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In the fall and winter of 2007 to 2011, 167 24-h quartz filter-based fine particle (PM, 5) samples were collected at
a regional background site in the central Pearl River Delta. The PM, 5 showed an annual reduction trend with a
rate of 8.58 pg m 3 (p < 0.01). The OC component of the PM, 5 reduced by 1.10 pg m~3 yr=! (p < 0.01), while
the reduction rates of sulfur dioxide (SO,) and sulfate (S03~) were 10.2 pgm~—>yr~' (p<0.01) and 1.72 pg
m~ > yr~! (p < 0.01), respectively. In contrast, nitrogen oxides (NO,) and nitrate (NO*>~) presented growth
trends with rates of 6.73 pgm > yr~! (p < 0.05) and 0.79 ug m 3 yr~! (p < 0.05), respectively. The PM, 5 reduc-
tion was mainly related to the decrease of primary OC and SO3 ~, and the enhanced conversion efficiency of SO,
Keywords: to SO7~ was related to an increase in the atmospheric oxidizing capacity and a decrease in aerosol acidity. The
PM, 5 discrepancy between the annual trends of NOx and NO3 was attributable to the small proportion of NO3™ in
Sulfate the total nitrogen budget.

Nitrate Capsule abstract: Understanding annual variations of PM, 5 and its chemical composition is crucial in enabling
Carbonﬁ‘ce"us aerosols policymakers to formulate and implement control strategies on particulate pollution.

Pearl River Delta © 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Many cities in China currently suffer severe air pollution problems,
in particular haze caused by fine particles (PM,s), resulting in visibility
degradation and adverse health effects (Zhang et al., 2012a). Numerous
heavy haze episodes have been observed in megacities such as Beijing,
Shanghai, and Guangzhou in recent years (Wu et al., 2005; Sun et al.,
2006; Fu et al., 2008; Chang et al.,, 2009). During these episodes, ambient
24-h average PM 5 levels up to 175 ug m™> have been recorded, well
over the World Health Organization (WHO) daily Air Quality Guidelines
of 25 ug m~ >, High PM, 5 levels are closely associated with long- and
short-term health problems (Tie et al., 2009; van Donkelaar et al.,
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2010; Chen RJ. et al., 2012; Shang et al,, 2013). In an attempt to reduce
particulate pollution, the Chinese government has recently implement-
ed new national ambient air quality standards, which for the first time
include PM, s. Moreover, the government has emphasized the control
of particulate pollution at a regional scale, with the main focus on the
three economically relevant and densely populated city clusters; the
North China Plain (NCP), the Yangtze River Delta (YRD) region, and
the Pearl River Delta (PRD) region.

The PRD region in southern China makes up less than 0.5% of China's
total land area but contributes about 10% of the nation's GDP, and is
home to around 10% of its population. The ambient annual mean
PM; 5 level in this highly urbanized and industrialized region exceeded
100 ug m—2in 2004 (Andreae et al., 2008). However, in recent years, the
number of hazy days recorded a large drop from over 120 days in 2005
to less than 60 days in 2011 (http://www.gzepb.gov.cn/). Despite this
reduction, average annual PM, 5 levels in the PRD still exceed the daily


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2014.08.008&domain=pdf
http://www.gzepb.gov.cn/
http://dx.doi.org/10.1016/j.scitotenv.2014.08.008
mailto:wangxm@gig.ac.cn
mailto:ceguohai@polyu.edu.hk
http://dx.doi.org/10.1016/j.scitotenv.2014.08.008
http://www.sciencedirect.com/science/journal/00489697

X. Fu et al. / Science of the Total Environment 497-498 (2014) 274-281 275

and annual guidelines of the WHO. A systematic, long-term investiga-
tion into the variations in the main components of PM, s and its mass
concentrations will provide important information on sources and for-
mation mechanisms, which will be useful in the formulating and
implementing of particulate pollution control measures in the region,
and also of value to other Chinese city clusters.

Over the last decade, studies have been conducted at different
locations in the region on PM, s mass concentrations and their major
components, such as water soluble ions and carbonaceous aerosols
(e.g. Lai et al., 2007; Hu et al., 2008; Tan et al., 2009a,2009b; Yang
etal, 2011), and on the aerosols' light extinction and visibility impair-
ment (Andreae et al., 2008; Jung et al., 2009; Tao et al., 2012). However,
the measurements were mainly carried out over short periods. Thus, the
long-term variations in PM, 5 mass concentrations and compositions
were not determined. In this study, PM, s filter samples were systemat-
ically collected from a background site in the region in fall and winter
from 2007 and 2011 so that the annual trends of the mass concentra-
tions and chemical components of PM, 5 could be obtained.

2. Experimental
2.1. Field sampling

The PRD region has a typical Asian monsoon climate — hot and
humid in the summer, with prevailing southwesterly monsoon winds
from the sea, and relatively cool and dry in the fall and winter, when
northeasterly monsoon winds from northern China dominate (Ding
and Chan, 2005). The region is often under the influence of high pres-
sure ridges in the fall and winter, causing long periods of sunny days,
with a low boundary layer and a high frequency of inversion. This stable
meteorological condition facilitates the accumulation of pollutants and
aresulting deterioration of air quality. As a result, high levels of air pol-
lutants usually occur in fall and winter (Simpson et al., 2006; Fan et al.,
2008; Liu et al., 2008; Cheng et al., 2010). Field measurements were thus
collected in those two seasons each year.

The sampling site, Wanqgingsha (WQS: 22.42° N, 113.32° E), was
located in a small town south of Guangzhou, in the center of the PRD
(Fig. 1). The town was surrounded by farmland, has little traffic, and
very few textile and clothing workshops. The local anthropogenic emis-
sions were thus not significant, with most air pollutants originating
from the surrounding cities. The site was 50 km southeast of Guangzhou
center, 40 km southwest of Dongguan, 50 km northwest of Shenzhen,
and 25 km northeast of Zhongshan, making it a good regional station

to characterize the air pollution of the inner PRD (Guo et al., 2009).
The PM; s high-volume samplers (Tisch Environmental Inc., USA)
were placed on the rooftop of a building, about 30 m above the ground.
Gas-phase pollutants, including SO, and NOy, were also monitored.

The 24-h PM, 5 samples were collected by drawing air through
an 8 x 10 inch quartz filter (QMA, Whatman, UK) at a rate of 1.1
m> min~!. The filters were pre-baked at 450 °C for 4 h, wrapped
in aluminum foil, zipped in Teflon bags, and stored at — 20 °C before
sampling. They were again stored in this way after sample collection.
In 2007, 2008, 2009, 2010, and 2011, 32, 29, 25, 53, and 28 samples
were collected, respectively. The meteorological parameters were mea-
sured by a mini weather station (Vantage Pro2TM, Davis Instruments
Corp., USA) with wind speed/direction, relative humidity (RH), and
temperature recorded every minute.

2.2. Chemical analysis

The PM, 5 filters were weighed before and after field sampling, after
24-h equilibrium, at a temperature of 20-23 °C and with a RH between
35 and 45%. The organic carbon (OC) and elemental carbon (EC) in the
PM, 5 were determined by the thermo-optical transmittance (TOT)
method (NIOSH, 1999) using an OC/EC analyzer (Sunset Laboratory
Inc., USA), with a punch (1.5 x 1.0 cm) of the sampled filters. For the
water-soluble inorganic ions, a punch (5.06 cm?) of the filters was ex-
tracted twice with 10 ml ultrapure Milli-Q water (18.2 MQ-cm/25 °C)
each for 15 min using an ultrasonic ice-water bath. The total water ex-
tracts (20 ml) were filtered through a 0.22 um pore size filter and
then stored in a pre-cleaned HDPE bottle. The cations (i.e. Na™, NH{,
K+, Mg?™, and Ca®™") and anions (i.e. CI~, NO3, and SO3 ™) were ana-
lyzed with an ion-chromatography system (Metrohm, 883 Basic IC
plus). Cations were measured using a Metrohm Metrosep C4-100 col-
umn with 2 mmol L™ sulfuric acid as the eluent. Anions were measured
using a Metrohm Metrosep A sup5-150 column equipped with a sup-
pressor. The anion eluent was a solution of 3.2 mmol L™ ! Na,CO5 and
1.0 mmol L~ ! NaHCOs.

2.3. Quality assurance/quality control (QA/QC)

Field and laboratory blank samples were analyzed in the same way
as field samples. All the OC/EC and cation/anion data were corrected
using the field blanks. The method detection limits (MDLs) were 0.01-
0.05 ug m—2 for the OC, EC, cations, and anions. lons balance was used
as a quality control check in the cation/anion analysis. Nano-equivalents
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Fig. 1. Location of the sampling site Wanqingsha (WQS) and its surrounding environments.
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of cations and anions were calculated using their mass concentrations
and molecular weights:

Cation nano-equivalents (CE)
- (Na* /23 + NH, " /18 + K /39 + Mg*" /24 x 2 + Ca®" /40 x 2)
x 1000 1)

Anion nano-equivalents (AE)
- (cr /35.5+NO; ™ /62 +S0,>” /96 x 2) x 1000 )

A significant linear correlation (R? = 0.984) was observed between
CE and AE (Fig. 2) with a slope of 1.14 for all PM, 5 samples. This slope
was close to identity and indicated that all the significant ions were re-
solved. The AE/CE slope was slightly higher than 1.0, suggesting that the
aerosols in WQS tended to be acidic (Seinfeld and Pandis, 2006).

3. Results and discussion
3.1. PM5 5 mass concentrations

The 24-h average PM, 5 concentration in the fall and winter of 2007~
2011 ranged from 22.3 (December 2010) to 191 pg m~—> (November
2010) with an average of 95.2 + 4.49 ug m~> (average + 95% Confi-
dence Interval). Table 1 shows that the PM,5 level significantly
decreased from 112.5 & 8.2 ug m~> in 2007 to 78.6 + 7.6 uyg m~ > in
2011 (p < 0.01), with a slope of —8.58 pg m~> yr~!, or an average
reduction rate of 8.6% yr—! (Fig. 3). This reflected the efficient reduction
of PM,s pollution in these years. The Guangdong government
implemented various control measures, such as the increased use of
nuclear and hydroelectric power; the phasing out of small coal-fired
power generation units; prohibiting the building of new cement plants,
ceramics factories, and glassworks; the establishment of stricter emission
standards for industrial boilers, and improvements in the quality of vehi-
cle fuel (http://www.gzepb.gov.cn/). The decreasing trend of PM, 5 is con-
sistent with the yearly PM;g variations measured in the region. The 24-h
average PM;o was measured at the same site by the Guangdong Environ-
mental Monitoring center during fall and winter from 2007 to 2011, and
fell from 147 pg m > in 2007 to 91 ug m~ > in 2011, with an average re-
duction rate of 11.8 pg m~> yr~! or —10.3% yr~! (http://www.epd.
gov.hk/epd/english/resources_pub/publications/m_report.html). Compa-
rable or higher PM, 5 concentrations were observed at urban sites in the
same region. For instance, Tan et al. (2009a) found that 24-hr average
PM, 5 concentration was 171.7 ug m~> in January 2008, Yang et al.
(2011) recorded daily average PM, 5 level of 81.7 & 25.6 ug m > (average
=+ standard deviation) in December 2008 to February 2009, and Tao et al.
(2012) reported 24-h average of 103.3 + 50.1 pg m~> in January 2010.
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Fig. 2. Charge balance between cations and anions in all PM, 5 samples.

The PM, 5 values in the PRD region were, however, much higher than
those observed in central California (daily average: 13.5 ug m™?3)
(Rinehart et al., 2006), in Spain (daily average: 9.0 pg m—3), and in
Germany (daily average: 10 ug m~2) (Cusack et al., 2012). In contrast,
emission estimate studies conducted in the PRD region found the oppo-
site change in PM, 5 emissions. Zheng et al. (2009, 2012a) reported that
the PM, 5 emission was 205 Gg in 2006 and 303 Gg in 2009, for example.

Among all of the PM, 5 samples, only one was below the WHO 24-h
guideline level of 25 ug m~2 and three were below the US EPA 24-h
standard of 35 pg m >, and 75% of the samples were above the Chinese
daily standard of 75 pg m~> (Fig. 4) (GB 3095-2012, http://kjs.mep.gov.
cn/hjbhbz/bzwb/dqhjbh/dqhjzlbz/201203/t20120302_224165.htm).
The maximum concentration of 191 ug m~> was on November 6, 2010,
with the rehearsal of the large-scale firework display for the opening
ceremony of the 16th Asia games. Elevated PM, 5 levels were also re-
corded during the opening ceremony of the 10th Asian Games for the
Disabled (163.9 ug m~> on December 12, 2010), and on the day after
the closing ceremony (174.9 ug m—> on December 20, 2010), reflecting
the significant effect of burning fireworks. Indeed, Wang et al. (2007)
stated that during the Chinese Lantern Festival in Beijing, when many
fireworks were set off, SOZ ~ and NO3 levels were over five times higher
than normal. The lowest PM, 5 concentration (22.3 g m~3) occurred on
December 15, 2010, when a strong intrusion of cold air masses from the
north caused a sudden temperature drop, and air pollutants were swept
south out of the region. In recent years, ambient fine particle concentra-
tions have significantly reduced in the PRD region, but further efforts are
necessary to reduce PM, 5 emissions.

3.2. Chemical compositions of PM> 5

The 24-h average concentrations of carbonaceous aerosols and
water soluble ions in PM, s, the ratios of OC/EC, NHZ /SO ~, and NO3/
S0%, and the meteorological conditions over the five year period are
listed in Table 1. The chemical compositions of PM, 5 in the same period
are shown in Fig. 5. In the figure, the aerosol organic matter (OM) equals
2 x OC (Wang et al., 2012a). It was found that OM was the most abun-
dant component over this period (Fig. 5). From Table 1, it can be seen
that the average OC concentration was highest in 2008 (22.7 +
2.93 pg m~3; average + 95% Cl) and lowest in 2011 (15.2 & 2.06 pg
m™3). For EC, the average concentration was highest in 2009 (5.5 +
0.90 ug m~3) and lowest in 2011 (3.1 & 0.38 pg m ™ 3). These 24-h aver-
age PM, s component levels approximated those recorded in the win-
ter in urban Guangzhou, i.e. daily average 26.8 pug m~> for OC and
6.2 pg m~> for EC in January 2008 (Tan et al., 2009a), 17.5 +
7.6 ug m—> (average =+ SD) for OC and 4.1 & 2.0 ug m~ 3 for EC in
the winter of 2008-2009 (Yang et al., 2011), and 11.8 +
7.3 ug m ~3 for OC and 7.8 + 4.3 pg m~ > for EC in January 2010
(Tao et al., 2012). However, the OC and EC concentrations mea-
sured in this study were much higher than those observed in
urban Paris in 2009-2010 (24-h average OC: 3.0 + 1.7 uyg m™ >
and EC: 1.4 &+ 0.7 pg m > (average + SD)) (Bressi et al., 2013),
and in both residential and commercial areas of Incheon, Korea,
(24-h average OC: 10.9 + 0.8 ygm~> and EC: 1.8 &+ 0.1 uygm™3)
in the winter of 2009-2010 (Choi et al., 2012).

Daily average concentrations of SO~ ranged from 22.7 + 2.3 ugm™
(average =+ 95% CI) in 2007 to 14.2 + 1.8 ug m > in 2011, while the 24-h
average NO3 concentrations increased from 6.7 & 1.1 pg m~> in 2007 to
a peak of 11.5 & 1.9 ug m~> in 2009, and then decreased to 9.6 +
1.5 ug m ~2in 2011. The NHZ concentrations did not show a significant
change over the five year period. As with PM, s, the fireworks of
November 6, 2010 resulted in SO%, NO3, and NHZ concentrations
reaching their maxima, with 24-h average levels of 40.2, 41.4, and
24.4 ng m—3, respectively. High SO3~, NO3, and NHJ values have
been recorded on hazy days in various Chinese megacities. For exam-
ple, atan urban site in Beijing, 24-h average levels reached 24.8, 49.3,
and 26.2 pg m~ 3, respectively in October 2010, and 28.11, 42.46 and

3
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Concentration of PM, 5 mass, carbonaceous and ionic species in fall and winter from 2007 to 2011 (average + 95% confidence interval) (unit: pg m—3).

Year/species 10/23-11/24/2007 11/10-12/09/2008 11/25-12/23/2009 11/01-12/26/2010 11/11-12/11/2011
PM, 5 1125 + 82 103.8 + 9.9 950 + 9.5 889 + 9.2 786 + 7.6
oc 193 + 1.7 227 +29 17.2 £ 238 183 + 2.1 152 + 2.1
EC 36 + 04 42 + 04 554 09 33+ 04 31404
S03~ 227 +23 15.7 + 2.0 17.0 + 24 17.2 £ 20 142 + 138
NO3 6.7 + 1.1 88+ 1.8 115 £ 1.9 109 + 2.1 96+ 15
Na* 08 + 0.1 1.0 £ 02 09 + 0.1 06 + 0.1 06 + 0.1
NH{ 65 + 0.6 54409 7.1 409 75+ 1.1 6.6 + 0.9
K* 1.5+ 0.2 17 £ 03 1.0 £ 02 14402 1.1 +£02
Mg?* 02 + 0.02 0.1 + 001 02 + 0.04 0.1 + 0.04 0.1 + 0.01
ca’t 13 +02 11+ 02 03+ 0.1 04 + 0.1 05 + 0.1
a- 1.0 £ 02 15+ 05 1.8 + 04 19+ 05 1.5+ 04
OC/EC 58 + 0.6 54405 32402 56 + 0.3 49+03
[NHZ1/[S03 ] 16 + 02 1.8+ 02 23+ 02 24402 25+ 02
[NHZ1/2 x [S03~] + [NO5]® 0.64 + 0.04 063 + 0.05 0.73 + 0.02 0.78 + 0.05 0.80 + 0.02
[NO3 1/[S0% ] 031 + 0.1 0.58 + 0.1 0.73 + 0.1 0.65 + 0.1 0.70 + 0.1
RH (%) 68.1 + 3.4 436 + 43 672 + 53 705 + 2.8 707 + 3.7
T(°C) 225+ 08 177 £ 1.1 171 £ 13 199 £ 1.0 202+ 15
WS (m/s) 12+ 0.1 13 £ 0.1 1.7 £ 0.1 23+ 0.1 1.8 £ 0.1

2 Ratio of nmol m~—3,

18.32 ug m~ 3 in October 2011 (Sun et al.,, 2013). In Shanghai, 22-h
average levels of 28.7, 32.9, and 19.3 pg m~ 3 were recorded in
May-June 2009 (Du et al., 2011). By contrast, recorded concentra-
tions of SO3~, NO3, and NHf were much lower in US and
European cities. The 24-h average concentrations in the southeast-
ern US were over five times lower than those found in WQS (Chen
Y. et al,, 2012), and in Spain in 2002-2010 daily average levels as
low as 2.4, 1.0 and 1.0 ug m > were recorded (Cusack et al., 2012).

The NO3/SO7 ™ ratio could indicate the contribution of mobile and
stationary sources to sulfur and nitrogen in the atmosphere (Arimoto
et al., 1996). The mass ratio of NO3 /SO3 ~ rose from 0.31 4 0.06 (aver-
age + 95% CI) in 2007 to 0.58 £ 0.10 in 2008, and reached 0.69 4 0.11
during 2009-2011. A previous study reported a NO3 /SO~ mass ratio of
2-5in Los Angeles, and in Rubidoux in southern California, where very
little coal burning occurred (Kim et al., 2000). The NO3/SOZ ™~ mass ra-
tios in this study increased from 2007 to 2011, but they were all less
than 1.0, and therefore much lower than those of Los Angeles and
Rubidoux, indicating the effect of stationary sources (coal combustion)
in the PRD region (Yao et al., 2002; Wang et al., 2005; Cao et al.,
2009). The mole ratio of [NH{] to (2 x [SO3~] + [NO3]) increased
from 0.64 + 0.04 in 2007 to 0.80 + 0.02 in 2011, suggesting that aerosol
acidity decreased over the five year period.
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3.3. Annual trends of major components in PM> 5

3.3.1. Sulfate (SO3 ™)

Fig. 6(a) shows that on average, SO; ~ decreased at a rate of 1.72 g
m~3yr~'or11.0% yr—' (p < 0.01), whereas for SO, the reduction was
10.2 ug m~3 or 18.8% a year (p < 0.01). SO, concentrations thus de-
creased much more rapidly than SO7 . Our data showed that each 1%
reduction in SO, concentration resulted in a 0.59% (i.e. 11.0% divided
by 18.8%) decrease in SO~ concentration in the PRD region (i.e. a
1 ug m—3 change in SO, caused a 0.17 ug m™> change in SO ™). The de-
creasing trends of SO, and SO3 ~ found are in line with previous studies.
Based on satellite retrieval data, Zhang et al. (2012b) found the yearly
average tropospheric SO, vertical columns in the PRD region decreased
from 0.223 + 0.135 DU (average + SD) in 2006 to 0.144 + 0.064 DU in
2009 with a reduction rate of 11.8% yr— !, while Lu et al. (2013) reported
that normalized SO, emissions significantly decreased between 2007
and 2009, at a rate of 15.4% yr~ . Previous studies have also reported
the relationship between decreased concentrations of SO, and SOZ ™.
Holland et al. (1999) found that SO, concentrations decreased by 35%
and SOZ ™~ concentrations by 26% in the eastern US from 1989 to 1995.
In Finland, France, and Germany, observed SOj~ concentrations
decreased by 85-70% as SO, concentrations decreased by 85-90%,
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12/11/2011
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Fig. 3. Annual variation of PM, 5 mass concentration in fall and winter from 2007 to 2011.
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between 1980 and 2000 (Lovblad et al., 2004). Manktelow et al. (2007)
used a global model to investigate changes in the regional sulfur budget
from 1985 to 2000. Their findings were similar to ours, and for every 1%
decrease in SO, surface concentration, SOZ ~ surface concentration de-
creased by 0.55% across Western Europe, and by 0.58% across the US.
The different response was due to the fact that conversion efficiency
of SO, to SO% ™ in clouds increased when SO, emissions decreased.
The much higher reduction rate of SO, found in the PRD region implied
that the control measures of the time were effective. The main source of
SO, in China was coal-fired power plants (Zhao et al., 2008; Lu et al.,
2010), and after the installation and operation of flue gas desulfuriza-
tion (FGD) systems in thermal power units and the closure of small
and less-efficient power plants, the total industrial SO, emission in
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Fig. 5. PM, s components in fall and winter from 2007 to 2011.

Guangdong dropped from 1203 Gg in 2007 to 848 Ggin 2011, with a de-
creasing rate of 7.4% yr— ' (GPBS, 2008, 2009, 2010, 2011, 2012). The
faster rate of decrease was also related to the atmospheric chemistry
of sulfur. SO5~ is produced from the dry oxidation between SO, and
the OH radical, and/or from the oxidation of SO, by H,0, and O3 through
in-cloud processes. H,0; is the most dominant oxidant of SO, in atmo-
spheric aqueous phases, particularly when the pH is lower than 5
(Calvert et al., 1985). In the PRD region, H,0, was significant in the for-
mation of sulfate in the aerosol phase (Hua et al., 2008). The intensity of
solar radiation is a significant factor, as it controls the atmospheric oxi-
dizing capacity (Merkel et al., 2011; Wang et al., 2012b). Furthermore,
H,0, positively correlates with solar radiation (Acker et al., 2008;
Marinoni et al., 2011). In recent years, PM; 5 concentrations have signif-
icantly decreased in the PRD, resulting in enhanced solar radiation and
actinic flux in the troposphere. Hence, the conversion efficiency of SO,
to SO7~ in clouds over the region is even more rapid. The equilibriums
of SO, dissolving, which lead to the formation of bisulfite and sulfite ions
in the presence of particle phase, are sensitive to the pH value. The aero-
sol acidity (mole ratio of [NHZ ] to (2 x [SO37] + [NO3])) in the five
year period decreased by 25% in 2011, compared to the ratio in 2007,
where the solubility of SO, was enhanced and certain oxidation pro-
cesses were accelerated (Jones and Harrison, 2011). In conclusion, the
rapid reduction of SO, was caused by the decrease in the source emis-
sions and by the enhanced conversion efficiency of SO, to SOZ ™ through
in-cloud processes, due to the increased oxidizing capacity and the drop
in aerosol acidity in this period. Consequently, the combined effect of
these factors led to the slow decreasing trend of SO7 ~ in the region.

3.3.2. Nitrate (NO3")
The observed NO3 levels increased at a rate of 0.79 pyg m™> yr— ' or
9.5%yr~! (p < 0.05), and NO, on average increased by 6.73 ug m~> or
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Fig. 6. Annual variation of (a) sulfate (S0Z~) (red dots) and sulfur dioxide (SO,) (black dot), and (b) nitrate (NO3") (red dot) and nitrogen oxide (NO) (black dot) in fall and winter from

2007 to 2011.

9.8% every year (p < 0.05) (Fig. 6(b)). The NOy concentrations increased
more rapidly than those of the NO3'. Specifically, every 1% increase in
NO, concentration resulted in a 0.97% increase in NO3™ concentration
in the PRD region.

It is well known that power plants, factories, and vehicles were
major contributors of NO, emissions in China (Streets et al., 2003;
Ohara et al,, 2007; Gu et al., 2012). Electricity production in the PRD re-
gion grew at a rate of 12.7% yr~ ' during 2007-2011 (GPBS, 2008, 2009,
2010, 2011, 2012), which led to an increase in NOy emission from
392 Gg in 2005 to 586 Gg in 2010; an increase rate of 9.9% yr~' (Zhao
et al., 2008). The number of vehicles in Guangdong increased from
5.07 million in 2007 to 9.12 million in 2011, a striking growth rate of
20% yr~! (GPBS, 2008, 2009, 2010, 2011, 2012), which also contributed
to the NOy emission increase. Power plants in Guangdong, however,
were obliged to use low-NOy burner technologies and denitrification fa-
cilities after the implementation of emission standards for coal-fired
power plants in 2009. Thus, the effort to control NO, emission from
coal-fired power plants in the PRD region over the study period was
counteracted by the rapid growth in power generation and in motor ve-
hicle numbers.

Combustion sources emit NOy, and involve a series of chemical reac-
tions producing organic and inorganic nitrate compounds, including
NOs3'. The nitrogen chemistry in the atmosphere results in both NO3
and NOy generating organic nitrates (i.e. RONO,), peroxyacetyl nitrate
(PAN), HNO;3 (gas), nitrous acid (HONO), and reactive intermediates,
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which are difficult to detect but are extremely important for the nitro-
gen budget (Atkinson, 2000). The total level of C;-Cs alkyl nitrates
(RONO;) reached about 0.35 ug m ™2 at a coastal site of Hong Kong in
November 2002 (Simpson et al., 2006), while the highest concentration
of PAN in the PRD was 19.3 ug m~ 2 in the summer of 2006, equal to the
level of NO3™ found in this study (Wang et al., 2010). The average con-
centrations of HNOs and HONO in the PRD region in October-November
2004 were 6.3 and 2.9 ug m >, respectively (Hu et al,, 2008). In general,
NO3 only accounted for a small proportion of NOy products, which is
why this study found that the NO, concentrations increased more rap-
idly than NO3'.

In summary, the increase in NO, emissions from coal-fired power
plants and vehicles in recent years suggests that future NOy reduction
in the region will be a major challenge. As the precursor of ozone in
the troposphere, NOy increase leads to an alteration in atmospheric ox-
idizing capacity, and subsequently affects the formation of secondary
components of PM, s.

3.4. Elemental carbon (EC) and Organic carbon (0OC)

Fig. 7(a) shows there was no clear decreasing trend in EC over this
time (p = 0.06), perhaps due to the combined effect of residential, in-
dustrial, and vehicular emissions. The main EC sources in the PRD
were residential and industrial emissions, transportation, and biomass
burning (Cao et al., 2006; Lei et al., 2011; Qin and Xie, 2012). During
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Fig. 7. Annual variation of (a) elemental carbon (EC) and (b) organic carbon (OC) in fall and winter from 2007 to 2011.
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Fig. 8. Annual variation of (a) primary organic carbon (POC) and (b) secondary organic carbon (SOC) in fall and winter from 2007 to 2011.

2007-2011, the total annual residential coal usage decreased, whereas
the consumption of liquefied petroleum gas and household electricity
increased. Moreover, industrial EC emission reduced from 27.3 Gg in
2007 to 26.4 Gg in 2011, with an annual reduction rate of 0.8% (GPBS,
2008, 2009, 2010, 2011, 2012). In contrast, the rapid increase in vehicle
numbers in the region increased EC emissions, offsetting the industrial
and residential decrease.

A higher decreasing rate of OC (i.e. 1.10pgm =3 yr~' or 5.9% yr— 1)
(p< 0.01) was found in this period (Fig. 7(b)). OC is composed of prima-
ry OC (POC) and secondary OC (SOC). The SOC was estimated using the
EC-tracer method (Turpin and Huntzicker, 1995), and the POC was the
difference between OC and SOC. Fig. 8(a) and (b) show that POC levels
decreased atarate of 0.74pg m~>yr~' (p< 0.01), whereas SOC did not
show a significant decreasing trend (p = 0.17). The average proportion
of POC and SOC in OC was 60.9% and 39.2%, respectively. Hence, POC
was the major component of OC, and the OC reduction was mainly at-
tributed to the decrease in POC emissions. The unchanged SOC levels
during the study period might indicate a potential impediment to fur-
ther PM, 5 reduction in the region.

4. Conclusions

PM, s mass concentrations and its chemical components were
measured at a site in the central PRD region in fall and winter from
2007 to 2011. There was a significant annual reduction rate of
PM, 5 of 8.58 ug m~2 yr~ L In PM, 5, OC and SO~ decreased
1.10 ug m~> and 1.72 pg m~ 3 yr ™!, respectively. By contrast, NO3
displayed an increasing rate of 0.79 ug m~> yr— . In general, PM, 5
reduction in the PRD region was mainly due to the reduction of OM
and SO3™. SO, had a decreasing rate of 10.2 ug m~3 yr~!, while
NO, presented a growth rate of 6.73 pg m~ > yr—!. The precursors
SO, and NOy concentrations obviously decreased and increased
more rapidly than SOF~ and NO3. The faster reduction of SO, than
SO%~ was associated with the combined influence of decreased
source emissions, increased oxidizing capacity with cloud processes,
and reduced aerosol acidity. In contrast, the more rapid increase in NOy
concentration than that of NO3™ was likely due to increased power gen-
eration and vehicle numbers, which offset efforts to control coal-fired
power plants, and NO, was converted into NO3™ and other nitrogen
compounds. Although air pollution caused by PM, 5 has been reduced
in the PRD region in recent years, the reduction of fine particle emis-
sions, particularly NO3™ and SOC, will be extremely challenging in the
future.
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