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Abstract

Black carbon (BC) is known to have major impactsboth human health and climatEhe populated megacity

represents the most complex anthropogenic BC emissions where the sources and related impacts are very uncert

This stuly providessource attribution andharacterizatiowf BC in the Beijing urban environment during joet
UK-China APHH (Air Pollution and Human Health) project, in both winter (NdYec. 201$ and summe(May -
Jun. 2017)The sizeresolved mixingstate of BCcontaining particle was characterized by single particle soot
photometer (SP2) and their masgectra was measured by a soot particle mass spectrometaM&P The
refractory BC (rBC) massloadingwas around a factor of 2 highier winter relative to summendmorevatiable
coatingswere presentlikely as aresultof additionalsurfaceemissions fronthe residential sectoand favourable
condensationn cold seasonThe characteristics dhe BC were relatively independent of air mass direction in
summerwhereasn winterairmasgsfrom theNorthern Plateawereconsiderably clean@ndcontainedesscoated

and smalleBC, whereaghe BC fromthe Southern Plateaiadthe largest core size and coatings

We comparewo online source apportionment methagéngsimultaneous measuremenadeby the SP2which
measures physical propegiaf BC, and the chemical approach usihgpositive matrix factorizatioPMF) of mass
spectrafrom the SPAMS for the first time A method is proposed to isolatee BC from the transportation sector
usinga mode ofsmallBC particles(core diameteD.<0.18m andcoaing thicknessct <50nnj. This modeof BC
highly correlated witiNOy concentration in both seaso@sl4 ng ni® BC ppb* NO,) and corresponded with the
morning traffic rush hoyrcontributingabout30% and 40%f thetotalrBC masg35% and 55% in numbeir) winter
and summer respectivelyhe BC from coal burningr biomass burningvas characterized byoderate coatirsy
(ct=50-200nn) contributing ~2625% of rBC massLarge uncoated B@articles(D:>0.18pm and ct<50nm) was
morelikely to be contributed by coal combustjasthese particles wengot present in urbabhondon This mode
was present iBeijing in both winte (~30-40% rBC massind summe(~40% rBC masshut maybedominate by
residential andindustrial sector mgpectively. The contribution of BCthickly-coatedwith secondary species
(ct>200nm)to the total rBC madgsicreased with pollution levéh winter, butwasminor in summerThese larg&C
importantlyenhancedhe absorption efficiencgt high pollutionlevels - in winterwhenPM1>100 g m™ or BC>2
g m3, theabsorption efficiency dBC increasedby 25-70% Reduction of emissions of these large BC particles and
the precursors of the associated secondary coating will bfeantive wayof mitigating the heating effect of Bi@d

urban environmest
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1 Introduction

Black carbon aerosol (BC) has significant impact on both climat€Bond et al., 2013and human health
(Baumgartner et al., 2014ljs regional impact in the atmosphearay be very largegspeciallyclose topolluted
hotspotssuch as in South and East Asia, whaméhropogenic emissiorse highand population exposuig severe
(Ramanathan and Carmichael, 200&)has been estimated tH&€ over China could contributep to 14% of the
global radiative forcig budget(Li et al., 2016) Reducing BC has been postulated as awimpolicy intervention
because aheshorter atmospheric lifetimef BC compared to thgreenhouse gaseteliveringimmediate mitigation,

while at the same time improving air qual{gopp and Mauzerall, 2010)

Beijing, as one of the most populated megacities in the woddexgeriencedsevee air pollution(Yang et al.,
2005;Xu et al., 1994) Thecomplexty of emissios from multiplesectorghat are often ctocated(Li et al., 2017)
makeit extremdy challengng to attribuie source comibutions to the BC loadindeing policy makingon emission
regulations The sourcappationmentof BC in urban environmesthas beerstudiedusing bothonline andoffline
measurementand usingsite receptor modgl(Cao et al., 2005;Viana et al., 2008 and retxem) Most of the
techniqueseparatehefossil fud BC, such ashatfrom traffic sources from thsolid fuel burningfraction(such as
that fromwood burningSandradewi et al., 2008;Healy et al., 20d2ppen biomass burniri@chwarz et al., 2008)
These techniquéscludeusingbiomass burning traceirs aeroso(Puxbaum et al., 200,/9r usingndividual organic
tracercompoundg to attributethe sourcesand provide time series representing the different sources. These are then
usedto segregat¢he differentBC emissiorcontributionsby multi-linearregressior{Liu et al., 2011;Laborde et al.,
2013) An approacltusingAethalometer measuremeritas been widely used basedtbe spectral dependence of
absorption(Sandradewi et al., 2008)histechnique needs ssume a prescribedbsorptiorspectrunfrom traffic

or wood burning sources which may be subject to variation under different burning condttas et al., 2017)
Isotge analysis of elemental carbh@amconjunction withthermal separatigrallowsidentificationof moderncarbon
(e.g. from biomasdyom fossil fuel (from diesel or coabased on th&C abundancé€Bernardoni et al., 2013;Zhang
et al., 2012) This methodasbeenconsidered tberelatively urambiguous in isolating wood burning sowsdem
traffic source, and has been used to validate the other methods in attributing elementdlLaagh@h, 2013;Zotter
etal., 2017)

These techniquesostly use distinct features in the chemistry or physical propertissl&te one BC source from
the otherandto do so requires théttere are unique characteristics that are separBifsgeBC sources in Beijing are
combinationf residential, industrighndtranspat sectorgLi et al., 2017) andthe fuel usecould be rathemore
complex than two distinct sourcesich most techniqueare based on. For examplmth coal burning and diesel
fuel could emifossil fuel BG which may not be isolated through isotope analysis, and also the absorptitmrsp
of BC from different sourcesnay vary considerablyand to assumea single patterrbased on Aethalometer
measuremestmay not be suitabl® attributemultiple source. The fast secondary processwfgaerosols in Beijing
(Sun et al., 2016knay makethe source attributioaf primary BC even more challengings the secondary coating
formedon BC may alter its original sourceependenteaturesGiven these difEulties it is unlikely that angingle
3
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methodologywill give unambiguousesuls, but a comtmation of different methods mayprove the understanding
onthe source attribution becausmurcespecificphysiocchemical propertiesf BC may be reflecteih different ways
by different methods

It is also necessary to gain knowledge on the microphysical structure and mixing state of the soot, namely its si:
and what other materials are present on the individual particles, as these dictate its impastdar Hienosphere.

Ot her materi al present on a BC par (Liuatal.e201f)affeciimgohat i n
direct radiative effect on the local atmosphere, and it may also make it more susceptifiloto iscavenging,
meaning that it can perturb the cloud pedies or experience a shortened atmospheric lifetime through wet
deposition(Hodnebrog et al., 2014 he sourceprofile of sizeresolved mixing statefdBC is desired for the
evaluation of BC properties iprocessmodek (Riemer et al., 2009 specially for environmeng with combined
sourcegFierce et al., 2016)

This studyquarnifiesthe soure@ attribution of BGcontaining particlegn urban Beijinganddeliverssourcespecific
information on their propertieby combning two techniquesboth of which directly characterie BC-containing
particles buairebased on physical and chemical technggaspectivelyThe physical techniquésesasingle particle
soot photometerdMT, SP2) whichwas previously used for source apportionnefrBBC in urban Londor{Liu et
al., 2014b) Thisapproachs toexamine mixing state &C particles as a function of their core semadthishas been
used to attribute the BC frotmaffic dieselandwood burningsource The chemical approaaksesthe soot particle
aerosol mass spectrometékerodyne, SRAMS) which has been previouslyused to identy the chemical
composition®of coatingsassociated with B@Onasch et al., 2012ayhich may be useih determingorimary sources
or secondary processing of BChe combination oboth techniquedn this studywill give the detailed physio
chemical properties of BC influead by mixed sources particular,by combining the approachtse contribution
of different emission sources to tbetical properties of B&an be quantifieéndso an attribution of different

sources to the BC heating in the atmospheric column carmabe.m

2 The site, meteorology and air mass classification

The experiments were conducted at the tower site of Institute of Atmospheric Physics (IAP), Chinese Academy c
Sciences (3958\j2 8 njN , 116A22Nj16nE) i n Peci2pl6)rand sunmeri(Megn. 20573 h W
periods, as part dhe Air Pollution andHumanHealthBeijing campaign.This site represents the typical urban
Beijing environment wittpollution influences from surrounding trafficcommercial activities, residential activities

such as cooking and home heatamgl regional transpofBun et al.2016a)

Fig. 1a shows the terraaf the North China Plai(NCP)regionto the north of Beijin@nd Fig. 1b shows the surface
emission inventory of BC for the year 2000 et al., 2017) The high anthropogenic BC emission can be generally
divided by the border afig Taihang and Yanshan Mountain Ridde=yond which the region from northwest Beijing

has relatively lower emissions. Considerably Biggmissions are also presentossthe southern Plateau region. In
4



order to investigate the gmnal influence of pollutants in Beijinghe regions ovethe NCP andthe Plateau are
classified according to therrain and BC surface emissj@nown in Fig. 1cThe regions are firstly classified as the
125 plateau and plain according to the terrain heigelow and above 8@, then for the region <800rh,1 6 . (the E
longitude of central Beijings usedo se@ratethe Easernand Westrn NCP(E and Ware usedstheabbreviatios
duringthe following discussionYheregion >800ms separated as Nogimand SouternPlateauN and Sare used
as abbreviatios for the following discussionlisingthe borderalong4 1 . ;5he Mtean is defined athe terrain
height below zero The Northern Plateahss significantly lower emission, meaningorthrwesterlyair masswill
130 bring clean air into Beijing and are likely to reduce pollution levels in the wihereas westerlies may bring
pollutants fromthe Western Plateaandsouthwesterlies could transport the high emissions foemtral Chinao
the NCP Thelocalareais definedn this workasthe areawithinthes q u a r eaw&yGronthd measurement site
BC emission inventoriefsom different sectorare shown in Fig. S1. In winter the residential segthich ismainly
composed of residential cdalirning contributes the vast majority BiC emissios; whereas themissiomsfromthe
135 industial (which also containsignificantcoal consumptionand transportation secture maintaired throughout
the year.This means thalifferences in B&missios between winter and summer will mainigsult fromchanges

in theresidential sector.

The HYSPLIT backtrajectory modéDraxler and Hess, 1998)as run usinghe 1%1°horizontal and vertical wind
fields provided by the GDASL1 realysis meterology. Given theemissionsare intensive arounthe immediate
140 Beijing areaair mass back trajectories were only followed for the prevddsoursto examine the influence from
the most recent air mass The backrajectories are then mappedothe classified regiongFig. 1c)to investigate
variations inthe potetial regional source influenc&he backrajectorieshave alh time resolutionand each point
along a single 24 hotrajectory is assigned to one of the four regional classifications. All the points along a single
trajectory are then used to determine the fraction of time during the previous day that the air mass spent above e:
145 of the classified regiores shown ithebottom panel of Fig. 3and Fig. 3bThis method has been applig@viously
in thewestern Africaregionto identify the potential source contributi®(Liu et al., 2018) Note that the HYSPLIT
analysis is not able to peoducethe dispersin of the air mass, bsuch effects are likely to be minimal since the

trajectories are only investigated over the previous 24 hours

Each baclrajectory is assignet be predominately fromne of theegiorsbased on a ranked classification scheme
150 tha takes account of the likely greater influerae the pollution at the receptor from closegions with large
emissionsThe methodology considers each region in turn, beginning Wwihwestern NCP air mass because it
represents the mostly polluted region and a relatively lower air mass fraction of westewillNiGke animportant
contribuion to the pollutants measured at the recepttine back trajectory spent more than 10%haf previous 24
hours over the western NCP it was clasdias being from that sectdre 10% thresholdiassomewnhat arbitrarily
155 set based on an iteration over a range of vdlues low a threshold biased air masses towards the very near field,
whereadoo high a value failed to classify a large fraction of air masses. The sensitivity of the threshold was teste
by varyingit between 9 and 11%1(0%) and the classification was shown to be insensitive to ch@hedollowing

regions are then considereda similar way in turn based on the following orastern NCR southern Plateaand
5
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northern Plateawith each above 10%ir mass fractiorLastly if theair masspent more thaB0%in the local area

it is defined as hawig significant locainfluence.

The meteorological parameters such as wigldtive humidity RH) and temperature were measured at ground level
(z=10m) and also on the towerzatl20m.The temperature and RH at z=10m is ysedthewind at 120m is used
to avoid the surfacefriction effect. In addition, theplanetary boundaryayer height(PBLH) spanning the

experimental periodas determined using Lidar and Ceilometer measures{&uatthaus and Grimmond, 2018)

3 Instrumentation and data analysis

3.1The physical properties of BC

The physical properties of individual refractory BC particles were ctaized using a single particle soot
photometer (SP2) manufactured by DMT Inc (Boulder, CO, USA). The instrument operation and data interpretatiol
proceduresredescribed elsewhergiu et al., 2010;McMeeking et al., 2010jhe SP2 incandescence signal was
calibrated forBC mass using Aquadag® black carbon particle standards (Aqueous Deflocculated Acheson Graphite
manufatured by Acheson Inc., USA) and corrected for ambig@twith a factor of 0.7%Laborde et al., 2012The
massequivalent diameter aherBC core(D.) is obtained from the measured rB@&ss assuming a density of 1.8 g

cm?® (Bond and Bergstrom, 2006fFor a given time window,he mass median dimeter (MMD) oBC coreis

calcuated from theD. distribution below and above which the rBC mass was equal.

The scattering signal afachBC particle measured by the SP2 determiné using a leading edge only (LEO)
technique to reconstruct the distorted scattering signal wiegrarticlepasses through the SP2 laser bé@iao et
al., 2007) This was used to determittee scattering enhancemeBtd) for each single padie which is defined as
the ratio between the measured scattentgnsityresulting from the entir8C containingparticle, including any
coating,and thecalculatedscatteringintensity resulting from theuncoated BC coref that particle(Liu et al.,
2014a;Taylor et al., 2015¢xpressed as:

( - (1),
h

where the numerator is thecatteed light intensityof the coated BCparticle measured by the SPand the
denominator is the calculated scatterimignsityof the uncoated BC corbased on the measured mass agidg a
refractive index of BC 2.26+1.26i at the SP2 lasavelengtha-= 1 0 6(Mateki et al., 2010)For a give D, a
higherEscameans a thicker coatirnd Esc=1 means there is no coatinbhe coated BC patrticle sizB{) is then
determined by matching the modelled scattering with the measured scattering by applying a-stielttyekup
table(Taylor et al., 2015)For the current SP2 configurati@riu et al., 2017)the detection efficiency for the coating

taking into accounonly particles with sufficient signal to noise in tiveo-elementAPD detectossignal to perform
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reliableLEO fitting, is >80% forD.=0.120 . 4 5 ¢ m, Dt® 0 %4 Hue mopaftly saturated signal) and >50%
forD=0.080. 12 €& m.

The bulk relative coating thicknes®g/Dc) in a given time window is calculated as the total volume of coated BC
particles divided by the total volume aherBC cores (Liu et al., 2014g)expressed as:

- @),

whereD,;andD; arethe coated and rB@iametes for each single particle respectivelyie abbreviations using
subscript refer tothe single particleyariables without a subscript referttee bulk informatiolh Note that the bulk
Dy/Dc is largely independent of the uncertainties arisiramf smaller particles because of their less important

contribution to the integratedlume.

The volumeweighted coated BC siz®{,) is then calculated abe product of théulk relative coating thickness
and theMMD of the BC coresto indicate the mean coated BC size (Equation 3). The bulk mixing ratio of coating
mass over rBC mass @Jux) can be also derived froBy/D. assuming densésfor thebulk coating and rB&ore
(Equation 4)

0 f N (4),

The mass absorption cr edgis casuated foreach sngle particke By assumir(g ¥ha C
refractive inde»of rBC core 1.95+0.79Bond and Bergstrom, 2006jd coating refractive index 1.50Qiu et al.,

2015) using tke Mie coreshell approackBohren and Huffman, 2008)ote that the absorption enhancement due to
coding is considered to only occur when the coating mass over rBC mass is larger than 3 according to the rece
studyof (Liu et al., 2017)Fig. S3 gives the calculated MAd&cmapped on th&sc:D. plot. The MAGsoin bulk for

a given time window is calculated as the integrated absorptioriaieetf(MAC>msc) for all particles divided by

the integrated particle masses, expressed by Equjion (

BB—HH ),

where MAG and mgc, arethe MAC and rBGnass for each single particle respectively. This calculation is performed

for each type of BC.

A PAX (Droplet Measurement Technologies, Boulder, CO, US¥ang et al., 2014;Selimovic et al., 20183s

deployed to directly measutikein-situ aerosol light absorption every minute ugimgtoacoustic technologyhe

7



light-absorbing particles are heated dlaser in the acoustic chambend this heating produces pressure waves
which are detected iy microphoneThe calibration of scattering and absorptionPAX was performed using the
polystyrene latex spherasad fullerene soot respectivelyh e absor pti on c oaedy)fsmeasuscd t a
220 by the PAX.The mass absorptiamoss section (MAC) is determinad the absorption coefficient per uBC mass.
Notethai n t h i .5 s70aluasfdryBC imass loading<0.5pg m= werenot used foMAC calculatiors due to

thelarge uncertainty adibsorptiormeasuremerdt low concentration.

3.2BC chemical composition

225  The chemical compositiasf black carbon containing particléscluding therefractory BC andoating compositions
are measured by a soot particle mass spectrometekNISP (Onasch et al., 2012a;Wang et al., 20THeresults
from SRAMS measurement during APHH adetailed in(Wang et al., 2019)The SPAMS was runin laseronly
modeand soonly detected compositions for B&dntaining particles In this modehe nonrefractory components
were not detected if they are not contained wi#fBC particle The ionization efficiency (IE) and relative ionization

230 efficiency (RIE) ofsulphateandnitrate were calibrated by using ammonium nitrate and ammaosilphatgJayne
et al., 2000)RIE of rBC wascalibratedby using Regal Black (RB, REGAL 400R pigment black, Cabot Corp.)
(Onasch et al., 2012blPositive matrix factorization (PMF)Paatero and Tapper, 1994as gplied to the mass
spectraof the organic and rB@&omponentgo attribute the source contribution of BOGntaining particlanass as
detailed in(Wang et al., 2019Fourtypes of BCGcontainng particleasociated with different organic coatingsre

235 identified fossilfuel combustion OA (FOA)hiomass burning OA (BBOA)pw-volatile organics (OOA1) and semi
volatile organic§OOA2)were identifiedIn addition,aPAH factor was also derived fromhe SRAMS measurement

whichis associateavith coal combustiofiSun et al., 2016a)

4 Results

240 4.10verview of BC physical properties

The following section describes the measured BC properties in both the winter and the summer Baelsons.
property is discussed in turn and the similarities and differences between the seasons highlighted to clearly identi

property changes that canlbged to changes in sources or processes in summer and.winter

Fig. 3showshe temporal variation ahephysical propertie®f BC, associated gaseous pollutants and meteorological
245  parameters and thewssociabn with the air massclassificationsAs the bottom panels showhe site was mostly

influenced bynortherlyand westerlhair masgsin winter,and very fewair massscame from the easteMCP. The

first half of the winter campaigrup to 20" Nov. was periodically influenced by air massrom western NCP, and

during the second halthe synopticmeteorologyshifted appreciablyandwas dominated byortherly (fromthe

8
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northern Plateau) or westerly (frothe southern Plateau) amas®s with the period between02/12 and 04/12
dominated byar from thesoutherrPlateau. The temperatudeoppedfrom ~10C t o b enhen the &r méss
type shiftedo deliver air from the platealn summerBeijing receivedir from thewestern NCPtheeatem NCP
andthenorthern plateau with southerly arasgsmore dminant tharthose from theorth.

The classified air mass types are generally consistent with the local wind directions measured fat b2@m
seasongFig. 4). In winter, the nortlern Plateawir mases were characterised hygh speeddry NW winds, in
summer the flow was not as strorgdr masses from theouthern platauwere associated with bottortherly and
southerly wind butwith much lower wind speeaindsystematically higheRH than the northern plateau air masses
Thesouthwederly air masssalso had the highest Rkhich is consistent witprevious observations that shauw
masgsfrom lower latitude contaned more moisture in wintertimélrao et al., 2012) In summer air masses from
the western NCBhowed lower RHThe siteshowedower wind spee@nd wider variation of RH when influenced
by local air masss

BC properties associated with diffeterir masdypesin both the winter and summer seasares compareth Fig.

5. rBC mass loading were highein winter than in summer bground a factor of 2or both local and regionally
transported air mass mostly likelydue toa combination ohighersurface emissi@aifrom both thdocal Beijing
regionandthesurrounding areimn the cold seasorand ale the increased frequency lofver boundary layer height
in winter (section 4.4)However air masssfrom the northern Plateaduring periods otrong and dryind had
notable effect on the rBC mass in wintgreatly reducing theBC massn Beijing. This air mass type contributed to
over 90% of the cleaner dayBC mass concentratisdpg m=) in winter. This is consistent with the emission
inventory that the northwest Beijiriggdominatedy lower surface emissi@over Mongolia. Te dilutionof Beijing
pollution by high wind speeds duringW air flow has beenwidely observedSun et al., 2015;Zhang et al.,
2013;Zhang et al., 2015)he BCparticles during these periotlad systematically lower core sizg-ig. 5b1) and
lower coatings (Fig. &l) and thereforesmallertotal particlesizes. This may result frommore efficient removal

processsfor themore coated and larger Bfarticlesin winter.

No significant difference(p<0.01)in the physical propertiesf BC particleswere observed between the different
air mass types in summaeg.g. theres a consistent peak &,/D.~1.4for all air mass typesyhich may suggesin
almost homogenousixture or consistent BC sources across a laegen around Beijing in Chindn winter, the
range ofDy/D. values extended from similar values to those in the summéo 2.5.The MMD of BC cores was
most often observed to B&80nm for both seasonsut it is noted that the air mass frame southern Plateafas the
green lines showhad systematically largg¢MMD, andBC particles inair masss from this regioralso hadthe
highest coatings and largest coated BC size compared to other agsmasslarge BC core size and coatings
observed during westerly air massagyarise from ageing of sources in centtatl western China during transport,
though it should be noted that the trajectories presented are only for the previous 2édwerer the BC core

sizewas significantlyhigher(p<0.01)in winter than in summaeduring periods when Beijing received &om the



southern plateaurhis may result from a large contribution of residential heating activitis®uthern Plateaun

winter which were not present summer

285  As Fig. 6 showshe diurnal variatin ofrBC masdoading in winter showed stronganti-correlation(R?=0.73 with
the mixing layer height MLH). In winter, surface cooling during the night leads to a shallow nocturnal boundary
when coupled with increased emissions from heating activities greatly enhances surface pollution. Dadsiygathe
deeper boundary layer is-established, resulting a much larger volume for emissions to mix Tt diurnal
variation in rBC is a combination of both diurnal variai@memissions and marked changeshi@ boundary layer

290 structureln summer, e nighttime peakof rBC masdoadingwas absent but peakddring themorning rush hour
which may reflect the important contribution frdmaffic. Fig. 6 showsan evident increasef BC coatingsaround
10 am in winter and slightincrease around 9 amsummer, adthe coatingsn winterwerenotably higher at night
thanin the day.In generaljarger variationsn the physical propertiesf BC were observed in winter compared to

summer.
295

4.2 The size distribution and mixing state of BC

Fig. 7agives examples of BC core size distributions for typical periods in both se@ikeC core size distribution
could bemodelledas a single lognormal distributidited for D;=100-400nm,

R B
— 00 (6),

300 whereA is the peak concentratiol. is the BC core size measured by the SBRis the core MMD U is the
geometric standard deviati¢B SD) forthe lognormal distributiorThe red lines in Fig.&showthelognormalfitting
to theobservation. It is noted that some fraction tife distributionat the larger end not fitted withinthe single
lognormal distribution, which may require an additional moment of lognormal distributio@aocouned for, as
has been shown during previauban studiegHuang et al., 2011However fitting a second lognormahode will

305 be subject to large uncertaintyeltothe saturation othe SP2 detectowhich hasan upper cut off aD.=550nm
leading to insufficient data pomito constrainsuch a fit The additionakrBC masddistribution above 550nm may
exist but would require instrument reconfiguration to be fully detected. Therhement lognormalitting is thus

not performed in tis study The extrapolated rBC mass accounted fe8% of the total rBC mass loadimghich is
included for theBC masdoading reported in this study.

310 Fig. 7b shows the fittingarametersf BC core size distributioat different lewels ofrBC massoncentrationThe
core size generally increased at higf®€ mass concentratidout demonstratedonsiderable vartality rangng
betweenl50-220nm.BC particles were observed bave systematically larger core sizes in winter than in summer
at the samaBC mass concentrationn winter, the significant increasef core MMD when the rBC mass
concentration >5pg M may indicate thatoagulations taking placeat high concentrationTheincreasedBC coating

315 thickness observed under these conditions is also consistent with BC coagulatmgwat® particles (Fig. 8)The
10
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width of the core sizedistributionlg in winter showed a decreasing trend at khigBC mass concentratipagain

this isconsistent with the view that coagulation may occur at fBghmass concentratiarduéng the width ofthe

size distribution(Pratsinis, 1988)However these effectsnay also reflect shift in the range oBourcespresent

during periods ohigher pollution levelshat produces proportionally more rip@rticles with large core sizes. While
none of our other analyses indicate the presence of such a source, we cannot rule out this latter possibility and so
unable to unequivocally identify coagulation as the reason for these chengemmerlly showed anincreasing

trend withrBC mass concentratipmvhich may result fronmore diverse sourceontributions at higherBC mass
concentrationT h e  h ig i twimter thén in summer at the sam&C mass concentratiosuggest a greater

complety of sourcesn winter.

The core sizeobserved in Beijingresignificantly larger(p<0.01)thanthose observeth Londoneven when the

BC source profile was dominatéy wood burning (170nm)yvhich may result fromother sources of BCFig. 8
shows the coating content of B&assimilar between seasons wilhkpuk 1-2 whenthe rBC mass concentration
<21y m3. During summer theoating thicknessnly periodically increasetMrpuk >2); but in winter the coating
increasegarticularlywhen theeBC mass concentratiorBpg m3, showing a highlyariableMgpuk rangingbetween
1.510 (bulk Dy/D. ~1.42.6). Accordingly, the coated BC sizB,, peaked at 22810nm whenrBC mass
concentratior2pg m2in both seasonfowevert reacled valuess high as 550nm under highly polluted condiion
The large variation of BC mixing statiiring wintertime whentherBC mass concentratiorBpg m2, may reflect

the additional primary sourcesich asthe large contribution fronresidential surcesduring the cold season
However secondary processing the complex source mixtures under highly polluted conditinay also playan
important rolein increasing the coating®ossible reasons for these differences are investigated in more detail in
sections 4.4 and 4.6 where the rBC is segregated into characteristic types and compared with PMF results from t
SRPAMS and PML1 respectively.

4.3BC segregationby sizeresolved mking state

Fig. 9 shows the BC core sizesolvedmixing state duringypical periods in both seasons, and the results obtained
in Londonarealso shown aareferencgLiu et al., 2014h)It is noted thaEsc.aappears to be <1 at largee. This

arises for two reasonsirstly, the assumption of sphericity used in the Mie calculations to degiventEoduces
significant bias fotarger BC cors with little or no coatingThe resulting scattering for uncoated BC will be lower
thanthat deived byMie-scatteringdue to geometrical influences as has been shown when comparirignvitrix
calculatiors (He et al., 2015;Wu et al., 2018hd this increases witlBC core size Secondly the BC at largeD.

largely results fromcoal combustior{section 4.4)and thismay have a refractive index (Rhat isdifferent from

rBC fromtraffic sources (2.26,1,26). Both factors will lead to lower estimated scattering cross section for uncoated
rBC, and hencéss<1. Sinceno measuremestof BC morphology or souredependent RI of rB@re availablen

this study, we are only able to state that theseMBiE largerDc is likely to be very thinlycoated ad assumehe

particleswith Esce<1 had aDy/D=1. This assumption is not likely to lead to major biases siheeBC at largé.
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valueshas a lower MAC (Fig. S5) and addingaterialto these particlewill only lead to the presence of a thin

coating thawill not significantlyinfluence the resultingverallMAC (less than 8%).

The BC particles wergegregatedccording tdhe discontinuoudistributionin EscsDc duringdifferent periodsThe
criteria used is shown lie thickdashed lines in Fig. 9&our modeof BC could be segregatedmall BC (BCsn)
with BC cores smaller than 180nrand coating thickness <50nm (assuming coresshell structure moderately
coatedBC (BCmod) - moderate coating with coating thicknes®f50-200nm thickly coated BCBCinick) With coating
thickneses>200nm, andarge uncoated BQBCig uncoa) With BC coresizes>180nm and thicknees<50nm The
contribution of thee four modes of B@articlesto the total rBC number varietliring different perioddn summer,
the BCiick Only contributeda minor fractionof the total numbethroughout theexperiment The snall, moderately
coated andBCy uncoatfractionsareall presenin both season€ompared with theesults in Londorf{Fig. 9e and f)
theBCsmfractionwas consistent with traffic influenswith small core and thin coatings, afe BCrnoqwas broadly
consistent with the wood ming observed in urban London. It is noted thatBCig uncoatWwas not importanin urban
Londonunderthe different air masssor source influencegbservedwith the mass fractionf BCig,uncoat<8% and
number fraction <% throughout the experimental periothis mean®BCiguncoatmay represera source whichvas
uniquely present in urban Beijingowever not in the UKor surrounding eea.

A further analysis on the segregated &eand coatedize distribution (Fig. S2) shows thatal size distribution
of BC core and cated size distributiorcould be generally separated three lognormal distribotis with
BCsnitBCig,uncoar BCmod @nd BGaick, representing the thiyy, moderatly and thickly coated BCrespectively In
particular the thicklyy coated BC could well explain the additional modhserved in theoated BC size distribution.
This in turn suggests the apportioned BC modesy represent discerniblprimary sources osourcessubject to

secondary processing

4.4 Comparison of BC source estimation

Fig. 10 shows thetemporal evolutiomof rBC massin winter determined by the SP2 and-8RIS categorized
according to the different source contributions derived in section 4.3 and as expld#dng et al., 2019)
respectively PMF analysis on SIAMS detected mass spectra identififedir factorsfor BC-containing particles
(Wang et al., 2019Jossil fuel BC(FOA_BC)containingBC from vehiclesources and coaurning BC coated with
biomass burning organi¢gBBOA_BC); BC associated with lesslatile organiccoatings QOA1 BC); and BC
associated with serviolatile organiccoatings QOA2_BQ). Note that each PMF factor include« trefractory BC
(Cy) and the nowefractory coatings associated with it. In order to directly compahetherBC mass measured by
the SP2 only the mass ofhe C, fragmentsin the PMF factos areused.Table 1shows the linear correlation
coefficientbetween the differeRMF factors anthe SP2 segregated BC typegth greenshadng highlighting the
high correlation @&>0.6).

The FOA_BC was not able to be further apportiovieacthe PMF analysiggnd sahis factor contains both mobile
12



385 sources suchs from diesel or gasoline engsh@nd importantly theoal burning emission€oal burning could
result from boththe residential and industrial secso(Finkelman and Tian, 2018)with the former sector
overwhelmingly dominaihg in winter butthe contribution fromthe latter maintained throughout the year (Fig. S1
The snall BC particle componenis shown to be solely correlatedth FOA BC (P=0.68) but FOA BC is also
correlated with moderately coated ad@iguncoar The multiple correlationof FOA_BC withBC atdifferent core

390 sizes and coatinghicknessesneanghe fossil fuel related BC coulkieibit a range of mixing stasehoweverthe
BCsm patrticle fraction that hasmaller core sizeandthinnercoatingtends to be only associated wahdcontribute

to thefossil fuel BCfraction

BBOA_BC which mostly resulted frorapen cooking sources Beijing (He et al., 201Q)is correlated withBCrod
andthe BCig uncoaffom the SPZr?>0.6). Both BC typeshad high correlation witkOA and BBOA(r*>0.6)sincethe
395 fossil fuel (excluding the part correlated witBCsn) andbiomass burning B@atrticleshave similarcore size and
coating conterst The potential contributiofrom coal burning sources are further investigated by correlatingRhe
AMS measured PAHRvith the SP2segegated BCtypes as the PAHs considered to be an ideakrker for coal
burning (Xu et al., 2006;Sun et al., 2016a@he moderately coated amiy uncoatfractions are found tchavethe
highest correlation with PAHr?>0.8). This meansthe BC from coal burning tended to cdbtite to boththe
400 moderately coatedndthe BCyg uncoafractions(Zhang et al., 2018bput notthe BCsm, Which in turn indicatethat the
BCsmis mainly a result ofmobile source (such as traffic) rather than coal burnifgevious studies founthat the
coal emission in urban Chimaay have a larger BC core sizgempared to traffic sourc€gvang et al., 2016)This
is alsoconsistent with théack of the BCig,uncoarmodein urban London where there was no coal burmresent in
the city(Fig. 9). Given biomass burning was alsorrelated with moderately coated @@ uncoafractions(r>>0.6),
405 analyses limited tthe sizeresolved mixing statalonemay notbeable to distinguisithe BCparticles derived from
coal and biomass burnirig urban Beijing This may be because the contributiorb@fmass burningo BC was
significantly lower(p<0.01)thanthatfrom fossil fuel in Beijing(Zhang et al., 2017hnd the open biomass burning
was only sporadically significant during spring and autumn harvesotierehe NCPregion(Chen et al., 2017)n
addition,even some of the coal burniregntribution especially for the coal fromesidential usenay be attributed
410 as biomass burning if using levoglucosan as a m¥aenr et al., 2018)which may lead tsomefraction of BBOA
identified bythe SPAMS containingsome fraction of coal burnin@Cnmodis consistent witlvood burning in urban
London butBCiyuncoatare not present from these sourffeg. 9e and f) It is thereforemore likely that théBCig,uncoat

was mainly contributed by coal combustion.

The BCiick 0r BCmod fractionis well correlatedr?>0.6) with the BC coated with lessolatile organicsfOOA1_BQ

415 orsemivolatile organics (OOA2_BGCJespectivelyThismeanghe coating composition would mostly contaess
volatile organic species when BC was thickly coatedereas the moderate coatiB particle fractiomrmainly
contaired semivolatile speciesThecoal burning or biomass burniegntributionsare alscsignificantin the BCrod
fraction, which means these primary sources may also emit considerablediatie speciesnternally mixed with
BC.
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4.5Diurnal variation of different types of BC

Fig. 11shows thathediurnalvariationof the four different IBC typesclassified by the SR2n winte all BC types
anticorrelatedwvith the diurnal evolution oMLH, whereas irsummerall BC types exhibited anorning rush hour
peak For BCick in winter, the average wasignificantly higher(p<0.01)than the median, indicating ttsporadic
occurrence ofnethickly coatedBC. There was no discernible differexia thediurnal patternsf theabsolute mass
loadings ofthe differentBC types which meanssimilar emissionsourcesand the PBL development mapave
controlled the diurnal pattern of different BC typesatgimilar extent. Neverthelessfferences could be identified
by relativeabundanceof different BC types as discussed in the followsegtion

The diurnal variation ofhe numberor massfraction of BCsm (Fig. 11c) peaked at 8am and 7am in the winter and
summer respectively, whidorresponddwith the morning rush hourThis is consistentith the identifiedpossible
traffic contribution tathe BCsn fractionby comparsonwith the SRPAMS factors (section 4)4The diurnal variation

of this BC mode also had high correlation with N®both seasong?>0.7), with the morning rush hour occurring
slightly later in winter than in summer, which further confirms the likely origin of traffic sodnse.correlation
between theNO, concentration and different BC tgp isfurther evaluated by a mulinear regression fiction,
expressed as Equation)(The fitting parameters are summarized in Table 2.

[NOx]:aO+a1*[ BQn’il'l' az*[ BCmod]+ a3*[ BCthick]+ a4*[ BClg’uncoa] (7)

Among all BC typesal shows the highestalue in both seasonwhich indicategshe strong correlatio?>0.7)
betweerthe BCsmmasdractionandthe NOy concentration, with almo#dentical emission factaf 68-72 ppbv NG/

e g 2 of BCsm In winter, theBCmoq also contributed some fraction Ky, whereas in summer the contribution of
this BC type to NQwas almost negligibleThe BCiguncoatWas not carelated withNOx emission(r?<0.3), which in
turn suggests the coal combustion may not eimitificant NQ (Zhao et al., 2013;Wang and Hao, 20The BCsm
fraction contributed the most in summg0-60% innumber andl0% inmass)andthe seconanost in winter(30-
40% in number and 30% in mas3hese BCparticleshad smaller core size and thin coatingsd thus they
contributed more significantlp thenumberthanthemass A similar numberfraction of theBC was also present in
urban Londor(Liu et al., 2014band ParigLaborde et al., 2013nd had also beeidenified to bedominated by

traffic sourcs.

BCmosShowed comparable contributionbothseason$40-50% in mass or 225% in number)The fraction othese
particlesslightly increasd throughout the afternoofor both seasons, and thisay partly result from daytime
photochemicaprocessingthoughthis BC type was also significantly associated with primary soiseesion 4.4)
The BCiick fractionshowed no apparent diurnal patterotghthatB Cinick massfractionin summer wasninor ~5%)

andonly made asignificant contribution at higher pollution leggkection 4.6)

BCig,uncoarcoOntributeda significant mass fractio(80-40% in winter and 40% in summéeait contributed little to the
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numbern(<10%)becausef the largecore size. Themassdractionof these B(articleshada pronounceahighttime
peakin winter, corsistent with the view that hBC typemay be contributed by coal burning (also identified by
comparing with the PAH factor in section 4.4), becaugbércold season there was signdnt residential heating
activitiesat nightwhich may use coal as fughen et al., 2006 his nighttime peakn themass fractiomf BCig uncoat
was missing in summer due to lack ofdbbeating activitiesNeverthelessthe BCig uncoatmass fraction remained
substantiain summer,comparalg with that of theBCsn, fraction at aroundl0%. This may be becausthe coal

consumption frontheindustrial sectothat ismaintained throughout the yedig. S1)

To accountfor thedilution effectresulting from the developmeaf the PBL, therBC masdoading was multiplied
by theMLH for every half houthroughout the dayirhe MLH -correctedBC masdor eachBC type isshown in Fig.
11lband provides a way of assessing the influence of BC emissions, although thereeat@nies associated with
theMLH determinatiorfrom ceilometemeasuremer{Kotthaus and Grimmond, 201&ll BC typesshowed gpeak

in the MLH corrected concentratioat nightin winter but showeda nighttime minimum in summerwhich may

reflect agenerdly higher emissiomuring night-time in winter but not in the summeburing the daytimebetween
the hours 06:00andL9:00,BCsnmass corrected for tidLH was similar inboth seasons, suggestigtBCsnmay

have comparable emission mteetween seasonsonsistent with theiew that these B@nay bedominated by
transportation sector (section 4.BCiguncoathad significantly highar (p<0.01)emissionat night in winter than in
summelby a factorof 2.5, also consistent with theigher coal consumption frortheresidential sectan winter.

4.6 BC at different pollution levek

Given the complexity of the sources contributing to BC in Beijihgrelative primary source contributions and its
interaction with other aerosol species may vary withotrerall level of pollution and this in turn may change both
the mixing state and thaptical propertiesf BC. Fig. 12 shows mass fractions of differ&a types at differer®eM;
level determined bthe total mass 0AMS+SP2 The trafficlike BCsm (Fig. 12a)were a constant fraction of the total
mass atlower pollution leves (when PM1<50 g ) that was aroun®0% and 40% in winter and summer
respectivelyThe decreasemassraction ofBCsnat higher pollution levaloccurs in both seasons lisiparticularly
marked in winterand matched by an equal and opposite increase in the mass fractionefiBderhigh pollution
loadings. The BCig,uncoatfraction (Fig. 12byas similar in magnitude the BCsw fractionin summeracross all levels
of pollution, which means the ccealurning like BC was almosasimportantas thetraffic source In winter, the
contribution ofBCiguncoatmasswas slightly higher thathe traffic-like BCsm mass fractiorwhereas in summer the
BCsm masswas more significantAt the higher pollution levet in winter, some ofthe BCiguncoat May be also

contributed by coagulation.

Theincrease in the mass fraction®Cuick at higher pollution leveal(Fig. 12d)and the commensurate reduction in

the mass fraction of BG (Fig. 12a)is very striking especially when PM1>100.g frwith rBC masdoading > ~2
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g m3. Under these conditions, Bfc may beup to 50%of the totakBC massThecoatings ortheseBCuick particles

were largely contributed by secondary speaesording tothe SRAMS analysis (section 4.4)n summerthere

were no periods of very high pollution in excess of 80§ * amdthe BCick mass fractionwas less thai0%,
thoughthe trends in the fraction of BEandBCinick With pollution loading is the same in both seasdihss is entirey
consistent with coagulation of particulate under very high concentrations. Under such conditions the very higl
numbers of BGnmay coagulate rapidly with the large numberaa#BC accumulation mode pollution aerosol that

is composed largelgf secondary material, this process can happen rapidly at high number concentrations and lea
to the small BC particles gaining very think coatings with no change in the core mass distribution (see also Fig. 9

High concentrations of secondary precursdhangas phase will exacerbate this process.

At higher PM level inwinter, the increasemhass fraction oBCuwick alsoled to a decrease of Bgs However in
summer thé8Cnmoq fraction increased when PM1>50 dxthis high pollution evenhas previouslypeen shown to
bedominated by secondary spec{8sin et al., 2015)The higher fraction dBCmodin winter than in summer at the
samepollution level may result frorgreatemprimaryemissiongi.e. more residential coal burningtimecold season)
or more condensable senvlatile species at colder temperagir€he mass contribution o0BCmoeg and BCihick in
summerwas lowerthan in winterat the same pollution levglossibly as a result dligher ambient temperatgin
summerreducing the amount of semwblatile material partitioning to thgarticles

The contribution of absorption coefficientdalculated based on single pdeimformation shown in Fig. S&he
right axis ofFig. 12shows tle mean contribution of absorption correspondimthe mass fractiorior each BC typge
implying thatdifferent BC types have ffierent absorption contributidmecause of their varying atrption efficiency.
Fig. Sbshowsthat the histogram of occurrence for Magbf each BC type during the experimental peribeBCsm
and largely uncoated Bltad average MA&o about 7.3 rfgt and 5.3 g™ respectively, an@Cig uncoathad a lower
MAC becawse of its larger core size. The moderately B@#« had average MAC of 11.2%g* and 12.4 rfg?
respectively.

Fig. 13 showshoth modelled an®AX-measuredMACsy at different pollutionlevels, the resultsagreeto within

15% For both seasons,hen PM1<50 g n¥, themeasuredbsorption efficiency oBC showed little dependence

on the concentration of particulate matter WitACszn ~4.9m°gt and4.7 m?g! in winter and summetespectively

The absorption at a2=870m is dEuwetald2007iheklACgs4afan enfolied c t e
BC was calculated to bet-3m?g? for both seasonsothe enhancement of absorption efficienEy.{ is calculated

as the modelleMAC sz normalizedby this value Eassszo Significantly increasedt PM1>50 g m* up to 1.4 and 1.6

for summer and winter respectivelhis increasen absorbing capacity of BC at higher pollution lesshplies that

both primary emission and secondary processing may both contribute to the coatings and subsequent increa:
absorption It also highlights the potential for additional feedback between pollution and radiation under very high
pollution loadings(Zhang et al., 2018crhere wasa wide variability in MAC or Eaps at PM1concentrations of

betweerl00and200g m-3. In addition themeanPAX-measured MAgowas higher than the modelled results by
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20%at this pollution levelThis suggestsomplex processex this moderate pollution level where a large variability
of BC coating content wasesentputa single mixing scenario based on Madculationis not able to fully explain
themeasuremenisf absorptionTheMACsgz slightly decreasedt veryhighPM1, i.e. >300 g m?, and this decrease
is more pronounced for measureméhe grey line showsthan Miebased modelling. Thisay result from the
shadowing effect thatery tick coating may shieldncident photasfrom the absorbing corg@articulaty when the
coating is absorbin(He € al., 2015;Zhang et al., 2018a)

5 Conclusion

In order to probe the sources and processes governing atmospheric black carbon in Beijing, measurements w
performed in both winter and summer using an SP2 ancbtieesize and coating thickness were examined using the
single particle dataHigher rBC nass loading with more variabt®atings was found in winter than in summer. The

air massfrom the Southern Plateau brought BC with the largest core size and coatings in winter, indicating the
appreciable regional influence, whereas in summer the chastickedf BCwererelatively independent of air mass
direction In contrast to equivalent measurements in London, where two particle types were observed correspondir
to traffic and wood burning, other types were obseimeBeijing, probably reflecting a ore complex mixture of
sources. rBC number and mass concentrations were guantified accordiadaiothing four particle typesmall
thinly-coatedBC, moderatly-coated BC, thicklycoated BC and large thinlyoatedBC. By comparison with other
measurerants, in particular a factorisation of coating materials from thé&ldB, these were assigned to different

Soot sources.

The small thinlycoated rBQraction wasassociated with traffic emissions and made up for 30% and 40% of the rBC
mass in winter and sumer respectively This particle fractiomvas strongly associated with N@houghthe implied

ratio of 14ng n13 ppb* waslower than the values of 3 ng n® ppb? reported for London, likely due to differences

in the emissions flegsuch as a more widely used gasoline engine in BejjiMang et al., 2009)The large thinly
coated rBC could be associated with coal combustion and corresgoratednd 3810% and 40% of the rBC mass

in winter and summer respectively.

The moderatehgoated particléractionmade upd0-50% of the rBC masand wasassociated with both emissions

and atmospheric processeAs a resultthe original source of thesparticlesis currently ambiguous; it is possible

that this class has multiple contributions. The thigtdated particléraction wasmainly present during the winter
heavy haze events when PM1 was greater than 200°jagy ithe rBCmass loading wagreagr than 4 g n¥. During

these events, these particles made up for arow#db20of 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 processi
Given the thick coatings, it would be expected that these particles would exhibit higher mass absorption and scatteri
coefficients, higher hygroscopiciti¢gus high optical thickness in the upper boundary layer) and greater scavenging

potential (thus shorter atmospheric lifetimehese large BC importantly enhanced the absorption efficiency at high
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pollution levek,andreduction of emissions of thesegarBC particles and the precursors of the associated secondary

555  coating will be areffective wayof mitigating the heating effect of BC in urban environmsent

18



560

565

570

575

Data availability

Processed data is available through #RHH project archive at th€entrefor Environmental Data Analysis
(http://data.ceda.ac.uk/badc/aphh/data/beijing/). Raw data is archived at the University of Manchester and is availak

on request.
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Table Al. Symbols and abbreviations

Symbols/abbreviations  Meaning

BCsm Small BC

BCiod Moderately coated BC

BCihick Thickly coated BC

BCig,uncoat Large and uncoated BC
FFOA Fossil fuel organic aerosol
BBOA Biomass burning organierosol
OO0OAl Low-volatile organic aerosol
OO0A2 Semivolatile organic aerosol
SP2 Single particle soot photometer
Dc BC core diameter

Dp Coated BC diameter

rBC Refractory BC

MMD Mass median diameter
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BBOA_BC
FOA BC (biomass OOAl1 BC 0OOA2 BC
r2 (N=1406) (fossil fuel) burning) (less volatile) (semivolatile) | 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
BCmass total 0.74 0.85 0.51 0.51 0.89

Tabl e 1. ¢oadatioR eoafficisnts heiween the time series of SP2 ane\NERPsegregated rBC mass and
770  PAH. The correlations with Pearsder0.6 are shaded in green. All correlations are significant at the 0.01 level (2

tailed).

NO, with BC types al a2 a3 ad a0

winter 72.3+3.2 21.3+3.0 16.3+2.1 0 88+1.3
summer 68.4+4.7 0 0 0 1.15+0.77

775 Table 2.Multi-linear regressiofor Equation (7among NQ and different BC types.
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