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Abstract. Black carbon (BC) is known to have major impacts measures physical properties of BC, and the chemical ap-
on both human health and climate. The populated megacityproach using the positive matrix factorization (PMF) of mass
represents the most complex anthropogenic BC emissionspectra from the SP-AMS for the rst time. A method is
where the sources and related impacts are very uncertaiproposed to isolate the BC from the transportation sector
This study provides source attribution and characterizatiorusing a mode of small BC particles (core diamebay<
of BC in the Beijing urban environment during the joint 0:18 pm and coating thickness<t0 nm). This mode of BC
UK—China APHH (Air Pollution and Human Health) project, highly correlated with NG concentration in both seasons (
in both winter (November-December 2016) and summerl4ngm 2BC ppb 1 NOy) and corresponded with the morn-
(May—June 2017). The size-resolved mixing state of BC-ing traf ¢ rush hour, contributing about 30% and 40 % of
containing particles was characterized by a single-particlethe total rBC mass (35 % and 55 % in number) in winter and
soot photometer (SP2) and their mass spectra was measuredmmer respectively. The BC from coal burning or biomass
by a soot particle aerosol mass spectrometer (SP-AMS). Theurning was characterized by moderate coating® &0—
refractory BC (rBC) mass loading was around a factor of 2200 nm) contributing 20 %—25 % of rBC mass. Large un-
higher in winter relative to summer, and more variable coat-coated BC particlesO: > 0:18 um and c& 50 nm) were
ings were present, likely as a result of additional surfacemore likely to be contributed by coal combustion, as these
emissions from the residential sector and favourable conparticles were not present in urban London. This mode was
densation in the cold season. The characteristics of the B@resent in Beijing in both winter ( 30 %—40 % rBC mass)
were relatively independent of air mass direction in summerand summer ( 40% rBC mass) but may be dominated
whereas in winter air masses from the Northern Plateau werby the residential and industrial sector respectively. The
considerably cleaner and contained less-coated and smalleontribution of BC thickly coated with secondary species
BC, but the BC from the Southern Plateau had the largesfct> 200 nm) to the total rBC mass increased with pollu-
core size and coatings. tion level in winter but was minor in summer. These large
We compare two online source apportionment methodsBC particles importantly enhanced the absorption ef ciency
using simultaneous measurements made by the SP2, whicht high pollution levels — in winter when P\ 100 ugm 2
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or BC> 2 ugm 3, the absorption ef ciency of BC increased has been used to validate the other methods in attributing el-
by 25 %—-70%. The reduction of emissions of these large BCemental carbon (Liu et al., 2013; Zotter et al., 2017).
particles and the precursors of the associated secondary coat- These techniques mostly use distinct features in the chem-
ing will be an effective way of mitigating the heating effect istry or physical properties to isolate one BC source from
of BC in urban environments. the other, and to do so requires that there are unique char-
acteristics that are separable. The BC sources in Beijing are
combinations of residential, industrial and transport sectors
(Li et al., 2017), and the fuel use could be rather more com-
1 Introduction plex than two distinct sources on which most techniques are
based. For example, both coal burning and diesel fuel could
Black carbon aerosol (BC) has a signi cant impact on both emit fossil fuel BC, which may not be isolated through iso-
climate (Bond et al., 2013) and human health (Baumgart-tope analysis, and also the absorption spectrum of BC from
ner et al., 2014). Its regional impact in the atmosphere maydifferent sources may vary considerably, and to assume a sin-
be very large, especially close to polluted hotspots such agle pattern based on Aethalometer measurements may not be
in South and East Asia, where anthropogenic emissions arsuitable to attribute multiple sources. The fast secondary pro-
high and population exposure is severe (Ramanathan andessing of aerosols in Beijing (Sun et al., 2016b) may make
Carmichael, 2008). It has been estimated that BC over Chinghe source attribution of primary BC even more challenging
could contribute up to 14 % of the global radiative forcing as the secondary coating formed on BC may alter its orig-
budget (Li et al., 2016). Reducing BC has been postulatednal source-dependent features. Given these dif culties it is
as a win-win policy intervention because of the shorter at-unlikely that any single methodology will give unambiguous
mospheric lifetime of BC compared to the greenhouse gasesgsults, but a combination of different methods may improve
delivering immediate mitigation while at the same time im- the understanding on the source attribution because source-
proving air quality (Kopp and Mauzerall, 2010). speci ¢ physiochemical properties of BC may be re ected in
Beijing, as one of the most populated megacities in thedifferent ways by different methods.
world, has experienced severe air pollution (Yang et al., Itis also necessary to gain knowledge on the microphys-
2005; Xu et al., 1994). The complexity of emissions from ical structure and mixing state of the soot, namely its size
multiple sectors that are often co-located (Li et al., 2017)and what other materials are present on the individual par-
make it extremely challenging to attribute source contribu-ticles, as these dictate its impact on the wider atmosphere.
tions to the BC load, hindering policy making on emission Other material present on a BC particle (a coating) may alter
regulations. The source apportionment of BC in urban en-ts optical properties (Liu et al., 2017), affecting the direct ra-
vironments has been studied using both online and of inediative effect on the local atmosphere, and it may also make it
measurements and using site receptor models (Cao et almore susceptible to in-cloud scavenging, meaning that it can
2005; Viana et al., 2008, and references therein). Most ofperturb the cloud properties or experience a shortened atmo-
the techniques separate the fossil fuel BC, such as separagpheric lifetime through wet deposition (Hodnebrog et al.,
traf ¢ sources from the solid fuel burning fraction such as 2014). The source pro le of the size-resolved mixing state of
that from wood burning (Sandradewi et al., 2008; Healy etBC is desired for the evaluation of BC properties in process
al., 2012) or open biomass burning (Schwarz et al., 2008)models (Riemer et al., 2009), especially for environments
These techniques include using biomass burning tracers iwith combined sources (Fierce et al., 2016).
aerosol (Puxbaum et al., 2007) or using individual organic This study quanties the source attribution of BC-
tracer compounds to attribute the sources and provide timeontaining particles in urban Beijing and delivers source-
series representing the different sources. These are then ussgdeci ¢ information on their properties by combining
to segregate the different BC emission contributions by mul-two techniques, both of which directly characterize BC-
tilinear regression (Liu et al., 2011; Laborde et al., 2013).containing particles but are based on physical and chemi-
An approach using Aethalometer measurements has beeral techniques respectively. The physical technique uses a
widely used based on the spectral dependence of absorptiagingle-particle soot photometer (DMT, SP2), which was pre-
(Sandradewi et al., 2008). This technique needs to assumeiously used for source apportionment of BC in urban Lon-
a prescribed absorption spectrum from traf ¢ or wood burn- don (Liu et al., 2014). This approach is to examine the mixing
ing sources which may be subject to variation under differ-state of BC particles as a function of their core size, and this
ent burning conditions (Zotter et al., 2017). Isotope analysishas been used to attribute the BC from traf ¢ diesel and wood
of elemental carbon, in conjunction with thermal separation,burning source. The chemical approach uses the soot particle
allows identi cation of modern carbon (e.g. from biomass) aerosol mass spectrometer (Aerodyne, SP-AMS) which has
from fossil fuel (from diesel or coal) based on tH€ abun-  been previously used to identify the chemical compositions
dance (Bernardoni et al., 2013; Zhang et al., 2012). Thisof coatings associated with BC (Onasch et al., 2012a), which
method has been considered to be relatively unambiguoumay be used to determine primary sources or secondary pro-
in isolating wood burning sources from traf ¢ sources and cessing of BC. The combination of both techniques in this
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study will give the detailed physiochemical properties of BC tween winter and summer will mainly result from changes
in uenced by mixed sources. In particular, by combining the in the residential sector.
approaches the contribution of different emission sources to The HYSPLIT back-trajectory model (Draxler and Hess,
the optical properties of BC can be quanti ed and so an at-1998) was run using the 1 1 horizontal and vertical wind
tribution of different sources to the BC heating in the atmo- elds provided by the GDAS1 reanalysis meteorology. Given
spheric column can be made. that the emissions are intensive around the immediate Beijing
area, air mass back trajectories were only followed for the
previous 24 h to examine the in uence from the most recent
2 The site, meteorology and air mass classi cation air masses. The back trajectories are then mapped onto the
classi ed regions (Fig. 1c) to investigate variations in the po-
The experiments were conducted at the tower site of thdential regional source in uence. The back trajectories have
Institute of Atmospheric Physics (IAP), Chinese Academya 1 h time resolution and each point along a single 24 h tra-
of Sciences (3%8%28 N, 116 2216 E), in Beijing dur-  jectory is assigned to one of the four regional classi cations.
ing both winter (November—December 2016) and summerAll the points along a single trajectory are then used to deter-
(May—June 2017) periods, as part of the Air Pollution and mine the fraction of time during the previous day that the air
Human Health-Beijing campaign. This site represents themass spent above each of the classi ed regions as shown in
typical urban Beijing environment with pollution in uences the bottom panel of Fig. 3a and b. This method has been ap-
from surrounding traf c, commercial activities, residential plied previously in the western Africa region to identify the
activities such as cooking and home heating, and regionapotential source contributions (Liu et al., 2018). Note that the
transport (Sun et al., 2016a). HYSPLIT analysis is not able to reproduce the dispersion of
Figure la shows the terrain of the North China Plainthe air mass, but such effects are likely to be minimal since
(NCP) region to the north of Beijing, and Fig. 1b shows the the trajectories are only investigated over the previous 24 h.
surface emission inventory of BC for the year 2010 (Lietal., Each back trajectory is assigned to be predominately from
2017). The high anthropogenic BC emission can be generallpne of the regions based on a ranked classi cation scheme
divided by the border along the Taihang and Yan (Yanshan}hat takes account of the likely greater in uence on the pol-
mountain ridges, beyond which the region from north-westlution at the receptor from closer regions with large emis-
Beijing has relatively lower emissions. Considerably highersions. The methodology considers each region in turn, be-
emissions are also present across the Southern Plateau mginning with the Western NCP air mass because it represents
gion. In order to investigate the regional in uence of pollu- the mostly polluted region, and a relatively lower air mass
tants in Beijing, the regions over the NCP and the plateauraction of the Western NCP will make an important contri-
are classi ed according to the terrain and BC surface emis-bution to the pollutants measured at the receptor. If the back
sion, shown in Fig. 1c. The regions are rstly classi ed as trajectory spent more than 10 % of the previous 24 h over the
the plateau and plain according to the terrain height belowWestern NCP, it was classi ed as being from that sector. The
and above 800 m, and then for the regio800 m, 116.5E 10 % threshold was somewhat arbitrarily set based on an it-
(the longitude of central Beijing) is used to separate the Easteration over a range of values — too low a threshold biased air
ern and Western NCP (E and W are used as the abbrevianasses towards the very near eld, whereas too high a value
tions during the following discussion); the region800m  failed to classify a large fraction of air masses. The sensitiv-
is separated as the Northern and Southern Plateau (N andify of the threshold was tested by varying it between 9 % and
are used as abbreviations for the following discussion) us-11% ( 10 %), and the classi cation was shown to be insen-
ing the border along 41.9; the ocean is de ned as the sitive to change. The following regions are then considered
terrain height below zero. The Northern Plateau has signifin a similar way in turn based on the following order: East-
icantly lower emission, meaning north-westerly air massesern NCP, Southern Plateau and Northern Plateau, with each
will bring clean air into Beijing and are likely to reduce pol- above 10% air mass fraction. Lastly if the air mass spent
lution levels in the city, whereas westerlies may bring pollu- more than 20 % in the local area it is de ned as having sig-
tants from the Southern Plateau and south-westerlies couldi cant local in uence.
transport the high emissions from central China to the NCP. The meteorological parameters such as wind, relative hu-
The local area is de ned in this work as the area within the midity (RH) and temperature were measured at ground level
square 0:25 away from the measurement site. BC emis- (zD 10 m) and also on the tower aD 120 m. The temper-
sion inventories from different sectors are shown in Fig. Slature and RH az D 10 m are used, but the wind at 120m
in the Supplement. In winter the residential sector, which isis used to avoid the surface friction effect. In addition, the
mainly composed of residential coal burning, contributes theplanetary boundary layer height (PBLH) spanning the ex-
vast majority of BC emissions; whereas the emissions fromperimental period was determined using lidar and ceilometer
the industrial (which also contains signi cant coal consump- measurements (Kotthaus and Grimmond, 2018).
tion) and transportation sectors are maintained throughout
the year. This means the differences in BC emissions be-
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Figure 1. (a) Terrain height for the North China Plain (NCP) and the plat¢bBC emissions from all sectors in 201(@) the regional
classi cation according to terrain height and emission.

3 Instrumentation and data analysis the particle passes through the SP2 laser beam (Gao et al.,
. _ 2007). This was used to determine the scattering enhance-
3.1 The physical properties of BC ment Escd for each single particle which is de ned as

_ _ o _ the ratio between the measured scattering intensity resulting
The physical properties of individual refractory BC parti- from the entire BC-containing particle, including any coat-
cles were characterized using a single-particle soot photomeng, and the calculated scattering intensity resulting from the

ter (SP2) manufactured by DMT Inc. (Boulder, CO, USA). yncoated BC core of that particle (Liu et al., 2014; Taylor et
The instrument operation and data interpretation procedureg|  2015), expressed as

are described elsewhere (Liu et al., 2010; McMeeking et al.,
2010). The SP2 incandescence signal was calibrated for ree.,D Smeasuregtoated BC : (1)
fractory BC (rBC) mass using Aquad&dplack carbon par- Scalculateguncoated BC
ticle standards (Aqueous De occulated Acheson Graphite where the numerator is the scattered light intensity of the
manufactured by Acheson Inc., USA) and corrected for am-coated BC particle measured by the SP2, and the denomina-
bient rBC with a factor of 0.75 (Laborde et al., 2012). tor is the calculated scattering intensity of the uncoated BC
The mass-equivalent diameter of the rBC cdbr/(is ob- core based on the measured mass and using a refractive index
tained from the measured rBC mass assuming a density aff BC 2.26C 1.261 at the SP2 laser wavelengthD 1064 nm
1.8gcm 2 (Bond and Bergstrom, 2006). For a given time (Moteki et al., 2010). For a giveB¢, a higherEscameans a
window, the mass median diameter (MMD) of the rBC core thicker coating andEscaD 1 means there is no coating. The
is calculated from th® distribution below and above which coated BC particle sizeDy/ is then determined by match-
the rBC mass was equal. ing the modelled scattering with the measured scattering by
The scattering signal of each BC particle measured byapplying a Mie core—shell lookup table (Taylor et al., 2015).
the SP2 is determined using a leading edge only (LEO)For the current SP2 con guration (Liu et al., 2017), the de-
technique to reconstruct the distorted scattering signal whettection ef ciency for the coating, taking into account only

Atmos. Chem. Phys., 19, 674%769 2019 www.atmos-chem-phys.net/19/6749/2019/
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Figure 2. Classi ed air mass origins based on back-trajectory analysis: Western NCP, Southern Plateau, Northern Plateau and Eastern NCP.

particles with suf cient signal to noise in the two-element size (Eq. 3). The bulk mixing ratio of coating mass over rBC
APD (avalanche photodiode) detector signal to perform reli-mass Mg.pui/ can be also derived from =D, assuming
able LEO tting, is> 80% forD. D 0:12—-0.45 ump> 60 % densities for the bulk coating and rBC core (Eq. 4):

for D¢ > 0:45 um (due to partly saturated signal) ané0 %

for D¢ D 0:08-0.12 um.

The bulk relative coating thicknes® =D/ in a given DD & MMD 3)
time window is calculated as the total volume of coated BC~ PV ™~ D, '
particles divided by the total volume of the rBC cores (Liu et Dp 3 coating
al., 2014), expressed as MroukD . o=/% 1 ——= 4
v c rBC
o 08
p D Pp—: (2) The mass absorption cross section & 550 nm (MAGsso/

D3

| is calculated for each single particle by assuming the refrac-

tive index of rBC core B5C 0:79 (Bond and Bergstrom,

whereDp;j andD¢; are the coated and rBC diameters for 2006) and coating refractive index60C0i (Liu etal., 2015),
each single particle respectively (the abbreviations using subesing the Mie core—shell approach (Bohren and Huffman,
scripti refer to the single particle; variables without a sub- 2008). Note that the absorption enhancement due to coat-
script refer to the bulk information). Note that the bulk ing is considered to only occur when the coating mass over
Dp=Dc is largely independent of the uncertainties arising rBC mass is larger than 3 according to the recent study of
from smaller particles because of their less important con<{Liu et al., 2017), and the coating here is assumed to be non-
tribution to the integrated volume. absorbing. Figure S3 gives the calculated MA§g&mapped

The volume-weighted coated BC siZ&,/ isthen calcu- ontheEgca D¢ plot. The MAGssg in bulk for a given time
lated as the product of the bulk relative coating thickness andvindow is calculated as the integrated absorption coef cient
the MMD of the BC cores, to indicate the mean coated BC(MAC mgc/ for all particles divided by the integrated par-
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analysis in Fig. 9.

Atmos. Chem. Phys., 19, 674%769 2019 www.atmos-chem-phys.net/19/6749/2019/



D. Liu et al.: Black carbon in urban Beijing 6755

ticle masses, expressed by Eq. (5): 4 Results

4.1 Overview of BC physical properties

P
. C; Mee
MAC D MG Meeci (5)
i MrBC;i The following section describes the measured BC properties
in both the winter and the summer seasons. Each property is
discussed in turn and the similarities and differences between
the seasons highlighted to clearly identify property changes
that can be linked to changes in sources or processes in sum-
A Photoacoustic Extinctiometer (PAX; Droplet Measure- o and winter. - .
Figure 3 shows the temporal variation of the physical prop-

ment Technologies, Boulder, CO, USA) (Wang et al., 2014; X
Selimovic et al., 2018) was deployed to directly measure theert|es of BC, associated gaseous pollutants, and meteorolog-

in situ aerosol light absorption every minute using photoa_|cal .parameters and their association with t.he air mass clgssi—
coustic technology. The light-absorbing particles are heatedcat'ons' As the bottom panels ShOW.’ the site was r_nostly in-

by a laser in the acoustic chamber, and this heating produceé’enced by_ northerly and westerly air masses in winter, and

pressure waves which are detected by a microphone. The Cax_ery few ar masses came from the Eastern NCP. The_ rst
ibration of scattering and absorption for PAX was performed. alf Of. the winter campaign up to 20 November was period-
using the polystyrene latex spheres and fullerene soot respe&qal.Iy in uenced by air masses fro'm the Western N.CP’ and
tively. The absorption coef cient at D 870 nm ( apss7d/ i during the second half the synoptic meteorology shifted ap-

measured by the PAX. The mass absorption cross sectioRreCiany and was dominated by northerly (from the North-

(MAC) is determined as the absorption coef cient per unit em Plateal_J) or west_erly (from the Southern Plateau) air
rBC mass. Note that in this studyapsszo Values for rBC masses, with the period between 2 and 4 December dom-

mass loadings 0:5 g m 3 were not used for MAC calcula- inated by air from the Southern Plateau. The temperature

tions due to the large uncertainty of absorption measuremenqr(.)pped from 10. C to below 5 C when the air masitype
at low concentration. shifted to deliver air from the plateau. In summer, Beijing re-

ceived air from the Western NCP, the Eastern NCP and the

Northern Plateau, with southerly air masses more dominant
3.2 BC chemical composition than those from the north.

The classi ed air mass types are generally consistent with

The chemical composition of black-carbon-containing par-the local wind directions measured at 120 m for both seasons
ticles, including the refractory BC and coating composi- (Fig. 4). In winter, the Northern Plateau air masses were char-
tions, is measured by a soot particle mass spectrometer (SRecterised by high speed and dry NW winds; in summer the
AMS) (Onasch et al., 2012a; Wang et al., 2017). The re- ow was not as strong. Air masses from the Southern Plateau
sults from SP-AMS measurement during the APHH (Air Pol- were associated with both northerly and southerly winds but
lution and Human Health) project are detailed in Wang etwith much lower wind speed and systematically higher RH
al. (2019). The SP-AMS was run in laser-only mode and sothan the Northern Plateau air masses. The south-westerly air
only detected compositions for BC-containing particles. In masses also had the highest RH, which is consistent with pre-
this mode the non-refractory components were not detected iWious observations that show air masses from lower latitudes
they were not contained within a BC particle. The ionization contained more moisture in wintertime (Tao et al., 2012). In
ef ciency (IE) and relative ionization ef ciency (RIE) of sul-  summer, air masses from the Western NCP showed lower
fate and nitrate were calibrated by using ammonium nitrateRH. The site showed lower wind speed and wider variation
and ammonium sulfate (Jayne et al., 2000). RIE of rBC wasof RH when in uenced by local air masses.
calibrated by using Regal Black (RB, REGAL 400R pigment BC properties associated with different air mass types in
black, Cabot Corp.) (Onasch et al., 2012b). Positive matrixboth the winter and summer seasons are compared in Fig. 5.
factorization (PMF) (Paatero and Tapper, 1994) was appliedBC mass loadings were higher in winter than in summer by
to the mass spectra of the organic and rBC components taround a factor of 2 for both local and regionally transported
attribute the source contribution of BC-containing particle air masses, mostly likely due to a combination of higher sur-
mass, as detailed in Wang et al. (2019). Four types of BCHface emissions from both the local Beijing region and the sur-
containing particles associated with different organic coat-rounding area in the cold season, as well as the increased fre-
ings were identi ed: fossil fuel combustion organic aerosol quency of lower boundary layer heights in winter (Sect. 4.4).
(FOA), biomass burning OA (BBOA), low-volatility organ- However, air masses from the Northern Plateau during peri-
ics (OOA1) and semi-volatile organics (OOA2). In addition, ods of strong and dry wind had a notable effect on the rBC
a polycyclic aromatic hydrocarbon (PAH) factor was also de-mass in winter, greatly reducing the rBC mass in Beijing.
rived from the SP-AMS measurement, which is associatedlhis air mass type contributed to over 90 % of the cleaner
with coal combustion (Sun et al., 2016a). days (rBC mass concentratienl ugm 3/ in winter. This is

where MAG andmgc;; are the MAC and rBC mass for each
single particle respectively. This calculation is performed for
each type of BC.

www.atmos-chem-phys.net/19/6749/2019/ Atmos. Chem. Phys., 19, 6 8/%9 2019
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Figure 4. Frequency distributions of wind speed and directibD® (120 m) and RHZ D 8 m) for classi ed air mass types in both seasons.

consistent with the emission inventory that shows that theday, a deeper boundary layer is re-established, resulting in
north-west of Beijing is dominated by lower surface emis- a much larger volume for emissions to mix into. The diurnal
sions over Mongolia. The dilution of Beijing pollution by variationin rBC is a combination of both diurnal variations in
high wind speeds during NW air ow has been widely ob- emissions and marked changes in the boundary layer struc-
served (Sun et al., 2015; Zhang et al., 2013, 2015). The BQure. In summer, the night-time peak of rBC mass loading
particles during these periods had systematically lower corevas absent but peaked during the morning rush hour, which
sizes (Fig. 5b1) and lower coatings (Fig. 5c1) and thereforemay re ect the important contribution from traf c. Figure 6
smaller total particle sizes. This may result from more ef - shows an evident increase in BC coatings around 10:00 (all
cient removal processes for the more coated and larger B@imes are in local time) in winter and a slight increase around
particles in winter. 09:00 in summer, and the coatings in winter were notably
No signi cant differencesig < 0:01) in the physical prop- higher at night than in the day. In general, larger variations in
erties of BC particles were observed between the differenthe physical properties of BC were observed in winter com-
air mass types in summer; e.g. there is a consistent peak gfared to summer.
Dp=Dc 1.4 for all air mass types, which may suggest an S o
almost homogenous mixture or consistent BC sources acros&2 The size distribution and mixing state of BC
a large region around Beijing in China. In winter, the range

of Dp=D; values extended from similar values to those in the Fig_urel 7a _gi(\j/e_s e;)xa?ples of BChcore size di_stril(ajgtio_r;s for
summer up to 2.5. The MMD of BC cores was most often ob-typical periods in both seasons. The BC core size distribution

served to be 180 nm for both seasons. but it is noted that could be modelled as a single log-normal distribution tted

the air mass from the Southern Plateau (as the green Iinefgr D¢ D 100-400 nm,
show) had systematically larger MMD, and BC particles in log?. Dc=Dq/
air masses from this region also had the highest coatings and— D Ae Zog g - (6)
largest coated BC size compared to other air masses. ThélogDe
large BC core size and coatings observed during westerly aifvhereA is the peak concentratiol). is the BC core size
masses may arise from ageing of sources in central and wesineasured by the SPR is the core MMD and g is the ge-
ern China during transport, though it should be noted that theymetric standard deviation (GSD) for the log-normal distri-
trajectories presented are only for the previous 24 h. How-hution. The red lines in Fig. 7a show the log-normal tting to
ever, the BC core size was signi cantly highgr¢ 0:01) in  the observations. It is noted that some fraction of the distribu-
winter than in summer during periods when Beijing receivedtion at the larger end is not tted within the single log-normal
air from the Southern Plateau. This may result from a largedistribution, which may require an additional moment of log-
contribution of residential heating activities in the Southern normal distribution to be accounted for, as has been shown
Plateau in winter which were not present in summer. during previous urban studies (Huang et al., 2011). However,
As Fig. 6 shows, the diurnal variation of rBC mass load- tting a second log-normal mode will be subject to large un-
ing in winter showed a strong anti-correlatioR(D 0:73)  certainty due to the saturation of the SP2 detector which has
with the mixing layer height (MLH). In winter, surface cool- an upper cut-off aD. D 550 nm, leading to insuf cient data
ing during the night leads to a shallow nocturnal boundarypoints to constrain such a t. The additional rBC mass dis-
when coupled with increased emissions from heating activribution above 550 nm may exist but would require instru-
ities, which greatly enhances surface pollution. During thement recon guration to be fully detected. The two-moment
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Figure 5. Histograms of BC mass loading, core size MMD)=Dc andDyyy for different air masses in both seasons.
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error bars show the mean at each rBC mass bin.
Figure 6. Diurnal variations of mixing layer height (MLH) and BC-

related properties in winter and summer. The lines show the mean
at each hour and error bars denoteé . Thex value for summeris gt the same rBC mass concentration. In winter, the signif-
shifted by 0.5 h to avoid the overlap. icant increase in core MMD when the rBC mass concen-
tration > 5pgm 3 may indicate that coagulation is taking
place at high concentration. The increased BC coating thick-
log-normal tting is thus not performed in this study. The ex- ness observed under these conditions is also consistent with
trapolated rBC mass accounted for 5 %—8 % of the total rBCBC coagulating with non-BC patrticles (Fig. 8). The width of
mass loading which is included for the rBC mass loading re-the core size distributiong in winter showed a decreasing
ported in this study. trend at higher rBC mass concentration; again this is consis-
Figure 7b shows the tting parameters of BC core size dis-tent with the view that coagulation may occur at high rBC
tribution at different levels of rBC mass concentration. The mass concentration, reducing the width of the size distribu-
core size generally increased at higher rBC mass concertion (Pratsinis, 1988). However, these effects may also re-
tration but demonstrated considerable variability ranging be-ect a shift in the range of sources present during periods
tween 150 and 220 nm. BC particles were observed to havef higher pollution levels that produces proportionally more
systematically larger core sizes in winter than in summerrBC particles with large core sizes. In summershowed

www.atmos-chem-phys.net/19/6749/2019/ Atmos. Chem. Phys., 19, 6 84/%9 2019



6758 D. Liu et al.: Black carbon in urban Beijing

®a It is noted thatEgc, appears to bes 1 at largerD¢. This
arises for two reasons. Firstly, the assumption of sphericity
used in the Mie calculations to deri#gzintroduces signif-
icant bias for larger BC cores with little or no coating. The
= resulting scattering for uncoated BC will be lower than that
B derived by Mie scattering due to geometrical in uences as
g has been shown when comparing with T-matrix calculations
(He etal., 2015; Wu et al., 2018), and this increases with rBC
core size. Secondly, the BC at lardeg largely results from

2.6 " a o -
6 O Winter . oo 055 10

0 Summer

T T T T T
A 0o Nwo

Bulk D,/D,

! coal combustion (Sect. 4.4), and this may have a refractive in-
d : 7 dex (RI) that is different from rBC from traf ¢ sources (2.26,
IR EC R EEEI 1,26). Both factors will lead to a lower estimated scattering
BC mass loading (g m”) cross section for uncoated rBC, and hekBggy< 1. Since no

measurements of BC morphology or source-dependent RI of
rBC are available in this study, we are only able to state that
this BC with largerD. is likely to be very thinly coated and
assume the particles withsca< 1 had aDp=D¢ D1. This
assumption is not likely to lead to major biases since the BC
at largeD values has a lower MAC (Fig. S5), and adding

an increasing trend with rBC mass concentration, which maymaterial to these particles will only lead to the presence of a
result from more diverse source contributions at higher rBCthin coating that will not signi cantly in uence the resulting
mass concentration. The higheyin winter than in summer ~ overall MAC (less than 8 %).
at the same rBC mass concentration suggests a greater com-The BC particles were segregated according to the dis-
plexity of sources in winter. continuous distribution irEscz D¢ during different peri-
The core sizes observed in Beijing are signi cantly larger 0ds. The criteria used is shown by the dashed thick lines
(p < 0:01) than those observed in London, even when thein Fig. 9a. Four modes of BC could be segregated: small
BC source pro le was dominated by wood burning (170 nm), BC (BGsn/ with BC cores smaller than 180 nm and coating
which may result from other sources of BC. Figure 8 showsthicknesses: 50 nm (assuming a core—shell structure); mod-
the coating content of BC was similar between seasons witterately coated BC (Bfod — moderate coating with coat-
MRg:buk 1-2 when the rBC mass concentratior? ugm 3. ing thicknesses of 50—200 nm; thickly coated BC (RG/
During summer the coating thickness only periodically in- With coating thicknesses 200 nm; and large uncoated BC
creased Mr:buik > 2), but in winter the coating increased (BCig;uncoal With BC core sizes> 180nm and thicknesses
particularly when the rBC mass concentratior8 pgm 2, < 50nm. The contribution of these four modes of BC par-
showing a highly variabl/r.puik ranging between 1.5 and ticles to the total rBC number varied during different peri-
10 (bulk Dp=D; 1:4-2.6). Accordingly, the coated BC ods. In summer, the Bgick only contributed a minor fraction
size Dp., peaked at 220-310nm when rBC mass concen-Of the total number throughout the experiment. The small,
tration< 2 pug m 3 in both seasons; however, it reached val- moderately coated and Bfuncoatfractions are all present in
ues as high as 550 nm under highly polluted conditions. Theboth seasons. Compared with the results in London (Fig. 9e
large variation of BC mixing state during wintertime when and f), the BGn, fraction was consistent with traf ¢ in u-
the rBC mass concentration3 pg m 3 may re ect the addi- ~ ences with small core and thin coatings, and the,&vas
tional primary sources, such as the large contribution frombroadly consistent with the wood burning observed in urban
residential sources during the cold season. However, sed-ondon. Itis noted that the B&uncoatwas not important in
ondary processing of the complex source mixtures undetirban London under the different air masses or source in u-
highly polluted conditions may also play an important role €nces observed, with the mass fraction ofifacoar< 8 %
in increasing the coatings. Possible reasons for these differand number fractior: 3 % throughout the experimental pe-
ences are investigated in more detail in Sect. 4.4 and 4.6iod. This means Bfguncoatmay represent a source which
where the rBC is segregated into characteristic types andvas uniquely present in urban Beijing but not in the UK or
compared with PMF results from the SP-AMS and Pid- surrounding area.

Figure 8. Mixing status of BC at different levels of BC mass load-
ing in both seasons, with differegt axes showing bulkD p=Dc,
volume-weighted coated particle sid2.y/ and bulk mass mixing
ratio of coatingrBC.

spectively. A further analysis on the segregated BC core and coated
size distribution (Fig. S2) shows the total size distribution
4.3 BC segregation by size-resolved mixing state of BC core and coated size distribution could be generally

separated as two or three size distributions withgBC
Figure 9 shows the BC core size-resolved mixing state durBCig:uncoat BCmod and BGnick, representing the thinly, mod-
ing typical periods in both seasons, and the results obtainedrately and thickly coated BC respectively. In particular, the
in London are also shown as a reference (Liu et al., 2014)thickly coated BC could well explain the additional mode
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Figure 9. Scattering enhancemeriEdc4 as a function of BC core sizéd¢/ for the three periods (as period |-l indicated in Fig. 3) in

Beijing winter (a—c), Beijing summer(d), London with mixed sourceg), and London with traf c sourcéf). Each plot is coloured by

particle number density (the colour scale is set to be red when the number density is above 70 % of the maxima in each panel). The particles
are separated as four groups using the borders (from top to bottgn) 838C 0:000436 5.7,y D 2:1,x D 0:18, as shown by dashed

lines on each plot. The dashed grey lineg@ndenote coating thicknesses mapped orBkg, D¢ plot.

observed in the coated BC size distribution. This in turn sug-tantly the coal burning emissions. Coal burning could re-
gests the apportioned BC modes may represent discerniblsult from both the residential and industrial sectors (Finkel-
primary sources or sources subject to secondary processingnan and Tian, 2018), with the former sector overwhelm-
ingly dominating in winter but the contribution from the lat-
4.4 Comparison of BC source estimation ter maintained throughout the year (Fig. S1). The small BC

Fi 10 sh h | uti fIBC .. particle component is shown to be solely correlated with
igure 10 shows the temporal evolution of rBC mass in win- FOA BC (2D 0:68), but FOA_BC is also correlated with

ter determined by the SP2 and SP-AMS categorized accordrhoderately coated and BGincoa: The multiple correlations

ing to the different source contributions derived in Sect. 4.3of FOA_BC with BC at different core sizes and coating thick-
and as explored in Wang et al. (2019) respectively. P'v”:nesses_mean the fossil-fuel-related BC could exhibit a range

analysis on SP'AMS _detecteq mass spectra identi ed fourof mixing states; however the B particle fraction that has
factors for BC-containing particles (Wang et al., 2019): fos-

. o ; smaller core sizes and thinner coatings tends to be only asso-
sil ;uel E:% (FQA—%%) conta(;nlnghBt‘)C from vbe h|c_Ie SOUICES iated with and contributes to the fossil fuel BC fraction.
and coa burning, coated with biomass burning organics BBOA_BC, which mostly resulted from open cooking

(BBOA_BC), BC associated with less-volatile organic coat- sources in Beiii : .

) — . ; . . jing (He et al., 2010), is correlated with,Bg
ings (OOA_l_BC) and BC associated with semi-volatile Or- 1nd the BGy.uncoatfrom the SP2 (2> 0:6). Both BC types
ganic coatings (OOA2_BC). Note that each PMF fact.or in-Had high correlation with FOA and BBOA?> 0:6) since
cludes_, the ref_r ac_tory BOX%) and_the non-refractory coatings 6 fossil fuel (excluding the part correlated with 8L and
associated with it. In order to directly compare with the rBC biomass burning BC particles have similar core sizes and

mass ‘T‘ef“;,e,\‘j‘mb]}’ the SP2, Onl}é tr_;_ebTais r?ﬁhéfﬁg-l_ coating contents. The potential contributions from coal burn-
ments in the actors are used. Table 1 shows the line ng sources are further investigated by correlating the SP-

correlation coef cient between the different PMF factors and 15 measured PAH with the SP2-segregated BC types, as
the SP2-segregated BC types, with green shading hlghllghtt'he PAH is considered to be an ideal marker for coal burning

ing the high correlationr® > 0:6). (Xu et al., 2006; Sun et al., 2016a). The moderatel
. . . ; . . y coated
The FOA_BC was not able to be further apportioned viag g BGg:uncoat fractions are found to have the highest cor-

the PMF analysis, and so this factor contains both mobile,, ,ion with PAH (2> 0:8). This means the BC from coal

sources such as from diesel or gasoline engines and impor-
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Figure 10. Time series of SP2-separated rBC mass and SP-AMS sep&at@ass by PMF analysis.

Table 1.Pearson's correlation coef cients between the time series of SP2 and SP-AMS segregated rBC mass and PAH. The correlations with
Pearson's% > 0.6 are in bold font. All correlations are signi cant at the 0.01 level (two-tailed).

FOA_BC BBOA_BC OOA1_BC OOA2_BC
r2 (N D 1406) (fossil fuel)  (biomass burning)  (less volatile)  (semi-volatile) PAH_BC
Small BC 0.68 0.55 0.10 0.12 0.47
Moderately coated BC 0.61 0.66 0.40 0.63 0.81
Thickly coated BC 0.31 0.54 0.61 0.47 0.59
Large uncoated BC 0.79 0.85 0.42 0.34 0.82
BC mass total 0.74 0.85 0.51 0.51 0.89

burning tended to contribute to both the moderately coatedent with wood burning in urban London, but BGncoatis

and the BGg;uncoatfractions (Y. Zhang et al., 2018a) but not not present from these sources (Fig. 9e and f). It is therefore
the BGm, which in turn indicates that the B is mainly more likely that the Bg;uncoatWas mainly contributed by

a result of mobile sources (such as traf ¢) rather than coalcoal combustion.

burning. Previous studies found that the coal emission in ur- The BGnick of BCmod fraction is well correlatedr > 0:6)

ban China may have a larger BC core size compared to trafwith the BC coated with less-volatile organics (OOA1_BC)
¢ sources (Wang et al., 2016; Y. Zhang et al., 2018a) andor semi-volatile organics (OOA2_BC) respectively. This
larger BC cores in the cold season (Yang et al., 2018). Thisneans the coating composition would mostly contain less-
is also consistent with the lack of the BGncoatmode inur-  volatile organic species when BC was thickly coated,
ban London where there was no coal burning present in thavhereas the moderate coating BC patrticle fraction mainly
city (Fig. 9). Given that biomass burning was also correlatedcontained semi-volatile species. The coal burning or biomass
with moderately coated and Bfaincoatfractions 2> 0:6), burning contributions are also signi cant in the Bgy frac-
analyses limited to the size-resolved mixing state alone mayion, which means these primary sources may also emit con-
not be able to distinguish the BC particles derived from coalsiderable semi-volatile species internally mixed with BC.
and biomass burning in urban Beijing. This may be becauséNote that the absolute values of rBC mass from SP-AMS
the contribution of biomass burning to BC was signi cantly or SP2 had not necessarily corresponded with each other
lower (p < 0:01) than that from fossil fuel in Beijing (Zhang for the correlated factors; e.g. the OOA2_BC is higher than
etal., 2017), and the open biomass burning was only sporad®OA1_BC but vice versa for the SP2 factors. This may re-
ically signi cant during spring and autumn harvest time over sult from different responses and sensitivities for the mea-
the NCP region (Chen et al., 2017). In addition, even somesurement techniques of both instruments at different levels
of the coal burning contribution, especially for the coal from of BC mixing state.

residential use, may be attributed as biomass burning if us-

ing levoglucosan as a marker (Yan et al., 2018), which may

lead to some fraction of BBOA identi ed by the SP-AMS

containing some fraction of coal burning. Bgq is consis-

Atmos. Chem. Phys., 19, 674%769 2019 www.atmos-chem-phys.net/19/6749/2019/



D. Liu et al.: Black carbon in urban Beijing 6761

4.5 Diurnal variation of different types of BC for both seasons, and this may partly result from daytime
photochemical processing, though this BC type was also sig-
Figure 11 shows the diurnal variation of the four different nj cantly associated with primary sources (Sect. 4.4). The
rBC types classi ed by the SP2. In winter all BC types an- BCy,cx fraction showed no apparent diurnal pattern (note
ticorrelated with the diurnal evolution of MLH, whereas in that BGnick mass fraction in summer was minor5 %) and
summer all BC types exhibited a morning rush-hour peak.only made a signi cant contribution at higher pollution levels
For BGnick in winter, the average was signi cantly higher (Sect. 4.6).
(p < 0:01) than the median, indicating the sporadic occur- BCIg;uncoatcontribUted a signi cant mass fraction (30 %—
rence of the thickly coated BC. There was no discernible40 % in winter and 40% in summer) but contributed little
difference in the diurnal patterns of the absolute mass loadto the number< 10 %) because of the large core sizes. The
ings of the different BC types, which means similar emissionmass fraction of these BC particles had a pronounced night-
sources, and the PBL development may have controlled théme peak in winter, consistent with the view that this BC
diurnal pattern of different BC types to a similar extent. Nev- type may be contributed by coal burning (also identi ed by
ertheless, differences could be identi ed by relative abun-comparing with the PAH factor in Sect. 4.4), because in the
dances of different BC types as discussed in the followingcold season there were signi cant residential heating activi-
section. ties at night which may use coal as fuel (Chen et al., 2006).
The diurnal variation of the number or mass fraction of This night-time peak in the mass fraction of BGncoatWas
BCsm (Fig. 11c) peaked at 08:00 and 07:00 in the winter andmissing in summer due to lack of these heating activities.
summer respectively, which corresponded with the morn-Nevertheless, the Bguncoatmass fraction remained substan-
ing rush hour. This is consistent with the identi ed possi- tial in summer, comparable with that of the B&fraction at
ble traf ¢ contribution to the BGn fraction by comparison  around 40 %. This may be because of the coal consumption
with the SP-AMS factors (Sect. 4.4). The diurnal variation from the industrial sector that is maintained throughout the
of this BC mode also had high correlation with N@ both year (Fig. S1).
seasonsrf > 0:7), with the morning rush hour occurring ~ To account for the dilution effect resulting from the de-
slightly later in winter than in summer, which further con- velopment of the PBL, the rBC mass loading was multi-
rms the likely origin of the traf c source. The correlation plied by the MLH for every half hour throughout the day.
between the NQconcentration and different BC types is fur- The MLH-corrected rBC mass for each BC type is shown
ther evaluated by a multilinear regression function, expresse¢h Fig. 11b and provides a way of assessing the in uence
as Eq. (7). The tting parameters are summarized in Table 2of BC emissions, although there are uncertainties associated
with the MLH determination from ceilometer measurements
MNOxU Da0C al TBCsmU Ca2 TBCmodU (Kotthaus and Grimmond, 2018). All BC types showed a
C a3 TBCihickU Ca4 TBCig:uncoal (7 peak in the MLH-corrected concentration at night in winter
but showed a night-time minimum in summer, which may
Among all BC types, al shows the highest value inre ect a generally higher emission during night-time in win-
both seasons, which indicates the strong correlatidn>(  ter but not in the summer. During the daytime between the
0:7) between the B&, mass fraction and the NOcon- hours of 06:00 and 19:00, B mass corrected for the MLH
centration, with almost identical emission factor of 68— was similar in both seasons, suggesting thatB@ay have
72 ppbv NG (ugm 2) 1 of BCsm. In winter, the BGnog also comparable emission rates between seasons, consistent with
contributed some fraction of NQ whereas in summer the the view that these BC particles may be dominated by the
contribution of this BC type to NQ was almost negligi- transportation sector (Sect. 4.4). B&ncoathad signi cantly
ble. The BGy:uncoatWas not correlated with NOemission  higher < 0:01) emission at night in winter than in summer
(r? < 0:3), which in turn suggests the coal combustion mayby a factor of 2.5, which is also consistent with the higher
not emit signi cant NQ (Zhao et al., 2013; Wang and Hao, coal consumption from the residential sector in winter.
2012). The BGn, fraction contributed the most in summer
(50 %—60% in number and 40 % in mass) and the second.6 BC at different pollution levels
most in winter (30%—40% in number and 30% in mass).
These BC particles had smaller core size and thin coatingsGiven the complexity of the sources contributing to BC in
and thus they contributed more signi cantly to the number Beijing, the relative primary source contributions and its in-
than the mass. A similar number fraction of the BC was alsoteraction with other aerosol species may vary with the overall
presentin urban London (Liu et al., 2014) and Paris (Laborddevel of pollution, and this in turn may change both the mix-
et al., 2013) and had also been identi ed to be dominated bying state and the optical properties of BC. Figure 12 shows
traf c sources. mass fractions of different BC types at different PMvel
BCmod showed comparable contribution in both seasonsdetermined by the total mass of AMSSP2. The traf c-like
(40 %—50 % in mass or 20 %—-25 % in number). The fractionBCs, (Fig. 12a) was a constant fraction of the total mass
of these particles slightly increased throughout the afternoorat lower pollution levels (when Pik 50 ugm 3/ that was
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Figure 11.Diurnal variation of the rBC mass segregated by their SP2 characteristics in both séassimews the median (solid line) and
mean (markers) at each hoqin) shows the median value of PBLH-corrected rBC méspshows the number and mass fractions for each
BC type;(d) shows the N@ and CO.

Table 2. Multilinear regression for Eq. (7) among N@nd different BC types.

NOyx with
BC types al a2 a3 a4 a0

Winter 723 32 213 30 163 21 0 88 1.3
Summer 6l 4.7 0 0 0 115 077

around 30% and 40% in winter and summer respectivelytion loading are the same in both seasons. This is entirely
The decreased mass fraction of &(@t higher pollution lev-  consistent with coagulation of particulate under very high
els occurs in both seasons but is particularly marked in win-concentrations. Under such conditions the very high num-
ter and matched by an equal and opposite increase in thbers of BGry, may coagulate rapidly with the large numbers
mass fraction of Bgick under high pollution loadings. The of non-BC accumulation mode pollution aerosol that is com-
BCig;uncoatfraction (Fig. 12b) was similar in magnitude to the posed largely of secondary material; this process can happen
BCsm fraction in summer across all levels of pollution, which rapidly at high number concentrations and lead to the small
means the coal-burning-like BC was almost as important aB8C particles gaining very think coatings with no change in
the traf ¢ source. In winter, the contribution of Bancoat ~ the core mass distribution (see also Fig. 9). High concen-
mass was slightly higher than the traf c-like Bgmass frac-  trations of secondary precursor during the higher-pollution
tion, whereas in summer the B& mass was more signif- episode in the gas phase may lead to nucleation and new par-
icant. At the higher pollution levels in winter, some of the ticle formation, or size growth on preexisting patrticles. A fur-
BCig;uncoatmay be also contributed by coagulation. ther analysis shows high nhumber concentration of particles
The increase in the mass fraction of Bigk at higher pol-  also corresponded with higher mass concentrations, indicat-
lution levels (Fig. 12d) and the commensurate reduction ining that the new particle formation and primary emission co-
the mass fraction of B¢, (Fig. 12a) are very striking, espe- incided with particle size growth. These processes will in

cially when PM > 100 pg m 2 with rBC mass loading turn promote the high coatings on BC.
2 ugm 3. Under these conditions, Bk may be up to 50 % At higher PM, level in winter, the increased mass fraction
of the total rBC mass. The coatings on theseB parti- of BCiick also led to a decrease in Bfgg. However, in sum-

cles were largely contributed by secondary species accordingier the BGnog fraction increased when P 50 ugm 3;

to the SP-AMS analysis (Sect. 4.4). In summer, there werehis high-pollution event has previously been shown to be
no periods of very high pollution in excess of 100ugtn  dominated by secondary species (Sun et al., 2015). The
and the BGick mass fraction was less than 10 %, though higher fraction of BGg in winter than in summer at the
the trends in the fraction of B, and BGnick with pollu- same pollution level may result from greater primary emis-
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Figure 13. The modelled and measured MAfg) andE gps at dif-
ferent pollution level.

pendence on the concentration of particulate matter with
Figure 12.The mass (lefy axis) contributions of different BC types  MACg70 49 0:4mPg ! and 47 0:3mPg ! in winter
at different pollution levels during winter and summer. The meanand summer respectively. The absorption d 870 m is
contribution of the absorption corresponding to the mass fractiondeemed to be unaffected by brown carbon (Sun et al., 2007).
for each BC type is shown on the rightaxis. The mass fraction of The MACg7g for uncoated BC was calculated to be34
each BC type is the averagestandard deviation at each RMin. 0:2 m? g ! for both seasons, so the enhancement of absorp-
The top axis.shows. the f’:lveraged rBC mass Ioadir]g at eagh PMtion ef ciency (Eapd is calculated as the modelled MA®
bin, and_the n_ght axis indicates the average absorption fraction COMormalized by this valueE apss7o Signi cantly increased at
responding with each rBC mass fraction. PM; > 50 ugm 3 upto 14 01 and 16 0:1 for sum-

mer and winter respectively. This increase in absorbing ca-

pacity of BC at higher pollution levels implies that both
sions (i.e. more residential coal burning in the cold seasonprimary emission and secondary processing may both con-
or more condensable semi-volatile species at colder tempetfibute to the coatings and subsequent increased absorption.
atures. The mass contribution of Bgg and BGhjck in sum- It also highlights the potential for additional feedback be-
mer was lower than in winter at the same pollution level, pos-tween pollution and radiation under very high pollution load-
sibly as a result of higher ambient temperatures in summeings (Y. Zhang et al., 2018b). There was a wide variability
reducing the amount of semi-volatile material partitioning to in MAC or Egpsat PMy concentrations of between 100 and
the particles. 200 pg m 3. In addition, the mean PAX-measured M&G

The contribution of absorption coefcient is calculated was higher than the modelled results by 20% at this pol-
based on single-particle information shown in Fig. S4 (notelution level. This suggests complex processes at this mod-
that the coating is assumed to be non-absorbing here). Therate pollution level where a large variability of BC coat-
right axis of Fig. 12 shows the mean contribution of absorp-ing content was present, but a single mixing scenario based
tion corresponding to the mass fraction for each BC type,on Mie calculation is not able to fully explain the measure-
implying that different BC types have varying absorption ef- ments of absorption. The MAfZo slightly decreased at very
ciency, but the contribution on absorption is determined by high PM, i.e.> 300 ugm 3, and this decrease is more pro-
both mass loading and MAC. Figure S5 shows the histogrannmounced for measurement (the grey line shows) than Mie-
of occurrence for MAGsp of each BC type during the ex- based modelling. This may result from the shadowing effect
perimental period: the B¢, and largely uncoated BC had an that very thick coatings may shield incident photons from the
average MAGso of about 7.3 and 5.3y ! respectively;  core, particularly when the coatings are absorbing (He et al.,
and BGg:uncoathad a lower MAC because of its larger core 2015; X. Zhang et al., 2018).
size, which is consistent with Mie calculation. The B
and BGhick had an average MAC of 11.2 and 12.4qn?
respectively. 5 Conclusions
Figure 13 shows both modelled and PAX-measured

MACg7o at different pollution levels, the results agree to In order to probe the sources and processes governing at-
within 15%. For both seasons, when PM50pugm 3, mospheric black carbon in Beijing, measurements were per-
the measured absorption ef ciency of BC showed little de- formed in both winter and summer using an SP2, and the core
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size and coating thickness were examined using the singlebata availability. Processed data are available through the APHH
particle data. Higher rBC mass loading with more variable project archive at the Centre for Environmental Data Analysis

coatings was found in winter than in summer. The air masdhttp://data.ceda.ac.uk/badc/aphh/data/beijing/, last access: Decem-

size and coatings in winter, indicating the appreciable re-
gional in uence, whereas in summer the characteristics of
BC were relatively independent of air mass direction. In con-
trast to equivalent measurements in London, where two par-
ticle types were observed, corresponding to traf ¢ and wood
burning, other types were observed in Beijing, probably re-
ecting a more complex mixture of sources. rBC number and
mass concentrations were quanti ed according to the follow-
ing four particle types: small thinly coated BC, moderately
coated BC, thickly coated BC and large thinly coated BC.
By comparison with other measurements, in particular a fac-
torization of coating materials from the SP-AMS, these were
assigned to different soot sources.

The small thinly coated rBC fraction was associated with
traf ¢ emissions and made up for 30 % and 40 % of the rBC
mass in winter and summer respectively. This particle frac-
tion was strongly associated with NOthough the implied
ratio of 14ngm 3ppb 1 was lower than the values of 18—
28ngm 3ppb ! reported for London, likely due to differ-
ences in the emissions eet, such as a more widely used
gasoline engine in Beijing (Wang et al., 2009). The large
thinly coated rBC could be associated with coal combustion
and corresponded to around 30 %—40 % and 40 % of the rBC
mass in winter and summer respectively.

The moderately coated particle fraction made up 40 %—
50 % of the rBC mass and was associated with both emis-
sions and atmospheric processes. As a result, the original
source of these particles is currently ambiguous; it is pos-
sible that this class has multiple contributions. The thickly
coated particle fraction was mainly present during the winter
heavy haze events when RMWas greater than 200 pg i
or the rBC mass loading was greater than 4 ugnburing
these events, these particles made up for around 20 %-45 %
of the rBC mass and the coatings could be associated with
secondary species, implying that these are rBC patrticles that
have undergone some form of atmospheric processing. Given
the thick coatings, it would be expected that these particles
would exhibit higher mass absorption and scattering coef -
cients, higher hygroscopicities (thus high optical thickness
in the upper boundary layer) and greater scavenging poten-
tial (thus shorter atmospheric lifetime). These large BC par-
ticles importantly enhanced the absorption ef ciency at high
pollution levels, and reduction of emissions of these large BC
particles and the precursors of the associated secondary coat-
ing will be an effective way of mitigating the heating effect
of BC in urban environments.
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Appendix A

Table Al. Symbols and abbreviations.

Symbols and abbreviations Meaning

BCsm Small BC

BCmod Moderately coated BC

BCihick Thickly coated BC

BCig:uncoat Large and uncoated BC

FOA Fossil fuel organic aerosol
BBOA Biomass burning organic aerosol
OOA1 Low-volatility organic aerosol
OO0A2 Semi-volatile organic aerosol
PBL Planetary boundary layer

PMF Positive matrix factorization
rBC Refractory BC

SP2 Single-particle soot photometer
D¢ BC core diameter

Dp Coated BC diameter

rBC Refractory BC

MAC Mass absorption cross section
MMD Mass median diameter
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