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Abstract. In order to understand the aging and process-(O/C) at Changdao was 0.59, which is comparable to other
ing of organic aerosols (OA), an intensive field campaignfield studies reported at locations downwind of large pollu-
(Campaign ofAir Pollution at Typical CoastalAreasIN tion sources, indicating the oxidized nature of most OA dur-
Eastern China, CAPTAIN) was conducted March—April at ing the campaign. The evolution of OA elemental compo-
a receptor site (a Changdao island) in central eastern Chinaition in the van Krevelen diagram (H/C vs. O/C) showed
Multiple fast aerosol and gas measurement instruments wera slope of—0.63; however, the OA influenced by coal com-
used during the campaign, including a high resolution time-bustion exhibits a completely different evolution that appears
of-flight aerosol mass spectrometer (HR-ToF-AMS) that wasdominated by physical mixing. The aging of organic aerosols
applied to measure mass concentrations and non-refractorys. photochemical age was investigated. It was shown that
chemical components of submicron particles PMrheav-  OA/ACO, as well as LV-OOAACO and SV-OOAACO,
erage mass concentration of P@M;"+black carbon) was positively correlated with photochemical age. LV-OOA ac-
47+ 36 pg T3 during the campaign and showed distinct counted for 73% of the OA secondary formation (SOA)
variation, depending on back trajectories and their overlapn the oldest plumes (photochemical age of 25h). Tbg

with source regions. Organic aerosol (OA) is the largest com-at Changdao, by assuming SOA formation and aging as a
ponent of PM (30 %), followed by nitrate (28 %), sulfate first-order process proportional to OH, was calculated to be
(19 %), ammonium (15 %), black carbon (6 %), and chloride 5.2 x 10-2cm® molec1s~1, which is similar to those de-
(3%). Four OA components were resolved by positive matrixtermined in recent studies of polluted air in other continents.
factorization (PMF) of the high-resolution spectra, including

low-volatility oxygenated organic aerosol (LV-OOA), semi-

volatile oxygenated OA (SV-OOA), hydrocarbon-like OA

(HOA) and a coal combustion OA (CCOA). The mass spec-

trum of CCOA had high abundance of fragments from poly-

cyclic aromatic hydrocarbons (PAHs)(z 128, 152, 178,

etc.). The average atomic ratio of oxygen to carbon in OA
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1 Introduction detailed molecular structures (Aiken et al., 2008; Jimenez et
al., 2009). In recent studies, O/C has been used as an in-
The primary sources and secondary formation of fine parti-dependent variable in the two-dimension volatility basis set
cles are key issues in the quantification of aerosol effects orfVBS) model as a constrained parameter in order to improve
regional air quality, climate change and human health. A ma-predictions of thermodynamic properties of SOA (including
jor uncertainty at present are the sources, fate and aging afrganic mixing, polarity and oxidation chemistry, etc.) (Don-
organic aerosols (OA), which are still not well understood ahue et al., 2011).
due to their extremely complex composition, properties, and Multiple results based on satellite (Velders et al., 2001),
reaction pathways. This is especially true for the secondarfield (Zhang et al., 2007), and modeling studies (Spracklen et
organic aerosols (SOA) formed from chemical reactions ofal., 2011) revealed that central eastern China (includes two of
gas-phase species (Hallquist et al., 2009). Tackling this chalthe biggest megacity clusters of China: Beijing—Tianjin area
lenge requires application and improvement of advanced inand Yangzi River delta area) has severe air pollution prob-
strumentation and data analysis techniques. lems associated with high population and activity density.
The recently developed high-resolution time-of-flight Average concentration of fine particles in Beijing, the largest
aerosol mass spectrometer (HR-ToF-AMS) has been widelynegacity in central eastern China, was found to be among the
used to investigate the properties and dynamic evolution ohighest in the world and its value even twice higher than that
organic aerosol, thanks to its fast response (seconds to mirin Mexico City (Zhang et al., 2007). Primary sources such as
utes), low detection limits (typically <0.2 pgm in 2 min coal combustion and traffic emissions are recognized as im-
for OA) and ability to provide some composition information portant contributors mostly to fine particles in the winter of
on the bulk OA. By analyzing the high mass resolution AMS central eastern China, and SOA formation dominated the fine
spectra with a factor analysis technique (e.g., positive maparticle mass in the summertime (Wang et al., 2009).
trix factorization, PMF), OA measured by AMS can often be  An intensive field campaign was conducted at a regional
apportioned to several components, including hydrocarbonfeceptor site in central eastern China. A high-resolution time-
like organic aerosol (HOA), regarded as a surrogate of anof-flight aerosol mass spectrometer (HR-ToF-AMS) coupled
thropogenic primary organic aerosol (POA), and oxygenatedwith other instruments were deployed at the site. This study
organic aerosol (OOA), typically a surrogate for SOA (Zhang had four main objectives: (1) an overview of time series,
et al., 2005a). Other POA components have been reported @hemical composition and size distributions of submicron
some locations such as biomass burning OA (Aiken et al. particles in the continental outflow of central eastern China;
2010) and cooking OA (Huang et al., 2010; Hayes et al.,(2) a study of OA primary and secondary components using
2013). OOA factors with different oxidation states were rec- positive matrix factorization (PMF) of high-resolution AMS
ognized, with low volatility OOA (LV-OOA) typically repre-  data; (3) an analysis of bulk elemental composition (O/C,
senting aged SOA and semi-volatile OOA (SV-OOA) repre-H/C and N/C) of OA; and (4) the evolution of OA, PMF
senting freshly formed SOA (Huang et al., 2010; Sun et al.,components, and OA elemental ratios with photochemical
2011; Ulbrich et al., 2009). Bulk OA evolution from HOA age.
dominance to SV-OO0A and then to LV-OOA dominance have
been observed in laboratory studies and the ambient mea-
surements (Jimenez et al., 2009). 2
Large gaps between modeled and measured SOA havE
been reported in many polluted areas (Volkamer et al.,

2006; Heald et gl., 2011). Many hypotheses h_ave been ProThe sampling site was part of the intensive field campaigns
posed to explain the model-measurement differences, intcampaign ofAir Pollution at Typical CoastalAreasIN
cluding higher SOA vyields from the anthropogenic pre- pagtern China, CAPTAIN) conducted in the spring from 21
cursors at both high-Npand low-NG conditions (Ng €t jarch to 24 April 2011 at an island of Changdao (37.89

al., 2007); formation of SOA in the aerosol water phase,q 70 E). This Changdao island (22 Rnis located off-

by soluble volatile organics (Volkamer et al., 2007); and ghore to the east edge of central eastern China and lies be-
gas/particle partitioning and oxidation of previously i9- yeen the Jiaodong and the Liaodong Peninsula in the Bohai

nored semivolatile/intermediate volatile organic compoundsge, (see Fig. S1 in the Supplement), and can be classified as
(SVOCs/IVOCs) (Robinson et al., 2007). However, while the 4 5cation downwind of major pollution sources from central
net effect of SOA formation and aging processes in pollutedg5gtern China. The sampling site was located on the north
areas is better constrained (Hodzic and Jimenez, 2011; HU 5t on a hill at- 50 ma.s.l. The observation site island is
al,, 2012), the actual pathways responsible for the observed,,rrounded by sea on three sides and connected with a larger
SOA are still unclear (Hodzic et al., 2010; Dzepina et al., j51and by a bridge on the south side.

2011; Ervens et al., 2011). Elemental ratios (O/C and H/C)

of organic aerosols have been shown to be useful bulk prop-

erties to probe OA sources and evolution without considering

Measurements

.1 Sampling site
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2.2 HR-ToF-AMS operation Table 1. The detection limits (ngm3) of species measured by

) ) o _AMS in V mode and in W mode.
The mass concentrations and size distributions of submi-

cron non-refractory species (BMincluding organic aerosol Mode Sulfate Nitrate Ammonium Chloride Organics
(OA) and inorganic aerosols (sulfate, nitrate, ammonium, 34 15 37 53 120
chloride) were measured by HR-ToF-AMS (Aerodyne Re- 47 31 64 93 140

search, Inc.). The high mass resolution of the HR-ToF-AMS
has a greatly improved ability to identify and quantify ions
at the same integet /z (DeCarlo et al., 2006). For the sake

of simplicity, we will refer to this instrument as AMS inthe 2.3 AMS data analysis
following discussion.

Ambient air was sampled through a Bbicyclone to re-  The concentrations and size distributions of PMpecies
move coarse particles, which was set on the roof of the samfrom v mode were obtained after analysis with the standard
pling room, then the air passed through a 3/8inel®(5 mm)  ToF-AMS data analysis software packages (SQUIRREL ver-
copper tube (about 3m long) at a flow rate of 10Lmin  sjon 1.51H and PIKA version 1.1). High resolution mass
Air subsampled isokinetically into the AMS from the cen- spectra from W mode were also extracted. The default user-
ter of the copper tube at a flow rate 6f0.09Lmim®. A defined fragmentation table was applied to the Changdao
nafion dryer (Perma Pure, Inc.) was used to dry the sampled\MS data analysis, with some adjustments based on stan-
air stream, which kept relative humidity (RH) of air below dard procedures fom/z's 15, 16, 29, 44, etc. The default
30 % within the AMS. relative ionization efficiency (RIE) values were used for this

During the campaign, the AMS was alternated betweencampaign, except for ammonium for which R#5.0 was
V mode and W mode every 2 min. In V mode the instrument ysed based on the IE calibrations.
alternated in steps of 10 s between mass spectrum (MS) mode A particle collection efficiency (CE) is needed to account
for total submicron mass concentrations and mass spectragr particle bounce losses on the AMS vaporizg) as a
and 10s in particle time-of-flight (PToF) mode to measurefunction of particle size (Canagaratna et al., 2007). Exten-
chemically-speciated particle size distributions. In W modesive inter-comparisons across many field studies have shown
only MS mode was used. lonization efficiency (IE) cali- that CE=0.5 is the correct value at most field locations
brations were conducted every 5-7 days during the entirgAiken et al., 2009; Canagaratna et al., 2007; Sun et al.,
campaign (7 times in total), using size-selected 400 nm pure011; Zhang et al., 2005a). After using €0.5 to calculate
ammonium nitrate particles. The ratios of IE tg Nair-  AMS mass concentrations, the AMS performance and quan-
beam” signal (AB) were very stable for the whole campaign, tification in this study were evaluated with inter-comparisons
with variations less than 10 %. Flow rate and sizing Calibra-between AMS and collocated instruments. Good correla-
tions were carried out before and after the campaign. Thejon between AMS and on-line EC/OC analyzer for organic
lens pressure for the sizing calibrations was within 15% ofaerosols g = 0.81), as well as AMS and GAC-IC for inor-
those during the field study. Monodisperse polystyrene laganic aerosolsK = 0.88-0.95), were found (Figs. S3-S4).
tex spheres (PSLs, densityl.05gcnm?) (Duke Scientific,  The PM, concentration from AMS specie$C are also very
Palo Alto, CA, US) with nominal standard diameters of 100—similar to the integrated particle mass concentrations (15—
900nm, as well as SMPS selected 50-600 nm pure partis00 nm) from SMPS, with a correlation coefficient of 0.92
cles of ammonium nitrate, were introduced into the AMS and a slope of 0.96 (Fig. S5). The general mass concentra-
as sizing standards. The/z calibration and the baseline tions trends of different aerosol species are reproduced by
and threshold parameters of the data acquisition board wergach pair of instruments, which validates the reliability of
checked every 2—-3 days, and were very stable. AMS results measured.

Detection limits (DLs) of species measured by AMS were  |n some cases, CE of ambient particles can reach higher
determined as 3 times the standard deviations of mass coRmlues for high humidity inlet conditions, strongly acidic sul-
centrations in particle-free air through a high efficiency par-fate aerosols, and high ammonium nitrate content (Middle-
ticulate air (HEPA) filter (Zhang et al., 2005a; DeCarlo et prook et al., 2011). Since the sampled air into AMS was
al., 2006). The DLs of AMS for different species during dried, most of the aerosols were neutralized (see Fig. S2
the Changdao campaign are listed in Table 1, and wergn the Supplement), and as the good comparison results be-
much lower than typical measured concentrations, providingween AMS and collocated measurements (GAC and SMPS)
high signal-to-noise measurements. As expected, the DLs ifyere satisfactory (Figs. S3-S5), a CE of 0.5 was finally used
W mode were slightly higher than the values of V mode for jn the Changdao campaign.
organics and nearly twice for the inorganics. Compared with the lower mass resolution spectra from

V mode, the HR mass spectra from W mode provides a better
separation of different organic components in positive ma-
trix factor (PMF) analysis, especially for datasets such as this
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study with high concentrations and thus good signal-to-noise 190 : ' : (ak 5 g
in W mode spectra. The OA mass spectral matrix over the £ 60- 13 b4
m/z range 12—-196 was utilized in the PMF analysis. PMF & 20- 5o
analysis procedures for AMS datasets have been describe i) Tr tome Wf["' b ki kil ®)
by Ulbrich et al. (2009) and Zhang et al. (2011). Detailed &5 ‘fvﬂ”ﬁ;mf““ ”‘x%<““-»%ﬁ\w‘»§'ﬂv\<%<
information about PMF results and selection of the best so- . : :
lution is presented in Part 6 of the Supplement. 201 RSV P, '(Awism """"" ot
T B AL A WMN :
2.4 Other instruments 5 58:MMWMs J : C B
Z Cl&BC (d) : gg 3
During the campaign, there were many collocated fa§t re- 8 sl M‘ M A, r go s
sponse aerosol and gas measurement instruments besides & 90+ 5o, no, ©r 3
AMS. Those whose data are used in the paper are briefly in i M r
07 4 Avaditle M waaw_

troduced below. - .9 0
Black carbon (BC) was measured by aethalometer (Mage«= 0:8- ' N M | ,

Scientific) with a time-resolution of 2min and a BN 83 |m]m‘| ‘mmmW*

size cut. The particle number size distribution between 15- 02/2m7

600 nm was measured with a scanning mobility particle sizer : ¢

(SMPS, TSI Incorporated). A custom-built gas and aerosolrig. 1. Time series ofa) relative humidity (RH) and temperature

collector (GAC) combined with ion chromatography (IC) (Temp) at the Changdao sitg) Time series of local wind direction

was used to measure water soluble inorganic components iand speed (left axis) as well a$0™D) values (right axis)(c) Time

PMys (sulfate, nitrate, chloride, ammonium sodium). The series of PM concentrations calculated from SMPS volume con-

time-resolution of GAC-IC is 30 min. Detailed information Ccéntrations (15-600nm) and from AMS speei&C. Temporal

on performance and calibration of the GAC-IC has been pre_particle density calculated by the main chemical composition of
sented elsewhere (Dong et al., 2012) particle measured by AMS and is applied to the calculation of PM

A commercial proton transfer reaction-mass Spectrome_mass concentrations from SMPS. The density varied from 1.3-1.6
- . . . with an average value of 1.5gcm. (d) Time series of organics

ter (PTR-MS., Ionlcpn) with a time re§oluthn of 30s, ".’md (left), chloride and BC (right)(e) Time series of sulfate, nitrate,

a custom-built on-line GC-MS/FID with a time-resolution 44 ammonium(f) The fractions of AMS species and BC in RM

of 1 h were used to measure multiple volatile organic com-¢gncentrations.

pounds (VOCSs) (Yuan et al., 2010). Concentrations of naph-

thalene, acetonitrile, benzene, toluene and acetaldehyde from

PTR-MS and ethylbenzene and + p-xylene from GC-  tween different periods and was very sensitive to transport di-
MS/FID were used in this study. Concentrations of CO andections of plumes. High concentrations were observed when
Oz were measured by an enhanced trace level CO analyzefjr masses came from south or southwest areas with high
(48C, Thermo Environmental Instruments Inc. (TEI), US) emission density of air pollutants. The highest £bbn-

and an UV absorption ozone analyzer (49C, Thermo Envi-centration observed from southwest was 240 gg.nClean
ronmental Instruments Inc. (TEI), US) with an integration episodes typically occurred when transport of plumes from
time of 1 min. A summary of instrument parameters is pre-the north dominated, with an average Ptbncentration of
sented in Table S1. 8.8+ 1.8pgnTs.

The statistics of concentrations of the chemical species
in PM; are summarized in Table 2. The average Rin-
centration at the Changdao site is 436 ugnt3 (PM]":

3.1 Time series, chemical compositions and size 42ugnr?), which is similar to values measured at other
distributions of PM 1 downwind sites in China (35-41 ugm) (Huang et al., 2011;
Xiao etal., 2011) and is lower than the concentrations in Bei-
In order to focus on the regional contribution to fine particle jing (2006 summer, 71 pgn?, Sun et al., 2010; 2008 sum-
concentrations at Changdao, periods strongly influenced byner, 61 pgm?, Huang et al., 2010), which is located upwind
local coal combustion and biomass burning were excludedf Changdao. Other AMS results obtained at different sur-
by recognizing concentration peaks of their correspondingface sites in the mid-latitudes of the Northern Hemisphere
indicators, naphthalene and acetonitrile, respectively. A deare shown in Fig. S7 (Zhang et al., 2007). It shows that the
tailed description of the period selection filtering processesaverage PM concentration at Changdao is about 2—4 times
can be obtained in Part 4 of the Supplement. Time seriesigher than the values measured at downwind sites in other
for PM; species during the whole campaign are shown inregions, and higher than the concentrations measured at ur-
Fig. 1, together with variations of meteorological parameters.ban cities in the US and European countries (de Gouw et al.,
The mass concentration of RMpecies varied drastically be- 2005; Jimenez et al., 2009). These comparisons emphasize

Fraction of PM

3 Results and discussion

Atmos. Chem. Phys., 13, 10093:0112 2013 www.atmos-chem-phys.net/13/10095/2013/
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Table 2. Summary of the mass concentrations of PBpecies 1240
and OA components (unit: ugTﬁ; time resolution is 4 min). The

stronger influences from local biomass burning and coal combus

tion are excluded from the dataset. Nitrate

— Nitrate
—— Sulfate
Ammoniu

-3

dM/dlog,d,, (ngm )

" Chloride
—— SMPS

€

Average Std. Dev. Median Minimum  Maximum

SIS (_w St) "pO'3orpp

Organics 13.4 8.4 12.3 1.50 54.4 Sulfate

LV-O0A 6.1 4.4 4.9 0.12 25.5

SV-O0A 3.3 4.1 1.8 0.00 27.5

HOA 3.2 2.7 25 0.01 28.9

CCOA 1.2 1.4 0.9 0.00 15.0 3 <8
= 0028 £

Sulfate 8.3 7.3 6.5 0.10 598 = £%

Nitrate 12.2 12.0 9.3 <DLs 88.7 < 3%

Ammonium 6.5 6.0 5.0 0.01 41.2 g g5

Chloride 13 16 0.7 <DLs 144 3 &8

BC 25 1.8 2.1 0.10 32.0 = =

PMy 46.6 36.5 39.4 4.40 245.0 00T s a5

1000

d,, (nm)

10 s
PM; (ng/m’)

Fig. 2. (a) The average chemical compositions of PNuring the

. . . . campaign(b) Average size-resolved distributions of AMS species
the heavily polluted conditions for fine PM in central eastern 5 PM calculated from SMPS(c) The fractions of main chemi-

China. cal components in PMas a function of PN concentrations (left).
Organic aerosol (OA) is the most abundant species in,PM probability density of P concentrations (right]d) The fractions
accounting for 30 % of total mass (Fig. 2a), followed by ni- of AMS species in total Pilas a function of vacuum aerodynamic
trate (28%), sulfate (19 %), ammonium (15 %), BC (6 %) size @va). The volume concentration and the mobility diameter
and chloride (3 %). The relative contribution of each speciesmeasured by the SMPS was converted into vacuum aerodynamic
to PM; mass as a function of the total Rvhass is shown in size by a scale factor of 1.5 (approximate density) in both cases.
Fig. 2c, together with a probability density distribution of the
PM; mass. When PMconcentrations are below 10 ugﬁ;
OA comprises about half of PMmass, followed by sulfate
(~ 26 %), and nitrate (8 %). Nitrate is the main contributor
to the increases of PMconcentration when PMconcen-
trations are larger than 10 ugth The high fractions of ni-

600 nm, indicating the internally mixed conditions of sec-
ondary inorganics. The peak in size distribution450 nm)

of OA is smaller than those of secondary inorganics, and it
L : . shows a broader size distribution with mass enhancements
trate are found to be positively correlated with higher RH at small sizes (100200 nm), similar to results reported in

0 . .
(>65%) and ab_undant nitrate precursors i@om inland. other regions (Aiken et al., 2009; Huang et al., 2010; Zhang
In contrast to nitrate, sulfate maintains a pretty stable frac-

tion (~ 20 %) during the whole campaign. As RMoncen- et al., 2005b). The small size mode of OA is probably asso-

. ) iated with primary emissions from vehicle or | burnin
trations become larger, the fraction ofBCdecreasesfromStc?aeol primary emissions from vehicle or coal burning

3%, whereas the fractions of chloride increase slowly from 1 other primary sources (Canagaratna et al., 2004; Huang et

to 3 %, implying the difference emission sources of the twoal" 2010). OA account for- 40 % of PW’ mass within the
specicoe,s plying dya range 100-200 nm, and that fraction is reduced to 28 %

The observed total water soluble chlorides (including (Fig. 2d) at larger sizes. The fraction of nitrate is larger at

chlorides from sea salts) to Na ratio from GAC-ICs sys- mgree;gi‘ﬁéSslijzllzfeezcé;iz;a){;s&zg%m;;am?%ﬁ;s NrWnIiTes
tem is 38+ 2.6, which is much higher than the ratio (1.8) ’

from fresh sea salt, indicating that over half of the fine chlo- with aerosols in a regional scope.

ride at Changdao may also be emitted by anthropogenic

sources. If we assume chloride detected by AMS approxi-3-2  Investigating OA sources with PMF

mately corresponds to total non-sea salt chloride, the ratio

between chloride measured by AMS (1.3 pgihand GAC-  Four OA components were identified from AMS spectra

ICs (2.1 ug m3) suggests that at least 57 % of total water sol- with distinct mass spectral profiles and temporal variations:

uble chlorides at Changdao are from anthropogenic sourcesyydrocarbon-like OA (HOA, mostly from primary emis-

which is consistent with the above estimate. sions); semi-volatile oxygenated OA (SV-OOA), which is a
The average vacuum aerodynamiG,{ size distributions  surrogate of fresher SOA; low-volatility oxygenated OA (LV-

of AMS species are shown in Fig. 2b, together with the in- OOA) for a surrogate of aged SOA (Jimenez et al., 2009); and

tegrated mass size distributions from SMPS. Secondary ina coal combustion OA (CCOA). The CCOA in high resolu-

organic aerosols (nitrate, sulfate and ammonium) show sim¢tion spectra is reported here for the first time to our knowl-

ilar size distribution shapes and have peaks at around 500edge. The diagnostic plots and detailed descriptions of the

www.atmos-chem-phys.net/13/10095/2013/ Atmos. Chem. Phys., 13, 1009312 2013
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Fig. 3. High resolution mass spectra of OA compondaj)xoal combustion OA (CCOA)p) hydrocarbon-like OA (HOA)(c) semi-volatile
oxygenated OA (SV-OOA)(d) low-volatile oxygenated OA (LV-OOA). The elemental ratios and OM/OC ratios of each component are
also shown in the legends.

PMF analysis can be found in Part 6 of the Supplement. De-on average, and shows the highest contribution (28 %) in the
tailed discussion of each OA component is below. morning (07:00-08:00 LT) and the lowest (19 %) in the after-

noon (Fig. 6b).
3.2.1 Hydrocarbon-like OA (HOA)

3.2.2 Coal combustion OA (CCOA)
The mass spectra of HOA is dominated by alkyl fragments
(CuH3, 1 m/z 29,43,57,71,85,99. and GH],_,:m/z  Coal combustion accounts for about 25 % of the total world
27,41, 55, 69, 83, 97.) as shown in Fig. 3, similar to previ- energy consumption and is expected to have an annual global
ously reported reference spectra of HOA (Aiken et al., 2009;consumption of 10.6 billion tons in 2030 with a current an-
Huang et al., 2010; Ng et al., 2011b). The O/C ratio of HOA nual increase of 2-3% (Zhang et al., 2008). Coal combus-
at Changdao is pretty high (0.34), which is higher than thetion has not been reported to be an important source of OA
values (0.03-0.17) reported elsewhere, and was in the ranga the US or Europe (Jacobson, 2002), consistent with our
of O/C ratios ¢~ 0.24-0.42) from biomass burning (DeCarlo understanding that combustion of coal in well-functioning
et al., 2010; Huang et al., 2010; Jimenez et al., 2009). Theulverized coal-combustion power plants with emission con-
high O/C ratio in HOA is caused by the high abundancestrols is very low. However, combustion of coal at small scale
of oxidized fragment ions (CP and CO"), indicating the  (e.g., for domestic use) may be an important OA source,
HOA resolved at Changdao site is relatively oxidized;CO and in recent years there have been more concerns about
and CO ions contribute a total 60% of the O ratios in OA emissions from coal combustion due to their important
HOA. Although HOA shows a certain degree of oxidiza- impacts on climate changes and health effects (Jacobson,
tion, good correlations between HOA and primary emission2002; Zhang et al., 2008). A PMF organic factor from coal
species (N, benzene and BC) (Table S2) strongly suggestcombustion at Changdao is resolved and reported here. Al-
that HOA arises from primary emission sources. The specifichough there are several AMS studies exhibiting the mass
alkyl fragment ions (gH7 and QHg) fromm/z55 and 57  profiles of organic aerosols resolved from specific combus-
are often used as tracers of primary sources (Aiken et al.tion sources, e.g., wood burning (Aiken et al., 2009; Huang
2009). In this study, about 45% and 55 % of the signal atetal., 2011; Lanz et al., 2008) or mixed solid fuel combustion
CgH;L and Q;Hj;r are contributed by HOA (Fig. 7). For the sources from wood, coal (28 %), peat (14 %) and smokeless
whole campaign, HOA accounts for 23 % of total OA mass fuels (4 %) (Allan et al., 2010), a factor associated with coal
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combustion OA (CCOA) is characterized and reported in this  The time series of CCOA in Fig. 5 shows a similar trend
study for the first time to our knowledge. (R = 0.62) to the gas-phase PAH naphthalene. CCOA also

Although strong coal combustion influences (spikes inhas positive correlation with primary single-ring aromatic
time series of organic aerosols) at the Changdao site are aWOCs species (benzene and toluene) with correlation coef-
ready excluded (Part 4 in the Supplement), less intense locdlicients of 0.63 and 0.60, respectively. The diurnal variation
emissions and emissions of coal combustion in the regionapattern of CCOA displays a pronounced peak at 07:00 LT.
scale can also influence the Changdao site. The mass spe(ig. 6a), and later decreases due to the growth of the bound-
trum of CCOA is dominated by alkyl fragments,,(ﬁjn+l ary layer, with a minimum value around 16:00 LT. The av-
and GHJ ), which is typical of primary organic aerosols erage CCOA fraction of total OA is about 9% (Fig. 6d).
from fossil fuel combustion. The H/C and O/C ratios in However, since we exclude some OA data corresponding to
CCOA are 1.40 and 0.17, both of which are lower than thethe periods most strongly influenced by coal combustion, the
ratios in HOA (1.52 and 0.34). The high abundances of PAHscontributions of coal combustion to organic aerosol concen-
(H/C ratios < 1) in CCOA may be the possible reason for thetrations should be larger than the value reported here.
lower H/C ratio in CCOA. PAH ion fragments, suchragz The contributions of specific ions to two importany/z
128, 152, 178, 189, 202 and 216, etc. (Dzepina et al., 2007);128 and 152) in CCOA are shown in Fig. 73¢Blg (molec-
are easily observed in the mass spectrum of CCOA (Fig. 3)ular ion of naphthalene) and;gHg PAHs constitute 80 %
The PAH concentrations can account foB8 % of total or-  and 79 % of the unit mass signalafz 128 and 152, respec-
ganic mass in coal combustion plumes (Zhang et al., 2008)tively (Fig. 7). Some other oxygenated ions account for the
Unfortunately, them/z range measured in W mode in this remaining signal at:/z 128 (GHgO3 and GH1.03) and
study was limited ton/z 12-196, and PAH ion fragments m/z 152 (C7H6NO§r and @leo;). m/z 178 is dominated
abovem/z 196 cannot be reflected in the PMF results here.py C14H1“0 ion. CCOA accounts for about 35—70 % of the
However, since other PMF factors are dominated by ions bepaH fragment ions (gH;, C12Hg and G4Hyy) with larger
low m/z 100, the PAH ion fragments ranging from 100 t0 fractions in heavier ions.
189 are clear enough to reflect this unique feature of CCOA.

Two periods influenced by local coal combustion at 3.2.3 Semi-volatile OA and low-volatility oxygenated
Changdao corresponding to different high naphthalene con- OA (SV-OO0A and LV-O0A)
centrations (partially- and strongly-influenced by coal com-
bustion periods are referred to as naphthalene concentratiorfsV-OOA and LV-OOA were resolved by the PMF 4-factors
above 1.5ppb and 3.0 ppb, respectively) were identified bysolution. The mass spectra of LV-OOA and SV-OOA are
the concentrations of gas-phase naphthalene from PTR-MSlominated by the oxygenated fragment iongH@O;), as
The mass spectra of coal plumes during these two period§hown in Fig. 3. CG (m/z 44) is the most prominent ion
(that were not included in the PMF analysis) were averagecnd contributes 25 % and 16 % of the signal of LV-OOA and
by subtracting background of spectrum before and after thésV-OOA, respectively. Under the conditions with negligi-
plumes. Those two mass spectra are used to compare withle influence from biomass burning emissions, OOA (SV-
the spectrum of CCOA. The average mass spectrum fronPOA+LV-OO0A) is regarded as a surrogate of SOA (Aiken
partially-influenced coal combustion (M&tiatcoa) Shows et al., 2009; Jimenez et al., 2009; Zhang et al., 2007). LV-
substantial enhancement of masses witfy >100, espe- OOA, representing aged secondary organic aerosols, shows
cially for PAH parent and fragment ions (Fig. 4a). The O/C higher O/C ratio (0.78) compared to SV-OOA (0.62). The
and OM/OC ratio (0.18 and 1.37) in MSiarcoal iS COM- O/C ratio in LV-OOA at the Changdao site is similar to the
parable to the value in mass spectrum of CCOA @¥&n) average O/C value (0.73) in LV-OOA from 6 sites summa-
(0.17 and 1.33). The average spectrum in the plumes ofized by Ng et al. (2011b). The oxidation state of SV-OOA in
strong coal combustion (M&ongcoa, as Fig. 4b shows) this study is somewhat high, which lies in the higher range of
shows much obviously higher enhancements of PAH frag-O/C ratios in SV-OOA summarized in previous field studies
ment ions, compared to the M8oa and MSartiarcoal- AlSO, (Aiken et al., 2008; Jimenez et al., 2009) and is comparable
it is notable that the H/C in the Mongcoal iS pretty low  to the ratio in SV-OOA obtained from airborne measurement
(1.1), consistent with H/ C ratios for PAHs species. The O/ Cof Mexico City outflow (DeCarlo et al., 2010).
and OM/OC ratios in MS&rongcoal are respectively 0.11 and The total OOA (LV-OOA+SV-OO0A) correlates well with
1.25, which are lower than the ratios in the M®a (0.17 secondary inorganic species (sulfatenitrate), consistent
and 1.33). Biomass burning has also been reported as an inwith a dominant secondary origin of OOA (Fig. 8) (Jimenez
portant source of particle-phase PAHs under some condition§t al., 2009; Zhang et al., 2005a; Lanz et al., 2008). The re-
(Poulain et al., 2011; Weimer et al., 2008). However, duringgression slope of OOA with sulfatg nitrate is 0.35, similar
the Changdao campaign, no enhancement of PAH fragment® the values (0.36-0.42) obtained in the Beijing area (Huang
ions were observed in the mass spectra of biomass burningt al., 2010; Sun et al., 2010).
emissions, as shown in Fig. 4c. Diurnal cycles of LV-OOA and SV-OOA both show

highest concentration peaks around 14-15p.m. (Fig. 6a),
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suggesting strong photochemical formation of SOA in theseOOA can explain 68 % of total OA masses, suggesting the
periods. The SV-OOA fraction of OA increases and the POAimportance of SOA in OA concentrations at Changdao.
(HOA+CCOA) fraction of OA declines slightly in the after- The aged LV-OOA accounts for the highest contributions
noon (Fig. 6b), consistent with photochemical formation of to the GHyO, fragments (especially those fragment ions
SV-OO0A (Jimenez et al., 2009). Larger fractions of SV-OOA with 2 or more O atoms), such as 62 % to ;:@nd 52% to

in OA are observed at higher concentrations of OA (Fig. 6¢).CoH403 (Fig. 7). In contrast, SV-OOA is the highest contrib-
The aged SOA (LV-OOA) is present at relatively stable per-utor to the organonitrogen (ON) fragment ions (e.g., CHNO
centages { 30-50 %) in OA. Together, LV-OOA and SV- and GH3NO™). This is consistent with the high N/C ratio
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ratios with a peak around 07:00-08:00 LT due to higher in-
fluence of primary emissions in a shallow boundary layer.
The van Krevelen diagram, which displays the variation of

AT

4 . -
N

Mass Conc.(ug mY)
Mass fraction of OA

s o i O/C versus of H/C, can be used as a tool to probe bulk ox-

2 ML idation reaction mechanisms for organic aerosols (Heald et

1*“"*/\».../"(;‘* al., 2010). H/C and O/C evolve along a line with a slope

M Ananasasanaranssasnasand of —0.63 in the Changdao campaign. The identified reac-
Hour of Day

tions associated with the replacement of functional groups
are also shown in Fig. 11. The evolution slope at Changdao
falls between those carboxylic acid functionalization with
fragmentation (slope- —0.5) and carboxylic acid function-
alization without fragmentation (slope—1.0). Note that in
both cases the functionalization can also be explained by
the addition of an alcohol and carbonyl group in different

Organic conc.(ugim’) carbons, rather than a carboxylic acid group. The evolution

slopes (H/C versus O/C) in van Krevelen diagrams from
Fig. 6. Diurnal variations of concentrations aa) fractions in OA; other field and lab studies are summarized in Table 3. The
(b) for different OA componentsc) The fractions of different OA  ragyits from most of field studies obtained slopes between
components in total OA as a function of concentrations of OA. 0.5 and—1.0. The slope observed at Changda®63) is
(d) The average mass fraction of each OA component. similar to the values{0.64) obtained in Pasadena (Hayes et
al., 2013).
A scatter plot of H/C vs. O/ C for PMF factors from field

(0.041) in mass spectrum of SV-OOA. As photochemistry campaigns and sources (cooking and biomass burning) from
proceeds, SV-OOA is expected to evolve towards LV-OOA |aboratory studies are shown in Fig. 10b (He et al., 2011;
on a regional scale via processes of gas-phase oxidations @fuang et al., 2010, 2011; He et al., 2010). The H/Cand O/C
semi-volatile or heterogeneous chemistry, etc. (DeCarlo etatios from plumes from biomass burning and coal combus-
al., 2010; Jimenez et al., 2009). A deeper analysis is pretion in Changdao are also shown. The results show that when

Mass fraction of OA
Aysusp Ayjiqeqold

sented in the next two sections. O/C ratios are higher than 0.3, the PMF resolved factors
(SV-O0A and LV-OO0A) evolve along a line with a slope
3.3 Elemental composition of OA and van Krevelen of —0.59, which is slightly higher than the evolution slope
diagram (—0.50) obtained from the measurements at 43 sites through-

out the world (Ng et al., 2011a). However, when O/C is be-

Bulk OA at Changdao is dominated by carbon (52 %) andlow 0.3 with primary emissions contributing substantial OA
oxygen (41%) with minor contributions from hydrogen concentration, a steeper slope of aroul0 in Fig. 10b is
(5.8 %) and nitrogen (1.2 %). Compared to reported oxygerobserved. These different slopes for high O/C vs. low O/C
fractions in OA ¢ 30—-35 %) at other urban areas (Huang et regimes have been reported in previous studies (Lambe et al.,
al., 2011; Sun et al., 2011), the oxygen fraction (41 %) at the2012; Ng et al., 2011a), which suggests that carbonyl groups
Changdao site is high. addition with little fragmentation dominates the OA oxida-

The diurnal variations of OM/OC and elemental ratios tion at low O/ C ratios, while the carboxylic acid groups ad-
(O/C and H/C) are shown in Fig. 9. The OM/OC ratio dition (or alcohol-carbonyl) with significant fragmentation
varies between 1.84 and 1.98, while the O/C ratio changeslominates the OA oxidation at high O/C ratios. However,
from 0.54 to 0.63. The average and standard deviation othe steeper slope of OA evolution at the early stage of aging
OM/OC ratio in the whole campaign is 1.910.13, whichis  is not observed from the ambient measurements. The likely
in range of reported values (1.8-2.4) for oxygenated organiaeason for this is the ubiquitous presence of some aged air
aerosols in regional or background areas (Aiken et al., 2008and OOA, so that few data points in ambient data have O/C
Jimenez et al., 2009; Turpin and Lim, 2001). The average andatios lower than 0.1 (Table 3) at both urban and rural sites.
standard deviation of O/C ratio in this study i$9+ 0.10, Thus, without PMF analysis the bulk ambient OA does not
which lie between the range of average O/ C (0.4-0.7) of LV-often display the early evolution illustrated in Fig. 10b.
OOA and SV-OOA measured at other areas (DeCarlo et al., It should be noted that PMF factor CCOA and ambient
2010; Huang et al., 2011; Jimenez et al., 2009). As showrcoal combustion plumes show lower H/C ratios (1.1-1.4)
in Fig. 9, the OM/OC and O/ C ratios both increase rapidly than other POA factors (1.4-1.8) in the van Krevelen di-
after 08:00 LT and peak in the afternoon {6:00 LT), which  agram. As observed in Fig. 10a, some data points diverge
may be caused by the strong photochemical formation offrom the main evolution pattern as the CCOA fraction in
SOA during this period. The H/C ratio 33+ 0.07) exhibits ~ OA increases, and these also tend to have lower O/C and
a reverse pattern in diurnal variations of OM/OC and O/CH/C ratios (Fig. 10a). The evolution of OA in van Krevelen
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Fig. 7. High resolution ion signals for important organic fragment ions (upper graphs). The signals are shown for a specific point in time
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Table 3. Summary of the slopes (H/C ratios vs. O/ C ratios) determined from ambient and laboratory studies in the van Krevelen diagram.

Sites Site typé  Slope O/Cratiosrange References

Field campaigns

Changdao DW —0.63 0.2-0.8 This study

Kaiping DW —0.76 0.3-0.65 Huang et al. (2011)

Pasadena DW —0.64 0.2-0.8 Hayes et al. (2013)

Beijing U -0.88 0.1-0.5 Huang et al. (2010)

Shenzhen U -0.87 0.1-0.43 He et al. (2011)

Pittsburgh U -1 0.2-0.5 Heald et al. (2010)

Amazon F -1 0.15-0.65 Heald et al. (2010)

Ambient PMF factors  Synthetic —2(0/C<0.3); 0-1.2 Ng et al. (2011a)
—0.5(0/C>0.3)

Field and lab studies  Synthetic —1 0-1.0 Heald et al. (2010)

Alkane (G o/Cq5) Lab —-1.3(0/C<0.3); 0-1.2 Lambe et al. (2012)
—0.7(0/C>0.3)

JP-10 Lab -0.5 0.3-1.2 Lambe et al. (2012)

* DW: downwind site; U: urban site; F: forest site.
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diagrams for the data points influenced by coal combustion _ _
are shown in Fig. 11. The periods that were excluded in PMFT9- 10- (8) The van Krevelen diagram during Changdao cam-

: . . aign (dots). The data points are color-coded using the fractions of
anaIyS|s for th? strpng influence of _Iocal CO‘_"" combustion are?:COA in OA (CCOA/OA). The values of PMF factors (circles) and
also included in Fig. 11. The relative fraction of coal com-

bustion i . d by th . T plumes of coal combustion and biomass burning emissions (rhom-
ustion in OA is represented by the fraction ofsB, (&t ys) are also shown. The black line is the regression results of the

m/z 178) in OA. The data points with strong influence by gata points during the Changdao campaigm).The van Krevelen

local coal combustion have a positive slope, rather than thejiagram of PMF factor from field campaigns in China (He et al.,

negative slopes for OA evolution of urban and biogenic emis-2011; Huang et al., 2010, 2011, 2012). The H/C and O/ C ratios in

sions (Table 3). There are two possible reasons for the totallpiomass burning and cooking emissions measured from laboratory

different evolution pattern. (1) Most likely, the physical mix- studies (He et al., 2010) and the plumes of biomass burning and coal

ing of coal combustion plumes with air containing other OA combustion identified in this study are also shown. The black line is

with both high H/C and O/C ratios would increase H/C the regression results of data points for SV-OOA and LV-OOA. The

and O/C ratios simultaneously along a “mixing line”. High red and blug lines are obtfilned from the triangle plot of PMF fac-

abundance of m/z Cpobserved in the spectra influenced by Eﬁ:s determm(_ed ”0".‘ 43 sites around the world (Ng et al,, 2011a).
. . . . e dashed lines with different slopes (80.5, —1 and—2) are

coal combustion without subtracting background signals (noiincluoled in both graphs to guide the eye.

shown here) may be evidence of effects from physical mix-

ing. (2) This evolution might also be partially caused by the

oxidation of abundant PAH species. Figure 11 shows oxidas,s H/C for coal combustion data points in the van Kreve-

tion results of gas phase naphthalene in a lab study (Kautzgn dgiagram strongly suggest that it is dominated by physical

man et al., 2009; Chhabra et al., 2011). An increase of O/ Gyjxing, with oxidation of PAHs species in coal combustion

and H/C ratios is observed in the oxidation of naphthalenegmissions playing a smaller role.

as a result of the breakage of the ring structure in naphtha-

lene and probably also in other PAHs species (Kautzman et

al., 2009). However, the direction of evolution of naphtha-

lene oxidation products in the van Krevelen diagram is less

similar to that observed. Hence, the evolution of O/C ver-
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18" ! ' ' ® Ambient data 3.4 Evolution of OA/ACO and O/ C with
@ Napthal i
b * sg& f?oi:eNAP oxidation photochemical age

(Kautzman gt aI:, 2009)
T et 2™ The effects of emissions and transport of OA in the atmo-

: sphere can be better studied by normalizing OA to a com-
bustion tracer that is relatively inert over the time scales
of interest, e.g., CO (de Gouw and Jimenez, 2009). Low
g OA/ACO ratios (whereACO indicates that the conti-
nental CO background has been subtracted) are observed
in the primary emission plumes from source regions, and
high OA/ACO ratios are observed after substantial SOA
formation (de Gouw and Jimenez, 2009; DeCarlo et al.,

. 2010). Plumes from biomass burning emission can also have
08" RN S P ——— high OA/ACO ratios, often similar or even higher than
0 SOA/ACO ratios from polluted air masses (Cubison et al.,
o0 02 o4  oe o8 10 12 2011; Jolleys et al., 2012), which complicates the use of the
o/lc OA/ ACO ratio in regions affected by both biomass burning
. ) . .and pollution emissions (Aiken et al., 2010). However, the in-
Fig. 11. The van Krevelen diagram during the Changdao campaidny, once of biomass burning to OA concentrations is thought

The data points in the plumes influenced by local coal combustion e o .
are also included in the graph. The data points are color-coded usin P€ negligible at this site after the two plumes from biomass

the fractions of G4H, (atm/z 178) in OA. The H/C and O/C urning emissions are ex_cluded in PMF analysis (Pa_rt 4 of
ratios in the SOA from the oxidation of naphthalene obtained in the Supplement), as confirmed by the low concentrations of
chamber (blue diamonds) (Kautzman et al., 2009), as well as thdothm/z 60 and acetonitrile during the Changdao campaign.
H/C and O/C ratios of naphthalene oxidation process in anothefThis strongly indicates that the elevated QACO ratios at
chamber study (the area in dashed black line) (Chhabra et al., 2011Thangdao can be mainly attributed to SOA formation. In our
are also shown. The dashed and solid blue lines with different slopegtudy a background concentration of CO of 0.1 ppm was used
are shown to guide the eye. based on the regression intercept between benzene and CO
by the method of DeCarlo et al. (2010). Photochemical age
was calculated using concentration ratiosof p-xylene to
ethylbenzene with an initial emission ratio of 2.2 ppbppb
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S, Mexico and age can be found in Yuan et al. (2013).
= 807 i DaGario otal 2010) The estimated photochemical ages varied between 0.1 and
S 60+ - 25h and were equally divided into 10 bins according to data
8 404 i point number of photochemical age in ascending order of
3 value. The box average and standard deviation of &0
© 204 i ratio in each bin of photochemical age are shown in Fig. 12.
04 - The average OAACO ratio in each bin correlates positively

T T T T T

0 10 20 30 40 with photochemical age- (= 0.9). The results of OAACO
ratios versus photochemical age in Mexico City and the
northeast US summarized in DeCarlo et al. (2010) are also
Fig. 12. OA/ ACO ratios as a function of photochemical age dur- plotted in Fig. 12. The regression slope of average @80

ing the Changdao campaign. The photochemical age is classifiegersus photochemical age at Changdao was 1.3,

into 10 bins by decile of photochemical age. The averages and stanyhich is lower than the ratios«(2-5 g n3 h_l) reported in
dard deviation in each photochemical age bin are also shown (pimf\/lexico City and the US (Dzepina et al., 2009).

diamonds and bars). The purple line is the linear regression results The average enhancement ratios of PMF factors to CO

from the average values in each photochemical bin. The blue shade ) . .
areas are the SOA formation relationship with photochemical age&)MF resolved OAACO) in each bin as a function of

determined in the US and Mexico City (DeCarlo et al., 2008). photochemical age are also investigated here, as shown in
Fig. 13. SOA surrogate components (LV-OOA and SV-O0A)

increase and POA components (CCOA and HOA) decrease
as photochemical age increases (Fig. 13a—d), which is con-
sistent with the photochemical processing of OA and perhaps

Photochemical age (h)
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—_—t — = OA in the aged plumes is consistent with the interpretation

<= 60 - - y
mé 504 sﬁ)e;\:slg%ltm e | m% 15_%3%%03&; -y i that LV-OOA is more photochemically processed than SV-
e ] ' - £ ' B OOA during this Changdao campaign. SV-OOA remains at a
z . L 2 ] | stable fraction (15-24 %) at different values of photochemi-
§ w0 | § cal age. We note that the mixing of fresh gas-phase emissions
2 0l 2 - into an air mass containing aged OA can result in low appar-
9 o @l 2 l ent photochemical ages, which may explain the substantial
- T @ 076 A fraction of OQA at low apparent ages. _
Photochemical age (h) Photochemical age () The evolutions of OM/OC and O/C vs. photochemical
_ 20 et ——F ~ L " ECOAJ L age are investigated in Fig. 15. Both ratios increase rapidly
T Sl_ope2=-soié;?n:::rcept:12.0 g — 2-sidedfit as _photochemlcal age becomes longer. The OM/OCand O/C
7 157 - oop 6 | Bloee=D2interceptd 8l ratios vary over a wide range of 1.6-1.9 and 0.3-0.6, re-
2 . 2 o | spectively, in air influenced by strong fresh primary plumes,
= é which is similar to values of HOA and BBOA obtained in
8 s- - S 2 L Mexico (Aiken et al., 2008). As the air is aged, OM/OC and
§ © g - O/Cratios increase and appear to asymptote towards a maxi-
Y o mum value. We can use the following Eqg. (1) to describe data
5 sty ® Prooemicasgery - pointsin Fig. 15, which was adapted from a parameterization
for VOC atmospheric oxidation (de Gouw et al., 2005):
Fig. 13. The variations ofa) LV-OOA/ ACO (b) SV-OOA/ACO OM

(c) CCOA/ACO (d) HOA/ ACO with photochemical age. The di- ——— A — B x exp(C x age. (1)
amond points and bars are the average values and their standard d&C
viations in each photochemical age bin. The lines are the regressioiihe fitting curves and corresponding results are shown in
results of the average values. Fig. 15. TheA parameter is calculated to be 2.3 and 1.0 for
the fits of OM/OC and O/ C ratios, respectively, which are
the asymptotic values for very aged plumes. The timescale
of this evolution can be estimated through paramétan
Eqg. (1) at about 25h at an average OH radical concentra-
tion of 1.6 x 10° molecule cn3. If SOA formation and ag-
ing is represented as a first-order process proportional to OH
(Hodzic and Jimenez, 2011; Spracklen et al., 2011)k#he
for this study is 52 x 10~2cm® molec:1s~1, which is in
the range of thé&oy derived for the formation and evolu-
tion of SOA from pollution-influenced air masses in previ-
ous studies (5-18 x 10-12cm® molec1s™1) (Hodzic and
4 6 8 10 12 14 16 18 Jimenez, 2011; Spracklen et al., 2011). This confirms that the
Photochemical age th) timescales of SOA formation in Asian pollution appear to be

similar to those in other continents.

Temperature can affect SOA formation by changing the
gas/particle partition coefficientKpy) of VOCs oxidation
products as well as reaction rates and particle water content

evaporation of POA upon dilution. If we assume that re- _(via RH changes), among other mechanisms. Chamber stud-

ductions of HOA/ACO and CCOAACO ratios are due to €S show that low temperatures can lead to substantial en-
secondary transformations (Robinson et al., 2007), the der_tancements of SOA yields (Pathak etal., 2007; Takekawa et
crease of CCOAACO and HOA/ACO can explain 27 % el., 2003). 'I_'he scatter plots in Fig. 15 are color coded acco_rd-
of the observed LV-OOA plus SV-OOA formation. The av- ing to ambr_ent temperatures at Changdao. The data points
erage fractions of OA factors in total OA at each bin Versuscorrespondrng to higher temperatures (above) 1&nd to

the photochemical age are calculated and shown in Fig. 14r.1ave lower O/ C ratios, indicating less SOA formation than at

When the photochemical age is nominally very short, POAthe Iewer temperatures, which is consistent with the chamber
(HOA+CCOA) accounts for 56 % of total OA masses. As studies mentioned above.

the photochemical age increases, the POA fraction in total

OA decreases rapidly and SOA dominates OA. In the mosts Conclusions

aged plumes (photochemical age 25h), LV-OOA and SV-

OOA can account for 90 % of total OA. The higher percent- An HR-ToF-AMS was deployed at an island of Changdao
age of LV-OO0A (67 %) relative to SV-OOA (23 %) in total in central eastern China from March to April 2011. PM

m LV-OOA
A

Fraction of OA mass

Fig. 14.Mass fraction of each OA component as a function of pho-
tochemical age.
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Fig. 15. (a)OM/OC and(b) O/C ratios vs. photochemical age. The regression was calculated by Eq. (1) in the text. The points are color-
coded according to ambient temperature.

concentrations and compositions varied strongly with trans-inant fraction in secondary formation of OA, with a max-
port direction of plumes. Higher PMconcentrations were imum of 67 % in the oldest plumes (photochemical age of
detected in the plumes originated from central eastern Chin&5 h). If SOA formation and aging is represented as a first-
and lower from the northern part of China. PMoncentra-  order process proportional to OH, thkey for this study is
tions measured at Changdao ranged from 4.4 to 2451%gm 5.2 x 10-2cm?® molecule 1 s~1, calculated from the regres-
with an average value of 47 pgrh Organic aerosols were sion results of O/ C ratios and photochemical age. The appar-
the most abundant PMcomponents, accounting for 30 % of ent first-orderkon value determined at Changdao is similar
PM; concentrations, followed by nitrate, sulfate, ammonium, to those determined in recent studies of polluted air in other
black carbon and chloride (in that order). The size distribu-continents. To investigate the representativeness of the oxi-
tions of inorganic aerosol (nitrate, sulfate and ammonium)dation timescale estimated at Changdao, further studies on
showed similar shapes and had peaks at around 500—600 nrkgy in other regions of China should be done. Results in this
suggesting internally mixing of the secondary formed/PM study suggest that low temperatures may favor SOA parti-
components. However, organic aerosols showed wider peakisoning.
at around 400-500 nm with enhancements at the smaller size,
which could be attributed to local primary emission.

An OA component from coal combustion named CCOA Supplementary material related to this article is
was identified from the PMF analysis, which to our knowl- available online athttp://www.atmos-chem-phys.net/13/
edge is reported for the first time by this study. Pronouncedl0095/2013/acp-13-10095-2013-supplement.pdf
abundances of PAHs fragment ions in CCOA as well as av-
erage spectra influenced by local coal combustion are ob-
served. Besides CCOA, the three components HOA, SV-
OOA and LV-OOA are resolved from PMF and account for
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