
Science of the Total Environment 865 (2023) 161180

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Characterization and source apportionment for light absorption
amplification of black carbon at an urban site in eastern China
Dong Chen a,b, Wenxin Zhao b, Lei Zhang b,c,⁎, Qiuyue Zhao a,⁎⁎, Jie Zhang d, Feng Chen d, Huipeng Li a,
Miao Guan e, Yu Zhao b,c
a Jiangsu Provincial Academy of Environmental Science, 176 North Jiangdong Rd., Nanjing, Jiangsu 210036, China
b State Key Laboratory of Pollution Control and Resource Reuse, and School of the Environment, Nanjing University, 163 Xianlin Ave., Nanjing, Jiangsu 210023, China
c Jiangsu Collaborative InnovationCenter of Atmospheric Environment and Equipment Technology (CICAEET), Nanjing University of Information Science and Technology, Nanjing,
Jiangsu 210044, China
d Jiangsu Environmental Engineering and Technology Co., Ltd., Jiangsu Environmental Protection Group Co., Ltd., 8 East Jialingjiang St., Nanjing, Jiangsu 210019, China
e Jiangsu Key Laboratory for Biodiversity and Biotechnology, College of Life Sciences, Nanjing Normal University, 1 Wenyuan Rd., Nanjing, Jiangsu 210023, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
⁎ Correspondence to: L. Zhang, State Key Laboratory of Po
China.
⁎⁎ Corresponding author.

E-mail addresses: lzhang12@nju.edu.cn (L. Zhang), qiuy

http://dx.doi.org/10.1016/j.scitotenv.2022.161180
Received 24 October 2022; Received in revised form
Available online 27 December 2022
0048-9697/© 2022 Elsevier B.V. All rights reserved.
• MAE of BC was amplified by internal
mixing and non-absorbing coating in east-
ern China.

• A statistical model was established be-
tween coating materials andMAE amplifi-
cation rate.

• Nitrate and organic matter coating had
the strongest effect on MAE amplification.

• The effects of organic matter and nitrate
coatings increased with the internal
mixing index.

• A useful toolkit for source apportionment
of BC MAE amplification was proposed.
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Themass absorption efficiency (MAE) of black carbon (BC) could be amplified by both internal mixing and the lensing
effect fromnon-absorbing coating,which could intensify the globalwarming effect of BC. In this study, a two-year-long
continuous campaign with measurements of aerosol optical properties and chemical composition were conducted in
Nanjing, a typical polluted city in the Yangtze River Delta (YRD) region. Relatively large MAE values were observed
in 2016, and the high BC internal mixing level could be the main cause. The strong positive correlation between the
ratio of non-absorbing particulate matter (NAPM) over elemental carbon (EC) and the MAE value indicated that the
coating thickness of BC largely promotes its light absorption ability. The impacts of chemical component coating on
MAE amplification in autumn andwinter were greater than in other seasons. Multiple linear regressionwas performed
to estimate the MAE amplification effect by internal mixing and the coating of different chemical components. Nitrate
coating had the strongest impact onMAE amplification, followed by organic matter. The effects of organic matter and
nitrate coatings onMAE amplification increasedwith the internal mixing index (IMI). Based on the positivematrix fac-
torization (PMF) model, it was found that large decrease in the contribution of industrial emissions and coal combus-
tion to PM2.5 from 2016 to 2017 was the main cause for MAE reduction. The novel statistical model developed in this
study could be a useful tool to separate the impacts of internal mixing and non-absorbing coating.
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1. Introduction
D. Chen et al.
Black carbon (BC) in ambient aerosols exerts pivotal influence on earth's
radiation balance and global climate change through light absorption
(Bond and Bergstrom, 2006; Jacobson, 2001). Previous studies have esti-
mated that the contribution of BC to global warming is only next to carbon
dioxide (Fan et al., 2015; Reinman, 2012; Stocker et al., 2013). BC is mea-
sured based on the change in optical attenuation through thefilter substrate
and aerosol samples (Bond and Bergstrom, 2006; Chow et al., 2001), and
the term BC is commonly used in climate models and emission inventories
(Owen and Steiner, 2012; Paliwal et al., 2016). Elemental carbon (EC) is the
refractory carbon content in aerosols, and usually considered as the mass-
based proxy for BC when evaluating the mass absorption efficiency
(MAE) (Chen et al., 2017a; Cheng and He, 2017; Zhao et al., 2017). EC is
determined by thermal-optical technology based on the thermal stability
of carbonaceous species at elevated temperatures, and the term EC is com-
monly used in chemical characteristics of ambient aerosols and receptor
models for source apportionment (Hopke et al., 2006; Huang et al., 2014;
Watson et al., 2015).

MAE is a critical optical parameter in evaluating the light absorption ca-
pability of BC, determined from the light absorption coefficient divided by
the EC concentration. MAE typically exhibited distinct spatiotemporal var-
iation. Our previous study showed that the MAE values varied from 3.4 to
19.1 m2/g at a suburban site in Nanjing (Chen et al., 2019). Similar situa-
tion was observed in northern India with MAE ranging from 8.3 to 11.1
m2/g at urban, rural and high-altitude sites (Ram and Sarin, 2009).
Zanatta et al. (2016) conducted MAE measurements at five sites in
Europe, and found MAE values vary from 4.55 to 26.2 m2/g. Aside from
the impact of aerosol-filter interactions in the measurements of aerosol op-
tical properties, MAE of individual BC particles could be enhanced by both
internal mixing and the lensing effect from non-absorbing coating (Cheng
et al., 2020; Jacobson, 2001; Liu et al., 2017; Weingartner et al., 2003).

Generally, an enhancement factor of 2 was used in theoretical model es-
timation of BC radiative forcing where BC is assumed to be internallymixed
(Chung and Seinfeld, 2005; Jacobson, 2001).Wang et al. (2014) found that
the enhancement of MAE due to internal mixing was 1.8 times in western
China. However, other observation studies (Bond and Bergstrom, 2006;
Cappa and Onasch, 2012; Lan et al., 2013) indicated that the factor used
in models could be substantially overestimated. Through chamber experi-
ments, Schnaiter (2005) discovered that MAE of internally mixed BC was
about 0.8 to 1.1 times larger than that of externally mixed BC. Using the
method of single particle soot photometer (SP2), Lan et al. (2013) showed
that MAE of internally mixed BC was amplified by only 7 % in summer in
southern China. Bergstrom et al. (2007) suggested that MAE enhancement
by themixing state varied in different regions andwas largely dependent on
coating materials. In addition to BC mixing state, the lensing effect by non-
absorbing coating materials is another important factor for MAE variation
(Fierce et al., 2016). Bai et al. (2018) found that non-absorbing coatings
could enhance MAE by a factor of 2 at both a polluted urban site and a re-
mote site at the summit of Mt. Tai. Zhang et al. (2018), Cheng et al. (2011),
and Chen et al. (2019) suggested that secondary aerosols contributed signif-
icantly toMAE enhancement in Paris, Beijing, and Nanjing, respectively. As
part of organic aerosols, brown carbon (BrC) coating had lower impact on
absorption amplification than purely-scattering coatings such as sulfate
and nitrate (Cheng and He, 2017). Cheng et al. (2020) performed labora-
tory experiments to simulate the aging process of BC particles upon expo-
sure to ammonium nitrate, and their results showed that nitrate coating
significantly alters the optical properties of BC. Through intensive observa-
tions in the North China Plain in summer, Cui et al. (2016) found that sul-
fate was the main cause for enhanced BC absorption.

Most existing studies on MAE enhancement of BC particles were based
on limited experimental data. Few studies have investigated the relation-
ships between aerosol absorption and chemical coating under different
BC mixing states or considered the influence of anthropogenic emissions
on BC absorption amplification. In this study, we performed online mea-
surements of aerosol chemical composition and light absorption for two
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full years in Nanjing, a mega-city in the Yangtze River Delta (YRD) region
in eastern China with high level of BC emissions (Zhang et al., 2013). Inten-
sive and complex anthropogenic source emissions make Nanjing a typical
case to study the influencing factors for MAE amplification (Chen et al.,
2017b; Chen et al., 2019). Statistical models were developed to quantify
the contributions of individual chemical components to MAE amplification
in different seasons and mixing states, and the contributions of anthropo-
genic sources to MAE amplification were further investigated. Yields from
this study could improve the understanding of the link between complex
pollution sources in urban area and aerosol radiative forcing.

2. Methodology

2.1. Monitoring site and study period

As shown in Fig. S1 in the Supplementary Information (SI), the Jiangsu
Academy of Environmental Sciences site (JAES, 32.05°N, 118.74°E, 25m a.
s.l.) was a typical urban site in the western area of downtown Nanjing,
surrounded by restaurants, business centers, highways, residential area,
and schools (Li et al., 2015). With the prevailing east wind, the site was lo-
cated at the downwind of downtown Nanjing with significant influence
from local emissions. Compared with the suburban site in eastern Nanjing
in our previous studies (Chen et al., 2017b; Chen et al., 2019), JAES was
more affected by aged aerosols.

The observation period at JAES was from January 2016 to December
2017. Up to 16,100 h of valid aerosol optical properties and chemical com-
positions (inorganic ions and carbonaceous species) were available after
screening.

2.2. Methods for online measurements

2.2.1. Measurements of PM2.5 and carbonaceous components
The PM2.5 concentrationwasmeasured by a continuous particulatemat-

ter monitoring instrument (TEOM 1405DF, Thermo Scientific, USA). The
monitor was equipped with a Filter Dynamic Measurement System
(FDMS) to correct the semi-volatile substances evaporated from PM2.5 mea-
surement filter. The airborne particles were first inhaled into a PM10 cy-
clone at a flow rate of 16.7 L/min, and PM2.5 and PM2.5–10 were then
separated by a round-nozzle virtual impactor. PM2.5 was deposited onto
the sampling filter as the inlet air passed through. The natural oscillating
frequency of the tapered glass element changed, which was converted to
mass changes by the vibration theory, and the PM2.5 concentration was fur-
ther calculated based on the changes of thefiltermass and the sampling vol-
ume.

Hourly averaged thermal organic carbon (OC) and EC concentrations in
PM2.5were determined by a semi-continuous thermal-optical transmittance
(TOT) carbon analyzer (Sunset, Model-4). The ambient aerosols were in-
haled into a PM2.5 cyclone for 40 min with a flow rate of 8 L/min, went
through a parallel-plate diffusion denuder and got into the instrument. De-
tails on the protocol and the temperature gradient can be referred to our
previous study (Chen et al., 2017b).

2.2.2. Measurements of ions on particles
To investigate the impacts of inorganic component coatings on MAE,

hourly averaged concentrations of water-soluble ions including NO3
−, SO4

2

−, Cl−, NH4
+, K+, Mg2+, Ca2+ and Na+ were measured using an online

Monitor for Aerosols and Gases in ambient Air (MARGA, Model ADI
2080). The sampling system and the analytical system were the two main
components of MARGA. The sampling system contained one wet rotating
denuder for gas sampling and one steam jet aerosol collector for PM2.5 col-
lecting, and the samplingflow ratewas set to be 1m3/h. After sampling, the
PM2.5 samples were analyzed using ion chromatography. The detection
limits of NO3

−, SO4
2−, Cl−, NH4

+, K+, Mg2+, Ca2+, and Na+ were 0.016,
0.023, 0.011, 0.028, 0.025, 0.020, 0.024, and 0.028 μg/m3, respectively
(estimated by three times the standard deviation of blank samples).
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2.2.3. Measurements of BC by wavelength
To evaluate the BC mixing state, BC concentrations at different

wavelengths were measured by a 7-λ aethalometer (Magee Scientific,
Model AE31). The flow rate of the monitor was set to be 5 L/min to en-
sure the accuracy of PM2.5 cyclone. The detection limit for BC was
0.16–0.28 μg/m3, estimated by three times the standard deviation of
blank samples. Unlike the thermal technique for EC measurements,
the concentration of BC was determined based on its optical properties.
More details on the aethalometer can be found in Weingartner et al.
(2003).
I

2.3. Determination of MAE

The MAE value was estimated based on the relationship between the
optical attenuation (ATN) and the EC mass obtained from the Sunset ana-
lyzer. However, the aerosol-filter interactions including the shadowing
and multiple scattering effects could cause large uncertainties in MAE de-
termination. Therefore, two correction factors (C and R(ATN)) were ap-
plied to reduce the uncertainties, which was discussed in detail in our
previous study (Chen et al., 2019). The MAE value was calculated using
Eq. (1) in this study as follows:

MAE m2=g
� � ¼ ATN

ECs ⋅ C ⋅ R ATNð Þ � 103 (1)

where ATN is the light attenuation; ECs is the EC mass loading on the filter;
C is the multiple scatter correction factor; and R(ATN) is the shadowing ef-
fect correction factor. Details on the calculation of ATN, MAE and R(ATN)
are summarized in Section S1 in the SI. Large uncertainties existed in
MAE estimation due to inappropriate values of the two empirical factors
in previous studies (Chen et al., 2019; Ram and Sarin, 2009; Shen et al.,
2013). By estimating the uncertainties to be ±7 % for ATN, ±10 % for
ECs and ± 41 % for C, the propagated error in MAE was calculated to be
±42 %. Details on the uncertainty analysis of MAE estimation are pre-
sented in Section S2 in the SI.
2.4. Evaluation of BC mixing state

BC is measured based on the attenuation of light by EC deposited on
a filter membrane, and its concentration is highly influenced by addi-
tional absorption by the lensing effect from chemical material coatings
and light absorbing aerosols such as brown carbon and coarse dust, as
well as the mixing state of BC. Weingartner et al. (2003) reported that
the absorption coefficient for pure EC particles at 880 nm was almost
equal to those for EC particles mixed with (NH4)2SO4 and coated EC par-
ticles, indicating that negligible enhancement of an aethalometer ab-
sorption at 880 nm was observed for mixed BC with chemical
components relative to pure EC. As for brown carbon and coarse dust,
existing studies have shown that they exhibit obvious light absorption
properties only at the blue and ultraviolet (UV) wavelength of the
solar spectrum (Bond and Bergstrom, 2006; Chen et al., 2019; Li et al.,
2021). Therefore, the variation of BC at 880 nm was mainly due to the
change of the mixing state, while the measurement of EC by Sunset
was based on the thermal stability of carbonaceous constituents which
was independent of the mixing state. The ratio of optical BC measured
at 880 nm to thermal EC mass was thus used as an indicator of the
mixing state (internal mixing index, IMI) in this study. A previous
study (Jung et al., 2010) also applied this ratio as an indicator of the
mixing state of BC to investigate the optical properties of long-range
transported Asian dust and polluted aerosols from Northeast Asia.
Higher IMI values imply larger proportions of internally mixed BC
(Chen et al., 2019; Jung et al., 2010).
3

2.5. Estimation of secondary organic carbon

The concentration of secondary organic carbon (SOC) at JAES was esti-
mated based on an EC-tracer method (Turpin and Huntzicker, 1991; Lim
and Turpin, 2002).

SOC½ � ¼ OC½ � � rp ⋅ EC½ � (2)

where [OC] and [EC] are the OC and EC concentrations, respectively; rp is
the ratio of primary OC to EC emissions (Castro et al., 1999). In this
work, hourly OC and EC concentrations with a correlation coefficient larger
than 0.95 were selected to calculate rp, as suggested by our previous work
(Chen et al., 2017a, 2017b).

2.6. Quantification of contributions of chemical components to MAE amplifica-
tion

Previous studies examined the significance of correlation betweenMAE
amplification and the coating thickness of different chemical components
to qualitatively evaluate the contributions of the coating to MAE enhance-
ment (Cui et al., 2016; Zhang et al., 2021). In this study, the absorption am-
plification effect was defined by a MAE amplification coefficient (φ) as a
function of the proxies for individual chemical coating thickness of BC, fol-
lowing Eq. (3):

φ ¼ MAE
MAE0

¼ OC½ �
EC½ �

� �α1 ⋅ IMI

⋅
SO2 �

4

� �
EC½ �

 !α2 ⋅ IMI

⋅
NO �

3

� �
EC½ �

� �α3 ⋅ IMI

⋅
NHþ

4

� �
EC½ �

� �α4 ⋅ IM

(3)

where MAE is the measured mass absorption efficiency; MAE0 is the back-
ground value of MAE. According to our previous study (Chen et al., 2022),
when the particle size was near 78 nm, the MAE values of the three moni-
toring sites were all around 4.59 ± 0.13 m2/g, which was close to the
MAE of the pure BC measured by the aerosol filter dissolution-filtration
(AFD) method (Cui et al., 2016). The result indicated that EC particle
with size of 78 nm in Nanjing was mostly naked, thus the value 4.59 m2/
g was used as MAE0 in this study. [OC]/[EC], [SO4

2−]/[EC], [NO3
−]/[EC]

and [NH4
+]/[EC] are the ratios of coating materials over EC by mass con-

centration, indicating the coating thickness of different chemical compo-
nents, and α1, α2, α3 and α4 are the influencing coefficients by the
coatings of OC, sulfate, nitrate and ammonium, respectively. Eq. (3) was
further converted to Eq. (4) by taking the logarithm for multiple linear re-
gression:

ln φ ¼ ln MAEð Þ � ln MAE0ð Þ

¼ α1 ⋅ IMI ⋅ ln
OC½ �
EC½ �

� �
þ α2 ⋅ IMI ⋅ ln

SO2 �
4

� �
EC½ �

 !
þ α3 ⋅ IMI

⋅ ln
NO �

3

� �
EC½ �

� �
þ α4 ⋅ IMI ⋅ ln

NHþ
4

� �
EC½ �

� � (4)

2.7. Source apportionment of PM2.5 with positive matrix factorization model

The potential sources and their respective contributions to the PM2.5

mass concentration and its main chemical components were estimated. In
total, over 15,000 aerosol samples were analyzed, and the mass concentra-
tions of water-soluble ions and carbonaceous component of aerosols were
used for source apportionment. The source contributions of primary parti-
cles were obtained using the positive matrix factorization (PMF) model,
and those of secondary inorganic aerosol (SIA) and SOCwere further deter-
mined based on estimates of the nitrogen oxides (NOx), sulfur dioxide (SO2)
and volatile organic compounds (VOCs) emissions in a local inventory. In
PMF, the concentrations of different aerosol chemical components and
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their corresponding uncertainties were used as input files. We followed the
methods described in the PMF manual and Chen et al. (2020) to calculate
the chemical component uncertainties in the dataset. Criteria including
the optimum number of factors and the minimization of an objective func-
tion Q were determined based on principles described in Tan et al. (2016)
and applied to the model to obtain the best solution. More details on the
PMF model were described in our previous study (Chen et al., 2020).

2.8. Potential source contribution function (PSCF) model

The potential source contribution function (PSCF) method has been
widely used for the identification of potential source regions of air pollution
(Ren et al., 2021; Zhang et al., 2022). Based on results of the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model, backward tra-
jectories were matched with BC concentrations at the corresponding time
(Tian et al., 2022). In this study, the concentration threshold was set to be
the 75th percentile of observed concentration according to previous studies
(Jeong et al., 2017; Tian et al., 2022). The gridded PSCF values were ob-
tained by comparing the number of polluted trajectory and the number of
trajectory endpoints passing through the same grid, following Eq. (5).

PSCFij ¼ mij

nij
(5)

where mij and nij are the number of polluted trajectory and the number of
trajectory endpoints in the i × j grid, respectively. To reduce the uncer-
tainty caused by grids with few trajectory endpoints, a weight function
(Wij) was applied to the estimation of the weighted PSCF (WPSCF), the cal-
culation formula is as follows:

WPSCFij ¼ mij

nij
�W ij (6)

Details on the calculation ofWij can be referred to previous studies (Ren
et al., 2021; Tian et al., 2022).

3. Results and discussion

3.1. Seasonal and interannual variations of EC mass concentration

As shown in Fig. 1, similar seasonal pattern of EC concentration (higher
in winter and lower in summer) was found in 2016 and 2017. The EC con-
centration at JAES in summer was over 2 times that in Xuzhou (Liu et al.,
2019), while in winter was 2.5 and 6.3 times that in urban Beijing and
Fig. 1. Seasonal variations of EC concentration at JAES in 2016 and 2017. Error bars
denote the standard deviation.
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that in the Taihang mountain (Ding and Liu, 2022), respectively. These re-
sults indicated that Nanjing was in a region with high loadings of BC pollu-
tion. Seasonal variation of EC concentration was mainly due to a
combination of variations in anthropogenic emission and meteorological
condition. According to the Multi-resolution Emission Inventory for China
(MEIC, http://www.meicmodel.org/) in 2016 and 2017, BC emissions of
Jiangsu Province in winter of 2016 and 2017 were 55 % and 49 % higher
than those in summer, respectively. The change of residential emission
was the dominant factor for the seasonal variation of BC, which accounted
for 45%–48% of the total BC emissions in the two winters. In addition, the
high EC concentration in the wintertime was partially due to pollutant ac-
cumulation caused by air stagnation (Chen et al., 2017b).

The annual average EC concentration in 2017 (2.2±1.1 μg/m3)was 21
% lower than that in 2016 (2.8± 1.4 μg/m3). The decreased EC concentra-
tion in 2017 was caused by the reduction of local anthropogenic emissions
and the change in regional air mass transport. Based on the bottom-up in-
ventory model, the annual emission of BC was estimated to decrease by
15 % in Nanjing from 2016 to 2017 (Zhao et al., 2021). Table S1 provides
the emissions of BC and the relative changes from 2016 to 2017 by source
category. Among all the BC emission sources, the largest reduction of BC
emissions occurred in biomass burning (−61 %). As shown in Fig. 1, the
EC concentration in winter declined from 3.8 μg/m3 in 2016 to 2.7 μg/
m3 in 2017, and in autumn from 2.4 μg/m3 in 2016 to 1.7 μg/m3 in
2017. The change in regional pollution transport was an important factor
for the large difference in EC concentrations in autumn and winter of the
two years.

In terms of PSCF distribution of EC in winter, higher PSCF values were
found in the regions of central and western Henan, eastern Hubei and
northern Hunan in 2016 than in 2017 (Fig. S2). Based on the spatial distri-
bution of BC emissions by sector (Fig. S3), high EC emissions from residen-
tial coal combustion were identified in the above-mentioned regions. High
emissions from industrial sectors and transportation in Henan also contrib-
uted significantly to the high EC concentration at JAES in the winter of
2016. Based on comparison between the PSCF distribution (Fig. S2) and
the spatial distribution of emission inventories for autumn (Fig. S4), resi-
dential, industrial and transportation BC emissions from eastern Hubei
and western Shandong were identified as the major sources in 2016 com-
pared with the case in 2017.

3.2. Variation of MAE and its driving factors

Seasonal variations of MAE at JAES during the two years are presented
in Fig. 2a. In 2016, relatively high MAE values were found in autumn (8.6
± 2.3 m2/g) and winter (9.0 ± 2.8 m2/g), and the lowest MAE value was
found in summer (7.9 ± 2.1 m2/g). Less significant seasonal variation of
MAE was found in 2017. In general, the MAE values of each season in
2016 were higher than those in 2017, and the average annual MAE in
2016 was 6.3 % higher than that in 2017.

The seasonal variation of MAE during the two years was influenced by
both internal mixing and the lensing effects of aerosol coating materials.
The coating thickness can be indicated by the ratio of non-absorption par-
ticulate matter (NAPM) (i.e., the sum of OC, sulfate, nitrate, and ammo-
nium) over EC (Bai et al., 2018; Cui et al., 2016; Zhang et al., 2021). As
shown in Fig. 2b, the NAPM/EC ratios for the two years exhibited a similar
seasonal variation with low values in summer and high in winter. Similar
result was found in Ding et al. (2021) that the bulk coating thickness of
BC in winter under more influence from anthropogenic sources was signif-
icantly higher than in summer. The seasonal variation of NAPM/EC was
consistent with MAE, indicating that the non-absorption coating materials
probably had an important impact on the seasonal variation ofMAE. Except
for spring, the ratios of NO3

−/EC andOC/EC in 2017were higher than those
in 2016,whichwas probably due to the significant decrease in precipitation
from2016 to 2017. According to historical amounts of precipitation inNan-
jing (data source: http://js.cma.gov.cn/), the precipitation in 2017 de-
creased by 33 % compared with 2016, especially in spring (40 %),
autumn (49 %) and winter (39 %) (Fig. S5). Previous studies found that

http://www.meicmodel.org/
http://js.cma.gov.cn/
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Fig. 2. Seasonal variations of (a) MAE and (b) the proxy for coating thickness of EC, defined as the mass ratio of major aerosol components (OC, sulfate, nitrate and
ammonium) to EC at JAES from 2016 to 2017.
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the average particle scavenging contributions to total wet deposition were
estimated to be 28 % for NO3

−, 63 % for SO4
2− and 70 % for NH4

+ (Cheng
and He, 2017) while only 0.13 %–6.68 % for EC (Xu, 2014). Less precipita-
tion in 2017 may have limited the scavenging effects for the main chemical
species in PM2.5 (such as nitrate, sulfate, and OC) and thereby resulted in
the higher ratio of NAPM/EC. On the contrary to the annual variation of
NAPM/EC, the MAE values for all seasons of 2016 were higher than those
in 2017 (Fig. 2a), implying that the BC mixing state was probably a more
important factor for the annualMAE variation. According to Fig. S6, the av-
erage IMI in 2016 was 8.6 % greater than that in 2017, and significant dif-
ferences were found in autumn and winter of the two years. For a certain
region, the temporal variation of MAE was largely affected by the internal
mixing level of BC.

Fig. S7 shows that the MAE value and the NAPM/EC ratio varied dra-
matically depending on seasons and cities. Poor correlation between MAE
andNAPM/ECwas found among all the cities (R2=0.06), and two outliers
were identified (Guangzhou and Ispra). The MAE value in Guangzhou was
obtained from absorption efficiency factor which was estimated by a linear
regression of BC concentrations at 880 nm from the aethalometer against
the aerosol absorption coefficients at 532 nm from a photoacoustic spec-
trometer, which was different from the estimation method by light attenu-
ation in other studies (Tao et al., 2021). As for Ispra, previous study showed
that OC accounted for>62%of PM2.5 (Fig. S8) (Zanatta et al., 2016),which
was quite different from the cases in most Chinese cities (e.g., Beijing,
Shanghai, Nanjing, Wuxi, Ningbo and Jinan) that sulfate, nitrate, and am-
monium dominated the PM2.5 concentration (Chen et al., 2018; Du et al.,
2017; Zhang et al., 2016). Except for Guangzhou and Ispra, a strong corre-
lation between MAE and NAPM/EC was found (R2 = 0.62) (Fig. S7)
Table 1
Summary of the influencing coefficients for individual chemical components on MAE a

Year Season φ IMI OC

α1
2016 Spring 1.67 ± 0.72 1.18 ± 0.41 0.06 ± 0.0

Summer 1.64 ± 0.71 1.08 ± 0.45 0.11 ± 0.0
Autumn 1.71 ± 0.73 1.26 ± 0.48 0.29 ± 0.0
Winter 1.82 ± 0.81 1.14 ± 0.46 0.35 ± 0.0
All year 1.70 ± 0.75 1.15 ± 0.44 0.20 ± 0.0

2017 Spring 1.61 ± 0.49 1.08 ± 0.41 0.22 ± 0.0
Summer 1.59 ± 0.76 0.95 ± 0.48 0.08 ± 0.0
Autumn 1.68 ± 0.73 0.96 ± 0.52 0.17 ± 0.0
Winter 1.66 ± 0.72 1.05 ± 0.41 0.18 ± 0.0
All year 1.64 ± 0.70 1.03 ± 0.46 0.16 ± 0.0

Notes: the data represent means with corresponding standard deviations, and all the p v
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indicating that the coating thickness of BC largely affects its light absorp-
tion ability.

3.3. Effect of chemical coatings on the MAE amplification

3.3.1. Seasonal contributions of chemical coatings to MAE amplification
The influencing coefficients for each chemical component by season are

summarized in Table 1. Good correlations were found between the ob-
served and calculated MAE values for all seasons in the two years (R2 >
0.85), indicating that the fitting function had a good performance.

According to Table 1, the seasonalMAE amplification factors (φ) ranged
from 1.59 to 1.82 during the two years. Combinedwith themass concentra-
tion of the chemical components, the contributions of different chemical
components to MAE amplification effect (ln(φ)) in different seasons are
shown in Fig. 3. The impacts of the chemical component coating on MAE
amplification in autumn and winter were greater than those in spring and
summer. Among all the chemical components, nitrate coating had the
strongest effect on the MAE amplification, followed by OC. Tao et al.
(2021) also found that the lensing effect by nitrate and organic matter coat-
ings were the main causes for MAE enhancement in Guangzhou. On the
contrary, the influence of sulfate coating on MAE amplification in spring
and summer were stronger than in autumn and winter. Cui et al. (2016)
found that sulfate coating was an important factor for the enhancement of
MAE in Shandong during the summertime. This could be related to the
high frequency of new particle formation (NPF) occurrence in spring and
summer with sulfuric acid being the key contributor to NPF (Huo et al.,
2019). Different from the other chemical components, the influencing coef-
ficients for ammonium on MAE amplification in all seasons were negative,
mplification by season.

SO4
2− NO3

− NH4
+ R2

α2 α3 α4
2 0.08 ± 0.02 0.33 ± 0.05 −0.37 ± 0.07 0.89
3 0.50 ± 0.11 0.12 ± 0.03 −0.65 ± 0.12 0.93
6 0.01 ± 0.00 0.27 ± 0.05 −0.47 ± 0.09 0.95
5 0.01 ± 0.00 0.31 ± 0.06 −0.45 ± 0.10 0.96
3 0.15 ± 0.05 0.25 ± 0.04 −0.46 ± 0.12 0.90
4 0.17 ± 0.03 0.29 ± 0.05 −0.62 ± 0.13 0.87
2 0.27 ± 0.05 0.30 ± 0.06 −0.49 ± 0.09 0.95
3 0.02 ± 0.00 0.41 ± 0.06 −0.49 ± 0.08 0.92
3 0.05 ± 0.01 0.42 ± 0.07 −0.53 ± 0.11 0.94
2 0.11 ± 0.02 0.36 ± 0.07 −0.52 ± 0.09 0.90

alues for the coefficients were <0.01.



Fig. 3. The contributions of individual chemical component to ln(φ) in different
seasons.

Fig. 4. The contributions of individual chemical components to ln(φ) under
different internal mixing levels.

D. Chen et al. Science of the Total Environment 865 (2023) 161180
indicating that ammonium coating had a reduction effect on MAE. The
comparison of the two years showed that the amplification effect of MAE
became weaker from 2016 to 2017, especially in winter. The effects of
OC and sulfate coatings decreased, while that of nitrate coating increased
significantly.

3.3.2. Contributions of chemical coatings under different BC mixing states
As presented in Fig. S9, the IMI values weremainly distributed in ranges

of 0–1.0, 1.0–1.5, 1.5–2.0, 2.0–2.5 and 2.5–4.8, the sum of these intervals
accounted for 99 % of the total samples. The five ranges of IMI were thus
used to investigate the absorption amplification of individual chemical
coatings on MAE amplification under different internal mixing levels. As
shown in Table 2, the fitting function had a good performance that the R2

values for the correlation between the observed and the calculated MAE
values under different IMI levels were all above 0.76. Under different IMI
levels, theMAE amplification factors ranged from 1.50 to 4.58. With the in-
crease of IMI levels, the effect of MAE amplification showed a significant
upward trend.

Combined with the mass concentration of chemical components, the
contribution of individual chemical components to MAE amplification ef-
fect (ln(φ)) under different internal mixing levels is shown in Fig. 4. The ef-
fects of OC and nitrate coatings on MAE amplification increased with the
increase of IMI, and the contribution of OC and nitrate to ln(φ) at high
IMI level (2.5–4.8) was 5.6 and 1.7 times those at low IMI level (0–1), re-
spectively. However, the effect of sulfate coating showed the opposite
trend, with the coefficient decreased by 83 % from low to high IMI level.
Ammonium coating had a negative effect which was weakenedwith the in-
crease of IMI.

3.4. Impact of anthropogenic emissions on MAE amplification

To explore the causes of MAE amplification, source apportionment of
BC absorption amplification was conducted for different seasons and inter-
nal mixing levels by the PMF model, as described in Section 2.6. The PMF
model was used to identify the potential sources and quantify their respec-
tive contributions to the mass concentration of each chemical species. The
summary of the source profiles and their contributions to chemical
Table 2
The influencing coefficients of individual chemical components on MAE amplification a

IMI φ IMI OC

α1
0.0–1.0 1.50 ± 0.21 0.83 ± 0.11 0.06 ± 0.02
1.0–1.5 1.87 ± 0.84 1.23 ± 0.24 0.15 ± 0.04
1.5–2.0 2.41 ± 0.39 1.71 ± 0.34 0.18 ± 0.04
2.0–2.5 3.01 ± 1.62 2.21 ± 0.84 0.29 ± 0.05
2.5–4.8 4.58 ± 2.02 3.60 ± 1.17 0.35 ± 0.08

Notes: the data represent means with corresponding standard deviations, and all the p v
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components at JAES in 2016 and 2017 are presented in Fig. S10 and
Table 3. The main sources identified in this study included coal combus-
tion, industrial pollution, transportation, biomass burning, fugitive dust
and secondary sources, and the total contribution of above sources was
>70 % in the two years. From 2016 to 2017, the contributions of industrial
emissions, coal burning and dust sources decreased significantly, from 33.8
%, 2.3 % and 16.1% to 22.0%, 0.7 % and 12.2 %, respectively. The contri-
butions of secondary sources and biomass burning increased from 29.2 %
and 7.5 % to 39.8 % and 13.8 %, respectively. Secondary sources contrib-
uted significantly to nitrate, sulfate and ammonium. Based on the emission
inventory of precursors of SOC (VOCs) and SIA (NOx, SO2 and NH3) in Nan-
jing in 2016 and 2017 (Zhao et al., 2021), the source apportionment for sec-
ondary aerosols at JAES were further estimated (Table 3). After
reapportionment, the contributions of industrial pollution, transportation
and coal combustion increased significantly. The contributions of industrial
pollution to primary and secondary PM2.5 decreased from 2016 to 2017,
whereas the contributions of transportation and biomass burning increased
by 3.7 % and 4.4 %, respectively.

Contributions of emission sources to main chemical components from
2016 to 2017 are shown in Fig. 5. The contributions of industrial emission
and coal combustion decreased, while that of transportation increased.
Combinedwith the contributions of chemical species to theMAE amplifica-
tion (Fig. 3), the result indicated that the decreased in the contributions of
industrial emission and coal combustion to the main chemical components
in PM2.5 from 2016 to 2017 was the main reason for the MAE reduction,
while the increase in vehicle emissions was a critical factor that MAE did
not show a large decline in 2017.

According to Section 3.3.2,five internal mixing levels with IMI values in
the range of 0–4.8 were used to analyze the variation of contributions of an-
thropogenic emissions to themain chemical components under different in-
ternal mixing levels. As shown in Fig. S11, with the increase of BC internal
t different internal mixing levels (IMI).

SO4
2− NO3

− NH4
+ R2

α2 α3 α4
0.12 ± 0.03 0.09 ± 0.02 −0.21 ± 0.04 0.76
0.10 ± 0.03 0.10 ± 0.02 −0.16 ± 0.03 0.81
0.07 ± 0.02 0.11 ± 0.02 −0.14 ± 0.03 0.86
0.02 ± 0.00 0.15 ± 0.03 −0.08 ± 0.02 0.88
0.02 ± 0.00 0.17 ± 0.04 −0.01 ± 0.00 0.83

alues for the coefficients were <0.01.



Table 3
Source apportionments of PM2.5 in Nanjing in 2016 and 2017 (Unit: %).

Year Source Primary apportionment Source SIA reapportionment SOC reapportionment

2016 Secondary source 29.2 Industrial pollution 30.0 90.0
Transportation 23.7 7.9
Coal combustion 38.3 0.7
Biomass burning 0.8 1.4
Agriculture 7.2 0.0

Industrial pollution 33.8 – – –
Transportation 10.3 – – –
Coal combustion 2.3 – – –
Biomass burning 7.5 – – –
Fugitive dust 16.1 – – –
Others 0.8 – – –

2017 Secondary source 39.8 Industrial pollution 25.4 89.2
Transportation 33.3 9.9
Coal combustion 33.4 0.4
Biomass burning 0.8 0.6
Agriculture 7.2 0.0

Industrial pollution 22.0 – – –
Transportation 10.1 – – –
Coal combustion 0.7 – – –
Biomass burning 13.8 – – –
Fugitive dust 12.2 – – –
Others 1.5 – – –
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mixing level, the contributions of industrial emissions to OC and sulfate in-
creased largely, with the maximum increase by 21% and 7%, respectively.
The contributions of industrial emissions and coal combustion to nitrate in-
creased, with the maximum increase of 3.4 % and 3.5 %, respectively. It is
worth noting that the contributions of transportation to the main chemical
components of PM2.5 (OC, sulfate, nitrate, ammonium) all decreased with
the increase of internal mixing level (Fig. S11). The result indicated that in-
dustrial emissions and coal combustion enhanced the MAE amplification
when IMI increased.

4. Implications and limitations

Based on results from all the methods adopted in this study, sources for
light absorption amplification of BCwere identified for different seasons in
2016 and 2017. High PSCF values were mainly found on the junction of
Anhui, Jiangxi and Zhejiang in spring 2016 (Fig. S2). This region was re-
lated to high loads of coal combustion and industrial emissions. Their
large contributions to nitrate promoted MAE amplification. In spring
2017, the region with high PSCF values moved towards the junction of
Anhui, Jiangsu and Zhejiang with high loadings of agricultural and indus-
trial emissions, contributing significantly to OC, ammonium and nitrate.
Fig. 5. The contributions of anthropogenic emissions to the main chemical
components of aerosols from 2016 to 2017.
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The negative contribution of ammonium to MAE enhancement led to
lower MAE values compared to spring 2016. In the summer of 2016, high
PSCF values were found in the central YRD region. Industrial emissions in
this region had great contribution to nitrate and sulfate. Higher atmo-
spheric oxidizing capacity and higher contribution of clean air masses
from the marine boundary layer accelerated the NPF process, resulting in
the prominent contribution of sulfate to MAE amplification. In summer
2017, high PSCF valueswere found in the region of southern Anhui. The in-
dustrial emissions from this regionmade nitrate a priority. In autumn 2016,
high PSCF values were found in the junction of Anhui, Jiangxi and Hubei.
With lower negative contribution from ammonium, industrial emissions
and biomass burning promoted MAE significantly by contributing more
OC and nitrate. In autumn 2017, the industrial pollution from southern
Anhui took the lead in contributing OC and nitrate for MAE enhancement.
Regional transmission ranges of the two winters were more extensive, the
high PSCF values of the two winters were similarly located in the junction
of North China Plain, Central China and YRD. MAE amplification in the
winter of 2016 was highly affected by industrial emissions from southern
Henan and central Anhui and transportation in Nanjing. Local NOx emis-
sions in urban Nanjing decreased significantly in the winter of 2017 com-
pared with the previous year, leading to a decrease in nitrate and reduced
MAE enhancement.

The integrated methods used in this study have provided a useful case
study of source apportionment for light absorption amplification of BC.
Nevertheless, limitations in this study should be pointed out. The PMF
model for source apportionment used in this study still has large uncer-
tainties. The multiple linear regression model (Eq. (4)) established in this
study needs verification based on data from other observation sites. In ad-
dition, the mechanism for the negative effect of ammonium onMAE ampli-
fication unveiled in this work needs to be further explored.

5. Conclusions

A comprehensive study of BC light absorption was conducted at an
urban site in a typical polluted city in YRD from January 2016 to December
2017. Relatively low EC concentration was observed in 2017, attributed
mainly to the improved BC emission control in Nanjing and variation of re-
gional air mass transport. Compared with MAE in 2017, higher MAE in
2016was mainly attributed to the high BC internal mixing level. By analyz-
ing the MAEs and NAPM/EC in Nanjing and other cities, it was found that
MAE had a strong positive correlation with NAPM/EC. These results indi-
cated that BC internal mixing level was crucial to the seasonal MAE varia-
tion in one city. For spatial variation of MAE in cities of China, it is
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reasonable to assessMAE ranges byNAPM/EC ratios.MAE amplification by
individual chemical components was further estimated by model fitting.
Results showed that nitrate coating had a strong positive effect onMAE am-
plification, followed by organicmatter. The effects of organicmatter and ni-
trate coatings on MAE amplification increased with the increase of IMI
levels. Ammonium coating had a negative effect on MAE amplification at
all IMI levels, and the effect gradually weakened with the increase of IMI.
Combined with the source apportionment by the PMF model, it was
found that the fact that MAE amplification in 2017 was weaker than in
2016 was mainly due to the significant decrease in the contributions of in-
dustrial emission and coal combustion to PM2.5 from2016 to 2017. High in-
ternal mixing levels could enhance theMAE amplification effects by nitrate
and OC from industrial and combustion sources.
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