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Measurements were conductedat an urban site in the National Center for
Nanoscience (39.99N, 116.32E) in Beijingwhich is close to the fourth ringof Beijingand
surrounded by residential, commercial and traffic areas! 1 1 ET OO0 @AIADI O ®AAAOA

1T OEA OROE AUE AXD EABBGA the grgundd] TA T eadierents were
performed from 15 Augustto 4 December 2015.
22) 1 00001 AT OAQET 1

. B -, OPAAEAO ET AI OAET C 1 OCAT EAIOAEIGOO EALOARNA O A C
AT 1T OET O 001 AU i AROIOORIAA NOAZQDRH3QAE OEOET A
OAOT 110 EITdgs AIORIET AA AAOCAODBBORBNGHO 1A AL 1A0HGI-AA OA
i. C AdOndpABm 7A1T @sdhE HEHARAEAA®D xOIOIA T DA GHEAI x OAOA
I £ x c2QEOEOCHETMEcIOWAET 1AAGO5 AOBAT T ABAJZ 152"
¢cnmm % q xEOE AANOERIA A®DO 0 # £8OEA OAI PIETC ETI,
Al AOOA DAREERUAMM pzr 3N O0AOI A 0OOAh ) xA®h , AEAX
ApDiIGEMO AAOT OAR EADEBA@AA Aldd - OEAT BOARGROI 1T xAO

OOAOCAI PI AA ET OIA @EEAx! ®A 0@ v ABAAT ETin Al AE

AOEOEAAB4 A AOODIORAOI T DAOGBEMDI AR X ABRROT A 1A A

AAOT AUl AT EXI PAROAATA EI ONQRAEROBRAOD®I pEpgn OADT C
EiTEUAA xEOE Al AAGOIT EIDPAAO AT A AEAI EAATIT U 7
ODAAOCOT- i RAEO®ALCORIAT ATTEOI T EOOKBA ADAOABAIAANO Al

AOT Il BUABGAT womgh 43) )1 AGIhA 3GEA T ORAGE BANOMU O AB 3 !

i TAEI EOU AT Al UUAO jx$ACD'0A AAAIHAIODEAIAOA @D TODA EAA(
An Aethalometer (Model AE33, Magee Scientificywasusedfor the determination of

BCconcentration with a time resolution of 1 min. SQ was measured by arEcotech EC

9850 sulfur dioxide analyzer CO byA 4 EAOI T 3 AEAT OEZAEA -1 AAl 1 yQE

AT Al NaxBy@h 4 EAOI T 3AEAT QHZEAD -ATAN Iy ACE4 EWDIT 1

SAEKAOEAEAAT 1 wE -TAGOATOTAT CIEREA OSSP DAET BEOABOA OD/

xET A AEOAAOQEIT T h 20KAhA QE QA CROBAROABDOOARAA AU AT AO

xAAOEAO OOAOQEIT j-173¢cnphA6AESLIN Ah OAATODOAR 6&AEIC
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¢8a0d8p8 ! #3- AAOA AT Al UOEO
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| OxAGi h / OAROT O6RAQOT AT AT UYA GRO AADAOAREDAAA
AT i DAOET ¢ OEA OAODPT 1 OAOAAAOBROOADAA! #EOEODEAEEAT
OEUA AT A OEA 10i AAO ZOAAAAODAOCET ROEOAI EOEBAO
i 2) %w0q xAOA OOAA A& O 1 OQASEE @ Oh QiBED B @A 1ATNO A |
p8c Al O AE) WOBAARORTAP AT QPISIEAOROGET AOBKRA A£OT i

) % AAI EAOCAQERATOAQOBIEQA AT 11 AAOET +AQG AHEGEIAA BAAA 4
Oi AT OOAAO &I O OEA PAODEAEBAEI DO EDAI ORI AABOEAI
AT i Bl OKIOETAERN 011 xAOBAOATAIB®AEDR AAA OA Al OAOE
' #3-h AT A DAOOEAI AOG AOA 1 OGAOAI1 1T AOOOAI EUAAR ¢

¢8c8¢ 31 OOAA Apbi OOCEITI AT O
0-& xAO OOAA O1 DPAOA Of OEA OCODAABOADPAM®OEIT 1
Ei b1 ATl AT OAA AU OEA - md) OCEAAGRRA O Al A OEA OEA
i 371 OOAA ARLBAAAEGG )Ci O 7A0AI AOOERS, ajrangeiofl T AAT A0
solutions with two to eight factors from unconstrained runswere examined The FOA
factors mixed seriously with the SOA factar in the 3factor solution, and there was no
new interpretable factor when increasing the factor numbers above four in the PMF
analysis. Therefore, thefour-factor solution (HOA+ CCOA, COA, OOAhd OOA2) was
adopted (Fig. S1) In the four-factor solution, the COA factor was wetdefined through the
much higher contribution of m/z 55 than m/z 57 in its profile and the symbolic diurnal
cycle of three peaks corresponding tthe time of breakfast, lunchand dinner, supporting
the assignment of the COA factoAlthough the COA profilewas well-defined, HOA and
CCOA were totally mixed inthe four-factor PMF solution and the mixed factor had
hydrocarbon-like fragments of GHzn.1 and GHzn+1 as inHOA butsubstantial amounts of
PAHrelated ions as in CCOA. This imed HOA + CCOA factor could not be further
separatedwhen increasing the number of factorslikely due to low mass resolution in
ACSM data and limited capacity of PMF in sepanagj similar factors. The mixture of HOA
and CCOA factors was also observed 8un et al. (2018), suggesting the difficulty in
separating HOA and CCOA with PMF for the ACSM data€eimpared toPMF,the ME-2
approachcandirect the apportionment towards an environmentally-meaningful solution
by introducing a priori information (profi les) for certain factors(Canonaco et al., 2013;
Crippa et al., 2014; Frohlich et al., 2015T.he ME-2 runs of five-factor were performed to
separate HOA from CCOAnNd further optimize the apportionment solutions. We first
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constrained the HOAusing HOA prdile from Ng et al. (2011b), which is the average over
15 sites all over the world (including China, Japan, Europ@dthe United States). Pr@ious
studies have suggested that the HOA spectra from Europe and China are similar (Ng et al.,
2011b; Elser et al, 2016) despite the different vehicle fuel patterns in China and Europe.
When HOAwas constrained, a new CCOA factor could be resolvetiowever, this CCOA
factor was seriously mixedwith OOAas indicated bya relatively higher intensity at m/z
44 in the GCOAprofile (Fig. S2). We thus further constrained the CCOA profile to decrease
the influence of OOA b the CCOA factor. A CCOA profftfem our previous study (Wang
et al, 2017) wasused to constrain CCOA. To minimize the effe¢tom non-local input
profiles (for both HOA and CCOA), the value approach was used to adjust the input
profiles to a certain extent. In addition, we also constrained COA profile from thefdctor
PMF solutionwith anavalue of Q which isawell-defined local profile as discusse above.
We testeda values for HOA and CCOA profiles between 0 and 1 with an interval of
0.1 and obtained 121 possible results, among which 6 solutions were reasonable based
on the verification of the rationality of unconstrained factors, distinct mass gectra and
time series, interpretable diurnal cycles and good correlations with externalracers for
all factors. The final profiles and time series ahdividual factor were averaged from these
6 solutions and the standard deviations of intensities at ed&wam/z wasshown as error bars.

c81 . ENOEA xAOAO Ai 1l OA1T O

Liguid water content (LWC) was predicted using the ISORROPIAI model
(Fountoukis and Nenes, 2007) withACSMaerosol composition and meteorological

parameters (temperature and relative humidity) as irput. The ISORROPIA model then

calculated the composition and phase state of a MASQ2-7zNO;-7ClzH,O system in

thermodynamic equilibrium and the concentration d H* and LWC could be resolved

3. Results and discussion
3.1 Overview of m assconcentration and ¢ hemical composition

Fig. 1 shows the time seriesof meteorological parameters,trace gasesand PM;
composition during the entire measurement period The relatively clean events and
polluted episodes occurred alternatively during the entirecampaign As shevn in Fig. 1,
the variations of PM species are strongly associated with meteorological conditiongor
example, clean periodswere generally associated with northerly and northwesterly
winds with high wind speeds. However, serious pollution episodes wererelated to
southerly winds with low wind speeds (< 1 m s1), indicating the important role of
stagnant meteorological conditiors in haze pollution (Takegawa et al., 2009%uang et al.,

2010; Sun et al., 201 The mass concentration of PMvaried from 0.4t C 301 ¢ @ m 8 ¥
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m-=3. Considering that the longterm measuremens in our study have different
meteorological conditions, we separated the entire study into three periodss late
summer (15 August to10 September), autumn(11 September tol0 November) andearly
winter (11 Novemberto 4 Decembe} in order to discuss the seasonalariations of PM
mass concentration and chemical composition.

The average massconcentration of PM was 21.6t C 3ih late summer (Fig. S3),
which was much lower than that measured in July-August 2011 60.0 yg m™, Sun et al.,
2012) and in AugustSeptember 2011 84.0t C -3,iHu et al., 2016) (see Table 1}his
lower PM; concentration was likely associated withthe 2015 China Victory Day parade
control from 23 August to 3 Septembe which significantly improved air quality in Beijing
(Zhaoet al., 2017). OAonstituted a major fraction of PM mass(64%), followed by sulfate
(14%), BC(8%), ammonium (7%), nitrate (6%) and chloride (1%). During autumn, the
mean concentration of PMincreased t043.3t C -3, whichwastwo times higher thanthat
in late summer. OA contributed a mass fraction of 49%, followed by nitrate, sulfate,
ammonium, BCand chloride with the mass fractiors of 22%, 11%, 8%, 8% and 2%
respectively. Compared tolate summer, the masdraction of OA decreased to 49%but
the OA mass increased from3.8t0 21.2t C -3)iand the mass fraction of inorganic species
increased correspondingly. The increase of inorganics wagarticularly noticeable for
nitrate, which increased from 6% to 22% (or from 1.3 to 9.5t C ) The mean
concentration of PM was 64.3t C -3ih early winter, further higher than those in late
summer and autumn. This PMaverage concentration in winter time Beijing is similar
with other studies such as Hu et al. 2016 (60t g m-3), Sun et al., 2013 (66.8 C -3)iand
Sun et al., 2016 (64Dt C -3)i OA @counted for 46% of PMy mass in early winter, followed
by 20% of nitrate, 15%of sulfate, 10% of ammonium, 6% of BC and 3% of chlorid&ig
S3).

As shown in Figlf and Fig S3-OAdominated-PM-mass-inlate summerand-autumn;
eas-inorganic-species-plagd-a-more-important role-in—eardy winter OA dominated

PM; mass in late summer. In autumn and early winter, however, the contribution of OA

decreased and secondary inorganic &esol increased to be equally importantlt should

alsobe noted that nitrate had a more important contribution than sulfate to PM; during
autumn and early winter , with nitrate/sulfate mass ratios of 2.0 and 1.3 in autumn and
early winter, respectively. This phenomenonis likely due to the efficient emission
reduction of SQ and the continuous increase of NOQbecause ofdramatic growth of the
vehicle fleets and large emissions from industriegXu et al., 2015) Therefore, nitrate is
expected to play a moremportant role in PM pollution in the near futureand controlling
NGO emissionwould greatly help mitigating air pollution in Beijing.

The diurnal cycles of PM; species duringdifferent seasonsare shown in Fig. SA0A
was characterized by three peaks ocauwing in the morning (06:00-09:00), at noon
(12:00-14:00) and in the evening (19:00-22:00) during all three seasons Such diurnal
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patterns were partially influenced by the emission behavior of pollution sources, i.e.,
traffic, cooking and/or coal burning eanissions (Huang et al., 2012; Sun et al., 2012; Crippa

et al., 2013) Due to-lower temperature inearly winter, the planetary boundary layer (PBL)

ALD -
- A ci - Caav - o -

peak-ofOAwasmore-evidentin-earywinter-Due to the relatively flat planetary boundary

layer (PBL) height related to stagnah meteorological conditions in early winter

compared to that in autumn and late summer, the noon peak of OA was more evident in

early winter. The morning peak ofOAwas evenmore pronounced than the noon peak in
late summer. Such a diurnal cycle was likely related to the efficient photochemical
oxidation in the morning and efficient dilution effect resulted from PBL height increase
due-to-high-temperatureat noon.

The diurnal cycle of nitrate varied significantly during different seasonglue to the
seasonal difference irphotochemical productionand gasparticle partition ing (Sun et al.,
2015). Compared to nitrate, sulfateshowedarelatively flat diurnal cycle in all seasonsi
clear increase of sulfate in the afternoon was observed during late summer and autumn
due to enhanced photochemicgbrocesses (Takegawa et al., 2009 the winter, however,
sulfate showed a decreasing trend in the afternoon, sugsfing low photochemicd
production as discussed belowChloride presented a morning peak and then rapidly
decreased to a lowconcentration level at D18:00 during late summer, while in both
autumn and winter, chloride displayed a diurnal cycle with higher @ncentrations at
nighttime which may be related to the local emission from coal combustion BCalso
showed the similar diurnal cycle with higher concentrations at nighttime and lower
concentrations in daytime during all three seasons.

3.2 Primary OAfactors

Three POAfactors were resolved in this study, including HOA, COAnd CCOAAs
shown in Fig 2a, HOA mass spectrum is characterized by prominent hydrocarbon ion
series of GHzn1 and GHanea, particularly m/z 27, 29, 41, 43, 55, 57, 67, 71. The HOA
spectrum is similar to previously reported HOAspectra at various urban sites (He et al.,
2011; Ng et al., 2011Sun et al., 2012)The time series of HOA is also correlatiewell with
that of BG which is an external tracer ofincomplete combustion (R2 = 0.56). The mass
fractions of HOA (1013%) and diurnal cycles in different seasons areather consistent.
There are twopeaks from rush hours, i.e., 7:0®:00 in the morning and around 20:00 in
the evening. The nighttime concentrations are generally high (Fig. S4)ikely due to
increased diesel fleets which are allowed in urban Beijing only at nighind the decrease
of PBL duringnighttime.

The COA profilas characterized by prominention peaks atm/z 55 andm/z 57 (Fig.
2b), and a higher ratio ointensity at m/z 55 over that atm/z 57 (= 2.3)compared tothe
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other two primary OA components ¢ 1), which have been shown to be robust markers

for COA (He et al., 2010; Mohr et al., 2012; Crippa et al., 2013; Elser et al., 2016). This COA

massspectrum is highly correlated with other COA profile reported in previous studies
(Crippa et al., 2013; Elser eal., 2016; Wang et al., 20])7and the time series correlated
well with that of m/z 55 with R2=0.81. The COA diurnal cycle shoed two obvious peaks
at lunch (12:00) ard dinner (20:00) time and a smaller pealat breakfasttime (7:00) (Fig.
S4). Similar diurnal behaviors of COA have been observed in Beijing and other urban sites
(Allan et al., 2010; Sun et al2010, 2013). COA ha a lower massfraction of 11% during
late summer compared toautumn (20%) and early winter (16%).

Themassspectrum of CCOAs dominated by unsaturated hydrocarbongparticularly
PAHrelated ion peaks (e.g., 77, 91, and 11%Ppall'Osto et al., 2013; Hu et al., 2013}t
shows a similar spectrapattern with the ambient CCOA mass spectra in Beijing and Xi'an
(Elser et al., 2016)The presence ofCCOA can be further validated by thgood correlation
with external combustion tracer chloride (R2=0.77) { Zhang et al., 2012)The time series
of CCOAshows that the mass concentration of CCO®vas much lower in August and
Septemberbut increased dramatically after November, indicating thelarge emissions
from residential coal combustion for domestic heating.Also, the nighttime CCOA
concentrations were nmuch higher than the daytime concentrations, further confirming
the enhanced coal combustion emissions from domestic heating in wintéme nights.
Specifically,on averagethe mass fraction of CCOMcreasedfrom 5% (0.7t C -3)iin late
summerto 9% (2.0t C -3)iin autumn and thento 26% (7.7t C -3)iin early winter (Fig.
S3).

3.3 Secondary OA factors and sulfate sources: regional transport v .s. local
formation

In order to analyze sources of sulfate in our study period, thieivariate polar plots of

sulfate during different seasons are displayed in Fig. 3. During late summer, thigh mass

concentration of sulfate mainly located in the south and southwest regionom the

sampling site, suggesting regional transport was the n@ar source of sulfate in late

summer. However, high sulfate located both at the sampling site and in tlseuth and

south eastreqgions from samplingsite in autumn, whichindicatesthat both local formation

and regional transport contributed to the sulfateconcentration. When it comes to the

early winter, high mass concentrations of sulfate mainly located in the sampling site

coming from local formation and there was almost no contribution from regional

transport. These results indicate that transported sulite at a large regional scalevas

more important during late summer, while local formation was the major source of sulfate

in early winter due to residential heating

Two oxygenated OA factorsvith much different time series were identified in our
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study which we defined as local SOA.SOA)and regional SOA (RSOA) asharacterized
below in details.As shown in Fig3, different correlations between sulfate and RSOA or

LSOA were found during different seasond.he time series of RSOA correlated well with

that of sulfate during late summer with R= 0.71. This correlation coefficient decreased

to 0.62 during autumn and the&e was almost no correlation between RSOA and sulfate3(R

= 0.02) in early winter. On the contrary, the correlations between LSOA and sulfate

displayed the opposite variation with the correlation coefficient (R) increased from 0.40

in late summer to 0.66in autumn and 0.86 in early winter (Fig.3a). As we have discussed

that sulfate mainly come from regional transport during late summer while he

contribution of local formation increase during autumn andurther become the dominant

source of sulfate, theseorrelation variations (i.e., better correlation with RSOA in late

summer, similar correlation with RSOA and LSOA in autumn and tight corréian with
LSOA in early winter)suggested that RSOA is related to regional source of OOA and LSOA
indicates local sourcs and subsequent local formatiog-eJecalSOAKSOA-andregional
SOA-RSOA(Fig—2). These two SOA factors show similar mass sgiea with high ratios of
intensity at m/ z 44 over that atm/ z 43 (faas3), but-theirtime-series differgreathy—The

precessesand Thethe faauz of RSOA4.8) is higher than that of LSOAZ2.9), suggesting
that RSOA from regional tranport is more oxygenated(more aged)than locally formed
SOA(Sun et al., 20142015). The attribution of LSOA and RSOA is further supported by

the bivariate polar plots (Fig. S5)which show clearly that LSOA is mainly located in the

sampling site while RSOA is maly from the south to the sampling siteThe averagemass

concentration of LSOA increased fron3.2t C -3in late summer t09.2t C -3 in autumn
andto 12.1t C -3ih early winter with anincrease ofmass fractionfrom 23% in late
summer to 43% in autumn and 41% in early winter. Onthe contrary, the average mass
concentration of RSOA decreased fro@.6t C -3ih late summer t03.81 C -3ih autumn
andto 1.8t C -3ih early winter, with the dramatic decrease ofnass fraction from 48%
in late summer to 18% n autumn andto 6% in early winter (Fig. S3) These seasonal
variations of LSOA and RSOA indicate thRISOA related to regional transportvas more
important during late summer, while locally formed LSOA played a dominant role in

autumn and early winter.
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3.4 Contribution of secondary species to PM pollution

The averagePMi AT T AAT OOAQGET T ET AOAAOAA 3yEDdaily
xET OAO 9 @Fig. 83 andtheichemical composition showedeasonaldifference.
Themass concentrations of secondary speciéscreased from15.7t C -2ih late summer
to 30.81 C -3ih autumnandto 42.8t C -3in early winter, but the mass fraction in PM
decreased fran 72% in late summer to 66% in early winter.In particular, SOAhad a
dominant contribution in late summer (9.8t C -3,i46% of PM), while SIA played a key
role during autumn (17.81 C -3,i41%of PM) and early winter (28.9t C -3,i45% of PM)
(Fig. S3). The high SOA fraction in summer is likelpssociated with active photochemical
oxidation, while the increased SIA fraction in autumn and early winter is likely due to
enhanced gagparticle partitioning of nitrate and agueousphase formation of sulfate.

Fig. 4 shows thePM; composition and OA sourcesn clean days(daily average PM<
20t C -3)] medium pollution days(M-pollution, 40t C -3<4 daily average PM<80t C - |
3) and high pollution days (H-pollution, daily average PM> 80t C -3)iduring different
seasons The mass concentrations of PMspecies and OA factors, gaseous pollutarasd
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meteorological parameters during different periods are summarized in Table S1 The
average concentration of PMwas 46.9 pg m-3 during M-pollution days, about 3 times
higher than that during clean days 15.6 yg m3) in late summer.In autumn and early
winter, the average PMconcentrations during H-pollution days (110.5pg m= and 109.7
pMg M3, respectively) were two times higher thanthose in M-pollution days (54.2pg m3
and 43.5 ug m3, respectively) and ten times higher thanthose in clean days (93 pg m-3
and 8.1 ug m-3, respectively). As shown in Fig4, the mass fraction of secondargerosol
species (SIA ad SOA)increased from clean day$52-70%) to M-pollution days(67-76%)
and Hpollution days (66-74%) during all three seasons, emphasizing thaignificant
enhancements okecondary aerosoformation in haze pollutionevents(Huang et al., 2014;
Jiang etal., 2015; Zheng et al., 2035 In late summer,the mass concentration of LSOA
increased from2.2 yg m-3(21% of OA)during clean days t06.7 pg m-3(24% of OA) during
M-pollution days andthe mass concentration oRSOANcreased from5.0 pg m-3 (48% of
OA)during clean daysto 13.8 pg m-3(49% of OA)during M-pollution days,suggestingthat
regional transport played a moreimportant role than local formation in both clean and
haze pollution events during late summer. The mass concentration ol.SOA increased
from 1.5 pg m3in clean days t010.2 pg m= in M-pollution days and t025.4 pg m=3in H-
pollution days during autumn and increased fronl.5 ug m2in clean days to7.5ug m=3in
M-pollution days and to 20.7 pg m3 in H-pollution days during early winter. In
comparison, the mass concentration of RSOA increased frdnb pg m-3and 0.6 pg m3 in
clean days t05.9 yg m-3 and 2.0 yg m-3in M-polluti on days and t06.6 ug m3and 2.5 ug m-
3in H-pollution days during autumn and early winter, respectively. The increaserates of
LSOA vere much higher than that of RSOA thus the mass fraction of LSOA increased
dramatically from clean days toM-pollution and H-pollution days in autumn andearly
winter (i.e.,26% to 40% and 50% during autumn and 33% t037% and 42% during early
winter) ,whereas the mass fraction of RSOA decreasidm clean days to Mpollution and
H-pollution days (i.e., 25% to 23% andl3% during autumn and 14% to 10% and 5%
during early winter). These observations suggedghat locally formed SOAhad more
important contribution sthan regional sourcesin haze pollution during autumn andearly
winter , implying different contribution of secondaryaerosolin different seasons

3.5 Episodic analysis and meteorological effects

The clean and pollution episodes occurred inO O Aooth AUAT AO6h ET xEE,
meteorological conditions, regional transport, local emissionsnd secondary formation
intertwine and play different roles in the evolution of PM pollution. To get a better insight
into aerosol sources and atmospheric processes, seven clean episoded OA OA,CA 0 -
AT T AAT OGAEIl 2] sefen Mpollution episodesj Tt eg i 2 AOAOACA 0 -

Al 1T AAT O@4®E4gandfive H-pollution episodesj AOAOABAT AAT OOAQETT €
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p 1t gy | »Qwere selected for further analysis. As shown in Fig. 5, the pollution episodes
were generally aseciated with higher RH and lower wind speeds (< In s?) than that in
clean episodes in autumn and early winter, with RH usually higher than 60% pollution
episodes (both Mpollution and H-pollution) and lower than 45% in clean episodes.
Specifically, anM-pollution (M1, 47.6 pg m3) episode in late summer had similar RH and
wind speedwith the adjacent clean period (C1, 14.1 pg 18). However, the ontribution of
organic species decreased from 68% in C1l to 61% in M1 but the mass fraction of
secondary inomganic species (particularly sulfate) increased from 23% in C1 to 33% in M1.
This phenomenon may result from enhanced photochemical formation of sesdary
species in M1 due to higher oxidation capacity as M1 had higher; ©@oncentration
(54.1ppb) than C1(310ppb). In autumn, the mass concentrations of organics increased
from 4.8-6.3 pg m3 during C2-C5 to 21.227.8 pg m?3 during M2-M6 while the
contributions decreased from 5671% to 39-55%, and the corresponding contributions
of secondary inorganic species icreased from 1729% during C2C5 to 3652% during
M2-M6 with mass concentrations increased from 12.9 pg m3to 16.7-33.1pyg m3. The
contributions of secondary organic species to OA also increased from-60% to 5573%
with mass concentrations increasedrom 2.7-3.6 pg m3to 14.1-19.4 pug m3. This indicates

a notable production and accumulation of secondary aerosol during pollution events.
Comparedto M-pollution episodes, there was no further increase of contribution of
secondary inorganic species durig H1-H3 (42-47%) although the mass concentrations
increased to 45.356.6 g m3 due to the systematic concentration growths of all species
from M-pollution to H-pollution. Secondary organic species also had similar contributions
to OA during HEXH3 (52-75%) with that during M2-M6 (55-73%) although the mass
concentrations increased from 14.119.4 pg m3to 25.6-38.5 pg m3. Further analysis
shows that the RH during HXH3 (71.7%-81.6%) is lower than that during M2M6 (74.1%-
91.8%), which indicates that the stonger agueousphase chemistry during M2M6 may
lead to the efficient formation of secondary species and the mass concentration growths
of secondaryspecies were faster than that of other species in RNhus the mass fraction
of secondary species in M6 were higher or similar with that in H1-H3. A similar
phenomenon was also found in early winter. The contributions of secondary species
increased fromclean episodes (C6 and C7) to pollution episodes (M7, lddd H5) while
the contributions of secondary speas were similar in M7, H4 and H5 because of similar
RH. These PM evolution characteristics observed here highlight the importance of
meteorological conditions on driving particulate pollution (Li et al., 2017) and imply
different formation mechanisms of PMpollution during different seasons.

41 further elucidate the formation mechanisns of secondary aerosol& A O O1 £00
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where € "YO and £ "YO arethe molar concentrations of sulfate and SQ, respectively.
Fig. 6a-c plots Fsoaverse RHcolored by O« (= G; + NQ) concentration which is a tacer to
indicate photochemical processingduring late summer, autumn and early winter,
respectively. Fsos presents an evident exponential relationship with RHin autumn and
early winter, and the relationship in early winter is even more pronounced, suggesing
that aqueousphase formation of sulfate might play an important role during extreme
haze eventsin autumn and earlywinter in Beijing (Sun et al., 2013; Elser et al., 2016)
However, Fig. 6a shows that in late summer Fsosincreasedwith RH at RH <60% then
decreasedwith RH at RH>60%, whichis different from those in autumn andearly winter .
When taking O« into account,it is found that O, reached the peak concentratiowhen RH
was 50-60%, thendecreasedwhen RHwas 60%. Thedifferent characteristic of Fsosin
late summer was likely due to the large influence fromphotochemical oxidation. The
relationship between Fsosand O during different seasonsare also shown in Fig. 6d-f.
There is a liner relationship betweenFsosand O in the whole RH rangeduring late
summer with R2=0.40. Aliner relationship between Fsosand O, could still be observedin
autumn at RH <65% with R2=0.48. However, there is noclear relationship between Fsos
and O, concentration in early winter , although there is a weakncreasingtrend for a few
data points with O« concentration higher than 40 ppb These results suggestthat
photochemical oxidation played an important role for sulfate formation in late summer,
while aqueousphasereactions were more responsible for the sulfate concentrations in
autumn and early winter. It should be noted that at the typical atmospheric level of OH

radical, the lifetime of SQ from the reaction with OH is about 1 week (Seinfeld and Pandis,

2016; Zhang et al., 2015). Thu§Q oxidation into sulfate may proceed during lonerange

transport in late summer (Rodhe et al., 1981), consistent with our results in Figure 3.

We further investigatedthe formation mechanisms of SOA during different seasons.

Fig.7 shows theeffects ofRHLWCand O, on the mass concentratiors and massfractions

of LSOA and RSOA during different seasofie-variations-of OA-compeosition-asfunctios
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During late summer, the LWC ranged from 2.1ig m-3 to 53.6 yg m=3, both the mass

concentrations of LSOA and RSOA increased as LWC increased when We#bigher than
~25-35 yg m-3. In comparison,the LWC concentratiors during autumn and early winter

were much higher than that during late summer, and the increasing trends of SOA were

much obvious than that during late summer.The mass concentratios of LSOAand RSOA

increased from7.3 yg m-3to 33.3 yg m3and 3.5ug m=3 to 11.5ug m-3 respectivelywhen

LWCincreased from12.3 yg m-3to 519.6 yg m-3, and the mass fraction of SOAncreased

from 30% to 38% during autumn. In comparison, during winter, the mass concentration

of LSOA increased fron%.6 yg m-3to 37.9 yg m3when LWCincreased from9.7 yg m-3to
436.6 ug m3 with the mass fraction of LSOA increased from 37% to 42%. RSOA disgdy
no clear increase trend with LWC as it played a minor contribution during early winter.

Thesevariations indicated the promotion of agueousphaseprocesses on the formation

of SOA especially during autumn and early winter with higher LW®ariations of the mass
concentrationsand fractions of LSOA and RSOds functions of O, during different seasons
were alsoshown in Fig. 7. The mass concentratioa of SOAincreased clearlywith the

increase of O concentration during all three seasonsand the mass fraction of SOAlso
increasedfrom 64% to 76% during late summer andncreasedfrom 59% to 80% during
autumn asQ increasedfrom 30 ppb to 120 ppb. HeweverSimilar with that of LWC the
increasing rates ofLSOA and RSOas functions of O, were substantially different among

different seasons. In late summer, both LSOA and RSOA presented linear increagth
the increaseof O.. As a comparison, LSOA showddgher increase rates with O, than that
of RSOAduring autumn and early winter as LSOA plagd a dominant role in the haze
formation during autumn and early winter. As—shown-in—Fig-/-SOA-—concentrations
increased-with-Oin-the-wholerangewhiled = A i

A N a ala Q

clearly indicate thatboth photochemical proessingand aqueousphase reactionsplayed

a—deminantimportant roles in the formation of SOA during all three seasonsltheugh

4. Conclusion
15
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)T GEERIWO3 AT I AET AA xEOE Al | ACEADABAEAGRAO x AOA
i AACGOOQAIT AT,OPAAEAQAN EAGI £FAOAKR T EOOAOMNA#AQI 1 11 EOI
AOTpiu OCOGG AGRT AREH " MEBEWAOAOACA 1 AGO AT 1T AAT OO/
OAOEAA AEQIHET ¢ d DA OOiC ADI OA A @il o EEAIGHRESH C
Pil1 BABDRE OAOEI 00 ET AKERDAAABRRAEAOET DAOAOOOA
AT @AOACT AT O 1 AGAT OI/INATICECOBABOAAEDDT @XARDET 1
0-, AGOOET ¢ Al 1 MOEAAA 16CAM A (Ol 0T @O D@L b 8
2ACAOAET ¢ OEA /! EAAOQI OGN #AZE OKA AD GQE IOADOU OAAT | (A/A
i.3/710 AT A 23/ ! AKGIORAIORDODOBAETAG 3/!' Al i ET AOGAA
AOGOET QOIlIAAGA AG Ahx EAOARRAD AATAORAGI BT OOAT O O1T 1T A E
xET OAO AORA IOA FRDE A AUOA A ECRARLOEDET G AKEWmI 1
late summer to 26% in early winterld EECEAO 23/ ! MAEOAAOQEIT jtyb 1T &£ |
AT A EECEAEOBEBIOEADOOI T |t oAbACHE OAQ JACMPAT £ /1 Qq
AEAEZEAOAT O AT OOAT ACET T O AAOxAAT 2380QcAAEMAOCOT £AO
OACEI T AT ODAT OPOAROCEDPPAXNOATAD ADTOAN KEAOA OODOAA EI
xEEI ANl OIAAOES TEI PT OOATAH &Il BAA @AIOC & O

Haze evolution and formation mechanisns of PM; were also discussedResults
suggesed that secondary aerosol species including SIA (sulfate, nitrand ammonium)
and SOA (LSOA and RSOA) dominatedPdecies during all three seasons with fractions
of 72%, 71% and 66% during late summer, autumn and early winterespectively. SOA
had a dominant contribution to PM: in late summer, while SIA played a key role during
autumn and early winter. ( ECEAO EIAQIGOERMOG 1 AAOU OPAAEAO | 3)
AOOOEAO 1T AGAOOGAA ET DBI1100ETT AGEDNAMAGADUDEAO
Al Of ACETAGPOEABAODIT | 1. Wéekplored the formatibrEnte&nhbnBns
of secondary aerosoldurlng different seasons emd found that both DET OT AEAT EAAI

NNNNNNN =1 RIOBRIOOOAT O

Al Of AGET T AOGOET ¢ Al 1l OEMDHEADRIAGHT A BY6i HAAITA T ZEEAGA
xAOEA [ AET O A& Of AGEIITAEAICNAEQDEDDA MGEHDBOOA
AEA| BEXO\OOEWE A IEUACET AU OOAT O OT T A ET AOOOIT AT A AAOI
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Tablel. Summary of PM. mass concentrations andcomposition as well as OA
composition in Beijing during different seasons.

P 1 A& O- Pi £ |/
3AAOTT oO- . .
Year SO TP g 3k e .G #E "# 071 3711 2AEAOZ
(Characteristic) § € 2Q
Summer
] Huang et al.,
2008 (Olympic @08 38 27 16 16 1 3 43 57 2010
Games)
¢CTp 7E1 OAC ¢oB81m vm po pm pp W 9 oQw oOp (6 AO
¢Tp 30T AO yBm op ¢ ¢m pe p 5 oL QU CTmp o
Sunetal.,
2011 Summer 50.0 40 18 25 16 1 - 36 64
2012
) Sun et al.,
2011 Winter 66.8 52 14 16 13 5 - 69 31
2013
2011 Autumn 53.3 50 12 21 13 3 - - -
2011 Winter 58.7 51 13 17 14 5 - - - Sun et al.,
2012 Spring 52.3 41 14 25 17 3 - - - 2015
2012 Summer 61.6 40 17 25 17 1 - - -
Winter
2012 , 56.0 48 12 18 9 4 9 45 55
(Non-Heating) Wang et al.,
Winter 2015
2012 _ 84.2 50 16 12 9 7 7 62 38
(Heating)
) Sun et al.,
2013 Winter 64.0 60 15 11 8 6 - 57 43
2016
Autumn
2014 yyys8i1 38 14 26 11 4 7 46 54
(Before APEC)
Xu et al., 2015
Autumn
2014 _ Tp8«52 9 19 9 5 6 66 34
(During APEC)
Autumn
2015 (Parade pwd1 55 18 12 8 1 6 35 65
control) Zhaoet
Autumn al.,2017
2015 (Non-Parade TLu8140 20 20 12 2 6 35 65
Control)
2015 Late Summer ¢p8p 64 14 6 7 1 8 29 71
2015 Autumn To8c49 11 22 8 2 8 39 61 This Paper

2015  Early Winter @1 8« 46 15 20 10 3 6 53 47
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Figure 1. Time series of (a)temperature (T) and relative humidity (RH), (b)wind speed
(WS) and wind direction (WD), (c) @ and SQ, (d) CO and NOx, (e) PMpecies, {) mass
fractions of PM species during the entire study.7 clean episodeqC1-C7), 7 moderate
pollution episodes (M1-M7) and 5 highpollution episodes (H1-H5) are marked for
further discussion.
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Figure 2. Mass spectrums (left) and time series (right) of five resolved Ofactors. Error
bars of mass spectrums represent the standard deviation of each/'z over all accepted
solutions. The time series of BOy/z 55, chloride and nitrate are shown for omparisons.
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Figure 3. (a) correlation between time series of S@and LSOA (b) correlation between
time series of S@and RSOA(c) bivariate polar plots of SQ during late summer (left),
autumn (middle) and early winter (right) as functions of wind direction and wind speed
(m s1).
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