atmosphere

A

Quality in the

Czech Republic

Edited by
lva Hanova

Printed Edition of the Special Issue Published in Atmosphere

4
www.mdpi.com/journal/atmosphere ’/M\DPI

P




Ambient Air Quality in the Czech
Republic






Ambient Air Quality in the Czech
Republic

Editor

Iva Hunova

MDPI e Basel o Beijing « Wuhan e Barcelona e Belgrade e Manchester o Tokyo e Cluj e Tianjin

WVI\DPI

F



Editor

Iva Htinova

Ambient Air Quality Department
Czech Hydrometeorological Institute
Prague

Czech Republic

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Atmosphere (ISSN 2073-4433) (available at: www.mdpi.com/journal/atmosphere/special_issues/
Air_CS).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-1762-9 (Hbk)
ISBN 978-3-0365-1761-2 (PDF)

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

Aboutthe Editor . . . . . . . . . . e vii

Iva Hanova
Ambient Air Quality in the Czech Republic
Reprinted from: Atmosphere 2021, 12, 770, d0i:10.3390/atmos12060770 . . . . . . . ... ... ... 1

Iva Haunova
Ambient Air Quality in the Czech Republic: Past and Present
Reprinted from: Atmosphere 2020, 11, 214, doi:10.3390/atmos11020214 . . . . . . . ... ... ... 5

Vladimira Volna and Daniel Hladky

Detailed Assessment of the Effects of Meteorological Conditions on PM;g Concentrations in the
Northeastern Part of the Czech Republic

Reprinted from: Atmosphere 2020, 11, 497, doi:10.3390/atmos11050497 . . . . . . . ... ... ... 31

Radim Seibert, Irina Nikolova, Vladimira Volnd, Blanka Krej¢i and Daniel Hladky

Air Pollution Sources’ Contribution to PM,5 Concentration in the Northeastern Part of the
Czech Republic

Reprinted from: Atmosphere 2020, 11, 522, d0i:10.3390/atmos11050522 . . . . . . . ... ... ... 53

Irena Pavlikova, Daniel Hladky, Oldfich Motyka, Konstantin N. Vergel, Ludmila P.
Strelkova and Margarita S. Shvetsova

Characterization of PM;y Sampled on the Top of a Former Mining Tower by the High-Volume
Wind Direction-Dependent Sampler Using INNA

Reprinted from: Atmosphere 2020, 12, 29, d0i:10.3390/atmo0s12010029 . . . . . ... ... .. ... 81

Jiri Pospisil, Jiri Huzlik, Roman Licbinsky and Michal Spilacek

Dispersion Characteristics of PM10 Particles Identified by Numerical Simulation in the Vicinity

of Roads Passing through Various Types of Urban Areas

Reprinted from: Atmosphere 2020, 11, 454, do0i:10.3390/atmos11050454 . . . . . . . ... ... ... 101

Jifi Neubauer, Jaroslav Michalek, Karel éilinger and Petr Firbas
Impacts of Built-Up Area Geometry on PMjg Levels: A Case Study in Brno, Czech Republic
Reprinted from: Atmosphere 2020, 11, 1042, doi:10.3390/atmos11101042 . . . . . . ... ... ... 117

Jana Doubalova, Peter Huszir, Krystof Eben, Nina BeneSova, Michal Belda, Ondfej VIcek,

Jan Karlicky, Jan Geleti¢ and Tomas Halenka

High Resolution Air Quality Forecasting over Prague within the URBI PRAGENSI Project:
Model Performance during the Winter Period and the Effect of Urban Parameterization on PM
Reprinted from: Atmosphere 2020, 11, 625, do0i:10.3390/atmos11060625 . . . . . . . ... ... ... 137

Michal Vojtisek-Lom, Jonas Jirkt and Martin Pechout

Real-World Exhaust Emissions of Diesel Locomotives and Motorized Railcars during Scheduled
Passenger Train Runs on Czech Railroads

Reprinted from: Atmosphere 2020, 11, 582, d0i:10.3390/atmos11060582 . . . . . . . ... ... ... 161

Pavel Mikuska, Martin VojtéSek, Kamil Kitimal, Martina Mikuékové-éampulové, Jaroslav
Michilek and Zbynék Veceta

Characterization and Source Identification of Elements and Water-Soluble Ions in
Submicrometre Aerosols in Brno and Slapanice (Czech Republic)

Reprinted from: Atmosphere 2020, 11, 688, d0i:10.3390/atmos11070688 . . . . . . . ... ... ... 187



Jachym Brzezina, Klaudia Koéb6lova and Vladimir Adamec

Nanoparticle Number Concentration in the Air in Relation to the Time of the Year and Time of

the Day

Reprinted from: Atmosphere 2020, 11, 523, d0i:10.3390/atmos11050523 . . . . . . . ... ... ... 211

Markéta Schreiberovd, Leona Vlasikovd, Ondfej Vlcek, Jana émejdifové, Jan Horalek and
Johannes Bieser

Benzo[a]pyrene in the Ambient Air in the Czech Republic: Emission Sources, Current and
Long-Term Monitoring Analysis and Human Exposure

Reprinted from: Atmosphere 2020, 11, 955, d0i:10.3390/atmos11090955 . . . . . . ... ... .. .. 225

Michal Vojtisek-Lom, Miroslav Suta, Jitka Sikorova and Radim J. Sram

High NO, Concentrations Measured by Passive Samplers in Czech Cities: Unresolved
Aftermath of Dieselgate?

Reprinted from: Atmosphere 2021, 12, 649, d0i:10.3390/atmo0s12050649 . . . . . . . ... ... ... 255

Petra Bauerové, Adriana Sindelatové, Stépan Rychlik, Zbynék Novak and Josef Keder

Low-Cost Air Quality Sensors: One-Year Field Comparative Measurement of Different Gas
Sensors and Particle Counters with Reference Monitors at Tus§imice Observatory

Reprinted from: Atmosphere 2020, 11, 492, do0i:10.3390/atmos11050492 . . . . . . . ... ... ... 283

Milan Vana, Adéla Holubova Smejkalovi, Jaroslava Svobodova and Pavel Machdlek

Long-Term Trends of Air Pollution at National Atmospheric Observatory Kosetice (ACTRIS,
EMEP, GAW)

Reprinted from: Atmosphere 2020, 11, 537, d0i:10.3390/atmos11050537 . . . . . . . .. ... .. .. 299

Jifi Huzlik, Jitka Hegrova, Karel Effenberger, Roman Li¢binsky and Martin Britnicky
Air Quality in Brno City Parks
Reprinted from: Atmosphere 2020, 11, 510, do0i:10.3390/atmos11050510 . . . . . . ... .. ... .. 309

Markéta Miillerova, Eva Krtkova and Zuzana Roskova
F-Gases: Trends, Applications and Newly Applied Gases in the Czech Republic
Reprinted from: Atmosphere 2020, 11, 455, d0i:10.3390/atmos11050455 . . . . . . . ... ... ... 329

vi



About the Editor

Iva Hinova

Associate Professor Iva Htinova is currently affiliated with the Czech Hydrometeorological
Institute, Ambient Air Quality Department, and Institute for Environmental Studies, Faculty of
Science, Charles University in Prague. Her research interest is ambient air quality assessment
with major activities in atmospheric deposition and ground level ozone. She has been involved
in numerous national and international projects and activities. She has authored or co-authored
more than 50 scientific papers and reviewed for 30 international journals, including Environmental

Pollution, Science of the Total Environment, and Atmospheric Environment.

vii






A

atmosphere m\py

Editorial

Ambient Air Quality in the Czech Republic

Iva Hanova

check for

updates
Citation: Htinova, I. Ambient Air
Quality in the Czech Republic.
Atmosphere 2021, 12, 770. https://
doi.org/10.3390/atmos12060770

Received: 1 June 2021
Accepted: 9 June 2021
Published: 15 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the author.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Ambient Air Quality Department, Czech Hydrometeorological Institute, Na Sabatce 17,
14306 Prague 4, Czech Republic; iva.hunova@chmi.cz

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, Hiinova [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. Volna and Hladky [5] studied the links
between ambient PM( 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, PM; 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. Pavlikova et al. [7] measured 34 elements in PM; sampled
in the centre of Ostravsko-karvinska 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, PM;( 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
PMj in the vicinity of roads passing different types of urban areas. The authors pointed
out that major parameters influencing the final shape of the PMjg 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 PMj 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 PM; pollution in densely populated
urban areas with high levels of traffic.

Doubalova 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 PM;( 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.

Mikuska et al. [12] sampled submicron PM; aerosol particles in two Czech urbanized
areas: a large city, Brno, and a small town, Slapanice. They did so through campaigns
during heating and non-heating seasons in 2009-2010. Whereas the mean PM; concen-
trations were nearly identical in summer, the mean PM; 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 um in aerodynamic diameter) in the air at a traffic site in Usti 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. Benzolalpyrene in Ambient Air

A thorough analysis on ambient benzo[a]pyrene (BaP) concentrations is provided
by Schreiberova 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~2 at a rural regional station to 7.7 ng-m~2 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 NO, /NOjy ratio
resulting from conversion of NO into NO; 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 NOy emission limits for vehicles, introduced in
recent decades, have apparently failed to sufficiently reduce ambient NO, levels in Prague.
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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.
Bauerova 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 KosSetice 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. Vara et al. [17]
summarized the long-term time trends in principle ambient air pollutants at the Kosetice
Observatory in the context of air pollutant emission changes.

Huzlik 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, NO,, PM;y, and O3 levels, Huzlik et al. [18]
concluded that the air quality in the parks approached that of the urban background sites,
except for Kolisté 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. Miillerova 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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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
SO, 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 SO, emissions of some 90% has been recorded, accompanied by reductions in TSP (total
suspended particles) and NOy (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 (SO;), TSP, NOy 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].

i

gy

. oI

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, E, 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 CSA 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].

N Classification of sites:

A B urban
. Rural
Germany Jizerské hory Mts. @ Rural/industrial
Poland A Mountain

Krusné hory Mts.

Karlovy Vary

ﬁ!—raha

Sumava Mts. 4
Slovakia

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 SO, annual mean
concentrations ranged in the order of hundreds of ig m~3, whereas the SO, daily mean concentrations
ranged in the order of thousands of jtg m~>. 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 Krugné hory (Mts.) (Erzgebirge, the Ore Mts.) reached up to 130 ug m =2 of SO, in annual
means during the 1970s (Figure 3). A daily mean of 1590 pg m~2 of SO, (Figure 4) was recorded on 16
January 1982 [20]. For comparison, current ambient SO, concentrations measured in the same region
are up to 10 ug m~2 of SO, 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
Kralové 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 SO, annual means in pg m~2 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, SO, 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
NO,) were estimated to be 1200 kilotons annually, i.e., 57 kg per person per year; hence Czechoslovakia
took an infamous first place in NO, emissions in Europe [23].

{TF/J%\H

Figure 4. Map of Northwest Bohemia (NWR in Figure 2), showing the SO, daily mean in pg m~ on
16 January 1982, the lines represent the isoconcentrations (redrawn according to [20]).
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2.2. Ambient Air Quality Monitoring

The first measurements of ambient air pollution addressed sulphur dioxide (SO,) 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
SO, 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
Kosetice 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 Hradek 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 CGU, and later as CGS), Forestry and Game
Management Research Institute (abbreviated in Czech as VULHM), Water Management Research
Institute (abbreviated in Czech as VUV) and the Research Institute of Plant Production (abbreviated in
Czech as VURV).

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, Mélnicko-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 SO, mean concentration above 30 pg 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 Mélnicko-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 SO, mean concentration above 30 ug 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 SO, concentrations in similar way as to
rather lower O, pressure, such as in the high mountains: an increase in the total surface of erythrocytes
ensured the transfer of O, 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 SO, 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 SO, 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 m? year~! by the International Institute for
Applied Systems Analysis (IIASA); this estimate being reckoned conservative, as exclusively SO,
was accounted for, whereas NOx and NHj3 were not considered [63]. Unprecedented forest decline,
namely in the Krusné hory Mts., Jizerské hory Mts. and Krkonose 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 Krkono$e 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 Certovo Lake in the Sumava 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 SO, emissions and about 60-70% of
emissions of dust and NOy [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 SO, and NOy, 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 SO, 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 SO, 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 NOy 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].

2000

1800

1600 \
1400

=)

12

»

S 1200

@ NH,

é’ 1000 == NMVOC

w NO, (as NO,)
800 — SO, (as SO,)

== TSP

600

- - —

Figure 6. Overall emissions of SO,, 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, PM1y and PMj; 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 SO,, NOy, PM1g
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 SO, (Figure 8). The ambient NOx
concentrations (Figure 9) show decreasing trends, though much milder than for SO,, 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 SO, and PM;g) between NOy concentrations at different types
of sites are evident. Ambient PM;y 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.1.] Classification ! Region
Ostrava-Poruba POR 242 B/S/R Ostrava
Mikulov-Sedlec MIK 245 B/R/A-REG South Moravia

Praha4-Libus LIB 301 B/S/R Prague

Tusimice TUS 322 B/R/IA-NCI NWR 2

Usti n.L.-Kotkov UNL 367 B/S/RN NWR 2
Svratouch SVR 735 B/R/N-REG C-M Uplands
Bily Kiiz BKR 890 B/R/N-REG Beskydy Mts.
Churatiov CHU 1118 B/R/N-REG Sumava Mits.

1 Classification according to the European Commission EC Decision Eol 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 SO, concentrations at selected sites (see Table 1, Figure 2),
1993-2019, based on Czech Hydrometeorological Institute (CHMI) data.
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Figure 9. Trends in ambient annual mean NOy concentrations at selected sites (see Table 1, Figure 2),
1993-2019, based on CHMI data.
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Figure 10. Trends in ambient annual mean PMj 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 PM;g and
PM; 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
CHML. 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].
CHM]I, 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 SO,, NOx, PM;g, PM; 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, Kosetice, 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 j1g m~3
for PMjy was exceeded over 3.2% of the entire territory of the CR (in a grid of 1 X 1 km) inhabited by
approximately 14% of the population; the annual limit value of 40 ug m~3 for PM;g 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 pg m™ for fine fraction of PM; 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~2 for benzo[a]pyrene, an
established human carcinogen [131,132] related to PM, 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 PM; in the winters of 2013 and 2017 in industrial, urban and rural sites indicated
values ranging between 60.8 ng m™> (in the city of Ostrava) and 11.7 ng m~ (in the small town of
Celédkovice). 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 Kosetice (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~ 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 PM;( mass followed by coal combustion was somewhat surprisingly demonstrated
even for the residential section of Mlada 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 PM; 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 Oz, 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 CHy 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 NOy 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 Ceské Svycarsko 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 g m~> 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™! 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~! 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™" 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%~,
NH;*/SO4?~ and NH4*/NOs. 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 HNOj(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? 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]. SO, and NOy, precursors of 50,2 and NO;5™ 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 ?!° 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 2°°Pb/2”Pb
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 Dousova 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 SO, and NOy 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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Abstract: This article assessed the links between PM;g pollution and meteorological conditions
over the Czech-Polish border area at the Tfinec-Kosmos and Véitiovice 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 PMy
concentrations also vary, depending on the pollution sources of a certain area and the geographical
conditions of the monitoring site. Genlerally, the worst dispersion conditions for the PMjg 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
PM; 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 PM;, concentrations at Tfinec-Kosmos site is not as
significant as in the case of Vé&ftiovice, where a difference of several tens of pg-m 3 in the average PMjg
concentrations was observed between levels of up to 200 m and levels of 200-300 m. The average

PMjg hourly concentrations at T¥inec-Kosmos were the highest at wind speeds of up to 0.5 m-s™*,

v 1

at MLH levels of up to almost 600 m; at Véfniovice, the influence of wind speeds of up to 2 m-s~
detected. Despite the fact that the most frequent PM; contributions come to the Tfinec-Kosmos site

was

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 Véftiovice, 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 PMy.

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

1. Introduction

PMj 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 PM;j 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 PM;g concentration dependences on the
mixing layer height in the area of interest [32]. In the mentioned analysis, the measurement results were
assessed at the Véfiovice, Tfinec-Kosmos, and Mosnov/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 PMj 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 PM; concentrations.
The highest PMj( 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 PM;y 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—T¥inec-Kosmos [41] and Véfnovice [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 Tfinec-Kosmos and Véitiovice sites, PMj( 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].

*

Véffovice

Trinec-Kosmos

(@) (b)

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 Tfinec-Kosmos
and Véfnovice sites. The output hourly values of PM;g, 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 PM;y 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 PM;( concentrations and

exceedance numbers, a limit value of 50 ug-m‘3

was purposefully chosen, which corresponds to the
value of the daily pollution limit for PMjg [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
PM; 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~ L.

The Ttinec-Kosmos site is situated in the center of the city of Tfinec, 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 Ttinecké Zelezarny 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 T¥inec-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
Olse 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.

Oto 2 Zto 4 4tc@ Gto11.5 Dto2 2to 4 4t06 6Gto14.2
(ms™) (ms™)
Frequency of counts by wind direction (%) Frequency of counts by wind direction (%)
(a) (b)

Figure 2. Average frequency of counts by wind speed and wind direction, 2016-2019: (a) Tfinec-Kosmos;

(b) Véttiovice.

According to the existing pollution assessment analyses of the Tfinec-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 PM;y concentrations [52].
At lower wind speeds of up to 2 m-s~!, 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
Ttinecké Zelezarny 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.

vy v

The Véftiovice site is situated in the cadastral area of the Dolni Lutyné municipality, about 300 m

east of the Véfiiovice 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, Elektrarna Détmarovice a.s., is situated about 3 km southeast
of the site. The Véftiovice site is situated in open terrain in the vicinity of the River OlSe. At the site,
the prevailing wind direction is along the southwest/northeast axis where the more frequent flow is
southwest (Figure 2b). Véftiovice is situated in the area of the Ostrava Basin where the “Moravian
Gate” ends; this divides the Podbeskydska hilly area and Nizky Jesenik [50,51]. The shape of the
gate along the southwest/northeast axis significantly determines the prevailing wind direction of the
region where Véftiovice is situated. It is apparent from the existing analyses that local fireplaces have
the greatest contribution to the exceedance of PM;g 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 PMjy 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 PM;,
concentrations were observed at the Véfiiovice station. In both cases, higher PM;g 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 PM;j; concentrations and mixing layer height (MLH), 2016-2019:
(a) Tfinec-Kosmos; (b) Véfnovice.

The distribution of the PM;y and MLH hourly values is depicted in Figure 4.

In order to work out the dependence of PM;g 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 PM;( concentrations at the
Ttinec-Kosmos station for the entire period between 2016-2019 were observed at MLHs of 150 to
300 m. At the Véfnovice 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 Tfinec-Kosmos station is
also significantly affected by the large industrial site of T¥inecké Zelezarny (T¥inec Ironworks), with a
chimney height of 100 m or more. At MLHs below 300 m, there is an increase in PM( 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 PM;, concentration values occurred at Véfriovice than in Tf¥inec-Kosmos. On the occurrence
of higher levels of the mixing layer, lower PM;y concentrations were reached at both sites (Figure 5).
For the T¥inec-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 Vérnovice 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 Véfmovice 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 PMj concentration variability in relation to MLH, 2016-2019: (a) T¥finec-Kosmos;
(b) Véttiovice.
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Figure 5. Mean and median PM; concentration values at mean and median MLH values, T¥finec-Kosmos,
Véinovice, 2016-2019.

The correlation coefficients (hourly and daily values) of PM;y 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 Véfnovice than at T¥inec-Kosmos (Table 2).
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Table 1. Correlation coefficients of PMj concentration dependences on MLH and the mixing layer

height values at the Tfinec-Kosmos and Véfiiovice sites, 2016-2019.

Tfinec-Kosmos Véitiovice
Year Hour Day Hour Day
Aril\t/[l::r?tic Median Ar;t;eT::tic Median Ari\t/[h;l;tic Median Arﬁ:‘:ﬁc 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 Tfinec-Kosmos and Véfiiovice sites, 2016-2019.

T¥inec-Kosmos Véinovice
Year 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) Tfinec-Kosmos;
(b) Véftiovice.

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, T¥inec-Kosmos,
Véttiovice, 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 T¥inec-Kosmos
and Véfriovice sites, 2016-2019.

Tfinec-Kosmos Véitiovice
Year Hour Day Hour Day
Ari&::;tic Median Ar;t;\etrztic Median Ari&:;lsﬁc Median Ar;t/}::ztic 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 0.96 091 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 0.82 091 0.79 0.86 0.75

The PM; 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 PMj
concentrations reach their highest values at temperatures below 1 °C. At the Tfinec-Kosmos location,
the highest average daily and hourly PM;( 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
PM; concentrations were highest at an MLH between 200 and 300 m. At a higher MLH the PM;g
concentration values were almost identical. The average daily and hourly PM;y concentrations at
the Véfriovice 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 tg'm=3. A more
significant PM1y concentration dependence on temperature as well as MLH was observed at Véftiovice.
At Ttinec, a lower temperature had a substantial influence on PM;y 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 PMyg daily concentration values of 50 ug-m~> 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 pg-m~ value exceedances for
PM; 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 PMj, concentrations above 50 pg-m~ is apparent at an
MLH level above 1000 m as opposed to 800 to 1000 m.
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Figure 8. The Tfinec-Kosmos site, 2016-2019: (a) Average PM;( concentrations depending on the
mixing layer height and temperature; (b) Exceedance count of daily concentrations of 50 pg-m™
depending on the mixing layer height and temperature.
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Figure 9. The Véitiovice site, 2016-2019: (a) Average PM;y concentrations depending on the mixing
layer height and temperature; (b) Exceedance count of daily concentrations of 50 j1g-m~> 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 Tfinec-Kosmos site, a wind speed measured at 10 m does not significantly change with
a rising MLH. At the Véftovice 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™! (Figure 11). The correlation dependences of
the wind speed on MLH are low at the Tfinec-Kosmos site; the Véfriovice site shows a statistically
more significant dependence than the Tfinec-Kosmos site. Higher wind speeds are observed at the
Vefiiovice station, compared to the Tfinec-Kosmos station. The differences are due to the more complex
orography of the Tfinec region compared to the relatively flat and open region surrounding Véftiovice.
The station in T¥inec 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 T¥inec-Kosmos
station is much less significant or even insignificant, compared to the station in Véfriovice.

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

A%

MLH is apparent at the Véftiovice site (Table 4).
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Figure 10. Variation of hourly wind speed values in relation to MLH, 2016-2019: (a) T¥inec-Kosmos;
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Figure 11. Average and median values of the wind speed at average and median MLH values,

Ttinec-Kosmos, Véfniovice, 2016-2019.

Table 4. Correlation coefficients of dependences of the wind speed on the MLH, Tfinec-Kosmos and
Veérnovice, 2016-2019.

Tfinec-Kosmos Véitovice
Year Hour Day Hour Day
Ar}&::;tic Median Ar;t;::stic Median Ar;t/[her:::tic Median Ar;t/[her:stic Median
2016 0.53 0.45 0.28 0.32 0.69 0.69 0.07 0.32
2017 0.56 041 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 0.71 043 0.37

PMjp concentrations are significantly dependent on the MLH and wind speed. At the
Ttinec-Kosmos site, situations with calm air and wind speeds of up to 0.5 m-s~! had an apparent
influence on higher hourly PMj, concentrations. At wind speeds between 0.5-2 m-s~!, the highest
average hourly concentrations were observed at MLHs of 200-300 m. The average daily PMjg
concentrations were always the highest at MLHs below 200 m. Average daily wind speeds below
0.5 m-s~! were not available for the two stations of interest (T¥inec-Kosmos and Véftiovice). The daily

average wind speed values were 0.5 m's™

1

or more. The influence of the wind speed on PMy
concentrations decreased with the mixing layer height at the T¥inec-Kosmos site. At wind speeds above
2 m-s~!, the PMj( concentrations were lowest at the site. During the observation of the occurrence
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of the hourly PM;g concentrations above 50 pg:m™, the highest count of these higher values was
undoubtedly at wind speeds of 1-2 m-s™! and 0.5-1 m-s™' and MLHs of up to 300 m. The lowest
number of daily PM; concentrations above 50 pig:m~3 was observed at wind speeds above 2 m-s~!
and MLHs above 400 m (Figure 12).
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Figure 12. The T¥inec-Kosmos site, 2016-2019: (a) Average PM;( concentrations depending on the
mixing layer height and wind speed; (b) The count of exceedances of daily concentrations of 50 jtg-m=3
depending on the mixing layer height and wind speed.

The situation at the Véftiovice site was slightly different. The highest average hourly PM;q
concentrations were observed at MLHs below 200 m and wind speeds between 0.5-2 m-s~!, or under
calm conditions and wind speeds below 0.5 m-s™!. The highest average daily PMjq concentrations
were observed at MLHs below 200 m and wind speeds below 2 m-s~!. The lowest average PMj
concentrations were reached at all levels with the highest wind speeds above 2 m-s—1. The highest
number of 50 ug-m_3 value exceedances for PMg daily concentrations was observed at wind speeds
between 1 and 2 m-s~! and MLHs of 200 to 300 m, at lower wind speeds below 1 m-s~!, and MLHs
below 200 m (Figure 13).
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Figure 13. The Véitiovice site, 2016-2019: (a) Average PM;y concentration depending on the mlxmg
layer height and wind speed; (b) The count of exceedances of daily concentrations of 50 pug-m~
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 Tfinec-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 Véftiovice 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 Véffiovice 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 Tfinec-Kosmos

Vv

site; (b) the Véfnovice site.

The average monthly PMjy concentrations reached the highest values at the lowest average
MLH in the cold months of the year at all wind directions at Tfinec-Kosmos. The lowest average
monthly PM;g 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
PM; concentrations (Figure 15).
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Figure 15. Average PM;( concentrations depending on the mixing layer height and wind direction,
the T¥inec-Kosmos site, 2016-2019.

The weighted concentration roses for PMy divided according to the mixing layer height (Figure 16)
show that the most frequent contribution to the average PM; concentrations for the period from 2016 to
2019 comes to the Tfinec-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 PM;jy concentration contributions also come from the same direction; winds
from other directions can carry higher concentrations of PMjg, which may lead to the exceedance of the
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daily limit of the pollution value for PMjg of 50 ug-m~2. The division of the weighted concentration
roses according to the mixing layer height describes the PMjy 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. PM;( weighted concentration rose divided according to the mixing layer height (in m),
the T¥inec-Kosmos site, 2016-2019.

The lowest MLHs at the Véfniovice site are registered for the NE and E wind directions, when the
highest average PM; 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 PMjy concentrations occur during the SE and SW wind directions. Having compared the
individual years, it becomes apparent that as well as at Tfinec-Kosmos, the average MLH in 2019 was,
on the whole, the highest, and the average PM;( concentrations reached the lowest values of the entire
monitoring period (Figure 17).
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Figure 17. Average PMjy concentrations depending on the mixing layer height and wind direction,
the Véftiovice site, 2016-2019.
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The weighted concentration roses for PM;, divided according to the mixing layer height
(Figure 18), show that the most frequent contribution to the average PM;( concentrations for the period
from 2016 to 2019 come to the Vé&itiovice site from the NE sector at wind speeds of up to 2 m-s~!,
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 PM
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 PM;, concentration rose divided according to the mixing layer height, the
Veérnovice 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 Tfinec-Kosmos site, a boundary of
the prevailing wind direction along the southeast/northwest axis is more sharply visible in the pictures,
at Véfnovice, 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 20162019 show that the maximum PM;( concentration
contributions come to the T¥inec-Kosmos site at a low MLH level of up to 200 m and low wind speeds
of up to 1 m-s~! from the northern (N) to the western (W) sector. For MLHs of 200400 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 PM;y 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~!. On the occurrence of a higher MLH
level of up to 600 m, a higher wind speed of above 4 m-s~! from the N and NE directions contributes
to the resulting situation more significantly. From the point of view of the PMj( concentration roses
divided according to the mixing layer height for the Tfinec-Kosmos site, it is possible to regard the SW
wind directions as those directions with the lowest PM; 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 Véfiiovice site for 2016-2019, which are divided
according to the different heights of the mixing layer. The highest PM;y 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~!
from the E-NE. The influence of the wind from these directions is shown in the average maximum
PM;g 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™! also increases proportionally.
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Figure 19. Average PMjy concentration roses divided according to the mixing layer height,
Ttinec-Kosmos site, 2016-2019.
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Figure 20. Average PMjg concentration roses divided according to the mixing layer height, the
Veérnovice site, 2016-2019.

When comparing the PM;( 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 PM;( 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 PM;y 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 PM,
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 PM;( 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 PM; 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 PM;, 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 Véfniovice site. Orography is assumed to play an important role in this
aspect (Section 2). While the Véfiiovice site is situated in open terrain, the T¥inec-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 PM;( 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 PM;g 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 PMjg daily concentrations of 50 ug-m~2 occur at low
temperatures combined with a mixing layer height of up to 300 m. In the case of Tfinec-Kosmos,
the average PMj 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 PMjy 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 PM;( concentrations is not as significant as
in the case of Véftiovice, where a difference of several tens of ug-m_3 in the average PMj 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 PM;( concentrations is
also noticeable. The average PMj hourly concentrations at Tfinec-Kosmos are the highest at wind
speeds of up to 0.2 m-s~!, or 0.5 m-s~!, at MLH levels of up to almost 600 m, at Vé&fiiovice the influence
of wind speeds of up to 2 m-s~! is detected. In both cases, throughout the assessment of the number
of PMj daily concentrations above 50 pg-m™3, it is then clear that higher values occur in the case
of Tfinec at wind speeds of 0.5 up to 2 m-s™! and MLHs of 200-300 m. At the Vé&fiiovice station,
the highest number of limit value exceedances was observed at wind speeds between 1-2 m-s~! and at
wind speeds above 2 m-s™' 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 PM; contributions come to the T¥inec-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 Véftiovice, 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 PM1g. The maximum PM;q contributions are reached on the occurrence of MLHs of up

vy v

to 200 m at Veéfniovice station.

Author Contributions: Conceptualization, V.V. and D.H.; methodology, V.V. and D.H.; formal analysis, V.V. and
D.H.; investigation, V.V. and D.H.; resources, V.V. and D.H.; data curation, D.H. and V.V.; writing—original draft
preparation, V.V,; writing—review and editing, D.H. and V.V,; visualization, D.H. and V.V; supervision, V.V. and
D.H.; project administration, V.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The data for the analysis were provided by the Czech Hydrometeorological Institute (www.
chmi.cz). The assessment is based on measurements at the sites run by the Czech Hydrometeorological Institute.

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

References

1.  WHO. Health Effects of Particulate Matter, 2nd ed.; Policy Implications for Countries in Eastern
Europe, Caucasus and Central Asia; WHO Regional Office for Europe: Copenhagen, Denmark, 2013;
ISBN 978-92-890-0001-7.

2. WHO. Ambient (Outdoor) Air Pollution. Available online: https://www.who.int/en/news-room/fact-sheets/
detail/ambient-(outdoor)-air-quality-and-health (accessed on 2 February 2020).

3.  Kampa, M,; Castanas, E. Human health effects of air pollution. Environ. Pollut. 2008, 151, 362-367. [CrossRef]
[PubMed]

4. Schwartz, J. Air Pollution and Blood Markers of Cardiovascular Risk. Environ. Health Perspect. 2001, 109,
405-409. [PubMed]

5. Pope, C.A,; Dockery, D.W. Health Effects of Fine Particulate Air Pollution: Lines that Connect. J. Air Waste
Manag. Assoc. 2006, 56, 709-742. [CrossRef]

6. EEA. Air quality in Europe—2019 Report, 1st ed.; Publications Office of the European Union: Copenhagen,
Denmark, 2019; ISBN 978-92-9480-088-6.

48



Atmosphere 2020, 11, 497

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

IQ Air. World Most Polluted Cities 2019 (PM2.5). Available online: https://www.iqair.com/world-most-
polluted-cities (accessed on 30 March 2020).

Prasek, J. Zmeény Geografického Prostiedi v Pohranicnich Oblastech Ostravského a Hornoslezského Regionu (Changes
in the Geographical Environment in the Border Regions of the Ostrava and Upper Silesian Regions); Ostravska
Univerzita: Ostrava, Czech, 1998; Volume 1. (In Czech)

Prokop, R. Historicka hranice Moravy a Slezska ve vyvoji ostravské aglomerace (Historical boundary of
Moravia and Silesia in the development of the Ostrava agglomeration). Geogr. Rozhl. 1996, 6, 4-5. (In Czech)
Sindler, P. Vyvojové tendence sidelni struktury &esko-polského pohrani¢i na piikladu severni Moravy a
Ceského Slezska (Trends in the settlement structure of the Czech-Polish borderland on the example of North
Moravia and Czech Silesia). Geogr. Rozhl. 1996, 6, 11-13. (In Czech)

EC. Directive 2004/107/EC of the European Parliament and of the Council of 15 December 2004 Relating to Arsenic,
Cadmium, Mercury, Nickel and Polycyclic Aromatic Hydrocarbons in Ambient Air; EC: Brussel, Belgium, 2005.
EC. Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008 on Ambient Air Quality and
Cleaner Air for Europe; EC: Brussel, Belgium, 2008.

Zakon ¢&. 201/2012 Sb. ze dne 2. Kvétna 2012 o Ochrané Ovzdusi (Act No. 201/2012 Coll. of 2 May 2012 on Air
Protection); Tiskarna Ministerstva vnitra: Praha, Czech, 2012; pp. 2785-2848. (In Czech)

Hinova, I. Ambient Air Quality in the Czech Republic: Past and Present. Atmosphere 2020, 11, 214. [CrossRef]
Znecisténi Ovzdsi na Uzemi Ceské Republiky v Roce 2018 (Air Pollution in the Territory of the Czech Republic in
2018), 1st ed.; Czech Hydrometeorological Institute: Prague, Czech, 2019; ISBN 978-80-87577-95-0. (In Czech)
Bednat, J. Meteorologie (Meteorology), 1st ed.; Uvod do Studia Dé&ji v Zemské Atmosféte (Introduction to the
Study of Events in the Earth’s Atmosphere); Portal: Praha, Czech, 2003; ISBN 80-7178-653-5. (In Czech)
Rein, F. Znetisténi ovzdusi a mezni vrstva atmosféry z hlediska klimatologie (Air pollution and atmospheric
boundary layer in terms of climatology). Meteorol. Zprdvy 1971, 24, 74-79. (In Czech)

Novék, M. Meteorologie a Ochrana Prostiedi, 1st ed.; Uvod do Meteorologie a Klimatologie (Meteorology
and Environmental Protection; Introduction to Meteorology and Climatology); Univerzita Jana Evangelisty
Purkyné, Fakulta Zivotniho Prostiedi: Usti nad Labem, Czech, 2004; ISBN 80-7044-597-1. (In Czech)
Jatiour, Z. Modelovini Mezni Vrstvy Atmosféry (Atmospheric Boundary Layer Modeling), 1st ed.; [U¢ebni Text
pro Poslucha¢e Matematicko-Fyzikalni 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)

Keder, J.; Skachova, H. Hodnoceni Rozptylovijch Podminek pro Siveni Znecist ujicich Ldtek Pomoci Ventilacniho
Indexu (Evaluation of Dispersion Conditions for the Diffusion of Pollutants Using the Ventilation Index); Vodni
Zdroje Ekomonitor: Chrudim, Czech, 2011; pp. 19-23. (In Czech)

Baldkova, L.; Skachova, H.; Crhovd, L. Kvalita Ovzdusi a Rozptylové Podminky na Uzemi CR (Air Quality
and Dispersion Conditions in the Czech Republic); Czech Hydrometeorological Institute: Prague, Czech, 2018.
(In Czech)

Czernecki, B.; Pétrolniczak, M.; Kolendowicz, L.; Marosz, M.; Kendzierski, S.; Pilguj, N. Influence of the
atmospheric conditions on PM10 concentrations in Poznar, Poland. . Atmos. Chem. 2017, 115-139. [CrossRef]
Stull, R.B. An Introduction to Boundary Layer Meteorology, 1st ed.; Atmospheric and Oceanographic Sciences
Library; Springer: Boston, MA, USA, 1988; ISBN 90-277-2769-4.

Blazek, Z.; Cernikovsky, L.; Krajny, E.; Krej¢i, B.; Osrédka, L.; Volna, V.; Wojtylak, M. Viiv Meteorologickijch
Podminek na Kvalitu Ovzdusi v Pfeshrani¢ni Oblasti Slezska a Moravy (Influence of Meteorological Conditions on Air
Quality in the Cross-Border Region of Silesia and Moravia), 1st ed.; Cesky Hydrometeorologicky Ustav: Praha,
Czech, 2013. (In Czech)

Blazek, Z.; Cernikovsk}’z, L.; Krej¢i, B.; Volna, V. Air Silesia—Meteorologicko-imisni vztahy a odhad
transhrani¢niho pfenosu (Air Silesia—meteorological and air pollution relations and estimation of
transboundary transmission). Ochr. Ovzdusi 2014, 26, 53-61. (In Czech)

Blazek, Z.; éernikovsky, L.; Krejéi, B.; Volna, V. Transboundary Air-Pollution Transport in the Czech-Polish
Border Region between the Cities of Ostrava and Katowice. Cent. Eur. ]. Public Health 2016, 24, 45-50.
Barmpadimos, I.; Hueglin, C.; Keller, J.; Henne, S.; Prévot, A.S.H. Influence of meteorology on PM10 trends
and variability in Switzerland from 1991 to 2008. Atmos. Chem. Phys. 2011, 11, 1813-1835. [CrossRef]
Reizer, M.; Juda-Rezler, K. Explaining the high PM; concentrations observed in Polish urban areas. Air Qual.
Atmos. Health 2016, 9, 517-531. [CrossRef]

49



Atmosphere 2020, 11, 497

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

Volna, V,; BlaZek, Z.; Krejc¢i, B. Zimni smogové situace na Ostravsku a Olomoucku v letech 2001-2016 (Winter
smog situations in the Ostrava and Olomouc Regions in 2001-2016). Meteorol. Zprivy 2018, 71, 86-92.
(In Czech)

Molnar, A.; Bécsi, Z.; Imre, K.; Gacser, V.; Ferenczi, Z. Characterization of Background Aerosol Properties
during a Wintertime Smog Episode. Aerosol Air Qual. Res. 2016, 16, 1793-1804. [CrossRef]

CHML Pravidla Fungovani Smogového Varovného a Regula¢niho Systému (Rules of Operation of Smog
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)

Volnd, V.; Hladky, D. Koncentrace suspendovanych ¢astic PM10 a vySka sméSovaci vrstvy v
Moravskoslezském kraji béhem chladnych sezén 2016/2017 a 2017/2018 (Concentrations of suspended
particles PM10 and mixing layer height in the Moravian-Silesian Region during the cold seasons 2016/2017
and 2017/2018). Meteorol. Zprivy 2019, 72, 77-87. (In Czech)

Oleniacz, R.; Bogacki, M.; Szulecka, A.; Rzeszutek, M.; Mazus, M. Assessing the impact of wind speed and
mixing-layer height on air quality in Krakow (Poland) in the years 2014-2015. JCEEA 2016, 33, 315-342.
[CrossRef]

GeiB3, A.; Eiegner, M.; Bonn, B.; Schifer, K.; Forkel, R.; von Schneidemesser, E.; Miinkel, C.; Chan, K.L,;
Nothard, R. Mixing layer height as an indicator for urban air quality? Atmos. Meas. Tech. 2017, 10, 2969-2988.
[CrossRef]

Schifer, K.; Emeis, S.; Hoffman, H.; Jahn, C. Influence of mixing layer height upon air pollution in urban and
sub-urban areas. Meteorol. Z. 2006, 15, 647-658. [CrossRef]

Wagner, P,; Schifer, K. Influence of mixing layer height on air pollutant concentrations in an urban street
canyon. Urban Clim. 2017, 22, 64-79. [CrossRef]

Holst, J.; Mayer, H.; Holst, T. Effect of meteorological exchange conditions on PM;j( concentration. Meteorol. Z.
2008, 17,273-282. [CrossRef]

Tiwari, S.; Dumka, U.C.; Gautam, A.S.; Kaskaoutis, D.G.; Srivastava, A K,; Bisht, D.S.; Chakrabarty, R.K;
Sumlin, B.J.; Solmon, F. Assessment of PM; 5 and PMjy over Guwahati in Brahmaputra River Valley.
Atmos. Pollut. Res. 2017, 8, 13-28. [CrossRef]

Zhao, H.; Che, H.; Ma, Y;; Wang, Y.; Yang, H.; Liu, Y.; Wang, Y.; Wang, H.; Zhang, X. The Relationship of
PM Variation with Visibility and Mixing-Layer Height under Hazy/Foggy Conditions in the Multi-Cities of
Northeast China. Int. |. Environ. Res. Public Health 2017, 14, 471. [CrossRef] [PubMed]

Czech Hydrometeorological Institute. Available online: http://portal.chmi.cz/ (accessed on 18 February 2020).
CHMIL. Tfinec-Kosmos. Available online: http://portal.chmi.cz/files/portal/docs/uoco/web_generator/locality/
pollution_locality/loc_TTRO_CZ.html (accessed on 18 February 2020).

CHMLI. Véinovice. Available online: http://portal.chmi.cz/files/portal/docs/uoco/web_generator/locality/
pollution_locality/loc_TVER_CZ.html (accessed on 18 February 2020).

MZP. Sdéleni Odboru Ochrany Ovzdusi, Kterym se Stanovi Seznam Stanic Zahrnutych Do Statni Sité
Imisniho Monitoring (Communication from the Air Protection Department, Which Establishes a List of
Stations Included in the National Air Pollution Monitoring Network). Available online: http://portal.chmi.cz/
files/portal/docs/uoco/oez/emise/evidence/aktual/Vestnik_2016_1.pdf (accessed on 22 March 2020). (In Czech)
CHML. Air Pollution and Atmospheric Deposition in Data, the Czech Republic, 2018. Summary Tabular
Survey. Available online: http://portal.chmi.cz/files/portal/docs/uoco/isko/tab_roc/2018_enh/index_CZ.html
(accessed on 20 March 2020).

Vaisala. Available online: https://www.vaisala.com/en (accessed on 11 January 2020).

Kotthaus, S.; O’Connor, E.; Miinkel, C.; Charlton-Perez, C.; Haeffelin, M.; Gabey, A.M.; Grimmond, C.S.B.
Recommendations for processing atmospheric attenuated backscatter profiles from Vaisala CL31 ceilometers.
Atmos. Meas. Tech. 2016, 9, 3769-3791. [CrossRef]

Carslaw, D.C.; Ropkins, K. Openair—An R package for air quality data analysis. Environ. Model. Softw. 2012,
27-28, 52-61. [CrossRef]

CHML. Znecigténi Ovzdusi na Uzemi Ceské Republiky v Roce 2015 (Air Pollution in the Czech Republic in 2015),
1st ed.; Cesky Hydrometeorologicky Ustav: Praha, Czech, 2016; ISBN 978-80-87577-60-8. (In Czech)

RSD CR. Intenzity Dopravy na Dalnicich a Silnicich I. T¥idy v CR v Roce 2010.  Available
online: https://www.rsd.cz/wps/wem/connect/b63a9557-7496-478a-8ef3-80629d92f954/pentlogram-2010.
ipg?MOD=A]JPERES (accessed on 28 March 2020).

50



Atmosphere 2020, 11, 497

50.

51.

52.

53.

54.

55.

56.

Czudek, T. Reliéf Moravy a Slezska v Kvartéru (Relief of Moravia and Silesia in Quaternary), 1st ed.; Sursum:
Tignov, Czech, 1997; ISBN 80-85799-27-8. (In Czech)

Weissmannova, H. Ostravsko, 1st ed.; Agentura Ochrany Pfirody a krajiny CR: Praha, Czech, 2004; ISBN
80-86064-67-0. (In Czech)

MZP. Air Quality Improvement Program of Aglomeration Ostrava/Karvind/Frijdek-Mistek—CZ08A; MZP: Praha,
Czech, 2016.

Norris, G.; Duvall, R.; Brown, S.; Bai, S. EPA Positive Matrix Factorization (PMF) 5.0 Fundamentals and User
Guide; US EPA: Washington, DC, USA, 2014.

Stein, A.F,; Draxler, R.R.; Rolph, G.D.; Stunder, B.].B.; Cohen, M.D.; Ngan, F. NOAA’s HYSPLIT Atmospheric
Transport and Dispersion Modeling System. Bull. Am. Meteorol. Soc. 2015, 96, 2059-2077. [CrossRef]
Seibert, R.; Nikolova, I.; Volna, V.; Krej¢i, B.; Hladky, D. Air Pollution Sources Contribution to PM2.5
Concentration in Northeastern Part of the Czech Republic. Atmosphere 2020. under review.

Kominkova, K.; Holoubek, I. VyuZiti Dat z Ceilometru p¥i Intepretaci Vijvoje Koncentraci Latek v Ovzdusi Béhem
Dne (Use of the Ceilometer Data to Explainig Changes in Pollutants Concetration Gradient in the Air during the Day);
Masarykova Univerzita: Brno, Czech, 2017; pp. 198-202. (In Czech)

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

51






. atmosphere @\py

Article

Air Pollution Sources’ Contribution to PM> 5
Concentration in the Northeastern Part of the
Czech Republic

Radim Seibert *'*, Irina Nikolova, Vladimira Volna'”, Blanka Krejéi'” and Daniel Hladky

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

check for
Received: 30 March 2020; Accepted: 15 May 2020; Published: 19 May 2020 updates

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 T¥inec, 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 (PM; 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
PMj; 5 concentration, followed by the regional primary and secondary aerosol sources (up to 40% of
the total PM; 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; PM, 5

1. Introduction

In the past decades, in the post-socialist countries of Central and Eastern Europe, persistent
concentrations of PMjy and PM; 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 T¥inecko, 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 PM, 5 ambient air concentration in T¥inecko 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
PM; 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 PM; 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 Tfinec 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
Tt¥inec 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 T¥inec; (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
(TRINECKE ZELEZARNY, a.s. integrated steelworks on the north-northwestern periphery of the town
of Tfinec, 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 Tfinec 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 Tfinec city center and international highway corridors
towards Poland and Slovakia [11].

The average yearly concentrations of PM;g and PM; 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 PMj; 5 limit of pollution exceeds the values
of 20 pg.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 OlSe valley, mainly in the city
of Tfinec. 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 Tfinec and in the villages located in the Jablunkov Furrow (Vendryné, Bystfice).

2. Experiments

2.1. Sampling Sites

One of the sampling sites marked in Figure 1c is T¥inec-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 Olse, between the cities of
T#inec and Cesky Té&sin. The air pollution here is composed of industrial activity, especially in T¥inec
(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 Tfinecko area in the PMF model. By this approach, different sources influencing the air
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quality in different parts of T¥inecko 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]
(PMEF is often used on speciated PM, 5 datasets with a size above 100 samples).

Three sequence automatic samplers (Sven Leckel SEQ, Ingenieurbiiro GmbH, Berlin, Germany)
and one manual sampler (Sven Leckel MVS, Ingenieurbiiro 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/cm?) 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 PM; 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*, CaZ*, and Mngr concentrations, which was done in the laboratories of
the “ALS Czech Republic, s.r.0.” 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:

e gravimetric analysis: PM, 5 mass

e thermo-optical transmission: organic and elemental carbon (OC/EC)

e  spectrometric analysis: ammonia (NHy*)

e  optical emission spectrometry with inductively coupled plasma (ICP-OES): Na*, K*, Ca2*, Mg?*
e ion chromatography with conductivity detection (IC-CD): sulfates and nitrates (SO4%~,NO3")

e  gas chromatography with mass detection (GC-MS):
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O PAH (anthracene (A), benzo[a]anthracene (BaA), benzo[a]pyrene (BaP), benzo[b]fluoranthene
(BbF), benzole]pyrene (BeP), benzo[ghi]perylene (BghiPRL), benzol[j]fluoranthene (BjF),
benzolk]fluoranthene (BkF), coronene (COR), chrysene (CRY), dibenz[a,i]anthracene (DBahA),
phenanthrene (FEN), fluorene (Fl), fluoranthene (FLU), indeno[1,2,3-cd]pyrene (1123cdP),
picene (PIC), perylene (PRL), pyrene (PYR), retene (RET)),

O hopanes (17x(H)-22,29,30-trisnorhopane, 17 x(H),21 3 (H)-30-norhopane, 17 x(H),21 3 (H)-hopane,
173 (H),21(H)-hopane, 225-17x(H),21 3 (H)- homohopane, 22R-17x(H),21 3 (H)-homohopane),

O steranes (xoxo 20S-cholestane, a3 (20R)-cholestane, axex 20R-cholestane, o3 20R
24S-methylcholestane, o33 20R 24R-ethylcholestane, ococor 20R 24R-ethylcholestane)

e  mass spectrometry with inductively coupled plasma (ICP-MS): Li, B, Na, Mg, Al, 5i, K, Ca, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Mo, Pd, Ag, Cd, In, 5n, Sb, Te, Cs, Ba, La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Hg, T1, Pb, Bi, Th, U

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

e continuous analyzer measurement:

O UV-fluorescence (Teledyne Advanced Pollution Instrumentation T100): SO,

O chemiluminescence (Teledyne Advanced Pollution Instrumentation T200): nitrogen oxides
(NO, NO,, NOy)

O optoelectronic method (FIDAS 200): PM, 5, PM1q

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.
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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™! 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 Std. Dev. Percent Percent Mean Std. Dev. Percent Percent
(ng.m™3) (ng.m~3) Missing BDL (ng.m™3) (ng.m~3) Missing BDL
PM, 5 1.3 x 10* 6.0 x 10° 0% 0% 2.8 x 10* 3.4 x 10% 0% 0%
Li (ICP) 1.3x 107! 8.7 x 1072 2% 88% 1.7 x 107! 22x1071 7% 2%
B (ICP) 5.0 x 100 3.2 x10° 2% 24% 5.2 x 100 6.6 x 10° 7% 26%
Na (ICP) 8.6 x 10! 73 x 10! 2% 36% 1.1 x 102 1.1 x 102 7% 0%
Mg (ICP) 2.9 x 10 1.8 x 10! 2% 4% 2.0 x 10 7.0 x 10 7% 10%
Al (ICP) 5.6 x 10! 4.6 x 10! 2% 10% 3.0 x 10! 2.0 x 102 7% 4%
Si (ICP) 1.0 x 102 1.5 x 10? 2% 42% 1.2 x10% 1.9 x 10? 7% 48%
K (ICP) 1.1 x 102 1.3 x 102 2% 25% 2.8 x 102 9.4 x 102 7% 1%
Ca (ICP) 9.8 x 10 7.2 x 10! 2% 9% 2.9 x 10 5.4 x 10! 7% 16%
Ti (ICP) 1.3 x 10° 8.8x107! 2% 6% 6.8x 107! 1.3 x 100 7% 3%
V (ICP) 35x 107! 2.1x107! 2% 5% 1.5x 107! 1.8 x 107! 7% 0%
Cr (ICP) 3.6 x 100 2.3 x10° 2% 10% 1.1 x 10° 2.0 x 100 7% 26%
Mn (ICP) 8.6 x 100 1.3 x 10! 2% 5% 6.4 x 100 1.4 x 10! 7% 0%
Fe (ICP) 2.4 x10? 3.8 x 102 2% 5% 1.7 x 102 3.7 x 102 7% 3%
Co (ICP) 43x1072 35x1072 2% 12% 52x1072 6.7 x 1072 7% 0%
Ni (ICP) 1.3 x 10° 2.1x10° 2% 36% 8.1x107! 1.6 x 100 7% 25%
Cu (ICP) 4.6 x 100 3.4 % 10° 2% 5% 4.6 x 100 1.6 x 10! 7% 15%
Zn (ICP) 3.6 x 10! 3.7 x 10! 2% 5% 34x10! 8.0 x 10! 7% 0%
Ga (ICP) 1.6 x 107! 1.3 x 107! 2% 3% 35x 107! 7.6 x 1071 7% 0%
Ge (ICP) 6.9 x1072 1.1x 107! 2% 6% 1.1x107! 1.4 x 107! 7% 0%
As (ICP) 7.7 x 107! 7.0x 1071 2% 4% 1.3 x 10° 1.3 x 10° 7% 0%
Se (ICP) 6.6 x107! 42x1071 2% 18% 45x107! 5.5x 107! 7% 6%
Rb (ICP) 4.1x 107! 58 x 107! 2% 5% 72 %1071 9.3x107! 7% 0%
Sr (ICP) 55x 107! 3.7x 107! 2% 6% 1.5 x 100 1.2 x 10! 7% 6%
Mo (ICP) 6.8x 107! 1.6 x 10° 2% 3% 48x107! 1.1 x 10° 7% 0%
Pd (ICP) 1.2x 1073 6.3x107* 2% 82% 1.8x 1073 7.8 %1073 7% 29%
Ag (ICP) 3.6 x1072 34x1072 2% 7% 3.1x1072 35x1072 7% 6%
Cd (ICP) 21x107! 2.0x 107! 2% 1% 2.6x107! 3.1x107! 7% 3%
In (ICP) 7.8 x 1073 73 %1073 2% 32% 9.0x 1072 1.2x 1072 7% 1%
Sn (ICP) 1.3 x 100 1.1 x10° 2% 3% 1.0 x 100 1.1 x10° 7% 1%
Sb (ICP) 8.7 x107! 6.6 x 1071 2% 3% 58 x 107! 6.6 x 1071 7% 0%
Te (ICP) 82x1073 9.4 %1073 2% 14% 1.1x 1072 2.1x1072 7% 7%
Cs (ICP) 7.3 %1072 1.5%x 107! 2% 6% 1.1x107! 2.1x 107! 7% 0%
Ba (ICP) 1.8 x 100 1.1 x10° 2% 5% 4.1 %100 3.1 x 10! 7% 18%
La (ICP) 40x1072 3.0x 1072 2% 12% 1.2 %1072 1.8 x 1072 7% 11%
Ce (ICP) 7.7 x 1072 5.7 x 1072 2% 10% 22x1072 3.7%x1072 7% 8%
Pr (ICP) 9.4 %1072 83 x 1073 2% 19% 2.0x1072 22x1073 7% 21%
Nd (ICP) 3.4 %1072 3.0x1072 2% 9% 83 %1073 8.9 %1073 7% 14%
Sm (ICP) 6.8x 1073 59x1073 2% 26% 2.0x1073 22x1078 7% 16%
Eu (ICP) 2.0x1073 1.3x 1073 2% 41% 25x1073 1.3 x 1072 7% 28%
Gd (ICP) 73 %1073 6.2 %1073 2% 19% 2.7 %1073 2.6 %1073 7% 12%
Tb (ICP) 1.1x1073 7.4x107* 2% 24% 7.6 x 1074 29 %107 61% 4%
Dy (ICP) 5.0% 1073 40x1073 2% 20% 1.5x 1073 1.7x1073 7% 23%

58



Atmosphere 2020, 11, 522

Table 1. Cont.

SUMMER WINTER
Species Mean Std. Dev. Percent Percent Mean Std. Dev. Percent Percent

(ng.m™3) (ng.m~3) Missing BDL (ng.m™3) (ng.m~3) Missing BDL

Ho (ICP) 1.1x1073 7.4 x107* 2% 23% 8.1x107* 3.0x107* 57% 3%

Er (ICP) 3.0x1073 22x1073 2% 31% 1.1x1073 7.7 x107* 7% 68%

Tm (ICP) 6.4x107* 3.6x107* 2% 54% 62x107* 1.7 x 1074 80% 5%

Yb (ICP) 2.8x1073 2.1x1073 2% 35% 1.0x 1073 1.0x 1073 7% 30%

Lu (ICP) 55x107* 3.1x107* 2% 67% 58x107* 1.9x 1074 88% 4%

Hf (ICP) 6.0x 1073 45x 1073 2% 14% 2.7 %1073 44 %1073 7% 12%

Ta (ICP) 1.4x107! 2.7 %1071 2% 64% 6.1x1072 1.2x 107! 7% 61%

W (ICP) 6.4 %1072 7.5x 1072 2% 6% 85x 1072 9.4 %1072 7% 3%

Re (ICP) 23 %1072 52 %1073 2% 30% 1.6 x 1073 1.6 x 1073 26% 0%

Hg (ICP) 1.0x 1071 1.5x 1071 2% 94% 1.7 x1071 2.6x1071 7% 27%

T1 (ICP) 6.0 x1072 52 %1072 2% 11% 1.3x 107! 2.0x 107! 7% 0%

Pb (ICP) 8.5 x 100 7.8 x 100 2% 1% 1.1x 10! 1.4 x 10! 7% 0%

Bi (ICP) 24 %1071 3.0x1071 2% 2% 73 x 107! 5.2 x 10° 7% 3%

Th (ICP) 74 %1073 59x1073 2% 16% 1.5x1073 1.7 x 1073 7% 27%

U (ICP) 7.1x1073 6.8 x1073 2% 29% 7.9 x 1073 1.3 x 1072 7% 55%

ocC 43x10° 1.7 x 10° 0% 0% 1.9 x 103 23x10° 7% 0%

EC 5.2 x 102 3.1 x 102 0% 0% 1.1 x10* 1.3 x 10* 7% 0%

sulphates 2.7 x10° 1.1 x 10% 0% 0% 32x10° 2.7 %103 7% 0%

nitrates 1.3 x 10° 7.1 x 102 0% 0% 22 %103 2.0 x 103 7% 0%
ammonium ion 5.0 x 102 3.9 x 102 0% 0% 1.2x 103 1.4 x 10° 7% 0%
Fluorene 7.5 x 100 5.0 x 100 5% 1% 2.4 x 10 1.9 x 10 11% 0%
Phenanthrene 1.3 x 10 6.7 x 100 5% 0% 4.8 x 10! 3.1 x 10! 11% 0%
Anthracene 3.8x 107! 3.1x107! 5% 0% 5.3 x 100 5.5 x 100 11% 0%
Fluoranthene 3.1x10° 1.5 x 100 5% 0% 1.9 x 10 1.5x 10! 11% 0%

Pyrene 1.5 x 10° 7.7 x 107! 5% 0% 1.3 x 10! 1.2 x 10! 11% 0%
Benz[a]anthracene 3.0x107! 25%x1071 5% 1% 6.8 x 100 7.9 x 100 11% 0%
Chrysene 3.8 %1071 25% 107! 5% 0% 5.0 x 10° 5.4 x 100 11% 0%
Benzo[b]fluoranthene 46x1071 35x 107! 5% 0% 4.0 x 100 3.8 x 100 11% 0%
Benzo[k]fluoranthene 22 %1071 1.7 x 107! 5% 2% 2.1 x 100 2.0 x 10° 11% 0%
Benzo[j]fluoranthene 24 %1071 1.8x 107! 5% 1% 1.9 x 10° 1.9 x 100 11% 0%
Benzo[a]pyrene 3.2x 1071 23% 107! 5% 1% 3.9 x 10° 43 x10° 11% 0%
Indeno[1,2,3-cd]pyrene 29x107! 2.8x107! 5% 6% 4.4 %100 45 x10° 11% 0%
Dibenz[a,h]anthracene 1.5 x 107! 1.4 x 107! 5% 6% 9.9 x 107! 1.0 x 10° 11% 0%
Benzo[g,h,i]perylene 2.8x 107! 22x 107! 5% 2% 2.9 x 100 3.0 x 10° 11% 0%
Coronene 9.2x1072 6.0 x 1072 5% 11% 8.5x 107! 9.1x 107! 11% 0%

Perylene 6.9 x1072 51x1072 5% 26% 59x 107! 6.4x107! 11% 2%

Retene 2.1 %1071 1.3 x 107! 5% 1% 2.5x 100 2.9 x 10° 11% 0%

Picene 8.4x1072 47x1072 5% 11% 83x107! 1.0 x 10° 11% 0%
Benzole]pyrene 2.9 %1071 23x 107! 5% 1% 2.0 x 10° 2.0 x 10° 11% 0%

Na* 42x10° 1.4 x 10° 0% 0% 25x10° 6.4 x 102 7% 0%

K* 1.7 x 10% 1.1 x10% 0% 2% 3.3 x 102 1.4 x10° 7% 0%

Ca2* 5.1x10° 1.6 x 10° 0% 0% 3.4x10° 9.8 x 102 7% 0%

Mg?* 6.2 x 107 3.1 x 10? 0% 0% 3.1 x 107 1.4 x 102 7% 0%
levoglucosan 7.8 x 10! 71x 10! 0% 1% 5.8 x 107 5.7 x 10? 7% 0%

SO, 7.1 %103 3.9 x10° 67% 0% 8.8 x 103 8.2 x 10° 70% 0%

NO 1.2x 103 1.0 x 10° 33% 0% 29x10° 5.1 x 103 36% 0%

NO, 1.1x10* 6.5 x 10% 33% 0% 1.4 x10* 1.1x10* 36% 0%

co 21x10° 2.6 x10* 95% 0% 48x10° 4.8 x10° 36% 0%

O3 N/A N/A 100% 0% 3.9 x 10* 1.6 x 104 9% 0%

aovx 20R-Cholestane 9.9 %1072 8.4 %1072 7% 64% 9.5x1072 3.1x1072 16% 82%
ocor 20R 24R-Ethylcholestane N/A N/A 100% 0% 23x107! 24 %1071 11% 49%
17(H)-22,29,30-Trisnorhopane 9.6 x 1072 5.4 %1072 7% 57% 5.7 x 107! 6.7 x 107! 10% 2%
17(H),21p(H)-30-Norhopane 2.0x1071 1.1x 107! 7% 54% 7.9 x 107! 7.7 %1071 10% 0%
17(H),21p (H)-Hopane 28x107! 1.8x 107! 7% 77% 9.0x 107! 8.9 x 107! 10% 0%
17p(H),21(H)-Hopane 71x1072 3.0x 1072 7% 81% 41x107! 45x 107 10% 3%
17(H),21p (H)-22S-Homohopane 21x107! 1.2x 107! 7% 85% 3.7 %107t 47x1071 10% 2%
17(H),21p(H)-22R-Homohopane 1.1x107! 71x1072 7% 73% 7.0x 107! 83x107! 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 PM; 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.

59



Atmosphere 2020, 11, 522

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 Std. Devw. Percent Percent Mean Std. Devw. Percent Percent

(ng.m~3) (ng.m~3) Missing BDL (ng.m~3) (ng.m~3) Missing BDL

Na 8.5 x 101 7.4 % 10! 5% 39% 5.3 x 10 3.8 x 10! 0% 10%
Mg 3.1x10! 2.3x 10! 5% 2% 1.0 x 102 4.8 x 10! 0% 0%
K 1.2 x 102 1.5 x 102 5% 39% 1.1 x 102 8.8 x 10! 0% 19%
Ca 1.1 x 102 9.0 x 10! 5% 4% 8.5 x 10! 7.4 x 10! 0% 0%
Ti 1.4 x 10° 7.1x 1071 5% 0% 3.8 x 100 3.0 x 10° 0% 0%
\% 38x107! 22x1071 5% 0% 24x107! 1.2x 1071 0% 0%
Cr 4.3 x10° 3.5 x 10° 5% 9% 3.9 x 100 1.4 x 10° 0% 0%
Mn 1.4 x 101 2.2 x 10! 5% 0% 1.4 x 10! 2.1 x 10 0% 0%
Fe 3.9 x 102 6.3 x 102 5% 0% 3.6 x 102 5.3 x 102 0% 0%
Ni 2.1x 100 3.1x 100 5% 27% 1.1 x 10° 2.6 x 100 0% 0%
Cu 6.0 x 10° 4.8 x10° 5% 4% 5.0 x 100 4.4 %100 0% 0%
Zn 5.1 x 10! 4.7 x 10! 5% 0% 5.8 x 101 5.1 x 10! 0% 2%
As 1.0 x 10° 9.7x 107! 5% 0% 4.1x107! 39x107! 0% 0%
Se 85x 107! 46x107! 5% 11% 1.1 x 10° 49 %1071 0% 0%
Sb 1.1 x 10° 7.8 %1071 5% 0% -2.3 x 10! 1.2 x 10! 0% 0%
Ba 1.8 x 10° 89x1071 5% 2% 1.6 x 100 9.3x107! 0% 0%
Pb 1.1 x 10 1.1 x 10! 5% 0% 1.2 x 10! 1.1 x 10! 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 Std. Dev. Percent Percent Mean Std. Devw. Percent Percent

(ng.m~3) (ng.m3) Missing BDL (ng.m3) (ng.m™3) Missing BDL

Na 1.4 x 102 1.4 x 102 0% 0% 7.2 x 101 5.7 x 10! 0% 3%
Mg 2.5x 10! 6.2x 10! 0% 15% 8.7 x 10! 1.1 x 102 0% 3%
K 3.0 x 102 41 %102 0% 0% 4.8 x 102 8.2 x 102 0% 1%
Ca 5.1 x 10! 8.2 x 10! 0% 6% 6.0 x 10 1.3 x 102 0% 0%
Ti 7.6 x 1071 9.6 x 1071 0% 1% 2.1x 100 2.1 %100 0% 0%
A 2.0x107! 1.9 %1071 0% 0% 45x107! 39x107! 0% 0%
Cr 2.1 x 100 2.8 x 100 0% 15% 4.0 x 100 2.0 x 100 0% 1%
Mn 1.3 x 10! 2.1x 10! 0% 0% 1.7 x 10! 2.7 x 10 0% 0%
Fe 3.6 x 102 5.6 x 102 0% 4% 4.8 %102 7.7 x 102 0% 4%
Ni 1.1 x 10° 22x 100 0% 29% 1.5 x 10° 4.8 x 100 0% 0%
Cu 6.2 x 10° 1.3 x 10! 0% 14% 9.8 x 100 2.3 % 10! 0% 0%
7n 5.7 x 10 1.3 x 102 0% 0% 9.0 x 10! 1.7 x 102 0% 3%
As 1.8 x 100 1.8 x 10° 0% 0% 9.8x 107! 8.8x 107! 0% 0%
Se 6.6x1071 8.1x 1071 0% 6% 1.6 x 100 1.5 x 10° 0% 0%
Sb 7.9 %1071 9.2x 107! 0% 0% 35x 107! 8.0x 107! 0% 0%
Ba 4.0 x 10° 2.4 x 10 0% 5% 3.7 x 100 2.1 x 10! 0% 0%
Pb 1.8 x 101 1.9 x 10! 0% 0% 2.4 x 10! 2.2 x 10 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 PM; 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 PMFE.
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 PM, 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/NO, 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 SO,/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, NO,, and SO, 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 PM; 5 in the case of the ED XRF and ICP-MS datasets reached the values of R? = 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 XRE.

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 PM, 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 PM, 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*, Mg?*, 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
TRINECKE ZELEZARNY, a.s. plant. The factor time series is extremely variable, depending on the
wind direction (very high contribution to PM; 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 PM, 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 PM; 5 concentration.

3.5. The Conformity of the Identified Factors and Their Contributions to PM; 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.
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Figure 4. PMF factor profiles at the Ropice sampling site based on the ICP-MS dataset. S—hop:
17 «(H),213(H)-22S-Homohopane; R-hop: 17x(H),213 (H)-22R-Homohopane.
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Figure 5. PMF factor profiles at the Ropice sampling site based on ED XRF dataset. S—hop:
17(H),213(H)-22S-Homohopane; R-hop: 17x(H),213(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 17«(H),213(H)-22R-Homohopane / 17«(H),21 3 (H)-22S5-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 17x(H),21(H)-22R-Homohopane
/ 17«(H),21(H)-22S5-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 PM; 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 Vendryné, Bystfice, and other
villages) and from the north-northwest (probably the influence of the periphery of Tfinec). At Ropice
the main part of this pollution type is transported from two prevailing directions, north (Olse 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 Tfinec in the OlSe 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 Ol3e 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 Tfinec, 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 Kosmossite, 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 (TRINECKE ZELEZARNY, 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 PMj 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 PM, 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 NOy 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 Tfinec 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 Tfinecko.

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 ug.m_3 in the summer, depending on the sampling site, and 1.4-1.7 ug.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 R? > 0.95),
while summer sources are more complex (0.29 < R? < 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).
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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 (R? = 0.36), which is less polluted by both PM, 5 and OC.
Conversely, the weakest OC versus temperature correlation has been found at the most polluted site,
Ropice (R? = 0.13).
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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 ug.m_?’, whereas in
the winter they reached approx. 50 ug.m~ and, at Ropice even nearly 100 pg.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 ug.m_3). Based on this fact, it is clear that the relative annual road traffic contribution to the
total EC mass in Tfinecko 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 PM; 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).

Crustal Long-range transport
Residential heating Regional aerosol
Iron and steelworks
100% 705 0%
10% 8%
75%
50%
25% 39% 299
0% 7% 5%
ED XRF ICP-MS

Figure 8. Factor contribution to the average PM, 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 % 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 PM; 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~>) than for the summer samples (average
0.3 ng.m™). 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 225-17a(H),21b(H)-homohopane, known as a homohopane index,
can be used for identifying diverse types of coal. For coal combustion, the homohopane index C31x{3[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™>) in the samples from both the summer and winter campaigns. The most abundant
sterane in the summer samples was ococx 20R-Cholestane (average 0.17 ng.m~%), and its concentrations
within the winter samples were only 2 times higher (average 0.31 ng.m™>). 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 Tfinecko region, the binding measures are stated in
the Air Quality Improvement Programme for the Agglomeration of Ostrava/Karvina/Frydek-Mistek
CZO08A [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 PME, 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 T¥inecko 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 CAMXx 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 PM; 5 in Tfinecko 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 PM; 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 PM;5
concentrations in Tfinecko 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
Ttinecko. 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 Tfinecko 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 Tfinecko 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 PM; 5 concentration, quantified by the PMF model and the median and the
IOR 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 PM; 5 concentration and its
apportioning among the identified factors.
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Figure A7. Time series of absolute PM; 5 concentration—"Kosmos” site.
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Appendix C

The following pictures illustrate the time-weighted concentration roses of the relative PM, 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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Figure A11. “Residential heating type 2”—proportion of the contribution to the mean (%).
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Abstract: The PM;g concentrations in the studied region (Ostravsko-karvinskd 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 PM;g samples collected at a height of 90 m above ground level.
From April 2018 to March 2019, 111 PM;, 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; PM;y; 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-karvinska 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 (PM;yo, PM; 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-karvinska 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 PMyq 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 PM; 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 Horni Sucha village in the centre of the Ostravsko-karvinska
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 PM;y emissions.

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 um diameter (PM;) using the DIGITEL DPM10/30/00
PM 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, @ 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 PMj particles from eight basic wind directions (N, NE, E, SE, S, SW,
W, NW) and CALM (wind speed < 0.2 m-s~!). 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 PMjg concentrations exceeding 100 pg-m~3, using 10-min data
from continuous ground monitoring.

Inlet Tube

Flow Chamber

Filter Stack S Touch Screen

Changer Mechanics

Field Housing IP55

Blower
Frequency Converter

Flow Meter

Figure 3. The SAM Hi 30 AUTO WIND sampler.

84



Atmosphere 2021, 12, 29

1 NW 2N 3 NE
N N
30% 30% * 30%
‘ —-— 40% 40%
- SR R B B
6to23.8
B S S
4W 5 Calm 6E
N N
30% 30% 30%
4to6
40% 40% 40%
I el |
1 ) d
A !
2tod

]

-
2
=]

=|U0 A
w

=|L2 A
m

80% 80% 80% I Oto2
40% 40% 40%

B (msT)

it
-

<&
-

e
1wl

S

23

Figure 4. Matching of sampled sectors and measured wind directions.

Employing this method, 111 PM;y 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 PMy9 Mass Concentrations

PM; 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 pg for filters prior to the sampling and <60 ug 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 PM1yp 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 (& 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 (& 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 @ep; = 2.0 X
1011 cm~2-5~!) 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 @epi =2.0 x 1011 cm 2.5~ 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 ®°Co 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 PMj. 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), 1632¢ 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. PMyo Mass Concentrations

The values of PM;j( 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 PM;g concentration synopsis, see Table S1 the
Supplementary materials.

Table 1. Average PMj, concentrations for the observed period (ug-m~3).

Wind Warm Season Cold Season
Conditions Average ! Average Z-Score ? Average ! Z-Score *
CALM 23.3 19.0 —0.35 27.6 1.16

N 229 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 14.8 145 —1.14 15.1 —1.04

W 21.3 23.6 0.45 19.0 —-0.35
NW 16.8 159 —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).
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Figure 5. The average PM;, concentrations (a) and wind rose for the observed period (b).

The lowest PM; 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.
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Figure 6. The monthly average PMjy 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.

N\

TN A ol S\

]

Wind speed, 10 m above ground
49°49'N 18°29°E moye
2018/08/22 03:00 (UTC+03:00) == VENTUSKY

Figure 7. The modelled wind fields (a) and the Skew-T diagram at the Prostéjov 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 PMj( concentrations show in Figure 6b. This
clearly confirms the importance of the PM inflow from the Polish borderland. The increase
of PMy concentrations from these directions in the winter season average 14 pg-m—3
though the prevailing airflow in winter is from the inverse direction (Figure 5b).

High PM; 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).

NOAA HYSPLIT MODEL
Backward trajectories ending at 1800 UTC 18 Feb 19
GFSG Meteorological Data

(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 PM;( concentration reaching
60.5 ug~m_3, and the second on 23 March 2019, with a PM;( concentration of 57.4 ug~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.

89



Atmosphere 2021, 12, 29

NOAA HYSPLIT MODEL
Backward trajectories ending at 1500 UTC 23 Nov 18
GFSG Meteorological Data
w
5
= 50
Z
5 2
o 17 18 19 0
i 1
®
. f
8 e 49
2 B
%]
s
] I e e 1500
o
B o mmems mmmmems e s s 1000
g @ ---- 500
2| a0 s
06 18
11/23
Wind speed, 100 m above ground o 1 30.805075 Ion. 13274088 bere: 960500 21050 o AGLE 20
49°49'N 18°29'E Trajectory Direction: Backward  Duraton: 12rs,
’ . i on ion : i i
2018/11/23 18:00 (UTC+03:00) Vietoeology: 00005 23 Nov 5018 GDASGRS | orioal Veloclly

Figure 9. The modelled wind fields (a) and backward trajectories (b) for the smog situations in November 2018 [48,50,51].
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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 PM;y 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 PM;; 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 (1r1g-m*3 ) determined in the PM;( using INAA.

Element Min Max Mean Median Stand. Dev.
Al 1.15 x 1072 873.83 15.35 0.73 83.97
As 5.84 x 1074 5.17 0.34 0.04 0.94
Ba 4.63 x 1072 350.98 18.76 0.52 45.96
Br 3.08 x 1074 1.72 0.18 0.12 0.22
Ca 8.78 x 1071 87.38 13.47 7.33 15.53
Ce 6.47 x 1073 1.01 0.12 0.07 0.15
cl 539 x 1072 150.66 15.73 2.12 29.37
Co 1.71 x 1074 0.247 0.019 0.011 0.029
Cr 430 x 1073 3.22 0.39 0.25 0.49
Cs 9.64 x 107° 0.023 0.005 0.003 0.004
Eu 339 x 107° 1.90 x 1072 3.26 x 1073 1.60 x 1073 3.67 x 1073
Fe 215 x 107! 92.77 19.32 13.42 21.12
Hf 549 x 104 0.121 0.013 0.004 0.020

I 7.19 x 1074 0.64 0.09 0.05 0.11

K 542 524.77 74.20 46.06 84.08
La 437 x 1074 0.67 0.04 0.01 0.12
Mg 3.65 x 1071 163.72 9.54 5.77 17.61
Mn 1.18 x 1073 11.77 1.18 0.62 1.67
Na 1.30 x 107! 1074.73 62.80 1.58 139.69
Rb 3.02 x 1073 0.666 0.057 0.028 0.085
Sb 473 x 107° 0.198 0.050 0.035 0.047
Sc 3.18 x 1074 0.021 0.003 0.002 0.004
Se 1.80 x 104 0.176 0.022 0.012 0.027

Si 1.69 x 101 6423.41 1529.79 1077.04 1418.16
Sm 251 x 107° 6.35 x 1072 265 x 1073 744 x 1074 721 x 1073
Sr 6.01 x 102 5.428 0.847 0.486 0.967
Ta 1.55 x 107° 1.94 x 1073 2.36 x 1074 1.23 x 1074 321 x 1074
Tb 3.06 x 107> 6.54 x 1073 8.90 x 104 5.75 x 1074 1.03 x 1073
Th 257 x 1074 2.90 x 1072 3.67 x 1073 1.97 x 1073 481 x 1073
U 9.78 x 107° 151 x 1071 496 x 1073 731 x 1074 1.74 x 1072
\Y% 242 x 1074 0.191 0.027 0.018 0.030
w 841 x 1074 0.202 0.012 0.007 0.022
Zn 1.39 x 1072 729.39 40.84 0.16 99.27
Zr 228 x 1072 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 7n 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 \%

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 PMj 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
PM; 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 PM;g 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 x 10~!!). Similar separation also occurs
when PCA is performed on the whole dataset with the clr-transformed concentration data
(p-value of 5.219250 x 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), CI (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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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 PM;y 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 PM;y 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 PMjg 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 PM;y 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
PMjg 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~! and 4 m-s~!. 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 pm (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).
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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 x 1000 m?. 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):

e 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).

e  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 X 15 m?,
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.

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

e 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 x 90 m?.

e 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

¢) 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 m® 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 m? 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).

1
Fp = 5 CpAcarpos (Ucar = Us)? 1)

where Cp is the aerodynamic characteristic of the car, A is car front area, po is the air density, Uz, 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 S 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 S [7] was added only along the trajectory that cars follow.

Sk = CC(Ucar - uoo)char )

where C, is the model constant, U, is the car speed, U is the air velocity, and Qe 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-¢ 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= @zn(i) 3)

k Z0

where k is the von Karman constant (~ 0.4), ug is the specified air velocity at the height zy, 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~! and 4 m's~!, 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

T 7 SUPWALL 3
; p \
WIND :

[ [
I : SOLUTION DOMAIN | OUTLET
S 4

. BUILDING

LINEAR
SOURCE

7
i ’\ """"""""""" OF EMISSION
CONTROL

ROUGH WALL VOLUMES
PASSED BY CARS

INLET]

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% Ny and 21% O,, 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 ™ (see Table 1), a value computed from
the dynamic composition of the sample group of cars observed along road I/42 (Brno, Zabovteska) [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™!, with the traffic intensity
of 720 car-h™! 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.

Share of Car Types According to Emission

Car Type PV LCV HDV UB Standards (%)
Fuel Petrol Diesel Petrol Diesel Diesel Diesel NG PC LCV HDV UB
PRE ECE 0.0032 0.2164 0.0032 0.2493 0.5671 0.7636 0.0200 0.9 0.3 5.5 0
—‘é Euro 1 0.0032 0.0569 0.0032 0.0903 0.4021 0.3635 0.0100 4.1 29 1.3 10.5
'§ Euro 2 0.0032 0.0467 0.0032 0.0903 0.1772 0.1830 0.0100 9.4 45 6.5 15.8
g Euro 3 0.0012 0.0310 0.0012 0.0662 0.2078 0.1817 0.0095 21.6 245 30.9 26.3
é Euro 4 0.0012 0.0316 0.0012 0.0356 0.0429 0.0458 0.0095 29.1 49.7 20.9 36.8
;é] 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 22 10 5.3
Share ‘t’(f) o ?;:frdmg 45.84 54.16 1352 86.48 100.00 46.67 53.33
Emission Factors Weighted with Shares of Fuel and Car Types (g-km™1)
PRE ECE 0.0010 0.0006 0.0312 0.0000
12 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
E 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_l)
Summary emission 0.0146 0.0364 0.1349 0.0680 0.2538

factors

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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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™! 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 c;ux; the other relationship was obtained in the
slice with the minimum range of the concentration, denoted as c,,;;. 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 ¢y and c,,;, 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 = ae™ 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+Db (5)

a=¢" (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™! 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

).

Velocity

Wind Direction Area (m-s-1) Range a b R2
4 MAX 6.831 —-0.008 0.983
#2 MIN 4.641 —-0.004 0.863
5 MAX 8.821 —-0.020 0.940
MIN 5.027 -0.012 0.808
90° 4 MAX 5.629 —-0.014 0.881
#3 MIN 8.773 —-0.034 0.979
5 MAX 4.888 —0.005 0.870
MIN 7.201 -0.019 0.905
4 MAX 4516 -0.012 0.932
#4 MIN 7.064 —-0.061 0.985
5 MAX 5.922 -0.012 0.981
MIN 8.227 —-0.037 0.955
45 4 MAX 3.399 —-0.010 0.944
2 MAX 3.455 —-0.009 0.872
4 MAX 6.465 -0.017 0.863
#2 MIN 7.369 —-0.022 0.907
5 MAX 7.311 —-0.009 0.885
MIN 8.879 -0.013 0.942
4 MAX 6.637 -0.017 0.916
45° #3 MIN 7.987 —-0.024 0.969
5 MAX 6.504 -0.010 0.945
MIN 7.931 —-0.021 0.958
4 MAX 4.555 —-0.007 0.989
#4 MIN 6.449 —-0.052 0.854
5 MAX 4.525 —-0.004 0.950
MIN 4.254 —0.004 0.916
4 MAX 3.716 -0.010 0.921
#5 MIN 4.794 -0.017 0.982
5 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 Ingenierbiiro, 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™!) 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 pg-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.

PM10 In-Situ Measurement PM10 Numerical Prediction Comparison
Measured
Wind Direction  Wind Velocity IS;‘;TS::::;O:) Backgrou.nd R(.)ad . Conﬁ(i)ggtion Conl;(i’ljﬁtion Experimen.t/Prediction
Specific Traffic Contribution Contribution MAX MIN Ration
Intensity
(ngm™) (ngm™) (ngm™) (ngm™) (ngm™) Q)
perpendicular 2ms~! 53.27 48.00 527 10.13 8.33 52%
perpendicular 4ms! 48.36 43.58 4.79 9.20 8.33 55%
oblique (45°) 2ms! 55.71 42.00 13.71 15.80 10.07 136%
oblique (45°) 4ms! 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 10 um (PM;) 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 PM;y 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 PM; are significantly different. A regression model for PM; 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: PM;; 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
10 um (PM;) 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
PM; 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 PMjg, 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 PMjg levels significantly correlated with bronchial asthma
at a significance level of 0.05. Their study provides good evidence of a consistent relationship between
PM;g 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 PM; 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 PM; 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 2.5 um (PM;5) by 1 pg/ 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 PM;q
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 PM; 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 < 24h) [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 PMjy 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 PM;q 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

118



Atmosphere 2020, 11, 1042

measurements confirmed that the main source of PMj 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 PMjq 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 PM;y 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

PM; levels were measured between 2 February and 20 April 2019. The data contained parallel
hourly measurements of PMj( 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 PMjg
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 PM;; 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 PMjg, 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.
Tts working title, “Cerné 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 Generala Piky street,
which connects the Brno city center with the Brno-Lesnd 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 Brnénské komunikace
(BKOM). Every day, eleven-thousand vehicles use the Generala Piky 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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0.5km 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 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 PM;g fraction of suspended particulate matter, nitrogen oxides NOy,
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 PMj,, 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 Cernd Pole station.

Both stations were equipped with identical devices:

¢  For measuring concentrations of PMjj: instrument manufactured by Environment SA,
Model MP101M (MP101M is the automatic and real-time particulate monitor, compliant with
ISO 10473:2000 and for PM;y 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
10,000 pg-m 3, with the lowest detectable limit of 0.5 ug-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%.).

e  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 x reading)% RH.
The accuracy temperature measurement is in the range from —80 °C to +20°C =£ (0.226 — 0.0028
x temperature) °C and in the range from 420 °C to +60 °C =£ (0.055 + 0.0057 x 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~!
with the accuracy £2% (at 12m-s~!) and wind direction measurement in the full circle with the
accuracy +2° (at 12 m-s1).).

Table 1. Notation for the measured variables.

Variable Description

PMlOt PM10 (ugm_s)
NOx; NOy (ug-m=3)

T} temperature (°C)

H; humidity (%)

Vi wind speed (m-s~1)

Dy wind direction (degrees)

RH; 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 D; 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 ¢. Rush hour RH; 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 V; and D; were transformed into projections V; sin Dy and V; cos Dy. 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 Cerna Pole stations.
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Figure 3. Measured variables: PMy (1g-m~2), NOy (ug-m~3), temperature (°C), humidity (%), wind
speed (m-s~1), and wind direction (degrees); Arboretum station, left; Cerna 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;
Qo.os—lower quartile; Qg 7s—upper quartile; Skewness—skewness, Kurtosis—kurtosis).

Arboretum n Mean Median St.dev. Min Max Qp25 Qo775 Skewness Kurtosis

PM10; 1830 269 24.8 16.6 0.9 1095 147 370 0.89 1.00
NOx; 1827 43,5 322 36.2 47 348.7 221 50.2 2.89 11.74
T; 1830 64 6.1 5.5 —8.6 225 2.5 9.8 0.30 —0.11
Hy 1829 59.6 58.0 23.2 9.0 103.0 41.0 770 0.14 —0.96
Vi 1830 1.6 14 1.1 0.0 6.7 0.9 2.2 1.15 1.19

PM10; 1830 49 5.0 1.6 0.9 10.5 3.8 6.1 0.04 —0.32
Vi sin Dy 1830 —0.38 —0.27 1.37 —6.69 3.05 —098 055 —0.80 0.97
Vi cos Dy 1830 046 0.68 1.26 —437 413 —-040 127 —-0.54 0.53
CerndPole n Mean Median St.dev. Min Max Qg5 Qo7s Skewness Kurtosis
PM10; 1871 23,5 212 13.5 2.1 873 13,5 315 0.86 0.85
NOx; 1869 36.0 22.1 38.5 2.7 361.8 129 433 297 12.43
T; 1872 6.8 6.4 5.6 —7.8 23.3 2.8 103 0.29 —0.18
H; 1871 614 59.0 22.0 13.0 102.0 43.5 80.0 0.09 —1.03
Vi 1872 0.6 0.4 0.6 0.0 3.8 0.2 0.8 1.86 4.53
/PM10; 1871 4.6 4.6 14 14 9.3 3.7 5.6 0.12 —0.36
V} sin Dy 1872 0.05 —0.01 0.56 —1.98 222 —-027 036 032 0.85
Vi cos D 1872 —0.25 —0.09 056 —344 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 PM; 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 PMg limit value of 50 pg~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 Cerna Pole stations.

Parallel measurements of PMjg and NO, 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 (PMj,, Arboretum station) and Y (PMjo, Cernd 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 PM;g 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 PM; 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: PM10;, wind speed V;, wind direction D;, temperature T;, and humidity H;. 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 PM;( 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 PM( concentrations measured
at the Arboretum and Cernd Pole stations, together with the limit value.
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Figure 4. PMjo with a 24 h moving average (ug-m~2) and limit value of 50 ug-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 50 pg-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 Cerné 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 50 pg-m~2 is
(0.0514, 0.0624) in the case of the Arboretum station and (0.0260, 0.0342) in the case of the Cerna Pole
station.

The statistical comparison of relative frequencies of exceeding the limit value at the Arboretum
station (0.0569) and at the Cern4 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 PM;g limit of 50 pg-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 PM;( 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 PM1o Measurements

A comparison of parallel PM;y measurements between the Arboretum and Cern4 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 PM;j, values at
Arboretum and Cern4 Pole stations is defined by the following equation:

PM10CemaFole — 1 754 4 0,802 - PM10ATPoretum, 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.
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Figure 5. Passing-Bablok regression fit, PMyq in pg-m~3.

Furthermore, the correlation coefficients were determined. Pearson’s correlation coefficient
between PM10Cema Pole and ppf1(Arboretum js () 883 (p-value 22 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 10 ug'm_?’ increase of PM; pollution level at the Arboretum station, there is
on average only an 8.02 ug-m 2 increase at the Cerné Pole station. The results obtained by the robust
Passing-Bablok test show how the two nearby monitoring stations differ in the level of PM;jy pollution.

3.3. Comparison of NOy 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 PM;y and nitrogen oxides NO,. Spearman’s correlation coefficient
between PM;y values and NO, has a value of 0.478 (p-value = 0) for the Arboretum station and
0.372 (p-value = 0) for Cerné 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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NOy values for both stations using the Passing—Bablok test, similar to the PM;g comparison. We get an
estimate of the regression function in the form:

NOxfemdPole — 8212 41,014 - NOxjiboretum, 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 NO. 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 N Oxtéemé Pole and NOxjeretum js 0.933 (p-value =2 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 PMy Prediction

The regression model for PM;g prediction was constructed with respect to the previously
published results in [23-25]. The following auxiliary variables were used for the prediction of
PM10;: temperature T;, humidity Hy, wind speed V;, wind direction Dy, rush hours RH;, and their
transformations: time differences of temperatures T; — T;_1 and T;_1 — T;_p, time differences of
humidity H; — H;_1, and transformations of wind direction and wind speed V;sin Dy, V; cos Dy,
which made it possible to incorporate wind directions into the regression model.

Since the relation between PM;jy 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 PM10; 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 /PM10;
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 /PM10; 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 1, B2, . .., Bs and random error €;
for observations in time t = 1,2,...,n, where n is the number of hourly observations. It is of the form:

VPM10¢ = By + Ba/PM10;_1 + B3(Tt — Ty—1) + Ba(Ti—1 — Ti_2)+

+ B5(H — Hy—1) + BeVi—18in Dy—1 + B7Vi—1cos Dy 1 + BsRH; + €. @3)
2
adj
statistical relation between the 1/PM10; 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 Cerna Pole station). Standardized residuals did not show any extreme deviations in comparison
to the previous two GALM models.

The adjusted coefficient of determination R’,. was used for assessing the suitability of the
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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 Cerna Pole for the Cerna Pole
station. Moreover, there are the number of observations # (there were missing observations in the
data), the coefficient of determination R?, the adjusted coefficient of determination Rﬁ 4i» the residual
standard error, the F statistic, and the corresponding degree of freedom df = (df1;df2). 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 /PM10; and the selected regressors for each of the stations. The coefficient of
determination R? and the adjusted coefficient of determination R2, j 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
Bs5 and By 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) PM10; values are in the top row, the corresponding
standardized residuals are in the middle row, and graphs of measured and fitted values of PM10; 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 PM1o with sufficient
accuracy. The model for the Cerné Pole station has greater accuracy than the model for the Arboretum
station. This conclusion corresponds to the values of R? in Table 3, where R? = 0.919 for the Cerné
Pole station and R? = 0.807 for the Arboretum station.

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

Dependent Variable:
PM10;
Parameter Variable Arboretum Cern4 Pole
B1 0.593 *** 0.241 ***
(0.060) (0.035)
B2 /PM10;_4 0.878 *** 0.946 ***
(0.011) (0.007)
B3 Tt — Ty 0.118 *** 0.117 ***
(0.033) (0.017)
Ba Ti_1—Ti_p —0.094 *** —0.052 ***
(0.024) (0.012)
Bs H; — H;_4 0.006 0.011 *»*+*
(0.005) (0.003)
Be Vi_1sin Dy_4q 0.071 *** 0.085 ***
(0.014) (0.018)
B7 Vi_1cos Dy_4 0.002 0.049 ***
(0.015) (0.018)
Bs RH; 0.117 *** 0.054 **
(0.040) (0.022)
Number of observations n 1824 1866
R? 0.807 0.919
Adjusted R? 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 Cerna
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 x 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 f (intercept, p-value = 0) and B, (p-value = 0), which corresponds to the value of
the lagged transformed variable /PM10;_1; i.e., the PM;( pollution level from the previous hour.

Table 4. Tests of equal parameters and model comparison.

Parameter Variable F-Test p-Value
B1 25.19828  5.41837x1077
B2 PM,_, 2551096  4.61270x10~7
B3 T — Ty 0.00008  0.99266
Ba Ti1—Ti—» 2.65500  0.10331
Bs Hy — H;1 0.80706  0.36905
Be Vi_1sinDy_4q 0.26454  0.60705
B7 Vi—1cos Dy_q 2.56720  0.10919
Bs RH; 1.96325 0.16125
All parameters 55039  6.193x1077
Arboretum Cerna Pole
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Figure 6. Fitted models, standardized residuals, and measured vs. fitted values, PMjj in pg-m ™.
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3.5. Influence of Wind on PMyg Levels

For the purpose of the statistical analysis of the influence of wind speed V; and wind direction
Dy on PMj 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 PMjg 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 Cerna 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 Cerna 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 Cerné Pole station.

mean = 16432 mean .= 060791
calm= 01% s cam= 23%

S

—_— ] —_—
Oto2 2to4 4t06 61067 Oto2 2t04 4t06
(ms™) (ms™)
Frequency of counts by wind direction (%) Frequency of counts by wind direction (%)

Figure 7. Wind rose (Arboretum, left; Cerna 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 Cerna 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 v/PM10; 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 Cerna 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 PM;, 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 32.2 ug-m 3 and the
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highest median value of 31.6 pug-m~3 was measured in the direction of 135 to 165 degrees. Another two
sections with the mean value of pollution higher than 28 ug-m 3 and the median value higher than
26 ug-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 11.9 pg-m~3, and the median was 7 pg-m 3. Low levels of pollution with the mean value lower
than 23 pg-m 3 and the median lower than 20 pug-m 2 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 PMjg by wind direction: Arboretum station (n—the
number of observations; Mean—arithmetic mean; Median—median; St. dev.—standard deviation;
Min—minimum; Max—maximum; Qg s—lower quartile; Qg 7s—upper quartile).

Degrees n Mean Median St.dev. Min Max Qo2 Qors

all 1828 27.0 24.8 16.6 0.9 1095 147 37.0
345-15 139 27.0 244 14.4 3.4 1095 174 334
1545 154 27.0 259 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 3.8 715 18.4 43.3
105-135 67 28.0 23.9 17.3 14 79.2 15.5 40.1
135-165 334 32.2 31.6 18.2 22 94.4 17.4 453
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 42 31.9
225-255 45 11.9 7.0 11.4 2.8 50.4 4.2 12.9
255-285 116 18.5 124 17.2 14 81.4 5.8 27.0
285-315 358 247 20.8 16.6 1.4 83.2 12.6 34.4
315-345 404 29.1 27.0 15.5 22 101.6 183 37.8

Table 6. Descriptive statistics for PMjy; by wind direction: Cerna Pole station (n—the
number of observations; Mean—arithmetic mean; Median—median; St. dev.—standard deviation;
Min—minimum; Max—maximum; Qg s—lower quartile; Qg 7s—upper quartile).

Degrees n Mean Median St.dev. Min Max Q25 Qors

all 1870 235 211 13.5 21 87.3 13.5 315
345-15 35 25.6 21.9 13.7 7.7 67.8 16.3 334
15-45 69 22.8 215 10.7 6.6 67.0 159 29.0
45-75 182 243 21.6 11.7 53 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 24.6 214 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 24 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 9.6 239
255-285 351 204 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 Cerné 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 32.6 ug-m~3 and the highest median value
of 29.9 pg-m~3 was measured in the direction of 285 to 315 degrees. Another two sections with the
mean value of pollution higher than 28 pg'm_3 and the median value higher than 26 ug-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 Cerna 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
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the one of 225-255 degrees, where the mean value of the pollution level was 17.4 ug-m~3 and the
median was 16.1 ug-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 23 pg-m~3 and
the median lower than 20 pg-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.

Arboretum Cerna Pole
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Figure 8. Boxplots of PM;( according to wind directions, PM;g in pg-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 PM1q
vary considerably between the locations; at the Arboretum station, which lies in an open area in a park,
as well as at the Cern4 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 50 ug-m~3 was performed. From the
statistical point of view, these frequencies differed significantly between the stations; at the Cerna 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 PMjo measured at the Cerna 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, PMq pollution levels increased by 10 pg-m~3, at the Cernd Pole station, they grew on average
only by 8.02 pg-m~3

Based on the results of the correlation analysis between the values of PMjy and NOy, 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 Cernd Pole station. The Passing-Bablok
test applied to NOy values then showed that the pollution levels for the monitored stations were not
the same. The NO, values from the Cerna Pole station were lower than at the Arboretum station,
by approximately 8.2 ug-m~3. The results show the effect of built-up geometry on the level of pollution.
PM;g and NOy values were higher for the Arboretum station located in a park near a busy street than
for Cerné 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 PMj, the presented statistical
models proved that PMj 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 Cerné 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 Cerna Pole station, indicates an average increase of the PMy
value due to an average hourly increase of humidity. The rush hour influenced the PM; increase at
both stations significantly. From 7 to 10 AM and from 3 to 5 PM, the model identified rising levels
of PMjy. 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 B1, which was equal to 0.593 for the Arboretum station and only 0.241 for the Cerna Pole
station, as well as with the exception of the 8, parameter for the lagged square root of PM;( value,
which was equal to 0.878 for the Arboretum station and 0.946 for the Cerna Pole station. This proves
that both models function similarly, but on the campus where the Cerna Pole station is located, PMyg
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 PM;q 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 PMj air pollution in the studied area is concerned. In the case
of the Arboretum station, the heaviest pollution with a mean value of 32.2 ug-m—3
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 31.5 ug~m_3. The third wind direction, which brings air pollution levels with
a mean value of 29.1 ug-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 18.2 jig-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 Cerné 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 PMj pollution is equal to 32.6 pg-m~3; the relative
frequency of winds coming from this direction is 0.079. The second highest mean value of air pollution,

comes from the

which amounted to 29.8 ug-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 28.2 ug-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 19.3 ig-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 PMjg 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 PM( 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 PMjj 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 PM;y 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 WREF, 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~!, 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 g m~3 and 10-15 pg m~3 for
PM;y and PM; 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 NOy 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 NO, 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 NO; (nitrogen dioxide), PMjg (particulate matter of a diameter
r < 10 um) and PM; 5 (particulate matter of a diameter r < 2.5 um), often exceeding the limit values
or leading to smog situations [31]. In particular, in January and February 2017, the threshold values
of PMj 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
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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. WREF 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 Radjiative
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. CAMXx

Air quality simulations were performed with the Chemistry Transport Model (CTM) CAMXx
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.

CAMXx 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 WRFCAMNx preprocessor which
is provided along with the CAMXx source code was used (see http://www.camx.com/download /
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support-software.aspx). WRFCAMXx takes the WRF output fields and writes them to the CAMXx input
format. For those CAMXx 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 emisi a zdrojii znecisténi ovzdusi) 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/Karvind/Frydek-Mistek, near the border with Silesia),
smelting works (located in the whole territory of the Czech Republic), other fugitive sources
in the Agglomeration of Ostrava/Karvind/Frydek-Mistek, 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 Vaclav Havel Airport Prague for 2016 were prepared by ATEM
(Ateliér ekologickych modeli—Studio of ecological models; http:/ /www.atem.cz).

For Poland, high-resolution emissions were provided by the authorities of GIOS (Gt6vny
Inspektorat Ochrony Srodowiska) and KOBiZE (Krajowy Osrodek Bilansowania i Zarzadzania
Emisjami) within the LIFE-IP MALOPOLSKA 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 (NOy), sulfur dioxide (SO5),
carbon monoxide (CO), ammonia (NH3), Non-Methane Volatile Organic Compounds (NMVOC),
and particulate matter (PM;g and PM; ).

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 PM; 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 CAMXx. 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, PM;y and PM; 5 concentrations, Temperature
at 2m (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.

AQ (PM10)
LT AQ (PM10, PM2.5)
> "“ 2 0] meteo (WS, RH, T)

Sl
MS-ORTOFO'

() meteo (PBLH)

S

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 x 153, 169 x 151, and 84 x 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 CAMXx. 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 WREF 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 (Zakladni baze geografickych dat Ceské 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 x 333 m resolution is provided in Figure 3.
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Figure 2. The simulation domains of WRF and the Comprehensive Air Quality Model with
Extensions (CAMX).
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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, CAMXx prediction was performed for each day from 00 UTC to 24 UTC
and was restarted from the run of the previous day (using the CAMXx 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 CAMXx run was conditioned upon the successful
execution of all the mentioned preprocessing steps.

The model configuration for both WRF and CAMXx runs is summarized in Table 1. Both WRF
and CAMXx 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 CAMXx (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 x 153 (9 km); 169 x 151 (3 km); 84 x 84 (1 km) as grid points 172 x 152 (9 km); 164 x 146 (3 km); 74 x 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-Libus 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. PMjq concentrations exceeded the daily limit value (50 pg m~3) at all
eight Prague background stations. The maximum daily concentrations were reached on 20-21 January
when all stations measured over 150 jtg m~3 and up to 180 pg m 3. Maximum hourly concentrations
were 359 ug m 3. The maximum daily value for PM; 5 was 147 ug m 3, and the maximum hourly
value was 203 pg 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.

PM,, concentrations in Prague (year 2017)
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Figure 4. Minimum, mean, and maximum hourly PM;( 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 PMjg was also exceeded at all eight background stations, and six of them measured over 100 pg m~3
on 15-16 February. The maximum hourly value was 215 pg m 3. For PM; 5, the maximum measured
daily value was 98 ug m~2, and the maximum hourly value reached 165 ug 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 CAMXx 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, 7, 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(@ms 1) RH(%) PBLH (m)
BULK bias -1.9 1.5 3.3 —229
RMSE 2.7 24 11.5 369
r 091 0.79 0.34 0.5
p-value <0.01 <0.01 <0.01 <0.01
BEP+BEM bias 0.6 1.3 -32 —134
RMSE 2.7 2 114 322
r 0.82 0.75 0.45 0.5
p-value  <0.01 <0.01 <0.01 <0.01
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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~! (0.5 m s~ ! 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 PMlO

As said, the impact of the model treatment of urbanized surfaces propagated to the impact on
near-surface PMj, 5 and PM;( 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 PM;g and from 0.55 to 0.69 for PM; 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 PMy varied
from 50-65 g m~3; the BULK simulated values ranged from 45-80 g m~3 with two distinct peaks
in the morning and evening rush hours; and the BEP+BEM model outputs varied from 30-50 ug m~2,
also with two peaks. For PM;5, the concentrations were around 40-55 nug m~—3, 35-55 ug m3,
and 25-40 pg m 3, respectively.

The day-to-day variation of the daily average PM; 5 and PM;( 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 pg m~3, especially for
PMjj. 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 PM;g and PM; 5 averaged over the simulated period
for the BULK (non-urbanized) and BEP+BEM (urbanized) configurations. A clear decrease of modeled
PM; 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 pg m 3. Similar results were obtained for PM; 5, where the mean decrease of concentrations
in Prague reached 8 ug m~3. There was also a visible difference in spatial patterns. In the BULK
configuration, the highest PM;( 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
PMj; 5 concentrations was smaller than that of PMjj. Similarly to the PM; 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 pg m 3.

Scheme PMyg PMy5 PM;jyDiurnal PMj; 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 -—183 —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 345 30.5
r 0.7 0.7

p-value <0.01 <0.01

PM;o PM, 5

Concentrations [ug m‘g]
Concentrations [ug m ™|
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Figure 6. Averaged diurnal profiles of PMjy and PM; 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 PM;q (top) and PM; 5 (bottom) for observations (red) and the
BULK (green) and BEP+BEM (blue) model configurations.
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Figure 8. Maps of modeled PM (left) and PM; 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 PM,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 (PNH,4) 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.

35 -

Concentration [ug m‘a]

hour
BEEN BULK BN BEP:BEM
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.
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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 PM; 5,
comprising about 50-60% of the total aerosol load. The BEP+BEM version showed lower PA by about
15-25 pg m 2 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-PNOj,
sulfates-PSO,4, and ammonium-PNHy) for 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 12. Average daily concentrations of PM secondary inorganic aerosol (nitrates-PNOj3, sulfates-PSOy,
and ammonium-PNH,) 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 pg m~3 and for ammonium about 1 ug 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.
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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.
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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 PM; 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 g m~2. This conclusion remained the same
also from the day-to-day figure. In summary, the modeled PM, 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
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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 WRE. 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~ a larger decrease
than in our case. Lower wind speeds were also simulated in [30] by around 0.5-1 m s~!, 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 PM;g and PM; 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 PM;, concentrations by about 15-20 pg m3.
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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 PM, 5 concentrations
when using a more comprehensive treatment of the urban canopy than a simple BULK approach with
differences reaching about 5-10 ug m 3. Similar decreases for PM;q 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 PM, 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 !) 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 PMjj. 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 PM; 5 concentrations between the two
versions were well explained by the primary component of PM; 5 (primary aerosol), which had
an almost identical shape in diurnal variation. Indeed, Huszar et al. [17] showed that the urban
induced changes in PM, 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 PM, 5 model performance was worse for the urbanized version as this decreased
the PM, 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~!, 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, PMjy and PM; 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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Appendix A. The Definition of the Statistical Scores

Bias (mean bias):

1N
bias = — ) ¢; —o;
N;I 1

RMSE (Root Mean Squared Error):

r (correlation):

Yiti(ci —&)(o; — 0)

o \/Zfil (ci — 5)2\/211\;1 (0; —0)?

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.
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