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Abstract. Establishment of the sources and mixing state of
black carbon (BC) aerosol is essential for assessing its im-
pact on air quality and climatic effects. A winter campaign
(December 2017-January 2018) was performed in the North
China Plain (NCP) to evaluate the sources, coating compo-
sition, and radiative effects of BC under the background of
emission reduction. Results showed that the sources of lig-
uid fossil fuels (i.e., traffic emissions) and solid fuels (i.e.,
biomass and coal burning) contributed 69 % and 31 % to the
total equivalent BC (eBC) mass, respectively. These values
were arrived at by using a combination of multi-wavelength
optical approach with the source-based aerosol absorption
Angstrém exponent values. The air quality model indicated
that local emissions were the dominant contributors to BC
at the measurement site. However, regional emissions from
NCP were a critical factor for high BC pollution. A single-
particle aerosol mass spectrometer identified six classes of
elemental carbon (EC)-containing particles. They included
EC coated by organic carbon and sulfate (52 % of total EC-
containing particles); EC coated by Na and K (24 %); EC
coated by K, sulfate, and nitrate (17 %); EC associated with
biomass burning (6 %); pure-EC (1 %); and others (1 %).

Different BC sources exhibited distinct impacts on the EC-
containing particles. A radiative transfer model showed that
the amount of detected eBC can produce an atmospheric di-
rect radiative effect of +18.0 W m™2 and a heating rate of
0.5Kd~'. This study shows that reductions of solid fuel
combustion-related BC may be an effective way of mitigat-
ing regional warming in the NCP.

1 Introduction

In the few past decades, black carbon (BC) aerosol has at-
tracted considerable attention due to its substantial effects on
the climate and atmospheric environment (Bond et al., 2013).
It has strong light-absorption abilities that lead to substantive
climate change in the global atmosphere (+1.1 Wm™2). It
is considered to be the second largest anthropogenic warm-
ing agent after carbon dioxide (Bond et al., 2013). In addi-
tion, the high atmospheric BC loading inhibits the develop-
ment of a planetary boundary layer and enhances haze pol-
Iution (Ding et al., 2016). Reducing atmospheric BC load-
ing is regarded as a win—win intervention for mitigating cli-
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mate change and improving air quality (Kopp and Mauzerall,
2010).

Different emission sources (e.g., fossil fuel and biomass
burning) and complex physicochemical properties (e.g., mor-
phology, size, and coating composition) have hindered the
efforts to assess the climatic and environmental impacts
of BC (Vignati et al., 2010). To determine BC sources,
current methods rely on data obtained from offline filter-
based or online spectroscopic techniques (Briggs and Long,
2016). Among them, the carbon isotope approach (Zhang
et al.,, 2015) and multi-wavelength optical method (Zotter
et al., 2017) are often used to determine BC sources. The
carbon isotope approach can be used to obtain relatively ac-
curate results of BC sources. However, the analysis is lim-
ited by the time resolution of the filter samples. The multi-
wavelength optical method utilizes online data and has the
advantage of a superior time resolution when determining
BC sources. The principle of the multi-wavelength optical
method is based on Beer—Lambert’s Law. It utilizes mea-
sured aerosol light absorption at different wavelengths (San-
dradewi et al., 2008). However, due to the lack of source-
specific aerosol absorption Angstrom exponent (AAE), stud-
ies often cite AAEs from previous literature, with fuel types
being distinct among studies (Kalogridis et al., 2018; Zheng
et al., 2019). These components induce potential uncertain-
ties in using the multi-wavelength optical method. Therefore,
a diverse set of AAEs from different source emissions are
needed to improve the performance of this method.

Black carbon mixing state is when another chemical com-
position is coated on BC particles (internally mixed) or exists
as separate particles (externally mixed). Freshly emitted BC
particles (e.g., diesel vehicle emissions) exhibit typical ex-
ternal mixing, but over time, they become internally mixed
with other non-BC materials (e.g., organics, sulfate, and ni-
trate) during atmospheric processes (Eriksson et al., 2017).
Compared to uncoated BC particles, the coated ones enhance
the absorption efficiency of solar radiation by a factor of 1.2—
2.0. This factor is strongly correlated with the chemical com-
position of the coatings on BC particles and their thickness
(Wang et al., 2014; Fierce et al., 2016; Liu et al., 2017). De-
termination of BC mixing states through observation is chal-
lenging. Advances in online mass spectrometric techniques
have enabled the elucidation of chemical characteristics of
BC coatings. Based on this method, studies have reported di-
rect observations of chemical compositions associated with
BC-containing particles and their evolutionary features in the
atmosphere (Zhang et al., 2014; Arndt et al., 2017).

China is a hotspot for anthropogenic BC emissions. It ac-
counts for up to 14 % of the global BC radiative forcing (Li et
al., 2016). In the past decade, China has experienced severe
air pollution, especially in the North China Plain (NCP) (An
et al., 2019). To improve air quality, the Chinese State Coun-
cil has promulgated a series of regulations to reduce air pol-
lutants. The most rigorous regulation of the “Action Plan for
the Prevention and Control of Air Pollution (APPCAP)” re-
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leased on 10 September 2013, aimed at reducing particulate
matter by up to 10 % in 2017 relative to 2012 levels for all
prefecture-level cities in China. Studies have demonstrated
the effectiveness of China’s clean air policies in the reduction
of particulate matter (Zhang et al., 2019). Decreased BC and
co-emitted pollutant levels affects the interactions between
BC and secondary aerosols, which in turn results in changes
in the physicochemical properties of the BC aerosol. To re-
duce emissions, the assessment of physicochemical charac-
teristics of BC will enhance the understanding of anthro-
pogenic climate impact in China. However, studies focused
on this aspect are limited. Therefore, we performed intensive
measurements during winter in the last year of the APPCAP
at a regional site in the NCP region to determine the influ-
ences of different sources and regions to BC loading, iden-
tify the chemical composition of BC coatings, and evaluate
the impact of BC on radiative effect.

2 Methodology
2.1 Sampling site

The sampling site was the Xianghe Atmospheric Integrated
Observatory (39°45’'N, 116°57'E). It is located in a small
county of Xianghe, north of the NCP (Fig. 1). The county
has an area of 458 km? and a total population of 0.36 mil-
lion. It is bordered by Beijing in the northwest (~ 45 km)
and Tianjin in the southeast (~ 79 km). This place is con-
sidered to be a regional observatory site that is exposed to
frequent pollution plumes (e.g., urban, rural, or mixed ori-
gins) from surrounding areas (Wang et al., 2019a). Intensive
measurements were performed in winter (1 December 2017
to 31 January 2018). During this period, atmospheric temper-
ature was —1 °C, while the relative humidity was 35 %.

2.2 Field observations
2.2.1 Aethalometer measurement

A model AE33 aethalometer (Magee Scientific, Berkeley,
CA, USA) was used to measure aerosol light absorption at
multiple wavelengths (baps (1), A = 370, 470, 520, 590, 660,
880, and 950 nm) with a PM3 5 cyclone (SCC 1.829, BGI Inc.
USA). A schematic representation of the instrumental setup
of the ambient aerosol measurements is shown in Fig. S1 in
the Supplement. The operational principle of this instrument
was described in detail by Drinovec et al. (2015). Briefly,
seven different light sources are used to irradiate the filter
deposition spot, and light attenuation is detected by opti-
cal sensors. The biases associated with the nonlinear load-
ing effect were resolved by the AE33 aethalometer. How-
ever, the impact of filter matrix scatters interferes with the
accuracy of measurements (Drinovec et al., 2015). To over-
come this limitation, a photoacoustic extinctiometer (PAX)
operating at a A = 532 nm was installed in parallel with the
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Figure 1. Map showing the Xianghe sampling site and surrounding areas. The map was drawn using ArcGIS software. The base map is
the World Topographic Map from © ESRI (Environmental Systems Research Institute, Inc.) (https://www.arcgis.com/home/item.html?id=

30e5fe3149c¢34df1ba922e6f5bbf808T, last access: September 2019).

AE33 aethalometer. A detailed operating principle and the
calibrating procedures of PAX were described in our previ-
ous publication (Wang et al., 2018). As shown in Fig. S2, a
520 nm wavelength of AE33 absorption was strongly corre-
lated with the PAX absorption (R?=0.97, p <0.01). The
slope of 2.57 was then used to correct the AE33 data. How-
ever, a single-wavelength-based correction method may re-
sult in underestimation at A = 370 and 470 nm and overesti-
mation at A = 590, 660, and 880 nm (Kim et al., 2019).

Furthermore, based on the assumption that only BC is
absorbed at the near-infrared region, the mass concentra-
tion of equivalent BC (eBC) was estimated using b,ps(880).
The mass absorption cross section (MAC) of eBC at A =
880nm (MAC.gc(880)) was a conversion factor between
babs (880) and eBC. It was retrieved from the correlation be-
tween b,phs (880) and filter-based elemental carbon (EC, see
Sect. S1 in the Supplement). A good correlation of byps (880)
and EC mass concentration (R? = 0.86, p < 0.01) was ob-
served as shown in Fig. S3. Therefore, the MAC.pc(880)
was estimated by baps(880) dividing the EC mass concen-
tration (MACepc(880) = byps(880)/[EC]).

2.2.2 Single-particle aerosol mass spectrometer
(SPAMS)

A SPAMS (Hexin Analytical Instrument Co., Ltd.,
Guangzhou, China) was used to determine the real-
time chemical composition of EC-containing particles.

https://doi.org/10.5194/acp-20-15427-2020

Ambient aerosol was drawn into the evacuated system
through a critical orifice (100 um) at a flow rate of 0.08
L min~!. After passing through an aerodynamic lens, the
sampled particles were accelerated to certain speeds. Two
diode Nd:YAG lasers (MLL-III-532, Changchun, China)
operating at 532 nm were used to determine the aerodynamic
diameters (0.2-2.0um) of the passing particles. A pulsed
266 nm Nd:YAG laser (UL728F11-F115, Quantel, France)
was then used to ionize the particles. Finally, a dual-polar
time-of-flight mass spectrometer was applied to detect the
generated positive and negative fragment ions. A MATLAB-
based YAADA toolkit (http://www.yaada.org/, last access:
May 2019) was used to search and analyze the imported
single-particle mass spectral data. An adaptive resonance
theory-based neural network algorithm (ART-2a) was used
to perform particle clustering, with a vigilance factor of 0.8,
a learning rate of 0.05, and 20 iterations (Li et al., 2019).

2.3 Source emission experiments

A custom-made passivated aluminum chamber (~ 8 m3) was
used to characterize the emission of solid fuels (i.e., biomass
and coal) (Fig. S4). Performance evaluation of this cham-
ber was done by Tian et al. (2015). Several types of biomass
residues (wheat straw, rice straw, corn stalk, cotton stalk,
sesame stalk, soybean straw, and firewood) and coal (bitumi-
nous coal and honeycomb briquette) were used to represent
biomass burning and coal combustion that occurs in the NCP.
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Each weighted sample was burned on a platform or a stove
that was placed inside the combustion chamber. For biomass
burning, the chamber background bans(A) was measured by
AE33 aethalometer before ignition. When the background
baps(X) was close to zero and stable, a propane torch was
used to ignite the biomass on the platform. For coal combus-
tion, a burned-out honeycomb coal in the stove was used as
the igniter after the background bgps(A) was small and stable
in the chamber. The emitted smokes of each burn test were
first diluted by a Model 18 dilution sampler (Baldwin En-
vironmental Inc., Reno, NV, USA) before AE33 acthalome-
ter measurements (Fig. S4). The byps (1) used to estimate the
AAE was averaged over the entire period of each burn from
ignition to bgps(A) back to the background.

The motor vehicle exhaust emissions were performed us-
ing a LDWJ6/135 detection system of loading and speed re-
duction on the light-duty diesel vehicle (Shenzhen Huiyin In-
dustrial Development Co., Ltd, Shenzhen, China). This sys-
tem contains two different sizes of expansion cylinders that
are used to carry the driving wheels of the vehicles. Figure S5
shows the schematic presentation of the instrumental setup of
motor vehicle exhaust emissions. Gasoline and diesel cars at
idle and at different driving speeds (i.e., 20 and 40kmh~")
were tested. The automobile exhaust smoke particles were
collected using a particle sampling probe in the exhaust pipe.
The particles were dried by a silica gel dryer before AE33
aethalometer measurement. The measured b,ps (1) used to es-
timate the AAE was averaged over the period that the driving
speed was relatively stable.

2.4 Data analysis methods

2.4.1 Multi-wavelength optical method

A multi-wavelength optical method proposed by Sandradewi
et al. (2008) was used to quantify the influence of liquid fossil
fuels (i.e., gasoline and diesel for traffic emissions) and solid
fuels (i.e., biomass and coal) to eBC mass at Xianghe. The
measured b,ps(A) at the wavelengths of 370 nm (b,ps(370))
and 880 nm (b,ps(880)) were used in this study. The byps(A)
value is determined by carbonaceous aerosols and mineral
dust. The mass fraction of mineral dust in PM» 5 was small
(11 %) during the campaign. Moreover, the MAC of min-
eral dust was 0.09 m? g~! at A = 370 nm and 0.001 m?> g~ ! at
A = 880nm (Yang et al., 2009). Therefore, the light absorp-
tion capacity of mineral dust in this study is negligible. For
carbonaceous absorption, it can be divided into light absorp-
tion attributed to primary emissions (i.e., BC and primary
brown carbon (BrC)) and secondary formation (i.e., sec-
ondary BrC) (Laskin et al., 2015). Therefore, the byps(370)
and b,ps(880) could be calculated from the perspective of
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emission sources as follows:

babs(ggo)lff + babs (880)sf = babs(ggo) s (1)
babs(370)lff + babs (370)sf = babs (370) - babs (370) sBrC » (2)

babs 370Nt _ (370>‘AAE'“ .
babs(880)iir  \ 880 ’
babs 3705t _ (370)*‘“8*‘ @
Dabs (880) st 880 ’

where b,ps(880) 15 and b,ps (880)sr refer to the light absorp-
tive capacity of BC at A = 880 nm from liquid fossil fuel and
solid fuel sources, respectively; baps (370)15r and baps (370)g¢
are the light absorptive capacities of BC and primary BrC
at A = 370 nm emitted from liquid fossil fuel and solid fuel
sources, respectively; byps(370)4prc is the absorption caused
by secondary BrC, which was estimated by a BC tracer
method combined with a minimum R-squared approach
(Wang et al., 2019b); and AAEj; and AAEgs describe the
aerosol AAEs from sources of liquid fossil fuels and solid
fuels, respectively.

After obtaining byps (880)1¢r and byps (880)sf, the mass con-
centrations of eBC contributed by liquid fossil fuel and solid
fuel sources (eBCjs and eBCgt, respectively) were calculated
by dividing MAC.pc(880) as follows:

Daps (880)1¢¢

BCif= ————, 5

M = MAC 50 (880) )
Dabs f

eBCszw. (6)
MAC.pc(880)

The underlying assumption of Egs. (5) and (6) was that the
MACpc(880) value was the same from liquid fossil fuel and
solid fuel sources. The rationality of this assumption has been
confirmed by Zotter et al. (2017).

2.4.2 Regional chemical dynamical model

In this study, local and regional contributions to BC mass at
Xianghe were quantified by the Weather Research and Fore-
casting model coupled with Chemistry (WRF-Chem). The
BC utilized as a tracer was added into the WRF-Chem to im-
prove the model’s operational efficiency (Zhao et al., 2015).
Detailed descriptions regarding the model’s configurations
are shown in Sect. S2. The performance of WRF-Chem simu-
lation was evaluated with a mathematical parameter of index
of agreement (IOA). This index describes the relative differ-
ences between the simulated and observed values. The IOA
values vary from O to 1. An index that is closer to 1 is asso-
ciated with better performance of the simulation model. The
TIOA was calculated as follows (Li et al., 2011):

SN (S —00)?
SN L(1Si = Savel +10i — Ouel)?

whereby S; and O; were the simulated and observed mass
concentrations of BC, respectively; Sive and Oy repre-

IOA=1-

(N
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sented the average value of simulated and observed BC load-
ings, respectively; and N denoted the number of simulations.

2.4.3 Radiative effect and heating rate

Aerosol direct radiative effect (DRE) (Heald et al., 2014) at
the top of the atmosphere (TOA) or at the Earth’s surface
(ES) is the difference between the incoming ({,) and outgoing
(1) solar fluxes (F) with and without aerosols:

DRE = (F i* —-F T)with aerosol — (F l, —F T)withoul aerosol (8)

The aerosol DRE in the atmosphere was calculated by sub-
tracting the DRE at the Earth’s surface from the DRE at the
top of the atmosphere.

In this study, the Santa Barbara DISORT Atmospheric
Radiative Transfer (SBDART) model that was developed
by Ricchiazzi et al. (1998) was used to perform the radia-
tive transfer calculations in the shortwave spectral region
of 0.25-4.0 um. The SBDART model is a widely used tool
for estimating aerosol DRE in the atmosphere (e.g., Zhang
et al.,, 2017; Rajesh and Ramachandran, 2018; Boiyo et
al., 2019). A detailed description of this model can be found
in Ricchiazzi et al. (1998). The aerosols’ optical depth, single
scattering albedo, and asymmetric parameters are essential
input factors in the SBDART model. These optical parame-
ters were estimated using the Optical Properties of Aerosols
and Clouds (OPAC) model (Hess et al., 1998). Detailed
calculations are shown in Sect. S3. Moreover, the surface
albedo, solar zenith angle, and atmospheric parameter pro-
files are also important input factors in the SBDART model.
The surface albedo was derived from the Moderate Resolu-
tion Imaging Spectroradiometer (https://atmosphere-imager.
gsfc.nasa.gov/ALBEDO/index.html, last access: November
2019). The solar zenith angle was estimated using the lati-
tude, longitude, and sampling time of the location. The at-
mospheric vertical profiles (including vertical distributions
of temperature, pressure, water vapor, and ozone density) of
midlatitude winter embedded in the SBDART model were
used.

After obtaining eBC DRE, the atmospheric heating rate
(%—f, in unit of Kd~!) induced by eBC was further calculated
using the first law of thermodynamics and hydrostatic equi-
librium as follows (Liou, 2002):

g F

—F X =, (9)
i Cp, P
where Cip described the lapse rate, of which g was the ac-
celeration due to gravity and Cp, represented the specific heat
capacity of air at a constant pressure (1006 kg~ ! K~1); AF
was the atmospheric forcing induced by the eBC aerosol; and

AP was representative of the atmospheric pressure differ-
ence, which was assumed to be 300 hPa.
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3 Results and discussion
3.1 BC source apportionment
3.1.1 Determination of source-specific AAEs

Table 1 summarizes the average AAEs obtained from the
sources of liquid fossil fuels and solid fuels. These source-
specific AAEs were calculated using b,ps(370) and byps (880)
(Egs. 3 and 4). The average AAE; was 1.3 £0.2 with the
gasoline car exhibiting higher values (1.4-1.5) compared to
the diesel engine car (1.1-1.2). In comparison with AAE,
a higher average value was exhibited by AAEgs (2.8 &= 1.0).
The highest value was, however, obtained from honeycomb
briquette emissions (4.0£0.9), followed by burning firewood
(2.9+0.2), crop residue emissions (2.4 0.4), and bitumi-
nous coal emissions (1.1 4= 0.2). The variance in AAE was
attributed to the different types of solid fuels and their burn-
ing conditions. For example, the AAEs exhibited a weak but
significant inverse correlation with combustion efficiency at
95 % confidence interval, as shown in Fig. S6 (R2 =0.14,
p < 0.05).

From Eqgs. (1)—(4) of the multi-wavelength optical method,
its limitation is attributed to the choice of source-specific
AAE. Since AAE exhibited high variations (e.g., 1.1-4.0
in this study), different AAE selections may lead to un-
certainties when estimating the contributions of solid fuels
and liquid fuels to eBC mass. In this study, the obtained
average AAEjy (1.3) and AAEgs (2.8) were applied in the
multi-wavelength optical method to obtain eBC source ap-
portionment. A sensitivity test for each eBC source and or-
ganic aerosol (OA) subtype was further performed to ver-
ify the rationality of the used AAEs. The mass concentration
of OA was measured using an aerosol chemical speciation
monitor (ACSM). The primary OA was further resolved into
hydrocarbon-like OA (HOA), biomass burning OA (BBOA),
and coal combustion OA (CCOA). HOA is associated with
liquid fuel sources, while the BBOA and CCOA are asso-
ciated with solid fuel sources. Detailed descriptions of OA
measurements and its source apportionment are shown in the
supplementary material of Wang et al. (2019b).

In light of the range of source-based AAEs as shown in
Table 1, a series of AAEj and AAEgs were used to obtain
the mass concentrations of eBCy and eBCgs. Correlations
for eBCysr versus HOA and eBCgs versus (BBOA + CCOA)
were then established as shown in Fig. 2. AAEj variations
could not affect the correlations between eBCisr and HOA
at a fixed AAEy. However, their R? increased as AAEq; in-
creased before 3. When the AAEgs was larger than 3, the R?
was constant regardless of the variability in AAEg. In con-
trast, at a fixed AAEj, the R? between eBCyt and (BBOA
+ CCOA) was independent of the AAEgs variation. For the
AAEj (1.3) and AAEgs (2.8) used in this study, the coeffi-
cients of determining eBCysr versus HOA (R2 =0.60) and
eBCy versus (BBOA + CCOA) (R?=0.66) were deter-
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Table 1. Summary of the aerosol absorption Angstrom exponent (AAE) obtained from source experiment.

Solid fuel | Liquid fuel
Crop residues  Firewood  Bituminous coal ~Honeycomb briquette ‘ Gasoline  Diesel
Maximum 33 32 14 52 1.5 1.3
Minimum 1.6 2.7 1.0 22 14 1.0
Average? 2.4 2.9 1.1 4.0 1.5 1.2
SDpP 0.4 0.2 0.2 0.9 0.1 0.1
Test number® 30 4 4 16 3 7

4 The average value was calculated using the light absorption of the entire period of each burn. ® SD is standard deviation. © Test number

represents the number of performed experiments.

mined from the upper limit of all the R? values obtained
from different ranges of AAEjs and AAEg (Fig. 2). Further-
more, the estimated ratios of HOA / eBCgr (1.7) and (BBOA
+ CCOA) / eBCst (8.4) were comparable to the values cal-
culated with emission factors (Cheng et al., 2010; Sun et
al., 2018). Therefore, the AAEj; of 1.3 and AAEg of 2.8
were reasonable selections for this study.

3.1.2 Characteristics of eBCy and eBCyy

Figure 3a shows that the hourly eBC mass concentration
varied from 0.1 to 24.4ugm™> with an average of 3.6+
4.0ugm=3. The estimated eBCyy (2.5ugm™>) comprised
69 % of the total eBC loading, which was over 2 times larger
than the contribution of eBCgt (31 %, 1.1 g m—3) (Fig. 3b).
This indicated that at Xianghe, traffic emissions were the
dominant contributors to eBC mass. As shown in Fig. 3c,
the diurnal variation of eBCjg exhibited peaks at 08:00 and
19:00LT. These findings coincided with the rush-hour traf-
fic of the morning and evenings. The peaks of eBCg were
also found to be in the same period as eBC. However, they
could be attributed to residential cooking in surrounding rural
areas where solid fuels are a commonly used source of house-
hold energy (Liu et al., 2016). Due to the increased planetary
boundary layer height and wind speed (for data sources, see
Sect. S1), decreased eBCjs and eBCg¢ values were observed
in the afternoons (Fig. 3d). In contrast to the rapid decline
in eBCysr after 19:00 LT eBCy; persisted at a high level un-
til midnight. Moreover, the eBC fraction in eBC was also
elevated towards the night, indicating enhanced heating ac-
tivities using solid fuels during cold nights.

Figure 4 compares findings from various studies regard-
ing eBC sources, and their detailed information is summa-
rized in Table S1. Because of the heavy traffic, liquid fossil
fuel emissions are major contributors to eBC mass in urban
areas. However, emissions from solid fuels contribute more
to eBC mass compared to liquid fossil fuels in rural areas.
This is attributed to wood burning used as an energy source
in rural households. In addition, the dominant eBC source in
winter NCP has changed from previously being solid fuels
to currently being liquid fossil fuels. This change is prob-
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ably attributed to the rigorous regulations that have been
promulgated by the Chinese State Council in recent years.
The large-scale project of coal-to-gas switching is considered
an effective way of reducing atmospheric pollutants (Qin et
al., 2017). Moreover, the total number of vehicles in the NCP
region increased from 38.7 million in 2013 to 60.3 million in
2017 (NBS, 2018), although high-emission motor vehicles
are banned. Therefore, emissions from liquid fossil fuels are
more important to eBC compared to solid fuels.

3.2 Contribution of regional transport to BC

The 2-23 January 2018 period was arbitrarily selected to ex-
plore the influence of regional transport on BC loading in
Xianghe using the WRF-Chem model. The simulated mass
concentration of BC was significantly correlated with the
measured value (R?> = 0.61, p < 0.01) as shown in Fig. S7.
The estimated IOA was 0.72. This indicated that the forma-
tion process of BC was captured by WRF-Chem. As shown
in Fig. S8, six source regions were identified in the WRF-
Chem model to quantify the contributions of local emissions
and regional transport to total BC mass. The information on
each source region is summarized in Table S2, and their con-
tributions to total BC mass are shown in Fig. 5.

Local emissions (53 %) contributed more to BC mass com-
pared to regional transport (47 %). Furthermore, regional
transport could be divided into 20 % from Beijing, 5 % from
Tianjin, 11 % from the NCP, 9 % from northern Hebei, and
2 % from other regions. Figure 6 shows the correlations be-
tween total BC mass and the contributions of each source
region. Local emission contributions were negatively corre-
lated with total BC loading (Fig. 6a). This finding shows
the increasing importance of regional transport at high BC
episode. Among the regional transport areas, the contribu-
tions of Tianjin and NCP exhibited a positive correlation with
total BC loading (Fig. 6¢c and d) suggesting their important
roles in BC pollution at the sampling site.

A high BC loading episode was recorded on 12-13 Jan-
uary and was taken as an example to explore the formation
process of regional pollution (Fig. 7). On 11 January before
BC pollution, strong northwesterly winds prevailed in the

https://doi.org/10.5194/acp-20-15427-2020
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north of Xianghe. About 44 % and 32 % of the total BC mass
was contributed by Region 1 (local emissions) and Region 2
(Beijing), respectively. Afterwards, the winds turned to the
southwest and passed over the NCP region on 12 January.
The mass concentration of BC increased sharply. Regional
transport contributed to 83 % of the total BC mass, of which
the NCP region accounted for 63 % (Fig. 5). On 13 January,
the winds switched towards the south over the NCP region
but decreased near the sampling site. Therefore, the contri-
bution of regional transport reduced to 66 % of the total BC
mass with 40 % from NCP region and 15 % from Tianjin
(Fig. 5). On 14 January, the winds turned to the northwest,

https://doi.org/10.5194/acp-20-15427-2020

and the mass concentration of BC decreased gradually. Fi-
nally, the high BC pollution episode dissipated.

3.3 Chemical composition of EC-containing particles

The chemical compositions of EC-containing particles were
determined using a SPAMS. A total of 454433 particles
whose mass spectra had obvious carbon fragment ions (e.g.,
m/z£12, £24, £36, £48, 60, and so on) were identified as
EC-containing particles. Six particle categories, EC-OCSOx,
EC-NaK, EC-KSOxNOx, EC-BB, pure-EC, and EC-others,
were classified based on their mass spectral feature. The av-
erage mass spectral pattern of each class is shown in Fig. 8§,

Atmos. Chem. Phys., 20, 15427-15442, 2020
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and the contribution of each class to the total EC-containing
particles is summarized in Table 2.

The EC-OCSOx particles were characterized by obvi-
ous signals of organic carbon (OC) (e.g., 31C3HT, 39C3HJr
S0C4HY, 2'CoH], S1C4HY, and % (CH3),NH,OHY) in the
positive mass spectrum and strong sulfate signal (97HSO )
in the negative mass spectrum. This group exhibited the high-
est contribution to the total EC-containing particles (52 %,
Table 2), indicating that EC was mainly coated with OC and
sulfate. The presence of $BC,H301, a marker denoting the
oxidized organics (Gunsch et al., 2018), and 97HSOZ im-
plied that EC-OCSOx underwent a certain degree of atmo-

Atmos. Chem. Phys., 20, 15427-15442, 2020

spheric aging. Figure 9 shows the number of fractions of each
class of EC-containing particles at different ranges of eBCjgr
and eBCgs. The EC-OCSOx number fraction increased as
eBCys increased. In contrast, it dropped when eBCig was
higher than the value of the 75th percentile of eBCjs. This in-
dicated a greater impact of solid fuel source on EC-OCSOx
at a high eBC loading environment compared to the liquid
fossil fuel source. The diurnal variations in EC-OCSOx num-
ber fraction exhibited an upward trend at night after 19:00 LT
(Fig. 10). This may be attributed to intensive domestic heat-
ing activities in the surrounding rural areas.

https://doi.org/10.5194/acp-20-15427-2020
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Table 2. Summary of names, numbers, and fractions of six types of elemental carbon (EC)-containing particles determined by a single-

particle aerosol mass spectrometer.

Group Number of Fraction of
particles  particles (%)

EC internally mixed with OC and sulfate (EC-OCSOx) 235874 51.9
EC internally mixed with Na and K (EC-NaK) 107272 23.6
EC internally mixed with K, sulfate, and nitrate (EC-KSOxNOx) 75227 16.6
EC from biomass burning (EC-BB) 26307 5.8
Pure-EC 5083 1.1
Unidentified BC (EC-others) 4670 1
454433 100

Total EC-containing particles

The EC-NaK particles presented strong signals of >Na™
and 3K in the positive mass spectrum and less intense sig-
nals of 2°CN™, %NO;, ©2NO;, and ’"HSO; in the nega-
tive mass spectrum. This group exhibited the second largest
contribution to total EC-containing particles (24 %, Table 2).
Intense signals of carbon fragment ions (m/z 24, 36, 48, 60,
and 72) were observed in the negative mass spectrum. This
indicated that EC-NaK particles were freshly emitted. Ad-
ditionally, larger signals were found for nitrate compared to
sulfate in the negative mass spectrum. However, their sig-
nals were low. This finding was consistent with the motor
vehicle emissions, which were shown to contain substantial
nitrogen oxides (May et al., 2014). The number fraction of
EC-NaK increased with an increase in eBCjgr but kept stable
with eBCgt as shown in Fig. 9. These results demonstrate that

https://doi.org/10.5194/acp-20-15427-2020

EC-NaK was more likely associated with fresh traffic emis-
sions than from solid fuels.

The EC-KSOXNOX particles exhibited strong 3°K* signal
in the positive mass spectrum and intense 46NO; , 62NO; ,
and 97HSOZ signals in the negative mass spectrum. This
group accounted for 17 % of the total EC-containing parti-
cles (Table 2). The high signal intensities of nitrate and sul-
fate indicated that EC-KSOxNOx particles underwent sub-
stantive atmospheric aging processes. As shown in Fig. 10,
the number fraction of the EC-KSOxNOXx class was the only
one that increased in the afternoon. This finding was consis-
tent with the increase of ozone (O3) as measured by an ultra-
violet photometric Model 49i O3 analyzer (Thermo Fisher
Scientific, San Jose, CA, USA). This indicated that EC parti-
cles were more likely to be coated with sulfate and nitrate in
high-oxidation environments. The strong 3*K™ ion signal in

Atmos. Chem. Phys., 20, 15427-15442, 2020
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EC-KSOxNOx particles implied a partial influence of emis-
sions from biomass burning (Bi et al., 2011).

The EC-BB particles were characterized by 3%/41K™ sig-
nals in the positive mass spectrum and 26CN-, 46N02_ s
and 97HSO; signals in the negative mass spectrum. It ac-
counted for 6 % of the total EC-containing particles as shown
in Table 2. Several levoglucosan 45CH02_ R 59C2H302_ , and
73C3H502_ signals were also found in the negative mass

Atmos. Chem. Phys., 20, 15427-15442, 2020

spectrum. They suggested a typical biomass-burning fea-
ture. Intense signals of negative carbon ion spectrum (e.g.,
m/z — 24, —36, and —48) and low signals of nitrate and sul-
fate indicated that EC-BB particles underwent low aging at-
mospheric processes.

The pure-EC particles were characterized by EC fragment
ions (e.g., m/z £ 24, 36, 148, 60, and +72). The low ni-
trate and sulfate ion signals in pure-EC indicated that they

https://doi.org/10.5194/acp-20-15427-2020
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emental carbon (EC)-containing particles and ozone (O3) mixing
ratio.

were freshly emitted. This group exhibited minor contribu-
tions to the total EC-containing particles (1 %, Table 2). The
particles of EC-others were characterized by some metal-
lic signals (e.g., 40Ca"‘, 56Fe*‘/CaO"’, and 62FeO"‘) and
aromatic signatures (e.g., 51C4H§L, 63C5H§", 77C6Hf", and
91C7H;' ) in the positive mass spectrum and strong NO,
signal (m/z 46) in the negative mass spectrum. This indi-
cated that EC-others underwent a certain degree of atmo-
spheric aging and internally mixed with metals and aromatic
compounds. This class accounted for 1% of the total EC-
containing particles (Table 2).

3.4 TImplications for radiative effect

Figure 11 shows the eBC DRE variations as estimated by the
SBDART model. The variations in eBC DRE were highly
correlated with eBC burden on each day. Due to the de-
crease in radiative energy reaching the surface, eBC exhib-
ited a DRE range of —1.9 to —27.9 W m™2 with an aver-
age of —13.64+7.0Wm™? at the ES indicating a cooling
effect. In contrast, eBC exhibited a DRE range of +0.6 to
+20.8 Wm~2 with an average of +4.443.0 W m~2 at the
TOA, indicating a net energy gain and warm effect. This was
attributed to the strong BC light absorption property that can
impede the backscattered radiation reaching the TOA. The
eBC DRE at the TOA in this study was comparable to the
value over the NCP region (46 to +8 W m~2, Lietal., 2016).

The difference between eBC DRE at the TOA and ES
gave an atmospheric DRE (a net atmospheric absorption)
of +18.049.6 Wm™2. This corresponded to a heating rate
of 0.5Kd~!. The eBC DRE in the atmosphere accounted
for 86 % of the total aerosol DRE (+21.0 W m~2), suggest-
ing that eBC exhibited a significant impact on perturbing
the Earth—atmosphere radiative balance. The atmospheric
heating in conjunction with the surface reduction in so-
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lar flux may aggravate the low-level inversion. This can
lead to a slowdown of thermal convection and in turn re-
duce the cloud formation process (Chou et al., 2002). Com-
pared to previous DRE obtained from the SBDART model,
the atmospheric DRE derived by eBC values in this study
(+18.0£9.6 Wm~2) was comparable to that of southern
China (+17.0W m~2, Huang et al., 2011) but was lower than
that of northwestern China (+16.6 to +108.8 W m~2, Zhao
et al., 2019). In addition to the varying BC burden in differ-
ent areas, the BC measurement techniques used in different
studies may also contribute to the differences in BC DRE
calculations.

As shown in Fig. 1lc and d, the mean eBC DRE
caused by the sources of liquid fossil fuels (solid fuels)
was —7.0Wm~2 (—5.4Wm~?) at the ES and +2.1 Wm™?2
(+1.7 W m™?) at the TOA. It produced an atmospheric DRE
of +9.1 Wm™2 (+7.1 Wm~2). Due to a stronger eBC DRE,
the average heating rate (0.3 K d~!) of the atmosphere caused
by liquid fossil fuel sources was 33 % more than that of solid
fuels (0.2 K d~"). Although larger eBC DRE was found for
liquid fossil fuel sources, its atmospheric DRE generated per
unit eBC mass concentration (3.6 (W m~2) (ug m—3)~1) was
81 % smaller compared to that of solid fuels (6.5 (W m~2)
(ugm™3)~1). This implies that reduction in eBC from solid
fuel emissions may be a more effective way to mitigate re-
gional warming in the NCP region and that eBC from motor
vehicle emissions should also be controlled.

4 Conclusions

The sources, coating composition, and radiative effects of
BC were investigated during winter in the last year of the
APPCAP at a regional site in the NCP. Based on the source-
specific AAEs (AAEj = 1.3 and AAEg = 2.8), about 69 %
of eBC was contributed by liquid fossil fuel sources while
the rest (31 %) was contributed by solid fuel sources using
a multi-wavelength optical method. Both eBCysr and eBCyy
exhibited peaks at 08:00 and 19:00LT. Due to rigorous reg-
ulations, the dominant eBC source in winter NCP may be
changed from past solid fuels to current liquid fossil fuels.
The WRF-Chem model showed that local emissions (53 %)
were the largest contributors to BC loading on average, fol-
lowed by Beijing (20 %), Tianjin (5 %), the NCP (11 %),
northern Hebei (9 %), and other regions (2 %).

Among the six classes of EC-containing particles, EC-
OCSOx was the largest contributor (52 %). The presence of
$C,oH307 and 97HSOZ in this particle implied that it un-
derwent a certain degree of atmospheric aging processes.
Solid fuel sources exhibited a greater impact on EC-OCSOx
at a high eBC loading environment compared to liquid fos-
sil fuels. EC-NaK was the second largest contributor to
total EC-containing particles (24 %). This class was more
associated with fresh traffic emissions than with solid fu-
els. EC-KSOxNOx accounted for 17 % of the total EC-
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containing particles. This class was partially influenced by
biomass-burning emissions and underwent substantive atmo-
spheric aging processes. The classes of EC-BB, pure-EC,
and EC-others exhibited minor contributions to the total EC-
containing particles (1 %—6 %).

The SBDART model showed that eBC induced a cool-
ing effect of —13.6Wm™2 at the ES and a warming ef-
fect of +4.4Wm™2 at the TOA. The difference between
eBC DRE at the TOA and ES gave the atmospheric forc-
ing of +18.049.6 Wm™2. This produced a heating rate of
0.5Kd~! on average. The atmospheric DRE of eBC had a
contribution of 86 % to the forcing caused by total aerosols
in the atmosphere. This suggested that BC exhibited a sig-
nificant impact on perturbing the Earth—atmosphere radiative
balance. From the eBC source perspective, the atmospheric
eBC DRE was higher for liquid fossil fuel sources than solid
fuel sources. However, the atmospheric DRE generated per
unit of eBC mass concentration was larger for solid fuel
sources. This indicates that a reduction in solid fuel eBC may
be an effective way of mitigating regional warming in the
NCP.
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