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Aerosol observation was conducted for four seasons from September 2001 to August 2002 at five sampling
sites in Hangzhou, South China, on PM10 mass, 22 elements (Na, Mg, Al, Si, P, S, K, Ca, Ti, V, Cr, Mn, Fe, Ni,
Cu, Zn, As, Se, Br, Cd, Ba, and Pb), 5 major ions (F−, Cl−, NO3

−, SO4
2−, and NH4

+), and organic and elemental
carbon (OC and EC), showing that PM10 mass ranged from 46.7 to 270.8 �g/m3, with an annual average
of 119.2 �g/m3. Na, Al, Si, S, K, Ca, and Fe were the most abundant elements in PM10, most of S being in
the form of SO4

2−. SO4
2−, NO3

−, and NH4
+ were the major ions, which contributed to about 20% of the

PM10 mass. The mean seasonal concentrations for SO4
2−, averaged over all sites, were found to be 18.0,

18.5, 24.7, and 21.4 �g/m3, for spring, summer, autumn, and winter, respectively, while the corresponding
loadings for NO − were 7.2, 4.7, 7.1, and 11.2 �g/m3, and for NH + were 6.0, 5.9, 8.2, and 9.3 �g/m3, in
aterial balance 3 4

the form mostly of NH4NO3 in spring, autumn, and winter, and mostly of (NH4)2SO4 in summer. The low
NO3

−/SO4
2− ratio found indicates coal combustion as the major source throughout the year. The mean

annual concentrations of OC and EC in PM10 were found to be 21.4, and 4.1 �g/m3, respectively. Material
balance calculation indicated that fugitive dust, the secondary aerosol, and carbonaceous matter were the
most abundant species in PM10 for the four seasons, as is characteristic for cities in South China.
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. Introduction

The combination of high population density and rapid indus-
rialization in China, especially in the South, has inevitably led
o increase in air pollution (e.g., Cao et al., 2003a, 2003b, 2007;
heng, Ho, Lee, & Law, 2006; Yao et al., 2002; Ye et al., 2003;
uan, Sau, & Chen, 2004). In addition to deterioration of visibil-

ty in urban areas (Watson, 2002), health impact of aerosol has
ome into view from epidemiological studies associating fine par-
icle concentration to hospital admission records (Harrison & Yin,
000; Tsai, Apte, & Daisey, 2000). The Chinese government has

pared less efforts in establishing stringent emission control strate-
ies. Atmospheric particles with diameters under 10 �m (PM10) are
pecifically addressed by Air Quality Standards in several nations,
ince epidemiological evidences suggest that mortality in urban

∗ Corresponding author. Present address: Institute of Earth Environment, Chinese
cademy of Sciences, Xi’an 710075, China. Tel.: +86 29 88326488;

ax: +86 29 88320456.
E-mail address: cao@loess.llqg.ac.cn (J. Cao).
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of Particuology and Institute of Process Engineering, Chinese Academy of
Sciences. Published by Elsevier B.V. All rights reserved.

reas may be linked to PM10 and PM2.5 fractions (Dockery et al.,
993; Lundgren & Burton, 1995; Pope, Schwartz, & Ransom, 1992;
chwartz, Dockery, & Neas, 1996). Generally, the total daily mortal-
ty increases by approximately 1% for every 10 �g/m3 increase in
M10 concentration (Lippmann, 1998). The composition of atmo-
pheric aerosols also provides useful data for evaluating the optical
roperties of aerosols (Watson, 2002), such as visibility of the lower
tmosphere.

Hangzhou (29.25◦–30.5◦N, 118.34◦–120.75◦E), capital city of
hejiang Province in South China, covers an area of 16,596 km2

ith a population of 6.29 million inhabitants, and is one of the
argest cities in the Yangtze Delta Region (YDR) and also one of
he most massively industrialized and urbanized regions in South
hina. Hangzhou experiences a typical sub-tropic climate with
ean annual precipitation of 1705.2 mm, abundant in summer (e.g.,

83.4 mm during June) and relatively low in winter (e.g., 44.2 mm

uring December). The annual mean wind speed is 1.7–2.0 m/s
ith 10–30% calm days (<0.2 m/s). Prevailing wind direction is
ainly southerly in summer and northerly in spring. The atmo-

pheric structure is relatively stable, and temperature inversion
ften occurs in late autumn and winter. Increased PM10 levels

ngineering, Chinese Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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ig. 1. Location of Hangzhou in Yangtze River Delta of south China and the fi
ommercial–residential–traffic site; SFGS: a traffic site; and WB: a background site.

http://www.sepa.gov.cn/quality/air.php3) in Hangzhou have been
ttributed to the increases in motor vehicles, urban construction,
eating installation and industrial combustion, but relatively little
ata are available on PM10 chemical composition. Motor vehicles

ncreased from 0.39 million in 2000 to 1.07 million in 2005. The pur-
ose of this study was to examine spatial and seasonal variations in
M10 mass, elemental composition, major water-soluble ions, and
arbonaceous species, and to understand the relative contribution
f both natural and anthropogenic sources.

. Methodology

.1. Sample collection

PM10 samples were collected in four seasons from Septem-
er 2001 to August 2002 at five air quality monitoring stations

Fig. 1): (1) an industrial site in Hemu Grade School (HGS), with
hree nearby power plants and several factories, (2) a residen-
ial site around Zhaohuiwuqu Grade School (ZGS), (3) a mixed
ommercial–residential–traffic site in Huajiachi Branch of Zhejiang
niversity (HBZU), (4) a traffic site, located near the Second Fux-

4
d
(
a
d

ig. 2. Seasonal and spatial distributions of PM10 mass and major chemical species in Ha
ovember); and winter (December to February).
mpling sites: HGS: an industrial site; ZGS: a residential site; HBZU: a mixed

ng Grade School (SFGS), and (5) a background site in Wolong
ridge on Xi’shan Road (WB). PM10 samples were collected every
hree days for 24 h duration from 8:00 a.m. PM10 samples were
ollected by an eight-channel automatic cartridge collection unit
ACCU) sampler at ambient temperature combined with the TEOM
400a (Formerly Rupprecht & Patashnick, currently Thermo Fischer,
SA). The ACCU system utilizes the flow splitter and the micro-
rocessor in the TEOM 1400a monitor. The bypass flow is carried
o the ACCU system, and then onward to the auxiliary flow con-
roller in the TEOM control unit to ensure a total flow rate of
6.7 L/min through the inlet. If a high-pressure drop occurs and
he bypass flow is lower than 13.7 ± 0.4 L/min, the sampling pro-
ess will be terminated. Only three out of the eight channels are
ctivated simultaneously for each ACCU system using two 47 mm
iameter Teflon-membrane filters (Gelman, Ann Arbor, MI) for ele-
ental and water-soluble ionic analyses. The third channel uses
7 mm Whatman quartz microfibre filters (QM/A; Whatman, Mid-
lesex, UK) for the determination of organic and elemental carbon
OC and EC). The quartz filters were pre-heated to 800 ◦C for 3 h
nd cooled before use. A total of 176 sets of samples were collected
uring the study.

ngzhou: spring (March to May); summer (June to August); autumn (September to

http://www.sepa.gov.cn/quality/air.php3
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.2. Mass and elements analyses

Aerosol mass loadings were determined gravimetrically using
Sartorius MC5 electronic microbalance with a sensitivity of 1 �g.
efore weighing, the Teflon filters were equilibrated for a minimum
f 24 h at a constant temperature between 20 and 23 ◦C and relative
umidity between 35% and 45%. Each filter was weighed at least
hree times before and after sampling following the equilibration
eriod. Typical precision for replicate weighing is 10%. The filters
ere air-tight sealed and preserved in a refrigerator before and after

ampling.
Seventeen elements were determined by a proton induced X-

ay emission (PIXE, PIXE International Corporation, Tallahassee, FL,
SA) method. These elements include Al, Si, P, S, Ca, Ti, V, Cr, Mn,
e, Ni, Cu, Zn, As, Se, Br, and Pb. These filters were then submitted
or acid extraction followed by inductively coupled plasma-atomic
mission spectroscopy (ICP-AES, TEIRTSA Advantage, USA) for the
dditional 5 elements (Na, Mg, K, Cd, and Ba).

.3. Ions analysis

Four anions (F−, Cl−, NO3
−, and SO4

2−) were determined in
eflon filters by an Ion Chromatograph (IC, Dionex 500, Sunny-
ale, CA). Prior to analysis, the Teflon filters were placed in 20 mL
ials of distilled and deionized water (a resistivity of 18 M�), fol-
owed by ultrasonic extraction and mechanical shaking for 1 h
ach. The extract was stored at 4 ◦C before analyses. Anions were
etected by an AS11-HC column (Dionex Co., Sunnyvale, CA), using
0 mM KOH as the eluent with detection limits less than 0.05 mg/L.
tandard Reference Materials produced by the National Research
enter for Certified Reference Materials, China, were analyzed for
uality assurance purposes. Blank values were subtracted from
ample concentrations. Concentration of NH4

+ was determined by
essler’s reagent colorimetric method.

.4. Carbonaceous species analysis

The quartz-fiber filters were analyzed, in replicates on 10% of
he samples, for OC and EC using a Sunset Model 3 OC/EC Analyzer
Sunset Laboratory Inc., USA) following thermal/optical transmit-
ance (TOT). Eight blank samples were also analyzed and the sample
esults were corrected by averaging the blank sample concentra-
ions.

. Results and discussion

.1. PM10 mass concentration

Annual PM10 mass concentrations were in the range of
6.7–270.8 �g/m3, with a five-site arithmetic average and stan-
ard deviation (SD) of 119.2 ± 39.9 �g/m3. This is 20% higher
han the annual China ambient air quality PM10 Class II standard
f 100 �g/m3. Fig. 2 shows the seasonal and spatial variations
f PM10 concentrations. The annual average PM10 concentration
as highest at the industrial HGS site (133 �g/m3), followed

y the traffic-dominated SFGS site (127.8 �g/m3). Similar annual
verages of 112.6 and 114 �g/m3 were found at the mixed com-
ercial/residential HBZU and background WB sites, respectively.

he lowest concentration was found at the residential ZGS site

106.6 �g/m3). The Chinese air quality Class II standard was
xceeded by 1.33 times at the HGS industrial site, 1.27 times at the
FGS traffic site, and 1.1 times at the other sites. High PM10 levels
t the HGS and SFGS sites suggest the influences of industrial and
raffic sources.

a
a
a
a
i
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PM10 mass was highest in winter (with a five-site arith-
etic average of 157.2 �g/m3), followed by autumn (136.8 �g/m3),
ith lower concentrations in spring (107.9 �g/m3) and summer

92.9 �g/m3). Previous studies showed that about 60–70% of the
M10 mass was in the PM2.5 fraction at urban regions (Cao et
l., 2003a, 2003b; Ho et al., 2003; Wei et al., 1999). So PM10 in
angzhou was comparable with PM10 or PM2.5 data in those cities.
patial and temporal variations of PM10 concentration, shown in
ig. 3, were consistent with the studies on other Chinese cities, such
s Beijing (He et al., 2001), Shanghai (Ye et al., 2003), Guangzhou,
henzhen, Zhuhai and HongKong (Cao et al., 2003a, 2003b), and
anjing (Wang, Huang, Gao, Gao, & Wang, 2003), which all showed

hat high PM level occurred in autumn and winter and at industrial
nd traffic sites.

.2. Elemental compositions

Table 1 summarizes the annual and seasonal averages of a five-
ite of PM10 mass and chemical components. Most of the elemental
oncentrations are higher in autumn and winter than in spring and
ummer. The most abundant PM10 elements are Na, Al, Si, S, K, Ca,
nd Fe, these seven elements accounting for about 24% of PM10
ass. High S concentration in PM10 was detected, particularly in

utumn and winter, which signifies the presence of anthropogenic
ources possibly from coal combustion. This can be further sup-
orted by comparing the ratios of S/Al between fugitive dust profile
amples in the Loess Plateau (Cao et al., 2008) and PM10 samples at
angzhou because there was no fugitive dust profile in Hangzhou.
he PM10 S/Al ratios were 2.79 in spring, 1.0 in summer, 4.0 in
utumn, and 2.5 in winter, which are over three orders of mag-
itude higher than the S/Al ratio of 0.0056 for fugitive dust profile
amples. Seasonal variations of S/Al ratios in Hangzhou were sim-
lar to those observed at Xi’an, a typical coal-combustion city in
orth China (Zhang et al., 2002). PM10 Se concentration varied by
-fold, peaking during autumn (0.07 ± 0.04 �g/m3), As concentra-
ion was 4–6-fold during winter (0.31 ± 0.59 �g/m3), indicative of
ncreasing coal burning during colder seasons. Pb and Br concen-
rations, markers for vehicle exhaust, are also nearly double during
utumn and winter, subsidence inversion during colder seasons
ay result in the accumulation of vehicle emissions. High Ca con-

entrations were also observed. The average Ca/Al ratios were 1.25
n spring, 1.65 in summer, 2.16 in autumn, and 1.92 in winter, also

uch higher than the 0–1 Ca/Al ratio in loess samples (Wen, Diao,
Pan, 1996). As noted in Fig. 3, the variations of Ca/Al ratios are also
uch higher in autumn and winter as compared to other seasons.

he comparison implies that there are non-crustal source contri-
utions to Ca, such as fugitive dust from construction sites or fly
sh from coal combustion.

The calculation of enrichment factors relative to earth’s upper
rust composition can be used to identify the origins of elements
rom crustal or non-crustal sources (Taylor & McLennan, 1995). The
nrichment factors for crustal material (EFcrust) were calculated as
ollows:

Fcrust = (Celement/Crefercence)air

(Celement/Crefercence)crust
(1)

here Celement is the concentration of any elements, and Crefercence
s the concentration of the reference element. Typically, Al, Si, Fe,
r Ti was chosen as the reference element, of which Ti was used in
his study. As shown in Fig. 4, much larger variations were found

mong elements than among seasons; EFcrust for Na, Mg, Al, Si, Ca,
nd Fe, were in the range of 1–5, indicating that these six elements
re mainly from the crustal origin, and the EFcrust values for K, V,
nd Mn were between 5 and 10, implying that these elements were
nfluenced not only by crustal but also by other pollution sources.
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ig. 3. Temporal variations of 5-site-averages for 24 h PM10 mass, Ca/Al ratio, and
ndicate seasonal average values.

or example, EFcrust for K was lower than 5 during spring and sum-
er, but increased to around 10 in autumn and winter. In addition

o soil dust, an important source for K is biomass burning (Andreae,
983). Therefore, higher EFcrust for K in autumn may imply contri-
ution from biomass burning (such as rice stalks in the harvest
eason). In contrast, the origins for P, S, Cr, Ni, Cu, Zn, As, Se, Br, Cd,
a, and Pb were mainly from non-crustal sources due to their much
igher EFcrust values in the range of 10–1575.

The soil dust mass can be estimated from the concentrations of
everal indicator elements (Malm, Sisler, Huffman, Eldred, & Cahill,
994). The following formula, which assumes that the indicator
lements occur as their most common oxides, is used in this study:

soil = 2.2CAl + 2.49CSi + 1.63CCa + 2.42CFe + 1.94CTi (2)

here Csoil is the calculated soil dust concentration, and CAl, CSi, CCa,
Fe, and CTi represent the elemental concentrations of Al, Si, Ca, Fe,
nd Ti in the samples. The average soil dust mass concentrations in
M10 were similar in spring (35.8 �g/m3), summer (35.3 �g/m3),
utumn (45.4 �g/m3), and winter (48.9 �g/m3).
.3. Ionic characteristics

Table 1 lists the annual concentrations for F−, Cl−, NO3
−, SO4

2−,
nd NH4

+ in decreasing order: 20.1 �g/m3 (SO4
2−), 7.1 �g/m3

i
a

a
e

/SO4
2− ratio at Hangzhou from 9/1/2001 to 8/31/2002. The horizontal dash lines

NO3
−), 7.0 �g/m3 (NH4

+), 0.94 �g/m3 (Cl−), and 0.12 �g/m3 (F−).
he sum of these ions accounts for 33% of PM10 mass, indicating that
ater-soluble ions comprise a large part of aerosol particles. The
igh SO4

2− concentrations coincide with elevated S in aerosol sam-
les (figure was omitted), with a high correlation coefficient of 0.95
Sulfate = 2.75*S + 2.16, r = 0.95, p < 0.0001). Annual average ratio of
O4

2−/S was 2.8, close to the value of 3.0 that would be obtained
f the entire measured sulfur were oxidized to water-soluble sul-
hate (Formenti et al., 2003). The present result showed that most
f element S was in the form of sulfate in Hangzhou.

The seasonal variations of three major ions, SO4
2−, NO3

−,
nd NH4

+ in Fig. 2, show clear seasonal patterns, e.g., the two
eak concentrations of SO4

2− in autumn and winter, decreas-
ng toward spring and summer. Seasonal variations were more
ronounced for NO3

−, with nearly 3-fold increase from summer
4.7 ± 4.6 �g/m3) to winter (11.2 ± 8.1 �g/m3). NH4

+ ordered as
inter > autumn > spring > summer. The concentrations for Cl− and

− had the similar seasonal pattern, in the decreasing order of win-
er > spring > autumn > summer. The distributions of the major ions

n winter and autumn were more scattered than those in summer
nd spring, implying rather complex sources for these species.

The ratio of NO3
− to SO4

2− has been used to identify the rel-
tive contributions to the aerosol particles from mobile (vehicle
xhaust) vs. stationary (coal combustion) sources for S and N in



J. Cao et al. / Particuology 7 (2009) 161–168 165

Table 1
Average ± standard deviation of PM10 mass concentrations at Hangzhou (�g/m3).

Spring Summer Autumn Winter Annual
(n = 41)a (n = 59) (n = 39) (n = 38) (n = 177)

Mass 107.9 ± 27.1 92.9 ± 27.1 136.8 ± 23.3 157.2 ± 43.5 119.2 ± 39.9
Al 2.27 ± 1.29 2.42 ± 1.28 2.34 ± 1.29 4.02 ± 2.67 2.73 ± 1.82
As 0.07 ± 0.06 0.08 ± 0.09 0.05 ± 0.05 0.31 ± 0.59 0.12 ± 0.30
Ba 0.53 ± 0.34 0.30 ± 0.21 0.63 ± 0.69 0.61 ± 0.50 0.48 ± 0.45
Br 0.05 ± 0.07 0.05 ± 0.07 0.08 ± 0.03 0.10 ± 0.05 0.07 ± 0.06
Ca 2.72 ± 2.30 3.91 ± 2.32 4.51 ± 2.06 5.84 ± 2.99 4.17 ± 2.65
Cd 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.01
Cr 0.02 ± 0.02 0.02 ± 0.02 0.02 ± 0.01 0.03 ± 0.02 0.02 ± 0.02
Cu 0.10 ± 0.04 0.13 ± 0.12 0.12 ± 0.06 0.16 ± 0.12 0.13 ± 0.10
Fe 1.92 ± 1.10 2.49 ± 1.51 2.32 ± 1.26 1.92 ± 2.08 2.19 ± 1.54
K 3.26 ± 1.74 3.37 ± 1.74 5.33 ± 2.77 5.37 ± 2.77 4.16 ± 2.42
Mg 0.62 ± 0.41 0.54 ± 0.48 0.47 ± 0.24 0.35 ± 0.23 0.50 ± 0.39
Mn 0.10 ± 0.05 0.11 ± 0.06 0.15 ± 0.09 0.17 ± 0.08 0.13 ± 0.07
Na 0.94 ± 0.82 1.00 ± 1.19 1.26 ± 1.15 1.54 ± 1.46 1.15 ± 1.19
Ni 0.01 ± 0.02 0.01 ± 0.01 0.02 ± 0.03 0.03 ± 0.03 0.02 ± 0.02
P 0.36 ± 0.20 0.53 ± 0.23 0.48 ± 0.35 0.67 ± 0.34 0.51 ± 0.30
Pb 0.25 ± 0.10 0.35 ± 0.24 0.43 ± 0.27 0.49 ± 0.31 0.37 ± 0.25
S 5.16 ± 3.61 4.44 ± 2.65 7.40 ± 2.92 6.98 ± 3.42 5.74 ± 3.34
Se 0.03 ± 0.03 0.03 ± 0.03 0.07 ± 0.04 0.05 ± 0.05 0.04 ± 0.04
Si 8.56 ± 3.74 6.89 ± 3.83 10.83 ± 5.75 10.31 ± 4.04 8.80 ± 4.53
Ti 0.18 ± 0.12 0.20 ± 0.14 0.16 ± 0.16 0.11 ± 0.07 0.17 ± 0.13
V 0.02 ± 0.02 0.02 ± 0.02 0.01 ± 0.02 0.03 ± 0.03 0.02 ± 0.02
Zn 0.34 ± 0.16 0.52 ± 0.32 0.78 ± 0.47 0.65 ± 0.40 0.55 ± 0.37
Cl- 1.00 ± 0.63 0.48 ± 0.43 0.71 ± 0.63 1.87 ± 1.63 0.94 ± 1.02
F- 0.15 ± 0.18 0.07 ± 0.08 0.10 ± 0.09 0.17 ± 0.12 0.12 ± 0.13
NH4

+ 6.00 ± 3.82 5.87 ± 4.88 8.15 ± 6.89 9.32 ± 5.85 7.03 ± 5.42
NO3

− 7.20 ± 5.28 4.68 ± 4.56 7.07 ± 7.05 11.19 ± 8.12 7.12 ± 6.48
SO4

2− 15.88 ± 9.51 14.21 ± 7.66 22.81 ± 8.61 21.64 ± 9.90 20.10 ± 12.47
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C 14.03 ± 12.21 13.54 ± 10.23
C 2.96 ± 2.05 2.82 ± 3.75

a n: number of samples.

he atmosphere (Arimoto et al., 1996). Kato (1996) reported that
asoline and diesel fuel in China contained 0.12% and 0.2% S (by
eight), respectively. The estimated ratios of NOx to SOx from the

mission of gasoline and diesel fuel burning were 1:8 and 1:13,
espectively (Kato, 1996). The S content in coal is around 1% in
hina and the emission ratio of NOx to SOx was 1:2 from coal burn-

ng (Wang, Zhuang, Sun, & An, 2005; Yao et al., 2002). Therefore,
he low NO3

−/ SO4
2− ratio could be ascribed to the predominance

f stationary source over mobile source pollutions, and vice-versa
ince oil burning is seldom in Hangzhou. Fig. 3 shows the time series
f NO3

−/ SO4
2− ratios ranging from 0.05 to 1.0, with an annual

verage of 0.36 ± 0.21). Seasonally, NO3
−/ SO4

2− ratio showed high

alues in winter (0.57) and spring (0.41) as compared to those in
utumn (0.37) and summer (0.25). Low summer NO3

−/ SO4
2− ratio

0.25) might be biased because there was nitrate loss when sam-
ling with Teflon in summer. As shown in Fig. 5, the NO3

−/ SO4
2−

atio in Hangzhou was lower than 0.71 in Beijing (Wang et al., 2005),

s
i

C
s

Fig. 4. Enrichment factors (EF) for th
23.64 ± 21.88 23.81 ± 13.26 21.41 ± 18.03
4.38 ± 5.49 4.43 ± 2.42 4.06 ± 4.13

.43 in Shanghai (Yao et al., 2002), and at the same level as 0.35 in
ingdao (Hu et al., 2002), but higher than 0.20 in Taiwan (Fang
t al., 2002), and 0.13 in Guiyang (Xiao & Liu, 2004). This annual
verage NO3

−/ SO4
2− ratio in urban Hangzhou is also very close to

.41 in Linan (50 km north of Hangzhou), which represents a back-
round air monitoring station in Yangtze Delta Region, China (Xu
t al., 2002). High NO3

−/ SO4
2− ratios ranging from 2 to 5 were

eported by Kim, Teffera and Zeldin (2000) in downtown Los Ange-
es and in Rubidoux in Southern California, USA, both not using coal.
herefore, the relatively lower NO3

−/ SO4
2− ratio in Chinese urban

ities suggests that stationary emissions (coal combustion) are a
ominant source of airborne pollutants in urban atmospheres, as

upported by the fact that coal is still the dominant energy source
n China.

Table 2 shows the relationships between NH4
+ and NO3

−, SO4
2−,

l−, and F−, indicating that NH4
+ was closely correlated to NO3

− in
ummer, autumn, and winter. The slope of the regression between

e 21 elements in four seasons.
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Fig. 5. NO3
−/SO4

2− ratios in different Chinese cities: Beijing (Wang et al., 2005),
Shanghai (Yao et al., 2002), Linan (Xu et al., 2002), Hangzhou (this work), Qingdao
(Hu et al., 2002), Taiwan (Fang et al., 2002), and Guiyang (Xiao & Liu, 2004).
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Table 2
The correlation coefficients (R) between major ions and regression equation.

R SO4
2− NO3

− Cl−

NH4
+ Spring (n = 41) 0.66 0.79 0.58

Summer (n = 59) 0.92 0.90 0.27
Autumn (n = 39) 0.67 0.89 0.12
Winter (n = 38) 0.88 0.91 0.66

Fig. 6. Material balance of PM10 at Hangzhou (soil dust = 2.2
7 (2009) 161–168

H4
+ and NO3

− was 0.57 (�g vs. �g) in spring, 0.87 in autumn,
nd 0.66 in winter. These high slopes indicate that NO3

− was com-
letely neutralized by NH4

+ and suggest that NH4NO3 was the
pecie formed by NH4

+ and NO3
− in spring, autumn, and win-

er. The remaining NH4
+ will then combine with SO4

2− for their
elatively lower correlation coefficient. The calculated concentra-
ions of NH4NO3 based on NO3

− concentration were 9.3, 9.1, and
4.4 �g/m3 in spring, autumn, and winter, respectively. The con-
entration of NO3

− depends on ambient temperature and relative
umidity (RH), which determine the gas-to-particle conversion and
artitioning between NO3

− and HNO3 (Wastson, Chow, Lurmann, &
usarra, 1994). Lower ambient temperature in winter time favours

he formation of NH4NO3 as the measured NH4NO3 was high in
inter. During summer, NH4

+ was strongly correlated with SO4
2−
nd NO3
− with high correlation coefficients of 0.92, and 0.9, respec-

ively. The slope of the regression equation between NH4
+ and

O4
2− was 0.39, implying that SO4

2− was neutralized completely by
H4

+ to (NH4)2SO4 in summer. The remaining NH4
+ was associated

ith NO3
−. If we assumed that SO4

2− was neutralized completely

F− Regression equation

0.2 NH4
+ = 0.26SO4

2− + 1.28 NH4
+ = 0.57NO3

− + 1.87
0.78 NH4

+ = 0.39SO4
2− − 1.34 NH4

+ = 0.97NO3
− + 1.31

0.24 NH4
+ = 0.44SO4

2− − 0.93 NH4
+ = 0.87NO3

− + 2.0
0.58 NH4

+ = 0.52SO4
2− − 1.17 NH4

+ = 0.66NO3
− + 1.95

CAl + 2.49CSi + 1.63CCa + 2.42CFe + 1.94CTi; OM = 1.4OC.).
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y NH4
+ in summer, the concentration of (NH4)2SO4 can be esti-

ated as 25.4 �g/m3 by using SO4
2− mass level. The much higher

orrelations between NH4
+ with NO3

− and SO4
2− in summer than

n other seasons suggest that high temperature, RH (relative humid-
ty), and radiation favoured the formation of secondary aerosols.

.4. Carbonaceous species

The annual mean concentrations of OC (21.41 ± 18.03 �g/m3)
nd EC (4.06 ± 4.13 �g/m3) in PM10 at Hangzhou accounted for 18%
nd 3.4% of PM10 mass, respectively. OC and EC had similar sea-
onal patterns as the major ions as shown in Table 1. High levels of
C and EC observed in autumn and winter were about twice those

n spring and summer. The amount of organic matter (OM) in the
tmosphere was estimated to be 1.4 times the amount of organic
arbon (White & Roberts, 1977). Carbonaceous matter (CM) was
alculated as the sum of OM and EC, so that, carbonaceous matter
ould be 22.6 �g/m3 in spring, 21.8 �g/m3 in summer, 37.5 �g/m3

n autumn, and 37.8 �g/m3 in winter, averaging 34.0 �g/m3 annu-
lly, which accounts for 24% of PM10 mass.

High correlation (r = 0.84, p < 0.0005) was found between OC and
C (figure is omitted), suggesting a common source of carbon (Cao
t al., 2003a, 2003b, 2005; Chow et al., 1996; He et al., 2001). Given
he large quantities of coal-fired power plants in or near the urban
istricts and the high concentrations of elements such as S, As,
e, and Zn, as linked to coal combustion (Xu et al., 2003), more
ontributions from this source are expected.

.5. Material balance

Fig. 6 shows the relative contributions of major chemical species
o PM10. Soil dust accounts for about one-third of annual PM10,
hich is slightly higher in summer (36.7%), followed by spring

33.8%), autumn (33.6%), and lowest in winter (31.8%). The sec-
ndary aerosol was the second most abundant component for each
eason. During spring, SO4

2− dominated the chemical composi-
ion, contributing 21.3% to the PM10, decreasing in the order of
utumn (18.9%), winter (17.8%), and summer (17%). The contribu-
ions of NO3

− to PM10 decreased from 9–10% during spring and
inter to 4.3% and 4.6% during summer and autumn. NH4

+ fol-
ows a similar seasonal pattern as NO3

−, decreasing from winter
7.8%), spring (7.5%), autumn (5.5%), to summer (5.2%). Carbona-
eous matter accounted for 27.4% of the PM10 in autumn, followed
y winter (23.8%) and summer (23.4%), with the lowest occurring
n spring (20.9%). Chloride was considerably less, contributing from
.5% (summer and autumn) to 1.4% (spring and winter) of PM10.
lthough Hangzhou is only about 100 km from the East China Sea,

he results indicate negligible sea salt influences on PM. Compared
o Beijing in northern China (Sun et al., 2006), which was heavily
nfluenced by the eolian dust from the semi-arid and arid region in
orth China, mineral dust dominated the PM10 loading during late
utumn in Beijing, which contributed 35–80% of the PM10, with
% SO4

2−, 6% NO3
− and 3% NH4

+. The high SO4
2− concentration

nd percentage imply that coal combustion is the most likely major
ource of pollution particles at Hangzhou.

About 5.1–12.8% of the PM10 is unidentified. This may be due
o uncertainties in chemical analyses, the assumed mineral oxides,
nd the use of the multiple 1.4 in OM to account for the hydrogen,
itrogen, and oxygen that are associated with OC.
. Conclusion

The annual average concentration of PM10 in Hangzhou was
19.2 ± 39.9 �g/m3, which was higher than the annual China
ational Air Quality PM10 Class II Standard of 100 �g/m3. The

K

K
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easonal averages of PM10 mass concentration were highest in
inter, followed by autumn, decreasing in spring, and lowest in

ummer. Fugitive dust is one of the most abundant components,
hich accounted for about one-third of annual PM10 mass and
as mainly from re-suspended road dust or construction soil. Sec-
ndary aerosol including SO4

2−, NO3
−, and NH4

+, was the second
ost abundant component of PM10, contributing between 26.5%

nd 38.8% of PM10 mass in the four seasons. The high SO4
2− con-

entration and percentage imply that coal combustion is likely an
mportant source of local air pollutants in Hangzhou. This finding
as also supported by the relatively lower NO3

−/ SO4
2− ratio in

his study. Carbonaceous matter was also an important component
n PM10, with no apparent difference in the four seasons, rang-
ng from 20.9% to 27.4% in the PM10 mass. Therefore, PM10 and its
etailed chemical species indicate that winter and autumn were
eavy pollution seasons in Hangzhou.
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