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Abstract To understand diurnal variations in PM, 5 composition and aerosol extract absorption, PM, 5
samples were collected at intervals of 2 hr from 8:00 to 20:00 and 6 hr from 20:00 to 8:00 (the next day) in
northern Nanjing, China, during the winter and summer of 2019-2020 and analyzed for bulk components,
organic tracers, and light absorption of water and methanol extracts—a proxy measure of brown carbon (BrC).
Diurnal patterns of measured species reflected the influences of primary emissions and atmospheric processes.
Light absorption coefficients of water (Abs,s ) and methanol extracts (Abs,s ) at 365 nm shared a similar
diurnal profile peaking at 18:00-20:00, generally following changes in biomass burning tracers. However,
Absmyw, Abs365’m, and their normalizations to organic aerosols increased at 14:00-16:00, earlier than that of
levoglucosan in the late afternoon, which was attributed to secondarily formed BrC. The methanol extracts
showed a less drastic decrease in light absorption at night than the water extracts and elevated absorption
efficiency during 2:00-8:00. This is due to the fact that the water-insoluble OC has a longer lifetime and
stronger light absorption than the water-soluble OC. According to the source apportionment results solved by
positive matrix factorization (PMF), biomass burning and secondary formation were the major BrC sources

in northern Nanjing, with an average total relative contribution of about 90%. Compared to previous studies,
diurnal source cycles were added to the PMF simulations in this work by using time-resolved speciation data,
which avoided misclassification of BrC sources.

Plain Language Summary Light-absorbing organic carbon (OC), also known as “brown carbon”,
plays an important role in influencing the Earth's radiative balance. Filter samples of particulate matter with

an aerodynamic diameter of less than 2.5 pm (PM, ;) were collected at a resolution of 2 hr from 8:00 to 20:00
and a resolution of 6 hr from 20:00 to 8:00 (the next day) in northern Nanjing, China, during the winter and
summer of 2019 and 2020. To understand the diurnal variations of BrC and its sources, each sample was
analyzed for bulk components (OC, elemental carbon, and water-soluble ions), organic molecular markers,

and light absorption by BrC, and a receptor model was used to identify potential BrC sources based on PM,
composition data. We found that diurnal variations of BrC generally followed changes in concentrations of
levoglucosan-a tracer of biomass burning; the increase in BrC absorption in the early afternoon was caused by
secondary formation of BrC chromophores; biomass burning and secondary formation were the main sources of
BrC. Time-resolved measurements of PM, 5 components were rarely used to investigate the diurnal variations of
BrC and its sources, which is very important for modeling the climate impact of BrC.

1. Introduction

Organic aerosols (OAs) account for a significant fraction (20%-90%) of fine particulate matter (PM; G. Chen
et al., 2022) and have potential impacts on human health (Déméautis et al., 2023; Mauderly & Chow, 2008)
and climate (Yli-Juuti et al., 2021). To develop effective strategies for PM pollution control, receptor models
have been commonly used to apportion speciated PM to sources or atmospheric processes (Stanek et al., 2011).
Due to the lack of representative source profiles in specific study locations, positive matrix factorization (PMF)
has become one of the most frequently used tools for source apportionment (Hopke et al., 2020). It resolves
sources based on differences in the concentration time series of PM components (Dall'Osto et al., 2013) and
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requires source-specific tracers and a sufficient number of observations (Shrivastava et al., 2007; Y. X. Zhang
et al., 2009). In the last 1-2 decades, hourly measurements of water-soluble inorganic ions (WSIIs), organic
carbon (OC), elemental carbon (EC), and elements have been conducted and validated by offline observations
(Yu et al., 2020, 2019). Compared with integrated sampling-based analysis, where PM collection typically takes
12-24 hr, high time-resolved observations had the advantage of reflecting the diurnal cycles of PM sources
and capturing emerging pollution events that last only a few hours (Q. Wang et al., 2018; M. Xie et al., 2022a).
Moreover, hourly measurements can generate enough observations required by the PMF model within a short
time period (a few weeks to a month), mitigating the impact of assuming a constant source profile. Short-term
observation-based PMF modeling is better able to reproduce immediate changes in primary sources than long-
term observation-based modeling (Tian et al., 2017, 2020).

Speciation data of OA were usually obtained by integrated filter sampling followed by pretreatment and instru-
mental analysis (e.g., gas chromatography-mass spectrometry, GC-MS). Several classes of organic compounds,
including n-alkanes, polycyclic aromatic hydrocarbons (PAHs), hopanes and steranes, polyols, polyacids, etc.,
have been identified and used for PMF analysis (Jaeckels et al., 2007; Shrivastava et al., 2007). Organic tracers
have been shown to be preferred over elements in the identification of OA sources that do not have a unique
elemental composition (Schauer et al., 1996; M. Xie et al., 2012b). The commercial thermal-desorption aerosol
GC-MS has recently been used for hourly observations of organic molecular markers (OMMs) in eastern China
(X. He et al., 2020; R. Li et al., 2020; Q. Wang et al., 2022). The observational results provide valuable informa-
tion on the sources and evolution of primary and secondary organic aerosols (SOA) during pollution episodes.
Unlike the aforementioned PM bulk components, hourly and filter-based measurements of OMMSs have rarely
been compared for validation.

The light absorption of OA in solvent extracts has been used to evaluate brown carbon (BrC) absorption (J. Liu
etal.,2013), which plays an important role in changing the Earth's radiative equilibrium (Zeng et al., 2020). Hourly
measurements of water-soluble OC (WSOC) absorption can be made by coupling a particle-in-liquid sampler
with a UV-Vis spectrometer (Sullivan et al., 2022). Diurnal patterns of WSOC absorption in the southeastern
United States indicate the formation of strong chromophores in the afternoon due to heterogeneous reactions
or gas-particle partitioning of SOA (Hecobian et al., 2010). However, water-insoluble OC (WIOC) contributed
to larger proportions of the total BrC absorption (Huang et al., 2020). Since methanol can extract OA more
thoroughly than water, methanol-extractable OC (MEOC) in ambient and source particles have been intensively
studied to understand the relationship between BrC composition and their optical properties (Tang et al., 2020;
Yuan et al., 2020). However, automated continuous measurements of PM extracts in organic solvents have not yet
been performed. Although low molecular weight PAHs (MW; <300 Da) and nitrophenol-like compounds (NPCs)
have been identified as BrC chromophores and are ubiquitously present (Sun et al., 2021; Yuan et al., 2021), large
molecules (MW > 500-1,000 Da) with unknown structures dominate BrC absorption (Di Lorenzo et al., 2017,
Di Lorenzo & Young, 2016). To attribute BrC absorption to sources, solvent extract absorption of ambient OA
was combined with its compositional data as input for PMF analysis (M. Xie et al., 2019; M. Xie et al., 2022b;
Z. Xu et al., 2022). The study results indicate that biomass and coal combustion accounted for the largest fraction
of solvent extract absorption during the cold season, and a significant fraction of BrC was formed by gas-phase,
aqueous, and/or heterogeneous reactions.

In previous PMF analysis based on organic tracers, BrC absorption and speciated OA data were obtained by
analyzing the same integrated filter samples. To ensure a sufficient number of observations, filter samples with
low time resolution (12—24 hr) had to be collected for at least several months to a year. Then, the resulting factors
or sources are likely biased due to the assumption of constant source profiles, and their diurnal profiles cannot
be shown. Even if continuous measurements of BrC absorption and PM composition were available at the same
site, the output data from different instruments might not provide physicochemical information of the same PM
type because of differences in sampler design (e.g., inlet type, PM size cut, and flow rate; Chow et al., 2010;
Solomon et al., 2003). In this study, time-resolved filter samples of PM with an aerodynamic diameter <2.5 pm
(PM, ;) were collected from 2019 to 2020 in winter and summer at a suburb in northern Nanjing, eastern China.
The light absorption of WSOC and MEOC and the concentrations of WSIIs, OC, EC, and a series of OMMs were
analyzed for each filter sample. PMF modeling was applied to identify the sources of PM, 5 components and BrC
absorption by incorporating pre-screened OMM data. The results of the study revealed the diurnal patterns of
PM, ; components and BrC sources and illustrated the advantage of using time-resolved OMM data for source
apportionment.
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2. Methods
2.1. Sampling

Time-resolved PM, 5 samples were collected on the rooftop of a seven-story library building at Nanjing University
of Information Science and Technology (NUIST, 32.21°N, 118.71°E). Detailed information about the sampler
and PM speciation was provided in our previous studies (Gou et al., 2021; Qin et al., 2021; Yang et al., 2021).
Briefly, two identical side-by-side mid-volume samplers (samplers I and II, PM, ;-PUF-300, Mingye Environ-
mental, China) equipped with 2.5 pm cut-point impactors were deployed to collect time-resolved PM, ; alter-
nately at a flow rate of 300 L min~!. After passing through the impactor, PM,  in the air stream was collected on a
pre-beaked (550°C, 4 hr) quartz fiber filter (20.3 cm X 12.6 cm, Munktell Filter AB, Sweden). PM, ; was sampled
at 2 hr intervals from 8:00 to 20:00 and 6 hr intervals from 20:00 to 8:00 (the next day), so that eight filter samples
were obtained on each sampling day. Time-resolved sampling was conducted on 7 days in January 2019 and 8
days in January 2020; 24-day sampling was accomplished in both summer 2019 and summer 2020. Sampling
date and time information can be found in Table S1 in Supporting Information S1. Figure S1 in Supporting Infor-
mation S1 shows the average diurnal variation in ambient temperature (temp., °C) and relative humidity (RH, %)
during each sampling period from 2019 to 2020. Twenty-six field blank samples were collected intermittently
throughout the sampling campaign. All filter samples were stored at —20°C prior to chemical analysis.

2.2. Chemical Analysis
2.2.1. Bulk Components

One-fourth of each filter sample (~50 cm?) was extracted in 40 mL ultrapure water (18.2 MQ) and then filtered
using a 25 mm diameter polytetrafluorethylene (PTFE) filter (0.22 pm pore size, Anpl Laboratory Technologies
Inc., China). Cations (NH,*, K*, Mg?*, and Ca?*) and anions (SO,?~ and NO,~) in the aqueous extract were
determined using ion chromatography (IC, ICS-3000 and ICS-2000, Dionex, United States). WSOC was meas-
ured with a total OC analyzer (TOC-L, Shimadzu, Japan). A punch area (~0.50 cm?) of each filter sample was
analyzed for the content of OC and EC using a thermo-optical carbon analyzer (DRI, 2001A, Atmoslytic, United
States) following the protocol IMPROVE-A. Yang et al. (2021) performed parallel sampling with samplers I and
IT at the same site, and the collocated precision analysis showed an uncertainty fraction of approximately 10% for
the concentrations of PM, 5 mass and major components (NH,*, SO,2-, NO,~, OC, and EC).

2.2.2. Non-Polar and Polar OMMs

One-eighth of each filter sample (~25 cm?) was cut into pieces and extracted twice (15 min each time) with
ultrasound in dichloromethane (DCM). Prior to solvent extraction, 20 pL of an isotopically labeled PAH solution
(naphthalene-d8, acenaphthene-d10, phenanthrene-d10, chrysene-d10, and perylene-d12 at a concentration of
10 ng pL~! in DCM) was added to the sample pieces as internal standard (IS). The DCM extract of each sample
was filtered, rotary evaporated, and blown down to around 200 pL for GC-MS analysis. An aliquot of 2 pL was
injected in splitless mode, and the inlet temperature was set at 280°C. Non-polar OMMs, including n-alkanes,
PAHs, oxygenated PAHs (oxy-PAHs), and steranes, were separated with an Agilent HP-5 ms capillary column
(30 m x 0.25 mm X 0.25 pm) following a temperature program from 50°C (held for 3 min) to 325°C at a ramp
of 30°C min~! (10 min).

Another aliquot of each filter sample was spiked with the same IS solution and then sonicated in a 1:1 (v/v)
methanol-DCM mixture. After filtration and rotary evaporation, the concentrated extract was blown off to
dryness with nitrogen gas. Then 50 pL of N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA): trimethylchloros-
ilane (TMCS; 99:1) and 10 pL pyridine were added to the dried extract and reacted at 70°C for 3 hr, converting
the carboxyl and alcohol groups to the corresponding trimethylsilyl esters and ethers. The resulting derivative
solution was cooled and diluted with 340 pL of pure hexane for GC-MS analysis. Our target polar OMMs were
separated using the same column (HP-5 ms) following a temperature program from 50°C (2 min) to 120°C at 3°C
min~! (0 min) and then to 300°C at 6°C min~' (10 min).

In this study, all OMMs in the sample extracts were quantified by constructing six-point calibration curves using
the IS method. Information on the organic species and their quantification standards can be found in Table S2 in
Supporting Information S1. The quantification results of individual OMMs in the extracts were corrected using
the median values of field blanks, and the concentrations of individual OMMs in ambient air were calculated
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from their total mass and the air volume of each filter sample. More details on the speciation methods and
quality assurance/control have been described in our previous studies (Gou et al., 2021; Qin et al., 2021; Yang
et al., 2021).

2.3. Light Absorption Measurement

An aliquot (1-2 mL) of the filter extract in water mentioned in Section 2.2.1 was analyzed for light absorbance
(4,,) at 4 =200-900 nm with a UV/Vis spectrometer (UV-1900, Shimadzu Corporation), which was converted
to light absorption coefficient (Abs,,, Mm~") by

Vi

Ab szw_A w) X
Siw = (Aj, 700,w) VX L

In(10) 1)

where Ay, is subtracted to address baseline drift, V, (m?) is the volume of water used for extraction, V, (m?)
denotes the air volume of the extracted filter aliquot, L (0.01 m) is the cuvette path length, and the resulting Abs,
was converted from base-10 to the natural logarithm (Hecobian et al., 2010). To evaluate the light absorption
per unit mass of WSOC, the solution mass absorption efficiency (MAE, ,, m* g~' C) was calculated as follows

AbS,},w

Cwsoc

MAE; ., = 2)
where Cyy denotes ambient concentrations of WSOC (ug m~3). Since WIOC shows stronger light absorption
than WSOC at the same location (M. Xie et al., 2022b), one fourth of each filter sample was extracted in 12 mL
methanol. After filtration, the light absorbance (4, ), light absorption coefficient (Abs,,, Mm™!), and solution
mass absorption efficiency (MAE, , m? g~'C) of the methanol extracts were determined in the same manner as
those of the water extracts. MEOC concentrations were calculated by multiplying OC concentrations by the aver-
age extraction efficiency of methanol (82.4%) from M. Xie et al. (2022b). In this study, Abs, and MAE, of water
and methanol extracts at 365 nm were reported to compare with previous studies. Owing to the short sampling
interval (2 hr) during the day, the light absorbance of the sample extracts at >400 nm was mostly close to 0 and
subject to large uncertainty. Therefore, the solution absorption Angstrém exponent (A), determined by regression
of 1g (Abs,) against 1g (1) over 300-550 nm, was not reported.

2.4. PMF Source Apportionment

PMF version 5.0 developed by the U.S. Environmental Protection Agency was utilized to determine sources
of PM, 5 components and aerosol extract absorption based on time-resolved speciation data. The PMF model
presumes that concentrations of PM, ; components measured at a given receptor site are linearly contributed by
a number of time-variant factors (or sources) and uses an uncertainty-weighted least squares approach to identify
factor profiles and determine factor contributions from observations (M. Xie et al., 2013).

Throughout the sampling campaign, only one filter sample (15 January 2019, 2:00-8:00 a.m.) was omitted for
PMF analysis due to power failure of the air-pump. Candidate input species were selected based on uniqueness
of tracer sources, overall proportion (<20%) of missing values and measurements below detection limits (BDL),
average signal-to-noise ratio (concentration/uncertainty; S/N > 3), and the physical interpretability of the output
factor profiles. EC was not considered because of its high fraction (22.8%) of BDL values, particularly after
February 2020, when stringent measures were taken to control COVID-19. Our targeted non-polar OMMs with
vapor pressures <1072 atm at 298.15 K (p®*L) are mainly (>75%) present in the particle phase (Gou et al., 2021).
Due to the high water content of the aerosol in northern Nanjing, more than 80% of the polar OMMs were
expected to be dissolved in the aerosol phase (Qin et al., 2021). To alleviate the impacts of the gas-particle
partitioning process, non-polar OMMs with p®*L much greater than 10~ atm were also excluded (Table S2 in
Supporting Information S1). Light non-polar OMMs in the ambient were mainly attributed to evaporation of
crude oil and petroleum products, which accounted for an insignificant fraction (about 1%) of MEOC absorption
(M. Xie et al., 2022b). The resulting whole data set (PMF,, .) contained 499 observations of 52 species, includ-
ing six bulk species (NH,*, Ca?+, SO42‘, NO,~, OC, and WSOC), 44 OMMs (Table S2 in Supporting Informa-
tion S1), Abs,gs . and Abs,; . To evaluate the impact of assuming a constant source profile on PMF modeling,
PMF was applied to speciation data obtained in summer (PMF N = 382) but not to winter data because

summer?
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of the limited number of observations (117) compared to input species. Preparation of uncertainty data sets and
treatment of missing and BDL values are included in the Supplement (Text S1 in Supporting Information S1).

The PMF, . and PMF, data sets were tested for 4- to 10-factor PMF solutions. The robustness of each

base case solution was assessed using three error estimation methods of PMF 5.0, including bootstrapping (BS),
displacement (DISP), and bootstrapping enhanced with DISP (BS-DISP). The final factor number was deter-

mined based on the interpretability of each base case solution, the change in Q/Q, = with factor numbers, and

exp
robustness assessment results. Tables S3 and S4 in Supporting Information S1 summarize the error estimation

diagnostics and Q/Q_  values of the 4- to 10-factor solutions for PMF, and PMF,

exp whole
details on Q/Q,, , and robustness analysis are provided in the Supplement (Text S2 in Supporting Information S1).

wmmer TESPEctively. More

3. Results and Discussion
3.1. Overview of the Measurement Results

Table 1 shows the statistics for the time-weighted averages of PM, 5 bulk components, groups of non-polar and
polar OMMs, Abs, s and MAE,, of water and methanol extracts on each sampling day. The calculation method
for the time-weighted averages is provided in the Supplement (Text S3 in Supporting Information S1). Tables
S5 and S6 in Supporting Information S1 list averages and ranges of concentrations for individual non-polar and
polar OMM species. Among PM, < bulk components, NO,~ and SO,?~ lead the average concentrations in winter
(23.8 £8.77 pgm=3,2019; 27.8 + 13.9 pg m~3, 2020) and summer (8.92 + 3.25 pg m~>,2019; 7.67 £ 2.92 pg m =,
2020), respectively, followed by OC and NH,* (Table 1). Although NH,NO, is subject to significant evaporative
losses in summer due to high ambient temperature, average NO,~ concentrations (6.56 + 4.92 pg m=3, 2019;
6.49 + 5.24 ug m=3, 2020) were not far below those of SO,?~ and were comparable to observations at the same
sampling site in summer 2019 based on 12 hr integrated sampling (6.67 + 5.75 pg m~3; Yang et al., 2021). Yang
et al. (2021) observed a strong correlation (r = 0.72, p < 0.05) between NO,~ and water-soluble organic nitrogen.
The high NO,~ concentrations in summer could be partially related to hydrolysis of secondarily formed organic
nitrates (Morales et al., 2021; Y. Wang et al., 2021). Except for SO42‘ and NO,~, all bulk components showed a
decreasing trend from 2019 to 2020. This could be largely due to the “Three-year Action Plan for Cleaner Air”
(2018-2020) of China's State Council. All bulk species exhibited strong seasonality with average concentrations
higher in winter than in summer, which is consistent with previous studies and can be attributed to changes in
primary emissions and their evolution, transport and dispersion of air pollutants, and changes in meteorology
(e.g., temperature and planetary boundary layer height [PBLH]; Yang et al., 2021; Yu et al., 2020). The PM,
mass can be well explained by WSIIs, OC, and EC in urban Nanjing (M. Xie et al., 2022a; Yu et al., 2020).
In this study, the reconstructed PM, ; attained Class II limit (35 pg m~?) of the Chinese National Ambient Air
Quality Standards (NAAQS) in summer 2019 (30.3 + 11.3 pg m~3) and 2020 (25.9 + 10.5 pg m~3; Table 1).
Besides pollution control policies, stringent measures for controlling the COVID-19 epidemics after February
2020 reduced emissions of PM, ; and its precursors substantially (Hu et al., 2022; Lu et al., 2021), which might
be the main reason for the sharp decrease in reconstructed PM, ; levels in summer 2020. However, the secondary
formation of NO,~ and SO,>~ was less affected compared to 2019. Since NO,~ and SO,>~ accounted for more
than 50% of the reconstructed PM, ; levels, cutting NO, and SO, emissions should be continued at the regional
scale to alleviate PM, 5 pollution in the future.

Except for biogenic SOA tracers, the average concentrations of all groups of non-polar and polar OMMs
decreased from 2019 to 2020 (Table 1). The speciated SOA tracers in this work are primarily associated with
photochemical oxidations of isoprene and a-pinene—two biogenic volatile organic compounds (VOCs; Claeys
et al., 2004, 2007; Surratt et al., 2006; Szmigielski et al., 2007), while other OMMs are emitted mainly from
primary sources, including biomass burning (Simoneit et al., 1999), fossil fuel combustion (Rogge et al., 1993a;
Schauer et al., 1999), resuspended soil and dust (Rogge et al., 1993b; Simoneit et al., 2004), etc. Field meas-
urements have shown the dependence of biogenic SOA formation on sulfate and NO,, (L. Xu et al., 2015; Y. Q.
Zhang et al., 2019). From 2019 to 2020, isoprene- and a-pinene-derived SOA tracers showed less or even no
decrease (Table 1), which might be partly ascribed to the fact that the average concentrations of SO,*~ and NO,~
did not show significant differences between 2019 and 2020 (p > 0.05). The average concentrations of n-alkanes,
PAHs, oxy-PAHs, and biomass burning tracers are more than twice as high in winter as in summer (Table 1).
Gou et al. (2021) found that more than 50% of the non-polar OMMs with p®*L > 10~ atm were present in the
gas phase at the same sampling site. In this study, the n-alkanes, PAHs, and oxy-PAHs with p®*L > 10~° atm
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(e.g., n-C18 and PHE) exhibited stronger seasonality than less volatile species (e.g., n-C24 and BbkF, Table S5 in
Supporting Information S1). Besides the enhanced combustion emissions and unfavorable meteorological condi-
tions (e.g., decrease in boundary layer height) in winter, low ambient temperature could induce the transport of
more volatile n-alkanes, PAHs, and oxy-PAHs from the gas to the particle phase (M. Xie et al., 2014). Moreover,
photochemical degradation is an important loss mechanism for OA in the atmosphere, and OMM degradation is
expected to be faster in the gas phase than in the condensed phase (Donahue et al., 2013; Hennigan et al., 2010;
Rudich et al., 2007). Therefore, OMMSs are subject to more depletion in summer due to the higher ambient
temperature, which promotes evaporation of particle-phase OMMs, and stronger solar radiation.

Steranes and hopanes are commonly used to indicate lubricating oil combustion in source apportionment studies
(Dutton et al., 2010; Gou et al., 2021; Shrivastava et al., 2007). Unlike other non-polar OMMs, their average
concentrations were higher in summer than in winter (Table 1). Such seasonal variability was also observed in
our previous studies in northern Nanjing (Gou et al., 2021) and urban Denver (M. Xie et al., 2012a). One possible
explanation is that motor vehicle emissions increase during hot periods due to the lower density of intake air (L.
W. A. Chen et al., 2001; Human et al., 1990). Biogenic SOA tracers showed an obvious elevation in summer
(Table 1 and Table S6 in Supporting Information S1), which can be attributed to increased rates of biogenic
emissions and photochemical reactions. The average total concentrations of biomass burning tracers were more
than four times higher in winter (2019, 215 + 116 ng m~3; 2020, 83.8 + 36.6 ng m~3) than in summer (2019,
34.7 +25.3 ng m~3; 2020, 21.1 + 15.9 ng m~3), indicating stronger biomass burning emissions from surrounding
rural communities in winter. Sugar alcohols and saccharides are typical tracers of the soil microbiota (Simoneit
et al., 2004). Their average concentrations increased significantly in summer (Table 1) due to high levels of
vegetation (Verma et al., 2018; Yttri et al., 2007). Because biomass burning can also contribute to particulate
saccharides and sugar alcohols (Marynowski & Simoneit, 2022), average concentrations of some species (e.g.,
pinitol) were comparable between summer and winter (Table S6 in Supporting Information S1).

Abs..; and MAE, values of water and methanol extracts showed similar seasonal and year-to-year variations as
WSOCand OC(Table 1). Owning to the dropin primary emissions (e.g., biomass and coal combustion) and increased
photobleaching in summer (M. Xie et al., 2022b), aerosol extracts exhibited much higher light absorption in winter.
As shown in Table 1, the average values of Abs, (water/methanol extracts, 3.12 + 2.41/6.86 + 5.54 Mm~") and
MAE;; (0.58 + 0.26/1.06 + 0.50 m? g~'C) of the whole period are comparable with those obtained at the same
site from 2018/2009 to 2019/2009 (Abs,gs ,/Absss ., 3.31 + 2.19/7.88 + 4.85 Mm™'; MAE,(; /MAE,; ., 0.64
+0.28/1.16 + 0.56 m? g~'C) when integrated PM, 5 samples were collected every sixth day (M. Xie et al., 2022b).
The concentrations of OC and WSOC and their light absorption in aerosol extracts have been studied at the
NUIST site since 2015 and showed a decreasing trend (D. Chen et al., 2019; X. Xie et al., 2020). More compari-
sons of Abs,.; and MAE,, values across studies were provided in M. Xie et al. (2022b).

3.2. Diurnal Variations
3.2.1. Bulk Species

Diurnal variations of PM, 5 bulk components during the whole period are visualized with box plots in Figure S2
in Supporting Information S1. Figure S3 in Supporting Information S1 exhibits the diurnal patterns of average
concentrations of individual bulk species from winter 2019 to summer 2020. Concentrations of NH,* correlated
(r > 0.65, p < 0.01) with those of NO,~ and SO,>~ during each sampling period from 2019 to 2020, supporting
the fact that NH,* is primarily generated by neutralization reactions of NH, with secondarily formed HNO, and
H,SO, (Trebs et al., 2005). Thus, diurnal variations of NH,* largely depend on NH, emissions and the formation
of HNO, and H,SO,. In this study, the equivalent ratios of NH,* to NO,~ and SO,*~ decreased continuously
from winter 2019 (0.91 + 0.21) to summer 2020 (0.54 + 0.18), indicating a growing NH,* deficit due to ammo-
nia emission control in China (Dong et al., 2022; M. Liu et al., 2019). This is also an important reason for the
alleviation of PM, ; pollution (Table 1). The diurnal pattern of SO,>~ showed an increase from midday to early
evening (Figures S2b and S3b in Supporting Information S1), which is ascribed to heterogeneous and aqueous
oxidations of SO, (Cheng et al., 2016; G. Wang et al., 2016). Owning to the nighttime chemistry of NO, and
N,O; and the decrease in PBLH (H. Li et al., 2018; Pathak et al., 2011), a sharp increase in NO,~ concentrations
was observed at night in summer 2019 and 2020 (Figure S3c in Supporting Information S1). Besides soil crust,
K* in PM, ; is also liked with biomass burning (Lee et al., 2016), and the difference in diurnal patterns between
winter and summer (Figure S3d in Supporting Information S1) might reflect changes in primary sources. Both
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Ca®* and Mg?* can be used as indicators of crustal dust (Krueger et al., 2004), and their concentrations showed a
continuous decline from late afternoon to the morning of the next day (Figures S3e and S3f in Supporting Infor-
mation S1). This is caused by the decrease in dust resuspension from traffic and construction activities during
the night (Yu et al., 2020). OC originates from a mixture of primary emission sources and secondary formation
pathways, and its median concentrations remain unchanged until the end of the first half of the night (Figure S2g
in Supporting Information S1). The elevations of EC beginning at 8:00 and 18:00 reflected the influences of local
traffic emissions (Figure S2h in Supporting Information S1). Unlike OC, WSOC showed a significant daytime
increase of approximately 20% over the average nighttime concentration, indicating substantial photochemical
SOA production, considering that PBLH rises from night to day (Hecobian et al., 2010).

3.2.2. Non-Polar and Polar OMMs

The average concentrations of individual OMM species during each sampling interval of the day for the entire
period are summarized in Table S7 in Supporting Information S1. Figure 1 presents the diurnal variations of
n-alkanes, PAHs, oxy-PAHs, and steranes during the whole period. To facilitate interspecies comparisons, n-al-
kanes, PAHs, and oxy-PAHs were grouped by their p®*L values (Table S2 in Supporting Information S1), and the
diurnal patterns of individual groups of non-polar OMM:s are shown in Figure 1 and Figures S4—-S6 in Supporting
Information S1. Because the concentrations of n-alkanes, PAHs, and oxy-PAHs with p®*L > 108 atm increased
more dramatically from summer to winter than the less volatile species due to the gas-particle partitioning (Table
S5 in Supporting Information S1), the day-night cycles of the non-polar OMMs largely depended on vapor
pressure and ambient temperature. Our target steranes were supposed to exist mainly in the particle phase (Gou
et al., 2021) and were not separated by vapor pressure. In Figures 1b, 1f, and 1j, the volatile n-alkanes, PAHs, and
oxy-PAHs (p®*L > 10~® atm) show an increase in the morning (8:00-10:00) and late afternoon (16:00-18:00),
reflecting the influences of motor vehicle emissions during rush hours. According to our previous studies, these
low MW species were expected from unburned crude oil and petroleum products (Gou et al., 2021; M. Xie
et al., 2022b).

Diurnal patterns of n-alkanes with p°*L between 10~% and 10~!° atm (carbon number 22-25) in summer 2019
and 2020 (Figure S4c in Supporting Information S1) were consistent with those of Ca®* and Mg?* (Figures S3e
and S3f in Supporting Information S1), indicating diminished anthropogenic activities at night. These fossil
fuel combustion-related species could be deposited on the land surface and mix with dust prior to entering the
atmosphere through dust resuspension. Low-volatility n-alkanes (p®*L < 107! atm) are contributed by a vari-
ety of sources, including tire wear debris in road dust (Rogge et al., 1993b), epicuticular plant waxes (Rogge
et al., 1993c), cooking (L.-Y. He et al., 2004), etc. In Tables S5 and S7 in Supporting Information S1, the concen-
trations of n-C28 to n-C35 show a clear odd-to-even carbon number predominance across all sampling periods,
indicating influences from biogenic emissions. However, the low-volatility n-alkanes exhibited weaker diurnal
variability that changed across individual sampling periods (Figure S4d in Supporting Information S1), possibly
due to variations in emission sources.

The influence of traffic on the concentrations of less volatile PAHs (p°*L < 10~® atm) during the late after-
noon rush hour was observed only in winter (Figures S5c¢ and S5d in Supporting Information S1), whereas their
diurnal patterns in summer seem to be mainly shaped by the changes in PBLH. As shown in Figures S1 and S5
in Supporting Information S1, PAHs with p®*L < 1078 atm had the lowest concentrations at 14:00-16:00 in
summer, when both ambient temperature and PBLH reached their diurnal maxima. In addition to the signifi-
cant growth of PBLH from winter to summer (Y.-L. Zhang & Cao, 2015), increased photodegradation of PAHs
might also contribute to the differences between winter and summer in their diurnal trends. Oxy-PAHs with
p>*L < 1078 atm showed little increase during the afternoon rush hour (Figure 1k and Figure S6c in Supporting
Information S1), indicating that traffic-related emissions are not a major source for these species. In contrast to
low-volatility PAHs and oxy-PAHs, steranes presented higher average concentrations during the day (Table S7 in
Supporting Information S1 and Figure 11), particularly in summer when the highest concentrations occurred at
14:00-16:00 (Figure S6d in Supporting Information S1). This might be because steranes are primarily associated
with motor vehicle emissions depending on ambient temperatures (L. W. A. Chen et al., 2001), and the steranes
in deposited dust can re-enter the atmosphere through traffic-induced resuspension.

Figure S7 in Supporting Information S1 shows the diurnal variations of isoprene SOA products, a-pinene SOA
products, biomass burning tracers, sugar alcohols, and saccharides in the whole period, and their average diurnal
trends in each sampling period are provided in Figure 2. The isoprene SOA products consisted of 2-MG, three
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Figure 1. Diurnal variations of (a—d) n-alkanes, (e-h) polycyclic aromatic hydrocarbons (PAHs), and (i—k) oxy-PAHs in different vapor pressure ranges and (1) steranes
during the whole period. The boxes depict the median (dark line), inner quartile (box), 10th and 90th percentiles (whiskers), and mean (red diamond). Cyan and gray
boxes represent 2 hr (8:00-20:00) and 6 hr (20:00-8:00 the next day) sampling intervals, respectively.

C5-alkene triols (cis-MTB, 2-MTB, and trans-MTB), and two 2-mehtyltetrols (2-MT and 2-MET; Table S2 in
Supporting Information S1). Their total concentrations increased from early morning and reached the maximum
at 12:00-14:00 (Figure S7a in Supporting Information S1), which was caused by the photochemical oxidation
of isoprene emitted mainly from deciduous trees. Such a diurnal pattern was observed for all six isoprene SOA
tracers (Table S7 in Supporting Information S1), but these species had low levels and no clear diurnal trends in
winter (Figure 2a). Biogenic contributions to airborne isoprene overwhelm anthropogenic counterparts at noon
in summer, while biogenic emissions are no longer the dominant source of isoprene during the day in winter
(Chang et al., 2014). In this study, 3-Methylbutane-1,2,3-tricarboxylic acid (MBTCA) and two hydroxyglutaric
acids (2/3-HG) were measured to represent a-pinene SOA products. Because these species are later generation
oxidation products (Claeys et al., 2007; Miiller et al., 2012), their concentrations in summer increased from
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Figure 2. Average diurnal variations of (a) isoprene secondary organic aerosols (SOA) products, (b) a-pinene SOA products, (c) biomass burning tracers, (d)

saccharides, and (e) sugar alcohols during each sampling period from 2019 to 2020. Blank and gray circles represent 2 and 6 hr sampling intervals, respectively, and the

error bars denote + one standard deviation.
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Figure 3. Mean diurnal profiles of Abs, s and MAE,; for (a) water-soluble OC (WSOC) and (b) methanol-extractable OC and associated PM, ; components.

morning until late afternoon and then decreased during the night (Figure 2b). Biomass burning can emit signif-
icant amounts of isoprene and terpenoids (Akagi et al., 2011; Andreae & Merlet, 2001), and significant corre-
lations between biogenic SOA tracers and levoglucosan were observed in several field studies during biomass
burning-influenced pollution episodes (Ding et al., 2016; J. Li et al., 2019). This might be a possible explanation
for the difference in diurnal patterns of biogenic SOA products between winter and summer.

Levoglucosan was the most abundant species among the four biomass burning tracers (Tables S6 and S7 in
Supporting Information S1). However, these species exhibited two distinct diurnal patterns in summer and winter
(Figure 2c). Their total concentrations reached a minimum during the day in summer at 12:00-18:00 due to
increased PBLH. The elevated levels in the morning (8:00-10:00) and late afternoon (16:00-20:00) in winter
(Figure 2c) were attributed to biomass burning from local domestic heating activities (e.g., cooking). Sugar alco-
hols and saccharides are primarily associated with biological aerosol particles (e.g., soil microbiota, pollen, and
fungal spores) and enriched in the coarse mode (Yttri et al., 2007). As shown in Figures 2d, 2e and Figures S7d,
S7e in Supporting Information S1, both sugar alcohols and saccharides have daytime elevations in all sampling
periods, and the modest increase from late afternoon to early evening in winter is likely caused by biomass burn-
ing emissions.

3.2.3. Light Absorption of WSOC and MEOC

Figure 3 shows the mean diurnal profiles of Abs,,; and MAE,; during the whole period for WSOC and MEOC,
and the measurement results of WSOC, OC, and levoglucosan are also included for comparison. The average
diurnal variations of Abs,.; and MAE,; for individual sampling periods are exhibited in Figure S8 in Supporting
Information S1. Although average Abs,; , values were approximately twice as large as Abs,gs , values through-
out the measurement campaign (Table 1), both followed a nearly consistent diurnal trend that likely tracked
biomass burning emissions (Figure 3).

Concentrations of levoglucosan and Abs,; values of WSOC and MEOC decreased more rapidly than WSOC and
OC from 8:00 to 14:00, which was caused by the expansion of boundary layer and indicated that freshly formed
SOA contains few light-absorbing chromophores (Hecobian et al., 2010). Moreover, chromophores emitted from
primary sources (e.g., biomass burning and motor vehicles) in the morning are subject to “photobleaching” and
evaporation as solar radiation and temperature increase (Satish et al., 2017; Zhong & Jang, 2014). This also
resulted in a decrease in MAE,; values over the same period. In Figure 3, Abs,.; and MAE, values begin to
increase at 14:00-16:00 when levoglucosan reaches its minimum and no increase in WSOC and OC is observed.
Hecobian et al. (2010) attributed the increase in aqueous extract absorption before the afternoon rush hour to the
heterogeneous conversion of WSOC to more light-absorbing materials and gas-particle partitioning of secondar-
ily formed BrC chromophores (e.g., NPCs). Thereafter, levoglucosan and Abs, increased significantly peaking
at 18:00-20:00, while WSOC and OC showed minor elevations, indicating the influence of biomass burning and
other primary combustion sources emitting chromophores with high absorption efficiency.
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Unlike Abs,; ., the average values of Abs,gs  between 20:00 and 8:00 of the next day were lower than its mini-
mum during the day. Because WSOC and OC concentrations decreased similarly during the night, MAE;; ,
exhibited a greater increase at 2:00-8:00 than MAE, . Thus, we infer that water-soluble chromophores have a
shorter lifetime than water-insoluble organics, resulting in a higher proportion of water-insoluble BrC with higher
absorption efficiency during the nighttime. Among all OMM groups, biomass burning tracers had the strongest
correlation with Abs,. (r > 0.80, p < 0.01), and the correlations of light absorption with WSOC (r = 0.51-0.88)
and OC (r = 0.54-0.85) are stronger than with EC (r = 0.18-0.57) and low-volatility PAHs (0.14-0.52) across the
four sampling periods. Therefore, biomass burning and SOA formation are supposed to be the main BrC sources
dominating at different times of the day.

3.3. Source Apportionment

After testing 4- to 10-factor solutions for the PMF,, data set, Q/Q, , decreased by 9.23% from 7 to 8 factors,
which was less significant than the decrease from 4 to 7 factors (10.3%-12.4%). The six-factor solution of
PMF,, failed to separate Ca>* from steranes specifically related to different sources, whereas the error code of
the eight-factor solution for DISP analysis (a nonzero value) indicated invalid results (Table S3 in Supporting
Information S1). Finally, a seven-factor solution was selected because it provided the most interpretable source
profiles (Figure 4). Because the output source information of the PMF, , solution was biased due to the changes
in source profiles from winter to summer (M. Xie et al., 2022a), a seven-factor PMF,  solution was deter-
mined for comparison. In Table S4 in Supporting Information S1, the change in Q/Q,,, slows down after the
seven-factor solution (8.86%—10.6%). For the seven-factor PMF_  solution, there was no factor swap during
the DISP and BS-DISP analysis, and the source profiles matched those of the PMF,_, solution (Figure 4). More-
over, good agreement was observed between input data and the PMF estimates of solvent extract absorption and
bulk component concentrations (Table S8 in Supporting Information S1), suggesting that the seven-factor solu-
tion can properly reproduce the average and variations of the input species. Figure 5 and Figure S9 in Supporting
Information S1 show the diurnal variations of stacked factor contributions to solvent extract absorption and input
bulk species, respectively. According to the characteristic species of each factor and source profiles identified in
our previous studies (M. Xie et al., 2022b; Z. Xu et al., 2022), the seven factors were related to biomass burning,
secondary inorganics, biogenic SOA, dust resuspension, coal combustion, microbial activity, and lubricating oil
combustion. The average relative contributions of these factors to Abs,¢s ., Abs; . and input bulk species are
listed in Table S9 in Supporting Information S1.

The biomass burning factor was featured by the highest percentage of levoglucosan, and NH,*, SO,?-, and NO,~
were mainly distributed to the secondary organics factor (Figures 4a and 4b). These two factors had comparable
relative contributions to solvent extract absorption in winter and accounted for approximately 90% of the total
(Table S9 in Supporting Information S1). The inclusion of isoprene-derived SOA tracers led to the identification
of a biogenic SOA factor, but a larger fraction of SOA is produced with other precursors (e.g., anthropogenic
VOCs) and mechanisms. Owning to the lack of relevant OMMs, substantial secondarily formed OAs, particu-
larly anthropogenic SOA, and associated light absorption could be mixed with the secondary inorganics factor.
This is because the PMF fits the input data and separates sources primarily based on the difference in temporal
variability between input species (Dall’Osto et al., 2013; Shrivastava et al., 2007). From winter to summer, the
relative contributions of biomass burning to Abs,s,, showed little change, even when only summer data were
analyzed, while the secondary inorganics factor had much lower relative contributions to Abs,; , (around 1/4),
comparable 