June 20, 2014

Dear Prof. Tie,

First of all, we are very grateful to your handling of our manuscript.

We are submitting a revised manuscript (acpd-14-5147-2014) entitled “PM;s
pollution in a megacity of southwest China: source apportionment and
implication” for your reconsideration of its publication in Atmospheric Chemistry
and Physics as a research article. We are now well poised to integrate our new ideas
with the reviewers’ comments to improve the manuscript. Please refer to our
point-by-point response to the referees attached below as a separate document, with
the reviewers’ comments typed in Times New Roman and our responses typed in
Arial. Also attached is the revised manuscript, in where you can find the revised
wordings in blue.

We sincerely hope you will find that the revised manuscript is much improved.
Again, thank you very much for your handling of our manuscript. We are looking
forward to hearing from you soon.

Very sincerely yours,
Shih-Chieh Hsu

Research Center for Environmental Changes
Academia Sinica

No. 128, Sec. 2, Academia Rd.

Taipei, Taiwan

R.O.C.

TEL: 886+2 26539885 ext 530

FAX: 886+2 27833584

Email: schsu815@rcec.sinica.edu.tw



Referee #1

In this manuscript, Tao et al. presented a study of PM;5 at an urban site in Chengdu
megacity in four seasons in 2011. PM, 5 and its chemical components were measured
during the campaign. In addition, the likely chemical formations of ionic constituents
have been studied by applying the ISORROPIA-II thermodynamic equilibrium model;
and the contributions of several likely sources of PM,s have been identified by a
widely used receptor model — PMF. Also, the performances of the two models have
been evaluated compared with the measurement data. This manuscript addresses the
scientific questions that are within the scope of ACP and it is certainly well suitable
for this special issue — “Atmospheric impacts of Eastern Asia”. These measurement
data in this study are complete, providing a valuable dataset for the study of PM,5s in
Chengdu megacity. Both of the measurement and modeling results are significant for
PM s control strategies in Chengdu megacity. However, my major concerns are some
conclusions derived from those ratios, and the credibility of the PMF results since the
number of samples used in each season is very limited (only around or less than 30).
Response:

We sincerely thank for the comments and suggestions, which help us to
improve the paper. Regarding the major concern, the required minimum
sample numbers in applying the PMF model is 100, as emphasized in the
manual of the PMF model (Norris et al., 2008). Our total samples are 117, most
of which have high quality data significantly above detection limits for most
chemical species. Seasonal results of source apportionment were mostly
based on annual results, with additional analysis of seasonal characteristics.
Moreover, the PMF results have been evaluated by comparing with the
observed data particularly for several tracers of specific sources. Thus,

seasonal results of source apportionment should mostly reflect the real



situation. Also compared to many studies, the sample number is adequate
theoretically. More importantly, as the referee stated, the PMF results have
been evaluated by comparing with the observed data particularly for several
tracers of specific sources. Besides, the Fpeak and Q values (Fig. S2) have
been reported to support the performance of the model results, as suggested
by another referee. As for other points, we have carefully responded
point-by-point as follows.
Norris, G., Vedantham, R., Wade, K., Brown, S., Prouty, J., and Foley, C.: EPA
positive matrix factorization (PMF) 3.0 fundamentals & user guide, US
Environmental Protection Agency, Office of Research and Development,

Washington, DC, 2008.

My suggestions are as follows:

Specific comments:

1) P5160, L1-6: “High LG/OC ratio (0.029) and low LG/MN ratio (7.8) in winter ...
By contrast, high LG/OC (0.034) and LG/MN (17) ratios ...” | had difficulty to
understand these. Please explain how you define the so-called “high” and “low”. Are
there any criteria? If so, please show them in the text. In addition, are those ratios
widely applicable? Please clarify;

Response:

Sorry for this confusion. The wording “high” or “low” is based on the
comparison among the four seasons. In the revised manuscript, we have
clarified the statements. Besides, when compared to those ratios of previous
studies, we usually specified the values clearly, so that the readers (and the
referees) would not be confused. In the revised manuscript, we revised to

“‘Relatively high LG/OC ratio (0.029) and low LG/MN ratio (7.8) in winter



compared to those in spring and summer may indicate dominance of wood

burning (Szidat et al., 2009; Oliveira et al., 2007; Pio et al., 2008). By contrast,

the highest LG/OC (0.034) and LG/MN (17) ratios in autumn over the sampling
year could reveal combined sources of wood burning together with rice straw
and other agricultural waste burning (Sheesley et al., 2003; Engling et al.,

2009).”

The LG/MN ratio has been recently proposed to identify particular wood
types in ambient biomass burning aerosols (Engling et al., 2009; Schmidl et al.,
2008). In general, low LG/MN ratios (typically 3 — 7) are generated by softwood
combustion. In contrast, burning of hardwoods and crop residues typically is
associated with higher LG/MN ratios with a rather broad range of 10 — 83. On
the other hand, the LG/OC ratio has been widely applied for estimating the
relative contribution of biomass burning to PM2 s or OC (Harrison et al., 2012;
Holden et al., 2011; Wang et al., 2007; Zhang et al., 2008; Zhang et al., 2010).
These ratios have been widely used in some studies as listed above.

Engling, G, Lee, J. J., Tsai, Y.-W., Lung, S.-C. C., Chou, C. C.-K., and Chan,
C.-Y.: Size-resolved anhydrosugar composition in smoke aerosol from
controlled field burning of rice straw, Aerosol Science and Technology, 43,
662-672, 2009.

Harrison, R., Beddows, D., Hu, L., and Yin, J.: Comparison of methods for
evaluation of wood smoke and estimation of UK ambient concentrations,
Atmospheric Chemistry and Physics, 12, 8271-8283, 2012.

Holden, A. S., Sullivan, A. P., Munchak, L. A., Kreidenweis, S. M., Schichtel, B.
A., Malm, W. C., and Collett Jr, J. L.: Determining contributions of biomass
burning and other sources to fine particle contemporary carbon in the

western United States, Atmospheric Environment, 45, 1986-1993, 2011.



Schmidl, C., Marr, I. L., Caseiro, A., Kotianova, P., Berner, A., Bauer, H.,
Kasper-Giebl, A., and Puxbaum, H.: Chemical characterisation of fine
particle emissions from wood stove combustion of common woods growing
in mid-European Alpine regions, Atmospheric Environment, 42, 126-141,
2008.

Wang, Q., Shao, M., Liu, Y., William, K., Paul, G, Li, X., Liu, Y., and Lu, S.:
Impact of biomass burning on urban air quality estimated by organic tracers:
Guangzhou and Beijing as cases, Atmospheric Environment, 41,
8380-8390, 2007.

Zhang, Z., Engling, G, Lin, C.-Y., Chou, C. C.-K., Lung, S.-C. C., Chang, S.-Y.,
Fan, S., Chan, C.-Y., and Zhang, Y.-H.: Chemical speciation, transport and
contribution of biomass burning smoke to ambient aerosol in Guangzhou, a

mega city of China, Atmospheric Environment, 44, 3187-3195, 2010.

2) P5160, L14-20: it is difficult to understand how you estimated the contributions of
wood burning just from those ratios, please explain it clearly;

Response:

We have clarified and changed the statement to “Using the mean
concentration of LG (Table 2) divided by this characteristic ratio (none was
available in China), we estimated an annual contribution of 3.1 ug m™ (varying
from 1.1 ug m™ to 4.9 pg m™ in the four seasons) from wood burning, which
represents 18% of the observed total OC (ranging from 11% to 24% in varying

seasons) in Chengdu.”

3) Figure 7 is interesting. The six sources are derived from the PMF modeling results

based on the analysis of certain tracers, so, apparently, those tracers should have good



correlations with related sources, if not, the tracer would not be surrogated into the
factor. However, the authors are using the good correlations to evaluate the model
performance. It is not convincing.

Response:

Along with the correlations with specific tracers, the performance of PMF
modeled results have indeed been evaluated by the Fpcax and Q values though
not shown in the original manuscript. In the revised manuscript, we have
added the results in the methodology (Fig. S2), which is also responded to

another referee’s 4" comment.

Technical corrections:

1) P5150, L17-19: revise “PM;s is a complex mixture of sulfate, nitrate, ammonium,

water, organic and element carbon, soil dust, trace elements : : :” to “PMys is a

complex mixture of sulfate (SO,%), nitrate (NO3), ammonium (NH,4"), water (H,0),

organic and element carbon (OC and EC), soil dust, trace elements : : :” Since those

ions are analyzed later, the full name of an abbreviation should be given. In addition,
cite the related references for this conclusion;

Response:

As suggested, we have revised, and cited relevant references (Seinfeld et al.,

2004; Zhang et al., 2013).

Seinfeld, J.H., Carmichael, G.R., Arimoto, R., Conant, W.C., Brechtel, F.J.,
Bates, T.S., Cahill, T.A., Clarke, A.D., Doherty, S.J., Flatau, P.J.:
ACE-ASIA-Regional climatic and atmospheric chemical effects of Asian
dust and pollution. Bulletin of the American Meteorological Society, 85,
367-380, 2004.

Zhang, R., Jing, J., Tao, J., Hsu, S. C., Wang, G., Cao, J., Lee, C. S. L., Zhu,



L., Chen, Z., Zhao, Y., and Shen, Z.: Chemical characterization and
source apportionment of PM, 5 in Beijing: seasonal perspective, Atmos.

Chem. Phys., 13, 7053-7074, doi: 10.5194/acp-13-7053-2013, 2013.

2) P5152, L4: please cite the original paper of the MODIS AOD product;

Response: (should be P5151).

The reference (Remer et al., 2005) has been added.

Remer, L. A., Kaufman, Y., Tanré, D., Mattoo, S., Chu, D., Martins, J. V., Li,
R.-R., Ichoku, C., Levy, R., and Kleidman, R.: The MODIS aerosol
algorithm, products, and validation, Journal of the atmospheric sciences,

62, 2005.

3) P5152, L7-9: please cite the reference for this conclusion;

Response: (should be P5151).

As suggested, we have cited a reference (Tao et al., 2013) for this conclusion.

Tao, J., Zhang, L., Engling, G., Zhang, R., Yang, Y., Cao, J., Zhu, C., Wang, Q.,
and Luo, L.: Chemical composition of PM, 5 in an urban environment in
Chengdu, China: Importance of springtime dust storms and biomass
burning, Atmos. Res., 122, 270-283, doi:10.1016/j.atmosres.2012.11.004,
2013.

4) P5152, L24: What does “A total of 117 PM,5 samples and 12 blank samples were
collected : : :” mean? Is it “A total of 117 samples in which 12 of them are blank™ or
“117 valid samples and 12 blank invalid samples”? Please clarify;

Response:

We have revised this sentence to “A total of 117 PM, s samples along with 12



blank samples ----" so that it is clearer.

5) P5158, L6-16: revise “EPA” to “Environmental Protection Agency (EPA)”, and
“HYSPLIT” to “HYbrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT)” The full name of an abbreviation should be given when it is firstly used.
Please revise other similar errors;

Response: (should be P5157).

As suggested, we have revised.

6) P5158, L15: please cite the original paper for the HYSPLIT model,

Response:

We have added the following references.

Draxler, R.R. and Rolph, GD., 2013. HYSPLIT (HYbrid Single-Particle
Lagrangian Integrated Trajectory) Model access via NOAA ARL READY
Website (http://www.arl.noaa.gov/HYSPLIT.php). NOAA Air Resources
Laboratory, College Park, MD.

Rolph, G.D., 2013. Real-time Environmental Applications and Display sYstem
(READY) Website (http://www.ready.noaa.gov). NOAA Air Resources

Laboratory, College Park, MD.

7) P5158, L1-6: Since those values have already been shown in table 1, there is no
need to write down all of them in the text;
Response:

As suggested, we have removed these values from the text.

8) P5158, L1-10: some words (such as “even” in line 7 and “highest” in line 10)



should be modified. There is no need to use “even” here. Apparently, Chengdu is not
suffering the “highest” PM, s level compared with other cities based on table 1.
Response:

As suggested, we have removed the wording “even” and revised that sentence
to “Thus, Chengdu suffered from severe PM; s pollution problem around the

world.”

9) P5157, L19: there is no need to give a subtitle named “PM;s mass” here.
Response:

As suggested, the subhead “PM, s mass” has been removed.

10) P5158, L20: (Fig. S1) should be (Fig. S2)?
Response:

Thanks for the correction; it has been changed.

11) P5159, L10: “(Zdrahal et al., 2002)?
Response:

It has been corrected.

12) P5160, L6-9: please cite the reference for supporting this;

Response:

We have added two references (Yan et al., 206; Edwards et al., 2003), as
follows. However, we also revised the sentence to “These suggestions are in
agreement with the fact that residents in Sichuan Basin used to utilize woods
as energy source to generate heat in cold winter (Edwards et al., 2004; Yan et

al., 2006).”



Yan, X., Ohara, T., and Akimoto H.: Bottom-up estimate of biomass burning
in mainland China. Atmos. Environ., 40, 5262-5273, 2006.

Edwards, R. D., Smith, K. R., Zhang, J., Ma,Y.: Implications of changes in
household stoves and fuel use in China. Energy Policy, 32, 395411,

2004.

13) P5160, L22-25: any references for supporting these conclusions?

Response:

Two new references have been cited.

Cao, G,, Zhang, X., and Zheng, F.: Inventory of black carbon and organic
carbon emissions from China, Atmospheric Environment, 40, 6516-6527,
2006.

Zhao, B., Wang, P., Ma, J. Z., Zhu, S., Pozzer, A., and Li, W.: A high-resolution
emission inventory of primary pollutants for the Huabei region, China,

Atmospheric Chemistry and Physics, 12, 481-501, 2012.

14) P5161, L4: “Andreae et al., 2008 should be “Andreae and Merlet, 2001?

Response:

This reference has been missed in our original manuscript, and now has been

added in the revised manuscript, as follows:

Andreae, M. O., and Rosenfeld, D.: Aerosol-cloud—precipitation interactions.
Part 1. The nature and sources of cloud-active aerosols, Earth-Science

Reviews, 89, 13—41, 2008.

15) P5162, L16-22: please cite the reference for setting those standards;

Response:



A new reference has been cited.
World Health Organization. Regional Office for Europe. Air quality guidelines

for Europe. No. 91. WHO Regional Office Europe, 2000.

16) P5164, L18-19: The full name of an abbreviation should be given when it is firstly
used, e.g. SO,, NOx and NHg;
Response:

Thanks for the suggestion; full names have been given.

17) P5165, L8: “Dan et al. (2004)” is missing in References;

Response:

It has been added in the revised manuscript.

Dan, M., Zhuang, G, Li, X., Tao, H., and Zhuang, Y.: The characteristics of
carbonaceous species and their sources in PM2 5 in Beijing, Atmospheric

Environment, 38, 3443-3452, 2004.

18) P5166, L16: please cite the reference for this conclusion;

Response:

Here four references (Querol et al., 2006; Ni et al., 2012; Yang et al., 2002;

Machemer, 2004) have been cited originally in text.

Moreover, we have added the following reference (Tian et al., 2012) in P5165,

L16.

Tian, H., Zhao, D., Cheng, K., Lu, L., He, M., and Hao, J.: Anthropogenic
atmospheric emissions of antimony and its spatial distribution
characteristics in China, Environ. Sci. Technol., 46, 3973-3980, doi:

10.1021/es2041465, 2012.



19) P5169, L8: how you define “very well” here;
Response:

We have removed the wording “very”.

20) P5169, L11: actually, “10£10%” is NOT “much lower” than “15%”, please
modify the expression here;
Response:

We have removed the wording “much”.

21) P5169, L24-L28 and P5170, L1-7: where is the information from? Please cite the
related references;

Response:

We have added the Chengdu governmental website as the reference, from
which  we referred to a lot of information and reports
(http://www.chengdu.gov.cn/), but none of which is available in journal articles.
Thus, we also added a statement “----, as summarized in Table 5, most of
which were based on the official information and/or reports available at the

Chengdu governmental website (http://www.chengdu.gov.cn/)”

22) P5179, L30: the year is missing;
Response:

The year (2013) has been added.

23) P5188, revise “MODIS” to “Moderate-resolution Imaging Spectrometer

(MODIS)”. The full name of an abbreviation should be given when it is firstly used.



Response: (Should be 5187).

It has been revised, as suggested.



Referee #3

This study intended to focus on the characteristic of compounds and sources of PM; s
in Chengdu, China. The ISORROPIA-II thermodynamic equilibrium model and
positive matrix factorization (PMF) model were employed for discussion. The results
reported are values and the discussion is comprehensive. Thus, a minor revision is
recommended before published.

Response:

We appreciate for the positive comments and constructive suggestions by this
reviewer. Accordingly, we have revised our manuscript and made a

point-by-point response as follows; please refer to them.

1) The QA/QC of the sampling and chemical analysis should be described more
clearly.

Response:

We have described more details in terms of the QA/QC; please refer to the

methodology section.

2) Page 5156, Line 6. “These suggestions are in agreement with the fact that residents
in Chengdu used to utilize waste wood as energy source to generate heat in cold
winter” It is better to present some reference.

Response: (should be P5160).

We have added two references (Yan et al., 206; Edwards et al., 2003), as
follows. However, we also revised the sentence to “These suggestions are in
agreement with the fact that residents in Sichuan Basin used to utilize woods
as energy source to generate heat in cold winter (Edwards et al., 2004; Yan et

al., 2006).”



Yan, X., Ohara, T., and Akimoto H.: Bottom-up estimate of biomass burning
in mainland China. Atmos. Environ., 40, 5262-5273, 2006.

Edwards, R. D., Smith, K. R., Zhang, J., Ma,Y.: Implications of changes in
household stoves and fuel use in China. Energy Policy 32, 395411,

2004.

3) Page 5163, line 25. “These results suggest that biomass burning and soil dust had
contrasting trends in contributing to PM2s, with more OM contributions in autumn
and winter and more dust contributions in spring and summer.” The author should
make further discussion to obtain this conclusion.

Response:

Thanks for this comments. We revised the discussion with new statements as
below.

Figures 2a and 2b have shown relatively higher OC/EC ratios (2.9 and 2.6,
respectively) and better correlations (R* = 0.73 and 0.90, respectively)
between biomass burning tracer LG and OC in autumn and winter,
demonstrating more OM contributed from biomass burning in autumn and
winter. Because PM;,s concentrations were lower in summer than those in
autumn and winter, the contribution of FS to PM.s was relatively higher in
summer than those in autumn and winter. These results suggest that biomass
burning and soil dust had contrasting trends in contributing to PM, 5, with more

OM contributions in autumn and winter and more dust contributions in spring

and summer, which well consistent with the results of PMF (Table 4).

4) Page 5164, Line 1. “Based on the PMF modeling results, six main source factors

were identified” How do you make the number of the factors? Additionally, the Fpeak



and Q values should be presented.

Response:

We have added the information (as below) in the methodology of the PMF
model.

To determine the appropriate number of source factors, a reasonable practice
is to test different numbers of identifiable sources commonly used and to
consider the major potential sources documented by the local Environmental
Protection Bureau. In this study, we have tested five, six, seven and even eight
different sources in the PMF analysis. Then, PMF was run several times with
different Fpeak values to determine the range within which the objective
function Q values remains relatively constant (Fig. S2). In the six-factor model,
a value of Fpeak = -0.1, provided the most physically reasonable source

profiles.
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Fig. S2. Q values varying as a function of Fpeak for PM, 5 data set in Chengdu.

5) Page 5164, Line 25. “The second source is coal combustion, characterized by high
EC, Zn, Cu, Sn, Sh, Tl and Pb concentrations (Fig. 6b). This source represented a
mean contribution of 20£12% to PM,s” For this factor, maybe some industrial

emissions were also included?



Response:

In fact, two industrial sources have been identified in the present study, that is,
Iron and steel industrial, and Mo-related industrial. For example, ~48% of Zn,
~35% of Cu and ~44% of Pb were contributed by the two industrial sources.
However, ~48% of Sb, an effective tracer of coal combustion in Sichuan, was
contributed by this factor. Moreover, good correlation was found (R?=0.7)
between the resolved PM,s contribution by this factor and Sb. Thus, we

believe that this factor is mostly represented in the coal combustion.

6) Page 5169, Line 9. “The sixth source factor is soil dust, which is characterized by
elevated Al, Fe, Mg, Ca, Sr, Ti, V and Zr.” Ca is the marker for cement dust, so, it
might be a potential source category. Make a discussion.
Response:
We have added the following discussion and concluded that this Ca is mostly
from soil dust rather than cement dust: “A few previous studies have found that
Ca could be originated from anthropogenic activities in China and thus argued
that Ca could serve as a marker for cement and construction dust (Zhang et al.,
2005; Liu et al., 2005). However, the chemical profile of this identified source
shows that Ca content is only 7.2% (Figure 6f), which is much lower than that
(~30%) of cement and close to that (7%) in the northern China dust (Zhang et
al., 2003). Therefore, this indicates that cement and construction dust would
not be a significant dust source in Chengdu.”
Liu, X., Zhu, J., Van Espen, P., Adams, F., Xiao, R., Dong, S., and Li, Y.:
Single particle characterization of spring andsummer aerosols in Beijing:
Formation of composite sulfate of calcium andpotassium. Atmos. Environ.,

39, 6909-6918, 2005.



Zhang, D., Shi, G., lwasaka, Y., Hu, M. and Zang, J.: Anthropogenic calcium
particles observed in Beijing and Qingdao, China. Water Air Soil Pollut.:
Focus 5, 261-276, 2005.

Zhang, X. Y., Gong, S. L., Shen, Z. X, Mei, F. M., Xi, X. X., Liu, L. C., Zhou, Z.
J., Wang, D., Wang, Y. Q., and Cheng, Y.: Characterization of soil dust
aerosol in China and its transport and distribution during 2001 ACE-Asia:
1. Network observations. J. Geophys. Res., 108(D9), 4261,

doi:10.1029/2002JD002632, 2003.



PM, 5 Pollution in a Megacity of Southwest China: Source Apportionment

and Implication
Jun Tao®, Jian Gao”", Leiming Zhang’, Renjian Zhang®, Huizheng Che®, Zhisheng
Zhang®, Zejian Lin®, Junshan Jing", Junji Cao®, Shih-Chieh Hsu""
“South China Institute of Environmental Sciences, Ministry of Environmental
Protection, Guangzhou, China
®Chinese Research Academy of Environmental Sciences, Beijing, China
°Air Quality Research Division, Science Technology Branch, Environment Canada,
Toronto, Canada
‘RCE-TEA, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing,
China
‘Key Laboratory of Atmospheric Chemistry (LAC), Institute of Atmospheric
Composition, Chinese Academy of Meteorological Sciences (CAMS), China
'Centre for Atmosphere Watch and Services (CAWAS), Meteorological Observation
Center of CMA, Beijing, China
£Key Laboratory of Aerosol, SKLLQG, Institute of Earth Environment, Chinese
Academy of Sciences, Xi’an, China

"Research Center for Environmental Changes, Academia Sinica, Taipei, Taiwan

*Correspondence author: schsu815@rcec.sinica.edu.tw; gaojian@craes.org.cn



Abstract

Daily PM, s (aerosol particles with an aerodynamic diameter of less than 2.5 pm)
samples were collected at an urban site in Chengdu, an inland megacity in southwest
China, during four one-month periods in 2011, with each period in a different season.
Samples were subject to chemical analysis for various chemical components ranging
from major water-soluble ions, organic carbon (OC), element carbon (EC), trace
elements to biomass burning tracers, anhydrosugar levoglucosan (LG) and mannosan
(MN). Two models, ISORROPIA-II thermodynamic equilibrium model and positive
matrix factorization (PMF) model, were applied to explore the likely chemical forms
of ionic constituents and to apportion sources for PM; 5. Distinctive seasonal patterns
of PM;s and associated main chemical components were identified and could be
explained by varying emission sources and meteorological conditions. PM;, 5 showed a
typical seasonality of waxing in winter and waning in summer, with an annual mean
of 119 pg m™. Mineral soil concentrations increased in spring whereas biomass
burning species elevated in autumn and winter.

Six major source factors were identified to have contributed to PM; s using the
PMF model. These were secondary inorganic aerosols, coal combustion, biomass
burning, iron and steel manufacturing, Mo-related industries, and soil dust, and they
contributed 37£18%, 20+12%, 11+10%, 11+9%, 11£9%, and 10+£12%, respectively,
to PM,s masses on annual average, while exhibiting large seasonal variability. On
annual average, the unknown emission sources that were not identified by the PMF
model contributed 1+11% to the measured PM, 5 mass. Various chemical tracers were
used for validating PMF performance. Antimony (Sb) was suggested to be a suitable
tracer of coal combustion in Chengdu. Results of LG and MN helped constrain the
biomass burning sources, with wood burning dominating in winter and agricultural

waste burning dominating in autumn. Excessive Fe (Ex-Fe), defined as excessive



portion in measured Fe that cannot be sustained by mineral dust, is corroborated to be
a straightforward useful tracer of iron and steel manufacturing pollution. In Chengdu,
Mo/Ni mass ratios were persistently higher than unity, and considerably distinct from
those usually observed in ambient airs. V/Ni ratios averaged at only 0.7. Results
revealed that heavy oil fuel combustion should not be a vital anthropogenic source,
and additional anthropogenic sources for Mo are yet to be identified. Overall, the
emission sources identified in Chengdu could be dominated by local sources located
in the vicinity of Sichuan, a result differed from those found in Beijing and Shanghai,
wherein cross-boundary transport is significant in contributing pronounced PM,s.
These results provided implications for PM, s control strategies.

Keywords: Source apportionment; PM, s; Chemical mass closure; Control strategies;

Chengdu

1. Introduction

Fine particulate matter (PM;s) - those having an aerodynamic diameter of less
than 2.5 pum, is a key air pollutant in terms of adverse human health effects and
visibility degradation (Pope III and Dockery, 2006; Watson, 2002). The specialized
cancer agency of the World Health Organization (WHO), the International Agency for
Research on Cancer (IARC), has classified outdoor PM as carcinogenic to humans
(Group 1) (http://www.iarc.fr/). For instance, daily mortality has been found to be
related to the level of PM, s sourced from traffic emission and coal combustion in six
US cities (Laden et al., 2000). PM;s is a complex mixture of sulfate (SO42'), nitrate
(NOj3’), ammonium (NH4"), water (H,0), organic and element carbon (OC and EC),
soil dust, trace elements, and persistent organic pollutants (Seinfeld et al., 2004;

Zhang et al., 2013). It originates from both natural and anthropogenic sources, and



includes both primary and secondary particle species. Knowledge of sources and their
contributions to PM; s is crucial in making feasible policies for controlling PM, s level
to protect human health and reduce hazy weather occurrence.

Source apportionment of PM; 5 has been achieved extensively around the world
(Lee and Kang, 2001; Putaud et al., 2004; Hueglin et al., 2005; Lonati et al., 2005;
Chen et al., 2010). Such technique has been increasingly applied for the past decade in
China, although mostly focused on urban cities and areas such as Beijing, Yangtze
River Delta (YRD), and Pearl River Delta (PRD) (He et al., 2001; Ye et al., 2003; Tao
et al., 2012; Zhang et al., 2013). To date, PM; s pollution is still a severe problem in
China. Sichuan Basin is one of the most polluted regions in China (Cao et al., 2007;
Zhao et al., 2010; Yang et al., 2011), as demonstrated by the spatial distribution of
aerosol optical depth (AOD) retrieved by satellites (Fig. 1; Remer et al., 2005).

Chengdu, located west of Sichuan Basin (Fig. 1), is one of the megacities in
China with a population of more than 10 million. This megacity is one of the few
inland megacities worldwide which are far from oceans. Air pollution is a serious
issue for this city, presumably due to the complex topography surrounding the city
and huge amounts of coal consumption (Tao et al., 2013). For example, PM; 5
concentrations reached an annual mean of 165 pg m™ in 2009 to 2010, which is five
times higher compared with the new national ambient air quality standards (NAAQS)
(35 ug m™) and 16 times higher compared with the air quality guideline (10 pg m™)
recommended by the WHO (Tao et al., 2013). Achieving NAAQS in this city is
apparently a challenging task. A better understanding of PM;s sources and their
relative contributions is urgently needed to enact effective emission control policies
and to implement multi-pollutant reduction measures. To date, studies on

seasonal-based source apportionments remain lacking, yet they are critical in shedding



lights on emission control measures of air pollutants and in making emission control
policies (Tao et al., 2013). To fill these gaps, a comprehensive data set acquired in
2011 is analyzed in the present study, with an emphasis on seasonal-based source
apportionments.

Accordingly, the present study aims to accomplish the following goals: to
systematically characterize PM; 5 levels and their chemical compositions on seasonal
and annual basis, to identify PM, s source factors and to quantify their respective
contributions, and to evaluate existing and recommend new environmental protection

measures based on novel source apportionment results.
2. Methodology

2.1 Site description

PM,s samples were collected at the Chengdu Research Academy of
Environmental Sciences (CRAES) located in the urban area of Chengdu (30.65° N,
104.03° E) (Fig. 1). Instruments used in this study were installed on the roof (21 m
above ground) of an office building of the CRAES. This site was built with
unimpeded vision, although a residential area and a park were situated about 100 m
east from the sampling site. In 2004, the Chengdu municipal government promulgated
the “Chengdu Plan of Industrial Development Layout (2003-2020)”, which forbids
any pollution industries within the third-ring road inside the city
(http://www.cdgy.gov.cn/Article/2004/200402/1165.html). The CRAES site is within
and more than 5 km away from the third-ring road (Fig. S1). Therefore, no major
stationary air pollution sources were present within a circumference of 5 km of the
site, except mobile emissions; but the site was affected by industrial pollutions outside
the third-ring road. Thus, the site was considered to be representative of a typical

urban environment in Chengdu.



2.2 Sampling

PM, s samples were collected using two low-flow air samplers (MiniVol TAC,
AirMetrics Corp., Eugene, OR, USA). Prior to the start of the sampling campaign, the
flow rate of PM; s samplers was calibrated. Samples were collected at a flow rate of 5
L min™ on two types of filters: 47 mm quartz fiber filter (Whatman QM-A) and 47
mm Teflon filter (Whatman PTFE). Quartz filters were pre-baked at 800 °C for 3 h
prior to sampling. Collected filters were stored in a freezer at —18 °C before chemical
analysis to minimize evaporation of volatile components.

A total of 117 PM, s samples along with 12 blank samples were collected in 2011
during the following periods: 6—30 January (representative of winter), 3 April-3 May
(spring), 1-31 July (summer), and 1-31 October (autumn). Collection duration of
each sample was 24 h, starting at 10:00 local time each day and ending at 10:00 the
following day. Three field blanks were collected with each sampler during every
seasonal campaign, which were then analyzed together with the samples.

2.3 Gravimetric weighing

Teflon filters were measured gravimetrically for particle mass concentration
using a Sartorius MCS5 electronic microbalance with a sensitivity of =1 pg (Sartorius,
Gottingen, Germany) after 24 h equilibration at 23+1 °C with relative humidity at
40+5%. Each filter was weighed at least three times before and after sampling.
Differences among replicate weights were mostly less than 20 pg for each sample. Net
mass was obtained by subtracting pre-weight from post-weight.

2.4 Chemical analysis
24.10Cand EC
An area of 0.526 cm’® punch from each quartz filter was analyzed for eight

carbon fractions following the IMPROVE A thermal/optical reflectance (TOR)



protocol on a DRI model 2001 carbon analyzer (Atmoslytic, Inc., Calabasas, CA,
USA) (Chow et al., 2007). This analysis acquired four OC fractions (OC1, OC2, OC3,
and OC4 at 140, 280, 480, and 580 °C, respectively, in a helium [He] atmosphere), OP
(a pyrolyzed carbon fraction determined when transmitted laser light attains its
original intensity after oxygen [O,] was added to the analysis atmosphere), and three
EC fractions (EC1, EC2, and EC3 at 580, 740, and 840 °C, respectively, in a 2%
0,/98% He atmosphere). IMPROVE TOR OC is operationally defined as OC1 +
OC2 + OC3 + OC4 + OP and EC is defined as EC1 + EC2 + EC3-OP (Chow et al.,
2007). Additional quality assurance(QA) and quality control (QC) procedures have
been described in detail in Cao et al. (2003).
2.4.2 Trace elements and water-soluble ions

Each PTFE filter was cut into two equal halves with ceramic scissors, and then
subjected to extraction and digestion. One half was extracted with ultrapure water for
ionic measurement and the other half was dissolved with acids for elemental
measurement. Digestion was performed with an acid mixture (5 ml HNO; + 2 ml HF)
by using an ultra-high throughput microwave digestion system (MARSXpress, CEM,
Matthews, NC). A blank reagent and two filter blanks were prepared in each run
following the same procedures adopted for the samples. All acids used in this study
were of ultra-pure grade (Merck, Germany). The detailed digestion method has been
published elsewhere (Hsu et al., 2008; 2010). A suite of trace elements in the
digestion solutions, including Al, Fe, Na, Mg, K, Ca, Sr, Ba, Ti, Mn, Co, Ni, Cu, Zn,
Mo, Ag, Cd, Sn, Sb, Tl, Pb, V, Cr, As, Y, Se, Zr, Nb, Ge, Rb, Cs, Ga, U and 15 rare
earth elements (REEs), were analyzed by quadrupole-based inductively coupled
plasma—mass spectrometry (ICP-MS; Elan 6100, Perkin ElmerTM SCIEX, USA).

Calibration was achieved using a multi-element standard prepared from stock



standard (Merck) comprising a 2% HNO; solution. Quality assurance and control
(QA/QC) of ICP-MS measurement was guaranteed by the analysis of a certified
reference standard, NIST SRM-1648 (urban particulates). Resulting recoveries fell
within £10% of the certified values for most elements, except for Se, As, Cs, Sb, and
Rb (£15%) (Zhang et al., 2013). The precision for most elements is better than 5%
(n=5).

Silicon was quantified using X-ray fluorescence analysis (XRF, EpsilonS,
PANalytical Company, Netherlands) on Teflon filters before acid digestion. The
QA/QC procedures of the XRF analysis have been described in Xu et al. (2012a).

The other half of all filter samples was used for extraction with 20 ml ultrapure
water (specific resistivity = 18.2 MQ.cm; Millipore, Massachusetts, United States) for
1 h. Analysis of extract solutions was performed with an ion chromatograph (Dionex
ICS-900 and ICS-1100) equipped with a conductivity detector (ASRS-ULTRA). A
Dionex AS11-HC separator column was used for analyzing F, CI', NO3’, and SO,*. A
CS12A separator column was used to analyze Na', NH4", K, Mg2+, and Ca®’. The
eluents used were 22 mM to 25 mM KOH for anions and 20 mM methansulfonic acid
(MSA) for cations. In general, method detection limits (MDL) were within the range
of 0.01 pg m~to 0.04 pg m™ for cations and 0.03 pg m™to 0.07 pg m™ for anions
(Hsu et al., 2007).

2.4.3 Sugar measurements

A 2.0 cm? punch from each quartz filter was extracted in 2 mL of ultrapure water
under ultrasonic agitation for 1 h. Extracts were filtered through a syringe filter (pore
size 0.25 um, PTFE, Whatman, USA) to remove insoluble materials. Anhydrosugar
levoglucosan (LG) and mannosan (MN) were measured by a Dionex ICS-3000 system.

Instrumental controls, data acquisition, and chromatographic integration were



performed using Dionex Chromeleon software. A calibration was performed for each
analytical sequence. The DL for LG and MN were 0.002 mg L. A detailed
description of the analytical method can be found elsewhere (Tao et al., 2013; Engling
et al., 2006; linuma et al., 2009).
2.5 Measurements of meteorological parameters

Meteorological parameters including wind direction, wind speed, relative
humidity (RH), temperature, and precipitation were measured every 10 min. Wind
direction and wind speed were recorded by a wind monitor (Vaisala Company,
Helsinki, Finland, Model QMW101). Ambient RH and temperature were measured by
an RH/temperature probe (Vaisala Company, Helsinki, Finland, Model QMHI101).
Precipitation was measured using a rain gauge (Vaisala Company, Helsinki, Finland,
Model QMR101). Both meteorological instruments were mounted at 3 m above the
roof of the CRAES building (24 m above ground). Solar radiation data were obtained
from a national meteorological station (30.7° N, 103.8° E) located 20 km from
CRAES.
2.6 Data analysis methods

To analyze chemical mass closure of PM, s, PM, s mass was reconstructed as the
sum of organic matter (OM), EC, inorganic ions, water content, fine soil (FS), and
trace element oxides (TEO). The factor converting OC to OM was 1.6 for spring and
summer, and 1.8 for autumn and winter, as explained in section 3.1.2. Water content
was calculated using the thermodynamic equilibrium model-ISORROPIA II (reserve
mode) (Fountoukis and Nenes, 2007). To evaluate the model performance, statistical
metrics including mean bias (MB), normalized mean bias (NMB), normalized mean
error (NME) and the root mean-square error (RMSE) were calculated as below (Eder

and Yu., 2006):
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where C,, and C, are modeled and observed concentration of total inorganic ions,
respectively.

The FS component was estimated using the following formula (Malm et al.,
1994):

[FS]=2.20[Al] + 2.49[Si] + 1.63[Ca] + 2.42[Fe] + 1.94[Ti] (5)
However, Si is mostly volatilized as SiF, in acid digestion when using HF. Thus, we
used Si data analyzed by XRF, whereas the data for other four elements were obtained
from ICP-MS measurement.

For TEO, the contribution of heavy metals as metal oxides was estimated using
the following equation (Zhang et al., 2013):

TEO=13x[0.5%x(Sr+Ba+Mn+ Co+Rb+Ni+V)+1.0x(Cu+Zn+ Mo
+Cd+ Sn + Sb + Tl +Pb + As + Se + Ge + Cs + Ga)] (6)

Source apportionment analysis was conducted using positive matrix factorization

(PMF) Model Version 3.0 of Environmental Protection Agency (EPA), US (Norris et



al., 2008). To reduce uncertainties of PMF results, chemical components with annual
average concentrations below MDLs were removed, such as F~ and REEs, which are
essentially similar to the major crustal elements such as Al. Thirty-five chemical
components were used for the PMF model, including OC, EC, LG, Na', NH,", K",
Mg2+, Ca2+, CI, NO5', SO42', Al Fe, Mg, Ca, Sr, Ba, Ti, Mn, Ni, Cu, Zn, Mo, Cd, Sn,
Sb, TI, Pb, V, Cr, As, Se, Zr, Ge, Rb, Cs and Ga. To determine the appropriate
number of source factors, a reasonable practice is to test different numbers of
identifiable sources commonly used and to consider the major potential sources
documented by the local Environmental Protection Bureau. In this study, we have
tested five, six, seven and even eight different sources in the PMF analysis. Then,
PMF was run several times with different Fpeak values to determine the range within
which the objective function Q values remains relatively constant (Fig. S2). In the
six-factor model, a value of Fpeak = -0.1, provided the most physically reasonable
source profiles.

Three-day backward trajectories were calculated at an elevation of 500 and 1500
m for every sampling day starting at 02:00 UTC (10:00 local time) using the HYbrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) 4 trajectory model
(http://ready.arl.noaa.gov/HY SPLIT.php) to investigate synoptic patterns and transport
routes of air masses (Draxler and Rolph, 2013; Rolph, 2013). The model adopted
meteorological data from FNL (final operational global analysis) as input.
3. Results and Discussion
3.1 General characteristics of PM, s and chemical components

The annual average of PM, s mass concentrations in Chengdu was 119£56 pg m™
(Table 1), which was three times higher than the NAAQS for annual PM,5 (35 pg

m™). As summarized in Table 1, PM, s level in Chengdu was only significantly lower



than one inland megacity, Xi’an (194 pg m™), located in northwest China (Zhang et
al., 2011), and was comparable with the other two megacities, Chongqing (Yang et al.,
2011), also located in Sichuan Basin, and Beijing (Zhang et al., 2013). However,
PM, 5 in Chengdu was much higher than those observed in coastal megacities, such as
Tianjin (Gu et al., 2010), Shenyang (Ma et al., 2011), Shanghai (Feng et al., 2009),
Fuzhou (Xu et al., 2012b), Xiamen (Zhang et al., 2012), Guangzhou (Tao et al., 2014)
and Hong Kong (Louie et al., 2005). The annual average PM,s in Chengdu was
higher by a factor of 3 to 15 compared with those in other developed countries
(Balasubramanian et al., 2003; Heo et al., 2009; Khan et al., 2009; Pinto et al., 2004;
Querol et al., 2004). Thus, Chengdu suffered from severe PM; s pollution problem in
the world.

A typical seasonal variation in PM; s mass concentrations was observed (Table 2),
with higher concentrations in winter (158 pg m™) and spring (126 ug m™) and lower
concentrations in autumn (111 pg m>) and summer (89 pg m™). Generally, PM, s
levels are governed by emissions, transportation, chemical transformation, and
depositional processes, which are all related to meteorological conditions. However,
systematic investigations on PM; s emission inventories have not been conducted in
Sichuan (including Chengdu). The highest wintertime PM, s concentration could be
partly related to certain weather conditions in terms of low mixing height because of
weak solar radiation (Fig. S3). By contrast, the lowest summertime concentration was
in part, due to frequent rainfall (Fig. S3), which led to efficient removal of suspended
particles from the atmosphere (Wang et al., 2010).

3.1.1 Carbonaceous aerosols and biomass burning markers

3

2

Annual mean concentrations of OC and EC were 1748 and 7+4 pg m’

accounting for PM;s masses of 14.3+4.4% and 5.7+1.5%, respectively (Table 2).



Seasonal variation of EC was similar to that of PM, s, following the order of winter
(8+ 8 pg m™) > spring (745 pg m™) > autumn (743 pg m™) > summer (6+3 pg m™).
However, the seasonal pattern of OC was somewhat different from that of EC and
PM, s, with the second highest season in autumn (20+9 pg m™) instead of in spring
(15+7 pg m™). The distinct seasonality between OC and EC implies likely changes in
the strength of their respective sources in different seasons. LG concentrations were
nearly identical in autumn (659+441 ng m™) and winter (635+246 ng m™), followed
by spring (235£151 ng m™) and summer (152489 ng m™), with an annual mean of
412+352 ng m™. However, MN showed a more typical seasonality compared with LG,
with a maximum (80+£34 ng m™) in winter, followed by autumn (36+27 ng m>),
spring (19+17 ng m™), and summer (9+7 ng m™). The levels of these two markers
were much higher than those measured in European countries, such as Sweden (Szidat
et al., 2009), Belgium (Zdrahal et al., 2002), Switzerland (Szidat et al., 2006) and
Norway (Yttri et al., 2009).

Sources of carbonaceous aerosols can be further qualitatively evaluated by the
relationship of OC against EC (Turpin and Huntzicker, 1995) and biomass burning
markers against OC or EC (Szidat et al., 2009). For instance, large discrepancies and
variability in OC/EC ratios reportedly exist in coal combustion (0.3-7.6), vehicle
emission (0.7-2.4), and biomass burning (4.1-14.5) (Watson et al., 2001). As shown
in Fig. 2a, OC and EC in Chengdu were well correlated in each season, with R?
ranging from 0.65 to 0.85. Mean OC/EC ratios increased from 2.0 in spring and 1.8 in
summer to 2.9 in autumn and 2.6 in winter. These average ratios were lower than
those (3.3) measured in PM;( in Chengdu in 2006, but within the range found across
China by Zhang et al. (2008). Good correlations between OC and EC, but distinct

OC/EC ratios suggest that OC and EC were derived from similar sources that varied



seasonally. As depicted in Figs. 2b and 2¢, LG correlated with OC and MN, with the
LG/OC ratio ranging from 0.015 in summer to 0.034 in winter and the LG/MN ratios
ranging from 7.8 in winter to 17 in autumn. In addition to the differences in seasonal
ratios, correlations were also quite variable from season to season with the highest
coefficient (R* > 0.90) in winter and the lowest (R* < 0.60) in summer. Again, features
of biomass burning biomarker revealed that biomass burning sources of carbonaceous
aerosols varied with the season. LG/OC ratio has been applied as a tracer of wood
burning (Szidat et al., 2009, and references therein), whereas LG/MN ratio has been
used for distinguishing specific types of biomass burning (Engling et al., 2009).
Relatively high LG/OC ratio (0.029) and low LG/MN ratio (7.8) in winter compared
to those in spring and summer may indicate dominance of wood burning (Szidat et al.,
2009; Oliveira et al., 2007; Pio et al., 2008). By contrast, the highest LG/OC (0.034)
and LG/MN (17) ratios in autumn over the sampling year could reveal combined
sources of wood burning together with rice straw and other agricultural residue
burning (Sheesley et al., 2003; Engling et al., 2009). These suggestions are in
agreement with the fact that residents in Sichuan Basin used to utilize woods as
energy source to generate heat in cold winter (Edwards et al., 2004; Yan et al., 2006).
In addition to residential use, waste wood was used by nearly one thousand smaller
coal boilers (less than 10 ton vapor h™). Agricultural waste burning was usually most
severe in harvest season - autumn, in China (Duan et al., 2004). Our LG/OC ratios
were much lower than those (~0.135) typically detected in wood burning (Szidat et al.,
2009, and references therein) as OC was produced from additional sources besides
biomass burning. Using the mean concentration of LG (Table 2) divided by this
characteristic ratio (none was available in China), we estimated an annual contribution

of 3.1 pg m™ (varying from 1.1 pg m™ to 4.9 ug m™ in the four seasons) from wood



burning, which represents 18% of the observed total OC (ranging from 11% to 24% in
varying seasons) in Chengdu. The annual mean proportion is lower than that (~30%)
acquired from PMF modeling, which is presented below. This finding indicates that
biomass burning other than wood burning sources (e.g., agricultural waste burning)
accounted for the rest of the contributions (i.e., ~10%) to the OC.

Lei et al. (2011) reported that the 2005 primary OC and EC emissions from
anthropogenic sources in China were 1.51 and 3.19 Tg, respectively. In Sichuan
province, the residential sector was the largest contributor, constituting 47% to black
carbon (BC) and 81% to OC. In other regions of China, the dominant sector could be
different (Cao et al., 2006; Zhao et al., 2012). For example, the industrial sector is
dominant in northern China provinces, such as Hebei, Shanxi, Shandong and Henan.
According to Qin and Xie (2012), annual BC emission from Sichuan in 2009 has
increased to over 0.14 Tg. Coal was still the most predominant fuel used in China,
which alone contributed nearly 50% to the national BC emission (Qin and Xie, 2012).
Based on the coincidence of OC/EC ratios between the PM; 5 aerosols (annual mean
~2.4) and emissions (~2.1), coal combustion appeared to be an important source of
carbonaceous aerosols throughout the year. The factor converting OC to OM has been
suggested to vary with its dominant sources and the age of organic aerosols (Turpin
and Lim, 2001; Andreae and Rosenfeld, 2008). In the present study, a value of 1.6 was
adopted for spring and summer, and 1.8 for autumn and winter. These values were
consistent with those recently observed across China (Xing et al., 2013), although
slightly lower than those found across the US, which had a median value of 1.80 to
1.95 (Simon et al., 2011).

3.1.2 Water-soluble ions

Water-soluble ions also comprised important constituents of PM,s. The sum of



all the major water-soluble ions averaged at 52 + 29 ug m” in Chengdu (Table 2),
accounting for 42 + 9% of PM; s mass. SO42', NO;, and NH," were the dominant ions,
and their combination constituted 90 = 5% of total ion concentrations. To investigate
the associations among ions, a thermodynamic equilibrium model, ISORROPIA II
(Fountoukis and Nenes, 2007), was applied to simulate chemical components and
phase state of major ions in thermodynamic equilibrium conditions. Water and
inorganic salt concentrations were simultaneously estimated by ISORROPIA II model
(reserve mode) at a fixed relative humidity (RH 40%) and temperature (23 °C). Seven
compounds that had concentrations larger than zero were derived (Table 3). On annual
average, the total concentrations of all inorganic chemical species calculated by
ISORROPIA II model was 51 + 28 pg m™, which was very close to the sum of all the
observed ions concentrations (52 + 29 ug m™). To evaluate ISORROPIA II model
performances, the statistical parameters MB, NMB, NME and RMSE for total ion
concentrations were calculated by Equations (1)-(4).The MB, NMB, NME and RMSE
values are -1.2, -2.3%, 2.3% and 1.6, suggesting that the ISORROPIA II model can
reasonably simulate most of the observed ions. Both SO42' and NO;3;  were mostly
associated with NH,", present in the forms of (NH4),SO4 and NH4NO;. All CI” were
exclusively present in the form of NH4Cl. Besides NH.", the other four cations (K+,
Na’, Ca2+, and Mg%) were also associated with SO4>. Seasonal variations in
concentrations of the predominant chemical species, (NH4),SO4 and NH4NO3, were
consistent with those of SO42' and NO;3  concentrations that showed the highest
concentrations in winter and the lowest in summer or autumn (Table 2). Liquid water
derived by the ISORROPIA II model reached to 15.0£8.4 pg m™ on the average,

following similar seasonal patterns of major ions.



3.1.3 Metal elements

Daily concentrations of FS and TEO were calculated using Equations (5) and (6).
Annual concentrations of FS and TEO were 6.7 + 4.4 and 1.1 + 0.6 ug m™, which
accounted for 6.3 + 4.8% and 0.9 = 0.3%, respectively, of PM,s mass. Seasonal
concentrations of FS decreased from 10.1 pg m™ in spring to 5.5 pg m™ in autumn
and 5.4 pg m” in winter and summer. For TEO, seasonal variability was relatively
small, declining from 1.3 pg m™ in spring to 1.1 pg m™ in winter, 1.0 pg m™ in
autumn, and 0.9 pg m” in summer. Both FS and TEO concentrations similarly waxed
in spring, with small fluctuations seen in the other seasons.

The total concentration of all the trace metals (i.e., excluding Al, Fe, Na, Mg, K
and Ca) was 0.8 £ 0.4 pg m'3, constituting 0.7 £ 0.3% of PM, s mass. As, Cd, Co, Cr,
Ni, Pb and Se are well-known carcinogenic heavy metals registered in the US Agency
for Toxic Substances and Disease Registry. Noticeably, the annual mean concentration
of As in Chengdu exceeded the WHO standard (6.6 ng m™, lifetime risk level is 1:100
000) by a factor of 3 (World Health Organization, 2000). Twenty-five of the 117
samples exceeded 5 ng m™ Cd concentration, which is the WHO’s guide value (World
Health Organization, 2000).

Enrichment factors (EFs) relative to the earth’s upper crust composition can be
used for assessing the anomaly of elemental composition of aerosol particles. In this
study, Al served as a reference element. Average composition of earth crust was
referred to Hans Wedepohl (1995). The EFs of Zr, Ca, Mg, Ti, Sr, Fe, Ba, V, Na and K
were 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, 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,

60603942, 6+5, 47431, 25421, 17534814, and 609543261, respectively, indicating



that these heavy metals were of anthropogenic origins, except for Co, which was
further analyzed below by the PMF results. Therefore, carcinogenic heavy metal
pollution, especially As, in Chengdu was serious. Control strategies must be
undertaken to alleviate heavy metal loadings.

3.2 Reconstructed PM; s mass

The PM, s mass in Chengdu was reconstructed on seasonal and annual basis by
employing the methods described in Section 2.6. PM; 5 mass concentrations could be
reconstructed by combining the main components, as depicted in Fig. 4. The
correlations (R?) between the reconstructed and measured mass concentrations were
higher than 0.93 in all the seasons and the seasonal average mass ratio ranged from
0.90 to 0.99. On average, the reconstructed masses explained 92+11% of measured
ones, indicating a good performance of the formulations applied. Based on the results,
PM, 5 in the urban area of Chengdu composed of OM, EC, FS, TEO, inorganic ions,
and water, with contributions of 24.5+8.4%, 5.7+1.5%, 6.3+4.8%, 0.9+0.3%,
42.249.0%, and 12.2+3.0%, respectively.

As illustrated in Fig. 5, the total of inorganic ions was the largest contributor to
PM, s, accounting for a relatively constant fraction of 40% to 44% in the four seasons.
Also, contributions of EC, TEO, and water to PM, s were relatively constant from
season to season. However, seasonal variations were evident for the contributions of
OM and FS to PM; s, with OM contributed 19.4%, 19.8%, 33.4% and 25.6% in spring,
summer, autumn and winter, respectively, and FS contributed 9.3%, 6.4%, 5.3% and
3.7%, respectively. Figs. 2a and 2b show relatively higher OC/EC ratios (2.9 and 2.6,
respectively) and better correlations (R* = 0.73 and 0.90, respectively) between
biomass burning tracer LG and OC in autumn and winter, demonstrating more OM

contributed from biomass burning in autumn and winter. Because PM;;s



concentrations were lower in summer than those in autumn and winter, the resulting
contribution of FS to PM, s was relatively higher in summer than those in autumn and
winter. These results suggest that biomass burning and soil dust had contrasting trends
in contributing to PM, s, with more OM contributions in autumn and winter and more
dust contributions in spring and summer, which is also consistent with the PMF

results, as discussed in the next section.

3.3 Source apportionment

Based on the PMF modeling results, six main source factors were identified,
including secondary inorganic aerosols, coal combustion, biomass burning, iron and
steel industry, Mo-related industry and soil dust. Modeled source profiles together
with the relative contributions of individual sources to each analyzed species are
shown in Fig. 6. Their contributions are summarized in Table 4. The annual and
seasonal averages of the absolute (ng m™) and fractional (%) contributions from each
source were calculated based on their daily values simulated by PMF model. As
expected, the annual averages of absolute and fractional contributions from identified
sources, except the obvious seasonal sources - biomass burning and soil dust, are
larger than their respective standard deviations. This suggests that the PMF results
might be reasonable. To further confirm this assumption, the modeled time-series of
the contributions from each source was compared with the observed time-series of
certain chemical species that could represent respective sources (Fig. 7).

The first source comprises secondary inorganic aerosols, characterized by high
NH,4", SO4*, and NO;™ concentrations (Fig. 6a) (Zhang et al., 2013). The PMF-derived
secondary inorganic aerosols accounted for 37+18% of the PM,s (Table 4). These

secondary products were formed from the oxidation of main precursor gases, sulfur



dioxide (SO,) and nitrogen oxides (NOy), that were mainly emitted from coal
combustion, vehicle exhausts, and even biomass burning, which in turn interacted
with ammonia (NH3) emitted mainly from agricultural activities and livestock waste.
Ammonium ion is a typical secondary pollutant that is often a good tracer of
secondary inorganic aerosols. As expected, temporal variations of secondary inorganic
aerosol and NH," concentrations were coincident (Fig. 7a), with R? 0f 0.76.

The second source is coal combustion, characterized by high EC, Zn, Cu, Sn, Sb,
Tl and Pb concentrations (Fig. 6b). This source represented a mean contribution of
20+£12% to PM; s, with a maximal absolute contribution (~29 pg m™) in spring and
winter (Table 4), which agrees with the seasonal distribution of coal consumption in
China. Coal combustion was the most dominant contributor of national CO, emission
in China, representing 72% (Gregg et al., 2008). In Sichuan, the main sources were
industrial coal boilers and residential coal stoves, the latter had significantly higher
emissions of EC (Zhang et al., 2008b). Residential coal stoves were forbidden in
Chengdu and thus smaller industrial coal boilers dominated this factor. Leaded
gasoline has been phased out since 2000 in China and coal combustion became the
primary source of Pb aerosols in China. This source accounted for 31% of the
observed Pb in Chengdu (Fig. 6b) (Mukai et al., 2001). Dan et al. (2004) attributed the
observed high Pb and Zn in wintertime PM; s in Beijing to the coal combustion source.
From a global perspective, coal combustion is the primary contributor of global
emissions of Sb, Sn, and TI in the atmosphere (Pacyna and Pacyna, 2001). According
to a recent estimate, atmospheric Sb emission from China was up to 818 metric tons
per year, of which 61.8% was emitted from coal combustion and the remaining 26.7%
was from nonferrous metal smelting (Tian et al., 2012). However, Sb was sometimes

attributable to traffic emissions, particularly in urban areas (Sternbeck et al., 2002).



For Sichuan, the quota of coal combustion in atmospheric Sb emission can reach 85%
(Tian et al., 2012). Based on our PMF results, coal combustion contributed 48% of the
observed Sb in Chengdu. As a consequence, PMF-derived time series of coal
combustion contribution and our observed Sb are in good covariation (Fig. 7b). This
result further implies that Sb, at least in Sichuan Basin, could be an effective tracer of
coal combustion primary pollutants.

The third source factor is biomass burning, characterized by elevated OC, EC,
LG, K', NOy’, and CI" (Fig. 6¢). This result can be corroborated by the results of Tao
et al. (2013), which showed that significant amounts of OC, EC, LG, Cl" and K"
existed in local biomass burning smoke at a suburban site of Chengdu. LG has been
demonstrated as a good tracer of biomass burning (Engling et al., 2009, and
references therein). This factor accounted for 11£10% of the PM;s mass
concentration. Contributions from this source factor to PM; s were higher in autumn
(19+11%) and winter (16£7%) than in spring (7+6%) and summer (1+5%) (Table 4),
consistent with seasonal patterns of LG concentration. As expected, variation trends of
biomass burning and LG mass concentrations were similar (Fig. 7) and a good
correlation between them was found (R*=0.77). Noticeably, the LG concentration (235
ng m™) observed in this study, i.e., spring 2011, was around 40% lower than that (397
ng m™) in spring 2009. This result is ascribed to the fact that Chengdu municipal
government established a special management committee to control biomass burning
in suburban areas.

The fourth source factor is the iron and steel industry, characterized by high Fe,
Mn, Zn, Pb, Cu, Cr, As and Ga concentrations (Fig. 6d). This factor contributed 11+9%
to the PM, s mass concentration (Table 4). From single-particle analyses, enrichment

of Fe, Zn, and Pb was observed in ambient atmospheric particles around a major



integrated steelwork in UK (Dall’Osto et al., 2008). China ranks as the largest iron
and steel producer worldwide, whose productions constitute 44.2% of the global
production in 2010
(http://www.miit.gov.cn/n11293472/n11293832/n11293907/n11368223/14344076.htm
1). However, only a few source apportionment studies identified this source in terms
of its contributions to PM; s pollution and PM-bound chemicals in China (Querol et
al., 2006; Ni et al., 2012), despite that it was well recognized as a main source of
pollutants, such as polycyclic aromatic hydrocarbons (PAHs) (Yang et al., 2002) and
heavy metals (Machemer, 2004). Fe, Mn and Cr in ambient aerosols collected around
industrial sites were categorized into steel-related metals (Sweet et al., 1993). In the
present study, we found a considerably practicable tracer - Ex-Fe, for this important
emission source that seems to have been overlooked in China thus far. As illustrated in
Fig. 8a, scatter plots of Fe versus Al in PM; 5 of Chengdu show that most samples had
Fe/Al mass ratios higher than 0.60, a characteristic ratio of Asian dust (Hsu et al.,
2013, and references therein). During our sampling period, a dust storm sample was
collected on April 30, 2011, which gave rise to an Al maximum (3408 ng m™). This
sample had a Fe/Al ratio of 0.63 (Fig. 8a), in agreement with the typical ratio. The
correlation result is also consistent with the EF . result showing that the annual
mean EF . of Fe is 3.6 (Fig. 3), which is significantly higher than unity. This finding
demonstrates that fine Fe aerosols originated from other non-natural (i.e.,
anthropogenic) sources aside from dust. Likewise, the Mn/Al ratios ranged from
0.073 to 0.145 in the four seasons (Fig. 8b), which are significantly larger than that
(0.015) in average crust (Taylor, 1964). This result is indicative of enrichment and
thus, the dominance of other sources aside from natural dust. Accordingly, we defined

Ex-Fe and excessive Mn (Ex-Mn) as follows:



[Ex-Fe] = [Femcasurea] ~[Almeasurea] X 0.60

[Ex-Mn] =[ Mnweasured] —[Almeasurea] % 0.015
where Almeasureds F€Measured, and MNmeasurea denote the measured concentrations of Al,
Fe, and Mn, respectively, and the factors of 0.60 and 0.015 are the Fe/Al and Mn/Al
mass ratios, respectively, in average crust composition. We then compared the derived
time-series of Ex-Fe and the iron and steel source contribution and found that they
have a strong correlation (R?=0.72). Furthermore, we explored the correlations of
steel-related metals, such as Mn, Ex-Mn, Zn and Cr, against the derived Ex-Fe
(Machemer, 2004), as depicted in Fig. S4. Obvious linear correlations were observed,
with R? ranging from 0.28 to 0.81, demonstrating that the iron and steel industry could
be a vital source, in agreement with the PMF results (Fig. 6d).

Notably, the iron and steel manufacturing sources contributed more As than coal
combustion sources in Chengdu (i.e., 48% versus 19%) (Fig. 6d). As is considered
one of the more useful tracers of coal combustion, along with Se (Hsu et al., 2009).
The As/Se ratio in PM; s in Chengdu averaged 6.8+2.6, which is much higher than
that in coal combustion emission in Sichuan (1.1) and across China (0.94) (Tian et al.,
2010). This finding suggests that coal combustion is not the main contributor of fine
aerosol As and merits further investigation in other provinces/cities, thus facilitates
emission estimation of this carcinogenic metal, namely, As across China. Moreover,
contributions from this source to PM, s varied significantly with season, ranging from
19+9% in summer to 11£8% in autumn, 8+7% in spring and 5+4% in winter.
Seasonality may be relevant to variability in production capacities of iron smelting
factories. In fact, air pollutants (SO,, NO,, and PM;) emitted from certain most
productive manufacturers around Chengdu were higher in summer than in other

seasons based on routine monitoring results.



The fifth source is the Mo-related industry, characterized by high Mo and Ni.
This source contributed 11+9% to the PM, s mass concentration but varied seasonally,
e.g., 14+7% in autumn, 13+5% in winter, 11+14% in summer, and 8+5% in spring
(Table 4). Six samples had Mo concentrations over 10 ng m™, of these three occurred
in autumn and the other three in winter. The EF . values of Mo and Ni in fine
aerosols in Chengdu were ~500 and ~30 (Fig. 3), respectively, which are much higher
than unity, indicative of the dominance of anthropogenic origins. Atmospheric Mo can
originate from traffic emission, biomass burning, and industrial activities (Tsukuda et
al., 2005; Dongarra et al., 2007; Alleman et al., 2010). It usually has a concentration
lower than 1 ng m> (Negral et al., 2008; Alleman et al., 2010; Mooiborek et al., 2011);
in contrast, measurements in this study showed a mean concentration of 3.8+3.8 ng
m”. Sn, Sb, and Cr were not found in the source profiles of this factor (Fig. 6e),
suggesting that traffic emissions should not be a significant source for these elements,
although Sb is often enriched in aerosols from vehicle emissions (Gémez et al., 2005;
Varrica et al., 2013). 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 iron and steel industry, as the missing three metals are
representatives 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 V/Ni ratio was averaged at
only 0.7+0.3, which is much lower than the value (2—4) characterized for this industry
sector (Almeida et al., 2005; Mamane et al., 2008). Furthermore, Mo and Ni
correlated with each other in every season (Fig. 9), despite their ratio (Mo/Ni) varied

with season with higher ratios (1.7-1.9) in autumn and winter and lower ratios



(1.0-1.3) in spring and summer. This trait is a distinctive 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; Alleman et
al., 2010). This factor may indicate the existence of a specific Mo source with a
characteristic Mo/Ni ratio of 2.0 or higher, as demonstrated by the dashed line in Fig.
9. It is thus designated as the Mo-related industry, which warrants further
investigations, particularly in terms of which specific industry it belongs to. This
finding is comparable with the result in Pittsburgh, where source apportionment
studies have found Mo and Cr association with a source factor called specialty steel
factor (Pekney et al., 2006). The time-series of this source contribution and the
observed Mo concentrations correlated well with R? of 0.47.

The sixth source factor is soil dust, which is characterized by elevated Al, Fe, Mg,
Ca, Sr, Ti, V and Zr. A few previous studies have found that Ca could be originated
from anthropogenic activities in China and thus argued that Ca could serve as a
marker for cement and construction dust (Zhang et al., 2005; Liu et al., 2005).
However, the chemical profile of this identified source shows that Ca content is only
7.2% (Fig. 6f), which is much lower than that (~30%) of cement and close to that (7%)
in the northern China dust (Zhang et al., 2003). This indicates that cement and
construction dust should not be a significant dust source in Chengdu. This factor
accounted for 10+10% of the PM,s mass concentration, which is lower than that
(15%) in Beijing (Zhang et al., 2013). The contribution of soil dust to PM, s mass
concentrations was much higher in spring (18+17%) than in other seasons (9+12%,
8+7% and 4+5% in summer, autumn, and winter, respectively). This seasonal pattern
is also consistent with that of the FS concentration. The soil dust factor covers desert

dust that usually prevails in spring and comes from north China via long-range



transport, fugitive dust, and street dust, among which the latter two were dominated
by local sources. Al, Fe, Ca and Ti are typically major crustal elements that are often
used to calculate soil dust mass concentration (Malm et al., 1994), similar to what was
done in the current study. The EFs of Al, Fe, Mg, Ca, Sr, Ti, V, and Zr were lower than
10, indicative of the dominance of a natural mineral origin. Aluminum is a good tracer
of soil dust. As expected, the time series of soil dust contribution and Al
concentrations were consistent (Fig. 7f), with R? of 0.85.
3.4 Implications for PM alleviation

Efforts have been exerted to improve air quality in Chengdu in the past five years,
as summarized in Table 5, most of which were based on the official information
and/or documents available at the Chengdu governmental website
(http://www.chengdu.gov.cn/). The Chengdu municipal government decreed that all
industrial factories must be relocated out of Chengdu urban area by the end of 2007.
Commercial and residential coal combustion was forbidden in urban areas. A special
management committee was established for controlling biomass burning in suburban
areas. New light motor vehicles have been evaluated using the Chinese state emission
standard IV since 2011. Heavy motor vehicles were forbidden in central urban areas
and were evaluated using Chinese state emission standard III in 2013. Hybrid electric
vehicles have been widely used in public transportation system in recent years. These
control strategies have not effectively alleviated the PM, s pollution. Annual mean
concentration of PM; s in Chengdu was still nearly three times higher than NAAQS
(35 pg m™), implying that tremendous efforts are still needed.

Our study offers new insights into the causes of the elevated PM,s levels.
Despite the fact that all industrial enterprises in Chengdu urban areas had been

relocated, most of these were resettled in Qingbaijiang industrial zone and Jintang



county, which are situated at the upwind region around 20 km north of Chengdu.
According to the spatial distribution of the fine AOD retrieved from moderate
resolution imaging spectrometer sensors onboard Terra and Aqua satellites (Fig. 1),
the highest AOD (> 0.6) distributed in Sichuan Basin centered at the two biggest cities
(Chengdu and Chongqing). Effective measures are also needed over the entire basin.
Air mass back trajectories calculated using the NOAA HYSPLIT 4 trajectory model
(Fig. 10) showed that air masses arrived at CRAES station at 500 and 1500 m levels,
but originated from the northeastern and western directions, often passed over Deyang,
Mianyang, and Meishan Cities, where many industrial emission facilities are located.
The combination of source apportionment results in conjunction with satellite AOD
image and trajectory analyses suggest the dominance of local anthropogenic sources
instead of regional and/or natural sources.

According to the PMF results, fossil fuel combustion-related activities including
source factors of secondary inorganic aerosols, coal combustion, iron and steel
manufacturing, and Mo-related industry, contributed nearly 80% to PM, s and 96% to
sulfate aerosols. Therefore, coal quality in terms of sulfur and heavy metal content,
and coal usage in Sichuan Province should be managed, whereas PM concentration in
coal combustion-generated emissions should be abated. It is noted that traffic
emission was not identified as a major factor by the PMF although the number of
motor vehicles in Chengdu has exceeded two million. This raised the postulation that
the management of traffic pollution might be effective to certain extent and that the
traffic emission is relatively insignificant in contributing to the PM, s pollution. It
should be noted that emissions from the traffic might be incorporated into the source
factor of soil dust as its weighting contents of Zn, Pb, Cu, Sn, and Sb were relatively

elevated, and into the factor of secondary inorganic aerosols. Thus, more studies are



needed to explore the contributions of traffic emissions to PM, s pollution. In addition,
biomass burning activities are presently a tough issue for China’s environmental
protection administration. Biomass fuel is widely used for cooking in rural areas in
China. Waste straws produced in harvest seasons are habitually burned for fertilizing
soils. The law forbidding straw burning was only enacted recently. A common strategy
used by small boiler industries in Sichuan is to replace coal with biomass fuel as an
energy source considering that sulfur dioxide emissions from biomass fuels may be
much lower than from coal (Andreae and Merlet, 2001). However, more effort is
needed in reducing air pollutant emissions from small boilers, which requires
establishing new air pollutant emission standards for biomass fuel boilers. Rigorous
efforts should be jointly exerted by different regions and cities and at various levels of

the government.

4. Conclusions

The annual average PM;s concentration reached 119+56 ng m> in 2011 in
Chengdu, an inland megacity of southwest China. A typical seasonality of waxing in
winter and waning in summer was observed. The annual PM; s level in this city was
three times greater than the NAAQS standard (35 pg m™) and higher than those in
many cities around the world. Annual mean concentration of carcinogenic As in
Chengdu was up to 20+11 ng m™~, which is also three times higher than the WHO’s
guide value (6.6 ng m™). Based on the results of chemical measurements and
ISORROPIA-II thermodynamic equilibrium model results, major components of fine
aerosols were identified to be inorganic ions, organic matter, elemental carbon,
mineral soils, trace element oxides, and water, the sum of which accounted for 92+11%
of the observed masses.

Six source factors were identified using the PMF source apportionment model.



The absolute (pg m) and fractional (%) contributions from each source factor varied
with season. Distinctive chemical species were successfully used as characteristic
tracers of individually modeled sources to validate source apportionment results.
Biomarkers of biomass burning, LG and MN, were applied to constrain the more
likely biomass burning sources. Wood burning was identified to be the main source in
winter while agricultural waste burning was in autumn. The present study found a
straightforward surrogate of iron and steel manufacturing pollution, namely, excessive
Fe, which is well correlated to the contribution from this source. A special source,
Mo-related heavy industries, was modeled by PMF, corresponding to a persistently
high Mo/Ni ratio of >1.0 throughout the sampling period. A preliminarily hypothesis
could be that the special source was relevant to specific alloy industries and/or
military industries, pending further investigations.

The high PMys levels in Chengdu were mainly dominated by local
anthropogenic emissions in the territory of Sichuan Basin, in contrast to those found
in Beijing. Unique topography surrounding the city is conducive to air pollutant
accumulation and enhance PM, s pollution. Stricter emissions standards are needed to
alleviate elevated PM, s loadings in this region. The source apportionment results
presented here could serve as a valuable scientific basis in enacting effective emission

control measures and policies.
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Table 1. Statistics of annual PM, 5 mass concentrations in urban Chengdu and other cities in the world

City/Nation Sampling period PM,s(ugm™)  Reference
Chengdu, Southwest China 2011 119 This study
Chonggqing, 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 Xuetal., 2012
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, Netherlands, UK (central EU)  1998-2002 16-30 Querol et al.,2004
Sweden (Northern EU) 1998-2002 8-15 Querol et al.,2004
Spain (Southern EU) 1998-2002 19-25 Querol et al.,2004




Table 2. Statistics of PM; s chemical components in four seasons

Annual(n=117) Spring(n=31) Summer(n=30)  Autumn(n=31) Winter (n=25)
PM, s/ug m” 119456 126466 89435 111449 158451
OC/pg m™ 1748 1547 114 2049 2247
EC/ug m™ 7+4 745 6+3 743 8+4
Na'/pg m™ 0.6+0.3 0.7+0.3 0.5+0.2 0.5+0.3 0.5+0.2
NH, /ug m™ 11.6+7.3 11.9£10.0 9.045.0 11.146.0 15.345.7
K'/ug m> 1.7+0.8 1.5+0.8 1.3£0.6 1.8+0.7 2.140.7
Mg>/ug m™ 0.1+0.0 0.10.1 0.1+0.0 0.0£0.0 0.1£0.0
Ca*’/ug m™ 0.4+0.3 0.6+0.4 0.3+0.2 0.3+0.1 0.3+0.1
F/ug m® 0.10.1 0.120.1 0.0+0.0 0.10.1 0.120.0
Cl/pg m 1.741.7 1.5+1.5 0.4+0.4 2.541.6 2.8+1.9
NO;/ug m™ 10.7+7.8 10.2+8.7 5.3+3.2 12.948.5 15.545.4
SO4*/pug m™ 25.0+14.1 26.4+18.1 23.7+13.5 19.249.6 31.8+10.7
LG/ng m™ 4124352 235+151 152+89 659+441 635+246
MN/ng m” 34435 19+17 9+7 36+27 8034
Al/ngm” 560420 898581 427+331 4624217 4264201
Fe/ng m™ 693420 899+561 610+363 640303 606+335
Na/ng m™ 8374680 865+413 7364342 8474344 658+283
Mg/ng m™ 196+164 2994251 147+123 166+78 164+86
K/ng m™ 1576+751 15754876 13124623 1757+777 16814640
Ca/ng m™ 4024339 5884440 3414344 3894218 2624203
Sr/ng m™ 5.7+4.1 7.544.9 3.6£2.5 5.443.1 6.6+4.6
g
Ba/ng m™ 22+17 26+13 136 23+15 30+ 24
Ti/ng m” 50 £33 7143 46432 47423 35+17
Mn/ng m 66237 78451 59428 63432 65428
Ni/ng m™ 2.5+1.6 2.5+1.4 2.0£0.8 2.6+1.5 32423
Cu/ng m” 23+12 26+15 23+10 18+10 27+12
Zn/ng m> 350230 440+318 324+182 310164 3194205
Mo/ng m” 3.843.8 2.6+1.7 2.7+1.5 4.6+4.3 5.4+5.8
Cd/ng m* 3.5+1.9 4.1+2.4 3.1+1.5 3.0+1.6 4.0+2.0
Sn/ng m” 10.6+6.9 12.749.3 9.0+4.7 9.7+5.9 11.0+£6.6
Sb/ng m™ 6.5+4.2 8.245.5 48424 5.242.9 8.144.3
Tl/ng m” 1.9+1.1 2.5+1.6 1.4+0.4 1.6+0.8 2.3+1.1
Pb/ng m™ 172486 198+107 142+58 154+68 19894
V/ng m™ 1.740.9 2.2+1.2 1.4+0.7 1.6+0.7 1.6+0.6
Cr/ng m™ 9.245.0 10.0£6.4 9.7+3.8 8.6+5.0 8.3+4.2
As/ngm” 20411 19+12 21+12 22410 18+10
Se/ng m™ 2.7£1.2 2.9+1.6 2.3+0.7 2.9+1.3 2.9+1.0
Zr/ng m™ 2.8+1.6 4.0+1.9 2.3+1.2 2.5+1.3 2.4+1.2
Ge/ng m™ 1.120.6 1.2+0.7 0.9+0.3 1.0+0.5 1.2+0.5
Rb/ng m™ 7.6+3.7 8.645.0 6.6+2.7 72432 8.243.0
Cs/ng m” 1.2+0.6 1.1£0.7 1.240.6 1.3£0.7 1.2+0.5
Ga/ng m” 5.8+3.1 5.943.5 5.1+2.1 6.343.5 5.8+3.1
Si®/ng m™ 1204+860 1962+1142 9334719 868+392 10204351

(a): Si analysis by XRF method.



Table 3 The calculated chemical components and phase state of ions (ug m™) in

lab condition (Temp=23°, RH=40%0) in Chengdu. Results were modeled by the

ISORROPIA II.
Annual Spring Summer Autumn Winter
(n=117) (n=31) (n=30) (n=31) (n=25)
(NH4)2S04 28.3£18.1 29.2+23.1 27.5+17.6 20.7£12.0 37.4+13.8
Na,SO4 1.8+0.9 2.2+1.0 1.60.7 1.7+0.8 1.6+0.7
K,SO,4 3.8+1.7 3.4+1.9 3.0+1.3 4.1£1.7 4.7+1.6
MgSO4 0.3+0.2 0.5+0.4 0.3+0.2 0.2+0.1 0.4+0.2
CaSO, 1.2+0.9 2.0£1.3 0.9+0.7 0.9+0.5 1.0+0.4
NH4NO; 13.5£10.3 12.8+11.3 5.944.3 16.7£10.9 19.6+7.3
NH4Cl 1.9+2.5 1.6+2.4 0.3+0.4 3.742.3 2.1+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
X species 64.2+36.4 66.7+46.9 50.9+27.3 58.2+30.9 84.7+£29.3
X species/PM, 5(%) 54.8+16.1 51.2+14.6 61.7+20.6 51.2+16.0 55.346.7




Table 4. The contributions from six identified sources of PM,s in Chengdu

Annual Spring Summer Autumn Winter
Sources 3 o 3 o 3 . 3 . 3 .
pg m %o pg m %o pg m %o pg m Yo pg m Yo
Secondary inorganic aerosols 46+32 37+£18 47+£37 37+16 35424 37+20 38428 33+18 67+29 44+17
Coal combustion 22+18 20£12 29423 22+12 20£12 23+12 1314 14£13 29+19 18+9
Biomass burning 1517 11+10 9+9 7+6 2+4 145 24+17 19+11 27+17 16+7
Iron and steel industry 13£11 11+£9 12+13 8+7 16+8 19+9 13+11 11+£8 8+7 5+4
Mo-related industry 12+10 119 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+6 445
Simulated PM, 5 by PMF 118456 100 123+68 100 88+34 100 110+49 100 155+48 100
Measured PM; 5 119+56 126+66 89435 111+49 158+51
Table 5. Summary of Measures have been taken by local and national government in Chengdu

Source Measures taken by local government Measures taken by national government

Secondary inorganic aerosols  All industrial factories relocated out Chengdu urban area Industrial emission standard

Coal combustion Coal combustion were forbidden in urban area Industrial emission standard

Biomass burning Establish special management committee None

Iron and steel industry None Industrial emission standard

Mo-related industry None None

Traffic emissions Hybrid electric vehicles used in public transportation system Emission standards for new vehicles

Soil dust None None




Figure captions:

Fig. 1. Sampling location (30.65°N, 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.

Fig. 2. Scatter plots of OC vs. EC (a), LG vs. OC (b) and LG vs. MN (c¢) in four
seasons. Also shown are the linear regression lines with regression equations.

Fig. 3. Enrichment factors of trace elements.

Fig. 4. Correlation between reconstructed and measured PM; s mass concentrations in
four seasons. Also shown are the linear regression lines with regression equations.
Fig. 5. Chemical mass closures of PM; s mass concentrations in four seasons. The
major chemical components include inorganic salts, organic matter (OM), elemental
carbon (EC), fine soil (FS), trace element oxides (TEO), water content, as well as
others that were unidentified.

Fig. 6. Six source profiles (bars) resolved from the PMF model (in unit pg/pg). Also
shown is contribution percentages (black dots) from each source factor (in unit %).
Fig. 7. Time series of daily contributions from each identified source (continuous line)
and specific chemical species (black dot) between January and October 2011.

Fig. 8. Scatter plots of Fe versus Al and Mn versus Al in PM; 5 of Chengdu.

Fig. 9. Scatter plots of Mo and Ni in four seasons.

Fig. 10. Analytical results of the 48 h air mass back trajectories at 500 m (a) and 1500

m (b) elevation during the sampling periods, which were run four times per day.
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