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Abstract 

Understanding the sources of volatile organic compounds (VOC) and organic aerosols (OA) is 

crucial for mitigating air pollution and improving public health, as these components significantly 

influence air quality, human exposure to ultrafine particles, weather, and climate. 

Therefore, I studied VOC and OA sources in four field campaigns across three distinct 

environments—a mountain in summer (Feldberg, Black Forest), an industrial area in summer 

(Karlsruhe harbor), and an urban street canyon in summer and winter (Munich). By combining 

online mass spectrometry of VOC, semi-volatile organic aerosol particles (SVOA), and organic 

aerosol particles (OA) with detailed statistical analysis by positive matrix factorization (PMF). I 

quantified source contributions, their impacts on air quality, ultrafine particles, and potential 

aerosol-cloud interaction in these contrasting settings. 

The Feldberg site at 1500 m a.s.l. surrounded by the large Black Forest showed relatively low 

aerosol concentrations due to clean marine air masses from the Atlantic Ocean for 56% of the 

observation time. Furthermore, the mountain top was in the free troposphere for 88% of the time. 

This explains also the disconnect between abundant biogenic VOC emissions and limited aerosol 

formation, with relatively low biogenic contributions to OA due to very low NOx levels that limited 

VOC oxidation. The OA composition was dominated by aged biomass burning organic aerosol 

(BBOA) (35±24%), and with substantial contributions from semi-volatile and low volatile 

oxygenated organic aerosol (SV-OOA: 24±14%; LV-OOA: 23±14%). Chemical composition of 

semi-volatile organic aerosol revealed photochemical processing as the dominant formation 

mechanism (79±18%). VOC measurements showed strong influences from aged anthropogenic 

(35±15%) and biomass burning emissions (21±12%), alongside with oxidized biogenic compounds 

(25±16%), demonstrating that this mountain top in the Black Forest receives processed polluted 

air masses from distant sources via transport in the free troposphere. One substantial pollution event 

was caused by reginal transport of aged BBOA to the Feldberg and another by transcontinental 

transport of Canadian wildfire plumes causing high BBOA concentrations enhancing ice-

nucleating particle numbers, thus potentially influencing cloud properties.  

In Karlsruhe's industrial area at the Rhein harbor, I identified three primary aerosol sources: (1) 

industrial food processing emissions (41±23% of VOC, 20±9% of OA), (2) industrial phyto-

emissions—VOC released from plant processing like in the local paper factory (44±27% of SVOA, 
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30±15% more oxygenated OA), and (3) biomass burning from wildfires in France (26±21% of 

SVOA). The influence of wildfire plumes was particularly significant, sometimes overlapping with 

local landfill emissions. Ultrafine particles at this location showed no correlation with primary 

sources but were formed as secondary organic aerosol for multiple sources.  

Munich's air quality exhibited strong seasonal variations, with biomass burning dominating in 

winter (Aged: 34 ± 15% and Fresh: 7 ± 3%) and spring (Aged: 32 ± 21% and Fresh: 20 ± 6%), due 

to emissions from heating and barbecue. Winter also sees high regional background pollution (37 

± 12%), related to stagnant atmospheric conditions. In contrast, summer is characterized by 

biogenic emissions (24 ± 21%) and photochemically generated low volatile oxygenated OA (25 ± 

12%), driven by intensive sunlight and higher plant emissions, while biomass burning contributions 

are still relatively high (27 ± 18%). Traffic emissions range from 10-15 % throughout the seasons 

and also cooking emissions (4-10%) remain a small but steady source year-round. Traffic and 

cooking emissions persistently impact ultrafine particle formation, while biogenic VOCs contribute 

to their growth typically in early night times of summer. Key mitigation strategies for ultrafine 

particles should reduce traffic and cooking emissions and select low-terpene vegetation to curb 

secondary aerosol growths. However, only with addressing the biomass burning sources (barbecue 

& heating) substantial improvement in air quality can be achieved. 

The findings highlight the complex interplay of different sources from local, regional and global 

origin with biomass burning being the dominant source at all three different locations in southern 

Germany.  
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Zusammenfassung 

Das Verständnis der Quellen flüchtiger organischer Verbindungen (VOC) und organischer 

Aerosolpartikel (OA) ist entscheidend für die Minderung der Luftverschmutzung und die 

Verbesserung der öffentlichen Gesundheit, da diese Komponenten die Luftqualität, die Exposition 

des Menschen gegenüber ultrafeinen Partikeln, das Wetter und das Klima wesentlich beeinflussen. 

Daher untersuchte ich die Quellen von VOC und OA in vier Feldmesskampagnen in drei 

unterschiedlichen Umgebungen – einem Bergstandort im Sommer (Feldberg, Schwarzwald), 

einem Industriegebiet im Sommer (Rheinhafen Karlsruhe) sowie einer städtischen Straßenschlucht 

im Sommer und Winter (München). Durch die Kombination von Online-Massenspektrometrie von 

VOC, halbflüchtigen organischen Aerosolpartikeln (SVOA) und organischen Aerosolpartikeln 

(OA) mit einer detaillierten statistischen Analyse durch positive Matrixfaktorisierung (PMF) habe 

ich die Beiträge verschiedener Quellen von VOC und OA sowie deren Einfluss auf Luftqualität, 

ultrafeine Partikel und potenzielle Aerosol-Wolken-Wechselwirkungen in diesen kontrastierenden 

Umgebungen quantifiziert. 

Am Feldberg (1500 m ü. NN), umgeben vom ausgedehnten Schwarzwald, waren die 

Aerosolkonzentrationen relativ niedrige, was auf saubere Meeresluftmassen aus dem Atlantik 

während 56 % der Beobachtungszeit zurückzuführen ist. Außerdem befand sich der Berggipfel 

während 88 % der Zeit in der freien Troposphäre. Dies erklärt auch die Diskrepanz zwischen den 

relativ hohen biogenen VOC-Emissionen und der begrenzten Aerosolbildung mit biogenen 

Beiträgen aufgrund der sehr niedrigen NOx-Werte, die die VOC-Oxidation begrenzten. Die OA-

Zusammensetzung wurde von gealtertem Biomasseverbrennungsaerosol (BBOA)  dominiert (35 ± 

24 %) mit erheblichen Beiträgen von halbflüchtigem und schwerflüchtigem oxidiertem 

organischem Aerosol (SV-OOA: 24±14%; LV-OOA: 23±14%). Die chemische Zusammensetzung 

des halbflüchtigen organischen Aerosols ergab, dass die photochemische Alterung sein 

dominierende Entstehungsmechanismus ist (79±18%). Die VOC-Messungen ergaben starke 

Einflüsse von gealterten anthropogenen Emissionen (35±15%), Biomasseverbrennung (21±12%) 

und von oxidierten biogenen Verbindungen (25±16%). Dies zeigt, dass Luft auf dem Gipfel des 

Feldbergs wesentlich durch verschmutzte gealterte Luftmassen aus entfernten Quellen beeinflusst 

wird. Ein erhebliches Verschmutzungsereignis wurde durch den reginalen Transport gealterter 

Biomasseverbrennungsaerosole auf den Feldberg verursacht, ein weiteres durch den 
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transkontinentalen Transport kanadischer Waldbrandfahnen. Dies verursachte hohe BBOA-

Konzentrationen, welche die Anzahl eiskeimbildender Partikel erhöhten und somit möglicherweise 

die Wolkeneigenschaften beeinflussten.  

Im Karlsruher Industriegebiet am Rheinhafen habe ich drei wesentliche Aerosolquellen 

identifiziert: (1) industrielle Emissionen aus der Lebensmittelverarbeitung (41±23% der VOC, 

20±9% der OA), (2) industrielle Phyto-Emissionen - VOC, die bei der Verarbeitung von Pflanzen 

freigesetzt werden, wie z.B. in der örtlichen Papierfabrik (44±27% der SVOA, 30±15% höher 

oxidierte OA), und (3) Biomasse-Verbrennung durch Waldbrände in Frankreich (26±21% der 

SVOA). Der Einfluss von Waldbrandfahnen war besonders groß und überschnitt sich manchmal 

mit lokalen Deponieemissionen. Ultrafeine Partikel zeigten an diesem Standort keine Korrelation 

mit primären Quellen, sondern wurden als sekundäres organisches Aerosol aus mehreren Quellen 

gebildet. 

Die Luftqualität in München weist starke jahreszeitliche Schwankungen auf, wobei die 

Verbrennung von Biomasse im Winter (gealtert: 34 ± 15 % und frisch: 7 ± 3 %) und im Frühjahr 

(gealtert: 32 ± 21 % und frisch: 20 ± 6 %) aufgrund von Emissionen durch Heizen und Grillen 

dominiert. Im Winter ist auch die regionale Hintergrundbelastung hoch (37 ± 12 %), was auf die 

stagnierenden atmosphärischen Bedingungen zurückzuführen ist. Im Gegensatz dazu ist der 

Sommer durch biogene Emissionen (24 ± 21 %) und photochemisch erzeugte schwerflüchtige 

sauerstoffhaltige OA (25 ± 12 %) gekennzeichnet, die durch intensive Sonneneinstrahlung und 

höhere Pflanzenemissionen verursacht werden, während der Beitrag der Biomasseverbrennung 

immer noch relativ hoch ist (27 ± 18 %). Die verkehrsbedingten Emissionen schwanken im Laufe 

der Jahreszeiten zwischen 10 und 15 %, und auch die Emissionen durch kochen (4 bis 10 %) 

bleiben das ganze Jahr über eine Kleine, aber stetige Quelle. Verkehrs- und Kochemissionen haben 

einen anhaltenden Einfluss auf die Bildung ultrafeiner Partikel typischerweise in den frühen 

Nachtstunden des Sommers, wobei biogene flüchtige organische Verbindungen (VOC) zu deren 

Wachstum beitragen. Minderungsstrategien für ultrafeine Partikel sollten die Verkehrs- und 

Kochemissionen reduzieren und Pflanzen mit geringeren Terpenemisssionen für die städtischen 

Grünanlagen auswählen, um das Wachstum sekundärer Aerosole einzudämmen. Eine wesentliche 

Verbesserung der Luftqualität kann jedoch nur erreicht werden, wenn die Emissionen aus der 

Biomasseverbrennug (Grillen und Heizen) deutlich reduziert werden. 
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Die Ergebnisse verdeutlichen das komplexe Zusammenspiel verschiedener Quellen lokalen, 

regionalen und globalen Ursprungs, wobei die Verbrennung von Biomasse an allen drei Standorten 

in Süddeutschland die dominierende Quelle darstellt.  
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1. Introduction 

Aerosols, a mixture of gases and particulate matter, play a crucial role in atmospheric processes, 

influencing climate, weather patterns, air quality, and human health (Shrivastava et al., 2017; 

Lee et al., 2023). Organic aerosol (OA) represents a significant fraction of the major 

components of atmospheric total fine aerosols (20-90%) (Kuang et al., 2020; Chen et al., 2022). 

Its formation is closely linked to volatile organic compounds (VOC), which undergo 

atmospheric oxidation through reactions with hydroxyl radicals (OH), ozone (O3), and nitrate 

radicals (NO3). These oxidation processes produce a range of oxygenated volatile and semi-

volatile organic compounds, which can subsequently undergo gas-to-particle partitioning, 

condensation, and heterogeneous reactions, leading to the formation and growth of secondary 

organic aerosol (SOA). In Europe, SOA accounts for the majority of OA mass, with an average 

contribution of 71.1% and a range of 43.7% to 100% (Chen et al., 2022). Understanding the 

sources, transformation, and atmospheric impact of VOC and OA remains a major challenge 

in atmospheric chemistry. 

1.1 Volatile organic compounds (VOC) 

1.1.1 Biogenic VOC 

Vegetation, particularly trees, releases substantial amounts of biogenic volatile organic 

compounds (BVOC) into the continental boundary layer. BVOC are predominantly composed 

of terpenes, highly reactive compounds characterized by one or more C=C double bonds. 

Terpenes include isoprene (C5H8), monoterpenes (C10H16), sesquiterpenes (C15H24), and 

diterpenes (C20H32) (Li et al., 2020a; Li et al., 2021). The composition of BVOC varies 

depending on vegetation type and environmental factors such as stress and predation. Between 

2001 and 2020, the worldwide annual emission of BVOC reached a total of 835.4 Tg yr-1. 

Emissions were distributed as follows: isoprene contributed 347.7 Tg yr-1 (41.6%), 

monoterpenes amounted to 184.8 Tg yr-1 (22.1%), sesquiterpenes added 23.3 Tg yr-1 (2.8%), 

and all other BVOC species made up 279.6 Tg yr-1 (33.5%) (Figure 1) (Dada et al., 2023; Wang 

et al., 2024b).  

BVOC undergo rapid oxidation in the atmosphere, primarily by hydroxyl radicals (OH) during 

the day and by ozone (O3) and nitrate radicals (NO3) at night, leading to the formation of 

oxygenated VOC (OVOC) and secondary organic aerosol (SOA) (Hamilton et al., 2021; 

Devault et al., 2022; Dada et al., 2023). The efficiency of SOA formation varies among BVOC; 

monoterpenes and sesquiterpenes generally exhibit higher SOA yields than isoprene or other 
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BVOC (Kundu et al., 2017). Recent observational studies estimate that isoprene-derived SOA 

accounts for approximately 3% of the total SOA mass (Kim et al., 2015; Marais et al., 2016), 

while modeling studies suggest that isoprene SOA yields range from 4% to 10%, depending 

on the oxidant. In contrast, monoterpenes exhibit SOA yields of approximately 10% to 20%, 

whereas sesquiterpenes can exceed 40% (Pye et al., 2010; Fry et al., 2018). Globally, SOA 

production from BVOC is estimated to range between 2.86 and 97.5 TgC year⁻¹ (annual is 49.0 

TgC year⁻¹) (Farina et al., 2010; Hodzic et al., 2016). In many regions, SOA from BVOC 

accounts for a major fraction of the annual global total SOA, typically ranging from 74% to 

over 95%, depending on environmental conditions and precursor availability (Kelly et al., 

2018). SOA contributes one of the largest fractions to total aerosol mass of particles smaller 

than 1 µm over continental regions (Tsimpidi et al., 2024).  

 

Figure 1. the spatial distribution of mean yearly emission fluxes for BVOCs from 2001 to 2020, including: (a) 

isoprene, (b) monoterpenes, (c) sesquiterpenes, (d) other BVOCs, (e) the combined total BVOC, and (f) the 

distribution by latitude (left: the total emissions; right: the proportional contribution of each compound class). A 

pie chart presents the global percentage share of each BVOC type. Each panel includes the corresponding global 

annual emission value in its bottom-left corner (Wang et al., 2024b). 
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1.1.2 Anthropogenic VOC 

Vehicular, industrial, and biomass burning emissions are the primary sources of anthropogenic 

volatile organic compounds (AVOC) in the atmosphere (Kaltsonoudis et al., 2016; Hajizadeh 

et al., 2018; Mohd Hanif et al., 2021). AVOC emissions (139-163 TgC year−1) are significantly 

lower than BVOC emissions (Von Schneidemesser et al., 2010; Mohd Hanif et al., 2021). 

Globally, hexanes and higher alkanes were the dominant AVOC (16.53%-17.41%), mainly 

from mobile, oil and gas, and consumer products. Pentanes (12.88%-13.65%) originated from 

chemical manufacturing and asphalt, while butanes (10.30%-11.33%) come from 

transportation and industry. Other AVOCs included toluene, xylenes, benzene, alcohols, 

ketones, and aldehydes (Figure 2) (Duan et al., 2023). Globally, the annual SOA formation 

from AVOC was approximately 24.6 TgC year−1 (Kelly et al., 2018). 

In urban areas, C6H6 benzene (5.6 TgC year−1), C7H8 toluene (6.9 TgC year−1), C8H10 

ethylbenzene and xylene (4.7 TgC year−1) (BTEX) are essential due to vehicular and biomass 

burning sources and the range of SOA production from aromatics of 2-12 TgC year−1 (Henze 

et al., 2008; Mohd Hanif et al., 2021). Several health risk assessment studies conducted in city 

centers have indicated that VOCs, particularly BTEX, pose risks to human health and may 

increase the likelihood of cancer development (Kaltsonoudis et al., 2016; Hajizadeh et al., 2018; 

Montero-Montoya et al., 2018; Kim et al., 2020; Mohd Hanif et al., 2021). 

 

Figure 2. Global non-methane VOC (NMVOC) emissions according to the Global Emissions Initiative (GEIA) 

(Duan et al., 2023; Wang et al., 2024b). 
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1.2 Atmospheric aerosol particles 

Primary aerosol particles are directly emitted from sources like dust, sea spray, volcanic 

eruptions, pollen, and soot (Figure 3), while secondary aerosols form through atmospheric 

reactions of gases such as VOCs (Goldstein and Galbally, 2007). Organic aerosol particles, a 

major component of secondary aerosols, play a critical role in climate, air quality, and health 

due to their ability to scatter light, act as cloud condensation nuclei, and carry toxic compounds. 

 

Figure 3. Schematic representation of various sources and sinks of aerosols (Panda et al., 2023). 

1.2.1 Primary organic aerosol 

POA consists of organic compounds that are either directly emitted as particles or formed 

through condensation without undergoing chemical reactions. Major sources include biomass 

burning, fossil fuel combustion, and cooking (De Gouw and Jimenez, 2009; Tang et al., 2018; 

Liu et al., 2018b). However, in urban areas, traffic emissions dominate, while waste burning 

also contribute significantly (Abbatt and Wang, 2020). Globally, POA contributes around 35 

TgC year-1, with biomass burning accounting for approximately 70% of this total (Bond et al., 

2004; Bhattu, 2017).  
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For primary biomass burning organic aerosol (BBOA), there exist several trace compounds 

to track and identify it. These include n-alkanes (CnH2n+2), polycyclic aromatic hydrocarbons 

(PAHs) such as naphthalene (C10H8), phenanthrene (C14H10), and benzo[a]pyrene (C20H12), as 

well as resin acids (C20H30O2) (Simoneit, 2002). Additionally, anhydrous sugars like 

levoglucosan (C6H10O5), derived from cellulose pyrolysis, serve as key indicators of biomass 

combustion (Bhattarai et al., 2019). Methoxyphenols, including guaiacol (C7H8O2), syringol 

(C8H10O3), and catechol (C6H6O2), are characteristic products of lignin decomposition (Wan et 

al., 2019). High-temperature combustion of lignin releases various methoxyphenol derivatives, 

such as homovanillyl alcohol (C9H12O3), vanillin (C8H8O3), vanillic acid (C8H8O4), 

syringaldehyde (C9H10O4), syringic acid (C9H10O5), p-hydroxybenzaldehyde (C7H6O2), and p-

hydroxybenzoic acid (C7H6O3) (Daniel R Oros and Simoneit, 2001). Furthermore, 

dehydroabietic acid (C20H28O2) is a major biomarker for the combustion of conifer-derived 

fuels (Pingqing Fu et al., 2008). Among these, levoglucosan, vanillic acid, syringic acid, p-

hydroxybenzoic acid, and dehydroabietic acid are widely recognized as key tracers for BBOA 

emissions in atmospheric studies (Fu et al., 2011; Fujii et al., 2015; Wan et al., 2017; Wan et 

al., 2019). 

For primary fossil fuel combustion OA, key tracers include aromatic VOCs such as toluene 

(C7H8), benzene (C6H6), ethylbenzene (C8H10), and trimethylbenzene (C9H13) (Liu et al., 

2018b), along with polycyclic aromatic hydrocarbons (PAHs) (Liang et al., 2023)like 

naphthalene (C10H8).  

 POA from cooking emissions typically contain both saturated fatty acids such as myristic acid 

(C14H28O2), palmitic acid (C16H32O2), and stearic acid (C18H36O2), as well as unsaturated fatty 

acids including oleic acid (C18H34O2) and linoleic acid (C18H32O2) (Li et al., 2023a). 

POA from waste burning are characterized by distinct molecular markers: Alkanes (e.g., n-

C27H56 to n-C33H68) and aromatic compounds dominate plastic combustion emissions (Li et al., 

2023a), while polycyclic aromatic hydrocarbons (PAHs) such as naphthalene (C10H8), 

phenanthrene (C14H10), and fluoranthene (C16H10) (Kanellopoulos et al., 2021)originate from 

incomplete combustion of synthetic materials. Fatty acids including palmitic acid (C16H32O2) 

and oleic acid (C18H34O2) indicate co-burning of food waste or cooking-derived residues, 

whereas bisphenol A (C15H16O2) serves as a tracer for plastic incineration in urban/industrial 

aerosols. 
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1.2.2 Secondary organic aerosol (SOA) 

SOA forms through a complex oxidation process involving multiple VOCs, producing a wide 

range of intermediate, semi-volatile, low-volatility, and extremely low-volatility compounds. 

These products undergo further transformations in the particle phase, including accretion 

reactions, photolysis, or additional oxidation (Thornton et al., 2020).  

Isoprene-derived SOA tracers 

Due to the significant emissions of isoprene in many forested regions and its rapid reaction 

with OH radicals (~1.5h lifetime for [OH] ~1×106 cm-3) (Shrivastava et al., 2017), it plays a 

crucial role in understanding tropospheric atmospheric chemistry and SOA formation. Here, I 

present the oxidation process leading to SOA formation from isoprene. In gas phase, isoprene 

reacts with OH radicals to form isoprene hydroxyhydroperoxide (ISOPOOH, C5H10O3), which 

subsequently leads to the formation of isoprene epoxydiol (IEPOX, C5H10O3) as the dominant 

product (70-80%) at low NOₓ concentrations (Berndt et al., 2016). A smaller fraction (~10%) 

undergoes further oxidation, producing C5 low-volatility organic compounds (C5-LVOC, 

C5H10,12O5-6). Dihydroxy dihydroperoxides, (HO)2-C5H8-(OOH)2 (C5H12O6), are the main 

products (Berndt et al., 2016). Additionally, a minor fraction of peroxy radicals (RO2) 

contributes to the formation of C5 hydroxycarbonyl (C5H10O2), methyl vinyl ketone (MVK 

C4H6O), methacrolein (MACR C4H6O), hydroperoxyaldehyde (C5H10O4), and C₄ 

hydroxyperoxide (C4H8O4) (Wennberg et al., 2018; Mahilang et al., 2021). If a small amount 

of NOx is present, RO2 radicals undergo oxidation, leading to the formation of isoprene nitrate 

(ISOPN, C5H9NO4-5) and dihydroxy dinitrate (C5H10N2O8) (Brownwood et al., 2021). At high 

NOx concentrations, MVK, MACR, methacryloyl peroxynitrate (MPAN, C4H5NO5), 

peroxy acetyl nitrate (PAN C2H3NO5) and isoprene hydroxy nitrate (IHN) C5H9NO4 are 

dominate (Wennberg et al., 2018). In particle phase, IEPOX, C5-alkene triols (C5H12O3), 2-

methyltetrols (C5H12O4) and hemiacetal dimers (C10H20O6) are the main products in low NOx 

concentrations (Surratt et al., 2010; Rattanavaraha et al., 2017; Shrivastava et al., 2017). 2-

methylglyceric acid (2-MG C4H8O5), oligoesters (diesters of 2-MG (C4H8O5)2), hydroxynitrate 

(C5H7NO5), and hydroxynitrate or carboxylated nitrate (C5H9NO5) are the main products at 

high NOx environments (Surratt et al., 2010; Shrivastava et al., 2017; Schwantes et al., 2019). 

Monoterpene-derived SOA tracers 

The main RO2 formed from monoterpenes includes C10H14Oz compounds from ozonolysis and 

C10H16Oz compounds from hydroxyl-radical reactions. But for β-pinene, C9 Criegee 

https://www.sciencedirect.com/topics/chemistry/acetyl
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intermediates from ozonolysis and C8H12Oz are the main oxidation products (Zhao et al., 2024). 

The most abundant monoterpenes, α-pinene and β-pinene, are highly reactive towards ozone 

(O3) (Fayad et al., 2021). Pinonaldehyde (C10H16O) is a major first-generation oxidation 

product of α-pinene ozonolysis, and its secondary organic aerosol (SOA) yield from α-pinene 

oxidation can be as high as 87% (Lee et al., 2006; Gray Be et al., 2017). Following 

pinonaldehyde, pinonic acid (C10H16O3) and pinic acid (C9H14O4) have also been identified as 

tracers of α-pinene oxidation (Upshur et al., 2023). Myrtenal (C10H14O), terebic acid (C7H10O4), 

terpenylic acid (C8H12O4) and hydroxy-pinonic acid (C10H16O4) are important further 

secondary oxidation products (Mutzel et al., 2016). Nopinone (C9H14O), norpinonic acid 

(C9H14O3), pinic acid (C9H14O4), terpenylic acid (C8H12O4), 3-methyl-1,2,3-butane-

tricarboxylic acid (MBTCA C8H12O6), terebic acid (C7H10O4) and dicarboxylic acid (C7H12O5) 

are the β-pinene derived SOA markers (Mutzel et al., 2016). In the presence of NOx, the major 

nitrogen-containing monomers (C8H11NOx, C9H13,15NOx, and C10H15,17NOx) serve as tracers 

for aerosols formed from monoterpene oxidation with NOx (Zhao et al., 2024). 

Sesquiterpene-derived SOA tracers 

β-Caryophyllene is the most abundant sesquiterpene in the atmosphere, and its ozonolysis 

significantly contributes to secondary organic aerosol (SOA) formation (Detlev Helmig et al., 

2007; Parshintsev et al., 2008; Upshur et al., 2023). The C14H24O2-9 and C14H22O2-10 

homologous series, as well as the C15H24O3-10 and C15H22O4-10 homologous series are the 

dominant products in β-caryophyllene ozonolysis SOA (Kundu et al., 2017). β-caryophyllon 

aldehyde (C15H24O2), β-caryophyllonic acid (C15H22O4), β-caryophyllinic acid (C15H24O4) and 

β-nocaryophyllonic acid (C15H22O5) are important tracers for β-caryophyllene ozonolysis 

(Kundu et al., 2017; Upshur et al., 2023). And chemical formulas C10H16O4 and C14H22O4 are 

related to these three tracers. Ambient measurements have also identified C15H22O, C15H24O, 

C15H22O2, C15H24O2, and C15H24O3 as typical reaction products from sesquiterpene oxidation 

(Yee et al., 2018; Li et al., 2021).  

Oxygenated carbonaceous compounds derived SOA tracers 

Under low NOx, alcohols (CnH2n+2O), carboxylic acids (CnH2nO2), ketones (CnH2nO) and 

carbonyls (CnH2nO) are commonly the first OH radical oxidation products of branched and 

linear alkanes (Lim and Ziemann, 2009b; Aimanant and Ziemann, 2013). Hydroxycarbonyls 

(CₙH2nO2), hydroperoxides (CₙH2n+2O2), hydroperoxycarbonyls (CₙH2nO4), hydroxy 

hydroperoxides (CnH2n+2O3), peroxycarboxylic acids (CₙH2nO4), peroxyhemiacetals (PHA) 
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(CₙH2n+2O4) and dihydroperoxides (CₙH2n+2O4) are the oxidation products from OH-initiated 

reactions of n-dodecane (C12)/2-methylundecane(C12H26), hexylcyclohexane and 

cyclododecane (C12H24) (Yee et al., 2013a; Schilling Fahnestock et al., 2015).  Under high NOx, 

1,4-hydroxycarbonyls (CnH2nO2), hydroxy-nitrates (CnH2n+1NO3), dinitrates (CnH2n(NO3)2) 

and alkyl nitrates (R-O-NO₂) are OH oxidation products of alkanes (C6-C15)  (Lim and Ziemann, 

2009a; Srivastava et al., 2022). Alcohols, hydroxycarbonyls, hemiacetals (CnH2n+2O2), nitrate-

bearing hemiacetals (CnH2n+2O3N), and acid anhydrides ((RCO)2O) are the major SOA 

products from n-alkanes (Li et al., 2017; Docherty et al., 2021).   

Aromatic-compounds derived SOA tracers 

The major photooxidation products from aromatics (mainly BTX) are glyoxal (C2H2O2), 

methylglyoxal (C3H4O2), unsaturated dicarbonyls, furanones (C4H4O2), aromatic aldehydes 

(R-CHO)/acids (R-COOH) and phenols (R-OH). The hydroxycylclohexadienyl radical (like 

C6H7O), an aromatic-OH adduct, is the primary product of the reaction of the aromatic ring 

with OH (Srivastava et al., 2022). 

The major toluene photooxidation SOA products under different NOx conditions are 

nitrophenols (like C6H5NO3), 2-methyl-4-nitrophenol (C7H7NO3), methyl nitrocatechol 

(C7H7NO4), quinones (like C6H4O2), aromatic carbonyls (like C7H6O), oxoacids (like C3H4O3), 

and unsaturated dicarbonyls (like C6H6O2) (Jang and Kamens, 2001; Pereira et al., 2015). 

Xylene isomers undergo photooxidation to produce unsaturated diketones, aldehydes, and 

dicarbonyl compounds. Predominant SOA components include dicarbonyls and highly 

oxidized species (HOS). Notably, 3-methyl-2-oxiranecarbaldehyde (C4H6O2) and 3-hexene-

2,5-dione(C6H8O2) are markers for xylene-derived SOA (Forstner et al., 1997; Bethel et al., 

2000; Jang and Kamens, 2001; Zhang et al., 2019; Srivastava et al., 2022). The oxidation of 

TMB under varying NOₓ conditions leads to the formation of several key products that serve 

as markers for SOA formation. Notable compounds include methylglyoxal (C3H4O2), O₂-

bridged ketones, and isobaric furanone and dicarbonyl ring-opening products with m/z 113. 

Additionally, 3,5-dimethylbenzaldehyde (C9H10O), nitrogenated compounds, furanones, and 

dicarbonyls—including low molecular weight organic acids—are observed. Specific products 

such as 3,5-dimethyl-5(2H)-furanone (C6H8O2), 3-methyl-furan-2,5-dione (C5H4O3), and 2-

methyl-4-oxo-2-pentena (C6H8O2), 3-hexene-2,5-dione (C6H8O2) and 2,3-butanedione 

(C4H6O2) are also identified (Forstner et al., 1997; Wyche et al., 2009; Birdsall and Elrod, 

2011).  
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Polycyclic aromatic hydrocarbons (PAHs)-derived SOA tracers 

PAHs are significant contributors to SOA formation, particularly in urban areas. The oxidation 

of naphthalene primarily yields acidic compounds and organic peroxides, which are major 

components of both high- and low-NOx SOA (Srivastava et al., 2022). During the OH-initiated 

photooxidation of naphthalene under high-NOₓ conditions, the primary gas-phase products are 

ring-opening compounds, including 2-formylcinnamaldehyde (C10H8O2), phthaldialdehyde 

(C8H6O2), and phthalic anhydride (C8H4O3). Under low-NOx conditions, the oxidation of 

naphthalene primarily yields ring-retaining compounds such as naphthol (C10H8O), 1,4-

naphthoquinone (C10H6O2), and epoxyquinone. Additionally, 4-nitro-1-naphthol (C10H7NO3) 

can serve as an effective ambient organic tracer for naphthalene-derived high-NOx SOA 

(Kautzman et al., 2010).  

In the gas phase, the oxidation products of acenaphthylene include naphthalene-1,8-

dicarbaldehyde (C12H8O2), 1,8-naphthalic anhydride (C12H6O3), and a 10-carbon ring-opened 

dialdehyde. Acenaphthenequinone (C16H10O2) was also identified as a product of oxidation 

with OH and NO3. Nitroacenaphthene (C16H11NO2), 1,8-naphthalic anhydride (C10H6O3), 1-

acenaphthenone (C16H10O) and naphthalene-1,8-dicarbaldehyde (C10H6O2) were more 

abundant in the aerosol phase. The major SOA products naphthaldehyde (C₁₁H₈O), 

oxaacenaphthylene-2-one (C16H10O2), and hydroxyl-naphthaldehyde (C11H8O2) produced by 

the gas-phase oxidation of naphthalene (C₁₀H₈) by hydroxyl (OH) radicals and acenaphthylene 

(C16H12) by ozone (O₃). 

Biomass burning intermediates-derived SOA tracers 

Researchers at Caltech conducted photooxidation experiments under low-NOx conditions to 

study the formation of SOA from the oxidation of phenol (C6H6O), guaiacol (C7H8O2), and 

syringol (C8H10O3), which are major components of biomass burning. C6H6O2-5 series and ring 

fragment from oxidation products C4H4O3-4 are the main products from phenol-derived SOA 

(Nakao et al., 2011b; Yee et al., 2013b). Hydroperoxide C7H10O5, cluster products for the 

guaiacol OH-adduct C7H8O3-5, hydroxy-butenedial (C4H4O3), and methoxy-hydroxy-

butenedial fragment (C5H6O3-4), dihydroxybenzene (C6H6O2), C6H6O5 and bicyclic 

hydroperoxide C7H10O7 are the main oxidation products from guaiacol-derived SOA (Ofner et 

al., 2011). The primary oxidation products of syringol include the syringol OH-adduct 

C8H10O4-6, and its fragments (C6H8O5, C5H6O4, C4H4O3, and C4H6O4), and guaiacol + OH 

(C7H8O3) (Yee et al., 2013b). Under high-NOₓ conditions, the primary oxidation products of 
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phenol include dihydroxybenzene (C6H6O2), nitrophenol (C6H5NO3), ring-opened acids 

(C6H6O3), and the fragment C4H4O3. Notably, nitro-products constitute only a small fraction 

of SOA yield.  Most particle-phase products from guaiacol oxidation are nitrogen-containing 

compounds, such as dihydroxybenzene derivatives with nitro groups (C6H5NO4-6). Guaiacol is 

rapidly converted to nitroguaiacol (C7H7NO4). Simultaneously, the formation of 

dihydroxybenzene and OH adducts still occurs, as observed under low-NOₓ conditions. 

C7H10O6 and fragment C4H6O4 are the dominant syringol oxidation products (Yee et al., 2013b). 

Substantial progress in measurement techniques, especially online mass spectrometry, has 

promoted recent studies on the role of VOCs and organic aerosols, as will be shown in the 

following section. 

1.3 Recent advances in VOC and organic aerosol mass spectrometry 

Mass spectrometric techniques analyze compounds by detecting the ions they produce, 

involving three key components: an ionization unit, a mass analyzer, and a detector. While 

detectors are common across instruments, various ionization and mass filtering techniques exist, 

each influenced by specific parameters. These techniques and parameters define a mass 

spectrometer's performance and the range of compounds it can analyze (Noziere et al., 2015). 

1.3.1 VOC measurements 

GC-MS offers comprehensive VOC analysis with high separation capability but suffers from 

low time resolution (>1 h) and requires extensive pre-processing, such as preconcentration and 

interference removal like ozone and water (Noziere et al., 2015). Real-time chemical ionization 

mass spectrometry (MS) enables fast measurements (0.1-1.0 s resolution), ideal for studying 

transport processes and detecting highly reactive species (e.g., sesquiterpene). Proton-transfer-

reaction (PTR) time-of-flight (TOF) MS, a widely used method, ionizes VOCs via proton 

transfer from hydronium ions (H3O
+), offering high sensitivity and time resolution. However, 

it may suffer from fragmentation and interferences due to dissociative proton or electron 

transfer reactions. PTR-TOF-MS can detect a wide spectrum of VOC from non-oxidized to 

medium-oxidized organic molecules.  These compounds include BVOCs (isoprene, 

monoterpene, and sesquiterpene), aromatics (BTEX), oxygenated VOCs (methanol, MVK, 

MACR, oxidation products of VOC precursors), and biomass burning VOCs (levoglucosan 

and vanillin acid) (Yuan et al., 2017). In recent years, next-generation PTR instruments, such 

as the PTR-3 or Fusion PTR-MS (both Ionicon), have adopted softer reagent ions like NH4
+ to 

detect highly oxidized organic compounds. As other modern mass spectrometers, the Fusion 
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PTR-MS system can rapidly switch between H3O
+ and NH4

+ modes for enhanced analytical 

flexibility (Canaval et al., 2019; Reinecke et al., 2023). Another widely used CIMS technique, 

I⁻-TOF-CIMS, employs iodide (I⁻) as a softer reagent ion to enable real-time detection of highly 

oxygenated compounds (Lee et al., 2014). However, due to the radioactive sources needed for 

efficient generation of I⁻, its use is subject to stringent regulations, often limiting its deployment 

in field measurements. In contrast, the reagent ions used in PTR (e.g., H3O⁺) are considered 

clean and are more suitable for field applications. Additionally, only PTR-MS, utilizing H3O⁺ 

as the reagent ion, can quantify the signals of uncalibrated organic species with an accuracy of 

approximately ±30% through a straightforward reaction kinetics approach (Holzinger et al., 

2019). I--CIMS faces challenges in quantification because its sensitivity varies significantly for 

different compounds (Bi et al., 2021). 

1.3.2 Organic aerosol particle measurements 

The chemical composition of organic aerosol is highly complex and dynamic, varying with 

sources, atmospheric processing, and environmental conditions (Fuzzi et al., 2006; Huang et 

al., 2024). This complexity arises from many organic compounds, spanning a wide range of 

volatilities, functional groups, and oxidation states (El Haddad et al., 2013; Ylisirniö et al., 

2020). To fully characterize OA, advanced analytical techniques are required to resolve its 

molecular composition, quantify its contributions, and elucidate its formation pathways. 

Several state-of-the-art instruments have been employed to probe different aspects of OA. 

High-Resolution Time-of-Flight Mass Spectrometry (HR-TOF-MS) provides detailed 

molecular-level characterization of OA, enabling the identification of hundreds of organic 

species (Decarlo et al., 2006). The high vaporization temperature in AMS leads to extensive 

fragmentation, limiting the identification of more precise sources and their tracers. A proton-

transfer-reaction time-of-flight mass spectrometer (PTR-TOF-MS, Ionicon Analytik GmbH), 

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

to measure semi-volatile OA in the particle phase. The CHARON inlet was described in detail 

elsewhere (Eichler et al., 2015b; Muller et al., 2017; Gkatzelis et al., 2018a; Gkatzelis et al., 

2018b). The vaporization temperature of CHARON-PTR-MS is relatively low, around 150°C, 

resulting in less fragmentation compared to AMS. The CHARON-PTR-MS, operating in H3O
+ 

mode, allows for sensitive detection of VOC and semi-volatile OA in both gas and particle 

phases (Eichler et al., 2015a). Additionally, NH4
+ mode PTR-MS offers complementary 

insights into more oxygenated organic compounds (Gao et al., 2022b). Adjusting the PTR drift 

tube's electric field strength minimizes the fragmentation of oxygenated compounds, enhancing 
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measurement accuracy (Leglise et al., 2019). The Filter Inlet for Gases and AEROsols coupled 

to an iodide Chemical Ionization Mass Spectrometer (FIGAERO-I-CIMS) further enhances the 

detection of low-volatility and highly oxygenated organic compounds (Ye et al., 2021), while 

NO3
- reagent ions in CIMS provide improved sensitivity for certain organic peroxides and 

terpenoid oxidation products (Dam et al., 2022; Garmash et al., 2024). Combining different 

mass spectrometry techniques enables the detection and identification of a wide range of VOC 

and SOA compounds, providing a kind of molecular fingerprint of their sources. 

This work applies advanced techniques in field campaigns to investigate OA composition and 

dynamics comprehensively. HR-TOF-MS is used to quantify non-refractory PM2.5 (NR-PM2.5) 

and detailed molecular speciation, while CHARON-PTR-MS (H3O
+ mode) is employed to 

track VOC and SVOC partitioning. These measurements provide a holistic understanding of 

the studied environment's OA sources, transformations, and impacts. 

1.4 Source apportionment using positive matrix factorization (PMF) 

Source apportionment is a methodological approach provided to quantitatively attribute 

measured pollutants to their respective emission sources and/or formation processes (Paatero, 

1997). The chemical constituents of OA are typically identified and quantified through the 

application of PMF to OA mass spectra, which encompass the temporal variations of hundreds 

or thousands of compounds. These mass spectra are obtained through various types of mass 

spectrometers (Zhang et al., 2011b; Chen et al., 2022; Song et al., 2024b). PMF is a multivariate 

receptor model used to decompose complex datasets of pollutant measurements, identifying 

and quantifying the contributions of various emission sources.  

1.4.1 Theoretical basis of PMF 

In PMF analysis, temporal measurements of variables, such as m/z intensities from mass 

spectrometers, can be represented as a data matrix Xij, where columns (j) are variables, and 

rows (i) are individual time scans. A widely applied approach is the bilinear model, which 

decomposes Xij into two matrices, G and F, with a residual matrix E, expressed as: 

                                                          Xij=GF+E                                                                      (1.1) 

Here, G represents the time series of the p factors (columns), while F captures their 

corresponding profiles or fingerprints (rows). The residual matrix E accounts for deviations 

between observed and modeled data. In this framework, factor profiles remain constant over 

time, and their temporal variability is represented solely by G (Figure 4) (Ulbrich et al., 2009).  
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Figure 4. Schematic of the PMF model. The matrix G represents temporal profiles of the factors, while the matrix 

F contains their corresponding mass spectra, as defined in Equation 1.1 (Ulbrich et al., 2009). 

The fpeak approach, parameterized by 𝜙, is employed to globally regulate matrix rotations in 

PMF analysis. When 𝜙 takes positive values, the process involves elementary or successive 

rotations that amplify the elements in the columns of matrix G (source contributions) while 

reducing those in the rows of matrix F, maintaining mass balance throughout. In contrast, 

negative 𝜙 values reverse this effect, diminishing G’s columns and enhancing F’s rows. In 

PMF analysis using fpeak, initial and final values, along with the step interval, must be specified. 

The fpeak range should ensure environmentally interpretable solutions with similar 

mathematical quality (i.e., comparable Q values). The entries in G and F are determined using 

a least-squares algorithm that minimizes Q, the weighted sum of squared residuals eij divided 

by uncertainties σij for all data points: 

                                                  𝑄 = ∑ ∑ (
𝑒𝑖𝑗

𝜎𝑖𝑗
)
2

𝑛
𝑗=1

𝑚
𝑖=1                                     (1.2) 

Here, 𝜎𝑖𝑗 typically represents the measurement uncertainty. Data points with eij/𝜎𝑖𝑗 »1 dominate 

Q and heavily influence the model. While this emphasizes data with high signal-to-noise ratios, 

such outliers can also result from local events or instrument noise, which the model should 

exclude. Monitoring total Q across PMF runs is often not meaningful, as its value depends on 

the data matrix size and the number of factors. Instead, Q is normalized by the degrees of 

freedom, yielding Qexp: 

                                                           Qexp=m·n-p·(m+n)                                                   (1.3) 

Here, m represents the number of samples (observations), n represents the number of measured 

species (variables), and p represents the number of resolved factors. This equation accounts for 

the total degrees of freedom in the data matrix (m × n) minus the constraints imposed by the 
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PMF model, which depend on the number of factors (p) and their contributions to both samples 

and species. In an ideal PMF run, Q/Qexp approaches ~1 if uncertainties account for 

measurement and modeling errors. However, the modeling of uncertainty is often unknown, 

especially for ambient data. For the analysis of AMS mass spectra, typical Q/Qexp values range 

from 1 to 5. Environmental conditions and factor overlap must be considered, as increasing the 

number of factors often reduces Q/Qexp without significant improvement and may lead to 

overlapping factors. In such cases, fewer factors should be selected. Only a few studies report 

Q/Qexp values for the analysis of PTR-MS mass spectra for gases and semi-volatile aerosol 

particles. But no exact values are provided. Factors should be screened based on their 

correlation with tracers (e.g., toluene for traffic, levoglucosan, and vanillin acid for biomass 

burning). Selection of factors should result in high correlations (R > 0.8) with tracers for 

reliable PMF results.  

1.4.2 Common PMF software 

EPA PMF (US Environmental Protection Agency) represents one of the most extensively 

applied receptor modeling tools in environmental research, particularly for air and water quality 

assessments.  It supports diverse environmental datasets, including particulate matter, VOCs, 

and trace metals, without requiring predefined source profiles, making it a purely exploratory 

approach. A key advantage of EPA PMF is its integrated uncertainty analysis, employing 

bootstrapping, displacement (DISP), and fpeak parameter testing to evaluate solution stability 

and rotational ambiguity. While widely used in regulatory applications such as the National 

Air Toxics Trends Stations (NATTS) and Speciation Trends Network (STN), the model has 

certain limitations. Its inability to incorporate external constraints or prior knowledge restricts 

its effectiveness in resolving collinear sources (Brown et al., 2015; Frischmon and Hannigan, 

2023).  

The PMF Evaluation Tool (PET) serves as a specialized analytical platform designed 

primarily for processing AMS/ACSM data, though its adaptable framework permits 

application to various multivariate datasets. Implemented within Igor Pro's computational 

environment, this tool offers researchers an interactive interface to conduct complete PMF 

analyses, encompassing data preparation, uncertainty estimation, iterative model execution, 

and solution diagnostics. PET distinguishes itself through sophisticated data management 

capabilities, allowing selective data filtering, customizable convergence parameters, and 

systematic handling of input/output files. While originally optimized for atmospheric aerosol 

characterization, particularly in collaboration with the University of Colorado Boulder's 
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research community, the software's architecture supports extension to other analytical domains 

requiring multivariate factorization. Its comprehensive documentation and academic origins 

make PET particularly valuable for detailed source apportionment studies, combining 

methodological rigor with operational flexibility (Jimenez, 2025).  

For more complex source-separation challenges, SoFi with the Multilinear Engine (ME-2) 

offers greater analytical precision by allowing users to impose a priori constraints on factor 

profiles. This sophisticated tool enables the integration of a priori knowledge through 

customizable constraints on factor profiles and temporal patterns, significantly enhancing 

source resolution in complex environmental datasets. Particularly valuable for challenging 

separation tasks like discriminating between diesel and gasoline emissions or differentiating 

primary and secondary organic aerosols, SoFi's constrained PMF approach delivers more 

physically meaningful solutions than unconstrained alternatives. Developed through 

collaboration between the Paul Scherrer Institute and Datalystica, the software combines ME-

2's computational power with an intuitive interface and comprehensive visualization tools. 

While particularly popular in AMS and VOCs research communities, its adaptable framework 

supports diverse multivariate applications. The inclusion of robust uncertainty assessment 

methods, including bootstrap analysis and factor element displacement, further strengthens 

result reliability. Although the platform's advanced capabilities may present a steeper learning 

curve for novice users, its capacity to incorporate prior knowledge makes it indispensable for 

studies requiring high source resolution (Canonaco et al., 2013; Crippa et al., 2014). However, 

its reliance on scripting and computational intensity may pose challenges for less experienced 

users.  

1.4.3 Applications and limitations 

PMF has become a vital tool for identifying and quantifying pollution sources, particularly for 

aerosols and VOCs in atmospheric studies (Figure 5). By decomposing complex environmental 

datasets into factor profiles and contributions, PMF helps distinguish emission sources such as 

vehicular exhaust, industrial activities, biomass burning, and biogenic emissions. Its ability to 

handle measurement uncertainties and apply non-negative constraints makes it especially 

valuable for aerosol speciation data (e.g., from AMS or ACSM) and VOC measurements (e.g., 

PTR-MS or GC-MS) (Liu et al., 2024). 

However, PMF has inherent limitations. Collinearity among sources (e.g., diesel and gasoline 

emissions) can complicate factor separation, requiring advanced implementations like ME-2 
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with constraints (Zhang et al., 2011a; Drosatou et al., 2019). In VOC studies, reactive losses of 

species due to oxidation reactions with OH radicals or ozone introduce biases, leading to 

underestimated contributions from highly reactive sources like biogenic emissions or industrial 

precursors. Additionally, the method relies heavily on data quality and may struggle with low-

concentration species or highly variable sources (Liu et al., 2024). Despite these challenges, 

PMF remains widely used in air quality research, offering insights for policy-making and 

pollution mitigation.  

 
Figure 5. Example of source apportionment by PMF analysis of VOC mass spectra measured by PTR-TOF-MS 

(Li et al., 2022).  

1.5 Research objectives 

VOCs and OA play critical roles in atmospheric chemistry, air quality, and climate change. In 

urban areas, VOCs and OA are predominantly emitted from anthropogenic sources such as 

traffic, industrial activities, biomass burning, and volatile chemical products (VCPs) (Hafner 

et al., 2013; Wan et al., 2019; Chen et al., 2022). At the same time, BVOCs from plants and 

biomass burning VOCs are the primary contributors in forested regions. Key knowledge gaps 

remain despite significant advancements in source apportionment techniques, real-time 

monitoring, and modeling (Crippa et al., 2014; Kaltsonoudis et al., 2016; Drosatou et al., 2019; 

Huang et al., 2024).  

While advanced analytical techniques like PTR-MS and AMS have enabled detailed speciation 

of VOCs and OA in various environments, and PMF analysis has successfully resolved 

common urban sources like traffic and cooking emissions, significant gaps remain in our 
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understanding of regional aerosol characteristics. Many urban areas, particularly megacities, 

and forested regions remain understudied, leaving their aerosol source profiles and influencing 

factors poorly characterized. The primary sources of VOCs and OA exhibit substantial spatial 

variability, highly dependent on local emission patterns and environmental conditions (Zhang 

et al., 2011a; Schäfer et al., 2014; Yuan et al., 2017; Huang et al., 2024). This spatial 

dependence is particularly evident in ultrafine particle (UFP) dynamics, where concentration, 

formation, and growth processes vary substantially across regions. While urban UFP shows 

strong correlations with traffic emissions (Kittelson et al., 2022), the relative contributions of 

different VOC classes to particle growth remain poorly studied (Thomas et al., 2025). 

Furthermore, seasonal variations in VOC oxidation pathways and their subsequent impacts on 

UFP formation are poorly characterized (Li et al., 2023b), creating uncertainties in our 

understanding of atmospheric processes across different seasons. The atmospheric system 

exhibits additional complexity through long-range transport mechanisms, which have been 

shown to contribute significantly to free tropospheric OA (Scholz et al., 2023). However, the 

relative importance of local emissions versus transported pollutants remains unclear, 

particularly in remote forested areas. These knowledge gaps extend to our understanding of 

how different sources (e.g., traffic vs. BVOCs) interact in urban settings, and how 

meteorological parameters influence VOC emissions and subsequent SOA formation processes. 

Current limitations in measurement approaches further compound these knowledge gaps. 

Many existing source apportionment studies rely on offline filter sampling methods that suffer 

from low time resolution, often missing critical pollution events and transient atmospheric 

processes (Schnelle-Kreis J. et al., 2001; Timkovsky et al., 2015). This methodological 

constraint significantly limits our ability to accurately analyze sources and their temporal 

variations.  

This research aims to address these critical gaps by employing state-of-the-art real-time 

measurement techniques to advance our understanding of VOC and organic particle sources 

and their ultimate impacts on air quality and climate in urban and forest environments. My 

primary research objectives are as follows: 

(1) Determine composition and identify sources of VOCs and organic aerosol particles in 

urban and rural/forest areas. 

(2) Quantify the contribution of different VOCs to the total VOC budget and their role in 

forming SOA in urban and rural/forest areas. 
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(3) Determine the major sources of VOCs and organic particles that contribute to UFP 

formation and growth in both urban and forested environments, focusing on the role of 

VOCs and organic aerosols. 

(4) Compare the seasonality of sources of OA and VOCs in urban areas and their impact on 

UFP. 

(5) VOCs and aerosol particle sources in a remote rural forested location in the boundary 

layer and free troposphere, and their potential impact on cloud properties, impact of local, 

regional sources vs. long-range transport. 
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2. Methodology 

I conducted four field measurement campaigns to achieve the research objectives, three in 

urban areas and one in a mountainous forested region. These field measurements were designed 

to identify the primary sources of VOCs and organic particles in both forest and urban 

environments, as well as to investigate their influence on organic particle formation and growth. 

For the chemical characterization of VOCs and organic particles, I primarily utilized a 

CHARON-PTR-MS and an HR-TOF-AMS. Additionally, I employed an Aethalometer (AE33) 

to measure black carbon concentrations, a Scanning Mobility Particle Sizer (SMPS) and an 

optical particle counter (OPC) to determine particle size distributions, a Condensation Particle 

Counter (CPC) to quantify total particle number concentrations, and tracer gas sensors to 

monitor tracer gases, among other instruments introduced in the following. 

2.1 Mass spectrometry 

2.1.1 CHARON-PTR-MS 

The CHARON-PTR-MS is a state-of-the-art analytical instrument used for the real-time 

detection and quantification of atmospheric VOCs e.g., aromatics, terpenes, carbonyls, and, 

alcohols, with a detection limit as low as several parts per trillion by volume (pptv). In this 

dissertation, I used a PTR-TOF-MS (4000X2, Ionicon Analytik GmbH), equipped with a 

particle inlet (CHARON), to measure VOCs in the gas phase and semi-volatile aerosols in the 

particle phase (Muller et al., 2017; Gkatzelis et al., 2018a). This PTR-TOF-MS mainly consists 

of four parts: ion source, drift tube, transfer system, and detection system (Figure 6). (1) The 

ion source consists of two chambers. The first chamber (left) contains the hollow cathode 

discharge, while in the second chamber ion fragments can recombine to form the precursor 

ions. From this second chamber the reagent ions are extracted into the drift tube and neutral 

molecules (e.g. H2O, OH in H3O
+ mode) are pumped away. Notably, the new FUSION PTR-

TOF-MS with a mass resolution of 10000 can switch between different reagent ions (e.g., H3O
+, 

O2
+, NO+, NH4

+) in approximately 1 second or less, enabling fast selective reagent ion 

switching (Reinecke et al., 2023). (2) The sampled air containing VOCs, injected into the drift 

tube via a venturi-type inlet, undergoes proton or charge transfer with reagent ions (H3O
+, NO+ 

or O2
+). Reaction pressure in the drift tube is ~2.3 to 3 mbar. In this dissertation, the PTR-MS 

4000 was operated at 100°C, 2.7mbar, and 92Td electric field. The Fusion PTR-MS was 

operated at 120°C, ~2.7mbar, and 120Td electric field. (3) The transfer system consists of a 

lens-based ion booster and ion guide. The ion booster, an ion funnel positioned at the end of 
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the drift tube, focuses ions into the exit pinhole toward the transfer lens system. It comprises a 

series of stacked ring electrodes with progressively decreasing inner diameters (Figure 6b). 

This design enhances ion transmission through the pinhole, increasing signal intensity in the 

mass spectrometer. Additionally, the funnel's confining potential minimizes ion losses to the 

walls, allowing the use of a lower forward drift field in this region. The resulting extended 

reaction time further improves sensitivity. a hexapole is installed after the ion booster to 

minimize ion loss and enhance transmission. The hexapole consists of six rods operated with 

both funnel on and a DC voltage, referred to as the offset, typically set within a range of +/- 

1.5 V. This offset voltage ensures smooth ion transfer from the drift tube to the lens system. 

Excessive DC voltage, however, may increase fragmentation and adversely affect transmission 

efficiency. (4) The number of ions reaching the detector and the peak resolution highly depend 

on the voltages applied to the TOF’s electric lenses and grids. Periodic adjustment of these 

voltage presets is necessary to optimize performance. The lens system following the hexapole 

transfers and focuses ions from the hexapole to the TOF's extraction region. These ions are 

then accelerated into the cage region and must follow a consistent flight path through the 

reflectron to reach the detector. The reflectron focuses the ions, ensuring high resolution while 

maintaining a compact design.  

 

Figure 6. Schematic of the PTR-ToF-MS with ion source, drift tube, transfer system and detection system (ToF-

MS) (a) Ionicon recently added an ion booster after the drift tube to focus the ions 

(https://www.ionicon.com/accessories/details/ion-booster) 

PTR-MS operates as a pseudo-absolute method. Under a clear excess of primary ions in the 

drift-tube reaction chamber, ion-molecule reactions adhere to pseudo-first-order kinetics. For 

a reaction between analyte A and primary ions H3O
+, the concentration of A can be determined 
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using the reaction rate constant (k), reaction time (t), and the measured concentrations of H3O+ 

and protonated analyte AH+: 

                                                          𝐻3𝑂
+ + 𝐴

𝑘
→𝐴𝐻+ + 𝐻2𝑂                                           (2.1) 

                                                        [𝐴𝐻+]~[𝐻3𝑂
+] · 𝑘 · 𝑡 · [𝐴]                                          (2.2) 

The reaction time (t) typically ranges around 100 µs. The reaction rate constant (k) varies 

depending on the molecule and reaction conditions, but for most relevant VOCs in H3O
+ mode, 

deviations are generally within ±30%. For instance, acetone exhibits a reaction rate constant of 

3.4 × 10-9 cm3/s, while benzene has a lower constant of 1.9 × 10-9 cm3/s. 

To calculate volume mixing rations (VMR) from measured data in counts per second (cps), I 

needed to add several additional parameters like the temperature in the drift tube reaction 

chamber Tdrift,  

Equation (2.3) demonstrates the calculation of volume mixing ratios (VMR) using measured 

and known quantities from the PTR-MS instrument (De Gouw and Warneke, 2007). 

                         𝑉𝑀𝑅𝑀(𝑝𝑝𝑏𝑣) =
𝑖(𝑀𝐻+)

𝑇𝑟(𝑀𝐻+)
·
𝑇𝑟(𝐻3𝑂

+)

𝑖(𝐻3𝑂+)
·
109·𝑈𝑑𝑟𝑖𝑓𝑡·𝐾0

𝐻3𝑂
+
·𝑉0·𝑃0

2·𝑇𝑑𝑟𝑖𝑓𝑡
2

𝐾𝑀·𝐿2·𝑃𝑑𝑟𝑖𝑓𝑡
2 ·𝑁𝐴·𝑇0

2                    (2.3) 

VMRM(ppbv) is volume mixing ration of compound M given in ppbv; i(MH+) is measured ion 

yield of MH+ in cps; Tr(MH+) and Tr(H3O
+) are transmission correction factors of MH+ and 

H3O
+ obtained from the transmission curve of the instrument, respectively; i(H3O

+) is measured 

ion yield of H3O
+, usually obtained by the isotope corrected ion yield of H3

18O+ (m/z=21.022, 

isotope correction factor 487.6) to avoid detector saturation effects on m/z=19.018; 109 is the 

multiplication factor to arrive at ppbv, Udrift is the voltage applied to drift tube given in V; 

𝐾0
𝐻3𝑂

+

 is the reduced ion mobility of H3O
+ given in cm2·V-1·s-1, 𝐾0

𝐻3𝑂
+

=2.81cm2·V-1·s-1; V0 is 

the molar volume given in cm3, Vm=22414 cm3; p0 is the normal pressure given in mbar, 

p0=1013 mbar; Tdrift is the temperature in the drift tube in K; KM is the reaction rate constant, 

typically in the range KM=(1-5)·10-9cm3·molecule-1·s-1; L is the length of the drift tube given in 

cm, typical L=9.2cm; pdrift is the pressure in the drift tube given in mbar; NA is the Avogadro 

number, NA =6.022·1023; T0 is the normal temperature given in K.  

Purely calculation-based quantification in PTR-MS has limitations, primarily due to instrument 

transmission uncertainties (±15%, potentially up to 50%), fragmentation reactions (e.g., 

alcohols losing H2O), backward reactions (e.g., formaldehyde), and interference (e.g., 
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hydrocarbons). Reaction rate constants are often estimated (±30%). Direct calibration of target 

compounds is recommended for accuracy. The PTR-MS was calibrated at the start, 

occasionally during, and at the end of the field campaigns. Prior to July 2023, calibrations were 

performed using a gas cylinder (Ionicon Analytik GmbH) containing toluene, 1,3,5-

trimethylbenzene, m/o/p-xylene, limonene, α-pinene, acetone, benzene, isoprene, and 

methanol, each at a mixing ratio of ~100 ppb with a 10% accuracy. After that, a new gas 

cylinder (Ionicon Analytik GmbH) was employed, containing toluene, 1,2,4-trimethylbenzene, 

o-xylene, α-pinene, 1,2,4-trichlorobenzene, 3-hexanone, acetaldehyde, acetone, acetonitrile, 

benzene, 1,2-(O-)-dichlorobenzene, isoprene, and methanol, each at ~1 ppm (10% accuracy), 

as well as decamethylcyclopentasiloxane and hexamethylcyclotrisiloxane, each at ~0.5 ppm 

(10% accuracy). Figure 7 presents the comprehensive gas calibration data from all the field 

campaigns. I used two calibrated mass flow controllers (Bronkhorst, Netherlands; 10 L/min 

and 0.1 L/min, ±5% accuracy) to dilute the gas standard to the desired range (0.01–50 ppb) 

(Song et al., 2024a). It was observed that sensitivities decrease over time during field 

measurements due to the gradual contamination of the drift tube and lenses, even after tuning. 

When tuning fails to restore the target sensitivity, cleaning of these components is required. 

 

Figure 7. Sensitivities for the PTR-MS calibrated by a reference gas mixture (Ionicon Analytik GmbH) for all 

field campaigns. The calibrations were conducted before and after the campaigns. The variability is mainly caused 

by contamination of the instrument inlet throughout the campaign durations. 

The CHARON inlet was made to detect the chemical composition of the particle phase. Figure 

8a illustrates the schematic of the CHARON inlet. The automated valve, controlled by a 

sequencer, switches between the HEPA inlet (for particle background measurement) and the 

particle inlet. Key components of the CHARON inlet include a gas-phase denuder for removing 
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gaseous organics, an aerodynamic lens system for particle enrichment, and a thermo-desorber 

set to 150°C to vaporize particles, maintaining an absolute pressure of 7-8 mbar. The PTR-MS 

was operated at ~60 Td when in CHARON mode. At the start and/or conclusion of the field 

campaigns, the enrichment factor of the CHARON inlet was evaluated through external 

calibration using ammonium nitrate particles size-selected by SMPS (NH4NO3, ~100-500 nm), 

which were quantified using a CPC. Figure 8b shows CHARON enrichment factor (EF) in 

different field campaigns. 

 

Figure 8. Schematic of the CHARON inlet (https://www.ionicon.com/technologies/details/charon) (a) and the 

measured enrichment factors (b) 

2.1.2 HR-TOF-AMS 

A high-resolution time-of-flight Aerosol Mass Spectrometer (HR-TOF-AMS) (Aerodyne 

Research Inc.), equipped with a PM2.5 aerodynamic lens, was used to measure non-refractory 

PM2.5 (NR-PM2.5) components, including organic aerosol, nitrate, sulfate, ammonium, and 

chloride, with a time resolution of 1 minute (Peter F. Decarlo et al., 2006; Canagaratna et al., 

2007; Williams et al., 2013). Figure 9 shows the main parts of the HR-TOF-AMS. The 

instrument comprises four main components: a sampling system, sizing region, vaporization, 

and ionization systems. Ambient air is drawn through a critical orifice into an aerodynamic 

lens, focusing particles (0.07-2.5 µm) into a narrow beam while removing most gases via turbo 

pumps. Particles are accelerated into the sizing region (particle time-of-flight, PTOF) for size 

determination, then vaporized at 600°C and ionized by electron ionization (70 eV) for analysis 

by a time-of-flight mass spectrometer. The AMS alternates between V mode (mass 

concentration, size distribution) and W mode (high-resolution mass spectra, m/Δm > 5000). In 

this study, it operated in 1-min intervals for each mode, with V mode data reported and W 

mode data used for peak fitting. The HR-TOF-AMS was calibrated for ionization efficiency 

(IE) using ammonium nitrate, which is atomized, dried, and size-selected (typically 300-500 

https://www.ionicon.com/technologies/details/charon
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nm) to establish a known mass input. More calibrated details are described in a previous study 

(Song et al., 2022). I calibrated the AMS for every field campaign on the same days with 

CHARON-PTR-MS (Figure 8b). The detection efficiency sharply declines for particles below 

~60 nm, dropping to <20% for diameters under 30 nm due to incomplete vaporization and ion 

extraction losses (Guo et al., 2021). To address the issue of particle bounce losses, a chemical-

composition-based collection efficiency (CE) of approximately 0.5 was applied to calculate the 

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

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

the oxygen-to-carbon ratio (O: C), I utilized the improved ambient method (Allison C. Aiken 

et al., 2008; Canagaratna et al., 2015). AMS datasets combined with PMF can quantitatively 

identify major primary organic aerosol (POA) sources, including traffic-related hydrocarbon-

like organic aerosol (HOA) and biomass burning organic aerosol (BBOA)(Chakraborty et al., 

2017; Lalchandani et al., 2021).  

 

Figure 9. A schematic of the HR-ToF-AMS (Decarlo et al., 2006) 

2.2 Data analysis methods  

2.2.1 MS analysis software 

The CHARON-PTR-MS data were analyzed by the software PTR Viewer 3.3.12 (updated 

version 3.4.4, Ionicon Analytik GmbH) and the Ionicon Data Analyzer (IDA 2.2.0, Ionicon 

Analytik GmbH) especially for larger sets of data. In the PTR Viewer, chemical formulas for 

ion masses were assigned using a software-generated peak list, supplemented by PTR-MS 
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literature data (Pagonis et al., 2019; Yáñez-Serrano et al., 2021). A high-resolution peak fitting 

algorithm was manually adjusted, and PTR Viewer calculated ion counts, performing baseline 

correction and mass discrimination correction. Uncalibrated compound concentrations were 

determined using transmission curve coefficients and estimated rate constants. The 

transmission curve, calculated in PTR Viewer, was applied in IDA for quantification. I 

primarily utilized IDA for data analysis due to its enhanced analytical capabilities compared to 

PTR Viewer. IDA enables comprehensive analysis of PTR-MS data with the following features: 

(ⅰ) Presets select intensity and m/z ranges; (ⅱ) Timing tool defines instrument stability periods 

and filters time-series segments; (ⅲ) Mass Calibration Tool selects calibration peaks and 

visualizes mass accuracy metrics; (ⅳ) Peakshape automatically calculates peak shapes from 

recorded spectra; (ⅴ) Peak Detection Tool identifies isobaric ion signals and assigns chemical 

compositions; (ⅵ) Time Series Tool initializes calculations for time- and mass-resolved results; 

(ⅶ) Transmission Tool visualizes transmission data and primary ion information; (ⅷ) 

Sensitivity tool assigns reaction rate coefficients (k-rates) to detected m/z or compositions, 

proportional to instrument sensitivity; (ⅸ) Concentration Tool applies transmission, primary 

ion, and reaction rate data to quantify datasets within selected smoothing windows (Müller et 

al., 2011; Müller et al., 2013; Müller et al., 2017; Sekimoto et al., 2017).  

Data from the AMS were processed and analyzed using the SQUIRREL 1.65G and PIKA 

1.25G software packages. For the HR-TOF-AMS data analysis, I adhered to the standardized 

procedures outlined by the Jimenez Research Group (University of Colorado Boulder. 

Retrieved [14th May, 2025], http://cires1.colorado.edu/jimenez-group/wiki/index.php/ToF-

AMS_Analysis_Software). The workflow included the following steps: loading raw data, 

performing mass calibration, conducting baseline calibration, and applying parameter 

corrections (e.g., air beam, ionization efficiency, and collection efficiency). Unit resolution 

data for non-refractory compounds were processed, followed by high-resolution fitting in 

PIKA to refine peak width and peak shape. Peak identification was then performed, and high-

resolution graphs were generated.  

2.2.2 Positive matrix factorization software for source analysis (PMF) 

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

sources characterized by factor profiles, time series, and residuals (Paatero and Tapper, 1994; 

Paatero, 1999). It is widely used to identify particle and VOC sources (Kim et al., 2004; Reyes-

Villegas et al., 2016; Huang et al., 2018b; Gkatzelis et al., 2021). To investigate the sources of 

VOC, SVOA, and OA, I conducted PMF analysis on VOC mass spectra from PTR-MS, semi-

http://cires1.colorado.edu/jimenez-group/wiki/index.php/ToF-AMS_Analysis_Software
http://cires1.colorado.edu/jimenez-group/wiki/index.php/ToF-AMS_Analysis_Software


37 

 

volatile aerosol particle mass spectra measured by CHARON-PTR-MS, and mass spectra 

measured by HR-TOF-AMS for non-refractory PM2.5 particles, respectively.  

The Source Finder (SoFi Pro 9.0, Datalystica Ltd., Villigen, Switzerland) offers a constrained 

PMF approach and can integrate data from diverse mass spectrometry instruments. This 

function elevates its analytical precision beyond single-instrument workflows. While SoFi 

itself does not directly merge raw data streams from separate instruments (e.g., HR-TOF-AMS, 

GC-MS, or CHARON-PTR-MS), its ME-2-driven framework enables cross-validation and 

harmonized interpretation of multi-instrument datasets. For instance, SoFi can ingest factor 

profiles derived from HR-TOF-AMS organic aerosol data and align them with PTR-MS-

resolved VOC tracers, creating a unified source apportionment model. This interoperability is 

critical for resolving complex emission scenarios, such as distinguishing biomass burning 

markers (e.g., levoglucosan from AMS) from overlapping industrial VOCs (e.g., benzene 

derivatives detected via PTR-MS). By leveraging a priori constraints in ME-2, users can anchor 

ambiguous factors to instrument-specific tracers, reducing rotational ambiguity and enhancing 

physical interpretability (Canonaco et al., 2013; Timkovsky et al., 2015; Tong et al., 2022). In 

my own research, I attempted to combine AMS and CHARON-PTR-MS data for PMF analysis 

to investigate SOA sources. However, I have not yet fully mastered the technical nuances of 

this integration, particularly in optimizing error estimations and resolving factor rotational 

ambiguities. After completing my thesis, I plan to further explore SoFi’s capabilities to refine 

this approach, as it holds great promise for disentangling complex emission sources. 

Beyond instrument integration, SoFi’s second standout feature is its seamless incorporation of 

meteorological data (e.g., wind speed/direction, temperature) to contextualize source 

apportionment results. The software’s built-in tools can generate polar plots (wind roses) and 

bivariate polar concentration plots, which visually link source contributions to atmospheric 

transport patterns (Tong et al., 2018). For instance, a high PMF factor loading for industrial 

tracers (e.g., heavy metals, sulfate) combined with wind plots revealing dominant upwind 

directions can pinpoint potential pollutant origins.  

In this study, SVOA ions (mainly CxHy, CxHyOz
+, and CxHyOzNn

+) from gas and particle were 

used for PMF analysis, employing VOC-PMF inputs from a previous study (Song et al., 2024b) 

and SVOA-PMF inputs directly from High-Efficiency Particulate Air (HEPA) data and Direct 

(Dir) sampling data. The HEPA filter measurements provide background or particle-free 

reference data, enabling researchers to differentiate between gas-phase and particle-phase 

components through comparative analysis of filtered and unfiltered measurements. In contrast, 
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Dir sampling collects unfiltered air samples that contain both gas-phase and particle-phase 

SVOA ions. Low-molecular-weight VOC (m/z ≤ 60) and less abundant VOC with ≥20% 

missing data were excluded from the PMF input. PMF analyses for VOC and SVOA were 

conducted using Source Finder (SoFi Pro 9.0, Datalystica Ltd., Villigen, Switzerland). The 

sources of OA (m/z 12–120) were resolved through an unconstrained PMF analysis using the 

PMF Evaluation Tool (v3.08C) in the IGOR Pro software (v8.04, Wavemetrics, Portland, OR). 

2.3 Auxiliary instruments 

Throughout my PhD research, a suite of auxiliary instruments was employed to complement 

gas, particle, and meteorological measurements, as briefly outlined below. 

Gas monitors: Trace gases were measured using FEP sampling tubes connected to gas 

monitors: nitrogen dioxide (NO2, AS32M, Environment SA), ozone (O3, O341M, Environment 

SA), and sulfur dioxide (SO2, AF22M, Environment SA). NH3 was measured using cavity ring-

down spectroscopy (G2103, Picarro, USA). Dr. Harald Saathoff operated the instruments and 

provided time-resolved concentration data.  

Meteorological data: Meteorological data, including atmospheric pressure, radiation, wind 

direction, wind speed, air temperature, relative humidity, and precipitation, were primarily 

obtained from a compact sensor (WS700, Lufft). Hourly boundary layer height (BLH) data for 

the measurement region (0.25°×0.25° resolution) were retrieved from the ERA5 reanalysis by 

the European Centre for Medium-Range Weather Forecasts to assess their influence on ambient 

air pollutant variations. Operations and data analysis were primarily conducted by Dr. Harald 

Saathoff and myself. 

Optical particle counter (OPC): The Fidas200 (Palas, Germany), an optical particle counter 

(OPC), was utilized to measure aerosol particles in the size range of 0.18–18 µm. This 

instrument employs Lorenz-Mie scattered light analysis to determine particle size and calculate 

mass concentrations (e.g., PM1, PM2.5, PM4, and PM10) based on the measured size distribution. 

Operating at a flow rate of 5 L min⁻¹ with a 1-second time resolution, the Fidas200 provided 

continuous, high-temporal-resolution data. The operations and data analysis were jointly 

conducted by Dr. Harald Saathoff and myself, yielding e.g. time-resolved mass concentration 

profiles for PM2.5 and PM10. 

Condensation particle counter (CPC): During my research, particle number concentrations 

were measured using different CPCs (CPC3022A, CPC3788, CPC3756, and CPC3776, TSI 
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Inc., USA). The CPC3788 uses water as the working fluid, while the other models (CPC3022A, 

CPC3756, and CPC3776) utilize butanol. These instruments draw aerosol samples through a 

heated saturator, where the working fluid (water or butanol) vaporizes and diffuses into the 

aerosol stream. The vapor condenses onto particles, causing them to grow into larger droplets, 

which are then detected optically. The CPC3022A detects particles >7 nm, while the CPC3788, 

CPC3756, and CPC3776 detect particles >2.5 nm. During the Karlsruhe campaign (July 2022), 

the CPC3788 and CPC3776 were deployed. In the SwabianMOSES campaign (June 2023), 

CPC3756 and CPC3022 were used, while the Munich campaigns (August 2023 and March 

2024) utilized CPC3756 and CPC3776, and CPC3022 and CPC3776, respectively. All CPC 

operated with a time resolution of 1 second. The operations and data analysis were primarily 

conducted by Dr. Harald Saathoff and me. 

Scanning Mobility Particle Sizer (SMPS): During my experiments, particle size distributions 

were measured using various SMPS systems. In the Karlsruhe campaign (July 2022), a 

Nanoscan 3910 (TSI Inc.) was employed to measure particles in the range of 10-410 nm with 

a time resolution of 1 minute. For the SwabianMOSES campaign (June 2023), a Universal 

Scanning Mobility Particle Sizer (U-SMPS 2100/2200, PALAS) was used. In the Munich 

campaign (August 2023), a traditional SMPS system consisting of a Differential Mobility 

Analyzer (DMA 3081, TSI Inc.) and a Condensation Particle Counter (CPC3022, TSI Inc.) 

measured particles in the range of 13.6-763.5 nm with a time resolution of 7 minutes. Similarly, 

in the Munich campaign (March 2024), the Nanoscan 3910 was again utilized for 

measurements in the 10-410 nm range at a 1-minute resolution. 

The SMPS systems operate by charging particles using a bipolar aerosol charger, classifying 

them based on electrical mobility in a DMA, and quantifying their concentration with a CPC. 

Operations and data analysis were primarily conducted by Dr. Harald Saathoff and myself. 

Aethalometers: Black carbon (BC) concentrations were measured using the AE33 

aethalometer (Magee Scientific, USA), which quantifies aerosol light absorption at seven 

wavelengths (370, 470, 520, 590, 660, 880, and 950 nm). The instrument operates at a flow 

rate of 5 L min-1 with a time resolution of 1 minute. BC mass is derived from light absorption 

at 880 nm, where the contribution from other aerosol components (e.g., organic aerosols or 

minerals) is minimal, using a mass absorption cross-section of 7.77 m2 g-1. The AE33 employs 

a dual-spot measurement technique, with two sampling spots at different flow rates and a 

reference spot to correct for filter loading effects. Additionally, scattering effects within the 

filter are corrected using a default scattering correction factor of 1.57 (Drinovec et al., 2015). 
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The absorption Ångström exponent (AAE), calculated from absorption at 470 nm and 950 nm, 

distinguishes between BC from fossil fuel combustion (BCff, AAE = 0.95) and biomass burning 

(BCbb, AAE = 1.60) (Saarikoski et al., 2021). Operations and data analysis were primarily 

conducted by Dr. Harald Saathoff and myself. 

Air mass back trajectory analysis and wind polar plot: To investigate the impact of air mass 

origins on atmospheric pollutants, 72-hour back trajectories at an altitude of 500m were 

computed hourly using MeteoInfoMap (MeteoInfo v1.8, an open-source software tool for 

meteorological data visualization and analysis, Beijing, China) (Wang, 2019). Finally, all 

trajectories were grouped into different clusters.  

Measurement container and inlets used: The experimental setup utilized specialized 

measurement containers housing all instrumentation. Prior to 2024, I employed a 16 m2 

container (461 cm × 340 cm × 250 cm), which was subsequently replaced with a larger 20 m2 

container (600 cm × 330 cm × 244 cm) for post-2024 experiments. Both containment systems 

were equipped with multiple sampling inlets: a PM2.5 inlet port (16.7 standard liters per minute) 

serving various mass spectrometers, a total suspended particulate (TSP) inlet port for 

instruments including the Fidas, SMPS, and CPC for comprehensive particle measurements, 

along with a fluorinated ethylene propylene (FEP) tube port for gas sampling. Additionally, a 

WS700 inlet was incorporated for meteorological parameter monitoring. This integrated inlet 

configuration enabled simultaneous characterization of both particulate and gaseous 

components under controlled conditions. 

2.4 AIDA simulation chamber campaigns 

The AIDA (Aerosol Interaction and Dynamics in the Atmosphere) simulation chamber, located 

at the Institute of Meteorology and Climate Research (IMK) of the Karlsruhe Institute of 

Technology (KIT), is designed to study aerosol and cloud formation processes under 

atmospheric conditions (Figure 10). The chamber comprises an aluminum cylinder with a 

volume of 84.5 m3, capable of operating across a wide range of temperatures (183-333 K), 

pressures (1-1000 hPa), and relative humidity (RH, 0-200%). It also features adjustable 

warming and cooling rates, along with an LED-based light source to simulate solar radiation 

for investigating aerosol photochemistry. A detailed description of the AIDA chamber, its 

operational modes, and associated measurement techniques has been previously published 

(Saathoff et al., 2009; Vallon et al., 2022). 
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Figure 10. Schematic of the AIDA aerosol and cloud chamber with typical instrumentation (Gao et al., 2022a) 

During my PhD study, I participated in 10 chamber campaigns (SOA21b, SOA22a, SOA22b, 

SOA23a, SOA24a, INAMA01, ARCTEx, CAINA01, CAINA02, and WSPA02), as 

summarized in Table 1. The SOA21b campaign focused on the formation of secondary organic 

aerosols (SOA) from the OH oxidation of indole. In SOA22a, the ozone oxidation process of 

β-pinene was investigated. The SOA22b, SOA23a, and SOA24a campaigns explored SOA 

formation from the ozone and OH oxidation of biogenic volatile organic compound (BVOC) 

mixtures. During these SOA campaigns, I conducted VOC concentration measurements. 

The INAMA01 campaign studied the ice nucleation properties of ammonium sulfate mixed 

with SOA. In ARCTEx, the aging of black carbon (BC) under quasi-realistic conditions was 

examined, where I primarily operated the Aerodyne Mass Spectrometer (AMS) and provided 

AMS mass concentration data. The CAINA01 and CAINA02 campaigns investigated aerosol-

cloud interactions under high reactive nitrogen concentrations, during which I operated both 

the AMS and CHARON-PTR-MS instruments. Finally, the WSPA02 campaign assessed the 

effects of photochemical aging on the optical and chemical properties of water-soluble brown 

carbon (BrC) under mixed-phase and cirrus cloud conditions. In this campaign, my colleague 

Xuefeng and I operated the AMS and analyzed the AMS mass concentration data. 
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This diverse range of campaigns allowed me to gain extensive experience in chamber 

experiments, instrument operation, and data analysis, contributing to a deeper understanding 

of aerosol formation, aging, and cloud interactions. 

Table 1 Overview of AIDA chamber campaigns: Research topics and my Contributions 

Name Date Research topic Main contributions Publications 

SOA21b Nov. 2021  Indole SOA chemistry Operate PTR and 

data analysis 

Co-authored paper 

(Jiang et al., 2024) 

SOA22a Mar. 2022 -pinene SOA chemistry Operate PTR and 

data analysis 

Co-authored paper 

(Gong et al., 2024) 

ARCTEx Oct. 2022 Impact of aging on BC 

properties 

Operate AMS and 

data analysis 

Co-authored paper  

under review 

SOA22b Nov. 2022 BVOC mixture SOA chemistry Operate PTR and 

AMS, data analysis 

Analysis ongoing 

CAINA01 Jan. 2023 aerosol-cloud interactions under 

high nitrogen concentrations 

Operate PTR and 

AMS 

Analysis ongoing 

SOA23a Mar. 2023 BVOC mixture SOA chemistry Operate PTR and 

AMS, data analysis 

Analysis ongoing 

CAINA02 Sep. 2023 aerosol-cloud interactions under 

high nitrogen concentrations 

Operate PTR and 

AMS 

Analysis ongoing 

WSPA02 Oct. 2023 photochemical aging on the 

optical and chemical properties 

of brown carbon (BrC)  

Operate PTR and 

AMS, data analysis 

Analysis ongoing 

SOA24a Feb. 2024 BVOC mixture SOA chemistry Operate PTR and 

AMS 

Analysis ongoing 

INAMA01 Apr. 2024 Ice nucleation of ammonium 

sulfate mixed with SOA 

Operate AMS and 

data analysis 

Analysis ongoing 

2.5 Field campaigns at urban and forest sites 

During my PhD study, I participated in four field campaigns to investigate the sources and 

characteristics of aerosols and trace gases in diverse environments, including urban, urban 

fringe, and forest areas (Figure 11). The four campaigns include: one in the urban fringe area 

of Karlsruhe in summer, one on top of the Feldberg (1500 masl.) in the Black Forest also in 

summer, and two at the same urban curbside in downtown of Munich during summer and 

winter, respectively. Detailed information about each campaign, including research topics and 

my contributions, are summarized in Table 2. The main findings from these campaigns are 

presented in Chapter 3. Pictures of the locations and the mass spectrometers used in these 
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studies, including the AMS, CHARON-PTR-MS, and FUSION-PTR are shown in Figure 11, 

while the primary instruments available in each campaign are listed in Table 3. 

Campaign in Karlsruhe in July 2022. I conducted a field campaign from 17th July to 3rd 

August 2022 on top of Mulldeponie West, located in the urban fringe of Karlsruhe (49.11°N, 

8.20°E) in southwest Germany. Karlsruhe, a city of approximately 304,000 inhabitants, is 

located in the Upper Rhine Valley and is considered a moderately low-polluted urban area. The 

predominant wind direction in summer was southwest, influenced by the channeling effect of 

  

  

  
Figure 11. Maps of field measurement sites for (a) an old landfill hill at the Karlsruhe harbor (49.11°N, 8.20°E) 

(b) the Feldberg (1500 m a.s.l.) (47.86°N, 8.09°E) in the black forest area, and (c) in the street canyon in 

downtown of Munich (Ludwig-Maximilians-Universität München (LMU), 11°34'E, 48°8'N) during summer 

and winter. The mass spectrometers inside the container: PTR-MS 4000, FUSION-PTR, AMS, and PTR-3 are 

marked. 

(a) 

(b) 

(c) 
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the Rhine valley. Measurements were performed in a container atop a landfill hill 

(approximately 60m above city level, [May 15th, 2025], https://de.wikipedia.org/wiki/Windm% 

C3%BChlenberg_ (Karlsruhe)). This site is located on the western edge of Karlsruhe, with 

potential pollutant sources from urban and agricultural areas to the north, including a refinery 

located about 2.3 km away. To the south and east, pollutants originate from urban areas, 

including a coal-fired power plant situated 1.5 km to the southwest and the various industrial 

activities in the harbor area directly south of the measurement site. To the west, cleaner air 

masses from forests, lakes, and agricultural fields (approximately 0.5 km away) influence the 

site. Therefore, the site is affected by urban, biogenic, industrial, and regional transport sources 

and meteorological conditions such as high temperatures (heatwave) and rainfall. My research 

objectives for this campaign were: To investigate the sources and characteristics of organic 

aerosols (OA) at this site. 

• To investigate the sources and characteristics of organic aerosols (OA) at this site. 

• To identify the main VOCs and SVOA sources  

• To quantify the contribution and influence of biogenic secondary organic aerosols 

(SOA) to the total OA, especially during a typical heatwave period. 

• To characterize the aerosol flow into the city for southwesterly winds 

Campaign on top of the Feldberg in July 2023. From 17th June to the 26th of July 2023, I 

participated in a field campaign as part of the MOSES (Modular Observation Solutions for 

Earth Systems) project. The campaign was conducted on Mt. Feldberg in the Black Forest 

region of Germany (47.86°N, 8.09°E), with an elevation of approximately 1,493 meters. The 

sampling site was located at the top of the mountain, surrounded by forests dominated by Picea 

abies, Picea spp., and Fagus sylvatica, which are significant emitters of monoterpenes and 

sesquiterpenes. 

During the campaign, which coincided with the summer high-temperature period, I expected 

to observe increased BVOC concentrations due to elevated temperatures. During the daytime, 

I anticipated detecting regional sources, while at night, when the boundary layer height 

decreased, I expected to observe free tropospheric components. 

I initially used the FUSION-PTR-MS in this campaign to detect VOCs and more oxidized 

VOCs at the site until June 26, 2023. After that, I used the CHARON-PTR-MS and AMS to 

measure VOCs in gas and particle phases, aiming to study their sources. My research objectives 

were: 
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• To investigate the sources and characteristics of organic aerosols (OA) in the Black 

Forest area. 

• To identify the main VOC and SVOC sources. 

• To analyze BVOC concentration changes with temperature and their impact on new 

particle formation and particle growth. 

• To quantify the contribution and influence of biogenic SOA to the total OA during the 

campaign. 

• To compare the aerosol chemical composition with ice nucleating particle 

concentrations and results from ICON-ART model calculations. 

Field campaign in Munich 2023/24. Field observations were conducted in Munich during two 

seasons: August 3rd to August 29th, 2023 (summer) and March 1st to April 15th, 2024 (winter 

and spring). Munich, the capital of Bavaria, Germany, is a major cultural and economic center 

with a population of 1.5 million as of 2023, making it the third-largest city in Germany. It has 

a population density of 4,700 people per square kilometer (München, 2023). The sampling site 

(11°34'E, 48°8'N) was located on a parking lot adjacent to a 30-meter-tall building of the 

Ludwig-Maximilians-University (LMU) in a street canyon along Theresienstrasse 41. The 

elevation at street level is approximately 520 meters above sea level (m.a.s.l.). The surrounding 

area features restaurants, apartment buildings, museums, university workshops, laboratories, 

and significant car traffic. Consequently, the site is influenced by emissions from cooking, 

heating, and traffic.  

I utilized the CHARON-PTR-MS and AMS to measure VOCs in both gas and particle phases, 

aiming to study their sources. My research objectives were: 

• Identify the primary sources of VOCs, semi-volatile organic aerosols (SVOA), and total 

organic aerosols (OA). 

• Elucidate the contribution of different sources to major VOCs, SVOA, and OA. 

• To analyze BVOC concentration and their impact on new particle formation and 

particle growth. 

• To provide data to validate the high-resolution model PALM-4U and a network of low-

cost sensors distributed by the Technical University of Munich (TUM).  
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Table 2 Field campaigns with the research topics, my contributions, and tentative publications 

Site Time Research topic Main contribution Publication 

Karlsruhe July 2022 
Characteristics of VOCs and 

particles at Karlsruhe harbor 

Operation of 

CHARON-PTR-MS 

and AMS 

Analysis ongoing, 

First-author paper 

planned 

Feldberg June-July 2023 

Characteristics of VOCs and 

aerosol particles at highest 

mountain of the black forest 

Operation of Fusion-

PTR-MS, 

CHARON-PTR-MS 

and AMS 

Co-author 

(Handwerker J. et 

al., 2025) (minor 

revision) 

First-author paper 

(in preparation) 

Munich 

August 2023 Seasonal characteristics of 

VOCs and particles in 

downtown of Munich 

Operation of 

CHARON-PTR-MS 

and AMS 

First-author paper 

(in preparation) 
March 2024 
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Table 3 Main instruments used in the different field campaigns 

Parameter Instrument (Manufactorer) Karlsruhe Feldberg Munich23 Munich24 

VOCs/semi-volatile particles 
CHARON-PTR-MS 

(IONICON Analytik GmbH) 
× × × × 

Particle mass composition 

(0.07-2.5 µm) 

HR-ToF-AMS 

(Aerodyne Research) 
× × × × 

VOCs and more oxygenated 

organic molecules 

FUSION-PTR-MS 

(IONICON Analytik GmbH) 
× × × × 

PM1, PM2.5 and PM10 mass FIDAS200 (Palas GmbH) × × × × 

Black Carbon AE33 (Magee Scientific) × × × × 

Particle number concentration 

(>2.5 nm) 
CPC3022A (TSI Inc.)  ×  × 

Particle number concentration 

(>7 nm) 
CPC3750 (TSI Inc.) ×    

Particle number concentration 

(>7 nm) 
CPC3756 (TSI Inc.)  × ×  

Particle number concentration 

(>7 nm) 
CPC3776 (TSI Inc.) ×  × × 

Particle size distribution 

(10-410 nm) 
Nanoscan 3910 (TSI Inc.) ×   × 

Particle size distribution 

(10-800 nm) 

U-SMPS 2100/2200 

(PALAS GmbH) 
 ×   

Particle size distribution 

(13.6-763.5 nm) 
SMPS (DMA 3081, TSI Inc.)    ×  

Meteorological parameters WS700 (Lufft GmbH) × × × × 

NO2 AS32M (Environment SA.) × × × × 

O3 O341M (Environment SA.) x x x x 

NH3 G2103 (Picarro)   × × 
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3. Results and discussion 

Understanding the sources and transformations of BVOCs and their role in SOA formation is 

central to this study. This chapter presents the results of my field campaigns conducted in four 

distinct environments: the top mountain of Feldberg in the Black Forest in summer, a small hill 

at Karlsruhe harbor in summer, and an urban street canyon in Munich during both summer and 

winter. These campaigns were designed to address the research questions outlined in the 

introduction, focusing on the sources, characteristics, and seasonal variability of VOCs and OA 

in different atmospheric settings. 

The results are organized to reflect the differences from less anthropogenically influenced 

regions to highly urbanized areas. In Section 3.1, I discuss the findings from the Feldberg 

campaign, which represents a biogenic-dominated environment in the Black Forest. This site 

provides insights into the role of BVOCs and their contribution to SOA formation with minimal 

anthropogenic interference, as well as information on aged aerosol in the free troposphere. In 

Section 3.2, I focus on the measurements at the Karlsruhe harbor, which represents an urban 

and industrial-influenced environment, where biogenic and anthropogenic precursors 

contribute to aerosol formation. Finally, in Section 3.3, I examine the seasonal variability of 

VOCs and OA in Munich, comparing summer and winter measurements to elucidate the impact 

of anthropogenic activities, meteorological conditions, and source contributions in a densely 

populated urban environment. 

Through this structured discussion, I aim to comprehensively understand the sources, 

transformations, and impacts of VOCs and OA across diverse environments, addressing the 

key research questions posed in this study. 

3.1 Sources of VOC and aerosol particles on top of Mt. Feldberg 

In forested regions, BVOCs emitted by vegetation are a dominant source of reactive organic 

gases, which can undergo oxidation to form SOA. Mountainous sites, such as those in the Black 

Forest, provide unique conditions for studying aerosol processes due to their elevation, reduced 

anthropogenic influence, and exposure to both boundary layer and free tropospheric air masses. 

Understanding the sources of VOCs and organic aerosol particles in such environments is 

critical for assessing their role in aerosol growth and affecting cloud condensation nuclei 

(Scholz et al., 2023; Du et al., 2025). The Black Forest, a mountainous region in southwestern 

Germany, provides an ideal natural laboratory to study these interactions due to its rich 

vegetation and elevated terrain (~1500 m a.s.l.). Furthermore, the location was chosen as a 



49 

 

potential trigger area for strong convection, e.g., thunderstorms downwind, and therefore part 

of the Swabian MOSES campaign 2023 ((Handwerker J. et al., 2025)) on severe weather events.  

I aim to quantify the contributions of anthropogenic and biogenic sources to VOC and OA 

concentrations, with particular emphasis on the role of BVOCs in particle growth. Ultrafine 

particles (UFPs), formed through nucleation and growth processes, are strongly influenced by 

BVOC oxidation products, which can also enhance the formation of cloud condensation nuclei 

(CCN). Understanding these mechanisms is crucial for improving air quality models and 

assessing the climate impacts of aerosols. 

The air mass cluster analysis of back trajectories at 500m and 1500m above sea level helps 

understand the vertical distribution of VOCs and OA in the atmosphere. At 500m, the air 

masses are typically within the planetary boundary layer (PBL), where anthropogenic activities 

(e.g., traffic, industrial emissions) have a more pronounced impact on VOC and OA 

concentrations. In contrast, at 1500m, the air masses are often situated in the free troposphere, 

less influenced by local anthropogenic sources and more representative of regional or long-

range transported air, including aged emissions. Figure 12a presents the air mass cluster 

analysis at 500m and 1500m, revealing four distinct clusters at each altitude. At 1500 m the 72 

hours back trajectories origin at the Belgium cost (Cluster(a), 19%), Atlantic Ocean (Cluster(b), 

56%), Balearic Sea (Cluster(c), 16%), and the wider Atlantic Ocean (Cluster(d) 8%). At 500 

m, the 72-hour back trajectories originate at the German-French-Swiss border (Cluster1, 33%), 

Atlantic Ocean (Cluster2, 36%), Balearic Sea (Cluster3, 8%), and North Sea (Cluster4, 24%).  

Figure 12b presents the wind rose at the container roof (3.5m a.g.l; ~1500 m a.s.l.), 

demonstrating prevailing winds originating predominantly from western directions (west, 

southwest, and northwest), with minimal easterly contributions. The alignment of wind 

directions with the air mass trajectories reinforces the transport pathways. Moderate to strong 

winds (indicated by green, yellow, and blue shades) are prevalent, suggesting efficient air 

masses and pollutants transport over long distances. This pattern strongly suggests maritime 

sources (Atlantic Ocean) dominate, contributing significantly to the total 1500m air mass 

transport. Their prevalence suggests a strong influence of clean, marine air on the study region, 

which may lead to lower concentrations of pollutants during periods dominated by these areas. 

Continental European sources, originating from industrialized or urbanized regions, also play 

a notable role, as indicated by the low altitude back trajectories. Their presence is often 

associated with higher concentrations of anthropogenic pollutants, such as sulfate, nitrate, and 

black carbon. 
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Figure 12. (a) The air mass cluster analysis of 72 h back trajectories at 500m and 1500m (a.s.l), Solid lines 

represent clusters at 500m, while dashed lines denote air masses at 1500m; and (b) wind rose measured at container 

roof (c) zoom into cluster1(purple), cluster2 (green), cluster3(red), and cluster4 (pink) for500m. 

Figure 13 presents a comprehensive time series analysis of meteorological and chemical 

parameters, illustrating the dynamic interplay between air mass origins, weather conditions, 

and aerosol composition. The top panels (a) and (b) depict the temporal variability of air mass 

cluster assignments at 1500 m and 500 m, respectively, showing alternating dominance of 

marine (e.g., Atlantic Ocean and North Sea) and continental air masses, with their influence 

varying over time. Panel (c) highlights fluctuations in relative humidity (RH) and precipitation, 

where periods of high RH often coincide with rainfall events. Precipitation typically leads to 

wet scavenging of aerosols. Diurnal temperature and solar radiation cycles are shown in panel 

(d), with daytime peaks driving photochemical processes and nighttime cooling promoting 

condensation processes. Panel (e) reveals the mass concentrations of key aerosol species, with 

organic aerosols dominating, followed by sulfate, nitrate, ammonium, chloride, and black 

carbon, while PM2.5 concentrations exhibit variability linked to air mass changes. Finally, panel 

(f) displays the particle size distribution and BLH, showing particle growth events and higher 

BLH during the day, which enhances vertical mixing and influences aerosol dynamics.  

The variation in air mass clusters, as depicted in Figure 13, significantly influences aerosol 

composition, meteorological conditions, and atmospheric dynamics. Shifts between marine and 

continental air masses drive changes in PM2.5 concentrations and aerosol species, with 

continental sources enhancing sulfate, nitrate, and black carbon levels. Marine air masses are 
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associated with higher relative humidity and precipitation, promoting aerosol scavenging, 

while continental air masses often coincide with drier conditions and pollutant accumulation.  

 

Figure 13. Time series of air mass clusters, meteorological parameters, and aerosol properties: (a) Air mass cluster 

assignments at 1500 m, (b) Air mass cluster assignments at 500 m, (c) Relative humidity and precipitation, (d) 

Temperature and solar radiation, (e) Aerosol species (organic, sulfate, nitrate, ammonium, chloride, and black 

carbon) and PM2.5 concentrations, (f) Particle size distribution and boundary layer height. 

3.1.1 Sources of organic aerosol particles 

To investigate potential differences between boundary layer (BL) and free tropospheric (FT) 

aerosols, I initially planned stratified PMF analyses of AMS data based on boundary layer 

height (BLH): one subset for BLH >1500 m a.s.l. (representing mixed local/regional air masses 

with potential biogenic influence) and another for BLH ≤1500 m a.s.l. (sampling FT air 

dominated by long-range transport). However, BLH exceeded the site elevation (>1500 m a.s.l.) 

only sporadically (3-4 hours on a few days) during the month-long campaign. As these 
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instances constituted negligible influence on the overall dataset, a single PMF analysis was 

performed using the entire measurement period to ensure robust source characterization. 

Figure 14 presents four identified factors: aged biomass burning OA (Aged BBOA), regional 

background OA, semi-volatile oxygenated OA (SV-OOA), and low-volatile oxygenated OA 

(LV-OOA), along with their diurnal patterns. These factors were resolved based on their O: C 

and H: C ratios and correlations with tracer gases and particulate compounds measured by 

CHARON-PTR-MS and AMS. Figure S1 shows the mass profiles of the AMS-PMF factors, 

and Table S1 summarizes the key tracers correlated with each factor. The aged BBOA factor, 

with an O: C ratio of 0.66, shows strong correlations with biomass burning tracers such as 

syringalkohol, vanillin, and vanillic acid (Table S1), consistent with aged biomass burning 

influence. The Regionally background OA factor exhibits strong correlations with 

formaldehyde (R = 0.76) and tracers indicative of SOA formation, including organonitrates 

(C4H6NO), organosulfates (C5H10SO3), aromatic oxidation products (C7H6O5), and biomass 

burning markers (C5H6O). This factor's lack of diurnal variation suggests it is influenced by 

well-mixed, transported air masses rather than local sources. The SV-OOA factor, with an O: 

C ratio of 0.59 and H: C of 1.74, is moderately oxidized and strongly associated with nitrate 

(R = 0.82). Its midday peak in the diurnal profile indicates formation via photochemical aging. 

Finally, the LV-OOA factor, the most oxidized component (O: C=1.16), shows a pronounced 

afternoon peak, typical of aged SOA. Its correlation with benzonitrile (C7H5N, R = 0.70) 

suggests also significant influence from aged biomass burning aerosols.  
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Figure 14. Time series (left) and diurnal variations (right) of PMF-resolved organic aerosol factors. (a) Aged 

BBOA (O: C = 0.66, H: C = 1.53) is strongly correlated with syringic alcohol (R = 0.87). (b) Regional background 

factor (O: C = 0.47, H: C = 1.50), strongly correlated with formaldehyde (R = 0.76), indicating a secondary source. 

(c) SV-OOA (O: C = 0.59, H: C = 1.74), moderately oxidized, correlated with nitrate (R = 0.82). (d) LV-OOA 

(O: C = 1.16, H: C = 1.22), representing the most aged/oxidized organic aerosol. (e) Diurnal profiles of each factor 

mass concentration; the shaded area between the 25th percentile (P25) and 75th percentile (P75) shows the 

interquartile range (IQR) — the middle 50% of the data — reflecting the variability in factor concentrations 

throughout the day. 

3.1.2 Sources of semi-volatile organic aerosol particles 

The application of PMF to CHARON-PTR-MS data enables a more refined classification of 

SVOA, allowing for the observation of detailed molecular compounds within aerosol particles. 

Figure 13 presents the mass spectral characteristics (a) and diurnal trends of three SVOA 

factors resolved by this PMF analysis (b). Additionally, Figure S2 shows the time series of 

these factors correlated with corresponding tracer compounds. 

Panel (a) of Figure 15 displays the unit-mass-resolved spectra for the three SVOA factors: 

background BBOA (Biomass Burning Organic Aerosol), photochemical SOA, and aged 

BBOA. These spectra reveal distinct differences in molecular composition and oxidation states. 

Both background BBOA and photochemical SOA exhibit similar O:C ratios (~0.58) and H:C 
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ratios (~1.56-1.57), indicating a moderate degree of oxidation. The Background BBOA factor 

shows relatively constant and low concentrations throughout the day, suggesting a persistent, 

aged source with limited temporal variability. Notably, the compounds associated with this 

factor exhibit stronger correlations with BBOA tracers (Table S2), indicating that this factor is 

influenced by aged biomass burning emissions. 

In contrast, the Photochemical SOA factor displays a pronounced daytime peak, consistent with 

its formation through photochemical oxidation of VOC precursors under sunlight. This factor 

is strongly associated with photochemical oxidation products such as heptadienedione 

C7H11O2
+, furaneol C6H9O3

+, guaiacol C7H9O2
+, dimethylphenol C8H11O2

+, methyl vinyl 

ketone C4H7O1
+, unsaturated aldehydes C6H9O1

+, C6H7O3
+, catechol C6H7O2

+, C7H11O1
+, 

C7H11O3
+, and acrylic acid C4H7O3

+ (Table S2) (Forstner et al., 1997; Bethel et al., 2000; Jang 

and Kamens, 2001; Wyche et al., 2009; Birdsall and Elrod, 2011; Pereira et al., 2015; Zhang 

et al., 2019; Srivastava et al., 2022).  

The Aged BBOA factor is characterized by a higher O:C ratio (0.67) and a slightly lower H:C 

ratio (1.50), reflecting advanced atmospheric oxidation and aging processes. This factor is 

dominated by highly oxygenated compounds, including C8H13O5
+, vanillic acid C8H11O4

+, 

syringic acid oxidation products C8H11O5
+, vanillin C8H9O3

+, galactaric acid C6H9O5
+, 

protocatechuic acid C7H9O4
+, C7H9O5

+, C9H13O4
+, and C8H11O3

+ (Table S2) SOA (Ofner et al., 

2011; Yee et al., 2013b), which are consistent with the secondary processing of biomass 

burning emissions. The diurnal profile of Aged BBOA shows a broad nighttime enhancement, 

likely driven by boundary layer dynamics and the nighttime accumulation or condensation of 

oxidized compounds. This pattern agrees with the aged and secondary nature of this factor. 
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Figure 15. (a) CHARON-PTR-MS high-resolution mass spectra of three PMF-resolved SVOA factors: 

Background BBOA, Photochemical SOA, and Aged BBOA. (b) Diurnal variation of the corresponding factor 

concentrations; the shaded area between the P25 and P75 shows the IQR— the middle 50% of the data — 

reflecting the variability in factor concentrations throughout the day. 

3.1.3 Sources of VOC 

Four distinct VOC factors were resolved by PMF analysis (Figure 16).  Oxidized Biogenic 

VOCs (BVOCs) were dominated by less oxidized biogenic compounds, including isoprene 

oxidation products (e.g., C5H9O1
+, C5H11O1

+, C5H9O2
+) and terpene oxidation products (e.g., 

C7H11O1
+, C6H9O2

+, C8H13O1
+) (Li et al., 2020a; Li et al., 2021).  Additionally, ions such as 

C6H11O2⁺, C6H13O1⁺, and C6H9O1⁺ were present, which are likely emitted from vegetation 

under mechanical stress or herbivory, such as when plants are damaged by insects or bees 

(Jakobsen and Christensen, 2002; Verbruggen and Hermans, 2008; Penuelas et al., 2005; 

Hamilton et al., 2009; Hafner et al., 2013; Vita et al., 2015; Taiti et al., 2018). These marker 

ions exhibited high correlations with the oxidized biogenic VOC factor (Figure S3 and Table 

S3). The diurnal pattern of this factor peaked during daytime and decreased at night, consistent 

with the influence of the daytime boundary layer development, which enhances the vertical 

mixing and brings more biogenic VOCs from vegetated areas into the measurement site.  
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The Long-range transported aged VOCs factor was characterized by organosulfur compounds 

such as C3H9S1O3⁺ (a methanesulfonic acid derivative), C4H9S1O4⁺ (alkylsulfonic acid or a 

sulfate-organic species), and C3H9S1O4⁺ (another methanesulfonic acid-related species) (Froyd 

et al., 2010). These ions showed strong correlations with this factor (R ~ 0.80; Figure S3 and 

Table S3). Moreover, this factor exhibited the highest S:C ratio (0.013), indicating a significant 

contribution from organosulfate compounds, which are often formed through long-range 

atmospheric aging and secondary processes (Huang et al., 2018a). The diurnal profile showed 

higher concentrations at night, with a small peak around UTC 4:00 and a maximum shortly 

after sunrise, consistent with a transported, aged secondary VOC source. 

The aged biomass burning VOCs factor showed strong correlations with several well-known 

tracers of biomass burning emissions, including C7H9O3⁺ (methoxyphenols, R=0.87), C8H11O3⁺ 

(methoxy-substituted aromatics, R=0.85), C7H9O2⁺ (cresol or guaiacol, R=0.85), C10H13O2⁺ 

(guaiacol derivatives, R=0.84), and C8H11O4⁺ (methoxy-phenolic acids, R=0.81) (Ofner et al., 

2011; Yee et al., 2013b). These species are commonly associated with aged biomass burning 

emissions. The diurnal variation showed a minimum during daytime and higher concentrations 

at night, suggesting influence from long transport of aged biomass burning plumes in the free 

troposphere. 

The regional anthropogenic VOCs factor exhibited strong correlations with C3H9O2⁺ 

(hydroxypropyl fragment, R=0.94), C2H7O3⁺ (ethylene glycol monoformate ion, R=0.93), and 

C2H7O2⁺ (ethoxy fragment from ethanol derivatives, R=0.93) (De Gouw et al., 2005; Warneke 

et al., 2007; Mcdonald et al., 2018). These compounds are indicative of oxygenated VOCs 

(OVOCs) commonly found in industrial solvents, cleaning agents, or personal care product 

emissions. Given the strong presence of these solvent-like fragments and the highest O:C ratio 

(0.52) among all factors, this factor is interpreted as aged anthropogenic VOCs transported 

from urban or sub-urban areas. The diurnal profile showed higher levels during daytime, which 

could reflect the upslope transport of anthropogenic emissions from nearby human activities 

such as hotels, restaurants, or traffic emissions in the valley. 
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Figure 16. (a) Mass spectra of four PMF-resolved VOC factors with selected marker compounds and elemental 

ratios. (b) Diurnal variation of the corresponding factor concentrations showing distinct source-related temporal 

patterns; the shaded area between the P25 and P75 shows the IQR— the middle 50% of the data — reflecting 

the variability in factor concentrations throughout the day. 

3.1.4 Composition and main sources of the organic aerosol in gas and particle phase 

The organic aerosol composition is dominated by aged BBOA (35±24%), indicating a strong 

influence of aged biomass combustion emissions. SOA components, including SV-OOA 

(24±14%) and LV-OOA (23±14%), contribute significantly, highlighting the role of 

atmospheric oxidation of VOC in organic aerosol formation. Regional background OA 

(18±11%) suggests that transported emissions also contribute to OA loading (Figure15). Since 

the CHARON-PTR-MS primarily measures semi-volatile compounds, its sensitivity to primary 

organic aerosol is therefore somewhat lower. The semi-volatile organic aerosol (SVOA) 

particle composition is dominated by photochemically formed SOA (79±18%), highlighting 

the strong influence of secondary formation processes in this fraction. Aged BBOA accounts 

for 16±11%, indicating a contribution from transported or processed biomass burning 

emissions. A small fraction (5±8%) is attributed to background organic aerosol mixed with 



58 

 

BBOA, suggesting minor residual influences from primary sources. This distribution 

emphasizes the dominance of photochemical aging over direct emissions in shaping the semi-

volatile organic aerosol composition. Long-range transport and aged VOCs (35±15%) and aged 

biomass burning VOCs (21±12%) indicate significant contributions from aged emissions 

undergoing atmospheric processing. Oxidized biogenic VOCs (25±16%) reflect oxidation of 

locally or regionally emitted BVOCs. Transported anthropogenic VOCs (20±15%) highlight 

the role of human-related emissions reaching the site, emphasizing the mixed influence of 

biogenic and anthropogenic sources. 

Organic aerosol Semi-volatile organic aerosol VOC 

 

 

 

Figure 17. Fractions of organic aerosol particle factors (a), Semi-volatile organic aerosol particle (SVOA) 

factors (b), and VOC factors (c) at the top of the Feldberg (~1500 m asl.). 

3.1.5 Canadian wildfire event 

Canada’s 2023 wildfire season was the most destructive ever recorded (Canada, 2024). It 

affected not only north America but large parts of the northern hemisphere by long range 

transport (Wang et al., 2024c). Figure 18 (a) and (b) illustrate the air mass cluster assignments 

derived from back trajectory analysis at 1500 m and 500 m above sea level. From June 29th to 

30th, the air masses were predominantly classified as Cluster 1 (1500 m), which is associated 

with long-range transport from the northwest and northern Europe, as shown in Figure 12. This 

period coincides with the expected arrival of aged plumes from the Canadian wildfires in 

Central Europe (Chappell, 2023).  

During this period (highlighted by the dashed vertical black lines in Figure 18), a sharp and 

rapid increase in aged biomass burning VOCs was observed, reaching a distinct peak before 

declining. This strongly suggests the influence of aged wildfire emissions, which had 

undergone significant atmospheric processing during their long-range transport. Please note, 

that also the night before some influence of the wildfire plume was observed in free 

tropospheric air masses reaching the top of the Feldberg. 
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Figure 18. Time series of air mass clusters (a,b), VOC factor concentrations (c,d), aerosol composition (e), particle 

size distribution (f), and boundary layer height (f). The vertical dashed lines mark the period influenced strongest 

by Canadian wildfire plumes, showing sharp increases in aged biomass burning VOCs and OA, along with shifts 

in air mass trajectories. 

Interestingly, oxidized BVOCs and transported anthropogenic VOCs reached their maximum 

concentrations before the sharp increase in aged biomass burning VOCs. Simultaneously, the 

BLH peaked, indicating that the increase in oxidized BVOCs and anthropogenic VOCs was 

likely driven by boundary layer air masses reaching the summit rather than direct transport. In 

contrast, the concentration of long-range transported aged VOCs decreased significantly during 

this period of high BLH, suggesting that this factor was related to free tropospheric air masses. 
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However, once the Canadian wildfire plume arrived, the long-range transported aged VOCs 

also showed a rapid increase, although the rise was more gradual compared to the steep increase 

observed in aged biomass burning VOCs. 

The OA concentration measured by AMS exhibited a trend very similar to that of the aged 

biomass burning VOCs, further supporting the interpretation that OA during this period was 

strongly influenced and likely dominated by wildfire-derived aged biomass burning emissions. 

In addition, particle size distributions reveal that the particles transported during this period 

were predominantly in the accumulation mode size range (Dp ~100-300 nm), consistent with 

aged, long-range transported particles rather than fresh local emissions which typically include 

also smaller particles. 

These observations provide robust evidence that the Canadian wildfire event significantly 

influenced the aerosol and VOC composition at the measurement site, with aged biomass 

burning emissions playing a dominant role in increasing both organic aerosol and accumulation 

mode particle concentrations. 

Aged BBOA from CHARON-PTR-MS and black carbon (Figure 19d) showed a notable 

increase at the same time, indicating the long-range transport of biomass burning aerosols from 

wildfire emissions. In contrast, background BBOA and photochemical SOA (Figure 19c) 

remained relatively stable, suggesting that local emissions played a minor role during this 

period. The increase in LV-OOA and SV-OOA (Figure 19e) and aged BBOA (Figure 19f) from 

AMS implies enhanced SOA formation, likely driven by the oxidation of fire-related VOCs. 

However, regional background OA (Figure 19f) showed a decreasing trend rather than an 

increase. This suggests that the transported Canadian wildfire plume may have diluted or 

suppressed the formation of regionally aged SOA, altering the composition of transported 

aerosols. Following this period, rainfall occurred, leading to a noticeable increase in SV-OOA 

and regional background SOA, which closely followed the trend of BLH. In contrast, other 

factors remained relatively stable, indicating that in the post-rainfall relatively clean air masses, 

these two factors were strongly influenced by boundary layer dynamics, as pollutants from 

nearby sources were reaching the measurement site. Meanwhile, long-range transported 

organic aerosol was efficiently removed by wet scavenging, leaving behind a cleaner 

atmospheric background also in the free troposphere (Andronache et al., 2006; Niu et al., 2023). 
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Figure 19. Time series of (a, b) air mass clusters at 1500 m and 500 m, (c) background BBOA and photochemical 

SOA, (d) aged BB SVOA (CHARON-PTR-MS) and black carbon (BC), (e) LV-OOA and SV-OOA, (f) regional 

background SOA and aged BBOA (AMS), and (g) mass concentrations of major aerosol components and BLH.  

Figure 20a shows that the ultrafine particle ratio remained relatively low during the wildfire 

event, dropping below 60%, whereas it was above 60% for most other periods. This indicates 

that the biomass burning plume introduced a significant number of larger particles, reducing 

the fraction of ultrafine particles. After the wildfire influence ceased, the ultrafine particle ratio 

increased sharply, even reaching 100%, suggesting that cleaner air masses facilitated e.g. new 

particle formation. Figure 18b reveals a large difference between total particle number (black) 

and the 7-100 nm fraction (blue) during the wildfire event. This suggests that a significant 
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fraction of the transported particles was larger than 100 nm. After the wildfire period, the gap 

between total particles and the 7-100 nm fraction became much smaller, again indicating a shift 

toward smaller particle sizes.  

Figure 20c further breaks down the size distribution. The concentrations of 20-50 nm (purple) 

and 50-100 nm (magenta) particles were nearly identical throughout the entire period, 

suggesting similar sources or atmospheric processing. In contrast, the 7-20 nm (red) particle 

number was particularly low during the wildfire period, reinforcing the idea that new particle 

formation was suppressed in the presence of biomass burning aerosols. Figure 20d shows that 

INP concentrations were relatively high during the wildfire period compared to the following 

days. This suggests that large biomass burning particles enhanced ice nucleation particle 

number, possibly by providing additional surfaces or INP-active components. After the 

wildfire plume disappeared, INP concentrations decreased as well, aligning with the transition 

to cleaner air dominated by smaller less ice active particles. 

 

Figure 20. Temporal variations of (a) ultrafine particle ratio and BLH, (b) total and 7–100 nm particle number, (c) 

size-resolved particle number (7-20 nm, 20-50 nm, 50-100 nm), and (d) ice nucleation particle number during a 

Canadian smoke event. 
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3.1.6 Strong pollution event 

A second period with elevated pollution levels and associated particle growth events spanned 

from July 5th to July 14th. Figure 21a and b show that during this period, the air mass at 1500 

m predominantly originated from the Atlantic Ocean (Cb air mass cluster), while at 500 m, air 

masses were mainly from C1 (German-French border) and C4 (North Sea, passing over France). 

These air masses brought significant pollution between July 9th and 12th, with concentrations 

peaking on July 11th. 

During the particle growth events on July 5th and 6th, no significant changes were observed in 

VOC concentrations on July 5th. However, on July 6th, oxidized BVOCs, aged biomass burning 

VOCs, and regional anthropogenic VOCs showed a significant increase. Overall, oxidized 

BVOCs and regional anthropogenic VOCs exhibited peak concentrations simultaneously, 

while long-range transported aged VOCs displayed an inverse trend, reaching their lowest 

values during the same period. This suggests that these VOCs were influenced by BLH 

variations-when BLH increased, oxidized BVOCs and regional anthropogenic VOCs reached 

their peak values, whereas long-range transport aged VOCs decreased. In contrast, aged 

biomass burning VOCs were affected by long-range transport and BLH, as their variations 

showed similarities with multiple VOC factors. Between July 9th and 11th, organic aerosol (OA) 

concentrations experienced a significant increase. Among the VOC factors, aged biomass 

burning VOCs exhibited a trend most closely aligned with OA concentrations, indicating a 

more substantial influence from biomass burning emissions. The particle size distribution 

suggests minimal new particle formation or particle growth events, implying that the observed 

variations were primarily driven by changes in the 40-200 nm particle fraction. 
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Figure 21. Time series of air mass clusters at 1500 m and 500 m, respectively (a) and (b), oxidized BVOCs and 

long-range transported aged VOCs (c), aged biomass burning VOCs and transported anthropogenic VOCs (d), 

aerosol chemical composition (e), and particle size distribution with the BLH (f) from July 5 to July 14.2023. The 

dashed lines mark increased aerosol concentrations during the pollution period.  

From July 6th onward, Aged BBOA detected by CHARON-PTR-MS (Figure 22b) and AMS 

(22d) increased, peaking between July 9th and 11th, before declining. This trend was influenced 

by both transport and BLH, suggesting the advection of aged BBOA. The persistent relatively 

high temperatures (Figure 13) favored pollutant accumulation during this period. Afterwards, 

rainfall led to wet scavenging and cleaner air with less aged BBOA. Background BBOA also 

increased with aged BBOA, especially from July 9th to 11th. Between July 6th and 11th, 

photochemical SOA (Figure 22a) gradually increased. The rise in aged BBOA, combined with 

high temperatures, likely enhanced photochemical SOA formation. SV-OOA (Figure 22c) was 

influenced by both LV-OOA (Figure 22c) and regional background SOA (Figure 22d). When 

regional background OA and LV-OOA were dominant, SV-OOA followed a similar temporal 

trend. However, when aged BBOA was the primary contributor, SV-OOA variations aligned 

more closely with aged BBOA. This suggests that SV-OOA results from the photochemical 
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oxidation of other organic aerosol sources and is strongly influenced by surrounding pollutants. 

During periods of cleaner air (e.g., July 5th-7th and July 12th-14th), transported sources became 

more pronounced, highlighting the role of long-range transport and regional background under 

low local pollution conditions. 

 

Figure 22. Temporal variations of different organic aerosol factors from July 5 to July 15, 2023. Panels show (a) 

background BBOA and photochemical SOA, (b) aged BBOA from Charon-PTR-MS PMF analysis and black 

carbon (BC), (c) LV-OOA and SV-OOA, (d) regional transported SOA and aged BBOA from AMS PMF analysis, 

and (e) PM2.5 aerosol mass composition as well as BLH. 

From the ultrafine particle number concentrations on July 5th and 6th, I observed peaks in the 

7-20 nm and 20-50 nm size range particle number concentrations (Figure 23c), indicating new 

particle formation events. However, as aged BBOA steadily increases from July 7th to July 11th, 

the ultrafine particle number ratio decreases from 100% to 40% (Figure 23a). On July 5th, the 

7-100 nm particle number was almost identical to the total particle number (Figure 23b). Over 

the following days, the gap between them widened, reaching its maximum on July 11. This 
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trend is consistent with the ice-nucleating particle (INP) number (Figure 23d), suggesting that 

as fine particles (100-600 nm) become more abundant, INP formation is enhanced. 

 

Figure 23. Temporal variations of (a) ultrafine particle ratio and BLH, (b) total and 7-100 nm particle number, (c) 

size-resolved particle number (7-20 nm, 20-50 nm, 50-100 nm), and (d) INP during high pollution period  

3.1.7 Summary 

In this top of forest mountain measurement site, air mass analysis shows marine sources 

dominate at 1500m (56.3% Atlantic Sea), reducing pollutants, while 500m reflects more 

anthropogenic influence (32.8% local area surround villages). Prevailing westerly winds 

enhance long-range transport. Air mass shifts (marine/continental) drive aerosol changes: 

marine brings rain/scavenging, continental increases pollutants. Temperature, RH, and BLH 

diurnal cycles affect aerosol dynamics and composition. The AMS PMF analysis resolved four 

OA factors: Aged BBOA, Regional background OA, SV-OOA, and LV-OOA. Separately, 
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CHARON-PTR-MS identified three semi-volatile OA components: Background with BBOA, 

photochemical SOA, and aged BBOA. Surprisingly, no biogenic semi-volatile organic aerosols 

(SVOA) or organic aerosols (OA) were detected, as the extremely low NOx levels suppressed 

oxidation processes (Dewald et al., 2022). PTR-MS analysis distinguished four VOC sources: 

oxidized BVOCs, long-range transported aged VOCs, aged biomass burning VOCs, and 

transported anthropogenic VOCs (Figure 17). Photochemical SOA dominates the SVOA 

fraction, while aged biomass burning and transport emissions influence both OA and VOC. 

Mixed biogenic and anthropogenic sources highlight the role of long-range transport and 

boundary layer dynamics in atmospheric processing at the measurement site. 

Organic aerosol Semi-volatile organic aerosol VOC 

 

 

 

Figure 17. Fractions of organic aerosol particle factors (a), Semi-volatile organic aerosol particle (SVOA) 

factors (b), and VOC factors (c) at Feldberg mountaintop 

Two periods with characteristic pollution were identified: (1) Canadian wildfire episode 

marked by long-transport biomass burning aerosols that substantially increased organic aerosol 

concentrations, fine particle counts, and ice-nucleating particle number; (2) Regional pollution 

episode where aged BBOA levels were similarly elevated but driven by combined transported 

and boundary layer effects, including potential upslope transport of aged BBOA from lower 

elevations. During cleaner conditions, regional background OA showed significant increases 

while aged BBOA concentrations dropped substantially, leading to higher fractions of ultrafine 

particles. 
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3.2 Sources of VOC and aerosol particles at Karlsruhe harbor in Summer 

Conducting the field campaign on top of the old landfill (Mülldeponie, 60 m above the city 

level) west at the Rhine harbor of Karlsruhe is significant due to its unique location, which 

integrates influences from urban, industrial, and natural sources. For the predominant 

southwesterly winds at Karlsruhe, the site is located upwind and allows to detect the inflow of 

regional into the city (see Figure 9a). Situated near urban areas, agricultural fields, a refinery, 

a coal-fired power plant, and cleaner environments like forests and lakes, this site offers a 

comprehensive setting to study the interplay of diverse aerosol sources. The experiment aims 

to investigate the characteristics and sources of organic aerosols (OA), particularly the 

contributions of biogenic secondary organic aerosols (SOA) and anthropogenic emissions, 

under varying meteorological conditions during a summer period with a typical heatwave. 

Understanding these dynamics is crucial for assessing the impact of mixed pollution sources 

on air quality in urban areas, providing insights for regional air quality management and 

pollution control strategies. 

The primary objectives of this campaign were to (1) investigate the sources and characteristics 

of OA, (2) identify the main VOCs and SVOA sources, and (3) quantify the contribution of 

biogenic SOA to the total OA. Additionally, this study aims to compare the aerosol sources 

and composition with previous measurements conducted in Karlsruhe’s city center, 

highlighting differences in particle origins and contributions from urban versus peripheral 

environments.  

 

Figure 24. 72h back trajectory air mass cluster analysis for 500 m and wind rose diagram illustrating air mass 

origins and wind patterns at the Karlsruhe harbor in southwest Germany. 

The analysis of the trajectory cluster map and wind rose diagram reveals critical insights into 

the air mass origins and wind patterns at the study location in Germany. The trajectory cluster 
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analysis identifies three primary air mass pathways (Figure 24a): Cluster 1 (19.1%), originating 

from the Atlantic Ocean and moving eastward through France; Cluster 2 (23.0%), originating 

from the North Sea and passing over England; and Cluster 3 (57.9%), representing regional air 

masses from western Germany and nearby areas. Notably, the dominant air mass (Cluster 3) 

originates from the west, indicating a strong influence of Atlantic and continental European 

flows rather than long-range transport from the UK. This suggests that the air masses arriving 

at the study site are predominantly influenced by regional transport, which is likely to carry 

pollutants due to their passage over industrialized and urbanized regions in Europe, such as 

France, Belgium, and Germany. 

The wind rose diagram further supports this conclusion, showing that the dominant wind 

directions are from the southwest and west (Figure 22b), with mainly moderate wind speeds. 

These wind patterns align with the trajectory clusters, particularly Cluster 3, and suggest that 

stronger westerly and southwesterly winds may enhance the transport of pollutants over long 

distances. Given the industrial and urban emission sources along these transport pathways, the 

air masses are expected to carry regional pollution rather than clean marine air. In summary, 

the combined analysis indicates that the study location is primarily influenced by westerly air 

masses originating from continental Europe, which are likely to transport pollutants from 

industrialized regions, with wind patterns further facilitating the dispersion and transport of 

these pollutants. This highlights the importance of regional emission sources in shaping air 

quality at the site. 
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Figure 25. Time series of air mass clusters, meteorological parameters, and aerosol properties: (a) Air mass cluster 

assignments at 500 m, (b) Wind direction, (c) Relative humidity and precipitation, (d) Temperature and solar 

radiation, (e) Aerosol species (organic, sulfate, nitrate, ammonium and black carbon) and PM2.5 concentrations, 

(f) Particle size distribution and boundary layer height. 

Figure 25 provides a detailed analysis of meteorological and aerosol parameters influencing 

particle growth. Different air mass clusters at 500m origins are color-coded (Fig. 25a). Relative 

humidity (RH, Fig. 25c) shows moderate to lower values, while only a few precipitation events 

reduce particle concentrations through wet scavenging. Temperature and solar radiation (Fig. 

25d) exhibit strong diurnal cycles, with daytime peaks coinciding with particle growth events, 

driven by enhanced photochemical reactions. Aerosol composition (Fig. 25e) reveals that the 

dominating organic aerosols and sulfate are key contributors to particle growth, with nitrate 

playing a lesser role. The distinct spikes in sulfate and organic concentrations caused be local 

emission from the power plant. The particle size distribution (Fig. 25f) indicates periodic bursts 

of ultrafine particles, particularly during daytime, suggesting new particle formation (NPF) and 
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growth events. Most particle growth events appear during periods when Cluster 3 is dominant. 

This air mass likely brings precursors for new particle formation from continental sources. 

3.2.1 Sources of organic aerosol particles 

Through PMF analysis of AMS data, I identified six distinct OA factors: Diesel combustion 

OA (DCOA), Landfill gas combustion OA (LGCOA), Biogenic OA (BOA), More oxygenated 

OA (MOOA), Low-volatility oxygenated OA (LV-OOA), and Industrial food process OA 

(IFPOA). The sources of these factors were determined based on their correlations with 

relevant markers (Figure 26, Table S4), diurnal patterns, key elemental ratios, and mass spectra 

(Figure S4). 

The diesel combustion OA factor exhibited characteristic fresh primary emission signatures, 

with an O: C ratio of 0.18 and H: C ratio of 1.89, consistent with minimally oxidized diesel 

exhaust. Its diurnal profile displayed a pronounced peak at 08:00 local time, strongly aligned 

with routine port operations such as ship unloading/loading activities and diesel truck fleet 

movements during early morning logistics. Chemically, this factor demonstrated moderate 

correlations (R=0.55) with established diesel tracers, including C12H17
+ (alkylbenzenes, 

indicative of unburned fuel components) (Corma et al., 2001), NO2 (a key combustion 

byproduct, R=0.55),  and black carbon (R=0.53) further corroborating its origin from diesel-

powered port activities. The combined temporal and compositional evidence robustly identifies 

this source as port-related diesel emissions rather than regional traffic or industrial combustion, 

given the precise synchronization with port operational schedules and absence of higher 

oxidation markers typical of aged transport plumes. 

The observed organic aerosol factor, identified as Landfill gas combustion OA (LFGOA), 

exhibits distinct chemical and temporal signatures indicative of mixed combustion and 

oxidation processes. With an O:C ratio of 0.41 and H:C ratio of 1.49, this factor reflects 

moderately oxidized organic compounds, consistent with the combustion of landfill-derived 

VOCs in nearby thermal power plants, followed by atmospheric aging. The diurnal peak at 8-

10 AM aligns with operational patterns typical of landfill sites, including intensified waste 

transportation, mechanical operations (e.g., diesel exhaust from machinery. Key molecular 

tracers further support this interpretation: high correlations with acenaphthylene (C11H9
+, 

R=0.80) (Mentes et al., 2022) and formamide (C1H4N1O1
+, R=0.74) (Shi et al., 2024) point to 

combustion-derived emissions, while fatty acids such as decanoic acid (C10H21O2
+, R=0.78) 

and palmitoleic acid (C16H31O2
+, R=0.74) likely originate from the combustion of lipid-rich 
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waste (e.g., food residues or packaging materials) (Crossman et al., 2004; Atanassova et al., 

2019). The coexistence of nitrogen- and sulfur-containing compounds suggests additional 

contributions from waste degradation byproducts. Together, these observations underscore 

LFGOA as a hybrid source influenced by both anthropogenic landfill activities and subsequent 

photochemical processing. 

BOA factor exhibited characteristic elemental ratios (O:C = 0.39, H:C = 1.59), consistent with 

moderately oxidized biogenic compounds. This factor showed strong correlations (R = 0.90) 

with carvone (C10H15O1
+) and pinonaldehyde (C10H17O1

+, R = 0.84), both of which are known 

oxidation products of monoterpenes and serve as reliable BOA tracers. Additionally, the 

monoterpene fragment C6H9
+ demonstrated significant correlation (R=0.85), further supporting 

the biogenic origin. The observed diurnal pattern (Figure 26b), featuring early morning peaks, 

is consistent with typical BOA behavior. Although, monoterpene emissions are enhanced 

during warmer daytime conditions, the nucleation and growth of the BOA seems to be limited 

to the cooler morning hours at this location.  

The MOOA factor exhibited highly oxidized characteristics, with an O:C ratio of 0.90 and H:C 

ratio of 1.32, which falls within the typical range for MOOA. The observed diurnal profile, 

showing afternoon peaks, confirms its photochemical chemical process. This factor 

demonstrated strong correlations with highly oxidized compounds measured by CHARON-

PTR-MS, including: multi-oxidized guaiacol derivatives (C7H9O5
+, R = 0.90), syringol 

dicarboxylic acid derivatives (C8H11O5
+, R = 0.88), and other oxygenated species (C6H7O4

+, R 

= 0.87; C6H9O5
+, R = 0.86) (Ofner et al., 2011; Yee et al., 2013b) that represent levoglucosan 

oxidation products. These molecular markers collectively indicate significant contributions 

from plant emissions and aged biomass burning organic aerosol (BBOA), a conclusion further 

supported by the temporal coincidence with transported plumes from a forest fire event on 19th 

July in France. This factor also has a strong correlation (R=0.8) with Industrial phyto SVOA 

from CHARON-PTR-MS supporting that it was from plant emission. 

The low-volatile oxygenated organic aerosol (LV-OOA) , characterized by an O:C ratio of 0.69 

(Crippa et al., 2013) and H:C ratio of 1.37, exhibits moderate oxidation levels consistent with 

processed combustion-derived aerosols. Notably, this factor displays the highest sulfur-to-

carbon ratio (S:C=0.001) among all identified factors, strongly suggesting sulfur-rich 

emissions as its predominant source.  It has a correlation with sulfate (R=0.57) and ammonium 

(R=0.51). The factor's persistent mass concentrations throughout the measurement period 

indicate a continuous emission source rather than episodic contributions. The combination of 
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its exceptional sulfur content, stable temporal pattern, and moderate oxidation state suggests 

origins from regionally mixed, aged secondary OA derived from multiple sustained sources. 

The uniquely high S:C ratio serves as a definitive marker for industrial influences in this urban-

industrial environment, distinguishing it from other OA types. 

This Industrial food process OA factor exhibits moderate oxidation (O:C=0.38, H:C=1.54) and 

contains the highest nitrogen content (N:C=0.01) among all resolved factors, indicating 

significant contributions from nitrogen-rich organic compounds associated with industrial food 

processing activities. The diurnal pattern, showing elevated concentrations during daytime 

working hours (06:00-20:00) and lower levels on weekends, further supports an industrial 

origin, as it aligns with typical operational schedules of industrial facilities. The factor shows 

strong correlations with both gas-phase and particle-phase species, including methylmalonic 

acid/maleic acid (C6H7O4⁺, R=0.83) (Dash et al., 2024), 3-(methylthio)propionic acid 

(C5H9SO2⁺, R=0.75) (George et al., 2025), caprolactam (C6H10NO⁺, R=0.73) (Zhu et al., 2021), 

and pyroglutamic acid (C5H5NO2⁺, R=0.64) (Aiello et al., 2022) in the gas phase, as well as 

fatty acid esters (C9H15O2⁺, R=0.77) (Wang et al., 2021b) and benzothiophene derivatives 

(C9H11SO⁺, R=0.74) in the particle phase. The presence of azelaic acid fragment (C9H14O3⁺, 

R=0.64) (Todea et al., 2021), a known marker for fatty acid oxidation commonly emitted 

during food processing, along with these nitrogen- and sulfur-containing compounds, further 

supports the industrial food processing origin of this factor. The combined evidence from both 

gas and particle phase compounds point to emissions resulting from various food production 

processes including lipid oxidation, protein thermal degradation, and high-temperature cooking 

operations. 
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Figure 26. presents time series and diurnal patterns of organic aerosol (OA) factors derived from positive matrix 

factorization (PMF). Panel (a) displays the time series of six OA factors, including Diesel combustion OA, 

Landfill gas combustion, biogenic OA, More oxygenated OA, Low-volatility oxygenated OA, and Industrial 

food process OA. Each factor is color-coded, and key elemental ratios (O:C, H:C, N:C, and S:C) are provided. 

The black lines indicate total OA concentrations. Panel (b) shows the average diurnal profiles of these factors, 

highlighting their characteristic temporal variations; the shaded area between the P25 and P75 shows the IQR— 

the middle 50% of the data — reflecting the variability in factor concentrations throughout the day. 

3.2.2 Sources of semi-volatile organic aerosol particles 

The semi-volatile organic aerosol (SVOA) could be distinguished into four distinct factors 

based on mass spectral characteristics, including highly correlated specific compounds, tracer 

markers, and diurnal variation patterns (Figure 27, S5, and Table S5). These factors were 

identified as (1) industrial & fossil fuel combustion, (2) biomass burning, (3) biogenic 

emissions, and (4) industrial phyto-emissions. Each factor was validated through its unique 

chemical profile and temporal behavior. 

The first factor was identified as More oxygenated SVOA, distinguished by possessing the 

highest elemental ratios of N: C (1.57) and S: C (0.019) among all factors, coupled with an 

elevated O: C ratio (0.532). These distinct compositional characteristics reflect the dominance 

of nitrogen- and sulfur-containing compounds commonly associated with industrial emissions. 

The diurnal profile of this factor, exhibiting a gradual increase from 06:00, peaking at 12:00, 
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and subsequently declining until 22:00, suggests dual influences from both solar radiation 

patterns and daytime industrial activity cycles. This factor exhibited moderate correlations with 

particulate-phase compounds such as Nitrobenzene (C6H6N1O3
+, R = 0.67) and Undecanal 

(C11H19O1
+, R = 0.65).  

 

 

 

Figure 27. Source apportionment of SVOA components based on molecular composition and diurnal variation. 

(a) Normalized mass spectra of four identified SVOA factors: More oxygenated, Biomass burning, Biogenic 

emissions, and industrial phyto-emisson SVOA. Colors represent different molecular classes (e.g., CH, CHO1, 

CHO2, CHON, etc.). The O:C, H:C, N:C, and S:C atomic ratios of each factor are provided. (b) Diurnal profiles 

of factor concentrations (μg m-3), indicating distinct temporal behaviors; the shaded area between the P25 and 

P75 shows the IQR—the middle 50% of the data—reflecting the variability in factor concentrations throughout 

the day. 

The second factor was identified as Biomass burning SVOA, with its identification strongly 

supported by two key lines of evidence. First, a pronounced concentration peak was observed 

around July 20th, temporally coinciding with the transport of aerosol plumes from large-scale 

forest fires in France. Second, this factor exhibited a distinct diurnal pattern characterized by 

increasing concentrations from 22:00 to 06:00 followed by a gradual decrease to minimum 

levels at 15:00 (coinciding with peak solar radiation), suggesting significant influence from 

boundary layer height dynamics on the vertical transport and dilution of biomass burning 

emissions. The chemical composition of this factor was remarkably consistent with biomass 

burning signatures, showing particularly strong correlations (R > 0.80) with several known 
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biomass burning tracers. These included vanillin (C8H9O3
+, R=0.80), a well-established marker 

for wood combustion, along with other oxygenated aromatic compounds such as 4-hydroxy-3-

methoxybenzoic acid (C12H13O5
+, R=0.87) (Liu et al., 2022) and methyl-1,4-benzoquinone 

(C8H7O3
+, R=0.85) (Gerritz et al., 2023). The presence of these compounds reflects the 

pyrolysis of lignin, a major component of plant biomass. Additionally, the factor correlated 

strongly with sesquiterpenoid oxidation products like β-caryophyllene oxide (C15H25O2
+, 

R=0.84), indicative of smoldering combustion of vegetation. This factor shows a good 

correlation (R=0.66) with landfill gas combustion OA, suggesting that it is significantly 

influenced by this OA or often shares a similar profile. 

The third factor was clearly identified as Biogenic SVOA, primarily characterized by strong 

correlations with established monoterpene oxidation products. This factor showed particularly 

high associations with carvacrol (C10H15O1
+, R=0.91) and pinonaldehyde (C10H17O1

+, R=0.83), 

both well-known markers of monoterpene oxidation processes. It also correlates strongly 

(R=0.85) with biogenic OA in AMS, further indicating biogenic sources. The factor exhibited 

a pronounced diurnal cycle with concentrations peaking at 05:00 (early morning), which 

closely aligns with typical nighttime biogenic emission patterns and oxidation chemistry, 

especially for monoterpenes. This strongly suggests that monoterpene-derived secondary 

organic aerosols make significant contributions to the observed biogenic organic aerosol 

loading in the region.  

The fourth factor was classified as Industrial phyto-emission SVOA based on its distinct 

chemical and temporal characteristics. This factor exhibited intermediate N:C (0.012) and S:C 

(0.014) ratios (second highest among all factors), along with a pronounced daytime 

concentration peak that correlated well with industrial working hours, suggesting 

anthropogenic emission sources. The chemical profile revealed strong associations (R = 0.78-

0.87) (Table S5) with numerous plant-derived compounds, but their specific molecular 

signatures and temporal patterns indicate they are more likely industrial byproducts rather than 

natural biogenic emissions. The observed compounds can be categorized into three main 

groups explaining their industrial phytogenic origin: (1) plant hormone analogs and agricultural 

chemicals (methyl 2-aminobenzoate C8H14N1O2
+, sorbic acid C6H11O2

+, ionones C9H15O2
+) , 

commonly used in industrial-scale farming operations (Cáceres et al., 2016; Cao et al., 2024; 

Islam et al., 2024); (2) Phenolic compounds (protocatechuic acid C7H9O3
+, vanillic acid 

C8H9O4
+, ferulic acid C9H11O4

+, coniferyl alcohol C10H13O4
+) that may originate from wood 

processing industries or lignin decomposition in paper/pulp manufacturing; and (3) organic 
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acids (nonanoic acid C9H17O2
+, pyroglutamic acid C5H8N1O1

+, gallic acid C9H11O5
+) 

potentially released from food processing or bio-based chemical production (European Food 

Safety et al., 2021; Saeed et al., 2021; Aiello et al., 2023). This factor exhibits a strong 

correlation with more oxygenated OA (R=0.80), indicating that it significantly influences more 

oxygenated OA and constitutes a major component of it. Please note, that the paper factory at 

the Karlsruhe harbor is producing up to 500.000 tons of paper per year. 

3.2.3 Sources of VOC 

The VOCs were grouped into five distinct factors through PMF analysis based on mass spectral 

characteristics, including highly correlated specific compounds, markers, and diurnal variation 

patterns (Figure 28, S6, and Table S6). These factors were identified as (1) biofuel combustion, 

(2) industrial solvent use, (3) biogenic emissions, (4) French wildfire influence, and (5) 

industrial food processing emissions. Each factor was validated through its unique chemical 

profile and temporal behavior. 

The Industrial Phyto-emission VOC factor exhibits significantly elevated N:C (0.045) and S:C 

(0.017) ratios compared to other sources. It also shows a strong correlation with Industrial 

Phyto-emission SVOA (R=0.87) and a moderate correlation with more oxygenated OA 

(R=0.54), confirming its origin from Industrial Phyto-emission VOC. Its diurnal profile 

featured persistent morning emissions (06:00-12:00) attributable to working hours, followed 

by afternoon depletion due to boundary layer expansion and photochemical degradation 

(minimum at 15:00). The factor's identity was confirmed through strong correlations (R > 0.85) 

with canonical lignocellulosic compounds including levulinic acid (C5H9O3
+) (Victor et al., 

2022), nitrophenols (C7H6NO3
+) (Zhang et al., 2023), and nitroaromatic compounds 

(C7H6NO4
+) (Zhang et al., 2023). 

The industrial solvent VOC factor was identified by its dominant ethanol signal (C2H7O1⁺, 

R=0.99) and associations with nitrobenzene (C6H8NO3⁺) and fatty acid derivatives (C16H33O2⁺, 

C12H27O3⁺). The characteristic single-peak diurnal profile, exhibiting a gradual increase from 

22:00 to reach maximum concentrations at 08:00 before declining, strongly suggests emissions 

dominated by industrial fugitive sources rather than direct production activities. This nocturnal 

accumulation pattern likely results from the combination of solvent evaporation from storage 

tanks or waste repositories under stable nighttime atmospheric conditions and enhanced 

vertical mixing during daytime that promotes dispersion, with the ethanol dominance and co-



78 

 

occurring hydroxy fatty acids particularly indicative of paint/ink manufacturing or landfill-

related solvent emissions (Li et al., 2015; Stockwell et al., 2021). 

The biogenic VOC factor was clearly identified by its characteristically low O:C ratio (0.111) 

and strong correlations with established biogenic markers, including oxygenated monoterpenes 

(C10H15O⁺, R=0.90; C10H17O⁺, R=0.84) and monoterpene fragments (C6H9⁺, R=0.85). 

Additionally, this factor shows strong correlations with both biogenic SVOA (R=0.72) and 

biogenic OA (R=0.71), further supporting its connection to biogenic sources. The distinctive 

early morning peak in its diurnal profile represents a classic biogenic emission pattern, driven 

primarily by temperature-induced stomatal opening at dawn that enhances plant volatile release, 

combined with the accumulation of emissions under stable nocturnal boundary layer conditions.  

  

Figure 28. Source apportionment of VOC components based on molecular composition and diurnal variation. 

(a) Normalized mass spectra of five VOC factors identified: Industrial Phyto-emission, Industrial solvent, 

Biogenic emissions, French wildfire episodic, and Industrial food process. Colors represent different molecular 

classes (e.g., CH, CHO1, CHO2, CHON, etc.). The O:C, H:C, N:C, and S:C atomic ratios of each factor are 

provided. (b) Diurnal profiles of factor concentrations (ppb), showing distinct temporal patterns; the shaded 

area between the P25 and P75 shows the IQR, reflecting the variability in factor concentrations. 
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The French wildfire episodic VOC factor exhibited dramatically elevated concentrations 

specifically on 20th-21st July, perfectly coinciding with documented wildfire events in France 

and corresponding atmospheric transport patterns, before rapidly diminishing to background 

levels - clear evidence of a transient pollution episode. The factor exhibited the most oxidized 

signature among all sources (O: C=0.353), along with remarkably elevated N: C (0.047) and 

S:C (0.02) ratios. These chemical fingerprints indicate: (1) extensive atmospheric aging and 

oxidation during transport (elevated O:C) and (2) significant incorporation of NOx into organic 

compounds through nighttime nitrate radical chemistry (high N:C). This factor demonstrates 

moderate correlations with biomass burning SVOA (R=0.65) and landfill gas combustion OA 

(R=0.63), suggesting its primary origin from biomass combustion sources. 

The industrial food processing VOC factor was identified through its characteristic chemical 

profile containing multiple compounds associated with food production and additives. This 

factor exhibited strong correlations with: octenone/octenoic acid (C8H13O2⁺, R=0.92) (Nimbkar 

et al., 2022), methylfuranone (C6H7O2⁺, R=0.89) (Nareman Adeem Shnaa Aljazy and 

Abdulstar, 2023; Darsih et al., 2024), cyclohexenone (C6H9O⁺, R=0.87), hexenoic acid 

(C6H11O2⁺, R=0.86) (Milani and Dehghan, 2024), and other food-related markers including 

fatty acid derivatives and malic acid fragments. Additionally, it shows a correlation with 

industrial food process OA (R=0.41), suggesting some influence from food processing sources. 

The moderate correlation coefficients likely reflect variability in gas-particle partitioning and 

differential atmospheric lifetimes between the emissions and observed OA components. The 

distinct daytime concentration peak, synchronized with industrial working hours, strongly 

suggests emissions from food manufacturing processes rather than household cooking 

activities.  

3.2.4 Example of a polluted episode 

During the measurement period from 18th to 26th July, a pronounced high-pollution event was 

observed (Figure 29). The period exhibited significant variability in air quality, with 

particularly clean conditions associated with air masses (C1) of marine origin. On 21st July, 

these cleaner air masses effectively diluted the highly polluted organic aerosol concentrations 

that peaked on 20th July, while 26th July represented the cleanest day of the campaign with 

the lowest organic aerosol concentrations (Figure 30e). 

The analysis revealed distinct patterns in VOC sources: Biomass burning VOCs showed a 

marked increase during the transport of air masses influenced by French forest fires, followed 
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by a rapid decline to near-background levels. In contrast, Industrial Phyto-emission VOCs 

demonstrated more stable emissions throughout the measurement period, becoming dominant 

after the biomass burning episode. The subsequent increase in Phyto-emission VOC 

concentrations likely reflects the influence of local industrial activities in the region. The paper 

factory Maxau is located north west of the measurement site. Consequently, these wind 

directions coincide with higher values of this factor. 

Both industrial solvent VOCs and biogenic VOCs exhibited similar diurnal patterns, with 

concentrations increasing during nighttime hours. This synchronous behavior can be attributed 

to the BLH evolution. For industrial solvent VOCs, this pattern may be further amplified by 

reduced dispersion conditions at night combined with continued industrial emissions. In 

contrast, industrial food processing VOCs showed distinct daytime peaks, consistent with 

operational hours of these facilities.  
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Figure 29. Time series of meteorological conditions, VOC sources, and aerosol properties at Karlsruhe in July 

2022. (a) Air mass classification based on back trajectories: C1 (green, oceanic), C2 (purple, from the North Sea), 

and C3 (blue, regional continental air). (b) Wind direction and Industrial Phyto-emission VOC. (c) Industrial 

solvent VOC and Biogenic VOC. (d) Biomass burning VOC and Industrial food process VOC. (e) Mass 

concentration of submicron aerosol species (µg/m³). (f) Particle size distribution and planetary boundary layer 

height. 

The temporal variation of SVOA (Figure 30) reveals that the C1 air mass, associated with 

cleaner marine air masses, led to a reduction in the concentrations of all SVOA components 

except the more oxygenated fraction. It seems that More oxygenated SVOA is more related to 

long range transport. Analysis of the SVOA time series indicates that the total organic aerosol 

concentrations were primarily driven by two major sources: Biogenic SVOA, which dominated 

nighttime chemistry, and Industrial Phyto-emission SVOA, which influenced daytime 

photochemical pollution. Notably, the influence of Biomass Burning SVOA was transient, with 

concentrations dropping to nearly negligible levels following the passage of the forest fire 

plume. 
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Figure 30. Time series of meteorological conditions, SVOA sources, and aerosol properties at Karlsruhe in July 

2022. (a) Air mass classification based on back trajectories. (b) Wind direction (c) More oxygenated SVOA and 

Biomass burning SVOA. (d) Biogenic SVOA and Industrial Phyto-emission SVOA. (e) Mass concentration of 

submicron aerosol species (µg/m³). (f) Particle size distribution and planetary boundary layer height. 

Figure 31 demonstrates that OA sources were more strongly influenced by air mass origin than 

by wind direction, which remained relatively consistent throughout the measurement period, 

predominantly from 180-270° with occasional contributions from 0-90°. Despite this 

variability, the particle sources associated with these two wind sectors showed only small 

differences in composition. Diesel combustion OA and Landfill gas combustion OA exhibited 

nearly identical temporal patterns during the high-pollution episode, suggesting a coupled 

emission mechanism-likely from diesel trucks transporting waste, which simultaneously 

contributed to diesel-related emissions while waste handling processes released landfill-

derived organics. Biogenic OA displayed a pronounced influence from nighttime chemistry, 

whereas the other three OA components showed no clear diurnal trends. Notably, LV-OOA 

peaked during the arrival of the C1 air mass, indicating a stronger dependence on regional 
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transport compared to other OA components. This observation suggests that LV-OOA was 

predominantly influenced by aged secondary organic aerosols advected from distant sources 

rather than local production. 

 
Figure 31. Time series of meteorological conditions, OA sources, and aerosol properties at Karlsruhe in July 2022. 

(a) Air mass classification based on back trajectories. (b) Wind direction (c) Diesel combustion OA and Landfill 

gas combustion OA. (d) Biogenic OA and More oxygenated OA. (e) Low-volatile oxygenated OA and Industrial 

food process OA. (f)Mass concentration of submicron aerosol species (µg/m³) and planetary boundary layer height. 

Figure 32 and Table S7 show a comprehensive correlation analysis between OA, SVOA, and 

VOC factors with particle number concentrations across three size bins (11-20 nm, 20-50 nm, 

and 50-90 nm), and the ultrafine particle ratio revealed several key patterns. While all factors 

demonstrated weak negative correlations with the ultrafine particles, only biogenic OA, 

industrial solvent VOC, and landfill gas combustion OA displayed small but significant 

positive (0.44-0.49) correlations with 50-90 nm particles, with no significant correlations 

observed for other size ranges. These weak correlations across multiple size fractions strongly 



84 

 

suggest highly mixed source contributions at this sampling site, where primary emission 

signatures have likely been substantially modified through atmospheric aging and processing. 

Additionally, black carbon also has weak correlations with ultrafine particle concentrations. 

The predominant negative trend with ultrafine particle ratio may further indicate that secondary 

formation processes rather than primary emissions dominate nanoparticle production in this 

environment. 

 
Figure 32. Time series of ultrafine particle ratio, particle number concentrations (11-20 nm, 20-50 nm, 60-90 nm), 

and diesel combustion, landfill gas, biogenic emissions, more-oxygenated, and industrial food processing OA. 

3.2.5 Summary of VOC and aerosol particles at Karlsruhe harbor in Summer 

The study identified three primary air mass pathways influencing the location at the Karlsruhe 

harbor, with 57.9% originating regionally from western Germany. Prevailing 

westerly/southwesterly winds transported industrial pollutants, driving local air quality, while 

particle growth events were. Figure 33 presents the fractional contributions of various sources 

to OA, SVOA, and VOC concentrations. The analysis reveals industrial food processing as the 

dominant source, contributing 41±23% to VOC and 20±9% to OA. Industrial phyto-emissions 
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also showed substantial contributions, accounting for 13±14% of VOC and 44±27% of SVOA. 

The OA fraction was notably characterized by more oxygenated OA (30±15%), which 

exhibited strong influence from Industrial phyto-emissions SVOA. The measurement period 

coincided with French wildfire events, which elevated biomass burning contributions to 17±15% 

in VOC and 26±21% in SVOA. These wildfire emissions showed partial spectral overlap with 

landfill gas combustion profiles, suggesting biomass burning and landfill gas combustion 

sources mixing. Biogenic sources demonstrated consistent but relatively small contributions 

across all phases (VOC: 16±12%; SVOA: 15±14%; OA: 12±9%), reflection the strong role of 

industrial emissions at the Karlsruhe harbor. 

Biogenic, landfill gas combustion OA, black carbon, and industrial solvent VOC exhibited 

relatively weak correlations with 50-90 nm particles (Liu et al., 2025). The overall weak 

correlations with UFP suggest highly mixed sources and substantial atmospheric aging.  

 

 

 

 

 

 

 

 

(a) Organic aerosol (b) Semi-volatile OA (c) VOC 

 

 
 

Figure 33. Average fractional contributions (± standard deviation) of (a) OA, (b) SVOA, and (c) VOC sources. 
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3.3 Sources of VOC and aerosol particles in downtown Munich in Summer 

and Winter 

Conducting this comprehensive field campaign at Theresienstrasse 41 in downtown Munich is 

scientifically significant due to its location in a dense urban street canyon, representing typical 

urban air pollution challenges in a major European metropolis. As Germany's third-largest city 

(population: 1.5 million; density: 4,700/km²), Munich's air quality is influenced by complex 

emission sources including traffic, residential heating, and regional transport, yet molecular-

level characterization of OA and VOCs across seasons remains limited. Previous studies in 

Munich have identified traffic emissions, biomass burning, and cooking as key aerosol sources  

(Qadir et al., 2013; Schnell, 2014) but lacked comprehensive seasonal analysis using advanced 

online instrumentation. 

The primary objectives of this study were to: (1) determine the molecular composition and 

seasonal variability of VOCs and OA at high temporal resolution, (2) identify and quantify 

contributions from key sources (e.g., traffic, cooking, biomass burning) to VOCs, SVOA, and 

total OA using complementary PTR-ToF-MS and HR-ToF-AMS measurements, and (3) 

establish source-receptor relationships through combined PMF analysis of SVOA and OA 

datasets. This approach provides unprecedented chemical resolution for urban aerosol 

characterization, addressing critical knowledge gaps in Munich's air pollution dynamics and 

supporting targeted mitigation strategies. 

Field observations were conducted from August 3rd to August 29th, 2023, in summer and from 

March 1st to April 10th, 2024, in winter. The sampling site (11°34'E, 48°8'N) was located on a 

parking lot next to a 30 m tall building of the Ludwigs-Maximilians-University (LMU) of 

Munich in a street canyon of Theresienstrasse 41 (Figure 34). The street has several restaurants, 

apartment houses, museums, university workshops and laboratories, and substantial car traffic. 

Consequently, the sampling site is affected by emissions from cooking, heating, and traffic. 

The wind direction at the container site predominantly originates from the south and southeast 

due to channeling in the street canyon. At the rooftop of the 30-meter LMU building, it mainly 

came from the west and east. Wind speed and direction exhibit only little differences between 

summer and winter measurements (Figure 34). 



87 

 

 

Figure 34. (a) Map of the measurement location (red pin, LMU) and surrounding restaurants (yellow markers). 

(b) and (d) illustrate wind direction and wind speed measured by the Institute of Meteorology of LMU at the 

rooftop (30 meters above ground level) of the Environmental Department building adjacent to the measurement 

container in summer and winter, respectively. (c) and (f) show wind direction and wind speed measured at 3 

meters above the street level on the measurement container in summer and winter, respectively. 

3.3.1 Overview of meteorological and particle observations 

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

temperatures and significant precipitation events mainly at the beginning and end of the 

summer campaign. The winter/spring period shows typical winter conditions until March 8th 

and more spring-like warmer conditions thereafter.  

Figure 35a and b show wind speed and direction at 3m and 30m above ground in summer and 

winter. In different seasons, wind speed at different heights shows similar time series. The 

average wind speed is 0.7±0.4 m s-1 at 3m and 2.6 ± 1.4 m s-1 at 30m in summer and 

winter/spring. Figure 35c and d present the time series of meteorological parameters during the 

summer and winter campaigns. The average ambient temperature in summer was 21.9 ± 5.8 °C, 

significantly higher than the winter/spring average of 8.4 ± 3.0 °C / 10.2 ± 3.8 °C. Solar 

radiation levels were also notably higher in summer compared to winter. Relative humidity and 

precipitation showed seasonal variation, with values of 66.5 ± 17.3% and 7.23mm day-1 in 

summer, compared to 73.4 ± 16.2 % / 67.3 ± 14.3 % and 9.75mm day-1 / 24.00mm day-1 in 

winter/spring, respectively. This indicates that there was more precipitation in spring. Trace 

gases exhibited seasonal differences: NO2 averaged 10.2 ± 7.7 µg m-3 in summer and 26.1 ± 

9.9 / 28.4 ± 10.8 µg m-3 in winter/spring, likely influenced by higher emissions and less dilution 

in winter. Similarly, NH3 mixing ratios were lower in summer (1.3 ± 0.1 µg m-3) compared to 

winter (5.4 ± 1.5 µg m-3) and spring (4.0 ± 1.8 µg m-3). O3 levels also varied seasonally, with 

surprisingly lower summer concentrations (67.1 ± 26.6 µg m-3) than in winter (90.5 ± 56.9 µg 



88 

 

m-3) and spring (120.0 ± 46.6 µg m-3). Summer's low NO2 limits O3 despite high sunlight, while 

winter/spring's high NO2 sustains O3. The region is NOx-limited, making NOx control key for 

ozone reduction. As expected, the average boundary layer height (BLH) was lowest in winter 

(339 ± 298 m), compared to summer (510 ± 477 m) and spring (516 ± 453 m) with similar and 

significantly higher values, further influencing pollutant dispersion and accumulation. 

Comparison of size distribution measurements over the entire summer and winter periods 

reveals a higher frequency of particle formation events and significantly higher particle 

concentrations during summer (Figures 35e and f). The average total particle number 

concentration was highest in summer at 9988 ± 5118 cm-3, with sub-100 nm particles 

accounting for 8175 ± 4623 cm-3 and representing 80.6 ± 8.2% of the total. In comparison, 

winter showed lower concentrations with a total of 8879 ± 3515 cm-3, of which sub-100 nm 

particles constituted 5459 ± 2524 cm-3 (63.9 ± 45.2%). Similarly, spring exhibited intermediate 

levels with an average total particle count of 7047 ± 3941 cm-3, including 5946 ± 3847 cm-3 of 

sub-100 nm particles (89.7 ± 27.8%). This indicates higher ultrafine particle concentrations in 

summer and spring compared to winter. PM2.5 concentrations exhibited distinct seasonal 

variations, with the lowest levels observed in spring (4.2 ± 3.1 µg m-3) and summer (6.7 ± 3.7 

µg m-3), while winter showed significantly higher concentrations (13.0 ± 7.4 µg m-3). In 

contrast, PM10 displayed a different seasonal pattern, with summer concentrations (14.0 ± 9.6 

µg m-3) slightly lower than winter levels (15.4 ± 8.4 µg m-3), followed by substantially reduced 

spring concentrations (6.5 ± 4.3 µg m-3). This is reflecting the larger total precipitation and 

potential wet scavenging in spring. 

Summer 

 

Winter/Spring 

 

(a) (b) 
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Figure 35. 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; Black Carbon (BC) 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). 

Aerosol particle mass composition varies by season. Organic aerosol particles dominate in 

summer, averaging 4.3 ± 2.9 µg m-3, higher than 3.4 ± 1.7 µg m-3 in winter and 1.8 ± 1.8 µg m-

(c) (d) 

(e) (f) 
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3 in spring. Nitrate is the main component in winter, with 4.5 ± 3.2 µg m-3, compared to 1.0 ± 

1.3 µg m-3 in spring and 0.3 ± 0.2 µg m-3 in summer. Ammonium also peaks in winter at 1.8 ± 

1.1 µg m-3, compared to 0.4 ± 0.4 µg m-3 in spring and 0.3 ± 0.2 µg m-3 in summer. Black 

carbon (eBC) average mass concentrations were 0.47 ± 0.35 µg m-3 in summer, 0.64 ± 0.35 µg 

m-3 in winter, and 0.31 ± 0.22 µg m-3 in spring. The average fractions are shown as pie charts 

(Figures 36).  

Summer Winter Spring 

   
Figure 36. Fractions of OA (green), sulfate (red), nitrate (blue), ammonium (yellow) and BC (black) in summer 

2023 (a), (b) in winter (until March 8th) and (c) in spring 2024 in downtown Munich. 

3.3.2 Sources of organic aerosol (OA) particles 

This study thoroughly examined factor profiles, diurnal patterns, and correlations with tracers 

(Figure 37, S7) in summer and in winter (Figure 38, S8). Five OA factors were identified from 

PMF analysis of the AMS mass spectra as the optimal interpretable solutions for summer and 

winter, respectively. The average organic aerosol concentration was 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 spring.  

In summer, the first factor was identified as cooking organic aerosol (COA), based on its high 

H: C ratio (1.82), low O: C ratio (0.19) (Figure S7a), higher contributions at m/z 55 (C3H3O
+) 

and m/z 57 (C3H5O
+), and the mass spectrum dominated by hydrocarbon ions. These 

characteristics are consistent with reported COA in urban areas (Mohr et al., 2012; Elser et al., 

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

CHARON-PTR-MS showed a moderate correlation (R = 0.54) with the COA time series 

(Figure 35a). The second factor is characterized by a mass spectrum also dominated by 

hydrocarbon ions, a similar O: C ratio, and a high O: C ratio, but with higher contributions at 

m/z 55 (C4H7
+) and m/z 57 (C4H9

+) (Elser et al., 2016). These features are consistent with the 

characteristics of hydrocarbon-like organic aerosol (HOA), which is related to traffic emissions. 

Additionally, HOA shows a good correlation (R=0.66) with the BC time series. The third factor 

is assigned to Biogenic organic aerosol (BOA), based on its H: C ratio of 1.63 and O: C of 0.44. 

(a) (b) (c) 
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The O/C ratio falls within the range typically associated with semi-volatile oxidized organic 

aerosol (SVOOA), which is approximately 0.35±0.14 (Setyan et al., 2012). And it has a good 

correlation of 0.86 with monoterpene oxidation products (e.g. Pinoaldehyde) measured by 

CHARON-PTR-MS. BOA's diurnal pattern (Figure 37b) shows an increase starting at 8 pm, 

reaching its peak at 7 am. This trend aligns with the nighttime oxidation process of 

monoterpenes, supporting its identification as BOA. The fourth factor was identified as aged 

biomass burning organic aerosol (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 range of aged BBOA (0.5-0.87) (Ortega et 

al., 2013). Its diurnal profile shows a small peak at 3 pm and a higher peak at 10 pm. BBOA 

shows a strong correlation (R=0.93) with the BBOA tracer levoglucosan detected by 

CHARON-PTR-MS. Therefore, the fourth factor is identified as aged BBOA. The fifth factor 

has the lowest H: C ratio (1.43) and the highest O:C ratio 0.75, which falls within the range of 

low-volatile oxygenated organic aerosol (LVOOA) (0.6-1.0) (J. L. Jimenez  et al., 2009). 

LVOOA is dominated by CO+ and CO2
+ in the AMS mass spectra and shows a strong 

correlation (R=0.70) with O3, indicating that it is associated with photochemical oxidation 

processes (Kumar et al., 2016). Its diurnal pattern shows a daytime peak. These characteristics 

align well with the typical properties of LVOOA, leading to its identification as LVOOA.  

  
Figure 37. Source apportionment of OA in summer measured by the AMS. (a) Time series of OA factors – 

cooking OA(COA), hydrocarbon-like OA (HOA), biogenic secondary OA(BOA), aged biomass burning OA 

(BBOA), and low-volatility oxygenated OA (LV-OOA) and external tracer species (fatty acid, pinon aldehyde 

and levoglucosan, BC, and O3. (b) Median diurnal variations in OA factors. 

(a) 
(b) 
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In winter, I identified all the factors using the same method as in summer. The difference is 

that the traffic diurnal cycle (Figure 38) exhibits distinct peaks during the morning and evening 

rush hours. Fresh BBOA shows an evening peak, indicating evening residual heating activities. 

Aged BBOA is characterized by its correlation with C6H7O5
+, which I identified as an oxidation 

product of BBOA in the CHARON-PTR-MS section. Its diurnal pattern is very flat, suggesting 

it may be associated with regional background levels or long-range transport. For LVOOA, 

NH4
+ is used as an indicator, as it correlates strongly with inorganic aerosol during autumn and 

winter (Freney et al., 2011).  

  
Figure 38. Source apportionment of OA in winter/spring measured by the AMS. (a) Time series of OA factors 

-traffic OA, cooking OA(COA), fresh biomass burning aerosol (BBOA), aged biomass burning aerosol 

(BBOA), and low-volatile oxygenated OA (LV-OOA) and external tracer species (BC, fatty acid C16H35O3
+, 

Levoglucosan, C6H7O5
+, and ammonium aerosol NH4

+). (b) Median diurnal variations in OA factors. 

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

aged BBOA 25±21%, and LVOOA 33±20%. In winter, the contributions are: traffic 5±4%, 

cooking 12±12%, fresh BBOA 13±9%, aged BBOA 36±12%, and LVOOA 33±17%. In spring, 

the contributions are: traffic 9±7%, cooking 19±16%, fresh BBOA 27±17%, aged BBOA 

37±19%, and LVOOA 9±10% (Figure 39).   

 

 

 

(a) (b) 
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Summer Winter Spring 

 

 

 

 

 

 

Figure 39. The relative mass contribution of every organic aerosol (OA) factor to total OA concentrations in  

(a) summer (traffic, cooking, aged biomass burning, biogenic and low-volatile oxygenated OA),(b) winter, and 

(c) spring (traffic, cooking, Fresh biomass burning, aged biomass burning and low-volatile oxygenated OA). 

3.2.3 Sources of semi-volatile organic aerosol particles 

This study excluded abundant ions that could skew results and very low ion signals with 

minimal impact. The average semi-volatile organic aerosol concentration was 0.3±0.2 µg m-3 

in summer, 0.14 ± 0.08 µg m-3 in winter, and 0.07 ± 0.07 µg m-3 in spring. Through a 

comprehensive analysis of factor profiles, diurnal variations, and tracer correlations in summer 

(Figure 40, S9 and Table S8) and in winter (Figures 41, S10 and Table S9). Five SVOA factors 

were identified as the most interpretable solution for both summer and winter campaigns.  

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

including oxidized molecules of monoterpenes C10H15O1
+ (R=0.93) and C10H17O1

+ (R=0.89) 

(Li et al., 2020a). While the expected monoterpene oxidation products are typically C9H15O1-

5⁺, I found that C9H13O1⁺ and C9H13O2⁺ also correlated well with this factor, with correlation 

coefficients R=0.91 and R=0.85, respectively. This suggests that the C9H15O1-2⁺ compounds 

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

nitrogen-containing species like C9H13N1O1, C9H12N1O2, and C9H13N1O5 displayed strong 

signals and significant correlation with this factor, which may indicate they are fragments of 

monoterpene-derived organic nitrates, such as C9H15N1O5₋7 (Massoli et al., 2018). The diurnal 

cycle shows a nighttime peak (Figure 40b). Therefore, I have attributed to terpene oxidation 

OA also based on the presence of a monoterpene oxidation tracer and the observed diurnal 

pattern. 

The second factor includes clear markers of isoprene oxidation products, specifically C5H8On 

species (Li et al., 2020a), with C5H9O6⁺ (R=0.83) and C5H9O3⁺ (R=0.82) showing strong 

correlations (Riva et al., 2016). Additionally, the ion with the highest fraction, C3H5O4⁺ 

(a) (b) (c) 

OA:4.3±2.9µg m-3  OA:3.4±1.7µg m-3  OA:1.8±1.8µg m-3  
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(R=0.85), likely originates from the oxidation of ISOPOOH (Rios, 2018). However, benzoic 

acid C7H7O2⁺ (R=0.95), showing a strong signal, and phthalic anhydride C8H5O3⁺ (R=0.83) are 

both known emissions from biomass burning aerosols (Bruns et al., 2017; Koss et al., 2018). 

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

(R=0.84) as reported by Nakao et al. (Nakao et al., 2011a), is an oxidation of o-cresol, an 

emission from oxygenated aromatic BBOA. Therefore, I define this factor as mixed oxidized 

isoprene OA and BBOA. 

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

acid C8H8O4 (Fleming et al., 2020) and its prominent fragment (C8H6O4) with even higher 

correlation (R=0.96), which constitutes a significant portion of this factor. Additionally, 

another BBOA tracer, syringic acid (C9H10O5) (Wan et al., 2019), and its fragment (C9H6O3, 

R=0.95), likely formed by the loss of two H2O molecules, or as a direct BBOA emission 

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

C7H8O5, are oxidation products of guaiacol (Yee et al., 2013b). The diurnal cycle of this factor, 

peaking during the daytime, suggests that agricultural activities or barbecue events may be 

contributing sources during the summer. 

The fourth factor shows no correlation with other compounds and exhibits a distinct nighttime 

peak (Figure 40b). However, it correlates strongly with nitrate detected by AMS (R = 0.71). 

This suggests that the factor represents regional background, with its nighttime increase likely 

influenced by local accumulation effects and boundary layer dynamics. 

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

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

+ (R=0.79), 

oxidized molecules of monoterpenes C8H13O2
+ (R=0.81), C8H13O4

+ (R=0.80), and its fragment 

(C8H11O3
+, R=0.83). Compounds like C9H13O3-4

+ (R=0.81, 0.78) likely arise from fragments of 

the C9H14On series, representing more oxidized monoterpene products that have lost hydrogen. 

Compared to the diurnal pattern of less oxidized terpene products, this factor's peak displays a 

delay, suggesting that primary oxidation products form initially and then undergo further 

oxidation, resulting in more oxidized BOA. 
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Figure 40. (a) Normalized SVOA factor spectra from PMF analysis and characteristic mass /z peaks in summer; 

(b) Median diurnal variations in SVOA factors during summer time 

For the winter, the first factor is identified as night-time aged BBOA due to the presence of 

distinct BBOA tracers, C6H6N1O4
+ and C7H8N1O4

+ (Figure 41a), which do not appear in the 

mass spectra of other factors.  Nitrocatechols (C6H5N1O4) originates from anthropogenic 

activities, including biomass burning and vehicle emissions. Meanwhile, methyl-nitrocatechos 

(C7H7N1O4) are specific markers for BBOA, as they are formed from m-cresol released during 

biomass combustion and diesel exhaust (Kourtchev et al., 2016). These tracers also exhibit the 

same strong correlation of 0.97 with this factor (Table S9). Syringic acid (C9H10O5) also 

correlates well (R=0.70) with this factor. Its daily cycle did not show peaks during morning or 

evening rush hours; instead, a peak was observed around 8 p.m., suggesting it aligns more with 

biomass burning in the evening. This factor showed a strong correlation with highly oxidized 

nitrogen-containing compounds and secondary organic aerosols (syringic acid). This factor is 

more related to highly oxidized nitrogen-containing secondary organic aerosols, indicating that 

nitrogen-containing compounds are produced by BBOA. Therefore, I identified it as night-time 

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

C16H35O3
+ (C16H33O2(H2O)+) (R=0.88), C16H33O2

+ corresponding to palmitic acid (R=0.54), 

and C16H31O1
+ is the fragment of C16H33O2

+  (R=0.54). C18H34O2 is identified as the cooking 

tracer oleic acid, while C16H33O2
+ serves as another cooking aerosol tracer, corresponding to 

palmitic acid (Reyes-Villegas et al., 2018; Wang et al., 2020; Huang et al., 2021). C16H31O1
+ 

is thought to originate from C16H33O2
+ due to fragmentation involving the loss of one H2O 

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

The third factor was identified as aged combustion. In this factor, the aromatic hydrocarbon 

C7H9
+ accounts for a relatively higher fraction and exhibits a strong correlation (R = 0.79). 

Although C8H13
+ does not contribute as significant as C7H9

+, it also shows the same strong 

correlation. These compounds are attributed to combustion sources (Wang et al., 2022). The 

ion C7H10N1
+, potentially a fragment of acridine (C7H12N1

+) originating from coal combustion 

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

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

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

+ 

(R=0.82), are also observed. This is likely because monoterpenes, serving as biofuel 

components in engines and boilers, form oxidized monoterpene products when combusted and 

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

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

The fourth factor has C6 carboxylic acids (C6H7O5
+) which is the phenol oxidation products 

with OH radicals in the low-NOx system, and C7H9O5
+ denoted as the third-generation guaiacol 

with OH adduct. Propanedioic acid C3H5O4
+, pentanedione C4H5O3

+, and 2-oxopentanedioic 

acid C5H7O4
+ are fragments derived from the OH oxidation products of biomass burning VOC 

(BBVOC) such as guaiacol and syringol (Yee et al., 2013b). Additionally, C6H6O2 is an OH 

radical oxidation product from phenol. A higher fraction of 2,5-di-(hydroxymethyl)furan 

C6H9O3
+ was observed, which may result from C6H7O2

+ binding with a water molecule. These 

photochemical products, formed from BBVOC oxidation by OH radicals, confirm that this 

factor represents aged BBOA. All the aforementioned ions exhibit a strong correlation of 

approximately 0.85 with this factor, as shown in Table S9. Furthermore, its diurnal pattern, 

with a peak at 15:00 during the day, leads to its identification as day-time aged BBOA.  

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

C16H33O2(H2O)+ (R = 0.91), C18H15O1⁺ (R = 0.90), C19H15O1⁺ (R = 0.88), and oleic acid 

C18H35O2⁺ (R = 0.88). However, these compounds do not account for significant fractions in 
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this factor's mass spectrum as they do in factor 2's mass spectrum. Notably, trimethoxy methane 

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

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

correlation with sulfate detected by AMS (R=0.74) suggests a regional background origin, with 

the nighttime peak indicating local accumulation effects related to boundary layer dynamics. 

 
Figure 41. (a) Normalized SVOA factor spectra from PMF analysis and characteristic mass /z peaks in winter; (b) 

Median diurnal variations in SVOA factors during winter time 

During summer, the composition of SVOA includes 11±15% weakly oxidized monoterpene 

OA, 16 ± 15% oxidized isoprene & BBOA (mixture of oxidized isoprene OA and BBOA), 25 

± 21% BBOA, 30 ± 22% attributed to regional background sources, and 18 ± 16% to highly 

oxidized monoterpene OA (Figure 42). In winter, nighttime aged BBOA accounts for 10 ± 9%, 

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

constitutes the largest fraction at 55 ± 21%, and regional background sources contribute 23 ± 

17%. In spring, nighttime aged BBOA accounts for 12 ± 12%, cooking OA contributes 11 ± 

12%, aged combustion OA makes up 24 ± 18%, daytime aged BBOA constitutes the largest 

fraction at 46 ± 25%, and regional background sources contribute 7 ± 9%. 
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Summer Winter Spring 

 

 

 

 

 

 

Figure 42. The relative contribution of each semi volatile organic aerosol (SVOA) factor to total SVOA 

concentrations in (a)summer (isoprene mixed with biomass burning, biomass burning, weakly oxidized 

monoterpene and more oxidized monoterpene OA), (b) winter and (c) spring (cooking, day-time aged biomass 

burning, night-time aged biomass burning, aged combustion and regional background OA). 

3.3.4 Sources of VOC 

The average VOC mixing ratio is 3.4±1.0 ppb in summer, 2.1±0.7 ppb in winter, and 3.4 ±1.7 

ppb in spring. This study thoroughly examined factor profiles, diurnal patterns, and correlations 

with tracers (Figure 43, S11, and Table S10) in summer and in winter (Figures 44, S12, and 

Table S11). Five factors were identified based on measured VOC as the optimal interpretable 

solutions for summer and winter, respectively.  

In summer, the first factor was characterized by high contributions and strong correlations with 

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

+ (m/z 107.086), and C9H13
+ (m/z 

121.102). These compounds correspond to toluene, xylenes, and C9-aromatics, commonly used 

as vehicular emission markers (Squires et al., 2020; Jain et al., 2022). I assigned it to traffic 

VOC.  These ions show a correlation coefficient (R) of approximately 0.9 with traffic emissions 

(Table S10). According to the diurnal profiles of traffic (Figure 41) in summer, it shows distinct 

peaks during morning and evening rush hours. 

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

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

+ carvone 

(m/z 149.097), weakly-oxidized molecules of monoterpenes C10H15O1
+ (m/z 151.112), 

C10H17O1
+ (m/z 153.128) and C10H15O2

+ (m/z 167.107) (Li et al., 2020a). These ions show 

strong correlations with the Oxidized BVOC factor, with R values of 0.93, 0.93, 0.93, 0.91, 

and 0.87, respectively.  Oxidized BVOC have a nighttime peak in the diurnal profile and drop 

to nearly zero by noon, likely due to enhanced dilution and quicker oxidation to higher 

oxidation states not detectable by PTR-MS. 

（a） （b） （c） 

0.3±0.2 µg m-3  0.14±0.08 µg m-3  0.07±0.07 µg m-3  
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The third factor was identified as BVOC due to the predominance of C10H17
+ monoterpene (m/z 

137.133) and its fragmentation C6H9
+ (m/z 81.07) ions in this VOC factor, with correlations of 

0.98 and 0.86, respectively. Sesquiterpenes also show a strong correlation with this 

factor(R=0.80). The average diurnal behavior of BVOC shows an early morning peak, because 

BVOC, especially monoterpenes, are often stored in vegetation and released at the start of the 

morning due to sunlight and slight temperature increases (Malik et al., 2023). 

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

C4H5O3
+ (m/z 101.024), with correlation coefficients of 0.75 and 0.72, respectively. The time 

series of O3 and this factor showed a good correlation during certain periods. The diurnal cycle 

of it exhibits a daytime peak, indicating involvement in photochemical processes. I classified 

it as aged VOC. 

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

and orthoacetic acid C2H7O3
+ (m/z 79.039), with strong correlations of 0.85 and 0.83, 

respectively. Additionally, ring fragments of oxidized syringol molecules C4H7O4
+ (m/z 

119.034), and ring fragments of oxidized guaiacol and syringol molecules C5H3O2
+ (m/z 

95.013), C5H7O4
+ (m/z 131.034) and C4H7O3

+ (m/z 103.04) contribute smaller fractions but 

display even higher correlations, with values of 0.90, 0.91, 0.92 and 0.86 (Yee et al., 2013b). 

Compared with the other 4 factors, the biomass burning VOC mass spectrum shows more 

oxidized compounds.  
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Figure 43. VOC source apportionment for summer time. (a)  Normalized VOC factor mass spectra from PMF 

analysis and characteristic mass peaks in summer; (b) Median diurnal variations in VOC factors during summer 

time 

In winter, the first factor was identified as traffic VOC using the same method as in summer, 

showing high contributions and strong correlations with aromatic hydrocarbon ions, including 

toluene C7H9
+ (m/z 93.07), C9 aromatics C9H13

+ (m/z 121.102), and cymene C10H13
+ (m/z 

133.102).  

The second factor, classified as terpenes VOCs, was marked by the predominance of 

monoterpene C10H17
+ (m/z 137.133) and its fragment C6H9

+ (m/z 81.07) ions with correlations 

of 0.90 and 0.89, respectively. Sesquiterpenes also show a strong correlation (R=0.92). The 

diurnal variation shows both morning and evening peaks, with the morning peak being higher 

than the evening peak. This pattern differs from typical traffic trends. This pattern is similar to 

that of limonene from shower gels (Yeoman et al., 2020), which shows higher concentrations 

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

typically shower in the morning before leaving home, leading to higher detection. By the 

evening, the limonene has dissipated. 

The third factor included a lot of smaller oxygenated VOC (OVOC) such as 1,3-propanediol 

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

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

113.024), maleic acid C4H5O4
+ (m/z 117.019), succinic acid C4H7O4

+ (m/z 119.034), benzoic 

acid C7H7O2
+ (m/z 123.045) (Lemieux et al., 2004) and salicylic acid C7H7O3

+ (m/z 139.04). 

They all show strong correlations (R=0.85-0.90) with this factor. Notably, C5H5O3
+ and 
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C7H7O3
+ are recognized as tracers of biomass burning VOC (Li et al., 2020b; Romanias et al., 

2024). It displays a peak during the daytime, possibly due to biomass burning activities in 

certain areas (e.g., cooking or outdoor grilling), which increase VOC emissions and lead to a 

daytime peak in the VOC diurnal profile. I classify this factor as biomass burning VOC. 

The fourth factor was dominated by xylene, represented by C8-aromatic hydrocarbon C8H11
+ 

(m/z 107.086), with a correlation of 0.96. This factor also shows a strong correlation with 3-

ethyl-pyridine C7H10N1
+ (m/z 108.081) and the C9-aromatic hydrocarbon VOC C9H13

+ (m/z 

121.102), with correlations of 0.98 and 0.91, respectively. Xylene and trimethylbenzene are 

components of flue gases from fossil fuel combustion VOC  (Niu et al., 2021). It also displays 

morning and evening peaks in its diurnal cycle, leading to its identification as a traffic2 VOC 

factor. 

The fifth factor has minimal correlation with most masses, only showing a correlation of 0.73 

with benzene (C6H7
+) and weak correlations with various oxygenated compounds. Therefore, 

this factor may originate from different low-concentration emission sources. Its diurnal 

variation shows a small evening peak, likely influenced by minor traffic or industrial emissions. 

This factor accounts for 31% (Figure 43), and as background VOC are commonly found to 

have a high fraction, I classify it as background VOC. 

 
Figure 44. (a) Normalized VOC factor spectra from PMF analysis of PTR-MS data and characteristic mass/z 

peaks in winter; (b) Median diurnal variations in VOC factors during winter and spring time in Munich. 
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The source contributions of VOCs vary significantly across seasons, reflecting shifts in 

emission patterns and atmospheric conditions. In summer, the largest contributor is aged VOC 

at 42±18%, indicating the dominance of secondary pollutants formed through atmospheric 

photochemical processing. Traffic emissions account for 22±14%, while oxidized biogenic 

VOCs (BVOCs) make up 13±13%, and fresh BVOCs contribute 7±7%. Biomass burning plays 

a notable role at 16±15%, likely due to outdoor barbeque in warmer months. Winter exhibits a 

different profile, with background sources dominating at 54±9%, suggesting stable 

atmospheric conditions. Traffic-related emissions split into two categories—traffic1 (26±6%) 

and traffic2 (7±6%)—possibly reflecting different vehicle types or fuel usage patterns. 

Monoterpene VOCs remain low (4±4%), consistent with reduced biogenic activity and from 

anthropogenic source like personal care products (Wu et al., 2024), while biomass burning 

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

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

burning VOC 33±14%, traffic2 13±8%, and background 23±16% (Figure 45).  3.4±1.0 ppb in 

summer, 2.1±0.7 ppb in winter, and 3.4 ±1.7 ppb in spring.  

3.3.5 Extreme pollution events 

In my work, I aim to investigate the influence of VOC on aerosol particles. To achieve this, I 

selected representative periods characterized by higher pollution events from both campaigns 

in Munich for a more detailed analysis. From August 10th to 25th, elevated pollution levels and 

several particle growth events were observed. Notably, these ultrafine particle growth events 

predominantly occurred for lower BLH during nighttime hours (Figure 46d and 46e).  Traffic-

related VOCs, BVOCs and OBVOCs all increased when BLH decreased. Especially traffic-

related VOCs was stronger affected by BLH, increasing as BLH decreased. This pattern 

Summer Winter Spring 

 
  

Figure 45. The relative contribution of each VOC factor to total VOC concentrations in (a) summer (traffic, 

biogenic, oxidized biogenic, biomass burning and oxidized VOC factors), (b) in winter and (c) in spring 

(traffic1, traffic2, monoterpene, biomass burning (BBVOC) and background VOC factors). 

(a) (b) (c) 

3.4±1.0 ppb 2.1±0.7 ppb 3.4±1.7 ppb 
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suggests that shallow boundary layers enhance the accumulation of these VOC factors near the 

surface by limiting vertical dispersion. BVOCs and OBVOCs consistently peaked during 

ultrafine particle growth events, which exclusively occurred when BLH was already low. 

During these periods, traffic-related VOCs showed decreasing trends, while BBVOCs and 

Aged VOCs reached their daily minimum levels. This observation strongly indicates that 

BVOCs and OBVOCs were the dominant contributors to ultrafine particle growth. Increasing 

in BVOCs and OBVOCs coincide with decreasing ozone (Figure 46d), suggesting rapid 

reactions between monoterpenes and O3 that drive ultrafine particle growth. In contrast, 

BBVOCs and aged VOCs (Figure 46c) decrease during growth events and show peaks around 

noon, indicating they are not associated with nighttime particle growth. The toluene/benzene 

and xylene/benzene ratios exhibited relatively stable trends in most cases (Figure 46a), 

suggesting a predominant and consistent influence from vehicular emissions. This stability 

aligns with findings from (Nakhjirgan et al., 2024), where similar ratio patterns were attributed 

to traffic-related sources. However, occasional sharp increases in these ratios were observed, 

particularly when the total traffic-related VOC concentration approached near-zero levels. 

These ratio spikes likely occurred not due to actual increases in toluene or xylene emissions, 

but rather because benzene concentrations dropped to extremely low levels, causing the ratios 

to mathematically inflate. This phenomenon could result from temporary reductions in 

benzene-rich emission sources (e.g., reduced traffic during specific hours) or enhanced 

atmospheric oxidation of benzene under daytime.  
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Figure 46. Traffic VOC and ratios of toluene to benzene and xylene to benzene (a), mixing ratio of isoprene, 

monoterpene and sesquiterpene (b), BBVOC factor (c), O3 and BLH (d) and particle size distributions (e). (pink 

shaded area indicates days with particle growth events) 

Table 4 Correlation (R) between VOC species and different size range ultrafine particle concentration numbers 

from 19th to 22nd August 2023 

Correlation 7-10 nm 10-30 nm 30-50 nm 50-100 nm 

Traffic 0.91 0.76 0.82 0.86 

Isoprene 0.78 0.54 0.72 0.80 

Isoprene oxidation products 0.78 0.49 0.60 0.67 

Monoterpene 0.28 0.13 0.17 0.31 

Monoterpene oxidation products 0.32 0.16 0.21 0.32 

Sesquiterpene 0.56 0.36 0.40 0.55 

Figure 47 and Table 4 show that traffic-related VOCs correlated with ultrafine particles, as 

both peak during traffic hours (Figure 47a, 47d). Similarly, isoprene and its oxidation products 

follow the same pattern as traffic-related VOCs, both being affected by the decreasing BLH 

(Figure 47e). It indicates that isoprene and its oxidation products were mostly from traffic. 

However, ultrafine particle growth events occur after midnight, when traffic, isoprene, isoprene 

oxidation products, and ultrafine particles decline. In contrast, monoterpenes, their oxidation 

products, and sesquiterpenes (Figure 47b, 47c) increase and peak during particle growth events. 

They show weak correlations with ultrafine particles due to their correlations with particle 
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growth, not concentrations. Thus, summer nighttime particle growth is strongly influenced by 

monoterpenes and their oxidation products. This is in agreement with previous in Stuttgart and 

near Karlsruhe (Huang et al., 2019; Song et al., 2024b). 

 
Figure 47. Traffic and isoprene concentration(a) monoterpene and sesquiterpene concentration(b) the sum of 

monoterpene oxidation products (C10H15O1-3
+ and C10H17O1-3

+) and isoprene oxidation products (C4H7O1-4
+, 

C4H9O1-3
+, C5H9O1-4

+, C5H11O1-3
+ and C5H13O2

+) (c) particle numbers of 7-10nm, 10-30nm, 30-50nm and 50-

100nm(d) size distribution of particle(e) from 19th to 22nd August 2023（Blue shade for ultrafine particle peak 

events and red shade for particle growth events） 

The average toluene/benzene and xylene/benzene ratios during March 2024 were 1.8±1.1 and 

2.1±1.3, respectively (Figure 48a), indicating VOC sources from aged air masses, with toluene, 

xylene, and trimethylbenzene primarily emitted by vehicles. Ratios exceeding 5 suggest 

contributions from fresh emissions (Kumar et al., 2018). Particle growth events were much less 

frequent in winter and spring than in summer. On March 15th, 20th, and 22nd, weak particle 

growth events occurred during shallow or decreasing BLH, accompanied by increasing VOC 

factors (Figure 48). Figure 49 and Table 5 illustrate that all tracers of the VOC factors exhibit 

peaks corresponding to the peaks in ultrafine particles, indicating that all of them influence 

(b) 

(a) 

(c) 

(d) 

(e) 
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ultrafine particles in winter/spring time. But no VOC factor show any influence for the particle 

growth. 

 
Figure 48. Evolutions of traffic VOC factor and ratio of toluene to benzene and xylene to benzene (a), mixing 

ratio of monoterpenes and sesquiterpenes (b), BBVOC factor (c), O3 and BLH (d) and size distribution of 

particle (e). (Blue shaded area indicates ultrafine particle peak events and red shaded area indicates particle 

growth events) 

Table 5 Correlation (R) between VOC species and different size range ultrafine particle concentration numbers 

from 20th to 23rd March 2024 

Correlation 14-30 nm 30-50 nm 50-100 nm 

Toluene 0.71 0.69 0.67 

C9 aromatics 0.70 0.66 0.62 

Monoterpene 0.29 0.28 0.33 

Xylene 0.66 0.68 0.65 

Salicylic acid 0.27 0.46 0.35 

Benzene 0.49 0.46 0.48 

(a) 

(b) 

(c) 

(d) 

(e) 
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Figure 49. Traffic1 VOC factor tracers: toluene and trimethylbenzene (a) terpenes VOC factor tracer 

monoterpene and traffic2 tracer xylene(b) BBVOC factor tracer salicylic acid and regional background tracer 

benzene (c) particle numbers of 14-30nm, 30-50nm and 50-100nm(d) particle size distribution and BLH (e) 

from 20th to 23rd March 2024 (Blue shades indicate ultrafine particle peak events and red shades indicate particle 

growth events) 

Figures 50 and 51 illustrate the influence of semi volatile organic aerosol (SVOA) factors on 

ultrafine particles during summer and spring, focusing on the same periods analyzed in Figures 

47 and 49, which were selected due to their high frequency of ultrafine particle growth events. 

In summer, regional background, weakly oxidized monoterpene, and more oxidized 

monoterpene SVOAs increased during UFP growth events, suggesting that BVOCs play a role 

in nighttime UFP growth. In contrast, biomass burning related SVOA decreased during UFP 

growth events, confirming that biomass burning emissions had little influence on UFP 

formation in summer. In spring, only the regional background SVOA peaked during UFP 

growth events, reinforcing its role in particle growth. These observations highlight the seasonal 

shifts in dominant UFP growth sources, with biogenic and regional background SVOAs being 

more relevant in summer and only regional background SVOA in spring playing a more 

prominent role. 

(d) 

(e) 

(c) 

(b) 

(a) 
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Figure 50. Evolution of semi-volatile organic aerosol of Iso OA & BBOA and BBOA(a), regional background 

(b), weakly and more oxidized monoterpene (c), particle numbers of 7-10nm, 10-30nm, 30-50nm and 50-

100nm(d) size distribution of particle and BLH (e) from 19th to 22nd August 2023 (Blue shade for ultrafine 

particle peak events and red shade for particle growth events) 

Table 6 Correlation (R) between SVOA factors and different size range ultrafine particle concentration numbers 

from 19th to 22nd August 2023. 

Correlation 7-10 nm 10-30 nm 30-50 nm 50-100 nm 

Weakly oxidized monoterpene 0.14 0.01 0.07 0.16 

Iso & BBOA -0.05 -0.11 -0.23 -0.28 

BBOA 0.23 0.13 0.11 -0.02 

Regional background 0.42 0.41 0.50 0.55 

More oxidized monoterpene -0.06 0.02 -0.19 -0.17 

Table 7 Correlation (R) between SVOA factors and different size range ultrafine particle concentration numbers 

from 20th to 23rd March 2024. 

Correlation 14-30 nm 30-50 nm 50-100 nm 

Night-time aged BBOA 0.59 0.65 0.64 

Cooking 0.62 0.53 0.51 

Aged combustion 0.13 0.28 0.36 

Day-time aged BBOA 0.11 -0.06 -0.03 

Regional background -0.06 0.17 0.20 
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Figure 51. Evolution of semi-volatile organic aerosol of Aged BBOA and Cooking SVOA (a), Aged 

combustion and Day-time aged BBOA (b), Regional background SVOA (c), particle numbers of 14-30nm, 30-

50nm and 50-100nm(d), and size distribution of particle and BLH (e) from 20th to 23rd March 2024（Blue 

shade for ultrafine particle peak and red shade for particle growth） 

The analysis of SVOA-UFP correlations reveals distinct seasonal patterns in their relationships 

(Table 6 and 7). During summer, most SVOA factors showed weak or negative correlations 

with UFP concentrations across all size bins, with only the regional background factor 

demonstrating moderate positive correlations (0.42-0.55). These relatively low correlations 

suggest SVOAs played a limited role in UFP concentrations during summer, likely due to 

enhanced photochemical activity and atmospheric dilution reducing the influence of semi-

volatile organics on particle nucleation and growth. In contrast, spring exhibited better 

correlations, particularly for night-time aged biomass burning SVOA (0.59-0.65 across size 

bins) and cooking SVOA (0.51-0.62), indicating these sources contributed more substantially 

to UFP concentrations. And Night-time aged biomass burning and Cooking SVOAs peaked 

alongside UFP concentrations, which also indicates their stronger contribution to UFP 

concentrations in this season (Figure 51), which also indicates their stronger contribution to 

UFP concentrations in this season. This seasonal difference may arise from spring's more stable 

(e) 

(d) 

(c) 

(b) 

(a) 
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atmospheric conditions and lower BLHs, which favor the accumulation and condensation of 

semi-volatile organics onto particles. These observations highlight the seasonal shifts in 

dominant UFP sources, with biogenic and regional background SVOAs being more relevant in 

summer and night-time aged biomass burning, cooking and regional background SVOAs 

playing a more prominent role in spring. The generally low summer correlations could also 

reflect technical limitations, as the CHARON-PTR-MS's decreasing detection efficiency for 

smaller particles may have underrepresented traffic-related UFPs (<100 nm) (Piel et al., 2019; 

Lintusaari et al., 2023; Wang et al., 2024a), potentially explaining the absence of a distinct 

traffic-related SVOA factor. 

Table 8 Correlation (R) between OA factors and different size range UFP concentration numbers from 19th to 

22nd August 2023. 

Correlation 7-10 nm 10-30 nm 30-50 nm 50-100 nm 

Cooking 0.43 0.39 0.52 0.50 

Traffic 0.89 0.68 0.78 0.86 

BOA 0.20 0.07 0.12 0.27 

Aged BBOA 0.55 0.34 0.31 0.35 

LVOOA -0.42 -0.32 -0.41 -0.56 

Table 9 Correlation (R) between OA factors and different size range UFP concentration numbers from 20th to 

23rd March 2024. 

Correlation 14-30 nm 30-50 nm 50-100 nm 

Traffic 0.78 0.74 0.76 

Cooking 0.69 0.72 0.73 

Fresh BBOA 0.43 0.55 0.68 

Aged BBOA -0.23 -0.24 -0.2 

LVOOA 0.10 -0.02 0.03 

Figures 52 and 53 select the same typical periods as those identified for VOC and SVOA 

analysis. UFP concentrations show correlations with traffic- and cooking-related OA, 

consistent with the source factors observed for VOC and SVOA. Cooking OA exhibits 

moderate correlations with 30-50 nm (R = 0.52) and 50-100 nm (R = 0.50) UFP concentrations 

(Table 8), while traffic OA demonstrates strong correlations (R = 0.68-0.89) across all UFP 

size ranges. Aged BBOA and BOA concentrations increase during periods of decreasing BLH 

and also peak during UFP growth events. However, aged BBOA only shows a moderate 

correlation (R = 0.55) with 7-10 nm UFP concentrations, suggesting that it originates from 

nearby primary particles. It should be noted that the observed UFP growth events occur in the 

10-60 nm size range, whereas the AMS primarily detects particles between 20 nm and 2.5 µm. 
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As a result, OA factors derived from AMS data are more representative of larger particles and 

may not be directly linked to UFP growth processes. BOA shows almost no correlation with 

UFP concentrations. In contrast, LV-OOA, which is associated with photochemical oxidation 

products, exhibits a negative correlation with UFP concentrations. 

 
Figure 52. Evolution of organic aerosol particles of traffic and cooking (a), of aged BBOA and BOA (b), of 

LVOOA (c), particle numbers of 7-10nm, 10-30nm, 30-50nm and 50-100nm (d) particle size distributions (e) 

from 19th to 22nd August 2023（Blue shaded area indicate ultrafine particle peak events and red shaded areas 

indicate particle growth events 

In spring, traffic emissions, cooking-related OA, fresh BBOA, and UFP concentrations all peak 

simultaneously (Figure 53). Traffic-related OA shows strong correlations (R = 0.74-0.78) with 

UFP concentrations across all size ranges, while cooking-related OA also exhibits strong 

correlations (R = 0.69-0.73). Fresh BBOA displays moderate correlations (R = 0.55-0.68) with 

30-50 nm and 50-100 nm UFP numbers (Table 9). In contrast, aged BBOA is negatively 

correlated with UFP concentrations, suggesting it originates from transported sources rather 

than local emissions. LV-OOA, which represents regional background aerosol, shows a weak 

and slightly anti-correlated relationship with UFP concentrations in spring. Notably, both fresh 

and aged BBOA remain at peak levels even when UFP numbers decline to their lowest 

concentrations. This observation confirms that aged BBOA does not contribute to UFP growth, 

(a) 

(e) 

(d) 

(c) 

(b) 
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as it shows no correlation with UFP concentrations. In contrast, fresh BBOA likely plays a role 

in UFP growth, given its moderate correlation with UFP particle numbers. 

 
Figure 53. Evolution of traffic and cooking OA (a) fresh and aged BBOA (b) LVOOA (c) particle numbers of 

14-30nm, 30-50nm and 50-100nm (d) size distribution of particle and BLH (e) from 20th to 23rd March 2024 

(Blue shade for ultrafine particle peak and red shade for particle growth) 

The analysis of VOC, SVOA, and OA reveals consistent contributions from traffic-related and 

biomass burning emissions across all three seasons. However, summer exhibits a distinct 

increase in biogenic influences, with higher contributions from BVOCs and oxidized BVOCs 

due to enhanced biogenic emissions. While monoterpene VOCs are also detected in winter, 

these likely originate from anthropogenic sources rather than natural processes. Monoterpene-

dominated BVOCs and their oxidation products play a critical role in driving nighttime particle 

growth during summer. In terms of SVOA, the results highlight a significant biogenic 

contribution, including isoprene oxidation products, weakly oxidized monoterpenes, and more 

oxidized monoterpene SVOAs. In contrast, winter and spring are characterized by a stronger 

anthropogenic influence, with elevated contributions from aged BBOA, aged combustion 

aerosols, and other aerosols linked to human activities. Traffic related SVOA was not identified, 

likely because traffic aerosols, primarily composed of hydrocarbons, volatilized into the gas 

(a) 

(b) 

(c) 

(d) 

(e) 
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phase, making their detection in the particle phase challenging for CHARON-PTR-MS. For 

total OA composition, traffic, cooking, aged BBOA, and LVOOA are present in all seasons. 

The difference is UFP number concentrations were surprisingly lower in winter compared to 

summer. Traffic-related VOCs and traffic-related OA exhibit peak concentrations at the same 

time as ultrafine particles, indicating that traffic has a significant influence on ultrafine particles 

in all the seasons. 

Figures S13 and S14 present the particle number concentrations for average particles in the 

range of 2.5-100 nm, with average values of 8175 ± 4623 cm-3 in summer, 2765 ± 1197 cm-3 

in winter, and 3131 ± 1921 cm-3 in spring. The corresponding fractions of 2.5-100 nm particles 

relative to the total particle number are 80.6 ± 8.2% in summer, 71.6 ± 8.1% in winter, and 

82.0 ± 6.0% in spring. It is observed that in the colder winter months, the particle number 

concentrations and the fraction of ultrafine particles decreases. This agrees with higher VOC 

levels in summer, including especially monoterpenes, which can contribute to new particle 

formation and particle growth following their oxidation. Previous studies have shown that this 

can also occur during nighttime e.g. by reactions of NO3 radicals with unsaturated compounds 

also leading to the formation of organo-nitrates (Huang et al., 2019; Song et al., 2024b). 

I performed a correlation analysis between ultrafine particles, VOC factors, SVOA factors, OA 

factors, meteorological parameters, and trace gases. For the summer, I found a strong 

correlation between ultrafine particle numbers and traffic (VOC: R = 0.65; OA: R = 0.70) and 

NO2 (R = 0.67), implicating the primary tailpipe. Additionally, there was a moderate 

correlation with cooking OA (R = 0.50) (Xiang et al., 2021). Winter/Spring UFPs retain traffic 

associations (VOC: R = 0.61; OA: R = 0.64) but show weaker ties to cooking-related 

components (SVOA/OA: R = 0.51-0.57).  

According to the PMF analysis of AMS mass spectra, aged BBOA contributes 25±21% in 

summer, 49±21% in winter, and 64±36% in spring to the organic aerosol particle mass (PM2.5). 

Figure 54 presents various BBOA tracers from CHARON-PTR-MS for four strong BBOA 

events, revealing similar time series patterns across the tracers. Notably, the concentrations of 

the fresh BBOA tracer guaiacol (C7H9O2
+) and aged BBOA tracer (C7H9O5

+) are significantly 

higher compared to other BBOA tracers. This indicates the dominance of lignin-rich biomass 

combustion and extensive atmospheric aging of BBOA in the studied environment. The 

temporal variability and short-lived spikes in BBOA tracer concentrations, especially during 

August events, suggest significant contribution from local or nearby biomass burning sources. 

Furthermore, the higher summer concentrations of BBOA tracers compared to winter/spring 
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suggest that, despite its greater relative contribution to OA in winter, BBOA concentrations are 

lower in winter. This may be due to residential wood burning for heating in winter, while 

summer BBOA likely originates from open flames, such as barbecues, or agricultural activities 

in Munich, resulting in higher summer concentrations (In 'T Veld et al., 2023).  

 

 
Figure 54. Evolution of fresh BBOA tracer compounds C7H9O2

+ and C6H11O5
+; of aged BBOA tracers C6H7O5

+, 

C7H9O5
+, C9H7O3

+, and C9H11O5
+, for 15th-17th August (a), 22rd-24th August (b), 07th- 09th March (c) and 21st-

23rd March (d). Red shaded area for strong biomass burning events. 

3.3.6 Summary of aerosol particles and VOC in downtown Munich 

This study examines the sources, concentrations, and seasonal variations of VOCs, SVOA, and 

OA in an urban street canyon in Munich. In summer, VOCs are primarily derived from aged 

VOCs (42 ± 18%) and traffic emissions (22 ± 14%), with minor contributions from biogenic 

VOCs (BVOCs: 7 ± 7%) and oxidized biogenic VOCs (OBVOCs: 13 ± 13%). Notably, 
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nighttime monoterpene oxidation significantly influences particle growth, suggesting urban 

planners should prioritize low-monoterpene-emitting vegetation. Winter VOCs are dominated 

by anthropogenic combustion, particularly traffic (33 ± 12%) and background sources (54 ± 

9%), while spring sees a shift toward traffic emissions (35 ± 15%) and biogenic VOCs linked 

to biomass burning (BBVOCs: 33 ± 14%). The rise in BBVOCs during spring is attributed to 

outdoor barbecuing, a popular activity in Munich. Notably, traffic-derived VOCs demonstrate 

a year-round influence on ultrafine particle concentrations, while biogenic VOCs, particularly 

terpenes, contribute significantly to nighttime particle growth during summer. 

The composition of SVOA and OA also exhibits a strong seasonal dependence. Summer SVOA 

is characterized by oxidized monoterpenes (29 ± 31%) and a mixed source of isoprene 

oxidation products and biomass burning organic aerosol (BBOA: 16 ± 15%), with additional 

contributions from barbecue emissions. In contrast, winter and spring are dominated by BBOA, 

accounting for 65 ± 30% and 58 ± 37% of SVOA, respectively, primarily due to residential 

heating and springtime barbecue activities. Similarly, OA composition shifts seasonally: 

summer OA is predominantly composed of highly oxidized aerosols (LVOOA: 33 ± 20%), 

aged BBOA (25 ± 21%), and biogenic OA (22 ± 14%), whereas winter and spring OA are 

overwhelmingly influenced by BBOA, peaking at 49 ± 21% (fresh) and 64 ± 36% (aged). 

Tracer analysis identifies guaiacol and its oxidation products as key markers for aged BBOA, 

while traffic- and cooking-related OA emerge as major contributors to ultrafine particles. 

To combine the different sources identified by analyzing aerosol particles and VOC I combined 

the main air pollution sources in a comprehensive Figure 55. Air pollution in Munich shows 

strong seasonal variations, with biomass burning (Aged and Fresh BBOA) dominating in 

winter and spring, likely due to heating and barbecue. Winter also sees high regional 

background pollution, possibly from stagnant atmospheric conditions. In contrast, summer is 

characterized by biogenic emissions and photochemical LV-OOA, driven by sunlight and plant 

activity, while biomass burning contributions drop. Traffic emissions peak in spring, possibly 

linked to weather or travel patterns, whereas cooking remains a small but steady source year-

round. Aged combustion has a minor yet consistent presence across seasons. 
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Figure 55. Comprehensive seasonal contributions of air pollution sources in Munich summer, winter and spring 

time. 

These findings highlight the need for targeted urban air quality management strategies in 

Munich. Reducing emissions from traffic and outdoor barbecue activities would help mitigate 

ultrafine particle pollution. Additionally, careful selection of urban vegetation—prioritizing 

low-terpene-emitting species—could minimize secondary organic aerosol formation, 

particularly during summer. Such measures would contribute to improved air quality while 

maintaining the benefits of urban green. 
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4. Conclusions and outlook 

4.1 Conclusions  

In my doctoral research I have systematically investigated the sources, transformations, and 

impacts of VOC, SVOA, and OA across diverse environments—urban, industrial, and forested 

regions—through four targeted field campaigns. The integration of advanced analytical 

techniques, including CHARON-PTR-MS, aerosol mass spectrometry (AMS), and detailed 

statistical analysis employing PMF, has provided a robust framework for characterizing 

atmospheric composition, while revealing critical insights into the interplay of local emissions, 

long-range transport, and meteorological dynamics. The findings underscore the complexity of 

atmospheric processes and emphasize the need for context-specific air quality management 

strategies (Figure 56). 

 

Figure 56. Schematic visualization of my main conclusions 
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A key revelation from this work is the dominant role of source-receptor relationships and 

meteorological modulation in shaping aerosol particle and VOC distributions. In the elevated 

forest site of Feldberg, for instance, air mass origin decided compositional shifts: marine 

inflows (56.3% Atlantic Ocean at 1500 m) reduced pollutant concentrations with cleaner air 

masses but also with more frequent wet scavenging, while continental air masses (32.8% 

German-French-Switzerland border at 500 m) showed elevated anthropogenic pollution from 

regional metropolitan areas. Probing air alternatingly in the boundary layer and free 

troposphere with predominant westerly wind patterns, allowed to demonstrate how boundary 

layer dynamics and long-range transport govern aerosol aging and mixing (Scholz et al., 2023). 

The organic aerosol components identified—aged biomass burning organic aerosol, regional 

background organic aerosol, and oxygenated organic aerosol factors (SV-OOA/LV-OOA)—

highlight that even in remote areas, anthropogenic and biomass burning emissions undergo 

extensive atmospheric processing, blurring source signatures. Notably, episodic events like 

Canadian wildfires and regional pollution episodes marked by long-transport biomass burning 

aerosols that substantially increased organic aerosol concentrations, fine particle counts, and 

ice-nucleating particle number (Wang et al., 2024c). The Feldberg summit measurements 

revealed a remarkable atmospheric phenomenon: while BVOC were present in the gas phase 

as emitted from the Black Forest in the warm summer, their conversion to secondary organic 

aerosols was very limited due to the pristine high-altitude conditions characterized by 

extremely low NOx levels that reduced oxidation pathways (Dewald et al., 2022). Furthermore, 

frequent clean marine air masses promoted wet aerosol scavenging, leading to a higher fraction 

of ultrafine particles (Andronache et al., 2006; Niu et al., 2023).  

The study at Karlsruhe harbor identified three major air mass pathways, with 58% originating 

from regional areas, where westerly/southwesterly winds transported industrial pollutants, 

significantly shaping local air quality. PMF analysis highlighted industrial food processing as 

the dominant source, contributing 41±23% to VOC and 20±9% to organic aerosol, while 

industrial phyto-emissions accounted for 13±14% of VOC and 44±27% of semi-volatile 

organic aerosol (SVOA). More oxygenated OA (30±15%) showed strong links to industrial 

phyto-emissions SVOA, indicating it was from industrial phyto-emissions. During the 

measurement period, French wildfires (Menut et al., 2023) led to increased biomass burning 

contributions (VOC: 17±15%; SVOA: 26±21%). Please note, that there was still some mass 

spectral overlap between wildfire aerosol and landfill gas combustion emissions. Biogenic 

sources had minor but consistent impacts (VOC: 16±12%; SVOA: 15±14%; OA: 12±9%), 
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underscoring the dominance of industrial emissions at this location. Weak correlations between 

ultrafine particle numbers (50-90 nm) and sources like biogenic OA, landfill combustion, and 

industrial solvent VOC indicate highly mixed and aged aerosols (Liu et al., 2025). These 

observations challenge conventional assumptions about industrial point sources, emphasizing 

their role in sustaining regional secondary aerosol formation rather than merely emitting 

primary particles. Regulatory measures should be implemented to restrict these emissions 

through stricter operational controls or cleaner production technologies especially including 

secondary aerosol particle precursor emissions. 

The Munich campaigns reveal distinct seasonal patterns in Munich's urban air pollution, with 

summer dominated by photochemical aged VOCs (42±18%) and traffic emissions (22±14%), 

while biogenic contributions (BVOCs: 7±7%; oxidized BVOCs: 13±13%) drive nighttime 

ultrafine particle growth. Winter and spring are characterized by anthropogenic sources, 

notably traffic (33±12% winter, 35±15% spring) and biomass burning organic aerosol (65±30% 

in winter, 58±37% in spring). Summer semi-volatile organic aerosol features oxidized 

monoterpenes (29±31%) and mixed isoprene oxidation and biomass burning SVOA (16±15%), 

whereas OA composition shifts from photochemical low-volatile oxygenated OA (33±20%) in 

summer to biomass burning OA dominated (49±21% fresh, 64±36% aged) in colder seasons. 

Traffic and cooking emissions persistently influence ultrafine particles (Qadir et al., 2013; 

Schnell, 2014; Xiang et al., 2021), while biogenic VOC enhance summer ultrafine particle 

growth (Song et al., 2024b). These findings underscore the need for seasonally tailored 

strategies: reducing traffic and barbecue emissions, and selecting vegetation with lower terpene 

emissions to mitigate secondary aerosols. Implementing such measures would balance air 

quality improvements with urban greening benefits. 

Across all four field campaigns, biomass burning emerged as a dominant contributor to both 

VOCs and organic aerosols (Bond et al., 2004; Bhattu, 2017), with particularly pronounced 

impacts in Munich during both summer and winter seasons. The chemical tracers and source 

apportionment results consistently highlighted two major origins for these biomass burning 

signals: (1) regional wildfire plumes undergoing long-range transport (as evidenced during the 

Canadian wildfire episodes) and (2) localized emissions from residential heating and pervasive 

outdoor barbecue activities—a cultural staple in Munich. These findings underscore an urgent 

need for public awareness campaigns and regulatory measures to discourage biomass-fueled 

barbecuing, particularly in densely populated urban areas where such activities exacerbate 

ultrafine particle pollution. Transitioning to cleaner alternatives (e.g., electric grills) could 
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mitigate this source without compromising cultural practices. Equally critical is the discovery 

of nighttime particle growth events in Munich driven by monoterpene oxidation—a process 

accounting for 29±31% of summer SVOA and which has been observed near Karlsruhe (Song 

et al., 2024b). While urban greening provides ecological benefits, the data demonstrate that 

selecting high-terpene-emitting vegetation can inadvertently promote secondary aerosol 

formation. Urban planners should therefore prioritize tree species with low terpene emission 

potentials (e.g., Acer platanoides over Pinus sylvestris) and strategically limit their planting 

density near traffic corridors where NOx availability accelerates SOA production (Qadir et al., 

2013). This targeted approach balances air quality goals with urban heat island mitigation and 

biodiversity preservation. 

In my doctoral research I have achieved my objectives by systematically characterizing the 

sources, transformations, and impacts of VOCs and OA across urban, industrial, and forested 

environments. The findings significantly advance the general understanding of atmospheric 

aerosols by demonstrating the critical role of source-receptor relationships, meteorological, and 

long-range transport in shaping aerosol composition and aging processes. For instance, the 

dominance of BBOA in both urban (e.g., Munich barbecues) and remote regions (e.g., 

Canadian wildfire plumes) highlights its pervasive influence on OA budgets, aligning with 

recent studies emphasizing biomass burning as a key driver of SOA formation (Fang et al., 

2024). The discovery of limited BVOC-to-SOA conversion at the pristine Feldberg site due to 

ultra-low NOx levels challenges traditional oxidation pathway assumptions, supporting 

emerging literature on NOx-dependent SOA yields (Pullinen et al., 2020).  In urban settings, 

industrial emissions (e.g., Karlsruhe food processing) were shown to sustain regional SOA 

formation rather than just primary particles, reinforcing the need to reevaluate industrial source 

impacts (Zhang et al., 2024).  Seasonal variations in major aerosol sources in Munich further 

underscored the different roles of biogenic (monoterpene oxidation contributing 29% to 

summer SVOA) and anthropogenic (winter heating) sources, with traffic emissions perennially 

driving ultrafine particle numbers and biogenic emissions driving their growth—a finding 

consistent with global urban aerosol studies (Sporre et al., 2020; Bessagnet et al., 2022). 

Collectively, this work bridges gaps between localized emissions and large-scale atmospheric 

processes, providing a mechanistic framework for context-specific air quality strategies while 

validating and expanding upon recent advances in our understanding of the role of atmospheric 

aerosols in air quality. 
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4.2 Outlook 

This work has identified critical knowledge gaps that demand further investigation: (1) the 

climate feedback potential of biomass burning aerosols, (2) urban biogenic-anthropogenic 

interactions under changing NOx regimes, (3) industrial emission evolution with 

decarbonization policies, and (4) vertical transport mechanisms in complex terrain. The 

proposed outlook addresses these gaps through targeted approaches to refine predictive models 

and mitigation strategies. 

(1) Climate-Air quality feedback mechanisms and source attribution. Future research 

should develop integrated modeling frameworks to quantify how climate-driven increases in 

wildfire activity alter aerosol chemistry, particularly the ice-nucleating potential of aged 

biomass burning aerosols, while incorporating advanced source-tracing methodologies to map 

pollution origins. This requires combining isotopic fingerprinting, high-resolution satellite 

detection, and chemical transport modeling to track emissions from boreal forests, urban-

wildland interfaces, and transboundary transport pathways. The synthesis of these approaches 

through machine learning-enhanced receptor modeling will generate policy-relevant source 

contribution maps, elucidating both local and distant influences on air quality-climate 

interactions under changing environmental conditions. Field validation should focus on 

warming-sensitive regions where complex emission mixtures and long-range transport 

dominate atmospheric composition. 

(2) Urban greening optimization strategies. Implement controlled city-scale experiments 

with low-terpene tree species while monitoring OH reactivity and SOA yields. Combine eddy-

covariance flux measurements with particle-phase characterization to develop species-specific 

planting guidelines for climate-resilient cities. 

(3) Industrial emission transformation tracking. Establish real-time VOC "fingerprinting" 

systems near industrial clusters to monitor changes in phyto-emissions and process gases. 

Particular focus on biomass burning source impacts for food/pharmaceutical emissions during 

winter time. 

(4) Boundary layer dynamics in mountain aerosol studies. Future work should employ 

BLH-stratified PMF analysis at high-altitude sites to quantify how boundary layer ventilation 

controls biogenic aerosol formation. Day-night comparisons offer an alternative approach 

when BLH data is unavailable. This methodology will clarify the vertical coupling between 

lowland emissions and mountain aerosol composition, particularly for biogenic systems. 
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Appendix A  

Supplement for the results and discussion in the dissertation 

 

Figure S1 Source apportionment of OA measured by the AMS. Mass spectra of OA factors – Aged, Regional 

transported factor, Semi-Volatile oxygenated organic aerosol (SV-OOA) and Low-Volatile oxygenated organic 

aerosol (LV-OOA). 
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Figure S2. Time series of the three SVOA factors (Background BBOA, Photochemical SOA, and Aged BBOA) 

along with selected molecular marker compounds (C8H13O5
+ for Background BBOA and Aged BBOA, and 

C7H9O2
+ for Photochemical SOA). Correlation coefficients (R) between each factor and its respective marker 

compound are also shown, indicating strong associations between factor concentrations and tracer species 
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Figure S3. Temporal variation of four VOC factors and associated tracer compounds, highlighting strong 

correlations (R) between each VOC factor and its representative molecular markers. 
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Figure S4 Source apportionment of OA measured by the AMS. Mass spectra of OA factors – Diesel combustion 

OA, Landfill gas combustion OA, Biogenic OA, More oxygenated OA, Low-volatility oxygenated OA and 

Industrial food process OA. 
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Figure S5 Time series of SV-OA factors and their tracer ions. The black lines show the concentrations of four 

resolved SV-OA factors: More oxygenated, Biomass burning, Biogenic, and Industrial food process SV-OA. 

Colored lines indicate time series of representative tracer ions: C6H6N1O3⁺ for More oxygenated (yellow), 

C12H13O5⁺ for Biomass burning (purple), C10H15O1⁺ for Biogenic (green), and C9H17O2⁺ for Industrial Phyto-

emission SV-OA (magenta). The good temporal correlations highlight the factor-specific chemical markers. 
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Figure S6. Time series of VOC factor concentrations (colored lines, ppb) and selected marker ions (black lines, 

ppb) from 19 July to 4 August 2023. Five factors are shown: Industrial Phyto-emission, Industrial solvent, 

Biogenic, French wildfire episodic, and Industrial food process VOC. Each panel includes the Pearson correlation 

coefficient (R) between the VOC factor and its representative ion, indicating the degree of temporal coherence. 
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Figure S7 Source apportionment of OA in summer measured by the AMS. (a) Mass spectra of OA factors – 

cooking OA(COA), hydrocarbon-like OA (HOA), biogenic secondary OA(BOA), aged biomass burning aerosol 

(BBOA), and low-volatility oxygenated OA (LV-OOA).  

 

Figure S8 (a) Mass spectra of OA factors in winter– HOA, COA, fresh BBOA, aged BBOA, and LV-OOA. 
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Figure S9 Time series of SVOA factors including oxidized terpene, iso OA & BBOA, BBOA, background, and 

more oxidized BOA identified by PMF during winter 2024. Gray lines represent selected tracer compounds (e.g., 

C10H15O1
+, C5H9O6

+, syringic acid, NO3 and C10H15O3
+), with correlation coefficients (R) indicating the agreement 

between factors and corresponding tracers. 
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Figure S10 Time series of SVOA factors including oxidized Night-time aged BBOA, Cooking, Aged combustion, 

Day-time aged BBOA and Regional background identified by PMF during winter 2024. Gray lines represent 

selected tracer compounds (e.g., C6N6N1O4
+, C18H35O2

+, C6H15O3
+, C6H7O5

+, and Sulfate), with correlation 

coefficients (R) indicating the agreement between factors and corresponding tracers. 
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Figure S11. Time series of VOC factors identified by PMF during summer 2023, including traffic-related VOC, 

oxidized BVOC, fresh BVOC, aged VOC, and biomass burning VOC. Gray lines represent selected tracer 

compounds (e.g., toluene, monoterpenes, ozone, and C₅H₈O₄⁺), with correlation coefficients (R) indicating the 

agreement between factors and corresponding tracers. 
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Figure S12 Time series of VOC factors identified by PMF during summer 2023, including traffic, Terpenes, 

Biomass burning, Traffic2, and Background VOC. Gray lines represent selected tracer compounds (e.g., toluene, 

C10H17
+, salicylic acid, xylene, and benzene, with correlation coefficients (R) indicating the agreement between 

factors and corresponding tracers. 
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Figure S13 The ratio of 2.5-100nm particles number to total particle numbers and 2.5-100nm particle number 

(a), the correlation of traffic VOC(b), NO2(c), traffic OA(d) and cooking OA(e) with 2.5-100nm particle 

number 

 

 

(a) 

(b) (c) 

(d) (e) 
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Figure S14 The ratio of 2.5-100nm particles number to total particle numbers and 2.5-100nm particle number 

(a), the correlation of traffic1 VOC (b), traffic2 (c), cooking SVOA (d), cooking OA (e), and traffic OA (f) 

with 2.5-100nm particle number 
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Table S1: Major mass peaks correlated to the four aerosol related source factors 

PMF factor 

related 

Mass peak 

(m/z) 
Tentative ion Tentative compound 

Correlation to 

PMF factor 

Aged BBOA 

(correlated 

with 

compounds 

from 

CHARON-

PTR-MS 

measured) 

 Organic aerosol AMS measured 0.89 

185.081 C9H13O4
+ (gas) Syringic alcohol 0.87 

171.066 C8H11O4
+  oxidation products of ethylbenzene 0.81 

187.061 
C8H11O5

+ 

(CHARON) 
guaiacylglycerol or vanillic acid 
derivative 0.86 

157.050 C7H9O4
+ oxidation products of ethylbenzene 0.85 

171.066 C8H11O4
+ 

guaiacylglycerol or vanillic acid 

derivative 
0.85 

173.060 C7H9O5
+  oxidation products of guaiacol  0.85 

153.055 C8H9O3
+ methyl salicylate; vanillin 0.84 

Regional 

transported 

(correlated 

with gas from 

PTR-MS 

measured) 

33.034 C1H5O+  formaldehyde 0.76 

84.045 C4H6N1O1
+ cyanoacetic Acid 0.75 

99.012 C1H7S1O3
+ unsaturated Keto Acids 0.73 

86.024 C3H4N1O2
+ cyano acetic acid 0.71 

171.029 C7H7O5
+ aromatic polyacids 0.69 

105.070 C8H9
+ styrene 0.68 

151.043 C5H11S1O3
+ organosulfates 0.68 

83.050 C5H7O1
+ methylfuran 0.67 

SVOOA 

 

 Nitrate AMS measured  0.82 

 Ammonium AMS measured  0.76 

LVOOA 104.050 C7H6N1
+ (gas) benzonitrile 0.70 

 

 

 

 

 

 

 

 

 

 

 

 



154 

 

 

Table S2: Major mass peaks correlated to the three SVOA related source factors 

PMF factor 

related 

Mass peak 

(m/z) 
Tentative ion Tentative compound 

Correlation to 

PMF factor 

Background 

BBOA 

 

189.076 C8H13O5
+  

Syringic acid derivative / 

Methoxybenzenetriol isomers 
0.82 

187.061 C8H11O5
+  Syringol dicarboxylic acid derivative 0.76 

171.066 C8H11O4
+  Syringaldehyde 0.76 

173.060 C7H9O5
+  

Multi-oxidized guaiacol, marker of 
aging BBOA 0.76 

157.050 C7H9O4
+ 

Hydroxy-vanillic acid, product of 

guaiacol aging 
0.75 

153.055 C8H9O3
+ Vanillic acid 0.75 

173.060 C7H9O5
+ 

Multi-oxidized guaiacol, marker of 

aging BBOA 
0.75 

161.045 C6H9O5
+ 

Highly oxidized furan derivatives 

(e.g., levoglucosan oxidation 

product) 

0.75 

Photochemical 

SOA 

127.076 C7H11O2
+  Pinonic acid 0.98 

129.055 C6H9O3
+ Norpinonic acid 0.98 

125.060 C7H9O2
+ Cresol isomers 0.98 

139.076 C8H11O2
+ Dimethylphenol isomers  0.98 

71.050 C4H7O1
+ Crotonaldehyde 0.98 

127.040 C6H7O3
+ Trihydroxybenzene 0.97 

111.045 C6H7O2
+ Hydroquinone, catechol 0.97 

111.081 C7H11O1
+ Ketone or aldehyde  0.97 

143.071 C7H11O3
+ Hydroxy-dicarboxylic acid 0.97 

103.040 C4H7O3
+ Malic acid 0.97 

99.045 C5H7O2
+ Methylhydroquinone 0.97 

Aged BBOA 

 

189.076 C8H13O5
+  

Syringic acid derivative / 

Methoxybenzenetriol isomers 
0.99 

171.066 C8H11O4
+  Syringaldehyde 0.97 

187.061 C8H11O5
+  Syringol dicarboxylic acid derivative 0.97 

153.055 C8H9O3
+ Vanillic acid 0.97 

161.045 C6H9O5
+ 

Highly oxidized furan derivatives 

(e.g., levoglucosan oxidation 

product) 

0.97 

157.050 C7H9O4
+ 

Hydroxy-vanillic acid, product of 

guaiacol aging 
0.96 

173.060 C7H9O5
+ 

Multi-oxidized guaiacol, marker of 

aging BBOA 
0.96 

185.081 C9H13O4
+  Syringic alcohol 0.96 

155.071 C8H11O3
+  Syringol  0.95 

175.061 C7H11O5
+ aged guaiacol/syringol 0.95 

201.076 C9H13O5
+  Highly oxidized syringol derivatives 0.94 
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Table S3: Major mass peaks correlated to the three VOC related source factors 

PMF factor 

related 

Mass peak 

(m/z) 
Tentative ion Tentative compound 

Correlation to 

PMF factor 

Oxidized 

biogenic 

VOCs   

 

97.065 C6H9O1
+ 2, 4-Hexadienal, Dimethylfuran 0.92 

85.065 C5H9O1
+ Oxidation product of isoprene 0.92 

111.081 C7H11O1
+ 2,3-dimethyl-2-cyclopentenone 0.91 

101.097 C6H13O1
+ Cis-3-hexenol 0.90 

87.081 C5H11O1
+ Oxidation product of isoprene 0.89 

99.081 C6H11O1
+ Hexenal 0.89 

101.06 C5H9O2
+ Oxidation product of isoprene 0.88 

87.045 C4H7O2
+ Oxidation product of isoprene 0.88 

115.076 C6H11O2
+ 3,5-Dimethyldiidro-2(3 h)-furanone 0.86 

113.06 C6H9O2
+ Oxidation product of terpene 0.86 

123.081 C8H11O1
+ Ethylphenol 0.86 

125.097 C8H13O1
+ Oxidation product of terpene 0.86 

73.065 C4H9O1
+ Oxidation product of isoprene 0.85 

Long-range 

transported  

aged VOCs 

130.014 C4H4N1O4
+ 

Maleimide derivative / Nitro-

substituted pyrrole 
0.84 

145.014 C5H5O5
+ Pentahydroxyfuranone 0.82 

125.027 C3H9S1O3
+ Methanesulfonic acid derivative 0.81 

153.022 C4H9S1O4
+ 

Alkylsulfonic acid or similar sulfate-

organic species 
0.81 

141.022 C3H9S1O4
+ Methanesulfonic acid-related species 0.80 

117.019 C4H5O4
+ Maleic acid 0.78 

Aged biomass 

burning VOCs 

77.024 C2H5O3
+ Glycolic acid / Hydroxyacetic acid 0.91 

99.045 C5H7O2
+ Pentenoic acid 0.89 

83.05 C5H7O1
+ Pentenal / Furanone 0.87 

141.055 C7H9O3
+ Methoxyphenol 0.87 

113.024 C5H5O3
+ Furancarboxylic acid 0.86 

155.071 C8H11O3
+ Methoxy-substituted aromatics 0.85 

125.06 C7H9O2
+ Cresol 0.85 

165.092 C10H13O2
+ Guaiacol derivatives 0.84 

153.092 C9H13O2
+ Alkylguaiacol 0.84 

157.05 C7H9O4
+ Methoxyphenol 0.83 

127.076 C7H11O2
+ Cresol derivatives 0.81 

158.045 C6H8N1O4
+ Nitrohydroxybenzene 0.81 

171.066 C8H11O4
+ Syringic acid 0.81 

143.071 C7H11O3
+ Aromatic acid derivatives 0.81 

151.076 C9H11O2
+ Guaiacol 0.79 

123.045 C7H7O2
+ Benzaldehyde derivatives 0.79 

Transported 

anthropogenic 

VOCs 

77.06 C3H9O2
+ Hydroxypropyl fragment  0.94 

79.04 C2H7O3
+ Ethylene glycol monoformate ion 0.93 

63.044 C2H7O2
+ 

Ethoxy fragment ion (from ethanol 

derivatives, solvents) 
0.93 
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Table S4: Major mass peaks correlated to the six aerosol related source factors 

PMF factor 

related 

Mass peak 

(m/z) 
Tentative ion Tentative compound 

Correlation to 

PMF factor 

Diesel 

combustion 

OA (correlated 

with gas 

compounds 

from PTR-MS 

measured) 

189.149 C10H21O3
+ Hydroxy-fatty acid 0.67 

161.133 C12H17
+ Dodecatriene or Alkylbenzene 0.55 

NO2   0.55 

BC   0.53 

Landfill gas 

combustion 

(correlated 

with gas 

compounds 

from PTR-MS 

measured) 

141.070 C11H9
+ Acenaphthylene 0.80 

173.154 C10H21O2
+ Decanoic acid 0.79 

255.2324 C16H31O2
+ Palmitoleic acid/Hexadecenoic acid 0.74 

46.0293 C1H4N1O1
+ Formamide 0.74 

70.029 C3H4N1O1
+ Cyanoacetylene 0.72 

73.029 C3H5O2
+ Acrylic acid 0.72 

159.139 C9H19O2
+ Nonanoic acid 0.71 

201.185 C12H25O2
+ Dodecanoic acid (Lauric acid) 0.70 

139.112 C9H15O1
+ Cyclononanone 0.70 

Biogenic OA 

(correlated 

with particle 

compounds 

from 

CHARON-

PTR-MS 

measured) 

135.117 C10H15
+ 

Sesquiterpenes fragments (e.g., β-

caryophyllene) 

0.92 

136.097 C5H14NO3
+ Nitrated organics 0.90 

151.097 C10H15O1
+ Oxygenated monoterpenes 0.90 

123.117 C9H15
+ unsaturated hydrocarbons 0.89 

105.070 C8H9
+ Indene 0.86 

81.070 C6H9
+ Monoterpenes fragments 0.85 

153.128 C10H17O1
+ Oxygenated monoterpenes 0.84 

More 

oxygenated 

OA (correlated 

with particle 

compounds 

from 

CHARON-

PTR-MS 

measured) 

173.045 C7H9O5
+ 

Multi-oxidized guaiacol, marker of 

aging BBOA 
0.90 

187.061 C8H11O5
+ 

Syringol dicarboxylic acid 

derivative 
0.88 

201.076 C9H13O5
+ 

Highly oxidized syringol 

derivatives 
0.88 

143.034 C6H7O4
+ Malic acid-like 0.87 

161.045 C6H9O5
+ 

Highly oxidized furan derivatives 

(e.g., levoglucosan oxidation 

product) 

0.86 

213.076 C10H13O5
+ Sesquiterpene SOA 0.86 

Low-volatile 

oxygenated 

OA (correlated 

with AMS) 

Sulfate   0.57 

Ammonia   0.51 

    

    

Industrial food 

process OA 

(correlated 

with gas and 

particle 

143.034 C6H7O4
+_Gas Methylmalonic acid / Maleic acid 0.83 

133.032 C5H9SO2
+ 3-(Methylthio)propionic acid 0.75 

112.076 C6H11NO+ Caprolactam / Aminohexanoic acid 0.73 

109.050 C3H8O4
+ Glyceric acid 0.67 
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compounds 

from 

CHARON-

PTR-MS 

measured) 

122.061 C7H9NO+ Methylbenzamide / Acetaminophen 0.67 

145.050 C6H9O4
+ Itaconic acid / Mesaconic acid 0.64 

112.040 C5H5NO2
+ Pyroglutamic acid 0.64 

169.086 C9H14O3
+ Nonanedioic acid (Azelaic acid) 0.64 

155.107 C9H15O2
+_CHARON Fatty acid esters 0.77 

167.053 C9H11S1O1
+ Benzothiophene derivatives 0.74 

98.061 C5H8N1O1
+ Nitropyrroles 0.74 

96.996 CH5SO3
+ Methanesulfonic acid 0.73 

 

Table S5: Major mass peaks correlated to the four semi-volatile aerosol related source factors (correlated with 

particle compounds from CHARON-PTR measured) 

PMF factor 

related 

Mass peak 

(m/z) 
Tentative ion Tentative compound 

Correlation to 

PMF factor 

More 

oxygenated 

SV-OA  

140.035 C6H6N1O3
+ Nitrobenzene 0.67 

167.144  C11H19O1
+ Undecanal 0.65 

    

 

 

 

Biomass 

burning  

SV-OA  

237.076 C12H13O5
+ 4-hydroxy-3-methoxybenzoic acid 0.87 

151.04 C8H7O3
+ Methyl-1,4-benzoquinone or 2,3-

dihydroxybenzaldehyde 

0.85 

237.185 C15H25O2
+ Farnesyl acetate or β-Caryophyllene 

oxide 

0.84 

209.139 C9H21O5
+ 1,6-anhydro-β-D-glucopyranose 

fragment 

0.83 

114.019 C4H4N1O3
+ Maleimide (1H-pyrrole-2,5-dione) 0.82 

125.097 C8H13O1
+ Phenylacetaldehyde or Myrtenal 0.82 

137.097 C9H13O1
+ Acetophenone 0.81 

95.086 C7H11
+ Norbornadiene 0.80 

147.084 C7H15S1O1
+ 3-methylthietane 1-oxide 0.80 

153.055 C8H9O3
+ Vanillin 0.80 

Landfill gas combustion OA  0.66 

Biogenic  

SV-OA  

152.107 C9H14N1O1
+ Tyramine 0.94 

108.081 C7H10N1
+ Toluidine 0.92 

151.097 C10H15O1
+ Carvacrol 0.91 

107.086 C8H11
+ Ethylbenzene 0.90 

94.066 C6H8N1
+ Aniline 0.90 

110.097 C7H12N1
+ Cyclohexylamine 0.89 

136.097 C5H14N1O3
+ Choline 0.87 

93.07 C7H9
+ Toluene 0.85 

153.128 C10H17O1
+ Pinonaldehyde 0.83 

Biogenic OA  0.85 

Industrial 

phyto-

emission SV-

OA 

 

157.123 C9H17O2
+ Nonanoic acid (Pelargonic acid) 0.87 

129.074 C7H13S1
+ 3-Mercaptohexanol 0.87 

98.061 C5H8N1O1
+ Pyroglutamic acid 0.85 

156.102 C8H14N1O2
+ Methyl 2-aminobenzoate 0.84 

115.076 C6H11O2
+ Sorbic acid 0.84 
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155.107 C9H15O2
+ α-Ionone / β-Ionone 0.83 

141.055 C7H9O3
+ Protocatechuic acid 0.82 

197.081 C10H13O4
+ Coniferyl alcohol 0.81 

199.061 C9H11O5
+ Gallic acid 0.81 

169.05 C8H9O4
+ Vanillic acid 0.80 

96.996 CH5SO3
+ Methanesulfonic acid 0.79 

183.066 C9H11O4
+ Ferulic acid 0.79 

187.061 C8H11O5
+ Dihydroxybenzoic acid glucoside 0.78 

More oxygenated OA  0.80 

 

Table S6: Major mass peaks correlated to the five VOC related source factors 

PMF factor 

related 

Mass peak 

(m/z) 
Tentative ion Tentative compound 

Correlation to 

PMF factor 

Industrial 

Phyto-

emission VOC 

(correlated 

with gas 

compounds 

from PTR-MS 

measured) 

168.030 C7H6N1O4
+ Nitrobenzoic acid 0.99 

102.019 C3H4N1O3
+ Nitroxy-acrolein 0.94 

143.144 C9H19O1
+ Nonanal or other aldehydes 0.93 

96.987 CH5S1O3
+ Methanesulfonic acid (MSA) 0.92 

223.170 C14H23O2
+ Terpenoid acids 0.91 

115.112 C7H15O1
+ Heptanol isomers 0.90 

129.128 C8H17O1
+ Octanal 0.89 

152.035 C7H6N1O3
+ Nitrosalicylic acid 0.88 

117.055 C5H9O3
+ Levulinic acid or keto-acids 0.85 

199.064 C6H15SO5
+ Sulfated sugar derivatives 0.83 

77.060 C3H9O2
+ Isopropanol 0.83 

Industrial Phyto-emission SVOA  0.87 

More oxygenated OA  0.54 

Industrial 

solvent VOC 

(correlated 

with gas 

compounds 

from PTR-MS 

measured) 

47.050 C2H7O1
+ Ethanol 0.99 

142.050 C6H8N1O3
+ Nitrobenzene 0.98 

257.248 C16H33O2
+ Palmitic acid 0.97 

100.076 C5H10N1O1
+ Pyrrolidone 0.97 

57.070 C4H9
+ Butane fragment 0.94 

219.196 C12H27O3
+ Hydroxy fatty acid 0.92 

Biogenic VOC 

(correlated 

with gas 

compounds 

from PTR-MS 

measured) 

133.102 C10H13
+ Monoterpenes (e.g., α-phellandrene) 0.96 

136.113 C9H14N1
+ Indole derivatives 0.93 

120.081 C8H10N1
+ Methylpyridines 0.91 

134.097 C9H12N1
+ Skatole (3-methylindole) 0.91 

135.117 C10H15
+ Sesquiterpenes fragments 0.90 

108.081 C7H10N1
+ Pyrrolines 0.90 

94.066 C6H8N1
+ Pyridine derivatives 0.89 

122.097 C8H12N1
+ Phenethylamine 0.88 

121.102 C9H13
+ Cymene isomers 0.88 

107.086 C8H11
+ Dimethylstyrenes 0.88 

151.112 C10H15O1
+ Nopol or myrtenol 0.86 

161.133 C12H17
+ Retene or abietadiene 0.85 

147.102 C7H15O3
+ Heptanetriol derivatives 0.84 
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153.128 C10H17O1
+ Linalool / Pinocamphone 0.83 

Biogenic SV-OA  0.72 

Biogenic OA  0.71 

French 

wildfire 

episodic VOC 

(correlated 

with gas 

compounds 

from PTR-MS) 

77.006 C2H5S1O1
+ Ethylene sulfoxide 0.92 

167.056 C5H11O6
+ Xylonic acid 0.87 

141.070 C11H9
+ Methylnaphthalene 0.83 

151.043 C5H11S1O3
+ Dimethyl sulfone (DMSO2) 0.83 

105.019 C3H5O4
+ Glyceric acid fragments 0.81 

Biomass burning SV-OA  0.65 

Landfill gas combustion OA  0.63 

Industrial food 

process VOC 

(correlated 

with gas 

compounds 

from PTR-MS 

measured) 

141.097 C8H13O2
+ Octenone/Octenoic acid 0.92 

111.045 C6H7O2
+ Methylfuranone 0.89 

125.060 C7H9O2
+ Methylbenzoquinone 0.87 

97.065 C6H9O1
+ Cyclohexenone 0.87 

115.076 C6H11O2
+ Hexenoic acid 0.86 

101.060 C5H9O2
+ Levulinic acid fragment 0.85 

128.108 C7H14N1O1
+ Heptenamide 0.85 

135.029 C4H7O5
+ Malic acid fragment 0.84 

155.107 C9H15O2
+ Nonadienoic acid 0.81 

112.076 C6H10N1O1
+ Caprolactam derivative 0.81 

125.027 C3H9S1O3
+ Dimethyl sulfone 0.81 

Industrial process food OA  0.41 

Table S7: OA, SVOA and OA sources correlate with 11-20nm, 20-50nm, 50-90nm particle number and ultrafine 

particle fraction 

PMF factor correlated 11-20nm 20-50nm 50-90nm UFP fraction (<100 nm) 

Diesel combustion OA  0.18 0.13 0.29 -0.04 

Landfill gas combustion OA 0.22 0.11 0.45 -0.36 

Biogenic OA  0.18 0.05 0.49 -0.24 

More oxygenated OA -0.06 -0.09 0.15 -0.44 

Low-volatile oxygenated OA  -0.20 -0.17 -0.34 -0.01 

Industrial food process OA -0.11 -0.18 -0.01 -0.38 

More oxygenated SVOA -0.12 -0.19 -0.32 -0.04 

Biomass burning SVOA -0.01 -0.02 0.23 -0.24 

Biogenic SVOA  0.03 0.02 0.36 -0.09 

Industrial food process SVOA -0.05 0.02 0.17 -0.22 

Biofuel VOC contribution VOC 0.04 0.02 0.12 -0.07 

Industrial solvent VOC  0.17 0.19 0.44 -0.06 

Biogenic VOC 0.09 0.09 0.42 -0.09 

Biomass burning VOC  -0.08 -0.02 0.17 -0.22 

Industrial food process VOC -0.02 -0.06 -0.19 -0.18 

Black carbon -0.05 0.06 0.40 -0.26 
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Table S8: Major mass peaks correlated to the five SVOA related source factors in summer 

PMF factor 

related 

Mass 

peak(m/z) 
Tentative ion Tentative compound 

Correlation to  

PMF factor 

Weakly 

oxidized 

monoterpene 

108.08 C7H10N1
+ 3-ethyl-pyridine 0.99 

152.11 C9H14N1O1
+ 

alcohols or aldehydes with nitrogen 

groups 
0.98 

166.09 C9H12N1O2
+ 

alcohols or aldehydes with nitrogen 

groups 
0.93 

135.10 C6H15O3
+ dimethyl carbitol 0.93 

107.07 C4H11O3
+ trimethoxy methane 0.93 

151.11 C10H15O1
+ oxidized molecules of monoterpenes  0.93 

216.09 C9H14N1O5
+ 

fragments of monoterpene-derived 

organic nitrates 
0.91 

137.10 C9H13O1
+ p-cumenol 0.91 

93.06 C3H9O3
+ 1,2,3-propanetriol 0.90 

153.13 C10H17O1
+ oxidized molecules of monoterpenes  0.89 

153.09 C9H13O2
+ 4-ethyl guiacol 0.85 

Oxidized 

Isoprene & 

BBOA 

123.04 C7H7O2
+ benzoic acid 0.95 

105.02 C3H5O4
+ 

originates from the oxidation of 

ISOPOOH  
0.85 

191.06 C7H11O6
+ oxidation of o-cresol 0.84 

161.05 C6H9O5
+ oxidation product of benzene 0.84 

165.04 C5H9O6
+ oxidized molecules of isoprene  0.83 

189.08 C8H13O5
+ oxidized molecules of monoterpenes  0.83 

149.02 C8H5O3
+ phthalic anhydride 0.83 

117.06 C5H9O3
+ oxidized molecules of isoprene  0.82 

BBOA 

167.03 C8H7O4
+ fragment of vanillic acid  0.96 

163.04 C9H7O3
+ fragment of syringic acid  0.95 

199.06 C9H11O5
+ syringic acid  0.91 

159.03 C6H7O5
+ oxidation products of guaiacol  0.90 

147.03 C5H7O5
+ 2-oxopentanedioic acid 0.89 

189.04 C7H9O6
+ oxidation of o-cresol 0.88 

169.05 C8H9O4
+ vanillic acid  0.88 

89.02 C3H5O3
+ pyruvic acid 0.87 

173.05 C7H9O5
+ oxidation products of guaiacol  0.86 

135.03 C4H7O5
+ pentanedioic acid 0.86 

161.04 C6H9O5
+ 2-oxoadipic acid 0.85 

Regional 

background 
 AMS-NO3 Nitrate 0.71 

More oxidized 

monoterpene 

183.10 C10H15O3
+ oxidized molecules of monoterpenes  0.86 

199.10 C10H15O4
+ oxidized molecules of monoterpenes  0.85 

215.09 C10H15O5
+ oxidized molecules of monoterpenes  0.84 

155.07 C8H11O3
+ syringol 0.83 

169.09 C9H13O3
+ Methylsyringol 0.81 

141.09 C8H13O2
+ oxidized molecules of monoterpenes  0.81 

173.08 C8H13O4
+ oxidized molecules of monoterpenes  0.80 

177.08 C7H13O5
+ diacetin 0.79 
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Table S9 presents the correlations between the five SVOA factors and their main ions in winter time 

PMF factor 

related 

Mass 

peak(m/z) 
Tentative ion Tentative compound 

Correlation to  

PMF factor 

Night-time aged 

BBOA 

156.03 C6H6N1O4
+ 4-nitrocatechol 0.97 

170.05 C7H8N1O4
+ 4-nitroguaiacol 0.97 

186.04 C7H8N1O5
+ unknown 0.87 

184.02 C7H6N1O5
+ fragments of C7H8N1O5

+ 0.85 

201.04 C8H9O6
+ unknown 0.75 

198.05 C9H10O5
+ syringic acid  0.70 

Cooking 

283.26 C18H35O2
+ oleic acid 0.90 

247.11 C18H15O1
+ unknown 0.88 

275.26 C16H35O3
+ C16H33O2(H2O)+ 0.88 

285.28 C18H37O2
+ stearic acid (fatty acid) 0.73 

257.25 C16H33O2
+ corresponding to palmitic acid  0.54 

239.24 C16H31O1
+ fragments of C16H33O2

+  0.54 

Aged 

combustion 

108.08 C7H10N1
+ 3-ethyl-pyridine; 2,3-dimethyl-pyridine 0.94 

135.10 C6H15O3
+ dimethyl carbitol 0.93 

153.13 C10H17O1
+ oxidized molecules of monoterpenes  0.86 

137.10 C9H13O1
+ p-cumenol 0.82 

166.09 C9H12N1O2
+ benzocaine  0.80 

93.07 C7H9
+ toluene 0.79 

Day-time aged 

BBOA 

105.02 C3H5O4
+ propanedioic acid 0.88 

131.03 C5H7O4
+ methylene butanedioic acid 0.87 

90.02 C2H4N1O3
+ oxamic acid 0.86 

132.03 C4H6N1O4
+ iminoaspartic acid 0.85 

129.06 C6H9O3
+ sotolone; 2,5-di-(hydroxymethyl)furan 0.84 

89.02 C3H5O3
+ butyric acid 0.84 

101.02 C4H5O3
+ pentanedione 0.84 

143.03 C6H7O4
+ hydroxy maltol 0.84 

147.03 C5H7O5
+ 2-oxopentanedioic acid 0.83 

102.02 C3H4N1O3
+ methyl isocyanatoformate 0.83 

116.03 C4H6N1O3
+ 3-methyl-2,5-oxazolidine-dione 0.83 

159.03 C6H7O5
+ tricarballylic anhydride 0.83 

129.02 C5H5O4
+ methanetetracarbaldehyde 0.83 

173.05 C7H9O5
+ oxidation products of guaiacol  0.83 

103.04 C4H7O3
+ propylene carbonate 0.82 

161.04 C6H9O5
+ 2-oxoadipic acid 0.82 

Regional 

background 

285.28 C18H37O2
+ stearic acid (fatty acid) 0.95 

275.26 C16H35O3
+ C16H33O2(H2O)+ 0.91 

247.11 C18H15O1
+ unknown 0.90 

259.11 C19H15O1
+ unknown 0.88 

283.26 C18H35O2
+ 

oleic acid; fragment of stearic acid (fatty 

acid) 
0.88 

107.07 C4H11O3
+ trimethoxy methane 0.82 

 AMS-SO4
2- sulfate 0.74 

 AMS-NH4
+ Ammonium 0.54 
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Table S10: Major VOC mass peaks correlated to the five VOC factors in summer 

PMF factor 

related 

Mass peak 

(m/z) 
Tentative ion Tentative compound 

Correlation to 

PMF factor 

Traffic 

121.10 C9H13
+ C9 aromatics trimethylbenzene 0.95 

107.09 C8H11
+ xylene 0.93 

93.07 C7H9
+ toluene 0.92 

Oxidized 

BVOC 

152.11 C9H14N1O1
+ 

alcohols or aldehydes with nitrogen 

groups 
0.97 

167.11 C10H15O2
+ oxidized molecules of monoterpenes  0.93 

149.10 C10H13O1
+ carvone 0.93 

151.11 C10H15O1
+ oxidized molecules of monoterpenes  0.93 

153.13 C10H17O1
+ oxidized molecules of monoterpenes  0.91 

139.11 C9H15O1
+ myrcenol 0.87 

BVOC 

137.13 C10H17
+ monoterpene 0.98 

138.13 C9H16N1
+ unknown 0.90 

81.07 C6H9
+ fragment of monoterpenes 0.86 

82.07 C5H8N1
+ unknown 0.81 

205.20 C15H25
+ sesquiterpenes  0.80 

Aged VOC 

89.02 C3H5O3
+ butryic acid 0.75 

101.02 C4H5O3
+ pentanedione 0.72 

 O3  0.51 

Biomass 

burning VOC 

131.03 C5H7O4
+ 

fragment of oxidized guaiacol 

molecules 
0.92 

95.01 C5H3O2
+ 

fragment of oxidized guaiacol 

molecules 
0.91 

119.03 C4H7O4
+ 

fragment of oxidized guaiacol 

molecules 
0.90 

103.04 C4H7O3
+ 

fragment of oxidized guaiacol 

molecules 
0.86 

77.06 C3H9O2
+ 1,3-propanediol 0.85 

79.04 C2H7O3
+ orthoacetic acid 0.83 
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Table S11: Major VOC mass peaks correlated to the five VOC source factors in winter 

PMF factor 

related 

Mass 

peak(m/z) 
Tentative ion Tentative compound 

Correlation to 

PMF factor 

Traffic 

121.10 C9H13
+ C9 aromatics trimethylbenzene 0.96 

93.07 C7H9
+ toluene 0.94 

133.10 C10H13
+ cymenene 0.86 

Terpenes VOC 

138.13 C9H16N1
+ triallylamine 0.98 

205.2 C15H25
+ sesquiterpenes 0.92 

137.13 C10H17
+ monoterpene 0.90 

81.07 C6H9
+ fragment of monoterpenes 0.89 

163.13 C8H19O3
+ diethyl carbitol 0.76 

Oxidized VOC 

103.0 C4H7O3
+ acetic anhydride 0.89 

139.04 C7H7O3
+ salicylic acid 0.88 

77.06 C3H9O2
+ 1,3-propanediol 0.87 

113.02 C5H5O3
+ furoic acid 0.86 

90.02 C2H4N1O3
+ oxamic acid 0.86 

123.04 C7H7O2
+ benzoic acid 0.86 

117.02 C4H5O4
+ maleic acid 0.85 

119.03 C4H7O4
+ butanedioic acid 0.85 

Fossil fuel 

combustion 

108.08 C7H10N1
+ 3-ethyl-pyridine 0.98 

107.09 C8H11
+ C8 aromatics xylenes 0.96 

121.10 C9H13
+ C9 aromatics trimethylbenzene 0.91 

93.07 C7H9
+ toluene 0.91 

85.10 C6H13
+ methyl cyclopentane 0.90 

Background 79.0 C6H7
+ benzene  0.73 

 

 

 


