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Abstract. Understanding their chemical composition and quantifying the sources of organic aerosols (OA) are crucial for
assessing their formation and human-related effects but still face challenges. In this study, we examined OA at a background
site in South China, analyzing from bulk to molecular levels, utilizing a high-resolution time-of-flight aerosol mass
spectrometer (AMS), a thermal-desorption aerosol gas-chromatograph-mass spectrometer (TAG-MS), and an electrospray
ionization high-resolution orbitrap mass spectrometer (HR-MS). Compared to our previous study, a positive matrix
factorization (PMF) analysis based on organic tracers from TAG-MS were applied to provide detailed source contributions of
AMS components. We found that biomass burning-related OA and gas-phase secondary OA (gas-pSOA) were the primary
sources of low-oxidized oxygenated OA (LO-OOAL1), while the high-oxidization degree of more-oxidized oxygenated OA
(MO-0O0A) was mainly due to isoprene-derived secondary OA. Oxidation processes significantly increased the accumulation
of CHO compounds, and human-biological interactions enhanced the diversity of CHON compounds. Using a constrained
non-negative matrix factorization (NMF) approach on offline HR-MS data, we found that while CHO compounds dominated
the molecules associated with each source, the degree of oxidation and unsaturation varied significantly among them.
Specifically, the C-OANMEF factor exhibited the highest O/C ratio but the lowest double bond equivalent (DBE) value, whereas
the BB-OANMEF factor was characterized by the greatest aromaticity and a high abundance of nitroaromatics. For secondary
processes, sulfur additions played a more significant role in gas-pSOA than in secondary inorganic aerosols (SIA). Overall,
our results underscore the prominent impact of anthropogenic emissions and their photo-oxidation on ambient OA in areas

with low PM pollution but high Os levels.

1 Introduction

Organic aerosols (OAs), which make up 20%-90% of fine particulate matter (Jimenez et al., 2009; Kanakidou et al., 2005),
have garnered significant scientific interest due to their substantial climate forcing (Mahowald, 2011; Szopa et al., 2021),

environmental impacts, and health effects (Daellenbach et al., 2020). These aerosols are complex mixtures influenced by
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primary emissions from both anthropogenic and biogenic sources, as well as secondary chemical processes involving volatile
organic compounds (VOCs) through multiphase atmospheric reactions (Ziemann and Atkinson, 2012). Understanding the
chemical composition, origins, and formation mechanisms of OA is crucial for assessing their adverse effects and developing
effective control strategies. However, the chemical complexity of OA, characterized by diverse functional groups and
molecular structures, presents significant analytical challenges (Jimenez et al., 2009). In recent decades, there have been
remarkable advancements in analytical techniques, evolving from traditional offline gas/liquid chromatography-mass
spectrometry (GC/LC-MS) methods that identify limited tracer compounds to state-of-the-art online instruments like extractive
electrospray ionization (EESI-TOF-MS) and chemical ionization time-of-flight mass spectrometer (CI-TOF-MS), which
enable near-molecular real-time measurements (Ervens et al., 2024). High-resolution mass spectrometry (HR-MS), including
orbitrap and Fourier transform ion cyclotron resonance mass spectrometers, has become widely used for characterizing
chemical composition of OA at molecular level. These techniques facilitate the detection of thousands of molecular species,
significantly enhancing our understanding of OA composition (Noziere et al., 2015; Laskin et al., 2018).

Current methodologies for source apportionment of OA primarily employ receptor models such as positive matrix
factorization (PMF). These approaches include: (1) tracer-based PMF, which relies on a limited set of molecular markers (Reff
et al., 2007), and (2) coupling aerosol mass spectrometry (AMS)-based chemical composition with PMF (Jimenez et al., 2009;
Ulbrich et al., 2009). The tracer-based PMF often identifies ambiguous SOA factors (e.g., secondary inorganic aerosols) with
uncertain chemical mechanisms and source contributions (Reff et al., 2007; Wang et al., 2017a; Lyu et al., 2020). Although
AMS-PMF has successfully resolved specific OA sources, i.e., biomass burning and cooking, in certain regions (Zhou et al.,
2020), it faces limitations in achieving chemical specificity for OA from many other important sources.(Zhang et al., 2018)
Typically, AMS-PMF categorizes the predominant OA mass fraction based on oxidative characteristics rather than specific
emission sources, i.e., low-oxidized and more-oxidized oxygenated OA (Zhou et al., 2020; Zhang et al., 2018). Emerging
techniques like EESI-TOF-MS now allow for near-molecular online measurements (Lopez-Hilfiker et al., 2019), and when
coupled with advanced statistical methods such as bin PMF, they can explore the components and sources of OA (Zhang et
al., 2019; Nie et al., 2022). However, challenges remain in offline HR-MS-based source apportionment due to the lack of
structural information for identified compounds, and the detection of more compounds compared to online TOF-MS. Different
structural isomers from biogenic VOCs (BVOC) and anthropogenic aromatics often share identical molecular formulas,
complicating molecule-level source apportionments (Zheng et al., 2023).

To address these questions, we conducted a comprehensive study on the composition and sources of OA at a regional
background site in Hong Kong during September-November 2020, a period marked by global lockdowns due to the COVID-
19 outbreak. Advanced analytical techniques including high-resolution AMS (HR-AMS), thermal-desorption aerosol gas-
chromatography coupled with time-of-flight mass spectrometry (TAG-TOF-MS), and high-performance liquid
chromatography with high-resolution mass spectrometry (HPLC-HR-MS) were utilized in the study. Although the composition,
origin, and evolution of OA in Hong Kong have been extensively studied, previous research primarily relied on HR-AMS

measurements and analyses based on molecular markers (Li et al., 2013b; Qin et al., 2016; Lyu et al., 2020; Huo et al., 2024a).
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Given that OA in Hong Kong is influenced not only by local emissions, i.e., vehicle exhaust and cooking, but also by regional
transport (Lyu et al., 2020; Huo et al., 2024b), the complex interactions of these sources necessitate a deeper understanding of

OA composition and sources at the molecular level.

2 Experimental methods
2.1 Sampling campaign and online measurements

A comprehensive sampling campaign was conducted at the regional background site Hok Tsui (HT, 22.20° N, 114.253°
E) from September 29 to November 18, 2020. This site is situated on the southeastern tip of Hong Kong Island, facing the
South China Sea. During the campaign, 31 valid daily fine particulate matter (PM, s) samples were collected from November
7 to November 16, 2020, using a high-volume sampler (TE-6070, TISCH, U.S) operating at a flow rate of approximately 1.0

3.min' (Table S1). Prebaked quartz filters (450°C for 5h) were used to capture the particle matter, and the filters were

m
subsequently wrapped in pre-baked aluminum foil after sampling. Field blank samples were also collected to ensure data
accuracy. All samples were transported to the laboratory and stored at —20 oC prior to analysis.

A suite of online instruments was utilized to simultaneously measure gaseous pollutants and the chemical composition of
particulate matter. To align with the PM, s sampling periods, the online datasets were filtered for use in this study. HR-TOF-
AMS was used to measure the composition of non-refractory submicron particulate matter (PM;). Using the PMF method,
four OA components were identified: a hydrocarbon-like OA (HOA), two less-oxidized oxygenated OAs (LO-OOA1 and LO-
OOA2), and a more-oxidized oxygenated OA (MO-OOA) (Figure S1). Additionally, a TAG-TOF-MS was employed to
measure organic markers, while a Proton Transfer Reaction time-of-flight mass spectrometer (PTR-TOF-MS) was applied to
determine ambient concentrations of VOCs. Detailed information on the instrumental settings, calibrations, and data
processing for HR-TOF-AMS (Huo et al., 2024a; Yao et al., 2022). TAG-TOF-MS (Huo et al., 2024b; Lyu et al., 2020), and
PTR-TOF-MS (Yuan et al., 2024; Lyu et al., 2024) can be found in previous studies and is also briefly described in
Supplementary text and Table S2. Furthermore, concentrations of PM, s, a series of trace gases (CO, NO, NO,, Oz and SO»),

and meteorological parameters (temperature, relative humidity) were continuously monitored.

2.2 HPLC-HR-MS analysis

The molecular composition of OAs in the offline PM; 5 filters was analyzed using a high-resolution Q-Exactive Orbitrap
mass spectrometer (Thermo Electron, Inc.) equipped with a heated electrospray ionization (ESI) source operating in negative
mode. To address potential intermolecular suppression effects during ionization, an ultra-high performance liquid
chromatography system (UHPLC, Dionex UltiMate 3,000, Thermo Electron, Inc.) was employed for compound separation,
highlighting possible challenges (Zhang et al., 2024; Thoma et al., 2022). Detailed descriptions of the analysis procedures and
instrumental settings are available in Supplementary text (Zhang et al., 2024; Wang et al., 2017b). Briefly, two pieces of PM 5

filters were punched using a stainless-steel puncher (®=20 mm), and the dissolved organic matter was extracted with 6 mL of
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mix-solvents (2 X3 times, methanol: toluene=1:1, v/v) using an ultrasonic cold-water bath for 20 minutes. The extracts were
filtered through a 0.22 pm polytetrafluoroethylene membrane, combined, and evaporated to near dryness under a gentle stream
of high-purity nitrogen. The residue was redissolved in 150 uL of methanol and centrifuged, with the supernatant transferred
for subsequent HR-MS analysis. The scanning range of m/z was set from 50 to 800, with a typical mass resolution of 140 000
at m/z 200.

Non-target compound analysis was performed using the open-source software MZmine-2.37 (http://mzmine.github.io).

The analysis workflow included raw data import, peak detection, shoulder peak filtering, chromatogram building,
chromatogram deconvolution, deisotoping, searching for adducts and peak complexes, alignment, gap filling, identification,
and duplicate peak filtering (Wang et al., 2017b). Mass peaks were assigned to specific molecules with a mass tolerance of 2
ppm for ESI- mode. The molecular formulas were constrained to Ci-4Ho-10000-40No-5sSo-3, with additional criteria applied to
elemental ratios (e.g., H/C, O/C) and double bond equivalents (DBE) to exclude chemically implausible formulas (Wang et
al., 2017b; Lin et al., 2012). Elemental ratios, DBE, and modified aromatic index were calculated based on the assigned
formulas of C.H,O,N,S;, where c, A, o, n, and s are the number of carbon, hydrogen, oxygen, nitrogen and sulfur atoms,
respectively. All reported molecules underwent blank subtraction, and those with an abundance ratio of less than 5:1 were

excluded from the study (Ditto et al., 2018).

2.3 Positive matrix factorization (PMF)

The EPA PMF5.0 model was employed to determine the relative contributions of different sources to the four AMS-PMF
OAs. The mathematical framework of PMF has been described in detail in previous studies (Hopke, 2016; Norris et al., 2014).
In brief, we used hourly concentration data of AMS-PMF OAs and SOA tracers as input for the EPA PMF model. While
incorporating total OA mass along with chemical tracers in the PMF analysis can help distinguish the contributions of different
sources to OA, it does not provide detailed source information for these AMS components, nor does it reveal how atmospheric
conditions influence their oxidation states. The uncertainty u;; for each species was calculated using the following equations:

uij = (xij * error fraction + (0.5 xMDL)?)"2 (x;; > MDLs)
Uij = 5/6 x MDL (XiJ > MDLs)

where x;; denotes the concentration of species 7 in sample j, and MDLs is the method detection limits for each species. Given
that the concentrations of species used in PMF analysis can vary by orders of magnitude, applying the default error fraction
may lead PMF to treat high concentration data as outliers, thereby reducing model robustness and increasing uncertainty in the
results (Wang et al., 2017a). To address this issue, we adopted the error fraction of 0.2 for OA components and polar SOA
tracers, and 0.3 for n-alkanes (Wang et al., 2019). The PMF model decomposes the x;; matrix into factor profile (fi;) and
contribution matrices (gix) by minimizing the scaled residue (Q) based on the u;j matrix. The optimal number of factors were
preliminarily determined by examining the change in Qure/Qexp from 2-10 factors (Figure S2). Bootstrapping (BS) was then

applied to test the robustness of each solution, with factor matching rates above 80 % considered acceptable (Jiang et al., 2024).
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Ultimately, a six-factor solution was adopted, which showed good correlations between modeled and measured concentrations
of each AMS-PMF derived OA component (» = 0.70-0.94), supporting the validity of using AMS-components as input

variables.

2.4 Non-negative matrix factorization (NMF)

The mathematical frameworks of PMF and NMF are virtually identical, with the key difference being that NMF only
requires input values to be non-negative. Additionally, the error matrix required for EPA PMF analysis is typically unnecessary
for NMF. These characteristics make NMF particularly suitable for factor decomposition of HR-MS data, where determining
the detection uncertainty for each molecule is often challenging.(Rund et al., 2023) The NMF routine was applied to the
molecular composition data from the offline filter samples. However, we observed that compared to previous online TOF-MS
analyses, the number of identified molecules using HR-orbitrap-MS increased significantly, reaching thousands, with some
compounds sharing the same formulas but potentially having multiple sources. This complexity poses significant challenges
for the interpretability of NMF factors. To address this, daily concentration data for the six factors obtained from the tracer-
based PMF model were also used as constraints in the NMF model. This approach not only enhances the interpretability of
NMF factors but also helps elucidate the molecular formation mechanisms underlying the PMF factors. Specifically, the
contribution matrix of PMF factors was combined with the intensity-normalized data of HR-MS molecules to form a
comprehensive input matrix, X.

X~GXF

The NMF analysis was conducted using a R package “NNLM,” which tests the performance of 2—10 factors. The function
of “nnmf” decomposes the input matrix X into two non-negative matrices, G and F, by minimizing the root-mean squared
residual (RMSE) between X and its approximation, GF. Through this approach, both the percentages of PMF factors
contributing to each NMF factor and the intensity fraction of each NMF factor relative to the total molecular intensity can be
derived from the reconstructed matrix of GF. To determine the optimal number of factors, we plotted the variation of RMSE
against the number of factors and selected the optimal value based on the Elbow rule (i.e., the point at which the RMSE reaches
aminimum). We also calculated the global relevance between X and GF, following the method described by Rund et al. (2023),
to identify the number of factors that best explain the variance. Furthermore, consensus cluster analysis was performed using
the R package “ConsensusClusterPlus” (Monti et al., 2003) to further support the selection of the appropriate number of factors.
By integrating all these evaluation criteria, we determined that five-factor was the optimal choice, as this was the smallest
number that explained 99% of the variance in the input data matrix (Figure S3). It is noteworthy that the modeled factor

concentrations showed good correlations with the input values, with average uncertainties ranging from 0.1% to 1.5%.
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2.5 Trajectory Cluster Analysis

To assess the potential influences of regional transport on the composition of OAs during the sampling campaign, we
used the National Oceanic and Atmospheric Administration (NOAA) Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (https://www.ready.noaa. gov/HYSPLIT.php) to calculate 120-h backward trajectories at 100 m heights
using archived Global Data Assimilation System meteorological data (ftp://arlftp.arlhq. noaa.gov/ pub/archives/reanalysis).
These hourly trajectories were clustered into three categories (C1-C3, Figure S4) based on their origins and transport pathways.
Category C3 (41%) consisted of short-range continental air masses originating from central and northern China, reaching Hong
Kong after traversing the Pearl River Delta (PRD) region. Category C2 (37%) originated from North China and arrived in
Hong Kong after passing through the East China Sea and coastal cities in southern China. The origins of Category C1 (22%)
could be traced to Mongolia, with air masses transported to Hong Kong along eastern and southern coastal cities. Additionally,
a potential source contribution function (PSCF) analysis was conducted to evaluate possible source regions of PMF-derived
source factors.(Jiang et al., 2024) The PSCF analysis was performed using the open software Meteolnfo, with the 50th

percentile of OA concentrations set as the threshold for PSCF calculations.

3 Results and discussion
3.1 OA composition and influencing factors

It should be noted that although our previous study (Huo et al., 2024a) reported AMS results, the differing time windows
between the two studies may lead to different conclusions. To ensure consistency with the offline PM2.5 samples analyzed in
this study, only the AMS data corresponding to the same sampling period were selected and reanalyzed. Notably, even though
the sampling campaign occurred during a period influenced by both continental and costal air masses from mainland China,
the observed PM, s concentrations remained relatively low (11-35 pg'm™, mean:18+5.0 pg'm). This level was notably lower
than historical urban measurements in Hong Kong (Wu et al., 2018). Yet, it still substantially exceeded the WHO guideline of
5 ug'm>. The reduction in PM, s concentrations could be attributed to decreased anthropogenic emissions during the COVID-
19 lockdown period (Huo et al., 2024a). Organic matter (OM=1.8xOC) (Gao et al., 2016) constituted 34 = 16% of the PM 5
mass, with its fractional contribution increasing to 52 + 5.1% in PM,, as quantified by AMS (Figure 1a), underscoring the
critical role of OA in particulate matter formation. In our previous study, four OA components were identified in PM; using
the AMS-PMF method throughout the sampling period, including one HOA and three OOA factors (Huo et al., 2024a). As
shown in Figure la, the temporal variation of OA concentrations was predominantly driven by LO-OOA1 (44 + 12%) and
MO-OOA (32+9.7%), both influenced by regional transport, particularly LO-OOAIl. For example, the highest OA
concentrations were observed on the evening of November 6%, influenced by C3 air masses from central/northern China, with
LO-OOAL contributing up to ~70% of the OA, indicating regional transport as a potential driver of OA variation. For MO-

OOA, back trajectory analysis revealed that air masses originating from continental China (C3) were associated with ~17%
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enhancements in MO-OOA concentrations (Figure S4b). In contrast, HOA and LO-OOA2 exhibited limited temporal variation
(each comprising ~12% of total OA) and varied less across air mass clusters, reinforcing their characterization as background
OA components at this site. Our previous investigation identified photochemical processing as the dominant formation
pathway for LO-OOA1 and MO-OOA compared to aqueous-phase reactions throughout the whole sampling period, evidenced
by their differential correlation responses to oxidant levels and relative humidity (Huo et al., 2024a). In addition, photochemical
reactions involving anthropogenic emissions have been shown to play a particularly important role in the formation of LO-
OOAL1, whereas MO-OOA is more influenced by biogenic emissions. During the focused sampling period in this study, LO-
OOA1 exhibited strong associations with gas-phase photochemical reactions involving both biogenic and anthropogenic VOCs
species, as well as NOx (Figure S5). In contrast, MO-OOA was more closely associated with SOA formation processes driven.
by ozone oxidation of BVOCs, as evidenced by strong correlations between MO-OOA and both Os and biogenic SOA tracers
(>0.50, p<0.01). For another OA component, LO-OOA2, only a limited number of species (e.g., hydroxyglutaric acids and
adipic acid) showed good correlations with its concentrations, suggesting distinct secondary processes in its formation. Strong
correlations were observed between HOA and anthropogenic species related to primary emissions, such as toluene,
Benzene/ethylbenzene fragments, NOx and high-molecular-weight alkanes (>C»s). While vehicle emissions are important
sources of benzene-like species and NOx (Yuan et al., 2024), they predominantly emit low-molecular-weight alkanes (<Cxs)
(Geng et al., 2019; Fu et al., 2011). The high-molecular-weight alkanes are mainly derived from higher plants, but particles
from primary biological emissions are typically in the coarse mode (Fu et al., 2011). Thus, our results suggest that HOA might
also be influenced by anthropogenic emissions associated with biogenic materials, such as biomass burning or cooking. The

presence of m/z 55, 57 and CO," in the mass spectra of HOA supports these speculations (Zhou et al., 2020).
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Figure 1: (a) Temporal variations in the mass concentrations of AMS-PM; components and PM,s. The pie chart illustrates the
average proportions of each species contributing to the total PM;. (b) Air mass clusters based on 120-hr backward trajectories

arriving at the sampling site during the study period. (¢) Temporal variations in the mass concentrations and average proportions
of AMS-PMF derived OA components.

3.2 Source contributions and origins of OA

To elucidate source-specific contributions to AMS-resolved OA components, we performed PMF analysis by integrating
AMS-OA components, SOA tracers from TAG-TOF-MS, and VOC data from PTR-TOF-MS. Despite differences in particle
cut-off sizes between AMS and TAG-TOF-MS, the AMS-derived OA mass was 110% (62-230%) of the OC/EC-based
estimation in PM> s, confirming substantial organic matter enrichment in PM;. The positive correlation between the results
obtained from these two methods further supports the integration of the datasets (Figure S6, 7=0.54, p<0.01). This combined
approach has been successfully applied in several previous studies to determine OA sources (Huo et al., 2024a; Huang et al.,
2021). Based on the chemical species loading in each factor, we tentatively attributed the PMF-derived six factors to biomass
burning related OA (BB-OA), cooking-related OA (C-OA), isoprene-derived SOA (Iso-SOA), monoterpene-derived SOA
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(MT-SOA), secondary inorganic aerosol-related OA (SIA-OA), and gas-phase photochemical SOA (gas-pSOA), respectively
(Figure S7). Figure 2c-i also presents the diurnal variations of OA concentrations contributed by each PMF factor.

The BB-OA and C-OA factors were predominantly composed of levoglucosan isomers (Simoneit, 2002) and oleic acid
(Rogge et al., 1991), respectively. The OA concentrations from these factors exhibited similar diurnal patterns, peaking in the
morning, declining during the daytime, and rising again in the evening (Figure 2c-d). Notably, the C-OA factor also
demonstrated high loadings of toluene and C8 aromatics, consistent with previous studies indicating that cooking processes
can emit significant fractions of aromatic compounds formed through the cyclization of unsaturated fatty acids (Song et al.,
2022; Song et al., 2023). The two biogenic SOA factors, Iso-SOA and MT-SOA, were characterized by high loadings of 2-
methylglyceric acid and C5-alkenetriols for Iso-SOA, and 3-methyl-1,2,3-butanetricarboxylic acid and Pinic acid for MT-
SOA (Li et al., 2013a; Ding et al., 2016). The diurnal variations of OA contributed by these factors showed distinct patterns,
with [so-SOA peaking in the afternoon (14:00-15:00) and MT-SOA reaching its highest values at noon, suggesting differences
in their formation mechanisms. Comparisons with the diurnal variations of NO,, Os, and j/NO; (the photolysis frequency of
NO:») suggest that Iso-SOA may be related to O3 oxidation, whereas MT-SOA is associated with NOx photocatalytic oxidation.
Both factors showed positive correlations with temperature (#>0.50, p<0.01), consistent with previous studies indicating that
elevated temperatures can enhance the emission of biogenic VOCs (Ding et al., 2016; Ding et al., 2011). The gas-pSOA factor
exhibited high loadings of VOCs species, including photochemical products from both biogenic and anthropogenic species,
supporting its association with gas-phase photochemical processes. This factor was less abundant in particle-phase SOA tracers,
implying that gas-pSOA would produce less-oxidized or first-generation SOA products. The synchronous diurnal variation of
gas-pSOA-contributed OA with O3 suggested that gas-phase oxidation by O3 was the main formation pathway, rather than
oxidation by NO, photolysis (Figure 2). SIA-OA was characterized by high loadings of nitrates, sulfates, and ammonium,
along with anthropogenic SOA tracers such as m-/o-phthalic acid, hydroxylated benzoic acids, and low-molecular-weight
alkanes (<Cys), suggesting influences from anthropogenic emissions such as biomass burning and vehicle emissions (Fu et al.,
2011). The SIA-OA showed low values at noon but increased in the afternoon, peaking at 20:00, with a diurnal pattern similar
to RH but opposite to /NO,. As NO, photolysis weakens and RH increases, heterogeneous processes could promote the
formation of SIA. Furthermore, nocturnal oxidation of VOCs initiated by the NO;- radical and O3 might be an important source
of SIA-OA, as nighttime oxidation has been reported as a major pathway of SOA formation globally, particularly through
NOs- radical-initiated oxidation (Pye et al., 2010; Hoyle et al., 2007; Liu et al., 2024).

Figure 2a shows the time series of OA concentrations contributed by each factor. Overall, variations in OA concentrations
during the sampling period were mainly associated with gas-pSOA, BB-OA, and SIA-OA, contributing 29%, 22%, and 20%
to the total OA, respectively. Biogenic SOA-related processes and cooking accounted for 18% and 11% of OA, respectively.
Figure 2b illustrates the contributions of PMF factors to each AMS-OA component. For LO-OOA1 and MO-OOA, which
were the two main components driving OA variations throughout the sampling period, different contributions from SOA
factors were evident. The combined contributions of gas-pSOA and BB-OA to LO-OOA1 exceeded 70%, while SIA-OA's
contribution was negligible. In contrast, the contribution of gas-pSOA to MO-OOA decreased to 21%, with SIA-OA having

9
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the highest contribution to MO-OOA at 38%, followed by biogenic SOA processes (Iso-SOA: 22% and MT-SOA: 11%).
Therefore, the relatively higher oxidation degree of MO-OOA compared to LO-OOA1 could be attributed to greater
contributions from SIA-OA and/or biogenic SOA processes. However, given that LO-OOA?2 has an even higher proportion of
SIA-OA (46%) than MO-OOA, along with similar contributions from gas-pSOA, this suggests that the formation of highly
oxidized organic compounds in MO-OOA might not be primarily driven by SIA processes. Instead, it appeared to be more

closely associated with biogenic SOA processes, particularly those involving Iso-SOA.
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Figure 2: (a) Temporal variations in OA concentrations attributed to each PMF factor. The accompanying pie chart shows the
average contribution of each PMF factor over the sampling period. (b) Average contributions of each PMF factor to the AMS-OA
components. (c-h) Diurnal variations of OA concentrations contributed by each PMF factor, and (i-j) Diurnal variations in

environmental conditions, including temperature (°C), RH (%), oxidant levels.

A PSCF analysis was conducted to identify the potential source regions for each OA factor obtained from the tracer-based
PMF analysis during the sampling period. As shown in Figure S8, one of the major source regions for BB-OA was central-
northern China, including Henan and Shanxi provinces, where straw burning was an important source of PM during the harvest

season. Another source region for BB-OA was northern China and the Korean Peninsula, with fire maps (Figure S9) indicating
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intense open BB activities in these regions during periods of elevated BB-OA. Southern China, including local emissions, was
identified as a medium to high potential region for both biogenic SOA (IsopreneSOA and TerpeneSOA) and cooking, due to
high biogenic emissions and cooking contributions in these regions (Zhang et al., 2025; Yao et al., 2021). However, coastal
regions, including northern China and the Korean Peninsula, were also potential source regions for Iso-SOA, indicating that
combustion-related sources might also play a significant role (Zhang et al., 2025). For OA related to gas-pSOA and SIA-OA,
the medium to high potential source regions for gas-pSOA were coastal cities in eastern and southern China. In contrast, the
potential source regions for SIA-OA also included northwestern China, such as Shanxi and Shaanxi provinces, where these
regions often experienced high NOy and SIA-OA concentrations due to anthropogenic emissions, €.g., coal combustion (An et

al., 2019).

3.3 Molecular composition of OA

The integration of molecular tracers with AMS analysis provides an effective approach for elucidating the sources of OA,
emphasizing the significant role of SOA processes in OA formation in South China. However, the molecular transformation
mechanisms underlying the PMF-resolved factors, particularly for SOA, remain unclear. Thus, the molecular composition of
OA was analyzed using an ESI- HPLC-HRMS based on offline daily PM, s samples collected during the sampling period. A
total of 10,012 unique molecular formulas were identified across all samples, among which CHO compound accounted for 30
+ 2.7% of formular number, but their relative intensity was 67 = 4.9% (Figure 3a). Correspondingly, CHON compounds
accounted for 42 + 6.1% of the formular number, but their contribution to total intensity was only 15 + 3.2%. Additionally,
the measured sulfur-containing organic compounds (CHOS+CHONS) accounted for 18 + 5.4% of the total intensity. Unlike
many studies conducted in mainland China, which are substantially influenced by anthropogenic emissions or liquid-phase
reactions, high proportions of nitrogen-containing or sulfur-containing compounds were frequently observed (Li et al., 2024;
Han et al., 2023; Zhang et al., 2024; Jiang et al., 2023). Nitrogen-containing or sulfur-containing compounds are typically
considered anthropogenic primary emissions or classes of relatively stable compounds in SOA that related terminal oxidation
for oxygenated OA under high-NOy conditions (Han et al., 2023; Fan et al., 2022; Jiang et al., 2023). In fact, as the NOy
concentration during the entire sampling period was less than 10% of O3, our results may indicate that the oxidation processes

cannot effectively transform the oxygenated OA into nitrogen-containing or sulfur-containing compounds.
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Figure 3: Molecular characteristics of OA. (a) Average proportions of elemental compound groups, presented by both
formula count and intensity. (b-d) Double bond equivalent (DBE) vs. Carbon number plots for CHO, CHON, and
300 organosulfur compounds (CHOS+CHONS). Marker size denotes the average peak intensities of the compounds, while

the colour bar represents the oxygen number, O/N, and O/S ratios using a consistent gradient.

Previous studies have indicated that ESI- is more inclined to detect oxidized and polar compounds (Lin et al., 2012; Jiang
et al., 2016). Figures 3b-d and Figure S10 show the molecular distribution of compound groups detected in this study. Among
the detected CHO compounds, C8-12 species are the most abundant, accounting for over 50% of the total intensity. Several

305 high-intensity compounds, such as CsH204.6, CgHi00s, CoH1405s.6, and CioH 1605 have been commonly detected in laboratory
simulation studies and environmental samples and are considered monoterpene-SOA components (Table S3) (Romonosky et
al., 2015; Xu et al., 2021). However, compounds with the same molecular formulas have also been identified in biomass
burning aerosols (Wang et al., 2017c) and SOA derived from aromatic oxidation (Mehra et al., 2020; Kumar et al., 2023). In
this study, positive correlations were observed not only between these compounds and biogenic species (Figure S11) but also

310 with anthropogenic VOCs and SOA tracers, indicating their multiple sources. Even if these compounds were derived from
the oxidation of biogenic VOC:s, the influence of anthropogenic emissions could not be ruled out, as biomass burning and

cooking are also important sources of biogenic VOCs (Zhang et al., 2025; Song et al., 2022). The intensities of these
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compounds were positively correlated with typical tracers for cooking and its atmospheric oxidation products (i.e., oleic and
azelaic acids) (Xu et al., 2023; Bikkina et al., 2014), but not with levoglucosan, supporting the potential origins from cooking
for these compounds. Due to the lack of corresponding structural information, it is challenging to determine the specific sources
of these compounds.

It is important to note that the oxidation of aromatic VOCs is an important source of OA in this study. A series of
anthropogenic-related compounds were detected in our samples, exhibiting high abundance, such as C;HsO,, CsHsO4, and
C7H100s. Additionally, abundant CHON compounds were detected, with Cs-Cinitroaromatic compounds dominating the total
intensity. Nitroaromatic compounds are widely observed in environmental aerosols and are primarily derived from the
oxidation of anthropogenic-related VOCs, particularly those associated with biomass burning OAs (Xie et al., 2017; Li et al.,
2019; Cai et al., 2022). Overall, molecular-level analysis based on offline HR-MS data indicated that secondary SOA formation
from both anthropogenic and biogenic emissions was the main source of OA during the study period. This highlights the

complex interplay between different emission sources and the transformation processes contributing to OA composition.

3.4 Molecular associations with sources and SOA processes

Although previous source apportionment methods using molecular composition data from various online mass
spectrometers (e.g., EESI-TOF-MS) have been widely applied to determine the source of OA (Ge et al., 2024), these methods
have primarily focused on specific fractions of OA, such as CHO and CHON compounds, due to their importance as precursors
of particle SOA (Zheng et al., 2023; Ge et al., 2024). To further understand the impact of PMF-resolved sources and SOA
processes on OA formation at the molecular level, a constrained-NMF model was applied by simultaneously incorporating the
six PMF factors and the molecules identified by HR-MS analysis. It is noteworthy that while the hourly concentrations of each
PMF factor are independent, significant correlations were found between the daily-average concentrations of MT-SOA, Iso-
SOA, and cooking, aligning with the time windows of PM, s samples. As a result, an independent MT-SOA factor could not
be obtained in our constrained NMF model (Figure 4), as it was mainly shared by the NMF factors of Iso-SOA and cooking
(referred as 1so-SOAnmr and C-OAnwmr, same for other factors). However, the model effectively distinguished the BB-OA,
gas-pSOA, and SIA-OA factors resolved by tracer-based PMF model. Overall, the five-factor solution explained over 99% of
the total variance, allowing for the identification of molecules associated with each tracer-based PMF factor. It should be noted
that the mass spectra of all factors resolved by the constrained NMF model might differ from those of source samples or
laboratory-generated SOA, as our results primarily reflected the characteristics of each tracer-based PMF factor observed in
the real ambient atmosphere (Mo et al., 2024). The compounds identified in each NMF factor may not fully correspond to the
names of the PMF factors, as PMF factors represent not only specific sources but also indicate that certain compounds may
share similar formation pathways with the atmospheric processes implied by the factor names. For example, in the Iso-SOAnmr
factor, many anthropogenic-related compounds might also be present alongside biogenic SOA, suggesting that these

anthropogenic compounds could have similar atmospheric formation pathways as biogenic SOA.
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Figure 4: Five-factor output from constrained non-negative matrix factorization integrating PMF factors and
molecular composition data. On the left, the chart displays the percentages of PMF factors contributing to each NMF
factor. In the center, the factor spectra are shown, with several intense species highlighted. On the right, the percentages

of different compound groups are presented.

Figure 4 presents the mass spectra for each factor obtained from the constrained-NMF analysis, with several highly intense
species also indicated. As shown in Table S4, which summarizes the average chemical parameters of each NMF factor, the C-
OAnwmr was featured by the highest O/C ratio and the lowest DBE value. Within this factor, a series of highly abundant
compounds, including CgH 205, CsHi0Os, CsH1204, CoH140s, CsH120s, C10H1605 and CoH140s, were observed. As previously
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mentioned, these compounds may originate from the oxidation of monoterpenes emitted from both biological sources and
cooking. Previous studies have suggested that although alkanals, alkenals, and alkadienals are identified as the main types of
emissions from cooking, their proportion in household cooking emissions in China is relatively small. This indicates that the
precursors and SOA formed from cooking oil heating emissions may not fully represent the precursors and SOA formed from
real-world cooking emissions (Yu et al., 2022; Song et al., 2022). A recent study has shown that even during the cooking
process of fried foods, emissions of oleic acid and linoleic acid are relatively low compared to aromatic hydrocarbons (Song
et al., 2022; Song et al., 2023). Therefore, the presence of some high-abundance aromatic compounds, such as C7HsO,, in this
factor is reasonable. Additionally, oxygen-containing compounds, especially short-chain acids and aldehydes (i.e., hexanoic
acid, hexanal, and nonanal), are abundant in cooking vapor. These short-chain acids can react with SO, in the atmosphere to
form organosulfates (Passananti et al., 2016; Zhu et al., 2019), which explains the high abundance of C6 organosulfate
compounds observed in the C-OAnwmr factor. Notably, we also observed a high abundance of CioH;7NSO», a typical nitrooxy
organosulfate generated by the atmospheric oxidation of monoterpenes (Surratt et al., 2008).

The Iso-SOAnwmr exhibited an O/C ratio similar to that of C-OAnwmr but had the highest effective oxidation number (7Oc)
values among all NMF factors (Table S4). This observation supports our earlier speculation that the elevated oxidation level
of MO-OOA in AMS-PMF derived OA components could be attributed to significant contributions from Iso-SOA. In addition
to several highly intense monoterpene SOA species, a series of Cs oxygen-containing compounds, such as CsHg.s04 and CsHe.
30s, also displayed high intensity in the Iso-SOAnwmr factor (Figure 4). However, due to the lower ionization efficiency of ESI-
for compounds with fewer than six carbon atoms (Kebarle and Tang, 1993), the abundance of these Cs compounds is not as
high as that of Cs.s compounds.

The BB-OAnwmr factor showed the lowest O/C and H/C ratios but the highest DBE and Al values compared to other NMF
factors (Table S4), indicating its high aromaticity. This factor contained not only monoterpene SOA but was also rich in
oxygen-containing aromatic compounds (e.g., CyHsO»3, CsHgO3, and CsHgOs.5). These compounds are potential phenolic
substances that may originate from the pyrolysis of lignin (Siemens et al., 2023; Kawamoto, 2017; Lin et al., 2016). Importantly,
the mass spectrum of this factor included a large fraction of nitrogen-containing compounds, particularly nitrophenols (e.g.,
Ce¢HsNOs, CeHsNO4, C7HsNOs, and CgH7NOs). Nitrophenols have been widely reported in both fresh and aged biomass
burning OAs, primarily formed by the reaction of phenolic compounds from lignin pyrolysis with inorganic nitrogen (Li et al.,
2019; Lin et al., 2017; Song et al., 2018).

The gas-pSOAnwmr factor contained a high abundance of aromatic-CHO compounds, nitroaromatic compounds, and
CHOS compounds (Figure 4). The chemical processes involved in gas-phase reactions are relatively complex. On one hand,
the high abundance of C8-C10 aromatic-CHO compounds may result from the photo-oxidation of PAHs (Keyte et al., 2013),
and some nitroaromatic compounds can also be generated through gas-phase photochemical reactions (Cai et al., 2022; Fan et
al., 2022). Given the high RH during the sampling period, the uptake of SO, by VOCs in the gas phase is a primary pathway
for the generation of organosulfates (Bruggemann et al., 2020; Ye et al., 2018). Although the atmospheric SIA formation

processes are also complex and may partially overlap with gas-pSOA processes, gas-phase oxidation (both daytime *OH
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oxidation and nighttime NOse oxidation) remains a major formation pathway for SIA (Zhu et al., 2023). Our results indicated
that sulfur additions were less significant compared to gas-pSOA processes. As mentioned earlier, we found that variations in
SIA-OA were potentially affected by the nocturnal oxidation of VOCs (NO3+/Os oxidation). Notably, nighttime organic nitrates
generally formed through reactions between NOse and alkenes in the gas phase, with NOsz* adding to the double bond of
unsaturated VOCs to generate alkene-like organic nitrates (Ng et al., 2017; Fan et al., 2022). A higher proportion of alkene-
like CHON compounds was observed in the SIA-OAnwmr (21%) compared to the gas-pSOAnwmr factor (8%), with the compound
CoH7NOs (DBE=2) showing the highest average intensity in STA-OAnmr. These findings collectively support the influence of
nocturnal oxidation on the formation of SIA-OA.

Figure 5 illustrates the relative abundance of molecules identified by the PMF factor-constrained NMF method as a
proportion of the total identified compounds. Notably, the contributions of biogenic SOA, cooking and BB to OA derived from
the molecular composition-based NMF analysis aligned with the results from the tracer-based PMF model. However, the
contribution of gas-pSOA to OA from the NMF method was 1.4 times that of the PMF model, while the contribution of SIA-
OA to OA was only 1/3 of the PMF model’s estimate. Although the tracer-based PMF model can mathematically separate
atmospheric SOA processes into SIA and gas-pSOA, these categories may still partially overlap in real-world conditions. As
discussed above, gas-phase oxidation, particularly nocturnal oxidation, is a major pathway for SIA formation. Our results
suggest that, in the NMF analysis, many compounds associated with SIA processes may have been over-attributed to gas-
PSOA, potentially leading to an underestimation of the contribution of nocturnal oxidation to SOA formation. However, given
the relatively stable levels of SIA-OA observed during the sampling period, and considering that misclassification between
SIA-related and gas-pSOA-related species did not affect the contributions from other sources (BB, biogenic SOA, and cooking)
or the total SOA contributions, the results from the molecule-based NMF analysis remain reasonably robust. Importantly, both
methods consistently indicated that gas-phase oxidation of VOCs was a significant pathway for OA formation throughout the
study period, particularly for anthropogenic VOCs. This is evidenced by the relative abundance of potential aromatic
compounds (DBE>4), which ranged from 45% to 61% in the NMF factors, highlighting the substantial impact of anthropogenic

emissions on OA formation in this study.
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Figure 5: (a) Intensity-based source contributions of each NMF-factor and (b) corresponding classifications based on
DBE values. Compounds with DBE values greater than 4 are tentatively considered to possess benzene structures or

originate from anthropogenic sources. Relative intensities below 3% are not labelled.

4 Conclusions

This study offers a comprehensive understanding of the sources and formation pathways of OA at a background site in
Hong Kong by integrating OA composition data from online AMS, SOA tracers from TAG-TOF-MS analysis, and molecular
composition from offline HR-MS. Our findings indicate that biomass burning and gas-pSOA were the main sources of low-
oxidation OA during the COVID-19 lockdown, influenced by air mass transport from mainland China. In contrast, SIA-OA,
gas-pSOA and biogenic SOA accounted for over 90% of high-oxidation OA, with Iso-SOA being a dominant contributor to
the high oxidation level of OA. HR-MS analysis revealed that CHO and CHON compounds were significant components of
OA, contributing over 60% of the total intensity and over 40% of the formula count, respectively. This suggests that
atmospheric oxidation processes significantly led to the accumulation of a few CHO compounds, while nitrogen-addition
reactions increased the diversity of the molecular composition.

Given the complexity of atmospheric chemical processes and the diverse sources of OA substances, relying solely on
non-targeted molecular composition for PMF analysis can pose challenges in factor interpretation. The molecular composition-
based NMF model, constrained by PMF factors, enhances the interpretability of these factors and further elucidates the intrinsic
molecular composition differences among sources and formation pathways. For instance, our analysis revealed that gas-pSOA
is more conducive to forming S-containing organic compounds, whereas the SIA process tends to produce more nonaromatic
CHON compounds. Ultimately, the source apportionment results from the NMF analysis showed strong consistency with those
from the PMF analysis, both underscoring the significant impact of anthropogenic emissions on OA formation during the
sampling period.

Hong Kong, a highly developed city with a dense population, has maintained relatively low PM concentrations compared
to mainland China. However, further reducing PM levels to meet WHO standards remains a big challenge. Our findings
indicate that regional transport of anthropogenic emissions from mainland China continues to be a major factor influencing
OA formation in Hong Kong. During autumn days with frequent photochemical reactions, the combination of anthropogenic
pollutants and local biogenic VOCs contributes to SOA generation. Therefore, effectively reducing PM pollution in Hong
Kong requires not only local emission reductions but also regional cooperation. Given China’s substantial progress in
mitigating PM s pollution and the anticipated further decreases in atmospheric PM concentrations with the implementation of
policies such as the Double-Carbon Policy, this research offers valuable insights into the sources and formation of OA under
low PM pollution conditions. These insights are crucial for developing effective particulate matter control measures in the

future.

17



445

450

455

460

465

470

475

Data availability

The authors comply with ACP's open data policy, and the data supporting this paper was uploaded on Zenodo (Jiang et
al., 2025) and can be available at https://zenodo.org/records/15675889, which includes the original data for the AMS and
HPLC-HR-MS analysis, and the detailed data for figures appeared in the main text.

Author contributions

H.J., F.W., Y.C. and H.G. designed the study, Y.H. conducted the field measurements, Y.D. and Y.H. helped the online data
analysis, H.J and Y.C. performed the HPLC-HRMS analysis and data processing. H. G. acquired funding and undertook project

management; H.J. prepared the manuscript with contributions from all coauthors.
Competing interests

The authors declare that they have no conflict of interest.

Acknowledgements

This project is supported by the Research Grants Council of the Hong Kong Special Administrative Region via General
Research Fund scheme (PolyU 152124/21E), Theme-based Research Scheme (T24-508/22-N) and the National Natural
Science Foundation of China (grant nos. 42407144).

References

An, Z., Huang, R. J., Zhang, R., Tie, X., Li, G., Cao, J., Zhou, W., Shi, Z., Han, Y., Gu, Z., and Ji, Y.: Severe haze in northern China: A
synergy of anthropogenic emissions and atmospheric processes, Proceedings of the National Academy of Sciences of the United States of
America, 116, 8657-8666, doi:10.1073/pnas.1900125116, 2019.

Bikkina, S., Kawamura, K., Miyazaki, Y., and Fu, P.: High abundances of oxalic, azelaic, and glyoxylic acids and methylglyoxal in the open
ocean with high biological activity: Implication for secondary OA formation from isoprene, Geophysical Research Letters, 41, 3649-3657,
doi:10.1002/2014g1059913, 2014.

Bruggemann, M., Xu, R., Tilgner, A., Kwong, K. C., Mutzel, A., Poon, H. Y., Otto, T., Schaefer, T., Poulain, L., Chan, M. N., and Herrmann,
H.: Organosulfates in Ambient Aerosol: State of Knowledge and Future Research Directions on Formation, Abundance, Fate, and Importance,
Environmental Science & Technology, 54, 3767-3782, doi:10.1021/acs.est.9b06751, 2020.

Cai, D., Wang, X., George, C., Cheng, T., Herrmann, H., Li, X., and Chen, J.: Formation of Secondary Nitroaromatic Compounds in Polluted
Urban Environments, Journal of Geophysical Research: Atmospheres, 127, €2021JD036167, doi:10.1029/2021jd036167, 2022.
Daellenbach, K. R., Uzu, G., Jiang, J., Cassagnes, L. E., Leni, Z., Vlachou, A., Stefenelli, G., Canonaco, F., Weber, S., Segers, A., Kuenen,
J. J. P, Schaap, M., Favez, O., Albinet, A., Aksoyoglu, S., Dommen, J., Baltensperger, U., Geiser, M., El Haddad, 1., Jaffrezo, J. L., and
Prevot, A. S. H.: Sources of particulate-matter air pollution and its oxidative potential in Europe, Nature, 587, 414-419, doi:10.1038/s41586-
020-2902-8, 2020.

Ding, X., Wang, X.-M., and Zheng, M.: The influence of temperature and aerosol acidity on biogenic secondary organic

aerosol tracers: Observations at a rural site in the central Pearl River Delta region,

South China, Atmospheric Environment, 45, 1303-1311, doi:10.1016/j.atmosenv.2010.11.057, 2011.

Ding, X., Zhang, Y.-Q., He, Q.-F., Yu, Q.-Q., Shen, R.-Q., Zhang, Y., Zhang, Z., Lyu, S.-J., Hu, Q.-H., Wang, Y.-S,, Li, L.-F., Song, W.,
and Wang, X.-M.: Spatial and seasonal variations of secondary organic aerosol from terpenoids over China, Journal of Geophysical Research:
Atmospheres, 121, 14,661-614,678, doi:10.1002/2016jd025467, 2016.

18



480

485

490

495

500

505

510

515

520

525

530

535

Ditto, J. C., Barnes, E. B., Khare, P., Takeuchi, M., Joo, T., Bui, A. A. T., Lee-Taylor, J., Eris, G., Chen, Y., Aumont, B., Jimenez, J. L., Ng,
N. L., Griffin, R. J., and Gentner, D. R.: An omnipresent diversity and variability in the chemical composition of atmospheric functionalized
organic aerosol, Communications Chemistry, 1, 75, doi:10.1038/s42004-018-0074-3, 2018.

Ervens, B., Rickard, A., Aumont, B., Carter, W. P. L., McGillen, M., Mellouki, A., Orlando, J., Picquet-Varrault, B., Seakins, P., Stockwell,
W.R., Vereecken, L., and Wallington, T. J.: Opinion: Challenges and needs of tropospheric chemical mechanism development, Atmospheric
Chemistry and Physics, 24, 13317-13339, doi:10.5194/acp-24-13317-2024, 2024.

Fan, W., Chen, T., Zhu, Z., Zhang, H., Qiu, Y., and Yin, D.: A review of secondary organic aerosols formation focusing on organosulfates
and organic nitrates, Journal of Hazardous Materials, 430, 128406, doi:10.1016/j.jhazmat.2022.128406, 2022.

Fu, P., Kawamura, K., and Miura, K.: Molecular characterization of marine organic aerosols collected

during a round-the-world cruise, Journal of Geophysical Research, 116, D13302, doi:10.1029/2011JD015604, 2011.

Gao, Y., Lee, S.-C., Huang, Y., Chow, J. C., and Watson, J. G.: Chemical characterization and source apportionment of size-resolved
particles in Hong Kong sub-urban area, Atmospheric Research, 170, 112-122, doi:10.1016/j.atmosres.2015.11.015, 2016.

Ge, D., Nie, W., Liu, Y., Huang, D. D., Yan, C., Wang, J., Li, Y., Liu, C., Wang, L., Wang, J., Chi, X., and Ding, A.: New Insights Into the
Sources of Atmospheric Organic Aerosols in East China: A Comparison of Online Molecule-Level and Bulk Measurements, Journal of
Geophysical Research: Atmospheres, 129, €2024JD040768, doi:10.1029/2024jd040768, 2024.

Geng, X., Zhong, G., Li, J., Cheng, Z., Mo, Y., Mao, S., Su, T., Jiang, H., Ni, K., and Zhang, G.: Molecular marker study of aerosols in the
northern South China Sea: Impact of atmospheric outflow from the Indo-China Peninsula and South China, Atmospheric Environment, 206,
225-236, doi:10.1016/j.atmosenv.2019.02.033, 2019.

Han, Y., Zhang, X., Li, L., Lin, Y., Zhu, C., Zhang, N., Wang, Q., and Cao, J.: Enhanced Production of Organosulfur Species during a Severe
Winter Haze Episode in the Guanzhong Basin of Northwest China, Environmental Science & Technology, 57, 8708-8718,
doi:10.1021/acs.est.3¢02914, 2023.

Hopke, P. K.: Review of receptor modeling methods for source apportionment, Journal of The Air & Waste Management Association, 66,
237-259, doi:10.1080/10962247.2016.1140693, 2016.

Hoyle, C. R., Berntsen, T., Myhre, G., and Isaksen, I. S. A.: Secondary organic aerosol in the global aerosol &ndash; chemical transport
model Oslo CTM2, Atmospheric Chemistry and Physics, 7, 5675-5694, doi:10.5194/acp-7-5675-2007, 2007.

Huang, D. D., Zhu, S., An, J., Wang, Q., Qiao, L., Zhou, M., He, X., Ma, Y., Sun, Y., Huang, C.,, Yu, J. Z., and Zhang, Q.: Comparative
Assessment of Cooking Emission Contributions to Urban Organic Aerosol Using Online Molecular Tracers and Aerosol Mass Spectrometry
Measurements, Environmental Science & Technology, 55, 14526-14535, doi:10.1021/acs.est.1c03280, 2021.

Huo, Y., Yao, D., and Guo, H.: Differences in aerosol chemistry at a regional background site in Hong Kong before and during the COVID-
19 pandemic, Science of the Total Environment, 926, 171990, doi:10.1016/j.scitotenv.2024.171990, 2024a.

Huo, Y., Lyu, X., Yao, D., Zhou, B., Yuan, Q., Lee, S. c., and Guo, H.: Exploring the Formation of High Levels of Hydroxyl Dicarboxylic
Acids at an Urban Background Site in South China, Journal of Geophysical Research: Atmospheres, 129, ¢2023JD040096,
doi:10.1029/2023jd040096, 2024b.

Jiang, B., Kuang, B. Y., Liang, Y., Zhang, J., Huang, X. H. H., Xu, C., Yu, J. Z., and Shi, Q.: Molecular composition of urban organic
aerosols on clear and hazy days in Beijing: a comparative study using FT-ICR MS, Environmental Chemistry, 13, 888-901,
doi:10.1071/en15230, 2016.

Jiang, H., Cai, J., Feng, X., Chen, Y., Li, J., and Zhang, G.: Sources and composition of elemental carbon during haze events in North China
by a high time-resolved study, Science of The Total Environment, 907, 168055, doi:10.1016/j.scitotenv.2023.168055, 2024.

Jiang, H., Deng, Y., Huo, Y., Wang, F., Chen, Y., and Guo, H.: Molecular Insights into Organic Aerosol Sources and Formation at a Regional
Background Site in South China [Data set], Zenodo, https://doi.org/10.5281/zenodo.15675889, 2025.

Jiang, H., Cai, J., Feng, X., Chen, Y., Wang, L., Jiang, B., Liao, Y., Li, J., Zhang, G., Mu, Y., and Chen, J.: Aqueous-Phase Reactions of
Anthropogenic Emissions Lead to the High Chemodiversity of Atmospheric Nitrogen-Containing Compounds during the Haze Event,
Environmental Science & Technology, 57, 16500-16511, doi:10.1021/acs.est.3c06648, 2023.

Jimenez, J. L., Canagaratna, M. R., Donahue, N. M., Prevot, A. S. H., Zhang, Q., Kroll, J. H., DeCarlo, P. F., Allan, J. D., Coe, H., Ng, N.
L., Aiken, A. C., Docherty, K. S., Ulbrich, I. M., Grieshop, A. P., Robinson, A. L., Duplissy, J., Smith, J. D., Wilson, K. R, Lanz, V. A.,
Hueglin, C., Sun, Y. L., Tian, J., Laaksonen, A., Raatikainen, T., Rautiainen, J., Vaattovaara, P., Ehn, M., Kulmala, M., Tomlinson, J. M.,
Collins, D. R., Cubison, M. J., Dunlea, J., Huffman, J. A., Onasch, T. B., Alfarra, M. R., Williams, P. 1., Bower, K., Kondo, Y., Schneider,
J., Drewnick, F., Borrmann, S., Weimer, S., Demerjian, K., Salcedo, D., Cottrell, L., Griffin, R., Takami, A., Miyoshi, T., Hatakeyama, S.,
Shimono, A., Sun, J. Y., Zhang, Y. M., Dzepina, K., Kimmel, J. R., Sueper, D., Jayne, J. T., Herndon, S. C., Trimborn, A. M., Williams, L.
R., Wood, E. C., Middlebrook, A. M., Kolb, C. E., Baltensperger, U., and Worsnop, D. R.: Evolution of Organic Aerosols in the Atmosphere,
Science, 326, 1525, doi:10.1126/science.1180353, 2009.

Kanakidou, M., Seinfeld, J. H., Pandis, S. N., Barnes, 1., Dentener, F. J., Facchini, M. C., Dingenen, R. V., Ervens, B., Nenes, A., Nielsen,
C.J., Swietlicki, E., Putaud, J. P., Balkanski, Y., Fuzzi, S., Horth, J., Moortgat, G. K., R. Winterhalter, Myhre, C. E. L., Tsigaridis, K., Vignati,
E., Stephanou, E. G., and, and J.Wilson: Organic aerosol and global climate modelling: a review, Atmospheric Chemistry and Physics, 5,
1053-1123, doi: 10.5194/acp-5-1053-2005, 2005, 2005.

Kawamoto, H.: Lignin pyrolysis reactions, Journal of Wood Science, 63, 117-132, doi:10.1007/s10086-016-1606-z, 2017.

19


https://doi.org/10.5281/zenodo.15675889

540

545

550

555

560

565

570

575

580

585

590

Kebarle, P. and Tang, L.: From ions in solution to ions in the gas phase - the mechanism of electrospray mass spectrometry, Analytical
Chemistry, 65, 972A-986A, doi:10.1021/ac00070a001, 1993.

Keyte, I. J., Harrison, R. M., and Lammel, G.: Chemical reactivity and long-range transport potential of polycyclic aromatic hydrocarbons-
-a review, Chemical Society Reviews, 42, 9333-9391, doi:10.1039/c3¢cs60147a, 2013.

Kumar, V., Slowik, J. G., Baltensperger, U., Prevot, A. S. H., and Bell, D. M.: Time-Resolved Molecular Characterization of Secondary
Organic Aerosol Formed from OH and NO3 Radical Initiated Oxidation of a Mixture of Aromatic Precursors, Environmental Science &
Technology, 57, 11572-11582, doi:10.1021/acs.est.3¢00225, 2023.

Laskin, J., Laskin, A., and Nizkorodov, S. A.: Mass Spectrometry Analysis in Atmospheric Chemistry, Analytical Chemistry, 90, 166-189,
doi:10.1021/acs.analchem.7b04249, 2018.

Li, C., He, Q., Hettiyadura, A. P. S., Kafer, U., Shmul, G., Meidan, D., Zimmermann, R., Brown, S. S., George, C., Laskin, A., and Rudich,
Y.: Formation of Secondary Brown Carbon in Biomass Burning Aerosol Proxies through NO3 Radical Reactions, Environmental Science
& Technology, 54, 1395-1405, doi:10.1021/acs.est.9b05641, 2019.

Li, H., Duan, F., Ma, T., Ma, Y., Xu, Y., Wang, S., Zhang, Q., Jiang, J., Zhu, L., Li, F., Huang, T., Kimoto, T., and He, K.: Molecular
Characterization of Organosulfur and Organonitrogen Compounds in Summer and Winter PM(2.5) via UHPLC-Q-Orbitrap MS/MS,
Environmental Science & Technology, 58, 21692-21701, doi:10.1021/acs.est.4c02727, 2024.

Li, J. J., Wang, G. H,, Cao, J. J., Wang, X. M., and Zhang, R. J.: Observation of biogenic secondary organic aerosols in the atmosphere of a
mountain site in central China: temperature and relative humidity effects, Atmospheric Chemistry and Physics, 13, 11535-11549,
doi:10.5194/acp-13-11535-2013, 2013a.

Li,Y.J, Lee, B. Y. L, Yu, J. Z, Ng, N. L., and Chan, C. K.: Evaluating the degree of oxygenation of organic aerosol during foggy and
hazy days in Hong Kong using high-resolution time-of-flight aerosol mass spectrometry (HR-ToF-AMS), Atmospheric Chemistry and
Physics, 13, 8739-8753, doi:10.5194/acp-13-8739-2013, 2013b.

Lin, P., Rincon, A. G., Kalberer, M., and Yu, J. Z.: Elemental Composition of HULIS in the Pearl River Delta Region, China: Results
Inferred from Positive and Negative Electrospray High Resolution Mass Spectrometric Data, Environmental Science & Technology, 46,
7454-7462, doi:10.1021/es300285d, 2012.

Lin, P., Bluvshtein, N., Rudich, Y., Nizkorodov, S. A., Laskin, J., and Laskin, A.: Molecular Chemistry of Atmospheric Brown Carbon
Inferred from a Nationwide Biomass Burning Event, Environmental Science & Technology, 51, 11561-11570, doi:10.1021/acs.est.7b02276,
2017.

Lin, P., Aiona, P. K., Li, Y., Shiraiwa, M., Laskin, J., Nizkorodov, S. A., and Laskin, A.: Molecular Characterization of Brown Carbon in
Biomass Burning Aerosol Particles, Environmental Science & Technology, 50, 11815-11824, doi:10.1021/acs.est.6b03024, 2016.

Liu, L., Hohaus, T., Franke, P., Lange, A. C., Tillmann, R., Fuchs, H., Tan, Z., Rohrer, F., Karydis, V., He, Q., Vardhan, V., Andres, S.,
Bohn, B., Holland, F., Winter, B., Wedel, S., Novelli, A., Hofzumahaus, A., Wahner, A., and Kiendler-Scharr, A.: Observational evidence
reveals the significance of nocturnal chemistry in seasonal secondary organic aerosol formation, npj Climate and Atmospheric Science, 7,
207, doi:10.1038/s41612-024-00747-6, 2024.

Lopez-Hilfiker, F. D., Pospisilova, V., Huang, W., Kalberer, M., Mohr, C., Stefenelli, G., Thornton, J. A., Baltensperger, U., Prevot, A. S.
H., and Slowik, J. G.: An extractive electrospray ionization time-of-flight mass spectrometer (EESI-TOF) for online measurement of
atmospheric aerosol particles, Atmospheric Measurement Techniques, 12, 4867-4886, doi:10.5194/amt-12-4867-2019, 2019.

Lyu, X, Li, H,, Lee, S. C., Xiong, E., Guo, H., Wang, T., and de Gouw, J.: Significant Biogenic Source of Oxygenated Volatile Organic
Compounds and the Impacts on Photochemistry at a Regional Background Site in South China, Environmental Science & Technology, 58,
2008120090, doi:10.1021/acs.est.4c05656, 2024.

Lyu, X., Guo, H., Yao, D., Lu, H., Huo, Y., Xu, W., Kreisberg, N., Goldstein, A. H., Jayne, J., Worsnop, D., Tan, Y., Lee, S. C., and Wang,
T.: In Situ Measurements of Molecular Markers Facilitate Understanding of Dynamic Sources of Atmospheric Organic Aerosols,
Environmental Science & Technology, 54, 11058-11069, doi:10.1021/acs.est.0c02277, 2020.

Mahowald, N.: Aerosol Indirect Effect on Biogeochemical Cycles and Climate, Science, 334, 794-796, doi:10.1126/science.1207374, 2011.
Mehra, A., Wang, Y., Krechmer, J. E., Lambe, A., Majluf, F., Morris, M. A., Priestley, M., Bannan, T. J., Bryant, D. J., Pereira, K. L.,
Hamilton, J. F., Rickard, A. R., Newland, M. J., Stark, H., Croteau, P., Jayne, J. T., Worsnop, D. R., Canagaratna, M. R., Wang, L., and Coe,
H.: Evaluation of the chemical composition of gas- and particle-phase products of aromatic oxidation, Atmospheric Chemistry and Physics,
20, 9783-9803, doi:10.5194/acp-20-9783-2020, 2020.

Mo, Y., Li, J., Zhong, G., Zhu, S., Cheng, Z., Tang, J., Jiang, H., Jiang, B., Liao, Y., Song, J., Tian, C., Chen, Y., Zhao, S., and Zhang, G.:
The Sources and Atmospheric Processes of Strong Light-Absorbing Components in Water Soluble Brown Carbon: Insights From a Multi-
Proxy Study of PM2.5 in 10 Chinese Cities, Journal of Geophysical Research: Atmospheres, 129, 2023JD039512,
doi:10.1029/2023jd039512, 2024.

Monti, S., Tamayo, P., Mesirov, J., and Golub, T.: Consensus Clustering: A Resampling-Based Method for Class Discovery and
Visualization of Gene Expression Microarray Data, Machine Learning, 52, 91-118, doi:10.1023/A:1023949509487, 2003.

Ng, N. L., Brown, S. S., Archibald, A. T., Atlas, E., Cohen, R. C., Crowley, J. N., Day, D. A., Donahue, N. M., Fry, J. L., Fuchs, H., Griffin,
R.J., Guzman, M. 1., Herrmann, H., Hodzic, A., linuma, Y., Jimenez, J. L., Kiendler-Scharr, A., Lee, B. H., Luecken, D. J., Mao, J., McLaren,
R., Mutzel, A., Osthoff, H. D., Ouyang, B., Picquet-Varrault, B., Platt, U., Pye, H. O. T., Rudich, Y., Schwantes, R. H., Shiraiwa, M., Stutz,

20



595

600

605

610

615

620

625

630

635

640

645

J., Thornton, J. A., Tilgner, A., Williams, B. J., and Zaveri, R. A.: Nitrate radicals and biogenic volatile organic compounds: oxidation,
mechanisms, and organic aerosol, Atmospheric Chemistry and Physics, 17, 2103-2162, doi:10.5194/acp-17-2103-2017, 2017.

Nie, W., Yan, C., Huang, D. D., Wang, Z., Liu, Y., Qiao, X., Guo, Y., Tian, L., Zheng, P., Xu, Z., Li, Y., Xu, Z., Qi, X,, Sun, P., Wang, J.,
Zheng, F., Li, X., Yin, R., Dallenbach, K. R., Bianchi, F., Petdjd, T., Zhang, Y., Wang, M., Schervish, M., Wang, S., Qiao, L., Wang, Q.,
Zhou, M., Wang, H., Yu, C., Yao, D., Guo, H., Ye, P., Lee, S., Li, Y. J,, Liu, Y., Chi, X., Kerminen, V.-M., Ehn, M., Donahue, N. M., Wang,
T., Huang, C., Kulmala, M., Worsnop, D., Jiang, J., and Ding, A.: Secondary organic aerosol formed by condensing anthropogenic vapours
over China’s megacities, Nature Geoscience, 15, 255-261, doi:10.1038/s41561-022-00922-5, 2022.

Norris, G., Duvall, R., Brown, S., and Bai, S.: EPA Positive Matrix Factorization (PMF) 5.0 Fundamentals and User Guide Prepared for the
US Environmental Protection Agency Office of Research and Development, 2014.

Noziere, B., Kalberer, M., Claeys, M., Allan, J., D'Anna, B., Decesari, S., Finessi, E., Glasius, M., Grgic, 1., Hamilton, J. F., Hoffmann, T.,
linuma, Y., Jaoui, M., Kahnt, A., Kampf, C. J., Kourtchev, I., Maenhaut, W., Marsden, N., Saarikoski, S., Schnelle-Kreis, J., Surratt, J. D.,
Szidat, S., Szmigielski, R., and Wisthaler, A.: The molecular identification of organic compounds in the atmosphere: state of the art and
challenges, Chemical Reviews, 115, 3919-3983, doi:10.1021/cr5003485, 2015.

Passananti, M., Kong, L., Shang, J., Dupart, Y., Perrier, S., Chen, J., Donaldson, D. J., and George, C.: Organosulfate Formation through
the Heterogeneous Reaction of Sulfur Dioxide with Unsaturated Fatty Acids and Long-Chain Alkenes, Angewandte Chemie International
Edition, 55, 10336-10339, doi:10.1002/anie.201605266, 2016.

Pye, H. O. T,, Chan, A. W. H., Barkley, M. P., and Seinfeld, J. H.: Global modeling of organic aerosol: the importance of reactive nitrogen
(NOx and NO3), Atmospheric Chemistry and Physics, 10, 11261-11276, doi:10.5194/acp-10-11261-2010, 2010.

Qin, Y.M,, Li, Y. J., Wang, H., Lee, B. P. Y. L., Huang, D. D., and Chan, C. K.: Particulate matter (PM) episodes at a suburban site in Hong
Kong: evolution of PM characteristics and role of photochemistry in secondary aerosol formation, Atmospheric Chemistry and Physics, 16,
14131-14145, doi:10.5194/acp-16-14131-2016, 2016.

Reff, A., Eberly, S. L., and Bhave, P. V.: Receptor Modeling of Ambient Particulate Matter Data Using Positive Matrix Factorization: Review
of Existing Methods, Journal of the Air & Waste Management Association, 57, 146-154, doi:10.1080/10473289.2007.10465319, 2007.
Rogge, W. F., Hildemann, L. M., Mazurek, M. A., and Cass, G. R.: Sources of Fine Organic Aerosol. 1. Charbroilers and Meat Cooking
Operations, Environmental Science & Technology, 25, 1112-1125, 1991.

Romonosky, D. E., Laskin, A., Laskin, J., and Nizkorodov, S. A.: High-resolution mass spectrometry and molecular characterization of
aqueous photochemistry products of common types of secondary organic aerosols, Journal of Physical Chemistry A, 119, 2594-2606,
doi:10.1021/jp509476r, 2015.

Rund, P., Lee, B. H., Mohr, C., and Thornton, J. A.: A Coupled Volatility and Molecular Composition Based Source Apportionment of
Atmospheric Organic Aerosol, ACS Earth and Space Chemistry, 7, 1365-1377, doi:10.1021/acsearthspacechem.3c00034, 2023.

Siemens, K. S. A., Pagonis, D., Guo, H., Schueneman, M. K., Dibb, J. E., Campuzano-Jost, P., Jimenez, J. L., and Laskin, A.: Probing
Atmospheric Aerosols by Multimodal Mass Spectrometry Techniques: Revealing Aging Characteristics of Its Individual Molecular
Components, ACS Earth and Space Chemistry, 7, 2498-2510, doi:10.1021/acsearthspacechem.3c00228, 2023.

Simoneit, B. R. T.: Biomass burning — a review of organic tracers for smoke from incomplete combustion, Applied Geochemistry, 17, 129-
162, 2002.

Song, J., Li, M., Jiang, B., Wei, S., Fan, X., and Peng, P. a.: Molecular Characterization of Water-Soluble Humic like Substances in Smoke
Particles Emitted from Combustion of Biomass Materials and Coal Using Ultrahigh-Resolution Electrospray Ionization Fourier Transform
Ion Cyclotron Resonance Mass Spectrometry, Environmental Science & Technology, 52, 2575-2585, doi:10.1021/acs.est.7b06126, 2018.
Song, K., Guo, S., Gong, Y., Lv, D., Wan, Z., Zhang, Y., Fu, Z., Hu, K., and Lu, S.: Non-target scanning of organics from cooking emissions
using comprehensive two-dimensional gas chromatography-mass spectrometer (GCxGC-MS), Applied Geochemistry, 151, 105601,
doi:10.1016/j.apgeochem.2023.105601, 2023.

Song, K., Guo, S., Gong, Y., Lv, D., Zhang, Y., Wan, Z., Li, T., Zhu, W., Wang, H., Yu, Y., Tan, R., Shen, R., Lu, S, Li, S., Chen, Y., and
Hu, M.: Impact of cooking style and oil on semi-volatile and intermediate volatility organic compound emissions from Chinese domestic
cooking, Atmospheric Chemistry and Physics, 22, 9827-9841, doi:10.5194/acp-22-9827-2022, 2022.

Surratt, J. D., Gémez-Gonzalez, Y., Chan, A. W. H., Vermeylen, R., Shahgholi, M., Kleindienst, T. E., Edney, E. O., Offenberg, J. H.,
Lewandowski, M., Jaoui, M., Maenhaut, W., Claeys, M., Flagan, R. C., and Seinfeld, J. H.: Organosulfate Formation in Biogenic Secondary
Organic Aerosol, The Journal of Physical Chemistry A, 112, 8345-8378, doi:10.1021/jp802310p, 2008.

Szopa, S., V. Naik, B. Adhikary, P. Artaxo, T. Berntsen, W.D. Collins, S. Fuzzi, L. Gallardo, A. Kiendler Scharr, Z. Klimont, H. Liao, Unger,
N., and Zanis, P.: Short-Lived Climate Forcers. In Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge, United Kingdom and New York, NY, USA,,
Cambridge University Press. , 817-922, 10.1017/9781009157896.008, 2021.

Thoma, M., Bachmeier, F., Gottwald, F. L., Simon, M., and Vogel, A. L.: Mass spectrometry-based Aerosolomics: a new approach to resolve
sources, composition, and partitioning of secondary organic aerosol, Atmospheric Measurement Techniques, 15, 7137-7154,
doi:10.5194/amt-15-7137-2022, 2022.

21



650

655

660

665

670

675

680

685

690

695

700

Ulbrich, I. M., Canagaratna, M. R., Zhang, Q., Worsnop, D. R., and Jimenez, J. L.: Interpretation of organic components from Positive
Matrix Factorization of aerosol mass spectrometric data, Atmospheric Chemistry and Physics, 9, 2891-2918, doi:10.5194/acp-9-2891-2009,
2009.

Wang, Q., He, X., Huang, X. H. H., Griffith, S. M., Feng, Y., Zhang, T., Zhang, Q., Wu, D., and Yu, J. Z.: Impact of Secondary Organic
Aerosol Tracers on Tracer-Based Source Apportionment of Organic Carbon and PM2.5: A Case Study in the Pearl River Delta, China, ACS
Earth and Space Chemistry, 1, 562-571, doi:10.1021/acsearthspacechem.7b00088, 2017a.

Wang, Q., Huang, X. H. H., Tam, F. C. V., Zhang, X., Liu, K. M., Yeung, C., Feng, Y., Cheng, Y. Y., Wong, Y. K., Ng, W. M., Wu, C.,
Zhang, Q., Zhang, T., Lau, N. T., Yuan, Z., Lau, A. K. H., and Yu, J. Z.: Source apportionment of fine particulate matter in Macao, China
with and without organic tracers: A comparative study using positive matrix factorization, Atmospheric Environment, 198, 183-193,
doi:10.1016/j.atmosenv.2018.10.057, 2019.

Wang, X., Hayeck, N., Briiggemann, M., Yao, L., Chen, H., Zhang, C., Emmelin, C., Chen, J., George, C., and Wang, L.: Chemical
Characteristics of Organic Aerosols in Shanghai: A Study by Ultrahigh-Performance Liquid Chromatography Coupled With Orbitrap Mass
Spectrometry, Journal of Geophysical Research: Atmospheres, 122, 11703—11722, doi:10.1002/2017;d026930, 2017b.

Wang, Y., Hu, M., Lin, P., Guo, Q., Wu, Z., Li, M., Zeng, L., Song, Y., Zeng, L., Wu, Y., Guo, S., Huang, X., and He, L.: Molecular
Characterization of Nitrogen-Containing Organic Compounds in Humic-like Substances Emitted from Straw Residue Burning,
Environmental Science & Technology, 51, 5951-5961, doi:10.1021/acs.est.7b00248, 2017c.

Wu, X., Vu, T. V., Shi, Z., Harrison, R. M., Liu, D., and Cen, K.: Characterization and source apportionment of carbonaceous PM2.5 particles
in China - A review, Atmospheric Environment, 189, 187-212, doi:10.1016/j.atmosenv.2018.06.025, 2018.

Xie, M., Chen, X., Hays, M. D., Lewandowski, M., Offenberg, J., Kleindienst, T. E., and Holder, A. L.: Light Absorption of Secondary
Organic Aerosol: Composition and Contribution of Nitroaromatic Compounds, Environmental Science & Technology, 51, 11607-11616,
doi:10.1021/acs.est.7b03263, 2017.

Xu, L., Yang, Z., Tsona, N. T., Wang, X., George, C., and Du, L.: Anthropogenic-Biogenic Interactions at Night: Enhanced Formation of
Secondary Aerosols and Particulate Nitrogen- and Sulfur-Containing Organics from beta-Pinene Oxidation, Environmental Science &
Technology, 55, 7794-7807, doi:10.1021/acs.est.0c07879, 2021.

Xu, Z., Zhao, X., Li, P., Dong, Z., Sun, R., Fu, P., and Pavuluri, C. M.: Distribution and 13C Signature of Dicarboxylic Acids and Related
Compounds in Fine Aerosols Near Underground Coal Fires in North China: Implications for Fossil Origin of Azelaic Acid, Journal of
Geophysical Research: Atmospheres, 128, €2023JD038748, doi:10.1029/2023jd038748, 2023.

Yao, D., Guo, H., Lyu, X., Lu, H., and Huo, Y.: Secondary organic aerosol formation at an urban background site on the coastline of South
China: Precursors and aging processes, Environmental Pollution, 309, 119778, doi:10.1016/j.envpol.2022.119778, 2022.

Yao, D., Lyu, X., Lu, H., Zeng, L., Liu, T., Chan, C. K., and Guo, H.: Characteristics, sources and evolution processes of atmospheric organic
aerosols at a roadside site in Hong Kong, Atmospheric Environment, 252, 118298, doi:10.1016/j.atmosenv.2021.118298, 2021.

Ye, J., Abbatt, J. P. D., and Chan, A. W. H.: Novel pathway of SO2 oxidation in the atmosphere: reactions with monoterpene ozonolysis
intermediates and secondary organic aerosol, Atmospheric Chemistry and Physics, 18, 5549-5565, doi:10.5194/acp-18-5549-2018, 2018.
Yu, Y., Guo, S., Wang, H., Shen, R, Zhu, W., Tan, R., Song, K., Zhang, Z., Li, S., Chen, Y., and Hu, M.: Importance of
Semivolatile/Intermediate-Volatility Organic Compounds to Secondary Organic Aerosol Formation from Chinese Domestic Cooking
Emissions, Environmental Science & Technology Letters, 9, 507-512, doi:10.1021/acs.estlett.2c00207, 2022.

Yuan, Q., Zhang, Z., Chen, Y., Hui, L., Wang, M., Xia, M., Zou, Z., Wei, W., Ho, K. F., Wang, Z., Lai, S., Zhang, Y., Wang, T., and Lee,
S.: Origin and transformation of volatile organic compounds at a regional background site in Hong Kong: Varied photochemical processes
from different source regions, Science of the Total Environment, 908, 168316, doi:10.1016/j.scitotenv.2023.168316, 2024.

Zhang, H., Yee, L. D., Lee, B. H., Curtis, M. P., Worton, D. R., [saacman-VanWertz, G., Offenberg, J. H., Lewandowski, M., Kleindienst,
T. E., Beaver, M. R., Holder, A. L., Lonneman, W. A., Docherty, K. S., Jaoui, M., Pye, H. O. T., Hu, W., Day, D. A., Campuzano-Jost, P.,
Jimenez, J. L., Guo, H., Weber, R. J., de Gouw, J., Koss, A. R., Edgerton, E. S., Brune, W., Mohr, C., Lopez-Hilfiker, F. D., Lutz, A.,
Kreisberg, N. M., Spielman, S. R., Hering, S. V., Wilson, K. R., Thornton, J. A., and Goldstein, A. H.: Monoterpenes are the largest source
of summertime organic aerosol in the southeastern United States, Proceedings of the National Academy of Sciences of the United States of
America, 115, 2038-2043, doi:10.1073/pnas.1717513115, 2018.

Zhang, M., Cai, D., Lin, J., Liu, Z., Li, M., Wang, Y., and Chen, J.: Molecular characterization of atmospheric organic aerosols in typical
megacities in China, npj Climate and Atmospheric Science, 7, 230, doi:10.1038/s41612-024-00784-1, 2024.

Zhang, Y., Men, Y., Guo, H., Shen, G., Gao, Y., Xiong, R., Tao, S., and Wang, X.: Combustion-related isoprene contributes substantially to
the formation of wintertime secondary organic aerosols, National Science Review, 12, nwae474, doi:10.1093/nsr/nwae474, 2025.

Zhang, Y., Perikyli, O., Yan, C., Heikkinen, L., Aijild, M., Daellenbach, K. R., Zha, Q., Riva, M., Garmash, O., Junninen, H., Paatero, P.,
Worsnop, D., and Ehn, M.: A novel approach for simple statistical analysis of high-resolution mass spectra, Atmospheric Measurement
Techniques, 12, 3761-3776, doi:10.5194/amt-12-3761-2019, 2019.

Zheng, P., Chen, Y., Wang, Z., Liu, Y., Pu, W., Yu, C,, Xia, M., Xu, Y., Guo, J., Guo, Y., Tian, L., Qiao, X., Huang, D. D., Yan, C., Nie,
W., Worsnop, D. R., Lee, S., and Wang, T.: Molecular Characterization of Oxygenated Organic Molecules and Their Dominating Roles in
Particle Growth in Hong Kong, Environmental Science & Technology, 57, 7764-7776, doi:10.1021/acs.est.2¢09252, 2023.

22



705

710

Zhou, W., Xu, W., Kim, H., Zhang, Q., Fu, P., Worsnop, D. R., and Sun, Y.: A review of aerosol chemistry in Asia: insights from aerosol
mass spectrometer measurements, Environmental Science Processes & Impacts, 22, 1616-1653, doi:10.1039/d0em00212g, 2020.

Zhu, M., Jiang, B., Li, S., Yu, Q., Yu, X., Zhang, Y., Bi, X., Yu, J., George, C., Yu, Z., and Wang, X.: Organosulfur Compounds Formed
from Heterogeneous Reaction between SO2 and Particulate-Bound Unsaturated Fatty Acids in Ambient Air, Environmental Science &
Technology Letters, 6, 318-322, doi:10.1021/acs.estlett.9b00218, 2019.

Zhu, T., Tang, M., Gao, M., Bi, X., Cao, J., Che, H., Chen, J., Ding, A., Fu, P., Gao, J., Gao, Y., Ge, M., Ge, X., Han, Z., He, H., Huang,
R.-J., Huang, X., Liao, H., Liu, C., Liu, H., Liu, J., Liu, S. C., Lu, K., Ma, Q., Nie, W., Shao, M., Song, Y., Sun, Y., Tang, X., Wang, T.,
Wang, T., Wang, W., Wang, X., Wang, Z., Yin, Y., Zhang, Q., Zhang, W., Zhang, Y., Zhang, Y., Zhao, Y., Zheng, M., Zhu, B., and Zhu,
J.: Recent Progress in Atmospheric Chemistry Research in China: Establishing a Theoretical Framework for the “Air Pollution Complex”,
Advances in Atmospheric Sciences, 40, 1339-1361, doi:10.1007/s00376-023-2379-0, 2023.

Ziemann, P. J. and Atkinson, R.: Kinetics, products, and mechanisms of secondary organic aerosol formation, Chemical Society Reviews,
41, 6582-6605, doi:10.1039/c2cs35122f, 2012.

23



