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Abstract. Both the size and mixing state of black carbon (BC)-containing aerosols are crucial in estimating the
environmental, health and climate impacts of BC. Traffic emissions are a major global source of BC; however,
parameterization of BC mass size distributions and mixing states associated with traffic remains lacking due to its
dependence on vehicle types and driving conditions. To investigate BC mass size distributions and mixing states
associated with traffic emissions, a field campaign was conducted in the Guangzhou urban area during winter,
which used a system coupling a differential mobility analyzer (DMA) and a single-particle soot photometer (SP2)
to measure BC mass size distributions in the range of 100 to 700 nm. The resolved primary organic aerosols
were hydrocarbon-like organic aerosols (HOA) and cooking-like organic aerosols (COA), as well as refractory
BC (rBC), which was detected by the DMA–SP2 and correlated highly with HOA (R2

= 0.88), confirming
that traffic emissions are the dominant source of atmospheric BC during the observations. The BC mass size
distribution was found to be best fitted by a lognormal distribution, with a geometric mean (Dg,BC) of 258±
16 nm, varying between 200 and 300 nm. During daytime, active formation of secondary nitrate and organic
aerosols was observed, but it had little effect on the variations of BC mass size distributions. Further analyses
revealed that Dg,BC was moderately correlated with rBC /HOA (R2

= 0.41) in a linear form of Dg,BC = 34×
rBC/HOA+ 177, demonstrating that the BC content of traffic emissions significantly impacts the BC mass size
distributions. In addition, the size-dependent fractions of BC-containing aerosols in all types of aerosols (fBCc)
and the fraction of identified externally mixed (bare/thinly coated) BC particles in all BC-containing aerosols
(fext) were also characterized. It was found that the daytime secondary aerosol formation reduced both fBCc and
fext, with the decrease in fext being more pronounced for larger particles, possibly due to the higher relative

Published by Copernicus Publications on behalf of the European Geosciences Union.



6546 F. Li et al.: BC mass size distributions and mixing states of traffic emissions

coating thickness. Variations in fext during nighttime were mainly controlled by the emission conditions. For
example, fext for 600 nm particles decreased from 0.82 to 0.46 as rBC /HOA increased from 1 to 3.5, while the
mass ratios of secondary aerosols to rBC varied little, demonstrating that the BC content also significantly affects
the mixing states of freshly emitted BC from traffic emissions. This study suggests that BC content can be used
as the key factor to parameterize both the BC mass size distribution and mixing states from traffic emissions,
which warrants future comprehensive investigation. In addition, other sources such as biomass burning and coal
combustion also contribute substantially to BC emissions, and it was important to investigate whether BC content
of other major BC sources than traffic is also important in determining BC mass size distributions and mixing
states. Overall, results of this study have significant implications for accurate representation of BC from different
sources when modeling the impacts of BC.

1 Introduction

Aerosols significantly impact human health through deposi-
tion on human tissues, visibility, weather and climate by in-
teracting with solar radiation and acting as cloud condensa-
tion nuclei (CCN). Most of the atmospheric aerosols scatter
readily while absorbing negligibly or little solar irradiation,
but one exception is black carbon (BC), which absorbs so-
lar irradiation strongly and thus heats the atmosphere. This
strong absorption makes BC the second atmospheric warm-
ing component (Bond et al., 2013) and plays a major role
in climate and air pollution (Zhang et al., 2019). Menon et
al. (2002) found that BC’s absorption could affect trends of
droughts and floods in India and China by altering regional
atmospheric stability and vertical motions. The heating ef-
fects of BC (Wang et al., 2013) in the atmospheric bound-
ary layer can suppress boundary layer turbulence, impact-
ing boundary layer development and meteorology (Wilcox et
al., 2016), and consequently affecting local haze formation
(Ding et al., 2016). Moreover, BC-containing aerosols can
interact with clouds and serve as CCN (Zhang et al., 2017;
Motos et al., 2019; Hu et al., 2021), thus indirectly impacting
climate (Koch and Del Genio, 2010). These effects of BC can
be quantitatively determined through its radiative forcing. In
addition, inhalation of atmospheric BC also poses a threat to
human health; evidence suggests that it may be associated
with changes in subclinical cardiovascular health effects in
individuals (Nichols et al., 2013).

The radiative and health effects of BC are highly depen-
dent on its size and mixing state, as these factors determine
the distribution of BC in aerosols and their optical properties
(Bond et al., 2006), hygroscopic growth (Liu et al., 2013) and
depositions in the human respiratory tract (Man et al., 2022).
Detailed parameterizations of BC size and mixing states as
well as aging of BC-containing aerosols in models are cru-
cial for modeling environmental and climate effects of BC
(Wang et al., 2018). Freshly emitted BC can be either almost
bare or coated with other materials, usually organic aerosols,
which can then undergo rapid aging processes through vapor
condensation or serve as medium for reactions (Zhang et al.,
2018a, 2021; F. Zhang et al., 2020). This leads to size and

morphological changes in BC-containing aerosols (Zhang et
al., 2008) and influences their physical properties, such as hy-
groscopicity (Liu et al., 2013) and activation abilities (Ding
et al., 2019; Yu et al., 2022). The coating of other compo-
nents on BC can also significantly affect the optical prop-
erties of BC-containing aerosols, such as the lensing effect
that enhances light absorption (Bond et al., 2006; Peng et al.,
2016). This effect is non-linear (Liu et al., 2017; Wang et al.,
2021) and is highly dependent on the mixing state hetero-
geneity of BC-containing aerosols (Fierce et al., 2020; Zhao
et al., 2021; Zhai et al., 2022). In addition, Zhao et al. (2019)
showed that the BC mass size distributions also play a major
role in the direct radiative effects of BC. The size and mixing
states of BC, as well as the chemical composition of its coat-
ings, vary significantly with sources (Y. Zhang et al., 2020).
This results in marked differences in the aging processes of
freshly emitted BC from different sources in the atmosphere,
depending on the emission sources and meteorological con-
ditions in a given location.

Guangzhou is an expansive metropolis in the highly in-
dustrialized Pearl River Delta (PRD) region of China. Previ-
ous studies have shown that emissions from fossil fuel com-
bustion are major sources of BC (Liu et al., 2014), while
biomass burning emissions might also make certain contribu-
tions during autumn and winter (Sun et al., 2020). However,
recent studies on source apportionment have not detected ob-
vious signals attributed to biomass burning in autumn and
winter, suggesting that other sources such as traffic activities
are the main contributors to BC emissions (Guo et al., 2020;
W. Chen et al., 2021; Liu et al., 2022; Zhai et al., 2023).
Few studies have used the single-particle soot photometer
(SP2) to measure bulk BC mass concentrations and mixing
states in the Guangzhou urban area (Huang et al., 2011; Tao
et al., 2021). Furthermore, no comprehensive measurements
that characterize both size distribution and mixing states of
BC in this region have been conducted, and the factors that
control variations in BC mass size distributions and mixing
states remain unknown. BC emissions from diesel vehicles
dominate traffic BC emissions (Bond et al., 2013) and de-
pend on many factors, such as fuel type, engine operating
conditions, engine types, driving patterns, and environmental
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conditions (Adler et al., 2010). These conditions have a sig-
nificant impact on the size distributions and mixing states of
emitted particles (Lähde et al., 2011; Xu et al., 2014); there-
fore, BC mass size distributions and mixing states vary a lot
in real traffic conditions. While numerous studies have exam-
ined the BC size and mixing states of emissions from various
types of vehicles (Adler et al., 2010; Liu et al., 2017), only
a few have directly investigated the BC size distribution and
mixing states as a function of aerosol mobility diameter us-
ing the DMA–SP2 system, which couples differential mobil-
ity analyzer (DMA) and SP2 (Raatikainen et al., 2017), and
reported the average coating characteristics of aerosol parti-
cles emitted from diesel vehicle exhaust (Han et al., 2019; Y.
Zhang et al., 2020). However, the variations of BC mass size
distributions and BC mixing states from real traffic emissions
using the DMA–SP2 system have rarely been studied, and
how to parameterize them remains elusive. This study car-
ried out a field campaign and employed the DMA–SP2 sys-
tem to investigate the dominant contribution of traffic emis-
sions to atmospheric BC, which provided an ideal opportu-
nity to evaluate how primary traffic emissions and their sub-
sequent aging can affect BC mass size distributions and mix-
ing states.

2 Materials and methods

2.1 Campaign information

The campaign was conducted to characterize BC mass size
distributions and mixing states from 11 January to 27 Febru-
ary 2022 at the Haizhu wetland park (23◦05′ N, 113◦22′ E) in
Guangzhou. The instruments used for characterizing aerosol
chemical and physical properties included a quadrupole
aerosol chemical speciation monitor (Q-ACSM) for moni-
toring aerosol chemical compositions, a DMA–SP2 system
for measuring BC mass size distributions and mixing states
and a scanning mobility particle sizer (SMPS) system for
measuring aerosol particle number size distributions ranging
from 13 to 800 nm. An AE33 aethalometer (Drinovec et al.,
2015) was used to measure aerosol absorptions at multiple
wavelengths and indirectly measure bulk BC mass concen-
trations. A PM2.5 inlet (BGI, SCC 2.354) with a flow rate of
8 L min−1 was used for aerosol sampling. The flow rates of
the Q-ACSM, condensation particle counter (CPC), SP2 and
AE33 instruments were set to 3, 0.3, 0.1 and 5 L min−1, re-
spectively, to meet the flow rate requirement of the impactor
although there are some deviations. All instruments were
housed in a temperature-controlled container (23–27◦) and
placed downstream of a Nafion drier designed to lower the
sample RH to less than 35 % (placed outside of the container
and vertically to ensure a straight line of the sampling route
so that sampling loss of aerosols can be minimized). Mete-
orological parameters such as temperature, wind speed and
direction, and relative humidity (RH) were measured using
an automatic weather station. Further details about this site

can be found in Liu et al. (2022). In addition, concentrations
of PM2.5 and nitrogen dioxide (NO2) were obtained from
the China National Environmental Monitoring Center net-
work, which is publicly available (http://www.cnemc.cn/en/,
last access: 7 June 2023); there is a site located within 5 km
distance to our observation site.

2.2 DMA–SP2 system and data processing

The SP2 (Droplet Measurement Technologies) can measure
aerosol scattering and incandescence signals of individual
particles and identify if they contain detectable BC mass.
It can also provide BC mass concentrations at the single-
particle level, thus allowing for the determination of BC mix-
ing states. The scattering signals can be used to estimate the
particle size of each BC-free particle; however, a leading-
edge-only method is required for sizing BC-containing par-
ticles (Schwarz et al., 2006), with the estimated optical-
equivalent size potentially deviating substantially from the
mobility size due to variations in aerosol refractive index and
morphology. As such, the use of the DMA–SP2 system to
measure BC mass size distributions and mixing states has
been previously proposed (Raatikainen et al., 2017; Han et
al., 2019; Sarangi et al., 2020; Zhao et al., 2021), which
complements the size measurements, and additional size in-
formation can be used to derive physical properties such as
morphology and effective densities (Zhang et al., 2018b; Wu
et al., 2019). A similar system has also been used for other
applications, such as investigation of the hygroscopic prop-
erties of BC-containing aerosols (McMeeking et al., 2011;
Liu et al., 2013). The DMA–SP2 set-up of Zhao et al. (2021)
employed a continuous scanning mode of the DMA, allow-
ing for black carbon mass size distribution (BCMSD) mea-
surements with a time resolution of 5 min. However, accurate
matching of the time of particles in the DMA and SP2 is nec-
essary. Some previous studies passed size-selected monodis-
perse aerosols to the SP2 at only a few diameters (Zhang
et al., 2018b; Han et al., 2019), limiting the retrieval of BC
mass size distributions and mixing states across the entire
sub-micrometer diameter range. In this study, we developed
a software which enables the DMA to scan at different di-
ameters for different time periods depending on their num-
ber concentrations. For example, DMA scans at 100 nm last
about 36 s, while scans at 700 nm last about 1.5 min, al-
lowing for enough particles to be sampled at larger particle
sizes. The diameter set points (18 points) of DMA scans are
100, 120, 160, 200, 235, 270, 300, 335, 370, 400, 435, 470,
500, 535, 570, 600, 635 and 700 nm, with a full scan taking
20 min.

With this set-up, the particle number size distributions of
BC-containing and BC-free aerosols can be derived from
the DMA–SP2 measurements using an inversion routine
that mainly accounts for the effects of the DMA transfer
function and multiple charge. Assuming a BC density of
1.8 g cm−3, the BC volume equivalent diameter of each BC-
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containing particle (termed as BC core diameter, Dc) can
be calculated, assuming a core–shell structure. The parti-
cle number size distribution of BC-containing aerosol, con-
taining information of BC mixing states, can then be de-
scribed using a two-variable formulation, ∂N

∂log(Dp)∂log(Dc) ,
and the multiple charge correction method proposed by Zhao
et al. (2021) was used here to account for the impacts of mul-
tiple charge on ∂N

∂log(Dp)∂log(Dc) derivations. Using the derived
∂N

∂log(Dp)∂log(Dc) , the BC mass size distribution with multiple
charge corrections accounted for can be derived by integrat-
ing the rBC mass of eachDc. Details about the inversion rou-
tines are introduced in Sect. S1 of the Supplement. Note that
the effective density of bare BC or BC contained in a particle
can vary substantially due to BC morphology and existence
of air voids (Zhang et al., 2016; Zhao et al., 2020b). There-
fore, a simple assumption of 1.8 g cm−3 for BC density could
bring uncertainties toDc calculations. In addition, the optical
equivalent diameter of BC-containing aerosols cannot be re-
trieved in this study due to the failure of the SP2 split channel
hardware during the campaign, which rendered the leading-
edge-only method unusable.

The average particle number size distribution (PNSD) de-
rived from the DMA–SP2 system was compared with the one
obtained from independent SMPS measurements, as shown
in Fig. 1a. The detection limitations of the SP2 scattering
channels (Raatikainen et al., 2017) caused the PNSD from
SP2 to be markedly lower than that from SMPS for diame-
ters<200 nm. For diameters larger than 200 nm, the PNSD
from SP2 was generally consistent with that from SMPS,
with the average ratio of SMPS to SP2 measurements being
0.89± 0.05, which is similar to the phenomenon reported in
Raatikainen et al. (2017), with an average ratio of 0.82. Ad-
ditionally, the observed rBC mass concentrations correlated
highly with the optically equivalent BC mass concentrations
reported by the AE33 aethalometer (R2

= 0.96 and an av-
erage ratio of 0.96), as shown in Fig. S4. The consistency
tests between the DMA–SP2 system and SMPS measure-
ments validated the number size distributions and BC mass
concentrations inverted from DMA–SP2 measurements.

The number fractions of BC-containing aerosols of vari-
ous diameters can be calculated using the DMA–SP2 mea-
surements. Based on the time lag between the peak time
of the scattering and the incandescence signal (Schwarz et
al., 2006; Moteki and Kondo, 2007; Sedlacek et al., 2012),
these aerosols can be roughly divided into two categories:
bare/thinly coated BC particles and thickly coated BC par-
ticles. The time lag distribution of pure BC aerosols can be
identified from the SP2 calibrations using bare BC aerosols.
Consequently, bare/thinly coated BC particles can be identi-
fied using the calibrated critical lag time.

2.3 Q-ACSM measurements and positive matrix
factorization (PMF) analysis

The Q-ACSM measured non-refractory sub-micrometer
(NR-PM1) species, including organic aerosol (OA), sulfate
(SO4), nitrate (NO3), ammonium (NH4) and chloride (Cl),
at a time resolution of 15 min. A more detailed description
can be found in Liu et al. (2022) and Ng et al. (2011). The
mass spectra measured by the Q-ACSM were analyzed us-
ing ACSM standard data analysis software (ACSM Local
1.5.10.0 released 6 July 2015), written in Igor Pro (ver-
sion 6.37). The composition-dependent collection efficiency
(CE) parameterization scheme proposed by Middlebrook et
al. (2012) was used to calculate the mass concentrations of
OA and inorganic species. This was also detailed in Liu et
al. (2022). As calibration of the Q-ACSM was not available
during this campaign, relative ionization efficiencies (RIEs)
of 5.15 and 0.7 for ammonium and sulfate from previous cal-
ibrations were used, while the default RIEs of 1.4, 1.1 and
1.3 were used for organic aerosol, nitrate and chloride, re-
spectively. The quality assurance of the Q-ACSM measure-
ments was first performed by comparing the mass concen-
trations of PM1 (summation of measured NR-PM1 concen-
trations and rBC concentrations measured by the DMA–SP2
system) with PM1 mass concentrations calculated from the
particle number size distribution measurements of SMPS,
assuming an aerosol density of 1.6 g cm−3. Good consis-
tency (as shown in Fig. 1b) was achieved between SMPS and
Q-ACSM measurements (R2

=0.99), with NR-PM1+ rBC
values slightly lower than PM1 concentrations from SMPS
(an average ratio of 1.19). Three reasons explain the de-
viations between SMPS and Q-ACSM plus rBC measure-
ments: (1) the assumed average aerosol density may be bi-
ased from the real variations; (2) some aerosol species are
not measured by the Q-ACSM, such as sub-micrometer dust;
and (3) Q-ACSM has uncertainties of about 30 % (Ng et al.,
2011; Fröhlich et al., 2013), and uncertainties of SMPS differ
among different diameter ranges (Wiedensohler et al., 2012).

Following the same procedure of the PMF analysis for
the Q-ACSM measurements introduced in Liu et al. (2022)
and Zhai et al. (2023), the PMF technique with the mul-
tilinear engine (ME-2) (Canonaco et al., 2013, 2021) was
applied to ACSM spectra for deconvolving OA into differ-
ent factors and detailed in the Supplement. In total, four
factors were identified, including two primary OA (POA)
factors – a hydrocarbon-like OA (HOA, O /C∼ 0.16) and
a cooking-like OA (COA, O /C∼ 0.14) – and two oxy-
genated OA factors – a less oxidized oxygenated OA (LOOA,
O /C∼ 0.89) and a more oxidized oxygenated OA (MOOA,
O /C∼ 0.94). SOA was represented by the summation of
LOOA and MOOA as done in previous studies (Kuang et
al., 2020). The mass spectra of these factors, the determina-
tion of the factor number, the selection of solutions and more
details about the factor analysis can be found in Sect. S2 of
the Supplement.
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Figure 1. (a) Comparisons between average PNSD observed by the SMPS and inverted from the DMA–SP2 system; (b) comparison between
NR-PM1+ rBC and PM1 mass concentrations calculated from SMPS measurements.

3 Results and discussion

3.1 Overview of aerosol chemical compositions

During the observation period, the PM2.5 mass concentration
varied significantly (from 1 to 126 µg m−3), with an average
of 20 µg m−3, and several pollution episodes were observed
during relatively stagnant conditions when wind speeds were
near or below 1 m s−1. The time series of meteorological pa-
rameters as well as PM2.5, ammonium sulfate (AS), ammo-
nium nitrate (AN), SOA, HOA, COA and rBC are shown
in Fig. 2. The scheme proposed by Gysel et al. (2007) was
used to identify AS and AN. On average, secondary aerosols
including nitrate, sulfate, ammonium and SOA together ac-
counted for about 80 % of non-refractory PM1 mass con-
centration, and secondary aerosols increased substantially
during pollution episodes, demonstrating active secondary
aerosol formations during the observations which might sig-
nificantly impact BC mass size distributions as well as BC
mixing states. The average air RH during the observations
varied a lot from 42 % to 98 % with an average of 76 %, sug-
gesting that the heterogeneous reactions that involve aerosol
water were favored during this campaign, which is consis-
tent with the quick formation of ammonium nitrate in pol-
lution episodes. On average, AN, AS and SOA accounted
for 33 %, 25 % and 42 % of identified NR-PM1 secondary
components respectively, which is consistent with Zhai et
al.’s (2023) conclusion that nitrate concentrations are higher
than sulfate during winter in the Guangzhou urban area, es-
pecially under pollution conditions. The time series of rBC
mass concentrations were shown in Fig. 2d, with rBC mass
concentrations ranging from about 0.1 to 20 µg m−3 with an
average of 2.3 µg m−3. Resolved POA factors were HOA and
COA, which is consistent with results of previous studies in
recent years that traffic emissions and cooking emissions are
two main sources of primary aerosols in the Guangzhou ur-
ban area (Guo et al., 2020; W. Chen et al., 2021; C. Chen et
al., 2021). The rBC correlated highly with HOA (R2

= 0.88),

demonstrating that traffic emissions contributed dominantly
to atmospheric BC during the observations.

3.2 Overview of DMA–SP2 measurements

The observed average BC mass size distribution, as shown
in Fig. 3a, exhibits a single lognormal mode for diameters
greater than 100 nm, with a fitted geometric mean (Dg,BC)
of 258 (±16) nm ranging from 200 to 300 nm. The formula
form of fitting is introduced in Eq. (S1) of the Supplement,
and the mean of fitted geometric standard deviation (σg) is
1.69. A small mass mode might exist for diameters less than
100 nm; however, it cannot be characterized due to the de-
tection limitation of the SP2, which measures BC-containing
particles with a Dc larger than 80 nm. Previous studies have
reported BC mass size distribution as a function of rBC core
diameter (Kompalli et al., 2020; Liu et al., 2019). The re-
trieved Dg,BC is higher than most mass median diameters of
rBC core measured in urban environments, near 200 nm in
urban Beijing Liu et al. (2019), which is reasonable due to
intrinsic coatings (Adler et al., 2010). Some prior studies re-
ported BC mass size distribution as a function of mobility di-
ameter Dp measured by coupling the DMA with aethalome-
ter (Stabile et al., 2012; Ning et al., 2013; Zhao et al., 2019).
A few studies also reported BC mass size distribution as a
function of aerodynamic diameter using the size-segregation
filtering method (Hu et al., 2012). Zhao et al. (2019) re-
ported bimodal characteristics of BC mass size distribution
in the North China Plain, with the second mode accounting
for most of the rBC mass and a Dg,BC of the coarse mode
ranging from 430 to 580 nm, which is much higher than the
average one reported here. This difference may be attributed
to the markedly different sources of rBC (Y. Zhang et al.,
2020) and the different roles of BC-containing aerosols in
the formation of secondary aerosols.

The BC mixing state is an essential factor for determin-
ing BC’s climate effects. Figure 3b displays the average
size-dependent fractions of BC-containing aerosols (fBCc)
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Figure 2. Time series of (a) RH and PM2.5; (b) secondary aerosols including nitrate, sulfate and OOA; (c) HOA and COA; (d) rBC; and (e)
wind speed and directions.

Figure 3. (a) Observed average BCMSD and the lognormal fit-
ting curve; (b) fractions of identified BC-containing aerosols in all
aerosols at different diameters and fractions of externally mixed BC
(bare BC) in BC-containing aerosols; (c) average Dc distributions
at different diameters – the red dashed line is the 1 : 1 line; (d) aver-
age coating thickness (CT). Standard deviations are also shown in
panels (b) and (d).

and the fraction of identified externally mixed (bare/thinly
coated) BC particles (fext) in all BC-containing aerosols. For
diameters below 200 nm, not all BC-free aerosols were de-
tected by the SP2, so the number concentration of all aerosols
from SMPS measurements was used to calculate fBCc. The
results show a decrease in fBCc from 200 to 100 nm, reaching
nearly 0.01 at 100 nm. This may be due to the lower fraction
of BC-containing aerosols at smaller diameters, as well as
the detection limit (∼ 80 nm) of the SP2, which may fail to
detect many BC-containing aerosols below 80 nm. This can
be further explained based on the measurements from the
volatility tandem differential mobility analyzer (V-TDMA)
in the Guangzhou urban area in previous studies. Cheung
et al. (2016) and Tan et al. (2016) used the number fraction
of remaining aerosols at 300◦ in V-TDMA measurements to
represent fBCc, assuming that all BC-free aerosols had com-
pletely evaporated at this temperature. Their results showed
an increasing trend in fBCc from 0.62 to 0.86 for diameters
ranging from 40 to 300 nm, which is much higher than the
values reported in this study (ranging from 200 to 700 nm,
with an average of 0.24). Both methods may be biased in
fBCc measurements due to the detection limit of BC mass in
the SP2, which may underestimate fBCc (Zhao et al., 2020b),
and the assumption that all BC-free aerosols have evaporated
at 300◦ in V-TDMA may overestimate fBCc by miscount-
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ing some aerosols with extremely low volatility components
(Tasoglou et al., 2020). Nevertheless, the low fBCc values ob-
tained from previous V-TDMA measurements confirm that
fBCc is smaller for smaller diameters (Dp<200 nm). The
size-dependent fBCc is critical for simulating aerosol opti-
cal properties (Li et al., 2019) and CCN predictions (Ren
et al., 2018). The facts that most BC masses reside in par-
ticles larger than 100 nm and most rBC masses would be
detected by SP2 suggest that the fBCc values reported from
SP2 measurements are more suitable for use in aerosol op-
tical simulations. As for fext, the average fext shows a de-
creasing trend from 200 to 700 nm, with an average of 0.59
and with the fext at 100 nm being significantly affected by
the detection limit. This suggests that BC is generally exter-
nally mixed during the observations, with a higher degree of
aging for larger particles. The average distributions of rBC
core at different diameters are shown in Fig. 3c, with a sin-
gle mode at all diameters, deviating more from the 1 : 1 line
at larger diameters, again indicating a higher degree of aging
for larger particles. The estimated average coating thickness
(CT) at different diameters is shown in Fig. 3d, with CT in-
creasing from 29 nm at 200 nm to 164 nm at 700 nm and a
relative coating thickness (RCT, Dp/Dc) ranging from 1.27
at 200 nm to 1.88 at 700 nm. The RCT of 200 nm is sim-
ilar to that of BC-containing aerosols freshly emitted from
diesel vehicles (Y. Zhang et al., 2020), consistent with diesel
vehicle emissions being the dominant source of BC traffic
emissions (Bond et al., 2013).

The average diurnal variations of POA, rBC and secondary
aerosol components including SOA, AN and AS are depicted
in Fig. 4a. In the morning, rBC and POA (HOA+COA) de-
crease due to dilution effects associated with boundary layer
development, whereas SOA concentrations increase since
08:00 (all times are local time). However, POA and rBC be-
gin to increase after 14:00, with the diurnal pattern of rBC be-
ing generally consistent with that of HOA. The rapid increase
in COA after 17:00 does not lead to a significant rise in rBC,
confirming that activities associated with cooking contribute
negligibly to BC emissions. AN and AS begin to decrease af-
ter noon, with SOA continuing to increase until 20:00, which
is in line with the findings reported in Zhai et al. (2023) that
the highest SOA mass concentrations result from the coor-
dination of daytime and nighttime SOA formation. The sub-
stantial decrease in fBCc was observed in the morning when
the prominent SOA formation occurs, with the decrease in
fBCc being greater as the particle size increases, suggesting
that secondary aerosols are formed more efficiently on larger
BC-free particles, which are then migrated to larger sizes.
This is further supported by the diurnal variations of fext,
which revealed that secondary aerosol formation is more ef-
ficient in larger BC-containing aerosols (Fig. 4c). A decrease
in fext from the morning to the afternoon was most promi-
nent for aerosols at 500 nm (0.17), while a small decrease in
fext (0.05) was observed at 200 nm. This is consistent with
the findings from the coating thickness results in Fig. 3d,

which showed that larger particles have higher coating thick-
ness and are therefore likely to contain more aerosol water,
thus favoring secondary aerosol formation via multiphase re-
actions.

3.3 Impacts of primary emissions and secondary
aerosol formation on BC mass size distributions

The diurnal variations of fext revealed that secondary
aerosols are formed on BC-containing aerosols, thus impact-
ing mixing states, and this might also result in changes in
BC mass size distribution. The average BC mass size distri-
butions are shown in Fig. 5a and are normalized with rBC
during the night (from local time 20:00 to 06:00 the next
morning) and during the afternoon when active secondary
aerosol formation is at its final stage and the impacts of ac-
cumulations of primary emissions are relatively small (local
time 12:00 to 17:00). Figure 5a indicates that daytime sec-
ondary aerosol formation does not modify the shape of BC
mass size distributions, which is confirmed by the variations
ofDg,BC as a function of the SA / rBC ratio shown in Fig. 5b
(where SA includes mass concentrations of sulfate, nitrate,
ammonium and SOA). The DMA–SP2 measurements dis-
tinguish BC-free and BC-containing aerosols, allowing for
the volume variations of BC-free and BC-containing aerosols
with contributions of secondary aerosol formation to be dif-
ferentiated. As seen in Fig. 5c, as SA / rBC increases, the to-
tal volume of BC-containing aerosols increases very slightly,
while secondary aerosol formation mainly adds mass to BC-
free aerosols, explaining the same BC mass size distribu-
tion shape during both daytime and nighttime. Many pre-
vious studies have demonstrated that BC can serve as sites
for heterogenous reactions (Khalizov et al., 2010) and may
even promote secondary aerosol formation, thereby playing
a significant role in haze formation (F. Zhang et al., 2020).
Results from Zhang et al. (2021) pointed out that BC pro-
motes sulfate formation in the urban area of Guangzhou dur-
ing summer. Our results indicate that BC plays a minor role
in haze formation in Guangzhou during winter, which might
have significant implications for haze formation mechanisms
in this region.

The BC primary emissions and their subsequent aging in
the air determine the observed BC mass size distributions.
The aforementioned little influences of secondary aerosol
formation on BC mass size distribution evolution suggest
that primary emissions played a significant role in the ob-
served variations in the BC mass size distributions. Traffic
emissions dominate BC emissions during the observations as
discussed before, and diesel vehicles contribute dominantly
to BC emissions from traffic activities (Bond et al., 2013).
The results from previous studies indicate that the ratio of el-
emental carbon (EC) to organic carbon (OC) changed signif-
icantly depending on the external factors (Adler et al., 2010;
Lu et al., 2012), such as vehicle type, engine load and driving
conditions. This ratio represents the emission conditions of
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Figure 4. Average diurnal variations of (a) POA, SOA, ammonium nitrate (AN), ammonium sulfate (AS) and rBC; (b) fBCc at different
diameters; (c) fext at different diameters.

Figure 5. (a) Normalized average BCMSD during night and day-
time; (b) average variations of Dg,BC as a function of the ra-
tio SA / rBC – error bars are standard deviations; (c) scatter plots
of SA / rBC and the ratio total volume (Vtot) to rBC of BC-free
and BC-containing aerosols; (d) correlations between Dg,BC and
HOA / rBC variations during night.

diesel vehicles, which also influences the size distributions of
diesel exhaust particles (Lähde et al., 2011; Han et al., 2019).
Here, we use the ratio rBC /HOA to represent different emis-
sion conditions related to traffic activities and investigate
the potential effects of rBC /HOA variations on BC mass
size distributions. To avoid the potential effects of secondary
aerosol formation and daytime evaporation of HOA due to di-
lution, only data points from nighttime (from 18:00 to 06:00
the next morning) are used, the results of which are displayed
in Fig. 5d. Our results showed for the first time that variations
of Dg,BC are moderately correlated with rBC /HOA, and
a linear relationship of Dg,BC = 34× rBC /HOA+ 177 can
be derived, indicating that a larger particle diameter of BC-
containing aerosols is associated with a higher BC content.

Even though rBC and HOA during nighttime in this study
are accumulated from different vehicle sources, the relation-
ship between Dg,BC and rBC /HOA still holds, suggesting
that the black carbon content might be used for parametriz-
ing BC mass size distributions in traffic-related emissions.

3.4 Impacts of primary emissions and secondary
aerosol formation on BC mixing states

As introduced in Sect. 3.1, both fBCc and fext decreased dur-
ing daytime due to secondary aerosol formation. Here, the
variations of daytime (from 08:00 to 18:00) fBCc and fext
under different SA / rBC conditions were directly investi-
gated and shown in Fig. 6. The fBCc values ranging from
200 to 600 nm decreased from about 0.3 to around 0.175 as
SA / rBC increased from 5 to 15 (Fig. 6a), highlighting sig-
nificant impacts of secondary aerosol formation on fBCc. As
discussed in Sect. 3.1, the decrease in fBCc should be asso-
ciated with the fact that secondary aerosols are formed much
more quickly on BC-free aerosols than on BC-containing
aerosols, which is consistent with the conclusion in Sect. 3.2
that secondary aerosol formation mainly adds mass to BC-
containing aerosols. New particle formation also increases
the number concentration of BC-free aerosols; however, its
impact is limited for aerosol particles beyond 200 nm (Zhang
et al., 2012). The evolution of particle number size distribu-
tion shape beyond 200 nm is mainly associated with vapor
condensation, although coagulation also plays a role (Sein-
feld and Pandis, 2016).

The variations in fext under different SA / rBC conditions
are presented in Fig. 6b. Larger particles exhibited a more
significant decrease in fext, with SA / rBC increasing from 5
to 17.5; for example, fext of 200 nm particles only decreased
from 0.75 to 0.6, while that of 600 nm particles decreased
from 0.6 to 0.24. Aside from secondary aerosol formation,
the emission conditions are also important factors that in-
fluence BC mixing states, particularly due to the contribu-
tion of the co-emitted intrinsic organic aerosols (Adler et al.,
2010). At night, the shallow boundary layer facilitates the ac-
cumulation of freshly emitted aerosols, leading to increases
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Figure 6. Variations of fBCc (a) and (b) fext under different
SA / rBC conditions; variations of fext (c) and coating thickness
of aerosols with diameter of 600 nm (d) under different rBC /HOA
conditions; bars represent standard deviations.

in the mass concentrations of rBC and POA (Fig. 4a) and
the mixing of freshly emitted and aged aerosols. Even so,
the variations of fext during night under different rBC /HOA
conditions might shed some lights on the impacts of pri-
mary emissions on BC mixing states, which is shown in
Fig. 6c. As rBC /HOA increased from 1 to 3.5, fext gen-
erally decreased, especially for particles larger than 300 nm.
The fext of 600 nm decreased from 0.82 to 0.46, which is
higher than the degree of variations influenced by secondary
aerosol formation as shown in Fig. 6b, and most importantly
SA / rBC decreased from 9.4 to 6.9 as rBC /HOA increased
from 1 to 3.5, demonstrating that the change in emission con-
ditions has dominated the nighttime variations of BC mix-
ing states. The increased internal mixing degree of BC ob-
served under higher rBC /HOA conditions is also reflected
in the variations of the average coating thickness of BC-
containing aerosols. As seen in Fig. 6d, the coating thick-
ness of 600 nm BC-containing aerosols increased from 118
to 134 nm as rBC /HOA increased from 1 to 3.5. Interest-
ingly, as rBC /HOA increases, the relative amount of coating
to rBC decreases; however, both fractions of internally mixed
BC and coating thickness increase, suggesting that a higher
fraction of co-emitted intrinsic OA resides in BC-containing
aerosols. This section demonstrates the significant impacts of
emission conditions of traffic sources on BC mixing states.

4 Atmospheric implications

In this study, characterizations of BC mass size distribu-
tions and mixing state and their influencing factors were first
investigated using measurements of the DMA–SP2 system
and aerosol mass spectrometer in the Guangzhou urban area.
Traffic emissions are the dominant source of atmospheric BC
during the observations. The lognormal distribution repre-
sents well the BC mass size distribution, with the geometric
mean varying between 200 and 300 nm with an average of
258± 16 nm. On one hand, the evidence that the secondary
aerosol formation mainly adds mass to BC-free particles sug-
gests that reactions occurring on or within BC-containing
particles play a limited role in the formation of haze in the
winter of Guangzhou. The urban area in Guangzhou is quite
representative of most urban regions where traffic emissions
are the primary source of BC emissions. Hence, the above
finding has important implications for the haze formation
mechanisms, particularly in southern China where primary
aerosol emissions and meteorological conditions are similar
to those in Guangzhou. On the other hand, it was found that
the daytime secondary aerosol formation reduced both fBCc
and fext, with the decrease in fext being more pronounced for
larger particles, suggesting that secondary aerosols actually
formed on BC-containing aerosols though their contribution
to haze formation is small. The size and mixing states of BC-
containing particles determine their optical and hygroscopic
properties and are therefore critical factors for evaluating the
environmental, health and climate effects of BC; however,
these factors are not adequately considered in both chemi-
cal transport and climate models (Bond et al., 2013; Saleh,
2020). The finding that secondary aerosol formation has lit-
tle effect on the BC mass size distribution suggests that the
study provides an excellent case scenario to investigate how
changes in traffic emissions affect the BC mass size distri-
bution and mixing states. It further shows that BC content
in traffic emissions has a significant impact on both the BC
mass size distribution and mixing states, and the almost lin-
ear trends between Dg,BC and rBC /HOA suggest that BC
content can be used as the key factor to parameterize both
the BC mass size distribution and mixing states from traffic
emissions, which warrants future comprehensive investiga-
tion.

Traffic is a major global contributor to atmospheric BC
concentrations, but other major sources, such as biomass
burning and coal combustion, as well as off-road diesel en-
gines, also contribute significantly to BC emissions and play
an even more important role than traffic in some regions
(Bond et al., 2013). It is hence also important to investigate
whether BC content of other major BC sources than traf-
fic is important in determining BC mass size distributions
and mixing states. Saleh et al. (2014) found that BC con-
tent has a major effect on the brownness of organic aerosols
emitted from biomass burning, and results from several later
studies further confirmed this finding (Luo et al., 2022). Re-
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cently, Saleh (2020) discussed the potential for parameteriz-
ing the optical properties of brown carbon using BC content
in climate models. Moreover, the results of Luo et al. (2022)
demonstrated that BC content can also be used to parame-
terize the volume size distributions of aerosols emitted from
biomass burning, indicating that BC content plays an impor-
tant role in both traffic emissions and biomass burning emis-
sions. These findings suggest that more comprehensive ex-
periments should be designed in the future to investigate the
factors that control variations in BC mass size distributions
and mixing states, as well as to discuss how to use BC con-
tent from different major BC sources for parameterizing BC
mass size distributions and mixing states.
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