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Abstract Black carbon aerosols play an important role in climate change because they directly absorb solar radiation. In this
study, the mixing state of refractory black carbon (rBC) at an urban site in Beijing in the early summer of 2018 was studied
with a single particle soot photometer (SP2) as well as a tandem observation system with a centrifugal particle mass analyzer
(CPMA) and a differential mobility analyzer (DMA). The results demonstrated that the mass-equivalent size distribution of
rBC exhibited an approximately lognormal distribution with a mass median diameter (MMD) of 171 nm. When the site
experienced prevailing southerly winds, the MMD of rBC increased notably, by 19%. During the observational period, the
ratio of the diameter of rBC-containing particles (Dy) to the rBC core (D¢) was 1.20 on average for D.=180 nm, indicating that
the majority of rBC particles were thinly coated. The D,/D. value exhibited a clear diurnal pattern, with a maximum at 1400
LST and a D, growth rate of 2.3 nm/h; higher O conditions increased the coating growth rate.

The microphysical properties of rBC were also studied. Bare rBC particles were mostly found in fractal structures with a mass
fractal dimensions (D) of 2.35 with limited variation during both clean and polluted periods. The morphology of rBC changed
with coating thickness increasing. When the mass ratio of nonrefractory matter to rBC (Mg) < 1.5, rBC-containing particles
were primarily found in external fractal structures and they changed to a core-shell structure when Mg > 6, at which point the
measured scattering cross section of rBC-containing particles was consistent with that based on the Mie scattering simulation.
We found that only 28% of the rBC-containing particles were in core-shell structures with a particle mass of 10 fg on clean
period but that proportion increased considerably, to 45%, on polluted period. Due to the morphology change, the absorption

enhancement (Eans) was 12% lower than that predicted for core-shell structures.
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1 Introduction

Black carbon (BC) aerosol is one of the principal light-absorbing aerosols in the atmosphere. BC is regarded as one of the
most important components contributing to global warming (Bond et al., 2013). BC has a much shorter lifetime than COx.
Thus, BC’s radiative perturbation on a regional scale may be different from globally averaged estimates. It has been reported
that BC’s direct radiative forcing can reach an order of +10 W m2 over East and South Asia (Bond et al., 2013). BC aerosols
can also influence the climate by altering cloud properties, such as the evaporation of cloud droplets, cloud lifetime and albedo
(Ramanathan et al., 2001;Ramanathan and Carmichael, 2008). Ding et al. (2016) determined that the existence of BC in the
upper mixing layer could absorb downward solar radiation, impeding the development of the boundary layer, which aggravates
air pollution. Moreover, BC aerosols have detrimental health effects. Black carbon and organic carbon are regarded as the
most toxic pollutants in PM2s and lead to as many as ~3 million premature deaths worldwide (Adler et al., 2010;Apte et al.,
2015).

Black carbon is typically emitted from the incomplete combustion of fossil fuels and biomass. After being emitted into the
atmosphere, BC particles tend to mix with other substances through coagulation, condensation, and other photochemical
processes that significantly change BC’s cloud condensation nuclei activity as well as its light absorption ability (Bond et al.,
2013;Liu et al., 2013). The model results suggest that after BC’s core is surrounded by a well-mixed shell, its direct absorption
radiative forcing could be 50% higher than that of BC in an external mixing structure (Jacobson, 2001). Such an absorption
enhancement phenomenon is interpreted as exhibiting a “lensing effect”, in which a non-absorbing coating causes more
radiation to interact with the BC core and thus more light is absorbed. This absorption enhancement effect has been proven in
laboratory studies (Schnaiter et al., 2005). Shiraiwa et al. (2010) reported that the absorption enhancement of BC in a core-
shell structure increased with coating thickness and reached a factor as high as 2. Nevertheless, field observation results
demonstrated large discrepancies (6 to 40%) in the absorption enhancement of aged BC particles (Cappa et al., 2012;Lack et
al., 2012). The discrepancies could be attributed to the complex mixing state of BC in the real atmosphere, which depends on
the coating composition, the coating amount and the size of the BC core and structure. Bond et al. (2013) regarded the mixing
state of BC as one of the most important uncertainties in evaluating BC direct radiative forcing. Furthermore, freshly emitted
BC is initially hydrophobic. Mixing BC with other soluble materials will significantly increase BC-containing particles’
hygroscopicity and thus their ability to become cloud condensation nuclei (Bond et al., 2013;Popovicheva et al., 2011). This
ability is associated with the wet deposition rate and consequently influences the lifetime and spatial distribution of BC
particles in the atmosphere. For these reasons, more observations are needed to determine the specific spatial and temporal
distribution of BC’s mixing state, which would be helpful for minimizing the uncertainty in evaluating BC’s climatic and
environmental effects.

China's economy has grown rapidly in recent decades, accompanied by the substantial emission of pollutant precursors. Annual
emissions of BC in China are reported to have increased from 0.87 Tg in 1980 to 1.88 Tg in 2009, comprising half of the total

emissions in Asia and an average of 18.97% of the global BC emissions during this period (Qin and Xie, 2012). Such



65

70

75

80

85

90

substantial BC emissions greatly influence the regional climate and environment (Ding et al., 2016;Menon et al., 2002).
Although temporal/spatial variations in BC and the corresponding optical properties of aged BC have been recently reported
(Cao et al., 2007;Cao et al., 2004;Zhang et al., 2009), the number of observational studies on BC’s mixing state remains
insufficient. Recently, single particle soot photometer (SP2) has been used as a reliable instrument for estimating the mixing
state of BC due to its single particle resolution and high accuracy. Several studies have used SP2 to investigate BC’s mixing
state in China (Gong et al., 2016;Huang et al., 2012;Wang et al., 2016;Wu et al., 2017). Most studies have primarily focused
on the variability of BC’s mixing state on severe haze days during winter because of the extremely high concentrations of
particle matter and low visibility. In summer, higher radiation and high hydroxyl radical concentrations favor photochemical
reactions and thus contribute to the condensation aging of BC. By using a smog chamber, Peng et al. (2016) found that the
amount of BC-containing particles increased rapidly owing to the photochemical aging of the BC coating materials from
Beijing’s urban environment, even in relatively clean conditions. Cheng et al. (2012) noted that the changing rate of BC from
an external to internal mixing state can reach up to 20%/ h in summer. Thus, the mixing state of BC should also be carefully
considered on relatively clean days during summer.

In this study, we used an SP2 to investigate BC in the urban areas of Beijing, China, during early summer, focusing on the size
distribution and coating thickness of BC-containing particles. Field experiments using a tandem system consisting of a
centrifugal particle mass analyzer (CPMA, Cambustion Ltd.) and a differential mobility analyzer (DMA, model 3085A, TSI
Inc., USA) with an SP2 were performed during two during clean and polluted cases, focusing on BC-containing particles’
microphysical properties including the effective density, morphology and light absorption enhancement. The results of this
paper were exhibited in the following sequence: (1) the size distribution of BC core and it’s influence factors such as seasons,
weather condition and etc.; (2) the coating thickness of BC and it’s influence factors such as diurnal variation, Ox condition
and etc.; (3) the morphology of BC and it’s relationship with coating thickness; (4) the relationship of morphology of BC with
it’s light absorption. Various techniques have been developed to quantify the mass concentration of BC aerosols, including
optical, thermal, thermal-optical and photoacoustic methods. For the SP2, the mass concentration of BC was measured on the
basis of incandescent signal emissions; therefore, refractory black carbon (rBC) was used. The abbreviations and symbols used

in this paper are listed in Table S1.

2 Observation and methodology

2.1 Site description

The measurement of rBC particles was performed from May 30 to June 13, 2018, in an air-conditioned container located in
the tower campus of the State Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric Chemistry, Institute
of Atmospheric Physics (LAPC, longitude: 116.37E; latitude: 39.97 N). The sampling site is located between the northern

third and fourth ring roads of Beijing, approximately 50 m from the closest road and 380 m away from the nearest highway
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(the Jingzang highway) (Fig. 1b). Anthropogenic emissions from the experimental campus were negligible. Thus, this site can

well represent the urban conditions in Beijing.

2.2 Single-particle soot photometer (SP2)

A single particle soot photometer (SP2, Droplet Measurement Technology, Inc., Boulder, CO, USA) was used to determine
the size distribution and mixing state of rBC particles in the atmosphere. In the SP2 measuring chamber, an intense continuous
intracavity Nd:YAG laser beam is generated (1064 nm, TEM0O mode). After an rBC-containing particle crosses the beam, it
is heated to incandesce by sequentially absorbing the laser power. The maximum incandescence intensity (or the peak height
of the incandescence signal) is approximately linearly correlated with rBC mass, irrespective of the presence of non-BC
material or the rBC’s morphology. The SP2 was calibrated to determine the relationship between the incandescence peak
height and the mass of rBC particles using Aquadag aerosols (Acheson Inc., USA). Fig. 2b illustrates the schematic diagram
of the calibration system. During calibration, monodisperse Aquadag aerosols were generated with an atomizer (model 3072,
TSl Inc., USA) and dried using a diffusion dryer. Then, Aquadag aerosols with known mass (Msc) were selected witha CPMA
and injected into the SP2 to obtain the corresponding laser-induced incandescence (LII) signal. A recent study (Laborde et al.,
2012) demonstrated that the mass of rBC particles could be underestimated when using Aquadag aerosol as the calibration
material. We performed a correction by multiplying by a factor of 0.75 for LIl peak height during the calibration, as described
in (Zhang et al., 2018;Liu et al., 2014). The LIl peak-M:sc relationship was thus obtained (Fig. S1). The uncertainty of the

derived rBC mass was estimated to be 20%, which corresponds to an uncertainty of ~6% of the mass equivalent size (D¢),

D, = 3 [eteze )
by using a 1.8 g cm density for rBC material density (Bond et al., 2013).

In addition to the incandescence channel, SP2 also has scattering channels to directly measure the scattering cross section
(omeasured) OF every single particle. However, for rBC-containing particles, the particles will evaporate during the measurement
since rBC can absorb the laser energy, which results in a decrease in the rBC-containing particles’ sizes and thus a decrease in
the omeasured. The leading-edge only (LEO) fitting method was invented to obtain the scattering cross section of the initial rBC-
containing particles before evaporation (Gao et al., 2007). With the omeasured aNd D¢, the diameter (Dy) of the rBC-containing
particle can be obtained using Mie theory with refractive indices of 2.26-1.26i for the rBC (Moteki et al., 2010) and 1.48-0i
for the coatings (Taylor et al., 2015) by assuming a core-shell structure. Thus, the coating thickness of rBC can be directly
determined by SP2, as denoted by the shell/core ratio (Dp/ D¢). The D, derivation method based on LEO fitting has been widely
used (Taylor et al., 2015;Shiraiwa et al., 2008;Liu et al., 2014;Laborde et al., 2013), and (Liu et al., 2015) estimated that the
core-shell assumption will cause <6% uncertainty in the derived Dy/Dc. The scattering signal of SP2 was calibrated using
polystyrene latex spheres (PSL, Nanosphere Size Standards, Duke Scientific Corp., USA) with known sizes (2033 nm: Lot
#185856; 303+3 nm: Lot #189903; 40043 nm: Lot #189904), as shown in Fig. S2. The calibration of the scattering channel

and the incandescence channel was also conducted after the observation. The calibration coefficient varied little (<3%) and
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the YAG power (laser intensity index recorded by the SP2) fluctuated by 4.8 + 0.1, indicating the stable condition of the SP2

during the observation period.

The detection efficiency of the SP2 was determined by comparing the number concentrations of Aquadag as simultaneously
measured by the SP2 and a condensation particle counter (CPC, model 3775, TSI Inc., USA). For large particles, the SP2
detection efficiency was approximately unity and decreased gradually for smaller rBC particles (Fig. S3). For rBC with Dc<
70 nm, the detection efficiency of the SP2 fell significantly below 60%. The mass concentrations of rBC may be
underestimated because of the low detection efficiency of for smaller rBC particles. By extrapolating a lognormal function fit
to the observed mass distribution, we found that rBC particles outside the detection range caused an ~15% underestimation of
the rBC mass concentration. To compensate, the mass concentration of rBC was corrected by dividing by a factor of 0.85
during the measurement.

In general, the SP2 can directly measure the mass of the rBC core (Misc) and thus the mass equivalent diameter (Dc).
Additionally, the scattering cross section (omeasured) Can be directly obtained by the SP2, and the diameter of the rBC-containing

particle (D) can be derived using Mie theory.

2.3 Experiment

Two kinds of measurements were conducted in this study: a regular single SP2 observation to provide the humber/mass size
distribution and coating thickness of the rBC-containing particles and a tandem CPMA/DMA-SP2 experiment to study the

microphysical properties of the rBC-containing particles.

2.3.1 Single SP2 measurement

The regular single SP2 observations were conducted from May 30 to June 7 and June 9 to June 12. An aerosol sampling inlet
was placed at 4 m above the ground. A PM_5 cyclone (URG-2000-30ENS-1) was used to selectively measure particles with
an aerodynamic diameter smaller than 2.5 pm because rBC particles are typically present in the submicron mode. The
systematic configuration of the rBC measurements is presented in Fig. 2a. A supporting pump with a flow rate of 9.6 L/min
was used to guarantee a total inlet flow rate of 10 L/min (the demanding flow rate of a PM2 s cyclone) and to minimize particle
loss in the tube. The residence time of the sampling flow was estimated to be ~17 s. Then, the sample air was dried by passing
through a Nafion dryer (MD-700-24S, TSI) at a flow rate of 0.4 Ipm. The dried sample was measured with the SP2 and CPC.

2.3.2 Tandem CPMA/DMA-SP2 measurement

The tandem CPMA/DMA-SP2 experiments were conducted on June 8 and 13. June 8 is representative of a clean period, when
the concentrations of PM,s and O3 averaged 20 pg/m® and 60 ppbv, respectively. Beijing was mainly affected by a clean
northern air mass on June 8 (Fig. S5). June 13 is representative of a polluted period when the hourly mass concentration of

PM,5 exceeded 110 pg/m?; the air mass was from the southern area of Beijing which is one of the most polluted area in China.
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Thus, the tandem CPMA/DMA-SP2 experiment was conducted on June 8 and 13 to study the detailed physical characteristics
of rBC under different pollution conditions.

As shown in Fig. 2(a), the tandem system was similar to the regular single SP2 observation system. The difference is the
neutralizer, and a DMA or CPMA were added in front of the SP2, as denoted by the orange dashed line. Specifically, in the
DMA-SP2 system, particles were first selected by DMA to obtain particles with known mobility diameters (Dmob). Then, the
monodispersed particles were injected into the SP2 to obtain the corresponding information. In practice, we set three Dmob
setpoints (Dmob = 200 nm, 250 nm, 300 nm). The duration of one setpoint is ~20 min, and we recorded data 2 min after we
changed the setpoint to allow the system to stabilize. The purpose of the DMA-SP2 system is to obtain the effective density
of bare rBC. Bare rBC is defined as rBC with Dp/D. ~ 1.0, and the effective density of bare rBC was calculated according to

the following equation;

6Mypc
TDmob> (2)

Pefr =
In principle, the measured effective density is the same as the material density if the particle has an ideal spherical shape with
no void space. Thus, the effective density is an indicator of particle compactness, as it compares the effective density and the
material density. Several studies that include the coupling of DMA with APM or CPMA have been conducted to determine
the perr-Dmon relationship of Aquadag rBC samples in the laboratory (Moteki and Kondo, 2010;Gysel et al., 2011). The
relationship between the perr and Dmop OF Aquadag is presented in Fig. S4. The pesr obtained using the DMA-SP2 system in this
study agreed well with previous research.

In the CPMA-SP2 system, particles with known mass (M) selected by CPMA were injected into the SP2, and the M, setpoints
were 1 fg, 2 fg, 5 fg and 10 fg. The duration of one setpoint was ~20 min, and we waited 2 min after we changed the setpoints
to record a measurement. The purpose of the CPMA-SP2 system is to obtain morphological information about rBC-containing
particles with different coating degrees. Using a tandem CPMA-SP2 system, the mass of an rBC-containing particle (M) and
of the rBC core (Mgc) can be simultaneously obtained. The coating thickness can be represented by the mass ratio of the
coating to the rBC core (Mg = (Mp-M:ac)/M:sc) without any assumptions. Knowing M, and Mgc, the scattering cross section
of rBC-containing particles can be calculated through Mie theory with refractive indices of 2.26-1.26i for the rBC and 1.48i
for the coatings by assuming a core-shell structure and a coating density of 1.5 g/cm?®. The calculated scattering cross section
(omodel) Can be compared to the omeasurea bY SP2, which can reflect the morphological characteristic of rBC-containing particles;

this comparison will be further discussed in section 4.1.2.
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3 Results
3.1 Concentrations of PMzs, rBC and pollutant gases

The temporal variations in the concentrations of PM_s, rBC and gaseous pollutants (Os, NO,) during the project are presented
in Fig. 3. The regular pollutant concentrations, including PM.s (1405-F, ThermoFisher Scientific), NO (42¢, ThermoFisher
Scientific) and Os (49i, ThermoFisher Scientific), were obtained from a state control air quality site (2.5 km from LAPC),
provided by the China National Environmental Monitoring Centre. The mass concentration of PM2s ranged between 5 and
120 pg/m? on a daily basis during the observation period. The mixing ratios of both NO, and O exhibited obvious opposite
diurnal variations. The maximum O3 concentration appeared at 1400 LST on June 2 with a value of 145 ppbv, reflecting high
atmospheric oxidant levels and strong photochemistry during the observation period. The mass concentration of rBC was 1.2
+0.7 ug/m® on average, accounting for 3.5 2.4% of PM_s on an hourly basis, which was comparable to the previous filter-
based measurement in Beijing, with an average fraction of 3.2% in the summer of 2010 (Zhang et al., 2013). The mass
concentration of rBC also exhibited a clear diurnal variation, with a maximum at night and a minimum at noon.

During the period from June 1 to June 6, the meteorological conditions were characterized by low relative humidity (RH <
40%) and strong solar radiation and were favorable for ozone formation. The mixing ratio of ozone was relatively high from
June 1 to 6. On June 7, a heavy rainfall event occurred, and most of the major pollutants decreased due to significant wet
scavenging. The mass concentration of PM;s decreased from 65 to 10 pg/m®, and the mass concentration of rBC decreased
from 2.6 to 0.2 pg/m® from 0300-0700 LST on June 7. The pollutant concentration remained at a low level from June 7 to 8.
After June 9, the ambient RH increased to 80%. Under high humidity conditions, the mass concentration of PM2s experienced
steady growth, increasing from 10 to 120 ug/m? and staying at a high level from June 12 to 13. Thus, the tandem DMA/CPMA-
SP2 observations were conducted separately on June 8 and June 13, which separately represented the different PM2 s pollution

conditions.

3.2 Size distribution of rBC

The number and mass distribution as a function of the D. are illustrated in Fig. 4. As presented, the number size distribution
follows the lognormal distribution and peaks at 70 nm, the mass size distribution is also fitted by the lognormal distribution
and the mass median diameter (MMD) was 171 nm during the project. A brief summary of the SP2 observations in China is
presented in Table 1. Most previous studies focused on the rBC characteristics in winter when a larger MMD (~200-230 nm)
was obtained (Zhang et al., 2013;Wu et al., 2017;Wang et al., 2016;Huang et al., 2012;Gong et al., 2016) than in this study. A
similar MMD (180 nm) was reported in urban Shenzhen during a summer observation period (Lan et al., 2013), and a higher
MMD (210-222 nm) was reported in winter. Liu et al. (2014) also found a winter-high-summer-low trend for rBC sizes in
London, with D=149422 nm in winter and 12046 nm in summer. Laboratory studies have proven that MMD is highly
dependent on combustion conditions (Pan et al., 2017) and material. Thus, MMD is a suitable indicator of the sources of rBC.

Several studies have suggested that the MMD of rBC from biomass burning and coal is much larger than that from traffic

7
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emissions (Wang et al., 2016;Schwarz et al., 2008). Huang et al. (2012) found the MMD observed at rural sites to be much
larger than that observed at urban sites because urban sites are primarily affected by rBC emitted from traffic sources and rural
sites are more influenced by rBC from coal combustion. The seasonal trends in MMD may be partially explained by the
different rBC sources in summer and winter.

Fig. 5 provides the temporal variations in the mass size distribution of rBC during the entire investigation period. Most rBC
particles were within the size range of 70-300 nm, with a clear diurnal pattern of the value of dM/dlogD.. The diurnal cycle
reached a peak plateau between 0300-0700 LST and decreased gradually in the afternoon. The cycle was controlled by the
combined effects of the development of planetary boundary layer (PBL) variation and on-road rBC emissions.

After the two rain events (June 4 and June 7), the MMD decreased significantly from 186 nm to 170 nm and from 183 nm to
159 nm, respectively, as shown in Fig. 3 and Fig. S7. Taylor et al. (2014) observed that the rBC core size distribution shifted
to smaller sizes after a biomass burning plume passed through a precipitating cloud, attributing this shift to the preferential
nucleation scavenging of larger rBC cores. By counting the MMD on non-rainy days and rainy days, Wang et al. (2018) also
found that the MMD decreased from 164421 nm to 145425 nm. The decrease in MMD after rain events can be explained by
the preferential wet scavenging of the larger rBC-containing particles.

A pollutant rose plot of MMD versus wind speed and wind direction is presented in Fig. 6a. The MMD of rBC was ~160 nm
at low wind speed conditions and exhibited a significant increase with increasing southeast wind speed. The maximum MMD
exceeded 190 nm when the wind speed was greater than 10 m/s. Fig. 6b presents the correlation between wind speed and
MMD. A southerly wind period was selected when the wind direction was 135-225< and a northerly wind period was the time
when the wind direction was 325-45< The MMD exhibited little correlation with wind speed and varied little between the
south and northerly wind periods when the wind speeds were less than 2 m/s, as local rBC emissions were predominant. An
MMD of 150-160 nm during low wind speed periods may be characteristic of the local sources. The MMD had a strong
positive correlation with the wind speed during the southerly wind period (r?=0.93), suggesting that the rBC from the south
was larger, which may be the result of the different rBC sources in the southern polluted region. Since the air mass from the
north is always clean, the local rBC emissions may be the main contributors to the total rBC concentration in the northerly
wind period. Thus, the MMD may be more influenced by local emissions and show a weak correlation with the wind speed

during northerly wind periods.

3.3 Temporal variation of Dp/Dc

The D,/D. for a given single rBC-containing particle was calculated using the LEO fitting method. Herein, rBC cores with
D.=180 +10 nm were selected because the low scattering signal of small rBC is easily influenced by signal noise (Dp/Dc
indicates the Dy/D. with Dc=180 *=10 nm in the following discussion if not specified). The Dy/D. variation during the
investigation period is illustrated in Fig. 7. In general, Do/D. was 1.2040.05 on average during the investigation, which is
consistent with observations (1.15) during the summer in Paris (Laborde et al., 2013). Black carbon sources and the aging

process significantly influenced the D,/D. of rBC. The rBC from traffic is reported to be relatively uncoated (Liu et al., 2014),

8
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whereas the rBC emitted by biomass burning is found to be moderately coated, with a Dp/D:=1.20-1.40 (Pan et al., 2017).
Moreover, Dy/D. increases with the aging process, and a larger Dy/D. (1.60) was found in an aged continental air mass
(Shiraiwa et al., 2008). The relatively low Dy/D. value further supports the argument that rBC was primarily emitted from on-
road vehicles during the summer in Beijing.

The Dy/D. distributions for the two episodes before the tandem CPMA/DMA-SP2 experiments are shown in Fig. 7. Episode 1
(June 7 2200 LST — June 8 1200 LST) occurred after a heavy rain period and is representative of clean conditions. Episode 2
(June 11 2300 LST — June 12 1200 LST) was characterized by the highest average Dy/D. value (1.40) and the highest PM.s
concentration value (120 ug/m®) during the observation period. The D,/D. exhibited a unimodal distribution during episode 1
(Fig. 7b) and a clear bimodal pattern during episode 2 (Fig. 7c) which indicates there may be one type rBC in episode 1 and
two types rBC with clear coating thickness difference in episode 2. The coating thickness of the first kind rBC was relatively
thin with a Dy/D. value of ~1.05 corresponding to the single peak of the unimodal distribution in episode 1 and the left peak
of the unimodal distribution. This kind rBC may be freshly emitted by the local rBC sources (such as traffic) and underwent a
short aging time. However, the second kind of rBC was thickly coated with a Dp/D. value of ~1.80 corresponding to the right
peak of the bimodal distribution during episode 2. Zhang et al. (2018) demonstrated that 63% of the rBC was estimated to be
transported from outside of Beijing during previous pollution events, and the rBC-containing particles from regional
transportation were characterized by having more coating material. The rBC-containing particles with Dp/D. = 1.80 in the right

peak of the bimodal distribution may be the result of transportation from polluted regions.

3.4 Diurnal variation in Dp/D¢

The temporal variation in Dp/D. exhibited a clear day-high and night-low pattern. Fig. 8 exhibits the diurnal trend of Dy/D.
The mean D,/D. increased during the daytime, with a peak (1.20) at 1400 LST and a minimum (1.12) at 0600 LST. Coating
thickness (Dy/D¢) was controlled by the competing effects of emissions and aging because freshly emitted thinly coated rBC
tends to decrease Dy/D. and the aging process tends to increase Dy/D.. The increasing trend of Dp/D. during the day could be
explained by the prevailing aging process, whereas the decreasing trend at night can be explained by the prevailing emissions
process, as the photochemical condensation aging during the day was much faster than the coagulation aging at night (Riemer
et al., 2004;Chen et al., 2017). The advection of aged rBC-containing particles from the upper boundary layer with the
development of boundary layer during day time may be another reason for the increase of Dp/Dc. By measuring the D, from
0600-1400 LST, the D, growth rate was calculated to be 2.3 nm/h. A larger D, growth rate was found in the period with a
high Ox concentration, which may be favorable for the formation of coating material on rBC. The photochemical process and
condensation aging have proven to be very efficient during the day. Using a smog chamber, (Peng et al., 2016) found that the
D, growth rate of rBC-containing particles could reach 26 nm/h in Beijing’s urban area. Although the photochemical process

and condensation may rapidly increase the Dy, the difference between the present study and the smog chamber results indicated
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that the “apparent” Dy growth rate in the ambient measurement was relatively low given the continuous freshly emitted rBC

in urban Beijing. Thus, the Dp/D. was always at a low level, resulting in little light absorption enhancement during the summer.

4 Discussion

4.1 Morphological evolution of rBC-containing particles

4.1.1 Morphology of bare rBC

By coupling DMA and SP2, the mass and the mobility diameter of bare rBC (D,/D. =~ 1.0) can be obtained simultaneously,

and therefore, the effective density (perr) can be calculated. The pess of the ambient bare rBC was measured on a clean day
(June 8) and a polluted day (June 13). The pesr of bare rBC at 200-300 nm ranged from 0.41-0.29 g/cm?, which was much
smaller than the material density of rBC (1.8 g/cm?®). This significant discrepancy indicates that bare rBC was in a fractal
structure consistent with the previous research from electron microscopic images, which showed that bare rBC was in a fractal
chain-like structure (Adachi and Buseck, 2013;Li et al., 2003;Wang et al., 2017). The effective densities showed no evident
difference between the pollution day and the clean day because the bare rBC particles were freshly emitted and only affected
by local sources. A power law is always used to describe the fractal-like aggregates of particles: My Dmor®™ (Moteki and
Kondo, 2010;Park et al., 2004), where D is defined as the mass fractal dimension that is an indicator of particle compactness.
The value of D is 3 for ideal spherical particles and less than 3 for fractal particles. Based on the equation for pes, the
following relationship can be found: pesr °Dmob°™ 2. Thus, a larger bare rBC had a smaller pesr, which was consistent with the
results in Fig. 9. A power function was used to fit the observed data. pest °Dmob®® and pero< Dmon®® were found separately
on clean and polluted days, corresponding to the mass fractal dimensions of 2.35 and 2.40, respectively. These mass fractal
dimensions from the summer in Beijing are similar to the observations (Dim=2.30) from urban Tokyo (Moteki and Kondo,
2010) and the diesel exhaust measurement (Dim=2.35) (Park et al., 2004), suggesting that the freshly emitted bare rBC particles
originated primarily from traffic sources. Traffic may contribute a majority of the fresh rBC during both polluted and clean

periods in the summer.

4.1.2 Morphology of rBC-containing particles with increasing coating thickness

The morphological characteristics of rBC-containing particles were investigated by comparing the omeasured aNd Gmogel USING @
CPMA-SP2 system first proposed by (Liu et al., 2017). The comparison of omeasured aNd Gmoder @S a function of Mg for a particle
mass of 10 fg is illustrated in Fig. 10a. If the ratio of omeasured and omoder €qQuUals 1, it implies that the scattering cross section
measured by SP2 is the same as the model prediction under the assumption of a core-shell mixing structure; thus, the rBC-
containing particle was likely a core-shell structure. When the rBC was bare (Mg =~ 0), the rBC was in a fractal structure, as
discussed in section 4.1.1. With increasing Mg, the omeasured/Gmodel gradually decreased until Mg=1.5, indicating that the coating

material may not be sufficient to encapsulate rBC and that the rBC-containing particles tended not to be away from a core-
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shell structure. Liu et al. (2017) showed that rBC-containing particles with Mgr<1.5 primarily presented an external structure.
When 1.5<Mg<6, the omeasured/omoder Steadily increased, which implied that the shape of rBC-containing particles gradually
transformed to become more compact, with a core-shell-like structure, in this stage. When Mr>6, the 6measured/Gmodel approached
1, indicating that the rBC-containing particles were in a core-shell-like structure in this stage. Similar phenomena were found
in the relationship of omeasured/cmodel and Mg for particle masses of 5 fg, as illustrated in Fig. 10b. However, when Mg = 0.1, the
Omeasured WS consistent with the model prediction for a particle mass of 5 fg. This is because the scattering signal was not
sensitive to the irregularity of smaller-sized particles (Moteki et al., 2010). Therefore, a Mie theory-based core-shell model
could capture the main morphological features.

Different techniques have been used to explore the morphology of rBC-containing particles in ambient and laboratory
measurements (Zhang et al., 2008;Peng et al., 2016;Pagels et al., 2009). It is generally agreed that the morphology of rBC-
containing particles will become more compact with the aging process or with increasing coating thickness. However, this
study reveals that the morphology transform may only be true when the coating is thick enough (Mg>1.5), and the coatings
may only attach to rBC and slightly influence rBC-containing particles’ morphology when the coating is not thick enough
(Mr<1.5).

Based on the relationship between the cmeasured/omodel aNd Mg, the rBC-containing particles are classified into three groups:
external stage (0<Mgr<1.5), transit stage (1.5<Mgr<6) and core-shell stage (Mr>6). A similar variation between the
Omeasured/Omodel aNd Mg Was also found by (Liu et al., 2017;Wu et al., 2018). The Mg transition point from the transit stage and
core-shell stage determined by (Liu et al., 2017) is slightly lower than that in this study. Liu et al. (2017) found that the Mg
transition point varied among different rBC sources. In addition to rBC sources, the environmental conditions during the aging
process of rBC-containing particles, such as temperature and humidity, may also influence the rBC-containing particle
morphology. We determined the Mg transition point in Beijing in summer. More work needs to be done in the future to better
quantify Mg in different situations.

The combined CPMA and SP2 measurements were conducted separately on a clean day (June 8) and a polluted day (June 13).
Fig. 11(a) presents the average Mg for different CPMA setpoints (1 fg, 2 fg, 5 fg, and 10 fg) on June 8 and June 13. The average
Mg is 0.77 for M, =1 fg and 5.29 for M, =10 fg on the clean day, whereas the average Mg is 0.84 for M, =1 fg and 7.28 for M,
=10 fg on the pollution day. The average Mg values of the polluted day were all larger than those on the clean day for the four
M, points. This result demonstrated that rBC had more coating material on the polluted day than on the clean day. Based on
the Mg transition points discussed above, the rBC-containing particles were classified into three stages as shown in Fig. 11(b).
The rBC-containing particles with Mp=1 fg were primarily in the external mixing stage regardless of the pollution conditions.
With an increase in Mp, more rBC-containing particles were in the transition or core-shell stage. On the clean day, 28% of the
rBC-containing particles were in the core-shell stage, when M,=10 fg. However, on the pollution day, 45% of the rBC-
containing particles were in the core-shell stage, when Mp=10 fg. This phenomenon implied that most rBC-containing particles
are not in an ideal core-shell structure on clean days, whereas more rBC-containing particles were in a core-shell structure

with thicker coatings on the pollution day.
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4.2 Implications of rBC-containing particle morphology for light absorption

The morphology of rBC-containing particles varied with Mg. A simple core-shell model, as always used in the previous
research to determine optical properties, will certainly cause bias. Based on the classification of the rBC-containing particles
according to the relationship between omeasured/Smodel and Mg, Liu et al. (2017) proposed a simple morphology-dependent
scheme in which the rBC-containing particles at the external stage were considered to have no absorption enhancement (Eans)
and the rBC-containing particles at the core-shell stage were considered to have the same Eas from Mie theory under the
assumption of a perfect core-shell structure. The Eaps at the transit stage was calculated by the interpolation of Eass between the
external and core-shell stages. A graphical and detailed description of the calculation of Eas can be found in Fig. S6. Liu et al.
(2017) proved that this morphology-dependent scheme is in good agreement with the measured Eaps. Thus, the Eaps at 550 nm
wavelength with D;=180+10 nm was calculated separately using the core-shell model and the morphology-dependent scheme
to quantify the uncertainty of using a core-shell model, as shown in Fig. 12. The absorption enhancement was 1.15, on average,
using the core-shell model but was only 1.03 using the new scheme. The Eaps determined by the core-shell model was
overestimated 12% because the observed averaged coating thickness (Dy/D¢=1.2) determined from single SP2 measurements
corresponded to Mgr=0.37, suggesting that the coating material was not sufficient and most of the rBC-containing particles
were not in a core-shell structure in summer in Beijing. Thus, it is necessary to consider the morphology of rBC-containing

particles when calculating their optical properties.

5 Conclusion

The mixing characteristics of rBC-containing particles were investigated in Beijing during the early summer of 2018 using a
single particle soot photometer (SP2). The rBC had an approximately log-normal distribution as a function of the mass
equivalent diameter (D), characterized by a mass median diameter (MMD) of 171 nm, which is consistent with previous urban
measurements. The mass size distribution was highly associated with the meteorological conditions. Heavy rain events caused
the rBC mass size distribution to be smaller, indicating that wet scavenging may be a more efficient removal mechanism for
larger rBC-containing particles. The mass size distribution of rBC shifted to larger sizes when southerly winds prevailed,
which was primarily caused by the different rBC sources in the south.

The Dy/D¢ was 1.20 on average, with D;=180 nm during the investigation period, indicating a low coating thickness of rBC
during the summer. The coating thickness exhibited a clear diurnal pattern with a peak at 1400 LST, increasing from 0600 to
1400 LST at a D, growth rate of 2.3 nm/h, with Dc=180 nm during the day. The growth rate was much higher in high Oy
periods. However, this growth rate was significantly lower than that in the smog chamber results, with a growth rate of 26
nm/h, because the continuously emitted fresh rBC lowered the D,/D. in ambient measurements. Although photochemical aging
may be very efficient, with continuously emitted fresh rBC, the Dy/D. increase in the ambient air was very slow, indicating

that the rBC-containing particles were primarily at a low Dy/Dc level in summer.

12



380

385

390

395

400

405

A tandem measurement system with a differential mobility analyzer (DMA) and a centrifugal particle mass analyzer (CPMA)
were coupled with an SP2 to investigate the detailed characteristics of rBC-containing particles in summer. The results showed
that the effective density of bare rBC (Dp/D.=1.0) was determined to be 0.41-0.30 g/cm? for D;=200-300 nm. These effective
densities were significantly lower than the rBC material density (1.8 g/cm?®), suggesting that the bare rBC was in a fractal
structure. The corresponding mass fractal dimension (D) was 2.35, which agrees well with the D¢y of the direct measurement
from vehicles, and was unchanged regardless of pollution, indicating that traffic emissions are a major source of fresh bare
rBC on both clean and polluted days during the summer in Beijing. With increasing coating thickness, the morphology of rBC
changed from a fractal structure to a compact core-shell structure. When Mg (Mcoat/Miac) <1.5, rBC-containing particles were
in an external structure. When Mg>6, rBC-containing particles were in a core-shell structure. When 1.5<Mgr<6, the rBC-
containing particles were in a transition stage.

Based on the core-shell model and Mie theory, a new morphology-dependent absorption enhancement (Eaps) scheme was
proposed and applied to the ambient measurements. A simulation showed that the Eaps averaged 1.03 with Dc=180 nm at a

wavelength of 550 nm in the summer. The core-shell model overestimated the Eqxps by 12%.
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Table 1. Brief summary of some of the observations on the mixing state of rBC-containing particles.

rBC type  Site Period MMD (nm) Dy/D. Description Reference
Urban Shenzhen, Aug—Sep 180%* The measurement station was on a (Lan et al.,
emissions  China (summer) university campus located in the 2013)
(UE) urban area of Shenzhen.
Shenzhen, Jan—Feb 210* The measurement station was the (Huang et al.,
China (winter) same as the above site. 2012)
Shanghai, Dec (winter) 200 2-8 The maximum PM,s mass loading (Gong et al.,
China reached 636 pg/m’. 2016)
Beijing, China Feb—Mar 213 The same measurement site as this (Wu et al,
(winter) study. 2017)
This study Jun 171 1.20
(summer) (Dc~=180 nm)
London, United Jan—Feb 149 1.2-2 During the Clean Air for London (Liu et al,
Kingdom (winter) (D~110-150 nm)  (ClearfLo) project. 2014)
Jul-Aug 120
(summer)
Biomass Airborne Sep 210 1.33 The MMD and D,/D. were both (Schwarz et
burning measurements  (autumn) (De=190-210 nm)  higher for BB than UE. al., 2008)
(BB)
189 1.2-14 Fresh, laboratory-produced biomass (Pan et al,
(Dc=200 nm) burning rBC. 2017)
Airborne Jul-Aug 195 2.35 During the second phase of the (Taylor et al.,
measurements  (summer) (D=130-230 nm) BORTAS project. 2014)

* Assuming the density of rBC is 2 g/cm?
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Figure 1. (a) Monthly emissions of BC from traffic in June in east-central China. The red box denotes the geographical location of

the observation site, the map is extracted from NCL software (© 2019 NCL, www.ncl.ucar.edu). (b) Road map and traffic flow rate
560 of Beijing. The red circle denotes the observation site, the map is extracted from google map (© 2019 Google, www.google.com/maps).
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Figure 2. Schematic diagram of (a) the measurement system, with the orange dashed line denoting the tandem CPMA/DMA-SP2
measurement system, during the periods June 9 and 13, and (b) the calibration system.
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Figure 3. Time series of aerosol/gaseous pollutants and meteorological conditions during the observation period.
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Figure 4. Number and mass size distribution (dN/dlogD. & dM/dlogDc) during the observation period.
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Figure 5. Time series of the mass size distribution of rBC. A southerly wind period is selected when the wind direction is 135-225<
and a northerly wind period is the time when the wind direction is 325-45< The gray dashed line denotes the rainy period.
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Figure 6. (a) Dependence of rBC’s MMD on wind speed and wind direction during the observation period. (b) MMD versus wind

speed during the southerly wind period and northerly wind period. The error bars correspond to the standard deviations of MMD

in each wind speed bin.
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Figure 7. (a)Temporal variation in Dp/D¢, with Dc=180 nm, the image plot denotes the frequency (dN/dlogDp) of rBC-containing
particles with varied Dp/Dc. The black line denotes the average Dp/D. for each hour. (b) The normalized frequency of Dp/Dc for the
clean period before the tandem experiment. (c) The normalized frequency of Dp/Dc for the polluted period.
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Figure 8. Diurnal variation in Dp/Dc for all periods, high Ox periods and low Ox periods. The gray shaded area denotes the standard
deviation of Dp/Dc for all periods.
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Figure 9. Relationship between effective density and mobility diameter of rBC-containing particles. The black circle and triangle
denote the fresh rBC-containing particles (Dp/Dc = 1) measured on clean days and polluted days in this study. Other markers denote
the data from previous research.

(@)
o~ -3
g € 7X106
5 2
25 5
T c 4
Q O
n » 2

Core-

—_
(=3
-

External -<—Transit — <«—Core-shell—

ameasurnd’ O model

<———— External ———— <——Transit—» ghell

Measurement (0,,casured)

Measurement (o, )
Mie_model (G mogel) hactured

5x10 -8~ Mie_model (G o4 Mp=5 fg

&

Scattering cross
section (o, pmz)
AN WS

amaasurad/amodal

Figure 10. (a) Upper panel: scattering cross section of rBC-containing particles as measured by SP2 (yellow line) and calculated by
Mie theory (blue line), assuming a core-shell structure. Bottom panel: the ratio (green line) between these two scattering cross
sections at a CPMA setpoint of 10 fg as a function of Mr (the mass ratio of nonrefractory matter to rBC). (b) the same as (a) but for
a CPMA setpoint of 5 fg.
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Figure 11. (a) The average Mr (the mass ratio of nonrefractory matter to rBC) under different CPMA setpoints (1 fg, 2 fg, 5 fg, 10
fg). (b) The fraction of different types of rBC-containing particles under different CPMA setpoints under varied pollution conditions.
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Figure 12. (a) Time series of Dp/Dc with Dc=1802410 nm and Eabs at 550 nm wavelength with Dc=180%10 nm using the core-shell model
and the morphology-dependent model. (b) Relationship between Eaps and Dp/Dc. Circles denote the Eabs derived from the core-shell
model, and triangles denote the Eass derived from the morphology-dependent model.
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