
lable at ScienceDirect

Environmental Pollution 263 (2020) 114507
Contents lists avai
Environmental Pollution

journal homepage: www.elsevier .com/locate/envpol
The large proportion of black carbon (BC)-containing aerosols in the
urban atmosphere*

Lu Chen a, Fang Zhang a, *, Peng Yan b, Xinming Wang c, Lu Sun d, Yanan Li b,
Xiaochun Zhang b, Yele Sun e, Zhanqing Li f

a College of Global Change and Earth System Science, Beijing Normal University, Beijing, 100875, China
b Meteorological Observation Center of China Meteorological Administration, Beijing, 100081, China
c State Key Laboratory of Organic Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou, 510640, China
d Department of Atmospheric Sciences, Texas A&M University, College Station, TX, USA
e State Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric Chemistry, Institute of Atmospheric Physics, Chinese Academy of Sciences,
Beijing, 100080, China
f Earth System Science Interdisciplinary Center and Department of Atmospheric and Oceanic Science, University of Maryland, College Park, MD, USA
a r t i c l e i n f o

Article history:
Received 13 December 2019
Received in revised form
28 March 2020
Accepted 30 March 2020
Available online 5 April 2020

Keywords:
Black carbon (BC)-Containing particles
Number and mass fraction
Mixing state
Coating thickness
* This paper has been recommended for acceptanc
* Corresponding author.

E-mail address: fang.zhang@bnu.edu.cn (F. Zhang)

https://doi.org/10.1016/j.envpol.2020.114507
0269-7491/© 2020 Elsevier Ltd. All rights reserved.
a b s t r a c t

The accurate derivation of the proportion and absorption enhancement of black carbon (BC)-containing
aerosols in the atmosphere is critical to assess their effect on air quality and climate. Here, using the field
measured size-resolved volatility shrink factor, BC bulk mass concentration and the BC mass fraction in
BC-containing particles in winter Beijing, we retrieved and quantified both the number and mass con-
centration of (1) non-BC, (2) internally mixed BC and (3) externally mixed BC of ambient fine aerosol
particles. The reliability of the retrieval method has been evaluated by comparing with the simulta-
neously measured data. The number fraction of BC-containing particles accounts for 60e78% of ambient
fine particles, with internally (both BC core and coating materials) and externally mixed BC of 51e64%
and 9e23%, respectively. Only for nucleated particles on clean days, when nucleation is a major source of
aerosol particles, did the non-BC component dominate (54%). A large amount of aerosols are BC-
containing particles, with mass fraction of 32e52%, suggesting the dominant role of BC in elevating
mass concentration of particulate matter (PM) in a polluted urban area. We also show that the BC
particles are thickly coated with coating thickness (characterized by Dp/Dc, ratio of the BC diameter
before and after heating at 300 �C) of 1.6e2.2, implying efficient aging of BC particles in polluted urban
area. Our results imply a large proportion of BC-containing particles in the atmosphere, which could help
towards understanding the role of BC on regional haze formation and climate forcing.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Although black carbon (BC) aerosols generally account for a
small proportion (~5e10%) of the total mass of particulate matter
with diameters smaller than 2.5 mm (PM2.5) in the atmosphere,
freshly emitted BC undergoes atmospheric aging that will form BC-
containing particles, increasing the total mass of PM2.5 due to
mixing with other substances (Bond and Bergstrom, 2006; Cheng
et al., 2006; Peng et al., 2016; Zhang et al., 2018a,b). The effects of
these BC-containing particles on regional air quality, climate, and
e by Baoshan Xing.
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human health are largely different from those caused by pure BC
alone (Frey et al., 2008).

Since it is difficult to obtain accurate information about what
fraction and how fast BC and other types of particles are aggregated
in the atmosphere (P�osfai et al., 1999), the combined climate effects
of BC and coating substances are more difficult to estimate (Chýlek
et al., 1995). Currently, the results of BC forcing remain debatable
and are one of the key uncertainties in climate evaluation (Bond
et al., 2013; Myhre et al., 2013; Stocker et al., 2013). The light ab-
sorption enhancement (Eabs) have been applied to quantify the
radiative forcing of BC by assuming a core-shell structure of the BC-
containing particles (Bond et al., 2013; Cappa et al., 2012; Cheng
et al., 2006; Chung et al., 2012; Jacobson, 2001; Knox et al., 2009;
Matsui et al., 2013; Moteki et al., 2007; Schwarz et al., 2006). The
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Eabs, however, highly depends on the BC aging rate and changes in
morphology and coating thickness of BC, ranging from about 1.0 to
4.0, according to different studies (Cappa et al., 2012; Chen et al.,
2017; Cui et al., 2016; Lack and Cappa, 2010; Liu et al., 2017;
Nakayama et al., 2014; Peng et al., 2016; Xu et al., 2016; Cheng et al.,
2017).

Accurately quantifying BC-containing particles, including inter-
nally and externally mixed BC, is difficult but necessary to do to
understand their aging process and presence in the atmosphere. A
few studies have measured the mass, number concentration, and
fraction of BC-containing particles, which are highly variable and
depend on the environmental conditions (Lee et al., 2015; Massoli
et al., 2015; Reddington et al., 2013; Wang et al., 2019). Different
algorithms applied to data from the same area can produce
inconsistent results. For example, Zhan et al. (2017b) found that the
number and mass fraction of BC-containing particles accounted for
only ~10e17% of the total mass based on single particle soot
photometer measurements at a site near to Beijing, suggesting a
minor presence in the atmosphere. However, Wang et al. (2019)
reported a thick coating of BC particles observed in Beijing, which
suggests that there may have been a large proportion of BC-
containing particles in the atmosphere. In general, modeling of
the radiative forcing of BC has the largest uncertainty in polluted
urban areas (Chung et al., 2012). Accurate quantification of both the
mass and number concentration/fraction of BC-containing particles
in East Asia, which contains heavily polluted urban areas, is thus
essential.

Most of previous studies have investigated the particles vola-
tility properties (Cheung et al., 2016; Jiang et al., 2018; Wang et al.,
2017) or inversed the number fraction of internally and externally
mixed BC using the V-TDMA data (Lee et al., 2015; Massoli et al.,
2015; Reddington et al., 2013; Zhan et al., 2017a). But, to our
knowledge, no previous study has used such dataset to retrieve the
mass concentration/fraction of internally and externally mixed BC,
that reflects the contribution of BC-containing particles to PM2.5.
The SP2 measurement is generally used to determine the mass of
BC-containing particles. This study retrieves and quantifies the
proportion of non-BC and internally and externally mixed BC of
ambient fine aerosol particles using the field-measured, size-
resolved volatility shrink factor (VSF) (Cheung et al., 2016), and the
mass concentration of bulk BC and the chemical composition of BC-
containing particles from 28 January to February 22, 2019 at a site
in the Beijing area. We focus on analyzing the importance and size
dependence of internally and externally mixed BC on clean and
polluted days. We also attempt to study the BC absorption
enhancement using a core-shell assumption based on coating
thickness on BC to reveal the role of aging degree on enhancing BC
absorption.

2. Materials and methods

2.1. Site, instruments, and measurements

We conducted a field campaign from 28 January to February 22,
2019 at a site located southeast of urban Beijing (40.05�N,116.09�E).
Roads surround the sampling site with no major industrial pollu-
tion sources nearby. A series of instruments were set up and
deployed in a container for simultaneously measuring the chemical
and physical properties of aerosols. Size-resolved VSF (40e300 nm)
and particle number size distributions (PNSD) were measured by a
volatility tandem differential mobility analyzer (VTDMA) and used
to determine the particle mixing state. Because this study in-
vestigates the fine mode particles below 300 nm, those refractory
components, e.g. dust and sea salt, which are dominated by coarse
mode particles, are negligible. At around 300e350 �C, the
refractory component in the sub micrometer size range in the
continental and urban areas have been considered consisting
mainly of black carbon and little charred organic material that can
be negligible (Rose et al., 2006; Frey et al., 2008; Wehner et al.,
2009). As a refractory component, BC remains in the particle
phase upon heating, while the rest of the aerosol components tend
to evaporate, resulting in a change in particle size (Cheng et al.,
2009). More details about the VTDMA can be found in the sup-
plement (Fig. S1) and in the literature (Wang et al., 2017). Auxiliary
instruments included an aethalometer (AE33, Magee Scientific),
and an aerosol chemical speciation monitor (ACSM). The AE33 is
used to measure the mass concentration of pure BC from the
change in optical attenuation at 880 nm (Zhao et al., 2017). The
ACSM is used to measure the mass concentration of non-refractory
aerosol components, including organics, sulfates, nitrates, ammo-
nium, and chlorides (Li et al., 2020). Meteorological variables at
different altitudes, including temperature (T), relative humidity
(RH), wind speed (WS), and wind direction (WD) were also
measured.
2.2. Retrieval method

In this study, we use the abbreviations Ex-BC, In-BC, and Non-BC
to denote externally mixed, internally mixed, and non-BC-
containing particles, respectively. The measured VSF is defined as
the ratio of the diameter of the particle residual after being heated
at 300 �C to the initial diameter of the sampled dry particles
(Wehner et al., 2009). We classified the measured VSF values into
three categories: 0.82 � VSF �1.2 as low volatility (LV) aerosols,
considered as Ex-BC; 0.45 � VSF < 0.82 as medium volatility (MV)
aerosols, considered as In-BC; and 0.2� VSF < 0.45 as high volatility
(HV) aerosols, considered as Non-BC (Cheng et al., 2012; Wehner
et al., 2009). We then obtained the size distributions and number
concentrations of In-BC, Ex-BC, and Non-BC combined with the
total PNSD simultaneously measured by the VTDMA.

Fig. 1a shows the campaign average PNSDs of In-BC, Ex-BC, and
Non-BC. The PNSDs of In-BC, Ex-BC and Non-BC present apparent
bimodal patterns, typically with nucleation/Aitken and accumula-
tion modes: the peak diameters are about 30 nm and 120 nm for
Non-BC, 50 nm and 190 nm for In-BC, and 30 nm and 110 nm for Ex-
BC. Such bimodal patterns are consistent with that previous ob-
servations in urban regions where the PNSD of fine aerosols
generally is with bimodal patterns due to themultiple impacts from
both local emissions/secondary conversion and regional trans-
portation (Liu et al., 2016). We observed that the Aitken mode
dominates the PNSD of Non-BC, which is likely due to that the
sampling site is closer to the main traffic road and frequently
impacted by urban vehicle emissions. Note that the peak diameters
of the two modes for In-BC are considerably larger than that
observed for Ex-BC, showing a shift to the right due to the BC aging
(Jiang et al., 2018).

Based on the PNSD of Ex-BC, we then calculated the mass size
distribution from the volume and density of the fresh BC (equation
(1)) by assuming that the particles are spherical (Rader and
McMurry, 1986). We assume that the Ex-BC effective density
ranges from 0.25 to 0.45 g cm�3, which are typically values for fresh
BC particles according to Park et al. (2003) and Slowik et al. (2004).

mðlog DÞ¼p

6
rD3nðlog DÞ (1)

where r, D, nðlog DÞ and mðlog DÞ are the effective density, elec-
trical mobility diameter, and the number and mass size distribu-
tions of Ex-BC, respectively.

The retrieved campaign average mass size distribution of Ex-BC



Fig. 1. (a) The campaign average number size distributions of In-BC (in blue), Ex-BC (in red), and Non-BC (in green) based on the VTDMA measurement. (b) The campaign average
number and mass size distributions of Ex-BC. The grey zone represents the upper and lower limit of the calculation by applying the Ex-BC effective density of 0.25e0.45 g cm�3, and
the black line represents the effective density of 0.35 g cm�3. (c) The mass fraction difference of In-BC when Ex-BC with effective density range of 0.25e0.45 g cm�3.
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is shown in Fig. 1b. We also put the PNSD of Ex-BC in Fig. 1b for
comparison. It can be seen that the Aitken mode dominates the
PNSD of Ex-BC but showing negligible contribution to the particle
mass. The grey zone of the mass distribution of Ex-BC represents
the upper and lower limit of the calculation by applying the Ex-BC
effective density of 0.45 and 0.25 g cm�3, respectively, and the black
line is result when assuming the effective density is 0.35 g cm�3.
The peak diameter of obtained Ex-BC mass was about 180 nm,
which is close to the values observed by SP2 (~200 nm) in urban
Beijing (Ding et al., 2019). Since the peak of the mass size distri-
bution of BC typically varies between 100 and 400 nm in an urban
atmosphere (Frey et al., 2008; Ding et al., 2019), the mass of BC with
Dp > 600 nm is expected to be negligible in this study.

The total mass concentration of Ex-BC can then be calculated
from the integration of the retrieved mass size distribution:

MEx"TT5843c571""ADBC ¼
ðDend

Dstart

mðlog DÞd log D (2)

where MEx"TT5843c571""ADBC is the sum of the masses for the size
range of 10e600 nm.

The effective density of Ex-BC used for calculating the mass
concentrations of Ex-BC and In-BC in this study was ~0.35 g cm�3.
The assumption of BC effective density could result in uncertainty
in the retrieved mass concentrations of Ex-BC and In-BC. However,
we find that the uncertainty is small, i.e., themass concentrations of



Fig. 2. Time series of number fraction of BC-containing particles measured by SPAMS
(in black) and calculated from VTDMA (in red), the 200 nm particles from VTDMA are
chosen.
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In-BC vary within ±5% (Fig. 1c) by changing the effective density of
Ex-BC from 0.25 to 0.45 g cm�3.

The mass concentration of BC-containing particles was calcu-
lated as follows:

MBC"TT5843c571""ADcontaining ¼ Mpure BC

4pure BC
(3)

where MBC"TT5843c571""ADcontaining is the total mass of Ex-BC and In-
BC (both BC core and coating materials), Mpure BC is the mass con-
centration of pure BC obtained from the AE33 at 880 nm, and
4pure BC is the mass fraction of pure BC in the BC-containing parti-
cles. In this study, 4pure BC is assumed to be 19% on clean days and
15% on polluted days obtained by a combinedmeasurement system
which is consisted by a single-particle soot photometer (SP2) and a
high-resolution aerosol mass spectrometer (HR-AMS) (Wang et al.,
2019). Data measured by Wang et al. (2019) during winter of 2016
in Beijing shows that changes in 4pure BC are roughly constant
during polluted and clean periods (Fig. S2). Therefore, the constant
values assumed are expected to induce an insignificant uncertainty
in the calculation.

Note that the mass of total BC particles will be underestimated
(McMeeking et al., 2010; Schwarz et al., 2006) because of the low
detection efficiency of the SP2 in measuring small BC particles.
Compared to an AE33 collected in December 2016 (Wang et al.,
2019), it shows that the SP2 underestimated BC mass concentra-
tion (Fig. S3) with an averaged value of 40%. Note that such result is
with uncertainties because the comparison involved the factory
default mass absorption cross-section (MAC) of ~4.7 m2 g�1 in AE33
and the calibration of SP2 deserves further investigation as well.
However, in this study, the mass fraction of each component
measured by the combined SP2 and HR-AMS system are thought to
be reliable, so here 4pure BC is used to retrieve the total mass of
internally and externally mixed BC particles.

The total mass concentration of In-BC is then calculated as
MBC"TT5843c571""ADcontaining minus the mass concentration of Ex-BC.
The mass concentration of Non-BC is calculated as the difference
between the simultaneously measured mass concentrations of
PM2.5 and BC-containing particles:

MIn"TT5843c571""ADBC ¼ MBC"TT5843c571""ADcontaining

�MEx"TT5843c571""ADBC (4)

MNon"TT5843c571""ADBC ¼ MPM2:5
�MBC"TT5843c571""ADcontaining

(5)

where MIn"TT5843c571""ADBC and MPM2:5
are the mass concentrations

of In-BC and PM2.5, respectively.
During the campaign, the aerosols number concentration of

chemical composition (including BC) for single particles is also
simultaneously measured by a single particle aerosol mass spec-
trometer (SPAMS) (Hexin Mass Spectrometry) (Bi et al., 2015).
Although only a short time period (about oneweek) of synchronous
data from the two instruments is obtained, this allows us to verify
and evaluate the reliability of our retrieved number concentration/
fraction of BC particles by the method. Because the SPAMS mea-
sures ambient particles with size range of 200e2000 nm, so the
number fraction of ambient particles with 200 nm retrieved is used
for comparison. As shown in Fig. 2, both the overall temporal var-
iations and proportion for BC-containing particles measured by
SPAMS and calculated from VTDMA are consistent, confirming our
method are reliable for retrieve mixing state of BC in the study
periods. Unfortunately, more comprehensive data like size-
resolved chemical composition of BC-containing particles
measured by SPAMS is not available due to data sharing policy of
the campaign project, and more analysis regarding to the data
cannot be done in this study.
3. Results and discussion

3.1. General overview of the measurements

The field campaign time series of meteorological conditions,
PM2.5 concentration, chemical composition, and volatility (Fig. 3)
show that, in general, a north wind prevailed throughout the study
period. When the wind direction shifted from the north to the
south, the PM2.5 concentration increased, reaching a maximum of
348 mg m�3, mainly due to pollutants transported from south of the
site (Gao et al., 2011; Wang et al., 2017). The average wind speed
and temperature were 2.13 m s�1 and 0.29 �C during the study
period, respectively. The average PM2.5 concentration was
50.1 mg m�3. Observed during the field campaignwerewind speeds
lower than 2 m s�1, conducive to the accumulation of pollutants,
resulting in pollution events. The main component of PM2.5 was
organic matter, accounting for ~50% of the total mass of PM2.5.
When pollution events occurred, the mass fractions of nitrate and
sulfate increased. The measured probability density functions of
the VSF (VSF-PDF) of DMA1-selected particles with diameters (Dp)
equal to 40, 150, and 300 nm in urban Beijing have an overall
unimodal distribution. The average VSF for different Dp calculated
from the VSF-PDF was ~0.6, consistent with values reported by
previous studies (Wang et al., 2017; Jiang et al., 2018). Here, we
present the volatility of size-resolved particles under clean (char-
acterized by PM2.5 concentrations less than 35 mg m�3) and
polluted (characterized by PM2.5 concentrations greater than
150 mg m�3) conditions.

Fig. 4 shows size-dependent average VSF during clean and
polluted periods. During the polluted period, the VSF decreased at
first, then increased with increasing particle size. Small particles
(40, 60, and 80 nm) had higher volatilities (i.e., low mean VSF)
under clean conditions than under polluted conditions. It is
possible that the particle volatility sharply increased when new
particle formation (NPF) events occurred. ACSM measurements
show that during NPF events, most of the newly formed particles
(>50%) were volatile because they were dominated by highly vol-
atile organic particles. During polluted and clean periods, with
increasing particle size, the average VSF increased, suggesting that
larger particles became less volatile when they experienced aging,



Fig. 3. Time series of (a) ambient temperature (T) and relative humidity (RH); (b) wind direction and wind speed; (c) mass concentration of PM2.5 and its main species; (d) mass
fraction of chemical composition of PM2.5; (eeg) volatile shrink factor distributions (VSF-PDF) for 40, 150, and 300 nm particles at T ¼ 300 �C; (h) mean VSF of mono-disperse
aerosols with different particle size.

Fig. 4. Size-dependent volatility shrink factor (VSF) of fine aerosol particles under
clean (in blue) and polluted (in black) conditions during the field campaign. Vertical
bars show the standard deviations.
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coagulation, condensation, and growth in the atmosphere (Ivleva
et al., 2007; Wehner et al., 2009).
3.2. Retrieved time series of the size-resolved mixing state of
atmospheric fine particles

Using VSF observations and themethod described in section 2.2,
we obtained the time series of number/mass concentration of Non-
BC, In-BC, and Ex-BC (Fig. 5). We only present the number varia-
tions of 40- and 150-nm particles here (see Figs. S4 and S5 for the
time series of other sizes). The large temporal variations in the
number/mass concentration of Non-BC, In-BC, and Ex-BC were
observed during the field campaign, which reflects the large fluc-
tuations and influences from both local primary urban emissions
and secondary conversions on ambient fine particles. For particles
of both sizes, Ex-BC had the smallest number and mass concen-
trations (Fig. 5a and d), which suggests that as the atmospheric
aerosols aged, most of the BC particles became mixed with other
chemical compounds to form BC-containing particles. For example,
for 150-nm particles, In-BC had the largest number fraction on
most days during the field campaign.

Fig. 5c illustrates the distinct size dependence of the total
number fractions of the BC-containing particles from clean to
polluted conditions. During the clean period, small particles
(<100 nm) were mostly Non-BC with number fractions ranging
from 50 to 60%, and large particles (>150 nm) were mostly In-BC
with number fractions greater than 60%. As the particle size
increased, the number fraction of Non-BC decreased, meaning that
the proportion of completely volatile and highly volatile particles
decreased, which is consistent with that observed in Guangzhou



Fig. 5. Time series of (a) number concentrations and (b) number fractions of Non-BC (in green), In-BC (in blue), and Ex-BC (in red) 40- and 150-nm particles. (c) Size-resolved,
campaign-averaged number fractions of Non-BC, In-BC, and Ex-BC during clean and polluted periods. (d) Time series of retrieved mass concentrations of Non-BC, In-BC and Ex-
BC in PM2.5.

L. Chen et al. / Environmental Pollution 263 (2020) 1145076
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(Cheung et al., 2016). Particles during the polluted period were
mainly In-BC (50e62%), showing size independence. Small parti-
cles may arise mainly from the nucleation process during clean
periods when primary emissions (e.g., BC and other primary or-
ganics) are small, which would thus lead to a large proportion of
Non-BC in the nucleation mode on clean days. The following sec-
tion discusses this further.
3.3. Number and mass fractions of BC-containing and Non-BC
aerosols in the atmosphere over the site

Fig. 6 shows the number and mass concentrations/fractions of
Fig. 6. Retrieved (a) number and (b) mass concentrations of Non-BC (in green), In-BC (in bl
The number and mass fractions of Non-BC, In-BC, and Ex-BC are also included in the figure
BC-containing particles and non-BC particles. During clean periods,
most ambient aerosol particles were BC-containing particles with
Dp greater than 100 nm and with a total In-BC and Ex-BC number
fraction of 60e78% (except for 40 nm), corresponding to a mass
fraction of ~52%. This suggests that BC particles were the dominant
component of ambient fine particles in the atmosphere over the
site. During polluted periods, however, BC-containing particles
contributed ~32% toward the mass fraction, with In-BC and Ex-BC
contributing ~30% and ~2%, respectively. Compared to clean pe-
riods, the mass fraction of Non-BC during polluted periods showed
a slight increase, suggesting the formation of Non-BC likely through
aqueous chemistry on polluted days. Although there was a
ue), and Ex-BC (in red) for 40-, 150-, and 300-nm particles on clean and polluted days.
.
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reduction in the mass fraction of BC-containing particles during
polluted periods, the total mass fraction of BC-containing particles
still accounted for one third of the fine-particle mass. For 40-nm
particles, BC-containing particles accounted for a smaller number
fraction (~46%) during clean periods compared to larger particles.
The smaller proportion is due to the large contribution of smaller
Non-BC from nucleation processes that frequently occurred on
clean days. On polluted days, sources of small particles are mainly
local primary traffic and cooking emissions in urban Beijing (Yu
et al., 2015; Ren et al., 2018; Fan et al., 2020), which emit much
fresh BC particles. This led to a larger number fraction of Ex-BC in
40-nm particles (~23%). It is worth noting that small BC particles
(like from traffic) with larger surface-to-volume ratios tend to have
thick coatings after aging. According to our method of dividing
different mixing states of BC, these particles may be considered as
Non-BC. Although such case does exist, our result basically repre-
sents the real mixing state of BC in the atmosphere by comparing
with the SPAMS data (Fig. 2).

Overall, the number and mass fractions of BC-containing parti-
cles accounted for 60e78% and 32e52%, respectively, of ambient
fine particles during the study period. Our results indicate that
although the pure BC mass was small, typically accounting for
5e15% of total fine particles in the atmosphere (Viidanoja et al.,
2002; Laborde et al., 2013; Massoli et al., 2015; Srivastava et al.,
2012), the mass fraction of BC-containing aerosols in the atmo-
sphere can be very high because of rapid aging, coagulation, and
other heterogeneous processes of fresh BC particles in polluted
urban areas. These atmospheric physical and chemical processes
lead to the formation of thick coating materials on fresh BC (Xu
et al., 2016), increasing their total mass significantly. This would
not only contribute to the mass concentration of PM2.5 and
deteriorate air quality, but it would also change the absorption and
radiative forcing of BC particles and impact climate (Zhang et al.,
2020). Therefore, our results suggest that BC-containing particles
play a critical role in both regional haze formation and climate
forcing.

As summarized in Table 1, a large number fraction of BC-
containing particles, comparable with our results, was also
observed in Hong Kong (Clarke et al., 2004). The mass fraction
obtained in our study is consistent with that derived by Lee et al.
(2015), who reported that the mass fraction of internally mixed
BC particles reached ~50% in Toronto, indicating a large fraction of
BC-containing aerosols. However, other studies, summarized in
Table 1, reported lower number fractions or mass fractions of BC-
containing particles. For example, Zhan et al. (2017a) found that
the number and mass fractions of BC-containing particles were
only 10e15% and 10e17%, respectively, in Xianghe, Hebei, a site
very close to Beijing. Massoli et al. (2015) reported that the number
and mass fractions of BC-containing particles were, on average,
~20% and 35%, respectively, in California based on SP2 and VTDMA
measurements. Reddington et al. (2013), using aircraft
Table 1
Summary of the mass and number fractions of BC-containing particles from different stu

Site Season Technique M

Beijing Winter VTDMA 49
Xianghe Summer SP2, VTDMA 10
California Early summer SP2, VTDMA 35
Munich Spring SP2 ~1
Toronto Autumn SP-AMS ~5
Hong Kong Spring VTDMA n/
Leipzig Winter VTDMA, DMPS ~2
Paris Winter SP2 15

n/a: not available; DMPS: differential mobility particle sizer.
observations, obtained number and mass fractions of ~10% and
~14%, respectively. Overall, both the mass and number fractions
vary considerably among different environments, implying large
variations in BC MAC due to distinct emission sources and aging
processes/rates in different regions (Xu et al., 2016). Accurately
evaluating BC radiative forcing in models is thus challenging.

3.4. Coating thickness characterized by Dp/Dc ratio and calculated
absorption enhancement

Previous theoretical studies have reported that coating mate-
rials on BC surfaces can significantly enhance the light absorption of
BC via the lensing effect (Fuller et al., 1999; Jacobson, 2001; Lack
and Cappa, 2010; Moffet and Prather, 2009). In other words, the
aging degree of BC-containing particles determines their theoret-
ical light absorption capability. However, how the aging and light
absorption capability of BC particles will change under different
pollution levels remains unclear. Here, the ratio Dp/Dc was used as a
quantitative index to characterize the coating thickness (aging
degree) of BC-containing particles. In Fig. 7a, Dp refers to the peak
value of the DMA1 selected size distribution (particles with di-
ameters of 110 nm and 150 nm are presented as examples), and Dc
refers to the peak diameter of residual particles after heating at
300 �C. Also shown are the number size distributions of ambient
aerosols.

The observed BC aerosols are dominated by particles with Dp/Dc
ratio of >1.6 for 110 and 150 nm particles (Fig. 7b). On average, the
Dp/Dc ratio of BC particles were ~2.2 and ~1.6 at 40e110 nm and
150e300 nm respectively (Fig. S6 for the frequency distributions of
other sizes), showing thinner coating material as the particle size
increased. The observed large ratios of Dp/Dc suggest that the BC
particles during the campaign are thickly coated with compacted
structure during atmospheric aging. Therefore, to study the impact
of BC aging on its absorption enhancement, we further calculate the
Eabs at l ¼ 550 nm using a core-shell Mie model (Bohren and
Huffman, 1983) by assuming the BC particles are spherical with
fully compacted form.

The calculated Eabs of BC-containing particles is highly depen-
dent on changes of Dp/Dc ratio. The maximum Eabs of ~2.2 is derived
corresponding to Dp/Dc of ~2.1, basically consistent with that
derived at sites with similar observed Dp/Dc (2.0e2.5; Fig. 8), i.e.,
Shouxian, Xianghe, and Toronto (Knox et al., 2009; Xu et al., 2018;
Zhang et al., 2016). However, our derived Eabs is larger than that
obtained at Guangzhou, California, and Boulder, where smaller Dp/
Dc values of less than 1.5 were observed. Note that Cheng et al.
(2017) observed an Eabs equal to ~4.2 corresponding to a Dp/Dc
value of ~2.3, highlighting the uncertainties in deriving Eabs if the
coating thickness is used. It is worth noted that, the core-shell Mie
model, which assumes particles are spherical and homogeneous
with core-shell structure without considering the impact of
chemical composition of BC coating layer and real morphology of
dies.

ass fraction Number fraction Reference

e57% 61e80% This study
e17% 10e15% Zhan et al. (2017a)
% ~20% Massoli et al. (2015)
0% ~14% Reddington et al. (2013)
0% 7e11% Lee et al. (2015)
a ~85% Clarke et al. (2004)
0% ~17% Frey et al. (2008)
e40% ~10% Laborde et al. (2013)

http://www.baidu.com/link?url=V_W395GXo9vh4wmCCakLUkJIlAvKO-I7Ngw6xL2W1sq9pxu7MR4uc4tBK2Ga_vwu35XLkGlkBWkfeN78BFih04MAlStx115TRDtGdLp-yy3


Fig. 7. (a) Number size distributions of ambient aerosols (in black), DMA1-selected particles with Dp equal to 110 nm and 150 nm (in blue), residual particles after heating at 300 �C
(in red), and the fitting curves. (b) The counts (in red) and frequency (in blue) distribution of the ratio of Dp/Dc with Dp of 110 nm and 150 nm. (c) The calculated dependence of the
light absorption enhancement (Eabs) on the ratios of Dp/Dc.

L. Chen et al. / Environmental Pollution 263 (2020) 114507 9
BC in the atmosphere, is expected with some limitations.
4. Conclusions

Quantifying the proportion and absorption enhancement of
black carbon (BC)-containing aerosols in the atmosphere is critical
to assess their effect on air quality and climate. In this study,
combining our field measured size-resolved volatility shrink factor
(VSF), and mass concentrations of bulk BC and the reported the BC
mass fraction in BC-containing particles in urban Beijing, we
quantified the proportions of non-BC, internally, and externally
mixed BC of fine aerosol particles in the atmosphere. The number
fractions of BC-containing particles accounted for 60e78% of the
total number concentration of ambient fine particles, with In-BC
and Ex-BC of 51e64% and 9e23%, respectively. Non-BC particles
represent a large proportion (54%) of nucleated particles on clean
days when new particle formation is a major source of aerosol
particles. The large number fractions of BC-containing particles
correspond tomass fractions of 32e52%, illustrating the critical role
of BC in increasing mass concentration of PM2.5 through aging/
heterogeneous chemical processes. In comparison of the results
with previous investigations in diverse environment, we found that
proportion of BC-containing particles obtained by this study are
considerably or slight larger than that previous results in urban
atmosphere. The uncertainty in simulating the amounts of BC-
containing particles would also induce uncertainty in evaluation
of the effects of BC on both regional air pollution and climate
forcing. Therefore, our results are with great significance and could



Fig. 8. Eabs derived at different locations around the world from previous references (Cappa et al., 2012; Knox et al., 2009; Lack et al., 2012; Schwarz et al., 2008; Wu et al., 2018; Xie
et al., 2019; Xu et al., 2018; Cheng et al., 2017; Zhang et al., 2018a,b; Zhang et al., 2016). Values for the ratio Dp/Dc and wavelength are given by the size of the circles and color,
respectively. The asterisk (*) represents this study. Table S1 summarizes these values given above.
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help towards understanding the role of BC on regional haze for-
mation and climate forcing.

Finally, we show that the aging degree (characterized by Dp/Dc)
of BC particles can reach ~2.2 in the campaign period, implying the
BC particles were thickly coated. The coating layer on BC would
significantly change its hygroscopicity and CCN activity (Zhan et al.,
2017b; Fan et al., 2020). The core-shell Mie model was also used to
investigate the relationship of BC absorption enhancement and Dp/
Dc ratio. However, the Mie model, which assumes particles are
spherical and homogeneous with core-shell structure without
considering the impact of chemical composition of BC coating layer
and real morphology of BC in the atmosphere, is with some limi-
tations. In the future, more comprehensive studies, including field
measurements and laboratory experiments, warrant to link the
refractory matter to specific sources, and the field-measured ab-
sorption enhancement to chemical compositions of the coating
materials and BC morphology. This is critical to evaluate the effects
on BC mixing state and its optical properties quantitatively to
reduce the uncertainty in evaluation of the effects of BC on both
regional air pollution and climate forcing.
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