling campaign (Figure 6) clearly shows that winter concentrations are
related, with one dominant source type at all three sites (strong EC/OC correlations with R2 > 0.95),
while summer sources are more complex (0.29 < R2 < 0.62). Due to the land use type near the sampling
sites (frequent grassy and agricultural areas), and considering the time period of the summer sampling
(peak of the flowering season), there is high probability that a significant contribution to the measured
summer organic carbon concentrations is of biogenic origin (both primary and secondary aerosols).

 

(a) (b) (c) 

 

(d) (e) (f) 

“Crustal”

Figure 6. Plot of EC and OC concentrations at sampling locations in the summer: (a) Kosmos; (b) Ropice;
(c) Vrchy; and the winter: (d) Kosmos; (e) Ropice; (f) Vrchy.
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A slight correlation has been discovered between the OC summer concentrations and temperature
(Figure 7); the strongest is at the Vrchy site (R2 = 0.36), which is less polluted by both PM2.5 and OC.
Conversely, the weakest OC versus temperature correlation has been found at the most polluted site,
Ropice (R2 = 0.13).

 

(a) (b) (c) 

“Crustal”

Figure 7. Plot of EC concentration and air temperature at: (a) Kosmos; (b) Ropice; (c) Vrchy.

Although the EC versus temperature correlations are rather weak, there is an indication that the
summer OC concentrations are related to factors which have an effect in the rural rather than in the
urban and suburban areas. Thus, the summer OC concentrations are significantly connected with
natural emission sources. The apportioning of most of the OC mass into the “Crustal” factor is likely
due to similar source areas and the time periods of high biogenic OC and mineral dust contributions.
Typically, those are the warm summer days when the low soil moisture and air humidity lead to easy
mineral dust and biogenic primary particle resuspension. Meanwhile, the temperature and sunshine
are favorable to the formation of biogenic secondary organic aerosol. Due to the above-mentioned
reasons and because the summer OC contributions have caused a dominant effect on the overall
OC concentration, there has been no way to separate mineral dust and biogenic organic carbon into
standalone source profiles in the survey area.

As shown in Figure 6, measured summer EC concentrations were lower than 2 µg.m−3, whereas in
the winter they reached approx. 50 µg.m−3 and, at Ropice even nearly 100 µg.m−3. The significant
increase of the EC concentration has been detected at all sampling sites. An increase of more than
one order of magnitude cannot be explained by the change of weather conditions, especially when
considering seasonal wind speed comparison in Section 3.1 (higher wind speed in winter has
been discovered). The road traffic emission variation is relatively low during the year and its winter
contribution to the EC concentration is thus very likely less than the maximum summer EC concentration
(<2 µg.m−3). Based on this fact, it is clear that the relative annual road traffic contribution to the
total EC mass in Třinecko is very low (in the winter at most several units of percentage). On the
contrary, emissions from the coal burning in the old-technology boilers which are the most common
residential heating appliances in the surveyed area varies in a wide range during a year. Signs of
an incomplete combustion process with the potential for high EC emissions are manifested by the
dominant percentage of PAHs in the “residential heating” source profile, consistently with other
studies, e.g. [19] (p. 12). Obsolete household heating boilers emitting a lot of soot are thus very likely
to be the dominant sources of EC in this region, at least one order of magnitude higher than the road
traffic EC contribution. This fact possibly explains why the EC, which is often used a road traffic marker,
has not led to the identification of the individual traffic PMF factor in the surveyed area.

In spite of the high winter correlation between EC and OC, these species are separated by the
PMF model to the different PMF source profiles. According to the mentioned findings, it is caused by
different EC and OC sources in the summer. In the winter, there were acting OC and EC emissions from
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the residential heating (other sources are negligible compared to this source type). On the contrary,
a vast majority of primary biogenic and secondary particles (majority of the summer OC mass) and
particles likely originating mainly from traffic (contribution to the EC mass) were the most important
in the summer.

4.2. Comparison of the Results of the ED XRF and ICP-MS Methods

The ICP-MS is the reference method for heavy metals measurement in PM2.5 used within the
National Air Quality Monitoring Network according the European and Czech air protection legislation.
ED XRF dataset has thus been tested with the aim to verify if it could be a more affordable alternative to
the ICP-MS for the source apportionment purposes. Based on the previous comparison of the parallel
measurement with ICP-MS (not published in this article), several limitations of ED XRF had been
known before its use for PMF modeling. Those are limited species number, significantly higher relative
uncertainty and a higher method detection limit of some species compared to ICP-MS. The Table 2;
Table 3 show significant concentration differences of some species between ICP-MS and ED XRF dataset,
especially in the case of Sb, Ti, V, Cr, and surprisingly, Mg. Based on this and previous comparisons,
with caution we have used measured concentrations of the Cd, Cr, Sb, Ti, V, K, Na, S, Si, and Al.
Some of these problematic metals has been excluded from the PMF dataset. On the contrary, Cu, Fe,
Mn, Pb, Se, and Zn could be considered more reliable.

Despite the mentioned ED XRF limitations, the PMF results based on the two different datasets
are similar. In both the ED XRF and ICP MS datasets, the uncertainties of the elaborated PMF model
according to the U.S. EPA [14] guide criteria are acceptable. The solution found with six factors is
stable, with good agreement of the predicted and measured values and with the bootstrap (BS),
displacement (DISP), and bootstrap-displacement (BS-DISP) stability tests complying with the guide
recommendations [14]. The identified air quality factors and their quantified contributions at different
wind directions and speeds correspond well to the location of the real pollution sources.

No significant difference has been detected in the predicative ability of the evaluation based on
the ICP-MS and ED XRF datasets, i.e., by means of both methods a solution for the sampling site of
Ropice has been found that agrees on the substantial aspects (Figure 8).
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Figure 8. Factor contribution to the average PM2.5 concentration using the ED XRF and ICP-MS datasets.

The model results using ED XRF and ICP-MS differ significantly only in the case of the regional
aerosol and the local heating contribution, whereas in total the two factors are quantitatively identical
in both datasets (on the whole, they account for approximately 3

4 of the total pollution). The split of the
pollution origin between these two factors is always disputable, as in regional aerosol there is also a
significant pollution contribution from local residential heating. There is no precise boundary between
the local and regional residential heating influences. G-Space Plot indicated a partial mutual link,
which thus has a rational basis. All the other identified factors were mutually independent, according to

70



Atmosphere 2020, 11, 522

the G-Space Plots analysis. With respect to the goal of the ED XRF and ICP-MS comparison, differences
in source contributions up to approximately 5% can be considered as negligible, as they do not change
the focus of the main air pollution measures in the research area. It is possible to consider the sensitivity
and accuracy of both methods as sufficient for PMF modeling and consecutive recommendations for
strategic measures regarding air protection.

4.3. The Use of the Selected Organic Markers

Based on the research information sources mentioned below, some markers have been selected
that have proven to be suitable organic molecular tracers for the identification of coal combustion,
biomass burning, and vehicular emissions. The concentrations of 19 PAHs, six hopanes, six steranes,
and levoglucosan in the PM2.5 aerosol samples were measured. PAHs are formed mostly from the
incomplete combustion of a variety of fuels emitted by different source types, including residential
heating, industrial processes, waste incineration, and mobile sources [20,21]. Benzo[a]pyrene is the only
PAH that has a legislative limit (1 ng.m−3 annual average concentration), and it was used as a marker for
carcinogenic risk assessment [22]. The International Agency for Research on Cancer (IARC) classified
BaP as an agent carcinogenic to humans (Group 1). Across all three sites, the BaP concentrations were
12–14 times higher for the winter samples (average 3.95 ng.m−3) than for the summer samples (average
0.3 ng.m−3). The seasonal differences can be explained by decreased residential heating during the
warm months and increased photolysis and dispersion of all PAHs. The rest of the measured PAHs
had shown fewer seasonal differences (4 –11 times) than BaP, with the exception of BaA (17–21 times),
which is highly susceptible to photo-oxidation [20,23].

Concentrations of BaP and BeP are usually similar in fresh emissions [24], but as BaP degrades
in the presence of sunlight and strong oxidants in the atmosphere, the BeP/(BeP + BaP) ratio can be
used as an index of the aging of aerosol particles [24,25]. During the summer campaign, the ratio
BeP/(BeP + BaP) at all three sampling sites was in the range from 0.5 to 0.6, indicating the regional
or long-range transport of aerosols. Conversely, in winter, this ratio was less than 0.5 (average 0.4),
and that indicates emissions of aerosols from local sources.

Picene was selected as a marker for coal combustion. Furthermore, the diagnostic ratios of the
selected hopanes were used to identify the combustion of different types of coal [26]. Hopanes and steranes
are present in the lubricating oil used by both gasoline- and diesel-powered motor vehicles. They are
considered markers for traffic emissions in the atmosphere [27,28]. On the other hand, only hopanes
are present in emissions from coal combustion. The characteristic ratio between concentrations of
22R-17a(H),21b(H)-homohopane and 22S-17a(H),21b(H)-homohopane, known as a homohopane index,
can be used for identifying diverse types of coal. For coal combustion, the homohopane index C31αβ[S/(S
+ R)] is in the range from 0.05 to 0.40 and it increases with the maturity of the coal, 0.05 for lignite, 0.08
for brown coal, 0.20 for sub-bituminous coal, and 0.37 for bituminous coal [26]. The homohopane index
obtained for gasoline and diesel emissions ranges from 0.45 to 0.60 [29,30]. Hopane concentrations in the
samples were quantified by the key ion m/z 191, and sterane concentrations were quantified by the key
ions m/z 217 and 218. Across all three sites, the sterane concentrations were very low or below the detection
limit (0.12 ng.m−3) in the samples from both the summer and winter campaigns. The most abundant
sterane in the summer samples was ααα 20R-Cholestane (average 0.17 ng.m−3), and its concentrations
within the winter samples were only 2 times higher (average 0.31 ng.m−3). Steranes were used as
molecular markers for indicating the contribution of vehicular emissions, and their low concentrations
indicate a negligible impact of the mobile sources. Like the steranes, the hopane concentrations at all
three sites during the summer campaign were exceptionally low, and the homohopane indices were
in the range from 0.51 to 0.64, which indicates that hopanes in the summer samples originated mainly
from transport emission. During the winter campaign, hopane concentrations were on average 5 times
higher than in the summer, and the average homohopane indices for the Kosmos and Ropice sampling
sites were 0.36 and 0.34, respectively, which indicates that hopanes in the winter samples were mainly
from high-range coal combustion. For the Vrchy site, the homohopane indices were more heterogeneous
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than at the other two sites, and were in the range from 0.11 to 0.60 (average 0.40). In three samples, the
homohopane indices were below 0.20, which is typical for less mature coal. Conversely, in 27 winter
samples (almost 50% of the total samples) from the Vrchy site, the homohopane indices were in the range
from 0.45 to 0.60, which, according to literature, corresponds to gasoline and diesel emissions. It has been
assumed that these could be emissions from the combustion of waste oil or fuel oil due to exceedingly
high concentrations of hopanes and steranes in these samples and relatively low concentrations of the
measured PAHs. The trend of PAH production during the combustion of various types of fuels in terms
of their chemical composition is in the following order: coal > lignite >wood >waste oil >mazut > fuel
oil [31].

4.4. Results in the Context of Current Strategies

Among the main documents of air protection in the Czech Republic today are the Air Quality
Improvement Programmes, which contain measures for individual regional units of NUTS 2 (Nomenclature
of Units for Territorial Statistics, Level 2). For the Třinecko region, the binding measures are stated in
the Air Quality Improvement Programme for the Agglomeration of Ostrava/Karviná/Frýdek-Místek
CZ08A [7], the analytical part of which was elaborated using the CAMx chemical transport model.

Based on the established wind direction and speed during the campaigns, it is possible to state
that these meteorological conditions, which are one of the main factors influencing the dispersion
conditions, correspond well to the long-term average measured at the nearest neighboring sites of the
National Air Quality Monitoring Network. It is thus possible to consider that the acquired results are
sufficiently representational for a longer period of time and that they can be used for a proposal for
strategic measures.

The source apportionment by means of PMF, including an approximate determination of the main
source areas of the secondary aerosol, provides new arguments for the prioritization of measures that
have so far been missing in the strategic documents relevant to the Třinecko region.

As stated in the previous studies [32] (p. 6), due to the different definition of their sources,
comparing the source apportionment output of receptor models and the chemical transport model is
not straightforward. Nevertheless, it is evident that the PMF results correspond to the CAMx results
in the analytical part of the mentioned strategic document in its main priorities. According to both
modeling methods, the main cause of the above-limit pollution by PM2.5 in Třinecko is individual
residential heating, followed by secondary aerosol and transport from abroad. Compared to existing
analyses using chemical transport models, the PMF modeling results show a significantly higher
influence of local sources (especially residential heating), whereas in the case of the secondary aerosol
and transport from abroad, the situation is the opposite. The contribution of transborder pollution
is assessed as significant but not high by the PMF model. According to the PMF model, the most
significant part of air pollution by PM2.5 is of local origin, i.e., it comes predominantly from an area
within units of km from the assessed sites.

5. Conclusions

The aim of the research documented in the presented article was to contribute to a better
understanding of the relations among emissions, pollution transport, and ambient air PM2.5

concentrations in Třinecko by source apportionment using positive matrix factorization (PMF). At the
three assessed sites, six main factors have been identified (two types of residential heating, regional
primary and secondary aerosol sources, resuspended dust and biogenic detritus, long-range transport,
and iron and steel production). In substantial aspects, the results correspond to earlier analyses carried
out for air protection strategic plans. However, they also bring some important corrections. This is true
especially when it comes to the discovery that the most significant pollution contribution falls under
local sources, whereas pollution transport from more remote areas, including abroad, is less significant.

It is possible to consider a significant decrease of primary emissions of PM, polycyclic aromatic
hydrocarbons, and sulfur dioxide from individual residential heating, which create the greatest air
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pollution contribution, and the associated health hazards as the main priority of air protection in
Třinecko. Directing measures to this source type will support a decrease in the influence of the second
most significant pollution type, which is “regional aerosol”.

In this respect, support of traffic measures, from the point of view of air protection, is less
important nowadays. Although some interpretation problems with traffic contribution quantification
by the PMF have been found, there are no doubts about its minor role, especially considering other
source apportionment approaches, including the recent CAMx model which has been provided for
planning the strategy measures. Due to the PMF results accordance with the mentioned independent
alternative source apportionment method, the traffic measures in Třinecko should have been limited
to specific activities at particular locations where it is possible to demonstrably prove an acceptable
ratio of costs to air quality improvement. Other factors influencing the air quality at present are not a
regional priority in Třinecko now. Measures focusing on them can only be effective locally.
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Appendix A

The following pictures represent the identified air pollution factors. They illustrate the relative
species contribution in the PM2.5 concentration, quantified by the PMF model and the median and the
IQR bootstrap test values.
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Figure A1. Relative species concentration (Fpeak) of the “Residential heating type 1” factor and the
result of the BS test (Median and IQR).
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Figure A2. Relative species concentration (Fpeak) of the “Residential heating type 2” factor and the
result of the BS test (Median and IQR).
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Figure A3. Relative species concentration (Fpeak) of the “Regional aerosol” factor and the result of the
BS test (Median and IQR).
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Figure A4. Relative species concentration (Fpeak) of the “Crustal” factor and the result of the BS test
(Median and IQR).
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Figure A5. Relative species concentration (Fpeak) of the “Long range transport” factor and the result
of the BS test (Median and IQR).
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Figure A6. Relative species concentration (Fpeak) of the “Iron and steelworks” factor and the result of
the BS test (Median and IQR).

Appendix B

The following pictures illustrate stacked area graphs of the overall PM2.5 concentration and its
apportioning among the identified factors.
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Figure A7. Time series of absolute PM2.5 concentration—“Kosmos” site.
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Figure A8. Time series of absolute PM2.5 concentration—“Ropice” site.
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Figure A9. Time series of absolute PM2.5 concentration—“Vrchy” site.

Appendix C

The following pictures illustrate the time-weighted concentration roses of the relative PM2.5 factor
contribution to its mean.
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Figure A10. “Residential heating type 1”—proportion of the contribution to the mean (%).
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“Residential 1”—
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Figure A11. “Residential heating type 2”—proportion of the contribution to the mean (%).
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“Regional aerosol”—Figure A12. “Regional aerosol”—proportion of the contribution to the mean (%).
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Figure A14. “Long-range transport” - proportion of the contribution to the mean (%).
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Figure A15. “Iron and steelworks”—proportion of the contribution to the mean (%).
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Abstract: The PM10 concentrations in the studied region (Ostravsko-karvinská agglomeration,
Czech Republic) exceed air pollution limit values in the long-term and pose a significant problem for
human health, quality of life and the environment. In order to characterize the pollution in the region
and identify the pollution origin, Instrumental Neutron Activation Analysis (INAA) was employed
for determination of 34 elements in PM10 samples collected at a height of 90 m above ground level.
From April 2018 to March 2019, 111 PM10 samples from eight basic wind directions and calm and
two smog situations were sampled. The elemental composition significantly varied depending on
season and sampling conditions. The contribution of three important industrial sources (iron and
steelworks, cement works) was identified, and the long-range cross-border transport representing
the pollution from the Polish domestic boilers confirmed the most important pollution inflow during
the winter season.

Keywords: air pollution; PM10; tower; high-volume sampler; wind-direction-dependent sampling;
neutron activation analysis; elemental composition; cross-border pollution transport; AIR BORDER;
Czech-Polish borderlands; Interreg

1. Introduction

The studied area—Ostravsko-karvinská agglomeration—is situated in the northeast
part of the Czech Republic, in the Moravian-Silesian Region. The region, together with
the adjacent cross-border Polish region of Silesia, is historically connected with the accu-
mulation of black coal mining and heavy industry, namely energetics, coking plants and
ironworks [1,2]. The particular industrial character of the region along with its topography
(basin surrounded by fairly high mountain ranges) and local meteorological conditions [3]
causes its specific air pollution problems. The strategic industrial development of the
region in the 1950s [4,5] initiated intensive population growth connected with substantial
emissions from households. This effect has persisted until the present, as coal is still
the most widely used fuel in the Polish border area [6,7]. Thus, the region is one of the
most polluted in Europe [8]. The air pollution significantly exceeds the limit values of
particulate matter (PM10, PM2.5), benzo[a]pyrene and ozone [4,8,9] according to European
legislation [10] and World Health Organization (WHO) guidelines [11,12]. Both daily and
long-term exposure to the substances mentioned above has a number of substantiated
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adverse biological effects [5,13]. Airborne particles increase mortality and morbidity, es-
pecially of the respiratory system, even at short-term exposures. The population exposed
to PM shows a higher incidence of infectious diseases [14–16], and atmospheric pollution
and PM pollution are factors classified as proven human carcinogens (category 1) [17].
Being one of the most densely populated regions in the Czech Republic (except its capital
city) [18], the air pollution here poses an essential and long-term environmental problem.

Substantial pollution in the region has challenged researchers to identify causes and
look for solutions, starting in the 1990s with the US EPA project Silesia [19,20]; later on, the
effort continued with projects AIR SILESIA [21,22] and AIR TRITIA [6,23]. Moreover, nu-
merous case studies focused on the pollution origin were performed [24–26] together with
the recently published study of the Czech Hydrometeorological Institute (CHMI) [27,28].
All the studies emphasized the role of both the industry and the transboundary pollution
from Poland (caused mainly by domestic boilers). According to these studies and state
air quality monitoring [9,29], the highest PM concentrations occur near the Czech–Polish
border (characterized by more prominent growth in the colder half of the year and during
smog events) and also close to important industrial sources where the limit values of PM
happened to be reached not only during the winter season. The air quality in the region is
significantly influenced by the rate and nature of cross-border pollution transmission along
the most frequent wind directions (typically SW/NE), together with the inverse character
of the weather with steady atmosphere and subsequently worsened dispersion conditions,
which significantly contribute to increased air pollution during the winter. According to
the available studies [6,22,27,30], the contribution of the cross-border PM pollution to the
annual average values can vary from 20–40% depending on the location in the region,
emissions and meteorological conditions in the year.

The air quality monitoring presented in this study was performed within the AIR
BORDER project focused on the cross-border pollution transport from Poland to the
Ostravsko-karvinská agglomeration (the Czech borderland) and vice versa. The aim of the
study was to run a special monitoring campaign in order to characterize the transmission
of the PM10 particles from different groups of air pollution sources specific for the region,
excluding the influence of the local sources [31]. This presumption was possible by locating
a monitoring device on the top of a tower that reaches a height of over 85 m above the
ground level. The device collects the PM10 particles depending on the wind direction, which
enables one to investigate from which directions and from which sources the pollution
comes and to more precisely quantify its transfer within the region.

2. Experiments
2.1. Sampling

The monitoring device was situated on the top of a former mining tower (90 m above
ground level) located in Horní Suchá village in the centre of the Ostravsko-karvinská
agglomeration.

(World Geodetic System 1984 coordinates 49.805166 N, 18.473954 E). The location of
the tower in the region can be seen in Figure 1, the tower in Figure 2.
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Figure 1. The location of the tower at a regional scale with plotted industrial PM10 emissions.

  
(a) (b) 

Figure 2. The tower in the operation period of the 1980s (a) and presently (b).
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For the particulate matter sampling, the high-volume sampler SAM Hi 30 AUTO
WIND (Baghirra Ltd., Prague, Czech Republic) was used. The sampler operates respecting
the Guidelines on high-volume sampling methods that can be found in the Compendium of
Methods for the Determination of Inorganic Compounds in Ambient Air compiled by the
United States Environmental Protection Agency (US EPA) [32]; a summary of the research
of high-volume samplers performance can be found elsewhere [33].

The SAM Hi 30 AUTO WIND is a fully automatic, remote-controlled sampler in-
tended for gravimetric and chemical analyses of aerosol particles. The device samples
particulate matter with a <10 µm diameter (PM10) using the DIGITEL DPM10/30/00
PM10 pre-separator for 30 m3/h according to EN 12341 [34]. The sampler was designed
to work depending on wind conditions. It has a magazine of 15 filters (glass microfiber,
Whatman GF/A, Ø 150 mm) stretched in filter holders that are automatically changed to
the sampling position according to actually evaluated wind conditions. Thus the sampler
was able to collect PM10 particles from eight basic wind directions (N, NE, E, SE, S, SW,
W, NW) and CALM (wind speed < 0.2 m·s−1). The sampler can be seen in Figure 3. Both
wind speed and wind direction were measured via the WindSonic™ SDI-12 anemometer
(Gill Instruments Ltd., Lymington, UK). The wind direction and wind speed for selecting
a particular sampling filter from the magazine were determined according to one-hour
moving averages calculated from 10-min data in accordance with US EPA guidance [35].
Thus, the actual wind may be different. The wind roses representing the measured wind
direction in comparison with the sampled sector can be seen in Figure 4. Moreover, a
special filter was designed for the episodes with extreme air pollution, defined as three
successive average hourly PM10 concentrations exceeding 100 µg·m−3, using 10-min data
from continuous ground monitoring.

μ

−

μ −

Figure 3. The SAM Hi 30 AUTO WIND sampler.
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Figure 4. Matching of sampled sectors and measured wind directions.

Employing this method, 111 PM10 samples from eight wind directions and calm (and
extreme air pollution if occurring) were collected for each month from April 2018 to March
2019 (total of 12 months).

2.2. Determination of PM10 Mass Concentrations

PM10 mass concentrations were determined following the guidelines of EN 12341 [34].
Filters were weighed using an analytical balance (Sartorius MC 210P) before and after
sampling. The filters were conditioned for ≥ 48 h under controlled relative humidity
(50% ± 5%) and temperature (20 ◦C ± 1 ◦C), then weighed for a first time, followed by a
second weighing after additional conditioning for ≥ 12 h for filters prior to the sampling
and for 24 to 72 h for filters after the sampling. In accordance with the requirements, the
difference of weighing results was ≤40 µg for filters prior to the sampling and ≤60 µg for
filters after the sampling. The filter weight was calculated as an average of the two results.
Weights for the blank filters were also recorded. The collected PM10 mass was calculated
by subtracting pre-weight from the post-weight of the filters.

2.3. Element Content Determination Using Neutron Activation Analysis

One of the premises of this study was to apply NAA at the IBR-2 reactor of the
Joint Institute for Nuclear Research (Russia) for the characterisation of sampled PM. Thus,
the testing of filters convenient for the analyses preceded the sampling campaign. Six
different filters comprising five different materials were tested (glass microfiber, quartz,
PTFE membrane, cellulose and paper). Only glass microfiber filters were determined as
being fully suitable; a quartz filter was more problematic for repacking and considering
the price, the glass microfiber filters were chosen to be used for the sampling.

Before subjecting the samples to NAA, the preparation of the subsamples of exposed
and blank filters was done, as the irradiation capsules of the applied pneumatic transport
system have limited volume (Ø 18 mm) and the whole filter is not able to fit in it. This also
allows putting more subsamples in one capsule so the subsamples from one month and
the corresponding blank filter can be irradiated all together under the same conditions. For
this purpose, a special automatic punching head was designed and made (used materials:
stainless steel, Teflon and surface finish synthetic rubber). Prior to cutting, filters were
folded in half to avoid the loss of collected material, and then 4 circles (Ø 16 mm) were
cut from the folded filter using the layering of subsamples. This way, one subsample of
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each filter (counting eight layers of the filter) was prepared reaching a weight of 0.06–0.07 g
depending on the exposure. The preparation of the filters took place under a relative
humidity of 50% (±5%) and temperature of 20 ◦C (±1 ◦C). After the preparation, each
subsample was vacuum-packed to be transported for NAA.

The NAA procedure started with unpacking the subsamples and weighing them under
controlled relative humidity and temperature. Then the subsamples were immediately
packed in polyethylene and aluminium cups for short-term and long-term irradiation,
respectively. Once packed, they were put into irradiation capsules and transported to the
reactor.

The employed NAA provides the activation with thermal and epithermal neutrons
at low temperatures convenient for this type of samples. Complete information about
samples irradiation, measurement and quality can be found elsewhere [36,37].

For short-term irradiation, Channel 2 (epithermal neutrons, flux density ϕepi = 2.0 ×
1011 cm−2·s−1) was used with an irradiation time of about 3 min. Samples were measured
with 3–5 min. decay after irradiation for 15 min. Al, Ca, Cl, I, Mg, Mn, Si, Ti and V isotopes
were determined in this way. For long-term irradiation, Cd screened Channel 1 (epithermal
neutrons, flux density ϕepi = 2.0 × 1011 cm−2·s−1) was used with an irradiation time of
around 4 days. After 4-days cooling, the samples were repacked and measured twice. The
first time, they were measured directly after repacking for 30 min to determine As, Br, K,
La, Na, Mo, Sm, U and W, and the second time 20 days after the end of irradiation for 1.5 h
to determine Ba, Ce, Co, Cr, Cs, Eu, Fe, Hf, Ni, Rb, Sb, Si, Sc, Se, Sr, Ta, Tb, Th, W, Zn and
Zr.

Gamma spectra of activated samples were measured on HPGe detectors (resolution of
1.9 keV for the 60Co 1332 keV line, efficiency 40%). The gamma spectra obtained were then
processed using GENIE-2K software (CANBERRA) with the verification of the peak fit in an
interactive mode. The concentrations of elements were calculated using certified reference
materials irradiated simultaneously with samples via “CalcConc” software developed in
the Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research [37]. The
element concentrations were calculated by subtracting the corresponding blank filter values
from determined values of the element in the subsample and recalculating using the mass
concentrations of PM10. In cases of values below the detection limit, half of the detection
limit was used. In case of missing values (no data) caused by technical problems during the
analysis, the data imputation was employed in order to retain the information in the dataset
and allow the proper multivariate assessment [38]. The k-nearest neighbours algorithm
(knn) [39] was applied for the missing non-sub-limit data.

Recommendations of US EPA [40] were kept with respect to the workplace standard
operating procedures. The quality control of the NAA results was ensured by triplicating
standards per batch of unknown samples and carrying out simultaneous analysis. For
filter analyses, standard reference materials were used: 2709a–San Joaquin Soil Baseline
Trace Element Concentrations from the National Institute of Standards and Technology
(NIST), 2710a–Montana I Soil Highly Elevated Trace Element Concentrations (NIST), 2711a–
Montana II Soil Moderately Elevated Trace Element Concentrations (NIST), 1632c Trace
Elements in Coal (Bituminous) (NIST), 1633c Trace Elements in Coal Fly Ash (NIST), AGV-2
Andesite from the United States Geological Survey and 433 from the Institute for Reference
Materials and Measurements (IRMM). Satisfying agreement between the experimental
results and certified material was obtained. The accuracy was formulated as the percentage
deviation from the certified value amount up to 10%.

2.4. Statistical Analyses and Visualization

Pearson correlations calculation, Principal Component Analysis (PCA) and the visualiza-
tions of the results were performed in the R environment [41], package FactoMineR [42,43],
Openair [44] and ggplot2 [45]. Prior to the PCA, the data were transformed according
to the compositional data analysis (CoDa) principles [46] using the centred log-ratio (clr)
transformation [47]. Only the clr-transformed elemental concentration data were used
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for the construction of the model, and the information on the wind direction, calm and
inversion situation were added as supplementary variables.

3. Results
3.1. PM10 Mass Concentrations

The values of PM10 concentrations corresponding to wind directions, calm and in-
version situations are shown for year average, warm (from April to September) and cold
(from October to March) seasons for the period of observation (04/2018–03/2019) in
Table 1 and Figure 5a. The values recorded during inversion events are not included in the
calculation of means for respective wind directions considering the set-up function of the
sampling device (see Section 2.1). For the PM10 concentration synopsis, see Table S1 the
Supplementary materials.

Table 1. Average PM10 concentrations for the observed period (µg·m−3).

Wind
Conditions

Average 1 Warm Season
Average

Z-Score 2 Cold Season
Average 1 Z-Score 2

CALM 23.3 19.0 −0.35 27.6 1.16
N 22.9 14.6 −1.12 31.2 1.79

NE 21.7 16.5 −0.79 27.0 1.05
E 25.0 17.8 −0.56 32.3 1.97

SE 21.1 17.5 −0.60 24.6 0.64
S 21.9 16.9 −0.71 27.0 1.05

SW 14.8 14.5 −1.14 15.1 −1.04
W 21.3 23.6 0.45 19.0 −0.35

NW 16.8 15.9 −0.89 17.8 −0.56
Inversion - - 59.0

1 Averages calculated for the concerned period (04/2018–03/2019), the inversion values not included.
2 Z-score related to the average calculated for the concerned period (04/2018–03/2019).

μ −

−
−
−
−
−

− −
−

−

  
(a) (b) 

Figure 5. The average PM10 concentrations (a) and wind rose for the observed period (b).

The lowest PM10 values were observed from the SW and NW directions regardless of
the season. The concentrations were below average in the warm part of the year, with the
exception of the west direction due to the peak concentration in August 2018 (Figure 6).
The highest concentrations were sampled from the east and north during the cold season,
though prevailing wind direction in the season was SW Figure 5b. This wind direction in
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the cold season was the prevailing wind direction for the whole period of observation, as
Figure 5b shows (expressed as a sampled air volume). Calm was recorded for 12% of the
sampling time.

  
(a) (b) 

μ −

Figure 6. The monthly average PM10 concentrations for warm (a) and cold (b) season.

Despite the peak concentration in August 2018, there was, in general, no directionality
of the pollution in the warm season, as the concentration rose in Figure 6a shows. The peak
August concentration originated most likely from the metallurgical complex in the west of
the sampling site (see Figure 1), as the elemental composition of this sample also suggests
(see Section 3.2). According to the meteorological data, this high concentration occurred
in the period of steady cyclonic airflow (wind speed from calm to 2 m/s) preceding an
upcoming cold front (see Figure 7). The meteorological situation for this event is illustrated
via the ICON EU model data 10 m AGL and the Skew-T diagram as the global model
(ICON, NOAA) in this situation was in total disagreement with recorded wind speed and
wind direction data on the sampling site.

  
(a) (b) 

ěFigure 7. The modelled wind fields (a) and the Skew-T diagram at the Prostějov sounding station (b) for August 2018 peak
concentrations [48,49].
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The April concentration rose has a similar course to the one for March (Figure 6).
Considering the elements found in samples of these two months and the results of PCA
(see Section 3.3), a similar origin of the pollution is expected. Thus, the April concentrations
should be considered to appertain rather to the cold-season-related pollution sources.

During the winter season, the pollution came predominantly from the north, northeast
and east directions, as the monthly average PM10 concentrations show in Figure 6b. This
clearly confirms the importance of the PM inflow from the Polish borderland. The increase
of PM10 concentrations from these directions in the winter season average 14 µg·m−3

though the prevailing airflow in winter is from the inverse direction (Figure 5b).
High PM10 concentration was sampled in this season also from the south direction in

February 2019. As there is no important pollution source in this direction (mountainous
rural area), this peak was investigated closer. According to the meteorological data, the
airflow was steady (wind speed 1–2 m/s), coming from the southwest via the Moravian
Gate for more than one day, accompanied by a radiation inversion (see Figure 8). This
indicates that the peak concentration originated from an important pollution source in the
south part of the Moravian Gate, directing to the cement works near the city of Hranice
(about 50 km from the sampling site), as the elemental composition of this sample confirms
(see below in Section 3.2).

ě

  
(a) (b) 

Figure 8. The modelled wind fields (a) and backward trajectories (b) for February 2019 peak concentrations [48,50,51].

During the winter season, there were two smog events sampled, the first on 19 and
23 November 2018 (sampled on the same filter), with the PM10 concentration reaching
60.5 µg·m−3, and the second on 23 March 2019, with a PM10 concentration of 57.4 µg·m−3.
In both cases, there was a temperature inversion connected with a steady airflow (measured
wind speed < 1 m/s). In November, the prevailing airflow was from the NE, E and SE
directions. Most likely representing the inflow of the pollution from the metallurgical
complex on the southeast of the sampling site as confirmed by models (see Figure 9). For
the March smog situation, the modelled airflow indicates the direction from the NE and E,
suggesting the origin of pollution in the Polish borderland (see Figure 10). The elemental
composition of these samples is stated in the next chapter.
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Figure 9. The modelled wind fields (a) and backward trajectories (b) for the smog situations in November 2018 [48,50,51].

μ − μ −
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Figure 10. The modelled wind fields (a) and backward trajectories (b) for the smog situations in March 2019 [48,50,51].

3.2. Element Content Characterization

The basis of the study was to characterise the sampled PM10 using NAA. Though this
method enables the determination of a wide range of elements, it has specific limitations.
Therefore, some of the important markers that would facilitate the source identification are
lacking in the obtained dataset of element composition. Thus, the data of Pb (impossible to
determine), Cd, Cu, Ni and Ti (determinable only if high concentrations are present) are
absent. However, Cd, Ni and Ti were determined in a few samples, but the concentrations
were below the minimal detectable concentrations and hence not included in further
assessment.

Minimum and maximum levels, mean concentration values, medians and standard
deviations of the elements determined in the PM10 are shown in Table 2; the correlation of
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the analysed elements can be found in Table 3. Element contents and concentrations vary
depending on the season; thus, the data were investigated separately. To see the element
concentrations for the respective directions and seasons, see Table S2 and Figures S1 and S2
in the Supplementary Materials.

The correlation between the analysed element contents was also season-dependent,
thus confirming the variability of the sources and the different origin of the pollution. A
strong positive correlation (R > 0.7) was determined between As and Cr, Mn, Br and I in the
warm season, and As correlated with La, Sm, Sr and U in winter. This suggests—together
with the directionality of the concentrations of these elements—that As occurrence in the
warm season is connected to the metallurgical processes [52–54], while in winter samples,
its source appears to be black coal burning [52,55–57].

Table 2. Synoptic table (minimum, maximum value, mean, median and standard deviation) of
elements concentration (ng·m−3) determined in the PM10 using INAA.

Element Min Max Mean Median Stand. Dev.

Al 1.15 × 10−2 873.83 15.35 0.73 83.97
As 5.84 × 10−4 5.17 0.34 0.04 0.94
Ba 4.63 × 10−2 350.98 18.76 0.52 45.96
Br 3.08 × 10−4 1.72 0.18 0.12 0.22
Ca 8.78 × 10−1 87.38 13.47 7.33 15.53
Ce 6.47 × 10−3 1.01 0.12 0.07 0.15
Cl 5.39 × 10−2 150.66 15.73 2.12 29.37
Co 1.71 × 10−4 0.247 0.019 0.011 0.029
Cr 4.30 × 10−3 3.22 0.39 0.25 0.49
Cs 9.64 × 10−5 0.023 0.005 0.003 0.004
Eu 3.39 × 10−5 1.90 × 10−2 3.26 × 10−3 1.60 × 10−3 3.67 × 10−3

Fe 2.15 × 10−1 92.77 19.32 13.42 21.12
Hf 5.49 × 10−4 0.121 0.013 0.004 0.020
I 7.19 × 10−4 0.64 0.09 0.05 0.11
K 5.42 524.77 74.20 46.06 84.08
La 4.37 × 10−4 0.67 0.04 0.01 0.12
Mg 3.65 × 10−1 163.72 9.54 5.77 17.61
Mn 1.18 × 10−3 11.77 1.18 0.62 1.67
Na 1.30 × 10−1 1074.73 62.80 1.58 139.69
Rb 3.02 × 10−3 0.666 0.057 0.028 0.085
Sb 4.73 × 10−5 0.198 0.050 0.035 0.047
Sc 3.18 × 10−4 0.021 0.003 0.002 0.004
Se 1.80 × 10−4 0.176 0.022 0.012 0.027
Si 1.69 × 101 6423.41 1529.79 1077.04 1418.16

Sm 2.51 × 10−5 6.35 × 10−2 2.65 × 10−3 7.44 × 10−4 7.21 × 10−3

Sr 6.01 × 10−2 5.428 0.847 0.486 0.967
Ta 1.55 × 10−6 1.94 × 10−3 2.36 × 10−4 1.23 × 10−4 3.21 × 10−4

Tb 3.06 × 10−5 6.54 × 10−3 8.90 × 10−4 5.75 × 10−4 1.03 × 10−3

Th 2.57 × 10−4 2.90 × 10−2 3.67 × 10−3 1.97 × 10−3 4.81 × 10−3

U 9.78 × 10−5 1.51 × 10−1 4.96 × 10−3 7.31 × 10−4 1.74 × 10−2

V 2.42 × 10−4 0.191 0.027 0.018 0.030
W 8.41 × 10−4 0.202 0.012 0.007 0.022
Zn 1.39 × 10−2 729.39 40.84 0.16 99.27
Zr 2.28 × 10−2 7.14 1.04 0.80 1.03
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Table 3. Elements with Pearson correlation coefficients >0.7 determined for the respective seasons.

Warm Season Cold Season

As Cl Cr I Mg As La Sm Sr U
Ba Zn Ba Ce Rb Sc Sm Ta U
Br Fe La Mn Sm Th Br I
Ca K Ce Rb Sc Ta Th U Zr
Ce K Rb Th Fe Sc
Cl Cr I Mg I Sb Se
Cr I Mg K Na
Fe Sm Th La Sr
Hf Si Rb Sc Ta U
I Mg Sb Se

La Sm Th Sc Ta
Rb Sm Sm U
Sm Th Ta U
Ta V

The element content of coal combustion products, or more precisely, fly ash plays
an important role in this study for the determination of pollution origin mainly during
the cold season. The distribution of elements during this process is well described in
many works [56,58–60], and numerous factors need to be taken into account. First are
the element content and its bonding in coal, as well as boiling points of elements and
their compounds (in connection to a combustion temperature). Other important factors
affecting the resulting emissions are also the type of furnace, rated capacity, combustion
temperature, exposure time, the type of separator and its operating temperature, physic-
chemical reactions with other substances (additives, sulphur or halogens) and others.
Depending on these conditions, different elemental compositions of fly ash emission are
described in the literature [56,61–64]. The elements presented in bituminous coal fly ash
in the majority of information sources are As, Cd, Se, Pb and Hg; other elements vary.
Thus, named elements can be considered as strong markers of this process. Regarding
the limitations of NAA mentioned above, other less common elements also need to be
investigated. Consequently, while determining the main sources of pollution depending on
weaker element markers, the element composition of emissions appertaining to particular
sources in the region was taken into consideration [52,57]. Thus, a presence or absence of
an element can indicate or exclude an origin in a certain source.

In the warm season, Fe was strongly correlated with Br, Sm and Th, while in winter, it
was correlated only with Sc. Considering the direction where the highest concentrations of
these elements originated (E, NE), it can be assumed that their occurrence is associated with
the primary metallurgy [52,53]. Cr correlated with As, I and Mg in the warm season, while
in the winter samples, no significant correlation was found. The highest concentrations of
these elements in the warm season came from the west direction, suggesting the relation
with a steel and iron production [54,65,66] as a relatively high concentration of Br and I
was found also in a local coking plant emission [52]. For more correlations, see Table 3. It
should be noted that the Rare Earth Element (REE) levels were in good correlation, which
is important for both evaluating the data quality and understanding the mass transport
events [67,68].

Special attention was paid to the samples with the PM10 peak concentrations above
those mentioned. The sample collected in August 2018 from the west sector was character-
ized by high concentrations of Cr, Mg and I (the highest of all the set) and relatively high
concentrations of Mn and Co. Cr and Co are important solutes for steel alloying in order to
obtain special properties of steel; both Cr and Mg form important refractories used as lining
in metallurgical facilities [65,69]. Moreover, Mg (with Ca) constitutes a base additive used
in almost every step of the steel-making process from agglomeration and blast furnaces
(dolomitic limestone, dolomite) to final steel-making (magnesite). Mn is a common element
in austenitic steels produced in local steelworks [52,54,65,69]. The presence of iodine can
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be also connected with steel alloying as it is used for the production of certain transition
metals, among them Co, Cr or Ti. Another possible source is coking [52]. Considering all
these facts, the steelworks west of the sampling site are the most likely origin of the peak
PM10 concentration (see Figure 1 above).

The elemental composition of the south sample in February 2019 was characterized
by high concentrations of Ca, Se and V (the highest of all the set) and relatively high
concentrations of I and Sb. The high concentration of Ca is, in all probability, connected
with a cement plant [52,70–72], and regarding the meteorological conditions discussed
above, this peak concentration most likely originated from the cement plant quite far
(about 50 km) to the southwest of the sampling tower. This hypothesis can be confirmed
by the fact that, in this factory, alternative fuels based on waste and tar are used during
the process of clinker firing besides coal, explaining the high concentrations of the other
elements determined.

The two samples collected during the smog events significantly differed in their el-
emental composition. The PM10 sampled in November 2018 was characterized by high
concentrations of Ba, Ce, Fe, Hf, Rb, Sc, Ta, Th, U and Zr (the highest of all the set), while
the sample in March 2019 by high concentrations of Si, Sr, Zn and Eu. The elemental
composition of the first sample indicates two sources of pollution: coal burning and metal-
lurgy [28,52,54,57]. These high concentrations were sampled during steady airflow from the
NE, E and SE directions, suggesting the origin of the pollution in the steel plant southeast
to the sampling site (see Figure 1 above) together with residential coal burning. The origin
of the pollution in the case of the second inversion situation is not as clear; nevertheless,
the modelled airflow points to the Polish borderland (see Figure 10) [52,54,65,69].

3.3. Principal Component Analysis (PCA)

The samples were investigated using a PCA (see Section 2.4) to understand the vari-
ability of the element composition and thus also the pollution origin. The results of PCA
performed on the untransformed dataset with the variables season and sector taken as
supplementary qualitative variables indicate that the factor season separates the plane
and the individual measurements distinctively. This separation of the plane was con-
firmed by the Wilks test (p-value of 9.108346 × 10−11). Similar separation also occurs
when PCA is performed on the whole dataset with the clr-transformed concentration data
(p-value of 5.219250 × 10−8), only it is realized alongside the second dimension. Thus,
PCA results confirm that the season is a determining factor both for the elemental com-
position of the entirety of the measurements and for the directionality of the elements ex-
pressed as the change in the sectors with similar analysed concentrations. For more details,
see Sections 3.3.1 and 3.3.2. According to the analysis (chi-squared goodness-of-fit test),
the elements varying the most depending on the season are Sr (p < 0.001), Cl (p < 0.001),
Th (p < 0.001), Na (p = 0.001), Zn (p = 0.01), Cs (p = 0.015), Rb (p = 0.02) and Co (p = 0.04) with
higher concentrations in the cold season and Mg (p < 0.001), Hf (p < 0.001), Sm (p < 0.001)
and Ba (p = 0.015) in the warm season.

3.3.1. PCA of The Warm Season Measurements

According to the PCA results, the first two dimensions express over 81% of the dataset
inertia, meaning that the first factor plane represents a major part of the total variability and
that no other dimensions need to be considered. Moreover, the first axis itself represents
almost 75% of the data; hence, it can be concluded that only this axis carries real information.
The variability explained by this axis alone exceeds the reference value of 10.26%; this
value is equal to 0.95-quantile of inertia percentages derived from the simulation of 10,000
data tables of equivalent size (normal distribution). The percentages of explained variance
of the first five axes were 74.93, 6.52, 4.74, 2.46 and 2.1, respectively. A visualization of the
PCA results of the warm season data is presented in Figure 11.
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Figure 11. The warm season PCA results for the first two dimensions; (a) correlation circle of clr-transformed elemental
concentrations; 10 most contributing variables are presented; (b) qualitative factor map of the sectors.

The elements most positively correlated with this dimension were Ba, Zn, Ca, Rb,
La, Sm, Na, Hf and Al (Pearson correlation coefficient of 0.98, 0.98, 0.98, 0.98, 0.98, 0.98,
0.97, 0.97 and 0.96, respectively), while Ce was negatively correlated (Pearson correlation
coefficient of −0.98). Thus, can be assumed that these elements describe this dimension
well. Figure 8b shows that the sectors (from where the particulate matter was sampled) are
divided alongside this axis mostly to the east and south group on its right and west and
north group on its left. The calm has a high score on this axis, while having a high score
also on the second axis.

3.3.2. PCA of the Cold Season Measurements

In the case of the cold season measurements, the PCA results show that the first
dimensions express over 66% of the dataset inertia, meaning that while the first-factor
plane represents a significant part of the total variability. The variability explained by this
plane is higher than the reference value of 18.75%, and the increase in explained inertia
for the second axis is also higher than the reference value for this axis (8.61%); hence, both
dimensions carry real information. The percentages of explained variance of the first five
axes were 54.87, 11.67, 7.2, 5.8 and 3.3, respectively. A visualization of the PCA results of
the cold season data is presented in Figure 12.

The elements most positively correlated with the first dimension are Ca, Al, Sr, Ba,
Zn, Rb, Na, Hf and Th (Pearson correlation coefficient of 0.98, 0.98, 0.97, 0.97, 0.96, 0.95,
0.93, 0.92 and 0.84, respectively), while concentrations of Ce are, once again, correlated
negatively with this dimension (Pearson correlation coefficient of −0.95). As and Sm are
the elements most positively correlated with the second dimension (Pearson correlation
coefficients of 0.88 and 0.75, respectively). Figure 9b shows that the sectors are divided
alongside these axes in a different manner than in the case of the warm season. Samples
from the southeast, south, and southwest directions form a cluster with calm on the right of
the first axis and the northwest, west, east and northeast located on its left. The inversion
event (INV) measurements simultaneously have a high positive score on the first and high
negative scores on the second axis.
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(a) (b) 

Figure 12. The cold season–PCA results for the first two dimensions; (a) correlation circle of clr-transformed elemental
concentrations; 10 most contributing variables are presented; (b) qualitative factor map of the sectors.

4. Discussion

Within the study, the elemental composition of sampled PM10 was determined with
NAA, and the origin of the pollution was interpreted using specific pollutants as markers
of pollution sources, multivariate statistics and meteorological models. More commonly,
the pollution origin is investigated by means of receptor modelling [25,28,71,73,74]. How-
ever, specifics of the dataset concerned (long sampling period, small number of samples
within each sector), an irregular time resolution of samples and a questionable construc-
tion of uncertainty matrix (different weights of respective samples) make this method
inappropriate.

Despite the limitations of the methods used, the study confirmed that the region
has specific types of pollution sources, including two metallurgical complexes (west and
southeast to the sampling site), which, in specific meteorological conditions, increase
the pollution load in the region and contribute to the pollution transfer in the higher
atmospheric levels. However, in certain situations, this transfer is not detected by the
ground pollution monitoring stations (in comparison to [9]). This corroborates locating the
sampling device at 90 m AGL. By sampling in such height, the contribution of the local
sources (residential emission, transport, constructions, autumnal waste biomass burning
and others) [28,75] is excluded from the sampling, and the pollution transfer within the
region can be more properly investigated.

The other specific type of pollution in the region is the pollution connected to the
trans-boundary transfer coming from Poland during the winter season originating from
coal burning in domestic boilers. In the cold part of the year, the PM10 concentrations
originating in the Polish borderland (the north, northeast and east direction) increased by
almost 50%, despite the prevailing wind in this season blowing in the opposite direction.
This fact has already been stated in many previous studies [3,21,26,27,29] and confirms
once again the importance of the cross-border PM pollution in this region, emphasizing
that it is not just a problem of directly adjacent areas but of the region as a whole.

For the determination of elemental content in the samples, neutron activation analysis
was applied, and a wide spectrum of elements was analysed. This, on the one hand,
brought specific limitations, but on the other hand, helped to identify the origin of element
concentrations in samples using data on less commonly determined elements. Though it
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should be noted that NAA does not provide information on important elements such as
Cd, Cu, Hg or Pb, the obtained information is, in the majority of cases, sufficient to identify
the pollution source.

To collect more data on the pollution transfer in the region during meteorologically
different years and to render the assessment more precise, the monitoring on the tower con-
tinues. In addition to the sampling device used in this study, the PM continual monitoring
is now operated both on the top of the tower and on the ground level.

5. Conclusions

A specially designed high-volume sampler (SAM Hi 30 AUTO WIND) was used to
collect PM10 samples depending on airflow conditions. The sampler was located on the
top of a former mining tower in 90 m AGL. This allowed the elimination of the influence of
local sources and investigation of the regional pollution transport. The sampled particulate
matter was analysed using the neutron activation analysis, which provided information
on the content of 34 elements. This information—together with the PM10 concentrations
and meteorological data (measured and modelled)—was used to characterize the pollution
origin in the region. A significant difference in the element composition was observed:
elemental concentrations were dependent on both the season and the sampling direction.
Contribution of three industrial sources, two ironworks (in the west and in the southeast)
and a cement plant (southwest from the sampling site) was identified, showing that—
though not detected by ground air pollution monitoring—these sources have a significant
impact on the pollution transfer in the region. The measurements also confirmed that the
PM10 cross-border pollution inflow from Poland plays a crucial role during the winter
season and contributes significantly to the air pollution in the whole studied region.

Currently, the air quality management and decision-making in the region are per-
formed just on a local level without considering the cross-border impacts. However, to
assure that the air quality meets the air pollution limit values, international cooperation
and the legitimacy of the joint interregional approach to the air quality management is
imperative, as proven herein [9].
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Abstract: The dispersion of particulate matter emitted by road transport to the vicinity of roads is
predominantly influenced by the character of the air velocity field. The air flow depends on factors
such as the speed and direction of the blowing wind, the movement of cars, and the geometries of the
buildings around a road. Numerical modeling based on the control volume method was used in this
study to describe the relevant processes closely. Detailed air velocity fields were identified in the
vicinity of a straight road surrounded by various patterns of built-up urban land. The evaluation of the
results was generalized to exponential expressions, affecting the decrease of the mass concentration
of fine particles with the increasing distance from the road. The obtained characteristics of the
mass concentration fields express the impact of the building geometries and configurations on the
dispersion of particulate matter into the environment. These characteristics are presented for two
wind speeds, namely, 2 m·s−1 and 4 m·s−1. Furthermore, the characteristics are introduced in relation
to three wind directions: perpendicularly, obliquely, and in parallel to the road. The results of the
numerical simulations are compared with those obtained via the in-situ measurements, for verification
of the validity of the linear emission source calculation.

Keywords: particles; traffic; dispersion; PM10; pollution

1. Introduction

Urban air is significantly polluted by flue gases and fine particulates. The main sources of these
pollutants constitute motor vehicle traffic and local furnaces, as well as heating systems [1]. Pollutants
produced by motor vehicles are released into the atmosphere in the immediate vicinity to humans
present near roads, whether outdoor or in a closed environment such as an adjacent building or a
means of transport. Although air pollutant emissions generated by combustion engines have been
markedly reduced in recent years, car traffic has remained the most prominent single cause of air
pollution in urban centers globally, exerting a critical impact on human health [2]. Such an adverse
effect partially stems from long-term persistence of the pollutants in ground-level layers of the air
flowing through built-up urban areas; peak mass concentration values are commonly found in close
proximity to roads and their intersections [3]. Street canyons receive only limited amounts of fresh
air, and this condition progressively leads to rising local ambient concentrations and long pollutant
wash-out periods in built-up urban lands. Importantly, there are also certain special scenarios to be
considered, including weather with very low or zero air flow velocities. The overall negative health
impact of the pollution is exacerbated by the fact that the maximum rates of human presences at
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urban roads are reached during rush hours, namely, the time when the highest air pollutant mass
concentrations are usually detected [4].

In this context, attention has been paid in recent years to particulate matter emissions with
diameters less than 10 µm (PM10). With the development of measurement technology and the
state of knowledge, attention was gradually paid to smaller particles. Today, PM2.5 and PM1 mass
concentrations are monitored in urban areas as the standard. Czech Hydrometeorological Institute
(2018) reported that 61% of fine particles identified in urban areas are generated by road transport.

For descriptive purposes we can point out that combustion-generated particles result from the
complex physico-chemical transformations that constitute the combustion process [5]. Such particles
then shape and are carried in the flow of waste gases emitted from automobile exhaust pipes.
Other instances of particulate matter include relevant products of brake, tire, and roadway abrasion
and resuspension of the particulates deposited earlier. In all size categories, the mass concentration
of the particles markedly decreases with increasing distance from the road [6]. The dispersion into
the environment is influenced particularly by the character of the air velocity field in locations near
the roadside. The actual mass concentration is then affected by, among other aspects, the particulate
deposition, resuspension, and interaction with solid surfaces and vegetation. By extension, concurrently
with these processes there occurs partial physical changes in the particulate matter due to collisions
between and growth of the particles; on a lesser scale, the particulates also undergo chemical and
photochemical transformations.

Methods suitable for modelling of pollution dispersion were discussed from the beginning [7],
while, at present, the individual factors influencing the dispersion of pollutants produced by transport
are of more interest. This is caused mainly by the effort to provide the most accurate information about
the behavior of pollutants from transport and to more accurately estimate the population exposure
in the urban environment. Simulation of traffic induced dispersion at a high resolution using the
computational fluid dynamics software, Fluidity and traffic simulation software PTV Vissim was
performed to demonstrate how moving vehicles can have a significant effect on street level concentration
fields and how large vehicles such as buses can also cause acute high concentration events at the
roadside [8]. Influences of vehicle-induced turbulences on pollutant dispersions in a street canyon was
discussed as well in [9]. The street morphology relationship with air quality was described by the
authors of [10] based on six irregular real-world cases selected from America, Europe, and China using
computational fluid dynamic (CFD) simulations to assess the ventilations and pollutant dispersion
within street canyons with a parallel approaching wind. The results showed that the street morphology
characteristics, including the street width, lateral openings, and intersections, are closely related to
the air flows in street canyons. Different types of intersections were assessed as well. The octagon
intersections were favorable for air flowing through the lateral openings and improved the channel
flows. The oblique intersections can also greatly improve the street ventilations, mainly due to the
enhanced air flows through the lateral openings and the increased turbulent diffusion through the
street roofs. The effect of buildings with wedge-shaped roofs surrounding urban street canyons on
buoyant wind-driven pollutant plume dispersions was presented by Zhang et al. [11]. Miao et al. [12]
showed that street canyons’ morphology and air humidity were two of the most important factors
affecting suspended particulate matter concentrations in urban street canyons. The Meso-NH model
(atmospheric non hydrostatic research model) enhanced with an immersed boundary method (IBM)
is a promising way to represent flow interactions with buildings (as a 3D shape of buildings) and
orography in atmospheric models for urban applications [13].

This paper discusses in detail the dispersion of particles from a road into differently configured
urban environments. Modeling via the control volume method (computational fluid dynamics, CFD)
embodies the most suitable tool for detailed identification of an air velocity field in urban areas.
This software approach enables the computation process to cover geometrically complex zones (such
as built-up urban land) and to capture the effect of cars traveling along the road. The vehicles drag
with them the air from the immediate vicinity, creating an air flow that moves in their driving direction,
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and they generate multiple turbulent vortices that substantially influence the dispersion of particles in
the region closely adjacent to the vortices‘ source [3]. The elevated turbulence then exerts an impact on
the air flow and its interaction with solid surfaces (see Figure 1).

 

 

Figure 1. The fluxes of traffic-generated fine particulate matter.

Within the article, computational modeling is employed to monitor the dispersion of particles
from a straight section of a road passing through five different types of urban environments. In each of
these patterns, we conducted a parametric study evaluating the influence of wind speed and wind
direction on particle dispersion in the vicinity of the road. The computed mass concentration maps were
generalized into 2D-rendered relationships between the PM10 mass concentrations and their distances
from the road. These results will enable a quick analytical calculation of the PM10 concentrations
in urban areas geometrically close to the tested areas, because the correctness of the inclusion of a
linear source of emissions in the numerical model is crucial for the subsequent realistic solution of the
dispersion of pollutant particles. The linear emission source calculation will be validated with the
results of in-situ measurements at close vicinity to the studied road.

2. Numerical Model

2.1. Built-Up Area Geometries

In terms of forming the mathematical models, the main criterion defining the actual choice of the
areas to be modelled consisted in selecting such regions that, from the perspective of their geometries,
are accurately convertible into a computational mesh, with the smallest possible amount of necessary
geometrical simplifications. A major complementary criterion was embodied in the steady cruising
of vehicles on the roads comprised within the areas of interest; this requirement arises from the
stationary character of the developed mathematical model, where the traffic dynamics would introduce
undesired inaccuracies.

The research involved converting into specific numerical models five classic types of built-up
urban lands adopted from various locations within the city of Brno (CZ); collectively, these sample
regions occupy an area of 1000 × 1000 m2. The real land patterns are substituted with a horizontal
surface. The center of each model area is intersected by a straight, four-lane road carrying two-way
traffic, with two lanes in each direction. Real geometry-based buildings are assumed to be present
in the vicinity of the road, and their positions correspond to the real-world layout obtained through
processing the ground plan view contained in the geodetic survey map of the relevant urban district.
Progressively, the following numerical models were designed (for the images, see Figure 2):

• Model area #1: An intersection located in an urban center: a crossing of two roads that pass
through a built-up area comprising lines of four-story houses (a concrete geometry from the
central district of Brno).

• Model area #2: A road passing through a residential area with single-family houses; the 10-m-high
units are positioned with a spacing of 15 m, the ground plan of each home equals 10 × 15 m2,
six houses in a row form a regular block of buildings, there is a 15-m-wide aisle (perpendicular to
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the main road) separating individual blocks of houses, and 20-m-wide service roads parallel to
the main road run through the urban area every two rows of houses.

• Model area #3: A road running between small-size prefabricated houses positioned at regular
intervals and having the dimensions of of 20 × 20 × 20 m2. The buildings are arranged into
separate groups, each of which contains three closely neighboring units.

• Model area #4: A road passing through an area containing prefabricated houses configured into
longitudinally oriented 15-m-high blocks that are positioned at regular intervals of 50 m and
invariably exhibit the ground plan dimensions of 17 × 90 m2.

• Model area #5: A road in a free space: an almost ideally straight road running through an open
landscape, with no barriers in the immediate vicinity. This model item is included to compare the
built-up and the open-space pollutant dispersion scenarios.

 

a) Model area #1 

 

b) Model area #2 

 

c) Model area #3 

 

d) Model area #4 

 

e) Model area #5 

 

Figure 2. Visual representation of the model areas and the building geometries embodied in the relevant
numerical models.
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2.2. Mathematical Description and Boundary Conditions

In a step-by-step, consecutive manner, computational models were created to capture accurately
the geometries of the solved model areas. The process involved detailed modeling of the buildings,
roads, and their positions. The model area is filled with a computational grid of hexagonal control
volumes. The solution domain includes the space above the road and all the space outside the buildings.
Volume elements of approximately 0.25 m3 with the shortest element side of 0.5 m were used at the
vicinity of the ground surface. The size of the volume elements filling the space between buildings is in
the range of 1 m3 to 3 m3. More abundant volume elements are used above the roofs of the buildings.
Their size increases with increasing height above the buildings. The canopy layer of the atmosphere
with a height of 200 m is included in the solution. Control volumes of 20 m3 are used in the highest air
layer of the model.

In all cases, the straight road simulation encompassed the impact of moving cars, this being
a factor that markedly influences the air flow above and on the sides of the road. To facilitate the
procedure, we adopted the method proposed by the authors of [3]. The effect of the vehicles was
included via setting the resistive force in the volume elements passed through by the vehicles, as
shown in Equation (1).

FD =
1
2

CDAcarρ∞(Ucar −U∞)
2 (1)

where CD is the aerodynamic characteristic of the car, Acar is car front area, ρ∞ is the air density, Ucar is
the car speed, and U∞ is the air velocity.

Moreover, the same effect was considered within the source term in the formula describing the
turbulence kinetic energy production (see Equation (2)). As it is known, moving objects induce a
kinetic energy of turbulence that should be added as the additional source Sk to the k-equation. From
different studies [14–16], it follows that turbulence is induced mainly in the wake behind the vehicle.
Therefore, the additional source Sk [7] was added only along the trajectory that cars follow.

Sk = Cc(Ucar −U∞)
2Qcar (2)

where Cc is the model constant, Ucar is the car speed, U∞ is the air velocity, and Qcar is the traffic rate in
cars/s.

Such an approach seems to embody one of the most appropriate options for substituting the
vehicular motion in a numerical model that exploits a stationary computational mesh.

To perform the actual solution, we utilized the control volume method, where equations expressing
the law of conservation of energy, mass, and momentum are solved on predefined volume elements of
the computational mesh. The solution was implemented for a steady compressible air flux, exploiting
the k-ε RNG turbulence model.

At the inlet wall of the computational model, we set the air velocity profile corresponding to the
tested wind speed (see Figure 3). The wind velocity for the neutrally stable atmosphere is determined
from the equation of the logarithmic wind velocity profile.

u =
u0

k
ln

(

z
z0

)

(3)

where k is the von Karman constant (~ 0.4), u0 is the specified air velocity at the height z0, and u is the
air velocity at the height z. The velocity profile is taken just from the ground surface.

In all of the areas, the relevant speeds equaled 2 m·s−1 and 4 m·s−1, invariably at the height
of 10 m above the ground. Using these speed values, we progressively directed the wind parallel,
perpendicularly, and obliquely (45◦) to the road. The upper wall of the numerical model was assigned
the boundary condition “slip wall”, while the bottom wall, which represented the ground, was assigned
“wall with friction”. The same boundary condition was applied to all other solid surfaces (road surface,
walls, and roofs of buildings). Due to the roughness of the surfaces, a boundary layer is formed along
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each surface. The computational grid is sufficiently detailed and allows to identify air velocity fields in
street canyons

 

𝐹஽ = 12 𝐶஽𝐴௖௔௥𝜌ஶሺ𝑈௖௔௥ െ 𝑈ஶሻଶ 𝜌ஶ𝑈௖௔௥  𝑈ஶ

𝑆௞ = 𝐶௖ሺ𝑈௖௔௥ െ 𝑈ஶሻଶ𝑄ሶ௖௔௥



 

Figure 3. Schematic illustration of the modeled area and the assigned boundary conditions.

The side walls of the computational domain, through which the air leaves the model area, were
described with “outlet” boundary conditions (see Figure 3).

The physical properties of the air assumed in the computations equaled those of an ideal mixture,
namely, one composed of 88% N2 and 21% O2, without considering humidity. At the inlet wall of the
model area, a zero concentration of dust particles (particulate matter) was assumed. The computed
mass concentration maps indicate how the monitored road contributes to the air pollutant concentration
within the area. All of the modeled area’s particulates are generated exclusively by the traffic on
the road. The source of the dust particles (particulate matter) was entered as an air pollution line
source positioned in the center of the monitored straight road at the height of 0.5 m above its surface.
Generally, in a given road, the dust (particulate matter) production intensity depends on the traffic
rate, categories and weight of the vehicles, and traveling speeds. For the purposes of the numerical
models, the parameters are accounted for within the emission factor. In all of the model areas solved,
the emission factor per vehicle corresponded to Ef= 0.25387 g·km−1 (see Table 1), a value computed from
the dynamic composition of the sample group of cars observed along road I/42 (Brno, Žabovřeská) [17].

Within the numerical model, the dispersion of fine particulates was solved via the Eulerian
approach. In this context, we did not monitor the trajectories of individual particles but followed
within balance equations the particle mass percentages in the volume elements of the computational
mesh. Such a procedure enables the computations to be executed significantly more quickly and with
less intensive hardware requirements. The deposition velocity of fine particles is very small, often
smaller than that of Brownian motion; thus, the fine particles in the models were substituted with
passive scalars.

2.3. Numerical Simulation Results

All of the five model areas were solved by using a single computational procedure. In the straight
central road, we assumed two-way traffic of vehicles traveling at 50 km·h−1, with the traffic intensity
of 720 car·h−1 in each direction. Utilizing the StarCD software platform, we obtained the relevant 3D
fields of air velocity, static pressure, and PM10 particle mass concentration.

Figure 4 displays the computed PM10 mass concentration fields acquired in a horizontal plane
running at 1.5 m above the ground; such a height corresponds to the human breathing level. The mass
concentration fields are specified for the perpendicular and oblique (45◦) wind directions, assuming
the wind speed of 2 m·s−1.
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Table 1. Determination of the total emission factor of one car by EMEP methodology, according to emission standards and fuel type.

Car Type PV LCV HDV UB
Share of Car Types According to Emission

Standards (%)

Fuel Petrol Diesel Petrol Diesel Diesel Diesel NG PC LCV HDV UB

E
m

is
si

on
st

an
d

ar
d

s

PRE ECE 0.0032 0.2164 0.0032 0.2493 0.5671 0.7636 0.0200 0.9 0.3 5.5 0

Euro 1 0.0032 0.0569 0.0032 0.0903 0.4021 0.3635 0.0100 4.1 2.9 1.3 10.5

Euro 2 0.0032 0.0467 0.0032 0.0903 0.1772 0.1830 0.0100 9.4 4.5 6.5 15.8

Euro 3 0.0012 0.0310 0.0012 0.0662 0.2078 0.1817 0.0095 21.6 24.5 30.9 26.3

Euro 4 0.0012 0.0316 0.0012 0.0356 0.0429 0.0458 0.0095 29.1 49.7 20.9 36.8

Euro 5 0.0015 0.0027 0.0015 0.0027 0.0527 0.0519 0.0095 29.5 15.8 24.9 5.3

Euro 6 0.0018 0.00199 0.0018 0.0019 0.0058 0.0051 0.0095 5.4 2.2 10 5.3

Share of cars according
to fuel [%]

45.84 54.16 13.52 86.48 100.00 46.67 53.33

Emission Factors Weighted with Shares of Fuel and Car Types (g·km−1)

E
m

is
si

on
st

an
d

ar
d

s

PRE ECE 0.0010 0.0006 0.0312 0.0000

Euro 1 0.0013 0.0022 0.0052 0.0183

Euro 2 0.0025 0.0035 0.0115 0.0143

Euro 3 0.0037 0.0140 0.0642 0.0236

Euro 4 0.0051 0.0154 0.0089 0.0097

Euro 5 0.0006 0.0004 0.0131 0.0015

Euro 6 0.0001 0.0001 0.0005 0.0004 Aggregate Emission factor (g·km−1)

Summary emission
factors

0.0146 0.0364 0.1349 0.0680 0.2538

PC—passenger cars, LCV—light commercial vehicles, HDV—heavy-duty vehicles, and UB—urban bus., NG—natural gas, PRE ECE—cars manufactured before 1992.
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 Perpendicular wind  Oblique wind (45°) 

Model area #1 

  

Model area #2 

  

Model area #3 

  

Model area #4 

  

Model area #5 

  

−
Figure 4. The PM10 mass concentration fields related to the height of 1.5 m above the ground for the
wind velocity 2m·s−1 perpendicular and oblique wind directions.
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The maximum particulate mass concentrations are detected immediately above the road; in its
near vicinity, the concentration rates drop significantly, but the intensity of the decline weakens with
increasing distance from the road. At greater distances, the actual concentration is influenced decisively
by advective transport of the particles. Interestingly, the presence of the buildings enables diverse air
volumes at the ground-level layers of the atmosphere to blend together, thus helping to reduce the
highest particulate mass concentrations; at the same time, however, the houses interfere with and slow
down the air flow at the ground levels. Which of the two processes eventually prevails depends on
the geometric parameters of particular buildings and land surfaces. As is obvious from the results in
Figure 4, smaller-sized houses located within regular intervals from each other (model areas #2 and #3)
markedly impair the speed of the air flow above the ground; consequently, higher particulate mass
concentrations can be observed even at considerable distances from the road. In long, continuous lines
of houses (model area #4), the situation nevertheless differs, because the perpendicularly oriented
wind embodies a favorable precondition for fast air motion between the buildings. The particles are
then dispersed into the environment more intensively, and the mass concentration decrease intensifies
with the growing distance. In the model area #1, the computation result is characterized by difficult
predictability of the concentration field shape. It is then apparent that the continuous formations of
houses retain highly concentrated particulates in the street canyons; depending on the instantaneous
air flow direction, there occur strips of high-particulate concentrations, which, in the urban patterns,
disperse only slowly. Moreover, the results for such areas cannot be generalized: Geometrically atypical
regions will always require individual geometric modes to facilitate the actual solution procedures.
The model area #5 provides results that correspond to the dispersion of particles generated at a straight
road in an open landscape.

3. Generalizing the Results

The areal mass concentration maps displayed in Figure 4 were utilized as the source data,
allowing the results to be generalized for different configurations. The mass concentration maps
that correspond to the traffic intensity 720 car·h−1 in each direction, denoted as the specific mass
concentration of PM10. To yield the real PM10 mass concentrations appropriate to an arbitrary traffic
density, the specific concentration of PM10 is multiplied by the ration of real and specific traffic
intensity of the line source. The following processing step involves the creation of 2D relationships
to express the connection between the ambient mass concentration of the PM10 pollutant and the
distance from the road. This purpose was achieved by evaluating the mass concentration in slices
perpendicular to the central road. The relationship acquired via the slice with the maximum range
of a significant concentration of PM10 is denoted as cmax; the other relationship was obtained in the
slice with the minimum range of the concentration, denoted as cmin. These two relationships then
define the region of mass concentrations that will most probably contain the real values of the road’s
contribution. In Figure 5, the relationships cmax and cmin are expressed for the perpendicular and
oblique wind directions. The graphical representation of the relationships is complemented with a
relevant mathematical expression, delivered by utilizing the exponential function

y = a·ebx (4)

where x is distance from the road, and the factors a is calculated by Equation (6) and b are obtained
from a line that is a result of the least squared method Equation (5):

y = mx + b (5)

a = em (6)
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Figure 5. The relationship between the specific mass concentration of PM10 and the distance from the
road, assuming the perpendicular and oblique (45◦) wind directions and traffic intensity 720 car·h−1 in
each traffic direction.

The calculated factors a and b are given in Table 2.
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Table 2. Coefficients of the exponential expression of PM10 limiting mass concentrations for Equation
(4).

Wind Direction Area
Velocity
(m·s−1)

Range a b R2

90◦

#2
4

MAX 6.831 −0.008 0.983

MIN 4.641 −0.004 0.863

2
MAX 8.821 −0.020 0.940

MIN 5.027 −0.012 0.808

#3
4

MAX 5.629 −0.014 0.881

MIN 8.773 −0.034 0.979

2
MAX 4.888 −0.005 0.870

MIN 7.201 −0.019 0.905

#4
4

MAX 4.516 −0.012 0.932

MIN 7.064 −0.061 0.985

2
MAX 5.922 −0.012 0.981

MIN 8.227 −0.037 0.955

#5
4 MAX 3.399 −0.010 0.944

2 MAX 3.455 −0.009 0.872

45◦

#2
4

MAX 6.465 −0.017 0.863

MIN 7.369 −0.022 0.907

2
MAX 7.311 −0.009 0.885

MIN 8.879 −0.013 0.942

#3
4

MAX 6.637 −0.017 0.916

MIN 7.987 −0.024 0.969

2
MAX 6.504 −0.010 0.945

MIN 7.931 −0.021 0.958

#4
4

MAX 4.555 −0.007 0.989

MIN 6.449 −0.052 0.854

2
MAX 4.525 −0.004 0.950

MIN 4.254 −0.004 0.916

#5
4

MAX 3.716 −0.010 0.921

MIN 4.794 −0.017 0.982

2
MAX 3.559 −0.008 0.901

MIN 5.024 −0.019 0.991

In the parallel wind, applicable relationships were not formed, as—with respect to the character
of the mass concentration fields—their patterns are not representative enough to justify further use.

4. Comparing the Numerical Prediction with the In-Situ Measurements

The correctness of the inclusion of a linear source of PM10 emissions in the numerical model is
crucial for the subsequent realistic solution of the particle dispersion. The validity of the emission
factor was verified via the results of in-situ measurements at close vicinity of the studied road. To verify
the correctness of the linear emission source calculation, the numerical predictions were compared
with concentrations acquired via the in-situ measurements performed to determine the concentrations
of the PM10 at the central district of Brno. The measurement spot was located in close proximity to a
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convenient portion of the city’s ring road (see Figure 6). On the side opposite to this spot, the road runs
along a continuous formation of five-storey buildings; on the measurement side, however, the main
urban element is a city park with lawns, shrubbery, and sparsely planted trees.

 

 

−

Figure 6. In-situ measurements of PM10 concentrations in urban roads.

The measurements were conducted between 8 November 2019, 0:00 and 25 November 2019,
23:59:00; the apparatus was an Airpointer (Recordum Messtechnik GmbH, Wiener Neustadt, Austria)
whose PM module exploits the nephelometry principle. The obtained mass concentrations of PM10
were calibrated by means of the gravimetric method, following 24-h sampling with a Leckel MVS 6
(Leckel Ingenierbüro, Berlin, Germany) small filter device and weighing the captured particles on
Mettler Toledo MX5/A microbalances. During the measuring cycle, the values of the PM10 pollutant
concentration were recorded in the ambient air (at the height of 1.5 m above the road and at the distance
of 1 m from its edge), together with the data relating to the traffic intensity and the weather conditions.
The subsequent processing phase yielded, for the monitored wind directions (perpendicular and
oblique at 45◦), the mean values of the PM10 pollutant concentration and the corresponding average
traffic intensity. The evaluation used the knowledge of hourly concentrations of PM10. From the set of
experimentally obtained data during the measurement, the values corresponding to the monitored wind
direction (in the range of ±15◦) and the specific wind speed (±0.3 m·s−1) were filtered by subsequent
processing. From the selected data, the average value of the PM10 concentration was calculated for
the studied wind conditions, which was used for comparison with the calculated results. The mass
concentration was evaluated when the wind was blowing from the apparatus towards the road; the rate
established at that moment was utilized as the road’s background concentration. By subtracting the
background concentration from the mean concentration in the ambient air, we obtained the measured
contribution of the road to the ambient mass concentration of PM10. The background concentration was
identified separately for each combination of wind direction and speed. The background concentration
value was obtained by filtering and averaging the experimental data corresponding to particular
a wind speed and wind direction. The dependence of the background concentration on the wind
direction and speed reflects the real conditions in the evaluated area. The numerically computed and
in-situ measured contributions of the road are compared in Table 3.

Predicted particle concentration varied in the range of 8.3 until 15.8 µg·m−3 depending on the
wind direction and wind speed. The results show that the numerical modeling overestimated the mass
concentration of PM10 in the case of a perpendicular wind direction to the road by ca 50%. For the
oblique wind direction (45◦), numerical predictions and in-situ measurements indicate similar PM10
mass concentration values with fluctuations of deviation in both sides up to 40%. The dispersion of
pollutants solved with utilizing computational code StarCD has been verified by numerous authors
before [18]. In the framework of this study, it was verified by comparison with real measurements
whether the mentioned method of calculating the emission flow from the traffic road corresponds to
real conditions because the emission flow from a line source most significantly affects the resulting
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concentration field of PM10 emissions. The calculated mass concentration is strongly dependent on
the way the line source is entered into the volume elements above the road. Furthermore, in this
position, all mathematical simplifications in involving the movement of cars are strongly reflected.
The results reached and main commented trends are in accordance with the conclusions of a study [19]
that also looked at the dispersion of pollutants from the transport roads in urban areas. The correctness
of the inclusion of a linear source of PM10 emissions in the numerical model was confirmed with
sufficient accuracy.

Table 3. Comparison of the computed and the measured values of the road’s contribution to the
concentration of PM10 in the ambient air.

Wind Direction Wind Velocity

PM10 In-Situ Measurement PM10 Numerical Prediction Comparison

Measured
Concentration
Recalculated to
Specific Traffic

Intensity

Background
Contribution

Road
Contribution

Road
Contribution

MAX

Road
Contribution

MIN

Experiment/Prediction
Ration

(µg·m−3) (µg·m−3) (µg·m−3) (µg·m−3) (µg·m−3) (-)

perpendicular 2 m·s−1 53.27 48.00 5.27 10.13 8.33 52%

perpendicular 4 m·s−1 48.36 43.58 4.79 9.20 8.33 55%

oblique (45◦) 2 m·s−1 55.71 42.00 13.71 15.80 10.07 136%

oblique (45◦) 4 m·s−1 31.13 23.47 7.66 12.60 8.60 89%

5. Conclusions

The computational modeling procedures used in solving the dispersion of polluting substances
allowed us to capture in detail most of the relevant physical processes. Despite the marked progress
within SW and HW tools, CFD-based modeling still requires a demanding presetting of the mesh and
relies on time-intensive computations. Thus, detailed numerical modeling finds use in only a limited
number of concrete cases involving mass concentration maps of pollutants. This paper discusses
the dispersion of traffic-generated PM10 particulates into the vicinity of a straight road that passes
through different types of built-up urban areas; in this context, among other problems, a procedure is
presented to generalize a narrow amount of modeling results for further practical analytical applications.
The research confirmed that the factors having the greatest impacts on the final shape of the PM10 mass
concentration field rest are the wind direction and velocity. Another major parameter is the built-up
area geometry, which substantially influences the air flow velocity in the ground-level layers of the
atmosphere. Higher numbers of smaller-sized houses positioned in regular intervals apparently do
not affect the wind flow direction but slow down considerably the ground-level air layers, resulting in
major mass concentrations of pollutants within 200 m from the road. Where the urban pattern consists
of long, continuous housing blocks, the air flow direction is altered in a noticeable manner. However,
with parallel winds, the ground-level air does not slow down excessively, allowing the emissions to be
more diluted and the quantity of PM10 in the ambient air to be reduced. The results acquired from
areas characterized by recurring building distribution patterns facilitated the generalization of the
outcomes and their confrontation with the in-situ measurements; this generalization then yielded the
region of the probable value of the PM10 particulate mass concentration in the direction perpendicular
to the road. The region of probable concentrations is limited by the curves of the lowest and the highest
PM10 mass concentrations established via the numerical calculations. Urban areas exhibiting random
arrangements of the built-up patterns do not allow generalizations of the results but rather necessitate
individual solutions and testing of the evaluated configurations. Further refinement of the created
analytical tool will require another validation and refinement of the model using a large number of
experimental measurements obtained at different distances from the road.

The main result of the presented study is the definition of generalized dependences of PM10
concentrations at a vicinity of direct road passing through five characteristic types of urban areas.
These results allow a quick analytical calculation of the PM10 concentrations in urban areas geometrically
close to the tested areas. The performed experimental measurements confirmed that the used calculation
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of the emission factor and subsequent quantification of the linear source of particles is usable with
sufficient accuracy for the needs of dispersion models in the vicinity of direct roads.

Future research activities should focus on a similar examination of other types of typical urban
areas and experimental verification numerical predictions at greater distances from the road.
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Abstract: This paper presents a statistical comparison of parallel hourly measurements of particulate
matter smaller than 10µm (PM10) from two monitoring stations that are located 560 m from each
other in the northern part of Brno City. One monitoring station is located in a park, the other
in a built-up area. The authors’ aim is to describe the influence of a built-up area geometry
and nearby traffic intensity on modeling of PM10 pollution levels in the respective part of Brno.
Furthermore, the purpose of this study is also to examine the influence of meteorological factors
on the pollution levels; above all, to assess the influence of wind speed and direction, temperature
change, and humidity change. In order to evaluate the obtained data, the following methods of
mathematical statistics were applied: descriptive statistics, regression analysis, analysis of variance,
and robust statistical tests. According to the results of the Passing–Bablok test, it can be stated that
the parallel measurements of PM10 are significantly different. A regression model for PM10 pollution
prediction was created and tested in terms of applicability; subsequently, it was used in order to
compare measurements from both stations. It shows that in addition to the monitored meteorological
factors, pollution levels are influenced mainly by traffic intensity and the geometry of the monitored
built-up area.

Keywords: PM10; meteorological factors; monitoring stations; Passing–Bablok test; regression analysis;
statistical modeling; analysis of variance

1. Introduction

Air quality is one of the basic indicators of environment quality. In addition to gaseous pollutants,
the air can be polluted by particles (either in a suspension, fluid, or solid state) of divergent composition
and size (known as particulate matter (PM)). Air pollution caused by particulate matter smaller than
10µm (PM10) is strongly associated with the occurrence of a number of inflammatory diseases of
the respiratory system and has been one of the most common causes of morbidity not only in the
Czech Republic, but also across the world. The impact of ambient air pollution on human health,
especially on patients suffering from cardiovascular and respiratory diseases, was proven in many
studies, for example in [1–3]. On that account, the Council of the European Union decided to set up
various programs using legislative instruments, for instance using the respective Council Directive [4].

Specifically, high air pollution levels can be monitored in large cities with a high population
density, which is connected to many pollution sources, in particular to heavy traffic. For this reason, a
great deal of attention has been paid to PM monitoring in densely populated areas and its evaluation
and prediction with respect to accompanying factors (in terms of climate sciences, meteorology, and
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urban planning). Moreover, national and international limits have been set in order to protect both
human health and various ecosystems.

This topic has been covered in many scientific studies and articles, which gives evidence
that a great deal of effort has been made regarding air pollution monitoring in large urban
areas. Many scientific papers focus on PM modeling using meteorological variables. The authors
in [5,6] described the connection of PM occurrence and meteorological factors affecting Chengdu,
China (province of Sichuan), and Hanoi, Vietnam. PM was determined to be the principal pollutant in
the Chengdu region. Further, it was stated that in Chengdu, negative correlations, except for average
air pressure values, exist between other meteorological parameters and PM. Similarly, in Hanoi, the
PM10 concentration was inversely correlated with most meteorological factors, and the outcome in
Hanoi confirmed the importance of meteorological factors in the formation of air pollution. A model
for official prediction of PM10, which was used in Graz, Austria, was presented in [7,8]. The association
between PM levels, morbidity, and mortality from respiratory and cardiovascular diseases in Kuwait
was discussed in [9]. The authors found that PM10 levels significantly correlated with bronchial asthma
at a significance level of 0.05. Their study provides good evidence of a consistent relationship between
PM10 levels and respiratory diseases. Furthermore, Reference [10] described the statistical link between
short-term exposure to air pollutants (PM and others) and hospitalization for asthma in Ulaanbaatar,
Mongolia. Cardiovascular diseases in Europe caused by air pollution were newly evaluated in [11]
using the risk ratio function. The authors in [12] explored the economy-wide effects of agriculture
on air quality and human health across the EU-28 countries. Uncertainties in estimates of mortality
attributable to PM2.5 in Europe were discussed in [13]. The authors in [14] concluded that 11.3% of the
total deaths caused by respiratory and cardiovascular system diseases were attributable to long-term
exposure to PM2.5 pollution 53 in Verona. Child mortality due to ambient air pollution-induced lower
respiratory tract infections was analyzed in [15]. The authors in [16] found that fossil fuel-related
emissions account for about 65% of the excess mortality rate attributable to air pollution and 70% of the
climate cooling caused by anthropogenic aerosols. Last but not least, Reference [17] provided statistical
evidence that in the United States, a mere increase in PM of less than 2.5µm (PM2.5) by 1µg/m3 is
associated with a 15% increase in COVID-19 mortality. The cited studies suggest that the effect of
elevated PM levels on the health of the population has been statistically demonstrated. Statistically
significant correlations have been found between PM levels and cardiovascular and other diseases
in many of the world’s major urban areas. It is therefore also important to address the level of PM10

pollution on a small urban scale with respect to the built-up geometry. That is the aim of this work.
For the purpose of spatio-temporal prediction of PM10 levels in urban areas, the so-called LUR

(land use regression) method was developed and compared to many other methods of statistical
prediction [18]. This approach is suitable for high-resolution prediction (spatial resolution < 100 m;
temporal resolution ≤ 24 h) [19]. In Oslo, Norway, the monitoring process is focused on PM
measuring sensors [20].

Such examples of PM monitoring are merely a fraction of all possible approaches to the evaluation
of PM air pollution in selected urban areas. An overview of the results related to PM10 monitoring,
which were published in 2000 and later, also included in the Google Scholar Database, was incorporated
in [19] and contained 147 works. Nonetheless, the question remains how to create a model for air quality
assessment at a local urban scale using available data (from the fields of meteorology, transportation,
and urban planning) obtained from a limited number of monitoring stations. The aim of this paper is
to help answer such a question. Its purpose is to compare parallel PM10 air pollution measurements
from two nearby monitoring stations in Brno, Czech Republic, with regard to meteorological factors,
traffic intensity, and built-up area geometry.

Brno is a mid-sized city in the Czech Republic with approximately 400,000 inhabitants. It is
located in a basin at 190 to 425 m above sea level. There is no heavy industry or mining activities;
on that account, the sources of air pollution are rather few and small. The city is, however, crossed by
several major international highways. Local road traffic volume is quite high. Assessments of previous
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measurements confirmed that the main source of PM10 air pollution in Brno is intensive road traffic.
In [21], a high risk of increase in cardiovascular diseases, premature mortality, and respiratory illnesses
for individuals exposed to PM pollution was discussed. The authors’ evaluation was based on PM
monitoring in four Brno locations with regard to traffic intensity. PM level modeling in Brno City
with regard to wind speed and direction and built-up area geometry around roadways in particular
was analyzed in [22]. Furthermore, predictions of local PM10 pollution that take local traffic intensity
in Brno into consideration were discussed in [23]. This paper claimed that in urban areas with less
intensive traffic, statistical predictions of air pollution using regression models are more accurate. A
comparison of statistical prediction models describing air pollution in Brno was presented in [24].
The applicability of the regression model described in [23] was also evaluated using data obtained in
Graz, Austria [25], and it was compared with the Austrian prediction model, which is used in Graz for
official PM predictions. In the subsequent work [26], this prediction model was adjusted, and only
earlier measurements of meteorological variables were used for predictions; on that account, this
prediction can be applied in real-world conditions immediately.

In the experiment described and evaluated below, an area rather distant from major international
highways was selected with the intention to study local pollution and its variability at short distances.
The aim of this paper is to describe differences in PM10 monitoring in two nearby stations located
in Brno, to predict air pollution, and assess its variability regarding meteorological affecting factors,
built-up area geometry, and surrounding traffic volume. For this purpose, statistical methods
were applied; to be specific, methods of statistical comparison (comparison of relative frequencies,
the Passing–Bablok test), regression analysis, and analysis of variance.

2. Methodology

2.1. Data

PM10 levels were measured between 2 February and 20 April 2019. The data contained parallel
hourly measurements of PM10 and auxiliary meteorological variables from two monitoring stations
located in the city district of Brno-Sever. Parallel measurements obtained at two nearby stations,
but different in location, may well illustrate the effect of built-up geometry. In situations where
multi-station measurements are available, it is possible to assess the effect of location on PM10

from multiple perspectives; however, the assessment of this effect is usually performed in pairs
of these stations; see, e.g., [21]. The period when parallel measurements took place does not allow
for assessment of seasonal variations of the PM10 level. Nonetheless, to assess the influence of
meteorological factors (especially wind direction and speed) and the influence of built-up area
geometry on the local level of PM10, the above-mentioned parallel measurements are sufficient.
Seasonal variations in this part of the city of Brno were discussed in [23,24].

The monitoring station called “Arboretum” is located on top of a hill in the Mendel University
botanical garden. East of the Arboretum station lie the premises of the University of Defence in Brno.
On its campus, a mobile monitoring station was placed intentionally between the university buildings.
Its working title, “Černá Pole”, was based on the name of the surrounding neighborhood. The distance
between these two monitoring stations was 560 m; see the left part of Figure 1. Both stations are
operated by the Department of Air Protection of the Environmental Protection Division of Brno
City Municipality. This organization also provided the data. Between the botanical garden of
Mendel University and the University of Defence campus, a busy road called Generála Píky street,
which connects the Brno city center with the Brno-Lesná housing estate, runs in a northerly direction.
Traffic volumes on individual roads surrounding the monitoring stations are depicted in Figure 1 on
the right. The map with data represents the year of 2018 and was provided by Brněnské komunikace
(BKOM). Every day, eleven-thousand vehicles use the Generála Píky street, 5 percent of which belong
to freight transport. This volume will be denoted 11/5, and such a notation will be used in similar
situations further on. Both monitoring stations are located approximately 0.5–1 km (about 1 km east,
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0.5 km north, and 0.8 km north-west) from a major thoroughfare, the traffic volume of which is around
48/12; see Figure 1. At a distance of approximately 3.2 km south of the monitoring stations, Brno City
Ring runs perpendicularly to this direction, denoted as Road No. 42 with a traffic volume of 40/9. In a
more southern direction, at a distance of 6.5 km from the monitoring stations and parallel to the City
Ring, the D1-E50 highway is located with a traffic volume of 74/31; see Figure 2.

Figure 1. A map with the stations (left) and a traffic intensity map in the vicinity of the stations (right).

Figure 2. Traffic intensity in Brno for the year 2018 (BKOM).

2.2. Measured Variables

The measurements were taken every hour from 2 February to 20 April 2019. Both stations
monitored levels of the PM10 fraction of suspended particulate matter, nitrogen oxides NOx,
wind speed, maximum wind speed, wind direction, air temperature at 2 m above ground, air pressure,
and humidity. For the purpose of statistical analysis of air pollution caused by PM10, the
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variables presented and explained in Table 1 were selected in compliance with previous statistical
analyses based on daily mean values described in [23–25]. In this table, t denotes the hour the
measurement was taken; t = 1, 2, . . . , 1872. (1872 measured hours correspond to 78 measured days).
The time series of measurements contain 43 missing observations at the Arboretum station and 2
incomplete observations at the Černá Pole station.

Both stations were equipped with identical devices:

• For measuring concentrations of PM10: instrument manufactured by Environment SA,
Model MP101M (MP101M is the automatic and real-time particulate monitor, compliant with
ISO 10473:2000 and for PM10 US-EPA (EQPM-0404-151) and EN 12341 (I-CNR 087/2004,
F-LCSQA). It allows the continuous and simultaneous measurement of fine dust, not influenced
by the physico-chemical nature, color, or shape of particulates, in measurement ranges up to
10,000µg·m−3, with the lowest detectable limit of 0.5µg·m−3 (24 h average), with fiberglass tape
(with 3 years of autonomy for continuous sampling with daily cycles) and with a measurement
accuracy of ± 5%.).

• For measuring temperature and humidity: instrument made by Vaisala, Type HMP 155 with
radiation shield DTR503 (HMP 155 (Vaisala) is the humidity and temperature probe compliant
with the standards EN 61326-1 and EN 550022. Humidity measurement is based on the capacitive
thin film HUMICAP® polymer sensor and temperature measurement on the resistive platinum
sensors (Pt100). It allows the relative humidity (RH) measurement in the full range (0–100% RH)
and with an accuracy in the range from −20 ◦C to +40 ◦C ± (1.0 + 0.008 × reading)% RH.
The accuracy temperature measurement is in the range from −80 ◦C to +20 ◦C ± (0.226 − 0.0028
× temperature) ◦C and in the range from +20 ◦C to +60 ◦C ± (0.055 + 0.0057 × temperature) ◦C.).

• For measuring wind direction and speed: instrument manufactured by Gill Instruments Limited,
type WindSonic (WindSonic is 2-axis ultrasonic wind sensor for true “fit and forget” wind sensing;
it has no moving parts (alternative to conventional cup and vane or propeller wind sensors),
compliant with the standard EN 61326:1998. It allows the wind speed measurement up to 60 m·s−1

with the accuracy ±2% (at 12 m·s−1) and wind direction measurement in the full circle with the
accuracy ±2◦ (at 12 m·s−1).).

Table 1. Notation for the measured variables.

Variable Description

PM10t PM10 (µg·m−3)
NOxt NOx (µg·m−3)
Tt temperature (◦C)
Ht humidity (%)
Vt wind speed (m·s−1)
Dt wind direction (degrees)
RHt rush hours (a dummy variable equal to 1 for 7–10 AM, 3–5 PM;

at other times, it is equal to 0)

Wind direction Dt was measured as an oriented angle between the vector pointing north of the
station and the observed wind direction vector pointing to the station corresponding to the maximum
wind speed at hour t. Rush hour RHt is a dummy variable equal to 1 for 7–10 AM, 3–5 PM; at other
times, it is equal to 0.

Figure 3 contains graphs with resulting measurements. Similar to [23,25], the previous two
variables Vt and Dt were transformed into projections Vt sin Dt and Vt cos Dt. As a result, it was possible
to calculate the basic characteristics of wind direction and use them in further statistical analyses.
The basic statistical characteristics of the analyzed data (number of observations n, mean, standard
deviation, median, minimal and maximum observations, lower and upper quartiles, skewness,
and kurtosis) for the selected variables, including their transformations, are presented in Table 2
for both the Arboretum and Černá Pole stations.
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Figure 3. Measured variables: PM10 (µg·m−3), NOx (µg·m−3), temperature (◦C), humidity (%), wind
speed (m·s−1), and wind direction (degrees); Arboretum station, left; Černá Pole station, right.

Table 2. Descriptive statistics of variables (n—the number of observations; Mean—arithmetic mean;
Median—median; St. dev.—standard deviation; Min—minimum value; Max—maximum value;
Q0.25—lower quartile; Q0.75—upper quartile; Skewness—skewness, Kurtosis—kurtosis).

Arboretum n Mean Median St. dev. Min Max Q0.25 Q0.75 Skewness Kurtosis

PM10t 1830 26.9 24.8 16.6 0.9 109.5 14.7 37.0 0.89 1.00
NOxt 1827 43.5 32.2 36.2 4.7 348.7 22.1 50.2 2.89 11.74
Tt 1830 6.4 6.1 5.5 −8.6 22.5 2.5 9.8 0.30 −0.11
Ht 1829 59.6 58.0 23.2 9.0 103.0 41.0 77.0 0.14 −0.96
Vt 1830 1.6 1.4 1.1 0.0 6.7 0.9 2.2 1.15 1.19√

PM10t 1830 4.9 5.0 1.6 0.9 10.5 3.8 6.1 0.04 −0.32
Vt sin Dt 1830 −0.38 −0.27 1.37 −6.69 3.05 −0.98 0.55 −0.80 0.97
Vt cos Dt 1830 0.46 0.68 1.26 −4.37 4.13 −0.40 1.27 −0.54 0.53

Černá Pole n Mean Median St. dev. Min Max Q0.25 Q0.75 Skewness Kurtosis

PM10t 1871 23.5 21.2 13.5 2.1 87.3 13.5 31.5 0.86 0.85
NOxt 1869 36.0 22.1 38.5 2.7 361.8 12.9 43.3 2.97 12.43
Tt 1872 6.8 6.4 5.6 −7.8 23.3 2.8 10.3 0.29 −0.18
Ht 1871 61.4 59.0 22.0 13.0 102.0 43.5 80.0 0.09 −1.03
Vt 1872 0.6 0.4 0.6 0.0 3.8 0.2 0.8 1.86 4.53√

PM10t 1871 4.6 4.6 1.4 1.4 9.3 3.7 5.6 0.12 −0.36
Vt sin Dt 1872 0.05 −0.01 0.56 −1.98 2.22 −0.27 0.36 0.32 0.85
Vt cos Dt 1872 −0.25 −0.09 0.56 −3.44 1.02 −0.35 0.06 −2.11 5.83

2.3. Methods

First, let us stress that the statistical data processing described below may resemble the standard
procedure as described in Directive 2008/50/EC of the European Parliament and Council on ambient
air quality and cleaner air for Europe, but it is a different one. To utilize the measured data more
intensively and to get deeper statistical insights into the PM10 pollution level variations both in time
and space, we used a finer time-granularity approach. Instead of using the “1 day averaging period”
(i.e., one 24 h average per day), based on Annex XI of the European Directive, we used a moving 24 h
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average approach applied twenty-four times per day (i.e., every full hour). To bear resemblance to the
common approach, the standard PM10 limit value of 50µg·m−3 was kept for our approach. Please
note that with this “fine-granularity approach”, the number of exceedances calculated below cannot
be directly compared to the standard national air pollution reports.

A test of equal proportions (see, e.g., [27]) to assess the (non-)equality of the relative frequencies
of the moving 24 h average values exceeding the limit level was applied to data collected by the
Arboretum and Černá Pole stations.

Parallel measurements of PM10 and NOx from both stations were compared using the
Passing–Bablok test [28]. It is a robust, nonparametric method for fitting a straight line to two
variables X (PM10, Arboretum station) and Y (PM10, Černá Pole station). This is accomplished by
estimating a linear regression line and testing whether the intercept is zero and the slope is one. If
the hypothesis that the intercept is zero and the slope is one is not rejected, the measurements can be
considered comparable. Otherwise, the measurements are not comparable.

A regression model (see, e.g., [29,30]) for the prediction of pollution by PM10 was created,
and regressors were selected using the backward selection method. In statistics, backward selection is
a method of fitting regression models in which the choice of regressors is carried out by an automatic
procedure. It involves starting with all candidate variables (regressors), testing the deletion of each
variable using a chosen model fit criterion, deleting the variable (if any) whose loss gives the most
statistically insignificant deterioration of the model fit, and repeating this process until no further
variables can be deleted without a statistically significant loss of fit. The common choice of the model
fit criterion is the Akaike information criterion (AIC); see, e.g., [29].

With respect to outputs of the regression model, wind direction and speed were analyzed,
and mean values of PM10 for various wind directions were compared using the analysis of variance [29].

Hourly measurements of the following variables were crucial for the construction of the regression
model: PM10t, wind speed Vt, wind direction Dt, temperature Tt, and humidity Ht. It is clearly visible
from Figure 3 that wind speed and wind direction are very different between the stations (their behavior
is affected mainly by the built-up area geometry), and the values of these two variables have a great
impact on the local PM10 pollution levels.

The details of the statistical methods can be found in [29,30]. All the calculations were carried
out in the R environment [31] using the openair [32], forecast [33], mcr [34], MASS [35], and
car [36] packages.

3. Results

3.1. Frequency of Limit Value Exceedances for a Moving Average

Figure 4 represents hourly averages and 24 h moving averages of PM10 concentrations measured
at the Arboretum and Černá Pole stations, together with the limit value.
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Figure 4. PM10 with a 24 h moving average (µg·m−3) and limit value of 50µg·m−3.

Considering the missing data, n = 1757 measurements were performed at each of the two stations
during the monitoring period (only parallel measurements without missing values are considered).
At the Arboretum station, the limit value of 50µg·m−3 was exceeded by 100 moving average values
calculated for every hour of each day, and the relative frequency was equal to 0.0569. At the Černá Pole
station, the limit value was exceeded by 53 calculated values, and the relative frequency was equal to
0.0302. The 95% confidence interval for the probability of exceeding the limit value of 50µg·m−3 is
(0.0514, 0.0624) in the case of the Arboretum station and (0.0260, 0.0342) in the case of the Černá Pole
station.

The statistical comparison of relative frequencies of exceeding the limit value at the Arboretum
station (0.0569) and at the Černá Pole station (0.0302) shows that the values can be considered different
at the significance level of 5%; the corresponding p-value is 0.0001.

As a side note, it may be of interest to experts dealing with a number of exceedances determined
by the “one day averaging period” (i.e., just one 24 h average per day) based on Annex XI of
Directive 2008/50/EC that this approach (as applied by the Czech Hydro-meteorological Institute)
resulted in only five days with the PM10 limit of 50µg·m−3 exceeded for the processed period.
The finer-granularity approach used in this paper results in eight days with one or more 24 h moving
averages (of 24 hourly ones calculated daily) exceeding the same limit.

The observational period used in this study is not long enough to draw robust conclusions, but the
above stated difference of five and eight exceedances, if projected to the full calendar year, could mean
that for a case of a calendar year with 35 exceedances officially reported using the European Directive
approach, there could be some 56 days detected with the same limit exceeded if 24 h moving averages
calculated hourly are considered in our approach. In another view, the above stated difference in the
number of days with detected exceedances could mean that 35 days with the exceeded limit of any of
the hourly calculated 24 h moving averages in a day might be reached in a calendar year just when as
low as 22 days with the limit exceedance reported based on the current national practice are reported.
Without elaborating on the details, it should be noted that a compromise between the two mentioned
approaches is needed to fine tune the reporting of exceedances.

It is obvious that our finer-granularity approach exposes a weakness of the official reporting
practice. For example, currently, a calendar day with 23 detected exceedances of the 24 h moving
average would be neglected in the official reporting if the 24 h average calculated at midnight was
not exceeding the limit value. Similarly, a day would not be included in the official reporting in the
case that the limit value would be exceeded only once during the day, and this was not the midnight
value of the 24 h average. In such a situation, 23 of 24 possible cases would be neglected. Therefore,
the current normative situation can be seen as under-representing real pollution levels and therefore to
be a breach of the widely accepted precautionary principle used for environment impact assessments.
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In conclusion, it can be highlighted that the discrepancy between the two exceedance assessments
increases with lowering the PM10 pollution levels. The reason is that the probability of omitting such
“exceedance” days in the annual statistics increases with lowering the number of 24 h moving averages
exceeding the limit from 23 to one during a single calendar day.

3.2. Comparison of PM10 Measurements

A comparison of parallel PM10 measurements between the Arboretum and Černá Pole stations
can be roughly assessed from the top row graphs in Figure 3. A detailed comparison was carried
out using the non-parametric Passing–Bablok test. The robust regression line for PM10 values at
Arboretum and Černá Pole stations is defined by the following equation:

PM10Černá Pole
t = 1.754 + 0.802 · PM10Arboretum

t . (1)

Results of the Passing–Bablok test together with the regression line are presented in Figure 5.
The 95% confidence intervals for parameters of the regression line are (1.299, 2.215) in the case of the
intercept and (0.783, 0.822) in the case of the slope. The null hypothesis that the parallel measurements
are not statistically significantly different (the intercept equals zero, and the slope equals one) was
rejected at the significance level of 5%. The test revealed a statistically significant difference between
both parallel measurements.

Figure 5. Passing–Bablok regression fit, PM10 in µg·m−3.

Furthermore, the correlation coefficients were determined. Pearson’s correlation coefficient
between PM10Černá Pole

t and PM10Arboretum
t is 0.883 (p-value ∼= 0), and Spearman’s correlation coefficient

is 0.872 (p-value ∼= 0). Both correlation coefficients are significantly different from zero. The
results show that with a 10µg·m−3 increase of PM10 pollution level at the Arboretum station, there is
on average only an 8.02µg·m−3 increase at the Černá Pole station. The results obtained by the robust
Passing–Bablok test show how the two nearby monitoring stations differ in the level of PM10 pollution.

3.3. Comparison of NOx Measurements

Transport is one of the main sources of nitrogen oxides. The authors in [37] discussed the presence
of NOx from vehicle exhaust in the composition of PM. Using correlation analysis, we assessed the
statistical relationship between PM10 and nitrogen oxides NOx. Spearman’s correlation coefficient
between PM10 values and NOx has a value of 0.478 (p-value ∼= 0) for the Arboretum station and
0.372 (p-value ∼= 0) for Černá Pole station. From the above values, it is clear that in the case of the
Arboretum station, the correlation coefficient is higher (p-value 0.00017). We will now compare the
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NOx values for both stations using the Passing–Bablok test, similar to the PM10 comparison. We get an
estimate of the regression function in the form:

NOxČerná Pole
t = −8.212 + 1.014 · NOxArboretum

t . (2)

The 95% confidence intervals for the parameters of the regression line are (−8.898, −7.531) in the
case of the intercept and (0.994, 1.034) in the case of the slope. The results of the robust Passing–Bablok
test show that the two nearby monitoring stations differ in the level of NOx. The difference is due to
the non-zero value of the intercept in the estimated regression function Equation (2). The hypothesis
that the slope in the regression function has a value of one is not rejected.

Pearson’s correlation coefficient between NOxČerná Pole
t and NOxArboretum

t is 0.933 (p-value ∼= 0), and
Spearman’s correlation coefficient is 0.901 (p-value ∼= 0). Both correlation coefficients are significantly
different from zero.

3.4. Regression Models for PM10 Prediction

The regression model for PM10 prediction was constructed with respect to the previously
published results in [23–25]. The following auxiliary variables were used for the prediction of
PM10t: temperature Tt, humidity Ht, wind speed Vt, wind direction Dt, rush hours RHt, and their
transformations: time differences of temperatures Tt − Tt−1 and Tt−1 − Tt−2, time differences of
humidity Ht − Ht−1, and transformations of wind direction and wind speed Vt sin Dt, Vt cos Dt,
which made it possible to incorporate wind directions into the regression model.

Since the relation between PM10 value and atmospheric pressure proved to be statistically
insignificant in previous and current analyses, the atmospheric pressure variable was not used in the
regression model. Pearson’s correlation coefficient is 0.082, and Spearman’s correlation coefficient
is 0.109. Despite the fact that both correlation coefficients are, due to the large number of observations,
statistically significant at the significance level of 5%, based on Pearson’s correlation coefficient, it can
be concluded that atmospheric pressure explains only 0.68% of the variability of the PM10t variable.
On that account, atmospheric pressure is not included in further analyses.

With regard to the article [25], three regression models were studied. There were two generalized
autoregressive linear models (GALM) [30]; one with the gamma distribution and canonical link
function (which is the reciprocal function for gamma distribution), the other with the gamma
distribution and log-link function. The third model was the linear regression model for the

√
PM10t

variable (see [7,25]), and it worked best for the hourly data. All three models were computationally
processed, then their comparison was performed using the coefficients of determination; their graphical
comparison was performed, and the third model proved to be the most suitable. Due to the scope
of the article, the results of the first two models are not presented. One of the reasons why the third
model was used was that graphs rendered using Q-Q plots and the Anderson–Darling goodness-of-fit
test showed that the distribution of

√
PM10t is very close to a normal distribution at both stations.

The regressors were selected using the backward selection method and the AIC criterion (Akaike
information criterion). The final model contained eight parameters β1, β2, . . . , β8 and random error ǫt

for observations in time t = 1, 2, . . . , n, where n is the number of hourly observations. It is of the form:

√

PM10t = β1 + β2
√

PM10t−1 + β3(Tt − Tt−1) + β4(Tt−1 − Tt−2)+

+ β5(Ht − Ht−1) + β6Vt−1 sin Dt−1 + β7Vt−1 cos Dt−1 + β8RHt + ǫt. (3)

The adjusted coefficient of determination R2
adj was used for assessing the suitability of the

statistical relation between the
√

PM10t response variable and the auxiliary variables incorporated into
the model. Its values were high and statistically significant (0.806 for the Arboretum station and 0.918
for the Černá Pole station). Standardized residuals did not show any extreme deviations in comparison
to the previous two GALM models.
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Estimated coefficients (with their standard errors in parentheses) can be found in Table 3; in the
column Arboretum for the Arboretum station and in the column Černá Pole for the Černá Pole
station. Moreover, there are the number of observations n (there were missing observations in the
data), the coefficient of determination R2, the adjusted coefficient of determination R2

adj, the residual
standard error, the F statistic, and the corresponding degree of freedom df = (df 1; df 2). The
statistical significance of the coefficients is denoted by *, where the number of asterisks indicates
the respective p-values corresponding to the statistical significance of the respective coefficient. It can
be seen that the proposed model Equation (3) is suitable for the description of the studied statistical
relationship between

√
PM10t and the selected regressors for each of the stations. The coefficient of

determination R2 and the adjusted coefficient of determination R2
adj are high for both stations, and the

value of the F statistic describing the suitability of the model is also statistically significant at the
significance level of 1%. Moreover, Table 3 shows that all coefficients of both statistical models are
significantly different from zero at least at the significance level of 5% with the exception of coefficients
β5 and β7 for the Arboretum station.

Agreement between the prediction model Equation (3) and the data can be visually assessed from
Figure 6, where the observed and predicted (fitted) PM10t values are in the top row, the corresponding
standardized residuals are in the middle row, and graphs of measured and fitted values of PM10t are in
the bottom row. It is evident from the graphs (especially from the graphs showing the measured values
versus the fitted ones) that the estimated models describe the development of PM10 with sufficient
accuracy. The model for the Černá Pole station has greater accuracy than the model for the Arboretum
station. This conclusion corresponds to the values of R2 in Table 3, where R2 = 0.919 for the Černá
Pole station and R2 = 0.807 for the Arboretum station.

Table 3. Estimates of the linear models; standard errors are in parentheses.

Dependent Variable:
√

PM10t

Parameter Variable Arboretum Černá Pole

β1 0.593 *** 0.241 ***
(0.060) (0.035)

β2
√

PM10t−1 0.878 *** 0.946 ***
(0.011) (0.007)

β3 Tt − Tt−1 0.118 *** 0.117 ***
(0.033) (0.017)

β4 Tt−1 − Tt−2 −0.094 *** −0.052 ***
(0.024) (0.012)

β5 Ht − Ht−1 0.006 0.011 ***
(0.005) (0.003)

β6 Vt−1 sin Dt−1 0.071 *** 0.085 ***
(0.014) (0.018)

β7 Vt−1 cos Dt−1 0.002 0.049 ***
(0.015) (0.018)

β8 RHt 0.117 *** 0.054 **
(0.040) (0.022)

Number of observations n 1824 1866
R2 0.807 0.919
Adjusted R2 0.806 0.918
Residual Std. Error 0.722 (df = 1816) 0.402 (df = 1858)
F Statistic 1,083.102 *** (df = 7; 1816) 2,993.700 *** (df = 7; 1858)

Note: * p < 0.1; ** p < 0.05; *** p < 0.01.

Agreement between the estimated parameters of model Equation (3) for Arboretum and Černá
Pole stations can be assessed using the regression analysis methods and the F statistic. This statistic
can also be modified in order to test the equality of the corresponding regression parameters; see [29].
The value of the F statistics for comparing the two models is F = 5.5039, and the corresponding p-value
is 6.193 × 10−7; i.e., both models are significantly different from each other. A detailed comparison of
the parameters of both models from Table 3 can be found in Table 4. It is clear that both models differ
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only in parameters β1 (intercept, p-value ∼= 0) and β2 (p-value ∼= 0), which corresponds to the value of
the lagged transformed variable

√
PM10t−1; i.e., the PM10 pollution level from the previous hour.

Table 4. Tests of equal parameters and model comparison.

Parameter Variable F-Test p-Value

β1 25.19828 5.41837×10−7

β2
√

PMt−1 25.51096 4.61270×10−7

β3 Tt − Tt−1 0.00008 0.99266
β4 Tt−1 − Tt−2 2.65500 0.10331
β5 Ht − Ht−1 0.80706 0.36905
β6 Vt−1 sin Dt−1 0.26454 0.60705
β7 Vt−1 cos Dt−1 2.56720 0.10919
β8 RHt 1.96325 0.16125

All parameters 5.5039 6.193×10−7

Figure 6. Fitted models, standardized residuals, and measured vs. fitted values, PM10 in µg·m−3.
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3.5. Influence of Wind on PM10 Levels

For the purpose of the statistical analysis of the influence of wind speed Vt and wind direction
Dt on PM10 air pollution at both stations, possible wind directions ranging from zero to 360 degrees
(clockwise) were divided into 12 sections 〈345, 15), 〈15, 45), 〈45, 75), . . . , 〈315, 345) by 30 degrees.
Furthermore, a wind rose representing the frequency of counts by wind direction and wind speed
was created. Subsequently, the basic statistical characteristics of PM10 levels were calculated for each
section. One-way analysis of variance was carried out in order to compare mean values of air pollution
in individual directions. Wind roses for both the Arboretum and Černá Pole stations are presented
in Figure 7. It is clear from the wind rose graphs that the characteristics describing the wind speed
and direction are different for both stations. At the Arboretum station located in the open space of the
botanical garden, higher wind speeds can be observed, and the northwest and southeast directions
predominate. At the Černá Pole station, which is located in a built-up area, the measured wind speeds
are lower, and the northeast wind direction is almost absent. Like the Arboretum station, there is a
southeast wind direction. These differences are caused by the surrounding built-up area (especially
buildings) of the Černá Pole station.

Figure 7. Wind rose (Arboretum, left; Černá Pole, right).

Boxplots comparing pollution levels in individual sections can be found in Figure 8 for both
stations. Furthermore, Table 5 contains descriptive statistics for individual sections for the Arboretum
station, whereas Table 6 contains the same information from the Černá Pole station. Using one-way
analysis of variance, the null hypothesis claiming that the mean level of PM10 air pollution is the
same in all 12 sections was tested against an alternative hypothesis stating that levels of pollution
show statistically significant differences due to the effect of various wind directions. The analysis of
variance was applied to the

√
PM10t variable, which has a normal distribution for data from individual

sections. As for the Arboretum station, the value of the test statistics F = 17.07 and p-value is zero,
with degrees of freedom 11 and 1816. For the Černá Pole station, this statistic equals F = 22.26; the
p-value is zero, with degrees of freedom 11 and 1858. On that account, it may be argued that each
station showed statistically significant differences in the mean values of air pollution in terms of wind
direction. Since each station provided evidence on statistically significant differences in the mean
values of air pollution caused by PM10, Tukey’s honest significance test was performed for each station
in order to identify pairs of monitored sections that exhibit substantially different air pollution levels.
The test compared 66 section pairs; for the purpose of its interpretation in this paper, only comparisons
of sections with the highest and lowest pollution levels were selected.

Regarding the Arboretum station, mean values of pollution levels resulting from measured values
and wind directions are presented in Table 5; the corresponding graph can be found in Figure 8 on the
left. As can be derived from the table, air pollution with the highest mean value of 32.2µg·m−3 and the
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highest median value of 31.6µg·m−3 was measured in the direction of 135 to 165 degrees. Another two
sections with the mean value of pollution higher than 28µg·m−3 and the median value higher than
26µg·m−3 were those of 75–105 degrees and 315–345 degrees. Tukey’s honest significance test did not
prove statistically significant differences in the mean values of air pollution between pairs consisting of
the above-mentioned three sections with the highest pollution levels. On the contrary, the section with
the lowest pollution levels was the one of 225–255 degrees, where the mean value of the pollution level
was 11.9µg·m−3, and the median was 7µg·m−3. Low levels of pollution with the mean value lower
than 23µg·m−3 and the median lower than 20µg·m−3 were found in four sections between 165 and
285 degrees. Tukey’s honest significance test proved statistically significant differences in the mean
value of pollution levels between the section of 135–165 degrees and each of the four sections ranging
from 165 to 285 degrees.

Table 5. Descriptive statistics for PM10 by wind direction: Arboretum station (n—the
number of observations; Mean—arithmetic mean; Median—median; St. dev.—standard deviation;
Min—minimum; Max—maximum; Q0.25—lower quartile; Q0.75—upper quartile).

Degrees n Mean Median St. dev. Min Max Q0.25 Q0.75

all 1828 27.0 24.8 16.6 0.9 109.5 14.7 37.0
345–15 139 27.0 24.4 14.4 3.4 109.5 17.4 33.4
15–45 154 27.0 25.9 11.3 6.5 79.5 19.8 33.5
45–75 91 26.6 25.0 13.3 4.0 90.5 19.1 32.5

75–105 45 31.5 28.5 16.7 3.8 71.5 18.4 43.3
105–135 67 28.0 23.9 17.3 1.4 79.2 15.5 40.1
135–165 334 32.2 31.6 18.2 2.2 94.4 17.4 45.3
165–195 43 22.8 19.7 19.3 1.9 84.3 6.2 34.4
195–225 32 19.7 14.3 19.6 0.9 89.3 4.2 31.9
225–255 45 11.9 7.0 11.4 2.8 50.4 4.2 12.9
255–285 116 18.5 12.4 17.2 1.4 81.4 5.8 27.0
285–315 358 24.7 20.8 16.6 1.4 83.2 12.6 34.4
315–345 404 29.1 27.0 15.5 2.2 101.6 18.3 37.8

Table 6. Descriptive statistics for PM10 by wind direction: Černá Pole station (n—the
number of observations; Mean—arithmetic mean; Median—median; St. dev.—standard deviation;
Min—minimum; Max—maximum; Q0.25—lower quartile; Q0.75—upper quartile).

Degrees n Mean Median St. dev. Min Max Q0.25 Q0.75

all 1870 23.5 21.1 13.5 2.1 87.3 13.5 31.5
345–15 35 25.6 21.9 13.7 7.7 67.8 16.3 33.4
15–45 69 22.8 21.5 10.7 6.6 67.0 15.9 29.0
45–75 182 24.3 21.6 11.7 5.3 72.3 16.1 30.9
75–105 94 25.2 23.0 10.1 6.7 49.2 17.1 31.8

105–135 120 24.6 21.4 12.8 5.6 52.0 14.4 34.1
135–165 326 28.2 27.5 14.8 2.5 74.5 17.2 37.1
165–195 121 19.6 19.1 12.9 2.4 65.3 8.3 29.1
195–225 93 20.2 18.8 9.5 3.0 55.8 14.0 26.8
225–255 282 17.4 16.1 9.8 2.6 54.2 9.6 23.9
255–285 351 20.4 18.2 13.5 2.1 65.2 8.8 29.1
285–315 147 32.6 29.9 15.1 6.0 87.3 23.3 40.1
315–345 50 29.8 26.4 14.9 8.7 84.6 18.0 38.0

Similarly, the mean values of pollution levels measured at the Černá Pole station with regard to the
wind direction are presented in Table 6; the corresponding graph is in Figure 8 on the right. This table
shows that the air pollution with the highest mean value of 32.6µg·m−3 and the highest median value
of 29.9µg·m−3 was measured in the direction of 285 to 315 degrees. Another two sections with the
mean value of pollution higher than 28µg·m−3 and the median value higher than 26µg·m−3 were
those of 315–345 degrees and 135–165 degrees. As in the case of the Arboretum station, Tukey’s honest
significance test performed for the Černá Pole station did not return statistically significant differences
in the mean values of air pollution between pairs consisting of the above-mentioned three sections
with the highest pollution levels. On the contrary, the section with the lowest pollution levels was

130



Atmosphere 2020, 11, 1042

the one of 225–255 degrees, where the mean value of the pollution level was 17.4µg·m−3 and the
median was 16.1µg·m−3. It follows from the above that the section with the lowest pollution levels
is the same for both stations. Low pollution levels with the mean value lower than 23µg·m−3 and
the median lower than 20µg·m−3 were measured again in four sections within the range of 165–285
degrees. Tukey’s honest significance test proved statistically significant differences for each pair of
these sections; the first section was always selected from the three sections with the highest mean value
of air pollution, and the second one was selected among the four sections with the lowest mean value
within the range of 165–285 degrees.

Figure 8. Boxplots of PM10 according to wind directions, PM10 in µg·m−3. n—the number of
observations.

4. Discussion

The analysis of the results of parallel measurements obtained at two stations that are 560 m from
each other and located in the northern parts of Brno City showed that the monitored levels of PM10

vary considerably between the locations; at the Arboretum station, which lies in an open area in a park,
as well as at the Černá Pole station, which is placed on a campus and surrounded by low-rise buildings.
A comparison of the relative frequencies of exceeding the level of 50µg·m−3 was performed. From the
statistical point of view, these frequencies differed significantly between the stations; at the Černá Pole
station, the frequencies of exceeding set limits were significantly lower than at the Arboretum station.
Thus, the significant differences between the levels of measurement of PM values at both stations are
influenced mainly by the built-up area geometry.

A comparison of parallel measurements using the Passing–Bablok test also showed that the values
of air pollution caused by PM10 measured at the Černá Pole station surrounded by low-rise buildings
were lower than those monitored in the open-area of the Arboretum station. Whereas at the Arboretum
station, PM10 pollution levels increased by 10µg·m−3, at the Černá Pole station, they grew on average
only by 8.02µg·m−3.

Based on the results of the correlation analysis between the values of PM10 and NOx, it can be
stated that there is a statistical link between the monitored variables. Spearman’s correlation coefficient
for the Arboretum station was significantly higher than for the Černá Pole station. The Passing–Bablok
test applied to NOx values then showed that the pollution levels for the monitored stations were not
the same. The NOx values from the Černá Pole station were lower than at the Arboretum station,
by approximately 8.2µg·m−3. The results show the effect of built-up geometry on the level of pollution.
PM10 and NOx values were higher for the Arboretum station located in a park near a busy street than
for Černá Pole located in a built-up area. The obtained results correspond to the conclusions published,
e.g., in [22].

During the analyses of hourly data on air pollution caused by PM10, the presented statistical
models proved that PM10 air pollution is influenced, above all, by temperature change; i.e., first, by
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its drop with a two hour delay, then by its rise in the next hour. At the Arboretum station, humidity
change did not prove to be a statistically significant parameter; however, at the Černá Pole station, quite
the contrary was the case. A positive value of the regression parameter 0.011, which was statistically
significantly different from zero for the Černá Pole station, indicates an average increase of the PM10

value due to an average hourly increase of humidity. The rush hour influenced the PM10 increase at
both stations significantly. From 7 to 10 AM and from 3 to 5 PM, the model identified rising levels
of PM10. When the parameters of both models were compared (see Table 4 and the results of the
parameter comparisons), they showed no statistically significant differences, with the exception of the
parameter β1, which was equal to 0.593 for the Arboretum station and only 0.241 for the Černá Pole
station, as well as with the exception of the β2 parameter for the lagged square root of PM10 value,
which was equal to 0.878 for the Arboretum station and 0.946 for the Černá Pole station. This proves
that both models function similarly, but on the campus where the Černá Pole station is located, PM10

levels were lower. Two stations, where the measurements were performed, are located close to each
other, at a distance of 560 m. Nevertheless, it was statistically proven that the level of pollution was
significantly different at both stations. This evidence was demonstrated by all statistical methods
used (robust Passing–Bablok test, regression analysis, statistical test for comparison of frequencies,
analysis of variance). Due to the fact that the level of PM values in a given place is influenced by
climatic factors (especially the effect of wind speed and direction is significant) and these factors are
significantly affected by the built-up area geometry, the effect of built-up area geometry will also affect
the level of pollution caused by PM10 particles. Such an influence was studied also in other works, for
example in [21,22] or [23], and it should be paid a great deal of attention.

Wind speed and direction with regard to distance from roads with heavy traffic proved to be
of paramount importance as far as PM10 air pollution in the studied area is concerned. In the case
of the Arboretum station, the heaviest pollution with a mean value of 32.2µg·m−3 comes from the
direction of 135–165 degrees; that is where the thoroughfare with the most intensive traffic is located.
The relative frequency of winds coming from this direction is 0.183. The second wind direction that
sends the highest pollutant volumes to this station is at 75–105 degrees. In this direction, there is Road
No. 42 with the 43/11 traffic volume, part of which is hidden in a tunnel. Nonetheless, the relative
frequency of winds coming from this direction is only 0.025, and the mean pollution value resulting
from this direction is 31.5µg·m−3. The third wind direction, which brings air pollution levels with
a mean value of 29.1µg·m−3, falls within the range of 315–345 degrees. In this case, the pollution
comes from a northwestern traffic hub and Ring Road No. 42. The relative frequency of winds coming
from this direction is 0.221, which is the highest value among these three sections. On the contrary,
the lowest pollution levels with the mean value of 18.2µg·m−3 come from the range of 165–285 degrees;
the frequency of winds coming from this direction is 0.129. This is a direction with no nearby busy
traffic roads; in this specific area, parks and a large football stadium are located.

As far as the Černá Pole mobile station located on the University of Defence campus is concerned,
air pollutants get here mainly due to winds coming from the direction falling into the range of
285–315 degrees. In this case, the mean value of PM10 pollution is equal to 32.6µg·m−3; the relative
frequency of winds coming from this direction is 0.079. The second highest mean value of air pollution,
which amounted to 29.8µg·m−3, was found in the direction falling in the range of 315–345 degrees.
The relative frequency of winds coming from this direction is only 0.027. It can be concluded that winds
coming from these two directions bring air pollutants from a ring road with a 47/12 to 48/12 traffic
volume that is located approximately 0.5–0.8 km away from the monitoring station. The third highest
amount of air pollutants with the mean value of 28.2µg·m−3 comes from the section of 135–165 degrees.
This is the direction where the thoroughfare with the largest traffic volumes amounting to 40/9 (Road
No. 42) and 74/31 (D1-E50 highway) is located. The relative frequency of winds coming from this
direction is 0.174. In the case of the open-area Arboretum station, this direction was the source of the
highest amount of air pollutants.
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On the contrary, the lowest pollution levels with the mean value of 19.3µg·m−3 come from the
range of 165–285 degrees, which is the same for the Arboretum station. The relative frequency
of winds coming from this direction is high and equals 0.453. This also explains the lower
pollution levels monitored using hourly measurements at this station, because the spaces between
buildings are positioned approximately in this direction, which is related to the lowest levels of air
pollution. Furthermore, this proves that pollution levels and their variability in urban areas are
strongly influenced by built-up area geometry, consequential traffic volume, and the values of local
meteorological variables. Parallel measurements carried out for the purpose of this article using two
nearby monitoring stations strongly confirmed this fact.

The models of PM10 described in the articles [23–26] used daily data. As in this article, they were
based mainly on meteorological factors. However, the specific regressors and model types used are
not completely comparable to the model Equation (3). From the point of view of the accuracy of
the predicted PM10 values, the proposed model Equation (3) shows a higher accuracy. The primary
objective of this article was to assess the effect of built-up geometry. The authors in [23–26] did
not address this issue. For technical reasons, measurements could only be performed in the period
2 February to 20 April 2019. In view of the fact that for another period, the data could be described
by an analogous model (see [23]) as the model Equation (3), the time interval to illustrate the effect of
built-up geometry is considered sufficient.

5. Conclusions

The authors of this paper showed that when assessing PM10 air pollution in densely populated
urban areas with high traffic volumes, it is necessary to consider built-up area geometry and the
related dispersion conditions of the specific area. The results obtained using two nearby monitoring
stations serve as a proof of this claim. This line of reasoning works also as the foundation stone for
joint research activities carried out by members of the University of Defence in Brno, Czech Republic,
and experts who focus on air pollution with regard to built-up area geometry.

In connection with this research, further research activities are expected in order to improve
the current methods of evaluating data on measured PM10 concentrations. The authorities dealing
with the issue of air quality in the City of Brno have already shown interest in this research. Existing
methods can be innovated in the future by spatio-temporal predictions of air pollution with regard to
accompanying factors (meteorological and urban). New methods should take into account the presence
of selected organic compounds in the air, which are indicators of toxicity or markers of emission sources.
For emission sources, it will be useful to deal with the possibilities of the unambiguous identification
and quantification of the impact of the main emission sources in the monitored area.

The above-mentioned results may be applied not only when assessing pollution levels in large
urban areas, but also for the purpose of selecting military deployment areas in foreign territory. If it
is possible to choose the location of the military base where the military forces are to be deployed,
at least the long-term average values of meteorological variables in the area and the location of major
pollution sources should be taken into consideration. This way, it may be possible to reduce health
risks related to long-term exposure to dust particles.
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Abstract: The overall impact of urban environments on the atmosphere is the result of many
different nonlinear processes, and their reproduction requires complex modeling approaches.
The parameterization of these processes in the models can have large impacts on the model outputs.
In this study, the evaluation of a WRF/Comprehensive Air Quality Model with Extensions (CAMx)
forecast modeling system set up for Prague, the Czech Republic, within the project URBI PRAGENSI
is presented. To assess the impacts of urban parameterization in WRF, in this case with the BEP+BEM
(Building Environment Parameterization linked to Building Energy Model) urban canopy scheme, on
Particulate Matter (PM) simulations, a simulation was performed for a winter pollution episode and
compared to a non-urbanized run with BULK treatment. The urbanized scheme led to an average
increase in temperature at 2 m by 2 ◦C, a decrease in wind speed by 0.5 m s−1, a decrease in relative
humidity by 5%, and an increase in planetary boundary layer height by 100 m. Based on the evaluation
against observations, the overall model error was reduced. These impacts were propagated to
the modeled PM concentrations, reducing them on average by 15–30 µg m−3 and 10–15 µg m−3 for
PM10 and PM2.5, respectively. In general, the urban parameterization led to a larger underestimation
of the PM values, but yielded a better representation of the diurnal variations.

Keywords: air pollution; emissions; urban canopy; weather prediction; particulate matter; validation

1. Introduction

The increasing urban population worldwide requires elaborate scientific action to estimate
the human exposure to different adverse effects that cities cause [1]. It is now well known that probably
the most “far-reaching” impact that cities have on the environment is that on the atmosphere [2].

Urban areas impact the atmosphere by two main pathways: they have a strong impact on
meteorological conditions, which results in the formation of, e.g., Urban Heat Islands (UHI), and they
are, at the same time, intense concentrated emission sources, having great impacts on the local and
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regional (and even global) air quality [3,4] with (although minor) consequences even on the regional
radiative balance and, hence, temperatures [5]. Given the complexity and non-linear nature of chemical
transformations of primary emissions forming secondary species, modeling approaches are essential to
describe the city-scale air quality conditions and their footprints over a regional scale. Such modeling
approaches have to describe both the local and regional meteorological conditions [6,7], the actual
impact of urban emissions and those from surrounding areas on regional air quality [4,8,9], and their
mutual interaction [10].

One of the major steps to properly describe the city- and regional-scale weather conditions over
cities in regional scale models is the application of urban canopy (sub)models that parameterize
the subscale processes that occur on street level or within buildings, but have important feedback to
the model-resolvable scales [11,12]. It has been shown in many studies that the way the urban
canopy and related meteorological effects are treated in models has important consequences
on the concentrations of modeled species (e.g., [13–17]). This is not surprising given the fact that
the transport, diffusion, deposition, and chemical transformation of pollutants (driven by the Eulerian
continuity equation) are strongly dependent on meteorological conditions [18].

In particular, urban surfaces increase the air temperature, which, in turn, increases the chemical
reaction rates and also the dry deposition and leads to a decrease of ozone in urban areas [13,16].
Increased temperatures in the urban canopy layer further decrease the atmospheric stability in urban
areas, potentially leading to urban-breeze circulation [19–21]. The decrease of city-scale wind speeds
results in limited horizontal dispersion of pollutants, which, alone, leads to elevated concentrations
of primary species, especially NOx and primary aerosol [16,17,22,23]. Finally, the drag that causes
the decrease of urban winds enhances turbulence, which is further increased by the buoyant forces
(due to an increase of near-surface temperature), resulting in a great increase of vertical eddy diffusion.
Increased eddy diffusion helps to remove species from the urban canopy and reduces the concentrations
of primary species as shown by [16,17,24–27]. The consequences for ozone as a secondary species are
however opposite. By removing NOx from the urban canopy by enhanced turbulence, ozone titration
is reduced, leading to elevated ozone levels [26]. The large impact of the modifications of vertical
turbulent diffusion on ozone levels was assessed also by Tang et al. [28]. In general, turbulence is
considered to be the most important component via which the urban canopy meteorological effects
act on chemistry. The overall impact, viewed as a combination of temperature, wind, and turbulence
changes, is very similar to that of turbulence changes alone [29].

According to the above-mentioned facts, it is very important to analyze the sensitivity of
concentrations of the modeled urban species to the numerical representation of urban land use.
In two extreme cases, urban areas can either be completely ignored by the model or fully represented
by an urban canopy parameterization (as done, e.g., in [16,17]), but many intermediate treatments
can be considered, e.g., the BULK approach, which takes urban surfaces into account as any other
flat surface with specific physical parameters (e.g., albedo), as done in [7]. The response of urban air
chemistry is dependent on the urban parameterizations chosen (e.g., [24,30]) and on the settings of
various parameters that describe the urban environment like the albedo of urban surfaces, their heat
conductivity, the geometry of the urban setting, etc. [15].

In the Czech Republic, the capital city Prague belongs to a region with worsened air quality.
This can be attributed to several factors. One important factor is the topography. The Prague basin,
where the city is located, negatively affects the climatic conditions and dispersion of pollutants.
During colder periods of the year, temperature inversions are often formed, leading to the accumulation
of pollution. The most problematic pollutants, mainly due to heavy traffic in the city and residential
heating in the suburban areas, are NO2 (nitrogen dioxide), PM10 (particulate matter of a diameter
r < 10 µm) and PM2.5 (particulate matter of a diameter r < 2.5 µm), often exceeding the limit values
or leading to smog situations [31]. In particular, in January and February 2017, the threshold values
of PM10 for announcing a smog situation were exceeded three times. In the middle of January, even
the criteria for announcing a regulation were fulfilled [32]. The ability of models to capture these

138



Atmosphere 2020, 11, 625

extreme pollution episodes correctly is especially important with regards to predicting similar events
and proposing effective regulation measures.

Within the URBI PRAGENSI project supported by the Operational Programme Prague–Growth
Pole of the Czech Republic (European structural and investment funds), a weather/air quality forecast
system for Central Europe was set up at Charles University with high resolution nested predictions for
the Czech capital Prague. These forecasts aimed to support fast action of the city council authorities
if a significant worsening of air quality is predicted over the city. In order to increase the reliability
and quality of the forecasts, multiple configurations have to be tested, and one of the key parts is
the numerical treatment of the urbanization-induced meteorological changes (like UHI).

To fulfill this goal, we present here a study that aims to investigate to what extent the urban canopy
treatment in the driving meteorological models influences the final species concentrations in the driven
chemistry transport model. The basis of this study is a pair of weather prediction configurations of
the WRF (Weather Research and Forecasting) Model and the consequent chemistry transport model
predictions. Our focus will be a winter period with stagnant conditions, limited mixing, and very
strong PM pollution.

2. Methods

2.1. Models and Data

2.1.1. WRF

Meteorological variables required as inputs of the CAMx (Comprehensive Air Quality Model
with Extensions) model or needed for emission pre-processing were obtained from weather forecast
simulations performed with the WRF Model. WRF is a non-hydrostatic regional-scale numerical
weather prediction and climate model developed to be able to simulate weather phenomena across
multiple scales from the global to the city scale [33]. The WRF Model Version 4.0.3 was run in two
configurations; here, the common parts are detailed. For radiation calculations, the Rapid Radiative
Transfer Model for General Circulation Models (RRTMG [34]) was used. Land-surface processes were
solved by the Noah land-surface model [35]. Microphysical transformations of water were treated
by the improved BULK Thompson scheme [36]. For the calculation of the Planetary Boundary Layer
(PBL) turbulent exchange, the Boulac PBL [37] scheme was used.

The urban canopy effects could be treated with the simple BULK approach that considers urban
surfaces as flat ones with prescribed physical parameters like albedo, roughness, etc. A more
comprehensive approach is offered by the multi-layer Building Environment Parameterization
(BEP; [38]) linked to the Building Energy Model (BEM; [39]), the BEP+BEM method.

2.1.2. CAMx

Air quality simulations were performed with the Chemistry Transport Model (CTM) CAMx
Version 6.50 [40]. As an Eulerian photochemical CTM, CAMx implements multiple gas phase chemistry
options (Carbon Bond chemical mechanisms: CB5, CB6; The Statewide Air Pollution Research
Center chemical mechanism: SAPRC07TC). In this study, the CB5 scheme [41] was used. The static
two-mode approach was used to treat particle matter physics. Dry deposition was solved using
the method of Zhang et al. [42], and for wet deposition, the Seinfeld and Pandis [43] scheme was used.
To calculate the composition and phase state of the ammonia-sulfate-nitrate-chloride-sodium-water
inorganic aerosol system in equilibrium with gas phase precursors, the ISORROPIA thermodynamic
equilibrium model was activated [44]. To compute the Secondary Organic Aerosol (SOA) chemistry,
the semi-volatile equilibrium scheme SOAP (Secondary Organic Aerosol Processor) [45] was invoked.

CAMx was coupled offline to WRF, meaning that CAMx was run once WRF predictions were
ready. To translate the WRF output to CAMx input fields, the WRFCAMx preprocessor which
is provided along with the CAMx source code was used (see http://www.camx.com/download/
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support-software.aspx). WRFCAMx takes the WRF output fields and writes them to the CAMx input
format. For those CAMx input variables that were not provided in the WRF output, diagnostic methods
were used. A key input for CAMx that drives the vertical transport of pollutants is the coefficient
of vertical turbulent diffusion (Kv). Kv is of great importance in determining urban air pollution,
and it is substantially perturbed by urban land use [29]. In this study, the method used in CMAQ
(Community Multiscale Air Quality Modeling System) was adopted to calculate the Kv values.
The “CMAQ” scheme [46] applies the similarity theory for different stability regimes of the boundary
layer. The stability regime was determined using the dimensionless ratio of the height above the ground
and the Monin–Obukhov length.

Dry deposition velocities in CAMx do not directly depend on the Kv values provided in CAMx
inputs. Instead, for the aerodynamic resistance calculation (used for diffusion through the first model
layer to the ground), the Louis [47] scheme was used based on the solar insolation, wind speed, surface
roughness, and near-surface temperature lapse rate.

2.1.3. Emissions

Anthropogenic emissions corresponding to 2015, if not mentioned otherwise, were used. For the
Czech Republic, the high resolution national Register of Emissions and Air Pollution Sources
(REZZO—Registr emisí a zdrojů znečištění ovzduší) dataset issued by the Czech Hydrometeorological
Institute (http://www.chmi.cz) was used. This inventory was completed with unreported
fugitive emissions corresponding to 2017: production of coke, iron, and steel (all sources
located in the Agglomeration of Ostrava/Karviná/Frýdek-Místek, near the border with Silesia),
smelting works (located in the whole territory of the Czech Republic), other fugitive sources
in the Agglomeration of Ostrava/Karviná/Frýdek-Místek, and fugitive emissions from quarries
(whole territory of the Czech Republic). Detailed road transport emissions based on the traffic census
of 2016, as well as emissions from Václav Havel Airport Prague for 2016 were prepared by ATEM
(Ateliér ekologických modelů—Studio of ecological models; http://www.atem.cz).

For Poland, high-resolution emissions were provided by the authorities of GIOS (Głóvny
Inspektorat Ochrony Środowiska) and KOBiZE (Krajowy Ośrodek Bilansowania i Zarządzania
Emisjami) within the LIFE-IP MAŁOPOLSKA project (LIFE14 IPE/PL/000021; https://powietrze.
malopolska.pl/en/life-project/). For Slovakia, detailed residential heating emissions and point
sources that belong to Selected Nomenclature for sources of Air Pollution (SNAP) 2 were provided by
the Slovak Hydrometeorological Institute. For remaining regions and sectors, the top-down CAMS
(Copernicus Atmosphere Monitoring Service) European anthropogenic emissions (CAMS-REG-AP
v1.1; Regional—Atmospheric Pollutants; [48]) were used. The mentioned emission sources contained
annual emission totals of the main pollutants, namely nitrogen oxides (NOx), sulfur dioxide (SO2),
carbon monoxide (CO), ammonia (NH3), Non-Methane Volatile Organic Compounds (NMVOC),
and particulate matter (PM10 and PM2.5).

The Czech REZZO and ATEM, as well as Polish and Slovak datasets were defined as area,
point, and line (for road transportation) shapefiles of irregular shapes corresponding to counties,
major sources (e.g., chimney stacks), and roads, while the CAMS data were provided as area and
point sources on a regular grid. These raw emissions were processed using the Flexible Universal
Processor for Modeling Emissions (FUME) emission model ([49]; http://fume-ep.org/). FUME
is intended primarily for the preparation of emission files ready-to-use in CTMs. FUME is thus
responsible for the preprocessing of the raw input files and the spatial redistribution, chemical
speciation, and temporal disaggregation of input emissions. Emissions are provided in 11 SNAP
activity sectors. Sector-specific NMVOC speciation was based on Passant [50] and PM2.5 speciation on
country- and sector-specific profiles provided with the CAMS data. For the vertical distribution of
emissions from CAMS point sources, typical point source parameters based on the analysis of the data
from the Czech database REZZO were used. Time-disaggregation factors [51,52] were applied to
the spatially redistributed emissions to derive hourly emission data for CAMx. Biogenic emissions
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of hydrocarbons (BVOC—Biogenic Volatile Organic Compounds) and NO were calculated based on
WRF meteorological data using the MEGANv2.1 emission model [53].

2.1.4. Air Quality Stations: Meteorology and Pollutants

For the evaluation of the models, validated in situ measurements from air quality stations
in Prague were used (Figure 1) [31]. These stations provide measurements of both air pollutant
concentrations and meteorological data. In particular, PM10 and PM2.5 concentrations, Temperature
at 2 m (T2), Wind Speed (WS), and Relative Humidity (RH) were acquired. Eight background urban
and background suburban stations were considered for the air pollutants, while the meteorological
observations from two available suburban stations were used. All the data were acquired from the Air
Quality Information System database of the Czech Hydrometeorological Institute.

Figure 1. The locations of the observation sites in Prague used for evaluation of Air Quality (AQ) and
meteorological (meteo) results. The labels show the code name of each station.

2.1.5. PBL Height Retrieval from Ceilometers

The planetary boundary layer heights (PBLHs) were retrieved from ceilometers at two suburban
locations in Prague (Figure 1). The instruments used were Vaisala CL31 and CL51 ceilometers, which
use pulsed diode laser LIDAR (Light Detection And Ranging) technology [54,55]. The ceilometers give
three candidates for the PBLH at 16-s intervals during the entire day. Each candidate is automatically
assigned a quality index, ranging from 1 (worst candidate) to 3 (best candidate; for further details,
see [56]). For the purpose of this study, the best candidate for the PBL within a certain hour was
determined as the candidate with the highest sum of quality indices, and its height was calculated as
an arithmetic hourly mean.

2.2. Experimental Setup

2.2.1. Model Configuration

WRF (Version 4.0.3) was run on three nested domains with horizontal resolutions of 9 km,
3 km, and 1 km, with 173 × 153, 169 × 151, and 84 × 84 grid points, respectively (Figure 2).
In the vertical dimension, the model grid had 49 levels. The height of the lowermost level was about
48–50 m (depending on the temperature of the corresponding layer). The model top was at 50 mbar.
In order to assess the impact of using an advanced setup of the WRF model on CAMx simulations,
when urban canopy meteorological features were calculated more comprehensively (compared to
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the default “non-urbanized” case), the WRF model was run in two configurations, which differed both
in the parameterizations employed and in the regime in which the forecast was performed (see below).
In both regimes, the WRF output data were collected from overlapping runs of 12 h in length, taking
initial and boundary conditions from the GFS operational analyses and predictions at synoptic times
of 00, 06, 12, and 18 UTC [57]. During the first six hours of each run, grid nudging of global analysis
was performed, and this period served as a spin-up. The hourly outputs with prediction horizons of
7–12 of each run (four segments daily) were assembled into 24 hourly outputs per day and used for
the generation of inputs for CAMx. In this way, we constructed a surrogate for local analysis and tried
to eliminate the drift of WRF model fields from reality. The CAMx-ready meteorological input files
were then produced with the WRFCAMx preprocessor.

The two WRF configurations mentioned are:

1. The “non-urbanized” configuration used the “BULK” (or SLAB) treatment of the urban
land-surface. In the BULK treatment, the urban land-surface is regarded as any other flat surface
with prescribed surface parameters (roughness, albedo, emissivity, etc.) representing zero-order
effects of urban surfaces. It is clear that such an approach cannot fully resolve the 3D nature
of the urban weather phenomenon (especially turbulence and radiation in street canyons [58]).
The term “non-urbanized” here refers to the fact that these urban effects are largely ignored
in the BULK approach. In this setup, there was no connection (restart) between any two successive
12 h runs described above, i.e., WRF adopted the so-called cold start concept [59].

2. The “urbanized” configuration of WRF had a more comprehensive treatment of the urban
canopy. Instead of the BULK approach, the BEP+BEM urban canopy model was used (cf. 2.1.1).
Moreover, significant changes to the land use data were made, resulting in more realistic values of
variables describing the urban geometry and physical properties of surfaces (roofs, roads, walls),
which influence the exchange between the urban canopy and the atmosphere. Since the state
of the urban canopy submodel evolves in time, it was necessary to keep the continuity of its
evolution throughout the simulation. Therefore, instead of a cold start as above, a restart was
performed each 6 hours with the help of WRF’s restart capability. The restart files produced at
the end of a run, needed for the restart of a successive simulation, were enriched with urban
variables. Thus, the WRF run mimicked a longer term simulation, driven by analyses and keeping
the continuous evolution of the variables that describe the physical state of the urban environment.

For both configurations, land cover information was taken from the high resolution (100 m)
CORINE Land Cover (CLC) 2012 data (https://land.copernicus.eu/pan-european/corine-land-cover).
For the Prague urban area, the values of the urban fraction and other urban parameters used by
BEP+BEM were adopted from multiple high resolution data sources. Three land cover sources
were combined into one spatially-resolved dataset: the Urban Atlas 2018 (Copernicus Land
Monitoring Services, Urban Atlas; https://land.copernicus.eu/local/urban-atlas/urban-atlas-2018?
tab=metadata), the ZABAGED geodatabase (Základní báze geografických dat České republiky—The
Fundamental Base of Geographic Data of the Czech Republic; The Czech Office for Surveying,
Mapping and Cadastre; https://geoportal.cuzk.cz/), and the digital technical map of Prague provided
by GeoPortal Prague (https://www.geoportalpraha.cz/en). Further, land cover fractions without
natural vegetation were prepared using the European Settlement Map (Release 2017; Copernicus
Land Monitoring Services; https://land.copernicus.eu/pan-european/GHSL/european-settlement-
map/esm-2012-release-2017-urban-green?tab=metadata). For detailed building information, the 3D
model of Prague was used (3D model; GeoPortal Prague; https://www.geoportalpraha.cz/en),
and information about street geometry was based on ZABAGED. Vector data provided by the listed
sources were aggregated to gridded data with 333 m spatial resolution. Emissivities of different
urban surfaces were based on the ASTER Global Emissivity Dataset with 100 m spatial resolution
(ASTER GED; https://emissivity.jpl.nasa.gov/aster-ged) and the Land Surface Emissivity algorithm
for LANDSAT-8 [60]. In summary, urban parameters were considered as 2D arrays instead of constant
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values, i.e., every urban grid point had a unique combination of urban parameters allowing capturing
the spatial distribution of urban effects more precisely. An example of street width and vegetation
fraction at the original 333 m × 333 m resolution is provided in Figure 3.

9 km x 9 km

3 km x 3 km

1 km x 1 km

Figure 2. The simulation domains of WRF and the Comprehensive Air Quality Model with
Extensions (CAMx).

Figure 3. The final road width (meters) and vegetation fraction (%) map at the original 333m resolution
used to derive the 2D urban input for Prague.
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In this validation study, CAMx prediction was performed for each day from 00 UTC to 24 UTC
and was restarted from the run of the previous day (using the CAMx restart files for 00 UTC of
the actual day). As a first step of the CTM run, the Chemical Boundary Conditions (CHBC) were
calculated; in this preliminary setup, they were taken as time- and space-invariant climatological
means, so only the effects of the local emissions were taken into account without considering
long-range pollution transport. Simultaneously with CHBC, the photolysis rate files were created
with the TUV (Tropospheric Ultraviolet-Visible [61]) Model, which were based on Total Ozone
Mapping Spectrometer (TOMS) data of the Ozone Monitoring Instrument (OMI) aboard NASA’s
Aura satellite https://earthdata.nasa.gov/eosdis/science-system-description/eosdis-components/
lance/about-omi-sips. Besides the boundary conditions and TUV files, the biogenic emissions of
isoprene, monoterpenes, and other volatile organic compounds were calculated based on the WRF
predicted meteorological data. The start of the CAMx run was conditioned upon the successful
execution of all the mentioned preprocessing steps.

The model configuration for both WRF and CAMx runs is summarized in Table 1. Both WRF
and CAMx simulations were performed on an Intel Xeon-based HPC (High Performance Computing)
cluster at the Faculty of Mathematics and Physics (Charles University, Prague), with parallelization
using the OpenMPI (Message Passing Interface) over OmniPath technology and GNU compilers.

Table 1. Model configuration for WRF (left) and CAMx (right). CMAQ, Community Multiscale
Air Quality Modeling System; RRTMG, Rapid Radiative Transfer Model for General Circulation
Models; TUV, Tropospheric Ultraviolet-Visible Model; CB5, Carbon Bond chemical mechanism; SOAP,
Secondary Organic Aerosol Processor; BEP + BEM, Building Environment Parameterization linked to
Building Energy Model.

WRF CAMx

Geographic Projection
Lambert Conformal Conic, Center: 50.075 N 14.44 E, True Latitudes: 50.075 N/50.075 N

Domains (centered on the projection center)
173 × 153 (9 km); 169 × 151 (3 km); 84 × 84 (1 km) as grid points 172 × 152 (9 km); 164 × 146 (3 km); 74 × 74 (1 km) as grid boxes

49 vertical levels (up to 50 mbar) 20 vertical layers (up to 12 km)

PBL parameterization/vertical diffusivities’ calculation
Boulac PBL [37] CMAQ scheme [46]

Microphysics scheme/wet deposition
Thompson scheme [36] Seinfeld scheme [43]

Land surface processes/dry deposition
Noah [35] Zhang scheme [42]

Radiation/UV-photolysis
RRTMG [34] TUV [61]

Gas phase chemistry
- CB5 [41]

Inorganic aerosol chemistry
- ISORROPIA [44]

Organic aerosol chemistry
- SOAP [45]

Urban canopy model
BULK/BEP + BEM[38,39] -

2.2.2. Simulated Period

Our period of interest was 11 January to 20 February 2017. Both January and February were
characterized by worsened dispersion conditions. The period was chosen to cover two significant
smog episodes with very high PM concentrations largely exceeding the limit values, which occurred
19–24 January and 14–17 February (Figure 4). From the middle of January, the synoptic situation was
dominated by anticyclonal weather together with very low temperatures, going down to −18 ◦C. Since
18 January, the sky was clear, and these conditions led to the formation of a very strong temperature
inversion. Based on measurements at Prague-Libuš station (balloon soundings), the inversion layer
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reached up to 1 km in height during the period 20–22 January. Together with significantly reduced
wind speeds, there was very limited mixing, and these factors caused extensive accumulation of
pollutants at the ground level. PM10 concentrations exceeded the daily limit value (50 µg m−3) at all
eight Prague background stations. The maximum daily concentrations were reached on 20–21 January
when all stations measured over 150 µg m−3 and up to 180 µg m−3. Maximum hourly concentrations
were 359 µg m−3. The maximum daily value for PM2.5 was 147 µg m−3, and the maximum hourly
value was 203 µg m−3. During 23–24 January, the Czech Republic was overcast by low clouds, leading
to a smaller drop in temperature and improvement of dispersion conditions.

Figure 4. Minimum, mean, and maximum hourly PM10 concentrations from eight background stations
in Prague with the indication of the announced smog situations and regulation.

At the beginning of February, several frontal systems passed over the Czech Republic causing
a short-term reduction of PM concentrations. In the middle of the month, the weather was influenced
by a strong anticyclone, which led to worsening of the dispersion conditions and an increase of PM
concentrations. The inversion layer reached several hundreds of meters and was most pronounced
from 14 to 16 February. Although the second episode was less severe than the first one, the limit value
for PM10 was also exceeded at all eight background stations, and six of them measured over 100 µg m−3

on 15–16 February. The maximum hourly value was 215 µg m−3. For PM2.5, the maximum measured
daily value was 98 µg m−3, and the maximum hourly value reached 165 µg m−3. This episode ended
during the night of 17 February when a cold frontal system passed over the Czech Republic. A detailed
characterization of the conditions is described in [62].

3. Results

The results of the WRF and CAMx simulations with the urbanized (BEP+BEM) scheme and
the non-urbanized (BULK) configuration for the period from 11 January to 20 February were compared
to observations in order to evaluate the performance of the models and the differences arising from
different urban canopy treatment. In this paper, we present the comparison only for the innermost
domain with 1 km resolution, as the impact of the urban parameterization turned out to be more
pronounced than the change of resolution. We analyzed the spatial differences, as well as the overall
agreement with measurements. Hourly data and averaged diurnal profiles of the meteorological
conditions and pollutants at the points of measurement have been assessed. For the WRF model,
the closest grid point to each measurement site was used, and for CAMx, the values from the grid box
that lied above the measurement station were extracted for comparison.

3.1. Meteorology

Table 2 summarizes the values of the bias, the Root Mean Square Error (RMSE), and the correlation
coefficient r (see Appendix A) together with the correlation p-value for the comparison of
meteorological variables with observational data from two stations in Prague. The diurnal profiles for
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the modeled and observed air Temperature at 2 m (T2), Wind Speed (WS), Relative Humidity (RH),
and Planetary Boundary Layer Height (PBLH) averaged over the modeled period are shown in Figure 5.
It can be seen that for T2, the bias was significantly reduced in the urbanized configuration as compared
to the BULK configuration. The RMSE was the same in both cases, while the correlation was poorer.
As expected, the BULK configuration gave more underestimated temperatures, on some occasions
up to 10 ◦C lower than those predicted with the urbanized configuration. From the averaged diurnal
profiles, it could be observed that the daily pattern was captured quite well by the urbanized model,
with a small overestimation during the night time. The BULK scheme gave values systematically lower
by 2 ◦C throughout the day.

Table 2. Statistical results (bias, RMSE, r, correlation p-value) of observations and simulations with
corresponding units for bias and RMSE: meteorology; hourly averages. T2, Temperature at 2 m; WS,
Wind Speed.

Scheme T2 (◦C) WS (m s−1) RH (%) PBLH (m)

BULK bias −1.9 1.5 3.3 −229
RMSE 2.7 2.4 11.5 369

r 0.91 0.79 0.34 0.5
p-value <0.01 <0.01 <0.01 <0.01

BEP+BEM bias 0.6 1.3 −3.2 −134
RMSE 2.7 2 11.4 322

r 0.82 0.75 0.45 0.5
p-value <0.01 <0.01 <0.01 <0.01

Figure 5. Averaged diurnal profiles of the temperature at 2 m, wind speed, relative humidity, and PBL
height for observations (red), BULK simulations (green), and BEP+BEM simulations (blue). Lines
represent the mean values and shaded areas the 95% confidence interval in the mean.
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Similar results could be observed for wind speed. In this case, the results of both runs were
overestimated, the non-urbanized predictions being up to 6 m s−1 (0.5 m s−1 on average) higher than
the urbanized ones, which were closer to the observed values. RMSE was better for the BEP+BEM
configuration; however, the correlation was somewhat lower in this case.

The relative humidity had a much larger diurnal amplitude in the observed data (almost 17%
from 75 to 92%) with an expected maximum in the morning hours and a minimum just after noon.
This pattern failed to be captured by either of the configurations: the daily amplitude was slightly over
5% with the urbanized model giving values constantly lower by also about 5%. In both configurations,
the biases (in an absolute sense) and RMSE were very similar; however, the correlation for the urbanized
version was somewhat higher.

The simulated planetary boundary layer height using the BEP+BEM scheme was improved
in terms of bias and RMSE, while both configurations were marked with negative bias compared to
measurements. The daily averaged observed heights ranged from 300 m during the night to 600 m
around noon; the configuration without urban parameterization predicted heights between 100 m and
400 m; and the urbanized model heights ranged from 200 m to 500 m. The correlation between the two
versions and the measurements was almost the same.

A paired t-test was performed for all variables, and in all cases, a significant difference between
the BULK and BEP+BEM scenarios at a confidence level of 99% was confirmed.

3.2. Air Quality

3.2.1. PM2.5 and PM10

As said, the impact of the model treatment of urbanized surfaces propagated to the impact on
near-surface PM2.5 and PM10 concentrations through modifications in the meteorological conditions
driving the transport, diffusion, and chemical transformations of pollutants. It was therefore expected
that the differences in meteorological conditions presented above would imply differences in pollutant
concentrations. Here, we compare these two configurations in terms of the two aerosol fractions; both
their spatial distribution and the agreement with station data are evaluated.

The statistics applied for the comparison of both model setups to observations are summarized
in Table 3. Further, we calculated the diurnal profiles averaged over the modeled period (Figure 6).
For both pollutants, the bias and RMSE were higher for the urbanized configuration. The correlation for
the urbanized version was somewhat lower as well; however, the averaged diurnal profiles showed that
the temporal patterns of the urbanized configuration were better correlated with the measurements than
the BULK runs, although more underestimated. In particular, the correlation coefficient of the averaged
diurnal cycles increased from 0.06 to 0.3 for PM10 and from 0.55 to 0.69 for PM2.5. This could indicate
that the day-to-day variability was better captured in the non-urbanized version (unlike the average
hourly one, which was better in the urbanized version). Both model outputs showed greater variations
during the day than the observed data, especially with a higher peak in the afternoon, which was
not present in the measurements. In particular, the average measured concentrations of PM10 varied
from 50–65 µg m−3; the BULK simulated values ranged from 45–80 µg m−3 with two distinct peaks
in the morning and evening rush hours; and the BEP+BEM model outputs varied from 30–50 µg m−3,
also with two peaks. For PM2.5, the concentrations were around 40–55 µg m−3, 35–55 µg m−3,
and 25–40 µg m−3, respectively.

The day-to-day variation of the daily average PM2.5 and PM10 concentrations (Figure 7) confirmed
the diurnal average picture: i.e., systematically lower concentrations in the BEP+BEM case seen on
every simulated day; and the differences in both cases could reach 40–50 µg m−3, especially for
PM10. Another important conclusion was that during days with low measured PM concentrations,
the BEP+BEM version had a smaller bias, or in other words, the negative bias in the BEM+BEP
case was due to large overestimation of the peak measured values (e.g., during the beginning of
the examined period).
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Figure 8 shows the surface concentrations of PM10 and PM2.5 averaged over the simulated period
for the BULK (non-urbanized) and BEP+BEM (urbanized) configurations. A clear decrease of modeled
PM10 concentrations could be observed in the urbanized simulation, not only over the urban areas,
but also over a major part of the domain, in agreement with the diurnal cycles and daily averages.
The average concentration difference over the area of Prague between the BULK and BEP+BEM results
was 12 µg m−3. Similar results were obtained for PM2.5, where the mean decrease of concentrations
in Prague reached 8 µg m−3. There was also a visible difference in spatial patterns. In the BULK
configuration, the highest PM10 values were simulated over the urban areas of Prague with a hotspot
in the inner part of the city. Elevated concentrations could also be observed in other urban areas
north of Prague. However, the simulations with the BEP+BEM configuration gave more evenly mixed
concentrations and even a decrease towards the center of the city. The spatial variability of the modeled
PM2.5 concentrations was smaller than that of PM10. Similarly to the PM10 results, the non-urbanized
concentration predictions were highest in the central part of the city. The urbanized configuration led
to an overall decrease in concentrations over the entire domain, especially in the urban area of Prague.
A paired t-test was performed for both configurations, and in all cases, a significant difference between
the BULK and BEP+BEM scenarios at a confidence level of 99% was confirmed.

Table 3. Statistical results (bias, RMSE, r, correlation p-value) of observations and simulations: air
quality; hourly and daily averages. Bias and RMSE units are in µg m−3.

Scheme PM10 PM2.5 PM10 Diurnal PM2.5 Diurnal

BULK bias 0.06 −6.7 −1 −6.6
hourly RMSE 36.4 28.7 12.69 8.9

r 0.62 0.66 0.06 0.55
p-value <0.01 <0.01 <0.01 <0.01

BEP+BEM bias −20.1 −18.3 −20.2 −18.3
hourly RMSE 41 35.8 21.1 18.7

r 0.59 0.58 0.3 0.69
p-value <0.01 <0.01 <0.01 <0.01

BULK bias 0.5 −6.3
daily RMSE 23.1 20.9

r 0.8 0.8
p-value <0.01 <0.01

BEP+BEM bias −19.7 −18
daily RMSE 34.5 30.5

r 0.7 0.7
p-value <0.01 <0.01

Figure 6. Averaged diurnal profiles of PM10 and PM2.5 concentrations for observations (red), BULK
simulations (green), and BEP+BEM simulations (blue). Lines represent the mean values and shaded
areas the 95% confidence interval in the mean.
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Figure 7. Average daily concentrations of PM10 (top) and PM2.5 (bottom) for observations (red) and the
BULK (green) and BEP+BEM (blue) model configurations.

Figure 8. Maps of modeled PM10 (left) and PM2.5 (right) concentrations averaged over the entire period
with the BULK scheme (top) and BEP+BEM scheme (bottom). Circles represent measurement stations
and their average concentrations from the same period.
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3.2.2. Analysis of the Aerosol Components

Huszar et al. [17] showed that different aerosol components contribute to the total
urbanization-induced PM2.5 change with a different magnitude. In order to assess this in our
simulations, we analyzed the differences in concentrations of both primary and secondary aerosol
between the two configurations to evaluate the impact of the urbanized version of the forecast (with
respect to the “BULK” approach). The diurnal cycle of the Primary Aerosol (PA) concentrations
from the two model versions is presented in Figure 9 and the corresponding day-to-day variations
of the average daily values is shown in Figure 10. Figure 11 then presents the case of Secondary
Inorganic Aerosol (SIA), nitrates (PNO3), sulfates (PSO4), and ammonium (PNH4) with the respective
daily averages in Figure 12. The diurnal cycle for the Secondary Organic Aerosol (SOA) is plotted
in Figure 13 and the corresponding day-to-day variations are presented in Figure 14.

Figure 9. Averaged diurnal profiles of PM primary aerosol for BULK simulations (green) and BEP+BEM
simulations (blue). Lines represent the mean values and shaded areas the 95% confidence interval
in the mean.

Figure 10. Average daily concentrations of PM primary aerosol for BULK simulations (green) and
BEP+BEM simulations (blue).

According to Figure 9, primary aerosols exhibited a very similar diurnal cycle to the total PM2.5,
comprising about 50–60% of the total aerosol load. The BEP+BEM version showed lower PA by about
15–25 µg m−3 compared to the BULK version, and this behavior was systematically seen during every
simulated day. This indicated that about half of the difference seen in Figure 6 between the two
versions was caused by the differences in primary aerosol.
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Figure 11. Averaged diurnal profiles of PM secondary inorganic aerosol (nitrates-PNO3,
sulfates-PSO4, and ammonium-PNH4) for BULK simulations (green) and BEP+BEM simulations
(blue). Lines represent the mean values and shaded areas the 95% confidence interval in the mean.

Figure 12. Average daily concentrations of PM secondary inorganic aerosol (nitrates-PNO3, sulfates-PSO4,
and ammonium-PNH4) for BULK simulations (green) and BEP+BEM simulations (blue).

Regarding secondary inorganic aerosol (Figure 11), in all cases, the BEP+BEM version calculated
smaller values; however, the differences were much lower than in the case of PA. For nitrates and
sulfates, it showed about 1–2 µg m−3 and for ammonium about 1 µg m−3. The diurnal cycle of
these components showed a different pattern compared to the primary aerosol with maximum values
during the nighttime. The differences were however largest during the daytime for nitrates, while
for sulfates and ammonium, the difference peaked rather during the nighttime. The differences were
however not uniform during individual days (Figure 12), and under certain conditions, the BEP+BEM
configuration could lead to higher aerosol loads. This was the case for 24 January, which ended
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the strong inversion period, and the turbulence from the upper layer above the original inversion layer
could become of greater importance. Indeed, the turbulence was stronger in the BEP+BEM case, which
could explain the slightly higher concentrations. A similar situation was modeled after the second
strong inversion period, which ended on 16 February. Here, turbulent transport from upper layers
could explain the slightly higher SIA values in the BEP+BEM configuration.

Figure 13. Averaged diurnal profiles of PM secondary organic aerosol for BULK simulations (green) and
BEP+BEM simulations (blue). Lines represent the mean values and shaded areas the 95% confidence
interval in the mean.

Figure 14. Average daily concentrations of PM secondary organic aerosol for BULK simulations (green)
and BEP+BEM simulations (blue).

SOA comprised only a small fraction of the total PM2.5 in our simulations, as seen in Figure 13.
The diurnal cycle was similar to that of the SIA with nighttime maxima, while the differences between
the two model versions were negligible, less than 0.05 µg m−3. This conclusion remained the same
also from the day-to-day figure. In summary, the modeled PM2.5 diurnal cycle was determined mainly
by the primary aerosol. The same conclusion could be made for the differences between the BEP+BEM
and BULK versions.

4. Discussion

The presented differences between the non-urbanized and urbanized version of the WRF setup
showed expected patterns: higher temperatures in the urbanized version as a consequence of
accounting for the urban meteorological effects such as radiation trapping and anthropogenic heat
release [63]. Indeed, the “BULK” approach could not resolve these effects. Liao et al. [24] also
simulated higher temperatures using WRF with the BEP+BEM configuration in comparison with
their SLAB scheme (which corresponds to our BULK approach). They however detected smaller

152



Atmosphere 2020, 11, 625

differences between these two approaches. The reason could lie in the fact that in our case, the WRF
forecasts with the BULK treatment were cold-started, being systematically closer to the global
driving data (GFS), which were apparently negatively biased for urban areas. In the case of [24],
the correlations were however slightly worse for the urbanized version, which could suggest that
the urban morphology parameters were not entirely realistic in their study. Sharma et al. [58] simulated
a smaller temperature bias when using the BEP+BEM instead of the SLAB scheme, especially for
nighttime hours. Higher temperatures were simulated for the BEP+BEM compared to the BULK
scheme in [7] as well (as a ten-year average); here, however, the differences were smaller, again probably
for the same reasons as noted above. Similarly, Wang et al. [30] compared the BULK and SLUCM
(Single-Layer Urban Canopy Models) in WRF. SLUCM is a simpler, single-layer approach to describing
the urban environment compared to the multilayer BEP+BEM approach presented here. In their study,
the SLUCM captured temperature with a smaller bias and RMSE compared to the BULK approach.
However, interestingly, their correlation was lower for the more comprehensive approach of SLUCM.
This was also true for our case (and also in [24]) and could suggest that the high-frequency variability
(hour-by-hour) was less accurately captured with a more advanced urban canopy description as it was
always marked with higher number of degrees of freedom (note the large number of urban parameters
that needed to be set). This also stressed the need for very careful setting of urban parameters as they
have a very large impact on model results and can potentially lead to an increase in model errors.

Regarding wind speed, it was clear that the BEP+BEM configuration accounted for the increased
and complex three-dimensional nature of drag in the urban canopy in comparison to the BULK
approach, where the urban drag was imposed only by an increased roughness of the surface.
This explained why the winds were lower in the BEP+BEM case. This was supported by the findings
of Karlicky et al. [7], who simulated long-term winter wind speeds lower by 2 m s−1, a larger decrease
than in our case. Lower wind speeds were also simulated in [30] by around 0.5–1 m s−1, which
was very similar to our result. Improvement in wind speed bias due to the application of an urban
canopy model was achieved in [24,58] as well. However, in our case and in all of the mentioned
studies, the correlation was higher for the BULK approach, and the reasons were probably similar to
the temperature case.

Lower relative humidities in case of the BEP+BEM simulations were clearly a result of higher
temperatures, as evaporation of water vapor from the ground was the same in both cases (in the BULK
case, surfaces were of urban land use type, so evaporation was also limited). Lower RHs were modeled
by [30] as well. It has to be noted however that the main reason for smaller relative humidities in urban
areas lies in the limited evaporation and high run-off, as argued by [64].

The increase of the urban PBLH when switching from the BULK approach to BEP+BEM was
attributable to better representation and thus stronger turbulence in the urban boundary layer. This was
concluded by [24] as well, who simulated higher PBLH by 200–300 m in BEP+BEM simulation
compared to the BULK approach. Their differences were larger than our 100 m, but the urban
agglomeration they analyzed was much larger with stronger potential impacts. Similarly to our results,
Wang et al. [30] simulated improvements in bias and RMSE when applying a more sophisticated urban
canopy treatment instead of the BULK approach. About 100 m higher PBLH was modeled in [7,23],
using BEP+BEM (BEP in the case of the first study) instead of the BULK approach. The Boulac PBL was
used recently by [65] as well, who concluded, in accordance with our results, that urban PBLs were
higher and thus much more accurately represented in a multi-layer urban canopy scheme (as BEP)
compared to a single-layer approach.

The simulated PM10 and PM2.5 concentrations were systematically larger in the BULK case.
This was very much in line with the expectations regarding the vertical mixing in the two versions.
In BEP+BEM, the PBLH was higher, indicating stronger turbulence and hence larger turbulent transport
and removal of pollutants. Huszar et al. [17,29] also showed that turbulence was a primary factor
that played a role in the urban-induced meteorological modifications in cities. Liao et al. [24] also
showed that the BEP+BEM scheme resulted in lower PM10 concentrations by about 15–20 µg m−3.
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Although wind speeds were lower in the BEP+BEM scheme in our simulation, the dominance of
the enhanced turbulence in this model version was confirmed [29].

Our results were also in line with Kim et al. [26], who simulated lower PM2.5 concentrations
when using a more comprehensive treatment of the urban canopy than a simple BULK approach with
differences reaching about 5–10 µg m−3. Similar decreases for PM10 were modeled by Zhu et al. [66],
who analyzed the effect of urban expansion, which resulted in increased vertical eddy mixing and
therefore lower near-surface pollutant concentrations.

Our PM biases for the BEP+BEM case and the difference between the BEP+BEM and BULK case
were larger during peak measured values, and on the other hand, during low PM values, the BEP+BEM
tended to perform with a smaller bias. This strongly suggested that the turbulence was somewhat
overestimated in BEP+BEM during very stable conditions, while it performed more realistically
in other situations.

It must be stressed that although in most of the studies, turbulence had a dominant effect,
under certain conditions, wind speed could play a major role as well and change the overall picture
regarding the impacts of urban areas. For example, de la Paz et al. [23] calculated higher near-surface
concentrations for PM2.5 when using the BEP (without BEM) approach in WRF instead of the BULK
one and concluded the dominant role of decreased wind speeds in urban areas preventing dispersion
of primary emissions. In their case, the urbanized approach yielded a much larger difference in wind
speed (up to 2 m s−1) between the two setups than in our study. Our results showed that if turbulence
became dominant, the conclusions could be qualitatively different.

There were striking differences in the shape of the PM diurnal cycles between modeled and
observed values, especially in the case of PM10. As PBL and wind were simulated with much lower
bias and higher correlation, we concluded that the main reason lied in an incorrect representation
of the diurnal cycle of the emissions. Our diurnal emission factors were taken from Gon et al. [52],
and probably their hourly distribution of vehicle emissions overestimates the rush hour peaks that are
not seen in the measured data from Prague.

Our analysis showed that the modeled differences of PM2.5 concentrations between the two
versions were well explained by the primary component of PM2.5 (primary aerosol), which had
an almost identical shape in diurnal variation. Indeed, Huszar et al. [17] showed that the urban
induced changes in PM2.5 were largely determined by the primary aerosol and that the main driver
of the primary aerosol decrease was the elevated turbulence that removed material from the urban
canopy layer to the mixing layer above. Our largest differences in PA were modeled during early
evening hours, which were very in line with the results of [17,29], who showed that turbulence caused
the largest impact (decrease) during this period of the day.

The modeled differences for secondary inorganic aerosol had, besides increased turbulence,
another cause: the differences in temperatures between the two model versions. Temperature acted
as a major driver for secondary aerosol gas-particle partitioning, with increasing temperatures resulting
in less secondary aerosol forming [67]. The largest impact of the temperature itself was modeled in [17]
during evening hours. Indeed, during these hours, the impact on temperature was the largest in our
simulations, and this probably translated to the large impact of the BEP+BEM on SIA during nighttime,
especially for ammonium and sulfates.

Apparently, our PM2.5 model performance was worse for the urbanized version as this decreased
the PM2.5 values, making the negative bias even larger. This however did not mean that urbanization of
the prediction system was the wrong step towards a more accurate weather/air-quality forecast system.
This meant (and confirmed) that the overall model bias had many sources that caused the model
results to deviate in both directions with respect to the observed values. It was likely that the emissions
of PM were too low, creating the general negative bias, which was intensified with the introduction of
the urbanized model version with BEP+BEM.
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5. Conclusions

A high resolution weather and air-quality forecast system was set up using the WRF numerical
prediction model and CAMx chemistry transport model for the city of Prague, Czech Republic.
This system was used to simulate a typical winter pollution episode in January–February 2017
using two distinct setups: BULK configuration using the “BULK” treatment of urban land-surface
and the BEP+BEM (Building Environment parameterization linked to Building Energy Model)
configuration, taking the urban canopy into account. The effects of the urbanization were compared to
the non-urbanized simulations, and both outputs were evaluated against observations.

The results showed that the urbanized runs were able to capture the meteorological conditions
better than the non-urbanized simulations. In particular, we observed an average increase
in temperature at 2 m by approximately 2 ◦C, a decrease in wind speed by around 0.5 m s−1, a decrease
in relative humidity by 5% on average, and an increase of the planetary boundary layer height by
around 100 m. When compared to observations, the urbanized simulations performed better for all of
the considered meteorological variables.

The modeled concentrations of both evaluated air pollutant species, PM10 and PM2.5, decreased
by 35% and 28% on average, respectively, when using the urbanized configuration as compared
to the BULK configuration. The main difference was caused by the reduction of primary aerosol.
Compared to the measurements, the urbanized model results were underestimated by up to 40%.
From the statistical evaluation of both model results, it could be concluded that the urbanized scheme
led to an enhancement of the overall model error with an improvement only in the better representation
of the diurnal variations. This important conclusion must be, however, considered with caution.
It pointed out that there were multiple sources of model-observation disagreement, and besides
the accurate representation of the urban canopy, e.g., high quality emission data were also crucial for
the modeling of the urban air chemistry. Thus, model improvements aiming at better performance
should consider every potential source of model errors. Otherwise, improving only one aspect
(like including the urban effects) could lead to some worsening of the model accuracy.

It has to be noted that our conclusions were based on a winter episode, so they cannot be
simply extended to other air pollution situations (e.g., occurring during summer); however, they
confirmed previous findings about the urbanization effect on air quality during winter, and thus,
they revealed some general behavior of winter air pollution in cities regardless of the region or
the particular air pollution situation. It also has to be stressed that the “offline” nature of the coupling
between WRF and CAMx brought some errors to the air quality predictions, as pointed out by Grell
[68], Baklanov [69], especially regarding vertical mass distribution. Indeed, it was largely influenced
by the choice of the urban canopy scheme in our study via turbulence. On the other hand, offline
coupling here allowed independent development of the coupled components and the implementation
of new parameterizations.
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P.H., O.V., and T.H.; project administration, T.H. and O.V.; funding acquisition, T.H. All authors read and agreed
to the published version of the manuscript.

Funding: This work was done within the project URBI PRAGENSI—“Urban Development of weather forecast,
air quality, and climate scenario for Prague” financed by the Operational Programme Prague –Growth
Pole of the Czech Republic, Project No. CZ.07.1.02/0.0/0.0/16_040/0000383, with the partial support of
the SVV260581project supported by Charles University.

Acknowledgments: The authors would like to thank Petra Bauerová for providing the processed data
from ceilometers.

Conflicts of Interest: The authors declare no conflict of interest.

155



Atmosphere 2020, 11, 625

Appendix A. The Definition of the Statistical Scores

Bias (mean bias):

bias =
1
N

N

∑
i=1

ci − oi

RMSE (Root Mean Squared Error):

RMSE =

√

√

√

√

1
N

N

∑
i=1

(ci − oi)2

r (correlation):

r =
∑

N
i=1(ci − c̄)(oi − ō)

√

∑
N
i=1(ci − c̄)2

√

∑
N
i=1(oi − ō)2

N denotes the number of samples, and c and o stand for modeled and observed values.
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Abstract: The paper summarizes exhaust emissions measurements on two diesel-electric locomotives
and one diesel-hydraulic railcar, each tested for several days during scheduled passenger service.
While real driving emissions of buses decrease with fleet turnaround and have been assessed by
many studies, there are virtually no realistic emissions data on diesel rail vehicles, many of which
are decades old. The engines were fitted with low-power portable online monitoring instruments,
including a portable Fourier Transform Infra Red (FTIR) spectrometer, online particle measurement,
and in two cases with proportional particle sampling systems, all installed in engine compartments.
Due to space constraints and overhead electric traction lines, exhaust flow was computed from engine
operating data. Real-world operation was characterized by relatively fast power level transitions
during accelerations and interleaved periods of high load and idle, and varied considerably among
service type and routes. Spikes in PM emissions during accelerations and storage of PM in the exhaust
were observed. Despite all engines approaching the end of their life, the emissions per passenger-km
were very low compared to automobiles. Tests were done at very low costs with no disruption of the
train service, yielded realistic data, and are also applicable to diesel-hydraulic units, which cannot be
tested at standstill.

Keywords: locomotives; non-road engines; rail; diesel-electric; emissions; real-world emissions;
portable on-board emissions monitoring systems; NOx; particulate matter; real driving emissions

1. Introduction

The Czech Republic, with 9567 km of active railroad lines [1], has one of the highest density
railroad infrastructures in the world, on both per area (over 12 km per 100 km2) and per capita (over
9 km per 10,000 inhabitants) bases. Of these, about two thirds (6330 km) have electric traction lines
(significant systems 3 kV DC and 25 kV 50 Hz) and one third (3237 km), mostly local lines with
minimal traffic, rely on independent traction provided (except for historical trains using steam engines
and battery powered locomotives in industrial yards) by diesel locomotives and railcars [1]. In 2018,
railroads in the Czech Republic transported 190 million passengers, accounting for 10,292 million
(or about 1010) passenger-kilometers (pkm) [2], roughly 1000 km per year per capita. There are
104 registered railroad operators [1] for freight and passenger transport; of these, state-run Czech
Railways (ČD) account for about 90% of the passenger transport. In 2018, Czech Railways transported
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179 million passengers (8225 million pkm), with a 2018 total of 2.58 million dispatched passenger trains
and a total distance traveled of 124 million train-kilometers, at a mean train occupancy of 30% [3].
The company had 293 electric locomotives, 309 electric units, 215 diesel locomotives, 696 diesel railcars
and units, and 2210 cars in passenger service in 2018, with additional 692 locomotives used in cargo
service. The Czech Ministry of Transport register shows a total of 843 electric, 1120 diesel, and 36 steam
locomotives, with diesel locomotives representing about one quarter of the total rated power [4].
In 2018, 78,000 t of diesel fuel were consumed on Czech railroads [5] (including passenger and freight
services and construction and maintenance work), corresponding, at 30–35% electric power generating
efficiency, to 11–13% of the primary energy used on railroads.

Railroads have been both praised for their superior fuel efficiency compared to other means of
transport and criticized for using diesel locomotives with several decades old engines, which were
not subject to any emissions standard. Rail engine emissions standards were introduced in Europe
relatively late in 2004 (Directive 2004/26/EC), and the exhaust emissions from locomotive diesel engines
have not been as scrutinized as those of their on-road counterparts. On the other hand, compared to
motor vehicle engines, locomotive engines are often conservatively rated, operate at relatively constant
load with no abrupt transients, and release their exhaust about 4 m above railroad tracks, allowing for
more separation from nearby citizens. With Czech cities, and most other cities in Europe, suffering
from high concentrations of nitrogen oxides (NOx) and particulate matter (PM), with an annual toll of
premature deaths in Europe of about 0.1% of the population [6] and associated economic damages of
outdoor air pollution of about 5% of the Gross Domestic Product [7], and with diesel engines being one
of the key sources of both NOx and PM, the question of emissions is a legitimate one.

Unfortunately, there are very limited data available on the emissions performance of rail vehicles,
especially when it comes to their typical operation, which may differ from the test conditions of
laboratory and rail yard tests.

Most diesel locomotives use electric power transmission: A diesel engine drives a direct current
(DC) generator or an alternator with a semiconductor rectifier. The generated electric power is
transmitted to direct (DC) or alternating current (AC) traction motors driving individual axles. In the
Czech Republic, DC generators and DC traction motors are used. At higher currents, the torque of a
DC traction series motor is approximately proportional to the motor current. The maximum traction
motor current is an important locomotive design parameter, as it reflects the maximum torque on the
driven wheels, and the maximum force exerted on the train. The current is regulated indirectly by
regulating generator voltage, taking into the account the back-induced voltage on the traction motor,
which is approximately proportional to the motor speed, and the traction motor impedance. At any
given power output, the voltage increases and the current decreases with the rotational speed. On most
locomotives, the maximum power output is limited at lower speeds by the maximum traction motor
current, and at higher speeds by the rated maximum power.

Typically, the diesel engine rpm and torque and the generator voltage and current are controlled
automatically, with the only user-selectable input being the desired power output. While some newer
systems allow for continuous regulation of the power output, most traditional systems use eight
discrete power levels, called notches (from notches on early control levers).

In theory, the acceleration of a train from a standstill therefore proceeds at maximum traction force
up to a certain speed, and, beyond this speed, at maximum power. The engineer typically progresses
through higher notches as the train accelerates. This is, however, not always readily apparent, as the
control system increases the engine power gradually. The engineers thus often do not wait for the
transition to the current notch setting to be completed before selecting a higher notch. The highest
notch setting used during the acceleration often depends on the elevation profile of the track, the posted
speed of the track, and the total weight of the train. The full locomotive power is utilized on the
mainline rail with average or heavier trains, but rarely with short trains or on slower regional lines.

The traditional method of measuring emissions on a diesel-electric locomotive relies on stationary
operation of the locomotive, where the diesel engine drives the generator, which is disconnected from
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the traction motors, and generated electrical power is directed to a load bank consisting of water-cooled
resistors. The engine is then operated at discrete points. For example, the method prescribed by the
U.S. Regulations [8,9] mandates operation at low and normal idle, followed by operation at notches 1–8.
Emissions are measured during steady-state operation at each of the regimes with instrumentation
typically located outside of the locomotive [10–17]. The measured emissions at each point are then
aggregated into a weighted average by assigning a weight to each operating point.

This method does not necessarily represent realistic operation due to some simplifications. First,
the procedure does not account for transient emissions during simultaneous acceleration of the engine
and its transition to a higher load, which were visually observed by the authors on other locomotives,
and which can account for a significant fraction of total PM emissions [18]. Second, the prescribed
procedure may not properly account for the fraction of particulate matter which is retained in the
engine and in the exhaust system at idle [19,20], and thus is not accounted for during idle, and is
released after the transition of the engine to higher loads, with the levels gradually decreasing, and since
the measurement is not started immediately after the change of the operating regime, it is not fully
accounted for at higher loads either. Third, the prescribed procedure is markedly different from the
typical operation of a passenger train locomotive, characterized by a relatively fast transition from
lower to higher notches during acceleration. Fourth, the load bank procedure cannot be used with a
diesel-hydraulic drivetrain, a widely used type of propulsion primarily on diesel rail units both in
Czech Republic and in the rest of Europe [16,21].

As an alternative, on-track measurements using simple portable monitoring systems developed
by the first author based on repair grade gas analyzers [22] and light scattering particle monitors [23]
have been used in the Czech Republic [21,24] and the U.S. [25,26]. Another alternative to detailed tests
of a relatively small number of vehicles is the remote sensing approach [27] allowing the measurement
of a larger number of locomotives during passage through or near the measurement point [28,29].

This study sought to provide a realistic insight into the exhaust emissions from diesel locomotives
and rail vehicles on Czech railroads, reviewing and reanalyzing data from several relevant monitoring
campaigns conducted during real operation (analogous to real driving emissions of highway vehicles)
with portable on-board emissions monitoring systems mounted on the tested machine.

The primary goal of this study was to characterize the emissions from diesel railcars and
locomotives on Czech railroads under conditions relevant to normal, typical operation. This goal was
motivated by the need to characterize the operating patterns and emissions of diesel-powered rail
vehicles, in order to evaluate the potential for the utilization of advanced fuels, implementation of
retrofits, and emissions benefits associated with redirecting a portion of transit long-haul truck traffic
to rail.

The secondary goal of this study was to develop a methodology for practical measurement of
exhaust emissions of in-use rail vehicles powered by internal combustion engines, preferably during
their actual regular operation. This part was, in addition, motivated by the need to develop and
demonstrate a suitable approach to measure real-world emissions on larger non-road engines (one
possible definition is engines with rated power greater than 560 kW) using simple to install, robust
on-board monitoring systems. Finally, the study was also motivated by the desire to demonstrate the
suitability of a portable Fourier Transform Infra Red (FTIR) analyzer as a universal instrument for
measurement of gaseous pollutants, including greenhouse gases and reactive nitrogen species that
could be relevant to modern aftertreatment systems and advanced fuels.

2. Experimental

2.1. Rail Vehicles

The test rail vehicles, shown on a photograph in Figure 1, were a 749 series ČKD diesel-electric
locomotive, a 754 series ČKD diesel-electric locomotive (both ČKD Praha, Czechoslovakia), and an
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854 series diesel railcar (Vagónka Studénka, Czechoslovakia, now Škoda Vagónka a.s., Studénka,
Czech Republic).

 

(a) ČKD Series 749 locomotive (1968) (b) Series 854 diesel railcar (1968) 

 

(c) ČKD 754 locomotive (1979) 

Č Č
Č

Č

Č
Č

Č

Figure 1. Test vehicles: (a) ČKD Series 749 diesel-electric locomotive, ČKD; (b) Vagónka Sduténka diesel
railcar series 854 with hydraulic power transmission; and (c) ČKD 754 Series diesel-electric locomotive.

The 749 series is a four-axle, 75-t diesel-electric locomotive, made at ČKD Praha in 1968. It has
one main engine, an inline, four-stroke, six-cylinder turbocharged diesel engine with four valves per
cylinder, a bore of 310 mm, stroke of 360 mm, and displacement of 163 dm3 (liters), with rated power of
1100 kW at 750 rpm. The fuel is delivered by cam-driven unit injectors. The engine is coupled with a
direct-current traction generator, a 3000 V direct-current generator for electrical heating of the railcars,
a 120 V DC generator for the locomotive electrical system, an air compressor for brakes and accessories,
and hydraulic motors for accessories, such as cooling fans. The traction generator supplies electric
power to four traction motors, one at each driven axle.

The 754 series is a four-axle, 74-t diesel-electric locomotive, made at ČKD Praha in 1979, with an
original twelve-cylinder turbocharged K 12 V 230 DR diesel engine (ČKD Praha) with a displacement
of 129.5 dm3 and a rated power of 1460 kW at 1100 rpm. The fuel is delivered by cam-driven unit
injectors. The engine is coupled with a 1100 kW DC traction generator directly feeding four DC traction
motors, one at each axle. The engine also powers a 300 kW 3000 V DC auxiliary power generator for
passenger car heating, air compressor, and various accessories.

The 854 series is a four-axle, 56-t diesel railcar with a rated capacity of 108 passengers, made
at Vagónka Studénka in 1968. The railcar was originally fitted with a ČKD KS 12 V 170 DR engine
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coupled with a Praga hydrodynamic transmission with a torque converter. In 2004, the railcar was
retrofitted with a Caterpillar 3412 E DI-TA turbocharged twelve-cylinder 29 dm3 engine, derated to
588 kW at 1460 rpm to maintain compatibility with the original transmission. The railcar is typically
coupled with 1–3 non-motorized trailing cars depending on the anticipated travel demand.

2.2. Route and Testing Procedures

All three vehicles were, at the respective time of the tests, based at the depot Praha–Vršovice
and used on scheduled service on Praha–Turnov–Tanvald line. The diesel-electric locomotives were
used primarily on express service. The 854 railcar was used for both express and local service
on Praha–Turnov segment in configurations comprising of none, one, two or three non-motorized
trailing cars.

The Tanvald route (depicted in Figure 2 left) features runs from the Prague main station on a main
line corridor with 3 kV direct current (DC) traction lines, and after about 7 km, separates from the
mainline and steadily climbs from Prague onto a mid-country plateau. From Turnov, the track runs
along the Jizera river gorge, and terminates with a steep climb along the Kamenice gorge into Tanvald,
a small city in the Jizera mountains. The route is typically served by diesel units with 2–4 cars, with
larger five-car trains operated on weekends due to tourist traffic.

The 749 locomotive was also temporarily used on the Praha–České Budějovice line.
The Praha–Zdice–Písek–České Budějovice (displayed on map as Figure 2 right) line is a regional
line through rolling country, with the first part to Zdice and last part to České Budějovice being part
of main-line corridors with 3 kV DC (Prague region) and 25 kV, 50 Hz (České Budějovice region)
traction lines [30]. This line is of regional significance; most of the through traffic uses the electrified
Praha–Tábor–České Budějovice line.

It should be noted that, on all lines, at the end of the line, the locomotive was decoupled from
the train, driven on a parallel track to the other side of the railcars, and coupled on the railcar on
the opposite end. This is the normal procedure for nearly all Czech trains, and for this reason,
all locomotives and railcars can be driven in either direction from either end of the train. For this
reason, both cabins and the passageway through the engine compartment have to remain clear during
operation. In addition, the doors between the engine compartment and the cabins need to remain
closed for fire safety and noise protection reasons.

The engines were instrumented during scheduled maintenance at the locomotive depot, allowing
for about half a day installation time. The instruments were operated continuously during the regular
service and were removed several days later during a short refueling and maintenance visit to the
depot. During the service, a test engineer was riding either in the momentarily vacant train engineer
cabin or as a passenger on the train, periodically checking on the instruments at turnarounds or during
longer stops.
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Figure 2. Test routes marked on the Czech railroad network (top) [30] and on cartographical
maps (bottom) with associated elevation profiles (source: [31]) with highlighted operated routes
and marked major points: Praha–Tanvald (left): 2, Vsetaty; 3, Mlada Boleslav; and 4, Turnov;
Praha–Ceske Budejovice (right): 2, Zdice; 3, Pisek.
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2.3. Test Equipment

Emissions were measured with a home-made monitoring system constructed by the first author,
utilizing components typical for a BAR 97 standard [32] garage-grade five-gas analyzer and a laser
light scattering instrument (modified model 8587A, TSI, St. Paul, MN, USA), sampling raw, undiluted
exhaust, reheated prior to its introduction into the analytical part of the instrument to approximately
50 ◦C to prevent condensation of the water vapor. A parallel line was coupled to an inline heater and
a proportional sampling system collecting particles on a filter for gravimetric measurement of total
particle mass.

The gas analyzer employed a non-dispersive infra-red (NDIR) cell (modified version of
Andros 6500, Lumasense, CA, USA, approved to BAR 97 standard) to measure the concentrations
of hydrocarbons (HC. 0–10,000 ppmC), carbon monoxide (CO, 0–10%), and carbon dioxide (CO2,
0–16%), and an electrochemical cell to measure nitric oxide (NO, 0–5000 ppm). None of the engines
were equipped with any exhaust aftertreatment device; therefore, concentrations of NO2 in excess of
several percent of the total NOx were not expected, and not measured. Gas analyzers normally require
periodic zeroing and are subject to drifts caused by deposition of organic materials and water in the
sample cell and by other factors. For this reason, two analyzers were often used in parallel [10,33].
Advances in analyzer technology, optimization of the warm-up procedure, addition of a reference
channel, and extensive characterization of the analyzer in the laboratory have allowed for the use of a
single analyzer without zeroing, with verification of the zero level at approximately 3-h intervals at
each endpoint of the route.

The intake air mass flow was estimated using the speed-density method from the known engine
displacement, the assumed engine volumetric efficiency, the engine rpm from the signal obtained
from the locomotive control system (749 series) or directly measured by an optical sensor (754 and
854 series), and temperature and pressure of the charge in the intake manifold were measured by
sensors inserted into a spare port in the intake manifold. This method was described in [34] and was
reported to have a reasonable accuracy for road vehicle engines [23,33]. None of the engines used
exhaust gas recirculation, so no compensation for the volume of the recirculated gas was necessary.

Analogous home-made and commercially produced monitoring systems have been used for
on-road studies over the last two decades and have undergone extensive comparison testing. As a
part of instrument validation for a California roadside truck study [35], total NOx and CO2 were
measured by the portable system (using calculated exhaust flow) and by a laboratory (using a full-flow
dilution tunnel) on a light duty diesel truck over multiple transient cycles driven multiple times.
The correlation of total emissions per test (for the three monitoring systems, slopes were 1.05–1.06
for NOx and 0.94–0.96 for CO2, Pearson’s R2 coefficients were 0.991–0.997 for NOx and 0.990–0.998
for CO2). A similar comparison using three full-size diesel pickup trucks and a greater range of test
cycles has shown a greater variance [34], approximately up to 15–20% for NOx, and, in most cases,
approximately 20–30% for PM (quantitative data not given). As the total mass emissions per cycle are
influenced by the concentration measurements, exhaust flow inference, and synchronization between
concentration and exhaust flow data, a good agreement between the instruments on mass emissions
over a transient cycle was taken as a validation of concentration and exhaust flow computations.

The monitoring system used here was tested at the state certification laboratory TUV-SUD Auto
in Prague on a Euro 3 Iveco Tector highway diesel engine during both steady-state and transient
tests. The intake air mass flow and the concentrations of CO, CO2, and NOx were comparable with
the laboratory measurements (correlation of second-by-second data over European Transient Cycle:
intake air flow, slope 0.986, R2 = 0.961; CO2, slope 0.964, R2 = 0.956; NOx, slope 0.949, R2 = 0.73;
CO, slope 0.932, R2 = 0.627), except for the slower response for NOx, especially during decreasing
concentrations, and for CO at very low concentrations (below about 0.02%).

The monitoring system has also undergone extensive comparison testing at the departmental
engine laboratory on a Zetor 1505 tractor engine with a mechanically controlled inline injection pump
and no aftertreatment, certified to approximately 4 g/kWh NOx and 0.3 g/kWh PM. The laser scattering
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method, when used with raw, undiluted exhaust, pumped at a relatively fast rate, reheated to prevent
condensation of water in the instrument, provided a reading that was, during comparison tests, mostly
within 20–25% of PM mass [36] when running on diesel fuel. However, previous experience of the first
author [34] as well as of others [37] with this method and theoretical considerations of the density [38]
and fractal dimension [38,39] all suggest that the light scattering instrument reading might be reasonably
proportional to the mass concentration of PM, but not necessarily at a unity slope. Therefore, the PM
measurements were calibrated with parallel gravimetric measurements during steady-state operation.
For the 749 series tests, the gravimetric sampling system was analogous to the first part of the field
PM measurement system described in CARB Method 5 [40] (without the second part consisting of
impingers), working with undiluted exhaust, and was operated at 45–50 ◦C, a common temperature
for diesel particulate measurement, and an allowed temperature under Method 5. Fluorocarbon coated
borosilicate glass 47 mm diameter PallFlex T60A20 filters, conditioned and weighted prior to and twice
after the testing using standard vehicular PM emissions measurement procedures [41], were used. For
subsequent tests, proportional sampling system developed by the authors (description and validation
in [42]) was used.

On the 854 series, a portable FTIR analyzer (modified I-series, MIDAC, Irvine, California, USA),
was used to measure spectra in mid-infrared region (4000–650 cm−1) at 0.5 cm−1 optical resolution.
The instrument uses a Michelson interferometer, zinc selenide optics, and mercury cadmium telluride
detector cooled by liquid nitrogen, all housed in airtight enclosure, and a custom 6 m path length
optical cell heated to 121 ◦C. The spectra were then interpreted for greenhouse gases CO2, CH4,
and N2O, as well as CO, NO, NO2, ammonia, and formaldehyde, with quantitative assessment of the
presence of additional compounds present at higher concentrations. The analysis was validated during
laboratory and on-road tests of passenger cars [43]. In addition, on the 854 series, a commercial portable
particle number monitoring instrument (NanoMet3, Matter Engineering, Switzerland), compliant with
the EU requirements for solid particle number portable emissions monitoring systems (see [44] for
review and uncertainty analysis), was used to measure non-volatile particle number concentrations.
The instrument also reported the mean particle diameter and the total particle mass concentration.
The FTIR and the NanoMet were supplied with a sample line operated at 150 ◦C.

On the two diesel-electric locomotives, analog voltage signals of the engine rpm and voltage and
current on the traction generator were extracted from the locomotive control system and logged by a
galvanically separated analog-to-digital converter. On the 854 series motor car, engine output power
was inferred from the fuel consumption, calculated from total carbon exhaust emissions, and from
brake-specific fuel consumption data provided by the manufacturer.

The position and speed of the locomotive was measured by a GPS receiver mounted on the side
of the roof of the locomotive. The GPS was operational through most of the route, excluding tunnels
and deep river gorges.

The overall uncertainty of the measurements (measured emissions vs. actual emissions from the
measured unit at the time of the measurement) was estimated to be within 5% for concentrations of
NOx, CO, and CO2; within 20–25% for PM and PN concentrations; within 2% for engine rpm, intake
manifold pressure, and temperature; within 5% for measured power output; within 5–10% for the
computed exhaust flow; within 10–15% for measured emissions of NOx, CO2, and fuel consumption;
and within 30% for emissions of particulate matter (number and mass).

2.4. Installation and Exhaust Sampling

Before the tests, several visits to the depot were made to plan the test, consisting of a physical
inspection of the locomotive, discussions with the depot personnel including a locomotive control
system specialist and a train engineer, securing a permit for up to two researchers to be present on the
locomotive, and an introductory trip in the locomotive on both lines by the third author, during which
operation and track conditions were noted.
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This preparation revealed several severe restrictions placed on the instrumentation, with the most
severe one imposed by the presence of 3 kV or 25 kV traction lines directly above the exhaust stack.
To prevent damage to the instruments or even a fault current through the locomotive chassis caused by
an excessive proximity of the sampling system with the traction line, a well-secured sampling system
which does not protrude upwards more than several cm was needed. Another critical condition was
that the train service must not be delayed or disrupted.

The locomotives have cabins on both ends, with the rear-facing cabin theoretically offering
sufficient room for placement of the instrumentation. The locomotive direction is, however, reversed
in both Tanvald and České Budějovice, and during switching of the trailing cars at Praha hl.n. (Prague
main station) and at Praha–Vršovice station. In addition, for security reasons, the door between the
cabin and the engine compartment has to be closed during the operation, not allowing for easy passage
of sample lines or electrical cables between the engine compartment and the cabin. The cabins are
connected by a walkway on one side of the main engine, which has to remain passable for the engineer.

Attempts were made to use ports in the exhaust system, but these were well rusted-in, and could
not be removed without the danger of breaking the bolt. Combined with the hazards posed by tree
branches on the sides of the locomotive, and the absence of a roof opening into the cabin and of
a passage between the cabin and the engine room, the conditions mandated a very frugal, simple,
and robust installation of the sampling system, and placement of the monitoring system in the corner
of the engine room opposite of the passageway, on the alternator side (Figures 3–5).

These conditions dictated the choice of the monitoring system. Raw, undiluted exhaust was
sampled by three separate 6 mm internal diameter copper probes, bent during installation to face into
the stack, and directed along and grounded to the stack rim, on the roof, through a handle on the roof,
and transitioning into 6 mm internal diameter conductive flexible polymer lines, leading through a
crack in the partially open and secured engine compartment roof hatch into the engine control room,
and along the roof of the control room to the instrument. On the 854 series, the sampling line was
heated to 150 ◦C and heavily insulated.

The choice of electric power supply at the locomotive—110 V DC used in the locomotive electrical
system, 3000 V DC for heating, and variable voltage from the traction generator—did not readily offer
an option for powering of the instrumentation, which was supplied from two 12 V, 60 Ah absorbed gel
mat, starved-electrolyte lead-acid deep-cycle batteries, except for the 854 series tests, where four 13.3 V,
90 Ah LiFeYPo traction batteries and a 2 kW inverter/charger were used due to heated sampling train.
Prior to the tests, the power consumption of all components was strictly minimized to allow for 4–8 h
of runtime on a single charge, with recharging wherever possible at end stations and overnight.

 

Č ě

 
 

 

Č ČFigure 3. ČKD Series 749 diesel-electric locomotive: ČKD K 6 S 310 DR engine (left); locomotive
controls (middle); and portable emissions monitoring system (right).
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Figure 4. ČKD Series 754 diesel-electric locomotive tests: heated sampling line (top left); cabin door
detail (top right); portable emissions monitoring system (bottom left); ČKD K 12 V 230 DR engine
(bottom right).

 

Č
Č

Figure 5. Series 854 diesel-hydraulic railcar tests: installation of the sampling line (left); sampling
probe (middle); and portable emissions monitoring system (right).

The instrumentation was galvanically separated from the locomotive, except for static charges
dissipated through the conductive sampling lines (<106 Ohm/m) to the probes, which were grounded
to the locomotive chassis. This setup was also selected to minimize a possible damage to the instrument
from the presence of the traction lines.
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3. Results

For a representative Praha–Tanvald run of the 749 locomotive, the running speed and power are
plotted in the upper part, and the measured concentrations of CO, NO, and PM in the lower part,
of Figure 6. Throughout the work, “power” denotes electrical power transmitted from the generator to
the traction motors, which was the only kind of power that could be effectively measured.

The verification of the PM measurement by simultaneous gravimetric sampling took place during
periods over which steady state operation was anticipated during this run. Nine filters were used:
two served as a blank, two were damaged during handling in the moving locomotive, and five used for
measurements. The PM concentrations determined from the filter measurements are plotted in Figure 7
and are overlaid on the continuous PM concentrations measurement by the nephelometer. It should
be noted that each measurement uses a different axis, with nephelometer measurements being 65%
higher than the gravimetric ones. The filter mass was not corrected for background concentrations,
as undiluted exhaust was used. The change of the mass of two “blank” filters was within 2 µg.

 

 

Č
Figure 6. Measured values of running speed and generator power output (top); and concentrations of
NOx, PM, and CO in the exhaust (bottom) of the ČKD 749 diesel-electric locomotive pulling a five-car,
297 t passenger train on the Praha–Tanvald line along a foothills route.

 

 

Č ě

Č ě

Č
Č ě

Figure 7. Comparison of particulate matter concentrations measured dynamically by light scattering
with gravimetric measurements conducted during steady-state operation at idle and high load.
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Analogous plots are given for the Praha–České Budějovice run in Figure 8. In Figures 6 and 8, it is
apparent that the engine alternates between idle and a higher load level, given by the track profile
and the mass of the train. The “higher load level” was higher on the Praha–Tanvald line, a hilly route
traveled with a five-car train, and lower on the Praha–České Budějovice line, a nearly level line run
with only two cars. The cumulative distributions of the locomotive power for both lines are given in
Figure 9.

 

Č ě
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Č
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Figure 8. Measured values of running speed and generator power output (top); and concentrations of
NOx, PM, and CO in the exhaust (bottom) of the ČKD 749 diesel-electric locomotive pulling a two-car,
160-t passenger train on the Praha–České Budějovice line.
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Figure 9. Cumulative distribution of locomotive generator output for the Praha–Tanvald line per
schedule and with rides to/from depot and shunting cars at endpoints, and for major incline sections of
this line along river gorges, and for Praha–České Budějovice line.

The transition from idle to a higher load is in several steps of a relatively short duration, with
higher power levels selected as soon as the train speed becomes sufficient to keep the traction motor
current below the maximum limit. The transition from a higher load level to idle is instantaneous.
The track speed and the traction motor power and current are plotted for a typical acceleration to
a higher cruising speed in Figure 10 (left), and to a lower speed in Figure 10 (right). Figure 10 also
demonstrates the relationship between track speed and traction motor voltage, current, and power,
discussed in the introduction.
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Figure 10. Generator voltage, current and power, running speed, and concentrations of NOx, CO,
and PM during an acceleration of the five-car train from a station to high speed (left) and to a lower
speed (right).

As apparent in Figure 6, Figure 8, and Figure 10, the only operating points where the emissions
were somewhat stabilized were idle and full-load (notch 8) accelerations of one to several minutes in
duration. Even there, the values were far from stable. At idle, the combustion chamber gradually cooled
down and the particle concentrations increased, while NOx concentrations decreased. The opposite
trend was apparent after a transition to notch 8, with additional increases in particle concentration due
to the reentrainment of previously deposited semivolatile particulate matter in the exhaust system [20].
For three selected longer uninterrupted accelerations at notch 8, the concentrations of particulate matter
and NOx are shown in Figure 11. It is apparent that in none of the cases a steady-state value is reached.
However, all type approval and in-use tests use steady-state values obtained at stabilized operation at
a given notch. For comparison with legislative tests, stabilized values can be reasonably inferred by
extrapolation of computed regression lines, as shown in Figure 11 along with regression equations
obtained by an iterative process discussed in [45]. Such inference has, however, little relevance to the
real world emissions, as it is not apparent that such steady-state values are reached during normal
operation. For the same reason, modeling emissions by recording the notch used and assigning a
corresponding steady-state emissions factor to the respective time period is of limited relevance.
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Figure 11. Estimate of steady-state notch 8 concentrations of PM (left) and NO (right) by extrapolation
(described in [45]) of measured data.
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The engine in the diesel-hydraulic railcar showed somewhat different operating characteristics.
The control of the power output is continuous, and the engine is either at idle or within a relatively
narrow working range of the rpm. Figure 12a shows the morning operation of the 854 railcar, consisting
of switching at the depot and traveling to the station at 6:50–7:20, a local service from Praha to Mladá
Boleslav from 7:35 to 9:20 in 1 + 1 configuration (854 + 1 trailing car), followed by switching to 1 + 0,
a short local run, and a local run to Turnov. Fuel consumption in kg/h and track speed in km/h is
shown on the right axis in the upper portion of the graph, while the lower portion of the graph shows
particulate matter concentrations in the exhaust and PM mass emissions rates on the left axis.

The same variables are plotted in Figure 12b for the afternoon express service Turnov–Praha in
1 + 3 configuration (854 + 3 trailing cars, 14:30–17:30), followed by a local service from Praha to Mladá
Boleslav in a 1 + 2 configuration (17:40–19:40), followed by a short local service there and a return trip,
during which the measurements were terminated at an intermediate stop shortly after 21:00.

It is apparent that particulate matter emissions were high after a cold start (details in Figure 13a)
and also after a transition to a high load for some period after the cold start or a longer idle, and there
were moderate spikes following a transition from idle to a load. The fuel consumption at load was
relatively steady, and ranged about 50–110 kg/h depending mostly on the number of trailing cars
coupled to the 854 and on the track profile (track speed and incline). This fuel consumption corresponds
to an engine-out power of slightly over 200 kWh to slightly over 500 kWh, or about 35–90% of the
engine rated power. This pattern of the fuel consumption being more or less the same for most of
the periods under load corresponding to the train engineers making a deliberate decision about the
target power output depending on the total mass of the train, leading to comparable acceleration rates
among train configurations. There is a lack of “steady-state“ operation: the train is accelerated at a
pre-determined power to the desired speed (either the posted track speed or a speed chosen by the
engineer), after which the train coasts down with the engine at idle until either another acceleration is
commanded or the train approaches a station (see Figure 13b for detail of a local run). On the 854 railcar,
braking is done by pneumatically controlled friction brakes; newer railcars use, in addition, a retarder
built into the hydrodynamic transmission. Diesel-electric locomotives and railcars use electrodynamic
braking, where electric power generated in traction motors is dissipated in resistor banks on the roof of
the locomotive. The avoidance of fractional engine loads at cruise is beneficial to the fuel economy.
It should also be noted that the engine is shut off for safety reasons during coupling and decoupling of
the railcars, and also for fuel efficiency reasons during longer stops (over tens of minutes), unless the
engine has been operated at a high load, in which case it is left idling to allow for removal of the heat
from the engine compartment through cooling and active ventilation. The fuel consumption at idle
(596–602 rpm) ranged from 3.4 to 5.6 kg/h, with variations attributed to accessory loads (alternator and
air compressor supplying the whole train, cooling fan and cooling pumps of the engine).
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(a) 

 

(b) 

Figure 12. Track speed, fuel consumption, and particulate matter emissions from an 854 series railcar
during (a) morning and (b) afternoon service on local and express trains on the Praha–Turnov line.
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(a) 

(b) 

Figure 13. Track speed, fuel consumption, and particulate matter emissions from an 854 series railcar,
showing: (a) cold start and switching at the depot; and (b) local service.
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PM and NOx emission rates as a function of the instantaneous fuel consumption are plotted in
Figure 14. The slope of the graphs represents fuel-specific emissions (in grams per kg fuel). In addition,
as engine power is nearly a linear function (with a non-zero offset) of the fuel consumption [46],
brake-specific emissions in g/kWh may be inferred from the slope. Unfortunately, the slope is not
linear and is not uniform. Higher PM is apparent during cold engine operation and during transients,
but also, higher engine loads are characterized by—compared to medium loads—relatively lower PM
and relatively higher NOx. The simultaneous relative increase in NOx and a relative decrease in PM
resembles a typical shift along the diesel engine NOx–PM curve, and therefore appears to be a result of
engine calibration, not necessarily applicable to rail engines in general.

 

 

Figure 14. Emission rates from an 854 series railcar: (a) particulate matter; and (b) nitrogen oxides.

The emissions, fuel consumption, and traction power (electric power delivered to traction motors,
only available on 749), averaged over a line and expressed per km driven, are provided in Table 1.
The 749, on its return to Prague, was stopped in Všetaty (near Prague) due to a temporary track closure,
and sent back to Tanvald on another service, changing places with a train scheduled on the same
run 2 h earlier, leading to gaps in data due to insufficient battery voltage. For express trains running
from Praha to Tanvald, separate sums are shown for the Praha–Turnov segment and for the slow,
mountainous Turnov–Tanvald segment. For the 854 railcar, different configurations were separated to
allow for an assessment of train weight.

The fuel consumption and emissions at idle are given in Table 2. As the engine provides power for
both traction and auxiliary services, which on electric locomotives also includes electric heating of cars
(trailing cars for 854 use auxiliary diesel-fired heaters), the auxiliary loads can be considerable. For 749
and 754, electric heating increased, on average, the fuel consumption by 22 kg/h, and NOx emissions
by 1.5–2.1 kg/h (depending on the engine temperature), calculated as the difference between the idle
power consumption during periods with heating and during periods near the end of the run when
the heating was not active. Much smaller variations are attributable to automatic operation of the air
compressor and the auxiliary cooling fans. It should be noted that, on many mechanically controlled
diesel engines with constant static injection timing, NOx per kg fuel increases with decreasing engine
rpm, due to start of the combustion occurring earlier on a crank angle position basis. The electric
heating power consumption is a function of the number of the railcars in the train, the setting of the
heaters, and the temperature inside of the railcars.
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Table 1. Fuel consumption and emissions.

749 Praha–Tanvald, 5 cars, 280 t Fuel kg/km NOx g/km PM g/km CO g/km Traction kWh/km

Praha–Turnov 1.55 79 1.05 22 6.79
Turnov–Tanvald 2.36 142 1.36 32 10.85
Praha–Tanvald 1.79 98 1.15 98 7.78

Tanvald–Turnov 0.95 75 0.65 34 5.29
Turnov–Vsetaty 0.86 53 0.55 19 3.96
Vsetaty–Turnov 1.06 65 0.59 21 4.37

Praha–Tanvald–Vsetaty 1.39 80 0.90 24 6.34

Praha–Ceske Budejovice, 2 cars, 160 t 0.81 61 0.41 15 3.50

754 Praha–Tanvald, 4 cars, 231 t Fuel kg/km NOx g/km PM g/km CO g/km PN #/km

Praha–Turnov 1.33 83 0.60 23 7.8 × 1013

Turnov–Tanvald 1.74 124 0.94 30 1.0 × 1013

Praha–Tanvald 1.44 93 0.67 25 8.4 × 1013

Tanvald–Turnov 1.01 71 0.44 14 5.2 × 1013

Turnov–Praha 1.02 64 0.43 14 5.6 × 1013

Tanvald–Praha 1.01 66 0.44 14 5.6 × 1013

Tanvald–Turnov 0.91 57 0.32 14 5.2 × 1013

Turnov–Praha 1.11 67 0.49 16 6.3 × 1013

Tanvald–Praha 1.07 64 0.45 16 6.0 × 1013

Praha–Tanvald–Praha average 1.22 79 0.56 19 7.0 × 1013

854 Praha–Turnov, 0–3 cars Fuel kg/km NOx g/km PM g/km CO g/km

Depot operation, switching 1.76 77 0.53 22.4
Praha–Mlada Boleslav local 1+1 0.78 31 0.15 8.9

Mlada Boleslav–Turnov 1+0 0.71 33 0.11 9.7
Turnov–Praha express 1+3 1.04 55 0.14 5.9

Praha–Mlada Boleslav local 1+2 0.89 42 0.14 9.5

854—average for all operation 0.89 43 0.14 8.2

Table 2. Fuel consumption and emissions during idling.

Vehicle and Conditions Fuel kg/h NOx g/h PM g/h PN #/h CO g/h

749—cold, with car heating 31 2238 14 380
749—first station (semi-cold) 8.3 733 8.3 189

749—warm 8.2 875 7.9 21
754—cold, with car heating 34 2819 5.1 1.0 × 1015 421

754—warm 12 718 1.3 1.2 × 1015 370
854—average for all operation 4.0 261 0.68 101

To allow for comparison with other studies and to aid in calculations, the emission totals for
each rail vehicle expressed in g/kg fuel are given in Table 3. To allow for comparison on per-ton and
per-passenger bases, emissions per kilometer per ton (tkm) and per kilometer per seat (skm) are given
in Table 4. The emissions per kilometer per passenger (pkm, not given in the table) can be obtained by
dividing skm with the occupancy rate. The mean occupancy rate declared by Czech Railways (ČD) is
30%, which is in agreement with unofficial estimates by train conductors that about 70 people travel on
a three-car (railcar plus two trailing cars) train with 168 seats. On regional and local trains, the total
train capacity is approximately double the seating capacity. Typically, the minimum train capacity is
contracted with the regional or state government, and additional capacity is added based on group
reservations and anticipated travel demand.
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Table 3. Emissions per kg fuel.

Emissions per kg Fuel NOx g/kg PM g/kg CO g/kg BSFC g/kWh PN #/kg

749 Praha–Tanvald–Vsetaty 58 0.65 17 219
749 Praha–Ceske Budejovice 75 0.51 19 231

754 Praha–Tanvald–Praha 65 0.46 16 5.7 × 1013

854 average all operation 48 0.16 9

Note: BSFC, brake-specific fuel consumption.

Table 4. Fuel consumption and emissions per ton-km and per seat-km.

Emissions per ton-km Tons
Fuel

g/tkm
NOx

g/tkm
PM

mg/tkm
CO

g/tkm
Traction
Wh/tkm

PN #/tkm

749 Praha–Tanvald–Vsetaty 280 5.0 0.29 3.2 0.09 23
749 Praha–Ceske Budejovice 160 5.1 0.38 2.6 0.09 22

754 Praha–Tanvald–Praha 231 5.3 0.34 2.4 0.08 3.0 × 1011

854 Praha–Mlada Bol. local 100 7.8 0.31 1.5 0.09
854 Mlada Boleslav–Turnov 56 12.7 0.59 2.0 0.17
854 Turnov–Praha express 232 4.5 0.24 0.6 0.04
854 Praha–Mlada Bol. local 144 6.2 0.29 1.0 0.07

Emissions per seat and km Seats
Fuel

g/skm
NOx

g/skm
PM

mg/skm
CO

g/skm
Traction
Wh/skm

PN #/skm

749 Praha–Tanvald–Vsetaty 360 3.9 0.22 2.5 0.07 18
749 Praha–Ceske Budejovice 160 5.1 0.38 2.6 0.09 22

754 Praha–Tanvald–Praha 280 4.4 0.28 2.0 0.07 2.5 × 1011

854 Praha–Mlada Bol. local 108 7.2 0.29 1.4 0.09
854 Mlada Boleslav–Turnov 48 14.8 0.69 2.3 0.20
854 Turnov–Praha express 268 3.9 0.21 0.5 0.02
854 Praha–Mlada Bol. local 188 2.5 0.22 0.7 0.05

Note: Train mass obtained from the train engineer’s records. Passenger occupancy is not known; mean occupancy
on Czech Railways is around 30%, a number not visibly inconsistent with the observations by the authors.

4. Discussion

4.1. Feasibility of the Approach

The results suggest that, while measurements on a moving locomotive are technically very
challenging, they are very feasible, and offer a very realistic image of the actual emissions, which
vary greatly depending on the operating patterns of a given locomotive. Calibration of real-time
PM measurement via laser light scattering by gravimetric method was found to be useful and can
be recommended for applications where steady-state engine operation can be achieved, or with a
proportional PM sampling system, as the intake air mass flow can be calculated online. Knowledge and
careful consideration of the local operating environment—usual daily routines of the locomotives and
train crews, sources of power and data, safety considerations including prohibited or non-feasible
locations for instruments, cables or sample lines, the presence of overhead lines and clearance margins
overall, and access to the instruments during testing—were found to be essential during the design
and implementation of the test.

The PM emissions were found to be remarkably low for the decades old locomotive engines. It is,
however, expected that the gradual engine deterioration was somewhat counteracted by improvements
in the diesel fuel quality over the last four decades and by good maintenance practices. The engine
in the 749 was part of an engine family originally developed as a marine engine with a conservative
power rating, was known for its durability and reliability, and has outlived many successor models.
Numerous visual observations of opacity levels of locomotives by the first author during regular travel
suggest that at least the PM emissions vary among locomotives. The tested locomotive belonged to
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the large “cleaner” group, from which visible smoke was seldom observed, as opposed to a relatively
small number of “high emitters”. This distribution is analogous to on-road vehicles, where few high
emitters are responsible for a disproportionately high fraction of the total emissions. The measured
values therefore do not necessarily represent the “average” locomotive, but more likely the emissions
levels achieved (and achievable) with good maintenance practices.

The operating patterns were found to vary greatly from the prescribed test cycles. This was not
as much the case with the cumulative distribution of engine load, which varied with route and train
mass, but showed a good resemblance with the load distribution in stationary tests. On the Prague
to Tanvald route, approximately 46% of time was spent at idle and approximately 18% at full load
(notch 8), compared to 50.5% at idle and 16.2% at notch 8 specified for line-haul locomotive tests in the
U.S. legislation [47]. The major difference was, however, in the sequencing of the operation points.
While the test procedures generally start at idle and progress in steps to the full load, the real-world
conditions exhibit much faster progressions to a higher load, and relatively short stays, of up to several
minutes, at any given load setting. In addition, emission spikes during transients, and artifacts of PM
storage during low-load operation during switching prior to the Praha to Tanvald run, were readily
observable. It is possible that with a high fraction of organic carbon in the PM due to the introduction
of biofuels and/or frequent operation at idle and low loads, the effects of the particle deposition and
reentrainment phenomena may be of such magnitude that steady PM levels might seldom be reached
during real-world operation.

Given the large difference in test cycle and real-world operating conditions, the test cycles may also
be prone to “cycle beating”, a questionable but in recent history not uncommon practice of carelessly or
even deliberately “tuning” the engine control unit so that the emissions are higher during real-world
operation than during the prescribed test cycles [32,48–53].

The entire testing was accomplished without taking the locomotive out of service, without
requesting unscheduled operation, and with minimal extra effort and expenses incurred by Czech
Railways (ČD), which were limited primarily to logistics and initial technical advice. The presence of
the test apparatus did not interfere with train operation. The locomotive was returned to the depot at
the end of each test day, but the test apparatus, weighing less than 14 kg without batteries (FTIR and
NanoMet additional 40 kg), could have been removed at any place en route without overhead traction
lines. Aside from the gravimetric measurements, it is anticipated that the presence of technicians on the
locomotive might not be necessary during routine testing. At the same time, first-hand observations
by the authors were found to be quite valuable in understanding the context of the data collected.
It is the opinion of the first author that many emissions studies could be greatly improved just by
understanding and taking into account the processes involved, which is not an easy task given the
highly interdisciplinary nature of the subject.

From the exposure and emissions hot-spots perspective, of highest relative concern appears to be
emissions during the departure from the station, although it can be argued that, even there, the exhaust
is dispersed well away from people compared to the case of highway vehicles. From the regional
emissions perspective, the operation of the train is very efficient, and, due to very conservative engine
ratings and relatively infrequent transients compared to road vehicles, the overall emissions can be
very low when divided among the number of passengers, and in most cases lower than for cars and
buses even with old locomotives. Additional data are, of course, needed to quantify such statements.

The use of FTIR and NanoMet is believed to be of key significance for new technologies and
fuels, and was tested here despite higher power consumption and mass compare to the simpler
monitoring system, which was capable of providing comparable NO readings. Potent greenhouse
gases methane (from gaseous fuels) and nitrous oxide (from NOx aftertreatment) and key reactive
nitrogen species (including, but not limited to, NO, NO2, and ammonia) can be readily measured with
FTIR. NanoMet allows for measurement of very small particles at low concentrations. The prime reason
these instruments were included was to test their response in the specific conditions of the locomotive
engine room. The infrared spectra were additionally evaluated for noise around 4 µm (2500 cm−1)
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region showing virtually no absorption during exhaust measurements. The operation of both FTIR
and NanoMet was flawless, suggesting that this combination can be used in future locomotive studies.

4.2. Comparison with Other Published Data

Graver et al. [54] and Frey et al. [55] (only relative data are reported in [54], figures used
here calculated from data given in [55]) reported the fuel consumption of a three-car train on the
278 km Piedmont (Charlotte to Raleigh) route in North Carolina as 531–713 kg, or about 1.5–1.9 g/km.
The Piedmont route trains, however, operated at higher average (about 90 km/h) and maximum
(127 km/h) speeds, compared to the track speeds of 80 or 100 km/h, and even lower in river gorges and
other areas with poor visibility, in this study. The fuel-specific emissions of NOx (55–64 g/kg) were
comparable to this study (48–75 g/kg), while PM emissions (1.6–1.8 g/kg based on data taken from
Table 9.1 in [55]; similar ratio is in Table 8.5 in [55]) were higher than measured here (0.16–0.65 g/kg).

The fuel consumption reported in this study is similar to 3–5 mL (cm3) per gross ton-km reported by
Johnson et al. [28], while NOx emissions are about double (48–75 g/kg) compared to those (28 ± 14 g/kg)
measured by Johnson et al., while PM emissions observed here (0.16–0.65 g/kg) are considerably lower
than those (1.1 ± 0.5 g/kg) measured in [28]. One possible reason is that the runs here were all on
ultra low sulfur diesel fuel, while the authors of [28] reported emissions of SO2 of (1.4 ± 0.4) g·kg−1,
corresponding to thousands of ppm of S in the fuel. Another possible reason could be the difference
in the combustion timing among the engines. Higher NOx and lower PM observed in this study for
both ČKD engines may possibly be attributable to earlier start of combustion compared to engines
tested in [28], many of which probably were, unlike the old ČKD engines in 749 and 754, subject to U.S.
Tier 0–2 standards. This has not been verified as actual injection timing was not found for any of the
engines discussed. Another possible reason is the inclusion of high emitters: Graver et al. [54] and this
study used several specimens with advance permission of the owner, making an inclusion of a high
emitter unlikely, while Johnson et al. [28] tested a higher number of locomotives. A difference between
this study and that in [55] could be the calibration of the light scattering sensor for the specific aerosol.
In [55], a multiplication factor of five compared to (an undisclosed) calibration of the unit was used.
In this study, light scattering measurement used on 749 and 854 was calibrated by the gravimetric
method, with differences in both direction (under- and over-statement) on the order of tens of percent.

An older Czech study [56] states the 2004 passenger load and energy consumption of 5030 million
passenger-kilometers and 1428 TJ for electric traction and 1560 million pkm and 1171 TJ for diesel
traction, corresponding to energy intensity of 79 Wh/pkm for electric traction and 209 Wh/pkm for
diesel traction (at 35% mean combined efficiency of diesel engine and generator, this translates to
73 Wh/pkm traction power and fuel consumption of 18 g/pkm). The mean emissions for diesel traction
were reported as 1.2 g/tkm NOx and 80 mg/tkm PM and 0.60 g/pkm NOx and 46 mg/pkm PM. At 30%
occupancy, the NOx values are in agreement, while the measured PM values are about an order of
magnitude lower.

The current emissions factors used in the national inventory, the latest ones dating to 2006, were
33.9 g/kg for NOx and 2.62 g/kg for particulate matter (total, not PM2.5 or PM10) [57]. Another source
states NOx emissions factors of 42.3 g/kg NOx [58], a value adopted from heavy-duty highway engines
due to lack of data for rail engines. It is apparent, from comparison with Table 2, that the results
obtained here show considerably higher NOx emissions and considerably lower PM emissions than
estimated in the emissions inventory.

The European Environmental Agency, in a recent (2019) document, uses Tier 1 emissions (rail
vehicle without closer specification of model, type, and operating conditions) of 52.4 g/NOx, 1.52 g/kg
total PM, 1.44 g/kg PM10, and 1.37 g/kg PM2.5. Tier 2 emissions (rail vehicle of known type without
close specifications of size, age, and operating conditions) for line-haul locomotives are 63 g/kg NOx

and 1.1 g/kg PM2.5, and those for railcars are 39.9 g/kg NOx and 1 g/kg PM2.5 [59].
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4.3. Mitigation Options

It is apparent from the data that a considerable portion of energy is expended to accelerate the
train, some of which may be recovered if electrodynamic braking and on-board electric power storage
is used. Battery storage may also allow for a smaller engine to be used. Not considering the Ceske
Budejovice run where only two railcars were pulled, and excluding switching operation, the average
utilization of engine power on the 749 and 754 was (very roughly) around 20% of the rated power.
The engines can therefore be replaced with engines analogous to higher-power heavy-duty trucks,
in the mid-hundreds of kW range, equipped with standard diesel aftertreatment (oxidation catalyst,
particle filter, and NOx reduction catalyst), a larger battery bank, and the necessary power electronics.
For the North Carolina Dept. of Transportation Piedmont service described in [44], the average
engine load was somewhere (very roughly) around 1 MW, or about 40%, not offering much benefit in
terms of improved brake-specific efficiency, but possibly in terms of recuperating kinetic energy lost
during braking.

The emissions associated with generation of electric power for railcar heating are relatively very
high, and could be mitigated by using electric power at the depot and at the end stations, a practice
already being implemented over time where feasible.

Due to the passenger loads on non-electrified tracks being relatively low (relative to the mainline
rail in the Czech Republic), it is expected that diesel locomotives will be replaced by railcars and units,
reducing the mass of the train. The reason the 854 railcar did not show substantial fuel economy
benefits over locomotive driven trains is the rather low efficiency of the hydraulic power transmission,
causing a higher fuel consumption per ton-km compared to the locomotives, as shown in Table 3.

4.4. Are Old Diesel Locomotives Eco-Friendly Compared to Cars?

At roughly 4 g of fuel per ton-km, the fuel consumption per ton is nearly an order of magnitude
lower compared to passenger cars. On the other hand, the vehicle mass per passenger, considering
about 30% occupancy rates of both cars and trains, is 2–3 times higher for rail vehicles than for
automobiles. However, the train is, overall, several times more fuel efficient than a car. Considering
the 30% occupancy of both, cars and trains can be roughly compared on a per-seat basis. The per-seat
emissions of NOx measured here, about 0.25 g per seat and km, are tens of percent higher compared to
an average European diesel automobile, Euro 2–5, with slightly under 1 g/km NOx. The PM emissions
of about 2 mg per seat and km represent the lower end of the range for diesel engines without a
particle filter (which account for about half of the diesel automobiles and for about one third of all
automobiles being driven on Prague roads). It should also be noted that, on automobiles, NOx and PM
emissions typically increase with the severity of congestion, and their exhaust is released in the streets
in the immediate vicinity of other people, while many fewer people are expected to receive a “direct
hit” by locomotive exhaust. The emissions of some of the oldest rail engines operating in a relatively
inefficient regional service can therefore be classified as “not that bad” compared to not-so-old cars
when it comes to NOx and PM, and superior even to new automobiles on a greenhouse gas emissions
basis. Of course, NOx and PM can be readily reduced by exhaust aftertreatment, replacement of the
engine, or replacement of the whole vehicle. In terms of transition to electric power, replacement of
the diesel engine with a MWh-sized battery bank, which would be charged from overhead traction
lines or a limited number of fixed charging stations, seems much closer to today’s reality than a similar
switch in the general car fleet. Already, the incremental increase in ridership on the electric-powered
trains among Prague, Brno, and Ostrava, the three largest Czech cities, by far surpasses the travel by
all electric cars in the country.
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5. Conclusions

Exhaust emissions of particulate matter, nitrogen oxides, and other pollutants from two
diesel-electric locomotives and one diesel-hydraulic railcar were measured during regular scheduled
passenger service. Low-power portable emissions monitoring instruments were installed during
scheduled maintenance into engine compartments and were sampling raw exhaust from the stack.
Due to space constraints and overhead electric traction lines, exhaust flow was computed from engine
operating data.

The chosen approach was found to be feasible, the instruments worked well, and realistic data
was obtained at reasonably cost and at no disruption to the train operation. The use of a NanoMet3
to measure non-volatile particle number concentrations and a portable FTIR capable of measuring a
wide range of gaseous pollutants demonstrates that such instrumentation could be used to test newer
engines with advanced exhaust aftertreatment. Tests were done at very low costs with no disruption of
the train service, yielded realistic data, and are also applicable to diesel-hydraulic units which cannot
be tested at standstill.

Real-world operation was characterized by relatively fast power level transitions during
accelerations and interleaved periods of high load and idle, and varied considerably among service
type and routes. Spikes in PM emissions during accelerations and storage of PM in the exhaust were
observed. On all three engines, all near the end of their useful life, NOx emissions were 48–75 g per kg
fuel and PM emissions were 0.16–0.65 g per kg fuel (averages over several hours of service). Relative to
other published data and emission factors used in models, NOx emissions were comparable or slightly
higher, while PM emissions were considerably lower. Despite all engines approaching the end of their
life, NOx and PM emissions per passenger-km were very surprisingly low compared to those from
European diesel automobiles (Euro 2–5 without a particle filter, but also the Czech “fleet average”).

Similar approach can probably be used on other non-road engines, including large engines over 560 kW
used on railroads, inland waterways, construction sites, and in stationary applications. Such engines are
difficult and in many cases nearly impossible to test in laboratory or in a stationary mode.
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Abstract: Submicrometre aerosol particles (particulate matter, PM1) were collected in two Czech cities
(Brno and Šlapanice) during week campaigns in winter and summer of 2009 and 2010. The aerosols
were analysed for 14 elements and 12 water-soluble ions using inductively coupled plasma–mass
spectrometry and ion chromatography techniques. The average PM1 mass concentration was 14.4 and
20.4µg m−3 in Brno and Šlapanice, respectively. Most of the analysed elements and ions exhibit distinct
seasonal variability with higher concentrations in winter in comparison to summer. The determined
elements and ions together accounted for about 29% of total PM1 mass, ranging between 16% and
44%. Ion species were the most abundant components in collected aerosols, accounting for 27.2% of
mass of PM1 aerosols, and elements accounted for 1.8% of mass of PM1 aerosols. One-day backward
trajectories were calculated using the Hysplit model to analyse air masses transported towards the
sampling sites. The Pearson correlation coefficients between individual PM1 components and PM1

mass and air temperature were calculated. To identify the main aerosol sources, factor analysis was
applied. Six factors were identified for each locality. The following sources of PM1 particles were
identified in Brno: a municipal incinerator, vehicle exhausts, secondary sulphate, a cement factory,
industry and biomass burning. The identified sources in Šlapanice were as follows: a combustion
source, coal combustion, a cement factory, a municipal incinerator, vehicle exhausts and industry.

Keywords: PM1 aerosol; elements; water-soluble ions; factor analysis; source apportionment

1. Introduction

Atmospheric aerosol (particulate matter, PM) is an important airborne component with various
environmental and health effects. Aerosols can deteriorate air quality, affect global climate, reduce
visibility, and are involved in smog production [1]. Epidemiological studies showed an association
between the concentration of aerosol particles in ambient air and adverse health effects [2–4].
The environmental and health effects of atmospheric aerosols depend on the particle size, shape and
the chemical composition of particles. The atmospheric aerosol consists of a complex mixture of
components including carbonaceous species (elemental and organic carbons), inorganic ions and
elements in variable amounts, depending on their location and emission sources.

In the last decade, air pollution by atmospheric aerosols has also been a subject to increased interest
in the Czech Republic. Numerous studies have reported the chemical composition of PM in the Czech
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Republic, focusing on PM10 [5–10], PM2.5 particles [6,7,11–17] and also on PM1 particles [6,8,10,11,18–24]
that have greater toxicity compared to PM2.5 and PM10. Due to their small sizes, PM1 particles can
penetrate deep into the alveolar part of the lungs and cause respiratory and cardiovascular diseases [4].
Moreover, ultrafine particles (i.e., particles smaller than 100 nm) are even able to translocate from the
lungs into secondary organs [25,26].

A number of individual studies have reported the aerosol chemical speciation and PM levels at
specific locations in the Czech Republic, such as Prague [6,7,20], Mladá Boleslav [5,23], Brno [11,15–19,21],
background site in Košetice [9,14,27] or the heavily polluted Ostrava region [8,10,12,13,22,24]. However,
unlike other sites in the Czech Republic, where all components of PM (i.e., organic compounds, elements
or ions) are studied, the studies dealing with aerosol composition in Brno focus almost exclusively on
organic compounds [11,15,17–19], whereas particulate ions [16] and elements [21,28] have been measured
in PM in Brno only marginally and information on the content of ions and elements in aerosols in this
area is still incomplete.

Receptor models based on the statistical evaluation of PM chemical data acquired at receptor
sites are used to identify emission sources of aerosols [29]. The chemical mass balance model assumes
knowledge of the composition of the emissions for all relevant sources, however, fulfilling this
requirement is often problematic [29]. More widespread are two multivariate models, principal
component analysis [30–33] and positive matrix factorisation [5,8,22,24,34–36], which apportion the
sources on the basis of the ambient data from the receptor site alone.

The aims of the study were to fill the gap in the missing information about the content of elements
and water-soluble ions in aerosols in the Brno agglomeration; to obtain comprehensive information
on the composition of PM1 aerosols in Brno and Šlapanice in a combination with other studies in
the same area focused on the characterization of organic compounds in PM1 aerosols in Brno and
Šlapanice [11,18,19]; to identify their sources. The paper presents the results of determination of
elements and water-soluble ions in submicrometre aerosols (PM1, particles with aerodynamic diameter
smaller than 1 µm) collected in two cities in the Czech Republic (Brno and Šlapanice) in Central Europe.
The seasonal differences (winter vs. summer) were evaluated and the sources of studied aerosol
components were analysed.

2. Experiments

2.1. Sampling Sites

The PM1 aerosols were sampled in Brno and Šlapanice that represent a large city and a small town
in the Czech Republic. Brno, the second largest city in the Czech Republic (370,000 inhabitants), is an
industrial and administration centre of Moravia, the eastern part of the Czech Republic. There are
various local sources of aerosols in Brno, such as traffic (cars and trams on Veveří street), residential
heating and large emission sources, such as heating plant, a municipal waste incinerator (on the
eastern outskirts of Brno) and industry, including a foundry plant. Regional sources comprise mainly
residential heating in the surrounding villages and a cement factory east of Brno. Šlapanice, a small
town (6000 inhabitants), is located 3 km southeast from Brno. Overall, the sources of aerosols in
Šlapanice are similar to those in Brno, but there is a difference between the composition of local and
regional sources in both locations. Local sources of aerosols in Šlapanice include traffic, residential
heating, small industrial factories and brickworks. Aerosols can be transported to Šlapanice from
various regional sources, such as the nearby motorway between Brno and Šlapanice, Brno airport
southwest of Šlapanice, a municipal waste incinerator northwest of Šlapanice, residential heating in
the surrounding villages, a cement factory northeast of Šlapanice, etc. In addition, a large power plant
in Hodonín that burns coal and biomass is located about 50 km southeast from Brno and Šlapanice.
Moreover, a long-range transport of pollutants from distant areas or neighbouring countries to Brno
and Šlapanice cannot be ignored.
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2.2. Aerosol Sampling

Atmospheric aerosols in the size fraction of PM1 were sampled for 24 h every day over one week
in winter and one week in summer of 2009 and 2010 in Brno and Šlapanice (Figure 1) to compare the
PM1 composition in the large city and a nearby small town. The sampling of aerosols began every day
at 9:00 a.m. Aerosol samples in Brno were collected in an urban locality on the balcony on the first
floor (at the height of 8.9 m above ground level and at the distance of 15.6 m from the street Veveří) of
the Institute of Analytical Chemistry facing northeast toward the street Veveří (49◦12’28.27´´N and
16◦35´28.00´´E). In Šlapanice the aerosols were collected in small urban locality in the garden of a family
house (49◦09´55.92´´N and 16◦43´26.18´´E). Sampling locations are located relatively in the centre of
both Brno and Šlapanice, and therefore, the influence of different PM sources is expected, although the
sampling site in Brno is situated near the street with traffic.

 

ř ř

−

−

 

 

 

− −

−

Figure 1. Location of sampling sites (Brno and Šlapanice) on a map of the Czech Republic.

Submicrometre aerosols were collected at each site in parallel using a high-volume (HV) and a
low-volume (LV) sampler. The HV sampler (DHA-80, Digitel, 30 m3 h−1) equipped with a PM1 size
selective impaction inlet (model DPM01/30/00, Digitel) collected PM1 aerosols on cellulose nitrate
filters (150 mm diameter, porosity 3 µm, Sartorius). A total number of 52 samples (24 samples from
Brno and 28 samples from Šlapanice) were collected with HV sampler during all campaigns. The LV
sampler (1 m3 h−1), consisting of a Teflon coated aluminium cyclone inlet (cut point diameter of 1 µm,
model URG-2000-30EHB), and a NILU filter unit (type 9633) collected PM1 aerosols on 47mm Teflon
filters (Zefluor, porosity 1 µm, PALL). To eliminate interference of gaseous pollutants, such as SO2,
HNO3, NH3 and others, an annular diffusion denuder [37] was placed between the cyclone and Teflon
filter. A total number of 56 samples (28 samples from Brno and 28 samples from Šlapanice) were
collected with the LV sampler during all campaigns.

Meteorological parameters (i.e., temperature and relative humidity) measured by means of a
commercial sensor (type T3113, Comet Systems) are given in Table 1. We also present predominant
wind directions obtained from one-day backward trajectories calculated using the Hysplit v5.0.0 model.
All trajectories are shown in the Supplementary Material (Figures S1–S8) separately for each location
and campaign.
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Table 1. Meteorological parameters in Brno and Šlapanice during campaigns.

Locality—Season
Temperature (◦C) Relative Humidity (%) Modelled Wind

Direction (Predominant)Average (Range) Average (Range)

Brno—winter 2009 −1.9 (−3.0–0.1) 77.6 (67.7–89.5) north, northwest
Šlapanice—winter 2009 0.6 (−2.4–1.6) 81.7 (69.6–92.2) northeast

Brno—summer 2009 21.0 (18.5–21.8) 67.1 (54.3–80.7) all directions
Šlapanice—summer 2009 20.0 (14.3–24.9) 71.9 (67.7–86.7) northwest

Brno—winter 2010 −3.0 (−6.0–1.0) 75.2 (69.4–85.0) all directions
Šlapanice—winter 2010 0.8 (−1.9–2.5) 88.1 (82.0–97.2) south

Brno—summer 2010 18.0 (17.2–21.2) 71.3 (65.3–84.8) west
Šlapanice—summer 2010 18.2 (15.1–20.1) 79.2 (65.9–93.4) north

2.3. Processing and Filter Analysis

Mass concentrations of collected aerosols were determined by weighing filters, using a
microbalance M5P (±1 µg; Sartorius). Filters were equilibrated before weighing in an air-conditioned
room under constant conditions for 48 hrs (temperature 20 ± 1 ◦C, relative humidity 50 ± 3%). Static
electricity was eliminated with an ionizer prior to weighing (PRX-U, Haug). After weighing, exposed
filters were cut, using ceramic scissors, into two equal pieces; each of them was weighted again.

One half of the cellulose-nitrate filters was digested in 4 mL of sub-boiling nitric acid in
the UniClever microwave device (Plazmatronika). The decomposed samples were transferred
quantitatively along with 4 mL of deionized water into polyethylene scintillation vials (Kartel).
The extracts were analysed for the content of 14 selected elements (Al, K, Ca, Fe, Mn, Zn, Cu, Cd, Ba,
As, Pb, V, Ni, Sb), employing an inductively coupled plasma–mass spectrometry (model 7500 CE,
Agilent). Relative uncertainty of element analysis was in the range of 1 to 3%.

Both halves of the Teflon filters were extracted in 8 mL of deionized water under ultrasonic
agitation. The extract of the first half was analysed for the content of seven anions (fluoride, chloride,
nitrite, nitrate, sulphate, oxalate, phosphate), while the second half of the filter was analysed for five
cations (Na+, K+, NH4

+, Ca2+, Mg2+) by means of ion chromatography (ICS-2100, Dionex). Relative
uncertainty of water-soluble ion analysis was in the range of 4 to 7%.

2.4. Calculation of Air Trajectories

The analysis of air mass transported towards the sampling sites was performed using the Hysplit
model v5.0.0 [38,39], by calculation of one-day backward trajectories at 300, 750 and 1500 m above
ground level.

2.5. Factor Analysis Model

Measured aerosol components can be grouped by their correlations. The components within
a particular group are highly correlated among themselves but have relatively small correlations
with aerosol components in a different group. In the factor analysis presented in this paper, it is
assumed the observed correlations in a given group of aerosol components are influenced by a factor,
which for given group corresponds to a source of pollution (such a pollution source can be, for example,
vehicle exhausts, coal combustion and others). Factors are unmeasurable and the number of factors is
much smaller than the number of aerosol components. The correlation relationship among aerosol
components can be described in terms of a few underlying factors.

Suppose the observed concentrations X1, . . . , Xp of elements and ions in PM particles with means
(expectations) µ1, . . . , µp. In our study p = 16. Let F1, . . . , Fm, (m < p) be considered common factors
corresponding to the sources of pollution. We then consider the linear model describing how the
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concentrations of elements and ions X1, . . . , Xp can be explained using linear combinations of these
common factors F1, . . . , Fm. The model can be described by equation

Xi − µ1 = l1iF1 + . . . + l1iFm + εi, i = 1, . . . , p (1)

where lij, i = 1, . . . , p, j = 1, . . . , m, are the coefficients of linear combinations. They represent the
so-called factor loadings indicating how strong is the statistical association between the i-th aerosol
component Xi and the j-th factor F j. The higher the absolute value of li j is, the higher is the statistical
association between the aerosol component Xi and the factor F j . The term εi stands for random
errors. Random errors are supposed to be independent with zero mean and variance Var(εi) = ψi, and
common factors are assumed to have a zero mean and unit variance. The independence of common
factors and random errors (Cor(εi, Fj) = 0 for i = 1, . . . , p, j = 1, . . . , m) is also considered. From the
above assumptions follows Var(Xi) = li12 + li22 + . . . + lim2 + ψi = hi

2 + ψi, where hi
2 = li12 + li22 + . . . +

lim2 is called the i-th communality, the proportion of the variance of the variable Xi contributed by the
m common factors.

Various methods [40] that allow us to estimate the parameters of model (1) exist. Here, the principal
component method [41], which does not impose restrictions on distribution of analysed variables,
is preferred. A crucial task of the factor analysis is the selection of appropriate number of common
factors m. Since the higher values of m lead to common factors that are difficult to interpret, the aim is
to choose the smallest possible value m, such that a sufficient proportion of variability in the data is
explained. For this problem, Kaiser´s criterion and scree plot [41] are considered.

The original factor loads obtained by the principal component method can be difficult to interpret.
Thus, the factor rotation is performed for better interpretation of factor loads. A common goal of
rotation in this paper is to ensure that each aerosol component loads highly on a single factor and has
small-to-moderate loads on the remaining single factors. The factor model with such rotated loads
is called the model with a simpler structure. Usually the criterion, which is used to obtain a simpler
structure, is the varimax criterion [41].

3. Results

3.1. Characterization of Submicrometre Aerosols

Mass concentrations of PM1 aerosols collected at both sites during all campaigns are given in
Table 2. The average measured PM1 mass concentration was 19.1 µg m−3 in winter and 9.65 µg m−3

in summer in Brno, and 30.8 and 10.0 µg m−3 in winter and in summer, respectively, in Šlapanice.
PM1 samples in both locations were collected at a different time; therefore, we tested if the mass
concentrations of PM1 aerosols in Brno and Šlapanice were similar in the same season. Agreement
of mass concentration of PM1 aerosols collected in Brno and Šlapanice was statistically tested by
non-paired t-test for equal means. Probability of equality of mean concentrations (P) smaller than 0.05
indicates disagreement of tested mean values at both sampling sites. P value was 0.0081 for winter
2009; 0.1366 for summer 2009; 0.1339 for winter 2010 and 0.1399 for summer 2010, which indicates
that the mean mass concentrations of aerosols in Brno and Šlapanice in the same season were similar
in summer 2009, winter 2010 and summer 2010 but different in winter 2009. The difference in the
PM1 concentration in Brno and Šlapanice in winter 2009 was caused by heavy snow during days
2–5 of the campaign in Brno leading to lower concentration of PM1 in Brno, while in Šlapanice (no
snow during the campaign), the PM1 concentration remained at a normal level for this time of a year.
The concentrations of aerosols in winter were higher than in summer both in Brno and Šlapanice,
which can be attributed to increased anthropogenic emissions in heating season due to household
heating of local residents [11,18,19] and to lower mixing layer height due to the lower dispersive
capacity of the lower atmospheric layers in winter, which favours the accumulation of pollutants and
prevents air convention and the dispersion of pollutants [42,43]. The strong relationship of the PM1

concentration with air temperature was confirmed by a significant negative correlation (p < 0.01) both
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in Šlapanice (a correlation coefficient R = −0.71, Table S1) and in Brno (−0.64, Table S2). Calculated
one-day backward trajectories (Figures S1–S8) indicate possible transport of not only regional air
pollution from surrounding villages but also long-range transport of polluted air from more distant
localities, such as heavy polluted areas in the Silesian Voivodeship in southern Poland that has been
recently identified as an important PM source in winter [12]. The differences in the concentration of
PM1 aerosols in corresponding seasons in 2009 and 2010 (Table 2) were probably caused mainly by
different meteorological and dispersal conditions in those two years.

Table 2. Mass concentrations of PM1 aerosols during the campaigns.

Locality—Season
PM1 (µg/m3)

Mean (Range)

Brno—winter 2009 (10–16 February 2009) 12.3 (10.3–20.3)
Šlapanice—winter 2009 (25–31 January 2009) 28.5 (13.1–47.8)

Brno—summer 2009 (3–9 August 2009) 8.89 (7.72–10.7)
Šlapanice—summer 2009 (25–31 August 2009) 12.2 (5.99–18.6)

Brno—winter 2010 (1–7 February 2010) 25.9 (20.9–32.5)
Šlapanice—winter 2010 (16–22 February 2010) 33.1 (19.1–52.8)

Brno—summer 2010 (17–23 August 2010) 10.4 (5.77–17.6)
Šlapanice—summer 2010 (25–31 July 2010) 7.73 (5.88–11.3)

The mass of determined elements and ions together accounted for about 29% of total PM1 mass,
ranging between 16% and 44%. The rest of the mass probably consists of organic compounds, elemental
carbon and water. Previous studies at the same locations showed that organic material and elemental
carbon formed on average 37.6% and 7.80% of PM1 mass [11,18,19].

The concentration of PM1 aerosols found in Brno and Šlapanice in 2009 and 2010 are similar to
those observed in other study from this site [11] as well as in PM1 from other localities in the Czech
Republic [6,23], or from other sites in Europe, such as Birmingham [44], Melpitz [45], Bologna [46],
Granada [34], Katowice [47] and Racibórz, whereas the concentration of PM1 in Zabrze [48] was higher
than in Brno and Šlapanice.

Two recent studies [21,49] from the same location in Brno do not show any decrease in air pollution
with PM1 aerosol. The concentration of PM1 aerosols collected in summer 2014 (i.e., the mean value of
10.8 µg/m3) was similar to the concentration found in the presented study, while the concentration
found in winter 2015 (i.e., the mean value of 16.5 µg/m3) [21] was in the middle of the concentrations
found in the present study in winter 2009 and 2010. The sampling of PM1 aerosols in winter 2017 was
accompanied by a few days of smog event, which resulted in an increased PM concentration in Brno
and the concentrations of PM1 aerosols measured in this study (i.e., the mean value of 34.2 µg/m3) [49]
was thus even higher than the concentrations found in the present study.

3.2. Characterization of Elements

We analysed 14 elements in all submicrometre aerosol samples collected in Brno and Šlapanice.
The average element concentrations in PM1 aerosols from both sampling sites are summarized in
Table 3 (campaigns of 2009) and Table 4 (campaigns of 2010). In winter 2009, the concentrations of
elements in Šlapanice were higher than those in Brno, whereas in all other seasons the concentrations
of elements at both localities were comparable. The sum of concentrations of the analysed elements
accounted for 1.77% of PM1 mass. In winter, the contribution of elements to PM1 mass was 2.17%
(1.70–2.76%) and in summer decreased to 1.37% (0.92–1.97%). In winter, lead and potassium were
the two most abundant elements accounting for 65–84% of the total element mass in PM1, while in
summer potassium prevailed (27–40% of the total element mass in PM1). The daily changes in element
concentrations in 2009 and 2010 are shown in Figures 2 and 3, respectively. As, Cd, Pb and Ni are
elements known to be toxic to human health [50,51]. The annual average concentration of these
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elements, calculated as the average of summer and winter concentrations, do not exceed the annual
limit valid in the Czech Republic [52] in both Brno and in Šlapanice in 2009 and 2010.

Table 3. Summary of concentrations of elements and water-soluble ions (ng m−3) in PM1 aerosols
collected during the winter and summer campaigns in Brno and Šlapanice in 2009.

PM Component
Brno Šlapanice

Winter Summer Winter Summer

Mean Mean Mean Mean
(range) (range) (range) (range)

V
0.41 0.13 0.51 0.07

(0.29–0.66) (nd–0.30) (0.36–0.77) (nd–0.27)

Cd
0.09 0.18 0.48 0.20

(0.05–0.14) (nd–0.35) (0.20–0.93) (0.08–0.45)

As
0.32 0.55 0.74 0.17

(0.15–0.58) (nd–1.51) (0.19–1.47) (nd–0.42)

Sb
0.24 0.67 1.08 0.78

(0.14–0.42) (0.20–0.98) (0.41–2.26) (0.41–1.35)

Cu
0.46 1.08 1.33 0.50

(0.25–0.76) (nd–1.56) (0.38–3.16) (0.23–0.98)

Ni
0.37 nd 3.79 nd

(0.09–0.66) (nd–nd) (0.77–20.7) (nd–nd)

Mn
1.18 1.38 3.10 1.94

(0.54–2.23) (0.42–2.11) (0.69–6.36) (0.39–5.50)

Al
9.44 7.07 9.32 9.35

(1.82–18.8) (nd–18.9 (3.64–14.0) (nd–27.8)

Ba
22.1 11.42 31.9 10.2

(2.39–63.9) (3.15–20.0) (0.48–107) (1.99–17.7)

Fe
28.8 5.45 37.9 4.01

(14.7–45.9) (nd–10.9) (10.2–123) (nd–12.6)

Zn
8.49 8.52 35.8 17.2

(5.48–15.6) (2.60–12.8) (13.6–72.6) (5.61–66.1)

Ca
30.0 54.7 31.7 40.9

(4.12–47.3) (19.3–119) (14.8–48.1) (29.9–51.2)

K
63.3 68.1 201 76.7

(32.9–127) (34.3–124) (95.2–326) (24.7–145)

Pb
133 27.3 211 42.9

(90.5–265) (5.93–44.9) (83.4–465) (15.5–96.0)

F−
5.87 5.51 29.1 4.90

(nd–16.9) (0.99–14.6) (4.46–67.1) (1.20–10.2)

Cl−
10.4 6.59 515 13.1

(nd–36.5) (1.05–17.1) (47.3–1461) (1.93–26.4)

NO2
−

3.20 5.14 8.35 5.97
(2.11–4.29) (0.99–22.5) (5.83–13.7) (0.74–12.1)

NO3
−

2462 79.9 3460 215
(969–5224) (8.39–294) (1128–6090) (82.9–530)

SO4
2−

1386 1012 3516 1799
(846–1775) (262–1535) (2328–4731) (285–3742)

oxalate
55.9 85.8 91.5 133

(32.2–72.8) (19.0–148) (50.2–109) (28.4–262)
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Table 3. Cont.

PM Component
Brno Šlapanice

Winter Summer Winter Summer

Mean Mean Mean Mean
(range) (range) (range) (range)

PO4
3−

3.00 3.90 26.2 5.18
(nd–8.84) (1.00–10.7) (13.0–48.1) (nd–21.1)

Na+
4.30 50.1 30.4 25.0

(nd–11.5) (2.01–166) (nd–148) (1.01–57.1)

K+
39.5 55.6 84.7 63.3

(10.5–72.7) (17.3–109) (18.7–175) (18.2–119)

NH4
+

1140 395 2387 733
(616–1894) (121–601) (1388–3989) (134–1450)

Ca2+
5.37 26.6 28.0 35.4

(2.11–10.3) (15.0–46.3) (11.9–43.7) (25.9–45.8)

Mg2+
nd nd nd 3.52

(nd–nd) (nd–nd) (nd–nd) (1.00–6.02)

nd—not detected.

Table 4. Summary of concentrations of elements and water-soluble ions (ng m−3) in PM1 aerosols
collected during winter and summer campaigns in Brno and Šlapanice in 2010.

PM Component
Brno Šlapanice

Winter Summer Winter Summer

Mean Mean Mean Mean
(range) (range) (range) (range)

V
0.57 nd 0.98 0.08

(0.31–0.97) (nd–nd) (0.37–1.45) (nd–0.58)

Cd
0.58 0.15 0.50 0.10

(0.38–1.17) (0.07–0.26) (0.42–0.62) (0.02–0.32)

As
1.11 0.20 1.06 0.88

(0.54–1.68) (nd–0.43) (0.66–1.92) (nd–2.44)

Sb
1.05 0.70 1.93 0.29

(0.67–1.72) (0.44–1.13) (0.84–4.96) (0.09–0.39)

Cu
1.40 1.44 1.09 0.60

(0.45–3.47) (1.04–2.15) (0.31–3.02) (nd–1.14)

Ni
1.38 0.10 0.72 nd

(0.40–4.21) (0.02–0.23) (0.29–1.40) (nd–nd)

Mn
5.90 1.24 2.14 2.37

(1.71–11.6) (0.51–1.83) (0.73–5.28) (0.78–3.84)

Al
3.89 8.63 1.51 13.5

(0.90–11.1) (7.21–11.4) (0.45–2.90) (nd–27.6)

Ba
12.6 0.10 nd 0.87

(nd–69.6) (nd–0.30) (nd–nd) (nd–4.87)

Fe
57.4 25.1 20.4 33.2

(20.6–86.0) (20.8–31.5) (10.6–53.0) (7.44–70.1)

Zn
46.2 12.5 40.2 9.77

(19.8–73.7) (4.54–19.7) (27.4–51.4) (4.45–12.9)
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Table 4. Cont.

PM Component
Brno Šlapanice

Winter Summer Winter Summer

Mean Mean Mean Mean
(range) (range) (range) (range)

Ca
20.7 13.0 6.87 6.15

(13.6–26.5) (10.7–16.8) (2.88–13.2) (2.45–12.8)

K
273 44.0 353 25.7

(217–377) (8.59–100) (229–391) (18.2–33.1)

Pb
76.7 3.05 81.1 3.36

(46.5–109) (1.69–5.04) (50.6–135) (nd–7.18)

F−
14.4 4.02 43.4 0.27

(7.65–27.3) (nd–7.89) (16.5–141) (nd–1.91)

Cl−
140 7.65 315 10.7

(37.8–194) (nd–19.2) (40.3–1129) (2.61–21.6)

NO2
−

23.4 2.06 16.7 17.5
(3.52–74.8) (0.48–3.54) (nd–46.5) (0.30–82.6)

NO3
−

3746 105 3156 137
(2234–5422) (8.20–519) (1727–4315) (25.1–335)

SO4
2−

1355 577 1591 596
(518–2770) (79.0–1315) (280–3228) (178–1009)

oxalate
74.8 78.0 121 23.7

(51.9–112) (7.29–190) (2.82–234) (0.50–46.6)

PO4
3−

24.0 12.3 30.1 3.01
(5.48–37.2) (1.75–44.0) (nd–67.0) (0.28–6.59)

Na+
45.1 4.74 75.9 2.58

(13.1–70.2) (nd–10.2) (6.34–324) (nd–6.68)

K+
212 36.8 314 18.5

(171–278) (10.1–105) (191–352) (12.8–21.7)

NH4
+

3217 701 3261 716
(2539–3942) (117–1382) (1783–5475) (211–1173)

Ca2+
6.12 8.27 4.93 4.50

(3.35–9.05) (4.49–13.7) (2.03–9.48) (1.85–9.43)

Mg2+
1.00 0.66 4.32 0.10

(nd–3.08) (0.06–1.37) (nd–27.2) (nd–0.68)

nd—not detected.

The concentrations of elements in the PM1 samples from both the Brno and Šlapanice sites are
comparable with those found in Granada [34], Bologna [46] and Frankfurt [53], but lower than those in
samples from other European sites, such as Katowice [47] or Tito Scalo [54]. In other Polish cities, Zabrze
and Racibórz, the concentrations of several elements (Al, Mn, Fe, Cu, Zn, As) in PM1 were higher than
those in Brno and Šlapanice, while the concentrations of other elements were comparable [48].

A comparison of the concentrations of elements in PM1 aerosols collected in Brno in 2009 and 2010
with the concentrations of elements collected at the same location in summer 2014 and winter 2015 [21]
does not show a marked drop in air pollution with heavy metals in Brno location during this period.
Most of the elements measured simultaneously in this and in a later study (i.e., Fe, Mn, V, Ni, Cu, Zn,
Cd) show approximately similar concentrations, with the exception of lead, as the concentrations of
which in winter 2015 were much lower than the concentrations found in the corresponding season in
2009 and 2010. Similarly, the concentration of lead in summer of 2014 was much lower than in summer
of 2009, but practically identical with the concentrations in summer of 2010.
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Figure 2. Daily variations in the concentrations of elements in the PM1 aerosols in Brno and Šlapanice
in 2009.

 

 

Figure 3. Daily variations in the concentrations of elements in the PM1 aerosols in Brno and Šlapanice
in 2010.

The enrichment factors (EFs) of elements in aerosols collected in Brno and Šlapanice were
calculated to discriminate the anthropogenic and crustal (i.e., natural) origin of the studied elements.
The EFs are defined by the equation

EF = (X/R)aerosol/(X/R)crust (2)

where X represents the considered element and R is the reference element, while the subscripts aerosol
and crust indicate concentrations in PM1 and in the Earth’s crust, respectively [55]. The EFs were
calculated for Fe as the reference element [21]. Generally, EF < 5 indicates the crustal soil as the
predominant source of the element, while the anthropogenic origin of the element may be considered
at EF > 100 [56]. The enrichment factors calculated from the element concentrations determined in

196



Atmosphere 2020, 11, 688

PM1 aerosols collected in Brno and Šlapanice are shown in Table 5. Pb, Cd and Sb have the highest
EFs, with Pb being the most enriched element for PM1 particles both in Brno and Šlapanice followed
by Cd, Sb, Zn and As with EF > 100, which indicates their anthropogenic sources. The EFs of Cu,
Ba, Ni, K, Mn and V are within the range of 5–100, which suggests that these elements are of both
anthropogenic origin and soil contribution. The EF of Al approaches to unity, which indicates crustal
soil as a predominant source [54,57]. The EFs of most elements in the aerosols sampled in Šlapanice
are larger than enrichment factors of elements in aerosols collected in Brno. The obtained value of
the EFs from both localities are similar to those of the recent study in Brno [21], with the exception of
V, Mn and Cd, the values of which in this study are approximately twice higher, and the EF of Pb is
approximately 20 times higher.

Table 5. Enrichment factors calculated from the element concentrations determined in PM1 aerosols
collected in Brno and Šlapanice.

Fe Al Ca V Mn K Ni Ba Cu As Zn Sb Cd Pb

Brno 1.00 0.24 4.57 4.82 5.65 8.94 8.59 48.2 103 283 462 4356 5753 6393
Šlapanice 1.00 0.37 4.41 8.11 9.39 17.9 28.2 53.4 80.8 285 1096 7985 9717 11,722

Most of the elements exhibit distinct seasonal variability when the concentrations of elements
in winter were higher than in summer. High seasonal differences were observed especially for K,
Pb, Fe, As, V, Cd, Zn, Ni, Sb and Ba, and less for Mn and Cu. Potassium is produced largely during
wood combustion [58]. Other metals can originate from several different sources. Arsenic and
cadmium originate mainly from coal combustion and partly from industry. Zn, Mn, Cu, Fe or Pb
are produced, next to various industrial sources and traffic, mainly by biomass (wood) burning and
coal combustion [59–62]. Coal combustion and biomass burning are still frequently used for energy
production and for residential heating in many European countries [36,63]. Hence, it is plausible that
increased concentration of these elements (with exception of Al and Ca) in heating seasons when
compared to the rest of the year is largely caused by wood and coal combustion in residential heating.
Recent studies [11,15,18,19] and the results from the last census in the Czech Republic in 2011 [64]
indicate that the combustion of coal and wood is used for heating only in a small part of households
both in Brno (0.46%) and in Šlapanice (1.36%), but the proportion of households in small villages near
Šlapanice and Brno using wood or coal for heating is much higher (up to 11%). In addition, elements,
such as Cd, As, Mn, Ni, Pb, V, Cu, Zn, Sb and so on, can also originate from emission of a municipal
solid waste incinerator [65,66] located directly on the connecting line between the sampling site in
Brno and Šlapanice, or from the incineration of waste in households (Sb, Cu, Pb, Sn, Ti, and Zn) [67].
Another possible source of elements, in particular Ca, Zn, Fe, Mn, Pb, Cd, As, Cu and Ni, is a cement
plant [68–70] located north of Šlapanice and east of Brno. To verify this hypothesis, we calculated
one-day backward trajectories for all the sampling campaigns in both the Brno and Šlapanice sampling
sites (Figures S1–S8). Detailed analysis revealed the transport of air masses from all directions, although
during individual campaigns certain wind directions prevailed (Table 1). Moreover, the backward
trajectory analysis shows the possibility of a long-range transport of air masses to Brno and Šlapanice
from areas as far as several hundred kilometres.

3.3. Characterization of Water-Soluble Ions

We analysed 12 water-soluble ions in total (i.e., 5 inorganic cations, 6 inorganic anions and oxalate)
in all submicrometre aerosol samples collected in Brno and Šlapanice. Average water-soluble ion
concentrations in PM1 aerosols from both Brno and Šlapanice are summarized in Table 3 (campaigns
of 2009) and Table 4 (campaigns of 2010). Ion species were important constituents of submicrometre
aerosols both in Brno and Šlapanice, accounting for 27.5% and 26.8% of PM1 mass in Brno and Šlapanice,
respectively. Ion species on average accounted for 27.2% of mass of PM1 aerosols. Ammonium, nitrate
and sulphate were the three major ion species, contributing 32.3%, 36.2% and 23.4% of the total
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ion concentrations, respectively. SO4
2−, NO3

− and NH4
+ are generally considered as secondary

inorganic aerosol components (SIA; [71]). They derive from gas to particle conversion processes
when SO2 is transformed to H2SO4 and nitrogen oxides to HNO3, followed by NH3 neutralization to
form (NH4)2SO4 and NH4NO3. SO2 and NOX are products of combustion processes, whereas NH3

originates mainly from anthropogenic sources, such as agricultural activity, industry and traffic [36,72].
The sum of SO4

2−, NO3
− and NH4

+ accounted together for 91.9% on average (86.1–97.5%) of total ion
concentration and for 25.1% of PM1 mass. The concentrations of other analysed anions and cations
were much lower. The daily changes in the concentrations of ions in 2009 and 2010 are shown in
Figures 4 and 5, respectively.

 

 

Figure 4. Daily variations in the concentrations of water-soluble ions in the PM1 aerosols in Brno and
Šlapanice in 2009.

 

 

Figure 5. Daily variations in the concentrations of water-soluble ions in the PM1 aerosols in Brno and
Šlapanice in 2010.

The majority of the analysed ions show significant seasonal variability with winter concentrations,
significantly exceeding those in the summer (Tables 3 and 4). The SIA contribution decreased from
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a share of 32.4% in PM1 mass in winter to 17.8% in summer. The concentration of NO3
− was much

higher in winter than in summer, which may be due to the low thermal stability of ammonium nitrate
in the summer, favouring the conversion of particulate ammonium nitrate to gaseous nitric acid and
ammonia [1,73]. In contrast, the difference between the winter and summer SO4

2− concentrations was
much smaller compared to that of NO3

−, which indicates an active photochemical production of SO4
2−

in summer [74].
Increased concentrations of F−, Cl−, NO2

−, SO4
2−, PO4

3−, NO3
−, NH4

+ and K+ in winter are mostly
associated with burning of wood and coal in residential heating [11,18,19,36]. Combustion processes
are the main sources of fluoride (i.e., coal), chloride (i.e., wood, coal, solid waste) and phosphate
(i.e., coal, wood, traffic). K+, considered an inorganic tracer for biomass burning [14,62], formed the
majority (i.e., 73.9%) of the total potassium in submicrometre aerosol. Enhanced winter concentrations
of Cl−, F−, PO4

3− and K+ were observed especially in Šlapanice, which is likely associated with local
and regional combustion of wood and coal in residential heating [11,18,19]. Moreover, Cl− and F−

may also be emitted from the brickworks [75,76] located directly in Šlapanice. Cl− and PO4
3− serving

as markers of plastic waste combustion may also originate from a large municipal waste incinerator
located east of Brno or from the combustion of solid waste by households [67].

The concentrations of oxalate in winter were similar to those during summer campaigns, with the
exception of Šlapanice in 2010. Oxalates, considered a major water-soluble organic compound in the
aerosols, were reported as both a product of primary emissions from combustion processes (traffic,
biomass burning, biogenic activity) and as a secondary product of atmospheric chemistry [77,78].
Oxalate correlated both with sulphate and K+ (Tables S1 and S2), which suggests that oxalate found in
PM1 aerosols in Brno and Šlapanice originated from both biomass burning and secondary oxidation.

The concentration of ions in PM1 in Brno and Šlapanice were comparable with those found in
Granada [34] and Katowice [47], while in other Polish cities, Zabrze and Racibórz, the concentrations
of several ions (Cl−, K+, Na+, Ca2+, Mg2+) were higher and others (NH4

+) were lower [48].
The concentrations of ions at background station in Melpitz were comparable with the exception of a
higher concentration of Mg2+ and a lower concentration of Ca2+ in comparison with results of this
study [45]. A recent study from Prague reported generally higher concentrations of the analysed
Cl−, SO4

2−, NO3
− and NH4

+ in comparison with those from Brno and Šlapanice [20]. Recently, Cl−,
NO2

−, SO4
2− and NO3

− have been analysed in Brno in PM2.5 particles, using the continuous aerosol
sampler [16]. The concentrations of Cl− and SO4

2− found by the aerosol sampler were comparable with
filter-based concentrations in this study, but the concentrations of NO2

− and NO3
− from the aerosol

sampler were higher. This difference can be explained by the bimodal distribution of nitrate in PM1

and PM2.5 [6] and by sampling artefacts observed during the sampling of nitrite on filters [16].

3.4. Correlation Analysis

Pearson correlation coefficients provide another way to assess the sources of the analysed
components in PM1 aerosols. The possible sources can be identified from the correlation matrix by
analysing the value, which represents the linear coefficient of correlation between the species. The high
correlation of two species suggests their identical sources. The results of correlation analysis of the
studied elements and water-soluble ions and their relationship to the mass concentration of PM1

and temperature of air are shown in Table S1 (Šlapanice) and Table S2 (Brno), and are discussed in
detail below.

Several elements (V, Cd, As, Fe, Zn, K) and most ions (NO3
−, Cl−, F−, PO4

3−, K+ and NH4
+)

both in Šlapanice and Brno (p < 0.01) significantly positively correlated with PM1, but negatively
correlated with temperature, which indicates a strong association of the mentioned elements and ions
with combustion sources, especially in heating seasons.

Many elements and ions have the same overlapping sources. For example, Zn, Cu, Mn, Pb, As,
Cd were found in the emissions from several combustion processes, such as coal combustion, biomass
burning, an incinerator or vehicle emissions. The effect of biomass burning on the studied elements
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and ions was investigated through the correlation with K+, which is used as a marker of biomass
(especially wood) burning [14,62]. K+ correlated significantly (p < 0.01) in Brno with V, Cd, As, Sb, Cu,
Ni, Mn, Fe, Zn, K, NO3

−, Cl−, F−, PO4
3−, NO2

− and NH4
+, and in Šlapanice with V, Cd, Sb, Zn, K,

NO3
−, F−, NH4

+ (p < 0.01) and with As and PO4
3− (p < 0.05), which suggests that wood burning was

one of the major sources of the PM1 constituents during the campaigns in Brno and Šlapanice. This
finding is in good agreement with the list of elements found in the emissions from the combustion of
various biomass fuels [61,62]. Other elements (i.e., Zn, Cu, Cd and As) are important markers of coal
combustion [60]. Significant cross-correlations among these elements (p < 0.01) confirm their common
origin in combustion of coal. Moreover, some elements and ions originated from the municipal waste
incinerator, such as Sb, Zn, Cd, As, Mn, Ni, Cl−, F−, and PO4

3− correlated significantly with other
elements and ions in Brno more than in Šlapanice, which suggests a stronger effect of emissions from
the municipal incinerator on the composition of PM1 in Brno than in Šlapanice. Ni did not correlate
with any other element or ion in Šlapanice, but in Brno, Ni correlated significantly with V, Mn, Fe,
K, NH4

+, PO4
3− (p < 0.01), Cd, NO3

− and Cl− (p < 0.05), which indicates the municipal incinerator
as a predominant source of Ni in Brno. A similar difference in the correlations between the Brno
and Šlapanice was also observed for Mn. The opposite situation was observed for Pb, which highly
correlated with other PM1 components more in Šlapanice (i.e., Cd, Cu, Fe, Zn, K, SO4

2−, NO3
−, Cl−,

F−, PO4
3−, NH4

+ (p < 0.01), Mn, F− (p < 0.05) than in Brno (Ba, NO3
− (p < 0.01), V (p < 0.05)). No

apparent correlation with other constituents in the PM1 samples collected in the Brno and Šlapanice
sites was observed for Al and Ca, suggesting that Al and Ca have different sources compared to other
elements and ions in PM1, such as soil dust resuspension for Al or emissions from a cement factory for
Ca and Ca2+.

3.5. Source Apportionment

The correlation analysis groups the elements and ions on the basis of high pair correlations.
The method provides only general information about the possible sources. Moreover, it does not
evaluate the relationship between various sources, so overlapping of sources is problematic. To enhance
the accuracy of emission source identification and their relative contribution, the method of factor
analysis was also applied. The factor analysis belongs to multivariate statistical methods and is
commonly used to identify the sources of PM aerosols [29,31,32,79].

In order to identify the aerosol emission sources, the factors were extracted by using the
principal component analysis method (PCA) [41] and further rotated by using the varimax criterion,
which achieves a simpler structure of the orthogonal factor model and also better interpretable
factors. The optimal number of factors was estimated based on the Kaiser criterion and scree plot [41].
All computations were performed by using the software R version 3.6.1.

The principal component analysis was performed on the concentrations of elements and ions
in PM1 aerosols collected in Šlapanice and Brno sites. The six extracted factor loadings from PCA
analysis in Šlapanice and Brno dataset are given in Tables 6 and 7, and Figures 6 and 7, respectively.
Only factor loadings above 0.1 are shown and values greater than 0.5 are in bold. The last lines in the
tables (Variance and Cumul. Var., %) show the proportions of the total data variance explained by each
individual factor and total explained variance, respectively.

200



Atmosphere 2020, 11, 688

Table 6. Principal component analysis results of PM1 components in Šlapanice.

F1 F2 F3 F4 F5 F6

V 0.79 0.24 0.1
Cd 0.7 0.46 0.14 0.33 0.3 0.16
As 0.32 0.49
Sb 0.38 0.88
Cu 0.43 0.26 0.84
Ni 0.5
Mn 0.1 0.59 0.19 0.19
Al 0.3 0.17
Ba 0.44 0.42
Fe 0.84 0.28 0.16
Zn 0.6 0.28 0.1 0.43 0.3 0.16
Ca 0.98
K 0.89 0.11 0.25 0.34
Pb 0.34 0.59 0.31 0.4 0.27 0.39

NO3
− 0.6 0.35 0.51 0.22 0.38

SO4
2− 0.39 0.48 0.51 0.44

Oxalate 0.57 0.1 0.45
F− 0.44 0.19 0.77
Cl− 0.18 0.45 0.84 0.2 0.12

NO2
− 0.1 0.27

PO4
3− 0.41 0.25 0.6 0.12

NH4
+ 0.87 0.39 0.14 0.15

Na+ 0.25 0.59 0.28 0.41 0.18
K+ 0.89 0.15 0.31

Ca2+ 0.98
Variance (%) 23 14 13 12 9 5

Cumul.Var. (%) 23 37 50 62 71 76

Table 7. Principal component analysis results of PM1 components in Brno.

F1 F2 F3 F4 F5 F6

V 0.61 0.5 0.24
Cd 0.26 0.58 0.66 0.11
As 0.45 0.32 0.38 0.18
Sb 0.32 0.87 0.16 0.16
Cu 0.26 0.86 0.2 0.11
Ni 0.59 0.15 0.51
Mn 0.9 0.38
Al 0.1 0.13
Ba 0.31 0.71
Fe 0.88 0.3 0.16 0.15
Zn 0.65 0.68 0.2 0.14 0.15
Ca 0.74
K 0.61 0.63 0.35 0.21 0.2
Pb 0.26 0.27 0.8

NO3
− 0.73 0.11 0.25 0.57 0.18

SO4
2− 0.84 0.28 0.19

Oxalate 0.27 0.52 0.31
F− 0.27 0.54 0.16 0.29
Cl− 0.79 0.4 0.32

NO2
− 0.47 0.37 0.38

PO4
3− 0.13 0.27 0.6 0.51

NH4
+ 0.6 0.25 0.69 0.13 0.24

Na+ 0.2 0.3 0.23 0.75
K+ 0.55 0.53 0.38 0.48

Ca2+ 0.1 0.92
Variance (%) 23 18 13 10 8 7

Cumul.Var. (%) 23 41 54 64 72 79
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Figure 6. Source profiles for PM1 in Šlapanice.
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Figure 7. Source profiles for PM1 in Brno.
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3.5.1. Analysis for Šlapanice

Six independent sources identified in Šlapanice dataset (F1–F6 in Table 6 and Figure 6) include a
combustion source (23%), coal combustion (14%), a cement factory (13%), a municipal waste incinerator
(12%), vehicle exhausts (9%) and industry (5%). The identified factors together explained 76% of the
total variance.

The first factor was identified as a combustion source. It is dominated by K+, K, NH4
+, V and Cd,

followed by NO3
−, oxalate and Zn. Other identified tracers are As, Sb, Pb, PO4

3− and SO4
2−. These can

be related to biomass (mainly wood) burning and coal combustion in residential heating [11,18,19,35]
or in a power plant burning coal and biomass located 50 km southeast of Šlapanice. The factor may also
include local sources, such as engine vehicle emissions (Zn, Pb, Mn) [80] or emissions from brickworks
built on a small hill at the north side of Šlapanice.

The second factor was identified as coal combustion. The factor was associated with high loadings
of Fe, Mn, Pb and Na+ and moderate loadings of Cd, As, Cu, SO4

2−, Cl−, NO3
− and NH4

+. Coal is
used for household heating to some degree in Šlapanice and, in particular, in villages around Šlapanice.
Moreover, a coal-fired power plant is located in a distance of 50 km southeast of Šlapanice.

The third factor with high loadings of Ca and Ca2+ may be explained mainly by emissions from a
cement factory [68–70,81]. The cement factory in Mokrá is situated in a short distance, about 6.5 km
northeast of Šlapanice.

The fourth factor with high loadings of Cl−, F−, PO4
3− and NO3

− and moderate loadings of
Cd, Cu, Zn, Pb, K and Na+ was identified as emissions from a municipal waste incinerator [65,66].
The large municipal waste incinerator, located at the southeast side of Brno and at a distance of 5 km
northwest of Šlapanice, is used for the entire agglomeration of Brno. It is also necessary to take into
account a partial contribution from waste incineration in households in Šlapanice and surrounding
villages [67].

The fifth factor identified as vehicle exhausts was characterized with high loadings of Sb and Cu
and moderate loadings of Cd, Zn, K, Pb and K+. Cu, Sb and Zn are used as markers of vehicle-related
sources [57]. They generally originate from abrasions of tires or break wear. However, Cu, Zn and
Sb present in PM1 aerosols, originating probably from the exhaust emissions from diesel and petrol
engines as Cu, Zn and Sb, along with other elements, are present directly in the fuel or lubricating
oils [36,57,80,82].

The sixth factor with moderate loadings of Ni, Ba, Pb, SO4
2− and NO3

−, represented emissions
from industry. Several small production workshops dealing with the processing of metals are located
on the outskirts of Šlapanice or nearby.

3.5.2. Analysis for Brno

Six independent sources identified in the Brno dataset (F1-F6 in Table 7 and Figure 7) included
a municipal waste incinerator (23%), vehicle exhausts (18%), secondary sulphate (13%), a cement
factory (10%), industry (8%) and biomass burning (7%). Identified factors together explained 79% of
the total variance.

The first factor was identified as the municipal waste incinerator [65,66] situated about 6 km
southeast of the sampling site. The factor is associated with high loadings of Mn, Fe, Cl−, Ni, Zn, V, K,
NO3

− and NH4
+ and moderate loadings of K+, As, Sb, Cu, Cd, Pb and F−.

The second factor was identified as vehicle exhausts. It is dominated by Sb and Cu and by
moderate loadings of Zn, K, Cd, F−, K+, Mn, As, Ba, Cl− and Fe [35,36,57]. The intensity of traffic,
including cars and trams on the Veveří street, is quite high, with frequent queues of standing cars in
front of the sampling site due to a nearby intersection.

The third factor representing the secondary aerosol production was identified as a secondary
sulphate with SO4

2− and NH4
+ as the two main markers. They derive from gas to particle conversion

processes from SO2 oxidation and NH3 neutralization [30,57]. SO2 originates largely from coal and
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biomass combustion, while NH3 results from agricultural and traffic emissions [36,72]. This factor
represents regional or long-range transport of aerosols.

The fourth factor was dominated by high loadings of Ca2+, Ca and Na+, followed by moderate
loadings of oxalate and SO4

2−, and represented the emissions from a cement factory [68–70] situated
about 14 km east of the Brno sampling site.

The fifth factor was identified as an industry source. It was characterized with high loadings of
Pb and Ba and moderate loading of NO3

− [57]. The factor is associated with emissions from various
industrial plants around Brno.

The sixth factor with PO4
3−, K+, Cl−, F−, oxalate, NH4

+ and Zn, as the main indicators, was
related to biomass burning [30,35]. The factor relates mainly to the regional transport of emissions
from biomass (mainly wood) burning within residential heating in villages near Brno.

3.5.3. Comparison of Results for Šlapanice and Brno

The major sources of PM1 components identified by PCA in both localities are quite similar,
but they differ with their contribution. PCA showed that local pollution from the municipal waste
incinerator (accounting for 23%) and vehicle exhausts (18%) prevailed in Brno, while Šlapanice was
more burdened by the transport of pollution from regional sources, such as the municipal waste
incinerator in Brno (12%), the cement factory in Mokrá (13%) or coal and wood combustion (14
and 23%) in the nearby villages. This hypothesis was confirmed by one-day backward trajectories
(Figures S2, S4, S6 and S8) that indicate possible regional transport of air masses to Šlapanice from
all directions, although the transport from east is less frequent. Villages, predominantly south or
north of Šlapanice could thus be an important source of air pollution originated from biomass and
coal combustion in the frame of residential heating. Moreover, there is a coal and biomass burning
power plant located southeast of Šlapanice within a distance of 1 day of transport. Trajectories also
confirmed the transport of air masses to Šlapanice from a northeast or northwest direction, where the
cement factory and municipal incinerator are located. One-day backward trajectories calculated for
Brno location (Figures S1, S3, S5 and S7) also indicated possible regional transport of air masses to Brno
from all directions, which confirms findings of the factor analysis which identified the cement factory
and biomass burning (i.e., within residential heating in surrounding villages or in a biomass-burning
power plant located southeast of Brno) as regional sources of air pollution in Brno. Finally, we cannot
neglect the contribution of long-range transport of polluted air from remote areas at distances of as far
as several hundred kilometres to the pollution of both locations.

It should be borne in mind that, due to the limited sampling period at both locations, the findings
concerning the source apportionment are valid only for the sampling period, while for the rest of the
year, the PM1 sources or their contribution may vary.

4. Conclusions

The concentrations of elements and water-soluble ions in PM1 aerosols in Brno and Šlapanice,
representing a large city and a small town in the Czech Republic, were compared in heating and
non-heating seasons in 2009 and 2010. The average PM1 mass concentration was 19.1 and 9.65 µg m−3 in
winter and summer in Brno, respectively, and 30.8 and 10.0 µg m−3 in winter and summer in Šlapanice,
respectively. In the winter season, ions formed a significant part of PM1 mass of aerosols, accounting
for 34.6% (26.8–41.6%), while in the summer season the contribution of ions to PM1 mass decreased to
19.7% (14.8–24.9%). Ammonium, nitrate and sulphate, the three major ion species, accounted for 91.9%
of a total ion concentration and 25.1% of PM1 mass. The contribution of elements to PM1 mass was
much smaller: 2.17% (1.70-2.76%) in winter and 1.37% (0.92–1.97%) in summer. A more recent seasonal
studies in Brno and Šlapanice [11,18,19] ascribed the rest of PM1 mass to other components: organic
material and elemental carbon that accounted for 38.8% and 7.00% of PM1 mass in winter, respectively,
and for 36.5% and 8.62% of PM1 mass in summer, respectively.
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The differences in the concentrations of PM1 aerosols, elements and water-soluble ions in the
corresponding seasons (especially winter) in 2009 and 2010 may have mainly been due to different
meteorological and dispersal conditions in those two years. The variations in the concentrations of
PM1, elements and water-soluble ions in Brno and Šlapanice during the same season result from a
change in the actual emission and meteorological and dispersal situation at the relevant site.

The backward trajectory analysis confirmed that the concentrations of elements and ions in aerosols
collected in Brno or Šlapanice do not depend only on local emission sources but are affected significantly
also by regional transport of polluted air from various sources both nearby (e.g., surrounding villages,
cement factory etc.) and by a long-range transport of polluted air from sources at larger distances from
both the studied locations, such as a power plant southeast of Brno and Šlapanice, or even from more
distant areas, such as a heavily polluted region in Ostrava or southern Poland situated north of Brno
and Šlapanice.

The source apportionment of the PM1 samples collected in Brno and Šlapanice was performed
using PCA. The six major sources of PM1 components identified by PCA in both localities are quite
similar in composition, although differing in their fractional contribution. Coal and biomass (largely
wood) combustion, a municipal waste incinerator, vehicle exhausts, a cement factory and industry
were identified as major sources at both localities. Both sampling sites were burdened by both local
and regional pollution. The municipal waste incinerator (23%) and vehicle exhausts (17%) identified as
the two major sources of PM1 in Brno indicate a predominant effect of local sources in Brno, while
Šlapanice was more burdened by the transport of pollution from regional sources, such as the municipal
waste incinerator in Brno (12%) or the combustion of wood and coal in the nearby villages (37%).
The transport of aerosols from sources at larger distances from Šlapanice (for example a coal- and
biomass-fired power plant near the border with Slovakia) or a long-range transport of PM1 from
neighbouring countries should also be taken into account. However, the short sampling period at both
locations restricts the validity of conclusions concerning the sources of PM1 aerosols at both locations
only to the sampling period, while in rest of year, the PM1 sources or their contribution may vary.
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Abstract: The paper analyzes suspended particles number concentrations of 61 size fractions (184 nm
to 17,165 nm) in the air at a traffic location. The average course of the individual fractions was
analyzed at various intervals – daily, weekly, monthly and annually, in the period between 2017 and
2019. The data was then used to calculate the arithmetic mean for all the fractions (MS Excel, R) and
then using a proprietary web application, heatmaps were constructed. The obtained results showed
significant differences in both the annual and daily variation of number concentrations between the
individual fractions differing in particle size. In the case of the annual variation, one can see a greater
variability of smaller particles, which is most likely due to the source of the actual suspended particles.
Meteorological and dispersion conditions are found as important factors for suspended particle
concentrations. These can lead to significant differences from year to year. However, a comparison
between 2018 and 2019 showed that even though the average absolute number concentrations can
differ between years, the actual relative number concentrations, i.e., the ratios between the individual
fractions remain very similar. In conclusion it can be said that the difference between the number
concentration variation of the size fractions depends on both the actual pollution sources (especially
in the long-term, i.e., the annual variation) and the actual size of the particles, which plays a role
especially in the short-term (daily, weekly variation).

Keywords: PM pollution; seasonality; air quality; meteorological conditions

1. Introduction

Air pollution has recently been identified as a major issue in the field of the environment and
public health [1]. Suspended particles (PM) can potentially have very undesirable effects on human
health [2]. These particles are suspended in the atmosphere and can have a very complex chemical
composition and have variable sizes. Sources of fine particles (aerodynamic diameter of <2.5 µm)
and ultrafine particles (aerodynamic diameter of <0.1 µm) include both natural and anthropogenic
sources [3]. The increase in concentrations of PM2.5 and PM0.1 has recently become a global issue due to
their impact on human health, air pollution and the atmospheric and climate system [4–6]. In general,
the smaller the particle, the potentially more dangerous it is for human health as it penetrates deeper
into the respiratory system or even directly to the bloodstream in the case of the smallest nanoparticles.

The current legislation in the Czech Republic and European Union as a whole specifies only
mass concentrations of particles PM2.5 and PM10 (aerodynamic diameter <10 µm). However, in an
urban environment, the ultrafine particles represent more than 90% of particles in terms of their
overall count (number concentration), but their mass concentration is negligible in comparison to large
particles. There is no exact regulation for air pollution in terms of the PM1 fraction [7,8]. This gap in
legislation is due to insufficient data available for the PM1 effects on the environment and human
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health, because measuring smaller particles is demanding financially and technically. Nanotoxicological
studies, however, show that particles in the nano range have completely different physio-chemical
properties such as lower weight, ultrahigh reactivity, a high ratio between surface area and mass etc.
These unique properties can pose more serious consequences for human health compared to particles
of a larger size. It is therefore very important to study the PM1 and PM0.1 particles and measure and
characterize their concentration and distribution [9,10].

Lots of information and studies are available for the PM10 and partially also the PM2.5 particles in
Europe [11–13], however, data for the PM1 particles, especially regarding their chemical composition
and concentrations [14–16], short-term measurements [17–19] or long term measurements [20–22] are
still insufficient.

Significant changes in seasonal variability have been observed for the concentration and size
distribution of ultrafine particles. Samek et al. analyzed the seasonality effect on fine and ultrafine
particles from various sources. These included combustion processes (fossil fuels, biomass), secondary
aerosols, and the category “other”, which included traffic, industry and soil. In winter, the major
sources were combustion and secondary aerosols. In the case of combustion, fine particles dominated
(53% by mass for PM2.5), while ultrafine particles represented 27%. Secondary aerosols in winter were
composed of especially PM1 (approximately 63%). In summer, the contribution from combustion
was much smaller, from 3% to 6%. The contribution of secondary aerosols in the summer was
approximately 50% for both fractions. The average particle concentration in summer months for PM1

was 16.4 ± 8.3 µg·m−3 and for PM2,5 it was 27.2 ± 14.1 µg·m−3. In winter months the concentrations
increased to 58.0 ± 18.4 µg·m−3 for PM1 and 58.6 ± 29.5 µg·m−3 for PM2,5 [17]. Similar correlations
between seasons and PM concentrations has also been proved by other studies [23–25].

Some studies studied the effect of traffic on particle number concentration in different seasons of
the year. Meteorology and traffic emissions play a significant role in urban air quality, but relationships
among them are very complicated [26,27]. Dédelé et al. [28] tried to estimate the inter-seasonal
differences in concentration of PM10 at different site types. The highest mean concentration of PM10 was
determined at sites classified as urban background in the winter season (34.8µg/m3), while in spring and
summer, the highest concentrations of PM10 were determined at traffic sites, which were characterized
by high traffic intensity (>10,000 vehicles per day). This is a result of the low level of emissions
from domestic heating during the warm period of the year, which means that vehicle emissions
contribute more to the overall concentrations. The mean PM10 concentrations measured at traffic sites
ranged from 20.4 µg/m3 in summer to 41.8 µg/m3 in the winter season. Kamińska [29] analyzed the
relationship between pollution, traffic, and meteorological parameters. As for the PM2,5 concentrations,
the meteorological conditions had the largest effect. Only in the summer, the significance of traffic
intensity was comparable to that of the meteorological conditions. This can again be explained by the
low level of emissions from domestic heating in that part of the year. This finding is in accordance
with the analyses performed in other cities [30,31].

Results presented in this study are based on pilot measurement at the ambient air quality at
a monitoring station in Ústí nad Labem, where number concentrations have been measured since
mid-2017. The main goal of this analysis was to compare the variation of various size fractions in
daily, weekly and annual intervals. The monitored size fractions ranged from approximately 200 nm
to particles larger than 15 µm in aerodynamic diameter.

2. Experiments

The study used data from continuously measuring automated ambient air quality monitoring
station in Ústí nad Labem. The city lies in the northwest of the Czech Republic and is the center of the
Ústecký region. The location is in an urban, residential and commercial area. The station is classified
as a traffic station as it is located 2 m from a busy road in the direction of Teplice, Prague and Dresden
(D8) on the city outskirts. Local domestic heating is an important source of pollution in this location as
well. A more detailed characterization of the location is provided in Table 1 and in Figure 1.
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Table 1. Characterization of ambient air quality monitoring station Ústí nad Labem-Všebořická.

Basic Characterization

Station ID UULD

Name Ústí nad Labem – Všebořická (hot spot)

Country Czech Republic

Region Ústecký

District Ústí nad Labem

Classification

Abbreviation T/U/RC

EOI – station type traffic (T)

EOI – zone type urban (U)

EOI B/R – zone characteristic Residential, commercial (RC)

Location

Geographic co-ordinates 50◦40′59.248” N 13◦59′52.344” E

Elevation 230 m

Further Details

Terrain Flat

Landscape Multistory housing development

Representativeness 100–500 m
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Figure 1. Photograph of the ambient air quality monitoring station Ústí nad Labem-Všebořická [32,33].

The station is located in the city of Ústí nad Labem near the Všebořická street. It is labeled as a “hot
spot” station meaning it is primarily focused on air pollution from traffic. The station is equipped with
the Pallas Fidas 200 analyzer (see Table 2), which works in an automated measuring mode including
measurements of particle count distribution. The analyzed particles range from 180 nm to 100 µm in
aerodynamic diameter and the measuring range is 0–20,000/cm3. Volume flow is 4.8 L/min (0.3 m3/h).
The measurement is based on optical light-scattering. Measurement includes monitoring of PM1,
PM2.5, PM10 and TSP concentrations, and particle size distribution. This measurement is set to monitor
over 60 different particle-size fractions. Data used in this study included the period from 15 June 2017
to 31 December 2019 with an interval of measurement of 10 min. The station is also equipped with
a traffic counter. In the period of analysis, the average daily car count was 16,751. The majority of
the traffic represented passenger cars (79.99%), then vans (12.15%). Large goods vehicles represented
3.87% and large trucks 3.99%.
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Table 2. Specification of the Pallas Fidas 200 analyzer.

Measurement Range (Size) 0.18–100 µm (3 Measuring Ranges)

Size channels 64 (32/decade)

Measuring principle Optical light-scattering

Measurement range (number CN) 0–20,000 particles/cm3

Time resolution 1 s - 24 h, 15 min in type approved operation

Volume flow 4.8 L/min =̂ 0.3 m3/h

Data acquisition Digital, 20 MHz processor, 256 raw data channels

Power consumption Approx. 200 W

User interface Touchscreen, 800 × 480 Pixel, 7”

Power supply 115–230 V, 50–60 Hz

Housing Table housing, optionally with mounting brackets for rack-mounting

Dimensions 450 × 320 × 180.5 mm (H ×W × D), 19”

Software PDAnalyze Fidas®

Aerosol conditioning Thermal with IADS

Measurement range (mass) 0–10,000 µg/m3

Reported data
PM1, PM2.5, PM4, PM10, TSP, CN, particle size distribution, pressure,

temperature, humidity

Sampling head Sigma-2

3. Results

The period of analysis represented the period from 15 June 2017 to 31 December 2019.
Particle number concentrations per cm3 were monitored in 61 fractions (from 184 nm up to larger than
17,165 µm, see Table 3) in 10-min intervals. The analysis was focused on the average course of the
individual fractions for various time intervals – daily, weekly, and annual variations.

Table 3. Monitored size fractions.

Fraction (nm) Fraction (nm) Fraction (nm) Fraction (nm)

184–198 583–627 2130–2289 7239–7779

198–213 627–674 2289–2460 7779–8359

213–229 674–724 2460–2643 8359–8983

229–246 724–778 2643–2841 8983–9653

246–264 778–836 2841–3053 9653–10,373

164–284 836–898 3053–3280 10,373–11,147

284–305 898–965 3280–3525 11,147–11,979

305–328 965–1037 3525–3788 11,979–12,872

328–352 1037–1198 3788–4071 12,872–13,833

352–379 1198–1383 4071–4374 13,833–14,865

379–407 1383–1486 4374–4701 14,865–15,974

407–437 1486–1597 4701–5051 15,974–17,165

437–470 1597–1717 5051–5833 >17,165

470–505 1717–1845 5833–6268

505–543 1845–1982 6268–6736

543–583 1982–2130 6736–7239

To compare the differences between the individual fractions, the absolute number concentrations
of the individual fractions have been converted to relative values, where the overall arithmetic mean
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for each fraction has been calculated and the value from each interval (hour, day of the week, month)
has been related to this mean value.

The following heatmap (Figure 2) shows the differences in variation of the individual fractions.
The X-axis represents the individual size fractions, the Y-axis represents the hours of the day. Data are
shown as a relative value of each hour to the overall arithmetic mean of that particular size fraction.
The visualization clearly show that fractions of smaller particles have two obvious peaks correlating
with traffic peaks in the morning and in the afternoon. However, larger particles (approximately
>1.5 µm) show an increase during the day, where the number concentration increases during the
morning peak hours and do not go down significantly until the end of the afternoon peak hour.
One can also see that the number concentration drops much more significantly during the night in
the case of the larger particles. One can, therefore, say that the variability is greater in case of the
larger particles. While the 213–229 nm fraction only has a difference between the minimum and the
maximum ratio of the individual hours of 0.17, the larger fractions have a difference of even more than
1 (9653–10,373 nm – 1.06; 15,976–17,165 nm – 1.09; >17,165 nm – 1.18).

 

Figure 2. Heatmap showing daily variation (hourly average, Y-axis) of all the size fractions (X-axis,
in nm) analyzed.

Similarly to the hourly averages, ratios between average number concentrations for weekdays
(Monday-Friday) and weekends (Saturday-Sunday) have been calculated for the individual fractions
(Figure 3), where the ratio corresponds to the average number concentration of that fraction on the
weekend (Saturday-Sunday) divided by the average number concentration of that fraction on weekday
(Monday-Friday). The graph clearly shows that the difference between weekdays and weekends is
least profound in the case of the smaller fractions around 300 nm, where the ratio between average of
weekday and weekend number concentration is close to 1, i.e., same values. In contrast, most significant
differences were observed in case of the larger fractions, where the ratio was approximately 0.65
(smallest for 14,865–15,974 nm fraction, 0.642), i.e., the number concentration during the weekend was
approximately 65% of those observed during weekdays.
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Figure 3. Ratio between average number concentration on the weekdays (Monday-Friday) and the
weekends (Saturday-Sunday) weekend/weekday.

Analysis of annual variability was also summarized in a heatmap (Figure 4), where the Y-axis
represents the individual months and X-axis the various size fractions. The actual value represents the
ratio of the particular monthly mean in relation to the overall mean value of that fraction.

 

Figure 4. Heatmap showing annual variation (monthly average, Y-axis) of all the size fractions (X-axis,
in nm) analyzed.
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It can be clearly seen that the number concentrations in the case of the smaller particles were high
especially in the winter months. In particular, in the case of particles in the range from 320 to 800 nm.
In contrast, larger particles had the average number concentrations distributed throughout the year
much more evenly.

If we divide the year into two half-years – cold (October–March) and warm (April–September),
we can compare the ratio between the average number concentrations for both these half-years
(Figure 5), where the ratio corresponds to the average number concentration of a particular fraction
during the cold half-year divided by the average number concentration of a particular fraction during
the warm half-year. The graph shows the individual size fractions (X-axis) and the ratio between the
cold and warm half-years (Y-axis).
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Figure 5. Ratio (Y-axis) between average number concentration of all the size fractions (X-axis) between
the cold half-year (October–March) and warm half-year (April–September) (cold half-year/warm
half-year).

The trends in the ratio show that the fractions can be divided into three groups – the smallest
particles (approximately 180–320 nm), which have similar number concentrations during both half-years,
medium-sized particles (approximately 320 to 700 nm) where there is a gradual increase in the relative
number concentrations in the winter period, with maximum ratio observed in case of the fraction
627–674 nm (4.07). Then as the particles get larger the ratio decreases. The last group of particles,
with an aerodynamic larger than approximately 2 µm, has lower number concentrations in the cold
half-year than in the warm half-year. In the case of the fraction >17,165 nm, the ratio is 0.63.

To see how the various years compare a comparison was made between the two complete years
2018 and 2019 Figure 6), in particular, the average number concentrations of the individual size fractions
from the entire year were compared.

It is obvious that the two years differ in terms of the absolute values of the average number
concentrations, with higher values in 2018 (most likely due to overall better meteorological and
dispersion conditions in 2019, which was a very warm year). If, however, we convert the absolute
values to relative ones, i.e., calculate the relative ratios between the number concentrations of each
fraction and the overall mean number concentration for each year we get the relative contribution of
each fraction from the overall particle count. This comparison (Figure 7) then shows that the years
2018 and 2019 were almost identical in terms of the ratios between the average number concentrations
of the individual fractions.
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Figure 6. Comparison between average number concentration for all size fractions for 2018 and 2019.

 

Figure 7. Comparison between the contribution of each average number concentration to the overall
total for 2018 and 2019.
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4. Discussion

The results of the analysis proved that the annual and daily variation in number concentrations
can differ a lot in relation to the particle size. It has been shown that in the case of smaller particles
in the range from approximately 200 to 800 nm, there is a significant variability throughout the year,
with much higher values, particularly in the winter months. This is most likely due to the variability
in particle sources during the year. In cold conditions, the intensity of heating increases significantly
(being almost negligible in summer months) and local domestic heating becomes a very significant
source of air pollution. Even though traffic is a very important suspended particles source at this
location, it is a stable source in that it is relevant both in the summer and in the winter (although
meteorological and dispersion conditions [34–36], which are in general worse in the winter – lower
wind speed, less precipitation, temperature inversions – can lead to a higher number of particles in the
air in winter months).

Higher number concentrations in the winter months compared to the warm months were observed
especially in the case of the PM1 particles. Larger particles did not show such a trend. This is in
accordance with other studies. For example Vecchi [17] observed an increase of PM1 in the winter
period by a factor of 2.5 compared to the summer, while in the case of PM2.5 the increase was only by a
factor of approximately 2. A similar conclusion was also made in a study by Triantafyllou et al. [37],
which showed a more significant increase of smaller particles in the winter period.

The most significant difference between the winter and summer period has been observed for
particles in the range between 300 and 800 nm. Particles of this size can be a product of heating.
Zhang et al. [38] analyzed emissions from coal combustion. They concluded that while primary
particles generated by coal combustion have a size of approximately 10 to 30 nm, their subsequent
coagulation leads to the formation of particles approximately 500 nm large, which is in accordance
with the findings of this study.

Apart from heating, low temperature also affects traffic exhaust emissions. This was proved for
example by a study by Weilenmanna et al. [39], which showed that a vehicle cold start has a significant
negative effect especially on the emissions of CO and HC, but to a lesser extent also suspended particles.

Larger particles show higher number concentrations in the warm period of the year. This could
be due to the fact that combustion generally produces smaller particles and some sources of larger
particles are significant especially in the warm part of the year. This includes for example resuspension,
which is more significant in the summer than in the winter when the surface is cold and soil frozen [40].
Traffic is a significant contributor to resuspension.

When looking at the differences in daily variation of the individual fractions it is obvious that
there is a much more significant difference between day and night in the case of the larger particles,
which show higher number concentrations during the day. The number of larger particles increases in
the morning, in correlation with the morning traffic peak. Vehicles can produce these larger particles
by resuspension or abrasion of brake pads, clutch, tires, and the road surface. Number concentration
falls significantly in the evening. This is most likely due to the higher mass of these particles, which are
therefore more likely to deposit on the ground.

In contrast, the number concentrations of the smaller particles do not differ between day and night
to such an extent as the larger particles. As Figure 2 shows, two peaks can also be seen, corresponding
to the morning and afternoon traffic peak, but the average number concentration of day and night do
not differ as much.

The minimum number concentration is observed around noon and early afternoon hours,
not during the night. This is in accordance with other studies focusing on this topic. A study by
Zhu [41] showed that even though the traffic intensity at night is 75% lower than during the day,
the number of submicron particles only dropped by 20%. Explanation of this could be that the wind
speed at night is lower and another possible answer is that there is a weaker atmospheric dilution at
night. One other factor is air temperature. Air temperature is on average lower at night and colder
ambient temperatures contribute to significantly increased nuclei mode particle formation in vehicle
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exhaust [42,43]. Peréz et al. [44] think that the reason for higher concentrations of smaller particles at
night compared to the larger once could also be the decrease of the boundary layer height. Lower air
temperature and higher air relative humidity are a favorable factor for condensation and coagulation
processes between particles and precursor gases [45].

5. Conclusions

In this study, an analysis of number concentrations in 61 size fractions of suspended particles was
made focusing on the difference in daily and annual variation. Data comes from ambient air quality
monitoring station Ústí nad Labem-Všebořická. an urban traffic station, with data available from
mid-June 2017 to the end of 2019.

The results of the study showed that there are significant differences in both the annual and daily
number concentration variations depending on the particle size. In the case of the annual variation,
a higher variability can be seen for the smaller particles (Figure 4). This is most likely related to the
sources of these particles. The most significant source of PM2.5 particles in the Czech Republic is local
domestic heating. This source, however, is almost negligible in the summer months. In contrast, in the
case of the daily variation there is a higher variability of the larger particles (Figure 2). This can be
explained by the fact that these larger particles deposit quicker to the ground and also by meteorological
conditions as explained in the paper. Given that the most significant source of suspended particles at
this station is traffic, there are obvious peaks in suspended particle concentrations correlating with
morning peak hour and afternoon peak hour. In the evening and at night, there is a rapid decrease
in the number of large particles in the air. Smaller particles do not deposit to such an extent so their
number concentration remains higher at night. Additionally, a comparison was made between number
concentrations on weekdays (Monday-Friday) and weekends (Saturday-Sunday), when the traffic
intensity is much lower. The comparison showed that in this case, the variation is very similar to the
daily variation in that there is a much more obvious decrease of larger particles number concentrations
(Figure 3).

Meteorological and dispersion conditions have a very important effect on air quality.
Their variability can cause very significant differences from year to year in terms of absolute values of
number concentrations. A comparison between 2018 and 2019, however, showed that the relative ratio
between the number concentrations of the various size fractions remain very similar (Figure 7).

It can be concluded that the differences in variation between the various size fractions are
determined by both the actual pollution sources (especially in the long-term, i.e., annual variation) and
by the actual physical properties of the particles and their behavior in the atmosphere, also determined
by the meteorological and dispersion conditions.

In the future, it would be ideal to research annual and daily variation of different size fractions at
more station types, i.e., not just traffic stations, but also suburban and rural background stations and
also repeat the analysis when a longer time-series is available.
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Abstract: This paper provides a detailed, thorough analysis of air pollution by benzo[a]pyrene (BaP)
in the Czech Republic. The Czech residential sector is responsible for more than 98.8% of BaP, based
on the national emission inventory. According to the data from 48 sites of the National Air Quality
Monitoring Network, the range of annual average concentration of BaP ranges from 0.4 ng·m−3 at
a rural regional station to 7.7 ng·m−3 at an industrial station. Additionally, short-term campaign
measurements in small settlements have recorded high values of daily benzo[a]pyrene concentrations
(0.1–13.6 ng·m−3) in winter months linked to local heating of household heating. The transboundary
contribution to the annual average concentrations of BaP was estimated by the CAMx model to
range from 46% to 70% over most of the country. However, the contribution of Czech sources can
exceed 80% in residential heating hot spots. It is likely that the transboundary contribution to BaP
concentrations was overestimated by a factor of 1.5 due to limitations of the modeling approach used.
During the period of 2012–2018, 35–58% of the urban population in the Czech Republic were exposed
to BaP concentrations above target. A significant decreasing trend, estimated by the Mann-Kendall
test, was found for annual and winter BaP concentrations between 2008 and 2018.

Keywords: benzo(a)pyrene; ambient air concentrations; spatial-temporal; long-term trends;
population exposure; transboundary transport; source apportionment

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitously distributed in the environment [1].
They are common by-products of combustion processes of fossil fuels and wood. PAHs represent a
group of substances, many of which have toxic teratogenic, mutagenic or carcinogenic properties [2,3].
They affect fetal growth. Prenatal exposure to PAHs is related to markedly lower birth weight [2]
and probably also has negative effects on the cognitive development of young children [4]. Due to
their physical and chemical properties, all these substances can be transported over long distances
and deposited in remote areas [5–7]. PAHs can bioaccumulate, enter the food chain [1] and be toxic to
the environment.

Benzo(a)pyrene, occurring in the atmosphere primarily bound to particulate matter, has been
set as a suitable marker of ambient air pollution caused by PAHs. A European directive has set a
target value of 1 ng·m−3 for the total content of BaP in the PM10 fraction, averaged over a calendar
year [8], with the aim of avoiding, preventing or reducing harmful effects on human health and/or the
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environment as a whole. The WHO has not drafted a guideline for BaP, which is a potent carcinogen.
The reference level of 0.12 ng·m−3 was estimated assuming the WHO unit risk for lung cancer for PAH
mixtures and an acceptable risk of additional lifetime cancer of approximately 1 × 10−5 [9,10].

Residential combustion as an important source of PAHs and other air pollutants are responsible
for the majority of anthropogenic emissions of BaP in Europe. Such emissions are linked to adverse
health effects, especially in urban and suburban areas where emissions and population densities are
higher [11]. A modeling study of Europe [11] stated that it is necessary to assess concentrations of
BaP in Europe, as an indicator for PAHs, and quantify their health-related effects. The European
Environmental Agency estimates that in 2017, 17% of the EU−28 urban population was exposed to
above-target annual mean BaP concentrations; this is the lowest value since 2008. As in previous
years, values above 1 ng·m−3 are predominantly found in Central and Eastern Europe. The highest
concentrations were recorded mainly at stations in Poland and the Czech Republic [12].

Air pollution by BaP is one of the main problems associated with ensuring air quality in the Czech
Republic. BaP concentrations exhibit significant intra-annual variation with maxima in winter that are
related to emissions from seasonal anthropogenic sources (local heating units) and generally worsened
dispersion conditions.

The aim of this study is to assess the current levels and long-term trends of air pollution by
benzo(a)pyrene in the Czech Republic, together with their causes. A transboundary contribution to the
annual mean concentrations of BaP is also quantified via a modeling-based approach.

2. Materials and Methods

2.1. Area Description

The Czech Republic is located in Central Europe. The topography of the Czech Republic consists
predominantly of hills and highlands. More than two thirds of the territory is located below 500 m
altitude, with the large majority of the rest between 500 m and 1000 m and only 1% above 1000 m.

The climate in the Czech Republic is mild; it could be classified as somewhere between continental
and maritime. It has 4 seasons. Local variations of weather and climate are influenced by ruggedness
and altitude. The average annual air temperature in the Czech Republic usually varies from 5.5 to
9.5 ◦C. The coldest months of the year are December, January and February. The hottest are July and
August. Usually, precipitation in the Czech Republic is at a maximum in July and a minimum in
February. Currently, about 60% of the population lives in cities with more than 5000 inhabitants [13,14].

2.2. Sampling and Analytical Methods

In the Czech Republic, concentrations of BaP in the PM10 fraction as measured at manual
monitoring stations form the basis for the evaluation of air quality. The monitoring stations are
placed mainly in cities and in areas with known high BaP concentrations (Figure 1). In 2018, BaP
concentrations were measured at 48 monitoring sites (Table A1). The majority of stations are located
in cities, with 28 urban and suburban stations. Transport and industrial contributions to BaP are
monitored at six traffic and nine industrial stations. Background levels of BaP concentrations are
monitored at 5 rural monitoring stations.

PM10 samples are taken by low or high volume samplers on a quartz filter. The samples are
processed in certified chemical laboratories and analyzed by high pressure liquid chromatography
(HPCL) or gas chromatography with mass detection (GC/MS). The measured concentrations of BaP
are daily averaged value and are collected with a minimum three-day frequency. The concentrations
measured at the pollution monitoring stations are stored in the Czech national Air Quality Information
System (AQIS) database. The lower detection limit is 0.04 ng·m−3 for GC/MS and 0.10 ng·m−3 for
HPLC. The measurement uncertainty of BaP is up to 25%.
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Figure 1. Monitoring stations of benzo(a)pyrene in the Czech Republic in 2018.

Short-term monitoring of BaP concentrations in small settlements has been made in campaigns
within the Czech national project TITSMZP704—Measurement and Analysis of Air Pollution with
Emphasis on the Evaluation of the Share of Individual Groups of Sources. These are case studies that
monitor the variability of short-term BaP concentrations during the heating season under the specific
conditions of particular small settlements. As this is an ongoing project finishing in 2021, here we will
present only a sample of data from 3 small settlements (Figure 1)—Bochovice, Černíny and Hřivice—to
show the level of BaP concentrations in villages where they are not regularly monitored and where
solid fuel heating is predominant. Bochovice is a small village with 143 inhabitants with 58 houses,
which are heated by solid fuels. In Černíny there are 370 permanent residents and 140 houses out of
167 are heated by coal or wood. Hřivice is a village with 631 inhabitants, with 251 houses heated by
coal or wood. We also present the Kladno-Švermov locality as an example of an area surrounding
a current monitoring station measuring very high levels of air pollution caused by local heating.
Kladno-Švermov is a district to the north of Kladno city situated in a shallow valley, where almost
5000 people live. It has a high building density with both central and local heating.

2.3. Emission Calculation

BaP is mainly a product of incomplete combustion of organic substances at temperatures between
300 and 600 ◦C. Unsurprisingly, the main contribution to total BaP emission in the Czech Republic is
from combustion of solid fuels in low-capacity boilers. This is mainly household fuel combustion for
heating, cooking and water heating (residential sector).

BaP emissions from the residential sector are calculated on the basis of emission factors for
various combinations of fuel type and installed combustion plant (see Tables A2–A5 in Appendix B).
The combinations used are set from the annually updated distribution of solid fuel and type of heating
equipment (Table A5 in Appendix B), resulting in country specific emission factors which reflect the
particular circumstances for a given year. For the purpose of national emission inventory, the total fuel
consumption in households is determined by the Czech statistical office [13]. The emissions in this
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model are calculated as a sum for the whole country and comprise local heating, cooking and water
heating. This national model uses emission factors at nominal heat output.

For territorial distribution of residential heating emissions, a bottom-up up approach is used.
The emissions are calculated for each basic territorial unit—municipalities and city districts—and
comprise only the local heating from permanently occupied households. The fuel consumption at
a basic territorial unit is calculated based on the average annual heating amount and specific fuel
type consumption per average housing type. The base data are obtained from the 2011 Population
Census (number of households, their type of heating and average floor area) and the results of the
ENERGO 2015 statistical survey (share of given fuel burned in a particular installation type, share of
insulated/noninsulated flats). The year-by-year changes in fuel consumption are mostly influenced
by the characteristics of the heating period, which is expressed as the number of heating degree
days (the sum of the differences between the reference indoor temperature and the average daily
outdoor temperature on heating days). Other regional annually updated parameters are the number of
households and their type of heating. Solid fuel parameters and the share of solid fuel consumption
according to the installation type of the combustion plant are annually updated at a national level,
based on the statistics of boiler sales ascertained by the Ministry of Industry and Trade and data from
the subsidy program for the boiler replacements. Solid fuel parameters are updated according to the
results of the survey on supplies and quality of solid fuels in the Czech Republic carried out by the
TEKO company [15]. The regional calculation model uses a 15/85 boiler operating mode, i.e., 15% of
time at nominal heat output and 85% at lower heat output. This assumption is in accordance with
the Ecodesign Directive 2009/125/EC. Calculation model for the territorial distribution of emissions is
more sensitive to climatic conditions in a given year than model for the national emission inventory.
The highest emission difference between these two models is in 2014 and 2018, when the heating period
was mild and short (see Table A6 in Appendix B).

Emission factors of solid fuels for local heating were obtained from measurement results of the
most common fuel and boiler type combinations used for household heating in the Czech Republic.
These measurements were carried out at the Energy Research Center of VSB-TUO [16] during the
years 2008–2016. Emission factors for liquid and gas fuel were taken from the Emission inventory
guidebook [17].

The transport sector comprises emissions from road transport, railways, air and water transport,
off-road transport used in agriculture, forestry, building construction and area transport within large
industrial enterprises. Emissions are calculated at the Transport Research Center [18] in an up-to-date
version of the COPERT program [19] based on nationwide fuel consumption.

BaP emissions from combustion in nonresidential stationary sources such as power and heat
generation, combustion processes in industry and manufacturing, institutions and services and waste
incineration are calculated from activity data and given emission factors; national emission factors are
estimated for a particular sector or taken from the Guidebook [17]. Emissions from industrial sources
are either reported by the operator or calculated from activity data and emission factors.

2.4. Spatial Mapping and Population Exposure

The methodology used for the creation of the BaP concentration maps is a linear regression
model followed by an interpolation of its residuals; rural and urban areas are mapped
separately and then merged by population density [20]. The methodology is referred to as the
Regression—Interpolation—Merging Mapping (RIMM) method and is used for air quality mapping
in the Czech Republic and elsewhere in Europe as well [11,21,22]. The estimate of concentrations is
calculated using the relationship:

Ẑ(s0) = c + a1·X1(s0) + a2·X2(s0) + · · ·+ ap·Xp(s0) + R̂(s0), (1)
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where Ẑ is the estimated concentration value at point s0, Xi are the various supplementary data, c
and ai are the parameters of the linear regression model and R̂ is the spatial interpolation of the
residuals of the linear regression model at point s0, calculated on the basis of the residuals at the points
of measurement.

The primary data for creating air pollution maps of BaP are concentrations measured at individual
monitoring stations. Since there are only a limited number of monitoring stations and their spatial
representativeness is variable, various supplementary (secondary) data are also used. These secondary
data both provide comprehensive information about the entire territory and also exhibit regression
dependence on the measured data. The main secondary sources of information are outputs of dispersion
models, which combine data from emission inventories and meteorological data. In the Czech Republic,
the secondary data mainly used are annual mean concentrations provided by EMEP/MSC-E [23] together
with annual mean concentrations from the Czech Gaussian model SYMOS. Other supplementary data
can be provided by maps of annual mean PM10 and PM2.5 concentrations.

The kriging and Inverse Distance Weighting (IDW) techniques are used as interpolation
methods [24]. Interpolation of residuals using IDW is calculated using the relationship:

R̂(s0) =

∑N
i=1

R(si)

d0i
β

∑N
i=1

1
d0i

β

, (2)

where R̂ is the estimate of the field of residuals at point s0, R(si) is the residual of the linear regression
model at the measuring site si, N is the number of surrounding stations used in the interpolation, d0i is
the distance between points s0 and si, and β is the weight.

In case of ordinary kriging, the interpolation of the residuals is calculated using the relationship:

R̂(s0) =
∑N

i=1
λi·R(si), with

∑N

i=1
λi = 1, (3)

where R(si) is the residual of the linear regression model at the measuring site si and λi are estimated
weights based on the theory of spatial statistics [24] derived from a variogram fitted to an empirical
variogram 2γν(h) of the field of residuals. The variogram expresses the dependence of the variability
between points on the mutual distance between the points and the empirical variogram is calculated
as follows:

2γν(h) =
1
n

∑

i, j;di j=h±δ

(

R(si) −R
(

s j

))2
, (4)

where R are the residuals at measuring points si and sj, dij is the distance between points si and sj,
n is the number of pairs of stations si and sj whose mutual distance is h ± δ, and δ is the tolerance.
The calculated urban and rural map layers are subsequently merged by a layer of population

density α:

Ẑ(s0) =























Ẑr(s0), f or α(s0) ≤ α1
α2−α(s0)
α2−α1

· Ẑr(s0) +
α(s0)−α1
α2−α1

· Ẑu(s0), f or α1 < α(s0) < α2

Ẑu(s0), f or α(s0) ≥ α2

, (5)

where Ẑ is the final estimate of the concentration at point s0, Ẑr, Ẑu is the concentration for the rural or
urban map layer, and α1, α2 are the classification intervals corresponding to the population density.
For the BaP concentration maps α1 was set to 200 inhabitants per km2 and α2 was set to 1000 inhabitants
per km2.

The entire concept of separate mapping of rural and urban pollution is based on the assumption
that Ẑr(s0) ≤ Ẑu(s0) for BaP. For areas where this assumption is not fulfilled, a third layer created in a
similar fashion to the urban and rural layers is used; this third layer is created using all the background
stations without distinguishing between urban and rural stations.
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The maps are constructed with a spatial resolution of 1 × 1 km2. The uncertainty of the map was
assessed using the cross-validation method: concentration at the location of a measuring site is always
estimated from other station data only, thus providing an objective estimate of the map quality away
from measurement site locations. In this article, the uncertainty of the maps is expressed by the relative
root-mean-square error (RRMSE):

RRMSE =

√

1
N

∑N
i=1

(

Ẑ(si) −Z(si)
)2

RMSE

1
N

∑N
i=1 Z(si)

·100, (6)

where Z is the measured value of the concentration at point si, Ẑ is its estimate using cross-validation
and N is the number of measuring stations. The spatial distribution of the uncertainty was not
estimated. It should be noted that the cross-validation is applied only during the interpolation of
residuals; parameters of linear regression are always estimated using all the stations. Therefore,
the overall uncertainty of the maps is somewhat underestimated. The uncertainties (RRMSE) were
calculated for each map layer separately and were up to 30% for urban and over 60% for rural areas.
The higher uncertainty of rural areas is due to lack of measurements at rural regional stations and the
absence of more extensive measurements in smaller settlements in the Czech Republic.

The annual mean BaP concentration maps 2012–2018 were prepared at CHMI during the annual
air quality assessments. Estimation of population exposure to above-target BaP concentrations were
calculated based on maps of BaP and population density data with resolution 1 × 1 km [13].

2.5. Trend Analysis

Trends of annual average BaP concentrations were analyzed at six selected monitoring stations
in the Czech Republic (Figure 1). Five stations were classified as urban or suburban, the remaining
station was classified as a rural regional station. Station selection was based on their classification
and the quantity of data availability for trend analysis. We focus on data from urban and suburban
monitoring sites since one of the aims of this study is to assess human exposure to BaP concentrations.
For a comprehensive overview, the data from the Košetice rural regional site are also presented.

Trends for annual, winter (October–March) and summer (April–September) average concentrations
are analyzed. The authors annually prepare average monthly concentrations of BaP for the “Air
Pollution in the Czech Republic” yearbooks [22] (the newest report) and have partitioned this data
into winter and summer periods. From April to September, average monthly BaP concentrations are
usually below or just above the target value while for the rest of the year they very often exceed the
target value.

Temporal trends, i.e., annual averages of BaP concentrations and emission, were analyzed using
the nonparametric Mann-Kendall trend test with a level of significance of 0.05 [25,26]. This test is
among the most widely used statistical methods for this kind of data [27–31] and is particularly useful
since it tolerates missing values and the data need not conform to any particular distribution. Moreover,
as only relative rather than absolute magnitudes of the data are used, this test is less sensitive towards
incomplete data capture and special meteorological conditions leading to extreme values [32] that
often affect air quality data.

If a linear trend is significant, the slope and severity of the trend is estimated by Sen’s test [32].
For all stations, annual average concentration and emission were analyzed for the same 2008−2018
time period. There were no missing averaged annual data.

We used R-Studio software for statistical analyses [33]. The maps were created using the geographic
information system ArcGIS by ESRI [34].
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2.6. Source Apportionment

During the update of the National air quality plans (NAQP) in 2018, a transboundary contribution
to annual mean concentrations of BaP in 2015 had to be quantified. It is known that polycyclic aromatic
hydrocarbons including BaP undergo gas-particle partitioning and degradation in the atmosphere,
but these processes are not fully understood and other processes, e.g., secondary organic aerosol
coating can protect PAHs from ozone degradation during long range transport [35]. Due to the limited
time for the update of NAQP and unavailability of ready-to-use models for PAHs long-range transport,
a chemical transport model CAMx v5.41 [36] was adopted to account for BaP as a passive tracer.
The limitations of this approach are discussed further in the text.

The CAMx model was run in two nested domains d01 and d02 with 14.1-km and 4.7-km resolution
respectively (Figure 2). The transboundary contribution was estimated with a brute-force method.
Sources outside the Czech Republic were set to zero. The spatial distribution of concentrations
originating from Czech sources within the 4.7-km CAMx grid was determined by the Gaussian model
SYMOS [37] at 0.5-km resolution:

CCZ_scaled(i) = CCZ·
S(i)

∑n
j=1 S( j)/n

, (7)

where CCZ is the contribution of Czech sources calculated by the CAMx model in a 4.7-km grid, S(i) is
total contribution of Czech sources in subgrid point i calculated by the SYMOS model and n is number
of subgrid points. Next, a relative contribution of sector C of Czech sources was determined:

PC(i) =
Sc(i)
S(i)
·

CCZ_scaled(i)

CnonCZ + CCZ_scaled(i)
·100, (8)

where CnonCZ is the contribution of sources outside of the Czech Republic calculated by the CAMx
model in a 4.7-km grid, and Sc(i) is the contribution of the Czech sources (sector C only) in subgrid
point i calculated by the SYMOS model.

Figure 2. Annual benzo[a]pyrene (BaP) emissions for 2015 [kg·km2] used in the CAMx model.

Meteorological inputs with a 1-h time step were derived from the assimilation cycle of the
numerical weather prediction model ALADIN/CE version ALARO [38] operated at the CHMI at
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4.7-km resolution and with 87 vertical levels. In the assimilation cycle, the analysis at 0, 6, 12 and 18
UTC was followed by a 6-h forecast. Analysis of upper-air parameters combines the driving model
ARPEGE with mesoscale structures of the ALADIN model through DFI blending complemented by
3DVAR assimilation of observations [39]. Analysis of surface temperature and relative humidity is
based on optimal interpolation and serves as an input to the Interaction Soil Biosphere Atmosphere
(ISBA) scheme describing exchanges between the atmosphere and the land surface [40]. The 68 lowest
ALADIN levels were aggregated into 26 CAMx levels, with the top of the lowest level at approximately
50 m and the highest level at approx. 10 km above ground.

High-resolution BaP emissions for the Czech Republic were taken from the calculation model
for territorial distribution. For the Polish Silesian and Lesser Poland Vovoidships, BaP emissions
were estimated by the ATMOTERM company within the LIFE-IP MAŁOPOLSKA project (LIFE14
IPE/PL/000021). For Slovakia, emissions from the SNAP 2 sector were taken from the national emission
inventory. For other sectors in Slovakia and the rest of the modeling domain, a top-down emission
inventory based on the TNO emission inventory [41] was used: emissions for the year 2015 were
estimated by linear interpolation and then distributed to ten sectors following the SNAP nomenclature.
Industrial emissions were allocated to sources registered in the European point source emission register
E-PRTR [42] and remaining industrial emissions as well as emissions from area sources were distributed
using the “industrial area” land cover class from the Corine Land Classification (CLC) database [43].
For the spatial distribution of residential heating, a combination of population density and urban area
was used, assuming different fuel mixes in metropolitan and rural areas. Typically, rural areas exhibit
a larger per capita emission of BaP due to the increased usage of coal and wood. A map of annual
emissions used is shown in Figure 2.

The time distribution of the residential heating emissions in the Czech Republic and Silesian and
Lesser Poland Vovoidships was based on temperature profiles, otherwise factors for month, day of the
week and hour of the day were used [44,45]. For the vertical distribution of point source emissions
from top-down inventory, typical point source parameters based on the analysis of the data from the
Czech database were used for each SNAP category.

3. Results

3.1. Emissions of Benzo(a)pyrene

In 2018, the residential sector accounted for more than 98.8% of total Czech BaP emissions (15.56 t
out of total 15.74 t). The remaining percentage was produced mainly by the transport sector (0.78%,
122 kg), especially passenger cars (0.48%, 76 kg). The industrial share of total BaP emissions was 0.27%
(43 kg) and the share of institutions and services 0.10% (16 kg). The emissions from industrial sources
are year-round, in contrast with local heating, especially in the Moravian-Silesian region. There is also
a higher proportion of coal combustion in households in this region, which is reflected in a higher
BaP emission load. The contributions from the different sources of BaP emissions have not changed
significantly in the last 10 years. Almost 58% of BaP emissions from the residential sector are produced
by combustion of fuel wood, and the consumption of wood is still increasing (Table A2 in Appendix B).
In contrast, coal consumption is decreasing in recent years, which is reflected in its decreasing share of
emissions (Figure 3). In 2018, approximately 15% of households were using solid fuels for local heating,
and these households are responsible for more than 98% of total BaP emissions in the Czech Republic.

Figure 4 presents BaP emissions from combustion of solid fuel in the residential sector in 2018
sorted by combustion installation and fuel type. More than 50% of total BaP emissions from the
residential sector are estimated to be from fuel combustion in over-fire boilers and about 30% from fuel
combustion in fireplaces and stoves.
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Figure 3. The development of total BaP emissions and source share, 2010–2018.

Figure 4. BaP emissions from combustion of solid fuel in residential sector in 2018 sorted by combustion
installation and fuel type.

3.2. Ambient Air Concentrations of BaP and Population Exposure

The map of annual average concentration of BaP in 2018 is shown in Figure 5. Areas where BaP
concentrations were higher than the target value of 1 ng·m−3 (above-target) are indicated in red or
brown in the figure. The thresholds correspond to the upper and lower assessment thresholds of
0.6 ng m−3 and 0.4 ng m−3, the target value of 1.0 ng m−3 set by EU legislation [8], and to 2.0 ng
m−3 to distinguish the most polluted areas in the Czech Republic. High values of BaP concentrations
were estimated in the North East of the Czech Republic, referred to as the Ostrava region. Other
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contaminated areas include the Kladno district (West of Prague), areas of Prague and a number of
smaller towns. Areas with above-target concentrations comprised 12.6% of the Czech territory in
2018. The lowest annual average concentrations of BaP were estimated to be in locations distant from
emission sources and therefore free from direct exposure (i.e., natural mountain areas). The range of
measured concentration of BaP in 2018 was from 0.4 ng·m−3 at the Košetice rural station to 7.7 ng·m−3

at the Ostrava-Radvanice industrial station.

Figure 5. Field of annual average concentration of benzo[a]pyrene in the Czech Republic, 2018.

Further annual mean BaP concentration maps from 2012 to 2017, which were used in the population
exposure estimation, are listed in Appendix C. Based on comparison of population numbers living in
areas with the different BaP concentrations, it can be stated that there is no marked trend in the period
between 2012 and 2018 (Figure 6). The average value of the percentage of the population living in the
above-target areas was 49.6% during the years 2012 to 2018. The lowest number of inhabitants living
in the above-target areas was estimated in 2018 (35.5%). The highest number of inhabitants (57.9%)
exposed to above-target concentrations of BaP was estimated for the years 2012 and 2017. Thirty-three
percent of inhabitants on average in 2012 to 2018 lived in places with concentrations of 0.7–1.0 ng·m−3.
On average, between 2012 and 2018, 7.4% of the population lived in areas with BaP concentration
lower than 0.4 ng·m−3, with values ranging from 3.5% in 2013 to 11% in 2014.

Figure 7 shows selected measured daily concentrations of BaP in the winter seasons of 2017
and 2018 at three project locations (Bochovice, Černíny and Hřivice) together with the data from the
CHMI Kladno-Švermov station. In Kladno-Švermov, Bochovice, Černíny and Hřivice, the average
concentrations of BaP were 8.0 ± 5.7, 2.1 ± 2.1 ng·m−3, 2.2 ± 2.0 ng·m−3 and 5.4 ± 3.2 ng·m−3 respectively.
The highest daily average concentration of BaP over the sampling campaign—24.5 ng·m−3—was
observed in the Kladno-Švermov station whereas the lowest daily average concentration of BaP
(0.1 ng·m−3) was recorded in Černíny. The limited amount data obtained by these campaign
measurements, which were only obtained in winter, does not allow for calculation of annual average
concentrations. Nevertheless, in Bochovice and Černíny the target limit value (1 ng·m−3) established
by European legislation was exceeded on 59% and 54% of measurement days, respectively. In contrast,
the average daily BaP concentrations monitored in Hřivice and Kladno-Švermov were below the target
limit in only one case.

234



Atmosphere 2020, 11, 955

Figure 6. Population exposure to benzo[a]pyrene in the Czech Republic, 2012−2018.

Figure 7. Daily average BaP concentration in small settlements Černíny, Bochovice and Hřivice and in
the town of Kladno-Švermov in the Czech Republic, 2017–2018.

3.3. BaP Concentration and Emission Trends

Table 1 presents the BaP annual average concentrations during the study period 2008−2018.
Annual average concentrations from 2008 to 2018 were analyzed at six selected sites (five urban and
suburban stations, one rural regional station). The highest annual average value from all stations,
which was 2.1 ng·m−3, was from 2008, with a range between 0.4 and 6 ng·m−3. When including only
the five urban and suburban stations, the highest annual average value of 2.5 ng·m−3, with the same
range, was also seen in 2008. The years with the lowest average BaP concentration of 1.6 ng·m−3 were
2014−2018; the widest range was between 0.4 and 3.9 ng·m−3 in 2015. When including only urban
and suburban stations, the lowest annual average value of 1.8 ng·m−3 was detected in 2016, 2017 and
2018; the widest range was between 0.7 and 3.7 ng·m−3 in 2017. The average and median value for
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all stations for the entire study period are 1.8 ng·m−3 and 1.2 ng·m−3 respectively. The average and
median value for urban and suburban stations is 2 ng·m−3 and 1.4 ng·m−3, respectively.

Table 1. Station characteristics, average concentrations of BaP (ng·m−3) and emission of BaP for
2008−2018.

Station Character 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Concentrations of BaP (ng·m−3)

Kladno-Švermov urban 6.0 4.5 4.3 3.9 4.7 4.1 3.4 3.9 3.4 3.7 3.5
Ostrava-Poruba suburban 3.5 3.3 3.8 3.4 3.3 2.9 2.9 2.6 2.2 2.5 2.9
České Budějovice suburban 1.4 1.4 1.5 1.3 1.7 1.5 1.2 1.4 1.5 1.3 1.1
Prague-Libuš suburban 1.0 0.9 0.9 0.9 1.1 1.2 1.1 0.9 0.8 0.9 0.8
Žd’ár nad
Sázavou

urban 0.4 0.7 0.6 0.6 0.5 0.7 0.8 0.6 1.0 0.7 0.6

Košetice rural reg. 0.4 0.5 0.6 0.4 0.6 0.7 0.4 0.4 0.4 0.5 0.4
average 2.1 1.9 2.0 1.8 2.0 1.9 1.6 1.6 1.6 1.6 1.6

Summer (April–September)

Kladno-Švermov urban 1.4 0.7 0.9 0.7 1.4 1.0 0.9 0.5 0.8 0.8 0.7
Ostrava-Poruba suburban 1.1 0.7 0.6 0.6 0.6 1.0 0.6 0.7 0.7 0.5 0.6
České Budějovice suburban 0.3 0.3 0.3 0.3 0.3 0.4 0.3 0.3 0.3 0.3 0.1
Prague-Libuš suburban 0.2 0.2 0.3 0.2 0.3 0.3 0.2 0.2 0.2 0.2 0.1
Žd’ár nad
Sázavou

urban 0.2 0.1 0.1 0.1 0.2 0.3 0.3 0.1 0.2 0.1 0.1

Košetice rural reg. 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1
summer average 0.6 0.3 0.4 0.3 0.5 0.5 0.4 0.3 0.4 0.3 0.3

Winter (October–March)

Kladno-Švermov urban 10.9 8.4 7.7 7.2 8.1 7.1 6.6 7.0 6.0 6.6 6.5
Ostrava-Poruba suburban 5.9 5.9 7.0 6.3 6.1 4.8 5.3 4.5 3.8 4.6 5.3
České Budějovice suburban 2.5 2.5 2.7 2.5 3.1 2.7 2.1 2.4 2.6 2.3 2.1
Prague-Libuš suburban 1.8 1.6 1.5 1.6 2.0 2.1 2.0 1.5 1.4 1.7 1.4
Žd’ár nad
Sázavou

urban 0.8 1.1 1.1 1.1 0.9 1.2 1.3 1.1 1.8 1.4 1.1

Košetice rural reg. 0.6 0.9 1.0 0.8 0.8 1.2 0.7 0.7 0.8 0.9 0.6
winter average 3.7 3.4 3.5 3.2 3.5 3.2 3.0 2.8 2.7 2.9 2.8

Emission of BaP (t·year−1)

Czech Republic 14.0 14.8 16.6 16.5 17.1 17.5 16.4 16.4 15.9 16.2 15.7

In contrast, the highest annual average value of 0.7 ng·m−3 at the Košetice rural regional site,
representing the wider area without the local emission, was measured in 2013. The lowest annual
average value and the median of 0.4 ng·m−3 was recorded for six years (2008, 2011, 2014−2016, 2018).
The median value for the Košetice site is 0.5 ng·m−3.

With respect to the main emission source of BaP (Figure 3), i.e., local heating causing higher levels
of BaP in ambient air, we assessed concentration trends specified for the winter (October–March) and
summer (April–September) period and for the year as a whole (Figures 8–10). More detailed graphs
presenting the course of annual, winter and summer concentrations using boxplots at each measuring
station can be found in Appendix D, Figure A2.

Around 65% of annual average concentrations from suburban and urban stations during the study
period were higher than the target value of 1 ng·m−3 [8]. For the sake of completeness, this figure
was around 96% for the winter periods and 7% for the summer period, respectively. Only one rural
regional site registered no above-target concentration during the entire study period.

Comparing the annual average values for all stations between 2008 and 2018, there is a decrease
of 27% in the BaP annual average concentration and a 24% decrease for winter and 50% decrease for
summer average concentrations (Figures 8–10). For urban and suburban stations, the situation is very
similar with a 28%, 25% and 49% decrease for the annual, winter and summer periods respectively
(Figures 8–10).
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Figure 8. Annual average concentrations of BaP at selected monitoring sites and emissions in the Czech
Republic, 2008−2018.

Figure 9. Winter average concentrations of BaP at selected monitoring sites and emissions in the Czech
Republic, 2008−2018.
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Figure 10. Summer average concentrations of BaP at selected monitoring sites in the Czech Republic,
2008−2018.

The Mann–Kendall test was used to assess the monotonic trend of BaP at selected monitoring sites
(Table 2). Concerning annual averages, significant decreasing trends were detected at two stations
(Kladno-Švermov with p value = 0.01 and Sen’s slope of −0.15 ng·m−3

·year−1 and Ostrava-Poruba with
p value < 0.005 and Sen’s slope of −0.12 ng·m−3

·year−1). Concerning winter averages, the significant
decreasing trend was detected at the same stations—Kladno-Švermov with p–Value < 0.005 and
Sen’s slope of −0.28 ng·m−3

·year−1, Ostrava-Poruba with p–Value = 0.03 and Sen’s slope of
−0.21 ng·m−3

·year−1.
The average annual and average winter concentrations overall for all stations exhibited a significant

decreasing trend. The decrease per year in the BaP concentration was equal to 0.05 ng·m−3 for annual
averages and 0.09 ng·m−3 for winter averages, respectively. For urban and suburban stations, the annual
and average winter concentrations showed a similar significant decrease is similar—0.06 ng·m−3 for
annual averages and 0.11 ng·m−3 for winter averages, respectively. No clear trend was found for BaP
summer concentrations.

In terms of total BaP emission for the Czech Republic, 2013 was the year with the highest annual
mean value, which was 17.5 t. BaP emissions increased by more than 11% between 2009 and 2010.
This increase was due to the implementation of new statistical data for hard coal consumption from 2010.
In addition, the years 2010 and 2013 were characterized by long and cold heating season compared to
other years. After 2013, BaP emissions had a decreasing trend supported by milder winter seasons
(especially 2014 and 2018) but also by decreasing coal consumption and especially the replacement of
high-emission boilers. Consequently, no significant trend (p–Value = 0.88) was found for BaP emission
development (for more details, see Section 3.1). Moreover, no correlation (p–Value = 0.054) was found
between emission and the concentrations from the Košetice rural regional site representing background
levels in the Czech Republic.
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Table 2. The Mann–Kendall test to assess the monotonic trend and Sen’s slope assessment for BaP
during 2008–2018.

Station Mann-Kendall (tau)
Sen’s Slope

(ng·m−3·year−1)
p-Value

YEAR

Kladno-Švermov −0.65 −0.15 0.01 *
Ostrava-Poruba −0.70 −0.12 <0.005 *

České Budějovice −0.27 0.30
Prague-Libuš 0.31 0.25

Ždár nad Sázavou 0.32 0.22
Košetice −0.13 0.67

Average all stations −0.76 −0.05 <0.005 *
Average UB/SUB st. −0.76 −0.06 <0.005 *

WINTER

Kladno-Švermov −0.78 −0.28 <0.005 *
Ostrava-Poruba −0.53 −0.21 0.03 *

České Budějovice −0.37 0.14
Prague-Libuš −0.26 0.31

Ždár nad Sázavou 0.47 0.06
Košetice −0.18 0.48

Average all stations −0.78 −0.09 <0.005 *
Average UB/SUB st. −0.75 −0.11 <0.005 *

SUMMER

Kladno-Švermov −0.32 0.21
Ostrava-Poruba −0.25 0.34

České Budějovice 0.08 0.80
Prague-Libuš −0.43 0.08

Ždár nad Sázavou −0.11 0.69
Košetice −0.33 0.20

Average all stations −0.35 0.16
Average UB/SUB st. −0.35 0.16

* Significant trend.

3.4. Source Apportionment

The transboundary contribution to annual average concentration, as estimated by the CAMx
model in its 4.7-km resolution grid mode, is 46–70% for most (80%) of the territory of the Czech
Republic, with a median value of 57% (Figure 11). The highest transboundary contribution is modeled
in the relatively clean Western and Southern parts of the country and in the North-Eastern mountain
regions (cf. Figure 5). When subgrid scaling is applied, the contribution of Czech sources can exceed
80% in residential heating hot spots (Figure 12). Three categories of Czech sources with a relative
contribution to annual average concentration exceeding 10% were identified: residential heating—the
absolutely dominant Czech source on most of the Czech territory; road transport—only in large cities
Prague and Brno and in vicinity of major roads; and coke oven plants in the Ostrava agglomeration.

When mapped annual average BaP concentration is multiplied by the relative contribution of
transboundary sources, regions in the North-East parts of the Czech Republic are still above 1 ng·m−3,
which indicates that the target value cannot be reached without significant reduction of BaP emissions
in Poland in hand with measures to mitigate Czech sources.

The reliability of source apportionment results depends of course heavily on the emission inventory
and dispersion model used. As stated above, BaP was treated as passive pollutant in CAMx, which can
probably lead to overestimation of long range transport due to neglect of its degradation. Nevertheless,
emission inventory plays probably the more important role. At the beginning of our modeling effort in
2017, there was only a limited amount of European-scale BaP emission inventory available that could
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be used in air quality models (authors were aware of [46]; gridded BaP emissions for 2015 were made
available by EMEP in December 2017 and marked as unofficial data evaluation purposes only [47]).
For this reason we used a top-down inventory based on [41].

Figure 11. Relative contribution of transboundary sources to annual average BaP concentration in 2015
(CAMx model, 4.7-km grid).

Figure 12. Relative contribution of Czech sources to annual average benzo[a]pyrene concentration in
2015 (CAMx model rescaled by the SYMOS model to 0.5-km grid).

Annual average BaP concentration modeled by the CAMx domain d02 was compared with
measurements. Annual statistics at station locations were taken from Air Quality e-Reporting [48].
Statistics for the Czech stations were taken from the CHMI’s Air Quality Information System, since there
was an error in data provided to the AQ e-Reporting. Since annual statistic in AQ e-Reporting do not
include information on station classification, all available data marked as valid and verified were used.
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As can be seen from Figures A3 and A4 and Table A7 in Appendix E, we get the best agreement with
observations for the Czech stations (model/observation 0.3–3.6 with median 1.5). For Poland, values
are generally underestimated (model/observation 0.1–1.5 with median 0.4), while for Germany and
Austria the model largely overestimates measured values (model/observation 4–17.7 with median
5 for Germany and 1.9–26.1 with median 7.8 for Austria). This results in a clear South-West to
North-East gradient in model bias. It seems reasonable to expect that the model bias will lead to
overestimation of the transboundary contribution in the Southern part of the Czech Republic and
to its underestimation in Northern parts (especially in the Ostrava agglomeration). To confirm this
assumption, the transboundary contribution to annual average BaP concentrations was compared
with data provided by EMEP/MSC-E [23] (transboundary contribution to annual mean concentration
provided via personal communication with A. Gusev). For this purpose, CAMx results were aggregated
to the EMEP 50-km grid. From Figure A5 we can see that over approximately one third of the
Czech Republic the transboundary contribution estimated by this study and by EMEP does not differ
by more than 5% (absolute difference). Compared to the EMEP results, the transboundary contribution
in the South-central part of the Czech Republic is 10–20% higher, while in the Ostrava agglomeration it
is 5–7% lower. Nevertheless it must be noted that EMEP results are based on EMEP/CEIP gridded
emission for 2015 [47], where the total BaP emissions for the Czech Republic were estimated to be
8 t based on the Czech 2017 submission. This number was corrected to 16 t in resubmission in 2019.
Therefore, the contribution of Czech sources must be underestimated approximately by a factor of
two in EMEP results leading to overestimation of relative transboundary contributions by a factor of
1.1–1.6. From the text above it seems likely that modeling only the dispersion of BaP can lead to an
overestimation of the transboundary contribution of BaP in the Czech Republic by factor of 1.5.

4. Discussion

Transport, industry and services combined do not contribute more than 2% to BaP emissions.
The main source of BaP emissions in the Czech Republic is overwhelmingly local heating, especially
the combustion of solid fuels in older types of boiler constructions with over-fire and under-fire type of
burners (Figures 3 and 4). Compared to other European countries, the Czech Republic has the second
highest average BaP emission per capita from the residential sector (1.5 g/(person·year)). The highest
average emission is in Poland (1.6 g/(person·year)) whereas the EU average is 0.4 g/(person·year) [49].

The main reason for a high share of BaP emissions from local heating in the Czech Republic is
specifically the combustion of solid fuel in older type of boilers (over-fire and under-fire). However,
these types of boilers are being gradually replaced by low-emission boilers or by other types of
heating. In 2018, the share of over-fire and under-fire boilers was estimated to be around 69%.
These replacements are being accelerated by the legislative requirements of Act 201/2012 Coll. [50]
that stipulates that after September 2022 only low-emission boilers meeting the parameters of at least
3rd boiler class (as defined in the EN 303-5:2012 [51]) can be in operation for solid fuel combustion
in households. The replacement of old boilers was supported by a subsidy program between 2015
and 2019, with the aim of replacing up to 100,000 high-emission boilers. However, replacement of the
boiler itself is not a guarantee of efficient emission reduction if the boiler is not operated properly in
accordance with operating instructions.

The range of measured concentration of BaP was from 0.4 ng·m−3 at a rural regional station to
7.7 ng·m−3 at an industrial station in 2018. The area where BaP concentrations exceeded the target
value was 12.6% in 2018 (Figure 5). The highest annual average concentrations of BaP have long been
recorded throughout the entire Ostrava Region. In this region, there is the highest emission load
due to a combination of local heating and the largest share of heavy industry in the Czech Republic.
The transboundary contribution in the Ostrava region was estimated to be 40–60% but may be in fact
somewhat lower due to model limitations. High BaP concentration values due to the effect of local
heating systems have also been monitored in Kladno for a long time. Concentrations exceeding the
target value for BaP also occur in Central Bohemia and in a number of municipalities. The values of
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BaP concentration show that the ambient air concentrations of BaP are high in the Czech Republic in
general, which is consistent with the model study of Europe [11], where the authors pointed out the
ambient air concentrations of BaP to be substantially high in Central and Central Eastern Europe but
also in some other European regions.

Relatively low levels of BaP have been recorded in large cities, like in the center of Helsinki [52]
and in Porto [28]. In Porto, transport was identified as the main source of PAHs based on diagnostic
ratios. In street canyons in Helsinki, the measured concentrations of BaP were at the same level
as those in the urban background and clearly lower than those in suburban detached-house areas.
These results indicate that local traffic has only a minor effect on BaP concentrations, compared with
the corresponding effect of small-scale combustion. In the Czech Republic, transport is also a minor
emission source of BaP (0.8%); nevertheless, levels of BaP concentrations in Prague were higher than
in Porto and in street canyons in Helsinki. The higher BaP concentrations in Prague (Table 1) were
caused by regional and long-range transport, especially in the center of the city in areas with a high
proportion of remote central heating, where the main emission source of BaP is traffic. In suburban
Prague, local heating was as important as it was in suburban Helsinki [52].

The lowest average annual concentrations are estimated at places distant from direct exposure to
emission sources (natural mountain areas). The lowest measured BaP concentrations, ranging from
0.3 to 0.7 ng·m−3, have been recorded at the Košetice regional station. Nevertheless, these values are
still relatively high (Table 1) and are above the WHO reference value (0.12 ng·m−3). These relative
high values of BaP concentrations at a regional background station pointed out the important role
of regional and long range transport in the Czech Republic. The importance of regional transport is
related to the high contribution of coal combustion to BaP emissions (about 30–40%) and the long
lifetime of BaP derived from coal combustion in the atmosphere as found in this study [35].

Moreover, no correlation between background BaP concentration at Košetice and emission was
found. The same (lowest) value of background BaP concentration in 2008, 2011, 2014 and 2016−2018
supports our conclusion on the combined effects of emission, meteorological and dispersion conditions
and transboundary contributions. Based on the CHMI data, the last four years 2015−2018 of the study
period are also years with the highest ratio of good meteorological and dispersion conditions and with
BaP emissions decreasing after their peak in 2013. The year 2014 can be characterized by a milder
winter season and the shortest heating season for many years [22]. In contrast, the beginning of the
study period could be characterized by the greater presence of moderately poor and poor dispersion
conditions [53] and the lowest BaP emissions in the study period (Table 1).

Since the higher BaP concentrations are a problem in urban and suburban areas due to local
heating, we chose five urban and suburban sites in the Czech Republic for the current concentration
level and trend assessment. The sixth rural regional site represents the background ambient air
concentration in the Czech Republic.

The highest annual average value in urban and suburban sites was detected in 2008, the lowest
annual average value of 1.8 ng·m−3 was detected in 2016, 2017 and 2018 with the widest range,
from 0.7 to 3.7 ng·m−3 in 2017. Nevertheless, the lack of correlation of BaP concentration in the five
urban and suburban sites and emissions for the whole Czech Republic (mainly from local heating,
Figure 8) highlights the possible domination of local influences and the influence of meteorological
and dispersion conditions.

We found a significant decreasing trend for average concentrations and winter average
concentrations. The development of concentrations from selected stations in the Czech Republic
between 2008 and 2014 is comparable to the development of PAHs and BaP concentrations presented
in the study of [28] who analyzed data from two suburban sites in Porto between 2004 and 2014.
A significant decreasing trend in the framework of their study was also found. A downward trend for
all types of stations and at two thirds of total stations over the period 2007−2014 was also presented by
EEA [54]. A significant decreasing trend was found at 22% of European rural and urban stations [54].
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The decrease in concentrations in the Czech Republic is especially noticeable since 2014 highlighting
the influence of milder winter seasons in 2014 and 2018, the prevailing good dispersion conditions
in 2015−2018 and decreasing coal consumption in the last few years. The significant decrease at two
particular stations (Ostrava-Poruba and Kladno-Švermov) that are among those with the highest
concentrations in the Czech Republic (and of course those above target value BaP concentration for the
whole study period) point also to the effect of improvements in local heating.

Similarly to other studies [26,55–57], the typical seasonal variation for the BaP concentration has
been shown. The BaP concentrations for October–March are more than eight times higher than for
April–September. For instance, Albuquerque et al. (2016) [28] found a December–January/June–August
ratio of 5 for PAHs for the eleven year study in Porto. The reasons for this are generally
known—i.e., seasonal sources as local heating, higher emissions from motor vehicles and less
mixing in the atmosphere due to inversions [28,57,58]. During the warmer season, on the other
hand, concentrations decrease due to unstable atmospheric conditions favorable towards dispersion,
increased chemical and photochemical decomposition of PAHs due to higher levels of solar radiation and
higher temperatures and of course also due to decreased emissions from anthropogenic sources [59–61].

High values of daily BaP concentrations in winter months associated with local household heating
were also recorded during the 2017–2018 campaign measurements in the small settlements of Bochovice,
Černíny and Hřivice (Figure 7), where concentrations of BaP are not regularly monitored and where
solid fuel heating predominates. The range of measured BaP concentrations was 0.1–8.0 ng·m−3 in
Černíny, 0.2–9.8 ng·m−3 in Bochovice, and 1.0–13.6 ng·m−3 in Hřivice. In particular, measured BaP
concentrations in the small settlement of Hřivice were as high as and on some days even higher than
in Kladno–Švermov, where some of the highest concentrations of BaP in the Czech Republic were
recorded. Every year, concentrations there reach high values and exceed the target value by almost
four times. Such high levels of BaP concentrations are caused on the one hand by an extremely high
density of buildings, which leads to a higher BaP emission density near the surface, and on the other
hand by the fact that the town is located in a shallow valley, which leads to a reduction in dispersion
of pollutants during cold days. The limited amount of winter season data obtained by the campaign
measurements does not allow for a calculation of annual average concentrations. The target limit value
of 1 ng·m−3 established by European legislation was exceeded in Bochovice, Černíny and Hřivice
on 59%, 54% and almost 100% of measurement days, respectively. The measurements in these three
small settlements with low–density population clearly indicates that emissions of BaP by local heating
influence the short-term BaP concentration in the surroundings. Local meteorological conditions,
orography of the populated area and regional and transboundary long-range transport are further
factors which influence the ambient air concentration of BaP. In the Czech Republic, due to the rugged
terrain, a number of settlements are located in valleys, where there may be a frequent deterioration of
dispersion conditions and thus an increase in pollutant concentrations.

The reference level established for BaP by the WHO of 0.12 ng·m−3 was exceeded at all monitoring
sites each year. The target value of 1 ng·m−3 is set by a European directive (EU, 2004) with the aim
of avoiding, preventing, or reducing harmful effects on human health and/or the environment as a
whole. During the period of 2012–2018, 35–58% of the urban population in the Czech Republic was
found to be exposed to BaP concentrations exceeding the above mentioned target value. The lowest
number of inhabitants living in the above-target areas was estimated to be in 2018. The highest number
of inhabitants (58%) exposed to above-target concentrations of BaP was estimated for the years 2012
and 2017. On average, only 7% of the population lived in the areas with the lowest concentration
of BaP between 2012 and 2018. BaP is carcinogenic to humans and has been considered a good
indicator for the assessment of risk to human health associated with exposure from PAHs found in
the environment. The individual carcinogenic potencies of PAH in relation to BaP can be expressed
through the BaP equivalent concentrations (BaP eq.) and evaluation of BaP alone will probably
underestimate the carcinogenic potential of the PAHs mixtures [28,62]. The uncertainty of the map is a
result of the inadequate number of measurements at rural regional stations and the absence of more
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extensive measurements in smaller settlements in the Czech Republic, where the air pollution by BaP
would demonstrate the fundamental effect of local heating units. In addition, the maps are prepared
with a resolution of 1 × 1 km and therefore cannot take into account the local fragmentation of the
terrain, which in the case of settlements located in valleys affects the levels of pollutants [63]. Thus,
assessment of the interannual changes in the territory affected and population exposed to above-limit
concentrations of BaP will also be accompanied by a greater margin of error.

5. Conclusions

A complex analysis of air pollution from BaP in the Czech Republic was carried out. Ambient
air BaP concentrations and their long-term trends were studied to assess the level of BaP in the
Czech Republic. The calculated emissions of BaP and modeling of the transboundary contribution to
the annual mean concentrations of BaP were quantified to present the causes of BaP air pollution.

The measured concentrations of BaP are high due to high emission load from the combination of
local heating and heavy industry in the Czech Republic. The residential sector is responsible for more
than 98.8% of BaP emissions.

Many people (50% on average) in the Czech Republic live in the area where the BaP concentrations
are above the target value set by a European directive with the aim of avoiding, preventing, or reducing
harmful effects on human health and/or the environment as a whole.

On the basis of the observations in small settlements described above, where BaP concentrations
are not regularly monitored and where solid fuel heating predominates, it can be assumed that in
small settlements, carcinogenic BaP levels may reach high levels in the short-term. Above-target
values where BaP is not routinely measured can also be expected in similar municipalities with a
high proportion of local heating using solid fuels. Consequently, the fraction of people living in the
above-target value areas will be higher than presented.

Due to the high number of small municipalities and particularly due to the high costs for laboratory
analyses and limited capacity of the laboratories, the number of measurement locations will always
be limited, and therefore it is desirable to specify in more detail data on emissions and to provide
substantial support to modeling.

The transboundary contribution to annual average concentration was estimated to be between
46% and 70% for most (80%) of the territory of the Czech Republic. The contribution of Czech sources
can exceed 80% in residential heating hot spots. Results are nevertheless subject to limitations of the
modeling approach used—it is likely that the transboundary contribution to BaP concentrations in
the Czech Republic was overestimated by a factor of 1.5. Apart from residential heating, two other
categories of Czech sources with relative contribution to annual local average concentration exceeding
10% were identified: road transport (large cities and vicinity of major roads) and coke oven plants in
the Ostrava agglomeration.

The typical seasonal variation for the BaP concentrations has been shown. The BaP concentrations
for selected air quality monitoring stations for October–March were more than eight times higher than
for April–September. This is in line with the composition of emission sources in the Czech Republic,
with the dominance of the local heating sector and with the different influence of meteorological and
dispersion conditions in the colder and warmer parts of the year connected with the atmospheric
stability and chemical properties of BaP.

We found significant decreasing trends for average concentrations and winter average
concentrations. No correlation between background BaP concentration and emission was found. BaP
concentration development in the Czech Republic has been influenced by the combined effect of total
emission, meteorological and dispersion conditions and transboundary contributions.

The significant decrease at two particular stations belonging to those with the highest
concentrations in the Czech Republic also point out the effect of improvements in local heating
infrastructure. To conclude, even assuming generally good dispersion conditions and milder winter
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seasons in future, a significant reduction of BaP emissions is needed to reach the target value for BaP in
the Czech Republic.
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Appendix A

Table A1. Specification of monitoring stations of BaP with annual average concentration in 2018.

Name Station Classification Longitude Latitude Altitude Average [ng·m−3]

Brandýs n. Labem B/S/R 14.660455 50.189799 179 1.6
Brno-Líšeň B/U/R 16.678025 49.213212 340 0.6

Brno-Masná B/U/CR 16.627 49.188833 214 0.5
Č.Budějovice-Antala Staška B/S/R 14.469916 48.951901 386 1.1

Čes. Budějovice-Třešň. B/U/R 14.508792 48.965906 410 NA
Český Těšín B/U/R 18.609726 49.748958 285 3.9

Doksany B/R/NA-NCI 14.170162 50.458853 158 1.3
Havl.Brod-Smetan.nám. B/U/R 15.577389 49.606417 413 NA

Hodonín B/U/R 17.131389 48.857278 170 0.8
Hr.Král.-Sukovy sady T/U/RCI 15.814149 50.211702 233 NA

Hradec Králové - tř. SNP B/U/R 15.857006 50.218533 232 1
Jihlava-Znojemská T/U/R 15.591278 49.392444 500 0.6

Karviná-ZÚ T/U/R 18.557778 49.858891 251 3
Kladno-Švermov B/U/RI 14.106048 50.167412 219 3.5

Klatovy soud T/U/R 13.286923 49.400608 394 NA
Košetice B/R/AN-REG 15.080278 49.573394 535 0.4

Kralupy nad
Vltavou-sportoviště

I/U/RCI 14.316583 50.251417 175 NA

Kuchařovice B/R/A-NCI 16.085817 48.881355 334 0.5
Liberec Rochlice B/U/R 15.069967 50.7551 422 1
Olomouc-Hejčín B/U/R 17.238073 49.601462 224 1.3

Olomouc-Šmeralova B/U/R 17.266167 49.592917 220 1
Ostrava-Hrabová I/S/RI 18.278806 49.778611 233 3.7
Ostrava-Kunčičky I/S/RI 18.2925 49.809694 212 3.4

Ostrava-Mariánské Hory I/U/IR 18.263655 49.82486 225 2
Ostrava-Poruba, DD T/U/R 18.165222 49.835472 282 2.3

Ostrava-Poruba/ČHMÚ B/S/R 18.159276 49.825295 242 2.9
Ostrava-Přívoz I/U/IR 18.269741 49.856259 207 4.7

Ostrava-Radvanice OZO B/S/R 18.340389 49.818556 258 4.7
Ostrava-Radvanice ZÚ I/S/IR 18.339139 49.807057 250 7.7

Pardubice Dukla B/U/R 15.763549 50.024038 239 0.9
Pelhřimov B/S/R 15.208333 49.435 528 NA

Plzeň-Roudná B/U/R 13.381614 49.761788 337 NA
Plzeň-Slovany T/U/RC 13.402313 49.732443 340 1.1

Praha 10-Šrobárova B/U/RC 14.472661 50.07515 238 0.7
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Table A1. Cont.

Name Station Classification Longitude Latitude Altitude Average [ng·m−3]

Praha 2-Riegrovy sady B/U/NR 14.442692 50.081483 256 0.7
Praha 4-Libuš B/S/R 14.445933 50.007304 301 0.8

Praha 5-Řeporyje B/S/RA 14.309517 50.030419 321 NA
Rožd’alovice-Ruská B/R/A-NCI 15.178303 50.301984 198 1

Studénka B/R/A-NCI 18.089306 49.720936 231 2.8
Teplice B/U/R 13.85125 50.645278 257 0.9

Třinec-Konská I/S/IRA 18.650061 49.702427 318 3.1
Třinec-Nebory B/S/RNI 18.628415 49.683714 331 2.4

Ústí n. L.-Prokopa Diviše I/U/RCI 14.031243 50.662979 155 NA
Ústí n.L.-Kočkov B/S/RN 14.041195 50.683524 367 0.5
Valašské Meziříčí B/U/R 17.966976 49.472059 290 2.2

Vratimov I/S/RI 18.318472 49.769806 261 4
Zlín B/S/RN 17.667175 49.232905 258 1.2

Ždár nad Sázavou B/U/RC 15.941 49.564556 569 0.6

NA—not available data for annual average calculation.

Appendix B

Table A2. Fuel consumption in residential sector 2008–2018.

Fuel Type
Fuel Consumption [TJ/year]

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Brown coal 27,707 28,967 30,756 33,466 30,516 33,209 27,822 27,216 26,794 28,724 25,043
Briquettess 3307 4245 4121 2628 2924 2944 2470 2411 2371 3062 3241
Hard coal 2275 2659 7961 6212 9748 8692 8515 9332 9147 9318 8985

Coke 676 1102 1018 872 916 870 873 882 865 889 825
Wood—dry 30,614 32,438 33,335 34,320 35,756 37,140 37,872 38,425 38,746 39,336 41,039
Wood–wet 25,615 27,141 27,891 28,716 29,918 31,076 31,688 32,151 32,419 32,912 34,338

Bio-
briquettess

476 857 1156 1197 1333 1469 1700 1700 2040 2210 1918

Pellets 391 476 799 850 850 935 1020 1122 1190 1360 1530
Natural gas 85,789 86,803 99,745 83,837 84,713 84,990 68,873 74,919 83,471 83,924 78,663

LPG 1424 1195 1057 1378 1930 1700 1976 1976 1976 1976 2205
Total 178,273 185,883 207,837 193,475 198,604 203,026 182,809 190,133 199,019 203,710 197,787

Source: CZSO [13].

Table A3. Emission factors of BaP for local heating at nominal heat output.

Fuel Type
Over-Fire

Boilers
[mg/GJ]

Under-Fire
Boilers
[mg/GJ]

Automatic
Boilers
[mg/GJ]

Gasification
Boilers
[mg/GJ]

Stoves
[mg/GJ]

−[mg/GJ] Reference

Brown coal 384.6 124.4 0.1 0.7 384.6 [64]
Briquettess 106.6 21.8 0.1 0.7 106.6 [64]
Hard coal 316.2 186.0 0.1 39.2 316.2 [64]

Coke 316.2 186.0 0.1 39.2 316.2 [64]
Wood—dry 92.1 68.0 0.2 17.5 92.1 [64]
Wood—wet 230.6 68.0 0.2 2.9 230.6 [64]

Bio-briquettess 92.1 68.0 0.2 17.5 92.1 [64]
Pellets 92.1 68.0 0.2 17.5 92.1 [64]

Natural gas 0.00056 [17]
Fuel oil 0.08 [17]
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Table A4. Emission factors of BaP for local heating at lower heat output.

Fuel Type
Over-Fire

Boilers
[mg/GJ]

Under-Fire
Boilers
[mg/GJ]

Automatic
Boilers
[mg/GJ]

Gasification
Boilers
[mg/GJ]

Stoves
[mg/GJ]

−[mg/GJ] Reference

Brown coal 276.0 134.4 4.8 7.3 276.0 [64]
Briquettess 106.6 21.8 4.8 7.3 106.6 [64]
Hard coal 504.8 29.5 2.7 39.2 504.8 [64]

Coke 504.8 29.5 2.7 39.2 504.8 [64]
Wood—dry 253.7 97.8 1.4 9.0 253.7 [64]
Wood—wet 191.3 75.0 1.4 52.5 191.3 [64]

Bio-briquettess 253.7 97.8 1.4 9.0 253.7 [64]
Pellets 253.7 97.8 1.4 9.0 253.7 [64]

Natural gas 0.00056 [17]
Fuel oil 0.08 [17]

Table A5. Distribution of solid fuel consumption according to the type of heating equipment in 2018.

Fuel Type
Over-Fire

Boilers [%]
Under-Fire
Boilers [%]

Automatic
Boilers [%]

Gasification
Boilers [%]

Stoves [%]

Brown coal 25 31 31 8 5
Briquettess 55 21 6 4 14
Hard coal 55 14 21 5 5

Coke 89 8 1 0 2
Wood—dry 32 17 4 17 30
Wood—wet 33 14 3 12 38

Bio-briquettess 17 9 5 10 59
Pellets 0.5 0.5 54 0 45

Table A6. Comparison of BaP emissions from residential sector calculated in top-down and bottom-up
model 2008–2018.

Reporting Year
BaP Emissions [t]

Emission Difference
(Bottom-Up/Top-Down) Number of Heating

Degree DaysTop-Down
(Reporting)

Bottom-Up
(Modeling)

[t] [%]

2018 15.6 14.1 −1.5 −10% 3684
2017 16.0 16.1 0.2 1% 4138
2016 15.7 16.0 0.3 2% 4053
2015 16.2 15.6 −0.6 −4% 3892
2014 16.2 14.5 −1.6 −11% 3611
2013 17.3 17.5 0.2 1% 4310
2012 16.9 17.1 0.2 1% 4208
2011 16.3 16.1 −0.2 −1% 3970
2010 16.4 17.1 0.7 4% 4567
2009 14.6 14.3 −0.3 −2% 3952
2008 13.8 14.4 0.6 4% 3973
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Appendix C

Figure A1. Field of annual average concentration of benzo[a]pyrene in the Czech Republic, 2012–2017.
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Appendix D

Figure A2. Boxplots of BaP concentrations at selected monitoring sites, 2008–2018.
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Appendix E

Figure A3. Annual average benzo[a]pyrene concentration in 2015 (CAMx model) and ratio of measured
and modeled concentration at station locations.

Figure A4. Scatter plot of modeled and measured annual average benzo[a]pyrene concentrations in
2015 for CAMx domain d02. Solid line denotes ideal model equal to observation, dashed lines mark
area, where model values are within a factor of two from observations.
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Table A7. Ratio of modeled and measured annual average benzo[a]pyrene concentration.

Country Number of
Stations

CAMx/Measurement

Min 1st Qu. Median Mean 3rd Qu. Max

Germany 5 4.0 4.4 5.7 9.4 15.4 17.7
Austria 14 1.9 5.2 7.8 10.4 13.8 26.1

Czech Republic 34 0.3 1.0 1.5 1.6 2.0 3.6
Poland 52 0.1 0.3 0.4 0.5 0.7 1.5

Figure A5. Relative contribution of transboundary sources to annual average benzo[a]pyrene
concentration in 2015: (a) CAMx model averaged on EMEP grid, (b) EMEP model, and (c) difference
CAMx−EMEP.
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Abstract: This work examines the effects of two problematic trends in diesel passenger car emissions—
increasing NO2/NOx ratio by conversion of NO into NO2 in catalysts and a disparity between the
emission limit and the actual emissions in everyday driving—on ambient air quality in Prague. NO2

concentrations were measured by 104 membrane-closed Palmes passive samplers at 65 locations
in Prague in March–April and September–October of 2019. NO2 concentrations measured by city
stations during those periods were comparable with the average values during 2016–2019. The
average measured NO2 concentrations at the selected locations, after correcting for the 18.5% positive
bias of samplers co-located with a monitoring station, were 36 µg/m3 (range 16–69 µg/m3, median
35 µg/m3), with the EU annual limit of 40 µg/m3 exceeded at 32% of locations. The NO2 concen-
trations have correlated well (R2 = 0.76) with the 2019 average daily vehicle counts, corrected for
additional emissions due to uphill travel and intersections. In addition to expected “hot-spots” at busy
intersections in the city center, new ones were identified, i.e., along a six-lane road V Holešovičkách.
Comparison of data from six monitoring stations during 15 March–30 April 2020 travel restrictions
with the same period in 2016–2019 revealed an overall reduction of NO2 and even a larger reduction
of NO. The spatial analysis of data from passive samplers and time analysis of data during the travel
restrictions both demonstrate a consistent positive correlation between traffic intensity and NO2

concentrations along/near the travel path. The slow pace of NO2 reductions in Prague suggests
that stricter vehicle NOx emission limits, introduced in the last decade or two, have so far failed to
sufficiently reduce the ambient NO2 concentrations, and there is no clear sign of remedy of Dieselgate
NOx excess emissions.

Keywords: NO2; passive sampler; Dieselgate; Prague; traffic volume; citizen science; air quality;
public policy; health effects

Highlights

• NO2 measured by 104 passive samplers at 65 places in Prague, corrected mean
36 µg/m3

• NO2 increases with traffic intensity corrected for intersections and hills
• High NO2/NOx ratios and excess NOx emissions from diesel cars a culprit
• Not much improvement after “Dieselgate”
• Reductions below 40 µg/m3 suggested based on health evidence literature review

1. Introduction

Mobile sources, including on-road vehicles, remain to be one of the largest contributors
to the air pollution in most metropolitan areas in Europe, with particulate matter and
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nitrogen oxides (NOx, defined as a sum of nitric oxide NO and nitrogen dioxide NO2)
being of highest concern. Outdoor air pollution is now being considered one of the
leading causes of premature death [1], with estimated tolls of approximately half a million
premature deaths annually in the EU [2], and associated economic damage around 5% of
HDP in Central Europe [3]. At the same time, the state-of-the art technology of the internal
combustion engine has improved considerably over the last decades. Very low levels
of sulfur and metals in the fuel have allowed the introduction of three-way catalysts on
spark ignition engines, a common technology used throughout the U.S. over the last four
decades with a somewhat delayed deployment in Europe, and the introduction of diesel
particle filters on virtually all on-road diesel engines manufactured in the last decade. The
emissions of nitrogen oxides, primarily NO, on engines operating with excess air remained
a challenge, being ultimately resolved about a decade ago with selective catalytic reduction
(SCR) systems on heavy-duty vehicles [4] and more recently also on light-duty vehicles.

In the EU, the concentrations of NO2, deemed to be more detrimental to human health
than NO, are limited and monitored in the ambient air. Overall, the concentrations of NO2
have not been decreasing as fast as those of other key pollutants. In the Czech Republic, the
concentrations of NO2 at most air quality monitoring stations have been, according to the
data in [5], decreasing by on the order of 1% a year over the last two decades. A gradual
decrease of NO2 concentrations in the overall atmosphere above the Czech Republic over
the last decade has been also reported from remote sensing satellite measurements [6].

NO2 in ambient air originates both from direct (primary) emissions and from gradual
conversion of NO into NO2 [7]. While the total emissions of NOx have been gradually
decreasing, there is no apparent trend of a decrease in NO2 primary emissions over the
last 15 years [6]. One of the culprits of high primary NO2 emissions are diesel vehicles,
which have been, over the last two decades, equipped with oxidation catalysts, which
convert a considerable portion of NO into NO2. In the U.S., average NO2/NOx ratio
in vehicle exhaust (all vehicles, including predominantly gasoline cars and light trucks
and predominantly diesel heavy trucks) was 5.3% [8], compared to approximately 15% in
Europe [9].

This paper explores a hypothesis that the observed decrease in NO2 concentrations
falls short of that expected based on order-of-magnitude decrease in vehicle NOx emissions
limits and that non-compliant diesel cars could substantially contribute to this shortfall. The
underlying aspects of NOx emissions and the adverse health effects of NO2 are summarized.
The results of a monitoring NO2 with passive samplers are reported and discussed in light
of these findings. As an additional insight, the effects of coronavirus related restrictions on
NO and NO2 concentrations in Prague are reported and discussed.

2. Review of Trends and Shortcomings in NO2 and NOx Emissions from Vehicles

Nitrogen oxide (NO) is formed in combustion processes from atmospheric nitrogen
and oxygen at high temperatures [10,11], which are generally associated both with efficient
combustion and with high thermal efficiency of the engine. Subsequent oxidation of NO in
the atmosphere yields primarily nitrogen dioxide (NO2), a brownish irritant gas. Other
oxides of nitrogen—N2O2, N2O3, N2O4, N2O5—are generated in small concentrations, are
unstable and short-lived in the atmosphere. The oxides of nitrogen are summarily referred
to as NOx, although there is no precise definition. Often, NOx is evaluated as the sum of
NO and NO2. Technically, the sum of NOx also includes nitrous oxide (N2O), which is,
however, not hazardous to human health, but is a potent greenhouse. NOx leads to the
formation of nitrous acid (HNO2) [12,13], nitric acid (HNO3) and a variety of salts such as
ammonium nitrate, present in the atmosphere as particulate matter [14]. Photodissociation
of NO2 under the presence of sunlight produces NO and atomic oxygen, which reacts with
molecular oxygen to form ozone [15], a highly reactive compound generally harmful to
human health, organisms and plants. NOx and ground-level (tropospheric) ozone are,
together with particulate matter, the principal part of urban air pollution.
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On spark ignition engines, CO and VOC, principally a product of incomplete oxidation
of fuel and to a lesser extent engine lubricating oil, and NOx have been successfully abated
by the combination of three-way catalysts [16] and by maintaining stoichiometric air–fuel
ratio through closed-loop control of the quantity of fuel injected [17]. This technology has
proven to be remarkably efficient.

On diesel engines, the emissions of NOx have been, at first, controlled through delayed
combustion timing and exhaust gas recirculation, both associated with a slight fuel penalty,
and at a later time, with NOx storage and reduction catalysts and selective reduction
catalysts (SCR). The reduction of NOx has historically come at an expense of both capital
and operating costs, with operating costs including either fuel (notably on older vehicles
using delayed combustion, exhaust gas recirculation, NOx storage and reduction catalysts)
or a reducing agent used in SCR (mostly aqueous solution of urea, known as diesel
exhaust fluid or “AdBlue”). These costs have motivated, over the last few decades, many
manufacturers and vehicle users to circumvent NOx reduction efforts, as the savings were
realized by them directly, while considerably larger overall damage to human health was
born by the society, a problem known as the Tragedy of the Commons [18]. A widespread
practice of dual engine mapping in the U.S. in the 1990s [19,20] has led to the gradual
extension of vehicle emissions limits to ordinary on-road operation first of heavy-duty and
later of light-duty vehicles [21–23]. In the heavy-duty vehicle engine sector, many recent
studies now show that on-road NOx emissions of newer heavy-duty vehicles have been
successfully reduced by an order of magnitude except for low-load operation typical for
congested urban areas. Quiros et al. [24] reports NOx emissions of 2013 and 2014 model
year heavy trucks of 0.36 g/km during motorway operation in California. Jiang et al. [25]
reports, for similar conditions, 0.3 g/km NOx during extraurban and motorway operation.
Grigoratos et al. [26] reports NOx emissions during motorway operation in Europe of
0.07, 0.08, 0.17 and 0.24 g/kWh for four trucks and 0.80 g/kWh for a bus. Giechaskiel
et al. [22] reports NOx emissions of a garbage collection truck of less than 0.4 g/kWh during
extraurban operation (note: for heavy vehicles, emissions per kWh roughly correspond to
emissions per km).

Unfortunately, this has not been the case with light-duty vehicles with diesel engines,
highly prevalent in Europe, where they account for several tens of percent of vehicle
registration and in Prague, for about two thirds of vehicles counted on the road [27]. Large
portion of European automobile diesel engines produced over the last one to two decades
have been reported to emit substantially, often by an order of magnitude, more NOx on
the road than during the type approval test [28–32]. Weiss et al. [29] reports on-road NOx
emissions factors 0.76 ± 0.12 g/km for Euro 4, 0.71 ± 0.30 g/km for Euro 5 and 0.21 ± 0.09
for Euro 6. In a more recent study by Suarez-Bertoa et al. [23], NOx emissions from Euro 6
diesel cars varied substantially from mid tens to mid hundreds of milligrams of NOx per
kilometer, with a median value of about 0.2 g/km NOx during the city-motorway test.

At the same time, on nearly all light-vehicle diesel engines of the last decade or so,
oxidation catalysts are used to convert NO into NO2, as higher concentrations of NO2,
around 10%, are beneficial both for the combustion of soot in DPF and for the “fast”
reduction of NOx in SCR catalysts. As a result, NO2 from newer engines accounts for
10% of NOx [33,34]. On passenger cars and light-duty trucks, NO2/NOx ratios of around
10–15% up to Euro 3 and 25–30% for Euro 4 and 5 were found in a London remote sensing
study [35]. In the U.S., NO2/NOx ratio from heavy duty diesel trucks have doubled from
around 7% in 2010 (average of trucks passing on the road in a given year, not a model year
of the vehicles) to around 15% in 2018 [36]. This increase, however, did not result in an
absolute increase in NO2 emissions, as total NOx emissions have decreased dramatically
due to the widespread use of SCR catalysts. According to Preble [36], “Fleet-average NO2
emission rates remained about the same, despite the intentional oxidation of engine-out
NO to NO2 in DPF systems, due to the effectiveness of SCR systems in reducing NOx
emissions and mitigating the DPF-related increase in primary NO2 emissions”.
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In Europe, NOx emissions from diesel cars have not, however, decreased in proportion
to the decreasing emissions limits. A recent on-road study in Prague reports the mean
emissions of Euro 5 and 6 diesel cars and vans of over 0.1 g/km NO2 and over 0.5 g/km
NOx [37], while a recent study of one of the most common diesel cars (Euro 6) reported
about 0.15 g/km over WLTC cycle, and about 0.4 g/km over the Artemis driving cycle [38],
which is more than the 0.08 g/km Euro 6 limit for total NOx (with which the vehicle
reasonably complied over the NEDC cycle).

The presumption of the regulators that increased the NO2/NOx ratio after the oxida-
tion catalyst and before the DPF, highly beneficial both for DPF and SCR operation, will
be mitigated by the rather high efficiency of the NOx aftertreatment, envisioned in both
U.S. EPA and EU emissions standards, which has been compromised by intentional acts
resulting in diminished, or even zero, efficiency of the NOx aftertreatment. Examples of
such acts include dual-mapping of the engines by the manufacturers (a prime example of
which is “Dieselgate”) and disabling of the SCR (and emulating its proper functioning to
the on-board diagnostics by “SCR emulators”) by vehicle operators. Under such conditions,
relatively high amounts of NO2, intended to be reduced in NOx aftertreatment, are emitted
out of the tailpipe. Logically, this results in very high, and much higher than intended,
primary emissions of NO2 in the streets. This finding is consistent with the rather slow
decrease in NO2 concentrations.

3. Review of the Impact of NO2 to Central Nervous System in Children and Adults

The first experimental data were obtained several decades ago, indicating that air
pollution may induce behavioral changes. Singh [39] studied the effect of NO2 exposure
on pregnant mice, exposed during gestation day 7–18. Prenatal exposure significantly
altered the righting reflex and aerial righting score. These results suggest that maternal
NO2 exposure produce deficits in the functional capability of the offspring.

Wang et al. [40] was the first one, who studied the impact of NO2 exposure to children’s
neurobehavioral changes. They studied this effect in the year 2005 on two groups of
children (A N = 431, B N = 430) in the age of 8–10 years using neurobehavioral testing.
Group A was exposed to 7 µg NO2/m3, group B to 36 µg NO2/m3. Children from the
polluted area showed poor performance in all tests: visual simple reaction time, continuous
performance, digit symbol, pursuit aiming and sign register, This study found a significant
relationship between chronic low-level traffic related air pollution and neurobehavioral
function in exposed children.

Guxens et al. [41] analyzed the association between prenatal exposure, diet and
infant mental development in four regions in Spain, in 1889 children, who were ex-
posed to 29.0 ± 11.2 µg NO2/m3 (20.1–36.8). Infant mental development was evaluated
at 14 months by Bailey Scales of Mental Development. Exposure to NO2 did not show
a significant association with mental development. Inverse association was observed in
infants whose mothers reported low intake of fruit/vegetables during pregnancy (−4.13
(−7.06, −1.21)). This study suggests that antioxidants in fruits and vegetables during
pregnancy may modulate an adverse effect of NO2 on infants’ mental development.

Kim et al. [42] investigated the association between maternal exposure to NO2 of
49.4 µg/m3 (25.9–84.8) and neurodevelopment in children in Korea (mental development
index (MDI) and the psychomotor development index (PDI) by Bailey scales of mental
development) at ages 6, 12 and 24 months. This study used 455–371 children. NO2 exposure
impaired psychomotor development (β = − 1.30; p = 0.05). At 6 months NO2 affected MDI
(β = − 3.12; p < 0.001) and PDI (β = − 3.01; p < 0.001). These data suggest that exposure to
NO2 may delay neurodevelopment in early childhood.

A similar study was organized in Spain on 438 mother-child pairs by Lertxundi et al. [43]
at 15 months of age, using the Bailey scales of mental development. A 1 µg NO2/m3 in-
crease during pregnancy decreased the mental score (β = −0.29; 90% CI: −0.47; −0.11). Pre-
natal residential exposure to NO2 adversely affects infant motor and cognitive development.
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A prospective cohort study was conducted with 2715 children aged 7–10 years in
Barcelona, Spain, as a part of the BREATHE project (brain development and air pollution
ultrafine particles in school children [44]). Children were tested every 3 months with a
computerized test. Cognitive development was assessed with the n-back and the attentional
network test as working memory and inattentiveness. NO2 exposure was completed in the
outdoors in a low traffic region 40.5 ± 9.6 µg/m3 and high traffic region 56.1 ± 11.5 µg/m3.
Children attending schools with higher NO2 pollution had an 11.5% (95% CI 8.9%–12.5%)
slower working memory and slower growth in all cognitive measurements, which means a
smaller improvement in cognitive development.

Pujol et al. [45] selected from this cohort 263 children, aged 8–12 years, for magnetic
resonance investigation (MRI) to analyze brain volumes, tissue composition, myelination,
cortical thickness, neural tract architecture, membrane metabolites and functional connec-
tivity. Outdoor NO2 exposure was 46.8 ± 12.0 µg/m3/year and indoor NO2 exposure
was 29.4 ± 11.7 µg/m3/year. Higher NO2 exposure was associated with slower brain
maturation with changes specifically concerning the functional domain.

Forns et al. [46] evaluated 2897 children from the Barcelona cohort within the BREATHE
project. NO2 exposure in schools was 29.82 µg/m3 (11.47–65.65) and outdoor was
48.46 µg/m3 (25.92–84.55). Behavioral development was assessed using the strengths
and difficulties questionnaire (SDQ), which was filled out by parents. NO2 exposure was
positively associated with SDQ total difficulties scores, suggesting more frequent behav-
ioral problems. This study was understood as the first one to evaluate the impact of air
pollution on behavioral development in schoolchildren using both indoor and outdoor air
pollution levels measured at schools. NO2 outdoor levels (IQR = 22.26 µg/m3) significantly
increased total difficulties score (1.07, 95% CI: 1.01, 1.14, p < 0.05). NO2 exposure at school
is associated with worse general behavioral development in schoolchildren.

Min and Min [47] studied in Korea 8936 children born in the year 2002 and followed
them for the next 10 years, investigating the relationship between exposure to NO2 and
attention-deficit hyperactive disorder (ADHD). They diagnosed 313 children with ADHD.
The hazard ratio (HR) associated with the increase in 1 µg of the NO2/m3 was 1.03 (95%
CI: 1.02–1.04). Comparing infants with lowest tertile of NO2 exposure with the highest
tertile of NO2, HR = 2.10 (95% CI: 1.54–2.85), exposure had a 2 fold increased risk of ADHD.
The study showed a significant association between exposure to NO2 and the incidence of
ADHD in children.

Sentis et al. [48] evaluated prenatal and postnatal exposure to NO2 and attentional
function in children at 4–5 years of age in four regions of Spain (N = 1298). The attentional
function was evaluated by the Conners kiddie continuous performance test (K-CPT). The
prenatal NO2 level was 31.1 µg/m3 (18.4–37.9). Higher exposure to prenatal levels of NO2
was associated with a 1.12 ms (95% CI; 0.22, 2.02) increase in hit reaction time and 6%
increase in the number of emission errors (95% CI: 1.01, 1.11) per 10 ug/m3 increase in
prenatal NO2. Higher exposure to NO2 during pregnancy is associated with impaired
attentional function, especially increased inattentiveness in children aged 4–5 years. This
reduced attentional function in population could lead to poor educational indicators. It
seems to be important that this effect was observed with NO2 concentrations lower than
EU standard 40 µg/m3.

Sunyer et al. [49] followed in 2012–2013 2687 school children from Barcelona, assessing
children´s attention process 4 times every three months, using the attention network test
(ANT). NO2 indoor pollution was 30.09 ± 9.51 µg/m3 and ambient air pollution was
37.75 ± 18.41 µg/m3. Daily ambient levels were negatively associated with all attention
processes (children in the bottom quartile of daily exposure to NO2 had a 14.8 ms (95%
CI: 11.2, 18.4) faster response time than those in the top quartile, which corresponds to a
1.1 month delay (95% CI: 0.84, 1.37) in natural development). Short-term exposure to NO2
is associated with potential harmful effects on neurodevelopment.

Forns et al. [50] examined after 3.5 years the cohort of children from Barcelona
(N = 1439), whose cognitive development was evaluated 4 times in the years 2012/2913 [43].
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Working memory was estimated by a computerized n-back test. Exposure to NO2 was
related to the slower development of working memory (β = −4.22, 95% CI: −6.22, −2.22).
These reductions corresponded to a −20% (95% CI: −30.1, −10.7) change in annual work-
ing memory development associated with one interquartile range increase in outdoor NO2.
Forns et al. [50] observed a persistent negative association between NO2 levels at school
and cognitive development over a course of 3.5 years. Therefore, they suggested that highly
exposed children might face obstacles to fully achieve their academic goals.

Vert et al. [51] analyzed association between exposure to NO2 and mental disorders
on 958 residents from Barcelona (45–74 years old). Long-term residential exposure (period
2009–2014) was related to patients’ self-reported history of anxiety and depression disorders.
NO2 exposure corresponded to 57.3 µg/m3 (50.7–62.7). NO2 increased the odd ratio for
depression of 2.00 (95% CI: 1.37, 2.93) for each 10 µg NO2/m3 increase. The study shows
that long-term exposure to NO2 may increase the incidence of depression.

Alemany et al. [52] analyzed on the group of children from the BREATHE project
(N = 1667 at the age of 11 years), if there is any association between traffic-related air pollu-
tion and the ε4 allele of the apolipoprotein E gene, which is understood as a genetic risk fac-
tor for Alzheimer´s disease. NO2 exposure at the home address was
54.25 ± 18.40 µg/m µg/m3 and at schools was 47.74 ± 12.95 µg/m3. NO2 exposure in-
creased behavioral problems scores (characterized by SDQ) in ε4 carriers (N = 366) vs.
non-carriers (N = 1223) 1.14 (95% CI: 1.04, 1.26) vs. 1.02 (95% CI: 0.95, 1.10, p = 0.04) and was
associated with smaller caudate volume in ε4 carriers (N = 37) vs. non-carriers (N = 126)
−737.9 (95% CI: −1201.3, −274.5) vs. −157.6 (95% CI: −388.8, 73.6, p = 0.03). Annual
average NO2 concentrations in children´s schools were associated with smaller caudate
volume and higher behavior problem scores among APOE ε4 allele carriers. It is possible
that ε4 carriers are more vulnerable to neuroinflammatory and oxidative stress induced by
air pollution exposure.

Carey et al. [53] investigated the incidence of dementia to residential level of NO2 in
London. Among 130,978 adults aged 50–79 years was, in the period 2005–2013, 2181 sub-
jects diagnosed with dementia (39% Alzheimer´s disease and 29% vascular dementia). The
average annual concentration of NO2 was 37.1 ± 5.7 µg/m3. Higher risk of Alzheimer´s dis-
ease was observed in subjects exposed to the highest concentrations of NO2 (>41.5 µg/m3)
vs. subjects with the lowest concentrations of NO2 (<31.9 µg/m3) (HR = 1.40, 95% CI
1.12–1.74). These associations were more consistent for Alzheimer´s disease than vascular
dementia. Study found evidence of a positive association between residential level of NO2
across London and being diagnosed with dementia.

Roberts et al. [54] explored the effect of NO2 exposure to mental health problems in
children in London, U.K. (N = 284). Symptoms of anxiety, depression, conduct disorder
and ADHD were assessed at ages 12 and 18. NO2 concentration in the year 2007 was
37.9 ± 5.5 µg/m3 (IQR 34.1–41.7). They did not observe any association between NO2
exposure in childhood and mental health problems at age 12. However, they detected asso-
ciation between NO2 exposure and subsequent development of symptoms and clinically
diagnosable depression and conduct disorders at age 18. They demonstrated that NO2
exposure at age 12 years was significantly associated with major depressive disorder at
age 18.

Prenatal exposure to NO2 and sex dependent infant cognitive and motor development
was analyzed by Lertxundi et al. [55] in children at 4–6 years of age, in four regions in
Spain (N = 1119). Infant neuropsychological development was assessed by McCarthy
scales: verbal, perceptive-manipulative, numeric, general cognitive, memory and motor.
NO2 exposure during pregnancy was from 18.7 ± 6.1 to 41.8 ± 10.7 µg/m3. The majority
of cognitive domains were negative for NO2, associations were more negative for boys,
statistically significant for memory, global cognition and verbal. These findings indicate a
greater vulnerability of boys in domains related to memory, verbal and general cognition.

Jorcano et al. [56] assessed association between NO2 and depressive and anxiety
symptoms, and aggressive symptoms in children of 7–11 years, related to their prenatal
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and postnatal exposure. Data were analyzed in 13,182 children from eight European
population-based cohorts. Prenatal NO2 levels ranged from 15.9 to 43.5 µg/m3, postnatal
levels ranged from 14.0 to 43.5 µg/m3. A total of 1108 (8.4%) and 870 (6.6%) children were
classified as having depressive and anxiety symptoms, and with aggressive symptoms.
Obtained results suggest that prenatal and postnatal exposure to NO2 is not associated with
depressive and anxiety symptoms or aggressive symptoms in children of 7–11 years old.

Loftus et al. [57] used the mother–child cohort from the CANDLE study and ana-
lyzed the impact of prenatal NO2 exposure (22.3 ± 7.1 µg/m3) and postnatal exposure
(16.2 ± 4.7 µg/m3) on childhood behavior (N = 975). In the sample 64% were African
American, 53% had a household annual income below USD 35,000 and the child’s age was
4.3 years. Mothers completed the child behavior checklist, a measure of problem behav-
iors in the past two weeks. The 4 µg/m3 higher prenatal NO2 was positively associated
with externalizing behavior (6%, 95% CI: 1, 11%) and the effect of postnatal exposure was
stronger (8%, 95% CI: 0, 16%). Prenatal NO2 exposure was also associated with significant
internalizing and externalizing behaviors. NO2 exposure is positively associated with child
behavior problems and African American and low SES children may be more susceptible.

Kulick et al. [58] examined in 5330 participants from the Northern Manhattan area of
New York City the effect of long-term exposure to NO2 (annual estimates 57.4 ± 22.1 µg/m3)
and PM2.5 (annual estimates 13.1 ± 4.8 µg/m3), predominantly in women, with a median
age of 75.2 (±6.46) years. A + IQR increase of residential NO2 was predictive of a 22.SD
(95% CI, 0.30, −0.14) low global cognitive score at baseline and a more rapid decline
(−0.06 SD; 95% CI −0.08, −0.04) in global cognitive function between biennial visits.

Erikson et al. [59] studied the association between NO2 exposure and total gray matter
and total white matter volumes in adults, using sample from UK Biobank. Participants
were recruited from 2006 to 2010, a subset with magnetic-resonance brain imaging (MRI)
included 18,292 participants, with an average age of 62 (44–80) and NO2 levels were
25.61 ± 6.86 µg/m3. The mean total gray-matter volume was 708,111 mm3 (±47,940), the
mean total white-matter volume was 708,111 mm3 (±40,696). The total gray-matter volume
was inversely associated with NO2 (b = −103, p < 0.01). The effect of NO2 on gray-matter
volume was more pronounced in females (b = 161, p < 0.05). Obtained findings suggest
that NO2 concentrations lower than EU standard could be associated with reduced total
gray-matter.

All reviewed studies indicate a significant health risk of NO2 exposure at concentra-
tions lower than the EU annual limit of 40 µg/m3:

• Prenatal exposure impaired attentional function at the age of 4–5 years;
• Induce neurobehavioral changes in children at the age of 8–10 years;
• Affect attention process in children aged 8–12 years and induced changes are persistent

for another 3.5 years;
• Increase major depressive disorder at age 18;
• Increase the incidence of dementia;
• Exposure to NO2 is associated with reduced total gray-matter.

The overall evidence presented in the mentioned studies suggests that attainment of
the current EU annual limit for NO2 of 40 µg/m3 may not be sufficient for the protection
of human health and further reductions of NO2 concentrations would be beneficial and
should be considered. In Switzerland, the current limit for the annual average of NO2 is
30 µg/m3.

4. Measurement of NO2 in Prague by Passive Samplers

To build up on this hypothesis, the measurements of NO2 concentrations at various lo-
cations by passive samplers are examined. Some of the results were presented by Deutsche
Umwelthilfe [60] as preliminary data; in this study, the results from Prague were examined
in a greater detail.

For passive monitoring, membrane-closed Palmes tube [61] passive samplers (Passam,
Switzerland [62]) were used. Several hundreds of samplers were placed at selected locations
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in the Czech Republic, out of which 65 were in Prague, during spring and fall of 2019 (46 and
58 samplers, respectively, a total of 104 samplers), each time for a period of approximately
one month. The placement of the tubes generally followed the requirements set in the
EU air quality directive (2008/50)—placement away from buildings at a breathing height
1.5–4 m, away from larger obstructions, and for traffic sites, within 10 m of curbside and, in
most cases, over 25 m from intersections. In some cases, the samplers were placed closer to
intersections, and in some cases, the samplers were placed in less conspicuous places such
as behind a traffic sign (see photo in Figure 1), to reduce the chances of tampering. The
expanded uncertainty (95% confidence) of the measurement given by the manufacturer is
18.3% for a concentration range 20–40 µg/m3 [62]. The location of samplers is shown on
an overview map in Figure 1. The same map also shows the locations of the national air
quality monitoring stations referred to in this study.

Figure 1. Locations of the passive samplers and air quality monitoring stations used for comparison in this study. Photo of
a sampler is shown in the upper right corner. (Map source: www.mapy.cz (accessed on 18 May 2021), © Seznam.cz, a.s.,
used with permission).

The measured concentrations are given in Table 1. For the spring campaign, the
dates of the sampling are listed in the “spring measurement period” column, while for
the fall campaign, a value is given when a measurement has taken place during the three
sampling periods, as some locations were sampled twice. The spring, fall and overall
average concentrations, divided by a correction factor of 1.185 (will be explained later
in the manuscript) are given. For each location, the average daily vehicle traffic counts
reported by the City of Prague Highway Department for 2019 [63] are reported. This
table also reports vehicle counts adjusted for additional emissions due to inclines and
intersections, these adjustments are discussed later in the manuscript.
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Table 1. Measured NO2 concentrations and average daily vehicle counts.

NO2 Measurements by
Passive Samplers Sprimg

Measurement
Period

Concentration as Analyzed [µg/m3]
Adjusted (div 1.185)

Concentrations Traffic Vehicles/Day
Hill Climb Inter-

Section
>6 tons Excl.

Zone
Location March–

April
30 August–29

September
7 September–30

October
29 September–30

October Spring Fall Average Total
Vehicles

Heavy
Vehicles Adjusted

31 Budějovická 9 March–6 April 34 28 28 1
32 třída 5. května 39 9 March–6 April 43 41 36 35 35 73,818 2200 110,727 50% 1

33 Na Veselí 9 March–6 April 49 41 41 35 38 15,500 400 31,000 100% 1
34 Sokolská/Ječná 9 March–6 April 78 70 63 66 56 61 56,000 1700 280,000 100% 100% 1

35 Ječná/Štěpánská 9 March–6 April 64 63 54 53 53 27,600 700 138,000 100% 100% 1
36 Jugoslávských

partyzánů 27 9 March–6 April 35 29 29 16,723 800 16,723

37 Na
pískách/Evropská 9 March–6 April 52 56 44 48 46 40,600 1700 162,400 100%

38 Kafkova/Svatovítská 9 March–6 April 46 46 39 39 39 26,101 1000 104,404 100%
39 Svatovítská/tunel 9 March–6 April 31 34 26 29 27 36,901 1000 36,901

40 Na Ořechovce 9 March–6 April 45 38 38 12,800 400 12,800
41 Dejvice train station 9 March–6 April 73 59 62 50 56 29,200 1400 131,400 50% 100% 1
42 Hradčanská (metro

station) 9 March–6 April 34 36 29 30 30 18,409 1100 18,409 1

43 Veletržní/Sochařská 9 March–6 April 50 47 43 40 41 22,100 600 99,450 50% 100% 1
44

Janovského/Veletržní 9 March–6 April 41 34 34 29 31 19,400 400 77,600 100% 1

45 Křížovnická 9 March–6 April 40 34 34 21,000 500 21,000 1
46 Vinohradská/Flora 9 March–6 April 34 37 29 31 30 26,400 600 26,400

47 Flora-mall (bus stop) 9 March–6 April 43 35 36 30 33 11,312 200 45,248 100%
48 Bělocerkevská (bus

stup) 9 March–6 April 51 46 43 39 41 26,500 1000 132,500 100% 100%

49 Vršovická (Slavia
tram stop) 9 March–6 April 33 36 28 31 29 13,900 600 55,600 100%

52 Rumunská/Sokolská 9 March–6 April 53 45 45 43,100 1300 129,300 50% 50% 1

120 Severni Spořilov
podchod

13 March–24
April 45 38 38 48,900 7200 73,350 50%

121 Chodov/Dálnice 13 March–24
April 55 46 46 118,100 15,600 177,150 50%

122 Zenklova/Na
Korábě

13 March–24
April 39 30 33 25 29 13,000 400 13,000

123 Vychovatelna (bus) 13 March–24
April 67 49 57 41 49 109,300 4700 163,950 50%

124 Rokoska (podchod) 13 March–24
April 64 53 54 45 49 88,561 4200 132,842 50%

125 V Holešovičkách
8/10

13 March–24
April 51 45 43 38 40 88,561 4200 132,842 50%

126 Hotel Pawllovia 13 March–24
April 40 43 34 36 35 88,561 4200 88,561

127 main train station 13 March–24
April 42 51 35 43 39 85,053 200 85,053 1

128 Hrusická 6
(balcony)

13 March–24
April 21 18 18 0 0 0
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Table 1. Cont.

NO2 Measurements by
Passive Samplers Sprimg

Measurement
Period

Concentration as Analyzed [µg/m3]
Adjusted (div 1.185)

Concentrations Traffic Vehicles/Day
Hill Climb Inter-

Section
>6 tons Excl.

Zone
Location March–

April
30 August–29

September
7 September–30

October
29 September–30

October Spring Fall Average Total
Vehicles

Heavy
Vehicles Adjusted

129 hlavni 25 (balcony) 13 March–24
April 29 25 25 8000 200 8,000

130 Havni/most 13 March–24
April 37 31 31 50,487 7400 75,731 50%

181 Kotevní 2 19 March–24
April 32 27 27 26,500 600 26,500 1

182 Strakonická 21/23 19 March–24
April 41 35 35 54,753 3300 54,753 1

183 Svornosti 19a 19 March–24
April 48 41 41 11,800 300 11,800 1

184 Zborovská 3 19 March–24
April 48 44 44 41 37 39 14,500 300 58,000 100% 1

185 V Botanice 4
(regional government)

19 March–24
April 56 49 63 47 47 47 25,028 500 100,112 100% 1

186 V Botanice (bank) 19 March–24
April 43 44 37 37 37 22,000 500 88,000 100% 1

187 Plzeňská 14, Hotel
IBIS

19 March–24
April 49 42 41 35 38 32,700 700 130,800 100%

188 Radlická 14/Anděl 19 March–24
April 48 48 40 41 41 25,030 600 100,120 100%

189 Ostrovského 19 March–24
April 43 41 36 34 35 23,191 500 92,762 100%

190 Billa Karlin 19 March–24
April 32 28 27 24 25

191 Pobřežní (bussiness
center)

19 March–24
April 43 40 37 33 35 31,200 1200 31,200

192 Pobřežní
(monitoring stattion)

19 March–24
April 38 30 32 26 29 31,200 1200 31,200

193 Negreliho viadukt 19 March–24
April 33 39 28 33 30 13,335 800 13,335

194 Florenc (bus stop) 19 March–24
April 46 42 39 36 37 14,612 800 58,448 100%

195 Nám. Republiky
(Kotva)

19 March–24
April 47 40 40 8300 300 33,200 100% 1

Mezibranská 3 none 84 79 69 69 59,645 1800 298,225 100% 100% 1
Sokolská/Ječná, Prague none 74 63 58 58 55,445 1700 277,225 100% 100% 1
Rumunská/Legerova,

Prague none 62 52 48 48 45,452 1300 181,808 100% 1

Bubenská, Prague none 48 40 40 28,300 800 113,200 100%
Vysočanská, Prague none 26 22 22 15,700 400 15,700

Vysočanská (ČHMÚ),
Prague

none 37 31 31 37,035 1600 148,140 100%
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Table 1. Cont.

NO2 Measurements by
Passive Samplers Sprimg

Measurement
Period

Concentration as Analyzed [µg/m3]
Adjusted (div 1.185)

Concentrations Traffic Vehicles/Day
Hill Climb Inter-

Section
>6 tons Excl.

Zone
Location March–

April
30 August–29

September
7 September–30

October
29 September–30

October Spring Fall Average Total
Vehicles

Heavy
Vehicles Adjusted

Thámova/Sokolovská,
Prague none 28 24 24

Radlická (ČSOB),
Prague

none 38 32 32

Radlická (Kotelna Park),
Prague none 33 28 28

Resslova 1/3, Prague none 52 44 44 33,027 700 148,622 50% 100%
Spořilov 1, Prague none 51 43 43
Spořilov 2, Prague none 34 28 28

Boční/Jihovýchodní VII,
Prague none 28 24 24

Pankrác 1 BAUHAUS,
Prague none 37 31 31 100%

Pankrác 2 Doudlebská,
Prague none 29 25 25 100%

Pankrác 3 viadukt,
Prague none 32 27 27 100%

Pankrác 4 Hvězdova 35,
Prague none 31 26 26 100%

Radlická/Klicperova,
Prague none 48 41 41 25,030 500 100,120 100%

Suchdol AV ČR, Prague none 20 17 17 0 0 0
Suchdol AV ČR, Prague none 19 16 16 0 0 0
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4.1. Validation by Comparison with the Air Quality Monitoring Network

According to [64], passive diffusion tubes for measuring NO2 concentrations in air
were originally developed in the late 1970s for personal monitoring. They have been
widely used in Europe for spatial and temporal measurement of NO2 concentrations. The
method has been found to be cheap, simple, and “provides concentration data in most
circumstances that are sufficiently accurate for assessing exposure and compliance with
Air Quality criteria” [64]. Reporting on a series of comparison tests, Buzica et al. [65] have
concluded that “In the case of NO2, all the results of the laboratory and field experiments
respected the requirements necessary for the demonstration of equivalence” and that the
MCPT are equivalent to the reference methods for assessment of NO2. Passive diffusion
tubes were reported to show a positive bias when sampling close to sources of NO, such
as roadside or street canyons [64]. At the same time, prolonged (several weeks) sampling
periods were reported to lead to negative bias [64]. A review done by the Joint Research
Center of the European Commission [66], done in part to assess the feasibility of using
the samplers for the long-term monitoring of nitrogen dioxide, with the particular aim of
checking compliance with the European Union annual limit value of 40 µg/m3, citing a
range of previous studies, reports that the “precision of the sampler showed that it is usually
better than 5% when using a barrier or shelter to reduce effects of wind-induced turbulence”
and that “the relative expanded uncertainty of individual results was estimated to be 32%
for worst-case conditions“, with lower values, generally <25%, obtained, for example, by
parallel measurements with a reference method, by direct approaches, concluding that
overall, “the Palmes tube is at least suitable for performing long-term measurements of
NO2 for indicative purposes, and possibly even for fixed measurements”. Recent review of
biases associated with Palmes tube type passive samplers by Heal et al. [67] suggests that
“The effect of net bias can be reduced by application of a local “bias adjustment” factor
derived from colocations of PDTs with a chemiluminescence analyzer. When this is carried
out, the PDT is suitable as an indicative measure of NO2 for air quality assessments”.

To evaluate the bias, the data from passive samplers were compared to the data from
selected relevant stations of the national air quality monitoring network, listed in Table 2.
The national network uses chemiluminescence analyzers capable of measuring both NO
and total NOx, with NO2 calculated as the difference of total NOx and NO. The uncertainty
of the measurements is periodically determined through analysis of reference samples,
repeated measurements of the same sample, interlaboratory exercises, and for 2019, was
reported to be a combination of absolute uncertainty of 2.3 µg/m3 and a relative uncertainty
of 12.3% [68].

The results of this comparison are given in Figure 2. In each case, the value reported
by the passive sampler was compared to the average of hourly values from the monitoring
station over the period during which the sampler was exposed. The three larger points (in
red/orange) represent two samplers colocated with the Karlín monitoring station over two
separate one-month periods and one sampler colocated with the Vysočanská monitoring
station, show a linear correlation with a slope of 1.185 (at zero intercept; standard error of
slope 0.008; differences passive sampler vs. monitoring station of +20%, +17% and +18%).
While it can be argued that a regression of three points has a limited meaning, in this case,
it shows that three different samplers, each used in a different time period, has produced
readings that are a consistent multiple of the monitoring station data. Additionally, two
samplers placed at the city urban background reference station for particulate matter
(Suchdol campus of the Czech Academy of Sciences, last two lines in Table 1) during the
same time period show a relative difference of 6%. These findings are in line with the 5%
precision of the Palmes tube samples reported in [66].
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Table 2. Measured NO2 concentrations and average daily vehicle counts—monitoring network.

NO2
Measurements
by the National

Air Quality
Monitoring

Network

Average of 1-h Concentrations [µg/m3] Average Concentrations Traffic Vehicles/Day
Hill

Climb
Inter-

Section

>6 tons
Excl.
Zone

Station
9 March–6

April
19 March–21

April
30 August–29

September

7
September–30

October

29
September–30

October
Spring Fall 2016–2019 Actual Adjusted

Legerova 46 62 45 45 54 45 51 46,300 1300 185,200 100% 1
Namesti

Republiky 29 35 26 36 32 31 30 10,400 300 41,600 100% 1

Kobylisy 20 21 26 20 26 20 0 0 0
Průmyslová 31 32 30 32 30 31 35,000 2000 35,000
Vysočanská 29 37 31 33 31 35 37,035 3500 37,035

Karlín 32 26 32 26 29 31,200 1200 31,200
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Figure 2. Comparison of passive sampler reported NO2 concentrations to the corresponding average
values from corresponding monitoring stations. Larger points circled in red denote the colocation of
the sampler at the monitoring station.

Smaller blue points in Figure 2 show additional locations. Two samplers were placed
at an urban background monitoring station Suchdol, however, data from this station was
not available, and the readings are compared with another background monitoring station
in Kobylisy. Two samplers were placed near Náměstí Republiky monitoring station, but
a few dozen meters away and near an exit/entrance ramp to a large shopping center
underground parking garage. Two samplers were placed on the corner of Legerova and
Rumunská, near the monitoring station but at an intersection controlled by a traffic light.
The readings from these four samplers were higher than from the monitoring station, which
can be reasonably expected as they were near stopped and accelerating vehicles. The slope
for the additional samplers was 1.17 with a standard error of 0.09; it should be noted that
differences between actual NO2 concentrations at the sampler and at the monitoring station
are most likely the largest source of uncertainty.

Additional samplers close to the Legerova station (about 150 m from a large inter-
section) were closer to intersections and therefore exposed to additional cross-traffic, in
addition to the increase in emissions rates in the vicinity of intersections. Two samplers
were also placed at the Legerova monitoring station (urban hotspot) in the spring of 2019,
but both were stolen. Additional samplers were placed near the Karlín monitoring station
and near the Náměstí Republiky monitoring stations, and in the general vicinity of the Leg-
erova station. The NO2 concentrations reported for the samplers were compared with the
average NO2 concentrations measured by the monitoring station, obtained by averaging
data over the time the samplers were exposed on the site.

Additional samplers used in the comparison were at reasonably close locations with
not overly dissimilar traffic, and were not too far from the 15% tolerance reported by the
Defra report [64]. It should be noted that the tolerance is applicable to the deviation of the
sampler-reported and reference value, and not to the differences due to the samplers being
at different locations with different emissions characteristics.

For all subsequent data analysis, the concentrations from the passive samplers were
divided by the regression slope of 1.185. It should be noted that while this correction
represents the best judgment by the authors, it is based on limited data and could be
viewed as arbitrary, as the difference could arise out of the 12.3% uncertainty of the reference
measurement the manufacturer-reported 18% expanded uncertainty of the passive sampler.
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4.2. Comparison of NO2 during Passive Samplers Deployment with Long-Term Averages

The variation of climatic and weather conditions is an additional source of bias to
consider when comparing passive samplers to annual mean values. Figure 3 shows that
the average values of NO2 recorded at the monitoring stations over sampling periods of
individual samplers (different four-week periods in March–April 2019) did not dramatically
differ from annual means during the last four years (2016–2019), although differences in
trends were observed among the stations. For example, the Legerova urban hotspot station
exhibited an annual average of 51 µg/m3 (2016–2019), compared to 46 µg/m3 during the
period of 9 March–April 6 and 62 µg/m3 during 19 March–24 April. The Náměstí Republiky
urban background station had a 2016–2019 average of 30 µg/m3, compared to 29 µg/m3

during 9 March–6 April and 35 µg/m3 during 19 March–24 April. It should be noted
that the NO2 concentrations were generally lower during mid-March and higher during
mid-April. Overall, the NO2 concentrations during the sampling periods are believed to be
representative of the annual average concentrations.

Figure 3. Comparison of monitoring station NO2 averages during sampling periods with four-
year average.

The consistency of the measurement by passive samplers during spring and fall
periods is shown, along with data from the reference monitoring stations, in Figure 4. The
slope of regression (with intercept forced through zero) was 0.91 ± 0.05 for the monitoring
stations and 0.92 ± 0.02 for the passive samplers, showing that the monitoring stations and
the passive samplers reported the same overall trends in NO2 concentrations.

Figure 4. Comparison of spring and fall NO2 concentrations.
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4.3. Effects of Traffic

For further analysis, all passive sampler measurements were divided by a factor of
1.185 (the slope of regression of passive sampler vs. reference NO2, see Figure 1).

The relationship between the vehicular traffic intensity and the NO2 concentrations
measured by the passive samplers is given in Figure 5. As samplers were used over two
different periods, they are plotted separately in two series, one for each period, along
with the average values from Legerova and Náměstí Republiky monitoring stations. It
appears that there is a moderate positive trend of NO2 increasing with traffic. Additionally,
samplers located next to an uphill section of a divided highway (or a one-way street with
the traffic going in the uphill direction) and next to an intersection tend to exhibit higher
NO2 concentrations. It also appears that the NO2 concentrations are higher in urban
canyons and congested streets of the city center and near intersections.

Figure 5. Relationship between traffic intensity and NO2 concentrations measured by passive
samplers in spring and fall of 2019 and by the national monitoring network (average of 2016–2019).

To assess whether high NO2 are associated with truck traffic, samplers located in
the area with limited access of vehicles over 6 tons gross weight (entry by permit only,
restricted to local traffic) are plotted separately in Figure 6 (for locations where multiple
samplers were used, average values are plotted). It is clear from the figure that the highest
NO2 were measured in areas where trucks over 6 tons are mostly excluded.

To account for additional emissions due to hills and intersections, the intensity of
traffic traveling uphill was increased by 100% to account for additional fuel consumption,
and for samplers located at intersections, the intensity of traffic was increased by 300%
to account for fuel consumed at idle and when accelerating (where the intersection was
without a major delay, such as time-synchronized signals at intersections of a larger one-
way street with a side street or pedestrian crossing, the factor was reduced by one half).
These adjustments factors were arbitrarily selected based on experience with vehicle
emissions behavior (additional emissions due to climbing a hill, additional emissions due
to idling at intersections and acceleration from intersections) and were independent of
each other. (Note: as an example of rough calculation for a passenger car diesel engine, the
acceleration of a 1500 kg car from 0 to 50 km/h requires a gain of kinetic energy of 145 kJ
or 40 Wh, corresponding, at 250 g/kWh engine fuel consumption, to 10 g of fuel. The fuel
consumption at idle is about 5 g/min. A one-minute stop and acceleration consumes 15 g
of fuel. Driving at steady speed requires about 30 g of fuel per km, or 3 g per 100 m. If
half of the cars stop and wait, the emissions in a 100 m segment around the intersection
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are 9 g, compared to 3 g in the case of free-flowing traffic. For simplicity, NOx emissions
are assumed to be proportional to the fuel consumption.) The relationship between the
adjusted vehicle volume and NO2 concentrations is plotted in Figure 7.

Figure 6. Relationship between traffic intensity and NO2 concentrations measured by passive
samplers (average of all measurement periods) and by the national monitoring network (average of
2016–2019).

Figure 7. Relationship between adjusted traffic intensity (traffic count × (1 + fraction of vehicles
travelling uphill + 3 × fraction of vehicles stopping at an intersection)) and NO2 concentrations
measured by passive samplers (average of all measurement periods) and by the national monitoring
network (average of 2016–2019).
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The relatively strong correlation between the adjusted traffic volumes and NO2 con-
centrations (R2 = 0.78 for September-October data and 0.76 for spring-fall averages; slope
0.13 ± 0.01; intercept 27 ± 1 µg/m3) suggests that “local” NO2, comprising of primary
NO2 emitted from the tailpipe and NO2 formed locally from NO by reaction with ozone
(i.e., [69]), is a considerable and in many locations dominant source of NO2. There is no
observable difference between the sampling locations where truck traffic over 6 tons was
excluded and the locations where it was not excluded. Overall, there seems to be a very
strong correlation between the estimated relative intensity of mobile source emissions
and the measured NO2 concentrations. It is likely that the correlation could be further
improved by taking into the account distance from the traffic, traffic on adjacent streets,
tunnel exits and other compounding factors.

A similar plot of the regression of the dependency of NO2 on adjusted traffic volumes
is plotted separately for the spring and fall campaigns in Figure 8, with red line denoting
the legal annual NO2 limit of 40 µg/m3 and green line the Swiss federal limit of 30 µg/m3

(shown for illustration in support of the health review). The regression shows that NO2
concentrations, in all cases, increased by 0.13 µg/m3 per 1000 vehicles daily traffic volume,
adjusted for uphill and intersections, where adjusted traffic count is traffic count multiplied
by a factor of (1 + fraction of vehicles travelling uphill + 3 × fraction of vehicles stopping
at an intersection). It should be noted that the intercept of the regression (25–28 µg/m3 in
Figures 7 and 8; (standard error of slope is 0.01; standard error of intercept is 1 µg/m3) is
higher than the “urban background” concentrations of 15–20 µg/m3, most likely due to
accounting only for traffic on major roads and not for parking garages, taxi waiting areas,
and similar locations. Even the urban background concentrations cannot be considered
as NO2 concentrations that would be theoretically be expected if no motor vehicles were
operated in Prague, due to the dispersion and transport of the pollutants.

Figure 8. Relationship between adjusted traffic intensity (traffic count × (1 + fraction of vehicles
travelling uphill + 3 × fraction of vehicles stopping at an intersection)) and NO2 concentrations
measured by passive samplers (average of all measurement periods) and by the national monitoring
network (average of 2016–2019). EU annual limit of 40 µg/m3 NO2 shown as a red line, Swiss federal
limit of 30 µg/m3 NO2 shown as a dotted green line.

Even at a rather conservative adjustment of the passive sampler readings (according to
the regression, the sampler readings were 18% higher, however, this was, to a large extent,
due to many samplers being at locations where the concentrations would reasonably be
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expected to be higher than at the corresponding monitoring station), it is clear from Figure
7 that the annual average limit of 40 µg/m3 NO2 is likely to be exceeded at numerous
locations throughout Prague, generally, where the adjusted traffic volumes exceed the
equivalent of 100 thousands of vehicles per day. This is, for example, the north-south
passageway through the center city (Wilsonova, Sokolská and Legerova street) with many
intersections, but also roads like V Holešovičkách (a six-lane road with 85–90 thousand
vehicles per day, with a gradient of approximately 3%), a possible new hot-spot in Prague.
In the worst case (intersection of two one-way streets with all vehicles traveling uphill),
this limit could be reached already at 20 thousand vehicles per day, as also apparent from
Figure 6.

5. Effects of Travel Restrictions on Ambient NO and NO2 Concentrations

In order to assess the contribution of light and heavy vehicles to NO and NO2 concen-
trations, hour-by-hour NO and NO2 ambient air quality data from the national air quality
monitoring network was analyzed for a period of 14 March–30 April 2020, during which
travel restrictions were imposed, including the prohibition of all non-cargo international
travel (truck traffic was exempted). For reference, the same period was assessed for four
previous years.

A total of five stations in Prague were selected:

a. Legerova street, considered an urban hotspot, with about 45 thousand vehicles
traveling daily in one direction (with similar traffic volumes in the opposite direction
on a parallel street), primarily (97–98%) light-duty vehicles (trucks over 12 tons are
restricted from entering inner Prague and trucks over 6 tons are restricted in the
Prague historical district);

b. Vysočanská street and Průmyslová street, two traffic stations located on heavily
traveled main roads used by local and transit truck traffic;

c. Náměstí Republiky, urban background station in a historical city center, on the border
of pedestrian area

d. Kobylisy, a station in a suburban residential neighborhood
e. For comparison, a rural background station in Košetice, serving as the Czech national

reference station, was used as a reference.

Arithmetic and geometric means and the NO2/NOx ratios are plotted, for each station
and all years, in Table 3. A single-factor analysis of variance (ANOVA) was performed
to compare the variances among the five data sets (one for the year 2020, four for each of
the reference years 2016–2019) with the differences within the sets. The associated p-value
(p1) was compared to the p-value (p2) associated with the difference between mean for the
year 2020 and the grand mean for all five years. The higher of the p2/p1 ratio and the p2
(ensuring that the significance of the difference of the year 2020 is much higher than the
difference among the years) is then considered the resulting p-value of the test.

As an alternative analysis, the statistical difference of data from each year from the
combined data set for all five years was evaluated using a t-test, and the p-value associated
with the test for the year 2020 was divided by the average of the four p-values associated
with each of the four reference years.

It is apparent from the Table 2 that NO concentrations significantly decreased at
all three traffic stations, with a highest mean decrease of 46% at Legerova and at the
Košetice rural background station. The decrease in NO2 concentrations was lower than
for NO at all Prague stations, highest at Legerova (20%), and even higher (40%) at the
Košetice rural background station. As vehicles emit primarily NO, the NO2/NOx ratio
tends to increase with the age of the emissions, being lowest (around 60%) at Legerova
street, 65–70% at Vysočanská, Průmyslová and Náměstí Republiky, 80% at the Kobylisy
residential background station and around 90% at the rural station in Košetice. One possible
interpretation of the increase in the NO2/NOx ratio at Legerova could be that the primary
emissions of both NO and NO2 were reduced, with lower reduction in “background” NO2
originating from NOx emitted elsewhere. Another possible explanation is the reaction
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of NO with ozone, yielding NO2 [70]. Both March and April of 2020 were substantially
sunnier than average—4 sunny days and 180 h of sunshine in March and 13 sunny days
and 290 h of sunshine in April, compared to 1981–2010 average of about 3 sunny days and
120 h of sunshine for March and 3–4 sunny days and 180 h of sunshine for April [71].

Table 3. Comparison of NO and NO2 concentrations at six monitoring stations during March–April 2020 travel restrictions
with the same period during the prior four years.

14 March–
30 April µg/m3, Arithmetic Mean µg/m3, Geometric Mean Ratio

Station Year NO NO2 NOx NO NO2 NOx NO2/NOx

Legerova 2016 43.5 ± 47.2 55.2 ± 27.4 122.0 ± 95.1 24.8 ± 3.1 48.4 ± 1.7 91.7 ± 2.2 55% ± 16%
2017 35.4 ± 38.6 46.5 ± 28.3 100.8 ± 84.7 17.1 ± 4.0 36.8 ± 2.1 67.4 ± 2.7 57% ± 16%

type: traffic 2018 44.7 ± 46.2 59.3 ± 29.0 128.0 ± 94.3 24.6 ± 3.4 51.4 ± 1.8 95.5 ± 2.3 57% ± 17%
predominantly 2019 36.9 ± 38.2 55.0 ± 27.2 111.7 ± 81.2 21.6 ± 3.1 46.8 ± 1.9 83.9 ± 2.3 58% ± 14%

light-duty < 3.5 tons 2020 21.6 ± 27.7 43.2 ± 21.0 76.5 ± 59.3 12.2 ± 2.9 38.4 ± 1.6 60.5 ± 2.0 66% ± 15%

2020 vs.
2016–2019 −46% **** −20% **** −34% **** −44% **** −16% **** −28% **** +23% ****

Průmyslová 2016 24.8 ± 40.1 34.6 ± 19.8 72.8 ± 77.2 9.1 ± 4.8 29.3 ± 1.8 48.7 ± 2.4 64% ± 20%
2017 21.9 ± 33.2 33.4 ± 20.2 67.0 ± 67.9 8.1 ± 4.8 27.3 ± 1.9 44.3 ± 2.5 65% ± 19%

type: traffic 2018 21.4 ± 35.8 31.8 ± 22.0 64.7 ± 72.4 6.5 ± 5.5 24.1 ± 2.2 38.1 ± 2.9 67% ± 20%
all types, truck transit 2019 19.7 ± 39.0 30.6 ± 21.3 60.8 ± 77.3 5.8 ± 5.2 24.3 ± 2.0 37.1 ± 2.6 69% ± 19%

2020 16.0 ± 29.0 27.5 ± 19.4 52.0 ± 60.1 5.5 ± 4.3 21.0 ± 2.2 31.8 ± 2.7 69% ± 17%

2020 vs.
2016–2019 −27% ** −15% * −22% *** −24% **** −20% **** −24% **** 6%

Vysočanská 2016 22.7 ± 29.5 38.0 ± 18.9 72.9 ± 60.4 12.0 ± 3.3 33.5 ± 1.7 55.7 ± 2.1 63% ± 16%
2017 18.4 ± 26.6 35.1 ± 19.1 63.5 ± 56.5 8.2 ± 3.9 30.3 ± 1.7 46.6 ± 2.2 68% ± 17%

type: traffic 2018 18.8 ± 25.1 36.0 ± 19.9 64.9 ± 54.7 7.8 ± 4.3 30.5 ± 1.8 46.9 ± 2.3 68% ± 18%
all types, truck transit 2019 17.4 ± 22.3 34.1 ± 19.1 60.8 ± 49.9 8.7 ± 3.5 28.9 ± 1.8 45.5 ± 2.2 66% ± 16%

2020 14.2 ± 19.9 33.2 ± 18.9 55.1 ± 45.0 7.0 ± 3.3 28.1 ± 1.8 41.8 ± 2.1 70% ± 16%

2020 vs.
2016–2019 −27% *** −7% **** −16% **** −23% **** −9% **** −14% **** 8%

Náměstí 2016 12.0 ± 14.0 20.2 ± 7.1 38.8 ± 26.4 6.9 ± 3.2 19.2 ± 1.4 33.3 ± 1.7 59% ± 26%
Republiky 2017 12.1 ± 12.5 33.1 ± 14.6 51.7 ± 30.8 9.4 ± 1.9 30.4 ± 1.5 46.0 ± 1.6 66% ± 15%

2018 15.6 ± 19.5 35.2 ± 17.7 59.1 ± 43.7 9.8 ± 2.6 31.5 ± 1.6 49.1 ± 1.8 65% ± 18%
type: urban 2019 10.9 ± 14.2 31.9 ± 15.2 48.7 ± 33.5 7.5 ± 2.1 28.9 ± 1.5 41.9 ± 1.7 70% ± 13%
background 2020 10.8 ± 10.6 27.8 ± 14.5 44.6 ± 28.2 8.0 ± 2.1 24.9 ± 1.6 38.4 ± 1.7 66% ± 12%

2020 vs.
2016–2019 −14% −7% −10% −3% −8% −9% 2%

Kobylisy 2016 3.8 ± 9.3 10.4 ± 6.3 16.3 ± 19.0 1.2 ± 3.4 9.1 ± 1.7 11.9 ± 2.0 80% ± 16%
2017 3.7 ± 9.4 14.5 ± 8.7 19.7 ± 19.9 1.5 ± 3.1 12.7 ± 1.7 15.4 ± 1.9 80% ± 16%

type: residential 2018 3.7 ± 8.8 21.7 ± 15.9 27.5 ± 26.0 1.4 ± 3.2 17.2 ± 1.9 20.4 ± 2.1 86% ± 11%
background 2019 3.4 ± 8.8 19.6 ± 15.7 25.0 ± 27.1 1.1 ± 3.2 15.8 ± 1.9 18.4 ± 2.0 87% ± 14%

2020 2.8 ± 5.9 17.3 ± 14.1 21.0 ± 20.8 1.5 ± 2.3 13.0 ± 2.1 14.8 ± 2.2 81% ± 14%

2020 vs.
2016–2019 −22% 4% −5% 14% −2% −8% −6%

Košetice 2016 0.5 ± 0.6 6.0 ± 2.6 6.8 ± 3.1 0.3 ± 2.0 5.4 ± 1.6 6.2 ± 1.6 90% ± 7%
2017 0.3 ± 0.4 7.3 ± 3.0 7.8 ± 3.2 0.3 ± 1.8 6.7 ± 1.5 7.2 ± 1.5 93% ± 5%

national reference 2018 0.3 ± 0.4 3.9 ± 2.7 4.3 ± 3.0 0.2 ± 2.6 3.1 ± 2.0 3.5 ± 1.9 90% ± 9%
background 2019 0.2 ± 0.3 3.6 ± 1.9 4.0 ± 2.1 0.1 ± 2.9 3.1 ± 1.8 3.5 ± 1.7 91% ± 9%

outside of Prague 2020 0.2 ± 0.3 3.1 ± 1.7 3.5 ± 1.9 0.1 ± 2.8 2.7 ± 1.8 3.0 ± 1.8 90% ± 9%

2020 vs.
2016–2019 −27% *** −7% ** −16% *** −23% ** −9% −14% * +8% ***

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

It should be noted, however, that the interplay of different factors is rather complex.
For example, diminished traffic volumes result in lower frequency of low-speed driving
in congested areas, during which the efficiency of exhaust aftertreatment is reduced,
resulting in higher overall exhaust temperatures (and thus higher production of NO2 in
oxidation catalysts), but also higher probability of SCR functionality (and thus lower NOx
emissions)—however, due to Dieselgate, the reality of NOx aftertreatment efficiency is
likely to be variable, questionable and poorly known.

Additionally, according to [72], it appears that on-road oxidation of NO by ambient
O3 is a significant, but so far ignored, contributor to curbside and near-road NO2. This
is in agreement with on-road NO2/NOx ratios in U.S. being reported to be 25–35% and
substantially higher than anticipated tailpipe emissions rates [73].
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6. Discussion

A detailed analysis of NO2 concentrations measured by the passive samplers shows a
clear correlation of NO2 concentrations with daily traffic counts, adjusted for additional
emissions due to uphill travel and stopping at intersections. This finding is in good
agreement with the data from the monitoring stations, which, by themselves, are too
sparse to make such inference. The correlation of NO2 concentrations with vehicular traffic
intensity is also apparent from the comparison of the data from state air quality monitoring
stations during the period of 14 March–30 April 2020, during which travel restrictions were
imposed, including the prohibition of all non-cargo international travel, with comparable
periods of four previous years. Overall, the findings confirm that vehicular traffic, through
primary NO2 emissions (and possibly through fast reaction of primary NO with ozone),
directly affects the NO2 concentrations in the immediate vicinity.

This correlation, along with correlation of passive sampler readings and air quality
monitoring stations, and good consistency of reported NO2 concentrations among samplers
used within the same location at different time periods, all suggest that passive samplers
appear to provide, at a reasonable cost and effort, a fairly good image of the distribution
of NO2 concentrations. Judging from limited data, the passive samplers were found
to measure about 18.5% higher values than the monitoring stations. Repeated—and
most likely deliberate—removals of passive samplers from the immediate vicinity of the
monitoring stations have prevented a more quantitative comparison. A comparison of a
broader set of data reveals a slightly smaller bias, contributed to, in several cases, by the
passive samplers being at more exposed locations (i.e., near the exit of a large underground
parking garage) than the monitoring stations. The true bias could therefore be possibly
even lower.

Since the trends are comparable within and outside the heavy truck exclusion area,
this seems to be primarily an effect of cars and other lighter vehicles (per city statistics,
about 90% of traffic is passenger cars [63]). Additionally, there is no correlation between the
measured NO2 concentrations and the heavy vehicle traffic count or between the measured
NO2 concentration and the fraction of heavy vehicles. This is in line with the findings that
truck NOx emissions have decreased to a considerably higher extent than those of diesel
cars in Europe.

The samplers at the locations with highest fraction of heavy vehicles (10–15%, vs.
average for all locations 4%) and with the highest absolute heavy vehicle counts (7–16
thousands/day, vs. average 1.7 thousands/day) have measured 25–35 µg/m3 NO2, which
is in the second lowest quartile (median concentration is 35 µg/m3). This may also be, in
part, due to a dependent factor that heavy vehicle traffic is limited in the high population
density city center.

The monitoring station at Legerova street is most likely not the absolute hot-spot—it
is expected that the emissions of NOx would be higher on the parallel street where the
vehicles travel uphill (Legerova is one-way street downhill) and at nearby intersections.
The street V Holešovičkách, a six-lane road, which is, unlike most other roads of similar size,
immediately bordered by residential neighborhoods, with a traffic intensity approaching
100 thousand vehicles per day, a major increase after the opening of a new complex of
tunnels providing an alternative route through congested areas, further complicated by a
3% grade, could easily be the next traffic hot-spot.

Considering the finding that about half of the vehicles traveling on the road are not
older than 7 years [27], and the several-fold decrease in NOx emissions standards over the
last decade and half, a much sharper decrease of NO2 concentrations would be expected
than the approximately 1% annually reported by Hůnová [5]; a higher reduction of about
2.5% annually was observed in Western Europe, and about 4.7% annually in United States
and Canada [74]. Given the decrease in the limit values of roughly two thirds from Euro
3 (0.50 g/km NOx, 2000) to Euro 5 (0.18 g/km, 2009–2010) and from Euro 4 (0.25 g/km
NOx, 2005) to Euro 6 (0.08 g/km, 2014–2015), the introduction of Euro 5 in late 2009 and
Euro 6 in late 2014 should have resulted in about a two thirds NOx reduction in at least
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half of the vehicles, or about one third reduction in NOx emissions in general. As learned
from the analysis of the effects of traffic restrictions, the effect on NO2 concentrations may
be different, and possibly somewhat smaller than the reduction in NOx emissions, due to
atmospheric chemistry. The effects of such a decrease could also have been diminished by
an increase in traffic, however, in the center city, the intensity of automobile traffic has been
stagnating, or even slightly decreasing.

The mediocre decrease in NO2 concentrations, despite more dramatic reduction being
expected from improving vehicle technology, is in line with earlier findings that the real
NOx emissions of diesel vehicles did not decrease despite the decreasing emissions limits.
The situation should have been, however, substantially remedied by “post-Dieselgate”
vehicles and by repairs of vehicles affected by Dieselgate. Since it was not, a question
therefore arises as to the possibility that Dieselgate relevant repairs were not done on a
sufficient number of vehicles and/or were not sufficiently effective and/or were reversed
to the “original factory conditions” by the vehicle owners. The authors do not have
any reliable statistics on this matter. Furthermore, considering that all three mentioned
situations could be associated with criminal offenses and/or considerable civil penalties,
detailed investigation of the matter is likely to be considerably difficult.

If there is no assurance that the NO2 concentrations will decrease dramatically due
to a radical improvement in primary NOx emissions, the only other suitable strategy to
improve the air quality is to reduce, to the extent required, the intensity of vehicular traffic.
Contrary to the remote regions where automobiles are, in most cases, the only practical
means of travel, Prague has an extensive network of public transit. According to the City
of Prague statistics [63], only 29% of trips in Prague are done by automobile, 26% of trips
are by walking and 42% of trips by public transit. Of the public transit, slightly over
one third is done by subway, and another third by trams and commuter rail, which are,
with the exception of a rather small number of diesel rail cars used on sparsely traveled
rail lines, run on electric power, and therefore with very small effect on NO2 emissions.
The remaining third of trips is by diesel buses, the majority of which are equipped with
SCR catalysts, and potentially reaching NOx emissions not much larger (and according to
measurements possibly even smaller) levels, per kilometer and vehicle, than an average
diesel car. It is therefore readily apparent that shifting from an average automobile to any
other means of transport is likely to reduce the NO2 concentrations. (Shift to electric power,
compressed natural gas, or other “clean” propulsion is a gradual process and is unlikely to
be done, within a few years, on a sufficiently large number of vehicles to make a difference
throughout the city).

7. Summary and Conclusions

Despite massive reductions in diesel cars NOx emission limits, of about two thirds
from Euro 3 to Euro 5 and from Euro 4 to Euro 6, NO2 concentrations throughout the Czech
Republic have been decreasing at a mediocre rate of 1% annually.

A review of the underlying engine emissions trends shows that the conversion of NO
into NO2 in diesel oxidation catalysts, beneficial for regeneration of diesel particle filters
and for the functioning of the SCR systems for NOx reduction, did not, contrary to the
intentions of the legislation, go hand in hand with a major reduction of NOx emissions in
subsequent (downstream) NOx aftertreatment devices. As a result, primary NO2 emissions
from light duty diesel vehicles are in most cases considerably higher than intended in the
emissions legislation due to non-adherence of many manufacturers to the primary intent
of the legislation.

A review of the health effects on NO2 on children shows that all reviewed studies
indicate a significant effect of prenatal NO2 exposure to children´s neurobehavioral devel-
opment, in adults to dementia at concentrations lower than EU standards of 40 µg/m3/year.
These results should be understood as a strong recommendation to reduce the NO2 con-
centrations below the current EU standard. All presented studies prove that NO2 can
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significantly deteriorate CNS and therefore this knowledge should be used to improve the
quality of our lives.

To elucidate the effects of motorized traffic on NO2 concentrations, data from 104 pas-
sive NO2 samplers deployed at 65 locations in Prague during March–April and September–
October of 2019 were examined. Comparisons with the national monitoring network
show a positive bias of 18.5% for colocated samplers and 17% for samplers nearby (or in
similar settings as) the monitoring stations. There was a good correlation among repeated
measurements at the same locations. The data from the national air quality monitoring
network show that the average concentrations in both spring and fall sampling periods
were consistent with 2016–2019 averages.

The average measured NO2 concentrations at the selected locations, after correcting
for the 18.5% bias, were in the range of 16–69 µg/m3, with a mean of 36 µg/m3 and a
median of 35 µg/m3, and were higher than the EU and national limit (annual average)
of 40 µg/m3 at 32% of locations. The NO2 concentrations have correlated well with the
intensity of traffic (average daily vehicle counts), corrected for additional emissions due to
uphill travel and due to idling at, and accelerating from, intersections. Several additional
“hot-spots” were identified, in addition to the “hot-spot” monitoring station at Legerova
street (2016–2019 NO2 average of 51 µg/m3), where the vehicles travel on a slight decline
on a one-way street: several intersections at Sokolská street, parallel with Legerova with
uphill direction of travel, and emerging hot-spots along V Holešovičkách street, where
the traffic intensity increased due to the opening of a new series of tunnels. Analysis of
the effect of coronavirus related travel restrictions were evaluated by comparing the data
from six monitoring stations (15 March–30 April 2020, relative to the same period during
2016–2019) reveal a reduction of NO, NO2 and NOx (except for a small increase of NO2 at
one of the background stations), with NO reduction being, at high traffic locations, higher
than that of NO2. The spatial analysis of data from passive samplers and time analysis
of data during the travel restrictions both demonstrate a consistent positive correlation
between traffic intensity and NO2 concentrations along/near the travel path.

It appears that decreases in vehicle NOx emission limits, introduced in the last decade
or two, have failed to sufficiently reduce the ambient NO2 concentrations in exposed
locations in Prague. This is in part due to increased fraction of NO2 in NOx in newer
vehicles, and in part due to “a major disparity between the numerical value of the emission
limit and the actual emissions in everyday driving”. Further, there is no apparent sign of,
and it is far from clear that, the “excess emissions” of NOx, a problem known as Dieselgate,
have been efficiently remedied.
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Abstract: With attention increasing regarding the level of air pollution in different metropolitan
and industrial areas worldwide, interest in expanding the monitoring networks by low-cost air
quality sensors is also increasing. Although the role of these small and affordable sensors is rather
supplementary, determination of the measurement uncertainty is one of the main questions of their
applicability because there is no certificate for quality assurance of these non-reference technologies.
This paper presents the results of almost one-year field testing measurements, when the data from
different low-cost sensors (for SO2, NO2, O3, and CO: Cairclip, Envea, FR; for PM1, PM2.5, and PM10:
PMS7003, Plantower, CHN, and OPC-N2, Alphasense, UK) were compared with co-located reference
monitors used within the Czech national ambient air quality monitoring network. The results showed
that in addition to the given reduced measurement accuracy of the sensors, the data quality depends
on the early detection of defective units and changes caused by the effect of meteorological conditions
(effect of air temperature and humidity on gas sensors and effect of air humidity with condensation
conditions on particle counters), or by the interference of different pollutants (especially in gas
sensors). Comparative measurement is necessary prior to each sensor’s field applications.

Keywords: microsensors; particle counter; gas analyzers; relative humidity; air pollution

1. Introduction

Similarly to other countries, in the Czech Republic, the public’s interest in the current state of
ambient air quality is increasing, especially in cities and locations exposed to industrial sources of
pollution. Although the national air quality network is representatively deployed over the entire
territory, covering all types of monitoring sites (urban, industrial, and background) and potential air
pollution sources (traffic, agricultural, and industrial), requests to widen the spatial resolution of the
measurement network (to almost personal exposure) are still increasing in the public sector [1–3].

During the last three years, the Czech Hydrometeorological Institute (CHMI) has recorded several
requests for assistance in processing data from public projects that applied sensors in cities or other
places of interest. Most of these projects suffered from severe shortcomings in the following points:

1. Clearly defined sensor application targets;
2. Appropriate sensor placement (study design) to monitor the given target;
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3. Selection of suitable sensor types;
4. Initial and continuous verification of sensor measurement quality;
5. Sensor data control and processing;
6. Appropriate use and interpretation of results.

The indicated order of these points is very important because effective and successful sensor
application depends mainly on the first four points. Unfortunately, most of the applicants for assistance
turn to the experts only at points five or six, but it should be emphasized that even professionally
processed data cannot save a poorly designed project. This paper deals with the two main points
highlighted in bold above (sensor type selection and measurement quality control).

Among all the issues, the selection of appropriate and reliable sensors is always a challenging
goal [4]. There is a wide range of air quality sensors available on the market, which grows every
year, while no regulatory legislation or standards for quality control exist yet. Although some
activities in creating international standards for air quality sensors evaluation have been already started
(e.g., the European Committee for Standardization [5]), in the meantime, different specialized institutions
are trying to objectively evaluate and show the measurement quality of recently produced sensor units
(by performing standard statistical procedures including descriptive statistics, calculation of correlation
coefficients, coefficients of determination, or measurement errors [4,6–9]). A common summary of all
these independent evaluations is that this miniaturized technology has some limits, manifested primarily
by different performance in real outdoor (uncontrolled) conditions than in laboratory evaluations
under controlled conditions (e.g., [4,10]). The measurement quality of electrochemical gas sensors is
usually susceptible to changes in ambient air temperature (T) and relative humidity (RH) [4] (for the
effect of increasing sensor unit temperature on sensor sensitivity or zero offset, see Mead et al. [11]),
and to cross-interference of various gases (especially between O3 and NO2; [11,12]), which often leads
to the overestimation of the real concentrations [7,13]. Miniaturized optical particle counters are
susceptible especially to high RH conditions (close to water condensing conditions), which may lead
to erroneous estimation of particle size and mass concentration due to potential particle hygroscopic
growth (particles’ ability to bind water) [14].

All of the above-mentioned negative effects on sensor measurement quality can be filtered out
of the measured datasets using different correction procedures (e.g., [7,9,13,14]) if they are clearly
defined at least at the beginning of the measurement (or also during the comparative measurement;
ideally applied on a daily correction routine [15]). Some sensor manufacturers state that they have
already implemented certain correction algorithms (for the elimination of cross-sensitivity or T and
RH effects) in the sensors’ processing units. However, the algorithms used are usually not published,
so the verification of the effectiveness of applied methods is again impossible without performing
comparative control measurement of the given sensor unit.

Under the circumstances that measurement quality of both gas and aerosol sensors can be
affected by changes in ambient meteorological conditions (T, RH) is evident, that the effect of
seasonality (the effect of particular months) plays an important role [4,13,16]. The different timing of
short-term comparative measurement tests (within days) may, therefore, be one of the main reasons
that mixed information about the performance quality of particular sensor types is reported across
literature [4,6,9,14]. Although this is known as one of the shortcomings of this topic [14], there are
(so far) only very few studies providing results from long-term field comparisons (lasting at least three
months or more) of different types of air quality sensors [13,16–18].

The aim of this study is to show the performance of different Cairpol gas sensor pairs (Cairclip
for SO2, NO2, O3, and CO) and miniature Plantower (PMS7003) and Alphasense (OPC-N2) particle
counter pairs (for PM1, PM2.5, and PM10 mass concentration) within almost one year of continuous
field comparative measurement with the corresponding reference monitors and equivalent optical
particle monitor used in the CHMI ambient air quality network (all data used are available in
Supplement 2). This paper follows up on recently published studies [13,17] and complements and
extends the results obtained.

284



Atmosphere 2020, 11, 492

2. Experimental Methodology

2.1. Study Area and Experimental Design

Field-testing measurement of different kinds of air quality sensors took place at Tušimice
Observatory (the northwest area of the Czech Republic; GPS: 50◦22′35.59” N, 13◦19′39.76” E),
a professional station of the CHMI focused on the integration of ground-based and remote sensing
methods in meteorology and air quality measurement. The station is located in a semi-agricultural
and semi-industrial background, surrounded by three brown coal-fired power plants and a spacious
open-pit brown coal mine. All the sensor types were tested in pairs (to control intra-sensors variability)
and installed in the appropriate housings (ventilated boxes; Figure 1) on the roof of the automatic
ambient air quality monitoring reference station. Comparative testing measurement was carried out
continuously between the end of 2017 and the beginning of 2019 (Cairpol gas sensors measured from
November 2017 until September 2018, Plantower particle counters from March 2018 until December
2018, and Alphasense from September 2018 until January 2019).

 

−

   
(a) (b) (c) 

 

Figure 1. Tested pairs of sensor units installed on the roof of the reference monitoring station within
the ventilated boxes: (a) pairs of Cairclip sensors for SO2, NO2, O3, and CO (Cairpol, FR); (b) pairs of
PMS7003 particle counters (Plantower, CHN) and (c) OPC-N2 particle counters (Alphasense, UK) for
PM1, PM2.5, and PM10 [13,17].

2.2. Technical Specification of Tested Sensors and Reference (or Equivalent to Reference) Monitors

2.2.1. Cairpol Gas Sensors

The detailed specifications of Cairclip SO2, NO2, O3, and CO electrochemical sensors (Cairpol,
Envea, France (FR); Figure 1a) have been described in our previous study [13], so here we cover
them only briefly. Cairclip sensors are small, tube-shaped, autonomous measuring units (weight
55 g). Each sensor unit has its own battery with an operating time from 24 to 36 h (or it can be
connected directly to a 5V DC power supply with a current demand of 500 mA) and a small screen,
where the measured values and device status are displayed. The fundamental technical parameters of
the particular sensors are listed in Table 1. All the units have an optionally adjustable measuring period
from 1 min to 15 or 60 min. The operating conditions stated by the manufacturer are in temperatures
(Ts) from −20 ◦C to 50 ◦C and relative humidity (RH) from 15% to 90% (non-condensing conditions).
Special attention can be given to the O3 Cairpol sensor, which is actually a combined type of sensor for
O3/NO2. It has the same limit of detection, range of measurement, uncertainty, and admitted effect of
temperature on zero value drift as the NO2 Cairclip sensor itself [19,20]. Although the exact algorithm
for sensor response on O3 separately is not known [19,21,22], given the strong positive correlation of
concentrations measured by the combined O3 sensor with concentrations measured by the Cairpol
sensor for SO2, NO2, or CO (see the Results section (Section 3.1)), we assume that it indicates a modified
sum of O3, NO2, and possibly other oxidants’ values [11–13,22,23].
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Table 1. Technical parameters of different Cairpol gas sensors specified by the manufacturer [19,20,24,25]. 1

Gas Sensor Type Measurement
Range

Limit of
Detection Uncertainty Interference Effect Temperature Effect

on Zero Value

Cairclip SO2 (ppb) 0–1000 50 <25% NO2, O3: ~−125%
H2S: ~5%

CO, H2: <1%

Not detected

Cairclip NO2 (ppb) 0–250 20 <30% Cl2: ~80%
sulfur compounds: negative

interference O3: ~80%

±50 ppb

Cairclip O3 (ppb,
also O3/NO2 ppb)

0–250 20 <30% Cl2: ~80%
sulfur compounds: negative

interference

±50 ppb

Cairclip CO (ppm) 0–20 0.05 <25% H2 < 60%
Long-term high concentrations
of H2S, NOx, SO2 may interfere

with the signal

±1 ppm

1 All the mentioned technical specifications were based on laboratory testing under standard operating conditions
at T = 20 ◦C (±2 ◦C), RH = 50% (±10%), and p = 1013 hPa (±5%).

2.2.2. Plantower and Alphasense Miniature Particle Counters

The PMS7003 optical particle counters (Plantower, China (CHN); Figure 1b) for measuring mass
concentrations of PM1, PM2.5, and PM10 (by converting the particle number concentration in an air
volume of 0.1 L) are small boxes with dimensions of 48 × 37 × 12 mm. This particle analyzer is not
a fully autonomous measurement unit because it is powered externally (power supply 4.5–5.5 V DC,
current demand 100 mA) and needs to be connected to a processing unit (Figure 1b). The fundamental
technical parameters of PMS7003 analyzers are listed in Table 2. The sampling frequency is 1 s.
The operating conditions stated by the manufacturer are in Ts from −10 ◦C to 60 ◦C and RH from 0%
to 99% [26].

The OPC-N2 (Alphasense, United Kingdom (UK); Figure 1c) optical particle counters for measuring
particle number concentration and mass concentrations of PM1, PM2.5, and PM10 (conversion to air
volume 1.2 L) are small measuring units with dimensions of 75 × 60 × 65 mm. Similarly to the previous
analyzers (PMS7003 from Plantower), even these units need to be powered externally (power supply
4.8–5.2 V DC, current demand 175 mA) and connected to a processing unit (Figure 1c). For technical
specifications, see Table 2 again. The sampling interval is optional, from 1 to 10 s. The operating conditions
are stated in Ts from −20 ◦C to 50 ◦C and RH from 0% to 95% (under non-condensing conditions) [27].

Table 2. Technical parameters of Plantower and Alphasense optical particle counters specified by
the manufacturers [26,27].

Particle
Counter Type

Measured
Fractions

Detection
Range (µm)

Measurement
Range

Maximum Consistency
Error/Coincidence Probability

Standard
Volume

Plantower
PMS7003

PM1
0.30–10.00 0–500 (µg/m3) ±10% at conc. 100–500 µg/m3

±10 µg/m3 at conc. 0–100 µg/m3 0.1 LPM2.5
PM10

Alphasense
OPC-N2

PM1
0.38–17.00

0–10,000
(particles/s) 0.84% at 106 particles/L 1.2 LPM2.5

PM10

2.2.3. Reference Monitors and Other Equivalent Methods

During the testing measurement, all the above-mentioned sensors were compared to the
appropriate reference monitors (RMs) or to other equivalent analyzers (Fidas200 particle analyzer)
currently used in the CHMI ambient air quality monitoring network. For monitoring gaseous
pollutants, RMs from Teledyne API company (San Diego, CA, USA) were used: the SO2 analyzer T100
(UV fluorescence method with minimum measurement range 0–50 ppb, maximum range 0–20 ppm,
and limit of detection 0.4 ppb), the NO2 analyzer T200 (chemiluminescence detection method with the
same measurement ranges and limit of detection as the aforementioned T100), and the O3 analyzer
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T400 (UV absorption method with minimum range 0–100 ppb, maximum range 0–10 ppm, and limit of
detection <0.4 ppb) [28].

For monitoring aerosol concentrations in fractions PM2.5 and PM10, reference monitors MP101M
(Environment SA, Envea, FR) based on radiometry (beta ray absorption) were used (measurement range
0–10,000 µg/m3, limit of detection 0.5 µg/m3) [29]. Given the similarity of measurement technology,
we have also used for sensor comparison the Fidas200 (Palas, Germany (DE)) optical particle counter for
PM1, PM2.5, and PM10 (measuring particle number concentration of up to 64 size channels with a range
of 1–20,000 particles/cm3 and mass concentrations with a range of 0–1500 µg/m3) [30]. The Fidas200
optical counter is equipped with an Intelligent Aerosol Drying System (IADS), which ensures water
removal before particle measurement. During the last year, the Fidas200 was found to be a suitable
equivalent monitor to an RM for the determination of PM mass concentrations in ambient air quality in
the Czech Republic (according to successful tests of equivalence; published only within the CHMI [31]).

2.2.4. Data Analysis and Data Control

The measured data from all tested sensors were cleaned of any outages and negative values
(treated as missing values; mentioned further as not available (NA)) before processing. However,
to show the real sensor performance, all the other measured values (even the possible outliers) were
left in the dataset for basic statistical processing in the first stage. The hourly averages of all measured
concentrations were calculated from 10 min of data (gas pollutants in ppb or ppm, aerosol particles in
µg/m3). In the event that more than 40% of the values were missing in any particular hour, the whole
hourly average was considered to be NA.

Firstly, summary statistics of all measured values during the field-testing period were performed
(mean values and standard deviations (SDs) of concentrations measured by sensor pairs and by RMs),
including the intra-sensors correlation within pairs of similar sensor types. Given the non-normal
distribution of most of the measured values (Figures S1–S4 in the Supplement 1), non-parametric
Spearman’s rank correlation coefficients (rS) were used in this study (similarly as in Bauerová et al. [13]
and Fishbain et al. [32]). Further summary statistics of different sensors’ performance were calculated,
including the presence (indicating the sensors’ availability over time in percentage [32]), correlation
with RMs and other equivalent monitors (rS), and measurement errors for indicating the differences
between the sensor and RM measurements (calculated as mean bias error (MBE), mean absolute error
(MAE) and root mean square error (RMSE); see e.g., Feenstra et al. [6]).

Finally, in the second stage, an identification of significant outliers (defined as higher than 3×max
of the hourly average RM concentration reached during the testing period; [13,33]) was performed
and their representation in the dataset was expressed in percentage. In the case of suitable sensors
(with correlation coefficients rS resulting from comparison with RMs at least >0.50), the coefficients of
determination (R2) were determined according to the best-fitting regression equation in comparison
with the RM (not only linear relationships). In addition, the potential effect of ambient T or RH on the
sensors’ measurement quality was assessed according to the values of rS and R2.

3. Results

3.1. Cairpol Gas Sensors

The summary statistic of concentrations measured by different Cairclip gas sensors and by
corresponding RMs is listed in Table 3 (except RM for CO, which is not available at the testing station).
The results showed that despite the significant strong correlations (for all sensor types rS > 0.80)
of the measured concentrations within the pairs of particular sensors (intra-sensors correlation),
significant data drifts were also found within the pairs of SO2 and CO sensors (in the case of the
SO2 sensors, a difference in mean concentration values of about 60 ppb from the beginning of the
measurement, i.e., in 100% of the data; in the case of the CO sensors, a difference of about 10 ppm
after three months of measurement, i.e., in 75.2% of the data; see Figure 2 or Figures S1 and S4 in
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Supplement 1). In the case of the NO2 and O3 sensors, such data drifts within the pairs did not appear
during the entire testing measurement (only for a selected time period; see Figure 2). The percentage of
valid data (hourly average concentrations of different gases) measured by Cairclip sensors in particular
months of the testing period is shown in Table S1 in Supplement 1.

Table 3. Summary statistics of gaseous pollutant concentrations (SO2, NO2, O3, and CO) measured by
pairs of Cairpol (Cairclip) sensors (ID 1 and 2) and by corresponding reference monitors.

Type of Sensor
Sensor ID Reference Monitor

Mean ± SD 1 Intra-Sensors
Mean ± SD 1

1 2 Correlation (rS) 2

Cairclip SO2 (ppb) 97.68 ± 53.45 31.01 ± 30.16 0.99 1.67 ± 1.69
Cairclip NO2 (ppb) 30.54 ± 13.63 29.61 ± 13.49 1.00 6.31 ± 4.20
Cairclip O3 (ppb) 22.53 ± 12.50 23.68 ± 12.83 1.00 32.57 ± 17.42

Cairclip CO (ppm) 1.81 ± 0.97 12.26 ± 7.49 0.81 - 3

1 SD = standard deviation. 2 rS = Spearman’s rank correlation coefficient. 3 There is no reference monitor available
for CO at the Tušimice station.

 

−

−
− −
− −

Figure 2. The course of CO, NO2, and O3 hourly concentrations (in ppb, only CO in ppm) measured
by Cairpol Cairclip gas sensors during the selected part of the testing period (from 25 January until
28 February 2018).

The comparison with the RMs showed very weak measurement quality in the case of the SO2 and
NO2 sensors. There were high differences in the measured concentrations (Table 3, Figures S1 and
S2 in Supplement 1), and the calculated measurement errors were very high (Table 4). In the case of
the SO2 Cairclip sensors, no correlation with the RM was detected (rS around zero; Figure S5), in the
case of the NO2 sensors the correlation with the RM was significant but negative (rS = −0.26 in both
tested units; Table 4, Figure S6). The strongest correlations (rS = 0.68 for both units) and the lowest
measurement errors occurred during the inter-comparison with the RM detected in the combined
O3 Cairclip sensors (Table 4, Figures S3 and S7; compared with the concentrations measured by the
O3 RM). The concentrations measured by these combined sensors were, however, also significantly
positively inter-correlated with the concentrations measured by all other types of Cairclip gas sensors
(SO2 sensors rS > 0.98, NO2 sensors rS = 1.00, CO sensors rS > 0.79; see Table S2 in Supplement 1 and
Figure 2).
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Table 4. Summary of Cairpol (Cairclip) gas sensor performance statistics in comparison with the
corresponding reference monitors (RMs).

Type of Sensor Sensor ID Presence 1 (%)
Correlation with RM Measurement Error 3

rS
2 MBE MAE RMSE

Cairclip SO2 (ppb) 1 94.8 0.02 −110.11 110.11 119.89
2 72.6 0.00 −30.35 30.52 44.46

Cairclip NO2 (ppb) 1 94.8 −0.26 −27.99 27.99 30.54
2 94.8 −0.26 −27.13 27.13 29.75

Cairclip O3 (ppb) 1 94.8 0.68 11.13 13.31 15.03
2 94.8 0.68 9.94 12.47 14.16

Cairclip CO (ppm) 1 94.8 - - - -
2 94.8 - - - -

1 Presence is indicating the sensors’ availability over the time of the whole testing period in percentage.
2 rS = Spearman’s rank correlation coefficient. Coefficients highlighted in italics are statistically non-significant
(p > 0.05). 3 Measurement error calculated as: MBE =mean bias error, MAE =mean absolute error, RMSE = root
mean square error.

In all the Cairclip sensors, significant correlations of measured gas concentrations with the ambient
air T (rS > 0.79) and RH (rS < −0.50) were found (Table S2 in Supplement 1). Even in the case of
the best-performing combined O3 sensors, the measurement quality changed significantly during
the testing period (see the differences between the cold period from November to March and the
warm period from April to September in Figure 3). The better sensor performance was reached during
the warmer months when the real O3 concentrations reached the values over 40 ppb (Figure S8).
The presence of significant outliers (values > 3×max RM one hourly average concentration) was 51%
and 10% in the case of SO2 Cairclip sensors (SO2_Cair1 and SO2_Cair2, respectively), and 0.01% in the
case of NO2 Cairclip sensors (both units). In combined O3 Cairclip sensors, no significant outliers were
detected during the testing period.

 

Figure 3. The relationship between O3 concentrations measured by Cairpol Cairclip sensors and by
the RM (both in ppb) with differentiation into particular months of the testing period (lasting from
November 2017 until September 2018). The black line presents the polynomial best-fit regression line
(degree = 2).
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3.2. Plantower and Alphasense Particle Counters

The summary statistic of PM1, PM2.5, and PM10 mass concentrations measured by two tested types
of particle counters—PMS7003 Plantower and OPC-N2 Alphasense—and by RMs or a Fidas200 monitor
is listed in Table 5 (in the case of an RM, no PM1 mass concentrations are available). The intra-sensors
comparison within pairs showed highly significant correlations in the measured PM concentrations
in both the Plantower and Alphasense sensors (both types rS > 0.95 in all PM fractions; see Table 5).
In both sensor types, no significant data drifts were found within the sensor pairs, although the
OPC-N2 sensors had a tendency to differ in mean and standard deviation (SD) concentration values
(especially in the case of PM2.5 and PM10 fractions, which had a higher occurrence of outlying values;
see Table 5). The percentage of valid data (hourly average PM concentrations) measured by Plantower
and Alphasense particle counters in particular months of the testing period is shown in Tables S3 and S4,
respectively, in Supplement 1.

The comparison with the RMs and equivalent Fidas200 showed a very good measurement
quality of the PMS7003 Plantower particle counters. The means and SDs of all measured PM fraction
concentrations corresponded very well with both control monitors, and no significant outliers appeared
(Table 5, Figures S9–S11 in Supplement 1). This also resulted in a significant positive correlation of
the measured data (with optical Fidas200 rS > 0.70 for all fractions measured within a sensor pair,
with radiometric RM rS > 0.62 for PM2.5 and PM10 fractions; Table 6, Figure 4 and Figure S12), and low
measurement error of these sensing units (Table 6).

In the case of the OPC-N2 Alphasense particle counters, the measurement quality was
considerably weaker in comparison with the Fidas200 or RM. The mean values and SDs of the
concentrations measured by the sensors and by the control monitors differed significantly in all PM
fractions (Table 5, Figures S13–S15). Despite a strong positive correlation with both control monitors
(with Fidas200 rS > 0.75 for all fractions, with RM rS > 0.63 for PM2.5 and PM10; Table 6, Figure 5,
and Figure S16 in Supplement 1), the high values of the measurement errors showed the presence
of extreme outliers in all PM fractions analyzed by OPC-N2 sensors (Table 6; the maximum PM1

concentration measured by the OPC-N2 was 256.6 µg/m3, the maximum PM2.5 concentration was
569.8 µg/m3, and the maximum PM10 concentration was 9036.7 µg/m3).

In both tested particle counter types, the concentrations of all measured fractions correlated weakly
negatively (yet statistically significantly) with ambient T (Plantower sensors rS < −0.24, Alphasense
sensors rS < −0.16) and significantly positively with RH (Plantower sensors rS >0.46, Alphasense
sensors rS > 0.57; see Tables S5 and S6 in Supplement 1). In the case of the PMS7003 particle counters,
there were no extreme outliers in the measured concentrations detected in relation to the effect of
changing T and RH. Conversely, in the OPC-N2 particle counters, 5.4% of the PM2.5 data and 6.2% of
the PM10 data were determined as extreme outliers (>3×max RM one hourly average concentration);
most of them were detected at the time with high ambient RH (RH > 90%; see Figure 6).

Table 5. Summary statistics of particulate matter (PM1, PM2.5, and PM10) concentrations (µg/m3)
measured by pairs of Plantower (PMS7003) and Alphasense (OPC-N2) particle counters (ID 1 and 2)
and by a corresponding Fidas200 optical particle counter and reference monitors (RMs).

Type of Sensor

Sensor ID Fidas200 RM

Mean ± SD 1 Intra-Sensors Correl.
Mean ± SD Mean ± SD 1

1 2 rS
2

PMS7003 PM1 15.14 ± 12.37 13.38 ± 10.95 0.95 12.67 ± 10.26 - 3

PMS7003 PM2.5 22.14 ± 19.33 20.67 ± 17.17 0.96 14.63 ± 11.00 17.39 ± 12.21
PMS7003 PM10 24.34 ± 21.92 22.56 ± 18.69 0.96 22.19 ± 14.76 24.46 ± 16.85
OPC-N2 PM1 39.59 ± 43.72 43.95 ± 47.82 0.99 15.17 ± 12.53 - 3

OPC-N2 PM2.5 56.86 ± 72.36 67.87 ± 85.24 0.99 17.05 ± 13.72 17.93 ± 14.25
OPC-N2 PM10 149.40 ± 536.43 196.00 ± 661.98 0.99 22.63 ± 17.39 25.14 ± 19.56

1 SD = standard deviation. 2 rS = Spearman’s rank correlation coefficient. 3 There is no reference monitor available
for PM1.
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Table 6. Summary of Plantower (PMS7003) and Alphasense (OPC-N2) particle counters’ performance
statistics in comparison with a Fidas200 optical particle counter and the reference monitors (RMs).

Type of Sensor Sensor
ID

Presence 1

(%)

Correlation with
Fidas200 1, RM 2 Measurement Error

rS
2 rS

3 MBE 4 MAE 4 RMSE 4 MBE 5 MAE 5 RMSE 5

PMS7003 PM1 1 93.3 0.88 - −2.70 4.08 6.86 - - -
2 94.9 0.91 - −1.08 3.24 4.74 - - -

PMS7003 PM2.5 1 94.8 0.87 0.63 −7.94 8.92 13.53 −4.93 10.61 14.99
2 93.0 0.90 0.66 −6.08 7.13 10.58 −3.07 9.10 12.56

PMS7003 PM10 1 95.9 0.70 0.62 −2.51 11.05 15.93 −0.31 12.05 16.63
2 95.9 0.73 0.63 −0.82 9.70 13.82 1.39 11.01 15.16

OPC-N2 PM1 1 86.5 0.85 - −26.27 27.52 45.43 - - -
2 78.3 0.83 - −28.91 30.47 50.51 - - -

OPC-N2 PM2.5 1 86.5 0.83 0.66 −43.27 44.59 81.71 −42.68 46.07 84.58
2 78.3 0.81 0.63 −51.38 52.97 97.64 −50.79 54.30 100.52

OPC-N2 PM10 1 86.5 0.77 0.68 −140.12 143.56 620.93 −137.11 142.96 621.47
2 78.3 0.75 0.66 −174.61 178.06 766.85 −171.60 177.21 767.39

1 Presence is indicating the sensors’ availability over the time of the whole testing period in percentage. 2 Correlations
with Fidas200 optical particle counter tested by: rS = Spearman’s rank correlation coefficient. 3 Correlations with
RM tested by: rS = Spearman’s rank correlation coefficient. 4 Measurement error calculated as: MBE =mean bias
error, MAE =mean absolute error, RMSE = root mean square error, where the modeled concentrations were given
by the Fidas200 optical particle counter (in µg/m3). 5 Measurement error calculated as: MBE = mean bias error,
MAE =mean absolute error, RMSE = root mean square error, where the modeled concentrations were given by the
corresponding RM (in µg/m3).

 

  

(a) (b) 

  

(c) (d) 

Figure 4. The relationship between the PM2.5 and PM10 concentrations (µg/m3) measured by
Plantower PMS7003 particle counters (Plant1 in gray, Plant2 in blue) and by control monitors: (a) PM2.5

concentration comparison with equivalent optical Fidas200 monitor; (b) PM2.5 concentration comparison
with radiometric RM; (c) PM10 concentration comparison with equivalent optical Fidas200 monitor;
(d) PM10 concentration comparison with radiometric RM. The coefficients of determination (R2) were
estimated from the linear best-fit regression lines.
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(c) (d) 

Figure 5. The relationship between the PM2.5 and PM10 concentrations (µg/m3) measured by Alphasense
OPC-N2 particle counters (Alpha1 in gray, Alpha2 in blue; including outliers) and by control monitors:
(a) PM2.5 concentration comparison with equivalent optical Fidas200 monitor; (b) PM2.5 concentration
comparison with radiometric RM; (c) PM10 concentration comparison with equivalent optical Fidas200
monitor; (d) PM10 concentration comparison with radiometric RM. In the case of PM2.5, the coefficients
of determination (R2) were estimated from the linear best-fit regression lines. In the case of PM10,
the y-axis is converted to a logarithmic scale and the R2 values were estimated from the power best-fit
regression lines.

 

(a) (b) 

Figure 6. The relationship between PM concentrations (µg/m3) measured by OPC-N2 Alphasense
particle counters and by an optical Fidas200 monitor: (a) comparison of PM2.5 concentrations;
(b) comparison of PM10 concentrations (only concentrations <1000 µg/m3 are shown), both colored
according to the ambient relative humidity (RH).
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4. Discussion

Small sensors can undoubtedly serve as an affordable and easy-to-use complementary solution for
further development of the ambient air quality monitoring network. Nevertheless, due to the limits of
this miniaturized technology, special attention should be given to the selection of suitable sensor types
during the planning of specific intent and to the subsequent data control and verification before and
continuously during each application. This study was performed to show the individual measurement
quality of different gas sensors and particle counters and the possible changes during long-lasting
outdoor measurement while compared to corresponding reference monitors.

4.1. Cairpol Gas Sensors

The results of the Cairpol Cairclip gas sensors showed a highly unsatisfactory performance of
the SO2, NO2, and CO sensor units. The measured SO2 and CO concentrations drifted significantly
within pairs of identical sensor types. Such data drifts arising in electrochemical gas sensors can be
caused by several reasons [34]; one which is often discussed is the aging of the sensor unit [35–37].
In our case, the data drift of SO2 concentrations was observed in the first sensor (SO2_Cair1) right from
the beginning of the testing measurement (see Figure S1 in Supplement 1). Therefore, we assumed
the presence of a defective or poorly calibrated unit (from the manufacturer). Conversely, in the
case of CO, the data drift appeared in the second sensor unit (CO_Cair2) after three months of
measurements. Given that it occurred exactly at the same time that there was also a certain increase
in other concentrations measured by the NO2 and O3 sensors (Figure 2), an erroneous measurement
caused by sudden interference with other gases cannot be ruled out. Furthermore, the comparison of
the Cairpol gas sensors with the corresponding RMs showed very weak measurement quality in the case
of the SO2 and NO2 Cairclip sensors (no relationship and a significantly negative relationship with RM
concentrations; respectively). Although we have found no other study describing the field performance
of SO2 Cairclip sensors (except our previous study [13]), the weak results in SO2 measurement were
also recorded in other sensors from different manufacturers [9,22]. In the case of the NO2 Cairclip
sensors, some comparative field studies are available, but the information about measurement quality
varies widely [7,18,22]. Our results showed that, in both cases, the concentrations measured by the
Cairclip sensors were inappropriately overestimated against the real SO2 and NO2 concentrations, and,
therefore, these sensor units were again evaluated as non-compliant and probably defective.

The best performance was observed in the combined O3 Cairclip sensors, where both the
intra-sensors comparison in pairs and the comparison with the RM achieved very satisfactory results
(similarly as in Jiao et al. [22]). However, it should be pointed out here that the quality of the O3

sensor measurement changed significantly during the year, when in the warmer months (from April
to September) the sensors’ performance was significantly better (R2 up to 0.79), than in the colder
months (where almost no relationship with the RM was observed, R2 < 0.34 [13]; Figure 3). This can be
explained by the lowered reactivity of this sensor on low ambient O3 concentrations (during the colder
months) and on the other hand better reactivity during the warmer months, when the O3 concentrations
are naturally higher. With respect to the improvement of the mutual relationship between the sensor
and RM O3 measurement under the real concentrations over 40 ppb (see Figure S8 in Supplement 1),
we assume that the effective limit of detection of the combined O3 Cairclip sensor may be actually at
least a half more than the value of 20 ppb stated by the manufacturer. At the same time, given the strong
correlation of the combined O3 sensors with all the other Cairpol sensors (Figure 2), we cannot rule out
even a certain effect of interference with other gases. Continuous data control and post-measurement
data validation (by the application of some correction indices [7,9,13,14]) should, therefore, always be
considered here.

It should also be mentioned that, during our long-term field testing, we reached the maximum
lifetime of electrochemical Cairclip sensors after 11 months of continuous measurement. After this
period, all gas concentrations measured by all sensor units drifted significantly to unreal stable values
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and, therefore, the sensors were dismounted. To our knowledge, there is no other study for the
comparison of the operational lifetime duration of these sensors.

4.2. Plantower and Alphasense Particle Counters

Similarly to some other studies focused on field comparative measurement of Plantower and
Alphasense miniature particle counters [14,16,38], we found very good results in the intra-sensors
comparison of measured concentrations within pairs of identical sensor types. In both cases,
no significant data drifts appeared during the testing period, although for the Alphasense OPC-N2
particle counters, a higher variability in PM concentrations measured within the sensor pair was
recorded (especially in maximum concentrations; see also Feenstra et al. [6] or Bulot et al. [16]).
The comparison with the RMs and Fidas200 monitor showed very satisfactory results in the case
of the Plantower PMS7003 sensors (see also the course of hourly concentrations in Figure S17 in
Supplement 1). In all PM fractions, the concentrations measured by the Plantower sensors were
systematically lightly overestimated against the concentrations measured by both control monitors
(similarly as in the studies by Zheng et al. [38] and Bulot et al. [16]). Naturally, better performance was
found when compared to the optical Fidas200 monitor (given the similarity of the measuring method),
than to radiometric RMs. Unlike with the Alphasense, we did not detect any extreme outliers for
Plantower sensors during the entire testing period (lasting 10 months). With regard to the very good
performance of the Plantower sensors, we assume that the manufacturer may have applied a very
effective correction algorithm in the sensor processing unit.

In the case of the Alphasense OPC-N2 sensors we found, similarly to Crilley et al. [14] and
Feinberg et al. [18], data artifacts (outliers in the form of extremely high concentrations) in all of the
aerosol fractions (PM1, PM2.5, and PM10) under high ambient relative humidity conditions (RH > 80%;
Figure 6). The most noticeable effect of high air humidity on measurement error occasion was seen in
the case of PM10 fraction, where the maximum hourly average concentrations even reached above
9000 µg/m3. We assume that such extreme measurement errors were caused by the high particle
hygroscopicity under the condensation conditions (increased particle water content), which resulted in
wrong particle size detection and its mass concentration [14]. Overall, the OPC-N2 counters tended to
significantly overestimate the real PM concentrations (Figure S17 in Supplement 1), which is reflected
by weaker and not always linear relationships with the control monitors (Figure 5; similarly as
in other studies [6,14,18]). Therefore, we join in the recommendation for continuous data control
and post-measurement data validation while using Alphasense particle counters for ambient air
monitoring [14].

The maximum limit was not reached in any of the tested particle counters before completion
of the comparative measurement (Plantower sensors tested within a 10-month period, Alphasense
sensors tested only for five months).

5. Conclusions

Four miniaturized Cairpol gas sensors and two different miniaturized particle counters (Plantower
and Alphasense) were tested in duplicates against collocated reference and other control monitors in
a long-lasting comparative measurement at the Tušimice Observatory. The SO2, NO2, and CO Cairclip
sensors were identified as inappropriate due to their weak measurement quality or data inconsistency
within sensor pairs. The combined O3 Cairpol sensor achieved satisfactory results, but interference with
meteorological conditions and other gases definitely needs to be considered during data processing
and interpretation. Among the particle counters, the Plantower PMS7003 definitely showed a higher
measurement quality than the Alphasense OPC-N2 counters, which were more likely to be affected by
high relative humidity and had a higher occurrence of measurement outliers.

We believe that this paper can help to clarify the real (outdoor) sensor performance and possible
tendency to change the measurement quality over time. The results of this study show that long-term
comparison studies are of great importance and should be further supported and developed by
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scientists. They can serve the general public, as an important material for decision making when
purchasing suitable sensor types and for the suppression of common mistakes during their application,
or the manufacturers, for identifying main issues and for further product development. Finally, we still
believe that comparative measurements with RMs have to be necessarily implemented at least before
each field application (ideally also during the measurement at given intervals), because it is the only
way to detect possible sensor failures or systematic and random measurement deviations of sensors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/5/492/s1.
Electronic Supplementary Material 1 (Supplement 1) contains all supplementary tables and figures (10 pages,
6 tables, 17 figures). Supplementary material 2 (Supplement 2) is containing the complete dataset used for
preparation of this article.
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Abstract: The National Atmospheric Observatory Košetice operated by the Czech Hydrometeorological
Institute was established in 1988 as a station specializing in air quality monitoring at the background
scale. The observatory is located in the free area outside of the settlement and represents the Czech
Republic in various international projects. The objective of the present study is to detect the long-term
trends of air quality at the background scale of the Czech Republic. The statistical method used for
trend analysis is based on the nonparametric Mann–Kendall test. Generally, the results show that
the fundamental drop in emission of basic air pollutants was reflected in the significant decrease in
pollution levels. A most significant drop was detected for sulphur. No trend was found for NO2 in
1990–2012, but a visibly decreasing tendency was registered in the last 7 years. A slightly decreasing
trend was registered for O3 in the whole period, but a slightly increasing tendency was found after
2006. More importantly, the number of episodes exceeding the target value for human health dropped
significantly. The reduction of volatile organic compounds (VOCs) emissions was reflected in a
statistically significant decrease of concentrations. Only isoprene, which is of natural origin, displays
an inverse trend. Concentrations of elemental carbon (EC) and organic carbon (OC) dropped since
2010, but only for EC is the trend statistically significant.

Keywords: long-term trends; background scale; air quality; Czech Republic

1. Introduction

The danger caused by large-scale, global and regional pollution started to be recognised in the
1960s. Such pollution might end up resulting in irreversible changes in both terrestrial and ocean
ecosystems and global climate change. The research and monitoring efforts required to detect the
changes in the atmosphere at global and regional scales must be based on broad-ranging international
cooperation. It was, first of all, international institutions (World Meteorological Organization, United
Nations Economic Commission for Europe ECE, United Nations Environment Programme) that
initiated, in the 1960s and 1970s, the first international monitoring programmes [1].

To support the above-mentioned programmes, Czech Hydrometeorological Institute (CHMI)
established the National Atmospheric Observatory Košetice (NAOK), specialized in monitoring and
research of air quality at the background scale of Czech Republic.

After the political changes in 1989, the air quality control and protection became one of the
most important political priorities in the Czech Republic. Immense funds were invested in emission
reductions (mainly from large power plants) in the Czech Republic during the 1990s, resulting in a
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marked improvement in the air quality, the levels of which in some regions had previously ranked
among the worst in the world. Nevertheless, the growing industry and traffic after 2000 have caused
the air quality in the Czech Republic to begin to deteriorate again. Irresponsible conduct of individuals
who use low-quality fuels or even municipal waste in household heating systems, emitting hazardous
chemicals to the air, is a contributing factor that cannot be neglected. Fine dust is the most serious
problem at the moment. The Ministry of the Environment developed a National Emission Reduction
Programme of the Czech Republic in 2007, and it has been approved by the government. The document
comprises several key measures to contribute to an improvement in the current state of the environment
and environmental and health protection.

The objective of the study is to detect the long-term trends of air quality at the background scale of
the Czech Republic. Thirty-year data series is sufficient for detection of long-term trends of air quality.
The study is based on the data generated within the National Air Pollution Monitoring Network, stored
in Air Quality Information System and annually published e.g., [2]. Generally, the development of air
quality in the last three decades was affected by various circumstances: the essential political changes
in Central and Eastern Europe in the end of the 1980s brought a substantial decrease in emissions in the
Czech Republic and more widely in the Central European region thanks to international conventions
and also economic and political development. The meteorological conditions for long-range transport
in Europe were changed as well, and the question of global climate change assumed importance.
Measurement techniques showed significant improvement, as did our knowledge concerning the
behaviour of air pollutants in the atmosphere. All these aspects influenced the long-term trends at the
background scale of the Czech Republic very significantly.

2. Materials and Methods

2.1. Site Description and Overall Context

NAOK is located in the agricultural countryside outside of settlements in the southern part of
the Czech Republic, district of Pelhřimov (49◦35′ N, 15◦05′, 534 E m asl, Figure 1). More detailed
description of physical-geographical conditions is available in [3]. The operation of NAOK started
in 1988, but some basic air quality measurements were implemented since the middle of the 1980s
in the vicinity of the observatory. The main task of NAOK throughout its history was to detect the
long-term trends of air quality at the background scale of the Czech Republic and Central Europe
and to represent the Czech Republic in the long-term programmes of air quality monitoring and
research GAW/WMO (Global Atmosphere Watch), EMEP (Co-operative Programme for Monitoring
and Evaluation of Long-range Transmission of Air Pollutants in Europe) and ICP–IM (International
Co-operative Programme on Integrated Monitoring).

After 2004, when Czech Republic joined the EU, NAOK, thanks to its excellent location and long-term
homogeneous data series, has been participating in several EU projects. The first was EUSAAR (European
Supersites for Atmospheric Aerosol Research), focused on the research of atmospheric aerosols. The essential
importance for the advancement of NAOK in the last decade brought participation in ACTRIS RI (Aerosol,
Clouds and Trace gases Research Infrastructure). NAOK is a core of Large Research Infrastructure
(LRI) ACTRIS Czech Republic (ACTRIS-CZ), a unique platform for the long-term background air
quality monitoring and research closely related to climate, environmental and health issues qualified as
societal challenges. ACTRIS-CZ represents a national node of the existing European ACTRIS Research
Infrastructure (RI) established with the support of the EU 7th Framework Programme INFRA-2010-1-1.1.16
(EU FP7) and ACTRIS-2 project of EU Horizon 2020 (H2020-INFRAIA-2014-2015: Integrating and Opening
Existing National and Regional Research Infrastructures of European Interest). In December 2015, ACTRIS
was adopted on the ESFRI roadmap 2016 for Research Infrastructures. LRI ACTRIS-CZ RI is based
on the long-term collaboration of 4 research partners: Czech Hydrometeorological Institute (CHMI),
The Institute of Chemical Process Fundamentals of the CAS (ICPF), Global Change Research Institute of
the CAS (GCRI) and Masaryk University (MU) at the research facility of NAOK.
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Figure 1. Location of National Atmospheric Observatory Košetice (NAOK) in the European, Czech
and local context.

2.2. Measurement Methods

NAOK is a part of the National Air Pollution Monitoring Network (operated by CHMI). All
measurements are carried out according to the quality-controlled procedures. This network operates
online (automatic analyzers) and offline (samplers) instruments. Filter analyses are done mainly in
the central laboratory of immissions in Prague. The data validation procedure is in line with the EC
directive 2008/50/EC. An overview of methods of measured components used in this study are listed in
Table 1. A detailed description of each method is available in [4].

Table 1. Used sampling methods—year of start, type of measurement, method of determination.

Component Start of Measurement Type of Measurement Method

CO 1996 online IR corel. absorption spectrometry
EC/OC 2009 offline heat decomposition_FID
NOX 1994 online chemiluminescence
O3 1992 online UV-absorption

PM10 1996 online radiometry
PM2.5 2004 offline gravimetry
SO2 1992 online UV-fluorescence
SO4 1988 offline ion chromatography

VOCs 1995 offline gas chromatography
ΣNH4 * 2002 offline spectrophotometry
ΣNO3 * 2002 offline ion chromatography

* The sum consists of gaseous and particulate matter.

2.3. Statistical Evaluation

The statistical method used for the evaluation of long-term trends is based on the nonparametric
Mann–Kendall test for the trend and the nonparametric Sen’s method for the magnitude of the trend.
Mann–Kendall test is used since missing values are allowed and the data need not conform to any
particular distribution. Sen’s method is not greatly affected by gross data errors or outliers, and it can
also be computed when data are missing. Sen’s estimator is closely related to the Mann–Kendall test.
Mann–Kendall test is recommended and plentifully used for long-term trend evaluation in air quality
because it enables one to evaluate non-complete data series and does not require specific distribution of
measured values. On the other hand, it is not possible to use it for assessment of short-term variability
and annual variation. Due to its properties, the Mann–Kendall test was used to analyze long-term
trends of air pollution measurements data in a harmonized way for EMEP Assessment report [5].

The presence of trend is evaluated using Z value. A positive and negative value of Z indicates an
upward and downward trend, respectively. The statistics Z has a normal distribution.
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The existence and significance of trend is tested by using four different α levels of significance.
The different α levels used are α = 0.1, α = 0.05, α = 0.01 and α = 0.001.

Trend statistics it is given as a result of the significance level of that trend, marked by

+ if there is a trend at the α = 0.1 level,
* if there is a trend at the α = 0.05 level,
** if there is a trend at the α = 0.01 level and
*** if there is a trend at α = 0.001 level.

This means that when the mark is “***”, the trend is very significant, and when the mark is “+”,
the significance of the trend is fairly poor, only 10%. If the mark is missing, then there is no trend at
significance level α = 0.1 [6].

3. Results

Political and economic changes after the fall of the iron curtain brought a general drop in industrial
production and later significant changes in the structure of the industry. These changes were reflected
in the reduction of sulphur emissions in the Czech Republic by almost 90% in the period of 1990–2000
(Figure 2). The results of long-term monitoring show that the emission decrease was reflected in
reduced pollution levels. Sulphur dioxide concentrations in the atmosphere declined nearly by the
same order of magnitude as the emissions (Figure 3c). The steep drop of SO2 concentrations was more
pronounced in the 1990s. The frequency of episodes with extremely high concentrations decreased
rapidly (Figure 3e). In the new millennium, the mean annual concentrations dropped below 5 µg·m−3,
but a slightly decreasing trend was found also in the period 2001–2019 (Figure 3f). In the EMEP domain,
SO2 emission reductions started in the 1980s–1990s; therefore, changes in concentrations will have
occurred earlier than 1990. However, concentrations have continued to decrease continuously during
the period under review. The timing of concentration decreases varies between countries according to
national implementation of emission reduction strategies, but on average, the decrease was larger in
the early 1990s and levelled off since then [5].
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Figure 2. Total emissions of basic pollutants in the Czech Republic in the period 1990–2018. Results are
based on emission inventories outcomes, regularly evaluated and published in air pollution reports in
the Czech republic (e.g., [2]).

In the period of 1994–2012, no trend of nitrogen oxides concentration was found, in spite of the fact
that the nitrogen emissions declined by 54% during the period under review (Figure 3b). In the period
of 1990–2012, the emissions dropped by 72% and in the EU by 55% [6]. Mean annual concentrations
varied around 10 µg·m−3. These results were in very good correspondence with the trends at the
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background level in the neighbouring countries (Austria, Germany) [5]. The reasons are uncertain.
One of the explanations could be the significant changes in the structure of nitrogen emissions. In the
last 7 years, a visibly decreasing tendency of NO2 concentrations was found and the mean annual
concentrations dropped continuously to 4 µg·m−3. The evaluation of the data from the EMEP network
shows that for the period of 1990–2001, the fraction of sites where significant negative trends were
observed was high (58%), but it slowed down after 2002.

 

μ −

μ −

 

 

μ −

Figure 3. Results of Mann–Kendal test for gaseous pollutants; (a) CO, (b) NO2, (c) O3, (d) SO2 1985–2018,
(e) SO2 1985–2000, (f) SO2 2001–2018.

NO concentration at the background scale is quite low, and mean annual concentrations varied
around 1 µg·m−3. The long-term trend describes similar patterns for NO2: no trend in the period
1994–2012 and decreasing tendency after 2012.

A slightly decreasing trend was found in mean annual concentrations of tropospheric ozone in the
whole period and also in the first part of the period under review (Figure 3c). On the contrary, a slightly
increasing tendency was found after 2006. It is caused probably by increasing temperature during
the last two decades. A warm period displays similar patterns as the whole year. On the contrary,
no trend was found in the cold period [7]. More importantly, the number of episodes exceeding the
target value for human health dropped significantly during the period (Figure 4), and interannual
variations can be explained by meteorological conditions. The target value of tropospheric ozone for
the protection of human health is exceeded when the eight-hour running mean is higher than 120
µg·m−3 25 times on average for 3 years. Visibly higher values were recorded in the years with extreme
summer temperatures over long periods and well-established heat waves over continental Europe
(2003, 2015, 2017).

A statistically significant trend was found for carbon dioxide. Mean annual concentrations
decreased continuously during the whole period (Figure 3a).

Most non-methane volatile organic compounds (VOCs) follow an annual course that reflects their
emission levels, i.e., with maximums in winter and minimums in summer. Isoprene is an exception.
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In general, the reduction of VOCs emissions in the last two decades was reflected in a decrease of
concentrations at the regional scale of the Czech Republic [8]. A statistically significant downward
trend was found for almost all of measured VOCs, and only the ethane trend was less significant
(Table 2). The trend of isoprene concentrations is controlled first of all by natural conditions and
shows different patterns from other VOCs. We detected a statistically very significant upward trend
of isoprene concentration in the period under review. Favourable conditions for isoprene emissions
are in hot summer periods. An increasing tendency was visible especially in the last decade. This
is in good correlation with increasing mean annual temperature in the current period of changing
climate conditions (hot summers, long periods with high temperatures). It follows from the current
report on VOC measurements in the context of EMEP [9] that the VOC concentrations continuously
decrease on a regional scale and thus reflect the decreasing trend in emissions. The concentration
level at NAO Košetice is comparable with those at the German, Swiss and French stations. The Czech
station has long been characterised by lower annual average ethane concentrations. For most VOCs,
the concentrations measured in the winter are usually similar to those at German stations, while the
values at NAOK are slightly lower in the summer.
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Figure 4. Number of days with target limit for surface ozone exceedances (1993–2019).

Table 2. Trend significance of measured VOCs.

Time Series First Year Last Year n Test Z Signific. Q

Acethylene 1993 2018 26 −5.16 *** −46.91
Benzene 1993 2018 26 −3.92 *** −8.11
Butenes 1993 2018 25 −2.06 * −2.93

Cyklohexane 1996 2018 23 −2.85 ** −1.13
Cyklopentane 1995 2018 22 −3.13 ** −0.69

Ethane 1993 2018 26 −1.94 + −12.71
Ethene 1993 2018 26 −4.89 *** −28.23

Ethylbenzene 1993 2018 25 −0.86 -0.68
i-Butane 1993 2018 26 −5.73 *** −6.56
i-Octane 1997 2018 21 1.60 0.24
i-Pentane 1993 2018 25 −5.63 *** −9.92
Isopren 1993 2018 26 3.66 *** 1.95

m,p-Xylene 1993 2018 25 −0.30 −0.18
Metylcyklopentane 1996 2018 22 −3.70 *** −1.26

n-Butane 1993 2018 26 −4.94 *** −11.28
n-Hexane 1993 2018 25 −3.95 *** −3.15
n-Octane 1997 2018 22 0.57 0.22
Nonane 1996 2018 22 −0.73 −0.21

n-Pentane 1993 2018 25 −5.11 *** −5.88
o-Xylene 1993 2018 25 0.21 0.22
Pentenes 1996 2018 23 −2.03 * −0.67
Propane 1993 2018 26 −4.74 *** −14.20
Propene 1993 2018 26 −4.79 *** −4.73
Toluene 1993 2018 26 −4.63 *** −8.28

“***”—the trend is very significant; “+”—the significance of the trend is fairly poor, only 10%. If the mark is missing,
then there is no trend at significance level α = 0.1.
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The measurement of aerosol particles covers periods of different duration. The longest records
are available for sulphate in aerosol and PM10. Table 3 shows that the concentrations were changed
significantly during the period under review. Changes in concentration levels reflect the development
of emission (Figure 2), which is in line with both national and international environmental measures.

Outcomes of sulphur and PM10 show the highest level of trend significance (Figure 5c,d). Sulphur
concentration continuously decreased during the whole period. On the other hand, the evaluation of
PM10 data shows that the mean annual concentrations in the period of 2001–2006 reached a similar
level as in 1996 (29.8 µg·m−3) (Figure 5c). The same patterns were observed across the Czech Republic
at different types of stations. After 2001, the drop of emission was slower compared to the previous
period. The increase of PM10 concentrations was probably influenced by meteorological and dispersion
conditions [10]. A higher level of trend significance is observed for PM2.5 concentrations. After 2005,
when a level over 18 µg·m−3 was recorded, the linear decreasing trend is observed. These outcomes
are analogous for PM10.                   
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Figure 5. Results of Mann–Kendal test for aerosol particles; (a) EC, (b) OC, (c) PM10, (d) SO4, (e) PM2,5,
(f)

∑

NH4, (g)
∑

NO3.

An insignificant trend is visible for the sums of ammonium and nitrates (Figure 5f,g) that are
measured from 2002. This is in line with the fact that the emission development is more or less at the
same level (Figure 2). No visible annual variation was found (Table 3). Concentrations of elemental
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(EC) and organic carbon (OC) dropped from 2010 (Table 3), but only for EC is the trend statistically
significant (Figure 5a,b).

Table 3. Changes in annual aerosol concentrations at the beginning and the end of the evaluated period.

Component EC OC PM10 SO4 PM2.5 ΣNH4 ΣNO3

concentration [µg·m−3]

Beginning of period 0.5 3.3 29.8 9.6 14.9 2.1 3.9
End of period 0.4 2.9 13.4 2.1 10.1 2.9 3.5

4. Summary

Generally, the results show that the fundamental drop in emission of basic air pollutants in the
Czech Republic and widely in the Central European region in the period under review was reflected
in the significant decrease of air pollution levels at the background scale of the Czech Republic.
A statistically very significant drop in mean annual concentrations of sulphur dioxide was detected in
the period of 1990–2000. After 2000, the mean annual concentrations dropped below 5 µg·m−3, but a
slightly decreasing trend was found also in the period of 2001–2019.

No trend was found by the evaluation of nitrogen dioxide in the atmosphere in the period of
1990–2012, in spite of the fact that the nitrogen emissions declined by half during the period under
review. In the last 7 years, a visibly decreasing tendency of NO2 concentrations was registered, and the
mean annual concentrations dropped continuously to 4 µg·m−3.

A slightly decreasing trend was found in mean annual concentrations of tropospheric ozone in
the whole period and also in the first part of the period under review. On the contrary, a slightly
increasing tendency was found after 2006. It is caused probably by increasing temperature during the
last two decades. More importantly, the number of episodes with the target value for human health
exceedances dropped significantly during the period.

The reduction of VOCs emissions in Central Europe was reflected in a statistically significant
decrease of concentrations at the regional level of the Czech Republic. Only isoprene, which is of
natural origin, displays an inverse trend.

Sulphur concentration in aerosol continuously decreased during the whole period. The evaluation
of PM10 data shows that the mean annual concentrations in the period of 2001–2006 reached a similar
level as in 1996. The higher level of trend significance is observed for PM2.5 concentrations, but the
general outcomes are analogous as for PM10. Concentrations of EC and OC dropped from 2010,
but only for EC is the trend statistically significant.
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Abstract: Parks embody an important element of urban infrastructure and a basic type of public space
that shapes the overall character of a city. They form a counterweight to built-up areas and public
spaces with paved surfaces. In this context, parks compensate for the lack of natural, open landscapes
in cities and thus have a fundamental impact on the quality of life of their inhabitants. For this reason,
it is important to consider the quality of the environment in urban parks, air quality in particular.
Concentrations of gaseous pollutants, namely, nitric oxide (NO), nitrogen dioxide (NO2), and ozone
(O3), were measured in parks of Brno, the second-largest city in the Czech Republic. Relevant
concentration values of PM10 solids were determined continuously via the nephelometric method,
followed by gravimetric method-based validation. The results obtained through the measurement
of wind direction, wind speed, temperature, and relative humidity were used to identify potential
sources of air pollution in parks. The “openair” and “openairmaps” packages from the OpenSource
software R v. 3.6.2 were employed to analyze the effect of meteorological conditions on air pollution.
Local polar concentration maps found use in localizing the most serious sources of air pollution
within urban parks. The outcomes of the analyses show that the prevailing amount of the pollution
determined at the measuring point most likely originates from the crossroads near the sampled
localities. At the monitored spots, the maximum concentrations of pollutants are reached especially
during the morning rush hour. The detailed time and spatial course of air pollution in the urban parks
were indicated in the respective concentration maps capturing individual pollutants. Significantly
increased concentrations of nitrogen oxides were established in a locality situated near a busy road
(with the traffic intensity of 33,000 vehicles/d); this scenario generally applied to colder weather.
The highest PM10 concentrations were measured at the same location and at an average temperature
that proved to be the lowest within the entire set of measurements. In the main city park, unlike
other localities, higher concentrations of PM10 were measured in warmer weather; such an effect was
probably caused by the park being used to host barbecue parties.

Keywords: air pollution; urban parks; particulate matter; nitrogen oxides; ozone

1. Introduction

Urban green spaces, namely, city parks, are very often considered localities providing the best air
quality in a city, and thus they become frequently targeted by citizens seeking relaxation and active
recreation. However, there are very few studies supporting this generally accepted claim.

Xing et al. [1–3] noticed improved air quality in small urban parks within a distance from
surrounding streets due to the dispersion of air pollutants within park areas. Importantly in this
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context, trees can reduce wind speed and potentially trap pollutants. Most available studies point to a
reduction of PM concentration levels inside city parks. Von Schneidemesser [4] stated that suitably
distributed greenery can decrease the concentration of PMs by 20%, down to relative ambient average
concentrations. Ou et al. [5] monitored PM2.5 and PM10 mass concentrations during the fall of 2018,
identifying a significant drop in both PM10 and PM2.5 levels close to parks. A decrease of 23% in the
total mass of PM2.5 in a national park compared to an urban area is presented in paper [6]. Zhu et al. [7]
analyzed the impact exerted by different types of plant communities on ambient PM10 and PM2.5

concentrations by using a spatial model. The results showed that differences in the levels of ambient
PM concentrations among plant communities resulted from their composition and also other factors,
including height (significantly lower ambient PM concentrations were recorded near small plants,
namely, ones of less than 1 m), leaf area, or distance from the pollution source or edge of the park.
Greenery increases the efficiency of reduction in ambient PM concentrations; however, this capability
markedly depends on the season of the year. A significant decrease of PM2.5 concentrations in La
Carolina, a large city park in Ecuador, was described in [8]. Otosen et al. [9] measured differences in
PM1.0, PM2.5, PM10, NO2, and CO concentrations in front of and behind vegetation barriers along
roads (hedges during dormancy and the vegetative period). This type of greenery can mitigate the
effects of air pollution generated by traffic, and, truly, a decrease in PM concentrations was measured.
Contrariwise, no impact on the concentration of gasses was determined. In a relevant study by Abhijith
and Kumar [10], the concentrations of PM10, PM2.5, PM1.0, and black carbon were established in close
vicinity of the three types of green infrastructure. The influence of separate hedges or shrubs, separate
trees, and a mixture of trees and hedges/shrubs was assessed when located at different distances from a
road, namely, at very close (<1 m from the road) and more remote (>2 m from the road) spots. The most
prominent reductions were recorded in a mixture of trees and hedges under close distance conditions
and in separate hedges positioned more remotely. An assessment of various PM fractions showed that
separate hedges and a combination of trees and hedges decrease fine particle concentrations behind
the green barrier. Relevant analyses then indicated a reduction of vehicle-related particles (i.e., those
containing iron and its oxides, Ba, Cr, Mn) in the background of the green infrastructure, as compared
to the front area. A similar paper on green infrastructure barriers, Mori et al. [11], characterized
measurements of PMs sized between 0.2 µm and 100 µm. The authors described a reduction in PM
particles at different distances from the road (measured by passive samplers), proposing that the
actual results are influenced by different planting densities in two different green vegetation types of
two heights.

Air pollution and human health, as well as green infrastructure and human health, are often
studied together. Linking green infrastructure with air quality and human health is an aspect of interest
for Kumar et al., who, in a corresponding review [12], concluded that although urban vegetation can
bring health benefits, the knowledge of its wider applicability in efforts to reduce air pollution remains
overly insufficient and must be further refined. Almedia et al. [13] discussed differences in pollutant
concentrations (PM10, NO2, and O3) between schools near roads in urban areas and schools adjacent to
forests and roads in the same environment. The results correlate with respiratory problems exhibited
by children within all areas of interest. The PM10 and NO2 concentrations proved to be higher at
points closer to roads with intense traffic flows and lower at spots near parks with dense vegetation.
Sheridan et al. [14] focused on NOx concentrations in the city of London, especially in parks and
playgrounds, finding dangerously high levels of NO2 at all places of interest (playgrounds, parks,
and gardens), those open to the influx of the pollutant in particular. Lingberg et al. [15] described
a reduction of air pollution in parks within the city of Gothenburg, Sweden; they emphasized the
“park effect”, namely, the assumption that parks embody a considerably cleaner local environment
thanks to an interaction of two effects: dilution (the distance effect) and deposition. Trees and other
vegetation can absorb and capture air pollutants, thus improving the air quality in cities. Due to a lack
of local-scale information, the impact of urban parks and forest vegetation on the levels of nitrogen
dioxide (NO2) and ground-level ozone (O3) were studied in Baltimore, USA. Yli-Pelkonen et al. [16]
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concluded that O3 concentrations were significantly lower in tree-covered habitats than in open ones.
Conversely, NO2 concentrations did not differ significantly between tree-covered and open habitats,
meaning that it is again necessary to stress the choice and variability of greenery. Hewitt et al. [17]
discussed several options of how to improve air quality by using different types of green infrastructure,
introducing a novel conceptual framework as policy guidance; the authors’ interpretation of the
problem includes a flow chart to aid decision-making as regards the “green infrastructure to improve
urban air quality”.

Air pollution poses a major risk to human health, causing premature deaths and potentially
reducing the quality of life. Quantifying the role of vegetation in curbing air pollution concentrations
is an important step. Most current methods to calculate pollution cutback procedures are static and
thus represent neither atmospheric transport of pollutants nor pollutants and meteorology interaction.
The focus on urban parks as a tool to facilitate air purification and climate regulation embodies the
basis of articles by Vieira et al. [18] and Mexia et al. [19]. These authors concluded that ecosystem
service strongly depends on the vegetation type; thus, for example, air purification is more pronounced
in mixed forest, and carbon reduction is influenced by tree density. Further, Jones et al. [20] developed
a method to calculate health benefits directly from changes in pollutant (including PM2.5, NO2, SO2,
and O3) concentrations, exploiting an atmospheric chemistry transport model.

In our paper, the concentrations of PM10 solids were determined continuously, by utilizing the
nephelometric method followed by gravimetric method-based validation. To identify potential sources
of air pollution in parks, we evaluated the air quality within the local environment via correlation with
measurements of wind direction, wind speed, temperature, and relative humidity. The “openair” and
“openairmaps” packages from the OpenSource software R were employed to analyze the effects of
wind on air pollution. Local polar concentration maps found application in locating the directions of
wind coming from the most serious air pollution sources. Sampling and analyses were performed to
confirm the assumption that the main sources of the pollution at the measuring point are most likely
the roads and/or crossroads near the sampled localities.

Due to the information gap concerning air quality in city parks, the goal of our study was to obtain
data on air pollution in urban parks and associated details relevant to the relationship between this
pollution and meteorological parameters, prominently including temperature, wind speed, and wind
direction; in this context, our efforts also involved comparing these data with pollution around the parks.
Based on the findings, we then aimed to estimate the sources of air pollution in the monitored parks.

2. Method

2.1. Sampling

The sampling was carried out in three pre-selected city parks in Brno, the Czech Republic; two of
the parks are located in areas with a high traffic impact (near main roads), while one is found in a low
traffic load environment (a small park inside a courtyard). The main city park of Lužánky exhibits the
largest surface area of all the monitored parks, and it is located near the city center, surrounded by
roads with heavy traffic. Two air quality monitoring spots were positioned in the park: one place in
the middle of the area, and the other on the edge of the park, near a playground and the traffic-laden
roads. This park is frequently visited and used for sports and leisure activities, including picnics.

The Koliště park is adjacent to a road with heavy traffic (33,000 cars/d). It occupies a large
walking-friendly area, and there is a very popular restaurant in the middle of the park. However,
due to the traffic-laden road, the location is not a popular target for sports, children’s activities, or
picnics. The air quality was measured near a junction of two main roads.

Tyršův sad is a very small park in the city center, situated inside a courtyard. This park is mostly
used only for short walks, especially with dogs. The air quality measurement was performed in the
middle of the area.

The devices were installed together at the place of interest.
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2.2. Instrumentation

The NO, NO2, O3, and PM10 concentrations were determined by using two Airpointer units
(Recordum Messtechnik GmbH, Austria). These devices measure pollutant concentrations via separate
modules utilizing type-approved reference methods (NO2/NOX, O3) classified as relevant by the EU,
WHO, US-EPA, and other competent responsible organizations worldwide.

The measurement principle to define the levels of NO2/NOx is chemiluminescence (EN14211).
The Airpointer NOX module was equipped with a delay loop to measure NO and NO2 from the same
sample. An external calibration gas with a concentration of 425 ppb NO in N2 (SIAD, Italy) was
employed to periodically check the span point.

The O3 measurement principally exploits UV absorption (EN 14625); for the given purpose,
an internal ozone generator to allow regular span point checking was applied.

The parameters are calibrated annually by the Slovak Hydrometeorological Institute.
The Airpointer PM10 module utilizes nephelometry for measuring solid particles’ concentrations.

Gravimetric measurements of PM10 concentrations executed within 24 h intervals were carried out to
calibrate the nephelometric method. Sequential samplers SVEN LECKEL SEQ 47/50-CD (Sven Leckel
Ingenieurbüro GmbH, Germany) were employed for the calibration. The particles were collected on
cellulose nitrate filters with the porosity of 1.2 µm (Merck, Germany) and weighed on a Mettler Toledo
MX/A microbalance.

The meteorological parameters (air temperature, relative humidity, air pressure, wind speed,
and wind direction) were measured by using a compact meteorological station integrated with the
Airpointer. These parameters are regularly calibrated by the Czech Metrology Institute.

The data from the Airpointer were downloaded as CSV files and saved in the form of Microsoft
Excel files (XLSX). The concentrations measured in ppb were converted to concentrations in µg m−3.
The medians, upper and lower quartiles, and other percentiles for the monitored pollutants, temperature,
relative humidity, and wind speed were calculated in MS Excel. The results were then processed by
the Origin program (OriginLab, USA) to yield graphs. The dependencies of and relationships between
the pollutant concentrations on the wind speed and direction were processed via the "openair" and
"openairmaps" packages of OpenSource program R [21,22]. The package "openairmaps" supports
“openair” for plotting on various maps. The maps include those available via the “ggmap” package,
e.g., Google Maps, and leaflet ones to facilitate plotting bivariate polar plots. Our research utilized
the "Esri.WorldImagery" map source and the "Non-parametric Wind Regression" (NWR) technique to
display the concentration maps as bivariate polar plots.

2.3. Measurement Conditions and Positioning of Instruments

The concentrations of PM10 and also those of the gaseous pollutants NO, NO2, and O3 in three
parks within the city of Brno, the Czech Republic, were measured in one-minute intervals. The same
scenario was applied to the meteorological conditions, namely, air temperature (T), relative humidity
(RH), air pressure (p), wind speed (WS), and wind direction (WD). The NO2 and PM10 measurements
at automated air pollution monitoring stations operated by the Czech Hydrometeorological Institute
were employed for comparing the measurement results with those acquired at a heavy traffic locality
(Údolní, the Hot Spot) and background localities (Arboretum—the natural city background station,
and Dětská nemocnice—the commercial city background station). Tables 1 and 2 show the geographic
coordinates of the localities and display the time intervals of the measurement.
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Table 1. The geographic coordinates of the measured localities.

Sampling Locality Latitude ◦ N Longitude ◦ E

Tyršův sad 49.2027128 16.6023589
Lužánky SS 1 49.2083389 16.6077778

Lužánky SVC 2 49.2065792 16.6069417
Koliště 49.1966892 16.6145658

Koliště road 3 49.1970100 16.6147853
Úvoz Hot Spot 49.1980897 16.5936431

Arboretum 49.2160872 16.6138364
Dětská nemocnice 49.2027244 16.6162872

1 Site Svojsík’s Cabin. 2 Site Leisure Centre. 3 Site alongside an adjacent roadway.

Table 2. The measurement times related to the localities.

Campaign
Start

Campaign
End

Lužánky
SS 1

Lužánky
SVC 2

Tyršův
Sad

Koliště Úvoz Dětská n. Arboretum
Koliště
Road 3

12.9.2018 12:00 26.9.2018 11:59 x
18.1.2019 7:00 1.2.2019 6:59 x x x x
8.2.2019 7:00 22.2.2019 6:59 x x x x
6.3.2019 7:00 20.3.2019 6:59 x x x x x
7.6.2019 7:00 21.6.2019 6:59 x x x x
2.8.2019 7:00 16.8.2019 6:59 x

22.8.2019 7:00 5.9.2019 6:59 x x
8.11.2019 0:00 25.11.2019 23:59 x

1 Site Svojsík’s Cabin. 2 Site Leisure Centre. 3 Site alongside an adjacent roadway.

Figures 1–3 show the positions of the measurement devices at the sampling sites. The devices
were secured against theft with chains and connected to a power supply with a cable. The progress of
the measurement was checked via an Internet connection through a SIM card.
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ůFigure 1. The devices at Tyršův sad.
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Figure 2. The devices at Lužánky: (a) Svojsík’s Cabin; (b) Leisure Centre.

 

  

(a) (b) 

ěFigure 3. The devices at Koliště: (a) Inside the park; (b) at the adjacent roadway.

Figure 4 shows the location of the sampling sites on a map of Brno.
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Figure 4. The sampling (yellow marks) and reference (green marks) localities.

2.4. PM10 Calibration

As nephelometric measurements are performed in one-minute intervals, the conversion factor
was calculated for each 24 h measurement interval according to the formula

f =
PMgrav

10

PMneph
10

(1)

where

PMgrav
10 is the gravimetric PM10 concentration over 24 h (µg/m3), and

PMneph
10 is the average nephelometric PM10 concentration over 24 h (µg/m3)

The calculated emission factor is discontinuous, and was thus smoothed by the function
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where

Factor is the smoothed conversion factor in time t
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fi is the conversion factor for the ith day
f i+1 is the conversion factor for the (i + 1)th day
p is the smoothing parameter (p = 0.004)
t is the time from the start of the measurement (minutes)
tday is the length of the day (minutes)
floor() is the rounding down function
tgh[] is the hyperbolic tangent function

The PM10 concentration was calculated for every minute by the function

PM10 = Factor× PMneph
10 . (3)

An example of the factors’ calculation for the site Tyršův sad is shown in Figure 5.
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Figure 5. A comparison of the factors for the locality Tyršův sad from 2.8.2019 7:00:00 to 16.8.2019 6:59:00.

3. Results and Discussion

Each measurement at a park is represented by a dataset with 20,160 observations, and the
measurement at the Koliště road locality is represented by a dataset with 25,920 observations. Therefore,
the results were summarized as percentiles and mean values to be calculated in MS Excel. Table 3
shows the intervals in which 90% of the measured values are considered for each parameter.

Table 3. The measurement results: the 0.05 and 0.95 percentiles of the measured parameters.

Site Start Percentile
NO

µg/m3
NO2
µg/m3

NOx
µg/m3

PM10
µg/m3

O3
µg/m3

T
◦C

RH
%

WS
m/s

Tyršův sad 8.2.2019 7:00
0.05 0.92 8.90 10.89 4.05 3.42 −1.16 55.50 0.00
0.95 133.54 76.87 286.17 75.44 116.78 9.56 92.33 0.90

Tyršův sad 2.8.2019 7:00
0.05 0.50 2.77 3.99 6.05 17.43 13.96 40.54 0.00
0.95 4.80 18.66 25.09 17.05 102.21 28.22 94.27 0.80

Lužánky SVC 12.9.2018 12:00
0.05 1.23 4.10 6.67 3.10 1.01 5.52 44.48 0.00
0.95 40.74 54.41 114.90 29.45 100.47 25.91 100.00 1.52
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Table 3. Cont.

Site Start Percentile
NO

µg/m3
NO2
µg/m3

NOx
µg/m3

PM10
µg/m3

O3
µg/m3

T
◦C

RH
%

WS
m/s

Lužánky SVC 6.3.2019 7:00
0.05 2.13 3.43 6.95 7.65 5.48 0.53 42.93 0.00
0.95 21.71 50.43 86.07 33.21 112.67 12.90 100.00 1.61

Lužánky SVC 22.8.2019 7:00
0.05 0.74 4.42 6.03 11.28 5.49 11.41 41.59 0.00
0.95 18.23 39.68 67.52 53.80 116.80 29.28 93.92 1.14

Lužánky SS 6.3.2019 7:00
0.05 1.18 4.67 6.84 4.64 2.75 −0.15 43.38 0.00
0.95 38.42 55.78 115.50 35.88 130.53 12.90 93.55 1.15

Lužánky SS 22.8.2019 7:00
0.05 1.55 6.52 9.56 16.27 1.77 11.76 41.54 0.00
0.95 29.27 40.73 86.31 78.20 112.04 29.62 100.00 0.82

Koliště 18.1.2019 7:00
0.05 1.22 17.67 20.26 24.19 4.46 −8.68 58.53 0.00
0.95 136.72 87.80 291.13 134.13 81.96 1.58 92.78 1.38

Koliště 7.6.2019 7:00
0.05 0.92 7.06 9.85 6.06 19.39 16.37 43.15 0.00
0.95 8.12 36.20 48.46 55.14 122.94 30.44 99.10 1.25

Koliště road 8.11.2019 0:00
0.05 1.85 11.34 15.00 21.61 2.96 2.34 73.24 0.00
0.95 153.88 61.53 288.60 93.26 34.30 12.36 94.73 1.74

The results of the measurements at the automatic air pollution monitoring stations were used to
compare the air pollution concentrations in the parks and their vicinity. The hourly averages of the
NO2 and PM10 concentrations were compared, as the data are measured in hourly intervals. The results
are shown in Table 4.

Table 4. The results of the measurement at the Automated Air Pollution Monitoring Stations—the 0.05
and 0.95 percentiles of the measured concentrations.

Automated Air Pollution Monitoring Station Start Percentile
NO2
µg/m3

PM10
µg/m3

Úvoz 18.1.2019 7:00
0.05 23.01 24.75
0.95 86.46 119.25

Arboretum 18.1.2019 7:00
0.05 13.60 13.55
0.95 60.65 101.23

Dětská nemocnice 18.1.2019 7:00
0.05 13.60 13.75
0.95 79.80 108.00

Úvoz 8.2.2019 7:00
0.05 19.17 8.75
0.95 82.08 91.75

Arboretum 8.2.2019 7:00
0.05 12.95 8.20
0.95 53.23 76.00

Dětská nemocnice 8.2.2019 7:00
0.05 10.90 8.00
0.95 80.90 76.50

Úvoz 6.3.2019 7:00
0.05 8.43 2.00
0.95 67.29 67.25

Arboretum 6.3.2019 7:00
0.05 6.04 2.50
0.95 40.88 27.65

Dětská nemocnice 6.3.2019 7:00
0.05 3.39 3.00
0.95 54.72 28.00

Úvoz 7.6.2019 7:00
0.05 9.84 10.00
0.95 75.16 44.00

Arboretum 7.6.2019 7:00
0.05 4.80 8.58
0.95 26.67 36.90

Dětská nemocnice 7.6.2019 7:00
0.05 3.40 8.00
0.95 46.70 40.25
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Figure 6 compares the individual mean values (medians) of the measured pollutant concentrations
and meteorological parameters. The dispersions of these values are represented through the upper and
lower quartiles, an interpretation that is more plausible than that rendered via the mean and standard
deviations because the data have an asymmetric statistical distribution. This is also clearly seen in
Figure 6: the vertical lines, whose length represents the size of the first and the third quartiles, are not
identically long.

 

  

(a) (b) 

  

(c) (d) 

 

(e) 

  

(f) (g) 

Figure 6. The NO (a), NO2 (b), NOx (c), O3 (d), and PM10 (e) concentrations and temperature
(f) plus wind speed (g) measured in the parks: the medians and quartiles.
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The highest NO concentrations were measured in the immediate vicinity of the road adjacent to
the Koliště park and then directly in the park; in both cases, the measurement was performed during a
cold season (January, November). Similarly, the highest NO2 concentrations were determined next to
the road adjacent to the Koliště park and directly in the park (but also in Tyršův sad); in all of the cases,
the measurement was carried out during a cold season (January, November, February). The highest
total concentrations of nitrogen oxides (NOx) were acquired, as in the NO, in the immediate vicinity of
the road adjacent to the Koliště park and directly in the park, during a cold season (January, November).
The highest O3 concentrations were measured in springtime, the lowest one in winter. The solid
particles detected at Lužánky SVC and Lužánky SS exhibited a higher concentration in August than in
the colder months (March, September), which is not a normal effect. This deviation arises from the fact
that, in these localities, people often gather for barbecue parties and use the parks’ public cooking
facilities during the summer months, whereas the other parks are not frequented for this purpose.

Figure 6f,g shows also the differences between the speeds and variations between the temperatures
at the sampling sites, respectively. The March, February, and January temperatures reached significantly
lower than the September, August, and June ones.

Figure 7a compares graphically the NO2 air pollution in the parks, with the pollution measured
at the reference stations, while Figure 7b displays, in the same manner, the air pollution caused by
PM10. The individual measurement campaigns are separated by the red lines. As can be seen, the air
pollution in the parks, with the exception of the Koliště park for PM10, was lower than that at the traffic
locality, and the pollution at the background localities approached the value. The exception concerning
the Koliště park was probably due to the fact that this area is relatively narrow compared to Lužánky;
thus, in wintertime, when the vegetation is leafless, it provides less from the dust generated on the
nearby busy roads. Moreover, it is obvious from the representation that the parks ensure better air
protection from nitrogen oxides than against dust.

 

ě

ě ů

ě

ě

ě

  
(a) (b) 

Figure 7. The NO2 (a) and PM10 (b) concentrations in the parks and at the automated air pollution
monitoring sites.

The average concentrations of the measured pollutants were compared with the legal limits [23,24],
Table 5. The excess values are marked in pink.
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Table 5. The average concentrations from the measured localities as compared with the legal limits.

Site Measurement Start
NO2 NOx PM10 O3 NO2 PM10 O3

µg·m−3 µg·m−3 µg·m−3 mg·m−3 Count 4

Lužánky SVC 12.9.2018 12:00 20.52 32.74 12.01 44.95 0 0 0
Lužánky SVC 6.3.2019 7:00 18.41 28.96 16.60 71.44 0 0 0
Lužánky SVC 22.8.2019 7:00 16.01 22.22 33.57 61.48 0 2 3
Lužánky SS 6.3.2019 7:00 20.46 33.65 16.16 77.10 0 0 20
Lužánky SS 22.8.2019 7:00 18.53 30.31 43.46 50.46 0 4 0

Koliště 18.1.2019 7:00 48.89 100.97 66.60 34.47 0 11 0
Koliště 7.6.2019 7:00 17.66 22.94 27.16 77.51 0 0 14

Koliště road 8.11.2019 0:00 34.67 108.83 47.72 14.13 0 4 0
Tyršův sad 8.2.2019 7:00 32.95 67.61 36.20 48.78 0 4 0
Tyršův sad 2.8.2019 7:00 7.86 10.18 10.20 59.95 0 0 0

Legal limits

Annual average limit 40 1 30 2 40 1

Day average limit 1 50
Day average count 1 35

Hourly average limit 2 200
Hourly average count 2 18
Max 8 h average limit 3 120
Max 8 h average count 3 25

1 Human health protection. 2 Ecosystems and vegetation protection. 3 Limit for tropospheric ozone. 4 Count of
legal limit excess instances.

It is possible to claim that in most localities the NOx limit for ecosystems and vegetation protection
was exceeded, except for Lužánky SVC in March and August 2019, Tyršův sad in August 2019,
and Koliště in June 2019. The NO2 concentration reached beyond the human health protection limit
only in January 2019, when the lowest average temperature of all measurement campaigns was
recorded. The PM10 concentrations exceeded the same limit only at Koliště in January 2019, Koliště
road in November 2019, and Lužánky SS in August 2019.

The analysis of the relationship between the individual pollutants’ concentrations, wind speed,
and wind direction was utilized to identify the places from which the highest pollutant concentrations
reached the sampling site. The concentration scale of the measured pollutants is shown in Figure 12.

The color scale shown in Figure 8 expresses concentrations depending on wind direction (angle
coordinate) and wind speed (radius coordinate). Figure 9, Figure 10, Figure 11, Figure 12, Figure 13,
Figure 14, Figure 15, Figure 16, Figure 17, Figure 18 introduce the concentration polar maps of the
measured pollutants at all of the localities.
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Figure 8. The concentration scale for the “openmaps” graphs.
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Figure 9. The NO (a), NO2 (b), PM10 (c), and O3 (d) concentration relationships to the wind speed and
direction at Koliště; sampling started on 18.1.2019 7:00.

Figure 9a,b shows that the highest concentrations of nitrogen oxides were measured with an east
wind blowing from the adjacent road. Under the east to northwest wind direction, the lowest ozone
concentrations were measured (Figure 9d). The lowest PM10 concentration was obtained in north and
south winds, meaning that transport embodies the most likely source of the nitrogen oxides; there is a
larger amount of PM10 sources; and, probably, the activities pursued within the area contribute to the
dust circulation in the park (Figure 9c).

 

ě

  

(a) (b) 

  

(c) (d) 

ě
Figure 10. The NO (a), NO2 (b), PM10 (c), and O3 (d) concentration relationships to the wind speed
and direction at Koliště; sampling started on 7.6.2019 7:00.

Figure 10a,b shows that the highest concentrations of nitrogen oxides were measured with east
and west winds blowing from the adjacent road and the opposite side. The impact of traffic on the
road west of the park, which had not manifested itself in January, probably shows here. From the
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south through the east to the northwest, the lowest ozone concentrations were measured (Figure 10d).
The highest PM10 concentrations were acquired in calm weather.

 

  

(a) (b) 

  

(c) (d) 

ě
Figure 11. The NO (a), NO2 (b), PM10 (c), and O3 (d) concentration relationships to the wind speed
and direction at Koliště road; sampling started on 8.11.2019 0:00.

Figure 11a–c shows that the highest concentrations of nitrogen oxides and PM10 were measured
with northwest wind blowing in the direction of the vehicles traveling towards the Airpointer along
the near lane of the road. At the same wind direction, we measured the lowest concentrations of O3

(Figure 11d), meaning that both the oxides of nitrogen and the PM10 had most likely originated from
traffic in this case.

 

ě

traffic in this case. 

  

(a) (b) 

  

(c) (d) 

Figure 12. The NO (a), NO2 (b), PM10 (c), and O3 (d) concentration relationships to the wind speed
and direction at Lužánky SVC; sampling started on 12.9.2018 12:00.

Figure 12a indicates that the highest NO concentrations were measured with a east wind.
The highest NO2 concentrations were determined in eastern wind directions, namely, from the south
to the north, similarly to PM10 (Figure 12b,c). At low wind speeds, we acquired the lowest O3
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concentrations of the (Figure 12d), meaning that both the NO2 and the PM10 had probably been
generated by similar sources. The NO had most likely originated from the traffic on the road east of
the park.

 

  

(a) (b) 

  

(c) (d) 

Figure 13. The NO (a), NO2 (b), PM10 (c), and O3 (d) concentration relationships to the wind speed
and direction at Lužánky SVC; sampling started on 6.3.2019 7:00.

Figure 13a indicates that the highest NO concentrations were measured with a north wind,
similarly to the situation in Figure 14. The highest NO2 concentrations were acquired under eastern
wind directions, namely, from the south to the north, similarly to PM10 (Figure 13b,c). This scenario
resembles that represented in Figure 16. In eastern wind directions, we measured the lowest O3

concentrations (Figure 13d). The NO had probably originated from the traffic on the road north of
the park.

(a) (b) 

(c) (d) 

Figure 14. The NO (a), NO2 (b), PM10 (c), and O3 (d) concentration relationships to the wind speed
and direction at Lužánky SVC; sampling started on 22.8.2019 7:00.
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Figure 14b shows that the highest NO2 concentrations were measured under northern wind
directions (Figure 14b). In western to northern wind directions, we established the lowest concentrations
of O3 (Figure 14d). The nitrogen oxides had probably originated from the traffic on the road north of
the park. The PM10 concentrations did not exhibit any significant relationship to the wind direction in
this case.

 

  

(a) (b) 

  

(c) (d) 

Figure 15. The NO (a), NO2 (b), PM10 (c), and O3 (d) concentration relationships to the wind speed
and direction at Lužánky SS; sampling started on 6.3.2019 7:00.

Figure 15a–c indicates that the highest NO, NO2, and PM10 concentrations were measured under
a northeastern wind direction. In the same wind directions, we acquired the lowest concentrations of
O3 (Figure 15d). Both the nitrogen oxides and the PM10 had probably been generated by the traffic on
the crossroads to the northeast of the park.

(a) (b) 

(c) (d) 

Figure 16. The NO (a), NO2 (b), PM10 (c), and O3 (d) concentration relationships to the wind speed
and direction at Lužánky SS; sampling started on 22.8.2019 7:00.
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Figure 16 displays a situation similar to that shown in Figure 15. It clearly follows from the images
in both of the figures that, at the Lužánky SS locality, the traffic pollution (NO) is contained by the
Svojsík srub building. At the Lužánky SVC site (Figures 12–14), conversely, the NO source is blocked
by the Leisure Center from the west.

 

  

(a) (b) 

  

(c) (d) 

ů

ů

ů

Figure 17. The NO (a), NO2 (b), PM10 (c), and O3 (d) concentration relationships to the wind speed
and direction at Tyršův sad; sampling started on 8.2.2019 7:00.

There are no significant transport-based air pollution sources near Tyršův sad; the air pollution
at this location can be rather generated by long-distance transfer or, especially in wintertime, PM10

from local heating. Figure 17 shows the pollution from eastern directions, and Figure 18 displays the
ambiguous situation at the site.

ů

ů

(a) (b) 

(c) (d) 

ů
Figure 18. The NO (a), NO2 (b), PM10 (c), and O3 (d) concentration relationships to the wind speed
and direction at Tyršův sad; sampling started on 2.8.2019 7:00.
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As outlined above, the problem of reducing PM concentrations in urban parks has been discussed
in diverse papers, e.g., [4–6]. Other articles analyzed the impact of urban greenery on NOx, NO2 [14],
and O3 [16]. In this study, the outcomes presented within the referenced research reports are followed
and developed through such procedural approaches as monitoring the influence of wind and air
temperature on pollutant concentrations. The measurements have shown that, in addition to vegetation,
seasonal changes of meteorological conditions and human activities in parks embody a substantial
aspect modifying the local situation, as observed at Lužánky park in August 2019. The obtained results
have confirmed the conclusions proposed by Kumar et al. [12], namely, that progressive steps need to
be taken to bring further knowledge in the field. The relationships between O3, NO, and NO2 were
studied by Han et al. [25]; interestingly, the outcomes of our research resemble Han et al.’s findings in
suggesting that, as regards the study area(s), the daily NO cycle initiated by flue gas emissions from
motor vehicles and continued by the related conversion of the pollutant into NO2, had a major impact
on the regular ozone process. The daily course of concentrations in these pollutants was similar, too.

4. Conclusions

In four 14-day campaigns, concentrations of NO, NO2, PM10, and O3 were measured at five
diverse locations, of which four were enclosed within Brno parks and one set at a road adjacent
to a park. Compared to the average values, significantly higher nitrogen oxide concentrations
were determined at the monitored spots of Koliště and Koliště-road in colder weather. Both of the
locations are situated near a busy road exhibiting a traffic intensity of 33,000 vehicles/d. In terms
of PM10, the highest concentrations were obtained at Koliště park, with an average air temperature
that proved to be the lowest among the values adopted for the other measurements. At Lužánky
park, the PM10 concentrations measured in warmer weather reached higher than those acquired
during colder periods—an effect probably caused by the park being a popular public barbecue place.
Using the “openairmaps” software package, we determined the directions pointing to the main sources
of pollution at the individual spots. Based on this procedure, it was estimated that the main air
pollution sources affecting the parks lie in the adjacent roads and crossroads. In some cases, however,
human activities of people in the parks (barbecue) can also be regarded as important or semi-critical.
By extension, we established that the overall surface layout, prominently including buildings in the
park, can locally shield the impact of traffic on the air quality. Interestingly, the air quality in the parks
approached that of the urban background locations, except for Koliště park, which, due to its shape
and proximity to a very busy road, showed the characteristics of a regular traffic location.
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Abstract: Emissions of fluorinated greenhouse gases (F-gases), which are used as replacements for
ozone-depleting substances, have risen sharply since 1995. The rapid increase in F-gas emissions
coupled with their global warming potential (GWP) has led to increased worldwide attention to
monitoring emission levels and subsequently regulating the use of F-gases. These restrictions
apply in particular to applications for which alternative technologies are available that are more
economically efficient and have minor or no impact on the Earth’s climate system. This paper brings
new information about changes in composition of consumed F-gases in the Czech Republic. Since no
F-gases are produced in the country, data about F-gas consumption are obtained from three resources
which give information about import and export. The paper also describes implementation of newly
used F-gases, which are used as replacements for specific F-gases, into emission calculation models.
Emissions are estimated according to the methodology developed by the Intergovernmental Panel
on Climate Change (IPCC). Although consumption of F-gases with high GWP has already started
decreasing, it will have no effect on F-gas emissions for several years.

Keywords: F-gases; greenhouse gases; global warming potential; substitutes for ozone depleting
substances; Czech Republic

1. Introduction

Fluorinated greenhouse gases (F-gases) are anthropogenic gases used mainly as substitutes for
ozone-depleting substances. Although F-gases do not damage the atmospheric ozone layer, they
contribute significantly to the global greenhouse effect [1]. Two main groups of F-gases can be
distinguished; hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs) [2]. The difference between
the HFCs and PFCs groups is in the degree of fluorination. The first group consists in partly fluorinated
F-gases, whereas the second group contains fully fluorinated molecules [3]. There is an important
difference between these two groups, especially in terms of the greenhouse effect, i.e., their lifetimes in
the atmosphere. While the lifetime of HFCs varies between a few days and 250 years, most PFCs can
remain in the atmosphere for thousands of years [4]. F-gases are used, for instance, as fire suppressors,
aerosols, refrigerants in refrigerators, in air conditioning systems, etc.

Since global warming potential (GWP) of F-gases is many times greater than that of carbon
dioxide (CO2), the EU is taking regulatory action to control them [4]. GWP measures how much energy
1 ton of a gas will absorb over a certain time period, relative to 1 ton of CO2 [5]. Regulation (EU)
517/2014 outlines guidelines and information about reporting by companies. Directive 2006/40/EC (and
also the MAC (mobile air conditioning) Directive) is focused on prohibition of using F-gases in mobile
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air conditioning. But it does not suggest any way to accomplish this goal [6]. F-gases are subject to a
reporting duty. Facilities that produce, import or export 1 metric ton or 100 tones CO2 eq. and more
F-gases must report such information [7].

In the following chapters, European legislative measures are described in more detail, it is shown
how they affect composition of consumed F-gases in the Czech Republic, and information about
newly used F-gases is added in the same way as information about their integration into the F-gas
emission calculation model PHOENIX, which is a country specific estimation model for F-gas emissions.
Newly applied F-gases change the results of the F-gas emissions in the Czech Republic and affect in this
way also the total emission from greenhouse gases. The PHOENIX model is continuously improved to
provide accurate and transparent results.

The paper provides an overview of the trends of F-gases used in the Czech Republic including
recent updates and changes following application of the newly developed F-gases with low GWP.

2. Regulation (European Union, EU) No 517/2014 and Mobile Air Conditioning (MAC) Directive

This regulation was published after approval by the European Parliament (EP) and the Council in
April 2014. The Regulation is based on Regulation (EC) No 842/2006 on certain fluorinated greenhouse
gases. The aim of the Regulation is to reduce emissions of F-gases, which have to be decreased
by 72–73% by 2030 against the reference year of 1990. The regulation therefore provides rules on
containment, use, recovery and destruction of F-gases and conditions on the placing on the market
complemented by quantitative limits [8].

The objective of the regulation could be achieved, e.g., by replacing current gases with high GWP
to gases with lower impact or, preferably, with no impact on the climate. In this context, the regulation
also provides rules for training responsible persons for the safe-handling of alternative refrigerants,
because some alternatives to F-gases have undesirable properties, such as lower flash point and
toxicity [8].

The measures which entered into force on 1 January 2020 affect a wide range of equipment. From
this date, it is prohibited to place on the market:

• Mobile room air-conditioning equipment that contains HFCs with GWP of 150 or more;
• Refrigerators and freezers for commercial use that contain HFCs with GWP of 2 500 or more

(starting 2022, limit of GWP will be 150);
• Stationary refrigeration equipment that contains HFCs with GWP of 2500 or more.

These measures have an impact on the use of the mixtures R-404a (GWP 3943 [4]) and R-507a
(GWP 3985 [4]), which are mainly used in stationary commercial refrigeration [9].

The subject of the MAC Directive is to lay down the requirements for air-conditioning systems
fitted into vehicles. The directive applies to passenger cars comprising no more than eight seats in
addition to the driver’s seat and vehicles designed and constructed for the carriage of goods and
having a maximum mass not exceeding 1305 kilograms. Since 1 January 2017, mobile air-conditioning
systems in new vehicles, which are brought into service in the EU, must not contain gases with GWP
of 150 and more [6].

3. Trends and Applications in the Czech Republic

The base year for reporting obligation of F-gases in the Czech Republic is 1995. F-gases are not
produced in this country and all of them are imported. Data about direct import/export, use and
destruction are obtained from ISPOP (Integrated system of reporting obligations), the F-gas register
(Questionnaire on production, import, export, feedstock use and destruction of the substances listed in
Annexes I or II of the F-gas regulation) and the Customs Administration of the Czech Republic [10].

The major share of F-gases (about 99%) is used for refrigeration and air conditioning systems,
approximately 75% of F-gases is used for refrigeration and stationary air conditioning and 25% is used
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in mobile air conditioning. Manufacturers use a wide range of mixtures containing HFCs. In the past,
mixtures containing PFCs were also used, but these mixtures has not been used since 2010 [10].

3.1. Refrigeration and Stationary Air-Conditioning Systems

ISPOP provides information about import, export, regeneration, destruction and the first placing
on the market of F-gases. The ISPOP database contains the EU market data. The threshold for
submitting data to ISPOP by importers, exporters and users is 0.1 metric tonne of F-gases. The F-gas
register provides data about the imported, exported and disposed amounts of F-gases and also contains
information about the average specific charge of equipment, amount of imported, exported or disposed
equipment and information about specific use of the equipment. Information in the F-gas register is
related to the trade between EU countries and non-EU countries and the threshold for submitting data
to the F-gas register is more than 1 metric tonne of F-gases. The threshold refers to the sum of F-gases,
not each imported/exported gas separately. Customs data provide information about trading between
the Czech Republic and the global market. These data provide information about imported/exported
products and containers of fluorinated greenhouse gases; information is classified according to the
combined nomenclature, which is regularly updated [10].

The global market is covered in the inventory since the data sources cover trade between the
Czech Republic and EU countries and also non-EU countries. Verification of the data by each
importer/exporter/user of F-gases in all the data sources is a very important step in the process of
inventory preparation, because it is necessary to avoid double counting [10].

The main type of mixture used in the Czech Republic for stationary air conditioning/refrigeration
is R-410a [9] (GWP 1924 [4]), a mixture of HFC-32 and HFC-125 in a ratio of 50:50. Mixtures R-407c,
R-507a and R-404a are used in smaller amounts. R-407c (GWP 1624 [4]) is a mixture of HFC-32,
HFC-125 and HFC-134a in a ratio of 23:25:52 and it is used mainly in stationary air conditioning. R-507a
is a mixture of HFC-125 and HFC-143a in a ratio of 50:50. R-404a contains HFC-125, HFC-143a and
HFC-134a gases in a ratio of 44:52:4 [10].

In the national inventory, mixtures are compartmentalized into individual gases. The trend of use
of particular F-gases is depicted in Figure 1. As can be seen, there was a significant decrease in the use
of HFC-125, and HFC-143a even did not appear in the market in 2018. These two gases have high GWP,
and their decrease is based on the fact that manufacturers are preparing for limitation of these gases
and their mixtures. As can be seen on the second graph in Figure 1a,b, although the amount of F-gases
used in 2018 is similar to in 2017, the used gases have a smaller impact on global warming.

Figure 1. Trend in F-gases used for refrigerants and air conditioning in the Czech Republic in tonnes
(a) compared to the trend in F-gases recalculated to kt CO2 eq (b).
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The EU regulations force manufacturers to find alternatives to F-gases with high GWP. One option
for them is to develop new mixtures with lower GWP. Another option is to use natural refrigerants, such
as ammonia, isobutene, propane and CO2, which have already been used in the past [11]. The coming
years will show which option is more convenient for manufacturers; nevertheless, we can expect a
gradual decrease in the use of F-gases in this field.

3.2. Mobile Air Conditioning

A different approach than for refrigeration and stationary air conditioning is used for estimation
of the amount of F-gases employed in mobile air conditioning. The data collection is based on
knowledge of the number of vehicles, percentage of vehicles with air conditioning and average
amount of refrigerants in these vehicles. Data about production are obtained from the Automotive
Industry Association. These data contain the production figures for the Czech automobile industry
since 1995. Three car producers (ŠKODA AUTO Inc., Hyundai Motor Manufacturing Czech Ltd.
and TPCA), bus producers (SOR Libchavy Ltd., Iveco Czech Republic Inc. and others) and one truck
producer (TATRA TRUCKS Inc.) are currently operating in the Czech Republic. More detailed data
about production (e.g., production of particular models) are obtained directly from ŠKODA AUTO
Inc. and TPCA, whose production covers approximately 85% of all new passenger cars produced in
the Czech Republic. Knowledge of the production of particular models makes determination of the
average initial charge more accurate. The initial charge of passenger cars decreased over the years
from 750 g per unit to 500 g per unit [10].

The only refrigerant used for mobile air conditioning from 1995 to 2015 was HFC-134a (GWP
1300 [4]). Since 2015, it has been prohibited to use this gas in mobile air conditioning and manufacturers
have started filling cars for the EU market with hydrofluoroolefin (HFO)-1234yf and this gas has been
the main refrigerator in mobile air conditioning since then. This change is the result of implementation
of the MAC Directive. It is assumed that HFO-1234yf will not be replaced by some other refrigerant
in next few years, so its consumption will depend solely on the number of cars produced. As can be
seen from the second graph in Figure 2a,b, the impact of HFO-1234yf on global warming is more than
thousand times smaller than the impact of HFC-134a. More detailed comparison of these two gases is
presented in the following section.

Figure 2. The trend in gases filled into new vehicles in the Czech Republic in tonnes (a) compared to
the trend in F-gases recalculated into kt CO2 eq (b).
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4. Newly Employed F-Gases in the Czech Republic

HFO-1234yf and HFO-1234ze are newly used as alternatives to HFC-134a. Both new HFCs
have an olefinic structure and low GWP. Because of their structure they are called hydrofluoroolefins
(HFOs) [12].

There are apparent some similarities between HFO-1234ze(E), HFO-1234yf and the older F-gas
HFC-134a summarized in Table 1. Their chemical structures are also similar. A slight difference is
caused by the position of the F atom in the olefinic part of the molecule (which is shown in Figure 3).
Because of their harmful potential, the American Industrial Hygiene Association (AIHA) set workplace
environmental exposure levels (WEEL), for HFO-1234ze equal to 800 ml.m-3 and, for HFO-1234yf,
500 ml.m-3 per 8 hours shift [13]. Other thermodynamic properties of mentioned F-gases are captured
in the Table 1 [14–17].

Table 1. Thermodynamic properties of hydrofluoroolefins (HFOs) compared to hydrofluorocarbon
HFC-134a.

Properties Units HFO-1234ze(E) HFO-1234ze(Z) HFO-1234yf HFC-134a

CAS 1 29118-24-9 29118-25-0 754-12-1 811-97-2
Boiling point ◦C −19 10 −29 −26
Critical point ◦C 109 150 95 102

Vapour pressure
(25 ◦C)

kPa 500 184 677 665

Source [14] [15,16] [17]
GWP [4] <1 <1 1300

1 CAS number is a registry number characteristic for each chemical. It was classified by Chemical Abstract Service
(CAS). The number is divided into three parts. First part is the most variable, it could contain from 2 to 7 digits,
second part contains only two and last just one digit. Those three parts are separated by a dash. Every chemical has
its own CAS number which is specific for one substance.

Figure 3. This figure shows the chemical structures of HFO-1234yf and two isomers of HFO-1234ze [15].

4.1. Hydrofluoroolefin (HFO)-1234yf

A newly employed F-gas has the official designation HFO-1234yf (also R-1234yf or HFC-1234yf).
The systematic chemical name for HFO-1234yf is 2, 3, 3, 3-tetrafluoroprop-1-ene.

HFO-1234yf belongs to third-generation refrigerants. Its GWP value is smaller than 1 [4] which
is very low compared, e.g., with HFC-134a, whose GWP is 1300 [4]. Both these F-gases have quite
similar vapour pressures under laboratory conditions and also similar boiling points and critical
points. HFO-1234yf is poorly combustible but is slightly flammable. The flammability of the gas
is a reason for concern. This behaviour of HFO-1234yf is the reason why greater specialisation is
required for employees working with it, like safety training and how to handle flammable things,
etc. [18]. HFO-1234yf shows slight activity in the Ames test, which is used for the testing mutagenic
and carcinogenic activity of the tested substances. Further investigations did not find any mutagenic
activity. Thus, HFO-1234yf does not cause any genetic changes and the doses are low for all the tests
performed in the study by [19].
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4.2. HFO-1234ze

HFO-1234ze has two isomeric structures: trans-1, 3, 3, 3-tetrafluoroprop-1-ene with suffix (E) or
cis-1, 3, 3, 3-tetrafluoroprop-1-ene with suffix (Z) [20]. The suffixes are abbreviations of the German
words Entgegen (E, opposite) and Zusammen (Z, together) [21]. HFO-1234ze(E) is used more often
because of its similarity to its predecessor HFC-134a.

It has very low GWP and consequently it is used more often, as it has only small or no impact
on the planet Earth. HFO-1234ze has been tested for its toxic and harmful potential for humans.
The research of Rusch and his colleagues (2012) [22] was related to the inhalation toxicity of HFO-1234ze,
showing that the effective dose is very high, i.e., HFO-1234ze has very low toxic potential. Nonetheless,
they found that its target organs are the liver and kidneys. Some histopathological changes were found
in these organs.

4.3. Mixtures

At the present time, manufactures can choose between mixtures which were used less often in
the past, or mixtures with new gases. R-407 represents mixtures which have long been available but
were of little interest to manufactures until the present time. Its GWP is still rather large; however,
this mixture has a broad range of applications. It is used in commercial, industrial and transport
refrigeration. R-449a, which includes HFO-1234yf, is used in the same area. Mixture R-452a, also with
HFO-1234yf, is used chiefly in transport refrigeration.

Mixtures that replace HFC-134a still contain this gas to which new kinds of gases are added.
These include HFO-1234yf for R-513a and HFO-1234ze for R-450a. These mixtures are used in medium-
and high-temperature commercial and industry refrigeration, air conditioning and heat pumps. Table 2
shows overview of mostly widely used replacement mixtures in the Czech Republic.

Table 2. Overview of mostly widely used replacement mixtures in the Czech Republic [23].

Gas Substitute of:
Constituents

GWP 100-Year 1
HFC-134a HFC-125 HFC-32 HFO-1234yf HFO-1234ze

R-407a R-404a/R-507a 40% 40% 20% 1923
R-449a R-404a/R-507a 25.7% 24.7% 24.3% 25.3% 1282
R-452a R-404a/R-507a 59% 11% 30% 1945
R-513a HFC-134a 44% 56% 573
R-450a HFC-134a 42% 58% 547

1 Calculated according 5th Intergovernmental Panel on Climate Change (IPCC) Assessment Report, no climate
feedbacks are included.

Other newly developed mixtures, which haven’t been introduced on the market yet, commonly
combine formerly used HFCs with new HFOs in various ratios.

5. Calculation of Emissions from Refrigeration and Stationary Air Conditioning in the
Czech Republic

Emissions from refrigeration and stationary air-conditioning systems are estimated with the
national PHOENIX calculation model defined according to the methodology developed by the
Intergovernmental Panel on Climate Change (IPCC). In the inventory, five sub-applications are defined:
commercial, domestic, industrial, and transport refrigeration and stationary air conditioning [24].

When calculating emissions of F-gases, time lag between consumption and emissions is taken
in account. Time lag results from the fact that a chemical placed into a new product may only
slowly leak out over time, not being released until end-of-life. Thanks to this and according to data
availability, emissions can be estimated in a various ways with varying degrees of complexity and data
intensity [24]. In the Czech Republic, Tier 2a, called the Emission-factor approach, is used. It takes
in account the national and regional regulations governing the use of F-gases, defines the emission
factors for refrigerant charge, during operation, at servicing and at equipment end of life [24].
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The calculation model is divided into four main parts: input, divider, emission estimates and output.
In input, there are emission factors, legislative measures and annual data about consumption of F-gases
for the initial filling of new equipment and for servicing equipment in use. Collecting of the data from
annual consumption is described in Section 3.1 and legislative measures are described in Section 2.
Emission factors are defined for each sub-application and life-cycle stage of gas. Emission factors used
for emission estimates are shown in Table 3. Their selection should be based on the national information
provided by manufacturers, service providers, disposal companies and other organizations. However,
obtaining such detailed information is very difficult under the current state of administration in the
Czech Republic and thus the emission factors are based on the expert judgement in the default ranges
proposed by IPCC 2006 Gl., Table 7.9 [24].

Table 3. Emission factors used for emission estimates in 2018.

Source
Sub-Application

Lifetimes
[Years]

Emission Factors
[% of Initial Charge/Year]

End-of-Life Emissions [%]

Factor in Equation

(d) (k) (x) (ηrec,d) (p)

Initial Emissions
Operation
Emissions

Recovery
Efficiency

Initial Charge
Remaining

Commercial
Refrigeration

10.50 3.00 13.00 55.00 70.00

Domestic Refrigeration 13.50 0.50 3.50 55.00 70.00
Industrial Refrigeration 17.00 3.00 13.00 55.00 70.00
Transport Refrigeration 8.50 0.50 20.00 55.00 30.00

Stationary Air
Conditioning

13.50 0.50 6.50 55.00 70.00

Each gas is divided into six groups according its area of application. The percentage share of
each gas in the area of application, as can be seen in Table 4, is currently based on sectoral expert
judgement, which is supported by the data obtained from the Association of Refrigeration and Air
Conditioning. As we can see, F-gases are mostly used for commercial refrigeration and have not been
used for domestic refrigeration since 2015. For 2018 emission estimates, two new gases were included
into calculation model: HFO-1234yf and HFO-1234ze. Their distribution by application area is based
on information about distribution of gases and mixtures which these two gases replace.

Table 4. Distribution of HFCs use by application area used for emission calculations in 2018.

Reported
F-Gases

Commercial
Refrigeration

Domestic
Refrigeration

Industrial
Refrigeration

Transport
Refrigeration

Stationary Air
Conditioning

HFC-125 40% x 15% 5% 40%
HFC-143a 60% x 15% 5% 20%

HFC-23 100% x x x x
HFC-134a 60% x 15% 5% 20%
HFC-227ea 100% x x x x

HFC-32 40% x 15% 5% 40%
HFC-152a 100% x x x x

HFO-1234yf 30% x 8% 53% 10%
HFO-1234ze 53% x 5% 15% 27%

Using the symbol x indicates, that the gas is not applied in the area.

Emission estimates of individual gases are calculated separately for each area of application.
Calculations of emission estimates are identical for all the F-gases and all sub-applications; however,
the difference is in use of specific emission factors for each area of application. Total emissions for
individual F-gas in individual area of application are calculated as the sum of emissions from filling
new equipment Echarge, emissions during the equipment lifetime Elifetime and emissions at the system
end of life Eend of life.
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Emissions form filling Echarge for year t are calculated according to the equation:

Echarge, t = Mt
k

100
(1)

where Mt is the amount of chemical used for the first fill and k is the emission factor for assembly losses
charged into new equipment (see Table 3).

Emissions during the lifetime Elifetime, t are calculated according to the equation:

Echarge, t = Bt
x

100
(2)

where Bt is the amount of chemical banked in the system and x represents the annual emission rate
(see Table 3). Bt is calculated as:

Bt = St − Echarge, t − Eend o f li f e, t + Bt−1 − Elie f etime, t−1 (3)

where St is the amount of chemical charged into equipment (amount of gas consumed in year t).
Emissions at the end of life Eend of life, t are calculated according to the equation:

Eend o f li f e, t = Ht

(

1−
ηrec, d

100

)

(4)

where ηrec,d is recovery efficiency at disposal (see Table 3). Ht is the amount of chemical remaining in
the system at decommissioning and is calculated by using a Gaussian model with mean at the lifetime
expectancy [25].

As can be seen in Figure 4, although the trend in F-gas consumption varies, emissions are
consistently increasing, which is caused by the time lag mentioned above. In the coming years, we can
expect no change in the increasing trend since the effect of reducing F-gas consumption will appear
with delay.

Figure 4. The trend in emissions from refrigeration and stationary air conditioning in the Czech Republic.
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6. Concluding Remarks

Because F-gases have been used as substitutes for ozone-depleting substances, their consumption
has been increasing strongly since 1995. The main sector where F-gases are employed is in refrigeration
and air-conditioning systems. Because of the large global warming potential of F-gases, the EU has
adopted legislative measures to prevent a further increase in their emissions. Alternative solutions to
F-gases are already on the market. On the basis of the collected data, it can be seen that consumption
of F-gases stopped increasing even before main part of EU legislative measures came into force.
Therefore, in the coming years, especially from 2020, we expect a gradual decrease in the consumption
of F-gases in refrigeration and stationary air-conditioning systems. No decrease is expected in mobile
air-conditioning systems.

A more important factor than consumption itself is the composition of the consumed F-gases,
because there can be big differences in the impact on global warming between individual gases.
There, we can see great progress. In recent years, manufacturers started using new gases, especially
HFO-1234yf with very low global warming potential, which is the main refrigerant in mobile air
conditioning at the present time and we can expect that it will also be used more widely in other sectors
in the coming years. Currently, HFO-1234yf is mainly used in transport refrigeration (except mobile
air conditioning), whereas HFO-1234ze is mainly used in commercial refrigeration.

Since HFO-1234yf and HFO-1234ze will certainly become an integral part of the refrigeration
industry, these two gases were implemented into the PHOENIX model, the country-specific estimation
model for F-gas emissions. The base year of their use in refrigeration and stationary air conditioning is
2018. Newly applied F-gases changes the results of the F-gas emissions in the Czech Republic and
affects in this way also the total emission from green-house gases. However, since time lag between
consumption and emissions is taken in account, changes in emission trend will appear with delay.

The new F-gases have lower global warming potential than those used earlier, which is a great
benefit. But they are also subject to some scepticism since their characteristics have not been examined
in sufficient detail yet. One already known problem is their flammability, which ranks them in category
A2L. Category A2Lcompounds are slightly flammable and exhibit low toxicity. Their low toxicity has
been demonstrated by their high effective doses in toxicological experiments conducted on mammals
(mice, dogs, etc.). This toxicological information was also employed for adjustment of WEEL values,
which are higher than 400 ml.m−3 for the newly employed F-gases [26]. Despite their low toxic
potential, they should not be taken lightly. Their harmful effect could be hidden in the future and
better information will be gained from future epidemiologic studies.
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