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Abstract. The effect of black carbon (BC) on air quality and
the climate is still unclear, which is partly because of the poor
understanding regarding the BC aging process in the atmo-
sphere. In this work, we developed a new approach to simu-
late the BC mixing state (i.e., other species coated on the BC
surface) based on an emissions inventory and back-trajectory
analysis. The model tracks the evolution of the BC aging de-
gree (characterized by the size ratio of the whole particle and
BC core) during atmospheric transport. Using the models,
we quantified the mass-averaged aging degree of total BC
particles transported to a receptor (e.g., an observation site)
from various emission origins (i.e., 0.25◦×0.25◦ grids). The
simulations showed good agreement with the field measure-
ments, which validated our model calculation. Modeling the
aging process of BC during atmospheric transport showed
that it was strongly dependent on emission levels. BC parti-
cles from extensive emission origins (i.e., polluted regions)
were characterized by a higher aging degree during atmo-
spheric transport due to more co-emitted coating precursors.
On the other hand, high-emission regions also controlled the
aging process of BC particles that were emitted from cleaner
regions and passed through these polluted regions during at-
mospheric transport. The simulations identified the important
roles of extensive emission regions in the BC aging process

during atmospheric transport, implying the enhanced contri-
butions of extensive emission regions to BC light absorption.
This provides a new perspective on the phenomenon of pol-
lution building up in the North China Plain, further demon-
strating that this is mainly driven by regional transport and
transformation. The simulation of the BC aging degree dur-
ing atmospheric transport provided more clues for improving
air pollution and climate change.

1 Introduction

Black carbon (BC) plays an important role in the global
warming and deterioration of air quality (Bond et al., 2013).
The effects of BC aerosols on air quality and climate strongly
depend on their light absorption. Accurately assessing the ra-
diative effects of BC aerosols continues to be a major chal-
lenge in atmospheric/climate sciences, partly due to unclear
light absorption capability of ambient BC particles. Esti-
mates of the light absorption enhancement for BC-containing
aerosols caused by coating materials on BC surface differ by
a factor of ∼ 3.5, spanning over a wide range from 1.05 to
3.5 (Cappa et al., 2012; Jacobson, 2001; Moffet et al., 2009;
Peng et al., 2016). Generally, the aged BC particles during
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atmospheric transport exhibit a stronger absorption capabil-
ity compared to near-source BC aerosols (Dahlkötter et al.,
2014; Gustafsson and Ramanathan, 2016). In some climate
model studies, the light absorption properties obtained from
near-source BC aerosols are taken to estimate the direction
radiative forcing (DRF) of BC (X. Wang et al., 2014; Schulz
et al., 2006; Myhre et al., 2009). However, the climate ef-
fects of BC aerosols are on the regional to even global scales.
Meanwhile, the effect of BC on air quality by the suppression
on the planetary boundary layer (PBL) is associated with the
atmospheric aging process of BC particles (Ding et al., 2016;
Z. Wang et al., 2018). Therefore, better understanding light
absorption properties during atmospheric transport can im-
prove the model prediction of BC effects on climate and air
quality.

The change in light absorption of BC-containing particles
during atmospheric transport is associated with the evolu-
tion of their mixing state. During atmospheric transport from
emission sources, BC can internally mix with other atmo-
spheric species (e.g., sulfate, nitrate, secondary organic mat-
ter and named coating materials) by condensation and co-
agulation processes (Jacobson, 2001; Li et al., 2016; Liu
et al., 2017; Moffet et al., 2009). The interaction between
BC and other aerosol components is defined as the BC ag-
ing process. Jacobson (2001), Cheng et al. (2006), Lack and
Cappa (2010), Liu et al. (2015) and Zhang et al. (2016)
pointed out that aged BC can exhibit light absorption ampli-
fication by 2–3 times due to the lensing effect of the coating
material on the BC surface, which influences the DRF of BC
and then also impacts the development of the PBL (Cheng
et al., 2008, 2009; Chung et al., 2012; Moffet et al., 2009;
Ramanathan and Carmichael, 2008; Wendisch et al., 2008;
Nordmann et al., 2014; Ding et al., 2016). However, the light
absorption capability of BC during the aging process is still
under debate (Cappa et al., 2012; Jacobson, 2001; Liu et al.,
2017) partly due to a lack of understanding of the BC mixing
state during atmospheric transport.

The mixing state of atmospheric BC-containing particles
can be quantified by field observations, aircraft measure-
ments and model simulations. Field measurements obtain the
mixing state of BC particles as they are transported to an ob-
servation site (Cheng et al., 2006, 2012; Moffet et al., 2009;
Sedlacek et al., 2012; Zhang et al., 2018a, c). These obser-
vations characterize the average mixing state of BC over the
observation site and cannot distinguish the mixing state of
BC particles from different source origins. Moreover, field
observations cannot be used to understand the temporal and
spatial variations in the BC mixing state during atmospheric
transport. Aircraft measurements are commonly applied to
explore the evolution of the BC mixing state during atmo-
spheric transport from emission sources (Dahlkötter et al.,
2014; Ditas et al., 2018; McMeeking et al., 2011; Moteki
et al., 2007). However, aircraft measurements are currently
limited due to high costs, especially in developing countries
with high BC emissions (e.g., China and India). On the other

hand, some models have been developed to simulate the mix-
ing state of BC-containing aerosols based on the mass or vol-
ume concentrations of BC and non-BC components (Jacob-
son, 2001; Matsui et al., 2013; Oshima et al., 2009). The ma-
jor challenge of these models is how to treat non-BC com-
ponents as coating materials of BC and BC-free particles.
Moreover, when using these models, the computational cost
is high when simulating the BC mixing state during atmo-
spheric transport (Matsui et al., 2013). A lack of informa-
tion on the BC mixing state during the transport process will
prevent a good understanding of the light absorption of BC
particles in the atmosphere.

Considering the important contribution of BC from pol-
luted regions to the BC amount present in the regional at-
mosphere (Lu et al., 2012; Zhang et al., 2018c), studies on
BC aging during atmospheric transport should pay more at-
tention to BC particles from polluted regions. Based on in
situ measurements, Zhang et al. (2018c) found that the light
absorption capability of BC increased with increasing levels
of air pollution due to more coating materials of BC under
more polluted conditions. Cheng et al. (2012) showed that the
aging process in polluted areas, such as Beijing, was much
faster than that in clean or less polluted regions (Moteki et al.,
2007; Shiraiwa et al., 2007) and in modeling studies (Cooke
and Wilson, 1996; Jacobson, 2001; Koch, 2001; Lohmann et
al., 2000). Peng et al. (2016) also pointed out a higher ag-
ing rate of BC particles under more polluted environments.
Moreover, Li et al. (2016) and Wang et al. (2017) revealed
that the significant change in BC morphology (e.g., increase
in fraction dimension) associated with their mixing state (i.e.,
from bare-like or partly coated to embedded BC) in polluted
air, which could enhance BC light absorption (Liu et al.,
2015; Peng et al., 2016). These studies identified the impor-
tance of understanding the mixing state of BC during atmo-
spheric transport from polluted regions.

In this work, we developed a new approach to simulate the
evolution of the BC mixing state during atmospheric trans-
port based on BC emission inventory and back-trajectory
analyses. First, the model calculation was used to simulate
the mass-weighted mixing state of overall BC particles at
a Beijing site with a fine temporal resolution of 1 h, which
was compared with the in situ measurements to evaluate
our models. We then used our model to separate the mixing
state of BC-containing particles from various spatial origins
(0.25◦×0.25◦ resolution) as they were transported to a recep-
tor site in Beijing during a pollution period in late autumn.
Based on the simulations, we focused on the mixing state of
BC from polluted regions and discussed the dependence of
the BC mixing state during atmospheric transport on emis-
sion levels. Finally, we explored the implication for the BC
light absorption during atmospheric transport, especially for
BC from polluted regions.
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Table 1. The in situ measurement in this work. (Dp/Dc)5 % represents the average value of the lowest 5th percentile of the hourly Dp/Dc
ratio for ambient BC-containing particles during the campaign period.

Hourly PM2.5 Hourly rBC Hourly
Measurement Period Location (µg m−3) (µg m−3) Dp/Dc (Dp/Dc)5 %

BJNOV2014 17–30 November 2014 Tsinghua site, Beijing ∼ 10–440 ∼ 0.2–14 ∼ 1.4–2.3 1.54
BJOCT2014 28 October–2 November 2014 Tsinghua site, Beijing ∼ 5–200 ∼ 0.1–7 ∼ 1.4–2.2 1.50
BJSEP2015 12–19 September 2015 Tsinghua site, Beijing ∼ 3–190 ∼ 0.1–4 ∼ 1.5–2.2 1.55
BJAUG2015 16–23 August 2015 Tsinghua site, Beijing ∼ 3-110 ∼ 0.1–3 ∼ 1.5–2.0 1.55

2 Data and methods

2.1 Data

2.1.1 Measured aging degree of BC

In this study, the aging degree of BC particles was charac-
terized by the Dp/Dc ratio (i.e., the size ratio of the whole
particle (including coatings and BC core) and the BC core).
The observedDp/Dc ratio of BC-containing particles is mea-
sured using a single-particle soot photometer (SP2) in this
work. The SP2 technique (Droplet Measurement Technol-
ogy, Boulder, CO, USA) has been described in detail else-
where (Sedlacek et al., 2012; Moteki and Kondo, 2010;
Zhang et al., 2016, 2018b). In brief, SP2 uses incandescence
and scattering signals induced by a Nd:YAG intracavity laser
beam at 1064 nm to quantify the refractory BC (rBC) mass
and the scattering cross section of individual BC-containing
particles. The rBC mass determined from incandescence sig-
nals of SP2 was calibrated with Aquadag particles of known
masses. Details on SP2 calibration were shown in previous
studies (Zhang et al., 2018c). To retrieve the scattering cross
section of BC-containing particles from scattering signals of
SP2, a leading edge only (LEO) fit method was used (Gao
et al., 2007). The whole particle diameter (Dp) and the BC
core diameter (Dc) were derived from the SP2 measurement
and Mie theory, as given by Zhang et al. (2016, 2018c). In
Mie calculation, the refractive indices of the rBC core and
coating materials were prescribed the values of 2.26–1.26i
(Taylor et al., 2015; Zhang et al., 2018b) and 1.50–0i (Cappa
et al., 2012; Zhang et al., 2018c); the density of the rBC core
was used as the value of 1.8 g cm−3 (Cappa et al., 2012; Tay-
lor et al., 2015). The hourly mass-average Dp/Dc ratio of
BC-containing particles is used in this work.

Table 1 lists the field observations: BJNOV2014 (per-
formed on 17–30 November 2014, Fig. 1), BJOCT2014 (per-
formed from 28 October to 2 November 2014), BJSEP2015
(performed on 12–19 September 2015) and BJAUG2015
(performed on 17–23 August 2015). The observation site
(40◦00′17′′ N, 116◦19′34′′ E, shown in Fig. 2a) is located at
Tsinghua University in the downtown area of Beijing and
can be representative of the urban environment (Zhang et al.,
2018a, c). In this study, the Tsinghua site was taken as the
receptor of BC particles from emission origins (e.g., Hebei,

Figure 1. Time series of the PM2.5 concentration, rBC mass con-
centration, Dp/Dc ratio of BC-containing particles and the hourly
EEI for BC transported to the observation site for 3-day and 5-day
back-trajectories during the BJNOV2014 period.

Tianjin, Shandong, Shanxi, Shaanxi and Inner Mongolia,
Fig. 2a) during atmospheric transport. The BJNOV2014
measurement contained several pollution episodes (Fig. 1a),
which featured the evolution of BC aging degree (i.e.,Dp/Dc
ratio) associated with air pollution in the range of 1.4–2.3
(Fig. 1b). During the BJNOV2014 campaign period, BC
amount transported to the Tsinghua site was dominated by
the emission of Beijing and its surrounding areas (i.e., Hebei,
Tianjin, Shanxi, Shaanxi and Inner Mongolia) (Fig. 3). More-
over, Fig. 3 shows that the spatial origins of BC over the
observation site during the four pollution episodes for the
BJNOV2014 measurement were different (e.g., urban, ru-
ral and industrial sources) based on back-trajectory analy-
sis (Lu et al., 2012). Thereby, the BC aging degree (i.e.,
Dp/Dc ratio) obtained from BJNOV2014 measurement was
representative and was used to establish the model in this
study. The other measurement periods (i.e., the BJOCT2014,
BJSEP2015 and BJAUG2015 cases) were characterized by
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Figure 2. (a) The location of the receptor site (Tsinghua site (40◦00′17′′ N, 116◦19′34′′ E), marked as a red star) during the BJNOV2014
measurement period. (b) Spatial distribution (0.25◦× 0.25◦) of the BC emission inventory from MIX.

the evolution of pollution episodes (i.e., from clean hours to
slight pollution and then reaching to the pollution period and
finally retuning to clean hours), which were used to identify
whether the models could simulate BC aging degree with a
high time resolution (i.e., 1 h) to characterize the change in
BC mixing state associated with air pollution.

2.1.2 Back-trajectory analysis and BC emissions

During atmospheric transport, information on the loca-
tion, height and transport time of BC-containing particles
is obtained from back-trajectory analysis using the Hy-
brid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT) model, with the meteorological fields from the Na-
tional Centers for Environmental Prediction (NCEP) Global
Data Assimilation System (GDAS). Back-trajectories with
an hourly temporal resolution were calculated. The arrival
height was set as 100 m. We ran the trajectories backwards
for 3, 5 and 7 days. The effective amount of BC transported to
the observation site derived from the 5-day back-trajectories
was similar to that from the 7-day back-trajectories, which
was significantly larger than that from the 3-day back-
trajectories (Fig. 1c). The 5-day back-trajectories were used
in the following model calculation.

The gridded BC emissions for the years 2014 and 2015
were obtained from the MIX inventory, with a resolution of
0.25◦× 0.25◦ (http://www.meicmodel.org/dataset-mix, last
access: 18 October 2018). The MIX inventory includes the
emission data of anthropogenic sources in Asia (Li et al.,
2017). Figure 2b shows the gridded BC emissions at 0.25◦×
0.25◦ in Beijing and its surrounding regions (i.e., Hebei,
Tianjin, Shandong, Shanxi, Shaanxi and Inner Mongolia).

2.2 Model development of BC aging during
atmospheric transport

The BC aging process during atmospheric transport depends
on the formation of coating materials (i.e., other species (e.g.,
sulfate, nitrate and organics) on the BC surface by condensa-

tion and coagulation). The more coating materials there are
on the BC surface, the more aged BC during atmospheric
transport. The quantity of coating materials during atmo-
spheric transport strongly depends on the pollutant emission
levels and BC transport time. In this study, the rate of change
in coating mass (mcoating) on BC is defined as

dmcoating

dt
= kagingE, (1)

where t represents the transport time; kaging represents the ag-
ing rate coefficient; and E represents the emissions level of
coating precursors, which are co-emitted with BC. To sim-
plify the calculation, E is quantified by BC emissions from
the MIX inventory. The variable mcoating is calculated by
Eq. (2):

mcoating =
1
6
πD3

pρp−
1
6
πD3

cρc, (2)

where ρp and ρc represent the densities of the whole BC-
containing particles (including coating materials and BC
core) and the BC cores only, respectively.

Combining Eqs. (1) and (2), the BC mixing state (i.e., the
Dp/Dc ratio) during atmospheric transport can be calculated
as(
Dp

Dc

)3

= kEavert +

(
Dp

Dc

)3

t=0
, (3)

whereEaver is the average BC emissions during transport and
k represents the normalized aging rate coefficient, which is
expressed as

k =
6kaging

ρpπD3
c
. (4)

Following Eq. (3), we calculated the Dp/Dc ratio of BC
aerosols transported to the receptor site from different source
origins with a 0.25◦× 0.25◦ resolution (i.e., the origin-
resolved mixing state of BC). The conceptual scheme of
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Figure 3. Spatial distribution (0.25◦× 0.25◦) of the TED and EEI for BC transported to the observation site (40◦00′17′′ N, 116◦19′34′′ E)
during episodes 1–4 of the BJNOV2014 measurement period. The TED and EEI were derived from BC emission and black-trajectory analysis
(Lu et al., 2012). The TED represents effective trajectory density transported to the receptor site. The EEI quantifies the effective emission
amount transported to the receptor site from emission origins.
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Figure 4. Conceptual scheme of the evolution of the mixing state (i.e., the Dp/Dc ratio) of BC from the source origin (i.e., grid h) to the
receptor site following trajectory l.

the evolution of the BC mixing state (i.e., the Dp/Dc ratio)
during atmospheric transport is shown in Fig. 4. When BC
aerosols emitted in a grid, h, were transported to the receptor
site following a trajectory, l (Fig. 4), the Dp/Dc ratio (i.e.,(
Dp
Dc

)
h,l

)
is given, as shown in Eq. (5):

(
Dp

Dc

)3

h,l

= kEaver,h,l th,l +

(
Dp

Dc

)3

ini
, (5)

where Eaver,h,l and th,l represent the average BC emissions
(unit of t grid−1 yr−1) and BC transport time (unit of h) from
the grid h to the receptor site following the trajectory l, re-
spectively, and

(
Dp
Dc

)
ini

represents the initial value of the
Dp/Dc ratio of BC before transport (Fig. 4).

For a trajectory, l, BC particles pass through a series of
grids (i.e., h1, h2, h3, . . . ) to the receptor (i.e., hn), the
average Dp/Dc ratio (i.e.,

(
Dp
Dc

)
l

)
of overall BC particles

transported to the receptor site from various source origins
(i.e., h1, h2, h3, . . . , hi , . . . , hn) is determined by the mass-
weighted

(
Dp
Dc

)
h,l

, which is expressed by Eq. (6):

(
Dp

Dc

)
l

=

TNGl∑
h=1

[(
Dp

Dc

)
h,l

×Wh,l

]
, (6)

where TNGl represents the total number of contributing grids
to BC over the receptor site following the trajectory l; Wh,l

represents the weighting factor of BC from the grid h, which
is determined by the effective emission intensity (EEI; de-
fined by Lu et al., 2012). The EEI represents the effec-
tive BC amount transported to the receptor site from the
emission origins, taking into account the magnitude of BC
emission from origin regions, the transport, hydrophobic-to-
hydrophilic transformation, as well as dry and wet depo-

sitions during atmospheric transport. Wh,l is calculated by
Eq. (7):

Wh,l =
EEIh,l

TNGl∑
h=1

EEIh,l

. (7)

Following the algorithm developed by Lu et al. (2012), the
EEI of BC transported the receptor site from the surface grid
h following a trajectory l (i.e., EEIh,l in Eq. 7) can be deter-
mined by Eq. (5):

EEIh,l = Eh×TEh,l, (8)

where TEh,l represents the BC transport efficiency follow-
ing the trajectory l, which is calculated following Eqs. (1)–
(4) shown in Lu et al. (2012). The TE is defined to quan-
tify the transport ability of BC from origin regions to the
receptor site based on transformation (i.e., hydrophobic-to-
hydrophilic BC) and removal processes of BC (i.e., dry and
wet depositions) in the atmospheric.

Combining Eqs. (5)–(7), the
(
Dp
Dc

)
l

can be calculated by
Eq. (9):(
Dp

Dc

)
l

=

TNGl∑
h=1


(
kEaver,h,l th,l +

(
Dp

Dc

)3

ini

) 1
3

×
EEIh,l

TNGl∑
h=1

EEIh,l

 . (9)
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In Eq. (9), two parameters (i.e.,
(
Dp
Dc

)
ini

and k) need to

be retrieved. The
(
Dp
Dc

)
ini

characterizes the BC aging degree
near emissions. The parameter k represents the rate coeffi-
cient of coating materials produced on the surface of BC
by atmospheric aging such as condensation, coagulation and
cloud process, which is influenced by meteorological factors,
chemistry, aerosol phase state as well as other parameters
(e.g., particle size).

The
(
Dp
Dc

)
ini

value is estimated by the BC aging near dif-
ferent emission sources. In this work, the Dp/Dc values of
BC near the industrial, residential and traffic sources were
prescribed as 1.4, 1.6 and 1.2 (Liu et al., 2014, 2017, 2015;
Laborde et al., 2013; Healy et al., 2015; Kondo et al., 2011;
Morgan et al., 2019; Pan et al., 2017; Ramnarine et al., 2019;
Willis et al., 2016; Schwarz et al., 2008; Shi et al., 2019; Y.
Wang et al., 2018). The

(
Dp
Dc

)
ini

at the source origin (i.e., grid
h) was taken as the mass-weighted values of different source
types. Figure S1 shows that the

(
Dp
Dc

)
ini

values in Beijing and
its surrounding areas were dominated by 1.45–1.55, which
was agreed with the lowest 5th percentile of the observed
Dp/Dc ratio of ambient BC-containing particles at a Beijing

site (Table 1). This validated the
(
Dp
Dc

)
ini

value used in the
model calculation.

The aging rate coefficient k is retrieved from in situ mea-
surements. The k value can be determined with an assump-
tion that the simulated Dp/Dc ratio of BC-containing parti-
cles was equal to the measured ones. It was noted that the
simulated

(
Dp
Dc

)
l

values, with an hourly temporal resolution,
from Eq. (9) might not be equal to the observed values at a
certain hour because some BC particles transported were not
transported out of the observed site within 1 h. To reduce the
influence of the incomplete dispersion of ambient aerosols,
the experimentally determined k was calculated based on the
observed Dp/Dc ratio of BC-containing particles during a

period
((

Dp
Dc

)
obs,p

)
, such as the mass-average values during

a pollution episode and the whole campaign. In this work, the
aging rate coefficient k was calculated with the assumption
that the

(
Dp
Dc

)
obs,p

values was equal to the simulated Dp/Dc

ratio of BC-containing particles over the receptors from var-
ious source origins during a period following various trajec-

tories (i.e.,
(
Dp
Dc

)
p

)
.

Following Eqs. (5)–(7),
(
Dp
Dc

)
p

is calculated using

Eq. (10):

(
Dp

Dc

)
p
=

∑TNGp

h=1

[(
Dp

Dc

)
h,p
×Wh,p

]

(
Dp

Dc

)
h,p
=

k


TNTh,p∑
l=1

Eaver,h,l th,l

TNTh,p

+
(
Dp

Dc

)3

ini


1
3

Wh,p =
EEIh,p∑TNGp
h=1 EEIh,p

(10)

where
(
Dp
Dc

)
h,p

represents theDp/Dc ratio of BC-containing

aerosols transported to our observation site from a grid, h,
during the period;Wh,p represents the weighting factor of BC
from the grid h to the receptor site during the period; TNGp
represents the total number of contributing grids to BC over
the receptor site during the period; TNTh,p represents the to-
tal number of trajectories passing through the grid h during
the period; and EEIh,p represents the EEI in the surface grid
h during our a period, which is calculated by Eq. (11) (Lu et
al., 2012):

EEIh,p = Eh×

TNTh,p∑
l=1

TEh,l

/TNTp

 , (11)

where TNTh,p represents the total number of trajectories
passing through the grid h and TNTp represents the total
number of back-trajectories originating at our site during the
whole period. Figure 3 shows the TE density (TED) (defined

as

(
TNTh,p∑
l=1

TEh,l

)/
TNTp in Eq. 11, Lu et al., 2012) and EEI

on a 0.25◦×0.25◦ grid during the episodes 1–4 (Fig. 1a). The
gridded EEI analysis revealed that BC particles over the Ts-
inghua site during the four episodes are from different source
types, namely industrial and rural sources, urban and rural
sources, urban and industrial sources as well as industrial
source during episodes 1–4, respectively. This indicated that
the model parameters obtained from the BJNOV2014 mea-
surement are representative.
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With the assumption that
(
Dp
Dc

)
p
=

(
Dp
Dc

)
obs,p

, the experi-

mentally determined k was calculated by Eq. (12):

k =

[(
Dp

Dc

)3

obs,p
−

(
Dp

Dc

)3

ini

]

×

TNGp∑
h=1

EEIh,p

TNGp∑
h=1




TNTh,p∑
l=1

Eaver,h,l th,l

TNTh,p

×EEIh,p


. (12)

In this work, the k value was calculated based on the
measured Dp/Dc ratios of BC-containing particles dur-
ing BJNOV2014 campaign period at the Tsinghua site
(40◦00′17′′ N, 116◦19′34′′ E) in Beijing. In order to obtain
the k value and then valid our models, the BJNOV2014 mea-
surements were divided into two parts: the first two episodes
(i.e., 17–24 November 2014) used to calculate the k value
and the last two episodes (i.e., 24–30 November 2014) used
for model validation. Following the Eq. (12), the normalized
aging rate coefficient k was determined to have a value of
∼ 1.8×10−4 t−1 h−1. Correspondingly, the value of kaging in
Eq. (1) is∼ 17 % h−1, which was comparable with the obser-
vation ones (Cheng et al., 2012; Zhang et al., 2018b).

To evaluate our model calculation of the mixing state of
BC-containing particles over the site, the simulated

(
Dp
Dc

)
l

values with an hourly temporal resolution are compared
with the observed hourlyDp/Dc ratio during 24–30 Novem-
ber 2014 (i.e., the last two episodes during the BJNOV2014
measurement). It is noted that the observed Dp/Dc ratio at a
certain hour is not only dominated by the aging degree of BC
transported to the site at this time, but is also impacted by the
aging degree of BC over the site several hours beforehand
due to the incomplete dispersion of ambient aerosols within
1 h. In this work, we averaged the simulated

(
Dp
Dc

)
l

at a cer-
tain hour and within n (n= 0, 2, 4, 6, . . . ) hours beforehand((

Dp
Dc

)
aver,t

)
to compare with the observed hourly Dp/Dc

ratio.
(
Dp
Dc

)
aver,t

is calculated by Eq. (13):

(
Dp

Dc

)
aver,t
=

t∑
l=t−n

(
Dp
Dc

)
l

n+ 1
. (13)

Figure 5 shows an excellent agreement between the simu-
lated and observed hourly Dp/Dc ratios, with a difference

of ∼ 3 %. The simulated
(
Dp
Dc

)
aver,t

values, with n= 2, 4,

and 6, exhibit a better correlation with the observed hourly
Dp/Dc ratio than those without considering the effect of BC

Figure 5. Comparison of the hourly Dp/Dc ratio of BC between
the model simulations and observations at our site with different n
values in Eq. (13) on 24–30 November 2014 at the Tsinghua site.

transported over our observation site within a few hours be-
forehand (i.e., n= 0). When n= 4, the linear relationship be-
tween the simulated and observedDp/Dc ratios exhibited the
highest correlation coefficient (i.e., R2

= 0.86), and thereby
this value was used in the following calculation.

3 Results and discussion

3.1 Simulating BC mixing state with a high time
resolution

Following Eqs. (9) and (13), we calculated the hourlyDp/Dc
ratios of BC-containing particles during the BJOCT2014,
BJSEP2015 and BJAUG2015 measurement periods. Figure 6
shows that the simulated Dp/Dc values of BC-containing
particles exhibit significant changes with pollution levels
(i.e., the PM2.5 and rBC concentrations), revealing that our
model with a high time resolution can simulate the evolution
of the BC aging degree during a pollution episode. The sim-
ulation results showed that under pollution conditions, not
only did the BC mass concentrations increase, but the aging
degree of BC-containing particles was also enhanced. This
identified the amplification of BC light absorption associated
with air pollution due to more coating material on the BC
surface (Zhang et al., 2018c).

Simulation of BC mixing state with a high time resolution
is important to evaluate the effect on air quality. The effect
of BC on air quality depends on both the mass concentra-
tion and the aging degree of BC. Simultaneous increase in
the mass concentration and aging degree of BC associated
with air pollution could suppress the PBL by the dome effect
(Ding et al., 2016). In China, the air pollution often starts
rapidly within several hours (Zheng et al., 2016). It is neces-
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Figure 6. Time series of the observed Dp/Dc ratio, simulated
Dp/Dc ratio, and PM2.5 and rBC concentrations during the
(a) BJOCT2014, (b) BJSEP2015 and (c) BJAUG2015 measurement
periods.

sary to understand the hourly aging degree of BC-containing
particles for better exploring the effect of BC on air qual-
ity. Our model calculation can provide BC aging degree (i.e.,
Dp/Dc ratio) with a fine temporal resolution of 1 h.

The simulated BC mixing state with high time resolu-
tion during different measurement periods was used to re-
veal that our models could be generally applied. Although
the model is established based on the BJNOV2014 measure-
ment (17–30 November 2014), the model calculation can be
applicable to other months under pollution periods (i.e., Oc-
tober 2014, September 2015, and August 2015). Figure 6 re-
veals an excellent agreement between the simulated and ob-

Figure 7. Aging degree (i.e., Dp/Dc) of BC particles as they are
transported to the receptor site (40◦00′17′′ N, 116◦19′34′′ E) from
emission origins (0.25◦×0.25◦) during the BJNOV2014 campaign
period. The gridded Dp/Dc ratio was calculated by Eq. (11).

served hourly Dp/Dc ratio for the BJOCT2014, BJSEP2015
and BJAUG2015 measurements. During these measurement
periods, the linear relationship between the simulatedDp/Dc
ratio and the observed values shows slopes of 0.98–1.01, with
a correlation coefficient (R2) of 0.53–0.85. A good correla-
tion further demonstrated the validity of our model for cal-
culating the BC mixing state during atmospheric transport.
Accurate simulations for the different measurement periods
identify the generalness of our model, especially under pol-
luted environments.

3.2 BC mixing state during the atmospheric transport
process

3.2.1 Aging degree of BC from emission origins to
receptor sites

Using our models, we investigated the aging process of BC-
containing particles transported from different spatial ori-
gins to the receptor (i.e., the Tsinghua site, Beijing) during
the BJNOV2014 measurement period. The origin-resolved
(0.25◦×0.25◦) Dp/Dc ratio of BC-containing particles over
the receptor site was calculated using Eq. (11), shown in
Fig. 7. The BC-containing particles from various spatial ori-
gins exhibited significant differences in their mixing state,
with the Dp/Dc ratio in the range of 1.4–2.8 as they reached
the Tsinghua site. The Dp/Dc ratio of BC from the polluted
regions (i.e., southern Heibei, northeastern Hebei and Tian-
jin) could be up to ∼ 2.3–2.8, which characterized the mix-
ing state of fully aged BC in the North China Plain (NCP).
These fully aged BC particles played an important role in re-
gional light absorption (Gustafsson and Ramanathan, 2016;
Peng et al., 2016). The high Dp/Dc ratio (∼ 2.3–2.8) of BC
transported to our site was consistent with the mixing state
of fully aged BC particles (Dp/Dc ratio ∼ 2.5) in Beijing re-
ported by Peng et al. (2016), implying reliable values of the
gridded Dp/Dc ratio from our model calculation.
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Figure 8. BC aging from emission origins to the receptor site (40◦00′17′′ N, 116◦19′34′′ E; marked with a red star) during the BJNOV2014
measurement period: (a) classification of the BC emission source regions based on political boundaries (i.e., the Beijing source regions (BJ
origins), Hebei source regions (HB origins), Tianjin source regions (TJ origins) and other source regions (OT origins)); (b) aging degree
(i.e., Dp/Dc) of BC particles emitted from the four source regions as they are transported to the receptor site; (c) conceptual scheme of
trajectories that pass through low-emission regions (cluster 1), medium-emission regions (cluster 2) and high-emission regions (cluster 3)
as they transport from clean origins (e.g., Inner Mongolia) to the receptor site; and (d) the degree of aging of BC reaching the receptor site
through different trajectories (i.e., clusters 1, 2 and 3 shown in c).

In this work, we classified the spatial emission sources
of BC-containing particles over the receptor site into local
(or Beijing (i.e., BJ origin), shown in Fig. 8a) and non-local
(i.e., non-Beijing) origins based on political boundaries. The
non-local origins were further divided into Hebei, Tianjin
and other origins (i.e., HB, TJ or OT origins, respectively,
as shown in Fig. 8a). Based on the gridded Dp/Dc ratio
shown in Fig. 7, the Dp/Dc ratios of BC-containing parti-
cles from Beijing, Hebei, Tianjin and other regions during
the campaign period were estimated to be 1.8, 2.2, 2.1 and
2.0, respectively (Fig. 8b). Figure 2b reveals that more inten-
sive emission regions of BC are located in southern Beijing,
southern Hebei, northeastern Hebei and Tianjin, which dom-
inated BC amount over the receptor site during the campaign
period (Fig. 3). The EEI analysis (Fig. 3) shows that BC-
containing particles transported to the site during the cam-
paign period mainly originate from Beijing, Hebei, Tianjin,
Inner Mongolia, Shanxi and Shaanxi (the political bound-
aries of these regions are shown in Fig. 2a).

The contributions of different emission origins to the BC
amount over the receptor site during the BJNOV2014 mea-
surement period were estimated by EEI analysis. BC trans-
ported to the site was dominated by Hebei and Beijing as the

major source regions, accounting for ∼ 40.2 % and ∼ 40.0 %
of the total amount transported, respectively. In terms of
non-local (i.e., non-Beijing) origins, the contribution of BC
from Hebei was significantly higher than that from Tianjin
(∼ 4.2 %) and others (∼ 15.5 %) due to more intensive emis-
sions and a larger region in Hebei Province. Approximately
60 % of BC from non-local origins (i.e., Hebei, Tianjin and
others) indicated the importance of atmospheric transport to
BC concentrations during polluted environments. During the
campaign period, the average BC mass concentration was
∼ 4.0 µg m−3 (Fig. 1b). Based on EEI analysis, the mass con-
centrations of local (i.e., Beijing) and non-local (i.e., non-
Beijing) BC at the observed site were estimated to be ∼ 1.6
and ∼ 2.4 µg m−3, respectively.

Atmospheric transport not only played an important role
in BC mass concentration in Beijing under polluted environ-
ments, but also controlled BC aging. During the investigation
period, the Dp/Dc ratio of non-local (i.e., non-Beijing) BC
over the site was ∼ 2.1, which was greater than that of local
(i.e., Beijing) BC (∼ 1.8). The higher aging degree of non-
local BC could be attributed to the longer transport time and
larger emissions from non-local origins. As more intensive
emission sources (i.e., polluted regions), Hebei and Tianjin
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were identified as the two largest contributing regions for the
BC mixing state at the site (Figs. 7 and 8b). When BC par-
ticles were emitted from Hebei and Tianjin and then trans-
ported to the receptor site, theirDp/Dc ratios could reach up
to 2.2 and 2.1, respectively, which were larger than that from
other non-local origins (i.e., cleaner regions). This could be
due to more pollutant emission from southern Hebei, north-
eastern Hebei and Tianjin than that from other regions (i.e.,
Inner Mongolia). The results revealed that BC particles emit-
ted from polluted regions would exhibit a higher aging de-
gree during atmospheric transport, which is most likely at-
tributed to more rapid aging due to more co-emitted coating
precursors (Peng et al., 2016).

On the other hand, high emission origins (e.g., southern
Hebei, northeastern Hebei and Tianjin) also affect the ag-
ing process of BC particles that pass through these regions.
When BC particles are emitted from a clean origin and then
pass through high emission regions (e.g., southern Hebei)
to the receptor site (e.g., cluster 3 shown in Fig. 8c), their
Dp/Dc ratio could reach ∼ 2.2 (Fig. 8d). However, the emit-
ted BC particles from the clean origin passing through a se-
ries of clean origins (e.g., cluster 1 shown in Fig. 8c) show a
lowerDp/Dc ratio (∼ 1.6, Fig. 8d) as they reach the site. This
difference identifies the important role of extensive emission
regions (e.g., southern Hebei) in the atmospheric aging pro-
cess of BC particles emitted from other clean regions (e.g.,
Inner Mongolia). When BC particles passed through these
polluted regions, their aging degree could be accelerated due
to high pollutant emission.

3.2.2 Emission dependence

As discussed above, the aging process of BC particles during
atmospheric transport was closely associated with emissions
from regions through which they pass. To investigate the de-
pendence of the BC mixing state during atmospheric trans-
port, we normalized the current emissions obtained from the
MIX inventory as a unit and set the scenarios of BC emis-
sions reduced by 20 %, 40 %, 50 %, 60 %, and 80 % (i.e., nor-
malized emissions as 0.8, 0.6, 0.5, 0.4, and 0.2, respectively,
shown in Fig. 9).

Figure 9a1 shows that the Dp/Dc ratios of local (i.e., Bei-
jing) BC, non-local (i.e., non-Beijing) BC and total BC (in-
cluding both local and non-local BC) transported to the site
were proportional to the emissions, with slopes of 0.55, 0.26
and 0.44, respectively. The slope values revealed that the rel-
ative increase or decrease in the Dp/Dc ratio with emission
change for non-local BC was ∼ 2 times that of local BC.
This result revealed that the mixing state of non-local BC
was more sensitive to emission change than that of local BC.
Therefore, emission reduction was more effective in lower-
ing the aging degree of non-local BC compared with that of
local BC. For example, when BC emissions were reduced
by 50 %, the Dp/Dc ratios of non-local BC, local BC and
total BC at our site decreased by 14 %, 7 % and 11 %, re-

spectively. A greater reduction in the aging degree of non-
BC particles could be attributed to most of the non-local
BC (∼ 75 %) from high emission origins (i.e., the southern
Hebei, northeastern Hebei and Tianjin regions). The origin-
resolvedDp/Dc ratio of BC transported to the site during the
campaign period shown in Fig. 7 indicated that a greater re-
duction in aging degree would be found for BC from higher
emission regions, such as southern Hebei, northeastern Hebei
and Tianjin, which revealed the benefits of emission controls
in extensive emission regions. The results identified the de-
pendence of the BC aging process during atmospheric trans-
port on emissions, especially for non-local BC from high
emission origins.

To further evaluate the change in the mixing state of BC
at the site from local (i.e., Beijing) and non-local (i.e., non-
Beijing) emissions, we simulated the origin-resolved Dp/Dc
ratio of BC over the receptor site, only considering the
changes in local (Fig. 9a2) or non-local (Fig. 9a3) emissions.
It is noted that the mixing state of total BC at the receptor site
not only depended on the respectiveDp/Dc ratio of local and
non-local BC, but also on their contributions to the total BC
amount. When only altering local or non-local emissions in
the simulations, the contributions of various source origins to
the BC amount at our site would be changed.

When the changes in only local emissions were included
in our simulations, the mixing state of total BC (including
both local (i.e., Beijing) and non-local BC (i.e., non-Beijing))
at the observed site was slightly sensitive to emissions. Fig-
ure 9a2 presents the linear change in the Dp/Dc ratio of to-
tal BC with changing local emissions, with a slope of 0.07,
which is significantly smaller than that (0.44) for the cases of
changing both local and non-local emissions (Fig. 8a1). Tak-
ing 50 % of the reduction in local emissions as an example,
theDp/Dc ratio of total BC at our site only decreased by 2 %.
Meanwhile, 50 % of the local emission reduction resulted in
∼ 5.0 % and ∼ 4.6 % of the decreases in the Dp/Dc ratio for
local and non-local BC, respectively. The reductions in the
Dp/Dc ratio of local and non-local BC were larger than that
in total BC (∼ 2 %), which was due to the increase in the con-
tributions of non-local BC (characterized by a larger Dp/Dc
ratio compared to local BC) with a local emission reduction.
The results showed that altering local emissions had a slight
effect on the BC mixing state at our site during the inves-
tigated period (i.e., under a polluted environment) due to a
slight change in the aging degree of non-local BC.

In terms of non-local (i.e., non-Beijing) emission change,
the response of the mixing state of total BC at our site to
emission changes was more significant than that for the case
of local (i.e., Beijing) emission change. The linear correla-
tion between the Dp/Dc ratio of total BC and normalized
non-local emission (i.e., 0.2–1) shown in Fig. 9a3 exhibited
a slope of 0.28, which was markedly greater than that (0.07)
in the case of local emission change (Fig. 9a2). Figure 9a3
shows that the slope for total BC (i.e., 0.28) was similar to
that (i.e., 0.31) for non-local BC, indicating that the varia-
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Figure 9. Variations in the (a)Dp/Dc ratio and (b) light absorption coefficient for total, local and non-local BC over the site with normalized
emissions. The current emissions obtained from the MIX inventory (Fig. 2b) were normalized as a unit and the emissions reductions of 20 %,
40 %, 50 %, 60 %, and 80 % corresponded to the normalized emissions as 0.8, 0.6, 0.5, 0.4, and 0.2, respectively. (a1) and (b1) represent
the simulations for the case of both local and non-local emission variations, respectively; (a2) and (b2) represent the simulations for the
case of only local emissions variations; and (a3) and (b3) represent the simulations for the case of only non-local emissions variations. The
light absorption coefficient of BC was estimated by the BC mass concentrations, the mass absorption cross section of BC (7.5 m2 g−1 at
550 nm) and the Dp/Dc ratio. When the normalized emissions of total BC were equal to 1, the average mass concentration of total BC was
∼ 4.0 µg m−3, which was obtained by measurements during the campaign period. The mass concentration of local and non-local BC can be
further calculated based on their EEI contributions (i.e., ∼ 1.6 µg m−3 for local BC and ∼ 2.4 µg m−3 for non-local BC). Based on the linear
decrease in BC mass concentration with emission reduction, the mass concentrations of total, local and non-local BC for different emission
cases were calculated.

tion in the BC mixing state at our site during the investigated
period (i.e., under a polluted environment) was controlled
by the emission change in non-local BC. This result could
be attributed to more aged BC particles being mainly from
non-local regions (southern Hebei, northeastern Hebei and
Tianjin). These results indicated that the BC mixing state at
our site was dominated by non-local emissions (in particular
polluted regions with intensive emission), identifying the im-
portance of atmospheric transport in the BC mixing state in
Beijing during polluted periods.

3.3 BC light absorption in the atmosphere

BC light absorption depends on both the mass concentration
and mixing state of BC. The light absorption of BC can be
characterized by multiplying EEI by the Dp/Dc ratio (i.e.,
EEI×Dp/Dc). In this study, the origin-resolved EEI×Dp/Dc

values represent the light absorption levels of BC particles
as they were transported to the receptor site from various
source origins (0.25◦×0.25◦). Figure 10a displays the origin-
resolved EEI×Dp/Dc values during the campaign period.
High light-absorption levels of BC were mainly from the
local Beijing area, southern Hebei, northeastern Hebei and
Tianjin, resulting from high BC emissions and strong BC ag-
ing in these regions.

The origin-resolved EEI× (Dp/Dc) values revealed the
contributions of BC from different source regions to light
absorption at the site (Fig. 10b). During the investigated pe-
riod (i.e., polluted period) in Beijing, Hebei Province was
the largest contributing region, accounting for ∼ 44 % of BC
light absorption transported to the observed site during the
campaign period. Local Beijing was responsible for ∼ 36 %
of the light absorption of BC at the site, which was lower
than the contribution from Hebei. In total,∼ 64 % of BC light
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Figure 10. (a) Spatial distribution (0.25◦× 0.25◦ resolution) for
light absorption levels (i.e., EEI× (Dp/Dc)) of BC as it is trans-
ported to the receptor site (40◦00′17′′ N, 116◦19′34′′ E) from var-
ious source origins. (b) Contributions of different source regions
to BC light absorption at the receptor site. The classification of
source regions based on political boundaries is shown in Fig. 8a.
The BJ, HB, TJ and OT origins represent spatial sources of emitted
BC transported to the receptor site from Beijing, Hebei, Tianjin and
other regions, respectively.

absorption at the receptor site was contributed by non-local
(i.e., non-Beijing) BC source origins, reflecting the impor-
tance of atmospheric transport for the light absorption of BC
in Beijing during polluted periods. The contribution of non-
local origins to BC light absorption at our site was larger
than that to BC mass concentration (∼ 60 %, as quantified
by the EEI analysis), which was due to the higher aging de-
gree (Dp/Dc ratio of ∼ 2.12) of non-local BC compared to
that of local BC (Dp/Dc ratio of ∼ 1.78). If the difference
between the mixing states of local and non-local BC is not
considered, the effect of atmospheric transport on BC light
absorption in Beijing during the polluted period would be un-
derestimated. The results revealed that the BC aging process
during atmospheric transport strengthens the importance of
emissions from surrounding areas (e.g., Hebei and Tianjin)
for BC light absorption in Beijing during polluted periods.

The strong dependence of both the mass concentrations
and mixing states of BC on emissions indicates that emission
reduction could significantly lower light absorption and thus
weaken the effect of BC on air quality and climate, especially
during polluted periods. A linear decrease in BC light ab-

sorption with emission reductions was found (Fig. 9b). When
both local (i.e., Beijing) and non-local (i.e., non-Beijing) BC
emissions were reduced (Fig. 9b1), the change in light ab-
sorption for non-local BC was much more significant than
that for local BC. For the case of a 50 % reduction in both
local and non-local BC emissions, the light absorption of to-
tal BC, local BC and non-local BC decreased by 55 %, 53 %
and 56 %, respectively (Fig. 9b1). An extra decrease of∼ 6 %
in light absorption for non-local BC was greater than that
(∼ 3 %) for local BC, which could be attributed to a much
greater reduction in the aging degree (i.e., Dp/Dc ratio) of
non-local BC (Fig. 9a1). Compared with local BC, a much
greater decrease in the light absorption of non-local BC im-
plied that the emission reduction from non-Beijing sources
rather than Beijing sources achieved many more benefits in
terms of the BC effect in Beijing. This result also revealed
that the emissions reduction of the surrounding areas of Bei-
jing not only brought less BC, but also lowered the BC mix-
ing state, which enhanced the decrease in BC light absorption
in Beijing.

The analyses of only reducing local emissions or non-local
emissions further identified the importance of emission re-
duction of non-Beijing sources to weaken BC light absorp-
tion in Beijing during polluted periods. For the case of lo-
cal (i.e., Beijing) emissions reduction (Fig. 9b2), the reduc-
tion in BC light absorption was significantly smaller than that
for the case of non-local (i.e., non-Beijing) emissions reduc-
tion (Fig. 9b3), revealing that emissions reduction in non-
Beijing sources played a more important role in decreasing
BC light absorption in Beijing. For example, when emissions
were reduced by 50 % for local and non-local origins, the BC
light absorption at the site decreased by 21 % and 35 %, re-
spectively. A greater decrease in BC light absorption in Bei-
jing with non-local emissions reduction resulted from larger
contributions of non-Beijing source emissions (especially for
polluted regions, such as southern Hebei, northeastern Hebei
and Tianjin) to both the mass concentration and mixing state
of BC over the site. Moreover, the extra reduction in BC light
absorption in Beijing caused by weakening of the BC aging
degree was also greater under non-Beijing emissions reduc-
tion compared with that under Beijing emissions reduction
(e.g.,∼ 5 % and 1 % extra reductions for the cases of 50 % re-
ductions in non-local and local emissions, respectively). The
important contribution of emission reduction of non-Beijing
sources to decrease in BC light absorption in Beijing under
polluted environments was mainly due to a significant de-
crease in both BC amount and its aging degree in Beijing
caused by emission reduction of polluted regions (e.g., south-
ern Hebei, northeastern Hebei and Tianjin). This suggested
that the efforts to weaken the influence of BC on air pollution
and climate change should pay more attention to emissions
reduction in polluted regions.
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4 Discussion

In this study, a rather simplified scheme was adopted where
the aging rate is assumed to be proportional to the emis-
sions without detailed consideration of the effects of temper-
ature, particle sizes, phase state, hygroscopicity and chem-
istry (Riemer et al., 2009; Cheng et al., 2008, 2012, 2015;
Mu et al., 2018). Actually, these factors can influence the
model parameter of an aging rate coefficient. Our simulations
strongly depend on the emission, initial value of the Dp/Dc

ratio and aging rate coefficient. Accurate
(
Dp
Dc

)
ini

values re-
quire more measurements of the mixing state of freshly emit-
ted BC-containing particles. In this work, the experimentally
determined k value was derived from the observations dur-
ing the pollution periods in autumn/winter measured in Bei-
jing. In order to extend the application of our model in other
seasons (e.g., summer) and sites, further work requires one
to understand whether and how the model parameters (i.e.,
aging rate coefficient and the initial value of the Dp/Dc ra-
tio) vary at different seasons and sites. In terms of the ag-
ing rate coefficient in summer (Cheng et al., 2012; Zhang
et al., 2018b), the measurements at two suburban sites (Xi-
anghe and Yufa) in the NCP showed a pronounced diurnal
cycle in the range of 0.2 % h−1–20 % h−1 with a maximum at
noontime due to stronger photochemistry. The kaging around
noontime in summer was comparable with that (∼ 17 % h−1)
in autumn/winter. However, other times, especially nighttime
in summer, are significantly smaller. For the

(
Dp
Dc

)
ini

, its va-
riety is due to different dominated sources of BC in different
seasons and sites, which can be estimated by the BC aging
degree near different types of emission sources (e.g., indus-
trial, residential and traffic emissions). Figure S1 shows the
distinct

(
Dp
Dc

)
ini

values at different sites in November. The(
Dp
Dc

)
ini

values are also season dependent. For example, the
BC particles in Beijing in summer are controlled by traffic
and industrial emissions with a smaller higher Dp/Dc ratio
near sources, but the major sources of BC in autumn/winter
are industrial and residential emissions with higher

(
Dp
Dc

)
ini

(D. Liu et al., 2019; H. Liu et al., 2019). Lower values both of
the aging rate coefficient and the initial value of the Dp/Dc
ratio would lead to thinner coatings of BC in summer com-
pared with those in autumn/winter in the NCP, which was
consistent with observations in Beijing (D. Liu et al., 2019).

The retrieved aging rate coefficient kaging indicated that
BC particles under polluted environments in autumn/winter
in the NCP underwent fast aging during atmospheric trans-
port. The retrieved kaging with a value of ∼ 17 % h−1 used
in our models is comparable with the observed values at
other suburban sites in the NCP, namely up to ∼ 20 % h−1

and ∼ 21 % h−1 at the Yufa site and Xianghe site, respec-
tively (Cheng et al., 2012; Zhang et al., 2018b). However,
the aging rate coefficient commonly used in other models

(1 % h−1–5 % h−1) was significantly smaller than that used in
our model (Cooke and Wilson, 1996; Jacobson, 2001; Koch,
2001; Lohmann et al., 2000), indicating that the values used
in previous models derived in developed countries (Moteki
et al., 2007; Shiraiwa et al., 2007) could not represent the
characteristic of BC aging processes in China. A similar con-
clusion was also drawn by Peng et al. (2016) using an en-
vironment chamber, namely the timescale of BC aging to
achieve high absorption enhancement (∼ 2.4) displaying sig-
nificant distinction between urban cities in Beijing (∼ 4.6 h)
and Houston (∼ 18 h). A higher aging rate coefficient sug-
gested the BC aging under polluted environments in the NCP
is most likely dominated by a condensation process during
atmospheric transport, taking into account a clear difference
between the timescale of BC aging by condensation (2–8 h)
and coagulation (10–40 h) (Riemer et al., 2004).

More aged BC aloft increases atmospheric stability, which
suppressed the development boundary layer and suppresses
or enhances the formation of different types of clouds
(Barbaro et al., 2013; Ding et al., 2016; Jacobson, 1998;
Zdunkowski et al., 1976; Wendisch et al., 2008; Z. Wang
et al., 2018). Our simulations showed that the aging degree
of BC from atmospheric transport along with polluted air
masses was significantly higher than that of local BC under
polluted conditions, implying that the light absorption capa-
bility (i.e., mass cross section of BC-containing particles in-
cluding coating materials on BC surface) of BC in the upper
PBL would be higher than that of BC in the lower PBL. This
characteristic favored the formation of the inversion layer
due to more heating in the upper PBL under polluted con-
ditions (Ding et al., 2016; Z. Wang et al., 2018), which con-
sequently depressed PBL development. In China, air pollu-
tion generally occurs at the regional scale due to atmospheric
transport (Sun et al., 2014; L. Wang et al., 2014; Yang et al.,
2015; Zheng et al., 2015). Regional pollution would bring
more aged BC due to faster aging processes during atmo-
spheric transport. The enhanced effect caused by more aged
BC from atmospheric transport would further suppress the
development of the boundary layer (e.g., Barbaro et al., 2013;
Ding et al., 2016; Jacobson, 1998; Zdunkowski et al., 1976;
Wendisch et al., 2008; Z. Wang et al., 2018), and together
with the special haze chemistry (Cheng et al., 2016) strongly
strengthens regional pollution.

5 Concluding remarks

The effect of BC-containing particles on air quality and cli-
mate is not only dominated by BC mass concentration, but
is also controlled by their mixing state. To better understand
the mixing state of atmospheric BC in China, we developed a
new approach to simulate the BC aging process during atmo-
spheric transport based on the BC emission inventory and
back-trajectory analysis. Our models track the BC mixing
state (i.e., Dp/Dc ratio) from an emitted source origin (e.g.,
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a 0.25◦× 0.25◦ grid) to a receptor (i.e., Tsinghua site). The
model calculation can quantify the mass-averagedDp/Dc ra-
tio of overall BC particles over the receptor site from various
origins, which agreed well with observed ones. The simula-
tions can provide information on the BC mixing state with
fine temporal and spatial resolutions.

Based on the simulations of BC mixing state during atmo-
spheric transport, we find a strong dependence of BC mixing
state on emissions during atmospheric transport. BC parti-
cles with higher aging degrees at our site were mainly from
more intensive emission origins (e.g., southern Hebei) due
to higher aging rates. On the other hand, when BC parti-
cles emitted from clean origins passed through polluted re-
gions, they were also characterized by a greater Dp/Dc ratio
by speeding up the aging process in polluted air. Our sim-
ulations demonstrated the importance of regional transport
in BC light absorption in Beijing under polluted conditions.
This provides a new perspective on the phenomenon of pol-
lution building up in Beijing, further demonstrating that this
is driven by regional transport and transformation rather than
local sources and processes.
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