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Abstract. Daily PMy 5 (aerosol particles with an aerody- 11+9, 1149, and 1Gt 12 %, respectively, to Pk masses
namic diameter of less than 2.5 um) samples were collectedn annual average, while exhibiting large seasonal vari-
at an urban site in Chengdu, an inland megacity in southwesability. On annual average, the unknown emission sources
China, during four 1-month periods in 2011, with each pe-that were not identified by the PMF model contributed
riod in a different season. Samples were subject to chemical + 11 % to the measured P mass. Various chemical trac-
analysis for various chemical components ranging from ma-ers were used for validating PMF performance. Antimony
jor water-soluble ions, organic carbon (OC), element carbon(Sb) was suggested to be a suitable tracer of coal combus-
(EC), trace elements to biomass burning tracers, anhydrotion in Chengdu. Results of LG and MN helped constrain
sugar levoglucosan (LG), and mannosan (MN). Two modelsthe biomass burning sources, with wood burning dominat-
the ISORROPIA II thermodynamic equilibrium model and ing in winter and agricultural waste burning dominating in
the positive matrix factorization (PMF) model, were applied autumn. Excessive Fe (Ex-Fe), defined as the excessive por-
to explore the likely chemical forms of ionic constituents tion in measured Fe that cannot be sustained by mineral dust,
and to apportion sources for B Distinctive seasonal pat- is corroborated to be a straightforward useful tracer of iron
terns of PM s and associated main chemical componentsand steel manufacturing pollution. In Chengdu, jMéi mass
were identified and could be explained by varying emissionratios were persistently higher than unity, and considerably
sources and meteorological conditions. HMhowed a typ-  distinct from those usually observed in ambient airg.Ni
ical seasonality of waxing in winter and waning in summer, ratios averaged only 0.7. Results revealed that heavy oil fuel
with an annual mean of 119 pgth Mineral soil concentra-  combustion should not be a vital anthropogenic source, and
tions increased in spring, whereas biomass burning specieadditional anthropogenic sources for Mo are yet to be iden-
elevated in autumn and winter. tified. Overall, the emission sources identified in Chengdu
Six major source factors were identified to have con-could be dominated by local sources located in the vicinity
tributed to PM s using the PMF model. These were sec- of Sichuan, a result different from those found in Beijing and
ondary inorganic aerosols, coal combustion, biomass burnShanghai, wherein cross-boundary transport is significant in
ing, iron and steel manufacturing, Mo-related industries, andcontributing pronounced P%. These results provided im-
soil dust, and they contributed 3718, 20+12, 11+ 10, plications for PM 5 control strategies.
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1 Introduction in creating emission control policies (Tao et al., 2013). To
fill these gaps, a comprehensive data set acquired in 2011 is

Fine particulate matter (Pj$) —those particles with an aero- analyzed in the present study, with an emphasis on seasonal-

dynamic diameter of less than 2.5 pum — is a key air pollu-based source apportionments.

tant in terms of adverse human health effects and visibility ~Accordingly, the present study aims to accomplish the fol-

degradation (Pope Il and Dockery, 2006; Watson, 2002).lowing goals: to systematically characterize PMevels and

The specialized cancer agency of the World Health Orga-their chemical compositions on seasonal and annual basis, to

nization (WHO), the International Agency for Research onidentify PM; 5 source factors and to quantify their respective

Cancer (IARC), has classified outdoor PM as carcinogenic tccontributions, and to evaluate existing and recommend new

humans (Group 1)hftp://www.iarc.frj. For instance, daily environmental protection measures based on novel source

mortality has been found to be related to the level ofBM  apportionment results.

sourced from traffic emission and coal combustion in six US

cities (Laden et al., 2000). P is a complex mixture of sul-

fate (SG"), nitrate (NG} ), ammonium (NH), water (H0), 2 Methodology

organic and element carbon (OC and EC), soil dust, trace2 1 Site description

elements, and persistent organic pollutants (Seinfeld et al.,” P

2004; Zhang et al., 2013). It originates from both natural andPMz5 samples were collected at the Chengdu Research

anthropogenic sources, and includes both primary and seGxcademy of Environmental Sciences (CRAES) located in the
ondary particle species. Knowledge of sources and their cony,.pan area of Chengdu (30568, 104.03 E) (Fig. 1). Instru-

tributions to PMs is crucial in making feasible policies for |\ ants used in this study were installed on the roof (21 m
controlling PM s levels to protect human health and reduce 4,6 ground) of an office building of CRAES. This site
the occurrence of hazy weather. , was built with unimpeded vision, although a residential area
_Source apportionment of P has been achieved exten- onq 5 park were situated about 100 m east of the sampling
sively around the world (Lee and Kang, 2001; Putaud et al.gite | 2004, the Chengdu municipal government promul-
2004; Hueglin et al., 2005; Lonati et al., 2005; Chen et al., gaaq the “Chengdu Plan of Industrial Development Layout
2010). Such a technique has been increasingly applied fofa003_2020)", which forbids any poliution industries within
the past decade in China, although mostly focused on Urthe third-ring road inside the cityhttp:/www.cdgy.gov.cn/
ban cities and areas such as Beijing, the Yangtze River delta icle/2004/200402/1165.htinI The CRAES site is within
(YRD), and the Pearl River delta (PRD) (He et al., 2001; 5n4 more than 5km away from the third-ring road (Supple-
Ye et al., 2003; Tao et al., 2012; Zhang et al., 2013). Tomen; Fig. S1). Therefore, no major stationary air pollution
date, PM s pollution is still a severe problem in China. The gq,rces were present within a circumference of 5km of the
Sichuan Basin is one of the most polluted regions in Chinagjie except mobile emissions: however, the site was affected

(Cao et al., 2007; Zhao et al,, 2010; Yang et al., 2011), ag,y jndustrial pollution outside the third-ring road. Thus, the
demonstrated by the spatial distribution of aerosol opticalgjia \was considered to be representative of a typical urban
depth (AOD) retrieved by satellites (Fig. 1; Remer et al., o qvironment in Chengdu.

2005).

Chengdu, located west of the Sichuan Basin (Fig. 1), isone 2  Sampling
of the megacities in China with a population of more than
10 million. This megacity is one of the few inland megac- PMz s samples were collected using two low-flow air sam-
ities worldwide which are far from oceans. Air pollution is plers (MiniVol TAC, AirMetrics Corp., Eugene, OR, USA).
a serious issue for this city, presumably due to the complexPrior to the start of the sampling campaign, the flow rate
topography surrounding the city and huge amounts of coabf PM, 5 samplers was calibrated. Samples were collected
consumption (Tao et al., 2013). For example,2\doncen-  at a flow rate of 5L min! on two types of filters: a 47 mm
trations reached an annual mean of 165pgrm 2009 to  quartz fiber filter (Whatman QM-A) and a 47 mm Teflon fil-
2010, which is 5 times higher compared with the new na-ter (Whatman PTFE). Quartz filters were pre-baked at&0
tional ambient air quality standards (NAAQS) (35ugin  for 3 h prior to sampling. Collected filters were stored in a
and 16 times higher compared with the air quality guidelinefreezer at-18°C before chemical analysis to minimize evap-
(10 ug nT3) recommended by the WHO (Tao et al., 2013). oration of volatile components.
Achieving NAAQS in this city is apparently a challenging  Atotal of 117 PM 5 samples along with 12 blank samples
task. A better understanding of BMIsources and their rela- were collected in 2011 during the following periods: 6-30
tive contributions is urgently needed to enact effective emis-January (representative of winter), 3 April-3 May (spring),
sion control policies and to implement multi-pollutant reduc- 1-31 July (summer), and 1-31 October (autumn). Collec-
tion measures. To date, studies on seasonal-based source djon duration of each sample was 24 h, starting at 10:00 local
portionments remain lacking, yet they are critical in shed-time (LT) each day and ending at 10:00 LT the following day.
ding light on emission control measures of air pollutants andThree field blanks were collected with each sampler during
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Figure 1. Sampling location (30.65N, 104.03 E) in Chengdu on a regional map superimposed with spatial distribution of annual mean
aerosol optical depth (AOD) retrieved from Moderate Resolution Imaging Spectrometer (MODIS) satellite remote sensing in 2011.

every seasonal campaign, which were then analyzed togethé.4 Chemical analysis
with the samples.

2.3 Gravimetric weighing 241 OCandEC

Teflon filters were measured gravimetrically for particle MasSp area of 0.526 cfpunched from each quartz filter was an-
concen_tration usi_n_g_ a Sartorius MCE? EIGCt.ronic micrObal'alyzed for eight carbon fractions following the IMPROVE_A
ance with a sensitivity Ofcl ug (Sartorius, _Gottmggn, Ger- thermal/optical reflectance (TOR) protocol on a DRI model
many) after 24 h equilibration at 281°C with relative hu- 2001 carbon analyzer (Atmoslytic Inc., Calabasas, CA
midity at 4045 %. Each filter was weighed at least three USA) (Chow et al., 2007). This analysis ’acquired fou’r OC'
times before and after sampling. Differences among rep"'fractions (oc1, 062’ 0C3, and OC4 at 140, 280, 480, and
cate weights were _mostly less thap 20 ug for' each sampleggooc, respectively, in a helium (He) atmosphere), OP (a
Nef[ mass was obtained by subtracting pre-weight from pc’S‘t'pyrolyzed carbon fraction determined when transmitted laser
weight. light attains its original intensity after oxygen {{ovas added

to the analysis atmosphere), and three EC fractions (EC1,

EC2, and EC3 at 580, 740, and 840, respectively, ina 2%

02 /98% He atmosphere). IMPROVE_TOR OC is opera-

tionally defined as OC+ OC2+ OC3+ OC4+ OP and EC

is defined as EC%+ EC2+ EC3— OP (Chow et al., 2007).

www.atmos-chem-phys.net/14/8679/2014/ Atmos. Chem. Phys., 14, 8@&839 2014
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Additional quality assurance (QA) and quality control (QC) tracts were filtered through a syringe filter (pore size 0.25 um,
procedures have been described in detail in Cao et al. (2003PTFE, Whatman, USA) to remove insoluble materials. An-
hydrosugar levoglucosan (LG) and mannosan (MN) were
2.4.2 Trace elements and water-soluble ions measured by a Dionex ICS-3000 system. Instrumental con-
trols, data acquisition, and chromatographic integration were
Each PTFE filter was cut into two equal halves with ce- performed using Dionex Chromeleon software. A calibration
ramic scissors, and then subjected to extraction and digeswas performed for each analytical sequence. The DL for LG
tion. One half was extracted with ultrapure water for ionic and MN were 0.002mgt!. A detailed description of the
measurement and the other half was dissolved with acidanalytical method can be found elsewhere (Tao et al., 2013;
for elemental measurement. Digestion was performed withEngling et al., 2006; linuma et al., 2009).
an acid mixture (5 mL HN@+ 2 mL HF) by using an ultra-
high throughput microwave digestion system (MARSXpress,2.5 Measurements of meteorological parameters
CEM, Matthews, NC). A blank reagent and two filter blanks ] ) ] ] o )
were prepared in each run following the same procedured/eteorological parameters including wind direction, wind
adopted for the samples. All acids used in this study wereSPe€d, relative humidity (RH), temperature, and precipita-
of ultrapure grade (Merck, Germany). The detailed digestiontion were measured every 10 min. Wind direction and wind
method can be found elsewhere (Hsu et al., 2008, 2010). APeed were recorded by a wind monitor (Vaisala Com-
suite of trace elements in the digestion solutions — includingP@ny: Helsinki, Finland, model QMW101). Ambient RH and
Al, Fe, Na, Mg, K, Ca, Sr, Ba, Ti, Mn, Co, Ni, Cu, Zn, Mo, temperature were measured by an RH/temperature probe
Ag, Cd, Sn, Sh, TI, Pb, V, Cr, As, Y, Se, Zr, Nb, Ge, Rb, (Vaisala Company, Helsinki, Finland, model QMH101). Pre-
Cs, Ga, U, and 15 rare earth elements (REEs) — were angipitation V\(as'me'asured using a rain gauge (Vaisala Com-
lyzed by quadrupole-based inductively coupled plasma masBany, Helsinki, Finland, model QMR101). Both meteoro-
spectrometry (ICP-MS; Elan 6100, Perkin ElmerTM SCIEX, logical mstrumgnt_s were mounted at 3m above the r_oo_f of
USA). Calibration was achieved using multielement stan-the CRAES building (24 m above ground). Solar radiation
dards prepared from stock standards (Merck) in 2% HNO data were obtained from a national meteorological station
solution. Quality assurance and control (QA/QC) of ICP- (30-7 N, 103.8 E) located 20 km from CRAES.
MS measurement was guaranteed by the analysis of a ce
tified reference standard, NIST SRM-1648 (urban particu-

lates). Resulting recoveries fell withinl0 % of the certified To analyze chemical mass closure of PMPM, s mass was

value§ for T}OSt eIemtlants, excep';]for Se,.As, ?S' Sb, andl RPeconstructed as the sum of organic matter (OM), EC, inor-
(£15%) (Zhang et al., 2013). The precision for most ele- ganic ions, water content, fine soil (FS), and trace element

mer.1t_s is better than .5.% & 5.)' . oxides (TEQ). The factor converting OC to OM was 1.6 for
Silicon was quantlfled_usmg X-ray fluorescence anglyssspring and summer, and 1.8 for autumn and winter, as ex-

(XRF, Eps_llon_5, PANaIytlcaI, Netherlands) on Teflon filters plained in Sect. 3.1.2. Water content was calculated using

before acid digestion. The QA/QC procedures of the XRFthe thermodynamic equilibrium model ISORROPIA II (re-

an_?Lyas hgve ieTfn d‘fascﬁb(?,? in Xu et "’I‘L (2012a). 4 for V€ mode) (Fountoukis and Nenes, 2007). To evaluate the
€ ot er halt o a liter samples was used 1or ., qqel performance, statistical metrics including mean bias
extraction with 20 mL ultrapure water (specific resistiv- (MB), normalized mean bias (NMB), normalized mean error

ity =18.2M2cm; Millipore, Massachusetts, United States) ) and the root-mean-square error (RMSE) were calcu-
for 1 h. Analysis of extract solutions was performed with lated as below (Eder and Yu., 2006):

an ion chromatograph (Dionex ICS-900 and ICS-1100)

5.6 Data analysis methods

equipped with a conductivity detector (ASRS-ULTRA). A 1 N

Dionex AS11-HC separator column was used for analyz- MB = ﬁZl (Cm — Co), @)
ing F~, CI-, NO;, and S§~. A CS12A separator col- S (G — Co)

umn was used to analyze NaNH}, K+, Mg?*, and C&. NMB = =17 100% (2)
The eluents used were 22 to 25 mM for anions and 20 mM N21 Co

methapsulfomc acid (MSA) for cations. In general, method NME — Y1 |Cm—Col 100% 3)
detection limits (MDL) were within the range of 0.01 to iVCo

0.04 pg nT2 for cations and 0.03 to 0.07 ugth for anions 1
N
(Hsu et al., 2007). RMSE— \/ﬁ S (o Co2 @

2.4.3  Sugar measurements where C, and C, are modeled and observed concentration

of total inorganic ions, respectively.
A 2.0cn? punch from each quartz filter was extracted in 2 ¢ P y

mL of ultrapure water under ultrasonic agitation for 1 h. Ex-
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The FS component was estimated using the following for-higher than the NAAQS for annual PM (35 ug nT3). As
mula (Malm et al., 1994): summarized in Table 1, the B} level in Chengdu was
. i only significantly lower than that for one inland megacity,
[FSI=2.20(A1]+2.49Sil+1.63Cal+2 42 Fel+ 1.94Ti]. (5) Xi'an (194 ug n3), located in northwest China (Zhang et
However, Si is mostly volatilized as Sjfn acid digestion  al., 2011), and was comparable with the other two megacities
when using HF. Thus, we used Si data analyzed by XRF;- Chongging (Yang et al., 2011), also located in the Sichuan
whereas the data for other four elements were obtained fronf8asin, and Beijing (Zhang et al., 2013). However, #Mn
ICP-MS measurement. Chengdu was much higher than those observed in coastal

For TEO, the contribution of heavy metals as metal ox- megacities, such as Tianjin (Gu et al., 2010), Shenyang (Ma
ides was estimated using the following equation (Zhang et al., 2011), Shanghai (Feng et al., 2009), Fuzhou (Xu et al.,

al., 2013): 2012b), Xiamen (Zhang et al., 2012), Guangzhou (Tao et al.,
) 2014), and Hong Kong (Louie et al., 2005). The annual av-

TEO=1.3x[0.5x (Sr+Ba+Mn+Co+Rb+Ni+V) erage PMs in Chengdu was higher by a factor of 3 to 15
+1.0x (Cu+2Zn+ Mo+ Cd+ Sn+ Sb+ Tl 4+ Pb compared with those in other developed countries (Balasub-
+As+ Se+ Ge+ Cs+ Ga)]. (6) ramanian et al., 2003; Heo et al., 2009; Khan et al., 2009;

) ) ) __ Pinto et al., 2004; Querol et al., 2004). Thus, Chengdu is suf-
Source apportionment analysis was conducted using positivgsring from a considerably severe B pollution problem
matrix factorization (PMF) model version 3.0 of the Environ- i the world.
mental Protection Agency (EPA), US (Norris etal., 2008). To A typical seasonal variation in PA mass concentrations
reduce uncertainties of PMF results, chemical componentgyas observed (Table 2), with higher concentrations in winter
with annual average concentrations below MDLs were ré-(158 ug n3) and spring (126 ug m#) and lower concentra-
moved, such asFand REEs, which are essentially similar tjonsin autumn (111 pg i#) and summer (89 ugn?). Gen-
to the major crustal elements such as Al. Thirty-five 'chemi-era"y, PMbs levels are governed by emissions, transporta-
cal components were lfed fgithe PJI\F/IFm_odeI, including OCjon, " chemical transformation, and depositional processes,
EC, LG, Na, NH,, KT, Mg J Ca? » CI”, NG;, SO}l ’ which are all related to meteorological conditions. However,
Al, Fe, Mg, Ca, Sr, Ba, Ti, Mn, Ni, Cu, Zn, Mo, Cd, Sn, gystematic investigations on P emission inventories have
Sb, Tl, Pb, V, Cr, As, Se, Zr, Ge, Rb, Cs, and Ga. To deternot peen conducted in Sichuan (including Chengdu). The
mine the appropriate number of source factors, a reasonabl,sﬁghest wintertime PMs concentration could be partly re-
practice is to test different numbers of identifiable sources|gied to certain weather conditions in terms of low mixing
commonly used and to consider the major potential Sourcefeight because of weak solar radiation (Supplement Fig. S3).
documented by the local Environmental Protection BureauBy contrast, the lowest summertime concentration was in
In this study, we have tested five, six, seven, and even eightart que to frequent rainfall (Supplement Fig. S3), which led

different sources in the PMF analysis. Then, PMF was runy, efficient removal of suspended particles from the atmo-
several times with different Fpeak values to determine thegphere (Wang et al., 2010).

range within which the objective functiof values remains
relatively constant (Supplement Fig. S2). In the six-factor3 1 1 carbonaceous aerosols and biomass
model, a value of peak= —0.1 provided the most physically burning markers
reasonable source profiles.
Three-day backward trajectories were calculated at an elannyal mean concentrations of OC and EC were-&and
evation of 500 and 1500 m for every sampling day startingz .. 4 g nr3, accounting for PMs masses of 14.% 4.4
at 02:00 UTC (10:00LT) using the HYbrid Single-Particle anq 5.7+ 1.5%, respectively (Table 2). Seasonal variation
Lagrangian Integrated Trajectory (HYSPLIT) 4 trajectory o Ec was similar to that of P, following the order
model fttp://ready.arl.noaa.gov/HYSPLIT.phpo investi- o winter (84 8ugnm3)>spring (745 pg nr3) > autumn
gate synoptic patterns and transport routes of air mass +3ugnt3)>summer (6:3ugni3). However, the
(Draxler and Rolph, 2013; Rolph, 2013). The model adoptedseasonal pattern of OC was somewhat different from
meteorological data from FNL (final operational global anal- nose of EC and Pk, with the second highest sea-
ysis) as input. son in autumn (2&9ugnt3) instead of in spring
(15+7pgnt3). The distinct seasonality between OC
and EC implies likely changes in the strength of their
respective sources in different seasons. LG concentra-
3.1 General characteristics of PM.5 and tions were nearly identical in autumn (659141 ng ITT3)
chemical components and winter (635:246ngm?3), followed by spring
(235+ 151 ng nT3) and summer (152 89 ng n13), with an
The annual average of PM mass concentrations in annual mean of 412 352ngnt3. However, MN showed
Chengdu was 112 56 ug nt 23 (Table 1), which was 3times a more typical seasonality compared with LG, with a

3 Results and discussion

www.atmos-chem-phys.net/14/8679/2014/ Atmos. Chem. Phys., 14, 8@889 2014
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Table 1. Statistics of annual Pls mass concentrations in urban Chengdu and other cities in the world.

City/nation Sampling PM5 Reference

period (HgnT3)
Chengdu, southwest China 2011 119 This study
Chongging, southwest China 2005-2006 129.0 Yang et al. (2011)
Xi'an, northwest China 2009 194.1 Zhang et al. (2011)
Beijing, north China 2009-2010 135.0 Zhang et al. (2013)
Tianjin, north China 2008 109.8 Gu et al. (2010)
Shenyang, northeast China 2006-2008 75 Ma et al. (2011)
Shanghai, east China 2005-2006 90.3 Feng et al. (2009)
Fuzhou, southeast China 2007-2008 44.33 Xu et al. (2012b)
Xiamen, southeast China 2009-2010 86.16 Zhang et al. (2012)
Guangzhou, south China 2009-2010 76.0 Tao et al. (2014)
Hong Kong, south China 2000-2001 56.7 Louie et al. (2005)
Seoul, Korea 2003-2006 43.5 Heo et al. (2009)
Yokohama, Japan 2007-2008 20.6 Khan et al. (2009)
Singapore, Singapore 2000 27.2 Balasubramanian et al. (2003)
27 urban sites, US 1999-2000 <35 Pinto et al. (2004)

Austria; Germany; Switzerland; 1998-2002 16-30 Querol et al. (2004)
Netherlands; UK (central Europe)

Sweden (northern Europe) 1998-2002 8-15 Querol et al. (2004)
Spain (southern Europe) 1998-2002 19-25 Querol et al. (2004)

maximum (8Ct 34 ng nT3) in winter, followed by autumn  burning biomarker revealed that biomass burning sources of
(36+27ngnt3), spring (19£17ngnT3), and summer carbonaceous aerosols varied with the season. TheQG
(9+ 7 ngnT3). The levels of these two markers were much ratio has been applied as a tracer of wood burning (Szidat
higher than those measured in European countries such &t al., 2009, and references therein), whereag MBI ratio
Sweden (Szidat et al., 2009), Belgium (Zdrahal et al., 2002) has been used for distinguishing specific types of biomass
Switzerland (Szidat et al., 2006), and Norway (Yttri et al., burning (Engling et al., 2009). A relatively high LGDOC
2009). ratio (0.029) and low LG MN ratio (7.8) in winter com-
Sources of carbonaceous aerosols can be further qualitgpared to those in spring and summer may indicate domi-
tively evaluated by the relationship of OC against EC (Turpinnance of wood burning (Szidat et al., 2009; Oliveira et al.,
and Huntzicker, 1995) and biomass burning markers agains?2007; Pio et al., 2008). By contrast, the highest LGC
OC or EC (Szidat et al., 2009). For instance, large discrep{0.034) and LG MN (17) ratios in autumn over the sam-
ancies and variability in OZEC ratios reportedly exist in  pling year could reveal combined sources of wood burning
coal combustion (0.3-7.6), vehicle emission (0.7-2.4), andogether with rice straw and other agricultural residue burn-
biomass burning (4.1-14.5) (Watson et al., 2001). As showring (Sheesley et al., 2003; Engling et al., 2009). These sug-
in Fig. 2a, OC and EC in Chengdu were well correlated ingestions are in agreement with the fact that residents in the
each season, with aR? ranging from 0.65 to 0.85. Mean Sichuan Basin used to utilize woods as energy source to gen-
OC/ EC ratios increased from 2.0 in spring and 1.8 in sum-erate heat in cold winters (Edwards et al., 2004; Yan et al.,
mer to 2.9 in autumn and 2.6 in winter. These average ratio2006). In addition to residential use, waste wood was used
were lower than those (3.3) measured in M Chengdu by nearly 1000 smaller coal boilers (less than 10 t vapdyh
in 2006, but within the range found across China by ZhangAgricultural waste burning was usually most severe in har-
et al. (2008a). Good correlations between OC and EC, buvest season — autumn — in China (Duan et al., 2004). Our
distinct OC/ EC ratios suggest that OC and EC were derivedLG / OC ratios were much lower than those §.135) typi-
from similar sources that varied seasonally. As depicted incally detected in wood burning (Szidat et al., 2009, and refer-
Fig. 2b and 2c, LG correlated with OC and MN, with the ences therein) as OC was produced from additional sources
LG/ OC ratio ranging from 0.015 in summer to 0.034 in besides biomass burning. Using the mean concentration of
winter and the LG MN ratios ranging from 7.8 in winter LG (Table 2) divided by this characteristic ratio (none was
to 17 in autumn. In addition to the differences in seasonalavailable in China), we estimated an annual contribution of
ratios, correlations were also quite variable from season t®.1 pgnt2 (varying from 1.1 to 4.9 ug e in the four sea-
season, with the highest coefficie®?(> 0.90) in winterand  sons) from wood burning, which represents 18 % of the ob-
the lowest R <0.60) in summer. Again, features of biomass served total OC (ranging from 11 to 24 % in varying seasons)

Atmos. Chem. Phys., 14, 8678699 2014 www.atmos-chem-phys.net/14/8679/2014/
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Figure 2. Scatter plots of OC vs. E@), LG vs. OC(b), and LG vs. MN(c) in four seasons. Also shown are the linear regression lines with
regression equations.

in Chengdu. The annual mean proportion is lower than thadominant ions, and their combination constitutedt99%
(~30%) acquired from PMF modeling, which is presented of total ion concentrations. To investigate the associations
below. This finding indicates that biomass burning other thanamong ions, a thermodynamic equilibrium model, ISOR-
wood burning sources (e.g., agricultural waste burning) acROPIA Il (Fountoukis and Nenes, 2007), was applied to sim-
counted for the rest of the contributions (i.e.10 %) to the  ulate chemical components and phase state of major ions in
OoC. thermodynamic equilibrium conditions. Water and inorganic
Leietal. (2011) reported that the 2005 primary OC and ECsalt concentrations were simultaneously estimated by ISOR-
emissions from anthropogenic sources in China were 1.5ROPIA Il model (reserve mode) at a fixed relative humidity
and 3.19 Tg, respectively. In Sichuan province, the residen{RH 40 %) and temperature (28). Seven compounds that
tial sector was the largest contributor, constituting 47 % tohad concentrations larger than zero were derived (Table 3).
black carbon (BC) and 81 % to OC. In other regions of China,On annual average, the total concentrations of all inorganic
the dominant sector could be different (Cao et al., 2006; Zhaahemical species calculated by ISORROPIA Il model was
et al., 2012). For example, the industrial sector is dominants1+ 28 ug nT3, which was very close to the sum of all the
in northern China provinces such as Hebei, Shanxi, Shanebserved ions concentrations (629 pg nt3). To evaluate
dong, and Henan. According to Qin and Xie (2012), annuallSORROPIA Il model performances, the statistical parame-
BC emission from Sichuan in 2009 has increased to oveters MB, NMB, NME, and RMSE for total ion concentra-
0.14 Tg. Coal was still the most predominant fuel used intions were calculated by Egs. (1)—(4). The MB, NMB, NME,
China, which alone contributed nearly 50 % to the nationaland RMSE values are 1.2, —2.3, 2.3, and 1.6 %, suggest-
BC emission (Qin and Xie, 2012). Based on the coincidenceang that the ISORROPIA Il model can reasonably simulate
of OC/ EC ratios between the PM aerosols (annual mean most of the observed ions. Both SOand NG were mostly
~2.4) and emissions~(2.1), coal combustion appeared to associated with Nﬁt present in the forms of (NH2SOy
be an important source of carbonaceous aerosols througtand NH;NOs. All Cl— were exclusively present in the form
out the year. The factor converting OC to OM has been sugof NH4CI. Besides NH, the other four cations (K, Na*,
gested to vary with its dominant sources and the age of orcg+ and Mg+) were also associated with 30 Sea-
ganic aerosols (Turpin and Lim, 2001; Andreae and Rosensona| variations in concentrations of the predominant chem-
feld, 2008). In the present study, a value of 1.6 was adoptegcg) species, (Nt),SOs and NHNO3, were consistent with
for spring and summer, and 1.8 for autumn and winter. Thesgpose of S@, and NG; concentrations that showed the high-
values were consistent with those recently observed acrossst concentrations in winter and the lowest in summer or au-
China (Xing et al., 2013), although slightly lower than those yymn (Table 2). Liquid water derived by the ISORROPIA II
found across the US, which had a median value of 1.80 tqnodel reached 150 8.4 ug 3 on the average, following
1.95 (Simon et al., 2011). similar seasonal patterns of major ions.

3.1.2 Water-soluble ions 3.1.3 Metal elements

Water-soluble ions also comprised important constituents oDaily concentrations of FS and TEO were calculated us-
PM,s. The sum of all the major water-soluble ions aver- ing Egs. (5) and (6). Annual concentrations of FS and
aged 52+ 29 ug nT2 in Chengdu (Table 2), accounting for TEO were 6.7 4.4 and 1.1 0.6 ug nT3, which accounted
4249% of PMp5 mass. S@‘, NO3, and NI—[1F were the  for 6.3+4.8 and 0.9t 0.3 %, respectively, of Pl mass.
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Table 2. Statistics of PM 5 chemical components in four seasons.

Annual Spring Summer Autumn Winter

(n=117) @ =231) (n =30) (n =31) (n = 25)
PMys/ugni 3 119456 126+ 66 89+ 35 111+ 49 158+ 51
OC/ugnr3 17+8 15+7 11+4 20+9 2247
EC/ugnt3 7+4 7+5 6+3 7+3 8+4
Nat/ugm=3  0.6+0.3 0.7+0.3 0.5+0.2 0.5+0.3 0.5+0.2
NH;/pgm3  116+£7.3  11.9£100 9.0£5.0 11.1+6.0 15.3+5.7
K*/pgn3 1.7+0.8 1.5+0.8 1.3+0.6 1.8+0.7 2.1+0.7
Mg2t/ugnm3  0.1+£0.0 0.1+0.1 0.1+£0.0 0.0+0.0 0.1+£0.0
C&t/ugnm3  0.4+0.3 0.6£0.4 0.3£0.2 0.3£0.1 0.3£0.1
F/ugm—3 0.1+0.1 0.1+0.1 0.0+£0.0 0.1+0.1 0.1+0.0
Cl-/pgni3 1.7+1.7 15+15 0.4+0.4 25+1.6 2.8+1.9
NO;/ugm—3  10.7+7.8  10.2+8.7 5.3+3.2 12.9+85 155+5.4
sof*/ug m3 250+14.1 26.4-18.1 23.7£135 19.2:9.6 31.8+10.7
LG/ngni—3 412+352  235£151 152+ 89 659+ 441  635-246
MN/ng m—3 34435 19417 9+7 36+27 80+ 34
Allngm—3 560+420 898581 427+331  462+217  426+201
Fe/ngn3 693+420 899+ 561 610+363  640+303 606+ 335
Na/ng 3 837+680  865+413 736+342  847+344  658+283
Mg/ng m—3 196+164 299+ 251 1474123 166+ 78 164+ 86
Kingm—3 1576+ 751 1575:876 1312623 1757777 1681t 640
Ca/ngm3 4024339  588+440 3414344  389+218  262+203
St/ng 3 5.7+4.1 7.5+4.9 3.6+25 5.4+3.1 6.6+4.6
Ba/ng n13 22417 26+13 13+6 23+15 30424
Ti/ngm—3 50 +33 71+ 43 46+ 32 47+ 23 35+17
Mn/ng m—3 66+ 37 78+51 59+ 28 63+ 32 65+ 28
Ni/ngm~3 25+1.6 25+1.4 2.0+£0.8 26+15 3.2+2.3
Cu/ngm3 23+12 26+ 15 23+ 10 18+ 10 27+12
Zn/ng 3 350+230  440+318 324+182 310164 319+ 205
Mo/ng m—3 3.8+3.8 2.6+1.7 27+15 46+4.3 5.4+5.8
Cd/ngm3 35+1.9 4.1+2.4 3.1+15 3.0+1.6 4.0+2.0
Sn/ngm3 10.6+6.9  12.7+9.3 9.0+4.7 9.7+5.9 11.0+6.6
Sbing n3 6.5+4.2 8.2+5.5 4.8+2.4 5.2+2.9 8.1+4.3
Tliingm—3 1.94+1.1 25+1.6 1.4+0.4 1.6+0.8 23+1.1
Pb/ng n3 172+ 86 198+ 107 142+ 58 154+ 68 198+ 94
V/ingm3 1.74+0.9 22412 1.4+0.7 1.6+0.7 1.6+0.6
Cr/ingm 3 9.2+5.0 10.0+6.4 9.7+3.8 8.6+5.0 8.3+4.2
As/ngni3 20+11 19412 21+12 22+ 10 18+ 10
Se/ngnt3 27+1.2 2.9+1.6 2.3+0.7 2.9+13 2.9+1.0
Zring m—3 2.8+1.6 4.0+1.9 2.3+1.2 25+1.3 2.4+1.2
Ge/ngn3 1.1+0.6 1.2+0.7 0.9+0.3 1.0+ 0.5 1.2+05
Rb/ngm3 7.6+3.7 8.6+5.0 6.6+2.7 7.2+3.2 8.2+3.0
Cs/ngn3 1.2+0.6 1.1+0.7 1.2+0.6 1.3+0.7 1.2+0.5
Ga/ng 3 5.843.1 5.9+3.5 5.1+2.1 6.3+3.5 5.8+3.1
Si*/ng m—3 1204+860 19621142 933-719  868+392 1020+ 351

* Si analysis by XRF method.

Seasonal concentrations of FS decreased from 10.1fgm Both FS and TEO concentrations similarly waxed in spring,
in spring to 5.5ugm?® in autumn and 5.4 ugny in win-
ter and summer. For TEO, seasonal variability was relatively The total concentration of all the trace metals (i.e., exclud-
small, declining from 1.3 ug e in spring to 1.1 pgm3 in
winter, 1.0 g m?3 in autumn, and 0.9 ugn? in summer.

Atmos. Chem. Phys., 14, 8678699 2014

with small fluctuations seen in the other seasons.

ing Al, Fe, Na, Mg, K, and Ca) was 0.8 0.4 ug nT3, con-
stituting 0.7+ 0.3 % of PMy 5 mass. As, Cd, Co, Cr, Ni, Pb,
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Table 3.The calculated chemical components and phase state of ions {)gmiab condition (temp: 23C; RH: 40 %) in Chengdu. Results

were modeled by the ISORROPIA I

Annual Spring Summer Autumn Winter
(n=117) @ =31) (n=30) (n=31) (n=25)

(NH4)2SOy 28.3£18.1 29.2+23.1 27.5£17.6 20.A412.0 37.4:£13.8

NapySOy 1.8+0.9 22+1.0 1.6+0.7 1.7+£0.8 1.6+0.7

KoSOy 3.8+1.7 3.4+19 3.0£13 4.14+1.7 4.7+1.6

MgSOy 0.3+0.2 0.5+0.4 0.3£0.2 0.2£0.1 0.4£0.2

CaSQ 1.2+0.9 2.0+1.3 0.9+:0.7 0.9£0.5 1.0+ 0.4

NH4NO3 13.5+10.3 12.8:11.3 5.9+-4.3 16.7£10.9 19.6+7.3

NH4ClI 19425 16+24 0.3+0.4 3.7£23 21+2.7

H>0(aq) 15.0+8.4 15.3+10.6 12.4-6.9 13.1+-6.8 19.8+6.9

3 species 64.236.4 66.4446.9 50.9-27.3 58.2£30.9 84.A429.3

Y species/PMs5(%) 54.8+16.1 51.2-14.6 61.420.6 51.2-16.0 55.3t6.7
and Se are well-known carcinogenic heavy metals registered 10000 57— T T T T T T T T T T T 3
in the US Agency for Toxic Substances and Disease Registry. 11 ]
Noticeably, the annual mean concentration of As in Chengdu ¥I ]
exceeded the WHO standard (6.6 ngdnlifetime risk level 1000 - v—IE_
is 1:100000) by a factor of 3 (World Health Organization, ] flil
2000). Twenty-five of the 117 samples exceeded 5ngm ] 1
Cd concentration, which is the WHO’s guide value (World w 4qq. i
Health Organization, 2000). ] tl

Enrichment factors (EFs) relative to the Earth’s upper crust ] }IT

composition can be used for assessing the anomaly of el- , III
emental composition of aerosol particles. In this study, Al 3 i 1]
served as a reference element. The average composition of 1111
Earth’s crust was referenced from Hans Wedepohl (1995). frf
The EFs of Zr, Ca, Mg, Ti, Sr, Fe, Ba, V, Na, and K were &éé#%é#’é%;%ééééig‘%ééé%é%

less than 10; EFs of Rb, Mn, Ni, Cs, Cr, Ga, and Ge ranged

from 10 to 100; and EFs of Cu, Tl, Mo, Sn, Zn, Pb, As, Figure 3. Enrichment factors of trace elements.

Sb, Cd, and Se were larger than 100 (Fig. 3). The EFs of

carcinogenic heavy metals, As, Cd, Co, Cr, Ni, Pb, and Se

were 1772:1091, 6060k 3942, 6+5, 47+31, 25+21,  in the urban area of Chengdu was composed of OM, EC,
1753+ 814, and 60953261, respectively, indicating that FS, TEO, inorganic ions, and water, with contributions of
these heavy metals were of anthropogenic origins, excepp4.5+8.4, 5.7+ 1.5, 6.3+ 4.8, 0.9+ 0.3, 42.2-9.0, and

for Co, which was further analyzed below by the PMF re- 12,24 3.0 %, respectively.

sults. Therefore, carcinogenic heavy metal pollution, espe- As illustrated in Fig. 5, the total of inorganic ions was the
cially As, in Chengdu was serious. Control strategies mustargest contributor to Plk, accounting for a relatively con-
be undertaken to alleviate heavy metal loadings. stant fraction of 40 to 44 % in the four seasons. Also, con-
tributions of EC, TEO, and water to P were relatively
constant from season to season. However, seasonal varia-
tions were evident for the contributions of OM and FS to
The PMps mass in Chengdu was reconstructed on seasond®M, 5, with OM contributed 19.4, 19.8, 33.4, and 25.6 %
and annual basis by employing the methods described ifn spring, summer, autumn, and winter, respectively, and FS
Sect. 2.6. PMs mass concentrations could be reconstructedcontributed 9.3, 6.4, 5.3, and 3.7 %, respectively. Fig. 2a
by combining the main components, as depicted in Fig. 4.and b show relatively higher OCEC ratios (2.9 and 2.6,
The correlations k2) between the reconstructed and mea- respectively) and better correlation®¥= 0.73 and 0.90,
sured mass concentrations were higher than 0.93 in all theespectively) between biomass burning tracer LG and OC
seasons and the seasonal average mass ratio ranged framautumn and winter, demonstrating more OM contributed
0.90to 0.99. On average, the reconstructed masses explainém biomass burning in autumn and winter. Because PM
92+ 11 % of measured ones, indicating a good performanceconcentrations were lower in summer than those in autumn
of the formulations applied. Based on the results,,BM and winter, the resulting contribution of FS to PMwas

3.2 Reconstructed PM.5 mass

www.atmos-chem-phys.net/14/8679/2014/ Atmos. Chem. Phys., 14, 8@8889 2014
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Figure 4. Correlation between reconstructed and measured M
mass concentrations in four seasons. Also shown are the linear re-
gression lines with regression equations.
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Figure 5. Chemical mass closures of BM mass concentrations

in four seasons. The major chemical components include inorganic
salts, organic matter (OM), elemental carbon (EC), fine soil (FS),
relatively higher in summer than those in autumn and winter.trace element oxides (TEO), and water content, as well as others
These results suggest that biomass burning and soil dust hatlat were unidentified.

contrasting trends in contributing to By, with more OM

contributions in autumn and winter and more dust contribu-

tions in spring and summer, which is also consistent with the The first source comprises secondary inorganic aerosols,

PMF results, as discussed in the next section. characterized by high NF SG;~, and NG, concentrations
(Fig. 6a) (Zhang et al., 2013). The PMF-derived secondary
3.3 Source apportionment inorganic aerosols accounted for:82.8 % of the PM 5 (Ta-

ble 4). These secondary products were formed from the ox-
Based on the PMF modeling results, six main source factorgdation of main precursor gases, sulfur dioxide gp@nd
were identified, including secondary inorganic aerosols, coahitrogen oxides (N), that were mainly emitted from coal
combustion, biomass burning, the iron and steel industrycombustion, vehicle exhausts, and even biomass burning,
Mo-related industries, and soil dust. Modeled source profilesvhich in turn interacted with ammonia (Nhemitted mainly
together with the relative contributions of individual sources from agricultural activities and livestock waste. The ammo-
to each analyzed species are shown in Fig. 6. Their contrinium ion is a typical secondary pollutant that is often a good
butions are summarized in Table 4. The annual and season#iacer of secondary inorganic aerosols. As expected, tempo-
averages of the absolute (ug#) and fractional (%) contri-  ral variations of secondary inorganic aerosol and,Ntén-
butions from each source were calculated based on their dailgentrations were coincident (Fig. 7a), with BA of 0.76.
values simulated by PMF model. As expected, the annual av- The second source is coal combustion, characterized by
erages of absolute and fractional contributions from identi-high EC, Zn, Cu, Sn, Sb, Tl, and Pb concentrations (Fig. 6b).
fied sources, except the obvious seasonal sources — biomaghis source represented a mean contribution o£4@ % to
burning and soil dust — are larger than their respective stanPM s, with a maximal absolute contribution-29 ug n3)
dard deviations. This suggests that the PMF results mightn spring and winter (Table 4), which agrees with the seasonal
be reasonable. To further confirm this assumption, the moddistribution of coal consumption in China. Coal combustion
eled time series of the contributions from each source wasvas the most dominant contributor of national £&nission
compared with the observed time series of certain chemicain China, representing 72 % (Gregg et al., 2008). In Sichuan,
species that could represent respective sources (Fig. 7).  the main sources were industrial coal boilers and residential
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Table 4. The contributions from six identified sources of Piin Chengdu.

Sources Annual Spring Summer Autumn Winter
ugm-3 % ngn3 % ugnt3 - % ngn3 % ngn3 %
Secondary inorganic aerosols 42 37+18 47+ 37 37+ 16 35+24 37+20 38+28 33+18 67+29 44+ 17
Coal combustion 2218 20+12 29+ 23 22+12 20+12 23+12 13+14 14+13 29+ 19 18+9
Biomass burning 1517 11+10 9+9 7+6 2+4 1+5 24+17 19+11 27+ 17 16+ 7
Iron and steel industry 1811 11+9 12+13 8+7 16+8 19+9 13+11 11+ 8 8+7 5+4
Mo-related industries 1210 11+9 8+5 8+5 7+6 11+ 14 15+ 10 14+ 7 20+ 10 13+5
Soil dust 10+ 10 10+ 12 18+ 14 18+17 8+9 9+12 8+5 8+7 4+6 4+5
Simulated PM 5 by PMF 118+56 100 123t68 100 88:34 100 110£49 100 155£48 100
Measured PM 5 119+ 56 126+ 66 89+ 35 111+49 158+ 51

coal stoves — the latter had significantly higher emissionsably, the LG concentration (235ngT¥) observed in this
of EC (Zhang et al., 2008b). Residential coal stoves werestudy, i.e., spring 2011, was around 40 % lower than that
banned in Chengdu and thus smaller industrial coal boil-(397 ng n73) in spring 2009. This result is ascribed to the
ers dominated this factor. Leaded gasoline has been bannddct that Chengdu municipal government established a spe-
since 2000 in China and coal combustion became the pricial management committee to control biomass burning in
mary source of Pb aerosols in China. This source accounteduburban areas.
for 31 % of the observed Pb in Chengdu (Fig. 6b) (Mukai et The fourth source factor is the iron and steel industry,
al., 2001). Dan et al. (2004) attributed the observed high Plkcharacterized by high Fe, Mn, Zn, Pb, Cu, Cr, As, and Ga
and Zn in wintertime PMs in Beijing to the coal combus- concentrations (Fig. 6d). This factor contributed12 % to
tion source. From a global perspective, coal combustion ighe PM, 5 mass concentration (Table 4). From single-particle
the primary contributor of global emissions of Sb, Sn, and Tlanalyses, enrichment of Fe, Zn, and Pb was observed in
in the atmosphere (Pacyna and Pacyna, 2001). According tambient atmospheric particles around a major integrated
a recent estimate, atmospheric Sb emission from China wasteelwork in the UK (Dall'Osto et al., 2008). China ranks as
up to 818t per year, of which 61.8 % was emitted from coalthe largest iron and steel producer worldwide, whose pro-
combustion and the remaining 26.7 % was from nonferrousductions constituted 44.2 % of the global production in 2010
metal smelting (Tian et al., 2012). However, Sb was some- http://www.miit.gov.cn/n11293472/n11293832/n11293907/
times attributable to traffic emissions, particularly in urban n11368223/14344076.htinlHowever, only a few source
areas (Sternbeck et al., 2002). For Sichuan, the quota of coapportionment studies identified this source in terms of its
combustion in atmospheric Sb emission can reach 85 % (Tiarontributions to PMs pollution and PM-bound chemicals
etal., 2012). Based on our PMF results, coal combustion conin China (Querol et al., 2006; Ni et al., 2012), despite that
tributed 48 % of the observed Sb in Chengdu. As a conseit was well recognized as a main source of pollutants, such
guence, PMF-derived time series of coal combustion contri-as polycyclic aromatic hydrocarbons (PAHs) (Yang et al.,
bution and our observed Sb show good covariation (Fig. 7b)2002) and heavy metals (Machemer, 2004). Fe, Mn, and Cr
This result further implies that Sb, at least in the Sichuanin ambient aerosols collected around industrial sites were
Basin, could be an effective tracer of coal combustion pri-categorized into steel-related metals (Sweet et al., 1993). In
mary pollutants. the present study, we found a considerably practicable tracer
The third source factor is biomass burning, characterized- Ex-Fe — for this important emission source that seems to
by elevated OC, EC, LG, K, NO;, and CI” (Fig. 6¢). This  have been overlooked in China thus far. As illustrated in
result can be corroborated by the results of Tao et al. (2013)Fig. 8a, scatter plots of Fe versus Al in BMof Chengdu
which showed that significant amounts of OC, EC, LG; Cl show that most samples had & mass ratios higher
and K" existed in local biomass burning smoke at a subur-than 0.60, a characteristic ratio of Asian dust (Hsu et al.,
ban site of Chengdu. LG has been demonstrated as a god2D13, and references therein). During our sampling period,
tracer of biomass burning (Engling et al., 2009, and refer-a dust storm sample was collected on April 30 2011 which
ences therein). This factor accounted for110% of the  gave rise to an Al maximum (3408 ngw). This sample
PM,5 mass concentration. Contributions from this sourcehad a F¢ Al ratio of 0.63 (Fig. 8a), in agreement with the
factor to PMy 5 were higher in autumn (12 11 %) and win-  typical ratio. The correlation result is also consistent with
ter (16 7 %) than in spring (& 6 %) and summer (& 5 %) the ERyyst result showing that the annual meancgk of
(Table 4), consistent with seasonal patterns of LG concentraFe is 3.6 (Fig. 3), which is significantly higher than unity.
tion. As expected, variation trends of biomass burning andThis finding demonstrates that fine Fe aerosols originated
LG mass concentrations were similar (Fig. 7) and a goodfrom other nonnatural (i.e., anthropogenic) sources aside
correlation between them was foun@#%(= 0.77). Notice-  from dust. Likewise, the Mpi Al ratios ranged from 0.073
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Figure 6. Six source profiles (bars) resolved from the PMF model (in units of fidugAlso shown are contribution percentages (black
dots) from each source factor.

to 0.145 in the four seasons (Fig. 8b), which is significantly where Aleasured F@veasured @nd Mnyeasuregdenote the mea-
larger than that (0.015) in average crust (Taylor, 1964). Thissured concentrations of Al, Fe, and Mn, respectively, and the
result is indicative of enrichment and thus the dominancefactors of 0.60 and 0.015 are the F&l and Mn/ Al mass

of other sources aside from natural dust. Accordingly, weratios, respectively, in average crust composition. We then

defined Ex-Fe and excessive Mn (Ex-Mn) as follows: compared the derived time series of Ex-Fe and the iron and
steel source contribution and found that they have a strong
[Ex — Fe] = [Feveasured — [Al Measured x 0.60, correlation ®2 = 0.72). Furthermore, we explored the cor-

relations of steel-related metals, such as Mn, Ex-Mn, Zn, and

Cr, against the derived Ex-Fe (Machemer, 2004), as depicted
[Ex— Mn] = [Mnpeasured — [Al Measured x 0.015 g ( ) P
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Figure 7. Time series of daily contributions from each identified source (continuous line) and specific chemical species (black dots) between
January and October 2011.

in Supplement Fig. S4. Obvious linear correlations were ob-As and merits further investigation in other provinces/cities,
served, with arR? ranging from 0.28 to 0.81, demonstrating which would facilitate emission estimation of this carcino-
that the iron and steel industry could be a vital source, ingenic metal across China. Moreover, contributions from this
agreement with the PMF results (Fig. 6d). source to PMs varied significantly with season, ranging
Notably, the iron and steel manufacturing sources con<from 19+ 9% in summer to 1% 8% in autumn, 87 %
tributed more As than coal combustion sources in Chengdun spring, and 54 % in winter. Seasonality may be relevant
(i.e., 48 versus 19%) (Fig. 6d). Along with Se (Hsu et to variability in production capacities of iron smelting fac-
al., 2009), arsenic is considered one of the more usefutories. In fact, air pollutants (S9ONO,, and PMg) emitted
tracers of coal combustion. The ASe ratio in PM5 in from certain most productive manufacturers around Chengdu
Chengdu averaged 6182.6, which is much higher than that were higher in summer than in other seasons based on routine
in coal combustion emission in Sichuan (1.1) and acrossmonitoring results.
China (0.94) (Tian et al., 2010). This finding suggests that The fifth source is the Mo-related industries, character-
coal combustion is not the main contributor of fine aerosolized by high Mo and Ni. This source contributed 48 %
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12

indicative of the dominance of anthropogenic origins. At-
mospheric Mo can originate from traffic emission, biomass
burning, and industrial activities (Tsukuda et al., 2005; Don-
garra et al., 2007; Alleman et al., 2010). It usually has a
concentration lower than 1 ngmh (Negral et al., 2008; Alle-
man et al., 2010; Mooiborek et al., 2011); in contrast, mea-
surements in this study showed a mean concentration of
3.84+3.8ngn13. Sn, Sbh, and Cr were not found in the source
profiles of this factor (Fig. 6e), suggesting that traffic emis-
sions should not be a significant source for these elements,
although Sb is often enriched in aerosols from vehicle emis-
sions (Gémez et al., 2005; Varrica et al., 2013). A much
higher OC/ EC ratio ¢ 100) also rules out the likelihood

of traffic emission. This factor can be discriminated from the
second and fourth factors, i.e., coal combustion and the iron
and steel industry, as the missing three metals are represen-
tatives of the latter two source factors, as discussed above.
For Ni, heavy oil combustion has often been suggested to
be its most important anthropogenic source along with non-
ferrous smelters (Sweet et al., 1993). Heavy oil combustion
in Chengdu appeared to be an insignificant source for Ni, as
the V/ Ni ratio was averaged only 04 0.3, which is much
lower than the value (2—4) characterized for this industry
sector (Almeida et al., 2005; Mamane et al., 2008). Further-
more, Mo and Ni correlated with each other in every season
(Fig. 9), despite that their ratio (MONi) varied with season

to the PM,s mass concentration but varied seasonally, e_g_,with higher ratios (1.7-1.9) in autumn and winter and lower

1447 % in autumn, 13-5% in winter, 11+ 14 % in sum-
mer, and 8 5% in spring (Table 4). Six samples had Mo
concentrations over 10 ngTh; of these three occurred in
autumn and the other three in winter. Theggk values of
Mo and Ni in fine aerosols in Chengdu were500 and

ratios (1.0-1.3) in spring and summer. This trait is a distinc-
tive feature (Mo-rich and Ni-deplete) from what is usually
found in ambient atmosphere, e.g., a ratio significantly lower
than unity (Negral et al., 2008; Mooibroek et al., 2011; Alle-
man et al., 2010). This factor may indicate the existence of

~ 30 (Fig. 3), respectively, which are much higher than unity, & SPecific Mo source with a characteristic Wi ratio of

Atmos. Chem. Phys., 14, 8678699 2014
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Table 5. Summary of measures taken by local and national government in Chengdu.

Source Measures taken by Measures taken by
local government national government
Secondary inorganic aerosols  All industrial factories relocated out Chengdu urban area Industrial emission standard
Coal combustion Coal combustion forbidden in urban area Industrial emission standard
Biomass burning Special management committee established None
Iron and steel industry None Industrial emission standard
Mo-related industries None None
Traffic emissions Hybrid electric vehicles used in public transportation system  Emission standards for new vehicles
Soil dust None None

2.0 or higher, as demonstrated by the dashed line in Fig. 9. 18.4 Implications for PM alleviation
is thus designated as Mo-related industries, which warrants
further investigation, particularly in terms of which specific Efforts have been exerted to improve air quality in Chengdu
industry it belongs to. This finding is comparable with the re- in the past 5 years, as summarized in Table 5, most of which
sult in Pittsburgh, where source apportionment studies havavere based on the official information and/or documents
found Mo and Cr association with a source factor called theavailable at the Chengdu governmental webdgitg(//www.
specialty steel factor (Pekney et al., 2006). The time series o€hengdu.gov.c)/ The Chengdu municipal government de-
this source contribution and the observed Mo concentrationsreed that all industrial factories must be relocated out of the
correlated well, with ark? of 0.47. Chengdu urban area by the end of 2007. Commercial and
The sixth source factor is soil dust, which is characterizedresidential coal combustion was banned in urban areas. A
by elevated Al, Fe, Mg, Ca, Sr, Ti, V, and Zr. A few previous special management committee was established for control-
studies have found that Ca could have originated from aniing biomass burning in suburban areas. New light motor ve-
thropogenic activities in China and thus argued that Ca couldicles have been evaluated using the Chinese state emission
serve as a marker for cement and construction dust (Zhangtandard IV since 2011. Heavy motor vehicles were banned
et al., 2005; Liu et al., 2005). However, the chemical profile in central urban areas and were evaluated using Chinese state
of this identified source shows that Ca content is only 7.2 %emission standard Il in 2013. Hybrid electric vehicles have
(Fig. 6f), which is much lower than that of cement 30 %) been widely used in the public transportation system in re-
and close to that in the northern China dust (7 %) (Zhang etent years. These control strategies have not effectively alle-
al., 2003). This indicates that cement and construction dusviated the PMs pollution. The annual mean concentration
should not be a significant dust source in Chengdu. This facof PMzs in Chengdu was still nearly 3 times higher than
tor accounted for 18 10 % of the PM s mass concentra- NAAQS (35 pg nT3), implying that tremendous efforts are
tion, which is lower than that in Beijing (15 %) (Zhang et al., still needed.
2013). The contribution of soil dust to P mass concen- Our study offers new insights into the causes of the el-
trations was much higher in spring (3817 %) than in other  evated PM levels. Despite the fact that all industrial en-
seasons (%12, 84+ 7, and 45 % in summer, autumn, and terprises in Chengdu urban areas had been relocated, most
winter, respectively). This seasonal pattern is also consistentf these were resettled in Qingbaijiang industrial zone and
with that of the FS concentration. The soil dust factor cov-Jintang county, which are situated in the upwind region
ers desert dust that usually prevails in spring and comes fronaround 20 km north of Chengdu. According to the spatial
north China via long-range transport, fugitive dust, and streedistribution of the fine AOD retrieved from Moderate Res-
dust, among which the latter two were dominated by localolution Imaging Spectrometer sensors onboard Terra and
sources. Al, Fe, Ca, and Ti are typically major crustal ele-Aqua satellites (Fig. 1), the highest AOD values (>0.6) dis-
ments that are often used to calculate soil dust mass concetributed in the Sichuan Basin are centered at the two biggest
tration (Malm et al., 1994), similar to what was done in the cities (Chengdu and Chonggqing). Effective measures are also
current study. The EFs of Al, Fe, Mg, Ca, Sr, Ti, V, and Zr needed over the entire basin. Air mass back trajectories
were lower than 10, indicative of the dominance of a natu-calculated using the NOAA HYSPLIT 4 trajectory model
ral mineral origin. Aluminum is a good tracer of soil dust. (Fig. 10) showed that air masses arrived at CRAES station
As expected, the time series of soil dust contribution and Alat 500 and 1500 m levels but originated from the northeast-
concentrations were consistent (Fig. 7f), withRhof 0.85. ern and western directions, often passing over the cities of
Deyang, Mianyang, and Meishan, where many emission-
producing industries are located. The combination of source
apportionment results in conjunction with satellite AOD im-
age and trajectory analyses suggest the dominance of local

www.atmos-chem-phys.net/14/8679/2014/ Atmos. Chem. Phys., 14, 8@889 2014
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Figure 10. Analytical results of the 48 h air mass back trajectories at 5¢@)rand 1500 n{b) elevation during the sampling periods, which
were run four times per day.

anthropogenic sources instead of regional and/or naturaih Sichuan province, should be managed, whereas PM con-
sources. centration in coal-combustion-generated emissions should be

According to the PMF results, fossil-fuel-combustion- abated. It is noted that traffic emission was not identified as
related activities including source factors of secondary in-a major factor by the PMF although the number of motor
organic aerosols, coal combustion, iron and steel manufacvehicles in Chengdu has exceeded 2 million. This raised the
turing, and Mo-related industries contributed nearly 80 % topostulation that the management of traffic pollution might be
PM.5 and 96 % to sulfate aerosols. Therefore, coal qualityeffective to certain extent and that the traffic emission is rel-
in terms of sulfur and heavy metal content, and coal usagetively insignificant in contributing to the P pollution.
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It should be noted that emissions from the traffic might bethroughout the sampling period. A preliminarily hypothesis
incorporated into the source factor of soil dust as its weight-could be that the special source was relevant to specific alloy
ing contents of Zn, Pb, Cu, Sn, and Sb were relatively ele-industries and/or military industries, pending further investi-
vated, and might also be incorporated into the factor of secgations.

ondary inorganic aerosols. Thus, more studies are needed to The high PM s levels in Chengdu were mainly domi-
explore the contributions of traffic emissions to Pivpol- nated by local anthropogenic emissions in the territory of
lution. In addition, biomass burning activities are presently athe Sichuan Basin, in contrast to those found in Beijing.
tough issue for China’s environmental protection administra-The unique topography surrounding the city is conducive
tion. Biomass fuel is widely used for cooking in rural areas in to air pollutant accumulation and enhancedf2Npollution.
China. Waste straw produced in harvest seasons is habituallgtricter emission standards are needed to alleviate elevated
burned for fertilizing soils. The law forbidding straw burning PM, 5 loadings in this region. The source apportionment re-
was only enacted recently. A common strategy used by smalsults presented here could serve as a valuable scientific basis
boiler industries in Sichuan is to replace coal with biomassfor enacting effective emission control measures and poli-
fuel as an energy source considering that sulfur dioxide emiseies.

sions from biomass fuels may be much lower than from coal

(Andreae and Merlet, 2001). However, more effort is needed.l.he Supplement related to this article is available online

in reducmg air pol!utant emissions from sma!l boilers, which at doi:10.5194/acp-14-8679-2014-supplement
requires establishing new air pollutant emission standards for

biomass fuel boilers. Rigorous efforts should be jointly ex-
erted by different regions and cities and at various levels of
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