Atmos. Chem. Phys., 13, 4574592 2013 Atmospheric S

°
[©]

www.atmos-chem-phys.net/13/4577/2013/ Ch ist £
doi:10.5194/acp-13-4577-2013 emistry »
© Author(s) 2013. CC Attribution 3.0 License. and Physics &

Aerosol composition, sources and processes during wintertime in
Beijing, China

Y. L. Sun!, Z. F. Wang?, P. Q. Fut, T. Yang?!, Q. Jiang®%, H. B. Dong!, J. Lit, and J. J. Jiat

Istate Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric Chemistry, Institute of Atmospheric
Physics, Chinese Academy of Sciences, Beijing 100029, China

2Key Laboratory for Aerosol-Cloud-Precipitation of China Meteorological Administration, Nanjing University of Information
Science & Technology, Nanjing 210044, China

Correspondence tor. L. Sun (sunyele@mail.iap.ac.cn)

Received: 14 December 2012 — Published in Atmos. Chem. Phys. Discuss.: 21 January 2013
Revised: 25 March 2013 — Accepted: 12 April 2013 — Published: 2 May 2013

Abstract. Air pollution is a major environmental concern trend, which might indicate the limited SOA formation dur-
during all seasons in the megacity of Beijing, China. Hereing high PM pollution episodes in winter. The effects of me-
we present the results from a winter study that was con-+teorology on PM pollution and aerosol processing were also
ducted from 21 November 2011 to 20 January 2012 withexplored. In particular, the sulfate mass is largely enhanced
an Aerodyne Aerosol Chemical Speciation Monitor (ACSM) during periods with high humidity because of fog process-
and various collocated instruments. The non-refractory subing of high concentration of precursor £Qn addition, the
micron aerosol (NR-Pl) species vary dramatically with increased traffic-related HOA emission at low temperature is
clean periods and pollution episodes alternating frequentlyalso highlighted.

Compared to summer, wintertime submicron aerosols show
much enhanced organics and chloride, which on average ac-

count for 52 % and 5 %, respectively, of the total NR-PM

mass. All NR-PM species show quite different diurnal be- 1  Introduction

haviors between summer and winter. For example, the win-

tertime nitrate presents a gradual increase during daytime anfitmospheric fine particles exert highly uncertain radiative
correlates well with secondary organic aerosol (OA), indicat-forcing impacts on climate change (Forster et al., 2007)
ing a dominant role of photochemical production over gas_and are detrimental to human health (Pope Ill et al., 2002).
particle partitioning. Positive matrix factorization was per- A€rosol particles also have series impacts on air quality
formed on ACSM OA mass spectra, and identified three pri_and visibility reduction (Watson, 2002; Molina and Molina,
mary OA (POA) factors, i.e., hydrocarbon-like OA (HOA), 2004). In recent years, air pollution has become a major envi-
cooking OA (COA), and coal combustion OA (CCOA), and ronmental concern in densely populated urban areas (Zhang
one secondary factor, i.e., oxygenated OA (OOA). The POAgt al., 2008b; Molina et al., 2010) due to large emissions
dominates OA during wintertime, contributing 69 %, with the Of air pollutants from anthropogenic activities, e.g., traffic,
other 31% being SOA. Further, all POA components showindustry, and power plants. However, the air pollution con-
pronounced diurnal cycles with the highest concentrationdrol remains a great challenge because of the very complex
occurring at nighttime. CCOA is the largest primary source SOurces and evolution processes of aerosol particles. Knowl-
during the heating season, on average accounting for 33 % ddge of aerosol particle composition, sources and processes
OA and 17 % of NR-PM. CCOA also plays a significant role is of importance to reduce its harmful effects and improve air
in chemically resolved particulate matter (PM) pollution as duality.

its mass contribution increases linearly as a function of NR-  The particulate matter (PM) pollution in Beijing has im-

PM; mass loadings. The SOA, however, presents a reversBrovement during the past decade (Chan and Yao, 2008);
the visibility, however, is getting worse (Zhang et al., 2010).
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While the increasing moisture has played an important roleand quantified using various receptor models, e.g., chemi-
the consistently high concentration of fine particles fBM  cal mass balance (CMB, e.g., Zheng et al., 2005) and posi-
might be another cause. Indeed, fine particles often exceetive matrix factorization (PMF; e.g., Song et al., 2006). SOA
the new National Ambient Air Quality Standards of China dominates OA most of the time in summer, and is one of the
(75ugnt2 for 24 h average) during all seasons. Efforts to major factors leading to high PM pollution. In addition, the
characterize sources and composition of fine particles thuselationship between chemically resolved PM pollution and
have been extensively made in Beijing and regions in itsmeteorology has also been explored to some extent.
vicinity. Most of the early studies rely on filter measurements  Most previous AMS measurements in Beijing were con-
(He et al., 2001; Yao et al., 2002; Duan et al., 2005; Sun etducted in summer with a major focus on photochemical pro-
al., 2006; Zhao et al., 2013). Carbonaceous materials, wateeessing. However, the aerosol composition, sources and pro-
soluble ions, including Sﬁj, NO5, and NI—[{, and mineral  cesses may vary very differently between summer and winter
dust are found to be major constituents of fine particles inbecause of different meteorology and source emissions. For
Beijing. However, the filter measurements with the samplingexample, a recent study in the winter of 2010 by a High-
durations from hours to days are not sufficient enough toResolution Time-of-Flight AMS (HR-ToF-AMS) found that
characterize the rapid evolution of atmospheric aerosols; folSOA only accounts for 24 % of the total OA, with the rest
example, the aging of organic aerosol (OA) usually takesbeing POA (Liu et al., 2012). The oxidation degree of OA is
place in less than one day (Jimenez et al., 2009; DeCarlanuch reduced in winter, and the size distributions shift from
etal., 2010). Further, the filter measurements might have siga large accumulation mode peaking-a500 nm to~ 450 nm
nificant loss of semi-volatile species, e.g., ammonium nitrate (Huang et al., 2010; Sun et al., 2010; Liu et al., 2012). In or-
due to the evaporative loss during the sampling (Dong et al.der to better characterize aerosol composition and sources
2012). during wintertime, an ACSM was deployed from 21 Novem-
In recent years, the real-time measurements of aerosol paber 2011 to 20 January 2012 at the same site as that in sum-
ticle composition have been widely conducted in China us-mer (Sun et al., 2012). Here we have a detailed characteriza-
ing various online instruments, e.g., Ambient lon Monitor tion of submicron aerosol species including mass concentra-
(AIM, URG9000B) (Wu and Wang, 2007), Gas and Aerosol tions, chemical composition, diurnal variations, and day-of-
Collector — lon Chromatography (IC) systems (GAC-IC) week patterns during wintertime, and compare with those ob-
(Dong et al., 2012), analyzer for Monitoring for AeRosols served in summer. Then, we perform source apportionment
and GAses (MARGA) (Du et al., 2011), and Aerosol Mass analysis using PMF to investigate the source categories and
Spectrometers (AMS) (Huang et al., 2010; Sun et al., 2010)gevolution processes of OA. Finally we provide some insights
etc. Among them, AMS is a unique instrument which can into the chemically resolved PM pollution and its association
provide both chemical composition and size distributions ofwith meteorology during wintertime.
non-refractory submicron aerosol species, including organ-
ics, sulfate, nitrate, ammonium, and chloride (Canagaratna
et al., 2007). Due to the high sensitivity and the capability
in aerosol composition detection, AMS measurements hav€ Experimental
gradually become the focus of recent studies (Takegawa et
al., 2009; Huang et al., 2010; Sun et al., 2010; Liu et al.,2.1 Aerosol and gas measurements
2012). Despite this, most instruments above need to be main-
tained routinely in order to obtain high-quality data. The The non-refractory submicron (NR-RM aerosol species
long-term measurements, therefore, still remain a challengencluding organics, sulfate, nitrate, ammonium, and chlo-
Aerodyne Aerosol Chemical Speciation Monitor (ACSM) ride were measured in situ at the same location as Sun et
was recently developed based on AMS (Ng et al., 2011b)al. (2012), i.e., Institute of Atmospheric Physics (IAP), Chi-
The ACSM is specially designed for routine and long-term nese Academy of Sciences, located between the 3rd and 4th
measurements of aerosol particle composition and mass coming road in Beijing, from 21 November 2011 to 20 Jan-
centration, yet not size information. The first deployment of uary 2012 with an ACSM. The aerosol sampling setup and
ACSM in Beijing, China, shows good performance and pro-the ACSM operations in this study were also the same as
vides rich chemical information on aerosol particles (Sun etthose in Sun et al. (2012). In addition to ACSM deploy-
al., 2012). With all these efforts in aerosol measurementsment, the PMs mass was simultaneously measured by a
a number of conclusions and new findings have been obheated Tapered Element Oscillating Microbalance (TEOM
tained which have significantly improved our understandingseries1400a, Thermo Scientific), and collocated gaseous
of aerosol sources and processes in China. In particular, orspecies including CO, SONO/NGQ,, and G were measured
ganics is found to be a major component of fine particles,by various gas analyzers (Thermo Scientific). The meteo-
accounting for more than one-third of total mass. The pri-rology data (wind speed, wind direction, relative humidity
mary organic aerosol (POA) from traffic, cooking, and coal (RH), temperature, pressure, precipitation and solar radia-
combustion etc., and secondary OA (SOA) are distinguishedion) during this study were obtained from the IAP tower that

Atmos. Chem. Phys., 13, 4574592 2013 www.atmos-chem-phys.net/13/4577/2013/



Y. L. Sun et al.: Aerosol composition, sources and processes during wintertime 4579

is approximately 30 m away and the ground meteorology staloss of semi-volatile materials (SVM, e.g., ammonium nitrate

tion that is~ 20 m away. and semi-volatile organics) for the TEOM measurements that
_ were operated at 5@ (Eatough et al., 2003). For example,
2.2 ACSM data analysis a significant loss+ 50 %) of SVM for the heated TEOM in

) comparison to the one with the SVM collected was reported
The mass concentrations and mass spectra were process&qring the SOAR-1 study (Docherty et al., 2011). Indeed,

using ACSM standard data analysis software (v 1.5.1.1). Thgha correlation between NR-PMand PM s appears to be

detailed procedures for the data analysis have been describ%‘épendent on the mass fraction of sulfate and OOA that are

in Ng etal. (2011b) and Sun etal. (2012). In particular, a col- g5 yolatile components in the aerosols. A higher fraction

lection efficiency (CE) was introduced to compensate for theyt |ess-yolatile sulfate and OOA corresponds to a lower ratio

particle loss, mostly due to particle bounce at the vaporizer, NR-PM; / PMys. The higher ratio of NR-P/ PMy 5 in

(Matthew et al., 2008). Although CE 0.5 is appropriate for \yinter than summer (0.64) is also likely due to the evapora-
most field studies (Canagaratna et al., 2007), it also variegye |0ss of more semi-volatile materials in winter.

dg_pending on t_he acidity of aerosol particles, aerosol coOMpo- The daily average concentration of the total NR-Pitass
sition, and partlclg phase water_ (Matthew et al., 2_008). G|ver1ranges from 6.6 to 192 pgTA with an average value of 66.8
that aerosol particles were dried before sampl'mg mto the(i55) ugnT3 for the entire study, which is- 30 % higher
ACSM system and that they are overall neutralized in Bei-yha that observed in the summer of 2011 (Sun et al., 2012).
jing (Huang et al., 2010; Sun et al., 2010), the particle phaserpe gaily average mass concentration often exceeds the 24 h
yvater and acidity are expected to play mmorlr.oles in affect-NAAQS of the US EPA of (35ugm®) and the second

ing CE values. Thereforg, we use a composmon_—dependerﬁrade of NAAQS (75 g m®) released in 2012 by the Min-

CE recommended by Middlebrook gt aI._(2012), Le., €E istry of Environmental Protection (MEP) of the People’s Re-
max(0.45, 0.0833 0.9167x ANMF) in this study. ANMF pypjic of China bitp://kjs.mep.gov.cn/hjbhbz/bzwb/dghibh/

is the mass fraction of ammonium nitrate in NR-PM dqhjzIbz/201203/t2012030224165.htr. When converting
The PMF with PMF2.exe algorithm (Paatero and Tapper,the measured NR-PMto PMy 5 using a factor of 0.74, we

1994) in robust mode was performed on ACSM mass Spectra 5icyate that- 80 % and 54 % of days during wintertime ex-
to deconvolve OA into distinct factors. Similar to our previ- ~oaq the NAAQS of US EPA and China MEP, respectively.

ous study (Sun et al., 2012), we limited our PMF analysisThjs suggests that the fine particle pollution is still a major
to m/z 120 due to large interferences of internal standard of,

) environmental concern in Beijing although it has been im-
naphthalene aﬂn/_zs 127-129. The PMF results were fur- proved during the past decade (Chan and Yao, 2008). Con-
ther evaluated with an Igor-Pro-based PMF Evaluation Tool

. sidering the complexity of sources, properties, and processes
(PET, v2.04) (Ulbrich et al., 2009), and the number of PMF

' ) TV of fine particles, the road to achieve the Pdvstandard re-
factors were determined following the procedures detailed iy ins a challenge (Yuan et al., 2012).

Zhang et al. (2011). In summer, _PMF analysis only resolved The mass concentration of total NR-RMaries very dra-
two OA factors: a hydrocarbon-like OA (HOA) and an oxy- magically across the entire study. In particular, the clean
genated OA (OOA). In winter, PMF analysis showed better o\ ants with NR-PM < ~ 15ugnts (~24% of the time)
deconvolution of OA factors, and it was able to identify four ;4 the highly polluted episodes- (00 pgnT3, ~ 25 %
components including three primary OA, i.e., HOA, cook- ot the time) occur alternatively. The clean periods are of-
ing OA (COA), and coal combustion OA (CCOA), and one gy short, typically less than 2 days. In contrast, the high

secondary OA, i.e., OOA. PM pollution events persist a longer time and sometimes

over one week. The switch of clean and polluted days is

strongly associated with the synoptic meteorology in Bei-

jing. As shown in Fig. 1, the clean periods are associated

3.1 Mass concentration with high wind speed and dominant westerly and northwest-
erly winds. Comparatively, the high PM pollution episodes

Figure 1 shows the time series of NR-PBind PMys mass, are generally related to southerly and easterly winds with

submicron aerosol species, and meteorology for the entiréow wind speed £ ~1.5ms™1). Such meteorology patterns

study. Similar to the results observed in summer (Sun et al.influencing aerosol species in Beijing have been observed

2012), the NR-PM mass measured by the ACSM tracks well many times in previous studies (Huang et al., 2010; Sun et

the PMbs measured by the TEOM-{ = 0.77, Fig. S1). The  al., 2010, 2012; Zhang et al., 2012b). Also note that wet scav-

correlation between NR-PMand PM 5 yields a regression  enging plays a minor role in changing aerosol mass loadings

slope of 0.74, mainly because ACSM only measures, PM given the very low precipitation during the study.

and also does not detect refractory materials, e.g., mineral

dust and black carbon at vaporizer temperature 600°C.

Note that the ratio of NR-PM/ PM, 5 is often close to 1

as shown in Fig. S1. One of the reasons is the evaporative

3 Results and discussion
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Fig. 1. Time series ofa) meteorological variables (relative humidity, temperature, precipitation, wind speed, wind direction, pressure, and
solar radiation){b) total NR-PM, and PM 5, and(c) NR-PM; species (Org, S9 NOs, NHy4, and Chl) for the entire study. The clean
periods with low aerosol mass loadings are marked as gray shaded areas.

3.2 Submicron aerosol composition and diurnal (a)
variations 66.8 pg m® 34.4pgme
oS 52% 19% HOA
All submicron aerosol species show very dynamic variations 4
O 7% CCOA

day by day, with the minimum and maximum of daily aver-

age concentrations being larger than 20 times, and even closechi

to an order of 2 (e.g., chloride). In particular, organics shows 149
an obvious sawtooth structure with the variation of mass con-
centration up to 100 ug T1¥ in one day. PMF analysis of OA

OOA
5%

13%

16%

in Sect. 3.3 suggests that such structure is mainly caused by 7.6pgm? (0) 48ugm?
the variations of primary OA, e.g., COA and CCOA. Over- 3% ;6%

all, the NR-PM in winter is dominated by organics with an 14%
average contribution of 52 % (Fig. 2a). Compared-t40 % @1 5// 1O%Q
observed in summer (Huang et al., 2010; Sun et al., 2010, Mht19 40%

2012), organics is more important in PM pollution in winter.

Indeed, the average mass concentration of organics is 34.Big. 2. Average chemical composition of NR-RMind OA for the
(£27.9) ug n23 in winter, which is almost twice higher than () entire study and fotb) clean periods marked in Fig. 1.

that in the summer of 2011 (Sun et al., 2012). The contribu-
tion of organics to NR-PMis even higher during the clean
periods (63 %), which is consistent with our previous obser- ) i )
vations in Beijing that the air masses from the upwind areas 11 diurnal profiles of NR-Plspecies, OA components,

of Beijing are characterized by high mass fraction of organicsand meteorological variables for the entire study and clean

(Sun etal., 2012). As a comparison, the inorganic species Su,c_)eriods are presented in Fig. 3. Organics shows a pronounced

fate and nitrate show relatively lower contribution to the total d!uanI cycle with thse higheﬁt cloncentra':ion ocgurring at
NR-PM; mass in winter (14 % and 16 %, respectively) than ng ttime ¢-54ugnT™) and the lowest value during day-

~ 3 '
summer although the mass concentrations between the wiime (~24pgnT=). Our lidar measurements show that the

seasons are rather similar (Table 1). Chloride accounts for %iur_nal variation of planetary boundary layer (PBL) height
small fraction of NR-PM in winter (5 %) yet has the largest uring the study period is relatively flat, indicating that PBL

seasonal difference among NR-PKbecies. The mass con- might plgy a minor role in driving'the time—of-da_y variation
centration in winter is- 7 times higher than that in summer, during wintertime. Therefore, we infer that the high concen-

likely due to the intensified emissions from coal combustiontra_‘tlon of organics at nighttime IS mgmly a_lssomated with t_he
during the heating season. primary organics from local emissions, in agreement with

the diurnal profiles of primary OA components, e.g., HOA,

Atmos. Chem. Phys., 13, 4574592 2013 www.atmos-chem-phys.net/13/4577/2013/
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Table 1. Summary of mass concentrations (ug?m of NR-PM;j species and OA components.

Winter, 2011 Summer, 2091 W/S®
Entire Cleaft Day Night Night/Day Jul-Aug

Org 34.4 4.8 25.1 40 1.59 20.0 1.72
HOA 5.8 0.7 3.6 7.1 1.96 71 384
COA 6.6 1.7 3.7 8.4 2.30

CCOA 11.3 0.5 7.2 13.7 1.90

OOA 10.7 1.9 10.6 10.7 1.01 12.7 0.85
SOp 9.3 0.9 7.7 10.2 1.33 9.0 1.03
NO3 10.9 0.8 10.1 11.2 1.10 12.4 0.88
NHg4 8.6 1.0 7.5 9.3 1.24 8.0 1.08
Chl 35 0.2 25 4.1 1.64 0.5 6.82
TotaP 66.8 7.6 74.8 52.9 1.42 49.9 1.34

2 Clean periods as marked in Fig. 1.

b sun et al. (2012).

¢ winter/Summer.

d The ratio is calculated as (HOACOA+CCOA),inserMOAsummer -
€ Total = Org + SO4+ NO3z+ NHy4+ Chl.

— Clean Periods — Entire Study = = + Summer in organic chemistry during the clean periods. Interestingly,

%Eﬁjﬁﬂu:gé%ﬁ% a third peak between 08:00 and 09:00 LT was also observed,

which might be from the emissions of cooking breakfast.

~7ore IS0 aers N oqen Sulfate shows quite different diurnal behaviors between
5 \/_f s “*u/"10_ e \\/ summer and winter. The sulfate in summer presents an en-
M 2

hanced noon peak associated with the photochemical pro-

on | acon | eqoon | acton cessing (Sun et al., 2012). However, such a noon peak is
g \/}2 Mm \""/\%\_/ not observed in winter. This might suggest that the gas-phase
4 8 8 8 photochemical production of sulfate particles is less signifi-
el ~ e cant in winter with low temperature and solar radiation. In-
04812162024 0 4 812162024 0 4 812162024 0 4 8 121620 24 stead, we found that the sulfur oxidation ratio shows a strong
Four of Day and positive RH dependency (Sun et al., 2013), indicating
Fig. 3. Diurnal profiles of NR-PM species, OA components, and that gqueous proc;essing might ha\./e.played amore important
meteorological variables for the entire study and clean periodsl€ in the formation of sulfate. This is further supported by
marked in Fig. 1. The diurnal profiles of NR-AMpecies in the  the synchronous increase of sulfate and RH from 12:00 to the
summer of 2011 (Sun et al., 2012) are also shown for a comparisorate afternoon despite the rising boundary layer. In compari-
Note that the diurnal profiles of aerosol species during the clearson, sulfate shows a very flat pattern during the clean periods,
periods were all enhanced by a factor of 2 for clarity. demonstrating the regional characteristics of sulfate. Sulfate,
overall, accounts for a relatively consistent contribution (11—
15 %) to the total NR-PNIthroughout the day.
" ) Nitrate shows the largest different diurnal cycle between
C_COA, and COA (Sect. 3.3)_. I_n addlt_|on,_the re!atlvely lower g,mmer and winter. As the gas-phase photochemical pro-
wind speed and higher humidity at nighttime might also haveqy,ction and temperature-dependent gas—particle partitioning
played a role. The organics contrl_butes the major fraction ofy e poth important for nitrate formation in summer, the win-
NR-PM, throughout the day, ranging from 48-60 %, and the o ime nitrate appears to be mainly driven by the photo-
contribution increases to 53-75 % during the clean periods pomical production, which shows a linear increase from
Note that a small peak for organics was observed at noon_ 7pgnT3 at 08:00 to 12.5ug P at 17:00 with a growth
time due to the influences of cooking emissions, but this N0on ate of~ 0.6 ugnT3h~L. Further, nitrate shows a very simi-
peak is much smaller in comparison to that observed in SUM,, giyrnal pattern and tight correlation with OOA — a surro-
mer (Sun et a}l., 2012). The d|urn_al cycle of organics durmggate of SOA 2 = 0.80) — confirming the importance of pho-
the clean periods shows some differences, which is characy,chemical processing in controlling the diurnal variations
terized by two peaks corresponding to meal times. This di-¢ pitrate during wintertime. In addition, the ambient tem-
urnal pattern more closely resembles that observed in SUMaerature across the entire study is generally lewd2°C),

mer (Huang et al., 2010; Sun et al., 2010, 2012), implying4nq the evaporative loss of ammonium nitrate particles due
that local cooking-related emissions play an important role

Concentration (ug

www.atmos-chem-phys.net/13/4577/2013/ Atmos. Chem. Phys., 13, 45582 2013
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to gas—patrticle partitioning would not be significant. The re-  w- oy ol ) o e
sults together suggest that the dominant formation mecha- > & ]

nisms of nitrate in summer and winter are very different. The
nitrate shows a sharp morning peak during the clean periods,

Day Mass Conc. (ug m)
(e )
3

which is very similar to that of NO, yet with a time lag of Jodh gl M ok MY

~2h. Such a diurnal pattern was also observed in Mexico £ »] ¢ o8& o] s

City during the MCMA-2003 campaign, which is attributed nfsdel "o o ',9»‘50%;."-“;:

to photochemical production of nitric acid from N@nd OH ’ ‘é?géf — g@fﬂ o 2
(Salcedo et al., 2006). PemERE T NnMasscone.pgmy T 0 " "

Chloride also shows significantly different diurnal cycles
between summer and winter. In summer when the emisfig- 4. Day-night comparisons of NR-Pjvaerosol species and OA
sions of coal combustion are small, chloride shows a grad_cpmponents. The data_pom_ts are color-coded with night-day RH
ual decrease from early morning to late afternoon due to th&!fferences. The three lines in the plot refer tol2 1: 1, and 1 2
evaporative loss and dilution effects associated with elevated > respectively.
boundary layer. Comparatively, the diurnal cycle of chloride
n wmt_er IS qu_lte_d|fferent, with the highest concentration tions at nighttime than daytime, suggesting the enhanced pri-
oceurring at midnight and the lowest vglu_e at noon. Ir]terGSt'mary emissions from coal combustion, traffic and cooking
ingly, while NH4Cl and NH;NOs share similar volatile prop- activities at nighttime
erties and often correlate well with each other (Ulbrich et al., '
2009; Sun et al., 2011), the different diurnal cycles of chlo-
ride and nitrate in this study indicate their different sources

and mechanisms. While photochemical production is the map g analysis of wintertime OA spectra resolved four OA
jor process of nitrate formation during wintertime, the direct components, i.e., HOA, COA, CCOA, and OOA, of which

coal combustion emissions are the major source of chlorideghe mass spectra and time series are presented in Fig. 5, and
Consistently, the diurnal cycles of chloride and coal com-their diurnal profiles are shown in Fig. 3.

bustion OA are very similar, further supporting our conclu-
sion. The chloride during the clean periods is characterized.3.1 Hydrocarbon-like OA (HOA)
by two pronounced peaks occurring in the early morning and
evening, which is likely due to the contribution from local The mass spectral pattern of HOA is characterized by hydro-
sources. carbon ion series ofi/z 27, 41, and 55, typical of cycloalka-
An even simpler comparison of diurnal variations is day— nes, andm/z 29, 43, and 57, typical of alkanes (McLaf-
night differences. In this study, the daytime is defined as thdferty and Turecek, 1993). Note that the peak intensities of
period between sunrise and sunset, which is approximatelﬁ:,,H;n_l is about twice lower than ,ﬂ-@nﬂ. This spectral
~06:45-17:30, and the rest of day is classified as nighttimepattern is quite different from the HOA spectrum resolved
As shown in Table 1, the three primary OA components, i.e.,previously by an HR-ToF-AMS in summer (Huang et al.,
HOA, COA, and CCOA, and chloride show the largest day—2010), and the standard HOA spectrum observed worldwide
night differences, with the nighttime concentrations being (Ng et al., 2011a), yet shows much similarity to that identi-
twice higher than daytime concentrations. The secondary infied in winter in Beijing (Liu et al., 2012; Zhang, 2011), and
organic species (S NOs, and NH;) and OOA, however, the spectrum of pure diesel fuel aerosols (Canagaratna et al.,
did not show very clear day—night differences, yet hath—  2004) and unreacted diesel exhaust (Kroll et al., 2012). The
30 % higher concentration at nighttime. The day—night dif- results suggest that HOA in winter, which is emitted at low
ferences appear to be strongly dependent on relative humicambient temperature and low atmospheric oxidants, might be
ity (Fig. 4). As the day—night RH differences are larger than very fresh, while HOA in summer might have been oxidized
10 %, most aerosol species including the secondary inorganito some extent already. The mass spectral difference of HOA
species often show more than twice the differences in masbetween summer and winter is also likely due to the signif-
concentrations, highlighting the role of RH in PM pollution icant temperature differences leading to different emissions
in winter. As mentioned in Sect. 3.2, the PBL plays a lessof hydrocarbons. For example, Lough et al. (2005) found an
significant role in winter than summer; thus, high concen-increase of lighter hydrocarbons in winter in comparison to
trations of aerosol species at high RH are likely due to (1)summer based on on-road vehicle emissions measurements
accumulation of pollutants associated with stagnant condiin two tunnels.
tions, (2) production via aqueous processing, and (3) gas— The time series of HOA varies dramatically day by day
particle partitioning due to water uptake (Hennigan et al.,and correlates well with CO-f = 0.68), consistent with a
2008) and low temperature (Ranjan et al., 2012). It shouldnumber of previous studies’ findings that HOA is mainly as-
be noted that even when the day—night RH differences aresociated with combustion-related emissions, e.g., diesel ex-
small, POA components also show much higher concentrahaust (Zhang et al., 2005; Canagaratna et al., 2010; Massoli

3.3 OA composition and sources
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ing to lunch and dinner times. Similar diurnal behavior of
COA was also observed at the PKU site in Beijing in 2008
(Huang et al., 2010). Note that at the same site of IAP, the
COA shows larger differences between noon and evening
peak in winter than summer. Given that cooking activities are
expected to be similar in the two seasons, the enhanced COA
concentration at night during wintertime might be mainly due
to the low temperature, which facilitates gas—particle parti-
tioning of semi-volatile OA species, and hence enhances the
COA emissions. Interestingly, the COA during the clean pe-
riods shows a third peak in the morning, likely from the con-
tribution of breakfast.

COA has been found to be an important source contri-
; 1R 200 . .

Fig. 5. Mass spectra and time series of mass concentrations of fouPunon. of OA (~16-30%) at var!ous urban sites, af‘d often

OA components (HOA, COA, CCOA, and OOA). COA is comparable and even higher than the traffic-related
HOA. In this study, COA on average accounts for 19 % of
OA, with the highest contribution of 32 % during dinner time

etal., 2012). However, HOA does not present a morning rustnd the lowest of 11 % during late afternoon. The contribu-
hour peak as do previous studies at other urban sites (Aikefion of COA to OA is close to that reported at the PKU site in
et al., 2009; Sun et al., 2011); in contrast, HOA presents &B€ijing in the summer of 2008 (Huang et al., 2010) and falls
pronounced diurnal cycle with the highest concentration atwithin the range observed at other urban sites. It should be
night (9.4 ug n3) and the lowest value during late afternoon noted that the average contribution of COA to OA increases
(2.9 ug nT3). This diurnal cycle is remarkably similar to that 0 36 % during the clean periods, and even goes up30 %

of the number of heavy duty vehicles (HDV) and heavy duty at dinner time. These results suggest that COA is an impor-
diesel trucks (HDDT) in Beijing (Han et al., 2009) that are tant local source of OA in Beijing, particularly during clean
not allowed inside the city between 06:00 and 22:00. TherePeriods.

fore, the diurnal cycle of HOA is more likely driven by

the traffic emissions from HDV and HDDT. HOA, during 3.3.3 Coal combustion OA (CCOA)

clean periods, shows two visible peaks during morning and

evening rush hours due to local traffic emissions and/or thosd e wintertime PMF analysis resolved an OA factor showing
transported from outside city. Overall, the average mass conoverall a similar spectral pattern to that of standard biomass
centration of HOA for the entire study is 5.8 ugA(17 % of ~ burning OA (BBOA) (Ng et al., 2011a), yet with a much
OA), with the highest contribution to OA at nighttime (22 %) lower fraction ofm/z 60 and 73 — AMS marke/z's for

and the lowest during daytime (11%). The contribution of BB (Alfarra et al., 2007; Mohr et al., 2009). In contrast, the
HOA to OA is close to 18 % as observed in the summer ofMass spectrum shows more similarity to that of OA from

2008 (Huang et al., 2010), yet slightly lower than 21 % in the Pulverized coal combustion under certain oxygen/carbon ra-
winter of 2010 (Liu, 2012). tios (Wang et al., 2013). Further, this OA factor was only re-

solved during the heating season based on PMF analysis of
ACSM OA spectra from one-year measurement (Sun, 2012).
These results suggest a different OA factor in this study from
The recent PMF-AMS has identified a cooking-related OAthe common BBOA and/or wood combustion OA, which
(COA) component with distinct spectral profile and diur- is very likely an OA factor representing coal combustion
nal cycle at various urban sites, e.g., NYC, Beijing, Fresno,sources with significantly enhanced emissions during win-
Barcelona, and Manchester (Allan et al., 2010; Huang et al.tertime. Coal combustion in China has been found to emit a
2010; Sun et al., 2011; Ge et al., 2012; Mohr et al., 2012).large quantity of carbonaceous aerosols, contributi@ %

The COA is generally characterized by prominent peaks ofof total emitted PM 5 (Zhang et al., 2012a). While the poly-
m/z 55 (mainly GH3zO™, C4H7) and 57 (mainly GHsO™, cyclic aromatic hydrocarbons (PAHs) and n-alkanes are the
C4Hg) with the spectral pattern resembling that of OA from major components of OA (38 % and 20 %, respectively) from
fresh cooking emissions (He et al., 2010; Mohr et al., 2012).the coal combustion, levoglucosan only accounts for a mi-
While the ratio ofm/z 55/57 &2.3) is close to the values nor fraction, up to 1.1 % of OC (Zhang et al., 2008a). This
previously observed in Beijing (Huang et al., 2010; Liu et is overall consistent with the low fraction @f/z 60(f60)

al., 2012), the COA spectrum in this study shows a relativelyand the hydrocarbon ion series (e.gll-g,_l and QH;H)
higher fraction ofin/z 44, yet resembles more closely that observed in this factor. Similar loyf60 was also observed
observed in NYC (Sun et al., 2011). The diurnal cycle of in the mass spectra of OA from pulverized coal combustion
COA is characterized by two pronounced peaks correspondéWang et al., 2013). In addition, the diurnal profile 660

3.3.2 Cooking OA (COA)
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during wintertime (Fig. S2) shows a pronounced diurnal cy-idized LV-OOA than freshly aged SV-OOA, it doesn’'t nec-
cle with all values (0.52—-0.71 %) much higher tha®.3%  essarily indicate that OOA during wintertime is highly aged.
in the absence of biomass burning (Aiken et al., 2009), conFirstly, them/z 44 in OOA might be overestimated due to
firming the significant impact of combustion source emis- the exclusion ofn/z’s larger than 120 and sonwe/z’s (e.g.,
sions on OA. In contrast, coal combustion shows minor im-m/z 14, 39, etc.) that are not included in PMF analysis (Ng
pacts on OA in summer, as suggested by the valug&0f et al., 2011b). Secondly, OOA shows better correlation with
close to~ 0.3 %, although slightly higher values were ob- NOs (% = 0.80) than SQ (2 = 0.63), which is similar to
served at night. Considering the above, we conclude thathe results from a recent HR-ToF-AMS study conducted in
this factor is primarily a coal-combustion-related OA fac- Fresno, CA (Ge et al., 2012). Previous studies have shown
tor (CCOA). Not surprisingly, CCOA correlates tightly with that NG; often correlates well with SV-OOA because of their
chloride ¢ = 0.81) since the coal combustion is also an im- similar volatilities. Therefore results above suggest that OOA
portant source of chloride (Zhang et al., 2012a). in this study might be less photochemically processed than

CCOA shows a pronounced diurnal cycle similar to chlo- expected.
ride. The CCOA concentration reaches a maximum of The time series of OOA varies very dramatically from the
~ 18 ug n3 at midnight, gradually decreases+o7 pg nt3 three POA components. As POA shows dynamic variations
at 08:00-09:00, and remains at a constant level till 15:00-from day to night due to influences from local emissions,
16:00. This diurnal cycle is consistent with the source emis-OOA often remains at a high concentration across several
sions from heating activities which are intensified at night- days until a change of air mass occurs. The OOA shows a
time. Indeed, we often can smell coal combustion at night-pronounced diurnal cycle with the concentration being in-
time and in the early morning. Similar diurnal cycles of creased from~9pugnt3 at 8:00 to~ 15 pgnT3at 18:00.
wood-burning OA with enhanced emissions at night dur- The contribution of OOA to the total OA also varies similarly
ing wintertime were also observed at other urban sites, e.g.across the day, with the highest contribution-d50 % occur-
Fresno, CA (Ge et al., 2012), and Paris (Crippa et al., 2013)ring at late afternoon. The gradual increase of OOA during
Likely, the high concentration of CCOA at night is also par- daytime is indicative of photochemical production of SOA.
tially due to the partitioning of semi-volatile water-soluble Comparatively, OOA shows relatively stable contributions
organic species from gas phase to particle phase, which ito OA during clean periods. On average, OOA accounts for
facilitated by the higher humidity (Hennigan et al., 2009). 31 % of total OA in wintertime, with the other 70 % being
Indeed, CCOA is the only OA component with the contri- primary OA. Even though OOA accounts for a higher frac-
bution to OA increasing as a function of relative humidity tion of OA during clean periods (40 %), it is still much lower
(Sun et al., 2013). The CCOA shows a flat diurnal patternthan~ 60 % as observed in summer (Huang et al., 2010; Sun
with very low mass concentrations during clean periods, ancet al., 2010, 2012), which illustrates the dominance of POA
the average contribution of CCOA to OA drops to 10 %. The in winter and OOA in summetr.
high wind speeds and the clean air brought by northwesterly The OOA correlates well with secondary inorganic species
winds are likely the major reasons for the low CCOA during NO3 and SQ (2 = 0.79), consistent with the conclusions
the clean periods. from previous AMS studies in Beijing (Huang et al., 2010;

CCOA is the most important primary source during win- Sun et al., 2010, 2012). However, the correlations between
tertime, on average accounting for 33% of OA and 17 % OOA and secondary inorganic species during wintertime ap-
of NR-PMy, which is almost equivalent to the sum of HOA pear to be strongly dependent on relative humidity, in par-
and COA. CCOA also contributes a considerable fraction ofticular for sulfate. As the correlation coefficients remain
OA and NR-PM throughout the day, ranging from 26-37 % significant froms2 = 0.80 at RH< 20% tor2 =~ 0.60 at
and 12-22 %, respectively, indicating a sustained impact oRH > 50 %, the ratio of OOA/S@ decreases from 2.9 to
coal combustion on PM pollution throughout the whole day. < 1, indicating the different roles of photochemical and
Therefore, measures to reduce coal combustion emissionsqueous processing in the formation of OOA and, $0r-
would be effective to improve air quality and visibility in Bei- ing wintertime. Particularly, we observed a more significant
jing during wintertime. With this, we expect an improvement enhancement of S{than OOA and N@ during the foggy
of PM pollution in the next few years as the progression ofevents (e.g., 4—7 December), which might suggest that fog
boiler renovation from coal combustion to natural gas. processing plays a more important role in sulfate production.

More details can be found in Sect. 3.6.
3.3.4 Oxygenated OA (OOA)
3.4 Day-of-week variations

Similar to previously reported OOA (Zhang et al., 2005; Ng
et al., 2010; Ng et al., 2011a), the mass spectrum of OOAThe day-of-week patterns for non-refractory aerosol species
in this study is characterized by the prominent peak:pf and OA components are shown in Fig. 6. No pronounced
44 (CO;L ) (19.4 % of the total OOA signal). Although OOA day-of-week patterns for both primary and secondary
shows more a similar spectral pattern to that of highly ox-species, yet higher concentration on Monday and Tuesday
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and lower concentration on Wednesday, were observed. The o (@) so.Noy i cnl a0 (D) 00A HOA
average weekday and weekend differences are less than 7 % |
for all aerosol species except COA 20 %). Such weekend gw,. . 1] | [ |
effects are quite different from those observed at other ur- .| -
ban sites (Lough et al., 2006; Rattigan et al., 2010). For ex- ~ o2
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AR
tivities on weekends. However, HOA in our study did not 1 ol
show similar behavior to EC in New York. The weak weekly 1 HoA 239 610 29"
cycles of POA species, e.g., HOA, indicate that the overall 7\\_’/12:? 12{\-/\‘ 12\\/J/
human activities appear not to be significantly reduced dur- 1 *3 . 3
ing weekends. For example, white 20 % of private cars ST O T O O
are not allowed to drive in the city during weekdays, there PR YR R ey PR e wEEE
are no restrictions during weekends. As a result, the number o _
of cars driving on the road in Beijing during weekdays and Fig. 6. Day-of-week variations ofa) NR-PM; chemical compo-
weekends might not be significantly different. This is consis->10" @nd(b) OA composition for the entire studyc) shows a
. . . .~ comparison of the diurnal variations of NR-RMpecies and OA
ten.t with a previous stqdy in Bgumg by I-_Ian et al. (2009) in components between weekdays and weekends.
which EC shows very similar diurnal profiles between week-
days and weekends. It should be noted that Wednesday shows
the lowest concentration during the week. This is also differ-
ent from a previous study in urban areas in eastern China3.5 Chemically resolved PM pollution
where the PMp presented a gradual accumulation till mid-
week, then followed by a reduction, with the lowest concen-Figure 7 shows the variations of mass concentrations and
tration appearing during weekends (Gong et al., 2007). Af-mass fractions of inorganic species and OA components as a
ter checking the day-of-week meteorology, we found that thefunction of NR-PM mass loading. All aerosol species except
lowest concentration on Wednesday is primarily caused byCOA and OOA show monotonic and almost linear increase
the low RH and high wind speed (Fig. S3). During winter- with the increase of PM loading, yet the increasing rates vary
time, the air masses often alternate rapidly between the soutfor different aerosol species. For example, for an increase of
and the northwest, leading to a change between clean periods0 pg T3 NR-PM; mass, sulfate presents the largest mass
and pollution episodes within a few hours. Coincidently, theincrease (17.8 pugn¥) followed by nitrate (14.4 ug m?),
number of clean days that occurred on a Wednesday is thammonium (12.3ugm?), and chloride (5.5 ug m?). The
highest (6 days). However, the day-of-week variations of OOA increases linearly below 140 ugnt3, and then re-
aerosol species after excluding the data of clean periods ammains relatively stable at higher mass loading, which might
somewhat different (Fig. S4). The weekdays show slightlysuggest the limited formation of secondary OA during pe-
higher concentrations than weekends, but the overall day-ofriods with high PM pollution in winter. Although the mass
week variations are flat. The results suggest that meteoroleoncentrations of aerosol species vary significantly as a func-
ogy is an important factor affecting the day-of-week patterntion of PM loading, the contribution of total OA and inor-
of aerosol species during wintertime. ganic species to the total NR-RNinass did not show clear
The diurnal cycles of aerosol species and OA component®M-mass loading dependency, which indicates that the high
between weekdays and weekends are shown in Fig. 6¢. AIPM pollution in winter is a result of synergistic effects of
aerosol species show overall similar diurnal cycles betweerall pollutants. As organics shows the dominant contribution
weekdays and weekends. It is interesting to note that highe¢~ 50—60 %) to PM pollution across different mass loadings,
concentrations before 12:00 were observed during weekdays$norganic species, i.e., sulfate, nitrate, and ammonium, con-
while it is reversed after 16:00. This appears to be consistentribute ~ 10-15 % each to the total NR-RMnass (Fig. 7b).
with the reduced human activities in the morning on week-This mass-loading-dependent aerosol composition is quite
ends. After excluding the influences of clean episodes, aldifferent from that observed in summer, particularly nitrate
aerosol species except COA present larger differences bgSun et al., 2012). In summer, the nitrate contribution shows
tween weekdays and weekends before 12:00, yet close cora significant increase as a function of PM loading, highlight-
centrations after 16:00 (Fig. S4c). Results here indicate thaing the important role of nitrate in PM pollution. However,
the weekend effects during wintertime in Beijing mainly oc- the wintertime nitrate shows a rather stable and even a slight
cur in the first half of the day. The minor weekend effects decrease of contribution as PM mass loading increases. The
on COA suggest that COA remains an important OA sourcedifferent photochemical production rate, RH and tempera-
throughout the whole week, contributing 17-22 % of OA.  ture influences on gas—particle partitioning (Hennigan et al.,
2009; Ranjan et al., 2012), as well as NEmbient levels

Fri

ample, Rattigan et al. (2010) observed a significant weekend ,_ (c) T .
effect on EC, a tracer for primary emissions from traffic, at 1\ 12{\4\//#/ b
the South Bronx, New York, due to the reduced traffic ac- -, - o7 o
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POA (= HOA + COA + CCOA) shows very different behav-
Fig. 7. Variations of(a) mass concentrations agio) mass fractions  i0r in winter, though a similar weak correlation between SOA
of NR-PM; species and OA components as a function of NR;PM and POA (2 = 0.28) was observed in the two seasons. As
mass loadings. The data were binned according to the total NR-PM shown in Fig. 8a, POA dominates OA most of time, and the
mass, and the vertical lines are 25th (bottom) and 75th percentileHOA contribution is even more dominant when the OA mass
(top). fraction in NR-PM is higher. For example, when the mass

fraction of OA is> ~ 65 %, the POA concentration can reach

~ 120 ug nT3, while SOA is generally below 10 ugm, in-
(Meng et al., 2011), are all potential causes of such seasonalicating that POA is more than 10 times higher than SOA.
differences. The sulfate contribution shows a slight increaseeven in the periods with the highest PM loadings, POA ex-
from ~ 10-19 %, indicating addition production of sulfate ceeds SOA most of time, yet with a relatively low OA mass
mass during high PM episodes. The increase of additionafraction,~ 40-65 %. The diurnal cycles of POA and SOA in
sulfate mass is likely from aqueous production rather thanFig. 8b further show that POA exceeds SOA throughout the
photochemical production, given that nitrate did not show aday, accounting for 51-76 % of OA. We also note that SOA
corresponding increase with sulfate. Indeed, the elevated PMhows an elevated contribution, from25 % to 49 % during
levels in winter are also positively related to RH (Sun et al., daytime due to photochemical production. Overall, the av-
2013), which would facilitate the aqueous processing of SO erage concentration of POA and SOA in winter is 23.7 and
to form sulfate. 10.7 pug n3, accounting for 69 % and 31 %, respectively, of

The OA components vary very widely as a function of OA. While the SOA concentration between summer and win-
PM mass loading. Despite the wide concentration range oter is close, the POA in winter is more than 3 times higher
PM, the contributions of HOA and COA to NR-PMire be-  than that in summer (Table 1). Results above demonstrate
tween~ 5-10 % and~ 10-15 %, respectively, and the vari- the different impacts of SOA and POA on PM pollution in
ations are relatively small across all mass loadings. How-different seasons. While SOA is of importance in summer,
ever, CCOA and OOA show a dramatic and reversed PM-POA plays a more important role in winter. The roles of to-
loading dependency. The contribution of CCOA to NR-PM tal primary and secondary species in PM pollution in winter
increases significantly fromy 5% to 25% as the NR-PM  were also investigated. The diurnal variations of secondary
mass varies from- 10 pg nm 3 to more than 200 pg re. The PM (SPM= SO + NO3 + NH4 + OOA) and primary PM
contribution of OOA, however, decreases fron25% to  (PPM=HOA + COA + CCOA+ Chl) are shown in Fig. 8b.
10 %. The results suggest that CCOA plays an important roleChloride is classified into PPM because it is mainly from the
in causing high PM pollution in wintertime, while the role of direct emission of coal combustion in winter. While SPM and
OOA is less significant. Considering that CCOA is the major PPM both present pronounced diurnal cycles, SPM shows
component emitted from coal combustion, the results heréhigher mass loading than PPM during daytime0g:00—
confirm that coal combustion is a major source of fine PM 20:00), yet comparable to PPM at night. The contribution
during wintertime. of SPM to the total NR-PMvaries from 50—-72 %, with the
The relationship between SOA and POA, and their roles inhighest contribution occurring at 15:00-16:00. The average

the PM pollution in summer in Beijing were reported in Sun contribution of SPM and PPM for the entire study was 59 %
et al. (2012). High PM pollution in summer is primarily as- and 41 %, respectively. Therefore, results above suggest that
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though POA overwhelms SOA in OA.
Fig. 10. (a) Variations of the ratio of N@/ SO and temperature

3.6 Meteorological effects on PM evolution as a function of RH, angb) correlations between Nfand SQ
color-coded with RH in summer and winter.

Meteorology affects PM evolution in many ways, e.g., accu-

mulation or dilution, gas—particle partitioning, and secondary

formation. Here we mainly explored the influences of wind . .
dency is reversed between summer and winter. In summer,

speed, humidity and temperature on PM evolution duringth NGYS io sh i lati th RH. i
wintertime. Figure 9 shows the variations of mass concentra- e NQy/SQy ratio shows a positive correlation wi » In-

tions of NR-PM species and OA components as a function dicating a faster growth rate of NGhan SQ. As the RH

of wind speed. All aerosol species show a rapid and almos}'aries f(r)ogn~2(;0§ t°h>_ ?}0_%’ the TQA{ fs%‘ ratri]o Jumps
linear decrease with a reduction rate~080 % per ms! at rom ~0.5 to~2.0, which Is a nearly 4-fold enhancement.

wind speed< 3ms-L. When wind speed is 3ms-L, the to- As we reported in our previous study (Sun et al., 2012), the
tal NR-PM; mass loading quickly drops from 100’“9 73 high concentration of nitrate at high RH is likely due to the
to <10 g nT3; at the same time, all aerosol species ShOWtrans:formation of HN@ into aqueous phase, which could
very low concéntrations generaI-k;/Z ug nT-3. Similar wind enhance the formation of nitrate particles, especially when

speed dependency of EC was also observed in all seasmjigereS EXCess gaseous ammonia in the atmosphere (Meng

in Beijing (Han et al., 2009). These results suggest thatet al., 2011). As a comparison, the IS0, ratio in win-

winds are very efficient in cleaning up the PM pollution ter shows an opposite trend. The highestaN6Qy ratio

during wintertime. To further investigate the dilution effects (_)f ~2is observed at Rkt ~20%, and the ratio decreases

of wind speed, the relationship between aerosol species anlmeT]rlyl\tlo 7%5 Whgn EH is above 809%. S(;mh. differenges
wind speed was separated into two groups with -RED % or the NGy /S0, ratio between summer and winter are in-

and> 40%. As shown in Fig. 9, the RH-separated relation- dications of different formation mechanisms of nitrate and

ship varies differently to some extent for the primary and §ulf§te. A.S shown |”n T)Igl. 10ééhe RdH-b;npecil temperature

secondary species. The secondary species, e.g., sulfate aHhW'”ter_ IS generally below 2, and re at|vgy constant .

OOA, show relatively weaker wind speed dependency inaCross different RH value§. Underthese conditions, most ni-
comparison to POA components at high RH. Also note thelrate would be expected in the particle phase, and the gas—
wind dependency of POA components, e.g., HOA and COA particle partitioning would not play a significant role. Thus
show smaller differences between low and high RH Valuesdaytime.photoch_emica_ll prpduction Is the mgjor formation
than secondary species, elucidating the different impacts opechanlsm for' nltrafte In winter. In coqtrast, high concentra-
tion of sulfate is mainly observed during several fog events

RH on processing aerosol species with different hygroscop-". " . .
icities P g P ¥ pWlth high RH (e.g., 2, 5-7, 13 December and 7-10 January in

The RH effects on aerosol processing were illustrated b)):ig' 1), indicating that fog procgssing might be th(_a dominant
the correlations between NCand SQ, and the ratio of pathway for the sulfate formation. To support this, we plot

NO3/SO; as a function of RH (Fig. 10). Nitrate and sul- the correlations oA SQ, versusASO_f{ in Fig. 11'ASQZ

fate correlate well in both summerX=0.61) and win- andASOfl‘ are the mass concentrations after subtracting the
ter (-2 = 0.64), suggesting a common secondary nature ofbackground concentration of $@nd SG, i.e., 7 ppb and
these two species. However, the correlations between ni©.33 pg nT3, respectively, in this study. Again, the relation-
trate and sulfate are strongly RH dependent, and this depership of ASO, vs. ASOﬁ‘ shows a strong RH dependency.
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Fig. 11. (a)Scatter plots 0ASO, versusASOﬁ’ at different RH Fig. 12. Variations of NR-PM species and OA components as a

ranges, andb) shows the linear regression Coeﬁiciem‘_ZQ and function of temperature. The data were further categorized into two

slope as a function of RH. groups with a RH threshold of 40 %. The top and bottom of shaded
areas are 25th and 75th percentiles.

As RH is below 35 %ASO, andASOf“ show tight correla-
tion (R2 > 0.6), yet the majority of S®remains unoxidized.
As RH increases, the concentration A50, starts to de-
crease, and the concentrationmofl_ correspondingly in-

creases. The correlation betweasO, and ASOLZ[ is thus
sharply reduced, yet with more $®@eing oxidized to sul-
fate. Aqueous-phase oxidation of $€an be very fast, and 4 Conclusions
the oxidation rates depend on the fog droplet pH and oxidants
(e.g., B0z, O3, and Q/Fe/Mn) (Reilly et al., 2001; Seinfeld We have a detailed characterization of wintertime aerosol
and Pandis, 2006). While 4, is the most important oxi- particle composition and sources in the megacity of Beijing,
dant at low pH (e.g., pk 5), O3 plays more important roles China. The NR-PM species including organics, sulfate, ni-
in oxidation of SQ at high pH (e.g., pk-5) (Shen et al., trate, ammonium, and chloride were measured in situ from
2012). The rapid fog processing of $@as also observed 21 November 2011 to 20 January 2012 with an Aerodyne
in the North China Plain (Zhang and Tie, 2011); however, ACSM. The submicron mass varies very dynamically with an
the dominant oxidation pathway is not known yet because ofaverage concentration of &755 pg n1 3 for the entire study.
the absence of fog pH measurements. Despite this, our reSimilar to summer, organics comprises the major fraction of
sults suggest that aqueous processing, mostly fog processingR-PM; in winter. However, the contributions of organics
in this study, has played a significant role in the formation of and chloride to NR-PM are significantly enhanced during
sulfate. wintertime, increasing from 40% to 52% and 1% to 5%
Figure 12 shows the variations of NR-RIgpecies and OA  for organics and chloride, respectively. All NR-RMerosol
as a function of temperature. HOA shows similar and mono-species show quite different diurnal behaviors between sum-
tonically decreasing trend with the increase of temperature aer and winter due to different source emissions and chem-
different RH ranges, suggesting a negative influence of temical processing. In particular, the wintertime nitrate shows
perature on primary traffic emissions. Ranjan et al. (2012)a gradual increase from early morning to late afternoon, and
found that the gas—particle partitioning of POA from diesel also correlates well with SOA formation, indicating that pho-
engines is dependent on temperature, and increasing tentechemical production dominates the formation mechanisms
perature would decrease the emission factor of POA. Simi-of nitrate at low ambient temperatures.
larly, a study by Nam et al. (2010) also found that decrease PMF analysis was performed on ACSM mass spectrato in-
of temperature can exponentially increase the PM emissionsgestigate the sources and processes of OA during wintertime.
from light-duty vehicles. The results above are consistent~our components were identified including three POA fac-
with the temperature-dependent POA concentration in thigors that are associated with traffic (HOA), cooking (COA),
study. Compared to HOA, N&and OOA show an increasing and coal combustion (CCOA) emissions and one secondary
trend when temperature increases. This appears to conflidactor OOA. All POA components present pronounced diur-
with temperature-dependent gas—particle partitioning. How-nal cycles, with the highest concentrations occurring at night.
ever, as shown in Fig. 3, high temperature on one day usualfDOA, however, presents a diurnal cycle as a result of photo-
appears in the afternoon when photochemistry is the mosthemical processing. The POA dominates OA composition
intense. Results here indicate that the photochemical produring the heating season, on average accounting for 69 %,
duction of NG and OOA overcomes gas—particle partition- and plays a more important role in PM pollution compared to
ing under overall low ambient temperatures32°C) dur- OOA. Among POA components, CCOA is the major primary
ing wintertime. Other aerosol species appear to show differsource, contributing 33 % of OA. CCOA also plays a key role
ent temperature-dependent behaviors between low and higim chemically resolved PM pollution during wintertime as its

RH. The mass concentrations of most aerosol species peak at
temperature of- 0-3°C when RH is higher than 40 %; com-
paratively, most of them show a slow increasing trend with
the increase of temperature when RH is below 40 %.
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contribution increases linearly as a function of to the total
NR-PM; mass. As a comparison, the OOA concentration re-
mains relatively stable at high PM loadings, and its contribu-
tion to the total NR-PM decreases with the increase of PM
pollution, which might indicate the limited SOA formation
during high PM pollution episodes.

during MILAGRO using high resolution aerosol mass spectrom-
etry at the urban supersite (TO) — Part 1: Fine particle composi-
tion and organic source apportionment, Atmos. Chem. Phys., 9,
6633—6653d0i:10.5194/acp-9-6633-2002009.

Alfarra, M. R., Prevot, A. S. H., Szidat, S., Sandradewi, J., Weimer,
S., Lanz, V. A., Schreiber, D., Mohr, M., and Baltensperger, U.:

Meteorology is also important in PM pollution and aerosol Identification of the mass spectral signature of organic aerosols
9y P P from wood burning emissions, Environ. Sci. Technol., 41, 5770—

processing in winter. Our results show that winds can clean 5777, 2007.

up the PM pollution efficiently. When the ground wind speed Allan, J. D., Williams, P. 1., Morgan, W. T., Martin, C. L., Flynn, M.

is > ~3ms1, the mass concentrations of all aerosol species J., Lee, J., Nemitz, E., Phillips, G. J., Gallagher, M. W., and Coe,

quickly drop to <~2ugnT3. Note that the cleaning ef- H.: Contributions from transport, solid fuel burning and cook-

fects of winds appear to be slightly different for primary and  ing to primary organic aerosols in two UK cities, Atmos. Chem.

secondary species at high RH periods. The relative humid- Phys., 10, 647-668&{0i:10.5194/acp-10-647-2012010.

ity shows very different impacts on nitrate and sulfate pro- Canagaratna, M., Jayne, J., Jimenez, J. L., Allan, J. A., Alfarra,

cesses between summer and winter. In summer, high humid- R. Zhang, Q., Onasch, T., Drewnick, F., Coe, H., Middlebrook,

ity leads to a faster growth of nitrate, likely due to the trans- A~ Delia, A., Williams, L., Trimborn, A., Northway, M., Kolb,

formation of HNG; to ammonium nitrate with access §H O Davidovits, P, and Worsnop, D.. Chemical and microphysi-

in the atmosphere. However, the humidity in winter shows cal characterization of aerosols via Aerosol Mass Spectrometry,
. . Mass Spectrom. Rev., 26, 185-222, 2007.

a stronger effect on sulfate formation. In fact, the periods-

. ] i ; ; . anagaratna, M. R., Jayne, J. T., Ghertner, D. A., Herndon, S., Shi,
with high humidity in this study are often associated with Q., Jimenez, J. L., Silva, P. J., Williams, P., Lanni, T., Drewnick,

fog events; therefore, fog processing of high concentration F. pemerjian, K. L., Kolb, C. E., and Worsnop, D. R.: Chase
of precursor S@to form sulfate might be the major cause.  studies of particulate emissions from in-use New York City vehi-
The temperature-dependent aerosol composition highlights cles, Aerosol Sci. Tech., 38, 555-573, 2004.
the increased PM emissions from vehicles at lower temperaCanagaratna, M. R., Onasch, T. B., Wood, E. C., Herndon, S. C.,
tures. Jayne, J. T., Cross, E. S., Miake-Lye, R. C., Kolb, C. E., and
Worsnop, D. R.: Evolution of vehicle exhaust particles in the at-
mosphere, J. Air Waste Manage. Assoc., 60, 1192-1203, 2010.
Chan, C. K. and Yao, X.: Air pollution in mega cities in China,
Atmos. Environ., 42, 1-4240i:10.1016/j.atmosenv.2007.09.003
2008.
Crippa, M., DeCarlo, P. F., Slowik, J. G., Mohr, C., Heringa, M.
F., Chirico, R., Poulain, L., Freutel, F., Sciare, J., Cozic, J., Di
Marco, C. F., Elsasser, M., Nicolas, J. B., Marchand, N., Abidi,
E., Wiedensohler, A., Drewnick, F., Schneider, J., Borrmann,
S., Nemitz, E., Zimmermann, R., Jaffrezo, J.-L.e¥t, A. S.
H., and Baltensperger, U.: Wintertime aerosol chemical compo-
sition and source apportionment of the organic fraction in the
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