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Abstract. The size-resolved physiochemical properties of aerosols determine their atmospheric lifetime, cloud
interactions and the deposition rate on the human respiratory system; however most atmospheric composition
studies tend to evaluate these properties in bulk. This study investigated size-resolved constituents of aerosols on
mass and number basis, and their droplet activation properties, by coupling a suite of online measurements with
an aerosol aerodynamic classifier (AAC) based on aerodynamic diameter (Da) in Pinggu, a suburb of Beijing.
While organic matter accounted for a large fraction of mass, a higher contribution of particulate nitrate at larger
sizes (Da > 300 nm) was found under polluted cases. By considering the mixing state of refractory-black-carbon-
containing particles (rBCc) and composition-dependent densities, aerosols including rBCc were confirmed to be
nearly spherical at Da > 300 nm. Importantly, the number fraction of rBCc was found to increase with Da at
all pollution levels. The number fraction of refractory black carbon (rBC) is found to increase from ∼ 3 % at
∼ 90 nm to ∼ 15 % at ∼ 1000 nm, and this increasing rBC number fraction may be caused by the coagulation
during atmospheric ageing. The droplet activation diameter at a water supersaturation of 0.2 % was 112± 6 and
193± 41 nm for all particles with Da smaller than 1 µm (PM1) and rBCc respectively. As high as 52± 6 % of
rBCc and 50± 4 % of all PM1 particles in number could be activated under heavy pollution due to enlarged
particle size, which could be predicted by applying the volume mixing of substance hygroscopicity within rBCc.
As rBCc contribute to the quantity of aerosols at larger particle size, these thickly coated rBCc may contribute
to the radiation absorption significantly or act as an important source of cloud condensation nuclei (CCN). This
size regime may also exert important health effects due to their higher deposition rate.
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1 Introduction

Atmospheric aerosols make a significant contribution to a
number of atmospheric chemical and physical processes
(Riemer et al., 2019). Aerosols from anthropogenic emis-
sions have a negative impact on air quality and human health
(West et al., 2016). As a major megacity, the air pollution in
Beijing and its surrounding regions has raised much attention
in the past years (Shi et al., 2019). The rapid urbanization and
the continued increase in vehicle numbers have contributed
to a complicated air pollution situation in Beijing (Squires
et al., 2020). A number of in situ measurements have char-
acterized the submicron aerosol compositions in urban Bei-
jing (Wang et al., 2020, 2019; Hu et al., 2016). However, few
studies have characterized the detailed composition or cloud
condensation nuclei (CCN) abilities of particles at Beijing ru-
ral sites (Chen et al., 2020a). The relocation of industry from
the urban Beijing area has led the surrounding cities around
Beijing to be highly industrialized in recent years (Wang et
al., 2018), and the rural sites of Beijing are significantly im-
pacted by the air pollutants transported from the surround-
ing industrial regions in the North China Plain (NCP) (Wu
et al., 2011). Furthermore, controls targeting pollution from
residential solid fuel use and diesel vehicles do not apply out-
side of the main metropolitan area of Beijing. The detailed
characterization of fine aerosol physiochemical properties in
a variety of different environments is essential to understand
the evolution of atmospheric particulate matter.

Fine particulate matter can also cause damage to human
health via the respiratory system (Xing et al., 2016; Xu et
al., 2016). The aerodynamic size of aerosols crucially de-
termines the area of deposition (Sturm, 2010, 2017; Vu et
al., 2018); for example, particles with an aerodynamic di-
ameter (Da) below 2.5 µm can reach the alveoli in the lungs
and possibly pass into the blood (Lipworth et al., 2014).
Through particle-resolving model simulation, Ching and Ka-
jino (2018) found that the deposition efficiency in human
alveoli also depended on the mixing state. The toxicity of
aerosols is composition-dependent (Kwon et al., 2020) and
influenced by the complex morphology (Sturm, 2010; Vu et
al., 2018); therefore the aerodynamic size-resolved proper-
ties of aerosols are important when understanding their in-
fluences on human health.

Atmospheric aerosols also play important roles in the cli-
mate through scattering and absorbing solar radiation di-
rectly or indirectly through altering cloud properties (Liu et
al., 2020; Ravishankara et al., 2015) or causing snowmelt af-
ter deposition. Black carbon (BC) is produced from incom-
plete combustion and is the dominant optically absorbing
component in aerosols (Liu et al., 2020; Bond et al., 2013).
By mixing with other compounds, the absorption ability of
coated BC can be enhanced through the “lensing effect”
(Lack and Cappa, 2010). However, detailed simulation and
characterization of optical properties of BC remain uncer-
tain since they are influenced by factors such as shape and

mixing state (Cappa et al., 2012; Liu et al., 2017; Fierce et
al., 2020), which can be modified through atmospheric pro-
cessing. Thus, better characterization of light absorbing car-
bonaceous particles is essential.

Coated BC is also known as an important form of CCN,
and wet removal is its main atmospheric loss mechanism, so
its in-cloud scavenging efficiency and thus lifetime is influ-
enced by its size, mixing state and hygroscopic properties
(Taylor et al., 2014), but this is subject to large uncertainties
(Myhre and Samset, 2015). Studies have confirmed that the
hygroscopicity of refractory-black-carbon-containing parti-
cles (rBCc) is largely dictated by the coating material, and
rBCc will transform from hydrophobic to hydrophilic after
emission by acquiring more non-BC material and increasing
in size (Hu et al., 2020a; Wu et al., 2019; Liu et al., 2013).
Previous studies (Levin et al., 2014; Broekhuizen et al., 2006;
Gunthe et al., 2011; Fan et al., 2020; Wu et al., 2017)
have provided both the measured size-resolved CCN ability
and aerosol physiochemical properties. However, the CCN
ability of rBCc based on atmospheric data remains poorly
constrained. Previously, size-resolved composition has been
widely investigated using size-segregated offline analysis of
cascade impactor samples (Marple et al., 1991). This tech-
nique offers great advantages in obtaining detailed informa-
tion about composition in combination with advanced offline
measurements; however it often requires large amounts of
material and may not be able to provide sufficient time reso-
lution. Information about particle mixing state and CCN ac-
tivity is also not available through this technique. The aerosol
mass spectrometer (AMS) is also capable of delivering size-
resolved aerosol compositions; however the poor accuracy of
the AMS in the size range important for CCN (typically 50–
100 nm) has hampered quantitative work for the application
of CCN concentration derivation based on κ-Köhler theory
(Petters and Kreidenweis, 2007).

A previous study (Yu et al., 2020) has characterized the
size-resolved mixing state of rBCc in Beijing using a tan-
dem aerosol classifier system. To explore the size-resolved
physiochemical properties and CCN ability for bulk aerosol
compositions, here we performed a new online measurement
method by coupling an aerodynamic aerosol classifier (AAC)
with different aerosol measurement techniques including a
single-particle soot photometer (SP2) and an aerosol mass
spectrometer (AMS). Compared to the previous studies per-
formed with a differential mobility analyser (DMA), the
AAC classifies particles without multiple charging artefacts
in a wide size range and with better transmission efficiency
(Johnson et al., 2018). The simultaneous measurement of
size-resolved chemical composition and CCN activation en-
ables a detailed analysis of the hygroscopicity of rBCc and its
size-dependent contribution to the CCN activation in a pol-
luted environment. This information will deliver a better un-
derstanding of the BC deposition properties for the climate
and air pollution impacts on human health studies.
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2 Experimental methods

2.1 Experiment location and instruments

The experiment was performed between 5 and 20 January
2020 in the Beijing Weather Modification Office field exper-
iment base located in Pinggu (the red star shown in Fig. 4a),
a northeastern suburb of Beijing (Shi et al., 2019). With agri-
culture dominating its local economy, Pinggu is surrounded
by small villages and farmlands (Han et al., 2020). Fig-
ure 1 describes the schematic of the instruments used for
the size-resolved aerosol measurements. An aerodynamic
aerosol classifier (AAC; Cambustion) was placed upstream
of the aerosol measurement instruments. The operation and
validation of the AAC were described in previous studies
(Tavakoli and Olfert, 2013, 2014). Unlike the DMA or cen-
trifugal particle mass analyser (CPMA), the AAC selects par-
ticles based on aerodynamic sizes according to particle relax-
ation time without needing charging for electrostatic or mass
sizing. A suite of online measurements was introduced down-
stream of the AAC, including a high-resolution time-of-flight
aerosol mass spectrometer (HR-ToF-AMS; Aerodyne) (De-
carlo et al., 2006), which was operated in V mode to charac-
terize the non-refractory aerosol composition, and a single-
particle soot photometer (SP2, DMT) (Schwarz et al., 2010)
for the measurement of the concentrations of rBCc. The min-
imum mass-equivalent diameter of a refractory black carbon
(rBC) core that can be detected by the SP2 is 70 nm using
a rBC material density of 1.8 gcm−3. The volume proper-
ties of non-refractory material within rBCc (hence referred
to as “coating thickness”) were derived by the SP2 leading-
edge-only (LEO) method and is described as the ratio be-
tween the optical volume-equivalent diameter of total rBCc
and the mass-equivalent diameter of rBC core (Dp/Dc) (Liu
et al., 2019). A previous morphology-independent measure-
ment study validated that the uncertainty of the SP2 LEO
fitting method in determining the coating thickness of rBCc
is within 20 % (Yu et al., 2020). A cloud condensation nu-
clei counter (CCNc; DMT) was used to sample the poten-
tial CCN activation ability at a constant supersaturation (SS)
of 0.2 %, and a condensation particle counter (CPC; TSI
model 3776) was used to measure the condensation nuclei
(CN) number concentration. The SP2 incandescence signal
was calibrated using nebulized Aquadag black carbon parti-
cle standards, while the scattering channel was calibrated by
200 nm polystyrene latex spheres before the measurement,
and the standard correction factor of 0.75 for ambient rBC
measurement was applied (Laborde et al., 2012). The ion-
ization efficiency of the AMS was calibrated using monodis-
perse ammonium nitrate particles following the standard pro-
tocols (Xu et al., 2017), and a constant collection efficiency
(CE) of 0.5 was applied (Middlebrook et al., 2012). More de-
tails of the calibration and operation of this AMS instrument
can be seen in previous publications based on field measure-
ment studies (D. Hu et al., 2021; Liu et al., 2021). The term

Figure 1. The schematic of the instruments setup. A timed three-
way valve was placed upstream of the AAC.

“all particles” in this study is referred as the PM1 compo-
sitions including organic compounds (Org), sulfate (SO4),
ammonia (NH4), nitrate (NO3), chloride (Cl) and rBC from
AMS and SP2. The AAC was set to classify dry aerosol par-
ticles from 90 to 1100 nm in aerodynamic diameter (Da) to
cover the detection range of the SP2 and AMS. It took around
15 min to complete one scan using the AAC step scanning
mode, and a timed valve was placed upstream of the AAC
for switching between monodisperse and polydisperse every
30 min. An example of a running cycle is presented in the
Supplement.

2.2 Calculation of size-resolved aerosol morphology
parameters

The dynamic shape factor (χ ) describes the shape of particles
(Decarlo et al., 2004). χ = 1 denotes a perfectly spherical
particle, and χ > 1 means more non-sphericity. Based on the
size-resolved measurement here, χ can be calculated by

χ =
ρpD

2
vCc(Dv)

D2
aCc(Da)

, (1)

where ρp is the particle material density, Cc represents the
slip correction factor at a given diameter and is calculated
following the description in Kim et al. (2005), Dv is the
particle volume-equivalent diameter and Da is the aerody-
namic diameter classified by the AAC. This calculation is
performed for all particles (including rBCc) and rBCc at each
size bin, using their respective parameters (ρp and Dv). For
all particles, ρp is the mean density weighted by the PM1
results measured by the AMS and SP2. Mineral dust parti-
cles are not measured during the experiment because of the
instrument upper detection limit. Mineral dust particles are
mainly externally mixed with other aerosol compositions and
mostly in coarse mode (with Da > 1 µm) (Seinfeld and Pan-
dis, 2016), and there was no dust event during the experimen-
tal periods. Previous measurements showed that mineral dust
particles only accounted for ∼ 10 % of total PM1 mass con-
centration in Beijing (Zhang et al., 2018), and most of them
were at Da > 500 nm (Li et al., 2014). Therefore, our results
may slightly underestimate the ρall and total particle mass
(Mall) in bins with Da > 500 nm if dust is present, although
we consider this effect to be minor. To compute the parti-
cle volume results based on the AMS-measured ion and Org
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concentrations, a simplified ion pairing scheme presented in
Gysel et al. (2007) was applied, and the solutions are de-
scribed in the Supplement. The ρp of rBCc is calculated as
the weighted density within rBCc including rBC and coat-
ings, where the coating material of rBCc is assumed to con-
stitute the same volume fractions of ambient non-refractory
compositions (Liu et al., 2015; D. Hu et al., 2021):

ρrBCc =
MrBCc

VrBCc
=

ρNR ·
(

1
6πD

3
p,rBCc−

1
6πD

3
c

)
+MrBC

1
6πD

3
p,rBCc

, (2)

whereMrBCc and VrBCc are the mass and volume of the rBCc
respectively, and ρNR is the particle density of non-refractory
compositions. The rBC core diameter (Dc) and the total di-
ameter of rBCc (Dp,rBCc) are derived through the SP2 LEO
method.

For all particles, mean single-particle mass is derived from
the total mass (Mall) obtained by AMS and SP2 divided by
the total number (Ntotal) obtained by the CPC; hereinafter
the mean Dv of particle is assumed to equal to the mass-
equivalent diameter (Dm) and is obtained by applying the
mean ρp above:

Dv,all =Dm,all =
3

√
6Msingle, all

ρall ·π
=

3

√
6Mall

ρall ·π ·Ntotal
, (3)

where ρall is the particle density of all aerosol particles. The
parameters used for the calculation are also listed in Ap-
pendix A.

2.3 Hygroscopicity parameter calculation

The hygroscopicity parameter (κ) (Petters and Kreidenweis,
2007) of measured aerosols is predicted based on the mea-
sured aerosol compositions and invoking the Zdanovskii–
Stokes–Robinson (ZSR) mixing rule (Stokes and Robinson,
1966). The κ for all particles (κall) is calculated as

κall =
∑
i

εiκi , (4)

where εi and κi are the volume fraction and hygroscopicity
parameter of each chemical composition respectively. The κ
values based on the AMS-measured concentrations were cal-
culated based on the same simplified ion pairing scheme de-
scribed above. The detailed information for each parameter
used for κ calculation is listed in Table S1 in the Supplement.
For rBCc, the κrBCc is calculated by

κrBCc =
∑
i

εcoating,iκcoating,i + εrBCκrBC , (5)

where εcoating,i and εrBC are the volume fraction coating and
rBC respectively; κcoating,i represents the hygroscopicity pa-
rameter for each coating composition of rBCc and is assumed
to be equal to the κ of ambient non-refractory compositions

(Motos et al., 2019b; D. Hu et al., 2021); κrBC represents the
hygroscopicity parameter for rBC; and the last term can be
ignored since pure rBC is assumed to be hydrophobic. Due to
the coating material of rBCc not being included in the calcu-
lation process of κall here, κall may be slightly underestimated
when rBCc are thickly coated at larger particle size.

2.4 CCN ability of all particles and rBCc

The CCN activation fraction is determined as the ratio be-
tween CCN number concentration at SS= 0.2% and the
CN number concentration measured by the CPC. The size-
resolved CCN activation fraction (AF) is fitted with a sig-
moid function:

AF=
E

1+
(
D50
Dp

)C × 100% , (6)

where E and C are fitting coefficients which represent the
asymptote and the slope respectively. Dp is the particle dry
diameter, and D50 represents the critical particle diameter
where 50 % of particles in number can be activated as CCN
(Petters and Kreidenweis, 2007).

The number concentration of rBCc which act as CCN is
derived from the concurrent measurements of rBC number
concentration, CCN and CN. The method described by D. Hu
et al. (2021) has been applied to determine the activation of
rBCc. Firstly, the un-activated particle number concentration
is derived from the difference between CN and CCN, as the
red line in Fig. 2a shows. For particles with Da > 300 nm in
the example, the un-activated particles are nil; thus all rBCc
are also activated. Here particles are considered to be well
mixed, and rBCc are less hydrophilic than any other non-
refractory particles at the same particle size. Thus, the rBCc
are more difficult to be activated as CCN than the other par-
ticles. For particles with Da < 300 nm, the rBCc are there-
fore considered to be the first in contributing the un-activated
particles, and the activated number concentration of rBC is
the number concentration of rBC that is higher than the un-
activated particle number concentration. In this way, the size-
dependent number concentration of activated rBCc can be
obtained (black line in Fig. 2b). D50,rBCc can then be de-
rived through Eq. (6) based on the activation fraction curve
of rBCc. The activation fraction of rBCc derived through this
method is further referred to as “measured AFrBCc”. There
may be some occasions when rBCc could exhibit a higher
hygroscopicity, if coated with sufficient hygroscopic sub-
stances, even higher than a particle without containing rBC.
This means the scenario here may underestimate some frac-
tions of activated rBCc. The method here may therefore serve
as a minimum estimation of droplet activation of rBCc from
this aspect.

The activation of rBCc is also estimated through the cal-
culated size-resolved critical supersaturation (SSc) (Wu et
al., 2019; D. Hu et al., 2021) for comparison, which is de-
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Figure 2. An example of all particles and activation of rBCc. The dashed grey line in (b) indicates 50 % of all particles or rBCc activated.

Figure 3. An example of the calculation of the size-resolved critical
supersaturation (SSc).

rived based on the κrBCc described before from the κ-Köhler
theory:

S(D)=
D3
−D3

rBCc

D3−D3
rBCc(1− κ)

exp
(

4σs/aMw

RT ρwD

)
, (7)

where D is the diameter of the droplet, DrBCc is the dry di-
ameter of rBCc, Mw and ρw are the molecular weight and
density of water respectively, T is temperature, R is the ideal
gas constant and σs/a is the surface tension of the solution–
air interface. A decreased SS with increasing Da can be ob-
tained (Fig. 3), so the D50,rBCc at SSc = 0.2 % is the cross
point above which a diameter of only SS< 0.2 % is required
to activate the targeting rBCc. The number concentration of
activated rBCc is the concentration of rBCc with size larger
than D50,rBCc. The activation fraction estimated through this
method is further referred to as “modelled AFrBCc”.

2.5 NAME dispersion model

The air mass classification results used to identify poten-
tial source regions are generated by the UK Met Office
Numerical Atmospheric dispersion Modelling Environment
(NAME) dispersion model (Jones et al., 2007). The model
presented the 48 h backward dispersion results on a 0.25◦×
0.25◦ grid using the three-dimensional gridded meteorologi-
cal field generated from the UK Met Office’s Unified Model
(Brown et al., 2012). Beijing and its surrounding areas have
been classified into five regions as shown in Fig. 4a in order
to attribute the air mass histories: Local Beijing (39–41.5◦ N,
115–117◦ E), the North (41.5–45◦ N, 104–121◦ E), the South
(32–39◦ N, 115–121◦ E), the West (32–41.5◦ N, 104–115◦ E)
and the East region (39–41.5◦ N, 117–121◦ E).

3 Results and discussions

3.1 Overview of the whole campaign period

Figure 4c presents the overview of aerosol total number and
mass concentrations during the experimental period. Beijing
and its suburban regions experience large contrasts in pol-
lution conditions depending on the wind direction (Liu et
al., 2019; Chen et al., 2020b). To test whether the aerosol
physiochemical properties vary according to ambient pollu-
tion concentrations, the pollution is classified into three lev-
els according to the frequency distribution of PM1 concen-
trations during the whole measurement period: heavy pol-
lution (PM1 ≥ 30 µgm−3), moderate pollution (10< PM1 <

30µgm−3) and light pollution (PM1 ≤ 10µgm−3). Combin-
ing the air mass history results with the aerosol optical depth
(AOD) spatial distribution results from the Himawari-8 Level
2 aerosol product (Bessho et al., 2016; Fukuda et al., 2013)
(Fig. 4b), the heavy and moderate pollution periods were
mostly attributed to air masses from the East and West re-
gions, respectively. While the contribution from the Local air
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Figure 4. Overview of the experiment. (a) Location of the measurement site (marked by red star) and regions classified for air mass
(from © Google Maps). (b) The mean aerosol optical depth (AOD) distribution during the experiment period. (c) Aerosol mass and number
concentrations and classified air mass types.

mass cannot be ignored in some pollution cases, relatively
clean northerly air masses were associated with the light pol-
lution periods.

3.2 Size-resolved aerosol mass compositions and
mixing state of rBCc

Figure 5a–e present the size-resolved average mass con-
centrations for PM1, rBC, organic compounds (Org), sul-
fate (SO4) and nitrate (NO3) under each pollution condi-
tion. Though the heavy pollution period has the highest
aerosol mass concentrations among three cases, the mass
concentrations for total PM1 and non-refractory composi-
tions were close at Da < 200 nm under different pollution
levels (Fig. 5a). Notable contributions to the total PM1 from
non-refractory material were observed for Da > 300 nm, es-
pecially for the heavy pollution condition in Fig. 5i–k. Un-

like the more polluted conditions, the non-refractory aerosol
mass concentrations during light pollution periods show size-
dependent variation in a much lower absolute value range.
Figure 5b shows that the size distribution of rBC mass con-
centration reached the peak at 400 nm under heavy pollution,
while the peak for the moderate and light pollution was at a
smallerDa, which was between 300 and 400 nm. Figure 5c–e
show that the peak diameter of non-refractory submicron par-
ticulate matter (NR-PM1) observed in Pinggu was at around
700 nm and is higher than the peak diameter of NR-PM1 re-
ported at the urban site of Beijing, which is between 400 and
500 nm in winter (Hu et al., 2016). Due to the higher primary
organic aerosol (POA) emissions, the results at the Beijing
urban site have a higher contribution of Org at smaller size
(< 500 nm) (Zhang et al., 2014). The Org peak diameter in
Pinggu is at around 700 nm, which is close to the peak diam-
eter of secondary inorganic compositions. The average oxy-
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gen to carbon ratio (O/C ratio) for the total Org aerosol in
Pinggu is 0.5 and is higher than the O/C ratio in the Bei-
jing urban region in winter, which is 0.32, reported by Hu et
al. (2016). This suggests the higher oxidization of Org in the
Beijing suburban region than the urban region. The higher
peak diameter of secondary inorganic compound also indi-
cates well-mixed aerosol components in the suburban regions
(Liu et al., 2016). This size-resolved composition result re-
ported in Pinggu is consistent with the previous measurement
in another suburban region in the NCP (Li et al., 2021). Com-
paring the composition mass fractions under three different
pollution cases shown in Fig. 5i–k, one of the remarkable
differences is that particulate nitrate accounted for a larger
mass fraction during the heavy and moderate pollution pe-
riods than during the light pollution period. Previous studies
showed that this rapid particulate nitrate formation in Beijing
area is mainly associated with the heterogeneous hydrolysis
of N2O5 at night (Li et al., 2018). Particulate nitrate has be-
come one of the major secondary inorganic aerosol pollutants
in urban environment recently (Zhang et al., 2015), and NO3
also contributed to the aerosol hygroscopicity significantly
during the haze pollution periods (Sun et al., 2018). Due to
the significant reduction of SOx emissions in China in re-
cent years (Zhang et al., 2012), the mass fractions of SO4
remained low in pollution cases. The Org contributed to the
aerosol mass compositions significantly, and the capping of
rBC mass fraction was around 25 % among all three cases.

Figure 5f and g present the size distribution of rBC core
mass median diameter (MMD) and the coating thickness.
This indicates larger Da had selected rBCc with larger rBC
core and higher coatings. The MMD of rBC core increased
from below 100 nm to around 300 nm with an increase in par-
ticle size. The rBC core for the light pollution condition was a
little smaller than the other two periods, indicating a possible
coagulation process in more polluted cases with higher rBC
concentrations. The coating thickness of rBCc Dp/Dc de-
creased slightly when Da increased from 90 to 300 nm. This
decreasing trend of rBC coating thickness may be caused by
the local traffic emissions. Studies have shown that fresh traf-
fic diesel engines that emitted rBCc importantly contribute
to the condensation-mode particles with diameters of 100–
300 nm (Seinfeld and Pandis, 2016; Gong et al., 2016). Joshi
et al. (2021) demonstrated that traffic emissions dominated
the rBC fluxes in Beijing, and previous studies also showed
a similar decreasing trend of rBC coatings for engine emis-
sions within this particle size range (Han et al., 2019; Zhang
et al., 2020). According to the diffusion-controlled particle
growth law, smaller particles diffuse more quickly and hence
grow more effectively than the larger particles (Seinfeld and
Pandis, 2016). Therefore, smaller rBC acquires more coat-
ings within particle diameters of 100–300 nm. Limited dif-
ferences were observed for the size-resolved Dp/Dc among
the three pollution levels. The average Dp/Dc for all rBCc
was 2.1± 0.2, 1.6± 0.1 and 1.5± 0.04 for heavy, moderate
and light pollution respectively. More heavily coated rBCc

were present in the heavy pollution condition, and this was
consistent with more secondary particle formation than the
other periods.

Figure 5h shows the distribution of the hygroscopicity
parameter (κ). The lowest κall between 150 and 300 nm at
heavy and moderate pollution condition was mainly caused
by the increase of rBC fractions. Due to the increase of more
hydroscopic inorganic compositions for larger particles un-
der heavy and moderate pollution conditions, κall increased
considerably for particles Da > 200 and 300 nm. In contrast
to the more polluted cases, κall under the light pollution pe-
riod varied slightly with the increase of Da. Caused by the
absence of more soluble inorganic compositions, κall for par-
ticles withDa > 300 nm during the light pollution period was
lower than the other conditions. For rBCc, κrBCc was more
influenced by the coating volume fractions rather than the
coating compositions, as the variation of κrBCc generally fol-
lowed the trend of the coating thickness of rBCc (Fig. 5g).
κrBCc for particles with Da < 300 nm was close under three
different pollution levels, and the decreasing trend of κrBCc
between 90 and 300 nm was caused by the reduction of coat-
ing material fraction.

3.3 Size-resolved particle morphology

Figure 6 shows the distribution of particle density, average
single-particle size and mass, and morphology parameters
for all particles (left) and rBCc (right). The average particle
density for all particles (ρall) varied slightly between 1.55 and
1.6 gcm−3, and the particle density of rBCc (ρrBCc) within
the measurement size range was generally higher than the
ρall due to the higher density of rBC. The peak ρrBCc reached
between 200 and 300 nm in Da due to the rBCc was least
coated within this size range. Dv was larger than Da and de-
viated more at smaller size but was close to Da for all parti-
cles and rBCc larger than 200 nm. The dynamic shape factor
(χ ) of all particles declined from around 1.8 to 1.2, while
χ of rBCc declined from around 2 to 1.2. All particles with
Da above 400 nm and rBCc with Da above 500 nm tended to
have lower χ , which was around 1.2. A previous study (Lin
et al., 2015) in other megacities reported that χ of all parti-
cles was around 2 with Da at around 100 nm, which is close
to our results.

This result indicates that smaller particles have more irreg-
ular shapes, while particles with larger aerodynamic size are
more spherical in the ambient atmosphere. Previous experi-
ments have shown that the irregular rBCc from fresh emis-
sions can transform to be more spherical-like by acquiring
more secondary substances (Ahern et al., 2016). K. Hu et
al. (2021) illustrate that the acquisition of coating material is
more important for the overall shape of rBCc, while the shape
of the rBC core is not sufficient to describe the change of the
overall shape of rBCc. Our results confirm that the spherical
assumption is suitable for large rBCc in aerodynamic size in
a typical anthropogenic polluted environment. This also im-
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Figure 5. Size-resolved (a) PM1 (mean ± standard deviation), (b) rBC mass concentration, (c) Org mass concentration, (d) SO4 mass
concentration, (e) NO3 mass concentration, (f) size-resolved rBC core mass median diameter (MMD), (g) size-resolved coating thickness
(Dp/Dc) of rBCc, (h) hygroscopicity parameter (κ) and (i–k) aerosol composition mass fractions under three different pollution levels.

plies that larger and spherical particles tend to have a larger
deposition rate, while particles with more irregularity may
experience higher drag force in the air, towards decelerating
the settlement.

3.4 Size-resolved CN and CCN number concentrations

Figure 7a and b present the distribution of rBCc, CN and
CCN number concentrations at different polluted conditions.
The peak of the number concentration of rBCc during heavy
pollution periods was at around 300 nm, while the peak for
moderate and light pollution was slightly smaller (at around
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Figure 6. The particle density, average single-particle mass, shape
factor and volume-equivalent diameter for all particles (all particles,
left) and refractory-black-carbon-containing particles (rBCc, right)
under different pollution levels.

200 nm). This agrees with the previous studies in Beijing
showing that the average total size of rBCc was associated
with the pollution levels (Yu et al., 2020; Liu et al., 2019).
A similar trend was also observed for the CN concentrations,
and the peak of CN concentrations shifted to the larger par-
ticle size with increasing pollution levels. Higher levels of
pollution enlarged the particle size through condensation and
coagulation. Because of the increase of the average particle

size, a larger fraction of particles can be activated as CCN
under heavy pollution.

By using the aerodynamic size-resolved number concen-
tration of rBC and CN, a remarkable increase of rBC num-
ber fraction at larger aerodynamic size was found (Fig. 7c);
i.e. with Da from 100–1000 nm, the rBC number fraction in-
creased almost linearly from 3 % to 15 %, and this applied to
all pollution levels. This tends to represent a generic phe-
nomenon for a suburban environment with continuous in-
fluence of anthropogenic emissions, and the primary emis-
sions had been aged in a timescale of hours. Fine rBC co-
agulated with pre-existing larger particles during the ageing
process (Riemer et al., 2009). The coagulation process dom-
inated the formation of thickly coated rBC particles (Red-
dington et al., 2013), and the coagulation rate of smaller rBC
may be fast due to the higher number concentration of fine-
mode particles (Matsui et al., 2018). The coagulation occurs
more rapidly near the source due to the higher number con-
centration (Jacobson, 2005). Zhang et al. (2020) reported an
increase in BC number concentrations with increasing rBC
core size for fresh residential firewood burning emission in
Beijing surrounding regions. Due to the high concentration
of both rBC and co-emitted NR particles, the coagulation of
rBC is rapid, and thickly coated rBCc with relatively large
rBC core formed shortly after emission. Liu et al. (2019)
also reported a higher ageing degree of rBCc during the heat-
ing season in North China. However, the very fresh fossil
fuel emissions such as from diesel engine emissions, which
mostly contain thinly coated small rBC (Han et al., 2019),
may not show the same rBC number fraction distribution.
Previous studies also reported a relatively fast ageing pro-
cess for BC, also in the order of hours (Peng et al., 2017); if
under a polluted environment rich in precursors, the ageing
could be even faster (Peng et al., 2016). The cause of this
increased rBC number fraction at larger particle size is there-
fore the non-rBC compounds associated with it. The results
presented here indicated that the higher contribution from re-
gional pollution to the rBC number at larger aerodynamic
size may apply, albeit the various features of primary sources
in winter (Wang et al., 2019; Liu et al., 2019).

It is also possible that these larger rBCc may have ex-
perienced in-cloud processing. If the air parcel has passed
through a cloud, the large and thickly coated rBCc are ex-
pected to have be scavenged through activation, and the size
of rBC core may increase effectively within the cloud be-
cause of the cloud droplet collision (Ding et al., 2019b).
Through in-cloud aqueous reactions, sulfate or organic mat-
ter may be added to the rBCc (Zhang et al., 2017). When
the cloud dries out through the cloud evaporation or the air
parcel descending in a downdraft, the core size and coatings
may be enlarged for these released rBCc, although the results
presented here cannot alone test this hypothesis.

The rBC associated with larger coatings was more spheri-
cal (with χ close to 1, as discussed above) and therefore more
likely to have an absorption enhancement from the lensing
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Figure 7. Size-resolved (a) CN and CCN at SS= 0.2 % number concentrations, (b) rBC number concentration and (c) number fraction of
rBCc.

effect of coatings (Liu et al., 2017). In addition, these size-
resolved rBC number fraction results will improve the under-
standing of the lung deposition of BC in human health studies
(Rissler et al., 2017). This means that particles with a higher
deposition rate tend to contain a higher number fraction of
rBC, which may provide some indications for constituents
deposited in different parts of the human respiratory system
(Carvalho et al., 2011; Manigrasso et al., 2020).

3.5 CCN ability and activation of rBCc

Presented in Fig. 8a, the D50,All varied smoothly and was
slightly higher than 100 nm for most of the experiment pe-
riod. The meanD50,All andD50,rBCc were 112±6 and 193±
41 nm respectively. Shown in Fig. 8d, most of the D50,rBCc
was around 200 nm, which illustrates that the number con-
centrations of rBCc withDa above 200 nm made a significant
contribution to the overall AFrBCc.

Figure 8b presents the temporal evolution of the CCN
number concentration and activation fraction for all particles
and rBCc. Figure 8e showed 50± 4 % of the measured par-
ticles can be activated with SS= 0.2 % under the heavy pol-
luted period, while the AFall for the light pollution period
was generally lower than the AFall of the other two periods,
which was 24±10 % on average. The AFall for the moderate
pollution period was 39± 9 % on average. Shown in Fig. 8e
and f, both all particles and rBCc showed a high activation
fraction of around 50 % during the heavy pollution period,
while for moderate and light pollution conditions, rBCc ex-
hibited a substantially higher activation fraction than all par-
ticles, especially under light pollution periods, where the av-
erage activation fraction was 44± 18 % for rBCc compared
to 24± 10 % for all particles. The high activation fraction of
rBCc maintained at all pollution levels resulted from the rel-
atively higher rBC number fractions at larger Da (Fig. 8c)
because of the higher associated coatings. The directly mea-
sured CCN activity of rBCc showed that particles at larger

sizes had contained a larger fraction of rBCc that were CCN-
active, due to the larger particle size. This in turn implies
that rBCc have the potential to be more efficiently incor-
porated into cloud droplets. The measured and modelled
AFrBCc were close and agreed within 22 % (shown in Fig. S3
in the Supplement), and the modelled AFrBCc was slightly
higher than the measurement results. This underestimation
of modelled D50,rBCc may result from an overestimation of
the κrBCc as here a consistent κ was applied between coat-
ings of rBCc and all non-refractory materials in bulk, though
the coatings on rBC may not have contained as many hy-
groscopic materials as the bulk non-rBC aerosols. Freshly
emitted rBC particles contain substantial amounts of organic
matter (Peng et al., 2017), while the more hygroscopic sec-
ondary inorganic materials require atmospheric ageing to be
mixed with rBC (Hu et al., 2020b). Our results confirm that
while rBCc can be CCN-active, the size of rBCc is crucial
to the CCN ability of rBCc in a polluted suburban environ-
ment. This agrees with the previous study done by Motos
et al. (2019b), who also found that the size of rBCc is im-
portant for the activation of rBCc at certain SS. The AFrBCc
result presented in our study is generally consistent with pre-
vious field measurements in anthropogenic polluted environ-
ments in China: Wu et al. (2019) and D. Hu et al. (2021)
reported 59 % and 60 % of total rBCc could be activated at
SS= 0.2% respectively. Studies performed in other environ-
ments also found that coated BC can be CCN-active: Motos
et al. (2019a, b) reported that∼ 6 %–12 % and∼ 40 %–70 %
of total BC mass fraction can be activated with SS≈ 0.05 %
in Zurich and SS≈ 0.2 % at Jungfraujoch respectively.

4 Atmospheric implications

The AAC combination applied in this study introduced a new
way to explore the physiochemical properties of aerosols.
The comprehensive size-resolved aerosol information pre-
sented in this study can contribute to future studies focusing

Atmos. Chem. Phys., 22, 4375–4391, 2022 https://doi.org/10.5194/acp-22-4375-2022



C. Yu et al.: Aerodynamic size-resolved aerosol properties 4385

Figure 8. CCN activities of all particles and rBCc. (a) Time series of D50 for all particles and rBCc. (b) Time series of all CCN number
concentrations and the activation fractions of all particles. (c) Time series of measured number concentrations of activated rBCc, and acti-
vation fractions of rBCc from two methods. (d) Frequency of D50 for all particles and rBCc. (e) Frequency of the activation fraction of all
particles. (f) Frequency of measured activation fraction of rBCc.

on the evolution and lifetime of BC and improve particle-
resolved model simulations (i.e. Riemer et al., 2009) for
anthropogenic polluted environments. Importantly, our re-
sults showed that thickly coated rBCc accounted for a higher
number fraction at larger particle size than the smaller par-
ticle size in the Beijing suburban region. As indicated in
Fig. 9, the mass absorption coefficient (MAC) of rBCc at
550 and 880 nm wavelength is calculated through the core–
shell Mie model described in the Supplement. The MAC550
and MAC880 were enhanced about 2-fold for rBCc with
Da > 500 nm. These larger rBCc with high absorption effi-
ciency importantly contributed to the total absorption. When
transported into the top of the boundary layer, these highly
coated and absorbing rBCc can be efficiently incorporated
into clouds (Ding et al., 2019a). The absorption effects of
these rBCc will be further magnified by mixing with the
cloud water droplets (Wu et al., 2016), and the lensing ef-
fect may reduce the cloud lifetime (Ramanathan et al., 2001)
or the cloud albedo (Chuang et al., 2002). In addition to the
strong radiative absorption, these large rBCc may also alter
the regional precipitation rate (Johnson et al., 2019).

5 Conclusions

In this study, a new aerodynamic size selection technique
was applied for the direct size-resolved characterization of
aerosol constituents and properties on both a mass and num-

ber basis in a suburban Beijing region in winter. Besides the
size selection without relying on particle charging efficiency,
this technique allows for reliable size-resolved particle prop-
erties. Organic compounds accounted for around 40 % of the
total PM1 mass, and we found higher contribution of particu-
late nitrate at larger sizes under polluted cases in the Beijing
suburban region. In particular, particles with larger aerody-
namic diameter (Da) were found to contain a higher num-
ber fraction of refractory black carbon (rBC), which means
rBC could be more efficiently mixed with larger particles
during atmospheric processes. Mie calculation results show
that these thickly coated refractory-black-carbon-containing
particles (rBCc) as included in large particles may have an
absorption enhanced up to 2-fold. The dynamic shape fac-
tors for both refractory and non-refractory particles have also
been derived. Particles with Da larger than 300 nm tended
to have a more spherical-like shape, while smaller particles
had a more irregular shape in the polluted environment. By
applying the method introduced by D. Hu et al. (2021), as
high as a 46± 15 % number fraction of rBCc was observed
to be activated under SS= 0.2 %. Our results suggest that the
size of rBCc is key to the cloud condensation nuclei (CCN)
activities of rBCc. Though rBC was small and hydropho-
bic initially, after being mixed with non-refractory compo-
sitions and becoming larger, the rBCc can become CCN-
active. The higher number fraction of rBCc at larger particle
size (Da > 300 nm) emphasizes the importance of the rBCc
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Figure 9. Mass absorption coefficient (MAC) at (a) 550 nm and (b) 880 nm wavelength for coated and uncoated rBCc.

as a considerable CCN source. In summary, the rBCc from
anthropogenic emissions, after short ageing on a regional
scale, may therefore alter the regional radiative forcing di-
rectly or indirectly through altering cloud properties and de-
posit in the human respiratory system efficiently.

Appendix A

Table A1. Parameters used for the calculation of size-resolved shape factors.

Parameter Description Calculation/measurement References

MNR Mass concentration of total Sum of AMS results
non-refractory compositions

MrBC Mass concentration of rBC SP2 measurement

Mall Mass concentration of all particles Sum of AMS and SP2 results

Ntotal Number concentration of all particles CPC measurement

Vall Volume of all particles Vall =
M(NH4)2SO4
ρ(NH4)2SO4

+
MNH4NO3
ρNH4NO3

+
MNH4HSO4
ρNH4HSO4

Gysel et al. (2007),

+
MH2SO4
ρH2SO4

+
MOrg
ρOrg
+
MrBC
ρrBC

D. Hu et al. (2021)

VNR Volume of non-refractory compositions VNR =
M(NH4)2SO4
ρ(NH4)2SO4

+
MNH4NO3
ρNH4NO3

+
MNH4HSO4
ρNH4HSO4

Gysel et al. (2007),

+
MH2SO4
ρH2SO4

+
MOrg
ρOrg

D. Hu et al. (2021)

Dc Mass-equivalent diameter of rBC core SP2 measurement

Dp,rBCc Volume-equivalent diameter of SP2 LEO fitting method, assumed to Liu et al. (2019)
rBC-containing particles be equal to the optical diameter

ρNR Non-refractory aerosol composition density ρNR =
MNR
VNR

D. Hu et al. (2021)

ρall All particles’ density ρall =
Mall
Vall
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