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Abstract

Biomass-burning OA (BBOA) and biogenic secondary OA (BSOA), both originating from biomass but from different
pathways, still lack comprehensive and quantitative understanding, which limits assessments of their environmental impacts.
In this study, source-resolved OAs including BBOA and BSOA in a European boreal forest were characterized by the offline
use of an aerosol mass spectrometer (AMS), with improved chemical resolution offered by polarity-based fractionation. OA
extract solutions were prepared according to polarity as high-polarity water-soluble organic matter, humic-like substances, and
water-insoluble organic matter, and their abundances and chemical structures were analyzed by off-line high-resolution AMS
analysis. Quantitative analysis revealed an annual OA concentration of 1.24 +0.75 pg m3, with lower concentrations in winter
and higher in summer. A 5-factor source apportionment solution was obtained from positive matrix factorization (PMF) of the
mass spectra of the three fractions. CHN-family ions were found to be indicative of BBOA, whereas CsHsOs*, CsHsO", and
CsHoO4" were identified as potential tracers for BSOA; they lead the identification of BBOA- and BSOA-like factors. CROA
factor, related to aged fossil fuel combustion and aged biomass material combustion, was also identified. Different PMF factors
exhibited differences in water solubility, with relatively water-insoluble characteristics of compounds containing CROA
aromatic structures. This study highlights the usefulness of polarity-resolved factor analysis in understanding diverse OA

sources and opens the door for the characterization of climate- and air-quality-related properties of BBOA and BSOA.

1 Introduction

Biomass-burning organic aerosol (BBOA) and biogenic secondary organic aerosol (BSOA) are two types of organic aerosols
(OAs) that originate from biomass sources, but have vastly different formation pathways. Biomass burning is among the

greatest sources of atmospheric OAs and has become a global environmental concern (Simoneit, 2002; Laskin et al., 2009).
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The chemical composition and physicochemical properties of BBOA are highly dependent on the type of biomass burned. For
instance, fresh biomass emissions from wildfires differ substantially from those associated with agricultural residues, fallen
leaves, or decaying wood (Ma et al., 2024). BSOA originate from the atmospheric oxidation of biogenic volatile organic
compounds (BVOCs), whose emission strength and chemical profiles are strongly influenced by vegetation type and
meteorological conditions (Qin et al., 2018; Miiller et al., 2020). Globally, terrestrial vegetation emits more than 1 Pg of
BVOC:s annually, making it a dominant source of secondary organic aerosols (Guenther et al., 2012; Zheng et al., 2023). The
separate quantification of BBOA and BSOA is required to understand the respective effects of these two types of organic
aerosols (OAs) on climate and air quality through their distinct properties. The effect based on their light absorptivity is a
representative example to be studied, as BBOA is considered a major source of light-absorbing OA (Li et al., 2025; Afsana et

al., 2022), whereas BSOA is regarded as weakly light-absorbing (Deng et al., 2019).

A single, definitive technique for distinguishing between BBOA and BSOA has yet to be established, since most available
methods have inherent limitations as well as advantages. For example, radiocarbon ('#C) analysis is widely used to distinguish
between fossil fuel and modern carbon sources, but it is not effective for differentiating BSOA from BBOA (Dusek et al., 2017
Szidat et al., 2006). The organic carbon (OC)-to-elemental carbon (EC) ratio can be used to estimate the abundance of primary
organic carbon (POC) and secondary organic carbon (SOC), but it cannot serve as a robust approach for source apportionment
(Gelencsér et al., 2007; Dusek et al., 2017). Molecular-tracer-based methods, which use source-specific molecular markers,
are among the most widely applied approaches and enable the quantification of various compound classes (Cheng et al., 2021;
Haque et al., 2023; Gilardoni et al., 2011). The chemical mass balance (CMB) model is a source apportionment technique that
relies on source profiles and molecular tracer concentrations, but the apportionment of SOAs using CMB remains highly
uncertain, partly owing to the atmospheric degradation of organic tracers and the challenges associated with the
representativeness of the source profiles used (Yin et al., 2015; Srivastava et al., 2018; Schauer et al., 1996). The combination
of aerosol mass spectrometer (AMS) measurements and positive matrix factorization (PMF) has also been widely applied for
source apportionment of OAs in online studies (Corrigan et al., 2013; Ulbrich et al., 2009a). As a receptor model, PMF resolves
measured mass spectral data into different factors that represent distinct source profiles and their temporal contributions (Zhang
et al., 2011). However, distinguishing BBOA and BSOA has generally not been achieved in online AMS studies without
additional tools (Liu et al., 2016; Zhang et al., 2024). The above methods are often jointly applied in studies aiming to
distinguish between BBOA and BSOA, as each has its own advantages and limitations.

The oftline application of high-resolution AMS (HR-AMS) measurement with PMF, which has emerged in recent years (Zhou
et al., 2021) , is a possible new approach to advance the source apportionment of OA. Various methods to extract chemical
components from aerosol samples collected on filters have been developed for offline AMS analysis, including the use of water
(Duarte and Duarte, 2011), ethanol (Cheng et al., 2016), and ethyl acetate (Mihara and Mochida, 2011) as solvents for
extraction. Recently, solid-phase extraction (SPE) to isolate fractions with distinct polarities has been applied in offline AMS

studies, allowing for a detailed investigation of OA properties with high extraction efficiency (Chen et al., 2016). Humic-like
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substances (HULIS) comprise a subset of water-soluble organic matter (WSOM) isolated by using SPE and are named for their
resemblance to terrestrial and aquatic humic and fulvic acids (Lin et al., 2010). Compared with HULIS, the remaining water-
soluble fraction, high-polarity WSOM (HP-WSOM), is generally considered to have lower light absorptivity and greater
hygroscopicity (Lin et al., 2010; Zhang et al., 2022; Gysel et al., 2004). Water-insoluble organic matter (WISOM) consists of
relatively high-molecular-weight compounds (Chen et al., 2016) and has strong light absorption (Chen et al., 2017). Previous
studies using offline HR-AMS analysis have shown that the polarity of different OA fractions is positively correlated with the
O/C ratio and that each fraction is dominated by distinct PMF factors (Zhou et al., 2021). Compared with conventional online
AMS analysis, the addition of polarity-based fractionation improves the chemical resolution and may aid in the identification

and quantification of OA sources, including BBOA and BSOA.

In conventional AMS studies, various mass spectral ion tracers have been adopted to differentiate between BBOA and BSOA.
Compared with the molecular-tracer-based approach, the molecular-level fragmentation inherent to AMS analysis allows the
retention of key fragment ions, which potentially makes it a more robust approach for source apportionment because it can
incorporate the full range of ion fragments. For example, CsHsO" (m/z 82) has been recognized as a highly specific and
quantitative tracer for isoprene-derived SOAs (Hu et al., 2015). In contrast, monoterpene-derived SOAs generally produce
nonspecific hydrocarbon fragments such as CsH+*, CsHs", and C-H-", and reliable fragment ion tracers have yet to be firmly
established. BBOA are typically characterized by the presence of levoglucosan, a cellulose pyrolysis product and tracer for
fresh biomass burning emissions (Jolleys et al., 2015). However, its atmospheric lifetime is estimated to be short, for example,
0.7-2.2 days under OH radical exposure (Hennigan et al., 2010), making it difficult to detect in air masses transported over
long ranges (Zhang et al., 2024). Moreover, alkyl amides and nitriles have been identified as potential tracers for biomass
burning. High temperatures during combustion promote the release of ammonia and amines that react with carboxylic acids to
form alkyl amides, which can further undergo dehydration to yield alkyl nitriles (Chen et al., 2018; Ratcliff et al., 1974;
Simoneit et al., 2003). As a result, nitrogen-containing organic compounds (NOCs) in biomass burning-derived aerosols
contribute to the detection of both CHN and CHON ion groups in AMS analysis (Laskin et al., 2009). In contrast, OAs from
biogenic volatile organic compounds (BVOCs), including a-pinene and limonene, primarily generate CHON ions instead of
CHN ions through oxidation and nitration processes, as detected by AMS (Laskin et al., 2014). Therefore, CHN family ions
detected by AMS may serve as novel tracers for BBOA. The fragment ions obtained via AMS described above are potentially

useful for distinguishing between BBOA and BSOA quantitatively and for advancing the characterization of their properties.

In this study, by analyzing the one-year filter samples collected at the Station for Measuring Ecosystem-Atmosphere Relations
(SMEAR 1) in the Hyytidla forest, we differentiated between BBOA and BSOA in OAs and characterized their chemical
structures through offline AMS analysis with increased chemical resolution by polarity-based fractionation. The Hyytiéla
SMEAR 11 station is a rural site with low anthropogenic influence and strong biogenic emissions (Kulmala et al., 2001; Petd;a
et al., 2021). This provides an ideal environment for investigating the chemical structural differences between BBOA and

BSOA, as BSOA is difficult to identify and quantify when there are large contributions from BBOA or anthropogenic aerosols,
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given that BSOA generally occur at much lower concentrations and are therefore easily masked by these stronger sources. The
OA components in the samples were fractionated into HP-WSOM, HULIS, and WISOM fractions on the basis of their polarity,
which is represented by their water solubility and affinity to an SPE column. Each fraction was analyzed by HR-AMS to
determine the concentrations and chemical structural characteristics of OAs. PMF-based source apportionment was performed
using the HR-AMS spectra, assisted by chemical structural information from methods developed in this study to distinguish
between BBOA and BSOA factors. Then, the analyses were performed to investigate the seasonal variations in OA masses
from different sources and how their solubility was influenced by their different chemical structures. The relative contributions
of different OA fractions and the annual average OA concentration from this study were compared with those from other

locations.

2 Methodology
2.1 Sample collection

Aerosol samples with diameters smaller than 0.95 pum (PMys) were collected on quartz fiber filters using a high-volume air
sampler (Model 120SL; Kimoto Electric Co., Ltd.) equipped with a cascade impactor (TE-234; Tisch Environmental, Inc.) at
SMEAR II (Tarvainen et al., 2005), Hyytiéld Juupajoki, Finland (61°51' N, 24°17" E), from July 2021 to June 2022. Detailed
sample information is provided in Table S1. Located in southern Finland, SMEAR 1I is surrounded by a boreal coniferous
forest extending tens of kilometers to the north and northeast (Hellén et al., 2018). The area is sparsely populated and has
limited local anthropogenic pollution sources, primarily household heating and cooking (Aijila et al., 2017). A small residential
and industrial area in Korkeakoski, located 6—7 km southeast of the sampling site, was reported to contain two sawmills and a
pellet factory (Heikkinen et al., 2020; Liao et al., 2011; Ylivinkka et al., 2025). In summer, biogenic aerosols dominate in
Hyytiéld, with additional contributions from transported pollution from continental Europe and western Russia, along with
occasional influences from biomass burning emissions (Williams et al., 2011). A back trajectory analysis for the period of
1996-2008 indicated that clean air masses from the northwest favor new particle formation, whereas air masses from the
southeast transport combustion-related accumulation-mode particles (Riuttanen et al., 2013). Anthropogenic pollution in the
area mainly originates from industrial emissions in southern Finland and biomass burning in Russia and Eastern Europe (Yan

et al., 2016; Heikkinen et al., 2021).

2.2 Extraction and fractionation

Twenty-four one-week samples, collected around the first and third weeks of each month, were subjected to the extraction of
aerosol components. Two circular filter cuts (diameter: 34 mm) were taken from each filter sample for subsequent extraction.
First, the punches were extracted three times using approximately 10 mL of water and 15 minutes of ultrasonication, followed
by filtration through a 0.2-um PTFE filter (Millex). Following WSOM extraction, the remaining filters were processed for

WISOM extraction through sequential ultrasonication, first with 3 g of methanol, followed by three extractions using ~3.3 g
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of a dichloromethane/methanol (2:1, v/v) mixture (Zhou et al., 2021).

A portion of the aqueous extract solution (4—6 g) was further processed by solid-phase extraction (SPE) to obtain HP-WSOM
and HULIS (Varga et al., 2001) First, WSOM was acidified to pH 2 using 1 M HCI aqueous solution and passed through an
Oasis HLB column (6 cc, 200 mg; Waters). The column was rinsed three times with 0.5 mL of 0.01 M HCI solution, and the
resulting effluent was collected as HP-WSOM. Then, the HLB column was dried by N, after which the species adsorbed on
the column were eluted with 6 mL of methanol to obtain HULIS. The details of the SPE extraction method can be found
elsewhere (Zhou et al., 2021).

2.3 HR-AMS measurements and other analyses

The extract solutions of the OA fractions were nebulized using pure compressed air. The generated aerosols were then passed
through diffusion driers with silica gel and activated carbon to remove solvent vapors. The carrier gas was subsequently
replaced with high-purity Ar using a gas exchange device. Finally, the aerosol particles in the Ar flow were analyzed using a
high-resolution time-of-flight aerosol mass spectrometer (Aerodyne Research, Inc.). The HR—-AMS data were acquired in both
V and W modes. The AMS data were analyzed using a ToF-AMS Analysis tool kit (Squirrel v1.65G) and a ToF-AMS HR
Analysis tool kit (Pika v1.25G) template in Igor Pro (http://cires.colorado.edu/jimenez-

group/ToFAMSResources/ToFSoftware/). The classification of fragment ions from organics to CiHy, CiHyO1, CxHyOs1,
CHyN,, Cx<H,ON,, CiHy0-|N,, HyOg4, and CS families and the elemental analysis to determine the O/C, H/C, and organic

matter-to-organic carbon (OM/OC) ratios were performed using the Pika template. The extract solutions mixed with phthalic
acid (PA) as an internal standard were also analyzed using the AMS in the same manner for the quantification of OAs (Mihara

and Mochida, 2011).

For quantification, the least squares method was used to deconvolute the unit-mass OA spectrum of the mixture into the spectra
of the extracts of OA and phthalic acid, providing the abundance of the extract relative to that of phthalic acid with a known
amount (Mihara and Mochida, 2011). The five ions at m/z 28, 44, 50, 76, and 104 were excluded from the quantitative analysis
of the WSOM and HP-WSOM samples to increase the fitting accuracy. The detailed rationale for the exclusion of these ions
is provided in the Supplementary Information (Text S1). Because of the pH adjustment before SPE, the chemical states of HP-
WSOM and HULIS may differ from their original forms in WSOM, potentially affecting their ionization efficiency in AMS.
This may have led to fluctuations in the estimated extraction efficiency of SPE (Table S2), with some values slightly exceeding
unity. Note that a calculated efficiency greater than unity has also been reported in previous studies (Afsana et al., 2022; Zhou

etal., 2021).

A total organic carbon analyzer (Model TOC-VCSH, Shimadzu) was used to quantify the water-soluble organic carbon
(WSOC) in the samples. The samples for the WSOC analysis were extracted separately from those used for the AMS analysis.

The aerosol components on circular filter cuts (diameter: 28 mm) from each filter were extracted into 20 mL of water with two
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15-minute ultrasonication cycles, followed by filtration through a disposable hydrophilic filter. Organic carbon (OC) and
elemental carbon (EC) were analyzed for sample filter cuts (diameter: 8 mm) using a thermal/optical carbon analyzer (Model
2001A, Desert Research Institute) with the thermal/optical reflectance method following the IMPROVE temperature protocol.
The abundance of OC was also derived from the HR-AMS analysis as the sum of carbon contents in WISOM, HULIS, and
HP-WSOM, where their carbon contents were calculated by dividing their concentrations by their OM/OC ratios.

The quantified HR—AMS results were compared with the OC values from the thermal/optical analysis (Fig. S2 and Fig. S3a).
The results indicate a strong correlation of the sum of water-insoluble organic carbon (WISOC), humic-like substances carbon
(HULIS-C), and high-polarity water-soluble organic carbon (HP-WSOC) with the total OC (r = 0.987) (Fig. S3a) and the ratio
of the former to the latter (mean + SD: 1.33 £ 0.21). Additionally, the WSOC derived from AMS (HP-WSOM + HULIS) was
in good agreement with the WSOC measured by the TOC analyzer, which is represented by a high correlation coefficient (r=
0.985; Fig. S3b) and the ratio of the former to the latter of 0.93 £0.10 (mean £SD). These results demonstrate the good accuracy

and high extraction efficiency of our quantification method.

Meteorological parameters and atmospheric concentrations of two BVOCs, monoterpenes and MBO (2-methyl-3-buten-2-ol),
from July 7, 2021, to June 22, 2022, which were measured at SMEARII and are available in the SmartSMEAR database
(Junninen et al., 2009) , were averaged for each filter sampling period. The data sources included MBO (16.8 m), monoterpene
(8.4 m), SO2 (16.8 m), acetonitrile (125 m), solar radiation (35 m), and air temperature (16.8 m), all of which were obtained

above ground level as quality-checked datasets (Aalto et al., 2025).

2.4 Back trajectory and PSCF analysis

Backward air mass trajectories were calculated using the HYSPLIT model with meteorological input from the NOAA Global
Data Assimilation System (GDAS) (Draxler and Hess, 1997; Draxler, 1999; Stein et al., 2015; Draxler and Hess, 1998). All
trajectories for the samples are provided in Figure S4. Each trajectory started at 500 m above sea level, with one 10-day (240

h) trajectory generated per sampling day at 12:00 UTC.

The potential source contribution function (PSCF) method based on backward trajectory analysis was employed to identify
the potential source regions of particle pollution (Bressi et al., 2014; Jeong et al., 2011). Hourly trajectories over 168-hour
periods were computed as inputs of the PSCF for the specific event periods. The hours with high concentrations of aerosols
were defined using the 75th percentile of the particle volume concentration calculated using differential mobility particle sizer
(DMPS) data for the 100—1000 nm size range, which were measured at SMEARII and are available in the SmartSMEAR

database. The data processing procedures are described in Text S2.
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2.5 PMF data processing

The W-mode HR-AMS data were imported into the Igor PMF template (PMF Evaluation Toolkit v3.08C) for the PMF analysis
(Ulbrich et al., 2009a). The mass spectra of all four fractions, HP-WSOM, HULIS, WISOM, and WSOM, were processed
together, and their corresponding error matrices were obtained from Pika. Five PMF solutions with fPeak and seed values of
0 and 1 were used for further analysis. Detailed results of the stability analysis for the PMF solutions, including the dependence
of Q/Qexpected ON the number of factors, seed, and fPeak values, are provided in Figure S4. Among the PMF results, those for
HP-WSOM, HULIS, and WISOM were selected for further data processing and analysis. Both four-factor and five-factor PMF
solutions were tested, and each provided reasonable interpretations of the AMS spectra. To better capture the structural
characteristics of the OA fractions, mainly a five-factor solution was used for the analysis in this study. The atmospheric
concentrations of OA masses associated with the PMF factors were derived from the concentrations of OA fractions and the

relative abundance of the PMF factors determined through the PMF analysis.

3 Results and discussion

3.1 Chemical structure of OA fractions

3.1.1 Composition and abundance of OA fractions

The average HR-AMS spectra of the three extracted fractions are shown in Fig. 1a. CyHy fragments representing hydrocarbon
structures contributed as much as 63.7% of the WISOM. As the polarity increases in the order of WISOM, HULIS, and HP-
WSOM, the contribution of CHy decreases, whereas that of CxH,O, and CyH,O- (representing mono- and multioxygenated
organic fragments, respectively) increase. The distributions of the fragment ion groups of the three fractions were generally
similar to those of urban aerosols from our previous study (Zhou et al., 2021): C,HyO; dominated in HP-WSOM; CH, and
CH,O; were comparable in HULIS; and C<Hy was most abundant in WISOM. The O/C and H/C ratios and the OM/OC mass
ratio for WISOM, HULIS, and HP-WSOM are shown in Figure 1b. As the polarity increases in the order of WISOM, HULIS,
and HP-WSOM, both the O/C and OM/OC ratios increase accordingly. HP-WSOM has the broadest range of O/C, H/C, and
OM/OC values among the three fractions. The relative standard deviation of the O/C for HP-WSOM (24.4%) was also greater
than that for HULIS (9.3%) and WISOM (16.1%), likely reflecting greater chemical diversity or variability of HP-WSOM

across different samples.
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Figure 1(a) Averages of the normalized HR—AMS spectra for HP-WSOM, HULIS, and WISOM with pie charts showing the
averages of the fractional contributions of fragment ion groups. Different fragment groups are represented by different colors in

the stacked bars. (b) O/C and H/C ratios and OM/OC mass ratios of HP-WSOM, HULIS, and WISOM.

The seasonal variations in WISOM, HULIS, and HP-WSOM and the proportions of their averages are presented in Fig. 2a.
The average and standard deviation of the total OA, calculated as the sum of the three fractions, was 1.24 £ 0.75 pg m=3. With
the exception of the two specific periods P1 (October 6 to 13) and P2 (March 9 to 16), with elevated concentrations of HULIS,
OAs exhibited a clear seasonal pattern throughout the year. The mean OA concentrations in summer, autumn, winter, and
spring were 2.06, 0.94, 0.62, and 1.34 pg/m?, respectively. The higher OA concentration in summer than in winter is consistent
with the seasonal variations in OAs observed in long-term ACSM data (2012-2018) at SMEAR II (Heikkinen et al., 2020).
Among the OA fractions, HP-WSOM, HULIS, and WISOM also peaked in summer (0.25, 1.43, and 0.39 pg m™, respectively)

and reached their minima in winter (0.13, 0.31, and 0.17 pg m™3, respectively), which is consistent with the trend of total OAs.
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Figure 2 Seasonal variations in HP-WSOM, HULIS, and WISOM measured by HR-AMS, with the fractional contributions of their

averages shown in the pie chart.

3.1.3 OA source regions during P1 and P2 events

To identify the potential source regions during the two events with elevated HULIS concentrations (P1 and P2), a PSCF
analysis was performed using the 75th percentile of the particle volume concentration in the 100—1000 nm size range from the
DMPS measurements. The calculated areas that were frequently traversed by the air masses that arrived at the study site during

the high-concentration events are shown in Fig. 3.

In general, air masses passed over Scandinavia and other parts of Europe, and their passage over the North Atlantic Ocean and
the Arctic Ocean was also evident. The potential source regions for the accumulation mode particles during P1 were located
mainly southwest of the sampling site (Fig. 3a), with additional contributions from the southeast. The potential source regions
for P2 were located mainly in the southeast. These spatial patterns are consistent with the findings of Riuttanen et al. (2013)
who reported that clean air masses from the northwest were favorable for new particle formation, whereas air masses from the
southeast were typically associated with combustion-related accumulation mode particles, on the basis of a long-term backward
trajectory analysis from 1996 to 2008. The backward trajectory analysis (Fig. S6) reveals the possibility of long-range transport

for P1, whereas P2 is characterized by circulation patterns over the estimated source regions depicted in Fig. 3b, which are
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more conducive to the accumulation of pollutants. This may partly contribute to the higher OA concentration during P2 than

during P1.

709,
& 20°F 30%E A0°E

12 16 20

PSCF frequency

Figure 3 Potential source contribution function (PSCF) maps based on the 75th percentile of the DMPS-derived particle volume

concentrations in the 100—1000 nm range. (a) P1 (October 6-13, 2021). (b) P2 (March 9-16, 2022).

3.2 PMF-derived OA types
3.2.1 Overview of source apportionment

Different apportionment techniques have been applied to deconvolve organic matter (OM) at the SMEAR 11 station into various
sources, as summarized in Table 1 (Raatikainen et al., 2010; Yttri et al., 2011; Finessi et al., 2012; Crippa et al., 2014; Aijili
et al., 2017; Aijli et al., 2019; Corrigan et al., 2013; Vogel et al., 2013; Jiang et al., 2019; Kortelainen et al., 2017; Zhang et
al., 2024; Heikkinen et al., 2021). Commonly identified factors include semivolatile oxygenated organic aerosol (SVOOA),
low-volatile oxygenated organic aerosol (LVOOA), biomass burning organic aerosol (BBOA), and hydrocarbon-like organic
aerosol (HOA) factors. A previous study performed source apportionment of submicron aerosol particles in Hyytiélé, Finland,
during July and August 2010 by using aerosol mass spectrometry and Fourier transform infrared spectroscopy (FT-IR). While
the study identified four major components—biomass burning, biogenic sources, and two fossil fuel-related factors (Corrigan
et al., 2013)—it highlighted a high similarity between BSOA and BBOA AMS spectra, indicating the need for methods to
better differentiate them. In this study, by employing HR-AMS to analyze specific fragment ions at high resolution, we aim to
extract compound type information that enables a more robust distinction between these two aerosol types. Notably, since an

offline extraction method was applied, the same PMF factor across different fractions should represent chemical structures in

10
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different sets of chemical species. As the focus of this work is on key chemical structures rather than on strict source attribution,

we hereafter refer to them as BBOA-like and BSOA-like factors.

Table 1. Summary of source apportionment studies at the Hyytidlé forest station

Reference Dataset OA factors/types
(Raatikainen et al.,
2010) Q-AMS OOAL1, OOA2
Thermal optical OC/EC,

(Yttri et al., 2011)

radiocarbon (4C),
HPLC-ESI-HRTOF-

BSOA, BPAP, Fossil fuel, biomass burning

MS, GC
L Q-AMS, ToF-AMS, AMS: OOA1, OOA2
(Finessi et al., 2012) NMR NMR: HULIS-containing, amines, terpene SOA-like
(Crippa et al., 2014) AMS HOA, BBOA, SVOOA, LVOOA
Aijili et al., -ToF- , , , , sawmi
(Aijal 1.,2017) C-ToF-AMS HOA, COA, SVOOA, LVOOA 11 SOA

Ammonium sulfate, ammonium nitrate, SVOOA,
LVOOA, BBOA, nitrate-containing type, HOA
BSOA, BBOA, FFC1, FFC2

(Aijild et al., 2019) ToF-AMS, C-ToF-AMS

(Corrigan et al., 2013) FT-IR, C-ToF-AMS

(Vogel et al., 2013) AMS 0OO0A1, OOA2
(Jiang et al., 2019) ACSM, AMS HOA, BBOA, O0A
%i’%ﬂainen ctal, HR-AMS SV-00A, LV-OOA and NO-factor
(Zhang et al., 2024) LToF-AMS Inorganic, OOA, HOA, BBOA, Kola pollution
(Heikgionzef) etal, ACSM SV-00A, LV-OOA and POA
This study HR-AMS MO-00A, BSOA-like, BBOA-like, CROA, HOA

3.2.2 PMF results

To investigate the potential sources of the three OA fractions (WISOM, HULIS, and HP-WSOM), we tested both four-factor
and five-factor PMF solutions. The four-factor solution consisted of more-oxidized oxygenated organic aerosol (MO-OOA),
BSOA-like factor, BSOA-like factor, and HOA, whereas the five-factor solution included these factors and an additional
combustion-related organic aerosol (CROA) factor. The five-factor solution is used for further analysis in this study (Table 1).
The time series and annual average contributions of the PMF factors are shown in Fig. 4. The factor with the lowest O/C ratio
and the highest H/C ratio was associated with HOA, which were identified as the dominant component in WISOM, contributing
63% of WISOM on average. Moreover, MO-OOA, with the highest O/C ratio of 1.18, were the dominant component in HP-
WSOM, accounting for 73.7% of HP-WSOM on average. These findings are consistent with our previous study, where HOA
was also reported as a major contributor to WISOM (77%), and MO-OOA dominated the HP-WSOM fraction (96%) (Zhou et

al., 2021). The source identification of the remaining three factors is discussed in detail in the following sections.
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Figure 4. (a) HR-AMS spectra of the five PMF-derived factors and their elemental analysis data. (b) Time series of the concentrations
of MO-OO0OA, BSOA-like, BSOA-like, CROA, and HOA in HP-WSOM, HULIS, and WISOM and the proportions of the mean

concentrations.

3.2.3 BSOA-like tracers and related chemical structures

The identification of the BSOA-like factor is partly based on its characteristic seasonal pattern. During summer, BSOA-like
factor accounted for up to 68.2% of HULIS, which is consistent with the enhanced BVOC emissions under higher temperatures
and stronger solar radiation in summer than in the other seasons. The identification of the BSOA-like factor is further supported
by the seasonal pattern closely resembling that of temperature and solar radiation (Fig. 5a). As shown in Figure 6, BSOA-like
factor was strongly correlated with temperature (» = 0.83), solar radiation (» = 0.73), and MBO (a biogenic volatile organic
compound primarily emitted by coniferous trees such as pines; » = 0.70), whereas the correlations with the other PMF factors
were notably weaker. These correlations further support the biogenic secondary formation of the OA mass corresponding to

the BSOA-like factor.

HOA was strongly correlated with MBO (» = 0.69) and showed the second strongest correlation with temperature (» = 0.55)
and solar radiation (= 0.55). Given that BVOCs are abundant in hydrocarbons, HOA is presumably influenced by both freshly
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emitted biogenic aerosols and generally recognized fossil fuel combustion emissions. We observed that when OAs increased
during P1 and P2, the concentrations of the BSOA-like factor also increased (Fig. 4b), suggesting a possible enhancing effect
of anthropogenic pollution on BSOA.

To further investigate the chemical structural characteristics of the BSOA-like factor, we analyzed several fragment ions
associated with the gaseous precursors (BVOCs). We selected CsH+* (m/z 67), C¢Ho' (m/z 81), and C-H7* (m/z 91) as
representative medium-mass hydrocarbon-type markers since all have been reported as fragmentation ions characteristic of
BSOA in several studies (Boyd et al., 2015; Bahreini et al., 2005; Kiendler-Scharr et al., 2009; Robinson et al., 2011). Although
hydrocarbon-type fragment ions were detected at relatively high levels, they exhibited limited source specificity. Therefore,
we also considered the higher mass but less abundant ions C-HsOs* and CsHi1:04". The fragment ion C;HsOs" (m/z 141) has
been proposed as a signature for 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA), a tracer compound indicative of terpene-
derived SOAs (Kostenidou et al., 2018). CsH1:04" (m/z 185) corresponds to the deprotonated form of CosH14O4 terpenoic acids
with a molecular weight of 186, such as cis-pinic acid (Yasmeen et al., 2011). CsHsO" (m/z 82) is a fragment ion widely
recognized in field studies as a tracer for [IEPOX-derived SOAs formed from isoprene oxidation under low-NO conditions, but

it can also be substantially influenced by monoterpene-derived SOAs (Hu et al., 2015; Robinson et al., 2011).

These ions were strongly correlated with the BSOA-like factor, jointly supporting the identification of this factor, as presented
in Fig. 5b. In this study, CsHsO* demonstrated high source specificity, showing a very strong correlation coefficient exclusively
with the BSOA-like factor (» = 0.98). Although CsHesO" is generally regarded as a fragment ion that is indicative of isoprene
oxidation, monoterpene-derived SOAs can also enhance its signal, as mentioned above (Hu et al., 2015). In addition, while
monoterpenes dominate the mixing ratios during summer in Hyytiél4, the presence of isoprene is also evident (Hakola et al.,
2012; Fischer et al., 2021). Therefore, both isoprene- and monoterpene-derived SOAs may be associated with the observed
CsHsO" signal in this study. The medium-mass hydrocarbon-type fragment ions CsH-* (m/z 67), CsHo" (m/z 81), and C-H7*
(m/z 91) also exhibited high correlations with the BSOA-like factor (» = 0.85, 0.76, and 0.88, respectively). However, their
specificity as tracers of BBOA was limited. For example, HOA showed even stronger correlations with CsH-" and CsHs* than
BSOA-like factor did, which is not unexpected because these two are hydrocarbon fragment ions. Therefore, these ions are
unlikely to serve as BSOA tracers by themselves, but they could provide supportive evidence when used in combination with
other marker ions. The abundance of higher-mass ions CsHsO5" and CoH1304" was 1-2 orders of magnitude lower than that of
the medium-mass ions mentioned, presumably because of extensive fragmentation under ~70 eV electron ionization(EI).
Nevertheless, they exhibited notable source specificity and correlated strongly and exclusively with the BSOA-like factor (7:
0.95 and 0.93, respectively), with substantially weaker associations with other factors. C;HsOs* and CoHi304" could therefore

serve as characteristic signatures of BSOA-like factor in future EI-based mass spectrometric studies of OAs.
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derived factors and characteristic fragment ions.
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Figure 6. Pearson correlation coefficients between PMF-resolved OA factors and six selected references. The references include two

Factors

meteorological parameters (temperature and solar radiation, data from SmartSMEAR), two BVOCs (monoterpene and MBO, also
from SmartSMEAR), and two biomass burning HR-AMS spectra (from the AMS Spectral Database, URL:
http://cires.colorado.edu/jimenez-group/AMSsd/) (Ulbrich et al., 2009b).
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3.2.4 BBOA-Ilike tracers and related chemical structures

To confirm the identification of the BBOA-like factor, we compared the UMR spectra of five PMF factors with the AMS
spectrum of aerosols from chamber-burned lodgepole pine (needles and sticks) from the AMS spectral database (Ulbrich et
al., 2009b) (Fig. S6a). The BBOA-like factor exhibited the highest correlation coefficient (» = 0.75) among the five PMF
factors (Fig. 6), supporting its association with BBOA.

The time series of non-sea-salt (nss)-SO+*~ and nss-K* from ion chromatography are shown in Figure 7. The nss-K*
concentration is widely used as an indicator of the influence of biomass burning, although it could also be affected by other
sources, such as agricultural activities and soil resuspension (Andreae, 1983; Zhang et al., 2010). Despite a weak correlation
with the BBOA-like factor (» = 0.30), nss-K* exhibited a pronounced increase during P1 and a smaller increase during P2,
whereas other cations did not show similar patterns, suggesting episodic biomass-burning influences. The sources of nss-SO4+*~
are complex and generally represent secondary inorganic aerosols generated from anthropogenic sulfur dioxide, marine
biogenic precursors, volcanic emissions and so forth (Seinfeld and Pandis, 2016). Although its correlation with the BBOA-
like factor was modest (» = 0.45), nss-SO4>" increased during both P1 and P2 and exhibited a temporal pattern similar to that
of the BBOA-like time series, whereas other anions did not show comparable variations, suggesting that biomass burning may

have contributed to the sulfate concentration in addition to fossil fuel combustion.

0.45
b I BBOA-like +0.08
? —=— CHN o
T
b
c
[(e]
3|
—_ ™ [ Inss-S0%
@ 0.4 - A —®— nss-K* a
S — 7]
> -0.02 ¢
S 03 3
o > 001 3
R BN -
00 T T ’_H_‘ T T T ’I_‘ T T T T T I T T T OOO

¢ PR S LS

RN ® "qcﬁ OPQOC' Sty

%\u%m‘bﬂsv%mwrﬁ:‘gwb-e A
A RN ‘L"vgfbf\ib‘,ﬂr'\q,
SQ\QOOQ%Q’QOC’G"’ dz’°5f§g§<<e’e§"z5e5?9§ *\¢;\§§\§‘
AT s Fo eoeo ,\h&"" o VS %ﬁ\i&x&@ P b‘&%\»

Sample period

Figure 7. Time series of BBOA-like factor, CHN family ions, nss-SO4* and nss-K*.
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As explained in the introduction section, BBOA generally contain NOC fragment ions from both CHN and CHON family
compounds, whereas BSOA predominantly consist of CHON family compounds formed through the oxidation and nitration
of BVOCs (Laskin et al., 2014; Laskin et al., 2009). On the basis of this distinction, we consider that CHN family ions can
serve as tracers for differentiating BBOA from BSOA. As shown in Fig. 7, the concentration of the BBOA-like factor exhibits
a variation pattern closely aligned with that of the CHN family, with a high correlation coefficient (» = 0.85).

To further investigate the characteristics of the CHN family compounds, we listed all CHN family ions quantified and
calculated their corresponding annual average concentrations, as shown in Fig. 8a. The distribution of the CHN family ions
among the three OA fractions revealed the high water solubility of the compounds from which they originated. An average of
76.3% of the total CHN family ions were from water-soluble compounds, and smaller ions tended to originate more from
water-soluble compounds. Among the CHN family ions, CHN*, CHaN", and C.HsN* were the most abundant. Previous
chamber and field studies have reported that CH4N* can serve as a tracer ion for amines (Ge et al., 2024) and that C,H2n iN*
and CyHznoN" are likely associated with nitriles (Ge et al., 2024; Mclafferty and Turecek, 1993). The presence of amines and
nitriles supports the proposed formation pathway of CHN family compounds in BBOA, as outlined in the introduction: high-
temperature biomass combustion facilitates the release of ammonia and amines, followed by reactions with carboxylic acids

to form alkyl amides and subsequent dehydration to produce alkyl nitriles.
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Figure 8 (a) Annual average concentrations of the OA mass detected as different CHN family ions in HP-WSOM, HULIS, and
WISOM. (b) Correlation coefficients of the time series of BBOA-like factor with the series of total CHN family ions and individual
ions (CHN*, CH.N", and C:HsN").
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This study also considers the performance of the tracer ion from levoglucosan, C2H4O:" (m/z 60). Previous studies conducted
at Hyytidla suggested that m/z 60 is difficult to observe at this site because of degradation during long-range transport (Corrigan
et al., 2013; Zhang et al., 2024). The signal of C2:H4O:" or m/z 60, both in their studies and in this study, was rarely observed
in the spectra of the PMF factors. However, when the HR mode data were examined, clear variations in the C:H4O-" ion
concentration became evident. Thus, the time series of the C:H+O:" ion intensity from the HR-AMS data was compared with
the time series of the BBOA-like factor, as shown in Fig. 9. The results demonstrate that the temporal pattern of the BBOA-
like factor closely resembles that of C.H4O-" with a higher correlation coefficient (» = 0.93) than other factors (MO-OOA:
0.59; BSOA-like: 0.84; CROA: 0.66; HOA: 0.68). This strong association provides additional evidence for the robustness of

the BBOA-like factor identification and for the validity of C2:H4O-" as a tracer of biomass burning emissions.
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Figure 9. Temporal variations in the BBOA-like factor, BSOA-like factor, and C:H4O:" during different sampling periods, with the

inset showing the Pearson correlation coefficients between C.H4O:" and the five PMF factors.

3.2.5 Comparison of BBOA-like, CROA and BSOA-like structures

Although both the CROA and BBOA-like factors are considered to be related to combustion sources, the structural differences
between the CROA and BBOA-like factors are clear. The mass spectra of these two factors in Fig. 10 show that CROA are
characterized by aromatic fragment ions, such as CsHs* (m/z 77), CsHs" (m/z 79), and C;H-" (m/z 91). One possible explanation

is that the CROA factor is related to aged OAs originating from fossil fuel emissions. Whereas a PMF factor associated with
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fresh OAs from fossil fuel combustion, as a type of POA, typically results in a low O/C ratio, for example, 0.14 in central
eastern China (Hu et al., 2017) and 0.17 in Beijing (Zhou et al., 2021), the CROA factor in this study shows a higher O/C ratio
of 0.35. Moreover, OAs from fossil fuel are expected to be distributed primarily in WISOM (Zhou et al., 2021), whereas in
our case, 79.5% (annual average) of the CROA mass was found in the HULIS fraction, suggesting a higher water solubility,

which is consistent with the higher degree of oxidation.

Another explanation is that the CROA factor originated from the combustion of aged biomass materials. This finding is
supported by a recent study (Ma et al., 2024), which proposed that the composition of OAs originating from biomass burning
emissions can be classified into two types: OAs from the combustion of fresh biomass and OAs from the combustion of aged
biomass. Fresh biomass, such as vegetation burned in forest fires, is typically rich in nutrients, including lipids and proteins.
As discussed in Section 3.2.4, our BBOA-like factor is characterized by CHN family ions, including CHN* (m/z 27), CHaN*
(m/z 30), and C2HsN* (m/z 41), which are indicative of the combustion of protein-rich fresh biomass. In contrast, aged biomass,
including postharvest straw, fallen leaves, and deadwood, is generally nutrient poor, with abundant lignin (Ma et al., 2024).
The pyrolysis or combustion of lignin releases large amounts of aromatic compounds (Simoneit, 2002), as evidenced by
aromatic peaks in the reference spectrum of lignin powder retrieved from the AMS spectral database (Ulbrich et al., 2009b)
(Fig. S6b). Among the five PMF factors, the CROA factor exhibits the highest spectral similarity with lignin combustion (r =
0.88), exceeding those of the MO-OOA (r = 0.38), BBOA-like ( = 0.66), BSOA-like (» = 0.72), and HOA (r = 0.85) factors,
supporting its association with lignin-rich sources. Furthermore, as shown in Fig. 4a, the N/C ratio of the BBOA-like factor
(0.03) was substantially higher than that of the CROA factor (0.008). These findings suggest that BBOA-like compounds are
closely associated with the combustion of fresh biomass, whereas the aromatic character of CROA is linked to fossil fuel-

derived OAs and/or the burning of aged biomass.

The N/C ratio of BSOA-like factor (0.011) lies between the ratios of BBOA-like and CROA factors, which may be attributed
to the formation of oxygen- and nitrogen-containing organic compounds (NOCs) via the oxidation and nitration of biogenic
VOCs (BVOCs). In addition, the mass spectral profile of BSOA-like factor also contains signals of aromatic-like fragment
ions such as CsHs" (m/z 77), CsH7" (m/z 79), and C;H7" (m/z 91), although their intensities are much weaker than those of
CROA. Similar features have been observed in the HR-AMS spectra from chamber experiments of SOAs generated from a-
pinene ozonolysis and oxidation under high-NOy conditions (Chhabra et al., 2011; Chhabra et al., 2010), indicating that the
presence of aromatic-like signals (potentially derived from nonaromatic precursors) in BSOA-like factor is not unexpected. In
the higher m/z range (100-150), the differences between BSOA-like and CROA factors become more evident: CROA is
dominated by CxHy family ions, contributing 41.3% of the total signal compared with 24.1% in BSOA-like factor, whereas
BSOA-like factor is enriched in CxHyO> ions, reaching 42.6% compared with 24.9% in CROA.

18



https://doi.org/10.5194/egusphere-2026-1023
Preprint. Discussion started: 16 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

I Hyoqllll cS CxHyO>1Nz[Jill CxHyONz CxHyNz| CxHyO> 1l CxHyO1 [l CxHy

0.045 0-004
' BSOA-like BSOA-like
0.030 |
0.002
0.015 4
0.000 | 0.000
2 0,004
oot 2 BBOA-lik 2
-| c .
Ixe & BBOA-like
0.030 A CHN+ (27) =
CH4N+ (30) o 00027
0.015 - C2H3N+ (41) _; .
3 |
GJ ]
0.000 A o 0.000
0.045 0.008 -
C6H5+ (77)
CROA C6H7+ (79) CROA
0.030 - C7H7+ (91)
0.004 [
0.015
0.000 A 0.000 s
20 40 60 80 100 100 120 140
m/z m/z

420  Figure 10. (a) Enlarged mass spectra of the BSOA-like, BBOA-like, and CROA factors with annotated characteristic fragment ions

425

430

in the m/z range 20-100 (some prominent peaks are outside the vertical axis range). (b) Enlarged mass spectra of the BSOA-like,
BBOA-like, and CROA factors in the m/z range of 100-150.

3.3 Application of PMF for fractionation-based offline AMS analysis
3.3.1 PMF factors

The seasonal variations in the relative contributions of the five PMF factors throughout the year are shown in Figure 11. Among
them, the BSOA-like factor was the only factor that exhibited a clear summertime maximum and wintertime minimum, with
its mean seasonal contribution reaching 49% in summer, indicating that BSOA-like factor were the dominant contributors to
OAs during this period. In Hyytiéld, the average temperature for the respective filter sampling periods exceeded 20 °C only
during the first sampling period (July 7-14), when the average temperature reached 21.8 °C (Fig. 5a). During this period,
BSOA-like factor accounted for 66.7% of the total OAs, which was the highest among the studied periods.

In contrast to BSOA-like factor, BBOA-like factor and CROA factor exhibited opposite seasonal variation patterns, with peaks
of seasonal average contributions of 25% and 24% in winter, respectively, and lower contributions of 12% and 11% during
summer, respectively. In addition, the mass contributions of BBOA-like factor and CROA factor were correlated throughout

the year (» = 0.63). On the basis of previous studies, the combustion-related aerosols observed at Hyytiéla are predominantly
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transferred by air masses from the southeast (Riuttanen et al., 2013).

HOA exhibited the greatest relative contributions in autumn and winter, both of which reached 22% on average, likely
reflecting increased fossil fuel consumption due to residential heating during cold months. In contrast, MO-OOA did not show
a pronounced seasonal pattern; MO-OOA contribution peaked in spring and reached 27% on average, which may be associated
with enhanced photochemical activity due to long daylight hours and elevated levels of atmospheric oxidants such as ozone

(Fig. 5a).
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Figure 11. Relative contributions of PMF factors to total OAs.

3.3.2 Solubility analysis with PMF factors

The time series of the proportions of the water-insoluble fractions of the five PMF factors, which are based on the
concentrations of the PMF factors in the three OA fractions, are shown in Figure 12. The majority of HOA was distributed in
the WISOM fraction, with an annual average of 92.4%, and the proportion remained quite stable throughout the sampling
period. The water-insoluble fraction of CROA fluctuated more throughout the year, with an annual average of 17.8%, but was
generally higher than that of BBOA-like factor (mean: 7.0%). The difference between CROA and BBOA-like factors is likely
associated with the distinct structural characteristics of the two factors: BBOA-like factor is enriched in CHN family
compounds, which are generally hydrophilic, whereas CROA shows stronger signals of aromatic species, which are relatively

hydrophobic. The annual average water-insoluble fraction of MO-OOA was 11.1%, indicating the water-soluble characteristics
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of the compounds associated with this factor. Notably, the data point from 15-22 December was abnormally high, which may

have been affected by experimental uncertainty because of the very low concentrations of all three fractions (Fig. 4b).

The annual average water-insoluble fraction of compounds associated with the BSOA-like factor was 10.8%, which also
indicated water-soluble characteristics. Owing to the very low fraction of the BSOA-like factor in winter, large uncertainties
may exist during this period. If the winter values are excluded, the WISOM fraction was 8.4% on average. Previous chamber
and field studies have demonstrated that BSOA is generally mostly water soluble. For instance, the soluble fraction of isoprene-
derived SOAs has been reported to exceed 80% (Xu et al., 2017), whereas that of limonene-derived SOAs generated in chamber
experiments may exceed 95% (Bateman et al., 2010). The results of the present study are in reasonable agreement with those

of previous studies.
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Figure 12. Seasonal variations in the water-insoluble fraction of the five PMF factors.

3.3.3 Polarity distribution analysis with PMF factors

The seasonal variations in the proportions of HP-WSOM, HULIS, and WISOM are presented in Fig. 13a. The seasonal
variation patterns reveal that HULIS dominated in summer and made a lower contribution in winter. According to a previous
study, fossil fuel emissions are the dominant contributor to WISOM across all seasons in urban environments (Zhou et al.,
2021). In Hyytiéla, WISOM showed the greatest seasonal contribution in winter, reaching 30.4%, followed by autumn (28.2%),

spring (22.1%), and summer (19.8%). This seasonality likely reflects increased inputs of fossil fuel-derived aerosols in winter,
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whereas the reduced WISOM fraction in summer may be attributed to the absence of fossil fuel usage for residential heating,
along with the enhanced formation of BBOA, which primarily contributed to the HULIS fraction. The OC/EC ratios from the
thermal/optical analysis exhibited a pronounced seasonal pattern, with the highest mean value of 6.72 in summer (Fig. S2b),
indicating a significant contribution of secondary OAs. In contrast, the lowest mean OC/EC value of 1.61 was observed in the
winter. This finding indicates the enhanced influence of fossil fuel-derived aerosols, including EC, during winter and explains

the increased WISOM fraction.

The pie charts in Figure 13b show the annual mean proportions of HP-WSOM, HULIS, and WISOM at Hyytiéla (Finland)
and two other sites: Tomakomai (Japan) and Beijing (China). The three sampling sites are considered to represent a gradient
of anthropogenic influence: Hyytiéld in Finland is a boreal forest background site with minimal local emissions; the
Tomakomai experimental forest (TOEF) in Hokkaido, Japan, is a cool-temperate forest site subject to regional and moderate
anthropogenic influence; and Beijing, China, is a megacity strongly affected by fossil fuel combustion and other human
activities. The OA concentrations at the three sites tended to increase with increasing degree of anthropogenic influence, with
mean annual values of 1.2, 1.6, and 34.6 ug m at Hyytiél4, Tomakomai, and Beijing, respectively. At the clean forest site of
Hyytidld, HULIS constituted the dominant fraction, accounting for 64%, followed by WISOM (23%) and HP-WSOM (13%).
A similar distribution but with a lower proportion of HULIS was reported for the forest site of Tomakomai, where HULIS
accounted for 51%, WISOM accounted for 29%, and HP-WSOM accounted for 20% (Afsana et al., 2022). The proportions of
urban aerosols in Beijing markedly differed, with WISOM accounting for 45%, followed by HP-WSOM (32%) and HULIS
(23%) (Zhou et al., 2021). Source apportionment based on the PMF analysis in the present study can help explain this difference.
In forest regions, particularly in summer, the BSOA-like factor contributes substantially to HULIS, whereas such a contribution
is not expected in urban areas. In the case of WISOM, which is strongly associated with fossil fuel OAs, traffic emissions in
densely populated urban areas should contribute heavily. As a result, forested regions, especially in summer, were dominated

by HULIS, whereas WISOM accounted for the greatest fraction in urban areas.
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Figure 13 (a) Relative contributions of HP-WSOM, HULIS, and WISOM to total OAs. (b) Annual mean values of the proportions
of HP-WSOM, HULIS, and WISOM with annual average OA concentrations at three sites in Hyytiéli, Tomakomai, and Beijing.

4. Summary and conclusions

In this study, offline chemical structure analysis and PMF-based source apportionment of OAs in a boreal coniferous forest in
Finland were performed. The samples were extracted into three fractions of varying polarities: HP-WSOM, HULIS, and
WISOM. This study is based on sampling in four different seasons and shows clear seasonal patterns of the concentrations of
OA fractions and total OAs, with higher and lower levels in summer and winter, respectively. HR-AMS data combined with
PMF identified five factors and quantified their distributions among the three OA fractions: the MO-OOA, BBOA-like, BSOA-
like, CROA, and HOA factors. The BSOA-like factor exhibited a pronounced seasonal pattern, peaking in summer and showing
strong correlations with temperature and solar radiation. The BSOA-like factor was the dominant contributor to the HULIS

fraction, accounting for 54.2%.

In this work, a series of methods based on previous studies were developed to characterize the chemical structure of different
factors, especially for BBOA and BSOA. We identified several nonhydrocarbon ions, including CsHsO*, C-HsOs* and CoH1:04",
as potential BSOA-like compound markers. Despite their low signal intensities, these ions showed high specificity for the
BSOA-like factor and could serve as markers of BSOA in future atmospheric research by EI mass spectrometry. The time
series of the levoglucosan signal (C;H4O,") showed the strongest correlation with the BBOA-like factor, supporting the
identification of the source type of BBOA. This study also explored CHN family ions as potential BBOA-like factor markers
for the first time, revealing a strong correlation on a mass fraction basis. By analyzing the three most abundant ions in the CHN
family, CHN", CH4N"*, and C:HsN*, we interpreted their occurrence as indicating the emissions from protein-rich biomass

combustion and the subsequent formation of CHN family species. In addition, we identified CROA factor, characterized by
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aromatic compounds, and considered their sources to be fossil fuel OAs and/or the combustion of aged biomass.

Finally, polarity-based analysis combined with PMF was performed. The BSOA-like PMF factor dominated in summer,
whereas the BBOA-like, CROA, and HOA factors increased during colder seasons. HOA was almost water-insoluble, CROA
was more hydrophobic than BBOA-like factor due to its aromatic composition, whereas BSOA-like and MO-OOA factors
were mainly water soluble. A comparison across different sites revealed that compared with urban aerosols, forest aerosols had
lower OA concentrations but higher proportions of HULIS. This difference is explained by the greater abundance of BSOA in

forest environments, which were present mainly in the HULIS fraction.

Overall, the results of this study demonstrate that HR-AMS fragment ions help to distinguish sources such as BBOA and
BSOA, providing potential markers for future EI-based mass spectrometric research. The results also highlight the importance
of long-term observations and systematic analysis of the polarity-resolved source apportionment in advancing our
understanding of the chemical complexity of OAs. In this study, the different distributions of the BBOA-like and BSOA-like
factors among the three OA fractions demonstrate the distinction between these two structures. The PMF factors identified in
this study are better interpreted as dynamic mixtures of submolecular structures rather than fixed sets of organic compounds,
which may also be the case for the PMF factors reported in previous conventional online studies. Looking ahead, extending
the source apportionment results based on chemical structural differences to investigations of the properties related to the roles

of OA in climate and air quality would be valuable.
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