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Abstract 

Air quality in Europe remains a significant environmental concern, affecting the health and 

quality of life of its population. While stationary network ambient air quality monitoring 

allows for the observation of main trends, it is not fully representative of personal exposure 

of citizens due to high spatio-temporal variability of atmospheric aerosol. Therefore, highly 

time-and-space resolved measurements with state-of-the-art instruments and methods are 

needed to observe the aerosol variability, dynamics, identify hot-spots, and pollution sources, 

which are necessary for successful targeted mitigation measures. 

This thesis addresses this gap focusing on the characterization of spatio-temporal distribution 

of atmospheric aerosol in inhabited environments. Novel mobile measurement systems were 

developed and employed to investigate diverse environments, including rural, urban and 

suburban area. Aerosol source-apportionment were conducted, and the toxicological effects 

associated with these environments were also investigated.  

A novel mobile measurement system was developed for personal exposure measurements 

and pollution mapping in urban and rural environments. The system was used to measure air 

quality in the Munich subway, revealing high aerosol dynamics with significantly higher 

concentrations of mainly coarse particles – primarily iron oxides from rail and wheel 

abrasions – compared to ambient air (Manuscript 1). A similar mobile system also was used 

to explore the spatio-temporal distribution of emissions from local heating sources during the 

winter season in rural locations at the Czech-German border within two similarly sized 

villages. The study revealed a decrease of the air quality, especially in the Czech Republic in 

the afternoon and evening due to a combination of low-quality combustion processes, 

meteorological, and geomorphological conditions (Manuscript 2).  

Innovative tethered-balloon measurements of vertical temperature-humidity profiles allowed 

the detection of the inversion layer's height, which prevented the dispersion of pollutants in 

suburban location (Manuscript 3). Source-apportionment using the Positive Matrix 

Factorization (PMF) method from both aerosol elemental composition and particle number 

size distributions, delineated key pollution sources and their contribution in urban and 

suburban air quality in the Ostrava region (Manuscript 4). Additionally, the use of a high-

volume cascade impactor for the sampling into 4 particle size fractions allowed the 

monitoring of daily variability of carcinogenic polycyclic aromatic hydrocarbons (c-PAHs) 

and their toxicity, with the upper accumulation mode of the aerosol contained 44% of c-PAHs 

(Manuscript 5). Furthermore, in laboratory experiments, the toxicology effects of 

anthropogenic and biogenic secondary organic aerosol (SOA) typical for urban areas and 

remote locations were investigated, revealing a higher toxicity from anthropogenic SOA, 

typical of urban areas (Manuscript 6). 
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Abstrakt 

Kvalita ovzduší v Evropě zůstává významným problémem v oblasti životního prostředí, který 

ovlivňuje zdraví a kvalitu života obyvatel. Stacionární síť monitorování kvality venkovního 

ovzduší sice umožňuje sledovat hlavní trendy, ale vzhledem k vysoké časoprostorové 

proměnlivosti atmosférického aerosolu není plně reprezentativní pro osobní expozici občanů. 

Proto jsou zapotřebí měření s vysokým časovým a prostorovým rozlišením, která umožní 

sledovat jak dynamiku aerosolu, tak identifikovat horká místa a zdroje znečištění. To je 

nezbytný předpoklad pro úspěšná cílená opatření ke zlepšení kvality ovzduší. 

Práce se zaměřuje na charakterizaci časoprostorového rozložení atmosférického aerosolu v 

obydleném prostředí. Byly vyvinuty a použity nové systémy pro mobilní měření určené pro 

charakterizaci venkovských, městských a příměstských oblastí. Byly provedeny experimenty 

vedoucí k rozlišení zdrojů aerosolu a stanovení jeho toxikologických účinků.  

Byl vyvinut nový mobilní měřicí systém pro měření osobní expozice a mapování znečištění 

v městském a venkovském prostředí. Systém byl použit k měření kvality ovzduší v 

mnichovském metru a odhalil vysokou dynamiku aerosolů s výrazně vyššími koncentracemi 

především hrubých částic – především oxidů železa z kolejnic a otěrů kol – ve srovnání s 

okolním ovzduším (rukopis 1). Podobný mobilní systém byl použit ke změření 

časoprostorového rozložení emisí z lokálních topenišť dvou podobně velkých obcí v zimním 

období na česko-německé hranici. Snížená kvalita ovzduší byla zejména v odpoledních a 

večerních hodinách v obci v České republice v důsledku kombinace nekvalitních spalovacích 

procesů, meteorologických a geomorfologických podmínek (rukopis 2).  

Inovativní měření vertikálních teplotně-vlhkostních profilů pomocí připevněného balonu 

umožnilo v urbánním ovzduší zjistit výšku inverzní vrstvy, která limituje rozptyl 

znečišťujících látek v příměstské lokalitě (rukopis 3). Rozlišení zdrojů aerosolu pomocí 

metody PMF (Positive Matrix Factorization) z prvkového složení aerosolu a z velikostní 

distribuce počtu vymezilo klíčové zdroje znečištění a jejich podíl na kvalitě ovzduší měst a 

příměstských oblastí Ostravska (rukopis 4). Použití vysoko-objemového kaskádního 

impaktoru pro odběr vzorků do 4 velikostních frakcí částic navíc umožnilo sledovat denní 

variabilitu karcinogenních polycyklických aromatických uhlovodíků (c-PAH) a jejich 

toxicitu, přičemž horní akumulační mod aerosolu obsahoval 44 % c-PAH (rukopis 5). Dále 

byly v laboratorních experimentech zkoumány toxikologické účinky antropogenního a 

biogenního sekundárního organického aerosolu (SOA) typického pro městské oblasti a 

odlehlé lokality, přičemž byla zjištěna vyšší toxicita antropogenního SOA, typického pro 

městské oblasti (rukopis 6).  
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1. General introduction 

1.1. Background and motivation 

Air pollution is still an emerging global environmental problem. The World Health 

Organization (WHO) reports that over 90% of the world’s population lives in areas where 

recommended levels of PM2.5 (particulate matter with a diameter smaller than 2.5 µm) are 

exceeded (WHO, 2021). Therefore, air pollution is not only a problem in developing 

countries, but also in the most developed ones in Europe, where the quality of life, including 

available healthcare, quality of water and food, is of highest standards. Unlike other 

commodities, individuals have limited control over the air they breathe and often lack 

comprehensive information about its quality. Unfortunately, our perception system cannot 

detect nanoparticles containing mutagens or carcinogens and other harmful substances in the 

air. Some feedback, like coughing, typically occur only at extreme concentrations. 

Additionally, the health effects of air pollution often take years to manifest, adding a layer of 

complexity to the challenge. European Environmental Agency (EEA) estimates, that in the 

European Union, approximately 238 000 premature deaths are directly linked to exposure of 

fine particulate matter (PM2.5) and 96% of the urban citizens were exposed to levels 

exceeding WHO Air Quality Guidelines (AQG). The consequences of air pollution are wide-

ranging and severe, contribution to common respiratory diseases, chronic obstructive 

pulmonary disease (COPD), high blood pressure, ischemic heart disease, stroke and cancer 

(European Environment Agency, 2022). Especially old people, children and people with 

decreased health conditions are particularly vulnerable. Air pollution therefore has a 

significant impact on the economy, but also on ecosystems, especially vegetation, animals, 

insect and water and soil environments too. While there have been improvements in air 

quality over the past decades (European Environment Agency, 2022), not all processes and 

health effects are fully understood yet and new challenges are continuously arising. 

Furthermore, air pollution is linked to greenhouse gas emissions and processes causing 

climate change.  

However, this work focuses on pollutants that directly affect the human health and the overall 

quality of life of the population through respiratory exposure. Nevertheless, addressing air 

quality from a health perspective may also be beneficial for addressing other environmental 

issues, such as climate change mitigation, while the health argument might be easier to grasp 

and defend. 

Natural sources of air pollution, encompassing both particulate matter and gases, include 

occurrences like forest fires, biomass burning, volcanic activity, and dust storms. However, 

concerning health effects in European urban areas, anthropogenic sources of emissions play 

a pivotal role. 
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Importance of air pollution increased with the Industrial Revolution and gained major 

attention after 1952, when up to 12 000 people died during the Great Smog of London, clearly 

linked to air pollution from a coal combustion (Finlayson-Pitts and Pitts, 2000; Fowler et al., 

2020). A major milestone in the Czech Republic (formerly Czechoslovakia) was the 1970s 

and 1980s, when extreme emissions of SO2 and NOX mainly from coal burning and industrial 

sources, led to acidification that damaged forests in the north and east of Bohemia and, 

through long-range transport, even affected life in Scandinavian lakes and contributed to the 

pollution of the Northern Hemisphere. For these reasons, and with contribution from the early 

environmentalists, measures such as desulfurization of large and medium-sized combustion 

plants were taken, which significantly reduced air pollution in the Czech Republic. 

Implementation of EU directives has led to a further decline in emissions (Hůnová, 2020). 

Currently, industrial sources in Europe are monitored and controlled on the basis of 

legislation (Marco and Bo, 2013). For example, in the Czech industrial city of Mladá 

Boleslav, it has been found that under unfavorable meteorological conditions, most of the air 

pollution in the city paradoxically originate from local heating sources from surrounding 

villages (Hovorka et al., 2015; Křůmal et al., 2017). The reason is, in contrast to industry, 

domestic heating is practically not controlled and monitored and its mitigation requires a 

complex approach, including the awareness raising and education. However, there are still 

places in Europe strongly affected by the industry, especially on a local scale, such as 

Ostrava-Radvanice district in the Czech Republic adjacent to the large metallurgical 

industrial complex (Pokorná et al., 2015). Nevertheless, ambient pollutant concentrations 

result from a mixture of various sources, often both from local and distant origin. There are 

several methods to apportion sources at location-receptor, from simple analysis or 

measurements of markers of specific source to a receptor modelling, such as positive matrix 

factorization (PMF) (Hopke et al., 2020). Measurements of background ambient 

concentrations can be also very useful, also for identification of long-range transport of 

pollutants. 

Similar to industry, automotive transportation is currently subject to considerable regulations. 

New motor vehicles have to meet Euro standards, cars in use are subject to regular emissions 

checks and some variation of low emission zones are increasingly appearing in cities 

(Chamberlain et al., 2023). However, the situation is still problematic, mainly because 

emissions, especially from old diesel engines in poor technical conditions, can contain soot 

nanoparticles with adsorbed carcinogenic polycyclic aromatic hydrocarbons (PAHs) and 

other hazardous chemical compounds such as NOx (Hooftman et al., 2018). Relatively few 

high emitters can affect the air quality significantly (Vojtisek-Lom et al., 2020).  

With increasing electromobility and alternative fuel cars, non-exhaust emissions, mainly 

abrasion of tires, brakes and other surfaces, become more significant. Brake wear accounts 

for about 55% of non-exhaust emissions and form up to 21% of traffic-related PM10 



 

11 

 

emissions (Grigoratos and Martini, 2015). The estimated PM10 emission factor from tires is 

6.3 mg.km-1 and from brakes 6.7 mg.km-1 per vehicle (Grigoratos and Martini, 2015). Tires 

are considered as one of the largest sources of microplastics in the environment (Järlskog et 

al., 2022) and brakes are significant source of heavy metals, such as Fe, Cu, Zn, Sb and Ba 

(Grigoratos and Martini, 2015). Non-exhaust emissions can be generated even by railway 

traffic, including trams and subway systems, due to abrasion of rails, wheels, catenaries and 

brake pads. In closed poorly ventilated environments such as subway tunnels, concentrations 

of metal-containing particles can increase to high levels (Xu and Hao, 2017). 

In terms of personal exposure to harmful PM in the ambient air, meteorological dispersion 

conditions and proximity to the source are important factors affecting the overall 

concentrations. Since studies have shown large spatio-temporal differences in ambient 

pollutant concentrations at the urban microscale (Wu and Boor, 2021), scarcely positioned 

state air quality monitoring stations may produce data relevant for only part of the urban 

population. Further misinterpretation by public and even air quality models based on this data 

could underestimate local sources, such as domestic heating. Therefore, a useful way to get 

information on actual personal exposure of citizens is through mobile personal 

measurements, which are now increasingly possible in both outdoor and indoor environments 

thanks to advances in aerosol instrumentation and analytical techniques in past decades 

(Ensor, 2011). 

In summary, stationary air quality measurements play a crucial role, especially for identifying 

long-term and large-scale trends, offering advanced and detailed measurements with 

extensive instrumentation, and serving as a reference. However, there is a recognized need 

for new approaches to identify pollution sources and hot-spots effectively. These new 

approaches can lead to effective measures to mitigate the personal exposure of citizens on 

daily basis, thereby ensuring compliant air quality for all. 

Within this context, the present thesis focuses on the investigation of novel approaches to 

explore the spatio-temporal variability of aerosols in inhabited environments. Subsequent 

chapters offer a fundamental introduction to the topics, measurement parameters and 

techniques discussed in the papers of this study. For more in-depth explanations, readers are 

encouraged in the cited literature. 

 

1.2. Atmospheric aerosol and its basic physical properties 

Atmospheric aerosol is defined as a suspension of solid/liquid particles in the air and is 

ubiquitous component of the Earth's atmosphere (Hinds et al., 2022). It is of great importance 

for the existence of the water cycle, since aerosol particles form cloud condensation nuclei 

(CCN) and play also a significant role in the Earth's temperature balance and visibility 

(Finlayson-Pitts and Pitts, 2000; Seinfeld and Pandis, 2016). As highlighted in Section 1.1., 

aerosols can be also highly health relevant, since they can act as a carrier of harmful 



 

12 

 

compounds (Section 1.3.). They can also negatively affect plants, buildings and various 

ecosystems (Hinds et al., 2022). 

Aerosols, with a particle diameter ranging from ~ 1 nm to 100 µm, include subsets such as 

dust (micrometer size range of particles); smoke (sub-micrometer range); smog; fume; haze; 

spray and other subclasses, which are determined mostly according to particle forms and its 

generation. Particles with biological origin, bioaerosol, include viruses (10–200 nm), 

bacteria (200 nm – 20 µm), spores (around 1–50 µm), pollen (20-100 µm) and other 

biological material (Hinds et al., 2022).  

The basic differentiation is into primary and secondary aerosol, where primary aerosols 

are directly emitted and secondary aerosols are formed in the atmosphere through chemical 

and photochemical reactions. Secondary aerosol can be distinguished between secondary 

organic aerosol (SOA) and secondary inorganic aerosol (SIA) (Colbeck, 2008). 

Since aerosol particles have various shapes and densities (e. g. long asbestos fibers, dense 

iron oxide particles, hollow pollen particles, carbon spheres) and can even form clusters, 

which behave in the air like a single particle, it is necessary to determine the equivalent 

particle diameter for correct descriptions and quantifications of aerosol particles and their 

size classes. For example, one of the most important aerodynamic particle diameter, da , is 

diameter of the sphere with a density of 1 g.cm-3 that settles in still air at the same velocity 

as the particle (Hinds et al., 2022). For particles larger than 1 µm applies following equation: 

 

𝑑𝑎 = 𝑑𝑝𝜒√
𝜌𝑝

𝜌0
       (1) 

 

where da is the particle aerodynamic diameter, dp or ρp is it’s physical geometric diameter or 

the density and ρ0 is the standard particle density (1 g.cm-3) and (Hinds et al., 2022) and χ is 

a dynamic shape factor (Wang et al., 2022). 

Aerodynamic diameter may be noticeably different from the geometric diameter in case 

of irregular shape (Finlayson-Pitts and Pitts, 2000) and different densities. The usual particle 

density in urban environments is on average around 1.5 g.cm-3 but for example, iron oxide 

particles have effective density 5.2 g.cm-3 (Hinds et al., 2022). Aerodynamic diameter is 

relevant in terms of aerosol penetration into lungs and to most of the atmospheric processes. 

Another equivalent diameter is for example electrical mobility diameter (dm), which is 

based on the behavior of charged aerosol particles in the electric field. Several common 

aerosol measurement techniques are using this phenomenon and therefore the different 

equivalent diameters have to be taken into account when interpreting the data (Baron et al., 

2011). 

Due to a 5 order of magnitude difference in size between the smallest (1 nm) and largest (100 

µm) aerosol particles, the physical behavior of particles in the air cannot be described 
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universally. The smallest particles, with size close to the average molecule in the air (0.37 

nm), are moving by Brownian motion (diffusion), while the relatively large particles are 

moving and settling by Stokes’s and Newton’s laws (Hinds et al., 2022).  

To illustrate importance of the da, in case of aerosol particle sedimentation in still air, particle 

of da = 10 µm settles a height 1 m about  6.1 minutes, while 1 µm particle 7.5 hours and 100 

nm particle for 304 hours (Hinds et al., 2022). However, due to turbulences and airflows in 

the atmosphere and indoor environments, the real sedimentation can take even longer time. 

On the other hand, particles can be removed in relatively short time by various processes 

mentioned in the Section 1.3. 

The difference between the physical behavior of micrometer- and nanometer-range particles 

can be also illustrated with the filtration theory. There are numerous types of filters, from 

quartz fiber filters (QFF) consisting of quartz microfibers with a certain thickness to 

polycarbonate (PC) filters, which are composed of a thin membrane with precisely defined 

holes, for example 2 µm in diameter. In this case, it might be intuitive to conclude that 

particles larger than 2 µm are captured while the smaller particles pass through, however, the 

second part of this hypothesis is not exactly correct. If we would simplify air filtration to a 

basic physical process, it is a stream of air that bypasses an obstacle, for example an edge of 

the hole or a single fiber of the filter. Large particles > 0.5 µm can be collected on filter by 

gravitational forces, while other particles tend to follow the air streamline around the 

obstacle. However, some of them are captured due to their shape within the particle radius of 

a fiber, which is called interception, other cannot follow the streamline due to their mass 

and resulting inertia and impact the fiber - impaction, and only certain fewer heavy particles 

can go through the filter. However, the smallest particles <100 nm (ultrafine particles, UFP) 

are constantly moving in all directions by Brownian motion, so even though they're several 

orders of magnitude smaller than the diameter of the fiber or a hole, they are effectively 

collected on the fiber as well by the diffusion mechanism. Another mechanism for collecting 

especially small particles are by electrical or electro-statical forces  (Dilamian et al., 2021). 

A typical minimum for particle collection efficiency of filtration is at around da = 300 nm, 

meaning particles of these sizes are collected the least effectively. It is referred as the most 

penetrating particle size (MPPS). Filtration efficiency is influenced by a flow velocity, 

diameter of fiber and other factors (Bai et al., 2021). 

In the human respiratory tract (RT), inertial impaction, settling and Brownian diffusions 

are the most important processes of aerosol particle deposition and besides physio-chemical 

properties of particles, physiology of the person plays an important role (Colbeck and 

Lazaridis, 2014). RT is divided into three main regions: extrathoracic, tracheobronchial and 

alveolar (Sierra-Vargas and Teran, 2012). Figure 1 shows which sizes of particles are 

typically collected in which regions. Similar to the case of particle capture by a fiber filter, 
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the most penetrating particle size (MPPS) in the human respiratory system is in the region of 

about 0.3 – 0.5 µm (Hinds et al., 2022). 

 

 

Figure 1: Deposition of particles in the human respiratory tract. Adapted from Sierra-

Vargas and Teran (2012). 

 

Respirability, different physical behavior, composition and sources are one of the reasons, 

why we generally distinguish between coarse particles larger than 2.5 µm and fine particles 

smaller than 2.5 µm, alternatively 2 µm according to Whitby (Baron et al., 2011). Ultra-fine 

particles (UFP) are a subdivision and cover particles smaller than 100 nm. The commonly 

used term Particulate Matter (PM) represents solid or liquid particles and abbreviations 

PM10, PM2.5, PM1, are often used for expressing PM lower than 10, 2.5 and 1 µm in 

aerodynamic diameter, respectively (Baron et al., 2011). Historically, mainly 24-hour mass 

concentrations of PM10 were quantified using samplers and gravimetry (Colbeck, 2008), but 

PM1 and PM2.5 are nowadays more important metrics, because of the ability of particles in 

these fractions to penetrate in the tracheobronchial and alveolar region of lungs. The 

differences in mass between PM10 and PM2.5 or even PM1 can be very significant, given that 

the larger diameter particles form the most of the total aerosol mass (Baron et al., 2011), 

which is explained in the following chapter. 
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1.3. Aerosol size distribution and its health effects implications 

Atmospheric aerosol is usually formed by a large number of particles. There can be 100 to 

10 million particles with a diameter ranging from 1 nm up to 100 µm in one cubic centimeter 

of ambient air. The distribution of particles at a given time and a given location changes 

dynamically depending on many factors. It is therefore useful to measure in time the particle 

size distributions (PSD) (Baron et al., 2011; Hinds et al., 2022). The most commonly used 

are particle number, mass and volume size distribution (Manuscript 4). The PSD of the 

surface is also relevant for health effects because harmful chemical compounds can be 

bonded to the surface of the particles. 

 

 

Figure 2: Comparison between particle number and volume size distribution with 

highlighted modes, adapted from Colbeck and Lazaridis (2014). 

 

Figure 2 illustrates the difference between particle number (up) and volume (down) size 

distribution of the same set of particles. Generally, the smallest particles in nanometer range 

naturally account for most of the particle number, while having a negligible volume and mass, 

and the largest particles in micrometer range are usually responsible for most of the volume 

and mass but do not have high number. Consequently, the size distributions of aerosol are 

essential information for the study of urban or rural air quality, identification of sources and 

its impact on health. 
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Atmospheric aerosol shows in the size-distribution modal structures with distinct peaks in 

certain size ranges, that have physical-chemical basis and are the result of sources and sinks. 

The main modes in urban air are the nuclei (nucleation) mode (0.005-0.1 µm) and the 

accumulation mode (0.1-2 µm), commonly named as fine aerosol particles, and the coarse 

particle mode (>2 µm) (Baron et al., 2011). Sometimes the Aitken mode (0.01-0.1 µm) 

(Colbeck and Lazaridis, 2014) and the inter-modal fraction (1-2.5 µm) (Kozáková et al., 

2017) are also distinguished. The particles of the nuclei mode are formed by condensation 

of super-saturated gases in the troposphere or emitted directly by combustion. Their residence 

time in the troposphere ranges from seconds to tens of minutes due to their high reactivity 

(Baron et al., 2011). The Aitken mode includes primary particles emitted by combustion 

processes, such as soot particles, but can also contain condensed particles of nuclei mode. 

Accumulation mode is mainly formed by gas-to-particle conversion and from coagulation 

of smaller particles, which can also condense on particles from this mode. Accumulation 

mode contains most of the fine particle mass and the residence time is from days to weeks 

(Baron et al., 2011). Coarse particles are usually originated from mechanical processes, such 

as dust particles from agriculture, mining, sea spray, or from for example biomass burning 

emissions. Due to gravitational sedimentation, coarse particle residence time range in the 

troposphere usually from hours to two days. Important removal process of atmospheric 

aerosols is by the rain and other wet and dry deposition (Baron et al., 2011; Colbeck and 

Lazaridis, 2014; Hinds et al., 2022).  

Especially for the urban aerosol are typical anthropogenic sources and concentrations from 

tens of µg.m-3 up to mg.m-3 in heavily polluted cities and during smog situations. The 

horizontal spatial distribution is mainly determined by sources and atmospheric conditions. 

The size distribution of urban aerosol is complex due to the various size distribution of 

sources which are mixed. Moreover, the atmospheric processes described above, such as 

particle growth, evaporation and removal are affecting the size distribution. It is typically tri-

modal with nuclei, accumulation and coarse mode (Hinds et al., 2022). Since distribution 

from each source are overlapping, it is normally not possible to distinguish the sources based 

on the overall ambient particle size distribution. Aerosols and PM2.5 are distributed unevenly 

in both urban and rural environments, and also within Europe (Trechera et al., 2023; Yu et 

al., 2023). Locally, the highest concentrations are usually near the sources and hot-spots. 

1.4. Atmospheric aerosol chemical composition 

Generally, chemical composition of particles is very diverse and complex, with both organic 

and inorganic compounds. The composition is depending mainly on the sources and 

atmospheric conditions, so it is often linked with location and the particle physical 

characteristics, such as particle size distribution. Dominant chemical compounds of PM are 
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sulfates, nitrates, ammonium (secondary inorganic compounds generated mostly by 

oxidation in the atmosphere), mineral dust (aluminosilicates and carbonates), sea salt, 

organic and elemental carbon (Colbeck, 2008).  

Individual particles composition can be uniform within the population of particles and then 

it’s referred as internally mixed aerosol (all particles contain the same species in the same 

mass fractions), or it may vary within an ensemble of particles and then it’s called externally 

mixed aerosol (each particle contains specific species). Aerosol mixing state therefore refers 

to the distribution of properties across the population of particles. However, aerosol mixing 

state is in reality in between of these two extremes and is evolving over time. For example, 

addition of new particles to the population might shift the mixing state towards “externally 

mixed”, while aerosol aging process or addition of dominating particle type might shift the 

population of particles towards “internally mixed” state and make the population more 

homogenous. Therefore, it is important to distinguish between populations of particles and 

single-particles due to high diversities of particles and their distribution within the population 

(Riemer et al., 2019). 

Coarse particles >2.5 µm formed mainly by mechanical processes often contain naturally 

occurring earth elements, minerals, soil, sea salt and elements such as Ca, Fe, Si, Al, Mg, Na, 

K (Colbeck, 2008). Due to adsorption processes they can act as a carrier of other compounds, 

including toxic PAHs. Fine particles <2.5 µm contain typically carbonaceous particles, 

sulfates, ammonium and nitrate ions and other compounds including trace elements and toxic 

compounds, such as PAHs (Colbeck, 2008; Lv et al., 2016).  

Carbonaceous aerosols are divided between organic carbon (OC), a mixture of thousands 

of organic compounds, and elemental carbon (EC). EC contains pure carbon in the form of 

chain aggregates of soot globules and is formed during the high-temperature combustion 

processes, such as incomplete burning of fossil fuels. On the other hand, primary source of 

OC are often fossil fuel and biomass burning, industrial, automotive and other sources. OC 

can be also produced from atmospheric oxidation of volatile organic compounds (VOC). 

VOC in the troposphere can originate from biogenic processes, such as α-pinene, β-pinene, 

isoprene, formic acids and others, or from anthropogenic sources, such as benzene, 

naphthalene and other volatile aromatics, and alkanes (Finlayson-Pitts and Pitts, 2000; 

Rissanen, 2021). 

OC typically consists of carbon, hydrogen, oxygen, nitrogen and other elements. OC and EC 

measurements are often used for characterization and identification of sources (Colbeck, 

2008). Sometimes, non-methane hydrocarbons (NMHC) are monitored as compounds 

possibly contributing to the smog formation (Finlayson-Pitts and Pitts, 2000). 

Black carbon (BC) then represents carbonaceous particles strongly absorbing the visible 

light and therefore contribute to the warming of the atmosphere and is often used as a 

synonym to EC (Rönkkö et al., 2023). BC is formed by EC but can contain also OC with 
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similar light absorbing properties. Brown carbon (BrC) is absorbing light at shorter 

wavelengths of the visible spectrum and is mainly formed by organic compounds and from 

photochemical reactions of VOCs. VOCs, such as alkanes, alkenes, alkynes, aromatics, 

carbonyls, react with oxidizing agents in the atmosphere, such as O3, OH and NO3 radicals 

and form SOA. Precursors of SOA with low vapor pressure can be both anthropogenic and 

biogenic origins (Colbeck, 2008; Fan et al., 2022; Koppmann, 2007). 

Generally, there is a large variety of organic compounds in aerosol particles, significantly 

contributing to their mass, as primary components or mainly through low-vapor pressure 

condensates. Besides above-mentioned carbonaceous particles and SOA and VOC, other 

organic compounds can be present such as macromolecules “humic-like substances” 

(HULIS) (Colbeck, 2008; Schneider et al., 2023). Some analyzed organic compounds can be 

used also as molecular markers for identification of pollution sources, or using specific 

diagnostic ratios (Mikuška et al., 2015). 

The most health relevant organic compounds in the urban and suburban airshed are 

Polycyclic aromatic hydrocarbons (PAHs). PAHs are composed of multiple aromatic rings 

and are most commonly formed as products of incomplete combustion and pyrolysis. PAHs 

can be found both in gas and particle phase. Generally, PAHs with 2-3 rings have low vapor 

pressures are dominantly in the gas phase, while 4-ring PAHs are both in gas and particle, 

depending on the vapor pressure of the compound and the atmospheric temperature. They 

can be condensed on the aerosol particles of various fractions (Dat and Chang, 2017; 

Finlayson-Pitts and Pitts, 2000; Kim et al., 2013). Their health effects are discussed in Section 

2.7. Common methods used in this work for organic compounds characterization are 

described in Section 2.3.1. 

Minerals, trace elements and metals are also important components of aerosol from 

environmental and sometimes also health perspective (Section 2.7.). Their monitoring can be 

used as a tracer of their specific sources. For example, for coal burning are typical elemental 

constituents As, Se, and specific ratios Mn to Fe and Fe to Mg. Fine particulate emissions 

from refineries and oil power plants typically contain specific relative concentrations of earth 

elements. Source apportionment models, such as Positive Matrix Factorization (PMF, Section 

2.4.) are often using elements to identify the pollution sources (Finlayson-Pitts and Pitts, 

2000; Hopke et al., 2020). Health effects of selected elements and heavy metals are described 

in Section 2.7. Methods used in this work for inorganic compounds characterization are 

described in Section 2.3.2. 

Water is often also contained in particles. The water soluble compounds can absorb 

atmospheric water and turn from solid particles to liquid droplets (Colbeck, 2008). 

Almost ubiquitous bioaerosols include pollen, fungal spores, bacteria, viruses and other 

material of both plant and animal origin (Xie et al., 2021). 
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1.5. Aerosol sources and their composition in urban and rural areas 

The sources and composition of aerosol in urban and rural areas can vary significantly, 

however, some typical sources and patterns can be observed. 

Urban areas often contain higher levels of combustion related particles (OC, EC) and SOA, 

such as nitrate, sulfate, ammonium. The combustion sources are typically transportation, 

industrial processes, domestic heating and other ambient sources such as cooking 

emissions, cigarette smoke etc. Coarse particles can be originated for example from dust 

storms (e.g., Saharan dust), resuspension of the street dust. From traffic are typical soot 

particles with adsorbed organic compounds such as PAHs, but also non-exhaust emissions 

(NEE) are significantly emitted, mainly from brake and tire wear and from road surfaces 

(Fussell et al., 2022; Grigoratos and Martini, 2015). NEE emissions also occur in rail 

transport and can reach high concentrations, especially in enclosed, poorly ventilated areas 

such as subway tunnels (Cusack et al., 2015; Martins et al., 2015). A significant problem, 

particularly in port cities, is emissions from ships, which are currently subject to only 

relatively light regulation and can be a significant contributor to pollutants and health hazards 

such as PAHs and other products of oil combustion (Anders et al., 2023; Jeong et al., 2023; 

Schneider et al., 2023). Other sources may also be present, such as airports with jet-engine 

emissions (Rohkamp et al., 2023). The composition of the aerosol depends on the location 

and the representation of typical sources varies and cannot be completely generalized. 

Photochemistry plays also an important role and vary in time and among specific locations 

(Sadanaga et al., 2003), as well as long-range transport (Martins et al., 2018). 

Rural areas normally do not contain such a large variety of local sources as urban areas, 

however, for example typical domestic heating, biomass burning, traffic and other local 

sources can contribute on high pollution levels. Particularly in the winter months, during 

temperature inversions, PM concentrations can increase significantly above those in 

developed cities with central heating and gasification. In the coarse particle mode, there may 

be resuspended dust from agriculture, for example from fields, which may contain pesticides 

(M Figueiredo et al., 2022). There may be a higher incidence of bioaerosols in areas close to 

natural environment such as forests, grasslands and there can be an influence of agricultural 

emissions. Rural environment can be dominated by a long-range transport and the new 

particle formation (nucleation) can be observed (Hock et al., 2008). Nucleation occurs 

usually in a relatively clean air during sunny days and when the precursors (sulfur dioxide) 

are available (Jorga et al., 2023). 

In 2022 in the EU, the highest concentration of PM2.5 were detected in Po Valley (northern 

Italy), where is a combination of high levels of anthropogenic emissions with unfavorable 

morphological and meteorological conditions, and in eastern and central Europe, mainly due 

to solid fuel combustion and older vehicle fleet. Due to energy crisis and higher gas prices in 

2023, higher consumption of wood and coal as a fuel is expected. Traditionally high PM10 
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and PM2.5 concentration are reported from central-eastern Europe, mainly from solid fuels 

combustions for domestic heating, industrial activities, agriculture and road transport. 

(European Environment Agency, 2023). Typical example is Ostrava region in the Czech 

Republic, which is the European hot-spot for PM2.5 and benzo[a]pyrene (Sram et al., 2013b). 

A common issue for all populated areas is the indoor air quality, where people often spend 

most of their time during the day. The largest problem in houses and buildings is emissions 

from smoking and other combustion processes, including emissions from cooking and 

candles. In addition, the exchange between the outdoor and indoor environment, which can 

introduce emissions from the outside, is significant (Morawska et al., 2013; Talbot et al., 

2016). On the other hand, controlled air exchange is desirable because, for example, furniture 

can release significant amounts of VOCs, including harmful formaldehyde (Morawska and 

Salthammer, 2003). 

2. Aerosol measurements and analytical techniques 

The classic method for determining PM mass concentration, and estimating the air quality, 

is filter sampling followed by gravimetric analysis to calculate the average aerosol mass 

concentration in the air over the sampling period (US EPA, 2016). As the analysis must be 

performed retrospectively, it can be referred to as offline analysis. The need for sufficient 

aerosol mass on the filter for the subsequent filter weighing is the main limiting factor in 

capturing intra-day and spatio-temporal dynamics. From this reason, cumulative samples of 

24 or 12 hours are commonly used. The similar limitation applies to sampling for chemical 

analysis, where shorter times are possible depending on the analytical technique. Another 

limitation is that the sample is usually taken from a single aerosol size fraction, commonly 

PM10, PM2.5 or PM1, so information on the size of the particles to which the hazardous 

substances are bonded may be lacking. This could have a major impact on health risks 

(Section 1.2.) and the interpretations would be limited for standalone sampling. It is therefore 

advantageous to complement off-line cumulative sampling with on-line measurements of 

aerosol size distributions and other variables with high temporal resolution that can reveal 

sources, physicochemical processes, personal exposures and contribute to a better 

understanding of aerosol behavior in the atmosphere. On-line measurements provide 

instantaneous data and nowadays, fully automated monitoring stations are available. In all 

cases of aerosol measurements, care must be taken to ensure proper methodology, e. g. 

avoidance of aerosol losses in the duct, avoidance of losses of volatile compounds, and 

minimization of sampling artefacts, such as by appropriate drying of moisture droplets. The 

instrumentation and methods for air quality measurements and analysis have made 

substantial advancements in recent decades. However, the utilization of different techniques 

is frequently constrained by the financial, material, and manpower requirements associated 
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with specific instruments, measurements, and analyses. Subsequent chapters will provide 

background information on the methods encountered in this thesis. 

2.1. On-line measurements 

On-line measurements are performed in real time, or near-real time, providing typical outputs 

such as the concentration of PM or other monitored parameters (Baron et al., 2011). The 

choice of the appropriate instrumentation and measurement strategy is crucial for the correct 

interpretation of the measured data. It is often possible to select the integration time of the 

measurement, i.e., the period over which the data are averaged. For mobile measurements, it 

is essential that the time is short enough to match the time frequency of the process or 

movement. For instance, one-second data (1 Hz acquisition) is required for cycling, 5-

seconds may be sufficient for walking, while one- or several minute data acquisition may be 

sufficient for stationary measurements. In this case is often advantageous to choose a longer 

integration time to remove unwanted noise and make the main trend visible. This can also be 

achieved by post-processing the data, for example by averaging using central moving average 

or other statistical methods (Liu et al., 2021). 

2.1.1. Optical particle sizers 

For on-line measurement of PM with high temporal resolution, optical particle sizers (OPS) 

are most commonly used. OPS exploit the scattering of light on the aerosol particles, which 

is proportional to the particle size (Hinds et al., 2022). Based on this principle, particles are 

assigned to size classes (bins), the range of which can be predefined. However, most 

spectrometers measure particles from about 300 nm in diameter due to limitations of visible 

light scattering (Baron et al., 2011). 

The number size distribution of the aerosol can then be plotted from the observed time period. 

Particles are classified according to their optical diameter, regardless of their shape, which 

can lead to inaccuracies, especially for certain aerosol types. It is often desirable to calculate 

the aerosol mass distribution based on the raw counts and average effective particle density. 

An average density of 1 or 1.5 g.cm-3 is usually used as the most typical for urban ambient 

air, but the best results are obtained by correcting the data using gravimetric analysis from a 

back-up filter. For simultaneous measurements with multiple spectrometers, collocation of 

the instruments is required, where the instruments measure the same aerosol over a certain 

period of time and concentrations and the data are mutually corrected using a regression 

equation to make them comparable. 

In the Manuscript 1, OPS 3330 (TSI, USA) was used for both stationary and mobile 

measurements. The theory of operation of OPS 3330 is following: aerosol entering through 

the inlet nozzle is mixed with a laminar stream of particle-free air (sheath air) to properly 
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direct the particles into the measuring cell and avoid the coincidence of multiple particles at 

the same time during laser measurements. A laser diode is used as a light source, and the 

scattered light from the particles is directed through a mirror onto the photodetector which 

detects the signal. The filter cartridge downstream the detector can be used for gravimetric 

correction. This can be done by simply comparing the concentration of the measured OPS 

and gravimetric analysis. However, since the OPS has a relatively low flow rate of 1 lpm, it 

is often preferable to use an external sampler with a higher flow rate for gravimetric 

correction. Since the instrument also measures coarse particles, which is susceptible to losses 

in the pipeline, it is advisable to keep the distance between the inlet and the instrument as 

short as possible, ideally without any bends, and to position the inlet vertically for low 

velocity measurements. For flight measurements with a horizontal inlet, the OPS 3330 can 

then be placed in the vertical position as the optical detection is independent of the instrument 

orientation. The instrument is also not significantly susceptible to vibration. At high humidity 

it is necessary to dry the aerosol or use a heated inlet and insulation of the instrument to 

prevent condensation in the device. An advanced dust monitor DustTrak DRX 8533 (TSI, 

USA; Manuscript 2) works on a similar principle to the OPS 3330, but is tailored for higher 

concentrations of dust particles, which it measures in three size fractions PM1, PM2.5, PM10 

only. 

For long-term outdoor measurements, the Fidas 200s (Palas, Germany), identical to the 

APDA-372 (Horiba, Japan; Manuscript 1), is a suitable type of OPS system. It includes a 

conditioned environmental enclosure, heated inlet with the Sigma-2 sampling head, external 

temperature and humidity sensors, and the ability to calibrate on site using the test dust. The 

system is also EN 15267 certified. 

2.1.2. Ultrafine particle counters and sizers 

For particles of da<300 nm, the intensity of scattered light declines with 4 of wavelength 

(Baron et al., 2011). But controlled particle condensational growth to supermicron size 

overcomes such a difficulty. This principle is used by condensation particle counters 

(CPC). In an UCPC 3076 (TSI, USA), aerosol particles are injected into a sheath flow 

saturated with butanol vapor at 39 °C, then they enter a 10 °C condenser, where they enlarge 

their size to about da=10 m in diameter by butanol condensation and are easily detected by 

a laser. The CPC can therefore only determine the total particle number concentration 

(PNC) of the aerosol for specific size range. An example of a commercial CPC suitable for 

mobile measurements is the P-Trak 8525 (TSI, USA; Manuscript 2) or the CPC 3007 (TSI). 

However, as there is a risk of butanol flooding the optics if the instrument is tilted, it is 

important to secure the system against tilting and excessive vibrations. 

In order to obtain the particle size distribution, it is necessary to first separate particles by 

size and count only the particles of the same size (monodisperse aerosol) in a narrow range 
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and at the shortest possible time. The Differential Mobility Analyzer (DMA) works on the 

principle that a polydisperse aerosol enters an electric field through which only monodisperse 

aerosol passes to the exit. Prior to a DMA the aerosol passes through charge neutralizers 

based on weak radioactive or X-ray sources to equilibrize particle charge. The entire system 

including DMA and CPC is called the Scanning Mobility Particle Sizer (SMPS). Size 

distribution spectra are measured by increasing the voltage in the DMA from units to tens of 

thousands of volts (up-scan), so that one full spectrum takes up to several minutes, and then 

a scan in the reverse direction can be measured without a time delay (down-scan). The use 

of SMPS is problematic when atmospheric processes to be measured are faster than the scan 

time. Therefore, traditional SMPS are not entirely suitable for mobile measurements and a 

partial solution may be to limit the size range and therefore the time, or to use a DMA with 

a fixed setting to monitor only the mode of interest. It should also be noted that the DMA 

classifies particles according to the mobility diameter of particles and not the aerodynamic 

diameter. In this work, SMPS consisting of 3082 DMA and 3750 CPC (TSI, USA) and SMPS 

3936 (TSI, USA) were used (Manuscript 4, 5). 

Diffusion size classifiers provide size-segregation on a different principle. One of the 

commercial handheld instruments suitable for mobile measurements is the DISCmini (Testo, 

Germany, Manuscript 1). The aerosol enters the device, where it mixes with the positive 

ions generated in the corona discharge. The charged particles are then first detected on a 

metal grid, where the smallest nanoparticles are captured by diffusion, and they are detected 

as an electric current. The remaining particles pass through the grid to the filter stage, where 

they are also detected as an electric current. The ratio between these two fractions is then 

estimated by the size mode in nanometers according to the calibration. From the sum of the 

two currents, the instrument calculates the concentration of the aerosol in the 10-700 nm 

fraction. The upper limit is given by the impactor, which does not allow larger particles to 

enter and contaminate the instrument. Larger particles are almost negligible in terms of 

particle number. The instrument can measure total PNC with a time resolution of up to 1 

second (DISCmini, Testo, Instruction manual v1.12). Compared to the CPC/P-Trak, the 

DISCmini can quantify the lung-deposited surface area (LDSA), a relatively new metric 

that combines alveolar particle deposition efficiency with particle surface area and thus 

proves to be highly relevant for epidemiology (Lepistö et al., 2023; Salo et al., 2021). 

The Electrical Low-Pressure Impactor (ELPI; Dekati, Finland; Manuscript 6) also works 

on the principle of particle electric charge detection, but is capable of measuring real-time 

aerosol size distributions in the range of 0.03-10 µm. It is a 12-stage impactor (Section 2.2.1.) 

with a high-sensitivity detector on each impaction plate, electrically isolated from each other 

(Marjamäki et al., 2000). 

Nowadays, sub-10 nm aerosol particles are still challenging to measure reliably 

(Kangasluoma et al., 2020). 
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2.1.3. Aethalometers 

Aethalometers are semi-continuous instruments that can measure usually both Black Carbon 

(BC) and Brown Carbon (BrC). The measurement principle involves collecting aerosol on 

a white tape for the measurement time, the shortest possible time being usually 10 seconds, 

and then a laser beam of different wavelengths is passed through the spot and its attenuation 

is measured. The tape is then moved and the measurement is repeated. In the case of the 

portable micro-aethalometer MA200 (AethLabs, USA; Manuscript 1, 2), five wavelengths 

are used: 880 nm, 625 nm, 528 nm, 470 nm, 375 nm, where 880 nm corresponds to the BC 

concentration and 375 nm to the ultra-violet absorbing PM (UVPM), which corresponds to 

brown carbon (BrC; Operating Manual, MA200, Aethlabs). For stationary measurements, 

benchtop aethalometers are available, such as the AE33 (Magee Scientific, Slovenia; 

Manuscript 6), which even measures at 7 wavelengths. In order to differentiate between BC 

measured by different methods, which can lead to discrepancies and misinterpretations, 

Petzold et al. proposed to use the term equivalent BC (eBC) for optically measured BC 

(Petzold et al., 2013). 

2.1.4. Other on-line instrumentation 

A number of commercial and experimental instruments are available for on-line 

characterization of aerosol physical properties and individual variables, and it is necessary to 

carefully evaluate which technique is appropriate for each application, as many devices have 

their specific limitations and advantages. In this work, in addition to the instruments 

mentioned above, the following were used: Aerosol Particle Sizer (APS 3321, TSI, USA; 

Manuscript 4), which measures the aerosol size distribution using a time-of-flight method in 

the range of 0.542 – 20µm) (Vincent, 2007); semi-continuous OC/EC analyzer (Sunset 

Laboratories, USA; Manuscript 4); tapered element oscillating microbalance (TEOM, 

1400a, Rupprecht Pataschnik, USA; Manuscript 6), which analyses the aerosol mass online 

based on the oscillation of the captured aerosol on the pendulum, and others (Vincent, 2007). 

An important part of the ambient air monitoring stations are on-line gas analyzers (in our 

case from the manufacturer Horiba, Japan), which are not emphasized in this work. In 

Manuscript 6, we used ozone monitor in emission concentration range APOA 350 E 

(Horiba, Japan), while during stationary measurements (Manuscripts 3, 4, 5), we used 

monitors designed for the ambient air for NOx, O3, CO, SO2, non-methane hydrocarbons 

(NMHC) and CH4 (APNA-360, APOA-360, APCA-360, APSA-360, APHA-360; Horiba, 

Japan) with integration time of 5 min.  In addition, meteorological data, especially 

temperature, humidity, pressure, solar radiation, wind speed and direction, and precipitation, 

are usually required for all ambient air measurements. This can be achieved using portable 

stations, such as Vantage 2 Pro (Davis, USA; Manuscript 1) or WMR 300 (Oregon 
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Scientific, USA; Manuscript 2). In Manuscript 3, it was necessary to use temperature and 

humidity sensors with extremely fast response times (Vaisala, Finland), which are usually 

used in weather balloons, but in our case, they were custom adapted to log the data for re-

use. 

Almost all on-line analyzers require regular leak checks with HEPA filters and flow 

calibrations, for example with a mass flow meter (4043 H, TSI, USA; Manuscript 1, 6). 

There are also many instruments that do not measure aerosols but are necessary for desired 

experiments in conjunction with other instruments, such as GPS units, data-loggers, 

computers, multimeters, etc. Some of the analytical instruments from the Section 2.3. can be 

used also on-line or semi-online. 

2.2. Off-line measurements 

Off-line measurement refers to the collection of aerosols on a filter followed by laboratory 

analysis. A simple sampling device consists of a filter holder and pump controlled by a mass 

flow controller or a critical orifice. To determine the concentration of the monitored 

substance or aerosol mass, it is necessary to know the exact flow rate and time of sampling, 

from which the volume of air sampled is simply calculated. In ambient air quality 

measurements, this volume is most often given in terms of actual values for a given ambient 

air temperature and pressure. However, sampling recommendations for individual pollutants 

may vary according to ISO standards. For emissions sampling, the volume of air sampled is 

most often converted to a normal volume according to duct temperature and pressure. 

Another important factor is the choice of a suitable filter material or substrate on which to 

collect the aerosol. It is important that all particles within the observed size range are 

collected quantitatively. In most cases, filters with a particle collection efficiency close to 

100% are used (Baron et al., 2011). The choice of suitable filter material and its laboratory 

preparation is mainly determined by the method of chemical or gravimetric analysis. To 

ensure the quality of the sample collected, it is necessary to consider potential contamination, 

loss of volatiles, sampling artefacts, and sample preparation. 

2.2.1. Stationary samplers 

Before the actual aerosol collection, the particles are usually pre-separated into PM10, PM2.5, 

PM1 or other size fractions. This is done using impactors or cyclones. In the case of impactors, 

an air stream bypasses the impaction plate and particles larger than the cut-off size are trapped 

on the plate by impaction (Section 1.2.), while the remaining particles continue on the filter. 

In the case of a cyclone, the air creates a vortex and the larger particles are collected by 

centrifugal action according to the calibrated cut-off. The impactors and cyclones must be 

selected according to the flow rate, which must remain constant, so the potential pressure 
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drop due to the aerosol loading on the filter must be compensated. For this reason, the pumps 

must be regulated and capable of handling the increased under-pressure. Tubing must be of 

conductive materials and ideally vertical and as short as possible to prevent aerosol loss in 

the duct (Baron et al., 2011; Hinds et al., 2022) and the inlet should be omni-directional to 

not discriminate between wind directions. The standard stationary low-volume sampler with 

selectable sampling head as a pre-impactor is the SEQ-47/50 or LVS-3 (Leckel, Germany, 

Manuscript 4) with a flow rate of 2.3 m3.h-1, which contains a 47 mm filter-holder that 

automatically changes filters according to the selected protocol (Leckel SEQ-47/50, 

Operation Manual). Similarly, the Digitel DHA-80 high-volume sampler (Manuscript 1, 4) 

operates at a higher flow rate of typically 30 m3.h-1. A special case are cascade impactors, 

where several impactors are cascaded below each other and the aerosol is collected on a filter 

or substrate that is part of the impaction plate. This allows the different aerosol size-fraction 

to be separated. In the Manuscript 5, the BGI-900 High Volume Cascade Impactor (HVCI) 

was used, which separates aerosol into fractions of 10-1 µm, 1-0.5 µm, 0.5-0.17 µm, and a 

back-up filter captures all remaining particles smaller than 0.17 µm. A porous polyurethane 

foam (PUF) is used as the substrate in each stage and the last stage is a PTFE-coated glass 

fiber filter. To achieve sufficient mass on each stage at common ambient air concentrations, 

it samples 54 m3.h-1. When analyzing semi-volatile organic compounds (SVOC) such as 

some PAHs, it should be considered a positive sampling artifact of the gas phase on the PUF 

(Bendl, 2014). The Davis Rotating-drum Uniform-size-cut Monitor (3DRUM, Delta 

Group UC-Davis, USA; Manuscript 4), works on the principle of particle impaction on a 

Mylar tape placed on a slowly rotating cylinder, with 3 cylinders in a cascade, similar to 

cascade impactors. The advantage, however, is that the aerosol can be analyzed for example 

for elemental composition by synchrotron X-ray fluorescence (S-XRF, Section 2.3.2.) with a 

high time resolution of up to 1 hour, which is not common with most samplers (Bukowiecki 

et al., 2008). 

2.2.2. Portable samplers 

Miniaturized portable samplers suitable for personal exposure monitoring function in a 

similar way to the stationary samplers described in the previous section. They can be used, 

for example, by a worker in a hazardous occupation to collect daily exposure samples during 

an 8-hour shift. For this reason, portable sampler pumps typically contain rechargeable 

batteries and the size of the whole system is such that it can be clipped to a belt. A pre-

impactor and a simple filter holder can be used. The Sioutas five-stage cascade impactor 

(SKC Ltd., USA) with 25 mm upper-stage filters and 37 mm back-up filter was used in the 

Manuscript 1 together with the SG10-2 mobile sampler (GSA, Germany). Sioutas impactor 

was also used as a 2.5 µm pre-impactor in front of a 47 mm filter-holder to achieve a larger 

filter area. 
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2.3. Chemical analysis and analytical techniques 

The analysis of samples, e.g. PM samples collected on filter, through chemical and analytical 

methods enables precise identification and quantification of airborne substances. This plays 

a crucial role in the understanding of air quality and its implications for health and the 

environment. Such analyses are pivotal for assessing health risks associated with organic 

substances such as carcinogenic PAHs (Mikuška et al., 2015; Topinka et al., 2015), toxic 

metals (Font et al., 2019), asbestos (Klán et al., 2018) and others. Moreover, the 

characterization of substances in the air enables for a deeper understanding of complex 

atmospheric processes and facilitates source-apportionment. These analyses can broadly be 

divided into organic, inorganic or elemental and shape analyses. 

2.3.1. Organic analysis 

Aerosol samples typically contain a complex mixture of both inorganic and organic 

compounds. The wide variations in the chemical composition of aerosols and their 

concentrations often require the application of several analytical methods to gain a deeper 

understanding of their chemical profile. This often involves the combination of separation 

methods and diverse detection techniques (Heard, 2006).  

In this thesis, both high performance liquid chromatography (HPLC) and gas 

chromatography-mass spectrometry (GC-MS) methods were used to explore the chemical 

composition of organic aerosol. 

Specifically, a standard methods based on the use of HPLC was employed to quantify PAHs 

in accordance with the US Environmental Protection Agency (EPA) guidelines (Wise et al., 

2015) and following  the norm ISO 11338-2 (Manuscript 5).  

Organic substances, including PAHs, collected on filter often involves the use of GC-MS 

based methodologies (Manuscript 6) (Wise et al., 2015). However, conventional GC-MS is 

often not enough for resolving the high complexity of aerosol samples. Thus, the use of 

higher resolution GC-MS techniques such as comprehensive two-dimensional GC  

(GC×GC) became essential (Tranchida et al., 2022) (Manuscript 6). The process of sample 

introduction is crucial as it involves transferring compounds from the filter samples to the 

analytical GC column. Typically, extraction methods using suitable solvents are employed 

for this purpose. In recent years, thermal extraction methods such as thermal desorption 

(TD) have gained popularity as well. Methods based on direct thermal desorption (DTD) 

from filter, has been used in this thesis in combination with GC / GC×GC -MS for the analysis 

of volatile and semi-volatile organic compounds (VOCs and SVOCs) (Manuscript 6). The 

use of direct MS based methodology such as, direct inlet probe-high-resolution time-of-

flight MS (DIP HR-TOF-MS) and quadrupole proton-transfer reaction mass 

spectrometer (PTR-MS) has been explored for the chemical characterization of aerosol 
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samples (Manuscript 6). However, this topic is not further discussed in the current thesis, as 

it is beyond the scope of the research. 

2.3.2. Elemental analysis 

A common method of elemental analysis is a combination of 24 h aerosol sampling on filter 

using a low- or high-volume sampler followed by inductively coupled plasma mass 

spectrometry (ICP-MS) analysis (Manuscript 1). While quartz fiber filters (QFF) are 

commonly used for sampling, other suitable filter materials, such as polycarbonate filter, can 

also be employed for coupling with ICP-MS analysis.  

Sample extraction procedure is a crucial step for ICP-MS analysis (Ogrizek et al., 2022). 

According to standard method EN 1234:2014, microwave digestion of filters using HNO3 

and H2O2 is commonly used, but for specific elements, alternative extraction methods may 

provide better recoveries (Aldabe et al., 2013). In Manuscript 1, samples were digested by 

Microwave speedwave ENTRY (Berghof, Germany) according to DIN 14902 and 

analyzed by ICP-MS 8900 (Agilent, USA). 

Another method for elemental analysis of aerosol samples is by Energy dispersive X-ray 

fluorescence (ED-XRF), which, while less sensitive than ICP-MS, offers the advantage of 

not requiring sample preparation (Ogrizek et al., 2022). Higher precision for complex aerosol 

samples is provided by Synchrotron XRF (S-XRF), that uses an excitation source of 

synchrotron radiation that is less accessible (Bukowiecki et al., 2008; Ogrizek et al., 2022). 

S-XRF was used in Manuscript 4 to analyze Mylar stripes from the rotating drum impactor 

(RDI, Section 2.2.1.) to provide concentrations of 24 elements in 3 size fractions and 1 h time 

resolution. 

Elemental composition can also be determined using the Energy dispersive X-ray (EDX) 

probe of a scanning electron microscope (SEM, Manuscript 1), which is the subject of the 

following section. 

In Manuscript 4, cations and anions from the aerosol sample were analyzed using Dionex 

ICS-5000 system (Dionex. USA), which operates on the principle of ion chromatography 

(Pokorná et al., 2020). 

2.3.3. Shape and single-particle analysis 

Due to the size of aerosol particles ranging from nanometers to hundreds of micrometers in 

diameter, classical optical microscopy is insufficient for visualization of the particle shape. 

High resolution is achievable using Scanning electron microscopy (SEM) and 

Transmission electron microscopy (TEM). SEM uses reflected electrons to create the 

image, while TEM uses electrons that pass through the sample. From this reason, TEM is 

more suitable for small particles, lower than 0.5 µm (Baron et al., 2011). These techniques 
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can provide with appropriate detectors information on the morphology, physical properties 

and even the chemical composition of individual particles. The Energy-dispersive X-ray 

spectroscopy (EDX) detector is used for the elementary analysis of individual particles 

within the SEM. For SEM-EDX analysis, filter sputtering is usually necessary to minimize 

the charging effects (Bendl et al., 2023). The choice of metal for sputtering the filter or matrix 

with the sample must be consistent with the elements to be analyzed with respect to 

interferences. The same applies to the filter or matrix itself. In the Manuscript 1, we sampled 

aerosol simultaneously on the polycarbonate (PC) filters and silica wafers. Sampling was 

performed in the total aerosol fraction and several times in the PM2.5 fraction to verify the 

cut-off of the Sioutas impactor, which was used for ICP-MS samples. Representative 12 mm 

circular PC filter punches were then sputtered with a thin carbon layer using the Q150T ES 

Plus sputter device (Quorom technologies, UK). The subsequent analysis was performed 

using the Inlens and SE2 detectors of the Gemini SEM 360 (Carl Zeiss, Germany) and 

the EDX detector ULTIM Max 40 (Oxford instruments, UK). In addition to the 

conventional manual analysis of samples with mapping, automatic classification of particles 

in individual samples was also performed. 

Analysis by SEM-EDX can also be performed in individual aerosol fractions, for example 

separated by the high-volume cascade impactor, which is useful to characterize physical 

properties of particles and their elemental composition used for in-vitro toxicological or other 

analyses (Marvanová et al., 2018). 

2.3.4. Gravimetric analysis 

Gravimetry is the most reliable method of determining aerosol mass concentration and is 

often used as a reference in on-line aerosol measurements. On-line methods typically do not 

directly measure mass, with exceptions such as TEOM (Section 2.1.4.); instead, aerosol mass 

is calculated based on number concentration and typical specific density of particles. 

Gravimetry for determination of PM10 and PM2.5 mass concentration is commonly performed 

as part of monitoring according to European Standard EN 1234:2014. 

Basically, it is the weighing of filters or other collection materials before and after sampling 

exposure, where the difference in mass represents the weight of the aerosol. Based on the 

volume of sampled air, the mass concentration of a given aerosol size fraction can then be 

calculated. The temperature and humidity of the filter and the conditioned gravimetry 

chamber or room must be always the same, usually 45 or 50% of relative humidity (RH) and 

22 °C for accurate weighing and filters must be preconditioned for 24 hours. It is also 

necessary to remove the charge from the filter, for example by corona-discharge and perform 

blank and replicates weighing. If the filter is subsequently analyzed, precautions must be 

taken to avoid contaminations. Furthermore, losses and cross-contamination of volatiles 

during equilibration must be taken into account (Baron et al., 2011). 
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In Manuscript 1, we used an ultra-micro balance Cubis MCA2.7S-2S00-F (Sartorius, 

Germany) with a scale interval 0.0001 mg, inside the weighing chamber with corona 

discharge PureGMC18 (pure engineering GmbH, Germany) set to 45 % RH and 

temperature 22 °C. Quartz, polycarbonate and Teflon filters were used. In Manuscript 5, we 

used an air-conditioned weighing room to 50 % and 21°C with a weights MC 210S 

(Sartorius, Germany) for weighing of PUF substrates and PTFE-coated glass micro-fiber 

filters. For PUF equilibration to 50% RH, desiccator with Mg(NO3)2.6H20 was used.  

2.4. Stationary monitoring of air pollutants 

In most developed countries around the world, air pollution levels are regularly monitored 

through ambient air quality monitoring. Subsequently, it is checked whether the legal limits 

for individual pollutants are being exceeded. In the EU, these limits are generally not as strict 

as the guideline values recommended by the World Health Organization (WHO, 2021), 

which are often difficult to meet. Long-term stationary monitoring is also important in terms 

of source identification, public awareness, detection of long- and short-term trends, 

ecosystem exposure and more. Long-term monitoring in Europe is established by legislation, 

including the distribution of ambient monitoring stations. A common methodology has an 

advantage of making the data comparable within and between countries and ensuring quality 

control of measured data. The results are published in the regular yearbooks and synthesis 

reports of the European Environment Agency (European Environment Agency, 2023). 

Although long-term ambient air quality monitoring as required by law has undeniable value 

for observing and improving air quality, it is advisable to combine it with the scientific 

approach of short-term air quality measurements for detailed identification of pollutant 

sources and dynamics. Such measurements are typically carried out in multi-week campaigns 

using moveable air quality stations, where typically many more air quality parameters are 

measured and analyzed at a shorter time resolution. Based on these data, it is then possible to 

evaluate pollution sources using statistical methods such as Positive Matrix Factorization 

(PMF) (Hopke et al., 2020; Hopke et al., 2022). In the Manuscript 4, such measurement 

campaign was carried out in the city of Ostrava - in the European air-pollution hot-spot. In 

order to make the results comparable with the monitoring stations, it is appropriate to perform 

a co-measurement of PM or to use a same calibrated PM reference instrument to which the 

data from the other instruments (e.g., SMPS and APS) are compared using linear regression. 

In the Manuscript 4, a mobile air quality monitoring station of the Laboratory of the Air 

Quality Research (Institute for Environmental Studies, Charles University), was used in the 

measuring site in Ostrava-Radvanice district in 2014 (Figure 3). Continuous PM10 

monitoring instrument FH 62 I-R (Thermo ESM Andersen, Germany) was used for the 

comparison and data quality verification. For PM on-line data, instrument comparisons are 



 

31 

 

particularly important to verify the accuracy of the chosen particle density, which is used to 

calculate mass concentrations from the number concentrations measured by SMPS and APS 

and eventually make corrections (Section 2.1.2.). In order to determine for which area is the 

station location representative, it is useful to complement the stationary measurements with 

a network on-line measurement of PM by portable monitors with a short acquisition time. In 

the case of Manuscript 4, seven monitors DustTrak 8520 (TSI, USA, Section 2.1.1.) were 

used to monitor PM2.5 in 1 min. resolution in an area of several square kilometers (Pokorná 

et al., 2015). The instruments were also collocated prior to measurement to correct any off-

set and verify the accuracy of the measurements. 

The basic equipment of state’s air quality monitoring stations are monitors of gases, 

especially NOx, NO, NO2, O3, SO2 and CO (Section 2.1.4.). In the case of on-line aerosol 

monitoring, PM10 measurements still predominate at state air quality monitoring stations, 

although it is not the most relevant metric from a health perspective (Section 1.2., 1.3.). 

However, more appropriate on-line measurements of PM2.5 and PM1 are becoming more 

widespread. The measured parameters are mainly corresponding to the current European 

Directive 2008/50/EC (European Parliament, 2015), which also sets the concentration limits 

of various pollutants in ambient air. For subsequent data interpretation, a meteorological 

observation at a given location with a proportional integration time to other parameters is an 

essential part of each stationary measurement (Section 2.1.4.), ideally according to the 

guidelines and recommendations of the World Meteorological Organization (WMO, 2021). 

In addition, measurements of aerosol size distributions and other on-line parameters (Section 

2.1.) and sampling (Section 2.2.) are essential for scientific source-apportionment studies 

based on short intensive measurement campaigns (Manuscript 4). Figure 3 is an Air Quality 

Laboratory station showing isolated inlets (left) to individual instruments within the station 

(right). 

Relatively inexpensive "low-cost" gas sensors and OPCs are increasingly available on the 

market. For professional use, however, they may suffer from offsets, interferences, detection 

and other data quality issues. Low-cost OPCs tend to fail especially at high relative humidity. 

However, they can be very useful and advantageous in enriching the network measurements, 

especially if the sensors are regularly calibrated and data are properly post-processed. Their 

quantity within the network can then be statistically corrected to compensate for the 

inaccuracies of individual sensors. They can be also useful for citizen science and basic 

occupational exposure monitoring (Li et al., 2018; Liu et al., 2020; Siouti et al., 2023; Zikova 

et al., 2017). Satellite remote sensing can also provide useful information on spatio-temporal 

variability of air pollutants, but primarily at larger scales (Tian et al., 2023). 

Since meteorology significantly influences the aerosol distribution, PM sources from the 

long-range transport can be identified using backward air trajectories, such as Hybrid Single 

Particle Lagrangian Integrated Trajectory (HYSPLIT) and other modelling approaches, such 

as cluster analysis (Abdalmogith and Harrison, 2005). 
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Figure 3: Air quality monitoring station of the Laboratory of the Air Quality Research 

(Institute for Environmental Studies, Charles University) in Ostrava-Radvanice, 13. 2. 

2014; photo: Jan Bendl 

2.5. Mobile measurements 

As discussed in Section 1.3.-1.5., both aerosol and gaseous pollutants are not uniformly 

distributed in the atmosphere and, therefore, it is not possible to ensure that stationary 

monitoring stations are representative for all different urban and rural micro-environments. 

Although air quality models based on these measurements can be applied according to 

various parameters, the actual concentrations can vary considerably from the prediction. The 

spatio-temporal variability of aerosol concentrations in the study area can be resolved by 

mobile measurements. This method can help to directly identify individual pollution sources, 

areas of elevated concentrations and the dispersion of pollutants. By systematically repeating 

mobile measurements, hot-spots (locations where the concentrations are commonly 

elevated) can be identified. It should be considered that the monitoring stations are usually 

not located in the immediate vicinity of the sources, whereas by mobile measurements it is 

possible to measure even almost undiluted emissions in short time events, e.g. from car 

exhausts, chimney plumes, cigarette smoke, cooking emissions etc. (Liu et al., 2021). 

Therefore, maximum particle number concentrations (peak values) up to several orders of 

magnitude higher can be measured and thus the route and measurement strategy are important 

factors. Especially for people who are frequently or permanently in pollution hot-spot areas, 

exposure to pollutants can be dramatically higher than the average concentrations according 

to stationary monitoring (Jeong et al., 2019; Sullivan and Pryor, 2014; van Nunen et al., 

2020). 

By choosing a typical walking or cycling route, it is possible to assess the personal exposure 

of people, i.e., to capture the real concentrations of pollutants that are inhaled and for example 

compare different traffic modes of transportation (Cepeda et al., 2017; Kumar and Gupta, 

2016) Since the background concentration naturally changes during the walk or ride, it is 

advisable to choose the length of one walk/ride to avoid misinterpretations. In the 
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Supplementary Information of the Manuscript 1 are described following general 

recommendations regarding the mobile measurements: (1) The route must be around 1h long 

to observe enough micro-environments and have enough sample material on filter but, at the 

same time, the ambient PM background should not change significantly over the measuring 

time, (2) The route should start and end at the same location to observe the change of 

background concentrations, (3) the route should be close to the long-term air quality 

monitoring station to allow data comparison, (4) Typical urban micro-environments should 

be included, e.g., busy and non-busy streets, highways, parks, residential areas, sports 

facilities, restaurants or kiosks (cooking emissions), schools, kindergartens, public buildings, 

etc. (5). It should be possible to repeat the same route for spatio-temporal variability, ideally 

several times a day (Bendl et al., 2023). 

In terms of instrumentation, portable on-line instruments (Section 2.1.) and portable samplers 

(Section 2.2.) are usually the most suitable. Manuscript 1 describes the experimental set-up 

and measurement methodology using a self-constructed mobile measurement system 

specifically for investigation of a subway air quality (Section 5.2.), but it is applicable also 

for other micro-environments. Concept of mobile walking/cycling measurements is not new 

(van Poppel et al., 2013), however, Manuscript 1 and Manuscript 2 bring notable 

improvements and novel solutions, which are described in the results in Section 4. The system 

and methodology presented in Manuscript 1 is one of the most comprehensive portable 

platforms for personal exposure to particle number and mass concentration, for personal 

sampling and hot-spots and aerosol sources identification using the professional 

instrumentation. 

In the case of an outdoor mobile measurements, the easiest way to assign each measured 

point in space is to use the GPS coordinates recorded continuously in 1 Hz. In Manuscript 1, 

GPS 64s (Garmin, USA) was used for walking reference measurements. However, during 

the subway measurement, the GPS signal is not present and, therefore, the signal is not 

available and therefore it is necessary to assign the location according to the notes. In the 

case of Manuscript 1, the door opening and closing times at each station were recorded with 

one second accuracy. The prerequisite was to set the exact time of all instruments and GPS 

in a one second accuracy before the start of each measurement.  

The integration time of the measurement must then be adjusted in proportion to the speed 

of the walk or ride and observed processes so that all changes in concentrations are clearly 

visible on the graph. On the other hand, choosing the short integration time may cause higher 

measurement noise, which makes interpretation more difficult. Therefore, averaging of some 

variables are beneficial, for example eBC values from micro-aethalometer MA200 using the 

Central Moving Average (Liu et al., 2021). 
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The resulting concentrations of the individual variables can then be plotted on maps, for 

example in ArcGIS Pro (ESRI). A geographic information system (GIS) enables further 

analysis of mobile data. 

Another approach of mobile measurements is characterization of real-driving emissions of 

motorized vehicles using Portable Emission Measurement System (PEMS) (Kousoulidou et 

al., 2013). PEMS can measure tailpipe emissions of cars, trucks and other vehicles but now 

even two-wheelers (Vojtisek-Lom et al., 2020). Gaseous pollutants, such as NOx can be 

measured for example using miniaturized FTIR system. Such measurements are capable to 

identify excess emitters (Vojtíšek-Lom et al., 2018). Therefore, it can be used also as a tool 

for the law enforcement.  

Other types of mobile measurements are aerial measurements which can observe spatio-

temporal variability in three dimensions. They can be more complex and also demanding due 

to many limitations, especially the limited weight of the payload. In Manuscript 3, Helium-

filled tethered-balloon (custom built) was included to air quality campaign in the city of 

Kladno (Section 2.4.) to monitor the temperature inversion layer height using fast temperature 

and relative humidity sonde (Section 2.1.4.). In this case, not only the acquisition rate is 

important, but also the reaction time of the sensor to changes in temperature or humidity since 

the balloon is freely launched. Choosing the suitable instrumentation and setting is therefore 

crucial for correct mobile measurement. However, without critical manual inspection of the 

measured data, such an error of inappropriate experimental setup can hardly be detected. 

Despite the numerous possibilities of automating data processing, a scientific approach is 

always required, including data interpretation. This is especially true for flight measurements 

using a remotely controlled airship. During our stationary measurements (Section 2.4.), a 

custom built airship (Airshipclub.com) was used to monitor the spatio-temporal distribution 

of aerosol during several days of intensive campaigns (Hovorka et al.) and also for sampling 

of the plumes from industrial sources for chemical analysis of specific emission sources to 

resolve source-apportionment within the Ostrava-Radvanice campaign in 2014, the same 

campaign as Manuscript 4 (Pokorná et al., 2015). In our case, the unmanned airship has 

compared to the balloon a major advantage that it can carry up to 15 kg payload, and is able 

to perform 3D aerosol profiling. However, measurements are rather expensive and therefore 

limited in operational time. But even multi-day campaigns can resolve sources and spatio-

temporal variations in aerosol that would not be detectable on the ground. 

It is worth noting that measurement platforms can also be deployed on ships (Anders et al., 

2023; Rosewig et al., 2023), cars (Vojtisek-Lom et al., 2020) and other vehicles, and even on 

special aircraft (Wendisch and Brenguier, 2013). Aircraft can be used to measure aerosol on 

a macro-scale (Heard, 2006), while the airship described above has the advantage of being 

able to measure within the Planetary Boundary Layer (PBL) from directly above the 

ground, therefore in the airshed that has the greatest contact with the areas where people live. 
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2.6. Emission measurements and laboratory simulations 

The measurement of emissions differs in many ways from the measurement of ambient air 

quality. The concentrations of pollutants in the flue or exhaust are up to orders of magnitude 

higher than the diluted emissions in ambient air, where they are also mixed and immediately 

undergo a variety of atmospheric processes. Aerosol sources can be car engines and car non-

exhaust emissions, such as brakes (Vojtíšek-Lom et al., 2021), marine engines (Jeong et al., 

2023), aircraft jet-engines (Rohkamp et al., 2023), chimneys of industrial plants (Yang et al., 

1998), but also laboratory generators of defined aerosol, such as soot generators. Prior to 

measurements, it is usually necessary to dilute and condition the emissions appropriately so 

that the concentrations are within the range of the operation of the instruments used and 

stable. For this purpose, for example, ejector diluters can be used, which work on the 

principle of mixing emissions in a fixed ratio with pure compressed-air. Especially in the 

case of subsequent chemical analyses, it is then necessary to ensure that this air is particle-

free and VOC-free (Jeong et al., 2023; Schneider et al., 2023). Particle phase measurements 

are more complicated than gas phase measurements because of the particle losses and particle 

size discrimination that can occur with improper sampling. So-called isokinetic sampling is 

necessary especially for coarse particles, where the inlet velocity into the sampling tube is 

the same as the emission velocity in the pipe. This can be achieved by selecting a suitable 

flow-rate through the tube with respect to maintaining the laminarity of the flow in the tube 

and the velocity in the inlet nozzle can be adjusted further by changing the nozzle diameter. 

Since emissions are typically hot up to several hundred °C, it is necessary to keep all piping 

adequately heated up to the diluter to prevent condensation inside the piping, connectors and 

valves. Further losses can be caused by the length of the tubes, bends, constrictions, etc. and 

therefore it is always recommended to calculate the losses theoretically and verify them 

experimentally (Baron et al., 2011). 

Since the behavior of aerosols in the atmosphere depends on many factors that are almost 

impossible to separate, and since it is an extremely complex system (Finlayson-Pitts and Pitts, 

2000) in which it is often difficult to achieve repetition of the same situation and process due 

to constantly changing meteorology and other factors, it is useful to carry out laboratory 

experiments in which individual processes are simulated under defined and controlled 

conditions. This applies in particular to the simulation of secondary organic aerosol (SOA) 

formation. Large-scale atmospheric chambers with simulated atmospheres can be used, 

which used directly the sun to initiate photochemistry (Heard, 2006). However, these are 

large experimental set-ups and not the subject of this thesis. 

In the Manuscript 6, soot generator (CAST-Burner, Combustion Aerosol Standard, Jing) 

was used to generate a defined aerosol concentration, ejectors diluters (VKL 10 ED, Palas, 

Germany), building pumps for the vacuum in the lines and mass flow controllers to control 

the flow rates. For the VOC and particle-free compressed air, a combination of the 
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compressor (SF2, Atlas Copco, Sweden), an air tank, a filtration system and a zero-air 

generator for VOC reduction using molecular sieves and hydrocarbon burning (737-15, 

Aadco, USA) were used. 

For simulation of the aerosol aging, potential aerosol mass reactor (PAM, University of 

Eastern Finland) was used (Kang et al., 2007). It is an oxidation flow reactor (OFR), that 

simulates photo-oxidation in the atmosphere using UV lamps, ozone generation and the 

presence of OH radicals. In this extensive laboratory experiment, the time-of-flight aerosol 

mass spectrometer (AMS, Aerodyne) (Lee and Allen, 2012), reactive oxidative species 

(ROS) on-line measurements (OPROSI, University of Basel), and on-line instruments for 

toxicological analyses Air-Liquid Interface exposure system (ALI, Vitrocell) were used. 

Live cell cultures (e. g. A549 human alveolar epithelial cells) were exposed to a stream of 

aerosol and their viability was quantified. 

2.7. Health effects and toxicology 

Epidemiological studies reveal that ambient PM2.5 is the fifth-leading mortality risk factor 

globally (Cohen et al., 2015). There has been an observed increase in deaths and disability-

adjusted life years (DALYs) since 1990 (Cohen et al., 2017). Short-term increments of 10 

µg.m-3 PM2.5 are associated with a 1.04% increase in the risk of death, predominantly from 

respiratory causes (Atkinson et al., 2014). Heart failure also increases by 1.8% for a short-

term increment of 10 µg.m-3 PM2.5 and 1.6% for PM10. Even the coarse fraction of PM 

induces negative health effects and mortality, especially in the short term (Brunekreef and 

Forsberg, 2005). High-income countries generally have lower personal exposures to PM2.5 

(Lim et al., 2022). 

Among gaseous compounds, exposure to ozone, nitrogen oxides, sulfur oxides, volatile 

organic compounds (VOCs), dioxins, carbon monoxide and some other compounds are 

considered harmful for humans (Jia et al., 2023; Manisalidis et al., 2020). 

In general, air pollution causes respiratory diseases such as chronic obstructive 

pulmonary disease (COPD), bronchiolitis, asthma and even lung cancer and 

cardiovascular events and diseases such as ischemic stroke, central nervous system 

dysfunctions (potentially even with Alzheimer’s and Parkinson’s disease), cutaneous 

diseases. PM exposure is also connected with dysfunctions of reproductive and central 

nervous system, neuroinflammation, with cancer and other diseases. The elderly, children 

and people with existing health conditions are particularly at risk (Block and Calderón-

Garcidueñas, 2009; Manisalidis et al., 2020; Sram et al., 2013a). 

Although PM2.5 is a common metric in air pollution studies, stationary measurements may 

not fully reflect personal exposure, leading to potential misinterpretations (Boomhower et 

al., 2022). Monitoring the physico-chemical properties of particles, such as oxidative 
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potential, is recommended over PM2.5 mass, for a more accurate assessment of toxicological 

outcomes. Some higher oxidative and pro-inflammatory responses were observed at lower 

concentrations of PM1 below 5 µg.m-3 (Costabile et al., 2023). Ultrafine particles (UFP) 

have high surface area and high capacity for absorbing toxic organic compounds (Kwon et 

al., 2020). In ambient PM2.5, it is not likely that single chemical component would be 

responsible for all adverse health effects (Schlesinger, 2007). 

Some Polycyclic aromatic hydrocarbons (PAHs, Section 1.4.), often implicated in toxicity, 

are classified by the International Agency for Research on Cancer (IARC) as carcinogens. 

Benzo[a]pyrene is in the Group 1 as carcinogenic to humans, is commonly used as a marker 

for quantifying the equivalent carcinogenicity of other PAHs. Dibenz[ah]anthracene 

(DB[ah]A) is according to IARC probably carcinogenic (Group 2A), benz[a]anthracene 

(B[a]A), benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthene (B[k]F), chrysene 

(CHRY), ideno[1,2,3-cd]pyrene (I[cd]P), and others are possibly carcinogenic to humas 

(Group 2B) due to insufficient toxicological evidence (Russell et al, 2010). Although the US 

EPA recommends monitoring 16 priority PAHs, there are many other harmful compounds 

like oxygenated PAHs (oxy-PAHs or OPAHs), nitrated PAHs (n-PAHs or NPAHs), 

heterocyclic PAHs, which are often not considered and therefore it could lead to 

underestimations (Aquilina and Harrison, 2023; Lammel et al., 2020; Li et al., 2019). Hence, 

toxicological studies with various assays to address genotoxicity, mutagenicity, 

carcinogenity and teratogenity are of interest (Idowu et al., 2019). However, quantification 

of the carcinogenicity and toxicity of single PAHs and mixtures of PAHs with large quantities 

of compounds is very complex and requires advanced methods, such as in vitro toxicity 

studies with mixtures of PAHs (Aquilina and Harrison, 2023).  

In Manuscript 5, genotoxic assays were applied to investigate DNA adduct formation and 

DNA strand breaks during PAHs metabolism, revealing oxidative DNA damage and aryl 

hydrocarbon receptor (AhR) mediated gene expressions (“dioxin-like activity”). These 

assays were linked with the concentrations of carcinogenic PAHs in size-segregated aerosol 

(Topinka et al., 2015). Although not all toxicological mechanisms are fully understood, 

metabolic routes leading to cancer, especially for B[a]P are well described (US EPA, ORD, 

Integrated Risk Information System, 2017; Xue and Warshawsky, 2005).  

In the Ostrava region, recognized as a European hot-spot for B[a]P and PM, epidemiological 

studies have shown an increased incidence of bronchial asthma and acute respiratory diseases 

even for children (Sram et al., 2013b), an increased morbidity of pre-school children (Dostal 

et al., 2011) and other evidences (Jiřík et al., 2016). Manuscript 5 focuses on what are the 

genotoxic effects within various particle size fraction in Ostrava, which is one of the key 

questions with respect to health effects. 

Other both acutely and chronically hazardous substances in aerosol are heavy metals. For 

example copper and other metals can produce reactive oxygen species (ROS) in the body, 
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which includes hydrogen, peroxides (HOOH) and hydroxyl radical which can cause 

adverse effects in lungs (Charrier et al., 2014) and have high pro-inflammatory and oxidative 

responses (Costabile et al., 2023). ROS can damage macromolecules, such as nucleic acids 

and cause mutations. This can lead to the development of cancer. ROS can also affect 

expression of genes (Klaunig, 2018; Rossner et al., 2021). An exposure route via 

olfactometry bulb has been demonstrated for iron-soot nanoparticles, where these 

nanoparticles can reach the brain directly and could possibly cause neural inflammation 

(Hopkins et al., 2018). 

In general, toxicological studies can be carried out in vivo involving living organisms, or in 

vitro using isolated live cell cultures or tissues. In Manuscript 5, submerged exposures of 

cell lines from the size-segregated aerosol collected by high-volume cascade impactor 

(Section 2.2.1.) were performed, retrospectively in toxicology labs using particles dissolved 

from the polyurethane foam (PUF) and filters. While the approach used in Manuscript 5 

offers advantages like using size-segregated aerosol in four fractions and being cost-effective, 

it lacks consideration for pulmonary physiology, and particle physio-chemical properties are 

altered in solution. In contrast, Manuscript 6 employed an air-liquid interface (ALI), 

simulating real exposure by depositing aerosol directly on cells. ALI has advantages for this 

realistic approach but it is a large and expensive system, suitable for controlled laboratory 

experiments with high and stable aerosol concentrations. It shows potential to replace in vivo 

studies and allows the use of various cell co-cultures (Upadhyay and Palmberg, 2018). 

Currently, studies focused on toxicological effects of photochemically aged aerosol are 

gaining more attention (Shao et al., 2022), however, the health effects of SOA have not yet 

been fully elucidated. Therefore, the main topic of Manuscript 6 was to compare 

toxicological effects of SOA from typical biogenic and anthropogenic precursors. 

 

3. Summary 

The spatio-temporal distribution of aerosols is crucial for a comprehensive understanding of 

air quality. It plays a key role in assessing the real personal exposure of citizens, estimating 

potential health effects, identifying pollution sources, and unraveling fundamental 

atmospheric processes. The significance of investigating the spatio-temporal variability of 

aerosols is particularly pronounced in urban and rural areas, given the high diversity of 

sources and their inhomogeneous distributions at the micro-scale.  

The complex factors influencing aerosol distribution, including atmospheric conditions, 

weather, variations in natural aerosol backgrounds, and chemical reactions, pose challenges. 

Despite these challenges, advances in instrumentation facilitate detailed analyses enabling 

the identification of individual pollutants and their attribution to pollution sources, even in 

complex urban airsheds. Comprehensive physio-chemical analyses of aerosols are essential 
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for characterizing spatio-temporal variability of aerosol in both urban and rural air. In such 

approaches, stationary measurements focus on parameters like particle mass and number size 

distributions with sufficient temporal resolution to match with concentration changes and 

processes at a given location. Chemical analyses, emphasizing hazardous compounds like 

PAHs, along with markers and tracers for source-apportionment, are highly beneficial. 

Advanced statistical methods, such as PMF factor analysis, enable or enhance identification 

of sources. Instrumental analyses, such electron microscopy allows particle visualization and 

analysis. Mobile measurements using on-line instruments and samplers prove effective in 

exploring aerosol spatio-temporal variability. The health effects of specific substances in 

aerosol can be most precisely estimated and quantified by toxicological analyses. 

The specific objectives of each study usually determine the planned analysis and the 

appropriate instrumentation. 

There is no universal methodology or solution which could be possible to apply and the 

studies usually require a scientific approach due to the high complexity of the problem. 

However, both regular routine monitoring and short-term measurement campaigns are 

important to characterize the air quality. Then it is possible to implement appropriate 

measures to improve it and thus the quality of life of the population and the environment. It 

is necessary to reduce the long-term health issues and mortality associated with air pollution, 

which is a global problem. 

This thesis focuses on investigating the spatio-temporal distribution of atmospheric aerosols 

in inhabited environments. Within this thesis, innovative mobile measurement systems were 

developed and utilized to explore a range of environments, including rural, urban, and 

suburban areas. The research includes source-apportionment experiments and an 

examination of the toxicological effects associated with these diverse environments. 

 

4. Research activity 

4.1. Aims of the study 

Manuscript 1 

The primary objective of this manuscript was to develop an innovative mobile measurements 

system capable of simultaneous sampling and measurements of particulate matter (PM), 

particle number concentration (PNC), black carbon (BC) and other air quality parameters. 

This system was designed to be used in both outdoor and indoor urban environments, 

enabling the identification of spatio-temporal variability and PM hot-spots. 

The study aimed to utilize this system to investigate the personal exposure of citizens to PM 

during routine subway commutes, identifying hot-spots, monitoring the spatio-temporal 

variability of PM and PNC, and understanding the aerosol dynamics during the subway 
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journey and on the station platforms. Furthermore, it aimed to uncover the factors 

contributing to this variability and compare concentrations with those found in the 

surrounding ambient air. 

A particular focus was placed on performing elemental analysis of PM samples, primarily 

due to the expected metal emissions resulting from the rail and brake abrasion. To clarify this 

hypothesis, particle analysis using an electron microscope equipped with an EDX probe was 

planned, with the aim of precisely determining the elemental composition of single particles. 

 

Manuscript 2 

In this study, similarly to Manuscript 1, two self-made mobile systems were employed to 

investigate the spatio-temporal variability of emissions originating from local heating sources 

during the winter season within rural areas located at the Czech-German border. Specifically, 

the study focused on two villages located several kilometers apart on the Czech and German 

sides of the Bohemian Forest. The methodology involved repeating, simultaneously, two 

equally long walks multiple times a day, in order to assess and compare the spatio-temporal 

variability of aerosol on the two rural sites. Our hypothesis was that on the Czech side PM 

concentrations would be higher than on the German side due to a presumed lower quality of 

local heating and that there would be a noticeable spatio-temporal distribution of aerosol due 

to various domestic heating sources.   

 

Manuscript 3 

This manuscript aligns with prior studies within this thesis, focusing on using an innovative 

mobile measurements approach to assess air quality in suburban locations. 

Employing a novel tethered helium-filled balloon, we added an additional dimension and we 

aimed to evaluate the impact of atmospheric temperature inversion on the overall PM 

concentrations within the Kladno-Švermov district, which is constantly monitored by the 

Czech Hydrometeorological Institute (CHMI) due to the high concentrations of 

benzo[a]pyrene and PM in this area.  

Throughout a month-long measurement campaign, the primary aim was to track the altitudes 

where inversion layers occurred. Additionally, our investigation aimed to identify scenarios 

where the inversion layer descended below the valley's top, potentially inducing the so called 

'pot lid effect.' Such a phenomenon might prevent the dispersion of emissions from local 

heating sites within the valley, thereby influencing the overall air quality in the area.  

 

Manuscript 4 

This study highlights the critical role of spatio-temporal distribution data in conducting 

source-apportionment analyses within urban and suburban areas in a critical European air 

pollution hot spot —the Ostrava region. This study specifically targeted this region due to 
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the extremely complex ambient aerosol composition, influenced by many local and regional 

sources, including the presence of a significant metallurgical industrial complex near 

Ostrava-Radvanice, long-range transport, alongside observed issues with local heating and 

other sources, affected by meteorology. Distinguishing between these sources was a primary 

focus. 

Specifically, by employing the Positive Matrix Factorization (PMF) method utilizing both 

aerosol elemental composition and particle number size distributions, this research 

successfully identified primary pollution sources and their respective impacts on urban 

(Ostrava-Radvanice) and suburban (Ostrava-Plesná) air quality within the Ostrava region. 

The detailed air quality monitoring and sources identification carried out in this area hold 

valuable significance for implementing mitigation strategies. 

 

Manuscript 5 

This study, which complements Manuscript 4, investigates the temporal variability of 

carcinogenic polycyclic aromatic hydrocarbons (c-PAHs) concentrations in PM and their 

genotoxicity. The sampling of aerosol for PAHs analysis, gravimetry and genotoxic study 

occurred in Ostrava-Radvanice as part of a winter measurement campaign. The primary focus 

of this study was to examine the temporal variability of c-PAH concentrations and their 

genotoxicity within an aerosol segregated into four particle size fractions. By assessing which 

size fractions these carcinogenic PAHs primarily bound to and elucidating their genotoxic 

effects, this research aimed to provide crucial insights into potential health implications and 

aid in source mitigation strategies. 

 

Manuscript 6 

Due to the complexity of the composition and behavior of aerosols in the atmosphere and all 

the ongoing chemical processes, it is almost impossible to study and compare some of the 

individual fundamental phenomena in the atmosphere. For this reason, the final manuscript 

of this thesis is a laboratory experiment where individual factors can be reduced to the 

minimum. The focus was on investigating the toxicological effects of anthropogenic and 

biogenic secondary organic aerosol (SOA) typical for urban areas and remote locations. The 

primary aim was to investigate how atmospheric aging influences particle toxicity and 

whether there is a difference between biogenic SOA precursors (β-pinene) or anthropogenic 

precursors (naphthalene). 

To achieve this, laboratory experiments were designed using a source of soot particles, an 

oxidation flow reactor chamber to simulate aerosol aging by photochemical reactions, 

measurement systems for physical and chemical characterization of the aerosol, and Air-

Liquid Interface (ALI) cell exposure systems for studying toxicity using living cell cultures.  
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4.2. Major results and findings 

4.2.1. Manuscript 1 

In Manuscript 1, a self-made experimental system for mobile measurements was developed 

(Figure 4). The system comprises of a water-proof 71-liter aluminum box with external 

dimensions of L 59.5 × D 39.0 × H 38.0 cm, which is used sideways with opening to the left 

side. For an active ventilation, two computer fans, with a 25 cm diameter, were installed at 

the rear, covered by a rain-proof grids. The upper fan has been designed to vent out hot air, 

while the lower fan ensures air circulation by operating in the opposite direction. The design 

enables temperature regulation inside the box, maintaining the optimal operational 

temperature for the instruments. The temperature monitoring also prevents condensations (as 

operational instruments naturally generate heat) and minimizes losses of volatile and semi-

volatile compounds during sampling. The box is equipped with three shelves, two of which 

are adjustable to accommodate varying equipment sizes. These shelves are interconnected 

through short conductive tubes leading to omni-directional inlets (801565, TSI, USA) 

strategically positioned at the breathing zone level.  

 

 

Figure 4: Self-made experimental system for mobile measurements (Bendl et al., 2023). 
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The OPS 3330 (Section 2.1.1.), the Sioutas cascade impactor and/or the filter holder 

(Section 2.2.2.) were placed directly under the inlets to prevent particle losses. DISCmini 

(Section 2.1.2.)  and MA200 (Section 2.1.3.) were situated on the shelf below, as 

nanoparticles and sub-micrometer particles are not so sensitive to losses in tubing. The GPS 

unit (Section 2.5.) mounted on the handlebar was used to link the concentrations with GPS 

coordinates and served also as navigation and monitored various parameters including speed, 

distance and outside temperature. Throughout the study, all the data were acquired at 1-

second resolution, except for the MA200, which captured data at a 10-second resolution and 

conducted cumulative sampling lasting 1-6 h. 

The experimental aluminum box demonstrates its adaptability through the diverse 

configurations investigated within this thesis. It can be mounted in a modified child carrier 

(Cab 2, Thule, Sweden), which is cushioned and equipped with foam to absorb vibrations 

and used either as a stroller (Figure 4) or as a bicycle trailer when attached to a bicycle. While 

the stroller configuration offers enhanced clearance, the bicycle trailer configuration provides 

a faster speed and therefore higher measurements efficiency and a larger mapping area. 

However, the potential effect of dust resuspension behind the bicycle must be taken into 

account. Alternatively, the entire box can also be placed in a frame rucksack and carried on 

the back. This arrangement was also used during the subway rides. This is a third version of 

the experimental trolley. The first version was designed in Prague to measure children's 

exposure to PM in a bicycle trailer (manuscript in preparation, part of a bachelor thesis 

(Nechvátalová, 2019)). Subsequently, a slightly less compact second version, was used in 

studies conducted in Augsburg (Liu et al., 2023) and in Železná Ruda and Bayerisch 

Eisenstein (Manuscript 2). 

 

 

Figure 5: Strategy of measurements and sampling of the subway micro-environment using 

the mobile measuring system; PNC particle number concentration; PM particulate matter; 

eBC equivalent black carbon; ICP-MS inductively coupled plasma mass spectrometry 

(Bendl et al., 2023). 
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In Manuscript 1, a proposed methodology for mobile air quality monitoring within subway 

systems is outlined, designed to be adaptable across various subway systems worldwide 

(Figure 5). This methodology comprises several key steps: 

1. Ambient walks: repeating typical urban/suburban ambient walks to compare indoor 

and outdoor concentrations;  

2. Subway measurements and mapping: various measurements and mapping 

strategies within the subway environments to identify hot-spots, spatio-temporal 

variability of pollutants and define a typical subway route (scouting);  

3. Intra-day variability assessment: conductions multiple repetitions of a typical 

subway trip several times a day to determine intra-day variability;  

4. Stationary platform measurements: using a mobile system for measurements on 

selected subway station platforms to evaluate the stability of concentrations and 

factors affecting them.  

Sampling for gravimetric analysis is necessary to correct OPS data by accounting for the 

effective particle density of PM in the subway. Throughout these procedures, the inclusion 

of reference outdoor monitoring stations plays a crucial role in ensuring data quality and 

facilitating accurate interpretations. 

The experimental phase of this study involved measurements in the Munich subway and 

ambient measurements of the suburban background as a reference. Our findings revealed a 

substantial exposure to PM for subway passengers in Munich. Specifically, travelling on the 

subway meant notable exposure to the coarse aerosol fraction of PM, with values reaching 

up to 200-300 µg.m-3 in PM10 fraction and up to 80 µg.m-3 in PM2.5 respirable fraction.  

During repetitions of typical rides, we observed that spatial variability held more significance 

than temporal variability. PM concentrations exhibited a gradual increase from the terminal 

station to the city center and the air exchange between the tunnel and the interior of the 

subway was high. The dynamics of aerosols inside the subway were so fast that changes can 

be observed instantaneously when the doors are opened and closed with a one-second 

resolution. Surprisingly, no significant difference was observed between the old train with 

passive window ventilation and the new train with active ventilation, suggesting no air 

filtration systems. 

PM hot-spots were particularly prevalent in the larger transfer stations. We noted substantial 

differences in concentrations between stations, primarily influenced by train frequency. 

However, factors such as ventilation and station design also played roles in affecting these 

concentrations.  

Stationary PM measurements performed at the station platforms showed concentrations 

relatively stable concentrations, but distinct peaks were evident during the arrival and 

departure of trains, signifying the swirling and resuspension of particles at these moments. 
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The off-line ICP-MS analysis (Section 2.3.2.) revealed that the aerosol mass was dominated 

by iron, ranging from that from 69% to over 90%. Subsequently, SEM-EDX analyses 

(Section 2.3.3.), employing both manual and novel automatic particle classification, enabled 

the visualization of particles and based on single-particle analysis they were found to be 

predominantly iron oxides, specifically corrosion products from abraded subway tracks and 

wheels in the form of micrometer-sized flakes. Interestingly, the analysis also identified 

round iron oxide nanoparticles, potentially posing a health risk. 

Total particle number concentrations were not significantly elevated in the subway compared 

to ambient air, but sporadic instances of PNC from traffic entering the subway via platform 

entrance were observed. 

The eBC measurements showed a high correlation with PM10, indicating the ability of the 

micro-aethalometer to identify PM10 hot-spots. Nevertheless, the absence of major BC 

sources in the subway led to the conclusion that the observed correlation was likely an artifact 

due to light-absorbing iron oxide containing PM. Measurements of ozone, CO2 and NOx were 

performed beyond the scope of this study and not specifically addressed in this context. 

Notably, certain stations exceeded WHO guideline values for PM2.5, indicating a potential 

health-risk associated with these aerosols, especially in the case of prolonged exposure. 

Consequently, several measures were proposed to mitigate these risks: installation or 

improvement of filters in the ventilation system of new subway cars; installation of portable 

air purifiers in driver's cabins; improvement of metro ventilation to prevent the intrusion of 

particles from traffic and mapping of the metro according to the proposed methodology for 

effective pollution control and mitigation. 

4.2.2. Manuscript 2 

This study focuses on evaluating the spatio-temporal distribution of aerosol in a rural 

environment using novel mobile systems developed within the framework of this thesis. Two 

identical mobile measurement systems were designed and built (described in the Section 

4.2.1.) and used to perform simultaneous daily walking measurements from 5 am to 10 pm 

in two neighboring villages of Železná Ruda (ŽR) on the Czech site of the border and 

Bayerisch Eisenstein (BE) on the German site in a four days intensive measuring campaign. 

In contrast to Manuscript 1, a pair of identical DustTrak DRX 8532 and PTrak 8525 

(Sections 2.1.1. and 2.1.2.) instruments were used to measure PM10, PM2.5 and PM1 and PNC, 

respectively. The BC monitor was an identical MA200 (Section 2.1.3.), as well as the GPS 

unit. In addition to notes, point-of view cameras Tough TG Tracker (Olympus, Japan) 

were used to optically identify sources. To ensure comparability, the instruments were 

collocated with each other and a portable weather station WMR300 (Oregon Scientific, 

USA) was strategically placed between the villages. This was a novel approach of 

comparison of two villages. 
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During the entire campaign, the average concentrations of PM1, PM2.5 and PM10 were 

consistently higher in ŽR on the Czech side, aligning with our initial hypothesis, in contrast 

to German BE. For example, the average PM10 concentration was 37 ± 108 µg.m-3 in ŽR, 

while in BE it was 16 ± 27 µg.m-3 which is more than twice higher. The observed average 

PNC were 5024 ± 2346 pt.cm-3 in ŽR, while in BE it was 4190 ± 1340 pt.cm-3. However, 

despite these average differences between the sites, both locations exhibited substantial 

spatio-temporal variability in PM, PNC, and BC concentrations throughout the study period. 

The variability was both between and within days. Higher concentrations were particularly 

notable during late afternoon and evening periods, coinciding with the initiation of domestic 

heating, especially biomass burning. During these periods, the primary sources of air 

pollution were localized, stemming primarily from domestic heating activities and local 

traffic. Elevated concentrations of PNC and PM from traffic were then observed, notably in 

the proximity of the main road when mainly cross-border transit traffic was increased. In 

general, aerosol particles were predominantly submicron, with 90% of PM2.5 consisting of 

PM1 particles. The highest concentrations were recorded during period characterized by low 

wind speeds and high humidity, indicating stable atmosphere with low dispersion capacity. 

Consequently, meteorological conditions notably influenced the observed variations in 

pollutant concentrations. 

Our results align with the assumption that there are multiple sources of emissions originating 

from local heating plants in Železná Ruda, potentially indicative of poorer quality boilers, 

fuel, or service. At the same time, these findings might suggest that in the Czech Republic 

there is a higher reliance on domestic heating stoves for primary heating, whereas on the 

German side, these may be predominantly used for leisure, for example in the form of 

fireplaces. However, a detailed investigation of the reasons why air quality is worse on the 

Czech side would require further research. 

The approach of employing mobile systems for air quality measurements in villages 

demonstrated its effectiveness by covering a majority of areas and capturing spatial-temporal 

variability in aerosol concentrations. Such measurements are particularly valuable during the 

heating season, when adverse meteorological situations occur along with increased pollution 

sources. Although significant numbers of people live in villages, there are few permanent air 

quality monitoring stations. Yet, especially in the winter months during the heating season, 

PM concentrations above the limit can be measured at some locations or in a micro-scale, 

mainly due to domestic heating sources, which is difficult to regulate and control, together 

with the unsuitable geomorphology with the frequent temperature inversion situations. Risk 

areas could be identified using GIS and plot in maps. These are mainly mountainous areas 

and valley sites. Due to the high spatial variability, citizens living close to a significant source 

of emissions from a local heating may be exposed to high aerosol concentrations over a long 

period of time, although the average concentrations in the village may be below the limit. 
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4.2.3. Manuscript 3 

According to official measurements and modelling by the Czech Hydrometeorological 

Institute (CHMI), the highest concentrations of benzo[a]pyrene (B[a]P, a carcinogenic PAH) 

in Bohemia in the Czech Republic are regularly measured in the district of Kladno-Švermov, 

about 30 km NW of Prague. The CHMI monitoring station is situated in the residential area 

in the middle of the square so the classification of the station is urban background. Between 

2008-2018, annual B[a]P average concentrations were always exceeding the EU target value 

1 ng.m-3 and were among the highest in the Czech Republic (Schreiberová et al., 2020). For 

these reasons, we carried out a comprehensive measurement campaign near this station in 

winter 2016 to investigate air quality and the sources of pollution. The monitoring station of 

the Laboratory for Air Quality Research was located near the football field, from which we 

also carried out several days of unique flight measurements using a remote-controlled airship. 

At the same time, we conducted walking measurements with mobile devices within this 

district. During this campaign, we observed locally elevated concentrations of PM and other 

pollutants with peak concentrations of PM2.5 up to hundreds of micrograms per m3 

(unpublished data). Concurrent measurements during the campaign showed average 

concentrations of PAHs 25.5 ng.m-3 in the PM1 fraction, with PM1 average concentrations of 

34.2 µg.m-3 (Křůmal and Mikuška, 2020). As part of this campaign, the innovative study 

(Manuscript 3) was conducted to test our hypothesis regarding the significant contribution of 

local temperature inversions to the overall elevated concentrations of particulate matter (PM). 

A special 2.3 m3 helium-filled tethered balloon was constructed for this study. It was made 

of lightweight materials for parachuting and 300 m long Dyneema rope. This design 

facilitated the carriage of professional weather probe, POV camera and other lightweight 

instruments, while at the same time it was storable thus minimizing helium consumption. For 

this reason, the balloon remained continuously inflated throughout the campaign. We 

measured temperature, pressure and relative humidity at a resolution of 4 Hz using a 

professional radiosonde (Vaisala, Finland) designed for weather balloons due to the need 

for extremely fast sensor response. However, we have adapted it to allow recording on an SD 

card, enabling repetitive measurements. The exact height assignment for the measured values 

were calculated according to the Wallace and Hobbs equation for the dependence of height 

on atmospheric pressure difference (Wallace and Hobbs, 2006). 

A total of 53 temperature and humidity profiles were made up to an altitude of 150-300 m. 

We confirmed the occurrence of frequent temperature inversions in the planetary boundary 

layer (PBL), primarily observed during early morning and evening hours. Additionally, 

recurrent inversions occurred at heights up to 50 m, coinciding with the height of the valley 

where the urban area is located. Correspondingly, PM10 and PM2.5 concentrations were above 

the health limits during these occurrences, with local heating identified as the primary source. 

In this situation, limit air movement prevent locally generated pollutants from dispersing, and 
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at the same time nearby sources such as industry can be almost excluded. Repeated vertical 

profiles revealed the considerable dynamics of PBL and the importance and significance of 

meteorological conditions, especially in valley or otherwise closed areas where the lid over 

pot effect may occur. Using a simplified calculation method based on estimated valley 

volume and boiler emission factors, we calculated (out of the scope of this paper) that only a 

few outstanding emitters can raise average PM10 concentrations to above the limit in a single 

day. Several extreme emitters were documented during the measurement campaign, thus the 

spatio-temporal variability of aerosol in the area was significant. From this, possible different 

health effects according to different exposure of the population can be deduced. According 

to these findings, it can be assumed that some of the highest measured values in the Czech 

Republic are attributed to the city of Kladno mainly because of the location of the CHMI 

station. Thus, it is not that the concentrations are exceptional, but rather that similar common 

locations are not captured by the network measurements of the CHMI stations. Therefore, 

even models based on station measurements may underestimate concentrations in similar, 

predominantly rural locations. It would therefore be advisable to focus more attention on 

similar locations and micro-environments where a significant number of people live. 

PBL measurements of temperature-humidity profiles have proven to be a suitable 

complement to stationary air quality measurements, allowing better interpretation of the 

measured data. 

This manuscript gained a notable attention, evident from its 2282 reads on the ResearchGate 

on-line portal as of 17 December 2023 (Bendl and Hovorka, 2017), indicating increased 

interest in the topic. 

4.2.4. Manuscript 4 

The most polluted area in the Czech Republic in terms of PM and benzo[a]pyrene (B[a]P) 

emissions is the Moravian-Silesian region. According to long-term monitoring, it is a 

European hot-spot for PM. The highest concentrations of B[a]P in the Czech Republic are 

regularly measured in the Ostrava-Radvanice district (GPS 49°48'39.666"N, 

18°20'16.300"E). Annual average B[a]P concentrations are often exceeding the annual limits 

of 1 ng.m-3, e.g. in 2021 it was by more than 6 times (CHMI, 2023). For these reasons, in 

2012 and 2014 we conducted intensive monthly winter measurement campaigns in the 

Ostrava-Radvanice urban area using the monitoring station of the Laboratory for Air Quality 

Studies (Institute for Environmental Studies, Charles University) to investigate spatio-

temporal variability of aerosol and to identify key pollution sources. In 2012, smog and post-

smog periods were recorded. During the smog, the median of PM2.5 concentrations was 106 

µg.m-3 and PM10 reached up to 400 µg.m-3 (Hovorka et al., 2012) and the 24-h average of 

B[a]P was up to 32 ng.m-3 (Bendl, 2014).  
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In the 2014 campaign, we did not experience such a smog situation, so the median PM 

concentrations were relatively lower, but still concerning. In Radvanice, we measured an 

average concentration of PM10 of 61.5 ± 8.7 µg.m-3, which exceeded health limits. In addition, 

we conducted simultaneous measurements in the suburban area of Ostrava-Plesná, 16 km far 

away from Ostrava-Radvanice and the industrial sources, in order to compare their influence. 

At this location, the average PM10 concentrations at the same time were 29.2 ± 4.5 µg.m-3, 

i.e. about twice lower. This study complements previously published results from these 

locations (Kozáková et al., 2019; Leoni et al., 2018; Pokorná et al., 2015). 

In this study, the Positive Matrix Factorization (PMF) was performed firstly on the basis of 

the hourly elemental composition of the aerosol obtained with the rotating drum impactor 

(RDI) followed by the S-XRF analysis (Sections 2.2.1., 2.3.2.) and secondly using the particle 

number size distribution (PNSD) measured by the SMPS (Section 2.1.2.), in 15 min. 

integrates. Essential parameters such as meteorological data, organic and inorganic markers 

were incorporated. Levoglucosan, mannosan and galactosan, and cations and anions in PM1 

fraction were sampled on quartz fiber filters (Whatman QMA) using an LVS-3 sampler in 

Ostrava-Plesná and in Ostrava-Radvanice by a high-volume sampler DHA-80 (Digitel, 

Switzerland; Section 2.2.) and subsequently analyzed using the system Dionex ICS-5000+ 

(Section 2.3.2.). Elemental and organic carbon were measured semi-online using the OC/EC 

analyzer (Sunset Laboratory, USA). Simultaneously, meteorological data were recorder at 

both sampling sites. Through repetitive PMF analyses with varying settings, factors were 

iteratively established to achieve an optimal fit with the measured data.  

Generally, the PMF revealed predominant sources in the PM0.15-1.15 fraction. In Ostrava-

Radvanice, the major contributors were identified as domestic heating and the metallurgical 

industry. Conversely, in Ostrava-Plesná, residential heating, industry and traffic contributed 

to the majority of the particle number concentration. 

PMF based on chemical composition had uncertainties of 17.9% and 13,5% for Ostrava-

Radvanice and Ostrava-Plesná, respectively. In Ostrava-Plesná, six distinct factors were 

identified: 1) coal combustion, 2) mixed factor - secondary organic aerosol (SOA) and 

biomass burning, 3) re-suspended dust, 4) raw iron production. In Ostrava-Radvanice, four 

PMF factors were assigned: 1) mixed factor - SIA and coal combustion, 2) residential heating, 

3) raw iron production and 4) sinter/steel production.  

This manuscript provides in-depth description of each identified factor at both locations and 

discuss their elemental compositions, origins and correlations with meteorological data. 

Subsequently, a comparative analysis between the two locations was conducted using 

Pearson correlation coefficients for the identified factors. Since the correlations were weak, 

it was concluded that these were different sources and that meteorology and local orography 

played a significant role. 
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PMF based on PNSD assigned six factors in Ostrava-Plesná: 1) residential combustion, 2) 

urban background, 3) traffic/metallurgical industry, 4) regional pollution, 5) residential 

heating/re-suspended dust. In this PMF model, the PNSD were not normalized for 

calculations, while the output was provided in normalized particle number distribution (NSD) 

dN/DlogDp and volume size distributions (VSD) dV/DlogDp. Contributions of each factor to 

NSD and VSD were discussed, as well as correlations to factors assigned by elemental 

analysis and the influence of meteorology and other factors was evaluated. In Ostrava-

Radvanice, six factors were identified and discussed within the previous study (Leoni et al., 

2018). It was 1) industrial ultrafine particles 2) mixed source industrial and fresh road traffic 

nanoparticles, 3) urban background, 4) coal burning, 5) regional pollution and 6) industrial 

coarse particles/road dust. Data were used for correlation with the PMF based on the chemical 

analysis. Similar to the first PMF approach, two sites were compared and moderate 

correlation was observed between the coal combustion factor in Ostrava-Radvanice with the 

local residential combustion (r=0.68) in Ostrava-Plesná and with the regional pollution 

(r=0.52) in Ostrava-Plesná. Regional pollution factors at both sites moderately correlated 

with each other (r=0.53). 

This manuscript investigated the spatio-temporal variability of winter aerosol in an urban and 

suburban location with an extremely complex ambient aerosol composition, influenced by 

many local and regional sources, including heavy metallurgical industry, long-range 

transport, meteorology and the unfavorable orography of the Ostrava Basin. The PMF 

method proved to be suitable for source-apportionment of these sites, especially the presented 

combination of PMF based on PNSD and elemental composition of PM0.15-1.15. The moderate-

strong correlation between them was observed in Ostrava-Radvanice but in Ostrava-Plesná 

the correlation was weak. This indicates a different source contribution to the number and 

mass of particles. Meteorology and orography were found as an important factor. 

4.2.5. Manuscript 5 

Polycyclic aromatic hydrocarbons (PAHs) pose significant health-risk in both urban and rural 

air. While benzo[a]pyrene (B[a]P) is extensively monitored due to its high carcinogenicity, 

other concerning carcinogenic PAHs (c-PAHs) exist, including: benz[a]anthracene (B[a]A), 

chrysene (CHRY), benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthene (B[k]F), B[a]P, 

dibenz[ah]anthracene (DB[ah]A), ideno[1,2,3-cd]pyrene (I[cd]P). These c-PAHs have the 

ability to bind to aerosol particles across various size fractions. However, routine analysis 

and monitoring protocols for PAHs primarily focus on cumulative PM10 or PM2.5 fraction 

without knowing their distribution and often limiting solely to the analyses of B[a]P. 

This study, as a complementary to Manuscript 4, focuses on exploring the temporal 

variability of these seven c-PAHs and their distribution among four distinct aerosol size 

fractions. Additionally, brief consideration is given to the sampling and sample preparation 
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methodologies pertinent to the subsequent chemical and instrumental analysis and 

genotoxicity assessment.  

Atmospheric aerosol sampling for gravimetric, chemical analyses, and genotoxicity studies 

were conducted within a winter measurement campaign in 2012 in Ostrava-Radvanice. The 

26 days-long 24-h sampling was performed using a High-Volume Cascade Impactor BGI 

900 (Section 2.2.1.) into 4 size fractions: coarse (1 – 10 µm), upper accumulation (0.5 – 1 

µm), lower accumulation (0.17 – 0.5 µm), which were sampled on the polyurethane foam 

(PUF), and the last quazi-ultrafine fraction (qUF; <0.17 µm) sampled on a Teflon backup 

filter. 

Preparation of PUF substrates for sampling was a meticulous process (due to the porosity of 

the material) involving several steps to ensure purity for chemical and toxicological analyses, 

accuracy and consistency in the gravimetric measurements. This included sequential leaching 

in deionized water, methanol (MeOH), and dichloromethane (DCM) in an ultrasonic bath. 

Prior to each weighing, PUF substrates and samples were conditioned to 50% humidity and 

21°C in desiccators in a conditioned weighing room (Section 2.3.4.). Afterwards, both PUFs 

and filters were extracted in DCM, and the extractable organic matter (EOM) underwent 

HPLC analysis with fluorescence detection for c-PAHs, with concentration calculated in both 

ng.m-3 of sampled air, as well as ng.mg-1 of aerosol for each fraction.  

For toxicological studies focusing on genotoxicity, dioxin-like activity, and oxidative DNA 

damage, the EOM was evaporated under a stream of N2 and dissolved in dimethyl sulfoxide 

(DMSO). Please note, specific details of the genotoxicity study exceed the thesis scope and 

will not be further addressed here. 

During the sampling, PM10 mean was around 90 µg.m-3 and the health limit of 50 µg.m-3 was 

exceeded in 21 out of 26 days. Over the whole period, we observed a variability between the 

aerosol mass distribution among the sampled fractions. However, on average, the majority 

of aerosol mass (36.3 µg.m-3) were in the upper accumulation fraction, while 15.6 µg.m-3 

were in lower accumulation fraction, 12.8 µg.m-3 in q-UF fraction and 27.3 µg.m-3 in the 

coarse fraction. At the same time, concentrations of c-PAHs in the upper accumulation 

fraction were 45.5 ng.m-3, 20.6 ng.m-3 in the lower accumulation fraction, 11.9 ng.m-3 in the 

fine fraction and 26.3 ng.m-3 in the coarse fraction. Therefore, c-PAHs concentrations per 

sampled aerosol mass were similar for upper and lower accumulation fractions (1278 and 

1322 ng.mg-1, respectively), which could suggest the same origin of c-PAHs in these 

fractions, while for the qUF fraction the concentration per aerosol mass was lower (957 

ng.mg-1), as well as in the coarse fraction (885 ng.mg-1). A high correlation between PM and 

c-PAHs was observed, especially in the coarse fraction (R=0.83). The weakest correlation 

(R=0.51) was in the ultrafine fraction. During the smog period, the highest concentrations of 

PM were recorded on 12 February 2012 and during this day, the percentage of the qUF 

fraction in PM10 increased significantly up to 31%. 
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Regarding the genotoxic potential analysis, the lower accumulation fraction had the highest 

efficiency in binding compounds forming DNA-adducts. However, there was rather uniform 

distribution of the genotoxic activity per aerosol mass among different size fractions. The 

oxidative DNA damage was interestingly highest during the sampling day, when the PM 

concentrations were the lowest. High dioxin-like activity was observed during the campaign, 

mainly in the upper accumulation fraction. The variability between days was high. 

This study showed a high day-to-day variability of 7 c-PAHs within the measurement 

campaign and its distribution to different aerosol size-fractions. The upper accumulation 

fraction (0.5 – 1 µm) was the largest carrier of PM and c-PAHs, with about 40% of c-PAHs 

in PM10. It is notable that particles smaller than 1 micrometer can easily penetrate the lung 

chambers (Section 1.2.). The qUF fraction of the aerosol carried about 30% less c-PAHs per 

aerosol mass. The upper accumulation fraction was also the major carrier of genotoxicity and 

dioxin-like activity. Oxidative DNA damage did not show clear dependance on the PM size 

fraction and c-PAHs and a possible reason of antioxidants in EOM was discussed. This study 

also confirmed that simple monitoring of PM2.5 and PM10 fractions are not sufficient to 

estimate aerosol toxicity. 

4.2.6. Manuscript 6 

This Manuscript contains a solely laboratory aerosol experiment (Section 2.6.). The aim was 

to compare the toxicological effects of a secondary organic aerosol (SOA, Sections 1.4., 1.5.) 

with typical biogenic (β-pinene) and anthropogenic (naphthalene) gaseous precursors using 

the Air-Liquid Interface (ALI, Section 2.7.). β-pinene is a monoterpene often released by 

coniferous forests and other vegetation as a biogenic VOC, while naphthalene is a two-ring 

volatile PAH generated mainly in combustion processes (engines, biomass burning, 

industry), often present in urban and rural areas. 

The experimental setup included a CAST soot-particle (SP) propane generator, producing 

EC-rich particles (Section 1.4.) of 100 nm mode. The diluted particles were subsequently 

mixed with vapors of naphthalene or β-pinene produced in a diffusion source located in a hot 

water bath. This system could be regulated to obtain a stable desired concentration of these 

gaseous precursors, which concentrations have been verified by FID on-line measurements 

(Section 2.3.1.). Subsequently, the mixture was humidified, D9-butanol was added as a tracer, 

and a final concentration of 1 mg.m-3 soot particles, 4 mg.m-3 VOCs, and 80 ppb D9-butanol 

at 40% moisture entered the potential aerosol mass reactor (PAM). We used an oxidation 

flow reactor (OFR) that simulates photo-oxidative aging of aerosol using OH radicals. 

Hydroxyl radicals were generated in situ from O3 reactions. O3 was produced from irradiation 

of wet aerosol by UV lamps (185 and 254 nm). The lamps were set so that photochemical 

aging corresponding to 3 days in the real atmosphere and the aerosol residence time was 113 

seconds in the reactor. O3 produced inside the reactor was then removed to a level <10 ppb 
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using a ceramic honeycomb denuder, impregnated by NaNO3. The aerosol was diluted with 

ejector diluters so that it was at optimal concentrations for the instrumentation and for the 

ALI systems. To avoid contamination, dilution was performed using VOC- and particle-free 

compressed air. This was done using a particle-free compressor with filters, a pressurized air 

tank and a system for VOC removal (Aadco, Section 2.6.). For physicochemical 

characterization of aerosol, SMPS, aethalometer, TEOM, experimental instrument for ROS 

measurement, AMS were used (Sections 2.1.2.-4.). PTR-MS (Section 2.3.1.) was used to 

measure D-9 butanol to calculate equivalent of photochemical age. Ozone was monitored 

using APOA 350E (Horiba) analyzer. Aerosol was also sampled in PM2.5 fraction on quartz 

filters for further analysis of OC/EC analyzer (2001A, Desert Research Institute) and for 

chemical SOA characterization using advanced analytical platforms such as DIP-HR TOF 

MS (Pegasus GC-HRT 4D, Leco) and comprehensive two-dimensional GC analysis 

GC×GC-TOF MS (Pegasus BT 4D GC×GC, Leco) combined with direct thermal desorption 

(DTD). Special samples were taken also for the TEM analysis (Section 2.3.3.). 

SOA-containing aerosol was also guided towards two ALI exposure systems (Section 2.7.). 

Each contained 3 Vitrocell modules with 6 inserts for aerosol exposure of cell cultures. Two 

modules were used as replicates, while the third was blown with pure air as a control. Above 

each insert was a so-called trumpet to allow uniform distribution of humidified aerosol/air 

(100 mL.min-1), which was deposited on living cells in a 37 °C medium mainly by diffusion 

and sedimentation. Two live cell lines that were pre-cultured in an incubator were used for 

this study: 1) A549 human alveolar epithelial cells, 2) EA.hy926 hybrid human endothelial 

cells for mono- and co-culture experiments. After necessary preparation and care, the cells 

were exposed to aerosol for 4 hours. The first ALI system used undiluted aerosol and the 

second 1:30 diluted to cover real atmospheric conditions. After exposure, several assays were 

then performed to determine the condition of the cells (Section 2.7.).  

SOA from both precursors had similar BC and OC concentrations, for naphthalene SOA SP 

(SOANAP-SP), the total OC was 1.1 mg.m-3, while β-pinene SOA SP (SOAβpin-SP)  

1.0 mg.m-3 from the original SP OC content of 0.3 mg.m-3. Geometric mean of particle size 

was also similar for both aged SOA and was not significantly changed from original soot 

particles (SP). TEM showed soot agglomerates coated by organic material, while both SOA 

agglomerates were less fractal in shape than SP. Particle number concentration for SOANAP-

SP was slightly increased compared to SOAβpin-SP and only for SOAβpin-SP, a nucleation of 

small number of around 50 nm particles was observed. Chemical analysis based on the use 

of GC×GC and DIP-HR-TOF MS methods revealed significantly higher amount of aromatic 

and heterocyclic structures for SOANAP-SP than for SOAβpin-SP, which had higher amount of 

unsaturated cyclic and saturated cyclic and non-cyclic compounds. This was in line with the 

observation of lower H/C ratio for SOANAP-SP. 
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Cells exposures showed that the viability of cells was not significantly affected by the 

biogenic SOAβpin-SP, as well as the pure SPs and controls. However, the anthropogenic 

SOANAP-SP caused 40% cell viability for the undiluted aerosol and 70% viability for 1:30 

diluted aerosol. The higher concentration of H2O2 indicating the oxidative stress were 

measured in the SOANAP-SP aerosol (14.1 µmol.m-3 in undiluted aerosol vs. 3.6 µmol.m-3 in 

undiluted SOAβpin-SP) with a possibility of secondary genotoxic effects. 

We found out, that the atmospheric aging of soot particles can cause significant increase in 

aerosol toxicity. Moreover, SOA coated by condensed naphthalene as anthropogenic SOA 

precursor decreased cell viability, increased oxidative stress, genotoxicity and induced 

angiogenic and inflammatory responses, compared to biogenic SOA precursor β-pinene. The 

responsible compounds for the toxicity of SOANAP-SP might be the oxidation products of 

aromatic compounds, namely hydroxyhexadienyl-type radicals from naphthalene and the 

products 2-formylcinamaldehyde, 1-naphthol, 2-naphthol and naphthoquinones. Aromatic 

structures itself are also known for its toxicity, but degree of oxidation might increase the 

toxicity. We also observed that toxicological studies with co-cultures might be more realistic. 

This study highlights the importance of a comprehensive chemical analysis of aerosol and 

consideration of the atmospheric effects of aerosol aging on its health effects. 

A follow-up study published in Environment International, which is not included in the 

thesis, focused on the cytotoxicity of human bronchial cells (BEAS-2B) in the same 

experiment (Pardo et al., 2022). 

4.3. Conclusions 

In this thesis, spatio-temporal variability of atmospheric aerosols in inhabited areas have been 

in-depth investigated, covering methodology, physical-chemical composition and 

implications for human health. 

The mobile measurement systems developed and validated within this study (Manuscript 1 

and 2) have emerged as valuable tools capable of capturing these dynamics, identifying 

pollution sources and hot-spots. Furthermore, the study demonstrated that mobile 

measurements can complement stationary monitoring by adding a spatio-temporal dimension 

to datasets, ensuring the representativeness of monitored sites, especially important when 

capturing long-term trends. 

The proposed approaches mark a significant starting point for implementing targeted 

mitigation strategies, crucial for overall air quality improvements.   

The research focused also on the application of such methods in inhabited areas with complex 

geomorphology, such as often-neglected rural and suburban locations with decreased air 

quality. In these areas, the vertical profiling of temperature and relative humidity using 
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tethered-balloon facilitated data interpretation and highlighted the impact of temperature 

inversions on the local air quality (Manuscript 3). 

Within Manuscript 4, the PMF analysis identified air pollution sources in complex urban air. 

Simultaneous winter-time measurements at two urban and rural locations in the Ostrava 

region, highlighted significant dynamics of aerosol and its variability, identified the 

metallurgical industry and residential combustion as key pollution contributors in the studied 

area and importance of the local meteorology and orography. Furthermore, the comparison 

between different PMF analysis based on elemental composition and on aerosol number size 

distributions provided critical insights.  

Manuscript 5 focused on the diurnal variability and distribution of particle-bound 

carcinogenic PAHs and their toxicity in 4 different aerosol size fractions in Ostrava, which 

has been shown to be substantial information for assessing its potential health effects. 

In the last Manuscript 6, the impact of secondary organic aerosol (SOA) on toxicity was 

examined. This involved comparing SOA produced by urban air's typical combustion-related 

precursor, naphthalene, with rural/natural background air's β-pinene from coniferous trees. 

Notably, anthropogenic SOA exhibited significantly higher toxicity than biogenic SOA.  

In conclusion, both long-term air quality monitoring and intensive comprehensive 

measurement campaigns with high temporal resolution for source identification are necessary 

to understand the air quality in a given location, to identify sources and finally for effective 

mitigations. As the spatio-temporal variability of aerosol is significant at all urban and rural 

locations, mobile measurements are useful tools for detecting personal exposure and 

identifying specific sources, even in indoor locations that are often underestimated. 

The future outlook in aerosol spatio-temporal variability research includes advancements 

such as miniaturization, automation, and enhanced accessibility of mobile instrumentation. 

There is a concurrent need for additional progress in real-time analytical platforms and the 

improvement of low-cost sensors for extensive deployment in both ambient and indoor air 

environments. Furthermore, the implementation of automation, machine learning, and 

advanced modeling techniques to enhance data processing. 
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