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Abstract In this study, collocated filter samples of particulate matter with aerodynamic diameter less

than 2.5 pm (PM, ;) from northern Nanjing were extracted using water and methanol, followed by analysis of
light absorption. A backup quartz filter was used to correct sampling artifacts caused by adsorption of gaseous
organics. The collocated precision of light-absorbing properties of water-soluble organic carbon (WSOC) and
methanol-extractable organic carbon (MEOC) were parameterized using correlation coefficient (r), coefficient
of divergence (COD), and average relative percent difference (ARPD, %). In general, the light absorption of
WSOC and MEOC showed good agreement (» > 0.80, COD < 0.20) between collocated samples. Performing
artifact correction is necessary and will increase the heterogeneity between collocated measurements. The
duplicate-derived ARPD values of MEOC absorption were more than 60% higher than those of WSOC
absorption. Then, it would be inappropriate to assume a uniform uncertainty fraction (e.g., ~10%) for WSOC
and MEOC absorption in future studies on their climate effects and source apportionment. To apportion
artifact-corrected absorption of aerosol extracts to specific emission sources or formation pathways, positive
matrix factorization was performed by using concentration data of selected bulk species and organic molecular
markers. Among the nine identified factor/sources, the biomass burning factor had the highest average
contributions to the absorption of both WSOC (31.6%) and MEOC (48.0%), followed by dust resuspension and
coal combustion factors. Unlike combustion-related primary emissions, the factors containing influences from
atmospheric processing (e.g., secondary nitrate) contributed more fractions of WSOC absorption than MEOC
absorption.

1. Introduction

Organic matter (OM) constitutes a significant fraction (20%-90%) of fine particles with aerodynamic diameter
less than 2.5 (PM, ;) or 1.0 pm (PM, ; Huang et al., 2014; Jimenez et al., 2009; Sillanpéi et al., 2005). Besides
potential health impacts, particulate OM can also affect Earth's radiative balance by scattering and absorbing
sunlight (Andreae & Gelencsér, 2006; Bond & Bergstrom, 2006; Kirchstetter et al., 2004). Previous ambient
or laboratory studies supposed that the particulate OM absorption primarily came from large molecules (e.g.,
molecular weight, MW > 500-1000 Da) containing conjugated aromatic rings or high degree of unsaturation
(Chen & Bond, 2010; Di Lorenzo et al., 2017; Di Lorenzo & Young, 2016; Lin et al., 2014). Due to the spatial
heterogeneity in optical properties and sources of light-absorbing organic carbon (termed “brown carbon”, BrC),
as well as the variability in methods for BrC characterization, their contributions toward the radiative forcing of
atmospheric aerosols are not well constrained (Feng et al., 2013; Wang et al., 2014; Yang et al., 2009; Zhang
et al., 2017).

In past decades, the light-absorbing properties of BrC, including light absorption coefficients (Abs,) and mass
absorption efficiency (MAE)) at certain wavelengths (1), absorption Angstrém exponent (/0% or AAE), and imagi-
nary part (k) of the complex refractive index (RI), were generally retrieved using two types of methods. The first
evaluates BrC absorption based on direct particle measurements and Mie theory calculations (Lack et al., 2012;
Saleh et al., 2013, 2014). This method characterizes BrC absorption in suspended particles by considering mass
concentrations, size distributions, and mixing states of BC and OM, which might be interfered by black carbon
(BC) absorption and lensing effect (Pokhrel et al., 2017; Saleh et al., 2015). The other type of method isolated
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organic carbon (OC) from BC or elemental carbon (EC) through solvent extraction (e.g., water, methanol)
followed by light absorption measurements (Hecobian et al., 2010; Liu et al., 2013; Zhang et al., 2011) and/or
molecular characterization (Xie, Chen, et al., 2017; Zhang et al., 2013). Although using the latter method cannot
reflect BrC absorption in suspended particles directly, it provides an approach to measure the light absorption of
pure OM and identify specific BrC chromophores.

Based on the solvent extraction method, evidences showing that methanol can extract particulate OC more thor-
oughly (~85%) than water (~50%), and MAE, values of water-insoluble OC are significantly greater than those
of water-soluble fractions (Liu et al., 2013; Xie, Chen, Holder, et al., 2019). However, the uncertainty of aerosol
extracts absorption was rarely measured or estimated, which is important for the analysis of BrC radiative forcing
and source apportionment. The concentration data of source-specific organic tracers are also prerequisites for
source apportionment of BrC (Hecobian et al., 2010; Xie, Chen, Holder, et al., 2019). Polycyclic aromatic hydro-
carbons (PAHs) and nitro-aromatic compounds (NACs) are identified as BrC chromophores, and their compo-
sitions, mass concentrations, and contributions to BrC absorption have been intensively investigated in ambient
and source particles (Huang et al., 2018; Lin et al., 2017; Samburova et al., 2016; Xie, Chen, et al., 2017; Xie
et al., 2020). But the identified PAHs and NACs in existing studies are mostly low MW compounds (<300 Da)
explaining only a few percentages (<10%) of aerosol extracts absorption, and are not source-specific molecular
tracers (Huang et al., 2018; Xie, Chen, Hays, & Holder et al., 2019; Xie et al., 2020). So, measurement data of
typical organic tracers (e.g., levoglucosan) are needed for BrC source attribution using receptor models (e.g.,
positive matrix factorization, PMF).

In this work, collocated PM, s-loaded quartz filter (Q,) samples were collected in northern Nanjing, China. Each
Q, sample was followed by a backup quartz filter (Q,) to address positive sampling artifacts. UV/Vis absorbance
of methanol-extractable OC (MEOC) and water-soluble OC (WSOC) were measured for all filter samples (Qf and
Q,)- Light-absorbing properties derived from Q,and Q, — Q, data were calculated and compared between collo-
cated samples, so as to generate measurement uncertainties of BrC absorption. Moreover, bulk and molecular
speciation data of the same samples were obtained from the companion studies (Gou et al., 2021; Qin et al., 2021;
Yang et al., 2021), including water-soluble inorganic ions (WSIIs), bulk OC and EC, WSOC, non-/low-polar and
polar organic molecular markers (OMMs), for source apportionment of BrC absorption using PMF model. The
present study integrates uncertainty estimation and source apportionment of BrC absorption, and will contribute
to future investigations on BrC measurements, sources, and radiative forcing.

2. Methods
2.1. Sampling and Chemical Characterization

Daytime and night-time PM, ; samples were collected at a receptor site located on a seven-story library build-
ing in Nanjing University of Information Science and Technology (NUIST, 32.21°N, 118.71°E). Details of the
sampling equipment, protocol, and speciation analysis were provided in previous work (Gou et al., 2021; Qin
et al., 2021; Yang et al., 2021). Briefly, two identical mid-volume samplers (Sampler I and II; PM2.5-PUF-300,
Mingye Environmental, China) installed with 2.5 pm cut-point impactors were set up for collocated sampling
at a flow rate of 300 L min~!. Both Sampler I and Il were equipped with two pre-baked quartz filters in series
(quartz behind quartz, QBQ)—Q,and Q,. After the filter pack, gaseous non-/low-polar organic compounds in the
air stream were adsorbed using a polyurethane foam (PUF)/XAD-4 resin/PUF (PXP) sandwich in Sampler I, and
a PUF plug was installed in Sampler II to capture gaseous polar organics (Figure S1 in the Supporting Informa-
tion S1). Collocated filter and adsorbent samples were obtained every sixth day from 28 September 2018 to 28
September 2019, and no sample was collected from 16 January 2018 to 21 February 2019 during winter holidays.

All Q; and Q, samples from Sampler I and II were used for gravimetric analysis and bulk speciation (WSIls,
OC, EC, and WSOC). WSIIs and WSOC in filter samples were extracted with deionized water (18.2 MQ).
Their concentrations in filtered water extracts were determined using ion chromatography (IC, ICS-3000 and
1CS-2000, Dionex, United States) and a total organic carbon analyzer (TOC-L, Shimadzu, Japan), respectively.
A thermal-optical carbon analyzer (DRI, 2001A, Atmoslytic, United States) was applied to measure OC and
EC following the IMPROVE-A protocol. Chemical analysis and collocated precision of bulk components were
provided in Yang et al. (2021). Non-/low-polar OMMs (n-alkanes, PAHs, hopanes, and steranes) were quanti-
fied for Q, Q,, and PXP samples from Sampler I; polar OMMs (polyol tracers) in Q, Q,, and PUF samples of
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Sampler II were analyzed by gas chromatography—mass spectrometer (GC-MS). Measurements and gas-particle
partitioning of OMMs were discussed in Gou et al. (2021) and Qin et al. (2021). Table S1 in the Supporting Infor-
mation S1 summarizes concentration statistics of artifact-corrected bulk components in PM,  and total OMMs
(gas + particle phases).

2.2. Light Absorption Measurement

Collocated Q; and Q, samples were extracted using water and methanol, followed by light absorbance meas-
urement with a UV/Vis spectrometer (UV-1900, Shimadzu Corporation) over the wavelength (1) range of
200-900 nm. The procedures for light absorption measurement of aerosol extracts were generally the same as
those in Xie, Hays, & Holder (2017), Xie, Chen, Holder, et al. (2019). One fourth of each quartz filter (~50 cm?)
was sonicated in 40 mL pure water (18.2 M€) for 30 min. The light absorbance of aqueous extracts (4, ) was
determined after passing through a 25 mm diameter polytetrafluorethylene (PTFE) filter (0.22 pm pore size,
Anpel Laboratory Technologies, China), and was converted to light absorption coefficient (Abs, ,,, Mm™!) by

Vi
ABS 10 = (Aso = Amoo.s) X 57 )i ZIn(10) (1)

where A, ,, is used to adjust systematic baseline drift, V; (m?) denotes solvent extract volume, V, (m?) represents
sampled air volume of the extracted filter area, L (0.01 m) is the optical path length of the quartz cuvette in UV/
Vis spectrometer, and In (10) changes Abs, , from common to natural logarithm (Hecobian et al., 2010). The

solution mass absorption efficiency (MAE, , m? g~!' C) is used to normalize Abs 5. Of €ach sample by its WSOC

YR

concentration (pg m~>)

AbSA_w
WSOC

MAE,,, = 2)

and the extraction efficiency of water (1,,, %) is expressed as

T = _ngc x 100% 3)

The solution absorption ;\ngstrbm exponent (AW), depicting wavelength dependence of the aqueous extract
absorption, was set as the absolute value of the regression slope of Ig (Abs, ) versus 1g(4) over 300-550 nm.

To evaluate the light-absorbing properties of MEOC, another aliquot (~6 cm?) of each filter sample was extracted
ultrasonically in 10 mL of methanol, followed by filtration and light absorbance measurement in a same manner
as water extracts. After extraction, filter samples were air dried in a fume hood and analyzed for residual OC
(rOC, pg m~3) using the thermal-optical carbon analyzer. Concentrations of MEOC was obtained by subtract-
ing rOC from OC in samples before extraction (Chen & Bond, 2010; Xie et al., 2018), Xie, Chen, Holder,
et al. (2019). The extraction efficiency of methanol (1,,, %) is calculated by

_ MEOC
oC

m X 100% C))
The 5, values of Q, samples were assumed to be 100% as their average rOC (0.050 pg m~3) was comparable to
the method detection limit (MDL, 0.066 pg m~3). Similar to Equations 1 and 2, the light absorption coefficient
of methanol extract (Abs, ) is defined as

Vi
ADbS; . = (Aim — A700.m In(10
Sam = (Aj, 700.m) X Vox L n(10) (©)

and is normalized by MEOC to derive mass absorption efficiency (MAE, , m?g~! C)

A,m>

AbSLm

MAE,,, =
“" = MEOC

(6

Since the loss of methanol insoluble OC from filter samples during sonication was neglected, values of MEOC
and 77, were presented as upper limits, and MAE,  values were given as lower limits. The absorption Angstrém
exponent of methanol extract (A,) is determined identically as AW. To compare with previous studies, Abs, and
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MAE, values at 365 nm were presented and discussed in this work. However, most ambient studies evaluated BrC
absorption by sampling PM using a single quartz filter, ignoring the adsorption of gaseous organics onto filter
medium. Here, Q, measurements were used to correct BrC absorption in PM, ; as follows

Artifact — corrected Abs; /m = Abs¥Y  — Abs? @)

Aw/m Aw/m

Abs% = Absfl;,
Artifact — corrected MAE; ,, = - - (®)
WSOCq; — WSOCqp

AbsY — AbsY
Artifact — corrected MAE, , = ————— )
MEOCQ Y OCQ[,

where Abs%fn Jw and Absg’:n /0 AT€ light absorption coefficients of Q,and Q, samples, respectively, in water or meth-
anol extracts; WSOCQ/. and WSOCQh are WSOC concentrations in Qf and Qob samples; and MEOCQf and OCQb are
MEOC and OC concentrations in Q, and Q, samples. Artifact corrected A, were derived from the regression
slope of Ig (Absﬁ{n o™ Abs(i’,’n /w) versus 1g(1) over 300-550 nm. Then the corrected extraction efficiencies of
water and methanol are calculated as

WSOCq, — WSOCqs
OCqy — OCap

Artifact — corrected 7, = x 100% (10)

Artifact ted MEOCos = OCas 1909 11
riract — correcte m =
= " 0Cq; — 0Cq ¢ an

2.3. Collocated Precision Analysis

Pearson's correlation coefficient (7) and coefficients of divergence (COD) were calculated to examine the similar-
ity in light-absorbing properties of water and methanol extracts between collocated measurements, and the COD
is defined as (Wilson et al., 2005)

Lo (xn—x0)

CODy; = \/; 21‘:1 (m) (12)
where x;; and x,, are the same light-absorbing property for ith sample from Sampler I and II, and n denotes
the size of paired samples. The correlation coefficient is a statistical measure of how collocated measurements
vary together (Kim et al., 2005), but cannot be used to evaluate the similarity in magnitude. The COD informs
the degree of uniformity between two variables. In this work, COD values close to 1 and O suggest non- and
full consistency between collocated BrC measurements (Kim et al., 2005; Wilson et al., 2005; Wongphatarakul
et al., 1998). A boundary COD value of 0.2 was typically used to indicate significant difference between pairs
of measurements (Krudysz et al., 2008; Xie et al., 2012). The average relative percent difference (ARPD, %)

can be used to estimate measurement uncertainty derived from duplicate data (Dutton et al., 2009; Flanagan
et al., 2006), and is defined as

ARPD = 2 > Ixin =Xl 009 (13)
n &=l (x;j; + Xi2)

2.4. PMF Source Apportionment

To attribute the light-absorption of aerosol extracts to specific sources, PMF version 5.0 (U.S. Environmental
Protection Agency) was applied by involving concentration data of PM, 5 bulk components and several groups
of OMMs. The speciation data of bulk components and OMMs were obtained from our previous work (Gou
et al., 2021; Qin et al., 2021; Yang et al., 2021) and prepared as detailed in the Supplement (Text S1 in the
Supporting Information S1). The final input data set contained 102 observations of 11 artifact-corrected bulk
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gizlcee;trations of Extractable Organic Components and Their Light-Absorbing Properties in Collocated Q;and Q,, Samples
Sampler I Sampler IT
No. of obs. Median Mean + std Range No. of obs. Median Mean + std Range
Q
OC, pg m—32 103 8.32 8.80 + 3.70 2.29-18.7 109 7.51 8.41 +3.69 2.44-20.1
WSOC, pg m=? 103 4.83 5.16 £2.33 1.57-12.4 109 4.56 499 +2.35 1.45-12.2
MEOC, pg m~> 103 6.94 7.15+£2.93 2.06-15.3 109 6.25 6.85 +2.87 1.84-15.8
n,.% 103 59.6 59.2 £9.94 30.0-85.0 109 60.5 59.6 +9.90 28.3-86.4
N, % 103 83.0 81.7 +9.35 52.2-99.6 108 84.1 82.9 +£9.59 54.9-98.2
Abs;cs , Mm™! 103 2.70 330+ 191 0.43-8.65 109 2.64 324 +2.18 0.47-13.7
MAE, ,, m*g~' C 103 0.59 0.64 +0.28 0.10-1.47 109 0.58 0.64 +0.29 0.18-1.47
Aw 103 7.16 7.12 £ 1.04 431-11.1 109 7.21 7.10 £ 1.12 4.17-9.54
Abs;s ., Mm™! 103 7.04 7.78 +4.27 0.95-19.2 109 6.57 7.78 +£5.01 0.95-31.3
MAE, ,, m* g™ C 103 1.01 1.15 £ 0.57 0.28-2.59 109 0.99 1.16 £ 0.58 0.26-3.08
Am 103 5.87 6.13 + 141 4.34-11.9 109 5.73 6.16 + 1.45 4.26-10.6
Q,
OC, pg m=32 102 0.61 0.76 £ 0.52 0.061-2.29 108 0.64 0.80 + 0.59 0.067-3.32
WSOC, pg m=? 103 0.57 0.64 +0.35 0.054-1.90 109 0.58 0.64 +0.35 0.037-2.22
Abs;cs , Mm™! 85 0.43 0.43 +0.29 0.085-1.11 92 0.28 0.38 +0.37 0.085-1.96
Abs,.s .. Mm™! 98 0.88 0.98 +£0.74 0.16-4.47 104 0.87 0.99 +0.71 0.16-4.09

20btained from Yang et al. (2021).

species (Ab5365,»¢v’ Abs%svm, 5 WSIIs, OC, EC, WSOC, MEOC) and 50 OMMs (gas + particle phases). Uncertain-
ties of bulk components concentrations and aerosol extracts absorption were set as their ARPD values, and those
of OMMs were estimated in a same manner as Xie et al. (2016), Xie, Chen, Holder, et al. (2019). Missing values
and measurements below detection limits (BDL) were substituted by the geometric mean of all observations and
half of the detection limit, respectively. Their accompanying uncertainties were set to four times the geometric
mean and five-sixths the detection limit (Polissar et al., 1998). The PMF model is a multivariate statistical tech-
nique and resolves factor/source profiles and contributions from a concentration data matrix of source markers.
In this work, the input data set was tested for four-to ten-factor PMF solutions, and the final factor number
was determined primarily based on the interpretability of each base-case solution (Text S1 in the Supporting
Information S1).

3. Results and Discussion
3.1. Measurement Results Summary

Concentrations and light-absorbing properties of WSOC and MEOC in Q; and Q, samples from Sampler I and
II are summarized in Table 1. Measurement results of OC and WSOC concentrations were obtained from Yang
et al. (2021) and used for the calculation of extraction efficiency and MAE,. As the carbon content on Q, was
attributed to the adsorption of volatile or semi-volatile organics in gas phase (“positive artifact”), only light
absorption coefficients (Abs,qs,, and Abs; ) of Q, extracts were provided for artifact corrections. Generally,
no significant difference (p > 0.25) in averages of all measurements between Sampler I and II was observed
(Table 1). Figures 1 and 2 show comparisons between collocated measurements of MEOC concentrations, extrac-
tion efficiencies of water (7,) and methanol (1,,), and light-absorbing properties of WSOC (Absg  MAE;¢s
and AW) and MEOC (Abs;; .. MAE;; . and Am) prior to and after Q, corrections. Pearson's correlation coef-
ficient (r), COD, and ARPD values are also included in Figures 1 and 2. Collocated comparison results of OC,
WSOC, and other PM bulk components (e.g., WSIIs) have been reported and discussed in Yang et al. (2021).
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Figure 1. Comparisons between collocated Q,and Q, analysis for light-absorbing properties of aerosol extracts.

3.2. Comparisons of Collocated Q; Measurements

In Figure 1, all conlparisonso between collocated Q, samples exhibit low divergence with COD <0.20 (0.059 —
0.15), although #,, A , and A have moderate correlations (r = 0.49 — 0.52). The comparison of MEOC concen-
trations between collocated Q; samples (r = 0.92, COD = 0.088) showed greater divergence than OC (r = 0.98,
COD = 0.062) and WSOC (r = 0.99, COD = 0.041; Yang et al., 2021). OC and WSOC were measured directly
from filter samples and filter extracts, respectively, whereas MEOC was calculated by subtracting residual OC
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Figure 2. Comparisons between collocated measurements for light-absorbing properties of aerosol extracts after Q, corrections.

from OC in the filter prior to methanol extraction. So, the collocated precision of MEOC was impacted by uncer-
tainties of multiple measurements. Moreover, some insoluble organic particles might come off the filter during
the extraction process, leading to overestimated MEOC concentrations and 7,,. Li et al. (2016) determined MEOC
from pyrolysis of corn stalk by pipetting a certain volume (30 pL) of sample extracts onto a blank filter punch and
analyzing its OC content when the extract was dried. This method can eliminate the influence of detached insol-
uble organics on MEOC, but requires extremely high OC loadings (e.g., source emission samples) and might not
be applicable to ambient samples. Although #,, and 7, had comparable fractional uncertainties (ARPD = 9.49%
and 9.10%) and COD (0.059 and 0.062), the scatter data of #, mostly clustered on the 1:1 line and showed less
variability than #,, (Table 1 and Figures 1b and 1c). This can be ascribed to the fact that methanol has stronger
dissolving capability than water, and #,, was overestimated due to the loss of some insoluble OC.
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Comparisons of Abs365yw (r=10.98, COD = 0.093, and ARPD = 12.2%) and MAE%SM (r=0.97, COD = 0.087,
and ARPD = 9.83%) showed better agreement than those for Abs,., , (r = 0.91, COD = 0.13, ARPD = 20.7%)
and MAE,; . (r = 0.85, COD = 0.15, ARPD = 23.0%, Figure 1). Here, 1/4 (50 cm?) and 6 cm? of Qf samples
were extracted using water and methanol, respectively. It was suggested that the collocated precision was better
for analysis performed on a large portion of filter in comparison to small aliquots (Hyslop & White, 2008).
Similar to #,,, the scatter data of /okw and /&m mostly clustered with little variability (Table 1 and Figures 1f
and 1i). Although the absorption Angstrém exponents of suspended particles (AAE) vary across primary emis-
sion sources (Kirchstetter et al., 2004), cautions are warranted when implementing source apportionment of
light-absorbing carbonaceous aerosols based on AAE values, as the spectral dependence of light absorption also
depends on fuel types and burn conditions of specific combustion sources (Helin et al., 2021). In this work, AW
and Am reflected the spectral dependence of WSOC and MEOC absorption, which were not influenced by other
light-absorbing materials (e.g., BC, dust) in ambient aerosols. However, no source information could be retrieved,
as the spectral dependence of BrC absorption from a variety of primary combustion sources had similar charac-
teristics depending largely on fuel types and burn conditions (Chen & Bond, 2010; Xie, Chen, Hays, & Holder
et al., 2019; Xie, Hays, & Holder, 2017; Xie et al., 2018).

3.3. Artifact Corrections and Uncertainty Estimations

The bulk carbon detected on Q, was often subtracted from Q, measurements to address the positive sampling
artifact (Chow et al., 2010; Subramanian et al., 2004; Yang et al., 2021). While very few field studies measured
the light absorption of OC and WSOC in Q,, samples, which could be considered as positive sampling artifacts
of BrC. Xie et al. (2018) applied the QBQ method to investigate the light absorption of OC from a variety of
fuel-cookstove combinations, and the MAE,;  value did not change significantly (p > 0.05) after Q, correction,
indicating that the light absorption of OC in source particles are dominated by low-volatile organics. Similar to
WSOC, average Abs,;,, and Abs,,  of Q, samples were 11%—-13% of Q, measurements (Table 1). The large
heterogeneity of Absy;s,, and Abs,g, , between collocated Q, samples was reflected by their moderate correla-
tions (r < 0.70), high COD (>0.30) and ARPD (>50%) values (Figures 1j and 1k). Possible explanations are as
follows: Q, has much lower OC concentrations than Qf (Table 1). A certain fraction of OC adsorbed on filter
medium might be lost during sampling and filter handling (transportation, storage, and conditioning prior to
gravimetric analysis). Quartz filters with similar surface area might not have exactly the same adsorption capacity
for gaseous organics (Kirchstetter et al., 2001).

After Q, corrections, concentrations of bulk carbon and their solvent extracts absorption during daytime, night-
time, and the whole day are summarized in Table S2 in the Supporting Information S1. The averages of WSOC
and MEOC concentrations, Absygs . Absygs ., and MAE,(; | in Q,samples were more than 10% (p < 0.01) greater
than those after Q, corrections. Then if positive sampling artifacts of OC were ignored, the light absorption of
solvent extracts will be significantly overestimated. Because the difference in Q, corrections between collocated
observations was accounted for, the duplicate-derived correlations (r = 0.12 — 0.97), COD values (0.094 — 0.20),
and uncertainty estimates (ARPD = 12.7% — 28.8%) of light-absorbing properties using artifact-corrected data
suggested a level of agreement lower than that for collocated Q, measurements (r = 0.49 — 0.98, COD = 0.074
— 0.13, and ARPD = 9.83%-23.0%; Figures 1 and 2). As mentioned in the introduction, reliable uncertainty
estimates are needed for the analysis of BrC radiative forcing and source apportionment. However, there is a
relative dearth of uncertainty estimation for solvent extracts absorption of aerosol samples, and collocated meas-
urements are an appropriate method evaluating the total uncertainty of sampling and laboratory analysis. Based
on collocated observations, Yang et al. (2021) found that assuming an uncertainty fraction of 10% was reasonable
for PM, ; major components (e.g., NH,*, SO,?, and OC). But it will underestimate the uncertainties of low-con-
centrated species (e.g., Ca’* and Mg?*) and light-absorbing properties of solvent extracts in this work. Because
uncertainty data are mandatory for receptor modeling to reduce the impacts of noise on observation data, the
source apportionment results will be subject to large errors if proper estimates of uncertainties were not obtained
(Kim & Hopke, 2007; Paatero & Hopke, 2003). The ARPD values of PM, 5 components and light-absorbing
properties of WSOC and MEOC provided by Yang et al. (2021) and this work can be used as their uncertainty
fractions in future studies.
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3.4. Temporal Variations and Magnitudes

Time series of bulk carbon concentrations and their light-absorbing properties of Q,and Q, samples are shown
in Figures S2 and S3 in the Supporting Information S1. Temporal patterns of WSOC, MEOC, and their absorp-
tion were almost identical between collocated Q, samples (Figure S2 in the Supporting Information S1), while
Abs;gs,, and Abssg , of collocated Q, samples exhibited less consistency probably due to high uncertainties
(Figures 1j and 1k, and S3 in the Supporting Information S1). Unlike bulk OC and WSOC concentrations, of
which the temporal variations were not obvious, Abs,.; and MAE,, values of both water and methanol extracts
of Q, samples exhibited maxima in winter and minima in summer (Figure S2 in the Supporting Information S1),
and performing Q, corrections did not change their seasonal patterns (Figure S4 in the Supporting Informa-
tion S1). One possible explanation is that BrC from primary emission sources (e.g., biomass/biofuel burning,
fossil fuel combustions) has stronger light absorption than that generated through photochemical reactions
(Wang, et al., 2019), and can undergo more photobleaching in summer than in winter. Abssy; , and MAE,¢  of
Q, samples showed more significant day-night difference (p = 0.06 — 0.08, Figure S2 in the Supporting Infor-
mation S1) than Abs,es . (p = 0.27) and MAE,  (p = 0.28). Similar comparison results were also obtained
using artifact-corrected data (Figure S4 in the Supporting Information S1), indicating that the water-insoluble
BrC chromophores might be more vulnerable to sunlight. Although AW and Am had little variability, negative
linear relationships were observed for /okw versus MAE,¢;  and z&m versus MAE,(;  (Figure S5 in the Supporting
Information S1). Moreover, ;\m values were significant smaller (p < 0.05) than Aw, while MAE,; , values were
more than 50% larger than MAE,, , (Tables 1 and S2 in the Supporting Information S1). These results reflect
the fact that the absorption of strong BrC chromophores depends less on wavelength than weak BrC (Xie, Hays,
& Holder, 2017; Xie, Chen, Holder, et al., 2019).

Since positive artifact corrections using Q, measurements were rarely performed in ambient studies on BrC
absorption, measurement results of collocated Q, samples were averaged to compare with other field work in
Table S3 in the Supporting Information S1. From 2015 to 2019, concentrations of bulk carbon (OC, WSOC,
and MEOC) and their light absorption in solvent extracts exhibited a decreasing trend in eastern Chinese cities,
particularly for the NUIST site, which could be attributed to the implementation of the Air Pollution Prevention
and Control Action Plan (2013-2017) and Three-year Action Plan to Fight Air Pollution (2018-2020) by the State
Council of China. Bulk carbon concentrations and Abs,. values varied greatly across Chinese and US cities due
to the spatial-temporal heterogeneity of their sources (Table S3 in the Supporting Information S1). MAE, values
of Chinese cities (MAE, , = 0.64 — 1.24 m? g7'C, MAE,; ,, = 0.93 — 1.54 m? g~'C) were comparable to those
observed in Los Angeles (MAE,q;, = 0.71 m? g7!C, MAE,(;, , = 1.56 m* g~'C; Zhang et al., 2011, 2013), but
more than two times larger than observations in Southeastern US (Table S3 in the Supporting Information S1),
where the BrC was less contributed by biomass burning and anthropogenic fossil carbon (Xie, Chen, Holder,
etal., 2019; Zhang et al., 2011). The average #,, and n,, values showed smaller difference between Chinese and US
cities (17,, 50%—60%, 1,, 80%—90%) than Abs,.;. Considering that the #,, of freshly emitted OC from combustion
sources has a narrow range (75-95%; Chen & Bond, 2010; Xie, Hays, & Holder, et al., 2017, Xie et al., 2018),
the similarity in #,, across source emissions and ambient PM might be partly attributed to the ignorance of the
detachment of insoluble OC during extraction. The undissolved fraction of OC in methanol is likely composed
of large and highly conjugated molecules, and their physicochemical properties (e.g., structure, light absorption)
are unknown and warrant further study.

3.5. PMF Source Apportionment

A nine-factor solution was finally determined based on the interpretability of resolved factors. Although four-to
six-factor solutions are more robust with higher factor matching rates of bootstrapping (BS) runs and less factor
swaps during BS-displacement (DISP) analysis (Table S4 in the Supporting Information S1), the input species are
related with more than six specific emission sources and formation pathways. Moreover, median and mean levels
of artifact-corrected Abs,gs ,, Abss; ., and bulk components had good agreement between PMF estimations and
observed data (Table S5 in the Supporting Information S1), indicating that the nine-factor solution can reasonably
reproduce the averages and temporal variations of input species. Figure 3 presents factor profiles normalized as

* Fk‘
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Figure 3. Normalized factor profiles of the 9-factor PMF solution. Black bars represent Abs,s , and Abs, .
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Figure 4. Factor contribution distributions of (a) Abs,¢s , and (b) Abs,; , in each day of the whole sampling period.

where F; (%) is the weighted abundance of species j in factor k. The factor contribution distributions of solvent
extracts absorption and PM, ; major components are shown in Figures 4 and S6 in the Supporting Information S1,
respectively. Here, the resulting nine factors were linked with biomass burning, non-combustion fossil, lubri-
cating oil combustion, coal combustion, dust resuspension, biogenic emission, isoprene oxidation, secondary
sulfate, and secondary nitrate individually. Their average relative contributions to Abs_%svw, Absm’m, and bulk
carbon components are listed in Table S6 in the Supporting Information S1. The eight-factor solution cannot
separate secondary sulfate and nitrate factors; the ten-factor solution resolves an unexplainable factor, of which
the characteristic species (steranes, hopanes, and sugar alcohols) are indicators of different sources.

In Figure 3a, the biomass burning factor was resolved based on the highest loading of levoglucosan, a tracer of
cellulose pyrolysis (Simoneit et al., 1999). This factor had the largest average relative contributions to Abs,;,,
(31.6%) and Abss;, (48.0%), and dominated solvent extracts absorption mainly in cold periods (Figure 4).
Considering that the study location is ~5 km to the border of Jiangsu and Anhui provinces and close to rural
communities (<2 km), and levoglucosan is subject to significant atmospheric degradation (lifetime 1.8 days; Li
et al., 2021), biomass and biofuel combustions from surrounding rural areas are expected to be important BrC
sources in winter. Soil and associated microbiota (e.g., bacteria, fungi) are a typical source of saccharide polyols
in ambient aerosols (Simoneit et al., 2004), whereas xylitol in the atmosphere of northern Nanjing was primarily
contributed by biomass burning (Figure 3a).

The non-combustion fossil, lubricating oil combustion, and coal combustion factors were identified and well
defined in a companion study (Gou et al., 2021), where the influence of gas/particle portioning of non-/low-polar
OMMs on source apportionment was examined. The non-combustion fossil factor contains large fractions of low
MW n-alkanes and PAHs (Figure 3b). Since these compounds are enriched in unburned diesel fuel and motor oil
(Schauer et al., 1999), and large-scale petrochemical industries are ~6 km to the northeast of the sampling site,
this factor should be related to evaporation emissions from crude oil and petroleum products. The lubricating oil
combustion factor consisted mainly of sterane and hopanes and had a n-alkane profile resembling engine lubri-
cating oil (Carvaggio et al., 2007). Chen et al. (2001) found that the EC emission from motor vehicles increased
when the ambient temperature exceeded a threshold of 17°C, and attributed the elevated emissions from motor
vehicles on hot days to low intake air density (Human et al., 1990). This might also be one possible explanation
for increased contributions from the lubricating oil combustion factor in summer. In southern Chinese cities, the
meteorological conditions (e.g., low boundary layer height) and transport of coal burning emissions from north-
ern cities are responsible for elevated particulate PAHs concentrations in winter (Liu, Lin, et al., 2017; Liu, yan,
etal., 2017; Wang, et al., 2019; Yan et al., 2019). So, the factor characterized by medium to high MW PAHs were
linked with coal combustion. This factor had the second highest average contribution to Abs,.; . (18.5%, Table
S6 in the Supporting Information S1), supporting that PAHs could act as one category of water-insoluble BrC
chromophores (Huang et al., 2020; Zhu et al., 2020). These three fossil fuel-related primary sources were also
identified in urban Denver, USA (Xie, Barsanti, et al., 2013; Xie, Piedrahita et al., 2013; Xie et al., 2014), and
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had more contributions to Abs, , than Abs,es = (Table S6 in the Supporting Information S1). This is because
fossil fuel-related primary organics are characterized by hydrophobic compounds (e.g., n-alkanes, PAHs; Rogge
et al., 1993a; Schauer et al., 1999, 2002), and their contributions to MEOC (2.95%—11.0%) were also higher than
WSOC (0%-7.00%, Table S6 in the Supporting Information S1).

The dust resuspension factor accounted for most Ca?* and Mg?* fractions, and contributed 26.9% and 15.7% of
Abs;;s , and Abs,g . Due to the presence of bulk carbon components (e.g., EC), steranes and hopanes, the dust
resuspension factor might be primarily influenced by on-road traffic emissions. Yu et al. (2020) performed PMF
analysis for PM, 5 using elements data from an urban site in Nanjing, and more than 50% of OC and EC were
lumped in an on-road traffic factor due to the lack of OMM:s. In this work, the dust resuspension factor also had
the highest average contributions to OC (27.1%) and EC (24.6%), especially in spring with the lowest relative
humidity of the year (Yu et al., 2019). Unlike primary combustion related factors, the organic components in
dusts experience more heterogeneous aging process and become hygroscopic (Maria et al., 2004), leading to
comparable absolute contributions to Abs365’w (0.87 + 0.70 Mm~!) and Abs365,m (1.05 + 0.84 Mm™).

The biogenic emission factor contained the highest percentages of saccharide polyols, and had a n-alkane pattern
with clear odd-to-even carbon number predominance. These characteristics indicated microbiota activities and
decomposition of plant materials in soil (Rogge et al., 1993c; Simoneit et al., 2004). Then the small fractions
of bulk carbon components and Ca’*, Mg?* loaded on this factor could be ascribed to surface soil resuspen-
sion. The isoprene oxidation factor dominated the profiles of C5-alkene triols and 2-methyltetrols—tracers for
isoprene SOA products (Claeys et al., 2004; Surratt et al., 2006). Given the dominance of biogenic origins, the
elevated contributions of these two factors to organic substances in late spring and summer (Figures S6a—S6c
in the Supporting Information S1) are caused by high levels of vegetation during growing season (Burshtein
et al., 2011) and photochemical reactions. However, only the biogenic emission factor had discernible contribu-
tions to Abs,¢s . in warm periods, which might be coming from water-soluble humic-like substances in resus-
pended soil (Trevisan et al., 2010; Wang, 2015).

The remaining two factors indicated secondary formations of (NH,),SO, and NH,NO,, and contributed the largest
portion of bulk components (~50%, Table S6 in the Supporting Information S1), which is in consistent with previous
studies (Hua et al., 2015; Li et al., 2016; Yu et al., 2020). However, the presence of high MW PAHs and a n-alkane
pattern of tire wear particles (Rogge et al., 1993b) suggested some influences from primary emissions. The average
contributions of the secondary nitrate factor to Abs,, , and Abs,.;  were 0.52 + 0.47 Mm™" and 0.54 + 0.50 Mm ™',
respectively, indicating that the light-absorbing OC apportioned to this factor was mostly water soluble. Several
studies observed the formation of BrC from photo-oxidation of anthropogenic volatile organic compounds (VOCs,
e.g., toluene) in the presence of NOy (Lin, Liu, et al., 2015; Liu et al., 2016; Nakayama et al., 2010; Xie, Chen,
et al., 2017). During that process, nitrophenol-like compounds (e.g., nitrocatechol, methyl nitrocatechols) can be
generated (Ilinuma et al., 2010), and they are water-soluble light-absorbing chromophores (Lin, Liu, et al., 2015; Xie,
Chen, et al., 2017; Zhang et al., 2013). Moreover, certain types of SOA may become light-absorbing after reacting
with reduced nitrogen compounds (e.g., NH;, NH,*) (Lin, Laskin, et al., 2015; Updyke et al., 2012). It was also
inferred form laboratory studies that oligomers containing nitroxy organosulphate groups formed in acidic aerosols
are light-absorbing chromophores (Lin et al., 2014; Song et al., 2013). Due to the lack of appropriate OMMs, the
formations of light-absorbing OC through gas-phase, aqueous, and/or heterogenous reactions might be lumped into
the secondary nitrate factor, and more work is needed to quantify their contributions to BrC absorption.

4. Implications and Conclusions

In this work, collocated filter samples of ambient PM, ; obtained in northern Nanjing were analyzed for solvent
extracts absorption, and a backup filter was used to address positive sampling artifacts. The collocated precision,
parameterized using r, COD, and ARPD values, of light-absorbing properties of WSOC and MEOC prior to and
after Q, corrections indicated good agreement between collocated measurements. The light absorption of WSOC
and MEOC will be significantly (p < 0.05) overestimated if positive sampling artifacts due to gaseous adsorption
to filter medium are ignored. Due to the difference in Q, corrections, the artifact-corrected data exhibited less
similarity between collocated samples and had larger uncertainty than Q, measurements. The estimated uncer-
tainty of MEOC absorption (20%—-30%) was much greater than that of WSOC absorption (10%—20%), suggesting
that assuming a uniform uncertainty fraction (e.g., ~10%) for the light absorption of both water and methanol
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