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ABSTRACT

Daily fine particulate (PM,5) samples were collected in Chengdu from April 2009 to February 2010
to investigate their chemical profiles during dust storms (DSs) and several types of pollution events,
including haze (HDs), biomass burning (BBs), and fireworks displays (FDs). The highest PM; 5 mass con-
centrations were found during DSs (283.3 pug/m?), followed by FDs (212.7 wg/m?), HDs (187.3 pg/m?), and
BBs (130.1 pg/m3). The concentrations of most elements were elevated during DSs and pollution events,
except for BBs. Secondary inorganic ions (NOs;~, SO4%~, and NH4*) were enriched during HDs, while PM, 5
from BBs showed high K* but low SO42-. FDs caused increases in K* and enrichment in SO42-. Ca?* was
abundant in DS samples. lon-balance calculations indicated that PM; 5 from HDs and FDs was more acidic
than on normal days, but DS and BB particles were alkaline. The highest organic carbon (OC) concentra-
tion was 26.1 pg/m? during FDs, followed by BBs (23.6 jug/m?), HDs (19.6 j.g/m?), and DSs (18.8 pug/m3).
In contrast, elemental carbon (EC) concentration was more abundant during HDs (10.6 pg/m?3) and FDs
(9.5 wg/m?3) than during BBs (6.2 wg/m?) and DSs (6.0 wg/m?3). The highest OC/EC ratios were obtained
during BBs, with the lowest during HDs. S042~/K* and TCA/SO42~ ratios proved to be effective indicators
for differentiating pollution events. Mass balance showed that organic matter, SO4%~, and NO3~ were the

dominant chemical components during pollution events, while soil dust was dominant during DSs.
© 2012 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of
Sciences. Published by Elsevier B.V. All rights reserved.

1. Introduction

southwestern cities in China. Most of this haze results from exces-
sive particulate matter (PM) emitted by anthropogenic sources and

Ambient air pollution is associated with a wide range of poten-
tial health effects in human beings (de Kok, Driece, Hogervorst, &
Briedé, 2006; Ning & Sioutas, 2010; Pope et al., 2002). Haze usually
occurs when sunlight encounters many tiny pollution particles in
ambient air that can absorb or scatter light (Husar & Holloway,
1984). Over the past several decades, large quantities of pollutants
have been unavoidably emitted into the atmosphere with eco-
nomic expansion in China (Tie et al., 2006). Che et al. (2009) pointed
out an increasing trend toward haze occurrences in eastern and
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particles produced by gas-to- particle conversion (Watson, 2002).
Dust storm events are another atmospheric phenomenon, and the
primary origins of dust events in eastern Asia are in Mongolia and
northern China (Wang, Yuan, & Shang, 2006). When dust storms
occur, air quality, transportation, and even people’s lives are notice-
ably affected (Wang et al., 2006). Smoke aerosols released from
biomass burning are complex chemical mixtures of organics, inor-
ganics, and gases which may increase the risk of bronchial asthma
in children who live near areas where biomass is burned (Torigoe
etal.,2000). Fireworks displays are common during traditional Chi-
nese Spring Festivals and Lantern Festivals. They can also cause
serious air pollution, including high levels of sulfates, nitrates, and
trace metals, which can pose a threat to human health (Shen et al.,
2009; Wang, Zhuang, Xu, & An, 2007).
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Secondary ring road

Fig. 1. Location of sampling site.

Chengdu (30.67°N, 104.06°E, 500 m above sea level), the largest
city in southwestern China, is situated in the midwestern portion
of the Sichuan basin, which has a population of ~11 million and
an area of ~12,000 km?. With increasing energy consumption and
rising numbers of motor vehicles, PM pollution has become the pri-
mary environmental problem in Chengdu (Henriksson et al., 2011;
Shi et al.,, 2011). During recent decades, the numbers of events in
which the visual range was <10 km per year in Chengdu increased
dramatically from 169 days in 1973 to 339 days per year in 2007
(Chang, Song, & Liu, 2009).

Because of the potential effects of pollution episodes on the
environment and on human health, several studies have focused on
various pollution events (Kim et al., 2003; Lee, Kim, & Kim, 2006;
Shen et al., 2009). However, few studies have considered the chem-
ical compositions of pollution events simultaneously, especially in
Chengdu. In this study, trace elements, water-soluble ions, and car-
bonaceous species were investigated to reveal the chemical profile
of PM, 5 during dust storms and pollution events.

2. Methodology
2.1. Sample collection

Sampling was conducted on the rooftop (~20 m above ground
level) of the Institute of Plateau Meteorology, Chengdu. The site is
located in the western part of downtown Chengdu in a residen-
tial/commercial neighborhood (Fig. 1). Intensive measurements
were carried out during four seasons: in spring (April 18 to May 18),
summer (July 5 to August 6), and autumn (October 26 to November
26) in 2009, and in winter (February 8 to 28) in 2010.

Twenty-four hour PM; 5 samples were collected daily from
1000 local standard time (LST) to 1000 LST the next day using two
battery-powered mini-volume samplers (Airmetrics, Oregon, USA)
with a flow rate of 5L/min. One set was collected onto 47-mm
Whatman quartz microfiber filters (QM/A; Whatman, Middlesex,
UK) for water-soluble ion, organic carbon (OC), and elemental car-
bon (EC) analyses; the other set was collected onto 47-mm Teflon
filters (Whatman Limited, Maidstone, UK) for elemental analysis.
A total of 115 pairs of samples were obtained, including 35 pairs
on normal days (NDs), 68 pairs on hazy days (HDs), 2 pairs during
dust storms (DSs), 8 pairs on biomass-burning days (BBs), and 2
pairs during fireworks displays (FDs). Among the 68 HD samples,
14 were collected in spring, 20 in summer, 23 in autumn, and 11
in winter. DS and BB samples were collected in spring; FD sam-
ples were collected during the Chinese Spring Festival and Lantern

Festival. After sampling, filters were placed in plastic cassettes and
stored in a refrigerator at 4 °C until analysis.

2.2. Mass and chemical analyses

PM, 5 samples were equilibrated using controlled temperature
(20-23°C) and relative humidity (35-45%) desiccators for 24 h
before and after sampling and then weighed on a Sartorius MC5
electronic microbalance with +1 g sensitivity (Sartorius, Gottin-
gen, Germany). Samples were stored under airtight conditions in
a refrigerator at approximately 4°C before chemical analysis to
prevent evaporation of volatilized components.

As shown in Table 1, 13 elements were determined by energy-
dispersive X-ray fluorescence (ED-XRF) spectrometry (Cao et al.,
2012) (Epsilon 5 ED-XRF, PANalytical B.V., The Netherlands). These
elements included Al, S, Cr, Mn, Ti, Fe, Zn, As, Br, Sr, Ba, Pb, and
Cu. Each sample was analyzed for one-half hour, and a field blank
consisting of a Teflon filter sample was also analyzed to evaluate
analytical bias.

Water-soluble ions were determined by ion chromatography
(Chow & Watson, 1999) (IC, Dionex 600, Dionex, Sunnyvale, CA).
Cations, including NH4*, K*, Mg2*, and Ca2*, were determined using
aCS12A column (Dionex) with 20 mM methanesulfonic acid eluent.
Anions, including F~, Cl=,NO3~, and SO42~, were analyzed using an
ASII-HC column (Dionex) with 20 mM potassium hydroxide (KOH)
eluent. Detection limits were 4.0 mg/L for NH4*, 10.0 mg/L for K*,
Mg2*, and Ca?*, 0.5mg/L for ClI- and F~, 20 mg/L for SO42-, and
15 mg/L for NO3~. Standard reference materials produced by the
National Research Center for Certified Reference Materials in China
were analyzed for quality assurance purposes.

Carbonaceous species (OCand EC) were analyzed using the ther-
mal/optical reflectance (TOR) method (Chow et al., 2007, 2011) on
a DRI Model 2001 Thermal/Optical Carbon Analyzer (Atmoslytic
Inc., Calabasas, CA, USA). The IMPROVE_A protocol (Chow et al,,
2007) produces four OC fractions (OC1, OC2, OC3, and 0OC4 at
140°C, 280°C, 480°C, and 580°C respectively in a 100% helium
(He) atmosphere); a pyrolyzed carbon fraction (OP, determined
when reflected or transmitted laser light attained its original inten-
sity after oxygen (O, ) was added to the analysis atmosphere); and
three EC fractions (EC1, EC2, and EC3 in a 98% He/2% O, atmo-
sphere at 580 °C, 740 °C, and 840 °C respectively). OC was defined
as OC1+0C2+0C3+0C4+0P and EC as EC1+EC2 +EC3 — OP. The
analyzer was calibrated daily with known quantities of methane
(CH4) (Cao et al., 2003; Chow et al., 2011).
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Table 1
Chemical species and analytical methods.
Parameters Contents Analytical method QA/QC
Elements Al S, Cr, Mn, Ti, Fe, Zn, Energy dispersive The ED-XRF spectrometer was

As, Br, Sr, Ba, Pb, and Cu
Water-soluble ions NH4*, K*, Mg?*, Ca%*,
F-,Cl=,NOs3~, and
50427

Carbonaceous species Organic carbon and

elemental carbon

calibrated with thin-film standards
bias.

Standard reference materials
produced by the National Research
Center for Certified Reference
Materials in China were analyzed
for quality assurance purposes.
The analyzer was calibrated daily
with known quantities of methane
(CHa).

X-ray fluorescence

Ion chromatography

Thermal/optical
reflectance (TOR)

QA/QC: quality assurance/quality control.

2.3. Meteorological data

Meteorological data, including ambient temperature, relative
humidity (RH), wind speed (WS), and atmospheric pressure, were
collected from Weather Underground (www.wunderground.com).

3. Results and discussion
3.1. PM, 5 mass concentrations during four PM events

The mass concentrations of PM;s and the meteorological
conditions during NDs, DSs, and pollution events are summa-
rized in Table 2. The average mass concentrations of PMj;5
were 283.3, 212.7, 187.3, and 130.1 wg/m3 during DSs, FDs, HDs,
and BBs respectively, which exceeded the Chinese government’s
recently issued 24-h PM,5 standard of 75ug/m3 by a factor
of approximately two to four (http://www.chinadaily.com.cn/
china/2012-03/03/content_14745568.htm). The average PM;5
mass concentration during DSs was 3.6 times higher than that
during NDs, while during HDs, BBs, and FDs it was 1.7-2.7 times
higher than during NDs. Compared with PM, 5 concentrations in
other cities in China, the average PM; 5 concentrations during DSs
and pollution events in Chengdu were higher than the values of
57.9 wg/m?3 observed in Shanghai (Ye et al., 2003), 103.0 wg/m3 in
Guangzhou (Andreae et al., 2008), and 44.3 pg/m? in Fuzhou (Xu
etal.,2012), thus suggesting a very serious potential health concern
in the Chengdu urban atmosphere.

HDs were the most commonly observed pollution events during
the sampling periods. As shown in Table 2, HDs were more strongly
associated with lower wind speed and higher relative humidity
than NDs. Low wind speed had a negative effect on atmospheric
convection and diffusion, while high RH can enhance the growth

Table 2

of hygroscopic particles (i.e., sulfates and nitrates) which scatter
more light (Watson, 2002).

3.2. Elemental compositions during four PM events

The average concentrations of the elements detected in PM; 5
during NDs, DSs, and pollution events are summarized in Table 3.
The total concentrations of all measured elements were 5.8, 36.0,
13.0,7.4,and 22.0 p.g/m?3, accounting for 7.5%, 12.7%, 6.9%, 5.7%, and
10.4% of PM; 5 mass during NDs, DSs, HDs, BBs, and FDs respec-
tively. S, Fe, Al, and Zn were the dominant elements during NDs,
accounting for ~92% of all measured elements. The concentrations
of the typical dust elements Al (15.9 wg/m3), Fe (13.3 wg/m3), Ti
(1.1 pg/m?3), and Mn (0.4 wg/m3) were higher during DSs than dur-
ing NDs and other pollution events, and the sum of these elements
accounted for ~85% of all measured elements. The concentrations
of these dust elements were higher than in aerosol samples of the
same size fraction collected in the Horqgin sandy land in northeast-
ern China (Shen et al., 2007), where the average concentrations of
Al Fe, Ti, and Mn were 3.8, 3.0, 0.2, and 0.1 pg/m? respectively. It
is noteworthy that the levels of some pollution elements (e.g., Zn,
Br, Pb, Cu, and As) during DSs were 1.6-2.6 times higher than those
during NDs, which indicates that the presence of these elements
might be partially due to long-range transport of dust particles.

Other elements occurring during HDs were S, Fe, Zn, Al, and Pb
in decreasing order of concentration, with levels of the remaining
elements being lower than 0.2 wg/m3. S, Fe, Zn, and Al together
accounted for ~93% of all measured elements. The concentrations
of S, Pb, Cu, Br, and As during HDs were 2.0-4.2 times higher
than during NDs. High S concentrations in HD samples signified
the presence of coal combustion. This can be further proved by
comparing the S/Al ratios in fugitive dust profile samples from the
Loess Plateau (Cao et al., 2008) with those in PM; 5 samples from

Average PM, s mass concentrations and meteorological conditions during normal days, dust storms, and pollution events.

Events PM,5 (pg/m?) Temperature (°C) Humidity (%) Pressure (hPa) Wind speed (m/s)
NDs (n-35) Drerase o3 b s s o
mess 2 200 2 s 0
N e s o1 i
BBs (n=8) S 340 e 150 s 0
- o i :

NDs: normal days; DSs: dust storms; HDs: haze days; BBs: biomass-burning days; FDs: fireworks displays; and S.D.: standard deviation.
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Table 3
Concentrations of elements in PM, 5 during normal days, dust storms, and pollution events (unit in p.g/m?).
NDs (n=35) DSs (n=2) HDs (n=68) BBs (n=8) FDs (n=2)
Average S.D. Average S.D. Average S.D. Average S.D. Average S.D.
S 3.28 1.07 3.64 0.92 9.36 3.93 4.63 2.89 13.54 7.23
Fe 0.89 0.69 13.30 1.16 1.28 0.81 1.14 0.42 0.82 0.69
Al 0.80 0.97 15.87 2.58 0.73 0.87 0.82 0.62 2.21 0.31
Zn 0.40 0.24 1.05 0.52 0.77 0.44 0.36 0.11 1.07 1.23
Pb 0.17 0.06 0.28 0.14 0.34 0.15 0.17 0.08 1.25 0.52
Ti 0.08 0.06 1.09 0.11 0.11 0.07 0.09 0.04 0.19 0.07
Mn 0.07 0.03 0.40 0.00 0.12 0.06 0.07 0.02 0.11 0.10
Sr 0.05 0.05 0.00 0.01 0.06 0.05 0.00 0.00 0.46 0.02
Ba 0.04 0.04 0.22 0.02 0.06 0.07 0.01 0.02 2.03 0.52
Cu 0.03 0.01 0.06 0.02 0.06 0.03 0.03 0.01 0.27 0.09
Br 0.01 0.01 0.03 0.01 0.06 0.04 0.02 0.02 0.03 0.05
As 0.02 0.01 0.03 0.01 0.04 0.03 0.00 0.01 0.05 0.03
Cr 0.01 0.00 0.03 0.00 0.02 0.01 0.01 0.01 0.01 0.01

NDs: normal days; DSs: dust storms; HDs: haze days; BBs: biomass-burning days; FDs: fireworks displays; and S.D.: standard deviation.

Chengdu, where there was no fugitive dust profile. The S/Al ratio
was 12.9 for HDs, which was over three orders of magnitude greater
than the S/Al ratio of 0.01 for fugitive dust profile samples.

Similar to the ND and HD samples, S, Fe, Al, and Zn during
BBs together accounted for ~94% of all measured elements. How-
ever, the dominant elements changed to S, Al, Ba, and Pb during
FDs, a group which together accounted for ~86% of all measured
elements. The concentrations of most elements during BBs were
comparable to or lower than those during NDs. However, the con-
centrations of Pb, Sr, Cu, and Ba during FDs were respectively 7.3,
8.4,10.1, and 52.1 times greater than those during NDs, which was
indicative of the presence of highly toxic metals in the fireworks.
Wang et al. (2007) also found enhanced concentrations of Pb, Sr,
Cu, and Ba during the lantern festival in Beijing during 2006.

To distinguish between elements originating from natural and
anthropogenic emissions, enrichment factors (EFs) were calculated
for the measured elements during different PM episodes. In this
study, EFs were calculated using Ti as the reference element (Cao,
Shen, Chow, Qi, & Watson, 2009). The equation used for calculating
the EFs is:

EF — [CX/CTi]aerosol ,
[CX/CTi]crust

where [Cx/Crilaerosol 1S the average concentration ratio of Cx to Cr;
in the aerosol sample and [Cx/Cr;lcrust is the concentration ratio of
Cx to Cyj in the crust. As shown in Fig. 2, the EF values for Al, Fe, Cr,
and Mn for NDs, DSs, and pollution events were in the 1-10 range,
suggesting that they came mainly from crustal sources. However,
much higher EFs, ranging from 35 to 1603, were found for Zn, Br, Pb,
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Fig. 2. Enrichment factors of the elements during normal days (NDs), dust storms
(DSs), haze days (HDs), biomass-burning days (BBs), and fireworks displays (FDs).

and S, indicating that for these elements, anthropogenic emissions
were predominant. Previous studies have indicated that Cu, Zn, Br,
and Pb can often serve as markers associated with traffic sources
(Xu et al., 2012), while S and As in atmospheric particles are coal
combustion indicators (Cao et al., 2009; Tian et al., 2010). The EF
values for Cu, As, Zn, Br, Pb, and S during HDs (73-1603) were much
higher than those during NDs (60-951), indicating that vehicular
emissions and coal burning enhanced these elements during HDs.
The EF values for Ba, Sr, Cu, and Pb during FDs were 94, 109, 185, and
858 respectively, which indicated that fireworks enhanced these
elements.

3.3. Ionic characteristics during four PM events

The average concentrations and standard deviations of the
major water-soluble ions in PM; 5 during NDs, DSs, and pollu-
tion events are summarized in Table 4. The concentrations of total
water-soluble ions were 32.8, 36.6, 87.6, 44.9, and 128.4 pg/m?3,
accounting for 42.0%, 12.9%, 46.7%, 34.5%, and 60.3% of PM; 5 mass
during NDs, DSs, HDs, BBs, and FDs respectively. Elevated CaZ*,
making up 33.3% of total ions, was found during DSs, which was
consistent with other studies (Shen et al.,2011). However, the con-
centrations of secondary inorganic ions during DSs were at the
lowest levels observed for all PM events and surprisingly even
lower than during NDs. A similar result was also found by Shen
et al. (2009) for Xi’an dust storms.

During HDs, approximately 84.6% of the total measured ions
was attributed to secondary inorganic ions (e.g., S042~, NO3~, and
NH4*), and the concentrations of these were 2.8-4.9 times higher
than for NDs. In an urban atmosphere, aerosol 5042~ and NO3 ™~ are
formed mainly by conversion of gaseous precursors. The results
showed that unfavorable meteorological factors (e.g., low wind
speed and high RH) during HDs could enhance heterogeneous con-
version efficiency. Because coal burning is the major source of As, a
strong relationship (r=0.72) between As and SO42~ suggested that
coal burning was the major source of sulfate during HDs.

Similarly to the results for the HD samples, SO42~, NO3~, and
NH4* were the dominant ions during BBs, accounting for 67.2% of
total ions. The chemical profiles for BBs were strongly enriched
in K*, which made up 11.1% of the total ions; these results are
consistent with those of BB studies conducted in Xi’an by Shen
et al. (2009). Compared with other PM events, the mass con-
centrations of ions during FDs could be ranked in the order
S04%~ >K*>NO3~ >Cl~ >NH4* >Mg2* > F~ > CaZ*. This was in con-
trast with the results reported by Shen et al. (2009), in which NO3~
was the largest contributor to PM; 5 during FDs in Xi’an. Potassium
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Table 4
Concentrations of water-soluble ions in PM; 5 during normal days, dust storms, and pollution events (unit in pg/m3).
NDs (n=35) DSs (n=2) HDs (n=68) BBs (n=8) FDs (n=2)
Average S.D. Average S.D. Average S.D. Average S.D. Average S.D.
S042~ 14.01 5.80 12.51 2.49 39.03 20.47 15.18 9.46 60.70 35.92
NOs3~ 7.45 2.68 6.28 2.86 22.74 13.92 9.91 5.36 18.15 9.26
Cl- 1.83 1.30 2.94 1.66 4.34 3.19 3.02 2.14 13.00 495
F- 0.16 0.11 0.32 0.13 0.25 0.20 0.14 0.04 0.45 0.07
NH4* 2.49 2.01 0.10 0.08 12.33 7.59 5.04 4.38 10.35 7.28
Ca%* 4.79 3.35 11.91 0.22 4.69 3.22 5.04 1.30 0.20 0.14
K* 1.71 0.81 1.95 0.12 3.78 1.92 4.97 2.08 23.40 8.91
Mg2* 0.33 0.20 0.58 0.00 0.40 0.28 1.56 0.60 2.10 0.57

NDs: normal days; DSs: dust storms; HDs: haze days; BBs: biomass-burning days; FDs: fireworks displays; and S.D.: standard deviation.
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Fig. 3. Ratios of chemical species in PM, s during normal days (NDs), dust storms
(DSs), haze days (HDs), biomass-burning days (BBs), and fireworks displays (FDs).

(K) is one of the major components of fireworks because approxi-
mately 74% of black powder consists of KNO3, which provides the
main oxidant for burning (Vecchi et al., 2008). Elevated K*, account-
ing for 18.2% of total ions, was observed during FDs.

To investigate further the characteristics of PM; 5 during DSs
and pollution events, several ionic ratios were calculated and
are compared in Fig. 3. Several studies have suggested that the
NO3~/S042~ ratio can be used to evaluate the influence of mobile
versus stationary pollution sources (Arimoto et al., 1996). How-
ever, the NO3~/SO42~ ratio has been found to depend not only
on the composition of the primary emissions, but also strongly on
the occurrence of chemical reactions. Average NO3~/SO42~ ratios
were low during DSs (0.49) and FDs (0.31), whereas these ratios
increased to 0.59, 0.60, and 0.70 during NDs, HDs, and BBs respec-
tively, indicating the dominant contribution of coal burning to
PMS, 5 in Chengdu. The NO3~/SO42~ ratios found in this study were
lower than values reported for Beijing (0.71) (Wang et al., 2005)
and Guangzhou (0.79) (Tan et al., 2009), where traffic densities are

high. The average SO42~/K* ratio was 3.8 for BBs and 2.5 for FDs,
with much higher values for DSs (6.4), NDs (10.0), and HDs (10.9).
A similar pattern was also found for the Cl~/K* ratio. Low SO4%~ /K*
and Cl~/K* ratios may be useful for distinguishing BBs and FDs from
other PM events.

Ion-balance calculations can be used to study the acid-base bal-
ance of aerosol particles (Shen et al., 2007, 2008, 2010, 2011). The
cation and anion microequivalents for PM, 5 samples from various
episodes were calculated as follows:

C(cationmicroequivalents) = Na*t/23 + NH4"/18 + K*/39
+ Mgt /12 + Ca*t/20, (2)

A(anionmicroequivalents) = F~/19 + ClI7/35.5 + NO3~ /62
+ 5042~ /48 (3)

Fig. 4(a) shows a high correlation (r=0.95) between the cation
and anion equivalents among all PM; 5 samples, with a regression
slope of 1.54+0.04, which was indicative of a cation defi-
ciency. Although the ND samples were dispersed around the 1:1
anion:cation (A:C) line, the A/C ratio was close to unity (Fig. 4(b)).
Approximately 82% of the samples from HDs and all the samples
from FDs fell above the 1:1 A:C line (Fig. 4(c)), which implied that
these samples were acidic. Average A/C ratios for HDs (1.2) and
FDs (1.4) were higher than for NDs (1.1), which was indicative of
more acidic conditions during pollution events. The relatively high
A/C ratios for HDs and HFs might be caused by high concentrations
of SO42~ and NO3~. The ion balances for DS and BB samples were
positioned below the A:C unity line (Fig. 4(d)), which indicated that
these samples were alkaline.

3.4. Carbonaceous species during four PM events

Table 5 shows the distribution of carbonaceous species for NDs,
DSs, and pollution events. The average OC concentrations were
18.8,19.6, 23.6, and 26.1 pg/m3, accounting for 6.6%, 10.5%, 18.1%,
and 12.2% of PM; 5 mass for DSs, HDs, BBs, and FDs respectively.
The OC concentration during DSs was 2.0 times higher than that

Table 5
Distribution of carbonaceous species (unit in pg/m?) and the ratios of OC/EC in PM, 5 on normal days, dust storms, and pollution events.
NDs (n=35) DSs (n=2) HDs (n=68) BBs (n=8) FDs (n=2)
Average S.D. Average S.D. Average S.D. Average S.D. Average S.D.
ocC 9.5 3.2 18.8 33 19.6 9.0 23.6 7.3 26.1 17.2
EC 4.1 1.2 6.0 1.5 10.6 5.8 6.2 2.0 9.5 6.8
TCA 194 59 36.1 6.7 419 194 439 129 51.2 34.3
OCJEC 2.3 0.6 3.2 0.3 0.6 4.0 1.1 2.8 0.1

NDs: normal days; DSs: dust storms; HDs: haze days; BBs: biomass-burning days; FDs: fireworks displays; OC: organic carbon; EC: elemental carbon; TCA: total carbonaceous

aerosol (1.6 x OC+EC); and S.D.: standard deviation.
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Fig. 4. Scatter plots of anion microequivalents versus cation microequivalents: (a) all samples, (b) neutral samples during normal days (NDs), (c) acidic samples during haze
days (HDs) and fireworks displays (FDs), and (d) alkaline samples during dust storms (DSs) and biomass-burning days (BBs).

during NDs, while for HDs, BBs, and FDs, the concentrations were
2.1-2.7 times higher than that for NDs. Compared to the OC values,
the EC concentrations were significantly lower, at 6.0, 10.6, 6.2, and
9.5 wg/m?3, accounting for 2.1%, 5.6%, 4.7%, and 4.5% of PM, 5 mass
for DSs, HDs, BBs, and FDs respectively.

Previously, the OC/EC ratio has been used to investigate emis-
sions of carbonaceous aerosols (Cao et al., 2005, 2009; Han et al.,
2008; Zhang et al., 2009). For example, the OC/EC ratio from
biomass burning is substantially high, while fossil-fuel emissions
tend to have low OC/EC ratios (Han, Cao, Lee, Ho, & An, 2010).
Previous studies have determined OC/EC primary ratios of 9.0 for
biomass burning (Cachier, Bremond, & Buat-Menard, 1989) and 1.1
for vehicle emissions (Watson, Chow, & Houck, 2001). As shown
in Fig. 3, the highest OC/EC ratio was observed during a BB (4.0),
whereas the lowest OC/EC ratio occurred during an HD (2.0), indi-
cating the influence of vehicles.

Total carbonaceous aerosol (TCA) was calculated as the sum
of organic matter (OM=1.6 x OC) and elemental carbon (Turpin
& Lim, 2001). The average TCA concentrations during DSs, HDs,
BBs, and FDs were 36.1, 41.9, 43.9, and 51.2 wg/m?3 respectively,
accounting for 12.7%, 22.4%, 33.7%, and 24.1% of the PM, 5 mass.
Obviously, carbonaceous aerosol was one of the main components
of pollution events, especially for BBs. As shown in Fig. 3, the
concentration ratio of TCA/SO4%~ was greatest during BBs (3.6), fol-
lowed by DSs (2.9), NDs (1.7), HDs (1.2), and FDs, the lowest (0.8).
Consequently, the TCA/SO42~ ratio may be useful for evaluating the
contribution of biomass burning to aerosol loading.

3.5. Mass balance of PM, 5 during four PM events

Fig. 5 illustrates the PM; 5 mass balance for the major water-
soluble ions, OM, EC, trace species, and soil dust during NDs, DSs,

and pollution events. Soil dust was estimated as [Al]/0.08, and trace
species were calculated by summing all the elements and ions mea-
sured after subtracting the crustal matter (Al, Ti, Mn, and Fe) and the
three secondary inorganic ions (NH4*, SO42~, and NO3 ). As shown
in Fig. 5, approximately 81.4%, 96.7%, 78.4%, 73.9%, and 94.3% of the
PM; 5 mass was explained by these seven components for NDs,
DSs, HDs, BBs, and FDs respectively. During NDs, OM and SO42~
were the predominant fractions, accounting for 20.7% and 16.9%

I sulfatc [ nitrate [l ammonium ] organic carbon

I clemental carbon [ soil dust [JI trace specics [l others
100+

[=2) oo
(=} o
1 L

Percentage (%)
-

20

04

NDs DSs HDs BBs FDs

Fig. 5. Mass balance of chemical species in PM, 5 during normal days (NDs), dust
storms (DSs), haze days (HDs), biomass-burning days (BBs), and fireworks displays
(FDs).
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of the PM;5 mass respectively, while other components made
considerably smaller contributions, such as soil dust (13.3%) and
NO3~ (9.3%). For DS samples, soil dust was the largest contributor,
accounting for 70.0% of PM, 5 mass, followed by OM (10.6%), SO42~
(4.4%), trace species (3.3%), NO3~ (2.4%), and EC (2.1%). During HDs,
S042%~ (21.5%) was the largest contributor to PMS 5, followed by OM
(16.2%), NO3~ (13.3%), and trace species (10.2%). During BBs, OM
(36.5%) was the largest contributor to PM, 5, whereas other com-
ponents contributed ~3-11%. During FDs, SO42~ (28.5%) was the
largest contributor to PM, s, followed by OM (19.6%), trace species
(15.3%), and soil dust (13.0%).

In this study, approximately 18.6%, 3.3%, 21.6%, 26.1%, and 5.7%
of the PM; s mass was unidentified for ND, DS, HD, BB, and FD
samples respectively. This may be due to uncertainties in chem-
ical analysis, to underestimation of soil dust using [Al]/0.08, to the
presence of undetermined organic acids in the PM, 5 samples, or to
some combination of these.

4. Conclusions

In this study, daily fine particulate (PM, 5) aerosol samples were
collected in Chengdu from April 2009 to February 2010 to inves-
tigate the chemical characteristics of various pollution events. The
PM, 5 mass was strongly elevated during all the pollution events.
The concentrations of most elements during HDs were higher than
during NDs, while enhanced dust elements concentrations were
found during DSs. Ba, Sr, Cu, and Pb were enriched during FDs.
The percentages of water-soluble ions varied for different types of
pollution events; these discrepancies may be characteristic of the
various emission sources. Enhanced levels of secondary inorganic
ions (NH4*, SO42-, and NO3~) were found in HD and FD samples,
while BBs and FDs were associated with high levels of K*. Low val-
ues of SO42-/K* together with high values of TCA/SO42~ may be
a tracer of BBs among all PM events, while low values of SO42~/K*
and TCA/SO42~ may be useful for distinguishing FDs from other PM
events. lon-balance calculations indicated that PM; 5 from HDs and
FDs was more acidic than that from NDs, but that DS and BB parti-
cles were alkaline. The highest mass concentration of OC was found
during FDs, while EC was most abundant during HDs. The highest
OC/EC ratio was found during BBs and the lowest during HDs. Mass
balance showed that organic matter, SO42~, and NO3~ were the
dominant chemical components during HDs, BBs, and FDs, while
soil dust was highest during DSs.
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