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ABSTRACT

Water soluble ionic species in PM; 5 play an important role in the climate forcing,
heterogeneous chemistry, cloud formation as well as human health. In this study, the
data of both one hour and twenty-four hour water soluble ions were obtained. These two
types of data are important for interpreting the behaviors of ion species in the
atmosphere. Secondly, this study was conducted in the megacities of China which has
long been known for its severe air pollution caused by high concentrations of particulate
matter. In addition, there is limited knowledge on the distribution of aerosols in
suburban and/or rural areas and on the formation of secondary aerosols in China. Such
knowledge is essential for evaluating the impact of a megacity’s emission on regional air
quality and climate. Thus, this study is valuable and important for the more in-depth
understanding of the water soluble ion species as well as the current air pollution
situation in China.

The objectives of this study include the determination of the data accuracy and
quality of the recently developed Ambient lon Monitor (AIM). The field studies
document the present levels of the water soluble ion species at different parts of China.
This study also provides more in-depth analysis of the behaviors of ion species as well
as the formation of fine sulfate and nitrate in the atmosphere. The comparison of the
water soluble ion species in different parts of China was also made. Finally, the visibility

problem in China was demonstrated.



Data accuracy and quality of the AIM

Two kinds of comparison have been preformed to verify the AIM instrument.
The comparison of the AIM with another semi-continuous sulfate and nitrate
instruments showed an overall similar pattern. However, the AIM showed generally
smaller sulfate (AIM: 13.4 + 8.2ug/m® and APSM: 18.5 + 9.1ug/m®) and higher nitrate
concentrations (AIM: 3.4 + 2.0ug/m® and APNM: 3.0 + 1.7ug/m®). In addition, at the
days with high sulfate pollution plumes, the sulfate results were reversed. Secondly, the
comparison between the AIM and the filter analysis has shown that the two methods had
a good overall correlation for sulfate and nitrate, but showed discrepancies in absolute
concentrations. At low levels of sulfate and SO,, the AIM data agreed with the filter
result in Beijing (AIM = 0.97 x filter + 0.60, R* = 0.94). However, the AIM gave much
higher sulfate values at high SO, concentrations (in Shanghai). At high sulfate and

nitrate loading, on the other hand, the AIM gave a much smaller reading.

Analysis of the water soluble ion species collected from the AIM

The temporal and diurnal variations of the PM,s mass and water soluble ion
species collected in Beijing, Shanghai and Hong Kong were presented. Analysis of the
collected dataset suggested that meteorological and chemical factors contributed to the
high PM,s aerosol concentrations (Beijing: 79.3 + 65.4ug/m*, Shanghai: 59.7 +

47.4png/m®). The diurnal profiles of sulfate and nitrate were different at different places.

Analysis of the water soluble ion species collected from the filters

The water soluble ion species collected from the filters at four different places
(Shanghai, Beijing, Lanzhou and Guangzhou) were analyzed. In these four places, the
abundant of the PM,s mass were found to be similar (60 — 70ug/m®). The concentrations
of the water soluble ion species were found to be much higher than other countries such
as US. Sulfate, nitrate and ammonium were generally the major components of the water
soluble ions in these places. From the nitrate to sulfate ratio (<0.44 for all the sampling
sites), the results suggested that all the sampling locations were more affected by the
stationary sources such as factories over the mobile sources. The analysis of the sulfur

and nitrogen oxidation ratio suggested that Shanghai and Lanzhou experienced similar



degree of oxidation (SOR: ~0.2, NOR: ~0.1) while Beijing showed a bit higher (SOR:
~0.5, NOR: ~0.2).

Formation routes of sulfate and nitrate and visibility reduction in Beijing

25 — 67% of SO, were found to have been converted to sulfate in seven urban
pollution plumes examined in Beijing. An examination of SO, versus total sulfur under
different humidity conditions indicated that the conversion of SO, was most efficient
under humid conditions in Beijing, but not in Shanghai. The nitrate formation pathways
at four study sites were different. Lanzhou and Guangzhou were mainly through gas-
phase homogeneous reaction between ammonia and nitric acid, while Beijing and
Shanghai were through heterogeneous hydrolysis of N2Os.

In addition, the visibility problem in Beijing was very serious. Results suggested
that fine particulates (sulfate, nitrate and ammonium) were the major visibility reducing
aerosol components in the polluted atmosphere in Beijing. Furthermore, ammonium
sulfate and ammonium nitrate contributed to the high fraction of the light extinction,
especially during the episode days. This suggested that water soluble ions played a

significant role in the visibility impairment in the Beijing area.
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Section I: Introduction

Chapter 1: Aerosols and water soluble ion species in the atmosphere

1.1 Atmospheric aerosols

Aerosol is technically defined as a suspension of fine solid or liquid particles
in a gas. Atmospheric aerosols are generally considered to be the particles that range
in size from a few nanometers (hm) to tens of micrometers (um) in diameter
[Seinfeld and Pandis, 1998].

Atmospheric aerosols can be classified according to the sources or sizes.
Based on the sources, they can be classified as natural as well as anthropogenic
aerosols. Natural aerosols consist of: (1) products of sea spray evaporation; (2)
mineral dust wind-driven to the atmosphere; (3) volcanic aerosols; (4) particles of
biogenic origin; (5) smokes from biota burning on land; and (6) products of natural
gas-to-particle conversion whereas anthropogenic aerosols consist of (1) direct
industrial emissions of particles; and (2) products of gas-to-particle conversion
[Kondratyev et al., 2006]. Apart from the above classification, atmospheric aerosols
can also be divided into primary as well as secondary. Primary aerosols such as
elemental carbon are emitted directly as particles whereas secondary aerosols such
as sulfate (SO,%) and nitrate (NO3) are formed in the atmosphere by gas-to-particle
conversion processes [Seinfeld and Pandis, 1998].

According to their sizes, the aerosol particulates can be divided into total
suspended particulate (TSP), coarse particles (PMyg) and fine particles (PM,5s). TSP,
PMjo and PM25 can be defined as particles with aerodynamic diameter smaller than

100pm, 10pum and 2.5um, respectively [Wang et al., 2006; Zheng et al., 2005].
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Besides, atmospheric aerosol particles consist of numerous kinds of species.
It contains both organic and inorganic fractions. Organic aerosols such as aldehydes,
polycyclic aromatic hydrocarbons (PAHSs) contribute only small fraction of the
aerosol particles while the majority of them are made up of inorganic fractions such

as sulfate, nitrate.

1.2 Atmospheric water soluble ion species

Water soluble ion species are a group of inorganic species which contribute
to large fraction of atmospheric aerosols. They include many species such as sulfate,
nitrate, ammonium (NH;"), sodium (Na®), chloride (CI). They consist of both
primary (e.g. Na" and CI" from sea salt) as well as secondary (e.g. NH;" and NO3’

from gas to particle conversion) origin.
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Chapter 2: Importance of atmospheric aerosols and water soluble
ion species
2.1 Importance of atmospheric aerosols

Aerosol particles play an important role in both physical and chemical
processes in the atmosphere such as climate forcing, heterogeneous chemistry and
cloud formation. They have also been proposed as a major factor in producing

adverse human health effects. In the following section, the effects of aerosol

particles to the atmosphere and the human beings are presented.

Effects on clouds, climate , and ozone

Cloud formations as well as cloud properties are substantially influenced by
the physical and chemical characteristics of the aerosols present in the air. In reverse,
clouds could also modify the preexisting aerosols by removal and/or by aqueous
reactions.

Since cloud condensation nuclei (CCN) and ice nuclei (IN) impart initial
cloud characteristics, and consequently influence the evolution of clouds, the CCN
will be able to influence climatic changes, especially through the cloud albedo.
Moreover, the continental anthropogenic aerosol may also influence maritime clouds.
Nitrate and sulfate concentrations in oceans are increasing, probably via transport of
continental particulate air pollutants. The anthropogenic CCN significantly affect
clouds and modify the greenhouse effect, forcing increased concentrations of CO..
Furthermore, the particle size, chemical composition, and reactivity of emitted

anthropogenic aerosols substantially influence the optical properties of the global
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atmosphere. Increasing concentrations of a number of atmospheric chemicals,
including aerosols, lead to concern about the possibility of the resulting climatic
changes. They also affect the environment by degrading visibility and affecting
regional and global climate [Drewnick, 2003; Jeong et al., 2004; Park et al., 2005].

Another role played by aerosol chemistry involves atmospheric chemical
reactions. For example, organosulfur species are oxidized in the marine atmosphere
and form CCN.

In addition, the study of the role of aerosols in stratospheric ozone
photochemistry has shown that heterogeneous reactions on aerosols can play a
significant role in ozone depletion mechanisms. In the stratosphere, low temperature
reactions on nitric acid trinydrate, on water ice particles, or on particles consisting of
ternary supercooled solutions of sulfuric acid, nitric acid, and water, lead to rapid
conversion of HCI and CIONO; species into active chlorine species (Cl, CIO, Cl,0,),
which act catalytically to rapidly destroy ozone [Crutzen, 1996; Dentener et al.,

1996; Spurny, 2000].

Health effects of fine atmospheric aerosols

Many previous studies suggested that both physical (particle size, shape,
surface, and biopersistence) and chemical (solved and leached toxic chemicals, and
surface catalytic reactions) properties of fine particulate fractions are involved in
several health effects.

1. Air particulate epidemiology
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Many epidemiological studies have shown a strong correlation between
increased PM concentrations and increased morbidity, mortality as well as
respiratory symptoms. For instance, Dockery et al. (1993) examined particulate air
pollutant concentrations in relation to health statistics and concluded that elevated
fine-particle matter concentrations are associated with increased mortality and
morbidity in the general population, and especially in vulnerable children and
elderly people. Figure 2.1 summarized the results of such investigation. The ambient
air concentrations of fine particulates correlated well with excess mortalities of six
US cities. However, the mechanisms responsible for the observed increases in
mortality and morbidity were virtually unknown [Dockery et al., 1993; Spurny,
2000].

Figure 2.1. Estimated adjusted mortality rate ratios and pollution levels (PM;s) in

six US cities: Portage, WI (P); Topeka, KS (T); Watertown, MA (W); St. Louis, OH
(L); Harrison, TN (H); and Steutenville, OH (S) [Dockery et al., 1993].
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2. Toxicology of fine particulates

Some previous epidemiological studies have shown that physical and
chemical properties of single particles are involved in the toxic, genotoxic, and
carcinogenic health effects of inhaled atmospheric particulates. Particle size, shape,
electric charge, particulate surface, and solubility are the most important physical
parameters that have been correlated with the observed toxic effects. These
parameters also influence substantially the particle lung deposition and lung
clearance rates. Some reports have shown that the impacts of fine particles (PM;s or
less) on human health are greater than the impacts of large particles because small
particles can be inhaled deep into the unciliated and alveolar sections of the lungs
[Pathak et al., 2003]. Fine and very fine particles penetrate into the deep lung
compartments, and their deposited fraction depends strongly on particle diameter
and breathing rates. Furthermore, the electric charge of fine particles enhances
airway deposition. Similarly, particle clearance in the lung depends on the particle
size. The hypothesis that fine and very fine particles, when inhaled, can be very
toxic to the lung is therefore supported by their high deposition efficiency in the
lower respiratory tract, by slow clearance rates, by their large numbers per unit mass,
and by the increased surface areas available for interactions with cells [Cheng and
Swift, 1995; Cohen et al., 1996; Ferin et al., 1990; Oberddrster et al., 1995; Seaton et

al., 1995; Spurny, 2000].
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2.2 Importance of water soluble ion species in the atmosphere

As fine aerosols have greater impact to the human beings, more focus has
been put on the fine particulate matters (PM;s) recently. Since PM,5 is complex
mixture of chemical species, we firstly need to know the chemical compositions of
PMs. The speciation studies for PM; s have shown that sulfate, nitrate, ammonium,
organic carbon (OC) and elemental carbon (EC) are the major components of PM; 5
in the atmosphere [Lin, 2002]. Figure 2.2 showed one of the speciation results of
aerosols in southern California. Sulfate, nitrate, ammonium and black carbon have
already accounted for about 50% of the total PM,s and about one-third was come
from the organic components [McMurry et al., 2004].

Figure 2.2. Speciation results of aerosols in southern California.

PM, 5 Organics
421 pg/m®  13.9 ug/m?
100% =1
80% = COMPOUNDS # ng/m°
Other 14 b
PAHs 14 12
Diterpenoid Acids 8 32
B60% = Aromatic Polycarboxylic Acids 7 92
Aliphatic Dicarboxylid Acids 10 200
N-Alkenoic Acids i1 24
Sulfate N-Alkanoic Acids 22 256
N-Alkanes 12 54
40% =
20% =
0%

Among these components, volatile inorganic species, such as nitrate, chloride
and ammonium, are of great concern in urban and regional air pollution problems

because aerosol acidity and its impact on environmental acidification are
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predominantly controlled by these species, together with sulfate [Ueda et al., 2000].
Due to their abundance, water soluble ion species in PM;5 play a central role in
affecting the earth’s radiation balance directly by scattering and absorbing incoming
solar radiation, and indirectly via their effects on cloud properties [Hillamo et al.,
1998]. Therefore, understanding the composition, variation, sources, and the
formation of secondary ionic species, with an emphasis on sulfate and nitrate, have
been the key issue and hence the urgency in the study on air quality and its control

policy [Wang et al., 2005].
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Chapter 3: Review on the water soluble ion species in the

atmosphere

In order to know the importance of this study in comparison with the
previous ones, we need to have a complete picture on the current knowledge of these
species. In this chapter, 1 will review the water soluble ion species in the atmosphere
in different aspects such as the sources, ambient levels, the formation mechanisms
based on the previous studies.

Water soluble ions contain numerous kinds of species. Some of them are in
greater abundance such as sulfate, nitrate, ammonium, whereas some of them are in
trace amount such as oxalate (C,0,%), acetate (CH;COO’), dihydrogen phosphate
(H2POy). In this study, thirteen ions were determined totally as these ions have
greater effect to the climate change as well as human beings due to the greater
abundance in comparison with the others. Six cations, namely sodium (Na),
potassium (K"), calcium (Ca?"), magnesium (Mg"), ammonium (NH,"), and lithium
(Li*) as well as seven anions, namely fluoride (F), chloride (CI), sulfate (SO4),
nitrate (NO5’), bromide (Br), nitrite (NO"), and phosphate (PO4>) were determined
in this study. Therefore, | will focus on the above selected ion species in this review

section.

3.1 Sources of water soluble ionic species and their precursor gases
In order to improve visibility, reduce ecological damage as well as protect
human health, we need to control the particulate matter concentrations. Knowing the

sources of the pollutants are the first important step because it can provide us more
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information on their origin and in turn understand the formation mechanisms of
secondary pollutants such as sulfate, nitrate. Finally, it can help in establishing any
control policy to reduce the pollution problems.

Different water soluble ions have different sources. Moreover, each ion can
have various sources and have both natural and anthropogenic origin. For example,
part of the Na" and CI" come from ocean and can regard as natural source, while
industrial activities emit Ca®" and can regard as anthropogenic source. The summary
of the sources of cations and anions are illustrated in Tables 3.1 and 3.2, respectively.

Table 3.1. Sources of water soluble cation species.
lon species Sources
Magnesium Soil

Calcium Soil

Vehicle exhaust

Industrial activity

Building material

Soil

Ocean

Vegetation

Biomass burning

Incinerator emission

Soil

Ocean

Vehicle exhaust

Fertilizer from the agricultural area

By the reaction of NH3 vapors with acidic gases such as

H2SO4, HNO3, HCI

3. Reaction or condensation of NH3 vapor on an acidic particle
surface of anthropogenic origin

4. By the reaction of NHj gas on sulfate or nitrate enriched sea
salt and/or soil particle when excess NH3 gas was available

5. From salts of carbonic acid such as (NH,4),CO3;, NH;NO3 and
salts of organic acids via CH3COONH, or HCOONH,. These
may be formed by the reaction of NH3 gas with aqueous
aerosols

Potassium

Sodium

Ammonium

NElwh PR WN PR WONRIE

P.10



Table 3.2. Sources of water soluble anion species.

lon species Sources
Chloride 1. Ocean
2. Biomass burning
3. Combustion process
Fluoride 1. Industrial activity such as brick kiln, lime pulverization unit
Bromide 1. Ocean
2. Biogenic
Sulfate 1. Ocean
2. Biomass burning
3. Combustion process
4. By droplet-phase oxidation of SO in cloud
5. SO, or H,SO, react with aqueous carbonates such as
dissolved CaCO3, MgCOj3 on soil particles
6. H,SO, gas can condense on sea-salt particles and react with
NaCl
Nitrate 1. Combustion process
2. By the reaction of HNOj3 with sea-salt particles
3. HNOg3 reacts with aqueous carbonates such as dissolved
CaCOs3, MgCO;3 on soil particles
2HNO3(g) + CaCOs3(s) = Ca(NO3),(s) + H,O + CO,(q)

[Cheng et al., 2000; Erduran and Tuncel, 2001; McMurry et al., 2004; Mouli, et al.,
2003; Zhuang et al., 1999]

As water soluble ion species such as sulfate, nitrate, ammonium are mainly
secondary in origin, most of these are formed in the atmosphere by gas to particle
conversion from the primary emissions of gaseous sulfur dioxide (SO,), nitrogen
oxide (NOy), and ammonia (NHs). Therefore, knowing the sources of the precursor
gases are also helpful and important for studying water soluble ion species in the

atmosphere. Table 3.3 summarized the sources of SO,, NOy, and NH3 gases.
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Table 3.3. Sources of SO,, NOy, and NH3 gases.

Gases Sources

Ammonia Fertilizer from the agricultural area
Livestock

Ammonia-based chemical fertilizer
Human beings

Sewage treatment plant

Catalytic converter equipped vehicle

Sulfur dioxide
Power station
Fuel combustion
Marine vessel
Vehicle

Combustion of sulfur-containing fossil fuel

Nitrogen oxides Combustion process
Power station

Motor vehicle e.g. diesel vehicle

e e E  al ESL LN o A

[Air Services Group, 2003 Bari et al., 2003; Erduran and Tuncel, 2001]

3.2 Ambient levels of water soluble ion species

After reviewing the sources of the ion species in the atmosphere, | will give a

comprehensive review on the ambient concentrations of the ionic species conducted

from different areas. This kind of summary can give us information on the

concentrations in different types of environment (e.g. urban, rural) as well as in

different countries (e.g. China, United States) so that comparisons can be made

between our measurement results and others from different geographical locations in

future. In addition, it can also give us an idea on the seriousness of the pollution

problems in this study. The location and the time for conducting the measurement

and the concentrations of cations and anions are summarized in Tables 3.4 and 3.5,

respectively.
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Table 3.4. Summary of the ambient concentrations of cations.

Location Period NH," Ca”’ Na* K* Mg Reference
Leipzig _ -- -- Miiller
(Germany) Jan93-DecdS | 549491 11+07 (1999)
(Gl\gsrlr?alltlzy) Jan93-Dec95 |, g4 06+04 I(\ggg)r
Cape D’Aguilar Apr 95 — Apr 96 0.073-4.96 0.09-7.42 0.98-32.67 | 0.075-2.78 0.13-4.45 Cheng et al.
(China) P P 1.08+1.10 | 091+091 | 11.13+7.98 | 078+060 | 1.38+1.02 (2000)
Kug(%ﬁ(zl}gcak Aug 95 — Apr 96 g(l)g ; 613(;3 Erdura(nzggti)Tuncel
Veszprém - - -- -- -- Krivacsy and Molnar
(Hungary) Sept95 - Aug 96 4.162 0.355 0.218 1572 0.036 (1998)
The Hong Kong
University of Science 0.005-0.880 | 0.207 — 2.328 Zhuang et al.
and Technology Jul 97 - Dec 97 -- -- (1999)
(China)

Thessaloniki Jul 97 — Jul 98 0.49 -7.58 0.07 - 3.27 0.10-3.097 | 0.19-2.619 0.03-0.23 Tsitouridou et al.
(Greece) 2.67+1.61 1.10+0.72 | 0.639+0.567 | 0.719+0.593 | 0.11+0.04 (2003)
Shanghai 1.60-11.99 0.12-2.06 0.19-0.88 0.24-6.09 0.00-0.59 Yeetal.

(China) Mar 99 — Mar 00 5.67 0.54 0.45 1.66 0.19 (2003)
Shanghai Mav 99 — Mar 00 151-12.44 0.15-1.35 0.00-1.13 0.27-9.82 -- Yeetal.
(China) y 6.07 0.55 0.49 1.98 0.19 (2003)
(BCe}‘I]jl:qnag) Jul 99 — Sept 00 1.1;221.9 0.20771.5 BDla; 3.2 0.62728.1 BDI(_).; 0.8 Yc’(:lé')o%tZE;.L
Beijing 3 1.2-23.6 0.3-0.9 BDL-1.9 21-36 BDL-1.1 Yao et al.
(China) Jul 99 - Sept 00 6.5 0.8 0.7 2.2 0.4 (2002)
Fukue Island - - Hayami
(Japan) Mar 00 — Apr 02 25 1.07 (2005)
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Table 3.4. Summary of the ambient concentrations of cations. (Continued)

Location Period NH," [ Na* K* Mg Reference
Tsuen Wan -- -- -- Louie et al.
(China) Nov00-OctOL | o9 45 45 040+029 | 0.49+0.48 (2005)

Tirupati Apr 01 — Sept 01 0.410-1.195 | 0.230-0.572 | 0.401-1.147 | 0.125-0.323 | 0.011 - 0.072 Mouli et al.
(South India) P P 0.770 £ 0.240 | 0.382 £ 0.099 | 0.751 + 0.239 | 0.215 + 0.061 | 0.045 + 0.020 (2003)
Beijing 01— 03 - - -- -- - Wang et al.
(China) 8.72 £ 7.66 1.63 +1.90 0.55+0.54 1.55+1.63 0.17+0.16 (2005)
Note: The first row represents the concentration range of respective ion.

The second row represents the mean and the standard derivation of respective ion.

Unit: pg/m®

Li" is omitted in the table due to the absent in the ambient samples.
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Table 3.5. Summary of the ambient concentrations of anions.

Location Period NOs S0~ CI NO, PO, Reference
Leipzig B -- -- Miiller
(Germany) | JAN93-DecI | 54,54 9.1+7.4 (1999)
Melpitz -- -- Miiller
(Germany) | JAN93-DecH | 54,55 77459 (1999)
Cape D’Aguilar 0.20-15.70 | 1.40-34.67 | 0.19-52.39 Cheng et al.
(China) APrOS—APrI® | )51 4+322 | 10.77+6.94 | 16.80 + 13.19 (2000)
Kicuk Calticak AuG 95 — Apr 96 0.09-8.94 0.25-125 0.09 -58.3 Erduran and Tuncel
(Turkey) g P 228+1.77 | 235+201 | 4.30+6.94 (2001)
Veszprém B - -- -- Krivacsy and Molnar
(Hungary) | SPPYOS—AUGI6 | 555 7.267 1577 (1998)
The Hong Kong
University of
Science and Jul 97 — Dec 97 0.659 — 3.263 | 0.248 — 2.973 | 0.132 — 2.225 Zhu(igg;)t al.
Technology
(China)
Thessaloniki Jul 97 — Jul 98 0.87 - 6.66 1.10-10.76 0.20-2.45 Tsitouridou et al.
(Greece) 2.81+138 | 480+2.06 | 0.87+053 (2003)
Bronx .
’ 0.04 - 4.96 Bari et al.
New York Jan 99 — Nov 00
(US) 0.9 +4.96 (2003)
Manhattan .
’ 0.07-6.08 Bari et al.
Ne\(/vU\S{)ork Jan 99 — Nov 00 108 + 096 (2003)
Shanghai 0.40-18.20 | 5.68 -28.74 0.01-5.99 Yeetal.
(China) Mar 99 - Mar 00 5.77 13.48 1.45 (2003)
Shanghai 0.50-16.6 | 3.30-29.95 | 0.00-6.90 Ye etal.
(China) | May99-Mar00 | ¢ 4, 14.56 181 (2003)
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Table 3.5. Summary of the ambient concentrations of anions. (Continued)

Location Period NO; SO~ CI F NO, PO, Reference
Beijing B 1.6-54.0 3.9-62.4 0.1-93 Yao et al.
(China) Jul 99 - Sept 00 10.3 18.4 16 (2002)
Beijing 3 2.2-49.6 4.0-55.7 01-9.2 Yao etal.
(China) Jul 99 - Sept 00 9.9 16.9 18 (2002)

Fukue Island - -- Hayami
(Japan) Mar 00 — Apr 02 4.16 6.93 (2005)
Tsuen Wan - -- -- Louie et al.
(China) | NOv00—-OctOL | 159,161 | 909+513 | 0.14+0.36 (2005)

Tirupati Abr 01 — Sept 01 0.197-1.512 | 1.322-3.571 | 0.145-0.333 | 0.013-0.030 Mouli et al.

(South India) P P 0.843 +0.432 | 2.485 + 0.761 | 0.232 + 0.053 | 0.020 + 0.005 (2003)
Beijing 01-03 - -- -- -- - - Wang et al.
(China) 1152 +£11.37 | 17.07 £16.52 | 3.07 +3.13 0.29 +0.31 0.41 +0.51 0.26 + 0.29 (2005)
Baltimore 0.10-13.9 Park et al.
(US) Feb02-Nov02 | 777,16 (2005)
Rochester, _ Jeong et al
New York Jun 02 '
(US) 34+32 (2004)
Philadelphia, _ Jeong et al
Penrésdlé\)/ama Jul 02 — Aug 02 85+89 (2004)
Note: The first row represents the concentration range of respective ion.

The second row represents the mean and the standard derivation of respective ion.

Unit: pg/m®

Br is omitted in the table due to the absent in the ambient samples.
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Generally speaking, sulfate, nitrate and ammonium are the major
components of water soluble ion species according to Tables 3.4 and 3.5. lons
such as potassium, calcium, chloride contain only trace amounts (about several
ng/m?), however, ions such as lithium, bromide usually do not exist or exist in
very tiny amount in the atmosphere.

In addition, the concentrations of water soluble ion species in China are
much higher than in other countries such as US, Japan. China usually has several
folds of ion concentrations in comparison with other clean countries (e.g. US).
The previous studies indicated the seriousness of the air pollution problems and

the urgency for improving the air quality in China.

3.3 Diurnal profiles of sulfate and nitrate

The determination of the diurnal profiles of water soluble ion species is
impossible in the past because of the much longer sampling time of filters. With
the development of semi-continuous ion instruments in the recent year, the
diurnal profiles of water soluble ions have been reported. In this section, I will

review the diurnal profiles of sulfate and nitrate that have done previously.

3.3.1 Diurnal profile of sulfate

Wittig et al. (2004) conducted the measurement of the diurnal profiles of
sulfate in Pittsburgh, US for July, October 2001 and January, March 2002. The
result is shown in Figure 3.1. During the summer months, the profiles exhibited a
characteristics diurnal pattern, with maximum sulfate observed a couple hours
before sunset. In fall, winter, and spring, the profiles on average did not exhibit a

diurnal pattern. This is because sulfate is formed via gas phase OH radical
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oxidation of SO, and OH radical is principally formed during daytime, tracking
the changes in solar actinic flux. Thus, a diurnal pattern was more likely to be
observed during summer months due to the increased in photochemical activity
[Rattigan et al., 2006].

Figure 3.1. Average diurnal PM; s sulfate profiles for July 2001, October 2001,
January 2002, and March 2002.
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Rattigan et al. (2006) also reported the diurnal profile of sulfate at South
Bronx in US. The result for the South Bronx is shown in Figure 3.2. As shown in
the figure, the median sulfate concentration did not show a pronounced diurnal
pattern, whereas the mean, 25" and 75" percentiles exhibited a rise in
concentrations centering around 12 — 2pm. Rattigan et al. (2006) explained that
there was a large and variable background regional sulfate signal in the
northeastern US. This together with the changing meteorology made it difficult

to observe a strong sulfate diurnal within the overall pattern.

P.18



Figure 3.2. Average diurnal sulfate for August 2004, at the South Bronx site
(box) along with the median (horizontal bar), and 25" and 75" percentiles
(whiskers). The right axis indicates the mean SO, concentration (circle) and
temperature (cross).
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3.3.2 Diurnal profile of nitrate

The diurnal profiles of nitrate for July, October 2001 and January, March
2002 reported by Wittig et al. (2004) in Pittsburgh, US is shown in Figure 3.3.
The profiles exhibited a strong diurnal pattern, with the maximum nitrate
observed in the early morning a little before sunrise and minimum nitrate
observed a couple hours before sunset. The time of the maximum and minimum
nitrate shifted on a seasonal basis, consistent with the changes in the ultraviolet
radiation and temperature. The magnitudes of the maximum and minimum
nitrate also changed on a seasonal basis and were greatest during the winter
months. The minimum PM, s nitrate concentration during the winter months was
non-zero and correlated with low ambient temperature measured at Pittsburgh

Air Quality Study.
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Figure 3.3. Average diurnal PM;s nitrate monthly profiles for July 2001,
October 2001, January 2002, and March 2002.
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Figure 3.4 showed the average diurnal nitrate concentrations along with
the median, 25" and 75" percentiles at the South Bronx in August 2003. Peak
nitrate concentrations were observed in the morning hours, 7 — 10am, followed
by a decline in the afternoon, and a subsequent rise later in the day. Rattigan et al.
(2006) suggested that the morning NOy pulse contributed to the nitrate peak.
During elevated temperatures NH;NOs;, however, undergone thermal
decomposition, shifting nitrate into nitric acid. Variations in the boundary layer
height in response to temperature changes, also likely contributed to some of the
observed concentration variations. Therefore, nitrate concentrations declined in
the late morning and remained low until after 6pm reaching a plateau around

11pm.
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Figure 3.4. Average diurnal nitrate at the South Bronx for August 2003 (box)
along with the median (horizontal bar), 25™ and 75" percentiles (whiskers). The
right axis indicates the mean NOy concentration (circle) and temperature

(cross).
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3.4 Fundamental mechanism of gas to particle conversion and its
importance

Some water soluble ion species such as sulfate, nitrate are mainly
secondary in origin, only trace amount of them are emitted directly from sources.
In fact, most of these species are formed by the gas to particle conversion. Thus,
knowing gas to particle conversion is important for studying water soluble ion
species, especially for sulfate and nitrate. In this section, | will briefly introduce
the fundamental mechanism of the gas to particle conversion as well as its
importance in the atmosphere.

Trace gases such as SO, and NOy are continuously injected into the
atmosphere. Part of these gases are removed by dry deposition, however, some of
them will change from the gas phase into the particulate phase. Gases that are

condensable and supersaturated can change via chemical reactions in air to form
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products of low vapor pressure. A mass transfer is then taking place from the gas
phase into the particulate phase. We often refer this process as gas to particle
conversion [Foltescu et al., 1996; Juozaitis et al., 1996].

Gas to particle conversion can be linked to photochemical processes
because large fraction of the suspended materials in secondary aerosols are
derived from atmospheric photochemical reactions of reactive gases, including
SO,, NOy, and organic vapors [Foltescu et al., 1996]. Moreover, the formation of
aerosols is affected by the presence of condensable vapors as well as the
characteristics of the pre-existing particles. The formation of aerosol particles by
gas to particle conversion can take place through several different mechanisms,
including (1) Reaction of gases to form low vapor pressure products, (2) One- or
multi-component (in the atmosphere generally with water vapor) nucleation of
those low pressure vapors, (3) Vapor condensation onto surfaces of preexisting
particles, (4) Reaction of gases at the surfaces of existing particles, and (5)
Chemical reactions within the particles. Step 1, 4 and 5 affect the compositions
of both vapor and liquid phases. Step 2 initiates the actual phase transition and
increases aerosol particle number concentration, while step 3 increases aerosol
mass [Hameri et. al, 1996; Spurny, 2000].

Broadly speaking, gas to particle conversion may result from
homogeneous gas-phase processes or it may be controlled by processes in the
particulate phase. Gas-phase processes, either physical or chemical, can produce
a supersaturated state which then collapses by aerosol formation. Physical
processes producing supersaturation include adiabatic expansion or conductive
cooling. Gas-phase chemical reactions such as the oxidation of SO, to sulfuric

acid in the atmosphere also generate condensable products.
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Once a condensable species has been formed in the gas phase, the system
Is in a non-equilibrium state. It may pass towards equilibrium by the generation
of new particles (homogeneous nucleation) or by condensation on existing
particles (heterogeneous nucleation). If all collisions among condensable
molecules are effective, the process resembles aerosol coagulation. However, in
certain important cases, small molecular clusters are unstable, an energy barrier
must be surmounted before stable nuclei can form. Heterogeneous condensation
may be limited by gas-phase transport processes or by chemical reactions in the
aerosol particles. Measurements of the change in the size distribution function
with time can be used to determine the form of particle growth laws. Inferences
can then be drawn concerning the mechanism of growth. Homogeneous and
heterogeneous condensation can occur in the same parcel of gas either
sequentially or simultaneously. In the flow systems, this can lead to sustained

oscillations in particle number density.

Homogeneous nucleation

The below experiments carried out by Wilson at the end of the nineteenth
century has illustrated the homogeneous nucleation. He conducted the cloud
chamber experiments to demonstrate the nature of the condensation process at
various saturation ratios with and without foreign particles. The air in a chamber
is first saturated with water vapor. By rapid expansion of the chamber contents,
both pressure and temperature fell, carrying the system into a supersaturated state.
At first, condensation took place on small particles initially present in the air. By
repeatedly expanding the chamber contents and allowing the drops to settle, the

vapor-air mixture could be cleared of these particles.
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With the clean system, no aerosol formed unless the expansion exceeded
a limit corresponding to a saturation ratio of about four. At this critical value, a
shower of drops formed and fell. The number of drops in the shower remained
about the same no matter how often the expansion process is repeated, indicating
that these condensation nuclei are regenerated.

Further experiments showed a second critical expansion ratio
corresponding to a saturation ratio of about eight. At higher saturation ratios,
dense clouds of fine drops formed, the number increasing with the
supersaturation. The number of drops produced between the two critical values
of the saturation ratio was small in comparison with the number above the
second limit.

Wilson suggested that the nuclei that act between the critical saturation
limits were air ions normally present in a concentration of about 1000/cm®. We
know now that this result largely from cosmic rays and the decay of radioactive
gases emitted by the soil. Wilson supported this interpretation by inducing
condensation at saturation ratios between the saturation limits by exposing the
chamber to x rays that produced large numbers of air ions. Wilson proposed that
the vapor molecules themselves served as condensation nuclei when the second
limit is exceeded, leading to the formation of very high concentrations of very
small particles. The original experiments were carried out with water vapor.
Similar results were found with other condensable vapors, but the value of the

critical saturation ratio changed with the nature of the vapor.
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Heterogeneous condensation

When high concentrations of particles are present and the supersaturation
is low, condensation takes place on the existing particles without formation of
new nuclei. We call this process heterogeneous condensation. Cloud droplet
formation in the atmosphere takes place in this way because supersaturations are
usually less than a few percent and the concentrations of the particles are high

[Friedlander, 2000].

Importance of gas to particle formation

Gas to particle conversion is a ubiquitous process in the atmosphere. The
formation and growth of aerosol particles in the presence of condensable vapors
change the dynamics of an aerosol population. This kind of conversion also
determines the size and composition of particles from the polluted urban
atmosphere to the remote marine boundary layer. Understanding the detailed
chemistry and physics of atmospheric gas to particle conversion allows us to
predict the effects of primary gaseous and particulate emissions that changes on
airborne particulate matter in the urban and regional setting as well as the effects
of sulfur and other species on the generation of cloud condensation nuclei in the
remote atmosphere. Furthermore, the physical and chemical aspects of aerosol
dynamics are very closely coupled. For example, the size distributions of the
aerosols are governed partially by particle compositions. In short, chemical
reactions determine particle compositions and modify their dynamics
significantly, while the number, size and composition of aerosol particles

determine conditions for heterogeneous and liquid-phase chemical reactions.
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Thus, the study of the gas to particle formation is important [Hameri et. al, 1996;

Spurny, 2000].

3.5 Possible routes for the formation of sulfate and nitrate

To investigate the formation mechanisms of secondary aerosols, we
firstly need to know the possible routes for the formation of secondary aerosols.
In this section, | will review the formation of secondary pollutants — sulfate and

nitrate in the atmosphere.

3.5.1 Formation of sulfate

The formation of sulfate includes gas and aqueous phase reactions as well
as heterogeneous reactions occurring on the surface of soot aerosols. Figure 3.5
showed the schematic diagram for the formation of sulfate in the atmosphere.

Figure 3.5. Schematic of the three pathways (Reaction in the gas, cloud and
condensed phases) for the formation of sulfate in the atmosphere [McMurry et
al., 2004].
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Gas phase reaction

Although there are many possible reactions for the oxidation of ground
state SO, in the gas phase, the only process which is efficient enough is the

reaction of SO, with the OH radical [Hameri et al., 1996]. This gas phase
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oxidation tends to be slow. In the absence of catalysis or highly reactive species
(OH-, HO,-, RO,-, O3), the reaction does not occur at a significant rate. The gas-
phase oxidation of SO, leads to the formation of sulfuric acid as shown from the
following equation which, due to its low vapor pressure, is subsequently
transported to the aerosol phase.
OH- + SO, + (H20 + Oy) = H,S04 + HO,-

Kulmala et al. [1995] stated that the rate determining reaction for the
oxidation of ground state SO, in the gas phase is the reaction of SO, with the OH
radical. According to Luria and Sievering [1991], the gas-phase oxidation

pathway dominates sulfate formation for summer daytime conditions.

Aqueous phase reaction

A large fraction of SO, is converted by aqueous phase reaction as shown

below [Khoder, 2002].
SO, + H,0 = H,S0;3

Aqueous reactions leading to the formation of H,SO, can proceed in
droplets of clouds, fog and rain as well as in deliquescent aerosol droplets at high
relative humidities and in surface films on “wet” aerosol particles [Foltescu et al.,
1996]. The reaction within water drops is relatively fast and is catalyzed by the
presence of certain trace compounds, provided that the pH is above 5. At higher
pH, the oxidation occurs at a significant rate even without the presence of
catalysts. Major aqueous sulfate formation mechanisms include the reactions of
dissolved SO, with H,0,, O3 and O, (catalyzed by Mn?* and Fe**) as shown in
the following equations.

S (IV) + % O, + Mn?* or Fe** > S (VI)
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S (IV) + H,0, > S (VI) + H,0
S(V)+ 03> S (VD) +0,

Atmospheric sulfate production is dominated by aqueous-phase pathways
at night. Moreover, the contribution of the aqueous-phase reaction of SO, with
0, depends strongly on Fe** and Mn*" concentrations and on the liquid water
content of aerosols which, in turn, is dependent on the relative humidity and the
background concentrations of sulfate, nitrate and ammonia. The aqueous reaction
of SO, with H,O, becomes important only at low temperatures when the
solubility of these gases is relatively high. The aqueous-phase oxidation of SO,
by O3z and other oxidants such as PAN, HNO, are not important for aerosols
because atmospheric aerosols are generally too acidic for these reactions which
become significant only at relatively high pH. However, Sievering et al. [1994]
suggested that Os-oxidation of SO, to SO4* in aerosol water is an important
contributor to the high sulfate concentrations observed in the coarse mode due to

the relatively high concentrations of SO, and Os.

Heterogeneous reaction

Oxidation of SO, may occur in a thin film of water on surface of the
solids in the air, making both solid surfaces and atmospheric water content
important for oxidation. There can also be photochemically induced oxidation
processes that may be taking place on surfaces of particulate [Saxena and

Seigneur, 1987; Sharma et al., 2003].
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Relative importance of different sulfate formation mechanisms

Middleton et al. [1980] theoretically investigated the relative
contributions of different pathways to overall sulfate formation. Their
calculations showed that under daytime conditions, the gas-phase formation of
H,SO, and its subsequent condensation on aerosols and aqueous-phase oxidation
of SO, by H,O, were the principal mechanisms for the atmospheric sulfate
formation. They also found that sulfate formation at night was dominated by
agueous-phase mechanism and was generally lower than the daytime sulfate

formation.

3.5.2 Formation of nitrate

Nitrates are formed from the oxidation of NO and NO, (NOy) either
during the daytime (reaction with OH radical) or during the night (reactions with
ozone and water) [Wayne et al., 1991]. Nitric acid is continuously transferred
between the gas and the condensed phases (condensation and evaporation) in the
atmosphere. It naturally prefers the gas phase (when left alone), but reactions
with gas-phase NHs, sea salt, and dust result in its transfer to the condensed
phase [McMurry et al., 2004; Seinfeld and Pandis, 1998]. Figure 3.6 showed the

schematic diagram for the formation of nitrate in the atmosphere.
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Figure 3.6. Schematic diagram for the formation of HNO; and particulate NO3
in the atmosphere [McMurry et al., 2004].
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heterogeneous reactions of gaseous NO3; and N,Os on the wet surface of sulfate
particles. The process that results in the generation of fine nitrate particles is the
reaction of gaseous nitric acid with gaseous ammonia. This reaction is important
only when NH," is in excessive in comparison with SO,* in the particles.

NHs(g) + HNO3(g) = NH4NOs(s)

The reactions in which HNOs is replaced by water-soluble particulate
formate, acetate and oxalate are also important for the formation of fine nitrate
particles.

(NH4)2C204(s) + 2HNOs5(g) = 2NHsNOs(s) + CoH,04(g)

The formation of aerosol NH4;NO3 is favored by the availability of NHj,
low temperature, and high relative humidity. The resulting NH4NOj3 is usually in
the sub-micrometer particle range [McMurry et al., 2004].

Coarse nitrate particles can be produced by the reactions of gaseous nitric
acid with mineral aerosols and/or with sea (or lake) salt aerosols [Ma et al., 2003].

CaCOs3(s) + 2HNO3(g) = Ca(NOg3)2(s) + H20 +CO2(g)

NaCl(s) + HNOs(g) = NaNOs(s) + HCI(g)
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The availability of significant HNO3 vapor in an area (even if the
particulate NO3™ concentrations are low or zero) is an indication of the potential
for the future formation of NOjz'-containing particles. Heterogeneous reactions
and perhaps photolysis lead to the reduction of particulate NO3;™ and return
nitrogen oxides to the gas phase. However, these reactions are still poorly

understood at this moment [Honrath et al., 2000; McMurry et al., 2004].

3.6 Conversion ratios of sulfur (Fs) and nitrogen (Fy)

Conversion ratios of sulfur and nitrogen could offer us the first in-sight
on the degree of oxidation of gas species to particle species. Lin [2002] stated
that it could be utilized as an index of occurrence as well as the level of the
secondary aerosol formation. The two equations below are the most commonly
used equations for calculating the conversion ratios of sulfur and nitrogen
[Kadowaki, 1986].

Fs = [f SO4*]/ ([SO,] + [f SO4*])
where [f SO,°] = Fine sulfate concentration, [SO,] = Gas-phase SO,
concentration

Fn=[p NOs]/([NO:] + [p NOs])
where [p NO3] = Total particulate nitrate concentration, [NO;] = Gas-phase NO,
concentration

The above two equations are to clarify the difference between the
oxidation process of NO; to nitrate and SO, to sulfate [Khoder, 2002]. The sulfur
conversion ratio expresses the degree of oxidation of sulfur in terms of the ratio
of sulfate sulfur to total sulfur (in sulfate plus sulfur dioxide). Similarly, the

nitrogen conversion ratio expresses the degree of oxidation of nitrogen in terms
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of the ratio of nitrate nitrogen to total nitrogen (in nitrate plus nitrogen dioxide).
Higher values of Fs and F, suggested that the photochemical oxidation would
have occurred and more secondary aerosols could exist in the atmosphere [Lin,
2002]. Below is the summary of the previous publications that utilize the above
equations.

Kadowaki [1986] made the measurements in a mixed residential / light
industrial area in Nagoya. He calculated the average Fs and F, and the results
were tabulated in Table 3.6. He found that at a Nagoya urban site, Fs and F, in
summer were about 2 and 4 times higher than those in winter, respectively.

Table 3.6. Comparison of sulfur conversion ratio (Fs) and nitrogen conversion
ratio (Fp) at a Nagoya urban site.

Sampling Average F, (%) Average F, (%)
periods Day Night Mean Day Night Mean
June 6.7 7.8 7.3 12.1 7.7 9.9
Aug 10.4 9.1 9.8 12.0 8.2 10.1
Dec and Jan 4.0 3.9 4.0 2.9 1.9 2.4

Moreover, F, was always higher in the daytime than in the nighttime and
did not change under the two different summertime conditions. On the other
hand, there was hardly any difference in Fs for daytime and nighttime. Under the
two different summertime conditions, Fs was higher in August than in June. The
results of Fs and F, implied that photochemical oxidation played an important
role in the oxidation of SO, and NO,. Furthermore, the SO, oxidation might be
enhanced at high relative humidities.

Khoder [2002] conducted the measurements in an urban area in DokKi,
Giza, Egypt. He also used the above equations to calculate the sulfur and
nitrogen conversion ratios. The results were shown in Table 3.7. The daily
nitrogen conversion ratio ranged from 1.08% - 5.30% (with a mean value of

2.86%) in winter and from 4.62% — 16.10% (with a mean value of 8.48%) in
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summer. Nitrogen conversion ratio in summer was about 2.97 times higher than
that in winter. However, the daily sulfur conversion ratios covered the range
from 3.22 — 14.88% (with a mean value of 7.55%) during the winter and 8.77 —
27.99% (with a mean value of 16.77%) in the summer season. Sulfur conversion
ratio in summer was about 2.22 times higher than that in winter. The daytime and
nighttime nitrogen and sulfur conversion ratios were also calculated and
presented graphically in Figure 3.7. The highest values of Fs and F, were found
in the daytime during the winter and summer seasons.

Table 3.7. Sulfur conversion ratio (Fs) and nitrogen conversion ratio (F,) during
the summer and winter seasons.

Sampling Fs (%) Fn (%)
periods Mean S.D. Mean S.D.
Summer 16.77 5.32 8.48 2.96
Winter 7.55 3.34 2.86 1.12

Figure 3.7. Daytime and nighttime nitrogen conversion ratio (F,) and sulfur
conversion ratio (Fs) on some days during the winter and summer seasons.
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The highest nitrogen and sulfur conversion ratios were found in daytime
during both seasons. Moreover, the sulfur conversion ratio and nitrogen
conversion ratio in summer were about 2.22 and 2.97 times higher than those in
winter, respectively. These results indicated that the oxidation of SO, to sulfate
and NO; to nitrate as well as their conversions depended on the photochemical

oxidation.
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Higher S-ratios and lower N-ratios were typical for conditions of high
relative humidity. It was conceivable that condensed phase chemistry was of
major importance in the SO, oxidation and that HNO3 was absorbed onto the wet
aerosol particles. More generally, a low N-ratio indicated efficient depletion of
gaseous HNO3 which could deposit either on suspended atmospheric particles or
on the ground surface.

More N in the particulate form (as NO3’) than gaseous (as HNO3) yielded
a subunity N-ratio ranging from 0.24 to 0.93 at Lista. At South Uist, there were
two occasions with a factor of 2 — 3 higher in the gas phase. These two cases
corresponded to episodes of pollution accumulation over Germany, Netherlands,
and southern North Sea.

Stagnation of air masses over source regions of high emission densities
and rates resulted in accumulation of pollution. The S-ratios in such conditions
were high due to the longer time of transport [Foltescu et al., 1996].

Furthermore, Lin [2002] made the measurements in Taiwan and the
average values of Fs and F, were shown in Figure 3.8. He found that Fs was
higher in the northern part of the urban area than those in the southern area. Since
the major emissions of SO, were mostly distributed in the southern part of the
city, areas with high emissions of SO, should have lower values of Fs. The
average Fs at Kaohsiung City were 0.25 + 0.12 and 0.29 + 0.13 for PM;5 and
PMjo, respectively. The high Fs values suggested that secondary formation of
SO4* from SO, occurred in the atmosphere during the sampling periods in

Kaohsiung City.
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Figure 3.8. Calculated Fs and F, at the six sampling sites in Kaohsiung City.
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The average F, values in Kaohsiung City were 0.07 £ 0.03 and 0.12 +
0.05 for PM,s and PMjo, respectively. The high F, values suggested that
secondary formation of NO3 from NOy occurred in the atmosphere during the

sampling periods in Kaohsiung City [Lin, 2002].

3.7 Factors affecting gas to particle conversion

In addition to the formation routes, we also need to know the controlling
factors that affect the formation of sulfate and nitrate in order to determine the
formation pathways of them. For example, environmental parameters (both
physical and chemical) that affect the SO,* formation include the concentrations
of SO, PMy, NHs, OH:, pH, atmospheric water content and other metal
catalysts [Sharma et al., 2003].

According to Sharma et al. [2003], conversion of SO, to SO,* was
significant in cities in India. They calculated the SO,* to SO, ratio and compared
with the studies from others as shown in Figure 3.9. The ratio of SO,*/SO,

varied between 0.94 and 1.35 with a mean value of 1.11. However, the ratio was
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0.63 at IIT Kanpur. The possible reasons for the lower ratio at that site included
lower levels of PMj, and SO, which possibly represented equilibrium
background concentration at which further conversion of SO, did not take place.
They showed that SO,* levels were positively correlated with SO,, PM;, and Ca.
They suggested that the absorption of SO, on the surfaces of atmospheric
particulate matter, followed by its oxidation and formation of sulfuric acid and
eventually neutralized by these particulate matters (alkaline nature) appeared to
be occurring in the study area.

Figure 3.9. SO,* to SO, ratio at various locations (IIT = IIT Kanpur, GT - GT

Road, AU — Agriculural University, Nave — Naveen Market, and Laj — Lajpat

Nagar), Altshuller (1976) (EC - East Coast and IP — Indianapolis), and
Sandberg et al. (1976) (St. Louis).
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Furthermore, the reason for the positive correlation between SO,* and Ca
is that Ca raises the pH and advances the oxidation of SO, to SOs.

Catalysts can also enhance the oxidation of SO,. Moreover, the oxidation
of SO, to SO; can also increase with the increase in pH [Beilke et al., 1975].
Carbon surfaces and other types of surfaces, including alumina, fly ash, soil,
MgO, V;0s, Fe;03, and MnO,, have been shown to oxidize SO, and/or remove it

from the gas phase. The rate of removal depends on the nature of the particulate
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surface, the increase rate of removal with increasing water vapor suggested that
oxidation of SO, may occur in a thin film of water on surface of the solid.
Figures 3.10 and 3.11 showed the relationships between sulfur oxidation
ratio (Fs), nitrogen oxidation ratio (F,), and oxidant concentrations, respectively.
In these figures, data sets observed at relative humidity above 75% were
distinguished from the others as a black circle, because liquid-phase reactions
might be predominant at high relative humidities. However, Fs had an indistinct
correlation to oxidant concentration at relative humidity less than 75%.

Figure 3.10. Scatter diagram of oxidant concentration and sulfur conversion
ratio (Fs) observed at a Nagoya urban site.
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Figure 3.11. Scatter diagram of oxidant concentration and nitrogen conversion
ratio (Fn) observed at a Nagoya urban site.
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Figures 3.12 and 3.13 showed the relationship between Fs, F, and relative
humidity, respectively, when oxidant concentration exceeded 20ppb and
photochemical oxidation took place in some degree. Good correlation was
obtained between Fs and relative humidity, but no correlation could be found
between F, and relative humidity.

Figure 3.12. Scatter diagram of relative humidity and sulfur conversion ratio

(Fs) observed at a Nagoya urban site.
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Figure 3.13. Scatter diagram of relative humidity and nitrogen conversion ratio
(Fn) observed at a Nagoya urban site.

25
o
r=0,033
| n=51)
20k & ¢
o
o ©
o
e |
=0 c:)Cb -]
5 . o -]
= o e o
& o
e e
= 8 O ]
10k @
- S 34
%
o 5 o°
1
5k =
o
|
o 1 .I L i l
U 20 40 &0 80 100

Relative numid ity |%l]

The results observed in Figures 3.10 — 3.13 suggested that for the
conversion of SO; to sulfate, relative humidity as well as oxidant concentration

(e.g. sunlight) were important factors, while oxidant concentration was the only
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key ingredient for the conversion of NO; to nitrate. Hence, SO, oxidation
processes were mainly droplet-phase reactions, while gas-phase reactions were
predominant for NO, oxidation processes [Kadowaki, 1986].

Khoder [2002] suggested that atmospheric oxidation of SO, occurred by
both heterogeneous and homogeneous pathways and the oxidation rate was
increased with increasing relative humidity through both pathways involving OH
radical production. He also showed that significant positive correlation
coefficients were found between the sulfur conversion ratio (Fs) and the relative
humidity as well as ozone concentration. Significant positive correlation
coefficients were found between the nitrogen conversion ratio (F,) and ozone
concentration during summer and winter. On the other hand, insignificant
positive correlation coefficients were found between F, and relative humidity
during both seasons. The results were summarized in Table 3.6. They concluded
that ozone and relative humidity were important factors for the conversion of
SO, to sulfate. The enhancement of the conversion required high relative
humidity and ozone concentration.

Table 3.8. Correlation coefficients between o0zone concentration, relative

humidity, and sulfur conversion ratio (Fs), nitrogen conversion ratio (F,) during
the winter and summer seasons (1999 — 2000).

Winter Summer
Conversion ratio (%) Relative Relative
Ozone - Ozone .
humidity humidity
Nitrogen conversion ratio 0.77 0.20 0.91 0.15
Sulfur conversion ratio 0.55 0.81 0.89 0.78

Furthermore, Baldwin [1982] suggested that NO, and SO, were
essentially adsorbed independently on different sites on the surface of the carbon.

Thus, there was no effect of the NO, on SO, adsorption.
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After the comprehensive review on the water soluble ion species, it
seemed that there were quite a lot of researches on the water soluble ions in the
past. However, most of the studies mentioned before were based on the
traditional filter analysis method. This method is more labor demanding, suffers
from known sampling artifact such as evaporation of volatile nitrate during
sampling, and more importantly, requires longer sampling time (usually 12 to 24
hours) to get enough samples for analysis. In the past few years, higher
resolution (1 hour) of the water soluble ion data can be obtained by using the
recently developed semi-continuous instrument for measuring ion species. This is
very important for interpreting the behaviors of ion species in the atmosphere,
especially for the short term variability as the meteorological parameters,
emission sources, etc. change rapidly within a day.

In addition, hourly data is also more useful in investigating the formation
of ions. As discussed previously, there are different pathways for the conversion
of secondary pollutants. We still don’t clearly understand what the conversion
pathway is. Is the conversion process different at different locations? At this
moment, there is very limited research concerning the formation of ion species.
By using higher resolution data, more accurate interpretation of the formation of
ions can be obtained. This is an important issue because knowing the formation
of ions may lead us to have more ideas on solving the pollution problems.

Finally, this study is conducted in the megacities of China (e.g. Hong
Kong, Guangzhou, Shanghai, Beijing, and Lanzhou) which has long been known
for its severe air pollution caused by extremely high concentrations of airborne
particulate matters (e.g. Duan et al., 2006; He et al., 2001; Molina and Molina,

2004; Streets et al., 2007; Wang et al., 2006; Wei et al., 1999; Winchester and Bi,
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1984; Zheng et al., 2005). Moreover, most of the previous studies of particulates
in China were conducted in the urban area; there is limited knowledge on the
distribution of aerosols in rural areas and on the formation of secondary aerosols.
Such knowledge is essential for evaluating the impact of a megacity’s emission
on regional air quality and climate. In view of the above, this study is valuable
and important. It can provide us more in-depth knowledge of the water soluble
ion species in the atmosphere and know clearly the regional air quality in China.
In view of the above, | have the following objectives to achieve in this
study.
1. Data accuracy and quality
Part of my research focuses on the data accuracy and quality for the field
measurements of water soluble ion species because the semi-continuous
instrument (Model: URG9000B) used in this study for measuring ions is
developed recently. To my knowledge, there is still no publication thus far using
the same model of instrument for conducting the ion measurements. Therefore,
data accuracy and quality is one of the most important issues in this study.
2. A more in-depth understanding of the behaviors of ion species in the
atmosphere such as the concentrations, the diurnal patterns.
3. To have the comparison between different parts of China.
4. To investigate the formation of fine sulfate and nitrate.

5. To investigate the visibility problems in Beijing.
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Section I1: Experimental section

Chapter 4: Background information of the sampling locations

The field measurements in this study were conducted at five different
locations of China. These five monitoring sites were located in Guangzhou,
Hong Kong, Shanghai, Beijing, and Lanzhou which represented the southern
(Guangzhou and Hong Kong), eastern, northern and interior part of China,
respectively. These five sampling sites covered different land use areas — urban,
sub-urban as well as rural areas. The sampling locations in this study were shown
in Figure 4.1. The detailed description of each sampling site was described in the
following section.

Figure 4.1. The map showing the sampling locations in this study.
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General description of each sampling site

4.1 Guangzhou — Wan Qing Sha

The first field measurement was conducted at Wan Qing Sha, Guangzhou.
Guangzhou is located in the middle south of Guangdong Province, north of the
Pearl River Delta. It lies close to the South China Sea, Hong Kong, and Macau.
Covering an area of 7434.4 square kilometers, Guangzhou is home to more than
11 million people, including a 3.7 million transitory population. The climate of
Guangzhou is sub-tropical. The average year-round temperature is 22°C. August
is the hottest month with an average temperature of 28°C. January is the coldest
month with an average of 13°C. The rainy season falls between April and August
with an average annual rainfall of 1720mm. The major emission sources in
Guangzhou include vehicles, industries, and construction sites.

Wan Qing Sha is located at the southeastern part of Guangzhou. The map
showing the location of Wan Qing Sha was shown in Figure 4.2. Wan Qing Sha
is a sub-urban, residential area. The population density is not very high. The
instrument was set up on the rooftop of a secondary school with about 17m high.
Figures 4.3a and b showed the surrounding views of the sampling site. Two
weeks of measurements have been done starting from 15 May 2004 until 27 May

2004. During that period of time, the weather was usually cloudy and humid.
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Figure 4.2. The map showmg the Iocatlon of Wan ang Sha
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Figure 4.3. The surrounding views of the sampling site.
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(b)

Selection of Wan Qing Sha sampling site

As we know, Guangzhou is one of the most polluted cities in China due
to its fast-paced growth in population and energy use [Hagler et al., 2006; Qian et
al., 2001]. This poor air quality has large impact to the environment as well as
human beings. Our study site — Wan Qing Sha is a sub-urban area, conducting
the field measurement there can let us knowing the regional air pollution

problems in the Guangzhou region.

4.2 Hong Kong — Tsuen Wan

The second field measurement was conducted in Tsuen Wan, Hong Kong.
Hong Kong is one of the most developed regions in Asia. With more than 6.8
million residents living in an 1100km? area, this metropolitan region has one of
the highest population densities in the world [Louie et al., 2005]. Its climate is
sub-tropical, tending towards temperate for nearly half the year. The major

emission sources in Hong Kong include power plants, vehicles, and industries.
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Tsuen Wan is located at the centre of Hong Kong. The topography of
Hong Kong showing the location of Tsuen Wan was shown in Figure 4.4. Tsuen
Wan is an urban, highly populated, residential site with mixed commercial and
industrial developments in the New Territories. The instrument was set up on the
rooftop of a community centre with 17 meters high. The photo showing the
outlook of the monitoring station in Tsuen Wan was shown in Figure 4.5. Figures
4.6a and b showed the surrounding views of the sampling site. The measurement
lasted for about six weeks and conducted from 16 January 2005 to 7 March 2005.
During that period of time, the weather was usually cloudy and humid.

Figure 4.4. The topography of Hong Kong showing the location of Tsuen Wan.

P.46



Figure 4.5. Photo showing the outlook of the monitoring station in Tsuen Wan.

Figure 4.6. The surrounding views of the sampling site in Tsuen Wan.

(b)
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Selection of Tsuen Wan sampling site

Due to the large population (6.8 million) and limited area, Hong Kong is
one of the most densely populated cities in the world. The limitation of available
land and various industrial developments, causing the high levels of air pollutants
in Hong Kong which may in turn affect the health of the citizens. Air quality has
become an issue of major concern in Hong Kong [Ho et al., 2002]. Tsuen Wan is
set from heavily traveled roads in a highly populated residential area with many
stores, offices, and light industry as described before. Thus, we can know more
clearly the concentrations and the behaviors of water soluble ion species in Hong
Kong and then compare with other regions of China.

Secondly, we want to have a comparison between our instrument
(URG9000B) and other semi-continuous instruments for measuring ions. Tsuen
Wan is a suitable place to achieve this purpose as there is other semi-continuous
instruments (R&P 8400N and R&P 8400S) available which are operated by the
Hong Kong Environmental Protection Department (HKEPD). Therefore, we

have chosen Tsuen Wan site to conduct our second measurement.

4.3 Megacities

Apart from Guangzhou and Hong Kong, two other sampling sites were
located in Shanghai and Beijing, China. Shanghai and Beijing are two of the
largest cities in China. Both cities have populations of over 10 million. These
two urban areas have experienced rapid increase in the use of vehicles,

concurrent with large increases in energy consumption [Yao et al., 2002].
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4.3.1 Shanghai — Tai Cang

Shanghai is situated at the mouth of the Yangtze river in Jiangsu province
with a total area of 6,340 square kilometers and a population of over 15 million.
It is the largest city and port in China. Besides, it has a strong commercial and
industrial base with China’s largest petrochemical complex, its largest steel
output, and other major industries [Ye et al., 2003]. With a pleasant northern
subtropical maritime monsoon climate, Shanghai has four distinct seasons,
generous sunshine and abundant rainfall every year. Its spring and autumn are
relatively short comparing with the summer and winter. The average annual
temperature is 16 degree Celsius. The city has a frost-free period lasting as long
as 230 days a year, and receives an average annual rainfall of 1,200 millimetres.
However, nearly 60% of the precipitation comes during May to September flood
season. Major emission sources in Shanghai include industries and vehicles.

The sampling site was located at Tai Cang, northwest of Shanghai (Figure
4.7). It is a sub-urban area with several power plants and industries nearby. The
instruments were set up on the rooftop of the Tai Cang Meteorological Agency
(31°27°N, 121°06°E) with about 15 meters tall. The outlook of the monitoring
station was shown in Figure 4.8. Figures 4.9a and b showed the surrounding
views of the sampling site. The measurement lasted for six weeks and conducted
from 5 May 2005 to 15 June 2005. During the measurement, the weather was

usually cloudy with moderate wind.
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Figure 4.7. Location of the sampling site — Tai Cang, northwest of Shanghai. -

l
o
3 <
L% N
‘\ [ Lo Y
- ' -
y' % il
A
\ S i
v . * - 1} h
¢ 1
i o - » l-_ﬁ
Tai ( an FIEe .
=1 e T ¥ s |
I =] i ===l
b = A | - gy
f et il N,
te ! .. N
. [
4 i =3 ' b
oo il il o =
4 i N P Ty
~ i A
ol i 3 .-
e S ey R 3 -
= o T ——
o Y Tme— F
- g 4 4
’ S B T
el -
5 G o, o
™ A _?i
5 3 - L o)
: 4 i f‘ﬁ y
s . . i
! i i L g
T T e et LA
s = , B
b " 3 = o
; - o
- in 3 | T
! 5 e T =
- !
o 2
’
\ I. T S 4
23 ax R Vo
5 ] ke
< e
LS <Gl
B 7 o
A e wll i ~— Overnwa
S, el - - o Highway
= P e s P — === Railway
- ,‘2}!— ¥ - . ———@ ===~ Metro
c ¢ J = = S Tunnal
= R i

Figure 4.8. Photo showing the outlook of the sampling site in Tai Cang,
Shanghai.
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Figure 4.9. Photos showing the surrounding views of the sampling site in Tai
Cang, Shanghai.

(a) F__ |

(b) .

4.3.2 Beijing — Hei Shan Zhai

Beijing is the capital of China with around 14.6 million inhabitants
distributed over 16,800km?. It lies in the continental monsoon region in the warm
temperature zone and its climate represents as hot and rainy in summer and cold
and dry in winter. The four seasons in Beijing are distinct. It is dry, windy and
sandy in spring while it is hot and rainy in summer. The air is crisp, mild and
humid in autumn. However, winter is cold and dry with little snow. The average

temperature throughout a year is 11.7 degree Celsius.
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The measurement was conducted at Hei Shan Zhai, a rural mountainous
site (40°21°N, 116°18’E, 280m above sea level) approximately 50 km north of
the center of Beijing (Tiananmen Square). The map showing the location of the
sampling site was shown in Figure 4.10. Another large city, the Tianjin
Municipality (population: ~10 million) is 150km southeast. Chang Ping, a
satellite town of Beijing with a population of 110,000, is 15km southwest.
Within 10km around the site, there are only small villages and agricultural-
related activities such as fruit planting, with low population density and thus very
sparse anthropogenic emission sources. The study site is a fruit farm growing
peaches and apricots, and the surrounding mountainous areas are densely
covered by trees and other vegetations in the summer season. The instruments
were set up at 5 meters high. The outlook of the sampling site was shown in
Figure 4.11. Figures 4.12a and b showed the surrounding views of the
monitoring station in Beijing. The measurement was made from 20 June 2005 to
6 August 2005 and was usually cloudy with small wind during the measurement

period.
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Figure 4.10. Location of the Beijing sampling site.
jL.

Figure 4.11. The outlook of the Beijing sampling site.
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Figure 4.12. The surrounding views of the Beijing sampling site.
@ —— e

(b)

Selection of Shanghai and Beijing sampling sites

Shanghai and Beijing are the two largest urban centers in eastern and
northern regions of China. These highly populated centers suffered from serious
urban air pollution problems due to the increased burning of fossil fuels with the
annual coal consumption of 4.7 x 10t [Wang et al., 2005] as a result of rapid
industrialization and transportation development.

There are many power plants located around Beijing and the top five coal
burning power plants are Jingneng, Datang, Huaneng, Guohua, and Jingfeng.

They provided around 48% of the total electricity consumption in Beijing in
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2008. The emissions of SO,, NOx and PMjo in 2008 of these power plants are

tabulated below [Hao et al., 2007].

Table 4.1. Emissions of power plants in Beijing in 2008.

Plant SO, emission NOx emission PMjo emission
(tryr) (tryr) (tryr)
Jingneng 2190 14775 784
Datang 1364 3366 116
Huaneng 1030 5086 225
Guohua 414 11028 153
Jingfeng 825 4018 167

Most of the previous studies in Shanghai and Beijing were mainly
concerned with the pollution within the urban centers and the effects on human
health. While the importance of urban pollution to the regional environment is
widely acknowledged, there have been limited investigations concerning the
impact of urban pollution on regional scales. This study can form a more
complete picture of the regional impact of urban pollution in different parts of
China. Moreover, as water soluble ions such as sulfate and nitrate are secondary
pollutants, the two sampling sites that are downwind of the two major urban
centres of Beijing and Shanghai (40 — 50km) can help to examine the chemical
transformation in urban plumes that have aged for 0.5 to 2 days. Because such a
distance should allow us to sample plumes that have undergone chemical
processing and mixing of different urban sources during the transport to the

sampling site.

4.4 Lanzhou — Renshoushan Park
Lanzhou is the capital city of northwest Gansu Province. It is located in
the geometrical center of China with an area of 1631.6 square kilometers. It has a

population of 3.14 million with mountains in the south and north of the city and
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the Yellow River flowing from the east to the west. The Gansu province has an
average elevation of 1000 — 3000 meters above sea level. Deserts in the
northwestern part cover about 15% of the total area.

Lanzhou is located in an inland area with a typical temperate, semi-arid
continental monsoon climate. It is dry with plenty sunshine. Spring is ephemeral
with changeable weather. Summer is short, but it is not too hot with an average
temperature of 22.4°C. Autumn sees a rapid decrease in temperature while winter
is long and chilly with an average temperature of -7.3°C. The annual
precipitation is 328mm, which is concentrated during the summer.

The sampling site was located at Renshoushan Park, northwest of the
urban centre of Lanzhou (Figure 4.13). It is a sub-urban mountainous area with
the industrial region located at the southwestern side. The instruments were set
up inside a small house. The outlook of the monitoring station was shown in
Figure 4.14. Figures 4.15a and b showed the surrounding views of the sampling
site. The measurement lasted for one month and conducted from 18 June 2006 to
17 July 2006. During the measurement, the weather was usually sunny with little
wind.

Figure 4.13. The map showing the location of the monitoring site in Lanzhou.
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Figure 4.14. The outlook of the monitoring station in Lanzhou.

Figure 4.15. The surrounding views of the monitoring station in Lanzhou.

(a)

P.57



(b)

Selection of Lanzhou sampling site

Lanzhou is a major city and industrial center in the northwestern part of
China. This highly populated center has suffered from serious urban air pollution
largely due to the increased burning of fossil fuels as a result of rapid
industrialization and transportation development. The sampling site is situated at
suburban area. This could provide us an opportunity to investigate the impacts of
urban pollution on the chemistry and the environmental implications on regional
scale. In addition, the results from Lanzhou could be compared with other parts
of China (Guangzhou, Hong Kong, Shanghai, and Beijing) so that more complete
picture about the pollution problems from different regions of China could be

obtained.
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Chapter 5: Instrument descriptions and Filter analysis

In order to study the water soluble ion species in the atmosphere, we
firstly need to collect the field data. In this chapter, the instruments that | have
used in this study will be described. Apart from the instrument descriptions, the
quality assurance (QA) and quality control (QC) that have been performed for

each instrument will also be mentioned.

5.1 Instrument descriptions
5.1.1 Ambient lon Monitor

Thirteen ions in PM,s are measured hourly using a commercially
available instrument, Ambient lon Monitor (AIM, URG Corporation,
URG9000B). The photo of the AIM instrument is shown in Figure 6.1. It is
capable of collecting both cationic species, namely calcium (Ca®*), sodium (Na*),
ammonium (NH4"), potassium (K*), magnesium (Mg?"), and Lithium (Li*) and
anionic species, namely sulfate (SO,%), nitrate (NO3), fluoride (F), nitrite (NO>),
chloride (CI"), bromide (Br), and phosphate (PO,*). The system consists of a
particle collection unit and two ion chromatographies (IC) for chemical analyses.
The AIM uses a modified version of the steam-jet aerosol collector described by

Khlystov et al. (1995).
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Figure 5.1. The photo showing the AIM instrument.

The schematic diagram of the Ambient lon Monitor is shown in Figure
5.2. The air first passes through a 3-m long sample inlet at a flow rate of 3Lpm.
The sample inlet is equipped with a PM, s sharp cut cyclone that separates out the
particles with aerodynamic diameters larger than 2.5um from the air stream. The
air then penetrates through a liquid diffusion denuder in which ultra-pure water is
running continuously around the denuder in order to remove interfering gases
such as SO, and HNOs. The denuder is an annular type which has an outer
diameter of 17mm, an inner diameter of 13mm and a length of 300mm. The
residence time of air sample in the denuder is 0.23 seconds, and the collection
efficiency for SO,, based on the diffusion theory, should be 99% (Simon and
Dasgupta, 1993). After passing through the denuder, the particles enter the
aerosol supersaturation chamber (diameter: 15mm, length: 75mm) consisting of a
steam generator and a mixing chamber. When the particles enter the chamber, the

water vapour generated from the steam generator at a flow rate of 0.2mL/min
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mixes with the particles. The resulting high supersaturation causes aerosol
particles to grow rapidly into droplets. The residence time in this chamber is
approximately 0.2 seconds. The enlarged particles pass through an inertial
particle separator and are stored in an aerosol sample collector. The collector
automatically injects the samples into the two ICs for both cation and anion
analysis once an hour. The expected collection efficiency of the AIM is greater
than 99%, according to the manufacturer. The detection limit of the AIM is about
0.1pg/m® for the various ionic components. All the information, including the
flow rate of the AIM and the analysis results, are stored in a computer. Hourly
data are obtained for the concentrations of the above ions.

Figure 5.2. Schematic diagram of the AIM.
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Each IC (Dionex Corporation, ICS-1000) consists of a guard column

(CG12A for cation and AG14A for anion) and an analytical column (CS12A for
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cation and AS14A for anion). An electrolytic suppressor (Cation Atlas
electrolytic suppressor for cation and Atlas anion electrolytic suppressor for
anion) is used to stabilise the baseline. The analysis is performed by using 20mM
methanesulfonic acid for the cation analysis and 0.08mM sodium carbonate /
0.01mM sodium bicarbonate for the anion system. Both ICs are operated in

isocratic elution at a flow rate of 0.5mL/min.

Quality control and assurance of the AIM

The flow rate of the AIM was checked weekly at the sample inlet with a
certified flow meter (Sensidyne, Gilian Gilibrator 2) after setting up the
instrument. By using the equation below, | can determine whether the sampler
flow rate is within 5% of the standard device.

(Sampler flow — Standard flow) / Standard flow x 100% = (should be within 5%)

The flow rate of the AIM in these studies was kept at 3L/min. with
standard derivation of less than 1%.

Multi-point calibrations were performed after setting up the instrument at
each sampling site as well as bi-weekly for both ICs by using calibration
standard solutions (Dionex Corporation, Six Cation-1l standard for cation and
seven anion standard for anion). Calibration curves of each ion were established
by using available ion standard. The standard concentrations of individual ionic
species ranged from 0.004 to 1ug for fluoride, 0.006 to 1.5ug for chloride, 0.02
to 5ug for nitrite, bromide and nitrate, 0.03 to 7.5ug for phosphate and sulfate,
0.0025 to 0.5ug for lithium, 0.01 to 2ug for sodium, 0.0125 to 2.5ug for
ammonium and magnesium, 0.025 to 5ug for potassium and calcium. One of the

calibration results in the Beijing study was shown in Table 5.1. Good calibration
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curves (R? >0.99) were obtained except fluoride. The poor linearity of fluoride
may possibly due to the poor separation of the fluoride peak with the water peak.
However, this does not have great impact to this study as fluoride has negligible
amount in the atmosphere.

Table 5.1. Calibration results of the ionic species in Beijing.

Species Slope Offset R®
Fluoride 2.1726 0.8651 0.622
Chloride 8.8814 0.1439 0.998
Nitrite 7.7296 0.9266 0.999
Bromide 6.3697 -0.3540 0.999
Nitrate 12.2842 -0.9439 0.999
Phosphate 5.1362 -0.7124 0.996
Sulfate 15.6331 -1.7613 0.998
Lithium 65.253 0.1011 1.000
Sodium 21.559 0.6389 1.000
Ammonium 4.6577 1.0195 0.990
Potassium 14.0856 0.0663 1.000
Magnesium 30.8102 1.6967 0.996
Calcium 25.4703 1.2057 0.999

Calculation of the concentrations of ionic species

The concentration of the ionic species is calculated based on the
calibration curve. The area of the target species is firstly obtained from the
chromatogram and then calculates according to the following equation.

Amount (ug) = {[Area of the target species — Offset (From calibration curve)] /
Slope (From calibration curve)} x Response factor

Concentration (ng/m®) = Amount (pg) / Volume (m®)

5.1.2 Thermo Andersen Chemical Speciation Monitor

The twenty-four hour PM,s samples were collected by using Thermo
Andersen Chemical Speciation Monitor (Thermo Electron Corporation,
RAAS?2.5-400). The photo showing the interior structure of the sampler is shown

in Figure 5.3. The sampler is equipped with a cyclone which separates out the
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particles with aerodynamic diameters larger than 2.5um when a vacuum pump
draws air at a rate of 24L/min. The flow is then divided into two ways by a flow
splitter. Each of the two airstreams then enters a manifold which redirects the air
into two separate flow paths whose flow rate is individually controlled at
7.3L/min and 16.7L/min by a critical orifice. One of the airstreams is connected
to two Teflon filters (Zeflour™, 2um pore size and 47mm diameter, Pall Gelman
Inc.), and the other is connected to one Teflon filter (flow rate: 7.3L/min) and
one quartz filter (Pallflex #2500 QAT-UP, Pall Gelman Inc., flow rate:
16.7L/min) [Cheung et al., 2005].

Figure 5.3. The photo showing the interior structure of the Thermo Andersen
Chemical Speciation Monitor.
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Quality control and assurance of the Thermo Andersen Chemical Speciation

Monitor

Before sampling, the quartz filters were baked at 600°C for at least 3
hours and then wrapped by the aluminum foils. Moreover, one of the Teflon
filters was weighed before and after sampling so as to obtain the mass
concentrations of the particulates. Before weighing, the filters were conditioned
in the desiccator in which the temperature and relative humidity were kept at
20°C and 40%, respectively for 24 hours. Each filter was weighed for three times
in a 6 digit balance in order to get the mean values. The flow rate of the PM;s
sampler was calibrated by a certified dry gas meter before the measurement.
Field blanks were collected at the start and the end of the sampling period. The
field blank was used to remove the positive artifact caused by gases absorption
after sampling. The collected filter samples were stored in a freezer at -4°C to
prevent the volatilisation of particles. Sampling duration was approximately 24
hours starting at 09:30 each day. There were altogether 13, 40, 27, and 35 sets of

filters collected in Guangzhou, Shanghai, Beijing, and Lanzhou, respectively.

5.1.3 Tapered Element Oscillating Microbalance

Real-time PMj,s mass concentrations were obtained from Tapered
Element Oscillating Microbalance (TEOM, Thermo Electron Corporation,
TEOMZ1400a). The photo of TEOM is shown in Figure 5.4. It incorporates an
inertial balance that directly measures the mass collected on an exchangeable
filter cartridge by monitoring the corresponding frequency changes of a tapered
element. As more mass collects on the exchangeable filter, the tube’s natural

frequency of oscillation decreases. The sample flow passes through the filter,
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where particulate matter collects, and then continues through the hollow tapered
element on its way to an active volumetric flow control system and vacuum
pump. Because of the hygroscopic particles, the mass collected on the filter can
be very sensitive to changes in the ambient water vapor concentration. To
eliminate the effect of water, associated with hygroscopic salts, the TEOM filter
is kept at 50°C (Thermo Electron Corporation, 2005). More detailed of the
principle and the operation of TEOM is available elsewhere in Patashnick and

Rupprecht, 1991.

Figure 5.4. The photo of Tapered Element Oscillating Microbalance.

Quality control and assurance of Tapered Element Oscillating Microbalance

In this study, the flow rate of TEOM was kept at 3L/min and the
calibration was performed with a Gillibrator bubble flow meter. The TEOM mass

response was calibrated using a series of filters with measured masses.
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5.1.4 Aerosol optical properties measurement
5.1.4.1 Aerosol light scattering coefficient

An integrating nephelometer manufactured by Optec Inc. (model: NGN-
2), featured with an open-air design without any heater was used in this study.
The measurement principle was based on the scattering of light caused by
particle scattering as it passed through a measurement chamber. The instrument
was equipped with a light source with Lamertian diffuser to diffuse the light
from 5° to 175°. Two photodiode light detectors (D1 and D2) were used to
measure the scattering intensity of particles associated with the 550nm
wavelength of light.

During the measurement, light beams were emitted from the light source
passing through the heat absorbing glass filter. The light was then radiated by the
diffuser with angle from 5° to 175° to the normal of diffuser’s surface. The initial
and scattered light intensities are detected by photodiode detectors D1 and D2.
Finally, the NGN-2 electronic output was converted to the light scattering

coefficient based on the result of a span and zero calibration.

5.1.4.2 Aerosol light absorption coefficient

Aerosol light absorption coefficient was measured by the PSAP (Particle
Soot / Absorption Photometer) based on the integrating plate technique which
was manufactured by Radiance Research Company of US.

The air stream was drawn from inlet without particles size-cut device by a
vacuum pump, and then passed through the black conductive tubing with ¥2” OD.
After passing through the conductive tubing, the air was drawn into the detection

chamber, by a vacuum pump, where photodiode detectors were equipped to
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measure the light transmittance between signal and reference filters. Inside a
chamber, a LED lamp with 565nm wavelength was installed to generate a light
source which closed to the most sensitive wavelength (550nm) of the human
eyesight. The particle samples were deposited only on the signal filter. The
changes of light transmittance in signal filter can be calculated by the difference
of light transmittance between the signal filter and reference filter. The air flow
and the filter transmittance were recorded which was later used in the calculation

of Bgp.

5.1.5 Gas analyzers

In addition to the measurement of particulate matters, gaseous
measurements were also conducted. Measurement instruments were housed in a
laboratory. Ambient air samples were drawn through a PFA Teflon tube. The
sample inlet was located at the rooftop (Guangzhou, Shanghai) or nearby
(Beijing and Lanzhou) the laboratory. The other end of the sampling tube was
connected to a perfluoroalkoxy (PFA) made manifold with a bypass pump
drawing air. The intakes of the analyzers for O3, CO, SO,, and NO were
connected to the manifold, while the NO, channel used a separate %" (outside
diameter) Teflon line which was connected to an enclosure placed outside at the
same level of the sampling tube inlet. The photo showing the set up of the sample
inlet and the gas analyzers were shown in Figures 5.5 and 5.6, respectively. Brief

descriptions of the gas analyzers are given below.
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Figure 5.5. The photo showing the set up of the sample inlet in Lanzhou.
.f. -

Ozone was measured using a commercial UV photometric analyzer

(Thermo Environmental Instrument (TEI) Inc., model 49C). The limit of
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detection is 2ppbv and the precision is £2ppbv. The instrument was checked
automatically every day using scrubbed ambient air (TEI, model 111) and with a
span standard generated in a multi-gas calibrator (TEI, model 146).

SO, was measured by pulsed UV fluorescence (TEI, Model 43S), with a
detection limit of 0.06ppbv and 2s precision of 3% for ambient levels of 10ppbv
(2-min average). The uncertainty was estimated to be about 9%.

CO was measured with a gas filter correlation, nondispersive infrared
analyzer (Advanced Pollution Instrumentation, Inc., Model 300) with a heated
catalytic scrubber to convert CO to carbon dioxide (CO,) for baseline
determination. Zeroing was conducted every 2 hour, each lasting for 12 min. The
2-min data at the end of each zeroing were taken as the baseline. The detection
limit was 30ppbv for a 2-min average. The 2s precision was about 1% for a level
of 500ppbv (2-min average) and the overall uncertainty was estimated to be 10%.

NO and NOy were detected with a modified commercial
MoO/chemiluminescence analyzer (TEIl, Model 42S). The modification was
made to relocate the internal catalytic converter to a separate enclosure which
was placed outside the laboratory near the sample inlet, in order to reduce the
loss of NOy in the sample line prior to the catalytic converter. The enclosure also
housed a temperature controller (for the MoO catalyst) and solenoid valves for
zero and span tests. NOy was converted to NO on the surface of MoO maintained
at 350 degree Celsius, with NO subsequently measured by the chemiluminescent
detector. The instrument automatically switched among zero, NO, and NO,
modes. A bypass pump was installed at the NOy line to maintain a flow of

1.5L/min through the converter when the instrument was in NO mode. The
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analyzer had a detection limit of 0.05ppbv. The 2s precision of this instrument
was 4% (for NO = 10ppbv) and the uncertainty was about 10%.

The data of the trace gases were collected by a data logger
(Environmental Systems Corporation, 8816) [Wang et al., 2001; Wang et al.,

2003].

Quality control and assurance of gas analyzers

The analyzers were calibrated by injecting scrubbed ambient air (TEI,
Model 111) and a span gas mixture. A NIST-traceable standard (Scott-Marrin,
Inc., California) containing 153.8ppmv CO, 15.19ppmv SO,, and 15.14ppmv NO
was diluted using a dynamic calibrator (Environics, Inc., Model 6100). The NOy
conversion efficiency on MoO was checked using a 5.41ppm N-propylnitrate
(NPN) standard (Scott-Marrin, Inc., California), which was chosen as the
surrogate for NOy. The zero and span were carried out every day in the early
morning. A data logger (Environmental Systems Corporation, Model 8816) was
used to control the zero/span calibration and to collect 1-s data, which were

averaged to 1-min values.

5.1.6 Meteorological measurements

In addition to the above chemical measurements, several meteorological
parameters were also measured at the site. Wind direction and wind speed were
recorded by the wind monitor (R.M. Young Company, 05305VM). Ambient
relative humidity and temperature were measured by relative humidity /

temperature probe (R.M. Young Company, 41372VC/CF). The meteorological
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parameter sensors output were also collected by a data logger (Environmental

Systems Corporation, 8816) [Wang et al., 2001; Wang et al., 2003].

5.2 Filter analysis

Teflon filters were used for the analysis of ion compositions from the
filters. The filters were extracted with 10mL of ultra-pure water in an ultrasonic
bath for 30 minutes. The water extracts were filtered through a 0.2um pore size
13-mm filter (MFS, 13JP020AN) and then stored in a bottle. 100uL extracts
were injected into the ion chromatographies for analysis. The flow diagram

showing the procedures of the filter analysis was shown in Figure 5.7.

Figure 5.7. The flow diagram showing the procedures of the filter analysis.

[ Place the filter in the conical flask ]

[ Add 10mL deionized water ]

[ Ultrasonic for 30 mins. ]

[ Filter the extract through a 0.2um filter ]

[ Store the extract in the bottle ]

[ Inject 100uL extract for IC analysis ]

Quality control and assurance of filter analysis

Multi-point calibrations were performed for both 1Cs before the sample

analysis by using commercially available calibration standard solutions (Dionex
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Corporation, Six Cation-11 standard for cation and seven anion standard for
anion). Good calibrations (R? >0.993) were obtained for all ions.

Recoveries of the ions were performed before the sample analysis. The
aim of the recovery was to determine whether the analytes were loss during the
extraction process. The procedures of the recovery were identical to the sample
analysis procedures except known concentrations of standards were used instead
of the field samples. The recovery could finally be calculated based on the
measured concentration against the initial concentration of the respective ion.
The average recovery efficiencies were over 80% for all ions.

The ion balance expressed by the ratio of cation sum to anion sum
(neg/m°) is calculated and the mean ratios of cation sum to anion sum were 0.72
for Shanghai, 0.82 for Beijing, 0.97 for Lanzhou and 0.92 for Guangzhou. The
imbalance of the molar ratios of cation sum to anion sum in Shanghai and
Beijing indicated the acidity of the aerosols in these two locations. More detailed

will be discussed in the later section.

5.3 Summary of the sampling species in each monitoring station

In this study, there were altogether five field measurements. The
sampling species measured in each field study had some difference. Table 5.2
summarized the instruments that have used in each sampling location.

Table 5.2. Summary of the instruments that have used in each monitoring station.

Guangzhou Hong Kong Shanghai Beijing Lanzhou
AIM v v v
Thermo Andersen
Chemical Speciation v \ \ \
Monitor
TEOM v v v
Gas analyzers \ \ V V
Meteorological
measurements v v v v
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Section I11: Results and Discussions
Chapter 6: Intercomparison of the AIM with different sampling

methods

As mentioned earlier, the AIM is a newly developed instrument. Up to
this moment, there is still no literature or report discussing on the accuracy
and/or reliability of this instrument. Thus, data quality and accuracy is the most
critical issue to deal with before using the AIM instrument. In order to know the
performance of this instrument, I have conducted two different kinds of
comparison to verify the AIM instrument. They are (1) comparing with another
semi-continuous sulfate (model: R&P8400S) and nitrate (model: R&P8400N)
instruments, and (2) comparing with traditional filter analysis method. In this

chapter, I will present these two comparison results.

6.1 Comparison with different semi-continuous instruments (R&P8400S and
R&P8400N)

The first comparison was done in Tsuen Wan, Hong Kong. One of the
reasons for choosing this site was due to the availability of other semi-continuous
instruments — Ambient Particulate Sulfate Monitor (APSM, R&P8400S), and
Ambient Particulate Nitrate Monitor (APNM, R&P8400N) for measuring the
concentrations of particulate sulfate and nitrate, respectively in PM; s, which was
operated by the Hong Kong Environmental Protection Department (HKEPD).

Ambient Particulate Sulfate and Nitrate Monitors employ different
operating principles from the AIM. For the comparison purpose, it is good to
have two entirely different instruments operating with different principles. It is

because the same problem should not be present for the two instruments working
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with different principles. I will firstly summarize the operating principles of these
two instruments. After that, I will present and discuss the comparison results in

this study.

6.1.1 Operating principles of the Ambient Particulate Sulfate and Nitrate
Monitor

The Ambient Particulate Sulfate and Nitrate Monitors are developed by
the Aerosol Dynamics, Inc. Each sampling cycle is 10 minutes with an 8 minute
sample collection period followed by a 2 minute analysis phase. Ambient air
firstly enters the sample flow line in which a PM; s sharp cut cyclone is installed
to remove the large particles from the sample stream. The air then passes through
an activated charcoal denuder to remove acidic gases that could interfere with the
measurements of the ambient particulate sulfate and nitrate concentrations. The
monitor collects the fine particulate matter through means of critical impaction.
To achieve high collection efficiencies for very small secondary aerosols, a
humidifier moistens the sample stream and causes the hygroscopic sulfate and
nitrate particles to grow. The remaining part of the sample stream forms a jet as it
passes through a critical orifice. During the sample collection phase, particles
collect on an impactor / flashing strip. The instrument automatically changes its
internal flow pattern during the sample analysis phase. The sample stream that
passes through the PM, s sharp cut cyclone continues to flow, but is bypassed
around the integrated collection and vaporization cell while the sample
processing takes place.

For the sulfate analysis, the monitor purges the analysis cell with zero air,

and then sends a high current through the impactor / flashing strip that lasts
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approximately 0.05 second and heats the collected particulate matters to over
600°C. The vaporization decomposition process converts the particulate sulfate
contained in the collected samples to SO,. The SO, pulse monitor, a specially-
tuned SO, pulsed fluorescence analyzer, quantifies the amount of SO, generated
by this process. The monitor measures total particulate sulfur. The instrument
automatically computes the final result as the ambient particulate sulfate
concentrations in micrograms per cubic meter. The flow diagram showing the
components of the Ambient Particulate Sulfate Monitor is shown in Figure 6.1.

Figure 6.1. The flow diagram of the Ambient Particulate Sulfate Monitor.
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For the measurement of nitrate, the monitor purges the analysis cell with
nitrogen, and then sends a high current through the impactor / flashing strip that

lasts approximately 0.05 second and heats the collected particulate matters to
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about 350°C. The vaporization decomposition process converts the particulate
nitrate contained in the collected samples to NOx. The NOy pulse monitor, a
specially-tuned chemiluminescent NOy analyzer, quantifies the amount of NOy
generated by this process. The instrument automatically computes the final result
as the ambient particulate nitrate concentrations in micrograms per cubic meter.
Figure 6.2 showed the flow diagram of the Ambient Particulate Nitrate Monitor.

Figure 6.2. The flow diagram of the Ambient Particulate Nitrate Monitor.
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From the above two diagrams, we could see that APSM and APNM
actually worked on very similar principles despite of different vaporization

processes and different detectors.

6.1.2 Comparison results of sulfate

The overall time series of sulfate as measured by both instruments (the
AIM and the APSM) are shown in Figure 6.3. Red line represented the
measurement result of sulfate from the AIM, while blue line represented the

result from the APSM. According to Figure 6.3, the overall temporal variations
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of the AIM sulfate were similar to the APSM. However, the AIM showed
generally smaller sulfate concentrations (about 28% for the whole study) than the
APSM. During the whole measurement period, the average concentrations of
sulfate measured by the APSM and the AIM were 18.5 + 9.1pug/m’ and 13.4 +
8.2ug/m’, respectively. However, at the days with high sulfate pollution plumes
such as 28 Jan, 7, and 10 Feb, the measurement results were reversed with the
AIM showing higher concentrations of sulfate than the APSM. Figure 6.4
showed the ratio of sulfate as calculated by dividing the concentrations obtained
from the APSM with the AIM. The average value was around 1.4 which
suggested that the APSM showed higher concentrations of sulfate. Moreover, the
ratio was quite constant during the whole measurement period except at the days
with high sulfate concentrations. During the high sulfate events, the ratio

dropped to about 0.5.
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Figure 6.3. Intercomparison result of sulfate between the AIM and the APSM.
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Figure 6.4. The ratio of sulfate as calculated by dividing the concentrations obtained from the APSM with the AIM.
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According to the report of the twelve-month particulate matter study in
Hong Kong, the concentrations of sulfate in Tsuen Wan were around 10 and
13ug/m’, respectively in January and February 2001. These values were more
resemble to the AIM results (13.4ug/m’) in comparison with the APSM
(18.5ug/m’) during the measurement period. However, this data was only
obtained from 2001, I could not make a definite conclusion on the correctness of
these two instruments. Therefore, other analysis has also been performed.

As sulfate is a secondary pollutant which is formed from SO,
comparison between SO, and sulfate is made and shown in Figure 6.5. The top of
Figure 6.5 showed the time series of SO, and the AIM sulfate, while the bottom
of it showed the time series of SO, and the APSM sulfate. Results showed that
when the concentrations of SO, were high such as 22, 23 Jan, and 7, 10 Feb, the
AIM instrument showed consistent higher sulfate concentrations. However, the
APSM didn’t follow the trend of SO,. This meant that the presence of the SO,

plume did not contribute to the high concentrations of sulfate in the APSM.
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Figure 6.5. Time series of SO, and the AIM sulfate (Top). Time series of SO, and the APSM sulfate (Bottom).
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Figure 6.6 showed the molar ratio of sulfate to total sulfur (SO, + SO4%).
The average sulfate to total sulfur ratio for the APSM and the AIM were 0.44 and
0.36, respectively. According to the report of the study of visibility reduction and
its causes in Hong Kong, the molar ratio of sulfate to total sulfur was around 0.14
as measured in Tsuen Wan in 2001. Thus, the two instruments were difficult to

justify based on the results of molar ratio.
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Figure 6.6. The molar ratio of sulfate to total sulfur from the AIM and the APSM.
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The scatter plot of sulfate between the two instruments was shown in
Figure 6.7. The overall correlation of sulfate between the two instruments was
0.46 with the slope and intercept of 0.67 and 9.54, respectively. The scatter plot
also suggested that the correlation of sulfate between the two instruments was
divided into two groups. One group corresponded to the higher sulfate by the
AIM (red circle), while others corresponded to the higher sulfate by the APSM
(blue circle).

Figure 6.7. Scatter plot of sulfate between the AIM and the APSM.
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6.1.3 Comparison results of nitrate

The time series of nitrate measured by the AIM and the APNM was
shown in Figure 6.8. Results showed that the two instruments gave out an overall
similar pattern. However, the two instruments still had an overall of about 15%
difference in which the APNM showed lower values. The overall average

concentrations of nitrate measured by the APNM and the AIM were 3.0 +
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1.7ug/m’ and 3.4 + 2.0pg/m’, respectively. According to the report of the twelve-
month particulate matter study in Hong Kong, the concentrations of nitrate in
Tsuen Wan were around 2 and 5pg/m’, respectively in January and February
2001. Figure 6.9 showed the ratio of nitrate as calculated by dividing the
concentrations of the AIM from the concentrations of the APNM. The average
ratio was around 0.9 which suggested that the APNM showed lower
concentrations of nitrate. It was therefore difficult to make the judgment on the

correctness of the two instruments.

P.86



Figure 6.8. Intercomparison result of nitrate between the AIM and the APNM.
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Figure 6.9. The ratio of nitrate as calculated by dividing the concentrations of the AIM from the concentrations of the APNM.
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The scatter plot of nitrate between the AIM and the APNM was shown in
Figure 6.10. The correlation of nitrate between the two instruments was moderate
(R* = 0.76), but it was much better than the comparison results of sulfate.
Comparing with the scatter plot of sulfate, the data points of nitrate were much
less scattered. However, the result in Figure 6.10 still showed the derivations of
the two instruments with the slope and intercept of 0.74 and 0.49, respectively.
This suggested that there was difference between the AIM and the APNM.

Figure 6.10. Scatter plot of nitrate between the AIM and the APNM.
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6.2 Comparison with filter measurements

Although several comparisons have been performed to figure out the
correctness of the data for the AIM, there is still no definite conclusion that can
be drawn based on the results from Tsuen Wan. Therefore, the second
comparison of the AIM with the filter-based measurements has been performed

in Shanghai and Beijing in order to confirm the accuracy of the AIM data.
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Up to this moment, the filter-based measurements are the most reliable and

accurate technique for the determination of water soluble ion species.

6.2.1 Overall comparison of sulfate and nitrate in Shanghai and Beijing

The overall comparison results of the AIM sulfate and the filter sulfate in
Shanghai and Beijing are shown in Figures 6.11 and 6.12, respectively. The
correlation between the two methods in Shanghai was good, with R*=0.67 and a
RMA slope of 1.28 and an intercept of 2.71, indicating that the AIM gave larger
sulfate values than the filter samples. As shown in the following section, the
higher sulfate readings in the AIM could be attributed to the positive interference
from the high concentrations of SO, observed at this site. In contrast to Shanghai,
data from Beijing showed an excellent overall correlation (R* = 0.97) of sulfate
between the two methods (Figure 6.12), but overall RMA slope was only 0.58
with a positive intercept of 2.75. The AIM gave lower sulfate values than the
filter-based method and the difference between the two data sets increased at

higher sulfate levels.
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Figure 6.11. Overall comparison results of sulfate in Shanghai.
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Figure 6.12. Overall comparison results of sulfate in Beijing.
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The nitrate results in Shanghai and Beijing are shown in Figures 6.13 and
6.14, respectively. The AIM nitrate was highly correlated with filter nitrate in

both Shanghai (R*> = 0.96) and Beijing (R* = 0.88), but the AIM gave lower
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nitrate concentrations. The AIM showed 83% of filter nitrate in Shanghai but
only 45% in Beijing, with intercepts of 0.00 for Shanghai and 1.54 for Beijing.
Similar to sulfate, deviations between the two methods for nitrate in Beijing
became large at high nitrate loadings.

Figure 6.13. Overall comparison results of nitrate in Shanghai.

40 — -
7 RMA slope = 0.83 T line ¢

- RMA intercept = 0.00 . o

1 R*=0.96 e »

. / e [

3 / 3
“c e o
S 7 7/ -
- . C
4] ] V4 L
£20 - . -
2 1 / "
Z - - . -
s . / C
< v C
10 < ) 4 ¢ -

] 7o C

- ] -

] oby? n

0 IrllII|illllIIII|IIIIIIIII|IIII|IIII|IIII-

0 10 20 30 40

Filter Nitrate (ugima)

P.92



Figure 6.14. Overall comparison results of nitrate in Beijing.
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6.2.2 Performance of the AIM at different ion loadings

6.2.2.1 Low concentrations of sulfate and nitrate

While the overall result in Beijing indicated lower sulfate concentrations
from the AIM as compared to the filter measurements, we note that for sulfate
concentrations of less than 20ug/m’, the two methods showed an excellent
agreement with a slope of 0.97 and an intercept of 0.60 (R* = 0.94, N = 16,
Figure 6.15). For Shanghai, after removing the positive interference of SO, to the
AIM by omitting the samples collected on days with peak SO, concentrations
larger than 30ppbv (see section below), the correlation between the two

measurements at low sulfate levels was also greatly improved, yielding a slope of

0.95 and an intercept of 1.41 (R* = 0.89, N = 13, Figure 6.16).
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Figure 6.15. The concentrations of sulfate with less than 20pg/m’ in Beijing.
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Figure 6.16. The concentrations of sulfate with less than 20pg/m’ and peak SO,
concentration less than 30ppbv in Shanghai.
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Table 6.1 summarized the results of previous comparison studies in
United States and that from the present study for ‘low’ (i.e. <20pg/m’) sulfate
condition. It should be noted that all the previous comparisons were conducted in
a comparatively clean environment, with the concentrations of generally less
than 25ug/m’. Even though most of these studies were conducted in urban areas
such as Atlanta, New York City, and Pittsburgh, the aerosol concentrations were
much smaller than those observed from our study obtained at suburban / rural
areas near Shanghai and Beijing. This reflects more serious particulate pollution
in eastern China. Table 6.1 indicated that the correlations between different types
of semi-continuous instruments with the filter-based measurements were good
(R*= 0.83 — 0.95), and a majority of them gave lower sulfate values than the

filter-based method.
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Table 6.1. Summary of intercomparison results of different semi-continuous instruments with filter-based method for sulfate.

Range

Location Instrument Period 3 R? Slope Intercept Reference
(ng/m-)
New York, US Particle into liquid sampler Jun 01 — Aug 01 0-25 0.91 0.71 0.13 Drewnick et al. (2003)
New York, US R&P 8400S Jun 01 — Aug 01 0-25 0.95 0.73 0.34 Drewnick et al. (2003)
New York, US HSHP continuous sulfate monitor ~ Jun 01 — Aug 01 0-25 0.92 0.68 0.63 Drewnick et al. (2003)
Pittsburg, US R&P 8400S Jul 01 — Aug 02 0-25 0.83 0.71 0.42 Wittig et al. (2004)

Seattle, US R&P8400S May 02 — Jan 03 05-5 0.89 1.22 0.28 Homolya et al. (2005)
Chicago, US R&P8400S May 02 — Jan 03 0.5-21 0.84 0.47 0.99 Homolya et al. (2005)
Indianapolis, US R&P8400S Jul 02 — Jan 03 0.5-21 0.83 0.59 0.99 Homolya et al. (2005)
Deer Park, US R&P8400S Sept 02 — Dec 02 1-6 0.87 0.74 1.65 Homolya et al. (2005)

Shanghai, China® URG9000B May 05 — Jun 05 0-20 0.89 0.95 1.41 This study

Beijing, China URG9000B Jun 05 — Aug 05 0—20 0.94 0.97 0.60 This study

*Only include data with the average daily top five SO, concentrations less than 30ppbv.
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Similar to sulfate, the AIM nitrate had good correlation (0.86 in Shanghai
and 0.90 in Beijing), with the filter data for nitrate levels lower than 15ug/m3
(Figures 6.17 and 6.18). It should be pointed out that collection of nitrate on
filters suffers from both positive and negative artifacts. Positive artifact was due
to the reaction of nitric acid with particles to form nitrate or the absorption of
HNO; on filter which is then measured as nitrate by IC, while the negative
artifact arose from the evaporation of volatile nitrate during sampling (e.g. Chow,
1995). Evaporative loss of nitrate on filters was prominent on some days in
Beijing when temperatures were high. Figure 6.19 showed a scatter plot of the
AIM nitrate versus filter nitrate in Beijing, colour-coded according to average
daily temperatures. There was significant nitrate loss on filters at temperatures
greater than 28°C. We discarded these data points in the following comparison.
At nitrate level <15pg/m’, the AIM showed 89% of the filter nitrate in Shanghai
(N = 35) and 69% in Beijing (N = 9). These results are consistent with other
comparison studies as shown in Table 6.2. Most of the semi-continuous
techniques gave comparable correlation coefficients with R ranging from 0.82 to

0.98, and the slopes from 0.46 to 1.23.
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Figure 6.17. The concentrations of nitrate with less than 15ug/m’ in Shanghai.
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Figure 6.18. The concentrations of nitrate with less than 15ug/m’ in Beijing.
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Figure 6.19. Comparison results of nitrate between the AIM and the filter in
Beijing with different colors corresponding to different average daily
temperatures.
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Table 6.2. Summary of intercomparison results of different semi-continuous instruments with filter-based method for nitrate.

Location Instrument Period (ﬁ;ri?) R’ Slope  Intercept Reference
Atlanta, US Steam jet aerosol collector Jan 00 0-8 0.98 1.04 0.20 Slanina et al. (2001)
Pittsburg, US R&P 8400N Jul 01 — Aug 02 0-8 0.84 0.83 0.20 Wittig et al. (2004)
Seattle, US R&P8400N May 02 -Jan03 0.2-5 0.89 0.78 0.20 Homolya et al. (2005)
Chicago, US R&P8400N May 02 -Jan 03 0.2-14  0.82 0.46 0.51 Homolya et al. (2005)
Indianapolis, US R&P8400N Jul02-Jan 03  0.2-12 0.85 0.56 0.25 Homolya et al. (2005)
Deer Park, US R&P8400N Sept 02 —Dec 02 0.2-2 0.21 1.23 0.53 Homolya et al. (2005)
Phoenix, US R&P8400N Sept02—-Feb03 02-15 0.86 0.59 0.99 Homolya et al. (2005)
Shanghai, China URG9000B May 05—Jun 05 0-15 0.86 0.89 -0.20 This study
Beijing, China URG9000B Jun 05— Aug05 0-15 0.90 0.69 0.03 This study
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6.2.2.2 High concentrations of sulfate and nitrate

At high concentrations of sulfate and nitrate, the AIM showed large
deviations from the filter data, which was particularly evident in Beijing (Figures
6.12 and 6.14). This may be due to insufficient water vapour in the AIM’s steam
generator to dissolve all the water-soluble ions under high ionic loadings. In
Shanghai, the AIM suffered from the mixed effects of high ion loadings that
would give a lower signal, and of high SO, (and NOy) concentrations which may
yield positive bias due to denuder breakthroughs. Thus, the effect of high ion
loadings in Shanghai was not as obvious as in Beijing. Laboratory studies will be
needed to confirm the effect of ambient aerosol loadings on the particle capture

efficiency in the AIM in future.

6.2.3 The influence of SO,
6.2.3.1 Comparison with filter measurements

As mentioned previously, some samples collected near Shanghai showed
larger sulfate values from the AIM than those from the filters. Due to the close
proximity of the site to several large coal-fired power plants, the SO,
concentrations were very high. Plumes containing hourly SO, greater than
50ppbv were observed on a number of occasions, with the maximum value
reaching 156ppbv. Inspection of a time series of sulfate and SO, has shown that
the data with larger AIM values than filter data were associated with these SO,
plumes. Figure 6.20 showed the AIM versus filter measurements in Shanghai,
colour-coded according to the average concentrations of the five highest hourly
SO, data during the 24-hour filter sampling. It can be seen that when the mean

top five SO, concentrations were larger than 30ppbv, the AIM gave larger sulfate
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values than the filter samples. In contrast, when the mean top five SO, levels
were smaller than 30ppbv, the two methods gave similar sulfate concentrations.
Figure 6.20. Comparison results of sulfate between the AIM and the filter in

Shanghai with different colours corresponding to different daily top five SO,
concentrations.
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Although a denuder was installed in the AIM to remove interfering gases
such as SO,, it appeared that the SO, levels in the site near Shanghai were so
high that the gas could not be completely removed and thus penetrated the
denuder. SO, would then dissolve in water and undergo oxidation to become
sulfate during the one-hour sampling stage resulting in larger sulfate values in the
AIM. Laboratory tests after the field studies have confirmed the breakthrough of
SO,: when 80ppbv of SO, standard was introduced to the sample inlet, about 2%
of SO, was converted to sulfate.

In Beijing, the average concentrations of SO, were 6ppbv with standard
deviations of 7ppbv. There were only four days that had the hourly SO, greater

than 30ppbv. Therefore, interference from SO, in Beijing was minimal.
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Furthermore, the same problem was also occurred in Tsuen Wan, Hong
Kong. As shown previously, when the concentrations of SO, were high, the AIM
showed much higher sulfate values than the APSN (Figure 6.5). This was in
conjunction with the measurement results in Shanghai. Therefore, the results in

Tsuen Wan could further confirm the interference of SO, to the AIM.

6.2.3.2 Laboratory test confirming the interference of SO, to the AIM

In previous section, field measurement data has been used to illustrate the
effect of high concentrations of SO, to the positive sulfate artifact in the AIM.
Apart from the field measurement data, lab experiments have been performed to
further verify the SO, effect.

The first experiment is done by using 20mL Milli-Q water. The water is
then purged with 40ppbv and 80ppbv SO, for 1 hour. After that, the water is
injected into the anion IC at different time period. The experiment has been done
for 48 hours. Figure 6.21 showed the results of the sulfate production at 40ppbv
and 80ppbv SO, at different time period.

Figure 6.21. The results of the sulfate production at 40ppbv and 80ppbv SO, at
different time period.
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From the above results, we could see that using different levels of SO,
purging the water, different amount of sulfate was formed at the same time
interval. For instance, injecting the samples after 1 hour, 5ug/m’ and 2ug/m3 of
sulfate were formed for purging with 80ppbv and 40ppbv SO,, respectively.
After 48 hours, sulfate could even reach to around 70pg/m’ and 8ug/m’ for
purging with 80ppbv and 40ppbv SO, respectively. It should be noted that the
AIM would not retain the samples for such a long period of time. This
experiment is conducted for 48 hours because I wanted to explore the production
of sulfate after substantial time period.

In addition to the sulfate peak present in the chromatogram, there were
one additional peak present which showed high abundant (according to the peak
area) in the beginning (immediately after purging). After that, the peak area
decreased continuously during the experiment. I suggested that this peak was
most possibly the bisulfate (HSO5") peak, which was the intermediate product for
forming sulfate from SO, in the aqueous phase reaction. Due to the lack of the
HSOj5" standard, this point could not be further identified.

The second experiment is done by purging the sample inlet of the AIM
continuously with 80ppbv SO,. This experiment is resembled to the actual
sampling of the AIM, except continuously injecting high concentrations of SO,.
The experiment has been done for 6 hours. Figure 6.22 showed the results of the

sulfate production at different time periods.
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Figure 6.22. The results of the sulfate production at different time periods.
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With the continuous purging of the high concentrations of SO,, sulfate
was formed in the AIM (Figure 6.22). At 0 hour (immediate after purging for 1
hour of SO,), the sulfate concentration was low (about 0.5pg/m’). However,
when purging 80ppbv SO, continuously, the sulfate concentrations increased
steadily to about 30pg/m’. This result suggested that time is required for the
production of sulfate in the AIM. This experiment was similar to the
measurements conducted in Hong Kong and Shanghai. Because the SO, plume in
the atmosphere usually kept at high levels for several hours so that sulfate could
be formed in the AIM just like the above experiment. Conversely, this
experiment could also confirm the results in Hong Kong and Shanghai. When the
concentrations of SO, were high, the removal efficiency of SO, for the denuder
in the AIM was not good enough so that penetration of SO, through the denuder
is occurred. If the ambient levels of SO, remained high for several hours, the

effect of the sulfate production was much more prominent.
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6.2.4 Comparison of other ions in Shanghai and Beijing
6.2.4.1 Other ions in Shanghai

The comparison of ions other than sulfate and nitrate has also been
performed. Figures 6.23 and 6.24 showed the comparison results of the AIM
ammonium and calcium with the filter measurements in Shanghai. Other ions
such as fluoride, phosphate, bromide, magnesium, lithium, nitrite are not
detected due to the low ambient concentrations of these ions. Moreover, some
ions such as chloride, sodium are interfered by the unknown board large peak
that was present in the chromatogram, thus the comparison of these ions were not
possible. The correlations of the AIM calcium and ammonium with the filter
measurements were not good with R* < 0.4. The poor correlation of calcium was
mainly due to the low ambient concentrations of this ion. The low concentrations
of calcium made the comparison complicated because small derivation between
the two measurements will largely affect the result of the correlation. In contrast,
the moderate correlation of ammonium was due to the presence of some scattered
points. The slope and intercept between the AIM and the filter measurement
were 0.52 and 2.47, respectively for ammonium, and 0.55 and 0.42, respectively
for calcium. This meant that the comparison results of the AIM with the filter

measurements had some difference.
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Figure 6.23. The comparison of the AIM ammonium with the filter ammonium
in Shanghai.
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Figure 6.24. The comparison of the AIM calcium with the filter calcium in
Shanghai.
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6.2.4.2 Other ions in Beijing

The comparison of other ions in Beijing has also been made. Figures 6.25
— 6.29 showed the comparison results of the AIM calcium, potassium,

ammonium, magnesium, and sodium with the filter measurements in Beijing.
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Other ions such as fluoride, phosphate are not detected due to the low ambient
concentrations of these ions. Among the comparisons of these five ions, the
correlations of potassium and ammonium were good with R* > 0.84, the
correlation of magnesium was moderate (R* = 0.59), and the correlations of
calcium and sodium were poor with R* < 0.1. The poor correlations of calcium
and sodium were mainly due to the low ambient concentrations of these
respective ions. As mentioned before, these low concentrations of ions made the
comparisons complicated. The slopes of the comparisons of these ions ranged
from 0.76 to 1.24, while the intercepts are approached to 0.

Figure 6.25. Comparison result of the AIM calcium and the filter calcium in
Beijing.
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Figure 6.26. Comparison result of the AIM potassium and the filter potassium

in Beijing.
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Figure 6.27. Comparison result of the AIM ammonium and the filter

ammonium in Beijing.
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Figure 6.28. Comparison result of the AIM magnesium and the filter
magnesium in Beijing.
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Figure 6.29. Comparison result of the AIM sodium and the filter sodium in
Beijing.
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6.3 Suggestions for the improvement of the AIM
Several modifications of the AIM are suggested here to improve its
performance under conditions of:

(a) High particulate concentrations
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(1) Decrease the flow rate of the AIM: To reduce the amount of water-
soluble ions entering the instrument.

(2) Increase the rate of water supply to the steam generator: To enhance
capacity for dissolving water-soluble ions.

(b) High SO, concentrations

(1) Use a larger denuder.

(2) Put another denuder upstream in series.

(3) Use H,O; or an alkaline solution as opposed to pure water in the denuder.
All the above suggestions in (b) are to increase the efficiency of the liquid

diffusion denuder in removing interfering gases such as SO,.

6.4 Data correction of the AIM
6.4.1 Hong Kong

As there was no filter measurement data in Hong Kong, data correction
could only be made to sulfate during high SO, concentrations. Here, the
assumption has been made. The AIM will be affected by SO, at the same level as
that in Shanghai. Thus, the sulfate data in Hong Kong is removed at SO,
concentrations greater than 30ppbv. For the nitrate data in Hong Kong, no

correction has been made.

6.4.2 Shanghai
For the sulfate data in Shanghai, the data with the SO, concentrations
greater than 30ppbv are not used. After this deletion, the AIM sulfate were well

correlated (R? = 0.89) with filter sulfate with the RMA slope and intercept of
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0.95 and 1.41, respectively. Figure 6.30 showed the comparison result of the
AIM sulfate and the filter sulfate in Shanghai after correction.

Figure 6.30. Comparison result of the AIM sulfate and the filter sulfate in
Shanghai after correction.
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As the comparison result between the AIM nitrate and the filter nitrate
was good (R = 0.96, AIM nitrate = 0.83 x filter nitrate + 0.00) in Shanghai, the

nitrate data in Shanghai is not corrected.

6.4.3 Beijing

From the previous discussion, we could see that the semi-continuous
sulfate and nitrate data in Beijing had its problem during high sulfate and nitrate
levels. In order to use the data more accurately, the AIM sulfate and nitrate data
at high ion loadings in Beijing have been corrected based on the regression
results assuming that the filter-based measurements were accurate at high aerosol

loadings. Figure 6.31 showed the scatter plot between the AIM sulfate and the
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filter sulfate before and after correction, while Figure 6.32 showed the nitrate
result before and after correction. The adjusted AIM sulfate and nitrate yielded
an overall good correlation (R*> 0.90) with the regression equations of AIM =
1.01 x filter — 0.5 for sulfate, and AIM = 0.91 x filter + 0.1 for nitrate.

Figure 6.31. The scatter plot between the AIM sulfate and the filter sulfate
before and after correction.
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Figure 6.32. The scatter plot between the AIM nitrate and the filter nitrate
before and after correction.
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6.5 Data correction of the TEOM

Figures 6.33 and 6.34 showed the comparisons between the PM, 5 mass
concentrations obtained from the filter measurements and the TEOM instrument
in Shanghai and Beijing, respectively. In both Shanghai and Beijing studies, the
two methods are found to give similar results. The correlations between the two
instruments were excellent in Shanghai and Beijing with r* of 0.98 and 0.98,
respectively. However, the PM, s mass obtained from the filter measurements
was larger than that from the TEOM instrument with the slopes of 1.19 and 1.35,
respectively in Shanghai and Beijing. This difference was due to the loss of the
volatile particles such as nitrate when passing through the 50°C chamber in the
TEOM instrument. Moreover, the difference of the slope between the two studies
indicated the difference of the existence of the volatile species in these two sites.
Based on the above results, the correction factors (1.19 for Shanghai and 1.35 for

Beijing) have been applied to the results obtained from the TEOM instrument.
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Figure 6.33. Correlation of the PM; 5 mass concentrations in Shanghai obtained
from the filter measurements and the TEOM instrument.
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Figure 6.34. Correlation of the PM, s mass concentrations in Beijing obtained
from the filter measurements and the TEOM instrument.
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Figure 6.35 also showed the comparison between the PM;s mass
concentrations obtained from the filter measurements and the TEOM instrument
as conducted in Lanzhou. The correlation between the two methods was still
good (R* = 0.71), but it was worse than the Beijing and Shanghai studies. This
was possibly due to the unique environment in Lanzhou combined with the
fundamental measuring errors of the TEOM instrument. As the air masses in
Lanzhou changed abruptly from high concentrations to low concentrations or
vice versa, the measurement of the TEOM instrument could not respond in such
a short time period. Thus, the correlation result in Lanzhou was worse than the
previous studies. The TEOM data of Lanzhou has not been corrected as the slope
and the intercept of the comparison was 1.00 and 18.80, respectively.

Figure 6.35. Correlation of the PM; s mass concentrations in Lanzhou obtained
from the filter measurements and the TEOM instrument.
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Chapter 7: Measurement results in Beijing, Shanghai, and Hong

Kong
7.1 Beijing
7.1.1 Temporal variations and overall results

The time series of hourly concentrations of sulfate, nitrate, and PM; s
mass together with several trace gases (O3, SO,, and NOy), and meteorological
parameters (wind, relative and specific humidity, and solar radiation) are shown
in Figure 7.1. Two kinds of wind data, surface observed wind and 950hPa
National Centre for Environmental Prediction (NCEP) re-analysis wind (at 500m
a.s.l.), are used to represent local and regional flow, respectively. Figure 7.1
indicated large day-to-day variations in the concentrations of fine particles and
trace gases during the measurement period, which was strongly associated with

the changes in meteorological conditions.
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Figure 7.1. Time series of hourly concentrations of trace gases (SO, NOy, and O3), aerosols (sulfate, nitrate, and PM, s mass), and meteorological
parameters [solar radiation, surface wind at the site, NCEP 950hPa re-analysis wind, relative humidity (RH), and specific humidity (SH)].
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The synoptic weather condition in the study period is characterised by the
frequent influence of summer monsoons, which brought humid air from the
Pacific, bringing cloudy weather, even storms, to Beijing [Wang et al., 2006].
The southerly monsoons often carried regional air pollutants from the North
China Plains (NCPs) mixed with Beijing’s urban plumes to the site. A
continuous southerly monsoon over several days gave rise to very high
concentrations of both primary and secondary pollutants. For example, on 12 —
20 July, when the 950hPa wind continuously blew from the south (see Figure
8.1), the concentrations of PM, 5 mass were above 100ug/m3 for most of the time.
Sulfate levels also reached over 50pg/m’ along with other trace gases, and the
daily 1-hour ozone was often above 100ppbv. Several shorter episodes (lasting 1
— 3 days) on 21 — 23 June, 30 June, 6 — 7 July, and 25 — 26 July, were also
associated with the southerly winds. In comparison, continental air masses
originated from Siberia occasionally impacted the site, with strong north-
westerly or north-easterly winds bringing in air with low concentrations of
aerosols and trace gases (1 — 2 July, 4 — 6 July, 22 — 24 July, and 30 — 31 July).
In these few days, very low concentrations of acrosols (<10pg/m’ for sulfate,
nitrate, and <25 pg/m3 for PM, s mass) as well as trace gases (CO, SO,, NOy) are
obtained. The data on these days can be considered as the background for Beijing
and the NCPs during the summer.

The mean hourly concentrations (+ standard derivation) of sulfate, nitrate,
and PM; s mass from this study were 24.3 (i30.6)ug/m3, 9.7 (i12.5)pg/m3, and
79.3 (£65.4)ug/m’, respectively. These values were much higher than those
reported in rural or even urban areas of the United States. For example, Rattigan

et al. (2006) reported the average sulfate and nitrate concentrations of 5.1pg/m’
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and 1.3 pg/m3, respectively, in an urban site of New York city. Hu et al. (2002)
reported the average sulfate and nitrate concentrations of 21.4pg/m’ and
14.7pg/m’, respectively on the campus of Peking University (about 40km from
the present site) in June — July 2000, and Wang et al. (2005) found the mean
values of PM,s mass, sulfate, and nitrate of 93.3, 18.4, and 11.2ug/m3,
respectively in the summer season from 2001 — 2003 in Beijing. The similar
values of our measurement to the urban / suburban results suggested that fine
aerosol pollution in Beijing has not been improving in the past few years, and
that it existed beyond the urban centre. In our study, the maximum hourly PM; s
mass, sulfate, and nitrate were 355.1pg/m’, 198.3ug/m’, and 81.5pg/m’,
respectively. These extremely high particulate loadings would seriously impair
visibility and may also affect the regional climate. On average, sulfate and nitrate
contributed to 31% and 12%, respectively of total PM, s mass.

To explore the relative importance of mobile source versus stationary
source, the mass ratio of nitrate / sulfate could be used [Arimoto et al., 1996;
Xiao and Liu, 2004]. High nitrate / sulfate mass ratio represents the
predominance of mobile source over stationary source of pollutants [Wang et al.,
2005]. During this six-week intensive measurement, the average nitrate / sulfate
ratio was 0.64 (standard derivation: 1.17). This value was comparable to the
measurement conducted in Beijing in 2001 — 2003 with the average value of 0.71
[Wang et al., 2005], and in 1999 — 2000 with the average value of 0.58 [Yao et
al., 2002]. This result suggested that mobile sources such as vehicle emissions
would be dominant pollution sources in Beijing. However, on some days such as

21 — 23 June, and 14 — 18 July during the pollution plume events, the nitrate /
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sulfate ratio showed much lower values (< 0.2), which implied the significant

contribution of the stationary sources (e.g. steel factories) to the sampling site.

7.1.2 Diurnal profiles of sulfate, nitrate, and PM, s mass

The average diurnal variations of sulfate, nitrate, and PM, s mass over the
entire study period are shown in Figure 7.2. The continuous line with vertical
bars represented the mean and the standard errors of respective particulates. The
dotted line represented the corresponding median value. According to the figure,
PM, s mass showed a distinctive diurnal profile. This pattern was similar to other
trace gases (e.g. NOy and SO,, Figure not shown) conducted at the same time as
reported by Wang et al., 2006. The PM; s mass concentrations increased steadily
from the early morning and reached the maximum in the afternoon at around
three and it showed the minimum at the night time. The afternoon maximum of
the PM, s mass is related to the transport of pollution from Beijing and other
regional pollution by the mountain-valley breezes to the sampling site in the
afternoon [Wang et al., 2006] and could be supported by the overall south-
easterly winds at that time, while the PM; s mass minimum is associated with the

influence of the background air mass from the north-westerly wind direction.
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Figure 7.2. Average diurnal variations of sulfate, nitrate, PM, 5 mass, and vector
wind at the site. The vertical bars represented the standard errors, and the dotted
line represented the median value.
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In contrast, sulfate showed no distinctive diurnal pattern. The difference
between the daily maximum and minimum was only about 10pg/m® with the
presence of large standard errors. Although the diurnal profile appeared to have
maxima in the afternoon, they are actually caused by several high concentration
pollution plumes reaching the site such as 23 June, 16 — 19 July. This could be
more clearly indicated by the diurnal profile from the plot of median sulfate
(dotted line), which showed the difference of less than 5pg/m’ for the whole day.

Edgerton et al. (2006) also reported the lack of the diurnal profile of sulfate at the
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urban and rural areas in US. This lack of diurnal pattern indicated a regional
sulfate pollution problem in the Beijing area.

The diurnal profile of nitrate was different from trace gases with the
maximum occurring in the morning. It appeared that it had the second maximum
occurring in the afternoon. This second maximum was similar to sulfate and is
caused by the high concentration pollution events. As shown from the median
values, the afternoon maximum is removed after neglecting the plumes. At night,
the nitrate concentrations kept rather constant. This pattern could be due to the
equilibrium reaction between the nitric acid and ammonia as shown from the
following equation:

HNO; + NHj3; <> NH4NOj; [Stelson and Seinfeld, 1982]

The above equation is sensitive to the change in temperature. When the
temperature increases during daytime, the reaction would favour gas-phase nitric
acid leading to a reduced aerosol nitrate. At night, the opposite is true. Thus, the
observed diurnal pattern of nitrate would be consistent with the temperature
pattern for the measurement period in which the temperature was high in the

afternoon.

7.1.3 Other ions in Beijing

Figure 8.3 showed the overall time series of the ions other than sulfate
and nitrate in Beijing. The overall average concentrations (+ standard derivation)
of ammonium, potassium, sodium, magnesium, and calcium were 3.2 (£
2. )ug/m’, 1.5 (+ 1.9)ug/m’, 0.5 (+ 1.2)pg/m’, 0.1 (+ 0.1)pg/m’, and 0.3 (£
0.5)ug/m’, respectively. Tons such as lithium, fluoride are not detected in the

whole study. Except sulfate and nitrate, ammonium was the most abundant ion.
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According to Figure 7.3, the concentrations of ammonium, sodium, and
potassium were high on 8 July, which was consistent with the high PM; s mass,
sulfate, and nitrate concentrations. Moreover, the concentrations of potassium ion
were high on some days such as 23 June, 3, 7, and 8 July, which suggested the
influence of the biomass burning in the study region. For the ions such as
magnesium, calcium, the ion concentrations kept at relatively low levels for all

days.
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Figure 7.3. The overall time series of the ions other than sulfate and nitrate in Beijing.
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The diurnal profiles of ammonium and potassium are shown in Figures
7.4 and 7.5, respectively. Both potassium and ammonium showed the maximum
in the afternoon. This afternoon maximum is related to the transport of pollution
from the urban centre of Beijing and other regional pollution by the mountain-
valley breezes to the sampling site in the afternoon [Wang et al., 2006] and can
be supported by the overall south-easterly winds at that time.

Figure 7.4. The diurnal profile of ammonium in Beijing.
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Figure 7.5. The diurnal profile of potassium in Beijing.
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7.2 Shanghai
7.2.1 Temporal variations and overall results

Table 7.1 gave the statistics of sulfate, nitrate, SO,, PM,s mass,
temperature, and relative humidity. The additional chemical data and the
meteorological parameters could provide useful insights into the characteristics
of the study site. The study site in Shanghai is surrounded by pollution sources in
the Yangtze River Delta. The SO, concentrations were high (mean = 21.5ppbv),
revealing the large impact of fresh emissions from coal-fired power plants in
Shanghai. Moreover, the study site also suffered from severe fine aerosol
pollution events. The average concentrations of sulfate, nitrate, and PM, s mass
were 17.9 (+ 11.2)ug/m’, 5.8 (+ 7.4)ug/m’, and 59.7 (+ 47.4)ug/m’, respectively.

Yao et al. (2002) also reported similar result in Shanghai in which the
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concentrations of sulfate and nitrate were 15.9ug/m’ and 6.8pug/m’, respectively
in the downtown of Shanghai. This again suggested that fine aerosols were not
only the locally pollution problem, but also affected regionally. The maximum 1
hour sulfate and nitrate concentrations were 74pg/m’ and 69ug/m’, respectively
with the maximum hourly PM,s mass reaching to about 400pg/m’. These
extremely high particulate loadings would seriously impair visibility and may
also affect the regional climate. On average, sulfate and nitrate contributed to

30% and 10%, respectively of total PM; s mass.
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Table 7.1. Statistics of sulfate, nitrate, SO,, PM; 5 mass, temperature, and relative humidity.

Sulfate Nitrate SO, PM; 5 mass Temperature Relative humidity
(ng/m*) (ug/m®) (ppbv) (ng/m’) (C) (%)
Average 17.9 5.8 21.5 59.7 22 65
St. Der.? 11.2 7.4 154 47.4 4 17
Median 15.7 3.5 17.7 46.8 22 66
Min. 1.1 0.2 1.9 1.8 13 21
Max. 74.4 69.1 155.7 396.4 33 95

Gt. Der. stands for standard derivation.
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The time series of hourly concentrations of sulfate, nitrate, and PM; s
mass together with several trace gases (CO, O3, SO,, NO, and NOy) and
meteorological parameters (temperature and relative humidity) are shown in
Figure 7.6. Figure 7.6 indicated large day-to-day variations in the concentrations
of fine particles and trace gases during the measurement period. For example,
from 1 — 3 June, there was presence of consecutive ozone episodes (maximum
ozone >120ppbv), in which the primary trace gases also reached to very high
levels (CO >1000ppbv, SO, >40ppbv, NO, >60ppbv), whereas the levels of
PM, s mass, sulfate, and nitrate were also very high. The high concentrations of
gases and aerosols in these few days were possibly due to the transport of the
urban plumes to the sampling location. Figure 7.7 showed the enlarged time
series from 1 — 3 June and the respective trajectories at different time periods.
We could see that when the concentrations of primary gases and aerosols were
high, the trajectory results (the first left three) showed that the air masses are
transported through the urban centre of Shanghai and then arrived at the
sampling site. In contrast, in the afternoon of 3 June, the concentrations of all
gases and aerosols were low. According to the trajectory result (the right one),
the air masses did not pass through the urban centre of Shanghai and are mainly
come from the ocean, thus the levels of all the species decreased. From this
example, we could see that the high concentrations of the species were mostly

due to the transport of the air masses through the urban centre of Shanghai.
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Figure 7.6. Time series of hourly concentrations of trace gases (CO, SO,, NO, NOy, and O3), aerosols (sulfate, nitrate, and PM, 5 mass), and
meteorological parameters [temperature (Temp) and relative humidity (RH)].
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Figure 7.7. Time series of trace gases from 1 — 3 June and the respective trajectories at different time periods.
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Apart from the days which showed high concentrations of aerosol
loadings, some days had low abundance of aerosols such as 26 — 30 May. In
these few days, the PM, s mass was usually lower than 50pg/m’, while sulfate
and nitrate were lower than 10pg/m’.

The mass ratio of nitrate / sulfate is presented here in order to explore the
relative importance of mobile source versus stationary source [Arimoto et al.,
1996; Xiao and Liu, 2004]. During this six-week intensive measurement, the
average nitrate / sulfate ratio was 0.29 (standard derivation: 0.21). This result
suggested that stationary sources such as emissions from power plants would be
dominant pollution sources in Shanghai. However, in the nighttime of 11 June,
the nitrate / sulfate ratio is raised to above 1, which implied the significant

contribution of the mobile sources (e.g. vehicles) arriving to the sampling site.

7.2.2 Diurnal profiles of sulfate, nitrate, and PM, 5 mass

The diurnal profiles of sulfate, nitrate, and PM,s mass are shown in
Figures 7.8 — 7.10. The sulfate concentrations were relatively stable over the
course of a day. This result was similar to those reported by Wittig et al. (2004)
in which they found that in spring, fall and winter, the sulfate concentrations
were relatively stable during a day. Similarly, the nitrate concentrations also kept
rather constant during the whole day (about 5 — 7ug/m’). However, the nitrate
concentrations showed little decrease (about 1 — 2 pg/m’) in the afternoon. This
could possibly due to the elevated temperature in which NH4NO;3; undergone
thermal decomposition, shifting nitrate into nitric acid. Thus, NOs concentrations

declined in the afternoon. The same observation is also reported in Rattigan et al.
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(2006) and Wittig et al. (2004), which conducted the measurements in New Y ork
and Pittsburgh, US, respectively.

Apart from sulfate and nitrate, PM, s mass showed no distinctive diurnal
profile. The daily PM, 5 mass ranged from 65pg/m’ to 80pg/m’, which suggested
that the fine particulate pollution was a regional pollution problem. The pollution
problem was extremely serious all the times (greatly violate the US air quality
standard) and would theatre the people living there.

Figure 7.8. The diurnal profile of sulfate in Shanghai.
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Figure 7.9. The diurnal profile of nitrate in Shanghai.
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Figure 7.10. The diurnal profile of PM; s mass in Shanghai.
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7.2.3 Other ions in Shanghai

Figure 7.11 showed the overall time series of the ions other than sulfate
and nitrate in Shanghai. There were some missing data for both ions in the figure
and is caused by either the instrument error or the unknown board peak present in
the chromatogram. The overall average concentrations (+ standard derivation) of
ammonium, and calcium were 4.7 (+ 2.5)ug/m’, and 0.8 (£ 0.6)ug/n’,
respectively. Other than sulfate and nitrate, ammonium was the most abundant
ion. The ambient concentrations of ammonium varied from days-to-days. For
instance, the ammonium concentrations were low (about 2 — 4pg/m®) from May
9 to May 11. In contrast, it rose to over 10pug/m’ in June 3. On that day, all the
gaseous as well as particulate pollutants also reached to very high levels (refer to

Figure 7.6).
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Figure 7.11. The overall time series of calcium and ammonium in Shanghai.
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The diurnal profiles of calcium and ammonium are shown in Figures 7.12
and 7.13, respectively. The diurnal profile of calcium showed the minimum in
the early morning and maximum in the afternoon. In contrast, the diurnal profile
of ammonium was in reverse with the maximum occurring in the morning and
minimum in the afternoon. The diurnal pattern of ammonium was similar to the
diurnal profile of nitrate (Refer to Figure 7.9) and NO, (Figure 7.14). The
morning NOy pulse most likely contributed to the ammonium peak. During
elevated temperatures NH4sNOs3, however, undergone thermal decomposition,

shifting ammonium into ammonia as shown in the following equation:

NH; <> NH; + H'
Figure 7.12. The diurnal profile of calcium in Shanghai.
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Figure 7.13. The diurnal profile of ammonium in Shanghai.

.~ Ammonium [+ wean
4 ] = Median
] - — Min/Max
149 A1 m - 95%
] 1 1 67 %
m"12—— ]
E ] _
510 LAl i T
c i | ]
S 8- :
© ] =
E ] I
o 6
g "'+'LIJ++"'+ |||
Q 4] E | [ e Lt
O 47 ualui iy
24 [ . H il:
0 e
[rrrrrjrrrrr|yrrrrr|prrrrr
0 6 12 18
Hour (LST)

Figure 7.14. The diurnal profile of NOy in Shanghai.
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7.3 Hong Kong — Tsuen Wan
7.3.1 Temporal variations and overall results

The time series of hourly concentrations of sulfate and nitrate together
with trace gases (SO, and NO;) are shown in Figure 7.15. Please note that the
data of the trace gases are obtained from the HKEPD. The mean hourly
concentrations (+ standard derivation) of sulfate and nitrate were 10.6
(+7.2)pg/m’, and 3.4 (£2.6)ug/m’, respectively. These values were much lower
than our measurements conducted in Beijing (Sulfate: 24.3ug/m3 and Nitrate:
9.7ug/m’) and Shanghai (Sulfate: 17.9ug/m’ and Nitrate: 5.8ug/m’), where the
measurement took place in the rural and suburban areas of China, respectively.
This result reflected the more serious air pollution problems existing in China in
comparison with the situation in Hong Kong. Hagler et al. (2006) also reported
the average sulfate and nitrate concentrations of 9.3ug/m’ and 1.0pg/m’,
respectively, in urban area of Hong Kong during 2002 - 2003. Our reported
values showed little higher concentrations of sulfate and nitrate than the previous
year. In this study, the maximum hourly sulfate and nitrate were 52.2pg/m’ and
28.0pug/m’, respectively. However, the particulate pollution problem in Hong
Kong is still not good in comparison with other countries. For instance, the
sulfate and nitrate concentrations in Milan (Italy) were 4.0pg/m’ and 4.6pg/m’,
respectively [Lonati et al., 2005], while in Chongju (Korea), the sulfate and
nitrate concentrations were 8.2pug/m’ and 3.6pg/m’, respectively [Lee and Kang,
2001]. At the same period of time, the average concentrations of SO, and NO;

were 19.7 (£23.1)ppbv and 65.4 (£26.2)ppbv, respectively.
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Figure 7.15. Time series of hourly concentrations of trace gases (SO, and NO,) and aerosols (sulfate and nitrate) in Tsuen Wan.
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In contrast to the measurement result in Beijing, which showed large day-
to-day variations in the concentrations of fine particles and trace gases during the
measurement period, the measurement result in Hong Kong showed
comparatively less fluctuations, especially for the nitrate concentrations. Only
several pollution plumes are detected during the whole measurement period such
as 23 Jan, 10 Feb, in which the nitrate concentrations reached to 20pg/m’. In
contrast, more pollution plumes of sulfate are found. The most prominent one
was from 23 and 24 February, in which the sulfate concentrations kept at high
levels (over 25ug/m’) for almost the whole day. Besides, the high concentrations
of sulfate and nitrate are usually associated with westerly wind, in which the
major power plants in Hong Kong are located there.

One case study (23 Jan) is presented below to discuss the pollution plume
present on that day. Figure 7.16 showed the time series of hourly concentrations
of trace gases (CO, SO,, and NOy), aerosols (RSP, sulfate, and nitrate), and
meteorological parameters (wind speed and wind direction) at 23 January
morning in Tsuen Wan. On that day, the sulfate and nitrate reached to the
maximum of about 60pg/m’ and 30pg/m’, respectively, while all the other gases
showed very high concentrations. In addition, two peaks of sulfate and nitrate are
found at around 9:00am and 11:00am, which may be attributed by different
sources. Table 7.2 showed the comparison of the ratio of the trace gases between
ACO/ANOy and ASO»/ANOy. At 9:00am, ACO/ANOy was 3.40 and ASO,/ANOy
was 0.11. These ratios were similar to the inventories in Hong Kong as reported
by Streets et al. (2003). Thus, the first sulfate and nitrate peak was most possibly
due to the transport during the morning rush hour. Similarly, at 11:00am,

ASO,/ANOy was 0.47. This value would be more resemble to the power plant
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emissions. These power plant emissions could be due to Lung Kwu Tan power
station and Castle Peak power station, which are located on the west side of
Hong Kong as the wind direction at that time also supported these pollution

Sources.

Figure 7.16. Time series of hourly concentrations of trace gases (CO, SO, and
NOy), aerosols (RSP, sulfate, and nitrate), and meteorological parameters (wind
speed and wind direction) at 23 January morning in Tsuen Wan.
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Table 7.2. Comparison of the ratio of the trace gases between ACO/ANOy and
ASO,/ANOx

Hong Kon
23 Jan 2005 (Streets of al.. 2003)
09:00 11:00 Transport Power plants
ACO/ANOy 3.40 5.88 4 -
ASO,/ANOy 0.11 0.47 0.01 0.57

During this six-week measurement, the average nitrate / sulfate ratio was
0.32 (standard derivation: 0.14). This result suggested that stationary source such
as power plant emissions would be comparatively more dominant pollution
sources in Hong Kong. However, on 31 January and 28 February afternoon, the
nitrate / sulfate values were over 0.8 implying the significant contribution of the

mobile sources (e.g. vehicles) at some of the times.
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The correlation between sulfate and sulfur dioxide is shown in Figure
7.17. The correlation between sulfate and SO, was moderate with r* = 0.40. The
existence of certain relationship between these two parameters indicated the
importance of SO, on the formation of sulfate.

Figure 7.17. Correlation between sulfate and sulfur dioxide in Tsuen Wan.
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7.3.2 Diurnal profiles of sulfate and nitrate

The average diurnal variations of sulfate and nitrate in the measurement
period are shown in Figures 7.18 and 7.19, respectively. The bar represented the
average concentrations of the respective species, while the vertical line
represented the standard derivation of the respective species. Similar to the result
in Beijing, sulfate showed no distinctive diurnal pattern. The mean difference
was only several micrograms per cubic meter for the whole day. The lack of

diurnal pattern indicated a regional sulfate pollution problem in Hong Kong.
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Figure 7.18. The diurnal profile of sulfate in Tsuen Wan.
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Figure 7.19. The diurnal profile of nitrate in Tsuen Wan.
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The diurnal profile of nitrate showed two maximum. The first maximum
occurred in the morning at 9:00am and the other one was in the afternoon at
2:00pm to 4:00pm. This pattern was different from those measured from Beijing
and Shanghai, which showed the minimum in the afternoon. This could be due to

the difference between the two environments. The measuring site in Hong Kong
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is an urban area, while in Beijing and Shanghai are rural and suburban areas,
respectively. The measuring environment in Hong Kong is more affected by the
near-by densely vehicles, thus the two maximum nitrate peak could be

corresponded to the emissions from vehicles during rush hours.

P.146



Chapter 8: Results and Analysis of PM, s mass and water soluble

ion species from filter measurements

In this chapter, the filter measurement results and analysis of PM;s mass
and water soluble ion species from Guangdong, Shanghai, Beijing, and Lanzhou
will be presented. Although semi-continuous measurements of water soluble ion
species have its own advantages, problems have been arisen due to variety of
reasons as discussed in the previous chapter. Thus, the results from filter analysis
are still the most accurate and reliable method for determining water soluble ion

species at present. Thus, filter analysis results are also included in this study.

8.1 Shanghai
8.1.1 Concentrations of PM;s mass and ions

From the gravimetric analysis, the concentrations of PMys mass in
Shanghai were in the range of 28.8 — 235.4ug/m° with a mean and standard
derivation of 71.9 and 41.7ug/m?, respectively, which was similar to the value of
77.5ug/m® as conducted in Beijing in 1989 (Chen et al., 1994). Compared with
the USEPA standard in which the daily average of the standard value of 65ug/m?
for PMys (USEPA, 1997), about 44% of the daily PM;s mass concentrations
exceed USEPA standard, showing that fine particle pollution problem is serious
in Shanghai. The concentrations of PM,s mass in each day are plotted in Figure
9.1. From the figure, we could see that there were six days (21, 22 May and 1 - 4
June) which had the daily PMys mass concentrations higher than 100pg/m®.
These particularly high PM,s mass concentrations would pose serious health

effects to the human beings.
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Figure 8.1. The concentrations of PM, s mass at Shanghai in each day.
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Moreover, strong day-to-day variations of PM, s mass concentrations are
observed in Shanghai. As illustrated in Figure 8.1, PM,5s mass concentrations
could be reached as high as 235pg/m®. However, under the clean condition, the
mass concentrations were below 30pg/m®. These strong temporal variations
could be due to different air masses and/or different meteorological conditions
arriving the sampling site during the measurement period. Please refer to Chapter
7 for more detailed analysis.

The average, standard derivation, minimum, maximum, and median of
water soluble ion species for both cations and anions in Shanghai are shown in
Table 8.1. The total water soluble ion species contributed to about 45% of the
PM,5 mass concentrations. Among all the water soluble ions, SO4*, NOs’, and
NH." were the top three most abundant species. The average SO4* concentration
was 15.8ug/m*® and accounted for 49% of the total mass of inorganic ions.
Sulfate alone has already exceeded the US NAAQS annual PM,s standard of
15ug/m®. The second most abundant species was NOs; with the average
concentration of 7.1ug/m®, which accounted for 22% of the total mass of
inorganic ions. For ammonium, the average concentration was 4.3pg/m® in
Shanghai. These measured values were similar to those reported by Yao et al.,
2002 in Shanghai. Yao et al. (2002) reported the annual average SO4>, NOs', and
NH,* concentrations were 15.9ug/m°, 6.8pug/m®, and 6.6pg/m°, respectively at
Hainan Road in Shanghai. The sum of the remaining ions accounted for about
16% of the total mass of inorganic ions in Shanghai. The distribution of the ion
composition in Shanghai is shown in Figure 8.2. According to the figure, we

could see that SO4%, NO3', and NH," were the three most dominant ion species.
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K™ and CI" were the fourth and fifth and accounted for 7% and 6%, respectively

of the total ion mass. Other ions accounted for less than 1% of the total ion mass.
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Table 8.1. The average, standard derivation, minimum, maximum, and median of the water soluble ion species for both cations and anions in
Shanghai.

Cations Anions
Li* Na* NH4 K* Mg | Ca* F cr NO; Br NOs | PO, | SO/~
Average | N.A. 0.4 4.3 2.3 0.1 0.2 N.A. 1.9 0.2 N.A. 7.1 N.A. 15.8
St.der. | N.A. 0.2 2.0 3.1 0.0 0.1 N.A. 2.3 0.2 N.A. 6.7 N.A. 9.6
Minimum | N.A. 0.1 1.5 0.3 0.0 0.1 N.A. 0.1 0.0 N.A. 0.6 N.A. 3.6
Maximum | N.A. 1.1 12.9 14.4 0.2 0.6 N.A. 9.1 0.7 N.A. 36.6 N.A. 53.3
Median | N.A. 0.3 4.1 1.2 0.1 0.2 N.A. 1.0 0.1 N.A. 4.7 N.A. 13.1

aSt. der. represents standard derivation.
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Figure 8.2. The distribution of the ion composition in Shanghai.
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Figure 8.3 showed the daily ion composition in Shanghai. Red line
represented PM; s mass concentration. Generally speaking, the ion distribution in
each day was similar and was proportional to the PM,s mass. However, K* ion
(yellow in color) only showed remarkable levels on some days, especially during
the day of the highest PM,s mass concentrations. This suggested that the
contribution of biomass burning was one of the causes for the high levels of

PM;5 mass.
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Figure 8.3. The daily ion composition in Shanghai.
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8.1.2 The source of SO, and NO3 in PM, 5

As shown previously, the mass ratio of [NO3s]/[SO4*] has been used as
an indicator of the relative importance of mobile versus stationary sources
[Arimoto et al., 1996; Xiao and Liu, 2004; Yao et al., 2002]. Arimoto et al. (1996)
ascribed high [NO5]/[SO,*] mass ratio to the predominance of mobile source
over stationary source of pollutants. In China, gasoline and diesel fuel contain
0.12% and 0.2% sulfur (by weight), respectively [Kato, 1996]. The estimated
ratios of NOy to SO from the emission of gasoline and diesel fuel burning are
13:1 and 8:1, respectively. The sulfur content in coal is 1% and the estimated
ratio of NOy to SOy is 1:2 from coal burning [Wang et al., 2005; Yao et al.,
2002]. Thus, it is reasonable to use SO,* as an indicator of stationary emission
and NOs™ of mobile emission. Figure 8.4 showed the daily [NO5]/[SO4*] ratio
for the whole measurement period. From the figure, we could see that the mass
ratio was below 0.5 for most of the days. This indicated that the influence of the
stationary source was predominant at the sampling site, while the ratio could
reach over 1 for some of the days such as 25 May, 11 June, which indicated the
influence of the mobile source. In this study, the average mass ratio of [NO3’
1/[SO+*] during the measurement period was 0.44. This value was similar to
those reported by Yao et al., 2002. The relatively low [NO3]/[SO.*] ratio
suggested that the more influence of the stationary source over the mobile source
of pollutants in our study site. This was because there were several small to

medium scale power plants located around the sampling site.
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Figure 8.4. The daily [NO3]/[SO,*] ratio in Shanghai for the whole
measurement period.
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8.1.3 The speciation of the major ions

The chemical forms of the major ions in aerosols in Shanghai are
identified by bivariate correlations. Table 8.2 showed the summary of the
correlation coefficients among these major ions. It could be seen that NH," is
closely correlated with SO,% and NOs', while CI is correlated well with Na* and
K*. These suggested that (NH,)>SO4, NHsNO3, NaCl, and KCI are found to be
the major chemical species in the aerosol particles based on their correlation
coefficients.

Table 8.2. The summary of the correlation coefficients among the major ions in
Shanghai.

R® S0~ NO; Cl NO,
Na* 0.39 0.39 0.70 0.02
Mg?" 0.14 0.13 0.02 0.00

K* 0.31 0.38 0.84 0.01
ca’ 0.45 0.43 0.20 0.01
NH," 0.85 0.78 0.17 0.02

8.1.4 The oxidation of sulfur and nitrogen
Sulfur oxidation ratio (SOR) is defined as SO4*/(SO.*+S0,), and

nitrogen oxidation ratio (NOR) is defined as NO3/(NO3+NOy). These could be
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the indicators of the secondary transformation processes. SOR expressed the
degree of oxidation of sulfur in terms of the ratio of sulfur in sulfate to total
sulfur. Similarly, NOR expressed the degree of oxidation of nitrogen in terms of
the ratio of nitrogen in nitrate to total nitrogen. Higher SOR and NOR suggested
that the oxidation of gaseous species have occurred and more secondary aerosols
could exist in the atmosphere [Wang et al., 2005]. The SOR and NOR of PM;s
aerosols in Shanghai are shown in Figure 8.5. From the figure, we could see that
SOR and NOR ranged from 0.05 — 0.30, and 0.01 — 0.19, respectively. The
average SOR and NOR for the whole measurement period were 0.16 and 0.07,
respectively. Ohta and Okita (1990) suggested that when the ratio value was
greater than 0.10, photochemical oxidation of SO, would occur in the
atmosphere. The SOR of Shanghai PM, s aerosols were greater than 0.10 in the
study period. This result suggested that secondary formation of SO,* from SO,
is occurred. In contrast, the low NOR in Shanghai PM, s aerosols suggested that
the secondary formation of NOs;™ from NOy is weakly occurred in Shanghai
compared to that of SO,*.

Figure 8.5. The SOR and NOR of PM, 5 aerosols in Shanghai.
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To identify the factors controlling the formation of secondary ions (SO4*
and NOg), the correlation coefficients between SOR, NOR, and other parameters
are calculated and the results are shown in Table 8.3. SOR and NOR showed
very weak correlations with Os, temperature, relative humidity, and solar
radiation. These suggested that the formation of secondary aerosols were very
complex and many reactions might occur at the same time and lead to the
formation of secondary aerosols. Therefore, no good correlations with individual
species are found.

Table 8.3. Correlation coefficients between SOR, NOR, and other parameters
(ozone, temperature, relative humidity, and solar radiation) in Shanghai.

O3 Temperature RH Solar radiation
SOR 0.04 0.04 0.13 0.13
NOR 0.18 0.04 0.01 0.00
8.2 Belijing

8.2.1 Concentrations of PM s mass and ions

In this study, the mean concentrations of PM,s mass in Beijing were in
the range of 12.2 — 211.9ug/m®, with a mean and standard derivation of
76.6pg/m* and 59.6pg/m?, respectively. Wang et al. (2005) found a mean value
of PM,s mass of 93.3pg/m® in the summer season of Beijing in 2001 — 2003.
The similar value of our measurement to the urban/suburban results suggested
that fine aerosol pollution problem in Beijing had not been improved in the past
few years and that it existed beyond the urban center. In addition, about 48% of
the daily PM,s mass concentrations were higher than the USEPA standard,
showing that fine particle pollution was serious in Beijing. The concentrations of
PM,5s mass in each day were plotted in Figure 8.6. There were altogether 24

PM, 5 samples collected during the whole measurement period.
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Figure 8.6. The concentrations of PM, s mass in each day in Beijing.
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Again, strong day-to-day variations of PM,5 mass concentrations were
observed in Beijing. As illustrated in Figure 8.6, there were several days which
had the daily PM,5 mass concentration greater than 100ug/m® and the highest
PM,.5 mass concentration could be reached as high as 212pg/m®. However, under
the clean condition, the PM,5s mass concentrations could be as low as only
several micrograms per cubic meter. This could also be seen from the large
standard derivation (60pg/m®) of PM,s mass. These strong temporal variations
of PM_5 mass could be reflecting a sharp contrast between regional background
air from the north and urban plumes from the south attacking the sampling site.

The average, standard derivation, minimum, maximum and median of the
water soluble ionic species of both cations and anions in Beijing were shown in
Table 8.4. The total water soluble ion species contributed to about 53% of PM; s
mass concentrations. Among all the water soluble ions, SO4*, NOs and NH,"
were the top three most abundant species. The average SO,* concentration was
23ug/m?®, which accounted for 55% of the total mass of inorganic ions. The
average NO3™ concentration was 9.9ug/m®, which accounted for 24% of the total
mass of inorganic ions. The average NH," concentration was 5.7pug/m? in Beijing,
which contributed to about 14% of the total mass of inorganic ions. The
measured values were similar to those measured by Hu et al., 2002. He reported
the average sulfate and nitrate concentrations of 21.4pg/m*® and 14.7ug/m®,
respectively on the campus of Peking University in June — July 2000. Moreover,
the maximum sulfate and nitrate reached to 92.0pg/m® and 42.3pg/m®
respectively. These extremely high particulate loadings would seriously affect
the environment. As sulfate and nitrate were the precursors of the formation of

acid rain, the high concentrations of sulfate and nitrate would lead to the problem
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of acid rain. The sum of other ions only accounted for 6% of the total mass of
inorganic ions in Beijing. The distribution of the ion composition was shown in
Figure 8.7. According to the figure, we could see that SO,*, NO3 and NH4* were

the dominant ion species, followed by K* (3%), NO, (2%) and CI" (1%).
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Table 8.4. The average, standard derivation, minimum, maximum and median of the water soluble ionic species of both cations and anions in

Beijing.
Cations Anions

Li* Na* | NH;' K* Mg®* | ca® F cr NOy Br NOs | PO,* | SO~

Average N.A. 0.1 5.7 1.3 0.0 0.1 N.A. 0.4 0.7 N.A. 9.9 N.A. 22.6
3St. der. N.A. 0.1 5.1 1.1 0.0 0.1 N.A. 0.6 0.8 N.A. 11.9 N.A. 26.0
Minimum N.A. 0.0 0.4 0.0 0.0 0.0 N.A. 0.0 0.0 N.A. 0.2 N.A. 0.6
Maximum N.A. 0.3 19.4 4.0 0.1 0.4 N.A. 1.9 2.7 N.A. 423 N.A. 92.0
Median N.A. 0.1 3.6 1.1 0.0 0.1 N.A. 0.1 0.4 N.A. 5.7 N.A. 12.8

aSt. der. represents standard derivation.
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Figure 8.7. The distribution of the ion composition in Beijing.

8.2.2 The source of SO,* and NO3 in PMys

The mass ratio of [NOs]/[SO4*] during the whole measurement period
was shown in Figure 8.8. The average [NOs;]/[SO4*] during the measurement
period was 0.40. From the figure, we could see that the mass ratio was below 0.5
for most of the days which indicated the influence of the stationary source was
predominant. However, the ratio was larger than 1 on 10 July. This suggested
that the sampling location was occasionally affected more by the mobile source.
The measured value was similar to those reported by Yao et al., 2002. The
relatively low [NO3]/[SO,*] ratio suggested that the more influence of the

stationary source over the mobile source of pollutants in our study site.
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Figure 8.8. The mass ratio of [NO3]/[SO.*] in Beijing.
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8.2.3 The speciation of major ions

The chemical forms of those major ions in aerosols in Beijing were
identified by bivariate correlations. Table 8.5 showed the summary of the
correlation coefficients among these major ions. It could be seen that NH;" was
closely correlated with SO,%, NO5 and CI” while Na* was correlated well with
CI, NOs; and K* was correlated well with SO,%. These suggested that
(NH4)2S0O4, NH4NO3, NH,4CI, NaCl, NaNO3 and K,SO,4 were found to be the
major chemical species in the aerosol particles based on their correlation
coefficients.

Table 8.5. The summary of the correlation coefficients among the major ions in
Beijing.

R® SO~ NO; Cl NO,
Na* 0.57 0.67 0.64 0.45
Mg 0.02 0.06 0.02 0.02
K* 0.62 0.55 0.58 0.42
Ca** 0.00 0.01 0.00 0.00
NH," 0.75 0.76 0.83 0.59
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8.2.4 The oxidation of sulfur and nitrogen

The SOR and NOR obtained for PM;5 aerosols in Beijing was shown in
Figure 8.9. From the figure, we could see that the SOR and NOR ranged from
0.05 - 0.98 and 0.01 — 0.36, respectively. The average SOR and NOR during the
whole measurement period was 0.45 and 0.16, respectively. The SOR and NOR
of Beijing PM, 5 aerosols were both higher than 0.10 in the study period. These
results suggested that secondary formation of SO, from SO, as well as NOs"
from NOy components were occurred in the rural area of Beijing. Furthermore,
the conversion of SO, was almost complete (Over 80%) for certain days.

To identify the factors controlling the formation of secondary ions (SO4*
and NOy3), the correlation coefficients between SOR, NOR and other parameters
were calculated and the results were shown in Table 8.6. SOR showed moderate
correlation with relative humidity. As discussed previously, SO,* formation has
three main major formation mechanisms. The moderately good correlation of
SOR with relative humidity would suggest that the formation of sulfate would be
more favor towards the aqueous phase reaction of SO..

Figure 8.9. The SOR and NOR obtained for PM, 5 aerosols in Beijing.
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Table 8.6. The correlation coefficients between SOR, NOR and other parameters
(Ozone, temperature, relative humidity and solar radiation) in Beijing.

Ozone Temperature | Relative humidity | Solar radiation
SOR 0.07 0.15 0.50 0.22
NOR 0.03 0.06 0.36 0.18

8.3 Lanzhou
8.3.1 Concentrations of PM;s mass and ions

Particulate pollution in the Lanzhou Valley of Gansu Province is a well-
known public health problem (Ta et al., 2004). However, the aerosol study in this
region is very limited. In this section, | will report the aerosol measurements
conducted in Lanzhou. The concentrations of PM,s mass in each day were
plotted in Figure 8.10. Please note that there were 11 filters which had shorter
collection time so that the width of the bar shown in Figure 8.10 was much
narrower than others. We have selected the days that had high ozone to conduct
shorter time aerosol sampling in order to get the diurnal profile of the aerosol
samples. During the high ozone period, the collection time for the filter was 2
hours instead of 24 hours. Except during the ozone episode period, PM, s mass
concentrations were usually below 80pg/m®. However, for the time with the
ozone episode, PM,s mass could reach over 150pg/m?>. In the whole study period,
the mean concentrations of PM,s mass in Lanzhou were in the range of 27.1 -
183.1ug/m®, with a mean and standard derivation of 73.1 and 38.5ug/m®,

respectively.
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Figure 8.10. The concentrations of PM, s mass in each day in Lanzhou.
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The case in Lanzhou was different from the previous as the particle
concentrations could change quickly within a few hours. This could see more
clearly from the TEOM as well as the gaseous pollutant measurements. Figure
9.11 showed one of the cases in Lanzhou. In this figure, several gaseous
pollutants such as CO, O3, NOy were shown. We could see that in the morning of
June 25, all the primary pollutants increased to very high levels (CO >1000ppbv,
SO, NOy >40ppbv) together with Oz (>100ppbv). However, after around 12
o’clock, all the pollutant levels sharply decreased to very low values. This kind
of change could be associated with the change in wind direction (From south-
westerly to northerly wind). Thus, the mass concentrations obtained from filter
measurements at 24-hour interval would miss out this abrupt change of pollution
levels. Comparing with Qian et al., 2001, our measured results of PM,5 mass
were lower than the urban (115ug/m®) and suburban (98ug/m®) measurements in
Lanzhou during 1995 — 1996. In addition, about 38% of the daily PM,5 mass
concentrations were higher than the USEPA standard, showing that fine particle

pollution problem is also serious in Lanzhou.
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Figure 8.11. The time series plot of gaseous pollutants (CO, O3, NO, NOy, SO,
PAN) and meteorological parameters (solar radiation, wind speed and wind
direction) on 24 to 26 June in Lanzhou.
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Figure 8.12 showed one of the representative diurnal profile of PMys
mass obtained from filters (11 July). The PM,s mass concentration was high in
the morning and increased to about 180pg/m® at around 9am. Afterwards, the
PM,s mass decreased rapidly to around 80ug/m® at around noon time and
remained steady until late afternoon which dropped to only 15ug/m?. This pattern
was similar to the CO pattern in the same day which reached to about 1000ppbv

in the morning and continuous to decrease until late afternoon.
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Figure 8.12. The diurnal profile of PM, 5 mass obtained from filters (11 July) in
Lanzhou.
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The average, standard derivation, minimum, maximum and median of the
water soluble ionic species of both cations and anions in Lanzhou were shown in
Table 8.7. The total water soluble ion species contributed to about 43% of the
PM,.5 mass concentration. Among all the water soluble ions, SO,%, CI" and NH,"
were the top three most abundant species. The average SO,* concentration was
11pg/m®, which accounted for 35% of the total mass of inorganic ions. The
average Cl™ concentration was 5.9ug/m®, which accounted for 19% of the total
mass of the inorganic ions. Thirdly, the average NH;" concentration was
5.1pg/m®, which contributed to about 16% of the total mass of inorganic ions.
Moreover, the maximum sulfate and nitrate were 33.1 and 17.2ug/m®,
respectively. The sum of the remaining ions accounted for 30% of the total mass
of inorganic ions. The distribution of the ion composition was shown in Figure
8.13. According to the figure, we could see that SO,*, CI" and NH," were the

dominant ion species, followed by NOs™ (12%), NO, (7%) and Ca* (4%).

P.169



Table 8.7. The average, standard derivation, minimum, maximum and median of the water soluble ionic species of both cations and anions in

Lanzhou.
Cations Anions
Li* Na* NH4* K* Mg** Ca’* F Cr NO; Br NOs | PO, | SO
Average N.A. 0.5 5.1 0.8 0.4 1.3 0.5 5.9 2.3 N.A. 3.7 N.A. 10.8
2St. der. N.A. 0.5 4.8 0.4 0.7 1.6 0.3 5.3 2.8 N.A. 3.3 N.A. 6.8
Minimum N.A. 0.0 0.7 0.2 0.0 0.0 0.2 0.2 0.2 N.A. 0.7 N.A. 3.4
Maximum N.A. 2.3 23.4 2.2 15 6.9 1.0 20.1 11.4 N.A. 17.2 N.A. 33.1
Median N.A. 04 3.7 0.8 04 1.6 0.4 4.0 1.2 N.A. 2.6 N.A. 10.0

aSt. der. represents standard derivation.
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Figure 8.13. The distribution of the ion composition in Lanzhou.
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8.3.2 The source of SO,* and NO3 in PM; 5

The mass ratio of [NOs]/[SO4*] during the whole measurement period
was shown in Figure 8.14. The average [NOs;]/[SO4*] ratio during the
measurement period was 0.38. According to the figure, the mass ratio was below
0.4 for most of the days which indicated the predominant of the influence of the
stationary source. The relatively low [NO3]/[SO,*] ratio suggested that the more
influence of the stationary source over the mobile source of pollutants in our
study site as there were many power plants located at the west side of the

sampling site. Sometimes the plume from the power plant was clearly seen at the

sampling site (Figure 8.15).
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Figure 8.14. The mass ratio of [NO3]/[SO,*] during the whole measurement
period in Lanzhou.
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Figure 8.15. The pluzme from the power plant as seen from the sampling site.

8.3.3 The speciation of the major ions

The chemical forms of the major ions in aerosols in Lanzhou were
identified by bivariate correlations. Table 8.8 showed the summary of the
correlation coefficients among these major ions. It could be seen that NH;" was

moderately correlated with SO, while NO,” was correlated with Ca®*. These
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suggested that (NH,4),SO,4 and Ca(NO,), were found to be the major chemical
species in the aerosol particles based on their correlation coefficients.

Table 8.8. The summary of the correlation coefficients among the major ions in
Lanzhou.

R® S04~ NOs Cl NO,
Na* 0.01 0.14 0.03 0.32
Mg** 0.01 0.12 0.08 0.18
K* 0.01 0.01 0.07 0.04
Cca** 0.02 0.01 0.01 0.48
NH.," 0.41 0.35 0.14 0.05

8.3.4 The oxidation of sulfur and nitrogen

The SOR and NOR for PM; 5 aerosols in Lanzhou was shown in Figure
8.16. The SOR and NOR ranged from 0.05 — 0.47 and 0.02 — 0.37, respectively.
The average SOR and NOR during the whole measurement period was 0.18 and
0.09, respectively. SOR of PM, s aerosols in Lanzhou was higher than 0.10 in the
study period. This result suggested that secondary formation of SO,* from SO,
was occurred.

Figure 8.16. The SOR and NOR for PM; s aerosols in Lanzhou.
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The factors controlling the formation of secondary ions (SO,* and NO3)

were identified by the correlation coefficients between SOR, NOR and other
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parameters. The results were shown in Table 8.9. SOR and NOR don’t show any
good correlation with the meteorological parameters and ozone. This suggested
that the SO, and NO3™ formation was very complex and might involve varies
simultaneous formation pathways. As discussed earlier, the air mass changed
abruptly in this sampling site, this would be another reason for the poor
correlation.

Table 8.9. The correlation coefficients between SOR, NOR and other parameters
(Ozone, temperature, relative humidity and solar radiation) in Lanzhou.

Ozone Temperature | Relative humidity | Solar radiation
SOR 0.08 0.01 0.19 0.04
NOR 0.00 0.00 0.01 0.00
8.4 Guangzhou

Guangzhou is one of the fastest developing cities in China. This rapid
development has raised the living condition of the citizens; however, this fast-
paced growth in population and energy use has degraded the local air quality. In
this section, | will describe the fine particulate pollution problem in Guangzhou.

The study site was located at Wan Qing Sha, which has already described before.

8.4.1 Concentrations of PM;s mass and ions

The daily variation of PM,s mass concentrations was shown in Figure
8.17. There were altogether 13 filter samples collected in the six weeks intensive
study. The average PM,s mass during the whole measurement period was
54.7ug/m® with standard derivation of 27.7pg/m®. Hagler et al. (2006) reported
the mean PM,s mass was 70.6 + 30.2ug/m® conducted in the urban area of
Guangzhou during 2002 — 2003. The reported value was comparable with our
measured results. However, we should note that the measurement of Hagler et al.

(2006) was conducted in the urban area of Guangzhou while our measurements
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were done in the suburban area. Thus, fine particulate pollution was not only
locally pollution problem, but also affected the whole Guangzhou region.
According to Figure 8.17, the daily variation of PM,5 mass was moderate. It
ranged from 16.5pg/m® to 93.2pg/m®. Among the 13 sampling days, there were 5
days (38%) exceeding the USEPA standard of 65ug/m®. This reflected the
seriousness of the fine particle pollution problem in the Guangzhou region.

Figure 8.17. The day-to-day variation of PM; s mass concentrations in Guangzhou.
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The overall average concentration, together with standard derivation,
minimum, maximum and median of the water soluble ion species of both cations
and anions in Guangzhou were shown in Table 8.10. Among all the measured
water soluble ions, SO,, NOs and NH4" were the dominating species. The
average (+ standard derivation) SO,* concentration was 13.1 (+6.0)ug/m?, which
accounted for 49% of the total water soluble ion species as shown in Figure 8.18.

Figure 8.18 showed the relative contribution of individual ion species to the total
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water soluble ions. The second most abundant ion species was NOs’, which
accounted for 20% of the total water soluble ions. The mean NO3 concentration
was 5.2 (+3.8)ug/m®. Following NOs, NH;* was the third dominating ion
species. The mean NH," concentration was 5.2 (+2.2)ug/m®, which contributed
to 20% of the total water soluble ions. The above three ions have already
accounted for 89% of the total water soluble ion species. For the remaining ions,
only trace amount of them were detected. For instance, the average Na* and K*
concentrations were 0.4 (+0.1)ug/m® and 1.0 (+0.5)ug/m®, respectively.
Furthermore, several ions such as Li*, Mg*, F’, Br, PO, were not detected
during the whole measurement period. As a whole, the total water soluble ion
species contributed to about 48% of the PM,s mass concentrations. This large
percentage of total water soluble ion species to the PM,s mass concentrations

reflected the importance of the ion species in the atmosphere.
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Table 8.10. The average, standard derivation, minimum, maximum and median of the individual water soluble ion species (Both cations and
anions) in Guangzhou.

Cations Anions
Li* Na* NH,* K* Mg** ca’* F cr NOy Br NOs | PO, | SO/~
Average | N.A. 0.4 5.2 1.0 N.A. 0.3 N.A. 0.8 0.6 N.A. 5.2 N.A. 13.1
St.der. | N.A, 0.1 2.2 0.5 N.A. 0.2 N.A. 0.6 0.2 N.A. 3.8 N.A. 6.0
Minimum | N.A. 0.2 1.7 0.1 N.A. 0.0 N.A. 0.2 0.3 N.A. 1.0 N.A. 35
Maximum | N.A. 0.5 8.3 1.7 N.A. 0.6 N.A. 2.2 1.0 N.A. 12.2 N.A. 23.3
Median | N.A. 0.4 6.3 0.9 N.A. 0.3 N.A. 0.7 0.5 N.A. 4.4 N.A. 12.9

aSt. der. represents standard derivation.
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Figure 8.18. The relative contribution of individual ion species to the total water
soluble ions in Guangzhou.

2%

Figure 8.19 showed the daily variation of individual ion species in
Guangzhou. As shown in the figure, the daily distribution of ion species was
similar and the concentrations of the ions were generally proportional to the
PM,s mass. Moreover, the K* ion was present in all the samples and was the
indication of the presence of biomass burning. This was different from the

Beijing study in which the K" ion only present during the PM, s episode day.
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Figure 8.19. The day-to-day variation of individual water soluble ion species in
Guangzhou.
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8.4.2 The source of SO,* and NO3 in PMys

The daily variation of the mass ratio of [NOs]/[SO4*] for the whole
measurement period was shown in Figure 8.20. In this study, the average [NO3’
J/[SO4*] ratio was 0.38. The low [NOs]/[SO4*] ratio suggested that stationary
source emissions were more important than the mobile source emissions in the
study area. From Figure 8.20, the mass ratio was below 0.4 for most of the days
which indicated the influence of the stationary source was predominant.
However, there was a day (22 May) in reach the ratio was larger than 1. This

suggested that the sampling location was also affected by the mobile source.
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Figure 8.20. The daily variation of the mass ratio of [NOs]/[SO4*] in
Guangzhou.
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8.4.3 The speciation of major ions

The chemical forms of the major ions in aerosols in Guangzhou were
identified by bivariate correlations here. Table 8.11 showed the summary of the
correlation coefficients among these major ions. It could be seen that NH;" was
well correlated with SO,*, NOs™ and CI” while Na* was also well correlated with
SO,%. These suggested that (NH,),SOs, NH4NOs, NH.Cl and Na,SO, were
found to be the major chemical species in the aerosol particles based on their
correlation coefficients.

Table 8.11. The summary of the correlation coefficients among the major ions in
Guangzhou.

R® S0~ NO3 Cl NO,
Na* 0.66 0.41 0.31 0.14
K* 0.37 0.45 0.48 0.17
ca®” 0.20 0.42 0.22 0.01
NH," 0.87 0.69 0.60 0.02

8.5 Comparison between different megacities
In the previous section of this chapter, | have reported the concentrations,

variations and compositions of PM,s mass and water soluble ion species.
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Moreover, the sources, speciation and oxidation of major ions in each sampling
location were also discussed. In the section, | would try to compare the findings
from different megacities. As the four measurement sites were located at roughly
the east (Shanghai), south (Guangzhou), west (Lanzhou) and north (Beijing) of
China, the comparison between these four locations could give us some ideas
about the difference of particulate loadings and/or conversion routes between
different geographical locations. We should note that the comparisons in this
study would have some derivations due to the difference of the sampling time at
different locations, but at least all the measurements were conducted at the

summer time.

8.5.1 Comparison of PM;s mass

Figure 8.21 showed the comparison of the average PM,s mass
concentrations during the whole measurement period collected at the four
sampling sites with the vertical line corresponding to the standard derivation of
the measurement. The PM,s mass showed similar concentrations at different
cities. Shanghai, Beijing and Lanzhou showed the levels of around 70pg/m?®
whereas Guangzhou showed a little lower (Around 60pg/m®). The standard
derivation of PM,5s mass at the four locations was also roughly the same with
Beijing showing a little larger derivation. The average levels of PM,s mass in
Shanghai, Beijing and Lanzhou have already violated the USEPA standard. The
above results suggested that fine particulate pollution problem was not only
limited to one or two cities, but affecting the whole country of China. We should
also bear in mind that all the measurements conducted in this study were in the

suburban and/or rural areas of China, the fine particulate pollution problem in the
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urban area of China would expect to be more serious. This severe pollution
problem would cause harmful effects to the human beings and the environment.
As shown in the introduction part, the greater the particulate pollution problem,
the number of mortality and morbidity is increased correspondingly.

Figure 8.21. Comparison of PM, s mass at four sampling locations.
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Table 8.12 tabulated the PM;s mass concentrations in this study as well
as other studies in the world. In this table, all the studies were conducted in the
rural and/or suburban areas during summer time. Referring to Table 8.12, the
concentrations of PM,5 mass were below 25pg/m® for the studies conducted in
rural and/or suburban areas (Including Japan, Korea, United States, United
Kingdom, Austria). However, the levels of PM,s mass in China (This study)
were two to seven folds higher than others. Thus, this comparison could serve as
an example to illustrate the seriousness of the fine particulate pollution problem

in China and China could also be one of the most polluted countries in the world.
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Table 8.12. Comparison of PM, s mass concentrations with other studies in the world.

City, Country Sampling period Land type szg%n%ss Reference
Birmingham, United Kingdom Jun — Aug (98 - 00) Rural ~10 Dingenen et al., 2004
Vienna, Austria Jun — Aug 99 Rural ~13 Hauck et al., 2004
Tokyo, Japan Jul 02 Suburban 18.0 Sasaki and Sakamoto, 2006
Tennessee, United States Jul = Aug 02 Rural 21.1 Tanner et al., 2005
Gosan, Korea Aug 03 Rural 10.9 Kim et al., 2007
Guangzhou, China May 04 Suburban 54.7 This study
Shanghai, China May — Jun 05 Suburban 71.9 This study
Beijing, China Jun — Aug 05 Rural 76.6 This study
Lanzhou, China Jun —Jul 06 Suburban 73.1 This study
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8.5.2 Comparison of water soluble ions
8.5.2.1 Comparison of the concentrations of total water soluble ions

Figure 8.22 showed the comparison of the concentrations of total water
soluble ions at four sampling locations. The vertical bar represents the standard
derivation of total water soluble ions. We could see that the levels of total water
soluble ions were similar at four different sampling locations in which Beijing
showing a little higher concentration (38.7pug/m®) than others (26.4pg/m® —
32.0ug/m?). Combined with the data showed previously in which the PM,s mass
at four sites were similar, we should be able to deduce that the contribution of
water soluble ions to PM, s mass was the highest in Beijing (About 53%). One of
the reasons was that the sampling location in Beijing was located at the mountain
top and was the most rural in comparison with the other three sites. For the
remaining three locations, we could only classify them as suburban areas. As the
ions such as sulfate and nitrate were primarily secondary in nature, sampling at
more rural area could provide more time for the formation of secondary species
and thus higher levels of ions in PM,s. As a consequent, the higher
concentrations of ions, especially sulfate (Larger contribution to the chemical
light extinction), would have great effect on visibility and the environment. As
observed from each sampling site, the visibility problem was the most serious in
the Beijing area. The clean day and the poor visibility day in Beijing sampling
site were shown in Figure 8.23. Figure 8.23a showed the photo taken on 23 July.
On that day, the PM,5 mass and sulfate concentration were only 13.3pg/m? and
3.6pg/m°, respectively. In contrast, Figure 8.23b showed the photo taken on 17

July from the same view as that of Figure 8.23a. The PM2s mass and sulfate
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concentration were 141.0pg/m® and 67.0pg/m®, respectively on that day.
Therefore, the visibility problem was clearly seen from these two photos.

Figure 8.22. Comparison of the concentrations of total water soluble ions at four
sampling locations.
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Figure 8.23. Photo taken on (a) 23 July (b) 17 July.
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(b)

Besides, the standard derivation of ions in Beijing was the largest in
comparison with the others as shown in Figure 8.24. This was due to the
contrasting air mass from the south (urban centre) and the north (background air
mass) reaching the sampling site at different periods of time. This has been
discussed before and will not be further elaborate here. Apart from Beijing,
Lanzhou should have similar situation (as discussed in section 8.3.1), but
couldn’t reflect in this figure. This was because the change of air masses in
Lanzhou occurred within a few hours and on the same day so that the effect was
mask. However, for the Beijing situation, the air mass changed for days or even
weeks. This could also serve as one of the good examples of using continuous

instruments rather than the filter collection method.

8.5.2.2 Comparison of the ion compositions
The ion distribution at the four sampling sites was basically similar.
Sulfate was the most dominant ion species in all sampling locations and

accounted for 35% — 57% of the total water soluble ions. Except Lanzhou, nitrate
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and ammonium were the second and third most dominant ion species. Lanzhou
showed a little different ion composition in which chloride and ammonium were
the second and third dominant ion species. The difference in this ion composition
suggested that the source of chloride in Lanzhou was different from others. From
the correlation plot of sodium and chloride ions in each sampling site, we could
see that the correlation of sodium and chloride was moderate in Shanghai (0.70),
Beijing (0.64) and Guangzhou (0.31), while no correlation was found in Lanzhou
(0.03). This also provided an additional support of different source of chloride in
Lanzhou from the others. The good correlation of chloride with sodium
suggested that chloride was mainly from the marine source. In contrast, the
marine influence on the levels of chloride might be minor in Lanzhou and the
chloride ion might be associated with the burning activities in the surrounding
area. For the rest of the ions, it contributed to less than 10% for each individual

ion.

8.5.2.3 Comparison of the sources of sulfate and nitrate in PM;s

The source of sulfate and nitrate was identified in previous section based
on the [NO3]/[SO4*] ratio. The results obtained from the four sampling sites
were similar (0.44 in Shanghai, 0.40 in Beijing, 0.38 in Lanzhou and 0.38 in
Guangzhou) which indicated the more influence of the stationary sources over
the mobile sources in the whole region of China. Streets and Waldhoff (2000)
has reported the emissions of SO, and NOy in 1995 in various cities of China.
The emissions of SO, in Shanghai, Beijing and Guangzhou were 544kt, 304kt
and 250kt, respectively, while the emissions of NOy in Shanghai, Beijing and

Guangzhou were 352kt, 243kt and 138kt, respectively. Thus, the corresponding
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[NO]/[SO-] ratio were 0.65, 0.80, 0.55 in Shanghai, Beijing and Guangzhou,
respectively. The ratios obtained in 1995 were comparatively larger than our
studies. This indicated that China was more affected by the emissions of mobile
sources at that time. More recent work from Streets et al. (2003) also reported the
emissions of SO, and NOy in China in 2000 and were 20,385Gg and 11,347Gg,
respectively, which corresponded to the [NO]/[SO-] ratio of 0.56. This reflected
the more important of the stationary sources in 2000 when comparing with 1995.
This result could be expected as China has grown rapidly during the past ten
years. Many industries have been built and in turn the energy consumption was
also rapidly increased. Streets et al. (2003) reported the fuel consumption in
China by stationary sources such as industries, power plants were 31955PJ],
whereas the fuel consumption by mobile sources were only 4246PJ in 2000. Our
studies in 2004 — 2006 could suggest that pollution from stationary sources was

becoming more important in the whole region of China.

8.5.2.4 Comparison of the speciation of the major ions

The chemical forms of the major ions in aerosols at the four sampling
sites were identified. Results suggested that ammonium sulfate [(NH,4),SO4] was
the most common form of ions exist in PM2s mass. All the sampling sites have
shown good correlations among these two ions. The second most common ion
form was ammonium nitrate (NH4NO3). Except Lanzhou, all of them showed
good correlations. The remaining ion forms were varied among different
locations. For example, sodium chloride (NaCl) and potassium chloride (KCI)
showed good correlations in Shanghai and Beijing. This suggested the influence

of the marine sources and biomass burning at these two locations. In contrast,
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sodium sulfate (Na,SO,4) showed good correlations in Beijing and Guangzhou
only. We could see that different locations had different sources of ions so as to

contribute different major form of ions.

8.5.2.5 Comparison of the oxidation of sulfur and nitrogen

The sulfur oxidation ratio and nitrogen oxidation ratio has been reported
previously. Shanghai and Lanzhou showed similar overall SOR and NOR values
(Shanghai — SOR: 0.16, NOR: 0.07, Lanzhou — SOR: 0.18, NOR: 0.09). This
was because the two sampling sites were located at the suburban areas and the
time for the formation of ions was roughly similar. In Beijing, larger SOR and
NOR values (SOR: 0.45, NOR: 0.16) were obtained. This indicated the more
processing air masses reaching the station than other sites as the sampling site in
Beijing was located at the rural area and more time was given for the ion to form
during the transport from the sources to the monitoring station.

Finally, SOR and NOR was correlate with the possible controlling factors
governing the sulfate and nitrate formation. Most of the correlation was not good
except the correlation between the SOR and the relative humidity in Beijing. The
results suggested that multiple reaction pathways for the formation of ions
occurred simultaneously. In addition, filter-based sampling was also not good

enough method to determine the reaction pathways due to the long sampling time.
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Chapter 9: Formation mechanisms of sulfate, nitrate and the

contribution of aerosols to the visibility impairment in Beijing

The formation mechanisms of sulfate and nitrate are worth studying
because these two ions are the major components of water-soluble ion species in
the atmosphere. It also contributes to a significant fraction in PM;s. In this
chapter, I will explore and discuss the formation routes of sulfate and nitrate
based on the results obtained from both the AIM and the filter analysis. In
addition, visibility is largely affected by the presence of aerosols in the
atmosphere. Thus, I will also discuss the significant of aerosols which lead to the

visibility reduction in Beijing

9.1 Formation of sulfate
9.1.1 Formation of sulfate in Beijing under different meteorological
conditions

As discussed previously in section 7.1.1, the concentrations of fine
aerosols at the Beijing study site are strongly influenced by the change in the
weather conditions. In the following discussion, I will examine two cases in
details to show the relation of the formation of sulfate to the meteorological
condition and long-range / meso-scale transport.

Case I: June 30. Figure 9.1 showed the time series of 30 June of aerosols
(PM,s mass, sulfate, nitrate), trace gases (CO, SO,, NO, NO,, O;), and
meteorological parameters (solar, total ultraviolet, relative humidity, temperature,
wind direction, wind speed). This was the “super” ozone episode with the
maximum O3 hourly mixing ratio of 286ppbv, which was the highest reported

value in open literature for China [Wang et al., 2006]. We could see that the local
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weather condition on that day is characterised by strong solar radiation and low
relative humidity. Most of the primary trace gases, Os;, and PM,s mass
concentrations reached very high levels in the afternoon (NO, ~49ppbv, SO,
~22ppbv, and PM, s mass ~225ug/m’). However, fine sulfate and nitrate only
accounted for 14% and 10%, respectively, of total PM,s mass, suggesting
significant contribution of organic aerosols to the PM, s mass [Black carbon only
contributed to a small fraction (4%) of the PM; 5 mass].

Figure 9.1. Time series of 30 June of aerosols (PM,s mass, sulfate, nitrate),

trace gases (CO, SO,, NO, NOy, O3), and meteorological parameters (solar, total
ultraviolet, relative humidity, temperature, wind direction, wind speed).
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To learn about the synoptic condition related to this episode, the mean
potential height and wind stream at 950hPa on 29 June — 1 July are shown in
Figure 9.2a. A low-pressure system was situated in north-eastern China with a
strong Pacific High at low latitude; Beijing is located in the convergence zone
between the air from the southwest and that from the remote areas to the west.
Three-day backward back trajectories ending at 100m AGL over the site before,
during and after arrival of the plumes are plotted on a mean MODIS Aerosol
Optical Depth (AOD) map during these three days (Figure 10.2b) (The MODIS
data are obtained from http://discl.sci.gsfc.nasa.gov/daac-
bin/G3/gui.cgi?instance id=MODIS DAILY L3). The back trajectories are
calculated using the HYSPLIT model (HYbrid Single-Particle Lagrangian
Integrated Trajectory, NOAA Air Resources Laboratory) driven by MMS5 nesting
simulations [Ding et al., 2004; Wang et al., 2006], and the left bottom of Figure
9.2b showed the magnified picture of hourly trajectories on a topographic map. It
showed that the very high concentrations of fine aerosols (and ozone) in the
afternoon of June 30 were due to the transport of urban emissions from Beijing.
The AOD map of this day suggested that there was no regional aerosol pollution
around Beijing.

In addition, this low formation of sulfate could be attributed to the low
ambient water content. The average ambient water content on that day was
0.012g/g which did not favor the conversion of SO,. Details will be discussed in
the following section. Although it was a sunny day with high SO, concentrations,

the conversion of SO, was still low.
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Figure 9.2. (a) Mean 950hPa geopotential height and wind stream during 29 June — 1 July, and (b) 3-day back-trajectories ending at 100m AGL
over the site for the episode hour and pre-/post-episode hours on averaged MODIS Terra Aerosol Optical Depth map during these three days.
The bottom left of Figure 10.2b showed the magnified picture of hourly trajectories on the topographic map. The red dot on both figures
represented the sampling site.
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Case Il: 12 — 20 July. Figure 9.3 showed the time series of 12 — 20 July
of aerosols (PM, s mass, sulfate, nitrate), trace gases (CO, SO,, NO, NOy, O3),
and meteorological parameters (solar, total ultraviolet, relative humidity,
temperature, wind direction, wind speed). This multi-day episode could be
clearly seen from the time series in the figure. The weather during this period
was mostly cloudy and the humidity was high (average: 75%). The maximum
hourly Os; concentrations were mostly above 100ppbv indicating moderate
photochemical pollution. The concentrations of the primary gases were
moderately high whereas the levels of the PM; s mass were very high, with the
maximum hourly levels in each day ranging from 188ug/m’ to 355ug/m’. Sulfate
and nitrate contributed to about 40% and 13% of total PM, s mass, respectively.
SO, is completely depleted on the last day of the episode (being converted to
sulfate) while the NOy levels remained high, indicating NOy is not subjected to a

significant degree of removal.
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Figure 9.3. Time series of 12 — 20 July of aerosols (PM, s mass, sulfate, nitrate),
trace gases (CO, SO,, NO, NOy, O3), and meteorological parameters (solar, total
ultraviolet, relative humidity, temperature, wind direction, wind speed).
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The mean 950hPa potential height and wind stream during 12 — 20 July is
shown in Figure 9.4a, and 3-day back-trajectories ending at 100, 300, and 500m
(see marker size) at the hour of aerosol peaks are shown in Figure 9.4b. Typhoon
HAITANG landed in southeast China. Associated with this cyclone, the Pacific
High is situated in a more northern location than in Case I, giving continuous
south-easterly and southerly winds in the Eastern China and the NCPs. The AOD
data revealed very severe aerosol pollution in the NCPs (with an AOD value of

up to 3.8). Back trajectories showed that air masses arriving at the site during this
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episode came from the southeast, south and southwest, suggesting that the very
high concentrations of sulfate aerosol were due to the impact of regional sources
in the NCPs under humid conditions. In addition, the results also suggested that
cloudy weather and high water content would favor the conversion of SO, by

aqueous phase reaction.
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Figure 9.4. Same as Figure 10.2 but for the period of 12 — 20 July. Note: Back-trajectories for this period are calculated for three altitudes:
100m, 300m, and 500m above ground level.
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9.1.2 Formation of sulfate in downwind area of Beijing

Figure 9.5a showed the scatter plot of sulfate and total sulfur ([SO] +
[Sulfate], unit: ppbv) colour-coded with specific humidity (SH) for all data. The
sulfur conversion ratio [sulfate / total sulfur] increased with humidity: SO, is almost
completely converted to sulfate when SH reached 2x107g/g. The average sulfur
conversion ratio was 77% for SH > 0.016g/g. In contrast, the average sulfur
conversion ratio was 40% for SH < 0.014g/g. The increased conversion of SO, to
sulfate under humid conditions is consistent with the current understanding of sulfur
chemistry indicating the importance of aqueous phase reactions in the formation of
sulfate from SO, [Seinfeld and Pandis, 1998].

Figure 9.5a. Scatter plot of Sulfate and Total sulfur (SO, + sulfate) colour-
coded according to specific humidity for all data.
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The detail of this reaction is shown in the followings:

SO, firstly dissolves in water to form sulfurous acid.
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SO, + H,O = H,S0;
After that, the major aqueous sulfate formation includes the reactions of
dissolved SO, with H,0,, O3 or O, (catalyzed by Mn”" or Fe’").
SO, + Y% 0, + Mn’" or Fe’" > H,S0,4
SO, + HO, = H,SO4 + H,O
SO, + 03 2 H,S04 + O,
[Khoder, 2002; Saxena and Seigneur, 1987]

As shown from the above, ambient water content played an important role
for the conversion of SO, to sulfate in the study region. Therefore, we believed that
aqueous phase reaction was a dominant reaction pathway for the oxidation of SO, in
Beijing. Apart from that, the abundant O3 and possibly other oxidants in northern
Beijing may have accelerated the formation of sulfate, and the presence of large
amounts of particulate matter around Beijing could also provide larger surface areas
for the aqueous phase and heterogeneous reactions to occur [Sharma et al., 2003;
Foltescu et al., 1996].

To examine the extent of SO, conversion in different episodes, Figure 9.5b
showed the scatter plot of Case I and II plus five additional cases during which a
well defined plume (with O3 >180ppbv) from Beijing impacted the study site. It was
supported by the well-defined shape and narrow width of the plumes for the trace
gases (not shown here). This suggested that the plumes have not experienced
significant degree of dispersion and mixing since emission. Thus, the plumes should
come from a large source not far away from the site. As Beijing is the closest

metropolitan area in the upwind direction with strong emissions, plumes from the
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city could reach the site in a few hours without much dispersion, giving rise to the
high concentrations of ozone and other primary gases. In addition, the calculated 3-
day back trajectories with HYSPLIT4 model (Hybrid Single-Particle Lagrangian
Integrated Trajectory model version 4.7) also supported the above. Therefore, the
plumes from these episode cases could be classified as the urban plumes coming
from Beijing. More details about these cases could refer to Wang et al., 2006.

Figure 9.5b. Scatter plot of Case I (denoted by crosses) and II (denoted by dots)
plus urban plumes (denoted by open circles).
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In these episode cases, the sulfate concentrations together with the PM; s
mass were high. The concentrations of sulfate ranged from 18ug/m’ to 131pg/m’
during the pollution events while the PM, s mass ranged from 81pg/m’ to 262pg/m’.
These high particulate concentrations clearly indicated that the great impact of the
urban plumes to the regional air quality. As seen in Figure 9.5b, Case I and II had a
very different slope, 0.21 vs. 0.6, and Case II contained most of the points with high

humidity. The remaining five episodes gave a good overall linear correlation (r =
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0.88) and a slope of 0.50. Given an average transport time of about 6 hours from the
Beijing urban area (based on the trajectories result), the conversion rate of SO, was
approximately 8% per hour in these plumes and about 4% per hour for 30 June when
the air was drier. The conversion rates in most of the cases in our study appeared to
be on the high end of the observed values reported in previous studies [Edgerton et
al., 2006; Warneck, 2000]. Given the high hygroscopicity of sulfate aerosols, the
large loading of sulfate observed at this site indicates severe impairment of
summertime visibility by secondary air pollution. The high concentrations of sulfate
may also lead to the formation of acid rain and may also affect the weather pattern

of the study region.

9.1.3 Formation of sulfate in Shanghai

Figure 9.6 showed the scatter plot of sulfate and total sulfur ([SO;] +
[Sulfate], unit: ppbv) colour-coded with relative humidity for all data. The sulfur
conversion ratio [sulfate / total sulfur] did not show any relation with humidity. The
result was in contrast to the findings in Beijing in which the SO, is almost
completely converted to sulfate at high humidity. The average sulfur conversion
ratio was 23% during the whole measurement period. The above result suggested
that sulfate formation mechanisms in Shanghai were much more complex than in
Beijing. In Shanghai, several formation mechanisms may be occurred
simultaneously so that single factor contributing to the reaction could not be easily

1dentified.
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Figure 9.6. Scatter plot of Sulfate and Total sulfur (SO, + sulfate) colour-coded
according to the relative humidity for all data.
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9.2 Formation of nitrate

After discussing the formation of sulfate in previous section, I will continue
to examine the formation of nitrate at the four study sites. The formation of nitrate
can mainly divide into two types: ammonium-rich samples and ammonium-poor
samples.

Figure 9.7 showed the molar ratio of [nitrate]/[sulfate] versus molar ratio of
[ammonium]/[sulfate] for the samples in the four study sites as well as those from
the literature. These ratios indicated the reaction between ammonia and nitric acid
and other formation processes of nitrate under different sulfate concentrations. From

the figure, we could see that the relative abundance of nitrate increased when the

P.202



molar ratio of ammonium to sulfate increased for the ammonium rich samples
(INH4)/[SO4*] > 1.5). This indicated that more nitrate is added in the sulfate-
nitrate-ammonium system by the increase in ammonium concentrations.

Figure 9.7. Molar ratio of nitrate to sulfate versus molar ratio of ammonium to
sulfate.
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Recall from Chapter 1, nitrate could be formed from two major reaction
pathways: gas-phase homogeneous reaction (HNO; + NH3; <> NH4NO;) as well as
heterogeneous reaction (NO3; + N,Os — aerosol NOs’). As shown in Figure 9.8, the
excess ammonium was similar to the nitrate concentrations. Excess ammonium was
equal to [NH4+]/[SO42'] — 1.5 times [SO42']. This figure showed that the responsible
reaction pathway for the increase in the nitrate concentration with almost similar
increase in the excess ammonium was due to the gas-phase homogeneous reaction
between ambient ammonia and nitric acid in the ammonium rich samples. We could

see that most of the previous studies followed this trend (solid line in Figure 9.7)
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indicating the nitrate formation was through this reaction pathway. The scattering of
the data in Figure 9.8 could be due to the influence of other atmospheric processes
such as sodium nitrate formation.

Figure 9.8. Nitrate concentration as a function of “excess ammonium”.
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In our Lanzhou and Guangzhou studies, most of the samples were
ammonium rich (indicated by green and blue colour, respectively in Figure 9.8) and
the nitrate formation in these two sampling sites are most possibly formed from the
gas-phase homogeneous reaction between ammonia and nitric acid similar to the
previous reported results.

As shown in Figure 9.7, few samples from Hong Kong and Europe in the
previous studies showed low nitrate to sulfate molar ratio and scattered at
[NH,)/[SO4*] below 1.5. This suggested the formation of nitrate was not important

when the ammonia was not rich enough. However, for the Beijing and Shanghai
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samples, the formation mechanisms of nitrate were different from the previous
reported literature as well as Lanzhou and Guangzhou samples. We could see clearly
from Figure 9.7 that the molar ratio of ammonium to sulfate was below 1.5 for most
of the samples in Shanghai and Beijing, but it was different from those previously
reported results (i.e. the nitrate concentrations were low at low ammonium to sulfate
molar ratio). Figure 9.8 further showed that the molar ratio of nitrate to sulfate
increased with decreasing excess ammonium indicating nitrate is associated with
acidity. This result suggested that the high nitrate concentrations in Beijing and
Shanghai could not be explained by the homogeneous gas-phase reaction between
ammonia and nitric acid.

Instead, the high concentrations of nitrate in Shanghai and Beijing were more
related to the heterogeneous hydrolysis of N,Os. The high concentrations of PM; s
mass and large fractions of water soluble ion species in PM,s in Beijing and
Shanghai suggested that the aerosols there were largely hydroscopic with large
surface areas as well as highly acidic as discussed in Chapter 8. According to
previous studies, high hygroscopicity, surface area, and acidity of the pre-exisiting
particles promote heterogeneous hydrolysis of N,Os [Anttila et al., 2006; Hallquist
et al., 2003; Hu and Abbat, 1997; Martinez et al., 2000; McLaren et al., 2004]. Thus,
these conditions would favour the hydrolysis of N,Os leading to the formation of
nitrate on pre-existing aerosols. A strong positive correlation between sulfate and
nitrate (Figure 9.9) was found and high concentrations of sulfate and nitrate were

found at high RH. These could be explained as nitrate was produced on the pre-
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existing sulfate aerosols, which could provide sufficient surface areas, aerosol water

content and aerosol acidity for the N,Os hydrolysis.

Figure 9.9. Nitrate versus sulfate concentrations colour-coded with ambient RH.
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Another indication for the role of hydrolysis in producing the nitrate can be

seen from the scatter plot between nitrate and total reactive nitrogen as shown in

Figure 9.10. Figure 9.10 showed that the high concentrations of nitrate are mostly

associated with high aerosol water content and are less dependent on NOy, which

indicated the importance of heterogeneous hydrolysis in the production of nitrate in

these samples.
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Figure 9.10. Nitrate concentrations as a function of total reactive nitrogen (NOy).
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In this chapter, I have clearly demonstrated the different formation routes of
sulfate and nitrate at different locations. Their formation pathways are largely
depended on the environmental conditions as well as the existing precursor gases
and aerosols in that area. In order to reduce the sulfate and nitrate concentrations in a
place, we should learn their responsible precursor gases and aerosols first. Thus, this
study is of great importance for helping to find out the relevant substances

responsible for the sulfate and nitrate formation.

9.3 Impact of water soluble ions to the visibility reduction in Beijing

9.3.1 The seriousness of visibility problem in Beijing
As discussed in previous chapter, the particulate pollution problems in

different part of China were very serious. More simplicity, these could also be
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evidenced by serious visibility degradation in China. In this section, I will discuss
the visibility pollution problem in Beijing.

Visibility can be defined as the greatest distance at which an observer can
just see a black object viewed against the horizon sky [Malm, 1999]. According to
the Koschmeider equation, visibility can be estimated from the atmospheric
extinction coefficient:

Visibility = Constant / bet
where the constant has been found to vary from place to place, depending on how
visual ranges are observed as well as on atmospheric characteristics and bey; refers to
light extinction coefficient. In addition, the By can be expressed as the summation
of radiation scattering and absorption by particles:

Bext = Bsp + Bap + Bgg + By
Where By, and B,, refer to scattering and absorption of light by particles,
respectively, and B, and B,, refer to scattering and absorption by gases, respectively
[Chen et al., 2003].

Here, I will briefly discuss the aerosol light scattering (Bs,) and absorption
coefficients (B,p), which was an important component of Bey. Figure 9.11 showed
the time series of scattering of light by particles (Bsp), absorption of light by particles
(Bap), wind speed and wind direction at the Beijing study site. As shown in the
figure, the variations in By, and B,, within the study period were significant. For
example, the By, and B, value ranged from 1.4 to 2207.9Mm™, and 0.7 to 71.5Mm’",

respectively in Beijing. The average By, and B,, at Beijing were 306.4 + 350.9Mm’™’

and 15.5 + 11.6Mm™, respectively observed at the study site.
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ure 9.11. Time series of By, Bap, and meteorological parameters (Wind speed and wind direction) at Beijing study site.
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Comparing with the studies in United States, the By, and B,, values in
Beijing were much higher. These two values were even higher than those measured
in the urban area of United States. Anderson et al. [2000] made the measurement of
visibility in the urban area of Bondville, US. He found that the By, and B, values
were 52 + 57 and 5 + 4Mm’™’, respectively. The By, and By, values in Beijing were
about 6 and 3 times higher than the US study. Thus, the visibility problem in Beijing
was much more serious in comparison with the US.

Apart from US, there was also some visibility studies conducted in China.
Our studies in Beijing were similar to those measured in the rural area of Linan [Xu
et al., 2002] and sub-urban area of Wan Qing Sha [Cheung, 2006]. The By, and By,
values in Linan studies were 353 + 202 and 23 + 14Mm™, respectively, while the Byp
and B,y values in Wan Qing Sha studies were 334 + 268 and 24 + 24Mm’1,
respectively. The previous study together with our present study suggested that the
visibility problem was serious in different parts of China. Table 9.1 tabulated the
aerosol light scattering and absorption values obtained in China (together with the

present study) and US.
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Table 9.1. Aerosol light scattering and absorption obtained in China and United

States.
. : By By
Site Period (Mm™) (Mm") Source
China
Hok Tsul | N0y 08 Feb99 | 56431 | 20+10 | Manand Shih, 2001
(Rural)
Beijing .
(Urban) Jun 99 480 +£370 | 8340 Bergin et al., 2001
Linan Nov 99 3534202 | 23+ 14 Xu et al., 2002
(Rural)
Yulin Mar 01 — Apr01 | 158+193 | 6+11 Xu et al., 2004
(Rural)
Tai O
Oct 02 —Dec 02 | 224 +255 | 22+16 Cheung, 2006
(Rural)
Taishan Oct 03 - Nov 03 | 184+269 | 6+6 Cheung, 2006
(Rural)
Qingyuan B
(Rural) Feb04 - Apr04 | 435+380 | 9+10 Cheung, 2006
Wan Qing Sha
(Sub-urban) Apr04 —Jun 04 | 334+268 | 24+24 Cheung, 2006
Beijing .
(Rural) Jun 05 —Aug 05 | 306 £351 | 16 +£12 This study
US
Atlanta Jul99 - Sept99 | 121448 | 16412 | Carrico etal., 2003
(Urban) P B B ’
Bondyville
(Urban) Aug 99 —Sept 99 | 52 +57 5+4 | Anderson et al., 2000

The aerosol optical property can be altered by the ambient RH. In order to
minimize the influence of RH on the aerosol optical data, two sets of diurnal
variations of By, and By, were calculated. The first set included all data, while the
other set included only the data with RH less than or equal to 80%.

Figure 9.12a illustrated the diurnal profiles of By, and B,,. The red and blank
lines represented By, and By, for all the collected data, respectively, while the blue
and green dotted lines represented By, and By, for the data with RH smaller than or

equal to 80%, respectively. From the figure, we could see that By, was found to be
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the highest in the early morning. This could be due to the high RH in the early
morning (illustrated in Figure 9.12b). As shown in the same figure, when the high
RH data was removed (RH >80%), the value of By, was low. Thus, the visibility
impairment in the early morning was possibly due to the hygroscopic species such as
(NH4),SO4 and NH4NOj in the atmosphere.

The peak values of By, and B,, (RH <80%) were appeared in the afternoon,
which was attributed by the secondary pollution formed during the transport of air
pollutants from the urban area of Beijing to the sampling site. The formation of
secondary pollutants increased the PM,s concentrations in the atmosphere and
consequently increased in the light scattering properties, resulting in a high By, and
By, in the afternoon. The concurrent enhancement of primary as well as secondary
pollutants (as shown in section 7.2) together with the high By, and B,, were found in
the afternoon. This should be due to the influence of the aged pollution plumes from
distinct sources, which was then transported to the sampling site and subsequently

affected the visibility.
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Figure 9.12. Diurnal variations of (a) By, and By, and (b) Temperature and relative
humidity in Beijing.
(a)

400
300
'TE :
S
o’ ]
200
1\ LY —_oep - 10
1 I — Bap L
1004 4 . - -- By, (RH<80%) [
{1 Vo7 ~ - - B,, (RH<80%)
S 8

. ~
LA R R R R RN R R R R R RN RN R R RR RN

F412:00 E406:00 F412:00 4 06:00

Time
(b) 29
—— Temp — 75
28— ___ gy
27 4 70
g 26 -
o 65 T
S B
2 25 ~
- 60
24 —
23 - 55
22
LI LI LI L L L L L L L L L L L L LB L L L LN LN I
F4 12:00 [+ 06:00 F4F 12:00 K4 06:00
Time

After discussing the aerosol optical properties, Bex; was then discussed here.
The value of 2.6 was applied for the visibility equation showing at the beginning of

this section. This value was adopted from the previous visibility studies in Tai O,
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Hong Kong conducted by Wang, 2003. He has shown that the value 2.6 was
appropriate in the Hong Kong situation. Thus, I assumed that this value was also
applicable in the Beijing area. Figure 9.13 showed the results of the daily visibility
in Beijing. During the whole measurement period, about 60% of the days (excluding
the days with mean RH >80%) had the visibility of less than 8km. As ambient RH
could greatly influence the aerosol optical property and in turn the visibility, thus the
data with RH >80% was neglected in order to minimize the influence of RH on the
calculated visibility. On some selected days such as 16, 18 and 19 July, the visibility
was even reduced to about 2km. Figures 9.14a and 9.14b showed the photos taken
on different days with contrasting visibility. The two photos were taken at the same
location. On July 16, the mountains surrounding the sampling site are totally masked
by the poor visibility and showing great contrast with the good visibility day on July
29. This percentage of visibility impairment was extremely high in comparison with
the studies conducted in Hong Kong and Shenzhen. Comparing with the same
month in 2001, there were only 4% and 2% of the days with visibility <8km in Hong
Kong and Shenzhen, respectively. Based on the same study, the worst visibility
impairment was occurred in September in both Hong Kong and Shenzhen with 17%
and 25% of the days with visibility <8km, respectively [Wang, 2003]. This
comparison could clearly demonstrate the seriousness of the visibility problem in

Beijing.
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Figure 9.13. The results of the daily visibility in Beijing.
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Figure 9.14. (a) Photo taken on 16 July with the visibility of only 2.5km on that
day. (b) Photo taken on 29 July with the visibility of over 10km on that day.
(a)
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(b)

9.3.2 The contribution of water soluble ions to the visibility impairment in
Beijing

After showing the visibility situation in Beijing, I will now discuss the
causes of the visibility problems. The correlation of daily Bex and various aerosols
with RH <80% was shown in Figure 9.15. According to the figure, it could be seen
clearly that visibility reduction was strongly correlated with aerosols — PM, s mass,
sulfate, nitrate and ammonium ions, and to a lesser extent, NOy (R2 = (.55, not
shown in the figure). The correlation between B.y and NOy was due to the brown
nature of the NO; species, which caused the absorption of light. If the concentrations
of NO; in the atmosphere were high, the sky would appear as reddish brown which
was the indication of the NO, haze problem. More importantly, the results indicated
that fine particulates, especially sulfate, nitrate and ammonium were the major
visibility reducing aerosol components in the polluted atmosphere. They have shown
good correlations (R” ranged from 0.63 to 0.81) with Bey. This was consistent with

the findings in Chin (1997) and Wang (2003). Both of them found that fine
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particulates (sulfate, nitrate and ammonium) were the major visibility reducing
aerosol components in the polluted atmosphere in Hong Kong. In the following, I
will further discuss the contribution of the particulates to the visibility reduction in

Beijing.
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Figure 9.15. The correlations of By versus (a) PM, s mass, (b) SO42', (¢) NO;3™ and (d) NH," with RH <80%.
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The following equation is used to estimate the extinction coefficient (Bex):

bex = (3)f(RH)[Sulfate] + (3)f(RH)[Nitrate] + (4)foo(RH)[OMC] + (1)[SOIL] +
(0.6)[CM]

where 3m?/g is the dry specific scattering for sulfates and nitrates, 4m>/g for organic
carbon and 1m?*/g and 0.6m?/g are the respective scattering efficiencies for soil and
coarse mass, [Sulfate] = (NH4),SOy4, [Nitrate] = NH4NOs, [OMC] = 1.4[OC], [Soil]
=2.2[Al] + 2.19[Si] + 1.63[Ca] + 2.42[Fe] + 1.94[Ti] and [CM] = [RSP] - [FSP] and
f(rh) = hygroscopic species growth function. The hygroscopic species growth
function was adopted the data from Dr. William Malm and the respective growth
curve was shown in Figure 9.16 [Sisler and Malm, 2000 and Wang, 2003].

Figure 9.16. Hygroscopic growth curve from Dr. William Malm.
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The above formula assumed that sulfate and nitrate ions were fully
neutralized by ammonium ions. However, during the discussion of the formation of
nitrate, | have shown that the ammonium ions in Beijing could not fully neutralize

the nitrate ions. Thus, I assumed that the above formula still hold in the present

situation.
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Based on the above equation, the contributions of (NH4),SO,4 and NH4NOs to
the light extinction were computed. Figure 9.17 showed the daily contributions of
ammonium sulfate and ammonium nitrate to the light extinction. The overall
(NH4)>SO4 and NH4NO3 were found to contribute 26% and 11%, respectively of the
light extinction. These two species alone have already contributed to about one-third
of the visibility reduction. The result of the ammonium sulfate to the light extinction
was similar to those reported by Wang, 2003 in Tsuen Wan, Hong Kong in which
the ammonium sulfate contributed to 33% of the light extinction there. In contrast,
the ammonium nitrate showed a larger contribution in Beijing (11%) than the studies
conducted by Wang, 2003 in Hong Kong (4% — 5%). However, the contributions of
ammonium sulfate and ammonium nitrate to the visibility reduction were much
larger in Beijing than in US. Malm (1999) found that the contributions of the
ammonium sulfate and ammonium nitrate to the visibility reduction were only 10%
and 5%, respectively in the Eastern US, and 5% and 4%, respectively in the western
US. The greatest contribution to the visibility reduction in US was come from
organics. Thus, this study has shown the importance of the role of ammonium

sulfate and ammonium nitrate to the visibility impairment in the Beijing area.
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Figure 9.17. The daily contributions of ammonium sulfate and ammonium nitrate
to the light extinction.
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Furthermore, the contributions of ammonium sulfate and ammonium nitrate
to the light extinction were greatly increased during the pollution days. The
contributions of (NH4),SO,4 and NH4NO; could reach to as high as 73% and 33%,
respectively to the light extinction during the episode days. These significant
contributions of ammonium sulfate and ammonium nitrate to visibility degradation
are due to the high concentrations of sulfate, nitrate and its ability to absorb water
vapor which enhance light scattering. It was because the relative humidity (RH) in
Beijing during the study period was relatively high. The average RH for the whole
measurement period was 66 = 20%. Neglecting the RH data that was greater than
80%, the average RH still had 55 £ 17%. As sulfate and nitrate species were water
associated and therefore contributed to relatively larger light extinction in the study
area.

In the following section, I will use the semi-continuous data to have further
investigation on the contribution of the particulates to the visibility problem in

Beijing. In computing the contributions of (NH4),SO4 and NH4NO; to the light

P.221



extinction, the dry mass scattering efficiencies of 2.2m%g and 2.4m?%g for
ammonium sulfate and ammonium nitrate are used, respectively instead of 3m*/g.
Malm et al. (2007) suggested that the dry mass extinction efficiencies were variable.
In this study, the original improve formula for calculating the (NH4),SO4 and
NH4NO:s to the light extinction was not the most appropriate due to the unbalance of
sulfate, nitrate and ammonium and leaded to the overestimation of the total
contribution. Thus, the dry mass scattering efficiencies as suggested by the revised
improve formula [Malm et al., 2007] is applied in this study as the original formula
would lead to the overestimation of the total contributions under these conditions.

The light extinction contributed by (NH4),SO4 and NH4NOs is computed
again by using the high resolution data. The high resolution data could provide us a
more in-depth understanding of the visibility changes in a short period of time. The
overall contributions of (NH4),SO4 and NH4NOs to the light extinction in Beijing
are shown in Figure 9.18. In comparison with Figure 7.1, more data were rejected in
Figure 9.18 due to the high relative humidity in Beijing. As discussed before, the
scattering efficiencies of sulfate and nitrate in PM, s are greatly affected by relative
humidity due to the hygroscopic properties of sulfate and nitrate. Thus, the data with
relative humidity greater than 80% is rejected.

The overall light extinction contributed by (NH4),SO4 and NH4NOs were
15% + 14% and 7% + 8%, respectively as computed from the high resolution data.
According to Figure 9.18, we could see that the percentage contributions of
(NH4),SO4 and NH4NOs to the light extinction varied greatly within a day. For

example, the percentage contributions of (NH4)2SO4 and NH4NO; to the light
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extinction changed from below 20% in the morning to about 40% in the afternoon
on July 25. Moreover, in the mid-July, there were continuously high contributions of
(NH4)2SO4 and NH4NOs to the light extinction. It would be due to the combined
effect of high sulfate and nitrate loadings as well as high relative humidity at that

period of time. More detailed will be discussed in the case study below.
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Figure 9.18. The overall contributions of (NH4)>SO4 and NH4NOs to the light extinction in Beijing by using the high resolution data.
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The concentrations of trace gases and particulates are then classified
according to different wind direction. Table 9.2 showed the statistics of trace gases,
particulates, relative humidity, light extinction and the percentage contributions of
(NH4)2SO4 and NH4NOs to the light extinction of eight major wind direction. From
the table, we could see that primary trace gases and PM; s particulates varied under
different wind direction. Generally, the westerly and northwesterly wind showed the
lowest gaseous and particulate concentrations. The concentrations of NO and NOy
were around 0.3 and 11ppb, respectively, while the concentrations of PM; s mass,
sulfate and nitrate were about 60, 10 and Spug/m’, respectively under these two wind
direction. Moreover, the most evident pollutants were come from CO and SO,,
which showed only around 500 and 3ppb, respectively from the westerly wind
direction in comparison with all other direction (about 700ppb for CO and 7ppb for
SO,). This indicated that under westerly and northwesterly wind direction, the air
mass was less affected by vehicles or power plants, which is known to be the major
pollution sources in Beijing area. These low concentrations of gaseous and
particulates were due to the continental air mass originated from Siberia impacting
the sampling site. These low concentrations could also be reflected from the By
value. As shown from Table 9.2, the westerly wind direction showed the lowest Bex:
value among all the wind direction which was the direct indication of the best
visibility. In contrast, the particulate concentrations were high (PM,s mass:
~100pg/m’, sulfate: ~23pug/m’, nitrate: ~10pg/m’) under easterly wind direction
(Northeasterly, easterly and southeasterly). Under these wind direction, the

concentrations of primary as well as secondary gases were also high.
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Apart from the difference in the concentrations of trace gases and
particulates, the contribution of (NH4),SO4 to the light extinction is also varied.
Higher contribution of (NH4),SO4 to the light extinction is found under easterly and
southeasterly wind direction, which accounted for 18% and 20%, respectively of the
light extinction. Conversely, under northerly and northwesterly wind direction, the
contribution of (NH4),SOy4 to the light extinction is the lowest, which accounted for
10% and 11%, respectively of the light extinction. In contrast to (NH4),SOs, the
contribution of NH4NOj to the light extinction showed a little higher under easterly
wind direction (9%) in comparison with other direction. These changes of the
contributions of (NH4),SO4 and NH4NOj to the light extinction under different wind
direction could be due to the changes in the concentrations of sulfate (~25pg/m’
under easterly and southeasterly wind versus ~10pg/m’ under northerly and
northwesterly wind) and nitrate (~10pg/m’® under easterly wind versus ~5ug/m’ for

other direction) under different wind direction.
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Table 9.2. The statistics of trace gases, particulates, relative humidity, light extinction and the percentage contributions of (NH4),SO4
and NH4NO; to the light extinction of eight major wind directions.

Easterly | Southeasterly | Southerly | Southwesterly | Westerly | Northwesterly | Northerly | Northeasterly
wind wind wind wind wind wind wind wind
&)H) 60.1 53.9 45.9 46.7 58.5 54.1 51.4 58.4
O 60.3 80.7 71.3 523 53.0 48.9 49.0 50.6
(ppb)
€O 718 679 572 547 519 572 684 737
(ppb)
SO,
6.8 6.9 7.0 7.5 3.0 3.9 2.9 5.7
(ppb)
NO
0.6 0.4 0.5 0.5 0.2 0.3 0.3 0.5
(ppb)
NO, 15.4 15.8 12.4 11.6 10.7 11.6 14.6 15.6
(ppb)
PM, s mass 97.2 93.0 83.4 60.4 57.1 69.5 95.4 98.3
(ug/m’)
Sulfate 25.1 23.5 17.7 132 9.7 10.2 10.7 19.0
(ug/m)
Nitrate 10.9 8.0 5.7 6.2 4.6 438 8.7 9.5
(pug/m’)
Bext
MY 716 502 499 521 452 506 750 705
B [(N134)zso4] 18 20 16 15 12 11 10 14
(%)
B [NH4NOs]
%) 9 7 6 7 6 6 9 9
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In the following section, I would present three cases to illustrate the
contributions of ammonium sulfate and ammonium nitrate to the light extinction
under different synoptic weather. The first case was the case presented in the
previous section (section 9.1.1). This case was the “super” ozone episode. This day
is characterized by strong solar radiation and low relative humidity, especially in the
afternoon. On that day, the wind direction is changed from northwest in the early
morning to the south in the afternoon, and then changed back to northwest again at
night. Figure 9.19 showed the contributions of (NH4),SO4 and NH4NO; to the light
extinction as well as the meteorological parameters on June 30. The visibility on that
day was good with the visual range greater than 10km for about half a day. In
addition, the PM, s concentration was comparatively low (about 65pug/m’) and the
concentrations of sulfate and nitrate were also low (about 15pug/m’ for sulfate and
about 6ug/m’ for nitrate) on that day. From the figure, the contributions of
(NH4),SO4 and NH4NO; to the light extinction changed under different wind
direction. The contributions of (NH4),SO4 and NH4NO; increased steadily to about
60% of the light extinction when the wind direction changed from northwesterly to
southerly. When the wind direction is changed to northwesterly again at night, the
contributions decreased to about 20%. Although the concentrations of fine sulfate
and nitrate were low on that day, the contributions of (NH4),SO4 and NH4NO3 could

still reach to about 60% of the light extinction.
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Figure 9.19. The contributions of (NH4),SO,4 and NH4NOjs to the light extinction as
well as the meteorological parameters on June 30.
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The second case was also the case that discussed before (section 9.1.1). This
case was the multi-day episode with high relative humidity (average: 75%) on that
period of time. The primary gases as well as the particulates, especially sulfate and
nitrate levels are reached to very high levels on that period. Figure 9.20 showed the
contributions of (NH4)>SO4 and NH4sNO; to the light extinction as well as the

meteorological parameters on July 12 — 20. Many data points were missing in Figure
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9.20. This was because the relative humidity kept at high levels in this period of time
and thus the data with RH >80% are neglected. The visibility was very poor (<2km
of visual range for most of the time) on these days and it was the worst visibility
period among the whole study period in Beijing. The average By value was about
1000Mm™. In this period of time, the contributions of (NH4),SO4 and NH4NOs to
the light extinction were much higher than the first case and are sometimes reached
to over 60% of the light extinction. The percentage contributions have shown that
the contributions of (NH4),SO4 and NH4NOj; are increased from the afternoon to the
late night. It was because the concentrations of sulfate and nitrate kept at high levels
during this period, the high contributions of (NH4)2SO4 and NH4NOs to the light
extinction are more related to the increase of relative humidity from the afternoon to
the night time. In this case, the variation of the contributions of (NH4),SO,s and
NH4NO; are more related to the relative humidity as well as the sulfate and nitrate

concentrations and are less related to the wind direction.
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Figure 9.20. The contributions of (NH4),SO4 and NH4NOs to the light extinction as well as the meteorological parameters on July 12 —

20.
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The third case was from July 28 to 29. On these two days, the visibility were
good (>10km of the visual range). The concentrations of sulfate and nitrate were at
very low levels (<5ug/m’). The average PM,s mass were about 20pug/m’. In this
case, we could see that the contributions of (NH4),SOs and NH4NO;3; were low
(<10%) (Figure 9.21). This low contribution was obviously due to the low levels of
sulfate and nitrate in the atmosphere. More importantly, this phenomenon implied
that the contribution of other species, possibly organic matter would become
significant contributors to the light extinction under the clean weather in Beijing.
This case was different from the previous two cases in which (NHy4),SO4 and
NH4NO; were the major contributors of the light extinction in Beijing.

Figure 9.21. The contributions of (NH4),SO4 and NH4NO; to the light extinction as
well as the meteorological parameters on July 28 — 29.
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In conclusion, this visibility study has shown that Beijing suffered from
serious visibility reduction problem and the main causes were the presence of
ammonium sulfate and ammonium nitrate in the atmosphere. It is well known that
almost all fine particle sulfates originated from SO, oxidation and are associated
with ammonium. The major sources of SO, in Beijing are combustion of fossil fuels
from power generations and industrial operations, while NH3 are generally emitted
from agricultural activities and also from transportation in urban area. Thus,
reducing emissions of sulfur dioxide should effectively improve the visibility

problem in Beijing area.
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Conclusions

In conclusion, the measurement of water soluble ionic species in PM; s by
both semi-continuous instrument (AIM) and traditional filter analysis method were
conducted in different parts of China — Hong Kong, Beijing, Shanghai, Lanzhou,

and Guangzhou from 2004 — 2006.

The evaluation of data accuracy and quality were firstly performed to verify
the performance of the recently developed semi-continuous instrument (AIM). Good
correlation results were obtained under low sulfate and nitrate concentrations.
However, the AIM instrument showed both positive (e.g. high SO, levels) and
negative artifacts (e.g. high particle loadings) under different circumstances. Thus,

improvement of the AIM instrument was needed.

The measurement results of water soluble ions and PM, s masses collected in
Shanghai, Beijing, Lanzhou, and Guangzhou have shown that the concentrations of
the PM;s mass and water soluble ion species were high. This demonstrated the
seriousness of the air pollution problems in the whole China. Generally, sulfate,
nitrate and ammonium were the major components of the water soluble ions in these
places. Moreover, the temporal variations of the PM, s mass and water soluble ion
species were large within a day and were due to different meteorological and

chemical factors.
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SO, was found to have been converted to sulfate in seven urban pollution
plumes examined in Beijing. An examination of SO, versus total sulfur under
different humidity conditions indicated that the conversion of SO, was most efficient
under humid conditions in Beijing. The nitrate formation pathways at four study
sites were different. Lanzhou and Guangzhou were mainly through gas-phase
homogeneous reaction between ammonia and nitric acid, while Beijing and

Shanghai were through heterogeneous hydrolysis of N,Os.

In addition, the visibility problem in Beijing was very serious, about 60% of
the days had the visibility of less than 8km. Results suggested that fine particulates
(sulfate, nitrate and ammonium) were the major visibility-reducing aerosol
components in the polluted atmosphere in Beijing. Ammonium sulfate and

ammonium nitrate played a significant role in the visibility impairment in Beijing.
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Suggestions for the future work

After this study, I would like to suggest the following research direction in
the future.

From a technical point of view, the improvement of the instrument (AIM)
should be done for measuring ions. As discussed before, AIM has problems during
high particle loadings as well as high SO, concentrations (above 30ppbv),
modification of the instrument should be made so that it can be suitable to use in any
environment, not only limited to the clean environment.

For the future research direction, I would suggest to conduct the
measurements at two or even three locations simultaneously in the same city. At
each location, all the necessary parameters for sulfate and nitrate formation such as
O3, H,0,, solar radiation should be measured. In this way, we can know clearly the
variations of each parameter at each sampling location, the time needed for the air
masses to transport from the sources (e.g. urban centre) to the second monitoring
stations as well as the changes of the air masses during the transportation. By
combining all the information, I believe that more accurate and in-depth formation

mechanisms of sulfate and nitrate can be found.
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