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Abstract

Haze pollution is a severe environmental problemused by elevation of fine particles
(aerodynamic da met er M. g, .which égsmelatedto secondary aerosol formation,
unfavourable synoptic conditioyregional transpoyetc. Theregionalhaze formation in basin areas,
along with intensive emission of precursors, high relative humidity anddsaersiorconditions

is still limitedly understoodn this study, a field campaign was conducted to investigate the factors

resultingin haze formation in Sichuan Basin (SCB) during winter in 202&-fine-aeroselchemical

The fine aerosol chemical composition was characterised by using-aftfligght aerosol cheical

speciation monitor (ToACSM), which also provided detai information on the sourcesor

organic aerosols (OAThe average concentration of Afractory fine particlesNR-PM;.5) was

98. 5 N 3ahdorgaricgaerosdSA), nitrate,sulphate, ammoniupand chloridesecupied
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took up40.3, 28.8, 10.6, 15.3 and 5.1 % of PMThree factorsincluding a hydrocarbetike OA

(HOA), a biomass burning OA (BBOAAnd an oxygenated OA (OOAjyere identified by applying

the positive matrix facrisation (PMF) analysis, and they constituted 24.2, 24.2 and 51.6 % of OA
on average, respectively. Nitrate formation wa®moted by gasphase and aquecpbase
oxidation, while sulphate was mainly formed through agugbiaseprocessOOA showed strong
dependencen Ox, demonstrating the contribution of photooxidation to OOA formation. OOA
concentration increased as aerosol | i dand d wat er
keptrelativéyc onst ant when Hduygesting th@siytificanteeifear of aqueous
phase reactions on OOA formation. Among the three haze episodes identified during the whole
campaign, the driving factors were different: the first haze episode (H1) was driven by nitrate
formationthrough photochernal andaqueousphase reactionsnd the second haze episode (H2)
was mainly driven by thiaatenseemission of primary organic aerosols from biomass burning and
vehicle exhaust, while the third haze episode (H3) was mainly driven by reactions involving nitrate
formation and biomass burning emissibtfOA and BBOA were scavenged, while OOA, nitrate

and sulphate formation were enhanced by aqupbase reactions during fog periods, which
resulted in the increase of O:C from {iog to postfog periods.This study reealed the factors
driving severe haze formation in SCB, and implied the benefit of controlling nitrate as well as
intense biomass burning and vehicle exhaust emissithre tmitigationof heavy aerosol pollution

in this region.
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1. Introduction

Although a serie®f emission reduction strategies had been implemented to mitigate sever
haze pollution over a decade in China, the fine particle (particulate matter with aerodynamic
di ameter | e s s2s) tpdilion ev@ntsbstill ©aoyrred Padpally during autumn and
winter (Ding et al., 2019; Zhao et al., 2020; Yan et al., 20B@ke formation was affected by the
intense emission of primary particles, rapid formation of secondemosols, stagnant
meteorological conditiongnd topography. The interplay among these factors usualgshaze
formation complex(Bao et al., 2019; Guo et al., 2014; Zheng et al., 20d&)ch resiied in
difficulties in making air pollution mitigation strategies.

Many studies showed that the rapid increase of secondary aerosols (including secondary
inorganic/organic aerosols, i.&IA and SOA) played an important role in haze formagiémang
et al.,, 2014; Wu et al., 2022Nitrate, sulphateand ammonium, mainly formed through
photochemical oxidation and aquequisase reactions in the atmosphere, Wegeajor compoent
of SIA. Previous studis demonstrated that the substantial formation of nitrate and sulphate
exacerbated sewvehaze developmerftVang et al., 2020; Liu et al., 202@or exampleZheng et
al. (2016)investigated the factors driving haze formation in Beijmg013, and the results showed
that the enhanced production of sulphate and nitrate led to their increased contribution & PM
the pollution level increasedhile the contribution of organic matter (OM) decreaSée: emission
of SO hadbeen redued dramatically over the past ten years in Chioavever, NOx did not show
asignificant reductior{Zhou et al.2021; Liu et al., 2019)Thus, the haze formation was found to
be mainly driven by the reactions generating nitrate in recen{yaaat al., 2020; Li et al., 2018;
Zhai et al., 2021)

Compared t&IA, the formation process of SOA was more complicgé@ten et al., 2017)

For instance SOA could be formed through the gatsase photooxidatioof volatile organic
compounds (VOCs), which was affected by temperature, relative humidity &Réijotal organic
aerosol mass loading€lark et al., 2016; Hinks et al., 2018; Donahue et al., 2@IBA could also
be formed through the oxidation of wateuble VOCs or organic products of gatase
photochemistry, which was observedtlie field and laboratory studigtiu et al., 2018; Chen et

al., 2015) Besides, the aging of primary organic aerosols (POA) by oxidants in the atmosphere also

3
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contributed to SOAWang et al., 2021; Gilardoni et al., 2016pr instance, the organic aerosols
emitted from biomass burning eve oxidised througlthe photochemical oxidation process driven
by OH radicals which might take place in both gas and aqueous [fRagliene et al., 2020The
variationsof regional and seasonal emissonight also affect the formation of SOPai et al.,
2019; Sun et al., 2016)hus, it is of vital importance to consider various factors when investigating
SOA formaion.

Similar to the city clusters such as Beijing, Shanghai and Guangzhou in North China Plain
(NCP), Yangtze River Delta (YRD) and Pearl River Delta (PRDBg, ChengdtChongqging city
cluster, located in the Sichuan Basin (SCB) in Southwest Okgsis also suffering severe haze
pollution(Tao et al., 2017; Tan et al., 201®)any efforts had been made to investigate the temporal
variation, chemical composition and formation mechanism of fMring the evolution of haze
episodes in NCP, YRD and PRPeng et al., 2021; Sun et al., 2016; Zhang et al., 2015; Yan et al.,
2020) whereas, only a few studies focused on the factors resulting in hamgiforin SCEZhang
et al., 2019; Song et al., 2019hese studies mainfpcused on the formation of inorganic species
in PMz 5, and the results showed that the rapid formation of SIA under higtoRdfitiors promoted
the increase of Ppt. Howeverfurther studeson the characteristics of OA, includitige temporal
evolution, sources and formation pathwaysstill lacking.

The area oBCBis ~260,000 krh andits population is ~110 millionmaking it an important
developing region in Southwest China. The basia subtropical expanse of low hills and plains
and is completely encircled by high mountains and plateaus, which is unfavourable for either
horizontal transport or vertical diffusion. & mtmosphere in SCB was characterised by persistently
high relative humidity and low wind speed all year round. The haze evolution in SCB might be
different from those in other regions due to its unique topography, meteorological conditions and
emission sorces, which remained unclear. Therefore, comprehensive studies are needed to reveal
the key factors contributing to haze formation in the b@sfang et al., 2018)

The Timeof-Flight Aerosol Chemicabpeciation Monitor (TOFACSM) is a robust and highly
sensitive instrumenthat provides reatime characterisation and composition of fiefractory
PM1/PM; 5 (NR-PM1/PM..5) depending on the type of the aerodynamic lens (Iseckt al., 2007,

Xu et al., 2017)Compared to the Aerodyne aerosol spectrometer (AMS), th&TSM is more

compact and cheaper. However, the -BFdESM does not figure particle sizing. Compared to the
4
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guadrupoleACSM (Q-ACSM), the TOFACSM has better mass resolution and detection limits
(Frénlich et al., 2013) Although the TOFACSM hal not been widely deployed in field observations
as AMS/QACSM dd in a number of differentites over China, it lthsuccessfully characterised
the variation of PMPM, 5 and the sources of organic aerosols in the cities within NCP, YRD and
PRD(Ge et al., 2022; Sun et al., 2020; Guo et al., 2@Ospite this, few stuelsapplied a Q/ToF
ACSM or AMS in SCB. The responses of aerosol chemistry to meteorology and emissions therein
remained poorly understood. To thathors' best knowledgehis is the first time that the TeF
ACSM has beemleployed in the fiedl observations within SCB.

The presenstudy aims to uncover the factors driving sev@ze formation during winter in
SBC. The characteristics of NRW.s, including mass concentration, chemical composition,
temporal and diurnal variatipmwere described in detail. The OA sources resolved by the positive
matrix factorisation (PMF) analysis and elemental composition were investigated to elucidate the
possible aging process of OA. The formation mechanism for SIA and $Q&lsw studied base
on the dependencies of nitrate, sulphate and OOA with odd oxygen (@*x NO,) and aerosol
liquid water content. In addition, the evolution process of chemical composition and elemental
composition were summarised during different haze and fog episodes to investigate the main factors
exacerbating haze pollution. The data and resuttuld fill the knowledge gap on the factors
affecting haze formation in SCB and provide a scientific basis for future air pollutant mitigation

strategiesn this unique basin.

2. Material and methods

2.1 Sampling site

The field study was carried out froh8 Decembef021 to 22 January 2022 at a sSB&°6559"
N, 104°1225'E) in Deyang, and the site wagar the northern border of Chengthe capital of
Sichuan provinceChina(as shown iririg. 1Fig-21). The site was located in a typical suburban region
surrounded by several food, aluminium allagd building materials factories. There was a main
road~200m southof the site. Tie north ad westof the site were croplands and villag€bus, the
site was affected by traffic emissgrbiomass burning and industrial pollutaritee study at this

site would help to understand the cludeaistics of regional hazgollution and theinfluence of
5
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regional transpotbetween urban and suburban amafiaze formation

2.2 Instrumentation

During the campaign, the mass loadings of -refractory organics, nitrate, sulphate,
ammonium and chloride in P\ were obtained online by TOFFACSM. The gaseous species
including NO, NQ, Os, SG, CO and CQ@ were continuously measured by tfieermo gas
analysers (model 43i, 49i, 42i, 48i and 41THe meteorological parametgrsluding temperature
(T), relative humidityRH), solar radiatiof{SR), wind speedWS) and wind directiorfWD), were
obtained by an automatic weather stafionff WS501-UMB).

For the NRPM; s measurementhe ambient air was pumped into the sampling line via a
vacuum pumpand the flow rate was maintained at 3 L/min with a fiogter. Befordveingsampled
by the ToOR-ACSM, the ambient air wouldgo througha PM. s cyclone(URG-200030ED, USA to
remove coarse particlethenwas dried bya Nafion drier. The sampling line was assemblesing
3/8' stainless steel tubes coateith the sponge to prevent water condensation.

The working principle of TOFACSM had been described in detail in previous stughigset
al., 2011; Frdnlich et al., 2013Briefly, a 1 0 @ritical rarifice and an aerodynamic lens were
settled in the front inlet system to focus the ambient particles into a concentrated and narrow beam
with a flow rate 0f~84-0.084 Lee/min. It should be mentioned thatPM s lens was used during the
whole campaign, which made the PMneasurement availab{®u et al., 2017)

The particle bearwastransmitted through a vacuum chamber in which thephase species
were eparated from the particle beam. At the end of the vacuum chamber, the particles were
thermallyvaporisedat ~600 € by impacting ora resistively kated porous tungsten surface. There
the nonrefractory constituents in the particles flash vaporise andudrsequently ionised k70
eV electron impactFinally, theionswere extracted by a set of ion optics and detected by the time
of-flight mass spectrometer.

The ToFACSM was operated with a time resolution of 10 mins and scanned from m/z 10 to
219. The ionisation efficiency(IE) calibration was performedbefore and after the campaign
according to the proposal of a previous st(ighlich et al., 2013) Briefly, the sizeselected 350

nm)NH4NOs particleswhich weregenerated by an aerosol generai@re simultaneously sampled
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by the TOFACSM and a condensation particle counter (CPC 3775, TTh@n, the IE can be
determined by comparing the response of-A&SM to the mass of ammonium nitraide relative
ionisation efficiencies(RIEs) of sulphate and ammoniunvere also determined by sampling

(NH4)2SOy particles.

2.3 Data process

2.3.1 TOFACSM data analysis

The ToOFACSM data analysis software (Tofwar2.5.13) written in Igor (Wavemetrics, Lake
Oswego, OR, USA) was used to analyse the mass concentration and chemical composition. The IE
value was 239 ions/pg, and the RIEs for sulphate and ammonium were 1.05 and 3.6, respectively.
For organics, nitratera chloride, commonly used RIE valyés. 1.4, 1.1 and 1,3vere applied.
Thealgorithm proposed byliddlebrook et al(2012)to determine theollection efficiency (CE) of
ToF~ACSM wasappliedto quantify the aerosol species, as the acidity, chemical compositidn
phase state changed the particle bounce effects at theseaffdatthew et al., 2008)

Thetriangle plot off44 (ratio of m/z44 to total signal in the component mass spegtuarsus

f43 (ratio of m/z 43 to total signal in the component mass sperandi44 versud60 (ratio of m/z

60 to total signal in the component mass spedtiuene applied to characterise the evolutio@&f

(Ng et al.,, 201Q) The O/C and H/C were determined by the parameterization proposed by

Canagaratna et 4R015)

2.3.2PMF analysis

The masspectrum data matrix of OA was analysedhs/PMF Evaluation Tool (PET, v2.08D)
(Paatero and Tapper, 1994; Ulbrich et al., 200%rder to resolve distinct OA factors that might
be representative of specific sources. The PMISM data processing was followed by the
procedures proposed previouglylbrich et al., 2009; Zhang et 22011) Due to the weak signal
intensities, the ions with m/z over 120 waia included in the analysis. Any ions with sigta
noise (S/N) < 0.2 were removed from the analysis, and the ions whose S/N 2ag€.@ down

weighted by increasing tiregrrors calculations by a factor o 8un et al., 2011 Different PMF
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solutions were resolved by varying the factor number from 2 Thé& solutions were evaluated by
comparing the mass spectrabfiles of the output secondary aerosol factors as a function of the
rotational parameter (fpeak). Finallythreefactor solution with fpeak = 0 was selected as our best
solution. The comparison of the restitis three to fivefactor solutions was desbad in detail in

Fig. &4 and Table. 3.

2.3.3 Identification of haze episodes

The haze episodes were defined by the daily PMass concentration exceeding Grade |l
National Ambient Air Qu aFfortwp sutcesaivedafVahgetah, AQS)
2014) In the presenstudy, we made some slight modificaticisthis definitionfollowing the
procedure ofZheng et al.(2016) Briefly, the periods during which the 24nfoving average
concentration of Pl exceeds 75g/m? for two successive days are regarded as episode candidates.
If the hourly PM s concentration during the first hour of an episode candidate7s®0 &, ghénm
the episode hasshape ofslow start if itis 0-5 0 €, ghenmthe episode has the shape ofrépid
start. Similarly, the shape at the end of an episode candidate can alsotbiidfiaze episodes
having aslow start typically arise fronthegradual accumulation of pollutants emitted both locally
and regionally under unfavourable meteorological conditions, viaite episodes havingrapid
start are most likely related to regional transg@teng et al., 2015Haze episodes havindstow
end usually resulted from the gradual scavenge of pollutants.

According to the definition mentioned above, three haze epi¢ddasted as H1, H2 artdB,
respectively, inFig. 2Fig-2), all with the types ofslow startand'slow end were identifiedover
the whole campaigrin addition,a fog event occurreduringeach haze episoddenoted as F1, F2
and F3, respectivg). Lacking the information of visibilitand aerosol size distribution up to several
tens of micrometresve were not able foreciselydiagnose thaccumulation and dissipation stages
of a fog event. Instead, we selected the hours with RH near 10tB& duration of a fog event,
which wasthe same as the condition descrilieghrevious studieflzhar et al., 2020; Guo et al.,

2015)

of
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2.4 Air massparcelstrajectories analysis

2-day back trajectories arriving at the receptor site were calculated every hour over the whole

campaign using the National Oceanic and Atmospheric Administration (NOAA) HY SRL$ion

4 (Draxler and Hes 1998) Input to the model is in the form of 1°latitudengitude gridded

meteorological parameters from the Global Data Assimilation System meteorological dséaset.

chose an arrival height of 508 which is above ground level (AGL) for target ais& in the

HYSPLIT model to diminish the effects of surface fricti@olissar et al., 2001)his height value

and greater are regarded as in the open height of the planetary boundary layer andiatermore

useful for longrange transport-inally, 839 backward trajectories in total were obtairnEuen,

these trajectories were grouped into four clusters,Glasterl fromthe north, Cluster2 fromthe

southwestCluste from the northeastandCluster4 fromthe east The trajectories of each cluster

accounted for 12.65.2, 58.4 and 22.8% of total airmassparcelstrajectories during the whole

campaign, respectively

3. Results and discuss

NRPM2.s0verview of

meteorology and PM s chemical composition

The temporal variation of meteorological parameters, concentrations of gaseous pdalotants

chemical compositions of PMover the whole campaign are illustratedrin. 2Fig-—2. The missing

data were due to the acquisition software malfunction of the instrubwerihg the campaign, the

temperatureanged from1.9 to 16.3 Cwith a mean value of.3 £2.8 €, andtheRH ranged from

35 to 100% with an averagef 81 +12.4% The wind fromthesouthwest prevailed with an average

speed of 0.7 +( m/s during the entire campaign. This indicatledt the atmosphere was in a

stagnant stateith relativdy low temperature and high RH

an

Themass concentration of NRM;sd ur i ng t he campai gn %witmged

average

o f3. TRiSwa&ompiaraBI® teh@ averageMa s concentrations during

9

from
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wintertime in other citiegn the SCB(Table S1). The OA cacentration varied from several 103

e g F,withanaver age

of

33constituind\the Bnajdityof RMb snDA contributed-20-

69 % to PMv.s with an average 040.3 7.6 %. The average concentrations oitrate sulphate,

ammoni um and

28 &g,/ m5. 1

N

chloride were 39042 (fadgingfromn2gd ng fr om

6 .

4

( r a¥® and Hp+4.1ergdffmangirg) framo-1t8 80 € g/ m

€ g P),naking up 28.8 5.5, 10.6 +£2.8, 15.3 +2.2and 5.1 +3.1 % of PMs, respectivelyThe

dominartce of organic species was similar poevious observations in urban Chengdu during the

winter of 2014 and 2018Kong et al., 2020; Wang et al., 201Bpwever,the nitrateconcentration

was higher than that of sulphate, which wamtrary to that reporteg@reviousy. A recent

observation in urban Chengdu also found that higher fraction of nitrate i3 8dvhpared to

sulphateprobably due to the remakle decreasia SO, emission in the past ten yedksuang et

al., 2021; Fu et al., 2017)
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3.2 Characteristics of inorganic aerosol

The correlation betweethe molar equivalent conceationsof measured ammoniuand the
sum of molar equivalent concentrations of nitrateylsaike and chloride was illustratedhig. 3Fig-
3. The slope ofheregressiorine for ammonium against the sum of nitrate, sulphate and chloride
with a value of 1.01 indicated thiie anions in Plvls were well neutralised by catigammorium).
This result illustrated that nitrate, sulphate, and chloride were mainly in the foNiHDOs,
(NH4)2SQw and NHCI, which were commonly considered secondarily forifiechiello et al., 2011;
Ge etal., 2017)

As SQ? competed with N@ for NH4* during their formation, the relationship betwednate
to-sulphate molar ratio[NO3]/[SO4%]) and ammoniunrto-sulphate molar ratio ([N&'])/[SO4%])
was indicative of the pathway of nitrate formatigite et al., 2012)If [NO3]/[SO4?] linearly
correlated with l[#O:NH4*]/[SO+*] under ammoniunmich conditions ([NQ]/[SO4?] O 1.5),

homogeneous formation of nitrate was expected:

060 Q G'OQP OO ihd (1)

While for ammoniurmpoor conditions ([N@]/[SO4?] < 1.5), the high concentration of nitrate
was attributed to its formation through hydrolysis eOblon the preexisting aerosolgPathak et
al., 2009)

00 ®R OO0 wAP ¢00 wn ¢O wn (2

To better elucidate thiactors affectingnitrate formation we dividal the observation period
into daytime (6:00- 18:00, local timejand nghtime (18:00- 6:00 next day, local timdjours.Fig.
S1 showed that the [N€J/[SO4?] during beth-daytime and-nightime-weravas larger than 1.5,

indicating ammoniuntich conditions. [NO3]/[SO+*] was significantly correlated with
11
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328  [NH4)/[SO4?] duringdaytime with the regression function
329 — T w— pstyY (3)
330 The intercept of the regression line on the [NHSO,?] axis was 1.56which was close to

331 1.5 as suggestedy Pathak et al(2009) implying thatthe nitrate formation was mainly driven by

332 the homogeneous pathwBiNOsproduction-through-the reactionof N®—OH—+ M -% HONO
333

334 and-thus-generatingammeonivm-ritréBun et al.,, 2011)indeed, the nitrate concentration and
335 nitrogen oxidation ratio (NOR A(NOs)/[n(NO2) + n(NGs)]) increased as the Ox concentration

336 increasedds shown irig. 4Fig-4), andexhibited a stron@s/Ox ratiodependencgywhich further :

337 demonstrated the homogeneadlaytimeformation of nitrate.
338
339
340
341

342

343

344 The intercept of the regression line on fRe1.1/[SOs4] axis was 1.80larger thanl.5. The
345

346

347
348  the[NH"
349  necturnalnitrate-in-the-predestudy-beecaustel he emission of NOxand SQ had been reduced

350 while NHz increased in the past almost ten years, which resulted in the ammactiucondition

351 in the atmospher@u et al., 2017; Liu et al., 2018he-abundant-NHin-the-atmesphere-could
352

353

354

355 NH:>wasuptakdy-wetDespitethis, a recent study showed that the nocturnal nitrate formation was

356 not sensitive to Nk and even increased slightig NH; decrease, which was likely due to the

12
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aerosol acidity effects on the partitioning of nitpetdicles—and—rneudtralised—HNGorming
ammeonium-nitratéWen et al., 2018)Thus, the fitting of [N@]/[SO4?] vs. [NH4]/[SO4%] might

not be applicable for identifying the nitrate formation process during nighttime. The average O

concentr at i o’andthaaveratie3RHivass88.3 %nduring nighttime, which favoured

the agueouphase reactions toccur. Higher nitrate concentration was observed with increasing

ALWC during nighttime(as illustrated in Fig. S2), and so was NOR. This phenomenon further

implies the heterogeneous hydrolysis of® might dominate the formation of nocturnalrate.

The results were consistent with the studyiain et al.(2019) whichshowed that heterogeneous
hydrolysis of NOs dominated nitrate formation duringghttime, while photochemicakactions

alsoplayedanimportant roldn nitrate formation during daytimea two megacities in Sichuan Basin

Fig. 2(a) showed thathe averagewphate concentratiomcrea®d slightly when Ox > 60
€ g P duringdaytime hours, suggesting the contributionh&fphotochemical process to sulphate
formation. Howeverthe overall sulphur oxidation ratio (SOR = n(S9/[n(SQ,) + n(SQ?)))
decreasewvith increasingOx (Fig. 4Fig-4(b)), suggesting thehotmxidationwasnot efficient for
converting SQ to sulphate By contrast,SOR showedn increasing trend a8LWC increased,
demonstrating the efficient conversion of S0 sulphate through aqueepbase reactions. A
previous study showd that the aqueous oxidation of 50y NO; is key to efficient sulphate
formation on fine aerosols with high relative humiditydNHs neutraligtion (Wang et al., 2016)
As mentioned above, the atmospheric aerosols were well neutraisdrH was high, which

favoured the following reaction to occur:

YO Q ¢ Q ¢O0 M © ¢O wn YO wn ¢Ou 0 0Q (5)

3.3 Characteristics of organic aerosol

3.3.1 Source appointment of OA

PMFanalysis was performed to explore & sources measured during the whole campaign.
Athreefactor solution was chosen as the best PMF analysis results based on theatizgsofile,
variation of Q/Qexp, diurnal variation and correlation with mxaétracers. The resolved factors

includeda hydrocarbotlike OA (HOA), a biomass burngnOA (BBOA) and an oxygenated OA

13
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(OOA). The masspectra profilsof these three factors were showiirin. 5Fig-5, and the temporal
profile of each factor anits external tracewere also shown.

The mass spectrum of HQmasdominated by théns of m/z 29, 41, 557, 69 and 71HOA
was well correlateavith BC (r = 0.77) which was largly emittedby vehicles The diurnal cycles
of HOA showed two peaks during typical rush hours, demonstrating the contribution of traffic
emissions to HOALanz et al., 207; Zhang et al., 2005J he average concentration of HOA was
8. 9 N #&and corstijuteth24.2 +10.4 % of OA over the whole campalgre inadeased
fraction of HOA as a function of total OAcif). 6Fig-6) demonstrated the contribution of motor
vehicle emissions to haze formation.

BBOA was characterised by thgonounced peakat m/z 60(mainly GH4O2*) and 73
(CsHs0,%), which were generally regarded &somass burning markers from levoglucosan
compoundgMohr et al., 2012; Weimer et al., 2008; Alfarra et al., 20BBOA was well correlated
with m/z 60 and m/z 73 £ 0.76 and 0.94, respectively) amctounted foB8 %of m/z 60and 70 %
for m/z 73, vhich were higher than those in other sourcegoAd correlation was also found
between BBOA and chloride = 0.64) whichwas also suggested to be one of the traafds®mass
burning. The diurnal variation of BBOA showadimilar trend of chlorid€Fig. S3a)), with two
peaks during 8:000:00 and at 19:0@vhich was due to the residential cooking and heating using
biomass The concentration of BBOA ranged froml t o 33with an @venage of 8.9 +5.4
e g P. BBOA took up 24.2 +8.6 % with a maximum of 46 % of OA, and its fracéiso increased
with increasing total OA concentration, indicating the contributions of biomass burning activities
during haze epistes.

OOA was featuretly thedominant signal intensities at m/z 28 (mainly*T@ndm/z 44 (CQ").

OOA accounted fo69 % of m/z 44, which was higher than those in other sources. The time series
of OOA correlated well with those of nitrate and sulphate (r = 0.81 and 0.72, respectively),
suggestingthe commonly regional and aged properties of OQBe concentration of OOA
accumulated gradually from 8:00 to 13:00, then decreased till night time. The diurnal cycle of OOA
was similar to solar radiatiofas shown in Fig. S3(d)suggesting OOA formation was associated
with photochemical reaction3he average OOA concentratishowed increasing trends as Ox
concentrationincreased during both daytime and nighttime (Fif), $hdicating theprobable

formation pathways of OOA from its precurs@kaiang et al., 2020; Zhan et &021) Note that
14



414  the accumulation of N©would lead to the decrease of/Ox ratioat night thus Ox might not be
415  anappropriate indicator of photochemical oxidat{tu et al., 2017; Herndon et aRp08) The

416 OOA formation might be attributed to other processes during nighttime. For exgrelmus
417  studies showed th&igh NOx concentration facilitated the formation of nitrate radicalgjNand

418 the NG oxidation of biogenic volatile organic spounds (BVOC)was important for nighttime
419 secondary organic aerosol formatiBoyd et al., 2017; Rollins et al., 201Z)he-average-OOA
420
421
422

423

424  formation-of OOA.Except that the average OOA concentration showed an increasing trend when

425 ALWC < 2 8 during nighttime, OOA concentration did not change significantly with

426 increasing ALWCduring both dayand nighttime, suggesting the aquephase reactions were not

427  asignificant pathway toward OOA formation.

428  3.3.2 Elemental composition of OA

429 Thef44vs. f43 andf44 vs. 60 during the entire campaign were illustrateéiim 7Fig-—7. The
430 triangle plot off44 vs. f43 has been widely used to charastefA evolution in the atmosphere
431 because m/z's 44 and 43 are usually from different functional grangshe ratio chams as a
432  function of atmospheric agingihef43 ranged from~0.06 t00.12 with an average of 0.08 +£0.009,
433 and the range dfi4 was ~0.0:0.24 with an average of 0.15 +0.08uggesting the existence of both
434  fresh and aged aerosdls the atmosphereMost of the data were within thdriangle space
435 characterisd by a serief field observatios and experimental dai@g et al., 2011)However,
436  those pointsvith higherf44 were outside thepper boundary ahetriangle region, suggestintge
437  corresponding aerosols were more oxididedould be observed that the points with higiddr(>
438 0.16)corresponded teelatively higher Ox concentratioand lowerRHALWC, while those with
439 lowerf44 corresponded to relatively lower Ox concentration and highéd \WC, suggesting that
440 the formation of more oxidised OOAasmainly attributed tophotochemical reactionand the

441  formation ofless oxidised OOA wasprobably attributed to aquecsatatephasereactiongZhao et
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al., 2019; Kim et al., 2019)

The triangle plot off44 vs. f60 was widely used as a metric tocass the evolution of
atmospheric BBOACubison et al., 2011)A value of 0.003 forf60 was recommended as
appropriate value t@present thatmospheritackgroundree of biomass burning influen¢&iken
et al., 2009; Docherty et al., 2008hef60 ranged from 0.0028 to 0.055 with an average of 0.008
+0.003 during the campaign. Except for several pointsf@@svasubiquitously higher than 003
and most points fell in the trianguliagion, suggesting the contribution of biomass burter@A.
Thef44 andf60 of BBOA resolved by PMF in the predestudywere also in the triangular region
and comparable with previous stud{@aglione et al., 2020; Zhao et al., 2019; Kim et al., 2019)
Fig. S6 showed that44 increased whilé60 decreased with increasing Omdicaing the likely
oxidation of levoglucosan and/or levogluaodike substance€ubison ¢al. (2011)suggested that
the increasing44 was notonly attributed to the oxidation dévoglucosadike species butthe
oxidation of bulk OA also played a role becausel¢veglucosarike species only contributed a

small fraction of the OA mag®iken et al., 2009)Their contribution to the total signal m/z 44

before or after aging was also smélbmpared-to-the effects of Ox;-the-inereasing RH-did-net seem

increasing ALWC did not seem to puf§i®) to the left upper region. Most of the data points, which

corresponded to high ALWC, were within the region of aged BBOA in the f44 vs. f60 space as

defined previously —by Paglione et al(2020) which—indicated—theprobableaguesusphase
oxidation—of-BBOANdicating the probable agueepkase oxidation of BBOAAIthough the

aqueous OOA (apOA) could notbe resolved in the predestudy, wededucedhat the aqueous
phase reactions occurred and contributed to the formation of OOA, for (1) the ambient RH was
typically above65%, which favoured the presence of wet aerosol particles; (2atige ofO/C
estimated fronthe ImprovedAmbient (I1A) methodvaried from0.46 to 0.85 when the ambient RH >
80 %, covering th®©/C range of the OOA obtained from the photooxidation of organic precursors
in the aqueous phase and ambieO&A observedn many othercities (Duan et al., 2021;
Mandariya et al., 2019; Sun et al., 2010; Xu et al., 2017; Gilardoni et al.,.2016)

The evolution of OA during the whole campaign was characterisdtebyan Krevelen (K)

diagram in~ig. 8Fig--8. The slope obtained frothelinear regression of H:C versus O:C plotted in
16
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the VK-O S space could be used to infer the composition of OA and the chemical process in OA
formation(Docherty et al., 2018The slope of 0 in VKO S plot was related to theeplacement of

a hydrogen atom witan OH moietywhile the slopes 0f0.5 and-1 indicated the formation of
carboxylic groups with/without fragmentatioand a slope o was equivalent to the replacement

of an aliphatic carbon with a carbonyl grofifeald et al., 2010; Ng et al., 201Theslope of the

linear fitting line for all the data points we.14, suggesting th@robableformation of carboxylic

acid moieties anblydroxyl group. The slopes of the linear fitting lines feach fog episode were similar

and close to zero, which was consistent with the hydroxyl group formation possibly taking place in

aerosol watethrough dark chemistr§Sun et al., 2010; Yu et al., 2014;athet al., 2014)

3.4 Regional transport

Air parcelsnasdrom the north (Clusterl) transported at relatively high heights before arriving
at the observation site (as illustrated-ig. 9-ig-9), and corresponded to the lowest average £M
concentr at i o3 Thé @rparcdlsnadsof Clsuter2 hmad the longest transport distance
and highest transport height. Although they took up the least proportion of total@itsrass
they had the highest average PM oncent r at i o i) dyidglt® whdle Batpaigng / m
suggesting thatollutants accumulated high in the air. Air parcels from the east (Cluster3) with the
shortest transport distance and relatively low transport height had an averageoRbéntration
of 113 HNThB ihdicated/that the pollutants might be broughhe observation site along
with the transport of aiparcelsnassoriginaing from adjacent areas. The ainrcelsnassfrom the
northeast of Sichuan province (Cluser4) had the lowest transport; ineigietver, the corresponding
PM..s concentration was Veer than that of Cluster3.

Compared to clusterl and clusteadigher contribution of nitrate to PMwas observed for
Cluster2 and Cluster3, which was mainly reldtetthe intense emission from industry and vehicles.
However the contribution of BBOA was higher for Cluster3 and Cluster4 compared to other clusters,
suggesting intense biomass burning along their transport paths.

To better understand the potential pollutant sources during the campaign, the potential source
contribution function (PSCF) waapplied to analyse the possible regions that might contribute to

haze formation. The spatial distribution of weighted PSCF for different chemical comms#ion
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illustrated inFig. 10Fig-10. The WPSCF values for organics over the southwest and southeast were >
0.7, indicating these locations were likely source areas of organics. For nitrate and sulphate, the
areas by the southwieand south of the sampling site were potential source regions. The major
source regions for HOA were the areas of sauith northeadDeyang. The regions contributing to

BBOA were the areas of east Sichuan province, which was consistera higther prgortion of

BBOA in PMy5in the airparcelsnassstemning from these locations. For OOA, the WPSCF values

over the southwest and southeast of Deyang and northeast Sichuan province were > 0.7, suggesting

thecontribution of these regions.

3.5 Case studiedor haze pollution

3.5.1 Factors driving the evolution of haze episodes

As mentioned above, three haze episodes were identified over the whole carifipaign.
synoptic conditionsnd aerosol chemical composition for each hesode were summarised in
S2 Table.S3 The average temperature during H2 was lower than those during H1 and H3, while
the averageolar radiatiorwas higher. The mean RH and wind speed were almosathe during
each haze episodéfhe average concentrat®rof aerosol chemical compition and their
contributions to PMs were differenin each haze episode, indicating that the factors causing haze
formation might belifferentduring the campaign.

The average P4 concentrations measured Bg~ACSM during H1, H2and H3 were 113
+46,109 +46 and 1048 3 0 3, pegpéctivelyThe average mass fracteof OA, nitrate, sulphate,
ammonium and chloride were similar during H1 and K& shown irfig. 11-ig-—11(a)). During
H2, themass fractions of sulphate and ammonium were slightly higher than those in H1 and H3,
while the mass fractions @A and chloride were lower. 1A, the fraction of primary organic
aerosols (POA = HOA + BBOA) during H3 was higher thlaose during H1 and HZhe fraction
of BBOA showed an increasing trefrdm H1 to H3, demonstrating the contribution of biomass
burning to haze formatiofespite the imortance oBBOA to winter haze formation in SCEhe
control of biomass burning did not receive much attentiord moreefforts were neededor
atmospheric aerosol mitigation in the future.

Fig. 11Fig—12(b) showed that the concentrations@A, nitrate, sulphate, ammoniyrand
18



528 chloride all increased as the ambient air quality woeske(implying by the increasing PM
529  concentrationyluring each haze episoduring H1, the fraction of nitrate in PMincreased, while
530 the proportions of sulphate, OQ#and HOA in PMsdecreased as the Bitoncentration increased,
531 indicating the evolution of this haze episode was mainly drivetidyeactions involvingitrate

532 formation.The averageNO3s formation rate as a function &M,.s concentration during H1 was

533 depicted in Fig. 3 The NQ formation rate increased fast as PMoncentration increased from

534 50to1D¢e g A, which also sbwed the rapid formation of nitrate contributed to haze formaltion.

535 contrast, the average nitrate formation rates were below zero whEitheoncentratiorwas<
536 130¢ g Pduring H2 and H3, suggesting nitrate formation did not play an important role at the early

537 stage of H2 and H3\lthough the nitrate formation rate decreasd@nP M, s concentratiorwas >

538 110¢ g Pduring H1 it remained positive, suggestitige nitrateconcentration increased gradually.

539 For H2,the fraction of nitrate and ammonium in Padlid not show apparent charsgand the

540 fractions of sulphate andOA decreased, while the fractions of BBOA and HOA increaséileas

541  air quality worsead, demonstratig that the emission of primary organic aerosols from biomass
542  burning and vehicle exhaust were the major factors which drove thénazdion During H3 the

543 fractions of nitrate and BBOA in PM increased, while OOA decreased and the rest composition
544  did not change significantly as the PMtoncentration increased, showing that the evolution of this
545 haze episode was mainly driven by the reactions involving nitrate formation and biomass burning.

546  Thefire maps (as illustrated in Fig85showed that more fire spots during H2 and H3 were observed

547 around Deyang compared to Rbaze episodes, suggestitige biomass burning activitieaere

548 more intensiveluringthesehaze emodes

549 The average estimated©and HC during H1 and H2 were similand slightly higher/lower
550 than that during H3, thus resulting in a higher carbon oxidation €a§e ( 20:C- H:C) during
551 H1 and H2. The lower average $ during H3 might be due to the higher proportion of HOA and

552  BBOA, which did not undergo lontime agingand kept relatively fresh in the atmosphere.

553  3.5.2 Evolution of chemical compositionduring fog periods

554 The fog periods usually startatinight or early morning and dissipated in the afternoon. The

555 individual meteorological parametdiffered among each fog period (as summarised in T8B)e
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The average temperature was the highest during F1 (6.2 +2,%if@) the lowest was observed
during F2 (1.5 £3.2 €). The maximum solar radiation during F1 and F2 (470 and 506)\W/ene
similar and much higher than that during F3 (75 W/nThe synoptic conditions with low
temperature and calm wind favoured the formation of radiation fogs in eapkriod.

The chemical composition of PMwasalso differentduring each fog period. The average
concentrations of organics, nitragnd ammonium were almost the same during F2 and F3 and
significantly lower than thosduring F1. However, the averagkloride concentratiorduring F2
was twice of those during F1 and F3, suggesting the possibility of stronger biomass burning
emissios during F2. OOA constitutetthe major part of OA during F1, while HOA and BBOA were
more important than OOA during F2 and FBe domination of secondary species inBEluring
F1 was probably due to the aqueq@imse reaction, while the primary emission tended to be
stronger during F2 and F3.

Since the aerosols were dried by a Nafilbier, the aerosols that TekRCSM measuredvere
the interstitial particles in droplets or those excluded from fog droplets. In order to better characterise
the evolution of chemical composition in each fog period, the intervals for 3 h before ardeafter
fog period, when ambient RH was lowerntgb % were regarded as pfeg and posfog periods,
respectively(Kim et al., 2019) Note that the posbg was not assigned for F3 because the- ToF
ACSM data were not available with a failure of acquisition software.

The average concentrations of different chemical compositiaring the evolutionof fog
episodes (préog, duringfog, and posfog) wereillustrated inFig. 12~ig-12. Compared to the pre
fog period of F1, all species in the interstitial aerosols decreased during the foggy period, likely due
to the scavenging by fog droplets. Note that the OOA and sulgbetteased less than other species,
probably due to the OOA and sulphate formation through agumase reactions against the
scavenging effect of fog droplets. Except for OOA and nitrate, all species kept decreasing during

postfog periods, which migHie attributed to the increasetbieplanet boundary layePBL) height.

The increase of OOA and nitrate was probably associated with the enhancement of photochemical
reaction after the dissipation of fog.

Distinguishedfrom F1, all species (except for HOA) increased duthfoggy period from
theprefog period during F2. Although hydrophilic species (e.g., nitrate, sulpraeOOA) tended

to be scavenged by fog droplets, it seemed that the formation of OOA, nitrateatguhnd
20
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ammonium was significantly faster than wet removal, thus resulting in an increasetiefougy

period. BBOA and HOA were commonly considered as hydrophobic specidsthey were
excluded from fog droplets. Previous sasshowed that BBOAnd HOA concentrations decreased
during the foggy period compared tthe prefog period(Collett et al., 2008; Kim et al., 2019)
despite their insoluble nature. The increase of BBOA in thseptestudywas attributed to the
intense emission from biomass burning during the foggy period, which overwhelmed the scavenging
effects offog droplets. Duringthe postfog period, BBOA and HOA decreased significantly,
possibly due to weaker emission ahd efficient removal of fog droplets through nucleation and/or
coagulation. The dynamics of PBL might also play a role because the temperature kept increasing
and higher PBL was expected durthgpostfog period. With stronger solar radiation, OOA, iy

and ammonium continuegrowing during the postfog period fromthe foggy period through
photochemical reactions. Howeyesulphate slightly decreased, which might be due to the
insufficient formation through photochemical reacticaarsd decreased astPBL heighincreased.
Similar to F2, all the secondary species increased dthvefgpggy period fronthe prefog period

during F3. However, BBOA and HOAeaxereduced significantly by the scavengindad droplets.

The average elemental O:C showedreneaing trend from prefog periods to posiog/foggy
periods, while H:C did not change significantly for different fog events, suggesting the OA became
more oxidised. As shown in Fi§9, the mass fractions of OOA increased, while the contribution of
BBOA and HOA decreased from pieg periods to posfiog/foggy periods for the three fog events.

As a consequence, the O:C increased in line with the increased contribution of OOA. Previous
studies had reported that the aquepliase reactions enhanced OO#ation during fog/high RH
periods(Chakraborty et al., 2016; Kuang et al., 2020; Chakraborty et al.,.20&ppeared that the

OOA formation would balance out the scavenging of fog droplets dtiréfpggy period for the

three fog events, despite the hydrophilic Ol@ngpreferentially scavenged by fog droplets. Thus,

the OOA concentration marginally decreased or even increased during foggy periods.

4. Conclusions

Haze pollution has long beersavere environmental problem in SCB. The formation process

of haze pollution in SCB might be different from those in NCP, Y& PRD due to the unique

21



614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633
634

topography and meteorological conditions, whaclstill unclear. Based on the measurement data
of a TO0RACSM and combined with the PMF and PSCF analysis, the temporal variation, formation
processand sources of PMwere characterised to elucidétetherthe factors contributing to haze
formation. It was found that the concentrations of OA and niinareased dramatically as BM
concentration increased, and the stagnant synoptic condition favoured the accumulation of these
pollutants. For different haze events, the driving factors could be classifi¢dreetypes: one was
the reactions wolving nitrate formationanotherone waghe intensdiomass burning and vehicle
exhaust emissi@and the last one was the combinatiothefreactions involving nitrate formation
and biomass burningNitrate formation was primarily affected by photooxidatituring daytime,
while the nocturnal nitrate formation was domindtggqueougphase reaction©OA constituted
a major part of OA, and it was mainly generated through photooxidation, while adqremes
reactiors did not significantly promotiés formaton.

Due to the limitation of the present study, flmeameters which are indicative of the pathways
of nitrate formatiorare notcharacterisge The major precursors contributing adarge amount of
OOA are not clear yet. In addition, how controlling BB@# affect the atmospheriaisibility,
radiative forcingand climate change in SCB needs further investigan the future. In spite of
thedeficiencies,he resultsn this studyimplied that controlling primary emissis(such as biomass
burning andvehicle exhaust) and precursors of secondary aerosols (e.g., N@»@n80Q/OCs)

during severe haze periods will benefit the improvement of air quality in SCB.
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659 Fig. 2 Time serie®of (a) relative humidity (RH) and temperature (T); (b) wind direction and wind
660  speed; (c), (d) CO, NDSQ, and @ mass concentrations and solar radiation; (€) mass concentration
661 of organics, nitrate, sulphate, ammonijwand chloride in NRPM, 5. Theyellewgreyshaded areas

662 represent the intervals of H1, H2, and H3, respectively. The lighishladed areas represent the
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