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ABSTRACT

The objective of this study was to reconstruct light extinction coefficients (bext) according to chemical
composition components of particulate matter up to 2.5 ym in size (PMa2.5). PMa2.5 samples were collected
at the monitoring station of the South China of Institute of Environmental Science (SCIES, Guangzhou,
China) during January 2010, and the online absorbing and scattering coefficients were obtained using an
aethalometer and a nephelometer. The measured values of light absorption coefficient by particle (bap) and
light scattering coefficient by particle (bsp) significantly correlated (R? > 0.95) with values of b,, and bep
that were reconstructed using the Interagency Monitoring of Protected Visual Environments (IMPROVE)
formula when RH was <70%. The measured bext had a good correlation (R2 > 0.83) with the calculated
bext under ambient RH conditions. The result of source apportionment of bext showed that ammonium
sulfate [(NH4)2S04] was the largest contributor (35.0%) to bext, followed by ammonium nitrate (NH4NOs,
22.9%), organic matter (16.1%), elemental carbon (11.8%), sea salt (4.7%), and nitrogen dioxide (NOa2,
9.6%). To improve visibility in Guangzhou, the effective control of secondary particles like sulfates, nitrates,
and ammonia should be given more attention in urban environmental management.
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Introduction

also impair visibility, these species have a weak influ-

Visibility degradation is a prevalent phenomenon
due to the high concentration of air pollutants in many
megacities across China (Wu et al., 2005 Cheung et
al., 2005; Yang et al., 2007; Deng et al., 2008; Tan et
al., 2009). The major cause of visibility impairment
or haze is light scattering and absorption by fine par-
ticles in the atmosphere (Watson, 2002). Although
the extinction of visible light from gaseous species can

ence (Chan et al., 1999). Previous studies have shown
that sulfates and element carbon in fine particles are
the main chemical species that contribute to visibil-
ity degradation through scattering and absorption, re-
spectively (Malm et al., 1994; Cheung et al., 2005;
Cheng et al., 2008; Tao et al., 2009). Moreover, me-
teorological factors, especially relative humidity (RH),
also contribute to the degradation of visibility (Malm
and Day, 2001; Liu et al., 2008).
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Fig. 1. Sampling location in Guangzhou.

The light extinction coefficient of particles can
be expressed by light scattering and light absorp-
tion by particles. The light extinction coefficient can
be obtained directly using a nephelometer and an
aethalometer. An empirical formula relating light ex-
tinction coefficient and chemical species of particulate
matter up to 2.5 pm in size (PMy5) has been es-
tablished by the Interagency Monitoring of Protected
Visual Environments (IMPROVE) network. The em-
pirical formula used by IMPROVE has been used in
some megacities in China for source apportionment
of visibility degradation (Cheung et al., 2005; Yang
et al., 2007; Tao et al., 2009). But few studies have
compared the light extinction coefficient measured by
nephelometer and aethalometer with those calculated
using the IMPROVE empirical formula in China (Jung
et al., 2009).

In this study, light scattering and absorption coef-
ficients measured using nephelometer and aethalome-
ter and chemical composition of PMs s were deter-
mined for the 2010 winter period (from 1 January to
31 January 2010). The objective of this study was
to reconstruct light scattering and absorption coeffi-
cients of particles and to compare them using the IM-
PROVE formula, then to investigate the contribution
of chemical species of PMj 5 to visibility impairment
in Guangzhou. Control of the largest contributors can
then be a focus of urban environmental management.

2. Methodology

2.1 Site description

The monitoring station of the South China of In-
stitute of Environmental Science (SCIES) is located

at the urban area of Guangzhou (23°07'N, 113°21'E;
see Fig. 1). No obvious industrial pollution source
is present near the monitoring station. The instru-
ments used in this study were installed on the roof
(50 m above ground) of a building in the SCIES com-
plex. The Guangzhou observation station is a super-
site designed to monitor measure PMs 5 mass, the
major chemical components of PM (sulfate, nitrate,
ammonium, organic material, elemental carbon, and
crustal related material), aerosol optical properties
(aerosol optical depth, absorption coefficient, and scat-
tering coefficient), atmospheric pollutants (e.g., ozone,
CO, SOz, NO,.), and meteorology parameters (wind,
temperature, pressure, and relative humidity) with
many new measurement technologies. The goals of
the Guangzhou supersite are twofold: first, to provide
a platform for routine PM and gas-phase measurement
methods, and second, to provide data to advance our
scientific understanding of atmospheric processes of air
pollution in Guangzhou.

2.2 Continuous observation of scattering and
absorbing coefficients of aerosol

Scattering coefficients (bs,) of aerosol were mea-
sured using an integrating nephelometer (TSI Incorpo-
rated, Shoreview, MN, U.S.A., Model 3563) in three
wavelengths: 450 nm, 550 nm, and 700 nm. Cali-
bration of the nephelometer was performed using car-
bon dioxide (CO3) as high-span gas and filtered air as
low-span gas. This instrument draws the ambient air
through a temperature-controlled inlet at a flow rate
of 20 L min~!. The heater in the nephelometer con-
trols the RH of the aerosol intake at a level of <70%.
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The data averaging time was 1 min. The baseline (zero
level) data was measured continuously for 5 min after
each hourly (60-min) sample. This study used 550-nm
data.

Absorbing coefficients of 532 nm (b,,) were con-
verted to concentrations in pg m~3 using an equiva-
lency of 8.28 m? g=! when A\ = 880 nm (Yan et al.,
2008; Wu et al., 2009) using an aethalometer (Magee
Scientific Company, Berkeley, CA, U.S.A., Model AE-
31). The flow rate of the aethalometer was 5 L min—!.
The aethalometer was calibrated to zero by replacing
the filter in the canister inlet with a clean filter every
week.

2.3 PM; 5 sample collection and analysis

The PMs 5 samples were collected using an air sam-
pler (BGI Incorporated, Waltham, MA, U.S.A., Model
PQ200). This sampler was equipped with a cyclone
that separates the particles with an aerodynamic di-
ameter <2.5 ym when a vacuum pump draws air at
a rate of 16.7 L min~!. The airstream was connected
to the 47-mm quartz filter (Whatman International
Ltd, Maidstone, England, QMA). Before sampling, the
quartz filters were baked at 800°C for >3 h to remove
adsorbed organic vapors and then were equilibrated in
a desiccator for 24 h before sampling. Prior to mea-
surement, the flow rate of the PMs 5 sampler was cal-
ibrated. Blank filters were collected and used to sub-
tract the positive artifact caused by gas absorption.
From 1 January to 31 January 2010, 31 quartz-filter
samples and three blank samples were collected every
23.5 h (starting at 1000 LST each day and ending at
0930 LST the following day). The collected filter sam-
ples were stored in a freezer at —20°C to prevent the
volatilization of particles.

A ~0.5-cm? punch from the filter was analyzed
for eight carbon fractions following the IMPROVE A
thermal/optical reflectance (TOR) protocol using a
DRI model 2001 carbon analyzer (Atmoslytic, Inc.,
Calabasas, CA, USA; Cao et al., 2003, 2007; Chow
et al., 2007). This produced four organic carbon (OC)
fractions (OC1, OC2, OC3, and OC4 at 140°C, 280°C,
480°C, and 580°C, respectively, in a helium [He| atmo-
sphere); OP (a pyrolyzed carbon fraction determined
when transmitted laser light attained its original in-
tensity after oxygen [O3] was added to the analysis at-
mosphere); and three elemental carbon (EC) fractions
(EC1, EC2, and EC3 at 580°C, 740°C, and 840°C,
respectively, in a 2% O3/98% He atmosphere). M-
PROVE TOR OC was operationally defined as OC1
+ 0C2 + 0OC3 + 0C4 + OP, and EC was de-
fined as EC1 + EC2 + EC3 — OP (Chow et al,
2007). Interlaboratory comparisons of samples us-
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ing the IMPROVE TOR protocol with samples using
the TMO (thermal manganese dioxide oxidation) ap-
proach showed a difference of <5% for TC and <10%
for OC and EC (Chow et al., 2007). Average field
blanks were 2.04 and 0.12 ug m~3 for OC and EC,
respectively.

One-fourth of each filter sample was used to deter-
mine the water-soluble ion mass concentrations. Four
anions [sulfates (SO3™), nitrates (NOjz), chlorides
(Cl7), and fluorides (F~)] and five cations [sodium
(Nat), ammonia (NHJ ), potassium (K*), magnesium
(Mg?T), and calcium (Ca?")] in aqueous extracts of
the filters were determined by an ion chromatography
(Dionex Corp, Sunnyvale, CA, Model Dionex 600).
To extract the water-soluble species from the quartz
filters, each sample was put into a separate 20-mL
vial containing 10 mL distilled, deionized water (with
a resistivity of 18 M{2), and was shaken first by an
ultrasonic instrument (Xinzhi Incorporated, Ningbo,
China, Model SB-3200DTS) for 60 min and then by
mechanical shaker (Shuoguang Incorporated, Shang-
hai, China, Model SG-3024) for 1 h to completely ex-
tract the ionic compounds. The extracts were stored at
4°C in a precleaned tube before analysis. Cation (Na™,
NHJ, K+, Mg?*, and Ca?*t) concentrations were de-
termined using a CS12A column (Dionex Corp, Sun-
nyvale, CA.) with 20 mmol L~! methanesulfonic acid
(MSA) eluent. Anions (SO7~, NO3, Cl~, and F~)
were separated by an AS11-HC column (Dionex Corp,
Sunnyvale, CA), using 20 mmol L~! potassium hy-
droxide (KOH) as the eluent. The limits of detection
were <0.05 mg L~! for anions and cations. Standard
reference materials produced by the National Research
Center for Certified Reference Materials, China, were
analyzed for quality assurance purposes. Blank values
were subtracted from sample concentrations.

2.4 Continuous observation of meteorological
parameters

Meteorological parameters, including visibility
(VIS), wind direction, wind speed, RH, tempera-
ture (TEMP), and precipitation (PR), were mea-
sured 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); and
ambient RH and temperature were measured by a
RH/temperature probe (Vaisala Company, Helsinki,
Finland, Model QMH102). Both meteorological in-
struments were mounted 3 m above the roof of the
station (53 m above ground).
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3. Results and discussion

3.1 PM, 5 mass concentration, by, and bsp

The chemical species concentrations of PMy 5, bap,
bsp, and meteorological parameters were collected dur-
ing January 2010 (Table 1). During periods of inten-
sive air pollution, the average PMs 5 mass concentra-
tions were 103.3+50.1 ug m~2, which was close to 103
pug m~3 measured in autumn by Andreae et al. (2008)
but was distinctly higher than 60.1 ug m~—3 measured
in summer by Jung et al. (2009). The average by, and
bsp were 79.34+47.5 Mm~! and 469.3+£279.4 Mm~!,
respectively. The value of bey; (i.€., bap + bsp) was
slightly higher than 509 Mm~! measured in autumn
by Andreae et al. (2008) and was distinctly higher than
419 Mm~! measured in summer by Jung et al. (2009).
For the sample period, the weather conditions were
categorized into four types: overcast, overcast rain,
mostly sunny with haze, and overcast haze. The av-
erage mass concentrations of PMsy 5 were 122.7+37.4
pg m~? and 127.6444.4 ug m~3, respectively, during
periods that were mostly sunny with haze and peri-
ods of overcast haze that were obviously higher than
those during overcast, and overcast rain periods. Dur-
ing overcast rain days, the PMy 5 average concentra-
tion was slightly elevated and reached 61.1£36.8 ug
m~—3. This concentration may have been due to low
precipitation and shorter rainfall periods, which lim-
ited the scavenging efficiency of air pollutants. Dur-
ing overcast, PMy 5 concentrations and the concentra-
tions of chemical species were very low because the
strong winds favored the dispersion of air pollutants.
bap and bs, during periods of haze were higher than
during other periods due to higher PMs 5 mass con-
centrations.

During the sampling period, two distinctly contin-
uous periods of haze were recognized: (1) mostly
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Fig. 2. Temporal variations of visibility and main mete-
orological parameters during the winter period.
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sunny haze (from 12 January to 20 January) and (2)
overcast haze (from 26 January to 31 January). Like
Fig. 2 and Fig. 3 show that surface and 500-m-height
wind directions changed from dry northerly winds to
moist southerly winds during the two different periods
of haze. As Fig. 4 show poor-visibility weather oc-
curred on days with nearly calm winds and was closely
related to higher RH and higher PM5 5 mass concen-
trations. During the period of mostly sunny haze, vis-
ibility gradually decreased from 5.9 km to 2.1 km as
RH increased from 39% to 78% and PM, 5 mass con-
centration increased from 93.8 ug m=3 to 195.5 ug
m~3. Although PM, 5 mass concentration reached an
extreme value (195.5 ug m~3) on 18 January 2010, the
(bap + bsp) maximum (1021 Mm ') and the visibility
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Fig. 3. Three days of backward trajectories terminating at SCIES site in Guangzhou during (a)
the period of mostly sunny haze and (b) overcast haze.
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Fig. 4. Temporal variations of PMs 5 and its chemical
species, bap and bsp during the winter period.

higher PMy 5 mass concentration was due to higher
RH, which enhanced the extinction efficiency of parti-
cles (Tie and Cao, 2009).

As cold northern air arrived on 21 January 2010,
air temperature decreased, wind speed increased, and
minimum (2.1 km) occurred on 20 January 2010. The
the PMs 5 concentration decreased until 24 January
2010. When the effect of cold northern air abated,
wind decreased due to a uniform pressure field and
pollutants accumulated, resulting in the period of over-
cast haze. During the first 3 days, the PMy 5 mass
concentration increased and reached an extreme value
(186.8 pg m~3) on 28 January 2010. At the same time
bap and by, increased from 507 Mm~! to 1283 Mm ™!
and visibility decreased from 4.0 km to 2.0 km. As
winds increased gradually thereafter, PMs 5 mass con-
centrations decreased slightly, but visibility remained
low. This can be attributed to the high level of RH
that remained, which enhanced the extinction efficien-
cies of particles. Therefore, the days of severe haze
occurred during conditions of calm wind, higher RH,
and higher PM5 5 mass concentrations.

3.2 Reconstruction of by, and bs, using the
IMPROVE formula

A formula developed for the IMPROVE program
was applied to reconstruct the b, and b, by the PM3 5
chemical composition (Pitchford et al., 2007). The IM-
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PROVE formula can be simplified as follows:

bap = 10 x [EC], (1)
bsp = 2.2 x fg x [Small (NH4)2SO4] +
4.8 x f1, x [Large (NHy)2SO4] +
2.4 % fs x [Small NH{NO3] +
5.1 x f, x [Large NH4NO3] +
2.8 x [Small OM] + 6.1 x [Large OM] +
1.7 x fss x [SS] +1 x [FS] + 0.6 x [CM],
[Large X] = [Total X]?/20, [Total X] < 20,
[Large X] = [Total X], [Total X] > 20,
[Small X] = [Total X] — [Large X] ,

2
3
4

(
(
(
(5

)
)
)
)

where ammonium sulfate [(NH4)2S04] = 1.375[SO27];
ammonium nitrate [NH4NOgz] =1.29 nitrate [NO3 |; or-
ganic matter [OM] = 1.7 organic carbon [OC]; sea salt
[SS] = 1.8 chlorine [C17]; fine soil [FS] = 2.20 alu-
minum [Al] +2.49 silicone [Si] +1.94 titanium [Ti] +
1.63 calcium [Ca] + 2.42 iron [Fe]; coarse mass [CM] =
[PM;0] — [PM3 5]; and X = sulfates, nitrates, and OM
mass concentrations, respectively. The units of b,, and
bsp are given in Mm~!. Mass concentrations are given
in units of ug m™3. The large mode represents aged
particles, whereas the small mode represents freshly
formed particles. These size modes are described by
log-normal mass-size distributions with D, and geo-
metric standard deviations (og) of 0.2 pm and 2.2 pym
for the small mode and 0.5 ym and 1.5 um for the
large mode, respectively (Pitchford et al., 2007). RH
growth curves of fs, fr, and fgg of sulfates, nitrates,
and SS refer to the work of Pitchford et al. (2007),
which is suitable for application to the urban aerosol
in Guangzhou (Jung et al., 2009). In this study, RH
data was obtained from an inner RH detector inside
a nephelometer rather than an ambient RH detector
(i.e., precision reached 0.1%).

We excluded CM fraction for calculating b, be-
cause it made little contribution to bsp (Cheung et al.,
2005; Jung et al., 2009). As lack of elements of PMs 5,
we ignored contribution by FS fraction to bs,. Al-
though we ignored the CM and F'S fractions, the mea-
sured by, and b, significantly correlated with recon-
structed b, and bgp calculated using the IMPROVE
formula, respectively (see Figs. 5a, and b).

Strong correlations between measured by, and bgp
and reconstructed b,, and bsp, were found to have R?
= 0.95 and R? = 0.96, respectively. Furthermore, the
slopes between measured bap, bs, and reconstructed
bap, bsp were much closer to 1.0. Our results show that
the IMPROVE formula can reflect the atmospheric ex-
tinction coefficient in Guangzhou urban area, when the
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Fig. 5. Scatter plots of measured bap and bsp versus reconstructed b,p and bsp and b;p.

RH is <70%.
A revised IMPROVE formula was established for
the Guangzhou urban area during the summer period
by Jung et al. (2009). The localized parameterization
formula can be written as follows:
bgp =7.7x [EC],
bép =22 X fgx [Small (NH4)QSO4]+
3.24 x f1, x [Large (NHy)2SOy4] +
2.4 X fs x [Small NH4NO3] +
4.47 x f1, x [Large NH4NO3] +
2.8 x [Small OM] + 4.93 x [Large OM] +
1.7 x fsg x [SS] + 1 x [PMa 5 other] +
0.6 x [CM],

(6)

(7)

where [PMa 5 other] [PMy5] — 1.375[S027] —
1.29[NO3 ] — 1.7[0C] — [EC]. According to the mod-
ified by, and b, formula, the correlation coefficient
between the calculated b}, by, and measured bap, bsp
were slightly enhanced (see Figs. 6a and b). Com-
paring calculated by, and bf, with calculated b,, and
bsp, calculated by, and by, were distinctly underesti-
mated compared to the measured b,, and bs,. This
difference was apparently due to the mass scattering
efficiency of sulfate; nitrate and OM concentrations for
the large mode of fine particles were slightly lower than

y=1.38x-4.05 &

R’=0.95

(a)

100 200
Reconstructed b'ap (Mm™)

Measured

-

(Mm

those calculated using the IMPROVE formula. These
results prove that the IMPROVE formula and the lo-
calized parameterization of the modified IMPROVE
formula can reflect the real atmospheric extinction co-
efficients in Guangzhou urban area when RH is <70%.
To investigate the applicability of the IMPROVE
formula in the Guangzhou urban area under ambient
RH, we used the visibility data obtained using the
present weather detector (PWD). The visibility mea-
surement was converted into a beyy using a transfer
function (Eq. 8) defined with an accurate transmis-
someter (Vaisala MITRAS, wavelength 550 nm).
bext = 3000/ VIS , (8)
where bex; and VIS units in Mm ™! and km, respec-
tively. Because visibility can be reduced by natural
obstructions such as precipitation and RH >90%, we
excluded visibility hourly data during periods of rain-
fall.
The bext includes the contributions from bs, and
gases (bsg) as well as bap and gases (bag):

bext = bsp + bsg + bap + bag - (9)

Nitrogen dioxide (NOg) is pollutant gas in the at-
mosphere that can absorb visible light. Absorption by
NOg at a wavelength of 550 nm is computed using bag

)

1200

y=1.23x+15.26
R?*=0.97

&

Q

o 600

2

=

©

Py (b)
s 0

0 600 1200

Reconstructed b’sp (Mm™)

Fig. 6. Scatter plots of measured bap and bs, versus reconstructed b’,p and b;p.
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Fig. 7. Scatter plots of measured bext versus reconstructed bext and bl .

= 330x [NOy], where the units of b,e are Mm™! and
the units of NO2 are ppm. by, is Rayleigh scattering.
We excluded bsz because it contributed little to bex,
which can be calculated as follows:

bext = b, + bap + bag (10)
where bexy was calculated using the IMPROVE for-
mula and the revised local IMPROVE formula with
PM, 5 chemical species and ambient RH.

Comparing the measured beyxy from PWD with
calculated beyt from the IMPROVE formula and
calculated b, from the localized parameterization-
modified IMPROVE formula, the correlation coeffi-
cient between the measured beyxy and calculated bl
was slightly enhanced, but the slope of between the
measured beyxt and the calculated beyy was distinctly
close to 1.00 (see Figs. 7a and b). These results sug-
gest that the localized, parameterization-modified IM-
PROVE formula established by Jung et al. (2009) dur-
ing summer period underestimated real atmospheric
extinction coefficient in Guangzhou urban area during
the winter period.

The atmospheric extinction coefficient calculated
using the IMPROVE formula can reflect atmospheric
extinction coefficient when RH is <70%, and the IM-
PROVE formula can also reflect the real atmospheric
extinction coefficient in the Guangzhou urban area
during the winter period.

3.3 Source apportionment of light extinction
coefficients

Daily values of bext were calculated using the ITM-
PROVE formula (Fig. 8). During periods of mostly
sunny haze and overcast haze, the beyy maximum
values were 1328 Mm™! and 1454 Mm™!, respec-
tively. The dominant species for beys were (NHy)2SOy,
NH4NOgz, OM, and EC; in particular, (NH4)2SO4 and
NH,4NOj increase and their scattering efficiencies were
enhanced when RH was >40%.

Figure 9 show the relative contribution to bext

of atmospheric extinction compositions in different
weather conditions. In this analysis, (NHy)2SO4 made
the largest contribution to the beyxt, accounting for
35.0%, followed by NH4NOj3 (22.9%), OM (16.1%),

i

an1 Jan 8 Jan 15Jan 22Jan 29

b, load
precentage (%)

Fig. 8. Temporal variations of reconstructed bext and
bext load percentages during the winter period.
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Fig. 9. Reconstructed bext and bexs load percentages in
different weather conditions during the winter period.



NO. 2

EC (11.8%), SS (4.7%), and NO3 (9.6%) in all days.
Combined, (NH4)QSO4, NH4N03, OM, EC, and N02
contributed >90% to bey; during the winter period.
Although the sulfate concentrations were almost equal
during periods of mostly sunny haze and overcast haze,
its relative contribution to beyy was significant differ-
ent due to higher RH during the overcast haze pe-
riod that enhanced the scattering efficiency of sulfates.
While the relative contribution of OM to beyt during
periods of mostly sunny haze was significantly higher
than during periods of overcast haze, OM concentra-
tions may be associated with more secondary organic
aerosols produced by photochemical reaction.

4. Conclusions

From these intensive observations during January
2010, the characterizations of atmospheric visibil-
ity and its impact factors were determined for the
Guangzhou urban area. The measured b, and b, val-
ues were 79.34+47.5 Mm !, 469.3+279.4 Mm ! respec-
tively, during the winter period. The two different haze
periods showed a significant correlation with higher
PMs 5 concentrations and RH. When RH was <70%,
the measured b,, and by, had a significant correlation
(R?*>0.95) with reconstructed b,, and by, calculated
using the IMPROVE formula. The measured beyt had
good correlation (R2 >0.83) with calculated bext un-
der ambient RH conditions. Our results show that
the IMPROVE formula can reflect real atmospheric
extinction coefficient in the Guangzhou urban area
during the winter period. Using the IMPROVE for-
mula, (NH4)2SO4 was the largest contributor to bext,
accounting for 35.0%, followed by NH4NOs3 (22.9%),
OM (16.1%), EC (11.8%), SS (4.7%), and NO4 (9.6%).
Therefore, based on this investigation, to improve the
visibility in Guangzhou, urban environmental manage-
ment steps should be taken to effectively control sec-
ondary and carbonaceous aerosol particles.
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