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Abstract. Black carbon (BC) mass size distribution (BCMSD) is crucial in both the environment and the cli-
mate system due to BC’s intense size-dependent absorption of solar radiation. BC-containing particles larger
than 700 nm (BC>700) could contribute to more than half of bulk BC mass concentration. Unfortunately, pre-
vious methods concentrated on BC-containing particles of less than 700 nm because of technical limitations.
The contribution of BC to absorption and the radiative effect might be underestimated without consideration of
BC>700. In this study, equivalent BCMSD (eBCMSD) from 150 nm up to 1.5 µm was measured at high time res-
olution of 1 h for the first time by an aerodynamic aerosol classifier in tandem with an aethalometer in two field
campaigns over eastern China, namely Changzhou located in the Yangtze River Delta and Beijing located in the
North China Plain. The results revealed that the pattern of eBCMSD in Changzhou (Beijing) was mostly bimodal
(unimodal) peaking at 240 and 1249 nm (427 nm). The peak diameter of eBCMSD in Changzhou did not shift
significantly with increasing pollution (240 to 289 nm). In contrast, the peak diameter of eBCMSD in Beijing
shifted towards larger sizes, from 347 to 527 nm, with increasing pollution, indicating that the aging process at
the urban site was different from that at the regional background site. eBCMSD in both Changzhou and Beijing
had a significant diurnal cycle with a smaller (larger) value of eBCMSD during daytime (nighttime). Equiv-
alent BC>700 (eBC>700) was ubiquitous and varied significantly with different locations and pollution levels.
The campaign-averaged contribution of eBC>700 to bulk eBC mass concentration (meBC,bulk), bulk absorption
coefficient (σab,bulk) and estimated direct radiative forcing of eBC (DRFeBC) in Changzhou and Beijing were
27.8 % (20.9 %–36.5 %) and 24.1 % (17.5 %–34.2 %), 19.6 % (15.8 %–24.6 %) and 25.9 % (19.6 %–33.7 %) and
20.5 % (18.4 %–22.2 %) and 21.0 % (16.3 %–26.1 %), respectively. meBC,bulk, σab,bulk and DRFeBC of eBC>700
in Changzhou (Beijing) increased by a factor of 3.6 (5.1) from 0.11 (0.07) to 0.40 (0.36) µgm−3, by a factor of
3.2 (5.5) from 0.54 (0.63) to 1.75 (3.45) Mm−1 and by a factor of 2.4 (4.7) from 0.1 (0.1) to 0.24 (0.47) W m−2,
respectively, with the aggravation of pollution. The contribution of eBC>700 to meBC,bulk and σab,bulk had a sig-
nificant diurnal cycle with a higher (lower) fraction during daytime (nighttime) in both Changzhou and Beijing. A
case study indicated that the contribution of eBC>700 to meBC,bulk, σab,bulk and DRFeBC could reach up to 50 %,
50 % and 40 %, respectively. It was highly recommended to consider the whole size range of BC-containing
particles in model estimation of the BC radiative effect.
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1 Introduction

Black carbon (BC) is a strong light-absorbing carbonaceous
particle (Bond and Bergstrom, 2006) from incomplete com-
bustion of fossil fuel or biomass (Bond et al., 2004). Ab-
sorption of BC reduces atmospheric visibility (Moosmuller
et al., 2009) and has warming effect on the climate sys-
tem (Bond, 2001). The BC radiative effect had considerable
uncertainties. Estimated BC radiative effects from different
models did not even converge to the same order of magni-
tude (Bond et al., 2013; Szopa et al., 2021).

Previous estimation of the BC radiative effect was based
on bulk BC mass concentration (mBC,bulk) from an emis-
sion inventory and prescribed mass absorption cross section
(MAC) (Bond et al., 2013). BothmBC,bulk and MAC were in-
fluenced by BC mass size distribution (BCMSD), which was
one of the BC microphysical properties. BC radiative effect
was highly sensitive to BCMSD (Matsui et al., 2018), and
BCMSD could result in obvious variations in aerosol radia-
tive forcing (Zhao et al., 2019). BCMSD depended on the
emission source essentially. For example, the peak diameter
of freshly emitted BCMSD from fossil fuels was generally
smaller than that from biomass burning (Berner et al., 1984;
Artaxo et al., 1998; Schwarz et al., 2008). After BC was emit-
ted to the ambient environment, BCMSD was influenced by
the aging process, during which BC optical properties under-
went remarkable changes (Zhang et al., 2008). For instance,
BC could be coated by other non-BC materials during atmo-
spheric transport. The existence of non-BC coating enhanced
BC absorption, and this phenomenon was termed “lensing
effect” (Fuller et al., 1999). The accurate quantification of
the lensing effect was a critical challenge in estimating the
BC radiative effect (Liu et al., 2017), and the information of
BCMSD was required to resolve the influence of the lensing
effect on BC radiative forcing.

Guo (2016) reported that particles containing elemental
carbon (EC; Petzold et al., 2013) that were larger than 2.1 µm
accounted for 27.6 %–35.2 % of bulk EC mass concentration
(mEC,bulk). Wang et al. (2017) reported that EC-containing
particles larger than 1.1 µm accounted for 40.6 %–65.5 % of
mEC,bulk. Wang et al. (2022) indicated EC-containing parti-
cles larger than 1 µm contributed to 50 %–54 % of mEC,bulk.
Therefore, BC-containing particles larger than 1 µm con-
tributed a significant part of the total BC mass. Wang et
al. (2022) found that these large carbon-containing particles
were super-aggregated BC particles with fractal structures
or BC-containing particles with massive coatings from sec-
ondary processes. Chakrabarty et al. (2014) found that the
optical properties of these super BC aggregates could be
significant. It should be noted that the current characteriza-
tion of BC-containing particles larger than 1 µm can be only
achieved through offline microscopy analysis (Chakrabarty
et al., 2014) or EC mass size distribution (ECMSD) measure-

ment by offline thermo/optical organic carbon/elemental car-
bon analysis of size-segregated filter-based samples (Chow
et al., 2001). The resulting time resolution of ECMSD was
24–48 h. Considering that the typical timescale of BC aging
was 4–18 h (Peng et al., 2016), current measured ECMSD
could not resolve atmospheric aging of BC-containing par-
ticles larger than 1 µm. Actually, the current method capa-
ble of measuring BC-containing particles on timescales of
BC aging, namely the laser-induced incandescence technique
(Schwarz et al., 2006), is limited to sizes less than 700 nm.
The characterization of BC-containing particles larger than
700 nm (BC>700) during atmospheric aging was still unclear.
The contribution of BC>700 to absorption and BC radiative
forcing has not been well studied.

In this study, equivalent BC (eBC, Petzold et al., 2013)
mass size distribution (eBCMSD) up to 1.5 µm was mea-
sured with a time resolution of 1 h to study the evolution
of equivalent BC>700 (eBC>700) as well as the contribu-
tion of eBC>700 to bulk eBC mass concentration (meBC,bulk),
bulk absorption coefficient (σab,bulk) and eBC direct radiative
forcing. The size refers to the particle size not the BC core
size in this study. eBCMSD was determined by an aerosol
aerodynamic classifier (AAC, Cambustion, UK; Tavakoli and
Olfert, 2013) used in tandem with an aethalometer (model
AE33, Magee, USA, Drinovec et al., 2015), hereafter re-
ferred to as AAC-AE33, based on the method proposed by
Zhao et al. (2022). eBCMSD was measured in two different
locations of eastern China to study the spatial difference in
eBC>700. Direct radiative forcing of eBC (DRFeBC) was es-
timated by the Santa Barbara DISORT (discrete ordinates ra-
diative transfer) Atmospheric Radiative Transfer (SBDART)
model (Ricchiazzi et al., 1998).

The structure of this study was organized as follows. Sec-
tion 2 introduce the field measurement, instrumental setup
and details about estimation of DRFeBC. Section 3 discusses
the evolution as well as mass, absorption and radiation con-
tribution of eBC>700 based on the field measurement. Sec-
tion 4 presents the conclusions.

2 Methods

2.1 Field measurement

The AAC-AE33 system was first applied to a field mea-
surement in Changzhou, Jiangsu Province, China (119◦36′ E,
31◦43′ N), situated at the Yangtze River Delta, from 17 May
to 3 June 2021 (summer). Changzhou is between two megac-
ities, namely Nanjing (82 km to the northwest) and Shanghai
(187 km to the southeast). There were no emission sources
around the measurement site in Changzhou. Thus, pollution
around the site was dominated by regional transportation and
the measurement site in Changzhou was a typical regional
background site (Zhao et al., 2022).
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Figure 1. Instrumental setup used in this study. Instruments used to
measure Nsize-resolved was colored with red (green) for Changzhou
(Beijing).

Then, the AAC-AE33 was deployed in Beijing, China
(116◦18′ E, 39◦59′ N), located in the North China Plain, from
29 October 2021 to 25 January 2022 (winter). The measure-
ment site was near two busy streets, namely Zhongguancun
Street to the west and Chengfu Road to the south. Therefore,
the measurement site in Beijing was representative of an ur-
ban environment (Zhao et al., 2019).

2.2 Instrumental setup

The instrumental setup for eBCMSD measurement was illus-
trated in detail by Zhao et al. (2022) and is introduced here
briefly. As shown in Fig. 1, a PM10 inlet (16.67 L min−1)
was used to sample ambient aerosol particles. Then parti-
cles passed through a silica gel diffusion drier, where relative
humidity (RH) was decreased to less than 30 %, before be-
ing sampled by the AAC-AE33. AAC-AE33 measured size-
resolved absorption coefficient (σab,size-resolved) at a flow rate
of 3 L min−1 in Changzhou and 2 L min−1 in Beijing. AAC
was set to scan 12 logarithmically equally distributed aero-
dynamic sizes ranging from 200 nm to 1.5 µm in Changzhou
and 150 nm to 1.5 µm in Beijing, respectively. It should be
pointed out that the particle diameter (Dp) was of an aerody-
namic size in this study. Particles of each scanned size were
sampled for 5 min, so the time resolution of σab,size-resolved
came to 1 h. The measured σab,size-resolved at wavelength
880 nm by the AE33 was used to derive eBCMSD because
BC was the major contributor of aerosol absorption at 880 nm
(Ramachandran and Rajesh, 2007).

The principle of retrieving σab from the AE33 was pro-
posed by Hansen et al. (1984) and is described here briefly.
An aerosol-laden flow with a flow rate of F was input into
the AE33, where the aerosol particles were collected on a re-
gion with area of S of a filter. The filter was illuminated by
light sources at specific wavelengths. The part of the light
transmitted through the particle-laden (particle-free) area of
the filter and the transmitted light intensity was denoted as I

(I0). The light attenuation (ATN) was defined as

ATN=−100 · ln
(
I

I0

)
. (1)

Assuming ATN changed by 1ATN in time interval of 1t ,
the attenuation coefficient σATN was defined as

σATN =
S

100 ·F
·
1ATN
1t

. (2)

The light attenuation was actually caused by both absorption
and scattering of particles as well as the filter, which was
called multi-scattering effect. The multi-scattering effect was
corrected based on the study of Zhao et al. (2020), where a
parameter Cf = 2.9 was introduced to derive σab:

σab =
σATN

Cf
. (3)

Besides the multi-scattering effect, the loading effect also
needed to be corrected, namely, the change in ATN was not
linearly dependent on aerosol loading. Drinovec et al. (2015)
developed the “dual-spot” technique to correct loading effect,
which was adopted by this study.

MAC was required to convert the absorption coefficient
into eBC mass concentration. The size-dependent MAC was
modeled based on the scheme proposed by Zhao et al. (2021)
at wavelength 880 nm, which required the size-resolved par-
ticle number concentration (Nsize-resolved). Concisely, taking
700 nm of Dp as an example, the number fraction of BC-
containing particles (fBC) was assumed to be a fixed param-
eter (0.35), and the number concentration of BC-containing
particles (NBC) at Dp of 700 nm could be derived by

NBC = fBC ·Nsize-resolved ·1 logDp, (4)

where1 logDp was the logarithmic width of theDp size bin.
The fixed-fBC assumption led to ∼ 3 % uncertainty in de-
rived meBC. We assumed that all BC-containing particles at
Dp of 700 nm had the same core size DBC. An optimal DBC
was found so that the calculated absorption (σab,calc) matched
the measured absorption (σab,meas), namely

σab,calc = ρBC
π

6
D3

BC ·MACMie ·NBC

= σsize-resolved ·1 logDp = σab,meas, (5)

where ρBC was the density of BC and assumed to be a fixed
value (1.8 g cm−3), MACMie was the Mie-calculated MAC
at Dp of 700 nm and the optimal DBC. eBCMSD at Dp of
700 nm could be calculated by

eBCMSDDp=700 nm =
σab,size-resolved

MACMie
. (6)

The assumption on the MAC led to an ∼ 24 % uncertainty in
the derivedmeBC. It should be noted that dust was not consid-
ered in this study. Nsize-resolved was measured by a scanning
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mobility particle sizer (SMPS, TSI, USA) at 0.3 L min−1 as
well as an aerodynamic particle sizer (APS, TSI, USA) at
5 L min−1 in Changzhou and an AAC in tandem with a con-
densation particle counter (CPC, TSI, USA, AAC – CPC,
Johnson et al., 2018) at 1 L min−1 in Beijing. The AAC-
AE33 measured σab,size-resolved and determined eBCMSD
synchronously. Therefore, the contribution of eBC>700 to
both bulk absorption and meBC,bulk could be quantified si-
multaneously.

In this study, the bulk mass concentration of eBC-
containing particles (meBC,bulk) was defined as

meBC,bulk =

∫ 1500 nm

200 nm

dmeBC

dlogDp
dlogDp , (7)

where dmeBC
dlogDp

was eBCMSD and the lower limit of integral
was 200 nm in both Changzhou and Beijing for the con-
venience of comparison. The bulk mass concentration of
eBC>700 (meBC,bulk,>700) was defined as

meBC,bulk,>700 =

∫ 1500 nm

700 nm

dmeBC

dlogDp
dlogDp . (8)

The contribution of eBC>700 to meBC,bulk (fm,>700) was de-
fined as

fm,>700 =
meBC,bulk,>700

meBC,bulk
× 100% . (9)

It should be noted that BC-containing particles of Dp lower
than 200 nm and greater than 1500 nm were not considered in
this study, which leads to a discrepancy between true fm,>700
(f̂m,>700) and estimated fm,>700. By simple mathematical
analysis, it could be proven that f̂m,>700 in the range of

1
2

(
fm,>700+

∫
+∞

1500 nm
dmeBC

dlogDp
dlogDp∫ 1500 nm

200 nm
dmeBC

dlogDp
dlogDp

)
< f̂m,>700

< fm,>700+

∫
+∞

1500 nm
dmeBC

dlogDp
dlogDp∫ 1500 nm

200 nm
dmeBC

dlogDp
dlogDp

, (10)

where
∫ 1500 nm

200 nm
dmeBC

dlogDp
dlogDp was actually meBC,bulk in this

study.
Similarly, the bulk absorption coefficient (σab,bulk) was de-

fined as

σab,bulk =

∫ 1500 nm

200 nm

dσab

dlogDp
dlogDp , (11)

where dσab
dlogDp

was σab,size-resolved. The bulk absorption coef-
ficient of eBC>700 (σab,bulk,>700) was defined as

σab,bulk,>700 =

∫ 1500 nm

700 nm

dσab

dlogDp
dlogDp . (12)

The contribution of eBC>700 to σab,bulk (fab,>700) was de-
fined as

fab,>700 =
σab,bulk,>700

σab,bulk
× 100% . (13)

2.3 Estimation of direct radiative forcing of equivalent
black carbon

The direct radiative effect was one of the BC characteristics
that raises extensive concerns. The SBDART model was em-
ployed to study the characteristics of DRFeBC. Specifically,
the instantaneous DRFeBC was estimated at the top of at-
mosphere (TOA) under cloud-free conditions. Wavelengths
from 250 nm to 4 µm were simulated in this study. Direct ra-
diative forcing of aerosol (DRFaerosol) was defined as (Zhao
et al., 2018)

DRFaerosol =
(
Faerosol,↓−Faerosol,↑

)
−
(
Fclearsky,↓−Fclearsky,↑

)
, (14)

where Faerosol,↓ (Faerosol,↑) was downward (upward) radia-
tive irradiance flux at TOA with aerosol and Fclearsky,↓
(Fclearsky,↑) was downward (upward) radiative irradiance flux
at TOA without aerosol. Direct radiative forcing of aerosol
without eBC (DRFaerosol,noneBC) was defined as

DRFaerosol,noneBC

=
(
Faerosol,noneBC,↓−Faerosol,noneBC,↑

)
−
(
Fclearsky,↓−Fclearsky,↑

)
, (15)

where Faerosol,noneBC,↓ (Faerosol,noneBC,↑) was downward (up-
ward) radiative irradiance flux at TOA with aerosol except
eBC. The DRFeBC was defined as the difference between
DRFaerosol and DRFaerosol,noneBC:

DRFeBC =
(
Faerosol,↓−Faerosol,↑

)
−
(
Faerosol,noneBC,↓−Faerosol,noneBC,↑

)
. (16)

Similarly, the direct radiative forcing of eBC>700
(DRFeBC,>700) was defined as

DRFeBC,>700

=
(
Faerosol,↓−Faerosol,↑

)
−
(
Faerosol,noneBC,>700,↓−Faerosol,noneBC,>700,↑

)
, (17)

where Faerosol,noneBC,>700,↓ (Faerosol,noneBC,>700,↑) was
downward (upward) radiative irradiance flux at TOA with
aerosol except eBC>700. The contribution of eBC>700 to
DRFeBC (fDRF,>700) was defined as

fDRF,>700 =
DRFeBC,>700

DRFeBC
× 100% . (18)

SBDART simulation required information of surface albedo,
vertical profiles of meteorological parameters and aerosol
optical parameters. Surface albedo was acquired from Mod-
erate Resolution Imaging Spectroradiometer (MODIS)/Terra
surface reflectance data with temporal and spatial resolution
of 1 d and 0.05◦ (MOD09CMG). The gridded data around the
measurement site were averaged to represent surface albedo
of the measurement site.
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The vertical profile of meteorological parameters in-
cluded vertical profile of pressure, temperature, water vapor
and ozone, which were obtained from the fifth-generation
ECMWF (European Center for Medium Range Weather
Forecasts) reanalysis data for global climate and weather
(ERA5). The ERA5 data had a temporal and spatial resolu-
tion of 1 h and 0.25◦ with 38 vertical layers from the surface
to about 50 km above surface. At each layer, the gridded data
around the measurement site were also averaged to repre-
sent meteorological parameters of the measurement site. The
time resolution of meteorological parameters was averaged
to daily to match that of surface albedo.

The vertical profile of aerosol optical parameters included
the vertical profile of bulk aerosol extinction coefficient
(σext,bulk), single scattering albedo (SSA) and asymmetry
factor (g) at different wavelengths, which were parameter-
ized based on the study of Zhao et al. (2019) and described
here briefly. The bulk aerosol particle number concentration
(Nbulk) was parameterized according to the aircraft study by
Liu et al. (2009). Dry Nsize-resolved at different heights had
the same shape after normalization by corresponding Nbulk.
The parameterization of meBC,bulk and eBCMSD was the
same asNbulk and dryNsize-resolved. As for mixing state, 51 %
of eBC mass was assumed to be externally mixed and the
rest of the eBC mass was assumed to be internally mixed
with core–shell geometry (Ma et al., 2012) in each size
bin. For the case of aerosol without eBC-containing parti-
cles (larger than 700 nm), eBCMSD (larger than 700 nm) was
set to 0. The aerosol optical parameters varying with height-
dependent RH were calculated by Mie scattering theory and
κ-Köhler theory (Petters and Kreidenweis, 2007) assuming
hygroscopic growth parameter of 0.22 (Tan et al., 2019).
The refractive indices of eBC, water and non-eBC mate-
rial without water were assumed 1.8+0.54i (average among
the wavelengths 450, 550 and 700 nm) (Kuang et al., 2015),
1.33+ 10−7i (wavelength 550 nm) and 1.53+ 10−7i (wave-
length 550 nm) (Wex et al., 2002), respectively. The refrac-
tive index of non-eBC material mixed with water after hygro-
scopic growth was derived by volume-weighted rule (Wex
et al., 2002). In short, real-time measured eBCMSD and
Nsize-resolved were used as boundary conditions at ground
level to construct a parameterized vertical aerosol profile.
When calculating aerosol optical parameters at each altitude,
the mixing state of BC-containing particles was assumed to
be the same at each altitude, each time and eachDp. With the
above information, the vertical profiles of σext,bulk, SSA and
g could be calculated based on Mie theory. The time reso-
lution of aerosol optical parameters was averaged to daily in
order to match that of surface albedo.

3 Results and discussion

3.1 Case study

A pollution episode took place from 31 October to 6 Novem-
ber 2021 in Beijing, which was used for case study to illus-
trate the large variability in eBC>700. The geometric mean
diameter (Dp) of eBCMSD was defined as

logDp =

∫
logDp ·

dmeBC
dlogDp

dlogDp∫ dmeBC
dlogDp

dlogDp
, (19)

which was used to depict the spectral variation in eBCMSD
because eBCMSD did not always have an explicit modal pat-
tern and the corresponding peak diameter was not always
easy to differentiate.

With the development of pollution, Dp shifted appar-
ently from around 400 to around 600 nm (Fig. 2a). meBC,bulk
(meBC,bulk,>700) increased from less than 0.5 (0.15) µgm−3

to as large as 2.5 (1.0) µgm−3 (by 5.0 (6.6) times). σab,bulk
(σab,bulk,>700) increased from less than 4 (1) Mm−1 to as
large as 25 (10) Mm−1 (by 6.3 (10.0) times). DRFeBC
(DRFeBC,>700) increased from 1 (0.2) W m−2 to as large as
4 (1) W m−2 (by 4.0 (5.0) times). It could be seen that the
variability in eBC>700 was significant. fm,>700, fab,>700 and
fDRF,>700 increased from about 20 %, 20 % and 20 % to as
large as 50 %, 50 % and 40 %, respectively (Fig. 2b), clearly
showing the important role of eBC>700 in BC mass, absorp-
tion and radiative effect.

3.2 Equivalent black carbon mass size distribution

3.2.1 Overview

The time series of eBCMSD in Changzhou and Beijing is
shown in Fig. S1a and b1–b4 in the Supplement. eBCMSD
was presented with normalized probability density func-
tion (pdf) to study general characteristics of eBCMSD. Fig-
ure 3a1 and 3a2 were the normalized pdf over the whole cam-
paign of Changzhou and Beijing, respectively. It could be
seen that eBCMSD in Changzhou was significantly different
from that in Beijing. There were two modes in the median
of eBCMSD in Changzhou, which peaked at around 240 and
1249 nm, respectively. Yu et al. (2010) found three modes
in ECMSD, namely around 300 nm, 1 µm and 5 µm, and
named them condensation mode, droplet mode and coarse
mode, respectively. Following the nomenclature by Yu et
al. (2010), the mode peaking at 240 and 1249 nm could be
termed condensation mode and droplet mode, respectively.
In contrast, only condensation mode was identified in me-
dian eBCMSD in Beijing, which peaked at 427 nm. The vari-
ation in eBCMSD, defined as the difference between the up-
per quartile and lower quartile, in Changzhou was overall
smaller than that in Beijing. The variation in the eBCMSD
value in Changzhou (Beijing) ranged from 0.52 (0.54) to 0.91
(1.73) µgm−3, with an average value of 0.75 (1.05) µgm−3.
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14894 W. Zhao et al.: BC-containing particles larger than 700 nm

Figure 2. (a) eBCMSD from 31 October to 6 November 2021 in Beijing and (b) the corresponding fm,>700 (solid red line), fab,>700
(dashed green line) as well as fDRF,>700 (dotted black line with triangle marker). The solid black line was Dp.

The maximum upper quartile of eBCMSD in Changzhou was
1.58 µgm−3. In comparison, the upper quartile of eBCMSD
in Beijing reached up to 2.14 µgm−3, indicating the evolu-
tion of eBCMSD in Beijing was more drastic than that in
Changzhou.

3.2.2 Evolution with respect to pollution level

In order to investigate the evolution of eBCMSD under dif-
ferent pollution stages, eBCMSD was grouped into three
periods: (1) clean period in which meBC,bulk was lower
than 0.5 µgm−3, (2) transitional period in which meBC,bulk
was greater than 0.5 µgm−3 but lower than 1.0 µgm−3 and
(3) polluted period in which meBC,bulk was greater than
1.0 µgm−3. Data from the clean, transitional and polluted
periods accounted for 22.6 % (30.9 %), 51.3 % (31.9 %) and
26.0 % (37.2 %) of total data in Changzhou (Beijing), respec-
tively, showing that Changzhou (Beijing) was dominated by
the transitional (polluted) period in this study.

In the clean period, there was no distinct difference
in eBCMSD between Changzhou (Fig. 3b1) and Beijing
(Fig. 3b2). eBCMSD in Changzhou and Beijing did not ex-
hibit an obvious modal structure in the size range of measure-
ment. The value of eBCMSD in both Changzhou and Bei-
jing decreased with increasingDp in general. For Changzhou
(Beijing), the median of eBCMSD decreased from 0.87
(0.47) µgm−3 at 200 nm to 0.26 (0.26) µgm−3 at 1500 nm,
with an average value of 0.42 (0.34) µgm−3. The variation
in eBCMSD in Changzhou (Beijing) was 0.24 (0.24) to 0.47
(0.55) µgm−3, with an average value of 0.32 (0.35) µgm−3,
showing that the variation in eBCMSD in Changzhou was
comparable to that in Beijing.

As the polluted stage evolved to the transitional period, the
values of eBCMSD increased in both Changzhou (Fig. 3c1)
and Beijing (Fig. 3c2) compared to those in the clean pe-
riod. The variation in eBCMSD in Changzhou (Beijing)
reached 0.41 (0.44) to 0.86 (0.86) µgm−3 with an average

value of 0.53 (0.61) µgm−3, about twice as much as that in
the clean period. It could be seen that the values of the me-
dian and variation in eBCMSD in Changzhou were compa-
rable to those in Beijing. However, the pattern of eBCMSD
in Changzhou was obviously different from that in Beijing.
The peak value of median eBCMSD was at 240 (347) nm in
Changzhou (Beijing). Median eBCMSD in Changzhou ex-
hibited two modes, namely condensation mode and droplet
mode, with boundary at around 866 nm. In comparison, me-
dian eBCMSD in Beijing only had one mode, namely con-
densation mode. It should be noted that two modes (one
mode) meant that there were two distinct groups (one group)
of BC-containing particles with respect to Dp, not the BC
core size (DBC). The difference in the peak diameter of
condensation mode between Changzhou and Beijing was as
large as 107 nm. Median eBCMSD in the clean period was
subtracted from that at transitional period to study eBC mass
increment at each Dp, as shown in Fig. S4a1. It could be
clearly seen that mass increment in Changzhou peaked at 289
and 1249 nm, contributing to condensation mode and droplet
mode in eBCMSD, respectively. In contrast, mass increment
in Beijing only peaked at 385 nm, contributing to condensa-
tion mode in eBCMSD.

As the pollution stage came to the polluted period, the
value of eBCMSD increased drastically in both Changzhou
(Fig. 3d1) and Beijing (Fig. 3d2) compared to that in
the clean period. Both the median value and the varia-
tion in eBCMSD increased with the development of pol-
lution. The median eBCMSD increased from 0.88 (0.61)
to 2.12 (2.45) µgm−3, with an average value of 1.49
(1.52) µgm−3 in Changzhou (Beijing), about 4 times as
much as the median eBCMSD in the clean period. The
variation in eBCMSD in Changzhou (Beijing) reached 0.60
(0.73) to 1.11 (1.06) µgm−3, with an average value of
0.92 (0.94) µgm−3, about 3 times as much as that in the
clean period. The difference in pattern of eBCMSD be-
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Figure 3. Normalized pdf of eBCMSD measured in (a1–d1) Changzhou and (a2–d2) Beijing as well as σab,size-resolved measured in (a3–
d3) Changzhou and (a4–d4) Beijing. Panels (a1)–(a4), (b1)–(b4), (c1)–(c4) and (d1)–(d4) were statistics over the whole campaign, clean
period, transitional period and polluted period, respectively. The solid red line shows the median and the dashed red lines the lower and upper
quartiles.

tween Changzhou and Beijing became more distinct. Median
eBCMSD in Changzhou clearly exhibited a bimodal struc-
ture where the condensation mode and droplet mode peaked
at 289 and 1249 nm, respectively. Median eBCMSD in Bei-
jing exhibited a unimodal structure where the condensation
mode peaked a 527 nm. As shown in Fig. S4b1, the peak
of mass increment in Changzhou (Beijing) shifted from 289
(385) to 347 (527) nm, varied by 58 (142) nm. The significant
difference in the shift of the peak indicated that the aging
processes at the regional background site were significantly
different from those at the urban site.

3.2.3 Contribution of equivalent black carbon-containing
particles larger than 700 nm to bulk equivalent
black carbon mass concentration

The median (lower quartile–upper quartile) of meBC,bulk
was 0.73 (0.52–1.03) µgm−3 in Changzhou and 0.79 (0.43–
1.31) µgm−3 in Beijing (Fig. 4a1). The median of meBC,bulk
was comparable between Changzhou and Beijing. The
variation in meBC,bulk in Changzhou, 0.51 µgm−3, was
smaller than that in Beijing, 0.88 µgm−3. meBC,bulk,>700
in Changzhou was overall comparable to that in Beijing
(Fig. 4a2). meBC,bulk,>700 was 0.20 (0.13–0.32) µgm−3 in
Changzhou and 0.18 (0.10–0.33) µgm−3 in Beijing. There-
fore, eBC>700 was ubiquitous. Considering that the variation
in meBC,bulk,>700 in Changzhou, 0.19 µgm−3, was compa-
rable to that in Beijing, 0.23 µgm−3, the larger variation in
meBC,bulk in Beijing was mainly from eBC-containing par-
ticles of less than 700 nm. fm,>700 was 27.8 % (20.9 %–

36.5 %) in Changzhou and 24.1 % (17.5 %–34.2 %) in Bei-
jing (Fig. 4a3), indicating that eBC>700 was overall one-
quarter of meBC,bulk. fm,>700 in Changzhou was slightly
larger than that in Beijing, which was contributed by the
droplet mode of eBCMSD in Changzhou. A summary of
meBC is presented in Table 1.

The statistics of mass contribution of eBC>700 were stud-
ied with different pollution stages. As shown in Fig. 4a1,
meBC,bulk increased from 0.41 (0.33–0.45) µgm−3 in the
clean period through 0.71 (0.58–0.83) µgm−3 in the tran-
sitional period to 1.33 (1.16–1.71) µgm−3 in the polluted
period (by 3.2 times) in Changzhou and increased from
0.32 (0.22–0.41) µgm−3 in the clean period through 0.73
(0.61–0.85) µgm−3 in the transitional period to 1.47 (1.21–
1.82) µgm−3 in the polluted period (by 4.6 times) in Bei-
jing. As shown in Fig. 4a2, the change in meBC,bulk,>700
with pollution level was substantial in both Changzhou
and Beijing. For Changzhou, meBC,bulk,>700 increased from
0.11 (0.07–0.15) µgm−3 in the clean period to 0.20 (0.14–
0.27) µgm−3 in the transitional period, and reached 0.40
(0.29–0.50) µgm−3 in the polluted period, increasing by
as much as 3.6 times from the clean period to the pol-
luted period. For Beijing, meBC,bulk,>700 increased from
0.07 (0.05–0.12) µgm−3 in the clean period to 0.17 (0.11–
0.23) µgm−3 in the transitional period, and reached 0.36
(0.25–0.52) µgm−3 in the polluted period, increasing by as
much as 5.1 times from the clean period to the polluted pe-
riod. The change in meBC,bulk and meBC,bulk,>700 was over-
all consistent with the development of pollution, leading to
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Figure 4. Box plots of (a1) meBC,bulk, (a2) meBC,bulk,>700, (a3) fm,>700, (b1) σab,bulk, (b2) σab,bulk,>700, (b3) fab,>700, (c1) DRFeBC,
(c2) DRFeBC,>700 and (c3) fDRF,>700 over the whole campaign (All), clean (C), transitional (T) and polluted (P) period, respectively. The
box extends from the first quartile to the third quartile with a line at the median. The whiskers mark the 5th and 95th percentiles. The circle
inside the box is the mean value. Statistics from Changzhou (Beijing) are colored red (green). The 95th percentile of meBC,bulk,>700 under
the polluted period for Beijing (a2) was 1.00 µgm−3. The 95th percentile of σab,bulk,>700 and that under the polluted period for Beijing (b2)
was 7.80 and 10.30 Mm−1, respectively. The 95th percentile of DRFeBC,>700 under polluted period for Beijing (c2) was 1.41 W m−2.

an inconspicuous change in fm,>700 (Fig. 4a3). fm,>700 in
Changzhou changed from 28.5 % (20.3 %–36.0 %) in the
clean period through 28.4 % (20.7 %–36.9 %) in the transi-
tional period to 27.4 % (22.6 %–36.2 %) in the polluted pe-
riod. fm,>700 in Beijing varied from 26.2 % (18.4 %–36.8 %)
in the clean period through 22.8 % (16.3 %–32.3 %) in the
transitional period to 23.8 % (18.1 %–31.9 %) in the polluted
period.

3.2.4 Diurnal cycle

It could be seen clearly that the value of eBCMSD dur-
ing daytime was overall lower than that during nighttime in
both Changzhou (Fig. 5a1) and Beijing (Fig. 5a2), indicat-
ing that eBCMSD was regulated by the planetary bound-
ary layer or difference in surface emission source (Liu et
al., 2019). For Changzhou (Beijing), eBCMSD from 10:00 to
18:00 (08:00 to 18:00; all times listed in the text are UTC+8)
was obviously lower that from 20:00 to 06:00 (20:00 to
06:00). Accordingly,meBC,bulk in Changzhou reached a min-
imum of 0.56 (0.48–0.88) µgm−3 at 12:00 and a maximum
of 0.97 (0.80–1.24) µgm−3 at 21:00 (Fig. 5b1). meBC,bulk in
Beijing reached a minimum of 0.65 (0.42–1.02) µgm−3 at
14:00 and a maximum of 1.08 (0.55–1.52) µgm−3 at 00:00
(Fig. 5b2). The apparent diurnal cycle was found in the con-
densation mode of eBCMSD, which was mostly less than
700 nm. In contrast, a diurnal cycle was not obvious for
eBCMSD larger than 700 nm for both Changzhou and Bei-
jing. Consequently, meBC,bulk,>700 in Changzhou (Fig. 5c1)
and Beijing (Fig. 5c2) did not exhibit an obvious diurnal cy-
cle.meBC,bulk,>700 in both Changzhou and Beijing fluctuated
around 0.2 µgm−3, consistent with Sect. 3.2.3. Combining

the diurnal variation inmeBC,bulk andmeBC,bulk,>700, fm,>700
was negatively correlated to meBC,bulk according to Eq. (9)
with a higher value during the daytime and a lower value
during the nighttime. fm,>700 reached a maximum of 35.4 %
(26.6 %–41.1 %) at 09:00 and reached a minimum of 23.6 %
(13.9 %–30.8 %) at 21:00 in Changzhou (Fig. 5d1). fm,>700
reached a maximum of 31.0 % (20.8 %–36.9 %) at 15:00 and
reached a minimum of 23.5 % (16.1 %–27.8 %) at 01:00 in
Beijing (Fig. 5d2).

3.3 Size-resolved absorption coefficient

3.3.1 Overview

The general characteristics (time series) of σab,size-resolved in
Changzhou and Beijing are shown in Fig. 3a3 (Fig. S2a)
and Fig. 3a4 (Fig. S2b1–S2b4), respectively. The median
σab,size-resolved in both Changzhou and Beijing exhibited a
unimodal structure. For Changzhou (Beijing), σab,size-resolved
had a maximum value of 7.88 (10.59) Mm−1 at 416.1
(427.2) nm and a minimum value of 1.63 (2.90) Mm−1 at
1500 (1500) nm, with an average value of 5.39 (6.21) Mm−1.
The maximum value was 4.9 (3.7) times larger than the
minimum value in Changzhou (Beijing), showing the sig-
nificant dependence of absorption on particle size. Dp
which had a higher median value of σab,size-resolved corre-
sponded to a larger variation on the whole. The variation
in σab,size-resolved ranged from 2.25 (2.82) Mm−1 at 1500
(1500) nm to 7.43 (17.90) Mm−1 at 500 (527) nm, with an
average value of 4.99 (8.97) Mm−1 in Changzhou (Bei-
jing). The variation in σab,size-resolved was as large as the me-
dian value of σab,size-resolved in both Beijing and Changzhou,
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Figure 5. Diurnal variation in (a1) eBCMSD, (b1) meBC,bulk, (c1) meBC,bulk,>700, (d1) fm,>700 in Changzhou; (a2) eBCMSD,
(b2) meBC,bulk, (c2) meBC,bulk,>700, (d2) fm,>700 in Beijing; (a3) σab,size-resolved, (b3) σab,bulk, (c3) σab,bulk,>700, (d3) fab,>700 in
Changzhou and (a4) σab,size-resolved, (b4) σab,bulk, (c4) σab,bulk,>700, (d4) fab,>700 in Beijing. The solid green line shows the median and
the dashed red lines the lower and upper quartiles.

showing the large variability in BC absorption. The varia-
tion in σab,size-resolved in Beijing was overall 1.8 times larger
than that in Changzhou, indicating that the evolution of
σab,size-resolved in different sites could be significantly differ-
ent.

3.3.2 Evolution with respect to pollution level

σab,size-resolved was grouped into three periods based on
meBC,bulk as described in Sect. 3.2.2. In the clean pe-
riod, the value of σab,size-resolved overall decreased with in-
creasing Dp in both Changzhou (Fig. 3b3) and Beijing
(Fig. 3b4), and the pattern of σab,size-resolved had no ob-
vious modal structure. In Changzhou (Beijing), the value
of σab,size-resolved decreased from 4.67 (3.43) Mm−1 at 200
(427) nm to 0.88 (1.80) Mm−1 at 1500 (1500) nm, with
an average value of 2.95 (2.49) Mm−1. The variation in
σab,size-resolved in Changzhou (Beijing) ranged from 1.06
(1.57) to 2.72 (3.12) Mm−1, with an average value of 2.04
(2.47) Mm−1.

During the transitional period, the unimodal pattern could
be identified in both Changzhou (Fig. 3c3) and Beijing
(Fig. 3c4). Median σab,size-resolved peaked at 416 (427) nm
with a value of 7.80 (10.04) Mm−1 in Changzhou (Beijing).
Median σab,size-resolved in the clean period was subtracted
from that in the transitional period to study the absorption
increment at each Dp, as shown in Fig. S4a2. The increment
of σab,size-resolved in Changzhou (Beijing) had a maximum

value of 3.94 (6.61) Mm−1 at 416 (427) nm and a minimum
value of 0.66 (1.15) Mm−1 at 1500 (1500) nm. The incre-
ment of absorption was greatest at around 420 nm and lowest
at 1500 nm, showing the significant difference in the change
in absorption at different Dp with the development of pollu-
tion. The maximum increment of absorption in Beijing was
1.7 times larger than that in Changzhou. Hence, the evolution
of absorption could be different substantially in different lo-
cations. The variation in σab,size-resolved in Changzhou (Bei-
jing) ranged from 1.94 (2.32) to 4.03 (6.43) Mm−1, with an
average value of 3.08 (4.45) Mm−1, increasing by about 1.5
times compared to the clean period.

In the polluted period, the unimodal pattern of
σab,size-resolved was significant in both Changzhou (Fig. 3d3)
and Beijing (Fig. 3d4). Median σab,size-resolved peaked at 416
(527) nm with a value of 16.79 (25.85) Mm−1 and had a
minimum value of 2.85 (4.23) Mm−1 at 1500 (1500) nm in
Changzhou (Beijing). Compared to the transitional period,
peak diameter remained unchanged in Changzhou but
increased by 100 nm in Beijing, indicating the evolution
of σab,size-resolved with aging process was different between
the regional background site and a typical urban site.
The increment of absorption in Changzhou (Beijing) was
most significant at 416 (527) nm with a value of 12.93
(22.94) Mm−1 and least significant at 1500 (1500) nm with a
value of 1.97 (2.44) Mm−1, as shown in Fig. S4b2. It could
be seen that the diameter of increment in absorption remain
unchanged in Changzhou and shifted by 100 nm in Beijing,
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indicating that absorption at different Dp varied differently
at different locations with the deterioration of pollution.
The variation in σab,size-resolved in Changzhou (Beijing)
ranged from 2.19 (3.82) to 9.05 (15.61) Mm−1, with an
average value of 5.72 (8.22) Mm−1, increasing by about
3 times compared to the clean period, indicating that the
variability in σab,size-resolved increased with the development
of pollution.

3.3.3 Contribution of equivalent black carbon-containing
particles larger than 700 nm to bulk absorption
coefficient

It could be seen from the time series of σab,size-resolved in
both Changzhou (Fig. S2a) and Beijing (Fig. S2b1–S2b4)
that absorption of eBC>700 was non-negligible. σab,bulk was
4.93 (3.53–7.24) Mm−1 in Changzhou and 6.37 (3.31–
11.68) Mm−1 in Beijing on the whole, as shown in Fig. 4b1.
Both median and variation in σab,bulk in Changzhou were
less than that in Beijing. σab,bulk,>700 was 1.03 (0.62–
1.59) Mm−1 in Changzhou, accounting for 19.6 % (15.8 %–
24.6 %) of σab,bulk, and 1.47 (0.81–2.83) Mm−1 in Beijing,
accounting for 25.9 % (19.6 %–33.7 %) of σab,bulk, respec-
tively, as shown in Fig. 4b2 and b3. It could be clearly seen
that eBC>700 contributed substantially to the total absorp-
tion, and should be explicitly considered in BC radiative es-
timation. A summary of σab is presented in Table 1.

With the aggravation of pollution, the change in meBC,bulk
in Changzhou was overall in agreement with that in Bei-
jing (Fig. 4a1). However, the change in σab,bulk with the de-
velopment of pollution was different between Changzhou
and Beijing (Fig. 4b1). In the clean period, σab,bulk in
Changzhou with a value of 2.71 (2.30–3.28) Mm−1 was com-
parable to that in Beijing with a value of 2.47 (1.65–3.28)
Mm−1. In the transitional period, σab,bulk was 4.83 (4.04–
6.02) Mm−1 in Changzhou and 5.93 (4.72–7.33) Mm−1 in
Beijing. The deviation in σab,bulk was about 1 Mm−1 between
Changzhou and Beijing. In the polluted period, σab,bulk was
9.61 (7.99–11.93) Mm−1 in Changzhou and 13.65 (10.94–
17.59) Mm−1 in Beijing. The deviation in σab,bulk came to
4 Mm−1 between Changzhou and Beijing. It could be seen
that with the development of pollution, the change in σab,bulk
in Changzhou was less than that in Beijing. MACbulk , de-
fined as the ratio of median σab,bulk to median meBC,bulk,
changed from 6.61 (7.72) m2 g−1 through 6.80 (8.13) m2 g−1

to 7.23 (9.29) m2 g−1 in Changzhou (Beijing). The increase
in MACbulk in both Changzhou and Beijing with the aggra-
vation of pollution indicated the aging of BC. MACbulk in
Changzhou was overall lower than that in Beijing and in-
creased more slowly than that in Beijing with the develop-
ment of pollution, indicating that the BC properties and ag-
ing process in Changzhou (regional background site) differ
from that in Beijing (typical urban site).
σab,bulk,>700 in both Changzhou and Beijing increased

with the development of pollution, as shown in Fig. 4b2.
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σab,bulk,>700 increased from 0.54 (0.62–1.59) through 0.96
(0.72–1.32) to 1.75 (1.53–2.36) Mm−1 in Changzhou and in-
creased from 0.63 (0.43–0.91) through 1.36 (1.01–1.79) to
3.45 (2.46–5.34) Mm−1 in Beijing. σab,bulk,>700 increased
by 3.2 (5.5) times in Changzhou (Beijing). The relative in-
crease in σab,bulk,>700 was overall consistent with that of
σab,bulk in both Changzhou and Beijing. As a result, there
was no significant change in fab,>700 with the development
of pollution (Fig. 4b3). fab,>700 varied from 19.8 % (15.2 %–
23.8 %) through 19.3 % (15.9 %–25.3 %) to 19.6 % (15.5 %–
24.5 %) in Changzhou and varied from 27.9 % (20.7 %–
36.4 %) through 23.2 % (17.8 %–30.7 %) to 26.7 % (20.4 %–
34.7 %) in Changzhou. It could be seen that the increase in
σab,bulk,>700 in Changzhou was less than that in Beijing with
the development of pollution. Specifically, σab,bulk,>700 in
Beijing was 2.0 times larger than that in Changzhou, show-
ing that the change in σab,bulk,>700 with the aggravation of
pollution could be different significantly in different sites.

3.3.4 Diurnal cycle

σab,size-resolved exhibited a clear diurnal cycle in both
Changzhou (Fig. 5a3) and Beijing (Fig. 5a4) with a lower
value of σab,size-resolved during daytime and a higher value
during nighttime. Accordingly, σab,bulk had a minimum value
of 3.51 (3.16–4.26) Mm−1 at 14:00 and a maximum value of
7.20 (3.80–10.58) Mm−1 at 01:00 in Changzhou (Fig. 5b3).
σab,bulk had a minimum value of 3.96 (2.97–9.10) Mm−1 at
14:00 and a maximum value of 7.86 (4.04–13.19) Mm−1 at
00:00 in Beijing (Fig. 5b4), reflecting regulation by the plan-
etary boundary layer. In contrast, σab,bulk,>700 in Changzhou
(Fig. 5c3) and Beijing (Fig. 5c4) did not exhibit an obvious
diurnal cycle. Therefore, fab,>700, inversely proportional to
σab,bulk, had a higher value during daytime and a lower value
during nighttime. For Changzhou, fab,>700 reached a maxi-
mum at 09:00 with a value of 25.3 % (20.4 %–27.4 %) and
came to minimum at 21:00 with a value of 16.6 % (13.0 %–
19.6 %) (Fig. 5d3). For Beijing, fab,>700 reached a maximum
at 10:00 with a value of 30.4 (21.1 %–36.3 %) and came to
minimum at 01:00 with a value of 24.5 % (17.2 %–28.1 %)
(Fig. 5d4).

3.4 Direct radiative forcing of equivalent black carbon

3.4.1 Overview

The time series of DRFeBC in Changzhou and Beijing is
shown in Fig. S3a1 and S3b1–S3b4, respectively. It can be
seen that DRFeBC varied significantly in both Changzhou
and Beijing. DRFeBC was estimated to be 0.93 (0.70–
1.39) W m−2 in Changzhou and 1.10 (0.65–2.00) W m−2 in
Beijing, respectively (Fig. 4c1). The variation in DRFeBC
was as large as the median value of DRFeBC, clearly indicat-
ing the large variability in the BC radiative effect. DRFeBC
increased substantially with the aggravation of pollution
(Fig. 4c1). DRFeBC increased from 0.38 (0.38–0.38) through

0.77 (0.70–0.98) to 1.67 (1.29–2.07) W m−2 (by 4.4 times) in
Changzhou and from 0.42 (0.33–0.66) through 1.17 (0.79–
1.45) to 2.41 (1.68–2.86) W m−2 (by 5.7 times) in Beijing
with the development of pollution. A summary of DRFeBC is
presented in Table 1.

3.4.2 Contribution of equivalent black carbon-containing
particles larger than 700 nm to direct radiative
forcing of equivalent black carbon

DRFeBC,>700 was estimated to be 0.19 (0.13–0.26) W m−2

in Changzhou and 0.20 (0.13–0.37) W m−2 in Beijing
(Fig. 4c2), respectively, which accounted for 20.5 %
(18.4 %–22.2 %) and 21.0 (16.3–26.1 %) of DRFeBC
(Fig. 4c3), respectively. Therefore, eBC>700 contributed an
important portion of the BC radiative effect. With the ag-
gravation of pollution, DRFeBC,>700 increased substantially
and was different regionally (Fig. 4c2), DRFeBC,>700 in-
creased from 0.10 (0.10–0.10) through 0.17 (0.12–0.26)
to 0.24 (0.22–0.30) W m−2 (by 2.4 times) in Changzhou
and from 0.10 (0.08–0.12) through 0.20 (0.17–0.24) to
0.47 (0.34–0.71) W m−2 (by 4.7 times) in Beijing. The
characteristics of fDRF,>700 with increasing pollution was
complicated (Fig. 4c3). fDRF,>700 varied from 25.0 %
(25.0 %–25.0 %) through 21.1 % (20.3 %–22.3 %) to 17.6 %
(15.5 %–18.9 %) in Changzhou, exhibiting a decreasing
trend. However, fDRF,>700 varied from 24.4 % (17.4 %–
27.7 %) through 18.4 % (15.4 %–24.5 %) to 21.5 % (19.1 %–
26.9 %) in Changzhou, without systematical change.

4 Conclusions

Black carbon (BC) mass size distribution (BCMSD) is an im-
portant factor influencing environmental and radiative effect
of BC. However, current BCMSD measurements mainly fo-
cus on BC-containing particles of less than 700 nm. The char-
acteristics of BC-containing particles of greater than 700 nm
(BC>700) have remain uncertain due to technical limita-
tions. In this study, the characteristics of equivalent BC>700
(eBC>700) were measured and studied based on field mea-
surements in eastern China.

Equivalent BCMSD (eBCMSD) was measured from
150 nm up to 1.5 µm with a time resolution of 1 h based on
the method proposed by Zhao et al. (2022), where eBCMSD
was determined by an aerodynamic aerosol classifier (AAC)
in tandem with a model AE33 aethalometer (AAC-AE33),
and size-resolved particle number concentration was mea-
sured concurrently to model the influence of particle size
on mass absorption cross section (Zhao et al., 2021). AAC-
AE33 was applied to two field measurements in eastern
China, namely Changzhou, located on the Yangtze River
Delta from 17 May to 3 June 2021, and Beijing, located on
the North China Plain from 29 October 2021 to 26 January
2022. Changzhou was a regional background site and Beijing
was a typical urban site. The direct radiative forcing of eBC
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(DRFeBC) was estimated using the Santa Barbara DISORT
(discrete ordinates radiative transfer) atmospheric radiative
transfer (SBDART) model (Ricchiazzi et al., 1998).

eBCMSD was different between Changzhou and Bei-
jing. Campaign-averaged eBCMSD in Changzhou exhibited
two modes, peaking at 240 and 1249 nm, respectively. In
contrast, campaign-averaged eBCMSD in Beijing exhibited
one mode, peaking at 427 nm. eBC>700 was ubiquitous in
both Changzhou and Beijing. The campaign-averaged mass,
absorption and radiative contribution of eBC>700 to bulk
eBC mass concentration (meBC,bulk), bulk absorption co-
efficient (σab,bulk) and DRFeBC in Changzhou and Beijing
were 27.8 % (20.9 %–36.5 %) and 24.1 % (17.5 %–34.2 %),
19.6 % (15.8 %–24.6 %) and 25.9 % (19.6 %–33.7 %) and
20.5 % (18.4 %–22.2 %) and 21.0 % (16.3 %–26.1 %), re-
spectively, reflecting the important role of eBC>700 in the en-
vironment and climate. Both eBCMSD and the size-resolved
absorption coefficient (σab,size-resolved) exhibited diurnal vari-
ations, with a lower value during the daytime and a higher
value during the nighttime in both Changzhou and Beijing.

With the aggravation of pollution, the evolution of
eBCMSD and σab,size-resolved in Changzhou was signifi-
cantly different from that in Beijing. The peak diameter
of eBCMSD shifted from 240 (347) to 289 (527) nm in
Changzhou (Beijing) and the peak diameter of σab,size-resolved
shifted from 416 (427) to 416 (527) nm in Changzhou (Bei-
jing), indicating that the aging process at the regional back-
ground site was distinct from that at the urban site. The
value of both eBCMSD and σab,size-resolved increased with the
development of pollution in both Changzhou and Beijing.
Accordingly, meBC,bulk, σab,bulk and DRFeBC in Changzhou
(Beijing) increased by 3.2 (4.6), 3.5 (5.5) and 4.4 (5.7) times,
respectively. meBC,bulk, σab,bulk and DRFeBC of eBC>700 in
Changzhou (Beijing) increased by 3.6 (5.1), 3.2 (5.5) and 2.4
(4.7) times, respectively, clearly showing the large variation
in eBC>700. The case study showed that the contribution of
eBC>700 to meBC,bulk, σab,bulk and DRFeBC could increase
from 20 % to 50 %, from about 20 % to 50 % and from 20 %
to 40 %, respectively. Therefore, BC>700 is an important part
of BC-containing particles and it is highly recommended to
take BC>700 into account in both BC field measurements and
model evaluation of BC climate effects.
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