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Abstract 

The composition, sources and chemical transformation of volatile organic compounds 

(VOCs) and organic aerosol (OA) particles were investigated during July-August 2021 at a rural 

forested site in southwest Germany. VOCs and semi-volatile OA particles were measured with 

a proton-transfer-reaction mass spectrometer coupled with a particle inlet (CHARON-PTR-20 

MS). The CHARON-measured OA mass accounted on average for 63 ± 18% of the total OA 

mass (4.2 ± 2.8 μg m-3) concurrently measured by an aerosol mass spectrometer (AMS). The 

total concentrations of measured VOCs ranged from 7.6 to 88.9 ppb with an average of 31.2 ± 

13.4 ppb. Positive matrix factorization (PMF) was used to identify major source factors of 

VOCs and OA. Three factors of oxygenated VOC (OVOC), namely aromatic-OVOCs, 25 

biogenic-OVOCs and aged-OVOCs contributed on average 11% ± 9%, 37% ± 29%, 29% ± 

21% of total VOC concentrations, respectively. The results of AMS-PMF indicated substantial 

contributions of oxygenated organic compounds to OA particle mass. Consistently, three 

secondary OA (SOA) factors determined by CHARON-PMF analysis, namely aromatic-SOA 

(5% ± 7%), daytime-biogenic SOA (17% ± 17%), nighttime-biogenic SOA (28% ± 21%), 30 

showed high contributions to total CHARON-measured OA mass. Nighttime particle growth 

was observed regularly at this area, which was mainly attributed by the semi-volatile organic 

compounds and organic nitrates formed from the oxidation of monoterpenes and 

sesquiterpenes. This study presents major sources, real-time transformations of VOCs and OA, 

and nighttime particle formation characteristic for central European forested areas. 35 
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1 Introduction 

Organic aerosol (OA) represents the majority of submicron aerosol mass (20-90%) in the 

atmosphere (Crippa et al., 2014; Zhang et al., 2011; Chen et al., 2022), which has adverse 

impacts on climate, air quality and human health (IPCC, 2021; Burnett et al., 2014; Seinfeld 40 

and Pandis, 2016; Hallquist et al., 2009). OA particles can be either directly emitted from 

different sources (primary organic aerosol, POA) or formed by the oxidation of volatile organic 

compounds (VOCs) as secondary organic aerosol (SOA)  (Shrivastava et al., 2017; Hallquist et 

al., 2009). Based on numerous field observations, SOA is often found to be the largest fraction 

of the submicron OA mass in different urban, rural and forest areas across Europe (44-100%) 45 

(Crippa et al., 2014; Chen et al., 2022), southeastern United States (47-79%) (Xu et al., 2015) 

and Asian countries (43-83%) (Zhou et al., 2020). However, the SOA concentrations are 

generally underestimated by current models, mainly due to incomplete understanding of sources 

and the transformation of VOCs to SOA (Jiang et al., 2019; Shen et al., 2019; Hodzic et al., 

2016). 50 

The Aerosol Mass Spectrometer (AMS) is widely used to quantify the OA mass at time 

resolutions of minutes (Decarlo et al., 2006). Mass spectral data from the AMS coupled with 

positive matrix factorization (PMF) allows for characterizing sources and evolution of OA 

(Ulbrich et al., 2009). AMS-PMF analysis is able to distinguish POA sources like traffic, 

cooking and biomass burning, and resolve factors for SOA such as semi-volatile oxygenated 55 

OA (SV-OOA) and low-volatility oxygenated OA (LV-OOA) based on their oxygenation 

degree and thus presumed volatility (Ng et al., 2010; Zhang et al., 2011; Crippa et al., 2014). 

The correlation of SV-OOA and LV-OOA with external tracers (e.g., ozone, temperature, 

relative humidity) can provide indirect evidence for their sources and formation mechanisms 

(Zhang et al., 2011). For instance, Canonaco et al. (2015) found that SV-OOA and LV-OOA 60 

positively correlated with ambient temperature in Switzerland in summer, which were attributed 

to the impacts of photochemistry and/or biogenic VOC (BVOC) emissions both enhanced by 

higher temperatures. In contrast, Crippa et al. (2014) reported a pattern for SV-OOA 

anticorrelated with temperature based on 25 AMS measurements across different European 

stations. Therefore, it remains difficulty to assign SOA factors (SV-OOA and LV-OOA) to 65 

specific sources or formation mechanisms by the AMS-PMF analysis without information on 

VOCs acting as SOA precursors. Proton transfer reaction-mass spectrometers (PTR-MS) are 

powerful instruments for detecting many VOC species especially SOA precursors like aromatic 

hydrocarbons, terpenoids, and oxygenated VOCs (OVOCs) (Jordan et al., 2009). The PMF 

analysis of VOC mass spectra from PTR-MS can constrain the sources of VOCs and resolve 70 
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secondary contributions of OVOCs (Wang et al., 2020a; Gkatzelis et al., 2021; Yuan et al., 

2012). Furthermore, the CHemical Analysis of aeRosols ONline (CHARON) inlet coupled to 

the PTR-MS can detect the semi-volatile OA particles qualitatively and quantitatively (Eichler 

et al., 2015; Muller et al., 2017; Leglise et al., 2019). Compared to the AMS, the CHARON-

PTR-MS subjects OA molecules with no significant thermal decomposition and less ionization-75 

induced fragmentation (Gkatzelis et al., 2018a), thus it provides additional information on the 

detailed chemical composition of OA (Gkatzelis et al., 2018b; Muller et al., 2017). The 

concurrent measurements of AMS and CHARON-PTR-MS combined with PMF analysis can 

provide a comprehensive understanding in the sources of VOCs and the formation processes of 

SOA.  80 

The chemical reactions of VOCs with atmospheric oxidants e.g., hydroxyl radicals (OH), 

ozone (O3) and nitrate radicals (NO3) can generate semi-volatile, low-volatile and extremely 

low volatile organic compounds (SVOC, LVOC and ELVOC) (Jimenez et al., 2009). These 

organic products are able to nucleate leading to new particle formation (NPF) and/or condense 

onto pre-existing particles contributing to particle growth and SOA mass (Ehn et al., 2014; 85 

Kirkby et al., 2016). In ambient observations, NPF has been mainly observed during daytime 

and was related to photochemical oxidation involving the formation of sulfuric acid and organic 

compounds (Kerminen et al., 2018). So far, only a few nighttime NPF events and/or particle 

growth events were observed in European rural and forest areas (Debevec et al., 2018; Huang 

et al., 2019; Kammer et al., 2018; Eerdekens et al., 2009), which are likely related to the 90 

oxidation of BVOCs. Kammer et al. (2018) observed high concentrations of monoterpenes and 

decreased O3 during nighttime particle nucleation and growth stages in the Landes forest, 

France. Recently we found that highly functionalized organic nitrates generated from the 

reaction of NO3 radicals with VOCs, can significantly contribute to the nighttime particle 

growth at a rural forested area in southwest Germany (Huang et al., 2019). However, the 95 

specific roles of oxidation of biogenic and anthropogenic VOCs to SOA formation and 

nighttime particle growth events are still not well understood also due to missing simultaneous 

measurements of VOCs and OA.  

To follow our previous study (Huang et al., 2019), we performed online measurements of 

VOCs and OA particles by a CHARON-PTR-MS and an AMS during July-August 2021 at a 100 

rural forested area in southwest Germany. We present the composition of OA detected by the 

CHARON-PTR-MS in comparison to AMS measurements. The sources and evolution of OA 

and VOCs were investigated by the PMF analysis of VOCs and OA in combination with 
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meteorological conditions. In addition, we illustrate the roles of VOC oxidation and SOA 

formation for nighttime high OA mass and particle growth. Thereby, this study contributes to 105 

an improved understanding of evolution processes of VOCs and OA particles and 

characterizing nighttime particle growth occurring in summer in western and central European 

rural forested areas.  

2 Methods 

2.1 Measurement location 110 

The campaign was carried out from July 17 to August 17, 2021 at a rural site in southwest 

Germany. As shown in Fig. 1, the measurement site (8.43oE, 49.10oN) is located on the rooftop 

of a temperature-controlled building (25 °C) on the campus north of the Karlsruhe Institute of 

Technology (hereafter KITcn) about 8 m above ground level. This site is mostly surrounded by 

the Hardwald forest composed of mainly pine trees, which are the largest contributors for 115 

BVOC emissions. Besides, the measurement site is ~2-3 km east of the village Eggenstein-

Leopoldshafen (pop. 15000), a mainly rural residential area, ~11 km north of downtown 

Karlsruhe (pop. 300000), ~8-10 km northeast of the Karlsruhe industrial areas including an 

1815 MW coal-fired power plant and a refinery with 15.5Mt/yr capacity.  

2.2 Instrumentation 120 

An overview of all instruments used for this campaign is given in Table S1. Major 

instruments are described in the following. 

2.2.1 CHARON-PTR-ToF-MS 

A PTR-ToF-MS 4000X2 (Ionicon Analytik GmbH) coupled with a particle inlet (Chemical 

Analysis of aeRosol ONline, CHARON) was employed to measure the VOCs and semi-volatile 125 

aerosol particles. The details of conventional PTR-ToF-MS can be found elsewhere (Jordan et 

al., 2009). The PTR-ToF-MS 4000X2 used here is equipped with an ion funnel that reduces the 

ion loss and thus enhances the sensitivity (Pugliese et al., 2020). The CHARON inlet was 

described in detail elsewhere (Eichler et al., 2015; Muller et al., 2017). Briefly, the CHARON 

inlet consists of a charcoal denuder for stripping off gaseous organics, an aerodynamic lens for 130 

enriching particles in the instrument sub-sampling flow, and a thermo-desorption unit for 

particle evaporation prior to chemical analysis by the downstream PTR-ToF-MS. The particle 

enrichment factor of the CHARON inlet was calibrated with size-selected ammonium nitrate 

particles (60-700 nm) at the beginning and end of the campaign. The average enrichment factor 
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for 150-700 nm particles was 18.6 ± 2.4 (Fig. S1). A decreasing efficiency was found for smaller 135 

particles (< 150 nm). 

In this campaign, the CHARON-PTR-MS was operated alternatingly measuring gas and 

particle phases programmed by the data acquisition software (IoniTOF 4.0, Ionicon Analytik 

GmbH). We set the program sequence with one full alternating measurement cycle lasting for 

1 h including 5 min HEPA filter measurement for the particle background, 25 min for the 140 

CHARON particle phase measurement, 3 min transition to gas phase measurements, 25 min of 

VOC gas phase measurement and another 2 min transition. Generally, 2-3 min are sufficient for 

the re-equilibrium of instrumental conditions between different measurement modes (Piel et al., 

2021). The PTR drift tube pressure, voltage and temperature were maintained constantly at 2.7 

mbar, 450 V and 100 °C, and the ion funnel was activated with a voltage of 45 V. These 145 

conditions result in a total E/N (E is the electric field, and N is the number density of the gas 

molecules in the drift tube) of ~120 Td for the VOC measurement. For the particle 

measurement, the thermo-desorption unit of CHARON inlet was set at a temperature of 150 °C 

and a pressure of 7-8 mbar, and the downstream PTR was automatically switched to 60 Td. In 

both gas and particle measurements, raw mass spectra including ions m/z from 15 to 398 were 150 

collected at a time resolution of 10 s. The mass resolution was ~2000-2800 m/Δm, where Δm is 

the full width at half mass for an ion peak of mass m.  

During the gas-phase measurement, ambient air was sampled continuously from a 4.5 m 

long perfluoroalkoxy (PFA, 1/4’’ OD) tube at a total flow of 8 L min-1, and then a small subset 

of the flow (50-100 ml min-1) was sampled by the PTR-ToF-MS through polyetheretherketone 155 

(PEEK) tubing maintained at 80 ºC. Gas background were determined manually every two days 

by measuring synthetic air for 20-30 min. During the particle phase measurements, ambient 

particles were sampled by a PM2.5 inlet (Comde-Derenda GmbH, 16.7 L min-1) through a 3.45 

m long stainless-steel tube and then a subset flow of ~550 ml min-1 was directed to the 

CHARON inlet. Particle background were determined automatically via the HEPA filter 160 

measurement. The residence time of ambient air was less than 1 s to minimize the loss of semi-

volatile organic compounds. 

Gas calibrations were performed at the beginning and end of the campaign, via dynamic 

dilution of a gas cylinder (Ionicon Analytik GmbH) containing 11 VOC species i.e., methanol, 

acetone, isoprene, benzene, toluene, m/p/o-xylenes, 1,3,5-trimethylbenezene, α-pinene and 165 

limonene (accuracy 10% at ~100 ppb). The sensitivity was in the range of ~1000 cps/ppb for 

isoprene to 3000 cps/ppb for 1,3,5-trimethylbenzene. Raw data of the CHARON-PTR-MS were 
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processed by the software Ionicon Data Analyzer (IDA 1.0.2, Ionicon Analytik) based on the 

algorithms by Müller et al., (2013). The details of CHARON-PTR-MS data analysis are given 

in Text S1 in the supplement.  170 

2.2.2 HR-ToF-AMS 

A High-Resolution Time-of-Flight AMS (Aerodyne Research Inc.) equipped with a PM2.5 

aerodynamic lens was used to measure the non-refractory PM2.5 (NR-PM2.5) components 

including OA, nitrate, sulfate, ammonium and chloride at a time resolution of 1 min (Decarlo 

et al., 2006; Williams et al., 2013). The operation of the AMS is explained in our previous 175 

publications (Song et al., 2022; Huang et al., 2019). Briefly, ambient air was sampled by a PM2.5 

inlet (flowrate 1 m3 h−1) shared with the CHARON through a 3.45 m long stainless-steel tube, 

and then a subset of the flow was sampled by the AMS at a flowrate of ∼84 cm3 min−1. The 

aerosol particles were then focused into a narrow beam by a PM2.5 aerodynamic lens with an 

effective transmission for particle sizes ranging from ∼70 to ∼2500 nm (vacuum aerodynamic 180 

diameter, dva) and heated by a vaporizer at 600 °C. The resulting vapors are ionized by electron 

impact (70 eV) and characterized by a time-of-flight mass spectrometer. The AMS ionization 

efficiency was calibrated by using ~400 nm dried ammonium nitrate aerosol particles. The AMS 

data was analyzed by the software package SQUIRREL 1.60C and PIKA 1.20C. To account 

for the effect of particle bouncing loss, chemical-composition-based collection efficiencies 185 

(~0.5) were applied to calculate the particle mass concentration (Middlebrook et al., 2012). 

Elemental analysis of OA including hydrogen-to-carbon ratio (H:C) and oxygen-to-carbon ratio 

(O:C) was calculated using the improved ambient method (Canagaratna et al., 2015).  

2.2.3 Other instruments  

The mass concentrations of PM2.5 and PM10 were measured by an optical particle counter 190 

(OPC, Fidas200, Palas). The mass concentration of black carbon (BC) was measured by an 

aethalometer (AE33, Magee Scientific) with a time resolution of 5 min. The particle number 

concentrations (>2.5 nm) were measured by a water-based condensation particle counter 

(CPC3789, TSI Inc.). The particle number size distributions were measured by a nanoparticle 

sizer (NanoScan, TSI Inc.) ranging from 10-410 nm at a time resolution of 1 min and a scanning 195 

mobility particle sizer (SMPS, TSI Inc.) ranging from 13.6-763.5 nm at a time resolution of 7 

min. A chemical ionization mass spectrometer utilizing iodide as reagent ion coupled with a 

Filter Inlet for Gases and AEROsols (FIGAERO-CIMS, Aerodyne Research Inc.) was deployed 

for measuring oxygenated organic molecules in both gas and particle phases from 27th July to 

9th August (Huang et al., 2019).  200 
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The mixing ratios of ammonia (NH3) were measured by cavity ring-down spectroscopy 

(G2103, Picarro Inc.). The concentrations of O3 and NO2 were measured by the gas monitors 

O341M and AS32M (both Environment S.A.). Due to data acquisition malfunction of gas 

monitors, we adopted the hourly gaseous data of O3, NO2, NO and SO2 obtained from the air 

quality monitor station Eggenstein (LUBW), located about 2.5 km southwest of the 205 

measurement site (Text S2, Figs. S2-S3). Meteorological data including temperature, relative 

humidity, wind direction and speed, global radiation and precipitation were measured on the 

rooftop by a compact sensor (WS700, Lufft). Planetary boundary layer (PBL) height data was 

extracted from the European Centre for Medium-Range Weather Forecasts ERA5 reanalysis 

hourly data (Hersbach et al., 2020). 210 

2.3 PMF receptor model 

The PMF analysis is widely used to identify the sources of VOCs (Gkatzelis et al., 2021; 

Wang et al., 2021; Wang et al., 2020a; Li et al., 2022; Pallavi et al., 2019; Yuan et al., 2012) 

and OA (Crippa et al., 2014; Chen et al., 2022; Zhang et al., 2011; Xu et al., 2015; Song et al., 

2022). The details of the PMF model can be found elsewhere (Paatero and Tapper, 1994). In 215 

this study, PMF analysis were performed on the VOC and OA datasets individually measured 

by the CHARON-PTR-MS and AMS using the Igor Pro-based PMF evaluation tool (PET v3.0).  

For the preparation of PMF analysis, low-molecular weight VOC species like formaldehyde 

and methanol were excluded because they can come from many sources and cannot provide 

additional source information. In addition, less abundant VOC species with many missing data 220 

(≥20%) were also excluded for the input of PMF analysis. Finally, the dataset including 98 

major VOC ions was used for the PMF analysis (Table S2). Note that PTR-ToF-MS cannot 

well detect some VOCs with a proton affinity lower than H2O such as alkanes and alkenes 

and/or highly oxidized organic species. However, the PMF analysis of VOC data measured by 

the PTR-ToF-MS still has advantages in understanding the biogenic and anthropogenic 225 

emission sources and their potential contributions to secondary VOC and particle formation 

(Wang et al., 2020a; Gkatzelis et al., 2021; Li et al., 2022; Wu et al., 2022). In this study, the 

uncertainty matrix data were determined according to the method detection limit (MDL) of each 

VOC ion and the error fraction (Paatero et al., 2014).  

Based on the high-resolution mass spectra of AMS-measured OA (m/z12-120), an 230 

unconstrained PMF analysis was performed to resolve the sources of OA (Ulbrich et al., 2009). 

Note that no constrained PMF analysis of AMS-measured OA was performed in this study as 

it cannot improve the interpretation of SOA factors. In addition, we performed a PMF analysis 
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of CHARON-measured OA mass spectra (m/z60-300) with chemical formula assigned organic 

molecules.  235 

2.4 Air mass back-trajectory analysis 

To investigate the impact of air mass origins on atmospheric pollutants, seventy-two-hour 

back-trajectories with an altitude of 100 m were computed for every hour by using the National 

Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory Hybird Single-

Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015). Then all 240 

trajectories were grouped into different clusters based on their similarity in spatial distribution 

(Petit et al., 2017).  

3 Results and discussion 

We first give an overview of our measurements and then discuss the different sources 

assigned according to the PTR-MS-measured VOCs, AMS-measured OA particles and 245 

CHARON-measured semi-volatile OA particles. Then we will discuss the role of air mass 

origins on sources of VOCs and OA particles. Finally, we will discuss the contribution of semi-

volatile organic compounds to nighttime particle formation and growth. 

3.1 Overview of the field observations 

The time series of meteorological parameters during the entire campaign is given in Fig. 2. 250 

The ambient temperature and relative humidity ranged from 10.8 to 32.2 oC (average: 20.2 ± 

4.3 oC) and 32% to 99% (71% ± 17%) respectively. The wind speeds varied from <0.1 to 3.9 

m s-1 (0.97 ± 0.6 m s-1). The measurement site was subject to urban and industrial emissions 

especially for southwesterly wind directions (Fig. 1). With HYSPLIT analysis, 783 air mass 

backward trajectories in total were obtained for the entire campaign, which were grouped into 255 

five clusters. Cluster 1 (C1) shows the southwesterly air masses passing through France and the 

urban area of Kalsruhe (29% fraction), while C2 reflects air masses from northern Germany 

(10% fraction) also transported over forested areas, and C3 (16% fraction) are the air masses 

originating from the North Sea and also passing through forested areas. In addition, C4 (31%) 

and C5 (14%) are air masses transported from the Atlantic Ocean. 260 

The total mixing ratios of measured VOCs ranged from 7.6 to 88.9 ppb with an average of 

31.2 ± 13.4 ppb. As shown in Fig. S4, the average mixing ratios of isoprene, monoterpenes and 

sesquiterpenes were 1.61 ± 0.96 ppb, 1.71 ± 2.48 ppb and 6.5 ± 14.8 ppt, respectively. The 

diurnal variation of isoprene showed a clear increase during daytime, which was related to the 

emissions of isoprene enhanced by temperature and sunlight (Fig. S5). In contrast, 265 
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monoterpenes and sesquiterpenes showed higher concentrations at night and very low levels 

during daytime. Generally, higher temperatures lead to increased emissions of monoterpenes 

and sesquiterpenes, while their concentrations can be rapidly depleted by photochemical 

oxidation as well as increased PBL height during daytime (Hellén et al., 2018). Compared to 

isoprene and monoterpenes, lower concentrations of benzene (0.30 ± 0.23 ppb) and toluene 270 

(0.28 ± 0.22 ppb) were observed.  

  The average mass concentration of PM2.5 measured by the OPC was 6.0 ± 3.6 μg m-3 over 

the entire campaign (Fig. 2c). The time series of mass concentrations of NR-PM2.5 measured by 

the AMS plus BC agrees well with the OPC-measured PM2.5 (Fig. S6). OA was the largest 

contributor with average contributions of 67% ± 11% to the total PM2.5 mass, followed by 275 

sulfate (23% ± 9%), BC (7% ± 3%), ammonium (6% ± 2%), nitrate (3% ± 2%) and chloride 

(<1%). The average OA mass (4.2 ± 2.8 μg m-3) was within the range (0.9-8.2 μg m-3) observed 

at other European rural sites (Crippa et al., 2014). However, the OA mass was slightly lower 

than that (5.0 ± 3.3 μg m-3) reported by our previous study conducted at Linkenheim in summer 

2016, ~2 km northwest of the measurement site (Huang et al., 2019). This could be caused by 280 

wet scavenging by frequent rainfall in present study (Fig. 2b). During the campaign, the particle 

number size distributions showed regular particle growth starting after sunset and lasting well 

into the morning of the following day. Similar nighttime particle growth has been observed at 

near our measurement location during previous summers (Huang et al., 2019). More discussions 

of nighttime particle growth are presented in Section 3.4. 285 

The time series of OA measured by the CHARON showed a good agreement with that of 

AMS-measured OA (r = 0.93). On average, the CHARON can detect 62% ± 18% of total OA 

mass measured by the AMS, which is comparable to the mass recovery of biogenic SOA 

measured by the CHARON-PTR-MS to SMPS mass (80% ± 10%) in chamber experiments 

(Gkatzelis et al., 2018a). Figure S7 shows the median OA mass spectra of CHARON-PTR-MS 290 

measurements averaged over the entire campaign. Mass concentrations associated with 

individual m/z signal ranged from 0.2 ng m-3 to 183 ng m-3. A total of 191 species are well 

assigned (Fig. 3 and Table S3), contributing to 72% ± 5% of total CHARON-measured OA 

mass. The majority of ions detected by the CHARON are present in the lower mass range 

(m/z<250), which is mainly due to the fragmentation of larger masses during the ionization 295 

processes of PTR-MS (Muller et al., 2017; Gkatzelis et al., 2018a). Figure 3a shows the mass 

distributions associated with pure and oxygenated hydrocarbon ions (CxHy
+ and CxHyOz

+), 

resolved by carbon and oxygen atom numbers. The most abundant species are characterized 
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with by a formula of CxHyO2
+, accounting for 30% ± 4% of total OA measured by the 

CHARON, followed by CxHy
+ (13% ± 3%), CxHyO1

+ (11% ± 3%) and CxHyO3
+ (10% ± 2%). 300 

High fractions of less oxidized organic species (CxHyO1-2
+) reflect that the CHARON-PTR-MS 

is sensitive more for the weakly oxygenated organic compounds. Figure 3 shows the diurnal 

variations of CxHyO0-5
+ during the entire measurement period. The groups of CxHyO0-2

+ showed 

higher concentrations during nighttime. Previous studies have reported that CxHy
+ can be 

attributed to hydrocarbon-like compounds or the fragmented ions of oxygenated ions through 305 

the neutral loss of water (-H2O), a carbonyl group (-CO) and a carboxyl group (-CO2) (Gkatzelis 

et al., 2018b; Peng et al., 2023). The time series of CxHy
+ strongly correlated with CxHyO1

+ (r = 

0.98) and CxHyO2
+

 (r = 0.82), suggesting that they were mainly contributed by the fragmentation 

of oxygenated ions at higher masses. In contrast, CxHyO3-5
+ showed peak concentrations at 

noon, suggesting that they were related to daytime photooxidation processes.  310 

3.2 Source identification of organic aerosol compounds 

3.2.1 Source attribution of VOCs (PTR-MS) 

In this study, a five-factor solution was selected as the optimum and interpretable solution 

for the PMF analysis of VOCs. After carefully checking the factor profiles, diurnal patterns, 

and correlations with external tracers (Fig. 4 and Fig. S8), we assigned these five VOC factors 315 

as traffic VOCs, terpenes, OVOCs related to aromatic hydrocarbon oxidation (aromatic-

OVOCs), OVOCs related to BVOC oxidation (biogenic-OVOCs,) and OVOCs related to aged 

air masses (aged-OVOCs). They constituted 12% ± 13%, 11% ± 16%, 11% ± 9%, 37% ± 29% 

and 29 ± 21% of total VOC mixing ratios on average during the entire campaign, respectively. 

The first factor was identified as traffic VOC emissions with high contributions to aromatic 320 

hydrocarbon ions such as C6H7
+ (m/z79.05), C7H9

+ (m/z93.07), C8H9
+ (m/z105.07), C8H11

+ 

(m/z107.09), C9H13
+ (m/z121.10) and C10H15

+ (m/z 135.12). They can be assigned to benzene, 

toluene, styrene, xylenes, C9-aromatics and C10-aromatics correspondingly, which are typical 

tracers for vehicular emissions (Gkatzelis et al., 2021; Wang et al., 2021; Crippa et al., 2013b). 

This factor also had the predominant contribution to C2H7O
+ (m/z47.05, ethanol). Ethanol can 325 

be contributed by many sources e.g., traffic, wood combustion, anthropogenic emissions from 

personal care product usage and secondary oxidation (Gkatzelis et al., 2021; Li et al., 2022). 

During this study, there were no wood combustion activities and usage of personal care products 

during summer on the campus, thus their contributions to ethanol were expected to be 

negligible. Ethanol was mainly attributed to the emissions of ethanol-gasoline fueled cars. Good 330 

correlations were found for the traffic VOC factor with ethanol (r = 0.82), benzene (r = 0.67) 
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and toluene (r = 0.82). The diurnal variation of this factor peaked the morning rush hours (7:00-

9:00), supporting that it was related to traffic emissions.  

The second VOC factor was characterized as terpenes with dominant contributions to C5H7
+ 

(m/z67.50), C6H9
+ (m/z81.70), C7H11

+ (m/z95.80), C10H17
+ (m/z137.13), C11H17

+ (m/z149.10) 335 

and C15H25
+ (m/z205.20). C10H17

+ and C15H25
+ were assigned as monoterpenes and 

sesquiterpenes respectively, while C5H7
+, C6H9

+, C7H9
+ and C11H17

+ are fragment ions from 

monoterpenes and sesquiterpenes formed inside the PTR instrument (Kari et al., 2018; Tani et 

al., 2003; Kim et al., 2009). As expected, the time series of the terpene factor correlated tightly 

with that of monoterpenes (r = 0.99) and sesquiterpenes (r = 0.88). The diurnal cycle of the 340 

terpene factor showed higher concentrations during nighttime. However, a fast decrease of 

terpenes was observed during daytime, which is due to rapid consumption of monoterpenes and 

sesquiterpenes by photochemical oxidation and furthermore by the increasing PBL heights. 

The third VOC factor contains abundant oxygenated aromatic hydrocarbon ions such as 

C7H8O1-3H
+, C8H10O2-3H

+, C9H10O1-3H
+ and C9H12O1-3H

+, which are attributed to gaseous 345 

products of aromatic hydrocarbon oxidation. For example, C7H8O1H
+, C7H8O2H

+ and 

C7H8O3H
+ can be assigned as cresol, dihydroxy-toluene and dicarbonyl-epoxide, which have 

been identified as products from toluene oxidation in simulation chamber studies (Zaytsev et 

al., 2019). Wang et al. (2020b) identified C9H10O1-3H
+ and C9H12O1-3H

+ as gaseous products of 

trimethylbenzene oxidation in laboratory experiments. The time series of the third VOC factor 350 

correlated well with those of gaseous products of aromatic oxidation e.g., C7H8O1-3H
+ (r = 0.78-

0.85) and C9H10O1-3H
+ (r = 0.88-0.92). Therefore, we defined it as an oxygenated VOC factor 

related to aromatic hydrocarbon oxidation (aromatic-OVOCs). The diurnal cycle of aromatic-

OVOCs showed a peak at morning rush hours (7:00-9:00), which was likely related to the 

oxidation of aromatic hydrocarbons from traffic emissions. We also observed a weaker peak of 355 

aromatic-OVOCs during afternoon rush hours (16:00-17:00). This can be explained by a 

stronger dilution in the expanded PBL for the afternoon rush hour.  

The fourth VOC factor was characterized by high contributions to smaller oxygenated VOC 

(OVOC) such as CH2O2H
+, C3H4OH+, C2H4O2H

+ and C3H6O2H
+, which can be assigned as 

formic acid, acrolein, acetic acid, and propionic acid, correspondingly. In addition, C4H6OH+ is 360 

an important constituent in this factor, which was attributed to the isoprene oxidation products 

as methyl vinyl ketone and/or methacrolein (MVK+MACR) (Wennberg et al., 2018). The time 

series of this factor showed strong correlations with that of formic acid (r = 0.96), acetic acid (r 

= 0.95), MVK + MACR (r = 0.81) as well as Ox (NO2 + O3, r = 0.86), an indicator of 
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photochemical oxidation processes. It suggests that this VOC factor was mainly related to the 365 

photochemical oxidation processes of BVOCs. The diurnal variations of this factor showed 

significantly higher concentrations during daytime. Therefore, this VOC factor can be attributed 

to OVOCs related to BVOC oxidation (biogenic-OVOCs). Recently, Li et al., (2021) reported 

that the daytime oxidation of monoterpenes could produce more-oxidized gaseous organic 

compounds (e.g., C10H15O4-6H
+ and C10H16O4-6H

+) in the French Landes forest according to the 370 

binned PMF analysis of VOCs detected by a Vocus-PTR-MS. In the present study, these more-

oxidized monoterpene-derived gaseous organic compounds in the gas phase cannot be well 

detected by our PTR-MS, and thus are not included for further PMF analysis. 

The fifth VOC factor consists of lower molecular weight OVOCs such as C3H4O2H
+, 

C2H4O3H
+, C3H4O3H

+, C5H2O2H
+, C4H2O3H

+, and C6H4O2H
+. This VOC factor had no specific 375 

marker ions related to sources and/or formation processes. Its time series exhibited insignificant 

temporal variation compared to other VOC factors, but showed a similar trend as the variation 

of wind direction (r = 0.53). The diurnal variations of this factor were less pronounced during 

the entire campaign. Furthermore, the long-range transported Atlantic air mass clusters (C4 and 

C5) had high fractions of this factor to total VOC mixing ratios. Based on these results, the fifth 380 

VOC factor can be denoted as the OVOCs associated with the advection of aged air masses 

(aged-OVOCs). 

3.2.2 Source apportionment of OA particles (AMS) 

A five-factor solution was selected as the optimal results of PMF analysis of AMS-

measured OA (Fig. 5 and Fig. S9) These five factors were denoted as a hydrocarbon-like OA 385 

(HOA), two semi-volatile oxygenated OA (SV-OOA1 and SV-OOA2), a low-volatile 

oxygenated OA (LV-OOA) and a marine-related oxygenated OA (MOOA). They constituted 

6% ± 5%, 20% ± 12%, 17% ± 9%, 35% ± 17% and 22% ± 16% of total OA mass on average 

during the entire campaign.  

The first OA factor was HOA dominated by alkyl fragments such as C3H5
+, C3H7

+, C4H7
+ 390 

and C4H9
+, which was similar to that from traffic emissions reported in previous studies 

(Canagaratna et al., 2004; Crippa et al., 2014). The time series of HOA correlated well with the 

traffic VOC factor (r = 0.72) and moderately with BC (r = 0.52), confirming that they are related 

to primary traffic emissions. The diurnal cycle of HOA showed a peak at the morning rush 

hours (8:00-9:00). No HOA peak was found in the afternoon, which is likely associated with 395 

that strong photochemical oxidation and high wind speeds in the afternoon leading to the 

decrease of HOA mass.  
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The second and third OA factors were two semi-volatile oxygenated OA (SV-OOA) factors 

with different mass spectra and temporal variations. The O:C ratios of SV-OOA1 and SV-

OOA2 were 0.45 and 0.51 respectively, which are within the typical range of 0.2-0.6 reported 400 

for SV-OOA identified from many AMS measurements (Ng et al., 2010). Good correlation was 

found between SV-OOA1 and particulate nitrate (r = 0.73), indicating their semi-volatile nature. 

Besides, SV-OOA1 showed a good correlation with the VOC terpene factor (r = 0.71). SV-

OOA1 showed distinct diurnal patterns with higher mass concentrations during nighttime. 

Therefore, SV-OOA1 was related to the nighttime oxidation of terpenes. In contrast, SV-OOA2 405 

had less pronounced diurnal variation. SV-OOA2 showed a good correlation with aromatic-

OVOC factor (r = 0.70). Furthermore, we observed that the mass concentrations of SV-OOA2 

increased from 10-14th August when the air masses were transported from urban Karlsruhe. 

Therefore, SV-OOA2 was likely related to urban emissions. Please note that we cannot attribute 

SV-OOA1 and SV-OOA2 to specific anthropogenic and biogenic sources solely based on the 410 

AMS-PMF analysis.  

The fourth OA factor was identified as low-volatile oxygenated OA (LV-OOA) with higher 

O:C ratios of 0.86. The mass spectrum of LV-OOA was distinguished by the predominant ions 

of m/z44 (CO2
+) and m/z28 (CO+), which is consistent with previous observations for LV-OOA 

from AMS measurements (Ng et al., 2010). LV-OOA showed a good correlation with CO2
+ (R 415 

= 0.96), fair correlations with Ox (R = 0.48) and the biogenic-OVOC factor (R = 0.58). This 

indicates that LV-OOA was mainly contributed by the photochemical oxidation of BVOCs. As 

expected, the diurnal cycle of LV-OOA showed a peak at the afternoon (12:00-14:00) with 

higher temperatures and O3 levels as well as intensive radiation.  

The fifth OA factor was denoted as a marine oxygenated OA (MOOA) with the highest O/C 420 

ratio of 1.00. The time series of MOOA strongly correlated with m/z 79 (CH3SO2
+, r = 0.84), 

an ion derived from the fragmentation of methanesulfonic acid (MSA) as a marker of marine 

sources (Crippa et al., 2013a; Huang et al., 2018). Base on the back-trajectory analysis, the 

concentrations of MOOA showed significantly increase at dry days when the measurement site 

was influenced by the air masses from the Atlantic Ocean. Crippa et al. (2013a) identified a 425 

MOOA factor in Paris, France in summer 2009, where a significant increase of MOOA mass 

was also observed for air masses from the Atlantic Ocean. In this study, MOOA showed a 

higher O:C ratio compared to that (0.57) observed in Paris in summer 2009 (Crippa et al., 

2013a). Furthermore, the diurnal variation of MOOA was relatively flat during the entire 

measurement period. The results confirm that MOOA was associated with aged marine 430 
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emissions from the Atlantic Ocean. This is in line with the finding by (Shen et al., 2019) that 

the aerosol particles in this region are influenced by marine emission from the Atlantic Ocean 

in summer. 

3.2.3 Source attribution of semi-volatile OA particles (CHARON) 

In this study, a six-factor solution (Fig. 6) was selected as the best interpretable solution for 435 

the PMF analysis of OA measured by the CHARON-PTR-MS including two factors that 

couldn’t be assigned to a specific source (F5 and F6). The four factors assigned can be defined 

as cooking-related OA (COA), SOA related from aromatic oxidation (aromatic-SOA), and SOA 

related to daytime and nighttime BVOC oxidation, respectively (daytime- and nighttime-

BSOA, cf. Fig. 6). They contributed to 9% ± 9%, 5% ± 5%, 17% ± 17% and 28% ± 21% of 440 

total OA mass measured by the CHARON, and the unassigned factors (F5 and F6) accounted 

for 16% ± 18% and 26% ± 23%, respectively during the entire campaign. 

The first OA factor was characterized by a unique ion of C16H33O2
+, which was tentatively 

assigned as palmitic acid. Palmitic acid is a fatty acid mainly released from the cooking 

emissions, thus can be used as a tracer for cooking-related OA (Reyes-Villegas et al., 2018). 445 

Furthermore, the diurnal variation of this factor showed a peak at lunch time, supporting that it 

was associated with cooking emissions. As expected, the time series of COA well correlated 

with C16H33O2
+. Note that the COA was not resolved by the AMS-PMF analysis. The 

unconstrained AMS-PMF analysis yielded the HOA factor with a high O:C value (0.26), which 

might be associated with the mixing of cooking-related oxidized species into HOA (Mohr et 450 

al., 2012). 

The second OA factor was defined as aromatic-SOA characterized with high fractions of 

C6-9HyO1-3
+, which are likely oxidation products of aromatic hydrocarbons as indicated by 

previous chamber studies (Wang et al., 2020b; Zaytsev et al., 2019). The time series of this 

factor correlated with oxygenated aromatic hydrocarbon ions e.g., C7H9O3
+ (r = 0.86). 455 

Furthermore, we observed an enhancement of aromatic-SOA during 10th-14th August with the 

influence of urban air masses (Fig. 6). Despite the dilution of the boundary layer during the day, 

there is little variation in the aromatic-SOA concentration during the day. The transport of 

aromatic-SOA from urban Karlsruhe might offset the dilution effects of the expanding 

boundary layer. The time series of aromatic-SOA showed a good correlation (r = 0.82) with 460 

SV-OOA2 from the AMS-PMF analysis (Fig. 7), indicating that SV-OOA2 can be attributed to 

the oxidation of aromatic hydrocarbons. 
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The third OA factor contains high contributions from ions such as C10H15O
+, C10H17O

+ and 

C10H13O2-3
+, which can be identified as weakly oxidized products of monoterpenes or their 

fragments (Li et al., 2021; Gkatzelis et al., 2018b). As expected, the time series of this factor 465 

correlated tightly with C10H17O
+ (r = 0.91). This factor showed distinct diurnal pattern with high 

concentrations during nighttime, suggesting that it was associated with the nighttime chemistry 

and thus defined the as a nighttime-BSOA. Besides, the time series of nighttime-BSOA 

correlated well with SV-OOA1 from the AMS-PMF analysis (r = 0.63, Fig. 7). This confirms 

that SV-OOA1 was mainly attributed to the less-oxidized organic compounds formed from the 470 

nighttime oxidation of terpenes. 

The fourth OA factor shows high contributions from ions such as C8H13O3-5
+, C9H13O3-4

+, 

C10H13O4-5
+ and C10H15O4-5

+. These ions can be related to more oxidized products of 

monoterpene oxidation and/or their fragments as reported in previous chamber studies and field 

observations (Li et al., 2021; Gkatzelis et al., 2018b). The diurnal variation of this factor showed 475 

increased concentrations during daytime. These results suggest that this factor is associated with 

SOA formed from the oxidation of biogenic VOCs during daytime and thus denoted as a 

daytime-BSOA. The time series of daytime-BSOA showed a weak correlation with LV-OOA 

from the AMS-PMF analysis (r = 0.40). Note that the CHARON-PTR-MS cannot well measure 

low-volatility organic compounds, which may deteriorate the correlation between daytime-480 

BSOA and LV-OOA to some extent. 

In addition, two other factors (F5 and F6) were resolved from the PMF analysis of 

CHARON-measured OA. The mass spectra of both F5 and F6 dominated by the ion C3H5O2
+. 

Note that C3H5O2+ is attributed to the fragmentation of multiple organic compounds, which 

cannot be regarded as a source marker ion. Due to the lack of source marker compounds, we 485 

currently cannot assign these two factors to specific sources or formation processes in this study.  

3.3 Impact of air mass origin on VOC and OA sources  

Figure 8 shows the relative contributions of VOC factors to total VOC mixing ratios and 

OA factors to total OA mass measured by the AMS for five different air mass clusters. Clusters 

C1 and C2 both showed highest fractions of biogenic-OVOCs to total VOC mixing ratios (40% 490 

and 55%), indicating the importance of biogenic VOC oxidation to OVOC contribution. For 

long-range transported air masses from Atlantic Ocean (C4-C5), high fractions of biogenic-

OVOCs were found as well (30% and 35%). Furthermore, C4 and C5 had high fractions of 

aged-OVOCs in total VOC mixing ratios, suggesting the importance of long-range transport of 

air masses for the variations of VOCs. Compared to other air mass clusters, we found highest 495 
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fractions of aromatic-OVOCs in C1, which reflects increased anthropogenic emissions from the 

downtown Karlsruhe. Besides, high fractions of traffic VOCs were observed for C2 and C3, 

which was mainly related to local traffic emissions.  

All air mass clusters showed high fractions of LV-OOA in total OA mass (24%-52%), 

indicating the importance of photochemical oxidation of biogenic VOCs to SOA formation. 500 

High fractions of MOOA in total OA mass were observed for the Atlantic air masses (C4 and 

C5). Please note that MOOA played an important role for relatively clean periods with low OA 

mass. Interestingly, high fractions of SV-OOA2 in total OA mass were observed for C1, C4 

and C5 (17%-21%) with the air masses having passed over the urban Karlsruhe compared to 

those for C2 and C3 (10%-11%) which passed over forested areas. However, the fractions of 505 

SV-OOA1 in total OA mass showed no significant changes among different air mass clusters. 

In total, high fractions of SOA factors including SV-OOA1, SV-OOA2 and LV-OOA were 

found from 63% for C5 to 87% for C2, emphasizing the important secondary aerosol 

contributions over the primary HOA and long-range transported MOOA.  

Overall, we conclude that local BVOC oxidation can produce low-molecular weight 510 

biogenic-OVOCs and LV-OOA during daytime while leading to the formation of SV-OOA1 

during nighttime. In contrast, the air masses transported from urban Karlsruhe can increase the 

role of aromatic OVOCs and SV-OOA2 in the variations of VOCs and OA. 

3.4 Contribution of semi-volatile organic compounds to nighttime particle growth 

Figure 9 shows the diurnal variations of geometric mean particle diameters, traffic VOC 515 

and terpene factors, atmospheric oxidants, mass concentrations and fractions of OA, SV-OOA1 

and SV-OOA2 during the periods influenced by five different air mass clusters. The geometric 

mean particle diameter showed evidently increases during nighttime (20:00-06:00 next day) 

especially for the air mass clusters of C1-C3. Simultaneously, the diurnal variations of OA mass 

also exhibited significantly increases during nighttime of air mass clusters C1-C3. Among the 520 

OA components, both SV-OOA1 and SV-OOA2 mass showed fast increases during nighttime, 

correspondingly. Note that the mass increase of OA, SV-OOA1 and SV-OOA2 could be related 

to nighttime chemistry and the shrinking of the boundary layer. No significant differences of 

diurnal patterns of boundary layer height were found among different air mass clusters except 

for C5 with slightly high boundary layer height during nighttime (Fig. S10). Furthermore, we 525 

calculated the diurnal variations of SV-OOA1 and SV-OOA2 fractions in total OA mass to 

remove the effect of PBL height variation. After this normalization, the mass fraction of SV-

OOA1 showed still significant increases during nighttime from 10% to 40% for C1-C3 and 10% 
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to 25% for C4-C5. In contrast, the mass fraction of SV-OOA2 showed less pronounced diurnal 

variations for all air mass clusters. This indicates that the formation of SV-OOA1 dominated 530 

the nighttime particle growth and high OA mass rather than SV-OOA2. Furthermore, high 

concentrations of terpenes were observed along with the decrease of O3 during nighttime 

supporting the formation of SV-OOA1. Although the traffic VOC factor mainly containing 

aromatic hydrocarbons also showed higher concentrations during nighttime, these species have 

lower reactivity towards O3 compared to terpenes (Atkinson, 2000). Therefore, we exclude the 535 

possibility of nighttime oxidation of aromatic hydrocarbons leading to the enhancement of SV-

OOA2 formation.  

In addition to O3, terpenes can react with nitrate radicals (NO3) during nighttime, resulting 

in the formation of organic nitrate. In this study, we calculated the total organic nitrate from the 

AMS measurement (Farmer et al., 2010; Kiendler-Scharr et al., 2016; Xu et al., 2015; see details 540 

in Text S3). We also calculated the production rate of NO3 radicals (PNO3 = k[NO2][O3], k = 3.5 

x 10-17 cm3 molecules-1 s-1 at 298 K, IUPAC) by using the measured concentrations of O3 and 

NO2 (Huang et al., 2019). The diurnal variations of PNO3
 showed significant increases after 

20:00 in all air mass clusters especially for C2 and C3 with the forest air masses. 

Simultaneously, the mass concentrations of organic nitrate showed rapid increases over the 545 

nighttime. Furthermore, the mass fraction of organic nitrate in OA showed significant increase 

during nighttime for all air mass clusters. Given the high concentrations of monoterpenes and 

sesquiterpenes during nighttime, we assume that the organic nitrate was mainly formed from 

the oxidation of biogenic VOCs by NO3 radicals. Furthermore, we found that organic nitrate 

showed better correlations with particulate organic nitrate molecules C10H15O7N (r = 0.46) and 550 

C15H23O7N (r = 0.55) compared to C5H7O7N (r = 0.22) measured by the FIGAERO-CIMS (Fig. 

S11). According to chamber studies and field observations, C5H7O7N, C10H15O7N and 

C15H23O7N can be attributed to organic nitrate products formed from isoprene, monoterpenes 

and sesquiterpenes, respectively (Huang et al., 2019; Chen et al., 2020; Faxon et al., 2018; Wu 

et al., 2021; Gao et al., 2022). Based on above results, we can conclude that organic nitrate was 555 

mainly contributed by the NO3 radical-induced oxidation of monoterpenes and sesquiterpenes. 

Finally, we present two cases showing the nighttime particle growth with increased OA 

mass (Fig. 10). Please note that this is actually a phenomenon observed regularly in this area in 

summer (Huang et al., 2019). The first case (Case 1) was from 21st-23rd July 2021 with the 

influence of forest air masses, while the second one (Case 2) was from 28th-30th July 2021 with 560 

impact of long-range transported Atlantic air masses. It can be clearly seen that the particle 
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growth during nighttime started from 20:00 local time with linear increases of geometric mean 

particle sizes reaching maximum values at 04:00-06:00 next day in both cases. We calculated 

the particle growth rate by averaging the geometric mean particle diameter difference from 

20:00 to 04:00 on the next day. The particle growth rates for two nights of Case 1 were 3.9 and 565 

4.0 nm hr-1 respectively, which were close to those (5.3 ± 3.1 nm hr-1) observed at the same area 

in summer 2016 and 2018 (Huang et al., 2019) and lower than the nighttime growth rates 

observed at Landes forest (9.0-15.7 nm hr-1) (Kammer et al., 2018). About a factor of two lower 

particle growth rates were found for two nights of Case 2 with 1.8 and 1.5 nm hr-1, respectively. 

In the same way, we calculated the mass increase rate of SV-OOA1 and organic nitrate by 570 

averaging the mass difference correspondingly. Consequently, the mass increase rates of SV-

OOA1 were 0.36 and 0.53 µg m-3 hr-1 for two nights of Case 1, higher than 0.05 and 0.11 µg 

m-3 hr-1 for two nights of Case 2. The mass increase rates of organic nitrate were also 

significantly higher during two nights of Case 1 (0.13 and 0.19 µg m-3 hr-1) than those during 

the nights of Case 2 (0.04 and 0.06 µg m-3 hr-1). The difference of particle growth and mass 575 

increase rates between Case 1 and Case 2 could be associated with the concentrations of VOC 

precursors and/or nighttime oxidants (O3 and NO3 radicals). Note that the mass concentrations 

of organic nitrate show strong correlations with C10H15O7N and C15H23O7N especially during 

nighttime (Fig. 10), indicating that organic nitrates were formed from the oxidation of 

monoterpenes and sesquiterpenes by NO3 radicals. This is in line with our previous study that 580 

highly functionalized organic nitrates can contribute to nighttime particle growth and OA mass 

observed at the same area in summer 2016 and 2018 (Huang et al., 2019). In this study, higher 

concentrations of terpenes were observed during nighttime of both cases. As shown in Fig. 10, 

the decrease rate of O3 was stronger during the nighttime particle growth periods in Case 1 (-

4.6 and -5.0 ppb hr-1) than in Case 2 (-2.1 and -2.9 ppb hr-1). The results suggest the importance 585 

of atmospheric oxidants (O3 and NO3 radicals) for nighttime SOA and organic nitrate formation 

and thus particle growth. The formation of O3 and NO3 radicals are tightly associated with NOx, 

thus the reduction of NOx and O3 would be helpful to lower the nighttime biogenic SOA 

formation including potentially toxicologically relevant organic nitrates (Lei et al., 2023) for 

improving regional air quality. 590 

 

4 Conclusions  

In this study, the composition, sources and evolution processes of VOCs and OA were 

concurrently investigated by the combination of online mass spectrometry and PMF analysis in 
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a rural forested area in southwest Germany in summer. OA measured by the AMS is the most 595 

abundant particulate component, contributing to 67% ± 11% of total PM2.5 mass. Semi-volatile 

OA measured by the CHARON-PTR-MS accounted for 62% ± 18% of AMS-measured OA. 

The PMF analysis of VOCs revealed that OVOCs including biogenic-OVOCs, aromatic-

OVOCs and aged-OVOCs totally contributed to 77% ± 20% of total VOC mixing ratios. AMS-

measured OA particle mass was mainly contributed by the oxygenated organic compounds 600 

including SV-OOA1, SV-OOA2, LV-OOA and MOOA according to the PMF analysis. Three 

SOA factors including an aromatic-SOA, a daytime-biogenic SOA, a nighttime-biogenic SOA 

determined from the CHARON-PMF analysis, totally accounted for 50% ± 20% of total 

CHARON-measured OA mass. We conclude substantial contributions of oxygenated organic 

compounds in both gas and particle phase. Meanwhile, we illustrated that the oxidation of 605 

biogenic terpenes formed more-oxidized VOCs and LV-OOA during daytime, while produced 

less oxidized VOCs and SV-OOA during nighttime. Combined with air mass back-trajectory 

analysis, we found that urban air masses significantly enhanced the anthropogenic contributions 

to OVOCs, and SOA related to aromatic hydrocarbon oxidation. Additionally, particle growth 

events were frequently observed at this area during early nighttime, similar to recently reported 610 

observations in other European forest areas in summer (Kammer et al., 2018; Debevec et al., 

2018). We revealed that nighttime particle growth was mainly attributed by the rapid mass 

increase of semi-volatile organic compounds and organic nitrates from the oxidation of 

monoterpenes and sesquiterpenes. This study elucidates the relative importance of biogenic and 

anthropogenic emissions by the combination of PMF analysis of VOCs and OA mass spectral 615 

data as well as meteorological conditions. In future, the comparison between the PMF analysis 

of CHARON-PTR-MS and concurrent FIGAERO-CIMS measurement should be done to 

provide the detailed oxidation pathways of VOCs leading to SOA formation. 
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Figure 1. Location of the measurement site along with the clusters of air mass back-trajectories. 

(a) five major air mass clusters, (b) map of sampling location (KITcn), Eggenstein (LUBW air 

quality monitor station), two industrial sources (a refinery and a coal-fired power plant) and 955 

Linkenheim (a sampling site in summer 2016, Huang et al., 2019) (©Google Earth). (c) Wind 

rose plot for the entire campaign. 
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Figure 2. Time series of (a) origins of air mass clusters; (b) temperature (T) and relative 960 

humidity (RH) and precipitation; (c) mass concentrations of PM2.5 measured by the OPC, OA 

measured by the CHARON, OA, sulfate, nitrate, ammonium, chloride measured by the AMS 

and BC; (d) concentrations of total VOCs (TVOCs, brown line), O3 and NO2; (e) particle 

number size distribution measured by the SMPS. 
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 965 

Figure 3. (a) Average mass distributions of identified particulate organic species (CxHyOz) 

resolved by the carbon and oxygen numbers (nC and nO) from the CHARON-PTR-MS; (b-g) 

Average diurnal variations of CxHyO0-5. The sticks represent the 25th and 75th percentiles. 
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Figure 4. Source apportionment of VOCs measured by the PTR-MS. (a) Normalized VOC 970 

factor spectra from PMF analysis on the m/z peaks (relative contribution of each factor to each 

ion); (b) time series of VOC factors including traffic, terpenes, aromatic-OVOCs, biogenic-

OVOCs and aged-OVOCs with external tracer species including toluene, monoterpenes, cresol, 

MVK + MACR and wind direction (WD); (c) median diurnal variations of VOC factors and Ox 

(NO2 + O3); (d) relative contribution of each VOC factors to total VOC concentrations. 975 
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Figure 5. Source apportionment of OA measured by the AMS. (a) Mass spectra of OA factors: 

hydrocarbon-like OA (HOA), two semi-volatile oxygenated OA (SV-OOA1 and SV-OOA2), 

low-volatility oxygenated OA (LV-OOA) and marine oxygenated OA (MOOA); (b) time series 980 

of OA factors and external tracer species (BC, pinonaldehyde and cresol measured by the PTR-

MS, CO2
+ and CH3SO2

+ measured by the AMS); (c) median diurnal variations of OA factors 

and PBL height; and (d) mass fraction of OA factors in total OA mass. 
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Figure 6. Source apportionment of OA measured by the CHARON-PTR-MS. (a) mass spectra 985 

of six factors of OA from PMF analysis; (b) time series of six OA factors including cooking-

related OA (COA), aromatic hydrocarbon oxidation-related SOA (aromatic-SOA), nighttime 

and daytime biogenic SOA (Daytime-SOA and nighttime-SOA) with marker ions including 

C16H33O2
+, C7H9O3

+, C10H17O
+ and C10H15O4

+, respectively. Two factors (F5 and F6) 

dominated by C3H5O2
+ could not be assigned to specific sources; (c) median diurnal variations 990 

of OA factors; (d) relative contributions of each OA factor to total OA mass. 
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Figure 7. Correlations of three AMS-measured SOA factors (SV-OOA1, SV-OOA2, LV-OOA) 

with VOC factors (terpene factor, aromatic-OVOC, biogenic-OVOC) and CHARON-measured 995 

SOA factors (nighttime-BSOA, aromatic-SOA, daytime-BSOA). 

 

 

Figure 8. Relative contributions of (a) VOC factors to total VOC mixing ratios and (b) OA 

factors to AMS-measured OA mass for five different air mass clusters (C1-Urban Karlsruhe, 1000 

C2-forest, C3-North Sea (forest), C4-Atlantic, C5-Atlantic). 
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Figure 9. Diurnal variations of VOC precursors, oxidants, SOA factors and particle size for 

different air mass clusters: (a-b) traffic VOC and terpene factors measured by the PTR-MS; (c) 

O3 mixing ratios; (d) production rate of NO3 radicals; (e-h) mass concentrations of OA, SV-

OOA1, SV-OOA2 and organic nitrate (OrgNO3) measured by the AMS; (j) geometric mean 5 

particle size (Dp); (k-m) mass fractions of SV-OOA1, SV-OOA2 and OrgNO3 in total OA mass. 
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Figure 10. Two cases showing the nighttime particle growth. Time series of particle number 

size distributions and geometric mean particle size, and mixing ratios of terpenes factor and O3, 

production rate of nitrate radicals (PNO3
), and mass concentrations of SV-OOA1 and organic 10 

nitrate calculated from the AMS during 21st-23rd (a1-a4) and 28th-30th July, 2021 (b1-b4). Three 

particulate organic nitrate molecules (C5H7O7N, C10H15O8N, C15H23O8N) detected by the 

FIGAERO-CIMS are plotted in (b4). The grey area represents the nighttime from 20:00 to 6:00 

next day (local time). 
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