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LIST OF ABBREVIATIONS

ACSM aerosol chemical speciation monitor
AGL above ground level

AMS aerosol mass spectrometer

APS aerodynamic particle sizer

ASL above sea level

BC black carbon

CPC condensation particle counter

CWT concentration weighted trajectory
Dy aerodynamic diameter

Dp particle diameter

Dy mobility diameter
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HYSPLIT-4 Hybrid single particle Lagrangian integrated trajectory
IRMS isotope ratio mass spectrometry
LRT long-range transport

LV-O0OA low-volatility oxygenated organic aerosol

ME multi-linear engine
MOUDI micro-orifice uniform deposition impactor
NPF new particle formation

NR-PM,, non-refractory particulate matter with cut-size D5y = 1.0 pm

OA organic aerosol

OOA oxygenated organic aerosol

PCA principal component analysis

PM particulate matter

PM, particulate matter with cut-size diameter D5, at x =10, 2.5 or
1.0 pm.

PNC particle number concentration

PNSD particle number size distribution

PSCF potential source contribution function

RF radiative forcing
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WD
WS

relative humidity
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1 INTRODUCTION

Fine and ultrafine particles has drawn an attention due to their impact on
climate change and health effects. The major anthropogenic sources affecting
aerosol particle number concentration (PNC) in urban environment are vehicle
exhaust emissions, biomass burning and photo-chemical nucleation (Pey et al.,
2008; Perez et al., 2010; Sirinivas et al., 2010). However, estimation of
ultrafine particle sources is a great challenge as their contribution vary from
one location to another, new particle formation (NPF) is governed by different
process and weather conditions plays important role (Foy and Schauer, 2015).

Carbonaceous aerosols has demanded more attention in recent years as it
affects the atmosphere by scattering and absorbing solar irradiation,
participates in the cloud formation processes and reacts with other aerosol and
gas constituents (Chung et al, 2012; Burkart et al., 2011). The main
anthropogenic sources of carbonaceous aerosol are biomass burning and fossil
fuel combustion. The presence of black carbon (BC) particles on snow, sea ice
and glaciers causes a decrease in the surface albedo and accelerates the melt of
ice and snow (Hadley and Kirchstetter, 2012). The anthropogenic forcing of
the climate systems will be better assessed, if the sources and spatial
distributions of aerosol constituents will be better evaluated. Despite the
widespread need for source apportionment (SA) data, there is little information
available on receptor modelling results from different European countries
(Viana et al., 2008).

In this work receptor modelling of PNC and BC mass concentration was
applied. Better estimation of BC spatial distribution and its origin in the South-
Eastern Baltic Sea region was achieved. These results are useful in producing
more precise climate global warming predictions. The combined aerosol
particle sizing technique and carbon stable isotope ratio (613CTC) analysis
proved to be suitable for estimating fossil fuel combustion and non-fossil

emission sources.



The purpose of the research

The purpose of this research was to identify and quantify the processes
end sources of fine and carbonaceous aerosol particles in urban and marine
background environments. The main tasks of this research were formed, as
follows:

1. To perform a long-term measurements and data analysis of aerosol
particle number concentration and black carbon in urban and marine
background environments and to investigate the main processes,
governing their spatial and temporal variation.

2. To investigate carbonaceous aerosol particles and their sources in South-
Eastern Baltic Sea region during the vegetation burning.

3. To combine aerosol particle sizing techniques with the carbon stable
isotope ratio (8"°Crc) analysis for apportionment of fossil fuel

combustion and non-fossil fuel emission sources.

The novelty of the thesis

1. Aerosol particle sources in the urban environment were estimated
applying quantitative receptor-oriented modelling methods.

2. It was determined that complex measurements combining & Crc
analysis and aerosol particle sizing techniques are appropriate for fossil

fuel combustion and non-fossil fuel emission source evaluation.

The practical value of the thesis

1. Better evaluation of black carbon spatial distribution in the atmosphere
was achieved by applying receptor modelling of atmospheric pollution
sources. It helps to produce more precise climate global warming

predictions.



2. The receptor modelling of atmospheric pollutants in the South-Eastern
Baltic Sea region provides useful source apportionment data for

assessing air quality policies both in the region and in Europe.

Statements to be defended

1. The long-range transport of air mass increases particle number
concentration in urban environment up to 2.2 times in autumn, 1.6 times
in the winter and 2.3 times in spring.

2. The long-range transport of air masses is the main contributor to the
increase of black carbon mass concentration up to 1.5 times in autumn,
4.5 times in the winter and 1.8 times in the spring season in the South
Eastern Baltic Sea region.

3. During vegetation burning event background mass concentration of
organic aerosol increased up to 50% in the Eastern Baltic Sea region.

4. The fossil fuel combustion is the major source contributor in the fine
particles mode size range (D =0.23 um; SD =0.02 um), while non-
fossil fuel emission source has the major contribution in the coarse
particle mode size range (Dp=7.05um; SD =3.56um), -either
accounting from 60% to 100%.

Approbation

Results of the research, which are presented in the thesis, were published
in 6 scientific journals with Impact Factor from Thomson Reuters Web of
Knowledge database and in 11 presentations at international and national

scientific conferences.
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2 LITERATURE REVIEW

2.1 Atmospheric aerosol particles: origin, composition, transformation,

climate and health effects
2.1.1 Definition of physical properties

An aerosol is generally defined as a colloid of fine solid particles or
liquid droplets, suspended in gaseous environment (Baron and Willeke, 2001).
Aerosol particles can be emitted into the atmosphere by natural (e.g. plants,
ocean, desert, volcanoes, etc.) and anthropogenic (e.g. traffic, industrial and
domestic combustion processes, etc.) sources. In this reason their physical
properties and chemical composition vary with their origin and processing.
Based on the different formation processes aerosol particles, which are
originated from natural and anthropogenic sources, that consequently
determine their chemical composition, size and shape characteristics. Aerosol
particles can be directly emitted (primary) into the air or they can form in the
atmosphere by gas-to-particle conversion such as nucleation, condensation,
heterogeneous and multiphase chemical reactions (secondary) (Hallquist ef al.,
2009). Atmospheric aerosol particles can be classified into separate modes
according to their size, i.e. particle diameter (D,): nanoparticles (D, < 50 nm),
ultrafine (D, <100 nm), fine (D,<1.0um) and coarse particles
(L.Oum < D, < 100 um). The ultrafine particles can be further divided into
nucleation (< 30 nm) and Aitken mode particles (30 nm < D,< 100 nm). In the
troposphere aerosol particle number and mass concentrations typically vary in
the range of about 10°-10° cm™ and 1-100 pg-m™, respectively (Mooibroek et
al., 2011). Typically, aerosol particle number concentration (PNC) peak is
observed in the nucleation and/or Aitken modes. Nucleation mode aerosol
particles are mainly formed via homogeneous nucleation involving gas-to-
particle conversion, while Aitken and accumulation mode particles are formed
through coagulation of nucleation mode particles and condensational growth

(Kulmala et al., 2004). Ultrafine particles can also be directly emitted into the

14



atmosphere by combustion sources (e.g. fossil fuel, biomass burning, coal
combustion, vehicle exhausts) (Ning et al., 2013), but can also be produced by
secondary formation processes involving sulphur and nitrogen oxides to form
ammonium nitrate and sulphate in the particle phase and oxidation processes
involving organic gaseous precursors. Whereas coarse mode particles are
typically formed by mechanical processes and include resuspended material
due to the action of the wind over the soil, sea spray, volcanic and other natural

emissions (Fig. 1).
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Fig. 1. Scheme of typical atmospheric aerosol size distributions, sources,
. . : 1
formation mechanisms and removal processes for different modes (source :

www.ems.psu.edu)

Aerosol particles smaller than a few micrometers in diameter in dry air

masses can have average lifetimes from several days up to a few weeks in the
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lower troposphere (Zhang, 2001, Hoppel, 2002). However wet weather
conditions can greatly reduce the amount of atmospheric aerosol, particularly
water-soluble material.

In general, the predominant aerosol particle species are classified as
sulphate, nitrate, ammonium, sea salt, mineral dust, organic compounds, and
black or elemental carbon, each of which typically contributes about 10-30%
of the overall mass load. However the relative abundance of different aerosol
constituents can vary by an order of magnitude or more at different locations,
times, meteorological conditions and particle size fractions (Perez et al., 2010;

Reche et al., 2011).

2.1.2 Effects of aerosol particles on climate and health

In their most recent report, the Intergovernmental Panel on Climate
Change (Stocker et al., 2013) concluded that the quantification of aerosol
radiative forcing is more complex than the quantification of radiative forcing
by greenhouse gases (GHG) because aerosol mass and PNC are highly variable
in space and time. This variability is largely due to the much shorter
atmospheric lifetime of aerosol particles in comparison with the major GHG. It
1s well established that after entering into Earth's atmosphere the optical path of
solar radiation is physically transformed by absorption, attenuation, scattering
or reflectivity. Besides, clouds act as an optical filter, selectively transmitting
short wavelength and reflecting long wavelength light. Solar radiation is
absorbed on the planet surface and is re-emitted in a form of infrared light,
which is partly trapped in the lower atmosphere and partly transmitted into the
space. In such way the Earth is conserving its energy and keeps the planet
warm (Barkstrom et al., 1989; Allan, 2004; Forster and Taylor, 2006). In
climate terminology, this process is called RF. It shows the capacity of forcing
agents (i.e. clouds, gases, aerosol, landscape) to affect the Earth's energy
balance of incoming and outgoing radiation (Forster et al., 2007). The positive

RF means that the energy balance is increased and the surface temperature is
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rising, on the contrary, negative RF means cooling of the planet (Fig. 2). The
GHG are forcing the climate to warm up, in 2013 combined RF for methane
and CO, gases was 2.38 W-m™ (Butler and Montzka, 2015; Meinshausen et
al., 2011). With small exceptions, aerosol particles act as negative climate
forcing agents in several ways. First of all, aerosol particles participate in cloud
formation, the presence of sulphate aerosol in the cloud increases the number
of cloud condensation nuclei (Boucher and Lohmann, 1995; Lohmann et al.,

2010).
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Fig. 2. Bar chart for anthropogenic radiative forcing for the period of 1750-

2011 (source’: www. climatechange2013.0rg)

Cloud optical properties are changed, and the reflectivity of short
wavelength light is increased. It was estimated that the cloud albedo RF was —
0.90 W-m™* (Forster and Taylor, 2006). Aerosol particles are scattering light by

themselves, this effect depends on the size of particle diameter. Due to the
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scattering, organic aerosol (OA), nitrates and sulphates act as the cooling
agents of the atmosphere. The anthropogenic forcing by aerosol particles has
one of the largest uncertainties in current climate simulations (Carslaw et al.,
2013; Lohmann and Ferrachat, 2010).

Historically, volcanoes, sand storms and forest fires were the main natural
causes of negative RF, however this balance has been corrected by the
anthropogenic activity. Fossil fuel combustion and biomass burning
significantly contribute to carbonaceous aerosol emission in the atmosphere.
These particles are transformed into the secondary organic aerosol (SOA) by
accumulating volatile organic compounds (VOCs) in the atmosphere (Kroll
and Seinfeld, 2008). BC is other form of carbon, which is originated from
incomplete combustion processes. Unlike organic carbon, it absorbs light very
well, thus it increases forcing of Earth's radiative budget (Stocker et al., 2013).
Soot mixed with snow and ice reduces its surface albedo and accelerates the
melt processes (Hadley and Kirchstetter, 2012). The anthropogenic forcing of
the climate systems will be better assessed, if the sources and spatial
distributions of aerosol constituents are better evaluated.

Natural aerosol particles are probably 4 to 5 times larger than
anthropogenic ones on a global scale, but regional variations in man-made
pollution may change this ratio significantly in certain areas, particularly in the
industrialised Northern Hemisphere (Seinfeld and Pandis, 2012).

The adverse impacts of aerosol particles on the human health (Brook et
al., 2010) have stimulated the scientific community to research urban air
quality. The European Union (EU) and other international organisations, has
established tough targets for air quality in order to minimise adverse health
effects. Although only mass concentration of atmospheric particulates is the
subject to regulation, the debates continue about which aerosol particle size
fraction is more harmful to our health. This is important from a public health
point of view because ultrafine particles may be more toxic per unit mass than
the larger size fractions of aerosol (Sioutas et al., 2005; Pope et al., 2002). The

relation between mass and number concentration is inverse. For instance, PM, 5
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well correlates with accumulation mode particles (> 100 nm), but do not
correlate with ultrafine particles (< 100 nm), which account to most of the PNC
(Rodriguez et al., 2007).

The EU set two limit values for PM;, concentrations: annual average —
40 pg-m™, 24-h limit value — 50 pg-m™ not to be exceeded more than 35 times
a calendar year (2008/EC/50). However, the implementation of the EU air-
quality directives and introduction of more stringent vehicle emission
standards were deferred since some countries were unable to meet the pre-
existing limit value. Consequently, the reduction of aerosol mass concentration
has increased the concentration of ultrafine particles in Western countries
(Morawska et al., 2002).

The attention of air quality legislators is drawn to identification of aerosol
particle sources and their spatial distribution in various environments.
Therefore, the urban areas are of particular interest due to the fact that both
intensive aerosol particle emission sources and denser human population are
located there. Understanding the origins, transformations, and fate of
atmospheric aerosol is critical to determining the extent to which these

particles affect climate and human health.

2.1.3 Carbonaceous aerosol particles

Carbonaceous aerosol (OA and BC) has received more attention in recent
years for its impact on visibility degradation (BC is a major component
affecting light absorption), influence on RF, climate and human health
(Mauderly and Chow, 2008; Stocker et al.,, 2013). The main sources of
carbonaceous aerosol particles are biomass and fossil fuel burning, and the
atmospheric oxidation of gas-phase biogenic emissions and anthropogenic
VOCs (Bond et al., 2013; Stocker et al., 2013). Both, OA and BC have
different optical and chemical properties and, thus produce different impact on
atmospheric composition and climate. BC is characterized by its strong

absorption of visible light and by its resistance to chemical transformation
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(Petzold et al., 2013). BC is a common product of carbonaceous matter
incomplete combustion: wood burning in oxygen-deficient atmosphere
(Schwartz and Lewis, 2012), change in chemical structure due to heating
(Chow et al., 2004). BC can be transported far away from remote emission
sources since its atmospheric lifetime is in the order of several days up to a few
weeks (Koch et al., 2009). The sources and processes governing carbonaceous
aerosol composition and concentration are highly complex, therefore, the
identification of controlling factors is challenging.

The submicron inorganic fraction is mainly composed of sulphates,
nitrates, and ammonium, the formation chemistry of which is relatively well
understood (Seinfeld and Pandis, 2012). In contrast, OA is composed of
thousands of species, many of them unidentified (Goldstein and Galbally,
2007) and with poorly characterized formation pathways. Despite its
importance on global (e.g. climate) and local (e.g. pollution toxicity) scales
(Kanakidou et al., 2005), carbonaceous aerosol has only in the past decade
become a subject of great scientific concern and topic of methodical
investigation.

Characterisation of the organic content of aerosol particles has been in the
focus of research by aerosol mass spectrometers (AMSs) and aerosol chemical
speciation monitors (ACSMs) (e.g. Canagaratna et al., 2007; Wexler and
Johnston, 2008, Huang et al., 2014, Bougiatioti et al., 2014). Widespread field
deployments of AMS and ACSM instruments, especially in the Northern
Hemisphere, have demonstrated that 20-50% of PM, s and up to 70% of PM,
consist of carbonaceous aerosol particles (Zhang et al., 2007). Factor analyses
of the mass spectra (m/z) have been used to classify the organic components
into hydrocarbon-like, which largely represents fresh fossil fuel combustion—
related emissions; biomass, which stems largely from open burning; and
various degrees of oxidised organic, which characterise relatively fresh to more
completely aged SOA. It is known that aged SOA around the world has similar
organic oxidation levels. High-resolution ACSM measurements are able to

determine the average oxidation state of SOA as a function of aging in field
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measurements. Carbonaceous aerosol particles are defined either by their
physical properties or by the measurement method that is used (Poschl, 2003;
Watson et al., 2005). Such variety of methods brings common misconception
when results obtained by different measurement equipment must be
comparable (Petzold et al., 2013). In global modelling studies data sets should
be independent of the chosen measurement method, thus defining
carbonaceous aerosol properties on all levels are equally important.
Identification of natural and anthropogenic aerosol particles in the
atmosphere 1is equally important in source apportionment (SA) studies.
Carbonaceous aerosol particles carry on the isotopic signature of their
precursors (i.e. biogenic and fossil fuel hydrocarbons). Thus, the 8" Crc values
are a useful tracer to distinguish the origin of carbonaceous particle sources, as
different sources generally exhibit rather unique 813CTC values (Ke er al.,
2007). Despite numerous ambient air studies reporting stable carbon isotope
values (Narukawa et al., 2008 and Widory et al., 2004), it is still difficult to
apportion between fossil and non-fossil combustion sources based only on
813CTC values (Dusek et al., 2013). Main aerosol research groups are working
on various methods for fossil and non-fossil source estimation. Determination
of carbon isotope ('*C) in carbonaceous aerosol particle samples is the most
reliable one for estimating fossil fuel combustion and non-fossil emission
sources (Lewis et al., 2004; Szidat, 2006). However, this robust analysis is
expensive and requires large amount of carbon in the sample (> 10 pg per
measurement). The novelty of a combined Be analysis and an aerosol sizing
technique is that it is suitable for fossil and non-fossil source estimation and
requires less amount of carbon in the sample (> 0.5 pg per measurement) than
in case of 'C. Thus, the new approach based on 8“Crc values of size
segregated aerosol particles and physical aerosol diameter sizing technique was
used for distinguishing carbonaceous sources of fossil and non-fossil fuel

combustion.
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2.2 Source apportionment with receptor models

Contrary to the dispersion models, the receptor models use the measured
pollutant concentrations at receptor sites to quantify source contributions. They
don't describe the complicated dispersion process but use algorithm to compute
the contributions from different sources (Watson et al., 2002). Therefore this
kind of models can be used for SA. In atmospheric studies, an approach of SA
1s used in order to estimate pollution sources geographically at the given
receptor location (Fig.3). The application of receptor models requires
quantitative data on air pollutant concentrations, and good knowledge about
atmospheric processes (Fig.4). The main advantage of this method is its
simplicity, ability to combine various atmospheric aerosol and meteorological
data and no need to apply sophisticated mathematical models. Application
example of this method is correlation of meteorological parameters: wind
speed and direction (WD and WS), air temperature (7), precipitation and
relative humidity (RH) with levels of measured particulate matter (PM; Henry
et al., 2002). Correlations also can be identified among pollutants themselves,
for instance, PM values versus gaseous emissions. Another example, PM levels
in urban environment, on the roadsides or in the canyon streets are subtracted
from the measured regional background, in order to evaluate contribution of

local source (Lenschow er al., 2001).

22



2 SOURCE ORIENTED MODELS
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CONCENTRATIONS
AT THE RECEPTOR
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METEOROLOGY

3. RECEPTOR ORIENTED MODELS

SOURCE
PROFILES

Fig. 3. Schematic representation of source apportionment by various

techniques (Belis et al., 2014)

Evaluation of pollution levels following time pattern, for example,
diurnal cycles, working days vs. weekends, rush hours versus ordinary hours is
a good approach of applying this method (Ruuskanen et al., 2001, Gomiscek et
al., 2004). Receptor modelling is a method to apportion the measured
concentration of air pollutants at receptor site to their emission sources by
solving a mass balance equation using multivariate analysis (Hopke 2003;
Pekey et al., 2004; Viana et al., 2008). Several different computational
approaches have been used for solving inverse pollutant transport. Air mass
back trajectory analysis is frequently used to point out the direction and
sources of air pollution at a receptor site (Paschalidou et al., 2015). Trajectory
clustering techniques, which assign trajectories into representative spatial
groups, are a popular method to combine the flow climatology and pollutant
transport pathways with particle or gas measurements at a sampling station.

Atmospheric aerosol contains a complex mixture of particles both of
natural and anthropogenic origin, which originate from a variety of sources and

are defined either as primary or secondary aerosol (Seinfeld and Pandis, 2012).
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In recent years a number of research studies have focused not only on
understanding the formation processes, chemical composition but also on SA
of atmospheric aerosol particles (Harrison et al., 1996, Lanz et al., 2007). For
the interpretation of source areas, the concentration weighted trajectory (CWT)
and potential source contribution function (PSCF) analysis was used in several

research studies (Hoh and Hites, 2004; Salvador and Chan, 2004).

Knowledge required about pollution sources prior to receptor modelling
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Fig. 4. Knowledge of air pollution sources required for different receptor

models (Viana et al., 2008)

Most of SA studies cannot provide information about geographical
location of sources or the effect of polluted regions downwind of receptor site.
SA results are frequently supplemented by procedures to identify the direction
of air masses associated with high pollution levels or where compounds of
interest come from (Rizzo and Scheff, 2007; Gildemeister et al., 2007; Du and
Rodenburg, 2007). For small scales this can be done by wind rose analysis, on
the other hand, the long-range transport (LRT) may be better evaluated using
air mass backward trajectories model (Draxler and Rolph, 2014). Air mass
back trajectory analysis is frequently used to point out the direction and
sources of air pollution at a receptor site (San José et al., 2005). Back
trajectories trace the path of a polluted air parcel backward in time and have
long been used to track the history and pathway of air parcels arriving at a
specific location since they were first developed in the 1940s (Petterssen,

1940). Computational advances in the 1960s allowed isentropic analysis and
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trajectory calculations to be performed graphically on computers (Danielsen
and Bleck, 1967). Trajectory clustering techniques, which assign trajectories
into representative spatial groups, are a popular method to combine the flow
climatology and pollutant transport pathways with particle or gas
measurements at a sampling station (Sirois and Bottenheim, 1995; Dorling et

al., 1992).

2.3 Sources of combustion related to aerosol particles in urban

environment

Atmospheric dynamic processes change the physical and chemical
characteristics of combustion generated aerosol particles after they are emitted
into the atmosphere. Previous studies have suggested that the major influence
on contributions to the PNC is caused by the included vehicle exhaust
emissions during the traffic peak hours and photochemical nucleation events
(Ketzel et al., 2004, Cyrys et al., 2008, Pey et al., 2008), the residential heating
during winter periods (Hussein et al., 2004) and new particle formation (NPF)
by photochemical reactions (Perez et al., 2010). Typically, the formation
process occurs over large areas (Plauskaité er al., 2010). Therefore, it may
significantly contribute to changing the regional climate (Spracklen et al.,
2008). In recent years, these events have been studied extensively in
background (O'Dowd et al., 2002; Rodriguez et al., 2005) and also urban (or
polluted) areas (Tuch et al., 2006; Kulmala et al., 2005). It was found that the
anthropogenic emission sources such as manufactories, biofuel burning
(Karvosenoja et al., 2008; Kumar et al., 2010), the aircraft activity (Hu et al.,
2009), the natural sources (Holmes, 2007), the biomass burning (Simmonds et
al., 2005; Wardoyo, 2007) and the LRT (Beverland et al., 2000) were
important contributors to the PNC mostly in the size range below 300 nm. The
aerosol particles from the residential combustion can sometimes grow in size
in the urban environment mainly due to condensation of gases (Park et al.,

2008). The exhaust emissions from the gasoline and diesel-fuel vehicles
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remain the dominant source in polluted urban environments (Harrison et al.,
2011; Srinivas et al., 2011).

The size range for the road traffic emissions is consistent with the particle
number size distributions (PNSDs) for the gasoline direct injection and the
diesel engines with the majority of particles in the size diameter interval of
20-60 nm and 20-130 nm, respectively (Maricq et al., 1998, Morawska et al.,
1998; Morawska et al., 2008). These can alone contribute up to about 90% of
the total PNCs (Perez et al., 2010) reaching magnitudes of 10°~10° cm™ during
the nucleation events (Cheung et al., 2011). In the case of the South-Eastern
Baltic Sea region, NPF has been studied by Plauskaite et al. (2010) in a
relatively clean marine background environment. These studies revealed NPF
taking place more frequently in conjunction with high levels of solar radiation.
In spite of its importance, no long-term continuous measurement campaigns
studying the PNC dynamics have been carried out at urban sites in Lithuania so
far. As NPF was found to be a regional phenomenon it was expected that NPF

would also occur in the polluted urban areas.

2.4  Sources of carbonaceous aerosol in background environment

Open biomass burning and residential heating provides a substantial
contribution to carbonaceous aerosol particles in the atmosphere (Radzi Bin
Abas et al., 2004; Zhang et al., 2008; Saarnio et al., 2010). Fine particles
directly emitted from biomass burning sources are described as primary OA.
The SOA is formed in the atmosphere as the plume ages through
photochemical processes driven by sunlight (Capes et al., 2008). The North
and Eastern European countries are considered to play a significant role for the
microphysical, chemical and optical aerosol properties in the Baltic Sea region
(Zawadzka et al., 2013; Mann et al., 2014). The LRT of atmospheric aerosol
particles is a transboundary problem that can have significant impacts on

aerosol particle levels in the background European areas (Abdalmogith and
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Harrison, 2005, Moroni et al., 2015), when air masses arrive during suitable
meteorological conditions from regions with high emissions.

The main type of biomass burning in South-Eastern Baltic sea region in
early spring is vegetation burning. Long-term measurements of carbonaceous
aerosol particles performed in this area (Ovadnevaite et al., 2006, Ulevicius et
al., 2010, Bycenkien¢ et al., 2011) reported a yearly occurrence of high
biomass burning OA levels during March—April related to regional transport
from the Kaliningrad region, Ukraine and South-Western part of Russia
surrounding the Black Sea, but information on the nature and chemical
composition of the biomass burning aerosol in Lithuania is still limited The
LRT of emissions from forest and agricultural fires to Europe was recognized
previously and pollutants from fires in Canada (Miiller et al., 2005) and the
USA have been observed. The emission sources of fine particles during LRT
events have been studied in Northern Europe as well. As the mass
concentrations of fine particles are commonly lower in Northern Europe
countries compared with Central Europe LRT can have a notable impact on the
concentration levels (Anttila et al., 2008). It was shown that emissions from
wildfires from the Ukraine and European part of Russia increases the aerosol
particle mass concentrations in these countries frequently during spring and

summer (Ovadnevaite et al., 2007, Saarikoski et al., 2007).

2.5 Conclusions

Radiative climate forcing is rapidly increased by anthropogenic activity
and the release of trace gases into the atmosphere. However, with small
exceptions, aerosol particles act as negative climate forcing agents, and thus
can help to increase the surface albedo. In order to better understand the
processes in the atmosphere, aerosol particle physical and chemical properties
should be investigated. Particle number concentration and size distribution are
good methods for evaluating processes submicron particles undergo in various

environments.
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Carbonaceous aerosol particles are good indicators for biomass burning
activity, thus in recent years, SA have come to the forefront of air pollution
research. The knowledge of aerosol particle origin and contribution to
pollution level can help better understand the sources of local air pollution at a

given location.
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3 INSTRUMENTATION AND RESEARCH METHODS

3.1 Instrumentation
3.1.1 Condensation particle counter

Airborne particle counters are usually used to assess examine number
concentration in various environments and assess the main particle pollution
sources and formation processes. Several elaborate particle counting
techniques are widely used in measuring aerosol particles below 1 pm in size.
Standard optical particle counters struggle to measure particles smaller than
300 nm, thus the range for <300 nm particle detection is extended by using
condensation particle counter (CPC). One of the basic physical aerosol
parameter, PNC was measured using CPC. The working principle of particle
detection of such counters is based on the intensity of scattered light (Mordas
et al., 2008). In CPCs, aerosol particles are grown by a condensation to a
micron sizes, thus allowing easy detection with simple optics (Fig. 5). CPC is
operated on three basic principles: super-saturation of the working fluid,
aerosol particle droplet growth due to the condensation of super-saturated
vapour and scattered light detection by photo detector from aerosol particles.
First of all, prior detection particles are grown in the heated butanol (or other
working fluid) chamber. The environment is fully saturated. The injected
aerosol particles become the tiny grains for further growth by working fluid
condensation on the surface. In this case, there are several limitations for such
measurement.

Most of the counters are counting particles directly by the amount of light
each of them scatters. Increased particle concentration will dramatically
increase scattered light coincidence at the detector. Thus, light scattering

pattern for different PNC segments should be described.
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Fig. 5. Principal scheme of CPC (model UF-02proto). The main instrument
components are depicted: working fluid container, saturator, condenser and

particle detection section consisting of laser and optics (Mordas et al., 2008).

The critical super-saturation for homogeneous nucleation is typically
around 300%. The smallest size at which condensation will occur at a
particular super-saturation is referred to as the Kelvin diameter. This size
dependence is because vapour molecules are able to escape more easily from a
curved than flat surface thus increasing saturation vapour pressure with
decreasing radius of curvature. In CPCs, super-saturation is controlled to be in
the range of 100-200%. However, critical super-saturation must be avoided so
that droplets will not form in particle-free air. Working parameters of CPC
(model UF-02proto) are described, as follows: working fluid — butanol; aerosol
sample flow — 1L-min"'.; condenser temperature is 10°C; saturator
temperature is 43°C; cut-size diameter — 4.3 nm; the maximum detection limit
of aerosol particle concentration is 1.5-10° cm™; estimated error varies in the

range from 5% to 10%.
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The PNC was measured each 1 min and averaged for 1-h data sets. The
average, median, SD, percentiles (5", 25", 75", 95™), minimal and maximal

PNC values were calculated.
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Fig. 6. Particle detection efficiency of a UF-02proto as a function of the

particle size for silver particles. Two (Mordas et al., 2008).

CPCs are mainly used to provide PNC measurements. Any information
on the original size of particles is lost because of condensational growth. Other
instruments, such like differential mobility particle sizer or scanning mobility
particle sizer (SMPS), combined with CPC, can be used for aerosol particle
size distribution measurements. Additionally several CPCs with different lower
cut-sizes can be used to provide fast response of ultrafine particle detection,

but with a rough estimation (Kulmala et al., 2007).
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3.1.2 Aerodynamic particle sizer

The aerodynamic particle sizer (APS, TSI model 3321) uses the time of
flight (TOF) technique in order to measure the aerosol particle size distribution
(Fig. 7). Particles are illuminated with two laser beams of light separated in
space from 90 to 100 um. The beams are vertically and horizontally polarized.
The TOF technique for aerodynamic sizing of particles involves acceleration of
aerosol particles in a response to the accelerated flow of the aerosol sample

through a nozzle (APS Model 3321 instruction manual, 2004).
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Fig. 7. Principal scheme of aerodynamic particle sizer (APS, TSI model 3321,

instruction manual, 2004)

The detected signal of particle movement between two laser beams yield
two crests peak response. Hereafter, this response is analysed and classified
into 4 categories, i.e. events. The 1* event occurs when the signal of small

particle cannot stay above the threshold, and only one crest is detected. This
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event corresponds to the particle concentration in the size channel < 0.523 pum,
and TOF is not calculated. The 2" event stands for valid TOF measurements —
two crests above the threshold are detected. The aerosol particle concentration
and its size are calculated. The 3" type of event represents more than two
crests detection, thus it is not included in the results. Finally, the 4™ type of
event is outside the maximum detection time limit — 4.096 us. This occurs due
to large re-circulating particles.

The lower detection limit of the particle size is defined by the
wavelength, optical properties of the source and the detector, and the physics of
light itself. On the other end, the large aerosol particle detection is influenced
by sampling and particle losses on the walls. It is suggested that the counting
efficiency in APS channels is increasing by going from small to large particle
size bins (30% at 0.5 pm; 90% at 1.0 um) (Peters and Leith, 2003). The
manufacturer of APS (TSI model 3321) states that detecting of concentrations
of up to 1000 cm™ at 0.5 pm and 10 pm, will result in the coincidence of < 5%
and < 10%, respectively. The APS samples aerosol at 1.0 + 0.1 L-min~', while
the sheath flow — 4.0 +0.1 L-min™". Detected aerosol particle acrodynamic

diameter (D,) is in the range from 0.5 to 20.0 pm.

3.1.3 Scanning mobility particle sizer

The SMPS classifies aerosol particles according to their mobility in the
electric field (Sioutas, 1999). There are three main components in SMPS
structure: the neutraliser, the differential mobility analyser (DMA) and the
CPC. During measurements, aerosol particles pass through an inertial
impactor, which removes large particles outside the measurement range, thus
the multiple charging errors in data inversion are reduced. In the neutraliser
charged aerosol particles reach Fuch's equilibrium (Fuchs, 1963; Kim et al.,
2005). Then the particles enter the DMA. At this point particles are being
separated according to their electrical mobility. Negative direct power supply

(0-10 kV) was applied to the rod in the middle of the cylinder (Dubey and
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Dhaniyala, 2008). Ramping or stepping the voltage yields an electrical particle
mobility distribution, which is inverted into a PNSD (Wiedensohler et al.,
2012). Particles with the same sign charge as rod are repelled towards and
deposited on the outer wall, those with a neutral charge exit with excess sheath
flow. Only those particles with distinct electrical mobility size (combination of
correct charge and particle movement velocity) were bent into the exit slit,
where PNC is counted by CPC. The principal scheme of the SMPS is presented
in Fig. 8. The typical flow parameters for SMPS IfT model: aerosol flow was
1.0+0.2 L-min™', sheath flow — 5.0 +0.1 L-min™'. The detection efficiency
and the losses in the transport lines and inside the DMA are evaluated from
laminar flow tube diffusion loss equations. The measurement duration was
5 min and the aerosol PNSD was measured in 71 bins. The measurement size

range was from 9 to 840 nm.
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Fig. 8. Principal scheme of scanning mobility particle sizer (SMPS, model IFT,
Wiedensohler et al., 2012).

34



The multi-lognormal distribution function was considered as the best
approach to parameterise PNSD (Seinfeld and Pandis, 2008). A common

lognormal mode is presented in Eq. (1):

2
dN _ NTOT X (_ (logDp—long) ) (1)
dlogdD,  V2mlogog 2(log O'g)z ’

Nror — total particle number concentration (also can be replaced by surface,
volume or mass concentration), D, is the geometric mean diameter,
o, — the geometric standard deviation, Dp is the particle diameter. The right
side of the equation is a multi-lognormal distribution function and the left side
is measured PNSD.

In lognormal size distributions, D, of normal distribution is replaced by
the count median diameter (CMD). The lognormal particle size distribution is
symmetrical. Then distribution is symmetrical, the mean and the median are

equal. Therefore, for a lognormal size distribution Eq. (2):

D, = CMD = (D;* - D;* - D;* ..Dy™)/V, (2)
where D; — a midpoint particle size, n; — number of particles in group i having a
midpoint size D; and N = ), n;. The geometric standard deviation describes
how the values are spread in the distribution, it is always > 1.0, It was

calculated using Eq. (3):

Nmode , 3)

Dj max 2 dN
’ logD;) w———dlogD
2D min | °8P1) “dloghy 41°8Pp 2
—(logDg)
Oy = 10

where D i, and D;.x are the upper and lower limits of the particle size
distribution mode, N,,.q 1S the total particle number concentration of the mode.
In a lognormal distribution, 95% of particle diameters fall within a size range
of D, £ 2- 0,. The lower limit of this distribution is D, ag_z and the upper limit
— Dy ng. Aerosol particle size distribution with lower o, values are considered

to be monodisperse and wider distributions, i.e. o, > 1.25 — polydisperse.
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3.1.4 Aethalometer

The Aethalometer (Magee Sci., model AE31) was deployed to measure
aerosol particle light-absorption properties in the marine background
environment of the South-Eastern Baltic Sea region. This instrument provides
real-time data and can be operated continuously for a long time without
interference. The general principles of its operation are the optical absorption
of carbonaceous aerosol particles on the quartz filter. The measurements are
conducted sequentially at the seven wavelengths (A 370, 450, 520, 590, 660,
880 and 950 nm). The values obtained at the wavelength of 880 nm are
considered to be the standard value for BC concentration measurement
(Kirchstetter and Novakov, 2007). The optical attenuation method is well
described in Eq. (1):

o 1 AAATN
BC — ABS — a ,
aaBs aapsQ At

)

where g,ps 1S absorption coefficient in nm’, a.aps 1S mass absorption efficiency
n mz-g_l, A is an area spot (cmz), 0 is a flow rate in L-min~' and AATN is a
change of light attenuation during the period of time At.

The aethalometer converts light attenuation to the BC mass using a fixed
specific attenuation cross-section ags of 16.6 mz-g_1 of BC and the spot size
0.5 cm’, other settings depend on the chosen operation settings (Hansen and
Schnell, 2005). The Aethalometer output was calculated to mass concentration
in notation of pg-m™ through an internal conversion use assuming the mass
absorption efficiency. In order to compensate filter loading effects and filter
shadowing effects and error correction an empirical algorithms (Weingartner et

al., 2003, Virkkula et al., 2007) were used.
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3.1.5 Aerosol chemical speciation monitor

An aerosol chemical speciation monitor (ACSM; An Aerodyne Research
Inc.) was deployed at marine background environment site in Preila for the
purposes of measuring continuous non-refractory (NR) chemical components:

organic components, nitrate, ammonium, sulphate and chloride (Table 1).

Table 1. Main ion fragments used to identify inorganic and organic aerosol

species in ACSM mass spectra (Canagaratna et al., 2007)

Molecule/
Group Ion fragments Mass fragments
Species
Water H,O H,O0", OH", O" 18,17, 16
Ammonium NH;4 NH;", NH,", NH* 17,16, 15
Nitrate NO; HNO;", NO,*, NO* 63, 46, 30
H,S0,", HSO;", SO;™, 98, 81, 80,
Sulphate H,SO, S0,*, SO* 64, 48
+ + +
Organic CAHAO If;%’gf)ﬁgga ’ 18, 28, 44,
(O0A) NEMPY ¥ Y 43, 45, ..
CnHum
Organic + 27,29, 41,43, 55,
(HOA) CrHy CrHy 57,69, 71

A impactor PM;, was supplied in front of the sampling inlet to remove
coarse particles with a cut-off size at 10 um. The residence time in the
sampling tube is 5 s. The resulting aerosol flow passed through a Nafion drier
(PermaPure LLC, model MD-110-48S-4) and 2.5 m long stainless steel

sampling tube with 6 mm outer diameter before reaching the ACSM inlet.

37



particle inlet quadrupole
{1 atm)

mass spectrometer

" ?li:w:%%fu:ﬂec:.. #0y" gou i o"'""‘ @t - Ol g-tgl dgt@ - ,{jé—-——'— heater

600°C
A ( )
aerodynamiclens “\\
(40-1000 nm) filament
!:! (electron ionization)
turbo pum

system

Fig. 9. Principal representation of aerosol chemical speciation monitor (ACSM,

Aerodyne Research, Inc., source’: beta.dwd.de)

Aerosol particles with D4 varying from 40 to 1000 nm were sampled at a
flow rate of 1 L min~' into ACSM through a 100 pm critical orifice mounted at
the inlet of an aerodynamic lens (Fig. 9). The particles are then directed onto a
resistively heated surface where NR-PM, , components are flash vaporised on
impaction with the vaporiser typically operated at 600°C and ionized by 70 eV
electron impact. During this study, the ACSM was operated at a time resolution
of 30 min for typical aerosol component loadings in notation of pg-m™ with
mass spectrometer scan rate of 500 ms-amu~' and mass to charge ratio (m/z)
varying from 10 to 150. The detailed description of ACSM has been given in
(Ng et al., 2011a). The m/z calibration of the analyser was determined based on
measured air (N,-28, O0,-32, Ar-40) and water vapour (H,O-18, 17) in the
spectra, which is always present. Chemically resolved aerosol composition and
aerosol mass spectra (< 200 amu) were used to extract the chemically speciated
aerosol component loadings. The time series of mass spectra were processed
using multivariate factor analysis method to extract chemically distinct groups.

NH,NO; is used as the calibration aerosol because it is well focused by the
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aerodynamic lens (all particles reach the vaporiser) and it vaporises with 100%

efficiency (CE =1).

3.1.6 The carbon stable isotope ratio analysis

The carbon stable isotope ratio analysis (Boutton, 1991) was performed
with the elemental analyser (Flash EA 1112) coupled with the isotope ratio
mass spectrometer (IRMS, Thermo Finnigan Delta Plus Advantage model)
(Fig. 10). The aluminium foil samples were cut into equal pieces and were

packed into tin capsules (Garbaras et al., 2008).

=

Oxygen -:‘fff Helium

= Moisture

Separation
column

Combustion Reduction
oven oven

Fig. 10. Principal scheme of isotope ratio mass spectrometry (Garbaras et al.,

2008)

The packed samples were combusted instantaneously in the furnace filled
with oxygen gases at the temperature of 1020°C. All gases are transferred into
the reduction column, which was maintained at 650°C. The water vapour of the
sample is removed by using the magnesium perchlorate trap. Then the gas
mixture is separated in the column PoraPlot Q (at the temperature of 50°C).
Separated gas was delivered to the mass spectrometer ionisation cell through
the gas distribution device ConFlow III. The helium flow is maintained at
80 mL-min~'. The value of ionized CO, is measured with IRMS using
operational software and results were reported as 8'°Crc in notation of per mill

(%o0) units in Eq. (2):
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13
(Tc>sample

8§3Crc = (13— — 1) * 1000%p0, (2)
(12¢)standard
BC:2C isotopic ratio of carbon in the sample was compared to the reference
standard Pee Dee Belemnite, which has one of the largest BC:"2C ratio in the
world — 1.124-107 (Brand, 1996). The total carbon (TC) concentration in the
sample was estimated from the calibration curve of a combusted sample of
well known carbon material.

Additional measurement data was obtained from the Environmental
Protection Agency (EPA, source’: stoteles.gamta.lt) stations in Vilnius
(Savanoriy and Lazdynai) and in Klaipeda city centre. Data contained mass
concentration of PM;,, trace gases (NO, NO,, NO,, SO,, CO, O3) and
meteorological parameters (air temperature (7), RH, wind speed (WS), wind
direction (WD) and atmospheric pressure (p)). PM;, measurements were
conducted with the particulate dust monitor (Environnement S.A. model
MP101M), which is based on B-attenuation. Continuous NO, measurements
were conducted with NO, analyser (Environnement S.A. model AC31M)
based on chemiluminescence method. SO, measurements were based on UV
fluorescence method (Environnement S. A. model AF21M), CO measurements
were based on infrared gas filter correlation (Environnement S.A. model
COl11) and ozone measurements were based on UV absorption

(Environnement S. A. model O341M).

3.2 Research methods
3.2.1 Receptor models

The PSCF and CWT methods belong to a group of hybrid receptor
models (Cheng et al., 2013; Han et al., 2007), because both concentration of
pollutants (i.e. BC mass concentration, PNC, PM,5) and air mass backward
trajectories are used for SA. They are used for determining the areas which

contribute the most to the pollution levels at the receptor site.
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The PSCF technique for source identification is a conditional probability
that air mass in upwind areas passing through the grid cell i X j will have had
the same or higher than criterion value concentration upon arrival at the
trajectory endpoint (Ashbaugh et al., 1985; Pekney et al., 2006; Hopke, 2003).
In particular, PSCF and CWT methods can be expressed by Eq. (3):

_ ShoifCDT T
J

C, , 3)

YHo1TijT
where i and j are the indices of the trajectory segments; L is the total number of
the trajectories; f(Cr) is a conditional function of mean concentration C; at the
receptor site, measured on arrival of trajectory 7T; t;;r is the number of
trajectory 7 segment endpoints in a grid cell i X j divided by the total number
of endpoints for trajectory 7. The meaning of C;; can be interpreted as the
intensity of sources in the grid cell i X j.

In PSCF method, f(C;) is the step function that equals 0, when the
concentration Crp is below a certain value, and is equal to 1 when the
concentration values are above or equal to the criterion value (Kabashnikov et
al., 2011). A small number of trajectory segment endpoints result in high C; ;
values with significant uncertainties. In order to avoid such discrepancy for
grid cell with low number of trajectory endpoints, an empirical weight function
W(Ti' j,T) (Zeng and Hopke, 1988; Ara Begum et al., 2005) is considered:

(1.0; 1,7 <10

0.7, 6 < TijT <9
W(Ti’j’T) - 0.4, 3 < Ti,j,T < 5’ (4)

02, 7t;7r<2
The meaning of W(Ti' j,T) = 1 is that only one trajectory has passed over the
grid cell i X j. By this method, air masses from potential source locations,
which are crossing the receptor site, are evaluated. This analysis excludes
evaluation of emission inventory of a pollutant (Lucey et al., 2001). Another
limitation of this model is that grid cell i X j can obtain C;; value only when

concentration value measured at the receptor site is equal to or higher than the
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criterion value. Thus, it is useful method for identifying strong emission
sources and problematic for moderate ones (Wang et al., 2006).

In order to calculate the CWT values, the whole geographic region
covered by the backward trajectories is divided into a gridded i X j array. The
geographical domain covers an area of interest, based on the maximum
distance travelled by the trajectories during the observation period, with
receptor site in the centre of domain. Each grid cell is assigned with a weighted
concentration C; ; by averaging sample concentrations at the receptor site and
associating it with backward trajectories as defined in Eq. (3). In case of CWT
method f(Cr) = C; (Hsu et al., 2003). The whole calculations are repeated for

all trajectories.

3.2.2 Air mass trajectory cluster and sector analysis

K-mean trajectory clustering method was performed for analysing the
association between aerosol particle physical parameters (i.e. aerosol
component loadings, BC and PNC) and their attribution to the air mass origin
(Beddows et al., 2009; Dall’Osto et al., 2011). The geographical coordinates
were converted to Cartesian coordinate system (x, y) using the azimuthal
equidistant projection with the central point set to geographical position of the
receptor site as in Egs. (5) and (6). The homogeneity within clusters was
achieved by minimizing the angle distances between the corresponding

coordinates of the individual trajectories (Sirois et al., 1995):

dy; =~ ¥ cos™! (0.5 %) (5)
where

A = (X (D) — Xo)? + (11(D) — Yo)?, (6a)

By = (X, (1) — Xo)? + (Y2(i) — Yp)?, (6b)

Ci = (>0 — X)? + (%() — )2, (6¢)

The variables X, and Y|, define the position of the receptor site, X;(i), Y;(i) and

X5(7), Y,(i) coordinates of i segment for trajectories 1 and 2. In order to reduce
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the number of errors in the model, the trajectories of similar history, which
have the similar path of advection and velocity of air flow, were grouped into
similar clusters.

Trajectory sector analysis is a statistical approach used for computation of
mean concentrations from various clusters to evaluate the effect of air masses
arriving from geographical sector on pollutant concentration at the receptor
site. In this thesis, the trajectory cluster directions were defined by 6 sectors of
60° each, starting with the 1% sector from 20° to 80°. Egs. (7) and (8) were

used to calculate the mean concentration (C;) from sector j:

C;= M (7)
Nj
Nj =X fop (8)
The relative contribution (%C;) from sector j was calculated in Eq. (9):
%C ; = L ©)

6 ’
X721 C jN jX100
where N is the total number of trajectories, C; — the concentration of pollutant
in i trajectory, f;; — the time passed through the sector j for the i trajectory, and

N; — the total time during which trajectories passed through sector j (Zhu et al.,

2011).

3.2.3 Principal component analysis

Measurements of the ambient aerosol particles provide better
understanding of atmospheric processes. Nowadays different aerosol particle
physical properties are measured simultaneously by such network sites as
GAWSIS, AERONET (Holben et al., 1998) and ACTRIS (Asmi et al., 2012).
Gathering and combining aerosol measurement data accumulates large data
sets, which must be processed in order to be suitable for atmospheric and
climate modelling. Different aerosol properties are frequently inter-
comparable, for instance, aerosol particle size and shape vs. total aerosol light

scattering (Pollack and Cuzzy, 1980; Chamaillard et al., 2006), accumulation
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mode refractory soot volume vs. total aerosol light absorption (Clarke et al.,

2004).

YA

.Y

Fig. 11. Principal component analysis: transformation of Cartesian coordinate

system

One of the way of simplifying variable aerosol parameters in the data sets
1s by applying principal component analysis (PCA, Everitt and Howell, 2005;
Jeon et al., 2001). In PCA model, it is convenient to express variable
parameters in terms of its principal components (PC) rather than relying on
Cartesian coordinate system (Fig. 11).

In order data to be suitable for analysis, data sets mathematically undergo
linear orthogonal transformation, so that a component with the largest variance
becomes a new coordinate axis, it is called primary principal component (PC,).
The second principal component (PC,) is perpendicular to the primary axis,
thus such operation will fulfil the condition that transformed data set variables

must be linearly uncorrelated. This relation is depicted in Eq. (10), as follows:
PC; = X/21by; v (10)
b; j is a factor loading, which indicate how strongly a specific original variable

v; contributes to the principal component PC;. Each data set may have the same

number of principle components as variables or less, but for analysis only
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those with the largest variance are important. Variance of the data set points is
expressed by using pairs of two parameters: an eigenvector is a direction of the
PC; and eigenvalue is the variance of this direction. The PCs with an
eigenvalue greater than or equal to 1, are in general considered as being of
statistical significance (Kaiser criterion), other components with eigenvalue

less than 1 may be neglected.

3.2.4 Determination of aerosol particle mass

For evaluation of aerosol particle mass concentration SMPS-APS
measurement data was processed, based on the algorithms, relating aerosol
particle size diameters and particle volume size distribution (Sioutas et al.,
1999; Peters et al., 2006; Shen et al., 2002). As two sizing equipment use
different principles of operation, in case of SMPS mobility diameter (Dy;) and
in case of APS aerodynamic diameter (D,) are converted into physical
equivalent diameter. In Eq. (11), the physical equivalent diameter relates to Dy
(Hinds, 2012):

Dyg = DA\/(x@CS&), (11)

pp Cs(DvE)

where y is dynamic particle shape (for spherical particles: y = 1), pyo — a
reference density in g-cm™, pp — particle density in g-cm™, Cs(D,) and
Cs(Dyg) — Cunningham slip correction factors for aerodynamic and physical
equivalent diameters. In Eq. (12) the physical equivalent diameter relates to Dy,

(DeCarlo et al., 2004):

_ Cs(DvE)
Dyg = Dy (—X CS(DM)), (12)

where C5(Dy) is Cunningham slip correction factor for Dy. Combining

Egs. (2) and (3), the Dy relation to D, is estimated in Eq. (13):

3
o /
D = Da [2(E5) " 6 (DVG DR (13)

Simplified version of Eq.(13) is derived by taking into account several
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assumptions: particles are spherical, therefore y = 1 and Dy = Dyg. This newly

settled conditions are depicted in Eq. (14):

1
Dy = Dy J:—p (14)

where particle density pp is chosen according to aerosol particle chemistry, its
size and environmental conditions (gakalys et al., 2015).

In this thesis, while combining particle size distributions, derived from
APS-SMPS measurements, no correction factor was applied for SMPS
concentrations, due to the lack of overlapping size range from both of the
equipments (Khlystov er al., 2004). The aerosol particle density was
pp=1.3 g-cm™. PNSD for each size interval were converted to volume and to
mass concentrations using the following Eq. (15):

3
T D
Mror = ZppN (JT%) ; (15)

3.2.5 Organic aerosol triangular plot

Simplified method of characterizing the aging of OA in the atmosphere
from ACSM has been identified. OA is classified mainly by hydrocarbon-like
and oxygenated OA (HOA and OOA, respectively) (Volkamer et al., 2006).
The mass spectrum of OOA highly resembles aged and oxidised OA and
correlates with SO%~, thus it can be estimated as a good indicator for SOA
(Zhang et al, 2005). It could be deconvolved into semi-volatile OOA (SV-
OOA) and low-volatility OOA (LV-OOA). The m/z 43 ions are identified
mostly acid-derived species — mostly C,H;0", and m/z 44 ions are as non-acid
oxygenates — mostly CO3 (Russell et al., 2011). Two most dominant
components of OOA spectra are plotted against each other: f;4 (ratio of m/z 43
to total signal) vs. f43 (Ng et al., 2011Db).
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Fig. 12. Triangle plot (f44 vs. f43) for all the OOA components obtained from
AMS measurements (Ng et al., 2011b)

All OA components fall within a triangular space, which is limited by two
lines (y=-0.602-x +0.415 and y=-1.844-x + 0.332) (Fig. 12). These lines
intersect at (0.020; 0.295). The HOA components have f;4 < 0.05; SV-OOA and
LV-OOA components concentrate in the lower and upper halves of the triangle,

respectively.

3.2.6 Bayesian isotope mixing model

Stable carbon isotope analysis is an extensively used tool for determining
cycles and fluxes of elemental carbon in various systems: ecological, marine
environment, geology and atmospheric research. One type of application is
mass balance equations and the distinct isotopic signatures of various sources
to determine their relative contributions to the mixed signature in an end
product. (Phillips and Gregg, 2003; Parnell and Phillips, 2012) Such approach
proved to be useful for estimating the contribution of various food sources to a
consumer's diet (Semmens et al., 2009). In this study, Bayesian carbon stable

isotope mixing method was extended to air filter analysis. A case of single
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isotope with two mixing sources (Phillips and Gregg, 2001) was applied for
estimating contribution of fossil fuel combustion and non-fossil fuel source as

in Eq. (16):

813C, ko = 813C, - ky + 813C, - k>, (16)
where 613C0 is the measured value of the sample, k, is the measured amount of
CO, measuring TC in relative units, 813C1 =—28.0%o is the isotope ratio of
fossil fuel combustion, 8'°C, varied between —24.0%0 and —26.0%o. k; and k,
are the relative contributions of the two sources when k; is contribution of the
fossil fuel source and k, = k) — k; is the contribution of the non-fossil fuel

source. k; was obtained as a model value.

3.2.7 Measurement locations

Vilnius is the capital of Lithuania and is situated in the South-Eastern
region by the Neris river. The measurement site is located in the outskirts of the

city (54°38' N, 25°18' E) at Center for Physical Sciences and Technology.

Fig. 13. Urban background measurement station in Vilnius city

There are highway roads Vilnius—Klaipéda (Al) in W direction and
Vilnius—Druskininkai (A4) in SW direction close to the station (Fig. 13).
Traffic data for roads shows that the annual daily traffic intensity in 2012 for
Al was 18,096 vehicle-day™ (17% of all vehicles were heavy-duty) and A4
was 20,245 vehicle-day™' (10% of all vehicles were heavy-duty) (source:
www.lakd.lt). The elevation of the site is 165 m above sea level (ASL) and the
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sampling line is 11 m above ground level (AGL). This measurement site is
classified as an urban background location, where the urban area is strictly
defined as the sector between 0° and 90° directions.

The Preila Environmental pollution research station (55°55' N, 21°04' E)
is located on the coast of the Baltic Sea, on the Curonian Spit (Fig. 14). The
site 1s located 2 km from Preila village in the South (S) direction, 11 km from
Nida in the South West (SW) direction. There are no major sources of
anthropogenic pollution at the site. Nearest industrial cities and ports are
Klaipeda (40 km in the N direction) and Kaliningrad (90 km in the SW

direction).

Fig. 14. Marine background measurement site at Preila Environmental

pollution research station

There is a regional road Smiltyné—Nida (167) passing by 0.3 km from the
station. Traffic data for road 167 shows that the annual daily traffic intensity in
2013 was 619 vehicle-day™' (4% of all vehicles were heavy-duty) (source”:
www.lakd.lt). The elevation of the site is 5 m ASL and the sampling line is 4 m

AGL. The Preila station is located in marine background environment.

3.3 Conclusions

It was shown that by applying various receptor modelling techniques,
aerosol particle sources, contribution and spatial distribution can be evaluated.

This is important if we want to reach a better understanding of anthropogenic
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RF of the climate systems. In this work aerosol particle physical properties
were explored with the measurements conducted by SMPS, aethalometer, CPC
and an innovative approach of combining aerosol measurement techniques and
stable carbon isotope mass spectrometry was investigated. ACSM data
expanded aerosol exploration into the field of chemistry and provided more
information about aerosol formation and sources during vegetation burning

events.
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4 RESULTS

4.1 Source apportionment of fine particle number concentration in

urban environment

The aim of this study was to investigate the source areas and processes
affecting urban aerosol PNC. The measurements were conducted at Vilnius
urban background site from June 1%, 2010 to September 30", 2011, excluding
period from October to December 2010. The applied receptor models: PSCF,
CWT and air mass trajectory clustering were implemented to characterise the
seasonal variations of aerosol PNC. In addition, aerosol particle size
distribution (PNSD), the PCA, PM,,, meteorological data and trace gases were
used to characterise the processes aerosol particles undergo in urban

environment.

4.1.1 Seasonal variability of particle number concentration in urban

environment

The aerosol PNC levels measured in Vilnius displayed a large variability
mainly related to daily and seasonal activities (Fig. 15). There were two
distinct trends for seasonal PNC values: winter—spring peak rising in April,
2011 (1.90-10* cm™; SD 1.50-10* cm™) and the decline during the summer
season with the lowest PNC values between July and August, 2011
(3.8-10° cm™; SD 3.00-10° cm™). The monthly average concentrations in
autumn varied from 3.4-10° cm™ (SD 3.0- 10° cm_3) in October to 1.20-10* cm

(SD 8.0-10° cm™) in September.
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Fig. 15. Monthly variations of PNC at Vilnius, June 2010-September 2011.
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Table 2. Particle number concentration values in urban stations

Reported

Site location Description  Study period -3 Reference
values, cm
April 2001-
June 2003, 4 A Aalto et al.,
Augsburg (DE)  urban September— 1.02-10 2005
December 2003
: 0.8-10*- Thomas &
Brisbane (AU)  urban 1996-1997 154.10% A Morawska, 2002
November 2008— 4A Salma et al.,
Budapest (HU)  urban November 2009 1.18-10 2011
Gwangju (KR)  urban 2006-2007 74100V Park et al., 2008
o urban May 1997-March 4A Hussein et al.,
Helsinki (FI) (marine) 2001 1.67-10 2004
April 2001- 4 A Aalto et al.,
Stockholm (SE) urban December 2003 1.03-10 2005
Vilnius (LT)  yrban June 2010~ 1.00-10**  This study

September 2011 *
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A_ PNC mean values reported annually
“_ PNC mean values reported in winter

** — October—December 2010 were excluded from analysis

The PNC values, observed in Vilnius, were well in agreement with those
reported in other urban stations (Table 2). Aerosol concentrations depend on
several factors, 1.e. traffic intensity, seasonal variation and weather conditions.
During the cold season, when the air temperature dropped below zero, the
higher aerosol PNCs were usually observed. This can be explained by the
accumulation of aerosol particles in lower altitude due to increased emissions
and weaker atmospheric convection (Gao et al., 2007). As seen in the studies
(Meyer, 2012; Karvosenoja et al., 2008), the use of fossil fuel and wood
burning for domestic heating could yield a major increase in aerosol particles.
During the spring, atmospheric pollution from vegetation burning events in
South-Eastern Baltic Sea region is one of the main contributor to the PNC

increase in Vilnius urban environment.

4.1.2 Diurnal variation of aerosol particle number concentration

From monthly diurnal PNC cycles during 2010 study period (Fig 16) it
was observed that there were two cycles of PNC increase: at the rush hours and
during the evening. Black line represents average monthly PNC values, lower
and upper grey lines — 16™ and 84™ percentiles, respectively. Such percentiles
were chosen because they represented data range of mean PNC % 1.0 for
normal probability distribution.

Most of the time during the summer PNC values were higher than
estimated background PNC level (5.0- 10° cm™), except for the noon hours in
July and August. The morning peak reached its maximum at 7:00 (GMT + 2)
and PNC was 9.9-10° cm™. It can be related with the increased traffic
emissions during the rush hours, as there are major roads near the measurement
site. Evening PNC growth during the summer usually started from 19:00

(GMT + 2) and reached its maximum at 22:00 (GMT + 2). The PNC values
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were in the range from 7.2-10° to 1.15-10% cm™. The evening cycle variation
can be explained with the change of height in the boundary layer. In September
PNC values were the highest from the observed data of the year 2010.
Maximum PNC values (1.84-104 cm_3) was observed in the morning 07:00
(GMT + 2). This can be explained by a rapid increase of vehicles traffic in the
streets of Vilnius as many people return from the holidays and education year
at schools and universities starts. In October PNC values are lower than in
summer due to the instrument failure and not enough data was gathered for
correct month representation.
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Fig. 16. Diurnal cycles of PNC (1-h mean) depicted at Vilnius measurement

site for each month during 2010 study period

Similar weekday pattern was observed in other urban stations in
Stockholm and Helsinki (Aalto et al., 2005, Hussein et al., 2004)), however
particle number measurements at background station in Preila (Lithuania)
didn't reveal diurnal cycle trend. This suggests that the increase of aerosol

particles can be associated with local pollution sources within the urban area.

4.1.3 Principal component analysis of atmospheric pollutants

In order to identify the main sources contributing to the increase of fine
particles in urban environment, the PCA was conducted. PM;, trace gases and
meteorological data was obtained from the EPA stations (Savanoriy and
Lazdynai) and PNC measurements were made at urban background station in

Vilnius. The PCA results are presented in the Table 3, and the analysis is
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limited to the first three principal components, as the majority of data variance

(74%) was explained by these components.

Table 3. Principal component matrix. PM,, trace gas and meteorological data
was obtained from the EPA stations (Savanoriy and Lazdynai) and PNC from
the urban background measurement station in Vilnius. Significant factor

loadings (with absolute values > 0.6) are in bold.

Components PC, PC, PC;
PM,, 0.74 0.15 -0.02
SO, 0.19 0.73 -0.29
NO 0.59 0.23 0.60
NO, 0.90 0.11 -0.34
NO, 0.94 0.19 0.01
(O} -0.90 0.16 0.18
RH 0.20 -0.77 -0.27

p -0.51 0.39 -0.41

WS -0.77 -0.12 0.42
60) 0.62 -0.56 0.02
PNC 0.55 0.16 0.59
;}’(‘;‘)ﬁﬁz 45% 17% 12%

PNC, PM,y3, NO, and NO, had the most significant (absolute values
> 0.6) factor loadings for the primary component (PC;), which explained 45%
of data variance. PC,; indicated the influence of fossil fuel combustion from
traffic emissions. PNC had a negative correlation with meteorological
parameters (WS and p). The mixing and dilution of pollutants in the
atmosphere is increased with higher boundary layer (higher p values) and
stronger wind (higher WS values). The chemical balance of NO, and ozone
explained negative factor loading of ozone (—0.90). The PC, explained 17% of
the variance in data. SO, (0.73) and carbon monoxide (—0.56) gases had

significant factor loadings. The PC, was attributed with specific domestic
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heating sources: coal burning and fossil fuel combustion, because they strongly
emitted SO, gases (Streets and Waldhoff, 2000; Markovi¢ et al., 2008). The
PC; had a high factor loadings of nitrogen monoxide (0.60) gases and PNC
(0.59), explaining 12% of variance in data. Strong nitrogen monoxide and
negative (or weak) PM, nitrogen dioxide and sulphur dioxide factor loadings
indicated emission source from vehicle engines for PC;. PNC correlation with
nitrogen monoxide suggested that fresh vehicle exhaust gases became a source
for NPE. In PC; and PC, the correlation of PNC with PM,, indicated that the

increase of pollution level in urban environment had affected PNC values.

4.1.4 Receptor modelling of aerosol particle sources in urban

environment

PSCF model, CWT method and air mass trajectory cluster analysis were
run with the seasonal data for winter, spring, summer and autumn in order to
identify the main atmospheric circulation pathways influencing PNC (Figs. 17
and 18). There are four dominant paths of air masses reaching Lithuania: from
the W, NW, SW and SE. The long and fast moving trajectories were
disaggregated into groups originating from more distant W and N'W regions.
Members of this cluster have extremely long transport patterns; some of them
cross over North Sea, Northern Europe or the Nordic countries. Trajectories
belonging to S—SW typically follow a flow pattern over the Poland and
Germany. Generally such trajectories have short transport patterns, indicative
of slow-moving air masses.

In spring no clusters exceed the season mean of 1.63-10% cm™, but 1*
cluster (26% of trajectories) was recognized as polluted one, which indicates
that the air masses associated with this cluster lead to higher PNC values
(1.27-10*cm™; SD 1.0-10°cm™) in Vilnius (Fig. 17). About 21% of
trajectories were assigned to the 3" cluster with the lowest concentration of
5.5-10° cm™ (SD 1.22-10* cm_3), thus this cluster had less effect on PNC

values in Vilnius. The 2™ cluster 2 (17% of trajectories) represents the most
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important transport pathway with the highest PNC (1.55-10*cm™; SD

8.6:10° cm_3) among the six clusters in winter (Fig. 18).

" Summer |

ZODEHD 1= = = = = = = = = = === ZODEHDE 1= = = = = = = = = = = ===
Spring summer
1SOFEH0A tm o o L1SOFHD o o o e -

o -
5 100E+04 +— —ll= == = = = = === == == === LODEHDA = = = = = = = = == == == == === g
o o
2 =
o a

5 00E+03 + — - — ——I--—I—— - BOOEHOY - — — - - — — — — = — — — — — — I —————
D.ODE+DD T T 1 0.00E+00 I I ' I l ' I 1
1 2 3 4 5 3 1 2 ] 4 5 B
Clusters Clusters

Fig. 17. Backward air mass trajectories (duration 72-h) and PNC (1-h mean)
are grouped into 6 clusters during the warm season (spring and summer).
Potential source maps depict PNC (1-h mean) seasonal variation. Air mass
backward trajectories were computed for 72-h over urban background site in

Vilnius at 100 m AGL.

The second important transport pathway in winter season was associated
with cluster 6 (7% of trajectories), which had the second high PNC
(1.23-10% cm™; SD 1.09-10* cm™). The number of trajectories assigned to the
3" cluster was high (36% of trajectories), therefore, the pathway represented
by this cluster was considered important for lowest PNC (9.9- 10° cm™; SD
7.6-10° cm™). In autumn, the pathway represented by 4™ cluster was most
polluted (1.12-10* em™; SD 6.3-10 cm™), while those of the 5™ (4.1-10° cm™;
SD 7.7-10° cm_3) and 6™ clusters (4.0-103 cm™; SD 2.5-10° cm_S) were

relatively clean.
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Fig. 18. Backward air mass trajectories (duration 72-h) and PNC (1-h mean)
are grouped into 6 clusters during the cold season (autumn and winter).
Potential source maps depict PNC (1-h mean) seasonal variation. Air mass
backward trajectories were computed for 72-h over urban background site in

Vilnius at 100 m AGL.

The CWT values revealed that PNC observed in Vilnius is not heavily
affected by the LRT of air masses during summer as CWT values are less
variable (Fig. 19). There are some trails approaching from the N (autumn) and
NW (winter), indicating that regional transport from Northern Europe was not
always negligible. Eastern parts of Belarus and Ukraine were the regions with
high CWT values (1.2-10* cm™) in autumn. The pollution accumulated in the
southern countries' air masses presents a contribution, or rather a baseline, to

which local emissions (which are possibly dominant) are added.
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Fig. 19. Concentration weighted trajectory maps representing seasonal
variation of PNC (1-h mean). Air mass backward trajectories were computed

for 72-h over Vilnius measurement site at 100 m AGL.

4.1.5 Analysis of new particle formation events in urban background

environment

In order to investigate the NPF events in urban background environment,
the PNSD data for September was characterised by calculated PNC values in
the nucleation (N;g_,), Aitken (Ng.99) and the accumulation (Nygp_300) particle
size ranges (Fig.20). Three type of events in urban environment were
identified on September 7™ — the traffic/NPF, on September 18" — the NPF and
on September 22™ — the traffic/residential heating (Fig. 21). Diurnal cycles of
these events are presented in (Fig. 20). Typically, the maximum of the diurnal
PNC variation may be attributed to transport emissions (Kittelson et al., 2000)
where under favourable conditions nucleation can occur, for example, in road

tunnels and in open road areas (Kittelson and Watts, 2000).
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Fig. 20. Daily variability of PNC (cm™) in size ranges of 10-20 nm, 20-90 nm
and 100-300 nm in Vilnius during the traffic/NPF (A), the traffic/residential
heating (B) and the NPF (C) events

On the day of the traffic/NPF event a clear diurnal pattern of
concentration increase during the rush hours (06:00-08:00 and 14:00-17:00,
GMT + 2) were observed (Fig. 20 A). PNC increase in the second part of the
day was also influenced by the NPF event starting from 13:00 (GMT + 2).
Nyo_9p overcame Njy_,y concentration from 19:00 (GMT + 2) indicating further
aerosol particle growth after NPF event. The traffic/domestic heating episode
showed that Njgy_300 concentration was the main contributor to the elevated
PNC level during the whole day and the morning increase of PNC during the
rush hours was attributed to the traffic emissions (Fig. 20 B). The NPF episode,
which was observed on September 18", 2011, occurred in the evening. It is
seen that N,y_gy concentration increases sharply starting from 17:00 (GMT + 2)
indicating aerosol particle growth (Fig. 20 C).

Urban aerosol particles are influenced by several sources, which originate
both locally and globally. Aerosol particle events can be characterised by
PNSD time series and distribution parameters. These events are in details
presented in Fig. 21 and PNSD parameters are listed in table 4. Common
events in urban environment are, as follows: the traffic/NPF (Fig. 21 a, b), the
NPF (Fig. 21 c, d), the traffic/residential heating (Fig. 21 e, f) events. The

previously reported measurements at the traffic dominated sites determined
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that the maximum PNC occurred for diameters around 20 nm (Wehner et al.,
2009).

Table 4. The parameters of PNSD in Vilnius during the traffic/NPF (A),
the traffic/residential heating (B) and the NPF (C) events

B C

Curves — 13h) 219 3@22h) 1(18h) 2(20h) 3(22h) 1(10h) 2(17h) 3 (23h)

Nror() 45-10° 1.1-10° 7.8-10* 1.5-10° 1.7-10° 1.1-10° 5.2-10° 1.9-10° 8.7-10*

Nror(ID)  2.4-10°  3.2.10° 2.1-10° 5.5-10* 4.0-10* 3.4-10* 2.1-10° 0.8-10° 4.3-10*
Dg(D) 15 10 9 33 42 48 8 13 6
Dg(1D) 62 38 63 124 147 149 80 102 137
og(D) 1.55 1.40 1.46 1.59 1.52 1.57 2.10 1.76 422
og(1D) 2.10 2.67 2.16 1.62 1.47 1.44 2.10 2.10 2.10

Vehicles directly emit a significant number of particles in the size range
between 40 and 100 nm (Harris and Maricq, 2001). The results of analysis

investigated with respect to the diurnal pattern of aerosol particle number

concentration of each mode were considered.
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Fig. 21. Daily variability of aerosol PNSD at urban background station in
Vilnius during the traffic/NPF (a, b), the NPF (c, d), the traffic/residential
heating (e, f) events. Aerosol particle size distributions were depicted on the 70
1 —13:00, 2 — 19:00, 3 — 22:00 (b), on the 18" 1 — 18:00, 2 — 20:00, 3 — 22:00
(d) and on the 22 of September, 2011 1 — 10:00, 2 — 17:00, 3 — 23:00. Time
zone is GMT + 2.

61



As it is seen in Fig. 20, the particle size distribution on September 7",
2011 showed the nucleation mode particles with the diameter of about
9-20 nm. It can be seen that a peak number concentration was observed during
the early morning and afternoon of September 7" while the PNC was
relatively stable on September 22", The concentration of the nucleation mode
was much higher than Aitken and accumulation modes, indicating the
significant contribution of traffic pollution to the number concentration for

both events.

4.1.6 Conclusions

1. The long-range transport of air masses increased the background
level values of particle number concentration in Vilnius city. In
autumn the air masses arriving from W and SE increased by 40%
and 120% of the estimated background Ilevel (5.0 10° cm_3),
respectively. In winter the air masses arriving from SW and NW
resulted in 20% and 55% increase of the estimated background level
(1.0-10* cm™), respectively. In spring the air masses arriving from
SW and NW increased the estimated background Ievel
(5.0-10° cm™) by 65% and 130%, respectively.

2. The principal component analysis indicated correlation pattern of
N300 with NO (0.54) and NO, (0.90) gases. It confirmed that the
variations in the particle number concentration diurnal patterns were
mainly due to the traffic and biomass burning sources.

3. Potential source contribution function and concentration weighted
trajectory methods, and air mass trajectory clustering demonstrated
that additional possible source areas contributing to the elevated
particle number concentration in Vilnius were Central Europe

industrial areas.
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4.2  Source apportionment of black carbon in the South-Eastern Baltic

Sea region

The main sources of BC in the air masses, arriving at the background
measurement station in Preila, were investigated by applying statistical
methods and receptor models. The analysis is based on BC mass concentration
data, obtained with aethalometer (Magee Sci., model AE31) at 880 nm, from
January 1% to December 10™ 2013, air mass backward trajectories were
computed using Hybrid single particle Lagrangian integrated trajectory
(HYSPLIT-4) model, global meteorological data-sets were obtained from
NCEP-NCAR Reanalysis archive databases. Air masses were grouped into 6
clusters for each season. The PSCF and CWT methods helped us to estimate

the major contributors of BC in the South-Eastern Baltic Sea region.

4.2.1 Black carbon concentration variations in marine background

environment

BC optical measurements of carbonaceous aerosol particles have been
shown to be well correlated with elemental carbon (EC) measurements
(Lavanchy et al., 1999). Moreover, BC is an indicator for anthropogenic
activity, local and regional aerosol emission source identification. An analysis
of spatial and temporal trends of BC in Preila is presented in the Fig. 22. The
background BC mass concentration for 2013 was 0.71 pg-m™
(SD 0.50 p g-m_3). It is comparable to 0.75 p g-m_3 for the period of 2008—-2009
(Ulevicius et al., 2010). The diurnal patterns of BC concentration for cold and
warm seasons were different (Fig. 22). During the warm season the highest
concentration levels were reached at 8:00-9:00 (GMT + 2), 15:00-17:00
(GMT + 2), and 20:00-22:00 (GMT + 2). The increase of the concentration in
the morning and in the afternoon is likely due to vehicular primary emissions,
and the evening peak is attributed to the boundary layer conditions. The hourly
averages of the day in warm season were in the range from 0.38 pg-m_3 to

3

0.44 pg-m™ and for cold season — from 0.56pg-m™> to 0.71 ug-m™,
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respectively. Due to anthropogenic activity, maximum concentration in the

summer reached 1.15 pg-m_3 (SD 0.54 pg-m_3), though it has the lowest

seasonal average — 0.50 pg-m_3(SD 0.36 pg-m_3).

Table 5. Black carbon concentration annual (or seasonal) values at rural

stations
Site location Description  Sampling time Reported -3 Reference
values, ug-m

Jungfraujoch (CH) high-alpine July 1995- 0.21% Lavanchy et
(background) June 1997 al., 1999

K-puszta (HU) rural July -August 1996  0.42 3 Molnar et
(background) al., 1999

Mace Head (IE) marine February 1990- 0.04% Jennings et
(background) April 1991 al., 1993

Hyytidla (Fl) rural December 2004-  0.25-0.37* Hyvarinen et
(background) December 2008 al., 2011

Puijo (FI) rural August 2006— 0.23* Hyvarinen et
(background) December 2008 al., 2011

Uto (FI) marine November 2007-  0.23-0.27 4 Hyvarinen et
(background) December 2008 al., 2011

Virolahti (Fl) rural September 2006—  0.39-0.46 " Hyvarinen et
(background) December 2008 al., 2011

Preila (LT) marine January— 0.71% This study
(background) December 2013

A _ Mean values of black carbon concentration reported annually.

S . .
— Mean values of black carbon concentration reported in summer.

The average BC concentration for the winter period was 1.10 ug-m™

3

(SD 0.78 pg-m_3). The increase of BC concentrations in winter can be
explained by increase of domestic heating both in the region and in Europe
overall. During the cold season the highest BC concentration levels were
reached in the evening and at night, the lowest concentrations were during the
day. The seasonal variation of BC concentrations reveal that the monthly
average values have maximum in January (1.42 p g-m_3) and gradually decline

to minimum in August (0.44 pg-m™) and then increases thereafter.
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4.2.2 Cluster analysis of air mass trajectories and black carbon

In order to identify the pathways of the LRT of air masses over Preila,
receptor models (PSCF, CWT and cluster analysis of air mass back trajectories)
were run with the data from all 4 seasons (Fig. 23). It was estimated that
selection of 6 clusters fits best for the seasonal representation of air masses in
marine background environment. It is seen that there are four dominant paths
of air masses reaching Lithuania: from the W, NW, SW, and SE. The fast
moving air masses were always observed from more distant W and NW
regions. Air masses of this cluster have extremely long transport patterns; some
of them cross over Northern Europe. Air masses arriving from S and SW
typically flow over Poland, Kaliningrad (Russia) and Belarus. Generally, these
trajectories have short transport patterns, indicating slow moving air masses.
The high BC concentration event in this group are likely to be enriched by

regional and local pollution sources.
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Fig. 23. Seasonal representation (spring, summer, autumn and winter) of air
mass backward trajectories over Preila site grouped into six clusters. BC mass

concentration represented in each trajectory clusters is depicted for each season

The highest concentrations for each season were found, as follows: in
winter — 6™ cluster 3.10 ug-m™ (SD 1.20 ug-m™), in spring — 3" cluster
1.28 pg-m_3 (SD 1.02 pg-m_3), in summer — 6™ cluster 0.72 pg-m_3 (SD
0.50 pg-m™) and in autumn —5™ cluster 1.07 pg-m™ (SD 0.70 pg-m™). During
the spring continental air masses of 5" cluster were likely influenced by the

wildfires in the region. Except for anthropogenic emissions of fossil fuel
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combustion, biomass burning, including wildfire events, is an important
contributor to the BC mass concentration in the South-Eastern Baltic Sea
region.

The lowest BC mass concentration for each season were found, as
follows: in winter — 4™ cluster 0.45 pg-m™ (SD 0.20 ug-m™), in spring — 6™
cluster 0.33 ug-m™ (SD 0.12 ug-m™), in summer — 1% cluster 0.35 pg-m™ (SD
0.10 pg-m_3) and in autumn — 4™ cluster 0.22 pg-m_3 (SD 0.11 pg-m_3).
Generally, these clean air masses originate in the Northern parts of Europe or
in the Atlantic ocean at average altitudes of around 3000 m and then sink down
while moving above the sea. As these groups of air masses, typically, cross
over the Baltic Sea and contain low level of BC concentrations within
themselves.

The distribution of weighted trajectory concentrations (CWT) gives the
information on the relative contribution of source regions potentially affecting
BC concentration at Preila station. CWT is a function of BC concentration that
was reported every 24-h and the residence time of a trajectory arriving at Preila
location in each grid cell. The potential source maps for BC concentration and
air masses arriving at 100 m AGL altitude at Preila during the study period for
each season are given in Figs. 24 and 25. It is shown that the movement of air
masses follows a seasonal pattern. During all seasons the air masses arriving
from the Northern Europe were associated with the lowest BC concentration
values. The short trajectories, originated from the SW and SE, carried the
highest BC concentrations. In fact, the short trajectories represent air masses
with low wind speed, thus resulting in poor mixing ratio. In this case, the
sources in Central Europe were the largest contributors to the air quality in

Preila in 2013.
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Fig. 24. Seasonal variations of the potential source maps for BC mass
concentration (24-h mean). Air mass backward trajectories were computed for

72-h over Preila station at 100 m AGL

The highest average contribution to the observed BC concentrations
during the winter season was from the air masses originated from Poland and
Czech Republic. The most distinct air mass pattern in winter occurs from the
West-Eastern Belarus and Poland also contributes significantly to BC

concentrations at Preila station.
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Fig. 25. CWT maps for seasonal variations of BC concentration (24-h mean).
Air mass backward trajectories were computed for 72-h over Preila station

at100 m AGL
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4.2.3

Conclusions

. In 2013 the background level of black carbon in the South Eastern

Baltic Sea region was estimated to be 0.71 pg-m_3 (SD 0.50 pg-m_3).
For all seasons the lowest black carbon concentrations were found in the
clusters, representing air masses from the N and NW and were in the

range from 0.22 pg-m™ to 0.45 pg-m™.

. The long range transport of air masses is the main contributor to the

increase of the background level of black carbon mass concentration in
the South-Eastern Baltic Sea region. In autumn it contributed up to
50%, in winter — up to 350% and in spring — up to 80% to the increase
of estimated background level (0.71 pg-m™).

In winter season the highest black carbon concentration was observed
from all directions with the peak concentration of 3.10 ug-m™ (SD
1.20 u g-m_3), which represented air masses arriving from the S and SW
(Poland, Kaliningrad and Belarus) and affected by fossil fuel

combustion and biomass burning sources.

. The lowest black carbon concentration from all directions were

observed in summer with seasonal concentration equal to 0.50 ug-m™

(SD 0.36 p g-m_3). This indicates that there was no transport of pollution

from biomass burning and fossil fuel combustion sources.
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4.3 Characterisation of pollution events from vegetation burning in the

South-Eastern Baltic Sea region

Biomass burning is important pollution source in the atmosphere. The
forest fires, vegetation burning or domestic heating can increase the presence
of particulate pollution on local scale and it can be transported by air masses
into other regions, thus having a significant impact on pollution levels there
(Beverland et al., 2000; Abdalmogith and Harrison, 2005). In spring the air
masses are occasionally polluted by vegetation fires in the South-Eastern Baltic
Sea and nearby regions. Short-term measurement was conducted at Preila
station from the 1% to the 31* of March, 2014. During the campaign ACSM and
an aethalometer were deployed for continuous measurement of aerosol
chemical constituents and black carbon. In order to estimate the potential
pollution sources in this study, different receptor modelling techniques (CWT,
PSCF and air mass trajectory cluster analysis) and statistical methods (PCA)
were applied. PM, trace gas and meteorology data was obtained from the EPA

station (City centre) situated in Klaipeda (40 km North from Preila).

4.3.1 Pollutant analysis and meteorological parameter variations during

the vegetation burning in the marine background environment

In March 24-h limit values for PM;, (50.0 p g-m_3) were exceeded 9 out
of 31 days (Fig.26). The PM;, mass concentration varied from 10.3 to
114.6 pg-m_3. Higher concentrations were observed from the 7" to 10™ of
March and several separate days had higher daily peaks, particularly for the
30™ of March daily average was 60.6 pg-m_3. During the biomass burning
episode (10" of March), the daily average of PM;, mass concentration
(114.6 ug-m™) was three times higher than a monthly average (38.1 ug-m™) in
March.
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Fig. 26. A) Time series of PM;, mass concentration derived from EPA station
in Klaipeda city centre and NR-PM,, total component loading of ACSM
measurements at Preila station during March 2014. B) Meteorological data
(WS and T) for Klaipeda region. C) Time series of SO, trace gas mass
concentration at EPA station in Klaipeda and NR-PM,, SO%~ loading of

ACSM measurements at Preila station.

Usually, the vegetation burning occurs during the good weather
conditions. Meteorological data, obtained from the EPA station, which is
located in the city centre of Klaipeda, can reveal the real weather conditions in
this region at the time of the pollution events. There were two prolonged events

of high pressure (from the 5" to 14™ of March and from the 26™ to 30" of
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March). On average the atmospheric pressure difference was 13.1 hPa (1
episode) and 8.8 hPa higher (2™ episode) than standard pressure at sea level
(1013.25 hPa). It was warmer in March than in the previous year, the monthly
temperature average was 3.8°C. During these events, the average temperatures
were 4.6°C and 7.0°C and the warmest days were observed on the 10" of
March (7.9°C) and the 28" of March (10.5°C). During these events the wind
was mild and didn't exceed 2.9 m-s™".

Biomass burning is the second largest source of trace gases in the
atmosphere (Bond et al.,, 2004). The trace gases observed in the plumes
originate from several sources: vegetation burning and release of volatile
organic compounds (VOC's) within the plants. Emissions from wildfires
contain enough amount of CO, NO,, hydrocarbons and PAHs, to be present in
the atmosphere for the participation in ozone, NO4 and GHG cycles (Friedli et
al., 2001). The NO, and CO gases are good indicators of biomass burning,
especially for fossil fuel combustion (Andreae and Merlet, 2001). The NOy
mass concentration varied from 7.6 to 60.9 pg-m_3 and CO from 180 to
480 ug-m™ during March, there was no increase in concentration during the
biomass burning events. It could be explained that EPA station is located in the
urban environment, and NO, and CO emissions are strongly influenced by
local sources, i.e. transport and domestic heating. The sulphur dioxide (SO,)
mass concentration was obtained from the EPA database and SO%~ loadings —
from ACSM.

In order to support the idea of air mass transport of pollutants from
vegetation burning areas, carbon stable isotope analysis was performed. The
measured 8'°Crc values varied from —28.5%0 to -26.7%o. The lowest 8" Crc
values (-28.5%0) were detected during the period with the highest pollution
episode from 9" to 10" of March, 2014. Biomass fuel, which is used for
domestic and industrial heating, typically consists of wood. Burning wood
products generate aerosol particles with less negative 8"Crc values, i.e.
—26.0 £ 0.1%0 for combustion source of wooden pellets (Garbaras et al., 2015).

In case of vegetation burning the 3'°Crc values are more negative and strongly
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depend on the grass type. Carbon in materials originated by photosynthesis is
depleted of the heavier isotopes. Moreover, there are two types of plants with
different biochemical pathways: the C; carbon fixation shows higher degree of
fractionation and the is less "°C depleted. The C; plants commonly growing in
the parts of Eastern Europe are Poa trivialis and Convolvulus. The 813CTC
values for various grasses are: —31.3 = 0.2%o for Poa trivialis, —30.1 = 0.2%0
for Convolvulus (Ulevicius et al., 2010) and -28.4 + 0.2%¢ for straw pellets
(Garbaras et al., 2015). In our previous study, during the similar pollution
event from wildfires in Kaliningrad (Russia) isotopic values were more
negative, i.e. —30.9 £ 0.2%0 (Ulevicius et al., 2010). It can be concluded that
more negative 8"*Crc values from polluted air mass transport were represented

by vegetation burning.

4.3.2 Principal component analysis of atmospheric pollutants

PCA was applied for PM,,, BC, trace gas and meteorological data. Initial
eigenvalues showed that the first three principal components were significant
and explained 76.6% (PC, — 42.2%, PC, — 21.3% and PC; — 13.1%) of
variance in data (Table 6). PM,,, BC, NO, and SO, had the most significant
factor loadings for primary component (PC;). Thus, this component could be
associated with open vegetation burning source. PC, had strong meteorological
(WS and RH) and CO factor loadings. Negative correlation of WS and RH with
PM,( could be explained with the increase of the wind, pollutants were better
diluted and mixed. CO gases indicated that the source originated from
domestic heating or traffic emission incomplete fuel combustion. For PC; only
WD had a strong factor loading. BC factor loadings (0.65 and 0.35) for PC,
and PC, correlated with main pollutants such as PM;, (0.87 and 0.21).
Moreover, BC correlated well with CO in PC, and PCs. Both of these factors

originate from incomplete combustion sources.
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Table 6. PCA factor matrix. PM,,, trace gas and meteorological data were
obtained from the EPA station (City centre) in Klaipéda and BC from Preila

measurement station. Significant factor loadings (with absolute values > 0.6)

are in bold.
Factors PC, PC, PC;

PM,, 0.87 0.21 -0.07
BC 0.65 0.39 0.18
SO, 0.59 0.42 -0.26
NO, 0.80 -0.29 -0.06
CO 0.28 0.79 0.14
WD 0.07 -0.05 0.96
wsS 0.58 -0.75 0.03
RH -0.24 -0.72 -0.01
Variance 422%  213%  13.1%

explained

4.3.3 Cluster analysis of air mass trajectories and aerosol constituents

Clustering of air masses is representation of similar trajectories by movement
and direction. The air masses from W and NW direction, represented in the 2",
4™ and 5™ clusters (Fig. 27), were longer and moved faster, while trajectories in
the 1%, 3™ and 6" clusters were shorter and moved slower. Six clusters by their
representative trajectories are shown in Fig. 27 as well as corresponding
average BC concentration associated with each cluster. Based on the analysis
of the whole trajectory data set, the most frequently arriving directions was SW
(3" cluster; 27%), W and NW (5™ cluster; 23%), followed by NE (6™ cluster;
20%), SE (1** cluster; 13%), W (2™ cluster; 10%) and SW (4™ cluster; 7%).
Biomass burning in Belarus and Ukraine was indicated due to high CWT
values. The trajectories of the 3" cluster were the shortest, therefore air masses
spent more time over the same area (i.e. Kaliningrad and Poland). It indicated

the accumulation of pollutants from the vegetation burning, which had
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occurred at that time of the year. In this cluster, the highest BC concentration
reached up to 12.00 pu g-m‘3 and average total non-refractory aerosol

component loading was 7.20 u g-m‘3.
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Fig. 27. Representation of air mass backward trajectories over Preila station

grouped into six clusters during March 2014

Table 7. The clusters and the mean concentration of organic matters, nitrate,
sulphate, ammonium, chloride and BC for each cluster

Org., S0%-, NO3, NHj}, I, BC,

Clusters pgm™ pem™ pgm> pgm” pgm” pgm
T 894 225 056 168 023 129
ond 564 091 110 134 018 051
3 3.30 12 323 103 021 050
40 681 221 142 128 006 025
5th 160 071 126 03 008 008
6" 462 112 154 135 023 0.60
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The 4™ and 5™ clusters were represented by clean and fast moving air
masses from the W and NW and resulted in BC concentrations equal or lower

than estimated mean value of 0.75 g-m_3 in Preila.
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Fig. 28. CWT map for SO2~ (ug-m™), major source areas are dark red-shaded
(<90™ percentile of study CWTs); non-sources areas are light blue-shaded

(< 10" percentile of study CWTs).
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Fig. 29. CWT map for BC (ug-m™), major source areas are dark red-shaded
(<90™ percentile of study CWTs); non-sources areas are light blue-shaded

(< 10™ percentile of study CWTs).
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Fig. 30. CWT map for organic matter (ug-m ), major source areas are dark
red-shaded (< 90™ percentile of study CWTs); non-sources areas are light blue-

shaded (< 10™ percentile of study CWTs).
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Fig. 32. CWT map for NO; (pg-m_3), major source areas are dark red-shaded
(<90™ percentile of study CWTs); non-sources areas are light blue-shaded

(< 10" percentile of study CWTs).

Most polluted 1% and 3" clusters represent polluted transport pathway for
organic components, nitrate, sulphate, ammonium, chloride and BC (Table 7,
Figs. 28—-32). The air masses associated with these clusters originated from the
biomass burning areas, indicating that it is an important transport pathway that
caused high concentrations at Preila station.

It should be noted that the trajectories in the 3™ cluster are the shortest
among all the six clusters, indicating the accumulation of pollutants arrived
from open vegetation burning areas. 1% cluster represents the second most
polluted transport pathways with the high concentrations, but the observed air
masses were related to the southeast pathways (Belarus and Ukraine). Along
such pathways the high biomass burning emissions was located, which was
indicated by high CWT values. The average BC concentrations for 4™ and 5"
clusters were lowest indicating that the pathway from west is relatively cleaner
than that from continent.

The 1% cluster represented the SE air mass trajectory pathway with the

highest mean concentrations for the whole measurement period (Table 7). Air
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masses that reach Preila station from the west have already passed highly
industrialized regions in Western Europe, namely Belgium, Netherlands,
southern England and western Germany. This area has the highest population
density in Europe. The BC and NO3 concentrations significantly increase when
the air masses cross Poland. In Europe residential wood combustion is the
largest anthropogenic source of OA (Kulmala ef al., 2011 and Visschedijk et
al., 2009).

4.3.4 New particle formation events

Observed NPF could be attributed to the grass burning and secondary
biomass burning product transformation, i.e. gases released by fires together
with primary particles (Pratt et al., 2011) could undergo oxidation in the
atmosphere to form lower volatility compounds, which condense to form SOA
and contribute to the increase in PNC (Fig. 33) (Kroll and Seinfeld, 2008). At
13:00, there is significant NPF on the 9™ and 10" of March followed by
subsequent growth during the following three hours. The total particle number
concentration increased up to 1.3-10* cm™ (SD 0.6-10° cm_3), which was
extremely higher than the mean observations in this area (2.7-10° cm™; SD
0.9-10° cm™) and is comparable only with spring concentration maxima
(1.3 10* cm™; SD 1.0-10° cm_3). Meanwhile, the diurnal pattern of WD was
observed mainly coming from the S—-SW (190°-215°) with slightly higher

speed in the daytime (2—3 m-s™') and decreasing at night.
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Fig. 33. NPF event in Preila site on the 9™ March 2014: particle size
distribution data as a surface plot. The measured aerosol PNSDs are fitted and
parameterised by a multi-lognormal distribution (dN/dlogD,, in notation of

cm_S).

T and RH were 10°C and 62%, respectively, on NPF event days, which
are higher than that the values on non-event days (5°C and 77%). This result is
consistent with the theory that lower RH is favourable to the enhancement of
atmospheric nucleation (Hamed et al., 2007). The mean wind speed on NPF
event days was slightly higher (1.8 m-s™) than that on non-event days
(1.3 m-s™), which is favourable to the dilution of the pollutants. The most
striking difference between typical (Kulmala and Kerminen, 2008) observed
NPF events is imprinted in the aerosol size distribution and number
concentration when stable accumulation mode particle existed in the aged

plume (Fig. 33).
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Table 8. Characteristics of nucleation rates, ACSM data and associated
meteorological parameters observed during nucleation (mean formation rate

0.6 cm™-s™") during vegetation burning events

Parameters Mean Median SD Min Max

PNC, cm™ 5,960 5110 3,820 1,120 16,230
Surface area, pmz-cm_3 344 308 271 15 1187
Volume, pm’-cm™ 15 14 11 0.4 51
p, hPa 1,025 1,024 10 1,020 1,028
T,°C 10.1 8.0 3.6 3.4 13.4
RH, % 62 61 18 45 92
WS, m-s™' 1.8 1.6 0.8 0.5 3.1
WD, ° 209 208 34 135 286
Incoming radiation, W-m™ 290 256 146 190 371
Org., ug-m™ 22.9 198 195 0.5 78.6
SO,”, pg-m™ 2.0 2.0 12 004 4.6
NO;, ug- m™ 6.5 6.3 4.8 0.1 17.8
NH,", pg-m™ 2.7 2.6 1.7 0.1 6.2
CI', pg-m™ 1.1 0.5 1.3 0.0 5.4

The nucleated particles grew in size and reached the detection size limit
of the instrument at 12:30 which overlapped with the distribution of particles
from vegetation burning emissions. The secondary particles were mixed with
the existed primary accumulation mode particles which is an indication that the
source region for nucleation mode aerosol is further away from the
measurement point. Larger particles could decrease the number of newly

formed particles due to coagulation on their surface (Kulmala et al., 2001).

4.3.5 Organic aerosol triangular method

For the characterisation of the aging of OA in the atmosphere during

vegetation burning events, fi; and f;; components were extracted from the
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ACSM measurements at Preila station for the period from 9™ to 15" of March,
2014 (Fig. 34). One dot represent 30 min measurement for aerosol component
loadings and the colour represents the date of measurements were conducted.
On March 14"-15" air masses were not affected by regional vegetation
burning events and the fy; vs. fi; values were found mostly in the upper area of
triangular plot. Thus, the contribution was mainly due to factor LV-OOA.
During the vegetation burning episode on March 9"_10™ the values were
observed in the lower triangular area around one of its lines
(y=-6.0204 x + 0.4154) (Ng et al., 2010). It indicates that oxidation state of
OA components was stable during the episode and the main contribution of

SV-OO0A factor was estimated.
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Fig. 34. The fractional signals f;3 and f;4 of vegetation burning and OOA during
the study. Dotted line shows the limits of OOA

83



4.3.6 Conclusions

1. During the regional spring vegetation burning mass concentration of
organic aerosol is increased up to 50% in the background of South-
Eastern Baltic Sea region.

2. The most polluted air masses were originated from SW (Poland,
Kaliningrad, Belarus) areas, where vegetation fires occurred, indicating
that it i1s an important transport pathway of pollutants, causing the
increase of background level values of NR-PM, , component loadings
concentration in the South-Eastern Baltic Sea region.

3. The 613CTC value of -28.5% indicated the dominance of the aerosol
derived from the vegetation burning as no significant carbon isotope
fractionation occurs between the aerosol particles from biomass burning

and the raw biomass material.
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4.4  Aerosol particle number size distribution and carbon stable isotope
ratio application for fossil fuel combustion and non-fossil emission

source identification

In this study, measurements were conducted at the urban background
station in Vilnius. The filter samples were collected with a 11-stage cascade
impactor (MOUDI) for 72-h each. There were 5 filter sampling periods from
the 12" to 29" of October, 2012. The combined SMPS and APS measurements
were running from the 19" to the 29" of October, 2012. During the
measurements, the SMPS was scanning the particles with mobility diameter

(Dyp) 1n the range of 7-299 nm and the APS — with D4 0.5-20.0 um.

4.4.1 Aerosol particle size distribution and carbon stable isotope ratio

analysis

The conversion of aerosol particle number to mass concentration was
applied as had been described in Chapter 3.2.4. As seen in Table 9, the aerosol
mass concentrations measured with SMPS and APS for fine mode
(D4: 0.10-0.17 ym, <03pum and 0.5-1.0pum)  particles  were
17.71 £0.50 pg-m™, 8.07 +0.50 pg-m™ and 3.93+0.50 pg-m™ during the
19"-22" the 23™-26™ and the 26™-29™ of October, 2012, respectively. The
same trend was observed for the coarse fraction (D,: 1.7-20.5 um) for the
corresponding  periods:  8.20+0.50 pg-m™, 3.94+0.50 ug-m™  and
1.91 £0.50 u g-m_3, respectively. Two distinct periods associated with
contrasting pollution patterns were examined in more detail. The first period
was characterised by the highest particle mass concentration calculated from
the SMPS-APS data (17.71 +0.50 pg-m™) during the 19"-22"™ of October,
2012 and the lowest variability of §Crc range was from —25.2%o to —28.0%o).
The second period was characterised by the lowest mass concentration in the
fine mode (3.93 +0.50 ug-m™) during the 26™—29" of October, 2012 and a

similar variability of 8"’ Crc values from —24.3%o to —28.0%.
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Table 9. Evaluation of aerosol mass concentration contribution to MOUDI
cascades derived from particle size distribution data obtained from SMPS-APS

tandem measurements

APS/SMPS
M Inlet+Cas Cas.VII+ CasIV+  Cas. Cas.I Total conc.
easurement X VII4IX  V+VI I+
period
D50: D50: D50: D50: D50: 0.02—-
9.7- 1.7- <03 pm; 0.10- 0.07 um 0.30 um;
17.5 um 6.0 pm 0.5- 0.17 um (ugm™>) | 0.5-20.5 pm
(ugm?)  (ugm™)  1.0pm (ug-m™) (ug-m™)
Start time  End time (ug-m™)
09/19/2013  09/22/2013 3.44 4.76 12.47 5.24 0.47 26.38
09/23/2013  09/26/2013 0.52 342 4.90 3.17 0.31 12.32
09/26/2013  09/29/2013 0.25 1.66 2.12 1.81 0.25 6.09
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Fig. 35. Aerosol particle volume distribution dV/dlogD, of a combined SMPS-
APS data for the two periods: A) the 21* of October, 2012 and B) the 28" of
October, 2012. Carbon isotope 8"Crc values in size segregated aerosol
particles for the two contrasting periods: C) the 19"-22"" of October, 2012 and
D) the 26"-29" of October, 2012 along with the measured relative intensity of

carbon signal in size segregated particles.
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Aerosol volumetric particle size distribution, measured by the SMPS-
APS (Fig. 35 A, B) and the TC signal intensity size distribution (Fig. 35 C, D)
revealed resemblance between the modes. The smallest TC particle mode had
Dx =0.23 um. This mode is typically considered as the primary anthropogenic
aerosol particles with average 8"°Crc=-28.0%0 suggesting fossil fuel
combustion. The peak of fine aerosol particles was observed at Dy = 0.70 pm.
Both sources were contributing to the carbonaceous particle mass in this range.
The isotopically heaviest (the most enriched in BC) carbonaceous particles

were observed in the coarse particle mode D =7.05 pm.

4.4.2 Air mass trajectory analysis and carbon stable isotope ratio

variations

It was demonstrated that 813CTC values of PM, 5 depended on the sector
air masses had been originated from (Garbaras et al., 2008). The smallest
variation of 613CTC values by -28.0%¢ was observed in the southern
(continental) air masses (Fig. 36 A), corresponding to 5" sector and 4™ sector
(Ovadnevaite et al., 2007). 5" sector was classified as polluted sector
characterised by various types of pollution such as re-suspended road dust,
petrol and diesel emission, oil and coal combustion, ferrous and non-ferrous
smelters (Swietlicki, 1989). The average 613CTC value was equal to
—27.3 £ 0.6%o0 for the fine particles and —25.8 £ 0.5%o in the coarse particle
mode during the period of the 19"-22™ of October, 2012.
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Fig. 36. The air mass backward trajectories were obtained by HYSPLIT-4
model (Draxler and Rolph, 2015) during the filter sampling periods: A) the
19"-22"¢ of October, 2012 air masses dominated from the south direction and
B) the 26"-29"™ of October, 2012 air masses arrived from the N and NW

direction.

Meanwhile, the average 8"*Crc values observed mostly in the northern air
masses ( Fig. 36 B) during the period of the 26™ and 29" of October, 2012
were equal to —27.3 + 0.5%o in the fine mode and —25.4 + 1.0%o in the coarse
particle mode. Similar carbon stable isotope ratios during two contrasting
periods suggested a mixing of a few sources with distinct stable carbon isotope
values. One such source could be a major contributor of fine particles while the
contribution of the second source was probably more variable.

The meteorological parameters (WD, WS and p, etc.) can reveal local
pollution sources, which can affect aerosol particle size distribution and the
variation of the stable isotope ratio. For instance, a change in the WD and WS
resulted in the sharp decrease of 8" Crc values in PM,s and PM,, from
—24.0%0 to —29.0%0 (LOpez-Veneroni, 2009). In our case, the WD from 0° to
90° was used for estimating local urban pollution of anthropogenic sources, i.e.

fossil fuel combustion, biomass burning and road dust.
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The largest variability in 613CTC values (6.7%0) was associated with the
air masses, spending the shortest time over the urban sector (13 of the sampling
time). It suggested that the air masses, which avoided the urban sector, had

possessed a different isotopic signature.

4.4.3 Bayesian isotope mixing model application for fossil fuel

combustion and non-fossil fuel emission source identification

A two source mixing model was applied with size segregated aerosol
particles, deposited on the filters. The source mixing equation was applied to
verify the idea of mixing of two distinct sources Eq. (16). It is proposed that
one source can be attributed mainly to the city pollution. It was revealed that
the 8"°Crc values of fossil fuel combustion in aerosol may vary in different
European regions and for Lithuanian ethanol fuel (E85, consisting of 85% of
ethanol and 15% of gasoline) was —28.6 + 0.7%o, and for diesel —31.6 + 0.1%o
(Magalaité er al., 2012). Typically, the 8" °Crc values for diesel and gasoline are
fairly constant for the same measurement region, and it was observed during
our measurements that aerosol particles in the fine particle mode (Dp < 1.0 pm)
the average 813CTC value was of —28.0%0. It was reasonable to consider
8" Crc = —28.0%o as the primary source for fossil fuel combustion.

The second source in this model is referred to non-fossil fuel, which can
be influenced both by biomass burning and biogenic emissions. The 8"Crc
values obtained from biomass burning might be scattered broadly and are
strongly influenced by the fuel source: for instance, in Garbaras et al. (2015)
studies wood pellets were —27.0 + 0.2%0 and sunflower stalk pellets were
-25.1 £ 0.2%o.

The fractional source contributions were calculated using Eq. (16). The
first source was chosen as the fossil fuel source with 8'°C, equal to —28.0%.
The second source was termed as the non-fossil fuel source and the 613CTC
values varied in the range of —24.0%0 to —26.0%o. In fact, the source values of

both sources were varied, but only a few pairs of the values allowed
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constraining to the measured isotope values. For example, if fractional
contribution of either source in any size interval exceeded 100% (and the other
source fractional contribution becoming negative) such values were declared
unreasonable. In the end only the fossil fuel combustion source value of —28%o
was reasonable while the non-fossil fuel source value of either —25%o0 or
—25.5%0 produced reasonable fractional contributions. The fossil fuel
combustion was the main contributor (from 100% to 60%) to the carbonaceous
PM in the fine mode range (Dp < 1.0 um). A transition region was identified in
the particle range from 0.5 to 2.0 um. The two sources were found to almost
equally contributing to carbonaceous PM in this range. The non-fossil fuel
source was dominant (from 60% to 100%) in the coarse fraction (Dp > 2 um).
Similar results were obtained for the two contrasting periods: the 19"—22" and
the 26"—29™ of October, 2012. Thus the use of the two source mixing equation
let us to explain the distribution of 8"Crc values in size segregated

carbonaceous particles.
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4.4.4

Conclusions

. The highest aerosol mass concentration (17.71 +0.50 pg-cm™) in the

fine particle mode (Vior=262=+ 139 cm_3, D =0.23£+0.02 um,
o, = 1.54 £0.06) was reached in the sampling of October 19"-22",
2012, while 8"°Crc was in the range from —25.2%¢ to —28.0%o. It was
indicated as a polluted episode.

The lowest aerosol mass concentration (3,93 + 0,50 pg-m_3) in the fine
particle mode (Vror =98 £76 cm™, D =0.22£0.02 pm,
6y = 1.62 £ 0.02) was reached in the sampling of October 26"-29"
2012, while 8"°Cyc was in the range from —24.3%o to—28.0%o. It was

indicated as a clean episode.

. The fossil fuel combustion source was modelled with constrained

813CTC =—28.0%0 values and contributed to the fine particle mode
(Veor = 180 £ 138 cm™, D =0.23 +0.02 um, o, = 1.58 £0.16) from
60% to 100%. The secondary source was attributed to the non-fossil
fuel  source  emission and  modelled  with  constrained
613CTC = —-25.3 £ 0.3%o values and contributed from 60% to 100% in the
coarse particle mode (Vior=176 £ 185 cm™, Dp=7.05£3.56 um,
o, = 1.98 £0.30).

Application of the Bayesian isotope mixing model explained the 8"’ Crc

variation in the size segregated carbonaceous aerosol particles.
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Main conclusions

1. The long-range transport of air masses increased the background level
values of particle number concentration in Vilnius city. In autumn the
air masses arriving from W and SE increased by 40% and 120% of the
estimated background level (5.0- 10° cm™), respectively. In winter the
air masses arriving from SW and NW resulted in 20% and 55% increase
of the estimated background level (1.0- 10* cm™), respectively. In spring
the air masses arriving from SW and NW increased 65% and 130% of
the estimated background level (5.0- 10° cm™), respectively.

2. The long-range transport of air masses is the main contributor to the
increase of the background level of black carbon mass concentration in
the South-Eastern Baltic Sea region. In autumn the air masses arriving
from S and SE contributed up to 50% to the increase of the estimated
background level (0.71 p g-m_3). In winter season the air masses arriving
from NE, SW and S resulted in 50%, 220% and 350% increase of the
background level, respectively. In spring season the air masses affected
by vegetation fires contributed 80% of increase of the background level.

3. During the regional spring vegetation burning mass concentration of
organic aerosol was increased up to 50% in the background
environment of South-Eastern Baltic Sea region.

4. The fossil fuel combustion source was modelled with constrained
813CTC =—28.0%0¢ values and contributed to the fine particle mode
(Veor = 180 £ 138 cm™, D =0.23 +0.02 um, o, = 1.58 £0.16) from
60% to 100%. The secondary source was attributed to the non-fossil
source with constrained 613CTC = —25.3 + 0.3%0 values and contributed
to the coarse particle mode (Vror =176 £ 185 cm™,

Dp=7.05%3.56 um, 6, = 1.98 £ 0.30) from 60% to 100%.
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SUMMARY

Fine and ultrafine particles play important role in the climate systems,
however the largest uncertainties of the anthropogenic radiative forcing (RF)
occurs due to the underestimation of aerosol contribution. Thus, it is important
to assess the spatial variability and pollution sources of atmospheric aerosol
constituents.

In this work the receptor modelling—potential source contribution
function (PSCF), chemical weighted trajectory (CWT) analysis and air mass
trajectory cluster analysis—of aerosol particle number concentration (PNC)
and black carbon (BC) sources was applied. The effects of air mass transport of
atmospheric pollutants from regional biomass burning and vegetation fires in
the South-Eastern Baltic Sea region were estimated. The aerosol component
loadings were investigated by aerosol chemical speciation monitor (ACSM)
and aethalometer, particle number concentration and size distribution were
depicted by condensational particle counter (CPC), scanning mobility particle
sizer (SMPS) and aerodynamic particle sizer (APS), stable isotope mass
spectrometry was conducted on collected filters.

Results from receptor modelling indicated that the long-range transport
(LRT) of air masses had increased the PNC background level values
(1.0-10" cm™) up to 55% during the winter period in Vilnius city. In autumn
and spring the estimated background level values (5.0: 10 ecm™) were
increased up to 130%. The background BC level in the South-Eastern Baltic
Sea region was estimated to be 0.71 pg-m_3. Receptor modelling of BC
concentration showed that during the whole study period the lowest
concentrations had been observed in the clusters from N and NW and had
varied in the range from 0.22 pg-m_3 to 0.45 pg-m_3. The increase of BC
concentration was affected in winter by biomass burning up to 350% and in
spring — by vegetation fires up to 80%.

It was proved that the combined aerosol particle sizing technique and

carbon stable isotope ratio (613CTC) analysis were suitable for fossil fuel
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combustion and non-fossil emission source estimation. From the Bayesian
1sotope mixing model the fossil fuel source main contribution was indentified
in the fine particle mode from 60% to 100% with 8" Crc = —28.0%0 and the
non-fossil source main contribution — in the coarse particle mode from 60% to

100% with 8" Crc = —25.3%e.
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