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Abstract. Refractory black carbon (rBC) in the atmosphere
is known for its significant impacts on climate. The re-
lationship between the microphysical and optical proper-
ties of rBC remains poorly understood and is influenced
by its size and mixing state. Mixing state also influences
its cloud scavenging potential and thus atmospheric life-
time. This study presents a coupling of a centrifugal parti-
cle mass analyser (CPMA) and a single-particle soot pho-
tometer (SP2) for the morphology-independent quantifica-
tion of the mixing state of rBC-containing particles, used in
the urban site of Beijing as part of the Air Pollution and Hu-
man Health–Beijing (APHH-Beijing) project during winter
(10 November–10 December 2016) and summer (18 May–
25 June 2017). This represents a highly dynamic polluted
environment with a wide variety of conditions that could
be considered representative of megacity area sources in
Asia. An inversion method (used for the first time on atmo-
spheric aerosols) is applied to the measurements to present
two-variable distributions of both rBC mass and total mass
of rBC-containing particles and calculate the mass-resolved
mixing state of rBC-containing particles, using previously
published metrics. The mass ratio between non-rBC material
and rBC material (MR) is calculated to determine the thick-
ness of a hypothetical coating if the rBC and other material
followed a concentric sphere model (the equivalent coating
thickness). The bulk MR (MRbulk) was found to vary be-
tween 2 and 12 in winter and between 2 and 3 in summer.

This mass-resolved mixing state is used to derive the mass-
weighted mixing state index for the rBC-containing particles
(χrBC). χrBC quantifies how uniformly the non-rBC mate-
rial is distributed across the rBC-containing-particle popu-
lation, with 100 % representing uniform mixing. The χrBC
in Beijing varied between 55 % and 70 % in winter depend-
ing on the dominant air masses, and χrBC was highly corre-
lated with increased MRbulk and PM1 mass concentration in
winter, whereas χrBC in summer varied significantly (rang-
ing 60 %–75 %) within the narrowly distributed MRbulk and
was found to be independent of air mass sources. In some
model treatments, it is assumed that more atmospheric age-
ing causes the BC to tend towards a more homogeneous mix-
ture, but this leads to the conclusion that the MRbulk may only
act as a predictor of χrBC in winter. The particle morphology-
independent and mass-based information on BC mixing used
in this and future studies can be applied to mixing-state-
aware models investigating atmospheric rBC ageing.

1 Introduction

Black carbon (BC) is an important light-absorbing carbona-
ceous component of the atmospheric particulate matter and
is regarded as dominant amongst absorbing aerosols in the
atmosphere (Bond and Bergstrom, 2006). Atmospheric BC
particles have both a direct positive impact and semidirect
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impact on Earth’s radiative balance (Jacobson, 2000; Bond
et al., 2013; IPCC, 2013). However, the climate impact of
atmospheric BC particles contains large uncertainties (Ra-
manathan and Carmichael, 2008; Bond et al., 2013; Riemer
et al., 2019). It is known that when BC is coated with other
compounds the absorption will be enhanced due to the so-
called “lensing effect” compared to the bare BC (Jacobson,
2001; Lack and Cappa, 2010), and the magnitude of coating
thickness has a significant impact on the absorption proper-
ties of BC-containing particles (Moffet and Prather, 2009).
However, the optical properties of BC-containing particles
vary with BC mixing state, morphology and chemical com-
pounds, which induces large uncertainties in the calculation
of the BC absorption enhancement (Cappa et al., 2012; Liu
et al., 2017). A number of observations (Cappa et al., 2012;
Peng et al., 2016; Liu et al., 2017; Zhang et al., 2018b) and
model studies (Wu et al., 2018; Zhang et al., 2018a) sug-
gest that the absorption enhancement ranges from 1.0 up
to 3.5. Though a number of different proposed model treat-
ments give different predictions of BC mixing state (Jacob-
son, 2001; Murphy et al., 2006; Péré et al., 2009), none of
these give perfect agreement with atmospheric observations,
either in situ or remote (Fierce et al., 2016). As the coated
BC particles may act as cloud condensation nuclei (CCN)
in the atmosphere, the coating thickness information of BC-
containing particles can also influence the wet removal rate
and thus its atmospheric lifetime and overall climate forcing
potential (Kuwata et al., 2007; Schroder et al., 2015; Motos et
al., 2019). Taylor et al. (2014) shows that the size distribution
of BC-containing particles is important for the simulation of
BC lifetime, vertical profile and transportation. The results
from Liu et al. (2015) also show that the coating thickness of
BC particles can largely influence their scavenging efficiency
and lifetime in the clouds. The BC mixing state is especially
important for polluted environments, where a combination
of active sources, mixing and secondary aerosol formation
mean that the BC mixing state is highly dynamic (Riemer et
al., 2009). The mixing state of BC in most models remains
unconstrained due to lack of measurement data, so this study
aims to address this need by applying a new measurement
technique to the atmosphere and offering new insight into
the behaviour of BC in an important megacity.

To clearly quantify how well the BC particles are mixed
in the atmosphere, the parameter “mixing state index” is
applied for BC-containing particles in this study. Inspired
by ecology studies (Whittaker, 1960, 1965), Riemer and
West (2013) introduced a mathematical framework to quan-
tify the aerosol mixing state. In this framework, the mixing
state index (χ ) is defined as the ratio between the average
single-particle species diversity (D∝) and the bulk particle
species diversity (Dγ ), and the mixing state index (χ ) varies
from 0 % (full external mixing; i.e. all particles consist of
only one species which may be different for each particle) to
100 % (full internal mixing; i.e. all particles are equally com-
posed of all species). A number of measurement studies have

generated this statistic by reporting a mass fraction of differ-
ent compositions through various measurement techniques.
Healy et al. (2014) reported that the variation of the bulk
aerosols mixing state index in Paris winter is more related to
the dominated air mass source by applying the single-particle
aerosol mass spectrometer. Dickau et al. (2016) introduces a
size and mass selection method to quantify the volatile mix-
ing state of soot. As well as online measurements, offline mi-
croscopy techniques are also being used to retrieve species
mass fractions. Bondy et al. (2018) performed a microscopy
study on air samples collected from the south-eastern United
States, and they found that most of the accumulation mode
particles are internally mixed when the secondary organic
aerosol concentration is high, and most of them are externally
mixed during dust events. In this study, the mass-weighted
mixing state index for rBC-containing particles (χrBC) is
derived to investigate the distribution of non-rBC material
across the rBC-containing-particle population in Beijing. As
one of the large megacities in China, Beijing has suffered
from heavy air pollution (Yang et al., 2005) and is likely to
have many factors affecting BC mixing state, which in turn
has implications for both air quality and climate (Ching and
Kajino, 2018). These aerosols can have a global reach (Liu et
al., 2015), and as their effects may be influenced by dynamic
effects near the point of emission where concentrations are
highest, a polluted urban environment represents a good lo-
cation to investigate these behaviours and properties.

In this study, a coupled combination of a centrifugal par-
ticle mass analyser (CPMA, Cambustion Ltd., Cambridge,
UK) and a single-particle soot photometer (SP2, DMT, Boul-
der, CO, USA) with a new inversion algorithm was applied in
the field for the first time to characterise the mixing state of
rBC-containing particles in Beijing. In this context, the BC
is referred to as “refractory black carbon” or rBC as an oper-
ational definition, consistent with Petzold et al. (2013). Liu
et al. (2017) first introduced this morphology-independent
instrument configuration to measure the mass ratio between
non-rBC material and rBC material. Compared to the tradi-
tional SP2-only measurement, the significant improvement
of the CPMA–SP2 method is that it can measure the non-
rBC material mass directly, which means no assumption is
needed for non-rBC material density or its optical scatter-
ing behaviour. To clearly characterise the distribution of both
rBC material and non-rBC material as part of a continu-
ous scan (as opposed to discrete masses used previously
by Liu et al., 2017), the CPMA–SP2 results are presented
in a two-variable distribution by applying a novel inversion
method presented by Broda et al. (2018). The concentric
sphere equivalent coating thickness of rBC-containing parti-
cles and the non-rBC material distribution information across
the rBC-containing-particle population is derived from the
measurement results, and the implication of these results is
discussed.
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2 Experiment details

2.1 APHH field campaign

With the aim of identifying the mixing states of rBC in a
complex urban environment, an experiment was devised as
part of the Air Pollution and Human Health–Beijing (APHH-
Beijing) programme. The details of the wider campaign are
described in Shi et al. (2019). The measurements were con-
ducted during the APHH winter (10 November–10 Decem-
ber 2016) and summer (18 May–25 June 2017) intensive
observation periods at the Institute of Atmospheric Physics
(IAP) tower site. The site (39◦58′28′′ N, 116◦22′16′′ E) is lo-
cated in between the 3rd Ring Road and 4th Ring Road in the
urban area of Beijing to the north of the city centre. As part
of the AIRPRO and AIRPOLL joint campaign, these mea-
surements also contribute to the better understanding of the
critical pollutants and the pollution process in urban Beijing.

2.2 Centrifugal particle mass analyser (CPMA)

The CPMA sorts particles by their mass-to-charge ratio. The
details of the CPMA have been described elsewhere (Olfert
and Collings, 2005; Olfert et al., 2006). Briefly, two rotat-
ing coaxial cylindrical electrodes rotate at different angular
velocities inside the CPMA. Particles of a narrow range of
mass-to-charge ratio will exit the classifier based on a bal-
ance between electrostatic and centrifugal forces depending
on the voltage difference between the electrodes and their ro-
tational speed. The average mass of the particles (m) exiting
the CPMA is

m=
φeV

ω2
cr

2
c ln( ro

ri
)
, (1)

where e is the electronic charge (1.6×10−19 C), φ is number
of charges carried by each particle, V is the voltage differ-
ence, ro is the outer cylinder radius, ri is the inner cylinder
radius and ωc is the rotation speed of the gas at the centre of
the gap between the cylinders rc (rc = 1

2 (ro+ri)). The charg-
ing in this instance was provided by a bipolar electrical neu-
traliser (MSP Corp., Shoreview, USA) that gives an equiv-
alent charging profile to a traditional radioactive neutraliser
for particles larger than 10 nm. An additional bypass flow of
1 L min−1 was provided in addition to the 0.1 L min−1 sam-
ple flow of the SP2 to minimise diffusional losses through
the neutraliser and tubing.

2.3 Single-particle soot photometer (SP2)

The SP2 is widely used in atmospheric rBC studies (Stephens
et al., 2003). It consists of four optical detectors and one
Nd:YAG crystal laser with a Gaussian intensity distribution
(Schwarz et al., 2010). The SP2 can detect particles with an
rBC component equivalent to a spherical diameter of 70–
850 nm (Liu et al., 2010; Adachi et al., 2016). The details

of the SP2 algorithm in Manchester are described in Liu et
al. (2010) and McMeeking et al. (2010). The Manchester SP2
incandescence signal was calibrated using Aquadag black
carbon particle standards (Aqueous Deflocculated Acheson
Graphite, manufactured by Acheson Inc., USA) before the
measurement, and the correction factor of 0.75 for ambient
rBC measurement was applied (Laborde et al., 2012).

2.4 Manchester CPMA–SP2 system

A novel coupling measurement method, CPMA–SP2, has
been applied to measure the non-rBC material mass among
the population of rBC without morphology dependence (Liu
et al., 2017). To set up the CPMA–SP2 system, the CPMA
is placed upstream of the SP2 to classify particles of a nom-
inal mass and sequentially pass these monodisperse particles
to the SP2 for analysis of the mass of rBC from the individ-
ually classified particles. When sampling with the CPMA–
SP2 system, the CPMA was set to select particles from 0.3
up to ∼ 15 fg. The CPMA performed one scan every 30 min,
and it took∼ 20 min to complete one scan. For the remaining
time, the CPMA rotation and voltage were disabled, mean-
ing the SP2 was measuring the polydisperse aerosol measure-
ment. A comparison between this and a bypassed configura-
tion demonstrated that this introduced minimal losses. The
CPMA–SP2 setup with mono-mass and polydispersed scan
sequence is shown in Fig. S1 in the Supplement.

2.5 NR-PM1 (non-refractory particulate matter with
aerodynamic diameter < 1 µm) measurement and
back-trajectory model

A high-resolution time-of-flight aerosol mass spectrometer
(HR-ToF-AMS, Aerodyne Research Inc., USA) was used to
measure the bulk aerosol non-refractory chemical compo-
sitions. The details of HR-ToF-AMS are described by De-
Carlo et al. (2006). The mass concentration of the NR-PM1
(non-refractory particulate matter with aerodynamic diame-
ter < 1 µm) particle is calculated from the sum of organics,
sulfate, nitrate, ammonium and chloride.

The HYSPLIT back-trajectory model (Draxler and Hess,
1998) was run with the 1◦× 1◦ horizontal and vertical wind
fields provided by the GDAS1 reanalysis meteorology data.
The HYSPLIT model analysis was used to classify the
sources of air mass that influenced the measurement site, and
this method is described by Liu et al. (2018). As shown in
Fig. 1, the continental air mass sources are classified into five
regions: Northern Plateau, Southern Plateau, Western North
China Plain (NCP) and Eastern NCP.
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Figure 1. Classification of air mass sources (modified from Liu et al., 2019).

3 Methods

3.1 CPMA–SP2 inversion

To quantify the rBC mixing state in Beijing, the CPMA–
SP2 results have been applied to a new inversion method
introduced by Broda et al. (2018), according to the calcu-
lations described in the Supplement. The multiply charged
particles are removed through the inversion process, and a
two-variable distribution function is used to describe the dis-
tribution of the non-rBC material on the rBC particles:

∂2NrBC

∂logmp∂ logmrBC
, (2)

where mp is the total mass of an individual rBC-containing
particle, and mrBC is the mass of an individual rBC par-
ticle. NrBC represents the number concentration of rBC-
containing particles with their total particle mass between
mp and mp+ dmp and rBC particle mass between mrBC and
mrBC+ dmrBC. This two-variable distribution can also be in-
tegrated to single-variable number distributions ( dNrBC

dlogmp
and

dNrBC
dlogmrBC

) that are normally used in aerosol studies. An ex-
ample of the original inverted two-dimensional distribution

∂2NrBC
∂logmp∂logmrBC

graph retrieved from the measurement is pre-
sented in Fig. S2.

3.2 Mixing state index of rBC-containing-particle
calculation

Riemer and West (2013) introduced the so-called “diversity
parameters” to describe the particle mixing state. These pa-
rameters are based on the calculation of Shannon information
entropy, which is often used to quantify uncertainties and is
different from the thermodynamic entropy used in other ar-
eas (Shannon, 2001). The calculation process is described in
Riemer and West (2013), and the necessary calculation pro-
cess for the CPMA–SP2 results is described in the Supple-
ment. In this study, each rBC-containing particle is consid-

ered to contain two types of material: rBC material and non-
rBC material. The mass fractions of rBC material and non-
rBC material for each single rBC-containing particle and the
bulk rBC-containing-particle population that are used for the
calculation are derived from the measured mass parameters.
Briefly, the mixing state index for rBC-containing particles
(χrBC) term can be given from

χrBC =
D∝− 1
Dγ − 1

, (3)

where D∝ and Dγ represent the single-particle diversity and
the bulk population diversity respectively and are used to de-
scribe the effective number of species in the single particle
and the population of particles. The mass-weighted param-
eter χrBC enables the precise quantification of the distribu-
tion of rBC material and non-rBC material mass fractions
across the rBC-containing-particle population. For a well-
mixed situation (all the rBC-containing particles contain the
same mass fraction of rBC material and non-rBC material),
Dγ =D∝ = 2, and the mixing state index χrBC = 100%. For
a fully externally mixed situation (all the rBC-containing par-
ticles only contain the rBC material), Di =D∝ = 1, and the
mixing state index χrBC will be undefined.

In this study, a high value of χrBC means that all the rBC-
containing particles have the very similar rBC and non-rBC
material mass fractions and is referred to as “even mixture”,
while a low value of χrBC means the distribution of rBC and
non-rBC material mass fractions is uneven across the rBC-
containing-particle population and is referred to as “uneven
mixture”.

3.3 CPMA–SP2 two-variable distribution
extrapolation

As introduced in the previous section, the CPMA–SP2 sys-
tem measurement range set for this measurement campaign
is up to mp = 15 fg, which is roughly between 0.25 and
0.28 µm in equivalent volume diameter for typical urban
rBC-containing particles, based on studies in other cities.
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However, during certain periods throughout the winter cam-
paign, the distribution unexpectedly extended to larger sizes
outside of this range, meaning the overall rBC population
was not completely captured by the measurement data. Some
other studies regarding to the rBC-containing-particle size
distribution in China (Gong et al., 2016; Wu et al., 2017;
Zhang et al., 2018b) are in agreement that the volume di-
ameter of rBC-containing particles is larger than the largest
CPMA-selected size set in this study. To better quantify the
bulk rBC mixing states and overcome the measurement range
limitation, the number concentration of rBC-containing par-
ticles is extrapolated beyond the measurement range. From
the previous CPMA–SP2 results by Liu et al. (2017), the
number of distributions can be assumed as log-normal.
Hence, the inversion results are extrapolated up tomp around
300 fg, which is about 0.8 µm in equivalent volume diameter,
by fitting the measured results with the simulated distribution
function, generated from the superposition of two log-normal
distributions. Further details of the extrapolation process are
presented in the Supplement. Briefly, the number distribution
formp ( dNrBC

dlogmp
) is extrapolated based on the fitted distribution

function. Two methods were then attempted to extrapolate
the two-dimensional distribution ∂2NrBC

∂logmp∂logmrBC
and critically

compared with a view to determining the optimal method.
One was based on fitting the two-variable distribution as a
function of mrBC (fit mrBC method), and the other was based
on fitting the two-variable distribution as a function of the
mass ratio between the mp and mrBC (fit ratio method):

∂2NrBC

∂ logmp∂ logmrBC

∣∣∣∣
fitmrBC,(i,j)

=

Ri ·

(
a1 · exp

(
−

(
log(mrBC,j )− b1

c1

))
+a2 · exp

(
−

(
log(mrBC,j )− b2

c2

)))
, (4)

∂2NrBC

∂ logmp∂ logmrBC

∣∣∣∣
fit ratio,(i,j)

=

Ri ·

(
a1 · exp

(
−

(
log(mp,i/mrBC,j )− b1

c1

))
+a2 · exp

(
−

(
log(mp,i/mrBC,j )− b2

c2

)))
, (5)

while ∂2NrBC
∂logmp∂logmrBC

∣∣∣
(i,j)

represents the number concentra-

tion of the two-variable distribution atmp bin i andmrBC bin
j ; Ri is the ratio between the rBC-containing-particle num-
ber concentration at the extrapolatedmp bin i and the number
concentration at the measured largest mp bin (the bin with
mp = 15 fg); a1, b1, c1, a2, b2 and c2 are all the parameters
for the distribution function.

To validate the reliability of the extrapolation, the total
rBC mass concentration from the CPMA–SP2 extrapolations
is compared with the SP2 data obtained during polydisperse

sampling (shown in Fig. 2). For the polluted periods where
large rBC-containing particles exist, the fit ratio method may
overestimate the extrapolated rBC material size, and as a re-
sult, the extrapolated rBC mass is significantly higher than
the SP2-only results for the polluted periods. The compari-
son of the fit ratio and fit mrBC extrapolation methods shown
in Fig. 2a illustrates that the fit mrBC method is closer to the
rBC mass concentration measured by the SP2-only method.
For the summer results shown in Fig. 2b, the extrapolation
results for the two methods are similar because the rBC-
containing particles were smaller and therefore the extrap-
olation was less necessary.

In general, the fitmrBC method was found to better approx-
imate the total rBC mass compared to the fit ratio method.
Therefore, the results in this study are extrapolated by the fit
mrBC method.

4 Results and discussion

4.1 APHH campaign overview and CPMA–SP2
two-variable distributions

Figure 3 presents an overview of rBC and NR-PM1 mass
concentration for the whole winter and summer campaign.
The rBC and NR-PM1 mass concentration varied signifi-
cantly in winter, and the rBC mass concentration increased
to beyond 10 µg m−3, while the NR-PM1 mass concentration
increased above 300 µg m−3 during the polluted periods. In
contrast, the rBC and NR-PM1 mass concentration reduced
significantly during the light-pollution periods. Compared to
the winter periods, the rBC mass concentration varied less
significantly in summer, and the peak of rBC mass concen-
tration and NR-PM1 mass concentration is lower. The rBC
mass concentration reached a peak of around 4 µg m−3, while
the NR-PM1 mass concentration reached a peak of around
100 µg m−3.

Figure 4 shows the two-dimensional distribution
∂2NrBC

∂logmp∂logmrBC
graph which presents the measured BC

mixing state. To improve the signal-to-noise ratio of the
data, the measured CPMA–SP2 data have been averaged
over 3 h periods. According to the measurement results from
winter campaign period, three types of mixing state distribu-
tion under three different pollution levels were observed, and
these three types of pollution are heavy pollution (NR-PM1
greater than 200 µg m−3), moderate pollution (NR-PM1
between 100 and 200 µg m−3) and light pollution (NR-PM1
less than 100 µg m−3). These representative distributions
under different pollution levels are shown in Fig. 4a–c.
Figure 4a shows high concentrations of rBC-containing
particles with both large rBC material and non-rBC material
were observed under heavy haze (fog) pollution conditions
in the morning of 4 December. During that day, a surface
low pressure persisted in Beijing and its surrounding area,
so air pollution accumulated to high concentrations. For the
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Figure 2. The rBC mass concentration comparison between the SP2-only measurement and two different CPMA–SP2 extrapolation methods
in winter (a) and summer (b).

Figure 3. Time series of rBC mass concentration and NR-PM1 concentration for the winter (a) and summer (b) campaign.

Atmos. Chem. Phys., 20, 3645–3661, 2020 www.atmos-chem-phys.net/20/3645/2020/
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Figure 4. CPMA–SP2 inversion matrix examples under different pollution conditions in winter (a, b, c), and the example in the summer
period (d); the x axis, mp, represents the mass of the whole rBC-containing particle, while the y axis, mrBC, represents the mass of the
rBC material. The colour bar represents the magnitude of the two-variable distribution with a number concentration unit of cubit centimetres
(cm−3). All the bins with mrBC larger than mp are zero since such a particle does not exist in reality, and therefore the two-dimensional
function distribution graph has a triangle shape. The black solid line shows where the extrapolation starts.

moderate-pollution period shown in Fig. 4b, a large number
of rBC-containing particles with smaller amounts of rBC
material and non-rBC material were observed. The period of
light pollution shown in Fig. 4c has the smallest number con-
centration of rBC-containing particles among all the three
pollution types, but the shape of the two-variable distribution
is similar to the moderate-pollution period in that most of the
rBC-containing particles were smaller than 10 fg and rBC
particles with a relatively large non-rBC material fraction
were rare. As no highly polluted events comparable to winter
were observed in summer, the ∂2NrBC

∂logmp∂logmrBC
distribution

in summer does not show as much variation during the
whole campaign period – one example is shown in Fig. 4d.
It appears that the ∂2NrBC

∂logmp∂logmrBC
distribution in summer is

similar to the distribution for moderate- or light-pollution
periods in winter.

The single-variable size distribution results from the in-
tegration of ∂2NrBC

∂logmp∂logmrBC
are displayed in Fig. 5. The vol-

ume equivalent diameter for rBC-containing particles (Dp)
and the rBC material (Dc) is also calculated by assuming

a density of 1.2 g cm−3 for rBC-containing particles and a
density of 1.8 g cm−3 for rBC material for better comparison
with other studies based on aerodynamic diameter. For the
mp number concentration size distribution ( dNrBC

dlogmp
) shown

in Fig. 5a, the mode particle size is between 2 and 10 fg
for the light-pollution and moderate-pollution periods, while
for the heavy-pollution period there is a large increase in
the number concentration for rBC-containing particles larger
than 5 fg. The number concentration size distribution for the
mrBC ( dNrBC

dlogmrBC
) shown in Fig. 5b indicates that there is an

increase in the number concentration for the rBC-containing
particles with relatively large rBC material (withmrBC larger
than 1 fg) during the heavy-pollution period in winter.

4.2 Mass ratio between non-rBC material and rBC
material

The concentric sphere equivalent coating thickness informa-
tion is presented through the mass ratio (MR) parameter
which is derived from the CPMA–SP2 inversion results. The
MR parameter defined here follows the definition of Liu et

www.atmos-chem-phys.net/20/3645/2020/ Atmos. Chem. Phys., 20, 3645–3661, 2020
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Figure 5. CPMA–SP2 mp number distribution (a) and mrBC number distribution (b) under different pollution conditions.

al. (2017), which is given by

MRi =
mnon-BC,i

mrBC,i
=
mp,i −mrBC,i

mrBC,i
, (6)

where MRi is the mass ratio for rBC-containing particle
i, mnon−rBC is the non-rBC material within rBC-containing
particle i, and mp,i and mrBC,i are the mass of the rBC-
containing particle i and the mass of the rBC material for
rBC-containing particle i respectively. The traditional SP2-
only method calculates MR by applying measured optical
properties through the leading edge only (LEO) technique,
and assumptions regarding the refractive indices and mor-
phology are needed to determine the bulk concentric sphere
equivalent coating thickness (Gao et al., 2007; Liu et al.,
2014; Broda et al., 2018). The CPMA–SP2 method, how-
ever, is able to quantify the mass parameters more directly
and without LEO fitting or a scattering inversion; therefore,
the MR measured by CPMA–SP2 can be considered to be
much more accurate. The bulk MR (MRbulk) measured by
CPMA–SP2 is calculated as follows:

MRbulk =

∫ dMp
dlogmp

dlogmp∫ dMrBC
dlogmrBC

dlogmrBC

=

∫∫
∂2NrBC

∂logmp∂ logmrBC
mpdlogmrBCdlogmp∫∫

∂2NrBC
∂logmp∂ logmrBC

mrBCdlogmrBCdlogmp
− 1, (7)

whereMp andMrBC are the total mass concentration for rBC-
containing particles and rBC particles respectively. The com-
parison between MRbulk from the CPMA–SP2 method and
the SP2-only method is shown in Fig. 6. The MRbulk from
the SP2-only method is derived by applying the SP2 LEO fit-
ting method to rBC-containing particles withDp in the range

Figure 6. The comparison between bulk mass ratio (MRbulk) from
the CPMA–SP2 method and from the SP2-only method.

of 0.08–0.8 µm and Dc in the range of 0.08–0.55 µm. The
MRbulk from the CPMA–SP2 method shows a good correla-
tion with the SP2-only method during the summer period and
the winter period. Despite a slight lower MRbulk observed
from the SP2-only method, the MRbulk results from the two
methods are generally close.

The CPMA–SP2 MRbulk time series for winter and sum-
mer are presented in Fig. 7. A significant increase was ob-
served during the winter heavy-pollution period, and the
MRbulk reached a maximum of 10 on 4 December. Dur-
ing low pollution periods the rBC particles had a lower
MRbulk around 2. According to the source apportionment
work during the same study by Liu et al. (2019) and Wang
et al. (2019), around 64 % of organic components within the
rBC-containing particles were from primary sources in win-
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Figure 7. Time series of MRbulk for winter and summer.

ter. These sources may also emit non-rBC material externally
mixed with rBC. During the heavy-pollution period in winter,
a significant enhancement of secondary organic aerosol was
observed (Wang et al., 2019). Figure 4 showed that, during
the highly polluted period, there were large numbers of rBC-
containing particles with mrBC between 1 and 10 fg. These
rBC-containing particles with large mrBC mostly originated
from the Southern Plateau based on the back-trajectory anal-
ysis in Fig. 10a, and Liu et al. (2019) suggested that they
may be from coal burning. High pollution tends to intro-
duce increased concentrations of gas precursors promoting
the condensation of secondary material, and the higher over-
all particulate concentration promotes coagulation, particu-
larly at the top of the boundary layer where the high hu-
midity causes particles to grow further. Both condensation
and coagulation will lead to more efficient mixing of rBC
and increased MRbulk. In contrast, during the lightly polluted
periods, the fractions of non-rBC material within the rBC-
containing-particle population were much lower. The rela-
tively cleaner air masses from the Northern Plateau domi-
nated most of the light-pollution periods (Liu et al., 2019).
With the absence of high absolute non-rBC material concen-
trations, the rBC-containing particles were externally mixed
or had a lower fraction of non-rBC material.

Figure 7 shows that the MRbulk in summer varied between
1 and 2.7 with several moderate MRbulk values (MRbulk > 2),
which was generally lower than in winter. Compared to the
winter periods, the source apportionment shows that sec-
ondary material contributed more to the total organic aerosol
species within the rBC-containing particles (Xie et al., 2019;
Wang et al., 2019).

The MRbulk frequency distribution is presented in Fig. 8.
Most of the rBC-containing particles contained a small frac-

Figure 8. Frequency distribution of MRbulk from both the CPMA–
SP2 and SP2-only method.

tion of non-rBC material with the MRbulk less than 2 in both
winter and summer. The range of MRbulk values was also
much broader in winter compared to the summer period.
Some rBC-containing particles containing a large fraction
of non-rBC material (MRbulk > 3) were observed in winter,
while no such particles were found during the summer pe-
riod. In general, the MRbulk frequency distribution from the
CPMA–SP2 and SP2-only methods is similar.

A CPMA–SP2 two-variable distribution is able to present
detailed single rBC-containing-particle concentric sphere
equivalent coating thickness information. The MRi can be
derived to quantify the concentric sphere equivalent coating
thickness on each rBC-containing particle. Liu et al. (2017)
stated that rBC-containing particles with MRi lower than 1.5
are typical for traffic emissions, while an MR greater than 3
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is typical for biomass burning emissions. The rBC mass frac-
tion under different MRi level classifications is presented in
Fig. 9. Comparing the summer results with the winter results,
the fraction of rBC-containing particles with a tiny fraction
of non-rBC material (MRi ∼ 0) and rBC-containing parti-
cles with a moderate fraction of non-rBC material (1.5≤
MRi < 3) is similar. The mass fraction varied slightly around
20 % for uncoated rBC-containing particles at both sum-
mer and winter campaign periods. The rBC-containing par-
ticles with a large fraction of non-rBC material (MRi ≥ 3)
accounted for a higher fraction in winter, especially for the
heavy-haze periods between 3 and 5 December. The signif-
icant enhancement of the fraction of rBC-containing parti-
cles with MRi ≥ 3 was more likely related to the increase
in the fraction of secondary components during the heav-
ily polluted period in winter (Wang et al., 2019). The rBC-
containing particles with a small fraction of non-rBC ma-
terial (0 < MRi < 1.5) accounted for a large portion (around
60 %) during the light-pollution periods in winter and oc-
curred most of the time in summer. These rBC-containing
particles with much lower MRi were likely to be generated
from the consumption of fossil fuels (Liu et al., 2017, 2019).

4.3 Entropy parameters and rBC mixing state

Derived from the CPMA–SP2 inversions, the bulk diversity
(Dγ ) and the mixing state index for rBC-containing parti-
cles (χrBC) results shown in Fig. 10 illustrate the variation
of BC mixing state for the whole APHH campaign period.
As the CPMA–SP2 system only detects the rBC-containing
particles, the number of species set here is two: the rBC and
non-rBC material. To reiterate, this metric should be taken
as the level of homogeneity of rBC mixing state amongst the
rBC-containing particles.
χrBC varied around 62 % between 10 and 21 November.

A decrease in χrBC was observed between 19 and 20 De-
cember, which indicates a period of more externally mixed
rBC. Apart from some minor χrBC spikes, the mixing state
of rBC-containing particles remained unchanged between 10
and 21 November, whereas for the results between 1 and
6 December, χrBC andDγ varied dramatically. After the pol-
luted period on 30 November, a light-pollution period oc-
curred on 1 December and χrBC decreased rapidly to below
60 %. When the haze formed between 2 and 4 December,
χrBC increased gradually. In contrast, Dγ decreased signifi-
cantly during this heavy-pollution period which was mainly
caused by the thick non-rBC material on the rBC material,
leading to a reduction of rBC material mass fraction per-
centage. The haze subsided after χrBC reached the peak of
around 70 % on 4 December, another light-pollution period
appeared, and χrBC and Dγ resumed to the value before the
haze. For the moderate-pollution period between 6 and 7 De-
cember, χrBC reached another peak of around 68 %, and the
increase in MRbulk led Dγ to decrease to around 1.5.

To investigate the mixing state of smaller rBC-containing
particles, the mixing state index at smaller mp is also calcu-
lated, shown in Fig. 10. The χrBC at mp ≤ 15 and mp ≤ 5 fg
is shown to be higher than the bulk χrBC, indicating that
the rBC material was more evenly distributed among rBC-
containing particles at smaller sizes. For most of the winter
period, the trend of χrBC at mp ≤ 15 and mp ≤ 5 fg was sim-
ilar to the trend of bulk χrBC. However, during the heavy-
pollution period between 3 and 4 December, the χrBC at
mp ≤ 5 fg decreased slightly, suggesting that there was a rel-
atively uneven distribution of rBC material and non-rBC ma-
terial mass fractions for the smaller rBC-containing particles.
During summer, the χrBC at mp ≤ 15 fg and mp ≤ 5 fg was
closer to the bulk χrBC because of rBC-containing particles
in summer being smaller and most of the rBC-containing par-
ticles having smaller MRi .

The mixing state of rBC-containing particles can be also
associated with the air mass sources, and the relationship be-
tween the major air mass source, MR and rBC mixing state
is further explored further in Fig. 11. The winter character-
isation result is shown in Figs. 10a and 11a. Among all the
air mass sources, Plateau South and Western NCP were con-
sidered to represent the polluted air masses from which aged
rBC-containing particles with larger MRi were transported
during this period. When higher χrBC (between 60 % and
75 %) and MRbulk values (between 2 and 12) were observed
the Plateau South air mass periods dominated. When local
air mass and Plateau North air mass accounted for more frac-
tions, the presences of rBC-containing particles with smaller
MRi contributed to the significant increase in Dγ values
and rapid decrease in χrBC and MRbulk values. For example,
the reduction of rBC-containing-particle internal mixture on
30 November and 5 December can be associated with a rel-
ative clean Plateau North air mass. This evolution during the
winter period agrees with the findings from Paris of Healy
et al. (2014), who found that when considering the mixing
state of bulk aerosol mass (which considered multiple non-
rBC species) there was a trend towards more homogenous
mixing when polluted air masses dominate compared to the
local and clean marine air mass periods.

For the summer period shown in Fig. 10b, χrBC varied
between 60 % and 75 %. As the MRbulk was lower in sum-
mer, the mass fraction of rBC material and the mass fraction
of non-rBC material was closer within the bulk population,
hence a slightly higherDγ was observed in summer. Though
the MRbulk and the rBC mass concentration was not as high
as that in winter, sharp decreases in Dγ together with the in-
crease in χrBC still occurred occasionally in summer, which
indicate that some rBC-containing particles with moderate
non-rBC material were observed. Unlike the winter cam-
paign period, the back-trajectory results in summer shown
in Fig. 11b do not show a significant association between
mixing state parameters and air mass origin.
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Figure 9. The evolution of rBC material mass fraction at a different single-particle MR (MRi ) level for winter and summer.

4.4 Discussion

In order to investigate which other parameters may act as
a predictor for mixing state, Fig. 12 shows the variation of
χrBC in both summer and winter against (a) NR-PM1 and
rBC mass concentration and (b) MRbulk. There was a positive
correlation between the variation of χrBC and the variation of
MRbulk in winter as rBC-containing particles with larger non-
rBC material (larger MRbulk) tended to exhibit a more even
mixture during the winter campaign period. For the summer
period, no such positive correlation was found. Although the
rBC-containing particles did not contain a large fraction of
non-rBC material in summer, and the pollution level was
lower, there was significant variation of χrBC, which indi-
cates that the distribution of rBC and non-rBC material mass
fractions among the rBC-containing particles varies in a nar-
row range of lower MRbulk. This indicates that higher MRbulk
can be related to increased levels of a more even mixture of
rBC-containing particles in winter, while the MRbulk metric
cannot be used to predict the variation of χrBC in summer.

Comparing the two seasons, there was more diversity in
the distribution of rBC mixing state in summer than in winter
under similar MRbulk or similar NR-PM1 and rBC mass con-
centrations. About 30 % of the experimental period in sum-
mer had χrBC over 70 %; however, this fraction was almost
absent in winter. This means that although the pollution was
low in summer, a more homogenous distribution of non-rBC
material was present.

As χrBC is a mass-weighted parameter, it is dominated
by the larger rBC-containing particles. During the heavy-
pollution period in winter, there was generally more partic-
ulate matter, so the non-rBC materials have a higher prob-
ability of coagulating with or condensing on primary rBC,
resulting in the relatively higher amount of non-rBC mate-

rial detected in winter. The rBC particles with a higher MRi
contributed most to the rBC mass concentration during the
heavy-pollution periods (shown in Fig. 9), and the fraction
of the secondary non-rBC material within rBC-containing
particles increased with pollution level (Wang et al., 2019).
These large rBC-containing particles with a large fraction
of non-rBC material dominated the total rBC-containing-
particle mass and showed a higher χrBC value. This increas-
ing trend of χrBC was shown to correspond to the MRbulk
and NR-PM1 level, and this means the higher pollution will
be associated with enhanced non-rBC material and a similar
mixing state for most rBC-containing particles in winter.

During the lighter-pollution periods, most of the rBC-
containing particles had a lower MRi , and a lower MRbulk
was present. A lower χrBC was present when MRbulk or
the pollution level was lower in winter. One reason is that
although the MRbulk is lower, there were still some rela-
tively large rBC-containing particles with a large or moderate
MRi , which were not sufficient to dominate the overall rBC-
containing-particle mass concentration or overall χrBC dur-
ing the light-pollution periods. A significant difference was
thus observed between the χrBC for small rBC-containing
particles (at mp ≤ 5 fg) and the bulk χrBC. The other reason
for the uneven distribution of non-rBC material and rBC ma-
terial mass fractions may be that the appearance of non-rBC
material in rBC-containing particles is being limited. There
were more rBC-containing particles with little non-rBC ma-
terial during this period, compared to the moderate- or heavy-
pollution periods in winter. Therefore, the non-rBC material
and rBC material mass fractions tended to be unevenly dis-
tributed among rBC-containing particles, and the χrBC shows
a lower value.

As there were fewer large rBC-containing particles in
summer, the bulk χrBC result is close to the χrBC result of
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Figure 10. Bulk diversity and mixing state index for the winter (a) and summer (b).

smaller rBC-containing particles, and the bulk χrBC is gen-
erally higher than the winter period for most of the time.
This could be through a lower diversity of sources during
certain periods and/or a difference in atmospheric processes
that leads to a uniform condensation of secondary material
without significantly raising MRbulk. In summer, the concen-
trations of primary aerosols are lower compared to winter,
and secondary organic aerosols (SOAs) contribute a larger
fraction to the total organic aerosols (OAs) in Beijing (Sun

et al., 2018; Hu et al., 2016). Previous studies show that an
internal mixture would be expected for BC associated with a
larger secondary fraction (Krasowsky et al., 2018; Bondy et
al., 2018), but the lower overall pollution levels in summer
limited the formation of large rBC-containing particles. This
may cause the large variation of χrBC in summer.

Results comparing both seasons suggest that the increase
in non-rBC material with MRbulk above four could lead
to a more even distribution of rBC and non-rBC material
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Figure 11. Air mass sources contribute to the MR and mixing state index for summer (a) and winter (b).

Figure 12. (a) The relationship between NR-PM1 and rBC mass concentration and the mixing state index. (b) The relationship between
MRbulk and the mixing state index.

(χrBC > 60 %), as indicated by the winter results. In contrast,
during summer the χrBC had a larger variation, and an even
mixture for rBC-containing particles was still possible when
MRbulk and the overall pollution level was lower.

5 Implications for the future studies

The CPMA–SP2 together with a new inversion method are
capable of exploring ambient BC mixing state in a way
not previously possible. The detailed two-variable distribu-
tion is able to retrieve the mixing state information on a
single-particle level. For future studies, the detailed two-
variable distribution results from the CPMA–SP2 can be
directly compared with mixing-state-aware models such as
GLOMAP (Mann et al., 2010) and the particle-resolved
model PartMC-MOSAIC (Riemer et al., 2009) when simu-
lating the behaviour of BC in polluted plumes. Some mod-

elling studies have suggested that large uncertainties of BC
atmospheric lifetime result from uncertainties in the scaveng-
ing efficiency (e.g. Myhre and Samset, 2015). The processes
of activation and impaction scavenging are partly dictated by
the overall size and soluble fraction of the rBC-containing
particles, which would manifest in the data presented here.
However, while some models carry this information (e.g. hy-
drophobic vs. hydrophilic BC in GLOMAP) this is poorly
constrained partly because of the lack of observations that
can resolve this (Taylor et al., 2014). In general, more de-
tailed non-rBC material information (MR results) and single-
particle level mixing state information presented in our study
can contribute to future studies concerning BC lifetime and
transportation to help to constrain the simulations (Bond et
al., 2013; Fierce et al., 2017).
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6 Conclusions

In this study, the combination of a centrifugal particle mass
analyser (CPMA) and a single-particle soot photometer
(SP2) has been applied to the investigation of the mixing
state of refractory black carbon (rBC)-containing particles in
urban Beijing. A novel CPMA–SP2 inversion algorithm is
able to present the detailed two-variable number distribution
as a function of rBC mass and total rBC-containing-particle
mass. As the CPMA–SP2 system directly measures the par-
ticle mass, more accurate mass ratio (MR) results for the
rBC-containing particles are reported. With the detailed in-
version metric results, the mixing state index (χrBC) is de-
rived to quantify the distribution rBC and non-rBC mate-
rial mass fractions within the population of rBC-containing
particles. The measurement results show that the measured
bulk MR (MRbulk) during the winter campaign period var-
ied significantly from around 2 to 12, while the χrBC value
varied between 55 % and 70 %. The highest MRbulk values
were associated with the haze-polluted periods in winter, and
the χrBC value reached higher values under these conditions
(over 65 %), which illustrated there was a more even distribu-
tion of rBC and non-rBC material mass fractions during this
period. This result shows that higher pollution levels will in-
crease the non-rBC material in rBC-containing particles and
promote a more homogenous distribution of non-rBC mate-
rial and rBC material in winter. These results further imply
that the MRbulk may be a good predictor of χrBC in this sea-
son. Meanwhile, the back-trajectory analysis indicates that
polluted air from the Southern Plateau dominated the aged
rBC-containing particles in Beijing during winter. For the
summer campaign period, the MRbulk varied between 2 and
3. The χrBC varied between 60 % and 75 % but was found
to be independent of MRbulk. The slightly higher χrBC in
summer indicates a more even distribution of rBC and non-
rBC material mass fractions, which may be caused by higher
availability of secondary material. However, a large fraction
of non-rBC material within the rBC-containing-particle pop-
ulation (large MRbulk) was not favoured, due to the lack of
heavily polluted events in summer, and further no apparent
relationship was found between the rBC-containing-particle
mixing state and air mass sources. The observations pre-
sented here have implications for detailed models of BC, its
optical properties and its atmospheric life cycle, which are
necessary to assess its local and global impacts. For models
that consider mixing state, the methods and results discussed
here can better describe the BC mixing state, which may offer
new insights and contribute to improvements in the accuracy
of simulations.
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