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Abstract. Only little is known about molecular composition and sources of air pollution in Germany’s third largest 18 

city, Munich. Therefore, we investigated sources, concentrations, and seasonal variations of volatile organic 19 

compounds (VOC), semi-volatile organic aerosol (SVOA), and organic aerosol (OA) in an urban street canyon in 20 

Munich utilizing online mass spectrometry and positive matrix factorization (PMF). Organic aerosol 21 

concentrations were higher in summer (4.3 ± 2.9 µg m-3) than late winter (3.3 ± 1.7 µg m-3) due to enhanced 22 

photochemical reactions, while nitrate exhibited the opposite trend with elevated concentrations in winter (4.5 ± 23 

3.2 µg m-3) compared to summer (0.3 ± 0.2 µg m-3). During summer heat, photochemistry generates low-volatile 24 

oxygenated OA (33 ± 20%), while aged biomass burning organic aerosol (BBOA) (25 ± 21%) from barbecue 25 

activities and biogenic OA (22 ± 14%) from nocturnal monoterpene chemistry further shape aerosol composition. 26 

The colder seasons are characterized by combustion-derived aerosols (Winter: fresh BBOA 13 ± 9%, aged 36 ± 27 

12%; Spring: fresh 27 ± 17%, aged 37 ± 19%), whose dynamics are driven mainly by anthropogenic activity 28 

patterns. Traffic contributed at this urban kerbside surprisingly little to aerosol mass (5-9 %) but more to VOC 29 

(22-35%). Our findings point to efficient ways to improve air quality e.g. by reducing monoterpene emissions by 30 

urban vegetation management as well as reducing biomass burning including barbecue emissions, a major source 31 

of aerosol particles and precursor gases of secondary organic aerosol throughout the seasons. 32 

1. Introduction 33 

Volatile organic compounds (VOC) and organic aerosols (OA) are major components of urban air pollution, 34 

contributing to the formation of secondary pollutants like ozone and secondary organic aerosol (SOA), which 35 

pose significant risks to air quality, climate, and human health  (Wu et al., 2020; Nault et al., 2021; Ipcc, 2023). 36 

Moreover, different weather conditions and seasons influence the dispersion, deposition, and transformation of 37 

these pollutants (Crippa et al., 2013; Debevec et al., 2021; Stirnberg et al., 2021). Identifying SOA sources is 38 

crucial for reducing complex observational datasets to key real-world contributors, enabling timely air quality 39 
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management, policy evaluation, and accurate air pollution forecasting (Chen et al., 2022a). However, pinpointing 40 

the sources of SOA is particularly challenging due to its composition as a highly complex mixture of largely 41 

unidentified compounds, coupled with the complicated and multistep transformation processes of VOC into SOA 42 

(Daellenbach et al., 2019).  43 

The high-resolution time-of-flight Aerodyne aerosol mass spectrometer (HR-TOF-AMS) is commonly used for 44 

the online characterization of non-refractory PM2.5. AMS datasets combined with positive matrix factorization 45 

(PMF) analysis can quantitatively identify major primary organic aerosol (POA) sources, including traffic-related 46 

hydrocarbon-like organic aerosol (HOA) and biomass burning organic aerosol (BBOA) (Chakraborty et al., 2017; 47 

Lalchandani et al., 2021). However, AMS datasets cannot specify sources for secondary organic aerosol (SOA) 48 

due to significant fragmentation from thermal volatilization (∼600°C) and harsh electron impact ionization (∼70 49 

eV) (Qi et al., 2020; Kumar et al., 2022). Additionally, without information on VOC as SOA precursors, it is 50 

difficult to attribute SOA factors (e.g., semi-volatile oxygenated OA (SV-OOA) and low-volatility oxygenated 51 

OA (LV-OOA)) to specific sources or formation mechanisms using AMS-PMF analysis (Song et al., 2024). 52 

Proton transfer reaction time-of-flight mass spectrometry (PTR-TOF-MS) is a useful tool to identify the sources 53 

of VOC and oxygenated VOC (OVOC), and in elucidating their contributions to the SOA formation (Wang et al., 54 

2020a; Pfannerstill et al., 2019). Furthermore, the CHARON-PTR-MS (Chemical Analysis of Aerosol Online 55 

Particle Inlet coupled to a PTR-TOF-MS) is a continuous measurement technique capable of qualitatively and 56 

quantitatively detecting semi-volatile organic aerosol particles (Eichler et al., 2015; Muller et al., 2017; Piel et al., 57 

2019). CHARON-PTR-MS enhances the detection of detailed SOA chemical composition data by minimizing 58 

thermal decomposition and ionization-induced fragmentation, providing more information on identifying SOA 59 

sources compared to AMS (Gkatzelis et al., 2018b; Leglise et al., 2019).  60 

Huang et al. (2019) found that in the city of Stuttgart (southwest Germany) SOA from VOC oxidation dominated 61 

the organic aerosol burden, with primary sources like traffic contributing less, while residential wood burning 62 

became particularly important during winter in residential areas. A study in the downtown of the city of Karlsruhe 63 

(southwest Germany) demonstrated that secondary oxygenated OA comprised over 60-75% of total OA 64 

throughout the year, with primary traffic-related OA showing seasonal variations and wood combustion becoming 65 

more significant during cold periods under stagnant meteorological conditions (Song et al., 2022). A Europe-wide 66 

analysis revealed that oxygenated OA (secondary formation) accounted for an average of 71% of submicron OA 67 

mass across 22 sites, with solid fuel/biomass burning contributing 16% and primary urban sources (traffic, 68 

cooking) typically less than 10-15% (Chen et al., 2022b). These findings underscore the necessity for site-specific 69 

OA and VOC source apportionment studies in major European cities such as Munich in southern Germany, while 70 

secondary formation processes consistently dominate regional OA burdens, the underlying VOC precursors, and 71 

primary emission contributions exhibit substantial spatial and temporal variability. 72 

Munich, the capital of Bavaria, Germany, is a major cultural and economic center with a population of 1.5 million 73 

as of 2023, making it the third-largest city in Germany. It has a population density of 4,700 people per square 74 

kilometers (München, 2023). Despite significant progress in air quality regulations, Munich still struggles with 75 

aerosol pollution. Identifying the sources of VOC and particulate matter is crucial for improving air quality in 76 

Munich. However, there have been only a limited number of studies characterizing aerosols in Munich. Schnelle-77 

Kreis J. et al. (2001) collected filters from three traffic-dominated sites and one additional site located on the 78 

northern outskirts of Munich, approximately 1 km from the city center, between 1996 and 1998. Using HPLC 79 
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analysis, they found that 40% of polycyclic aromatic hydrocarbons (PAHs) were associated with fine particles. 80 

Schäfer et al. (2011) monitored air pollution across Munich and its outskirts, employing long-term as well as 81 

campaign-based monitoring stations from LfU  (Bayerisches Landesamt Für Umwelt), Meteorological Institute 82 

of the Ludwig-Maximilians-University Munich (MIM), and IMK-IFU (e.g., Maisach) covering traffic-related 83 

(e.g., Lothstraße, Stachus, Luise-KiesselbachPlatz), urban (MIM), and suburban (Johanneskirchen) sites, during 84 

campaigns in late spring (10th-30th May 2003) and winter (27th November-15th December 2003). They found 85 

higher particle mass concentrations at the urban site compared to rural areas, especially in winter, with no 86 

significant differences in major ionic composition between the sites (Schäfer et al., 2011). Qadir et al. (2013) 87 

identified traffic, cooking, solid fuel combustion, and mixed aerosols (from tobacco smoke, cooking, and wood 88 

combustion) as the primary sources of aerosols at Lothstraße in Munich during the winter periods of October 2006 89 

to February 2007 and October 2009 to February 2010.  Schnell (2014) identified biomass burning aerosol as the 90 

dominant aerosol type at the rural site of Maisach and the urban site of MIM during the winter seasons from 2007 91 

to 2010. Recently, a study on aerosol emissions from Munich Airport showed its impact in the outskirts of Munich, 92 

especially for ultrafine particles (UFPs) (Seidler et al., 2024). Despite these previous studies, we still have limited 93 

understanding of the main sources of VOC and OA through concurrent online measurements, their typical 94 

concentration levels across seasons, and their seasonal variations in molecular composition in Munich. It remains 95 

unclear how much anthropogenic and biogenic sources contribute to air pollution in Munich and what is the 96 

fraction of wood combustion vs. barbeque for biomass burning aerosol.  Therefore, we examined in this study the 97 

seasonal variability of OA and VOC chemical composition at a molecular level in a street canyon 98 

(Theresienstrasse 39) in downtown Munich, aiming to elucidate the contribution of different sources to major 99 

VOC, SVOA, and total OA concentrations. The PM2.5 concentrations at the Theresienstrasse are comparable to 100 

those observed at the regulatory monitoring station Munich/Stachus of LfU. For 2023, the annual average PM2.5 101 

concentration at the reference station was 9.3 ± 6.2 µg m-3, with August showing 8.7 ± 5.7 µg m⁻³, compared to 102 

our measured value of 6.7 ± 3.7 µg m⁻³. In 2024, the annual average at the reference station was 8.7 ± 6.6 µg m⁻³, 103 

with March averaging 9.0 ± 9.9 µg m⁻³, while our March measurements yielded 8.7 ± 9.2 µg m⁻³. Both 104 

measurement periods demonstrated strong correlations (R=0.8) (Figure S1). The close agreement between our 105 

measurements and the official monitoring data, combined with the high correlation coefficients, validates the 106 

representativeness of our sampling location for characterizing the urban downtown atmosphere in Munich. Please 107 

note that this work is linked to the recently established low-cost sensor network in downtown Munich, monitoring 108 

especially O3, NO2, and PM2.5 (Wenzel et al., 2025). For our dedicated source apportionment, we conduct separate 109 

statistical analyses on VOC from PTR-TOF-MS, SVOA from CHARON-PTR-MS, and OA from HR-TOF-AMS 110 

to identify the sources of VOC, SVOA, and OA from their chemical fingerprints.  111 

2. Methodology 112 

2.1 Measurement location 113 

Field observations were conducted during three distinct seasons: summer (3rd-29th August 2023), late winter (1st-114 

8th March 2024), and spring (9th-27th March 2024). The separation between winter and spring periods was based 115 

on ambient temperature trends and nitrate concentrations. The sampling site (11°57'E, 48°15'N) was located on a 116 

parking lot next to a 30 m tall building of the Ludwigs-Maximilians-University (LMU) of Munich in a street 117 
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canyon of Theresienstrasse 39 (Figure S2). The elevation on street level at this location is 520 m a.s.l. The street 118 

has several restaurants, apartment buildings, museums, university workshops, laboratories, and substantial 119 

vehicular traffic. The wind direction at the site in the street canyon predominantly originates from the south and 120 

southeast due to a vortex due to upwind or lee side of the LMU building. At the rooftop of the 30-meter LMU 121 

building, it mainly came from the west and east. Wind speed and direction exhibit minimal variation for the 122 

measurement periods (Figure S2). 123 

2.2 Instrumentation 124 

    An overview of all instruments used in this campaign to characterize aerosol particles, trace gases, and 125 

meteorological parameters is provided in Table S1. The major instruments used are described in more detail below.  126 

2.2.1 CHARON-PTR-TOF-MS 127 

A proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS 4000X2, Ionicon Analytik GmbH), 128 

equipped with a particle inlet (Chemical Analysis of aeRosol ONline, CHARON), was utilized to measure VOC 129 

in the gas phase and semi-volatile compounds in the particle phase. The PTR-ToF-MS 4000X2 employed here 130 

has an ion funnel, which reduces ion loss and enhances sensitivity (Pugliese et al., 2020). The CHARON inlet 131 

integrates a gas-phase denuder, an aerodynamic lens with an inertial sampler, and a thermo-desorption unit, all 132 

coupled to a PTR-TOF-MS. The gas-phase denuder removes gas-phase analytes, while the aerodynamic lens 133 

focuses the aerosol particles. The inertial sampler then concentrates the particle-enriched sample flow. Finally, 134 

the particles enter a thermal desorption unit where they are volatilized before being detected by PTR-MS. The 135 

inlet system demonstrated a particle enrichment factor of 18 ± 2 (Figure S3), as discussed in detail in our previous 136 

study (Song et al., 2024). The vaporizer (TDU) was operated at 150 °C and 7-8 mbar absolute pressure. The 137 

CHARON inlet was described in detail elsewhere (Eichler et al., 2015; Muller et al., 2017; Gkatzelis et al., 2018a; 138 

Gkatzelis et al., 2018b).  139 

In this campaign, the CHARON-PTR-MS automatically switched between gas and particle phase measurements. 140 

The sequence was: 5 minutes of high-efficiency particulate air (HEPA) filter measurement for particle background, 141 

10 minutes of particle-phase measurement, 3 minutes transition, 10 minutes of gas-phase VOC measurement, and 142 

another 2 minutes transition. The PTR drift tube was kept at 2.7 mbar, 470 V, and 100 °C, with the ion funnel at 143 

45 V. These settings correspond to an electric field (E) to gas molecule number density (N) ratio of ~100 Td for 144 

VOC measurement. For particle measurement, the PTR was automatically adjusted to 60 Td. 145 

During gas-phase measurement, ambient air was sampled continuously from a 2 m PFA tube (4 mm inner diameter) 146 

at 8 L/min, with 40-100 mL/min directed to the PTR-ToF-MS through a polyetheretherketone (PEEK) tubing at 147 

80℃. The gas background was manually measured weekly using pure nitrogen for 5-15 minutes. For particle-148 

phase measurement, ambient particles were sampled with a PM2.5 inlet (Comde Dendra) through a vertical 149 

electropolished 3.45 m stainless-steel tube (12 mm inner diameter) at 16.7 L/min, with 550 mL/min directed to 150 

the CHARON inlet. Particle background was automatically determined using the HEPA filter. 151 

Gas calibrations were performed at the beginning, middle, and end of each campaign periods using a gas cylinder 152 

(Ionicon Analytik GmbH) with 15 VOC, including toluene, trimethylbenzene, xylene, alpha-pinene, acetone, 153 

acetonitrile, benzene, and isoprene (accuracy 5% at ∼1000 ppb). The sensitivity ranged from ∼1000 to 4000 154 

cps/ppb for different compounds across different seasonal calibration periods (Figure S4). Raw data from 155 
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CHARON-PTR-MS were processed using IONICON Data Analyzer software (IDA 2.2.0) following Müller et al. 156 

(2013), Lannuque et al. (2023), and Peron et al. (2024). The CHARON inlet enrichment factor was determined 157 

via external calibration with size-selected (DMA, TSI) ammonium nitrate particles (100-500 nm) measured by a 158 

condensation particle counter (CPC, TSI). 159 

2.2.2 HR-TOF-AMS 160 

A high-resolution time-of-flight Aerosol Mass Spectrometer (HR-ToF-AMS) (Aerodyne Research Inc.), 161 

equipped with a PM2.5 aerodynamic lens, was used to measure non-refractory PM2.5 (NR-PM2.5) components, 162 

including organic aerosol, nitrate, sulfate, ammonium, and chloride, with a time resolution of 1 minute (Peter F. 163 

Decarlo et al., 2006; Canagaratna et al., 2007; Williams et al., 2013). The operation and calibration procedures of 164 

the AMS are detailed in our previous publications (Huang et al., 2019; Song et al., 2022). The instrument's 165 

capability to provide high-resolution mass spectra enables detailed chemical composition analysis of aerosol 166 

particles in real time. Briefly, ambient air was sampled through a PM2.5 inlet (flow rate of 1 m3 h⁻¹) that was shared 167 

with the CHARON system via a 3.45 m stainless-steel tube. A subset of this flow was then directed to the HR-168 

ToF-AMS at a flow rate of 84 cm3 min⁻¹. The aerosol particles were focused into a narrow beam by a PM2.5 169 

aerodynamic lens, which effectively transmits particles with vacuum aerodynamic diameters (dva) ranging from 170 

~70 to ~2500 nm. The particles were subsequently heated by a vaporizer at 600°C, causing the non-refractory 171 

components to volatilize. The volatilized particles were then ionized by electron impact at 70 eV, which is a 172 

standard method for ionizing organic and inorganic compounds, ensuring fragmentation patterns that are well-173 

characterized and suitable for identification. The AMS was calibrated using ~300 nm dried ammonium nitrate 174 

aerosol particles to optimize lens transmission (70-500 nm) and ionization efficiency, with DMA selection and 175 

signal validation. The calibrations were done before and each measurement period. Data from the AMS were 176 

processed and analyzed using the SQUIRREL 1.65G and PIKA 1.25G software packages. To address the issue of 177 

particle bounce losses, a chemical-composition-based collection efficiency (CE) of approximately 0.5 was applied 178 

to calculate the particle mass concentrations (Docherty et al., 2011; Middlebrook et al., 2012). For the elemental 179 

analysis of organic aerosol (OA), including the hydrogen-to-carbon ratio (H: C) and the oxygen-to-carbon ratio 180 

(O: C), we utilized the improved ambient method (Allison C. Aiken et al., 2008; Canagaratna et al., 2015). 181 

2.2.3 Other Instruments 182 

The mass concentrations of PM2.5 and PM10 and particle size distributions (0.2-18 µm) were determined using an 183 

optical particle counter (Fidas200, Palas). Particle number concentrations (> 2.5 nm) were monitored using a 184 

water-based condensation particle counter (Model 3789, TSI Inc.) and a butanol-based condensation particle 185 

counter CPC3776 (TSI Inc., USA). Particle number size distributions ranging from 10 to 410 nm were measured 186 

using a nanoparticle sizer (Nanoscan 3910; TSI Inc.)  at time resolution of 1 min in winter, and distributions 187 

ranging from 13.6 to 763.5 nm were measured using a scanning mobility particle sizer (SMPS; DMA 3081; TSI 188 

Inc.) at a time resolution of 7 min in Summer. Equivalent black carbon (eBC) levels were monitored with an 189 

aethalometer (AE33, Magee Scientific) at a 1-minute resolution. Ammonia (NH3) concentrations were measured 190 

via cavity ring-down spectroscopy (G2103, Picarro Inc.). The gas was sampled via a Teflon tube (4 mm i.d.; 3.1s 191 

residence time). Ozone (O3) and nitrogen dioxide (NO2) concentrations were tracked using the O341M and 192 

AS32M gas analyzers (both from Environment S.A.), respectively. Meteorological parameters such as 193 
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temperature, relative humidity, wind speed and direction, global radiation, and precipitation were recorded with a 194 

compact weather sensor (WS700, Lufft) installed on the container roof. Additional meteorological data was 195 

measured by the Institute of Meteorology of the LMU on top of the institute at about 30 m above ground level 196 

(https://www.meteo.physik.uni-muenchen.de/request-beta/). The vertical aerosol distribution was assessed using 197 

a scanning aerosol Lidar (Rametrics Inc., Type: LR111-ESS-D200, named KASCAL. Fiber laser-induced 198 

fluorescence (FILIF) detects formaldehyde (HCHO) by exciting molecules at 353 nm and measuring fluorescence 199 

above 370 nm. The technique alternates between on-peak and off-peak laser frequencies to determine HCHO 200 

concentration with high specificity. Calibrated against FTIR standards, FILIF achieves ± 27 pptv precision (10-201 

15% accuracy) at 10 Hz sampling frequency, unaffected by humidity. All the information could be found in 202 

previous studies (Ye et al., 2021). Unless otherwise specified, all measured values are reported as mean ± standard 203 

deviation. Please note that this work is linked to the recently established low-cost sensor network in downtown 204 

Munich, monitoring especially O3, NO2 and PM2.5 (Chen, 2025). This included frequent comparison 205 

measurements between reference instruments on a bicycle platform, the instruments in our container, a LfU 206 

regulatory monitoring station, and the low-cost sensor network in downtown Munich.  Back trajectories were 207 

calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015) 208 

at 500 m altitude with 72-hour backward duration to identify potential source regions and transport pathways 209 

influencing air quality at the measurement site. 210 

2.2.4 PMF analysis 211 

The PMF receptor model is a bilinear algorithm that separates air pollutant time series into sources characterized 212 

by factor profiles, time series, and residuals (Paatero and Tapper, 1994; Paatero, 1999). It is widely used to identify 213 

particle and VOC sources (Kim et al., 2004; Reyes-Villegas et al., 2016; Huang et al., 2018; Gkatzelis et al., 2021). 214 

PMF has also been applied to inorganic aerosol components, elemental composition of particulate matter (PM), 215 

VOC, PAHs, black carbon, and size-resolved particle data, showing its versatility as a receptor model across 216 

various pollutant types (Äijälä et al., 2019). PMF has been used for analyzing high-time-resolution elemental data 217 

in PM2.5 and PM10 to identify urban and industrial sources and to separate fine and coarse particle sources 218 

(Reizer et al., 2021). Reviews and guidelines from European air quality agencies explicitly mention the use of 219 

PMF applied to particle mass, ions, metals, and gaseous species (like VOC and PAHs) in addition to OA for 220 

comprehensive source apportionment studies (Belis et al., 2013). In summary, PMF receptor modeling is broadly 221 

used and suitable for source apportionment of multi-pollutant data sets. 222 

To investigate the sources of VOC, SVOA, and OA, we conducted PMF analysis on VOC mass spectra from 223 

PTR-MS, semi-volatile aerosol species measured by CHARON-PTR-MS, and OA measured by HR-TOF-AMS, 224 

respectively. The PMF analysis in this study incorporated both VOC and SVOA as distinct input matrices. For 225 

VOC-PMF, inputs were derived from PTR-TOF-MS data following the methodology of Song et al. (2024), 226 

involving comprehensive preprocessing including mass spectral deconvolution, background subtraction, and error 227 

matrix calculation where uncertainties were determined as [(0.1×concentration)² + (0.5×LOD)²]1/2 (Kajos et al., 228 

2015). SVOA-PMF inputs were obtained through two complementary measurement modes: HEPA-filtered air 229 

samples (representing background signals) and direct atmospheric sampling (Dir) capturing real-time conditions, 230 

with ions (primarily CxHy
+, CxHyOz

+, and CxHyOzNn
+). Both datasets underwent rigorous quality control 231 

procedures. Low-molecular-weight species (m/z ≤ 60) were excluded to eliminate potential interferences from 232 
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fragments and common atmospheric gases that may not be representative of specific emission sources (Zhang et 233 

al., 2011). Additionally, compounds with ≥20% missing data points were removed to ensure statistical robustness 234 

in the PMF analysis, following established protocols for PMF data preparation (Ulbrich et al., 2009; Zhang et al., 235 

2011). The analyses were initially processed using SoFi Pro 9.0 (Datalystica Ltd.) for exploratory factor analysis 236 

and data visualization. The source apportionment of organic aerosols (m/z 12-120) was then conducted through 237 

unconstrained AMS-PMF analysis using the PMF Evaluation Tool (v3.08C) within IGOR Pro (v8.04), which 238 

maintains legacy algorithms specifically optimized for AMS datasets, particularly for handling nonlinear m/z 239 

signal-uncertainty relationships in typical AMS operating conditions. 240 

3. Results and discussion 241 

In the first section, we give an overview of the meteorological conditions during the two measurement campaigns 242 

and the main characteristics of the observed evolution of aerosol particles and trace gases. The second section will 243 

discuss the major sources of aerosol particles and trace gases. In the third section, we focus on strong biomass 244 

burning events.  245 

3.1 Overview of observations during summer and wintertime 246 

3.1.1 Overview of meteorological and particle observations 247 

The summer period was characterized by frequent sunny weather with moderate to high temperatures and 248 

significant precipitation events mainly at the beginning and end of the summer campaign. The late winter/spring 249 

period shows typical winter conditions until March 8th
, according to temperature, precipitation followed by more 250 

spring-like conditions thereafter.   251 

Summer 

 

Winter/Spring 

 

(a) (b) 
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Figure 1: Time series of wind speed & direction 3m (above ground level) and 30 m (above ground level) in summer 

(a) and winter (b); temperature (T); global radiation (Ra); relative humidity (RH); precipitation; NO2; NH3; O3 and 

boundary layer height (BLH*) in summer (c) and winter (d); Particle number size distributions; particle number of 

total and below 100nm ultrafine particles; PM2.5 and PM10 mass concentrations; Organic aerosol (OA), sulfate, 

nitrate, and ammonium; Equivalent  black Carbon (eBC) in summer (e) and (f) in winter;  #All data plotted except 

the wind data were measured at the container roof. *Please note that the BLH data refer to ERA5 reanalysis data 

(Guo et al., 2024). 

Wind measurements at 3 m and 30 m above ground (Figure 1a-b) revealed consistent vertical gradients across all 252 

seasons, with average speeds of 0.7 ± 0.4 and 2.6 ± 1.4 m s-1, respectively. Meteorological conditions varied 253 

significantly between seasons (Figure 1c-d), creating distinct chemical environments. The higher summer 254 

(c) (d) 

(e) (f) 
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temperatures (21.9 ± 5.8 °C) promoted enhanced biogenic emissions and photochemical activity, while lower 255 

winter temperatures (8.4 ± 3.0 °C) favored primary pollutant accumulation. Relative humidity and total 256 

precipitation showed minimal seasonal variation. NO2 concentrations were 2.5-2.8 times higher in winter/spring 257 

(26.1 ± 9.9 / 28.4 ± 10.8 µg m-3) than summer (10.2 ± 7.7 µg m-3) due to increased heating emissions and reduced 258 

photolysis under shallow boundary layers (339 ± 298 m /510 ± 477 m vs 516 ± 453 m, variability). The LfU 259 

station showed similar winter (27.2 ± 9.2 µg m-3) and early spring (27.8 ± 9.2 µg m-3) mean concentrations to 260 

Theresienstrasse, but exhibited weak temporal correlation, reflecting the strong spatial variability of NO₂. Notably, 261 

summer NO₂ at LfU (23.4 ± 10.1 µg m-3) was 2.3 times higher than Theresienstrasse, yet temporal correlation 262 

improved substantially (R = 0.5) in Figure S5. This seasonal pattern suggests that summer's higher boundary layer 263 

enhanced vertical mixing and local photochemical reactions, increasing spatial differences in mean NO₂ levels. 264 

However, stronger synchronized daily photochemical cycles improved temporal agreement between the two sites. 265 

Gaseous NH3 showed elevated concentrations across all seasons, with winter (5.4 ± 1.5 µg m-3) and spring (4.0 ± 266 

1.8 µg m-3) levels comparable to summer values (4.8 ± 2.6 µg m-3). O3 concentrations at Theresienstrasse exhibited 267 

strong seasonal variation, with highest levels in summer (67.1 ± 26.6 µg m-3), followed by early spring (52.2 ± 268 

19.3 µg m-3), and lowest in late winter (32.4 ± 20.2 µg m-3). The LfU station showed similar seasonal patterns 269 

(summer: 59.3 ± 25.5 µg m-3; late winter: 30.8 ± 17.3 µg m-3; early spring: 45.9 ± 17.2 µg m-3) with strong 270 

temporal correlations (R = 0.8 in August 2023; R = 0.7 in March 2024) in Figure S5, indicating consistent O₃ 271 

behavior across both sites driven by regional photochemical processes.  272 

Particle size distributions revealed contrasting seasonal patterns driven by different formation mechanisms 273 

(Figures 1e-f). Summer showed the highest total particle number concentrations (10000 ± 5100 cm-3) with a 274 

substantial variability dominated by ultrafine particles (< 100 nm: 80.6 ± 8.2%), indicating enhanced new particle 275 

formation under intense photochemical conditions and elevated precursor concentrations. Winter exhibited lower 276 

total number concentrations (8900 ± 3500 cm-3) but a lower fraction of ultrafine particles (33.6 ± 10.1%), 277 

consistent with reduced photochemical activity and primary emission dominance. Spring showed intermediate 278 

behavior with high ultrafine fractions (89.7%) but lower absolute number concentrations. The seasonal PM mass 279 

concentrations showed opposite trends to the particle number concentrations: winter PM2.5 peaked at 13.0 ± 7.4 280 

µg m-3 with nitrate as the dominant component due to low temperatures, shallow boundary layers and increased 281 

residential heating. In contrast, summer (6.7 ± 3.7 µg m-3) and spring (4.2 ± 3.1 µg m-3) showed lower PM2.5 levels 282 

dominated by organic aerosols, despite higher particle numbers, suggesting predominance of freshly formed 283 

ultrafine particles that contribute little to total mass. 284 

Aerosol particle mass composition varies significantly by season, reflecting different formation mechanisms. 285 

Organic aerosol particles dominate in summer due to high photochemical activity (Figures 2), averaging 4.3 ± 2.9 286 

µg m-3, higher than 3.3 ± 1.7 µg m-3 in winter and 1.8 ± 1.8 µg m-3 in spring. Nitrate is the main component in 287 

winter (4.5 ± 3.2 µg m-3) due to low temperatures favoring particle phase and increased heating emissions 288 

providing abundant NH3 and NOx precursors for ammonium nitrate formation. Nitrate concentrations drop 289 

significantly in spring (1.0 ± 1.3 µg m-3) and summer (0.3 ± 0.2 µg m-3) as rising temperatures shift the equilibrium 290 

toward the gas phase. Ammonium follows similar patterns, peaking in winter (1.8 ± 1.1 µg m-3) and remaining 291 

low in warmer seasons (spring: 0.4 ± 0.4 µg m-3; summer: 0.3 ± 0.2 µg m-3), consistent with reduced ammonium 292 

nitrate formation.  293 
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3.1.2 Diurnal behaviour of gaseous BVOC and BTEX 294 

The average diurnal variations of key volatile organic compounds (VOC) are examined below, focusing on major 295 

biogenic and anthropogenic species, including BTEX—a group of aromatic hydrocarbons comprising benzene, 296 

toluene, ethylbenzene, and xylene. The VOC selected here comprise 32.3 ± 13.1% of all VOC detected in summer, 297 

41.0 ± 12.9% in winter and 37.9 ± 12.5% in spring.  298 

Figure 3 illustrates the diurnal variations of six VOC across three seasons, revealing distinct patterns tied to their 299 

sources and environmental influences. Isoprene and monoterpenes, both biogenic VOC, exhibit the highest mixing 300 

ratios in summer. However, Isoprene displays a bimodal pattern in summer and spring, with concentration peaks 301 

during the morning and evening hours, suggesting a potential link to traffic activity during the morning and 302 

evening hours. This is consistent with direct measurements of isoprene in vehicle exhaust by Borbon et al. (2001). 303 

Additionally, fragmentation of higher-carbon aldehydes and cycloalkanes from anthropogenic sources may 304 

contribute to the signal of isoprene, further complicating source attribution in urban environments (Coggon et al., 305 

2024). Monoterpene exhibited early morning peaks in summer and spring, but was almost flat in winter. In contrast, 306 

their concentrations are minimal in winter due to suppressed biological activity. Anthropogenic VOC like benzene, 307 

toluene, xylene, and trimethylbenzene show different seasonal behaviors. Benzene peaks in winter, likely due to 308 

lower BLH and reduced dispersion, with dips at midday possibly from increased OH radical oxidation under 309 

sunlight. Toluene, xylene, and trimethylbenzene display notable spikes in spring, particularly during morning and 310 

evening hours, suggesting strong contributions from traffic emissions and industrial activities.  311 

Summer 

PM2.5 = 6.7 ± 3.7 µg m-3 

Winter 

PM2.5 = 13.0 ± 7.4 µg m-3 

Spring 

PM2.5 = 4.2 ± 3.1 µg m-3 

   

Figure 2: Average fractions of PM2.5: OA (green), sulfate (red), nitrate (blue), ammonium (yellow) and eBC (black) 

in summer (a), (b) in winter (until March 8th) and (c) in spring based on AMS and Aethalometer measurements. 

(a) (b) (c) 
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Figure 3: Diurnal behavior of (a) Isoprene, (b) Monoterpenes, (c) Benzene, (d) Toluene, (e) Xylene and (f) 

Trimethylbenzene in summer, winter and spring. 

3.2 Sources of VOC and organic aerosol particles 312 

In this section we use statistical (PMF) analysis of on-line mass spectra from VOC (PTR-MS) and semi-volatile 313 

organic aerosol particles (CHARON-PTR-MS) as well as organic aerosol particles (HR-TOF-AMS) to determine 314 

their major sources. 315 

3.2.1 VOC sources in summer and winter 316 

We included 117 VOC ions (Table S2) for PMF analysis in summer and 97 VOC ions (Table S3) in winter/spring, 317 

excluding abundant ions that could skew results and very low ion signals with minimal impact. Abundant ions 318 

(e.g., fragments of alkanes or oxygenated VOC) were removed because their high concentrations may lead to 319 

over-representation of certain factors, while low-signal ions were excluded to reduce noise interference (Song et 320 

al., 2024). The average VOC molecules mixing ratio is 3.4 ± 1.0 ppb in summer, 2.1 ± 0.7 ppb in winter, and 3.4 321 

± 1.7 ppb in spring. This study thoroughly examined factor profiles, diurnal patterns, and correlations with tracers 322 

(Figure 4, S6 and Table S4) for summer and for winter (Figures S7, S8 and Table S5). Five factors were identified 323 

based on measured VOC as the optimal interpretable solutions for summer and winter, respectively.  324 
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Figure 4 VOC source apportionment for summer time. (a)  Normalized VOC factor mass spectra from PMF analysis 

and characteristic mass peaks in summer; (b) Time series of VOC factors including traffic, oxidized BVOC, BVOC, 

aged VOC, and biomass burning VOC; (c) Median diurnal variations in VOC factors during summer time 

 325 

 326 

(a) 

(b) (c) 
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In summer, the first factor was characterized by high contributions and strong correlations with aromatic 327 

hydrocarbon ions, such as C7H9
+ (m/z 93.07), C8H11

+ (m/z 107.086), and C9H13
+ (m/z 121.102). These compounds 328 

correspond to toluene, xylenes, and C9-aromatics, commonly used as vehicular emission markers (Squires et al., 329 

2020; Jain et al., 2022).  We assigned it to traffic VOC.  These ions show a correlation coefficient (R) of 330 

approximately 0.9 with traffic emissions (Table S3). According to the diurnal profiles of traffic (Figure 4) in 331 

summer, it shows distinct peaks during morning and evening hours. 332 

The second factor was classified as weakly oxidized BVOC. It was identified by oxidation products of 333 

monoterpenes, specifically C9H15O1
+ myrcenol (m/z 139.112), C10H13O1

+ carvone (m/z 149.097), weakly-oxidized 334 

molecules of monoterpenes C10H15O1
+ (m/z 151.112), C10H17O1

+ (m/z 153.128) and C10H15O2
+ (m/z 167.107) (Li 335 

et al., 2020a). These ions show strong correlations with the Oxidized BVOC factor, with R values of 0.93, 0.93, 336 

0.93, 0.91, and 0.87, respectively.  Oxidized BVOC have a nighttime peak in the diurnal profile and drop to nearly 337 

zero by noon, likely due to enhanced dilution and quicker oxidation to oxidation states not detectable by PTR-338 

MS. 339 

The third factor was identified as BVOC due to the predominance of C10H17
+ monoterpene (m/z 137.133) and its 340 

fragmentation C6H9
+ (m/z 81.07) ions in this VOC factor, with correlations of 0.98 and 0.86, respectively. 341 

Sesquiterpenes also show a strong correlation with this factor (R=0.80). The average diurnal behavior of BVOC 342 

shows an early morning peak, because BVOC, especially monoterpenes, are often stored in vegetation and 343 

released at the start of the morning due to sunlight and slight temperature increases (Malik et al., 2023), combined 344 

with a shallow boundary layer that keeps emissions near the surface. 345 

The fourth factor showed a good correlation with butyric acid C3H5O3
+ (m/z 89.024) and C4H5O3

+ (m/z 101.024), 346 

with R values of 0.75 and 0.72, respectively. The time series of O3 and this factor showed a good correlation 347 

during certain periods. The diurnal cycle of it exhibits a daytime peak, indicating involvement in photochemical 348 

oxidation processes. We classified it as aged VOC. 349 

The fifth factor, biomass burning VOC, is dominated by propylene glycol C3H9O2
+ (m/z 77.06) and orthoacetic 350 

acid C2H7O3
+ (m/z 79.039), with strong correlations of 0.85 and 0.83, respectively. Additionally, a ring fragment 351 

of oxidized syringol, C4H7O4
+ (m/z 119.034), and ring fragments of oxidized guaiacol and syringol molecules 352 

C5H3O2
+ (m/z 95.013), C5H7O4

+ (m/z 131.034) and C4H7O3
+ (m/z 103.04) contribute smaller fractions but display 353 

even higher correlations, with values of 0.90, 0.91, 0.92 and 0.86 (Yee et al., 2013). Compared with the other 4 354 

factors, the biomass burning VOC mass spectrum has more oxidized compounds.  355 

In late winter and early spring, the first factor was identified as traffic VOC using the same method as in summer, 356 

showing high contributions and strong correlations with aromatic hydrocarbon ions, including toluene C7H9
+ (m/z 357 

93.07), C9 aromatics C9H13
+ (m/z 121.102), and cymene C10H13

+ (m/z 133.102) in Figures S7, S8 and Table S5.  358 

The second factor, classified as terpenes VOC, was marked by the predominance of monoterpene C10H17
+ (m/z 359 

137.133) and its fragment C6H9
+ (m/z 81.07) ions with correlations of 0.90 and 0.89, respectively. Sesquiterpenes 360 

also show a strong correlation (R=0.92). The diurnal variation shows both morning and evening peaks, with the 361 

morning peak being higher than the evening peak. This pattern differs from typical traffic trends. This pattern is 362 

similar to that of limonene from shower gels (Yeoman et al., 2020), which shows higher concentrations in the 363 

morning compared to the evening. It correlates with the traffic factor because people typically shower in the 364 

morning before leaving home, leading to higher detection. By the evening, the limonene has dissipated. 365 
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The biomass burning VOC factor included a lot of smaller oxygenated VOC (OVOC) such as 1,3-propanediol 366 

C3H9O2
+ (m/z 77.06), acetic anhydride C4H7O3

+ (m/z 103.04), 2-furoic acid C5H5O3
+ (m/z 113.024), maleic acid 367 

C4H5O4
+ (m/z 117.019), butanedioic acid C4H7O4

+ (m/z 119.034), benzoic acid C7H7O2
+ (m/z 123.045) (Lemieux 368 

et al., 2004) and salicylic acid C7H7O3
+ (m/z 139.04). They all show strong correlations (R=0.85-0.90) with this 369 

factor. Notably, C5H5O3
+ and C7H7O3

+ are recognized as tracers of biomass burning VOC (Li et al., 2020b; 370 

Romanias et al., 2024). It displays a peak during the daytime, possibly due to biomass burning activities in certain 371 

areas (e.g., cooking or outdoor grilling), which increase VOC emissions and lead to a daytime peak in the VOC 372 

diurnal profile. 373 

The fourth factor was dominated by xylene, represented by C8-aromatic hydrocarbon C8H11
+ (m/z 107.086), with 374 

a correlation of 0.96. This factor also shows a strong correlation with 3-ethyl-pyridine C7H10N1
+ (m/z 108.081) 375 

and the C9-aromatic hydrocarbon VOC C9H13
+ (m/z 121.102), with correlations of 0.98 and 0.91, respectively. 376 

Xylene and trimethylbenzene are components of flue gases from fossil fuel combustion VOC  (Niu et al., 2021). 377 

It also displays morning and evening peaks in its diurnal cycle, leading to its identification as a traffic2 VOC. 378 

The fifth factor has minimal correlation with most masses, only showing a correlation of 0.73 with benzene (C6H7
+) 379 

and weak correlations with various oxygenated compounds. Therefore, this factor may originate from different 380 

low-concentration emission sources. Its diurnal variation shows a small evening peak, likely influenced by traffic 381 

or industrial emissions. This factor accounts for 54% ± 9% in late winter, decreasing to 23% ± 16% in early spring 382 

due to the increased temperature (Figure 5), and as background VOC are commonly found to have a high 383 

proportion, we classify it as background VOC. 384 

The source contributions of VOC vary significantly across seasons, reflecting shifts in emission patterns and 385 

atmospheric conditions. In summer, the largest contributor is aged VOC at 42 ± 18%, indicating the dominance 386 

of secondary pollutants formed through atmospheric photochemical oxidation processing. Traffic emissions 387 

account for 22 ± 14%, while oxidized biogenic VOC make up 13 ± 13%, and fresh BVOC contribute 7 ± 7%. 388 

Biomass burning plays a notable role at 16 ± 15%, likely due to outdoor barbeque in warmer months. Winter 389 

exhibits a different profile, with background sources dominating at 54 ± 9%, suggesting stable atmospheric 390 

conditions. Traffic-related emissions split into two categories—traffic1 (26 ± 6%) and traffic2 (7 ± 6%)—possibly 391 

reflecting different vehicle types or fuel usage patterns. Monoterpenes VOC remain low (4 ± 4%), consistent with 392 

reduced biogenic activity and from anthropogenic source like personal care products (Wu et al., 2024), while 393 

biomass burning contributes 8 ± 6%, potentially from residential heating. In spring, the contributions are traffic1 394 

22 ± 7%, monoterpene VOC increased to 9 ± 9% as vegetation becomes more active, biomass burning VOC 33 ± 395 

14%, traffic2 13 ± 8%, and background 23 ± 16% (Figure 5).   396 
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Figure 5: The time series and relative mass contribution (pie charts) of each VOC factor to total VOC concentrations 

in summer (a), winter (left of the dash line) and spring (right of the dash line) (b). 

 397 

3.2.2 Sources of semi-volatile organic aerosol (SVOA) 398 

We included 153 SVOA ions (Table S6) for PMF analysis for summer and 171 VOC ions (Table S7) for 399 

winter/spring, excluding abundant ions that could skew results and very low ion signals with minimal impact 400 

(Song et al., 2024). The average semi-volatile organic aerosol concentration was 0.3 ± 0.2 µg m-3 in summer, 0.14 401 

± 0.08 µg m-3 in winter and 0.07 ± 0.07 µg m-3 in spring. Through a comprehensive analysis of factor profiles, 402 

diurnal variations, and tracer correlations in summer (Figure S9, S10, and Table S8) and in winter (Figure S11, 403 

S12, and Table S9). Five semi-volatile organic aerosol (SVOA) factors were identified as the best interpretable 404 

solution for different seasons.  405 

In summer, the first factor showed distinct signals from primary oxidation products of terpenes, including oxidized 406 

monoterpenes C10H15O1
+ (R=0.93) and C10H17O1

+ (R=0.89) (Li et al., 2020a). While the expected monoterpene 407 
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oxidation products are typically C9H15O1-5⁺, we found that C9H13O1⁺ and C9H13O2⁺ also correlated well with this 408 

factor, with correlation coefficients R=0.91 and R=0.85, respectively. This suggests that the C9H15O1-2⁺ 409 

compounds may lose hydrogen, forming C9H13O1⁺ and C9H13O2⁺ (Gkatzelis et al., 2018b). Additionally, nitrogen-410 

containing species like C9H13N1O1, C9H12N1O2, and C9H13N1O5 displayed high intensity and significant 411 

correlation with this factor, which may indicate they are fragments of monoterpene-derived organic nitrates, such 412 

as C9H15N1O5₋7 (Massoli et al., 2018). The diurnal cycle shows a nighttime peak (Figure S10c), which we have 413 

attributed this factor to weakly oxidized biogenic organic aerosol (Weakly OBOA) based on the presence of a 414 

monoterpene oxidation tracer and the observed diurnal pattern. 415 

The second factor includes clear markers of isoprene oxidation products, specifically C5H8On species (Li et al., 416 

2020a), with C5H9O6⁺ (R=0.83) and C5H9O3⁺ (R=0.82) showing strong correlations (Riva et al., 2016). 417 

Additionally, the ion with the highest fraction, C3H5O4⁺ (R=0.85), likely originates from the oxidation of 418 

ISOPOOH (Rios, 2018). However, benzoic acid C7H7O2⁺ (R=0.95), showing a strong signal, and phthalic 419 

anhydride C8H5O3⁺ (R=0.83) are both known emissions from biomass burning aerosols (Bruns et al., 2017; Koss 420 

et al., 2018). C6H8O5 (R=0.84) (Molteni et al., 2018) is an oxidation product of benzene, while C7H10O6 (R=0.84) 421 

as reported by Nakao et al. (Nakao et al., 2011), is an oxidation product of o-cresol, an emission from oxygenated 422 

aromatic BBOA. Therefore, we define this factor as mixed oxidized isoprene OA and BBOA. 423 

The third factor was identified as BBOA due to its strong correlation (R=0.88) with vanillic acid C8H8O4 (Fleming 424 

et al., 2020) and its prominent fragment (C8H6O4) with even higher correlation (R=0.96), which constitutes a 425 

significant portion of this factor. Additionally, another BBOA tracer, syringic acid (C9H10O5) (Wan et al., 2019), 426 

and its fragment (C9H6O3, R=0.95), likely formed by the loss of two H2O molecules, or as a direct BBOA emission 427 

(Fleming et al., 2020), further support this identification. Other ions, such as C6H6O5 and C7H8O5, are oxidation 428 

products of guaiacol (Yee et al., 2013). The diurnal cycle of this factor, peaking during the daytime, suggests that 429 

barbecue events may be contributing sources during the summer. 430 

The fourth factor shows no correlation with other compounds and exhibits a distinct nighttime peak (Figure S10c). 431 

However, it correlates strongly with nitrate detected by AMS (R = 0.71). This suggests that the factor represents 432 

regional background, with its nighttime increase likely influenced by local accumulation effects. 433 

The fifth factor was identified as more oxidized monoterpene OA, comprising highly oxidized monoterpene 434 

products such as C10H15O3-5
+ (R=0.86, 0.85, 0.84), diacetin C7H13O5

+ (R=0.79), oxidized molecules of 435 

monoterpenes C8H13O2
+ (R=0.81), C8H13O4

+ (R=0.80), and its fragment (C8H11O3
+, R=0.83). Compounds like 436 

C9H13O3-4
+ (R=0.81, 0.78) likely arise from fragments of the C9H14On series, representing more oxidized 437 

monoterpene products that have lost hydrogen. Compared to the diurnal pattern of less oxidized terpene products, 438 

this factor's peak displays a delay, suggesting that primary oxidation products form initially and then undergo 439 

further oxidation, resulting in more oxidized BOA (More OBOA). 440 

In winter and spring, the first factor is identified as night-time aged BBOA due to the presence of distinct BBOA 441 

tracers, C6H6N1O4
+ and C7H8N1O4

+ (Figure S12a), which do not appear in the mass spectra of other factors.  442 

Nitrocatechols (C6H5N1O4) originates from anthropogenic activities, including biomass burning and vehicle 443 

emissions. Meanwhile, methyl-nitrocatechols (C7H7N1O4) are specific markers for BBOA, as they are formed 444 

from m-cresol released during biomass combustion and diesel exhaust (Kourtchev et al., 2016). These tracers also 445 

exhibit the same strong correlation of 0.97 with this factor (Table S8). Syringic acid (C9H10O5) also correlates 446 

well (R=0.70) with this factor. In terms of its daily cycle did not show peaks during morning or evening rush 447 
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hours; instead, a peak was observed around 8 p.m., suggesting it aligns more with BBOA. This factor showed a 448 

strong correlation with highly oxidized nitrogen-containing compounds and secondary organic aerosols (syringic 449 

acid). This factor is more related to highly oxidized nitrogen-containing secondary organic aerosols, indicating 450 

that nitrogen-containing compounds produced by BBOA may have undergone significant oxidation by NO₃ 451 

radicals. Therefore, I identified it as night-time aged BBOA. 452 

The second factor was characterized by a high fraction of oleic acid C18H35O2
+ (R=0.90), C16H35O3

+ 453 

(C16H33O2(H2O)+) (R=0.88), C16H33O2
+ corresponding to palmitic acid (R=0.54), and C16H31O1

+ is the fragment 454 

of C16H33O2
+ (R=0.54). C18H34O2 is identified as the cooking tracer oleic acid, while C16H33O2

+ serves as another 455 

cooking aerosol tracer, corresponding to palmitic acid (Reyes-Villegas et al., 2018; Wang et al., 2020b; Huang et 456 

al., 2021). C16H31O1
+ is thought to originate from C16H33O2

+ due to fragmentation involving the loss of one H2O 457 

molecule. These findings strongly suggest that this factor represents cooking aerosol. 458 

The third factor was identified as aged combustion. In this factor, the aromatic hydrocarbon C7H9
+ accounts for a 459 

relatively higher fraction and exhibits a strong correlation (R = 0.79). Although C8H13
+ does not contribute 460 

significantly as C7H9
+, it also shows the same strong correlation. These compounds are attributed to combustion 461 

sources (Wang et al., 2022). The ion C7H10N1
+, potentially a fragment of acridine (C7H12N1

+) originating from 462 

coal combustion (Wang et al., 2021), exhibits a distinct signal and the highest correlation (R = 0.94). Similarly, 463 

C6H15O3
+ (R = 0.93) corresponds to 2-methoxyethyl ether (MXEE), a product of fuel combustion. Monoterpene 464 

oxidation products, such as C10H17O1
+ (R = 0.86) and C9H13O1

+ (R=0.82), are also observed. This is likely because 465 

monoterpenes, serving as biofuel components in engines and boilers, form oxidized monoterpene products when 466 

combusted and oxidized (Philippe Dagaut et al., 2024). Additionally, benzocaine C9H12N1O2
+ exhibits strong 467 

correlation (R = 0.80) with this factor and is likely a product of oxidized combustion processes. 468 

The fourth factor has C6 carboxylic acids (C6H7O5
+) which is the phenol oxidation products with OH radicals in 469 

the low-NOx system, and C7H9O5
+ denoted as the guaiacol with OH adduct. Propanedioic acid (C3H5O4

+), 470 

pentanedione (C4H5O3
+), and 2-oxopentanedioic acid C5H7O4

+ are fragments derived from the OH oxidation 471 

products of biomass burning VOC (BBVOC) such as guaiacol and syringol (Yee et al., 2013). Additionally, 472 

C6H6O2 is an OH radical oxidation product from phenol. A higher fraction of 2,5-di-(hydroxymethyl)furan 473 

C6H9O3
+ was observed, which may result from C6H7O2

+ binding with a water molecule. These photochemical 474 

products, formed from BBVOC oxidation by OH radicals, confirm that this factor represents aged BBOA. All the 475 

aforementioned ions exhibit a strong correlation of approximately 0.85 with this factor, as shown in Table S2. 476 

Furthermore, its diurnal pattern, with a peak at 15:00 during the day, leads to its identification as day-time aged 477 

BBOA.  478 

The fifth factor shows a very strong correlation with stearic acid C18H37O2⁺ (R = 0.95), C16H33O2(H2O)+ (R = 0.91), 479 

C18H15O1⁺ (R = 0.90), C19H15O1⁺ (R = 0.88), and oleic acid C18H35O2⁺ (R = 0.88). However, these compounds do 480 

not account for significant fractions in this factor's mass spectrum as they do in factor 2's mass spectrum. Notably, 481 

trimethoxy methane C4H11O3⁺ is a key ion in this factor but contributes minimally to others and shows no 482 

correlation with the factor (R = 0.02). While the composition includes unrelated compounds, its strong correlation 483 

with sulfate detected by AMS (R=0.74) suggests a regional background origin, with the nighttime peak indicating 484 

local accumulation effects. 485 

During summer, the composition of SVOA includes 11 ± 15% weakly OBOA, 16 ± 15% oxidized isoprene & 486 

BBOA (mixture of oxidized isoprene OA and BBOA), 25 ± 21% BBOA, 30 ± 22% attributed to regional 487 
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background sources, and 18 ± 16% to More OBOA (Figure 6). In winter, nighttime aged BBOA accounts for 10 488 

± 9%, cooking OA contributes 4 ± 5%, aged combustion OA makes up 9 ± 10%, daytime aged BBOA constitutes 489 

the largest fraction at 55 ± 21%, and regional background sources contribute 23 ± 17%. In spring, nighttime aged 490 

BBOA accounts for 12 ± 12%, cooking OA contributes 11 ± 12%, aged combustion OA makes up 24 ± 18%, 491 

daytime aged BBOA constitutes the largest fraction at 46 ± 25%, and regional background sources contribute 7 ± 492 

9%. 493 

 

Figure 6: The time series and relative mass contributions (pie charts) of each SVOA factor to total SVOA 

concentrations in summer (a), winter (left of the dash line), and spring (right of the dash line) (b). 

 494 

3.2.3 Sources of organic aerosol particles 495 

This study thoroughly examined source factor profiles, diurnal patterns, and correlations with tracers (FigureS13, 496 

S14, S15, S16 and S17) for OA particles. The average organic aerosol concentration was 4.3 ± 2.9 µg m-3 in 497 
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summer, 3.4 ± 1.7 µg m-3 in winter and 1.8 ± 1.8 µg m-3 in spring. Five OA factors were identified as the optimal 498 

interpretable solutions for summer and winter/spring, respectively.  499 

In summer, the first factor was identified as cooking organic aerosol (COA), based on its high H: C ratio (1.82), 500 

low O: C ratio (0.19) (Figure S14a), higher contributions at m/z 55 (C3H3O+) and m/z 57 (C3H5O+), and the mass 501 

spectrum dominated by hydrocarbon ions. These characteristics are consistent with reported COA in urban areas 502 

(Elser et al., 2016; Äijälä et al., 2017; Liu et al., 2018).  Additionally, fatty acid (C16H35O3
+) detected by 503 

CHARON-PTR showed a moderate correlation (R = 0.54) with the COA time series (Figure 14b). The second 504 

factor is characterized by a mass spectrum also dominated by hydrocarbon ions, a similar O: C ratio, and a high 505 

O: C ratio, but with higher contributions at m/z 55 (C4H7
+) and m/z 57 (C4H9

+) (Elser et al., 2016). These features 506 

are consistent with the characteristics of hydrocarbon-like organic aerosol (HOA) which is related to traffic. 507 

additionally, HOA shows a good correlation (R= 0.66) with the eBC time series. The third factor is assigned to 508 

Biogenic secondary organic aerosol (BOA), based on its H: C ratio of 1.63 and O: C of 0.44. The O/C ratio falls 509 

within the range typically associated with semi-volatile oxidized organic aerosol (SVOOA), which is 510 

approximately 0.35 ± 0.14 (Setyan et al., 2012). And it has a good correlation of 0.86 with monoterpene oxidation 511 

products (pinonaldehyde) in CHARON-PTR. BOA's diurnal pattern (Figure S14c) shows an increase starting at 512 

8 pm, reaching its peak at 7 am. This trend aligns with the nighttime oxidation process of monoterpenes, 513 

supporting its identification as BOA. The fourth factor was identified as aged biomass burning organic aerosol 514 

(BBOA) because its O/C ratio of 0.597 is slightly higher than that of fresh BBOA (0.15-0.5) and falls within the 515 

range of aged BBOA (0.5-0.87) (Ortega et al., 2013). Its diurnal shows a small peak at 3 pm and a higher peak at 516 

10 pm, the nighttime peak indicates that fresh BBOA happened rapid dark aging process (Kodros et al., 2020). 517 

And it shows a strong correlation (R=0.93) with BBOA tracer levoglucosan detected by CHARON-PTR. therefore, 518 

the fourth factor is identified as aged BBOA. The fifth factor has the lowest H: C ratio (1.43) and the highest O:C 519 

ratio 0.75, which falls within the range of low-volatility oxygenated organic aerosol (LVOOA) (0.6-1.0) (J. L. 520 

Jimenez  et al., 2009). LVOOA is dominated by CO+ and CO2
+ and shows a strong correlation (R=0.70) with O3, 521 

indicating that it is associated with photochemical oxidation processes (Kumar et al., 2016). Its diurnal pattern 522 

shows a daytime peak. These characteristics align well with the typical properties of LVOOA, leading to its 523 

identification as LVOOA. To ensure that every tracer detected by CHARON-PTR and correlated with AMS-PMF 524 

factors is representative, we compared different related fatty acids, toluene and trimethyl benzene, different 525 

monoterpene oxidation products, and different BBOA tracers. All of them showed good time-series correlations 526 

(Figure S16). 527 

In winter, we identified all the factors using the same method as in summer. The difference is that the traffic 528 

diurnal cycle (Figure S15e) exhibits distinct peaks during the morning and evening rush hours. Fresh BBOA 529 

shows an evening peak, indicating evening residual heating activities. Aged BBOA is characterized by its 530 

correlation with C6H7O5
+, which we identified as an oxidation product of BBOA in the CHARON-PTR section. 531 

its diurnal pattern is very flat, suggesting it may be associated with regional background levels or long-range 532 

transport. for LVOOA, NH4
+ is used as an indicator, as it correlates strongly with inorganic aerosol during autumn 533 

and winter (Freney et al., 2011). Other different OA factors time series shown in Figure S17. 534 

In summer, OA contributions are as follows: traffic 8 ± 8%, cooking 11 ± 13%, BOA 22 ± 14%, aged BBOA 25 535 

± 21%, and LVOOA 33 ± 20%. In winter, the contributions are: traffic 5 ± 4%, cooking 12 ± 12%, fresh BBOA 536 
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13 ± 9%, aged BBOA 36 ± 12%, and LVOOA 33 ± 17%. In spring, the contributions are: traffic 9 ± 7%, cooking 537 

19 ± 16%, fresh BBOA 27 ± 17%, aged BBOA 37 ± 19%, and LVOOA 9 ± 10% (Figure 7).   538 

 

Figure 7: The time series and relative mass contributions (pie charts) of each OA factor to total OA concentrations 

in summer (a), winter (left of the dash line), and spring (right of the dash line) (b). 

 539 

Previous PMF studies in Stuttgart and Karlsruhe identified consistent summer source patterns: traffic-related OA 540 

contributes less than 10%, SV-OOA accounts for approximately 16%, while LV-OOA dominates at around 75% 541 

of OA mass. This LV-OOA prevalence indicates strong biogenic influence from regional vegetation and 542 

photochemical processes enhanced by higher summer temperatures. In Stuttgart, elevated winter PM2.5 stems 543 

primarily from biomass burning and residential heating, evidenced by enhanced levoglucosan and nitrated phenol 544 

signals, alongside increased traffic-related primary OA (POA). Both traffic OA and BBOA contribute 545 

substantially, though LV-OOA remains significant. Karlsruhe experiences similar source patterns with increased 546 

residential heating, traffic emissions, and coal combustion from industrial sources, but benefits from less severe 547 

inversion and stagnation conditions, resulting in lower overall concentrations. Munich's intermediate winter 548 
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pollution levels suggest a source composition transitioning between these profiles, warranting detailed PMF 549 

analysis to characterize its specific emission contributions and compare with the established patterns in Stuttgart 550 

and Karlsruhe. 551 

PMF source apportionment reveals strong seasonal dependencies in organic aerosol composition, with summer 552 

conditions driving the majority of aerosol burden in Munich. Summer demonstrates the highest concentrations 553 

across all source categories, dominated by aged BBOA (2.3 µg m-3) as the largest single contributor due to 554 

barbeque charcoal combustion. Photochemical LV-OOA (1.5 µg m-3) and biogenic emissions (1.4 µg m-3) emerge 555 

exclusively during summer, reflecting enhanced secondary aerosol formation under high temperatures and intense 556 

solar radiation that promote both biogenic emissions and photochemical processing. In contrast, late winter and 557 

spring show dramatically reduced organic aerosol levels, with late winter contributions limited primarily to 558 

regional background (0.4 µg m-3) and minimal aged BBOA (0.4 µg m-3). Traffic and cooking emissions remain 559 

consistently minor throughout all seasons (≤0.7 µg m-3), suggesting these local primary sources are less 560 

significant compared to secondary formation processes and regional biomass burning influences.  561 

SVOA and OA composition exhibits distinct seasonal patterns driven by varying source emissions and 562 

atmospheric processing. Summer periods show elevated OA concentrations due to enhanced photochemical 563 

oxidation under high solar radiation, promoting secondary organic aerosol formation (Figure 8). Biogenic sources 564 

contribute significantly during summer through increased vegetation emissions. Rapid atmospheric oxidation 565 

transforms fresh BBOA to aged BBOA, explaining the predominance of aged BBOA despite active barbecue 566 

activities. In late winter, residential heating dominated fresh BBOA emissions. During early spring, both heating 567 

and barbecue emissions contributed to fresh BBOA, with the latter increasing as temperatures rose. Consequently, 568 

Fresh BBOA concentrations increased from late winter to early spring. However, Fresh BBOA became less 569 

detectable in peak summer due to accelerated aging processes under higher temperatures and enhanced 570 

photochemical activity. Late winter and spring show substantial aged BBOA from residential heating activities. 571 

Cooking and traffic emissions remain consistent year-round sources, though their oxidation efficiency increases 572 

significantly in summer compared to winter and early spring when photochemical processes are less active. 573 

 574 

Figure 8: Comprehensive seasonal mass contributions of SVOA and OA sources in Munich summer, winter and spring 575 

time (Source categories combine factors from Charon-PTR-MS and HR-TOF-AMS: Aged BBOA (day-time aged 576 

BBOA, night-time aged BBOA, and IsoOA & BBOA from Charon; aged BBOA from AMS), Biogenic OA (weakly 577 

OBOA and More OBOA from Charon; BOA from AMS), with remaining sources combined similarly). Please note, 578 
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that the total OA concentrations were 4.3 ± 2.9 μg m-3 in summer, 3.4 ± 1.7 μg m-3 in winter, and 1.8 ± 1.8 μg m-3 in 579 

spring. 580 

3.3 Seasonal strong biomass burning aerosol events 581 

PMF analysis of AMS mass spectra reveals that aged BBOA substantially contributes to total OA with seasonal 582 

variations: 25 ± 21% in summer, 36 ± 12% in winter, and 37 ± 19% in spring. Two prominent BBOA events were 583 

observed during August 22nd-24th (OA: 7.9 ± 1.7 µg m⁻3) and March 7th-9th (OA: 3.3 ± 1.3 µg m⁻3). 584 

During August 2023, aged BBOA showed strong correlations with multiple biomass burning indicators (Figure 9 585 

and Table S10). The high correlation with eBC (R=0.75) suggests significant light-absorbing carbon from 586 

combustion processes. Primary biomass burning tracers showed excellent correlations: levoglucosan (C6H11O5
+, 587 

R=0.93) and syringic acid (C9H11O5
+, R=0.84), confirming fresh biomass burning emissions. The strong 588 

correlation with atmospheric oxidation products such as C6H7O5
+ (R=0.88, phenol oxidation products from OH 589 

radical reactions under low-NOx conditions) and C7H9O5
+ (R=0.87, guaiacol-OH oxidation products) indicates 590 

significant photochemical aging processes during summer. Notably, aged BBOA correlated strongly with 591 

barbecue charcoal combustion tracers including formaldehyde (R=0.80) (Kabir et al., 2010), coniferyl alcohol 592 

(C10H13O3
+, R=0.90), pinic acid (C9H15O4

+, R=0.76), and homovanilic acid (C9H11O4
+, R = 0.83) (Vicente et al., 593 

2018). These consistently high correlations (R > 0.75) strongly suggest that the aged BBOA factor during summer 594 

months is predominantly attributed to barbecue activities, as these compounds are characteristic markers of 595 

charcoal and wood combustion used in outdoor cooking rather than other biomass burning sources. However, 596 

during the intensive BBOA episode (August 22nd-24th), most tracer correlations decreased slightly, and 597 

formaldehyde showed no correlation with aged BBOA (R= -0.20) in Table S10. This suggests that during high-598 

concentration events, different source contributions alter the chemical fingerprint, possibly indicating the 599 

influence of additional fresh emissions or changes in atmospheric processing conditions. Back trajectory analysis 600 

during the strong BBOA event shows that 51% of air masses originated from long-range transport near the 601 

Belgium border (average BBOA: 5.3 µg m⁻³), while 15% from the Bavarian region exhibited the highest 602 

concentrations (7.3 µg m⁻³) in Figure S18. Given the absence of wildfire sources and the strong correlations with 603 

barbeque charcoal combustion tracers, we attribute the elevated concentrations primarily to outdoor barbeque 604 

charcoal combustion emissions. 605 

In the whole March 2024, aged BBOA exhibited markedly different correlation patterns, indicating distinct 606 

sources and processes. The weaker correlation with eBC (R=0.39) suggests different combustion characteristics 607 

compared to summer. Most importantly, aged BBOA showed poor correlations with barbecue charcoal 608 

combustion tracers: formaldehyde (R=0.14), coniferyl alcohol (R=0.47), pinic acid (R=0.41), and homovanilic 609 

acid (R=0.51). The dramatic decrease in these correlations compared to summer values indicate minimal 610 

contribution from outdoor cooking activities during winter months. Primary biomass burning markers also showed 611 

reduced correlations: levoglucosan (R=0.30), and syringic acid (C9H11O5
+, R=0.24), suggesting different emission 612 

sources or processing pathways. Conversely, aged BBOA maintained strong correlations with guaiacol oxidation 613 

products: C6H7O5
+ (R=0.80) and C7H9O5

+ (R=0.74). This pattern strongly indicates that winter aged BBOA 614 

primarily originates from residential heating emissions that have undergone atmospheric oxidation (Kodros et al., 615 

2020). The guaiacol derivatives are characteristic markers of wood combustion for heating purposes, and their 616 

predominant correlations with aged BBOA confirm this source attribution. In contrast, fresh BBOA showed strong 617 
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correlations with barbecue charcoal combustion tracers: coniferyl alcohol (R=0.69), pinic acid (R=0.68), and 618 

homovanilic acid (R=0.67), as well as primary biomass burning markers including levoglucosan (R=0.72) and 619 

syringic acid (R=0.62). Notably, fresh BBOA showed weak correlation with the aged oxidation products (C6H7O5
+ 620 

and C7H9O5
+) that strongly correlated with aged BBOA. This divergent correlation pattern suggests that fresh 621 

BBOA emitted from residential heating or barbecue charcoal combustion during late winter and early spring 622 

undergoes slower atmospheric aging compared to summer conditions, resulting in a clear separation between fresh 623 

and aged BBOA characteristics. 624 

The intensive episode analysis (March 7th-9th, 2024) revealed correlation patterns consistent with the monthly 625 

analysis (Table S10), reinforcing the conclusion that seasonal BBOA sources shift from barbecue charcoal 626 

combustions in summer to residential heating in winter. During this episode, aged BBOA maintained strong 627 

correlations exclusively with guaiacol oxidation products (C6H7O5
+ and C7H9O5

+), consistent with the monthly 628 

pattern. However, fresh BBOA exhibited notably selective correlations, showing moderate relationships only with 629 

coniferyl alcohol (R=0.65) and levoglucosan (R=0.62), while displaying weak or negligible correlations with 630 

other tracers. The limited correlation pattern of fresh BBOA can be attributed to its substantially lower 631 

concentration compared to aged BBOA during this period (Table S10). When aged BBOA dominates the total 632 

BBOA mass, the temporal variability of most tracers is primarily governed by the aged component, effectively 633 

masking the correlation signals from fresh BBOA. As a minor constituent, fresh BBOA's true relationships with 634 

various tracers become statistically obscured, making it challenging to establish robust correlations beyond the 635 

most characteristic primary emission markers (i.e., levoglucosan and coniferyl alcohol). This phenomenon 636 

highlights the importance of aged BBOA as the dominant source during winter heating periods, while fresh 637 

emissions represent localized, transient contributions that are rapidly diluted within the regional aged aerosol 638 

background. Back trajectory analysis reveals distinctly different transport patterns compared to summer. Winter 639 

air masses predominantly followed three clusters: Cluster 1 (32%) transported through Czechia with BBOA 640 

concentrations of 2.3 µg m⁻³, Cluster 2 (14%) originating from Poland passing through Czechia (1.8 µg m⁻³), and 641 

Cluster 3 (19%) from the Belarus-Poland border passing through Czechia and Austria (1.1 µg m⁻³) in Figure S18. 642 

The dominance of Czechia-influenced trajectories (65%) contrasts sharply with summer patterns, indicating 643 

significant contributions from Central European residential heating emissions. The prevalence of aged BBOA in 644 

these air masses suggests substantial accumulation of Aged BBOA during long-range transport. Notably, Cluster 645 

2 exhibited elevated fresh BBOA concentrations, evidenced by lower O:C ratios, indicating recent biomass 646 

burning emissions from residential heating activities along the Polish transport pathway. 647 
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Figure 9. Time series of aged BBOA, black carbon, and formaldehyde during summer (August 2023, a) and 

winter/spring (March 2024, b) periods and fresh BBOA during March 2024 (c); Scatter plots showing correlations 

between aged BBOA and barbecue charcoal combustion tracers (C10H13O3
+, C9H15O4

+, C9H11O4
+), and biomass 

burning tracers (C6H11O5
+, C9H11O5

+, C9H7O3
+, C6H7O5

+, C7H9O5
+) in summer (d), in winter (e) and Fresh BBOA 

correlated with all the tracers (f). Strong BBOA events are in red shade. 

4. Conclusions 648 

This study investigates the sources, concentrations, and seasonal variations of VOC, SVOA, and OA in an urban 649 

street canyon of the third largest German city, Munich, using a combination of online mass spectrometric 650 

observations and PMF based source apportionment. The results reveal a complex interplay between anthropogenic 651 

and biogenic sources, as well as atmospheric photochemical aging that governs the composition and evolution of 652 

the atmospheric pollutants in the urban street canyon. 653 
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The PM2.5 analysis reveals Munich's distinctive air quality profile for different seasons. During summer, Munich's 654 

PM2.5 concentrations (6.7 ± 3.7 µg m-3) are comparable to neighboring German cities like Stuttgart (7.1 ± 3.3 µg 655 

m-3) and Karlsruhe (7.0 ± 3.5 µg m-3), also reflecting similar regional background conditions. Winter shows greater 656 

divergence: Munich's PM2.5 levels (13.0 ± 7.4 µg m-3) exceed Karlsruhe's (5.6 ± 4.9 µg m-3) but remain 657 

substantially lower than Stuttgart's pollution (27.0 ± 11.9 µg m-3) also caused by stronger industrial sources in a 658 

basin like topography (Huang et al., 2019). This intermediate profile becomes even more significant when 659 

considering Munich's status as Germany's third-largest city, with a dense urban population and strong economic 660 

activity generating complex emission patterns, however, with less classical emissions from heavy industry. 661 

Compared to other European cities - Paris with winter PM2.5 maxima of 15 µg m-3, Berlin's with winter frequent 662 

PM2.5 episodes above 15 µg m-3 (the World Health Organization (2021) recommended daily limit ), or Bern's 663 

winter PM2.5 of 14 µg m-3 average (Bressi et al., 2013; Grange et al., 2021; Renard et al., 2024) - Munich represents 664 

a critical test case with high population density, thriving industries and tourism.  665 

Our findings identify and quantify a pronounced seasonal regime shift in organic aerosol composition.  While a 666 

substantial anthropogenic baseline from traffic is persistent, the system transitions from a winter regime 667 

dominated by primary biomass burning aerosols (BBOA contributing up to 64% of OA) to a summer regime 668 

governed by photochemical aging (LVOOA at 33%) and formation of secondary biogenic aerosol. Critically, we 669 

demonstrate that biomass burning is not confined to the heating season. The significant and rising contribution 670 

from barbecue emissions in spring and summer reveals an underappreciated, health-sensitive emission source 671 

(Lenssen et al., 2022; Xu et al., 2023; Gruber and Kalamas, 2024).  672 

The seasonal evolution of BBOA provides critical insights into its atmospheric processing. The presence of both 673 

fresh and aged BBOA in winter (fresh: 13 ± 9%; aged: 36 ± 12%) and spring (fresh: 27 ± 17%; aged: 37 ± 19%) 674 

contrasts sharply with the aerosol composition in summer, where only aged BBOA (25 ± 21%) is detected. This 675 

pattern strongly indicates that primary biomass burning emissions undergo rapid atmospheric oxidation in summer, 676 

with substantial conversion to the aged type driven by enhanced photochemical activity (e.g., higher temperatures, 677 

radiation, and O₃ levels). This rapid aging process for BBOA (Kodros et al., 2020; Li et al., 2023) presents a 678 

marked contrast to the typically slower, multi-generational oxidation pathway of anthropogenic VOCs from traffic 679 

(Srivastava et al., 2022), which require substantial atmospheric processing to form condensable SOA. A key 680 

implication of this finding is that if biomass burning OA persists in the atmosphere despite rapid aging processes, 681 

then mitigation strategies targeting primary biomass burning emissions could yield more immediate air quality 682 

benefits. We identified nocturnal oxidation of biogenic VOC as a significant SOA formation pathway in summer. 683 

The substantial contribution of biogenic VOCs (oxidized BVOC: 13 ± 13%, and BVOC: 7 ± 7%), coupled with 684 

BOA from oxidized monoterpenes (22 ± 14%), demonstrates that nocturnal oxidation (primarily by O3 and NO3 685 

radicals) generates secondary aerosol yields comparable those from daytime photochemical production (e.g., 686 

LVOOA at 33 ± 20%). Consequently, monoterpene emission profiles must be treated as a critical air quality 687 

parameter and considered in urban vegetation management (Ren et al., 2014). It should be taken into account that 688 

the urban green can have positive but also negative impact on the pollution levels of aerosol particles.  689 

Previous studies in Stuttgart and Karlsruhe (Huang et al., 2019; Song et al., 2022; Zhang et al., 2024) identified 690 

traffic-related OA contributions consistently at or below 10% during summer. Munich exhibits similar patterns, 691 

with traffic OA contributing 8 ± 8% in summer, 5 ± 4% in winter, and 9 ± 7% in spring. This consistency across 692 

all three cities in southwest Germany indicates that traffic is a minor OA component, exhibiting only relatively 693 
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small seasonal variations. The most significant difference emerges in the abundance of LV-OOA. In Stuttgart and 694 

Karlsruhe, LV-OOA dominates summer OA with approximately 75%, reflecting strong biogenic influence from 695 

regional vegetation and photochemical processes enhanced by higher temperatures. In contrast, Munich's LV-696 

OOA remains substantially lower and relatively stable for different seasons (33 ± 20% summer, 33 ± 17% winter, 697 

9 ± 10% spring), indicating either reduced biogenic precursor emissions or weaker photochemical oxidation 698 

despite comparable regional conditions. In Stuttgart, elevated winter PM2.5 stems primarily from biomass burning 699 

and residential heating, evidenced by enhanced levoglucosan and nitrated phenol signals. Both traffic OA and 700 

BBOA contribute substantially to winter pollution. Karlsruhe exhibits similar patterns, with residential heating, 701 

traffic emissions, and coal combustion from industrial sources driving winter PM2.5 increases. Munich's source 702 

profile diverges markedly from both cities. BBOA contributes substantially more to Munich's OA composition 703 

year-round compared to Stuttgart and Karlsruhe. Summer shows notable BBOA contribution (aged BBOA 25 ± 704 

21% combined with BOA 22 ± 14%), and winter BBOA dominance increases dramatically (fresh BBOA 13 ± 9% 705 

plus aged BBOA 36 ± 12%). Spring displays the highest BBOA contribution (fresh BBOA 27 ± 17% plus aged 706 

BBOA 37 ± 19%), indicating sustained biomass burning influence extending beyond residential heating into 707 

recreational activities. This persistent, elevated BBOA signature distinguishes Munich as a BBOA-dominated 708 

system, contrasting with the LV-OOA-dominated profiles of Stuttgart and Karlsruhe, and suggests that biomass 709 

burning requires year-round mitigation strategies in Munich. 710 

In summary, this work reveals the dynamic chemical evolution of urban aerosol. The interplay between primary 711 

emissions from heating and cooking, the relatively constant traffic baseline, and the seasonally-modulated 712 

photochemical and nocturnal monoterpene chemistry creates a complex but decipherable pollution phenotype. 713 

Future research should prioritize tracking the atmospheric evolution of key source markers (e.g., from barbecues 714 

especially in summer and spring) to constrain their aging timescales and health-relevant properties. Integrating 715 

these process-level insights is paramount for refining air quality models like PALM-4U (Zhang et al., 2024; Resler 716 

et al., 2024; Samad et al., 2024) to accurately predict effectivity of measures to improve air quality in future urban 717 

scenarios. 718 
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