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ABBREVIATIONS

AAE — Absorption Angstrom Exponent

AAEgp — Absorption Angstrom Exponent for Biomass Burning
AAEgp c — Absorption Angstrdm Exponent for Biomass and Coal Burning
AAErr — Absorption Angstrdm Exponent for Fossil Fuel combustion)
ACSM — Aerosol Chemical Speciation Monitor

ACTRIS — Aerosols, Clouds, and Trace gases Research InfraStructure
BBOA — Biomass Burning Organic Aerosol

BC - Black Carbon

BrC — Brown Carbon

CCN - Cloud Condensation Nuclei

DOM — Domestic Heating sector

eBC — equivalent Black Carbon

eBCgg — Black Carbon originating from Biomass Burning

eBCgg,c — Black Carbon originating from Biomass and Coal Burning
eBCrr — Black Carbon originating from Fossil Fuel combustion

EC - Elemental Carbon

ENE — Energy production sector

FLA — Flaring sector

FLEXPART — FLEXible PARTicle dispersion model

HYSPLIT — Hybrid Single Particle Lagrangian Integrated Trajectory model
ICOS — Integrated Carbon Observation System

IND - Industrial combustion sector

IPCC — Intergovernmental Panel on Climate Change

IR — Infrared (wavelength range)

LDSA — Lung-Deposited Surface Area

MAC — Mass Absorption Cross-section

NOx — Nitrogen Oxides



OA — Organic Aerosol

OOA — Oxidised Organic Aerosol

OC — Organic Carbon

PAHs — Polycyclic Aromatic Hydrocarbons

PMF — Positive Matrix Factorisation

PM — Particulate Matter

PM, — Particulate Matter with an aerodynamic diameter of 1 pm or less
PM, 5 — Particulate Matter with an aerodynamic diameter of 2.5 um or less
PM,, — Particulate Matter with an aerodynamic diameter of 10 pm or less
POA — Primary Organic Aerosol

RH — Relative Humidity

SAE — Scattering Angstrdm Exponent

SECA — Sulphur Emissions Control Area

SHP — Shipping sector

SIA — Secondary Inorganic Aerosol

SLCFs — Short-Lived Climate Forcers

SOA — Secondary Organic Aerosol

SSA — Single Scattering Albedo

TRA — Transport sector

UFP — Ultrafine Particles with an aerodynamic diameter of 100 nm or less
UV — Ultraviolet (wavelength range)

VOCs — Volatile Organic Compounds

WHO — World Health Organization

WS — Wind speed

WST — Waste treatment and disposal sector
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INTRODUCTION
Relevance of the work

Long-range air mass transport is a significant and well-recognised factor
influencing air quality (Atabakhsh et al., 2025; Pappin et al., 2024; Q. Zhang
et al., 2017). Air pollutants, once released into the atmosphere, can remain
suspended for days to weeks and travel thousands of kilometres from their
emission sources (Schneider et al., 2025). Aerosol particles emitted in one
region may therefore affect air quality in distant areas, thus research
consistently identifies long-range transport as a key driver of atmospheric
pollution at continental scales (Yang et al., 2022). The transboundary nature
of aerosol pollution also carries direct public health consequences: 3.45
million PM; s-related premature deaths globally have been linked to pollutants
transported from distant regions (Q. Zhang et al., 2017), emphasising the
importance of understanding long-range transport pathways for both local and
regional air quality assessment.

The pollutants most critically shaped by long-range transport are aerosol
particles. Their chemical composition and size determine whether they scatter
or absorb solar radiation, directly influencing Earth’s energy budget, their
ability to act as cloud condensation nuclei, modifying cloud properties and the
atmospheric water cycle. The IPCC (Intergovernmental Panel on Climate
Change) reported in 2013 and later confirmed in 2023 that aerosols exhibit the
largest uncertainty in current estimates of Earth’s radiative balance (IPCC,
2023), making their accurate characterisation — including the separation of
local and transported contributions — a priority for atmospheric and climate
research.

Due to rapid urbanisation and economic growth, the majority of aerosol
emission sources are concentrated in urban areas. Urban aerosols constitute a
complex, dynamic mixture resulting from diverse sources and processes,
among which black carbon (BC) is particularly significant. BC is
predominantly found in the submicron size range and originates from the
incomplete combustion of fossil fuels and biomass (Bond et al., 2013;
Savadkoohi et al., 2023). Fossil fuel combustion accounts for the largest share
of urban BC emissions, though residential wood burning can become a
substantial contributor during the cold season. BC is of particular interest
because it is one of the most efficient light-absorbing aerosol species, playing
a key role in aerosol-radiation interactions and the broader issue of how urban
emissions influence their climate effects across regional scales through long-
range transport.
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Despite considerable advances in aerosol research, significant
uncertainties persist regarding the sources, transformation processes, and
transport dynamics of BC, as well as its interactions with other aerosol
components. These challenges are especially pronounced when contrasting
environments — such as urban and regional background sites — are examined
together. Distinguishing between locally emitted and transported aerosols is
essential for accurate source attribution, yet remains difficult due to the
complex interactions among emission sources and atmospheric processes.
Integrated multi-site observational and modelling approaches are therefore
needed to advance this understanding.

Although recent studies have examined long-range air mass transport in
Lithuania (Kalinauskaité et al., 2024; Masalaité et al., 2024), a comprehensive,
integrated assessment of its effects across contrasting environments remains
lacking in Central and Northern Europe (Schneider et al., 2025). Quantifying
BC at the city level provides a practical means to evaluate how individual
urban areas contribute to regional pollution. Characterising submicron aerosol
dynamics at regional background sites, in turn, provides observational
constraints relevant to climate modelling. This doctoral dissertation addresses
these gaps through an integrated approach combining in-situ measurements,
source apportionment and atmospheric modelling across environments of
contrasting emission characteristics.

Scientific novelty

The novelty lies in the location-specific assessment of the effects of long-
range air mass transport on black carbon and PM; in urban (Vilnius, Warsaw)
and regional background (Preila, Hyltemossa) environments. By combining
measured and modelled data, a novel approach is used to separate measured
eBC into local and transported components in an urban environment.

The aim of the work

This work aims to investigate the influence of long-range air mass transport
on submicron aerosol, with particular emphasis on black carbon
concentrations and source contributions in urban environments of Central and
North Europe, and on aerosol chemical composition in regional background
environments of the southern Baltic Sea region.
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Tasks of the work

To quantify black carbon mass concentrations in urban environments and
to comprehensively characterise their temporal variability across
multiple time scales (diurnal, weekly, and seasonal), taking into account
the influence of meteorological conditions and emission patterns.

To perform source apportionment of black carbon using multi-
wavelength optical measurements and to characterise aerosol optical
properties, with the aim of interpreting their relationships with aerosol
chemical composition, emission sources, and atmospheric processes in
the urban environment.

To simulate black carbon transport and quantify source contributions
using dispersion modelling, and to partition measured black carbon into
locally produced and long-range transported components (urban vs.
regional background).

To analyse the impact of long-range air mass transport on submicron
aerosol chemical composition and mass concentrations in regional
background environments

Statements to be defended

Long-range air mass transport significantly influences black carbon mass
concentrations in urban environments, contributing to both pollution
enhancement and dilution events, with a stronger impact of air mass
transported black carbon during the cold season (on average 46 % in
Vilnius and 53 % in Warsaw).

A clear seasonal transition in black carbon sources is evident across urban
environments in Vilnius and Warsaw, irrespective of concentration
levels, with fossil fuel combustion dominating during the warm season
(on average 84-86 %) and biomass and coal burning contributing a
substantially larger share during the cold season (on average 29-37 %).

Seasonal variability in black carbon mass concentrations in urban
environments is controlled by a shift in dominant emission sectors, with
domestic heating driving increases during the cold season and transport
emissions governing variability during the warm season.

Aerosol optical properties are highly sensitive to emission sources, with
cold season conditions dominated by larger particle mixtures and light-
absorbing particles associated with fossil fuel combustion.
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5.

In regional background environments, the effect of long-range air mass
transport on PM; is pathway-dependent, with transport over the Baltic
Sea causing substantial aerosol removal (-3 %/h) and continental
transport leading to acrosol enhancement due to pollution uptake (4 %/h).

Author’s contribution

The author conducted data pre-processing, black carbon source

apportionment, calculation of aerosol optical properties, and co-developed an
application for trajectory threshold-based categorisation and connected-flow
event classification using HYSPLIT backward trajectories. The author

prepared figures, wrote and revised manuscripts for scientific publications,
and presented the findings at national and international conferences.
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1 LITERATURE REVIEW
1.  Fundamentals of atmospheric aerosol particles

Atmospheric aerosol particles are a complex system consisting of solid or
liquid particles suspended in the air. Their importance derives from well-
established impacts on human health and a critical role in climate processes.
In contrast to gaseous pollutants, aerosols are inherently more complex due to
their chemically heterogeneous composition and wide particle-size
distribution. Aerosol properties are controlled by environmental conditions,
including location, emission intensity, meteorology, and temporal variability
(Seinfeld & Pandis, 2006). Among these characteristics, particle size and
chemical composition govern aerosol behaviour in the atmosphere and
directly reflect their sources of emission. Aerosol particles originate from both
natural and anthropogenic sources. Natural sources include sea salt, soil dust,
volcanic ash, biogenic aerosols from trees, and soot from biomass burning,
whereas anthropogenic sources include transport, energy production, industry,
and construction (Putaud et al., 2004; Seinfeld & Pandis, 2006).

Based on their formation mechanisms, aerosol particles are classified as
primary or secondary. Primary particles are emitted directly into the
atmosphere without undergoing any chemical transformation (Klimont et al.,
2017). These include sea salt, volcanic ash, soil dust, and primary organic
aerosol emitted by fossil fuel combustion, biomass burning and biological
emissions. In contrast, secondary aerosols form when gaseous precursors
undergo chemical transformation into low-volatility species, which
subsequently partition into the particle phase. Secondary organic aerosols
(SOA) form by photooxidation of anthropogenic and natural compounds,
oxidation of volatile organic compounds (VOCs), or formation of lower-
volatility compounds that subsequently condense onto pre-existing particles
(Hu et al., 2019). Secondary inorganic aerosols (SIA) are mainly formed
during the oxidation of gaseous SO», nitrogen oxides (NOx) and NH3 (A. U.
Lewandowska & Falkowska, 2013a; Sandrini et al., 2016). These precursors
undergo reactions that produce particles containing sulphate, nitrate, and
ammonium, which either nucleate new particles in the atmosphere or
condense onto existing particles, thereby increasing their size.

Overall, the combination of diverse emission sources and continuous
physical and chemical transformations in the atmosphere results in a highly
dynamic aerosol population whose properties continually change with shifting
meteorological conditions and long-range transport (Seinfeld & Pandis,
2000).
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1.1.1  Chemical composition of acrosol particles

The chemical composition of aerosol particles varies widely depending on
available sources and meteorological conditions, which regulate secondary
aerosol formation and ageing (relative humidity, temperature, and available
sunlight). Generally, aerosol particle components can be divided into
inorganic and organic components, also called carbonaceous components.
Carbonaceous aerosols is a broad term for aerosol components containing
carbon atoms: black carbon, which is almost pure carbon, and organic aerosol
(OA), which may also contain hydrogen and oxygen atoms. OA can be both a
primary (POA) or secondary origin (SOA) (Chowdhury et al., 2022; Weagle
etal., 2018). OA is a complex collection of light-absorbing organic molecules
which can be water-soluble. It can also absorb light efficiently in the
ultraviolet and visible wavelengths (Rovira et al., 2025). Exhaust-emitted
carbonaceous aerosols, such as BC and POA, are more abundant in close
proximity to sources and in urban environments. In contrast, in pristine and
natural environments, carbonaceous aerosols are mostly SOA formed from
biogenic VOCs (Weagle et al., 2018). Primary carbonaceous aerosols can
account for a smaller fraction of PM; in background conditions; however, they
can represent 60-90 % of the mass in areas heavily affected by traffic or wood
burning (Ahlberg et al., 2023; Minderyté et al., 2022; Pauraite et al., 2018;
Pirjola et al., 2017). Remote and background locations exhibit a larger fraction
of secondary, aged OA (Ahlberg et al., 2023; Schneider et al., 2025).

Inorganic aerosol components such as sulphate, nitrate and ammonium are
secondary components in fine PM mass concentration. Sulphate aerosols are
formed in the atmosphere by gas-and aqueous-phase oxidation of precursor
sulphur gases (SO., dimethyl sulphide) emitted from anthropogenic (marine
transport, coal-fired power plants) or natural sources (volcanic eruptions)
(IPCC, 2023). The major source of reactive nitrogen oxide (NOx) in the
atmosphere is emissions from fossil fuel combustion. Nitrate production is
favoured by high relative humidity, low temperatures, and elevated levels of
fine particles (Sandrini et al., 2016). The main source of ammonia emissions
(NH3) is agriculture and livestock activities. It can be estimated that 98 % of
NH4" in PM,s comes from these sources (Scotto et al., 2021). The emitted
NH; reacts with nitric acid (HNO3) and sulphuric acid (H>SOs) to form the
main secondary inorganic aerosol components: ammonium sulphate
((NH4)2SO4) and ammonium nitrate (NH4NO3) (A. U. Lewandowska &
Falkowska, 2013a; Shrivastava et al., 2017).

Chloride in aerosol particles mainly originates from sea-salt aerosols and
is more abundant in marine locations (A. U. Lewandowska & Falkowska,
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2013b). Heavy metals are trace components in acrosol particles, with higher
mass fractions in areas with industrial activities, such as mining, transport,
coal combustion, and iron and steel production (Matei et al., 2025).

Altogether, aerosol chemical composition is a dynamic characteristic that
reflects sources and the continuous physical and chemical transformations that
occur within the atmosphere, as particles are influenced by co-existing
gaseous and particulate species and meteorological conditions.

1.1.2  Physical properties of aerosol particles

While chemical composition reflects the origin and transformation of
aerosol particles, their physical properties determine their atmospheric
behaviour and impacts. Aerosol particles are rarely uniform in size. Unlike an
idealised monodisperse particle population, atmospheric aerosol particles are
polydisperse. Their size can range by a factor of 1000 from nanometres to
micrometres (Seinfeld & Pandis, 2006). The size of a particle is determined
by its formation processes and by the physical and chemical processes it
undergoes during atmospheric transport and ageing. Through condensation,
evaporation, coagulation, and chemical reactions, the size, number, and
composition of ambient aerosol particles constantly change in the atmosphere
(Seinfeld & Pandis, 2006; Winkler, 1988). Particle size plays a critical role in
determining the transport and deposition behaviour of ambient aerosols.
Accordingly, undesirable effects, including respiratory health hazards,
visibility reduction, surface deposition, and other effects on regional and
global climate, are closely linked to particle size (Birmili et al., 2010; Cappa
et al., 2016). Therefore, measuring and characterising atmospheric particle
size distributions is essential to understand the origins and effects of aerosol
particles.

Particle size distributions can be presented as number, mass, or volume
distributions. The volumetric particle size distribution, also known as the
Whitby model, reveals three distinct modes: nuclei, accumulation, and coarse,
each corresponding to a different formation process and yielding distinct
particle properties. The volumetric size distribution provides the fundamental
basis for understanding the properties of ambient aerosols. According to
Whitby, particles in the nucleation mode range from 0.005 to 0.1 um, in the
accumulation mode from 0.1 to 2 um, and in the coarse mode are larger than
2 pum in diameter (Jacobson, 2005). The three modes can also be divided into
two fractions: fine (diameters < 2 um) and coarse (diameters > 2 um). These
two fractions differ substantially in their origins and physical and chemical
properties. The fine fraction mainly comes from the combustion process,
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while the particles in the coarse fraction are generated mechanically. Within
the fine fraction, the nuclei mode comprises transient particles formed by
coagulation and condensation that rapidly grow and transition to the
accumulation mode. In contrast, particles in the coarse fraction most often
consist of sea spray, windblown mineral dust, volcanic ash, biological debris,
or mechanically made materials such as tyre and brake wear (Manousakas et
al., 2017).

Depending on particle size and chemical composition, a particle's ability
to absorb or scatter solar radiation varies. Light-scattering properties are
common for inorganic species such as nitrate, ammonium, sulphate, and sea
salt (Cappa et al., 2016). While the light-absorbing species include mineral
dust, BC, which has strong light absorption over a broad spectral range (Bond
et al.,, 2013), and BrC, which has a strong wavelength-dependent light
absorption coefficient and therefore strongly absorbs light in the short-
wavelength range (Feng et al., 2013; Romano et al., 2019). Therefore,
understanding the optical properties can help to identify dominant chemical
mixtures by serving as proxies for both the physical size and chemical
composition of aerosol particles (Cappa et al., 2016). The two commonly used
in-situ instruments for measuring aerosol optical properties are nephelometers
(for scattering) and aethalometers (for absorption). Specifically, the Scattering
Angstrdom Exponent (SAE) derived from nephelometer measurements
describes how particles scatter light of different wavelengths and therefore
serves as a proxy for particle size. SAE values below 1.3 indicate a dominance
of coarse particles, such as mineral dust or sea salt, while values above 1.3
indicate fine-mode anthropogenic particles (Cappa et al., 2016). Similarly,
Absorption Angstrém Exponent (AAE) describes particles' property to absorb
light of different wavelengths and provides insights into the chemical
composition of aerosol particles: AAE values around 1 are common for BC
from fossil fuel combustion, while values around 1.6 and higher suggest BC
or BrC from biomass burning or iron oxides in dust (Ealo et al., 2016; Romano
et al., 2019). Therefore, the combination of the SAE and AAE allows
classification of aerosols into several mixing states based on their optical
properties and the extraction of additional information about their chemical
composition and size. A classification scheme proposed by Cappa et al.
(2016), which is a matrix of SAE plotted against AAE, has been widely
employed in several European studies to identify dominant aerosol types
(Cazorla et al., 2013; Ealo et al., 2016; Kaskaoutis et al., 2021a; Kaskaoutis et
al., 2021b; Pauraite et al., 2022; Romano et al., 2019). Although the method
is widely used, it carries its uncertainties, which can be split into classification
ambiguity, measurement constraints, and site-specific generalisation. AAE—

22



SAE combinations do not uniquely identify aerosol type in mixed ambient
populations. Generally, estimating the dominant aerosol type via optical
properties works best at monitoring locations with a stable and uniform
aerosol composition, especially in areas with continental pollution
(carbonaceous aerosols), marine pollution (a mix of carbonaceous aerosols
and sea salt), and sites affected by continental dust or biomass burning (dust
and carbonaceous aerosols) (Schmeisser et al., 2017).

Another commonly used parameter describing aerosol optical properties is
the single-scattering albedo (SSA). This parameter describes the ability of
aerosol particles to scatter incident light and therefore their radiative effect
(Pokhrel et al., 2016). The closer SSA is to 1, the more light is scattered back,
while SSA closer to 0 describes particles which tend to absorb more light. In
pristine environments, SSA values are close to 0.95. In contrast, in
environments with more pollution sources and a high abundance of light-
absorbing aerosol components, SSA values tend to be lower (Pandolfi et al.,
2018; Rajesh & Ramachandran, 2018). SSA is critical for satellite retrievals;
however, SSA uncertainty is among the largest sources of uncertainty in
estimating aerosol environmental effects. Both SSA and AAE, which contain
information on particles’ absorbing characteristics, cannot be directly inferred
from fuel type, as they depend strongly on burning conditions (Pokhrel et al.,
2016).

The identification of dominant aerosol types and their radiative properties
can help interpret remote sensing observations and provide constraints for
regional and global models of aerosol flows.

1.1.3  Role of aerosol particles in climate change

Atmospheric aerosol particles significantly influence Earth’s radiation
budget through their radiative effects and interactions with clouds. These
impacts are determined by particle chemical composition and optical
properties, which control the balance between light scattering and absorption
(IPCC, 2023). Due to their relatively short lifetimes (ranging from a few days
to about 1 month (Seinfeld & Pandis, 2006)), aerosols are classified as short-
lived climate forcers (SLCFs). As shown in Figure 1, SLCFs are influenced
by both natural and anthropogenic sources and affect key environmental
parameters, including temperature, hydrological cycle and weather patterns,
through radiative effects and feedback processes (IPCC, 2023). Despite their
importance, aerosols remain one of the largest sources of uncertainty in the
estimates of total radiative forcing, as highlighted by the IPCC Sixth
Assessment Report (2023). This uncertainty largely arises from their high
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spatial and temporal variability in concentration, chemical composition, size,
shape, vertical distribution and hygroscopic properties (Xie et al., 2025). In
addition, long-range transport over intercontinental distances further modifies
aerosol optical and microphysical properties through mixing and atmospheric
processing, resulting in substantial variability in their radiative effects (Cappa
et al., 2016; Schneider et al., 2025).

CLIMATE SYSTEM CHANGES

9 g ‘ . CLIMATE FEEDBACK

temperature precipitation weather patterns cryosphere

RADIATIVE FORCING

absorption scattering albedo changes

Figure 1. Sources and processes contributing to SLCFs and their effects on the
climate system. (IPCC, 2023)

Aerosol radiative effects depend on their optical properties, which can be
broadly categorised into light-scattering or light-absorbing. Sulphate-
containing particles are strongly light-scattering. Therefore, when transported
into the stratosphere, they contribute to negative effective radiative forcing by
scattering light and reflecting sunlight back to space (IPCC, 2023). Similarly,
NHs" and NOj aerosols produced via gas-to-particle phase reactions
constitute a major fraction of fine-mode particles (PM;) and affect climate
through light scattering (IPCC, 2023). However, most of the global nitrate
burden resides in coarse-mode particles formed by reactions of nitric acid with
dust and sea salt, thus resulting in a relatively weak radiative effect (Bian et
al., 2017). Meanwhile, light-absorbing aerosol components such as BC and
BrC contribute to positive radiative forcing. The light-absorbing species affect
radiative fluxes through direct absorption of shortwave radiation and semi-
direct effects associated with changes in atmospheric temperature distribution.
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In addition, absorption in the UV range can alter photochemical processes,
with implications for tropospheric ozone concentrations (Jacobson, 1998).

In addition to their radiative effects, aerosols also influence the climate
system through interactions with clouds. Anthropogenic emissions from
combustion processes significantly increase the number of cloud condensation
nuclei (CCN) on which the water vapour can condense, thus increasing the
number of cloud-forming droplets (Spracklen et al., 2011). These droplets are
smaller than naturally formed cloud droplets and form brighter, more
reflective clouds with higher albedo. The brighter clouds reflect solar
radiation, preventing it from penetrating deeper into the atmosphere and
reaching the bottom of the cloud layer. This effect, called the indirect cloud
albedo effect, describes the cooling of Earth’s surface beneath brightly
scattering clouds. Furthermore, because cloud droplets have smaller radii,
they take longer to grow large enough to precipitate and be removed from the
atmosphere. Thus, increasing the lifetime of the clouds and changing
precipitation patterns (IPCC, 2023; Khadir et al., 2023).

1.2 Black carbon as a key climate-relevant aerosol component
1.2.1  Physicochemical properties of black carbon

BC is an aerosol component formed during the combustion of organic
material. The name "black carbon" is used because the particles appear black
and strongly absorb light across the ultraviolet (UV), visible, and infrared (IR)
wavelength ranges (Bond et al., 2013).

BC is a general term for a variety of carbonaceous materials of
hydrophobic and aromatic origin, ranging from partially charred plant
residues to highly graphitised (i.e., highly ordered molecular carbon
structures, as found in graphite) soot. The wide variety of carbonaceous
materials forms as products of incomplete combustion, which occurs when
oxygen is insufficient, and the temperature is not high enough for complete
oxidation to CO, (Bond et al., 2013). There is no universally accepted
chemical definition of BC; thus, it can be referred to as soot, graphitic carbon,
or elemental carbon (EC). However, despite their chemical similarities, EC
and BC are measured by different methods: EC is determined by
thermogravimetric analysis, whereas BC is determined by the increase in light
absorption through a filter as the amount of deposited aerosol particles
increases (Long et al., 2013).

During combustion, released BC particles are nanometre-sized and
immediately aggregate into larger and fractal particles of various shapes. BC
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particles exist in the form of aggregates, consisting of hundreds or even
thousands of monomers (Liu et al., 2018). In a study by Reddington et al.
(2013), it was found that black carbon mass distribution peaks at 200 nm,
whereas the numerical contribution is dominated by particles 100 nm in
diameter.

During combustion, BC particles are always co-emitted with other
combustion by-products, which can be gaseous or particulate matter. After
emission, atmospheric processing can lead to the absorption or deposition of
the by-products onto the highly absorbing surfaces of BC particles (Bond et
al., 2013). The formation of coatings on BC particles can alter the
morphology, light-absorbing characteristics, and chemical interactions with
other species, thereby influencing their environmental fate and impacts.
Moreover, BC particles can carry and internally mix with toxic contaminants,
including heavy metals and polycyclic aromatic hydrocarbons (PAHs), during
combustion, posing significant risks to human health (Chowdhury et al., 2022;
Janssen et al., 2012). Therefore, the chemical composition and physical
properties of particles containing BC are determined by the properties of
burning fuel (e.g. carbon content, moisture, and density) and combustion
conditions (e.g. duration and temperature) (Bond et al., 2013; Long et al.,
2013).

1.2.2  Sources and source apportionment of black carbon

Although BC can form naturally (e.g., through volcanic eruptions and the
open burning of forests and savannas), the dominant source of BC pollution
globally is anthropogenic activities. Anthropogenic sources include mobile
and stationary diesel engines and, to a lesser extent, petrol engines, fossil fuel-
powered power plants and other energy sources, industrial and commercial
boilers, domestic devices (i.e., fire stoves, boilers), biomass burning for
heating and cooking purposes or leisure activities (Bond et al., 2013; Helin et
al., 2018).

eBC (equivalent Black Carbon) mass concentration and source
contributions can vary significantly depending on a region due to different
climatic conditions, the nature of the activities carried out, and pollution
sources (Rovira et al., 2025; Savadkoohi et al., 2023). For example, in cities
and other populated areas, a seasonal increase in eBC mass concentration is
observed and is associated with the heating season. In areas where domestic
heating is still dominated by biomass burning, increased contribution of eBC
originating from biomass burning (eBCgg) is observed, whereas in areas
where energy generation relies on other renewable energy sources, eBC is
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dominated by contributions from fossil fuel combustion (Fourtziou et al.,
2017; Helin et al., 2018; Savadkoohi et al., 2023). A distinct seasonal
characteristic observed in some rural areas during spring is elevated eBCgg
concentrations associated with annual open field grass fires resulting from
agricultural waste burning (Pauraite et al., 2021; Ulevicius et al., 2016).
Although open field fires are prohibited in some regions or countries (e.g., the
EU, Norway, Ukraine, China, and during the high-risk season in Australia
(European Commision, 2022; Hall et al., 2021; Hyde et al., 2017; Rafaqat et
al., 2025; Tu et al., 2026)), long-range transport of air masses can carry
pollutants from regions with lower air quality and weaker environmental
regulations. Thus, determining the origin of aerosol BC pollution in individual
regions is a critical step toward understanding the main sources of pollution
and developing targeted emission-reduction strategies to improve ambient air
quality.

BC originating from fossil fuel combustion and biomass burning exhibits
different optical characteristics. In particular, BC particles from biomass
burning contain a higher amount of co-emitted particulate matter, PAHs, NOx,
and carbon monoxide (CO). The co-emitted organic compounds exhibit strong
UV absorption. In contrast, high combustion temperatures in vehicle engines
favour the formation of NOx through reactions between atmospheric nitrogen
(N2) and oxygen (O,), resulting in a lower CO/NOx emission ratio associated
with exhaust BC aerosol particles (Sandradewi et al., 2008). As a result, the
ratio of absorption coefficients at 370 nm to 880 nm for eBCpgg is higher than
for eBC originating from fossil fuel combustion (eBCrr) (Kirchstetter et al.,
2004; Sandradewi et al., 2008). The distinct spectral absorption signatures of
emissions from biomass and fossil-fuel combustion enable source
apportionment of eBC measured by multi-wavelength photometers. Among
these, the aecthalometer, which measures light absorption from 370 to 950 nm,
allows estimation of contributions from the two source types: fossil fuel
combustion (FF) and biomass or wood burning (BB) (Sandradewi et al.,
2008). In the aerosol community, this method is also known as the
Aethalometer model. It does not require any auxiliary measurements, which
is beneficial, as only the 7-wavelength aethalometer measurements are
sufficient.

Furthermore, assessing local source contributions enables evaluation of the
effectiveness of air quality improvement measures, providing insights beyond
changes in total eBC mass concentration by revealing the relative
effectiveness of reducing emissions from distinct source types (Minderyté et
al., 2022; Savadkoohi et al., 2023). Although there are no set air quality
guidelines or limits for ambient eBC concentrations, in the EU, BC emissions
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are indirectly regulated and mitigated through stricter limits on exhaust
particle emissions, cleaner fuels, and technologies such as fabric filters,
electrostatic precipitators, and other filters (European Commision, 2022). In
2021, the World Health Organization (WHO) recommended systematic eBC
measurements and the development of BC emissions inventories to implement
mitigation strategies, address health and environmental concerns associated
with eBC and improve understanding of urban emissions (WHO, 2021).

1.2.3  Climate and environmental impacts of black carbon

The environmental effects of BC are mainly determined by its light-
absorbing properties. The strong light absorption across the entire solar
spectrum plays a crucial role in the radiative balance of the Earth’s system (Fu
et al., 2020; Rajesh & Ramachandran, 2018). The thermal balance of the
atmosphere is disrupted by particles’ ability to absorb thermal energy from the
Sun or from the reflected surface. The result is a warming atmosphere, while
the Earth’s surface receives less solar energy (IPCC, 2023). Moreover, another
negative effect is observed when such light-absorbing particles deposit on
planetary surfaces, thereby reducing the albedo (i.e., the fraction of incident
light reflected by a surface) of light-coloured surfaces (i.e., snow and ice)
(IPCC, 2023). This process enhances snow and ice melting and promotes
regional atmospheric warming. Eventually, as snow and ice melt, a smaller
fraction of the energy received from the Sun is reflected from their surfaces,
further enhancing warming (Li et al., 2022).

The environmental and climate impacts of BC significantly rely on the
mixing of BC with non-BC components and are substantially different from
those of pure BC particles. While pure BC particles are inactive as CCN due
to their hydrophobic surface, BC-containing particles are able to act as CCN
under very low supersaturations (~0.1 %) (Kuwata et al., 2009). BC particles
form coatings of soluble materials, such as sulphate and organic carbon (OC),
and become more hygroscopic as the plume ages. At some point, this ageing
and associated accumulation of soluble mass allows these particles to form or
become part of a water droplet through a process called activation. Although
the BC contribution to aerosol mass is small, it significantly influences CCN
concentrations (Spracklen et al., 2011). Light absorption is further enhanced
by approximately 50 % or more when BC is internally mixed with other
chemical components and embedded into cloud droplets, thereby affecting the
indirect climatic effect (Bond et al., 2013). When a BC-containing particle is
in a water droplet, it can affect the droplet's size and albedo, while also
inducing a semi-direct effect where atmospheric heating causes cloud
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evaporation and determines the optical properties and lifetime of clouds (Bond
et al., 2013; G. Zhang et al., 2024).

Due to their long-term persistence in the atmosphere, these particles can be
transported to higher atmospheric layers and form clouds that would not form
there naturally (Bond et al., 2013). Due to the variety of processes involved
and their simultaneous occurrence, the total long-term impact of the
interaction between BC and clouds has not yet been precisely assessed and
remains uncertain (IPCC, 2023).

1.3 Variability of aerosol particles across environments
1.3.1  Urban environment

Spatial distribution and local sources are primary determinants of aerosol
particle characteristics in urban areas, with particle concentrations typically
decreasing along a gradient from kerbside and traffic sites to urban
background environments (Kutzner et al., 2018; Pauraite et al., 2023;
Savadkoohi et al., 2023). These environments are heavily influenced by local
anthropogenic emissions. In urban environments, road transportation —
particularly diesel engine emissions — is a major source of both BC and
ultrafine particles (UFP). Another major contributor is residential combustion,
where burning wood, coal, and biomass for heating and cooking releases
significant amounts of carbonaceous aerosols (Kaskaoutis et al., 2021a;
Kutzner et al., 2018). Furthermore, industrial activities and energy production
contribute primary particles and gaseous precursors, which, alongside
secondary aerosol formation, further define the local aerosol mixture (Pirjola
et al., 2017; Ronkko et al., 2023). Due to rapid urban growth, the major
sources of coarse crustal particles are construction and demolition activities.
The wide variety of emission sources results in an aerosol particle size
distribution ranging from the finest, freshly emitted exhaust particles to coarse
particles transported from distant regions or locally emitted crustal particles
(Birmili et al., 2010; Hu et al., 2019; Pirjola et al., 2017). Geographical
location also influences trends, as urban areas in southern Europe often exhibit
higher mass concentrations than those in northern regions due to variations in
regional climate patterns and emission densities (Contini et al., 2018;
Savadkoohi et al., 2023; Scotto et al., 2021). Furthermore, urban air quality is
not solely a product of local activity but is also frequently affected by the long-
range transport of aged continental air masses (Ahlberg et al., 2023; Hu et al.,
2019; Janicka et al., 2017; Yuan et al., 2024).
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Meteorological factors and boundary-layer dynamics are critical drivers of
the temporal variability of urban aerosols (Birmili et al., 2010; Wang et al.,
2019). Cities experience pronounced seasonal variations, with significantly
elevated aerosol concentrations during winter months (Jafar & Harrison,
2021; Kaskaoutis et al., 2021b; Savadkoohi et al., 2023). The observed
wintertime pollution increases are also influenced by more frequent
atmospheric inversions and reduced mixing layer heights, which trap
pollutants near the surface, alongside higher residential heating emissions.
Diurnal patterns in urban environments typically reflect these dynamics and
human activity, characterised by distinct concentration peaks during morning
and evening rush hours (Birmili et al., 2010; Jafar & Harrison, 2021;
Kaskaoutis et al., 2021a; Minderyté et al., 2022; Savadkoohi et al., 2023).

Recent long-term observations indicate a consistent decreasing trend in
anthropogenic eBC mass concentration across many urban areas in Europe
and China over the past decade (Cao et al., 2021; Davuliené et al., 2019;
Savadkoohi et al., 2023). These reductions are primarily linked to the effective
implementation of air quality policies and emissions standards, such as the
mandatory fitting of diesel particle filters and the establishment of low-
emission zones in Europe. In Beijing, for example, eBC concentrations fell by
60-80 % from 2013 to 2021 due to China’s Air pollution action plans, stricter
coal-to-gas conversion and stricter traffic and industrial controls (Xie et al.,
2025). However, while traffic-related emissions have notably declined, the
relative contribution from residential and commercial combustion sources has
remained fairly constant or increased slightly in some locations (Savadkoohi
et al., 2023).

Aerosol particles in urban environments are a major focus of scientific and
policy concern due to their profound impacts on human health and air quality,
as more than 70 % of the population nowadays lives in cities and is therefore
closely exposed to air pollution. Increased PM concentrations are associated
with increased mortality (Chowdhury et al., 2022; Janssen et al., 2012). Fine
particles (PM, ), especially UFP, can easily deposit in the lungs, leading to a
range of negative health outcomes (e.g., reduced lung function, asthma,
cardiovascular and respiratory diseases, lung cancer and stroke) (WHO,
2021). Air pollution will remain a persistent and growing threat to human
health as populations continue to migrate to urban areas. A comprehensive
understanding of air pollutant sources in urban environments is crucial to
mitigate and control urban air quality and its associated health risks.
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1.3.2 Marine environment

In marine environments, sea salt acrosols are primarily generated by the
whitecaps, where bursting air bubbles emit seawater droplets into the
atmosphere (O’Dowd & De Leeuw, 2007). The chemical composition of
marine aerosols varies with latitude, distance from the coastline and seawater
salinity (A. U. Lewandowska & Falkowska, 2013b). A significant fraction of
marine aerosols formed at the sea surface consists of chlorides and sulphates,
which account for nearly 99 % of their mass. In addition to natural marine
emissions of dimethyl sulphide from seawater, anthropogenic sulphur dioxide
from fossil fuel combustion is an important precursor of submicron aerosols
in the marine atmosphere. In urbanised coastal regions, anthropogenic
emissions further modify the composition of marine aerosols. For example,
nitric acid reacts with sea salt to form coarse sodium nitrate (NaNO3) particles.
Across Europe, particulate nitrate (NO3") is largely anthropogenic, produced
by the oxidation of nitrogen oxides (NO and NO;) emitted during high-
temperature combustion in vehicle engines and industrial activities (A. U.
Lewandowska & Falkowska, 2013b; Seinfeld & Pandis, 2006).

The influence of shipping emissions on aerosol particle properties in
marine and coastal environments has also been widely investigated,
particularly in the Baltic Sea region. Previous studies indicate that shipping is
amajor contributor to regional NO- concentrations, accounting for up to 50 %,
whereas its contribution to PM,s mass is comparatively small (5-10 %)
(Jonson et al., 2019). A consistent finding across observational studies is the
strong impact of ship emissions on particle number concentration, especially
within the ultrafine size range (Ausmeel et al., 2019, 2020; Kecorius et al.,
2016; Plauskaite et al., 2017). Ship exhaust is characterised by BC-containing
particles with diameters typically below 100 nm (Kaskaoutis et al., 2023;
Kecorius et al., 2016). Owing to their small size, these particles contribute
substantially to number concentrations but only weakly to particle mass.
Reported contributions to PMy ;s range from 9-18 % with dominant particle
sizes near 41 nm (Kivekds et al., 2014), while wintertime observations
indicate minimal contributions to PMys and PMys mass concentrations
(Ausmeel et al., 2020).

Chemical transport modelling supports these observations, estimating
shipping contributions of 3.2-5.7 % to PM s in Baltic coastal regions (Karl et
al., 2019). Emissions control measures, including reduced fuel sulphur content
in Sulphur Emissions Control Area (SECA) regions, have further decreased
particle number concentrations and particle mass (Seppdld et al., 2021).
Seasonal processes may also influence aerosol formation, as interactions
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between ship emissions and agricultural ammonia enhance PM, s formation in
spring (Jonson et al., 2020), whereas long-range-transported industrial
pollutants may dominate air quality impacts in some regions (Ahlberg et al.,
2023).

Overall, marine environments are dominated by sea salt aerosols and
shipping emissions, which mostly affect ultrafine particle number
concentrations (diameter < 100 nm), while their contributions to submicron
particle mass, including PM; and PM>s, remain limited. Their influence,
however, is relevant for specific aerosol components, such as sulphate, nitrate
and organic species, although contributions to eBC at coastal sites are
generally low (Ausmeel et al., 2020).

1.3.3 Regional background and rural environment

Regional background and rural sites are defined primarily by their distance
from significant anthropogenic emission sources: rural sites are typically
located 10—50 km away, while regional background sites are located more
than 50 km from large pollution sources (Van Dingenen et al., 2004). These
environments generally exhibit lower annual average concentrations of PMj
and PM, s than their urban counterparts. There is a pronounced spatial gradient
in which total particle number concentrations and lung-deposited surface area
(LDSA) decrease significantly as one moves from urban or kerbside locations
toward more remote background areas (Kecorius et al., 2025; Putaud et al.,
2018; Van Dingenen et al., 2004). Despite lower mass loadings, the presence
of BC even at natural background sites confirms that these areas are
consistently affected by long-range transport of combustion-related pollutants
(Cavalli et al., 2016; Savadkoohi et al., 2024).

The chemical composition of aerosols at regional and rural sites is
dominated by secondary aerosol components rather than local primary
emissions (Putaud et al., 2010; Schneider et al., 2025). In these regions, SOA
and SIA, specifically sulphates, nitrates and ammonium, comprise the
majority of the submicron particulate mass (Manousakas et al., 2017; Putaud
et al,, 2010; Schneider et al., 2025). Moreover, biogenic sources from
vegetation and soils contribute a larger fraction to the organic aerosol budget
in rural environments than in densely populated cities (Schneider et al., 2025;
Van Dingenen et al., 2004). As aerosol particles are transported from urban
centres to the regional background environments, they undergo physical
transformations such as coagulation and dilution, which tend to remove
smaller nuclear-mode particles while shifting the mass toward the
accumulation mode (Putaud et al., 2010; Van Dingenen et al., 2004).
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Broad regional similarities exist across Europe, yet specific chemical
gradients are observed based on site classification and geographical location
(Putaud et al., 2010; Van Dingenen et al., 2004). Seasonal variation at rural
and regional background sites is driven by changes in source strengths, such
as more active biogenic aerosol formation through photochemical reactions
during summertime and increased heating demand and residential wood
burning during winter. Overall, the concentrations of aerosol particles in
regional background and rural environments are highly sensitive to large-scale
meteorological patterns, with air masses from clean oceanic sectors providing
dilution, while continental air flows from industrialised regions can trigger
significant pollution episodes (Ahlberg et al., 2023; Ovadnevaite et al., 2014;
Putaud et al., 2010).

1.4 Long-range air mass transport as a driver of aerosol variability

Long-range air mass transport significantly influences the composition and
mass concentrations of aerosol particles, particularly in regions with limited
local emission sources. Atmospheric aerosol particles can travel vast
distances, extending far beyond their original emission points and affecting
regions remote from their sources (Schneider et al., 2025). Long-range
transport can cause peaks in particulate matter concentration when air masses
from regions with high emissions of particles and/or precursor gases arrive
during weak atmospheric mixing. (Tang et al., 2026). During these events, the
aerosol mass is frequently dominated by secondary components — including
oxygenated organic aerosol (OOA) and inorganic species like sulphates —
which are formed through the physical and chemical ageing of pollution
plumes during transport (Pirjola et al., 2017; Van Dingenen et al., 2004). In
many European regions, these secondary species, particularly sulphates, serve
as distinct markers for long-range transport episodes (Ahlberg et al., 2023;
Juda-Rezler et al., 2020; Manousakas et al., 2017).

There is a pronounced spatial gradient in the mass concentrations of
carbonaceous aerosol constituents, which generally increase from Northern
Europe toward Central and Southern Europe (Cavalli et al., 2016). This
variability is heavily influenced by large-scale meteorological patterns; for
example, air masses transported from the Atlantic Ocean can significantly
improve air quality in Central France, whereas air masses arriving from
Eastern Europe can trigger heavy pollution episodes (Hu et al., 2019). As
aerosols undergo long-range transport, physical processes such as coagulation
and dilution typically remove smaller nucleation-mode particles while shifting
the mass toward the accumulation mode (Chowdhury et al., 2022; Van
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Dingenen et al., 2004). During such long-range transport events, these
transformed particles may pose significant health risks even in areas far away
from their emission sources, including rural background regions (WHO,
2021).

1.5 Modelling of atmospheric aerosol transport and source contribution
1.5.1 HYSPLIT model for aerosol transport analysis

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model is a versatile tool extensively used in the atmospheric sciences to
compute air parcel trajectories and simulate the transport, dispersion, and
deposition of various pollutants (Draxler & Hess, 1998). Developed by the Air
Resources Laboratory of the National Oceanic and Atmospheric
Administration (NOAA), it employs a hybrid approach combining Lagrangian
and Eulerian methodologies to establish source-receptor relationships (Rolph
et al., 2017; Stein et al., 2015). Within the European context, the model has
been instrumental in tracking diverse aerosol types, including wildfire smoke,
mineral dust, allergens, and volcanic ash (Rolph et al., 2017; Stein et al.,
2015). For instance, studies in the Western Mediterranean have utilised
HYSPLIT to determine that North African dust sources contribute up to
10 pg/m? to annual PM in the Eastern Mediterranean and 2-4 pug/m? in the
Western Mediterranean (Escudero et al., 2011). Furthermore, the model has
been used to analyse the fate and transport of mercury emissions specifically
across the European continent (Stein et al., 2015).

In the Baltic Sea region and Northern Europe, HY SPLIT has been essential
for quantifying the impact of long-range transport on local air quality.
Research conducted in Vilnius, Lithuania, found that elevated particle number
concentrations and eBC levels often originate from heavily industrialised
areas in Poland, Germany, and the Czech Republic, as well as from biomass-
burning products transported from Ukraine and Russia (Bycenkiené et al.,
2013, 2014). A specific 2022 study in Vilnius used 72-hour backward
trajectories to categorise air mass episodes, finding that clean air masses from
the mid-Atlantic decreased columnar pollution, while slow easterly air masses
from Belarus and Russia significantly increased eBC concentrations
(Davuliené et al., 2019). Similarly, in Central Europe, HYSPLIT trajectory
clustering linked high wintertime concentrations of submicron aerosols to
eastern continental transport from Poland (Arora et al., 2026).

The model has also been uniquely applied to evaluate aerosol
transformation above the Baltic Sea, providing evidence for the significant
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contribution of maritime activities and natural processes (Kecorius et al.,
2016). Additionally, multi-wavelength lidar studies in Poland, combined with
HYSPLIT trajectories, confirmed that aerosol properties depend heavily on
advection direction, with strong northerly winds from the open sea
significantly increasing the aerosol effective radius through sea spray
emissions (Makuch et al., 2021). Ultimately, the HYSPLIT model’s robust
analytical features provide the empirical foundation necessary for effective
transboundary air quality research and management.

1.5.2 FLEXPART model for aerosol dispersion

The FLEXible PARTicle dispersion model (FLEXPART) is a Lagrangian
tool widely used to calculate the long-range, multi-scale dispersion of
atmospheric tracers, including BC, mineral dust and radionuclides (Bakels et
al.,, 2024). Originally developed to simulate the transport of hazardous
substances from point sources, such as nuclear accidents, it has evolved into a
community model for diverse applications in air pollution and climate
research (Pisso et al., 2019; Stohl et al., 2005). FLEXPART, being fully open
source and easily integrated with models such as WRF and ERAS, is
continuously validated against real observations. Its ability to connect with
emission inventories provides detailed output data, enabling it to assign
modelled BC to various source categories (Source Spectrum) and to determine
contributions from related source regions (Continent Spectrum).

FLEXPART has repeatedly demonstrated strong skill in reproducing
observed eBC concentrations at background and remote sites, including the
European Arctic — a region predominantly influenced by long-range transport
with correlations of approximately 0.89 (Winiger et al., 2016). The model has
demonstrated excellent performance when compared to eBC measurements
from ship- and aircraft-based campaigns in remote regions (Evangeliou et al.,
2018; O. B. Popovicheva et al., 2017), as well as ground-based monitoring
stations across Europe (Eckhardt et al., 2015; Evangeliou et al., 2021; O.
Popovicheva et al., 2025; Winiger et al., 2019; Yttri et al., 2024) and Asia
(Dasari et al., 2020; M. Jiaet al., 2021). Moreover, FLEXPART has been used
to capture eBC variability during episodic pollution events (Evangeliou et al.,
2019).

The model’s reliability for European regional dispersion has been validated
through large-scale experiments such as the European Tracer Experiment
(ETEX), which involved a controlled release in France and subsequent
measurements at 168 stations across Europe (Bakels et al., 2024; Forster et al.,
2007). Results from these experiments confirm FLEXPART’s ability to
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accurately simulate the transport of air masses across national borders. By
coupling Lagrangian trajectories with high-resolution emission inventories,
the model identifies that pollution plumes from Central Europe often reach the
Nordic countries and the Arctic, proving that the atmospheric composition at
the target region is a product of both local activities and international-scale
transport (Pisso et al., 2019; Zhu et al., 2020).
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2  METHODOLOGY
2.1  Measurement sites

In this work, measurement data from 4 sites were investigated. Two of the
sites were located in urban environments — Vilnius (Lithuania, North Europe)
and Warsaw (Poland, Central Europe), while the remaining two sites were
located in rural background environments — Preila (Lithuania) and Hyltemossa
(Sweden, Northern Europe) (Figure 2). The sampling periods and
instrumentation equipped in each station are presented in Table 1.

Figure 2. Map of the measurement sites: A — Hyltemossa, B — Preila, C —
Vilnius, D — Warsaw. All subfigures (A-D) are shown in uniform scale.

Vilnius is the largest city in Lithuania, with a population of 0.6 million
residents and an area of about 400 km? (~1500 residents per km?). The larger
conurbation comprising the city and the districts of Vilnius and Trakai has
approximately 0.75 million residents (~1360 residents per km?) (Lithuanian
State Enterprise Centre of Registers, accessed on 4 June 2025). The
measurement site in Vilnius is located on the roof of the Centre for Physical
Sciences and Technology (54°42'50.474" N, 25°15°9.808" E; 131 a.s.l.)
building, approximately 6 km northeast of the city centre. The site is situated
in a mixed-use environment surrounded by private residential houses, a
university campus, and forested areas. The building is screened from the
nearest highway (0.6 km) and other low-traffic streets (0.3 km) by a forested
area. Therefore, this site represents an urban background environment
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influenced by distributed sources and by some nearby roads, without direct
impact from strong, active pollution sources.

Warsaw has a population of 1.9 million residents and is therefore the
largest city in Poland. The municipal area of the city is about 520 km? (3600
residents/km?) (in 2022-2023) (Statistics Poland, accessed on 24 April 2023).
It is important to note that Warsaw is surrounded by many satellite towns with
over 1 million residents, which border directly on the Warsaw municipality
area. This large conurbation is referred to as the Warsaw metropolitan area
(4200 km?). Daily traffic from the satellite towns to Warsaw and back is an
important factor when describing the site, as it is a significant source of
transport exhaust emissions in the city. The measurement site in Warsaw is
located on the roof of the Faculty of Physics at the University of Warsaw
(52°12'45.047" N, 20°58'57.762" E; 112 a.s.l.), about 3 km southwest of the
city centre. The site is classified as urban, as it is surrounded by residential
buildings, the University Campus Park, a large hospital area with a large
parking lot, and green municipal parks. The main pollution sources at the site
are residential and transport activities (Stachlewska et al., 2018).

Table 1. General information about performed studies: the sampling time,
locations, their types, and the instruments used.

li
San.lp ne Location 1 Location 2
time
Vilnius Warsaw
Study  2022.05.01- (Urban background site) (Urban site)
No. 1 2022.08.18 Aethalometer AE33 Aethalometer AE33
Nephelometer TSI 3563 Aurora4000
2022.05.01— Vilnius Warsaw
Study 2022.08.18  (Urban background site) (Urban site)
No. 2 and Aethalometer AE33 Aecthalometer AE33
' 2022.11.01-
2023.02.28 Nephelometer TSI 3563 Aurora4000
Preila Hyltemossa

Study  2017.12.01- (Marine background) (Rural background)
No. 3 2018.03.28 Aethalometer AE31 Acthalometer AE33

Q-ACSM ToF-ACSM

The measurement site in Preila (55°22' N, 21°1' E, 1 m a.s.1.) is located in
the south-eastern part of the Baltic Sea, the Curonian Spit, west of Lithuania.
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The station is situated 40 km from the closest large city, Klaipéda, and 80 km
from Kaliningrad (the Russian Federation), with some industrial activity. This
site is therefore considered a marine background environment due to its large
proximity to any local pollution sources and is mainly influenced by long-
range transported pollution.

The Hyltemossa site is a research station of Aerosols, Clouds, and Trace
gases Research InfraStructure (ACTRIS) and Integrated Carbon Observation
System (ICOS) networks located in southern Sweden (56°5'N, 13°25'E, 118
m a.s.l.). The closest urban areas are: Helsingborg (Sweden), 25 km to the
west; Malmo (Sweden), 50 km to the southwest; and Copenhagen (Denmark),
60 km to the southwest. The Hyltemossa site is surrounded by forests and is
therefore considered a rural background site. There are no direct pollution
sources in proximity; thus, the site is very suitable for background
observations of long-range transported pollution, as its dynamics are not
influenced by rapid changes typical of an urban environment with many
active, direct sources.

2.2 Instrumentation and methods
2.2.1 Aethalometers

Aerosol light absorption measurements were taken using 7-wavelength
(370, 470, 520, 590, 660, 880, and 950 nm) acthalometers, which measure all
wavelengths simultaneously and continuously.

The main principle of the instrument is to measure light transmission
through a filter spot where aerosol particles are deposited and through a
control spot where none are deposited. Controlled airflow deposits aerosol
particles onto a filter tape. Over time, as light-absorbing aerosol particles
accumulate on the filter spot, the detected light transmission decreases. Light
attenuation is used to calculate the absorption coefficient (bass), Which is
proportional to the mass of optically absorbing material deposited on the filter.
Mass concentration is then calculated using wavelength-specific mass
absorption cross-section (MAC).

In Vilnius, Warsaw, and Hyltemossa, aethalometers AE33 (Magee
Scientific, model AE33, Berkeley, CA, USA) were used, while an
acthalometer AE31 (Magee Scientific, model AE31 Spectrum, manufactured
by Aerosol d.o.o., Slovenia) was used in Preila. The measurement time
resolution was 1 minute for A33 and 2 minutes for AE31, and the flow rate
was 5.0 L/min for both AE33 and AE31. The lower detection limit is
0.01 pg/m? for both AE33 and AE31 (Sedlacek, 2016).
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In the case when mass concentration is measured indirectly (i.e., converted
from bas), the term eBC should be used instead of BC, as a proxy of the
measurement method. eBC mass concentration was calculated from the bax at
880 nm, as BC is the main light-absorbing aerosol component at this
wavelength. For calculating eBC mass concentrations at the wavelength, the
wavelength-specific MAC value was 7.77 m*g for AE33 data (set by the
manufacturer (Aerosol d.o.0, 2018)) and 16.6 m*/g for AE31 data (set by the
manufacturer (Sedlacek, 2016)):

eBC:baDSSSOnm (1)
MACgg0 nm

For the accuracy of eBC mass concentration determination, measurement
data should be corrected for artefacts of filter-based measurement techniques,
such as the particle loading effect. The AE33 aethalometer, which is a newer
generation instrument, uses a real-time loading effect compensation algorithm
proposed by Drinovec et al. (2015). To ensure comparability, the data
measured with AE31 were corrected offline using the method of Weingartner
et al. (2003). An intercomparison study by Drinovec et al. (2015) showed a
very good agreement between data compensated by both methods proposed
by Drinovec and Weingartner. The AE33 data were processed using a
harmonised methodology: the b.; were recalculated using a harmonisation
factor (H* is 1.76 when Co is 1.39) (Savadkoohi et al., 2023).

Uncertainties in aethalometer measurements of eBC mass concentration
arise from two main sources: the measurement uncertainty in
attenuation/absorption (including instrumental variability and cross-
sensitivity to scattering, each estimated at 10 % (Drinovec et al., 2015)), and
the conversion of absorption to mass concentration (due to the assumed fixed
MAC and multiple scattering correction factor Co) (Drinovec et al., 2015;
Zanatta et al., 2016; Zotter et al., 2017). AE33 measurements rely on detecting
small relative changes in optical transmission rather than on absolute
calibration of detector response signals. Zero-noise tests using a HEPA filter
indicated an optical/electrical system stability of 0.11 pg/m? for hourly means
(Allerton et al., 2022).

2.2.2  Black carbon source apportionment

BC source apportionment was performed using the method proposed by
Sandradewi et al. (2008). The Aethalometer model is based on the differences
in the light absorption of BC originating from different sources and source-
specific AAE values (Zotter et al., 2017). The AAE defines how the light
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absorption coefficient varies across the measured wavelength range (370—
950 nm). The relationship between b.» and AAE is expressed in equation (2):
baps(2) ~AA4E 2)
Here, bass(4) marks absorption at a wavelength 1. A more detailed explanation
of the method can be found in the original paper of Sandradewi et al. (2008).
The source-apportioned bus of eBCrr and ¢BCgg were calculated as
follows:

470y ~A4E8B
 baps (470 nm) = beps pp(950nm) * (557
abs FF = (ﬂ)—AAEFF - (ﬂ)—AAEBB (3)
950 950
baps = baps rr + babs BB 4

where bass(470 nm) marks the total eBC light absorption coefficient at 470 nm
and bups(950nm) at 950 nm, respectively, AAFEzz is the source-specific AAE
value for eBC from biomass burning emissions, and 44 Err — eBC from fossil
fuel combustion. Equation (4) shows that the total light absorption at a
selected wavelength is composed of bus £+ (absorption coefficient of eBCrr)
and of b s (absorption coefficient of eBCgg).

Source-specific AAE values can vary across regions depending on the
fuels most commonly used, their origins, the transport fleet, and
meteorological conditions (Garg et al., 2016; Zotter et al., 2017). In the present
study, a previously determined combination of A4Err and A4AEps for Vilnius
(0.9 and 2.2, respectively) for the warm season measurements in Vilnius
(Minderyté et al., 2022). For the warm season in Warsaw, the A4Err and
AAEpp values were 1.0 and 2.0, respectively, as recommended by the
manufacturer (Aerosol d.o.0, 2018). For the cold season, the value selection
had to account for the increased influence of coal burning during the cold
season, which is typical of Poland. Therefore, values from a winter study in
north Poland (Kristensson et al., 2020) were applied to the cold season data.
The coal combustion contribution was combined with the biomass burning
contribution: 1.03 (44Err) and 1.93 (44 E3sz,c) for both sites. The wavelength
pair in this study was chosen as 470 and 950 nm, which is the most commonly
used wavelength pair in this field (Liu et al., 2018; Saarikoski et al., 2021;
Sandradewi et al., 2008; Zotter et al., 2017).
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2.2.3  Nephelometers

Aerosol light-scattering for Studies No.l and 2 was measured using
nephelometers. A nephelometer measures the light-scattering coefficient
(bscar) of aerosol particles. The main measurement principle is to measure the
intensity of light scattered by aerosol particles suspended in air as they pass
through the light beam. The use of nephelometers is widespread because the
method is simple and makes no assumptions about particle composition, size,
or shape.

In Vilnius, an integrating nephelometer TSI, model 3563 (TSI Inc, St. Paul,
MN, USA) was used to measure light scattering at 3 wavelengths (450, 550,
700 nm) for total scattering angles from 7° to 170°. The lower detectable limit
was 0.5 Mm™ and the instrument precision is about 3 % (Anderson & Ogren,
1998). The sample flow was 23 L/min. Due to technical issues, the cold season
measurements in Vilnius were available from 20 January to 28 February.

In Warsaw, a polar nephelometer Aurora 4000 (Ecotech Pty, Ltd,
Knoxfield, Australia) was used. It measures light scattering at 3 wavelengths
(450, 525, 635 nm) at angles from 9° to 170°. The instrument detection limit
was 0.3 Mm™', and the sampling flow rate was approximately 5 L/min.

Both instruments at the two sites were set to have the same sampling
frequency of 30s. Scattering coefficients from both instruments were
corrected for truncation error using the method suggested by Miiller et al.
(2011). This method applies the truncation error to each wavelength, using a
wavelength-specific factor defined for each instrument.

2.2.4 Calculation of derived aerosol optical properties

For aerosol optical classification, a scheme suggested by Cappa et al.
(2016) was used. The approach apportions general aerosol types and mixing
states based on their absorption and scattering properties: AAE and SAE. The
scheme consists of thresholds for AAEssyee0 plotted against SAE4sosso. To
follow the original approach to get precise results for aerosol classification,
the baps value at 532 nm had to be interpolated (Eq. 5) to calculate AAEs32/660
at wavelengths 532 and 660 nm (Eq. 6). This was performed using the method

by Zhuang et al. (2015) and bass at 520 nm measured using the aethalometer:
32 —AAEs590/520
) )

baps(532 nm) = by (520 nm) - (%
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In (babs(532 nm))
b,ps (660 nmM)

in(850)

The same interpolation approach was applied to calculate bseq at 550 nm
(Eq. 7) to then calculate SAE4s0550 (Eq. 8):

AAEs33/660 = — (6)

0 —SAE450/635
beegr (550 nm) = byogs (525 nm) - (%) (7
In (bscat(450 nm))
b 550 nm
SAE 50 550 = —— a0 1) ®)
in (52p)

The SSAsso was calculated using b from an acthalometer and bycq: from

a nephelometer at a wavelength of 550 nm:
bscqt (550 nm) )

bgeat (550 nm) + by (550 nm)

The uncertainties of the derived optical parameters — AAE, SAE, and SSA
— were estimated analytically from the instrumental measurement
uncertainties. The b.s measured by the AE33 aethalometers carry an
instrumental uncertainty of 10 %, accounting for the dual-spot loading
correction and multiple scattering correction factor (Drinovec et al., 2015).
The by... from nephelometer measurements carries an instrumental uncertainty
of £3 %, with an additional £3 % uncertainty introduced by the truncation
correction (Miiller et al., 2011), yielding a combined scattering uncertainty of
approximately +4 % (propagated using standard error). For both parameters

SSA =

AAE and SAE, the uncertainty was propagated as follows:
V2-u (10)
o=7———
|In(b2,/ ba,)|

where u is the relative instrumental uncertainty of the respective coefficient.
This yields typical relative uncertainty of approximately =12—-15 % for AAE
and £10-12 % for SAE. The SSA at 550 nm was derived from independently
measured bgss and bseqr, and the absolute uncertainty was propagated as:

(1D

1
2 2 2 2
Ossa = by Oiar + DicarO,
2 abs~scat scat~abs
(bscat + babs)

yielding a typical absolute uncertainty of approximately +0.05 in SSA.
2.2.5 Aerosol Chemical Speciation Monitors

The ambient non-refractory submicron aerosol chemical composition and
concentration were measured using aerosol chemical speciation monitors
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(ACSM). In the instrument, the flow of aerosol particles is focused by
aerodynamic lenses and directed into a vacuum chamber, where the particle
beam impacts a heated (600 °C) tungsten plate. Shortly thereafter, the non-
refractory aerosol components (nitrate (NOs’), sulphate (SOs*), ammonia
(NH4"), chloride (Chl), and OA) are flash-evaporated and ionised by 70 eV
electron impact. In a Quadrupole ACSM (Q-ACSM), the ionised molecular
fragments of the aerosol components are detected and characterised by a
quadrupole mass spectrometer and sorted by the mass-to-charge ratio (m/z).
A newer type of ACSM, Time-of-flight ACSM (ToF-ACSM), sorts molecular
fragments based on their time-of-flight to the detector: lighter ions reach the
detector faster, while heavier ions take longer.

The site in Preila was equipped with a quadrupole ACSM (Q-ACSM,
Aerodyne Research Inc., USA). The measurement time resolution was 30
minutes. The instrument has a sensitivity of 0.012 ug/m® for nitrate,
0.024 pg/m? for sulphate, 0.284 pg/m?* for ammonia, 0.011 pg/m? for chloride,
and 0.148 pug/m? for organics (as reported by Ng et al. (2011)). The site in
Hyltemossa was equipped with a ToF-ACSM (Aerodyne Research Inc.,
USA), which operated at a 10-minute time resolution and a sensitivity on the
order 0of <0.03 pg/m? for a time resolution of 30 min. The collection efficiency
for both sites was evaluated by the composition-dependent approach
suggested by Middlebrook et al. (2012).

2.2.6  Organic aerosol source apportionment

OA sources were investigated using the Positive Matrix Factorisation
(PMF) method to unit mass resolution data, following the technique described
by Paatero (1997). In the study, organic and error matrices were generated for
m/z signals from 12 to 120 for both datasets from Preila and Hyltemossa. PMF
analysis was carried out using SofiPro (version 6.8), with the initial setup
guided by the recommendations of Paglione et al. (2020).

After a detailed evaluation of mass spectral profiles, residuals, time series,
diurnal patterns, and temporal residuals, a three-factor solution was selected
for both locations. Four-factor solutions resulted in non-physical splits in
factor profiles, whereas the three-factor solution demonstrated strong stability.
Scaled residuals ranged from -0.2 to 0.2, indicating an appropriate model fit
for all mass spectra.

Solutions were generated through 100 iterative runs. Based on the highest
contribution of m/z to the biomass-burning-related factor, 15 runs were
retained and averaged. Factor similarity was assessed using the theta angle
calculations (Kostenidou et al., 2009), where 0 <15° indicates strong
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similarity, 15° <6 < 30° indicates partial similarity, and 6 > 30° indicates no
similarity.

2.3 Meteorological parameters

For Vilnius, meteorological data, including temperature (T), wind speed
(WS), wind direction (WD), precipitation, and relative humidity (RH), were
obtained via API access to the Lithuanian Hydrometeorological Service
archives for the Vilnius weather station, situated 17.8 km southwest of the
aerosol measurement site (Meteo.Lt API, n.d.). The distance is considered
acceptable, as the site represents an urban background environment with a
relatively large spatial footprint, making it representative of the conditions at
the aerosol measurement location.

Measurements of meteorological parameters were conducted at the
University of Warsaw site in Warsaw, co-located with the aerosol
instrumentation.

At the Hyltemossa site, meteorological measurements were performed
continuously by ICOS Sweden along with aerosol measurements (Heliasz &
Biermann, 2024).

The meteorological parameters for Preila were measured at a
meteorological station in the nearby town of Nida by the Lithuanian
Hydrometeorological Service and were obtained via API access to the
archives (Meteo.Lt API, n.d.).

The meteorological data are reported at the precision provided by the
respective measuring agencies, without uncertainty assessment.

2.4 Data processing and statistical analysis

To ensure consistency between datasets of different instruments and
meteorological parameters, all data were averaged to a 1-hour time resolution.
Before that, the aethalometer data were quality-controlled to remove
perturbed values: negative absorption values, spontaneous short-term spikes,
zero values during the instrument warm-up or clean-up, and flowmeter
calibration.

Statistical significance was evaluated using the Kruskal-Wallis test, and a
critical value of p =0.05 was selected. Spearman's rank correlation test was
used to assess correlations among parameters.

Measured or derived parameter values are reported with their standard
deviations to indicate dataset variability.
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2.5 Long-range air mass transport modelling

The modelling of long-range air mass transport backward trajectories and
territories where the air mass has passed over was done using software based
on Lagrangian and FEulerian methodologies: Hybrid Single Particle
Lagrangian Integrated Trajectory model HYSPLIT (Studies No. 1 and No. 3)
and FLEXible PARTicle (FLEXPART) dispersion model (Study No. 2). This
section will present the details of the models and how the modelling was
performed.

2.5.1 HYSPLIT

HYSPLIT was used to model 72-hour backward air-mass trajectories using
the Global Data Assimilation System (GDAS) meteorological databases at the
NOAA Air Resources Laboratory’s web server (Draxler & Rolph, 2003).

For Study No. 1, 72-hour backward air mass transport trajectories were
calculated, ending at 500 m a.s.l. at the precise coordinates of the
measurement sites in Vilnius and Warsaw at 12:00 UTC for each day of the
measurement campaign (from May 1, 2022, to August 18, 2022).

In Study No. 3, 72-hour backward air mass transport trajectories arriving
at the receptor sites (Hyltemossa and Preila) were modelled at hourly intervals
throughout the measurement campaign (from December 12, 2017, to March
28, 2018). To narrow down the calculations, the following criteria were
introduced: the backward trajectory must pass the upwind site within a 50 km
radius and arrive at the downwind site at 100 m a.s.1.

2.52 FLEXPART

The FLEXPART model was driven by hourly ERAS reanalysis
meteorological fields from the European Centre for Medium-Range Weather
Forecasts (ECMWF), using 137 vertical levels and horizontal resolutions of
0.5°%x0.5° and 0.1°x0.1° (Hersbach et al., 2020). In FLEXPART,
computational particles were released from heights between 0 and 100 m a.g.l.
at the receptor sites (Vilnius and Warsaw) and tracked backwards over 30
days. This integration period is sufficient to capture the majority of BC
emissions reaching the stations, given the typical atmospheric lifetime of BC
is approximately one week (Bond et al., 2013). The tracking encompasses
gravitational settling of spherical particles, dry and wet deposition, turbulence,
unresolved mesoscale motions, and deep convection. The model output is the
footprint emission sensitivity, which indicates the probability that emissions
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from each grid cell reach the receptor site. When combined with gridded
emission inventories, it is directly translated into modelled concentrations at
receptor sites. The FLEXPART output used in this work has a temporal
resolution of 3 hours. A more detailed description of the model framework
can be found in Pisso et al. (2019).

In this work, the anthropogenic emissions at a horizontal resolution of
0.5° % 0.5° were taken from ECLIPSE (Evaluating the CLimate and Air
Quality ImPacts of Short-livEd Pollutants) version 6b inventory (Klimont et
al., 2017). This dataset includes the following emission sectors: domestic
heating (DOM), energy production (ENE), gas flaring (FLA), industrial
combustion (IND), shipping (SHP), waste treatment and disposal (WST), and
transport (TRA).

To better resolve city-scale contributions, higher-resolution emission data
(0.1° x 0.1°) over Europe was adopted from Winiwarter et al. (2024). In this
inventory, emission sectors were defined as: (A) public power, (B) industrial,
(C) other stationary combustion sources, (D) fugitives, (E) solvents, (F) road
transport, (G) shipping, (H) aviation, (I) off-road transport, and (J) waste
management emissions. To keep consistent sector division with ECLIPSE 6b
sector definitions, the following approach was applied: DOM was set to be
equal to (C), IND was defined as the sum of (A), (B), (D), and (E), SHP
corresponded to (G) shipping, and TRA was defined as the sum of (F), (H),
and (I), WST corresponds to (J). Emission sectors ENE and FLR were not
provided as separate categories in the high-resolution dataset and were
therefore set to zero. Wildfire emissions at both resolutions (0.1° % 0.1° and
0.5° x 0.5°) were taken from the Copernicus Global Fire Assimilation System
(CAMS GFAS; (Kaiser et al., 2012)). The dataset provides plume rise and
subsequent dispersion simulations.

The uncertainty of the model was assessed by evaluating FLEXPART!'s
sensitivity to the spatial resolution of the meteorological input fields. Two
FLEXPART simulations, utilising meteorological data with horizontal
resolutions of 0.1° % 0.1° and 0.5° x 0.5°, were employed. The uncertainty
was quantified as the standard deviation of the modelled concentrations
obtained from these simulations, thereby providing an estimate of the
variability in the simulated concentrations attributable to differences in input
resolution. All other model configurations and parameterisations were
maintained constant.
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2.6 Diagnostic analyses based on modelled air mass transport
2.6.1  Threshold-based categorisation of backward air mass trajectories

The obtained 72-hour backward air mass trajectories starting at Vilnius and
Warsaw for Study No. 1 were inspected in terms of their uniformity based on
thresholds:

e The directional threshold. Trajectories were defined as arriving from the
same direction if they were centred within +30 ° of the receptor sites
(Vilnius and Warsaw).

e The horizontal threshold (H-threshold), which was defined as a horizontal
430 km distance between the trajectories (considering the air distance
between Vilnius and Warsaw is 430 km).

e The vertical threshold (V-threshold), which is defined as a difference in
the altitude of a trajectory.

After inspecting the backward trajectories, they were assigned to predefined

categories, based on their characteristics:

e C(Category A — trajectories have similar or overlapping air mass transport
pathways; therefore, one aerosol origin or source is expected.

e Category B — trajectories arrived at the sites from different directions and
pathways; therefore, there is a possibility of one aerosol origin or source
region.

o Category C — contains all cases that could not be categorised into
,overlapping™ (Category A) or ,,strictly different™ (Category B).

A representative example is presented in the Supplementary material (Figure

29).

2.6.2  Pollution boost and dilution calculation

In Study No. 1, days with air mass trajectories categorised as Category A
were analysed to evaluate eBC pollution boosts or dilution events. The impact
on eBC mass concentrations was assessed by comparing the mean
concentrations of consecutive 6-hour periods before and after the arrival of
each trajectory at the receptor site:

eBCii1. 116 —€BCig 11 (12)

eBCi_¢ 11

AeBC =

Here, eBCyy1_¢+¢ represents the mean eBC concentration over the following
six hours after the arrival of the Category A trajectory, while eBC;_g_r_1
represents the mean eBC concentration over the six hours prior to its arrival
at the receptor site. In cases when AeBC is negative, it is considered a
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decrease, while when AeBC is positive, it is considered a boost in eBC mass
concentration. A 6-hour averaging period was chosen as it is long enough to
smooth out short-term spikes and local variability in eBC concentrations, yet
short enough to capture changes associated with the arrival of the air mass at
the receptor site and the immediate influence of long-range transport.

2.6.3 BC emission source regions

To evaluate the contribution of transported BC, derived from modelling, to
the measured eBC concentrations at the receptor measurement sites in Study
No. 2, potential source region maps were generated using 3-hour-averaged
measured eBC mass concentrations, consistent with the temporal resolution
of the FLEXPART output. For each site, the dataset was separated into high-
and low-concentration episodes. High-concentration episodes were defined as
3-hour intervals with measured eBC exceeding the 80™ campaign percentile,
while the low-concentration episodes correspond to values below the 20™
campaign percentile. For both high- and low-concentration episodes, the
corresponding FLEXPART footprints were averaged to identify the dominant
source sectors of BC reaching the receptor sites.

2.6.4  Partition of BC into city-produced and transported components

To quantify the relative contributions of local BC emissions in the city and
the transported BC, the measured eBC mass concentration was partitioned into
transported and city-produced components, following the equation:

BCmeasured = BCCity—produced + BCtransported (13)

Here, BCpeqsurea denotes the eBC mass concentration measured by the
aethalometers, the city-produced component, BC¢ity—produced> represents the
fraction of BC attributable to emissions within the city boundaries, and
BCtransportea corresponds to the BC concentration at the receptor site
modelled using FLEXPART. BCransportea Was obtained by subtracting the
contribution of emission grid cells within the administrative boundaries of
Warsaw and Vilnius from the FLEXPART modelled BC. At the 0.1° x 0.1°
spatial resolution, this corresponds to 8 grid cells for Warsaw and 6 grid cells
for Vilnius. The normalised FLEXPART-modelled BC therefore represents
exclusively BC transported from outside the city borders, with no contribution
from local city emissions.

In addition to excluding emissions within the administrative city
boundaries, sensitivity analyses were performed by progressively excluding
emissions within circular areas of 20 km and 50 km radius around the
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measurement sites. This approach enables the assessment of the influence of
near-city sources on the estimated contribution of transported BC. Spatial
maps illustrating the regions excluded from the modelled BC contributions are
provided in Figure 30 in the Supplementary material.

2.6.5 Selection of connected flow long-range air mass transport events

For study No. 3, 72-hour backward trajectories exhibiting sharp bends or
looping structures between the receptor sites (Hyltemossa and Preila) were
excluded from the analysis in order to avoid inaccuracies. After manual
revision, consecutive hourly trajectories that met the predefined selection
criteria (section 2.5.1) were grouped into connected flow events (hereafter
referred to as events for brevity). For statistical significance, only events
comprising three or more consecutive hourly trajectories were investigated.

Events of westerly air masses (starting upwind in Hyltemossa and arriving
at Preila) were more frequent (14 events consisting of 102 hourly trajectories
in total) than events from the east (starting upwind in Preila and arriving at
Hyltemossa) (6 events consisting of 62 hourly trajectories in total). The latter
were excluded from further statistical analysis due to the limited sample size.
The events of westerly air masses were labelled using the abbreviation HP
(from Hyltemossa to Preila) and a given number in the chronological order of
occurrence.

The identified events were further classified into three classes based on
modelled meteorological conditions and spatial data along the trajectory
pathway (Table 2): Class A represents trajectories extending from west to east
with no notable bends over the Baltic Sea and arriving at the downwind site;
Class B includes trajectories extending from west to east with no notable
bends over the Baltic Sea and arriving at the downwind site with precipitation
along the path; Class C comprises trajectories extending either north or south,
passing over a continental region before arriving at the downwind site, with
precipitation occurring along its pathway.

In the context of the current study, there were no events without
precipitation in which the trajectory extended either north or south and passed
over a continental region before arriving at the downwind site.
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Table 2. Overview of available emission sources and sinks in the proposed
event classes.

Sources and sinks Class A Class B Class C
Sea transport (dry deposition/ + + +
chemistry effects/ cloud or fog

activation)

Wet deposition - + +
Land emissions - - +
Shipping emissions + + +

2.6.6  Aerosol mass concentration change assessment

In study No. 3, to assess changes in PM; mass concentration during
transport across Hyltemossa and Preila, trajectory duration was taken into
consideration. As described in the previous section (2.5.1), backward
trajectories were calculated on an hourly basis. Thus, knowing the exact
arrival time at the site in Preila enabled determining when each trajectory
passed over Hyltemossa by calculating backwards duration from the arrival
time. This way, aerosol composition and chemical concentration data points
were assigned to the start and end of each trajectory. To calculate the PM;
concentration and composition in the air mass departing from Hyltemossa, an
average was calculated for the entire duration of the event from the first to the
last hourly trajectory leaving the site. The same approach was applied to
Preila: an average was calculated over the first-to-last hourly trajectories
arriving at the site. Then the aerosol concentration change was estimated for
a component  during an event j, using equation (14):

M preita - 100 %

Mi,j Hyltemossa

(14)

Here M; j preitq and M; j pyitemossa Mark the mean mass concentrations of
component i during event j in Preila and Hyltemossa, accordingly. The mean
duration of event j is marked as t; [h] and is determined by averaging all the
consecutive hourly trajectory durations of event ;.
The influence of different factors (sea transport, wet deposition processes, and
potential emissions over land) and their combinations on the PM;
concentration was calculated for each aerosol component and event class:
X AM; (15)

n
Here n marks the number of events in the corresponding Class A, B, or C.
Class A is characterised by air masses influenced by the sea transport, whereas

A1\/11',Class A/B/C =
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Class B shows the combined influence of sea transport and wet deposition
processes. Class C additionally includes the effects of potential emissions over
land. The combination of processes aerosol particles undergo over the sea is
represented by the sea transport effect, which is observed in Class A
(AM; c1qss 4) as the wet deposition processes or other factors do not play a role
in this class:
Sea transport ef fect; = AM; cigss a (16)
Then, the effects of wet deposition processes and land-atmosphere
interactions on the mass of component i were calculated using the following
equations:
Wet deposition processes; = AM; ciqss B — AM; ciass a (17)
Land — atmosphere interactions; = AM; cijass c = AMiciassp (18)

2.6.7 Total accumulated precipitation evaluation per event

To evaluate the total accumulated precipitation during a long-range
transport event, the following approach was applied. The arithmetic mean of
the precipitation was calculated for each hour of the event, because the
modelled precipitation values from GDAS at NOAA varied across calculated
hourly trajectories. To obtain the total precipitation amount during the event,
the hourly mean values were summed. A visual representation of the approach
is presented in Figure 3. To minimise uncertainty caused by modelled rather
than directly measured precipitation, the data were not normalised based on
precipitation amount.
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Figure 3. Schematic representation of the calculation for the total precipitation
during the long-range transport event of 3 consecutive hourly trajectories.
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3 RESULTS

The chapter consists of two parts that reflect the aerosol characteristics of
the environment under investigation. Urban environments are evaluated using
eBC concentrations: focusing on eBC rather than the entire aerosol mixture
isolates the combustion emission signal within a highly complex source
environment. In contrast, regional background and marine environments are
examined through the entire submicron aerosol matrix, since eBC in these
settings is typically aged and spatially remote from its sources, limiting its
effectiveness as a standalone transport tracer.

3.1 Impact of long-range air mass transport on eBC levels in urban
environments (Studies No. 1 and 2)

In this chapter, the results of eBC mass concentrations and source
apportionment in the North and Central European capitals of Vilnius and
Warsaw are presented. The analysis covers two distinct seasons - the warm
season of 2022 and the cold season of 2022-2023.

Aerosol optical properties are examined in relation to eBC source
apportionment results and eBC mass concentrations to better characterise the
dominant aerosol mixture. The role of long-range air mass transport is then
investigated.

Study No. 1 focuses on the impact of long-range air mass transport on
pollution boosts and dilution of eBC mass concentration at both sites during
the warm season. Study No. 2 extends the analysis to both warm and cold
seasons and quantifies the contributions of city-produced and long-range-
transported BC to urban environments in Vilnius and Warsaw.

3.1.1 eBC mass concentration analysis in Vilnius and Warsaw

3.1.1.1 Campaign overview

The time series of eBC mass concentrations for the warm and cold seasons
are presented in Figure 4 and Figure 5, respectively. Overall, eBC mass
concentration in Warsaw was consistently higher than in Vilnius for 1-hour
and 72-hour running means during both seasons (p < 0.05). The high short-
term resolution (1-hour data) captures short-term variability associated with
local emission sources, such as traffic-related peaks during rush hour. In
contrast, the 72-hour running mean reflects broader temporal patterns
influenced by meteorological conditions and long-range air mass transport. A
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comparison of seasonal mean eBC mass concentrations for both cities is
provided in Table 3.
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Figure 4. Time series of eBC mass concentrations and meteorological
parameters in Vilnius and Warsaw during the warm season of 2022.

The mean eBC mass concentration in Warsaw was 1.07 pg/m® during the
warm season and 2.02 pg/m? during the cold season. These values were 39 %
higher than those observed in Vilnius (0.77 pg/m?) during the warm season
and 82 % higher during the cold season (1.11 ug/m’). The elevated
concentrations in Warsaw can be partly attributed to the substantially larger
population (2.7 times that of Vilnius), higher population density
(approximately double that of Vilnius, according to the Central Statistical
Office of Poland and the Lithuanian State Enterprise Center of Registers), and
extensive transit traffic within and through the metropolitan area and the city,
which contributes to traffic congestions and increased exhaust traffic
emissions.

54



10

: . —
72-hour running mean Vilnius
72-hour running mean Warsaw

FJA [\ A i 1
M m

Warsaw

. . . T
1-hour mean
1-hour mean

eBCTotal (“g/ms)

= =~ Vilnius

T(°C)

12} = = = Vilnius Warsaw
2
==
- 4
9 '_ ; .
. Vilnius Warsaw
o~ 3F
o £ sl
2 E
o 1h I
0 l 'S lq Al 7Y L
01-Nov-22 29-Nov-22 27-Dec-22 24-Jan-23 21-Feb-23

Date

Figure 5. Time series of eBC mass concentrations and meteorological
parameters in Vilnius and Warsaw during the cold season of 2022-2023.

The observed eBC mass concentrations are comparable to, or lower than,
those reported for other urban background sites in northern and central
Europe, including Helsinki (Helin et al., 2018), London (Jafar & Harrison,
2021), and Zurich-Kaserne (Grange et al., 2020). The values also align with
findings from earlier studies conducted in Vilnius (Garbariené et al., 2022;
Minderyté et al., 2022). However, comparable long-term observations for the
cold season have not yet been reported for Warsaw.

An intriguing feature in the 72-hour data for both seasons is that eBC mass
concentration generally follows a similar trend in Warsaw and Vilnius. This
pattern cannot be attributed solely to local factors; therefore, large-scale
influences on both cities need to be considered. Meteorology is one of the
influencing factors, as wind speed, temperature, and precipitation all affect
aerosol concentrations, including eBC (Kumar et al., 2023).
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Table 3. Overview and comparison of the warm and cold seasons in Vilnius
and Warsaw. Average values with standard deviation values (= SD) to show
the data variability are presented for eBC mass concentrations, source
apportionment results, aerosol optical characteristics, temperature, WS, and
RH. Meteorological data are presented with such precision as was provided.

Warm season

Cold season

Vilnius Warsaw Vilnius Warsaw
BC (pg/m?) 0.77+£0.63 1.07+£0.8 1.11+0.86 2.02+1.33
eBCrr (ng/m?) 0.64+0.52 092+0.68 0.76+0.57 1.25+0.8
eBCgp (ng/m’) 0.13£0.14 0.15+0.15 0.34+0.33 0.77+0.61
eBCrr (%) 84+5 86+5 71+9 63+10
SAEus0/550 1.75+0.35 1.62+035 1.48+0.38 1.20+0.27
AAEs32660 1.26+0.09 13+0.07 142+0.1 1.53+0.10
SSAsso 0.81+0.08 0.81+£0.07 0.83+0.07 0.84+0.05
Temperature (°C) 162+59 192+50 -05+47 2.8+43
Wind speed (m/s) 23+1.2 2.0+0.9 3015 24+1.0
RH (%) 70.1£19.8 553+16.8 89.2+80 78.1+9.5
Accumulated 367.0 222.1 89.2 68.1

precipitation (mm)

Between 20 and 30 November, Warsaw experienced a pronounced episode
of elevated eBC mass concentration, while no comparable increase occurred
in Vilnius. The episode in Warsaw was likely associated with stagnant
meteorological conditions: wind speed was below 4 m/s, and there was only a
single day with precipitation (less than 2 mm). Such conditions favour the
retention of pollutants within the urban environment, leading to higher
pollution levels. Similar pollution build-up events under stagnant atmospheric
conditions have been reported by Fourtziou et al. (2017), Kalinauskaité et al.
(2024), and Pauraite et al. (2022).

To further investigate the influence of meteorology, polar plots were
generated to illustrate the relationship of wind speed, wind direction, and the
corresponding mass concentrations of eBCrr and eBCgp (eBCgp,c in the cold
season) in Warsaw. In the cold season, a pronounced directional dependence
became clear. However, in the warm season (Figure 6A, B), eBCrr and ¢eBCgg
exhibited very similar patterns: the highest mean concentrations occurred
under low wind speed conditions, and no substantial dependence on wind
direction was observed.
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Figure 6. Polar plots of mean eBCrr and eBCgp,c mass concentrations as a
function of wind speed and wind direction for the warm season (A, B) and the
cold season (C, D) in Warsaw, along with a map of the UW site (E).
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During the cold season, a more pronounced directional dependence was
observed (Figure 6C, D). Winds from the west, south, and southeast were
associated with elevated mean eBCpr concentrations. In contrast, the
directional pattern for eBCgpc differed notably from that of eBCrr. Winds
from the west did not result in increased eBCggc levels, whereas southerly
winds had a substantially stronger effect. Elevated eBCgpc concentrations
were recorded even at wind speeds up to 4 m/s, indicating the presence of a
strong eBCgg ¢ source south of the measurement site. Conversely, a source
located west of the station appears to be dominated by eBCrr. Generally,
during the cold season, increased eBC concentrations occurred over a wider
range of wind speeds than in the warm season, likely reflecting more active
and diverse eBC sources within the urban area.

To facilitate the interpretation of potential eBC sources in Warsaw,
directional lines were plotted for possible major sources in the city (Figure 6).
The three principal sources considered were the Zeran power station (distance
9.3 km; direction: north; line 1 in Figure 6), the Siekierki power station
(distance: 7.5 km; direction: east; line 2), and Warsaw International Airport
(distance: 4.8 km; direction: south; line 3). Neither the Siekierki nor the Zeran
power station contributed significantly to eBC mass concentrations at the
measurement site.

Meanwhile, aircraft operations are known to emit up to 1 g of eBC per
kilogram of burned fuel (Timko et al., 2014), leading to elevated eBC
concentrations in the immediate vicinity of airports (Herndon et al., 2008).
Additional airport-related eBC sources include ground support equipment and
vehicular traffic associated with passenger and cargo transportation. However,
in Warsaw, enhanced eBC concentrations from the airport direction were
observed only during the cold season, indicating that the observed signal is
not solely attributable to airport emissions but also seasonal emissions from
the residential areas, e.g., Rakowiec. A similar enhancement is evident from
the south-eastern sector, corresponding to the Old Mokotow district,
characterised by dense urban development, narrow streets, older private
houses and apartment buildings. Street canyon effects and associated small-
scale airflow patterns can further influence eBC accumulation. In Warsaw,
major roadways were planned and built to function as urban ventilation
corridors, which can help dilute local pollutant concentrations but can also
allow pollution to be transported into the city. This mechanism may partly
explain the elevated eBC concentrations observed during the cold season
under southerly wind directions.

All the above-mentioned sources remain possible; however, a higher level
of confidence in source attribution would require the application of a
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triangulation approach involving multiple measurement locations, as
described by Carslaw et al. (2006).

Notably, when considering the relatively strict WHO guideline for PM; 5
(daily mean of 15 pg/m* (WHO, 2021)), and assuming that eBC contributes
no more than 15 % to PMas (2.25 pg/m?), the results suggest that neither
Warsaw nor Vilnius experienced exceedances during the warm season.
During the cold season, only a limited number of high-pollution events were
observed in Vilnius, whereas such events occurred more frequently in
Warsaw.

3.1.1.2 Monthly variation of eBC

The monthly variability of eBC mass concentrations and differences in
source contributions are presented in Figure 7. Beyond the generally higher
mean eBC mass concentrations, eBC in Warsaw also exhibited greater
variability, as indicated by the interquartile range (0.56—1.36 ng/m?3, 251751
percentile), compared to Vilnius (0.34-0.93 pg/m?). The level of variability is
comparable to that reported for other European suburban or urban background
sites, including Bern and Zurich in Central Europe and Bucharest in Eastern
Europe (Savadkoohi et al., 2023).
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Figure 7. Box-and-whisker plots of eBC, eBCrr, and eBCgg mass
concentrations in Vilnius and Warsaw during the warm and cold seasons.
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During the warm season, the relative contribution of eBCpp was similar in
Warsaw (11-16 %, 25%-75" percentile range) and Vilnius (13-19 %) and
remained substantially lower than that of eBCrr in both cities (Table 3). In
Vilnius, monthly eBCrr concentrations were higher in June and August,
whereas in Warsaw, an increase was observed only in August. The eBCgg
contribution followed a comparable pattern at both sites, with minimum
values occurring in July.

During the cold season, variability in eBC mass concentration remained
stronger in Warsaw (1.07-2.62 ug/m?, 25%-75" percentile range) than in
Vilnius (0.53-1.41 pg/m?). Source contributions changed markedly compared
to the warm season, with a substantially higher contribution of eBCpggc
accounting for 29-43 % in Warsaw and 24-33 % in Vilnius. Elevated eBCgg,c
levels in Warsaw may be partly attributed to air mass transport from
surrounding rural regions, where biomass and coal burning for residential
heating are more prevalent than in large cities like Warsaw or Vilnius. In
comparison, other Northern European cities typically experience lower eBCgg
contributions (25-34 %) than Warsaw, while urban background sites in
Central Europe report even lower fractions, ranging from 24 % to 27 % (Helin
et al., 2018; Savadkoohi et al., 2023). The higher eBCgpc contribution
observed in Warsaw suggests a more extensive use of solid fuels, such as coal
and wood, for residential heating in Poland. Polish households account for
approximately 87 % of all household coal consumption in the European Union
(Macuk, 2019), a pattern that is significantly less pronounced in Lithuania.

3.1.1.3  Weekly variation of eBC

The weekly variation of eBC mass concentration for both seasons is
presented in Figure 8. During the warm season, a consistent pattern was
observed in both cities, characterised by higher eBC concentrations on
weekdays and lower values during the weekends. In the cold season, the
weekly cycle becomes more complex, with stronger day-to-day variability.

In both seasons and at both sites, eBCgg and eBCgg,c contributions increase
during weekends, whereas eBCrr contributions are highest on working days.
Elevated eBCrr levels on weekdays could be influenced by increased traffic
activities and more distinguishable traffic rush hours. In contrast, the enhanced
weekend contribution of eBCgp and eBCgp,c can be attributed to two main
factors: (i) reduced eBCrr emissions due to lower traffic intensity and limited
industrial activity, and (ii) increased eBCgg and eBCgg ¢ emissions. The latter
arises from recreational activities such as bonfires and barbeques during the
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warm season, as well as from greater residential heating demand during
weekends in the cold season, when more time is spent indoors.
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Figure 8. Mean weekly eBC mass concentration by month for warm (left) and
cold (right) seasons in Vilnius and Warsaw. Below are shown the mean daily
contributions of eBCgp,c and eBCrr.

3.1.1.4 Diurnal variation of eBC

The diurnal cycles of source-apportioned eBC mass concentrations are
presented in Figure 9. In both seasons and both cities, eBCgr exhibited a
similar bimodal pattern, with the highest concentrations occurring on working
days. The first peak appeared in the morning hours, followed by a second peak
during the evening and continuing into the nighttime. The morning eBCrr
peak in both Vilnius and Warsaw reflects the strong influence of traffic
exhaust emissions during rush hour. Concentrations subsequently decreased
as temperature and mixing layer height increased, processes that promote
atmospheric dilution (Yassin et al., 2018).

The evening peak shifted toward the evening rush hour (approximately 4—
7p.m., local time) and is linked to decreasing temperature and a
corresponding reduction in mixing layer height. The shallower mixing layer
enhances near-surface eBC accumulation, leading to elevated nighttime
concentration, despite reduced traffic intensity. A clear seasonal difference in
the timing of the evening peak was observed. During the warm season,
elevated eBCgr concentrations occurred mainly between 9 p.m. and 11 p.m.,
whereas in the cold season, they occurred earlier, between approximately
4 p.m. and 10 p.m. This shift was likely related to the earlier and more
pronounced reduction in boundary layer height under colder conditions. In
addition, domestic heating, including oil- and gas-based systems that
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contribute to ¢eBCpr emissions, likely broadened and prolonged the evening
peak during the cold season compared with warm season conditions.

The diurnal cycle of eBCgg exhibited a slightly different cycle from eBCgk.
During the warm season, eBCgp displayed a consistent bimodal pattern,
whereas in the cold season, eBCggc concentrations showed low variability,
particularly in Vilnius. The highest eBCgpc concentrations were observed
during the evening hours — especially on working days (between 6 p.m. and
11 p.m.) reaching up to 1.32 pg/m? in Warsaw, followed by a gradual decline
overnight. In Warsaw, the lowest eBCgpc concentrations (approximately
0.45 pg/m?) occurred during daytime hours. In contrast, in the warm season,
eBCgp,c in Vilnius exhibited a more complex diurnal behaviour, with
minimum concentrations occurring at varying times, either during the day or
at night. The generally elevated evening and nighttime concentrations were
consistent with enhanced domestic heating activity and a reduction in
boundary-layer height (Diapouli et al., 2017; Saarikoski et al., 2021). The
more irregular patterns observed in Vilnius may be attributed to the smaller
urban scale and a relatively stronger influence of air mass transport on local
pollution levels. It should also be noted that isolated strong emission events
can influence time-averaged eBC concentrations, as reflected in the monthly,
weekly, and diurnal statistics; however, the analysis of such events is beyond
the scope of the study.

Following the assessment of eBC mass concentrations and source
apportionment results, the next section focuses on the optical properties of the
aerosol particles.
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Figure 9. Diurnal cycles of source-apportioned eBCrr, eBCgg and eBCgg ¢ for
the warm and cold seasons in Vilnius and Warsaw. Note the different scales.
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3.1.2  Optical properties of acrosol particles

The AAE, SAE, and SSA were analysed to characterise optical properties
in relation to eBC source contribution and mass concentration, and to compare
these properties across seasons.

3.1.2.1  Aerosol light absorption

AAEs3y660 18 a qualitative characteristic of carbonaceous aerosol particles,
reflecting their origin and chemical composition. Results from the current
study indicate that both Vilnius and Warsaw exhibited lower AAE values
during the warm season (1.30 = 0.07 in Warsaw and 1.26 £ 0.09 in Vilnius)
compared to the cold season (1.53 £ 0.1 in Warsaw and 1.42 + 0.1 in Vilnius;
p <0.05). Therefore, the source apportionment results (Section 3.1.1.1),
which indicate higher eBCgg,c contributions, are consistent with the observed
increase in AAE values, confirming a greater presence of biomass- and coal-
burning-related carbonaceous aerosols during the cold season.

3.1.2.2  Aerosol light scattering

SAE is indicative of particle size, with lower values indicating a greater
presence of larger particles predominating the aerosol mixture in the air. The
mean SAEusoss0 values in Warsaw and Vilnius were lower during the cold
season (1.20+0.27 and 1.48 + 0.38, respectively) compared to the warm
season (1.62+0.35 and 1.75 £ 0.35, respectively). Thus, the lower SAE
values in the cold season at both sites imply an increased presence of larger
particles, in contrast to the warm season when smaller particles predominated
the aerosol mixture. This seasonal shift in particle size distribution could be
influenced by a variety of factors, including meteorological conditions,
atmospheric processes, and emission sources. A study by Pandolfi et al. (2018)
in Central and Eastern Europe reported that the spring and summer months are
characterised by higher concentrations of smaller particles and more frequent
new particle formation events, leading to higher SAE values. Additionally, the
higher relative humidity in the cold season (Table 3) provides more water
vapour in the air, which can condense onto existing aerosol particles,
promoting the particle growth to larger sizes. The lower boundary layer height
and increased humidity during the cold season help keep aerosol particles
closer to the ground, allowing the formation of water coatings on particles and
the coagulation of smaller particles into larger ones (Winkler, 1988).
Moreover, temperature inversions, which are common during the cold season,
trap pollutants near the surface, reducing atmospheric dispersion. Combined
with higher emissions from heating and traffic sources, this results in an
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increased particle number concentration and enhanced coagulation of smaller
particles into larger ones (Birmili et al., 2010).
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Figure 10. Diurnal cycles of SAE in Vilnius and Warsaw for the warm and
cold seasons. The shaded area represents 1 standard deviation.

In addition, the diurnal cycles of SAE were examined. During the warm
season at both sites, the SAE exhibited a pronounced diurnal minimum shortly
after the morning rush hour (Figure 10), with the SAE values of 1.53 in
Warsaw at 8 a.m. and 1.67 in Vilnius at 10 a.m. This behaviour may indicate
particle growth following the morning rush hour and enhanced transport-
related emissions (i.e., exhaust and non-exhaust traffic emissions, organic
aerosol formation) (Alshetty & Nagendra, 2022).

In contrast, during the cold season in both Warsaw and Vilnius, the SAE
diurnal cycles were comparatively flat, showing much weaker temporal
variability than in the warm season. This suggests that SAE alone may not
adequately capture diurnal changes in aerosol particle size distribution under
cold season conditions, or that such changes are less pronounced throughout
the day. The relatively uniform diurnal cycle may be influenced by emission
sources such as domestic heating, which operates continuously throughout the
day to maintain indoor temperatures, thereby leading to a more consistent
influence on SAE. Nevertheless, the specific factors driving the weak diurnal
variability during the cold season cannot be conclusively identified based on
the available data.
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3.1.2.3 Relationship between acrosol light absorption and scattering

The relationship between aerosol light absorption and scattering was
investigated using the aerosol classification scheme proposed by Cappa et al.
(2016), which derives dominant aerosol types and mixing states from
combined absorption and scattering properties. Figure 11 illustrates the
relationships of aerosol optical properties, eBC mass concentration, and the
relative contributions of biomass and coal burning each month during both
measurement campaigns in Vilnius and Warsaw.

During the cold season in Warsaw, the data points were distributed across
four categories in decreasing order of occurrence: ,,Mixed dust/BC/BrC* (the
most prevalent, 55.3 %), followed by “Large particle/ eBC mix,” “BC
dominated,” and “Mixed BC/BrC” (the least prevalent, 4.1 %) (Table 4). In
Vilnius during the cold season, the dominant aerosol type was “BC
dominated” (57.6 %), followed by mixed aerosol types in decreasing order:
“Large particle/BC mix,” “Mixed BC/BrC,” and “Mixed dust/BC/BrC”.

In contrast, during the warm season, the “BC dominated” category was
significantly prevalent in both Warsaw (83.7 %) and Vilnius (88.8 %). This
indicates that aerosol particles are more frequently internally mixed during the
cold season than in the warm season, with a higher occurrence of mixed
aerosol types such as “Mixed dust/BC/ BrC,” “Large particle/BC mix,” and
“Mixed BC/BrC.” This behaviour is consistent with the enhanced contribution
of biomass- and coal-burning emissions (i.e., eBCgsc, and BrC) during the
cold season, as discussed in the previous section and reported in previous
studies (Kaskaoutis et al., 2021c; Kumar et al., 2023; Liakakou et al., 2020).
The increased presence of BrC during the cold season in Poland, particularly
from residential heating sources, is in agreement with findings by Kristensson
et al. (2020).

Table 4. Contributions of the identified aerosol types in Vilnius and Warsaw
during the warm and cold seasons.

Mixed Mixed BC/ Large BC

dust, BC/ BrC particle/BC  dominated

BrC mix
Warm  Vilnius 0.4 % 1.8 % 9.0 % 88.8 %
season Warsaw 0.3% 1.0% 15.1% 83.6 %
Cold Vilnius 8.4 % 10.0 % 24.0 % 57.6 %
season Warsaw 553 % 4.1 % 343 % 6.3 %
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Figure 11. Relationship between AAE, SAE, eBC mass concentration, and
biomass- and coal-burning contribution in the warm and cold seasons. The
classification scheme is proposed by Cappa et al. (2016).

During the warm season, monthly variability was generally low,
particularly during June—August in Warsaw and July—August in Vilnius.
However, distinct deviations were observed in May in Warsaw and in June in
Vilnius, when a higher fraction of data points fell within the “Large particle/
BC mix” and “Mixed BC/BrC” types. These episodes coincide with major
national holidays — May Day celebrations in Warsaw (1-3 May) and
Midsummer in Vilnius (24 June).

During the May Day celebrations, a national holiday period in Poland,
including Labour Day, Flag Day, and Constitution Day, a significant increase
in the biomass burning contribution (42 %) was observed. Temporary
regulations during this period allowed barbecuing in designated public areas,
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including the municipal park Pole Mokotowskie, located only a few hundred
metres from the measurement site. These activities likely contributed to the
observed enhancements in eBC mass concentration (up to 4.0 ug/m®) and
eBCgg contribution.

A similar feature was observed in Vilnius in June, where the data points
within the “Mixed BC/BrC” region exhibited the highest eBC mass
concentrations during the warm season (hourly mean up to 4.4 pg/m®) and
highest biomass burning contribution (up to 43 %). During this episode, the
increase in eBC mass concentration was threefold, while the eBCgp
contribution increased sevenfold compared to the monthly average. This
episode was observed on Midsummer night, which is traditionally celebrated
with bonfires and outdoor festivities. The pronounced biomass-burning signal
observed during this night can therefore be attributed to leisure-related
activities rather than residential heating. Due to cultural differences, no
comparable event occurred in Warsaw in June.

Although these episodes are not prominently reflected in the eBC time
series (Figure 4), they are clearly distinguishable in the aerosol optical
properties and, consequently, in the aerosol classification scheme (Figure 11).
The shifts associated with widespread barbecuing and bonfire burning differ
from typical warm season aerosol mixtures and therefore stand out against the
otherwise homogeneous warm season background.

Similarly, during the cold season, monthly variability in aerosol type
distribution was relatively low from December to February, indicating broadly
consistent aerosol mixing states. In contrast, the November dataset showed a
stronger influence of larger particles, with an increased occurrence of the
»Mixed dust/BC/BrC* and ,,Large particle/BC mix* types. Notably, the data
points coincide with the episode when the highest eBC mass concentration
(8.43 ng/m®) during the cold season was recorded in Warsaw. Between 20 and
30 November, when eBC mass concentration and AAE values were elevated,
while the SAE values were lower. This combination suggests that the aerosol
particle mixture during the days was dominated by larger, supermicron
particles, which also contained substantial amounts of light-absorbing eBC
and BrC. The atmospheric conditions that favour the accumulation of
pollution during this episode are discussed in Section 3.1.1.1.

Since SSA is the key parameter describing the influence of aerosol
particles on atmospheric radiative transfer, it was examined in both cities and
seasons. In Warsaw, the mean SSA during the cold season (0.84 + 0.05) was
comparable to that observed in the warm season (0.81 £ 0.07), although the
difference between seasons was statistically significant (p < 0.05). A similar
seasonal pattern was observed in Vilnius, where the mean SSA was higher
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during the cold season (0.83+0.07) than during the warm season
(0.81 £ 0.08), with the difference also being statistically significant (p < 0.05).

During the warm season, hourly eBCrr concentrations in both cities
exhibited moderate negative correlation with SSA, with correlation
coefficients ranging from -0.48 in Vilnius to -0.54 in Warsaw. In contrast,
eBCgg,c showed weaker correlations with SSA (-0.36 in Vilnius and -0.35 in
Warsaw). During the cold season, the correlations weakened for both eBCrr
and eBCgg,c. The relationship between eBCrr and SSA decreased to -0.10 in
Vilnius and -0.18 in Warsaw, while correlations between eBCggc and SSA
were -0.10 and -0.13, respectively.
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Figure 12. Diurnal cycles of SSA, eBCrr, and eBCgpc in the warm and cold
seasons for Vilnius and Warsaw. The shaded area represents 1 standard
deviation.

However, analysis of the diurnal cycles (Figure 12) revealed substantially
stronger correlations between eBCrr and SSA during both seasons, with
values ranging from -0.69 (warm season in Vilnius) to -0.97 (cold season in
Warsaw). The use of diurnal averages reduces the influence of short-term local
fluctuations and highlights the underlying relationship between the
parameters. As shown in Figure 12, increases in eBCgr concentrations during
traffic rush hours were accompanied by decreases in SSA, whereas higher
SSA values occurred during periods of lower eBCrr concentrations. This
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behaviour reflects the enhanced light absorption associated with elevated
eBCrr levels, which leads to a reduction in SSA.

In contrast, correlations between eBCgp c and SSA remained weaker across
both cities and seasons, ranging from -0.07 (cold season in Warsaw) to -0.22
(cold season in Vilnius), suggesting no direct or weaker influence on SSA.
Overall, the results prove a clear and direct relationship between fossil fuel
combustion emissions and the aerosol radiative characteristic SSA.

3.1.3 Role of long-range air mass transport

3.1.3.1 Impact of long-range air mass transport on eBC pollution boosts or
dilution

Further, the extent to which long-range air mass transport influences the
boosting or dilution of eBC mass concentration and source contributions was
assessed (Study No. 1). The study was conducted for the warm season
campaign at the two sites. The analysis focused on the relationship between
measured eBC and backward air-mass trajectories arriving at receptor sites,
calculated using HYSPLIT. A total of 112 backward trajectories were
classified into three main categories based on similarities in transport
pathways and vertical structure, as described in Section 2.6.1.

The majority of cases (47) were assigned to Category A, characterised by
overlapping trajectories with similar transport directions and comparable
horizontal and/or vertical thresholds, suggesting coherent mesoscale transport
conditions. Within this category, short-duration uniform trajectories
(overlapping for less than 12 hours) were more frequent (25 cases), accounting
for more than half of the cases. Semi-uniform trajectories, parallel in
horizontal direction, occurred less often (15 cases). Long uniform trajectories,
which overlapped for at least 36 hours, were comparatively rare (7 cases),
indicating that prolonged stable transport conditions occurred infrequently
during the warm season of 2022.

Category B, characterised by distinctly different transport pathways in both
horizontal and vertical directions, represented a substantially smaller fraction
of cases (17 cases). The remaining trajectories (48 cases) were assigned to
Category C, encompassing cases with complex or transitional transport
characteristics that could not be clearly categorised. Overall, the
predominance of overlapping trajectories highlights the importance of
regional-scale transport and mesoscale meteorology in shaping eBC
variability, while distinctly divergent air mass pathways appear to play a
secondary role.

70



For Category A, when trajectories arriving at the receptor sites were
overlapping for 12 hours or more, eBC mass concentration behaviour was
evaluated by distinguishing between pollution boosts or dilution by comparing
consecutive 6-hour periods before and after the trajectory arrived at the
receptor site. Simultaneous decreases in eBC mass concentration were
observed at both sites in 20 cases, whereas concurrent increases were observed
in 18 cases. Only 9 cases exhibited no clear trend. This pattern indicates that
air masses following overlapping trajectories and arriving simultaneously at
both sites exert a strong influence on local eBC mass concentration levels.
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Figure 13. eBC mass concentration time series of 72-hour running mean for
the warm season of 2022, together with circles marking air mass trajectory
categories and simultaneous eBC mass concentration behaviour at the two
sites.

Figure 13 illustrates the 72-hour running mean of eBC mass concentrations
in Vilnius and Warsaw, with symbols indicating the air mass transport
categorisation. Uniform air mass transport (Category A, green dots) with
overlapping backward trajectories affecting both sites accounted for 42 % of
the dataset. In contrast, distinctly non-uniform air mass pathways accounted
for only 16 % of cases (Category B, red dots).

Within Category A, uniform air mass transport was associated with
coherent eBC variability at both sites, manifested as either simultaneous
decreases (20 cases, light green dots) or simultaneous increases (18 cases, dark
green dots) in eBC mass concentration. Concurrent decreases can be explained
by the ventilation effect, whereby cleaner air masses — often originating from
northern regions — dilute pollution at both locations. On the contrary,
simultaneous increases likely reflect the advection of polluted air masses from
regions with elevated emissions, such as Western or Eastern Europe.
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Long-range air mass transport is known to affect aerosol properties within
the boundary layer over long distances. Previous studies have documented
anthropogenic pollution intrusions from Germany to Warsaw (Stachlewska et
al., 2017) and biomass burning intrusions from Ukraine (Stachlewska et al.,
2018), both of which can alter aerosol optical properties.

To assess potential similarities at each site, when air mass trajectories were
uniform or distinctly different, the results are presented as the diurnal cycles
of eBCrr and eBCgg in consecutive rows (Figure 14). As expected, no clear
patterns were observed for Category B, reflecting the different sources and
inconsistent pathways of air masses, which prevented the trajectories from
encountering one another or passing over similar regions. Any apparent
similarities in this category are therefore considered accidental. In contrast,
Category A exhibits more coherent patterns, reflecting either ventilation-
driven decreases in eBC concentration (dilution) or eBC pollution
enhancements (boosts) due to air mass transport.

Overall, the dilution of eBC was comparable at both sites (42 % in Warsaw
and 50 % in Vilnius), whereas pollution boosts were more prominent in
Vilnius (64 %) than in Warsaw (30 %). When considering eBC sources,
pollution boosts were more significant for eBCrr (27 % in Warsaw and 50 %
in Vilnius) than for eBCgg (7 % in Warsaw and 11 % in Vilnius). Similarly,
dilution effects were stronger for eBCrr in Vilnius (51 %) than in Warsaw
(34 %), while eBCgg dilution was comparable between the two sites (5 % in
Vilnius and 8 % in Warsaw).

These findings suggest that biomass-burning-related eBC from long-range
transport had a limited influence compared to local sources, as observed
during national celebrations (e.g., May Days in Warsaw and Midsummer in
Vilnius). In contrast, eBCrr was substantially affected by long-range transport,
resulting in both significant pollution dilution and enhancement events at both
sites.

72



Vilnius Warsaw
eBCygg (ng/m®) eBCrr (ng/m®) eBCygg (ug/m®) eBCgr (ng/m?)
R .

00 03 06 09 12 00 10 19 29 38 00 05 11 16 2.1 00 14 29 43 57

Category A: Overlapping trajectories

ay
ay
ay
ay
ay
ay
ay
ay
ay
ay
ay

COBNUDDND BWOR~NGA =
COPNUDDNDBWO R~ =
COBNDBND B WO OGS

WNIRINIRY A s 3 s
NP A st a it

4
5
6 Ju
6
9
0

N 001 OODID DD B WO O~A -

[SISININTR Py
~NOONBROOOOU S
e ciee

WN2O®NOOI—= OO~

0 4 8 12 16 20 0 4 8 12 16 20

0 4 8 12 16 20
Category B: Different source and pathways

0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
Local time Local time Local time Local time

Figure 14. Heat maps of the diurnal cycles of eBCrr and eBCgg in Vilnius and
Warsaw, presented for days when air mass trajectories were assigned to
Categories A and B.

3.1.3.2 Comparison of measured eBC and modelled BC concentrations

For Study No. 2, the influence of air mass transport on eBC mass
concentrations in both cities was investigated using FLEXPART model
simulations for the warm and cold seasons. Comparisons between modelled
and measured eBC mass concentrations are presented in Figure 15 for the
warm season and Figure 16 for the cold season. eBC concentrations were
simulated at two horizontal resolutions (0.5° x 0.5° and 0.1° x 0.1°), with the
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finer resolution intended to better capture urban-scale transport. During the
warm season, the agreement between modelled and measured eBC was
moderate, with correlation coefficients ranging from 0.53 to 0.56 in both cities
for both spatial resolutions.
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Figure 15. Time series of measured eBC and modelled BC mass
concentrations in Vilnius and Warsaw during the warm season.

Notably, modelled BC concentrations were generally lower than the
measured eBC mass concentrations in both cities. This discrepancy was
expected given the relatively coarse spatial resolution of the FLEXPART
model, which has mainly been applied in studies at background sites, where
good agreement between modelled BC and measured eBC has been reported.
At such sites, measured eBC largely reflects transported contributions, given
the absence of strong local sources. In contrast, the measured eBC at the urban
sites considered here represents a superposition of transported and locally
produced BC. A clear difference was nevertheless observed between
simulations performed at the two spatial resolutions, with higher BC
concentrations obtained using the finer 0.1° x 0.1° resolution.
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Figure 16. Time series of measured eBC and modelled BC mass
concentrations in Vilnius and Warsaw during the cold season.

During the cold season, a moderate to strong correlation was observed
between modelled BC and measured eBC concentrations. Correlation
coefficients ranged from 0.61 in Vilnius to 0.70 in Warsaw for the 0.5° x
0.5°resolution and from 0.59 in Vilnius to 0.69 in Warsaw for the 0.1° x 0.1°
resolution. Overall, the agreement between modelled BC and measured eBC
was better in the cold season than in the warm season. Also, the absolute
concentration of the modelled BC was closer to the measured eBC
concentration in the cold season. In contrast, during the warm season,
differences between the modelled BC concentrations obtained at 0.5° x 0.5°
and 0.1° x 0.1° resolution were more pronounced (Figure 15).

In general, FLEXPART reproduces the observed eBC concentrations to a
satisfactory degree. The overall temporal variability is primarily driven by
long-range transport of BC from remote regions, while smaller-scale
variations in the modelled concentrations reflect the influence of local (urban)
emission sources.

To investigate the relationship between measured eBC and its source
regions, contribution maps were calculated and averaged for each city,
separately for high-concentration episodes (mean 3-hour eBC mass
concentration above the 80" percentile of the season) and low-concentration
episodes (mean 3-hour eBC mass concentration below the 20™ percentile of
the season). For brevity, only the contribution maps for Warsaw during the
cold season on high-concentration episodes are presented in Figure 17, as this
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site and season showed the highest eBC mass concentrations. The maps,
generated using the 0.1° x 0.1° resolution data, display the contribution of BC
from each model grid cell to the receptor site. Contribution maps for both
seasons and sites, and both high- and low-concentration episodes, are provided
in the Supplementary material (Figure 31 and Figure 32).
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Figure 17. Absolute BC concentration and normalised BC concentration
contribution maps for Warsaw during high-concentration episodes in the cold
season.

For the warm season, the BC contribution maps revealed a general
distinction between high- and low-concentration episodes. During high-
concentration episodes, no clear dependence on specific emission regions was
evident. In contrast, low-concentration episodes showed higher contributions
from air masses originating in areas to the northwest of the cities, particularly
Scandinavia.

The pattern is also evident during the cold season. During high-
concentration episodes, BC predominantly originated from regions southwest
of the cities, encompassing parts of Southern and Central Europe. In contrast,
during low-concentration episodes, regions contributing to BC are more
diverse, including Scandinavia and areas from Western and Southern Europe.
These observations indicate that air mass transport can either dilute or enhance
eBC concentrations measured in the city, depending on the amount of BC
accumulated along the transport path, which is influenced by both the
trajectory and the emissions along it.

In addition to identifying the source regions of BC emissions, modelled
sector contributions were investigated and are presented in Figure 18 with
numerical values provided in Table 5. Across both cities and seasons, the two
dominant sectors contributing to BC mass concentration are domestic heating
(DOM) and transportation (TRA).
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Figure 18. Stacked column graph of BC source sector contributions obtained
with FLEXPART in Vilnius and Warsaw for high-concentration episodes, the
whole dataset of a season, and low-concentration episodes.

During the warm season, DOM was the largest contributor in Vilnius,
accounting for up to 43 % of BC during high-concentration episodes, while
BC from TRA showed comparable contributions, reaching a maximum of
41 % on high-concentration episodes. In Warsaw, DOM accounted for the
major fraction of BC (65 %), followed by the transport sector (27 %). During
the cold season, DOM became the dominant source sector in both cities,
contributing up to 78 % in Vilnius and 88 % in Warsaw during high-
concentration episodes. The transport sector remained the second-largest
contributor, with TRA contributions ranging from 11 % in Warsaw to 18 % in
Vilnius during low-concentration episodes.

Comparing the two seasons, it is evident that DOM contributes more
during the cold season than during the warm season in both cities, in both
absolute and relative terms. The modelled sector contributions indicate that a
larger fraction of BC in Vilnius originates from TRA compared to Warsaw. It
is important to note that the source apportionment results presented in Section
3.1.1.1 quantify BC contributions by source (fossil fuel combustion, biomass-
and coal-burning), while the FLEXPART results discussed here attribute BC
to emission sectors. Although absolute eBCrr mass concentrations were
higher in Warsaw than in Vilnius, the results of sectoral analysis suggest that
fossil fuel combustion in Warsaw contributes substantially to BC not only
through transport but also through other sectors. In contrast, in Vilnius,
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transport-related BC emissions account for a comparatively large share of total
BC emissions, despite similar relative eBCrr contributions in the two cities.

Table 5. BC source sector contributions obtained using FLEXPART in Vilnius
and Warsaw for high-concentration episodes, the whole season dataset, and
low-concentration episodes for the warm and cold seasons.

Vilnius
Sector (%) DOM ENE FLR IND SHP WST TRA Fire
Whole 42 1 2 5 1 2 40 8
campaign
Warm High conc. 43 1 3 5 1 2 41 6
season eplSOdeS
Low cone. 42 | 2 4 1 138 11
episodes
Whole 73 | 3 4 0 117 1
campaign
Cold ngh conc. 73 | 1 3 0 | 16 0
season eplSOdeS
Low conc. 72 1 2 5 0 1 18 15
episodes
Warsaw
Sector (%) DOM ENE FLR IND SHP WST TRA Fire
Whole 63 0 1 4 0 127 4
campaign
Warm ngh conc. 65 0 1 3 0 1 2% 4
season eplsodes
Low conc. 60 0 1 3 1 1 28 6
episodes
Whole 86 0 1 2 0 110 0
campaign
Cold ngh conc. 28 0 0 ) 0 1 9 0
season eplsodes
Low conc. 84 0 1 2 0 1 12 1
episodes

For this analysis, the 0.5° x 0.5° ECLIPSEv6b source contributions were
used because of their clearly defined emission categories (Section 2.5.2). In
addition to the sensitivity to spatial resolution (Figure 15 and Figure 16), the
model results also depend on the choice of emission inventory. The sensitivity
of FLEXPART-modelled concentrations to different inventories has been
extensively evaluated in previous studies (Evangeliou et al., 2018; H. Jia et
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al., 2021; M. Jia et al., 2023; Tichy et al., 2023), showing generally small
differences. Bottom-up emission inventories tend to provide consistent spatial
and temporal emission patterns at regional scales. Variations among
inventories mainly arise from differences in sectoral allocation and
assumptions about emission factors. However, it typically causes only modest
differences in long-range transported BC concentrations.

Consequently, for applications focusing on synoptic-scale source-receptor
relationships, such as in the present study, the choice among commonly used
BC emission inventories has a relatively minor impact on source-receptor
patterns compared to uncertainties related to transport, wet scavenging, and
other meteorological processes (Sauvage et al., 2017; Zhu et al., 2020).

After characterising the properties of transported BC and its influence on
urban BC concentrations, the following section introduces a novel approach
to partition the measured eBC into locally produced and transported
components.

3.1.3.3 BC partition into transported and city-produced components

The results of the BC source partitioning, separating the city-produced and
transported contributions, were derived following the methodology described
in Section 2.6.2 and are presented in Figure 19. The relative contributions of
transported and locally produced BC differ substantially between the warm
and cold seasons (Table 6). During the warm season, the 0.1° % 0.1° resolution
model results indicate that BC in Vilnius was predominantly city-produced,
accounting for 87 % on average (81-95 %, 25M-75" percentile range), while
the transported BC contributed a minor part (13 % on average). A similar
pattern was observed in Warsaw, where city-produced BC accounted for 77 %
(65-90 %, 2575 percentile range) and transported BC for 23 % of the total
measured eBC.

In the cold season, the relative importance of transported BC increased
markedly in both cities (Table 6). In Vilnius, transported BC contributed 36 %
on average (20-52 %, 25"-75" percentile range), with the remaining 64 %
originating within the city, whereas in Warsaw, transported BC accounted for
53 % on average (39-70 %) and city-produced BC accounted for 47 %.

Increasing the excluded emission area from the city limits to radii of 20 km
and 50 km resulted in a greater contribution of city-produced BC. This is due
to the inclusion of emissions from adjacent towns and villages within the
wider metropolitan area, which are then counted as part of the city-related BC
rather than as long-range transported contributions.
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Figure 19. Stacked column graph of city-produced and transported BC
contributions in Vilnius and Warsaw during the warm and cold seasons.

Table 6. Results of BC partitioning into transported and city-produced
components, presented in both percentage and absolute mass concentration.

Vilnius Warsaw
Transported City-produced Transported City-produced

Removed
[} 3 0 3 [} 3 0 3
contributions Season % pg/m %  pg/m %  pg/m %  pg/m
o Warm 13 0.13 87 0.64 23 0.25 77  0.82
City limits
Cold 36 0.40 64 0.71 53 1.09 47 095
20 km radius Warm 11 0.08 89 0.66 20 0.22 80 0.85
% Cold 35 0.39 65 0.72 48 098 52 1.06
Warm 9 0.07 91 0.67 15  0.16 85 092
50 km radi
HEE Cold 33037 67 074 39 079 61 125

Since the city-produced component of BC is calculated as the difference
between measured eBC and modelled BC at the stations, the source
partitioning results are strongly dependent on the FLEXPART simulations.
Several factors may therefore contribute to uncertainties and potential errors:
o Biased wind direction. Although there could be biases in wind
direction, this is highly unlikely, as the measurement campaigns lasted from 3
to 4 months, and therefore any biases should be smoothed out when
investigating the campaign average.

o Horizontal resolution of the wind and transport model output. Beyond
the grid size, spatial allocation plays a critical role, particularly for urban
emissions, which are often represented using parameterisations developed for
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long-range transport and spatially diffuse sources distributed across multiple
grid cells. When emissions originate from many contributing grid cells,
statistical robustness increases, and errors associated with numerical noise can
be approximated as Gaussian, allowing small uncertainties to partially cancel
out. In contrast, localised emission hotspots are much more sensitive to
modelling uncertainties, and their representation can be strongly affected by
resolution-related errors. In this study, the horizontal resolution of the
FLEXPART simulations had a notable influence on the results. Increasing the
resolution from 0.5° x 0.5° to 0.1° x 0.1° led to a substantial increase in
modelled BC concentrations during the warm season (Figure 15), whereas the
corresponding increase during the cold season was negligible (Figure 16).

o Vertical resolution and mixing layer height in the model. In the model,
horizontal transport across neighbouring grid cells is most efficient within the
mixing layer, i.e., below the modelled mixing-layer top. A lower mixing layer
height facilitates the rapid escape of particles to higher altitudes, where they
are transported away by horizontal advection. Once lifted above the mixing
layer, the likelihood of particles descending back into the near-surface layer
is reduced. Consequently, strong vertical mixing combined with a shallow
mixing layer can lead to lower modelled BC concentrations at the receptor
site. In contrast, a higher mixing layer height tends to retain particles in the
lower atmosphere for longer, resulting in higher modelled concentrations. The
influence of changes in the model’s vertical resolution was not assessed within
the scope of this study. However, the modelled mixing layer heights were
compared with independent observations in Warsaw, derived from Doppler
lidar measurements, and found to be in good agreement with those reported
by Carneiro et al. (2024).

. Uncertainties in the emission inventories. FLEXPART estimates BC
concentrations and source contributions at the receptor sites using bottom-up
emission inventories, namely ECLIPSEv6b (Klimont et al.,, 2017) at
0.5° % 0.5° resolution and GAINS emissions at 0.1° % 0.1° resolution
(Winiwarter et al., 2024). Overestimation of emission fluxes would result in
elevated modelled BC concentrations at the receptor sites and, consequently,
an underestimation of the city-produced BC fraction. Conversely,
underestimation of emission fluxes would lead to lower modelled BC
concentrations and an apparent increase in the derived city-produced BC
contribution. In addition, discrepancies between the spatial distributions of
emission hotspots in the inventories and their actual locations may introduce
further uncertainties into the modelled BC concentrations and source-sector
contributions.

81



Overall, air mass transport plays a significant role in affecting the eBC
mass concentrations in both cities and across seasons, with a particularly
strong influence during the cold season. A clear dependence of measured eBC
mass concentrations in Vilnius and Warsaw on the spatial distribution of BC
emission regions was observed. Moreover, source-sector analysis results
indicate a pronounced dominance of BC from the DOM and TRA sectors in
both cities and seasons, with domestic heating as the primary contributor
during the cold season.

3.1.4  Chapter conclusions

Black carbon mass concentrations in urban environments (Vilnius and
Warsaw) showed pronounced seasonal and spatial variability. Mean eBC
mass concentrations were consistently higher in Warsaw than in Vilnius,
reaching 1.07 pg/m?® and 0.77 pg/m® in the warm season, and increasing to
2.02 pg/m* and 1.11 pg/m® in the cold season, respectively. Therefore,
compared with the warm season, concentrations increased by about 89 % in
Warsaw and 44 % in Vilnius during the cold season.

Concentration variability was largely driven by fossil-fuel-related
emissions, which controlled both diurnal and weekly patterns. During the
warm season, fossil-fuel-related eBC accounted for 86 % in Warsaw and 84 %
in Vilnius on average, while in the cold season its contribution decreased to
63 % and 71 %, respectively, as the influence of biomass and coal burning
increased. In the cold season, the contribution of biomass- and coal-burning-
related eBC increased to 29-43 % in Warsaw and 24-36 % in Vilnius (25"
75" percentile range), indicating a stronger effect of residential heating
emissions, especially in Warsaw.

Aerosol optical properties exhibited clear seasonal contrasts. Optical
aerosol classification based on AAE and SAE indicated a substantially higher
occurrence of larger particle mixtures containing mineral dust, BC, and BrC
during the cold season, accounting for 94 % in Warsaw and 42 % in Vilnius.
The AAE increased from 1.3 to 1.53 in Warsaw and from 1.26 to 1.42 in
Vilnius, while the SAE decreased from 1.62 to 1.20 and from 1.75 to 1.48,
respectively. Mean SSA values were comparable across seasons and cities,
with the cold season showing slightly higher values (0.84 = 0.05 in Warsaw
and 0.83 £ 0.07 in Vilnius) than the warm season (0.81 £ 0.07 in Warsaw and
0.81 £ 0.08 in Vilnius). Despite similar seasonal averages, pronounced diurnal
variability in SSA was observed, with a strong negative correlation with eBCrr
in both seasons (from -0.69 in Vilnius during the warm season to -0.97 in
Warsaw during the cold season). The pronounced influence of fossil-fuel
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combustion-related eBC on SSA underscores the role of these emissions in
enhancing aerosol light absorption and thereby amplifying atmospheric
warming.

Long-range air mass transport played a significant role in controlling eBC
variability in both urban environments. Uniform long-range air masses
arriving from similar directions caused comparable eBC dilution at both sites
(42 % in Warsaw and 50 % in Vilnius). In contrast, pollution enhancements
were markedly stronger in Vilnius (64 %) than in Warsaw (30 %). These
effects were primarily driven by fossil-fuel-related black carbon, with
substantially stronger responses in Vilnius (increases of 50 % and decreases
of 51 %) compared to Warsaw (27 % and 34 %). In contrast, biomass burning-
related black carbon showed only minor, comparable changes in both urban
environments, with increases of 11 % and decreases of 5 % in Vilnius and
increases of 7 % and decreases of 8 % in Warsaw.

FLEXPART modelling confirmed that domestic heating and transport are
the dominant sources of BC. Domestic heating increased markedly from 63 %
to 86 % in Warsaw and from 42 % to 73 % in Vilnius from the warm season
to the cold season, indicating a strong influence of residential heating. In
contrast, transport contributions decreased from 27 % to 10 % (Warsaw) and
from 40 % to 17 % in Vilnius, emphasising the significant role of traffic
emissions during the warm season. Despite the influence of air mass long-
range transport, locally emitted black carbon remained dominant, contributing
77-87 % in the warm season and 47-64 % in the cold season, while the
transported fraction increased during the cold season, reaching up to 53 % in
Warsaw. Expanding the area of excluded city-produced emissions to include
a 50 km radius around the measurement sites substantially increased the local
contribution. Under this broader spatial definition, city-produced BC
represented 85 % and 91 % of the measured eBC during the warm season, and
61 % and 67 % during the cold season in Warsaw and Vilnius, respectively.
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3.2 Long-range transport influence on wintertime submicron aerosol
chemical composition across Hyltemossa and Preila (Study No. 3)

In this chapter, the results of modelled long-range transport events across
the two sites, Hyltemossa and Preila, are presented first. Then follows a
comprehensive overview of the measurement campaigns at both stations,
where differences between Hyltemossa and Preila are examined. In the later
subsection, aerosol mass concentration changes are investigated for each
event class as absolute and relative changes per event, and later scaled by air
mass transport duration to account for differences in event duration. The last
subsection considers and discusses the impacts of quantitatively assessed sea
transport effects, wet deposition processes, and land-atmosphere interactions
on PM; concentration and chemical composition.

3.2.1 Modelled connected-flow events

Using the HYSPLIT model in backward mode, 14 connected-flow air-
mass transport events across Hyltemossa and Preila were calculated for the
measurement campaign (from 1% December 2017 to 28" March 2018). Based
on the classification presented in Section 2.6.5, the events were assigned to
the event classes shown in Table 7.

Events consisted of 3 to 21 hourly trajectories. On average, the connected-
flow event between Hyltemossa and Preila lasted 21 hours (= 11 hours).
However, event durations ranged from 7 to 53 hours, as some trajectories
turned south or north after passing over Hyltemossa (Figure 20). The
trajectory height along the pathway ranged from 8 to 665 m a.s.l., with an
average of 130 (= 103) m a.s.l. The altitudes indicate that the investigated air
masses were transported within the marine boundary layer for most of the
time, given that the modelled boundary layer height on average was
465 (£ 255) m a.s.l. Also, observations from previous studies indicate that the
marine boundary layer height in the North Sea and the southern Baltic Sea
typically exceeds 400 m during roughly three-quarters of the winter period
(Gryning & Batchvarova, 2003; Krogsater & Reuder, 2015), consistent with
the modelled values obtained here.

Precipitation occurred during eight events. The approach for determining
the total accumulated precipitation for events with multiple trajectories is
described in Section 2.6.7 and illustrated in Figure 3.
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Table 7. The descriptive statistics of events. Number of hourly trajectories
constituting an event (traj. no.), duration of trajectory (t), trajectory height (h),
pressure (p), air temperature (T), relative humidity (RH), and accumulated
precipitation (prec.) obtained from the GDAS archive at NOAA for each long-
range transport event between Hyltemossa and Preila. The duration of the
trajectory and meteorological parameters are presented as average values with
standard deviation values (+ SD). Precipitation is depicted as a cumulative
total over the entire event duration.

Traj. t h p T RH Prec.
Class Event
o. [h] [m] [hPa] [°C] [%]  [mm]
HP7 3 23+0 70 +£32 994 £ 8 4+0 84 +2 -
HP8 3 12+1 10766 1014+ 12 1+1 68+3 -
A HP9 6 24+ 1 125+50 1017 +10 2+1 87+2 -
HP10 4 22+3 12868 1004 + 12 3+1 92+3 -
HP11 10 101 92 +£24 999 +4 4+1 85+4 -
HP12 5 14+1 88 +42 1003 £ 8 3+1 83+3 -
HP1 4 11+1 93 +62 990+ 13 3+1 71+6 2.3
B HP2 4 22+1 55+38 992 +£9 4+1 T79+6 1.6
HP5 14 8+0 59 +27 995 +7 8+1 86+3 3.2
HP6 21 14+3 101 +45 989+ 10 7+1 91+4 7.4
HP3 12 49+3 181=+129 994 + 20 1+£1 82+6 0.7
c HP4 11 35+5 96 +77 1008 £17 241 91+2 04
HP13 5 27+4 99 +41] 1005+ 7 242 70+ 3 0.7
HP14 12 24+3 216+135 978 + 20 1+£0 90+4 0.3

OStockholm

Baltic:Sea

Poland l 400 km

Preila

Lithuania

Estonia

OVilnius

Figure 20. Map of the connected-flow events across Hyltemossa and Preila
over the Southern Baltic Sea. Each line represents one event, and the dots

mark 1-hour intervals.
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3.2.2 Campaign overview

3.2.2.1 Meteorological parameters

To understand how local weather conditions differed at the two sites,
meteorological parameters (T, RH, prec., and WD) were investigated. Both
sites experienced similar air temperatures, as indicated by the Kruskal-Wallis
test, which showed no significant difference between the two medians
(p > 0.05). During the campaign, the average air temperature was -1.0 °C in
Preila and -0.1 °C in Hyltemossa, with median values of 0.1 °C and 0.2 °C,
respectively. February was the coldest month at both sites, with average
monthly temperatures of -4.7 °C in Preila and -2.5 °C in Hyltemossa, while
December was the warmest month, with average monthly temperatures
of 3.3 °Cin Preila and 2.5 °C in Hyltemossa. The lowest temperature in Preila
(-17.4 °C) was recorded on the same day (February 28, 2018) as in
Hyltemossa (-13.2 °C). Similarly, the maximum temperature in Hyltemossa
(9.4 °C) was recorded on December 23, followed shortly before by the
maximum temperature in Preila (8.4 °C) on December 24. The mean RH
during the campaign was 84 % in Preila and 92 % in Hyltemossa, with the
driest period observed in March (on average 78 % in Preila and 86 % in
Hyltemossa). The total amount of precipitation during the campaign was
137.9 mm in Preila and 158.8 mm in Hyltemossa. The prevailing wind
directions during the measurement campaign in Preila were southwest (180—
210 °) and north-northeast (30—40 °). In Hyltemossa, the prevailing wind
directions were southwest (200-230 °) and northeast-east (40—100 °). Thus,
the results show good agreement with those of a previous study by Soomere
(2003), which showed anisotropy in wind directions in the Baltic proper. In
the study, it was found that the angular distribution of the highest wind
directions had maxima at the south-west and north winds, while the minimum
was for easterly winds. Therefore, prevailing wind directions enable the
prediction of the most likely pollution source regions reaching the remote
measurement sites. Given all the above, it can be concluded that the Preila and
Hyltemossa sites are comparatively similar in their meteorological conditions.
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3.2.2.2 PM, chemical composition

The time series of PM; mass concentration and chemical composition are
presented in Figure 21. Throughout the campaign, the absolute PM; mass
concentrations at the two sites were distinctly different (p < 0.01). The mean
PM, concentration in Hyltemossa was 6.26 pg/m®, while Preila showed almost
twice as high a PM,; concentration of 11.16 pg/m®. In Hyltemossa, the
concentrations of most aerosol components (OA, NOs, Chl, NHs4, and eBC)
were lower than in Preila, where concentrations were generally higher
(p <0.01 for the discussed components). However, sulphate exhibited a
higher concentration in Hyltemossa (1.03 pg/m?) than in Preila (0.51 pg/m?).
The relative contribution of sulphate to the total PM; concentration was also
higher in Hyltemossa (16 %) than in Preila (5 %).
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Figure 21. Stacked time series of PM; chemical composition at Hyltemossa
and Preila during the wintertime measurement campaign of 2017-2018. The
blue vertical lines mark the time intervals when an air mass departed from
Hyltemossa and arrived at Preila during the connected-flow events.

The relative PM; chemical composition was comparable at the two sites,
with OA as the dominant aerosol component in both Hyltemossa (39 %) and
Preila (28 %) (Figure 22). Nitrate was the second most abundant component,
accounting for 24 % in Hyltemossa and 28 % in Preila. At both sites,
ammonia, eBC, and Chl contributed only minor fractions of PM;, accounting
for 11 %, 4 %, and 2 % in Hyltemossa and 9 %, 4 %, and 1 % in Preila,
respectively.
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Figure 22. Stacked column graph of PM; mass concentration and relative
chemical composition averaged for the measurement campaign and for the
long-range transport events across Hyltemossa and Preila.

The relatively high levels of nitrate and sulphate in Hyltemossa suggest a
strong impact from long-range transported pollutants. Despite the
predominantly south-westerly winds at the site, the highest sulphate
concentrations are associated with east-southeast winds, while the highest
nitrate concentrations are associated with southern winds (Figure 23).
Likewise, Ahlberg et al. (2023) reported the impact of anthropogenic
emissions from continental Europe, especially eastern Europe, on PM; levels
in Hyltemossa. Similarly, the elevated contributions of nitrate and sulphate in
Preila indicate a substantial influence of long-range transported pollutants on
local air quality, as no significant local emission sources are present near the
measurement site. The highest sulphate concentrations in Preila were
associated with wind directions from the southeast, although a more consistent
and stronger sulphate source appeared to the northeast (Figure 23). The
sulphate source from the southeast is likely attributable to anthropogenic
emissions from regional sources, such as the Kaliningrad region, where
domestic heating relies on coal and wood burning (Davuliené¢ et al., 2019). In
contrast, the potential northeast source of sulphate could be linked to the
Klaipéda shipping harbour, located 36 km to the northeast.
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Hyltemossa Preila

Figure 23. Wind roses illustrating pollutant concentrations associated with the
corresponding wind directions at Hyltemossa and Preila. The radial axis
shows the absolute pollutant concentration, with increasing radius
corresponding to higher concentrations.
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During the connected-flow events across Hyltemossa and Preila, the
average PM, concentration in Hyltemossa was 35 % lower than the campaign
average for the site (p<0.01) (Figure 22). However, the chemical
composition was relatively similar: organics dominated (37 %), followed by
nitrate (28 %), sulphate (16 %), and ammonia (9 %). Chloride was the only
investigated component to show an increase during the events, with a 79 %
increase in absolute concentration (0.18 pg/m?) and a 4 % increase in relative
contribution compared to the campaign average for Hyltemossa. This increase
could be explained by the high proportion (86 %) of trajectories during events
arriving at Hyltemossa from the Kattegat, Arkona Basin, and the Danish
Straits, where the air masses likely contained sea-salt aerosols emitted by sea
spray (Quinn et al., 2017). Similar to Hyltemossa, the PM; concentration in
Preila was significantly lower (77 %) during the events (2.53 pug/m®) than
during the campaign (p <0.01) (Figure 22). The chemical composition
changed due to a decrease in nitrate (17 %) and an increase in chloride (5 %)
contributions. Although the absolute chloride concentration in Preila was
similar during the events (0.13 ug/m®) and the campaign (0.15 pg/m?;
p > 0.05), its higher relative contribution during the events likely reflects the
aerosol uptake along the sea. It is important to note that although the absolute
eBC concentration was lower during the events compared to the campaign
average, the eBC fraction of PM, remained unchanged at both sites (4 %).
During the events, the eBC mass concentration measured in Preila was 41 %
lower than in Hyltemossa. Overall, the findings reveal substantial changes in
PM; concentrations between the two sites during both the campaign period
and events, which can be attributed to differences in air-mass origin and
transport pathways.

3.2.2.3  OA source apportionment

There were three OA factors identified at both sites during the entire
measurement campaign: oxygenated OA (OOA) and two types of OA from
biomass burning (BBOA1 and BBOA2) (Figure 24).

During the campaign, the predominant OA component was OOA at both
sites (63 % in Hyltemossa and 50 % in Preila). Similar to the total PM;
concentration, OA absolute concentration was also twice as high in Preila
(3.15 ug/m?®) as in Hyltemossa (1.52 ug/m®). The relative contribution of
BBOA factors at both sites was comparable in Hyltemossa (17 % of BBOAI
and 21 % of BBOA2) and Preila (28 % of BBOAI and 21 % of BBOA2).
However, the absolute concentrations of BBOAs in Hyltemossa were
significantly lower (p < 0.01) than in Preila, indicating a strong influence of
biomass-burning-related pollutants in the remote marine location. These
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results are consistent with previous studies conducted in Preila during the cold
season, which reported a strong influence of wood and coal burning (78 %
(Kristensson et al., 2020); 58—82 %, (Masalaité et al., 2024)). In contrast, the
lower BBOA concentrations in Hyltemossa may reflect differences in
prevailing domestic heating systems in the surrounding region, where
biomass-based residential heating is no longer the primary method or has been
replaced by more advanced technologies (Pettersson et al., 2020).
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Figure 24. OA source apportionment results: mass spectra (A, C), diurnal
trends (B, D), and time series with pie charts showing OOA, BBOAI, and
BBOAZ2 contributions to the total OA (E, F) in Hyltemossa and Preila.

The observed significantly higher (p <0.01 for all OA factors)
concentrations of OA in Preila can likely be explained by the proximity of
Preila to emission sources in the Kaliningrad region, located about 80 km
away from Preila with coal and gas power plants (Davuliené et al., 2019), as
well as to the city of Klaipéda, located 40 km to the north. Previous studies
have also shown that the annual open-field grass fires (agricultural waste
burning) in the Kaliningrad region occurring during March have a strong
influence on the OA and eBC concentrations in Preila (BycCenkiené et al.,
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2013; Dudoitis et al., 2016; Ulevicius et al., 2016) and even further regions in
Northern Europe (Niemi et al., 2009).
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Figure 25. Stacked column graph of source apportioned OA mass
concentration and relative composition averaged for the measurement
campaign and for the long-range transport events across Hyltemossa and
Preila.

However, significant differences were observed in the concentrations of all
OA components between the campaign averages and the event averages at
both sites. In Hyltemossa, OA concentrations during events were on average
31 % lower than the campaign mean (42 % for OOA, 33 % for BBOAI1, 15 %
for BBOA2), with statistical significance observed only for OOA (p <0.01),
while for the BBOA factors it did not differ significantly (p > 0.05) (Figure
25). In contrast, Preila exhibited substantially lower OA concentrations during
the events, with reductions of 78 % for OOA, 78 % for BBOA1, and 70 % for
BBOA2 compared to the campaign averages (p <0.01 for all OA factors).
These results indicate that among all potential wind directions, the westerly
air masses characteristic of the HP events are associated with markedly lower
OA levels, suggesting that transport over the sea mitigates OA pollution
arriving at Preila. Based on these findings, the subsequent sections focus on
the investigation of pollutant removal or dispersion during the events.
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3.2.3 Assessment of aerosol mass concentration changes

In the next step, both meteorological impacts and spatial factors were
considered. The events were classified as described in Section 2.6.5: Class A
containing 6 events (HP7-HP12), Class B with 4 events (HP1, HP2, HPS,
HP6), and Class C with 4 events (HP3, HP4, HP13, HP14). To derive more
general insights into changes in aerosol chemical composition and aerosol
mass removal or addition, the PM; chemical composition was averaged within
each class at both sites (Figure 26). The corresponding source-apportioned OA
concentrations and relative contributions for Hyltemossa and Preila, averaged
by event class, are also shown in Figure 26. Based on this classification, the
observed reductions in PM; during the events were expected to reflect the
combined effects of the investigated processes: sea transport, wet deposition
process, and land-atmosphere interactions.

As discussed earlier, PM; concentrations during the events were
consistently higher in Hyltemossa (4.23 ug/m?in Class A, 3.96 pg/m? in Class
B, 5.99 pg/m? in Class C) than in Preila (2.1 pg/m?® in Class A, 1.17 pg/m® in
Class B, 4.37 ug/m® in Class C). This pattern was observed across all three
event classes. In Class A, which represents events without precipitation, the
average 50 % reduction in PM; concentration (ranging from 43 % to 59 % for
an individual event) suggests a substantial influence of sea transport on
aerosol loading. In Class B, the addition of precipitation led to an even larger
reduction in PM; (70 % on average, with individual events ranging from 28 %
to 87 %), indicating an additional effect of wet deposition. Thus, in Class B,
both sea transport and precipitation contributed to the observed decreases in
PM,. In Class C, PM; concentrations and chemical composition were
influenced by the combination of all three investigated factors. Notably, PM;
reductions during Class C events were considerably lower (27 % on average),
with changes ranging from a 65 % reduction to a 28 % increase per event.
Class C was the only class in which PM; concentrations were occasionally
higher in Preila than in Hyltemossa. Although air masses in all event classes
passed over the Baltic Sea, Class C is distinguished by an additional air mass
transit over land before reaching Preila. The relatively small reductions
observed in Class C suggest the influence of anthropogenic emissions
encountered over land. This phenomenon is more effectively concealed by
dilution, dry deposition, wet deposition, and other processes, which play a role
in Classes A and B.
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Figure 26. Stacked column graphs of PM; (top) and OA (bottom) mass
concentration and relative composition averaged for each class of the events
in Hyltemossa and Preila.

Before further examining the effects of sea transport, wet deposition, and
land-atmosphere interactions, it is important to note that the PM; reductions
discussed above were calculated for entire events. However, the average event
duration varied substantially among the event classes: 17 h for Class A, 14 h
for Class B, 34 h for Class C. Consequently, expressing the results solely as
absolute relative changes per event does not provide the most informative
basis for comparison. Therefore, using the relative change per hour offers a
more robust metric, as it accounts for event duration and enables meaningful
comparisons across different event classes regardless of trajectory length or
duration.
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3.2.4 Assessment of hourly acrosol mass concentration changes

For each aerosol component, the relative and absolute hourly mass
concentration changes were calculated as presented in Section 2.6.6, equations
14 and 15. Grouped by event class, the changes in aerosol component
concentrations per hour are presented in Figure 27 and Table 8 in the
supplementary material. However, the relative concentration changes better
highlight the variations across all aerosol components, including those with
lower ambient concentrations (Chl, NH4, SO4, eBC, BBOA1, and BBOA?2).
The variations are less apparent when focusing solely on the absolute mass
concentration changes. Also, presenting the absolute concentrations would be
mainly meaningful in locations with similar PM; concentrations and chemical
compositions. While relative changes allow the qualitative effects of long-
range air mass transport on PM; to be assessed, even when the baseline
concentrations differ across regions. Therefore, the following section focuses
on relative concentration changes per hour, although absolute mass
concentration changes are provided both numerically and graphically. This
ensures clarity in the main discussion while keeping absolute values available
to the reader.

In Figure 27, the relative change of chloride concentration is
distinguishable from all other aerosol components in Class A. Chloride is the
only component to show an increase during the long-range transport over the
Baltic Sea (4 %/h on average). This may be due to the high chloride content
in marine aerosol (89 %), originating from sea salt released into the
atmosphere during wave breaking (A. U. Lewandowska & Falkowska,
2013b). The total PM; decrease (-3 %/h) in Class A was mainly driven by
sulphate (-5 %/h). In contrast, other aerosol components showed relative
hourly decreases ranging from -1 %/h (BBOA1) to -4 %/h (eBC).

In Class B, all PM; components decreased more significantly than in Class
A. Only chloride exhibited a relative increase (1 %/h), though less pronounced
than in Class A. With precipitation included as a factor in Class B, these
reductions in aerosol concentrations are attributed to wet deposition processes.

An opposite pattern emerged in Class C, with several components showing
increased concentrations. BBOA1 showed the strongest increase in mass
concentration (3 %/h), followed by BBOA2 (2 %/h) and chloride (2 %/h). A
plausible explanation is that transport across the continental region allowed
air masses to acquire additional aerosol particles from more sources than those
over marine areas. This potential uptake over land is analysed in the following
section.
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Figure 27. The relative and absolute hourly mass concentration changes for
each aerosol component during events in Classes A, B, and C. Source
apportioned OA components (BBOA1, BBOA2, OOA) are presented along
with OA.

3.2.5 Influence of sea transport, wet deposition processes, and land-
atmosphere interaction

To evaluate the combined effect of multiple processes on aerosol chemical
composition and concentration — air mass transport over seas, wet deposition
processes, and air mass movement over land, the results for all three classes
were compared. As previously addressed, the effects of sea transport, wet
deposition, and land-atmosphere interactions reflect the net outcomes of
dilution, dry deposition, wet deposition, and other processes that occur
simultaneously or in sequence during long-range air mass transport. To
account for differences in transport time, the relative mass concentration
changes were normalised by trajectory duration and averaged per aerosol
component within an event class.

The sea transport effect on PM; composition is observed in Class A, as
there are no other factors playing a role in the class. As shown in Figure 28,
the combination of processes during long-range transport over the sea
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mitigates PM;, reducing concentrations of all aerosol components except
chloride, which shows an increase. The decrease in aerosol mass during Class
A events likely results from several effects, including dry deposition over the
sea surface and dilution with cleaner air above. Additional mechanisms may
involve chemical transformations and aerosol-cloud interactions, as discussed
below.

The strongest sea transport effect was observed for sulphate, with a
decrease of -5 %/h. Previous studies of marine aerosol in the southern coastal
Baltic Sea have demonstrated substantial sulphate removal when particles
grow under high relative humidity and are efficiently scavenged as large,
hydrated aerosol particles (A. U. Lewandowska & Falkowska, 2013a).
Ammonia plays a key role in neutralising sulphuric and nitric acids in the
troposphere, promoting the formation of larger particles and enhancing their
susceptibility to precipitation (Jung et al., 2011). Furthermore, Sasakawa et al.
(2003) reported that anthropogenic ions, such as sulphate and ammonium, are
effectively scavenged as sea fog duration increases. The reduction in inorganic
PM, components observed in Class A is therefore consistent with previously
documented patterns.

The total OA decrease (-2 %/h) was moderate, with the largest reduction
observed for BBOA2 (-3 %/h), while BBOA1 showed a smaller reduction (-
1 %/h). A decrease of -4 %/h was also observed for eBC. Although eBC is
inherently hydrophobic, it can, under certain conditions, acquire a more
hydrophilic coating composed of secondary inorganic aerosols (SIA) or
secondary organic aerosols (SOA), which promotes particle growth and
facilitates its removal (Shan et al., 2021). Ahlberg et al. (2023) similarly
reported that eBC particles at the Hyltemossa site exhibited thicker coatings,
likely consisting of SIA and SOA.

The increase in chloride concentration indicates uptake of sea-salt aerosol
by the air mass during transport over the sea, consistent with sodium chloride
being the dominant component of sea-salt aerosol. In the southern Baltic Sea,
a study by Lewandowska and Falkowska (2013b) found that marine aerosol
generation was more frequent in the cold season. While this study was
conducted in the cold season, the findings highlight the potential for future
studies that apply this approach to assess sea-transport effects on PM;
composition during the warm season.

Considering the wet deposition processes, a clear cleaning effect on total
PM,; was observed, with concentrations decreasing by -1 % per event hour.
This overall reduction included decreases in OOA, nitrate, chloride,
ammonium, and sulphate (Figure 28, Table 8). The inorganic species, being
more hygroscopic, readily dissolve in rain or fog droplets, which enhances
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their removal via wet deposition (Shan et al., 2021; Shrivastava et al., 2017).
The reduction in OOA is consistent with the findings of Witkowska et
al. (2016), who reported that OC is efficiently removed by precipitation,
particularly rainfall. In contrast, the concentrations of BBOA1, BBOA2, and
eBC were less influenced by precipitation (Figure 28, Table 8).
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Figure 28. The impact of the sea transport effect, wet deposition processes,
and land-atmosphere interaction on individual aerosol components and total
PM; is presented as relative and absolute concentration changes per hour.
Source-apportioned OA components (BBOA1, BBOA2, OOA) are presented
along with OA.

Finally, the third factor examined — the land-atmosphere interaction —
showed a contrasting behaviour, as it no longer mitigates PM; concentrations.
Air mass trajectories associated with Class C events (HP3, HP4, HP13, HP14)
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passed over continental areas of northern Germany, Poland, western Latvia,
and Lithuania before reaching Preila, indicating that the observed increases in
aerosol concentrations are attributed to pollution uptake over land. As shown
in Figure 28, the land-atmosphere interaction resulted in increases in all PM;
components, with an average rate of 4 %/h.

Although the southern Baltic coast is less densely populated than inland
areas, substantial emissions have been reported from the Gdynia Tri-City
region (population of ~1 million), particularly from domestic heating and road
transport (A. U. Lewandowska et al., 2018). The Report on Air Quality in
Europe by the European Environment Agency (2020) announced increasing
PM, 5 levels at both urban and rural background sites despite reductions in
PM,o emissions. Lewandowska et al. (2010) identified the port, domestic
heating, and traffic as the main sources of EC and OC in the Tri-City area,
which contribute significantly to OC levels and account for 31.6 % of PMio
mass. A later study by Witkowska et al. (2016) also highlighted substantial
EC and OC pollution originating from shipyards, port facilities, chemical
plants, and food-processing industries in this urbanised coastal region.

In the present study, pollution uptake over continental areas had a
pronounced effect on OA, with the strongest increase observed for OOA
(5 %/h). Increases in biomass-burning-related OA components likely reflect
residential heating emissions, as the southern Baltic coast near the Tri-City is
surrounded by smaller towns and villages where low-capacity domestic
heating units are common (Zgltobicki & Baran-Zgtobicka, 2024). Chloride
showed the smallest increase (1 %/h), consistent with its predominantly
marine origin. However, a slight enhancement may also arise from the
emissions associated with chemical and industrial activities in the region.

Wind roses presented in Figure 23 show that winds arriving at Preila from
the southwest consistently carry higher PM; concentrations. Overall, this
approach enables quantification of the regional contribution to PM;
concentration and composition in a relatively clean marine environment with
no local pollution sources.
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3.2.6  Chapter conclusions

The study examined the influence of long-range transport over the sea on
PM; concentration and chemical composition during the 2017-2018 cold
season, based on four months of simultaneous measurements at two remote
sites along the southern Baltic Sea. Using HYSPLIT, 72-hour backward air
mass trajectories were modelled, originating upwind of Hyltemossa (Sweden),
crossing the Baltic Sea, and extending 500 km downwind to Preila
(Lithuania). The resulting hourly trajectories were subsequently grouped into
14 long-range transport events. The availability of simultaneous
measurements at both sites enabled assessment of the same air mass before
and after crossing the Baltic Sea. Throughout the full measurement campaign,
PM, concentrations in Preila were nearly double those in Hyltemossa
(11.2 pg/m® and 6.3 ug/m?, respectively). However, during the identified
long-range transport events, Preila consistently exhibited lower PM;
concentrations (2.5 pug/m?) than Hyltemossa (4.3 pg/m?).

Based on hourly HYSPLIT meteorological parameters, each event was
assigned to one of three classes defined by meteorological and spatial factors.
Class A events occurred over the Baltic Sea and experienced no precipitation;
during the events, an average 50 % decrease in PM; concentration was
observed after transportation from Hyltemossa to Preila. During events when
precipitation occurred along the pathway of the air mass trajectory (Class B),
the decrease in PM; concentration was larger (70 %), proving the influence of
wet deposition processes. In contrast, events in Class C, where air masses
passed over land before reaching Preila, showed the smallest net decrease
(27 %). The findings suggest that the aerosol removal processes evident in
Classes A and B were partially obscured in Class C by additional pollution
uptake during transport over land, where such uptake is expected.

The classification proposed in the study enabled examination of the net
effects of atmospheric aerosol processes during long-range transport: the sea
transport effect, wet deposition processes, and land-atmosphere interaction.
Under sea transport conditions, chloride was the only component that
increased in concentration during transport over the sea (4 %/h), whereas
sulphate showed the strongest removal (-5 %/h). Wet deposition processes had
the highest effect on chloride (-3 %/h) and OOA (-3 %/h). In contrast, land-
atmosphere interaction led to increases in all aerosol components, ranging
from 5 %/h (sulphate) to 1 %/h (chloride).
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MAIN CONCLUSIONS

1. Long-range air mass transport has a significant, although secondary,
influence on urban eBC mass concentration variability, driving both pollution
dilution (50 % on average) and enhancement (64 % on average) events,
predominantly affecting fossil-fuel-related emissions. FLEXPART modelling
further confirmed that, despite this influence, locally emitted black carbon
remains the dominant source, contributing on average 77 % and 87 % in
Warsaw and Vilnius during the warm season, respectively, and on average
47 % and 64 % in Warsaw and Vilnius during the cold season, while the
transported fraction increases significantly in the cold season (53 % in
Warsaw and 46 % in Vilnius). This demonstrates that urban air quality is
primarily governed by local emissions, with long-range transport of air masses
acting as a dynamic factor.

2. Regardless of the higher concentration of eBC in Warsaw (on average
1.07 pg/m?® and 2.02 pg/m? during the warm and cold seasons, respectively)
than in Vilnius (on average 0.77 ug/m* and 1.11 pg/m?), the relative source
distribution remains similar: eBCrr contribution dominates in both cities (84—
86 % in the warm season; 63—71 % in the cold season), while the cold season
introduces a significant but secondary contribution from biomass and coal
burning (29-37 % of total eBC). Seasonal increases, particularly pronounced
in Warsaw, reflect winter amplification of combustion emissions under
reduced atmospheric mixing.

3. Domestic heating and transport are the dominant contributors to BC
emissions, with domestic heating becoming the leading contributor in the cold
season (on average 86 % in Warsaw and 73 % in Vilnius), while transport
plays a comparatively larger role in the warm season (on average 27 % in
Warsaw and 40 % in Vilnius). These results demonstrate that urban BC
variability is primarily controlled by traffic-related emissions, with seasonal
modulation driven by heating sources.

4. Seasonal variability in aerosol properties indicates a systematic shift
in aerosol composition and particle size distribution, with cold season
conditions characterised by larger particle mixtures. This is reflected in
increased mean AAE values of 1.53 in Warsaw and 1.42 in Vilnius, together
with decreased mean SAE values of 1.20 and 1.48, respectively. Despite these
structural changes, SSA remains relatively stable (0.81-0.84), suggesting that
enhanced light absorption is primarily driven by increased fossil fuel
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combustion emissions rather than changes in total eBC mass concentration.
This highlights the intensified radiative impact of wintertime pollution.

5. Long-range air mass transport over the Baltic Sea between
Hyltemossa and Preila under non-precipitating conditions resulted in an
average 50 % decrease in PM; concentration, while the presence of
precipitation enhanced removal efficiency to approximately 70 %,
underscoring the dominant role of wet deposition processes. In contrast, air
masses influenced by continental pathways exhibited a markedly lower net
decrease (27 %), reflecting the contribution of additional emission sources.
Component-resolved analysis further revealed distinct transformation
patterns: chloride increased during marine air mass transport (4 %/h), while
sulphate exhibited the most pronounced removal (-5 %/h). Wet deposition
most effectively reduced chloride (-3 %/h) and OOA (-3 %/h) concentrations.
Land-atmosphere interaction led to increases in all aerosol components,
ranging from 1 %/h (chloride) to 5 %/h (sulphate).
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SUPPLEMENTAL MATERIAL
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Figure 29. Examples of 72-hour backward air mass trajectories starting at
Vilnius and Warsaw at 12:00 UTC, assigned to Categories A and B.
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Figure 30. Maps of Vilnius and Warsaw showing the city boundaries and
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sites.
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Figure 31. BC contribution maps for high and low concentration episodes:
averaged (A, B, C, D) and normalised (D, F, G, H) for the warm season.
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Figure 32. BC contribution maps for high- and low- concentration episodes:
averaged (A, B, C, D) and normalised (D, F, G, H) for the cold season.
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Table 8. The relative and absolute hourly mass concentration changes for each
aerosol component during events. Source-apportioned OA components
(BBOA1, BBOA2, OOA) are presented along with OA.

Class A Class B—Class A Class C —Class B
Sea Class Class
B C Wet deposition Land-atmosphere
transport . .
effect processes interaction
Relative mass concentration changes per hour (%/h)
OA 24 -39 0.8 -1.5 4.7
BBOA1 -0.7  -0.9 32 -0.2 4.1
BBOA2 29 29 1.5 -0.1 4.5
O0A 25 51 -0.1 -2.6 5.0
NO7; 28 47  -13 -2.0 3.4
Chl 3.9 1.2 2.1 -2.7 0.8
NH*4 24 -39  -0.6 -1.4 3.2
SO*4 49 72 -1.8 -2.3 5.4
eBC 3.5 37 -0.6 -0.2 3.2
PM; 3.0 42 05 -1.2 3.7
Absolute mass concentration changes per hour (ug/m’/h)

OA -0.048 -0.042 0.011 0.006 0.053
BBOAI1 -0.002  0.002 0.011 0.004 0.008
BBOA2 -0.016 -0.006 0.007 0.010 0.012
OO0A -0.030 -0.039 -0.006 -0.009 0.033
NO7; -0.035 -0.064 -0.025 -0.029 0.039
Chl -0.003  0.000 -0.001 0.003 0.000
NH*4 -0.011 -0.019 -0.012 -0.008 0.007
SO%4 -0.025 -0.035 -0.027 -0.010 0.008
eBC -0.008 -0.005 -0.003 0.002 0.002
PM; -0.130 -0.165 -0.056 -0.035 0.108
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SANTRAUKA

IVADAS

Aktualumas

I atmosfera patekusios aerozolio dalelés gali biiti perneSamos oro masiy
dideliais atstumais ir daryti reik§minga poveikj oro kokybei nuo emisijos
Saltiniy nutolusiose vietovése. Todél moksliniai tyrimai tolimaja oro masiy
pernasa jvardija kaip vieng svarbiausiy veiksniy, lemian¢iy atmosferos tarsos
pasiskirstymg ir kintamumg Zemyniniu mastu (Yang ir kt., 2022). Tolimoji
oro masiy pernaSa yra reikSmingas oro kokybés kintamuma lemiantis
veiksnys, darantis jtaka terSaly koncentracijoms, cheminei sudéciai ir
aerozolio savybéms (Atabakhsh ir kt., 2025; Pappin ir kt., 2024; Q. Zhang ir
kt.,2017). | atmosfera pateke oro terSalai j atmosfera, joje gali islikti nuo keliy
dieny iki keliy savaiciy ir buti perneSami dideliais atstumais, neretai
virSijanciais kelis tukstancius kilometry nuo jy Saltiniy (Schneider ir kt.,
2025). Tokia aerozolio daleliy pernasa yra svarbus visuomenés sveikatos
rizikos veiksnys. Vertinama, kad pasaulyje 3,45 milijono prie$laikiniy mir¢iy,
sigjamos su KD,s (kietosios (aerozolio) dalelés, kuriy aerodinaminis
skersmuo mazesnis nei 2,5 pm) poveikiu, gali biiti priskiriamos i§ nutolusiy
regiony pernesamiems terSalams (Q. Zhang ir kt., 2017). Sie rezultatai
pabrézia tolimosios oro masiy pernasos supratimo svarbg oro kokybés
vertinimui vietos ir regioniniu mastu.

Dél santykinai ilgo i$silaikymo atmosferoje aerozolio dalelés yra tarp ty
atmosferos terSaly, kuriy koncentracijas ir erdvinj pasiskirstyma labiausiai
lemia tolimoji oro masiy pernasa. Jy cheminé sudétis ir dydis lemia sgveika
su Saulés spinduliuote, aerozolio dalelés gali ja sklaidyti arba sugerti, taip
tiesiogiai veikdamos atmosferos Siluming pusiausvyra. Be to, jos gali veikti
kaip debesy kondensacijos branduoliai, keisti debesy fizikines savybes ir
atmosferos vandens cikla. Tarpvyriausybiné klimato kaitos komisija (angl.,
Intergovernmental Panel on Climate Change, IPCC) 2013 m. vertinimo
ataskaitoje nurod¢, o 2023 m. pakartotinai patvirtino, kad aerozolio dalelés
islieka vienu didziausiu neapibréztumu vertinant jy poveikj Zemés $iluminei
pusiausvyrai (IPCC, 2023). Todél tikslus aerozolio daleliy charakterizavimas
ir vietiniy bei regioniniy Saltiniy, jskaitant tolimaja oro masiy pernasa, indélio
nustatymas iSlieka vienu svarbiausiy Siuolaikiniy atmosferos ir klimato tyrimy
prioritetu.

Dél sparcios urbanizacijos ir ekonominés plétros didelé dalis aerozolio
daleliy emisijos $altiniy yra sutelkta miesty teritorijose. Miesty atmosferoje
aerozolio dalelés sudaro sudétinga ir dinamiska miSinj, susiformuojantj dél
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Jvairiy tar$os $altiniy ir procesy. Tarp $iy daleliy ypatingg reikSme turi juodoji
anglis (angl., black carbon, BC) — stipriai §viesg sugerianti aerozolio
komponenté, daranti poveikj tiek oro kokybei, tiek klimatui. BC daugiausia
aptinkama submikroninio dydzio aerozolio dalelése (KD, (kietosios dalelés,
kuriy aerodinaminis skersmuo mazesnis nei 1 um)) ir susidaro nepilno
i8kastinio kuro ir biomasés degimo metu (Bond ir kt., 2013; Savadkoohi ir kt.,
2023). Miesto aplinkoje iskastinio kuro deginimas sudaro didziausiag BC
iSmetimy ] aplinkos org dalj, nors kietojo biokuro deginimas gyvenamuyjy
namy Sildymui gali sudaryti reikSminga dalj Saltuoju mety laiku. BC
komponenté yra ypa¢ jdomi, nes tai viena efektyviausiai Sviesg sugerianciy
aerozolio komponenciy, turinti reikSminga jtaka aerozolio daleliy ir Sviesos
sgveikoje bei platesniame kontekste, susijusiame su tuo, kaip miesty
iSmetamieji terSalai dél tolimosios oro masiy pernaSos daro jtaka klimatui
regioniniu mastu.

Nepaisant didelés aerozolio daleliy tyrimy pazangos, vis dar islike
neaiSkumy dél BC Saltiniy kilmés atskyrimo nustatymo, transformacijos
procesy ir pernasos dinamikos, taip pat dél BC sgveikos su kitomis aerozolio
daleliy komponentémis. Sie issikiai ypa¢ isryskéja, kai kartu nagrinéjamos
kontrastingos aplinkos, tokios kaip miesto ir regioninés foninés vietos. Norint
tiksliai priskirti Saltinj, butina atskirti lokaliai iSmetamas ir oro masiy
perneSamas aerozolio daleles, taciau tai vis dar sunku dél sudétingos saveikos
tarp emisijos S$altiniy ir atmosferos procesy. Todél, norint pagerinti §j
supratima, reikalingi integruoti keliy sto¢iy stebéjimo ir modeliavimo tyrimai.

Nors naujausiuose tyrimuose buvo nagrinéta tolimoji oro masiy pernasa
Lietuvoje (Kalinauskaité ir kt., 2024; Magalaité ir kt., 2024), Vidurio ir Siaurés
Europoje vis dar truksta iSsamaus, integruoto jos poveikio skirtingose
aplinkose vertinimo (Arora ir kt., 2026). Kiekybinis BC jvertinimas miesto
aplinkoje suteikia praktine priemong jvertinti, kaip atskiros miesty teritorijos
prisideda prie regioninés tarSos. Tuo tarpu, KD; dinamikos apibiidinimas
regioningje foninéje aplinkoje suteikia matavimais gristy duomeny, svarbiy
klimato modeliavimui. Sioje daktaro disertacijoje $ie trikumai sprendziami
taikant integruotus metodus, apjungiancius vietoje atlickamus matavimus,
Saltiniy kilmés atskyrimg ir atmosferos modeliavimg kontrastingy
charakteristiky aplinkose.
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Mokslinis naujumas

Sio darbo mokslinis naujumas grindziamas vietovei biidingo tolimosios
oro masiy pernaSos poveikio juodosios anglies ir submikroniniy aerozolio
daleliy savybéms vertinimu skirtingose aplinkose — miesto (Vilnius, VarSuva)
ir regioninio fono (Preila, Hiltemosa). Derinant eksperimentiniy matavimy ir
atmosferos modeliavimo duomenis, pritaikytas naujas metodas, leidziantis
miesto aplinkoje iSmatuotg juodosios anglies masés koncentracijg atskirti j
vietiniy emisijos $altiniy ir tolimosios pernaSos komponentes.

Pagrindinis tyrimo tikslas

Istirti tolimosios oro masiy pernasos poveikj submikroninéms aerozolio
daleléms, ypatinga démesj skiriant juodosios anglies masés koncentracijai ir
Saltiniy pasiskirstymui, Vidurio ir Siaurés Europos miesty aplinkoje, taip pat
aerozolio daleliy cheminei sudéciai piety Baltijos jiiros regiono foningje
aplinkoje.

Uzdaviniai

1. Kiekybiskai jvertinti juodosios anglies masés koncentracija miesto
aplinkoje ir iSsamiai apibudinti jos laikinj kintamumg jvairiais laiko
skerspjuviais (dienos, savaités, sezono), atsizvelgiant j meteorologiniy
salygy ir tarSos Saltiniy kilmés jtaka.

2. Atlikti juodosios anglies tarSos Saltiniy kilmés atskyrimg taikant keliy
bangos ilgiy optinius matavimus ir apibidinti aerozolio daleliy optines
savybes, siekiant interpretuoti sgsajas su chemine sudétimi, tarSos Saltiniais
ir atmosferos procesais miesto aplinkoje.

3. Taikant atmosferinés sklaidos modeliavima, sumodeliuoti juodosios
anglies tolimgjg pernasa, kiekybiSkai jvertinti skirtingy tarSos Saltiniy
indélj ir nustatyti vietinés kilmés bei tolimosios pernasos komponenciy
indélj j iSmatuotg juodosios anglies masés koncentracija.

4. ISanalizuoti tolimosios oro masiy pernasos poveikj submikroniniy
aerozolio daleliy cheminei sudéciai ir masés koncentracijai regioningje
foninéje aplinkoje.
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Ginamieji teiginiai

1. Tolimoji oro masiy pernasa yra reikSmingas veiksnys, lemiantis juodosios
anglies masés koncentracija miesto aplinkoje. Saltuoju mety laiku jos
indélis vidutiniskai sudaro 46 % Vilniuje ir 53 % Varsuvoje.

2. Juodosios anglies dominuojanciy Saltiniy pokytis aiSkiai pastebimas
skirtingais sezonais Vilniaus ir Var§uvos miesty aplinkoje, nepriklausomai
nuo bendro eBC masés koncentracijos lygio: Siltuoju mety laiku vyrauja
i8kastinio kuro deginimas (vidutiniSkai 84-86 %), o Saltuoju mety laiku —
biomasés ir anglies deginimas (vidutiniskai 29-37 %).

3. Juodosios anglies masés koncentracijos sezoninj kintamuma miesto
aplinkoje lemia vyraujanciy tkio veiklos sektoriy santykinio indélio
poky¢iai: Saltuoju mety laiku vyrauja gyvenamyjy pastaty Sildymo
sektoriaus iSmetimai, o Siltuoju mety laiku — transporto sektoriaus
iSmetimai.

4. Aerozolio daleliy optinés savybés stipriai veikiamos tarSos Saltiniy
pobidzio, Saltuoju mety laiku aplinkos ore vyrauja stambesniy daleliy
misinys, o Sviesg sugerianc¢ios dalelés siejamos su iskastinio kuro deginimo
emisijomis.

5. Regioninio fono aplinkoje tolimosios oro masiy pernasos poveikis KD
masés koncentracijai priklauso nuo oro masiy judéjimo trajektorijos:
pernasa vir§ Baltijos jiiros lemia didelj aerozolio daleliy masés mazéjima
(-3 %/val.), o pernasos vir§ zemyninés teritorijos metu aerozolio daleliy
masé didéja (4 %/val.) dél papildomy tarSos Saltiniy.

Autorés indélis

Autoré atliko pirming duomeny analize, juodosios anglies $altiniy kilmés
atskyrimga, aerozolio optiniy savybiy skaiCiavimus, kartu sukiiré slenkstiniy
ver¢iy pagrindu veikiantj trajektorijy suskirstyma j kategorijas ir oro masiy
pernasos jvykiy klasifikavima, naudojant atgalines HYPSLIT oro masiy
trajektorijas. Autoré parengé paveikslus, ras¢ ir redagavo mokslines
publikacijas bei pristaté savo tyrimy rezultatus nacionalinése ir tarptautinése
konferencijose.
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METODAI

Skyriuje pristatomi metodai, naudoti tiriant tolimosios oro masiy pernasos
itaka eBC (ekvivalentiné juodoji anglis) masés koncentracijai ir Saltiniy
pasiskirstymui miesto aplinkoje (tyrimai 1 ir 2) ir jtakg KD, cheminei sudéciai
regioningje foninéje aplinkoje (tyrimas 3).

Aerozolio juodosios anglies miesto aplinkoje tyrimai

Siems tyrimams buvo naudoti matavimy duomenys i3 dviejy vietoviy
miesto aplinkose — Vilniuje (Lietuva, Siaurés Europa) ir VarSuvoje (Lenkija,
Vidurio Europa) (2 paveikslas). Matavimy laikotarpiai ir kiekvienoje stotyje
naudota jranga pateikta 1 lenteléje.

Vilnius yra didziausias miestas Lietuvoje (~ 600 tukst. gyventojy). Oro
kokybés matavimy stoties vieta (vir§ 4 auksty pastato stogo) (54°42'S,
25°15’ R) atspindi miesto foninj oro uzterStumo lygij, nes yra nutolusi 6—7 km
nuo miesto centro, ekranuojama miSko zonos nuo intensyvaus transporto
srauto gatvés ir maziau intensyvaus eismo gatves.

Antroji matavimy vieta VarSuvoje yra ant VarSuvos universiteto Fizikos
fakulteto stogo vir§ 5 auksto (52°12' S, 20°58' R), apie 3 km j pietvakarius
nuo miesto centro. Varsuvoje gyvena 1,9 milijono gyventojy ir tai yra
didziausias miestas Lenkijoje. Aplink matavimy vietg yra gyvenamyjy namy,
ligoniné, universiteto miestelis ir dideli parkai, dél didesnio artumo
tiesioginiams tarSos Saltiniams (transporto iSmetimai ir namy S$ildymas),
vietove atspindi miesto aplinkg.

Tyrimuose 1 ir 2 buvo naudoti nepertraukiami aerozolio daleliy Sviesos
sugerties ir sklaidos matavimy duomenys, atitinkamai surinkti aetalometru
(Vilniyje ir VarSuvoje: Magee Scientific, modelis AE33 (JAV)) ir nefelometru
(Vilniuje: TSI Inc. modelis 3563, JAV; VarSuvoje: Aurora 4000, Ecotech Pty,
Ltd., Australija). eBC masés koncentracija buvo apskaiciuota naudojant
Sviesos sugerties koeficientg (ties 880 nm) ir masés sugerties skerspjuvi
(MAC) (2.2.1 poskyris, 1 formulé). Terminas eBC vartojamas, kai BC masés
koncentracija matuojama netiesiogiai (t. y. iSskai¢iuojama i§ §viesos sugerties
koeficiento). Juodosios anglies Saltiniy kilmés atskyrimas atliktas naudojant
Sandradewi ir kt. (2008) metodikg (2.2.2 poskyris, 3 formulé). Aerozolio
daleliy klasifikacijai pagal optines savybes, pritaikytai i§ Cappa ir kt. (2016)
tyrimo, buvo apskaiCiuotos sugerties ir sklaidos Angstremo eksponentés
(AAE ir SAE, atitinkamai) (2.2.4 poskyris, 6 ir 8 formulés).

Atgalinés 72 valandy oro masiy trajektorijos buvo apskaiciuotos naudojant
nacionalinés vandenyny ir atmosferos administracijos (angl. National
Oceanic and Atmospheric Administration, NOAA) hibridinj modelj HYSPLIT
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(angl. Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)
model) (Rolph ir kt., 2017; Stein ir kt., 2015). Atgalinés oro masiy
trajektorijos, prasidedancios receptoriniuose taskuose (Vilniuje ir VarSuvoje)
12:00 UTC, buvo suskirstytos i kategorijas pagal trajektorijos horizontalyjj ir
vertikalyjj kelig: kategorija A (trajektorijos turi panasius arba sutampancius
oro masiy pernasos kelius, todél tikimasi vienos aerozolio kilmés), kategorija
B (trajektorijos j receptorinius taskus vedé skirtingomis kryptimis ir keliais) ir
kategorija C (visi atvejai nepriskirti kategorijoms A ir B). Dél oro masiy
pernasos eBC tarSos padidéjimas arba praskiedimas abiejose miesto aplinkose
buvo jvertinti lyginant vidutines eBC masés koncentracijas 6 val. pries ir po
atgalinés oro masiy trajektorijos pradzios receptoriniame taske (12 formulé).

FLEXPART (angl. FLEXible PARTicle dispersion model) modelis,
sukurtas remiantis valandiniais ERAS pakartotinés analizés meteorologiniais
laukais i§ Europos vidutinés trukmés ory prognoziy centro (ECMWF), buvo
naudotas suskaiciuoti j receptorinius taskus (Vilniy ir VarSuvg) oro masiy
pernestos eBC masés koncentracijos. Siame darbe naudojami FLEXPART
duomenys turi 3 valandy laiko skiriamaja gebg. ISsamesnj modelio struktiiros
aprasSyma galima rasti Pisso ir kt. (2019) darbe. Siekiant kiekybiskai jvertinti
vietinés kilmés BC ir tolimosios oro masiy pernestos BC masés
koncentracijas, iSmatuota eBC masés koncentracija buvo padalinta j vieting ir
pernesta komponentes pagal 11 formule.

Submikroniniy aerozolio tyrimai regioninéje foninéje aplinkoje

Siame tyrime buvo pasirinktos dvi nuosalios vietovés regioninéje foninéje
aplinkoje — Preila (Lietuva) ir Hiltemosa (Svedija, Siaurés Europa) (2
paveikslas). Matavimy laikotarpiai ir kiekvienoje stotyje naudota jranga
pateikta 1 lenteléje.

Matavimo vieta Preiloje (55°22'S, 21°1’ R) pietrytinéje Baltijos jiros
dalyje, Kur$iy Nerijoje, nutolusi per 40 ir 80 km atitinkamai nuo artimiausio
didesnio miesto Klaipédos ir pramoninés veiklos Kaliningrade. Matavimy
vieta atspindi juiring foning aplinkg dél didelio atstumo nuo bet kokiy dideliy
vietiniy tarSos Saltiniy, o jai daugiausiai jtakos turi tolimoji oro masiy pernasa.

Hiltemosos matavimy stotis (56°5'S, 13°25' R) yra piety Svedijos Skonés
regione, nutolusi nuo artimiausiy miesty per 25 km (Helsingborgas, Svedija),
50 km (Malme, Svedija) ir 60 km (Kopenhaga, Danija). Vietové yra apsupta
misky, todél laikoma kaimo fonine vietove. Netoliese néra tiesioginiy tarSos
Saltiniy; todél §i vieta labai tinka tolimosiomis oro masémis perneSamos tarsos
foniniams stebéjimams, nes $ioje vietovéje nestebimi spartiis aecrozolio daleliy
pokyciai, biidingi miesto aplinkai, kurioje yra daug aktyviy, tiesioginiy
Saltiniy.
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Siame tyrime naudoti aetalometras (Hiltemosoje: AE33, Magee Scientific,
JAV; Preiloje: AE31 Spectrum, Optotek, Slovénija) bei aerozolio daleliy
cheminés sudéties monitorius (angl., aerosol chemical speciation monitor)
(Aerodyne Research, Inc. (JAV) Hiltemosoje ir Preiloje). Organinio aerozolio
daleliy S$altiniy suskirstymas buvo atliktas naudojant teigiamos matricos
faktorizavimo metodika.

Siame tyrime buvo naudotos HYSPLIT modeliu sumodeliuotos atgalinés
72 valandy tolimosios oro masiy pernasos trajektorijos, prasidedancios vir§
Preilos (100 m aukStyje a.s.l.) ir besitesiancios vir§ Hiltemosos (50 km
spinduliu). Kas valandg prasidedancios valandinés oro masiy trajektorijos
buvo suskirstytos | pernasos jvykius (angl., connected-flow events). Dél
statistinio reikSmingumo, buvo tiriami tik tie jvykiai, kuriuos sudaré trys ar
daugiau is eilés vykstanciy valandiniy trajektorijy. Ivykiai buvo suskirstyti i
tris klases, remiantis sumodeliuoty trajektorijy erdviniais ir meteorologiniais
parametrais: klasei A priskirti jvykiai, kuriy metu oro masés trajektorija
keliavo i§ vakary i rytus, klasei B priskirti jvykiai, kuriy metu trajektorijos
keliavo i§ vakary j rytus ir modeliuoti meteorologiniai duomenys rodo, kad
buvo krituliy, o klasé C apima trajektorijas, besidriekiancias i Siaure arba |
pietus, kertancias Zzemyninj regiong prie§ pasiekiant Preilg, su krituliais
trajektorijos kelyje.

Siekiant jvertinti KD masés koncentracijos ir cheminés sudéties pokycius
pernasos tarp Hiltemosos ir Preilos metu, buvo atsizvelgta j trukme, kurig oro
masé keliavo tarp $iy tasky. Zinant tiksly peréjimo vir§ Preilos matavimy
stoties laika (Siuo atveju, atgalinés trajektorijos pradzios laika), buvo galima
nustatyti, kada kiekviena trajektorija keliavo vir§ Hiltemosos matavimy
stoties, apskaiCiuojant atgaling trukme nuo pradzios laiko. Tokiu biidu
aerozolio daleliy sudéties ir cheminiy komponenciy koncentracijos duomeny
taskai buvo priskirti kiekvienos trajektorijos pradziai ir pabaigai. Cheminés
aerozolio daleliy komponentés masés koncentracijos pokytis buvo
apskaiciuotas pagal 14 formule (2.6.6 poskyris). Skirtingy veiksniy (pernasos
vir§ juros, drégnojo nusédimo ir sausumoje susidaranciy antropogeninés
kilmés tersaly) ir jy deriniy jtaka kiekvienai aerozolio komponentei ir jvykiy
klasei buvo apskaiciuota pagal 15-18 formules.
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REZULTATALI

Tolimosios oro masiy pernasos poveikis juodosios anglies masés
koncentracijai miesto aplinkoje (1 ir 2 tyrimai)

Juodosios anglies masés koncentracijos miesto aplinkoje (Vilniuje ir
VarSuvoje) pasizymejo rySkiu sezoniniu ir erdviniu kintamumu (4 ir 5
paveikslai). eBC masés koncentracija VarSuvoje nuolat buvo aukstesné nei
Vilniuje, $iltuoju mety laiku vidutini§kai sieckdama 1,07 pg/m?® (0,77 pg/m?,
Vilniuje), o Saltuoju mety laiku vidutiniskai padidéjo iki 2,02 ug/m?
(1,11 pg/m* Vilniuje). Taigi, lyginant su Siltuoju sezonu, eBC masés
koncentracija $altuoju sezonu VarSuvoje padidéjo 89 %, o Vilniuje 44 %.

eBC masés koncentracijos kintamuma tiek paros, tiek savaités eigoje
daugiausia 1émé eBC susidaranti iSkastinio kuro degimo metu (eBCrr)
(8 paveikslas). Siltuoju mety laiku eBCrr sudaré 86 % Varsuvoje ir 84 %
Vilniuje visos eBC masés koncentracijos, o Saltuoju sezonu eBCrr indélis
sumazéjo atitinkamai iki 63 % ir 71 % dél padidéjusios biomasés ir anglies
deginimo jtakos. Ziema su biomasés ir anglies deginimu susijusiy eBC
(eBCgg,c) iSmetimy ] aplinkos ora indélis VarSuvoje padidéjo iki 3640 %
(25-75 procentilés), o Vilniuje iki 29-33 %, o tai rodo stipresnj gyvenamuyjy
namy Sildymo iSmetimy j aplinkos org poveikj, ypa¢ Varsuvoje.

I§ aerozolio daleliy optiniy savybiy matosi reik§mingi sezoniniai pokyc¢iai.
Remiantis aetalometro ir nefelometro matavimais, pagrista AAE ir SAE
optine aerozolio daleliy klasifikacija (11 paveikslas), Saltuoju sezonu Zymiai
dazniau pastebéta didesniy daleliy miSiniy, kuriuose susimaisiusios BC, rudoji
anglis ir mineralinés dulkés — 94 % VarSuvoje ir 42 % Vilniuje. Pavienés
sklaidos albedo (SSA) vertés isliko santykinai stabilios tiek skirtingais
sezonais, tiek Vilniuje bei VarSuvoje: Saltuoju sezonu siek tiek padidéjo (0,84
+ 0,05 VarSuvoje ir 0,83 + 0,07 Vilniuje), lyginant su $iltuoju sezonu (0,81 +
0,07 Varsuvoje ir 0,81+ 0,08 Vilniuje). Sugerties Angstremo eksponentés
vertés VarSuvoje padidéjo nuo 1,3 iki 1,53 (vidutiniskai), o Vilniuje nuo 1,26
iki 1,42, o sklaidos Angstremo eksponentés vertés sumazéjo atitinkamai nuo
1,62 iki 1,20 ir nuo 1,75 iki 1,48 VarSuvoje ir Vilniuje, atitinkamai. Nepaisant
panasiy sezoniniy vidurkiy veréiy, pastebétas rySkus SSA parinés eigos
kintamumas, stipriai koreliuojantis su eBCrr (-0,69 Vilniuje $iltuoju sezonu ir
-0,97 Varsuvoje Saltuoju sezonu) (12 paveikslas). Stipri eBCrr jtaka SSA
dinamikai pabrézia §iy iSmetamyjy terSaly vaidmenj stiprinant aerozolio
daleliy Sviesos sugertj ir tokiu biidu prisidedant prie atmosferos Siltéjimo.

Tolimosios oro masiy pernaSos poveikis eBC masés koncentracijai,
iSreikstas kaip vienu metu vykstantis tarSos padidéjimas arba praskiedimas
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abiejose miesto aplinkose, buvo jvertintas 1 tyrime, naudojant siilomg
HYSPLIT atgaliniy oro masiy trajektorijy klasifikacijg. Tolimosios oro masiy
pernaSos salygomis, kai oro masés atvykdavo i§ tos pacios krypties, abiejose
vietovése sukélé panaSy eBC masés koncentracijos praskiedima (42 %
VarSuvoje ir 50 % Vilniuje), tuo tarpu vienalaikis eBC tarSos padidéjimas
btudavo ryskesnis Vilniuje (64 %) nei VarSuvoje (30 %) (13 paveikslas).
TarSos eBCrr padidéjimas ir praskiedimas buvo ryskesni Vilniuje (50 %
padidéjimas, 51 % praskiedimas) nei VarSuvoje (atitinkamai 27 % ir 34 %).
Tuo tarpu oro masiy pernasos jtaka eBCgg masés koncentracijai buvo
santykinai maZza ir panasi abiejose miestuose: Vilniuje ji padidédavo 11 %
arba sumazédavo 5 %, o VarSuvoje padidédavo 7 % arba sumazédavo 8 %.
FLEXPART modeliavimo rezultatai 2 tyrime, patvirtino, kad pagrindiniai
BC $altiniai miesto aplinkoje yra gyvenamyjy namy Sildymas ir transportas.
Su Sildymu susijusiy iSmetimy ] aplinkos org indélis reikSmingai padidéjo
VarSuvoje nuo 63 % Siltuoju sezonu iki 86 % Saltuoju sezonu, o Vilniuje —
nuo 42 % iki 73 %, atitinkamai (18 paveikslas). Tuo tarpu transporto
sektoriaus indélis sumazéjo nuo 27 % iki 10 % (VarSuvoje) ir nuo 40 % iki
17 % (Vilniuje), o tai rodo itin auksta transporto iSmetamyjy tersaly indéli BC
masés koncentracijai Siltuoju sezonu Vilniaus mieste. BC atskyrimas i vieting
ir oro masiy pernestas komponentes parodé¢, kad vietinés kilmés BC turéjo
didZiausig indélj iSmatuotos eBC masés koncentracijai abiejuose miestuose
(19 paveikslas, 6 lentelé). Atsizvelgiant | BC iSmetimus susidaran¢ius miesto
administracinése ribose, vietinés kilmés BC Vilniuje ir VarSuvoje sudar¢ 47 %
ir 64 % visos BC $altuoju sezonu, o Siltuoju — 77 % ir 87 %, atitinkamai.
ISplétus teritorija, kurioje BC iSmetimy taskiniai Saltiniai nejtraukiami |
skaic¢iavimus iki 50 km spindulio nuo matavimy vietoviy, vietinés kilmés BC
indélis dar labiau padidéjo. Pagal §j platesnj erdvinj apibréZimg, mieste
susidaranti BC sudaré 85 % ir 91 % iSmatuotos BC masés koncentracijos
Siltuoju sezonu, o Saltuoju— 61 % ir 67 % VarSuvoje ir Vilniuje, atitinkamai.

Tolimosios oro masiy pernasos jtaka submikroniniy aerozolio daleliy
cheminei sudéciai ziemos metu tarp Hiltemosos ir Preilos (3 tyrimas)

Tyrime buvo nagrinéjama tolimosios oro masiy pernasos per Baltijos jirg
jtaka KD; koncentracijai ir cheminei sudéc¢iai 2017-2018 m. Saltuoju sezonu,
remiantis keturiy ménesiy trukmés vienalaikiais matavimais piety Baltijos
juros regiono foninéje aplinkoje — Hiltemosoje ir Preiloje. Naudojant
HYSPLIT modelj, sumodeliuotos 102 atgalinés 72 valandy oro masiy
trajektorijos, prasidedancios Preiloje, kertancios Baltijos jlirg ir besitgsiancios
500 km iki Hiltemosos. Sumodeliuotos oro masiy trajektorijos buvo
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sugrupuotos | 14 tolimosios pernasos jvykiy (20 paveikslas). Vienalaikiai
matavimai abiejose Baltijos jiiros pusése (Svedijoje ir Lietuvoje) leido
pvertinti KD; koncentracija ir cheming sudétj oro maséje pries ir po pernasos
per Baltijos jiirg. Vidutiniskai matavimy kampanijos metu, KD, koncentracija
Preiloje buvo beveik dvigubai aukStesné nei Hiltemosoje (atitinkamai
11,2 ug/m? ir 6,3 pg/m®) (22 paveikslas). Ta¢iau nustatyty tolimosios pernaSos
jvykiy metu, Preiloje KD, koncentracija buvo Zymiai Zemesné (2,5 pug/m?) nei
Hiltemosoje (4,3 ug/m?).

Remiantis meteorologiniais ir erdviniais sumodeliuoty oro masiy
trajektorijy parametrais, kiekvienas jvykis buvo priskirtas vienai i$ trijy jvykiy
klasiy (26 paveikslas). Klasei A priskirty pernaSos jvykiy metu tarp
Hiltemosos ir Preilos buvo uZfiksuotas vidutinis 50 % KD; koncentracijos
sumazejimas (nuo 43 % iki 59 % vienam jvykiui). Klasei B priskirty jvykiy
metu, kai pernasos jvykio metu buvo krituliy, KD; koncentracijos
sumazéjimas buvo didesnis (vidutiniskai 70 %, nuo 28 % iki 87 % per jvyki),
rodantis drégnojo nusédimo procesy jtaka. Klasei C priskirty pernasos jvykiy
metu, oro masés pra¢jo vir§ sausumos pries pasickdamos Preilg, Siuo atveju
vidutinis KD; koncentracijos sumaz¢jimas buvo maziausias tarp klasiy
(27 %). KD koncentracija klasés C pernaSos jvykiy metu buvo veikiama visy
trijy veiksniy — pernasos vir§ juros, drégnojo nusédimo procesy ir
antropogeninés kilmés terSaly zemyningje dalyje. Tik klasei C priskirty
pernasos jvykiy metu KD; koncentracija kartais bidavo zemesné Hiltemosoje
nei Preiloje ir kito nuo 65 % sumaz¢jimo iki 28 % padidéjimo. Nors visy
pernasos jvykiy mety oro mases keliavo vir§ Baltijos jiiros, klasei C buidingas
oro masés kelias vir§ zemyninés dalies (Siaurés Vokietija, Lenkija, Vakary
Latvija) prie§ pasiekiant Preilg. Santykinai nedidelis KD; koncentracijos
sumazéjimas klasés C jvykiy metu rodo antropogeninés kilmés iSmetimy,
susidaranéiy vir§ sausumos, jtaka. Sj reiskinj dalinai maskuoja KD,
koncentracijos skiedimas, sausasis ir drégnasis nusédimai bei kiti procesai,
veikiantys KD, koncentracija jvykiuose, priskirtuose klaséms A ir B.

Remiantis tyrime pasiiillyta pernasos jvykiy klasifikacija, kiekybiSkai
jvertinti KD; koncentracijai jtakg turintys veiksniai: pernasos vir§ jiiros
efektas, drégnojo nusédimo procesai bei sausumoje susidarantys
antropogeninés kilmés terSalai (28 paveikslas). PernaSos virs jiiros saglygomis
be krituliy, vienintelé komponenté, kurios masés koncentracija padidéjo buvo
chloridai (+4 %/val.), o sulfatai pasizyméjo stipriausiu paSalinimu (-5 %/val.),
kity komponenciy koncentracijos sumazéjo nuo -1 %/val. iki -4 %/val.
(8 lentelé). Drégnojo nusédimo procesy jtaka labiausiai paveiké chloridy (-
3 %/val.) ir oksiduoto organinio aerozolio (-3 %/val.) koncentracijas, o jtaka
kitoms komponentéms kito nuo 0 iki -2 %/val. Tuo tarpu sausumoje
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susidaranc¢iy antropogeninés kilmés terSaly poveikis oro maséms 1émé visy
KD; komponenciy koncentracijos padidéjima nuo +1 %/val. (chloridy) iki
+5 %/val. (sulfaty).

ISVADOS

1. Tolimoji oro masiy pernasa reikSmingai, nors ir antraeiliskai, veikia
eBC masés koncentracijos kaitg miesto aplinkoje, skatindama tiek tarSos
praskiedima (vidutiniskai 50 %), tiek padidéjima (vidutiniskai 64 %),
daugiausia paveikdama juodosios anglies, susidarancios iskastinio kuro
degimo metu, lygi. FLEXPART modeliavimo rezultatai patvirtina, kad
nepaisant tolimosios oro masiy pernasos jtakos, miesto aplinkoje vietinés
kilmés juodosios anglies masés koncentracija yra dominuojanti ir sudaro
vidutiniskai 77 % ir 87 % Siltuoju mety laiku VarSuvoje ir Vilniuje,
atitinkamai, o Saltuoju mety laiku atitinkamai sudaro 47 % ir 64 %, kai gerokai
padidéja oro masiy perneSama dalis (vidutini§kai 53 % VarSuvoje ir 46 %
Vilniuje). Tai rodo, kad miesto oro kokybe daugiausia lemia vietiniai
iSmetamieji terSalai, o tolimoji pernasa veikia kaip dinaminis veiksnys.

2. Nepriklausomai nuo didesnio eBC koncentracijos lygio VarSuvoje
(vidutiniskai 1,07 pg/m? ir 2,02 pg/m? atitinkamai Siltuoju ir Saltuoju sezonu)
nei Vilniyje (0,77 pg/m® ir 1,11 pg/m? atitinkamai), Saltiniy kilmés
pasiskirstymas i§lieka panasus, tai yra: su iSkastinio kuro deginimu susijusios
juodosios anglies indélis dominuoja (8486 % vasarg; 63—71 % ziema), o
Saltuoju mety laiku reikSminga, bet antrinj indélj sudaro biomasés ir anglies
deginimas (29-37 % eBC masés koncentracijos). Sezoninis padid¢jimas, ypac
rySkus VarSuvoje, atspindi ziema sustipréjusj degimo procesy metu iSmetamy
terSaly kiekj, esant sumazéjusiam atmosferos maiSymuisi.

3. Pagrindiniai juodosios anglies $altiniai yra namy Sildymo ir transporto
sektoriai; Saltuoju mety laiku daugiausia prisideda namy Sildymas
(vidutini$kai 86 % VarSuvoje ir 73 % Vilniuje), o Siltuoju mety laiku padidéja
transporto sektoriaus indélis (vidutiniSkai 27 % Varsuvoje ir 40 % Vilniuje).
Sie rezultatai rodo, kad miesto aplinkoje juodosios anglies kiekio kintamuma
daugiausia lemia transporto sektoriaus, o sezoninj kintamuma lemia
gyvenamuyjy pastaty $ildymo sektoriaus emisijos.

4. Sezoninis aerozolio daleliy optiniy savybiy kintamumas rodo
sistemingg daleliy sudéties ir dydzio pasiskirstymo pokyti, kai Saltojo sezono
salygoms budingas didesniy daleliy miSinys aplinkos ore. Tai parodo
padidéjusios AAE vertés (vidutiniskai 1,53 VarSuvoje ir 1,42 Vilniuje) ir
sumazéjusiose SAE vertés (atitinkamai 1,20 ir 1,48). Nepaisant Siy pokyciy,
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SSA vertés iSlieka santykinai stabilios (vidutiniSskai 0.81-0.84), o tai rodo, kad
padidéjusia Sviesos sugert] pirmiausia lemia padidéj¢ iSkastinio kuro degimo
procesy iSmetimai j aplinkos ora, o ne tik bendros eBC masés koncentracijos
poky¢iai. Tai pabrézia sustipréjusj ziemos tarsos Siluminj poveikj.

5. Tolimoji oro masiy pernasa vir§ Baltijos jtros tarp Hiltemosos ir
Preilos salygomis be krituliy 1émé vidutiniS8kai 50 % sumazéjusia KD,
koncentracija, o salygomis su krituliais, KD; koncentracija sumaZzéjo
vidutiniSkai 70 %, tai pabrézia dominuojanti drégnojo nusédimo procesy
vaidmenj. Tuo tarpu, antropogeninés kilmeés terSaly vir§ Zemyninés dalies
paveiktos oro masés parodé zymiai mazesnj KD, koncentracijos sumazéjimag
(vidutiniskai 27 %), o tai rodo papildomy tarSos Saltiniy jtaka. Atlikus
komponenty analize, paaiskéjo skirtingi transformacijos modeliai: chloridy
kiekis padidéjo oro masiy pernaSos vir§ jiros metu (4 %/val.), o sulfatai
pasizyméjo didziausiu pasalinimo efektyvumu (-5 %/val.). Drégnojo
nusédimo procesai efektyviausiai sumazino chlorido (-3 %/val.) ir oksiduoto
organinio aerozolio (-3 %/val.) koncentracijas. Antropogeninés kilmeés
terSalai vir§ Zemyninés dalies 1émé visy aerozolio komponenciy padidéjima
oro mas¢je — nuo 1 %/val. (chloridy) iki 5 %/val. (sulfaty).
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