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Daily PM2.5 samples were collected in Chengdu, a megacity in southwest China, for a period of
one month in every season during 2009–2010. Mass concentrations of water-soluble inorganic
ions, organic carbon (OC), elemental carbon (EC), levoglucosan (LG), water soluble organic
carbon (WSOC), and elements were determined to identify the chemical characteristics and
potential sources of PM2.5. The data obtained in spring were discussed in detail to explore the
impacts of dust storms and biomass burning on the chemical aerosol properties. The daily
PM2.5 mass concentrations ranged from 49.2 to 425.0 μg m−3 with an annual average of
165.1±85.1 μg m−3. The highest seasonal average of PM2.5 concentrations was observed in
the winter (225.5±73.2 μg m−3) and the lowest in the summer (113.5±39.3 μg m−3). Dust
storm influence was observed only during the spring, while biomass burning activities
occurred frequently in late spring and early summer. In the spring season, water-soluble ions,
total carbonaceous aerosols, and the sum of the dominant elements (Al, Si, Ca, Ti, Fe, Mn, Zn,
Pb, and Cu) accounted for 30.0±9.3%, 38.6±11.4%, and 6.2±5.3%, respectively, of the total
PM2.5 mass. Crustal element levels evidently increased during the dust storm episode and LG,
OC, WSOC, Cl− and K+ concentrations increased by a factor of 2-7 during biomass burning
episodes. Using the Positive Matrix Factorization (PMF) receptor model, four sources for spring
aerosols were identified, including secondary sulfate and nitrate, motor vehicle emissions, soil
dust, and biomass burning. The four sources were estimated to contribute 24.6%, 18.8%, 23.6%
and 33.0%, respectively, to the total PM2.5 mass.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Fineparticulatematterwith aerodynamic diameters less than
2.5 μm (PM2.5) has been found to adversely impact human
health (Dockery and Pope, 1994; Laden et al., 2000; Samet et al.,
nvironmental Sciences,
a.
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2000; Pope and Dockery, 2006), visibility (Sisler and Malm,
2000; Lowenthal and Kumar, 2005; Pitchford et al., 2007;
Watson, 2002), and climate change (Jacob and Winner, 2009).
To address these impacts, chemical composition, sources/sinks,
and formation mechanisms of PM2.5 need to be understood at
local, regional, and global scales (McMurry, 2000; Kaufman et al.,
2002; Putaud, et al., 2004; Querol et al., 2004; Solomon et al.,
2008). Numerous studies on various topics involving PM2.5 have
been conducted around the world (e.g., Chan, et al., 1999; Lee
and Kang, 2001; Lin, 2002; Ho et al., 2003; Putaud, et al., 2004;
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Hueglin et al., 2005; Lonati et al., 2005). However, such studies in
China were still limited and were mostly conducted in
developed regions during the past decade, e.g., the Beijing
metropolitan area, the Yangtze River Delta (YRD), and the
Pearl River Delta (PRD) (He et al., 2001; Ye et al., 2003;
Andreae et al., 2008; Hu et al., 2008; Yang et al., 2011).

Chengdu is one of the biggest cities in China with a
population of more than 10 million, located in the Sichuan
Basin of Southwest China. Air pollution is a serious problem in
this city due to the special topography surrounding the city.
For example, Longquan Mountain to the east and Qionglai
Mountain to thewest of the city can render dispersion of locally
produced pollutants to be ineffective and cause high levels of
pollution under certain weather conditions. To date, only a few
studies have reported chemical speciation data for PM2.5 in the
Sichuan Basin (Wei et al., 1999; Cao et al., 2007; Zhao et al.,
2010; Yang et al., 2012) and there has been no systematic
investigation for the city of Chengdu. To fill this knowledge gap,
chemically-resolved PM2.5 data were obtained at an urban site
in Chengdu for a period of one month in each season. Eight
carbon fractions, ninewater-soluble ions, water-soluble organic
carbon (WSOC), levoglucosan (LG), and 25 elements were
determined. While the data from all four seasons are briefly
discussed in this study, the spring data are discussed in more
detail focusing on the investigation of the impacts of spring dust
storms and biomass burning on the chemical properties of
PM2.5.

Studies conducted in the northern regions of China suggested
that dust storms and local biomass burning activities had
significant impacts on the chemical speciation of PM2.5 (Zhang
et al., 2003a; Cao et al., 2005; Zhang et al., 2008; Chang et al.,
2010; Zhang et al., 2012). There is evidence that dust storms
from the Gobi desert and regions in central Asia can reach
Chongqing (a neighboring city 270 km southeast of Chengdu),
causing increased PM2.5 loadings (Zhao et al., 2010). Vast areas of
farmland are located adjacent to the west, north, and southwest
of Chengdu city. Following the spring harvest, local agricultural
wastes (e.g., rapeseed straw, wheat straw, and waste wood) are
commonly burned to remove unwanted biomass, control pests,
and increase soil fertility. Some of the plant residues are also
Fig. 1. Location of the sampling
utilized as fuel for cooking in the rural areas surrounding the city.
Thus, both dust storms and biomass burning are expected to
significantly aggravate the air quality of Chengdu. To comple-
ment our discussion, routinely monitored PM10 data were
included in order to demonstrate the impact of dust storms in
the spring season. In addition, three sets of PM2.5 data obtained
from near-source biomass burningmeasurements are presented
for comparison with the ambient urban PM2.5 data.

2. Methodology

2.1. Data collection

PM2.5 samples were collected at the Institute of Plateau
Meteorology (IPM), China Meteorological Administration,
located in the urban area of Chengdu (30°39′43″N, 104°00′56″
E) (Fig. 1). The instruments used in this study were installed on
the roof (15 m above ground) of an office building of the IPM.
The site was surrounded by several streets with typical city
traffic, representative of the urban environment in Chengdu.

The PM2.5 samples were collected using two low-flow air
samplers (MiniVol TAC, AirMetrics Corp., Eugene, OR, USA).
Samples were collected at a flow rate of 5 L min−1 on two
types of filters: 47 mm quartz fiber filters (Whatman QM-A)
and 47 mm Teflon filters (Whatman PTFE). Quartz filters were
pre-heated at 800 °C for 3 h prior to sampling. The exposed
filters were stored in a freezer at −18 °C before chemical
analysis to minimize the evaporation of volatile components.
Teflon filters were analyzed gravimetrically for particle mass
concentrations using a Sartorius MC5 electronic microbalance
with a sensitivity of ±1 μg (Sartorius, Göttingen, Germany)
after 24-h equilibration at a temperature between 20 °C and
23 °C and a relative humidity (RH) between 35% and 45%. Each
filter was weighed at least three times before and after
sampling, and the net mass was obtained by subtracting the
average of the pre-sampling weights from the average of the
post-samplingweights. Differences among replicateweightings
were b10 μg for the blanks and b20 μg for the samples. Prior to
the start of the sampling campaign, the flow rate of the PM2.5

samplers was calibrated. Also, field blank filters were collected
site in Chengdu, China.
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and used to account for the positive artifacts caused by
absorption of volatile organic compounds (VOCs) and to correct
for background concentrations or influences from handling and
transport.

A total of 121 PM2.5 samples and 10 blank samples were
collected during the periods of 19 April to 17 May (represen-
tative of spring), 6 July to 6 August (summer), 26 October to 26
November (autumn) in 2009, and 1 to 31 January (winter) in
2010. The collection duration for each samplewas 24 h (starting
at 10:00 local time each day and ending at 10:00 the next day).

Biomass burning smoke particle samples were collected in a
wheat field in June, 2011 at Huangfeng town, Pengshan County,
located 56 km south of Chengdu (30°10′N, 103°58′E) (Fig. 1).
Therewas no obvious pollution sourcewithin a 10 kmcircle, and
the air quality was in a good range (air pollutant index, APIb50).
A clear sky and calmwind conditions were also favorable for the
collection of pure smoke emissions from the biomass burning
near-source experiments. Three sets of PM2.5 samples were
collected within the biomass burning plumes by a low-flow air
sampler (MiniVol TAC, AirMetrics Corp., Eugene, OR, USA)with a
sampling duration for each source sample of 45 min in the
afternoon on 7 June, 2011. Two sets of field blank samples were
also collected, which were obtained by mounting the filters in
the sampler for 15 min without airflow. The samplers were
calibrated before sampling using a calibration orifice.

2.2. Chemical analysis of PM2.5 filter samples

A 0.5 cm2 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) (Cao et al., 2003;
Chow et al., 2007). This analysis produced four OC fractions
(OC1, OC2, OC3, and OC4 at 140 °C, 280 °C, 480 °C, and 580 °C,
respectively, in a helium [He] atmosphere); OP (a pyrolyzed
carbon fraction determined when transmitted laser light
attained its original intensity after oxygen [O2] was added to
the analysis atmosphere); and three EC fractions (EC1, EC2, and
EC3 at 580 °C, 740 °C, and 840 °C, respectively, in a 2% O2/98%
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). Inter-laboratory compar-
ison of samples between IMPROVE_TOR protocol and the TMO
(thermalmanganese dioxide oxidation) approach has shown a
difference of b5% for TC and b10% for OC and EC (Cao et al.,
2003). Average field blanks had OC and EC contents of 1.82 and
0.10 μg m−3, respectively, which were subtracted from each
sample filter.

One-fourth of each quartz filter sample was used to
determine the water-soluble ion concentrations. Four anions
(SO4

2−, NO3
−, Cl−, and F−) and five cations (Na+, NH4

+, K+,
Mg2+, and Ca2+) were determined in aqueous extracts of the
filters by ion chromatography (IC, Dionex DX-600, Dionex
Corp., Sunnyvale, CA, USA). The extraction of water-soluble
species from the quartz filters was achieved by placing the cut
portion (1/4) of each filter into a separate 20 mL vial, followed
by 10 mL distilled-deionized water (with a resistivity of
>18 MΩ), and then subjected to ultrasonic agitation for 1 h,
as well as additional shaking (using a mechanical shaker) for
1 h, for complete extraction of the ionic compounds. The extract
solutions were filtered (0.25 μm, PTFE, Whatman, USA) and
stored at 4 °C in pre-cleaned tubes until analysis. Cation (Na+,
NH4

+, K+,Mg2+, andCa2+) concentrationswere determined by
using a CS12A column (Dionex Corp.) with 20 mMMSA eluent.
Anions (SO4

2−, NO3
−, Cl−, and F−) were separated on an

AS11-HC column (Dionex Corp.), using 20 mM KOH as the
eluent. A calibration was performed for each analytical
sequence. The detection limits (DLs) of Na+, NH4

+, K+, Mg2+,
Ca2+, F−, Cl−, NO3

−, and SO4
2− were 0.0203, 0.0041, 0.0045,

0.0032, 0.0049, 0.0381, 0.0352, 0.1037 and 0.1094 μg m−3,
respectively. Standard reference materials (SRMs) obtained
from the National Research Center for Certified Reference
Materials, China, were analyzed for quality assurance purposes.
Procedural blank values were subtracted from sample concen-
trations (Shen et al., 2009; Zhang et al., 2011).

A 2.0 cm2 punch from each quartz filter was extracted in
15 mL of ultrapure water (Milli-Q Reference system) under
ultrasonic agitation for 1 h for determination of water-soluble
organic carbon (WSOC). The extracts were filtered through a
syringe filter (0.25 μm, PTFE, Whatman, USA) to remove
insoluble materials. WSOC was measured by a Sievers 900 TOC
analyzer (GE Analytical, U.S.A.). The accuracy of the WSOC
method for this data set, as determined by the average %
recovery±one standard deviation of standard mixtures of KHP
(potassium hydrogen phthalate), was 107±8%. All samples
were corrected by laboratory blanks and subsequently by field
blanks for WSOC contamination of filters, glassware, ultrapure
water, etc. A calibration was performed for each analytical
sequence. The DL ofWSOCwas 0.280 μg m−3. An average blank
concentration per filter area of 1.094 μg C m−3 was subtracted
from each sample.

An additional portion of each filter (2.0 cm2 punch) was
extracted in 2 mL of ultrapure water under ultrasonic agitation
for 1 h. The extracts were filtered through a syringe filter
(0.25 μm, PTFE, Whatman, USA) to remove insoluble materials.
The anhydrosugar levoglucosan was measured by a Dionex
ICS-3000 system consisting of SP (quaternary pump), DC
(column compartment), and ED (electrochemical detector with
gold working electrode) (Dionex Corp., Sunnyvale, CA, USA).
Instrumental controls, data acquisition, and chromatographic
integration were performed using Dionex Chromeleon software.
A calibrationwas performed for each analytical sequence. TheDL
for LGwas 0.024 μg m−3. A detailed description of the analytical
method can be found in Engling et al. (2006) and Iinuma et al.
(2009).

Specific elements were quantified using X-ray fluorescence
analysis (XRF, Epsilon5, PANalytical Company, Netherlands)
on Teflon filters, including sodium (Na), magnesium (Mg),
aluminum (Al), silica (Si), phosphor (P), sulfur (S), chlorine
(Cl), potassium (K), calcium (Ca), titanium (Ti), zinc (Zn), iron
(Fe), lead (Pb), manganese (Mn), copper (Cu), vanadium (V),
arsenic (As), tin (Sn), bromide (Br), rubidium (Rb), nickel (Ni),
selenium (Se), chromium (Cr), cobalt (Co), and strontium (Sr).
Quality Assurance/Quality Control (QA/QC) procedures of the
XRF analysis procedure were described in Xu et al. (2012).

2.3. Data analysis methods

To identify source regions of dust storms reaching Chengdu,
three-day backward trajectories at 02:00 UTC (10:00 local
time) on every sampling day were calculated by the HYSPLIT 4
trajectory model (http://ready.arl.noaa.gov/HYSPLIT.php) to

http://ready.arl.noaa.gov/HYSPLIT.php
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demonstrate the synoptic patterns and associated long-range
transport routes of air masses. The model adopts meteorolog-
ical data from FNL (Final Operational Global Analysis) as the
input. The aerosol index determined from TOMS on board of
NASA's Earth Probe satellite (available at http://toms.gsfc.nasa.
gov/) was used to obtain the geographical distribution of
aerosols in the region of interest during the dust storm episode.

Source apportionment was conducted using EPA PMF 3.0
Model (Norris et al., 2008). The uncertainties for the LG and
WSOC data were based on the standard deviation of repeated
analysis of standard reference materials, field blanks, and
instrumental detection limits. For the inorganic ions and
carbon fractions detected in the blanks and samples, the
uncertainty was calculated from the square root of the sum of
the squares of the standard deviation of the blanks and the
analytical uncertainty. The analytical uncertainty for each
compound was calculated as the measured value times
the relative uncertainty of the compound in the replicate
measurements of the standard reference materials. The
detected concentrations of the eight carbon fractions, eight
water-soluble ions (except Mg2+), water-soluble organic
carbon (WSOC), and LG were larger than their respective DLs.
However, only 10 (Al, Si, Ca, Ti, Fe, Cr, Mn, Zn, Pb, and Cu) out
of the 25 elements had the average concentrations higher
than the DLs. Therefore, we only used these 10 elements for
the PMF analysis. For the 10 selected elements, four out of the
29 (or 13.8%) bulk PM2.5 samples had Cr concentrations
lower than its DL. Thus, we assumed 1/2 DL concentration
and an uncertainty of 5/6 DL for Cr only for these four
samples following the suggestion of Polissar et al. (1998).
Based on the magnitudes of the concentrations of the
chemical species determined, a total of 22 dominant species
(OC, EC, Na+, NH4

+, K+, Ca2+, F−, Cl−, NO3
−, SO4

2−, WSOC, LG,
Al, Si, Ca, Ti, Fe, Cr,Mn, Zn, Pb and Cu)were selected for the PMF
analyses. To obtain source identification, 29 (samples)×23
(chemical species) was input into the PMF model.

According to the IMPROVE equations, the dry PM2.5 mass
concentration can be reconstructed according to the IMPROVE
Report V (2011):

½PM2:5� ¼ ½ðNH4Þ2SO4� þ ½NH4NO3� þ ½POM� þ ½LAC� þ ½Soil�

where [(NH4)2SO4]=1.375 [SO4
2−], [NH4NO3]=1.29 [NO3

−],
[POM] is particulate organic matter ([POM]=2.0 [OC]) (Chen
and Yu, 2007; Andreae et al., 2008), [LAC] is light absorbing
carbon, referred to as [EC], and [Soil] is soil concentration
([Soil]=2.2 [Al]+2.49 [Si]+1.63 [Ca]+2.42 [Fe]+1.94 [Ti]).
3. Results and discussion

3.1. Overview of PM10 and PM2.5 mass concentrations

To identify the occurrence of dust storms and gain a
general knowledge of the PM levels in Chengdu city, PM10

data in 2009 are first briefly evaluated. Daily PM10 concen-
trations were available from the Caotang national environ-
mental monitoring site (30°39′15″N, 104°01′43″E) (Fig. 1),
located 1.5 km southeast of the IPM site. Meteorological data
were obtained from a national meteorological station (30°42′
N, 103°50′E) located 18 km away from IPM (Fig. 1). Monthly
average PM10 data and several meteorological parameters are
shown in Fig. 2.

Clear seasonal variations in PM10 concentrations were
observed throughout the year, with the lowest concentra-
tions in the summer and the highest in the winter and fall.
The low concentrations in the summer were likely due to the
frequent rainfall since precipitation scavenging is an efficient
way of removing particles from the atmosphere. In fact, 70%
of the annual precipitation occurred during the three-month
period from July to September. High PM10 concentrations in
the winter and fall might be at least partly due to the lower
mixing height and low wind speeds, both rendering disper-
sion of pollutants less effective. The daily PM mass data
(figure not shown) revealed the highest concentration
(668 μg m−3) on 24 April, 2009. On this day, a dust storm
event was observed across a large area of northern China
(Wang et al., 2011). It is plausible that the same dust event
also affected Chengdu. In comparison, the second highest
daily concentration in Chengdu was only 372 μg m−3 on 18
January, 2009.

The PM2.5 mass concentrations were derived from gravi-
metric analyses of 121 sample filters. The daily PM2.5 mass
concentrations ranged from 49.2 to 425.0 μg m−3 with
an annual average of 165.1±85.1 μg m−3, exceeding the
Chinese National Ambient Air Quality Standards (GB3095-
2012) (35 μg m−3) by a factor of ~4.7. This suggests that the
PM2.5 pollution at Chengdu was serious and control measures
should be undertaken to alleviate the PM2.5 loading. The
seasonal patterns in PM2.5 concentrations were similar to
those of PM10, with averages decreasing in the order of winter
(225.5±73.2 μg m−3), autumn (188.0±106.9 μg m−3), spring
(133.2±55.5 μg m−3), and summer (113.5±39.3 μg m−3).
The spring PM2.5 level in Chengdu was evidently higher than
those in many other megacities in China, such as Beijing
(88.6 μg m−3) (He et al., 2001), Guangzhou (79.2 μg m−3)
(Tao et al., 2009), and Shanghai (61.7 μg m−3) (Ye et al., 2003).

PM2.5 mass concentrations were reconstructed in four
seasons according to the IMPROVE equations presented in
Section 2.3 (Fig. 3). The percentages of POM and Soil in PM2.5

were 31.1% and 15.0%, respectively, in the spring, which were
significantly higher than in any other season. The correlation
between OC and EC in the spring was much lower (R2=0.32)
compared to other seasons (R2=0.69–0.88) (Fig. 4). These
results indicate that the sources for carbonaceous aerosols
were more complex in the spring than in the other seasons,
and that dust storms and biomass burning played more
important roles during spring. Thus, in the following sections,
the impacts of dust storms and biomass burning on PM2.5

characteristics were investigated in detail and major sources
contributing to spring PM2.5 were explored using the Positive
Matrix Factorization (PMF) method.

3.2. Identification of dust storm and biomass burning episodes in
springtime

Crustal elements (Al, Si, Ca, Ti, and Fe) have been com-
monly used as source tracers of dust storm influence (Zhang
et al., 2003b). The anhydrosugar levoglucosan (LG), derived
from the thermal degradation of cellulose, has been widely
used as amolecular source tracer of biomass burning emissions
(Engling et al., 2006; Zhang et al., 2008, 2010; Kundu et al.,

http://toms.gsfc.nasa.gov/
http://toms.gsfc.nasa.gov/


Fig. 2.Monthly average of (a) PM10, (b) SR (solar radiation), (c) Temp (temperature), (d) RH (relative humidity), (e) WS (wind speed), and (f) PR (precipitation).
A normal distribution is fitted to the measurements within each bin and minimum, 1st, 25th, 50th, 75th, 99th and maximum percentiles.

Fig. 3. Reconstructed PM2.5 mass concentrations in four seasons.
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Fig. 4. Relationship between OC and EC in four seasons.
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2010). During the observation period, one heavy dust storm
(DS) episode and three biomass burning (BB) episodes were
observed on 24–26April (DS) (Wang et al., 2011), 5May (BB1),
13 May (BB2), and 17 May (BB3), respectively (Table 1 and
Fig. 5). The DS and BB events were defined as episodes when
the respective tracer concentrations exceeded their average
values plus one standard deviation, i.e., Al, Si, Ca, Ti, and Fe
concentrations exceeded 6.5, 6.6, 4.3, 0.5 and 5.6 μg m−3,
respectively, and LG concentrations exceeded 801.8 ng m−3.
Non-episodic days (NED) were the remaining periods without
DS and BB episodes.

The average PM2.5 concentrations were 242.5 μg m−3 and
156.5 μg m−3 during DS and BB episodes, respectively, which
were significantly higher than those during NED periods
(115.8 μg m−3). The elemental concentrations of Al, Si, Ca, Fe,
and Ti were 13.0, 13.5, 8.13, 10.7, and 0.88 μg m−3, respectively,
Table 1
Average concentrations of PM2.5 and associated chemical components during the s
storm, biomass burning, and non-episodic periods, respectively.

Components NED1 DS NED2 BB1 NED3

19–23 April 24–26 April 27 April–4 May 5 May 6–12 M

PM2.5 (μg·m−3) 107.8 242.5 130.1 189.2 119.1
LG (ng·m−3) 93.2 194.8 272.2 897.5 466.7
OC (μg·m−3) 16.8 20.4 18.8 27.9 21.6
WSOC (μg·m−3) 8.2 9.9 9.3 15.5 10.6
EC (μg·m−3) 4.8 5.1 6.3 9.0 5.6
OC/EC 3.6 4.1 3.2 3.1 4.1
WSOC/OC 0.49 0.48 0.50 0.55 0.50
F− (μg·m−3) 0.4 0.5 0.3 0.3 0.3
Cl− (μg·m−3) 1.4 3.0 2.4 6.9 2.6
NO3

− (μg·m−3) 6.4 5.7 13.0 21.4 9.3
SO4

2− (μg·m−3) 12.4 12.6 18.7 32.6 16.9
Na+ (μg·m−3) 0.9 1.7 0.3 0.0 0.3
NH4

+ (μg·m−3) 2.1 0.7 6.7 13.4 5.6
K+ (μg·m−3) 1.3 1.9 2.8 4.3 3.7
Mg2+ (μg·m−3) 0.0 0.3 0.0 0.0 0.0
Ca2+ (μg·m−3) 3.2 7.3 1.5 2.4 1.3
Al (μg·m−3) 2.60 13.0 1.24 0.73 0.75
Si (μg·m−3) 1.90 13.5 1.10 0.81 0.65
Ca (μg·m−3) 2.10 8.13 0.92 0.62 0.70
Fe (μg·m−3) 2.30 10.7 1.55 1.32 1.28
Ti (μg·m−3) 0.20 0.88 0.13 0.09 0.09
during the DS episode, whichwere evidently higher than those
in the non-dust storm periods.

To investigate the origins and transport pathways of soil
dusts, 72-h air mass back trajectories arriving at 500, 1000 and
1500 m above ground level on 24, 25 and 26 April were
calculated for the IPM station using the NOAA HYSPLIT 4
trajectorymodel (Fig. 6). During the three dust days, airmasses
originated from thewestern part ofMongolia,moved along the
northern boundary of Inner Mongolia, and passed through
Gansu Province, before reaching IPM. This dust storm was
identified as a serious sandstorm affecting large areas of
northern China (Wang et al., 2011). The TOMS aerosol index
revealed that dust aerosols over northwestern China extended
from Mongolia to Inner Mongolia and Gansu Province on 24
April (Fig. 7a). The soil dust was transported to Chengdu by
northerly airflow as well, causing PM2.5 and PM10 concentra-
tions as high as 300.5 μg m−3 and 668 μg m−3, respectively,
on 24 April. When dust aerosols spread eastward on 25 April
(Fig. 7b), the impact of the dust storm became weaker and
the PM2.5 and PM10 levels decreased to 266.0 μg m−3 and
461 μg m−3, respectively.

The average LG concentration was 1412.5 ng m−3 during
the three BB episodes, five times higher than those during the
NED periods (290.3 ng m−3) and seven times higher than that
during the DS episode (194.8 ng m−3) (Table 1). High concen-
trations of LG were also measured in smoke particles produced
by the burning of wheat straw and rape straw (Table 2).

Besides the one DS and three BB events, high PM2.5 and LG
concentrations were also observed on the 29th of April. The
PM2.5 concentration reached 216.7 μg m−3, the second highest
only next to the DS event period, and the LG concentration
reached 508.8 ng m−3, much higher than the average LG
concentration (396.5 ng m−3). Apparently, biomass burning
had significant contributions to the PM2.5 mass on this par-
ticular day. However, considering that the LG concentration on
this day did not exceed 801.8 ng m−3, we did not treat it as a
pring intensive campaign in Chengdu, China. DS, BB and NED represent dust

BB2 NED4 BB3 NED DS BB Ave.

ay 13 May 14–16 May 17 May

118.5 83.5 161.8 115.8 242.5 156.5 133.2
1820.9 255.2 1519.1 290.3 194.8 1412.5 396.5

28.7 18.6 41.8 19.2 20.4 32.8 20.7
17.4 9.5 21.4 9.5 9.9 18.1 10.4
4.5 4.7 7.6 5.6 5.1 7.0 5.7
6.4 3.9 5.5 3.6 4.1 5.0 3.8
0.61 0.51 0.51 0.50 0.48 0.56 0.50
0.3 0.3 0.3 0.3 0.5 0.3 0.3
6.0 2.0 6.8 2.2 3.0 6.5 2.7
6.1 8.6 9.5 9.9 5.7 12.3 9.7
8.9 8.6 14.0 15.4 12.6 18.5 15.5
0.3 0.1 0.6 0.4 1.7 0.3 0.5
3.5 2.4 5.4 4.8 0.7 7.4 4.6
6.4 2.3 8.6 2.7 1.9 6.4 3.0
0.0 0.0 0.0 0.0 0.3 0.0 0.0
1.6 1.9 2.2 1.8 7.3 2.1 2.4
0.29 0.32 0.62 1.27 13.0 0.55 2.41
0.25 0.39 0.53 1.05 13.5 0.53 2.28
0.26 0.36 0.53 1.04 8.13 0.47 1.72
0.56 0.46 0.84 1.49 10.7 0.91 2.39
0.04 0.05 0.07 0.12 0.88 0.07 0.19

image of Fig.�4


Fig. 5. Daily variations of PM2.5 mass and its chemical species between 19 April and 17 May, 2009.
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BB episode. On the other hand, the sulfate and nitrate con-
centrations on this day reached 37.2 μg m−3 and 31.7 μg m−3,
respectively, which were the highest levels during the whole
spring period. These observations suggest that both secondary
aerosols and biomass burning contributed to the higher PM2.5

mass on this day. The calmweather (wind speeds b0.2 m s−1)
during the consecutive two days from 28 to 29 April was
likely the main meteorological reason for the higher PM2.5

concentrations.

3.3. Chemical composition of PM2.5 during dust storm and biomass
burning episodes

3.3.1. Ionic species
The sum of all the detected water-soluble ions was 39.2±

19.8 μg m−3 during the spring period, accounting for 30.0±
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9.3% of the PM2.5 mass. The average concentrations of the four
anions followed the sequence of SO4

2−>NO3
−>Cl−>F− while

the five cations followed the order of NH4
+>K+>Ca2+>

Na+>Mg2+. Sulfate, nitrate and ammonium dominated the
water-soluble inorganic species, accounting for 72.9±12.8% of
the total ion concentration.

The average concentrations of Cl− and K+were 6.5 μg m−3

and 6.4 μg m−3, respectively, during the BB period, which
were substantially higher than those during the NED and DS
periods. Good correlations between LG and Cl− and between
LG and K+ were found, suggesting that the excess Cl− and K+

could be attributed to biomass burning emissions (Fig. 8).
Similar resultswere also obtained by Ryu et al. (2004) andHays
et al. (2005). Moreover, high emission factors of Cl− and K+

from rape straw and wheat straw burning also indicated that
biomass burning affected the ambient levels of these ions
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Fig. 7. Aerosol index (AI) on 24 April (a) and 25 April (b). The “green” and “light blue” represent AI of land b1.0 and AI of ocean b1.0, respectively (Mahowald and
Dufresne, 2004).
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(Table 2). These findings were also consistent with those from
previous studies (Hays et al., 2005; Engling et al., 2009; Kundu
et al., 2010; Ram and Sarin, 2011). Although the Cl− and K+

concentrations from wheat straw burning (flaming or smol-
dering) were higher than those from rape straw burning
(flaming) (Table 2), the K+/PM2.5 and Cl−/PM2.5 ratios in rape
straw smoke particles were actually much higher. This was
likely due to the more complete combustion of rape straw.
Another possible explanation could be a higher content of Cl−
Table 2
Dominant chemical components of PM2.5 (μg·m−3) in smoke emissions
from rape and wheat straw burning.

Rape straw
(flaming)

Wheat straw
(flaming)

Wheat straw
(smoldering)

PM2.5 2537.5 8645.0 16,234.9
LG 30.4 264.0 389.4
OC 785.3 3857.1 7636.1
EC 347.8 239.7 460.1
OC1 65.2 1066.3 2442.4
OC2 162.1 1134.2 2386.0
OC3 204.6 769.0 1272.5
OC4 322.3 83.2 139.3
OP 31.2 804.4 1395.9
EC1 379.0 1042.9 1833.8
EC2 0.0 1.1 11.3
EC3 0.0 0.0 10.8
WSOC 335.2 1091.5 1636.2
F− 0.0 10.9 16.0
Cl− 257.5 475.2 999.3
NO3

− 24.2 23.9 14.2
SO4

2− 113.5 84.0 178.7
Na+ 39.6 20.0 23.8
NH4

+ 0.5 54.7 72.3
K+ 295.0 363.9 927.2
Mg2+ 0.0 9.3 5.8
Ca2+ 0.0 23.4 3.7
LG/PM2.5 (%) 1.2 3.1 2.4
OC/PM2.5 (%) 30.9 44.6 47.0
EC/PM2.5 (%) 13.7 2.8 2.8
Cl−/PM2.5 (%) 10.1 5.5 6.2
K+/PM2.5 (%) 11.6 4.2 5.7
OC/EC 2.3 16.1 16.6
LG/OC 0.039 0.068 0.051
WSOC/OC 0.43 0.28 0.21
and K+ in rape straw, although this cannot be confirmed with
the present data set.

Ca2+, Mg2+ and Na+ concentrationswere distinctly higher
during the DS event than the NED period and BB episodes,
which was apparently due to the large content of soil dust in
the ambient aerosol particles during theDS periods (Shen et al.,
2009).

Ion balance calculations are commonly used to evaluate
the acid–base balance of aerosol particles. To calculate the
cation/anion balance of PM2.5, we converted the ion mass
concentrations into microequivalents. The cation and anion
microequivalents of fine particles were calculated as follows:

C ðcation microequivalents m
−3Þ

¼ Na
þ
=23þ NH

þ
4 =18þ K

þ
=39 þMg

2þ
=12þ Ca

2þ
=20 ð1Þ

A ðanion microequivalents m
−3Þ

¼ F
−
=19 þ Cl

−
=35:5 þ NO

−
3 =62 þ SO

2−
4 =48 ð2Þ

Strong correlations between anion and cation equivalents
were found for all of the PM2.5 samples (Fig. 9). Most samples
had an anion/cation (A/C) ratio slightly higher than 1.0
during the NED and BB periods, indicating the acidic nature of
the particles. On the other hand, the A/C ratios were lower
than 1.0 during the DS period, indicating a deficiency in
anions in the DS samples. The A/C ratio was 0.6 on 24 April
and was slightly lower than 1.0 in the other two DS samples.
The DS data indicated an apparent deficit of anions, which
was probably due to the lacking measurement of carbonate
(CO3

2−) (Cao et al., 2005; Shen et al., 2007). The weak
correlation between Ca2+ and SO4

2− concentrations found
here further revealed that calcite was the major form of CO3

2−

in the aerosol at Chengdu. The molar concentration of CO3
2−

can be calculated as the deficit values of measured anions,
and the CO3

2− concentration was then determined by
multiplying the molar concentration values by 30 (Shen et
al., 2007). A good correlation was observed between the
measured and estimated CO3

2− in Asian dust samples in
previous studies (Shen et al., 2007, 2009). According to this
method, the average carbonate mass fraction calculated here
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Fig. 8. Relationships between LG and K+ and between LG and Cl−.
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was 2.6 μg m−3 during the DS episode, or 1.0% of PM2.5, which
was lower than those obtained in previous studies (Xu et al.,
2004; Cao et al., 2005; Shen et al., 2009). It is noteworthy that
Ca2+ maintained a high level over the following two days,
while the A/C ratio was close to 1.0. This indicated that the
abundant acidic compounds associated with urban pollution
(i.e., SO4

2− and NO3
−) can react with the alkaline mineral dust

components, leading to the loss of CO3
2− and formation of

CaSO4, MgSO4, Mg(NO3)2, or Ca(NO3)2 (Maxwell-Meier et al.,
2004).

3.3.2. Carbonaceous species
The average OC, EC, andWSOC concentrations in PM2.5 were

20.7±6.0 μg m−3, 5.7±1.8 μg m−3 and 10.4±3.4 μg m−3,
respectively, in the spring (Table 1). The POM and EC
concentrations attributed 34.1±10.6% and 4.5±1.2%, respec-
tively, of the PM2.5 mass, while the total carbonaceous aerosol
(POM+EC) accounted for 38.6±11.4% of PM2.5.

The average OC andWSOC concentrationswere 32.8 μg m−3

and 18.1 μg m−3, respectively, during the BB periods, which
were substantially higher than those in the NED and DS
periods. Good correlation between LG and OC and between LG
and WSOC were found (Fig. 10), suggesting that significant
amounts of OC andWSOC in ambient aerosols were associated
Fig. 9. Scatter plot of total cation microequivalents versus total anion
microequivalents.
with biomass burning emissions (Kundu et al., 2010; Ram and
Sarin, 2011). The chemical characteristics of smoke aerosol
derived from commonly burned local biomass species (Table 2)
also showed high OC and WSOC content. Moreover, slightly
higher EC levels during the BB periods were likely due to
incomplete combustion of biomass (Schwarz et al., 2008).

The sources of carbonaceous aerosols can be qualitatively
evaluated with the relationship between OC and EC concen-
trations (Turpin and Huntzicker, 1995; Cao et al., 2007; Zhang
et al., 2007). As shown in Fig. 4, the correlation between OC and
EC in the springwas poor (R2=0.32), which suggested that OC
and ECwere derived fromdifferent sources, i.e., emissions from
traffic, coal combustion, and biomass burning. Watson et al.
(2001) reported OC/EC ratios for coal combustion, vehicle
emissions, and biomass burningwith values of 2.7, 1.1, and 9.0,
respectively. A recent examination of OC/EC ratios for different
biomass burning sources revealed a wide range of values from
0.005 to 111, depending on the type of biomass (Minguillón et
al., 2011). However, agricultural biomass burningwas typically
characterized by higher OC/EC ratios (>3.0) in Asia (Ryu et al.,
2007; Engling et al., 2009, 2012). In this campaign, the average
OC/EC ratio was 3.8 during the spring, indicating that biomass
burning emissions indeed played an important role in
particulate carbonaceous pollution in Chengdu. The average
OC/EC ratio during the BB periods (5.0) was slightly higher
than those during the DS (4.1) and ND (3.6) periods as
expected. The OC/EC ratios for wheat straw and rape straw
smoke aerosols were 16.4 and 2.3 (Table 2), respectively,
supporting that the higher ambient OC/EC ratios were
associated with wheat straw burning. The values for traffic
emissions reported by Chirico et al. (2011) showed organic
aerosol/black carbon (OA/BC) ratios, which are somewhat
different from typical OC/EC ratios, yet provide additional
information about carbonaceous aerosol characteristics from
fossil fuel combustion (i.e., vehicle emissions), with character-
istically low values of 1.0 or lower.

The average LG/OC ratio was 0.043 during the BB period,
evidently higher than those in the DS (0.010) and NED
(0.015) periods. The LG/OC ratios in ambient aerosols during
the BB period were close to the ratios of those measured in
rape straw and wheat straw near-source smoke particles,
ranging from 0.039 to 0.068 (Table 2). The LG/OC ratio in rape
straw was similar to those found in Hickory (0.037) and saw
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Fig. 10. Relationships between LG and OC as well as EC.
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grass (0.041) (Sullivan et al., 2008). Moreover, the LG/OC ratio
in wheat straw was similar to wax myrtle, titi, ponderosa
pine duff, oak, fresh lodgepole pine, ceanothus and chamise
(Sullivan et al., 2008) and to rice straw (Engling et al., 2012).

The average WSOC/OC ratio was 0.56 during the BB period,
slightly higher than those in the DS (0.48) and NED (0.50)
periods. Higher WSOC/OC ratios in ambient fine particles have
been associated with biomass burning in previous studies as
well (Kumagai et al., 2009; Rengarajan et al., 2011). However,
theWSOC/OC ratios in rape strawandwheat strawnear-source
smoke particles ranged from 0.21 to 0.43, which were lower
than the ratios in the ambient aerosol at Chengdu. Lower
WSOC/OC ratios were also found in smoke particles derived
from certain softwood, hardwood and grass species (Iinuma et
al., 2007). The above results suggest that, while biomass
burning could have increased the WSOC/OC ratios in ambient
aerosols, the newly-emitted aerosols would have lower ratios
compared to the slightly aged aerosols (noting that most
previous studies collected aerosols at some distances away
from the sources while the present study collected right above
the sources). The most likely explanation is the formation of
WSOC via atmospheric oxidation of the gaseous precursor
species originating from biomass burning sources, resulting in
more oxygenated secondary organic aerosol (SOA) species
(Hennigan et al., 2011, 2012; Kondo et al., 2007). In addition,
the particulate phase oxidation of organic compounds during
atmospheric transport can be an important pathway for the
formation of WSOC (Robinson et al., 2007).
3.3.3. Crustal elements
The crustal element Al, Si, Ca, Fe and Ti concentrations

were evidently enhanced during the DS periods compared to
the non-dust storm periods. The enrichment factors (EFs)
relative to the earth upper crust can be used to compare the
elemental composition of aerosol samples with those of
crustal materials (Taylor and McLennan, 1995). The method
is often applied to identify whether the elements have
natural or anthropogenic origins. The EFs of PM2.5 particles
can be calculated as follows:

EFs ¼ ðCelement=CreferenceÞaerosol=ðCelement=CreferenceÞcrust
where Celement and Creference are the concentrations of focused
and reference elements, respectively.

Gao et al. (1992) suggested that Al, Fe, Sc, and Ba were
commonly used as reference elements. Considering the many
cement and steel factories in the suburban parts of Chengdu,
we excluded Fe and Si as reference elements. On the other
hand, few industrial factories emitted Al in the Chengdu area.
Therefore, Al was used as the reference element based on the
chemical composition of typical earth crust matter (Wedepohl,
1995). The enrichment factors of the five crustal elementswere
lower than 10 during the DS episode, as shown in Fig. 11,
implying that these five elements were derived from crustal
material rather than from anthropogenic sources (Veysseyre et
al., 2001). EFs of Si were mostly as low as ~0.2, which were
evidently lower than those reported in previous studies (Na
and Cocker, 2009; Zhao et al., 2010). Comparedwith the crustal
element data in Chongqing located 270 km east of Chengdu
(Zhao et al., 2010), the average crustal element concentrations
were similar to the crustal element concentrations (except Al)
in this study. The higher Al concentration resulted in lower EFs
of Si. Zhang et al. (2002) also found the EFs of Siwere ~0.20 and
~0.39 in fine and coarse-modeparticles, respectively, in Beijing.
Moreover, the daily concentration variations of the five crustal
elements were very similar and the EFs were lower than 10,
which suggested that they were derived from the same source,
i.e., crustal material in this study.

3.4. Source apportionment of PM2.5

The Positive Matrix Factorization (PMF) model was used to
identify PM2.5 sources and estimate source contributions. For
the determination of the number of sources, a reasonable
practice is to test different numbers of sources commonly used
and reference to those listed by the local Environmental
Protection Bureau. The combinations of source types best fit
to the measurement data and with the best physical meaning
can then be chosen. In this study, we tested four, five and six
different sources for the PMF analysis. After comparing the
plots of Q values versus the number of sources, we found that
the Q value with four sources is most consistent with the
number of all the species (Reff et al., 2007). In addition, the
four-source solution explains >95% of the variability in the
data set, satisfying the criterion suggested by a PMF evaluation
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Fig. 11. Enrichment factors of crustal elements.
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study (Chen et al., 2010). Therefore, we chose four sources
as our final results. They were (1) secondary sulfate/
nitrate, (2) motor vehicles and road dust, (3) soil dust
and others, and (4) biomass burning.

The percentage loading from each chemical species to
each factor (source type) is shown in Fig. 12. The time series
of contributions from the ‘soil dust and others’ factor and
from the ‘biomass burning’ factor are shown in Fig. 13.
Clearly, soil dust contributions peaked during the identified
dust storm period and biomass burning contributions were
highest during the identified biomass burning episodes. The
presence of secondary sulfate/nitrate was identified by high
sulfate, nitrate and ammonium concentrations. These sec-
ondary products were formed from the oxidation of SO2 and
NOx, which were emitted from traffic in the urban area and a
power plant about 20 km away from the measurement site.
Moreover, relatively high Cr and Pb concentrations suggested
Fig. 12. Source profiles resolved from PM2.5 samples for secondary sulfates/nitrates, mo
the influence of coal combustion emissions which also
constituted the main source of SO2. The contribution of
secondary sulfate and nitrate to the total PM2.5 was 24.6% on
average. Motor vehicle emissions were characterized by high
OC, EC, and road dust components (Na+, Ca2+ and Cr), which
are typical for urban environments. The PM mass contribu-
tion of this factor was 18.8%. The source of soil dust was
identified by the abundance of crustal elements, e.g., Al, Si,
Ca, Fe and Ti. The mass contribution of the soil dust factor
was 23.6%. Biomass burning processes were characterized by
high LG, K+, Cl−, OC, EC, and WSOC content, which were also
found in typical local source profiles (Table 2). High levels of
LG, K+, Cl−, OC and WSOC indicated that biomass burning
occurred frequently during the spring. Biomass burning
processes were estimated to have contributed 33.0% to the
PM2.5 mass during the spring measurement period, consis-
tent with the observed influence of smoke emissions from
tor vehicles and road dust, soil dust and others, and biomass burning in spring
.
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Fig. 13. The time series of contributions from (a) ‘soil dust and others’ factor, and (b) ‘biomass burning’ factor.
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wheat straw, rape straw and other biomass fuel combustion
throughout the suburban area.

4. Conclusions

Fine particulate matter and its chemical components in a
megacity in southwest China were investigated in this study.
PM2.5 levels were high in all of the seasons and the annual
average exceeded the Chinese National Ambient Air Quality
Standards by nearly a factor of five. During the measurement
periods (one month in every season between April 2009 and
January 2010), one dust storm and three biomass burning
episodes were identified in the late spring of 2009. Crustal
element (Al, Si, Ca, Ti, and Fe) concentrations markedly
increased during the dust storm episode. Elevated concentra-
tions of LG, OC, WSOC, K+ and Cl− were found in ambient
PM2.5 during the biomass burning episodes and were also
measured in large quantities in wheat straw and rape straw
smoke particles obtained in a near-source combustion exper-
iment. While the frequency of dust storm events in Chengdu
was not as high as those in many northern cities of China,
biomass burning activities in late spring and early summer
seem to be a very important factor affecting PM2.5 mass
concentration and its chemical composition in this city. These
findings filled critical knowledge gaps regarding PM2.5 sources
and composition in this region and provide scientific indication
for the need of emission control policies yet to be developed in
order to reduce PM2.5 levels and thus human and environmen-
tal health impacts.
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