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Daily PM2.5 samples were collected in Guangzhou — the largest megacity in South China, for a
period of one month in each season during 2009–2010. Mass concentrations of water-soluble
inorganic ions, organic carbon (OC) and elemental carbon (EC) in PM2.5 were determined,
and aerosol scattering coefficient (bsp) was synchronously measured. The daily PM2.5

mass concentrations ranged from 21.0 to 213.6 μg m−3 with an annual average of 76.8 ±
41.5 μg m−3. The highest seasonal average PM2.5 was observed inwinter (103.3 ± 50.1 μg m−3)
and the lowest in summer (38.6 ± 15.7 μg m−3). Annual average PM2.5 mass scattering
efficiency (MSE) was 3.5 ± 0.9 m2 g−1, with obvious seasonal variations in sequence of autumn
(4.5 ± 0.2 m2 g−1) N winter (3.9 ± 0.5 m2 g−1) N spring (3.0 ± 0.4 m2 g−1) N summer (2.3 ±
0.3 m2 g−1).
To determine the relationship between bsp and the chemical components of PM2.5, bsp was
reconstructed in each season using the original IMPROVE formula with a modification of
including sea salt aerosols. The estimated bsp using this method was 22 ± 28% smaller on
annual average compared to the measurements. Multiple linear regression of measured bsp
against (NH4)2SO4, NH4NO3, OM (Organic Mass), SS (Sea Salt), FS (Fine Soil), and CM (Coarse
Mass) were also performed in all the four seasons. The estimated bsp from using the regression
equation was 4 ± 12% larger than the measured values. On average, (NH4)2SO4, NH4NO3, OM,
SS, FS and CM accounted for 50 ± 11%, 18 ± 10%, 19 ± 5%, 5 ± 4%, 3 ± 2% and 5 ± 6%,
respectively, of the estimated bsp.
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1. Introduction

Fine particulate matter with aerodynamic diameter (Da)
smaller 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., 2000; Pope and Dockery, 2006) and
visibility (Malm et al., 1994; Watson, 2002; Lowenthal and
Kumar, 2004). With the increase of public awareness about
tea.ac.cn (R. Zhang).
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visibility degradation or hazy weather, China Ministry of
Environmental Protection promulgated PM2.5 standard in early
2012. As amatter of fact, hazyweather can still occur evenwhen
daily PM2.5 concentrations satisfy the newly established stan-
dard. Health impact due to poor air quality and visual perception
are mostly concerned by general public nowadays. Therefore,
identification of dominant pollutant species in ambient air is
crucial for making pollution control policies to improve
visibility degradation. To date, integrated and systematic
monitoring network aiming at visibility investigation similar
to the IMPROVE network has not yet been established in
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China, although a networkwith 31 rural sites and14 background
monitoring sites is currently under construction. Almost all
existing ambient air monitoring sites in China are situated in
urban areas, in contrast to IMPROVE network which was
designed for rural areas.

Haze frequently occurred in the Pearl River Delta (PRD)
region of China during the recent decades, especially in
megacities like Guangzhou (Andreae et al., 2008; Deng et al.,
2008; Tan et al., 2009; Yao et al., 2010). Aerosol optical
properties are important parameters in haze phenomena.
For example, light extinction (bext) is an index directly
reflecting visibility degradation, which includes light scatter-
ing by particles (bsp) and gases (bsg), and light absorption by
particles (bap) and gases (bag). bext can be estimated using
Mie theory through measuring particle size distribution in
ambient air and associated particle refraction index (Watson
et al., 2008). Such a method was used by Cheng et al. (2008)
to estimate bext at a suburban site of Guangzhou. However,
continuous long-term measurements of particle size distribu-
tion and chemical composition are difficult to achieve. An
alternative could be use of the IMPROVE formula— the original
and/or the revised ones, to estimate bext based on the chemical
compositions of PM2.5, PM10 andNO2 (Watson, 2002). One issue
of adopting this method is that both the original and the revised
formula were developed for rural/remote areas where PM
concentrations were low and may not be applicable to urban
environments such as in Guangzhou where the PM concentra-
tions were extremely high.

The original IMPROVE formula was found to systemati-
cally overestimate bext by 34% at the IMPROVE regional
network sites due to the overestimated dry mass scattering
efficiencies (MSEs) for (NH4)2SO4 and NH4NO3 (Lowenthal
and Kumar, 2003). The revised formula was subsequently
developed based on the 21 IMPROVE remote sites to reduce
biases in light extinction estimation (Pitchford et al., 2007).
Both the original and the revised formulas have been applied
to various urban locations in China. None of the studies
adopting the original IMPROVE formula evaluated its appli-
cability to urban environment due to the lack of online
measured bext data (Cheung et al., 2005; Yang et al., 2007;
Tao et al., 2009; Zhang et al., 2012). A few other studies
adopting the revised formula found that the formula
overestimated bext by 36.7% in Guangzhou urban area (Jung
et al., 2009a),underestimated bext by almost 5.0% in Beijing
(Jung et al., 2009b), and underestimated bext by almost 15.0%
in Xi'an urban area (Cao et al., 2012). It seems that the
revised formula might not be appropriate for applications in
urban environments in China. To date, there is no study
covering all different seasons reconstructing bsp based on
PM2.5 chemical compositions in South China urban areas.

The present study aims to reach a few goals. The first goal
is to understand PM levels and visibility related aerosol
optical properties in Guangzhou through direct field mea-
surements. The second one is to evaluate the applicability of
the original IMPROVE formula to the calculation of light
scattering in this urban environment. And the third goal is to
assess the contributions of individual components of PM2.5 to
the total light scattering making use of a multiple linear
regression model. These goals are set due to the following
reasons: (1) there is a lack of information concerning the
seasonal characteristics of the aerosol optical properties;
(2) the original IMPROVE formula is a simpler and more
practical approach than the Mie theory in calculating light
scattering and is worth to be evaluated using field data
collected in this study; and (3) there is no systematic study
on the light scattering mechanisms of particles in China and
thus a lack of knowledge of the dominating contributors to
the light scattering. Results presented in this study will shed
some light on each of the above goals.

2. Methodology

2.1. Site description

The monitoring station (23°07′N,113°21′E; see Fig. 1) is
situated in the South China Institute of Environmental
Science (SCIES) which is located in an urban district of
Guangzhou, the largest megacity of South China. There is no
obvious industrial activity near the monitoring station. The
instruments used in this study were installed on the roof
(50 m above ground) of the building in the SCIES complex.
More information about this station can be found in Tao et al.
(2012).

2.2. Continuous measurements of aerosol scattering coefficient,
meteorological parameters, and routine air pollutants

bsp was measured using an integrating nephelometer (TSI
Incorporated, Shoreview, MN, U.S.A., Model 3563) in three
wavelengths: 450 nm (blue), 550 nm (green), and 700 nm
(red). bsp data in 550 nm were used in this study. This
nephelometer was equipped with a conventional total
suspended particulate (TSP) cyclone. The flow rate was set
at 20 L min−1 for drawing air through a temperature-
controlled inlet. The heated inlet in the nephelometer
controlled the relative humidity (RH) of inflow air to be less
than 70% to reduce the influence of water vapor on bsp. The
data averaging time was 1 min. Calibration of the nephelom-
eter was performed every week using carbon dioxide (CO2)
as high-span gas and filtered air as low-span gas. The baseline
(zero level) data was measured for 5 min after each 60-min
sample as background value. The result of total bsp was
corrected for Angular Nonidealities following the method
described in previous studies (Anderson and Ogren, 1998;
Lin et al., 2013). The nephelometer truncation error was
expected to be around 5% considering that the majority of
particles had a Da smaller than 1 μm at the SCIES site (Lin et
al., 2013).

Meteorological parameters, including visibility (VIS), wind
direction (WD), wind speed (WS), RH, temperature (TEMP),
solar radiation (SR) and precipitation (PR), were measured
every 30 min. Visibility was measured using a present
weather detector (Vaisala Company, Helsinki, Finland,
Model PWD22). Wind direction and wind speed were
recorded by the wind monitor (Vaisala Company, Helsinki,
Finland, Model QMW110A). Ambient RH and TEMP were
measured by an RH/TEMP probe (Vaisala Company, Helsinki,
Finland, Model QMH102). Solar radiation was measured by a
Pyranometer (Kipp & Zonen Inc., Delft, Netherlands, Model
CMP21) and precipitation was measured by a rain gauge
(Vaisala Company, Helsinki, Finland, Model RG13). Both



Fig. 1. The geographic location of the sampling site.
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meteorological instruments were mounted 3 m above the
roof of the station (53 m above ground).

Trace gases including sulfur dioxide (SO2) and nitrogen
oxides (NOx) were measured every 5 min, by a SO2 analyzer
and NO–NO2–NOx analyzer (Thermo Fisher Scientific Inc.,
Franklin, MA; Model 43i, Model 42i), respectively. All gas
analyzers were calibrated weekly (Tao et al., 2012). Due to
the lack of PM10 concentration data at the SCIES site, daily
PM10 concentrations were obtained from the Guangdong
Shangxueyuan national environmental monitoring site,
located 2.0 km south of the SCIES site.

2.3. Sample collection and artifacts

Daily 24-h integrated PM2.5 (from 10:00 am to 9:30 am the
next day, local time) samples were collected with 47 mm
quartz microfiber filters (Whatman International Ltd., Maid-
stone, England, Q-MA) using an aerosol sampler (BGI Incorpo-
rated, Waltham, MA, U.S.A., Model PQ200). This sampler was
equipped with a very sharp cut cyclone (Model VSCC) that
separated the particles with aerodynamic diameter less than
2.5 μm when a vacuum pump draws air at a flow rate of
16.7 L min−1. The airstream was connected to the 47 mm
quartz filters (Whatman International Ltd., Maidstone, En-
gland, Q-MA). Before sampling, the quartz filters were baked at
800 °C for 3 h to remove adsorbed organic vapors and then
equilibrated in desiccators for 24 h. Furthermore, the flow rate
of the PM2.5 sampler was calibrated prior to the sampling.
The filter samples were stored in a freezer at −18 °C before
chemical analysis to minimize the evaporation of volatile
components. The quartz 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 an 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-sampling weights. Differences among replicate weights
were less than 20 μg for each sample. Also, field blank was
collected every ten samples for 24 h without pump on. A total
of 12 field blanks had been obtained in this study. The field
blanks were analyzed for correcting sampling artifacts with
quartz filters. Quartz filters of OC, EC and water soluble ions
were corrected for positive artifacts using blank values.

In the IMPROVE network, nylon filters were typically used
for ion analysis, andwere precededwith a denuder designed to
capture acidic gases (such asHNO3, HNO2, SO2, andHCl). There,
Teflon filters were used for weighing PM2.5 mass concentra-
tions and quartz filters were only used for carbon analysis. In
the present study, PM2.5Csamples were all collected on quartz
filters without adding a denuder and were then analyzed for
mass, carbon, and water soluble ions. However, the inlet of the
Federal Reference Method (FRM) sampler (such as PQ200
sampler) could act as an efficient denuder for HNO3 (Chow et
al., 2005), although evaporative losses of ammonium nitrate
on quartz filter might slightly bias nitrate and PM2.5 mass
concentrations.

2.4. Chemical analysis

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 comparisons of samples between
IMPROVE_TOR protocol and the TMO (thermal manganese
dioxide oxidation) approach showed a difference of b5% for
TC and b10% for OC and EC (Cao et al., 2003).

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+,
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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 resis-
tivity of N18 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 com-
pounds. The extract solutions were filtered (0.25 μm, PTFE,
Whatman International Ltd., USA) and stored at 4 °C in
pre-cleaned tubes until analysis. Cation (Na+, NH4

+, K+,
Mg2+, and Ca2+) concentrations were determined by using a
CS12A column (Dionex Corp.) with 20 mM MSA eluent.
Anions (SO4

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

AS11-HC column (Dionex Corp.) with 20 mM KOH eluent. A
calibration was performed for each analytical sequence. The
detection limits (DL) of cations and anions were within the
range of 0.0021–0.0126 μg cm−2 and 0.0215–0.0676 μg cm−2,
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).

2.5. Data analysis method

To investigate the contributions of individual PM2.5 chemical
components to bsp, the original IMPROVE formula was applied
in the present study (Pitchford et al., 2007). The formula can be
simplified as:

bsp ¼ 3� f RHð Þ � NH4ð Þ2SO4
� �þ 3� f RHð Þ � NH4NO3½ �

þ 4� OM½ � þ 1:0� FS½ � þ 0:6� CM½ �: ð1Þ

Considering the significant impact of sea salt aerosols from
the South China Sea on urban aerosols in Guangzhou, the
above formula wasmodified to include sea salt contributions
(Pitchford et al., 2007):

bsp ¼ 3� f L RHð Þ � NH4ð Þ2SO4
� �þ 3� f L RHð Þ � NH4NO3½ �

þ 4� OM½ � þ 1:7� f SS � SS½ � þ 1:0� FS½ � þ 0:6
� CM½ � ð2Þ

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

−];
[OM] = 1.4 [OC] (see the choice of conversion factor in
Section 3.1); [SS] = 1.8 [Cl−]; [FS] is soil concentration
([FS] = 2.2[Al] +2.49[Si] +1.63[Ca] +2.42[Fe] +1.94[Ti]);
[CM] = [PM10] − [PM2.5]. bsp and mass concentrations are
given in units of Mm−1 and μg m−3, respectively. RH growth
curves of fL(RH) and fSS(RH) of sulfate, nitrate, and SS can be
referred to (Pitchford et al., 2007). Considering that most of the
sulfate and nitrate mass distributed in droplet mode (Yu et al.,
2010), we used fL(RH) rather than fS(RH) in this study. Due to
the lack of soil element measurements, we assumed that Ca2+

is 5% of FS mass based on many previous soil source profiles
(Aldabe et al., 2011; Amato and Hopke, 2012; Tao et al., 2013).
Thus, [FS] = 20 [Ca2+].
3. Results and discussion

3.1. PM2.5 chemical compositions

The annual average PM2.5 mass concentration was
76.8 ± 41.5 μg m−3, which was more than two times of
the China National Ambient Air Quality Standards (GB3095-
2012) for annual PM2.5 (35 μg m−3). The PM2.5 level in
urban Guangzhou was slightly lower than in the other mega
cities in China where measurements were available, e.g.,
Xiamen (86.2 μg m−3) (Zhang et al., 2012), Shanghai
(90.3 μg m−3) (Feng et al., 2009), Beijing (96.6 μg m−3)
(Duan et al., 2006), Chengdu (165.1 μg m−3) (Tao et al.,
2013), and Xi'an (194.1 μg m−3) (Zhang et al., 2011).

Daily concentrations of PM2.5 ranged from 21.0 to
213.6 μg m−3 (Fig. 2). Evident seasonal variations were
observed (Table 1),whichshowed winter (103.3 μg m−3) N

autumn (89.3 μg m−3) N spring (76.0 μg m−3) N summer
(38.6 μg m−3). The PM2.5 level should be affected by emission
sources, transportation, chemical transformation, and deposi-
tional processes. Meteorological conditions affect almost all
of these processes. According to the air pollutant emission
inventory in PRD (Zheng et al., 2009), about 91.4% of SO2

emissions were from power plant and industrial sources, 87.2%
of NOx emissions were from power plant and mobile sources,
and 97.2% of primary PM2.5 emissions were from industrial,
mobile and power plant sources in this region. Since SO2 and
NOx are important gaseous precursors for PM2.5, industrial
sources, power plant emissions and mobile sources should be
the main sources of PM2.5 in PRD. The causes of the seasonal
variations in PM2.5 were explained below in terms of seasonal
variations of emissions and metrology-driven processes.

The highest seasonal PM2.5 was observed in winter and
should be caused by a combination of low wind speed (thus
slow horizontal diffusion), weak solar radiation (thus low
mixing height), and relatively low precipitation (thus low
wet deposition amount). Seasonal variations of emissions
should not be a factor since emissions from almost all
industrial sources and power plant emissions were lowest
in January among all the months (Zheng et al., 2009) and
monthly variations of mobile source emissions were rela-
tively small. The second highest seasonal PM2.5 level in
autumn was due to the lowest seasonal wind speed and the
relatively high industrial source emission. For example, the
power plant emissions were highest in October (Zheng et al.,
2009); this combined with favorable meteorological condi-
tions (lower wind speed and precipitation) for sulfate
formation explained the highest seasonal sulfate concentra-
tion (27.5 ± 8.7 μg m−3, or 30.8% of PM2.5) in autumn
among all the seasons (Table 1).

The lowest seasonal PM2.5 was observed in summer and
was only one-third to one-half of those in other seasons. The
lowest seasonal sulfate was also in summer. The observed
phenomena are contradictory to the quite high emissions in
July from most industrial sources and power plants, and to
the strong solar radiation conditions which favored sulfate
formation. High mixing heights in summer should have
played a role in reducing surface layer sulfate and PM2.5

concentrations. In addition, air masses affected by summer
monsoon from the South China Sea introduced clean air into
the city. The second lowest seasonal PM2.5 was observed in



Fig. 2. Temporal variations of daily PM2.5 mass concentrations, its chemical components, bsp, and selected meteorological parameters in four seasons (2009–2010).
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spring, but it doubled the summer level despite the lower
emissions in April than in July (Zheng et al., 2009). Weaker
solar radiation in spring did not favor sulfate formation, but
also caused low mixing height. It should be pointed out that
spring had more precipitation than any other seasons, yet not
lower PM2.5 level than in summer. This was likely because
precipitation scavenging was not very efficient for removing
fine particles from the atmosphere, although efficient for
removing coarse particle (Wang et al., 2010).

OC and ECwere important components of PM2.5, accounting
for 12.3 ± 3.0% and 8.1 ± 1.8%, respectively, of the annual
PM2.5 mass concentration. The seasonal variations of OC and EC
were similar to those of PM2.5 mass, following the sequence of
winter N autumn N spring N summer. The sources of carbona-
ceous aerosols can be qualitatively evaluated with the relation-
ship betweenOC andEC concentrations (Turpin andHuntzicker,
1995; Cao et al., 2007; Zhang et al., 2007). As shown in Fig. 3, the
correlations between OC and EC in spring (R2 = 0.64) and
summer (R2 = 0.58)were not as good as in autumn andwinter
(R2 = 0.75 and 0.83, respectively). Thus, significant fractions of
OC and EC, and more fractions in autumn and winter than in
spring and summer, were likely derived from the same sources.
On the other hand, significant differences in OC/EC ratios
between coal combustion (2.7), vehicle emissions (1.1), and
biomass burning (9.0) were found by Watson et al. (2001). As
expected, theOC/EC ratios in this studywere lower than2.0 in all
seasons. This indicates that vehicle emission played an impor-
tant role in particulate carbonaceous pollution in Guangzhou.

Vehicle emissions have been identified as the major
source of NOx in the urban area of PRD (Zheng et al., 2009).
Thus, NOx could be roughly regarded as the tracer of vehicle
emissions. Good correlations between OC and NO2 were also
found in autumn and winter (R2 = 0.73 and 0.80, respec-
tively), but not so good in spring and summer (R2 = 0.45
and 0.64, respectively) (figure not shown). However, a strong
correlation between EC and NO2 was also found in autumn

image of Fig.�2


Table 1
Statistics of PM2.5 mass concentrations, its chemical constituents, bsp and meteorological parameters.

Annual (n = 123) Spring (Apr-09) (n = 30) Summer (Jul-09) (n = 31) Autumn (Oct-09) (n = 31) Winter (Jan-10) (n = 31)

PM2.5/μg m−3 76.8 ± 45.1 76.0 ± 25.3 38.6 ± 15.7 89.3 ± 34.7 103.3 ± 50.1
OC/μg m−3 9.0 ± 5.1 8.3 ± 2.2 5.6 ± 2.3 10.4 ± 4.7 11.8 ± 7.3
EC/μg m−3 6.0 ± 3.3 6.1 ± 2.3 3.5 ± 1.3 6.7 ± 2.7 7.8 ± 4.3
OC/EC 1.5 ± 0.4 1.5 ± 0.3 1.7 ± 0.5 1.5 ± 0.3 1.5 ± 0.3
Na+/μg m−3 2.2 ± 0.4 2.5 ± 0.3 2.1 ± 0.3 2.0 ± 0.3 2.1 ± 0.5
NH4

+/μg m−3 5.1 ± 3.3 6.0 ± 2.5 1.6 ± 1.2 6.4 ± 2.7 6.5 ± 3.4
K+/μg m−3 0.9 ± 0.5 1.0 ± 0.4 0.3 ± 0.1 1.1 ± 0.4 1.0 ± 0.5
Mg2+/μg m−3 LDa LD LD LD LD
Ca2+/μg m−3 0.4 ± 0.4 0.1 ± 0.3 0.2 ± 0.1 0.7 ± 0.2 0.6 ± 0.4
F−/μg m−3 LD LD LD LD LD
Cl−/μg m−3 1.8 ± 1.8 1.8 ± 1.3 1.0 ± 0.7 1.0 ± 0.7 3.3 ± 2.7
NO3

−/μg m−3 7.8 ± 7.2 9.9 ± 6.5 2.0 ± 1.0 6.4 ± 7.2 13.0 ± 7.1
SO4

2−/μg m−3 18.1 ± 9.5 17.8 ± 5.5 9.2 ± 4.6 27.5 ± 8.7 17.8 ± 8.0
bsp/Mm−1 326 ± 248 243 ± 93b 95 ± 46c 473 ± 222 469 ± 279
TEMPd/°C 24.7 ± 2.0 23.7 ± 0.6 26.0 ± 0.9 25.1 ± 0.6 22.5 ± 1.0
RHd/% 51 ± 11 51 ± 8 52 ± 3 55 ± 10 46 ± 15
WS/m s−1 1.3 ± 0.9 1.5 ± 0.7 1.8 ± 0.7 0.3 ± 0.3 0.9 ± 0.5
TEMPe/°C 23.7 ± 6.1 22.6 ± 2.4 29.9 ± 1.6 27.1 ± 1.3 15.2 ± 4.0
RHe/% 64 ± 14 68 ± 12 68 ± 8 50 ± 12 71 ± 14
SR/W m−2 153 ± 79 133 ± 68 215 ± 62 177 ± 45 77 ± 44
PR/mm 218.6 79.0 68.0 21.0 50.6
PM2.5–10

f 26.1 ± 28.6 56.8 ± 37.8 11.2 ± 13.1 18.4 ± 15.5 22.7 ± 21.7

a LD, low detection.
b Number was 25.
c Number was 30.
d Temperature and relative humidity in nephelometer.
e Temperature and relative humidity in ambient condition.
f PM2.5–10 = PM10–PM2.5.
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(R2 = 0.93), and fairly good correlations were found in spring,
summer and winter (R2 = 0.71, 0.78 and 0.78, respectively)
(figure not shown). These results suggest that vehicle emis-
sionswere the dominant sources of OC and EC. The highest OC/
EC ratio (1.7) in summer may be related to the formation of
secondary organic carbon (SOC) (Cao et al., 2004), which was
another major component of OC. Relatively poor correlations
between OC and NO2 and between EC and NO2 were found
in spring, suggesting more complex sources of carbona-
ceous aerosols in spring than in other seasons. In short,
carbon aerosols may be affected by vehicle emissions
significantly. A ratio of organic mass to organic carbon
(OM/OC) of 1.4 would be appropriate for an urban area with
fresh emissions.

Water-soluble ions were also important fractions of PM2.5.
The sum of all the detected water-soluble ions was 36.2 ±
19.7 μg m−3, accounting for 47.0 ± 7.2% of PM2.5 mass. The
average concentrations of the four anions followed the
sequence of SO4

2− N NO3
− N Cl− N F−, while the five major

cations followed the order of NH4
+ N Na+ N K+ N Ca2+ =

Mg2+. SO4
2−, NO3

− and NH4
+ dominated the water-soluble

inorganic species, accounting for 83.3 ± 6.3% of the total ion
concentration. 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 (Tao et al., 2013). As
shown in Fig. 4, the anion/cation ratios, determined from the
slopes of linear regressions for the seasonally stratified data,
followed the order of autumn (1.68) N summer (1.43) N winter
(1.38) N spring (1.33). Most samples had an anion/cation (A/C)
ratio evidently higher than 1.00, which indicated weakly acidic
particles.
To further evaluate the impact of various chemical compo-
nents of PM2.5 on bsp, the PM2.5masswas reconstructed based on
OM, EC, inorganic ions,water, and FS.Water concentrationswere
estimated by the online version of the E-AIM model (Model III)
(http://www.aim.env.uea.ac.uk/aim/model3/model3a.php) at a
fixed relative humidity (40%) and temperature (25 °C). The
reconstructed PM2.5 concentrations were presented in Fig. 5.
The Pearson correlation coefficients between measured and
reconstructed PM2.5 mass concentrations were larger than 0.95
and the slopes ranged from 0.96 to 1.12 during the four seasons,
indicating that OM, EC, FS, water, and inorganic ions were
dominant species and the total mass of these species could
closely represent the measured PM2.5. On average, the
reconstructed mass accounted for 93.2% of the measured
PM2.5 mass in the urban area of Guangzhou, although larger
by 3.0% during autumn. OM, EC, inorganic ions, water, and FS
accounted for 17.2%, 8.1%, 47.0%, 11.1% and 9.8%, respective-
ly, of the total PM2.5 mass. Considering that the filters were
weighted at RH between 35% and 45%, water contents were
calculated at RH 40%. Therefore, the uncertainty of water
content in PM2.5 should be the largest among all the sources
for reconstructing PM2.5 (Malm et al., 2011). Overall, the
determined chemical compositions in PM2.5 can represent
the total PM2.5 mass.

3.2. Aerosol light scattering and its relationship with PM2.5

Annual average bsp was 326 ± 248 Mm−1, with daily
values ranging from 55 to 1354 Mm−1. Seasonal variations of
bsp ranked in the order of autumn (473 Mm−1) N winter
(469 Mm−1) N spring (243 Mm−1) N summer (95 Mm−1)
(Table 1). bsp in autumn slightly increased compared with
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Fig. 3. Correlations between OC and EC in the four seasons.
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that measured in the same season of 2004 at a Guangzhou
urban site (Andreae et al., 2008), which revealed that
visibility degradation has not been improved in the past five
years in this city. bsp observed in Guangzhou was within the
range of several existing studies in Asia, e.g., much higher than
Fig. 4. Scatter plot of major anio
those at a Shanghai urban site inwinter (293 Mm−1) (Xu et al.,
2012) and at a Lin'an rural site in autumn (353 Mm−1) (Xu
et al., 2002), evidently lower than those at a Xi'an urban site
in all the four seasons (434 Mm−1, 454 Mm−1, 606 Mm−1,
and 657 Mm−1, respectively, in spring, summer, autumn and
ns versus major cations.
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Fig. 5. Reconstructed PM2.5 mass concentrations in four seasons.
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winter) (Cao et al., 2012), lower than that at a rural site in
Shangdianzi, Beijing in summer (190 Mm−1) (Yan et al., 2008),
and also lower than those at several coast sites (242 Mm−1 and
227 Mm−1, respectively, in Junnong and Yonghyun) in Korea
in summer (Kim et al., 2006).

Aerosol MSE is an important parameter in global circulation
and chemical transport models for computing radiative forcing
of aerosols and chemical extinction budgets used for visibility
regulatory purposes (Hand andMalm, 2007). Regression of the
measured bsp against PM2.5 mass concentration yields an
average MSE that can be simplified as bsp/PM2.5 (m2 g−1). In
fact, bsp/PM2.5 is not the real PM2.5 MSE since bsp was not
measured with a PM2.5 inlet. Considering that the contribution
of CM to bsp is very small (see Section 3.3), bsp/PM2.5 can be a
good approximation of PM2.5MSE. PM2.5MSE can be ameasure
of particle scattering properties and be used to estimate bsp
when PM2.5 mass is known. In this study, PM2.5 mass
concentrations were obtained under a dry condition (RH =
40%); however, bsp weremeasured at RH b 70% during the four
seasons. bsp may be enhanced by hygroscopic growth as a
function of RH unless it wasmeasured under dry conditions. In
this study, most bsp samples were measured at RH N 40%,
especially in summer. Thus, to minimize the impact of particle
hygroscopic growth on bsp, we selected bsp data that were
measured at RH b 50% to investigate the seasonal variations
of PM2.5 MSE. The average PM2.5 MSE was determined to
be 3.5 ± 0.9 m2 g−1 at RH b 50%. Apparent seasonal varia-
tions were found, following the sequence of autumn (4.5 ±
0.2 m2 g−1) N winter (3.9 ± 0.5 m2 g−1) N spring (3.0 ±
0.4 m2 g−1) N summer (2.3 ± 0.3 m2 g−1). Although only
data at RH b 50% was used for calculating the PM2.5 MSE, the
derived values were close to those found in previous studies
conducted in Guangzhou, e.g., in autumn (4.2 ± 1.0 m2 g−1)
(Andreae et al., 2008) and in summer (2.7 ± 0.7 m2 g−1)
(Jung et al., 2009a). In general, the higher PM2.5MSE in autumn
and winter periods should be due to the increased bsp or PM2.5,
as can be explained by the growth of particles into size ranges
with higher scattering efficiencies under more polluted
conditions (Lowenthal and Kumar, 2004; Jung et al., 2009a,b).
3.3. Source apportionment of bsp

To determine the relationship between bsp and the chemical
components of PM2.5, bsp was reconstructed in each season
according to the original IMPROVE formula with a modification
described in Section 2.5 (for simplicity, it is still referred to as
the original IMPROVE formula below). RH data from nephe-
lometer inner relative humidity detector was introduced in the
calculation of fL(RH) and fSS(RH). The estimated bsp using the
original IMPROVE formula and themeasured bsp correlatedwell
(R2 N 0.84) during all the four seasons (Fig. 6). The slopes of the
regression between the estimated and the measured bsp were
close to 1.00 in spring (0.88) and summer (1.06), but deviated
from 1 significantly in autumn (0.53) and winter (0.53). On
annual average, bsp was underestimated by 22 ± 28% using the
original formula. These results suggested that the chemical
component MSEs may not be constant from season to season.

To further investigate the chemical component MSEs in
different seasons, multiple linear regression of measured bsp
against the (NH4)2SO4, NH4NO3, OM, SS, FS, and CM were
performed in the four seasons. The amount of scattering
associated with individual species can be estimated statisti-
cally using:

bsp RHð Þ ¼ a1 f L RHð Þ NH4ð Þ2SO4
� �þ a3 f L RHð Þ NH4NO3½ �

þ a4 OM½ � þ a2 f SS RHð Þ SS½ � þ a5 FS½ � þ a6 CM½ � ð3Þ

where the calculation methods of (NH4)2SO4, NH4NO3, OM,
SS, FS, and CM concentrations are the same as in Eq. (2).

It was found that, if applying annual average data in the
above equation, using the calculated MSEs of individual
chemical components cannot reconstruct the measured bsp
well with the slopes deviated from 1.00 significantly, although
the correlations between the estimated and the measured bsp
were very well (figure not presented). Considering that the
PM2.5 MSEs showed evident seasonal variations (see Section 3.2
above), the MSEs of each chemical species were then estimated
using seasonal data. The MSEs were estimated by the stepwise
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Fig. 6. Estimated bsp by the original IMPROVE formula versus measured bsp in four seasons.

Table 2
Estimated mass scattering efficiencies of individual species by stepwise
multiple linear regression.

Spring
(Apr-09)
(n = 25)

Summer
(Jul-09)
(n = 30)

Autumn
(Oct-09)
(n = 31)

Winter
(Jan-10)
(n = 31)

(NH4)2SO4/m2 g−1 2.9 ± 0.8 2.5 ± 0.8 4.8 ± 0.5 5.3 ± 0.7
NH4NO3/m2 g−1 3.2 ± 0.3 2.6 ± 0.6 4.9 ± 0.7 5.5 ± 0.7
OM/m2 g−1 3.3 ± 0.9 2.8 ± 0.5 5.1 ± 0.9 6.2 ± 0.5
SS/m2 g−1 2.1 ± 0.4 1.5 ± 0.4 2.6 ± 0.6 2.4 ± 0.9
FS/m2 g−1 1.1 ± 0.6 0.9 ± 0.4 1.3 ± 0.6 0.7 ± 0.5
CM/m2 g−1 0.5 ± 0.2 0.6 ± 0.3 0.6 ± 0.5 0.5 ± 0.4
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multiple linear regression through self-compiled MATLAB
program. The constraints of the multiple linear regression
results were as follows: the calculated MSEs and R2 must be
larger than zero and 0.90, respectively; the slopes between
the estimated and the measured bsp must be in the range of
0.95 and 1.05. The calculation step is 0.1.

The estimated seasonal averageMSEs of (NH4)2SO4, NH4NO3,
OM, SS, FS and CM are summarized in Table 2 and the sum of
the estimated individual bsp is compared with measured ones
in Fig. 7. The estimated and the measured bsp correlated very
well with R2 larger than 0.9 in all the seasons. The slopes of
the regressions were all close to 1.0. The estimated MSEs of
(NH4)2SO4, NH4NO3, and OMwere much higher in autumn and
winter than in spring and summer, which can be explained
by their seasonal mass concentrations (Malm et al., 2003). The
seasonal variations of (NH4)2SO4, NH4NO3, and OM MSEs were
mostly similar to those of PM2.5; the only exception was
autumn–winter comparison which showed an opposite trend
(compare Table 2 with those described in Section 3.2). This was
mainly caused by the exclusion of some chemical components,
which had much higher concentrations in winter than in
autumn based on PM2.5 mass reconstruction, in the bsp
regression calculation. Besides, the measured bsp did not differ
significantly between winter and autumn (1% difference as
shown in Table 1). Thus, (NH4)2SO4, NH4NO3, and OMMSEs in
winter were systematically increased by the regression model.

The SS MSE in summer was 1.5 m2 g−1, lower than in any
other season (2.1 to 2.6), but was close to the value of
1.8 m2 g−1 in IMPROVE formula. This suggests that Cl− in
summer was mainly from sea salt aerosols and distributed
mainly in the coarse particle (N2.5 μm) while in other
seasons Cl− from other sources such as coal combustion
and biomass burning was also significant and distributed in
fine particle (b2.5 μm) in other seasons (Yao et al., 2003;
Zhang et al., 2008; Yao and Zhang, 2012; Tao et al., 2013).
This conclusion was supported by the mass size-distribution
data we collected at SCIES site (data to be published in a
separate study).

On annual average, the estimated bsp from using the
regression equation was overestimated by 4 ± 12% compared
to measurements. (NH4)2SO4, NH4NO3, OM, SS, FS and CM
accounted for 50 ± 11%, 18 ± 10%, 19 ± 5%, 5 ± 4%, 3 ± 2%
and 5 ± 6%, respectively, of the estimated bsp. The percentage
contributions to the estimated bsp varied significantly with
season from species of (NH4)2SO4, NH4NO3 and OM, although
this was not the case from SS, FS and CM (Fig. 7). Looking at the
seasonal variations of the percentage contributions to the
estimated bsp from the individual species, it was found that the
evidently higher value was 64% in autumn from (NH4)2SO4,
27% in winter from NH4NO3, 8% in summer from SS, and 23% in
summer from OM. Factors discussed in Section 3.1 explain the
above seasonal patterns. For example, the highest seasonal
power plant emissions in autumn in PRD caused high seasonal
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Fig. 7. Correlations between the estimated and measured bsp, and their load percentages in four seasons.
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(NH4)2SO4 concentrations; low temperature in winter favored
NH4NO3 formation; airmasses fromChina South Sea in summer
brought in sea salt; and high temperature in summer favored
SOC formation.

Potential uncertainties in the results presented above can
come from data collection process (instruments), laboratory
chemical analysis, and theoretically explanation of the data.
The total uncertainty (Utotal) can be estimated from known
uncertainties of individual sources (Ui) using Eq. (4), which
was recommended by IPCC (Intergovernmental Panel on
Climate Change).

Utotal ¼ ΣUi
2

� �1=2
: ð4Þ

The Utotal of the estimated bsp obtained from Eq. (3) were
found to be 81%, 84%,101%, and 115%, respectively, in spring,
summer, autumn and winter.

4. Conclusions

PM2.5, its major chemical components (OC, EC and water-
soluble ions), and bsp were measured from April 2009 to
January 2010 at an urban site in Guangzhou. The annual
average PM2.5 mass concentration was 76.8 ± 41.5 μg m−3,
with OM, EC, inorganic salts, water, and FS contributed
20.8%, 8.1%, 46.8%, 13.0% and 9.7%, respectively. Annual
average PM2.5 MSE was 3.5 ± 0.9 m2 g−1, with obvious
seasonal variations following the order of autumn (4.5 ±
0.2 m2 g−1) N winter (3.9 ± 0.5 m2 g−1) N spring (3.0 ±
0.4 m2 g−1) N summer (2.3 ± 0.3 m2 g−1). High PM2.5 MSE
in autumn and winter should be due to high levels of bsp and
PM2.5.

The slopes of the regression between the estimated bsp
from using the original IMPROVE formula (with a modifica-
tion of including sea salt aerosols) and the measured bsp were
close to 1 in spring and summer, but deviated significantly
from 1 in autumn and winter. On annual average, bsp derived
from the original formula was 22 ± 28% lower than the
measured value. These results suggest that the chemical
component MSEs may not be constant from season to season.

A multiple linear regression equations of the measured
bsp against (NH4)2SO4, NH4NO3, OM, SS, FS, and CM were
derived in four seasons. The estimated bsp by the multiple
linear regression equations were close to the measured bsp
in four seasons. Based on the regression model results,
(NH4)2SO4, NH4NO3, OM, SS, FS and CM accounted for
50 ± 11%, 18 ± 10%, 19 ± 5%, 5 ± 4%, 3 ± 2% and 5 ± 6%,
respectively, of the estimated bsp. It is noticed that the
uncertainties in this estimation could be larger than the
differences between the estimated and the measured values.
Therefore, the method should only be considered as a first-
order estimation.
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