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Abstract. Black carbon (BC), which is formed from the in-
complete combustion of fuel sources (mainly fossil fuel, bio-
fuel and open biomass burning), is a chemically inert opti-
cal absorber in the atmosphere. It has significant impacts on
global climate, regional air quality and human health. Dur-
ing transportation, its physical and chemical characteristics
as well as its sources change dramatically. To investigate the
properties of BC (i.e., mass concentration, sources and op-
tical properties) during intra-regional transport between the
southern edge of the North China Plain (SE-NCP) and cen-
tral China (CC), simultancous BC observations were con-
ducted in a megacity (Wuhan — WH) in CC, in three bor-
derline cities (Xiangyang — XY, Suixian — SX and Hong’an
— HA; from west to east) between the SE-NCP and CC,
and in a city (Luohe — LH) in the SE-NCP during typi-
cal winter haze episodes. Using an Aethalometer, the high-
est equivalent BC (eBC) mass concentrations and the high-
est aerosol absorption coefficients (ogps) were found in LH
in the SE-NCP, followed by the borderline cities (XY, SX
and HA) and WH. The levels, sources, optical properties
(i.e., oaps and absorption Angstrém exponent, AAE) and ge-

ographic origins of eBC were different between clean and
polluted periods. Compared with clean days, higher eBC lev-
els (26.4 %—163 % higher) and oyaps (18.2 %—236 % higher)
were found during pollution episodes due to the increased
combustion of fossil fuels (increased by 51.1 %277 %),
which was supported by the decreased AAE values (de-
creased by 7.40 %—12.7 %). The conditional bivariate prob-
ability function (CBPF) and concentration-weighted trajec-
tory (CWT) results showed that the geographic origins of
biomass burning (BCpp) and fossil fuel (BCyr) combustion-
derived BC were different. Air parcels from the south domi-
nated for border sites during clean days, with contributions
of 46.0 %-58.2 %, whereas trajectories from the northeast
showed higher contributions (37.5 %-51.2 %) during pollu-
tion episodes. At the SE-NCP site (LH), transboundary influ-
ences from the south (CC) exhibited a more frequent impact
(with air parcels from this direction comprising 47.8 % of all
parcels) on the ambient eBC levels during pollution episodes.
At WH, eBC was mainly from the northeast transport route
throughout the observation period. Two transportation cases
showed that the mass concentrations of eBC, BC¢ and oaps
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all increased, from upwind to downwind, whereas AAE de-
creased. This study highlights that intra-regional prevention
and control for dominant sources at each specific site should
be considered in order to improve the regional air quality.

1 Introduction

Black carbon (BC), a distinct type of carbonaceous material,
has attracted wide attention over past decades mainly due
to its climate effect (Hansen et al., 2000; Jacobson, 2000;
Bond et al., 2013). BC can strongly absorb but reflects less
light, with the direct radiative forcing of BC estimated to be
+0.88 Wm~2 (Bond et al., 2013). It is composed of small
carbon spherules and has a large specific surface area, which
allows it to absorb aerosol and provide a substrate for atmo-
spheric chemical reactions (Y. Liu et al., 2018). BC also has
adverse human health effects due to its absorption of car-
cinogenic pollutants (Jansen et al., 2005; Cao et al., 2012).
Additionally, recent studies have shown that BC can strongly
impact the ambient air quality. For instance, in urban areas,
BC can enhance haze pollution by modifying the planetary
boundary layer height, which is unfavorable with respect to
the vertical dispersion of air pollutants (Ding et al., 2016).
This “dome effect” is more substantial in rural areas under
the same BC conditions (Q. Wang et al., 2018). BC particles,
coated with other materials can markedly amplify absorption
and direct radioactive forcing, which can further worsen the
air quality (Peng et al., 2016; Liu et al., 2017a; Zhang et al.,
2018). In short, the properties of BC at rural and suburban
sites needed to be emphasized, as they have generally been
ignored in former field campaigns.

BC is only formed from the combustion processes of
carbon-based materials such as biomass and fossil fuels. The
broadly reported BC sources can be grouped into stationary
sources (e.g., industrial emission), area sources (e.g., res-
idential coal/wood combustion, open burning) and mobile
sources (e.g., diesel engines) (Chow et al., 2011; Bond et
al., 2013). To identify BC sources, several methods includ-
ing the Aethalometer model, diagnosis ratios and radioactive
carbon isotope analysis have been developed (Sandradewi
et al., 2008; Verma et al., 2010; Zotter et al., 2017). Chow
et al. (2011) summarized the ratios of elemental carbon to
PM; 5 (expressed as percentage, %) from various sources,
and these ratios have since been used to qualitatively describe
BC sources (Y. Liu et al., 2018). The radiocarbon method can
give quantified results regarding BC sources, as the abun-
dances of '*C/'2C in fossil fuels and modern carbon sources
(i.e., biogenic sources) are different. The radiocarbon method
coupled with levoglucosan, a tracer of biomass burning, has
also been adopted in BC source apportionment (X. Zhang
et al., 2015; Liu et al., 2017b; Mouteva et al., 2017; Salma
et al., 2017). However, the technical limitations and the high
cost of '*C measurement limit the application of the radiocar-
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bon method in BC source apportionment. The Aethalometer
model is an alternative method, which can attribute BC to
fossil fuel combustion and biomass burning. The source ap-
portionment can be conducted using multi-wavelength BC
data (Sandradewi et al., 2008; Y. Liu et al., 2018), and the
validity of this method has been proven by comparison to
the *C method (Zotter et al., 2017). Compared with other
methods, the Aethalometer model can provide the high time
resolution variations of BC source contributions (Kalogridis
et al., 2018; Y. Liu et al., 2018), which can help with under-
standing the atmospheric behavior of BC, especially regard-
ing the temporal variation.

The atmospheric lifetime of BC varies from a few days
to weeks; therefore, BC undergoes both regional and inter-
continental transport (Bond et al., 2013). During transport,
its mixing state, morphology and optical properties change
(China et al., 2015). As a result, BC has been observed in
remote areas such as the polar regions (Huang et al., 2010;
Weller et al., 2013; Qi et al., 2017; Xu et al., 2017) and the Ti-
betan Plateau (Cong et al., 2013). Qi et al. (2017) found that
Asian anthropogenic activities and biomass burning emis-
sions from Siberia contributed 35 %—45 % and 46 %—64 %,
respectively, to the sources of BC in the Arctic in April 2008
using GEOS-Chem modeling. Xu et al. (2017) also used a
global transport model to conclude that the anthropogenic
emissions from eastern and southern Asia contributed most
to the Arctic BC column loading with percentages of 56 %
and 37 % for the spring and annual contributions, respec-
tively. To study the regional transport of BC, backward tra-
jectory and concentration-weighted trajectory (CWT) analy-
ses have also been employed (Huang et al., 2010; J. Wang et
al., 2017). However, previous studies have mostly focused on
the impact of BC transportation on its physical and chemical
properties at a given site (e.g., a megacity or a remote back-
ground site). A recent study indicated that higher BC load-
ing in summer in southern Ontario was partly due to trans-
boundary fossil fuel-derived BC emissions in the US (Healy
et al., 2017). To our knowledge, the interaction of BC trans-
portation among various sites for a specific region has rarely
been reported, which may limit the understanding of regional
joint air pollution control.

After continuous efforts, particularly over the last 5 years,
the spatial distribution pattern of air pollution has changed
notably in China. A positive result of these efforts is that
the average annual PM; 5 concentration in the Pearl River
Delta (PRD) has reached the national secondary standard
level (http://www.zhb.gov.cn/hjzl/zghjzkgb/Inzghjzkgb/, last
access: 21 March 2018). Currently the North China Plain
(NCP), the Yangtze River Delta (YRD), the Sichuan Basin
(SB), the Fen-Wei River basin and central China (CC) are
the key regions suffering from severe PM3 5 pollution. Lin et
al. (2018)found that the air pollution areas on the southern
edge of the North China Plain (SE-NCP) and central China
were connected, and that obvious transportation routes ex-
ist between the SE-NCP and CC. The spatial distribution
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of the aerosol optical depth (AOD) across China also veri-
fied that high PM> 5 values existed in central China (Tao et
al., 2017). As an important chemical component of PM s,
BC accounts for 7.1 %-25.3 % of PM; 5 mass (Huang et al.,
2014). A lot of observations of ambient BC have been con-
ducted (Tables S1-S2 in the Supplement), although these
measurements have mainly been focused on the NCP (Zhao
et al., 2013; Ji et al., 2018; Y. Liu et al., 2018; J. Wang et
al., 2017), YRD (Zhuang et al., 2014, 2015, 2017), PRD
(Cheng et al., 2008; Wu et al., 2009; Y. Wang et al., 2017)
and the Tibetan Plateau (TP) (Zhu et al., 2017; Niu et al.,
2018; Z. Wang et al., 2018). However, no studies have con-
cerned themselves with the BC transportation and interaction
between these key regions. The BC emission inventory sug-
gested that there were differences in source categories be-
tween the NCP and CC (R. Wang et al., 2014; Qiu et al.,
2016), especially with respect to residential coal combustion
(Qin and Xie, 2012). It should be emphasized that during
the winter period, central-heating activities occur in the NCP,
whereas no heating activities occur in central China. This
implies that the sources of BC should be different. There-
fore, the specific geographic locations and terrains of central
China chosen in this study (Fig. 1) provide an ideal oppor-
tunity to understand BC levels, optical properties, and their
sources and variation during intra-regional transportation be-
tween these two polluted regions. To our knowledge, no cor-
responding research has been undertaken.

Therefore, the aims of this study were as follows: (1) to
study the differences in BC levels, sources and optical prop-
erties under different air quality conditions in the abovemen-
tioned region; and (2) to quantify the regional transportation
of BC at multiple observation sites in CC and the SE-NCP.
To study BC sources, diagnosis ratios and the Aethalometer
model were used. Backward trajectory-based methods were
employed to quantify the potential regional transport con-
tribution. This paper first reports the sources of BC in cen-
tral China and then provides direct evidence regarding the
variation in BC properties during regional transport between
two key regions in China; this information is helpful with re-
gard to developing effective countermeasures for mitigating
regional air pollution.

2 Methodology
2.1 Observation plan

When selecting the study sites, we referred to the trajecto-
ries of air masses reaching Wuhan in January 2017 (Fig. S1
in the Supplement) and found that the north and northwest
directions were dominant. Regarding the northerly direction,
the air masses originated from the SE-NCP and Luohe and
moved south along routes that are close to heavy polluted
regions (Fig. 1). As seen in Fig. 1, there are two obvious
channels that allow for the movement of PM, 5 between the
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SE-NCP and CC, which are differentiated by the mountains
dividing the two regions. Therefore, in order to investigate
the regional transport of air pollutants and also answer the
question regarding whether the pollutants in CC can be trans-
ported to the SE-NCP in winter, five sites including Wuhan
(WH), three borderline cities (Xiangyang — XY, Suixian —
SX, and Hong’an — HA; from west to east in Fig. 1) between
the NCP and CC, and a city (Luohe, LH) in the SE-NCP were
selected. The observation site at WH is located on a rooftop
at the Hubei Environmental Monitoring Centre, which is an
urban site with no industrial emission sources nearby. The
LH and XY sites are located in suburban areas, whereas
the HA and SX sites belong to rural areas. The observa-
tion instruments were placed near the local environmental
monitoring stations. Measurements from six routinely moni-
tored air pollutants including PM; 5, PM g, NO;, SO;, CO
and O3 were available. Black carbon measurement instru-
ments including Magee Scientific-AE31, AE33 and AES]
devices were deployed (Table 1). The observation periods be-
gan on 8 January after a regional snowfall event and ended
on 25 January 2018 before another snowfall event began. The
durations of the observations at the five sites are summarized
in Table 1.

2.2 Instrument description

The AE31 instrument continuously collects ambient BC on
a quartz tape and measures light transmitted through a “sam-
pled spot” (I) and a “reference spot” (Ip) on the tape. The
light attenuation (ATN) is then defined as

ATN = —lOOln(i). (1)
Iy
This assumes a linear relation between the BC mass loading
and the delta of the ATN as a result of BC deposited on the
tape. The BC mass concentration is calculated as follows:
d(ATN) A
MAC V
where MAC is the mass specific attenuation cross section
(m? g_l), A is the area of the sampled spot (1.67 cm?) and V
is the volume of the sampled air passing through the tape. An
disadvantage of the AE31 is the filter loading effect, which
needs to be compensated for via a correction (Petit et al.,
2015). The BC absorption coefficient (baps, Mm™!) is calcu-
lated as

b BC x MAC 3

s = 0% R(ATN), )
where C is the calibration factor (2.14 for quartz material
tape), and R (ATN) is a correction factor for the shadowing
effect; this correction factor is empirically determined using
the following compensation parameter f (Weingartner et al.,
2003):

BC =

, 2

1 ) In (ATN) — In (10) @

R (ATN) = (— —1
f In(50) — In (10)
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Figure 1. The locations and terrain of the study areas and clusters of backward trajectories reaching each observation site. Panel (a) shows the
spatial distribution of the 15-year average PM; 5 concentrations at a resolution of 1 km (Lin et al., 2018). Panel (b) shows that the study area
is surrounded by mountains, and that the Dabie Mountains (Mt. DBS) and the Tongbai Mountains (Mt. TBS) separate the North China Plain
(NCP) and Jianghan Plain (JHP). Panel (c¢) shows that air masses reaching the five sites, including Hong’an (HA), Luohe (LH), Suixian(SX),
Wuhan (WH) and Xiangyang (XY), mainly originated from the north (northwest and northeast) during the observation period.

Table 1. Information on the observation sites, periods and instruments.

Sampling site Location Site type  Sampling period Instrument  Data resolution
Hong’an (HA) 114.58°E, 31.24° N Rural 8 Jan 2018, 13:00-25 Jan 2018, 09:00 AE33 1 min
Luohe (LH) 114.05°E, 33.57° N Suburban 9 Jan 2018, 18:00-25 Jan 2018, 09:00 AE33 1 min
Suixian (SX) 113.28°E, 31.88° N Rural 10 Jan 2018, 09:00-25 Jan 2018, 08:00  AESI1 1 min
Wuhan (WH) 114.39°E, 30.53° N Urban 8 Jan 2018, 15:00-25 Jan 2018, 08:00 AE31 5 min
Xiangyang (XY) 112.17°E, 32.02° N  Suburban 10 Jan 2018, 09:00-25 Jan 2018, 08:00  AES1 1 min

To overcome the limitation of the loading effect, the AE33
(dual spot) was developed. This instrument also simultane-
ously measures the ATN at seven wavelengths. In contrast to
the AE31, the AE33 measures BC on two parallel spots on
the (Teflon-coated) fibre tape at a different flow rate:

BC; =BC x (1 —k - ATNy)
BC, = BC x (1 —k - ATN,).

&)
6)
The loading compensation k is calculated according to

Egs. (5) and (6), whereas the BC mass concentration is cal-
culated as follows:

Cc— A[d(ATN)/100]
" F1(1—¢@)MAC-C (1 —kATN)dt’
For the AE33, the sample spot area (A) is 0.785 cm?, and the

enhancement parameter (C) is 1.57 for the Teflon-coated fi-
bre. The absorption coefficient (oyps, Mm_l) for the AE33

)
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is estimated by multiplying the BC mass concentration by
the MAC. More details regarding the BC concentration cal-
culation, parameters (i.e., f and MAC for different wave-
lengths) and the differences between the AE31 and AE33
instruments can be found in a previous study (Rajesh and
Ramachandran, 2018). The AES51 measures the absorbance
(ATN) of the loaded spot (3 mm diameter) and the refer-
ence portion of a Teflon-coated borosilicate glass fiber us-
ing a stabilized 880 nm LED light source. The flow rate of
the AE51 was set to 100 mL min—!; more information about
AES]1 can be found online (https://aethlabs.com/microaeth/
ae51/tech-specs, last access: 20 June 2018).

www.atmos-chem-phys.net/19/4499/2019/
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2.3 Data processing
2.3.1 BC source apportionment

BC efficiently absorbs the solar spectrum with a weak de-
pendence on wavelength; the absorption ;\ngstr(jm exponent
(AAE) is used to describe this spectral dependence on ab-
sorption (Zhu et al., 2017). The AAE value varies signifi-
cantly from one source to another, i.e., the AAE values for
fossil fuel combustion and biomass burning-derived BC are
1.0 and 2.0, respectively (Sandradewi et al., 2008). The BC
source apportionment method was established based on the
AAE (Sandradewi et al., 2008) and was verified using the
14C method (Zotter et al., 2017).

Black carbon source apportionment using the Aethalome-
ter model is based on the assumption that the aerosol ab-
sorption coefficient is different from fossil fuel combustion-
derived BC (BCy) and biomass burning-derived BC (BCyy,).
Because the absorption coefficients at different wavelengths
are different and the absorption of BC¢ and BCyy, follow dif-
ferent spectral dependencies. The Angstrom exponents, oy
and app, are used to describe the dependencies of fossil fuel
and biomass burning, respectively; the following equations
are used (Sandradewi et al., 2008):

babs (470 nm) ¢ _ (@)_“ff ®)
Dabs (950nm) 950 ’

Dabs(470nm)py _ (@)“bb ©)
babs (950 nm)pp, 950 ’

babs (4700m) = baps (470 nm) s + babs (470 nm)pp, (10)
baps (950nm) = baps (950 nm)tf + baps (950 nm)pp, (11
BB (%) = Las©30nmon (12)

babs (950 nm).

Here byps (470 nm) and byps (950 nm) are the BC absorption
coefficients at 470 and 950 nm wavelengths, respectively.
Due to the single channel (A = 880 nm) of the AES1 instru-
ment, BC source apportionment results were not available at
SX and XY.

2.3.2 Assessment of surface transport

Generally, the northerly wind dominates in winter in CC,
and air pollutants in the region can be transported down-
wind (north—south). In order to evaluate the effects of re-
gional transport, the surface transport under specific wind di-
rections and the wind speeds per unit time were calculated
according to the methods used in a previous study (Z. Wang
et al., 2018):

1 n
f= —ZC,- x WS; x cosb;, (13)
i3

where f stands for the surface flux intensity of BC
(ug g1 m’2); n is the sum of the observation hours; WS;
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and C; stand for the hourly average of wind speeds (ms~!)
and BC mass concentrations (ug m~>) in the ith observation
duration, respectively; 6; represents the angle differences be-
tween the hourly wind direction and the defined transport di-
rections (i.e., northwest—southeast for HA, SX and WH, and
north—south for LH and XY).

2.4 Potential geographic origins

The concentration-weighted trajectory (CWT) analysis is al-
ways used to assess the regional transport of air pollutants
(Kong et al., 2018; Zheng et al., 2018). This method is
based on backward trajectory analysis. Prior to CWT anal-
yses, the calculation of backward trajectories was firstly car-
ried out for each sampling site. The input wind data sets for
HYSPLIT were downloaded from the Nation Oceanic Atmo-
spheric Administration (NOAA) (ftp://arlftp.arlhq.noaa.gov/
pub/archives/gdas1/, last access: 25 April 2018). For back-
ward trajectory analysis, the air masses reaching each ob-
servation site during the sampling period were calculated 24
times with a 1 h resolution each day (starting from 00:00 to
23:00) at 200 m a.g.l. (Fig. S2). These trajectories were than
clustered according to their geographic origins (Fig. 1). For
CWT analysis, a user-friendly Igor-based tool ‘“ZeFir” was
used (Petit et al., 2017a). The domain covered by the trajec-
tories was divided into thousands of cells with a 0.2° x 0.2°
resolution. More details regarding the CWT analysis can be
found in the Supplement (Text S1).

2.5 Auxiliary data set

An hourly meteorological data set including sea level pres-
sure, temperature, relative humidity, wind speed, wind direc-
tion and visibility was acquired form the China Meteorologi-
cal Data Service Centre (CMDC) (http://data.cma.cn, last ac-
cess: 26 January 2018). The 3-hourly boundary layer height
(BLH) was acquired from the NOAA’s READY Archived
Meteorology online calculating program (http://ready.arl.
noaa.gov/READYamet.php, last access: 8 April 2018). Fig-
ure S3 shows the hourly averaged meteorological parame-
ters at the five sites. Meteorological conditions at the five
sites followed similar trends, although significant differences
(p < 0.01) between these parameters were found (Table S3).
For instance, the average pressure, temperature and rela-
tive humidity at WH were significant higher (p < 0.01) than
those at LH. Regarding the BLH, the mean values of the five
sites showed no significant differences.

Information regarding six air pollutants (PM19, PM> s,
SO,, NO,, CO and O3) was available, and the data were
downloaded from the China Environmental Monitoring Cen-
tre (http://www.cnemc.cn, last access: 10 April 2018). Fig-
ure S4 shows the hourly variations in these species during
the observation period. The major air pollutant throughout
the observation campaign was PM» 5. According to the am-
bient air quality standards (GB3095-2012), the air quality
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Figure 2. Time series and box plots of eBC, BCyy,, BCyr and the absorption Angstrt')m exponent (AAE) at five sites including Hong’an (HA),
Luohe (LH), Suixian(SX), Wuhan (WH) and Xiangyang (XY) during the observation period.

can be classified as clean, lightly polluted or heavily polluted
when PM; 5 mass concentrations are less than 75, between
75 and 250, and greater than 250 ug m~3, respectively. Sim-
ilar air quality classifications have also been reported else-
where (Zheng et al., 2015; Zhang et al., 2018). Detailed in-
formation regarding the daily air quality of each site is shown
in Fig. S5.

3 Results and discussion
3.1 General characteristics

Time series and box plots of the eBC concentrations (mea-
sured at 880nm) at the five sites are shown in Fig. 2.
The highest eBC concentration was observed at LH (8.48 &
4.83ugm™3), followed by XY (7.35+3.45ugm™>), HA
(5.54+2.59ugm™3), SX (4.4742.90ugm—3) and WH
(3.91+1.86ugm™3). As shown in Table S1, BC was gen-
erally higher in North China, whereas lower BC levels were
found in remote and coastal areas (Fig. 3a). Q. Wang et
al. (2014) analyzed ambient BC at an urban site in Xi’an dur-
ing winter and found that the average mass concentration was
8.8 +£3.7ugm™3, which was higher than concentrations ob-
served in this study. Compared with other regions, BC levels
in this study were higher than those in a remote area of Lu-
lang in the southeastern part of the Tibetan Plateau (0.31 £
0.55ugm™3; Q. Wang et al., 2018) as well as coastal areas,
such as Hong Kong (1.4 4 1.1 uygm~3; J. Wang et al., 2017),
and a rural site in Shenzhen (2.6 & 1.0 uyg m—3; Huang et al.,
2012). Based on the BC emission inventory, northern and

Atmos. Chem. Phys., 19, 4499-4516, 2019

central China display higher BC emission intensity (Qin and
Xie, 2012; Yang et al., 2017). Emission values in Hubei and
Henan provinces were about 0.6-1.0gCm~2yr~!, which
makes them higher than values in other regions (Yang et al.,
2017). Simulation results also suggested that the near-surface
concentrations of BC (6-8 ug m~>) in Hubei and Henan were
higher than those in southern China (4-6 ugm™3) during
winter (Yang et al., 2017). Compared with the data from
other countries (Table S1), BC levels in this study were
higher than those in Finland (Hyvérinen et al., 2011), France
(Petit et al., 2017b), Canada (Ontario — Healy et al., 2017)
and South Africa (Chiloane et al., 2017).

For the aerosol absorption properties measured at seven
wavelengths using an Aethalometer, the characteristics (i.e.,
temporal variation) are generally consistent with one an-
other; however the properties are mostly discussed at a wave-
length of 520 nm (Zhuang et al., 2015, 2017; Y. Wang et al.,
2017). Then, we only discussed the absorption properties at
A =520nm. Figure 4a shows the frequency distribution of
absorption coefficients (o,ps) at three sites. oaps measured at
HA, LH, and WH exhibited a single peak pattern. The aver-
age values of o,ps measured at HA, LH and WH were 86.0,
132 and 60.6 Mm™!, respectively. Similar to the spatial dis-
tribution of the BC level, higher o, values were found in
northern and central China, whereas lower values were ob-
served in coastal areas and the Tibetan Plateau (Fig. 3b and
Table S2).

Figure 4b also shows the average absorption spectra mea-
sured at seven wavelengths for different sites. The power law
fit was used to calculate the AAE (Zhu et al., 2017). The

www.atmos-chem-phys.net/19/4499/2019/
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Figure 3. Spatial distribution of BC mass concentration (a) and absorption coefficients (b) in China. More details can be found in Tables S1
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Figure 4. Frequency distribution of absorption coefficients (oapg)
at a wavelength of 520nm (a) and power fit of o, at the seven
wavelengths (b) for HA, LH and WH.

highest average AAE value was found at LH (1.37), followed
by HA (1.32) and WH (1.29). These results indicated that
the AAE was different at urban, suburban and rural sites.
Generally, the AAE values from coal combustion (2.11-3.18;
Sun et al., 2017) and biomass burning (1.85-2.0; Petit et al.,
2017b) were higher than those from traffic sources (0.8—1.1;
Sandradewi et al., 2008; Olson et al., 2015). Therefore, the
AAE at different sites suggested a different energy consump-
tion structure, and that more coal or biomass was burned in
North China (i.e., LH in this study).

3.2 Clean days vs. pollution episodes

Figure 5 displays the eBC concentrations under different air
quality conditions. It clearly shows that the eBC concentra-
tions increased with the deterioration of air quality. At LH,
the average eBC concentrations were 3.39+2.06, 8.311+4.55
and 13.04:4.59 ug m~3 when the air quality was clean, lightly
polluted and heavily polluted, respectively. The average val-
ues of eBC increased by 163 %, 139 %, 96.2 %, 51.8 % and
26.4 % at SX, XY, LH, HA and WH, respectively, from clean
to polluted periods. eBC enhancement along with air qual-
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ity deterioration has also been reported elsewhere (Q. Wang
et al., 2014; H. Wang et al., 2014; Liu et al., 2016; Y. Liu
et al., 2018). At LH and HA, the enhancement of the eBC
level from clean to polluted periods was due to both elevated
BC emissions from biomass burning (BCyp) and fossil fuel
combustion (BCyr) (Fig. 5b, ¢). BCy accounted for a higher
contribution to eBC and the percentages of BCyp, to eBC
decreased during the haze episodes (Fig. 4d). At WH, both
the concentration and percentage contribution of BCypp, de-
creased from clean to polluted conditions, which suggested
that more BCgr was emitted during haze episodes. This find-
ing was different to those of a previous study conducted in
Beijing, which reported that the absolute concentration and
percentage contribution of biomass burning and coal com-
bustion to eBC were higher than those from traffic sources
and increased from clean conditions to polluted episodes
(Y. Liu et al., 2018). These difference suggest that the con-
trol of fossil fuel combustion (vehicle emissions), not coal or
biomass burning, should be the priority during haze episodes
at WH, whereas biomass burning and coal combustion con-
trol should be made a priority in North China to prevent air
pollution.

Additionally, the aerosol optical properties (oaps and AAE)
also exhibited different levels under different air quality con-
ditions. Similar to the eBC levels, the o increased by
11.7 %-254 % as the air quality switched from clean to pol-
lIuted conditions (Fig. 5e). Our observation (Fig. S6) and
previous research both found that there are more secondary
aerosols (i.e., sulfate and nitrate) during pollution episodes
(Huang et al., 2014). The increase in secondary aerosols
would result in more of these secondary aerosol species be-
ing adsorbed onto (coating) BC particles, which would en-
hance the absorption properties of BC via the lens effects of
these coating materials (Jacobson, 2000; Moffet and Prather,
2009). On the contrary, the AAE showed higher values dur-
ing clean days compared with polluted periods (Fig. 5f). This
decrease in the AAE from clean to polluted days has also
been reported elsewhere (Y.-L. Zhang et al., 2015), and it can
be partly attributed to source variation. The AAE for biomass

Atmos. Chem. Phys., 19, 4499-4516, 2019
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burning is about 2.0, whereas the AAE for fossil fuel com-
bustion is about 1.0 (Sandradewi et al., 2008). Higher AAE
values during clean periods suggested that more BC may be
from biomass burning, whereas lower AAE values indicated
the dominance of fossil fuel combustion during the polluted
periods (Fig. 5c¢). The AAE is also sensitive to other fac-
tors such as the particle size. Previous studies have suggested
that the particle diameter and number concentration increases
from clean to polluted conditions due to several factors such
as coagulation, hygroscopic growth, emissions and meteoro-
logical conditions, i.e., planetary boundary layer and wind
speed (Guo et al., 2014; Zhang et al., 2017). These studies
have also suggested that the particle diameter is generally
larger during polluted periods. Furthermore, lab combustion
experiments and numerical simulations have proven that BC
particles with larger geometric median diameters have lower
AAE values (Singh et al., 2016; C. Liu et al., 2018); hence, a
lower AAE value was observed during pollution episodes in
this study.

Atmos. Chem. Phys., 19, 4499-4516, 2019

Figures 6 and S7 show the diurnal variations of eBC and
absorption coefficients under different air quality conditions.
The diurnal cycles of black carbon and absorption showed
similar variation patterns. The BC mass concentrations are
discussed here. At HA, LH and SX, after sunrise, an in-
crease and a peak value were observed at about 09:00 lo-
cal time (LT). This variation was more obvious during pol-
luted periods due to the higher eBC levels. The morning
peak may have been related to the combined effects of in-
creased biomass burning and fossil fuel combustion emis-
sions (Fig. S7). Additionally, the low mixing layer height
in the morning also favored the accumulation of eBC. Af-
ter sunrise, with the elevation of the BLH, the eBC levels
decreased and a minimum occurred at about 15:00LT. In
the evening, eBC showed an increasing trend and peaked at
about 21:00LT. Similar diurnal patterns of eBC have also
been reported in other areas (Verma et al., 2010; Ji et al.,
2017;Y. Liuetal., 2018). In contrast, the diurnal variations of
eBC at WH and XY exhibited different patterns during clean

www.atmos-chem-phys.net/19/4499/2019/
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and polluted periods. The diurnal pattern of eBC at WH was
likely not controlled by the development of the mixing layer
height, which generally leads to the maximum and minimum
values of air pollutants occurring at sunrise and in the after-
noon, respectively. Hence, the unexpected lower value in the
morning (about 09:00 LT) and a higher value in the afternoon
(15:00LT) at WH require further research.

3.3 BC/PM; s and BC/CO ratios

BC/PM; s and BC/CO ratios are widely used to identify
the sources of BC (Zhang et al., 2009; Wang et al., 2011;
Verma et al., 2010; Chow et al., 2011). Generally, ratios
of BC/PM; 5 from mobile sources (0.059-0.74) and area
sources (0.032-0.33) are higher than those from industrial
sources (0.0046-0.03). For instance, mobile sources present
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the highest ratios of BC/PM> 5 (0.33-0.77) and cement kilns
show lower ratios (0.03) (Chow et al., 2011). The BC/CO
ratios (ugm™> / ppbv) also vary for different sources, i.e.,
traffic (0.0052), industry (0.0072), power plants (0.0177) and
residential (0.0371) (Zhang et al., 2009). In this study, the
BC, PM; 5 and CO were well correlated with one another
(Fig. S8). The correlation coefficients (r?) between BC and
PM, 5 were 0.67, 0.30, 0.44, 0.37 and 0.48 at LH, HA, WH,
SX and XY, respectively. Significant correlations (p < 0.05)
between BC and CO were found with 72 values ranging from
0.27 (XY) to 0.71 (LH). These good correlations indicated
that BC, PM> 5 and CO may be from similar sources (except
at HA where r values as low as 0.06 were observed).
Overall, the BC observed in this study was likely not
from industrial emissions (Fig. 7a), as the BC/PM> 5 ratios
(ugm™3 / ugm=?) (0.045-0.083) were higher than those typ-
ically seen from industry (0.0046-0.03) (Chow et al., 2011).
Instead, BC/PM3 5 ratios at the five sites were all within
the range of oil combustion (0.03—0.136). Additionally, the
BC/PM,; s ratios at LH and SX were in line with the ratio
values seen from residential wood combustion. With respect
to BC/CO ratios, BC was more likely from biomass burn-
ing (crop residue: 0.0056-0.016) at HA and LH, whereas

Atmos. Chem. Phys., 19, 4499-4516, 2019
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it was mainly from gasoline combustion at SX, WH, and
XY (Fig. 7b). Quantified calculation results using the equa-
tions in Sect. 2.3.1 also suggested that the fractions of BC
from biomass burning at HA (27.6£9.40 %) and LH (29.5+
9.14 %) were significantly higher (p < 0.01) than those at
WH (25.4 £ 11.8 %). Compared with other urban areas, the
ratios of BC/CO (ugm™3 /ppbv) at SX (0.004) and WH
(0.0044) were lower than those in Beijing (0.0058) (Han et
al., 2009), Guangzhou (0.0054) (Verma et al., 2010), Gwan-
jun (0.006) (Park et al., 2005) and Tokyo (0.0057) (Kondo et
al., 2006) as well as Mt. Huang (0.0065) (Pan et al., 2011),
whereas ratios at HA (0.0091) and LH (0.0076) were higher
than the values observed in these studies.

Atmos. Chem. Phys., 19, 4499-4516, 2019

3.4 BC under different wind direction and speed

A conditional bivariate probability function (CBPF) plot was
used to identify and quantify the impact of likely source re-
gions of air pollutants as defined by wind direction and speed
(Carslaw and Ropkins, 2012). Figure S9 shows the eBC lev-
els under different wind speeds and directions at the five
sites. As shown in Fig. 1, SX and HA are located north-
west of WH, and high eBC levels were found northwest of
SX, HA and WH when northerly winds dominated. In con-
trast, when southerly winds dominated, BC was blown from
south to north, and high levels were found in the south at WH
and HA. However, at LH and XY, higher levels of BC were
only found from the south. In addition to eBC levels, BCyy,
and BCyr concentrations under different wind speeds and di-
rections are also discussed at HA, LH and WH (Fig. 8). At
HA, the CBPF plot of BCyr was in line with eBC, and high

www.atmos-chem-phys.net/19/4499/2019/
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Figure 10. Concentration-weighted trajectory (CWT) plots of
BCyy (a, ¢, €) and BC¢ (b, d, f) at HA, LH and WH during the
whole observation period. The white dots represents the observa-
tion sites.

levels were observed from both the northwest and the south,
whereas high levels of BCyp, (> 1.8 ug m~) were only found
in the southeast. Similar results were also found at WH. This
high level of BCy, was due to more biomass burning south-
east of HA and WH (Fig. S10). At LH, the CBPF plots of
BCyy, and BCyr were the same as those for eBC, as discussed
above.

In order to describe the downwind (from upwind to down-
wind) BC transportation, we used Eq. (13) in Sect. 2.3.3 to
calculate the surface transport (ST) of eBC (Fig. 9). The cal-
culated average ST values of BC were —0.69+£10.2, —0.06£
12.0, —0.17 £5.33,0.29+ 6.14 and 0.99 + 17.8 ug s~ m—2
for HA, LH, SX, WH and XY, respectively . The negative
values at HA, LH and SX suggested that the transportation
intensity of BC from the south (southeast) to the north (north-
west) was higher, whereas the positive values observed at
WH and XY indicated that more BC was transported from
north to south. The large standard deviation in surface trans-
port (ST), as mentioned above, reflected strong fluctuations
in transport, which were due to wind speed, wind directions
and BC levels (Z. Wang et al., 2018).

www.atmos-chem-phys.net/19/4499/2019/
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3.5 Potential geographic origins

Employing the CWT method, the potential geographic ori-
gins of eBC for the five sites were explored (Fig. S11). Over-
all, the CWT results of eBC at the five sites suggested that
high eBC levels were found both north and south of LH and
WH, whereas the high levels (i.e., > 4 ugm~>) of eBC were
only found northeast of HA, SX and XY (Fig. S11). Ad-
ditionally, the potential geographic source regions of BCpp
and BCy¢ at HA, LH and WH are also discussed as shown in
Fig. 10. At HA, the CWT results showed that high levels of
eBC (i.e., > 3ugm~3) were from north/northeast. However,
the hot spots of BCyp and BCyr were different, with higher
levels of BCpp from both the south and north and higher
levels of BCg from the north. Furthermore, higher levels of
BCpp and BCgr were found south of LH. In contrast to the
CWT results at HA, the hot spots of BCypp, were only found
southeast of WH, and high levels of BCg were found north
and south of WH. The CWT results at WH were in line with
the CBPF plots in Sect. 3.4. The unity of the CWT and CBPF
results at WH suggested that there were intensive biomass
burning activities south of WH during the observation pe-
riod, which was verified by the MODIS fire points distribu-
tion map (Fig. S10).

We also discussed the source region differences of BC
under different air quality conditions (Fig. 11). The higher
levels (> 1 ugm™3) of eBC, BCp, and BCg mainly origi-
nated south of three sites when the air was clean, whereas
during pollution episodes, air parcels from the north con-
tributed high concentrations of these species. For instance,
at WH, high levels of eBC (> 2.5 ug m~>) were found from
the south, whereas the source regions with high levels of eBC
(> 3 ugm~3) switched to northeast as the air quality deteri-
orated. Figure 12 shows the semiquantitative results of the
transportation contribution results during clean and pollution
periods. At the boundary sites (HA, SX and XY), BC was
mainly from the south (accounting for 46.0 %—58.2 %) when
the air quality was good (clean), and it was mainly from
northeast/northwest (51.2 %—76.5 %) when the air quality
deteriorated. At the SE-NCP site (LH), BC was dominantly
from the south (47.8 %) during pollution episodes. At the
CC site (WH), BC was mainly from the northeast (49.3 %-—
71.1%). These results suggested that the northwest and
northeast directions were the main transport pathways for air
pollutants reaching WH during pollution episodes. Further-
more, to control local emissions during haze episodes, the
emission sources (i.e., industry and open biomass burning)
in the upwind direction should also be controlled to prevent
the further deterioration of air quality in downwind areas.

3.6 Case studies of the variation of BC properties
during transportation

To explore BC variations (i.e., mass concentration, sources
and AAE) during transportation, we chose two case studies.

Atmos. Chem. Phys., 19, 4499-4516, 2019
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northeastern and southern clusters, as shown in Fig. 1.

LH and HA were selected due to the fact that the same in-
struments (AE33) were deployed at the sites, and the sites
are representative of both the SE-NCP and CC. BC trans-
portation from HA to LH and from LH to HA were both
considered. Figure 13a shows the hourly backward trajecto-
ries reaching HA on 12 January 2018 and the trajectory at
13:00 (GMT; black line) as it was observed passing through
LH (28 h prior). Therefore, the eBC mass concentration (in-
cluding BCgr and BCyyp), oaps and AAE at the upwind site,

Atmos. Chem. Phys., 19, 4499-4516, 2019

LH, at 08:00 on 11 January 2018 (GMT) and the downwind
site, HA, at 13:00 on 13 January 2018 (GMT) were compared
(Fig. 13b). In Case 1, eBC, BCy¢r and BCyy, significantly in-
creased (p < 0.01) during the air transport from LH to HA.
A BC absorption enhancement from 25.6+0.81 Mm™! (LH)
to 61.8 £ 12.5Mm~! (HA) was also observed, whereas the
AAE significantly decreased from 1.4940.02 to 1.42+£0.02
(p < 0.01). Similarly, in Case 2, the air masses reaching LH
at 07:00 on 13 January 2018 (GMT) had also passed through

www.atmos-chem-phys.net/19/4499/2019/
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Figure 13. Case studies of BC variation during downwind trans-
portation (from upwind to downwind). (a, Case 1) Hourly backward
trajectories (grey line) reaching HA on 12 January 2018, and the
trajectory at 13:00 (GMT; black line) that had passed through LH
28 h prior. (¢, Case 2) Trajectory reaching LH on 13 January 2018
at 07:00 (GMT; black line) that had been observed passing through
HA 31h prior. Box (25th—75th percentiles) and whisker (5th-95th
percentiles) plots of eBC, BCyr, BCyy, 0ans and AAE variations dur-
ing the transport from LH to HA (b) and from HA to LH (d).

HA (black line) 31 h prior (Fig. 13c). The eBC, BCyr and oyps
increased during transport from upwind (HA) to downwind
(LH), whereas BCpp and AAE decreased from 2.37 +0.23
and 1.4340.02 to 2.1440.14 and 1.3240.01 ugm™3, re-
spectively (Fig. 13d). The eBC mass concentrations were en-
hanced during transportation regardless of the transport di-
rection (CC to NCP or NCP to CC). Atmospheric removal of
BC generally occurs in a few days to weeks via wet and dry
deposition or contact with surfaces (Bond et al., 2013). In
the two abovementioned cases, there were no precipitation
events and the transport time was short (i.e., 28 and 31h,
respectively), which suggested lower removal rates. There-
fore, new emission inputs along the trajectory enhanced the
eBC mass concentration during transport. However, slight
differences were found with respect to BCyy, transport: BCyy,
increased from north (LH: 1.28 £0.06ugm™>) to south
(HA: 2.5740.47 ugm—3), whereas BCypy, decreased from HA
(2.3740.23 uygm~3) to LH (2.14+0.14 uyg m~3). This differ-
ence suggested that there were more intensive biomass burn-
ing emissions in Henan Province than in Hubei Province,
which was also verified by the BC emission inventory (Qin
and Xie, 2012; Qiu et al., 2016).

www.atmos-chem-phys.net/19/4499/2019/
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A previous study found that BC coagulation with nonre-
fractory materials becomes more significant when the aging
timescale is greater than 10 h (Riemer et al., 2004). Chamber
studies and field observations have also found that BC ab-
sorption is enhanced under polluted urban ambient air (Peng
et al., 2016; Zhang et al., 2018; Y. Wang et al., 2018), sug-
gesting that aging plays a role in modifying BC optical prop-
erties. In these two cases, the traveling time (aging time) from
LH to HA and from HA to LH was 28 and 31 h, respectively,
which suggested that the BC particles would have been co-
agulated through complex atmospheric processes. Therefore,
the o,ps Was found to be higher in the downward direction.
On the contrary, AAE values were found to decreased during
transport. The AAE is sensitive to the particle size. A lab
combustion experiment showed that particles with smaller
diameters from fresh biomass burning have higher AAE val-
ues than larger particles (Singh et al., 2016). Simulations
have also confirmed that the AAE of BC particles decrease
with increasing geometric median diameter (C. Liu et al.,
2018). Therefore, the diameter of BC particles increases dur-
ing transportation due to the aging processes supported by
the increased absorption coefficients and decreased AAE as
discussed above.

4 Summary

In order to understand the levels, optical properties, sources,
regional transportation and aging of BC in central China
and the south edge of North China Plain during winter haze
episodes, simultaneous observations were conducted at ru-
ral (HA and SX), suburban (LH and XY) and megacity
(WH) sites during January 2018. Using diagnosis ratios, the
Aethalometer model, backward trajectory analysis and the
concentration-weighted trajectory (CWT) method, the fol-
lowing conclusions were drawn:

1. The highest ambient eBC was generally found at north-
ern sites (8.48+4.83 and 7.35+3.45ugm™> at LH
and XY, respectively), followed by sites on the trans-
port route (5.54 +2.59 and 4.47 £2.90 uygm—3 for and
HA and SX, respectively) and the southern site (3.91 &
1.86 ugm—3 for WH).

2. Levels, sources, optical properties and the diurnal vari-
ation of eBC were different under different air quality.
eBC concentrations and absorption coefficients (oyps)
increased by 26.4 %—163 % and 11.7 %-254 %, respec-
tively, from clean to polluted conditions. This increase
may have been due to higher fossil fuel combustion
emissions during pollution episodes, which were sup-
ported by lower Angstrom exponent (AAE) values and
higher BCyr concentrations.

3. BC/PM; 5 and BC/CO ratios suggested that BC was
mainly from oil combustion and residential wood or
biomass combustion in this region.
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4. The conditional bivariate probability function results of
BCpp and BCgr showed different dominant source re-
gions for BCypp (mainly from the southeast) and BCgr
(from both the northwest and southeast) of WH and HA.
However, BCyp, and BCyr emissions were mainly from
south of LH.

5. At the boundary sites (HA, SX and XY), eBC was dom-
inantly from the south (46.0 %—-58.2 %) when the air
was clean, and it was mainly from northeast/northwest
(51.2 %-76.5 %) during pollution episodes. At the SE-
NCP site, air masses from the south accounted for
47.8 % of the ambient BC level when the air was pol-
luted. At the CC site, air parcels from the northeast con-
tributed 49.3 %—71.1 % to the BC loading during the en-
tire observation period.

6. During downwind air transportation (from upwind to
downwind), the BC mass concentration and absorption
coefficients increased, while the AAE decreased.

This study firstly revealed the differences of levels, optical
properties and sources of BC at five sites on the south edge
of the North China Plain and in central China during winter
haze episodes and discussed the interaction of BC between
two key polluted regions. It was intended to be a demonstra-
tion for corresponding research into the regional interactions
of BC transportation during winter haze episodes for other
regions.
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