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Abstract 

This dissertation includes two main research projects: 1) the investigation of the intermodal 

fraction and 2) the influence of regional air pollution transport on Ostrava. 

Introduction and aim of the first project. Fine and coarse particulate matter (PM) of 

atmospheric aerosol are considered as separate pollutants and overlap in the particle size 

range of about 1 – 2.5 μm (aerodynamic diameter dae; PM1-2.5) which represents the 

intermodal fraction. Sources of both fine and coarse fractions contribute to PM1-2.5 to different 

extents due to changing meteorological and spatial conditions. Therefore, there is an ongoing 

discussion as to whether PM1 should be included for monitoring as an additional fine 

particulate pollutant by the ambient air quality standard. The intrusion of the one fraction to 

the other one can lead to some inaccuracies in the source apportionment, epidemiological and 

exposure studies. The aim of the first project was to examine the associations between PM1-2.5 

and the coarse (PM2.5-10 or PM>2.5)/fine (PM1) fraction under different meteorological 

conditions at various sites in the Czech Republic during winter and summer seasons. 

Introduction and aim of the second project. The EU air quality standards have been frequently 

exceeded in one of the European air pollution hot spots: Ostrava. The aim of the second 

project was to compare the pollution level at an urban site (Radvanice), which has a nearby 

metallurgical complex, and a suburban site (Plesná) to estimate air pollution sources and 

determine their local and/or regional origins. 

Methods. The measurement of size-resolved mass concentrations of PM was performed with 

cascade impactors and standard reference samplers (PM1 a PM10). The collected dataset 

included both sampling campaigns performed during these two research projects (2014 – 

2015) and previous research (2005 – 2010). The sampling sites were characterised as urban, 

suburban, and rural and the measurement was conducted mainly during the summer and 

winter seasons. Chemical analyses were used to determine the ion, elemental, and 

carbonaceous particulate composition (only samples from 2014 – 2015). The online sampling 

of particle number concentration with short integration time was employed for meteorological 

analyses. Several types of statistic methods: nonparametric correlation analysis, multiple 

linear regression (MLR), and positive matrix factorisation (PMF) were used.  

Results of the first project. The median for the share of PM1-2.5 in PM10 or TSP (total 

suspended particles) was 6% – 9% in summer and winter. PM1-2.5 accounted for a higher mass 

portion of PM2.5 during summer. Statistical analyses confirmed a significant relationship 

between PM1-2.5 and the coarse fraction in all environments. However, the significant 
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relationship between PM1-2.5 and PM1 was identified in only several environments. In winter, 

based on chemical analyses applied to samples from selected campaigns, crustal elements 

(mainly Si, Fe, and Ca) significantly influenced the coarse fraction and even PM1-2.5 at all 

sites, while S was significant in PM1-2.5 and the fine fraction at suburban sites. At the urban 

industrial site, Fe was dominant in all three fractions due to a nearby metallurgical complex. 

The winter median SO4
2-

 concentration (as a tracer of the fine fraction) was higher than the 

Ca
2+

 concentration (as a tracer of the coarse fraction) in PM1-2.5 at a majority of the sites. In 

summer, crustal elements were important in both, the PM1-2.5 and the coarse fraction, while S 

still dominated in PM1. The median SO4
2-

 concentrations in the PM1-2.5 and the coarse fraction 

were significantly lower than in winter. The enrichment factors and wind speed direction 

analysis helped to reveal potential air pollution sources. To conclude the results of the first 

research project, the PM1-2.5 was influenced by the sources of the coarse fraction in Central 

Europe. The additional significant influence of sources producing the fine fraction was 

evident under increased relative humidity conditions. Therefore, PM1 should be considered by 

the air quality standard as an additional fine particulate pollutant. 

Results of the second project. Higher average PM10 concentration was measured in Radvanice 

than in Plesná, whereas the PM1 concentrations were similar at both sites. A source 

apportionment analysis revealed six and five sources for PM10 and PM1, respectively. In 

Radvanice, the amount of PM and most of the chemical species were similar under SW and 

NE WD. The main sources were industry (43% for PM10 and 27% for PM1), due to a large 

metallurgical complex located to the SW, and biomass burning (25% for PM10 and 36% for 

PM1). In Plesná, the concentrations of PM and all species significantly increased under NE 

WD conditions and were the highest during the whole measurement campaign at both sites. 

Secondary inorganic aerosols (SIAs) dominated (54% and 56%, respectively), with the 

highest contributions from the NE WD. Therefore, regional pollution transport from the 

industrial area of the Silesian Province (Poland) was evident. Biomass burning contributed 

22% and 24% to PM10 and PM1, respectively. The air quality in Ostrava was influenced by 

local sources and regional pollution transport. The issue of poor air quality in this region is 

complex. Therefore, the international cooperation from both states (the Czech Republic and 

Poland) is needed to achieve a reduction in air pollution levels. 
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Abstrakt 

Disertační práce zahrnuje dva hlavní projekty: 1) výzkum intermodální frakce atmosférického 

aerosolu a 2) vliv regionálního transportu znečištění ovzduší na kvalitu ovzduší v Ostravě. 

Úvod a cíl 1. projektu. Jemná a hrubá frakce atmosférického aerosolu jsou považovány za 

samostatné znečišťující látky. Překrývají se v oblasti velikosti částic mezi 1 – 2.5 µm 

aerodynamického průměru (dae). Tento překryv představuje intermodální frakci (PM1-2.5). 

Zdroje jemné i hrubé frakce přispívají různou měrou ke koncentraci PM1-2.5 na lokalitách 

s různými zdroji a kvůli měnícím se meteorologickým podmínkám. Z tohoto důvodu se vede 

diskuze, zdali by vedle frakce PM2.5 měla i PM1 být zahrnuta do seznamu legislativních 

standardů a monitorována jako polutant představující jemnou frakci atmosférického aerosolu. 

Pronikání hrubé frakce do PM2.5 může vést k nepřesnostem v identifikaci zdrojů znečištění a v 

epidemiologických či expozičních studiích. Cílem této práce bylo prozkoumat vztah mezi 

PM1-2.5 a hrubou (PM2.5-10 nebo PM>2.5)/jemnou (PM1) frakcí během odlišných 

meteorologických podmínek v zimních a letních sezónách a na různých lokalitách v České 

republice. 

Úvod a cíl 2. projektu. Imisní limity stanovené Evropskou unií jsou dlouhodobě překračovány 

v Ostravském regionu, ve kterém je kvalita ovzduší jedna z nejhorších v Evropě. Cílem 

druhého projektu bylo porovnat kvalitu ovzduší na dvou residenčních lokalitách, příměstské 

(Plesná) a městské průmyslové (Radvanice), která se nachází v blízkosti hutního areálu 

(výroba železa a oceli), dále odhadnout zdroje znečištění ovzduší a určit jejich lokální či 

regionální původ. 

Metodika. Koncentrace velikostně rozděleného atmosférického aerosolu byly měřeny pomocí 

kaskádních impaktorů a standardních referenčních vzorkovačů (PM1 a PM10). Soubor dat 

obsahoval jak měřící kampaně uskutečněné během této práce (2014 – 2015) tak kampaně již 

dříve provedené (2005 – 2010). Měřící lokality byly charakterizovány jako městské, 

příměstské a venkovské a vzorkování bylo prováděno v letních a zimních sezónách. 

Chemické analýzy vzorků (vodě rozpustné ionty, elementy, uhlíkové částice) byly provedeny 

na vzorcích z let 2014 – 2015. Online přístroje vzorkující početní koncentrace částic s krátkou 

integrační dobou byly použity v meteorologických analýzách (porovnání se směrem a 

rychlostí větru). Data byla zpracována pomocí několika typů statistických metod: 

neparametrická korelační analýza, mnohonásobná lineární regrese (MLR) a positive matrix 

factorisation (PMF). 
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Výsledky 1. projektu. Medián podílu PM1-2.5 v PM10 and TSP (celkové množství 

suspendovaných částic) byl 6 – 9% v létě a v zimě. PM1-2.5 tvořila vyšší podíl PM2.5 v létě. 

Statistické analýzy zjistili významný vztah mezi PM1-2.5 a hrubou frakcí ve všech typech 

prostředí, zatímco významný vztah mezi PM1-2.5 a PM1 byl pozorován jen v některých. Na 

základě chemických analýz vzorků z vybraných kampaní bylo zjištěno, že v zimě byla hrubá 

frakce a PM1-2.5 významně ovlivněna prvky zemské kůry (hlavně Si, Fe a Ca) na všech 

lokalitách, zatímco S dominovala mezi stanovenými prvky především v jemné frakci a 

částečně i v PM1-2.5 v příměstských lokalitách. V průmyslové lokalitě bylo významné ve 

všech třech frakcích Fe, které pocházelo z blízkého metalurgického zdroje. Koncentrace SO4
2-

 

(indikátor jemné frakce) byly vyšší než Ca
2+

 (indikátor hrubé frakce) v PM1-2.5 na většině míst 

v zimě. V létě byly významně zastoupeny prvky zemské kůry v PM1-2.5 a hrubé frakci, 

zatímco S byla výzmnamně zastoupená v jemné frakci. Koncentrace SO4
2-

 v PM1-2.5 a hrubé 

frakci byly nižší než v zimě. Vypočítaný faktor obohacení (EF; enrichment factor) PM frakcí 

jednotlivými prvky pocházejícími z antropogenních zdrojů a analýza směru a rychlosti větru 

pomohla odhalit potenciální zdroje jednotlivých frakcí. Z našich zjištění vyplývá, že PM1-2.5 

byla ovlivněna zdroji hrubé frakce. Vliv zdrojů jemné frakce byl patrný v podmínkách 

zvýšené relativní vlhkosti (zima a deštivé období). Z tohoto důvodu by mělo být uvažováno o 

implementaci PM1 standardu jako dodatečné jemné frakce do legislativy ochrany ovzduší. 

Výsledky 2. projektu.Vyšší průměrné koncentrace PM10 byly zjištěny v Radvanicích než 

v Plesné, zatímco koncentrace PM1 byly na obou místech podobné. Analýza PMF odhalila 6 

zdrojů PM10 a 5 zdrojů PM1 na obou lokalitách. V Radvanicích dosahovaly koncentrace 

většiny stanovených chemických látek podobné úrovně při jihozápadním a severovýchodním 

proudění větru. Hlavní zdroje představoval průmysl (43% podílu v PM10 a 27% v PM1), který 

pocházel z metalurgického komplexu nacházejícího se jihozápadně od měřící stanice, a 

spalování biomasy (25% podílu v PM10 a 36% v PM1). V Plesné byly koncentrace PM a 

chemických látek výrazně vyšší při severovýchodním proudění a nejvyšší za celé sledované 

období na obou lokalitách. Sekundární anorganické aerosoly představovaly v Plesné největší 

podíl zdrojů v obou frakcích. To poukazuje na regionální transport znečištění pocházející 

z významné industriální oblasti nacházející se v polském Slezsku. Spalování biomasy 

přispívalo 22% do PM10 a 24% do PM1. Závěrem lze říci, že kvalita ovzduší v Ostravě během 

našeho měsíčního měření byla ovlivněna lokálními zdroji a významně také regionálním 

transportem znečištění. Problém týkající se znečištění ovzduší v tomto regionu je komplexní, 

a proto je potřeba zajistit těsnější spolupráci obou států, České republiky a Polska, k dosažení 

snížení úrovně znečištění.  
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Structure of the thesis 

 The submitted dissertation thesis consists of five main chapters: Introduction, Aim, 

objectives, and motivation, Research studies, Conclusion, and Limitation and future research. 

To provide the readers easier orientation in the thesis, the individual chapters are briefly 

described in the following paragraphs. 

 In the chapter “Introduction”, the background for the research studies is described 

including atmospheric aerosol characteristics and sampling. The emphasis was put on the 

aspects connected with the methodology used within the research projects and on the 

character of the individual research studies presented in this dissertation. 

 The chapter “The aim, objectives, and motivation” of this thesis is important for 

readers to understand the author’s intention which arose at the beginning of the research. The 

motivation for the individual research studies are set in the context of the research gaps in this 

scientific knowledge. 

 The “Research studies” chapter consists of three research articles published in the 

scientific journals Aerosol and Air Quality Research and Ochrana ovzduší and two 

manuscripts submitted to Atmospheric Chemistry and Physics (sections discussion) and 

Atmospheric Research. Prior to every published article or manuscript, a short summary of the 

main findings is presented. 

 The “Conclusion” summarizes the main findings resulting from the studies and 

explains their meaning in the broader scheme. 

 The last chapter “Limitation and future research needed” contains the main limitation 

of our studies and also the ideas for subsequent possible investigation related to the topics of 

the individual studies. 

 An annex includes the author’s contribution to the individual articles. 
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1 Introduction 

 Atmospheric aerosol – overview 1.1

 The atmospheric aerosols, liquid or solid particles suspended in the air, are ubiquitous 

in the Earth’s atmosphere and influence basic atmospheric processes, climate, ecosystems, 

and human health. Aerosol particles influence the hydrological cycle since they serve as cloud 

condensation nuclei (CCN) and ice nuclei for the formation of clouds and precipitation. They 

are involved in heterogeneous chemical reactions of atmospheric trace gasses and other 

multiphase processes. Further, they affect the energy balance of the Earth by scattering and 

absorbing the solar and terrestrial radiation. Moreover, they influence the human health 

because can cause e.g. respiratory, cardiovascular, and allergic diseases. 

 Airborne particles, originating from the variety of natural and anthropogenic sources, 

can be emitted directly to the atmosphere as primary particles or formed in the atmosphere by 

chemical reactions and physical processes as secondary aerosols. The main global natural 

aerosol sources, usually well distributed around the globe, are soil dust mostly from arid 

regions, sea salt, gas-to-particle conversion (formation of sulphate, ammonium salts, and 

nitrate from SO2, H2S, NH3, and NOx), bioaerosol, photochemical reactions (particles formed 

from biogenic organic compounds, e.g. isoprene and monoterpene vapours released from 

trees), volcanos, forest fires (Agranovski, 2010; Hinds, 1998), and thunderstorms (Pawar et 

al., 2011). On the other hand, combustion processes, energy production, traffic, industry 

(metallurgy, fertilizer production, etc.), and agriculture are anthropogenic sources, dominating 

in urban and industrial regions (Hinds, 1998). 

 The removal mechanisms for the airborne particles from the atmosphere are the wet 

and dry deposition. The wet deposition is a transfer of particles from atmosphere to the 

ground by atmospheric precipitation. Both particles forming cloud droplets and airborne 

particles captured by precipitations are removed from the atmosphere. The dry deposition is 

the sedimentation of particles to the ground. An illustrative scheme of the cycle of 

atmospheric aerosol is shown in Figure 1 (Pöschl, 2005). The key characteristics that 

determine the environmental and also health effects of aerosol particles are their 

concentration, size, structure, and chemical composition. 
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Figure 1. Atmospheric cycling of aerosols (Reproduced from Pöschl, 2005) 

 

1.1.1 Effect on visibility and climate 

 Atmospheric visibility is defined by the ability of our eyes to distinguish an object 

from the surrounding background. In the troposphere, the main process limiting visibility is a 

scattering of solar radiation by atmospheric aerosols. In the absence of aerosols our visual 

range would be approximately 300 km. The visibility reduction is greater at high relative 

humidity (RH) condition when atmospheric aerosols can grow in their diameter by the uptake 

of water. An increase of the cross-sectional area for scattering causes the atmospheric 

phenomenon called “haze” (Jacob, 1999). 

 Atmospheric aerosols interact strongly with solar and terrestrial radiation in several 

ways. These interactions are divided into three groups: aerosol-radiation interactions, aerosol-

cloud interactions, and aerosol-surface interactions (Boucher, 2015). 

 Aerosol-radiation interactions include the scattering and absorption of solar radiation 

which influence the Earth’s albedo. The backscattering of incoming solar radiation reduces 

the energy and altogether causes the cooling of the climate system. Absorption of the solar 

radiation is accompanied by a heating within the atmosphere, but also by the reduction of 

incoming solar radiation at the Earth’s surface. These processes are also called aerosol direct 

effects. In addition, the absorption of sunlight by atmospheric aerosols changes the vertical 

temperature profile. This impacts atmospheric conditions (e.g. RH) and therefore cloud 

formation (the aerosol semi-direct effect; Boucher, 2015). For example, absorbing of solar 

radiation by aerosols causes an increase of surrounding temperature and subsequently may 
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result in evaporation of the cloud water droplets (Kahn et al., 2009). This example is included 

in the warming effect of atmospheric aerosols. 

 Aerosol-cloud interactions represent indirect effects of aerosols on the climate. 

Aerosols serve as CCN (in the case of water clouds) or ice nuclei (ice and mixed-phased 

clouds) and thus affect the cloud microphysical and optical properties. An increase in the 

concentration of aerosols causes an increase in the concentration of the CCN or ice nuclei and 

an increase in the number of cloud droplets. This situation results in a reduction in droplet 

size and increases in the cloud albedo and generally leads to reinforcement of the cooling 

effect (Boucher, 2015). The modification of cloud microphysical properties may have an 

impact on cloud evolution, especially on the ability of clouds to generate droplets that are 

large enough to initiate precipitation. Smaller droplets cause longer lifetimes of clouds, e. g. a 

lower precipitation rate, and they retain higher liquid water content. This can have adverse 

consequences in certain ecosystems and results in torrential downpours and even floods (Kahn 

et al., 2009). 

 Aerosol-surface interactions include the deposition of aerosol onto snow and ice 

surfaces and thus the surface becomes less reflective. Subsequently, this contributes to 

warming of the surfaces and thus reinforces the global warming effect. Additionally, aerosols 

also interact with vegetation due to changes in incoming solar radiation, diffuse radiation 

scattered by aerosols and they can serve as a source of nutrients (Boucher, 2015). 

 To conclude, the overall effect of aerosols is a net cooling at the surface. The 

heterogeneity of particle spatial distribution, emission history, and properties as well as 

differences in surface reflectance mean that the magnitude and even the sign of aerosol effects 

vary highly with location, season, and time (Kahn et al., 2009). It is probable, however, that 

emissions of anthropogenic aerosols will ultimately decrease in response to air quality 

policies, which would suppress their cooling influence on the Earth’s surface, thus leading to 

increased warming (Boucher et al., 2013). 

 

1.1.2 Health effects 

 Inhalation is the most effective form of the exposure to particulate matter air pollution. 

Effects of inhalation are dependent on the particle concentration, size, shape, composition, 

and length of the exposure (Oberdörster, 2000). 

 The exposure to particulate air pollution has been linked to different health 

consequences, such as mortality, pulmonary and cardiovascular effects, increased blood 
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markers of inflammation and blood coagulation, reproduction and prenatal outcomes, and 

neurotoxic effects (Rückerl et al., 2011). 

 A significant association was found for the particulate air pollution with 

cardiovascular and respiratory deaths (Dockery et al., 1993; Laden et al., 2006; Pope, 2000; 

Pope et al., 1995). The long-term exposure to fine particulate matter (PM) is associated with 

adverse respiratory outcomes in healthy as well as in diseased populations (Andersen et al., 

2008; Götschi et al., 2008), deficits in lung function and increased symptoms of obstructive 

airway disease (Pope III and Dockery, 2006). The conclusive association was found between 

air pollution and cardiovascular hospitalisation due to heart failure and myocardial infarction 

(Zanobetti and Schwartz, 2007) and increased blood pressure (Brook et al., 2009; Delfino et 

al., 2010; Dvonch et al., 2009). Adverse effects of air pollution on pregnancy outcomes has 

been documented by the World Health Organisation (WHO, 2005). 

 Particle deposition in different parts of the respiratory system as a function of the 

particle size is shown in Figure 2. 

 

 

Figure 2. Predicted total and regional particle deposition based on the ICRP deposition model 

(ICRP= International Commission on Radiological Protection, Alv=alveolar and 

TB=tracheobronchial region; Reproduced from Hinds, 1998). 
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 Size of the atmospheric aerosol 1.2

1.2.1 Particle size 

 Airborne particles can have regular (spherical) or more often irregular shape and thus 

their size determination in terms of particle diameter (dp) could be complicated. Therefore, 

different types of equivalent diameters were established according to particle property or 

behaviour (Pabst and Gregorova, 2007). 

 One of the most used in the field of atmospheric aerosol science is an equivalent 

aerodynamic diameter (dae) defined as the diameter of a spherical particle with a density of ρ 

= 1 g/cm
3
 (the density of a water droplet) that has the same settling velocity as the 

investigated particle. The aerodynamic diameter 𝑑𝑎𝑒 can be calculated with the following 

formula (Eq. 1): 

𝑑𝑎𝑒 =  𝑑𝑣√
𝜌𝑝

𝑥𝜌0
  (Eq. 1) 

where 𝑑𝑣 is an equivalent volume diameter of a sphere having the same volume as the 

investigated particle, 𝜌𝑝 is the particle density, 𝜌0 is the reference density of 1 g cm
-
³ (density 

of the water droplet), and 𝑥 (kappa) is a dynamic shape factor that determines the shape of 

particles, for a perfect sphere 𝑥 = 1. The dae is the key particle property especially for 

characterizing filtration and respiratory deposition (Hinds, 1998). 

 Examples of the other equivalent diameters are (DeCarlo et al., 2004; Pabst and 

Gregorova, 2007): 

 electrical mobility diameter: an equivalent diameter of a sphere with the same 

migration velocity in a constant electric field as the particle of interest; 

 surface equivalent diameter: a diameter of a sphere with the same surface as the 

particle; 

 Stokes equivalent diameter: an equivalent diameter of a sphere with the same density 

and settling velocity as the particle. 

 

1.2.2 Size distribution and classification 

 The size distribution and concentration of atmospheric aerosol are temporally and 

spatially highly variable due to differences in emission sources and atmospheric processes. 

The size range of atmospheric aerosol runs through several orders of magnitude from dp of 10
-
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9
 m (molecules, molecular clusters) to 10

-4
 m. The total number and mass concentrations 

typically vary in the range of about 10
2 

– 10
5
 particles cm

-3
 and 1 – 100 µg m

-3
 in the 

troposphere (Hinds, 1998). The classification and terminology of particle sizes depend on the 

field of the science (for example, medicine and pharmacy, legislation, physical and 

environmental science, etc.). 

 Monodisperse aerosol contains particles of similar size. This type of aerosol is usually 

produced in a laboratory for specific purposes, such as an instrument calibration. But 

typically, atmospheric aerosols contain more size ranges and thus are termed polydisperse. In 

the atmosphere the size distribution and thus particle size are determined by the formation 

process (sources) and subsequent physical processes and chemical reactions. The particle size 

distribution, although containing the same particle sizes, can appear differently according to 

whether number, mass, volume, or surface distribution is plotted (Figure 3; Hinds, 1998). 

 Mass size distribution of atmospheric aerosols contain two main size modes, a fine and 

coarse (Whitby, 1978; Whitby et al., 1972). Particles of these modes generally originate from 

different sources and have different behaviours, chemical compositions, and fates in the 

atmosphere (e.g., Anlauf et al., 2006; Colbeck et al., 2008; Herner et al., 2006; Karanasiou et 

al., 2007; Pérez et al., 2008; Schwarz et al., 2012). The fine and coarse fraction overlap in the 

range of about particle diameter, dp, from 1 to 2.5 or 3 µm, called the intermodal fraction 

(e.g., Hinds, 1998; US EPA, 1996; Whitby et al., 1972; Wilson and Suh, 1997). 

 The fine mode can be subdivided into the nucleation, the Aitken, and the accumulation 

mode. The nucleation mode (dp < 20 nm) represents the particles directly emitted from 

combustion processes and the new formed particles from gas-to-particle conversion processes 

included also photochemical reactions (secondary aerosols) in the atmosphere. This mode is 

usually present near highways and other combustions sources (Hinds, 1998). Due to their high 

number concentration, the nuclei particles coagulate rapidly with each other and with the 

particles of accumulation mode and/or participate in condensation of vapours and 

subsequently they grow into the accumulation mode. 

 The Aitken mode (20 nm < dp < 100 nm) is especially observed in an urban 

environment owing to primary emissions from traffic. Particles in this mode arise from 

primary emissions and coagulation between pre-existing particles that are usually from the 

nucleation mode (Dall’Osto et al., 2013). The nucleation-mode and Aitken-mode particles 

represented ultrafine particles (UFP; dp < 100 nm). 

 



  Introduction 

20 

 

 

Figure 3. Number (a), surface (b), and volume (c) size distribution for an idealised ambient 

urban aerosol. The volume size distribution at least qualitatively resembles the mass 

distribution (differences in terms of various particle density; Reproduced from Colbeck et al., 

2008). 

 

 The accumulation mode (100 nm < dp < 1 µm) generally account for substantial 

aerosol mass and surface area. These particles have a typical lifetime of around 1 – 2 weeks 

since the removal mechanisms (precipitation scavenging or dry deposition/sedimentation) are 

weak. Hence, they are involved in a pollution long-range transport. 

 The coarse mode relates with the particles larger than about 1 µm, which are formed 

by mechanical attrition processes, and consists of soil dust, sea salt particles, industrial and 

surface mining dust, volcanic ash, etc. The atmospheric lifetime of these particles is only a 

few hours or days because of their effective removal mechanisms such as sedimentation and 

impaction on surfaces (Colbeck et al., 2008; Harrison and van Grieken, 1998). 

 Based on the deposition of inhaled particles in various regions of the respiratory 

system, particles are classified as an inhalable, thoracic, and respirable according to ACGIH 
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(American Conference of Governmental Industrial Hygienists; ACGIH, 2001; Kulkarni et al., 

2011). In the 1990s, the international consensus was reached on particle penetration standards 

among ACGIH, ISO (International Organisation for Standardisation), and CEN (European 

Committee for Standardisation; Kulkarni et al., 2011). Figure 4 presents the penetration of 

these fractions as a function of dae into the respiratory system. 

 

 

Figure 4. International workplace sampling conventions for several types of PM fractions 

(Reproduced from Kulkarni et al., 2011). 

 

 Inhalable particles represent the mass fraction of airborne particles that enter the 

human respiratory system through the nose and/or mouth during breathing. This fraction 

corresponding to particles with a dae < 100 μm is relevant to possibly harmful health effects in 

the respiratory tract. 

 Thoracic particles represent a sub mass fraction of the inhalable fraction composed of 

particles (dae < 10 μm) that can penetrate into the tracheobronchial region of the lung. 

 Respirable particles as the sub mass fraction (dae < 3.5 μm) belongs to the inhaled 

particles that penetrates into the alveolar region of the lung, i.e., includes the respiratory 

bronchioles, alveolar ducts and sacs (Kulkarni et al., 2011). Later, the international definition 

of respirable particle was set at a dea of < 4 μm (CEN, 1993). 

 For legislative applications, PM2.5 (PM with dae < 2.5 μm) and PM10 (PM with dae < 

10 μm) is defined. In addition, Total Suspended Particles (TSP) including particles of various 

sizes can be monitored. 
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 Measurement of individual aerosol size fractions can be performed by offline and 

online instrumentation. Offline measurement provides aerosol sampling on the various types 

of filters or foils and the particle mass concentrations are determined gravimetrically. Online 

instrumentation measures particle number size distribution in real time. 

 

 Chemical composition, sources and morphology of 1.3

atmospheric aerosol 

1.3.1 Chemical composition and sources 

 The chemical composition of atmospheric aerosols is size dependent and determined 

by the sources of primary particles emitted directly into the air and the processes forming the 

secondary particles. Particulate matter is usually a complex mixture of different chemical 

components. The composition of the individual particles can be fairly uniform (all particles 

with the same composition; internally mixed aerosol) or differ among individual particles 

(externally mixed aerosol). The predominant chemical components of aerosol particles are 

water soluble ions (mainly sulphate, nitrate, ammonium sodium, calcium, chloride, and 

magnesium), mineral dust, carbonaceous particles (black/elemental carbon, organic 

compounds), and bioaerosols. In addition, there are other minor chemical components, such 

as trace metals (Colbeck et al., 2008). The detection of trace metals and some trace organic 

compounds in airborne particles is very valuable for source identification studies. 

 Water soluble ions play an important role in driving atmospheric processes since they 

are hygroscopic and thus help to form cloud droplets. The cations are represented mainly by 

ammonia, sodium, potassium, calcium, and magnesium, whereas the anions by sulphate, 

nitrate, and chloride. 

 Sulphates, mainly ammonium sulphate, and sulphuric acid are formed by gas-to-

particle conversion from gas precursors. The dominant continental gas precursors are 

represented by anthropogenic SO2 (emission from the combustion of sulphur-containing fuels 

and from the smelting of sulphur-containing ores) and ocean precursor by (CH3)2S (dimethyl 

sulphide, DMS) from biogenic origin (metabolite of some marine algae and phytoplankton). 

The sulphates with the most mass occur in the accumulation mode. Sulphuric acid is 

neutralised mainly by ammonia (NH3) to form ammonium sulphate (Harrison and Van 

Grieken, 1998; John et al., 1990). 
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 Nitrates result from the oxidation of nitrogen dioxide (NO2) to nitric acid (HNO3) and 

its neutralisation typically by ammonia (NH3) as ammonium nitrate (NH4NO3) or sodium 

from sea salt as sodium nitrate (NaNO3; Harrison and Van Grieken, 1998; Meszaros, 1999). 

The main sources of ammonium ion (NH4
+
) are agriculture, industrial processes, traffic, and 

volatilization from soils and oceans (Behera et al., 2013; EEA, 2017). These major ions, NO3
-
, 

SO4
2-

, accompanied by NH4
+
 represented secondary inorganic aerosols (SIA). SIA are formed 

in the atmosphere by the chemical conversion of the gases to a less volatile particulate form 

(e. g. Harrison and Van Grieken, 1998; Pöschl, 2005). They often represent the regional 

background pollution (Viana et al., 2008). 

 Sea salt particles making up by sodium, chloride, magnesium, calcium, and sulphate 

ions (Na
+
, Cl

-
, Mg

2+
, Ca

2+
, and SO4

2-
) occur predominantly in the coarse fraction. Sea salt can 

react with sulphuric acid (Na2SO4) and nitric acid (NaNO3). Subsequently, these sulphate and 

nitrates particles exist in the coarse mode (Meszaros, 1999). Chlorides originate mostly from 

sea salt occurring chiefly in the coarse fraction (Colbeck et al., 2008). In the air with abundant 

ammonia and hydrogen chloride, fine secondary ammonium chloride can form (NH4Cl; 

Harrison and Van Grieken, 1998). In addition, they can be emitted from industrial sources and 

coal and wood combustion (Hleis et al., 2013; Pokorná et al., 2015). Sodium, potassium, 

calcium, and magnesium are also known as crustal elements occurring mostly in the coarse 

fraction (Meszaros, 1999). However, potassium in the fine fraction is considered a tracer for 

biomass burning (Zhang et al., 2010). 

 Trace metals represent a relatively small proportion of the mass of atmospheric 

aerosol, usually less than 1%. Their concentrations in the atmospheric aerosols depends on 

their sources, hence an analysis of the metals is crucial for the source identification. Natural 

emissions of trace metals originating from the Earth’s crust caused by erosion and subsequent 

resuspension of surface dust (crustal elements: Al, Si, Fe, Ca, Pb, Zn, and Cr etc.), oceans by 

spray and wave action (e.g. Cd, Cu, Ni, Pd and Zn), volcanic eruptions (e. g. Cd, Hg, As, Cr, 

Cu, Ni, Pb, and Sb), and natural forest fires (e. g. Cu, Pb, and Zn). The anthropogenic sources 

are especially high temperature processes, such as fossil fuel combustion (e. g. As, Be, Co, 

Hg, Mn, Ni, Se, Sn, and V), biomass burning, industrial metallurgical activities (e. g. As, Cd, 

Cu, Ni, and Zn), incineration, and traffic (e. g. Fe, Cu, Zn, Cd; Colbeck et al., 2008; Harrison 

and van Grieken, 1998; Meszaros, 1999). 

 The trace metals are emitted as submicron particles or volatile metals as vapours 

forming particles by condensation or gas-to-particle conversion reactions. Their solubility in 

the atmosphere depends on their chemical form, pH of the aqueous phase (generally lower pH 
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causes higher solubility), and presence of other components. A larger amount of soluble 

metals which are more mobile in the environment (also bioavailable and toxic) are present in 

anthropogenic emissions than in natural emission (Colbeck et al., 2008). 

 Carbon-containing particles (carbonaceous aerosol) are an extensive group of 

natural and anthropogenic atmospheric aerosols. They play an important role in the optical 

properties of the atmosphere (absorbing and scattering light) and can serve as CCN. 

Carbonaceous particles are primarily emitted into the atmosphere (Primary Organic Aerosols, 

POA) or secondary formed from the oxidation of organic compounds by condensation and 

gas-to-particle conversion processes (Secondary Organic Aerosols, SOAs; Colbeck et al., 

2008). 

 The carbonaceous compounds are usually the dominant fraction in the atmospheric 

aerosols. Based on different characteristics of carbonaceous particles measured with various 

techniques, several types of carbonaceous components can be determined, for example, 

elemental (EC), organic carbon (OC), black carbon (BC), and nowadays divided into more 

categories based on the techniques used for its determination: equivalent Black Carbon (eBC) 

and refractory Black Carbon (rBC; Lack et al., 2014). 

 The term EC mainly represents primarily emitted carbonaceous aerosols originating 

from combustion sources such as fossil fuel combustion (especially from diesel engines) and 

biomass burning, which rapidly coagulate and form chain aggregates of small soot globules. 

They refer to porous and insoluble solid forms of the graphite-like material usually contained 

in soot (Pöschl, 2005). 

 The term OC represents the carbon content in a mixture of thousands of different 

organic compounds of which only small fraction of their molecular structures have been 

characterised. The primary emission sources of OC include chiefly combustion processes and 

also largely biological particles. Secondary OC are formed from volatile organic compounds 

(VOCs) released from various anthropogenic and natural sources, such as combustion 

processes and VOC released from vegetation, respectively (Colbeck et al., 2008). Some of the 

OC compounds can serve as the tracers from individual sources. For example, the 

monosaccharide derivatives originating from the burning of cellulose (levoglucosan) and 

hemicellulose (mannosan and galactosan) represent general source-specific tracers for wood 

smoke/burning of biomass fuel in the atmosphere (Fabbri et al., 2008; Puxbaum et al., 2007; 

Simoneit et al., 1999). Important health-related compounds of OC are polycyclic aromatic 

hydrocarbons (PAHs). The majority of them are suspected to be mutagenic and carcinogenic 

compounds, such as the most known benzo(a)pyrene (B[a]P). The PAHs are produced during 
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incomplete combustion of organic matter (wood, oil, gasoline, and coal fuel combustion; 

Meszaros, 1999). 

 Bioaerosols (biological aerosols) are primary solid particles derived from organisms 

including plant fragments, pollen, microorganisms (virus, bacteria, and algae), spores, and 

fungi, human and animal epithelial cells (Colbeck et al., 2008). 

 Soil carbonates, such as CaCO3 and MgCO3, occur mainly in the coarse fraction and 

are part of the soil dust. Their most important source is dust blown from the deserts, e. g. 

during Saharan dust episodes (Alastuey et al., 2005).  

 

1.3.2 Morphology 

 Important physical characteristics of atmospheric aerosols, beside their concentration 

and size distribution, are their morphology and shape. Atmospheric aerosol consists of various 

types of shapes which are functions of the chemical composition and formation process of the 

particles (Kulkarni et al., 2011). The fine liquid droplets and some solid particles formed by 

condensation are spherical but most other types of particles are non-spherical with regular 

geometric shapes (e. g. sea salt particles of NaCl, bacteria and fibres, single crystals, or 

clusters of spheres) and agglomerated or crushed material having irregular shapes. The shape 

of the particle influences its drag force and settling velocity. The correction factor called 

dynamic shape factor accounts for the effect of shape on the particle motion. It is defined as 

the actual resistance force of the non-spherical particle 𝐹𝐷 to the resistance force of a 

spherical particle having the same volume 𝑉and velocity as the non-spherical particle (Eq. 3; 

Hinds, 1998): 

𝑥 =  
𝐹𝐷

3𝜋𝜂𝑉𝑑𝑣
   (Eq. 3) 

where 𝜂 is viscosity of the air and 𝑑𝑣 is an equivalent volume diameter (see chapter 1.2.1 

Particle size). 

 For the health effect, the shape of the particles influences its aerodynamic diameter 

and subsequently behaviour in terms of deposition in the respiratory system. A well-known 

example is asbestos fibres which can achieve a deeper part of the respiratory system due to 

their thin fibres’ shape and cause an inflammation in the site of their deposition. 

 



  Introduction 

26 

 

 Air quality monitoring 1.4

1.4.1 History of air quality monitoring 

 Historically, people detected pollution with their lungs, noses, and eyes. They resolved 

any discomfort from smoke inhalation near cooking fires by moving upwind. The most 

important indicator of pollution was visible plumes and smoke resulting from the scattering 

and absorption of light by suspended particles. The first air pollution regulation was recorded 

as a royal decree in the 14
th

 century to reduce the use of coal due to the observation of an 

association between the black smoke from chimneys, reduced visibility, black deposition on 

buildings and cloths, and respiratory issues. Compliance with other air pollution laws was 

mainly based on visual observations up to middle of the 20
th

 century (Chow, 1995). 

 The most known air pollution episode in the modern history is the Great Smog of 

London, which happened in early December 1952. The combination of cold weather with an 

anticyclone, calm wind, and airborne pollutants, mostly arising from coal combustion, formed 

a thick layer of the smog over the city of London. This smog episode resulted in 

unprecedented morbidity and mortality and was the most important because it brought the 

relationship between air pollution and health to the attention of general public, the 

government, the media, and the scientific community (Bell et al., 2008). 

 In 1985, the World Health Organisation (WHO) published a report dealing with air 

pollution and its effects on health. In addition, for the first time, the case for air quality 

standards was considered briefly, although it was agreed that not enough data were available 

to set standards designed to protect human health. An argument against standards was 

developed, based on possible inhibitory effects on industry (WHO, 2017).  

 In Europe, the earliest legislation in the field of air protection was the Convention on 

Long-Range Transboundary Air Pollution (CLRTAP) signed in Geneva 1979 and has been 

ratified by 51 Parties. CLRTAP has been instrument in the reduction of key harmful 

pollutants: SO2, NOx, NH3, VOC, heavy metals (Cd, Pb, and Hg), persistent organic 

pollutants (POPs), and PM in both Europe and North America. Subsequently, the European 

Union (EU) approved several Directives regarding limitations of these pollutants including 

TSP and PM10 (Kuklinska et al., 2015) . The actual Directive (2008/50/EC) which came into 

force in 2010 assessed the new air quality objectives also for PM2.5 including the limit value 

and exposure related objectives (EU, 2008). 
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 In United States, efforts to control air pollution started earlier than in Europe, namely 

in 1955, when U.S. Congress adopted a first law, the Air Pollution Control Act. Nevertheless, 

the efficacy of legislation related to air protection was low until 1971 when the first National 

Ambient Air Quality standards (NAAQSs) for 6 pollutants: SO2, NO2, CO, O3, and TSP were 

authorized by the Clean Air Act to protect public health. Included in the Act, the 

Environmental Protection Agency (EPA) was established to oversee the implementation of 

the standards. The Congressional Standards for the finer fractions of PM, i.e. PM10 and PM2.5 

– often considered as a fine fraction, were promulgated in 1987 and 1997, respectively (Chow, 

1995; US EPA, 2017). 

 

1.4.2 Air quality monitoring at specific sites 

 In the Czech Republic, air quality monitoring is provided by the Czech 

Hydrometeorological Institute (CHMI) at about 196 measurement stations (CHMI, 2017). 

These stations do not cover all locations and therefore the specific measurement campaigns 

are desirable to perform, especially at sites without this monitoring. Additionally, based on 

the measured concentrations of air pollutants, the specific sources can be revealed with help 

of the statistical methods, such as Positive Matrix Factorisation (PMF; see chapter 2.4). The 

findings resulting from this specific research studies should be well interpreted and 

subsequently can serve local authorities and policy makers to act for the benefit of the 

population and the environment in terms of improving the ambient air quality. The air quality 

at the specific site depends on the: 

 presence and type of local and regional sources and pollution originating via long-

range transport (a moving air mass for a distance greater than 100 km; United Nations, 

1997); 

 meteorological condition, such as precipitation (Keary et al., 1998), wind direction 

(Schwarz et al., 2008), wind speed (Chaloulakou et al., 2003; Galindo et al., 2011; 

Munir et al., 2017), and origin of air masses occurring above the site (Hai and Kim 

Oanh, 2013; Kubelová et al., 2015; Occhipinti et al., 2008; Perrone et al., 2013; 

Pokorná et al., 2013; Schwarz et al., 2012); 

 thickness of a boundary layer where the air pollution may be mixed (Kubelová et al., 

2015; Raatikainen et al., 2014; Zhang et al., 2009). 
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 In addition, long-range and regional transport of air pollutants adds to local emission 

(Perrone et al., 2013; Squizzato and Masiol, 2015) and thus may prevent the achievement of 

air quality standards. 
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2 Methods 

 Sampling of atmospheric aerosol 2.1

2.1.1 Reference and equivalent methods 

 The reference method for PM10 and PM2.5 measurements is based on the sampling of 

PM by inertial separation followed by filtration and gravimetric determination of the PM 

mass on the filter substrate (Chow, 1995). 

 Equivalent samplers including Beta-Attenuation Monitoring, Tapered Element 

Oscillating Microbalance (TEOM), Dichotomous Air Sampler (DAS, the last mentioned only 

for PM2.5 and PM2.5-10; US EPA, 2016) are designated samplers which were collocated with 

the reference samplers according to specific requirements (Chow, 1995). Equivalent samplers 

are frequently involved in air quality measuring networks operated under national institutions, 

for example, CHMI. 

 

2.1.2 Cascade impactors 

 Cascade impactors operate based on an inertial impaction and sample size resolved 

atmospheric aerosols according to their aerodynamic characteristics. Inertial impaction is a 

function of the particle size, diameter of the nozzle, and velocity of air stream inside the 

impactor. They consist of several impactor stages equipped with nozzle followed by 

impaction plate (Figure 5) loaded with collection substrates from various materials such 

Teflon, aluminium, polycarbonate, quartz, etc. The size of the nozzle gradually decreases that 

causes an acceleration of the air stream, thus increasing the inertia. The pressure decreases at 

each impactor stage (i.e. the pressure drop increases across the impactor). The aerosol 

particles are gradually captured, from the largest to smallest, on the impaction plates 

according to their aerodynamic diameter (dae). This function enables each impactor stage to 

have an associated cut-off diameter, characterizing the size of the particles that are captured 

on the collection plate of that stage. Ideally, the collection efficiency would present the step 

function efficiency curve, where all of the particles above a certain size would be captured 

and those below it would pass through. Actually, the cut-off diameter, d50, for the impactor 

stage is determined in 50% of the collection efficiency curve (Figure 6). The parameter that 

drives the collection efficiency is the Stokes number. For impactors, it is defined as the ratio 
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between the stopping distance at the average nozzle exit velocity 𝑈 to the jet radius 𝐷𝑗/2 

(Eq. 2): 

𝑆𝑡𝑘 =  
𝜏𝑈

𝐷𝑗/2
=  

𝜌𝑝𝑑𝑝
2𝑈𝐶𝑐

9𝜂𝐷𝑗
  (Eq. 2) 

where 𝜏 (tau) is a relaxation time of the particle, 𝜌𝑝 density of the particle, 𝐶𝑐 Cunningham 

correction factor, 𝜂 viscosity of the air. The collection efficiency curves are usually plotted in 

a general form as efficiency versus the square root of the Stokes number, √𝑆𝑡𝑘, which is 

directly proportional to the particle size. 

 

 

Figure 5. Cross-section of the impactor (Reproduced from Hinds, 1998). 

 

 The impaction substrate is removable for gravimetric and possible chemical 

determination of the collected particles. The last stage of the impactor can be followed by a 

filter that captures all particles smaller than the cut-off size of that stage (Hinds, 1998).  
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Figure 6. Collection efficiency curve (Reproduced from 

https://www.cleanroomtechnology.com/news/article_page/Selecting_portable_and_automated

_air_sampler_devices_to_meet_cGMP/126875) 

 

 Upstream from the impactors, other equipment can be placed such as size-selective 

inlets or cyclones to collect a specific size of atmospheric aerosols (for example, PM10 or 

PM2.5) and denuders helping to reduce the positive artefacts. 

 

2.1.3 Sampling artefacts 

 The positive artefacts are caused by adsorption of gas phases (gaseous organic 

compounds, nitric acid, and other volatile matter) onto the impaction substrate leading to an 

overestimation of the particulate mass (Turpin et al., 2000). It depends mainly on the substrate 

material, but also on the temperature, RH, and precursor gas concentration during 

measurement (Chow, 1995). Generally, denuders allow us to scrub out the gas/volatile phase 

and aerosol particles pass through, using the difference in the diffusion constant between 

molecules with a higher diffusion coefficient and aerosol particles with a lower diffusion 

coefficient (Chow, 1995).  

 Negative artefacts can be caused by the losses of volatile compounds from the 

collected sample. Volatile matter can also leave the filter after sampling, during handling and 

storage prior to gravimetric or chemical analyses in ambient temperature. Refrigerating filters 

in sealed filter keepers typically reduce such losses. 
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 One of the most problematic aerosol components is nitrate. The equilibrium between 

the gas phase of nitric acid (HNO3) ammonia (NH4
+
) and particle phase (ammonium nitrate, 

NN4NO3) in atmosphere varies according to the ambient temperature. At high temperature, 

most of nitrate will be in gas phase while at lower temperature the particle phase will 

increase. When the ambient temperature changes during sampling, some nitrate particles 

already collected on the filter can volatilize. To capture this volatilised particulate nitrate, an 

“after-filter” enabling the collection of gaseous HNO3 can be located downstream (Chow, 

1995; Turpin et al., 2000, 1994). 

 The other issue affecting the size distribution measurement is that particles may 

bounce off the collection plates during dry collection (low RH). Moreover, the particle 

bounce-off effect also reduces collection efficiency and increases wall losses (Cheng and Yeh, 

1976). Particle bounce depends on many factors, e.g., the nature of the impactor substrate (the 

material, use/non-use of a coating adhesive material on the substrate/impaction plate), the 

type of particles, particle loading on the impaction surface, and sampling conditions (Cheng 

and Yeh, 1976; Fujitani et al., 2006; Rao and Whitby, 1978a, 1978b). To reduce the particle 

bounce, the impaction substrates are covered with a thin layer of vacuum grease (Turner and 

Hering, 1987; for example, Apiezon grease), however, these materials may interfere with 

chemical analysis, especially in organic analysis. Uncoated substrates are also more practical 

in high-temperature sampling conditions (Biswas and Flagan, 1988). 

 According to the mentioned literature, there is no single correct way to measure mass 

size distribution with cascade impactors. There are several aspects to be taken into account. 

First, every impactor requires a different treatment according to its characteristics and the 

recommendations of experts are highly useful for study. Second, the purpose of the 

measurement and subsequent intended analyses (chemical, morphological, etc.) are important 

for the selection of the most suitable impaction substrate and its possible coating with the 

grease. Third, the environment where the measurement will be performed determines the 

period of sampling based on the ambient particulate concentration to protect overloading of 

the substrates. Conversely, insufficient mass loaded on the substrate may cause problems with 

gravimetric and chemical analyses due to sampling below the instrumentation detection 

limits. 

 In all our studies several types of the inertial impactors were used: PCIS (Personal 

Cascade Impactor Sampler), BLPI (Berner low pressure impactor), nano-BLPI, and nano-

MOUDI (Micro-Orifice Uniform Deposit Impactor). Characteristic of each impactor is fully 

described in the section Methods of each submitted study. 
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2.1.4 Online measurement 

 An aerodynamic particle sizer (APS) is a time-of-flight instrument providing real-

time and high-resolution measurement of particle number size distribution in the range of dae 

about 0.5 to 20 µm. The air sampled by the APS is accelerated in a converging nozzle to a 

high velocity (approximately 150 m s
-1

). Particles are focused into the centre of the air jet by 

the clean sheath air and concurrently accelerated by the airflow in the nozzle. Two parallel 

focused laser beams are positioned about 100 µm perpendicularly to the air flow. When a 

particle passes through the first and second laser beam, the two pulses from scattered light are 

detected. The time interval between the two pulses is measured and used to determine the 

average velocity of the particle passing through the timing zone between two laser beams. 

Small particles less than 0.3 µm can maintain the velocity with the accelerating air, whereas 

larger particles accelerate more slowly and have not reached their final velocity (the air 

velocity) when they pass through the timing zone. The more the particle lags behind the air 

and the lower its velocity in the timing zone, the larger particle’s dae is. The particle’s dae is 

proportional to its time of flight (velocity) based on the instrument calibration (using 

Polystyrene Latex spheres with density of 1.05 g cm
-3

). 

 There are some limitations connected with particle density, particle shape, 

coincidence, and sampling in various ambient pressures described, for example, in Hinds 

(1998) and TSI (2012). 

 A scanning mobility particle sizer (SMPS), consisting of an electrostatic classifier 

and a condensation particle counter (CPC), enables measurement of the particle number size 

distributions in the range of electric mobility diameter from about 0.002 to 1 µm. The input of 

the electrostatic classifier is equipped by a pre-impactor to remove the large particles (causing 

the loading of the inner parts with large particles and prevents the errors caused by multiply 

charged large particles outside the current measurement range). Then, the aerosol enters a 

bipolar charger (neutralizer; most often a Kr-85 radioactive source), which exposes the 

aerosol particles to high concentrations of bipolar ions. The particles quickly reach a state of 

Boltzmann charge equilibrium, in which the particles carry a known bipolar charge 

distribution (Harrison and Van Grieken, 1998). After that the particles enter the Differential 

Mobility Analyser (DMA), which is responsible for particle sizing. Basically, the particles 

having a charge polarity opposite than the central rod of the DMA are attracted to it. The 

central rod of the DMA is protected by particle free air – a so-called sheath flow. A certain 

voltage is applied to the central rod of the DMA. The voltage applied to the DMA changes in 
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time. The particles having high electrical mobility in the electrostatic field are deposited on 

the upper parts of the central rod, particles having electrical mobility proportional to selected 

voltage hit the slit at the end of the central rod and particles with lower mobility will continue 

and exit the DMA with the excess flow. The electrical mobility of each particle depends on 

the particle size, number of charges, gas viscosity, and mean free path. The smaller the 

particle size and the higher the number of charges, the larger the electrical mobility of the 

particle. The particles of a certain mobility proportional to the voltage applied to the central 

rod of the DMA are transferred to a CPC for determination of the particle number 

concentration (TSI, 2010). In the CPC, the aerosol sample is drawn through a heated saturator 

where usually n-butanol is vaporized and diffused into the sample stream. Together, they pass 

into a cooled condenser where the butanol vapour becomes supersaturated and subsequently 

condenses on the particles which serve as condensation nuclei. The particles quickly grow 

into larger droplets and pass through an optical cell where they are counted. The optical cell 

consists of a focused laser and a photodetector, which detects the laser light scattered by the 

particles (TROPOS, 2015; TSI, 2007). 

 The DustTrack II Aerosol monitor is a photometer which yields the aerosol mass 

concentrations based on a laser light scattering. The system of optical lenses shapes the laser 

light from the laser diode. Subsequently in a sensing chamber, an aerosol sample flow is 

illuminated by a sheet of laser light and a spherical mirror captures a significant fraction of 

the light scattered by the particles and focuses it on a photodetector. The voltage produced by 

the photodetector is linearly proportional to the aerosol mass concentration. The voltage is 

then multiplied by a calibration constant which is determined from a known mass 

concentration of the test aerosol (typically Arizona Test Dust and others) to the voltage 

response of the photometer. The scatter light depends on the size distribution of the aerosol, 

the refractive index, shape factor, and density of the aerosol. These parameters vary according 

to the characteristics of atmospheric aerosols and the more the measured particles differ from 

the calibration aerosol the more the uncertainties of the measurement increase. To improve 

the accuracy of the mass measurement, the photometer can be calibrated with gravimetric 

sample(s) by conducting side-by-side comparisons with the DustTrak II Aerosol Monitor 

readings to gravimetric samples. For performing of the size-selective sampling, the impactors 

(for example, PM10, PM2.5, and PM1) can be used. The lower detection size limit (minimum 

about 100 nm) is given by the wavelength of the laser light (TSI Incorporated, 2012). 
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 Determination of chemical composition and morphology 2.2

 In recent studies, the chemical composition of atmospheric aerosol has been measured 

using both methods, online and offline. The instrumentations for online monitoring enable the 

measurement of the chemical composition in real time with a very short integration time (unit 

of minutes). The most used devices are especially an aethalometer for monitoring the 

concentration of BC in ambient air based on the light absorption in filter samples, a thermo-

optical analyser for determination of EC and OC, and an aerosol mass spectrometer (AMS) 

enabling to measure the chemical composition of size segregated atmospheric aerosols. 

 Despite the more time-consuming procedure, the offline analyses are still dominant in 

atmospheric chemistry research. The chemical composition of particles collected on the filters 

or foils is determined in specialized laboratories using, for example, Ion Chromatography 

(IC), Inductively Coupled Plasma Mass Spectrometry (ICP-MS), Scanning Electron 

Microscopy with Energy Dispersive X-ray spectroscopy (SEM+EDX), Gas Chromatography-

Mass Spectrometry (GS-MS), and also thermo-optical analysis of carbonaceous aerosols. 

 

2.2.1  Ion chromatography 

 IC enables the separation of ions in analytical samples and is considered to be a basic 

tool to determine the water-soluble ions in the atmospheric aerosol after its dissolution in an 

aqueous solvent. A block diagram shows the general components of the IC instrument 

(Figure 7). The main hardware requirements for an IC include (Fritz and Gjerde, 2008): 

 a solvent reservoir for the supply of eluent(s), 

 a high-pressure pump (with pressure indicator) to deliver the eluent, 

 an injector for introducing the sample into the eluent stream and onto the column, 

 a column to separate the sample mixture into the individual components,  

 an optional oven to maintain the ion separation inside the column under higher 

temperature than laboratory, 

 a detector to measure the peaks of individual analytes (ions) as elute from the column, 

 a data system for collecting and organizing the chromatograms and data. 
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Figure 7. Block diagram of an ion chromatography (Fritz and Gjerde, 2008) 

 

 The eluent is also called a mobile phase and the inner part of the column, ion exchange 

resin, is considered the stationary phase. Cations in an analytical sample are separated on a 

cation exchange resin (catex) column and anions on a column containing an anion exchange 

resin (anex). 

 To perform a separation, the eluent is firstly pumped through the column until the 

equilibrium is reached. During the setting of the equilibrium, the ion exchange site 

represented with an anion X
-
 bonded to the resin react with eluent anion E

-
 (step 1, Figure 8) 

according to following reaction (Eq. 4): 

Resin
+
-X

-
 + E

-
 ↔ Resin

+
-E

-
 + X

-
.  (Eq. 4) 

Subsequently an analytical sample can be injected into the system (step 2). Anions A1
-
, A2

-
, 

etc. occurring in the analytical sample undergo exchanges for E
-
 on the ion exchange sites in 

the column (step 3) as is shown for anion A1
-
 and it can be applied also for others (A2

-
, etc.; 

Eq. 5): 

Resin
+
-E

-
 + A1

-
 ↔ Resin

+
-A1

-
 + E

-
.  (Eq. 5) 

The individual anions A1
-
, A2

-
, etc. adhere to the column inner surface differently and 

therefore they are separated. The continual addition of eluent causes the analyte/sample flow 

through the column as the eluent gradually displaces the sample ions (step 4). After leaving 

the column, ions passing through a small detector cell (step 5; Fritz and Gjerde, 2008; 

Wenzel, 2017). 
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Figure 8. Principle of ion separation; eluent ion E
-
 = , sample ions A1

-
=  and A2

-
 =  

(Wenzel, 2017). 

 

 Using IC applied to atmospheric aerosol samples, anions (SO4
2-

, NO3
-
, Cl

-
, and oxalate  

C2O4
2-

), cations (NH4
+
, Na

+
, K

+
, Ca

2+
, and Mg

2+
), and monosaccharide derivatives originating 

from the burning of cellulose (levoglucosan) and hemicellulose (mannosan and galactosan) 

were analysed and used in our studies (Articles 2, 3, and 4). 

 

2.2.2 Scanning electron microscope with EDX 

 A scanning electron microscope (SEM) equipped with a detector for energy-dispersive 

analysis (EDX) combine two analytical tasks that inherently complement one another: 1) 

imaging of particles with sufficient resolution for the visualisation of their morphology and 2) 

microspectroscopic analysis of particles providing information about the chemical 

composition of the sample. 

 In SEM, the electron beam is focused down to 1 – 2 nm size which can be scanned 

across the particle material (sample) to provide an image or stopped at one position for 

microanalysis determined with the EDX (Laskin, 2011). 

 The particle material is irradiated with a primary electron beam and either 

backscattered electrons (BSE) or secondary electrons (SE) can be used for the visualisation of 

the surface. Low atomic number elements in the sample material (for example, carbonaceous 

material) have especially low scattering power. As a result, it produces SE signal, but almost 

no backscattering occurs and thus appears dark and less bright. Conversely, higher atomic 

number elements in the material have higher scattering power and appear brighter. In 

addition, the energy of primary electrons striking the particle is partially absorbed by the 
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material, which results in the subsequent emission of x-rays characteristic of the particle 

composition and it is captured with an EDX probe (Laskin, 2011). Figure 10 shows the 

diverse material of atmospheric aerosol sampled during our measuring campaign in Ostrava 

Radvanice, moreover, several particles (parts of the sample) were analysed to determine their 

elemental composition with EDX. An example of an energy spectrum (Figure 9) presents a 

qualitative analysis for a particle selected from the previous sample (Figure 10). 

 Depending on its energy, the electron beam typically penetrates into a sample depth of 

approximately 2 – 3 µm (the volume of a droplet with a diameter of 2 – 3 µm). Weakness of 

the analysis may be observed for individual submicron particles, the beam penetrates through 

the entire particle, resulting in the lateral scattering of electrons which are transmitted through 

the particle sides and strike the neighbouring material (also the substrate below). It results in a 

certain yield of background x-rays. In addition, particles are conventionally sampled on thick, 

not electron transparent substrates (for example, metal foils, carbon plates, polycarbonate, or 

Teflon filters). In this case, the characteristic x-rays of submicron particles are difficult to 

distinguish against the substrate (Laskin, 2011). Accurate quantitative analysis of the particle 

composition from the acquired x-ray spectra requires corrections for the effects related to the 

atomic number dependent electron scattering, absorption, fluorescence, and particle size and 

shape (Armstrong, 1991). Quantitative assessment of these effects requires sophisticated 

Monte-Carlo based modelling approaches (Choël et al., 2007, 2005; Ro et al., 2003). On the 

other hand, in practice, particle analysis is usually performed to classify particles into specific 

type groups present in the sample, and thus precise knowledge of the particle composition is 

not necessarily required. 

 

 

Figure 9. Spectrum of an individual particle, Y-axis: Intensity, X-axis: Energy. 
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Figure 10. SEM image of aerosol sample; magnitude 5,820 times (the Ostrava campaign). 

 

 The x-ray signal also can be used to generate elemental maps, i.e. element-specific 

images and thus determine the chemical composition on the known area of the sample. X-ray 

spectra are recorded over the entire energy range at each pixel of the SEM image and 

subsequently the reconstruction of maps for individual elements with the entire elemental 

composition can be performed. 

 

2.2.3 Thermo-optical analysis for OC an EC 

 Thermo-optical analysis of atmospheric aerosol is typically used to determine OC and 

EC mass concentrations in atmospheric aerosol (Kuhlbusch et al., 2009) using a Sunset 

Laboratory Semi-continuous OCEC Carbon Aerosol Analyser (Sunset Laboratory Inc., 2005). 

This instrument can be deployed both in the laboratory for integrated filter collection (offline 

method; as in our study – Article 3) and directly during field semi-continuous measurement.  

 The measurement of four fractions of OC divided according to evaporation during 

different temperatures (OC1 – 4), pyrolytic carbon (PC), and EC always follows a specific 

protocol. Several protocols have been published (Cavalli et al., 2010), e.g. NIOSH, 

IMPROVE, and EUSAAR_2. In our case, a EUSAAR_2 protocol was used and the 

measuring principle is the following. A punch of the quartz fibre filter is placed in a pure He 

gas stream. In the first phase, the filter is heated in four steps (every step for several minutes) 

up to a temperature of 650°C. The released carbonaceous vapours are catalytically oxidised 

into CO2 in a band of granular MnO2 as the catalyst and, subsequently, CO2 is quantified by a 
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non-dispersive infrared (NDIR) detector. Laser light is continuously passed through the filter 

and the light transmission is measured. During this first phase, part of the OC is pyrolyzed 

with the formation of PC, and thus the light transmission through the filter decreases. In the 

end, the filter is slightly cooled. The second phase takes place under a mixture of 98% He/2% 

O2 and the filter is heated in four steps up to 850°C and the PC and EC is combusted. This 

process increases the light transmission through the filter. When the light transmission equals 

that value at the beginning of the first phase, the split between OC and EC is set. The CO2 

measured in the first phase and during the second phase prior to the split is considered as OC 

(the PC included) and the CO2 measured after the split is considered as the EC. After the 

second phase, the internal calibration is performed (Cavalli et al., 2010; Kuhlbusch et al., 

2009; Spurny, 1999). Occasionally another type of substrate with the collected sample can be 

used to determine the total carbon (TC) concentrations, for example aluminium foils used in 

the impactor in Article 3. Due to the character of the substrate the protocol has to be adjusted 

in terms of the temperature used. 

 

 Quality assurance and control 2.3

2.3.1 Offline measurement 

 Weighing of impaction substrate (filters and foils): 

 Prior to weighing, quartz fibre filters were heated at the prescribed temperature for 

several hours to remove organic contaminants. 

 All filters/foils (before and after sampling) were equilibrated for a period of 24 hours 

before weighing in a temperature and RH controlled room (20.0 ± 0.5°C and 50 ± 3% 

RH). 

 The electrostatic charges of the filters/foils were removed using a U-shaped 

electrostatic neutralizer (Haug, type PRX U) or a zerostat anti-static instrument 

(Z108812-1EA, Sigma-Aldrich Co. LLC.).  

 Each sample was weighed three times with an accuracy of mass determination of ± 2 – 

3 μg depending on the type of the impaction substrate. 

 After sampling, the sampled foils and filters were stored in the fridge (sampling sites) 

and in the freezer at -18 °C (at the laboratory). 

 For every measurement campaign, at least 10% of the field blank filters were used to 

determine the limit of detection (LOD) of the weighing procedure. Field blanks were 
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exposed to the same conditions as the samples apart from the sampling period. The 

LOD was calculated from three times the standard deviation of the weight changes of 

all field blanks. 

 For PCIS data sets, the lowest level of the 24-h concentration that could be measured 

was determined as the ratio of LOD to the nominal volume of the air flowing through 

the impactor (12.96 m
2
). The measured PM concentrations that were below the 

concentration lowest level were excluded from the analysed data set (Article 1) or 

replaced by half of this level (Article 2). 

 Concentrations of ions, monosaccharide anhydrides, and OC and EC were field blank 

filter corrected. 

 The outliers, in our cases upper outliers (inner fences), were identified according to 

the calculation (Eq. 7): 

𝑢𝑝𝑝𝑒𝑟 𝑜𝑢𝑡𝑙𝑖𝑒𝑟 = 𝑄3 + 1.5 ∗ 𝐼𝑄𝑅   (Eq. 7) 

where  𝑄3 is the upper quartile (75% of values from a data set are lower than this 

value) and IQR is the interquartile range (the difference between upper and lower 

quartile; lower quartile  𝑄1 = 25% of values from a data set are lower than this value). 

Outliers were investigated carefully. Before considering the possible elimination of 

these values from the data set, additional investigation and comparison with other 

variables were performed to determine any possible mistake during the gravimetric 

and chemical analyses. 

 

2.3.2 Online measurement 

 Online spectrometers SMPS and APS were collocated (measured in parallel) before 

measurement campaigns to determine their deviation in the number concentrations. The 

difference was lower than 10% for APS but higher for SMPS (14%). The difference in the 

inter-comparison of spectrometers lower than the threshold of 10% is recommended by 

ACTRIS (Aerosol, Clouds and Trace gases Research Infrastructure Network – European 

Research Infrastructure). 

 Mass concentrations measured with online DustTrak instrument were used only for 

monitoring of concentration dynamic during days. For this reason, any collocation of devices 

or comparison of this aerosol monitor with gravimetry-based method was not necessary (for 

the description of the DustTrak monitor see chapter 2.1.4). 
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 Statistical analyses 2.4

 The statistical analysis was performed with the R software and the package Openair 

(Carslaw, 2015; Carslaw and Ropkins, 2012), the SPSS software (only for Principal 

Component Analysis; PCA), and the EPA PMF 5.0 software. 

 List of analyses used in this thesis: 

 The normality of all variables was tested by the Shapiro-Wilk test of normality and 

was rejected for all variables (the significance level α = 0.05).  

 The statistically significant differences between the variables at two sites and two 

seasons were determined using the non-parametric Two-sample Wilcoxon test (α = 

0.05). 

 The nonparametric Kruskal-Wallis test (α = 0.05) was used to determine the 

statistically significant differences among individual campaigns (more than two 

campaigns). 

 Nonparametric Spearman’s rank correlation coefficients (rs) were calculated. In 

addition, the correlation test was calculated to detect statistically significant 

correlations between two variables (α = 0.05). 

 Multiple linear regression (MLR) was used for exploration of the dependence 

between one dependent parameter and more than one independent variable in the 

data set. 

 The detailed description of each statistical method is mentioned in the relevant Article, 

in the chapter Method/Methodology.  

 Source apportionment (SA) in the field of atmospheric science aims to identify the air 

pollution sources and the amount of their contribution to the ambient air pollution level. Three 

main SA approaches have been used, especially in Europe (Belis et al., 2014; Viana et al., 

2008): 

 Emission inventories and source-oriented dispersion models (e. g. Langrangian, 

Gausian, and Eulerian models); 

 Receptor models (e. g. Chemical Mass Balance – CMB, Principal Component 

Analysis – PCA, and Positive Matrix Factorisation – PMF); 

 Methods based on the basic statistical evaluation of the air pollution and 

meteorological data. 
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 In our studies receptors models, such as PCA (Article 5) and PMF (Article 3), and 

several basic statistical methods of source apportionment were used to suggest possible air 

pollution sources (Articles 2 and 3). 

 The PCA provide a qualitative information about the nature of the sources profile 

composition and relative importance of a given source to the observed concentrations (Hopke, 

2016). The main objective of the PCA is to convert a set of observations of possibly 

correlated variables into a set of values of linearly uncorrelated variables, which are 

subsequently interpreted by the modeller as potential source profiles. The most critical step of 

using PCA for SA is the interpretation of the principal components and their assignment to 

potential emission sources. The analysis does not perform explicit data uncertainties treatment 

compared to factorial analysis, such as the PMF (Belis et al., 2013). 

 The PMF was developed by Paatero (Paatero, 1997; Paatero and Tapper, 1993) and 

has become the most widely used source resolution method following its release by the U.S. 

EPA (US EPA, n.d.). The model calculates source profiles, source contributions, and source 

profile uncertainties. 

 The basic statistically evaluation method is based on a comparison and subtraction 

of the site directly affected by anthropogenic sources (urban/roadside or industrial site) and 

regional background site to assess the contribution of urban/road or industrial sources at the 

monitoring site (Lenschow et al., 2001). In addition, the quantification of the natural PM 

contribution, for example African dust, was also performed by subtraction the PM levels at 

regional background sites from those observed during specific days with dust influence 

(Escudero et al., 2007; Viana et al., 2008). The main advantage is the simplicity of the 

methods and low impact of mathematical artefact caused by basic level of data treatment. 

 Other methods include the correlation of gaseous pollutants with PM components to 

identify source association (for example, Colucci and Begeman, 1965; Leoni et al., 2016) and 

the association of wind direction (WD) and wind speed (WS) with levels of measured PM 

components to identify the source location (Carslaw, 2015; Grange et al., 2016; Uria-

Tellaetxe and Carslaw, 2014). 

 Commonly used tools including WD and WS for identification of source location are 

Polar Plots (PP) and condition bivariate probability functions (CBPF). The PP is a bivariate 

polar plot of air pollutant concentrations. Concentrations are shown according to WS and 

WD. CBPF calculates the probability that in a particular wind sector and during particular WS 

the concentration of a species is greater than some specific value. The value is usually 
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expressed as a high percentile of the air pollutant of interest, e.g. the 75
th

 or 90
th

 percentile 

(Carslaw, 2015; Carslaw et al., 2006). 
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3 The aim of the study, objectives, and motivation 

 

 The general aim of this thesis was to study the mass concentrations and chemical 

composition of size resolved atmospheric aerosol under various meteorological conditions 

and types of sources. The emphasis was put on the investigation of the intermodal fraction of 

atmospheric aerosol and the influence of the regional air pollution transport on Ostrava. 

 The partial aims of the thesis are related to the individual studies: 

I. Characterize the intermodal fraction and examine its association with PM1, PM2.5, 

the coarse fraction, and meteorological parameters in various environments in Central 

Europe during winter and summer seasons. 

II. Elucidate the associations between PM1-2.5 and the fine PM (PM1)/coarse PM (PM2.5-

10) at various urban sites in the Czech Republic under different meteorological 

conditions during winter and summer based on a statistical analysis and chemical 

composition. 

III. Perform an inter-site comparison of size resolved PM concentrations and chemical 

composition, estimate air pollution sources, and determine their local or/and regional 

origin at two residential sites in Ostrava city. 

IV. Test the impactors’ performance with regard to different particle size distributions and 

aerosol composition under different environmental conditions and aerosol loads and 

types. 

V. Find out the level of PM concentrations in outdoor and indoor environment of a small 

settlement and determine the influence of a specific source, a close town, and 

meteorology on the air quality in the settlement. 

 In order to achieve these aims, the following main objectives were performed: 

 measurement at different localities (urban, suburban, and rural sites) and seasons; 

 sampling of size resolved PM and recording of meteorological parameters; 

 chemical analyses of the size resolved PM; 

 statistical analyses of acquired datasets and result interpretation. 

 Motivation for the two studies dealing with the intermodal fraction of atmospheric 

aerosol was insufficient exploration of this fraction as the transition area between the fine and 

coarse fraction. These two particle modes, fine and coarse, are considered separate pollutants 
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not only due to their size but also their different sources, behaviours, health effects, chemical 

composition, etc. (e.g., Anlauf et al., 2006; Colbeck et al., 2008; Herner et al., 2006; 

Karanasiou et al., 2007; Pérez et al., 2008; Schwarz et al., 2012). Therefore, the intermodal 

fraction, accounting for about 5 – 45% of the PM2.5 (Geller et al., 2004; Haller et al., 1999; 

Lundgren et al., 1996; Perez et al., 2012), origins from sources of both the fine and coarse 

mode. The intrusion of the one aerosol mode to the other one can lead to some inaccuracies in 

the source apportionment, epidemiological and exposure studies. 

 Air quality of specific site is generally influenced by local sources, and by 

regional/long-range air pollution transport. This pollution transport of PM adds to local 

emission (Perrone et al., 2013; Squizzato and Masiol, 2015) which may prevent the 

achievement of air quality standards. Hence, the third study was performed focusing on one of 

the main European air pollution hot spots possibly influenced by pollution transport. 

 Epidemiological and exposure studies have evidenced the need to focus on the 

airborne particles with a diameter less than 100 nm, UFP (Oberdörster, 2000; Oberdörster et 

al., 2005). Inertial impactors enable to sample size resolved atmospheric aerosol particles, 

including UFP, for subsequent determination of mass size distribution, chemical and/or 

physical properties (Hitzenberger et al., 2004; Seinfeld and Pandis, 2006). According to the 

available literature there has been no field campaign to date inter-comparing the impactor 

collection efficiency of UFP. In the fourth study, we attempt to contribute to filling this 

research gap. 

 Due to the rare air quality monitoring in Czech small settlements, where more than 

50% of the households use solid fuels (CSO, 2011), the fifth study was performed at a model 

site. The air quality level was monitored not only outdoors but in the indoor environment as 

well, where people spent almost 90% of the daytime on average (Bernstein et al., 2008). 
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4 Results 
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Summary: 

 

 Fine and coarse fractions of atmospheric aerosol overlap in the particle size range of 

about 1 – 2.5 μm (dae). Sources of both fractions contribute to PM1-2.5 to different extents due 

to meteorological and spatial conditions. Therefore, there is ongoing discussion as to whether 

PM1 should be included for monitoring as an additional fine particulate pollutant by the 
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ambient air quality standard. The aim of the presented study is to examine the association 

between the intermodal and PM1, PM2.5, coarse fraction (PM>2.5 or PM2.5-10), and 

meteorological parameters in various environments. 

 The outdoor 24-h mass concentrations of size-resolved PM and meteorological 

conditions were measured at 12 sites within 42 campaigns between 11/2005 and 3/2015. The 

data set was divided into 10 environments reflecting season (winter and summer), locality 

(urban, suburban, and rural), total measured PM (TSP and PM10), and placement of the 

impactor (outside and inside of the air-conditioned measurement station). We used two types 

of statistic methods: nonparametric correlation analysis and multiple linear regression (MLR). 

 The main findings are presented in the subsequent points: 

 Median PM1-2.5 in PM10 or TSP was 7% and 6% in summer and 7% and 9% in winter, 

respectively. On the other hand, PM1-2.5 accounted for a higher mass portion of PM2.5 

during summer. Mass portion of PM1-2.5 in TSP or PM10 achieved, at most, 30% in 

summer and 31% in winter.  

 The highest median mass portion of PM1-2.5 in PM2.5 was recorded at urban and 

suburban environment during summer (in one urban and one suburban, 14% and 11%, 

respectively) probably due to increased contribution of resuspended soil dust. 

 The positive, statistically significant correlation coefficients were calculated between 

the PM1-2.5 and PM2.5-10 or PM>2.5 (rs = 0.54 – 0.81) in all environments except one 

(suburban in summer). 

  Significant associations between PM1-2.5 and PM1 found (rs = 0.32 – 0.75) in most of 

the environments were weaker compared to the correlation between PM1-2.5 and the 

coarse fractions. Less significant correlations for PM1-2.5 – PM1 relationship were found 

in environments when the impactors were placed inside of the air-conditioned 

measurement stations in winter. 

 Negative correlation was observed between WS and PM1-2.5 in winter for several 

environments. It can indicate the presence of dominant local source(s) of this fraction. 

 Positive correlation was found between temperature and PM1-2.5 in two urban 

environments in winter and in one rural environment in summer. In addition, the data 

showed that increased temperature led to a decrease of RH and thus higher ability of 

dust resuspension. 

 Positive association was found between RH and PM1-2.5 in two environments in winter 

and negative in one environment in summer. Increased RH can cause the growth of 
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atmospheric particles due to their hygroscopicity, which shifts their size distribution 

towards large particles (positive correlation). On the other hand, the rainfall has a 

negative effect to PM level and it can lead to a negative correlation in the relationship 

PM – RH. In addition, during the rainfall, the dust resuspension is significantly 

mitigated. 

 According to MLR, PM1-2.5 associated with the coarse fraction in all environments 

during winter and summer. This statement agrees with the correlation analysis. 

Association of PM1-2.5 with PM1 was observed only at two environments in winter 

(urban and rural) and one in summer (urban). In winter, besides local sources (traffic 

and/or domestic heating), RH could play important role because the impactors were 

placed outside where RH was high. In summer, the environment included 

measurement sites heavily influenced by exhaust emission from traffic (dominant PM1 

source). 

 To briefly conclude, stronger positive correlation and relationship were identified 

between PM1-2.5 and the coarse fraction in all environments. MLR confirmed the dependence 

of PM1-2.5 on PM1 in only 3 environments. 
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ABSTRACT 
 

Fine and coarse fractions of atmospheric aerosol overlap in the particle size range of about 1–2.5 µm (aerodynamic 
diameter). Sources of both fractions contribute to PM1-2.5 to different extents due to meteorological and spatial conditions. 
Therefore, there is ongoing discussion as to whether PM2.5 or PM1 should be included for monitoring as a fine particulate 
pollutant by the national ambient air quality standard (NAAQS). The aim of the presented study is to examine the 
association between the intermodal and PM1, PM2.5, coarse fraction, and meteorological parameters in various environments. 
Outdoor 24-h mass concentrations of size-resolved PM and meteorological conditions were measured at 12 sites within 42 
campaigns between 11/2005 and 3/2015. The data set was divided into 10 environments reflecting season, locality, total 
measured PM, and placement of the impactor. We used two types of statistic methods: nonparametric correlation analysis 
and multiple linear regression (MLR). Median PM1-2.5 in PM10 or TSP percentages were 7% and 6% in summer and 7% 
and 9% in winter. On the other hand, PM1-2.5 accounted for a higher mass portion of PM2.5 during summer. Stronger 
positive correlation and relationship were identified between PM1-2.5 and the coarse fraction than between PM1-2.5 and PM1 
in all environments. MLR confirmed the dependence of PM1-2.5 on PM1 in only 3 environments. This study found that 
PM1-2.5 in Central Europe represents mostly the “tail” of the coarse mode and probably has the same sources. Therefore, 
PM1 should be considered by the NAAQS as a fine particulate pollutant in Central Europe.  
 
Keywords: Intermodal fraction; Personal cascade impactor sampler; PMx; Rural aerosol; Urban aerosol. 
 
 
 
INTRODUCTION 
 

Based on the atmospheric aerosol size distribution 
described by Whitby et al. (1972, 1978), there are two 
fundamental categories of atmospheric aerosol: fine and 
coarse. These two particle modes are considered separate 
pollutants not only due to their size but also their different 
sources, behavior, health effects, chemical composition, 
etc. (e.g., Anlauf et al., 2006; Herner et al., 2006; Karanasiou 
et al., 2007; Colbeck, 2008; Pérez et al., 2008; Schwarz et 
al., 2012). As is well known, the fine mode consists primarily 
of combustion particles and other particles emitted from 
processes involving condensation of hot vapors or those 
formed by gas to particle conversion (Whitby, 1978). The 
coarse mode is formed by mechanical attrition processes, 
and hence includes soil and mineral dust, sea spray, and 
many industrial dusts. Bioaerosol (pollen, spores, plant or 
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animal residues, microorganisms, etc.) can be a significant 
component in the growing season (Whitby, 1978; Hinds, 
1999; Colbeck, 2008). 

Even so, the real dividing line between fine and coarse 
particles cannot be clearly defined. Both fractions overlap 
in the aerodynamic particle size range of 1–2.5 µm (up to 
3) (aerodynamic diameter, da) - the intermodal fraction or 
intermediate range (Whitby et al., 1972; Whitby, 1978; US 
EPA, 1996; Wilson and Suh, 1997; Hinds 1999; Baron and 
Willeke, 2001; Colbeck 2008). 

During periods of high relative humidity, fine particles, 
specifically from the accumulation mode, can grow into 
the intermodal fraction (Geller et al., 2004; Wang et al., 
2012; Tian et al., 2014; Tan et al., 2016). Conversely, coarse 
particles can occur in the particle size range of less than 
2.5 µm (da) in arid, semi-arid areas, or dry conditions (Husar 
et al., 1998; Claiborn et al., 2000; Vallius et al., 2000; 
Pérez et al., 2008). It is evident that the particle size range 
between 1–2.5 µm (da) can include both particles of fine 
(specifically accumulation) mode origins and coarse particles 
formed by mechanical processes, such as resuspended 
dust, sea salt, primary biological particles, etc. In the US 
and European countries the national ambient air quality 
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standards (NAAQS) define fine particles as PM2.5 and 
particles less than 10 µm (da) as PM10, which includes the 
coarse fraction (PM2.5-10). According to studies mentioned 
above PM2.5 and PM2.5-10 are only approximations of real 
fine and coarse fractions of atmospheric aerosol. 

It would appear that the intermodal fraction represents a 
small portion of the respirable fraction (da < 10 µm). But, 
as shown by some measurements, the intermodal fraction 
can account for a substantial mass portion (5–45%) of PM2.5 
(Lundgren et al., 1997; Haller et al., 1999; Geller et al., 2004; 
Perez et al., 2012). According to several studies performed 
mainly in dry environments, particles between 1–2.5 µm 
represent a “tail” of the coarse mode (Lundgren et al., 1997; 
Haller et al., 1999; Claiborn et al., 2000; Kegler et al., 2001). 
Opposite results concerning the similarity between the 
intermodal and PM1 were described in three studies from 
Helsinki, Finland, Los Angeles basin, USA and Elche, Spain 
(Vallius et al., 2000; Geller et al., 2004; Galindo et al., 2011). 
Perez et al. (2012) did not observe a significant correlation 
between the intermodal and coarse fraction (PM2.5-10) or 
between the intermodal and PM1 in Barcelona, Spain. 
Besides the physicochemical properties of the individual 
aerosol fractions, Jalava et al. (2006) investigated the 
biological effects of the fine (PM1-0.2 and PM0.2), intermodal, 
and coarse fractions but without any clear conclusions 
explaining the similarity of individual fractions. 

There are at least two reasonable arguments for further 
and detailed investigation of the intermodal fraction. First, 
as mentioned above, there are several studies focused on 
investigation of the intermodal fraction in arid and semi-
arid areas (mainly in USA and Spain), in areas with a 
higher average relative humidity, particularly within winter 
seasons (Vallius et al., 2000), but no previous study that 
has examined this particulate fraction in middle latitude 
areas, such as Centrale Europe with various atmospheric 
aerosol sources and mild climatic conditions. Second, there is 
still ongoing discussion as to whether PM2.5 or PM1 should 
be included in NAAQS as fine fractions of atmospheric 

aerosol. Moreover, the extent to which PM2.5 is influenced 
by the intermodal fraction is also an open question. The 
intrusion of crustal/soil aerosol particles into PM2.5, as well 
as fine particles overgrowing into PM > 1 µm (da) during 
periods of high relative humidity, can cause problems not 
only in source apportionment but also with epidemiological 
and exposure studies. Therefore, it is necessary to describe 
under which conditions it is appropriate to consider PM1 or 
PM2.5 as fine fractions. 

Our study aims to characterize the intermodal fraction 
and to examine its association with PM1, PM2.5, the coarse 
fraction, and meteorological parameters in various 
environments in Central Europe during winter and summer 
seasons. 
 
METHODS 
 
Sampling Sites and Instrumentation  

Measurement of the size-resolved particulate matter was 
performed at twelve urban, suburban, and rural sites in the 
Czech Republic, Central Europe (Fig. 1). More details are 
indicated in Table S1 (Supplement). 

24-h mass concentrations of size-resolved particulate 
matter were measured with a personal cascade impactor 
sampler (PCIS) that operates at a flow rate of 9 L min–1. 
Particles were separated in the five aerodynamic particle 
diameter ranges (da) A: > 2.5 µm; B: 2.5–1 µm; C: 1–0.5 µm; 
D: 0.5–0.25 µm; P: < 0.25 µm (Misra et al., 2002). Particles 
on the stages A–D were collected on PTFE 25 mm filters 
(Pall Corporation) used as impaction substrates and particles 
< 0.25 µm (stage P) on PTFE 37 mm backup filters (Pall 
Corporation, SKC Limited). At the Ostrava-Plesna, Ostrava-
Radvanice, Prague-Suchdol, Prague-Benatska (campaigns 
in the years 2014 and 2015), and Celakovice sites, a cyclone 
was used to cut PM10 upstream of the inlet linked with the 
impactor. For these cases, impactor stage A separated 
particles 10–2.5 µm (da). 

Meteorological data, including wind speed (WindSonic M,
 

 
Fig. 1. Outline map of Czech Republic with the sampling sites. 
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Gill), temperature, and relative humidity (Comet 200-80/E), 
were measured at the Brezno, Celakovice, Dobre Stesti, Laz, 
Ostrava-Radvanice, and Prague-Benatska measurement sites. 
Meteorology for other sites (Mokropsy, Prague-Mikulandska, 
Prague-Petriny, Prague-Suchdol, Prague-Benatska (campaign 
2015), Ostrava-Plesna, and Svrcovec) was available from 
the nearest representative Automatic Imission Monitoring 
Station managed by the Czech Hydrometeorological Institute. 

 
Gravimetric Analysis 

The concentrations of atmospheric aerosol were assessed 
by gravimetric analysis. Before and after sampling the 
PTFE filters were preconditioned for at least 24 hours at 
50 ± 5% relative humidity and 20 ± 2°C in weighing room. 
To dissipate any electrostatic charge, every filter was passed 
over a HaugU-electrode ionizer (PRXU27x18x27 200 radia; 
Haugh, GmbH&Co. KG, Germany) immediately before 
weighing with a microbalance (Mettler Toledo MX5; Mettler-
Toledo, LLC, Ohio, USA).  

Each filter was weighed at least 2 (25-mm filters) or 3 
times (37-mm filters) and until the weight difference of the 
filter did not exceed 2 µg (25-mm filters) and 3 µg (37-mm 
filters) for 2 or 3 neighboring values, respectively. Final mass 
of the filter was calculated as an average of these weights. 
Sample weight equaled the weight change between the 
mass of filter before and after sampling. 

For every measurement campaign, least 10% of the field 
blank filters were used to determine the limit of detection 
(LOD). Field blanks were exposed to the same conditions 
as the samples apart from the sampling period. The limit of 
detection of the weighing procedure was calculated from 
three times the standard deviation of the weight changes of 
all field blanks. The lowest level of the 24-h concentration 
that could be measured was determined as the ratio of LOD to 

the nominal volume of the air flowing through the impactor 
(12.96 m3). The measured concentrations of atmospheric 
aerosol that were below the concentration lowest level 
were excluded from the analyzed data set (16% of the 
concentration data). 

Total concentrations were determined as follows: TSP 
and PM10 (when the cyclone cutting PM10 was used) were 
determined from the sum of the aerosol weight from 
impactor stages (A–P), PM1 from the sum of the weight of 
the aerosol from stages C–P (< 1 µm), PM2.5 from a sum of 
the weight of the aerosol from stages B–P (< 2.5 µm), 
PM1-2.5 were represented by stages B, and PM2.5-10 (the 
cyclone upstream of the impactor) or PM>2.5 (without the 
cyclone) were represented by stage A. In this study PM2.5-10 
and PM>2.5 together are called the coarse fraction when the 
distinction between the two is not important. 

 
Data Analysis 

We divided the winter data set into 6 categories according 
to the environment (urban, suburban, rural), the impactor 
placement (outdoor, indoor; the outdoor atmospheric aerosol 
was collected using a vertical inlet (stainless steel, length 
1.8 m, inner diameter 8 mm) that was connected to the 
impactor placed inside of the air-conditioned measurement 
station (20°C)), and use, or lack thereof, of cyclone cutting 
PM10 upstream of the inlet. The summer data set was 
divided into 4 categories according to the environment (urban, 
suburban, and rural) and the cyclone cutting of PM10. We 
did not consider the impactor placement for summer data 
set due to small difference between outdoor and indoor 
temperature (Table 1). 

For statistic evaluation the R program was used. Normality 
of variables: PM1, PM2.5, PM1-2.5, PM2.5-10, and PM>2.5 
concentrations were rejected using the Shapiro- Wilk test

 
Table 1. Dataset divided into 10 environmental categories. 

Category of the 
environment 

Season Type of 
the 
locality 

Sampling with 
(PM10) or without 
(TSP) cyclone 
upstream of the 
impactor 

Impactor 
placement

Site Count of 
observation

urban_TSP_in winter urban TSP in Prague Benatska 23 
urban_TSP_out winter urban TSP out Prague Petriny,  

Prague Mikulandska 
77 

urban_PM10_in winter urban PM10 in Celakovice,  
Prague Benatska (2015), 
Ostrava Radvanice 

54 

suburban_PM10_out winter suburban PM10 out Ostrava Plesna,  
Prague Suchdol 

35 

rural_TSP_in winter rural TSP in Dobre Stesti, Laz, Brezno 46 
rural_TSP_out winter rural TSP out Mokropsy, Svrcovec 55 
urban_TSP summer urban TSP - Prague Benatska (2009, 2010),  

Prague Petriny,  
Prague Mikulandska 

75 

urban_PM10 summer urban PM10 - Prague Benatska (2014) 11 
suburban_PM10 summer suburban PM10 - Prague Suchdol 10 
rural_TSP summer rural TSP - Brezno, Laz, Dobre Stesti, 

Mokropsy, Svrcovec 
108 
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of normality. Therefore, we calculated nonparametric 
Spearman's rank correlation coefficients (rs). The correlation 
test was calculated to detect statistically significant 
correlations between two variables (p-value < 0.05). Multiple 
linear regression (MLR) was used for exploration of the 
dependence between one dependent parameter and more 
than one independent variable in our dataset. The multiple 
regression model can be formulated as Eq. (1): 
 
Y = β0 + β1X1 + β2X2 + ... + βkXk + ε (1) 
 
where Y represents the dependent variable and Xj, j = 0, 1, 
..., k represents the independent variable. The parameters 
βj, j = 0, 1, ..., k, are called the regression coefficients and ε 
is a random error (Montgomery and Runger, 2003). For 
environments where the PM10 cyclone was used upstream 
of the impactor we used this model formula: PM1-2.5 = β0 + 
β1PM1 + β2PM2.5-10 + β3RH + β4T + β5WS where PM1-2.5, 
PM1, and PM2.5-10 represented concentrations of individual 
PM fractions; T is temperature; RH is relative humidity; 
and WS is wind speed. For other environments (without PM10 
cyclone) the model formula was: PM1-2.5 = β0 + β1PM1 + 
β2PM>2.5 + β3RH + β4T + β5WS, where PM1-2.5, PM1, and 
PM>2.5 again represented concentrations of individual PM 
fractions; T is temperature; RH is relative humidity; and WS 
is wind speed. 

Before performing MLR, logarithmic transformation was 
applied to the PM concentration data sets to ensure equal 
variances. To find the optimal regression model, including 
variables with a significant effect on the dependent variable, 
the stepwise model selection was used with the backward/ 
forward option and Bayesian information criterion (BIC). 
 
RESULTS AND DISCUSSION 
 
Meteorological Situation 

During our measurements, the average winter and summer 
temperatures were 2°C and 16°C, respectively. The average 
relative humidity was 77% in winter and 69% in summer. 
We did not record high differences between wind speed 

during seasons (winter: 1.7 m s–1, summer: 1.3 m s–1). The 
average urban wind speed (2.0 m s–1, 1.6 m s–1) was slightly 
higher than the average rural (1.5 m s–1, 1.3 m s–1) and 
suburban (1.5 m s–1, 1.0 m s–1) wind speeds during winter 
and summer, respectively, due to different meteorological 
conditions at each of the measurement period. 

 
Mass Portion of the Individual Fractions 

Of the total measured atmospheric aerosol (TSP) the 
median mass portion of PM1 in was 77%, 15% PM>2.5, and 
8% PM1-2.5. The mass portion of PM1 in PM10 was 85%, 
while PM2.5-10 accounted for 8% and PM1-2.5 7% of the 
overall measurement. The median mass portions of PM1 in 
TSP were 70% in summer and 85% during winter. The 
median mass portions of PM>2.5 in TSP accounted for 21% 
in summer and 11% in winter. PM1-2.5 in TSP constituted 
only 6% in summer and 9% in winter. 

For campaigns where the PM10 cyclone was used upstream 
of the impactor mass portions of the coarse fraction were 
reduced. PM2.5-10 constituted a median of 6% of PM10 in 
winter and 15% in summer. The mass portion of PM1 in 
PM10 was 76% in summer and 87% in winter. The median 
mass of PM1-2.5 was similar during both seasons (7%). The 
individual mass portions of each environment are shown in 
the Fig. 2. 

In summer, PM1 composed 15% less of the TSP than in 
winter, while PM>2.5 and PM1-2.5 were 10% and 3% higher, 
respectively. Similar differences were also seen in cases 
when PM10 cyclone was used, as PM1 and PM2.5-10 showed 
seasonal differences of 11% and 9%, respectively. We did 
not observe seasonal difference in mass portion of PM1-2.5 
in PM10. Higher mass portion of the coarse fraction in 
summer indicated increased contribution of soil dust as 
evidence by Kegler et al. (2001) and Vecchi et al. (2004). 
On the other hand, the high relative humidity reduced the 
ability of dust resuspension in winter (Vallius et al., 2000). 
Different mean portions of the intermodal fraction were 
found in Barcelona during almost 2 years of measurements 
(Perez et al., 2012). Barcelona is located in dry Mediterranean 
region and it is strongly influenced by Saharan blown dust.

 

 
Fig. 2. Median mass portion of PM1, PM1-2.5, and PM2.5-10 or PM>2.5 in the total measured atmospheric aerosol, error bars 
represent 25th and 75th percentiles. 
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This source of coarse aerosol influences the proportion of 
individual fractions. The mass portion of PM1-2.5 in PM10 
reached 16% (excluded days with blown Saharan dust) and 
22% (days with blown Saharan dust). The mass portions of 
PM2.5-10 were also higher, with 34% and 31%. Conversely, 
the mass of PM1 constituted lower portion of PM10 in 
Barcelona (50%, 47%) than during our measurements. 
Lundgren et al. (1997), who conducted a research study in 
Phoenix, USA, for 6 months (May–October), found a similar 
and nearly constant portion of PM1-2.5 (8%) every month of 
their study. The highest portion of PM10 was PM2.5-10 (69%) 
and PM1 made up only 18%. The reverse portion of the 
coarse and fine fraction observed in Phoenix was probably 
caused by different meteorological conditions (semi-arid 
region) and the presence of dominant coarse aerosol source 
such as blown desert dust in Phoenix. 

During our measurement, mass portion of PM1-2.5 achieved, 
at most, 30% in summer and 31% in winter. On the other 
hand, PM1 achieved a maximum of 98% during both seasons 
and PM2.5-10 (PM>2.5) constituted at most 23% (66%) of the 
total PM10 (TSP) during summer and 29% (49%) during 
winter. At a residential site in Spokane, USA, PM1-2.5 
constituted at most 36%, PM2.5-10 81%, and PM1 95% of 
the total PM10 during the 1.5 year measurement (Haller et 
al., 1999). 

In general, the limitation of the result comparison is caused 
by different types of cascade impactors used in various 
studies. The main parameter connected with their design is the 
sharpness of the collection efficiency curve which influences 
particle distribution among individual impactor stages. 
Higher curve sharpness enables more accurate cut-off. 

Particle bounce-off effect also alters the particle 
distribution, reduces collection efficiency, and increases 
wall losses (Chen and Yeh, 1979). Particle bounce depends 
on many factors, e.g., the nature of the impactor substrate 
(the material, using/not using of the coating material), the 
type of particles, particle loading on the impaction surface, 
and sampling conditions (Rao and Whitby 1978; Reischl 

and John 1978; Chen and Yeh, 1979; Hinds, 1999). The 
PCIS loaded with PTFE collection substrate used in our 
study was tested by Misra et al. (2002) and Singh et al. 
(2003). The laboratory evaluation of the 1.0 and 2.5 µm 
(da) impactor stages using polydisperse ammonium sulphate 
aerosol indicated that the 50% collection efficiency cut 
points were very close to the theoretical cut points.  

 
Relationship between PM1-2.5 and PM2.5 

In summer seasons, the highest median mass portion of 
PM1-2.5 in PM2.5 reached 11%. Considering the environmental 
categories, the highest median mass portion of PM1-2.5 
were recorded at urban and suburban sites during summer 
(urban_TSP 14% and suburban_PM10 11%, for explanation 
see Table 1) due to increased contribution of resuspended 
soil dust (Kegler et al., 2001; Vecchi et al., 2004). The 
lowest mass portion occurred at the rural site during winter 
(rural_TSP_in 3%). Median mass portions of PM1-2.5 in all 
environments are shown in the Fig. 3. Perez et al. (2012) 
observed higher mass portion of PM1-2.5 in PM2.5 at an 
urban site in Barcelona during days with blown Saharan 
dust (32%) and even during non-dust days (25%). In the 
Los Angeles Basin, USA, PM1-2.5 accounted for a substantial 
portion of PM2.5 (20–45%) at various types of sites (urban, 
residential, rural) during all seasons (Geller et al., 2004) 
and in Phoenix, USA, PM1-2.5 accounted for 31% of PM2.5, 
on average, from May to October (Lundgren et al., 1997). 
These listed sites are characterised by dry summers and 
mild, moist winters and influenced by desert blown dust. 

To find some similarity between these two fractions we 
processed a correlation analysis. The Spearman correlation 
coefficients (rs) suggested a statistically significant association 
between PM1-2.5 and the PM2.5 concentrations in almost all 
environments during winter (rs = 0.34–0.79) and summer 
(rs = 0.47–0.68; Table 2). For comparison, the correlation 
between PM1-2.5 and the coarse fraction (PM2.5-10 or PM>2.5) 
was higher in winter, rs = 0.54–0.81, and for summer, rs = 
0.34–0.81, for the majority of the environments (Table 2).

 

 
Fig. 3. Median mass portion of PM1-2.5 in PM2.5, error bars represent 25th and 75th percentiles. 
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Table 2. Spearman correlation coefficients between PM1-2.5 and other monitored variables (statistically significant 
correlations in bold, p-value < 0.05) for every environment. 

Category PM1-2.5 
Winter Summer 
1 2 3 4 5 6 7 8 9 10 

PM1 0.36 0.75 0.33 0.55 0.46 0.57 0.49 0.32 0.62 –0.05 
PM2.5-10/PM>2.5 0.71 0.81 0.54 0.70 0.79 0.62 0.61 0.70 0.81 0.34 
PM2.5 0.46 0.79 0.34 0.61 0.53 0.68 0.64 0.47 0.68 –0.05 
Wind speed –0.14 –0.53 –0.43 –0.56 –0.12 –0.28 0.18 –0.14 –0.25 0.49 
Relative humidity –0.05 –0.07 0.15 0.32 0.19 0.43 –0.22 –0.38 –0.27 –0.38 
Temperature 0.57 –0.13 –0.19 0.16 0.49 0.25 0.01 0.46 –0.46 0.19 
Count of observations 23 77 46 55 54 35 75 108 11 10 

1-urban (TSP, in), 2-urban (TSP, out), 3-rural (TSP, in), 4-rural (TSP, out), 5-urban (PM10, in), 6-suburban (PM10, out), 
7-urban (TSP), 8-rural (TSP), 9-urban (PM10), 10-suburban (PM10). 
 
Vallius et al. (2000) also calculated a strong correlation 
coefficients between PM1-2.5 and PM2.5 (rs = 0.77, 0.83) at 
an urban background site in Helsinki, Finland, for winter 
and spring, respectively.  

 
Relationship between PM1-2.5 and PM1 Respective Coarse 
Fractions and Meteorological Parameters 

The Spearman correlation coefficients between the mass 
concentrations of PM1-2.5 and other monitored fractions and 
meteorological parameters are shown in the Table 2. The 
highest positive, statistically significant correlation coefficients 
(p-value < 0.05) were calculated between the PM1-2.5 and 
PM2.5-10 or PM>2.5 (rs = 0.54–0.81) in all environments 
except one (category 10). Additionally, somewhat weaker 
associations between PM1-2.5 and PM1 were found (rs = 0.32–
0.75) in many environments. Less significant correlations for 
PM1-2.5–PM1 relationship were found in categories when 
the impactors were placed inside of the air-conditioned 
measurement stations in winter. Temperature increase, 
flowrate, and also a type of the collection substrate during 
sampling can lead to evaporation of volatile/semi-volatile 
matter (particularly organic compounds, ammonium nitrate, 
and chloride) of atmospheric aerosol (Hering and Cass, 1999; 
Liu et al., 2014). Organic matter is the major contributor to 
PM1 but minor contributor to PM>1 (Vecchi et al., 2004). 
Water droplets can also evaporate even before deposition 
on collection substrate. These facts could influence the 
mass concentrations of particularly PM1 negatively and 
then the correlations PM1-2.5–PM1. 

Perez et al. (2009) presented a stronger correlation between 
PM1-2.5 and PM2.5-10 (correlation coefficient, r = 0.45) than 
between PM1-2.5 and PM1 (r = 0.24). Their research was 
conducted in an urban background site in Barcelona during 
almost two years of continuous measurements. Haller et al. 
(1999) found the stronger association between PM1-2.5 and 
PM2.5-10 at a residential site in Spokane, USA, during summer 
(r = 0.62) than during winter (r = 0.21). The associations 
between PM1-2.5 and PM1 were less significant during both 
summer (r = 0.25) and in winter (r = 0.27) in comparison 
with our data. This difference can be due to the fact that 
this area has hot and arid climate during summer, and very 
mild winter season. 

Reverse observations were carried out at several different 

sites in the Los Angeles Basin, USA, (Geller et al., 2004) 
where PM1-2.5 correlated more significantly with PM1 at 
receptor (situated downwind of the aerosol sources such as 
traffic and farming and livestock operations) and rural sites 
(r = 0.81, 0.86) than with the coarse fraction (r = 0.32, 
0.37). At an urban source site with vehicles and construction 
emissions the correlation between PM1-2.5 and PM1 was also 
higher (r = 0.73) than between PM1-2.5 and PM2.5-10 (r = 
0.33). At an urban traffic site the PM1-2.5–PM1 and PM1-2.5–
PM2.5-10 correlations were similar (r = 0.69, 0.70). Galindo 
et al. (2011) found stronger correlations between PM1-2.5 
and PM1 at a traffic site in the city Elche, Spain during 
summer and winter (r = 0.37 and 0.81, respectively). The 
correlation between PM1-2.5 and PM2.5-10 was significant 
only during winter (r = 0.72), but not in summer (r = 0.14). 
Vallius et al. (2000) observed a stronger association between 
PM1-2.5 and PM1 (rs = 0.50 and 0.62) than between PM1-2.5 
and PM2.5-10 (rs = 0.17 and 0.24) at the urban background site 
in Helsinki, Finland, during winter and spring, respectively. 
In this case a growth of the fine mode into the intermodal 
fraction due to high relative humidity during cold period 
was probable reason for this correlation (Geller et al., 2004; 
Guigliano et al., 2005; Herner et al., 2006; Wang et al., 
2012; Tian et al., 2014; Tan et al., 2016). According to these 
various observations, differences in correlation coefficients 
among individual sites and seasons are probably linked to 
seasonal changes in PM sources and the weather conditions at 
each site. 

Negative association were observed between PM1-2.5 and 
wind speed in several environmental categories during winter 
(see Table 2). The similar negative correlation between 
PM1-2.5 and wind speed (r = –0.80) was also observed by 
Galindo et al. (2011) at a traffic site in the city Elche, Spain, 
in winter. They found the opposite condition in summer when 
the correlation was positive (r = 0.44). A different study 
conducted at a residential site in Spokane, USA, did not 
show a significant correlation between PM1-2.5 and wind 
speed in either season (Haller et al., 1999). According to 
Chaloulakou et al. (2003), negative associations between 
PM fractions (PM10, PM2.5, and PM2.5-10) and wind speed 
can indicate the presence of dominant local source(s) of 
this fraction. Strong winds generally dilute pollution in the 
atmosphere, and low winds allow pollution level to rise. 
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Their study, conducted close to a busy street in Athens, 
Greece, showed the negative correlations between wind speed 
and PM10, PM2.5, and PM2.5-10 in winter (r = –0.40, –0.55, 
–0.20) and summer (r = –0.41, –0.53, –0.20) during the 1-
year measurement. 

A significant positive associations between PM1-2.5 and 
temperature were observed in some urban environments 
during winter (rs = 0.57, 0.49) and rural in summer (rs = 0.46) 
possibly due to increased resuspension and contribution of 
soil dust (Vallius et al., 2000; Kegler et al., 2001; Vecchi 
et al., 2004). In addition, our data showed that increase of 
temperature led to decrease of relative humidity (rs = –0.41, 
–0.44, and –0.72 for these winter and summer environments, 
respectively) and thus higher ability of dust resuspension. 
Haller et al. (1999) found a positive association between 
these two parameters in summer (r = 0.44), but not in 
winter (r = 0.01), at a residential site in Spokane, USA. 
Additionally, the study of Galindo et al. (2011) did not 
show any correlation (r = –0.02) at the traffic site in the 
city Elche, Spain. 

A positive association between PM1-2.5 and relative 
humidity was observed in two environments in winter (rs = 
0.32, 0.43); negative associations were observed in one 
environment in summer (rs = –0.38). Galindo et al. (2011) 
observed a positive association (r = 0.37) for all measured 
data at the traffic site in the city Elche, Spain. High relative 
humidity can cause the growth of atmospheric particles 
due to their hygroscopicity, which shifts their size distribution 
towards larger particles (Geller et al., 2004; Guigliano et 
al., 2005; Herner et al., 2006; Wang et al., 2012; Tian et 
al., 2014; Tan et al., 2016). This fact can lead to the positive 
correlation between PM and relative humidity. On the other 
hand, the rainfall has negative effect to PM1 and PM2.5 level 
(Vecchi et al., 2004) and thus lead to negative correlation 
between PM and relative humidity. To find the similarity 
between PM1-2.5 and PM1 or coarse fraction behavior we 
compared the correlation coefficients between individual 
size fractions and meteorological parameters in every 
environment (Table 2, Supplement: Tables S2 and S3). No 
statistically significant correlation between WS and either 
PM1-2.5 or the coarse fraction was found during the summer 
season. Conversely, though, PM1 negatively correlated 

with WS in two environments (rs = –0.43, –0.82). This at 
least suggests more similarity between the behavior of the 
intermodal and coarse fractions during summer. During 
winter, all fractions negatively correlated with WS, which 
could have been caused by the same local PM source(s) 
and/or sources occurring in the same time period. Considering 
the different environments, both the intermodal and coarse 
fractions positively correlated with temperature in the 
winter_urban_PM10_in environment and negatively with 
relative humidity in the summer_rural_TSP environment. The 
intermodal fraction and PM1 positively correlated with the 
relative humidity in the winter_rural_TSP_out environment. 
All three fractions (PM1-2.5, PM1, coarse fraction) correlated 
with temperature in the summer_rural_TSP environment. 

Likewise, in several environments involved in our study, 
similar behavior of PM1-2.5 and PM1, PM1-2.5 and PM2.5-10, or 
all three fractions together was observed at two studies (Haller 
et al., 1999, Galindo et al., 2011). Negative correlations 
between WS–PM1-2.5, WS–PM1, and WS–PM2.5-10 (r = –0.80, 
–0.74, –0.69) were found at urban traffic site in Elche, 
Spain, in winter (Galindo et al., 2011). Additionally, they 
also observed the similar high positive correlation in the 
RH–PM1-2.5 (r = 0.37) and RH–PM1 (r = 0.31) relationships. 
Haller et al. (1999) observed positive correlations in the 
T–PM1-2.5, T–PM1, and T–PM2.5-10 (r = 0.44, 0.19, 0.57) 
relationships at a residential site in Spokane during a 1.5-
year-long measurement.  

 
Multiple Linear Regression (MLR) Analysis 

The MLR analysis was selected to determine if PM1-2.5 
depended on other monitored parameters: PM1, PM2.5-10 or 
PM>2.5, T, RH, and/or WS. Parameter PM2.5 was not 
considered in the formula because PM1-2.5 is already part of 
the PM2.5 and thus it is not a separate independent variable. 
Detailed results from MLR analysis are summarized in 
Table 3. 

In all environments, PM1-2.5 depended on the coarse 
fraction (PM2.5-10 or PM>2.5) during winter and summer. 
This statement agrees with correlation analysis results that 
were presented in previous paragraph about correlation 
analysis. In contrast, the dependence of the intermodal 
fraction on PM1 was observed in only two environments in

 
Table 3. Statistical significant independent variables upon which PM1-2.5 was dependent in every environment. 

 Category of the environment Variables  (p < 0.05) Coefficient of  multiple 
determination (R2) 

Winter 1 urban (TSP, in) PM>2.5, relative humidity, temperature 0.68 
2 urban (TSP, out) PM1, PM>2.5

a 0.64 
3 rural (TSP, in) PM>2.5, temperatureb 0.72 
4 rural (TSP, out) PM1, PM>2.5 0.56 
5 urban (PM10, in) PM2.5-10 0.44 
6 suburban (PM10, out) PM2.5-10 0.26 

Summer 7 urban (TSP) PM1, PM>2.5, temperature 0.50 
8 rural (TSP) PM>2.5 0.41 
9 urban (PM10) PM2.5-10, temperature 0.49 
10 suburban (PM10) PM2.5-10, wind speed 0.73 

a Assumptions of normality of residuals and constant variability not met. 
b Normality of model residuals was rejected. 
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winter (urban_TSP_out, rural_TSP_out) and one in summer 
(urban_TSP). In two winter environments, besides local 
sources such as traffic and/or domestic heating, humidity 
could play important role because the impactors were placed 
outside where humidity was high. Within high relative 
humidity as mentioned previously, fine particles can easily 
overgrow into PM > 1 (da) due to their hygroscopicity, 
which shifts their size distribution towards larger particles 
(Geller et al., 2004; Guigliano et al., 2005; Herner et al., 
2006; Wang et al., 2012; Tian et al., 2014; Tan et al., 2016) 
than when the impactor is placed indoors. These results are 
in agreement with correlation analysis, the correlation 
coefficients found between PM1-2.5 and PM1 were higher in 
these categories than in others.  

No dependence of PM1-2.5 on PM1 was observed in 
suburban winter environmental category (PM10, out) when 
the impactor was also placed outside. This environment 
predominantly represented the Ostrava Plesna measurement 
site (67% of the dataset for environment winter_suburban_ 
PM10_out). Ostrava Plesna is located southwest and west 
of the industrial and coal combustion region (Junninen et al., 
2009) and it is strongly influenced by pollution transport from 
the northeast wind direction (Vossler et al., 2015). Hence, 
the variable wind direction that was not included in the 
model could play important role in this case. This is also 
supported by the coefficient of multiple determination (R2, 
see Table 3), which shows that only 26% of variance in the 
dependent (mass concentrations of PM1-2.5) was explained by 
the independent variable (mass concentrations of PM2.5-10).  

For environments when the impactor inside the 
measurement station underwent higher temperature 
conditions than outside, drying occurred and, therefore, 
shrinkage of fine particles (Zhang et al., 1993; Smolík et 
al., 2008; Talbot et al., 2016) before they were segregated 
inside the impactor, which caused the shift of their size 
distribution to sizes below 1 µm (Štefancová et al., 2010). 
Thus, the relationship between the intermodal fraction and 
PM1 was lost. In addition, as previously mentioned, the 
evaporation of volatile/semi-volatile matter particularly 
contributed to the fine fraction could cause a reduction of 
significance of PM1-2.5-PM1 relationship (Hering and Cass, 
1999; Liu et al., 2014). 

The summer environmental category urban_TSP, where 
PM1-2.5 also depended on PM1, included measurement sites 
heavily influenced by exhaust emission from traffic and, 
thus, dominant PM1 source (for instance: Guigliano et al., 
2005; Pérez et al., 2010; Ondráček et al., 2011; Cusack et 
al., 2013). On the other hand, the second summer urban 
(urban_PM10) environment represented only one 
measurement site directly situated closed to university 
botanical garden (35,000 m2). Besides traffic (exhaust 
emission, brake, tire and road surface abrasion, and road 
dust resuspension reinforced by road paved with setts), 
bioaerosol (mainly pollen and plant debris) can be significant 
source of coarse particles mainly in summer during growing 
season (Hinds, 1999; Colbeck, 2008). Meteorological 
parameters, mainly temperature, were also significant in 
several environments. 

In general, often used correlation coefficients indicate a 

predictive relationship between two variables but they do 
not necessarily imply the causality. Whereas MLR is a more 
sophisticated method and can determine interdependence 
among more than two variables. When we compared results 
obtained from correlation and MLR analyses for individual 
environments we found differences in association mainly 
between PM1 and meteorological parameters. This 
phenomenon is caused mainly by the different mathematical 
calculations behind the two methods. First, multiple linear 
regression investigates the simultaneous effect of several 
variables, whereas the correlation coefficient only concerns 
two variables. When two independent variables have similar 
effect on the dependent variable, only one will be significant 
in the regression model. Second, Spearman correlation 
belongs to nonparametric methods, whereas linear regression 
is parametric. Quite often (depending on exact distribution 
of data), parametric tests have greater power (better ability 
to detect dependence, when it really occurs), which can 
create a significant variable in linear regression, even though 
its correlation is nonsignificant (Anděl, 1985; Montgomery 
and Runger, 2003). 

It is necessary to mention the small count of observations 
for two summer environmental categories: urban_PM10 
and suburban_PM10. Since low number of observations 
decrease the power of the test, dependence was not proved 
as statistically significant, even though high correlation 
coefficients were observed. 
 
CONCLUSIONS 
 

PM1-2.5 accounted for a substantial part of PM2.5, and 
even PM10 or TSP on some days. The median mass portion 
of PM1-2.5 in PM10 or TSP was nearly identical in summer 
and winter, in contrast with the fine and coarse fraction. 
Conversely, the median mass portion of the PM1-2.5 in 
PM2.5 was increased in summer due to intrusion of coarse 
(crustal/soil) aerosol. 

The association between the intermodal and coarse 
fractions was strong in all environments. Nevertheless, a 
certain association between the intermodal fraction and 
PM1 was observed in most of environmental categories, in 
particular, in winter. For these winter environments, besides 
local sources, humidity could have played a role, as the 
impactors were placed outside where humidity was high. 
This could have preserved their original ambient wet size 
distribution. When the impactors were placed indoors, the 
shift towards smaller particles caused decrease of the PM1–
PM1-2.5 relationship. 

Overall, the study found that the intermodal fraction 
represents the “tail” of the coarse mode in most cases, and 
probably has the similar sources in central Europe. 
Furthermore, the intermodal fraction may account for an 
important part of PM2.5, with a higher percentage during 
summer. The intrusion of coarse (crustal/soil, industrial 
dust) aerosol particles into PM2.5 can cause problems not 
only in the interpretation of source apportionment but also 
in epidemiological and exposure studies. Therefore, PM1 
should be considered when fine particle health effects are 
studied, if possible with PM2.5 in parallel. PM2.5 may be 
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strongly biased with the coarse mode tail particularly in 
summer, while during winter PM1 is not sufficient to 
capture all fine particles and PM2.5 sampling is necessary 
in Central Europe region. 
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  Table S1. Characteristics of measuring sites. 
Measurement 
site 

Type of 
locality GPS Measurement 

periods Season Placement of instruments  

Brezno rural 50°24'N, 
13°25'E 

5/8 - 19/8/2009 
13/1 - 27/1/2010 
12/8 - 8/9/2010 

summer 
winter 
summer 

5 m above the ground, on the 
roof of the measurement 
station 

Celakovice urban 50°9'N,  
14°45'E 21/1 - 4/2/2015 winter 5 m above the ground, on the 

roof of measurement station 

Dobre Stesti rural 49°41'N, 
13°18'E 

13/2/ - 26/2/2009 
12/9 - 28/9/2009 
4/2 - 11/2/2010 

winter 
summer 
winter 

5 m above the ground, on the 
roof of measurement station 

Laz rural 49°39'N, 
13°54'E 

18/3/ - 2/4/2009 
23/8 - 6/9/2009 
16/2 - 1/3/2010 
13/9 - 27/9/2010 

winter 
summer 
winter 
summer 

5 m above the ground, on the 
roof of measurement station 

Mokropsy rural 49°56'N, 
14°19'E 

5/12 - 12/12/2008 
2/2 - 12/2/2009 
13/3 - 21/3/2009 
20/5 - 28/5/2009 
10/8 - 18/8/2009 

winter 
winter 
winter 
summer 
summer 

5 m above the ground, on the 
balcony in the 1. floor 

Ostrava 
Plesna suburban 49°51'N,  

18°7'E 6/2 - 5/3/2014 winter 2 m above the ground 

Ostrava 
Radvanice urban 49°48'N, 

18°20'E 6/2 - 5/3/2014 winter 5 m above the ground, on the 
roof of measurement station 

Prague 
Benatska urban 50°4'N,  

14°25'E 

4/3 - 16/3/2009 
3/6 - 21/6/2009 
4/3 - 17/3/2010 
5/6 - 20/6/2010 
21/8 - 4/9/2014 
17/2 - 3/3/2015 

winter 
summer 
winter 
summer 
summer 
winter 

20 m above the ground 

Prague 
Mikulandska urban 50°4'N,  

14°25'E 

30/11 - 6/12/2005 
17/1 - 26/1/2006 
17/2 - 24/2/2006 
14/3 - 23/3/2006 
26/11 - 3/12/2007 
2/2 - 12/2/2009 

winter 
winter 
winter 
winter 
winter 
winter 

3.5 m above the ground, on 
the roof of an outbuilding in 
the school yard 

Prague 
Petriny urban 50°5'N,  

14°20'E 

16/3 - 23/3/2007 
29/10 - 6/11/2007 
26/11 - 3/12/2007 
9/5 - 17/5/2007 
21/8 - 28/8/2007 

winter 
summer 
winter 
summer 
summer 

12 m above the ground, on the 
roof of a school building 

Prague 
Suchdol suburban 50°7'N,  

14°23'E 
21/8 - 4/9/2014 
5/2 - 19/2/2015 

summer 
winter 2 m above the ground 

Svrcovec rural  49°25'N, 
13°14'E 

20/2 - 28/2/2009 
16/6 - 20/6/2009 
28/7 - 5/8/2009 
19/11 - 27/11/2009 
31/1 - 8/2/2010 

winter 
summer 
summer 
winter 
winter 

2 m above the ground, 12 m 
from house and 50 m from 
nearest road, in the backyard 
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  Table S2. Spearman correlation coefficients between PM1 and meteorological factors 
(statistically significant correlations in bold, p-value<0.05) for every environment. 

 PM1 
Winter Summer 

Category 1 2 3 4 5 6 7 8 9 10 
Wind speed -0.58 -0.69 -0.28 -0.65 -0.21 -0.41 -0.22 -0.43 -0.82 -0.22
Relative humidity -0.38 -0.07 0.39 0.58 0.31 0.28 -0.19 -0.09 0.27 0.16 
Temperature 0.00 -0.31 -0.56 -0.37 0.28 0.04 0.33 0.32 0.52 0.18 

1-urban (TSP, in), 2-urban (TSP, out), 3-rural (TSP, in), 4-rural (TSP, out), 5-urban (PM10, in), 
6-suburban (PM10, out), 7-urban (TSP), 8-rural (TSP), 9-urban (PM10), 10-suburban (PM10). 
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  Table S3. Spearman correlation coefficients between coarse fraction and meteorological factors 
(statistically significant correlations in bold, p-value<0.05) for every environment. 

 Coarse fraction 
Winter Summer 

Category 1 2 3 4 5 6 7 8 9 10 
Wind speed -0.37 -0.56 -0.41 -0.28 0.04 -0.16 0.19 -0.26 0.07 0.26 
Relative humidity -0.32 -0.31 -0.09 -0.01 0.01 0.12 -0.08 -0.58 -0.15 -0.65
Temperature 0.20 -0.09 0.10 0.23 0.67 0.32 0.30 0.62 0.40 0.20 

1-urban (TSP, in), 2-urban (TSP, out), 3-rural (TSP, in), 4-rural (TSP, out), 5-urban (PM10, in), 
6-suburban (PM10, out), 7-urban (TSP), 8-rural (TSP), 9-urban (PM10), 10-suburban (PM10). 
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modes. The aim of this work was to examine the associations between PM1-2.5 and the coarse 

(PM2.5-10) / fine (PM1) fraction under different meteorological conditions at various sites in 

the Czech Republic during winter and summer seasons. 

 Size-resolved PM mass concentrations were determined and meteorological 

parameters recorded at an urban industrial and a suburban site in Ostrava during winter 2014 

(Radvanice and Plesná, respectively) and at an urban traffic site (Benátská) and a suburban 

site (Suchdol) in Prague during summer 2014 and winter 2015. The influence of sources 

producing the coarse/fine fraction on PM1-2.5 was investigated with a correlation analysis, an 

elemental composition analysis (SEM+EDX; calculated enrichment factor to characterize the 

origin of airborne PM), and an ion analysis (Ca
2+ 

– representing PM2.5-10 and SO4
2- 

– 

representing PM1; calculated ratios of Ca
2+

 to SO4
2-

). In addition, the polar plots analysis 

using data from online measurement helped to investigate the PM sources directionality and 

origin (local versus regional). 

 The main findings are presented in the subsequent points: 

 During all campaigns, PM1-2.5 accounted for 1 – 26% of PM10 (medians 3 – 8% of 

PM10). In the Benátská and Suchdol campaigns, the seasonality of the PM1-2.5 mass 

portions was compared. In summer, the mass portions of PM1-2.5 (5% and 8%, 

respectively) were higher than in winter (4% and 3%, respectively), probably due to 

the increased contribution of soil dust in summer, while the high RH reduced the 

ability of dust resuspension in winter.  

 In Radvanice, all analyses suggested the association between PM1-2.5 and the coarse 

fraction. PM1-2.5 and the coarse fraction have the common source, likely the nearby 

industrial zone. 

 In Plesná, sources of both, the fine and the coarse fraction contributed to PM1-2.5 

according to all analyses. Mass concentrations of SO4
2-

 were dominant in all three 

fractions and WD-WS analysis pointed to sources located north/northeast (probably 

atmospheric pollution transport). 

 In Benátská (summer), elemental and ion composition suggested the association 

between PM1-2.5 and the coarse fraction. However, the correlation coefficient between 

PM1-2.5 and the fine fraction was more significant than with the coarse one (rs = 0.71 

and 0.45, respectively). After closer examination of the weather situation it was found 

that the meteorological conditions were changed during campaign. The first part of the 

campaign was characterised by sunny days and the second half by rainy days. The 
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increase of RH influenced the Ca
2+

 to SO4
2-

 ratios (sunny days 1.45 and rainy days 

0.57) as well the correlations. The WS-WD analysis suggested the same dominant 

traffic source (a busy city road) for all three fractions. 

  In Benátská (winter), mass concentrations of SO4
2-

 in PM1-2.5 and the coarse fraction 

were significantly higher in winter than in summer. In contrast, seasonal differences of 

Ca
2+

 concentrations in all three fractions were not observed. The correlation and 

elemental analyses suggested mainly the contribution of the coarse fraction sources to 

PM1-2.5. The polar plots confirmed a dominant local source for these two fractions 

(nearest road and intersection) whereas the dominant source of PM1 was the busy city 

road as in the summer (east direction).  

 In Suchdol (summer), all analyses suggested the clear association between PM1-2.5 and 

the coarse fraction even if the location of dominant sources was similar for all three 

fractions according to polar plots. 

 On the other hand, in Suchdol during winter, sources of both the fine and coarse 

fractions contributed to PM1-2.5 based on all analyses. The statistical seasonal 

differences were observed for SO4
2-

 concentrations in all three fractions whereas no 

seasonal differences were measured for Ca
2+

 concentrations. 

 To conclude, according to the performed analyses, PM1-2.5 was influenced by the 

sources of the coarse fraction during all campaigns. The additional significant influence of 

sources producing the fine particles was evident under increased relative humidity conditions. 
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ABSTRACT 
 

This study investigated the PM1-2.5 (the intermodal fraction of particulate matter) representing the transition area 
between the fine and coarse size ranges. Due to this characteristic, PM1-2.5 may contain particles from both modes. The aim 
of this work was to examine the associations between PM1-2.5 and the coarse (PM2.5-10)/fine (PM1) fraction under different 
meteorological conditions at various sites in the Czech Republic during winter and summer. 

Size-resolved PM mass concentrations were determined and meteorological parameters recorded at an urban industrial 
and a suburban site in Ostrava during winter 2014 and at an urban traffic site and a suburban site in Prague during summer 
2014 and winter 2015. The influence of sources producing the coarse/fine fraction on PM1-2.5 was investigated with an 
elemental composition analysis and an ion analysis (Ca2+-representing PM2.5-10 and SO4

2–-representing PM1). 
During all campaigns, PM1-2.5 accounted for 1–26% of PM10. In winter, crustal elements (Si, Fe, and Ca) significantly 

influenced the coarse fraction and even PM1-2.5 at all sites, while sulfur was significant in PM1-2.5 and the fine fraction at 
suburban sites. The median SO4

2– concentration was higher than the Ca2+ concentration in PM1-2.5 at all sites, except the 
industrial site, due to a specific source. The increased SO4

2– amount in PM1-2.5 was also observed in summer during rainy 
days (Prague urban site). In summer, crustal elements were important in both PM1-2.5 and the coarse fraction, while S still 
dominated in PM1. Median SO4

2– concentrations in PM1-2.5 and the coarse fraction were significantly lower than in winter. 
The enrichment factors and wind speed-direction analysis helped to reveal potential air pollution sources.  

To conclude, according to the performed analyses, PM1-2.5 was influenced by the sources of the coarse fraction during 
all campaigns. The additional significant influence of sources producing the fine fraction was evident under increased 
relative humidity conditions. 

 
Keywords: Aerosol intermodal fraction; Personal cascade impactor sampler; Enrichment factor; Elemental composition; 
Scanning electron microscope; Multisite measurement. 
 
 
 
INTRODUCTION 

 
Atmospheric aerosols comprise two fundamental size 

categories: fine and coarse (Whitby et al., 1972; Lundgren 
and Burton, 1995). These categories are considered separate 
classes of pollutants (Wilson and Suh, 1997; US EPA, 2004) 
due to their different health effects (Pope III and Dockery, 
2006; Zanobetti and Schwartz, 2009; WHO, 2013). The 
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national ambient air quality standards (NAAQS), established 
by the US EPA, define particles with aerodynamic diameters 
(da) less than 2.5 µm (PM2.5) and particles with da less than 
10 µm as PM10, which includes the coarse fraction (PM2.5-10). 
PM10 and PM2.5 are emitted by a variety of natural and 
anthropogenic sources. The physical and chemical properties 
of fine and coarse PM are temporally and spatially highly 
variable (Anlauf et al., 2006; Herner et al., 2006; Pérez et 
al., 2008; Schwarz et al., 2012). Coarse PM, generally formed 
by mechanical processes, contains the earth’s crustal metals 
(e.g., Ca, Fe Si, Al, Ti), sea salt, abrasion products from 
road traffic, and bioaerosols (Colbeck et al., 2008; Viana et 
al., 2008). Fine PM is usually formed via combustion or 
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from gas-to-particle conversions and is generally characterized 
by a high content of carbonaceous material, sulfates, and 
nitrate and ammonium ions. In addition, minor elements 
occurring in PM can be excellent tracers for specific 
sources of aerosols (Colbeck et al., 2008).  

A sharp delineation between fine and coarse fractions 
cannot be clearly defined because these two fractions overlap 
in the size range 1 < da < 2.5 (up to 3) µm. This size range is 
called the intermodal fraction, or intermediate range, PM1-2.5 
(Whitby et al., 1972; Lundgren and Burton, 1995; Wilson 
and Suh, 1997; Colbeck et al., 2008). PM1-2.5 can constitute 
a significant part of the respirable fraction measured by 
NAAQS, on average, 6–22% of PM10 and even 11–34% of 
PM2.5 (Lundgren et al., 1996; Geller et al., 2004; Pérez et 
al., 2008; Kozáková et al., 2017).  

Depending on the meteorological conditions, PM1-2.5 can 
consist predominantly of aerosols originating from sources 
of either the coarse or fine fraction. For example, in 
arid/semiarid environments, the particles from sources 
releasing primary coarse particles (coarse PM sources) can 
occur in the size range below 2.5 µm (Lundgren et al., 1984; 
Lundgren and Burton, 1995; Claiborn et al., 2000; Husar et 
al., 2001; Pérez et al., 2008). In environments with high 
relative humidity (RH), the accumulation mode of fine 
particles can grow into the intermodal size range (Berner and 
Lürzer, 1980; Geller et al., 2004; Wang et al., 2012; Tian 
et al., 2014; Tan et al., 2016).  

Several studies have characterized in detail the size-
resolved PM, including the transition area between the 
accumulation and coarse mode, with statistical and chemical 
analyses (e.g., Klejnowski et al., 2012; Contini et al., 2014; 
Tian et al., 2016). Studies focused on the intermodal 
fraction have involved statistical analyses such as correlation 
coefficients (Lundgren et al., 1996; Haller et al., 1999; 
Claiborn et al., 2000; Vallius et al., 2000; Galindo et al., 
2011; Perez et al., 2012) or regression analyses (Kozáková 
et al., 2017), have been based on the chemical composition 
of size-resolved aerosol particles (Hughes et al., 2000; 
Vecchi et al., 2004; Pérez et al., 2008; Perez et al., 2009, 
Pérez et al., 2010; Pasha a Alharbi, 2015; Rogula-Kozłowska, 
2015), or have used a combination of both statistical and 
chemical composition methods (Kegler et al., 2001; Geller 
et al., 2004; Perez et al., 2009). Nevertheless, further 
investigation of PM1-2.5 and its chemical composition is 
needed for several reasons. The existing studies that have 
focused on the chemical composition of PM1-2.5 were 
performed mostly in dry environments (Hughes et al., 2000; 
Kegler et al., 2001; Geller et al., 2004; Pérez et al., 2008; 
Perez et al., 2009; Pérez et al., 2010; Pasha and Alharbi, 
2015). To our knowledge, a single study that included the 
chemical composition of the intermodal fraction was 
performed in Katowice, Poland (Rogula-Kozłowska, 2015), 
at a crossroad site in summer and at a highway site in spring. 
Our study contains results of the chemical composition of 
PM1-2.5 during both seasons, winter and summer, from 
several urban and suburban sites of Central Europe where 
ambient conditions change significantly according to the 
season. The influence of the intermodal fraction on PM2.5 
has not been well determined or quantified in most European 

regions. The contribution of the earth’s crustal components 
to PM2.5, as well as fine particles growing into PM > 1 µm 
(da) during periods of higher RH, can cause inaccuracies in 
source apportionment and in epidemiological and exposure 
studies. Therefore, it is necessary to analyze the chemical 
composition of PM1-2.5 in different types of locations and to 
attempt to describe the conditions under which it is 
appropriate to consider PM1 as the independent fraction. 
Additionally, our results may contribute to the discussion 
between air quality experts and legislators about the possible 
establishment of an additional air quality standard for PM1.  

For the purposes of this study, PM1 is considered the fine 
fraction and PM2.5-10 the coarse fraction. 

In our project on PM1-2.5 characterization, the first part was 
focused on statistical methods using mass concentrations of 
PM (Kozáková et al., 2017). Subsequently, in the present 
study, part of an extensive sample collection was analyzed 
using chemical methods. The aim of this work was to 
elucidate the associations between PM1-2.5 and the fine PM 
(PM1)/coarse PM (PM2.5-10) under different meteorological 
conditions. The investigation was performed on the basis of 
a statistical analysis and chemical composition at various 
urban sites (industrial, urban traffic, suburban) in the Czech 
Republic during both winter and summer. 

 
METHODS 

 
Sampling Sites 

Size-resolved PM measurements were performed at two 
urban and two suburban sites in the Czech Republic, 
Central Europe, during winter and summer (Table 1 and 
Supplemental Fig. S1).  

Ostrava Radvanice and Bartovice (campaign 
Radvanice) is a residential district in southeast Ostrava 
(Fig. S1) composed of family houses and greatly influenced 
by industrial sources (metallurgy complex) located 
approximately 2 kilometers to the southwest (Pokorná et al., 
2015; Leoni et al., 2016; Pokorná et al., 2016). The nearest 
road is 80 m away, with a traffic flow of approximately 
10,000–15,000 vehicles per day (MoT, 2010; ŘSD, 2010). 
An air-conditioned (isothermal, 20°C) monitoring station 
containing all instruments was located in a garden 
approximately 50 m from the nearest family house. 

Ostrava Plesná (campaign Plesná) is a suburban 
residential area in northwest Ostrava with family houses 
and low traffic (only residents and approximately 2 regular 
bus services per hour). The instruments were placed in a 
garden approximately 20 m from the nearest family house. 
The cascade impactors were protected against rain and snow, 
and the spectrometers were placed inside a wooden box.  
Prague Benátská (summer campaign “Benátská_s,” 
winter campaign “Benátská_w”) is located in Prague in the 
city center in the Charles University botanical garden. The 
nearest intersection has a traffic flow of 15,000–20,000 
vehicles per day, and the busiest city road, with a traffic flow 
of 30,000–50,000 vehicles per day, is located at a distance 
of 600 m (MoT, 2010). An air-conditioned (winter: 20°C; 
summer: 20–25°C) rooftop station of the Institute for 
Environmental Studies with all instruments was located on  
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Table 1. Details of measurement sites. 
measurement site type of locality GPS measuring periods place of instruments sampling height
Ostrava Radvanice 
and Bartovice 

urban industrial  49.811161 N, 
18.337922 E 

2/11–3/5/2014 
(winter) 

inside the monitoring 
station 

5 m AGLa

Ostrava Plesná suburban 49.865920 N, 
18.132090 E 

2/11–3/5/2014 
(winter) 

outside (impactor), 
inside of a wooden 
box (other devices) 

2 m AGLa

Prague Benátská urban traffic 50.071318 N, 
14.420950 E 

8/21–9/4/2014 
(summer) 
2/17/–3/3/2015 
(winter) 

inside the monitoring 
station 

15 m AGLa 

Prague Suchdol suburban 50.127523 N, 
14.385224 E 

8/21–9/4/2014 
(summer)  
2/5–19/2015 
(winter) 

outside (impactor), 
inside (other 
devices) 

2 m AGLa 

a AGL = above ground level. 
 
the fourth floor; for additional details, see Thimmaiah et al. 
(2009). 

Prague Suchdol (summer campaign “Suchdol_s,” 
winter campaign “Suchdol_w”) is a suburban background 
site in northwest Prague with residential houses and the 
Czech University of Life Sciences campus. The traffic flow 
along one major two-lane road is 20,000–30,000 vehicles 
per day (MoT, 2010), with very frequent bus service. The 
measurement site was located on the research campus of 
the Institute of Chemical Process Fundamentals, to the 
north and northeast of the major road at a distance of 
approximately 250 m. The impactors were placed outside 
and protected against rain and snow, and the other 
instruments (online monitoring) were placed inside a 
building (10 m from the impactors; for more details, see 
Talbot et al. (2016)). 
 
Instrumentation 

Twenty-four-hour mass concentrations of size-resolved 
PM were measured with a US EPA-approved personal 
cascade impactor sampler (PCIS) at 9 L min–1 (Misra et al., 
2002). Using a cyclone to cut PM10 upstream of the inlet to 
the impactor, the PCIS separated particles by aerodynamic 
diameter (da) in the following five size stages: A: 10 > da > 
2.5 µm; B: 2.5 > da > 1 µm; C: 1 > da > 0.5 µm; D: 0.5 > da 
> 0.25 µm; P: da < 0.25 µm. Particles on stages A through 
D were collected on 25-mm PTFE filters (porosity of 0.5 
µm; Pall Corporation, Ann Arbor, Michigan, USA) used as 
impaction substrates, and particles < 0.25 µm (stage P) 
were collected on 37-mm PTFE backup filters with a PMP 
ring with a porosity of 2.0 µm (Pall Corporation, Michigan, 
USA, and SKC Limited, Dorset, United Kingdom).  

Five (Radvanice, Plesná, Benátská_s/w) or ten 
(Suchdol_s/w) minutes of integration time for the particle 
number concentration and size distribution were measured 
with a scanning mobility particle sizer (SMPS model 
3936L25 in Radvanice and Benátská, and SMPS model 
3936L75 in Plesná and Suchdol, TSI Inc., MN, USA; size 
range 14–532 nm) and an aerodynamic particle sizer (APS 
model 3321 at all sites, TSI Inc., MN, USA; size range 
0.5–10 µm) using a PM10 sampling head on the top of the 

sampling tubing. The two aerosol size spectrometers covered 
the size range from 14 nm to 10 µm. 

Meteorological data, including wind speed (WS), wind 
direction (WD), temperature (T) and RH for the Benátská_s 
campaign, were measured using a Young vane-type monitor 
(Model 05103v, Fondriest Environmental Inc., USA). For 
the other measurement campaigns (Radvanice, Plesná, 
Suchdol_s/w, Benátská_w), meteorological data were 
available from the nearest representative automated 
monitoring stations (at the distance of approximately 477 m 
from Radvanice site, 4815 m from Plesná site, 25 m from 
Suchdol site, and 470 m from Benátská site) managed by 
the Czech Hydrometeorological Institute. 
 
Gravimetric Analysis 

The PM concentrations were assessed by gravimetric 
analysis. Before weighing, the PTFE filters were 
preconditioned for at least 24 hours at 50 ± 5% RH and 20 
± 2°C in a weighing room. To dissipate any electrostatic 
charge, every filter was passed over a Haug U-electrode 
ionizer (PRXU 27 × 18 × 27 200 radia; Haugh, GmbH&Co. 
KG, 120 Germany) immediately before being weighed 
with a microbalance (Mettler Toledo MX5; Mettler-Toledo 
GmbH, Greifensee, Switzerland; weighing range: 
5100 mg–1 µg; sensitivity: ± 1 µg; and Sartorius M5P-
000V001; Goettingen, Germany; range mode: 1500 mg–
1 µg; sensitivity: ± 1 µg). The gravimetric analysis of PM 
samples was fully described in Kozáková et al. (2017).  

PM concentrations were calculated as follows: PM1 (fine 
fraction) as the sum of the aerosol masses on stages C to P 
(< 1 µm), PM2.5 as the sum of the aerosol masses on stages B 
to P (< 2.5 µm), and PM10 as the sum of the aerosol masses 
of all stages (A–P); PM1-2.5 was represented by stage B, and 
PM2.5-10 (coarse fraction) was represented by stage A.  

For every measurement campaign, at least 10% of the 
field blank filters were used to determine the limit of 
detection (LOD) of the weighing procedure. Field blank 
filters were exposed to the same conditions as the samples 
except for the sampling period. The LOD was calculated as 
three times the standard deviation of the mass changes of 
all field blank filters. The lowest level of the 24-h 
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concentration (lowest concentration level) that could be 
measured was determined as the ratio of LOD to the nominal 
volume of the air flowing through the impactor (12.96 m3). 
The measured concentrations below the lowest concentration 
level were replaced by half of this level (5% of the 
concentrations in the dataset). 

The atmospheric aerosol collected on the filters was 
subsequently used for chemical analyses (ion and elemental 
composition).  
 
Chemical Analyses 

Ion chromatography (IC) was used for the determination 
of Ca2+ and SO4

2– mass concentration in every aerosol size 
fraction (all days for Prague campaigns and 18 days for 
Ostrava campaigns). The ion chromatography analysis 
procedure is described in detail in the supplementary 
material. Ca2+ was selected as a marker for PM2.5–10 due to 
its abundant presence in the mineral coarse fraction 
(Kertész et al., 2002; Salma et al., 2002; Colbeck et al., 
2008; Ondráček et al., 2011; Spindler et al., 2013). SO4

2– 
was chosen as a marker of PM1 since it is one of the major 
constituents of fine particles in outdoor environments (Matta 
et al., 2002; Perry et al., 2004) in Central Europe (Kertész 
et al., 2002; Salma et al., 2002; Ondráček et al., 2011; 
Schwarz et al., 2012; Spindler et al., 2013; Talbot et al., 
2016). Other ions, such as NO3

– and Cl–, occur in the fine as 
well as in the coarse mode in urban and rural environments. 
For example, the distribution of NO3

– was bimodal in 
urban and suburban atmospheric aerosols (Colbeck et al., 
2008), even in the Prague region during winter and summer 
(Ondráček et al., 2011; Schwarz et al., 2012). The presence 
of Cl– was also observed in both fine and coarse modes of 
Prague atmospheric aerosols reported in our previous study 
(Schwarz et al., 2012). The Ca2+/SO4

2– ratios were calculated 
for a comparison of individual PM fractions. 

A scanning electron microscope (TESCAN Vega, 
TESCAN ORSAY HOLDING a.s., Czech Republic) 
equipped with an energy dispersive spectroscope (EDS-
detector X-Max 50, Oxford Instruments plc, United 
Kingdom; SEM+EDX) was used for the elemental semi-
quantitative microanalyses (C, F, Na, Mg, Al, Si, P, S, Cl, 
K, Ca, Ti, Cr, Mn, Fe, and Zn) of all days/impactors from 
the Prague campaigns, 17 days for Radvanice, and 12 days 
for the Plesná campaigns. The samples were coated with a 
thin electroconductive layer of amorphous carbon (ca. 15 nm 
thick). On each filter, seven square areas containing a PM 
sample with an edge length of 200 µm were scanned for 
200 seconds of lifetime in order to cover a representative 
area and minimize the effects of possible heterogeneities. 
The elements C and F were excluded from the subsequent 
analysis because they are present in the PTFE filters and C 
is also in the coating layer, as well as in the samples. 
Individual elements (without C and F) were expressed as 
percentages of their sum normalized to 100% (not percentages 
from the total aerosol mass). The normalization to 100% is 
necessary in order to avoid the effect of variations in the 
amount of material covering the surface of the filters. The 
analyses were conducted with an accelerating voltage of 
15 kV and beam current of 1.5 nA. The percentages of 

elements in PM1 were calculated as a mass of weighted 
averages of impactor stages C, D, and P. For more details, 
see the supplementary material. 
 
Quality Assurance and Control 

The flowrate passing through every impactor was 
measured three times with the mass flowmeter (4040, TSI 
Inc., MN, USA) before and after the sampling period. The 
values were recalculated according to the actual temperature 
and atmospheric pressure and subsequently averaged to 
obtain the final flowrate. The PM concentrations from the 
impactors were corrected against field blank measurements 
(see chapter Gravimetric analysis). The ion composition 
data were field blank corrected as well (at least 10% of 
blank filters from all samples). The Ca2+ and SO4

2– field 
blank concentrations were below the LOD for both size 
types of PTFE filters. 
 
Data Analysis 

The enrichment factor, EF, was calculated to characterize 
the origin of airborne PM. EF relates the concentration of 
an element (X) to the concentration of an airborne crustal 
element normalized to the ratio of these elements in the 
average continental crust (Saliba et al., 2007): 
 
EFx = (X/Si)air / (X/Si)crust (1) 
 
where X indicates the element concentration in the sample 
of atmospheric aerosol (air) or upper continental crust 
(crust) and Si is the concentration of Si in the sample of 
atmospheric aerosol (air) or upper continental crust (crust). 
Si was chosen as a normalizing crustal element (Saliba et 
al., 2007), and element concentrations in the upper 
continental crust were given by Wedepohl (1995). An EF 
value greater than 10 indicates high enrichment due to 
contributions from non-crustal sources (Torfs and van 
Grieken, 1997; Chester et al., 1999). 

The SMPS-APS dataset was used for an analysis of PM1, 
PM1-2.5, and PM2.5-10 concentrations versus WD and WS 
(polar plots) in order to find the potential sources. The mass 
concentrations of individual PM fractions were calculated 
from SMPS and APS number concentrations with a particle 
density of 1.5 g cm–3 (Shen et al., 2002), as described in the 
supplementary material. To fit meteorological and SMPS-
APS datasets, PM concentrations were averaged as follows: 
1-hour average concentrations for Plesná and Benátská_w 
and 10-minute average concentrations for Radvanice and 
Suchdol_s/w. For the Benátská_s campaign, meteorological 
and SMPS-APS measurements were performed with the same 
integration time of 5 minutes. In addition, the comparison 
between SMPS-APS (24-h average dataset) and PCIS 
measurements was performed for three PM fractions 
(Supplemental Fig. S3).  

The impactor PM mass concentration data were not 
normally distributed (Shapiro-Wilk test of normality). 
Therefore, nonparametric Spearman’s rank correlation 
coefficients (rs) were calculated. The correlation test was 
calculated to detect statistically significant correlations 
between two variables (p-value < 0.05). The nonparametric 
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Kruskal-Wallis test and the two-sample Wilcoxon test (p-
value < 0.05) were used to determine statistically significant 
differences among individual campaigns and between 
seasons, respectively.  

The meteorological and statistical analyses were 
performed with the R software and the package Openair 
(Carslaw and Ropkins, 2012; Carslaw, 2015). 
 
RESULTS AND DISCUSSION 
 
Campaign Overview 

Median values of the monitored meteorological variables 
(T, RH, and WS) for each campaign are presented in 
Table S2, and the WS and WD are shown in Fig. S4 
(Supplementary Material). Seasonal differences at the 
Prague sites Benátská and Suchdol were evident for T but 
not as apparent for RH. During summer days at the Suchdol 
site, the RH varied more significantly, resulting in a wide 
interquartile range (25th and 75th percentiles). Generally, the 
prevailing WDs were from the SW during the campaign in 
Plesná, from the SW and NE in Radvanice, and from the 
SW/W during the summer and winter campaigns in 
Benátská. Clear prevailing WDs for the Suchdol campaigns 
were not possible to determine (Supplemental Fig. S4). 

Median mass concentrations of PM10, PM2.5 and the 
investigated PM fractions–PM2.5-10, PM1-2.5, and PM1 are 
displayed in Table 2 for each campaign. The differences in 
mass concentrations of PM2.5-10, PM1-2.5, and PM1 among 
campaigns were statistically significant (p-values < 0.001). 

Median mass size distributions determined with PCIS 
varied for every campaign (Supplemental Fig. S5). In winter, 

they were unimodal, with the modes at approximately da = 
350 nm. Similar distributions were observed between the 
Prague summer campaigns, with the modes at approximately 
da = 350 nm.  

A measurement at an urban site in Como (northern Italy) 
showed a similar median mass size distribution with the 
dominant peak in an accumulation mode (around da = 400 
nm) during the heating season (Rovelli et al., 2017), as was 
observed in the winter Prague (Benátská and Suchdol) and 
Plesná campaigns. Mass size distributions were different 
for the summer and winter campaigns in Prague (Fig. S5) 
and at the urban site in Como as well (Rovelli et al., 2017). 
The unimodal mass size distribution, as measured at the 
Radvanice site, was observed during winter in Zabrze, an 
industrial town in southern Poland (Zwozdziak et al., 
2017), with the dominant peak in the accumulation range 
(impactor stage da = 0.65–1 µm). 
 
Mass Portions of PM Fractions 

The median masses of PM fractions for different types 
of localities were presented and discussed in our previous 
work (Kozáková et al., 2017) and included data from 
campaigns that were also investigated in the present study.  

Fig. 1 shows median masses only for the campaigns of 
interest. During these campaigns, PM1 was the predominant 
component of the PM10, while PM1-2.5 accounted for 3–8% 
of PM10. PM2.5-10 accounted for 4–15% of PM10. In the 
Benátská and Suchdol campaigns, the seasonality of the 
PM1-2.5 mass portions was compared. In summer, the mass 
portions of PM1-2.5 (5%, 8%) were higher than in winter 
(PM1-2.5: 4% and 3%, respectively), probably due to the

 
Table 2. Median values of PM fractions from the impactor with the 25th and the 75th percentiles. 

campaign PM10 
µg m–3 

PM2.5-10 
µg m–3 

PM2.5 
µg m–3 

PM1-2.5 
µg m–3 

PM1 
µg m–3 

Radvanice 48.0 (39.3–56.5) 4.1 (3.6–5.5) 41.6 (32.8–52.4) 3.0 (2.2–4.4) 38.5 (29.7–49.2) 
Plesná 34.2 (25.2–48.2) 2.0 (1.2–2.7) 30.6 (23.4–46.3) 2.8 (1.5–3.9) 29.2 (19.6–41.7) 
Benátská_s 9.4 (8.2–12.5) 1.3 (1.0–1.7) 8.5 (6.9–11.1) 0.6 (0.2–1.1) 7.9 (6.8–9.8) 
Benátská_w 28.4 (10.3–35.3) 0.7 (0.1–1.6) 27.7 (9.7–34.6) 1.1 (0.3–1.7) 24.8 (8.9–33.7) 
Suchdol_s 11.3 (8.4–13.5) 1.6 (1.2–2.0) 9.6 (6.8–12.0) 0.9 (0.5–0.9) 8.5 (6.3–11.3) 
Suchdol_w 27.9 (17.8–40.2) 1.0 (0.7–1.3) 27.6 (16.9–39.2) 1.0 (0.5–1.8) 26.2 (16.5–35.9) 

 

 
Fig. 1. Median mass portions of PM1, PM1-2.5, and PM2.5-10 in PM10; error bars represent the 25th and the 75th percentiles. 
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increased contribution of soil dust, as shown by Kegler et 
al. (2001) and Vecchi et al. (2004) in summer, while the 
high RH reduced the occurrence of dust resuspension in 
winter (Vallius et al., 2000).  
 
PM1-2.5 Investigation at Various Sites 

The investigation of the intermodal fraction in terms of 
its association with the coarse or fine fractions at various 
sites was performed using different analyses: statistical, 
chemical, and meteorological. The Spearman correlation 
coefficients for the relationship of PM1-2.5 with PM2.5-10, 
PM1, and meteorological parameters are displayed in 
Table 3. The EFs (Fig. 2) and Ca2+/SO4

2– ratios (Fig. 3) were 
calculated for individual PM fractions. Ca2+ and SO4

2– 
mass concentrations are presented in the supplementary 
material (Table S3). The analysis of the polar plots (Fig. 4) 
obtained with online measurements helps with the 
investigation of the PM sources according to WS and WD. 
The sources can have the same directionality and be related 
to either low or high speeds (local versus distant sources). 

Fig. 5 shows the percentages of elements related to their 
sum (not related to the total aerosol mass). Because some 
major chemical species, for example, carbon and nitrate, 
were omitted from the analyses, this approach is limited in 
determining the size distributions of individual species, the 
mass reconstruction, and source apportionment analysis, 
such as Positive Matrix Factorization, as performed in 
other studies (e.g., Contini et al., 2014; Tian et al., 2016). 
However, for the determination of the similarity between 
the individual PM fractions, these methods based on ratios 
of species can be used to identify possible indicators for the 
relative importance of various sources in the atmosphere 
(Prospero et al., 2001; Anlauf et al., 2006; Alharbi et al., 
2015; Cesari et al., 2016). Some elements mentioned in the 
legend (Fig. 5) are not sufficiently visible in the pie charts 
due to their very low percentage proportions.   
 
Radvanice 

In Radvanice, all analyses, including the correlation 
coefficients (Table 3), Ca2+/SO4

2– ratios (Fig. 3), WD analysis 
(Fig. 4), and elemental proportion (Fig. 5), suggested an 
association between PM1-2.5 and the coarse fraction. PM1-2.5 
and the coarse fraction have the same source location, 
likely the industrial zone. In contrast, the highest mass 

concentrations of PM1 originated from local sources or 
from sources located to the north and northeast (Fig. 4). 
The most abundant elements in PM1-2.5 and the coarse 
fraction were Fe, Si, Ca, and Na, whereas Fe, S, and Cl 
were the most abundant elements in PM1 (Fig. 5).  

The EFs in PM1-2.5 and PM2.5-10 had similar values for 
the elements Cl, K, Mn, Fe (EF lower than for PM1), and 
Ca (EF higher than for PM1; Fig. 2). The elements with 
increased EF (Fig. 2) point to the air pollution sources, 
which were documented in previous source apportionment 
studies conducted in this region (Rogula-Kozłowska et al., 
2012; Pokorná et al., 2015; Pokorná et al., 2016). They 
represent industry (the processing of iron ore and production 
of raw iron and steel), coal combustion, biomass burning, 
and traffic related emissions. 
 
Plesná 

In Plesná, PM1-2.5 was correlated with the fine and coarse 
fraction and RH (rs = 0.53, 0.35, and 0.49, respectively). In 
all three fractions, the SO4

2– concentrations were higher 
than the Ca2+ concentrations (Fig. 3), and the variability, 
expressed as the 25th and 75th percentiles, was low. SO4

2– or 
S in atmospheric aerosols is primarily raised as a secondary 
component from the atmospheric oxidation of SO2 
(Colbeck et al., 2008). Sulfur, although it is also part of the 
minerals (sulfid-S2– and sulfate-SO4

2– minerals), represented 
mainly the secondary component in Plesná due to the 
atmospheric pollution transport from Polish regions (Fig. 4), 
which was also documented in several studies (Swietlicki 
and Krejci, 1996; Pokorná et al., 2015; Hovorka et al., 
2016). In addition, elemental sulfur was apparently increased 
in PM1-2.5 (9% points more) in comparison with the coarse 
fraction, even if the percentages of main elements (Si, Na, 
Fe, and Al) were similar for these fractions (Fig. 5). On the 
other hand, S was the predominant element in PM1. The 
analyses clearly suggested that both fractions, the fine and 
coarse, may be associated with PM1-2.5. 

The EFs in PM1-2.5 and PM2.5-10 showed similar values 
for the crustal element Mg (EF slightly higher than for 
PM1), as well as for Fe, Mn, Cl, and K (EF lower than for 
PM1). The origin of Fe and Mn could be the industrial 
sources likely affecting the whole region (Pokorná et al., 
2015). Cl and K being highly enriched in the fine fraction 
are probably the result of coal combustion and biomass

 
Table 3. Spearman correlation coefficients between PM1-2.5 and other monitored variables (statistically significant 
correlations in bold, p-value < 0.05). 

Parameter 

PM1-2.5 
Ostrava 
Radvanice 
winter 

Ostrava 
Plesná 
winter 

Prague 
Benátská 
summer 

Prague 
Benátská 
winter 

Prague 
Suchdol 
summer 

Prague 
Suchdol 
winter 

PM1 –0.03 0.53 0.71 0.36 –0.03 0.75
PM2.5-10 0.39 0.35 0.45 0.79 0.59 0.59 
PM2.5 0.06 0.62 0.79 0.42 0.02 0.79
RH 0.17 0.49 –0.08 –0.41 –0.38 0.40 
T 0.08 0.06 0.31 –0.19 –0.07 –0.35 
WS –0.02 –0.10 –0.29 –0.63 –0.21 –0.52 
count of obs. 23 22 15 15 15 15 

  Results 

72 

 

 

  



ARTICLE IN PRESS 
 
 

Huang et al., Aerosol and Air Quality Research, x: 1–14, xxxx 7

 

 

 
Fig. 2. Enrichment factors (EFs) for PM1, PM1-2.5 and PM2.5-10 with Si as a normalizing crustal element. 

 
burning (Swietlicki and Krejci, 1996; Han et al., 2005; 
Rogula-Kozłowska et al., 2012). This conjecture was also 
confirmed by the high enrichments in S and Zn. 
 
Benátská 
In the summer campaign (Benátská_s), PM1-2.5 was more 
significantly correlated with PM1 (rs = 0.71) than with the 
coarse fraction (rs = 0.45). However, as observed in the 
other studies (Lundgren et al., 1984; Lundgren and Burton, 
1995; Claiborn et al., 2000; Husar et al., 2001; Pérez et al., 
2008), a stronger association between PM1-2.5 and the 
coarse fraction was supposed in summer due to a generally 
lower average RH than in winter. After closer examination 

of the weather situation, we recorded the rainy conditions 
during the second half of the campaign. The median mass 
concentration of PM1-2.5 was higher on rainy days, with a 
higher average RH (2.0 µg m–3) than on sunny days 
(0.6 µg m–3), and SO4

2– in PM1-2.5 was more abundant than 
Ca2+ on rainy days (median of Ca2+/SO4

2– for rainy days: 
0.57; for sunny days: 1.45). In addition, the major sources 
of the atmospheric aerosols have a similar location (Fig. 4). 
The highest mass concentrations of all PM fractions 
occurred with east and southeast WDs (WS = 0.5–1 m s–1), 
i.e., they corresponded to a strong traffic source (busy city 
road at a distance of 600 m), and this was confirmed by the 
enrichment in elements such as Cr, Mn (in PM1), Fe, and 
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Fig. 3. Median of the ratio of Ca2+ to SO4

2– in all three fractions for individual campaigns; error bars represent the 25th and 
the 75th percentile. 
 
Zn (Veron et al., 1992; Manoli et al., 2002; Samara and 
Voutsa, 2005; Viana et al., 2008; Chang et al., 2009). These 
findings indicated the significant influence of the sources 
producing fine PM (fine PM sources) to PM1-2.5. 

On the other hand, the elemental composition of PM 
fractions suggested the association between PM1-2.5 and the 
coarse fraction. The percentages of elements were similar 
between PM1-2.5 and the coarse fraction for the most abundant 
crustal elements (Si, Fe, further Ca, Na, and Al). In Katowice, 
Poland, organic matter and crustal material prevailed in 
PM1-2.5 at a crossroad site in summer (Rogula-Kozłowska, 
2015). S and Fe with Si and K were predominant in PM1 
during the Benátská_s campaign. A closer examination of 
the upper part of the fine fraction, PM0.5-1 (particles da = 
0.5–1 µm), showed a significant influence of the crustal 
elements Si, Fe, and Na, as in PM1-2.5 and the coarse fraction 
(Supplemental Fig. S6), which was also observed by 
Schwarz et al. (2012) for sea salt-related ions (Na+ and Cl–) 
in Prague. This phenomenon may be an artifact created by a 
particle bounce-off effect inside the impactors that changes 
the size distribution (Cheng and Yeh, 1976). However, the 
laboratory evaluation of PCIS (Misra et al., 2002; Singh et 
al., 2003) indicated that the 50% collection efficiency cut-
off points of 1.0 and 2.5 µm (da) were very close to the 
theoretical cut-off points. 

The EFs in PM1-2.5 and the coarse fraction had similarly 
low values for S, Cl, K, and Mn in comparison with the EFs 
in PM1. PM1-2.5 and the coarse fraction were more enriched 
in P than PM1 due to the greater abundance of bioaerosols, 
especially pollen and plant debris, in the coarse fraction 
(Mahowald et al., 2008). 

During the Benátská_w campaign, the PM1-2.5 was 
significantly correlated with the coarse fraction (rs = 0.79) 
and negatively correlated with WS (rs = –0.63). These results 
correspond to dominant local sources (the nearest road and 
intersection) of PM1-2.5 and the coarse fraction, as shown in 
Fig. 4. In contrast, the highest concentrations of PM1 
occurred with an east WD (busy city road). The significant 
influence of traffic on PM fractions is represented by the 
enrichment in the same elements (Cr, Fe, and Zn) as those 
in the summer. The EFs for S and K in PM1-2.5 and the 

coarse fraction achieved similar lower values in comparison 
with their EFs in PM1, confirming their origin in sources of 
the fine fraction. 

The percentages of elements were very similar between 
PM1-2.5 and the coarse fraction with the most abundant share 
being Fe, Si, and Na. On the other hand, the predominant 
element in PM1 was S (Fig. 5). The influence of the coarse 
PM sources on the fine fraction (especially PM0.5-1) was much 
less significant, as it was observed in summer (Supplemental 
Fig. S6). At an urban site in Milan, a decreased portion of 
crustal elements in PM1-2.5 was observed during winter in 
contrast with summer (Vecchi et al., 2004).   

At the Benátská site, SO4
2– concentrations in PM1-2.5 and 

the coarse fraction were significantly higher (p-value = 
0.0003 and 0.007, respectively) in winter than in summer 
(Supplemental Table S3). In contrast, seasonal differences 
of Ca2+ in all three fractions were not statistically significant 
(0.136 ≤ p-value ≤ 0.967). Therefore, in winter, the 
Ca2+/SO4

2– ratio in PM1-2.5 was lower than that in summer 
(Fig. 3). To conclude, these findings suggested the effect of 
PM sources producing both fractions, the coarse and fine, 
on PM1-2.5 during the Benátská_w campaign. 
 
Suchdol 

During the Suchdol campaign in summer (Suchdol_s), 
PM1-2.5 was significantly correlated only with the coarse 
fraction (rs = 0.59), even if the location of the dominant 
sources of all PM fractions was similar (north WD; Fig. 4). 
A certain but statistically insignificant negative correlation 
between PM1-2.5 and RH (rs = –0.38) also indicated a 
similarity with the coarse fraction because the decrease in 
RH enhances the resuspension (Vallius et al., 2000; Hien et 
al., 2002; Galindo et al., 2011). In addition, the ion and 
elemental compositions (Figs. 3 and 5) clearly show an 
association between these two fractions. Crustal components 
(Si, Fe, Na, Ca, and Al) were predominant in PM1-2.5 and 
the coarse fraction. In PM1, S was predominant, and elements 
such as Fe and Si were significant. As we observed in the 
Benátská_s campaign, the coarser part of the fine fraction, 
PM0.5-1, was also highly influenced by the crustal elements 
(Fig. S6).  
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Fig. 4. Polar plots: PM1-2.5, PM2.5-10, and PM1 concentrations (µg m–3) by WD and WS. 
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Fig. 5. Semi-quantitative elemental composition of PM fractions for each campaign (expressed as percentages of 
individual elements normalized to 100%). 
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At an urban background site in Barcelona during long-
term measurements, PM1-2.5 was made up of a mixture 
originating in fine and coarse PM sources consisting 
predominantly of mineral dust and secondary inorganic 
aerosols (SIA: SO4

2–, NO3
–, and NH4

+) and lesser parts of 
carbonaceous matter and sea spray (Pérez et al., 2008; 
Perez et al., 2009; Pérez et al., 2010). 

The EFs in PM1-2.5 and the coarse fraction revealed 
similar low values (EF < 10) for elements K and Mn and 
further increased values (EF > 10) for P, S, Cl, Cr, and Zn. 
However, EFs for S and Zn in both fractions were 
significantly lower than in PM1. The Mn, Cr, and Zn could 
be related to a traffic emission source (Veron et al., 1992; 
Manoli et al., 2002; Samara and Voutsa, 2005; Viana et al., 
2008; Chang et al., 2009). Sources of P in non-desert 
environments are mostly biogenic or from fossil fuel and 
biomass burning (Mahowald et al., 2008). 

Different results were found at the Suchdol site in 
winter (Suchdol_w). PM1-2.5 was positively correlated with 
PM1 and PM2.5-10 and negatively correlated with WS (rs = 
0.75, 0.59, –0.52, respectively). A correlation between PM1-2.5 
and RH (rs = 0.40) was also apparent but statistically 
insignificant (Table 3). The location of a possible fine PM 
source seems to match the source of PM1-2.5 (Fig. 4). In 
addition, the results from chemical analyses also suggested 
a more significant effect of the fine PM sources on PM1-2.5 
than during the summer campaign (Figs. 3 and 5). The 
winter mass concentrations of SO4

2– in all PM fractions were 
significantly elevated (p-value = 0.0004–0.001) in comparison 
with the summer mass concentrations (Supplemental 
Table S3). On the other hand, no seasonal differences in 
Ca2+ mass concentrations were found (p-value = 0.3399–
0.9667). The elemental distribution showed that S was most 
abundant in PM1-2.5 accompanied by Si, Na, and Fe (Fig. 5). 
The EFs in PM1-2.5 and the coarse fraction showed similar 
values for Cl and K (slightly lower than in PM1; Fig. 2).  
 
Ambient Conditions Affecting PM1-2.5 

According to our observations, the behavior of the 
intermodal fraction differed with the measurement campaign 
and season. No consistent pattern was observed in terms of 
location or the winter/summer season. The individual sites 
are affected by different air pollution sources, while the 
seasons are characterized by different meteorological 
conditions, especially RH and T, in Central Europe. In 
winter, when the humidity is generally higher than in 
summer, particles of the accumulation mode can grow into 
PM with da > 1, even > 2.5 µm (Berner and Lürzer, 1980; 
Geller et al., 2004; Wang et al., 2012; Tian et al., 2014; 
Tan et al., 2016). This process is most likely due to the 
hygroscopic properties of inorganic salts, such as sulfates 
and nitrates (Charlson et al., 1978; Tang, 1980; Geller et al., 
2004), contributing the predominant portion of atmospheric 
aerosols, especially in industrial regions, for example, see 
Zhuang et al. (1999) and Alharbi et al. (2015), and 
significantly elevated mass concentrations of sulfates were 
observed in our study in winter. Additionally, the presence 
of a source primarily producing fine PM can influence not 
only the intermodal but also the coarse fraction, as was 

observed in winter at the Plesná, Suchdol, and Benátská 
sites, as well as in summer during rainy days at the Benátská 
site. Although the Radvanice campaign was performed in 
winter, this phenomenon was not observed, probably due to 
the effects of the important industrial source of coarse PM 
on the intermodal fraction.  

A statistically significant association between PM1-2.5 
and T was not observed at any site (Table 3). However, as 
is well known, the increase of T causes the decrease of RH, 
which helps generate higher dust resuspension. Nevertheless, 
for the detailed investigation of the association between 
PM1-2.5 and T, a long-lasting measurement campaign is 
necessary to cover all seasons. 
 
SUMMARY AND CONCLUSIONS 
 

The presented study investigated the association between 
the intermodal fraction of atmospheric aerosols (PM1-2.5) 
and the fine (PM1)/coarse (PM2.5-10) fractions under 
different meteorological conditions. The investigation was 
performed based on statistical and chemical analyses at an 
urban industrial and a suburban site in Ostrava (winter 
2014; 23 measurement days for campaign) and further at an 
urban traffic site and a suburban site in Prague (summer 
2014 and winter 2015; 15 measurement days for campaign). 

PM1-2.5 was associated with the coarse fraction during all 
measurement campaigns, with a stronger influence at the 
urban industrial site in Ostrava due to the presence of the 
specific source and at both Prague sites in summer. In these 
cases, crustal elements were dominant in PM1-2.5 and the 
coarse fraction. A wind speed-direction analysis (polar plots) 
matched the sources of PM1-2.5 and the coarse fraction. 

An additional effect of the sources producing the fine 
fraction on PM1-2.5 was found at the Ostrava suburban site, 
both Prague sites in winter, and the Prague urban traffic 
site in summer during a week with rainfall. For these cases, 
characterized by higher ambient relative humidity, a 
significantly elevated amount of sulfate was observed. 
According to the literature, during higher relative humidity 
conditions, fine particles containing inorganic salts, such as 
sulfate and nitrate, can grow into PM with da > 1 due to 
their hygroscopic properties and chemical reactions in the 
liquid phase. 

The short periods of the measurement campaigns and the 
employed chemical analysis partially limited this pilot study. 
The investigation of PM1-2.5 using additional approaches 
would be valuable, for example, the source apportionment 
analysis. Despite these limitations, according to the obtained 
results, we are able to present the following implication 
and suggestions. 

Our investigation of PM1-2.5 found that PM2.5, often 
considered the fine fraction, included a significant portion 
of particles originating from sources of coarse PM, which 
was especially significant in summer at 2 sites (urban 
background and urban traffic site) in Central Europe.  

Future studies focused on source apportionment and 
epidemiology/exposure should consider our findings and 
target the parallel measurements of both PM1 and PM2.5 
fractions and their chemical analysis. This focus would 
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enable the correction of results for the intrusion of crustal 
particles into PM2.5 that depends on local weather and 
emission situations. 
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Supplementary material 

Chemical characterization of PM1-2.5 and its associations with PM1, 

PM2.5-10 and meteorology in urban and suburban environments 

 

Sampling sites 
 

 
Figure S1. Sampling sites with main pollution sources (maps provided by State Administration 
of Land Surveying and Cadaster). 
 

Ion chromatography analysis 
 

All samples from Prague campaigns and 18 days from each Ostrava campaign were analyzed 

using ion chromatography. One-half of each 25-mm filter and a circular slice (13 mm diameter) 
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of each 37-mm backup filter were extracted separately in a solution of 0.3 ml methanol and 2.7 

ml deionized ultrapure water with conductivity below 0.08 µS m-1 (Ultrapure, Watrex Ltd., Pra-

gue, the Czech Republic). After 30 min inside an ultrasonic bath and 1 h of automatic shaking, 

the solution was filtered using a Millipore syringe filter with a porosity of 0.22 µm. An IC analy-

sis was performed with a Watrex Ltd. instrument with a SHODEX CD-5 conductivity detector, 

an Alltech universal cation 7 µm 100 x 4.6 mm column and a Transgenomic ICSep AN300 150 x 

5.5 mm column. A solution of methane sulfonic acid (1.15 mmol l-1) and oxalic acid (2.0 mmol l-

1) was used as an eluent for the cation column, and a solution of sodium bicarbonate (1.8 mmol l-

1) and sodium carbonate (1.7 mmol l-1) in water was used for the anion column. Ca2+/SO4
2- ratios 

were calculated for a comparison of individual PM fractions. 

 

SEM+EDX analysis 
 

A similar approach to the one we employed in our study has already been used by several au-

thors (Broussolle et al., 2015; Jiang et al., 2015; Peřestý et al., 2017) in order to get reliable es-

timates of the whole rock chemical composition using an EDX analysis of a representative area 

of rock sample in the form of a thin-section. While these authors analyzed polished samples, in 

our case, the surface of the samples is uneven, which may have some effect on the quality of the 

analysis. To estimate if and how much the uneven surface can influence the ratios of analyzed 

elements, the method was tested on powders of samples with known compositions (rock pulps 

analyzed by inductively coupled plasma mass spectrometry (ICP MS) at Bureau Veritas Labora-

tories, Vancouver, Canada). The results showed that there is good agreement in the ratios of the 

main elements obtained by the EDX analysis of the rock pulp spread on a horizontal surface with 

the data coming from precise ICP MS analyses of the rocks. Therefore, this approach can be used 

at least as a semi-quantitative method allowing the comparison of relative concentrations of ele-

ments (Figure S2). 

An XRF matrix correction procedure (Pouchou and Pichoir, 1984) was applied to mitigate the 

effect of absorption of electron radiation and X-rays in the sample. However, for elemental het-

erogeneous stratification in the sample, e.g., heavier elements predominantly occurring in the 

surface layer in contrast with lower layers, the applied correction is ineffective, and the results 
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can be influenced by absorption effect. It can occur when a significant air pollution source(s) 

occurred at a certain time just before the end of the sampling period (in our case, a 24-h period). 

On the other hand, the correction procedure is effective for samples with homogenous stratifica-

tion (the examined material is randomly mixed).     

 

 

Figure S2. Comparison of the powder samples (rock pulps) analyzed by SEM+EDX and ICP 
MS. 
 

SMPS and APS data processing  
 
All the datasets were thoroughly observed, and the outliers that originated from malfunctioning 

instruments were removed (Table S1). The data were directly exported with the Aerosol Instru-

ment Manager Software (TSI Inc.) as mass concentrations (dM). A Stokes correction was ap-

plied to the APS data. For the SMPS data, a multiple charges correction and a diffusion correc-

tion were applied. 

 

Table S1. Missing data. 

Missing 
data Plesná Radvanice Benátská_w Benátská_s Suchdol_w Suchdol_s

SMPS 3.2% 1.2% 5.2% 0% 0% 0% 
APS 3.8% 1.2% 11.6% 0.1% 0% 0% 

 

The size distributions for SMPS and APS were combined without considering merging ap-

proaches. This choice is allowed by the compatibility between SMPS and APS measurements in 
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the overlapping region. Data from SMPS and APS size distribution were selected according to 

these three fractions: 

 PM1 (APS size range 0.542 – 0.965 µm + SMPS size range 14-532 nm) 

 PM1-2.5 (APS size range 1.037-2.458 µm) 

 PM2.5-10 (APS size range 2.642-10.37 µm) 

To calculate the total PM1 mass concentration, semi-continuous APS + SMPS mass concentra-

tion was obtained summing the fractions 0.542-0.965 µm and <0.532 µm. The SMPS mobility 

diameter (deq) was converted to the aerodynamic diameter (da) according to Hinds (1998), with 

an assumption that particles are spherical and the particle density is 1.5 g cm-3 (Shen et al., 2002): 

�� � ������. Mass concentrations for the SMPS and APS data were computed by averaging the 

5-minute (Radvanice, Plesná, Benátská sites) and 10-minute (Suchdol site) concentrations over 

the sampling duration of the gravimetric method (24-h average; from 9 AM to 9 AM of the next 

day according to the PCIS sampling protocol) and compared (Figure S3). Differences in concen-

trations are due to the different measurement principles of instrumentations and the unknown 

real particle density in contrast to the single value of the density used for the calculation of mass 

concentrations from SMPS and APS. It is apparent, that particles at the industrial site (Radvanice) 

are different from particles from other sites. 
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 Figure S3. Comparison of PM1, PM1-2.5, and PM2.5-10 measured with impactors and SMPS-APS. 

 

Campaign overview 
 
Table S2. Median values and the 25th and the 75th percentiles of meteorological parameters.  

campaign T, °C RH, % WS,	m	s-1 

Radvanice 4.9 (1.8-7.2) 79.0 (66.0-89.0) 1.0 (0.5-1.8) 
Plesná 4.6 (2.2-6.8) 74.5 (62.0-86.0) 1.6 (0.9-2.4) 
Benátská_s 14.5 (12.3-17.2) 78.5 (63.7-85.8) 0.5 (0.2-0.9) 
Suchdol_s 15.6 (13.3-18.4) 84.1 (66.8-93.1) 0.9 (0.6-1.4) 
Benátská_w 2.8 (0.9-5.3) 76.0 (61.0-84.0) 2.0 (1.2-3.4) 
Suchdol_w 0.7 (-0.9-2.6) 80.0 (74.2-84.1) 1.3 (0.9-2.1) 
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Figure S4. WS according to WD during individual campaigns. 

 

 
Figure S5. Median mass size distribution measured by PCIS (the lower limit of 0.03 µm used for 
backup filter to construct the mass size distribution). 
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PM1-2.5 investigation at various sites 
 

Table S3. Median mass concentrations of Ca2+ and SO4
2- in size fractions of PM2.5-10, PM1-2.5, 

and PM1. 

 Ca2+ (ng m -3) SO4
2- (ng m -3) 

PM2.5-10 PM1-2.5 PM1 PM2.5-10 PM1-2.5 PM1 
Radvanice 1 544.4 52.7 60.2 114.1 73.9 1 904.6 
Plesná 20.5 9.2 22.9 54.1 103.9 1 796.4 
Benátská_s 29.9 12.7 17. 9 11.9 15.7 644.2 
Benátská_w 38.1 25.6 13.2 37.1 84.5 1 975.4 
Suchdol_s 32.2 15.4 7.4 29.0 17.9 725.1 
Suchdol_w 19.5 12.2 13.8 50.0 94.4 3 672.3 

 

   

   

Figure S6. Seasonal comparison in the semi-quantitative elemental composition of PM0.5-1. 
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Summary: 

 

 In industrial regions, air pollution is one of the main factors that significantly 

influences human health. Air quality particularly depends on local sources, the regional/long-

range transport of air pollution, and meteorological conditions. Our measurements were 

performed in the winter at urban and suburban residential sites (Radvanice and Plesná) 

situated in Ostrava, one of the European air pollution hot spots. Radvanice has been under the 

long-term control of local authorities in terms of ensuring air quality monitoring mainly due 

to presence of the nearby industrial complex. Plesná represented site without air quality 

monitoring. Prevailing NE and SW winds resulted from geomorphological characteristics in 

this region. Due to this characteristic, the effects of a local metallurgical complex and regional 

transboundary transport from the highly industrialized Silesian Province (Poland) on air 
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pollution levels could be determined more easily. The aim of this study was to perform an 

inter-site comparison of air quality, estimate air pollution sources, and determine their local 

and/or regional origin. 

 24-h PM1 and PM10 concentrations, detailed mass size distributions, and chemical 

compositions (i.e., ions and carbonaceous species) were investigated in parallel at both sites 

during winter 2014. Positive matrix factorization (PMF) was applied to the PM1 and PM10 

chemical compositions to investigate their sources. In addition, based on the specific 

approach, we attempted to determine the contribution of a local industrial source to the air 

pollution level at the nearby urban residential site. 

 Main findings arising from our study: 

 In PM10, the average mass concentrations of most chemical species were higher in 

Radvanice than in Plesná. Low spatial heterogeneities were found for NO3
-
 and SO4

2-
 

due to their similar concentration levels at both sites. These main ions of atmospheric 

aerosols accompanied by NH4
+
, represent secondary inorganic aerosols (SIAs). 

However, high spatial heterogeneities were found for Ca
2+

 and Mg
2+

, whose average 

mass concentrations were five times higher in Radvanice than in Plesná, and for Cl
-
, 

Na
+
, and K

+
. 

 For PM1, the difference in average mass concentrations between the sites was not 

statistically significant. Low spatial heterogeneity was found for SIA, especially NO3
-
 

and SO4
2-

, and elemental and organic carbon (EC and OC). However, high spatial 

heterogeneity was determined for Ca
2+

, Mg
2+

 (four times larger abundances in 

Radvanice than in Plesná), and Cl
-
.  

 Calculated organic matter from biomass burning (OMBB) accounted for slightly higher 

portion in Radvanice than in Plesná (21 and 17% in PM10, respectively). 

 In Radvanice, concerning the WD analysis, similar mass concentrations of individual 

chemical species were measured on days with both NE and SW WDs, except for 

Mg
2+

, Ca
2+

, Na
+
, and K

+
, especially in PM10. The amounts of these minor ions 

significantly increased under SW WD, indicating sources in the local metallurgical 

complex. Lenschow’s approach allowed us to estimate the contribution of local 

industry to PM during SW winds, with average contributions of 9 µg m
-3

 for PM1 and 

28 µg m
-3

 for PM10. Source apportionment revealed the dominance of local sources, 

such as residential coal combustion, biomass burning, and industrial production. 
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 In Plesná, a significant increase in mass concentrations for all species was measured 

from the NE direction, where a highly industrialized region in Poland is located. In 

addition, peaks for the fine mode of PM and TC shifted towards larger particles under 

a NE WD, suggesting aged PM thus, regional pollution transport. The mass 

concentrations of PM and most of chemical species were the highest during NE winds. 

Contrary to our expectations, the local metallurgical complex situated in Radvanice 

had a minimal influence on PM concentration in Plesná (the industrial source 12% of 

PM10 and 5% of PM1) due to prevailing winds from the NE and SW during the 

measurement period. The source apportionment revealed the dominance of SIAs 

(sulphates and nitrates; more than 50%), biomass burning, and coal combustion. 

 In summary, the air quality in Radvanice was influenced by local sources and regional 

pollution transport. In Plesná, the dominant influence of the regional pollution transport from 

highly industrialized region in Poland was apparent. 
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Abstract 

The EU air quality standards have been frequently exceeded in one of the European air pollution hot 

spots: Ostrava. The aim of this study was to perform an air quality comparison between an urban site 
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(Radvanice), which has a nearby metallurgical complex, and a suburban site (Plesná) to estimate air 

pollution sources and determine their local and/or regional origins. 

24-h PM1 and PM10 concentrations, detailed mass size distributions, and their chemical compositions were 

investigated in parallel at both sites during the winter of 2014. Positive matrix factorization (PMF) was 

applied to the PM1 and PM10 chemical compositions to investigate their sources. During the measurement 

campaign, prevailing northeastern-southwestern (NE-SW) wind directions (WDs) were recorded.  

Higher average PM10 concentration was measured in Radvanice than in Plesná, whereas PM1 

concentrations were similar at both sites. A source apportionment analysis revealed six and five sources 

for PM10 and PM1, respectively. In Radvanice, the amount of PM and the most chemical species were 

similar under SW and NE WD conditions. The dominant sources were industrial (43% for PM10 and 27% 

for PM1), which were caused by a large metallurgical complex located to the SW, and biomass burning 

(25% for PM10 and 36% for PM1). In Plesná, the concentrations of PM and all species significantly 

increased under NE WD conditions. Secondary inorganic aerosols were dominant, with the highest 

contributions deriving from the NE WD. Therefore, regional pollution transport from the industrial sector in 

Silesian Province (Poland) was evident. Biomass burning contributed 22% and 24% to PM10 and PM1, 

respectively. The air quality in Ostrava was influenced by local sources and regional pollution transport. 

The issue of poor air quality in this region is complex. Therefore, international cooperation from both 

states (the Czech Republic and Poland) is needed to achieve a reduction in air pollution levels. 

 

Introduction 

The approved EU air quality standard (EU, 2008) for PM2.5 (particulate matter with an aerodynamic 

diameter, da, less than 2.5 µm) has an annual target of 25 µg m-3, which was exceeded in 2014 in Poland, 

the Czech Republic, North Italy, and Bulgaria. Additionally, PM10 concentrations above the daily limit 

(50 µg m-3) were observed in Bulgaria, the Czech Republic, Italy, Poland, Slovakia and the western 

Balkans (EEA, 2016). 

The Upper Silesia is a large area with enormous concentration of industry and poor long-term air quality. 

The dominant part of this region is located in Silesian Province (Poland), and a minor part of this region is 

located in the Moravian-Silesian region (Czech Republic). The capital of the Moravian-Silesian region, 

Ostrava, has a population of 325,000 and is a European hot spot for air pollution; it is located in the 

northeastern part of the Czech Republic near by the Czech-Polish border. The city has been historically 

characterized by coal mining and metallurgical industries, which mainly produce iron and steel.  

Previous research findings (Leoni et al., 2018, 2016; Mikuška et al., 2015; Pastuszka et al., 2003; Pokorná 

et al., 2016, 2015; Rogula-Kozłowska et al., 2012; W. Rogula-Kozłowska et al., 2013; Wioletta Rogula-

Kozłowska et al., 2013) and continual air quality monitoring (Černikovský et al., 2016; CHMI, 2014) in both 

states have documented high air pollution levels caused by industrial, coal and biomass burning, and 

traffic-related sources, which worsened during smog periods (Mikuška et al., 2015; Pokorná et al., 2015).  



  Results 

94 

 

 

  

 

Several toxicological studies carried out in Ostrava have confirmed the associations among extremely 

high PM concentrations (and several toxic chemicals adsorbed onto the particles, such as 

Benzo[a]pyrene), genotoxicity risks, and oxidative stress (Rossner et al., 2015; Rossnerova et al., 2011; 

Topinka et al., 2011). Epidemiological studies have shown an increase in respiratory morbidity, asthma in 

children, and cardiovascular mortality (Sram et al., 2013). Additionally, children born in the industrial part 

of Ostrava have had significantly higher incidence rates of acute illness, wheezing, atopic dermatitis, and 

allergic rhinitis than children from other regions of the Czech Republic (Dostal et al., 2013). 

In our study, PM concentrations and their chemical compositions were investigated in parallel at two 

residential sites in Ostrava. The first is characterized by an urban industrial site that has been under the 

long-term control of local authorities in terms of ensuring air quality monitoring (Ostrava-Radvanice). The 

second is represented by a suburban site without air quality monitoring (Ostrava-Plesná). The aim of the 

study was to perform an inter-site comparison of air quality, estimate air pollution sources, and determine 

their local and/or regional origins.  

 

Methods 

Sampling sites, period, and instrumentation 

The sampling sites (Figure 1) were located in the Ostrava-Radvanice and Bartovice (49.811161°N, 

18.337922°E at an altitude 230 m above sea level (ASL); Radvanice campaign) and the Ostrava-Plesná 

(49.865920°N, 18.132090°E at an altitude 290 m ASL; Plesná campaign) in winter from February 6 to 

March 6, 2014. The planar distance between the two sites was approximately 16 km. 
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Figure 1. Sampling sites and surrounding air pollution sources. 

 

Radvanice (the urban industrial site) is a residential district with family houses. The instrumentation (Table 

S1) was placed in a garden approximately 50 m from the nearest family house. The metallurgical complex 

was situated southwest of the measurement site at a distance of approximately 2 km. The nearest road 

was 80 m away, with a traffic density of approximately 10,000-15,000 vehicles per day (MoT, 2010; ŘSD, 

2010).  

Plesná is a suburban residential area with family houses and a low traffic density (i.e., only personal 

vehicles and regular bus services approximately twice per hour). The instruments (Table S1) were placed 

in a garden approximately 20 m from a family house. 

Standard reference samplers (LVS-3, Sven Leckel Ingenieurbüro GmbH, Berlin, Germany; flow rate of 2.3 

m3 h-1) loaded with quartz fiber filters (47 mm; Whatman QMA, GE Healthcare, Maidstone, United 

Kingdom) were employed to measure 24-h PM10 and PM1 concentrations in Plesná and PM10 

concentrations in Radvanice. The Hi-Volume sampler (DHA-80, Digitel, Switzerland, flow rate 30 m3 h-1) 

loaded with quartz fiber filters (150 mm diameter; Whatman QMA, GE Healthcare, Maidstone, United 

Kingdom) was used to determine the 24-h concentrations of PM1 in Radvanice. 
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The Berner low-pressure impactor (BLPI, Hauke, Austria; flow rate of 1.5 m3 h-1) samples were deposited 

onto aluminum foils. Due to the persistent high humidity during winter, it was not necessary to grease the 

foils. Impactors separated PM into 10 size fractions and the diameters for each stage were 0.026, 0.057, 

0.1, 0.16, 0.25, 0.44, 0.87, 1.8, 3.5, and 6.7 µm. The impactors were equipped with inlets with calculated 

cut-points of 13.7 µm. 

Gravimetric analysis and mass corrections 

To determine the PM10 and PM1 concentrations (47 mm filters from LVS; 150 mm filters from Hi-Vol) and 

the mass size distribution (aluminum foils from the BLPI), a gravimetric analysis was performed. Before 

and after sampling, filters/foils were maintained for a minimum of 24 hours (48 hours for the 150 mm 

filters) in a climate controlled weighing room (relative humidity (RH) of 50±3%; temperature (T) of 

20±0.5 °C) and were subsequently weighed with a M5P microbalance (±1 µg; Sartorius, Germany). The 

filters and foils were passed over a HaugU-electrode ionizer (type PRX U; Haugh, GmbH & Co. KG, 

Germany) immediately before weighing to dissipate any electrostatic charge. These filters/foils were 

weighed at least 3 times until the weighed difference did not exceed 3 µg for 3 neighboring values. 

Exposed filters with a diameter of 150 mm were cut into four pieces and each piece was weighed again. 

Field blank filters (47 and 150 mm) and foils were used to determine possible positive artifacts. Field blank 

filters were exposed to the same conditions as those for samples excluding the sampling period. The final 

PM masses were calculated as an average of differences between the mass of the filter/foil before and 

after the sampling; subsequently, the PM mass was corrected with the field blank filter/foil.  

Chemical analyses 

Water-soluble ions 

Ion chromatography analysis was performed for all samples measured with the Hi-Vol sampler (PM1 in 

Radvanice), the LVS-3 samplers (PM1 in Plesná and PM10 in Radvanice and Plesná), and the BLPI. The 

samples were analyzed using a Dionex ICS-5000 system (Dionex, Sunnyvale, Ca, USA) for both cations 

(Na+, NH4
+, K+, Ca2+, and Mg2+) and anions (SO4

2-, NO3
-, Cl-, and oxalate C2O4

2-). This method is fully 

described in the supplementary material. 

Monosaccharide anhydrides 

For the Plesná PM10 and PM1 samples and the Radvanice PM10 samples (47 mm filters), the mass 

concentrations of monosaccharide anhydrides (levoglucosan, mannosan, and galactosan) were 

determined using the Dionex ICS-5000+ system (Dionex, Sunnyvale, CA, USA). For the Radvanice PM1 

samples (150 mm filters), the contents of the monosaccharide anhydrides (levoglucosan, mannosan, and 

galactosan) were analyzed using gas chromatography-mass spectrometry (GC-MS). Both methods are 

described in the supplementary material. The limits of detection (LODs) are presented in Table S2 
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(supplementary material). According to the literature (Yttri et al., 2015), both methods were found 

comparable with respect to accuracy. 

OC/EC 

The contents of elemental carbon (EC) and organic carbon (OC) from the PM1 and PM10 filter samples 

and the total content of carbon matter (TC) from the BLPI foils were determined using a semi-continuous 

analyzer (Sunset Laboratory Inc., Tigard, OR, USA) that was operated in off-line mode. The method is 

fully described in the Supplement. In addition to EC and OC, concentrations of pyrolytic carbon (PC) and 

OC fractions (temperature ranges – OC1: <200 °C, OC2: 200-300 °C, OC3: 300-450 °C, and OC4: 450-

650 °C) were also used in this study. 

Quality assurance and control 

Quality assurance and control for used methods is fully described in the Supplement.  

Calculation of carbonaceous species 

Organic matter (OM) was determined by multiplying the OC by 1.6 for urban areas (Chow et al., 2015; 

Turpin and Lim, 2001) to account for unmeasured H, O, N, and S amounts in the ambient organic 

aerosols. To determine the OM from biomass burning (OMBB), a previous calculation of organic carbon 

from biomass burning (OCBB) was necessary. The OCBB was calculated by multiplying the measured 

levoglucosan mass concentrations by a factor 7.35 (Puxbaum et al., 2007). This factor was determined for 

urban sites, where the weaker influence of secondary organic aerosols from biomass burning was 

generally expected compared to that for background stations (Schwarz et al., 2016). Subsequently, OMBB 

could be determined by multiplying OCBB by 1.6. This factor was chosen based on the H:C and O:C ratios 

from emissions that were released during the combustion of widely used spruce wood (Elsasser et al., 

2013).  
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Meteorology 

Meteorological data, including the wind speed (WS), wind direction (WD), temperature (T), and relative 

humidity (RH), were available from the nearest representative automatic monitoring stations (managed by 

the Czech Hydrometeorological Institute; CHMI) at distances of approximately 477 m from the Radvanice 

site and 4,815 m from the Plesná site (Figure 1). Due to the relatively long distance between the 

measurement site in Plesná and the weather monitoring station, land use between these two stations and 

a comparison among additional weather monitoring stations nearby were investigated (see the 

supplementary material).     

Data analysis 

Statistical analysis 

The statistical analysis was performed with R software using the openair package (Carslaw, 2015; 

Carslaw and Ropkins, 2012). Statistically significant differences between the species mass concentrations 

measured at Ostrava and those measured at Plesná were determined using a nonparametric two-sample 

Wilcoxon test (at the 0.05 significance level).  

The coefficient of divergence (CoD) determines the spatial heterogeneity of aerosol masses/compositions 

at different sites. CoD values lower than 0.2 indicate high spatial homogeneity, and values approaching 1 

indicate a strong spatial gradient: 

𝐶𝐶𝐶𝐶𝐶𝐶𝑥𝑥 = √1
𝑚𝑚∑ ((𝑥𝑥𝑗𝑗𝑗𝑗−𝑥𝑥𝑗𝑗𝑗𝑗)(𝑥𝑥𝑗𝑗𝑗𝑗+𝑥𝑥𝑗𝑗𝑗𝑗)

)
2𝑚𝑚

𝑗𝑗=1
,                                                      (1) 

where 𝑥𝑥𝑗𝑗𝑗𝑗 and 𝑥𝑥𝑗𝑗𝑗𝑗 represent the concentrations of the PM/chemical species, 𝑥𝑥, in a day, 𝑗𝑗, at sites 𝑟𝑟 and 𝑝𝑝, 

respectively, and 𝑚𝑚 represents the number of measurement days (Contini et al., 2012; Wilson et al., 2005; 

Wongphatarakul et al., 1998). 

PMF 

Positive matrix factorization (EPA PMF 5.0) was applied to the dataset to obtain the source profiles and 

their contributions. PMF has been proven to be a useful tool for PM source apportionment (Belis et al., 

2013; Viana et al., 2008). The PM10 and PM1 matrices consisted of the following chemical data from both 

sites (Radvanice and Plesná): water-soluble ions, OC fractions: (OC1, OC2, OC3, and OC4), PC, EC, 

monosaccharide anhydrides: (levoglucosan, mannosan, and galactosan) and oxalate in PM1 (59 samples 

in total). Previously, PMF has been successfully applied to datasets with a limited number of samples 

(Contini et al., 2014; Diapouli et al., 2017). The data matrix was prepared in compliance with the 

procedure described in Polissar et al. (1998). Values below the LOD were replaced with LOD/2, and the 

LOD multiplied by 5/6 was used for the corresponding uncertainty values (Table S2). In the PMF model, 
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the species were classified as strong, weak, and bad according to the signal-to-noise ratio (Paatero and 

Hopke, 2003). In the PM10 matrix, mannosan and galactosan were classified as bad and excluded from 

the fit. Mg2+ and OC4 were classified as weak, and PM10 was classified as the total strong variable. In the 

PM1 matrix, Mg2+, Ca2+, mannosan, and galactosan were classified as bad and excluded from the fit. 

Oxalate, Na+ and OC4 were classified as weak, and PM1 was set as the weak total variable. The final 

matrices had 59 rows (samples) and 16/14 columns (variables).  

Results and discussion 

Overview of meteorological characteristics 

The meteorological situation during the sampling period is presented in Figure S3 (T and RH) and Figure 

S4 (WS and WD) (supplementary material). For both sites, the average T was 4.4±3.5 °C over a range of -

5.7 to +13.5 °C, and the average RH was 76.7±14.5% over a range of 36-100%. The prevailing WD 

occurred from the southwest and the northeast at both sites. The prevailing WDs from the 

south/southwest and north/northeast (S/SW-N/NE) result from the geomorphological characteristics of the 

Ostrava region. The WS was 1.7±0.6 m s-1 in Plesná and 1.2±0.5 m s-1 in Radvanice on average.  

Inter-site comparison 

The absolute concentration differences combined with the correlation coefficients between the two studied 

sites, as well as the CoD, were required for the assessment of intra-urban spatial variability (Wilson et al., 

2005; Table S4). Spearman correlation coefficients (rs) were calculated to determine the similarities in PM 

and chemical species concentrations between the two sites, and the CoD provided information on the 

degree of spatial heterogeneity at the sampling sites (Krudysz et al., 2009; Wilson et al., 2005). 

 

 
Figure 2. PM10 and PM1 concentrations during the sampling campaigns. 
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PM10 and chemical species 

Generally, statistically significant higher average PM10 concentration (p-value=0.004) was measured in 

Radvanice (55.0±18.0 µg m-3) than in Plesná (39.6±22.4 µg m-3). Specifically, lower PM10 concentrations 

were measured in Plesná until the end of February (1/3/2014; Figure 2). Subsequently, the increase in 

PM10 concentrations in Plesná was connected with a change in meteorological conditions, which will be 

discussed in a next section (Effect of wind speed and wind direction on air pollution levels).  

The PM concentration level in Radvanice was comparable with those observed in Venice (Squizzato et al., 

2016) and Bologna (Matta et al., 2002), which are located in Po Valley (Italy), where the average PM10 

concentrations in winter were 57 and 53 µg m-3, respectively. Po Valley is a heavily industrialized, 

trafficked, and populated region. It is one of the largest pollution hot spots in Europe and experiences a 

frequent occurrence of stable atmospheric conditions, especially during winter (Vecchi et al., 2008, 2004). 

The PM10 concentration levels observed at an urban background site influenced by traffic in Barcelona, 

Spain (average annual concentration of 41 µg m-3; Pérez et al., 2008), an urban site in Augsburg, 

Germany in winter (36 µg m-3; Gu et al., 2013), and an urban background site in Prague, Czech Republic 

(38 µg m-3; Schwarz et al., 2008) were similar to those measured at the suburban site in Plesná 

(39.6 µg m-3).  

Daily chemical species concentrations in the PM fractions are shown in the supplementary material 

(Figure S5). The average mass concentrations of almost all the chemical species were higher in 

Radvanice than in Plesná, except for NO3
- and SO4

2-. However, the differences in NO3
- and SO4

2- 

concentrations between the sites were not statistically significant (p-values of 0.160 and 0.481, 

respectively). Low spatial heterogeneity (CoD<0.2) was found for NO3
- and SO4

2- due to their similar 

concentration levels at both sites, which was confirmed by significant correlations between these sites 

(rs=0.85 and 0.97, respectively; Table S4). These main ions (NO3
- and SO4

2-), which were accompanied by 

NH4
+ and represent secondary inorganic aerosols (SIAs), were present in the atmospheric PM primarily as 

ammonium sulfate and ammonium nitrate. SIAs were formed in the atmosphere via chemical conversion 

of gaseous pollutants into aerosol particles (e.g., Harrison and Van Grieken, 1998; Pöschl, 2005). They 

often represent the regional background pollution (Viana et al., 2008); thus, their sources are of regional 

and/or local origin. SIAs comprised 32% and 19% of the PM10 concentrations in Plesná and Radvanice, 

respectively (Figure 3). Frequently, SO4
2- is the most abundant ion (Harrison and Van Grieken, 1998), 

which was shown in our case (Table S4). Its anthropogenic emissions arise mainly from energy production 

and industrial activities, including the combustion of sulfur-enriched fuels in Europe (EEA, 2017). 

However, sulfate may also arise from dimethyl sulfide (DMS), which is emitted from biogenic activities in 

oceans (Seinfeld and Pandis, 2006) and is a significant source, especially in coastal areas. In winter, the 

second most abundant ion is usually NO3
-, which mainly arises from vehicular emissions (EEA, 2017; Pio 

et al., 1996). The main sources of NH4
+ are agriculture, industrial processes, vehicular emissions, and 

volatilization from soils and oceans (Behera et al., 2013; EEA, 2017).       
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However, high levels of spatial heterogeneity were found for Ca2+ and Mg2+ (CoD>0.60; rs=-0.28 and -

0.38, respectively), whose average concentrations were approximately five times higher in Radvanice than 

in Plesná. In addition, these levels were also high for Cl-, Na+, and K+ (0.60>CoD>0.44, rs=0.23, -0.03, and 

-0.21, respectively). Such significant differences in the concentrations of these species indicated the 

influence of a specific local source in Radvanice, such as the metallurgical complex (Pokorná et al. 2015, 

2016). Moreover, the positive correlations among these species in Radvanice (except for Cl-) were 

significant (rs=0.61-0.96), suggesting the same major source. The origin of Cl- may derive from the 

combustion of low-quality coal, household garbage and waste burned in domestic stoves (Chow, 1995; 

Mira-Salama et al., 2008; Pokorná et al., 2015; Rogula-Kozłowska et al., 2012); thus, its correlation with 

other ions could be less significant. Cl-, as the fourth dominant ion, composed up to 3% of PM10 at both 

sites on average (Figure 3). The influence of marine aerosols (especially Cl-, Na+, and Mg2+) was apparent 

during periods that experienced western air masses over Central Europe (e.g., Schwarz et al., 2016, 

2012). Nevertheless, sea salt was not considered separately from the mass closure (Figure 3) due to the 

dominance of Cl-, Na+, and Mg2+ emissions from a local industrial source (Pokorná et al., 2015). 

Carbonaceous aerosols formed a significant portion of PM10 (49% in Plesná and 47% in Radvanice; 

Figure 3). The total amounts of OC and EC were slightly higher in Radvanice than in Plesná (p-values 

of 0.035 and 0.0118, respectively; Table S4), and the calculated spatial heterogeneities were quite low 

(CoDs of 0.24 and 0.32 and rs values of 0.78 and 0.56, respectively). The spatial heterogeneities of 

levoglucosan, mannosan, and galactosan were moderate (CoD=0.41-0.46; rs=0.41-0.55), with higher 

mass concentrations in Radvanice than in Plesná. These three species were monosaccharide derivatives 

that originated from the burning of cellulose (levoglucosan) and hemicellulose (mannosan and 

galactosan), and they represent generic source-specific tracers for the wood smoke/burning of biomass 

fuel in the atmosphere (Křůmal et al., 2015).  

At both sites, OM accounted for the highest portion of carbonaceous aerosols, which was split into OM 

from biomass burning (OMBB) and OM from other origins (OMrest). The air quality was affected more by 

biomass burning in Radvanice than in Plesná due to the higher portion of OMBB (Figure 3).  

PM1 and chemical species 

The average PM1 concentration was slightly higher in Radvanice (29.4±9.2 µg m-3) than in Plesná 

(28.8±15.5 µg m-3; Table S4); however, the concentration differences were not statistically significant (p-

value=0.919). The daily PM1 concentrations in Plesná were lower than those in Radvanice until 23/2/2014. 

Starting on 24/2/2014, higher PM1 concentrations were measured in Plesná; this is excluding 28/2, when 

the average PM1 concentrations were similar at both sites (19.4 and 19.5 µg m-3, respectively; Figure 2). 

This sudden reversal occurred earlier than that for PM10 and was also connected with a change in 

meteorological conditions, which will be discussed in the next section (Effect of wind speed and wind 

direction on air pollution levels).  
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PM1 concentrations observed in Radvanice were comparable with those measured at a highly polluted 

residential site, which was surrounded by several high-traffic roads in Venice (34 µg m-3) during winter 

(Squizzato et al., 2016), and at an urban site in Brno during winter (33.4 µg m-3; Křůmal et al., 2015). A 

higher PM1 level was observed several times (41 and 45 µg m-3) by Vecchi et al. (2008, 2004) at an urban 

site in Milan during winter. Lower PM1 concentrations were determined in Genoa and Florence (11 and 22 

µg m-3, respectively) than in Radvanice and Plesná during winter (Vecchi et al., 2008), in Barcelona over 

the whole year (20 µg m-3; Pérez et al., 2008), and in Mladá Boleslav (Czech Republic; 26 µg m-3; Křůmal 

et al., 2017). 

Carbonaceous aerosols generally composed the highest portion of PM1 (53% in Plesná and 52% in 

Radvanice; Figure 3). The average concentration of OC in PM1 was slightly higher in Radvanice 

(statistically nonsignificant p-value of 0.0946) than in Plesná, and EC was similar at both sites. 

Additionally, the CoD and rs values also suggested low spatial variabilities, with a significant association 

between these chemical species at both sites (CoD=0.20 and 0.22 and rs=0.66 and 0.66, respectively). 

The same calculations and factors were used for the PM1 carbonaceous species as those for PM10. OM 

accounted for the highest portion of all carbonaceous aerosols (Figure 3). 

Oxalate/oxalic acid (C2O4
2-), which is one of the major components of organic aerosols, was produced as 

a primary emission from combustion processes and as a secondary product from atmospheric chemistry 

processes (Laongsri and Harrison, 2013). A higher average mass concentration was measured in Plesná 

than in Radvanice (CoD=0.52); however, the positive correlation between the two sites was significant 

(rs=0.61). This suggested a similar source(s) for both sites with different intensities. 

The average concentrations of levoglucosan, mannosan, and galactosan were higher in Radvanice than in 

Plesná; thus, their spatial variabilities were evident (0.40<CoD<0.58; rs=0.40, 0.46, and 0.28, 

respectively). The calculated OMBB accounted for a higher mass portion of PM1 in Radvanice. Compared 

to OMBB, OMrest represented a more dominant part of the OM at both sites, especially in Plesná (Figure 3). 

The average portion of OMBB in OM was 24% in Plesná and 40% in Radvanice. During winter, the portion 

of OC from biomass burning in the total OC made up a significant part of PM2.5 in a large industrial zone in 

Venice, Italy (56%; Benetello et al., 2017) and in central Budapest, Hungary (40%; Salma et al., 2017). 

Slightly higher average concentrations of major ions (NO3
-, SO4

2-, and NH4
+) were measured in Plesná 

than those in Radvanice, and the calculated CoDs (0.20-0.26) and significant positive correlations 

(rs=0.64, 0.87, and 0.83, respectively) confirmed high spatial homogeneity in the Ostrava region similar to 

that for PM10. PM1 comprised 30% SIA in Plesná compared to 20% SIA in Radvanice (Figure 3), indicating 

a larger influence from regional source(s) at the Plesná site.  

In contrast, the abundances of Mg2+ and Ca2+ in PM1 were four times larger in Radvanice than in Plesná. 

The spatial heterogeneity was also high for Cl- (CoD>0.58), and the correlations for these species 

between sites were not significant (rs=0.21, 0.05, and 0.16, respectively). In Radvanice, the positive 

correlations among these three chemical species and Na+ were significant (rs=0.43-0.74). Therefore, the 
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origin of these ions was probably the same as that for PM10, which pointed to the local metallurgical 

complex. The minor ion with the largest abundance was Cl-, which composed 2% of PM1 in Plesná and 

3% in Radvanice (Figure 3). The spatial heterogeneities of Na+ and K+ were moderate (CoD=0.42 and 

0.40, respectively), but the association between the two sites was not significant (rs=-0.13 and -0.24, 

respectively). K+ may be a biomass burning signature, but the nonsignificant negative correlations 

between K+ and the organic markers from biomass burning (rs from -0.22 to -0.14) suggested the same 

major source as that for other minor ions (i.e., Mg2+, Ca2+, Cl-, and Na+) due to significant positive 

correlations among K+ and these ions (rs=0.44-0.66) in Radvanice. In contrast, in Plesná, the greatest 

significant positive correlations were found between K+ and chemical species: EC, OC, Cl-, NH4
+, SO4

2-, 

organic markers from biomass burning, and oxalate (rs>0.65). 

 

 

 Figure 3. Summary of relative compositions in Plesná and Radvanice. 

 

Mass size distributions 

The mass size distribution (MSD) of the PM concentrations was unimodal, with a mode that occurred at 

approximately GMD=609 nm (i.e., the geometric mean diameter) at both sites (Figure 4). A relatively 

higher mass concentration of coarse fractions (GMD>1.2 µm) was measured in Radvanice than in Plesná.  

The MSDs for TC and the main ions were also unimodal, with GMDs of 609 nm for both sites. Regarding 

the minor ions, Cl- was the most dominant at both sites, with a main mode in the GMD at 609 nm. The 
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at both sites. Na+ and Cl- in the fine fraction may be of anthropogenic origin, such as from iron production 

emissions at the Radvanice site, whereas in the intermodal/coarse fraction, the natural origin was likely 

from sea salt (Pio et al., 1996; Schwarz et al., 2012) and resuspended road dust (Han et al., 2007). Ca2+ 
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site and in the coarse fraction (GMD=4.7 µm) at the Radvanice site. The origin of Ca2+ in the coarse 

fraction was mainly anthropogenic, especially in Radvanice, due to a higher enrichment factor, as 

documented in our previous study (Kozáková et al., 2018). K+ was the most abundant in the fine fraction 

(GMD of 330 nm) at both sites. The concentration level of Mg2+ was very low in comparison with the other 

presented ions, and its coarse mode (GMD=4.7 µm) was observed in Radvanice. The higher 

concentration levels of several species (i.e., TC, Cl-, Ca2+, Na+, K+, and Mg2+) clearly suggested the effect 

of the metallurgical complex in Radvanice. 

 

 

 

  

  
Figure 4. Average mass size distribution (MSD) of PM, ions, and TC at the Radvanice (R) and Plesná (P) 

sites. 
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Effect of wind speed and wind direction on air pollution levels 

Overall, a statistically significant negative correlation between WS and PM was found in Radvanice (rs=-

0.43 for PM10 and -0.57 for PM1), but a significant correlation was not found in Plesná (rs=-0.31 for PM10 

and -0.26 for PM1). Higher WSs resulted in a decrease in PM concentrations and an increase in the 

importance of local emission sources in Radvanice, which has been previously documented at other 

sampling sites in winter for PM10 and PM2.5 (Chaloulakou et al., 2005, 2003) and PM1 (Haller et al., 1999; 

Kozáková et al., 2017). 

According to daily wind roses (supplement Figure S6), days with prevailing WDs were determined 

separately at both sites; the SW WD prevailed for 12 days at both sites, and N/NE WD (further termed as 

NE in the text) prevailed for 7 days in Plesná and 8 days in Radvanice. The days with prevailing NE WDs 

were also confirmed by an atmospheric back-trajectory analysis (HYSPLIT models; Rolph et al., 2017; 

Stein et al., 2015; Figure S8). Other days (marked as Mix) with mixed WDs or other prevailing WDs were 

identified for 10 days in Plesná and 9 days in Radvanice. The comparison of chemical species in PM1 and 

PM10 under the two different WD conditions was expressed as a ratio of SW to NE WD (SW/NE ratio; 

Figure 5). Because the average daily WS values were ≥0.5 m s-1, none of the days with low daily WSs 

were excluded from the subsequent analyses (SW/NE ratios and Plesná/Radvanice ratios). 

In general, higher average SW/NE ratios for PM and the chemical species were observed in Radvanice, 

with a majority of ratio values that were ≥0.5 compared to those for Plesná, which had a majority of ratios 

<0.5 (Figure 5).  

At the Plesná site, the most significant differences in species concentrations according to WD were 

evident for Cl- in both of the PM fractions and for Na+ in PM1 (ratios<0.2). In contrast, smaller differences 

(in this case SW/NE ratios with values between 0.6-0.8) were calculated for oxalate (not assessed in 

PM10) and Ca2+ in PM1, and for NO3
- in both PM fractions. In summary, the mass concentrations of most 

species increased under a NE WD in comparison with a SW WD, which was most likely due to the 

regional (transboundary) transport of polluted air masses from the industrial region of Silesian Province 

(Poland; Figure S8). 

In Radvanice, the highest average SW/NE ratios (3.6-4.7) were observed for Mg2+ and Ca2+ in PM10. After 

that, ratios higher than 1.0 were calculated for Na+ and K+ in both PM fractions and for Mg2+, Ca2+, and 

oxalate in PM1. Under a SW WD, a nearby metallurgical source considerably influenced the mass 

concentrations of chemical species in Radvanice compared to those with significantly lower 

concentrations in Plesná. Significant positive associations were found between WS and K+, Mg2+, Na+, 

and Ca2+ in PM10 (rs=0.41-0.50). This result confirmed the influence of a metallurgical complex, especially 

for sinter production, as a source for these species (Pokorná et al., 2015). A significant association 

between WS and Cl- was not observed (rs=-0.11), which was probably because it originated from several 

sources (e.g., coal combustion and sinter production). Significant negative correlations were observed 

between WS and organic markers from biomass burning, EC, and OC (both fractions) in Radvanice (rs 
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from -0.63 to -0.85) and in Plesná (rs from -0.38 to -0.51), which indicated the influence of local residential 

heating. 

The meteorological parameters were studied in detail to explain higher PM concentrations in Plesná after 

22/2, which was mentioned in the previous section Inter-site comparison  (Figure 2). The period of higher 

PM concentrations in Plesná could be divided into two episodes. During the first episode (22/2-23/2), 

which had a NE WD, PM concentrations started to increase at both sites. Subsequently, from 24/2-27/2 in 

Plesná, the PM1 concentrations remained elevated, which was probably due to the occurrence of winds 

from various directions (Figure S6), especially from the SE, where Ostrava and many sources (including 

the metallurgical complex in Radvanice) are situated (Figure 1). During the first episode, the Plesná site 

was probably influenced by transported pollution from the NE industrial region of Silesian Province 

(Poland) and from local sources situated in Ostrava. 

In Plesná, the second episode (1/3-6/3), which had significantly higher PM1 and PM10 concentrations 

(Figure 2), was also characterized by a NE WD, but with higher WSs (average daily WS=1.9±0.5 m s-1) 

than those during the first episode (average WS=0.8 and 1.2 m s-1 for both days). Therefore, the 

concentrations of the coarse fraction could increase (average PM1-10=19.2±4.9 µg m-3) in comparison with 

those during the first episode (PM1-10=6 and 16 µg m-3). Additionally, the chemical species increased 

during the second period in comparison with those on the remaining days (Figure S5). Significantly 

elevated PM1 and PM10 concentrations during the second episode at the Plesná site were probably 

caused by transported pollution from the NE industrial region.  

 

A) Plesná      B) Radvanice 

 
Figure 5. Average ratios between mass species concentrations measured under SW and NE WDs at the 

Plesná (A) and Radvanice (B) sites (with different y-axis ranges for each figure). 

 

In Plesná, the SW/NE ratios were less than 1.0 for most species on all impactor stages (Figure S9). NO3
- 

exceeded the ratio of 1.0 for the coarse fraction, whereas SO4
2- and NH4

+ exceeded that for several 
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impactor stages within the fine fraction. Differences in average MSDs were measured on days when SW 

and NE WDs were apparent in Plesná (Figure S7 A-1/A-2). The peaks for PM mass and TC in the fine 

mode were shifted towards larger particles under a NE WD, indicating aged PM (Figure S7). The MSD for 

Na+ was unimodal under a SW WD, with the main mode occurring in the intermodal fraction (GMD=2.4 

µm), but was bimodal under a NE WD (positions of the main modes: GMD=609 nm and 4.7 µm), which 

suggested a contribution to the fine fraction from another source of Na+ (probably industrial). 

In Radvanice, the SW/NE ratios exceeded 1.0 for SO4
2- in the lowest and highest impactor stages 

(Figure S9). Most of the minor ions were elevated under a SW WD. Na+ increased (ratio >1) during each 

impactor stage, whereas Mg2+ increased in the accumulation (GMD=330 and 609 nm), intermodal, and 

coarse modes. The ratio for Ca2+ reached maximum values in stages of GMD=609 nm, the intermodal, 

and the coarse fraction. According to the MSDs (Figure S7 B-1/B-2), evident differences were observed 

for the SIAs, suggesting the regional transport of pollution from the NE, and for minor ions, originated 

mainly from a nearby metallurgical complex. In addition, the average mass concentration of Cl- in the 

accumulation mode was significantly higher under a NE WD than under a SW WD.  

 

Apportionment of local and regional air pollution 

According to the calculated SW/NE concentration ratios (Figure 5), we posited that the Plesná site was 

influenced by regional pollution sources similar to those for the Radvanice site under a NE WD. Under a 

SW WD, the Radvanice site was influenced by pollution from a nearby metallurgical complex several 

times during our measurement, which has been observed by sampling campaigns presented in previous 

studies (Leoni et al., 2018; Mikuška et al., 2015; Pokorná et al., 2016, 2015). Significantly lower 

concentrations of most species were measured in Plesná. In addition, according to a report processed by 

the CHMI and the Ministry of the Environment of the Czech Republic, there were no significant industrial 

sources located S/SW of the Plesná site (CHMI, 2015). 

Under a SW WD (which occurred on the same 10 days for both sites), PM1, PM10, and the majority of 

chemical species in both PM fractions were higher at the Radvanice site than at the Plesná site, except for 

NH4
+ for both fractions and SO4

2-, NO3
-, and oxalate in PM1 (Figure 6). Under the NE WD (7 days), most 

species were elevated in Plesná compared with those in Radvanice, excluding Ca2+ in both PM fractions 

and Mg2+ in PM1, which originated from metallurgical production sources. 
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Figure 6. Average ratios between species mass concentrations measured at Plesná and Radvanice under 

SW and NE WDs and their SDs. 

 

According to an approach by Lenschow et al. (2001), the contribution of a metallurgical source to air 

pollution in Radvanice could be calculated by the difference between PM concentrations measured in 

Radvanice and Plesná under SW WDs (i.e., PM contribution=PM concentration(Radvanice, SW)-PM 

concentration(Plesná, SW)). In Plesná, the influence of sources from Ostrava was negligible under a SW WD. 

Under a SW WD, the difference in PM1 and PM10 between the Radvanice and Plesná sites were 

9.0±5.0 µg m-3 and 27.9±10.6 µg m-3 on average, respectively. However, under a NE WD, the PM1 and 

PM10 concentrations were higher in Plesná compared with those in Radvanice, with average differences of 

12.0±13.9 µg m-3 for PM1 and 5.0±20.0 µg m-3 for PM10. The reason for this high dispersion of data, which 

was expressed as a SD, could be explained by different WS conditions on days with a NE WD (i.e., 

episodes from 22/2 with elevated PM concentrations), which was discussed in the previous section Effect 

of wind speed and wind direction on air pollution levels.  

Source apportionment 

The PMF model was applied to the 24-h chemical composition data for PM10 and PM1, which was collected 

in parallel at two sites, to identify PM sources and their contributions at both sites and to support our 

previous analyses. The model was run several times with different factor numbers (4 to 8) to determine 

the most physically meaningful result and the best diagnostics. The most stable solutions were found for a 

6-factor solution and a 5-factor solution for PM10 and PM1, respectively. Extra modeling uncertainties of 

2.6% for Radvanice and 2.0% for Plesná were included to encompass errors not considered in the 

uncertainty assessment. All of the runs converged, the scale residuals were normally distributed, and no 

unmapped factors were detected with the bootstrap error estimation. No swaps were observed with the 
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displacement error analysis, indicating that the solution had no data errors and that it is well defined 

(Table S5).  

The six and five factors for PM10 and PM1, respectively, were assigned to biomass burning, sulfate, 

industry I and/or resuspended dust (PM10 only), coal combustion, nitrate, and industry II. The chemical 

profiles of the factors and their time series plots of the estimated contributions for PM10 and PM1 are 

shown in Figures 7 and 9, respectively. The total contribution of factors to the PM10 and PM1 masses are 

presented in Figure S10. 

Sources of PM10  

Factor 1. This factor was associated with high concentrations of levoglucosan, EC, OC 1-4 and PC. 

According to the chemical profile, the factor primarily represented levoglucosan which is the specific tracer 

for wood burning (Simoneit et al., 1999; Křůmal et al., 2015) and OC 1-3 markers for wood smoke and 

coal/biomass/wood combustion (Grabowsky et al., 2011; Liu et al., 2006; Zhao and Hopke, 2004). The 

factor contributed 25% and 22% to PM10 at the Radvanice and Plesná sites, respectively (Figure 8). The 

time series plot shows higher factor contributions to PM10 in Radvanice than what was documented in the 

mass reconstruction (OMBB; Figure 3). In Radvanice, peaks on 23/2-25/2 with concentrations, that were 

two to four times higher, were recorded because of calm winds (average WS<1 m s-1) from the N/NE. 

Different MSDs for PM and TC were measured during a biomass burning episode and for days without an 

episode in Radvanice (Figure S12). In Plesná, peaks on 3/3-6/3 were measured under prevailing NE 

winds, with an average WS of 2 m s-1; therefore, the influence of regional pollution was evident. At both 

sites, the polar plots showed higher concentrations, with an average WS of 2 m s-1 from the N/NE (Figure 

S11). 

Factor 2. The second factor, sulfate, was represented by high concentrations of SO4
2-, NH4

+ and PC. 

Other source apportionment studies also relate PC with sulfate (Kim and Hopke, 2004; Zhao and Hopke, 

2006, 2004). This factor contributed 13% and 30% to the PM10 mass in Radvanice and Plesná, 

respectively. The time series plot shows a similar route for its contribution to PM10, with higher 

concentrations in Plesná. Increased concentrations at both sites were observed by high WSs (>2.5 m s-1) 

from the NE (Figure S11). Therefore, the significance of regional pollution was confirmed, especially in 

Plesná. 

Factor 3. This factor was characterized by Mg2+ and Ca2+, which are attributed to industry I/resuspended 

dust sources. The chemical profile lacked trace metals; however, raw iron production and road dust 

factors in the coarse fraction sampled at the Radvanice site in the winter of 2012 contained high 

concentrations of Ca (Pokorná et al., 2015). During our measurements, this factor contributed 30% and 

5% to the PM10 mass in Radvanice and Plesná, respectively. The time series plot shows a similar route for 

its contribution to PM10 from 6/2 to 22/2 at both sites, with higher concentrations in Radvanice. According 

to a previous study, this contribution pattern corresponds to the raw iron production factor resolved by the 

PMF for PM0.09-1.15 sampled at the Radvanice site from 4/2 to 7/3/2014, which points to a local 
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metallurgical complex (Leoni et al., 2018). In Radvanice, the MSDs of Mg2+ and Ca2+ that were measured 

during days with high contributions from the industrial source were completely different from those 

measured during days with low industrial source contribution (Figure S12). These differences were existed 

in concentrations on each impactor stage, and a shift in the Mg2+ and Ca2+ peaks towards smaller particles 

was observed. Therefore, the influence of a metallurgical source on the Radvanice site was evident 

(Figure S12). In Plesná, the higher concentrations at the end of the measuring period corresponded to an 

increase in WS and winds from the NE (Figure S11). The episodes of high concentrations could suggest 

road dust resuspension and/or pollution transport from Silesian Province (Poland). 

Factor 4. This factor was attributed to coal combustion because its profile showed a high concentration of 

Cl-, OC1, and PC. It contributed 11% and 12% to PM10 in Radvanice and Plesná, respectively. Cl- was 

produced by the combustion of low-quality coal, household garbage and waste burned in domestic 

stoves, as well as by industrial activities (Chow, 1995; Mira-Salama et al., 2008; Rogula-Kozłowska et al., 

2012). In previous studies, the most volatile OC fractions were observed during winter in urban 

environments, which was related to coal and biomass combustion (Kim et al., 2011; Liu et al., 2006; 

Vodička et al., 2015). The time series plot shows a similar factor contribution to PM10. Episodes with high 

concentrations on 11/2-13/2 and 22/2-25/2 were inversely related to the temperature trend; therefore, the 

influence of local residential heating was apparent. The episode with high concentrations at the end of the 

campaign (i.e., increased concentrations in Plesná) corresponded to the regional pollution influence. The 

polar plot is consistent with factor 1 (i.e., biomass burning; Figure S11). The evident differences in MSDs 

for Cl- between days with high contributions from coal combustion to PM10 masses on days with low 

contributions are shown in Figure S12. In Plesná, coal combustion episodes were characterized by a 

unimodal Cl- MSD, with the main mode occurring at GMD=609 nm; outside of these episodes, the Cl- 

MSDs were bimodal, with the main modes occurring in the accumulation and coarse fraction stages, 

which pointed to several sources.  

Factor 5. This factor shows high concentrations of NO3
- and NH4

+, which represented SIAs, where nitrate 

is the dominant ion. This factor contributed 8% and 24% to PM10 at the Radvanice and Plesná sites, 

respectively. The time series plot shows similar contribution and higher average concentrations in Plesná. 

Increased concentrations were observed with an increase in WS from the SW-W and NW WD, where A-

road SI/11 from Hradec Králové (east Bohemia), which extends to the Czech-Slovak border (Plesná), and 

the crossroad of A-road SI/11 and SI/59 (Radvanice) between Ostrava and Karviná are situated (Figure 

1). The lower nitrate concentrations from the NE (Figure S11) may be caused by a presence of sulfuric 

acid and ammonium bisulfate under a NE WD since equilibrium conditions for the formation of nitrate are 

different under atmospheric conditions with higher acid levels than those with lower acid levels (Seinfeld 

and Pandis, 2006). In the case of a NE WD accompanied by the highest amount of sulfate, acidic 

conditions could prevent the particle formation of ammonium nitrate; the highest mass concentrations for 

nitrates were observed from other sites (S-SW and NW). 
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Factor 6. This factor was described by industry II pollution, which contained Cl-, Na+, Mg2+, and Ca2+ and 

contributed 13% and 7% to PM10 at the Radvanice and Plesná sites, respectively. According to previous 

studies by Leoni et al. (2018) and Pokorná et al. (2016 and 2015), this factor combined two industrial 

sources: steel production and sinter production during hot and cold phases. Increased concentrations with 

high WSs (>3 m s-1) from the S-SW (Radvanice) and SE (Plesná) point to a local metallurgical complex 

and several industrial sources in Ostrava, respectively (Figure S11).  

 

 

 

 
 

Figure 7. Factor profiles and temporal variations in PM10 resolved by PMF (with different y-axis ranges for 

each figure). The species concentrations are represented by bars, and the percentage of each species is 

represented by triangles. 
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Figure 8. Relative contribution of factors to PM10 and PM1 at the Plesná and Radvanice sites. 

 
Sources of PM1 

The chemical profiles of the factors and the time series plots for the estimated contributions from each 

factor to PM1 (Figure 9) are shown. The relative contribution of the factors to PM1 and some of the polar 

plots differ in comparison with the relative contributions from the factors to PM10 and its polar plots. 

Factor 1 represented biomass burning, which contributed 36% and 24% to PM1 at the Radvanice and 

Plesná sites, respectively (Figure 8). In Radvanice, the influence of local residential heating was more 

apparent. In contrast, at Plesná, the origin of biomass burning was both local and regional (Figure S11). 

Factor 2 represented sulfate, which contributed 15% and 30% to PM1 at the Radvanice and Plesná sites, 

respectively. The time series plot shows similar contribution to PM1, with higher concentrations in Plesná 

on average (the same pattern is observed for PM10). The increased concentrations correspond with an 

increase in WS (> 3 m s-1) and a NE WD, which was related with regional pollution. 

Factor 3, coal combustion, contributed 15% to PM1 at both sites. In Plesná, an episode of high 

concentrations in Plesná during the end of the campaign corresponded to the influence of regional 

pollution. The polar plots are consistent with the PM10 coal combustion plots. 

Factor 4 represented nitrate, which contributed 7% and 26% to PM1 at the Radvanice and Plesná sites, 

respectively. The high concentrations in Radvanice were observed for calm winds and winds of 3 m s-1. 

The polar plot points to the main street of the residential district and the highway D1, which extends 

through the west and northwest parts of Ostrava towards the Czech-Polish border to the north. The higher 

concentrations in Plesná primarily indicated regional pollution, and the polar plot for Plesná was consistent 

with the Plesná PM10 nitrate plot.  

Factor 5 represented industry II pollution, which contributed 27% and 5% to PM1 at the Radvanice and 

Plesná sites, respectively. In Radvanice, the influence of the local metallurgical complex was apparent 
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(Figure S11). In Plesná, increased concentrations were observed under prevailing NE winds and an 

increase in WS, which indicated regional pollution transport from a heavily industrialized area in Silesian 

Province (Poland). 

  
  

Figure 9. Factor profiles and temporal variations for PM1 resolved by PMF (with different y-axis ranges for 

each figure). The species concentrations are represented by bars, and the percentage of each species is 

represented by triangles. 

 

Summary and conclusion 

In industrial regions, air pollution is one of the main factors that significantly influences human health. Air 

quality particularly depends on local sources, the regional/long-range transport of air pollution, and 

meteorological conditions.  

Our measurements were performed in the winter of 2014 at suburban and urban residential sites (Plesná 

and Radvanice), which are situated in Ostrava, one of the European air pollution hot spots. Prevailing NE 

and SW winds resulted from geomorphological characteristics in this region. Due to this characteristic, the 

effects of a local metallurgical complex and regional transboundary transport from the highly industrialized 

Silesian Province (Poland) on air pollution levels could be determined more easily.  

The largest differences in 24-h PM and chemical species concentrations between the two sites were 

observed for minor water-soluble ions, such as Cl-, Mg2+, and Ca2+, in PM10 and PM1, with significantly 
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higher mass concentrations in Radvanice than in Plesná. However, low spatial heterogeneity was 

determined for SIAs (especially SO4
2- and NO3

-), PM1, and OC and EC. 

In Radvanice, concerning the WD analysis, similar mass concentrations of individual species were 

measured on days with both NE and SW WDs, except for Na+, K+, Mg2+, and Ca2+. The amounts of these 

minor ions significantly increased under SW WDs, indicating that the sources were situated in the local 

metallurgical complex. Lenschow’s approach allowed us to estimate the contribution of local industry to 

PM, with average contributions of 9 µg m-3 for PM1 and 28 µg m-3 for PM10. Source apportionment 

revealed the dominance of local sources, such as residential coal combustion, biomass burning and 

industrial contributions. 

In Plesná, a significant increase in mass concentrations for all species was measured from the NE 

direction, where a highly industrialized region in Poland is located. In addition, peaks for the fine mode of 

PM and TC shifted towards larger particles under a NE WD, suggesting that the PM aged and, thus, 

regional pollution transport. Contrary to our expectations, the local metallurgical complex situated in 

Radvanice had a minimal influence on Plesná (12% of PM10 and 5% of PM1) due to prevailing winds from 

the NE and SW during the measurement period. 

It is apparent from our results that the issue of poor air quality in the Moravian-Silesian region (where the 

capital city of Ostrava is located) is complex. Therefore, the international cooperation of both states (the 

Czech Republic and Poland) including the adoption of specific regulations, education, and the support of 

low emission technologies, is necessary to achieve a reduction in air pollution levels in this region.  
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List of used instrumentation 

Table S1. List of used instrumentation. 
 Instrument Sampling 

height 
Sampling 
frequency and ITa Instrument location 

1 BLPI  
(Berner low-pressure impactor 25/0.018/2;  
Hauke, Austria) 

2 m AGLb for 
all instruments 

every  
other day, 
24-h 

Radvanice and Plesná 

2 Leckel LVS-3 with PM10 and PM1 inlet (Low 
volume sampler; Sven Leckel Ingenieurbüro 
GmbH, Germany) 

daily, 24-h Radvanice (PM10) and  
Plesná (PM1 and PM10) 

3 Hi-Volume sampler with PM1 inlet  
(DHA-80, Digitel, Switzerland) 

daily, 24-h Radvanice (PM1) 

aIT=Integration Time; bAGL=Above Ground Level  

 

Chemical analysis of water-soluble ions 

Ion chromatography analysis was performed for all samples from Hi-Vol sampler (PM1-Radvanice), LVS-3 

samplers (PM1-Plesná and PM10-Radvanice and Plesná), and BLPI. For PM1 and PM10 samples, a known 

part of the quartz filter was cut for analysis. In case of impactor samples, approximately 1/3 of each 

aluminum foil with samples from each stage was cut out and number of aerosol spots on cut piece was 

calculated. The ratio between cut and total number of spots at each impactor stage was used to 

recalculate results to overall ion amount on each stage. All samples were then extracted with 7 mL of 

ultrapure water, sonicated for 30 min in ultrasonic bath and shaked for 1 hour using a shaker. The 

extracts were analyzed using a Dionex ICS-5000 system (Dionex, Sunnyvale, Ca, USA) both for cations 

(Na+, NH4
+, K+, Ca2+, and Mg2+) and anions (SO4

2-, NO3
-, Cl-, and oxalate C2O4

2-) in parallel (injection loop 

2 mL).  A Dionex IonPac AS11-HC (2x250 mm) column (a precolumn Dionex IonPac AG11-HC Guard, 

2x50 mm was preceded) was used for anions using potassium hydroxide as an eluent (flow rate 0.380 

mL min-1) and a Dionex IonPac CS18 (2x250 mm) column (a precolumn Dionex IonPac CG18 Guard, 
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Rozvojova 2/135, CZ-165 02 Prague 6 - Suchdol, Czech Republic 
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2x50 mm was preceded) for cations using methane sulfonic acid solution as an eluent (flow rate 0.250 mL 

min-1). Both anion and cation setup were equipped with electrochemical suppressors. External calibration 

was done using NIST traceable calibration solutions. 

 

Chemical analysis of monosaccharide anhydrides 

For Plesná PM10 and PM1 samples and for Radvanice PM10 samples, the mass concentrations of 

monosaccharide anhydrides (levoglucosan, mannosan, and galactosan) were determined using Dionex 

ICS-5000+ system (Dionex, Sunnyvale, CA, USA). Prior, portioned filters were extracted with 2.5 mL of 

ultrapure water by mechanical agitation for 30 minutes. The separation was performed with a Dionex 

CarboPac MA1 analytical column (4x250 mm) with a CarboPac MA1 guard column (4x50 mm) using 

HPAEC-PAD methods (Yttri et al., 2015). Ultrapure water as an eluent A and 1.0M sodium hydroxide as 

an eluent B were used for the separation according to following eluent graduation program: 43% of 1M 

NaOH (15 min before sample injection and in time of 0-23 min), 43-35% (23-34 min), and 35% (34-55 

min). Ultrapure water was sparged with He for a minimum of 15 min to remove dissolved gasses, 

especially CO2. To prepare 1M NaOH solution, 104.6 ml of 50% (w/w) NaOH solution was diluted with 2 L 

of ultrapure water. The eluent flow rate was 0.35 ml min-1 and the sample injection loop was 25 µL. All 

eluent reservoirs were blanketed by He to minimize CO2 contamination from the air. The waveform used 

for pulsed amperometric detection was the standard quadruple potential for carbohydrate analysis. LVG, 

mannosan, and galactosan were identified by their retention time and were quantified using external 

standard using Dionex Chromeleon software. 

For Radvanice PM1 samples (150 mm filters), content of monosaccharide anhydrides (LVG, mannosan, 

and galactosan) was analyzed using Gas chromatography-mass spectrometry (GS-MS). Sample 

preparation and the GC-MS analysis are described elsewhere (Mikuška et al., 2017). Shortly, the filters 

were spiked with methyl-β-L-arabinopyranoside as a recovery standard, extracted with a mixture of 

dichloromethane and methanol (1:1 v/v) under ultrasonic agitation. Then the extracts were evaporated to 

dryness and derivatized with a silylation mixture (BSTFA+1% TMCS and pyridine; 2:1, v/v; BSTFA=N,O-

Bis(trimethylsilyl)trifluoroacetamide, TMCS=Trimethylchlorosilane). The derivatized samples were 

evaporated to dryness, redissolved in hexane and analyzed by GC-MS (Agilent, 7890A, 5975C). The 

limits of detection (LOD) are presented in Table S2. 

 

Chemical analysis of OC/EC 

The contents of elemental carbon (EC) and organic carbon (OC) from the PM1 and PM10 filter samples 

and the total content of carbon matter (TC) from the BLPI foils were determined using a semi-continuous 

analyzer (Sunset Laboratory Inc., Tigard, OR, USA) that was operated in off-line mode. Exposed quartz 

fiber filters were cut off for the thermo-optical analysis, which was performed using the EUSAAR2 

protocol (Cavalli et al., 2010). Automatic optical corrections for charring were performed during each 
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measurement, and the split point between EC and OC was determined automatically (RTCalc526 

software, Sunset Lab.) based on the laser beam transmittance measurements (660 nm) through the filter 

during the analysis. Control measurements using a sucrose solution were made before and after all of the 

sample measurements to ensure the stability of the analyzer. The total content of carbon matter (TC) 

from the BLPI foils was determined using the same EC/OC analyzer that was operated in off-line mode. A 

portion of every aluminum foil that had known sample spot values was cut and inserted into the analyzer. 

Due to the different melting point of aluminum foil compared to that of quartz filters, the following 

temperature protocol was used for analysis: step [gas] temperature (°C)/duration (s): helium [He] 

650/150, He 550/30, He-O2 [He-Ox.] 550/35, He-Ox. 650/150.  

Prior to weighing, quartz fiber filters with a diameter of 150 mm were heated at 500 °C for 24 hours, and 

quartz fiber filters with a diameter of 47 mm were heated at 800 °C for a minimum of 3 hours to remove 

organic contaminants. 

The ion composition dataset was corrected according to the field blank filters, whose amount corresponds 

to at least 10% of the number of filters/foils used for sampling. For the 47 mm filters, the field blank filter 

concentrations of the water-soluble ions were below their LOD. For the 150 mm filters, the mass 

concentrations were detectable for Cl- (average field blank filter concentration of 0.013±0.003 µg m-3), 

NO3
- (0.065±0.017 µg m-3), SO4

2- (0.013±0.002 µg m-3), Na+ (0.107±0.012 µg m-3), NH4
+ (0.007±0.002 µg 

m-3), and oxalate (0.009±0.001 µg m-3). The calculated LOD and the total uncertainties for all chemical 

species are shown in the Table S2.  

 

Limits of detection and uncertainties  

Table S2. Detection limits (LOD) and uncertainties (Unc) for chemical species. 
Species Radvanice   Plesná   

 
LODa 
PM1 
(µg m-3) 

Unc (%) 
PM1 

LOD 
PM10 
(µg m-3) 

Unc (%) 
PM10 

LOD 
PM1 
(µg m-3) 

Unc (%) 
PM1 

LOD 
PM10 
(µg m-3) 

Unc (%) 
PM10 

OC  0.309 11.2 0.576 11.2 0.578 11.4 0.578 11.3 
EC  0.309 11.8 0.576 12.1 0.578 13.0 0.578 13.0 
OC1  0.028 23.3 0.275 22.8 0.275 27.0 0.275 25.3 
OC2 0.088 34.7 0.220 28.0 0.220 62.0 0.220 49.0 
OC3 0.208 33.3 0.113 26.3 0.113 47.2 0.113 35.5 
OC4 0.299 33.8 0.149 25.6 0.149 31.0 0.149 29.5 
PC 0.309 23.6 0.578 23.1 0.578 25.0 0.578 23.9 
Cl- 0.010 10.5 0.007 10.2 0.007 28.8 0.007 12.4 
NO3

- 0.050 10.2 0.049 10.2 0.049 10.2 0.049 10.2 
SO4

2- 0.006 10.2 0.012 10.2 0.012 10.2 0.012 10.2 
Na+ 0.035 12.4 0.017 10.5 0.017 * 0.017 12.8 
NH4

+ 0.005 10.7 0.017 10.4 0.017 10.5 0.017 10.3 
K+ 0.003 16.3 0.005 11.8 0.005 37.3 0.005 22.4 
Mg2+ 0.006 * 0.004 34.9 0.004 * 0.004 * 
Ca2+ 0.036 * 0.008 10.6 0.008 * 0.008 58.0 
Oxalate 0.003 47.6 0.010 -  22.5  - 
 (ng m-3)  (µg m-3) (%) (µg m-3) (%) (µg m-3) (%) 
LVGc 0.024 10.9 0.006 10.4 0.006 11.5 0.006 11.1 
Mannosan 0.021 10.8 0.004 25.2 0.004 48.1 0.004 47.4 
Galactosan 0.009 10.9 0.010 244.8 0.01 * 0.01 * 
aLimit of detection; *Measured concentrations closed to LOD - high uncertainties 
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Quality assurance and control 

The field blank filters were also analyzed to determine the contents of the monosaccharide anhydrides 

and to subsequently correct the samples. The concentrations of these compounds in the field blank filters 

were under their LODs (Table S2). 

The OC/EC results were corrected using the field blank filters at the Plesná site for PM1 and PM10 

(average field blank concentration of 1.63±0.19 µg m-3 for TC and OC) and at the Radvanice site for PM1 

(0.54±0.10 µg m-3 for TC and OC) and PM10 (1.62±0.19 µg m-3 for TC and OC). Additionally, at the Plesná 

site, the PM1 measurement was carried out using a quartz behind quartz setup (QBQ; additional backup 

filter) in order to determine the extent of positive artifacts in the OC/EC results (average of 2.67±0.44 µg 

m-3 for TC and OC when excluding the field blank filter correction). The positive artifact was greater than 

the average field blank filter concentration by 1 µg. Despite this setup, only the field blank filter corrections 

were applied to the OC/EC data to maintain consistency in the data processing at both sites. 

 

An effect of a distance between the Plesná measurement site and the weather station   

The distance between the weather station and the Plesná measurement site is relatively long (4.8 km). 

Meteorological parameters in the Plesná site next to the instrumentation for PM monitoring were also 

measured. However the data set is incomplete due to an error in the meteorological devices occurring 

during measurement. For this reason, a meteorological dataset from the closest automated weather 

station located in Ostrava-Poruba was used in this study. 

Prior using this meteo data set, the land use between the Poruba and Plesná site was investigated and 

the Poruba data set compared with others (the incomplete meteo data set and available meteo data set 

from Mošnov airport-south direction from Plesná site; Fig. S1 A). 

Poruba is situated in an eastern outskirt of the Ostrava city and land use between Plesná and Poruba is 

characterized as an agriculture area with meadows and fields (Fig. S1 B). 
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A)             B)  

       

Figure S1. A) Location of measuring site Plesná and meteorological measurement in Poruba and 
Mošnov; B) Land use between Plesná site and Poruba (from www.mapy.cz). 

 

Comparison between the Poruba meteo data set and the incomplete data set from Plesná site and the 

meteo data set from Mošnov airport was performed based on correlation coefficients for T, RH, and WS 

(Table S3) and wind roses (Fig. S2). To conclude, the land use had almost no effect on WD and a small 

effect on WS based on correlation coefficients. 

 

Table S3. Spearman correlation coefficients between meteo parameters. 

 T RH WS 
Poruba - Plesná 0.97 0.95 0.52 
Mošnov - Plesná 0.87 0.85 0.62 
Mošnov - Poruba 0.91 8.89 0.52 
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Mošnov: 

 

Poruba: 
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Plesná: 

 
Figure S2. Daily wind roses for Mošnov, Poruba, and Plesná site. 

 

Meteorology characteristic overview 

 
 

 
 

Figure S3. Temperature and relative humidity during entire sampling period. 
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Figure S4. Wind roses for Plesná and Radvanice site during entire sampling period. 

 

Inter-site comparison 

Table S4. Average concentrations of PM1, PM10, and the chemical species in PM1, PM10, CoDa, and rs
b 

(N=59). The measurement variability is represented by the standard deviation (SD). 

Species Radvanice   Plesná    CoDa 
PM1 

CoDa 
PM10 

rs
b 

PM1 
rs

b  
PM10 

(µg m-3) Average 
PM1 

SD Average 
PM10 

SD Average 
PM1 

SD Average 
PM10 

SD     

PM  29.4 9.2 55.0 18.0 28.8 15.5 39.6 22.4 0.20 0.29 0.67 0.65 
OC  11.3 8.5 14.6 13.6 8.0 4.6 10.7 6.9 0.20 0.24 0.66 0.78 
EC  1.80 0.74 3.3 3.6 2.3 1.3 2.5 1.6 0.22 0.32 0.66 0.56 
TC  13.4 10.3 17.9 17.2 10.3 5.8 13.2 8.5 0.20 0.25 0.65 0.72 

(ng m3)          
  

Cl- 760 402 1915 930 602 788 1034 1220 0.60 0.57 0.16 0.23 
NO3

- 2160 1034 4108 1904 3128 1261 4607 1969 0.26 0.14 0.64 0.85 
SO4

2- 2278 1052 4339 2415 3211 2042 4599 3171 0.20 0.11 0.87 0.97 
Na+ 224 220 468 180 61 65.7 212 118 0.42 0.48 -0.13 -0.03 
NH4

+ 1453 705 2095 1401 2253 1236 3000 1751 0.26 0.31 0.83 0.92 
K+ 408 179 634 356 235 141 322 199 0.40 0.44 -0.24 -0.21 
Mg2+ 10.1 5.6 123 103 2.34 1.22 26.9 16.4 0.69 0.63 0.21 -0.38 
Ca2+ 58.1 41.0 780 554 14.7 9.4 155 123 0.58 0.67 0.05 -0.28 

(ng m3)        

Oxalate 96.8 35.5 NA NA 155 46.5 NA NA 0.52 NA 0.61 NA 
Levoglucosan 459 188 1004 507 262 172 584 423 0.40 0.42 0.40 0.41 
Mannosan 77.7 41.7 149 82.9 35.0 19.9 78.6 50.6 0.43 0.41 0.46 0.55 
Galactosan 31.2 14.1 51.0 32.0 10.0 6.9 25.4 18.2 0.58 0.46 0.28 0.44 
aCoefficient of Divergence; bSpearman correlation coefficient between Radvanice and Plesná; NA - not available 

 

 

Average WS:  

1.7±1.2 m s-1  

Average WS:  

1.2±0.9 m s-1  
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Chemical species concentrations in PM10 and PM1 during measuring campaigns 

 

 

  

0

5

10

15

20

25

30

5.2. 10.2. 15.2. 20.2. 25.2. 2.3. 7.3.

M
as

s 
co

nc
en

tra
tio

n 
(µ

g 
m

-3
) Plesná OC PM10

Plesná EC PM10
Plesná NO3 PM10
Plesná SO4 PM10
Plesná NH4 PM10
Plesná Cl PM10

0

10

20

30

40

50

5.2. 10.2. 15.2. 20.2. 25.2. 2.3. 7.3.

M
as

s 
co

nc
en

tra
tio

n 
(µ

g 
m

-3
) 

Radvanice OC PM10
Radvanice EC PM10
Radvanice NO3 PM10
Radvanice SO4 PM10
Radvanice NH4 PM10
Radvanice Cl PM10

0.0

0.4

0.8

1.2

1.6

2.0

5.2. 10.2. 15.2. 20.2. 25.2. 2.3. 7.3.

M
as

s 
co

nc
en

tra
tio

n 
(µ

g 
m

-3
) Plesná Ca PM10

Plesná Mg PM10
Plesná K PM10
Plesná LVG PM10

0.0

0.5

1.0

1.5

2.0

2.5

3.0

5.2. 10.2. 15.2. 20.2. 25.2. 2.3. 7.3.

M
as

s 
co

nc
en

tra
tio

n 
(µ

g 
m

-3
) 

Radvanice Ca PM10
Radvanice Mg PM10
Radvanice K PM10
Radvanice LVG PM10

0.0

0.2

0.4

0.6

0.8

5.2. 10.2. 15.2. 20.2. 25.2. 2.3. 7.3.

M
as

s 
co

nc
en

tra
tio

n 
(µ

g 
m

-3
) 

Plesná Ca PM1
Plesná Mg PM1
Plesná K PM1
Plesná LVG PM1

0.0

0.5

1.0

1.5

2.0

2.5

5.2. 10.2. 15.2. 20.2. 25.2. 2.3. 7.3.

M
as

s 
co

nc
en

tra
tio

n 
(µ

g 
m

-3
) 

Radvanice Ca PM1
Radvanice Mg PM1
Radvanice K PM1
Radvanice LVG PM1



  Results 

130 

 

 

  

 

Figure S5. Chemical species concentrations in PM10 and PM1 during measurement campaigns; 

LVG=levoglucosan (with different y-axis ranges for each figure). 
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Daily wind roses 

(A) Plesná 
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(B) Radvanice 

 

Figure S6.Daily wind roses with prevailing WD and mean WS for Plesná (A) and Radvanice (B) sites. 
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Mass size distribution 

A-1) Plesná-SW WD A-2) Plesná-NE WD 

  

  

  
 

B-1) Radvanice-SW WD B-2) Radvanice-NE WD 
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Figure S7. Mass size distributions (with different y-axis ranges for each figure). 
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27/2/2014 28/2/2014 1/3/2014 

   
2/3/2014 3/3/2014 4/3/2014 

   
5/3/2014 6/3/2014  

  

 

 

Figure S8. Backward trajectories of air masses for selected days. 
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Figure S9. Average ratios between the mass concentrations of species measured with BLPI under SW 

and NE WDs at the Plesná (P) and Radvanice (R) sites (with different y-axis ranges for each figure). 
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Source apportionment 

Table S5. Summary of PMF diagnostics for chemical composition modeling. 

Diagnostic PM10 PM1 

Qexpected/theoretical 328 293 

Qtrue 319 287 

Qrobust 321 287 

Species with Q/Qexpected>2 K EC 

DISP swaps 0 0 

BS mapping 95-100% 95-100% 

 

 

Figure S10. Relative contribution of the factors to the PM10 and PM1. 

 

Polar plots 

The PM10 and PM1 data sets were prepared from WS and WD recorded with 5 min resolution averaged to 

1 h at both sites and the factor contributions to the PM10 and PM1 of 24 repetitions in a day according to 

the WS/WD records (Figure S6). 
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A-1) Plesná PM10  

 
 

  

  
A-2) Plesná PM1  
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B-1) Radvanice PM10  

  

  

  

B-2) Radvanice PM1  
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Figure S11. Polar plot with factors concentrations (1h averages WS and WD and 24h factor contributions 

to PM10 and PM1). 

 

Mass size distribution of tracers during specific episodes 
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Figure S12. Comparison of days with a specific episode and days without this specific episode (with 

different y-axis ranges for each figure). 
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Summary: 

 

 Due to the need to better characterise the ultrafine particle fraction and related 

personal exposure, several impactors have been developed to enable the collection of ultrafine 
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particles (<100 nm). However, to the authors’ knowledge there have been no field campaigns 

to date intercomparing the impactor collection of ultrafine particles. The purpose of this study 

was twofold: 1) to assess the performance of a number of conventional and nano-range 

cascade impactors with regard to the particle mass size distribution under different 

environmental conditions and aerosol loads and types, and 2) to characterise aerosol size 

distributions including ultrafine particles using impactors in 2 European locations (Prague and 

Barcelona).  

 The employed impactors were: Berner low-pressure impactor (BLPI; 26 nm – 

13.5 μm; considered as the internal reference sampler), nano-Berner low-pressure impactor 

(nano-BLPI; 11 nm – 1.95 μm) and Nano-microorifice uniform deposit impactor (nano-

Moudi; 10 nm – 18 μm), and Personal cascade impactor Sioutas (PCIS; < 250 nm – 10 μm; 

employed only in Prague). The outdoor and indoor measurement campaigns were performed 

in Prague during winter and an outdoor in Barcelona during summer. The ion composition 

was assessed for all Prague samples except for PCIS samples.  

 The main findings from the study are following: 

 Taking the BLPI as an internal reference, the best agreement regarding mass size 

distributions was obtained with the nano-BLPI indoors and outdoors, regardless of the 

aerosol load and aerosol chemical composition.  

 The nano-Moudi showed a good agreement in mass size distribution for particle sizes 

dae > 320 nm, whereas for particle dae < 320 nm this instrument recorded larger mass 

concentrations than the internal reference in outdoor air, especially in Prague. This 

difference could be due to particle bounce, the dissociation of semi-volatiles in the 

coarser stages and/or to particle shrinkage during transport through the impactor due 

to higher temperature inside this impactor. 

 With regard to the comparison of individual PM fractions (PM0.25, PM1, PM2, and 

PM10), nano-BLPI showed good agreement with the internal reference in Prague 

outdoor winter campaign. Whereas nano-Moudi consistently measured lower 

concentrations of PM1, PM2, and PM10 and significantly higher for PM0.25. The PCIS 

size-resolved mass concentrations were comparable with other impactors for PM1, 

PM2, and PM10, but the cut-off at dae=250 nm did not seem to be consistent with that 

of the internal reference. This could be caused by different pressure drop across the 

impactor stages originating from different construction of the impactor. The higher 
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pressure drop may increase the volatility of semi-volatile compounds during 

prolonged sampling. 

 The differences between PM fractions were much less significant in Barcelona during 

summer and Prague indoor campaign (except for PM0.25 measured by PCIS).  

 Outdoors, the fine mode was dominant whereas the coarse mode was mostly 

insignificant in Prague during winter. Otherwise it was in Barcelona during summer, 

where the mass size distribution was clearly bimodal with larger coarse mode due to 

the mineral and marine aerosol contribution. 

 Indoors, nano-BLPI measured similar size-resolved mass concentrations as well PCIS 

(except for PM0.25 measured by PCIS) while the nano-Moudi recorded lower mass for 

particles with dae > about 160 nm. The mechanism of the nano-Moudi (spreading the 

samples using rotating plates) and the increase in temperature both indoors and inside 

the nano-Moudi shell could enhance evaporation from the nano-Moudi PTFE 

substrate. This statement was supported by ion analysis. Significantly lower mass 

concentrations of major ions (ammonium nitrate) were determined with the nano-

Moudi compared to the internal reference. 

 To briefly conclude, the good agreement with the internal reference (BLPI) was 

observed for nano-BLPI, nano-Moudi (except for particles < 320 nm of dae), and PCIS (except 

for PM0.25). The highest differences among the impactors were observed during Prague 

outdoor winter campaign. 
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 20 

Abstract 21 

Due to the need to better characterise the ultrafine particles fraction and related personal 22 

exposure, several impactors have been developed to enable the collection of ultrafine particles 23 

(<100 nm). However, to the authors’ knowledge there have been no field campaigns to-date 24 

intercomparing impactor collection of ultrafine particles. The purpose of this study was two-25 

fold: 1) to assess the performance of a number of conventional and nano-range cascade 26 

impactors with regard to the particle mass size distribution under different environmental 27 

conditions and aerosol loads and types, and 2) to characterise aerosol size distributions 28 

including ultrafine particles using impactors in 2 European locations. The impactors used 29 

were: (i) Berner low-pressure impactor (BLPI; 26 nm - 13.5 μm), (ii) nano-Berner low-30 
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 2 

pressure impactor (nano-BLPI; 11 nm - 1.95 μm) and (iii) Nano-microorifice uniform deposit 1 

impactor (nano-Moudi; 10 nm-18 μm), and (iv) Personal cascade impactor Sioutas (PCIS; < 2 

250 nm - 10 μm). 3 

Taking the BLPI as an internal reference, the best agreement regarding mass size distributions 4 

was obtained with the nano-BLPI, independently of the aerosol load and aerosol chemical 5 

composition. The nano-Moudi showed a good agreement for particle sizes >320 nm, whereas 6 

for particle diameters <320 nm this instrument recorded larger mass concentrations in outdoor 7 

air than the internal reference. This difference could be due to particle bounce, to the 8 

dissociation of semi volatiles in the coarser stages and/or to particle shrinkage during 9 

transport through the impactor due to higher temperature inside this impactor. Further 10 

research is needed to understand this behaviour. 11 

With regard to the PCIS, their size-resolved mass concentrations were comparable with other 12 

impactors for PM1, PM2 and PM10, but the cut-off at 250 nm did not seem to be consistent 13 

with that of the internal reference. 14 

Keywords: Mass size distribution; Chemical characterization; Ultra-fine particles; Cascade 15 

Impactors; Nanoparticles; Ultrafine particles 16 

 17 

1 Introduction 18 

Used in numerous areas of air quality research, cascade impactors are established, relatively 19 

simple, and robust instruments. They collect airborne aerosols and segregate them into a 20 

number of aerodynamic sizes for subsequent determination of mass size distribution, chemical 21 

and/or physical properties (Hitzenberger et al., 2004; Seinfeld and Pandis, 2006). The 22 

mechanical principle behind size impaction employs the known quantities of Stokes number 23 

and slip correction factors to derive particle inertia, therefore ascribing a stopping distance in 24 

accordance to particle size (Hinds, 1999). Particulates are collected onto substrates, frequently 25 

made of quartz, polytetrafluoroethylene (PTFE; best known as Teflon), polyethylene 26 

terephthalate (commonly abbreviated PET, otherwise known as Mylar), polycarbonate or 27 

aluminium (Howell et al., 1998; Schaap et al., 2004; Tursic et al., 2008). The choice of 28 

substrate is dependent on the type of impactor, sampling conditions and analytical techniques 29 

intended to be carried out (Fujitani et al., 2006). A variety of cascade impactor designs have 30 

appeared since May (1945) first reported on an initial design to sample coarse aerosols (>2.5 31 
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µm). Since then, sampling size fractions for traditionally designed commercially available 1 

cascade impactors allowed for particle collection from coarse to fine fractions (<2.5 µm), for 2 

example 10 µm - 0.034 µm for the Berner low-pressure impactor (BLPI) (Hering et al., 1978; 3 

Berner and Luerzer, 1980; Hillamo and Kauppinen, 1991) and size cuts as small as 0.056 µm 4 

for the micro-orifice uniform deposit impactor (Moudi) (Marple et al., 1991). 5 

However, epidemiological studies have evidenced the need to focus on ultrafine particles 6 

(UFP; Dp<100 nm), due to their possibly larger impacts on health when compared to coarser 7 

particles (Oberdörster, 2000; Oberdorster et al., 2005). Recently, due to the growing need to 8 

better characterise the UFP fraction, the second generation of Moudi impactors (Model 122 9 

and Model 125 Nano-Moudi-II™, MSP Corp., Shoreview, MN, USA), both available in the 10 

rotating version (122-R and 125-R) and in the non-rotating version (122-NR and 125-NR) and 11 

nano-BLPI (not commercially available) were introduced, both adaptions of the original 12 

Moudi (Marple et al., 1991) and BLPI impactors (Hering et al., 1978; Berner and Luerzer, 13 

1980; Hillamo and Kauppinen, 1991), modified to enable the collection of UFP down to 11 14 

nm. Also, the need to better understand and characterise personal exposure led to the 15 

development of portable, light-weight impactors such as the personal cascade impactor 16 

sampler (PCIS; Misra et al, 2002). 17 

Due to the physical principle of particle collection associated with all impactors sampling 18 

artefacts can occur, including particle bounce, particle blow off, and particle wall loss (Wall et 19 

al., 1988; Schwarz et al., 2012). These artefacts vary according to the impactor type (Hillamo 20 

and Kauppinen, 1991; Howell et al., 1998; Štefancová et al., 2011) loads, composition of the 21 

aerosol sampled (Huang et al., 2004; Sardar et al., 2005; Fujitani et al., 2006; Crilley et al., 22 

2013), and the type of substrate used (Fujitani et al., 2006; Nie et al., 2010). Also, because 23 

long sampling time is required for having enough mass of the finest UFP for chemical 24 

analysis may produce sampling artefacts of volatilization or absorption. 25 

As well as those previously described, the sampling and accurate sizing of UFP/nanoparticles 26 

also present challenges. There is a need to produce a fast flowing jet of air onto an impactor 27 

plate, creating the inertia allowing for collection of the smallest size fractions producing a 28 

high pressure differential at the lowest cut sizes. This pressure drop changes the vapour 29 

pressure in the bulk which can then enhance volatilisation (Hering and Cass, 1999). Attempts 30 

to address this issue were successfully carried out by decreasing the pressure drop over a 31 

reduced number of stages (Marple et al., 1991; Štefancová et al., 2011). Moreover, the low 32 
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 4 

mass of UFP requires a greater collection concentration which then increases the possibility 1 

of mass overloading on the larger fractions. The commercially available Nano-Moudi-2 

II™seeks to reduce jet velocity, pressure drop, particle bounce, re-entrainment and 3 

evaporative loss by incorporating micro-orifice nozzles (up to 2000 as small as 50 µm in 4 

diameter in the 10 L/min Model 125 and up to 6 000 of 50 µm diameter in the 30 L min-1 5 

Model 122). The rotating Nano-Moudi-II™versions (Model 122-R and 125-R) have internal 6 

embedded stepper motors for the rotation of the sampling stages, thereby spreading the 7 

sample over the filter to reduce build-up (Marple et al., 2014). However, as will be described 8 

below, this spreading of the sample may lead to new uncertainties and complications. 9 

Cascade impactors have been deployed in a diverse array of measurement campaigns utilising 10 

their versatility, characterising size-fractionated chemical composition of urban aerosols 11 

(Sardar et al., 2005; Schwarz et al., 2012), particle volatility (Hering and Cass, 1999; Huang 12 

et al., 2004), vapour-particle phase partitioning (Delgado-Saborit et al., 2014), influence of 13 

relative humidity (Štefancová et al., 2010), indoor - outdoor relationship (Smolík et al., 14 

2008), archive contamination (Mašková et al., 2015), metals in particles collected near a busy 15 

road (Lin et al., 2005; Karanasiou et al., 2007; Ondráček et al., 2011), size-segregated 16 

emission particles in a coal-fired power station (Tursic et al., 2008), whilst extensive 17 

theoretical investigations and experimental characterization of cascade impactors tended to 18 

focus on the performance of one type of cascade impactor (Biswas and Flagan, 1984; Wang 19 

and John, 1988; Štefancová et al., 2011; Jiménez and Ballester, 2011; Marple et al., 2014). 20 

Howell et al. (1998) carried out an intercomparison of ‘traditional’ BLPI and Moudi 21 

impactors during a field campaign. Field campaigns usually provide a greater variation of 22 

conditions than controlled laboratory based conditions, offering a more robust analysis of 23 

comparable instrumentation. Another notable intercomparison study was conducted by 24 

Pennanen et al. (2007) who tested a modified 4-stage Harvard high-volume cascade impactor 25 

against a reference 10-stage BLPI in 6 different European locations over different seasons. 26 

The authors note the implicit effects on individual impactors of meteorology and aerosol 27 

composition. Other studies have run two or more impactors in tandem measuring 28 

simultaneously indoors and outdoors (Smolík et al., 2008; Mašková et al., 2015), to cover 29 

extended particle size distributions (Geller et al., 2002), or characterise artefacts caused by 30 

particle volatility (Huang et al., 2004; Schaap et al., 2004) or changes in size distribution due 31 

to different relative humidity (Štefancová et al., 2010). 32 
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 5 

To the authors’ knowledge there has been no field campaign to-date intercomparing impactor 1 

collection efficiency of UFP. As a result, this paper seeks to address this by assessing the 2 

performance of a number of conventional and nano-range impactors, namely Berner low-3 

pressure impactor (BLPI, 25/0.018/2, Hauke, Austria), nano-Berner low-pressure impactor 4 

(nano-BLPI, 10/0,01, Hauke, Austria), nano-microorifice uniform deposit impactor (Nano-5 

Moudi-II™, MSP Corp., Shoreview, MN, USA Model 125R; U.S. Patent # 6,431,014B1) and 6 

Personal cascade impactor Sioutas (SioutasTM PCIS, SKC Inc.; Misra et al, 2002), by means 7 

of two intercomparison exercises, one in Prague, during winter 2015, and other in Barcelona 8 

during summer 2015. The aim of the campaigns was to test the instruments’ performance 9 

under different environmental conditions and aerosol loads and types. Our work reports on the 10 

impactor performances not only with regard to different particle size distributions but also 11 

aerosol composition and meteorology. 12 

2 Methodology 13 

2.1 Sampling sites and sampling set-up 14 

2.1.1 Prague 15 

The field intercomparison initially took place in outdoor air (6th-23rd February 2015) and it 16 

was subsequently moved indoors (23rd February 2015 - 2nd March 2015) in Prague, Suchdol at 17 

the Institute of Chemical Process Fundamentals (ICPF), Academy of Sciences of the Czech 18 

Republic (ASCR) compound (50°7'36.47"N, 14°23'5.51"E, 277 m.a.s.l). Suchdol is a 19 

residential area in north-western Prague, about 6 km from the city centre. It is recognized as a 20 

suburban background site with residential houses and a university campus interspersed 21 

between plenty of green spaces. The traffic flow is moderate along one major 2-lane road 22 

(average traffic of 10000-15000 vehicles day-1) with regular bus services. Due to its location 23 

on a plateau above the river Vltava there are not many contributory roads alongside (Figure 24 

S1). Detailed information of the area where the impactors were located were previously 25 

provided by Smolík et al. (2008) and Hussein et al. (2006). 26 

Outdoor sampling consisted of 3 weekend sampling periods (6 - 9th, 13 - 16th and 20th - 23rd 27 

February 2015), and 2 week-day samplings, (10 - 12th and 17 - 20st). 28 

In addition, indoor samples were also collected during 2 week-day samplings (23rd - 25th and 29 

25th - 27th February 2015) and a final 3-day weekend sampling period (27th February 2015 - 30 
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 6 

2nd March 2015). This resulted in a total of 5 valid outdoor samples (three weekend and two 1 

week-day) and two valid indoor samples (one weekend and one week-day). For both outdoor 2 

and indoor sampling, the weekend runs started on the preceding Friday between 11:00h-3 

13:00h local time and finished at 9:00h local time on the following Monday. The week-day 4 

samplings started between 11h00-14h00 and terminated at 9h00. The sample duration in 5 

Prague was defined based on the experience from previous research (Smolík et al., 2008; 6 

Štefancová et al., 2011). Based on ambient PM concentrations it was considered that samples 7 

should be collected over no more than 72 hours, to avoid substrate overload. 8 

2.1.2 Barcelona 9 

The Barcelona intercomparison was conducted exclusively outdoors at an air quality 10 

monitoring station at IDAEA-CSIC located in an urban background site in the southwest of 11 

Barcelona (41°23′14″ N, 02°06′56″E,, 78 m.a.s.l) from 18th May to 3rd July 2015 (Figure S2). 12 

The sampling site, described in detail by Reche et al. (2015), is influenced by vehicular 13 

emissions from one of the city’s main traffic avenues (Diagonal avenue), located at 14 

approximately 200 m from the site and with a mean traffic density of 90 000 vehicles day L 15 

min-1 (Amato et al., 2015). Even though the site is officially classified as urban background, it 16 

is located in a city with very high road traffic and influenced by the emissions of one of the 17 

largest arterial roads of the city. 18 

Outdoor sampling in Barcelona consisted of 4 valid week-day sampling runs, each run 19 

accounting for 96h (4 days duration sampling time). The runs started every Monday between 20 

10:00h-12:00h local time and finished on Fridays around 14:00h-16:00h local time. The 21 

sample duration in Barcelona was set longer than in Prague since the averages of particle 22 

mass collected during a sampling less than 4 days would not be sufficient for further chemical 23 

analysis. Indoor intercomparisons were not carried out due to the absence of an appropriate 24 

location for indoor air sampling. 25 

2.2 Instrument set-up and experimental specifications 26 

In the present study, the mass size distribution of the aerosol was measured by different types 27 

of cascade impactors: 28 

 A Berner low-pressure impactor (BLPI, 25/0.018/2, Hauke, Austria; (Berner et al., 1979; 29 

Preining and Berner, 1979) which collects particles onto PET foils (Mylar 13 μm thick) 30 
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 7 

(flow rate 24.8 L min-1). The impactors separated particle mass into 10 size fractions. The 1 

cut diameters of the stages were 0.026, 0.056, 0.1, 0.16, 0.25, 0.43, 0.86, 1.73, 3.425, and 2 

6.61 μm (Štefancová et al., 2011). The impactors were equipped with inlets with the cut-3 

point calculated as 14 μm. 4 

 A modified BLPI (denominated as nano-BLPI, 10/0.01, Hauke, Austria) collecting 5 

particles on PET foils (Mylar 13 μm thick) (flow rate 17.2 L min-1) from 0.01 μm to 1.95 6 

μm in 8 size stages. The aerodynamic cut diameters of stages 1 to 8 were 0.011, 0.024, 7 

0.039, 0.062, 0.095, 0.24, 0.49, 1.0 μm, and the inlet cut-point was calculated as 1.95 μm. 8 

Given that the nano-BLPI is a custom made instrument, the design parameters of each of 9 

its impaction stages are shown in Table S1 in the supporting information. 10 

 A nano-microorifice uniform deposit area impactor (Nano-Moudi-II™, MSP Corp., 11 

Shoreview, MN, USA Model 125R; U.S. Patent # 6,431,014B1) equipped with PTFE 12 

filters (with diameters of 47 mm) was used to collect size-resolved aerosol samples. This 13 

impactor effectively separated the particulate matter into 13 stages with nominal cut 14 

diameters of 0.010, 0.018, 0.03, 0.06, 0.10, 0.18, 0.32, 0.56, 1.0, 1.8, 3.2, 5.6, 10 μm and 15 

the inlet cut-point as 18 μm when operated at an inlet flow rate of 10 L min-1. 16 

 Three personal cascade impactor samplers (SioutasTM PCIS, SKC Inc; Misra et al, 2002) 17 

operating with a flow rate of 9 L min-1 at a pressure drop of 11 inches of H2O (2.7 kPa). 18 

Particles can be separated in the following aerodynamic particle diameter ranges: <0.25; 19 

0.25 to 0.5; 0.5 to 1.0; 1.0 to 2.5; and >2.5 μm. The collection substrates were 37 mm 20 

PTFE filters (Pall) or quartz fibre filters (Pall) for the < 0.25 μm stage and 25 mm PTFE 21 

filters (Pall) for the 0.25-2.5 μm and >2.5μm stages. Two of the PCIS deployed in Prague 22 

separated particle mass in all of the 5 size fractions while another unit collected particles 23 

only at 3 of the stages (< 0.25 μm; 0.25-2.5 μm and >2.5 μm). In order to facilitate 24 

interpretation of the data, a lower cut diameter of 30 nm was assumed for the last filter 25 

stage of particles < 0.25 μm (quasi-UFP). 26 

All the cascade impactors were loaded with uncoated substrates to avoid possible 27 

interferences in future chemical analysis (mainly, determination of organics), so the particle 28 

bounce that might occur during dry collection has to be considered excepting for the case of 29 

BLPI which foils were coated with a thin layer of vacuum grease (Apiezon L, Apiezon 30 

products, M&I Materials Ltd, Manchester, England) to ensure adherence of deposited 31 

particles and reduce the artefact of bounce. 32 
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 8 

For the Prague winter intercomparison, the abovementioned six different impactors were 1 

deployed simultaneously in both outdoor and indoor sampling periods. The cascade impactors 2 

and their inlets were positioned outside above the roof of ICPF building, 285 m.a.s.l. The 3 

nano-Moudi, in order to protect its electrical components, was kept inside an air-conditioned 4 

cabin with a temperature continually lower than 20˚C and a metal pipe (about 300 cm long) 5 

was extended through the roof of the building. With regard to indoor sampling, the impactors 6 

were placed inside Laboratory of Aerosol Chemistry and Physics experimental hall on the 2nd 7 

floor where office and other experimental activities take place. In both campaigns (indoor and 8 

outdoor), the pump exhausts were extended far of the sampling spots in order to avoid 9 

sampling artefacts. 10 

For the Barcelona summer intercomparison, the same cascade impactors were deployed 11 

(except for the PCIS) at the urban background monitoring site located in IDAEA-CSIC (78 12 

m.a.s.l; South West part of the city) within the University Campus and they were positioned 13 

under a plastic shelter to protect them from rain while allowing free ventilation. All the 14 

impactor pumps were placed 5 m distance from the impactors whilst long tubes (10 m) were 15 

connected to the exhausts to avoid contamination of the samples. 16 

The error in the sampling flow rate and sampled volume in both campaigns was < 5%. Thus, 17 

it is assumed that flow rates did not affect the particle size cut-offs. The uncertainty in the 18 

particle mass concentration determination was < 15% except in some cases for the smallest 19 

stages of nano-BLPI and nano-Moudi impactor which reached mass value deviations > 20 % 20 

(standard deviation). 21 

The specifications of the campaigns and the impactors deployed in the intercomparison study 22 

are summarized in Table 1. The BLPI was used as internal reference for the size distribution 23 

in this study as it was calibrated with the method described by Hillamo and Kauppinen (1991) 24 

for the fine stages and by Štefancová et al. (2011) for coarse stages. For the intercomparison, 25 

the modal pattern of aerosol mass size distribution was divided into four size groups: (i) PM10 26 

(Dp<10 μm), (ii) PM2 (Dp<2 μm), (iii) PM1 (Dp<1 μm) and (iv) PM0.25 (Dp<0.25 μm) particles. 27 

Approximate lower cut points for those selected size fractions are shown in Table S2 in the 28 

supplementary information. 29 

 30 

 31 

 32 
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Table 1. Impactors deployed in Prague and Barcelona and their specifications. 1 

Impactor 
type BLPI nano-BLPI nano-Moudi PCIS (5 stages) c PCIS (3 stages) d 

Number of 
samplings in 
Prague 

5x outdoor (3x 
weekend-days + 
2x week-days) 

 

2 x indoor 
(1xweekend-
days + 1x week-
days) 

5x outdoor (3x 
weekend-days + 
2x week-days) 

 

2 x indoor 
(1xweekend-
days + 1x week-
days) 

5x outdoor (3x 
weekend-days + 
2x week-days) 

 

2 x indoor 
(1xweekend-
days + 1x week-
days) 

5x outdoor (3x 
weekend-days + 2x 
week-days) 

 

2 x indoor 
(1xweekend-days + 1x 
week-days) 

5x outdoor (3x 
weekend-days + 2x 
week-days) 

 

2 x indoor (1xweekend-
days + 1x week-days) 

Number of 
samplings in 
in Barcelona 

4 x outdoor (4 x 
week-days) 

4 x outdoor (4 x 
week-days) 

4 x outdoor (4 x 
week-days) N/A N/A 

Flow rate  

(L min-1)a 
24.8 17.2 10 9 9 

Sampling 
substrates 

PET foils 
(MYLAR) 13 
μm thick 

PET foils 
(MYLAR) 13 
μm thick 

PTFE 47 mm 

37 mm PTFE filters 
(Pall) < 0.25 μm stage 
and 25 mm PTFE 
filters (Pall) for the 
0.25-2.5 μm and 2.5-10 
μm stages 

37 mm quartz-fibre 
filters (Pall) < 0.25 μm 
stage and 25 mm PTFE 
filters (Pall) for the 
0.25-2.5 μm and >2.5 
μm stages 

Nº Stages 10 8 13 5 3 

Lower cut 
sizes (μm) b 0.026 0.011 0.01 0.03 0.03 

 0.056 0.024 0.018 0.25 0.25 

 0.10 0.039 0.032 0.50 2.50 

 0.16 0.062 0.056 1.00  

 0.25 0.095 0.10 2.50  

 0.43 0.24 0.18   

 0.86 0.49 0.32   

 1.73 1.0 0.56   

 3.42  1.00   

 6.61  1.80   

   3.20   

   5.60   

   10   

Inlet cut-
point (μm) 14 1.95 18 10 >2.5 

a Volumetric flow rate at 20°C and ambient pressure 2 
b All sizes are aerodynamic equivalent diameters 3 
c Two units deployed; A cyclone was installed ahead which cut PM10 4 
d One single unit deployed 5 
N/A – Not available 6 
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2.3 Sample conservation and gravimetric analysis 1 

Particle mass concentrations on impactor substrates were gravimetrically determined by pre- 2 

and post-weighing the Mylar foils and filters (PTFE and quartz fiber) with a Sartorius M5P-3 

000V001 electronic microbalance in Prague and a Mettler MT5 electronic microbalance in 4 

Barcelona, both with a ±1 μg sensitivity. Blank samples (1 per sample) were collected per 5 

each impactor type in both intercomparison (Prague and Barcelona) for each of the sampling 6 

periods. The deviation of mass values due to varying conditions was corrected with the help 7 

of the corresponding blanks. 8 

All samples were equilibrated for a period of 24 hours before weighing in a temperature and 9 

relative humidity controlled room. The electrostatic charges of the filters were removed using 10 

an U-shaped electrostatic neutralizer (Haug, type PRX U) in Prague and a zerostat anti-static 11 

instrument (Z108812-1EA, Sigma-Aldrich Co. LLC.) in Barcelona. Each sample was 12 

weighed three times with an accuracy of mass determination of ± 2 μg. After weighing, the 13 

sampled foils and filters were stored in the freezer at -18 °C. 14 

2.4 Ion chromatography analysis 15 

Ion chromatography analysis were only carried out for the Prague samples and for the BLPI, 16 

nano-BLPI and nano-Moudi impactors with the aim to support the interpretation of the 17 

particle mass size distributions data. The PCIS filters were not analysed due to the differences 18 

observed for the finest size fraction with the other impactors, as will be discussed below. 19 

The whole nano-Moudi impactor samples were extracted in 7 ml of ultrapure water. In case of 20 

the Berner impactors, approximately 1/3 of each foil with samples from each stage was cut 21 

out and number of aerosol spots on cut piece was calculated. The ratio between cut and total 22 

number of spots at each impactor stage was used to recalculate results to overall ion amount 23 

on each stage. All samples were then extracted with 7 ml of ultrapure water, sonicated for 30 24 

min in ultrasonic bath and shaken for 1 hour using a shaker. The extracts were then analyzed 25 

using a Dionex 5000 system both for cations (Na+, NH4
+, K+, Ca2+ and Mg2+) and anions 26 

(SO4
2−, NO3

−, Cl−) in parallel. An IonPac AS11-HC 2 x 250 mm column was used for anions 27 

using hydroxide eluent, IonPac CS18 2 x 250 mm for cations using methane sulfonic acid 28 

solution as an eluent. Both anion and cation set-up were equipped with electrochemical 29 

suppressors. External calibration was done using NIST traceable calibration solutions. 30 

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015-1016, 2016
Manuscript under review for journal Atmos. Chem. Phys.
Published: 19 January 2016
c© Author(s) 2016. CC-BY 3.0 License.



  Results 

155 

 

 

  

 11 

3 Results 1 

3.1 Meteorological data and mean aerosol concentrations in outdoor air 2 

Table 2 displays the meteorological data (ambient temperature, relative humidity, ambient 3 

pressure and wind speed), the mean and standard deviations (±σ) of aerosol concentrations for 4 

Prague and Barcelona and season during sampling with BLPI. 5 

Table 2. Meteorological data and mean daily aerosol concentrations in outdoor air in Prague 6 

from 6th to 23rd February 2015 and in in Barcelona from 18th May to 3rd July 2015. 7 

Sampling 

site 

Temperature 

(ºC) 

Relative 

humidity 

(RH, %) 

Barometric pressure 

recalculated to sea 

level (mbar) 

Wind 

Speed 

(km h-1) 

Mean 

PM14
* 

(µg m-3) 
Min Max Min Max 

Prague 

(winter) 
-3.4±2.6 3.9±3.3 51±15.4 92±2.1 1023±9.4 12.5±6.6 34.6 ± 15.8 

Barcelona 

(summer) 
18±3.3 26±3.3 39±9.9 85±7.1 1018±3.1 12±2.6 15.2 ± 2.1 

During the winter campaign in outdoor air from 6th to 23rd February 2015 in Prague, the daily 8 

maximum average temperature was 3.9±3.3 ºC and the minimum average temperature was -9 

3.4±2.6 ºC. The relative humidity varied in the range of 51-92% from day to day. 10 

As expected, higher temperatures during summer were monitored in Barcelona from 18th May 11 

to 3rd July 2015 (minimum of 18±3 ºC and maximum of 26±3 ºC). However, slightly lower 12 

RH (minimum of 39±10 % and maximum of 85±7%), similar pressure (1018±3 mbar) and 13 

wind speed (12±3 km h-1) values were recorded. The results imply that aqueous particles may 14 

have been collected on an impaction stage different from the stage where they ought to be 15 

collected due to the flow-induced relative humidity changes during the day (Fang et al., 1991; 16 

Štefancová et al., 2010). Aqueous particles can shrink due to evaporation caused by pressure 17 

drop through the impactor and/or grow due to condensation caused by aerodynamic cooling. 18 

Also, a distortion of the size distribution due to bounce-off should not be neglected for 19 

Barcelona given that foils were not greased prior to sampling. 20 

In Prague, the mean PM14 mass concentration measured outdoors (with BLPI) was 34.6 ± 21 

15.8 µg m-3 whilst in Barcelona (with BLPI) it was 15.2 ± 2.1 µg m-3 (Table 2), in agreement 22 

with previous results from 2008 winter campaign in ICPF (Schwarz et al. 2012; PM14=34 µg 23 
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m-3) and of the same order of magnitude as PM10 from a 2014 summer campaign in the 1 

monitoring station at IDAEA-CSIC (PM10=19.6 µg m-3). The reason of higher averages of 2 

particle mass concentrations in winter in Prague than in summer in Barcelona are due to 3 

higher emissions (mainly due to coal and biomass burning used for residential heating) and 4 

meteorological conditions such as the lower mixing heights of the boundary layer or even 5 

temperature inversions occurring in Prague (Schwarz et al., 2012). 6 

3.2 Average particle mass concentrations per stage for the different 7 

impactors 8 

To estimate the cumulative mass concentration for the different size ranges in each of the 9 

impactors, the integrated curve of the measured particle mass size distributions was 10 

determined by Eq. 1: 11 

   𝑀𝑀𝑖𝑖 = 𝑀𝑀𝑖𝑖−1 + ∫ 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝑝𝑝

𝐷𝐷𝑝𝑝𝑝𝑝
𝐷𝐷𝑝𝑝𝑝𝑝−1

× 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝑝𝑝   Eq. (1) 12 

Where, M is the estimated mass concentration for each impactor stage i, Dpi-1 and Dpi are 13 

respectively the lower and upper cut-off diameters of the impactor stage i 14 

The cumulative curves of the particle mass size distributions from Prague (indoor and 15 

outdoor) and Barcelona are shown in Figures 1 and 2, respectively. 16 

Results show that the nano-BLPI behaved similarly to the internal reference considered for 17 

this work (BLPI), especially for particles larger than 250 nm. Outdoors and indoors, the nano-18 

Moudi was in agreement with the BLPI for particles larger than 320 nm (independent of the 19 

aerosol load and type). However, for particles below 320 nm, the particle mass concentration 20 

of the nano-Moudi tended to be higher than for the BLPI, especially during winter in Prague. 21 

In indoor air, the nano-Moudi cumulative curve of the mass size distributions was closer to 22 

the curve obtained for the BLPI impactor. 23 

While in Prague, the nano-Moudi mass size distributions for particles >1 μm were lower than 24 

the rest of the impactors, in Barcelona, this trend was not so evident (Figure 1 and 2). This 25 

different behaviour could be ascribed to a number of causes: (a) in outdoor air the effect of 26 

particle bounce and/or the shrinkage of semi volatile compounds may have caused a shift in 27 

particle mass towards the lower sizes of the nano-Moudi, especially in winter in Prague; 28 

and/or (b) indoors, the mechanism of the nano-Moudi of spreading the sample (rotating 29 

plates), with the increase in temperature, both in indoor air and inside the nano-Moudi shell, 30 

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015-1016, 2016
Manuscript under review for journal Atmos. Chem. Phys.
Published: 19 January 2016
c© Author(s) 2016. CC-BY 3.0 License.



  Results 

157 

 

 

  

 13 

could favour particle dissociation/evaporation from the PTFE filters and thus result in lower 1 

mass loads across the lower size ranges, and thus the nano-Moudi curve would appear to be 2 

closer to the internal reference BLPI. This effect would not be so prominent in outdoor air, 3 

given that the instrument does not reach such high temperatures. Nie et al. (2010) also 4 

attributed the loss of volatile compounds to the increase of the temperature inside the 5 

MOUDI. However, nitrate concentrations were low in indoor air (see sections below), and 6 

therefore the volatilization of this species would have had a low impact on particle mass 7 

(leaving only the organic fraction to account for this). Further research is necessary to clarify 8 

the different behaviours observed. 9 

The size-fractionated average mass concentrations (PM0.25, PM1, PM2 and PM10) collected by 10 

each impactor along with standard errors deviation (±σ) in the respective size fractions, using 11 

data from a total of 5 experiments outdoors and 2 indoors in Prague, and a total of 4 valid 12 

samples outdoors in Barcelona are summarised in Figure 3. Approximate cut points for the 13 

selected size fractions are shown in Table S2 in the supporting information. However, it is 14 

important to take into account that some differences in the results could be partially attributed 15 

to the differences in the real cut points for the selected size fractions. 16 

The average PM14 mass concentrations and corresponding standard deviation obtained using 17 

the internal reference (BLPI) in Prague outdoors were 34.6 ± 15.8 µg m-3. In Barcelona, the 18 

PM14 mass concentrations and standard deviation in summer were 15.2 ± 2.1 µg m-3. 19 

Comparison of independent data from Grimm (corrected with high volume sampling) and the 20 

impactors with PM1 and PM10 size cuts, was carried out for the outdoor campaign in 21 

Barcelona (4 samples). A slope of 0.98 and a R2 of 0.7 was obtained for the PM14 for BLPI 22 

with PM10 from an online laser spectrometer (corrected with regard to reference 23 

instrumentation) whereas for PM1, a slope of 0.7 and a better fit of the data was obtained 24 

(R2=0.9). Similarly to BLPI, the nano-BLPI shows a slope of 0.7 and a R2 of 1 for the cut 25 

point PM1. The mass differences detected for PM1 suggest that impactors sampling artefacts 26 

such as particle blow off, particle wall losses and/or particle bounce occurred. 27 

  

 28 
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 1 

Figure 1. Cumulative mass concentrations measured by the six impactors in Prague: (a) 2 

outdoors and (b) indoors. Error bars indicate the standard deviation (±σ). 3 

 4 

Figure 2. Cumulative mass concentrations measured by the three impactors in Barcelona, 5 

outdoors. Error bars indicate the standard deviation (±σ). 6 

As shown in Figure 3, the largest relative difference between the average mass concentrations 7 

collected with the three impactors (PCIS, nano-BLPI and nano-Moudi) and the internal 8 

reference (BLPI) was calculated for the PM0.25 size fraction measured outdoors in Prague by 9 

PCIS and nano-Moudi, when concentrations were larger by 354 and 126 %, respectively. The 10 

best agreement between the three impactors and the internal reference was obtained in the 11 

Barcelona summer campaign. 12 

Intercomparisons between the nano-BLPI impactor and the reference BLPI indicate an overall 13 

good agreement with absolute differences in mass concentrations per size fraction being 14 

<30%, independent of the aerosol type. A consistent underestimation of the particle mass 15 

concentrations for the PM0.25 size fractions was obtained with the nano-BLPI for all 16 

campaigns and locations (Figure 3). This consistent underestimation was in the order of 5 and 17 

22% outdoors in Barcelona and Prague, respectively, and 10% indoors in Prague, for PM0.25. 18 

As for PM1, a slight overestimation of mass concentrations with regard to the BLPI was 19 
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obtained by the nano-BLPI in both sampling campaigns outdoors. The largest deviation in this 1 

size fraction was obtained in Prague outdoors (15%) whereas the smallest difference was 2 

obtained in Barcelona (5%). Similar to the PM0.25 fraction, the PM1 and PM2 concentrations 3 

obtained indoors by the nano-BLPI were lower (12 and 15%, respectively) than those of the 4 

BLPI.  5 

As for the nano-Moudi, it consistently measured lower PM1 and PM2 concentrations in all 6 

campaigns (max difference obtained indoors for PM1 = 31% and PM2 = 30 %). These 7 

differences can be explained by the difference in the cut points given that PM1 and PM2 8 

fractions from the BLPI are actually 0.86 μm and 1.7 μm, respectively. For quasi-UFP mass 9 

concentrations were significantly higher (126%) in Prague outdoors, whereas the 10 

disagreement with the BLPI was reduced in Barcelona outdoors (14%). Finally, in indoor air, 11 

concentrations registered by the nano-Moudi were lower (30%) than the BLPI, in Prague. 12 

 13 

Figure 3. Average mass concentrations collected by the impactors in approximate size 14 

ranges: PM0.25, PM1, PM2 and PM10, during winter Prague campaign (top) and summer 15 
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Barcelona Campaign (bottom). Error bars indicate the standard deviation (±σ) of the 1 

measured concentrations. The PCIS data correspond to PCIS 3 from Figure 1, where more 2 

particle size fractions were collected. 3 

Finally, the portable PCIS were only used in Prague during winter given the differences 4 

obtained with regard to the BLPI for the quasi-ultrafine size mode PM0.25 (354%). A similar 5 

pattern was observed for indoor air, although with a relatively smaller, but still high 6 

difference (75%). A possible reason for the discrepancies observed regarding the PM0.25 7 

fraction could be ascribed to the different pressure drops across the impactor stages 8 

originating from different flow rates (e.g., PCIS 9 L min-1 vs. BLPI 24.8 L min-1). The higher 9 

pressure drop in the stationary impactors (e.g., BLPI) may increase the probability of 10 

volatilisation of semi-volatile species during prolonged sampling, and could contribute to an 11 

underestimation of the PM0.25 when compared to the PCIS (Sioutas, 2004). 12 

The differences with regard to the coarse fractions were much smaller when compared to the 13 

quasi-UFP fractions (<[±42%] and <[±27%] in outdoors and indoors, respectively). In 14 

outdoor air, the PCIS showed consistently higher PM1, PM2 and PM10 concentrations (42, 14 15 

and 4%, respectively). Similar results were reported by Sioutas (2004) where an average ratio 16 

PCIS to Moudi (Model 110, MSP Corp, Minneapolis, MN) of 2.02 (± 0.59) and 1.21 (± 0.35) 17 

was reported for an aerodynamic size range < 0.25 μm and 2.5-1 μm, respectively. However, 18 

in indoor air a consistently underestimation (12, 16 and 21 % for PM1, PM2 and PM10), was 19 

observed. 20 

In summary, for the aerosols and sampling conditions in this work, the PCIS provided 21 

comparable size-resolved mass concentrations for PM1, PM2 and PM10 while the cut-off at 22 

250 nm did not seem to be consistent with the internal reference BLPI. In order to fully 23 

understand these phenomena, a more systematic evaluation might be required. For this reason, 24 

data from PCIS will not be discussed in the following sections. 25 

3.3 Aerosol mass size distributions 26 

3.3.1 Particle size distribution in outdoor air 27 

The average particle mass size distributions obtained in the outdoor intercomparison study 28 

(Prague and Barcelona) can be found in Figure 4. 29 
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 1 

Figure 4. Average mass size distributions obtained outdoors: (a) winter in Prague and (b) 2 

summer in Barcelona. 3 

As can be seen, the particle mass size distributions are very different depending on the season 4 

and sampling location. During winter in Prague (outdoors), the mass size distributions have a 5 

predominantly fine mode, with the coarse mode being almost negligible (by all impactors). 6 

The maximum mass concentration obtained in the fine size fraction mode was between 0.4-7 

0.9 μm, whereas in summer in Barcelona, this maximum was shifted towards smaller size 8 

fractions between 0.2 and 0.4 μm. In addition to the different aerosol types, this shift to lower 9 

sizes might be caused by a lower average relative humidity during sampling in Barcelona that 10 

could have caused the particle drying (Tables 2) and therefore, be a reason for particle bounce 11 

(Fang et al., 1991; Štefancová et al., 2010). 12 

While in Prague during winter the coarse mode was mostly insignificant, in Barcelona during 13 

summer the mass size distributions were clearly bimodal, with larger coarse mode 14 

concentrations (Figure 4). The coarse mode obtained may be due to mineral and marine 15 

aerosol contributions in the study area (Querol et al., 2008). 16 

The majority of mass concentrations were found in the accumulation mode (PM1) for both 17 

campaigns (7.9 ± 0.7 µg m-3 and 22.9 ± 9.8 µg m-3 according the internal reference BLPI in 18 

summer Barcelona and winter Prague, respectively). With the increase in mass there was an 19 

increase in agreement between the impactors, where the closest agreement was observed 20 

(between 200-600 nm) (Figure 4). 21 

Figure 4 reveals that the nano-Moudi recorded higher particle mass concentrations in the 22 

ultrafine range (<100 nm) than the reference BLPI during winter in Prague (5 samples in total 23 

outdoors). Although differences were smaller, the same is true for the Barcelona summer 24 

campaign (4-week sampling, Figure 4). As previously mentioned, to protect the electrical 25 
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components of the nano-Moudi during winter campaign in Prague outdoors, it was kept inside 1 

a climate controlled cabin with a temperature continually lower than 20˚C. At these 2 

temperatures dissociation of ammonium nitrate can still occur at a slow rate (Smolík et al., 3 

2008). In addition, during the sampling, an increase of temperature inside the nano-Moudi 4 

shell was detected due to the internal mechanism of spreading the sample (rotating plates) 5 

which generates heat. It is therefore likely that the internal temperature in the nano-Moudi 6 

was higher than that of the cabin and thus led to particle volatilisation (Štefancová et al., 7 

2010). The lower nitrate and chloride concentrations in the accumulation mode on the nano-8 

Moudi filters (see below) would support this interpretation. It is also known that a 5ºC 9 

difference between the PTFE filter (of the type used in the nano-Moudi) and sampling 10 

temperature may accelerate the dissociation of ammonium nitrate on PTFE filters up to 20% 11 

(Hering and Cass, 1999). The BLPI and nano-BLPI have no internal warming mechanisms 12 

and were located outdoors in Prague and Barcelona, so it is expected that lower volatilisation 13 

would occur in these scenarios. However, drying of particles before they are deposited on a 14 

substrate may happen also in the BLPI and nano-BLPI due to higher pressure drops (at 15 

equivalent sizes) in comparison with the nano-Moudi. This would increase the driving force 16 

for evaporation at those stages, which would encourage particle shrinkage. All these previous 17 

facts (temperature, RH, high surface area) appear to enhance the evaporation of semi-volatiles 18 

(and dissociation of ammonium nitrate) and therefore particle shrinkage during transport 19 

through the nano-Moudi. Also, the residence time of particles inside the nano-Moudi low 20 

pressure stages is longer due to the lower volumetric flow rate in this instrument. All of this 21 

could thus explain the mass size distributions from the nano-Moudi being skewed towards 22 

smaller particle fractions during the Barcelona and Prague campaigns (Figure 4). It should be 23 

stated that the rotation of the impaction plates and the nozzle plates of the nano-Moudi was 24 

specifically designed to achieve a uniform deposit on the collection substrates and therefore, 25 

eradicate the particle bounce-off artefact (Marple et al., 2014) that may otherwise occur. 26 

Particle bounce-off would only be expected when collecting particles in dry conditions such 27 

as in Barcelona (< 50% RH) (Table 2) or indoors. Finally, the overall internal volumes in the 28 

low pressure stages seem similar in all of the impactors tested; however, this would need 29 

experimental confirmation. 30 
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3.3.2 Particle size distribution in indoor air 1 

In Prague, indoor concentrations were lower than outdoors mainly due to a change in weather 2 

conditions resulting in cleaner air masses during sampling periods (Figure 4 and Figure 5). 3 

Reduced penetration efficiency and faster settling times probably explain the lower indoor 4 

coarse mode mass obtained (Figure 5; Hussein et al, 2007). Once again, the nano-BLPI 5 

measured similar mass concentrations to the reference BLPI (Figure 3) while the nano-Moudi 6 

recorded notably lower mass from fine to coarse modes. In addition, the nano-Moudi size 7 

distribution showed a slight shift towards larger particle sizes (Figure 5). The difference 8 

between the BLPIs and the nano-Moudi could suggest that the latter underestimated mass 9 

during this campaign for all particle cut sizes. Initially this would appear to reduce the 10 

possibility of volatility losses being responsible for this difference, as ammonium nitrate 11 

dissociates readily indoors thereby causing equal losses to all impactors (Lunden et al., 2003). 12 

However, because of the way the sample is spread across the substrate in the nano-Moudi, as 13 

described above, the ammonium nitrate collected would be more prone to volatilization than 14 

that collected on the other impactors. Therefore it could be considered that the mechanism of 15 

the nano-Moudi of spreading the sample (rotating plates), with the increase in temperatures, 16 

both indoors and inside the nano-Moudi shell, could enhance dissociation/evaporation from 17 

the nano-Moudi PTFE substrates. This conclusion can be supported by Figures 6 and 7, which 18 

show significantly lower mass concentrations of major species of ammonium nitrate with the 19 

nano-Moudi, in comparison with the BLPI. 20 

A number of sources of uncertainty in this interpretation should be taken into account: 21 

a) Increased uncertainty in the mass determination due to lower mass concentrations and 22 

shorter sampling times 23 

b) No blank correction available for nano-Moudi IC data 24 

c) No uncertainty calculations for mass determinations available for nano-Moudi, 25 

possibly resulting in negative mass concentrations in the lower stages 26 

d) Only 2 valid samples available for indoor air (for all impactors) 27 

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015-1016, 2016
Manuscript under review for journal Atmos. Chem. Phys.
Published: 19 January 2016
c© Author(s) 2016. CC-BY 3.0 License.



  Results 

164 

 

 

  

 20 

 1 

Figure 5. Average mass size distributions in Prague during winter in indoor air. 2 

3.3.3 Size distribution of inorganic ions 3 

Figures 6 and 7 show the particle mass size distributions of major (SO4
2-, NO3

- and NH4
+) and 4 

minor (Cl-, Na+, K+, Mg2+ and Ca2+) aerosol constituents for the winter campaign in Prague in 5 

outdoor and indoor air, respectively. In the winter in Prague, the mass size distributions of 6 

components have a predominantly fine mode (< 1 μm), with the coarse mode being almost 7 

negligible in winter in Prague (by all impactors) but highly significant in Barcelona during 8 

summer, such as the case for BLPI. 9 

While the fine mode was dominant for the particle mass concentration and all the 10 

predominant aerosol constituents (SO4
2-, NO3

- and NH4
+) for both indoor and outdoor air 11 

during winter in Prague, the average mass size distributions for minor species (Cl-, Na+, K+, 12 

Mg2+ and Ca2+), were clearly multimodal (Figures 6 and 7). Similar mass size distributions of 13 

these species were obtained by the nano-BLPI and the reference BLPI both outdoors and 14 

indoors in Prague. However marked differences in the mass size distributions of these species 15 

were observed with the nano-Moudi impactor. In outdoor air there is a clear decrease of NO3
- 16 

and NH4
+ concentrations measured with the nano-Moudi, confirming the interpretations 17 

provided in the previous sections. This is also visible, even if less pronounced, indoors. In 18 

addition, outdoors in Prague, the mass size distributions obtained by the BLPI showed that 19 

Ca2+, Na+ and Mg2+ were dominated by coarse modes and for the case of K+, the fine mode is 20 

the dominant one (suggesting biomass combustion as a possible emission source). As for Cl−, 21 

the mass size distributions were clearly bimodal. The nano-Moudi outdoors had different size 22 

distributions from the BLPI for Cl-, Na+, Ca2+ and Mg2+. Only for K+ the size distribution is 23 

similar. Mass size distributions of Cl- and Na+ may have been influenced by filter 24 
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contamination. The Ca2+ peak detected at around 100 nm obtained by the nano-BLPI in 1 

outdoor air may possibly be ascribed also to filter contamination, although no specific data 2 

are available to support this interpretation. Similar peaks at 10 and 50 nm were observed 3 

indoors with the nano-Moudi and nano-BLPI which may suggest bounce, contamination or 4 

blank variability. 5 

 6 

Figure 6. Average mass size distributions for different ionic species (left: SO4
2-, NO3

- and 7 

NH4
+ and right: Cl-, Na+, K+, Mg2+ and Ca2+) during winter in outdoor air in Prague. 8 
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 1 

Figure 7. Average mass size distributions for different ionic species (left: SO4
2-, NO3

- and 2 

NH4
+ and right: Cl-, Na+, K+, Mg2+ and Ca2+) during winter in indoor air in Prague. 3 

4 Conclusions 4 

This work aimed to assess the performance of four conventional and nano-range impactors, 5 

by means of two intercomparison exercises in Prague, during winter 2015 and in Barcelona 6 

during summer 2015. The aim of the campaigns was to test the instruments’ performance with 7 

regard to the particle mass size distributions under different aerosol compositions resulting 8 

from different emission sources, meteorology, seasons, and air mass origins. All the cascade 9 

impactors were loaded with uncoated substrates excepting for the case of BLPI which foils 10 

were coated. 11 

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015-1016, 2016
Manuscript under review for journal Atmos. Chem. Phys.
Published: 19 January 2016
c© Author(s) 2016. CC-BY 3.0 License.



  Results 

167 

 

 

  

 23 

Taking the BLPI as an internal reference, the best agreement regarding mass size distributions 1 

was obtained with the nano-BLPI, especially for particles larger than 250 nm. The nano-2 

Moudi showed a good agreement for particle sizes >320 nm, whereas for particle diameters 3 

<320 nm this instrument recorded larger mass concentrations than the internal reference. 4 

Different particle effects may have caused the differences regarding particle mass 5 

concentrations collected in indoor and outdoor air by the nano-Moudi. Particle volatilisation 6 

may have occurred due to the internal rotating mechanisms which heat the impactor casing 7 

up. Decomposition of ammonium nitrate and chloride, as evidenced by the lower nitrate and 8 

chloride concentrations in the accumulation mode, is probably also enhanced in the nano-9 

Moudi due to the spreading of the sample on the whole filter surface, in comparison with 10 

thick individual spots of material obtained with the BLPI and nano-BLPI impactors. Further 11 

research is needed to clarify this issue. With regard to the PCIS, their size-resolved mass 12 

concentrations were comparable with other impactors for PM1, PM2 and PM10, but the cut-off 13 

at 0.25 μm was not consistent with that of the internal reference. 14 

In Barcelona, the sampling took place under dry conditions (< 50% RH) and thus, particle 15 

bounce would be expected since some particles (depending on composition) could get dry. 16 

Inversely, bounce can be probably neglected for the Prague outdoor intercomparison since the 17 

RH was always >50 % indicating the presence of droplet aerosols that tend to adhere to the 18 

impaction substrate. To avoid such an effect impactor substrates should always be greased 19 

especially in areas with low humidity. 20 

Aerosol mass size distributions were assessed for the Prague and Barcelona campaigns. 21 

During winter in Prague (outdoors), the mass size distributions showed a predominantly fine 22 

mode, with the coarse mode being almost negligible (by all impactors). However, in 23 

Barcelona, the coarse size fractions showed larger mass concentrations, evidencing the higher 24 

influence of mineral and marine aerosols. 25 

This study concludes that comparability between the different types of impactors assessed 26 

was dependent on particle size. Specifically, the influence of the differences in impactor 27 

construction (number of jets, flow, vapour pressure, etc.) on UFP mass concentrations should 28 

be further addressed. In addition, further research is necessary with regard to the particle 29 

processes (evaporation, bounce, etc.) behind the differences in particle mass observed across 30 

size fractions in this study. 31 

 32 
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Supplementary information 1 

 2 
Figure S1. Sampling location in Prague and impactors deployed in outdoor (top right) and 3 

indoor environment (bottom right) (IPR, 2015). 4 

 5 

Figure S2. Sampling location in Barcelona (BcnMap, 2015). 6 
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 1 

Table S1. Design parameters of the stages from nano-BLPI. 2 

Stage number Lower cut sizes (μm) Number of nozzles Nozzle Diameter (mm) 

9 1.95 1 3.60 

8 1.00 39 0.70 

7 0.49 17 0.60 

6 0.24 8 0.54 

5 0.095 43 0.27 

4 0.062 88 0.25 

3 0.039 142 0.25 

2 0.024 237 0.25 

1 0.011 408 0.25 

 3 

Table S2. Approximate lower cut sizes for selected size fractions. 4 

Selected size fractions 
BLPI 

(μm) 

nano-BLPI 

(μm) 

nano-Moudi 

(μm) 

PCIS 
(μm) 

PM0.25 

PM1 

PM2 

0.025-0.25 

0.025-0.86 

0.025-1.7 

0.011-0.24 

0.011-1.0 

0.011-1.95 

0.01-0.32 

0.01-1.0 

0.01-1.8 

0.03-0.25 

0.03-1.0 

0.03-2.5 

PM10 0.025-14 N/A 0.01-10 0.03-10 

N/A – Not available 5 
 6 
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Summary: 

 

 Besides cities, the air pollution level may be increased in small towns and villages 

especially in winter seasons due to home heating with solid fuels (wood and coal). Moreover, 

the air quality monitoring in Czech small settlements is rare. The aim of this study was to 

investigate the level of PM concentrations in outdoor and indoor environment of a small 

settlement and determine the influence of the meteorology and specific sources: a close town 

(Klatovy) and a quarry on the air quality of the village. 

 Outdoor and indoor mass concentrations of size-resolved PM (PM0.25, PM0.25-0.5, 

PM0.5-1, PM1-2.5, and PM>2.5) were monitored by a cascade impactor (PCIS) during three 

heating/winter (20.2. – 1.3.2009, 19.11. – 28.11.2009, and 31.1. – 9.2.2010) and two non-

heating/summer (12.6. – 21.6.2009 and 28.7. – 6.8.2009) seasons in a village Svrčovec 



  Results 

175 

 

situated in southwest Bohemia (Pilsen Region). Online concentrations of PM2.5 were 

measured in parallel by a photometer DustTrak to monitor their dynamic during day. PM10 

concentrations in the nearby town were obtained from CHMI. Meteorological parameters (T, 

RH, WS, WD, precipitation and sun radiation) were monitored as well. The presence of 

people and their activities in the house were recorded in a diary. 

 The main findings are summarised in the subsequent list: 

 The summer average PM10 concentrations in the village were significantly lower 

(15.5 μg m
-3

) than the winter PM10 concentrations (31.1 μg m
-3

). 

 Regarding ambient PM levels, the highest PM10 and PM2.5 concentrations were 

recorded during low temperature and low WS periods. The PM10 concentrations in the 

village strongly correlated with those from the nearest town during the winter season 

(rs = 0.92). The correlation dropped to rs = 0.67 during the summer. Analysis of WD 

showed that the town emissions affected the village PM levels only exceptionally 

whereas specific source of the coarse PM (the quarry) influenced the village more 

significantly. 

 The average indoor concentration (PM10 and PM2.5) was lower in the summer 

(9.6 μg m
-3

 and 8.3 μg m
-3

, respectively) than in the winter season (24.0 μg m
-3

 and 

20.7 μg m
-3

, respectively). The presence of people indoors resulted in higher indoor 

PM2.5 concentrations than outdoors with Indoor to Outdoor (I/O) ratio = 1.41. In the 

absence of people, the PM2.5 concentrations as well as the I/O ratio (0.55) dropped 

down. Presence of people caused the increase in concentrations of quasi-ultrafine 

particles (dae < 0.25 µm) presumably due to heating and coarse particles (dae = 10 – 

2.5 µm) due to resuspension. 

 PCA showed six components (coefficient of determination, R
2
 = 84%; explained 

variability of the dataset) and indoor and outdoor sources were the most dominant. 

 We conclude that the major source of pollution in the village was local residential 

heating. In addition, the certain influence of the specific source of the coarse fraction was 

observed. 
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5 Conclusion 

 In general, this thesis was focused on the mass concentrations and chemical 

composition of size resolved atmospheric aerosol at different sites under various 

meteorological conditions and types of sources. The sampling was performed mainly by 

offline methods with the integration time of 24 hours. Online measurement of particle 

number/mass size distributions was used mainly to match the meteorological parameters (both 

measured with a short integration time) to observe the daily concentration dynamic. In this 

thesis, the main emphasis was put on the investigation of the intermodal fraction (Article 1 

and 2) and air quality monitoring in Ostrava (Article 3). 

 The conclusion can be divided into four main parts based on the character of the 

individual studies. The first part includes the studies (Article 1 and 2) elucidated the 

intermodal fraction of the atmospheric aerosol based on the statistical methods and chemical 

composition. The second part represents the air quality monitoring study in Ostrava (Article 

3). The third part provides the implications from the inter-comparison of four types of cascade 

impactors (Article 4). Finally, the last part presents the conclusion of the case study from 

outdoor and indoor measurement in a small settlement. 

 

 Article 1 and 2: Investigation of the intermodal fraction 5.1

 Based on the statistical analyses (Article 1), the association between the intermodal 

and coarse fractions was significant in almost all types of measured environments. 

Nevertheless, a certain association between the intermodal fraction and PM1 was observed in 

most of environments, in particular in winter.  

 According to the chemical composition (Article 2), PM1-2.5 was associated with the 

coarse fraction at all investigated sites, especially at the urban industrial site due to presence 

of the specific source and in summer. An additional association between the fine fraction and 

PM1-2.5 was found, especially in winter.  

 Our investigation of the intermodal fraction found that PM2.5, often considered to be 

the fine fraction, included a significant portion of particles originating from sources of coarse 

PM (crustal/soil, industrial dust), which was especially significant in summer. While during 

winter PM2.5 comprises mainly particles from fine PM sources. Future studies focused on 

source apportionment and epidemiology/exposure should consider our findings and perform 

the parallel measurements of both PM1 and PM2.5 fractions and their chemical analysis. This 
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approach would enable the correction of results for the intrusion of crustal particles into PM2.5 

that depends on the local weather and emission situations. 

 

 Article 3: Air quality monitoring in Ostrava 5.2

 The one-month intensive parallel measurement campaign at two Ostrava sites 

(Radvanice and Plesná) was performed during winter. In Radvanice, source apportionment 

revealed the dominance of the local sources as residential coal combustion along with 

biomass burning and industry. The contribution of the local industry was more evident to 

PM10. In Plesná, the dominant source was the significant regional pollution transport from the 

NE direction where the highly industrialized region in Poland is located. 

 It is apparent from our results that the issue of poor air quality in the Moravian-

Silesian region (where the capital city of Ostrava is located) is complex. Therefore, the 

international cooperation of both states (the Czech Republic and Poland) including the 

adoption of specific regulations, education, and the support of low emission technologies, is 

necessary to achieve a reduction in air pollution levels in this region. Additionally, our 

measurement showed that the site without nearby sources, such as Plesná, can be significantly 

influenced and threatened by regional pollution transport and at the same time the pollutant 

concentrations may exceed those in an industrial site. 

 

 Article 4: Inter-comparison of four cascade impactors 5.3

 Taking the BLPI as an internal reference, the best agreement regarding mass size 

distributions was obtained with the nano-BLPI, especially for particles larger than 250 nm. 

The nano-Moudi showed a good agreement for particle sizes > 320 nm, whereas for particle 

diameters < 320 nm this instrument recorded larger mass concentrations than the internal 

reference, probably due to its different construction. With regard to the PCIS, their size-

resolved mass concentrations were comparable with other impactors for PM1, PM2 and PM10, 

but the cut-off at 0.25 μm was not consistent with that of the internal reference. 

 Aerosol mass size distributions were assessed for the Prague and Barcelona 

campaigns. During winter in Prague (outdoors), the mass size distributions showed a 

predominantly fine mode, with the coarse mode being almost negligible (by all impactors). 



  Conclusion 

186 

 

However, in Barcelona, the coarse size fractions showed larger mass concentrations, 

evidencing the higher influence of mineral and marine aerosols. 

 This study concludes that comparability between the different types of impactors 

assessed was dependent on particle size. Specifically, the influence of the differences in 

impactor construction (number of jets, flow, vapour pressure, etc.) on UFP mass 

concentrations should be further addressed. 

 

 Article 5: Case study in a small settlement 5.4

 During our measurement, the major source of pollution in the village was local 

residential heating. The significant influence of the close town on the air quality in the 

settlement was not observed while the certain influence of the quarry was recorded. Indoor air 

quality was influenced by the outdoor conditions and significantly by human activities, 

especially in winter (heating). 

 According to our findings, low air quality level in small settlements is still topical, 

especially in winter seasons. Use of solid fuels (i.e., biomass and coal) for residential heating 

results in air pollution level which is comparable to that in towns and cities. The worsened 

dispersion conditions in the ground layer of troposphere for several days usually allow the 

pollution to rise. 
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6 Limitations and future research needed 

 Our pilot study focused on investigation of the intermodal fraction is partially limited 

due to the short periods of the measurement campaigns and the employed chemical analysis 

(i.e., SEM EDX) which provided semi-quantitative chemical analysis. Possible future 

investigation can include determination of carbonaceous and elemental compositions using 

fully quantitative analysis, for example, ICP MS, X-ray fluorescence (XRF), or Particle 

Induced X-ray Emission (PIXE), applied on PM1-2.5, PM1, and PM2.5-10. Subsequently, the 

statistical analysis, such as PMF, may be used to reveal the possible sources of the intermodal 

fraction. In addition, daily dynamic of this fraction could be also examined by instruments 

with a short integration time. 

 The source apportionment analysis in Ostrava could be complemented with an 

elemental composition dataset to distinguish the individual sources in detail, e.g., industrial. 

The decrease of the air pollution levels in the whole region is possible only with the close 

cooperation with both states, the Czech Republic and Poland, at the local and international 

levels. 

 According to our study focused on the inter-comparison of the cascade impactors, 

further research is necessary. Future investigation should be performed with regard to the 

particle processes (e. g., evaporation and bounce effect) which are behind the differences in 

the particle mass observed across size fractions. 

 The study focused on the monitoring of the air quality in a small settlement was 

performed during one year and thus it was possible to determine the seasonal variability. On 

the other hand, the measurement was performed only at one site and one house. For this 

reason, it is not possible to generalize our findings. However, our findings correspond to the 

results which were presented in the previous literature. Home heating using solid fuels, such 

as biomass and coal, is very frequent in rural areas in the Czech Republic. Actual Czech air 

protection legislation prohibits the use of high emission boilers for biomass and coal burning 

from 2022 and financially supports (EU funding) the households and owners of houses to buy 

new automatic low emission boilers. The improvement in air quality after 2022 in the small 

settlements promises to be crucial. Therefore, further investigation will be highly desirable in 

order to calculate the effectiveness of this expensive regulation.  
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