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17  Abstract

18 Inthis study, we present real-time measurements of organic aerosol (OA) and biogenic volatile
19  organic compounds (BVOCs) at a pine forest stressed by bark beetles and previous droughts
20  close to a biogas power plant (BPP) in western Germany during June 2020. A proton-transfer-
21  reaction time-of-flight mass spectrometer coupled with a particle inlet (CHARON-PTR-ToF-
22 MS) and a Vocus-PTR-ToF-MS were deployed to measure OA and BVOCs. During the entire
23 measurement period, the average concentration of monoterpenes (2.5 + 5.3 ppb) was higher
24 than isoprene (0.58 + 0.54 ppb) and sesquiterpenes (0.01 + 0.01 ppb). The OA composition
25 mainly consisted of semi-volatile organic compounds formed from monoterpene oxidation.
26  Based on a wind direction analysis, BVOC data were categorized into two groups with main
27  influence from the BPP (WD-BPP) and the forest (WD-forest), respectively. In the WD-BPP
28  group, high concentrations of monoterpenes and sesquiterpenes were attributed to BPP
29  emissions. In the WD-forest group, higher temperatures enhanced the biogenic emissions of
30 isoprene, monoterpenes, and sesquiterpenes especially during daytime, exceeding their
31  photochemical consumption. Positive matrix factorization analysis of VOCs revealed
32 substantial contributions of gaseous organic acids from BVOC oxidation during daytime, while
33 weakly oxidized monoterpene products dominated during nighttime. Moreover, increasing
34  relative humidity promoted the gas-to-particle partitioning of gaseous weakly oxidized
35  monoterpene products, leading to an increase of nighttime OA mass. This study highlights that
36  the variations of BVOCs and their oxidation products are influenced by meteorology, local BPP

37  emissions, and chemical transformation processes at this stressed forest.

38

39 1 Introduction

40 Volatile organic compounds (VOCs) play important roles in determining atmospheric
41  chemical processes (Atkinson, 2000; Hallquist et al., 2009; Yéafez-Serrano et al., 2020;
42  Shrivastava et al., 2017). Terrestrial ecosystems emit large amounts of biogenic VOCs
43 (BVOCs, >1000 Tg yr?) to the global atmosphere, more than anthropogenic VOCs (AVOCs,
44 ~200 Tg yrY) (Guenther et al., 2012; Sindelarova et al., 2014). BVOCs emitted by vegetation
45  consist largely of reactive terpenoids e.g., isoprene (~70%), monoterpenes (~11%) and
46 sesquiterpenes (~2.5%) (Sindelarova et al., 2014). The oxidation products of terpenoids can
47  nucleate to form new particles or contribute to the growth of existing particles and secondary
48  organic aerosol (SOA) formation, thus impacting air quality and climate (Hallquist et al., 2009;
49  Shrivastava et al., 2017).
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50 Over the last decade, several field studies have been conducted at different forests to
51  investigate the characteristics of BVOCs including the emissions, temporal variations as well
52  as their impacts on atmospheric reactivity and SOA formation (Hakola et al., 2012; Hellén et
53 al., 2018; Li et al., 2020; Huang et al., 2021; Yafiez-Serrano et al., 2021; Vestenius et al., 2021;
54 Mermet et al., 2021; Vermeuel et al., 2023). The diurnal pattern of isoprene concentrations in
55  forests showed typically higher concentrations during daytime (Yafiez-Serrano et al., 2021;
56  Yafez-Serrano et al., 2015; Li et al., 2020; Hakola et al., 2012), since isoprene emissions
57  increase with temperature and sunlight. The emissions and compositions of BVOCs from trees
58  varies with abiotic and biotic stresses such as high temperature, drought and herbivore attack
59  (Loreto and Schnitzler, 2010; Teskey et al., 2015; Jaakkola et al., 2023; Kari et al., 2019; Faiola
60 and Taipale, 2020). It has been widely reported that these stresses can significantly alter the
61  emissions of terpenoids (Ghimire et al., 2016; Jaakkola et al., 2023; Amin et al., 2012).

62 In addition to biogenic emissions, the temporal variations of BVOC concentrations
63  especially of terpenoids are influenced by atmospheric oxidation processes. The diurnal
64  variations of monoterpene concentrations generally showed lower values during daytime in the
65  boreal forests, which were attributed to the rapid photochemical consumption and expanded
66  boundary layer heights (Hellén et al., 2018; Hakola et al., 2012). Correspondingly, higher
67  concentrations of monoterpene oxidation products are expected to be produced during daytime.
68  For instance, Huang et al., (2021) found that some gaseous monoterpene oxidation products
69 e.g., Cs/Hw0s (3,6-oxoheptanoic acid) and CgHi1204 (terpenylic acid) showed higher
70  concentrations during daytime in a boreal forest. Li et at., (2020) reported similar diurnal
71  variations of gaseous higher-oxidized monoterpene products (e.g., CsH120a.6, CoH1404.6,
72 C10H1404.6 and C10H1604-6) in the Landes-forest in France. The variations of BVOC oxidation
73 products are also influenced by gas-particle partitioning processes. Laboratory studies have
74 shown that decreasing temperature and increasing relative humidity (RH) can lead to an
75  increased particulate fraction of SOA products from BVOC oxidation (Surdu et al., 2023; Von
76  Hessberg etal., 2009; Tillmann et al., 2010; Zhang et al., 2015; Luo et al., 2024). However, due
77  to lack of online dual-phase measurements only few field studies have focused on the gas-
78  particle partitioning of BVOC oxidation products in the real forest atmosphere (Mohr et al.,
79  2017; Yatavelli et al., 2014; Isaacman-Vanwertz et al., 2016; Lee et al., 2018). Stress conditions
80 like high temperature could not only increase BVOC emissions, but also result in variations of
81  BVOC oxidation products and SOA formation. In the context of a warming climate and frequent
82 insect outbreaks, it is necessary to investigate the variations of BVOC concentrations and their

83  oxidation process for stressed forests (Faiola and Taipale, 2020).
3
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84 The Eifel is low mountain range in western Germany that stretches across the federal states
85  of North Rhine-Westphalia and Rhineland-Palatinate and covers an area of ~5300 km?. Its
86  forested areas are largely composed of Norway spruce and European beech trees, which are
87  important contributors to BVOCs (Smiatek and Steinbrecher, 2006; Kleist et al., 2012). The
88  Eifel Forest was suffering from severe droughts, heatwaves and severe bark beetle infestation
89 in the years before our measurements (Weber et al., 2022; Montzka et al., 2021; Ghimire et al.,
90  2016), and thus can be regarded as a stressed forest. In this study, a field measurement campaign
91  was conducted at a site of the Eifel Forest in the vicinity of a biogas power plant (BPP). There
92  are increasing numbers of BPPs distributed in European rural areas (Bakkaloglu et al., 2021;
93  Scheftelowitz et al., 2018), which emit large amounts of CH4 and VOCs periodically to the
94  atmosphere around the BPPs (Salazar Gomez et al., 2016). In this paper, we present the real-
95  time measurements of VOCs and aerosol particles measured by a proton-transfer-reaction time-
96  of-flight mass spectrometer (PTR-ToF-MS) coupled with a particle inlet (CHARON, chemical
97  analysis of aerosol online) and a Vocus-PTR-ToF-MS. The impacts of weather conditions,
98  sources and chemical oxidation processes on the variations of BVOCs and their gaseous and
99  particulate oxidation products were investigated to get a better understanding of BVOC
100  emissions from stressed forests and their contributions to SOA as well as the potential impact

101  of emissions from BPPs.

102 2 Methods
103 2.1 Sampling site

104 In this study, a three-week field campaign was conducted in the Eifel Forest (50.72° N,
105  6.40° E) during June 2020 as a part of the “Heat and Drought 2020” campaign of the Modular
106  Observation Solutions of Earth Systems (MOSES) project of the Helmholtz Association of
107  German Research Centers. As shown in Fig. 1a, the sampling site is located ~400 m southeast
108  of a football field in the small village Kleinhau belonging to the municipality of Hurtgenwald,
109  Germany (population about 9000) and ~250 m east of a BPP (BioEnergie Kleinhau GmbH).
110  The biomass substrate used for the biogas production in this BPP consisted mainly of crop waste
111  (e.g., corn stover). The forest extended directly north of the measurement site but covered wider
112  areas also to the west and east. However, there were also some clear-cutting areas south and

113  southeast of the measurements site.
114 2.2 Instrumentation

115 All instruments were set up in a temperature-controlled measurement container (~298 K)

116  located at the sampling site. All sampling inlets were located 3.7 m above ground level and 1
4
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117  m above the container roof. An overview of instruments and parameters measured is given in
118 Table S1.

119 A PTR-ToF-MS 4000X2 coupled with a CHARON particle inlet (lonicon Analytik GmbH,
120  Innsbruck, Austria) was deployed to measure the VOCs and aerosol particles from 5M-30" of
121 June 2020. A detailed description of the PTR-ToF-MS and CHARON inlet has been provided
122 elsewhere (Jordan et al., 2009; Muller et al., 2017; Eichler et al., 2015). Briefly, CHARON
123 consists of a charcoal denuder for stripping off gaseous organics, an aerodynamic lens for
124 enriching particles, and a thermo-desorption unit (TDU) for particle evaporation prior to
125  chemical analysis by PTR-ToF-MS. In this campaign, both gases and particles were measured
126  through alternatingly switching between different modes with the data acquisition software
127  (loniTOF 4.0, lonicon Analytik GmbH, Innsbruck, Austria). Specifically, one alternating
128  measurement cycle includes 3-min HEPA filter mode for measuring the particle background,
129  1-min transition mode for the instrument equilibrium, 10-min CHARON mode for measuring
130  particle phase compounds, another 1-min transition mode and 10-min VOC mode for measuring
131  gas phase compounds (Fig. S1). One minute transition time is sufficient for the equilibrium of
132  instrumental conditions between different modes (Piel et al., 2021). During the gas-phase
133 measurement, ambient air was sampled continuously from a 3 m long PFA tube with a total
134 flowrate of 1.45 L min, and then a subset flow of ~0.1 L min™* was sampled by the PTR-MS
135 through a polyetheretherketone (PEEK) tubing maintained at 80 °C. During the particle-phase
136  measurement, ambient particles were sampled by a PMs inlet with a flowrate of 16.7 L min™,
137  out of which a flow of 0.55 L min™* was directed to the CHARON inlet maintained by a vacuum
138 pump (ACP15, Pfeiffer Vacuum). During a first measurement stage from 5%-19" of June, the
139  PTR drift tube was set with alternating temperatures for gas and particle phase measurement
140  modes at 80 °C and 120 °C respectively. With this setting, the actual drift tube temperatures
141 were varying during the gas and particle measurement modes complicating the data analysis
142  (Figs. S1 and S2). During a second measurement stage from 22"%-30" of June, the PTR drift
143 tube was set with the same temperature of 120 °C and a drift tube pressure of 2.7 mbar for both
144 gas and particle measurement modes. The CHARON inlet was set to a TDU temperature of 150
145  °C and a pressure of 7-8 mbar. Finally, the electric field (E/N) of the CHARON-PTR-TOF-MS
146 was kept at ~97 Td and ~57 Td for the gas and particle phase measurement modes respectively
147  during the second measurement stage (Fig. S1b). Gas calibrations of CHARON-PTR-TOF-MS
148  were performed via dynamic dilution of a calibration gas cylinder containing 11 VOC species
149  (Table S2, accuracy 10% at ~100 ppb). The background of VOCs was taken from zero-air

150 measurements during the gas calibrations at the beginning and the end of the campaign. The
5
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151  enrichment factor of the CHARON inlet was determined using an external calibration with size-
152  selected ammonium nitrate particles (NHsNO3) that were counted using a condensation particle
153  counter (CPC3772, TSI Inc., Shoreview, MN, USA). The enrichment factor was determined
154  with an average value of 18 + 2 in the 150-700 nm particle size range, with lower values for
155  smaller particles below 150 nm (Fig. S3). The particle background was determined by a high-
156  efficiency HEPA filter (ETA filter model HC01-5N-B, Aerocolloid LLC, Minneapolis, MN,
157  USA) that was placed upstream of the gas-phase denuder of the CHARON inlet. All data files
158  recorded by the CHARON-PTR-TOF-MS were processed by the software IONICON Data
159  Analyzer (IDA version1.0.0.2, lonicon Analytik GmbH, Innsbruck, Austria). More details of
160  data processing with the IDA are given in Supplement S1. Please note that during the first
161  measurement stage the actual temperature of the drift tube was fluctuating and hence lower than
162  the intended temperature (120 °C, Fig. S1), which made it difficult to quantify particulate
163  organic compounds. For the gas phase measurements, we corrected major VOC data during the
164  first measurement stage based on the gas calibration and the cross-comparison with Vocus-
165 PTR-ToF-MS measurements as described in Supplement S2. Finally, we can present the major
166  VOC species measured by the CHARON-PTR-ToF-MS for the entire campaign, while the

167  particle phase data for first measurement stage were excluded in this study.

168 A Vocus-PTR-ToF-MS (Aerodyne Research Inc., Billerica, MA, USA) was deployed to
169 measure VOCs and oxygenated VOCs concurrently with the CHARON-PTR-ToF-MS from
170 10M-30™ of June. The details of the Vocus-PTR-ToF-MS have been described elsewhere
171 (Krechmer et al., 2018). The Vocus-PTR-ToF-MS is characterized by a newly designed
172  reagent-ion source and a focusing ion-molecule reactor (FIMR), both of which improve the
173  detection efficiency of ions. In this study, the FIMR was operated at a pressure of 1.5 mbar. The
174  mass resolving power of the Vocus mass analyzer was ~10000 amu/Aamu. Raw data were
175  recorded with a time resolution of 5 s. For the Vocus-PTR-ToF-MS measurement, ambient air
176  was drawn in through a 1 m long PFA tubing with a total flow rate of 4.5 L min?, and then a
177 subset flow of 0.1-0.15 L min went into the Vocus-PTR-ToF-MS. Background measurements
178  using high-purity nitrogen were automatically performed every hour. The Vocus-PTR-ToF-MS
179  was regularly calibrated using a home-made gas standard of 15 compounds at ~1 ppmv with
180  accuracy of 10% (Table S2). At the end of the campaign, a gas cross calibration was performed
181  between Vocus-PTR-ToF-MS and CHARON-PTR-ToF-MS with the calibration gas cylinder
182  (lonicon Analytik GmbH). The Vocus-PTR-ToF-MS data analysis was performed using the
183  software package “Tofware” (AG, Thun, Switzerland). For the quantification of uncalibrated
184  species measured by the Vocus-PTR-ToF-MS, we adopted the rate constants of proton transfer
6
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185  reactions (Kcap) from the PTR library (Pagonis et al., 2019). We then generated a sensitivity for
186  the uncalibrated masses by applying a correction factor based on the keap ratios to the calibrated
187  masses. Finally, the Vocus-PTR-ToF-MS data were synchronized to the measurement time of
188 CHARON-PTR-ToF-MS for comparison of the VOC data.

189 In addition, methane (CH4), carbon dioxide (CO.), water vapor (H20) and carbon monoxide
190 (CO) were measured with a cavity ring-down spectrometer (G2401; Picarro, Santa Clara, CA,
191  USA) from 10™-30" of June. O; was measured by a commercial chemiluminescence analyzer
192  (Cranox Il, Eco Physics GmbH, Hirth, Germany). An optical particle counter (OPC, Fidas200,
193  Palas, Karlsruhe, Germnay) was used to measure the mass concentrations of PM2s and PMyo
194  from 5"-30" of June. Simultaneously, black carbon (BC) concentrations were measured with
195 anaethalometer (MA200, AethLabs, CA, USA). Particle number concentrations were measured
196  with a condensation particle counter (CPC3776, TSI Inc., Shoreview, MN, USA). A
197  nanoparticle sizer (NanoScan SMPS, TSI3910, TSI Inc., Shoreview, MN, USA) was used to
198  measure the particle number size distribution between 10-410 nm.

199 Meteorological parameters were measured by a compact sensor (WS700, Lufft GmbH,
200  Fellbach, Germany). The meteorological data were missing during some short periods due to
201  the multifunction of data acquisition. We also used hourly data of temperature, relative
202  humidity, precipitation, and boundary layer height from the European Centre for Medium-
203  Range Weather Forecasts ERAS reanalysis (Hersbach et al., 2020), as well as wind speed and
204  direction data form NASA Power Data Access Viewer (power.larc.nasa.gov) to complement
205 the meteorological data (Fig. S4). Besides, the daily soil moisture was measured by a Cosmic-
206  Ray Neutron Sensor (CRNS) (Bogena et al., 2015), which was located ~150 m southwest of the
207  sampling site.

208 2.3 Positive matrix factorization (PMF) analysis

209 The PMF receptor model is a bilinear analytic algorithm that separates the time series of air
210  pollutants to different sources represented by factor profiles, factor time series and residual
211  signals (Paatero and Tapper, 1994). The PMF model has been widely used to determine
212  different sources and chemical processes of non-methane VOCs in the atmosphere (Gkatzelis
213  etal., 2021; Li et al., 2021a; Wang et al., 2020; Li et al., 2022; Yuan et al., 2012; Pernov et al.,
214 2021). To explore the sources and chemical processes of non-methane VOCs, we performed
215  the PMF analysis of VOC species measured by the Vocus-PTR-ToF-MS rather than those
216  measured by CHARON-PTR-ToF-MS. This is mainly due to the Vocus-PTR-ToF-MS can
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217  measure higher molecular weight OVOCs (mz> 200) well that provides more information for
218 interpreting the oxidation processes of BVOCs (Li et al., 2021a).

219 In this study, the Vocus-PTR-ToF-MS-measured VOC ions with a chemical formula
220  assignment (mainly CxHy* and CxHyO;") were selected to perform the PMF analysis. The PMF
221  input data was further prepared according to the protocol reported in previous studies (Pernov
222 etal., 2021; Lietal., 2022). Firstly, the concentrations of a VOC ion below the limit of detection
223  (LOD) were replaced with half of the LOD and the associated uncertainties were set to 5/6 of
224  the LOD. Missing concentrations of a VOC species were replaced with its median value during
225  the campaign, and the corresponding uncertainties were set as values equal to 3 times the LOD.
226 Furthermore, we excluded the VOC species into the PMF analysis if their concentration data
227  aresignificantly below LOD or missing (> 20%). For example, we excluded CsHq" for the input
228  of PMF analysis due to missing data during a significant fraction of the measurement period
229  (Fig. S5). Furthermore, C4Ho* measured by the Vocus-PTR-ToF-MS cannot provide more
230  source information because it can be related to biogenic or anthropogenic sources and
231  fragmentation of many VOCs like alcohols and aldehydes (Li et al., 2020). Finally, 157 VOC
232 ions measured by the Vocus-PTR-ToF-MS were chosen for the PMF analysis (Table S3). The
233 sum concentrations of 157 VOC ions measured by the Vocus-PTR-ToF-MS showed a good
234 agreement with the sum concentrations of major VOCs measured by the CHARON-PTR-ToF-
235  MS (Fig. S5). Therefore, the solution of PMF analysis on these 157 VOC ions measured by the
236  Vocus-PTR-ToF-MS can reasonably interpret the major sources and/or chemical processes of
237  non-methane VOCs in this study. The PMF analysis was performed using the PMF Evaluation
238  Tool (v3.05) that runs in IGOR Pro software (v6.37, Wavemetrics, Portland, OR). The summary
239  of diagnostic plots for the PMF solution is given in Fig. S6.

240 3 Results and discussion

241 In the first section we will give an overview of the measurements conducted and in the
242  second section we will address the impacts of meteorological factors like wind speed and
243  direction, temperature, and relative humidity on the variations of gas and particle
244  concentrations. In the third section we perform a source apportionment of the non-methane
245  VOCs observed, and in the last section we discuss BVOC oxidation products in gas and particle
246  phase.

247 3.1 Overview of the measurements

248 During the entire campaign, the average ambient temperature and relative humidity (RH)

249  were 16.6 £ 4.7 °C and 71% * 16% respectively (Fig. 1). The wind speeds ranged from 0-5.5
8
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250  m s with an average of 1.3 £ 0.9 m s. Wind directions varied significantly during the entire
251  measurement period. The sampling site was potentially affected by BPP-related and/or
252  anthropogenic emissions for westerly to northwesterly wind directions (Fig. la). Two
253 characteristic episodes: Episode 1 (0:00 9™ of June to 0:00 12™ of June) and Episode 2 (12:00
254 23 of June t012:00 26" of June) were observed for their distinctly different meteorological
255 conditions. Episode 1 had lower temperatures with an average of 12.9 £ 1.7 °C compared to
256  Episode 2 with 23.0 + 4.2 °C, thus hereafter we define them as low-T and high-T episodes,
257  respectively. Both episodes had very low wind speeds (< 1 m s, Fig. 1b), suggesting the site
258  wasinfluenced by local emissions and chemical transformation or aging processes. The impacts
259  of meteorology and chemical processes on the variations of gases and particles will be discussed

260 in the following sections.

261 As shown in Fig. 2, the average concentrations of CO and CO2 were 0.11 + 0.02 ppm and
262 410 + 1 ppm respectively from 10"-30" of June. The concentration of CH, ranged from 1.90 to
263  2.56 ppm with an average of 1.98 £ 0.05 ppm. Spikes of CH4 (> 2.2 ppm) were occasionally
264  observed during the days of 17, 20-21 and 23 June, which are associated with BPP-related
265  emissions as validated in Section 3.2. Isoprene and monoterpenes were quantitatively measured
266 by the CHARON-PTR-ToF-MS and Vocus-PTR-ToF-MS with good agreements. During the
267  entire campaign, the average concentration of isoprene was 0.58 + 0.54 ppb, comparable to that
268  (~0.6 ppb) observed in French Landes forest (Li et al., 2020) but higher than in the boreal forests
269  (0.01-0.2 ppb) during summertime (Li et al., 2021a; Hellén et al., 2018). The average
270  concentration of monoterpenes was 2.5 + 5.3 ppb, lower than those observed in the French
271  Landes forest (~6 ppb) with a higher density of monoterpene-emitting tree species (Li et al.,
272 2020). Relatively low concentrations of monoterpenes were reported previously in boreal
273  forests (~0.8 ppb) during summertime (Li et al., 2020; Mermet et al., 2021). Note that
274  monoterpenes had a significant concentration variation in this study, which is attributed to the
275  occurrence of monoterpene spikes (Fig. 2d). These monoterpene spikes were mainly related to
276  the impact of BPP-related emissions as discussed in section 3.2. In this study, the average
277  concentration of sesquiterpenes measured by the CHARON-PTR-ToF-MS was 0.01 + 0.01 ppb,
278 a factor of two higher than that measured by the Vocus-PTR-ToF-MS. The average
279  concentration of sesquiterpenes was lower than that measured by a Vocus-PTR-ToF-MS in the
280  Landes forest (~0.06 ppb) (Li et al., 2020). The degree of sesquiterpene fragmentation can be
281  significantly different for various PTR-ToF-MS depending on the instrument setting (Kim et
282  al., 2009; Kari et al., 2018). Due to a lack of a dedicated sesquiterpene calibration in this study,

283  the concentrations of sesquiterpenes measured by the CHARON-PTR-ToF-MS or Vocus-PTR-
9
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284  ToF-MS can be regarded as the lower limit without the consideration of fragmentation. Besides,
285  a series of VOC species were simultaneously detected by the CHARON-PTR-TOF-MS and
286  Vocus-PTR-ToF-MS and a detailed comparison is presented in Supplement S2.

287 During the entire campaign, the average mass concentrations of PM2sand BC were 5.5 +
288 4.7 ug m? and 0.2 £ 0.1 pg m respectively (Fig. S7). The aerosol particle composition
289 including organic aerosol (OA), nitrate, and ammonium measured by the CHARON-PTR-ToF-
290  MS and BC by the aethalometer are simultaneously available from 22"-30" of June (Fig. 3).
291  During this period, the average mass concentrations of OA was 0.8 + 0.5 ug m, accounting
292  for 15 = 6 % of PM25 mass. The mass fraction of CHARON-PTR-ToF-MS-measured OA in
293  PM2s was close to that of semi-volatile oxygenated OA (SV-OOA) in PM:5(9%-13%) resolved
294  from the PMF analysis of OA measured by an aerosol mass spectrometer (AMS) in urban and
295  rural environments (Song et al., 2022; Huang et al., 2019). The elemental ratios of OA (O:C
296 and H:C) measured by the CHARON-PTR-ToF-MS were 0.32 + 0.03 and 1.56 * 0.10,
297  respectively, which are comparable to the values of SV-OOA (O:C: 0.35 + 0.14 and H:C: 1.55
298  +0.10) resolved from the AMS-PMF analysis in previous studies (Ng et al., 2011; Ng et al.,
299  2010). These results indicate that the OA mass detected by the CHARON-PTR-ToF-MS is
300 mainly composed of semi-volatile organic compounds in this study. Mass concentrations of OA
301  associated with individual m/z signals detected by the CHARON-PTR-ToF-MS ranged from
302 ~0.1to ~65ng m=3. In total, 164 organic ions can be well assigned with the chemical formula
303  of CyHy* or CxHyO,", contributing to 67 + 11 % of total OA mass measured by the CHARON-
304 PTR-ToF-MS. Furthermore, the organic ions assigned were mainly distributed in the C>-C1o
305  range with oxygen atom numbers of 0-5 (Fig. 3d). Miller et al., (2017) observed a similar mass
306  distribution of OA measured by the CHARON-PTR-ToF-MS in Valencia, Spain which was
307  associated with the oxidation of abundant monoterpenes emitted from trees. With the same
308 instrument, Gkatzelis et al., (2018) also reported a similar chemical composition of OA from
309 the oxidation of tree emissions dominated by a-pinene and B-pinene in simulation chamber
310  experiments. The abundant species in the C-Cs range (Fig. 3d) are most likely fragments from
311  Cg.z0-monoterpene derived oxidized products which are prone to fragmentation in the
312 CHARON-PTR-ToF-MS (Gkatzelis et al., 2018). Leglise et al., (2019) and Peng et al., (2023)
313  further confirm the fragmentation of oxygenated organic compounds inside the CHARON-
314  PTR-ToF-MS viathe loss of neutral water, carbonyl, or carboxyl groups (-H20, -CO and -COy).
315  For instance, cis-pinonic acid (C10H1703%) a monoterpene oxidation product as detected by the
316 CHARON-PTR-ToF-MS can produce the typical fragment ions of C4H7,0*, CgH1:02.+ and
317  CioHis02" (Peng et al., 2023; Leglise et al., 2019). Furthermore, the relative abundance of
10
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318  fragment ions (C4H7O*, CeH1102+ and C1oH1502") were generally higher than the parent ion
319  CioH170s* (Leglise et al., 2019; Peng et al., 2023). In this study, we found that only a small
320 fraction of the cis-pinonic acid parent ion C10H1703" was detected by the CHARON-PTR-ToF-
321  MS compared to the fragment ions C4H70*, CsH110," and C10H1502* (Fig. S8). Similarly, other
322 monoterpene oxidation products such as CoH1s03" (e.g., norpinonic acid) and CsH1304" (e.g.,
323  norpinic acid) showed lower abundances at their parent ions compared to their fragment ions
324 with one H20 molecule lost (CoH1302" and CgH1103%). The fragmentation pattern of oxidized
325  organic compounds in the CHARON-PTR-ToF-MS varied depending on the instrument
326  settings (Leglise et al., 2019), therefore we cannot compare the fragmentation patterns of
327  organic compounds from our instruments with those from other studies. However, it is
328  consistent with other studies that the particulate oxidized organic compounds measured by the
329 CHARON-PTR-ToF-MS in this study were mainly detected as the more abundant fragment

330 ions after losing one H>O molecule rather than as the parent ions.
331 3.2 Meteorological impacts on the variations of VOCs

332 We firstly analyzed the variations of gas and particle concentrations as a function of wind
333  direction (WD) with a bin of 10° (Fig. 4). During the entire measurement period, the sampling
334  site was influenced by the WD varying from 0-330°. Within the WD sectors of 0-240°, 240-
335  300° and 300-330°, the site was influenced by the winds coming from the forest, the BPP and
336  the village residential areas respectively (Fig. 1). We found that the concentrations of CHa
337 increased significantly in the WD sector of 240-300° and remained high concentrations in the
338 WD sector of 300-330°. In contrast, constantly low concentrations of CH4 were observed when
339 the site was influenced by the WD sector of 0-240° from the forest. For the WD sectors of 240-
340  300° and 300-330°, both wind speeds and the PBL heights were decreased. This indicates that
341  the increase in CHas concentration was also related to the accumulation of anthropogenic
342  emissions from the BPP and/or village residential areas under stagnant meteorological
343  conditions. In the WD sector of 240-300°, we also observed a significant increase of
344  monoterpenes concentrations. The ambient temperature was constantly low (~15 °C) at the WD
345  sector of 240-300°. It suggests that the increase of monoterpene concentrations in the WD sector
346  of 240-300° was attributed to BPP-related emissions rather than biogenic emissions induced by
347  high temperatures. In contrast to CHa4, monoterpenes showed very low values in the WD sector
348  of 300-330°, suggesting a minor impact of anthropogenic emissions from the village residential

349  areas on monoterpene concentrations.
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350 Fig. S9 shows the high-time resolution (minutes) measurement data for several cases with
351  rapid increases of monoterpene or CH4 concentrations. For example, during 18:00-21:00 on 8"
352 of June, the WD shifted from the forest areas (60-120°) to the BPP (240-270°).
353  Correspondingly, monoterpene and sesquiterpene concentrations showed rapid increases.
354  Subsequently, during 21:00 on 8" of June to 01:00 on 9" of June, the winds were constantly
355  coming from a direction of ~270-300°, the concentrations of monoterpenes and sesquiterpenes
356  dropped down to low values. Similarly, during 00:00-03:00 and 21:00-24:00 on 20™ of June,
357  low concentrations of monoterpenes and sesquiterpenes were observed when the wind direction
358  was constantly coming from the direction of ~300-330°. In contrast, a significant increase of
359  CHa concentration was observed during 00:00-03:00 and 21:00-24:00 on 20" of June, when the
360  sampling site was influenced by the WD sector of ~270-330°. Note that the biowaste storage
361 and fermentation tank of the BPP were located in the WD sector of 240-270° (Fig. 1a), while
362 the biogas storage tank was specifically located in the WD sector of 270-300 °. Therefore, the
363  rapid increase of CH4 concentrations could related to the leak of CH4 from the BPP in the WD
364  sector of 270-300° or the anthropogenic emissions in the WD sector of 300-330°. However, the
365  rapid increase of monoterpene concentrations at the WD of 240-270 °© was associated with the
366  emissions from the biowaste storage and fermentation tank of the BPP. In addition, significant
367  variations of isoprene, monoterpene and sesquiterpene concentrations were observed at the WD
368  sector of 0-240°, which were associated with the changes of biogenic emissions and/or chemical
369 transformation processes. Note that the highest concentrations of CO, CO>, BC and PM..s were
370  observed in the WD sector of 0-60°, and were caused by the stagnant meteorological conditions
371 with low wind speed (WS) and PBL height.

372 Based on the above wind direction analyses, we classified the meteorological, gas and
373  particle measurement data into two major groups influenced by the WD sector of 240-330°
374  from the BPP (WD-BPP) and the WD sector of 0-240° from the forest (WD-forest),
375  respectively. During some short periods, meteorological data were missing due to the
376  malfunction of instrument data acquisition. We excluded the gas and particle data for the
377  classification based on wind direction analyses during these short periods when the
378  meteorological data were not measured. Figure 5 shows the diurnal variations of
379  meteorological parameters as well as gas and particle species calculated for the groups of WD-
380 BPP and WD-forest, respectively. In the WD-BPP group, the diurnal variations of CHs
381  concentrations showed higher concentrations during nighttime, which were related to the BPP
382  emissions, low wind speed and PBL height. The diurnal behavior of monoterpene

383  concentrations in the WD-BPP group showed higher average values during nighttime but with
12
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384  large fluctuations over the whole day. These fluctuations with spikes in monoterpene
385  concentrations were related to the contribution of BPP emissions depending on the wind
386  directions. In the WD-forest group, CHs concentrations showed less pronounced diurnal
387  variations. Isoprene showed higher concentrations during daytime in the WD-forest group,
388  which is similar to the diurnal behavior of isoprene in previous observations in forests (Yéafiez-
389  Serrano et al.,, 2015; Hakola et al., 2012; Li et al., 2020). This is mainly due to higher
390 temperatures and intensive radiation during daytime. In the WD-forest group, the diurnal
391 variations of monoterpene and sesquiterpene concentrations showed very low valuesduring
392  daytime due to the expanding PBL and strong photochemical consumption. The concentrations
393  of monoterpenes and sesquiterpenes peaked at ~18:00 when the concentrations of atmospheric
394  oxidants (OH radicals and Os) and PBL heights decreased. Monoterpenes and sesquiterpenes
395  showed low concentrations with <1 ppb and <0.01 ppb after 18:00 during nighttime in the WD-
396  forest group. This is different with previous studies where constantly higher concentrations of
397  monoterpenes and sesquiterpenes but lower Oz concentrations (<20 ppb) were observed during
398  nighttime compared to daytime (Hakola et al., 2012; Li et al., 2020). However, in our study,
399  higher Os concentrations (~30 ppb) were observed during nighttime in the WD-forest group,
400  which may have reduced the concentrations of monoterpenes and sesquiterpenes by nighttime
401  oxidation.

402 Note that the concentrations of monoterpenes and sesquiterpenes were low during daytime,
403  but they increased slightly from 8:00-12:00 when the temperature and radiation increased.
404  Figure 6 shows the time series of isoprene, monoterpenes, sesquiterpenes and Osz along with
405  wind direction and ambient temperature during low-T and high-T episodes. During daytime of
406 the high-T episode, we observed that the concentrations of isoprene, monoterpenes,
407  sesquiterpenes all increased as the temperature increased when the sampling site was constantly
408 influenced by the WD of ~100° from the forest. Meanwhile, constantly high concentrations of
409 O3 (40-60 ppb) were observed during daytime of the high-T episode. This suggests that
410 increasing biogenic emissions due to higher temperatures exceeded the photochemical
411  consumptions. Similarly, higher concentrations of Oswere observed during daytime of the low-
412 T episode when the sampling site was also constantly influenced by the wind direction of ~100°
413 (e.g., 11™ of June). However, the concentrations of isoprene, monoterpenes, sesquiterpenes
414  showed no increase. In Fig. 6a, we also found that very high concentrations of monoterpenes
415  and sesquiterpenes during the low-T episode (e.g., 20:00-24:00, 10™ of June) were associated
416  with the changes of wind directions, which was in line with the wind direction analyses as
417  discussed above. Soil moisture showed no significant difference between the low-T and high-
13
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418 T episode (Fig. S4), indicating that it had only a minor or no impact on the variations of BVOC

419  concentrations.
420 3.3 Source apportionment of VOCs

421 In addition to meteorological impacts, the variations of VOC concentrations are influenced
422 by different emission sources and chemical processes. We performed a PMF analysis of Vocus-
423  PTR-ToF-MS-measured non-methane VOC data to identify and determine the impacts of
424  different sources and oxidation processes. According to the factor profiles, temporal variations,
425 and correlation analysis with tracer ions, we present a six-factor solution where VOCs are
426  apportioned to (1) terpenes, (2) daytime-biogenic OVOC, (3) nighttime-biogenic OVOC (4)
427  aromatic OVOC (5) organic acid-1 and (6) organic acid-2. Figure 7 shows the factor profiles,

428  time series and diurnal variations of six factors during the entire measurement campaign.

429 The first factor profile was dominated by the monoterpenes (C10H17*) and its fragment ions
430 (CeHg" and C7H11™) (Tani et al., 2003; Kari et al., 2018), thus we defined it as a factor of
431  terpenes. Correspondingly, the time series of this factor highly correlated with monoterpene-
432  related ions including CeHo* C7H11* and CioHi7* as well as CioH190* (r > 0.9, Fig. S10).
433  C1oH190* can be assigned as a terpene alcohol e.g., linalool (Li et al., 2020), which can be
434  emitted by leaves and flowers directly (Jod et al., 2010). As discussed before, the variations of
435 monoterpene concentrations were influenced by the BPP emissions and biogenic emissions
436  depending on the wind directions. In this study, PMF analysis could not separate the relative
437  contribution of biogenic emissions and BPP emissions to monoterpenes directly. Based on wind
438  direction analyses, monoterpenes were expected to be mainly emitted by the trees when the
439  winds were coming from the forest regions.

440 Two OVOC factors representing oxidation processes of BVOCs during nighttime and
441  daytime (nighttime-biogenic OVOC and daytime-biogenic OVOC), respectively, were resolved
442  from the PMF analysis. The factor profile of nighttime-biogenic OVOC was characterized with
443  high fractions of CoH1s0" (nopinone), C10H170* (monoterpene oxide), C10H1702" and C1oH150*
444  (pinonaldehyde fragment ion), which are weakly-oxidized products of monoterpenes with
445  oxygen atom number < 3 (Li et al., 2021a; Li et al., 2020; Vermeuel et al., 2023). The diurnal
446  pattern of the nighttime-biogenic OVOC factor showed higher concentrations at nighttime. As
447  shown in Fig. S10, the time series of the nighttime-biogenic OVOC well correlated with
448  CyoH1s0" (r = 0.68) and C1oH1702" (r = 0.65). Li et al., (2021a) performed a binPMF analysis
449  on Vocus-PTR-MS-measured VOC data at two European forest sites. They also resolved a
450  factor representing weakly-oxidized products of monoterpenes with higher concentrations at
14
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451  night (Li et al., 2021a). In this study, the factor profile of daytime-biogenic OVOC was
452  characterized with high fractions of isoprene and its oxidation products (e.g., CsHg*, C4H701.4*
453  and CsHoO..4%) as well as stronger oxidized products of monoterpenes with oxygen atom
454 number >3 (e.g., C10H17045"). In contrast to nighttime-biogenic OVOC factor, the time series
455  of the daytime-biogenic OVOC factor correlated well with a suite of more-oxidized species
456  with oxygen atom number >2 (Fig. S10). In particular, the time series of the daytime-biogenic
457  OVOC factor showed good correlations with isoprene oxidation products CsHgO2-4* (r = 0.66-
458  0.80) and more-oxidized monoterpene products e.g., CoH1s0s* and C10H170s* (r > 0.60). The
459  diurnal variation of the daytime-biogenic OVOC factor showed higher concentrations during
460  daytime. Li et al., (2021a) resolved one factor representing isoprene and its oxidation products
461  and another factor representing stronger oxidized products of monoterpenes from the binPMF
462  analysis for a low-mass (mz50-200) and a high-mass range (mz201-320), respectively, for two
463  European forest sites. They found that these two factors had a similar diurnal pattern with high
464  daytime concentrations. In our study, we performed the PMF analysis for the full mass range
465  (mz40-220) of the major VOC ions and resolved one factor of daytime-biogenic OVOCs. It
466  suggests that isoprene oxidation products and stronger oxidized products of monoterpenes were

467  mainly related to the daytime oxidation processes.

468 The fourth factor was characterized as aromatic OVOC with high fractions of CsH;O*
469  (phenol), C¢H702* (catechol), and C7H702* (benzoic acid) in its factor profile (Fig. 7). These
470  OVOC species originate from the oxidation of aromatic hydrocarbons (Hamilton et al., 2005;
471  Zaytsev etal., 2019; Li et al., 2021b; Wu et al., 2014; Lannuque et al., 2023). As shown in Fig.
472  S10, good correlations were found for aromatic OVOC with catechol (r = 0.87 for C¢H70>")
473  and benzoic acid (r = 0.84 for C7H;O2"). In addition, the factor of aromatic OVOC also
474 correlated well (r = 0.77-0.87) with CsHsOs3" (e.g., methylfurandione), CsHsO2" (e.g.,
475  butenedial), CsHsO2" (e.g., furfural), and C3HsO2" (e.g., methylglyoxal). These compounds are
476  likely ring-opening products of toluene oxidation as reported in previous studies (Zaytsev et al.,
477  2019; Wu et al., 2014; Lannuque et al., 2023). The diurnal variation of aromatic OVOC showed
478  slightly higher concentrations during daytime, which can be related to an enhanced

479  photochemical oxidation of aromatic hydrocarbons.

480 The fifth and sixth VOC factors were associated with gaseous organic acids. Specifically,
481  the fifth factor profile had high fractions of C2HsO>* and C2H7O3*, which can be assigned as
482  acetic acid and its water cluster respectively. High fractions of CsH;0," and C4HeO>" were also

483  found in the fifth factor profile, which can be assigned as propionic acid and butyric acid,

15



https://doi.org/10.5194/egusphere-2024-1768
Preprint. Discussion started: 1 July 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

484  respectively. The sixth factor profile showed high fractions of C2Hs0," (acetic acid), CsHyO2*
485  (e.g., propylene glycol) and C4H704* (e.g., succinic acid). Therefore, the fifth and sixth factor
486  were defined as organic acid-1 and organic acid-2, respectively. As shown in Fig. S10, the time
487  series of organic acid-1 showed the highest correlations with acetic acid-related ions CoH703*
488  (r=0.79) and C2Hs502" (r = 0.63) as well as C3HyOs*, which was assigned as the water cluster
489 ion of propionic acid (CsHO2"). The time series of organic acid-2 showed strong correlations
490  with C4HsO" (r=0.90, Fig. S10) and C2HsO3* (r = 0.89), which can be assigned as the isoprene
491  oxidation product as deprotonated CsH-O" (MVK+MACR) and glycolic acid, respectively. In
492  addition, O3 was only weakly correlated with organic acid-1 (r = 0.27), but much better
493  correlated with organic acid-2 (r = 0.57). Moreover, a better correlation was found between O3
494  and the sum of these two organic acid factors (r = 0.70). The diurnal variations of both organic
495 acid factors showed higher concentrations during daytime. These results suggest that both

496  organic acid factors are related to the daytime photooxidation of BVOCs.

497 As shown in Fig. 8a, the total concentration of non-methane VOCs measured by the Vocus-
498 PTR-ToF-MS for the PMF analysis was 9.0 + 4.4 ppb during the entire campaign. The
499  concentration of total non-methane VOCs (TVOCs) was dominated by the two organic acid
500 factors with 27% + 20% and 18% + 21% from organic acid-1 and organic acid-2, respectively,
501 followed by the nighttime-biogenic OVOCs (17% £ 15 %). This indicates substantial
502  contributions of oxygenated species to TVOCs during the entire campaign. Based on the wind
503  direction analysis, we further compared the relative contributions of VOC factors to TVOCs for
504  the groups of WD-forest and WD-BPP. The average concentration of TVOCs in the WD-forest
505  group (9.7 £ 4.7 ppb) were slightly higher than that in the WD-BPP group (7.1 + 3.6 ppb). The
506  contribution of organic acid-1 to TVOCs was comparable with 25% * 21% and 32% * 18% for
507 the groups of WD-forest and WD-BPP, respectively. However, the contribution of organic acid-
508 2to TVOCs in the WD-forest group (26% + 25%) was higher than that in the WD-BPP group
509  (13% + 15%). We observed elevated concentrations of organic acid-2 during the high-T episode
510  (23"-26™ of June, Fig. 7b). As mentioned before, the sampling site was mainly influenced by
511  the winds coming from the forest during high-T episode along with higher concentrations of
512  Os. Therefore, higher contribution of organic acid-2 in the WD-forest group was attributed to
513  the strong oxidation of BVOCs. The contribution of terpenes to TVOCs was higher in the WD-
514  BPP group (18% + 16%) compared to that in the WD-forest group (11% £ 15%). This is
515  consistent with the wind direction analyses that higher monoterpene concentrations were related
516  to BPP emissions. In addition, the contributions of nighttime-biogenic and daytime-biogenic
517 OVOC factors to TVOCs concentrations were slightly higher in the WD-BPP group, which
16
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518  were related to high abundances of monoterpenes. Furthermore, gas-to-particle partitioning
519  processes could also influence the variations of BVOC oxidation products and thus nighttime-

520  biogenic and daytime-biogenic OVOC factors.
521 3.4 Variations of BVOC oxidation products in gas- and particle phases

522 Figure 9 shows the diurnal variations of concentrations of organic molecules (CsHgO1-4%,
523  C4H7014%, C1oH17015" and C1oH1501.5%) in the gas phase measured by the Vocus-PTR-ToF-
524  MS and particle phase compounds measured by the CHARON-PTR-TOF-MS during 22M-30"
525  of June. These organic molecules are important components of nighttime-biogenic and daytime-
526  biogenic OVOC factors resolved by the PMF analysis, and they are identified as the oxidation
527  products from isoprene and monoterpenes based on previous field observations and simulation
528  chamber experiments (Gkatzelis et al., 2018; Li et al., 2020). For example, gaseous C4H7O" can
529  be the sum of methyl vinyl ketone (MVK) and methacrolein (MACR), which are major products
530 of the isoprene oxidation (Wennberg et al., 2018). C10H1703" can be attributed to cis-pinonic
531  acid formed from the oxidation of monoterpenes (e.g., a-pinene). Again, the fragmentation of
532  high-molecular weight oxidized organic compounds measured by the PTR-ToF-MS
533  instruments could produce the fragment ions via the loss of neutral water, carbonyl, or carboxyl
534  groups (-H20, -CO and -CO,). The diurnal variations of all isoprene oxidation products
535 (CsH9O1.4* and C4H701.4%) in both gas and particle phases showed higher concentrations from
536  morning (6:00-8:00) to afternoon (12:00-16:00) as well as isoprene itself. These results indicate
537  that higher temperatures and intensive sunlight not only favor the isoprene emissions but also
538 enhance photochemical oxidation of isoprene. Besides, we found that the concentrations of
539  particulate C4H701-2* showed increased values from early nighttime (18:00-20:00) to midnight
540  (0:00-2:00 of the next day). As mentioned before, the fragmentation of cis-pinonic acid in the
541 CHARON-PTR-ToF-MS can produce the fragment ions CsH;0*, C¢H1102+ and CioH150,*
542  (Gkatzelis et al., 2018; Peng et al., 2023; Muller et al., 2017; Leglise et al., 2019). Furthermore,
543  we observed a similar diurnal pattern of C4H70*and C10H1s02" in the particle phase, suggesting
544  that the nighttime increase of particulate C4H7O* was likely contributed by the fragmentation
545  of cis-pinonic acid. Due to instrumental limitation, it is difficult to assign each ion detected by
546  the PTR-ToF-MS to either parent ion or fragment ion of one organic compound in the ambient

547  particles.

548 The diurnal variations of weakly-oxidized products of monoterpenes like C10H1701-2* and
549  CioHi15012" in both gas and particle phases showed elevated concentrations during nighttime.

550 In contrast, the more-oxidized products of monoterpenes (C1o0H1704.5" and C10H1504.5%) showed
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551  higher concentrations in gas and particle phases during daytime. The higher atmospheric
552  oxidation capacity during daytime compared to nighttime leads to the formation of more-
553  oxidized products. In addition, C1oH1703* (cis-pinonic acid) and its fragment ion (C10H1502")
554  in the gas phase showed less pronounced diurnal patterns. The particulate C1oH1703* also
555  showed a less pronounced diurnal behavior, while the particulate C10H1502* showed increased
556  concentrations during nighttime. This is in agreement with previous findings that most of the
557  particulate compounds detected by the CHARON-PTR-ToF-MS were not detected as the parent
558 ion but as the fragment ion with one H20 molecule lost (Gkatzelis et al., 2018). In this study,
559  CuH203*, CisH230%, CisHzs02* were measured by the PTR instruments, which can be
560 considered as the sesquiterpene oxidation products based on previous field and simulation
561  chamber studies. Here C14H230-." was detected only in the gas phase by the VVocus-PTR-ToF-
562  MS, while C1sH230," and C15H2502" were detected only in the particle phase by the CHARON-
563 PTR-ToF-MS. The concentrations of sesquiterpene oxidation products in both gas (<0.5 ppt)
564 and particle phases (<5 ng m=) were relatively low probably due to correspondingly low
565  concentrations of sesquiterpenes in this study. The diurnal pattern of gaseous C14H230-" showed
566  two peaks in the morning and early evening (Fig. S11), which was similar to those of weakly-
567  oxidized products of sesquiterpenes (e.g., C1aH2201-3 and C1sH2401.3) observed at the Landes
568  forest in France (Li et al., 2020). The diurnal variations of particulate C1sH2302" and C1sH250,*
569  showed slightly higher values during nighttime.

570 Furthermore, we calculated the variations of OA/ACO, which are the total OA
571  concentrations measured by the CHARON-PTR-ToF-MS normalized over ACO (subtracted by
572  the background CO concentration) to exclude the impact of boundary layer height variations,
573 during 22"%-30™ of June (Fig. 10). An increase of OA/ACO was observed during nighttime of
574  the high-T episode, which could be related to the gas-to-particle partitioning of monoterpene
575  oxidation products. Here we calculated the particulate fraction (Fp) of monoterpene oxidation
576  products by the following equation:

Cp,i

577 E=—2
P Cyi 4 Cyy

578  where Cpiand Cg, are the particle and gas phase concentrations of the species measured by
579 CHARON-PTR-ToF-MS and Vocus-PTR-ToF-MS, respectively. Both gas and particle phase
580  data of C1oH1701.3" and C1oH15015" are available for the Fy calculation in this study. The two
581  PTR instruments used in this study may have different sensitivities or fragmentation for

582  different oxygenated organic compounds. For example, the concentrations of monoterpene
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583  oxidation products such as CoHi50", C1oH1501.2" and CioH17" measured by the Vocus-PTR-
584  ToF-MS were ~2-3 times higher than those measured by the CHARON-PTR-ToF-MS (Fig.
585  S13b). Although we cannot precisely calculate the Fp values for each OA molecule due to
586 instrumental limitations, the variations of calculated Fp values can still be used as an indicator
587  for estimating the gas-to-particle portioning processes. As shown in Fig. 10, weakly-oxidized
588  molecules of monoterpenes (C10H1701-2" and Ci1oH1501-3") had lower F, values compared to
589  more-oxidized molecules of monoterpenes (Ci0H170s" and CioHis045"). This is expected
590  because more-oxidized products of monoterpenes generally have lower volatility compared to
591  weakly-oxidized ones. Interestingly, the F, values of weakly-oxidized molecules of
592 monoterpenes showed similar temporal trends as the relative humidity. Especially for the high-
593 T episode, the Fp values of weakly-oxidized molecules of monoterpenes (C10H1501-3") showed
594  positive correlations (r = 0.65-0.71) with RH. This indicates that increasing RH can enhance
595 the particle fraction of weakly-oxidized molecules of monoterpenes and thus increase SOA
596 mass. As validated in Section 3.3, these weakly-oxidized molecules of monoterpenes are
597  formed by oxidation of monoterpenes emitted from trees during the high-T episode rather than
598  from BPP emissions. It is reasonable to assume that these monoterpenes are mainly a-pinene
599  and B-pinene emitting from the Norway spruce and European beech trees at our sampling site.
600  Previously, Tillmann et al., (2010) found that the SOA yields from the ozonolysis of a-pinene
601  were higher at humid conditions than at dry conditions. More recently, Surdu et al., (2023)
602  studied the effect of RH on the partitioning of oxidized organic molecules formed from a-pinene
603  oxidation at the CERN CLOUD chamber. They observed that the particle-phase concentrations
604  of semi-volatile organic molecules (C10H1602-3) from a-pinene oxidation significantly increases
605 by factors of 2-4 with increasing RH, thus leading to a substantial increase of SOA mass (Surdu
606 etal., 2023). Similarly, Luo et al., (2024) reported that increasing RH from 3% to 84% increase
607  the abundance of less oxidized products (e.g., C10H1602.6) from a-pinene ozonolysis. In our
608  study, during the high-T episode, we observed the F, values for C1oH150*, C10H1502" and
609 CioH1503" increased by ~2%, ~6% and ~20% respectively when RH was increased from 30-
610  40% to 60-80%. Besides, the ambient temperature was anticorrelated with RH in this study.
611  Thus, lower temperatures may further additionally favor the gas-to-particle partitioning of semi-

612  volatile organic molecules from monoterpene oxidation.

613
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614 4 Conclusions

615 In this study, we investigated the characteristics of VOCs and OA particles simultaneously
616  measured by a CHARON-PTR-ToF-MS and a Vocus-PTR-ToF-MS at a pine forest stressed by
617  bark beetles and previous droughts close to a BPP in western Germany during June 2020. The
618 average concentrations of isoprene, monoterpenes and sesquiterpenes were quantified and
619  ranged within the values observed in other European forests during summertime (Mermet et al.,
620 2021; Li et al., 2021a; Hellén et al., 2018). The average particle mass concentration of OA
621  detected by the CHARON-PTR-ToF-MS was 0.8 + 0.5 pug m which mainly consisted of semi-
622  volatile organic compounds formed from monoterpene oxidation. Based on a wind direction
623  analyses, gas and particle measurement data were categorized into two groups to distinguish
624  between emissions of a biogas power plant (WD-BPP) and the forest (WD-forest). The
625  concentrations of CH4 and also monoterpenes were larger in the WD-BPP group. This was
626  expected for methane and it is also known that BPP can release high concentrations of
627  monoterpenes during biowaste storage and fermentation processes (Salazar Gémez et al., 2016;
628  Papurello et al., 2012). In the WD-forest group, the concentrations of isoprene, monoterpenes
629  and sesquiterpenes showed the increases during daytime especially for the high-T episode with
630 high Oz concentrations, suggesting that biogenic emissions enhanced by higher temperatures
631  can exceed the photochemical consumption of BVOCs. Based on the PMF analysis of non-
632  methane VOCs measured by the Vocus-PTR-ToF-MS, six factors were resolved to represent
633  the major sources and/or chemical transformation processes. During the entire measurement
634  period, the TVOCs were largely composed of gaseous organic acid-related factors that formed
635 from daytime photochemical oxidation of BVOCs. However, weakly-oxidized monoterpene
636  products (e.g., C1oH1501.3" and CioH1701-2*) dominated the TVOCs during nighttime. These
637  weakly-oxidized monoterpene products showed also higher concentrations in the particle phase
638  during nighttime. In contrast, more-oxidized products of monoterpenes (e.g., CioH1704.5" and
639  CioHi15045") and isoprene oxidation products (e.g., CsHsO1-4*) in both gas and particle phases
640  showed similar diurnal patterns with higher concentrations during daytime. This suggests that
641  higher temperatures and intensive sunlight not only enhanced the biogenic emissions, but also
642  promoted the photochemical oxidation of BVOCs. Combining the gas and particle data
643 measured by the CHARON-PTR-ToF-MS and the Vocus-PTR-ToF-MS, we found that
644  increasing RH can increase the particulate fraction of weakly-oxidized monoterpene products,
645  which is consistent with the findings from recent simulation chamber studies (Surdu et al., 2023;
646  Luo et al., 2024). Overall, this study demonstrates that multiple factors including meteorology,

647 local anthropogenic emissions (e.g., from a BPP), and chemical transformation processes
20
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648 influence the variations of BVOCs and their oxidation products in a typical stressed European
649  forest. In addition, soil moisture played a minor role in the variations of BVOC concentrations
650 in the limited observation period of this study. In the future, long-term field measurements are

651  necessary to assess the impacts of droughts or bark beetle outbreaks on BVOC emissions.
652
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956  Figure 1. (a) Location of the sampling site (orange star) with the centered wind rose for the
957  entire measurement period (©Google Earth). Two orange dash lines are shown for
958  distinguishing the wind sectors. Data within the wind sector of 240-330 ° are considered to be
959 influenced by the biogas power plant (blue rectangle) and/or residential areas of Kleinhau, while
960 the wind sector of 0-240 ° is influenced by the forest; (b) time series of meteorological
961  parameters including ambient temperature (T), relative humidity (RH), wind direction and
962  speed (WD and WS), radiation and precipitation. The blue and orange shaded areas mark the
963  low-T and high-T episodes.
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965  Figure 2. Time series of gas concentrations: (a) CO and CO2; (b) CH4 and Os; (c-e) isoprene,
966  monoterpenes, sesquiterpenes measured by the CHARON-PTR-MS (black lines) and Vocus-
967 PTR-MS (red lines) respectively. The blue and yellow shaded areas mark the low-T and high-
968 T episodes.
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970  Figure 3. Time series of (a) mass concentrations of PM2 s, BC and semi-volatile particle species
971  (organics, nitrate and ammonium) measured by the CHARON-PTR-ToF-MS simultaneously
972  available during 22"-30" June; (b) oxygen to carbon (O:C) and hydrogen to carbon (H:C) ratios
973  of organics. (c) average mass spectrum of organics; (d) mass distributions of organics associated

974  with CxHyOo.7" resolved by the carbon and oxygen numbers (nc and no).
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976  Figure 4. Variations of (a) wind speed (WS), planetary boundary layer (PBL) and ambient
977  temperature; (b) concentrations of CO, CO. and CHa; (c) concentrations of isoprene,
978  monoterpenes and sesquiterpenes; and (d) concentrations of Oz, BC and PM2s mass as a
979  function of wind direction (WD). The black dots and whiskers represent the mean values and
980  standard deviations in each WD bin of 10 °. The orange shaded areas mark the WD sector of
981  the biogas power plant and/or residential areas (240-330 9).
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983  Figure 5. Diurnal variations of (a-c) wind speeds, ambient temperature and global radiation;
984  (d-f) CHas, CO and COo; (g-j) monoterpenes, sesquiterpenes and isoprene; (k-m) Oz, BC, PMz2s.
985  The green and blue markers represent the median values calculated for the measurement periods
986  when the winds coming from the forest (WD-forest) and the biogas power plant (WD-BPP),

987 respectively. The shaded areas represent the 25" and 75"  percentiles.
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989  Figure 6. Time series of wind direction, ambient temperature, isoprene, monoterpenes,

990  sesquiterpenes and O3z during the low-T (a) and high-T (b) episodes. The yellow shaded areas
991  mark the daytime from 4:00-20:00 UTC.
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Figure 7. (a) Factor profiles of six VOC factors resolved from the PMF analysis of Vocus-PTR-
ToF-MS data; (b) time series of six VOC factors with each correlated fingerprint VOC ions; (c)
diurnal variations of VOC factors during the entire measurement campaign. The solid and dash
lines represent median and mean values respectively and the shaded areas represent the 25" and

75" percentiles.
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Figure 9. Diurnal variations of (a-d) concentrations of isoprene oxidation products (CsHgO1-4*
and CsH7014") in gas and particle phases; (e-h) concentrations of monoterpene oxidation
products (CioH17015* and CioH15015") in gas and particle phases calculated for the
measurement period of 22"-30™ of June. Gas- and particle-phase data were taken from the
Vocus-PTR-ToF-MS and CHARON-PTR-ToF-MS measurements, respectively. The higher-
oxidized particle-phase products from isoprene (CsH704%) and monoterpenes (CioH17045%)
cannot be detected by the CHARON-PTR-ToF-MS.
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Figure 10. Time series of (a) OA/ACO and relative humidity (RH); (b-d) particle phase fraction

of monoterpene oxidation products (C1oH17013" and C1oH150157) from
yellow shaded area marks the high-T episode. (e-f) Correlations of the
phase fraction of C10H1501.3" with RH during high-T episode.
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