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Abstract

There is growing evidence suggesting the enhandeaidsrown carbon (BrC) in
severe haze episodes. In this study, hourly meamnts of BrC in PMs were
conducted in Xi'an, a typical city in northweste@mina during winter and summer.
The absorption coefficient for methanol exacts @b Bm Dapsses, methanel Which is
typically used as a proxy of methanol-soluble BirCjhe winter sampling period was
over 7 times than that in summer. The mass absormiioss-section for methanol
extracts MACsss, methanel NOrMalized bybaps3es, methanolt0 Organic carbon, OC) in
winter sampling period was nearly 1.5 times of thahe summer. During the winter
haze days, the averabgsss methanoipeaked at midnight and the lowest values in the
morning, in contrast to high levels in afternoord dow levels at night in non haze
days. Unlike the diurnal patterns in winter, summgkses methanodiurnal variation
presented high midday and low afternoon levelsarehdays. However, in non haze
days, the pattern showed high morning levels agttriow levels. Haze and non haze
variations of chemical species levdbgsssss, methanol@NAMACsgs5, methanodUring winter
and summer sampling time showed that the effectatofospheric aging were
complex and could either enhance or reduce lighdogdtion of BrC. Source
apportionment based on positive matrix factorizatreceptor model and multiple
linear regressions showed that primary emissionamasnportant contributor to BrC
emissions during the winter sampling period, whesecondary formation played an

important role in summer.

Keywords. Brown carbon; High-time resolved; Source apportienmXi'an
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1. Introduction

Brown carbon (BrC) is currently receiving remarlahbttention because it is more
abundant than black carbon (BC) and is a vital ridoumior to light absorption and
climate forcing Lambe et al., 2013; Zhao et al., 2Q16&verall, emissions of primary
BrC have been attributed to forest fires and bi@ragning, residential heating, and
biogenic release of humic mattéfirfchstetter et al., 2004; Hoffer et al., 200@rC
can also be secondarily produced by photooxidatioanthropogenic and biogenic
precursors Huang et al., 201/ Such precursors like isoprene, toluene, and
polycycilic aromatic naphthalene could vyield BrCraigh heterogeneous or
multiphase reactiond_éskin et al., 2015; Liu et al., 20L.55econdary BrC produced
around urban environments can have an importahteinée on ultraviolet irradiance
and photochemical cycles of urban pollution. Faareple,Liu et al (2015)illustrated
that BrC influenced the production ofs@nd OH by reducing UV irradiance and
consequently affected the oxidation capacity of reégional atmospher&hao et al
(2015) concluded that the magnitude of photo-enhancelmahtbleaching was likely
dependent on the BrC components, as well as OHsexeo

Previous studies were launched to investigate Byl labsorption and climate
forcing (Shen et al., 2017a; 2017b; Lei et al., 2018b; Patlal., 2018. However,
previous long-term ambient BrC measurements wargnely carried out using 24-h
integrated filter sampling techniques which extaditrelatively low time resolution
and introduced more sample handling artifacts. Highe-resolved organic carbon
(OC) data were used to investigate the diurnaktan of carbonaceous aerosols and
their contributions to air pollution in China, sues Beijing Lin et al., 2009,
Shanghai Xu et al., 2018 GuangzhouHu et al., 201® and Hong KongHuang et
al.,, 2014. To our knowledge, some literatures estimated Bia2 and BrC light
absorption using Aethalometer model (AE31), whichyrauffer from the interference
from light absorption by BC and mineral duSthén et al., 2017b; Qin et al., 2018;
Wang et al., 2018 However, few studies have utilized highly tinesolved semi-

continuous measurements to study the diurnal vaniadf BrC light absorption in
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bulk solution. Although the conversion from optigabperties of solution back to

aerosol is not necessarily straightforward, stuglytight-absorbing organics in bulk

solution provides important insights on the souraed formation processes of SOA
measurements of BrC. More highly time resolved mesments of BrC can yield

insights into the temporal distributions in thehligabsorption, and offer the potential
for better understanding of their emission sourcHsus, the information about

variable and complicated BrC in fine particles ézded.

In this study, high time resolved BMsamples were collected to investigate the
time-series of BrC light absorption to focus on fthel pattern. In addition, the
formation and source apportionment of BrC was alsoducted. The result of this
study will improve our understanding of the dynamariation of BrC and clarify

their roles in both winter and summer.

2. Methodology

2.1 Sample collection

The sampling site was located in the southeastarh gf downtown of Xi'an,
which is subject to severe heavy air pollution meebl by surrounding residential
areas and major traffic roads. Sampling was comduon the roof of a 15 m-high
building from 1 January 2017 to 6 January 2017 famich 24 July 2017 to 5 August
2017 at Xi'an Jiaotong University (Fig.1). A totafl 120 PM s samples (42 for winter
and 78 for summer) with time resolution of 3 orauts were collected on Whatman
47 quartz filters (Whatman Inc., Maidstone, UK) bging a PQ200 ambient air
particulate sampler (BGI Inc., USA) at a flow rate16.7 L-min’. PM,s samples
were equilibrated using controlled temperature Z36C) and relative humidity (35-
45 %) desiccators for 24 h before and after sargpdind their mass loadings were
determined gravimetrically using a Sartorius MCBcalonic microbalance (xjig
sensitivity; Sartorius, Gottingen, Germany). Detaf quality assurance and control
procedures can be found in our previous studié®i et al., 2017; Lei et al., 2018a;
2018B. According to the ambient air quality standard&QS) of China (GB3095-
2012:http://kjs.mep.gov.cn/hjbhbz/bzwb/dghjbh/gbyZ201203/t20120302
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224165.htm) and the measured data in this stualytion day was defined as that
the 24 h average concentrations both,RPMere twice times higher than the national

AAQS-Grade Il value (PMs, 75ug- ni).

Insert Figure 1

2.2 Chemical analysis

PM,s OC and elemental carbon (EC) were determined aibRl Model 2001
Thermal/Optical Carbon Analyzer (Atmoslytic Inc.al@basas, CA, USA) following
the IMPROVE TOR protocol Ghow et al., 2004; Cao et al., 2005The
IMPROVE_A (Interagency Monitoring of Protected \V@duEnvironments) protocol
produces four OC fractions (OC1, OC2, OC3, and @C4401, 1807, 4801, and
5801, respectively in a 100 % He atmosphere); a pysealyzarbon fraction (OP,
determined when reflected or transmitted lasett lgtained its original intensity after
O, was added to the analysis atmosphere); and thte&detions (EC1, EC2, and
EC3 in a 98 % He/2 % £atmosphere at 580 7401, 8401, respectively). OC was
defined as OC1+0OC2+0OC3+0OC4+0OP and EC as EC1+EC2HCEhow et al.,
2004). One fourth of each filter was used for analydisvater-soluble inorganic ions
(Na", NH,", K*, Mg*, c&*, F, CI, NOs and SG*) using ion chromatography (IC,
Dionex 500, Dionex Corp, USA). Anions were analyzeihg an ASII-HC column
(Dionex Company) and 20 mM potassium hydroxide Fees ¢luent. Cations were
determined using a CS12A column (Dionex Companyh @0 mM methane sulfonic
acid as the eluent. One in each group of ten sampkes selected for duplicate
measurements and blank filter ion concentrationsewsebtracted for quality control
purposes. A detailed description of the ion analysirried out in this study can be
found inShen et al (2018a)
2.3 Optical properties of methanol extracts

The light absorption spectra of the methanol exdraecre measured with a UV-
Vis spectrophotometer (UV-6100s) with 10 cm optigaths in the individual solvent.
A 0.526 cni punch of filters were extracted in 50 mL methaftLC Grade, Fisher
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Chemical) by 30 min of sonication. All extracts ediltered 1-3 times with a 25 mm
diameter 0.45 pum pore size microporous membrangadide 25 TF, PTFE
membrane) to remove the insoluble components.

Absorption spectra of methanol-soluble organic cariiMSOC) were used to
assess thé,ps as described bgrinivas and Sarin (2014)The baps was calculated
according to:

Pabs, methanoi=(Az,methanorA700,methandl * (Vext* Portions) * In (10) / (Mer* L) (1)
wherebaps is expressed in the unit of Mh{or 10° m?). A; and Azgo correspond to
measured absorbance at specifiezhd 700 nm, respectivelVey refers to volume of
the solvent extract (50 mL) in which different poris of filter. Portionsis used to
estimate the absorption signal for the full filtBor example, ifPortionsis 8 which
means 1/8th portions of aerosol filter are extmcige, corresponds to sampling
volume. In this casa, is the path length of the cell (10 cm). We usebtlgposorbance
at 365 nm to estimate BriGs (Liu et al., 2013.

The relationship between wavelength-depend®AE and b,,s of BrC in the

methanol extracts is described as follqWecobian et al., 2010)

babi,methanol — K*A—AAEmethanoI (2)

HereK refers to a constant value ahdlenotes the wavelength of BrC. In this study,
AAE was calculated by linear regression fit to lmgs vs. logA in the wavelength
range of 330-400 nm.

The soluble organic mass, unfortunately, cannodé&ermined in the methanol
extracts. Therefore, OC measured from OC/EC arslyas used to obtain the lower

limit of the MAC value at 365 nm, shown in equati{@):

MA,(;nethanoI:babsz methanol/ OC (3)

2.4 BC absorption measurements
The particulam,ps of BC can be obtained from seven wavelengths @.20, 470,
520, 590, 660, 880, and 950 nm) using AE31. Accaydo Beer-Lambert’s law, the

bapsis defined as:
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wherely andl are the light intensities before and after collegtparticles with the
thicknessx, respectively. Similar to other filter-based alpgimn instruments, thbaps
of AE31 needs to be corrected for two kinds of iex;rincluding scattering effect by
the fiber filter substratesCpllaud Coen et al., 20)(and filter mass loading by the
accumulation of light absorbing particledh@ng et al., 2015b; Qin et al., 2018n
this study, mass loading effect was corrected bipviang the correction process
presented byirkkula et al (2007)A detailed description of AE31 analysis followed
in this study can be found in Shen et al., 201@3on et al (2015kegregated BC
and optical-BrC by projecting the absorption atieigwavelengths (880 nm) to lower
wavelengths of the spectrum measured by the AEB#&. dbsorption at 880 nm is
assumed to be attributed to only BC absorption.
2.5 Source apportionment ofpkss5, methanol

In order to investigate the contributions of eaohission source tOaps3ss, methanol
positive matrix factorization (PMF) has been fitded. PMF is a bilinear factor
model that has been widely used in previous soappertionment studieg#o et al.,
2014; Xiao et al., 2014; Wang et al., 201®he concept of PMF has been described
in detail byShen et al. (2010)n this study, water-soluble inorganic ions (NHK",
Mg**, C&*, NO;, and S@"), and carbon fractions (OC1, OC2, OC3, OC4, EC1,
EC2, EC3) were used as data inputs. The model dexses the concentrations of the
chemical species related above at a receptorrgitesets of contribution&s), factor
profiles(F), and residualéE):

X; =2, G R +§ (5)

Where X;; represents th@h species concentration measured in ithesample, the
factor time serie$si is the contribution of th& source to theth sample, the factor
profile Fy; is the concentration of thgh species in thé& source, and the model
residuals aré&;;. The model uses a least-squares approach tovedyaminimize the
object functionQ, which is defined as the sum of the squared ressdweighted by

uncertaintiess;:
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7 (6)

The model requires both concentration défaand a corresponding uncertairaty.

Theo; was calculated using the equation as follows:

Uncettainty =+/([X] x C\J 2 + MDL? , for [X]>MDL (7)

Uncertainy = §>< MDL
6 , for [X]<MDL (8)

Where [X] represents the concentration of the sse¥i in pg-mi’ CV is the
coefficient of variation for specieX, which is calculated by dividing the standard
deviation of repeated samples by their averageey®IDL is the method detection
limit.

The PMF model was run multiple times, extractingrfto six factors, and each
run was initialized with different starting pointshanging the seed value from 1 to
20).

A multivariate linear regression model was conggdcwhich has been described
in detail byLei et al. (2018h)

The relationships betweebapssss methanot@Nd each emission source can be
described as:

n
B, <65, methano= B+ z AX[X ij]
, (9)
Where the quantities in brackets;[Xepresent the contributions of théh emission
source (units: M) on thej-th day;A; andB represent the regression coefficient and
random error respectivelyAx[X;] represents the predicted valuesafssss methanol

from thei-th emission source.

3. Results and Discussion

3.1 Overview of winter and summer intensive obsgmmwa
Winter and summer mean values of PjMthemical speciedaps3ss, methanol AAE

methanol (330-400 nm), andMAGCses methanol during the sampling period were
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summarized in Table 1. The daily mean concentratimnPM sin winter sampling
period varied from 109.5 to 2866 m* with an average of 179.4 +70uy m>,
which was twice higher than that in summer samptiagod. These measured values
matched the previous reported seasonal variati@@and EC concentration at Xi‘'an
(Shen et al., 201Fpwith lower value in summer and high in winteheThigh average
concentration of secondary organic carbon (SOC) @@EC demonstrated the
higher secondary emissions. Winter averBgegsss. methandS Over 7 times than that in
summer sampling period, indicating more abundarfid&®© in winter PM s samples
in comparison with summer. Biomass burning in ramaas around Xan for winter
heating should contribute to high BrC, the evideoicehich can be found in previous
studies $un et al., 2017; Shen et al., 2017a; Lei et &18y. TheAAE (330-400 nm)
values were 6.2+0.5 during winter sampling periow &.5£2.6 during summer
sampling period. In a previous study, it was fotimat high SOC levels were occurred
both in summer and winter PM over Xi'an, even their seasonal formation
mechanisms were differencéh@ng et al., 2015aWinter MACsgs methanofOr BrC was
nearly 1.5 times higher than that in summer duting sampling period, highlighting
that BrC from biomass burning and fresh SOC cawssexhger light absorption than
that from the aged SOC in summer. The avelageof BC at 880 nmlaps-sc, 830 nh
was 101.9 Mrt for winter sampling period and 11.8 NMnfor summer sampling
period, also indicating the important contributiisom primary emission sources in
winter. It is noted that the mednps-sc, sso nmvas more than twice as high Bgszes,
methanol fOr both in winter and summer during our samplpegiod, highlighting that

PM light absorption was predominantly by BC iriaf.

Insert Table 1

3.2 Winter brown carbon profiles
Fig.2a displays the average diurnal trend$8£365, methanolPabs, Bc-880 nn MACses,
methandt OC, as well as SOC between haze and non haze diaysy the winter

sampling periodbaps3ss, methanodiurnal variation presented high midnight timedksv
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and low morning levels in haze days, which is samtb results in another study in
Guangzhou, ChinaQin et al., 2018 This pattern results from the variation of the
boundary layer and inversion layers. At night, kxeel of the boundary layer goes
down with decreased solar activity, and the inwerdayer occur\Wang et al., 2007;
Xu et al., 2014; Shen et al., 201As shown in Figure S1, in haze dalys,s3ss, methanol
diurnal variation presented higher midnight timeels, which is mainly due to the
reason that the level of the boundary layer goesndwith decreased solar activity
and the inversion layer occurs. Moreover, nighttiatgieous-phase chemistry also
affects this phenomenoridlkers, et al., 2003; Rajput et al., 2016; Saffet, al.,
2016. However, in non haze days, the pattern shdvigiter in afternoon levels and
low in night time levels MAGCsgs methanoi€Xhibited no obvious changes and showed
relatively high night time levels in both haze amoh haze days. OC showed no
distinctive early morning peaks in both haze dayd mon haze days. The enhanced
OC concentrations at around midday likely refledteel contribution of SOC formed
via photochemical activities. SOC diel variatioh®wed higher at noon and lower in
the nighttime. A previous study in the Pearl Rilalta region suggested that strong
photochemical formation was responsible for thedaydSOC peakXu et al., 201Y.
Similar midday SOC peaks have also been identifiedeveral other urban areas,
such as the Los Angeles Basin during the CalNeX32@ld campaign£hang et al.,
2013 and Mexico City during the MILAGRO studgouw et al., 2009 As a result,
the increase of OC and SOC suggests that photocheprocesses were a primary
driver in the formation of BrC. In addition, theidant (Ox) discussed here is the sum
of the ozone and nitrogen dioxide mixing ratios¥R0O,), which can be considered
as a proxy for atmospheric oxidation level causgglotochemical reaction¥\ang

et al., 2017. The mixing ratio of Ox was used to representatmospheric oxidation
capacity. Significant variations in the time-ressdvof Ox were observed over Xi'an,
with mixing ratios ranging from 32.0 to 84.8 ppbdaaveraging 14.5 + 55.4 ppb
during the winter sampling period, respectivelyeTdaily Ox minimum occurred at
morning time followed by a sharp increase to a tigie peak at midnight in haze

days. However, for non haze days, the Ox peaked4d80 and then declined
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continuously until the midnight. It is likely drimeby variations in local anthropogenic

activities, photochemical conditions, and atmosjghsoundary layer heights.

Insert Figure 2

Diurnal patterns ofbapssc. sso nmin haze and non haze days during winter
sampling period were also exhibited in Fig 2b. bed days, BC light absorption
showed no specific peaks. Despite the rush hoorsesvOCs may uptake to BC
particles and enhance the light absorpt@m(et al., 2018 Similar results have also
been found in other studieXy, et al., 2014Wang et al., 2016b; 2015dHowever, in
non haze days, BC light absorption showed onlypseak at around 10:00-14:00 LST.
On one hand, the vehicular emissions rates dutiegniorning rush hours were
generally higher than those in the evening rushrdiaas the morning traffic
congestion was severer than that in the eveninly hagirs as reported by a road
tunnel study Zhou et al., 2014in the same borough. The lowest BC light absorpti
at midday should be mainly ascribed to developnoériioundary layer as the solar
radiation was the strongest at that time.

In this study, differences of P chemical species and BrC optical properties
between haze and non haze can provide some insighte BrC formation and
optical properties. As shown in Table 1, winter ©C/ratios showed little higher than
non haze, indicating that the SOC formation intgnsere similar between haze and
non haze days. In contrast, winter haze OC and B@&€s as well a®aps3es, methanol
were much higher than those in non haze days, éghat primary emissions and

secondary formation played an important contributmwinter haze BrC.

3.3 Profiles of brown carbon in summer

The average diurnal trends lafoszes, methanotDabs, Bc-880 nin MACses, methanol OC, OX,
as well as SOC between haze and non haze dayg dummmer sampling period were
shown in Fig. 2b. Unlike the diurnal patterns dgriwwinter, summebaps3ss, methanol

diurnal variation presented high midday and lowembon levels in haze days.
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However, in non haze days, the pattern showed higloening levels and lower night
time levels. OC presented distinct diurnal pattelmsng the daytimeMACsss methanol
showed relatively higher in the morning during haags and at midday during non
haze days. The enhanced OC concentrations at arougaldy in non haze days likely
reflected the contribution of SOC formed via phbtemical activities. The Ox
minimum occurred at morning time followed by a gharcrease to peak at around
20:00 LST in haze days. However, for non haze déngs©Ox peaked at 8:00 LST and
then declined continuously until the midnight. Oxiximg ratios shows that
Daps3ss methancEXhibited similar diurnal patterns during winterxdasummer Tang et al
2012, Feng et al 2016)

It is likely driven by variations in local antlpogenic activities, photochemical
conditions, and atmospheric boundary layer heigbts.mixing ratios shows that
Dabs3es methanol €Xhibited similar diurnal patterns during our v@ntand summer
sampling period. Diurnal patterns lnfs-sc, sso ni haze and non haze days during the
summer sampling period were also displayed in BIigBC light absorption showed
two evident peaks at around 7:00-9:00 LST and 2@:00 LST (the next day) in both
haze and non haze days, tracking with the mornius@ hours due to the enhanced
vehicular emission rates during the traffic rushuisoand shallow mixing layer
heights.In both haze and non haze days, the morning peflaR€ avere consistently
higher than the evening peaks.

Summer levels of Pl chemical species showed no evident difference dotw
haze and non haze, but they were twice lower than inh winter, which mainly
because of extra biomass burning for winter heatireg et al., 2018a EC, which
was mainly from primary emission sources, was &same level between haze and
non haze periods. It was noted that haze SOCbagghs, methanovere a little higher
than non haze, which indicated that SOC-BrC wasdhuoce in haze than in non
haze period. In addition, ha®®ACses methanovas about 1.4 time than non haze, which
inferred that relatively photochemical reactions ézad to high light absorption as a
result of formation of chromophores by atmosphaging. However, the effects of

atmospheric aging are complex and can either eehanceduce light absorption by
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BrC. Variations of molecular composition and themtical properties of BrC should

be conducted among the different SOC formatiortkerfuture.

3.4 Source apportionment of brown carbon

In this study, a PMF model was first conduced tpaafion PM s sources then
a multivariate linear regression model was usddwuestigate the contribution of each
source taps3ss, methanolN bOth winter and summer sampling period. TablesBdws
regression diagnosis for each individual speciestatal PM s mass obtained by the
PMF model.

Figure S2 shows source profiles of each sourceMgsRn winter. Factor 1 was
characterized by G§ NOs, EC1, and EC2, which were characteristic of teaffi
related emissionsShakeri et al., 2006 Factor 2 loaded with sulfate, OC and EC,
representing emissions from coal combustiblugng et al., 2013; Shakeri et al.,
2016. Biomass burning emissions were identified astdfa® was abundance of K
(Shen et al., 2010; Shakeri et al., 2D1Bactor 4 loaded with Nfi, NO;~, and SG*,
indicating a secondary formation sour&hén et al., 20)0The contributions of the
sources resulting from the PMF analyses were catledlby multiple regression of the
G matrix Paatero, 1994 against the measured mass concentrations. Segonda
formation source contributed significantly to thetetted PMs mass (37.7 %),
followed by traffic-related emissions (24.8 %), ioi@ss burning (19.4 %), coal

combustion (18.1 %) (Figure S3).

Insert Figure S1

Insert Figure S2

However, during summer traffic-related emissionatdabuted significantly to the
PM,s mass (36.1 %), followed by fugitive dust (27.3 %lfate and SOA (17.5 %),
nitrate and SOA (12.0 %) and industrial coal contbas(7.2 %) (Figure S5). The
source profiles of five sources to PMn summer were showed in Figure S4. Factor 1

was dominated by S® and NH', which were characteristic of sulfate and its
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secondary formationL{ et al., 2013. Factor 2 loaded with M§ C&* and K,
representing emissions from fugitive duSthén et al.,, 2008; Zhang et al., 2014
Factor 3 was characterized by?aNOs, EC1, and EC2, which was thought to be
associated with traffic-related emissior8hékeri et al., 2006 Factor 4 had high
loadings on S¢F, OC and EC, which gave preliminary indicationsnfissions from
industrial coal combustion. Nitrate and its secopdarmation were identified as

Factor 5 was abundance of Nand NQ (Shen et al., 2010; Zhou et al., 2017

Insert Figure S3

Insert Figure S4

Figure 3 shows the source contributions bs3ss methanoiObtained using a
multivariate linear regression model during winfgy and summer (b). Because dust
was not present in the solvent extract, fugitivetdrould not be investigated in the
apportioning 0baps3es. methanel Therefore, almost 71.6 % (winter) and 82.7 % (suam)
of baps36s, methanowere apportioned in this study. The primary enoissiduring winter
including biomass burning, coal combustion, andfitr@missions were 23.1 + 20.8
Mm™, 14.7 + 12.2 Mt and 10.4 + 6.8 Mit, respectively. The primary emissions
related above accounted for more than 40 % of dted lbaps3ss, methanoll NE averaged
Dabs3ss, methanddf S€condary formation during winter was 25.6 +11Im %, accounting
for 28.0 % of totabapssss, methanelWhile for summer, about 74.5 % of the tdiglsses,
methanoWas associated with secondary formation includulfate (42.4 %) and nitrate
(32.1 %), which was almost three times higher titan for winter. It was inferred that
primary emission was an important contributor t&€ Brmissions during winter while

secondary formation played an important role dusagmer.

Insert Figure 3

4. Conclusions
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In this study, highly time-resolved BrC in BMwas conducted in Xi'an, a typical
city in northwestern China. We discussed the sedsdiurnal profiles of BrC during
haze and non haze days.

Winter averagebapsass methanoliS Over 7 times than that in summer during the
sampling period. WinteMACsgs methanoifor BrC was nearly 1.5 times of that in
summer. During winter sampling periolipssss, methanodiurnal variation presented
high night time levels and low morning levels irebadays while in non haze days,
the pattern showed higher in afternoon levels amdih night time levels. Unlike the
diurnal patterns in winter sampling perid®pssss, methanodiurnal variation presented
high midday and low afternoon levels in haze d&@wever, in non haze days, the
pattern showed higher in morning levels and lowight time levels. Winter SOC-
BrC may exist due to photobleaching reaction, whilsnmer photochemical reactions
may form chromophores which led to high light alpsion. Source apportionment
based on PMF showed that during winter, secondamydtion source contributed
significantly to PM s mass, followed by traffic-related emissions (2%8 biomass
burning (19.4 %), and coal combustion (18.1 %) wkilring summer traffic-related
emissions contributed significantly to BM followed by fugitive dust (27.3 %),
sulfate and its secondary formation (17.5 %), tétrand its secondary formation
(12.0 %) and industrial coal combustion (7.2 %)e Tasults from the multiple linear
regressionbapssss, methanoSOUrce contribution highlighted that primary engasand
secondary formation were important contributorsBi emissions in winter and
summer, respectively. Molecular composition andoaptproperties in summer and

winter should be conducted in the future.
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Figurel Location of the sampling site.

Figure 2 Diurnal variations of meanyss methanoiabs, 8c-880nm MAC365 methanol OC, OX, and SOC
for PM, s between haze and non haze days during (a) winte(tg summer

Figure 3the source contribution tQfses methand!SING Multivariate linear regression model

during (a) winter and (b) summer
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660 Table 1 The average concentrations of major comusrand light absorption in P during the
661 sampling period
662
Sea:::)%"ng PMZ.S ocC SOC EC OCIEC absSGS,methanol babsBC—880nm MAC365,methanol AAE
ug m* Mm™ m* g* 330-400nm
winter Total mean 1794 344 118 7.6 4.4 42.0 101.9 1.2 6.2
SD 704 133 55 27 0.4 18.1 27.9 0.2 0.5
Haze mean 210.3 405 144 8.7 4.6 48.2 111.8 1.2 6.4
SD 66.3 12.0 4.7 2.5 0.2 19.6 25.6 0.1 1.0
Non-haze mean 117.7 221 6.4 5.2 4.1 29.6 82.0 1.3 6.1
SD 11.6 0.5 1.4 0.7 0.5 5.2 27.2 0.2 0.3
summer Total mean 69.7 7.7 4.0 5.6 1.6 5.9 11.8 0.9 6.5
SD 188 1.8 1.8 15 0.6 2.8 3.6 0.6 2.6
Haze mean 74.8 8.0 4.4 5.6 1.6 6.8 11.9 1.0 6.5
SD 170 2.0 2.3 1.8 0.6 2.9 4.7 0.7 2.3
Non-haze mean 65.3 7.4 3.7 56 15 4.9 11.6 0.7 6.5
SD 205 1.6 1.4 1.1 0.6 2.6 2.3 0.4 3.1
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Figure 1S Daily variations of PM, s, RH, NO,, and bapezss, methanot dUring the winter sampling
period
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Chemical Species
Figure S2 Source profiles for the four sources during winter identified by the positive matrix



secondary formation 37.7% traffic emission 24.8%

coal combustion 18.1%

biomass burning 19.4%

Figure S3 Average source contribution to aerosol mass concentration during winter that is
estimated by PMF source factor (see Fig.S1)

100

80

60

72

40

Nitrate and its secondary formation
Industrial coal combustion

N\ Traffic emission

Bl rugitive dust

- Sulfate and its secondary formation

Il
\\

A\

20+

Percent of species in source (%)

OC1 0C20C3 0C4 EC1 EC2K" NH, CaMg*NO, SO,”
Chemical Species

Figure $4 Source profilesfor the five sources during summer identified by the positive matrix
factorization (PMF) mode.



fugitive dust 27.3%
traffic emissions 36.1%

industrial coal
combustion 7.2%

sulfate and its secondary
formation 17.5%

nitrate and its secondary
formation 12.0%

Figure S5 Average source contribution to aerosol mass concentration during summer that is
estimated by PMF source factor (see Fig.S2)

Table S1 Regression diagnosis for each individual species and total mass PM 5 obtained by
the PMF model (R*= coefficient of determination).

Species I ntercept Slope R?
winter summer winter summer winter summer

PM, s mass 22.36 26.33 0.89 0.64 0.96 0.71
OC1 0.62 0.59 0.58 0.25 0.63 0.87
0ocC2 0.43 0.22 0.93 0.87 0.95 0.75
0OC3 3.48 0.15 0.6 0.92 0.77 0.86
OocC4 3.89 0.31 0.25 0.88 0.79 0.82
EC1 5.98 1.29 0.73 0.63 0.87 0.7
EC2 0.03 0.07 0.91 0.88 0.77 0.96
K* 0.2 0.41 0.91 0.51 0.91 0.81
NH,* 0.01 0.05 0.33 0.45 0.87 0.91
M g2+ 0.11 0.11 0.75 0.75 0.74 0.74
ca®t 0.72 0.16 0.35 0.97 0.85 0.99
NOs 0.34 0.03 0.67 0.54 0.88 0.92

SO” 0.56 0.8 0.77 0.65 0.93 0.86




Highlights

High time-resolved BrC observation during winter and summer was conducted.
Atmospheric aging can either enhance or reduce light absorption by BrC.
Primary emission and secondary formation were important contributors to BrC

during winter and summer, respectively.



