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Abstract.  Carbonaceous aerosol measurements are scarce in the Western Balkans. We present year-round observations (2023 

to 2025) from the urban-background site Ada Marina, Belgrade (44.790166° N, 20.4169° E; 71 m a.s.l.), combining three 

source apportionment (SA) approaches (organic tracers, the aethalometer model, and a novel application of non-negative 

matrix factorization, NNMF, to aethalometer data) with FLEXPART modelling and gridded emissions to identify source 

regions and transport pathways. 15 

The annual mean equivalent black carbon (eBC) concentration was 1.42 ± 1.40 µg m⁻³, indicating a moderate eBC burden, 

while PM₁₀ (27.7 µg m⁻³) remained below current EU and Serbian limits but above WHO guidelines and upcoming EU limits. 

All SA methods consistently show strong winter to summer seasonality driven by residential wood combustion (RWC). The 

aethalometer model attributes 64% of eBC to solid fuel (eBCSF) in winter versus 18% in summer, NNMF yields 51% versus 

6%, and offline analysis of tracers show elemental carbon from biomass burning (ECBB) contributions of 48% versus 3%. 20 

Organic carbon (OC) shows similar seasonality, with biomass burning contributing 59% in winter and 4% in summer. A 

substantial wintertime secondary OC component linked to RWC is evident, with secondary OC (SOC) strongly correlated with 

ECBB and eBCSF (R² = 0.78 to 0.86), alongside enhanced brown carbon absorption (29% annually; 44% in winter). 

FLEXPART indicates pollution episodes are dominated by regional transport within Serbia and the Pannonian Basin, while 

correlations between modelled residential emissions and observations demonstrate strong model skill. 25 

1 Introduction 

Carbonaceous aerosol, predominantly black carbon (BC) and organic carbon (OC), with inorganic carbon (IC) such as 

carbonate carbon occasionally present, is ubiquitous and impacts health and climate. Knowledge of its ambient levels, 

spatiotemporal variability, physico-chemical properties, and emission sources is essential for effective air-quality management 

and mitigation. Following a systematic review, the World Health Organization (WHO) recommended that countries implement 30 
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systematic measurements of BC, including robust emission inventories and exposure assessments, and develop targeted source 

apportionment (SA) studies, as well as measures (including standards or targets) to reduce ambient BC concentrations (WHO, 

2021). Furthermore, the revised European Union (EU) Ambient Air Quality Directive (AAQD), adopted on 23 October 2024, 

requires BC monitoring at both urban and rural supersites and recommends levoglucosan measurements at those sites, 

signalling a regulatory shift toward SA (European Parliament and Council, 2024). Even though many European locations 35 

already comply with EU limit values they still exceed the corresponding WHO guidelines. This discrepancy highlights the 

importance of identifying the sources that most strongly contribute to particulate pollution. In this context, the present study 

investigates the dominant sources of carbonaceous aerosol in Belgrade, representing one of the few year-round SA studies 

available for the Western Balkans. 

BC is essentially soot, mainly carbon, while OC is found in organic matter (OM), comprising carbon bound with hydrogen, 40 

oxygen, and other elements (Szopa et al., 2021). IC comprises various forms of carbonate (e.g., CaCO3), primarily originating 

from geological sources and thus commonly associated with mineral dust. BC originates from direct (primary) emissions from 

combustion sources such as road vehicles and residential heating or wildfires, while OC can be both primary, e.g., from 

combustion, or biogenic sources such as pollen and fungal spores, and secondary (formed in the atmosphere by oxidation of 

gaseous precursors, both anthropogenic and biogenic). BC is operationally defined as elemental carbon (EC) when measured 45 

by thermal-optical analysis, and as equivalent black carbon (eBC) when determined from optical absorption measurements 

(Watson et al., 2005; Petzold et al., 2013), such as from aethalometers (Drinovec et al., 2015). Another subset of carbonaceous 

aerosol is brown carbon (BrC), a portion of carbonaceous aerosol (often from biomass burning) that absorbs light at shorter 

(UV) wavelengths (Kumar et al., 2018; Marsavin et al., 2023). BrC is a mixture of complex organic compounds such as tar 

and humic-like substances (HULIS, Andreae and Gelencsér, 2006) and may contain BC. 50 

Carbonaceous aerosols often represent a major fraction of PM. A recent worldwide assessment of OC and EC in PM with 

aerodynamic diameter of <10 µm and <2.5 µm (PM10 and PM2.5 , respectively) shows that their contributions vary strongly by 

region and particle size (Putaud et al., 2025). For example, in European PM10, EC typically accounts for only about 1% of the 

mass, while OC contributes around 11%. In Eastern Europe this has historically been higher, Yttri et al. (2007) report 

carbonaceous fractions in PM10 of 30% at Košetice (Czech Republic) and 36% at Stará Lesná (Slovakia), both rural background 55 

sites, though more recent studies in the region are scarce. In contrast, carbonaceous material is much more abundant in PM2.5: 

EC contributes consistently 7 to 9% of mass across most regions, while OC varies widely from ~10% in China and Thailand 

to 35 to 40% in Europe and North America. Meanwhile Putaud et al. (2025) also report that OC/PM ratios remain relatively 

stable, suggesting that secondary OC (SOC) is formed both in winter and summer. This highlights the strong regional 

dependence of carbonaceous aerosol contributions, driven by both source characteristics and atmospheric processing (e.g., 60 

SOC formation).  

Carbonaceous aerosol from residential wood combustion (Skiba et al., 2024) and traffic (Platt et al., 2017) has been linked to 

severe health effects and ~72000 and ~35000 deaths annually in Europe, respectively (Paisi et al., 2024).  Increases in BC 

from traffic have been linked with a higher risk of hospitalisation for coronary heart disease and a higher risk of all-cause 
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mortality (Gan et al., 2011). Furthermore, although aerosols in general have net cooling effects on climate, either directly via 65 

scattering of incoming solar radiation or indirectly via their influence on cloud formation (IPCC, 2021), BC, due to its strong 

light absorbing properties, also exerts a warming effect. BC warms the climate via radiative heating (Jacobson, 2002) and 

changes to surface albedo resulting from deposition on snow or ice (Hadley and Kirchstetter, 2012). Uncertainties in the climate 

effects of BC are large, mainly due to the difficulty in accurately modeling the atmospheric processing of BC and uncertainties 

in emissions sources (Lee et al., 2016), though also due its operational definition (Vignati et al., 2010).  70 

Numerous source apportionment (SA) methods have been developed to disentangle contributions from biomass burning, 

traffic, industrial, and other sources. Traditional receptor models are widely applied to offline analyses of filter datasets, where 

concentrations of EC, OC, specific organic tracers, ions, metals, etc. are determined in the laboratory. Two common receptor 

model approaches are Chemical Mass Balance (CMB, e.g., El Haddad et al., 2011) and Positive Matrix Factorization (PMF, 

e.g., Chen et al., 2022; Paatero and Tapper, 1994). CMB requires source emission profiles or ratios and fits the observed 75 

aerosol composition as a linear combination of those profiles. While its strength lies in directly quantifying known sources, 

errors arise due to uncertainty and variability in the source profiles. Meanwhile, PMF is a data-driven approach that solves for 

a set of source factors and their contributions, constrained by the requirement that all contributions be non-negative (Paatero 

and Tapper, 1994). On the other hand, PMF results can be sensitive to methodological choices and have limitations: there is 

some rotational ambiguity (multiple mathematically valid solutions, Reff et al., 2007), and the model’s ability to separate 80 

sources depends on having source-specific tracer species. PMF also requires sound knowledge of measurement uncertainties, 

which in practice are often only estimated based on instrument precision and assumptions on measurement variability, e.g., 

using 20% of the observed signal, as in Yttri et al. (2021), to avoid biasing results.  

Non-negative matrix factorisation (NNMF), derived from the iterative update algorithm by Lee and Seung (1999) offers a 

flexible and computationally efficient alternative for source apportionment. It operates without requiring prior assumptions 85 

about measurement errors or uncertainty matrices, a strength when uncertainty estimates are unreliable or unavailable, though 

this can also be a weakness, as noisy data or outliers may disproportionately influence results. NNMF has been successfully 

applied to diverse atmospheric datasets: for example, it resolved indoor and outdoor particle sources in a multi-household low-

cost sensor study (Rathbone et al., 2025). It has also been applied to atmospheric particle number size distributions to separate 

nucleation, traffic, and background aerosol modes (Liang et al., 2021). These applications demonstrate NNMF’s ability to 90 

extract meaningful source factors across varying data types and conditions, with short computation times and minimal 

preprocessing.  

In addition to composition-based techniques, SA of eBC can also be achieved by exploiting the wavelength dependence of the 

light absorption coefficient from which eBC is derived in the infra-red region, specifically, the absorption Ångström exponent 

(AAE) which describes a power law dependence of absorption on wavelength: 95 

𝐵𝐴𝐵𝑆(𝜆) = 𝐵𝐴𝐵𝑆,0 × (
𝜆

𝜆0
)

−𝐴𝐴𝐸

 ,          (1) 
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where λ0 is the reference wavelength, and BABSs,0 the reference absorption coefficient.  

BC from lean (oxygen-rich), complete combustion of liquid fuels typically exhibits an AAE near 1 (Kirchstetter et al., 2004). 

In ambient air, values <1 may occur due to scattering by aged or sulfur-laden aerosols (Helin et al., 2021). AAE > 1 generally 

indicates the presence of light-absorbing organic species formed under fuel-rich conditions, characteristic of solid fuel burning, 100 

such as residential wood combustion or wildfires (Saleh et al., 2014). These AAE-based assumptions underpin the aethalometer 

model, which estimates eBC from liquid and solid fuel sources (eBCLF and eBCSF) using measured absorption at two 

wavelengths and a priori AAE values (Zotter et al., 2017; Sandradewi et al., 2008b). A major limitation of this model is its 

high sensitivity to the chosen AAE values. Savadkoohi et al. (2025) proposed using the 1st and 99th percentiles of observed 

ambient AAE distributions to represent near-pure emissions from liquid and solid sources, respectively. They reported AAELF 105 

values from 0.79 to 1.08 and AAESF from 1.45 to 1.84 across sites, noting substantial variation due to site-specific sources and 

background conditions. In contrast, Helin et al. (2021) reported much broader variability when directly measuring AAE at 

individual combustion sources, finding values from –0.2 ± 0.7 to 3.0 ± 0.8 for sources including ship engines and diesel buses. 

An alternative approach to optimising AAEs in the aethalometer model employs external tracers. For example, Zotter et al. 

(2017) used radiocarbon (¹⁴C) analysis to differentiate modern (solid fuel biomass burning) from fossil carbon in Switzerland, 110 

thereby calibrating AAE values. They found relatively narrow ranges, with AAELF = 0.8 to 1.0 and AAESF  = 1.6 to 1.8. AAE 

higher than ~2 is also observed in ambient conditions, and is linked to the presence of BrC e.g., during wildfire events 

(Marsavin et al., 2023). This variability highlights the degree to which AAE values are source, site, and instrument specific 

and cannot be generalised. Furthermore, while radiocarbon analysis provides a useful reference, it is not widely accessible due 

to high cost and limited access to laboratories performing radiocarbon analysis of aerosol samples. Lastly, even with optimised 115 

AAEs, the aethalometer model can yield unphysical results, such as negative source contributions. This is a predictable 

consequence of (i) the model’s mathematical sensitivity to the exponent parameter and (ii) the temporal variability in 

combustion sources and atmospheric conditions, which together produce source-specific distributions of AAE values that are 

not adequately represented by the fixed pair of source-specific AAE values assumed in the model. 

Globally, no air quality standard has yet been established for BC, nor is its monitoring mandatory. This likely contributes to 120 

the limited number of urban observational sites, despite monitoring efforts by some environmental agencies and research 

institutions. The resulting knowledge gap regarding carbonaceous aerosols and SA is particularly pronounced in South-East 

Europe and the Western Balkans (e.g., Serbia, Bosnia and Herzegovina, and North Macedonia), where accessible data for 

regional- and local-scale SA remain scarce. 

In many countries of this region, biomass burning for residential heating is widespread due to the affordability and availability 125 

of wood (Sopčić et al., 2025). The adoption of vehicle emission regulations also lags behind the rest of Europe, with most 

vehicles meeting Euro 4 standards or lower (World Bank, 2024). This is partly attributable to the import of second-hand 

vehicles, which account for more than 80% of passenger car imports (Munoz-Raskin et al., 2025), while the rollout of electric 

vehicles and associated infrastructure has been slow (Pajic et al., 2024). In this context, it is important to assess the impact of 
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the recent regulatory amendment in Serbia requiring imported vehicles to meet the Euro 6 standard from 1 January 2025 130 

(Republic of Serbia, 2023). 

Emissions from traffic and residential wood combustion are further exacerbated by stagnant wintertime meteorological 

conditions, and studies consistently identify biomass burning and traffic as dominant PM sources in Balkan cities (Sopčić et 

al., 2025). In Belgrade, source apportionment analysis of offline chemically speciated PM indicates a strong influence of wood 

smoke during colder months, alongside traffic contributions throughout the year (Petrović et al., in Prep.). The health impacts 135 

of carbonaceous PM in this region are therefore severe, accounting for at least 129 000 disability-adjusted life-years (WHO, 

2019). Several Western Balkan countries rank among the highest in Europe for mortality attributable to air pollution (Belis et 

al., 2019). Despite these issues, there has historically been a lack of extensive, long-term monitoring of carbonaceous aerosol 

in the Western Balkans suitable for source apportionment. Many air quality networks in the region, e.g., that of the Serbian 

Environmental Protection Agency (SEPA) focus on PM mass, basic gaseous pollutants (SO₂, NO₂), as well as BC, without 140 

including multiwavelength measurements or chemical speciation (SEPA, 2025).  

Recent studies nevertheless highlight the importance of carbonaceous particulate matter in Serbia. Measurement campaigns in 

central Belgrade have reported high concentrations of organic carbon (OC) and elemental carbon (EC) in winter, for example 

on-line  measurements (aethalometer and total carbon analyzer, TCA) during winter campaign in city center of Belgrade before 

COVID-19 pandemic reported mean OC concentrations of 7.78 µg C m⁻³ and eBC of 4.43 µg m⁻³ within PM₂.₅ with organic 145 

matter as a large PM₂.₅ component (~27%), underscoring the central role of carbonaceous aerosol in ambient fine particles 

(Jovanović et al., 2020). Earlier source apportionment work in Belgrade also identifies strong biomass-burning influences on 

urban OA during a campaign performed from October to December 2008  (Zangrando et al., 2016a; Zangrando et al., 2016b). 

Within this regional context, we focus on Belgrade, the largest city in the Western Balkans, and present an online year-round 

dataset (June 2023 to February 2025, of online eBC measurements, via aethalometer, AE33) and offline chemical analyses 150 

(EC, OC, and organic tracers) available for Serbia. Motivated by the known limitations of the aethalometer model, we explore 

a data-driven approach to eBC source apportionment using NNMF. We apply both the traditional aethalometer model and 

NNMF to the eBC dataset and evaluate their performance using tracer-based source apportionment of the offline filters. From 

the filter analysis, we resolve elemental carbon (EC) and organic carbon (OC) into biomass burning (ECBB, OCBB) and fossil 

fuel (ECFF, OCFF), and primary biological aerosol particles (OCPBAP) and secondary organic carbon (OCSOC) contributions. 155 

This integrated approach, combining high-time-resolution optical data with detailed chemical speciation, provides a robust 

framework for source apportionment, essential for understanding urban air pollution and supporting effective mitigation 

strategies in the region. 

2 Methodology 

In this study we combine offline analysis and source apportionment of carbonaceous aerosol components collected on filters 160 

between 06 June 2023 and 29 May 2024, online aethalometer (AE33) measurements spanning 23 October 2023 to 11 February 
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2025, and air mass transport modelling combined with gridded emissions for the full period (Fig. 1). Although OC/EC filter 

sampling extends beyond this interval (see Sect. 2.2.4) the time series is restricted here to the period for which additional 

tracers (e.g., levoglucosan) were available, enabling integrated source apportionment. 

We use the overlapping period between offline and online data (23 October 2023 to 29 May 2024) for intercomparison of SA 165 

approaches. Both the offline and online datasets span approximately one year, providing a sufficient basis for comparison with 

annual means as typically used in regulatory frameworks (e.g., Serbian and EU limit values, WHO air quality guidelines). I.e., 

while their exact periods differ, both are suitable for assessment against such annual metrics. 

 

Figure 1: Data availability. Offline filter analyses (OC/EC and tracers) span 06 June 2023 to 29 May 2024 (dates shown in format 170 
DD.MM.YYYY); online aethalometer eBC spans 23 October 2023 to 11 February 2025; transport modelling (FLEXPART 

footprints) covers the full study period. The shaded band marks the overlap period between offline and online (23 October 2023 to 

29 May 2024). 

For clarity, we adopt the following terminology throughout this study: 

• Offline dataset: filter-based OC/EC and tracer analyses spanning 06 June 2023 to 29 May 2024. 175 

• Online dataset: aethalometer eBC measurements spanning 23 October 2023 to 11 February 2025. 

• Overlap period: the concurrent period of 23 October 2023 to 29 May 2024, used for intercomparison of source 

apportionment approaches. 

Seasonal references: 

• For the offline dataset, seasonal coverage is limited to summer 2023, autumn 2023, winter 2023 and 2024, and spring 180 

2024. 

• For the online dataset, seasonal coverage extends further, including summer 2024, autumn 2024, and winter 2024 and 

2025 in addition to the periods above. 

2.1 Site description  

Measurements were conducted at Ada Marina (44.790166° N, 20.4169° E; 71 m a.s.l.), an urban background site located at 185 

Ada Ciganlija in the Banovo Brdo neighbourhood of southwestern Belgrade (population ~1.4 million; greater metropolitan 
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area ~1.7 million), near the confluence of the Sava and Danube rivers (Fig. 2). The site is part of the Serbian Environmental 

Protection Agency (SEPA) automatic air quality monitoring network (SEPA, 2025). 

The station lies approximately 300 to 500 m south of the E-75 motorway and the Most na Adi bridge, both major traffic 

corridors and important local emission sources. Additional nearby sources include residential wood combustion (RWC), 190 

particularly during the heating season, and industrial activity in the New Belgrade district, which lies upwind under prevailing 

westerly winds. A natural gas–fired residential heating plant is located ~1.5 km to the west, and Belgrade Nikola Tesla Airport 

(~10 km northwest), one of the busiest airports in the Balkan Peninsula, may contribute episodically. 

To the east, the Vinča municipal landfill and dense urban traffic (approximately 0.7 million registered passenger cars and 90 

000 trucks) represent additional emission sources. Further southwest, the Nikola Tesla coal-fired power plant complex is 195 

located ~25 km away, with associated lignite mining basins and an additional power plant near the Lazarevac municipality of 

Belgrade. Broader regional influences include the Smederevo steel plant (~30 km east) and the Kostolac coal-fired power plant 
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(~50 km northeast). Surrounding agricultural areas may also contribute to episodic aerosol loading through soil resuspension 

and agricultural waste burning. 

 200 

Figure 2: Study location in Belgrade. (a) Regional map of Europe with Belgrade highlighted. (b) City-scale map marking the Ada 

Marina urban-background measurement site (red dot) on the Sava lakeshore (Ada Ciganlija). (c) Site photograph: the measurement 

site is the white building on the left; Sava Lake is on the right (photo: Stephen M. Platt). Base maps © OpenStreetMap contributors; 

tiles © Stamen Design (CC BY 3.0). 

2.2 Measurements  205 

2.2.1 Absorption and equivalent black carbon (eBC) 

We performed multiwavelength (λ=370, 470, 520, 590, 660, 880, 950 nm) measurements with a filter absorption photometer 

(AE33 aethalometer, Magee), which measures light attenuation across a filter tape (attenuation coefficient, BATN,) to determine 

the aerosol absorption coefficient (BABS). We used tape type M8060, hence we divide attenuation BATN by a harmonisation 

factor (H*) of 1.76 following ACTRIS recommendations (ACTRIS, 2021). The aethalometer sampled from a PM2.5 inlet with 210 
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excess flow. We determined eBC at 880 nm from BABS at 880 nm using a mass absorption cross section (MAC) of 

7.57±0.51 m² g⁻¹, the slope of orthogonal distance regression to the EC time series, 

𝑒𝐵𝐶 𝜆=880 𝑛𝑚 =
𝐵𝐴𝑏𝑠,𝜆=880 𝑛𝑚  

𝑀𝐴𝐶 𝜆=880 𝑛𝑚
 .         (2) 

We found good agreement between BABS at 880 nm and EC, with (pseudo) R²=0.87 (computed from vertical residuals), while 

the intercept was not statistically different from zero at -0.38±0.52 Mm-1. Our derived MAC value is consistent with the 215 

instrument default value of 7.77  m² g⁻¹ (Drinovec et al., 2015) and the average reported by Savadkoohi et al. (2025) from 12 

European sites, 7.8±3.4 m² g⁻¹, validating its use in this study. 

As described by Drinovec et al. (2015), the AE33 aethalometer employs an automatic two-spot loading compensation 

algorithm to correct for the filter loading effect, which results in a non-linearity-reduction of sensitivity with the amount of 

sample on the filter. When properly applied, this algorithm ensures that eBC concentrations remain independent of the baseline 220 

BATN. Consequently, for a sufficiently large dataset, a plot of BABS  versus BATN should exhibit a near-zero slope. However, for 

very long time series, e.g. 1 year, the terminating BATN at 880 nm varies with the seasonal pattern in AAE since terminating 

attenuation is set by BATN at 370 nm, with lower terminating BATN at 880 nm in winter when AAE is generally higher (Fig. 

S1). At the same time, concentrations are generally higher in winter, leading to a bias in of BABS versus BATN, whereby higher 

concentrations appear associated with lower BATN at 880 nm. To explore this wavelength-dependent and seasonally varying 225 

tape-advance behaviour, we analyse BABS at 880 nm as a function of fractional spot completion, defined using the attenuation 

at 880 nm as BATN / BATN, MAX. When BABS at 880 nm is binned by fractional spot completion, no systematic dependence of 

BABS at 880 nm on BATN / BATN, MAX is observed (Fig. S2), indicating that the dual-spot loading correction using the BC(BATN) 

dependence performs as intended. Hence, we did not apply any posterior corrections to the two-spot algorithm. Note also that 

BATN / BATN,MAX cannot be used for such correction. 230 

2.2.2 Aerosol filter samples 

Three ambient aerosol filter samples were collected every second day from 31 May 2023 to 30 May 2024 using three co-

located, identical low-volume samplers (LVS3, Leckel) equipped with PM₁₀ inlets. Filter samples, from ‘Sampler 1’ were used 

for chemical analysis, whereas those from ‘Sampler 2’ were used for gravimetric analysis. Sampler 3 was a backup sampler 

not used in the current study. Quartz fibre filters (PALLFLEX Tissuequartz 2500QAT-UP, 47 mm diameter) were pre-235 

conditioned for 48 h at 20±1 °C and 50±1 % relative humidity prior to sampling to allow subsequent gravimetric determination 

of PM₁₀ mass. 

Before sampling, filters were stored in polystyrene Petri dishes at 4 °C. Three field blanks per month were obtained by placing 

filters in the sampler housing without initiating airflow, to account for contamination during handling and transport. Following 

gravimetric analysis, these filters were stored at −20 °C pending further chemical analysis. Filters from Sampler 1 were stored 240 

at −20 °C immediately after sampling and were used for OC, EC, and organic tracer analyses.  

2.2.3 Thermal-optical analysis of elemental and organic carbon 
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Organic carbon (OC) and elemental carbon (EC) were measured from filters collected by Sampler 1 by thermal-optical analysis 

using a Sunset Laboratory OC/EC aerosol analyzer. The instrument operated according to the EUSAAR-2 temperature protocol 

(Cavalli et al., 2010), using optical transmission correction for charring. 245 

2.2.4  Organic tracers 

Organic tracers (Table 1) were analysed using ultra-high-performance liquid chromatography (UHPLC; Vanquish UHPLC, 

Thermo Fisher Scientific) coupled with a Q Exactive™ Plus Orbitrap mass spectrometer (Thermo Fisher Scientific), following 

the method described by Yttri et al. (2024).  

A subset of samples from Sampler 1 was selected using a distribution-preserving approach designed to ensure 250 

representativeness of the full chemical variability. For this purpose, a composite weighted time series was constructed to give 

equal weight to ionic, metallic, and carbonaceous components: 

𝑥weighted =
𝑥ions/∑𝑥ions+𝑥metals/∑𝑥metals+𝑥C/∑𝑥C

3
         (3) 

For each month, seven samples were selected corresponding to the minimum, maximum, and the 10th, 25th, 50th (median), 

75th, and 90th percentiles of this metric. This ensured that the full monthly statistical distribution of bulk chemical composition 255 

was represented in the tracer analysis. In total, 84 exposed filter samples and 6 field blanks were analysed for tracers. Note: 

the combined time series of OC/EC and tracers begin on 06 June 2023 and ends 29 May 2024, resulting in the offline analysis 

period shown in Fig.1. The analysis of metals and inorganic ions is described elsewhere (Petrović et al., in preparation) and is 

not presented in detail here.  

Table 1: Organic tracers analysed in this study and their source categories. 260 

Organic tracers Sources 

Levoglucosan, mannosan galactosan Biomass Burning (BB) 

Arabitol, mannitol, fructose, glucose, 

trehalose 

Primary Biological Aerosol Particles (PBAP) 

2-methylerythritol, 2-methylthreitol Biogenic Secondary Organic Aerosol from oxidation of isoprene 

(BSOAIsoprene) 

2.3 Source apportionment 

2.3.1 Aethalometer model 

To improve the applicability of the aethalometer model (Sandradewi et al., 2008) under real-world conditions, we adopted an 

optimised approach using ambient observed absorption Ångström exponents (AAE) AAE percentiles, as proposed by Tobler 

et al. (2021) and formalised by Savadkoohi et al. (2025). In this method, the AAE for liquid fuel (AAELF) and solid fuel 265 

(AAESF) combustion are not fixed a priori but are instead inferred from the statistical distribution of observed bulk AAE values. 

Specifically, it is assumed that: 
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• The 1st percentile (P1) of the AAE distribution (AAEP1) corresponds to periods dominated by liquid fuel combustion, 

yielding AAELF. 

• The 99th percentile (P99, AAEP99) reflects near-pure solid fuel combustion, yielding AAESF. 270 

A strict criterion requiring a coefficient of determination R2>0.99 was applied to the log–log linear fit of absorption vs. 

wavelength for AAE values to be considered valid in the percentile analysis. This ensures that only high-confidence spectral 

fits influence the percentile-derived AAE values. 

Savadkoohi et al. (2025)  note that during winter months the bulk data may be unlikely to contain any AAEs representative of 

a pure liquid fuel source. Therefore, we obtain P1 based solely on the distribution seen in summer (June, July, August). These 275 

percentile-derived AAE values are then applied in the aethalometer model (Eqs. 4 and 5, Zotter et al., 2017; Sandradewi et al., 

2008b) using the wavelength pair λ=520 nm and λ=880 nm: 

𝐵𝐴𝐵𝑆𝐿𝐹
(𝜆 = 880 𝑛𝑚) =

𝐵𝐴𝐵𝑆(𝜆=520 𝑛𝑚)−𝐵𝐴𝐵𝑆(𝜆=880 𝑛𝑚)×(
520

880
)

−𝐴𝐴𝐸𝑃1

(
520

880
)

−𝐴𝐴𝐸𝑃99
−(

520

880
)

−𝐴𝐴𝐸𝑃1
 ,      (4) 

𝐵𝐴𝐵𝑆𝑆𝐹
(𝜆 = 880 𝑛𝑚) =

𝐵𝐴𝐵𝑆(𝜆=520 𝑛𝑚)−𝐵𝐴𝐵𝑆(𝜆=520 𝑛𝑚)×(
520

880
)

−𝐴𝐴𝐸𝑃99

(
520

880
)

−𝐴𝐴𝐸𝑃1
−(

520

880
)

−𝐴𝐴𝐸𝑃99
 ,      (5) 

The same MAC value is assumed for both liquid and solid fuel time series (Zotter et al., 2017; Sandradewi et al., 2008b). 280 

2.3.2 Non-negative matrix factorisation 

We implemented a custom NNMF routine to apportion spectral absorption data into source-related components (see Platt, 

2026, and code availability). The input is a two-dimensional matrix V, representing absorption coefficients at multiple 

wavelengths (columns) over time (hourly, rows). This approach assumes that a bulk data matrix V of i rows and j columns 

(here 𝑉 = 𝐵𝐴𝐵𝑆, i=t=time, j=λ=wavelength) is approximated by the sum of non-negative factors of number or rank R: 285 

𝐵𝐴𝐵𝑆𝑡,λ
≈ (𝑊𝐻)𝑡,λ = ∑ 𝑊𝑡,𝑎

𝑅
𝑎=1 𝐻𝑎,λ ,         (6) 

Here, R=2, i.e., liquid fuel and solid fuel (Fig. S4), though an R=3 solution was explored (Fig. S5). 

2.3.3 Initialisation 

To generate a seed profile for H, a random AAE between 0.6 and 3 was drawn for each factor, and the initial spectral profiles 

in H were generated accordingly by constructing power-law curves (normalised to unity at 370 nm). This approach produces 290 

realistic starting spectra while maintaining variability across ensemble runs, improving stability compared to purely random 

positive seeding. The temporal profiles in W were initialized randomly from a uniform distribution and constrained to be 

positive.  

2.3.4 Iterative algorithm 

NNMF iterations (n) were performed using the classical multiplicative update rules by Lee and Seung (1999), proceeding as 295 

follows:  
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𝐻𝑛+1⃪𝐻𝑛  ⊙ (
(𝑊𝑛)𝑇𝑉

(𝑊𝑛)𝑇𝑊𝑛𝐻𝑛  ) ,          (7) 

𝑊𝑛+1⃪𝑊𝑛  ⊙  (
𝑉(𝐻𝑛+1)

𝑇

𝑊𝑛𝐻𝑛+1(𝐻𝑛+1)𝑇  ) ,          (8) 

where ⊙ denotes element-wise multiplication, T demotes the transposed matrix, and the divisions are also elementwise. 

Conceptually, this algorithm iteratively rescales the temporal (W) and spectral (H) matrices such that their product WH 300 

converges toward the observed absorption matrix V, while preserving non-negativity. Each iteration adjusts the factor profiles 

and their temporal contributions in proportion to the mismatch between reconstruction and observation, thereby progressively 

minimising the reconstruction error, 𝐵𝐴𝐵𝑆𝑡,λ
− (𝑊𝐻)𝑡,λ. Negative values arising from numerical error were replaced with a 

small floor value (1×10⁻¹⁰) to maintain strict non-negativity. 

2.3.5 Performance metrics 305 

Unlike the aethalometer model, NNMF does not prescribe fixed AAE values but allows them to emerge from the data, while 

retaining the physically meaningful non-negativity constraint. At each iteration, AAEs were therefore calculated by fitting a 

linear regression in log–log space to each row of 𝐻 (log absorption vs. log wavelength). The fractional contribution of each 

factor to absorption at 880 nm (𝑓𝑎(λ=880 𝑛𝑚)), was also tracked: 

𝑓𝑎(λ=880 𝑛𝑚) =
𝑊𝑎𝐻𝑎,𝜆=880𝑛𝑚

∑ 𝑊𝑎′
𝑅
𝑎′=1

𝐻𝑎′,λ=880nm

 ,          (9) 310 

2.3.6 Convergence 

Convergence was assessed using residual diagnostics rather than reconstruction error alone. Normalised residuals (E) were 

defined as: 

𝐸(𝑡,𝜆) =
𝑉𝑡,𝜆−(𝑊𝐻)𝑡,𝜆

𝑉𝑡,𝜆
 ,           (10) 

and summarised by the median residual across all times at each wavelength (Fig. S4c). To ensure comparability across 315 

wavelengths with different magnitudes, medians were normalised by the interquartile range (IQR) of the corresponding 

observed column in 𝑉. This metric is less sensitive to outliers and it prevents high-absorption channels (370, 470 nm) from 

dominating. Convergence was declared when all wavelength-specific median residuals were simultaneously (i) close to zero 

(∣ median ∣/IQR < 0.003) and (ii) stable between iterations (<0.002 change) for at least three consecutive iterations.  

Exploratory runs showed that both AAE and factor contributions evolve rapidly during early iterations and become gradual 320 

and monotonic after ~30 iterations. Each run was therefore required to perform a minimum of 30 iterations; convergence 

typically occurred within ~500 iterations, although a maximum of 5000 iterations was allowed. These convergence criteria 

were chosen to ensure stability rather than optimisation of a specific solution and yielded comparable factor structures across 

independent ensemble runs (Fig. S4). 

2.3.7 Ensemble approach and solution stability 325 
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To minimise dependence on initialisation and assess rotational ambiguity, the NNMF was repeated 500 times. Accepted runs 

were combined using the element-wise median of 𝑊and 𝐻, providing a robust ensemble solution resistant to outlier fits. 

Factors were sorted by AAE before this ensemble aggregation. 

Diagnostics from the ensemble are shown in Fig. S4. The AAE distributions of the final solution from each run form two 

narrow and well-separated modes (Fig. S4a), indicating stable factor identification with minimal rotational ambiguity. The 330 

corresponding factor-share distributions are also distinct (Fig. S3b), demonstrating limited degeneracy between components. 

Residual probability distributions (Fig. S4c) are centred near zero across all wavelengths, with narrow symmetric shapes, 

indicating that the two-factor solution captures the dominant structure of the absorption dataset without systematic bias. 

Together, these diagnostics support adoption of the two-factor solution for subsequent analysis. 

Although NNMF is implemented here using an iterative optimisation framework, the underlying concept is simple: the 335 

observed absorption matrix is decomposed into two non-negative spectra and their corresponding time series whose product 

reconstructs the measurements. The ensemble approach is used primarily to ensure robustness against initialisation rather than 

to introduce methodological complexity. In practice, the solution behaves similarly to a constrained two-component regression, 

but with the advantage that spectral shapes are inferred directly from the data. 

2.3.8  Synthetic data testing 340 

As an additional validation step, the NNMF ensemble approach was applied to a synthetic dataset comprising two source 

components with prescribed spectral slopes (AAE ≈ 1.00 and ≈ 1.90), including ~1% Gaussian noise and realistic seasonal 

variability in the solid-fuel contribution. The recovered factor AAEs (1.05 and 1.85, Fig. S6) agreed closely with the imposed 

values (1.00 and 1.90), with deviations of less than 0.1, indicating robust recovery of source-specific spectral signatures under 

mixed and noisy conditions. 345 

 

2.3.9 Brown carbon 

BrC was determined following the approach of e.g.,  Basnet et al. (2024); (Massabò et al., 2015), whereby BrC is estimated 

by extrapolating the light absorption apportioned eBC at longer wavelengths back to shorter wavelengths and assigning the 

excess to BrC. This approach assumes eBC absorption dominates at 880 nm, where organic aerosol absorption is negligible. 350 

The eBC absorption at 370 nm, 𝐵𝐴𝐵𝑆,𝑒𝐵𝐶(𝜆 = 370), can then be estimated by extrapolating from λ=880 nm using a fixed 

absorption Ångström exponent for eBC (AAEeBC): 

𝐵𝐴𝐵𝑆,𝑒𝐵𝐶(𝜆 = 370) = 𝐵𝐴𝐵𝑆 (𝜆 = 880) × (
370

880
)

−𝐴𝐴𝐸𝑒𝐵𝐶
 ,       

             (11) 

where 𝐵𝐴𝐵𝑆 (𝜆 = 880) is the measured absorption at 880 nm and AAEeBC  was set to 1.0, a value typical for fresh, fossil fuel-355 

related black carbon (Kirchstetter et al., 2004; Sandradewi et al., 2008b). BrC at 370 nm is then determined by subtraction:  
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𝐵𝐴𝐵𝑆,𝐵𝑟𝐶(𝜆 = 370) = 𝐵𝐴𝐵𝑆 (𝜆 = 370) − 𝐵𝐴𝐵𝑆,𝑒𝐵𝐶 (𝜆 = 370),       

             (12) 

2.3.10 Tracer Analysis 

We apportioned carbonaceous aerosol into biomass burning (BB) and fossil fuel (FF) contributions by means of observed 360 

concentrations of OC (OCTOT), EC (ECTOT), and the biomass burning tracer levoglucosan (levo). This method relies on 

established emission ratios between levoglucosan and EC, (
𝐸𝐶

𝐿𝑒𝑣𝑜
)

𝐵𝐵
, and between levoglucosan and OC, (

𝑂𝐶

𝐿𝑒𝑣𝑜
)

𝐵𝐵
, to estimate 

OCBB and ECBB. ECFF was calculated as the residual EC after subtracting ECBB, and the corresponding OCFF by using a 

representative (
𝑂𝐶

𝐸𝐶
)

𝐹𝐹
 emission ratio for fossil fuel combustion. 

Biomass burning contributions to ECTOT and OCTOT (𝐸𝐶𝐵𝐵, 𝑂𝐶𝐵𝐵) were then calculated as: 365 

𝐸𝐶𝐵𝐵 = 𝐿𝑒𝑣𝑜 × (
𝐸𝐶

𝐿𝑒𝑣𝑜
)

𝐵𝐵
,           (13) 

𝑂𝐶𝐵𝐵 = 𝐿𝑒𝑣𝑜 × (
𝑂𝐶

𝐿𝑒𝑣𝑜
)

𝐵𝐵
,           (14) 

and fossil fuel contributions to ECTOT and OCTOT (𝐸𝐶𝐹𝐹 , 𝑂𝐶𝐹𝐹) according to: 

𝐸𝐶𝐹𝐹 = 𝐸𝐶𝑇𝑂𝑇 − 𝐸𝐶𝐵𝐵,           (15) 

𝑂𝐶𝐹𝐹 = 𝐸𝐶𝐹𝐹 × (
𝑂𝐶

𝐸𝐶
)

𝐹𝐹
 ,           (16) 370 

Emission ratios vary both spatially and temporally. To account for this variability, we performed a Monte Carlo (MC) 

simulation with 1,000,000 iterations. In each iteration, the following parameters were randomly sampled: (
𝐸𝐶

𝐿𝑒𝑣𝑜
)

𝐵𝐵
, (

𝑂𝐶

𝐿𝑒𝑣𝑜
)

𝐵𝐵
, 

and (
𝑂𝐶

𝐸𝐶
)

𝐹𝐹
, using a BetaPERT distribution to generate random noise,  allowing for a distribution bounded by lower, upper, 

and central values from the literature (Table 2). 

An upper (
𝑂𝐶

𝐿𝑒𝑣𝑜
)

𝐵𝐵
ratio was derived from the lowest observed OCTOT/ levoglucosan ratio seen at Ada Marina of 9.7, which 375 

aligns with reported values across Europe, including: 12.6±3.1 north of the Alps and 7.8±2.7 south of the Alps in Switzerland, 

7.24±0.03 in Austria, 5.62±0.3 in the Po Valley (Zotter et al., 2014, and references therein), and 11.1 and 12.7 for Norway 

(Yttri et al., 2021). Although the ratio of 9.7 corresponds to a period dominated by residential wood burning, contribution from 

other sources cannot be entirely excluded. However, the concurrent low concentrations of sugars, sugar alcohols, and 2-

methyltetrols, suggests only minor influence from PBAP and biogenic SOA (BSOA). Notably, 2-methyltetrols are oxidation 380 

products of isoprene and thus indicative of BSOA, but do not necessarily reflect contributions from anthropogenic precursors. 

To account for this potential interference, we applied a ratio ranging from 5.6 to 9.7, using the midpoint (7.65) as the central 
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value in OCBB calculations. This range is consistent with literature values and serves as a precautionary measure to maintain 

the robustness of subsequent calculations.  

For (
𝐸𝐶

𝐿𝑒𝑣𝑜
)

𝐵𝐵
, we derived a minimum ratio of 1.1 from the Ada Marina dataset based on minimum ECTOT/levoglucosan, which 385 

is consistent with the range reported by Zotter et al. (2014) for central and southern Europe (0.87 to 1.72). From this, we 

adopted 0.87 as the lower bound and 1.1 as the upper bound of the EC/levoglucosan ratio range, using the midpoint (0.985) as 

the central value for calculating ECBB.    

While the calculations for OCFF and OCBB are intended to represent primary emissions, distinguishing these from secondary 

organic aerosol remains challenging. Emissions are complex gaseous and particulate mixtures that undergo evaporation, 390 

condensation, and chemical transformation in the atmosphere, blurring the distinction between primary and secondary sources 

(Robinson et al., 2007). Nevertheless, this differentiation may still prove useful, e.g., in assessing their relative toxicity. We 

thus applied a broad range (0.2 to 1.3) with a central value of 0.6, when calculating OCFF, adopting the range used by both 

Gilardoni et al. (2011) and Yttri et al. (2011).        

As a consistency check, we also estimated OC associated with primary biological aerosol particles (𝑂𝐶𝑃𝐵𝐴𝑃) and secondary 395 

organic carbon (SOC), allowing for a full mass closure of the carbonaceous aerosol. Using five selected sugars and sugar 

alcohols (Arabitol, mannitol, fructose, glucose, and trehalose), we estimated an (
𝑂𝐶

∑𝑆𝑢𝑔𝑎𝑟𝑠,𝑠𝑢𝑔𝑎𝑟 𝑎𝑙𝑐𝑜ℎ𝑜𝑙𝑠
)

𝑃𝐵𝐴𝑃
 ratio of 8.8 from 

the Ada Marina dataset after correcting for contributions from OCBB and OCFF. To assess the influence of OCSOC, we assumed 

it accounted for 10 to 50% of OCTot. This adjustment yielded a lower bound (
𝑂𝐶

∑𝑆𝑢𝑔𝑎𝑟𝑠,𝑠𝑢𝑔𝑎𝑟 𝑎𝑙𝑐𝑜ℎ𝑜𝑙𝑠
)

𝑃𝐵𝐴𝑃
 ratio of 3.9 at 50% 

OCSOC and 7.8 at 10% OCSOC. For calculating OCPBAP, we adopted a range from 3.9 to 8.8, using their average (6.4) as the 400 

central value. PBAP contributions to OC (𝑂𝐶𝑃𝐵𝐴𝐵) were then calculated as: 

𝑂𝐶𝑃𝐵𝐴𝑃 = ∑𝑠𝑢𝑔𝑎𝑟𝑠, 𝑠𝑢𝑔𝑎𝑟 𝑎𝑙𝑐𝑜ℎ𝑜𝑙𝑠 × (
𝑂𝐶

∑𝑆𝑢𝑔𝑎𝑟𝑠,𝑠𝑢𝑔𝑎𝑟 𝑎𝑙𝑐𝑜ℎ𝑜𝑙𝑠
)

𝑃𝐵𝐴𝑃
 ,      (17) 

whereas 𝑂𝐶𝑆𝑂𝐶  was estimated as the residual according to: 

𝑂𝐶𝑆𝑂𝐶 = 𝑂𝐶𝑇𝑂𝑇 − 𝑂𝐶𝐵𝐵 − 𝑂𝐶𝐹𝐹 − 𝑂𝐶𝑃𝐵𝐴𝑃  ,        (18) 

Lastly, a 25% uncertainty was assumed on all measured parameters and randomly sampled in the Monte Carlo simulation 405 

according to a gaussian distribution. 

Table 2: Minimum, central, and maximum values used in the BetaPERT distribution for resampling of parameters in the Monte 

Carlo estimation of uncertainties in the tracer-based source apportionment.  

Parameter Description Min Central value Max 

(
𝑂𝐶

𝐿𝑒𝑣𝑜
)

𝐵𝐵
 

OC from biomass burning 

per unit levoglucosan 

5.6 7.65 9.7 
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(
𝐸𝐶

𝐿𝑒𝑣𝑜
)

𝐵𝐵
 

EC from biomass burning 

per unit levoglucosan 

0.87 0.985 1.1 

(
𝑂𝐶

𝐸𝐶
)

𝐹𝐹
 

OC from fossil fuel per unit 

fossil EC 

0.2 0.6 1.3 

(
𝑂𝐶

∑𝑆𝑢𝑔𝑎𝑟𝑠, 𝑠𝑢𝑔𝑎𝑟 𝑎𝑙𝑐𝑜ℎ𝑜𝑙𝑠
)

𝑃𝐵𝐴𝑃

 
OC per sum of PBAP 

tracers (Arabitol, mannitol, 

fructose, glucose, trehalose) 

3.9 6.4 8.8 

 

2.4 Airmass transport modelling 410 

We used the model FLEXPART version 10.4 (Pisso et al., 2019) within the ATMO-ACCESS Research Infrastructure 

(https://www.atmo-access.eu) framework to track air mass transport and investigate the possible origin of BC during the study 

period. FLEXPART releases computational particles at heights 0  to 100 m from the receptor (Ada Marina) that are tracked 

backward in time, following the ambient flow as defined by hourly reanalysis meteorological fields (ERA5) from the European 

Centre for Medium-Range Weather Forecasts (ECMWF) with 137 vertical levels (up to approximately 80 km) and a horizontal 415 

resolution of 0.5°×0.5° (Hersbach et al., 2020). The tracking considers gravitational settling for spherical particles, dry and 

wet deposition of aerosols (Grythe et al., 2017) turbulence (Cassiani et al., 2015) unresolved mesoscale motions (Stohl et al., 

2005) and deep convection (Forster et al., 2007). Simulations extended 30 days backward in time, which is sufficient time to 

include >98% of BC and OC emissions arriving at the station, given a typical lifetime of 1 week (Bond et al., 2013). 

The model output consists of a species-specific footprint emission sensitivity (FES) that expresses the probability of any 420 

emission occurring in each grid-cell to reach the receptor. The footprint can be converted to modelled concentration at the 

receptor, when coupled with gridded emissions from an emission inventory. Anthropogenic emissions were adopted from the 

UNECE Convention on Long-Range Transboundary Air Pollution (LRTAP) dataset (Klimont, 2024) at high spatial resolution 

(0.1°×0.1°). Wildfire emissions were adopted from the Copernicus Global Fire Assimilated System (CAMS GFAS, Kaiser et 

al., 2012). This product was preferred against other available public ones, because it provides an estimation of the injection 425 

altitude of the fire emissions that is crucial for accurate simulation of the plume dispersion. 

The BC emissions product is available at https://atmo-access.nilu.no/AdaMarina_SRB.py, and includes BC emissions from 

the residential sector (cooking and heating, labelled ‘DOM’ in the online product), transportation excluding shipping (‘TRA’), 

shipping (‘SHP’), waste management (‘WST’), agricultural and wildfire (‘Fire BC’), gas flaring (‘FLR’), and industrial 

(‘IND’).  430 
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3 Results and discussion 

3.1 Elemental carbon, organic carbon, and tracer-based source apportionment 

The Monte Carlo (MC) source apportionment framework was applied to the full offline filter analysis period and separated by 

season to resolve the temporal variability in carbonaceous aerosol sources, including fossil fuel (FF), biomass burning (BB), 

primary biological aerosol particles (PBAP), and secondary organic carbon (SOC, Fig. 3). The MC approach demonstrated 435 

that even when accounting for uncertainties in emission ratios and Eqs. 13 to 18 the resulting uncertainty estimates are 

relatively narrow (shown as probability density functions, PDF, in Fig. S3). Annual and seasonal concentrations of carbon 

fractions and organic tracers used as inputs, along with source apportionment results, are presented in Table 3. 

EC from fossil fuel combustion (ECFF) consistently dominated EC year-round (Fig. 3b), contributing 79% on average (Table 

3). However, the contribution from ECBB increased markedly in winter to 48%, approximately equalling ECFF, consistent with 440 

increased levoglucosan emissions from RWC. OCSOC (48%) dominated OC annually, followed by OCBB (27%), OCPBAP (16%), 

and OCFF (9%). Primary anthropogenic sources, particularly OCBB, average 59%, dominated in winter. There was notable 

contribution from OCSOC also in winter of 33%. Given the low biogenic activity during this period, it is likely of anthropogenic 

origin, with RWC as the most plausible source due to its pronounced seasonal pattern. The higher correlation of OCSOC with 

OCBB (R2 = 0.78) than with OCFF (R2 = 0.34) in winter further supports an RWC origin (of wintertime OCSOC). Concentrations 445 

of 2-methyltetrols, which are oxidation products of isoprene, were 35 times lower in winter than in summer, indicating 

negligible influence of isoprene-derived BSOA. Oxidation products of monoterpenes, such as 3-MBTCA (3-methylbutane-

1,1,3-tricarboxylic acid) and pinic acid, observed in measurements from Kanal (Slovenia), 500 km away (Glojek et al., 2024), 

exhibit much less seasonal variability. Thus, while a contribution from monoterpene-derived BSOA cannot be excluded, it is 

still unlikely to dominate wintertime OCSOC. OCPBAP peaked in summer, reflecting the seasonal biological cycle, and was 450 

second only to OCSOC during this period. A substantial fraction (21 to 44%) of OCPBAP was apportioned to fungal spores, based 

on emissions ratios reported by Bauer et al. (2002). The mannitol to arabitol ratio (1.1±0.3) for Ada Marina was consistent 

with that of fungal spores (1.5±0.5) found by Bauer et al. (2002), as well as with what has been reported for ambient aerosol 

collected across Europe (Yttri et al., 2024; Yttri et al., 2021; Yttri et al., 2011).   

The annual mean PM10 concentration of 27 µg m-3 at Ada Marina (for overlapping samples from Sampler 1 and Sampler 2, 455 

see Sect. 2.2.4, Fig. 4) is below the current EU and Serbian annual limit value of 40 µg m⁻³ (European Parliament and Council, 

2024; Republic of Serbia, 2023). National monitoring in Serbia reports annual PM₁₀ concentrations exceeding the limit value 

at multiple (8 out of 52) stations in 2023, including Valjevo (60 µg m⁻³), Zaječar (52 µg m⁻³), and several urban locations 

(SEPA, 2024). Consequently, the Ada Marina site can be considered relatively clean compared to many urban and industrial 

monitoring locations across the country. However, Ada Marina appears somewhat polluted in a European context (Targa et 460 

al., 2022). During the offline sampling period (every second day), six samples exceeded 50 µg m⁻³. While this sampling 

strategy does not allow a formal comparison with regulatory daily exceedance criteria- no more than 35 exceedances above 50 
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µg m⁻³ per year-the observed frequency is indicative of annual exceedance rate below the allowed limit and is lower than the 

average number of exceedance days reported for other sites in Serbia (Targa et al., 2022; SEPA, 2024).  

Taken together, these observations suggest that PM₁₀ levels at Ada Marina are consistent with compliance under the current 465 

EU and Serbian annual limit value framework (Fig. 4), although the sampling design does not permit a formal regulatory 

assessment. However, concentrations remain substantially above the updated WHO Air Quality Guideline of 15 µg m⁻³ (WHO, 

2021). Furthermore, the revised EU Ambient Air Quality Directive introduces a stricter annual PM₁₀ limit of 20 µg m⁻³ to be 

achieved by 2030 (European Parliament and Council, 2024). The present results therefore illustrate a clear gap between current 

legal thresholds and health-based guideline values, highlighting that sites meeting existing standards may still experience PM 470 

levels above those considered optimal for health protection. 

Figure 4 shows that for Ada Marina, substantial reductions in anthropogenic sources, particularly residential wood burning in 

winter and fossil-fuel combustion year-round, would be required to move towards the WHO guideline and future EU limits. 

Organics in Fig. 4 are shown as OM, not OC, since the oxygen mass must be accounted for. OM/OC ratios used: BB = 1.8 

(Levin et al., 2010) , FF = 1.2 (valid for hydocarbon-like organic aerosol, HOA, according to Zhang et al., 2005), PBAP = 2.1 475 

(a representative central value from the literature, e.g., Heald and Spracklen, 2009), SOA = 2.0 (valid for oxygeated organic 

aerosol, OOA, Turpin and Lim, 2001; Zhang et al., 2005). Unapportioned PM10 in Fig. 4 is mainly accounted for by a mix of 

sulfate aerosol and mineral dust species (Petrović et al., in Prep.). Substantial contributions of  RWC to PM10 are typical of the 

region, and similar findings have been reported across South-Eastern Europe where biomass burning is a dominant wintertime 

contributor to particulate pollution, including Athens (Theodosi et al., 2011), Sarajevo (Huremović et al., 2020), and other 480 

Balkan cities (Belis et al., 2013). Figure 4 also shows that ECBB, and particularly OCBB, represent major contributors to the 

PM burden especially if a substantial fraction of SOC is anthropogenic, and associated with RWC (discussed further in Sect. 

3.3). 
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Figure 3: (a, c) Time series of source-apportioned elemental carbon (EC) and organic carbon (OC) mass concentrations at the 485 
measurement site. In panel (a), orange shows EC from fossil fuel combustion (ECFF) and blue shows EC from biomass burning 

(ECBB). In panel (c), green shows total OC, with pink for OC from biomass burning (OCBB), grey for OC from fossil fuel sources 

(OCFF), yellow for OC from primary biological aerosol particles (OCPBAP), and bright green for secondary organic carbon (OCSOC). 

(b, d) Seasonal averages of the fractional contributions to EC (b) and OC (d). Colours match panels (a, c), with stacked bars 

indicating the seasonal share from fossil fuel (orange and grey), biomass burning (blue and pink), PBAP (yellow), and secondary 490 
organic aerosol (bright green) sources. OC shows strong biomass burning influence in winter and greater biogenic and secondary 

contributions in summer, while EC is consistently dominated by fossil fuel sources throughout the year.  
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Figure 4: Seasonal and offline analysis period‐average (“ALL”) source apportionment of carbonaceous aerosol at Ada Marina. 

Stacked bars show organic matter (OM)—obtained by converting OC to OM using source-specific OM/OC and elemental carbon 495 
(EC). OM is partitioned into biomass burning (OMBB fossil fuel (OMFF), secondary organic aerosol (SOA; converted from SOC), 

and primary biological aerosol particles (PBAP). EC is split into ECBB and ECFF. Black outlines indicate measured PM10. The green 

dashed line marks the current EU and Serbian annual limit for PM10 (50 µg m−3); the red dashed line marks the EU AAQD 2030 

PM10 annual limit (20 µg m−3); the solid line marks the WHO PM10 annual guideline (15 µg m−3).  

Table 3:  Annual offline analysis period and seasonal average concentrations of carbonaceous aerosol components, with uncertainty 500 
expressed as the standard deviation (in parentheses). Concentrations of organic carbon (OC) and elemental carbon (EC) are given 

in µg C m⁻³, while other tracers (levoglucosan, arabitol, glucose, fructose, mannitol, trehalose, 2-methylerythritol) are reported in 

ng m⁻³. Standard deviation for the measured values reflects observed variability. Calculated components include contributions from 

fossil fuel (FF), biomass burning (BB), primary biological aerosol particles (PBAP), and secondary organic carbon (SOC). Fractional 

contributions (fECFF, fECBB, fOCFF, fOCBB, fOCPBAP, and fOCSOC) represent each source's share of total EC or OC for the 505 
corresponding period. Contributions to PM10 are expressed as organic matter (OM). OM/OC used: BB = 1.8, FF = 1.2, PBAP = 2.1, 

SOA = 2.0, see main text. 

 Annual Spring Summer Autumn Winter 

Measured aerosol components 

PM10 27.68 (16.61) 28.74 (19.28) 22.6 (9.50) 23.69 (6.32) 36.85 (23.95) 
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OC 8.12 (6.47) 5.39 (2.19) 6.28 (2.45) 6.62 (3.80) 14.2 (9.80) 

EC 1.38 (1.03) 0.98 (0.62) 0.88 (0.34) 1.4 (0.84) 2.25 (1.41) 

TC 9.5 (7.40) 6.37 (2.73) 7.16 (2.66) 8.02 (4.49) 16.45 (11.10) 

Arabitol 34.84 (26.85) 33.66 (21.69) 62.45 (21.13) 34.48 (23.03) 8.79 (5.43) 

Glucose 39.69 (25.93) 34.72 (14.66) 71.9 (23.94) 35.98 (13.52) 16.14 (10.40) 

Fructose 10.16 (8.46) 11.97 (8.19) 18.17 (8.18) 8.14 (4.74) 2.37 (1.38) 

Mannitol 39.5 (32.85) 31.84 (17.29) 80.4 (25.72) 37.58 (25.3) 8.2 (5.15) 

Levoglucosan 412.99 (682.27) 129.32 (175.62) 28.52 (11.51) 294.92 (362.15) 1199.2 (930.75) 

Trehalose 16.17 (11.51) 14.5 (6.94) 30.28 (11.46) 13.93 (5.72) 5.99 (3.40) 

2-methylerythritol 5.01 (7.97) 1.46 (1.53) 14.6 (10.11) 3.76 (4.89) 0.23 (0.12) 

2-methylthreitol 2.05 (2.78) 0.77 (0.65) 5.34 (3.36) 1.87 (1.95) 0.23 (0.13) 

Calculated carbonaceous aerosol components 

ECFF 0.83 (0.32)  0.7 (0.27) 0.84 (0.24) 1.01 (0.45) 1.01 (0.50) 

ECBB 0.09 (0.07) 0.08 (0.05) 0.03 (0.01) 0.16 (0.12) 0.9 (0.66) 

OCFF 0.51 (0.21) 0.43 (0.17) 0.51 (0.15) 0.62 (0.28) 0.6 (0.29) 

OCBB 0.69 (0.54) 0.6 (0.38) 0.21 (0.06) 1.27 (0.89) 7.01 (5.12) 

OCPBAP 0.8 (0.45) 0.67 (0.33) 1.57 (0.27) 0.81 (0.12) 0.24 (0.12) 

OCSOC 2.75 (1.05) 2.65 (0.57) 3.08 (1.35) 2.68 (1.44) 3.29 (1.33) 

Fractional contributions to EC 

fECFF 0.79 (0.21) 0.88 (0.12) 0.97 (0.01) 0.81 (0.16) 0.52 (0.18) 

fECBB 0.21 (0.21) 0.12 (0.12) 0.03 (0.01) 0.19 (0.16) 0.48 (0.18) 

Fractional contributions to OC 

fOCFF 0.09 (0.04) 0.1 (0.04) 0.09 (0.03) 0.11 (0.06) 0.06 (0.04) 

fOCBB 0.27 (0.25) 0.16 (0.14) 0.04 (0.01) 0.29 (0.22) 0.59 (0.14) 

fOCPBAP 0.16 (0.14) 0.17 (0.10) 0.29 (0.13) 0.16 (0.11) 0.03 (0.02) 

fOCSOC 0.48 (0.17) 0.58 (0.12) 0.58 (0.13) 0.44 (0.18) 0.33 (0.11) 

Fractional contributions to PM10  

fECFF 0.05 (0.03) 0.05 (0.04) 0.04 (0.02) 0.06 (0.03) 0.04 (0.03) 

fECBB 0.02 (0.02) 0.01 (0.01) 0.00 (0.00) 0.02 (0.02) 0.04 (0.02) 

fOMFF 0.03 (0.02) 0.04 (0.03) 0.03 (0.01) 0.04 (0.02) 0.03 (0.02) 

fOMBB 0.22 (0.31) 0.09 (0.10) 0.02 (0.01) 0.23 (0.29) 0.56 (0.32) 

fOMPBAP 0.11 (0.11) 0.12 (0.14) 0.18 (0.09) 0.09 (0.07) 0.03 (0.03) 

fOMSOA 0.32 (0.15) 0.37 (0.20) 0.35 (0.18) 0.32 (0.12) 0.26 (0.08) 

https://doi.org/10.5194/egusphere-2026-1708
Preprint. Discussion started: 10 August 2026
c© Author(s) 2026. CC BY 4.0 License.



22 

 

 

3.2 Equivalent black carbon and its optical properties  

The mean eBC concentration at Ada Marina for the online analysis period was 1.42±1.40  µg m-3 (Table 4) , slightly higher 510 

than the median and median absolute deviation, 0.9±0.48 µg m-3, reflecting a skewed distribution due to a few high 

concentration episodes, particularly in the wintertime (Fig. 5a). Mean eBC is similar to other urban background sites across 

Europe, for example 1.3±1.4 µg m-3 from a dataset including 23 urban background sites (Savadkoohi et al., 2023). Although 

there are few eBC measurements for South-Eastern Europe, our values are broadly consistent with, though slightly lower than, 

observed elsewhere. For example Diapouli et al. (2017) report eBC concentrations of 2.4±1.0 μg m−3 and 1.6±0.6 μg m−3, 515 

during cold and warm periods, respectively, in Athens, Greece, in 2013 to 2014. Meanwhile Savadkoohi et al. (2023) find 

mean eBC of 1.76±2.2 µg m-3 in Athens, for 2017 to 2019. However, these higher levels may be reflective of the decreasing 

trend in eBC seen more broadly across Europe (Savadkoohi et al., 2023), when compared to the more recent time series of this 

study. Masić (2024) presented somewhat higher eBC levels for Sarajevo (2.94 µg m-3) and Zenica (2.06 µg m-3), both located 

in Bosnia Herzegovina for years 2022 to 2023. The elevated levels observed at those sites likely reflect more persistent 520 

wintertime pollution episodes, local emission sources, and topographical conditions that exacerbate atmospheric stagnation. 

Ćirović et al. (2025) found even higher eBC levels in Belgrade city centre during winter in 2020 of eBC = 4.43 μg m−3. The 

data presented here spans a full year and thus fill a critical gap in the region’s observational record. In summary, unlike for 

PM10, Ada Marina represents a moderately polluted urban-background site within a European context and a low polluted site 

within Southeastern Europe. 525 

Seasonal variability at the Ada Marina site is strong, with lower concentrations in summer compared to winter. We observed 

a peak monthly mean of 2.67 μg m−3 in December 2024, compared to 0.72 μg m−3 in May 2025. Higher winter concentrations 

are typical, and due to the presence of eBC from RWC during colder months, as described in numerous previous studies (e.g., 

Caseiro et al., 2009; Sandradewi et al., 2008a; Favez et al., 2010). Diurnal profiles are also typical (Fig. 5b), with elevated 

levels seen in the morning and in the evening due to traffic patterns and RWC in the evenings. Interestingly, the morning peak 530 

occurs approximately one hour later in winter (~08:00 UTC, or 09:00 local time) compared to summer (~06:00 UTC, or 08:00 

local time), while the evening peak occurs earlier in winter (~20:00 UTC, 21:00 local time) compared to summer (~21:00 

UTC, or 22:00 local time). This pattern likely reflects the shorter daylight hours in winter with people leaving home later and 

returning earlier, with reduced outdoor and commercial activity after sunset.  

As Fig. 5c shows, there is also a distinct seasonal variability in optical properties, not only concentrations. The mean AAE is 535 

1.54 in winter and 1.18 in summer (Table 4), which closely follows the overall trend in eBC, though the minimum occurs 

slightly later (July rather than May). This coincides with wintertime elevated brown carbon fractions (fBrC) of 0.44 ± 0.11 

(Table 4), indicating a seasonal shift from BrC-rich biomass combustion sources in winter to more fossil fuel–dominated 

emissions in summer. These differences are consistent with numerous established studies across Europe and Asia, where higher 
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winter AAE values are attributed to RWC and coal combustion, both rich in BrC (e.g., Popovicheva et al., 2022; Savadkoohi 540 

et al., 2023; Wang et al., 2018).  

The diurnal cycle of the AAE is also different in winter and summer, with a distinct pattern of higher AAE overnight seen in 

winter, but not in summer. While AAE is theoretically independent of concentration, the observed diurnal pattern in winter 

likely reflects boundary-layer-driven shifts in the composition and source contributions of absorbing aerosols. Shallow layers 

in the morning and evening can trap fresh biomass burning emissions rich in brown carbon, raising AAE, whereas a deeper, 545 

well-mixed boundary layer during summer homogenises aerosol composition and suppresses diurnal variability (Liu et al., 

2023; Jiang et al., 2025).  

Figure 6 further supports the seasonal interpretation of BrC influence at Ada Marina by comparing observed versus 

extrapolated absorption spectra. In panel (a), representing summer, the measured absorption coefficients (BABS observed, blue) 

closely follow the extrapolated curve derived from a power-law fit to the 520 to 950 nm range (BABS expected, black), with 550 

little enhancement at shorter wavelengths. This spectral consistency suggests dominance of black carbon (BC) from fossil fuel 

combustion with negligible contribution from BrC, consistent with the low fBrC (0.12 ± 0.06) and low AAE (1.18 ± 0.06) 

reported in Table 4 for summer. 

In contrast, Fig. 6 panel (b) shows winter conditions, where observed absorption at shorter wavelengths (especially 370 nm 

and 470 nm) clearly exceeds the power-law extrapolation from longer wavelengths. This spectral enhancement is characteristic 555 

of BrC absorption, which selectively enhances in the UV to visible range. This agrees with the higher fBrC (0.44 ± 0.11) and 

AAE (1.54 ± 0.14) observed during winter, and with the diurnal pattern in AAE (Fig. 5d) suggesting temporally varying BrC 

contributions. The mismatch between observed and extrapolated BAbs in winter also highlights that power-law assumptions are 

violated, especially under strong BrC influence. This implies that bulk AAE values derived from full-spectrum fits may be 

biased, and source apportionment models that assume strict power-law behavior (e.g., the classic aethalometer model) should 560 
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be applied with care, especially during winter, episodic biomass burning events, or when BrC is strong or when designing 

targeted mitigation measures. 

 

Figure 5: Temporal and diurnal variability of equivalent black carbon at λ=880 nm (eBC), the absorption Ångström exponent 

(AAE), and the brown carbon fraction (fBrC) at λ=370 nm. (a) Time series of eBC derived from absorption at λ=880 nm (grey), with 565 
superimposed monthly averages (solid black). (b) Diurnal cycle of eBC, showing monthly (solid), winter (dashed), and summer (dash-

dotted) averages. (c) AAE computed from fitted (log BAbs vs log wavelength) absorption at λ=520 to 950 nm (light blue), with monthly, 

winter, and summer averages shown in bold dark blue lines. (d) Time series of the fractional contribution of brown carbon (fBrC) to 

total absorption at λ=370 nm, calculated using the subtraction method. Here, brown carbon absorption is estimated as the difference 

between total absorption and a black carbon contribution extrapolated from 880 nm using a fixed AAE of 1. (f) Diurnal variation of 570 
fBrC, showing monthly, winter, and summer means. The time zone is UTC. 
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Figure 6: Observed and extrapolated BABS spectra. Average observed absorption coefficients (BABS observed, blue) and expected 575 
values (BABS expected, black) based on extrapolation from 880 nm, using a log–log linear fit to data at 520 to 950 nm, assuming 

power-law behaviour (Eq. 1). Panel (a) shows summer data with relatively low BrC influence; panel (b) shows stronger short-

wavelength absorption indicative of enhanced BrC in winter.  

Table 4: Seasonal and overlapping-period (concurrent optical and filter analyses in the period 23 October 2023 to 29 May 2024, (Fig. 

1) means and standard deviation (in parentheses) for equivalent black carbon (eBC), the fractional contribution of brown carbon 580 
determined at 370 nm (fBrC), and the bulk absorption Ångström exponent (AAE) from the aethalometer measurements, and 

elemental carbon (EC) from the offline analysis.  

Component Online 

measurement 

period 

Spring Summer Autumn Winter Overlapping 

period 

eBC [µg m-3] 1.42 (1.40) 0.93 (0.89) 1.00 (0.81) 1.47 (1.33) 1.9 (1.76) 1.63 (1.35) 

fBrC   0.29 (0.17) 0.22 (0.12) 0.12 (0.06) 0.3 (0.13) 0.44 (0.11) 0.32 (0.14) 

AAE 1.37 (0.19) 1.28 (0.13) 1.18 (0.06) 1.37 (0.15) 1.54 (0.14) 1.40 (0.15) 

EC           1.60 (1.19) 

 

3.3 Source apportionment of online data  

Following the approach of Savadkoohi et al. (2025), we derived AAE at the first percentile (P1) = 1.02  (for summer bulk BAbs 585 

data) and 99th percentile (P99) = 1.81 (for full period bulk BAbs data) for use in the aethalometer model (Fig. 7). These AAE 

values are consistent with the literature for liquid (AAELF) and solid (AAESF) fuel burning sources. For example, Savadkoohi 

et al. (2025), find P1 values of between 0.94 and 1.11 for urban sites and 0.98 for a traffic dominated site (Helsinki-

Mäkelänkatu), and P99 values (winter) of between 1.46 and 1.72 for urban sites and 1.45 for Helsinki-Mäkelänkatu. 

Savadkoohi et al. (2025) also note that, for traffic dominated sites, P99 likely provides a lower-bound estimate of AAESF, as 590 

the true AAE for solid fuels is expected to be higher, since a large fraction of LF sources is likely always present. This is 

further shown by the bimodal distribution of the bulk AAE data, which is driven by a marked separation in winter and summer 

optical properties (Fig. 7). As shown in Table 5, using these AAE values and the aethalometer model we find good agreement 

between eBCLF and ECFF (Pearson’s R2=0.89) and eBCSF and ECBB (Pearson’s R2 = 0.99). We also show that the latter 

extremely high correlation is not a statistical artefact driven by high seasonal variability in solid fuel burning (i.e., very low in 595 

summer, very high in winter, driving strong correlation) since it remains high when considering the overlapping winter period 

only (Pearson’s R2 = 0.99).  

Furthermore, only a small fraction of negative source contributions from SF or LF (1.6%) was observed, indicating generally 

stable behaviour of the model under the chosen parameterisation. However, this should not be interpreted as strict validation 

of the assumed a priori AAEs. In the aethalometer model, the use of single AAE values for solid and liquid fuel sources 600 

implicitly assumes that the true distributions of combustion-related AAEs are centred on these constant values. In reality, AAE 

varies substantially with combustion conditions, fuel type, mixing state, and atmospheric processing. As a result, for example, 
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some strong biomass-burning events may exhibit ambient AAEs higher than the fixed AAESF used in the model. In such cases, 

the model can produce apparent solid-fuel contributions exceeding 100% of total BC. The low occurrence of negative 

contributions therefore suggests that the selected AAEs, while producing internally consistent solutions for most conditions 605 

are too low to represent e.g., episodes of high concentrations from solid fuel eBC. 

AAE values derived from NNMF are emergent rather than prescribed. Nevertheless, the weight matrix 𝐻 (factor spectral 

profiles; purple lines in Fig. 8) closely follows the physically expected power-law behaviour of 𝐵ABS(black lines in Fig. 8). 

This indicates that NNMF provides a physically meaningful representation of the aethalometer absorption spectra. The results 

presented here are based on an ensemble of 500 NNMF runs. Ensemble variability, rotational ambiguity, and goodness-of-fit 610 

diagnostics (residual distributions) are evaluated in Fig. S4. The same diagnostics are shown for a three-factor solution in Fig. 

S5, which was rejected due to instability and lack of well-resolved factors. 

The emergent AAEs from NNMF are similar to, but slightly higher than, those obtained using the percentile-based approach 

(𝐴𝐴𝐸𝐿𝐹 = 1.17, 𝐴𝐴𝐸𝑆𝐹 = 1.86 versus 𝐴𝐴𝐸𝐿𝐹 = 1.02 and 𝐴𝐴𝐸𝑆𝐹 = 1.81). This supports the argument above that the a priori 

AAEs used in the aethalometer model may be somewhat low, particularly for strong biomass-burning episodes. Using NNMF 615 

derived AAEs in the aethalometer model increases the fraction of negative points from 1.6% (using AAEs derived from the 

bulk distribution) to 14%. Interestingly, the NNMF-derived 𝐴𝐴𝐸𝐿𝐹 approximates the mode of the summertime AAE 

distribution (Fig. 7), when biomass-burning influence is minimal according to the offline tracer analysis. In contrast, the 

NNMF-derived 𝐴𝐴𝐸𝑆𝐹 lies near the upper edge of the bulk AAE distribution, above P99. 

Strict adherence to a power-law dependence is not necessarily advantageous, especially in the presence of brown carbon (BrC), 620 

and similar deviations are evident in the bulk absorption spectra (Fig. 6). BrC enhances absorption at shorter wavelengths 

(Lack and Cappa, 2010), causing 𝐵Absto deviate from idealised power-law behaviour. Under such conditions, the aethalometer 

model may overestimate BC concentrations (Kirchstetter et al., 2004). The ability of NNMF to capture these spectral deviations 

without imposing rigid functional assumptions therefore represents a key methodological advantage (Fig. 8). 

Figure 8 also shows that enhanced absorption at lower wavelengths is associated with the solid fuel factor. This is expected, 625 

as fuel-rich combustion conditions favor BrC formation (Laskin et al., 2015), while fossil fuel combustion, such as from diesel 

engines, generally produces only modest amounts of BrC (Liu et al., 2015). However, the chemistry of brown carbon is 

complex, with its abundance and optical properties controlled by competing processes, including atmospheric aging and the 

molecular composition of BrC species. Typically, aging leads to a decrease in BrC due to photochemical bleaching and 

oxidation, especially in biomass burning plumes, as chromophores degrade over time (Forrister et al., 2015). Low molecular 630 

weight BrC compounds, such as nitrophenols, can photobleach within hours, whereas high molecular weight BrC species are 

more stable (Wong et al., 2019). Conversely, initial atmospheric aging can lead to the formation of secondary BrC, temporarily 

enhancing absorption (Gilardoni et al., 2016; Kalbermatter et al., 2022). 

At Ada Marina, we observe a relatively high correlation between the solid fuel factor and secondary organic carbon (SOC), 

with R² = 0.76 increasing to 0.86 in winter for NNMF, and 0.74 increasing to 0.84 for the aethalometer model. This consistent 635 

association between solid fuel BC and SOC, enhanced absorption at lower wavelengths in the NNMF solid fuel factor, 
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combined with the proximity to urban areas such as Čukarička Padina and Banovo Brdo at the right bank and New Belgrade 

at the left bank of the Sava, suggests that local emissions are primarily responsible for both BrC and a significant fraction of 

SOC via initial aging leading to temporarily enhanced absorption.  

Overall, the NNMF and aethalometer model approaches yield very similar results with respect to correlation to offline analyses 640 

(Table 5), and a clear diurnal pattern for both solid and liquid fuel factors (solid fuel peaking overnight and liquid fuel peaking 

during the morning and early evening during expected peak traffic, Fig. 9b,d,f). Notably however, the NNMF approach yields 

stronger annual and diurnal variability for the solid fuel factor, with monthly average levels peaking slightly higher in 

December 2023 (1.65 vs 1.64 µg m-3 according to the aethalometer model, Fig. 9c) and significantly lower than the 

aethalometer model average of 0.16 µg m-3  in summer, at 0.05 µg m-3 (Table 4). This stronger seasonal variation is supported 645 

by analysis of offline data, where average levoglucosan derived ECBB is also 0.03 µg m-3 in summer (Table 3), though noting 

that the summertime periods do not overlap. Diurnal variation is also slightly more distinct for the solid fuel fraction in NNMF, 

since the aethalometer model approach has a slight morning peak around 7 to 8 AM UTC (Fig. 9d). 

 

Figure 7: Histograms of absorption Ångström exponents (AAE) derived from the slope of log(absorption) versus log(wavelength), 650 
based on the full dataset (grey), and for winter (blue) and summer (magenta subsets. Vertical blue lines indicate the 1st (PC1) and 

99th (PC99) percentiles used in the optimized aethalometer model, as well as emergent AAEs derived from non-negative matrix 

factorization (NNMF) liquid fuel (LF) and solid fuel (SF) factors. 
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 655 

Figure 8: Observed and extrapolated BABS spectra. Average observed absorption coefficients (BABS observed, purple) and expected 

values (BABS expected, black) based on extrapolation from 880 nm, using a log–log linear fit to data at 520 to 950 nm, assuming 

power-law behaviour (Eq. 1) from NNMF. Panel (a) shows NNMF factor 1 (liquid fuel) with low BrC influence; panel (b) shows 

stronger short-wavelength absorption indicative of enhanced BrC in factor 2 (solid fuel). 

 660 
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Figure 9: Seasonal and diurnal variation in equivalent black carbon (eBC) concentrations and source contributions at Ada Marina, 

based on offline and online source apportionment methods. (a, c, e) Monthly average eBC apportioned to liquid fuel (LF, panel a) 

and solid fuel (SF, panel c) sources from the aethalometer model (solid lines) and NNMF (dashed lines), shown alongside offline EC-

based estimates for EC from fossil fuel (ECFF) and biomass burning (ECBB, shaded areas). The aethalometer model uses the 520 nm 665 
to 880 nm wavelength pair. Panel (e) shows the corresponding fraction of liquid fuel-derived eBC (fLF) or EC (ECFF) from all three 

approaches. (b, d, f) Diurnal patterns of eBC from liquid fuel (b), solid fuel (d), and the fractional contribution of fossil fuel or LF 

(f) during winter. Solid lines represent the aethalometer model, and dashed lines indicate NNMF results. 

Table 5: Seasonal and overlapping-period statistics for equivalent black carbon from fossil fuel (LF) and solid fuel (SF) sources, 

derived using the aethalometer model (using the 520 to 880 nm wavelength range), NNMF, and compared with source-apportioned 670 
elemental carbon (EC) from offline filter analyses.. All values represent the median (median absolute deviation, MAD). The upper 

rows show concentrations of LF and SF (µg m⁻³) and their fractional contributions (fLF, fSF) to total eBC. The lower rows list 

coefficients of determination (R²) between aethalometer-derived and calculated apportioned EC from fossil fuel (ECFF), EC from 

biomass burning (ECBB), OC from fossil fuel (OCFF), OC from biomass burning (OCBB), and OC from secondary organic carbon 

(OCSOC) during the overlapping measurement period (concurrent optical and filter analyses in the period 23 October 2023 to 29 675 
May 2024, Fig. 1). 

Component Aethalometer 

measurement 

period 

Spring Summer Autumn Winter Overlapping 

period 

Aethalometer model 

LF [µg m-3] 0.74 (0.77) 0.63 (0.6) 0.84 (0.73) 0.85 (0.81) 0.66 (0.82) 0.75 (0.46) 

SF [µg m-3] 0.67 (0.94) 0.3 (0.43) 0.16 (0.14) 0.62 (0.75) 1.23 (1.23) 0.87 (1.00) 
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fLF 0.58 (0.24) 0.7 (0.16) 0.82 (0.07) 0.59 (0.19) 0.36 (0.2) 0.55 (0.19) 

fSF 0.42 (0.24) 0.3 (0.16) 0.18 (0.07) 0.41 (0.19) 0.64 (0.2) 0.45 (0.19) 

NNMF 

LF [µg m-3] 0.83 (0.79) 0.65 (0.6) 0.78 (0.63) 0.95 (0.85) 0.86 (0.9) 0.85 (0.54) 

SF [µg m-3] 0.56 (0.96) 0.19 (0.4) 0.05 (0.04) 0.45 (0.69) 1.15 (1.28) 0.8 (1.04) 

fLF 0.71 (0.25) 0.83 (0.16) 0.94 (0.04) 0.73 (0.2) 0.49 (0.21) 0.67 (0.21) 

fSF 0.29 (0.25) 0.17 (0.16) 0.06 (0.04) 0.27 (0.2) 0.51 (0.21) 0.33 (0.21) 

Offline source apportionment 

fECFF      0.70 (0.22) 

fECBB       0.30 (0.22) 

 

Table 6: Pearson correlation coefficients between source apportionment components from the aethalometer model and NNMF, as 

well as offline tracer-derived proxies, for the full overlapping period (top) and winter only (bottom). The table includes correlations 

between liquid fuel (LF) and solid fuel (SF) sources (highlighted red) estimated from the aethalometer model (using the 520 to 880 nm 680 
wavelength pair) and NNMF, and offline-derived EC, OC, and secondary organic carbon (SOC) components. High correlations 

between SF and SOC (especially in winter, highlighted green) suggest potential interference from SOC coating on particles, affecting 

the aethalometer-derived source estimates.  

Full overlapping period 

 Aethalometer model NNMF 

 LF SF ECFF ECBB OCFF OCBB SOC LF SF ECFF ECBB OCFF OCBB SOC 

LF 1.00 0.68 0.89 0.64 0.89 0.64 0.46 1.00 0.75 0.87 0.77 0.87 0.77 0.53 

SF   1.00 0.53 0.99 0.51 0.99 0.74  1.00 0.47 0.99 0.45 0.99 0.76 

ECFF     1.00 0.41 1.00 0.41 0.36   1.00 0.41 1.00 0.41 0.36 

ECBB       1.00 0.38 1.00 0.48    1.00 0.38 1.00 0.48 

OCFF         1.00 0.38 0.35     1.00 0.38 0.35 

OCBB           1.00 0.48      1.00 0.48 

SOC             1.00       1.00 

Winter overlapping period 

 Aethalometer model NNMF 

 LF SF ECFF ECBB OCFF OCBB SOC LF SF ECFF ECBB OCFF OCBB SOC 

LF 1.00 0.78 0.83 0.77 0.83 0.77 0.47 1.00 0.80 0.85 0.83 0.84 0.83 0.54 

SF   1.00 0.60 0.99 0.59 0.99 0.84  1.00 0.54 0.98 0.52 0.98 0.86 

ECFF     1.00 0.58 1.00 0.58 0.35   1.00 0.58 1.00 0.58 0.35 

ECBB       1.00 0.57 1.00 0.78    1.00 0.57 1.00 0.78 

OCFF         1.00 0.57 0.34     1.00 0.57 0.34 
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OCBB           1.00 0.78      1.00 0.78 

SOC             1.00       1.00 

 

3.4 Atmospheric transport  685 

Figure 10 a to c shows footprint emissions sensitivities (FES) at Ada Marina. Warm colours mean the air arriving at the site 

spent more time close to the surface over those locations (higher sensitivity to emissions). FES depends on meteorology and 

removal only; it does not include emissions. To infer likely source regions, we combined the FES with gridded emissions to 

create emission weighted footprint, EWF (FES × emissions), combining atmospheric sensitivity with where emissions occur 

(Fig. 10 d to f). During the colder months, November to March, Ada Marina is more sensitive to emissions from a slightly 690 

broader region. This is exemplified by episodes of sustained high eBC concentrations associated with northerly transport over 

the Pannonian Basin (from Croatia, Austria, and the Czech Republic) alongside locally high footprint sensitivity at Ada Marina 

(Fig. 11), As Fig. 11 also shows, the lowest levels during colder months are associated mainly with sensitivity to North Easterly 

regions (Poland, Moldova, Ukraine, and Russia). 

As described in Sect. 2.4, modelled BC from the gridded inventory is partitioned into various sectors. Because the observational 695 

groupings, offline tracer–derived ECBB and residual ECFF, and NNMF-derived liquid and solid eBC factors, do not map one-

to-one onto these inventory categories, we systematically paired each source-apportioned factor with all combinations of model 

categories to find the highest overall Pearson’s R2. Across both the offline tracer and NNMF evaluations, the residential (i.e., 

cooking and heating) vs. non-residential (i.e., all other model emissions) split of the modelled emissions yielded the highest 

overall correlation with SA results. 700 

Figure 12 summarises the agreement for three pairings: residential vs. ECBB and NNMF eBCSF, non-residential vs. ECFF and 

NNMF eBCLF, and total modelled BC vs. EC and eBC. Residential vs. ECBB and residential vs. eBCSF have higher R2 with 

standard deviation (σ)-ratios near unity, indicating that the site captures the model residential-heating signal cleanly. Non-

residential vs. ECFF and eBCLF shows respectable correlation but tends toward under-dispersion (σ-ratio < 1), consistent with 

a modest underestimation of near-road variability, reflecting the proximity of Ada Marina to major roads (Fig. 2). Including 705 

the Fire BC category (wildfires, agricultural burning) with the residential emissions and excluding it from the non-residential 

category did not improve agreement with ECBB and eBCSF. This suggests only a minor contribution at this site and period, or 

poor temporal alignment with the filter sampling. As expected, total BC vs EC/eBC performs worse than the targeted pairings 

(though still agreeing very well), reinforcing that evaluation is most interpretable when model categories are aligned with 

residential vs. non-residential source influence. Overall, the Taylor analysis shows that the residential heating component is 710 

both influential and well constrained at Ada Marina. This supports the source apportionment results and indicates that 

residential emissions represent a substantial and diagnostically robust contributor to BC at the site. The strong model–

measurement agreement further suggests that emission changes in this sector would likely produce detectable responses in the 

carbonaceous aerosol burden, enabling prospective scenario analysis and retrospective evaluation of emission trends. 
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 715 

Figure 10: Seasonal footprint emission sensitivity (FES) from FLEXPART for the Ada Marina receptor, using 21-day 

backward simulations with a BC tracer including dry/wet deposition, turbulence, unresolved mesoscale motions, and deep 

convection. Panels a to c (top): mean FES for April to October (in years 2023 and 2024), November–March (in years 2023, 

2024 ), and all year. Panels d to f (bottom): corresponding emission-weighted footprints (footprint × gridded BC emissions), 

representing the modelled spatial contribution of BC emissions to concentrations at Ada Marina for the same periods. 720 

 

 

 

 

 725 

 

https://doi.org/10.5194/egusphere-2026-1708
Preprint. Discussion started: 10 August 2026
c© Author(s) 2026. CC BY 4.0 License.



34 

 

 

Figure 11: Footprint emission sensitivities and eBC time series for Ada Marina. (a) Mean footprint emission sensitivity for hours 

when eBC ≥ P80 (top 20% of the concentration distribution). (b) Same for eBC ≤ P20 (bottom 20%). The magenta circle marks the 

receptor (Ada Marina). Colours show the average sensitivity in ns m⁻², where larger values indicate longer residence time of air 730 
parcels over the surface and hence a greater sensitivity to emissions in those grid cells. c) time series of eBC at Ada Marina during 

November to March 2023 and November to February 2024. 

 

 

Figure 12: Taylor diagrams comparing modelled BC sources with EC and eBC tracers and NNMF factors. Each panel shows three 735 
model–observation pairs (symbols per legend). The green diamond marks the reference (observations) at unit standard deviation. 

Grey dashed semicircles are isolines marking radial distance from the origin of standard deviation modelled/ standard deviation 

observed. Values under one represent under dispersion of the model and over one represent over dispersion of the model. Grey 
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radial spokes show the angle from the x-axis, measuring linear correlation as Pearson’s R2. Magenta dashed arcs are contours of 

normalised centred root mean square deviation (RMSD), i.e., the Euclidean distance to the green diamond. Smaller values indicate 740 
better overall agreement. Better performance over all three metrics is thus indicated by proximity to the reference point. a) Filled 

circle: Non-residential model (all model sources except residential) vs ECFF (fossil-fuel EC). Open circle: Residential-only model vs 

ECBB (biomass-burning EC). Open diamond: Model BC total vs observed EC. b) Filled circle: Non-residential model vs NNMF 

eBCSF, Open circle: residential-only model vs NNMF eBCLF. Open diamond: Model BC total vs observed eBC.  

4 Conclusions 745 

We have provided continuous, year-round observations and source apportionment (SA) of carbonaceous aerosol in Belgrade 

(Ada Marina), addressing a major observational gap in the Western Balkans where accessible long-term measurements remain 

scarce. Ada Marina exhibits low pollution levels for eBC in a Southeastern European, urban, setting and somewhat elevated 

PM₁₀ concentrations: values remain well below current national limit values aligned with the EU Ambient Air Quality Directive 

(AAQD), but exceed WHO guideline levels and the forthcoming EU AAQD annual PM₁₀ limit scheduled for implementation 750 

in 2030. 

All three SA approaches applied here (offline organic tracers, the aethalometer model, and a novel NNMF framework) 

consistently identify residential wood combustion (RWC) as a major wintertime source of eBC and EC while offline tracers 

show it is also a dominant source of OC. The seasonal contrast is pronounced. Biomass-burning contributions account for 

nearly half of EC during winter but only a small fraction in summer. Similar seasonal patterns are reproduced by the 755 

aethalometer model and NNMF. Strong wintertime correlations between secondary organic carbon (SOC) and biomass-

burning tracers further indicate that RWC emissions contribute not only to primary carbonaceous aerosol but also to secondary 

organic aerosol formation. Additional evidence arises from enhanced wintertime brown-carbon absorption, which NNMF 

attributes entirely to solid-fuel combustion. 

Transport modelling using FLEXPART supports these findings. Residential-emission tracers in the model correlate strongly 760 

with both ECBB and the NNMF-derived solid-fuel eBC component. Our analysis indicates that Belgrade’s carbonaceous 

aerosol burden reflects a combination of national emissions and regional transport, with episodic enhancements originating 

from the Pannonian Basin and surrounding regions. The good agreement between modelled residential emissions and 

observations suggests that regional-scale emission changes could be meaningfully evaluated using the diagnostics applied 

here. 765 

Given the consistent identification of RWC as a dominant wintertime contributor across this and other studies in South-Eastern 

Europe, reductions in emissions from this sector could substantially influence regional PM burdens. However, the effectiveness 

of such mitigation is likely constrained by both transboundary transport and socioeconomic factors related to residential heating 

practices. Studies such as the present work therefore provide an important scientific basis for understanding source 

contributions and evaluating potential emission-change scenarios. Methodologically, the results highlight the value of 770 

combining complementary SA approaches. In particular, NNMF proved effective in resolving spectral deviations without 

requiring a priori Ångström exponents, while reproducing the results of established tracer-based methods. Although a three-
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factor NNMF solution was not supported for this dataset, the NNMF approach remains flexible and readily transferable to 

other locations or multi-site analyses. 

Code and data availability 775 

The code used for the source apportionment of online absorption data is available at Zenodo: 10.5281/zenodo.19221204 (Platt 

et al., 2026). Atmospheric data used in this study are available under the WeBaSOOP framework at EBAS: https://ebas-

data.nilu.no/Pages/DataSetList.aspx?key=F4D521229C2A40F9A3F9E158848FB229. 
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