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Abstrakt
Tato práce se zabývá fyzikálními a chemickými vlastnostmi atmosférického aerosolu
studovaných s vysokým časovým rozlišením na měřících stanicích v České republice.
Velikostní distribuce, chemické složení a těkavost submikronových aerosolových částic byly
studovány ve vztahu k meteorologickým podmínkám a dalším okolnostem. Pro dosažení větší
proměnlivosti okolních podmínek byl zkoumán atmosférický aerosol během dvou ročních
období (léto a zima) a na dvou lokalitách (městská pozaďová stanice Praha Suchdol a pozaďová
stanice Košetice). Díky tomu bylo možné lépe rozlišit vliv sezónních zdrojů například
domácích topenišť v zimě a biogenních emisí během léta. Dále byly vlastnosti aerosolových
částic ovlivněny sezónními rozdíly v meteorologických podmínkách (především teplota,
vlhkost a sluneční záření). Porovnání vlastností aerosolu na dvou různých lokalitách, konkrétně
na městské pozaďové a pozaďové stanici, umožnilo lépe popsat význam pozaďového aerosolu
a vlivu města. Tato práce se také zabývá přeměnou aerosolových částic přecházejících
z vnějšího do vnitřního prostředí, konkrétně například vlivem gradientu teploty a vlhkosti na
tento proces. Měření s vysokým časovým rozlišením umožnilo odhalit mechanismy dynamiky
aerosolů, které nebyly popsány v předchozích studiích s nižším časovým rozlišením.

Abstract
This thesis focuses on the physical and chemical characteristics of atmospheric aerosol
measured with high time resolution. The size distribution, chemical composition, and volatility
of submicron particles were studied in relation to meteorological conditions and other factors.
To reach higher variability in ambient conditions, we considered atmospheric aerosol during
two seasons of the year (summer and winter) and at two different locations (a suburban site
Prague Suchdol and a rural site Košetice). Measurement during two different seasons enabled
us to better distinguish the influence of seasonal sources such as domestic heating in winter and
increased biogenic emissions in summer.

Also, seasonal differences in meteorological

conditions mainly in case of temperature, humidity, and solar radiation were shown to play a
role in aerosol characteristics. A comparison of aerosol properties at two different measurement
sites, namely a rural and suburban, enabled us to better characterize the role of background
aerosol and the influence of the city. Furthermore, a transformation of aerosol particles entering
indoors from outdoors was also studied within this thesis. The influence of indoor/outdoor
temperature and humidity gradient as well as the presence of new particle formation events on
the indoor/outdoor ratio was described. The high time resolution measurement of chemical
composition and size distribution enabled us to reveal mechanisms of aerosol dynamics that
remained hidden for previous studies with lower time resolution at the same locations.
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1. Introduction
The history of anthropogenic air pollution dates back to times when humans started using
fire (Gaffney and Marley, 2009). Since then, fire has been increasingly used for cooking,
boiling, heating, and as a source of light. However, it was during the industrial revolution in the
18th century when the level of air pollution started increasing exponentially (Pöschl, 2005). The
industrial revolution brought many advantages for the society, but unfortunately the related air
pollution has led to a decrease in visibility and mainly to a deterioration of human health. To
design efficient regulations, thorough understanding of the problematic especially of the
anthropogenic sources is needed. Therefore, measurements at both urban and rural
measurement sites became common as they enable us to study the influence of both local
sources as well as long range transport. Nevertheless, nowadays the outdoor air pollution is
only one part of the problem. As people are spending more and more time indoors, the
significance of indoor air quality is increasing. Since the indoor air quality could be even worse
than the outdoor air quality, there is an increasing need to understand the sources and activities
leading to deterioration of the indoor air.
This work aims to describe highly time-resolved chemical composition of both outdoor
and indoor air in the Czech Republic. We have selected two localities (Prague and Košetice)
and two seasons (summer, winter) for our studies. The partial goals are related to the
publications presented in the result section of this thesis. In Article I, the goal was to compare
highly time-resolved chemical composition of atmospheric aerosol (AA) measured at PragueSuchdol with meteorological conditions and measurements of AA with lower time resolution.
Articles II and III deal with differences between outdoor and indoor air quality during two
seasons of the year (summer and winter). In Article IV, the aim was to assess the seasonal
differences in the volatility of atmospheric aerosol at a rural site Košetice.
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2. Atmospheric aerosol
Under the term atmospheric aerosol (AA) it is generally understood particles floating in the
ambient air. The term was firstly introduced around 1920 as an analog to the term hydrosol,
which denotes particles suspended in liquid. The aerosol particles can be solid or liquid and
they range from few nanometers to tens of micrometers in size (Hinds, 1999; Pöschl, 2005).
Even though AA particles make up to less than 0.0001% of the mass of the total atmosphere
(Hinds, 1999), they play an important role in many processes such as climate change,
stratospheric ozone depletion, and air quality reduction (Turner et al., 2008). AA also strongly
affects Earth‘s radiation balance and is one of the major air pollutants having a negative effect
on health (Austin et al., 2002; Pope et al., 1995). The most important characteristics of AA that
determine their environmental and health effect are their mass and number concentration, size,
structure, and chemical composition (Pöschl, 2005).
Because of AA importance in many areas, there have been related scientific studies and
reports since the 18th century (Pöschl, 2005); however, substantial improvement in the precision
of aerosol measurements happened firstly in the 1970s, due to the development of a generator
of monodisperse aerosol with precisely defined size, chemical composition, and concentration.
Even though this helped to check and adjust the response of a measurement device to a defined
sample, it had not eradicated the unquantifiable uncertainties resulting from a huge range of
properties of atmospheric aerosol (McMurry, 2000). The high variety in physical properties
(such as size and phase) and chemical composition (a particle could be even of heterogeneous
nature) of atmospheric aerosol makes it harder to provide an accurate description compared to
gaseous components (Brown et al., 2003). Moreover, the lifetime of atmospheric particles is
often very short, which makes the measurement and assessment even more complex (McMurry,
2000).

2.1. Climate impact
Atmospheric aerosols play an important role in global climate. Aerosols in the two lowest
layers of the atmosphere, i.e. troposphere and stratosphere, influence Earth’s climate in two
main processes which are global warming and stratospheric ozone depletion (Lohmann and
Feichter, 2005; Robock, 2000).
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The role of aerosol in global warming is mainly connected with the absorption and
scattering of light arriving from the sun. There are two mechanisms of AA affecting radiation
scattering: direct and indirect (Lohmann and Feichter, 2005) (Fig. 1). The direct effect means
that solar radiation is scattered directly from aerosol particles in the troposphere (Charlson et
al., 1992). In contrast, the indirect effect refers to a change in cloud properties such as number
of cloud droplets. A higher number of cloud droplets (due to the higher concentration of
particles serving as tropospheric cloud condensation nuclei) increases the cloud reflectivity and
therefore more solar radiation is reflected back to the source (Lohmann and Feichter, 2005).
The indirect effect of atmospheric particles on radiation scatter is particularly influenced by
amount of sulfates such as ammonium sulfate in the troposphere (VanLoon and Duffy, 2000).
As solar radiation reflects from both AA and cloud droplets, the overall effect of AA leads
to Earth´s cooling (Charlson et al., 1992) called the whitehouse effect (Schwartz, 1996). The
term is a parallel to the term greenhouse effect denoting warming of the Earth due to changes
in radiative forcing (IPCC, 2013) caused by certain gases. It is more complicated to estimate
the whitehouse effect compared to the greenhouse effect mainly due to complications with
estimation of the amount of ambient AA. This is caused by the fact that atmospheric lifetime
of aerosol particles is significantly shorter than the lifetime of greenhouse gases. Nevertheless,
the cooling whitehouse effect was estimated to be in range of 20 – 100 % of the greenhouse
effect (Hinds, 1999; Schwartz, 1996). In other words, nowadays the greenhouse effect is
moderated by the whitehouse effect. This needs to be considered during the formulation of new
pollution regulation as rapid decline in aerosol particles could lead to a revelation of the
greenhouse effect in its full range (Unger, 2012). However, emission of both natural and
anthropogenic gases and particles leads to a response of the system which can be both positive
(reinforcing the change) or negative (moderating the initial action). At the moment, there are
high uncertainties in the responses of the system which complicates predictions of future
scenario (Pöschl, 2005).
The aerosol particles also play role in stratospheric ozone depletion. The process starts with
formation of polar stratospheric clouds (PSC) by condensation of nitric acid and water, which
is enhanced by low temperatures especially in winter. Then, atmospheric chlorine compounds
such as chlorofluorocarbons, which had been used as aerosol propellants, refrigerants, and
solvent until they were phased out by the Montreal Protocol as an ozone depleting substance in
1989, undergo catalytic conversion on the surface of stratospheric clouds. Hence, molecular
chlorine and hypochlorous acid are produced. Later in spring, the increasing solar radiation
leads to a photodissociation of these compounds to atomic chlorine. The atomic chlorine is then
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involved in a cycle firstly described by Stolarski and Cicerone (1974) that leads to the sink of
atmospheric ozone. The cycle includes the reaction of atomic chlorine with ozone yielding
chlorine monoxide ClO and molecular oxygen O2. Subsequently, ClO undergoes
photodissociation and the resulting molecular chlorine starts the cycle from the beginning
(Hinds, 1999).

Fig. 1 Direct and indirect effect of aerosols in the atmosphere on the climate. (Adapted from:
http://www.dailymail.co.uk/sciencetech/article-3368886/NASA-study-Examination-Earth-s-recenthistory-key-predicting-global-temperatures.html, 8 December 2016)

2.2. Health effect
Aerosol particles are ubiquitous in the atmosphere, but when present in high
concentration or in case of certain chemical species, they can have a negative effect on human
health. Not only correlation between incidence of cardiovascular, respiratory, and allergic
diseases and the amount of aerosols in the air was proven (Oberdörster, 2001; Schwartz and
Morris, 1995), but also correlation between mortality and particulate air pollution was described
(Pöschl, 2005). Therefore, the health effects are one of the main reasons for monitoring of
aerosol particles (Bascom et al., 1996; Dockery and Pope, 1994; Pope et al., 1995; Pope III,
2002; VanLoon and Duffy, 2000).
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However, the detrimental effect of aerosol particles differs substantially according to
their physical and chemical characteristics. In general, smaller particles were shown to be more
harmful to the human body as they are able to penetrate deeper into the respiratory system
(Brown et al., 2003; Harrison and Yin, 2000; Seaton et al., 1995) (Fig. 2). Ultrafine particles
(particle diameter < 100nm) may also penetrate into the circulatory system and from there into
liver and heart (Kennedy, 2007). Moreover, particles may cause inflammation leading to
worsening health conditions (Pöschl, 2005). Hence, regulation of the impact of aerosol on
human health has to pay attention not only to total mass but also to the concentration of smaller
particles, even though their contribution to the total weight is almost negligible.

Fig. 2 Penetration of particles into the respiratory system according to their size. Adapted from:
http://www.cleanairegypt.org/air-pollution-and-aerosols/, 8 December 2016

2.2.1. Regulation
The anthropogenic emissions became a problem with the start of industrial revolution.
The beginning of the industrial era is related to the invention and widespread usage of a steam
engine and therefore with a rapid increase of coal combustion as a source of energy. However,
the effects of the combustion products were not considered. The situation culminated in London
in 1952 where over 4,000 people died of respiratory and cardiovascular diseases caused by the
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pollution episodes (Whittaker et al., 2004). This tragic event led to a turn of attention toward
health effect of air pollution and pollution regulation. As a result, Britain has passed the Clean
Air Act to reduce emissions (Finlayson-Pitts and Pitts, 2000), which is considered to be a
beginning of air quality regulation.
The negative effect of air pollution on human health and environment including climate
change has led countries to include regulation of air pollution into their legislation. Member
states of European Union follow European air quality directives 2004/107/EC and 2008/50/EC.
Both directives aim to minimize negative effects of air pollution on human health and to
improve its monitoring and evaluation. Directive 2004/107/EC regulates levels of carcinogenic
compounds cadmium, mercury, arsenic, and polyaromatic hydrocarbons with the reference
compound benzo(a)pyren. It sets target values, which need to be reached and sustained by the
member states, and defines common methods and criteria to assess air pollution. Directive
2008/50/EC deals with SO2, NO2, NOx, lead, benzene, CO, and particulate matter. Again, it
includes target values, methods of evaluation, and common methods and criteria to assess air
pollution.
To be more specific, on the territory of the Czech Republic, the most significant
improvements in air quality were caused by new regulation connected with large political and
economic changes in the 1990s. Those relevant to this thesis are mainly the regulations of AA
fractions PM10 and PM2.5 which means total mass of particulate matter with aerodynamic
diameter of under 10 μm and under 2.5 μm, respectively. The PM10 and PM2.5 highest
permissible limits in the Czech Republic are yearly averages of 40 μg/m3 and 25 μg/m3,
respectively. For PM10 there is also a 24h limit of 50 μg/m3 which may be exceeded 35 x within
a year (ČHMÚ, 2017).

2.2.2. Indoor air pollution
People are spending more and more time indoors, some even more than 80 % of the day
(Klepeis et al., 2001; Kousa et al., 2002). Until the 1990s, indoor air quality used to be
considered superior as compared to outdoors. Since then outdoor mass concentration of many
pollutants has decreased, which is not the case for indoor air quality. Moreover, there are many
new indoor sources such as building materials, furniture, carpets and textiles, household and
consumer products (Baron and Willeke, 2001; Pluschke, 2004). Other more traditional sources
include heating, cooking, smoking, re-suspension of particles by people and pets, dusting and
vacuuming, and showering (He et al., 2004). A literature study of Chen and Zhao (2011)
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showed that in majority of articles dealing with combined indoor and outdoor air quality, the
concentration of air pollutants was higher indoors than outdoors. Thus, the human exposure to
indoor pollutants is increasing, which puts the indoor air pollution at the forefront of scientific
interest.

Fig. 3 Pathways and sources of indoor air pollutants (Leung, 2015)

When indoor sources are present, they dominate the chemical composition and mass
concentration of indoor aerosols (Hussein et al., 2005). However, when indoor sources are
absent, the indoor environment strongly resembles outdoors reflecting also the ambient
meteorological conditions such as wind speed and wind direction. In general, meteorological
conditions influence the influx of particles indoors and therefore it is important to study their
relationship with the penetration of particles of various size and chemical composition. The
three main pathways of how outdoor air enters the indoor environment are: natural ventilation,
mechanical ventilation, and infiltration. Also, both adsorption and desorption processes and
condensation and evaporation of volatile species from outdoor and indoor sources influence the
indoor air pollution (Pluschke, 2004).
The indoor/outdoor (I/O) air pollution relationship has been studied at many sites.
However, the majority of studies performed online measurements only for number
concentrations and size distribution using e.g. differential mobility particle sizer (Hämeri et al.,
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2004; Hussein et al., 2005). In contrast, samples of chemical composition were collected with
low time resolution (e.g. 24h) using offline instruments such as Berner type low pressure
impactor (BLPI) and filters subsequently analyzed by ion chromatography and Particle Induced
X-Ray Emission (PIXE) method (Andělová et al., 2010; Smolík et al., 2007).

2.3. Origin and transformation
Aerosol particles can be of natural or anthropogenic origin. Examples of natural
activities producing aerosols are erosion of soil, volcano eruption, sea spray, and forest fires
(Hinds, 1999; Liora et al., 2016; Robock, 2000). Main anthropogenic activities contributing to
air pollution are industry (e.g. metallurgy (Arndt et al., 2016)), transportation (Künzli et al.,
2000), and agriculture (Hinz, 2002; Turner et al., 2008).
Another classification of aerosol according to their origin distinguishes between primary
and secondary particles (Fig. 4). The primary aerosol particles are emitted directly from sources.
Natural processes leading to primary aerosol particles are soil entrainment, sea spray, forest
fires, volcanic eruptions, and suspension of biological material such as microorganisms, plant
fragments, and pollen (Pöschl, 2005; Satheesh and Krishna Moorthy, 2005). Anthropogenic
sources of primary particles are technical and industrial activities such as transportation,
combustion (coal, wood, etc.), cement manufacturing, metallurgy, and waste incineration
(Streets et al., 2003).
Contrary to the primary aerosol particles, secondary aerosol particles originate from
their gas-phase precursors such as nitric oxide, nitrogen dioxide, sulfur dioxide, ammonia, and
hydrocarbons (Seinfeld and Pandis, 2006; Turner et al., 2008). The main parameters governing
the transformation are temperature, relative humidity, and concentration of precursors (Pöschl,
2005). The gaseous precursors of aerosol particles may be in a form of heated vapor which
condense by cooling or the phase change occurs by gas-to-particle conversion, which may
include both physical and chemical interactions and transformations (Clement and Ford, 1999;
Du, 2010; Finlayson-Pitts and Pitts, 2000). For example, in the case of organic matter, the
volatile organic compounds (VOC) may undergo a multiphase reaction leading to the formation
of compounds of lower volatility that will be present in the particulate phase (Pöschl, 2005).
Due to strong regulations being currently applied on emissions from industry and
transportation, the contribution of primary pollutants to the overall pollution is decreasing.
Because of this, the fraction contributed by secondary aerosols and long-range transport is on
the rise. Therefore, sources like domestic heating and cooking (which are sources of both
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primary and secondary aerosols) are being studied in more detail (Pandis et al., 2016). The
gaseous precursors of secondary aerosols from anthropogenic sources originate mainly by the
combustion of fossil fuels (Gaffney and Marley, 2009) and therefore secondary particles are
often formed within regions (Sun et al., 2016), where fossil fuel combustion occurs. Gaseous
precursors from biogenic sources include primarily volatile organic compounds.
The aerosol particles undergo various transformations after their formation. The
transformations include chemical reactions or physical changes such as a change in size, which
can be due to condensation or evaporation of species. Chemical reactions are often induced by
light, i.e. photochemical reactions, or include reactive trace gases (oxidation, nitration,
acid-base reactions). These reactions are very effective as fine aerosol particles possess a high
surface-to-volume ratio (Pöschl, 2005). The chemical aging leads to changes in chemical
composition and optical properties, decrease of reactivity, increase in hygroscopicity and cloud
condensation activity.
The main sink of atmospheric particles is due to wet deposition, specifically its two
mechanisms: rain-out (in-cloud scavenging) and wash-out (below-cloud scavenging). This
means that aerosol particles serve as cloud condensation nuclei (rain-out) and that resulting
hydrometeors, i.e. rain drops, falling to the surface, scavenge aerosol particles and by that
remove them from the air (wash-out). In contrast, dry deposition denotes the removal of
atmospheric particles from the atmosphere by convective transport, diffusion, and adhesion to
a surface, i.e. without the precipitation of hydrometeors. Even though dry deposition is less
important on the global scale, it plays a significant role in local air quality, which is crucial for
human health (Pöschl, 2005).
The atmospheric life-time of aerosol particles ranges from hours to weeks according to
the meteorological conditions and particles’ parameters such as size. Because of high spatial
and temporal variability in atmospheric aerosol (Pöschl, 2005), measurements with high time
resolution at various places are needed to better understand the underlying mechanisms of their
dynamic (Turner et al., 2008).
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Fig. 4 Fate of aerosols in the atmosphere (Adapted from Pöschl, 2005)

2.4. Size distribution
It should be noted that AA particles acquire various shapes which cannot be described by a
single value. One option is to use equivalent volume diameter (dve) defined as a diameter of a
sphere that has the same volume as a non-spherical particle that is being described (Hinds,
1999). However, dve does not involve information about density. For this reason, we use the socalled aerodynamic diameter. The aerodynamic diameter is defined as a diameter of a sphere
which has a density of 1 g/cm3, i.e. ρ0, and the same terminal settling velocity as the considered
particle with a density of ρp (Finlayson-Pitts and Pitts, 2000). It can be calculated from dve in
the following way:
Eq. 1

𝜌𝑝

1
2

𝑑𝑎 = 𝑑𝑣𝑒 (𝜌 𝜒) ,
0

where χ is a dynamic shape factor. The dynamic shape factor expresses a ratio between a
resistance force of the actual non-spherical particle and the resistance force of a volume
equivalent spherical particle having the same velocity (Hinds, 1999). In this chapter, the
aerodynamic diameter is meant when relevant.
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Fig. 5 Number and mass size distribution of atmospheric aerosol particles. Taken from:
http://bxhorn.com/wp-content/uploads/2014/07/aerosol-size-distribution.jpg, 12. 8. 2016

The size of AA is considered to be one of the most important characteristics in defining
their effects on health, climate, and visibility (Finlayson-Pitts and Pitts, 2000). Size distribution
is crucial for understanding the particle emission, in-situ formation, and the subsequent
conversion processes. Also knowledge of particle sizes enable us to assess the effect of AA on
human health and the global radiation budget (Wang et al., 2012). As the particles’ sizes change
due to processes such as condensation and evaporation, it is important to perform highly
time-resolved measurements to understand the dynamics of the transformations.
According to the particles’ size, we distinguish the following main size modes of
atmospheric aerosol: nucleation, Aitken, accumulation, and coarse (Brown et al., 2003; Hinds,
1999) (Fig. 5). The number size distribution is dominated by nucleation and the Aitken mode,
whereas in the volume/mass size distribution practically all the aerosol mass is contributed by
larger particles in the accumulation and coarse modes. Another division according to size
distinguishes between ultrafine, fine, and coarse fractions.
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The nucleation mode represents the smallest ultrafine particles. Depending on literature, the
upper border is around 20 nm in diameter. These small particles generally originate via
homogenous nucleation (Finlayson-Pitts and Pitts, 2000) and therefore this mode may or may
not be present depending on the conditions. Larger particles may belong to the Aitken mode,
which includes particles in the size range between 20 – 100 nm. The Aitken mode is usually
discernible in the mass size distribution which is not the case for nucleation mode whose
contribution to the total mass is usually negligible. The nucleation and Aitken modes together
form the ultrafine fraction, which appears during gas-to-particle conversion from gaseous
precursors or of combustion origin. Therefore, the number concentration of particles in these
modes is relatively high in urban areas and especially in the vicinity of combustion sources.
Typical examples of processes leading to gaseous precursors are fossil fuel combustion and
metallurgy processes. The removal mechanisms for ultrafine particles are coagulation and
deposition due to diffusion. For this reason, their atmospheric lifetime is in range of ten minutes
to days (Brown et al., 2003; Hinds, 1999).
The accumulation mode involves particles of a size from the upper boundary of the Aitken
mode up to 2 µm and together with the ultrafine fraction forms the fine fraction. The particles
in the accumulation mode are formed from ultrafine particles by coagulation or by condensation
of low volatility species on them (Vincent, 2007). The efficiency of removal by dry deposition
is very low for the accumulation mode. Therefore, the lifetime of accumulation mode particles
is longer (around 1-2 weeks) than of the nucleation and coarse modes, which often enables
particles of the accumulation mode to undergo a long-range transport. The accumulation mode
particles also cause most of the visibility effects related to aerosol particles as the accumulation
mode includes sizes comparable to the wavelengths of visible lights (Brown et al., 2003; Hinds,
1999; Turner et al., 2008).
Particles of a diameter from 1-2 μm to 100 µm belong to the coarse mode which is
identical with the coarse fraction. Coarse mode particles are formed by different processes than
the accumulation mode particles, i.e. coarse mode particles originate mainly through
mechanical and disintegration processes such as soil erosion or the formation of sea spray. The
main removal mechanisms of coarse particles are gravitational settling and surface inertial
impaction. For this reason the atmospheric lifetime of coarse particles, in particular those with
a diameter over 10 µm, is very short (Brown et al., 2003; Hinds, 1999). The chemical elements
included in coarse mode reflect the composition of soil or sea water. In general, most particles
in the coarse mode are nonvolatile and relatively chemically inert. Examples of crustal materials
included among the coarse mode particles are silicon, calcium, magnesium, aluminum,
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titanium, and iron. Some of these species are also present in the accumulation mode in
significant numbers mainly because the cut off between the fine and coarse modes is not sharp
(Finlayson-Pitts and Pitts, 2000).
Regarding mass division between the fractions, the fine fraction contains between one
third to two thirds of the total mass of aerosol particles, where the remaining mass is in the
coarse mode. The ratio between fine and coarse fraction varies according to particle sources in
the particular areas (Hinds, 1999). Due to the different mechanisms of formation and removal,
the mass exchange between coarse and fine modes is negligible. However, the ratio between
the fine and coarse fraction is strongly influenced by wind velocity as high wind velocity
increases the concentration of windblown particles (Hinds, 1999).
Besides coarse and fine mode fractions, the PM10, PM2.5 and PM1 fractions are used. The
abbreviations denote fractions of aerosol particles (particulate matter) with aerodynamic
diameter equal or smaller than 10, 2.5, and 1 µm, respectively. The PM2.5 and PM1 fractions are
of particular interest of epidemiological studies as a relationship between mortality and PM2.5
has been proven (Finlayson-Pitts and Pitts, 2000).
The PM1 fraction was the main area of interest of this doctoral thesis.

2.5. Chemical composition
The chemical composition of AA differs for particular localities (Turner et al., 2008). The
prevailing mass of atmospheric aerosol consist of organic matter, sulfates, nitrates, ammonium,
sea salt, and compounds in the Earth´s crust (e.g. in soil, rocks, minerals, and dust) and water.
In cities, a wide variety of urban sources interacting with background aerosol makes the urban
AA chemical composition very complex (Braniš and Hůnová, 2009). Urban dust compounds
contain not only particles present in background aerosol such as soil components and vegetation
fragments, but also specific urban sources such as cement, tire and break lining particles, and
solid particles from vehicle exhaust. Examples of non-dust particles are pollen and
condensation products (VanLoon and Duffy, 2000). In this thesis, the chemical composition of
submicron aerosol particles at both a suburban and a rural site is discussed.
We focused on six main categories of pollutants, which will be described further in detail:
organic matter, sulfates, nitrates, ammonium, chloride, and black carbon. A short summary of
sources of particular chemical species is provided in Table 1.
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Particles size

Bioaerosol

Metals (K, V, Ni, Pb, Zn, Cd)

Chloride
Minerals (e.g. Ca, Mg, Si, Al, Fe)

Ammonium

Sulphates

Nitrates

Organic Carbon

Elemental Carbon/Black Carbon

Chemical species

“Intergovermental Panel on Climate Change (IPCC),” 2001; VanLoon and Duffy, 2000; Wang et al.,
Volcanic and marine sources, lightning

Secondary formation from gasous precursors
such as terpenes
Combustion processes (forest fires)

Combustion processes (forest fires)

Natural

Fine particles

Coarse particles

Secondary formation from gasous precursors
Secondary formation from gaseous SO 2 produced
such as (CH3)2S from oceanic algae and SO2
by combustion processes
from volcanoes
Sea salt sulphate and Gypsum dust particles
Secondary formation from gaseous NH3
Secondary formation from gaseous NH3
produced by combustion processes and
produced by nitrogen fixing bacteria
agriculture (fertilizers, soil, animal waste)
Coal combustion
Sea spray
Abrasion of breaks, tires
Resuspension of dust and soil
Industry, combustion
Resuspension of dust and soil
Abrasion of breaks, tires
Agriculture
Pollen, parts of plant

Anthropogenic
Fuel combustion (Traffic, Industry, Coal and
Wood burning)
Fuel combustion (Traffic, Industry, Coal and
Wood burning)
Secondary formation from gaseous precursors
such as oxidized VOC
Secondary formation from gaseous NO 2
produced by combustion processes

Table 1 Summary of the atmospheric aerosol sources (Dzepina et al., 2011; Finlayson-Pitts and Pitts,

Organic matter makes up to approximately half of the total fine particulate mass in the
atmosphere (Dzepina et al., 2011). The wide range of sources, complex processing and
chemical composition make organic matter one of the least understood compounds of AA
(Dzepina et al., 2011).
Sulfates are in summer often the second most abundant compound in non-refractory PM1
(NR-PM1) (Kubelová et al., 2015; Poulain et al., 2011) but their sources differ according to
their location on the Earth. In northern hemisphere, sulfate aerosol originates mainly from
anthropogenic sources of SO2 such as industry and domestic heating in winter, whereas in
southern hemisphere it originates mainly from dimethylsulfid of oceanic origin (VanLoon and
Duffy, 2000). Primary sulfate is present for example in sea salt aerosol or gypsum dust
(“Intergovermental Panel on Climate Change (IPCC),” 2001). In case of secondary sulfate,
there are two main mechanisms of formation. The first mechanism begins with gaseous SO2
being oxidized with an OH radical, which is followed by nucleation and condensational growth
(Wang et al., 2012). Second mechanism is that gaseous SO2 is absorbed onto preexisting
particles or cloud droplets. Then, SO2 is oxidized by O3, H2O2, or O2 catalyzed by Fe(III) or
Mn(II) (Wang et al., 2012).
Another main component of atmospheric aerosol is nitrate. In polluted areas in winter,
nitrate may be the second highest share of NR-PM1 (Finlayson-Pitts and Pitts, 2000; Poulain et
al., 2011). Nitrate particles are present in both fine and coarse mode. Coarse mode nitrate is
formed mainly by the reaction of nitric acid with sea salt and soil derived coarse particles
(Pakkanen, 1996). In case of fine nitrate, there are two main mechanisms of secondary origin.
Either the HNO3 in gaseous phase reacts with NH3 under ammonia-rich conditions or there is a
heterogeneous hydrolysis of N2O5 in an ammonia-poor environment (Wang et al., 2012). The
dominant pathway varies with location and sampling period and strongly depends on the
concentration of ammonia. Accurate measurements of nitrate are harder to attain compared to
sulfate. This is due to higher volatility of nitrate leading to volatilization of ammonium nitrate,
which is the major form of particulate nitrate (Finlayson-Pitts and Pitts, 2000)
Ammonium in fine mode is mainly part of secondary ammonium sulfate and ammonium
nitrate (Wang et al., 2012). These particles emerge by gas-to-particle conversion of ammonia
produced mainly by agriculture and on much smaller scale by industry and traffic.
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2.6. Volatility
Volatility is the tendency of particles to evaporate, i.e. it determines the likelihood that
a substance will exist in gaseous or particulate phase (Huffman et al., 2009a). It is directly
related to the saturated vapor pressure of a substance. When comparing two substances at
the same temperature, the compound with higher corresponding saturated vapor pressure is
considered to be more volatile compared to the compound with lower corresponding
saturated vapor pressure. Dependence of saturated vapor pressure psat on temperature T is
described by Clausius-Clapeyron relation:
Eq.2

𝑑𝑙𝑛 𝑝𝑠𝑎𝑡
𝑑𝑇

=

∆ 𝐻 𝑣𝑎𝑝
𝑅𝑇 2

,

where ∆ 𝐻 𝑣𝑎𝑝 is the enthalpy of vaporisation and R the molar gas constant. The relation
between saturated vapor pressure and temperature is also described by Antoine equation:
Eq.3

𝑙𝑛 𝑝 𝑠𝑎𝑡 = 𝐴 −

𝐵

,

𝑇+𝐶−273.15

where A, B, and C are empirically defined parameters specific for each compound.
From the molecular point of view, a compound with stronger intermolecular forces
would be less volatile than another compound with weaker intermolecular forces.
The description of the volatility of atmospheric aerosol is important for models
calculating the condensation of semi-volatile species or for the calculation of particulate
losses in measurement instrumentation due to changes in temperature or pressure (Huffman
et al., 2009a). Moreover, the volatility of aerosol particles may reflect their chemical history
and therefore help us to better identify their sources (Wu et al., 2009). Besides that, volatility
of particles is important for assessment of legal limits of pollution during various seasons.
During warm periods the measured concentration of pollutants would be lower due to
evaporation compared to colder seasons with otherwise similar conditions. The difference
would be especially significant by volatile and semi-volatile species such as VOCs and
ammonium nitrate, respectively. Even though there are many aspects in which the topic is
important, our knowledge about the volatility of atmospheric aerosol remains rather poor
(Huffman et al., 2009b).
There have been studies on aerosol volatility at least since the 1960s as volatility is an
important characteristic strongly affecting the formation, lifetime, and removal of aerosol
particles (Huffman et al., 2008). Volatile, semi-volatile, and non-volatile species occur
mainly in gaseous, gaseous and particulate, and particulate phases, respectively, in the
atmosphere. Examples of such volatile, semi-volatile, and non-volatile species are volatile
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organic compounds, ammonium nitrate, and elemental carbon, respectively (Wu et al.,
2009).
What is an especially complex task is the assessment of the volatility of atmospheric
organic aerosol as there are many species with different characteristics. In general, POA
emitted into the atmosphere in the particulate phase during processes such as biomass
burning, traffic, and cooking has been considered non-volatile, i.e. not changing its phase
during heating or cooling of an air mass. On the other hand, SOA formed during gas-toparticulate transformation was considered semi-volatile. However, studies have shown that
certain POA is at least as volatile as urban SOA and that evaporation of semi-volatile POA
may be a source of the gaseous precursors of SOA (Huffman et al., 2009b).

3. Scope, Objectives, and Structure
3.1. Scope and Objectives
In the previous chapters, the basics of current knowledge of atmospheric aerosols were
briefly summarized. However, there are still many knowledge gaps to be addressed, such as:
•

The relatively small number of studies of chemical composition of atmospheric
aerosol with high time resolution in certain areas of Central and Eastern Europe.
Data from measurements in those areas would be not only valuable for a comparison
with other parts of Europe and better identification of pollution sources, but also as
additional information for scientists developing models for analysis and forecast
systems.

•

The relatively small number of studies focusing on the transformation of aerosol
particles from outdoor to indoor environment and the indoor/outdoor measurement
of chemical composition with high time resolution related to it. As indoor air is (in
case of no indoor sources) strongly influenced by outdoor air quality, studies from
different locations are needed to understand the underlying mechanisms.

•

The need for studies of the volatility of atmospheric aerosols with high time
resolution. Such studies involving daily cycles and influence of daily cycles of
meteorological conditions would help shed light on the underlying mechanisms and
pollution sources.

This PhD thesis aims to research in these areas by pursuing the following objectives:
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1. Investigation of the physical and chemical properties of atmospheric aerosol at a suburban
measurement site Prague Suchdol and a rural site Košetice.
The physical and chemical characteristics of atmospheric aerosol measured with high time
resolution enabled a deeper understanding of sources and transformations of air pollution.
We also studied the influence of meteorological conditions on the concentrations of
pollutants in the air as meteorological conditions often play a key role in the process. A
comparison of the results from a rural and a suburban site allowed us to study the influence
of the city of Prague and of the background aerosols on ambient air quality. Our hypothesis
was that the chemical composition of NR-PM1 fraction of AA will differ between the
suburban site Prague Suchdol and the rural site Košetice.
2. Studies on transformation of aerosol particles from outdoor to indoor environment in
different seasons.
As people spend more time indoors, the human exposure to indoor air pollutants increases
together with the negative impact of indoor exposure on human health. In case of the
absence of indoor sources, indoor air quality follows the outdoor air quality. Thus, study of
indoor/outdoor relationship together with mechanisms of penetration is important to gain a
deeper understanding of the underlying processes. Moreover, particles’ penetration is
influenced by meteorological conditions. Therefore, we looked at correlation between I/O
ratio and various meteorological parameters and we have also discussed differences
between summer and winter season results. Our hypothesis was that the I/O ratio will be
lower in winter than in summer.
3. Measurement of volatility of atmospheric aerosol at a rural measurement site Košetice.
Description of the influence of meteorological conditions on aerosol characteristics.
Volatility influences aerosol particle formation, lifetime, and removal. Knowledge of
AA volatilities is therefore important for climate models and corrections of losses in
measurement instrumentation. We measured the volatility of AA at the rural site Košetice
during summer and winter seasons. Our hypothesis was that the volatility of atmospheric
aerosol will be lower in summer than in winter.
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3.2. Structure of the thesis
The thesis is introduced by an overview of main terms and concepts in the field. This is
followed by a description of the measurement site and instrumentation. Specifics regarding
volatility and indoor/outdoor measurements are also mentioned. The results are presented in
Section 5 in the form of four articles published in or submitted to peer-reviewed journals. The
articles are presented in chronological order. The subsequent section discusses the main
findings and importance of the thesis. The thesis concludes with a list of literature references.
List of abbreviations, acronyms and symbols is included at the beginning after content.
The four articles are briefly described below:
•

Article I: Kubelová L., Vodička P., Schwarz J., Cusack M., Makeš O., Ondráček J.,
Ždímal V.: A Study of Summer and Winter Highly Time-resolved Submicron
Aerosol Composition Measured at a Suburban Site in Prague. (Eng) Atmos.
Environ. 118, 45-57 (2015)

This article presents the first study of chemical composition of AA carried out with
a high time resolution instrumentation in the Czech Republic. The study assesses
the chemical and physical characteristics of submicron aerosol particles at a
suburban site Prague Suchdol. The concentrations of pollutants detected by
C-ToF-AMS and SMPS are discussed with respect to their daily cycles,
meteorological conditions, and possible sources. The results are compared with
similar measurements done in Europe and observed differences are discussed.

•

Article II: Talbot N., Kubelová L., Makeš O., Cusack M., Ondráček J., Vodička P.,
Schwarz J., Ždímal V.: Outdoor and Indoor Aerosol Size, Number, Mass and
Compositional Dynamics at an Urban Background Site during Warm Season.
(Eng) Atmos. Environ. 131, 171-184 (2016)
The purpose of this study was to compare outdoor and indoor aerosol characteristics
and to explain the ongoing particle transformation. To be able to discuss the
differences in aerosol size, number, and mass concentration between an indoor and
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outdoor environment, a measurement with an automated switching valve was
performed. The switching valve enabled nearly simultaneous sampling outdoors and
indoors. The main instruments deployed were C-ToF-AMS, SMPS, and two BLPIs.
The campaigns focused on relationship between changes of indoor characteristics
of aerosol particles when no indoor sources were present and changes outdoors. The
differences between the behavior of fine and coarse mode of particular species,
mechanisms of aerosol penetration, and influence of new particle formation events
were discussed.

•

Article III: Talbot N., Kubelová L., Makeš O., Ondráček J., Cusack M., Schwarz J.,
Vodička P., Zíková N., Ždímal V.: Transformations of Aerosol Particles from an
Outdoor to Indoor Environment (Eng) Aerosol Air Qual. Res. 17(3), 653-665
(2017)
The article addresses seasonal differences between mass concentration and size
distribution measured outdoors and indoors at a suburban site Prague Suchdol. The
indoor vs outdoor concentration ratios were calculated and correlated with various
meteorological factors. Namely, the relationship between I/O ratios and wind speed,
wind direction, and temperature gradient and relative humidity gradient between
indoor and outdoor was investigated. The daily cycles of I/O ratio and influence of
new particles formation events were discussed.

•

Article IV: Kubelová L., Vodička P., Zíková N., Schwarz J., Makeš O.,
Ondráček J., Ždímal V.: Seasonal differences in atmospheric aerosol volatility
at a rural site in Central Europe (Eng) submitted to Atmos. Environ. (2017)
The article IV presents results of measurements of size distribution, chemical
composition, and volatility of submicron aerosol particles at a rural station
Košetice. The measurements were done with high time resolution using instruments
C-ToF-AMS, SMPS, and BLPI. Volatility of AA is discussed with respect to air
mass trajectories arriving to the site, meteorological conditions, possible sources,
and nucleation events.
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4. Instrumentation and methods
4.1. Measurement sites
The measurements presented in this thesis were carried out at two locations - at a
suburban site Prague Suchdol and at a rural site Košetice. This section aims to provide a brief
description of the locations.
The urban background measurement site Prague Suchdol is located circa 6 km northwest
from the city center of Prague. The area is part of the campus of the Institute of Chemical
Process Fundamentals of the Czech Academy of Science. Approximately 9 km south west from
the campus is Václav Havel Airport Prague and circa 250 m from the site is a road with
estimated traffic of 15,000 cars per day (Kubelová et al., 2015). The campus is surrounded by
houses that use not only gas and electricity but also coal and wood for domestic heating.
The campus serves as a measurement site for the Czech Hydrometeorological Institute,
which has placed there their Automated Immission Monitoring (AIM) station. The AIM station
measures concentration of gaseous pollutants (SO2, CO, NOx, O3) and particulate matter (PM10,
PM2.5). It also monitors meteorological conditions (wind speed and direction, temperature,
pressure, solar radiation, relative humidity). The station is placed approximately 20 meters from
the measurement site (Kubelová et al., 2015).
The Košetice background measurement site (49°35' N, 15°05' E) is located ca 100 km
south east from Prague and it is surrounded by agricultural lands and forests. The measuring
instruments were located on the compounds of the Czech Hydrometeorological Institute, which
runs a background meteorological station there that is for both standard air quality
measurements (see above) and professional meteorological measurements. A detailed
description of the station is provided in Schwarz et al., 2016; Zíková and Ždímal, 2013.

4.2. Compact Time of Flight Mass Spectrometer
The Compact Time-of-Flight Aerosol Mass Spectrometer (C-ToF-AMS) was the main
instrument used for the description of the physical and chemical properties of atmospheric
aerosols during the measurement campaigns discussed in this thesis. The C-ToF-AMS is an
online instrument that enables measurement of mass concentration, chemical composition, and
size distribution of non-refractory aerosol particles. A detailed description of the instrument is
provided in Drewnick et al., 2005.
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Briefly, the measurement process begins with submicron aerosol particles being
sampled from an ambient air usually with a flow rate of 1.4 cm3/s. The aerosol sample passes
through a critical orifice with a diameter of 100 µm and an aerodynamic lens system, which
focuses particles into a narrow beam with a diameter of approximately 100 µm. Particles
focused with the highest efficiency are in a range from 50 to 600 nm, smaller and larger particles
are transmitted with lower efficiencies (Drewnick et al., 2005).
Behind the critical orifice, the pressure is kept at low levels by a sophisticated vacuum
system. The following five chambers belong to the vacuum system of the instrument: the
aerosol sampling chamber, the particle sizing chamber, the particle evaporation chamber, the
particle ionization chamber and the ToF-MS (Time-of-Flight-Mass Spectrometer) chamber.
The aerosol sampling chamber has its pressure kept at around 1.8 hPa by a turbo molecular
pump (280 l/s) and a diaphragm pump. Also the particle-sizing chamber is being evacuated
(70 l/s) by a turbo molecular pump (Drewnick et al., 2005). The pumping system together with
aerodynamic lenses (AL) reduces the gas phase signal by a factor of 107 relative to the
particulate phase signal (Allan et al., 2004). The elimination of compounds in gaseous phase is
crucial as their mass concentration is commonly orders of magnitudes larger when compared
to particulate compounds. For instance, nitrogen is usually present at a concentration of
950 g/m3 whereas PM1 concentrations occur in units and tens of µg/m3. However, since the
concentration of gaseous species is significantly higher compared to particulate species, the
reduction caused by pumping systems and AL does not eradicate them completely from the
mass spectra. Therefore, mass spectra of background gases need to be taken and subtracted
from the mass spectra of the sample (the procedure is described below in more detail). This
concerns mainly to m/z 18 (H2O+), 28 (N2+), 32 (O2+), 40 (Ar+) and 44 (CO2+); nevertheless,
there are additional peaks due to fragments and isotopes (Allan et al., 2004).
Particles sizing is based on measurement of the particles’ time of flight. Particles passing
through the critical orifice are accelerated due to the air expansion in the vacuum. The emerging
narrow beam of particles is chopped by a chopper wheel (Fig. 6), which is a rotating plate of
circular shape with two radial slits (0.5 % of the chopper’s circumference each) that enable
particles to pass through. Having proceeded behind the chopper, particles reach their terminal
velocity depending on their vacuum aerodynamic diameter (dva). The exact definition of dva is
described in the next section. Particles with smaller dva, i.e. higher terminal velocity, have their
mass spectra collected earlier than particles with larger dva, i.e. lower terminal velocity.
Therefore, the chopper wheel and the actual mass spectrometer must therefore be synchronized
very precisely. The ability of C-ToF-AMS to record the whole m/z spectra at each chopper
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cycle is the biggest difference in comparison with the older AMS version called quadrupole
AMS (Q-AMS). This so-called particle sizing mode is being alternated with the chemical
composition detection mode when the chopper is fully open and therefore particles can pass
freely (Drewnick et al., 2005). Moreover, the chopper also serves for stopping the beam and
measuring mass spectra of background gases. These spectra are subsequently subtracted from
the spectra of the sample as mentioned above (Allan et al., 2004).
After passing through the particle sizing chamber, particles continue to the particle
evaporation and ionization chambers through an orifice of 3.8 mm in diameter. The evaporation
occurs within tens of microseconds after hitting a heated porous tungsten surface. The tungsten
surface has a shape of inverted cone with angle of 60 °, which is aimed to reduce the losses of
bouncing particles. The tungsten cone can be heated from 250 °C up to 1000 °C. During the
campaigns described in this thesis, a temperature of 600 °C was used so that non-refractory
particles such as organics, nitrates, sulfates, ammonium or chlorides were vaporized.
Throughout this thesis, by non-refractory are meant species that evaporate rapidly (<5s) at the
AMS temperature and vacuum conditions (Allan et al., 2004). Refractory particles such as
mineral dust or soot are not vaporized and therefore do not undergo the next step which is
ionization (Drewnick et al., 2005).
To produce ions from molecules, the C-ToF-AMS uses electron impact ionization under
high vacuum. The energy of the electrons emitted from a tungsten filament determines the
emerging fragments of the molecules. In the case of C-ToF-AMS, the emitted electrons have
been accelerated with an energy of 70 eV, which is the same value as in other commonly used
mass spectrometers. Therefore, the resulting mass spectra are comparable to those published by
the National Institute of Standards and Technology (NIST) database, which means that we can
even predict the spectra according to our previous knowledge of sample composition. However,
there might be slight differences between the NIST and AMS spectra due to the vaporization
prior to detection in the AMS. Heat from the AMS vaporizer may cause further fragmentation
leading to an enhancement of signal by lower m/z and reducing signal by higher fragments
(Allan et al., 2004).
The emerging ions are detected by a time-of-flight (ToF) analyzer described in detail in
Steiner et al., 2001. The ToF analyzer is placed in a chamber evacuated by another turbo
molecular pump (70 l/s). The ions are guided to the area of the orthogonal extractor from
whence they are being pulsed by high voltage further to the ToF area. After each extraction
pulse, the ions have to be refilled in the orthogonal extractor. The “fill-up time” is m/z
dependent and determines the ion duty cycle. The ToF MS duty cycle increases with the square
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root of mass. The reason for that is that lighter ions have a lower “fill-up time” than heavier
ions, whose “fill-up time” is comparable with the extraction period. The extraction period is
typically 12 µs, during which approximately 83,300 complete mass spectra are generated. In
the ToF area, an ion reflector increases the flight path up to 430 mm. Ions are detected at
a micro-channel plate detector ( the number of ions related to a particular “fill-up time”
determines the signal of the particular m/z) whose output signal is recorded by a data
acquisition card and transferred to a personal computer (Drewnick et al., 2005).
To process AMS data, we used Squirrel software (Sueper, 2014) running on the IGOR
Pro platform. The software assigns signals of particular mass peaks to compounds detected by
the AMS (i.e. organic matter, nitrate, sulfate, ammonium, and chloride). The procedure is
described in the next section in more detail.

Fig. 6 Schematic of the Time Of Flight-Aerosol Mass Spectrometer (taken from (Drewnick et
al., 2005))
The AMS measures aerodynamic diameter in the free-molecular regime (dva) of
particles. Generally, dva is measured by instrument using AL as the inlet (leading to a decrease
in pressure to ̴1.5 Torr (200 Pa)) and operating with the very low pressure of ̴10-5 Torr. The
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dva is assessed based on measurements of time of flight, i.e. velocity that particles acquire after
expansion into vacuum at the end of the AL. In the subsequent low pressure area designed for
the time-of-flight measurement, particles keep the same velocity due to the lack of molecules
to collide with (DeCarlo et al., 2004). The dva can be calculated from dve in the following way:

Eq. 4

𝑑𝑣𝑎 = 𝑑𝑣𝑒

𝜌𝑝
𝜌0 𝜒

.

At the beginning of each campaign, calibrations of the flow, size, and ionization efficiency (IE)
of the instrument were performed. In addition to that, the IE calibration was done in regular
intervals during incident-free operation of the instrument.

4.2.1. Fragmentation Table
Atmospheric aerosol consists of many chemical species and therefore it is helpful when
the ensemble mass spectrum provided by the mass spectrometer is separated into chemically
resolved partial mass spectra. This can be done by a tool called a fragmentation table, which
provides relations between masses of distinct chemical compounds. The fragmentation table
commonly used by the AMS community is part of the AMS analysis tools set introduced by
Allan, 2003. The relations were defined on the basis of field measurements of several
cooperating scientific groups and should be adjusted by users in the case of specific ambient
conditions or during laboratory studies (Allan et al., 2004).
One of the main rules says that the signal that cannot be assigned to any of the inorganic
compounds is considered to be organic matter. To be more specific, if a peak in the mass
spectrum is composed of both inorganic and organic compounds, the contribution of the
inorganic species is calculated according to their other signals in the mass spectrum and the rest
is assigned to organic matter. However, in some cases, e.g. at m/z 64, this is not possible and
therefore the contribution of organic matter is derived from other fragments and contribution
of inorganic matter completes the sum. Specifically in case of m/z 64, the contribution of
organic matter is calculated as an average of signals corresponding to fragments with added and
subtracted the –CH2 group from hydrocarbon fragments, i.e. the average of fragments m/z 50
and 78. This approach is based on the fact that the long chain hydrocarbons that fragment after
ionization under 70eV electron impaction lose alkyl groups CnH2n+1 (McLafferty, Fred and
Turecek, 1993).

36

Generally, the main idea of the fragmentation table is described by this equation:

Eq. 5

⃗⃗𝐼𝑠 = 𝑀𝑠 ⃗⃗⃗⃗⃗
𝐼𝑒𝑛 ,

where Ien is the ensemble mass spectrum retrieved from the mass spectrometer, Is is the partial
mass spectrum of the species s, Ms is the square conversion matrix (Allan et al., 2004). The
ensemble and partial mass spectra are vectors in the dimension of m/z taken, in our case the
range scanned was 1-500. The conversion matrix was based on laboratory measurements of
fragmentation and isotopic ratio and on knowledge of instrument performance. It also reflects
the field measurements; however, when the measured environment differs significantly from
those taken into account, adjustments need to be made. The solution of the equation is
significantly simplified by the fact that partial spectra are generally influenced by a relatively
small number of peaks from the ensemble spectrum. Calculation of the concentration of specie
s from the partial mass spectrum is then done according to this equation:

Eq. 6

𝑀𝑊

𝐶𝑠 = 1012 𝐼𝐸 𝑄𝑁𝑠 ∑𝑎𝑙𝑙 𝑖 𝐼𝑠,𝑖 ,
𝑠

𝐴

where Cs is mass concentration in µg/m3, MW molecular weight in g mol-1, IE ionization
efficiency, Q the volumetric sample flow rate into the instrument in cm3 s−1, NA Avogadro’s
number, and I detected ion rate by the instrument in s-1. Ionization efficiency is a dimensionless
quantity expressing the number of ions detected from the parental molecule of a particular
specie. Ionization efficiency is typically in 10-6 orders, which is caused by the fact that it reflects
not only how many ions result from ionization of parental molecule, but also the transmission
efficiency of the mass spectrometer and detection efficiency of the electron multiplier.
However, it would be arduous to measure the IE for every distinct specie. Therefore, a relative
ionization efficiency (RIE) is used as the expression of the ratio between the IE of a particular
specie and the IE of nitrates. The ratio can be considered constant as the ionization efficiency
depends mainly on the interaction between molecules and electrons under vacuum (Allan et al.,
2004).
However, certain relations in the fragmentation table differ between instruments and
between different configurations of one of them. It depends for instance on the precise set up
of the ionizer and analyzer. The problem is partially solved by routinely analyzing filtered, i.e.
particle-free, air and by adding additional information such as CO2 content.
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4.2.2. Collection Efficiency
The Ionization Efficiency described above expresses how many ions are detected from
a single parental molecule in the instrument. However, it does not reflect the share of ambient
particles that were successfully transmitted to the instrument and vaporized. This is expressed
by the collection efficiency (CE) (Matthew et al., 2008):

Eq. 7

𝐶𝐸 =

𝑀𝑎𝑠𝑠 (𝑛𝑢𝑚𝑏𝑒𝑟) 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡
.
𝑀𝑎𝑠𝑠 (𝑛𝑢𝑚𝑏𝑒𝑟) 𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡

Another approach is to express CE by efficiencies of particular actions being involved
on particle losses for total mass (Huffman et al., 2005):
𝐶𝐸 = 𝐸𝐿 ×𝐸𝑆 ×𝐸𝐵 ,

Eq. 8

where EL stays for transmission efficiency of spheres through inlet and aerodynamic lenses, i.e.
certain share of larger particles does not pass through the critical orifice located at the entrance
of aerodynamic lenses. ES expresses the efficiency of vaporization of measured particles
relative to the spherical particles, i.e. non-spherical particles are not as focused by the beam as
spherical particles and may miss the vaporizer. Therefore, ES depends on beam width and
length. Finally, EB expresses the share of particles being vaporized, i.e. not bouncing off the
vaporizer. This strongly depends on the particle phase where the liquidity of particles increases
the probability of vaporization. All mentioned components of CE depend on the dva of particles.
For instance, EL (dva) for particles in a range of 60-600 nm is 1, EB for ambient particles is
usually higher than 0.8, and the main losses are due to particles bouncing off the vaporizer (EB).
There are several approaches how to assess the CE. A default value of 0.5 may be used
as this value was proven reasonable for most of the ambient environments. However, it has
been shown that value of 0.5 is mainly appropriate for dry conditions such as when the inlet
temperature is 10 °C higher than the dew point of ambient air (Takegawa et al., 2005). A more
precise approach involves the comparison of the results with another instrument. In our case,
we compared mass concentration of PM1 sulfates collected on filters and analyzed by ion
chromatography. Sulfates were selected due to their higher thermal stability when compared to
other analyzed species (ammonium, nitrates) reducing the possibility of both positive and
negative artifacts.
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Moreover, we did additional comparison of AMS and SMPS measurements. AMS total
mass was compared with total mass calculated from SMPS size distribution using a density of
1.5 g/m3 minus the mass concentration of elemental carbon (EC). The EC was subtracted as it
is not detected by the AMS refractory nature. The comparison between AMS and SMPS is
considered less reliable than the comparison with filter measurements as SMPS measures in a
different size range as compared to AMS and it also involves uncertainty resulting from an
estimation of particle density. However, it adds additional information to the results such as
information on the content of larger particles.

4.2.3. Composition Dependent Collection Efficiency
Another approach to assess CE is the Composition Dependent Collection Efficiency
developed by (Middlebrook et al., 2012). This algorithm is based on laboratory and fields
measurements so that the resulting CE reflects the chemical composition of the analyzed
sample. The algorithm is derived from the finding that CE increases with the increasing acidity
of the sample, nitrate content, and relative humidity of the sampling line.
Aerosol acidity is defined in the following way:

Eq. 9

𝐴𝑒𝑟𝑜𝑠𝑜𝑙 𝑎𝑐𝑖𝑑𝑖𝑡𝑦 =

𝑁𝐻4,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
𝑁𝐻4,𝑠𝑎𝑚𝑝𝑙𝑒

,

where NH4,sample is the measured ammonium mass concentration of the sample and NH4,predicted
is the ammonium content necessary to neutralize the mass concentration of inorganic anions
detected by the AMS and it is calculated as follows:

Eq. 10

𝑁𝐻4,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = 18× (2×

𝑆𝑂4
96

+

𝑁𝑂3
62

𝐶𝑙

+ 35.45),

where SO4, NO3, and Cl stays for mass concentration (in µg/m3) of sulfates, nitrates, and
chlorides, respectively, measured by the AMS (Middlebrook et al., 2012). This relation neglects
the possibility that part of the nitrates and sulfates are in the form of organosulfates and
organonitrates and that part of the ammonium neutralizes organic acids. Moreover, the equation
assumes that particles are internally mixed and have the same CE. The resulting CE of dry
aerosol is then calculated:
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𝑁𝐻4,𝑠𝑎𝑚𝑝𝑙𝑒

Eq. 11

𝐶𝐸𝑑𝑟𝑦 = 𝑚𝑎𝑥 (0.45; 1 − 0.73× 𝑁𝐻

4,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

).

The equation is based on the knowledge that average CE of ambient ammonium sulfate is 0.45
and that CE of fully or partially acidic sulfate increases linearly with increasing acidity
(Middlebrook et al., 2012). The CE dry is to be used when the RH of sampling line is below
80 % or not measured. This is usually the case as it is recommended to dry aerosol sample prior
to entering the instrument to values of RH around 20%.
In case that sulfate is partially or fully neutralized, i.e. low acidity values, the ammonium nitrate
is formed. Therefore, for cases when particles are mostly neutralized, the CE dependence on
nitrate concentration becomes predominant and another equation needs to be used. That
equation is based on a calculation of the ammonium nitrate mass fraction (ANMF):
80
×𝑁𝑂3
62

Eq. 12

𝐴𝑁𝑀𝐹 = (𝑂𝑟𝑔+𝑁𝑂

3 +𝑁𝐻4 +𝑆𝑂4 +𝐶𝑙)

,

where Org, NO3, SO4, NH4, and Cl stands for mass concentration (in µg/m3) of organic matter,
sulfates, nitrates, ammonium, and chlorides, respectively, measured by the AMS. For ANMF
lower than or equal to 0.4, a CE of 0.45 is applied. For ANMF higher than 0.4 the following
equation derived from laboratory and fields measurements applies (Middlebrook et al., 2012):
Eq. 13

𝐶𝐸𝑑𝑟𝑦 = 𝑚𝑎𝑥(0.45; 0.0833 + 0.9167×𝐴𝑁𝑀𝐹).

4.3. Scanning Mobility Particle Sizer
Scanning Mobility Particle Sizer (SMPS) is an online instrument measuring the size
distribution of aerosol particles. As in the case of C-ToF-AMS, it was deployed in all campaigns
related to this thesis. During the campaigns discussed in this thesis, the instrument had been
calibrated weekly with polystyrene latex spheres of known size following a standard procedure
(Wiedensohler et al., 2012).
In general, SMPS consists of two parts, namely a differential mobility analyzer (DMA)
and a condensation particle counter (CPC). Before the instrument inlet, there is usually an
impactor which removes particles bigger than desired (in our measurements usually
500 - 700 nm). Then, aerosol particles are exposed to both positive and negative charges in
a bipolar neutralizer. An ideal resulting particle charging state after passing through the
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neutralizer is the Boltzmann charge equilibrium. The fraction of particles with fn of a certain
size having n positive (or n negative) units of charge is:
𝐾 𝑛2 𝑒2
exp( 𝐸
)

Eq. 14

𝑓𝑛 =

𝑑𝑝 𝑘𝑇

,

𝐾𝐸 𝑛2 𝑒2
∑∞
)
𝑛=−∞ exp(
𝑑𝑝 𝑘𝑇

where KE is the constant of proportionality (depending on the units used), e is the elemental
charge, dp particle diameter, k Boltzmann constant, and T temperature (Hinds, 1999).
Particles then continue parallel to a sheath flow (4 l/m) of filtered air and enter electrical
field between two cylindrical volumes where they behave according to their electrical mobility.
Electrical mobility Z is defined as the velocity of a particle of charge ne in an electrical field as:

Eq. 15

𝑍=

𝑣𝑇𝐸
𝐸

𝑛𝑒𝐶

= 3𝜋𝜂𝑑𝑐 ,
𝑚

where η is viscosity of the gaseous environment and dm stays for electrical mobility diameter
for spherical particles defined as:
Eq. 16

𝑑𝑚 = 𝑑𝑣𝑒

𝜌𝑝
𝜌0 𝜒

.

The Cc means Cunningham slip correction factor calculated as:
Eq. 17

𝐶𝐶 = 1 +

2.52𝜆
𝑑𝑚

,

where λ is the mean free path defined as:
Eq. 18

𝜆=

1
2
√2𝑛𝜋𝑑𝑚𝑐

,

where n is molecular concentration, i.e. for ambient conditions 2.5 x 1019 cm-3, and dmc is the
collision diameter of the molecule, i.e. the distance between the centers of two molecules at the
time of collision. Electrical mobility Z increases with the number of elemental electrical charge
n and decreases with increasing particle diameter dp. Therefore, only particles with electrical
mobility, i.e. a combination of size and charge, within a certain range reach an aperture which
leads to a CPC, where the number concentration of selected particle fraction is measured. The
characteristics of particles reaching the aperture can be changed by changing the electrical field
(Hinds, 1999).

41

Fig. 7 Scheme of the Scanning Mobility Particle Sizer (SMPS). Taken from (Kim et al.,
2009)
In a CPC, the number concentration of fine and ultrafine particles is measured. Standard optical
counters are able to detect particles only over 100 - 300 nm in diameter, whereas the CPC
notices even particles smaller than 4 nm. This is caused by the fact that in the CPC particles are
firstly grown by condensation of supersaturated vapors (usually alcohol vapors, but some
instruments utilize also water) to size of ca 1 - 3 µm as particles of such size are then easily
detected by optical counters (Agarwal and Sem, 1980; Hinds, 1999). Briefly, particles entering
the instrument pass through a liquid reservoir and a saturated wick connected to it. As the
temperature in this part is around 25 - 35 °C (but could be even 70 °C in case of water CPC),
vapors evaporate from the wick. In the next part of the device, the temperature is lower (ca 8 10 °C), leading to supersaturation of the working fluid. In the case of spherical particles,
supersaturation needed for nucleation to occur is higher than in the case of a flat surface,
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because it is easier for molecules to escape from a curved rather than a flat surface. The more
curved the surface is, i.e. the smaller the particle diameter, the higher vapor pressure is required
for nucleation to occur. For each supersaturation, a so-called Kelvin diameter d* is defined. The
Kelvin diameter is generally understood as the smallest particle size able to serve as nuclei by
certain supersaturation. However, to be more precise it is the equilibrium diameter by which
neither evaporation nor condensation of particles occur. This means that for nucleation to occur,
the diameter (supersaturation) must overcome this size (value). The Kelvin diameter is based
on the Kelvin equation:
𝑝𝑑

Eq. 19

𝑝𝑠

4𝛾𝑀𝑊

=𝜌

𝑝 𝑅𝑇𝑑

∗

,

where MW is molecular weight, γ is surface tension, R is ideal gas constant and pd and ps are
partial pressure of vapour at the droplet surface and saturated vapour pressure over flat surface,
respectively (Hinds, 1999).
In the CPCs, supersaturation of 200 - 400 % is commonly being used. Such
supersaturation enables condensation of vapors on particles of diameter about 2 nm, i.e.
particles of such and larger diameters grow in size and are detected by the instrument (Hinds,
1999). However, supersaturation must be kept under critical level, otherwise a homogeneous
nucleation would occur leading to an increased number of particles and therefore inaccurate
results.
Depending on the type, a CPC can measure number concentrations up to 107
particles/cm3 (Aalto et al., 2016).

43

Fig. 8 Scheme of condensation particle counter. Taken from
http://www.cas.manchester.ac.uk/restools/instruments/aerosol/cpc/ 26. 7. 2017
(“Condensation Particle Counters (CPC),” 2017)

4.4. Ion Chromatography
Ion chromatography enables a determination of the mass concentration of both anions
and cations in low concentrations (0.05 µg/l). The method is based on affinities of water soluble
anions and cations to functional groups of the stationary phase inside a column. Briefly, the
analyzed sample is introduced using an autosampler into an aqueous solution-eluent together
forming the mobile phase. The mobile phase enters the column which is filled with an
ion-exchange resin (ionex), i.e. the stationary phase, with ion exchange functional groups on
which cations or anions are bonded. This means that in case of analyzing anions (cations) (Fig.
9), the stationary phase-ionex has positive (negative) charge on which anions (cations) are
located. As the mobile phase passes through the stationary phase, anions (cations) from the
sample exchange with anions (cations) bonded on functional groups on ionex. Subsequently,
elution of the column begins by washing the ionex with anions (cations) with higher affinity or
in higher concentration. Therefore, the bond between ionex and sample anions (cations) is
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disintegrated, and the sample ions continue to a detector. The retention time depends on their
affinity to ions in ionex. Subsequently, the concentration of ions in the analysed sample is
detected by measurements of light absorption or conductivity. The position of the detected peak
points to the chemical compounds and the area of peak to its concentration. The concentration
is calculated by a comparison of peak areas detected during calibrations and peak areas
measured by the sample (Fritz and Gjerde, 2000).
To perform an ion chromatography analysis, in all campaigns described in this thesis
we used the same instrument (Dionex ICS- 5000 (Thermo Scientific, USA)) and procedure as
described in previous work done in our laboratory (Mašková et al., 2015). The measurements
were done on quartz fiber filters, which were between sampling and analysis stored in a
controlled environment. Then samples of filters were extracted for 0.5 hour in an ultrasonic
bath with ultrapure water with conductivity below 0.08 mS/m (Ultrapur, Watrex Ltd., Czech
Republic). Subsequently, the extraction continued for 1 hour using a mechanical shaker. The
resulting solution was filtered through a Millipore syringe filter (25 mm) with porosity of
0.22 mm. Then, we analysed both cations (Na+, NH4+, K+, Ca2+, Mg2+, Zn2+) and anions (SO42-,
NO3-, Cl-, NO2-, Br-, H2PO4-) in parallel. The analysis was performed using Dionex 5000 setup
equipped with an IonPac AS-11-HC 11 2 x 250 mm column for anions, and IonPac CS18
2 x 250 mm for cations enabling parallel analysis of both anions and cations thanks to two
detectors. Both anion and cation set-ups were equipped with electrochemical suppressors.
External calibration was done using NIST traceable calibration solutions (Kubelová et al.,
2015).

45

Fig. 9 Scheme of ion chromatography: a) initial stage b) adsorption of sample onto ionex c)
elution of sample d) end of elution, start of regeneration e) end of regeneration

4.5. Thermodenuder
To study the volatility of aerosol particles, a device called a thermodenuder is used in
connection with other instruments (Huffman et al., 2008; Lee et al., 2010; Wu et al., 2009). In
our study, we applied a thermodenuder developed at the University of California, USA in
cooperation with Aerodyne Research Inc. The thermodenuder was described in detail by
(Huffman et al., 2008). Briefly, it is a 55-cm long tube consisting of two parts. The first part
was in our study heated to 140 °C and the uniformity of the environment was secured by three
controlling points. The second cooling part was placed downstream and had its inner walls
covered by charcoal to adsorb the evaporated gases and prevent their condensation.
In the measurement campaigns described in this thesis, C-ToF-AMS and SMPS were
placed downstream from the thermodenuder. The chemical composition provided by AMS is
important as the volatility of inorganic species is relatively well known but for instance the
knowledge about organic species, which are also measured by the AMS, is limited. This is
partially because there are thousands of organic compounds in the atmosphere and many of
them have not even been identified yet (Häkkinen et al., 2012).
Based on previous field (Häkkinen et al., 2012; Huffman et al., 2009b; Lee et al., 2010;
Paciga et al., 2016; Saha et al., 2017) and laboratory studies, from the AMS standard aerosol
species the lowest volatility was observed by sulfate while the highest volatility by nitrate. To
be more specific, ammonium sulfate evaporates at temperature around 200 °C and ammonium
nitrate at temperatures around 60-75 °C (Häkkinen et al., 2012). The volatility of organic matter
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varies highly according to the particular compound. However, volatility of total organic matter,
i.e. the average volatility of the detected organic compounds, was between a sulfate and nitrate
and it was suggested that organic species should be considered semi-volatile in the models
(Huffman et al., 2009a).
The evaporation of relatively high volatile species changes the characteristics of a
sample and therefore also the requirements on measurement. For instance, a study in Finland
focusing on organic aerosols found that the collection efficiency of aerosol particles passing
through the thermodenuder decreased by 10% compared to those measured regularly (Lee et
al., 2010). Moreover, the fragmentation table is usually designed to reflect conditions in an
ambient environment (Allan et al., 2004), where the composition differs from the
thermodenuded (TD) sample. Therefore, this topic still needs further investigation.

4.6. Indoor/Outdoor Sampling
As was mentioned in Chapter 2, the three main pathways by which outdoor air enters the
indoor environment are natural ventilation (e.g. door, windows), mechanical ventilation (e.g.
fans), and infiltration (e.g. through slits). The simplest way to express the penetration of outdoor
aerosols to indoors is by an I/O ratio defined as (Chen and Zhao, 2011):
𝐼

Eq. 20

𝑂

𝐼𝑛𝑑𝑜𝑜𝑟 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑅𝑎𝑡𝑖𝑜 = 𝑂𝑢𝑡𝑑𝑜𝑜𝑟 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛.

Changes in indoor number concentration can be described using this formula:
Eq. 21

𝑉

𝑑𝑁𝐼𝑛
𝑑𝑡

= ∑ 𝑆𝑜𝑢𝑟𝑐𝑒𝑠 − ∑ 𝑆𝑖𝑛𝑘𝑠 = 𝑃 − 𝐸 − 𝜌𝑄(𝑁𝐼𝑛 − 𝑁𝑜𝑢𝑡 ),

where V is volume of indoor air, P production of indoor particles, E elimination through
reaction, coagulation, Brownian diffusion and settling, Q air exchange rate, ρ penetration, and
Nin/Nout are number concentrations indoors and outdoors with size selection (Hussein and
Kulmala, 2008). However, the formula applies only for cases when indoor sources are present
or when the exchange rates are slow. In this thesis, only periods without experiments are
presented (P=0) and air exchange was hastened by running instrumentation in the room, i.e. E
could be considered insignificant. Then, concentration indoors depends mainly on the
concentration outdoors and the I/O ratio can be used for the description of aerosol dynamics.
Regarding the penetration factor, it depends on particle size as particles nucleation and coarse
mode undergo losses due to diffusion and gravitational settling, respectively (Diapouli et al.,
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2013). In our studies, we focused mainly on the accumulation mode for which the penetration
factor approaches the value of one.
To measure outdoor and indoor aerosol characteristics concurrently, a unique switching
system was applied. The time controlled automatic switching system was used to alternate
outdoor and indoor samples. As no indoor sources were present, this enabled to observe the
response of indoor environment to diurnal changes outdoors including the penetration losses
and particle chemical/physical transformation when particles are transported from outdoor to
indoor environment.
Beside the online instrumentation connected to the switching system, offline
instrumentation was deployed. Two Berner type Low Pressure Impactors (BLPI, 25/0.018/2,
Hauke, Austria) were deployed indoors and outdoors to collect samples concurrently. The
sampling periods were 4 and 23 hours over the campaign. The impactors separated sample into
10 size fractions with cut off diameters of 0.026, 0.057, 0.1, 0.16, 0.25, 0.44, 0.87, 1.8, 3.5 and
6.7 µm. The samples were collected on polycarbonate foils greased with Apiezon L grease to
reduce particle bounce.
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6. Conclusions
This thesis is focused on the physical and chemical characteristics of atmospheric aerosol
studied with high time resolution. We looked at atmospheric aerosol from the point of seasonal
differences (summer vs winter), location differences (suburban site Prague Suchdol vs urban
site Košetice), and indoor vs outdoor differences. Thanks to instruments enabling measurement
with high time resolution, daily cycles were described and possible local and regional sources
were evaluated. Moreover, the influence of meteorological conditions on the characteristics of
atmospheric aerosol was discussed.
A brief overview and key results summary of each research article are provided in this
section. Subsequently, the previously presented hypotheses will be discussed in the light of the
main findings in the research article.

6.1. Article I: A study of summer and winter highly time-resolved submicron
aerosol composition measured at a suburban site in Prague

Article I deals with the chemical composition and size distribution of AA studied
with high time resolution at a suburban site Prague Suchdol. This study presents the
first published results from C-ToF-AMS measurement in the Czech Republic. Beside
AMS, SMPS and IC analysis of filter samples were deployed. Influence of
meteorological conditions such as the boundary layer height or origin of air mass
trajectories on air pollution were discussed.
• Differences in chemical composition of AA between summer and winter were caused by
different seasonal sources such as domestic heating in winter and biogenic sources in
summer.
• Seasonal differences in meteorological conditions (e.g. temperature and solar radiation)
together with individual characteristics of particular species (e.g. volatility of nitrate and
photochemical origin of sulfate) played a role in differences between summer and winter
AA characteristics.
• Periods of increased total mass concentration of NR-PM1 were related to arrival of air
masses of continental origin whereas periods of relatively low mass concentration were
connected with the arrival of maritime air masses.
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• In winter, a clear inversed relationship between boundary layer height and total mass
concentration of NR-PM1 was observed.
• Mass size distribution maxima were located by higher sizes in winter compared to
summer probably due to higher humidity and lower temperatures promoting growth of
particles by condensation.
• Analysis of organic fragments revealed influence of domestic heating with wood and
probably coal in winter.
• Analysis of daily cycles showed decrease in total mass concentration in the afternoon
caused by increase of boundary layer height leading to dilution effect. The afternoon
decrease was observed by all species except sulfate where the daily cycle was governed
by sulfate photochemical origin and entrainment of species from higher atmospheric
layers.

6.2. Article II: Outdoor and indoor aerosol size, number, mass and
compositional dynamics at an urban background site during warm season

Nearly simultaneous measurement of chemical composition and size distribution
studied in an indoor (without indoor sources) and outdoor environment is presented. The
measurement was performed with both online instruments C-ToF-AMS, SMPS, and OC/EC
and offline instrument BLPI during summer. The relation between indoor and outdoor air
quality and underlying mechanisms are discussed with respect to particular compounds.
• Indoor size distribution modes were temporally responsive to changes outdoors.
• An inverse relationship was observed between number and mass concentrations. For both
indoors and outdoors, the lowest mass concentrations were observed in the afternoon
when the highest number concentrations occurred.
• The I/O ratio was higher for the upper-Aitken and accumulation modes (0.67) than for
nucleation mode (0.46).
• Organic matter and sulfate were the most prevalent chemical species both outdoors and
indoors. Mass concentration of nitrate was lower by BLPI measurements compared to
C-ToF-AMS measurement due to a negative artifact by BLPI. Nevertheless, BLPI
measurements pointed to presence of NaNO3.
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6.3. Article III: Transformations of Aerosol Particles from an Outdoor to
Indoor Environment
This article presents a seasonal comparison of transformation of aerosol particles after
penetrating from outdoors to indoors. To be able to assess the differences, nearly simultaneous
measurement of aerosol properties indoors and outdoors was carried out in summer and winter.
There were no indoor sources present at the measurement site in order not to hide the outdoor
influence on indoor air quality. The characteristics of atmospheric aerosol were studied using
both online instruments C-ToF-AMS, SMPS, and OC/EC and offline instrument BLPI. The
seasonal differences were discussed with respect to meteorological conditions and local
sources.
• The overall number concentrations were similar during both summer and winter.
However, in summer number concentration increased in the afternoon because of new
particle formation events and origin of secondary organic aerosol. In contrast, in winter
the number concentration was higher in the evening due to domestic heating and lower
mixing layer height.
• BLPI measurement showed higher mass concentration of particles under 200 nm indoors
than outdoors, particularly in case of sulfates in winter. This was caused by particle
shrinking due to higher temperatures and lower humidity indoors than outdoors especially
in winter.
• In winter, the I/O ratio was lower for particles with diameter between 200 nm and 700 nm
compared to summer. This was connected to increase in mass concentration of the
smallest fraction with diameter below 200 nm, i.e. particles shrinking, and higher
temperature and humidity gradients between indoors and outdoors in winter, i.e. factors
leading to increased particle shrinking.
• Wind speed was negatively correlated with outdoor and indoor mass concentration, but
there has not been any correlation between wind speed and the I/O ratio itself. Wind speed
should not be considered as the main loss mechanism indoors, rather one of the factors
such as I/O temperature and humidity gradient, aerosol characteristics outdoors and air
exchange rate.
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6.4. Article IV: Seasonal differences in atmospheric aerosol volatility at a
rural site in Central Europe
The purpose of this article was to describe seasonal differences in physical and chemical
characteristics of AA at a rural site Košetice measured with high time resolution. As the main
focus was given to volatility, thermodenuder was placed before C-ToF-AMS and SMPS in the
measurement line. The thermodenuded (TD) and non-thermodenuded (NTD) sample was
analyzed with 10-minute alternations. Physical and chemical properties of atmospheric aerosol
were discussed with respect to meteorological conditions and air masses arriving to the
measurement site. Daily cycles of particular species were presented together with daily cycles
of selected meteorological parameters such as temperature and solar radiation. The influence of
new particle formation events on aerosol characteristics was also shown.
• Mass concentration and volatility of nitrates and ammonium was higher in winter
compared to summer, which was caused mainly by local sources such as domestic heating
and lower temperatures promoting condensation of semi-volatile species in winter.
• Lower mass concentration and volatility observed by summer sample especially by
nitrates was caused by higher temperatures promoting the dilution effect and evaporation
of semi-volatile species.
• Higher volatility of organic matter in summer compared to winter was partially caused
by increased emissions of biogenic compounds as precursors of fresh organic aerosol in
summer.
• During new particle formation events, the NTD to TD ratio of number concentrations was
increased which was not case for the same ratio of mass concentrations. This suggests
that the small newly formed particles were more prone to disappear from the size
distribution. However, it cannot be said with certainty whether they evaporated in entire
volume or shrank under the detection limit.

6.5. Concluding comments
The presented studies have shown that measurements of atmospheric aerosol chemical
composition with high time resolution may reveal new mechanisms of changes in aerosol
concentration which were hidden when only instruments with low time resolution were used.
For instance, we found that at a measurement site in Prague sulfate diurnal cycle was governed
by photochemical origin of sulfate and entrainment of aged species from higher atmospheric
layers. We have also observed influence of domestic heating by wood and probably coal in the
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afternoon. Regarding the transformation between outdoor and indoor environment, by sulfate
in winter we observed significant shrinkage of particles size after penetration indoors. The
reason was high temperature and humidity gradient in winter, which have also caused a lower
I/O ratio in winter compared to summer by ammonium, nitrate, and sulfate.
Regarding the three hypotheses stated in section 3.1, we disapproved that chemical
composition of NR-PM1 fraction of AA would differ between the suburban site Prague Suchdol
and rural site Košetice. As can be seen in Articles I and IV, the chemical composition measured
by C-ToF-AMS was very similar. This might be caused by specific meteorological conditions
during the campaigns and/or relatively similar sources at both sites during summer (biogenic
sources) and winter (domestic heating also by coal).
The second hypothesis that summer I/O ratio would be higher than the I/O ratio in winter
was confirmed. The winter I/O ratio was smaller due to higher temperature and humidity
gradient between outdoors and indoors than in summer. Particles entering indoors, where
temperature was higher and humidity lower, underwent partial and total evaporation leading to
decrease in mass concentration. The particle shrinkage caused that by particle number
concentration the I/O ratio was significantly lower in winter compared to summer by
accumulation mode, whereas by Aitken and nucleation mode the I/O seasonal difference was
insignificant.
The third hypothesis that volatility of atmospheric aerosol in summer would be lower than
in winter was disapproved. In Article IV we showed that volatility of NR-PM1 was lower in
winter due to lower temperatures promoting condensation of semi-volatile species and also due
to season specific sources such as local domestic heating. In contrast, higher volatility of aerosol
compounds in summer was partially caused by increased emissions of biogenic compounds
leading to origin of SOA in summer.
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