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ARTICLE INFO ABSTRACT

Keywords: Particulate air pollution is the leading environmental risk factor, contributing substantially to global morbidity
Organic aeros?l and mortality. In the Western Balkans, air quality during winter months is among the poorest observed in Europe.
Source apportionment Nevertheless, detailed chemical characterization of air pollution in the region remains limited, although such
i/[l\g;ile meastrement information is essential for identifying emission sources and supporting effective mitigation strategies. Therefore,
AMS a mobile measurement campaign was conducted in Sarajevo (Bosnia and Herzegovina) in January 2023 as part of

Sarajevo, Bosnia and Herzegovina the SArajevo AEROsol Experiment (SAAERO). The spatial distribution and chemical composition of particle- and

Western Balkans gas-phase pollutants were investigated using multiple high-resolution instruments. Organic aerosol (OA), as a
key component, accounted for 59% of the total submicron particulate matter (PM;). Source apportionment of the
OA using Positive Matrix Factorization (PMF) resolved five distinct sources: two solid fuel combustion sources
(SFC1 and SFC2), traffic (HOA), cooking (COA), and oxygenated OA (OOA). While daytime variation across the
city was limited, an east-west pollution gradient emerged during evening hours, largely driven by SFC. SFC
contributions to OA ranged from 45 to 54 % in predominantly residential areas outside the city center and
amounted to 35 % in the center. In contrast, COA was highest in the center (14%), spatially aligned with
restaurant locations.

These findings show that pollution sources contribute non-uniformly in different parts of Sarajevo especially
during evening hours. By combining spatially resolved measurements with source apportionment, this study
provides valuable insights into pollution sources and their chemical composition in Sarajevo, a highly polluted
but still largely understudied area in Europe.

1. Introduction or cancer leading to increased mortality or shortened life expectancy
(Institute for Health Metrics and Evaluation (IHME), 2024a). Fine par-

Atmospheric particulate matter has been shown to be strongly linked ticulate matter (PMj 5) is of special concern, because its small size allows
with adverse health effects like cardiovascular and respiratory diseases, it to penetrate deeply into the respiratory system (Dockery et al., 1993;
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Morawska and Buonanno, 2021; Pope and Dockery, 2006). Most
epidemiological studies, however, do not resolve the chemical compo-
sition of particles and have focused solely on the total PM mass,
assuming equal toxicity for all particles (Cohen et al., 2017; Lelieveld
et al., 2015; Weichenthal et al., 2024). In contrast, laboratory studies
have demonstrated that different PM components and emission sources
exhibit different toxicological effects and that sources driving adverse
aerosol health effects are not necessarily the same as those contributing
most to PM mass (Cheung et al., 2024; Daellenbach et al., 2020; Park
et al., 2018; Wang et al., 2022). Furthermore, aging of PM from various
sources can modify and usually enhance their toxicity (Lei et al., 2023;
Offer et al., 2022; Tuet et al., 2017). Organic aerosol (OA) and its sources
have been identified as important contributors to health risks and are of
special interest due to their high contribution to the overall PM mass
(Daellenbach et al., 2020; Jimenez et al., 2009). Therefore, under-
standing the sources driving air pollution is important for the develop-
ment of more targeted mitigation strategies addressing especially those
most detrimental to human health.

While sources have been identified and characterized for various
European cities, knowledge is still scarce in Southeast Europe and the
Western Balkans in particular (Chen et al., 2022). This is of special
concern as it has been frequently shown that air pollution levels there
ranks among the worst in Europe based on total PM (Belis et al., 2023;
Paradiz et al., 2017). In Bosnia and Herzegovina (BiH), the country of
interest in this study, the mortality rate attributed to atmospheric par-
ticulate matter pollution is comparable to China and higher than for
India (Institute for Health Metrics and Evaluation (IHME), 2024b). The
legal framework regarding air quality in BiH is generally aligned with
other European countries and follows closely the EU air quality stan-
dards. Due to institutional complexity, however, enforcement of the
limit values has historically been difficult. Furthermore, several
important emission sources such as road traffic and residential sources
were unregulated until recently (World Bank, 2024). New regulations
and additional strategies have been implemented lately in order to more
effectively combat air pollution in the region for the future (Federation
of Bosnia and Herzegovina, 2024; CETEOR & E3, 2024). Measurements
of air pollution and its composition are an important aspect that help in
developing mitigation strategies and monitoring the effectiveness of the
chosen measures, especially given the limited financial resources
available for funding environmental protection programs and frequent
reliance on international funds (CETEOR & E3, 2024). Most available
PM measurements in BiH pertain to total mass (Federal Hydrometeo-
rological Institute Bosnia and Herzegovina, 2024; Huremovic¢ et al.,
2020). Some previous studies have focused on particle-bound metals
and polycyclic aromatic hydrocarbons (PAHs), due to their toxic nature
(De Pieri et al., 2014; Huremovi¢ et al., 2020; Pehnec et al., 2020; Zero
et al., 2017,2022), however, for the bulk of PM still only limited infor-
mation on the chemical composition is available that would be required
for a more systematic determination of the sources of pollution. A pre-
vious study based on filter measurements during winter investigated
different sources and found significant contributions from local sources
for all of BiH, specifically from biomass and fossil burning (Grundstrom
et al., 2022).

Sarajevo, the capital of Bosnia and Herzegovina lies in the center of
the Western Balkans on the Miljacka River surrounded by mountainous
terrain and hills. This geographic location makes the city prone to severe
air pollution events, specifically during the winter months. A shallow
wintertime boundary layer leads to the accumulation of pollutants,
posing substantial health risks to the more than 400.000 inhabitants
(Masic et al., 2019). Since there are no major industrial facilities located
within the city of Sarajevo, most of the local pollution is caused by do-
mestic heating and traffic (Grundstrom et al., 2022; Huremovic et al.,
2020; Pehnec et al., 2020; Zero et al., 2022). About 90 % of households
in BiH are not connected to the central heating grid (Agency for Sta-
tistics of Bosnia and Herzegovina, 2015). For the Sarajevo Canton (city
and surrounding areas), this share is smaller with 75 % of individual
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residential buildings using solid fuel as a heating source based on a
recent survey for the creation of an emission register. Of these resi-
dential buildings the majority used wood (81 % of surveyed house-
holds), with coal being another considerable fuel source (13 %), which
can significantly impact local air quality. Inefficient and incomplete
combustion of wood and/or coal causes high levels of emissions of PAHs,
posing significant health risks due to their carcinogenicity (Bruns et al.,
2015; Eriksson et al., 2014; Kim et al., 2013).

Traffic is another important source; in 2022, the average age of ve-
hicles in Sarajevo was 19 years with more than 10 % not meeting any of
the European emission standards and with more than 60 % classified as
Euro 3 or lower (Bosnia and Herzegovina Automobile and Motorcycle
Club, 2023). Therefore, traffic likely contributes a great amount to air
pollution when compared to western European cities.

Limited information on the pollution composition is available in BiH,
even though the overall mortality is 9 %, with Sarajevo specifically a
hotspot for pollution (World Bank, 2019). For example, PM concentra-
tions during the winter months frequently exceed 100 ug m 3. The ratio
of PM; 5/PMj ranges from 0.5 to 0.6 during the summer months but
increases in winter to 0.90-0.99 (Federal Hydrometeorological Institute
Bosnia and Herzegovina, 2024) indicating that almost all of the aerosol
mass during this time is found as fine particulate matter which is able to
penetrate deeper into the lung (Morawska and Buonanno, 2021).

Due to its location, complex geography, and the serious health risks
caused by wintertime air pollution, the city of Sarajevo was chosen for
the SAAERO (SArajevo AEROsol Experiment) campaign, which took
place between August 2022 and March 2023. For a one-month winter
period between January-February 2023 an intensive campaign with
mobile measurements was carried out to explore the variability of
aerosol sources in Sarajevo, the results of which are presented in the
following sections. The main advantage of mobile measurements is their
ability to obtain spatial information regarding air pollution, thus
allowing a detailed exploration of the extent to which various regions of
a city are affected. This is of particular interest for locations like Sar-
ajevo, where local emissions are expected to have a large influence and
valuable information can be gained on how residents might be affected
differently by air pollution depending on the location within the city.
Special focus is given to the organic fraction, which often constitutes the
majority of the PM; mass. The objective was to identify and quantify the
most significant sources of OA to allow for the development of more
targeted air pollution mitigation strategies to minimize health impacts.

2. Methods
2.1. Measurement campaign and route

The PSI mobile lab measurements in the city of Sarajevo took place
from January 12 to February 2, 2023. A map of Sarajevo including the
route for mobile measurements is depicted in Fig. 1. Detailed informa-
tion on the times of mobile measurements, the number of loops driven
per day, and the meteorological conditions is presented in Table S1. The
loop covers a range of urban environments such as residential, high
traffic, and commercially active areas. During the measurement period,
mobile measurements were performed on 9 separate days, consisting in
total of 39 loops, ranging from 1 to 6 loops per day along the selected
route taking around 90 min per loop. This provided a significant amount
of data allowing a statistical analysis of the spatial distribution of par-
ticle- and gas-phase pollutants. Mobile measurements focused mainly on
afternoon and evening periods, when emissions from domestic heating
are expected to increase and reach their maximum. When not involved
in on-road measurements, the mobile lab was parked at the headquaters
of the Federal Hydrometeorological Institute of Bosnia and Herzegovina
(FHMZBiH), an urban background site at Sarajevo-Bjelave. There it
performed stationary measurements alongside other online and offline
instruments for PM chemical composition and concentrations deployed
for the SAAERO campaign, which included an Aerosol Chemical
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Fig. 1. Measurement Loop in Sarajevo, with the location of the Bjelave site for
stationary measurements marked in red. Different regions of Sarajevo are
outlined and named in black (see Section 2.5). Yellow contour lines represent
elevation at 50 m intervals, highlighting the surrounding hills of Sarajevo. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Speciation Monitor (Aerodyne Research, Inc., Billerica, MA, USA)
(hereafter ACSM) for PM; concentration and composition (Ng et al.,
2011b) and an Xact 625i Ambient Multi-Metals Monitor (Cooper Envi-
ronmental Services, OR, USA) for trace metals. Furthermore, long term
measurements of PM and some trace gases are routinely carried out by
FHMZBiH, providing valuable intercomparison information for instru-
ment QA/QC.

2.2. Mobile laboratory and instrumentation

With the option of high time resolution measurements, mobile lab-
oratories have become an important application for measurements
mainly in urban settings to capture spatiotemporal variability in
different areas (Coggon et al., 2021; Kolb et al., 2004; Ye et al., 2018;
Zhang et al., 2022). The PSI mobile laboratory (IVECO 35514V Daily) is
one of them and has been used and described before for studies in
various Europe cities (Bukowiecki et al., 2002; Elser et al., 2018, 2016a;
Mohr et al., 2015,2011). For this study, the PSI mobile lab was equipped
with state-of-the-art instrumentation for both particle- and gas-phase
measurements illustrated in Fig. S1. Two separate inlets for particle-
and gas-phase are installed on the roof of the mobile lab, both at a height
of 3.2 m and facing towards the rear of the vehicle. While some losses of
aerosol particles with larger diameters are expected due to this inlet
design, the focus of this work is on submicron particles and gases where
such losses are negligible (Ingham et al., 1995; Wen and Ingham, 1995).
The particle sampling line consists of stainless-steel tubing, while the
sampling line for gas phase instruments is made of polytetrafluoro-
ethylene (PTFE) to minimize wall losses. The particle flow passes
through a PM, 5 cyclone at 8 L/min. The flow is then reduced to 3 L/min
by removing an exhaust flow, passes through a Nafion drier (PermaPure
MD-070-12) and is then directed to the instruments. The residence time
in the sampling lines is under 2 s. While there is a slight difference be-
tween instruments, this does not introduce a detectable time offset in our
data, because all measurements were averaged to a 1-minute time res-
olution to improve signal to noise ratio prior to cross-instrument com-
parisons (see 2.3. Data Analysis).

This study focuses on non-refractory particle composition (NR-PM;),
in particular on the organic fraction, as measured by an Aerodyne High
Resolution Time-of-Flight Aerosol Mass Spectrometer (AMS, Aerodyne
Research, Inc., Billerica, MA, USA) (DeCarlo et al., 2006), and equiva-
lent black carbon (eBC) measured by an Aethalometer (Model AE33,
Aerosol Magee Scientific, Ljubljana, Slovenia) (Drinovec et al., 2015),
respectively. The Aethalometer (hereafter AE33) measurements were
converted to eBC using the default MAC, 7.77 ng_l at 880 nm, a Cp-
value of 1.39 and a harmonization factor of 1.76 as suggested by Miiller
and Fiebig (2018) (see Supporting Information for a more detailed
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discussion, about the MAC (Savadkoohi et al., 2024) and C values
(Drinovec et al., 2022; Yus-Diez et al., 2025)). Additional gas-phase
instrumentation consisted of a Vocus Proton Transfer Reaction Time-
of-Flight Mass Spectrometer (TofWerk, Thun, Switzerland) (hereafter
Vocus) for measurement of volatile organic compounds (Krechmer et al.,
2018) and a Miro MGA-10 (Miro Analytical, Wallisellen, Switzerland)
(hereafter Miro) based on mid-infrared laser absorption spectroscopy to
simultaneously measure CO(g), CO2(g), NO(g), NO2(g), N2O(g), CH4(g),
S0O2(g), Ha0(g), O3(g) concentrations (Hundt et al., 2018), where “(g)”
denotes gas-phase species throughout this manuscript.

Additional sensors were used to monitor the relative humidity and
temperature inside and outside of the vehicle, as well as a GNSS receiver
(Navilock NL-8022MP) for acquisition of longitude, latitude, altitude
and driving speed. A list of all instrumentation as well as their time
resolution at acquisition is presented in Table S2.

2.3. Data analysis

The AMS was operated with a time resolution of 6 sec (3 sec open/
3 sec closed) in the mass spectrum (MS) mode. Data from the AMS was
post-processed using the data analysis packages “Squirrel” (version
1.66F) and “Pika” (version 1.26F) running in the Igor Pro 9 (Wave-
metrics, OR, USA) environment. A constant collection efficiency (CE) of
0.5 was applied to all AMS data. We also considered the composition
dependent CE model (CDCE) (Middlebrook et al., 2012). However, the
CDCE model is based on the assumption that nitrate and sulphate signals
are dominated by ammonium nitrate and sulfuric acid, respectively. In
the present study, organic nitrogen and organic sulfur provide a
considerable fraction of these signals (Bauer et al., in preparation) and
the CDCE cannot be reliably applied. Concentrations from the AMS
linearly correlate with various measurements performed at the Sarajevo-
Bjelave site when all instruments measured stationary including PMj 5
as well as measurements from ACSM and Xact. Certain measurement
data had to be retroactively removed due to a loose cable connection
leading to intermittent time periods of unreasonably high or low con-
centrations in the spectrum. During these periods, the mass spectrum
showed a clear zig-zag pattern with alternating points being elevated
(Fig. S2). By quantifying the absolute difference between adjacent points
in baseline regions the affected periods were identified and excluded
from further analysis. The remaining data was averaged to 1 min to
improve signal to noise ratio, specifically necessary at higher mass to
charge ratio (m/z). Standard spectral processing protocols were fol-
lowed, including m/z calibration, baseline correction and sub-integer
peak fitting. High resolution (HR) mass spectral data was exported for
Positive Matrix Factorization (PMF) up to a mass to charge ratio (m/z)
120 due to the limited mass resolution of the AMS. Unit mass resolution
(UMR) data was included from m/z 121 to 300 in order to utilize in-
formation regarding high mass species, specifically regarding PAHs
which are known to fragment less (Dzepina et al., 2007). PAH concen-
trations were also calculated separately according to the method
described in Dzepina et al. (2007). Since PAH concentrations in this case
are estimated based on signals with m/z > 200 to minimize interferences
from non-PAH organics, some lighter PAHs are excluded. As a result,
absolute PAH-concentrations may be somewhat underestimated. Tem-
poral and spatial trends, however, are expected to remain reliable and
provide valuable insight.

Due to unforeseeable circumstances, RIE, RF calibration could not be
carried out in the field. Instead, stationary measurements by the ACSM
during time periods when the ACSM and AMS obtained data at the same
location, were used to calibrate all species of the AMS. This approach
was deemed applicable since both instruments consistently showed high
correlations and good mass-closure with other on- and offline mea-
surements of PM and its chemical components (Fig. S3). Due to
replacement of the AMS servo motor on January 29 which requires
physically opening the instrument, separate calibrations were per-
formed for the period before and after this hardware change out of an
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abundance of caution.

All other instrument data was also averaged to 1 min time resolution.
The Vocus and Miro performed automated background measurements
using zero air every 30 min, which were linearly interpolated and sub-
tracted from the ambient measurements. For the AE33, the averaging
was performed based on the measured difference in attenuation over 1
min instead of the direct averaging of 1 sec BC data, similar to Hagler
et al., 2011. Additionally, the Aethalometer model was used to decon-
volve the data into liquid fuel (eBCjs) (mainly traffic related) and solid
fuel (eBCsf) (biomass burning and coal combustion) contributions to eBC
(Sandradewi et al., 2008). The used Angstrém exponents were a; = 1.1
and oy = 2.1 according to Via et al. (in preparation) for this site, which
are determined by selecting aj first from the first percentile of the AAE
distribution followed by an iterative approach of minimizing the inter-

cept of the solid fuel fraction of the absorption coefficient bflfbs and m/z

60 from the ACSM (as a biomass burning tracer) (Fuller et al., 2014).

2.4. Positive matrix factorization

Positive Matrix Factorization (PMF) has been frequently used and
proven useful for ambient measurements using AMS to determine and
distinguish pollution sources for the organic fraction (Chen et al., 2022;
Crippa et al., 2014; Lanz et al., 2008; Ulbrich et al., 2009; Zhang et al.,
2011). The measurements of OA can be represented as a matrix X with a
subsequent uncertainty matrix S. Each row i of this matrix represents a
timepoint, while each column j represents an individual variable (ion or
integer m/z). The data matrix X can be written as a linear combination in
the following form:

X=GF+E (€H)

Here the two matrices G and F are ann x p and p x m matrix where n and
m represent the number of timepoints and variables (ion or integer m/z)
and p represents the number of factors the chosen model solution con-
sists of. Therefore, each column in G shows the timeseries of a factor
while each row of F describes the corresponding factor mass spectrum. E
is the residual matrix, defined by Eq. (1). The G and F matrices are
determined by minimizing the objective function Q, defined as the sum
of the squares of the uncertainty-weighted residual matrix (Paatero,
1997; Paatero and Tapper, 1994).

2
-3y (%) @
i

Here, o; are the components of the error matrix S representing the
measurement precision (Allan et al., 2003). PMF was implemented using
the ME-2 engine while configuration of the model as well as post anal-
ysis was performed using SoFi (Source Finder, Datalystica Ltd.)
(Canonaco et al., 2021, 2013; Paatero, 1999).

The ME-2 solver allows the user to add a priori information to the
analysis, such as by constraining the profiles and/or timeseries of one or
more factors. This is implemented using the a-value approach, shown in
Eq. (3) for a hypothetical factor k. The parameter a is a scalar deter-
mining the tightness of constraint relative to the anchor and ranges from
0 (fully constrained) to 1 (unconstrained) (Canonaco et al., 2013)

fkj,solution = fkj + a'fjk (33)

8ik_solution = &ik £ a-gix (Sb)

To assess the uncertainty of the PMF result due to random errors in
data values and modelling errors, bootstrap resampling can be used. For
each resampling step, randomly selected rows of the input matrix are
replaced or repeated while keeping the dimension the same before
performing PMF (Canonaco et al., 2021; Efron, 1979; Paatero et al.,
2014). By applying criteria based on expected correlations and profile
features the large number of PMF solutions can be evaluated and runs
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that are environmentally unreasonable e.g., due to rotational ambiguity
are rejected.

PMF results were first examined for unconstrained runs ranging from
two to ten factors. To assess and in the end confirm the sources of the
obtained PMF result, factors were compared to other measurements
from the Miro, Vocus, and AE33 in the mobile lab and specific tracers
known for certain sources. During mobile measurement periods, large
variations and short-term individual point sources may sometimes not
be captured entirely by the AMS due to the open-closed cycle, as has
been previously observed in mobile measurements (Mohr et al., 2011).
Removal of outliers proved to be efficient to compare timeseries more
accurately and to avoid the sensitivity of least square estimates to out-
liers. Therefore, two approaches were used for the comparison: First, a
temporal approach (comparison of timeseries) where the top 1 percen-
tile of values was removed. Second, an approach on the spatial scale
further described below, which also negates the effect of short pollution
spikes and additionally minimizes correlation effects that are due to
varying meteorological conditions influencing all parameters
simultaneously.

2.5. Spatial averaging of data

Evaluating PMF results and measurement data overall on a spatial
scale required some additional averaging of the data. Even in an urban
environment, where the driving speed during mobile measurements is
not very high, the distance covered during a 1 min period can be large.
Therefore, the allocation of a single spatial coordinate to a 1 min data-
point representing this period is insufficient when trying to spatially
average the data. Instead, data from the GNSS receiver with a 1 s reso-
lution were used to provide precise location data and the 1 min instru-
ment data were aligned by uniformly assigning the value of each 1 min
interval to all the corresponding 1 sec GNSS time points within that
minute. The thus “upscaled” mobile measurements were then spatially
aggregated using the H3 discrete global grid system (Uber Technologies,
Inc., 2025) at resolution 11, meaning that all coordinates falling into a
hexagonal cell with an edge length of approximately 25 m are binned
together. To ensure statistical relevancy, an additional condition was to
use only those hexagonal cells in further evaluations for which data-
points from at least 5 different days were available. Although day-to-day
variability on a spatial scale was observed for the measurement data,
this study focuses on the averaged spatial distributions to provide a more
general overview of how pollution is distributed across the city.

To this end, spatial data was furthermore averaged based on the
different municipalities within the Sarajevo canton that our measure-
ment loop crossed (Ilidza, Novi Grad, Novo Sarajevo, Centar, Stari
Grad). The two municipalities of Centar and Stari Grad, however, were
combined and instead divided by altitude and location south and north
of the Miljacka river. This allowed it to further distinguish between areas
due to altitude as well as to better capture the differences between the
residential areas at higher altitude along the hills, in comparison to the
more commercially active area in the city center. The distinction in
altitude was set at 560 m which represents the base of the valley, leading
to three regions termed North Hill, South Hill, and Center (Fig. 1 and
additional information in Fig. S4).

3. Results and discussion
3.1. Overview of measurements

Fig. 2 shows the temporal variation of the PM; concentration (NR-
PM; measured by the AMS and PM; 5 eBC concentrations from Aethal-
ometer measurements) with a time resolution of 1 min over the entire
campaign. Periods of mobile measurements are highlighted in grey. Gas-
phase concentrations for SO»(g), CO(g) and COy(g) measured with the
Miro are depicted as well. Mobile measurements carried out on January
14 and January 26-27 in Zenica (BiH) are not part of this work, and the
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Fig. 2. Temporal evolution of selected particle- and gas-phase components over the entire measurement campaign in Sarajevo. Grey shading indicates periods of

mobile measurements.

data therefore not included in Fig. 2. Furthermore, particle concentra-
tions data are unavailable for a period between January, 28-January,
30.

The campaign average PM; concentration for stationary and mobile
measurements combined was 42.7 pg m~> and 66 % of the total one-
minute AMS measurements exceeded the WHO 24-hour PM; 5 guide-
line value of 15 pg m~3 (World Health Organization (WHO), 2021).
Meteorological conditions, however, induce large variability in the data.
Very low concentrations were measured during the period of January 17
to 19 due to precipitation and warmer temperatures (Table S1), while
maximum PM; concentrations exceeding 100 pg m3 (accounting for 10
% of all data) were observed during periods of pollution accumulation
over multiple days due to cold temperatures and a stable planetary
boundary layer (PBL). Especially during this period for stationary
measurements, concentrations show variation, while the overall
composition shows little change. On the other hand, mobile measure-
ment periods showed significant short-duration concentration spikes
throughout the campaign due to local emission from point sources
reaching a maximum of 396 pg m~>, which are not captured by sta-
tionary measurements.

Comparison of the measurement campaign time period with long
term PM measurements in Sarajevo show that the average pollution
levels were lower compared to other winter periods (European Envi-
ronment Agency (EEA), 2025). Lower concentrations are mostly due to
meteorological conditions involving significant vertical mixing.
Throughout the measurement time changes in concentration do not
follow a clear diurnal pattern with the average diurnal contributions
staying mostly unchanged throughout the day and absolute concentra-
tions increasing proportionally in the afternoons (see Figs. S5 and S6).
OA shows the largest contribution to PM; with 59 %, followed by par-
ticulate sulphate (21 %), nitrate (8 %), eBC (7 %), ammonium (5 %) and
very low concentrations of chloride (<0.5 %). The components of the
AMS will be termed SO4, NO3, NH4 and Chl throughout this study and
their difference between stationary and mobile measurements will be
discussed in more detail later.

The middle panel of Fig. 2 shows the time series of SOx(g) concen-
trations. While SO»(g) concentrations have significantly decreased in
large parts of Europe in recent decades, pollution levels in BiH remain
the highest among European countries (Henschel et al., 2013; Targa
et al, 2024), thus contributing to secondary inorganic aerosol

formation, as suggested as well from the high SO4 concentrations, and
posing potential adverse health impacts. During this campaign, average
SO4(g) concentrations in Sarajevo were 6.9 ppb of SO2(g), with peaks of
up to 70 ppb observed during mobile measurements, whereas typical
European annual SO5(g) concentrations are below 2 ppb (Targa et al.,
2024). The campaign average concentrations for CO»(g) and CO(g) were
464.8 ppm and 0.7 ppm, respectively, with the highest concentrations
again observed during mobile acquisition.

3.2. Source apportionment results

A five-factor solution was determined to best represent the OA data
for mobile and stationary measurements as up to 5 factors were fully
interpretable and could additionally be confirmed by comparison with
external reference profiles, correlations with other tracers measured in
the mobile lab, and analysis of the residuals of the PMF run and the
values of Q/Qexp. An increase in factors beyond 5 did not result in
further improvements in residuals or Q/Qexp. Also, higher order solu-
tions resulted in factors that were not chemically interpretable and
showed indications of splitting or mixing of already existing factors
(Fig. S7).

Of the resolved factors, traffic-influenced hydrocarbon-like OA
(HOA) mainly from traffic, two solid fuel combustion factors (SFC1 and
SFC2) related mainly to residential heating, and a cooking-influenced
OA (COA) factor are attributed to primary organic aerosol (POA). The
fifth factor, oxygenated OA (OOA), is related to aged OA including
secondary OA (SOA). While the timeseries of the unconstrained solution
appears reasonable and correlate well to external measurements, the
factor profiles of COA and SFC2 show high contributions of CO™, CO3
ions and related components, compared to previously reported factors
(Crippa et al., 2014; Elser et al., 2016b; Mohr et al., 2012) indicating
some mixing with OOA. To address this, COA and SFC2 were con-
strained from a solution with a higher number of factors, similar to
previous studies (Docherty et al., 2011; Frohlich et al., 2015). A more
detailed explanation of the PMF setup and choice for the PMF solution
presented here is provided in the Supporting Information. The factor
profiles of the final solution are represented in Fig. 3 with the mass
spectra and chemical family composition of the five identified OA fac-
tors (Spectra are averaged over 481 bootstrap runs, criteria for the se-
lection of the runs are illustrated in Fig. S9). The factor timeseries are
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Fig. 3. Mass spectra of the five identified OA factors: HOA, SFC1, SFC2, COA and OOA. Spectra are averaged over 481 bootstrap runs and divided into two regions:
One for m/z < 120 with individual ions from HR peak fitting and ions colored by their chemical family composition, and a second region in the insets for m/z > 120

of UMR masses colored in black.

shown in Fig. 4 together with respective tracers to confirm source at-
tributions. Correlations to those tracers as well as other measurements in
Fig. 5 are shown both on a temporal scale (comparison of timeseries) and
a spatial scale (comparison of hexagonal cells).

Diurnal patterns of the factor timeseries were used to a lesser extent
and with caution since spatial variability during mobile measurements
will influence the temporal trends. If considering only stationary mea-
surements, data from the afternoon and evening periods, during which
mobile measurements were usually performed, is undersampled,
potentially degrading the comparison. Additionally, a meteorological

fraction

effect on the diurnal distribution is expected due to the location of the
measurement station on the hill slope. Diurnals for separated periods of
stationary and mobile measurements are shown in Fig. S11.

The HOA profile is mainly composed of the ion series C,H3,,1 and
CnH3,.1, signatures from aliphatic hydrocarbons (Crippa et al., 2013; Ng
et al., 2011a), which together contribute more than 80 % to the total
factor mass, consistent with primary traffic emissions. The O/C ratio of
0.07 for this factor is in the lower range as the one for HOA in
comparative ambient measurements, and comparable to previous mo-
bile measurements (Canagaratna et al., 2015; Crippa et al., 2014; Mohr

PMF
HOA
== COA
=—SFC2
== SFC1
== Q00A
External
—NO,
Furan
PAH
—Ss0,

Concentration (ug m=)

Jan 16 Jan 19 Jan 22

Time

Jan 25

Jan 28

Fig. 4. Timeseries of the identified OA factors (left axis) and respective external tracers (right axis) over the total measurement period. Grey shading indicates
periods of mobile measurements. The top panel represents the timeseries of the relative contribution of all factors.
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Fig. 5. Correlation Matrix of PMF factors with collocated measurements in the
mobile lab on a temporal (left) and spatial (right) scale.

etal., 2015; Ngetal., 2010). O/C ratios in this study are calculated using
the Improved-Ambient method by Canagaratna et al. (2015), which
shows ~30 % higher values compared to the older Aiken-Ambient
method still used in older publications. Fig. 4 shows the significant in-
crease of HOA during times of mobile measurements, mainly due to
short term plumes of traffic exhaust. Correlation of the HOA factor with
nitrogen oxides (NOx(g)=NO(g) + NO(g)), as well as equivalent black
carbon apportioned to liquid fuel (eBCjs), show linear dependence, both
on a temporal and spatial scale (R? of 0.63/0.61 and 0.63/0.55,
respectively), significantly higher than all other factors, where no
notable correlation of these factors with NOy(g) and eBCys could be
found, specifically on a spatial scale.

The two SFC factors are mainly associated with domestic heating,
with SFC1 and SFC2 related to more and less efficient combustion,
respectively. SFC1 shows high contributions of CoH403 (m/z 60) and
C3Hs03 (m/z 73) which are tracers of biomass burning emissions
stemming from fragmentation of anhydrosugars such as levoglucosan
(Alfarra et al., 2007). The fraction of these tracers (f¢,u,0; = 0.026,
fcaHso; = 0.013) are comparable to other typical biomass burning fac-
tors (BBOA) at urban stations (Chen et al., 2022; Crippa et al., 2014).
While the majority of the factor is influenced by ion fragments con-
taining only carbon and hydrogen (CH) or additionally one oxygen atom
(CHO) at lower masses, masses at high m/z ratios contribute 14 % of the
total factor, including detectable signals from PAHs (Dzepina et al.,
2007). The diurnal pattern of the SFC1 factor shows an increase in the
evening during the onset of residential heating period (Fig. S11). As
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discussed later, the spatial distribution of the two SFC factors is also
consistent with domestic heating patterns.

SFC2 shows a similar spatial (R? = 0.87) and diurnal trend (R?> =
0.92) to SFC1. However, the two factors are clearly separated in the PMF
with 4 or more factors and do not show mixing. The mass spectrum of
SFC2 is characterized by increased influence of fragments from unsat-
urated hydrocarbons and PAHs at m/z 91 (C;H7), 115 (CgH3), 202 or
252 and shows a lack of the aforementioned tracers for BBOA emissions
(CoH403, C3Hs03). This factor overall is mainly influenced by CH
fragments and shows little oxygenation, with contributions from CHO1
fragments at 9 % and CHOgt1 (CH with more than one oxygen atom) at
3 %. Additionally, UMR masses above m/z 120 contribute >30 % to the
factor, with an increased contribution at m/z ratios identified for typical
PAHs in Dzepina et al. (2007) or Bruns et al. (2015). These features are
similar to coal combustion factors (CCOA) determined in other studies
(Dall’Osto et al., 2013; Elser et al., 2016b; Hu et al., 2016; Tong et al.,
2021). In the present study, this would indicate residential coal com-
bustion since there are no large-scale industrial sources present in the
city of Sarajevo. Coal combustion should typically be accompanied by
Chl or SO5(g) emissions (Tobler et al., 2021). No significant correlation,
however, of SFC2 with SO5(g) could be found including for days having
low influence from regional transport, when possible influences of in-
dustrial emissions from outside of Sarajevo on SO»(g) would be mini-
mized. The correlation with Chl is somewhat higher at R? = 0.58,
however a similar correlation of Chl is also found for SFC1 (R? = 0.62).
Therefore, we cannot exclude the influence and contribution of other
low-efficiency combustion sources. The strongest correlation of SFC2 is
found with PAHs (R? = 0.76 temporal/R? = 0.86 spatial). However, high
PAH content alone is insufficient to assign this factor to coal; Bruns et al.
(2015) demonstrated that inefficient wood combustion in a domestic
heating appliance can also generate OA with high PAH content and
additionally strongly decreased szH402+. Therefore, we adopt a conser-

vative interpretation of this factor and assign it to low-efficiency com-
bustion, which may encompass a combination of different fuel types,
appliances, and/or operation, similar to other studies (Lalchandani
et al., 2021; Tobler et al., 2020; Young et al., 2015).

Both factors show high correlation with the VOCs furan(g) and
furfural(g) respectively, two known tracers of biomass burning emis-
sions (Bruns et al., 2017; Gilman et al., 2015), with SFC1 being stronger
correlated than SFC2. eBCsf also shows a good correlation with SFC1 on
the temporal scale R?= 0.75), while on a spatial scale SFC2 exhibits an
even slightly higher correlation (R? = 0.79). This is due to both factors,
while different in chemistry, being associated with the same source of
domestic heating, which is concentrated in residential areas and thus
spatially correlated, also explaining their overall high correlation.

The fourth factor, COA, is another primary source of particulate
matter, related to cooking emissions. The mass spectrum has a similar
pattern as the HOA factor but has more pronounced contributions from
select species (e.g. C3H30™, C;H30™) that have been shown to originate
from the oxygenation of fatty acids and increased ratios of m/z 41/43
and m/z 55/57 (Huang et al., 2010; Mohr et al., 2012). While no sig-
nificant correlations of this factor with tracers from external measure-
ments were determined, the diurnal cycle of COA during stationary
measurements shows peaks around 14:00 and 21:00 local time (LT),
which corresponds roughly to typical mealtimes. As mentioned though,
the diurnal cycle should be considered with caution and more weight is
put to the spatial distribution for the identification of this factor, pre-
sented in the following section.

In comparison to the other factors, OOA shows the highest O/C ratio
(0.59). It is of secondary origin associated with gas-phase precursors as
well as aging processes as evidenced by the increased contribution of
oxygenated species that results in substantially enhanced signal for CO3.
OOA could not be further separated into more- or less-oxygenated
fraction, as has been observed before for wintertime campaigns
(Zhang et al., 2011). With ratios for fco; = 0.09 and f¢,n,0- = 0.05,
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these measurements lie in the lower end of the range for typical com-
bined OOA and more closely resemble less oxidized-oxygenated OA (LO-
OOA) (Chen et al., 2022; Ng et al., 2010), indicating a large influence of
primary emissions in Sarajevo. The diurnal cycle of OOA shows a slight
increase during early afternoon hours, while staying relatively flat
throughout the day. This increase, however, seems affected by missing
time in the stationary measurements due to mobile sampling (Fig. S11).
OOA shows its highest correlation with the inorganic compounds
measured by the AMS (NOs: R%=0.76, SO4: R? = 0.79, NH4: R? = 0.90),
suggesting that this factor is largely influenced by meteorology and
regional transport (Frohlich et al., 2015). Interestingly, while SO4 and
NH,4 also show high spatial correlations, the spatial correlation with NO3
is clearly weaker, suggesting that its association is driven more by
meteorological conditions (see Section 3.3).

The timeseries of the contribution of the five factors to the overall OA
mass (Fig. 4) shows distinct variability at the beginning and end of the
campaign, whereas the period between January, 22-25 exhibits rela-
tively little variation, likely due to the buildup and accumulation of both
primary and secondary species under stagnant conditions. Notable in-
creases in the fraction of SFC at the start and end of the campaign
correspond to a decrease in the fraction of OOA, while the HOA and COA
fractions remain at a consistent level. Although the fraction of OOA
decreases during these times, its absolute concentration still increases,
but to a lesser extent than the overall OA. This indicates an increasing
dominance of SFC at higher OA concentrations, as is also seen in
Fig. S12, specifically for times of mobile measurements.

Fig. 6 presents a breakdown of the measured NR-PM; + eBC
composition and source apportionment results for stationary and mobile
measurement periods. Mean concentrations during mobile measure-
ment periods are more than twice as high as during stationary mea-
surements (99.4 ug m~3 vs. 44.1 ug m~3), however the fractional
composition does not change significantly. The mobile measurements
show an increased contribution from HOA (4.3-10.3 %) and eBCy¢
(3.1-6.8 %), as expected due to the proximity to individual traffic-
related plumes. On the other hand, the average contributions from
SO4 decrease during mobile measurement periods (23.8-16.2 %). This
relative reduction may be influenced by the typical timing of mobile
measurements, which were conducted during afternoon and evening
hours. These periods are more strongly influenced by primary emissions,
leading to a relative increase in primary over secondary aerosol com-
ponents and yielding overall higher concentrations. Overall, this com-
parison suggests that, when mobile measurements are averaged over the
entire city, the chemical composition of PM; is broadly comparable to
that observed during stationary measurements at the Sarajevo-Bjelave
site. However, as demonstrated in the following section, a more
detailed analysis of the spatial distribution reveals that this similarity
does not apply to all regions across Sarajevo.

3.3. Spatial results

Mobile measurements enable the characterization of the spatial
resolution of atmospheric pollution and identification of discrete,
localized emission sources. This is particularly important in urban areas,
where industrial, residential, and commercial activity can vary signifi-
cantly over short distances, even at the scale of individual neighbor-
hoods or streets. Fig. 7 depicts concentration maps of the OA factors
identified in the previous section, averaged across all measurement days
and individual loops to provide a representative map for the one-month
period of measurements in the city of Sarajevo. Overall, there is a slight
trend of higher OA concentrations in the western part of Sarajevo to-
wards Ilidza while concentrations in the city center are generally lower
(Fig. 7a for regional boundaries). A similar spatial distribution is also
seen for OOA. In contrast, HOA exhibits distinct pollution spikes along
major streets, but does not show an east-west gradient or notable en-
hancements in specific neighbourhoods. The most significant spatial
patterns are associated with the two SFC factors and COA which show
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Fig. 6. Chemical composition of the PM; mass concentration for averaged (a)
stationary- and (b) mobile measurements as well as apportioned contribution of
OA and eBC sources to the overall mass.

contrasting spatial distributions. Fig. 7c and d show elevated concen-
trations of SFC particularly along the North and South Hill and near
neighbourhoods along the southern part of the loop in Novo Sarajevo
and the northern part of the loop in Novi Grad, areas which are primarily
residential with a high number of these houses shown to use wood and
coal as a heating source (CETEOR & E3, 2024). SFC (SFC1 + SFC2)
contribute up to 50 % of the total OA in these neighborhoods. In
contrast, its contribution is significantly lower in the valley and the city
center, where houses are connected to the central heating grid. The
spatial distribution of measured SFC concentrations overall is consistent
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Fig. 7. Averaged spatial concentrations over the entire mobile measurement campaign of organic aerosol and the five determined factors: HOA (b), SFC1 (c), SFC2
(d), COA (e) and OOA (f). Black symbols in e) represent locations of restaurants in Sarajevo (OpenStreetMap data).

with the distribution of residential buildings using solid fuel as a source
of heating and of bottom-up emissions estimates from these buildings
(CETEOR & E3, 2024; Sarajevo Canton, n.d.). COA emissions, on the
other hand, are specifically increased in the city center and valley areas,
seemingly influenced by emissions from restaurants. Panel e) of Fig. 7
shows the location of restaurants in the city of Sarajevo (Open-
StreetMap), which coincides with areas of increased concentrations of
COA. In these regions the relative contribution of COA to total OA rea-
ches up to 30 %.

As mentioned previously, SO4, NH4 and SO5(g) show a linear relation
to OOA on a spatial scale (R% = 0.80, 0.78, 0.53, respectively) with all
components displaying a similar east-west gradient across the city

(Fig. 8, Fig. S13). This suggests a regional influence affecting both OOA
and these secondary species. NO3 however, does not follow this trend
and shows no enhancement in the Ilidza region in the west of the city,
pointing to different formation pathways compared to the other sec-
ondary species, most likely due to the differing spatial distribution of
SO,(g) and NOx(g) as precursor gases. While windspeeds were mostly
low during times of mobile measurements, highlighting the overall
significance of local emission sources, wind directions in the Ilidza re-
gion were also frequently from the west/northwest sectors, bringing air
from areas with industrial sources that is likely elevated in SO2(g).
During the same time periods, wind directions at the eastern part of the
city (Bjelave site) came mainly from south-east, a rural area with little
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Fig. 8. Spatial concentrations averaged over the entire campaign for eBCy, €BCg, PAH, SO,(g), CH4(g) and non-methane volatile organic carbon that can be

measured by the Vocus (NMVOC(g)).
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industrial activity. In contrast, NOx(g) does not show a similar east-to-
west gradient as SO2(g) due to the distribution of traffic (and combus-
tion) sources. However, given the much coarser temporal resolution of
available wind data compared to short time scales of mobile measure-
ment transects at the respective locations, as well as the complex ge-
ography of Sarajevo, spatial diagnostics including wind data should be
regarded as indicative rather than conclusive.

The spatial distribution of eBCys (Fig. 8) resembles that of HOA,
however lacking the clear concentration spikes seen in the HOA profile
in the city center. PAHs distributions closely resembles the SFC factors,
highlighting the negative influence of primary combustion sources and
their potential health impacts due to the toxic nature of PAHs within the
city. A similar distribution is also observed for eBCg. In contrast, Chl
shows a distinct spatial pattern that does not correspond to SFC2, as can
be seen in Fig. S13e. As discussed earlier, this suggests that SFC2
emissions are not solely driven by coal combustion but are instead
influenced by low efficiency combustion in general.

Several other gas-phase species show spatial patterns that align well
with the PMF factors in the particle phase, suggesting they are co-
emitted from the same source. For example, furan(g) and furfural(g)
follow the same spatial distribution as SFC, while NO(g) correlates with
the spatial distribution of HOA (Fig. S13f). Non-methane volatile
organic carbon (NMVOC(g)) as a whole expectedly does not show strong
correlation to any specific source due to diverse VOC(g) source contri-
butions (Fig. 8f). A special case is methane (CHy4(g)), for which elevated
concentrations are observed in the central northern part of the loop in
Novi Grad (Fig. 8e), but these enhancements appear only in the gas-
phase and do not correspond to any of the particle-phase factors.
While CHy levels in this region are consistently higher on average, the
magnitude and exact location of the enhancement vary. This suggests an
additional, likely independent gas-phase source in that area that is not
reflected in the particulate PMF, potentially due to gas leakages in this
area.

To better distinguish temporal trends within the city, the spatial data
was divided into two time periods: afternoon (12:00-16:45 LT) and
evening (16:45-00:00 LT). Further subdivision into shorter time periods
was avoided to maintain statistical relevance. The time 16:45 LT was
chosen, as this was close to the average time for sunset during our
measurement campaign and it additionally also aligns roughly with the
end of the workday, when people are expected to return home and begin
heating their homes for the evening. Figs. S14 and S15 show the spatial
distribution of the factors for these two time periods while Table S3
contains information on the concentration and composition of the OA in
the different regions of Sarajevo during mobile measurements overall
and in the afternoon and evening. Concentrations observed during
mobile measurements in the afternoons were generally lower (OA =
49.8 + 31.1 pg m~>) than in the evenings (OA = 80.1 + 40.0 pg m™3).
While changes to height of the planetary boundary layer can have an
impact as well, the main driver for this trend is solid fuel combustion,
which remains relatively low during the day throughout the city but
increases significantly in the evenings, especially in the western part of
the city. The importance of this factor and its contribution to air
pollution in Sarajevo are illustrated in Fig. 9, where the loop is color-
coded by the factor that most frequently shows the highest contribu-
tion to the overall OA at each location. While the entire urban area is
dominated by the secondary source (OOA) during the afternoon, in the
evening primary emissions, mainly from solid fuel combustion (SFC1 +
SFC2), account for the highest contributions across nearly the entire
city, except for an area around the city center, where OOA and COA
contribute most to total OA.

Another trend, primarily observed in the evenings, is a concentration
gradient from east to west. Fig. 10 depicts concentrations and compo-
sitions for different areas of Sarajevo and compares afternoon and eve-
ning values, not only for the five PMF factors of OA but also for inorganic
aerosol and eBC. As shown, concentrations and compositions
throughout the afternoon vary little between the different regions (PM;
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Fig. 9. Spatial distribution of the dominant PMF factors for the (a) afternoon
(12:00-16:45) and (b) evening (16:45-00:00) period. Each point is colored
according to the factor that most frequently exhibits the highest contribution to
total OA at that location.

= 81.3 + 4.3 pgm~>). However, in the evenings a clear increase in
concentrations is observed in the western regions compared to the
center, exhibiting a spatial gradient east to west. Concentrations in
Ilidza increase to 165.2 pg m~>, while averaged evening PM; concen-
trations in the center are 91.2 pg m~>. Additionally, regions at higher
elevations north and south of the center (North Hill and South Hill) also
show slight increases. Higher concentrations of SFC and SO4 explain
more than 2/3 of the evening PM; increase for Ilidza, Novi Grad and
Novo Sarajevo. In contrast, in the eastern part (Center, North Hill, South
Hill) almost the entire evening increase in PM; is due to SFC and SOy, as
concentrations of other components such as NO3, NH4 or OOA show
little to no change or are decreasing.

3.4. Comparison to other European cities

Observed PM; concentrations during the one-month campaign of
42.7 pg m~2 are higher than usually observed PMy 5 measurements in
most European countries. Comparing to other measurements within the
Southeastern European region these concentrations are high compared
to neighboring countries like Croatia but are exceeded frequently within
Bosnia and Herzegovina itself and locations in Northern Macedonia
(Federal Hydrometeorological Institute Bosnia and Herzegovina, 2024;
European Environment Agency (EEA), 2025). Overall though, mea-
surements in the region remain scarce. The relative PM; composition
based on AMS species in Sarajevo is broadly comparable to other urban
measurements at many European measurement sites, with OA contrib-
uting 59 % on average. High sulphate contributions (21 % for this study)
have been reported previously, however for usually lower concentration
compared to 11.4 pug m3 reported here (Bressi et al., 2021; Chen et al.,
2022; Crippa et al., 2014). The relative OA composition based on source
apportionment results, shows clearly higher importance of primary
sources in Sarajevo compared to elsewhere in Europe during winter
months (Chen et al., 2022). Especially SFC shows higher contributions in
Sarajevo, comparable only to some results for other cities in BiH and
North Macedonia (Almeida et al., 2020; Grundstrom et al., 2022).
Contributions from traffic related sources (HOA = 6 %, eBCjr = 4 %)
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Fig. 10. Afternoon and evening concentrations as well as their difference for all PM; species and PMF components for the different regions in Sarajevo.

appear comparable or low in relative terms. In absolute concentrations,
however, traffic related sources are in many cases higher than those
observed elsewhere (Chen et al., 2022; Crippa et al., 2014) and only
appear minor due to the dominance of other sources.

4. Conclusion

These measurements highlight the extent of wintertime air pollution
in the city of Sarajevo, with PM; concentrations frequently exceeding
100 pgm™> (10 % of data over the entire campaign). Most of this
pollution originates from local and primary emissions including traffic
(6 % of total PM;), cooking (6 %), and most notably residential heating
especially in evenings (SFCafternoon = 16 %; SFCevening = 32 %). In
addition, oxygenated organic aerosol (OOA) from secondary and/or
aged OA, plays a notable role (21 %), and is most likely also influenced
to a large extent by emissions from residential heating as the main pri-
mary organic aerosol source known to be associated with OOA pre-
cursors (Grieshop et al., 2009; Heringa et al., 2011).

Observed concentrations during this campaign are higher than re-
ported for other European countries (Chen et al., 2022), with two-thirds
of the one-minute measurement data exceeding the WHO 24-hour PM5 5
guideline of 15 pg m~3. However, it should be noted that the campaign
covers only a one-month period during wintertime when pollution levels
are expected to peak. Compared to previous winters, the month captured
in this study is broadly representative of typical winter conditions in
Sarajevo, with pollution concentrations falling within the range
observed in past winters (European Environment Agency (EEA), 2025).
As such, this study serves to fill the gap in this understudied but highly
polluted European city. The high contribution and concentrations of
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primary emissions in Sarajevo not only highlight the severity of the
pollution, but from a mitigation perspective suggest that strategies to
curb emissions can be effective as primary sources are more easily
identifiable and controllable compared to secondary pollutants.

The use of mobile measurements allowed the resolution of clear
spatial differences in air pollution across Sarajevo. While COA overall
contributes 6 % to PM; on average, this fraction increases to 9 % in the
city center. Conversely, emissions from solid fuel combustion are
reduced in the center but play a crucial role in all other measured re-
gions of the city, mainly around residential areas, and especially in the
evenings. During these hours a pronounced east-to-west concentration
gradient is observed, driven by primary organic aerosol (mainly SFC),
and influenced by local meteorological conditions, including downslope
winds and air being likely pushed westwards out of the valley leading to
accumulation of pollution in the basin around Ilidza. The co-emission of
toxic pollutants such as PAHs, particularly from lower-efficiency com-
bustion or possible coal influence (SFC2), further highlights the impor-
tance of these sources for local air quality and public health.

The contribution of SFC-related emissions increases with rising OA
concentrations, indicating that reducing emissions from this source
could have a large impact on overall pollution levels. Targeting these
emissions may also help to reduce the toxicity of air pollution due to the
associated reduction of PAHs. These results therefore confirm the cur-
rent strategy and main focus in the Canton Sarajevo on reducing emis-
sions from residential heating by introducing measures to limit the use
of residential heating (CETEOR & E3, 2024). However, based on the
current goal of reducing SFC-related emissions by 90 %, these results
would suggest that air pollution in Sarajevo during winter times would
still remain high, even under the assumption that a significant part of the
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OOA is driven by solid fuel combustion. While traffic is the second clear
target for reducing emissions, COA especially in the city center was
shown to have a notable contribution to the pollution on a mostly local
scale, however in an area with dense population. Overall it is important
to highlight, that due to the city’s complex topography and distribution
of residential areas, where individual household heating is dominant,
not all areas are affected equally. This underlines the value and impor-
tance spatially resolved data can bring for evaluating air pollution
exposure and developing location-specific mitigation strategies.
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