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ABSTRACT

To control haze pollution, the Xi’an city in northwestern China replaced coal by natural gas in industrial and
household heating at the end of 2017. Following this change we studied here the light absorption properties of
brown carbon (BrC)in atmospheric particulate matter (PMz 5) over Xi’an in 2018. PM; 5 samples were collected
from November 15 to December 25, 2018, and the light absorption properties of brown carbon in methanol-
soluble organic carbon (MSOC) and water-soluble organic carbon (WSOC) were analyzed. Compared to a pre-
vious study from the coal combustion period, the mass absorption efficiency (MAE) increased in the sampling
period while the radiation-forced absorption fraction of brown carbon relative to elemental carbon reduced,
indicating that the light-absorbing capacity and efficiency of brown carbon has improved. Furthermore, highly
positive linear relationships (r > 0.80) occur between the absorption coefficient and typical products of biomass
burning and vehicle emission, except for coal combustion (r = 0.57). Additionally, an estimation from the
positive matrix factorization and multivariable linear regression model results showed that biomass burning,
motor vehicle emission, and secondary source took up approximately 89.53% of Abswsoc,3es. The contribution of
coal combustion to light absorption BrC was the lowest (7.36% for Absysoc,36s5 and 10.24% for Abswsoc,36s) in
our study, which differs from previous studies in Xi’an. Therefore, the emission source of bulk coal combustion
has a relatively small influence on the light absorption of BrC in Xi’an.

1. Introduction

absorption from Vis to UV ranges (Andreae and Gelencsér, 2006; Feng
et al., 2013). Due to its much higher abundance than BC, it has been

The light absorption properties of atmospheric aerosols play an
important role in radiative forcing and visibility (Bond et al., 2013; Li
et al., 2019, 2022; Pavel et al., 2023). Black carbon (BC) and mineral
dust light-absorbing aerosols that have been researched over the last few
decades (Horvath, 1993; Li et al., 2022; Pavel et al., 2023; Sokolik et al.,
2001; Wang et al., 2020a). In recent years, studies have shown that
brown carbon (BrC, defined as light-absorbing organic aerosol) can
absorb radiation efficiently in the near-ultraviolet (UV, 300-400 nm)
and visible (Vis) ranges of the light spectrum (Andreae and Gelencsér,
2006; Bond and Bergstrom, 2006; Feng et al., 2013; Xie et al., 2020),
while the light-absorption coefficient of BrC has a strong wavelength
dependence (A"2-17%), particularly displaying a sharply increasing

generally accepted that the role of BrC in atmospheric absorption is
significant (Huang et al., 2018; Jiang et al., 2021). In a recent global
model study, Lin et al. (2014) estimated that the radiative forcing of BrC
accounted for 27-70% of the BC forcing.

Brown carbon can be emitted from primary sources and produced
through secondary atmospheric processes (Kasthuriarachchi et al.,
20205 Laskin et al., 2015; Yan et al., 2020). The primary sources of BrC
have been attributed to forest fires and biomass burning (Chakrabarty
et al., 2016; Jiang et al., 2020; Lack et al., 2012; Retama et al., 2022),
residential coal combustion and vehicle combustion (Bond et al., 2002;
Lei et al., 2018), and biogenic material (Rizzo et al., 2011, 2013). In
addition, recent laboratory studies have demonstrated that BrC can be
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generated through heterogeneous reactions and aqueous phase re-
actions (Bones et al., 2010; Jones et al., 2021; Kampf et al., 2016), which
is categorized as ‘secondary BrC’. The optical properties of primary BrC
from different sources and secondary BrC produced under varied con-
ditions are highly variable (Laskin et al., 2015; Wang et al., 2020a).
Several field studies observed temporal and spatial variations in the
optical properties of BrC in ambient aerosols (Hoffer et al., 2006; Huang
et al., 2018; Liu et al., 2013; Luo et al., 2021; Park et al., 2018; Peng
etal.,2020; Singhand Gokhale, 2021), as the sources of BrC are complex
and there are mechanisms and factors affecting its atmospheric trans-
formations (Gilardoni et al., 2020; Laskin et al., 2015; Luo et al., 2021).

Brown carbon is widespread in urban regions and its optical prop-
erties are affected by emission sources, molecular composition, and the
chemistry of light-absorbing components (Jiang et al., 2021; Laskin
et al., 2015; Zeng et al., 2020). China’s northern cities frenqunetly
experience severe haze pollution; therefore, emissions-control policies
have been established to improve air quality. These policies have been
successful to a centain extent (Liu et al., 2019; Wang et al., 2022);
however, they might have altered the chemical composition of aerosols,
thereby changing aerosol properties. For example, the 2017
coal-to-natural gas switch policy was created because coal combustion
for heating was considered a major emission source of particulates and
BrC aerosols (Bond et al., 2002; Wang et al., 2020b). In this study, it is
speculated that moving away from coal combustion may change the
optical properties of atmospheric aerosols in China’s northern cities in
winter.

Xi’an is one of the megacities in northwestern China where the light
absorption properties of BrC were studied before the coal-to-natural gas
switch policy (Huang et al., 2018; Lei et al., 2019; Shen et al., 2017c).
Huang et al. (2018) investigated BrC in the atmospheric aerosols
collected from 2008 to 2009 in the urban area of Xi’an. They claimed
that polycyclic aromatic hydrocarbons (PAHs) and their derivatives
were observed to be the significant BrC chromophores though the
winter, and BrC was attributed mainly to domestic biomass burning.
However, PAH emissions are not source-specific but are associated with
multiple combustion processes, including biomass burning, coal com-
bustion, and motor vehicle emissions (Shen et al., 2013; Wang et al.,
2018; Xie et al., 2019). Furthermore, varoious gaseous and particulate
components were emitted during coal combustion. Therefore, the coal
control policy may change the chemistry of atmospheric light-absorbing
organic compounds (e.g., humic-like substances) contributing to BrC
formation.

Based on the previous research, this study focuses on examining the
light absorption properties of BrC after the policy, at urban areas of
Xi’an. Using the methanol-soluble organic carbon (MSOC) and water-
soluble organic carbon (WSOC) to characterize BrC, the influence of
changes in BrC emission sources caused by the policy implementation on
BrC light absorbance is mainly studied. Specifically, the objectives of
this study were to (1) investigate the light absorption characteristics of
BrC in winter PMs 5 collected in urban Xi’an in 2018; (2) apportion the
sources contributing to solvent-extracted BrC; and (3) estimate the
fractional contribution of solar absorption by BrC relative to elemental
carbon (EC).

2. Methods

2.1. Aerosol sampling

The sampling site is located in an urban area of Xi’an, surrounded by
residential areas and heavy traffic roads. More information about the
sampling site has been provided in Fig. S1 and Wang et al. (2018).
Aerosol sampling was carried out on the roof of a 15 m high building
using a CityU PMy s sampler with a flow rate of 71.3 L min~ ®. The
design, fabrication and validation of the CityU PMj 5 sampler has been
described in Shen et al. (2017b). Twenty-four-hours samples were
collected onto prebaked (780 °C, 5 h) quartz fiber filters (¢ = 47 mm,

Whatman, UK) from November 15 to December 25, 2018, with a total of
39 filter samples being collected during the campaign. After sampling,
all filters were stored in a freezer at —20 °C before analysis.

2.2. Light absorption measurement

2.2.1. Optical properties measurement

The light absorption spectra of water and methanol extracts were
measured over a wavelength range of 200-800 nm using a UV-VIS-NIR
spectrophotometer (Model Cary 5000, Agilent, US). The recorded
spectra were corrected for the filter blanks, and the absorption data (A;)
were converted to the absorbance coefficient (Abs;, Mm’l) of the water
or methanol extracts by Eq. (1):
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where A7qq (the absorbance at the wavelength of 700 nm) accounts for
baseline shift during analysis, as 700 nm is believed to be free of ab-
sorption. V; (mL) is the volume of solvent (water or methanol) used to
extract the filter sample, V, (m>) is the volume of air sampled through
the filter punch, L (m) is the path length of the cell (1 cm), In10 is to
convert log base-10 (the form provided by spectrophotometer) to a
natural logarithm to provide the base-e absorption coefficient (Huang
et al., 2018). The average value of absorbance coefficient between 360
nm and 700 nm (Absses) is used to represent BrC absorption to avoid
interferences from certain non-organic components and maintain con-
sistency with previously reported results (Hecobian et al., 2010; Huang
et al., 2018).

The wavelength dependence of the light absorption by chromo-
phores in a solution can be described by Eq. (2):

Abs, =k x A™ME (2)

where k is a constant related to the concentration of chromophores. AAE
is the absorption Angstrom exponent of the soluble extracts, represent-
ing a measure of the variation of the light absorption of BrC with
wavelength, that is, the dependence on the wavelength. In this study,
AAE is determined by a linear regression of logAbs, versus logh in the
wavelength range from 330 nm to 550 nm.

The mass absorption efficiency (MAE, m?-g™ 1) of the filter extract at
a given wavelength can be calculated by Eq. (3):
MAEA :Absi

M,
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where M; is the mass concentration of WSOC or MSOC (jgC-m~>). The
MAE represents the light absorption efficiency of BrC, which is defined
as the light absorption intensity of brown carbon per unit mass. Char-
acterizing the optical properties of BrC is a major parameter.

2.2.2. Radiative forcing absorbed by BrC relative to elemental carbon (EC)

The fraction of solar radiation BrC absorbed directly relative to EC in
a particular wavelength range (300-2500 nm, 300-700 nm and
300-400 nm in this case) can be described by Eq. (4) (Lei et al., 2018).
Using numerical simulation, a model was used to compute the propor-
tion of every sample in MATLAB version 2013b. Two assumptions made
by Huang et al. (2018) were adopted. The radiative forcing on the
ground can be used to characterize the atmospheric boundary layer, and
the light absorption coefficient of soluble BrC in MSOC and WSOC is
consistent with the granular BrC in the atmosphere.

AAEw e IMSOC
f]g (/1) { 1-— eiMAc‘“ (jiﬂ) WSOC/MSOC x Cyysocmsoc *hasL }d/l
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In Eq. (4), A is the wavelength, and Iy(4) is the solar irradiance measured
on the ground. Generally, the Iy can be calculated in the whole



wavelength range using the clear sky air mass 1 global horizontal

(AM1GH) irradiance model established by Levinson et al. (2010).

MAC5es represents the mass absorption coefficient of BrC at 365 nm,

describing the absorption capacity of granular light-absorbing compo-

nents. Similarly, MACgs2 correspond to the mass absorption coefficient

of EC at 632 nm. From hereon, we used the value of 8.45 m? g~ ! as
published by Cheng et al. (2011). The AAE of MSOC or WSOC can be

calculated by Eq. (2) in Section 2.2.1. The AAE of EC is considered to be

1 as it is a wavelength-independent material and absorbs solar light over

the whole solar spectrum. Cysoc/msoc and Cgc are the concentrations of
WSOC, MSOC and EC obtained by the analyzing water-soluble ions and

carbonaceous fractions, respectively, and details canb be obtained in the

supplement. hagy, is the height of atmospheric boundary layer. As the

effects on the calculation from 300 m to 2000 m are low, the value of
1000 m was chosen, as reported by Kirillova et al. (2014).

However, the AAE for ambient particles (measured between a short
and long visible wavelength) has often been observed to be larger than
1. As known, most of AAEgc in published literatures was assumed to be 1
(Andersson, 2017; Choudhary et al., 2018; Pavel et al., 2023). However,
some published literatures were focused on the light absorption of
elemental carbon or black carbon. The absorption Angstrém exponent
(AAE) for externally mixed black carbon (BCExt) is predicted to be
wavelength-independent (AAE = 1) for particles <50 nm diameter (Lack
and Langridge, 2013). A recent study also suggested a lower limit of
AAE = 0.55 for atmospheric “elemental carbon” (a term functionally
similar to BC) (Bahadur et al., 2012; Lack and Langridge, 2013). Addi-
tionally, for example, Wang et al. (2020a) reported that the AAEgc was
equal to 1.19 within the range of 0.6-1.6 published data. The AAEp at
the sampling location was found to be 1.1 + 0.05 (Rathod and Sahu,
2022). Furthermore, The AAE of aggregates with different size distri-
butions vary between 0.87 and 1.50, whereas those of the spheres or
spheroids have wider ranges (Li et al., 2016). And Luo et al. (2020)
calculated the AAE was in the range of 0.6-1.2 for BC with
non-absorbing coatings is generally consistent with the observed range
of Kirchstetter et al. (2004), who obtained a BC AAE range of 0.6-1.3.
Thus, in the study, our assumption that AAEgc equals 1 is consistent with
the traditional assumption and falls within the range of experimental
measurements and numerical simulations in the published literatures.

2.3. Positive matrix factorization (PMF) analysis

The PMF model (EPA PMF 5.0) was used to resolve potential sources
and apportion their contribution to atmospheric levels of WSOC and
MSOC. A detailed description of the PMF 5.0 application on source
apportionment can be found in Fundamentals and User Guide (https
://www.epa.gov/sites/production/files/2015-02/documents
/pmf 5.0 user_guide.pdf). OC, EC, seven water-soluble ions and PMs 5
were applied for the model input. The uncertainties of each species were
calculated using Eq. (5):

Unc = \/ (EF % Con)* + (0.5 * MDL) )

where Con is the concentration of each species, and EF is the error
fraction, representing the proportion of the error to the concentration of
the analyzed components. EF*Con represents the uncertainty associated
with the concentration of the components, mainly from the error in the
sample analysis. In each experiment, measurement were repeated for
every ten samples tested. The concentration error was within a fixed
range (10% for WSOC, MSOC and EC, 5% for water-soluble ions). As for
PM, 5, EF is defined as the detection limit of the weighting system
divided by the minimum value of PM, 5 mass concentration. MDL is the
method detection limit, which depends on the instruments used in the
measurement.

The PMF model was run with 4-7 factors and random seeds. The 5-
factor model was considered optimal based on the Q values (the

weighted least-squares of differences between the observations and the
model) and the interpretable factors identified by PMF. All the scaled
residuals were between 43, with >90% between +1 in our case.
Although lower Q values and scaled residuals could be obtained when
adding more factors, it did not result in much improvement when
interpreting the factor profiles based on the references for sources of
atmospheric PM; 5 in Xi’an (Cao et al., 2012; Huang et al., 2014; Wang
et al., 2015).

2.4. Source apportionment of the light absorption coefficient of BrC in
MSOC and WSOC

According to Section 2.3, the potential sources contributing to BrC
can be obtained. Quantitative analysis can then be used to ensure the
contribution of every source to Absysoc,365 and Abswsoc,365 was estab-
lished. The method can be referred to Lei et al. (2018) using the
multivariable linear regression model shown in Eq. (6):

Absusoc/wsocses =B+ ZZ;’:IAi x [X;] (6)

where i and j are the i-th factor and the j-th day in our case, respectively.
[X;] is the contribution of the i-th factor on the j-th day. This result can
be obtained by PMF analysis. A; is the regression coefficient. A; x [Xj]
means the predicted light absorption coefficient of MSOC or WSOC by
the linear regression model. B represents the random error in the model.
Absmsoc/wsoc,36s is the actual value we measured in Section 2.2.1.

3. Results and discussion

To thoroughly investigate whether the 2017 coal-to-natural gas
policy switch has changed the aerosol properties and sources in Xi’an,
this experiment focused on studying the change in optical properties and
sources of organic carbon aerosols after the policy and comparing the
experimental results with previous studies. The results are described
below.

3.1. Light absorption properties of BrC

Fig. 1 shows the daily variation in the average light absorption co-
efficient of BrC in MSOC and WSOC (Absmsoc,365 and Abswsoc,365,
respectively) and the concentration of MSOC and WSOC in this study (a)
and in a previous study (b) (Lei et al., 2019). Since the optical properties
of WSOC are not depicted in Lei’s study (2019), only the light absorption
characteristics of MSOC are compared here. As shown in Fig. 1(a), the
concentrations of MSOC and WSOC have strong synergies with the
corresponding average light absorption coefficient at a wavelength of
365 nm (Absysoc 365 and Abswsoc 365)- AbSmsoc 365 is about twice (1.9)
as high as Abswsoc, 365, suggesting that MSOC can better characterize
BrC than WSOC. The concentration of MSOC in this study (Fig. 1(a)) is
much lower than that of previous studies in which OC characterizes
MSOC (Fig. 1(b)), impling a decrease in the concentration of
light-absorbing BrC. Fig. 1(b) shows the daily variration in average light
absorption coefficient of MSOC (Absmsoc,3es) in previous study (Lei
et al., 2019). Compared to the previous policy result of Absmsoc 3es
being equal to 42.0 + 18.1 Mm? (Fig. 1(b)), we observed the average
Absyvsoc 365 value (33.0 £+ 17.1 Mm ) had decreased, indicating a
slight reduction in light absorption intensity of BrC following the coal
control policy. Furthermore, it has been proven that this policy may
weaken the occurrence of haze phenomenon and effectively modify
environmental quality.

The AAE value, representing the dependence of the light absorption
capacity of BrC on wavelengths from 330 nm to 550 nm, can be obtained
by logarithmic fitting of the light absorption coefficient and wavelength.
In this study, the AAEysoc is 6.8 + 0.04 (Table S1), slightly higher than
the prior value (6.2 £+ 0.5). This result indicates that the absorption
capacity of BrC is more dependent on the wavelength after the policy.
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Fig. 1. The daily variation of average light adsorption coefficient of brown carbon (BrC) in methanol-soluble organic carbon (MSOC) and water-soluble organic
carbon (WSOC) (Abswsoc,36s5 and Abswsoc,ses, respectively) and MSOC and WSOC in this study (a) and Lei et al. (2019) (b).

According to the published literature by Yan et al. (2018), when the AAE
value is higher than 3, the primary and secondary BrC may originate
from biomass burning emissions.

Fig. 2 shows the daily average MAE of BrC at 365 nm in our study (a)
and the previous study (b). In our study, the average MAE values of BrC
in MSOC (MAEMSOC,BGS) and WSOC at 365 nm (MAEWSOC,SGS) are 2.5 +
0.5 m? g7 and 2.0 + 0.6 m? g™, respectively. At the same time, the
MAEpsoc,365 Was 1.2 £+ 0.2 m? g’1 in the previous study. As a major
parameter to characterize the light absorption intensity of BrC, the re-
sults from the MAE calculation formula show that the light absorption
intensity of BrC per unit mass has increased in the winter in Xi’an
following the policy. However, the concentration of BrC in this experi-
ment is much lower than that in previous studies. This phenomenon may
be due to more light-absorbing components in BrC at a lower ultraviolet
wavelength.

Table S1 collates the average optical parameters (Abssgs, MAE365 and
AAE) of BrC in this study and those reported in different regions during
winter. The Absses and AAE values in our case are all within the scope of
other studies. However, the MAE3¢5 and AAE of MSOC and WSOC in Xi’a
are higher than in other regions, and the possible cause resulting in these
phenomena is the different types and quantities of light-absorbing BrC in
Xi’an. Regarding the light absorption parameters of BrC (Huang et al.,
2018; Shen et al.,, 2017c), the average Absses values in this study
(methanol-soluble BrC: 33.0 &+ 17.1 Mm™!; water-soluble BrC: 17.8 +
9.6 Mm™}) are slightly lower than previously reported values. Never-
theless, MAEsgs is approximately two times higher than previous results.
These illustrate an increase in the light-absorbing ability and efficiency
of BrC after the policy. Thus, it is speculated that the relative contri-
bution to light-absorbing BrC from different emission sources has been
changed by the implementation of the policy.

Since variations in chemical components can represent different

emission sources, a correlation analysis between the light absorption
coefficient (Absyisoc 365 and Abswsoc3es) and several representative
species is conducted to preliminarily predict the emission sources
leading to the light absorption of BrC. Fig. 3 shows the linear correlation
coefficient (r) between the light absorption coefficient and the mass
concentration of different typical species. There are strong correlations
between Abssgs and K (r = 0.95 for Absyisoc,365, T = 0.93 for Absw.
SOC,365): OC1 (r = 0.88 for AbSMSOC,3651 r = 0.89 for AbsWSOC,365) and
0C2 (T = 0.87 for both AbSMSOC’365 and Awasoc)355), which are the
characteristic of biomass burning (Shen et al., 2017a), implying that this
is an important emission source to BrC. Furthermore, an appropriate
correlation was observed for both EC (r = 0.88 for Absyisoc,36s, ' = 0.82
for Awasoc,365) and N0§ (r=0.80 for AbSMSOC,365’ r=0.89 for Awasoc’
365)- Both diesel and gasoline combustion produce large amounts of EC
and NOx (Yao et al., 2016); hence, motor vehicle emissions can be
identified as another important emission source.

In contrast, the correlation coefficient r between Absses and SO?;_ is
realtively low (0.57). SO3™ is formed by the transformation of SO; in the
atmosphere, which is mainly sourced from coal combustion. The low
correlation coefficients imply that the contribution from coal combus-
tion is not as significant as that from biomass burning and motor vehicles
during our sampling period. However, previous studies showed that coal
combustion is important for generating BrC. Shen et al. (2017c)
collected coal combustion samples over Xi’an during the winter (from
15 November 2008, to 14 March 2009) to identify the contribution to
BrC. They reported that the average values of Abss4o and AAE of BrC
were 84.9 Mm ™! and 4.38, respectively, and the AAE value of ambient
samples in a simultaneous period was between those from coal com-
bustion and biomass burning, concluding that coal combustion was one
of the main contributors. In addition, after studying the source appor-
tionment of BrC in winter (from 19 December 2015, to 1 January 2016)
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Fig. 2. The daily mass absorption efficiency at 365 nm (MAE34s5) of BrC in MSOC (blue curve) and WSOC (red curve) in this study (a) and Lei et al. (2019) (b).
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using daily PMy 5 samples over Yulin, a city near to Xi’an, Lei et al.
(2018) reported coal combustion was an essential source to BrC result-
ing from the high correlation coefficient between Absysoc,36s and
typical carbon fractions, and PAHs. They considered that the proportion
of coal combustion emissions to Absysoc,365 Was 42.9%, indicating the
BrC emitted from the coal combustion was a significant contributor. In
contrast, the low linear relationship between Abssgs and SOZ ™~ in this
study suggests that coal combustion is likely to have only a small
contribution to BrC after the control policy has been implemented. Ev-
idence of source apportionment results will support this speculation in
the next section.

3.2. Source apportionment of BrC in WSOC and MSOC

The source apportionment of PMy 5 and their contribution to OC
during winter at Xi'an are shown in Fig. S2. Five emission sources
resulted in pollution, such as biomass burning, motor vehicle emissions,
coal combustion, dust, and secondary source. The detailed identification
of the five factors is illustrated in the supplemental information.

Furthermore, the contribution from the different sources to the light
absorption coefficient is quantified using the multivariable linear
regression model. The pie charts in Fig. 4 show the proportion of main
contributors to Absysoc,3es (a) and Abswsoc,3es (b) during the winter in
Xi’an. Although the dust sources were not included, four sources were
identified, resulting from the extracted solution handled by 0.22 pm
filters (Lei et al., 2018). In general, the components in dust are almost
insoluble; therefore, it is not considered a contributor to the light ab-
sorption coefficient. Besides these four sources, certain humic-like sub-
stances (HULIS) and alkaline soluble organic carbon (ASOC) from other
sources, like bioaerosols in the water or methanol extracts, can absorb
solar radiation (Li et al., 2018).

As shown in Fig. 4, biomass burning, motor vehicle emissions, and
secondary source, are the main contributors to both Absysoc,36s5 and
Abswsoc,365, accounting for around 72.60% and 89.53%, respectively.
For the optical properties of BrC from MSOC (Fig. 4(a)), the secondary
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(b)
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source is the main contributor, accounting for 39.4%. The second
contribution is biomass burning (21.27%), followed by motor vehicle
emissions (11.93%). The contribution of coal combustion to Abswmsoc,365
is the lowest, only accounting for 7.36%. A slight difference in the
contribution to the light absorption coefficient of BrC from WSOC
compared to that of MSOC was observed. The highest contribution is
biomass burning (36.26%), followed by motor vehicle emissions
(27.75%). As secondary reactions mainly produceWSOC, the BrC in
WSOC from the secondary source is also important, accounting for
25.52%. Again, the contribution from coal combustion is the lowest,
only accounting for 10.24%.

3.3. Evaluation of radiative forcing by BrC relative to EC

Although EC is the dominate light-absorbing carbon species in the
solar spectrum, BrC is a crucial component at the wavelength of ultra-
violet-visible (from 300 nm to 400 nm) range to absorb solar radiation.
In order to indicate the contribution portion of the light-absorbing
species, BrC, the average radiative forcing fraction of MSOC and
WSOC relative to EC during winter in Xi’an was calculated (Fig. 5). The
average radiation forcing by MSOC/EC is larger than that by WSOC/EC.
This is because the solar absorption fraction of MSOC/EC and WSOC/EC
increases from the whole solar spectrum (300-2500 nm) to just the UV
range (300-400 nm). As BrC has strong light absorption in the UV and
near UV wavelength ranges, we will only discuss the results in the UV
range. As shown in Fig. 5, the average radiation forcing fractions of
MSOC/EC (Fig. 5(a)) and WSOC/EC (Fig. 5(b)) in the UV range were
53.56% and 28.11%, respectively. In contrast, the values of MSOC/EC
and WSOC/EC in the previous study are 76% and 42%, respectively,
larger than the results in our studies. These differences may indicate that
since the ability and efficiency of BrC have increased according to the
results in Section 3.1, the abundance of BrC has decreased after the
policy of swapping coal for natural gas.

1.819 Mm*
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I Biomass Burning

I Coal combustion
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Fig. 4. The source contribution to Absysoc,3es (@) and Abswsoc,ses (b) using a multivariate linear regression model.
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Fig. 5. The average radiative forcing absorbed by BrC in MSOC (a) and WSOC (b) relative to EC in different wavelength ranges during winter in Xi’an between this

and Huang et al. (2018).
4. Conclusion

In this study, we focused on the light-absorbing organic compounds
in PMy 5 in Xi’an, comparing the impact on the light absorption prop-
erties and emission sources of the BrC before and after implementating
the coal-to-gas switch policy. The average Abses of MSOC and WSOC at
365 nm were 33.0 + 17.1 Mm ! and 17.8 = 9.6 Mm ™}, respectively,
which were slightly lower than those from the previous values before the
coal control policy. However, the AAEs of MSOC (6.8 + 0.04) and WSOC
(6.1 & 0.05) in the wavelength from 330 nm to 550 nm showed a rising
trend after the policy, and this means that in the low wavelength range
of visible to ultraviolet lights, the light absorption of BrC is more
wavelength dependent. The average MAEs of MSOC and WSOC at 365
nm were 2.5 + 0.5 m? g~! and 2.0 + 0.6 m? g1, Both have increased
compared to the previous study, indicating an increase in the light-
absorbing efficiency of BrC. We then evaluated the solar radiative
forcing of BrC relative to EC from the whole wavelength range to the UV
range. The results showed that the average radiative forcing of BrC in
MSOC or WSOC relative to one of ECs reached to 53.56% and 28.11% in
the UV range. Compared to the results prior to the implementation of the
coal-control policy, the radiative forcing fraction was reduced. The BrC
absorbed less solar radiation but was more efficient at absorbing light.
This phenomenon is likely to be attributed to changes in the light-
absorbing properties of BrC.

By analyzing the synergy between the typical species (OC1, OC2, EC,
and ions) from possible emission sources and the absorption coefficient,
we observed that the representative products had an excellent linear
relationship with AbsMSOC,BﬁS and AbSWSOC,365 (except SO%*). After, the
original inference that the coal-to-natural gas policy may change the
contribution of coal combustion to BrC and the light absorption prop-
erties of BrC, the PMF results also confirmed this hypothesis. Five
emission sources to BrC were observed, and the contribution from coal
combustion was the lowest. The main contributors were biomass
burning, motor vehicle emissions, and secondary source, accounting for
72.60% (24.0 Mm™!) and 89.53% (15.9 Mm ™) to Absysoc,es and
Abswsoc,365, respectively. Therefore, this policy only turns off the
emission sources that have had the least impact on the light absorption
of BrC. Overall, based on our findings, follow-up studies are suggested to
identify the key components in biomass burning, motor vehicle emis-
sions, and secondary source that contribute to BrC, aiming to find an
effective way of reducing the light-absorbing ability of BrC.
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Sampling site
Figure S1 shows the detailed information about the sampling location in the campus of Xi'an Jiaotong

University in our study, which is marked in red color in Fig. S1.
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Figure S1. Location of the sampling site in Xi'an Jiaotong University.

PM:.s mass concentration

The mass concentration of the PMa2.s sampling was obtained by analyzing the filters gravimetrically
using an electronic microbalance with a sensitivity of + 0.001 mg (Sartorius, Germany). Before weighing,
the sample filters were equilibrated in a container with the temperature of about 26 °C and the relative
humidity of 35% for 24 hours. Each filter was weighed in triplicate before and after sampling. The net mass
was obtained by subtracting the average of the pre-sampling weights from the average of the post-sampling
weights.
Water-soluble ions

A quarter (about 4.34 cm?) of a sample filter membrane was cut to analyze water-soluble ions. The cut
portion was immersed in a 50 mL ultrapure water (18.2 MQ), then was oscillated for 15 min followed by
15-min sonication. This procedure was repeated four times at least. The mixture processed by the above

procedure was then filtered through a syringe filter membrane, where the pore size is around 0.22 pm, and



the extracted solution was stored in a freezer before analysis. Five cations (NH4", Na®, K*, Mg?*, Ca’") and
four anions (SO4*, NOs, NOz", CI') in the extract were analyzed by two ion chromatography instruments
(i.e., DionexIntegrion, US and RPIC-2019, Ruipu, China), respectively.

Carbonaceous fractions

A punch (0.52 ¢cm?) of each sample was taken to measure the content of organic carbon (OC) and EC
using a Thermal/Optical Carbon Analyzer (Model DRI 2001A) following the IMPROVE-TOR temperature
protocol (Cao et al., 2003; Chow et al., 2004; Chow et al., 1993). Four OC fractions (OC1, OC2, OC3, and
OC4 at 140, 280, 480, and 580 °C respectively, in a 100% He atmosphere), a optically detected pyrolyzed
carbon fraction (OPC, the amount of carbon measured after oxygen is added until the reflectance achieves
its original value), and three EC fractions (EC1, EC2, and EC3 at 580, 740, and 840 °C respectively, in a
98% He/2% 02 atmosphere) were determined in this study. OC was defined as OC1 + OC2 +OC3 +0OC4
+OPC and EC was EC1 + EC2 + EC3 — OP (Cao et al., 2003).

WSOC and MSOC measurement

Water-soluble organic carbon (WSOC) extracts were obtained following the same procedure as the
above pretreatment of water-soluble ions. The WSOC concentration was determined by a TOC/TNB
analyzer (Total Organic Carbon Total Nitrogen Analyzer, vario, Element, Germany).

Methanol-soluble organic carbon (MSOC) extracts were obtained following the method established by
Cheng (Cheng et al., 2016) with minor modification. Briefly, a punch (0.52 cm?) of each filter sample was
first immersed in 100 mL methanol for an hour. The filter was then removed from methanol and baked for
30 min in an oven at 50 °C. After that, the punch was analyzed by the Thermal/Optical Carbon Analyzer.
The MSOC content can be calculated by the following Eq.S1:

MSOC=0C oC

extracted (S 1 )

untreated ~

where OCuntreated and OCextracted are the OC concentrations of the untreated (OC concentration obtained in
section 2.2.3) and extracted (OC concentration obtained in section 2.2.4) samples, respectively. Four pairs
of untreated and extracted blank filters were measured by the Thermal/Optical Carbon Analyzer as well.
The concentration of OC in untreated and extracted blank filters was range from 0.41 ug C cm™ to 0.56 pg
C cm? (all are under the Method Detection Limit, which is 0.82 ug C cm?), indicating negligible
contamination during the extracting and drying processes.
Source apportionment of BrC in WSOC and MSOC

The sources apportionment of PMzs and their contribution to OC in winter of Xi'an are shown in
Fig.S2. There are five emission sources resulting in the pollution episodes, which are the biomass burning,

motor vehicle emission, coal combustion, dust and secondary source, respectively.
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Figure S2. Five main source emissions identified by PMF. Factor 1 to factor 5 represent biomass burning,
motor vehicle emission, coal combustion, dust and secondary sources, respectively.

Factor 1 is identified to be the biomass burning source. The representative species are highest mass
concentration of K* (29.67%) and Cl1(46.84%) and EC (43.69%), as well as a medium mass concentration
of OC (19.52%). In winter of Xi'an, residence heating, the ‘heating Kang’ in the rural, agricultural burning,
as well as cooking are the different biomass burning lead to the emission of OC and also produce the
representation of incomplete burning as EC. What’s more, K and CI- are also the characterization of straw
burning or smoldering. Further, biomass burning always accompanies with the secondary organic aerosol
(SOA), which can produce a lot of OC (Chen et al., 2018; Qiu et al., 2019; Yao et al., 2016). Shen et
al(Shen et al., 2017) proved that there is a good synergy between the mass concentration of K* and the Abs
of BrC in WSOC over Xi'an, which is consistent with our results(Fig.4).So the biomass burning is an
important source for BrC.

Factor 2 is the motor vehicle emission with the relatively high concentrations of EC (38.83%) and a
medium level of NO3(31.71%) with OC (29.12%). Yao et al (2016) indicated that both diesel and gasoline
combustion can generate large amounts of OC, EC and NOx. Also, the positive correlation coefficient »
between Absiss and NOs™ as well as EC in Fig.4 demonstrates motor vehicle emission is a primary

contributor to BrC.



Because of a large portion of SO42(37.90%) and a medium level of Na* (21.07%), we classify Factor
3 as the coal combustion source. The sulfur content in raw coal is relatively high, so the emission of SOz
may be high resulting in the secondary transformation to SO4>. Na” is also an appropriate characterization
of coal combustion. In addition, the content of OC is less than that in other sources and the contribution of
EC is relatively lower, where may attribute to the implementation of the ban of coarse coal burning sites at
the end of 2017, Xi'an. Combining Fig.4, we conclude that the contribution of coal combustion is just a
small fraction to light absorption properties of BrC after the policy of abrogating the coarse coal burning.

Factor 4 is identified to the dust source with the highest mass concentration of Ca*" (69.96%) and Na*
(38.94%). Due to the special topography of Xi’an, the dust storms from the northwest regions may also be
an chief portion of BrC to compose PMzs. And the content of EC (0.70%) is relatively less than that in
other factors. It may be due to the deposition of coarse particulate matter. As a part of fine organic aerosols,
dust also have an effect on the light absorption of PM2s5(Rogge et al., 1993; Yang et al., 2009).

Due to the highest mass concentration of NH4"™ (51.51%), NO37(49.52%), SO4> (35.73%). Factor 5 we
identified is the secondary source. What we concerned is that the concentration of EC is near to 0. Because
EC is derived from primary emission sources, this factor is consistent with the secondary emission. The
parent substances of these representatively inorganic ions are SOx and NOx, and can be derived from the
primary emissions, such as high vehicular emissions in winter of Xi'an. Then these parent substances have
a fast secondary formation in atmosphere (Kim et al., 2016; Kirillova et al., 2014; Yang et al., 2009; Yuan
et al., 2014), becoming (NH4)2SO4, NH4sHSO4 or NH4NOs3(Zhang et al., 2011) to produce more sever

pollution in winter.

Table S1. Comparison of absorption coefficient (4bs), mass absorption coefficient (MAE) at 365nm
and Absorption Angstrom coefficient (44E) values of brown carbon from the ambient particle 2.5 in winter
between the present and earlier studies.

Region Sampling Species Abs3es MAE36s AAE Reference
Date (Mm™) (m?2g?)
Xi'an, 2018.11.15-201  Methanol/Wat MSBrC: 2.5+0.6 6.8 This
China 8.12.25 er-Soluble 33.0+17.1 Study
BrC
WSBrC: 2.0£0.6 6.1
17.849.6 (330-550nm)
Xi'an, 2017.1.1-2017. Methanol 42.0%£18.1 1.2%£0.2 6.21+0.5 Leietal
China 1.6 -Soluble BrC (330-400nm) 2019
Xi'an, 2008.11.15-200 Methanol/Wat ~ MSBrC: 1.33+0.3 6.0+0.2 Huang
China 9.3.14 er-Soluble 46.£20.3 4 et al
BrC 2018
WSBrC: 5.7

252+11.6  1.65+03  (330-550nm)
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Beijing, 2011.12.7-2011  Methanol/Wat MSBrC: 1.45+0.2 7.10+0.45 Cheng et
China 1231 er-Soluble 26.20+18.81 6 al 2015
BrC
WSBIC: 7.28+0.24
10.2246.93  1.22+0.1 (310-450nm)
1
Beijing, 2010.10-2013.9  Water-Soluble 10.14£8.6 1.26 7.5 Duetal
China BrC (300-700nm) 2014
Beijing, 2009 winter Water-Soluble _ 1.79+0.2 7.5+£0.9 Cheng Y
China BrC 4 (330-480nm) and He
K-B et
al 2011
Shenzhen, 2014.1.15-2014 Water-Soluble 3.0 (405nm) _ 1.7 Yuan J-F
China 2.19 BrC 1.9 (532nm) (405-532nm) et al
2016
Indo-Gan Winter Water-Soluble 2-21 0.78+0.2 6.0+1.1 Bikkina
getic (11.9-3.10) BrC 4 (300-700nm) Srinivas
Plain et al
(Northern 2014
India)
South 2007 winter Water-Soluble _ 0.60+0.2 6.0 for March  Hecobin
Dekalb BrC 3 7th et al
7.4 for 2010
November 8th
Yorkville 2007 winter Water-Soluble _ 7.8 for March
BrC 0.63+0.3 Ist
1 7.2 for
December 20th
Bayof  2008.12.27-200 Water-Soluble _ 0.4+0.1 9.1£2.5 Srinivas
Bengal 9.1.10 BrC and
(IGP-outfl (PM10) Sarin et
ow) al 2013
Bay of  2008.12.27-200 Water-Soluble _ 0.5+0.2 6.9+1.9
Bengal 9.1.10 BrC
(IGP-outfl (PM10)
ow)
Xiamen, 2014.1.1-2014.  Water-Soluble 59.4 1.524+0.02 Qiuetal




China 12.31 BrC (370nm) (370-880nm) 2019
Nanjing,  2015.5-2016.5  Water-Soluble 9.44+4.70 1.04 6.74 Chen et
China BrC (300-600nm) al 2018
Xi'an, 2010.11.2-2011  Water-Soluble 36.2 5.8 5.7 Shen et al
China 2.24 BrC (340nm) (340nm) 2017
Hebei, 2005.302-2005. Water-Soluble _ 2.2 3.5 Yang M
China 3.26 BrC (370nm)  (470-660nm) et al 2009
Seoul, 2012.10-2011.1  Methanol/Wat MSBrC: 0.85 5.54 Kim
Korea 1 er-Soluble 10.93 Hwajin et
BrC al 2016
WSBrC: 1.02 5.84
7.31£2.52 (300-700nm)
Goson, 2011.3.8-2011.  Water-Soluble _ 0.7+0.2 6.4+0.6 E.N.Kirill
Korea 3.27 BrC (330-400nm)  ovaetal
2014
Beijing, 2013.1-2013.6  Water-Soluble _ 1.43+0.3 6.19+0.43 Yan et al
China BrC 6 (340-400nm) 2017
Yulin, 2015.12.19-201 Methanol/Wat MSB«rC: 1.4+0.4 4.9+1.2 Leietal
China 6.1.1 er-Soluble 27.5+12.0 2018
BrC
WSBrC: _ 5.2+0.8
8.9+4.9 (330-400nm)
Guangzho 2012.12.13-201 Water-Soluble ~ 3.57+1.34 0.81+0.1 5.33+0.71 Liuetal
u, China 2.12.27 BrC 6 (310-450nm) 2018
(TSP)
Note:

The MSBrC means the methanol-soluble BrC, and WSBrC means the water-soluble BrC.

All the data are from the literature or calculated by the public data.
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