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Abstract. Biogenic volatile organic compounds (BVOCs) are key components of the atmosphere, playing a
significant role in the formation of organic aerosols (OAs). However, only a few studies have simultaneously
examined the characteristics of BVOCs and OAs in forest ecosystems on the background of environmental
stressors, such as consecutive droughts and extensive bark beetle infestations. Here, we present real-time mea-
surements of OAs and BVOC:s in a stressed spruce-dominated forest near a biogas power plant (BPP) in western
Germany during June 2020. A proton-transfer-reaction time-of-flight mass spectrometer coupled with a particle
inlet (CHARON-PTR-ToF-MS) and a Vocus-PTR-ToF-MS were used to measure OAs and BVOCs. The av-
erage OA mass concentration was 0.8 4 0.5 ug m™>, consisting mainly of semi-volatile monoterpene oxidation
products. The average mixing ratios of isoprene (0.58 &= 0.54 ppb) and monoterpenes (2.5 + 5.3 ppb) were higher
than the values previously measured in both German temperate forests and boreal forests. Based on a wind di-
rection analysis, BVOC data were categorized into two groups: one mainly influenced by biogenic emissions
from an intact forest and a clear-cut area (referred to as the biogenic group) and the other mainly influenced
by anthropogenic emissions from a BPP and a village (referred to as the anthropogenic group). High mixing
ratios of monoterpenes were observed in the anthropogenic group, indicating a significant contribution of BPP
emissions. In the biogenic group, the variations in BVOC mixing ratios were driven by the interplay between
meteorology, biogenic emissions and their photochemical consumption. Positive matrix factorization analysis of
VOC:s revealed substantial contributions of oxygenated organic compounds from the photochemical oxidation
of BVOCs during daytime, while monoterpenes and their weakly oxidized products dominated at night. Fur-
thermore, increasing relative humidity and decreasing temperatures promoted the gas-to-particle partitioning of
these weakly oxidized monoterpene products, leading to an increase in nighttime OA mass. The results demon-
strate that variations in BVOC:s are influenced not only by meteorological conditions and biogenic emissions but
also by local BPP emissions and subsequent chemical transformation processes. This study highlights the need
to investigate the changes in biogenic emissions in stressed European forests.
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1 Introduction

Volatile organic compounds (VOCs) play important roles
in determining atmospheric chemical processes (Atkin-
son, 2000; Hallquist et al., 2009; Yafiez-Serrano et al.,
2020; Shrivastava et al., 2017; Rasmussen and Went, 1965;
Trainer et al., 1987; Pefiuelas and Staudt, 2010). Terres-
trial ecosystems emit large amounts of biogenic VOCs
(BVOCs, > 1000 Tgyr~!) to the global atmosphere, espe-
cially compared with anthropogenic VOC (AVOC) emissions
(~200Tg yr‘l) (Guenther et al., 2012; Sindelarova et al.,
2014). BVOCs emitted by vegetation consist largely of re-
active terpenoids, such as isoprene (~ 70 %), monoterpenes
(~ 11 %) and sesquiterpenes (~ 2.5 %) (Sindelarova et al.,
2014). The oxidation products of terpenoids can nucleate to
form new particles or contribute to the growth of existing
particles and secondary organic aerosol (SOA) formation,
thereby impacting air quality and climate (Hallquist et al.,
2009; Shrivastava et al., 2017).

Over the last decade, many field studies have been con-
ducted in different forest ecosystems to investigate the char-
acteristics of BVOCs, including the emissions and temporal
variations as well as their impacts on atmospheric reactiv-
ity and SOA formation (Hakola et al., 2012; Hellén et al.,
2018; Li et al., 2020; Huang et al., 2021; Y&fiez-Serrano
et al., 2021; Vestenius et al., 2021; Mermet et al., 2021;
Vermeuel et al., 2023; Weber et al., 2022; Bourtsoukidis et
al., 2024, 2014). The diurnal pattern in isoprene concentra-
tions in forests typically shows higher values during daytime
(Yanez-Serrano et al., 2021; Li et al., 2020; Hakola et al.,
2012), as isoprene emissions increase with temperature and
sunlight intensity as result of increased de novo production
and direct release. In contrast, monoterpenes are mainly re-
leased from storage pools of boreal pines. The emission and
composition of BVOCs from trees varies with abiotic and bi-
otic stresses, such as high temperature (Teskey et al., 2015;
Kleist et al., 2012), drought (Peron et al., 2021; Bonn et al.,
2019) and herbivore attack (Jaakkola et al., 2023; Kari et al.,
2019; Faiola and Taipale, 2020). It has been reported that
these stresses can alter the emissions of BVOCs, especially
those of terpenoids (Ghimire et al., 2016; Jaakkola et al.,
2023; Byron et al., 2022).

In addition to biogenic emissions, the temporal variations
in BVOC concentrations, especially of terpenoids, are in-
fluenced by atmospheric oxidation processes. The diurnal
variation in monoterpene concentrations shows lower val-
ues during daytime than at nighttime in the boreal forests;
this has been attributed to rapid photochemical consumption
and expanded boundary layer heights (Hellén et al., 2018;
Hakola et al., 2012). Correspondingly, higher concentrations
of monoterpene oxidation products are expected to be pro-
duced during daytime. For instance, Huang et al. (2021)
found that some gaseous monoterpene oxidation products,
e.g., C7H1004 (3,6-oxoheptanoic acid) and CgH1,04 (ter-
penylic acid), showed higher concentrations during daytime
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in a boreal forest. Li et at. (2020) reported similar diur-
nal variations in more highly oxidized gaseous monoterpene
products (e.g., CgH1204—g, CoH1404_g, C10H1404_¢ and
C10H1604—¢) in the French Landes Forest, which is largely
composed of maritime pines. The variations in BVOC ox-
idation products are also influenced by gas—particle parti-
tioning processes. Laboratory studies have shown that de-
creasing temperature and increasing relative humidity (RH)
can lead to an increased particulate fraction of SOA prod-
ucts from BVOC oxidation (Surdu et al., 2023; von Hess-
berg et al., 2009; Tillmann et al., 2010; Zhang et al., 2015;
Luo et al., 2024). However, due to a lack of online dual-
phase measurements, only a few field studies have focused
on the gas—particle partitioning of BVOC oxidation products
in healthy forests (Mohr et al., 2017; Yatavelli et al., 2014;
Isaacman-VanWertz et al., 2016; Lee et al., 2018). However,
our understanding of the interplay between the gas and par-
ticle phases of BVOC oxidation products in a real forest at-
mosphere, particularly in a stressed forest, remains limited.
Addressing these gaps is crucial for assessing the impact of
various environmental factors on BVOC emissions and their
subsequent transformation (Faiola and Taipale, 2020).

The Eifel is a low mountain range in western Germany that
stretches across the federal states of North Rhine-Westphalia
and Rhineland-Palatinate and covers an area of ~ 5300 km?.
The forested areas in this region are largely composed of
Norway spruce (Picea abies (L.) Karst.), which is an impor-
tant species with respect to BVOC contributions (Smiatek
and Steinbrecher, 2006; Kleist et al., 2012). The Eifel For-
est suffered from severe droughts, heat waves and bark bee-
tle infestation in the years before our measurements; thus,
here, it serves as a case study to examine BVOC variations
in a stressed European coniferous forest. In this study, a field
measurement campaign was conducted at a site of the north-
ern Eifel Forest in the vicinity of a biogas power plant (BPP).
Europe is the world leader in biogas electricity production,
with more than 18 000 BPPs (Brémond et al., 2021). These
BPPs are widely distributed in European rural areas close to
forests (Bakkaloglu et al., 2021; Scheftelowitz et al., 2018),
which periodically emit large amounts of CHy4 and VOCs
into the atmosphere around the BPPs (Salazar Gémez et al.,
2016). In this paper, we present the real-time measurements
of VOCs and aerosol particles measured by a proton-transfer-
reaction time-of-flight mass spectrometer (PTR-ToF-MS)
coupled with a particle inlet (CHARON, Chemical Analysis
of Aerosol Online) and a Vocus-PTR-ToF-MS. The impacts
of meteorological conditions, sources and chemical oxida-
tion processes on the variations in BVOCs and their gaseous
and particulate oxidation products were investigated to get a
better understanding of BVOC emissions and their contribu-
tions to SOAs as well as the potential impact of BPP emis-
sions.
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Figure 1. The (a) location of the sampling site (orange star)
(©Google Earth) and (b) a close-up of the sampling site with a
centered wind rose for the entire measurement period. The orange
dashed lines are shown to distinguish different wind direction (WD)
sectors: the WD-forest at 0—120° is influenced by an intact forest
area, the WD-cut at 120-240° is influenced by a clear-cut area, the
WD-BPP at 240-300° is influenced by a biogas power plant (blue
rectangle) and the WD-village at 300-330° is influenced by resi-
dential areas of Kleinhau.

2 Methods

2.1 Sampling site

In this study, a 3-week field campaign was conducted at a
site in the northern Eifel Forest (50.72° N, 6.40°E) during
June 2020 as a part of the “Heat and Drought 2020” cam-
paign of the Modular Observation Solutions of Earth Sys-
tems (MOSES) project run by the Helmholtz Association of
German Research Centers. The Eifel Forest had been suffer-
ing from severe droughts, heat waves and severe bark beetle
infestation in the lead-up to the study (Weber et al., 2022;
Ghimire et al., 2016). Within a 2-year period (2018-2020),
14 % of the spruce trees in the northern Eifel region were
removed due to summer droughts, and only 28.3 % remained
in good condition (Montzka et al., 2021). Therefore, the Eifel
Forest can serve as an example of a stressed temperate conif-
erous forest.

As shown in Fig. 1, the measurement site was situated di-
rectly next to a stand of Norway spruce, with a few shrubs
and blueberry plants also surrounding the area. To the south
and southeast of the measurements site, there were some
clear-cut areas due to bark beetle infestation in the period
from 2018 to 2020. Additionally, the measurement site was
located ~ 400 m southeast of a football field in the small vil-
lage Kleinhau, Germany, belonging to the municipality of
Hiirtgenwald (population of about 9000) and ~ 250 m east
of a BPP (Bioenergie Kleinhau GmbH, Hiirtgen, Germany).
The biomass substrate used for the biogas production in this
BPP consisted mainly of crop waste (e.g., corn stover). The
measurement site was affected by the BPP emissions, espe-
cially under westerly wind conditions.

2.2 Instrumentation

All instruments were set up in a temperature-controlled mea-
surement container (~ 25 °C) located at the sampling site. All
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sampling inlets were located 3.7 m above ground level and
1 m above the container roof. An overview of instruments
and parameters measured is given in Table S1 in the Supple-
ment.

A PTR-ToF-MS 4000X2 coupled with a CHARON par-
ticle inlet JONICON Analytik GmbH, Innsbruck, Austria)
was deployed to measure VOCs and aerosol particles from
5 to 30 June 2020. A detailed description of the PTR-ToF-
MS and CHARON inlet has been provided elsewhere (Jor-
dan et al., 2009; Miiller et al., 2017; Eichler et al., 2015).
Briefly, CHARON consists of a charcoal denuder for strip-
ping off gaseous organics, an aerodynamic lens for enrich-
ing particles, and a thermodesorption unit for particle evap-
oration prior to chemical analysis by PTR-ToF-MS. In this
campaign, both gases and particles were measured by switch-
ing between different modes with the IoniTOF 4.0 data ac-
quisition software (JONICON Analytik GmbH, Innsbruck,
Austria). Specifically, one alternating measurement cycle in-
cluded 3min in high-efficiency particulate-air (HEPA) fil-
ter mode to measure the particle background, 1 min in tran-
sition mode to establish instrument equilibrium, 10 min in
CHARON mode to measure particle-phase compounds, an-
other 1 min in transition mode and 10min in VOC mode
to measure gas-phase compounds (Fig. S1 in the Supple-
ment). A 1min transition time is sufficient for the equi-
librium of instrumental conditions between different modes
(Piel et al., 2021). During the gas-phase measurement, am-
bient air was sampled continuously from a 3m long per-
fluoroalkoxy tube (1/4in. inner diameter) with a total flow
rate of 1.45L min~!, and a subset flow of ~0.1 Lmin~!
was then sampled by the PTR-MS through a polyetherether-
ketone tube maintained at 80 °C. During the particle-phase
measurement, ambient particles were sampled by a PMj 5
inlet with a flow rate of 16.7 Lmin~!, out of which a flow
of 0.55Lmin~! was directed to the CHARON inlet main-
tained by a vacuum pump (ACP15, Pfeiffer Vacuum, Ger-
many). During a first measurement stage from 5 to 19 June,
the PTR drift tube was set with alternating temperatures at
80 and 120 °C for the gas- and particle-phase measurement
modes, respectively. With these settings, the actual drift tube
temperatures varied during the gas and particle measurement
modes, thereby complicating the data analysis (Figs. S1 and
S2). During a second measurement stage from 22 to 30 June,
the PTR drift tube was set with the same temperature of
120°C and a drift tube pressure of 2.7 mbar for both gas
and particle measurement modes. The CHARON inlet was
set to a thermodesorption unit temperature of 150 °C and a
pressure of 7-8 mbar. Finally, the electric field (E/N where
E is the electric field strength and N is the buffer gas den-
sity) of the CHARON-PTR-ToF-MS was kept at ~97 and
~ 57 Td for the gas- and particle-phase measurement modes,
respectively, during the second measurement stage. Please
note that the actual temperature of the drift tube fluctuated
during the first measurement stage and was lower than the
intended temperature of 120 °C (Fig. S1). This made it dif-
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ficult to quantify organic compounds in the particle phase
measured by the CHARON-PTR-ToF-MS. For the gas-phase
measurements, we corrected the major VOC data from the
first measurement stage based on gas calibration and cross-
comparison with Vocus-PTR-ToF-MS measurements. Con-
sequently, we can present the major VOC species measured
by the CHARON-PTR-ToF-MS for the entire campaign, but
the particle-phase data for first measurement stage have been
excluded from further analysis in this study.

Gas calibrations of CHARON-PTR-ToF-MS were per-
formed via dynamic dilution of a calibration gas cylinder
containing 11 VOC species (Table S2; accuracy of 10 % at
~ 100 ppb). The VOC background was taken from zero-air
measurements during the gas calibrations at the beginning
and the end of the campaign. The enrichment factor of the
CHARON inlet was determined using an external calibration
with size-selected ammonium nitrate particles (NH4NO3)
that were counted using a condensation particle counter
(CPC3772, TSI Inc., Shoreview, MN, USA). The enrichment
factor was determined with an average value of 18 £ 2 in the
150-700 nm particle size range, with lower values for smaller
particles below 150 nm (Fig. S3). The particle background
was determined using a HEPA filter (ETA filter model HCO1-
5N-B, Aerocolloid LLC, Minneapolis, MN, USA) that was
placed upstream of the gas-phase denuder of the CHARON
inlet. All data files recorded by the CHARON-PTR-ToF-MS
were processed using the IONICON software Data Analyzer
(IDA version1.0.0.2, IONICON Analytik GmbH, Innsbruck,
Austria). More details regarding the data processing with the
IDA are given in Sect. S1 in the Supplement.

A Vocus-PTR-ToF-MS (Aerodyne Research Inc., Biller-
ica, MA, USA) was deployed to measure VOCs and oxy-
genated VOCs concurrently with the CHARON-PTR-ToF-
MS from 10 to 30 June. The Vocus-PTR-ToF-MS was not
available for measurements before 10 June 2020 due to
a technical problem. The details of the Vocus-PTR-ToF-
MS have been described elsewhere (Krechmer et al., 2018).
The Vocus-PTR-ToF-MS is characterized by a newly de-
signed reagent-ion source and a focusing ion—molecule re-
actor (FIMR), both of which improve the detection effi-
ciency of ions. In this study, the FIMR was operated at a
pressure of 1.5 mbar. The mass-resolving power of the ToF
mass analyzer was ~ 10 000 amu/Aamu (where amu denotes
atomic mass units). Raw data were recorded with a time
resolution of 5s. For the Vocus-PTR-ToF-MS measurement,
ambient air was drawn in through a 1m long PFA tubing
with a total flow rate of 4.5L min—!, and a subset flow of
0.1-0.15Lmin~! then went into the Vocus-PTR-ToF-MS.
Background measurements using high-purity nitrogen were
automatically performed every hour. The Vocus-PTR-ToF-
MS was regularly calibrated using a homemade gas stan-
dard of 15 compounds at ~ 1 ppmv with an accuracy of
10 % (Table S2). At the end of the campaign, a gas cross-
calibration was performed between the Vocus-PTR-ToF-MS
and CHARON-PTR-ToF-MS with the calibration gas cylin-
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der (IONICON Analytik GmbH). The Vocus-PTR-ToF-MS
data analysis was performed using the Tofware software
package (AG, Thun, Switzerland). For the quantification of
uncalibrated species measured by the Vocus-PTR-ToF-MS,
we adopted the rate constants of proton transfer reactions
(Kcap) from the PTR library (Pagonis et al., 2019). We then
generated a sensitivity for the uncalibrated masses by apply-
ing a correction factor based on the k¢,p ratios to the cal-
ibrated masses. Finally, the Vocus-PTR-ToF-MS data were
synchronized to the measurement time of the CHARON-
PTR-ToF-MS for comparison of the VOC data. In this study,
a series of VOC species were simultaneously detected by the
CHARON-PTR-ToF-MS and the Vocus-PTR-ToF-MS; a de-
tailed comparison is provided in Sect. S2.

In addition, methane (CHy4), carbon dioxide (CO,), wa-
ter vapor (H,0) and carbon monoxide (CO) were measured
with a cavity ring-down spectrometer (G2401; Picarro, Santa
Clara, CA, USA) from 10 to 30 June. O3 was measured us-
ing a commercial chemiluminescence analyzer (Cranox II,
ECO PHYSICS GmbH, Hiirth, Germany). An optical par-
ticle counter (OPC, Fidas200, Palas GmbH, Karlsruhe, Ger-
many) was used to measure the mass concentrations of PMj 5
and PMq from 5 to 30 June. Simultaneously, black carbon
(BC) concentrations were measured with an Aethalometer
(MA200, AethLabs, CA, USA). Particle number concentra-
tions were measured with a condensation particle counter
(CPC3776, TSI Inc., Shoreview, MN, USA). A nanoparticle
sizer (NanoScan SMPS, TSI3910, TSI Inc., Shoreview, MN,
USA) was used to measure the particle number size distribu-
tion between 10 and 410 nm.

Meteorological parameters were measured by a compact
sensor (WS700, Lufft GmbH, Fellbach, Germany). The me-
teorological data were missing during some short periods due
to data acquisition malfunctions. We also used hourly data
of temperature, relative humidity, precipitation and plane-
tary boundary layer (PBL) height from the European Cen-
tre for Medium-Range Weather Forecasts’ ERAS reanaly-
sis (Hersbach et al., 2020) as well as wind speed and di-
rection data from the NASA POWER Data Access Viewer
(https://power.larc.nasa.gov/, last access: 10 October 2023)
to complement the meteorological data. The daily soil mois-
ture was measured by a cosmic-ray neutron sensor (CRNS)
(Bogena et al., 2015), which was located ~ 150 m southwest
of the sampling site. In addition, the spatial distribution of
soil moisture in the northern Eifel Forest was determined
from CRNS rover measurements.

2.3 Positive matrix factorization (PMF) analysis

The PMF receptor model is a bilinear analytic algorithm
that separates the time series of air pollutants into different
sources represented by factor profiles, factor time series and
residual signals (Paatero and Tapper, 1994). The PMF model
has been widely used to determine different sources and
chemical processes of VOCs measured by the PTR-ToF-MS
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in urban, rural and forest atmospheres (Gkatzelis et al., 2021;
H. Lietal., 2021; Wang et al., 2020; Li et al., 2022; Pernov et
al., 2021; Desservettaz et al., 2023; Jain et al., 2023; Song et
al., 2024a). To explore the sources and chemical processes
of VOCs, we performed a PMF analysis of VOC species
measured by the Vocus-PTR-ToF-MS, rather than those mea-
sured by CHARON-PTR-ToF-MS. This is mainly due to
the fact that the Vocus-PTR-ToF-MS can measure higher-
molecular-weight OVOCs (m/z > 200) well, thereby provid-
ing more information for interpreting the oxidation processes
of BVOCs (H. Li et al., 2021).

In this study, the Vocus-PTR-ToF-MS-measured VOC
ions with a chemical formula assignment (mainly C,CH;r and
CxHij) were selected to perform the PMF analysis. The
PMF input data were prepared according to the protocol re-
ported in previous studies (Pernov et al., 2021; Li et al.,
2022). The uncertainties were calculated with the following
equations:

Unc. =
{ LOD x 2 conc. <LOD, (1)
VLOD? + (error fraction x conc.)? conc. >LOD,  (2)

where the concentrations of a VOC ion below the limit of de-
tection (LOD) were replaced with half of the LOD, and the
associated uncertainties were set to five-sixths of the LOD
using the Eq. (1). The uncertainties in a VOC ion above the
LOD were calculated using the Eq. (2), assuming an error
fraction of 10 %. We excluded the VOC species from the
PMF analysis if their concentration data were significantly
below the LOD (> 20%) during the entire measurement
campaign; for example, we excluded the signal of C4H;r
from the PMF analysis because its signals were mostly be-
low the LOD during a significant fraction of the measurement
period (Fig. S4). Finally, 157 VOC ions were selected for
the PMF analysis (Table S3). The sum mixing ratios of these
157 VOC ions measured by the Vocus-PTR-ToF-MS showed
good agreement with the sum mixing ratios of 112 major
VOC ions simultaneously measured by the CHARON-PTR-
ToF-MS (Fig. S4). Therefore, the solution of the PMF anal-
ysis on these 157 VOC ions measured by the Vocus-PTR-
ToF-MS can reasonably interpret the major sources and/or
chemical processes of VOCs in this study. The PMF analy-
sis was performed using the PMF Evaluation Tool (v3.05)
that runs in Igor Pro software (v6.37, WaveMetrics, Port-
land, OR, USA). The optimal PMF solution was explored
across several solution diagnostics of factors ranging from
1 to 10. The six-factor solution was chosen as the optimal
and interpretable solution. After six factors, increasing the
factor number will cause factor splitting and provide uninter-
pretable results (Fig. S5). The summary of diagnostic plots
for the six-factor solution is given in Fig. S6.
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2.4 Calculation of the particle-phase fraction of organic
compounds

To estimate the gas-to-particle partitioning processes, we cal-
culated the particulate mass fraction (Fp) of organic com-
pounds using Eq. (3):

Cp.i
Fp=—12 3
Cg,i + Cp,i
where Cp ; and Cy ; are the respective particle- and gas-phase
concentrations of the individual organic compound measured
by CHARON-PTR-ToF-MS and Vocus-PTR-ToF-MS.

3 Results and discussion

The remainder of the text is structured as follows: in
Sect. 3.1, we provide an overview of the measurements con-
ducted; in Sect. 3.2, we address the impacts of meteorolog-
ical factors, like wind speed and direction, temperature, and
relative humidity on the variations in gas and particle con-
centrations; in Sect. 3.3, we perform a source apportionment
of the VOCs observed; and, finally, in Sect. 3.4, we discuss
BVOC oxidation products in the gas and particle phases.

3.1 Overview of the measurements
3.1.1 Meteorology

During the entire measurement campaign, the ambient tem-
perature ranged from 6.8 to 30.8 °C, with an average of
16.6 £4.7°C, and the relative humidity (RH) varied from
31 % to 98 %, with an average of 71 % £ 16 % (Fig. 2). The
wind speeds ranged from 0 to 5.5ms™!, with an average of
1.3+0.9ms™!. Wind directions varied significantly during
the entire measurement period. The sampling site was po-
tentially affected by BPP-related and/or anthropogenic emis-
sions, depending on the wind directions (Fig. 1). The leaf
area index of the Eifel Forest during our measurement pe-
riod was determined to be ~ 2.5 +0.02 m> m~2 based on the
ERAS reanalysis data. The soil moisture was measured to
be 0.3 4 0.04 m> m~3 at a station located ~ 150 m southwest
of the sampling site. In addition, the spatial distribution of
soil moisture in the northern Eifel Forest showed low val-
ues (< 0.3 m>? m™3) in most areas covering our sampling site
(Fig. S7). Therefore, the Eifel Forest was experiencing rela-
tively dry conditions during our measurement period.
During the entire measurement campaign, we observed
two characteristic episodes, Episode 1 (00:00 UTC on 9 June
to 00:00UTC on 12 June) and Episode 2 (12:00 UTC on
23 June to 12:00 UTC on 26 June), with different mete-
orological conditions. During Episode 1, the daily maxi-
mum temperature remained below 20 °C for 3 consecutive
measurement days. During Episode 2, the daily maximum
temperature exceeded 25 °C for 3 consecutive measurement
days. Therefore, we hereafter define these two episodes as
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Figure 2. Time series of meteorological data measured at the sam-
pling site and hourly (a) temperature (7'), (b) relative humidity
(RH), (c¢) planetary boundary layer (PBL) height and (d) precipi-
tation (Preci.) data obtained from the ERAS reanalysis (Hersbach
et al., 2020) as well as hourly (e) wind direction (WD) and (f)
wind speed (WS) data obtained from the NASA POWER Data Ac-
cess Viewer (https://power.larc.nasa.gov/, last access: 10 October
2023). Panel (g) presents the daily soil moisture (SM) measured by
a cosmic-ray neutron sensor, which was located ~ 150 m southwest
of the sampling site, and panel (h) displays the leaf area index (LAI)
obtained from ERAS reanalysis. The blue and yellow shaded areas
mark the low-7 and high-T episodes, respectively.

low-T and high-T episodes, respectively. Both episodes had
very low wind speeds (< 1 ms™!), suggesting that the site
was influenced by local emissions and chemical transforma-
tion or aging processes. The impacts of meteorology and
chemical processes on the variations in gases and particles
will be discussed in the following sections.

3.1.2 Mixing ratios of gas species

As shown in Fig. 3, the average mixing ratios of CO and
CO; for the 10-30 June period were 0.11 £0.02 ppm and
410 &£ 1 ppm, respectively. The mixing ratios of CHy ranged
from 1.90 to 2.56 ppm, with an average of 1.98 & 0.05 ppm.
Spikes of CH4 (> 2.2 ppm) were occasionally observed dur-
ing the days of 17, 20-21 and 23 June and were associated
with BPP-related emissions, as validated in Sect. 3.2. Iso-
prene and monoterpenes were quantitatively measured by
the CHARON-PTR-ToF-MS and Vocus-PTR-ToF-MS with
good to fair correlations (r = 0.92 and 0.59 for isoprene and
monoterpenes, respectively). During the entire campaign,
the average mixing ratio of isoprene was 0.58 £ 0.54 ppb,
which is slightly higher than values previously reported in
a Norway-spruce-dominated forest (0.32 £ 0.17 ppb) in cen-
tral Germany (Bourtsoukidis et al., 2014) and a mixed-
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conifer forest (max 0.25 ppb) comprising Norway spruce and
Scots pine (Pinus sylvestris L.) in Sweden (Petersen et al.,
2023). The level of isoprene in this study was comparable
to that (~ 0.6 ppb) observed in French Landes Forest domi-
nated by maritime pine trees (Pinus pinaster Aiton) during
summertime (Li et al., 2020) but higher than those (0.01-
0.2 ppb) reported for boreal forests in Finland dominated by
Scots pine (H. Li et al., 2021; Hellén et al., 2018). The av-
erage mixing ratios of monoterpenes (2.5 + 5.3 ppb) in this
study were also higher than those reported in a Norway-
spruce-dominated forest (0.50£0.21 ppb) in central Ger-
many (Bourtsoukidis et al., 2014) but lower than those ob-
served in the French Landes Forest (~ 6 ppb) (Li et al., 2020).
Relatively low mixing ratios of monoterpenes have previ-
ously been reported for boreal forests in Finland (~ 0.8 ppb)
during summertime (Li et al., 2020; Mermet et al., 2021).
Note that monoterpenes had a significant concentration vari-
ation in this study, which was attributed to the occurrence
of monoterpene spikes (Fig. 3d). These monoterpene spikes
were mainly related to the impact of BPP-related emissions,
as discussed in Sect. 3.2. In this study, the average mixing
ratios of sesquiterpenes measured by the CHARON-PTR-
ToF-MS were 0.01 +0.01 ppb, a factor of 2 higher than
those measured by the Vocus-PTR-ToF-MS. The average
mixing ratios of sesquiterpenes were lower than those mea-
sured by a Vocus-PTR-ToF-MS in the French Landes For-
est (~0.06 ppb) (Li et al., 2020). It should be noted that the
quantification of sesquiterpenes is affected by the degree of
sesquiterpene fragmentation inside the PTR-ToF-MS, which
can vary significantly depending on the instrument settings
(Kim et al., 2009; Kari et al., 2018). In addition, sesquiter-
penes may experience wall losses inside the inlet tubing and
the instrument and might, therefore, have low transmissions
(Li et al., 2020). Due to a lack of a dedicated sesquiterpene
calibration in this study, the quantification of sesquiterpenes
measured by the PTR-ToF-MS can be regarded as the lower
limit without the consideration of fragmentation.

3.1.3 Chemical composition of aerosol particles

During the entire campaign, the average mass concen-
trations of PM,s and BC were 5.54+4.7ugm™> and
0.2 0.1 ugm=3, respectively (Fig. S8). The aerosol parti-
cle composition — including organic aerosol (OA), nitrate
and ammonium measured by the CHARON-PTR-ToF-MS
and BC measured by the Aethalometer — is simultaneously
available from 22 to 30 June (Fig. 4). During this period, the
average OA mass concentration was 0.8 4 0.5 ugm™3, ac-
counting for 15+ 6 % of PM» 5 mass. The mass fraction of
CHARON-PTR-ToF-MS-measured OA in PM; s was close
to that of semi-volatile oxygenated organic aerosol in PMj 5
(9 %—13 %) resolved from the PMF analysis of OA measured
by an aerosol mass spectrometer (AMS) in urban and rural
environments (Song et al., 2022; Huang et al., 2019). The
elemental ratios of OA (O :C and H : C) measured by the
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Figure 3. Time series of gas species, including (a) CO and CO5; (b)
CHy4 and Og3; and (c) isoprene, (d) monoterpenes and (e) sesquiter-
penes measured by the CHARON-PTR-ToF-MS (black lines) and
Vocus-PTR-ToF-MS (red lines). The blue and yellow shaded areas
mark the low-7 and high-T episodes, respectively.

CHARON-PTR-ToF-MS were 0.32+0.03 and 1.56 +0.10,
respectively, which are comparable to the values of semi-
volatile oxygenated organic aerosol (O : C of 0.35 +0.14 and
H:C of 1.55+0.10) resolved from the AMS-PMF analy-
sis in previous studies (Ng et al., 2011, 2010). These results
indicate that the OA mass detected by the CHARON-PTR-
ToF-MS is mainly composed of semi-volatile organic com-
pounds in this study. Please note that the fragmentation of
organic compounds in the CHARON-PTR-ToF-MS may re-
sult in low average O : C values of bulk OA compared with
those measured by the AMS (Leglise et al., 2019).

Mass concentrations of OAs associated with individual
m/z signals detected by the CHARON-PTR-ToF-MS ranged
from ~0.1 to ~65ng m~3. In total, 164 organic ions can
be well assigned with the chemical formula of CXH;',r or
CxHyO;‘, contributing to 67 £ 11 % of total OA mass mea-
sured by the CHARON-PTR-ToF-MS. Furthermore, the or-
ganic ions assigned were mainly distributed in the Cp—
Cjo range with oxygen atom numbers of 0-5 (Fig. 4d).
Miiller et al. (2017) observed a similar mass distribution
of OAs measured by the CHARON-PTR-ToF-MS in Va-
lencia, Spain, which was associated with the oxidation of
abundant monoterpenes emitted from trees. With the same
instrument, Gkatzelis et al. (2018) also reported a similar
chemical composition of OAs from the oxidation of tree
emissions dominated by a-pinene and f-pinene in simula-
tion chamber experiments. The abundant species in the Cp—
Cg range (Fig. 4d) are most likely fragments from Co_jq-
monoterpene-derived oxidized products, which are prone
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Figure 4. Time series of (a) mass concentrations of PM» 5, BC
and semi-volatile particle species (organics, nitrate and ammonium)
measured by the CHARON-PTR-ToF-MS that were simultaneously
available during the 22-30 June period. Time series of the (b)
oxygen-to-carbon (O : C) and hydrogen-to-carbon (H : C) ratios of
organics. Panel (c) presents the average mass spectrum of organics,
while panel (d) shows the mass distributions of organics associated
with C xHy08'_7 resolved by the carbon and oxygen numbers (n¢
and n g, respectively).

to fragmentation in the CHARON-PTR-ToF-MS (Gkatzelis
et al., 2018). Leglise et al. (2019) and Peng et al. (2023)
further confirm the fragmentation of oxygenated organic
compounds inside the CHARON-PTR-ToF-MS via the loss
of neutral water, carbonyl or carboxyl groups (-H;O, -
CO and —CO», respectively). For instance, cis-pinonic acid
(C 10H17O;r), a monoterpene oxidation product as detected
by the CHARON-PTR-ToF-MS, can produce the typical
fragment ions of C4H70™, C¢H110,+ and C10H15O;‘ (Peng
et al., 2023; Leglise et al., 2019). Furthermore, the rela-
tive abundance of fragment ions (C4H70", C¢H;1 02+ and
C1oH;507) was generally higher than that of the parent ion
CioH 1705 (Leglise et al., 2019; Peng et al., 2023). In this
study, we found that only a small fraction of the cis-pinonic
acid parent ion C10H17O§r was detected by the CHARON-
PTR-ToF-MS compared with the fragment ions C4H;07,
CgH; 10 and C 10H15O Similarly, other monoterpene ox-
idation products such as C9H150 (e.g., norpinonic acid)
and C8H13O (e.g., norpinic acid) showed lower abundances
of their parent ions compared with their fragment ions with
one H,O molecule lost (C9H13O; and CgHuO;, respec-
tively) (Fig S9). We observed good correlations between
CoH;507 and CoH 305 (r = 0.73) and between C8H13O

and CgH1103 (r =0.97), indicating that C9H1302 and
CgH”O3 are fragment ions from parent compounds. Pre-
vious studies have shown that the fragmentation pattern of
oxidized organic compounds in the CHARON-PTR-ToF-MS
varied depending on the instrument settings (Leglise et al.,
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2019; Gkatzelis et al., 2018). Therefore, we cannot compare
the fragmentation patterns of organic compounds from our
instruments with those from other studies. However, it is con-
sistent with other studies that the particulate oxidized organic
compounds measured by the CHARON-PTR-ToF-MS in this
study were mainly detected as the more abundant fragment
ions after losing one H,O molecule, rather than as the par-
ent ions.

3.2 Meteorological impacts on the variations in BVOCs

We firstly analyzed the variations in the mixing ratios of gas
species as a function of wind direction (WD) with a bin of
10° (Fig. 5). According to the wind and geographical con-
ditions around the sampling site (Fig. 1b), we divided the
entire measurement period into four WD sectors, including
WD-forest (0-120°), WD-cut (120-240°), WD-BPP (240-
300°) and WD-village (300-330°). Within the WD-forest
and WD-cut sectors, the sampling site was influenced by an
intact forest dominated by Norway spruce and a clear-cut
area, respectively. In contrast, the sampling site was influ-
enced by winds coming from the BPP and the village resi-
dential areas within the respective WD-BPP and WD-village
sectors. We observed that the mixing ratios of CHy increased
significantly in the WD-BPP sector along with a decrease
in wind speeds and PBL heights and corresponding weaker
dilution. In contrast, constantly low mixing ratios of CHy
were observed in the WD-forest and WD-cut sectors, even
when both the wind speed and PBL decreased significantly.
The results indicate that the enhancement of CH4 mixing
ratios in the WD-BPP sector was mainly due to BPP emis-
sions. In addition, CH4 mixing ratios remained higher for the
WD-village sector, which was likely associated with anthro-
pogenic emissions from the village residential areas. We also
observed a significant increase in monoterpene mixing ratios
in the WD-BPP sector along with a lower ambient temper-
ature (~ 15 °C) and decreasing radiation. This suggests that
the increase in monoterpene mixing ratios in the WD-BPP
sector was due to BPP emissions, rather than biogenic emis-
sions. In contrast to CH4, monoterpenes showed very low
values in the WD-village sector, suggesting a minor contribu-
tion of anthropogenic emissions from the village residential
areas to monoterpenes.

We also observed significant variations in the mixing ra-
tios of isoprene, monoterpene and sesquiterpene in the WD-
forest and WD-cut sectors, likely associated with changes in
meteorological conditions, biogenic emissions and/or chem-
ical oxidation processes. Specifically, the mixing ratios of
monoterpenes and sesquiterpenes increased in the WD-forest
sector (0-30°), but isoprene showed no significant change.
The meteorological condition in the WD-forest sector (0—
30°) was characterized by a low ambient temperature, low
wind speed and shallow PBL at nighttime. Unlike isoprene,
monoterpenes and sesquiterpenes can still be released from
the Norway spruce in the dark (van Meeningen et al., 2017).
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Figure 5. Variations in (a) wind speed (WS), planetary boundary
layer (PBL) and ambient temperature; (b) global radiation, O3 and
BC mass concentrations; (¢) mixing ratios of CO, CO, and CHy;
and (d) mixing ratios of isoprene, monoterpenes and sesquiterpenes
as a function of wind direction (WD). The black dots and whiskers
represent the respective mean values and standard deviations in each
10° WD bin. Data within the WD1 of 0-120° are influenced by
an intact forest area (light green), those within the WD2 of 120-
240° are influenced by a clear-cut area (light blue), those within the
WD3 of 240-300° are influenced by a biogas power plant (yellow)
and those within the WD4 of 300-330° are influenced by a village
(pink).

Monoterpenes and sesquiterpenes could accumulate during
nighttime in the WD-forest sector (0-30°) as a result of low
concentrations of atmospheric oxidants like O3. Moreover,
we observed an increase in the isoprene mixing ratios in the
WD-forest sector (60—120°) which coincided with increases
in the wind speed, PBL, ambient temperature and radia-
tion during daytime. In contrast, monoterpenes and sesquiter-
penes showed low mixing ratios in the WD-forest sector
(60-120°). It is expected that higher temperature and radi-
ation enhanced biogenic emissions, resulting in the increase
in the isoprene mixing ratios. However, lower mixing ratios
of monoterpenes and sesquiterpenes were likely attributed to
photochemical oxidation exceeding their biogenic emissions.
The strong photochemical oxidation processes were charac-
terized by higher radiation and O3 mixing ratios in the WD-
forest sector (60—120°). In the WD-cut sector (120-180°),
we observed a simultaneous increase in isoprene, monoter-
penes and sesquiterpenes, which was associated with en-
hanced biogenic emissions induced by a higher temperature.
Conversely, a simultaneous decrease in isoprene, monoter-
pene and sesquiterpene mixing ratios was observed in the
WD-cut sector (180-240°) along with a high ambient tem-
perature. Note that the sampling site was more influenced
by the distant Norway Spruce trees in the WD-cut sector
(120-180°) compared with the WD-cut sector (180-240°)
(Fig. 1a). In addition, the wind speeds were significantly
higher in the WD-cut sector (180-240°). Therefore, the de-
creases in isoprene, monoterpene and sesquiterpene mixing
ratios in the WD-cut sector (180-240°) were attributed to the
reduced biogenic emissions of fewer Norway spruce and the
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dilution effect caused by higher wind speeds. The dilution
effect was supported by the lowest CO mixing ratios and BC
mass concentrations observed in the WD-cut sector (180—
240°).

Based on the above WD analyses, we further investi-
gated the diurnal variations in meteorological parameters as
well as gas species in two major groups influenced by an-
thropogenic (WD-BPP and WD-village) and biogenic (WD-
forest and WD-cut) emissions, respectively (Fig. 6). In the
anthropogenic group, the diurnal variations in CH4 mixing
ratios showed higher values during nighttime, which were
related to BPP emissions and a low wind speed and PBL
height. However, a less pronounced diurnal variation in CHy4
mixing ratios was observed under the influence of biogenic
emissions (biogenic group). In the anthropogenic group, the
diurnal behavior of monoterpenes showed higher mixing ra-
tios during nighttime, although with large fluctuations over
the whole day. These fluctuations with monoterpene spikes
were related to BPP emissions, depending on the wind di-
rections. As expected, isoprene showed higher mixing ra-
tios during daytime in the biogenic group, which is simi-
lar to the diurnal behavior of the isoprene emission rate in
previous observations in Norway-spruce-dominated forests
(Bourtsoukidis et al., 2014; Jurao et al., 2017). However,
in the biogenic group, the diurnal variations in monoter-
penes and sesquiterpenes showed very low mixing ratios dur-
ing daytime due to the higher PBL and strong photochemi-
cal consumption. The concentrations of monoterpenes and
sesquiterpenes peaked at ~ 18:00 UTC, at which time the
concentrations of atmospheric oxidants (OH radicals and O3)
and the PBL heights decreased. Monoterpenes and sesquiter-
penes showed low mixing ratios of < 1 and < 0.01 ppb, re-
spectively, after 18:00 UTC (during nighttime) in the bio-
genic group. This is different from previous studies in bo-
real forests that have reported constantly higher mixing ra-
tios of monoterpenes and sesquiterpenes but lower O3 values
(< 20 ppb) during nighttime compared with daytime (Hakola
et al., 2012; Li et al., 2020). However, in our study, higher
O3 mixing ratios (~ 30 ppb) were observed during nighttime
in the biogenic group, which may have reduced the con-
centrations of monoterpenes and sesquiterpenes via night-
time oxidation. Note that the mixing ratios of monoterpenes
and sesquiterpenes were low during daytime, but they in-
creased slightly from 08:00 to 12:00 UTC when the temper-
ature and radiation increased. Figure 7 shows the time se-
ries of isoprene, monoterpenes, sesquiterpenes and O3 along
with the wind direction, ambient temperature and radiation
during low-7" and high-T episodes. During daytime in the
high-T episode, we observed that the mixing ratios of iso-
prene, monoterpenes and sesquiterpenes all increased as the
temperature increased when the sampling site was constantly
influenced by a ~100° WD from the intact forest. Mean-
while, higher radiation and constantly high mixing ratios of
03 (40-60 ppb) were observed during daytime in the high-T
episode. The photochemical O3 production is also supported
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Figure 6. Diurnal variations in (a) wind speed, (b) ambient tem-
perature and (c) global radiation; (d) CHy, (e) CO and (f) O3; and
(g) monoterpenes, (h) sesquiterpenes and (i) isoprene. The blue and
green markers represent the median values for the anthropogenic
group and biogenic group that were calculated from the data within
the WD-forest and WD-cut sectors and the WD-BPP and WD-
village sectors, respectively. The shaded areas represent the 25th
and 75th percentiles.

by higher BVOC mixing ratios. However, the increasing bio-
genic emissions due to higher temperatures and solar radi-
ation obviously exceeded the photochemical consumption.
Similarly, higher mixing ratios of O3 were observed dur-
ing daytime in the low-T episode, during which time the
sampling site was also constantly influenced by a ~ 100°
wind direction (e.g., 11 June). However, the mixing ratios
of isoprene, monoterpenes and sesquiterpenes showed no in-
crease. In Fig. 7a, we also see that very high mixing ra-
tios of monoterpenes and sesquiterpenes during the low-T
episode (e.g., 20:00-24:00 UTC on 10 June) were associated
with changes in wind directions, which is in line with the
WD analyses (as discussed above). Furthermore, soil mois-
ture showed no significant difference between the low-7" and
high-T episodes (Fig. 2). We cannot demonstrate the impact
of soil moisture on the variations in BVOC mixing ratios due
to the fact that the observation period used in this study was
short.

3.3 Source apportionment of VOCs

In addition to meteorological impacts, the variations in VOC
concentrations are influenced by different emission sources
and chemical processes. We performed a PMF analysis of
Vocus-PTR-ToF-MS-measured VOC data to identify and de-
termine the impacts of different sources and oxidation pro-
cesses. According to the factor profiles and temporal varia-
tions, we present a six-factor solution, including one terpene-
dominated factor, one factor related to BVOC oxidation dur-
ing nighttime, one factor related to aromatic VOC oxidation

Atmos. Chem. Phys., 24, 13199-13217, 2024



13208

(a) Low-T episode

%05 £ Leoz :

5 200 e . 20~ Feool £ 200

e ] Sk 03 Fa00z F 024002
100 110 2003 100 2003

0 Z 0 o 0o -

—Bowrne 40 — Isoprene

— Monoter ‘ 30% — Non

oterpenes
20 M Sesw\e DE ES( 100)) = Sesquiterpenes (x100))
| 10t &
g o) N | | w § o1 n »
e] ° > o
> 2] 60 < 2 1 60
F40 B S ) 4032
14 4 1 / o4
k20 4 M 20
0

—-0

— 17—
00:00 00 00 00 00 00:00 00:00 00:00 00:00
6/9 6/10 61 6/12 6/24 6/25 6/26

(b) High-T episode
001 e

A% LewZ
# 20 4 600

Figure 7. Time series of wind direction, ambient temperature,
global radiation, isoprene, monoterpenes, sesquiterpenes and O3
during the low-T episode (a) and high-T episode (b). The yellow
shaded areas mark daytime (from 04:00 to 20:00 UTC).

and three factors related to daytime BVOC oxidation. Fig-
ure 8 shows the factor profiles, time series and diurnal vari-
ations in the six factors as well as their relative contribution
to total VOCs (TVOCs) during the entire measurement cam-
paign.

The first factor profile was dominated by the monoter-
pene parent ion (CloHE) and its fragment ion (C(,H;') (Tani
et al., 2003; Kari et al., 2018). Furthermore, this factor
was characterized by a higher fraction of monoterpenoids,
such as CjgH;70™" (camphor or monoterpene oxide) and
Ci1oH19O™ (linalool or monoterpene water cluster), in the
high-mass range (m/z 140-230) (Li et al., 2020). These
monoterpenoids can be emitted by leaves and flowers di-
rectly (Joé et al., 2010); therefore, we define this factor as a
terpene-dominated factor. As discussed before, the variations
in monoterpene concentrations were influenced by the BPP
emissions and biogenic emissions, depending on the wind di-
rection. In this study, PMF analysis could not separate the rel-
ative contribution of biogenic emissions and BPP emissions
to monoterpenes directly. This is probably due to the source
profile of BPP emissions dominated by the monoterpenes,
which is similar to that of biogenic emissions. Based on the
WD analyses, this factor was expected to be mainly associ-
ated with the biogenic emissions when the winds were com-
ing from the forest. In contrast, when the winds were coming
from the BPP, this factor was significantly contributed by the
BPP emissions.

The second factor profile was characterized by high frac-
tions of CjoH;70™ (monoterpene oxide), C10H17O; and
C1oH;50" (pinonaldehyde and its fragment ion) in the high-
mass range. These compounds were weakly oxidized prod-
ucts of monoterpenes with an oxygen atom number < 3, as
found by previous studies (H. Li et al., 2021; Li et al., 2020;
Vermeuel et al., 2023). In addition, this factor was dom-
inated by C3H70™ (acetone), which could be contributed
by the primary emissions and the oxidation of VOCs from
both biogenic and anthropogenic sources (Jacob et al., 2002).
The diurnal pattern of the second factor showed higher con-
centrations at nighttime. Therefore, we define this factor as
representing the secondary oxidation processes of BVOCs,
especially monoterpenes, during nighttime (night-SecVOC).
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Figure 8. Panel (a) presents factor profiles of the six VOC factors
resolved from the PMF analysis of Vocus-PTR-ToF-MS data. The
fraction of signal in the high-mass range (m/z 140-230) is scaled
by a factor of 10. Panel (b) shows time series of the six VOC factors.
Panel (c) displays diurnal variations in the six VOC factors during
the entire measurement campaign. The solid and dashed lines rep-
resent median and mean values, respectively, and the shaded areas
represent the 25th and 75th percentiles. Panel (d) outlines the av-
erage contributions of the six VOC factors to TVOCs for the entire
measurement campaign and for the separate biogenic and anthro-
pogenic groups.

H. Li et al. (2021) performed a binPMF analysis on Vocus-
PTR-ToF-MS-measured VOC data at two European forest
sites. They also resolved a factor representing weakly oxi-
dized products of monoterpenes with higher concentrations
at night (H. Li et al., 2021).

The third factor profile was characterized by higher
fractions of C¢H70™ (phenol), C6H7O+ (catechol) and
C7H7O+ (benzoic acid) compared with other factors. Fur-
thermore this factor was dominated by C7H90 (e.g., oxo-
heptedienoic acid) and C3H90+ (e.g., vanillin) in the high-
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mass range. These OVOC species could have originated from
the oxidation of aromatic hydrocarbons (Hamilton et al.,
2005; Zaytsev et al., 2019; Y. Li et al., 2021; Wu et al,,
2014; Lannuque et al., 2023). As expected, good correla-
tions were found for aromatic OVOC with catechol (r =
0.87 for C¢H705") and benzoic acid (r = 0.84 for C7H70;).
In addition, this factor also correlated well (r = 0.77-0.87;
Fig. S10) with CsHs07 (e.g., methylfurandione), C5H50Jg:
(e.g., butenedial), C4H50§r (e.g., furfural) and C3HsO,
(e.g., methylglyoxal). These compounds are likely ring-
opening products of toluene oxidation, as reported in previ-
ous studies (Zaytsev et al., 2019; Wu et al., 2014; Lannuque
et al., 2023). Therefore, we identified this factor as a factor
of aromatic OVOC representing the OVOCs formed from the
oxidation of aromatic hydrocarbons. The diurnal variation in
the aromatic OVOC factor showed slightly higher concentra-
tions during daytime, which can be related to an enhanced
photochemical oxidation of aromatic hydrocarbons.

In this study, we also resolved three factors related to
the oxidation of BVOCs during daytime, denoted as day-
SecVOC1, day-SecVOC2 and day-SecVOC3. The factor
profile of day-SecVOC1 was characterized by high fractions
of acetic acid (C2H5O;r ) as well as isoprene and its ox-
idation products (e.g., C5H;“, C4H7Ofr_4 and C5H902+_4).
This factor was also dominated by stronger oxidized prod-
ucts of monoterpenes with oxygen atom numbers > 3 (e.g.,
C10H17OLS) compared with other factors in the higher-
mass range. The diurnal variations in the day-SecVOCI fac-
tor showed high concentrations during daytime. Therefore,
the day-SecVOCI factor can be mainly attributed to the
photochemical oxidation of isoprene and monoterpenes dur-
ing daytime. H. Li et al. (2021) resolved one factor rep-
resenting isoprene and its oxidation products and another
factor representing stronger oxidized products of monoter-
penes from the binPMF analysis for a low-mass (m/z 50—
200) and a high-mass (m/z 201-320) range, respectively, for
two European forest sites. They found that these two fac-
tors had a similar diurnal pattern with high daytime concen-
trations. In our study, we performed the PMF analysis for
the full mass range (m/z 40-230) of the major VOC ions
and resolved the day-SecVOCI factor containing high frac-
tions of oxidized products of isoprene and monoterpenes.
This suggests that isoprene oxidation products and more
highly oxidized products of monoterpenes were mainly re-
lated to the daytime oxidation processes. The factor profiles
of both day-SecVOC2 and day-SecVOC3 were character-
ized by high fractions of acetone (C3H;0™) and acetic acid
(C2H5O;' ). Acetone and acetic acid could be contributed
by biogenic and anthropogenic secondary sources (Khare
et al., 1999; Jacob et al., 2002). The factor profile of day-
SecVOC2 also had high fractions of C2H7O§r (acetic acid
water cluster), C3H7OiIr (propionic acid), C4H90; (butyric
acid) and C3H90§1r (e.g., propylene glycol). These gaseous
organic acids could be formed from the oxidation of BVOCs
like monoterpenes (Friedman and Farmer, 2018). In addition,
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the factor profile of day-SecVOC3 showed higher fractions
of C4H701r (e.g., succinic acid) compared with other factors.
The time series of day-SecVOC3 showed the highest corre-
lations with C2H7O§" (acetic acid water cluster, r = 0.79),
C2H5OEL (acetic acid, r =0.63) and C3H90§' (propionic
acid water cluster) compared with other factors. The time
series of the day-SecVOCS3 factor also showed strong cor-
relations with C4HgO™" (r = 0.90, Fig. S10) and C2H50§r
(r =0.89), which can be assigned to the isoprene oxida-
tion product as deprotonated C4H70™ (methyl vinyl ketone,
MVK, and methacrolein, MACR) and glycolic acid, respec-
tively. In addition, O3 was only weakly correlated with day-
SecVOC2 (r =0.27) but was much more highly correlated
with day-SecVOC3 (r = 0.57). Moreover, a better correla-
tion was found between O3 and the sum of these two fac-
tors (r = 0.70). The diurnal variations in both factors showed
higher concentrations during daytime. Based on these results,
we identified day-SecVOC?2 and day-SecVOC3 as represent-
ing low-molecular-weight oxygenated organic compounds
produced from the daytime photooxidation of BVOCs.

As shown in Fig. 8, the mixing ratios of TVOCs mea-
sured by the Vocus-PTR-ToF-MS for the PMF analysis
were 9.0 4.4 ppb during the entire campaign. The mixing
ratios of TVOCs were dominated by the daytime BVOC
oxidation, with day-SecVOCI1 (8 % £ 5 %), day-SecVOC2
(27 % £20 %) and day-SecVOC3 (18 % £21 %). This in-
dicates substantial contributions of oxygenated species to
TVOCs during the entire campaign. Based on the WD
analysis, we further compared the relative contributions
of VOC factors to TVOCs for the groups influenced by
the respective biogenic and anthropogenic emissions. The
average mixing ratios of TVOCs in the biogenic group
(9.7+4.7ppb) were slightly higher than those in the an-
thropogenic group (7.1 &= 3.6 ppb). The contribution of day-
SecVOC2 to TVOCs was comparable, with 25 % 421 % and
32 % + 18 % for the biogenic and anthropogenic groups, re-
spectively. However, the contribution of day-SecVOC3 to
TVOC:s in the biogenic group (26 % =+ 25 %) was higher than
that in the anthropogenic group (13 % =+ 15 %). We observed
significantly elevated mixing ratios of isoprene (Fig. 3c) and
day-SecVOC3 during the high-T episode (Fig. 8). As men-
tioned before, the sampling site was mainly influenced by
the winds coming from the intact forest during the high-
T episode, along with higher mixing ratios of Os. There-
fore, the higher contribution of day-SecVOC3 in the biogenic
group was attributed to the strong oxidation of BVOCs, espe-
cially of isoprene. The contribution of the terpene-dominated
factor to TVOCs was higher in the anthropogenic group
(18 % %+ 16 %) compared with that in the biogenic group
(11 % £ 15 %). This is consistent with the WD analyses, in
which higher monoterpene mixing ratios were related to the
BPP emissions. In addition, the contributions of the night-
SecVOC and day-SecVOCI factors to the TVOC concentra-
tions were slightly higher in the anthropogenic group; this
was related to the high abundances of monoterpenes. Further-
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more, gas-to-particle partitioning processes could also have
influenced the variations in BVOC oxidation products and,
thus, the night-SecVOC and day-SecVOCI factors.

3.4 Variations in BVOC oxidation products in the gas
and particle phases

Figure 9 shows the diurnal variations in the concentrations
of organic molecules (C5H90T_4, C4H7OIL_ 4 C10H17O]L_5
and CjoH; 50‘1"_5) in the gas phase measured by the Vocus-
PTR-ToF-MS and in particle-phase compounds measured
by the CHARON-PTR-ToF-MS during the 22-30 June pe-
riod. These organic molecules are important components
of the night-SecVOC and day-SecVOCI factors resolved
by the PMF analysis, and they are identified as the oxi-
dation products from isoprene and monoterpenes based on
previous field observations and simulation chamber exper-
iments (Gkatzelis et al., 2018; Li et al., 2020). For exam-
ple, gaseous C4H7;0™ can be the sum of MVK and MACR,
which are major products of isoprene oxidation (Wennberg
et al., 2018). C;oH 1703L can be attributed to cis-pinonic acid
formed from the oxidation of monoterpenes (e.g., «-pinene).
Again, the fragmentation of high-molecular weight oxidized
organic compounds measured by the PTR-ToF-MS instru-
ments could produce fragment ions via the loss of neutral
water, carbonyl or carboxyl groups (-H20, —CO and —CO»,
respectively). The diurnal variations in all isoprene oxida-
tion products (C5H90T7 4 and C4H7OT7 4) in both the gas and
particle phases showed higher concentrations from morning
(06:00-08:00 UTC) to afternoon (12:00-16:00 UTC), as did
isoprene itself. These results indicate that higher tempera-
tures and intensive sunlight not only favor isoprene emis-
sions but also enhance the photochemical oxidation of iso-
prene. Moreover, we found that the concentrations of par-
ticulate C4H7Ol+_2 showed increased values from evening
(18:00-20:00 UTC) to around midnight (00:00-02:00 UTC
of the next day). As mentioned before, the fragmentation
of cis-pinonic acid in the CHARON-PTR-ToF-MS can pro-
duce the fragment ions C4H7;0™", CgH1102+ and C1oH; 503’
(Gkatzelis et al., 2018; Peng et al., 2023; Miiller et al., 2017,
Leglise et al., 2019). Furthermore, we observed a similar
diurnal pattern of C4H7;0%and C10H150§1r in the particle
phase, suggesting that the nighttime increase in the partic-
ulate C4H70™ was likely contributed by the fragmentation
of cis-pinonic acid. Due to instrumental limitations, it is dif-
ficult to assign each ion detected by the PTR-ToF-MS to ei-
ther a parent ion or a fragment ion of one organic compound
in the ambient particles.

The diurnal variations in the weakly oxidized products of
monoterpenes, like C10H17Of_2 and C10H15Of_2, in both
the gas and particle phases showed elevated concentrations
during nighttime. In contrast, the more-oxidized products
of monoterpenes (C10H17O;f_5 and C10H15OI_5) showed
higher concentrations in the gas and particle phases dur-
ing daytime. The higher atmospheric oxidation capacity dur-
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Figure 9. Diurnal variations in (a—d) isoprene oxidation prod-
ucts (C5H90;r_ 4 and C4H7OT_ 4) in the gas and particle phases
and in (e-=h) monoterpene oxidation products (C10H1701+_5 and
CioHy 5OT_5) in the gas and particle phases calculated for the
measurement period from 22 to 30 June. Gas- and particle-phase
data were taken from the Vocus-PTR-ToF-MS and CHARON-PTR-
ToF-MS measurements, respectively. The more highly oxidized
particle-phase products from isoprene (C4H7OI) and monoter-
penes (C10H1704JL5) cannot be detected by the CHARON-PTR-

ToF-MS.

ing daytime compared with nighttime leads to the forma-
tion of more-oxidized products. In addition, C10H17O§L (cis-
pinonic acid) and its fragment ion (C10H150;r) in the gas
phase showed less pronounced diurnal patterns. The par-
ticulate C10H17O;' also showed a less pronounced diur-
nal behavior, while the particulate ClOHlsO; showed in-
creased concentrations during nighttime. This is in agree-
ment with previous findings in that most of the particulate
compounds detected by the CHARON-PTR-ToF-MS were
not detected as the parent ion, rather as the fragment ion with
one H>O molecule lost (Gkatzelis et al., 2018). In this study,
C14H2305, C1sHp30™ and C1sHas05 were measured by the
PTR instruments and can be considered to be sesquiterpene
oxidation products based on previous field and simulation
chamber studies. Here, C14H23O;' was only detected in the
gas phase by the Vocus-PTR-ToF-MS, while C; 5H23O§' and
C 15H25O;r were only detected in the particle phase by the
CHARON-PTR-ToF-MS. The concentrations of sesquiter-
pene oxidation products in both the gas (< 0.5 ppt) and par-
ticle (< 5Sngm™3) phases were relatively low, likely due to
correspondingly low concentrations of sesquiterpenes in this
study. The diurnal pattern of gaseous C14H2303L showed
two peaks, one in the morning and one in the early evening
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Figure 10. Time series of (a) OA/ACO and relative humidity (RH)
and of (b—d) the particle-phase fraction of monoterpene oxidation
products (C]()H1701+73 and C]0H15OTL75) from 22 to 30 June. The
yellow shaded area marks the high-T episode. (e-f) Correlations of
the time series of the particle-phase fraction of CjgH; 50'1"_3 with
RH during the high-T episode.

(Fig. S11), similar to those of weakly oxidized products
of sesquiterpenes (e.g., C14H2201_3 and Cy5H2401_3) ob-
served at the Landes Forest in France (Li et al., 2020). The di-
urnal variations in the particulate C 15H2302+ and C15H25O;r
showed slightly higher values during nighttime.
Furthermore, we calculated the variations in OA/ACO,
which represents the total OA concentrations measured by
the CHARON-PTR-ToF-MS normalized over ACO (the
background CO concentration is subtracted) during the 22—
30 June period (Fig. 10). CO is relatively long-lived; thus,
normalizing the observed OA mass concentrations to the
background-corrected CO helps to minimize the impacts of
boundary layer dynamics (De Gouw and Jimenez, 2009).
An increase in OA/ACO was observed during nighttime in
the high-T episode, which could be related to the gas-to-
particle partitioning of BVOC oxidation products. Based on
the two PTR measurements, we calculated the particulate
fraction of representative monoterpene oxidation products
(.e., C10H17Ot3 and C10H15OT75) to estimate their gas-
to-particle partitioning processes. The two PTR instruments
used in this study may have different sensitivities or frag-
mentation for different oxygenated organic compounds. For
example, the concentrations of monoterpene oxidation prod-
ucts, such as CoHysO ", C1oH;50]_, and C10HT7, measured
by the Vocus-PTR-ToF-MS were ~2-3 times higher than
those measured by the CHARON-PTR-ToF-MS (Fig. S13b).
Although we cannot precisely calculate the Fj, values for
each OA molecule due to instrumental limitations, the vari-
ations in the calculated F}, values can still be used as an in-
dicator to estimate the gas-to-particle portioning processes.
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As shown in Fig. 10, weakly oxidized molecules of monoter-
penes (C10H17Of_2 and C10H15O;“_3) had lower F}, values
compared with more-oxidized molecules of monoterpenes
(C10H17O;' and C10H15OI_5). This is expected, as more-
oxidized products of monoterpenes generally have lower
volatility compared with weakly oxidized ones. Interestingly,
the Fy, values of weakly oxidized molecules of monoterpenes
showed similar temporal trends to the relative humidity. Es-
pecially for the high-T episode, the Fj, values of weakly
oxidized molecules of monoterpenes (C10H15O‘1"_3) showed
positive correlations (r = 0.65-0.71) with RH. This indi-
cates that increasing RH can enhance the particle fraction
of weakly oxidized molecules of monoterpenes and, thus, in-
crease the SOA mass. As validated in Sect. 3.3, these weakly
oxidized molecules of monoterpenes are formed by the oxi-
dation of monoterpenes emitted from trees during the high-
T episode, rather than from BPP emissions. It is reason-
able to assume that these monoterpenes are mainly -pinene
and B-pinene, as our sampling site was in a forest domi-
nated by Norway spruce, which is known to emit mainly
pinenes (Christensen et al., 2000; Hakola et al., 2017). Pre-
viously, Tillmann et al. (2010) found that the SOA yields
from the ozonolysis of a-pinene were higher under humid
conditions than under dry conditions. More recently, Surdu
et al. (2023) studied the effect of RH on the partitioning of
oxidized organic molecules formed from «-pinene oxidation
at the CERN Cosmics Leaving Outdoor Droplets (CLOUD)
chamber. They observed that the particle-phase concentra-
tions of semi-volatile organic molecules (CjgH;602—3) from
a-pinene oxidation significantly increase (by factors of 2—4)
with increasing RH, leading to a substantial increase in the
SOA mass (Surdu et al., 2023). Similarly, Luo et al. (2024)
reported that increasing the RH from 3 % to 84 % increases
the abundance of less-oxidized products (e.g., C1oH1602—¢)
from «-pinene ozonolysis. In our study, during the high-
T episode, we observed that the Fj, values for CjoH; 50T,
C1oH;505 and CjoH;507 increased by ~2%, ~6% and
~ 20 %, respectively, when RH was increased from 30 %—
40 % to 60 %—80 %. Furthermore, the ambient temperature
was anticorrelated with RH in this study. Thus, lower temper-
atures may also further favor the gas-to-particle partitioning
of semi-volatile organic molecules from monoterpene oxida-
tion.

4 Conclusions

In this study, we investigated the characteristics of VOCs and
OA particles simultaneously measured by a CHARON-PTR-
ToF-MS and a Vocus-PTR-ToF-MS at a Norway-spruce-
dominated forest stressed by bark beetles and droughts close
to a BPP in western Germany during June 2020. The av-
erage mass concentration of OA particles detected by the
CHARON-PTR-ToF-MS was 0.8 0.5 ugm~3. The chem-
ical composition of OA ions ranged between C; and Cjg
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with oxygen atom numbers of 0-5, which were mainly at-
tributed to the semi-volatile organic compounds formed from
monoterpene oxidation. The average mixing ratios of iso-
prene and monoterpenes were higher than the values previ-
ously measured in both German temperate forests and bo-
real forests during summertime (Mermet et al., 2021; H. Li
et al., 2021; Hellén et al., 2018; Bourtsoukidis et al., 2014);
this may be due to the effect of environmental stressors, such
as long-lasting droughts and bark beetle infestation, and dif-
ferences in the meteorological conditions. Based on the WD
analyses, BVOC data were categorized into two groups to
distinguish the impacts of biogenic emissions from an in-
tact forest and a clear-cut area (biogenic group) and anthro-
pogenic emissions from a BPP and a village (anthropogenic
group). The mixing ratios of CH4 and monoterpenes showed
significantly higher values in the anthropogenic group. This
was expected for CHy, and it is also known that BPP can re-
lease high concentrations of monoterpenes during biowaste
storage and fermentation processes (Salazar Gomez et al.,
2016; Papurello et al., 2012). In the biogenic group, the
variations in mixing ratios of isoprene, monoterpenes and
sesquiterpenes were driven by the interplay between me-
teorological conditions, biogenic emissions and subsequent
chemical oxidation processes. Based on the PMF analysis
of VOCs measured by the Vocus-PTR-ToF-MS, six factors
were resolved, representing the major sources and/or prod-
ucts of chemical transformation processes. During the entire
measurement period, TVOCs were largely composed of oxy-
genated organic compounds formed from the photochemi-
cal oxidation of BVOCs during daytime. However, monoter-
penes and their weakly oxidized products (e.g., C10H1501"_3
and CoH 170?‘72) dominated the TVOCs during nighttime.
These weakly oxidized monoterpene products in the parti-
cle phase also showed higher concentrations during night-
time. In contrast, more-oxidized monoterpene products (e.g.,
C1oH170] 5 and CioH;50] 5) in both the gas and parti-
cle phases were more abundant during daytime. By combin-
ing the gas and particle data measured by the CHARON-
PTR-ToF-MS and the Vocus-PTR-ToF-MS, we found that
increasing RH and decreasing temperature led to an increase
in the particulate fraction of weakly oxidized monoterpene
products, consistent with the findings from recent simulation
chamber studies (Surdu et al., 2023; Luo et al., 2024). Over-
all, this study demonstrates that the variations in BVOCs in
a typical stressed European coniferous forest are influenced
not only by meteorology and biogenic emissions but also by
local anthropogenic emissions (e.g., from a BPP) and sub-
sequent chemical transformation processes. The impact of
soil moisture, tree species composition and tree health con-
ditions on the variations in BVOC concentrations could not
be fully addressed due to the relative short observation pe-
riod. Thus, future long-term field measurements, including
seasonality and detailed tree characterization, are necessary
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to assess the impacts of droughts and bark beetle outbreaks
on BVOC emissions and the subsequent formation of SOA.
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