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Abstract. Light absorption by urban aerosols is dominated by fine particles (particulate matter ≤2.5 µm; PM2.5), particularly 10 

from traffic exhaust and residential combustion. However, coarse particles (2.5–10 µm; PM2.5-10) can also contribute during 

spring street dust events in northern countries. This study investigated size-resolved optical properties and chemical 

composition of PM in an urban street canyon during spring. Hourly PM₁₀ concentrations averaged 27.1 µg m⁻³, while PM2.5 

and PM1 (≤1 µm) concentrations averaged 7.1 and 4.3 µg m⁻³, respectively. Light absorption across PM₁, PM₂.₅, and PM₇.₂ 

fractions was dominated by submicron particles, predominantly at short wavelengths, while coarse particles enhanced 15 

absorption during dust-resuspension events. Equivalent black carbon (eBC) showed strong size dependence, with PM1 

capturing most combustion-derived BC despite low campaign-mean concentrations (0.49 µg m⁻³). Relative to PM₁, hourly 

eBC increased by 14% in PM2.5 and 41% in PM7.2. Absorption Ångström exponent analysis revealed size- and source-

dependent spectra differences, with stronger wavelength dependence during high PM10 dust events and values closer to unity 

under traffic-exhaust-dominated conditions. The inclusion of coarse particles complicated the interpretation of the AAE470/950 20 

and related biomass burning contribution estimates. Elemental analysis revealed elevated concentrations of Si, Fe, and Al in 

coarse PM, suggesting contributions from crustal material and/or non-exhaust emissions that may also influence optical 

properties. These findings demonstrate that quantification and source identification of urban aerosol light absorption requires 

consideration of the selected particle size cut-off. 

 25 
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1 Introduction 

Atmospheric particulate matter (PM) is a key component influencing air quality, human health, and climate forcing due to its 

ability to absorb and scatter solar radiation. Fine particles (Dp ≤ 2.5 µm), particularly those with diameter smaller than or equal 

to 1 µm (PM₁), are typically dominated by combustion-derived aerosols such as black carbon (BC) and secondary organic 

aerosols (SOA) (e.g. Barreira et al., 2021; Chen et al., 2022). These submicron particles are well known for their light-30 

absorbing properties, primarily due to black carbon and to a lesser extent other absorbing components, which contribute to 

radiative forcing (e.g. Peng et al., 2016; Rovira et al., 2025). Coarse particles (2.5-10 µm), by contrast, have traditionally been 

considered less important for optical absorption and more relevant for scattering. However, recent evidence suggests that 

coarse-mode particles may also contribute to light absorption (e.g. Banerji et al., 2025), challenging the assumption that particle 

fractions larger than PM1 play a negligible role in aerosol absorption properties. 35 

The chemical composition of particulate matter plays a critical role in determining its light-absorbing properties. Different 

compounds exhibit varying degrees of sp² hybridization and molecular structures, leading to variability in their optical behavior 

(e.g. Kahnert and Kanngießer, 2020). In particular, the presence of carbonaceous material with sp² hybridization, such as in 

BC or certain polyaromatic compounds, strongly influences absorption (Bond and Bergstrom, 2006; Kahnert and Kanngießer, 

2020). Furthermore, metal‑rich particles and organic precursors catalyzed e.g. by iron have been shown to contribute to 40 

enhanced light absorption at certain wavelengths (e.g. Al-Abadleh et al., 2022, 2023; Lüchtrath et al., 2025). In addition to 

chemical composition, particle size, shape, morphology, density, and mixing state are important determinants of light 

absorption. Submicron particles generally absorb light more efficiently per unit mass due to their carbonaceous composition, 

whereas coarse particles, including mineral dust, can influence absorption when containing or being mixed with BC, iron 

oxides or other light-absorbing minerals, and light-absorbing organic matter (e.g. Wang et al., 2022; Zhang et al., 2008). In 45 

addition, particle size and mixing state influence both the magnitude and wavelength dependence of light absorption (e.g. 

Virkkula, 2021). The combination of chemical composition and physical properties ultimately controls how atmospheric 

particles interact with solar radiation across different wavelengths, highlighting the need to consider both particle composition 

and size when assessing PM optical effects. 

Non-exhaust sources, including direct emissions from asphalt wear as well as resuspended road dust, brake wear, and tire wear, 50 

produce particles primarily in the coarse particle size range (e.g. Thorpe and Harrison, 2008; Wei and Kumar, 2024). 

Resuspended road dust represents a complex mixture of materials originating from multiple sources (e.g., asphalt, tire and 

brake wear, soil dust, and winter road maintenance materials), and these particles are often enriched in metals such as iron, 

copper, and zinc, as well as their corresponding oxides ( e.g. Wagner et al., 2024). Tyre and brake wear particles contain also 

material that can absorb in BC wavelength, such as carbon black in tyres (e.g. Lee et al., 2025; Reynolds et al., 2024) and 55 

graphite in brake pads (e.g. Lyu and Olofsson, 2020). Recent studies have shown that non-exhaust emissions can constitute a 

significant fraction of dust- and traffic related PM mass (e.g. Kakavas and Pandis, 2021; Zhang et al., 2025), and these 

contributions are expected to increase further as vehicle fleets transition toward electrification and tailpipe emissions decline. 
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Despite these observations, the optical properties of these coarse particles remain poorly quantified, and it remains unclear 

how coarse-mode absorbers influence overall PM light absorption and derived BC concentrations. 60 

Characterizing aerosol light absorption as a function of particle size and composition remains challenging due to instrumental 

limitations and methodological inconsistencies. Filter-based absorption photometers, such as multi-angle absorption 

photometers (MAAP) and aethalometers (e.g., AE33), are widely used to quantify equivalent black carbon (eBC) (e.g. Helin 

et al., 2018; Hernández et al., 2025; Luoma et al., 2021; Zioła et al., 2021). However, in practice, these instruments are typically 

operated with PM₁ or PM₂.₅ size-selective inlets, reflecting both the predominantly submicron nature of black carbon and 65 

common air quality monitoring conventions (e.g. Barreira et al., 2021; Hernández et al., 2025; Malik and Aggarwal, 2021). 

As a result, absorption by coarse-mode particles may be systematically underrepresented. Coarse particles also exhibit different 

chemical composition from fine particles but the real-time characterization of coarse particles is more challenging as e.g. 

aerosol mass spectrometers (AMS) are generally limited to submicron particles (e.g. Canagaratna et al., 2007; Jayne et al., 

2000). In addition, different monitoring networks and measurement platforms, such as ACTRIS and other regional or national 70 

air quality networks, often target different particle size fractions, which complicates intercomparisons and harmonization of 

datasets (e.g. ACTRIS, 2024; Zheng et al., 2025). Consequently, differences in sampling practices may limit the direct 

comparability of ambient eBC datasets and influence the determination of other relevant parameters such as the biomass 

burning fraction (BB%). The variability in eBC datasets caused by different sampling fractions also affects the emission factors 

determined using eBC measurements (e.g. Kozawa et al., 2014; Rönkkö et al., 2023; Saha et al., 2018). Consequently, this 75 

variability propagates to atmospheric models that use these emission factors to evaluate the impacts of emitted BC on air 

quality and climate. 

To address these knowledge gaps, we conducted a dedicated field campaign to quantify the contributions of different particle 

sizes to urban aerosol light absorption during spring, when PM₁₀ concentrations are typically elevated due to street dust 

resuspension events in northern countries (e.g. Barreira et al., 2021; Kupiainen et al., 2016; Stojiljkovic et al., 2019). 80 

Measurements were performed across several PM fractions using multiple complementary instruments: aethalometers for light 

absorption (PM₁, PM₂.₅, and PM₇.₂), XRF for elemental composition (PM₂.₅, and PM10), and an optical particle monitor for 

particle sizing and derived PM mass concentrations (PM₁, PM₂.₅, and PM10). To ensure that observed differences in light 

absorption across size fractions reflected true particle-size effects rather than instrument-specific biases, an intercomparison 

of the aethalometers and MAAP for PM₁ was also conducted. This integrated approach allowed us to quantify the relative 85 

contributions of different particle size fractions to light absorption under real-world urban conditions. 

2 Experimental section 

2.1 Measurement site 

Traffic-influenced measurements were conducted at an urban supersite located within a characteristic street canyon in Helsinki, 

Finland (Mäkelänkatu 50) (e.g. Barreira et al., 2021). The observation period extended from 26 March to 2 May 2024. The 90 
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street canyon consists of six traffic lanes, two tram tracks, and pedestrian walkways on both sides, with a total width of 

approximately 42 m. This location is commonly considered representative of a northern European urban traffic environment. 

On a typical weekday, around 17,000 vehicles travel along the street, with heavy-duty vehicles accounting for roughly 10 % 

according to municipal traffic statistics. Contributions from local biomass burning are negligible, as surrounding residential 

buildings rely primarily on district heating. 95 

Following the main campaign, the intercomparison of the aethalometers and MAAP was conducted at the same site from 2 to 

23 May 2024. This auxiliary campaign focused on evaluating consistency between three parallel instruments measuring aerosol 

absorption in different particulate size fractions (PM₁, PM₂.₅, and PM₇.₂). A detailed description of the instruments and 

methodology is provided in Sect. 2.2. 

2.2 Instrumentation 100 

2.2.1 Aethalometer (AE33) 

In this study, aerosol light absorption in three particulate size fractions (PM₁, PM₂.₅, and PM7.2) was measured using three co-

located AE33 aethalometers (Magee Scientific, Slovenia). The AE33 is a filter-based absorption photometer in which particles 

are collected on a moving filter tape, and light transmittance through the loaded filter is continuously recorded at seven 

wavelengths spanning the UV–Vis range (370, 470, 520, 590, 660, 880, and 950 nm) with a nominal full width at half 105 

maximum (FWHM) of about 20 nm and measured FWHM variance of 10–85 nm (e.g. Müller et al., 2011).  

The AE33 reports eBC concentrations derived from light attenuation measurements (Magee Scientific, 2018). In this study, 

aerosol absorption coefficients 𝑏௔௕௦(𝜆) were calculated from the reported eBC concentrations and wavelength-dependent mass 

absorption cross-sections (MAC) using Eq. (1):  

𝑏௔௕௦  (𝜆) = 𝑀𝐴𝐶 (𝜆) × 𝑒𝐵𝐶 (𝜆) ,          (1) 110 

where 𝑀𝐴𝐶(𝜆) values were taken from the AE33 manufacturer specifications. 

The absorption Ångström exponent (AAE), an important aerosol optical parameter used for aerosol characterization (e.g. Helin 

et al., 2021; Liu et al., 2018), was also calculated for different wavelengths using Eq. (2): 

𝐴𝐴𝐸ఒభ/ఒమ
=

୪୬(௕ೌ್ೞ(ఒభ)/௕ೌ್ೞ(ఒమ))

୪୬  (ఒభ/ఒమ)
,          (2) 

Absorption coefficients were hourly-averaged for AAE calculations to reduce uncertainty (e.g. Helin et al., 2021). 115 

The AE33’s in-built “Aethalometer model” also computes the percentage contribution of biomass burning, denoted as BB%, 

which is commonly defined by Eq. (3): 

𝐵𝐵% = 100% ×
ቀ
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where 𝛼ிி  𝑎𝑛𝑑 𝛼ௐ஻ represent the AAE for fossil fuel and biomass-burning aerosols, respectively (Sandradewi et al., 2008). 

In the AE33 Aethalometer model, typical default values are 𝛼ிி = 1.0 and 𝛼ௐ஻ = 2.0. However, 𝛼ிி = 1.1 for fossil fuel 120 
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emissions and 𝛼ௐ஻ = 1.6 for wood burning were applied in this article, since these values have been previously derived for 

the sampling site investigated in this study (Helin et al., 2018). 

Filter-based absorption measurements are subject to several uncertainties, including multiple light scattering within the filter 

(e.g. Weingartner et al., 2003; Yus-Díez et al., 2021), loading effects as the filter accumulates particles (e.g. Drinovec et al., 

2017; Virkkula et al., 2007; Weingartner et al., 2003), and apparent absorption from scattering aerosols (e.g. Arnott et al., 125 

2005; Bond et al., 1999). The AE33 mitigates these artefacts through a dual-spot configuration, which corrects for loading 

effects and tape-advancement errors, improving the reliability of absorption measurements (Drinovec et al., 2015). 

For the main campaign, each AE33 was connected to a common sampling line with a blower proving a steady sample flow 

from outside. From that sampling line, each AE33 drew a separate sample flow, with flow rates determined by the cut-off 

diameters of the cyclone inlets used upstream of the AE33 instruments. PM₁, and PM₂.₅ were obtained by using BGI model 130 

SCC-1.197 cyclone with the flow rates of 5 and 2 L min-1, respectively, while PM7.2 was obtained with BGI model SCC-1.829 

cyclone with a flow rate of 2 L min-1.  Instruments operated with 1-minute time resolution. PTFE-coated glass fibre filter tapes 

(Magee Scientific, type M8060) were used throughout the campaign. Absorption coefficients reported by the AE33 incorporate 

the manufacturer’s multiple-scattering correction factor (Cref=1.39) and wavelength-dependent mass absorption coefficients.  

During the intercomparison campaign, all three AE33 instruments measured light absorption in PM1 using the same SCC-135 

1.197 cyclone model mentioned above and operating simultaneously, enabling a direct assessment of the consistency and 

reproducibility of light-absorption measurements under identical aerosol conditions. The median eBC concentration measured 

by the three AE33 devices in PM1 was 0.32 µg m⁻³ (Fig. S1). In addition to the AE33 measurements, eBC concentrations in 

PM₁ were intercompared with data from a Multi-Angle Absorption Photometer (MAAP; Thermo Electron 208 Corporation, 

Model 5012; Petzold and Schönlinner (2004)), providing an independent reference (Fig. S1). The MAAP reported a median 140 

concentration of 0.28 µg m⁻³, approximately 14 % lower than the AE33 median, a difference that has been commonly observed 

in previous studies (e.g. Salo et al., 2024). An additional intercomparison between the three AE33 instruments was performed 

using pairwise scatter plots of eBC concentrations. The comparisons show a strong linear agreement between all instrument 

pairs, with coefficients of determination (R²) of 0.95 for AE33_2 vs. AE33_1, 0.94 for AE33_3 vs. AE33_1, and 0.95 for 

AE33_3 vs. AE33_2 (Fig. S2). These results indicate a high level of consistency among the AE33 instruments across the 145 

different size fractions measured (PM₁, PM₂.₅, and PM₇.₂), supporting the robustness and comparability of the eBC 

measurements used in this study. Similarly to the pairwise intercomparison of the AE33 instruments, the comparison between 

AE33 (AE33_1) and MAAP-derived hourly-averaged eBC concentrations showed a high level of agreement, with a R² of 0.96 

(Fig. S3).  

Absorption across all seven wavelengths was as well evaluated among the AE33 instruments in PM1. Overall, no significant 150 

differences were observed (Fig. S4). Minor variations were noted in the percentile ranges: the 25th and 75th, as well as the 10th 

and 90th percentiles, were slightly higher at 880 and 950 nm, indicating a small relative increase in absorption at longer 

wavelengths. These results demonstrate a good agreement among the three AE33 instruments at all measured wavelengths and 

confirm the reliability of PM₁ eBC measurements during the campaign. 
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2.2.2 X-ray fluorescence spectroscopy (XRF) 155 

The elemental composition of PM₂.₅ and PM₁₀ particles was determined off-line using an energy-dispersive X-ray fluorescence 

(ED-XRF) spectrometer (model Epsilon4, Malvern Panalytical, Malvern, UK). PM₂.₅ and PM₁₀ filter samples (Fluoropore 

membrane filter, FSLW04700, pore size 3 µm, Merck Life Science, Darmstadt, Germany) were collected for 24 hours using 

a Lecker sequential sampler, SEQ47/50 (Aurela et al., 2026). In ED-XRF, filter samples are irradiated with a primary X-ray 

beam. Atoms in the sample are excited and emit secondary (fluorescent) X-rays with characteristic energies specific to each 160 

element. By measuring the energy and intensity of these fluorescent X-rays, the concentration of elements such as Al, Si, S, 

Fe, Cu, Zn, and others can be quantified. The technique is non-destructive and capable of detecting multiple elements 

simultaneously, covering a wide range from sodium to uranium. In this study, ED-XRF provided detailed information on the 

elemental composition of coarse (PM10-PM2.5) and fine (PM2.5) particles, allowing the identification of contributions from 

mineral dust, traffic abrasion (e.g., brake and tyre wear), and other anthropogenic sources. These data were used in combination 165 

with AE33 measurements to interpret the sources and properties of measured aerosols. 

2.2.3 Auxiliary instrumentation 

Particle number concentrations and size distributions in the aerosol were measured using a Fidas 200 optical particle sizer 

(Palas, Germany). The Fidas instrument determines particle sizes based on light scattering: aerosol particles pass through a 

laser beam, and the intensity of scattered light is measured at defined angles. The signal is converted into particle size using 170 

Mie scattering theory, allowing simultaneous classification into multiple size bins, typically from 0.18 μm to 18 μm in 

aerodynamic diameter. The instrument provides high-resolution, real-time data on particle number and mass concentrations. 

In this study, the Fidas data were used to complement the chemical and optical measurements, providing real-time mass 

concentrations for PM₁, PM₂.₅, and PM₁₀ fractions. Basic air quality parameters at the Supersite were continuously monitored 

using a set of standard instruments: nitrogen oxides (NOx) were measured with a Horiba APNA-370, ozone (O₃) with a Horiba 175 

APOA-370, particle number concentration (PNC; particle size ≥ 10 nm) with an Airmodus A20 CPC, and lung-deposited 

surface area (LDSA; particle size range ~10-400 nm) of particles with a Pegasor AQ Urban. Street surface state and road water 

layer was measured with a Vaisala DSC211. In addition, meteorological variables, including ambient air temperature and 

relative humidity, were recorded directly at the Supersite. Wind speed and direction were measured at roof level in Ilmala, 

Helsinki, approximately 43 m above ground and about 2 km northwest of the Supersite measurement station.  180 

3 Results and discussion 

3.1 Atmospheric Conditions and Pollution Dynamics in the Street Canyon 

The atmospheric conditions and major pollutant concentrations during the street-canyon campaign are illustrated in Figure 1.  

Measurements revealed substantial variability in particulate matter concentrations, reflecting both typical urban emissions and 
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episodic dust events. The campaign hourly mean concentrations were 4.3 µg m⁻³ for PM₁, 7.1 µg m⁻³ for PM₂.₅, and 27.1 µg 185 

m⁻³ for PM₁₀, while hourly-averaged PM concentrations ranged from 0.3 and 16.6 µg m⁻³ (PM₁), 0.4 to 35.8 µg m⁻³ (PM₂.₅) 

and 0.6 to 213 µg m⁻³ (PM₁₀), indicating a strong episodic contribution of coarse particles. 

 

Figure 1: Hourly mean time series of particulate matter mass concentrations (PM₁, PM₂.₅, and PM₁₀), black carbon (eBC in PM1), particle 
number concentration (PNC), lung-deposited surface area (LDSA), nitrogen oxides (NOₓ), ozone (O₃), air temperature (T), relative humidity 190 
(RH), road surface wetness, and daily mean wind direction (arrows) and speed (semi-quantitatively represented by the arrows length) 
measured during the street-canyon campaign. 

The eBC concentrations in PM1 were generally low, with an hourly average of 0.48 µg m⁻³, despite the site being highly 

influenced by traffic. This suggests a relatively minor PM mass contribution from vehicular exhaust emissions during the 

campaign period when compared to dust emissions. However, short-term eBC peaks reached 2.76 µg m⁻³, coinciding with 195 

traffic surges and calm weather conditions. Hourly mean PNC averaged 8.27 × 10³ particles cm⁻³ per hour, with a maximum 

of 4.57 × 10⁴ particles cm⁻³, reflecting episodic particle-rich events likely linked to traffic bursts. Furthermore, concentrations 

frequently exceeded 20 000 # cm-3, which is the high hourly PNC level defined by the Word Health Organization. Lung-

deposited surface area (LDSA) measurements averaged 10.4 µm² cm⁻³ and peaked at 37.7 µm² cm⁻³. These hourly-averaged 
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values are moderate and do not indicate a particularly high lung-deposited dose compared to more populated and/or polluted 200 

urban hotspots (e.g. tunnels or nearby an airport) and regions (Lepistö et al., 2024; Salo et al., 2021).  

Gaseous pollutants reflected expected urban patterns. Nitrogen oxides (NOₓ) concentrations displayed clear traffic signatures, 

peaking during rush hours, with an hourly average of 25.4 µg m⁻³ and maximum of 166.7 µg m⁻³. Ozone concentrations 

averaged 57.0 µg m⁻³, reaching 87.9 µg m⁻³. These ozone levels are moderate and do not indicate extreme photochemical 

smog, possibly due to reduction of ozone by NOₓ in the street canyon. 205 

Hourly-averaged meteorological conditions were highly variable. Temperature ranged from –4.9 to 17.5 °C, averaging 3.9 °C, 

while relative humidity ranged from 33.4 % to saturation with an average of 80.4 %. In Nordic countries, a substantial amount 

of road dust accumulates during winter due to processes such as asphalt wear from studded winter tyres and winter sanding, 

and is subsequently released in spring when street surfaces dry out. This seasonal process is consistent with the observed 

episodic PM₁₀ peaks during dry periods. In contrast, wet road conditions, with a maximum water accumulation of 1.2 mm 210 

during the campaign, likely suppressed PM₁₀ resuspension. Street surfaces were also occasionally covered by snow, ice, or 

slush (e.g. Aurela et al., 2026), further inhibiting particle resuspension. Accordingly, no elevated PM₁₀ concentrations were 

observed under wet surface conditions (Fig. 1). Wind direction varied substantially throughout the campaign, although 

prevailing winds were from the west and east, with maximum wind speeds of 4.64 m s⁻¹ and a mean of 1.24 m s⁻¹. These wind 

patterns likely influenced pollutant dispersion and the episodic dust events observed. No significant long-range transport events 215 

were identified during the campaign. 

Overall, the measurements highlight a spring-time street canyon environment dominated by coarse particle events, moderate 

traffic influence, and highly variable meteorological conditions that may have also influenced PM concentrations. The 

combination of high PM₁₀ peaks, frequent wet surfaces, and variable wind speed underscores the importance of local 

resuspension in shaping the particulate matter dynamics and properties at this urban site.  220 

3.2 Influence of Sampling Size Cut-Off on Measured Light Absorption and eBC Concentrations 

The absorption coefficient of PM was evaluated across the PM₁, PM₂.₅, and PM7.2 fractions over the range of AE33 

measurement wavelengths (370–950 nm) to assess how the particle-size cut-off influenced measured light absorption. As 

shown in Fig. 2, light absorption decreased exponentially with increasing wavelength for all PM fractions. Notably, PM2.5 

exhibited slightly higher absorption than PM1, and PM7.2 consistently showed the highest absorption across all wavelengths. 225 

The average PM1 absorption coefficients ranged from 3.56 to 11.04 Mm⁻1, while PM2.5 and PM7.2 ranged from 4.12 to 11.73 

Mm⁻1 and 4.93 to 13.28 Mm⁻1, respectively. Compared to PM1, PM2.5 showed an increase in absorption of approximately 6–

16 %, with the largest relative enhancement at 950 nm. More notably, PM7.2 absorption increased by 20–39 % relative to the 

one from PM1, with the most pronounced rise also occurring at 950 nm. These results indicate that coarse particles can 

contribute to light absorption, especially at longer wavelengths, highlighting the significant role of larger particles in optical 230 

measurements.  
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Figure 2: Campaign-averaged wavelength-dependent absorption coefficients of particulate matter (PM) for PM₁, PM₂.₅, and PM7.2 fractions, 
measured with the AE33 aethalometer across 370–950 nm. Error bars indicate ±1 standard deviations. 

The effect of sampling different particulate matter size fractions on the Absorption Ångström Exponent (AAE) was also 235 

evaluated. The AAE time series for the campaign is shown in Fig. S5, and multiple wavelength pairs were used to capture 

spectral dependence, specifically AAE370/470, AAE470/520, AAE370/950, and AAE470/950. The shorter wavelength pairs (370–470 

and 470–520) are particularly sensitive to enhanced absorption by brown carbon (BrC) and other species that preferentially 

absorb at lower wavelengths, whereas combinations including 950 nm (370–950 and 470–950) are more commonly used to 

represent the overall AAE and characterize bulk aerosol absorption (e.g. Helin et al., 2021). As illustrated in Fig. 3, AAE 240 

varied substantially across the different PM fractions, indicating that particle size influences the wavelength dependence of 

light absorption. For AAE370/470, values decreased from 1.12 for PM1 to 0.77 for PM2.5 and 0.86 for PM7.2, suggesting a relative 

weakening of short-wavelength absorption with increasing particle size. Among the wavelength pairs, AAE370/470 also 

exhibited the largest temporal variability, including several nighttime low spikes in the PM2.5 fraction (Fig. S5). A particularly 

noticeable low spike occurred between 2 and 3 April, when AAE370/470 reached approximately -5 around 01:30 (Fig. S5). Such 245 

anomalously low values may be associated with very low absorption coefficients (Fig. S6), where increased uncertainty in the 

optical measurements can lead to unstable or unrealistic AAE values, particularly for short-wavelength pairs. In contrast, 

AAE370/950 (1.21, 1.10, and 1.06 for PM1, PM2.5, and PM7.2, respectively) and AAE470/950 (1.24, 1.21, and 1.13) showed smaller 

differences between size fractions, indicating that the inclusion of near-infrared wavelengths, where BC absorption becomes 

more dominant, reduces sensitivity to particle size effects. For AAE470/520, values were consistently higher overall (1.50–1.61), 250 

with PM2.5 exhibiting the largest value, pointing to enhanced spectral curvature in the mid-visible range. This wavelength 
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dependence could be consistent with absorption by chromophores in the 450–600 nm range (e.g. nitroaromatic compounds) 

(e.g. Lin et al., 2017; Xie et al., 2017). However, chromophores were not chemically measured and identified in detail in this 

study across different fractions, and further chemical analysis would be required to assess their potential relative contribution 

to aerosol absorption in these fractions.  255 

 

Figure 3: Campaign-averaged Absorption Ångström Exponent (AAE) values for different wavelength pairs (370/470, 470/520, 370/950, 
and 470/950 nm) across PM1, PM2.5, and PM7.2 size fractions. Error bars indicate ±1 standard deviations. 

AAE for PM1 slightly above unity are commonly reported in traffic-influenced environments where black carbon absorption 

typically dominates, particularly when AAE is derived using longer wavelength pairs such as 470/950 nm (e.g. Helin et al., 260 

2021). In contrast, the slightly lower AAE values observed for coarse fractions imply a shift toward more spectrally neutral 

absorbers as particles grow, which is expected considering the dominance of eBC regarding light absorption. The results are 

consistent with previous modeling studies (e.g. Virkkula, 2021), which show that AAE470/950 depends on both particle size and 

coating thickness. The results demonstrate that the measured AAE depends on the selected PM size fraction, and that the use 

of different cut-offs can lead to systematic differences in the derived aerosol optical properties due to changes in the sampled 265 

particle population. 

To further investigate the relationship between size fractions, correlations between the absorption coefficients of PM₂.₅ versus 

PM₁ (bottom panels) and PM7.2 versus PM₁ (top panels) were examined for three representative wavelengths in Fig. 4 (370 nm 

(left), 520 nm (middle), and 880 nm (right)). The correlation between PM₂.₅ and PM₁ was high, with coefficient of 

determination (R²) values ranging from 0.98 to 0.99 across all wavelengths, indicating that the submicron particles largely 270 

governed absorption in fine fraction. In contrast, correlations between PM7.2 and PM₁ were slightly weaker, with R² values 
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between 0.86 and 0.89, reflecting the additional variability introduced by the coarse fraction. Examination of the scatter plots 

suggests that elevated PM10 mass concentrations were the main factor driving the reduced correlation, as high values 

consistently lie above the 1:1 slope line, indicating that coarse particles can increase absorption beyond that expected from 

PM₁ alone. These results reinforce the fact that coarse particles in PM7.2 and above can modulate absorption, including the 275 

wavelengths where absorption is often assumed to be only caused by BC particles. 

 

Figure 4: Correlation between hourly-averaged absorption coefficients of different PM size fractions at three representative wavelengths 
(top panels: PM7.2 versus PM₁; bottom panels: PM₂.₅ versus PM₁; left: 370 nm, middle: 520 nm, right: 880 nm). 

Due to the differences in light absorption across size fractions, the actual effect on eBC concentrations was evaluated across 280 

the PM₁, PM₂.₅, and PM7.2 fractions (Fig. S7). The campaign-averaged eBC concentrations were 0.49 µg m⁻³ in PM₁, 0.56 

µg m⁻³ in PM₂.₅, and 0.68 µg m⁻³ in PM7.2. Compared to hourly averaged eBC concentrations in PM₁, those in PM₂.₅ were on 

average 14 ± 10 % higher, while PM₇.₂ showed a larger increase of 41 ± 36 % over the campaign period. These results highlight 

the influence of the inlet cut-off size on measured eBC concentrations. Using a PM₁ and/or PM2.5 inlet, as e.g. in the Helsinki 

Region Environmental Services Authority (HSY) network (e.g. Barreira et al., 2021; Saarikoski et al., 2023), targets light-285 

absorbing carbonaceous aerosol in the submicron and fine fractions, which minimizes interference from coarse-mode particles 

such as road dust. This is well suited for tracking long-term trends in combustion-related black carbon emissions (e.g. from 

traffic and residential wood burning), where the objective is to capture changes in soot rather than mechanically generated 

dust. PM₁ light absorption measurements are also directly comparable with submicron aerosol chemical composition 

measurements from instruments such as the ACSM (Aerosol Chemical Speciation Monitor). In contrast, ACTRIS prescribes 290 
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that the PM₁₀ size fraction must be used, except in situations where a whole-air inlet is required, leading to higher measured 

eBC (ACTRIS, 2024). Consequently, measurements from different networks are not directly comparable unless the size 

fraction is consistent. This issue becomes particularly relevant under the new EU Air Quality Directive (2024/2881), which 

requires Member States to monitor black carbon at designated supersites but does not specify a particle-size cut-off (European 

Union, 2024). Until harmonized guidance emerges, differences in sampling fraction will remain a major source of variability 295 

in eBC datasets, underscoring the need for explicit reporting of the applied size cut-off when comparing or interpreting black-

carbon measurements. In particular, for larger particle fractions, the derived eBC may be overestimated, as light absorption 

caused by dust and other non-BC components is interpreted using a BC-specific mass absorption cross-section.  

Recent studies have also examined how light absorption varies with aerosol size, composition, and sampling fraction. For 

instance, the work by Savadkoohi et al. (2024) in RI-URBANS project emphasized that optical measurements of light 300 

absorption derive from measured absorption coefficients and require use of a mass-absorption cross-section (MAC), which 

itself depends on particle size distribution and composition. Moreover, study by Mishra et al. (2025) comparing optical 

absorption and isotopic composition in PM₁₀ and PM₂.₅ from different emission sources found distinct absorption 

characteristics depending on particle size and source type, suggesting that coarse PM may contribute significantly to total 

absorption under certain conditions. Similarly, a recent investigation focusing on aerosol extracts, comparing PM₁₀ and PM₂.₅, 305 

highlighted that absorption of organic matter from coarse PM can differ notably from fine PM, due to differences in chemical 

composition and surface reactions (Cui et al., 2025). This supports the notion that size fractions larger than PM1 cannot simply 

be ignored when interpreting absorption-based measurements. However, many earlier studies, particularly in pollution-

dominated or dust-plume environments, have focused on fine-mode particles (e.g., BC in PM₂.₅ or PM₁) as the primary 

absorbers, while coarse particles (e.g., mineral dust) are often considered mainly scattering components (Moteki, 2023; e.g. 310 

Pu et al., 2015).  

Nonetheless, selecting only high size fractions may introduce bias in the determination of equivalent black carbon (eBC), 

because absorption in larger particles can either originate from true light-absorbing material (e.g., internally mixed black 

carbon) or from particle mixing effects that enhance absorption, such as the lensing effect or additional absorbing aerosol 

components. Therefore, results underscore the importance of selecting the appropriate PM fraction when quantifying black 315 

carbon or other light-absorbing components, as well as for accurate source apportionment.  

3.3 Size-Resolved Contributions of Fine and Coarse Aerosol Fractions to Light Absorption 

To better understand the incremental contributions of different particle-size fractions to light absorption and their relative 

importance across the aerosol size spectrum, the absorption coefficients measured by the AE33 at seven wavelengths (370–

950 nm) were decomposed into PM₁, PM1-2.5, and PM2.5-7.2 fractions (Fig. 5). The complete time series of these size-resolved 320 

absorption coefficients, along with the corresponding PM₁, PM₂.₅, and PM₁₀ mass concentrations for comparison, is shown in 

Fig. S6. This size-differentiated approach highlights the relative importance of submicron, fine, and coarse-mode particles in 

governing the wavelength-dependent aerosol light absorption. 
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Figure 5: Wavelength-dependent absorption coefficient for different PM size fractions. PM1 is shown at the bottom, the PM1-2.5 fraction in 325 
the middle, and the PM2.5-7.2 fraction at the top, illustrating the contribution of each size range to total light absorption across the AE33 
measurement wavelengths (370-950 nm). 

Across all wavelengths, PM₁ clearly dominated total absorption (values reported in Sect. 3.2). The monotonic decrease in 

absorption with wavelength reflects the expected spectral dependence of BC-rich aerosols, although additional enhancement 

from light-absorbing organics may occur at shorter wavelengths (e.g. Barreira et al., 2024). The PM1-2.5 fraction contributed 330 

substantially less to total absorption, with campaign-averaged coefficients ranging from 0.48 Mm⁻¹ at 880 nm to 1.13 Mm⁻¹ at 

470 nm. Furthermore, it showed a relatively weak wavelength dependence compared with PM₁, indicating a lower abundance 

of strongly absorbing carbonaceous material. Nevertheless, the enhancement in light absorption from 370 to 470 nm in the 

PM1-2.5 fraction suggests the presence of additional light-absorbing components beyond those typically associated with PM1 

particles. The PM2.5-7.2 fraction also showed modest absorption, ranging from 0.85 Mm⁻¹ at 950 nm to 1.66 Mm⁻¹ at 370 nm. 335 

Although lower than PM₁, the PM2.5-7.2 fraction absorbed more strongly than PM1-2.5 at several wavelengths, likely reflecting 

both its larger mass concentration and potential light absorption contributions from e.g. dust, brake wear, and rail wear 

emissions (e.g. Ansari and Ramachandran, 2025; Chan et al., 2002; Ito et al., 2018; Liu et al., 2022b).  

Overall, PM₁ dominated absorption across all wavelengths, while the PM1-2.5 fraction contributed only weakly, and the PM2.5-

7.2 fraction typically absorbed more strongly than PM1-2.5, particularly at 370 nm and at longer wavelengths (>660 nm). These 340 

findings confirm that PM1 particles account for most of the light absorption, with PM1–2.5 and PM2.5–7.2 fractions providing 

smaller but still measurable contributions to the total absorption budget. 
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The effect of using upper particle-size cut-offs (PM2.5 and PM7.2) on eBC concentrations was also evaluated. The campaign-

averaged values showed a strong size dependence, with PM₁ clearly dominating (Fig. S8). The PM1-2.5 and PM2.5-7.2 fractions 

contributed less to eBC, being 0.06 µg m⁻³ in PM1-2.5, and 0.13 µg m⁻³ in PM2.5-7.2 (Fig. S8), though their relatively higher 345 

variability suggests episodic enhancements during dust resuspension events, and/or atmospheric inversion. The additional eBC 

contribution from the PM1-2.5 and PM2.5-7.2 fractions, though smaller than that from PM₁, can therefore influence total eBC 

measurements, particularly during dust events. Including these fractions leads to episodic increases in concentration, which 

may affect comparisons with source-specific emission factors or with models that assume eBC is confined to the fine mode. 

Accounting for these contributions is therefore important for accurately interpreting urban eBC measurements and evaluating 350 

the relative importance of dust versus combustion sources.  

Daily variability of absorption coefficients reinforces this interpretation. PM₁ absorption remained relatively stable throughout 

the day, with only slight increases during morning and evening rush hours (Fig. S9), reflecting the influence of traffic-related 

particles. This limited diurnal variability likely results from a combination of relatively low traffic emissions and variable 

meteorological conditions, such as daytime wind and enhanced boundary layer mixing, that can obscure the typical traffic 355 

peaks. In contrast, the PM1-2.5 and PM2.5-7.2 fractions showed pronounced daytime enhancements, with absorption peaking 

around 12:00–13:00. This behavior is consistent with diurnal changes in surface conditions and traffic activity in northern 

urban environments during springtime road dust seasons, where street surfaces are often moist or frozen in the morning, 

limiting resuspension, and progressively dry during the day, enabling increased particle release driven primarily by turbulence 

generated by moving vehicles (e.g., cars, buses, and trams). On the other hand, wind-driven resuspension is generally of minor 360 

importance, except under episodic high wind conditions facilitating the entrainment of dust into the PM1-2.5 and PM2.5-7.2 size 

ranges. Similar diurnal patterns were observed on weekdays (Fig. S10). In contrast, weekends exhibited a distinct PM₁ 

absorption pattern, likely reflecting changes in traffic intensity and relative contribution of particle sources, while the PM1-2.5 

and PM2.5-7.2 fractions retained their midday enhancement, with peak absorption occurring between 12:00 and 15:00, although 

with lower overall intensity compared with weekdays (Fig. S11). The diurnal profiles of PM₁, PM₂.₅, PM₁₀, and eBC mass 365 

concentrations (Fig. S12) support light absorption results: PM₁ closely follows eBC mass, while PM₂.₅ and PM₁₀ show stronger 

daytime increases consistent with dust-dominated patterns. 

The gas-phase data further corroborate these findings. The diurnal cycles of NOₓ and O₃ (Fig. S13) display clear signatures of 

traffic emissions, with NOₓ exhibiting sharp increases during rush hours, particularly in the morning, and O₃ showing a 

pronounced decrease between 07:00 and 08:00 due to reduction of ozone by fresh NO from traffic (e.g. Barreira et al., 2021; 370 

Liu et al., 2022a). This pattern supports the interpretation that the slight morning enhancement in PM₁ absorption is linked to 

combustion emissions, while the midday increases in the larger size fractions originate from dust entrainment rather than traffic 

exhaust sources. Overall, the combined evidence from size-resolved absorption, mass concentrations, and gaseous tracers 

indicates that PM₁ absorption in Nordic springtime traffic environments is dominated by BC from combustion; whereas PM1-

2.5 and PM2.5-7.2 absorptions are largely driven by enhanced dust resuspension during daytime conditions favouring road surface 375 

drying and increased vehicle-induced turbulence. 
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3.4 Size-Dependent Light Absorption Under High PM₁₀ Dust and Traffic Exhaust Conditions 

Light absorption was evaluated across all studied size fractions (PM₁, PM1-2.5, and PM2.5-7.2) under high PM₁₀ dust and high 

traffic exhaust to assess how contrasting urban pollution regimes modify size-dependent absorption and to distinguish pollution 

episodes from fresh vehicular emissions and dust (Fig. 6). High PM₁₀ dust conditions were defined as PM₁₀ ≥ 75th percentile 380 

(41 µg m-3) with NOₓ ≤ 50th percentile (17 µg m-3), and high traffic exhaust conditions as PM₁₀ ≤ 50th percentile (14 µg m-3) 

with NOₓ ≥ 75th percentile (36 µg m-3). These conditions occurred in 3 % and 7 % of the total observations for the high PM₁₀ 

dust and high traffic exhaust cases, respectively. The full dataset was also included in the analysis to provide a comprehensive 

campaign-average perspective.  

 385 

Figure 6: Absorption coefficients as a function of wavelength for different particle size fractions: PM₁ (bottom), PM1-2.5 (middle), and PM2.5-

7.2 (top), averaged over the entire campaign under different conditions: high PM₁₀ dust (red, PM₁₀ ≥ 75th percentile and NOₓ ≤ 50th percentile), 
high traffic exhaust (black, PM₁₀ ≤ 50th percentile and NOₓ ≥ 75th percentile), and all (blue) conditions. 

The distinct aerosol regimes represented by the high PM₁₀ dust and high-traffic exhaust categories were further validated using 

eBC concentrations (Fig. S14) as well as PM₂.₅/PM₁₀ ratios (Fig. S15). Average eBC levels were considerably higher during 390 
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high-traffic exhaust conditions (0.97 µg m⁻³) compared with high PM₁₀ dust episodes (0.43 µg m⁻³) and the campaign average 

(0.48 µg m⁻³), indicating the stronger influence of fresh combustion emissions in traffic-dominated periods. The PM₂.₅/PM₁₀ 

ratio also supported this distinction, with high PM₁₀ dust conditions showing a coarse-dominated aerosol (19.6 %), while high-

traffic exhaust periods exhibited a fine-particle-dominated regime (62.7 %); the campaign-average ratio was 46.1 %. Together, 

these indicators demonstrate that the classification criteria reliably capture two contrasting aerosol environments, coarse-rich 395 

resuspension episodes versus fine-rich traffic emissions, providing a robust basis for interpreting the observed differences in 

light-absorption across the particle size fractions of this study (PM1, PM2.5, and PM10). 

For the PM₁ fraction, campaign-averaged absorption was the highest under high traffic exhaust conditions, reaching up to 

19.2 Mm⁻¹ at the shortest measured wavelength, compared to 10.8 Mm⁻¹ under high PM₁₀ dust conditions and 11.0 Mm⁻¹ for 

the full dataset. This highlights the dominant role of traffic-related ultrafine particles in light absorption. The PM1-2.5 fraction 400 

contributed less overall but still showed notable variation across conditions: under high PM₁₀ dust episodes, campaign-

averaged absorption ranged from 0.70 (880 nm) to 1.59 (470 nm) Mm⁻¹ across the wavelengths, whereas under high traffic 

exhaust conditions it was near zero or slightly negative at some wavelengths (–0.27 to 0.95 Mm⁻¹ at 370 and 470 nm, 

respectively), reflecting the minor role of this fraction in fresh traffic plumes. The campaign-average values for PM1-2.5 ranged 

from 0.48 (880 nm) to 1.13 (470 nm) Mm⁻¹, indicating a modest contribution to total absorption. 405 

For the PM2.5-7.2 fraction, absorption increased significantly under high PM₁₀ dust conditions, with values ranging from 1.56 

(950 nm) to 3.23 (370 nm) Mm⁻¹, demonstrating that coarse particles can contribute appreciably to light absorption during dust 

pollution episodes. In contrast, under high traffic exhaust conditions, absorption by this fraction was negligible or slightly 

negative (–0.04 to 0.32 Mm⁻¹, at 470 and 880 nm, respectively), highlighting the minimal presence of coarse, strongly 

absorbing particles in fresh vehicular emissions. Across all fractions, absorption generally decreased with increasing 410 

wavelength. Overall, these results underscore the size-dependent nature of urban aerosol absorption and reveal that traffic 

emissions dominate ultrafine particle absorption, while coarse-mode particles play an important role in enhancing light 

absorption during high PM₁₀ dust episodes. 

These findings are consistent with previous studies showing that ultrafine particles from traffic emissions are the dominant 

contributors to light absorption in urban areas, while larger particles play a secondary but non-negligible role during pollution 415 

episodes. For example, BC, that is primarily associated with traffic or incomplete combustion emissions and largely confined 

to the PM₁ fraction, is widely regarded as the main light-absorbing component in urban aerosols, exhibiting strong absorption 

across visible wavelengths (Bond and Bergstrom, 2006). In contrast, contributions from coarse-mode particles are often 

smaller, but under certain pollution episodes, especially those involving dust resuspension or aged aerosols, can enhance 

absorption or at least influence scattering/absorption balance (e.g. Tohidi et al., 2022). 420 

To further investigate how main aerosol sources influence the wavelength dependence of absorption, the AAE was analysed 

for PM1, PM2.5, and PM7.2 under the previously mentioned pollution regimes (Fig. S16). For comparison purposes, the AAE 

values for the full campaign dataset are also shown in Fig. S16, although they were previously presented in Sect. 3.2. Under 

high PM10 dust conditions, the AAE exhibited consistently elevated values across all wavelength pairs and size fractions, 
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indicating a pronounced wavelength dependence of absorption. For AAE370/470, values were 1.23, 1.07, and 1.03 for PM1, 425 

PM2.5, and PM7.2, respectively. Similarly, AAE370/950 (1.30, 1.22, and 1.12) and AAE470/950 (1.32, 1.28, and 1.16) decreased 

slightly with increasing particle size, suggesting a modest reduction in spectral dependence in the coarse fraction when near-

infrared wavelengths are included. AAE470/520 displayed the highest values overall (1.60, 1.71, and 1.59), indicating strong 

spectral curvature in the mid-visible range during dust-dominated episodes. 

In contrast, high traffic exhaust conditions were characterized by generally lower AAE values, particularly for the PM7.2 430 

fraction, indicating a weaker wavelength dependence of light absorption. For AAE370/470, values were 1.04, 0.73, and 0.78 for 

PM1, PM2.5, and PM7.2, respectively. AAE370/950 remained close to unity across all size fractions (1.13, 1.04, and 1.03), 

consistent with a black carbon–dominated absorption regime typical of fresh combustion emissions. The AAE470/950 (1.17, 

1.15, and 1.12) was slightly higher and more invariant across particle sizes, likely due to the increased contribution of near-

infrared absorption, where black carbon exhibits relatively spectrally flat behavior and reduced sensitivity to e.g. particle 435 

coating or mixing state effects. Although AAE470/520 was somewhat higher (1.40, 1.53, and 1.44), this enhancement is restricted 

to the mid-visible range and does not indicate strong overall spectral dependence of absorption. 

A direct comparison between the two regimes highlights clear differences in aerosol optical behavior. Dust-dominated 

conditions consistently produce higher AAE values across all wavelength pairs, reflecting stronger wavelength-dependent 

absorption associated with mineral dust and mixed aerosol populations. In contrast, traffic exhaust conditions are characterized 440 

by AAE values closer to unity, particularly for PM7.2 and at longer wavelength pairs (AAE370/950 and AAE470/950), consistent 

with black carbon–dominated and more spectrally neutral absorption. This difference affects the estimation of several key 

parameters. For instance, AAE470/950 values, together with assumed AAE values for fossil fuel and biomass burning emissions, 

are commonly used to estimate the relative contribution of biomass burning aerosol (see Eq. (3)), expressed as BB% (e.g. 

Helin et al., 2018). Therefore, BB% is highly influenced by the spectral dependence of light absorption, which makes the 445 

derived source apportionment highly sensitive to changes in spectral slope. In this study, the corresponding campaign-averaged 

BB% values were 25 %, 20 %, and 6 %, respectively (Fig. S17). The sequential decrease in BB% from PM1 to PM2.5 and PM7.2 

was then expected due to the particle-size dependence of the spectral light-absorption properties, although differences in 

aerosol composition between particle-size fractions were likely the major contributing factor (e.g. Li et al., 2016; Schuster et 

al., 2006; Utry et al., 2014). Furthermore, negative BB% values were observed, particularly for the fine and coarse PM fractions 450 

(Figs. S5 and S17). This indicates that the parameterization typically used for PM1 is not fully applicable to larger particles, 

consistent with the observed decrease in AAE470/950 with particle size (see Fig. 3). Regarding the distinct aerosol regimes 

defined in this section, a shift in AAE470/950 from the averaged values during traffic-dominated conditions to those during high-

dust periods would lead to a substantial increase in the inferred BB% contribution across the studied size fractions (Fig. S17), 

rising by 233 % for PM1 (from 12 to 40 %), by 256 % for PM2.5 (from 9 to 32 %), and by 150 % for PM7.2 (from 4 to 10 %). 455 

However, this increase was likely not directly driven by dust itself, as BB% for PM7.2 was higher during low-dust and traffic 

conditions than during high-dust periods (Fig. S17). Overall, the observed results suggest that the variability in BB% was 

primarily associated with particle-size effects on AAE, whereby lower AAE470/950 values for larger size fractions lead to 
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reduced BB% estimates. This interpretation is further supported by the diurnal patterns: dust-related absorption peaks during 

daytime (Fig. S9) whereas BB% values are consistently higher in the evening (Fig. S18), indicating a decoupling between 460 

dust-driven absorption and the inferred biomass burning percentage. 

In addition, AAE is often used to estimate BrC absorption under the assumption of AAE = 1 (e.g. Barreira et al., 2024; Zhang 

et al., 2019). Therefore, differences in aerosol composition between size fractions that alter AAE can influence BrC-related 

estimates, since variations in AAE directly propagate into the assumed partitioning between black carbon and non-BC 

absorbing components.   465 

Overall, these results demonstrate that aerosol source type strongly controls the spectral dependence of light absorption. Dust 

episodes enhance wavelength-dependent absorption across the visible spectrum, while traffic exhaust emissions lead to more 

spectrally neutral behavior dominated by black carbon. However, the observed variability across wavelength pairs suggests 

that caution is needed when interpreting AAE using a limited spectral range, particularly under mixed or traffic-influenced 

conditions. This underscores the importance of both particle size and emission regime when interpreting AAE and its 470 

implications for aerosol composition and radiative effects. 

3.5 Potential Chemical Contributors to Excess Light Absorption in Fine and Coarse particles. 

The elemental composition of fine and coarse particles was also examined to assess the potential contribution of elements to 

the enhanced light absorption observed in both size fractions. While the time series of PM2.5-7.2 absorption and elemental 

concentrations in PM2.5-10 were analyzed (Fig. 7), the relationship between bulk elemental content and light absorption 475 

appeared complex, likely reflecting the effects of particle mixing state, coatings, and chemical interactions. Nevertheless, 

campaign-averaged concentrations revealed that Si, Fe, and Al were the dominant elements in the coarse fraction, with 

respective concentrations of 2.6, 1.1, and 0.86 µg m⁻³. These elements are commonly associated with mineral dust and crustal 

material (e.g. Remoundaki et al., 2011; Zhang et al., 2018), which can contribute to light absorption, especially when Fe-

bearing minerals are present as oxides (e.g., hematite, goethite) or are internally mixed with dark coatings such as black carbon 480 

(e.g. Go et al., 2022; Liu et al., 2017; Zhang et al., 2015). Al and Si, while not strongly absorbing in pure form, may participate 

in forming minerals that can act as substrates for organic or Fe coatings, enhancing overall absorption (e.g. Deboudt et al., 

2012). 

Overall, the high concentrations of these crustal elements in PM10 suggest that coarse-mode mineral particles may be 

contributing to the observed light absorption, either directly through e.g. Fe-containing phases or indirectly by coating effects. 485 

While the individual correlation with absorption is weak, these elements represent a significant potential source of enhanced 

light absorption in the coarse fraction, providing a basis for further analysis of mineral dust and metal contributions in urban 

aerosols. In addition to crustal sources, non-exhaust traffic emissions, such as tyre and brake wear, can contribute to the 

presence of elements in coarse particles, especially Fe in brakes, potentially enhancing light absorption e.g. through the 

presence of metal oxides or also by acting as substrates for coatings (e.g. Lopez et al., 2023). These anthropogenic contributions 490 
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highlight the complex mixture of natural and traffic-related components influencing the optical properties of coarse particles 

in urban environments. 

 

Figure 7: Time series of daily-averaged PM2.5-7.2 absorption coefficients, measured by the AE33 aethalometer at seven wavelengths (bottom 
panel), and PM2.5-10 elemental concentrations obtained from XRF analysis of daily filter samples (top panel). 495 

In the PM₂.₅ fraction, elemental concentrations were substantially lower than those observed in PM₁₀, indicating a reduced 

contribution from crustal material (Fig. S19). The dominant elements in PM₂.₅ were Si (0.46 µg m⁻³), S (0.33 µg m⁻³), Fe (0.28 

µg m⁻³), Ca (0.16 µg m⁻³), and Al (0.14 µg m⁻³). Compared to PM2.5-10, the much smaller mass loadings suggest that mineral 

dust played a lesser role in fine particles, while secondary species e.g. from combustion-related sources likely became more 

influential. Although Fe-containing phases were likely present at lower concentrations, they may still contribute 500 

disproportionately to light absorption in PM₂.₅ due to their enhanced optical efficiency when internally mixed with black carbon 

or coated by secondary inorganic or organic material. The presence of sulfur further points to the importance of secondary 

aerosol formation, which can modify particle mixing state and amplify absorption through lensing and chemical interactions. 
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4 Conclusions 

Different size fractions of PM were measured in an urban street canyon during spring, a period characterized by frequent street 505 

dust resuspension events and distinct meteorological conditions. Hourly-averaged PM concentrations exhibited substantial 

variability, with PM₁₀ reaching the highest concentrations during episodic dust intrusions, whereas PM₁ and PM₂.₅ remained 

moderate and eBC concentrations were low, highlighting the dominant influence of episodic dust events. PM1 particles were 

predominantly linked to combustion-derived aerosols, reflecting traffic emissions, whereas the PM1-2.5 and PM2.5-7.2 fractions 

were strongly influenced by dust events and resuspension, indicating contributions from distinct sources across particle sizes. 510 

Size-resolved light absorption measurements revealed that PM₁ showed a spectral dependence consistent with black carbon, 

while PM1-2.5 contributed modestly but exhibited enhanced absorption during dust-influenced periods. PM2.5-7.2 showed 

significant absorption, particularly under high PM₁₀ dust conditions, illustrating the likely influence of mineral dust, crustal 

material, and/or coarse-mode organic aerosols. Diurnal patterns indicated that submicron-mode absorption closely followed 

traffic activity, with morning and evening peaks corresponding to rush hours, while PM1-2.5 and PM2.5-7.2 fractions were 515 

influenced by drying dynamics of street surfaces as well as vehicle-driven and wind-driven resuspension. AAE analysis further 

confirmed strong size- and source-dependent variability, with near-unity values under traffic conditions indicating black 

carbon dominance, and elevated values during dust episodes reflecting enhanced wavelength-dependent absorption. This 

variability in AAE can further influence derived aerosol parameters and source apportionment results, including BB% and 

BrC-related estimates. In particular, the results related to AAE470/950 demonstrated that the inclusion of coarse particles in the 520 

can complicate, and potentially compromise, BB% estimation approaches commonly implemented in the AE33-based source 

apportionment. 

Elemental analysis identified Si, Fe, and Al as key constituents of coarse particles, which can absorb light directly in certain 

chemical forms or serve as substrates for particulate coatings. Non-exhaust traffic emissions, including tyre and brake wear, 

may have as well introduced metal oxides into coarse fractions, further enhancing absorption. However, a deeper 525 

characterization of chemical composition of coarse particles during non-exhaust events would help confirm the presence of 

specific compounds and quantify their individual contributions to light absorption. 

Overall, the findings highlight the necessity of size-resolved measurements to accurately quantify urban aerosol optical 

properties, which are controlled by a complex interplay of fine and coarse fractions, their chemical composition and physical 

properties, and both season-specific and region-specific events. PM₁ dominates absorption associated with black carbon, while 530 

PM1-2.5 and PM2.5-7.2 provide smaller but meaningful contributions during dust resuspension episodes. This comprehensive 

understanding of size-dependent aerosol absorption provides critical insights for air quality management, radiative forcing 

assessments, and human exposure evaluation in urban environments, particularly in street canyons during periods of enhanced 

dust activity. 

Looking forward, non-exhaust emissions are expected to become an increasingly important source of urban particulate matter. 535 

In particular, the electrification of vehicles, while reducing tailpipe emissions, may alter non-exhaust PM₁₀ contributions: tyre 
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and road wear emissions are likely to persist or potentially increase, for example due to higher vehicle mass, whereas brake 

wear emissions may decrease due to regenerative braking. This underscores the importance of studying light absorption in 

size-resolved particle fractions to better understand the evolving contributions of both fine and coarse aerosols to urban 

radiative forcing and air quality. Furthermore, the harmonization of sampling inlets and analytical methods across global 540 

measurement networks, while accounting for differences in monitoring objectives, would facilitate more meaningful 

comparisons across studies and regions. In particular, the use of appropriate size fractions (e.g., PM₁ or PM₂.₅ for urban air 

quality and BC monitoring, versus PM₁₀ for capturing non-exhaust contributions and broader aerosol assessments) would 

provide more robust and policy-relevant information for mitigating aerosol impacts on climate and health. 
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