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Abstract

This study introduces the Southern Particulate Matter Supersite in Taiwan, which began operating
on April 1, 2005. The supersite has one core station and three satellite stations for monitoring the
properties of particulate matter (PM) and emission sources in southern Taiwan. High-time resolution
(1-30 minutes) data for physical and chemical properties of ambient PM are acquired continuously.
Measurement data are as follows: (1) PM, s (PM with aerodynamic diameters < 2.5 um) and PM,
(PM with aerodynamic diameters < 10 um) mass concentrations; (2) PM; s compositions of sulfate,
nitrate and carbon; (3) particle light scattering and absorption; (4) particle number concentrations in
various size fractions between 10 nm and 20 um; (5) related precursor gases such as NOy, H,O,, and
NHs; and, (6) meteorological variables. Most measurements are unique to the study area and can be
used to elucidate the causes of PM pollution and evaluate PM exposure and adverse health effects. In
addition to describing the sampling location, measurements and data archiving, future challenges for

the supersite are discussed as well.
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INTRODUCTION the relationships between ambient PM

concentrations and adverse health effects

Epidemiological studies have identified (e.g., Vedal, 1997; Guo et al., 1999; Pope et

al., 2002; Brunckreef and Holgate, 2002;
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The annual variations of PSI>100 in entire Taiwan and southern Taiwan
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Fig. 1. Annually occurring frequencies of PSI > 100 averaged over the whole of Taiwan and southern

Taiwan, respectively, from the Taiwan Air Quality Monitoring Network (TAQMN) air stations during

1994-2006.

Pope and Dockery, 2006; Mauderly and
Chow, 2008). To protect public health, the
U.S.

Administration

Environmental Protection
(EPA) implemented
National Ambient Air Quality Standards

(NAAQS) for PM,s in 1997 (Federal

Register, 1997) and amended these
standards in 2006 (Federal Register, 2006).
The PM,s mass, composition, and

size-resolved particle number concentrations
are important factors when developing
effective emission control strategies and are
needed when determining correlations
between PM exposure and adverse health
effects (National Research Council (RC),
1998; 1999; 2001; 2004). The U.S. EPA
constructed Particulate Matter Supersites in

1999-2007 (U.S. EPA, 1999; 2000;
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Solomon and Hopke, 2008) with objectives
to: (1) evaluate advanced measurement
methods, (2) further understand atmospheric
processes, and (3) establish relationships
between PM and adverse health effects
(Watson et al., 2000). Over 400 studies have
focused on U.S. Supersites (e.g., Solomon
and Hopke, 2008; Chow et al., 2008;
Solomon and Sioutas, 2008; Watson et al.,
2008). Several special journal issues (Brock
et al.,, 2004; Middlebrook et al., 2004;
Ondov et al.,, 2004; Chow et al., 2004;
Stanier and Solomon, 2006; Wittig and
Solomon, 2006; Geller and Solomon, 2006;
Chow and Solomon, 2006; Solomon and
Hopke, 2008) synthesize major findings.

Air pollution in Taiwan has been

measured by the Taiwan Air Quality
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Fig. 2. (a) Locations of the Northern and Southern Particulate Matter Supersites in Taiwan, and (b)
The core (Fooyin, FY) and three satellite stations (Chiautou, TO; Chenjen, TZ; Choujau, CZ) of the
Southern Supersite and its soundings. TAQMN stands for Taiwan Air Quality Monitoring Network.

Monitoring Network (TAQMN) since 1993
(Chang and Lee, 2006). The TAQMN
consists of more than 70 air stations
distributed throughout Taiwan (Taiwan EPA,
2007). Each air station measures hourly
concentrations of criteria pollutants (i.e.,
SO,;, CO, NO;, 03, PMy)
meteorological variables (i.e., wind speed,

and

wind  direction, temperature, relative
humidity). The daily pollutant standards
index (PSI) at each air station is calculated
by the Taiwan EPA based on daily
concentrations of criteria pollutants at each
The calculated PSI
proportional to pollutant concentrations with
PSI 100 equal to Taiwan’s NAAQS.

Therefore, the percentage of times the PSI >

station. value 1is
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100 is the frequency that Taiwan’s NAAQS
are violated. Fig. 1 shows annual percentage
PSI > 100 during 1994-2006, averaged for
all TAQMN air stations and in southern
Taiwan. The annual percentages decreased
from 1994-2003 (Fig. 1) as the Taiwan EPA
has implemented many control strategies
(e.g.
and environmental impact assessments) over

air pollution fees, emission permits,

the last decade. However, these percentages
have increased after 2003, suggesting the
This

increase may be due to the increase in the

need for further control measures.

number of vehicles, 6-10% per year (Lin et
al., 2002). An improved understanding of
the causes of excessive air pollution and

source-receptor relationships is needed. The
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need for enhanced temporally, chemically,
and size-resolved PM data prompted the
establishment of Taiwan Particulate Matter
Supersites (Chan, 2000). Currently, Taiwan
has two supersites (Fig. 2), the Northern

Particulate Matter Supersite (Northern
Supersite) and Southern Particulate Matter
Supersite ~ (Southern  Supersite).  The

Northern Supersite started monitoring in
March, 2002 (Lee, 2002; Lee et al., 2006;
Chang et al., 2007), and the Southern
Supersite began in April, 2005 (Wu et al.,
2005; Lin et al., 2006a). The objectives of
the Southern Supersite are to characterize
the physical and chemical properties of
ambient PM, and provide high time-resolved
measurements for the study of PM pollution,
exposure and adverse health effects. This
study reported on in this paper documents
the locations, surroundings, and
measurements of the Southern Supersite, as

well as its future challenges.

SOURCES AND
METEOROLOGICAL
CHARACTERISTICS

The Southern Supersite (Fig. 2) is located
in the Kao-Ping air basin in southern Taiwan
(Wu et al., 2005; Lin et al., 2006a). The
of three

administrative districts—Kaohsiung City,

Kao-Ping air basin consists
Kaohsiung
County—that encompass 5,700 km® and 3.7

million inhabitants. The western part of the

County, and  Pingtung

basin is a coastal plain bordered by the

Taiwan Strait. Most of the population and
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industrial activities are located in the

southwest, in Kaohsiung City and its
suburbs. Most of the coastal plain is used for
rice fields. The eastern part of the basin is
bordered by the Central Mountain Range,

which has altitudes of 2,500—4,000 m.

Pollution sources
Mobile and

important in the

stationary sources are
Kao-Ping air basin.
According to the Taiwan Emission Database
6.1 (Taiwan EPA, 2006), the 2003 NOy
emissions were 164,000 metric tons/year, of
which 40% and 60% come from mobile and
Mobile

sources are concentrated in Kaohsiung City.

stationary sources, respectively.
Stationary sources are primarily located
within three industrial parks, Linhai, Renda,
and Linyuan (Fig. 2). Linhai, the largest
industrial park, is located south of
Kaohsiung City. Linhai has a coal-fired
power plant (2,700 MW), steel mills, and
petroleum refineries. Both Renda (next to
the northeastern border of Kaohsiung City)
and Linyuan (10 km from the southeastern
border of Kaohsiung City) are petrochemical
industrial parks. In addition, the Shingda
(4,300 MW)

(adjacent to the northwest border of the

coal-fired power plant
Kao-Ping air basin) is the single largest

stationary source in southern Taiwan.

Meteorology

Southern Taiwan is located in a
subtropical, coastal area. Fig. 3 shows the
monthly variations in temperature, relative

humidity and rainfall, based on a 30-year
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Fig. 3. Monthly averages of temperature, relative humidity, and rainfall based on a 30-year record for

1971-2000 at the Kaohsiung meteorological station in southern Taiwan.

record for 1971-2000 at the Kaohsiung
meteorological station, which is maintained
Weather Bureau.

by Taiwan’s Central

Taiwan  generally has only two
seasons—wet (summer, April-September)
and dry (winter, October—March) seasons.
Rainfall is

summer. Temperature and humidity are

principally concentrated in

relatively high in summer. However,
variations in temperature (18.9-29.9°C), and
humidity (75-82%) are relatively stable due
to the coastal environment.

Air pollution levels are low in summer
and high in winter (Chen et al., 2004a).
During summer, the synoptic weather is
dominated by typhoons and Pacific
anticyclones. The air is typically clean
during typhoon periods due to the strong

winds and heavy showers that impact
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Taiwan. Pollution levels are also low during

Pacific  anticyclones due to clean
southwesterly winds and deep daytime
mixing depths. During winter, the synoptic
weather is dominated by continental
anticyclones traveling from China to the
East  China

experiences

Sea. Western Taiwan

northerly winds due to
channeling from the Central Mountain
Range. Pollutants emitted in central and
northern Taiwan can be transported
southward. When the synoptic flow is
easterly, western Taiwan is on the lee side of
the Central this

circumstance, upwind air pollution transport

Mountain Range. In

and accumulation of local emissions are
conducive to pollution episodes in the

Kao-Ping air basin.
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Monitoring stations

The Southern Supersite has one core and
three satellite stations. The core station,
located at Fooyin University (22.603°N,
120.388°E) (FY), is approximately at the
center of the industrial activities in the
Kao-Ping air basin. The FY core station is 7
km from the Kaohsiung City center to the
west, 8 km from the Linhai industrial park to
15 km from the Renda
industrial park to the north, and 13 km from

the southwest,

the Linyuan industrial park to the south
(Fig.2). This

instrumented containers on the rooftop of a

core station has two

six-story building. Sampling inlets are
1.0-1.5 m above the containers. The three
satellite stations are located at Chiautou (TO)
(22.759°N, 120.298°E), Chenjen (TZ)
(22.606°N, 120.301°E) and Choujau (CZ)
(22.513°N, 120.529°E) (Fig. 2). These
satellite stations are collocated with existing
TAQMN air stations. The TO
roughly 3 km from the northern border of
Kaohsiung City and 19 km northwest of the

core station, is an upwind site during the dry

station,

winter season. The TZ station, located in
Kaohsiung City, is next to Kaohsiung
Harbor and 8 km west of the core station.
PM in a
The CZ

station, located in Pingtung County 18 km

The TZ station characterizes

vehicle-dominated environment.

southeast of the core station, is a downwind

site.

SUPERSITE MEASUREMENTS
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Table 1

meteorological variables acquired at the

summarizes air quality and

Southern Supersite since April 1, 2005.
These in-situ, continuous and high-time
resolved measurements are as follows: (1)
PM,s and PM;, mass concentrations; (2)
PM;s chemical composition (i.e., sulfate
[SO4*], nitrate [NOs;] and organic and
elemental carbon [OC and EC]); (3) PMys
light scattering and absorption, and solar
radiation; (4) particle number concentrations
in various size fractions between 10 nm and
20 um; (5) pollutants and PM precursor
gases (i.e., O3, CO, NO/NOy, NH;3;, H,O,,
BTEX [benzene, toluene, ethylbenzene and
xylene]); and, (6) meteorological variables
(i.e., wind speed, wind direction,
temperature and relative humidity). Except
for PM
meteorological parameters, this is the first
that

continuously measured in southern Taiwan.

mass  concentrations  and

time these variables have been
As well, hourly criteria pollutants and
meteorological measurements are available
at the three satellite stations from the
TAQMN. Table 2

detectable limits, precisions, and calibration

lists the minimal

methods for measurements.

Measurements

Both PM, 5 and PM;( mass concentrations
are measured by a tapered-element
oscillating microbalance preceded by a
sample equilibrium system (SES-TEOM)
(Meyer et al., 2000). The SES-TEOM,
which is operated at 30°C to minimize

volatilization, has a diffusion drier that
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Table 1. Air quality and meteorological variables continuously monitored since April 1, 2005 at the
core and three satellite stations of the Southern Supersite in Taiwan.

Particle Size

Station Observable  Instrument Method or Ave_ragmg
code Measuring Time
range
Particle mass concentrations
FY,TZ, PM;y Mass RP 1400a (Thermo SES-TEOM method <10 pm 10 min
CZ,TO Scientific, USA)
FY,TZ, PM, 5 Mass RP 1400a (Thermo SES-TEOM method <2.5 pm 10 min
CZ,TO Scientific, USA)
Particle compositions
FY,TZ, ~PM,5S0.* RP 84008 Flash volatilization of <2.5 um 30 min
CZ, TO (Thermo sulfate and followed by
Scientific, USA) SO, detection
FY,TZ, : PM, s NO;5 RP 8400N Flash volatilization of <2.5 ym 30 min
CZ,TO (Thermo nitrate and followed by
Scientific, USA) NO; detection
FY,TZ, : PM,5; OC/EC  Sunset OC/EC Thermal/optical <2.5 um 30 min
CZ,TO Field Instrument transmission method
(Sunset
Laboratory, USA)
Particle light scattering and absorption
FY " Particle Ecotech M9003 A single-wavelength (525 <2.5 um 1 min
scattering (Ecotech, USA) nm) nephelometer
coefficient
FY " Particle Magee AE-31 A seven-wavelength <2.5 um 5 min
absorption (Magee Scientific, (370, 470, 520, 590, 660,
coefficient USA) 880, 950 nm)
acthalometer
FY " Solar radiation POM-01 (Kipp & A seven-wavelength ‘NA 10 min
Zonen, The (315, 340, 380, 400, 443,
Netherlands) 500, 675 nm) sky
radiometer
Particle number concentrations in different size fractions
FY " Fine particle Grimm 1.108 A 31 size bins of aerosol  0.30-20 um 10 min
number (GRIMM, spectrometer
concentrations (Germany)
FY " Ultrafine Grimm SMPS+C A 256 size bins of 10-900 nm 7 min
particle (GRIMM, aerosol sizer.
number Germany)
concentrations
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Table 1. Air quality and meteorological variables continuously monitored since April 1, 2005 at the
core and three satellite stations of the Southern Supersite in Taiwan. (Continued)

Particle Size

Station Observable  Instrument Method or Measuring Avefagmg
code Time
range
Precursor gases
FY Ozone (053) Ecotech 9810 UV absorption method 0-20 ppm 1 min
(Ecotech,
Australia)
FY Carbon Horiba APMA Infrared absorption 0-10 ppm 3 min
monoxide 360 (Horiba, method
(CO) Japan)
FY " Reactive Thermo 42 CY Chemiluminescent 0-200 ppb 1 min
nitrogen (Thermo Env. method associated with
(NO/NOy) Instruments, USA) external converter
FY " Ammonia Thermo 17 C Chemiluminescent 0-200 ppb 1 min
(NH3) (Thermo Env. method associated with
Instruments, USA) external stainless steel
converter
TZ,CZ, ~ Ammonia ESA AC32M Chemiluminescence 0-200 ppb 1 min
TO (NH3) (Environnement method associated with
S.A, USA) external stainless steel
converter
FY " Hydrogen Yankee AL-2021  Wet fluorescent detection 0-200 ppb 0.5 min
Peroxide (Yankee Env. method
(H202) System, USA)
FY,TZ IBTEX ChromaPID 4 GC/PID method 0-1 ppm 30 min
(Chromatotec,
USA)
Meteorological variables
FY Wind 05305L (Met One, High-sensitivity wind ‘NA 1 min
speed/direction  USA) vane and anemometer
FY Temperature CS500L (Met Platinum resistance ‘NA 1 min
One, USA) sensor
FY Relative CS500L (Met Capacitance sensor ‘NA 1 min
humidity One, USA)

*FY stands for the Fooyin core station and TO, TZ and CZ for the Chiautou, Chenjen and
Choujau satellite stations, respectively.

b Hourly criteria pollutants (i.e., SO, CO, NO,, O3 and PM,y) and meteorological variables
(i.e., temperature, relative humidity, rainfall, wind speed and direction) are available at the
air stations of TAQMN for the three satellite stations.

Not applicable.

4 BTEX stands for benzene, toluene, ethylbenzene and xylene; GC/PID for gas

chromatograph/ photo ionization detector.
This variable are continuously measured for the first time in Southern Taiwan.
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Table 2. Summary of minimal detectable limits, precisions, and calibration methods for the

measurements at the Southern Supersite in Taiwan.

Measurement Minimal detectable

o Precision Calibration and/or testing method
(Instrument) limit
Particle mass concentration
PM,( mass 1.5 ug/m’ +10%  Calibrated monthly by weighted filter
(RP 14003.) substance.
PM, 5 mass 1.5 pg/m’ +10%  Calibrated monthly by weighted filter
(RP 1400a) substance.
PM,; s composition
SO, 0.4 pg/m’ +15%  Daily zero and span testing with certified
(RP 8400S) SO,; monthly calibrated with certified SO,
with dynamic dilution and SO42' solution.
NOs 0.4 ug/m’ +15%  Dalily zero and span testing with certified NO;
(RP 8400N) monthly calibrated with certified NO with
dynamic dilution and NO; calibration
solution.
OC/EC 0.2 pg/cm’ filter +15%  Weekly methane gas injections checking;
(Sunset OC/EC) factory calibration when out of spec.
Particle light scattering and absorption
Light scattering 0.5 M/m +10%  Monthly calibrated by certified CO..
(Ecotech M9003)
Light absorption 0.05 pg/m’ +15%  Weekly internal electronic checks; factory
(Magee AE-31) calibration when out of spec.
Solar radiation 2 nm in wavelength ~ £10%  Yearly factory calibration and when out of
(Kipp & Zonen spec.
POM 01)

Particle number concentrations in different size fractions

Fine particle Particle size in +15%  Daily internal electronic checks; yearly
(Grimm 1.108) 0.3-10 pm particle size comparisons with polystyrene

latex suspension.
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Table 2. Summary of minimal detectable limits, precisions, and calibration methods for the

measurements at the Southern Supersite in Taiwan. (Continued)

Measurement

Minimal detectable

o Precision Calibration and/or testing method
(Instrument) limit

Ultrafine particle Particle size in +15%  Daily internal electronic checks; yearly

(Grimm SPMS+C) 10-900 nm particle size comparisons with polystyrene
latex; yearly factory calibrations.

Related gases

0O; 0.4 ppb +10%  Daily zero and span testing with internal

(Ecotec 9810 ) ozone generator; quarterly calibrated with
Dasibi 1003 PC UV photometer.

CO (Horiba APMA 0.05 ppm +10%  Daily zero and span testing with certified

360) CO; quarterly calibrated with certified CO
mixture and dynamic dilution.

NO/NOy (Thermo 50 ppt +20%  Daily zero and span testing with certified

42 CY) NO; quarterly calibrated with certified NO
mixture and dynamic dilution.

NH; (Thermo 17 C) 1 ppb +20%  Daily zero and span testing with certified
NO; quarterly calibrated with certified NO
mixture and dynamic dilution.

NH; (ESA AC32M) 1 ppb +20%  Daily zero and span testing with certified
NO; quarterly calibrated with certified NO
mixture and dynamic dilution.

H,0; (Yankee 50 ppt +20% Monthly calibrated with internal H,0,

AL-2021) permeation device; six-monthly calibrated
with liquid of H,O, standards.

BTEX (Chromato 3 ppb +20%  Monthly calibrated with certified CH4 and

ChromaPID) reference gas

O; 0.4 ppb +10%  Daily zero and span testing with internal

(Ecotec 9810) ozone generator; quarterly calibrated with

Dasibi 1003 PC UV photometer.
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Table 2. Summary of minimal detectable limits, precisions, and calibration methods for the

measurements at the Southern Supersite in Taiwan. (Continued)

Measurement Minimal detectable o ) ) ]
o Precision Calibration and/or testing method
(Instrument) limit

Related gases

CO (Horiba APMA 0.05 ppm +10%  Daily zero and span testing with certified

360) CO; quarterly calibrated with certified CO
mixture and dynamic dilution.

NO/NOy (Thermo 50 ppt +20%  Daily zero and span testing with certified

42 CY) NO; quarterly calibrated with certified NO
mixture and dynamic dilution.

NH; (Thermo 17 C) 1 ppb +20%  Daily zero and span testing with certified
NO; quarterly calibrated with certified NO
mixture and dynamic dilution.

NH; (ESA AC32M) 1 ppb +20%  Daily zero and span testing with certified
NO; quarterly calibrated with certified NO
mixture and dynamic dilution.

H,0; (Yankee 50 ppt +20% Monthly calibrated with internal H,O,

AL-2021) permeation device; six-monthly calibrated
with liquid of H,O, standards.

BTEX (Chromato 3 ppb +20%  Monthly calibrated with certified CH4 and

ChromaPID) reference gas.

Meteorological variables

Wind speed (Met * 0.3 m/s t 0.3 m/s Six-monthly factory calibration; monthly

One 05305L) comparison with synchronized motor.

Wind direction (Met t5° +5° Six-monthly  calibration ~with  surveyor

One 05305L) compass; monthly comparison with surveyor
compass.

Temperature (Met 1 0.1°C + 0.1°C  Six-monthly factory calibrations; monthly

One CS500L) comparison with psychrometer.

Relative humidity 2% T 2% Six-monthly factory calibrations; monthly

(Met One CS500L)

comparison with psychrometer.
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removes particle-bound water. Lee et al.
(2005a; 2005b; 2005c¢) reported that the
SES-TEOM and federal reference method
(FRM) PM, s are highly correlated (R* =
0.89-0.95) and their regression slopes were
near unity (0.86-1.07) at the Atlanta,
Baltimore and Pittsburgh Supersites.
However, the SES-TEOM inevitably loses
some semi-volatile materials due to heating
to 30°C (Lee et al., 2005a; 2005b; 2005c).
Notably, PM; s S04*, NO;5™ and carbon (oC
and EC) are the major PM, s components in
Taiwan (Lin, 2002; Chen et al., 2003; Tsai
and Cheng, 1999; 2004). Additionally, PM; s
SO,* and NO; are acquired by the RP
8400S and RP 8400N monitors (Thermo
Scientific, USA), respectively. Particles in
the air system are impacted onto platinum
and Nichrome strips (Stolzenburg and
Hering, 2000). The strip is then instantly
heated to transform SO4” into sulfur dioxide
(SO,) or NOs™ into nitrogen oxides (NOy)
that are detected by high-sensitivity SO, or
NOx gas analyzers, respectively. Conversion
efficiencies from particles to gases are
determined

monthly by testing

pre-determined concentrations of SO4> or

NOs solutions provided by the manufacturer.

However, measurement results from the U.S.

Supersites  indicate  that  conversion
efficiencies depend on the ambient PM
composition, which varies for different
times and locations (Wittig et al., 2004;
Harrison, et al., 2004b; Chow et al., 2008).
Notably,

calibration solutions are not necessarily the

conversion efficiencies from

same as those for ambient particles.
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The continuous PM,s OC and EC are
measured by the Sunset OC/EC field
instrument (Sunset Laboratory, USA). Bae
et al.,, (2004) reported that the Sunset
monitor is comparable to filter-based
laboratory analysis of PM,s OC and EC
concentrations with slopes of 0.93 and 0.95,
respectively, at the St. Louis Supersite.
Parallel comparisons between two Sunset
monitors in Los Angeles demonstrated that
they were very precise (R* of 0.98 and 0.97
for OC and EC, respectively) (Arhami et al.,
20006).

Particle light absorption (M/m) can be
reported as black carbon (BC) concentration
(ug/m’) using an appropriate conversion
factor (16.2 m*/g as the default for an
USA).

However, the conversion factor depends on

aethalometer) (Magee Scientific,

absorption wavelength and the physical and
chemical properties of particles. In Fresno,
the conversion factor is 10 m®/g, which was
estimated by comparing light absorption
with integrated filter analysis of EC (Park et
al., 2006a). This comparison can be used to
acquire the local conversion factor in
Taiwan. Measured solar spectral data can be
post-processed to derive various
atmospheric parameters, such as optical
depth,
distribution, and energy distribution (Kipp &
Zonen, The Netherlands).

Collocated tests between the TSI scanning
mobility particle sizer (SMPS) (TSI, USA)
and Grimm SMPS (GRIMM, Germany) at

the Fresno Supersite reveal that the two

scattering  coefficients, aerosol

sizers are similar in the 30—50 nm particle
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Table 3. Summary of data validity levels and flags.

Level Description Flag

0 Data transferred from the on-site instruments or downloaded from

the data loggers without editing.
1A Missing values due to power supply failure. 1
1B Values are removed due to maintenance. 2
1C Values are removed due to calibration. 3
1D Values are removed due to audits. 4
1E Missing values due to unclear reasons. 5
IF Negative values are removed. 6
1G Values under the detection limits are removed. 7
IH Values with error messages are removed. 8
11 Hourly-averaged data, acquired when the ratio of effective

samples, excluded Level 1A-1H data, in one hour is lager than

75%.
2A When hourly PM; 5> PM . 9
2B When hourly SO4* + NO;3 + OC + EC > PM,3s. 10
2C When hourly NO, > NO. 11

range (Chow et al., 2008). The Grimm 1.108
and Grimm SMPS can also report particle
mass concentrations derived from the
measured size distribution when particle
shape and density are used. Therefore,
measurement of local particle density is
reliable PM

important to  obtaining

concentrations.

Quality assurance and data validation
Monitors are maintained and calibrated by
consulting firms according to standard
operating procedures established by the
EPA EPA, 2005).
Independent performed by

academic institutes (Wu et al., 2005; Lin et

Taiwan (Taiwan

audits are

al., 2006a). Measurements are transferred to
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data servers located at the main office of the
Taiwan EPA in Taipei. Data are given
validation codes (Table 3) (Wu et al., 2005;
Lin et al., 2006a). Daily averages of each
measurement are also calculated. The
calculated daily data for the most recent year
arc available on the Taiwan EPA website
(http://tagm.epa.gov.tw/emc/default.aspx?m

od = PsiAreaHourly).

Seasonal variations

In this section, the seasonal trends of
PM;o mass, as well as PM,s mass, SO42',
NO;5, OC, and EC measured in Southern
Supersite are analyzed to demonstrate the
possible benefit of the Supersite. The

analysis of other measurements will be
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Fig. 4. Seasonal and hourly variations of: (a) PM;o mass, (b) PM; s mass , (¢) PM; s sulfate, (d) PM; s
nitrate, (¢) PM; s organic carbon (OC), and (f) PM; s elementary carbon (EC) between April 1, 2006,
and June 30, 2007, at the Southern Supersite. Station codes are shown in Fig. 2. Notably, OC and EC
at the FY station between February 1, 2007 and June 30, 2007 are removed due to failing to pass the
data validation. As well, OC and EC at the CZ station between May 5, 2006, and October 23, 2006,

are not measured.
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given in future works. A low-pass
Kolmogorov-Zurbenko (KZ) filter (Rao et
al., 1997; Eskridge et al., 1997) was applied
to ozone and PM concentrations to remove
noise (e.g., Rao et al., 1997; Vingarzan et al.,
2003; Wise and Comrie, 2005; Di Carlo et
al., 2007). The filter period, T, is determined
by filter duration (t) and number of
iterations (p); i.e., T =t x p"? (Eskridge et
al., 1997; Wise and Comrie, 2005). In this
work, hourly data coupling with a filter
period of T = 90 days with t = 40.25 days
(966 hours) and p = 5 are used to produce
seasonal tends for each considered
measurement. Fig. 4 shows the calculated
seasonal trends along with hourly
concentrations for PM;, mass, as well as
PM,s mass, SO42', NO;5;, OC, and EC
between April 1, 2006, to June 30, 2007, at
the core and the three satellite stations.

With the exception in Fig. 4(f), Figs.
4(a—e) show that PM;y mass, and PM; 5 mass,
SO4*, NOy, and OC concentrations have
considerably seasonal variation with low
values during summer and high values
during winter. The strong ventilation and
heavy showers via summer typhoons explain
the low pollutant levels in summer, while
relatively less ventilation and upwind
pollution transport increase pollutions in
winter (Chen et al., 2004a; Lin et al., 2005a).
The PM o mass levels before April 2007 at
the TZ station were higher than those at the
other stations (Fig. 4a), while PM,s mass
levels at the TZ station were close to those
at the other stations (Fig. 4b). The increased

coarse PM concentrations at the TZ station
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are unclear and need further investigation in
the future.

Notably, SO, is the primary precursor of
sulfate and can be oxidized to form sulfuric
acid (H,SO4) via gas- and liquid-phase
reactions. Once H,SO, forms, it can react
quickly with NHj3; and
nonvolatile ammonium sulfate (NH4),SO4),
which is mostly found in fine PM. The
gas-phase oxidation rate is determined by
levels of the ambient hydroxyl radical (OH),
which is associated with photochemical
1998).
Liquid-phase oxidation is fast and occurs in

thereby form

activity (Seinfeld and Pandis,
clouds, rainwater, and within the water
fraction of ambient aerosols. The liquid
pathway is likely important in southern
Taiwan as the monthly average humidity
exceeds 75% (Fig. 3). Considerable sulfate
differences among stations exist (Fig. 4c),
indicating that sulfate is formed locally.
Notably, SO, is primarily emitted from
coal-fired power plants and large point
sources in southern Taiwan. The relatively
high levels of sulfate in winter at the
northern TO station (Fig. 4c) is likely
influenced by the SO, emissions originating
from the upwind Shingda coal-fired power
plant, 14 km from the TO station. However,
further investigation is required to validate
this hypothesis and evaluate other possible
sources.

Fig. 5 compares the monthly variations of
PM, s mass, sulfate, nitrate, ozone and
ammonia at the FY core station. The
monthly averaged ozone concentration (Fig.

5) shows that photochemical activity peaks
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Fig. 5. Comparison of seasonal trends of PM, s mass, PM, s sulfate, PM; s nitrate, ozone and ammonia
between April 1, 2006 and June 30, 2007 at the core FY station. These seasonal trends are produced

by the low-pass Kolmogorov-Zurbenko filter, as described in the section of seasonal variations in the

text.

in October (major) and May (minor). The
October ozone peak coincided with elevated
PM,s mass and sulfate (Fig. 5), implying
that the increasing PM, s mass resulted from
excess production of sulfate through the
gas-phase  pathway due to  strong
photochemical activity.

The primary precursor of nitrate is NOy.
Both mobile and point sources are important
NOx sources in southern Taiwan. Similar to
the gas-phase pathway for sulfate, NOy can
be oxidized by OH and thereby form nitric
acid (HNOs;) (Seinfeld and Pandis, 1998).

Additionally, NO; can be oxidized to nitrous
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oxide (N,Os) by NO; radical during the
nighttime and, subsequently, HNO; can be
formed homogeneously or heterogeneously
when N,Os reacts with water (Seinfeld and
Pandis, 1998). Notably, HNO; can react
with NH; to form ammonium nitrate
(NH4NOs3); NH; can come from livestock
and fertilizers. Considerable differences in
nitrate concentrations exist among stations
(Fig. 4d), indicating that NH4NOj; is
produced locally. The relatively high nitrate
concentrations in winter at the southern CZ
station (Fig. 4d) likely resulted from
abundant NHj;, with sulfate at the lowest
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Table 4. Annual PM, 5, PM;o, NO3, SO42', OC and EC concentrations and their ratios relative to
PM, s mass at the Fooyin core station (FY) and the Chiautou (TO), Chenjen (TZ), and Choujau (CZ)

satellite stations based on measurements between April 1, 2006 and March 31, 2007.

FY TO TZ Ccz
Annual Average (mg/m”)

PM, s mass 33.9 32.6 34.6 31.7

PM,( mass 47.2 48.8 57.1 47.1

PM, s NO5 52 4.7 3.4 5.0

PM, 5 SO~ 8.9 9.6 8.9 7.5

PM, s OC 7.6 7.2 7.1 *Na

PM, s EC 24 2.5 2.5 *Na

Ratios to PM, 5 mass

PM ;o mass 1.39 1.50 1.65 1.49

PM, s NO5 0.15 0.15 0.10 0.16

PM, s SO, 0.26 0.29 0.26 0.24

PM, s OC 0.22 0.22 0.21 *Na

PM, s EC 0.07 0.08 0.07 "Na

“Not applicable.

levels among the four stations (Fig. 4d).
Therefore, small NH; was consumed by
sulfate, explaining the elevated NH4NO3
concentration observed at the CZ station.
Nitrate concentrations at the urbanized TZ
station are much lower than those at the
other three stations (Fig. 4d), possibly due to
the lack of NH;

concentrations at the southern CZ and

in the city. Nitrate

northern TO stations peak in January (Fig.
4d). These peaks are likely due to the high
ambient NH; concentrations (Fig. 5) and
low ambient temperature, which favor
particle phase of NH4NO;.

Notably, EC is a primary pollutant and is
generated by incomplete combustion of

local sources (Fine et al., 2008), while OC
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can be from primary and secondary sources.
Elevated wintertime PM,s OC and EC
concentrations (Figs. 4e and 4f) can be
attributed to the abundant vehicles in
High

carbonaceous aerosol at low temperatures

southern ~ Taiwan. amounts  of
suggest low combustion efficiency for
internal combustion engines and enhanced
condensation of organic vapors. The EC
concentrations peak in January (Fig. 4f) can
be explained by enhanced emissions and a
relatively low mixing depth in cold months.
Notably, the OC levels peak in December,
one moth earlier than EC, likely due to the
contribution of secondary OC (Fig. 5). The

production rate of secondary OC peaks in
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October and drops off after October, as
inferred based on ozone variations (Fig. 5).
Table 4 shows the annual PM;, mass and
PM,s mass, NOy, SO,”, OC and EC
concentrations and their ratios relative to
PM,s mass concentrations from April 1,
2006 to March 31, 2007. Generally, the
concentrations of each measurement among
the different stations are compatible, except
for relatively high PM;, mass and low PM; s
NOj5™ concentrations at the TZ station, and
the high PM;s SO,* concentrations at the
TO station. The major components of PM; 5
are SO, (24-29%), OC (21-22%) and NO5”
(10-16%). This is similar to levels observed
in the eastern U.S. (Fine et al., 2008), but
differ from those in the western U.S. where
only NO3" and OC dominate (Chow et al.,
2008). The annual PM;, averages (Table 4),
ranging from 47-57 pg/m’, are lower than
the Taiwan PM;, annual NAAQS (65
ng/m’), but the annual PM,s averages
(Table 4), ranging from 32-25 ug/m3, are
much higher than the U.S. PM;s annual
NAAQS (15 ug/m3). Figs. 4(a) and 4(b)
present comparisons of these levels with
seasonal trends of PM;, and PM,s mass.
The annual PM;, averages in 2006 were 88,
76 and 72 pg/m’ at the TZ, TO, and CZ air
stations (Taiwan EPA, 2007), which are
much higher than the corresponding 57, 49
and 47 ug/m3 measured at the satellite
stations. The PM;o monitors used in the
TAQMN are Model 650 PM;, beta
attenuation monitors (BAMSs) (Thermo Env.
Instruments, USA), while the Southern
Supersite uses the SES-TEOM. The high

250

PM; concentrations measured by the BAMs
are likely due to moisture interference.
According to Tsai et al. (2006), when
relatively humidity is > 85%, the BAM
reading will increase as humidity increases.
These situations frequently occur during
nighttime in southern Taiwan due to the
nature of high humidity (Fig. 3). The low
PM,y  concentrations = measured by
SES-TEOM are expected as the SES-TEOM
loses some semi-volatile materials.

Figs. 6 and 7 compare hourly averages of
PM mass and major components during the
cold (October 2006 to March 2007) and
warm (April-September 2006) seasons. The
of PM mass and

components are apparent during cold season

diurnal variations
and less important in warm months. The
diurnal variations at the core and three
satellite stations are similar (Figs. 6 and 7).
For PM,¢ mass, PM, s mass and PM,s OC
and EC concentrations, the major peaks
were near morning rush hours, indicating
that these are related to vehicle emissions.
The TZ station, located in Kaohsiung City,
has higher morning peaks of PM;y mass, and
PM, s mass, OC and EC concentrations than
the other stations (Fig. 6). The major
afternoon peaks of PM;s S04 and NO;y
concentrations indicate that they are related
to photochemical activities. The relatively
smaller diurnal variations in summer months
can be explained by better atmospheric

mixing.

CHALLENGES FOR THE
SOUTHERN SUPERSITE
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Fig. 6. Wintertime diurnal variations of: (a) PM;¢ mass, (b) PM; s mass, (c) PM; 5 sulfate, (d) PM; s
nitrate, (¢) PM,s organic carbon (OC), and (f) PM;s elementary carbon (EC), averaged from the
hourly data between October 1, 2006 and March 31, 2007 at the Southern Supersite. Station codes are

shown in Fig. 2.

Issues that need to be addressed in the (4) organic speciation, (5) size-resolved
future include: (1) loss of semi-volatile particle composition, and (6) new receptor
substances from the SES-TEOM, (2) modeling techniques and source profiles.
efficiencies for the sulfate (RP 8400S) and
nitrate (RP 8400N) monitors, (3) Loss of semi-volatile substances from the
measurements of particle density and water, SES-TEOM
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The SES-TEOM

substances, especially nitrate (Lee et al.,

loses semi-volatile

2005a; 2005b; 2005c), and thereby
underestimates PM, 5 and PMg
concentrations. ~ The  filter = dynamic

measurement system (FDMS) (Meyer et al.,
2002) accounts for volatilization (Grover et
al., 2005; Chow et al., 2008). Concurrent
measurements of HNO; and ammonium
(NH4") with

measurements of NH; and NOj™ at the core

associated current
station permit equilibrium calculations to
determine limiting precursors for PMays
NH4NOs; (Lin et al., 2006b; Lin and Cheng,
2007).

Conversion efficiencies for the RP 8400S
and RP 8400N

Wittig et al. (2004), Harrison et al.
(2004b) and Chow et al. (2008) showed that
conversion efficiencies acquired from
calibration solutions are not representative
of those for ambient sulfate and nitrate.
Chow et al. (2006b)

comparisons

recommend
site-specific between
continuous monitor and filter measurements.
On-site ion chromatographs (ICs) (Chow et
al., 2008) that measure anions and cations,
such as CI, NOs, SO4*, NH,", Na', K" and
Ca,", are an alternative. Good agreement
existed between on-site ICs and filter
measurements at several U.S. supersites
(Hogrefe et al., 2004; Grover et al., 2006)
and those in Taiwan (Chang et al., 2006;

2007).
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Measurements of particle density and water

Particle density facilitates conversion of
number distributions to mass distributions
and aerodynamic diameters related to Stokes
diameter. Bulk particle density can be
from the PM

composition. Alternatively, effective particle

estimated chemical

density can be calculated when the
following combinations are known: mobility
size-aerodynamic size; mobility size-particle
mass; or, aerodynamic size-particle mass
(Ristimaki et al., 2002; McMurry et al.,
2002). Particle water may account for some
unresolved PM mass (Chow, 1995; Rees et
al., 2004). Rees et al. (2004) reported that
water can contribute 8-16% of FRM PM; s
mass at the Pittsburgh Supersite. One of the
most common methods for measuring
particle water is to use hygroscopic tandem
differential mobility analyzers (H-TDMAs)
(Cocker et al., 2001). Additionally,
automatically measuring particle water is
possible. One method has been successfully
tested at the Pittsburgh Supersite (Khlystov
et al., 2005).

seasonal variations of particle water is

Further investigation of

necessary to explain the unresolved PM
mass in Taiwan, where numerous studies
about PM compositions are based on filter
analyses in the laboratory (Lin and Tsai,
2001; Lee and Chang, 2002; Lin, 2002; Lin
and Lee 2004; Lin et al., 2005b; 2007; Fang
et al., 2006; Chen et al., 1999; 2001; 2003;
2004b; Tsai and Cheng, 1999; 2004; Tsai
and Kuo, 2005; Chio et al., 2004; Chang et
al., 2006; Chiang et al., 2005).
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Organic speciation

Organic compounds are emitted from
combustion processes and natural sources,
and formed in atmosphere as secondary
organic aerosols (SOAs). Some organic

compounds are good source markers, such
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as levoglucosan for biomass burning,

cholesterol for meat cooking,
1,2-benzenedicarboxylic acid for SOA, and
iso-nonacosane for cigarette smoke (Schauer
and Cass, 2000; Chow et al., 2007a; 2007b;

Watson et al., 2008). Therefore, organic
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species analysis can enhance source
apportionments and correlate combustion
aerosols to adverse health effects (Mauderly
and Chow, 2008). Analytical techniques for
PM organic species in Taiwan are labor
intensive and use water or solvent extraction
followed by gas chromatography/mass
spectrometry (GC/MS) (Lin and Lee, 2004).
The recent advancement in thermal
desorption following GC/MS analysis was

examined by Chow et al. (2007b) and can be

used as an alternative, cost-effective method.

This method can acquire 130 non-polar
organic species including n-alkanes, alkenes,
cycloalkenes, hopanes, sternes, polycyclic
aromatic hydrocarbons (PAHs) (Chow et al.,
2007b).

Size-resolved particle compositions

The evolution of PM size distribution
provides insight into the nucleation process,
secondary aerosol formation, and primary
source attributions. Single particle mass
spectrometers (SPMS) (Carson et al., 1995;
Johnston and Wexler, 1995; Nordmeyer and
Prather, 1994; Jayne et al., 2000; Thomson
et al., 2000; Middlebrook et al., 2003)
provide information on particle size (down
to ~ 50 nm) and compositions (Wexler and
Johnston, 2008). The micro-orifice uniform
deposit impactor (MOUDI) (Marple et al.,
1991) and Nano-MOUDI (MSP, USA) are
collect PM
substrates for different size bins that can be
analyzed in the laboratory (Lin et al., 2005b;
2007; Tsai, et al., 2005; Fang et al., 2006;
Chow and Watson, 2007).

alternative  devices that
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New receptor modeling techniques and
source profiles

Receptor models identify and quantify
source contributions based on chemical
fingerprints of various sources (Watson et
al., 2002; Chen et al., 2007a; Watson et al.,
2008). Receptor modeling in Taiwan (Chen
et al., 1999; Chen et al., 2001; Chio et al.,
2004; Chiang et al., 2005; Wang et al., 2007)
has applied the effective variance solution to
chemical mass balance (CMB) equations
(Friedlander, 1973; Watson, 1984; Watson
et al., 1984). However, local source profiles
are limited (Chen et al., 1999; Chen et al.,
2001; Chio et al., 2004; Chiang et al., 2005;
Wang et al., 2007). Applying other CMB
solutions, such as  positive
factorization (PMF) (Paatero, 1997) and
UNMIX (Henry, 1997), may provide source
factors that can be compared with real
source profiles (Chen et al., 2007a; Watson
et al., 2008). The source-receptor hybrid
pseudo-deterministic model (PDRM) should

also be considered for use to detect and

matrix

quantify elevated plume emissions and
contributions (Park et al., 2005; 2006b). All
of these methods require that Taiwan
increase its effort in obtaining source
profiles that represent real-world emissions
(Chen et al., 2007b; England et al., 2007a;

2007b).

SUMMARY

The Southern Supersite will increase an
understanding of PM characteristics in

southern Taiwan. Information provided is
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related to: (1) PM composition, (2) PM
optical properties (e.g., light scattering and
absorption), (3) PM number concentrations
in various size fractions from 10 nm to 20
um, and (4) PM precursors gases (NOy, NH;
and H,0,). The daily averages of these
measurements after validation are available
EPA
(http://tagm.epa.gov.tw/emc/default.aspx?m

on the Taiwan website

od = PsiAreaHourly). Receptor modeling

analysis of measured data will provide

source apportionment results for the

development of PM pollution-control
strategies. Additionally, these data sets will
also benefit researchers investigating PM
exposure and adverse health effects. The
should

measurements and related research to: (1)

Southern  Supersite expand its
loss of semi-volatile substance from the
SES-TEOM, (2) conversion efficiencies for
the continuous sulfate (RP 8400S) and
nitrate (RP  8400N)

measurement of particle density and water,

monitors,  (3)

(4) analysis of PM organic compounds,
especially source markers, (5) analysis of
size-resolved particle composition, (6)

application of new receptor modeling
techniques, and (7) measurement of source

profiles for Taiwan pollution sources.

ACKNOWLEDGMENTS

The authors would like to thank the
National Science Council of the Republic of
China, Taiwan for financially supporting
this research under Contract No. NSC
96-2918-1-242-001. The work is conducted

255

under the auspices of an exchange program
between Fooyin University, Kaohsiung,
Taiwan (ROC) and the Desert Research
Institute, Nevada System of Higher
Education, USA. The Taiwan EPA funds
operation and maintenance of the Southern

Supersite.

REFERENCES

Anderson, H.R., Atkinson, R.W., Peacock,
J.L., Sweeting, M.J. and Marston, L.
(2005). Ambient Particulate Matter and
Health Effects-Publication Bias in Studies
of Short-Term Associations. Epidemiol.
16: 155-163.

Arhami, M., Kuhn, T., Fine, P.M., Delfino,
R.J. and Sioutas, C. (2006). Effects of

Artifacts

Parameters on the Performance of a

Particulate EC/OC

Technol. 40:

Sampling and  Operating

Semi-Continuous

Monitor. Environ. Sci.
945-954.

Bae, M.S., Schauer, J.J., Deminter, J.T.,
Turner, J.R., Smith, D. and Cary, R.A.
(2004). Validation of a Semi-Continuous
Instrument for Elemental Carbon and
Organic Carbon Using a Thermal-Optical
Method. Atmos. Environ. 38: 2885-2893.

Brock, C.A., Eatough, D. and Solomon, P.A.
(2004). Preface to Special Section on
Particulate Matter: Atmospheric Science,
Exposure, and the Fourth Colloquium on
Particulate Matter and Human Health. J.
Geophys. Res. 109: D16S01,
doi:10.1029/2004JD005040.



Lin et al., Aerosol and Air Quality Research, Vol. 8, No. 3, pp. 233-264, 2008

Brunekreef, B. and Holgate, S.T. (2002). Air
Pollution and Health. Lancet 360:
1233-1242.

Carson, P.G., Neubauer, K.R., Johnston,
M.V. and Wexler, A.S. (1995). On-Line
Chemical Analysis of Aerosols by Rapid
Single-Particle Mass Spectrometry. J.
Aerosol Sci. 26: 535-545.

Chan, C.C. (2000). The Risk Assessment of
Particulate Matter. EPA-89-Fal1-03-236,
Taiwan Environment Protection
Administration, Taipei, Taiwan, 2000.

Chang, S.C. and Lee, C.T. (2006). Ozone
Variations through Vehicle Emissions

Based on Air Quality
Monitoring Data in Taipei City, Taiwan,
from 1994 to 2003. Atmos. Environ. 40:
3513-3526.

Chang, S.Y., Fang, G.C., Chou, C.C.K. and
Chen, W.N. (2006). Source Identifications

of PM;o Aerosols Depending on Hourly

Reductions

Measurements of Soluble Components
Characterization among Different Events
in Taipei Basin during Spring Season of
2004. Chemosphere 65: 792-801.

Chang, S.Y., Lee, C.T., Chou, C.CK., Liu,
S.C. and Wen, T.X. (2007). The
Continuous Field Measurements of
Soluble Aerosol Compositions at the
Taipei Aerosol Supersite, Taiwan. Atmos.
Environ. 41: 1936-1949.

Chen, M.L., Mao, L.F. and Lin, I.LK. (1999).
The PM,s and PM,( Particles in Urban
Areas of Taiwan. Sci. Total Environ. 226:
227-235.

Chen, K.S., Lin, C.F. and Chou, Y.M.
(2001).

Determination  of  Source

256

Contributions to Ambient PM,s in
Kaohsiung, Taiwan, Using a Receptor
Model. J. Air Waste Manage. Assoc. 51:
489-498.

Chen, S.J., Hsieh, L.T., Tsai, C.C. and Fang,
G.C.  (2003).
Atmospheric PM;y and Related Chemical
Species in Southern Taiwan during the
Episode Days. Chemosphere 53: 29-41.

Chen, K.S., Ho, Y.T., Lai, C.H., Ysai, Y.A.
and Chen, S.J. (2004a) Trends in

Concentration of Ground-Level Ozone

Characterization of

and Meteorological Conditions during
High Ozone Episodes in the Kao-Ping
Airshed, Taiwan. J. Air Waste Manage.
Assoc. 54: 36-48.

Chen, S.J., Hsieh, L.T., Kao, M.J., Lin,
W.Y., Huang, K.L. and Lin, C.C. (2004b).
Characteristics of Particles Sampled in
Southern Taiwan during the Asian Dust
Storm Periods in 2000 and 2001. Atmos.
Environ. 38: 5925-5934.

Chen, L.W.A., Watson, J.G., Chow, J.C. and

K.L. (2007a) Quantifying
PM, s Source Contributions for the San
Joaquin  Valley  with
Receptor Models. Environ. Sci. Technol.
41:2818-2826.

Chen, L.W.A., Moosmuller, H., Arnott,
W.P., Chow, J.C., Watson, J.G., Susott,
R.A., Babbitt, R.E., Wold, C.E., Lincoln,
E.N. and Hao, W.M. (2007b). Emissions
from Laboratory Combustion of Wildland

Magliano,

Multivariate

Fuels: Emission Factors and Source
Profiles. Environ. Sci. Technol. 41:
4317-4325.



Lin et al., Aerosol and Air Quality Research, Vol. 8, No. 3, pp. 233-264, 2008

Chiang, P.C., Chang, E.E., Chang, T.C. and
Chiang, H.L. (2005). Seasonal
Source-Receptor  Relationships in a
Petrochemical Industrial District over
Northern Taiwan. J. Air Waste Manage.
Assoc. 55: 326-341.

Chio, C.P., Cheng, M.T. and Wang, C.F.
(2004). Source Apportionment to PM;g in
Different Air Quality Conditions for
Taichung Urban and Coastal Areas,
Taiwan. Atmos. Environ. 38: 6893-6905.

Chow, J.C. (1995). Measurement Methods
to Determine Compliance with Ambient
Air-Quality Standards for Suspended
Particles. J. Air Waste Manage. Assoc. 45:
320-382.

Chow, J.C., Scheffe, R.D. and Solomon, P.A.
(2004). A Special Issue of the Journal of
the Air and Waste Management
Association on  Particulate  Matter:
Atmospheric Sciences, Exposure, and the
Fourth Colloquium on PM and Human
Health. J. Air Waste Manage. Assoc. 54:
1025-1025.

Chow, J.C. and Solomon, P.A. (2006). A
Special Issue of the Journal of the Air and
Waste Management Association on the
Particulate Matter Supersites Program and
Related Studies. J. Air Waste Manage.
Assoc. 56: 369-369.

Chow, J.C., Watson, J.G., Mauderly, J.L.,
Costa, D.L., Wyzga, R.E., Vedal, S., Hidy,
G.M., Altshuler, S.L., Marrack, D., Heuss,
JM., Wolff, G.T., Pope, C.A. and
Dockery, D.W. (2006a). Health Effects of
Fine Particulate Air Pollution: Lines That

Connect. J. Air Waste Manage. Assoc. 56:
1368-1380.

Chow, J.C., Chen, L.W.A., Watson, J.G.,
Lowenthal, D.H., Magliano, K.A.,
Turkiewicz, K. and Lehrman, D.E.
(2006b). PM;,s Chemical Composition
and Spatiotemporal Variability during the
California Regional PM;¢/PM,s Air
Quality Study (CRPAQS). J. Geophys.
Res. 111: D10S04, doi:
10.1029/2005JD006457.

Chow, J.C. and Watson, J.G. (2007).
Survey of Measurement and Composition
of Ultrafine Particles. AAQR 7:121-173.

Chow, J.C., Watson, J.G., Lowenthal, D.H.,
Chen, L.W.A., Zielinska, B., Mazzoleni,
L.R. and Magliano, K.L. (2007a).
Evaluation of Organic Markers for
Chemical = Mass  Balance  Source
Apportionment at the Fresno Supersite.
Atmos. Chem. Phys. 7: 1741-1754.

Chow, J.C., Yu, J.Z., Watson, J.G., Ho,
S.S.H., Bohannan, T.L., Hays, M.D. and
Fung, K.K. (2007b). The Application of
Thermal Methods for Determining
Chemical Composition of Carbonaceous
Aerosols: A Review. J. Environ. Sci.
Health Part A-Toxic/Hazard. Subst.
Environ. Eng. 42: 1521-1541.

Chow, J.C., Doraiswamy, P., Watson, J.G.,
Chen, L.W.A., Ho, S.S.H. and Sodeman,
D.A. (2008). Advances in Integrated and
Continuous Measurements for Particle
Mass and Chemical Composition. J. Air
Waste Manage. Assoc. 58: 141-163.

Cocker, D.R., Whitlock, N.E., Flagan, R.C.
and Seinfeld, J.H. (2001). Hygroscopic



Lin et al., Aerosol and Air Quality Research, Vol. 8, No. 3, pp. 233-264, 2008

Properties of Pasadena, California
Aerosol. Aerosol Sci. Technol. 35:
637-647.

Di Carlo, P., Pitari, G., Mancini, E., Gentile,
S., Pichelli, E. and Visconti, G. (2007).
Evolution of Surface Ozone in Central
Italy Based on Observations and
Statistical Model. J. Geophys. Res. 112:
D10316, doi:10.1029/2006JD007900.

England, G.C., Watson, J.G., Chow, J.C.,
Zielinska, B., Chang, M.C.O., Loos, K.R.
and Hidy, G.M. (2007a). Dilution-Based
Emissions Sampling from Stationary

Sources: Part 1 - Compact Sampler
Methodology and Performance. J. Air
Waste Manage. Assoc. 57: 65-78.

England, G.C., Watson, J.G., Chow, J.C.,
Zielinska, B., Chang, M.C.O., Loos, K.R.
and Hidy, G.M. (2007b). Dilution-Based
Emissions Sampling from Stationary

Sources: Part 2 - Gas-Fired Combustors

Compared with Other Fuel-Fired Systems.

J. Air Waste Manage. Assoc. 57: 79-93.

Englert N. (2004). Fine Particles and Human
Health — A Review of Epidemiological
Studies. Toxicol. Lett. 149: 235-242.

Eskridge, R.E., Ku, J.Y., Rao, S.T., Porter,
P.S. and Zurbenko, I1.C. (1997).
Separating Different Scales of Motion in
Time Series of Meteorological Variables.
Bull.  Amer. Meteorol. Soc. 78:
1473-1483.

Fang, G.C., Wu, Y.S., Rau, J.Y. and Huang,
S.H. (2006). Traffic Aerosols (18 nm < =
Particle Size < = 18 mu m) Source

Apportionment during the Winter Period.

Atmos. Res. 80: 294-308.

258

Federal Register (1997). National Ambient
Air Quality Standards for Particulate
Matter: Final Rule. 40 CFR Parts 50, 53,
and 58, volume 62 (138), July 18, 1997,
U.S. EPA, Office of Air and Radiation,
Office of Air Quality Planning and
Standards, Research Triangle Park, NC,
1997.

Federal Register (2006). National Ambient
Air Quality Standards for Particulate
Matter: Final Rule. 40 CFR Parts 50, 53,
and 58, volume 62 (138), October 17,
2006, U.S. EPA, Office of Air and
Radiation, Office of Air Quality Planning
and Standards, Research Triangle Park,
NC, 2006.

Fine, P.M., Sioutas, C. and Solomon, P.A.
(2008). Secondary Particulate Matter in
the United States: Insights from the
Particulate Matter Supersites Program and
Related Studies. J. Air Waste Manage.
Assoc. 58: 234-253.

Friedlander, S.K. (1973). Chemical Element
Balances and Identification of Air
Pollution Sources. Environ. Sci. Technol.
7: 235-240.

Geller, M.D. and Solomon, P.A. (2006).
Special Issue of Aerosol Science and

Matter
Supersites Program and Related Studies.
Aerosol Sci. Technol. 40: 735-736.

Grover, B.D., Kleinman, M., Eatough, N.L.,
Eatough, D.J., Hopke, P.K., Long, R.-W.,
Wilson, W.E., Meyer, M.B. and Ambs,
J.L. (2005). Measurement of Total PM; s
Mass (Nonvolatile Plus Semi-Volatile)

with the Filter Dynamic Measurement

Technology for  Particulate



Lin et al., Aerosol and Air Quality Research, Vol. 8, No. 3, pp. 233-264, 2008

System Tapered Element
Microbalance Monitor. J. Geophys. Res.
110: D07S03,
D0i:10.1029/2004jd004995.

Grover, B.D., Eatough, N.L., Eatough, D.J.,
Chow, J.C., Watson, J.G., Ambs, J.L.,
Meyer, M.B., Hopke, P.K., Al-Horr, R.,
Later, D.W. and Wilson, W.E. (2006).

Measurement of Both Nonvolatile and

Oscillating

Semi-Volatile  Fractions  of  Fine
Particulate Matter in Fresno, CA. Aerosol
Sci. Technol. 40: 811-826.

Guo, Y.L.L., Lin, Y.C., Sung, F.C., Huang,

S.L., Ko, Y.C., Lai, J.S., Su, H.J., Shaw,

C.K,, Lin, R.S. and Dockery, D.W. (1999).

Climate, Traffic-Related Air Pollutants,

and Asthma Prevalence in Middle-School

Children in Taiwan. Environ. Health
Perspect. 107: 1001-1006.

Harrison, R.M., Smith, D.J.T. and Kibble,
A.J. (2004a). What is Responsible for the
Carcinogenicity of PM;s?  Occup.
Environ. Med. 61: 799-805.

Harrison, D., Park, S.S., Ondov, J., Buckley,
T, Kim, S.R. and Jayanty, R.K.M.
(2004b). Highly Time Resolved Fine
Particle Nitrate Measurement at the
Baltimore Supersite. Atmos. Environ. 38:
5321-5332.

R.C.  (1997).
Fundamentals of Multivariate Air Quality
Receptor Models. Chemometrics Intell.
Lab. Syst. 37: 37-42.

Hogrefe, O., Schwab, J.J., Drewnick, F.,
Lala, G.G., Peters, S., Demerjian, K.L.,
Rhoads, K., Felton, H.D., Rattigan, O.V.,
Husain, L. and Dutkiewicz, V.A. (2004).

Henry, History  and

259

Semicontinuous PM, s Sulfate and Nitrate
Measurements at an Urban and a Rural
Location in New York: PMTACS-NY
Summer 2001 And 2002 Campaigns. J.
Air Waste Manage. Assoc. 54: 1040-1060.
Jayne, J.T., Leard, D.C., Zhang, X.F.,
Davidovits, P., Smith, K.A., Kolb, C.E.
and Worsnop, D.R. (2000). Development
of an Aerosol Mass Spectrometer for Size
and Composition Analysis of Submicron
Particles. Aerosol Sci. Technol. 33: 49-70.
Johnston, M.V. and Wexler, A.S. (1995). On
the Cover - MS of Individual Aerosol
Particles. Anal. Chem. 67: A721-A726.
Khlystov, A., Stanier, C.O., Takahama, S.
and Pandis, S.N. (2005). Water Content of
Ambient Aerosol during the Pittsburgh
Air Quality Study. Geophys. Res. 100:
D07S10, doi:10.1029/2004JD004651.
Lee C.T. (2002).
Operation Program of Particulate Matter
Supersite. EPA-91-L105-02-206, Taiwan

Environment Protection Administration,

Maintenance and

Taipei, Taiwan, 2002.

Lee, C.T. and Chang, S.Y. (2002). A
GC-TCD Method for Measuring the
Liquid Water Mass of Collected Aerosols.
Atmos. Environ. 36: 1883-1894.

Lee, J.H., Hope, P.K., Holsen, T.M. and
Polissar, A.V. (2005a). Evaluation of
Continuous and Filter-Based Method for
Measuring PM,s Mass Concentration.
Aerosol Sci. Technol. 39: 290-303.

Lee, J.H., Hopke, P.K., Holsen, T.M., Lee,
D.W., Jacques, P.A., Sioutas, C. and
Ambs, JL. (2005b).

Evaluation of Continuous PM,s Mass

Performance



Lin et al., Aerosol and Air Quality Research, Vol. 8, No. 3, pp. 233-264, 2008

Concentration Monitors. J. Aerosol Sci.
36: 95-109.

Lee, J.H., Hopke, P.K., Holsen, T.M.,
Polissar, A.V., Lee, D.W., Edgerton, E.S.,
Ondov, JM. and Allen, G. (2005c).
Measurements of Fine Particle Mass
Concentrations Using Continuous and
Integrated Monitors in Eastern US Cities.
Aerosol Sci. Technol. 39: 261-275.

Lee, C.T., Chuang, M.T., Chan, C.C., Cheng,
T.J. and Huang, S.L. (2006). Aerosol
Characteristics from the Taiwan Aerosol
Supersite in the Asian Yellow-Dust
Periods of 2002. Atmos. Environ. 40:

3409-3418.

Lin, JJ. and Tsai, H.S. (2001).
Concentrations and Distributions of
Carbonaceous Species in  Ambient

Particles in Kaohsiung City, Taiwan.
Atmos. Environ. 35: 2627-2636.

Lin, J.J. (2002). Characterization of the
Major Chemical Species in PM,s in the
Kaohsiung City, Taiwan. Atmos. Environ.
36: 1911-1920.

Lin, C.H., Chang, L.-F. W., Tsai, J.-H. and

L.-J.  (2002).

Emission Factors for Light-duty Vehicles

in Taiwan. J. Chin. Inst. Environ. Eng. 12:

55-64.

Huang, Evaluation of

Lin, JJ. and Lee, L.C. (2004).
Characterization of n-Alkanes in Urban
Submicron Aerosol Particles (PM1).

Atmos. Environ. 38: 2983-2991.

Lin, C.Y., Liu, S.C., Chou, C.C.K., Huang,
S.J., Liu, C.M., Kuo, C.H. and Young,
C.Y. (2005a). Long-range Transport of

Aerosols and Their Impact on the Air

260

Quality of Taiwan. Atmos. Environ. 39:
6066-6076.

Lin, C.C., Chen, S.J., Huang, K.L., Hwang,
W.I., Chang-Chien, G.P. and Lin, W.Y.
(2005b). Characteristics of Metals in
Nano/Ultrafine/Fine/Coarse Particles
Collected beside a Heavily Trafficked
Road. Environ. Sci. Technol. 39:
8113-8122.

Lin, C.H., Wu, Y.L. and Lai, C.H. (2006a).

Audit and Data

Analysis of Southern Particulate Matter

EPA-95-FA01-03-A031.

Environment

Quality Assurance

Supersite.
Taiwan Protection
Administration, Taipei, Taiwan, 2006.
Lin, Y.C., Cheng, M.T., Ting, W.Y. and
Yeh, C.R. (2006b). Characteristics of
HNO2, HNO3, NH3 and
Particulate Ammonium Nitrate
Urban City of Central Taiwan. Atmos.

Environ. 40: 4725-4733.
Lin, Y.C. M.T. (2007).

Evaluation of Formation Rates of NO2 to

Gaseous

in an

and Cheng,

Gaseous and Particulate Nitrate in the
Urban Atmosphere. Atmos. Environ. 41:
1903-1910.

Lin, C.C., Chen, S.J., Huang, K.L., Lee,
W.J., Lin, W.Y., Liao, C.J., Chaung, H.C.
and Chiu, C.H. (2007). Water-Soluble

Nano/Ultrafine/Fine/Coarse

Particles Collected near a Busy Road and

Environ. Pollut. 145:

Tons in

at a Rural Site.
562-570.
Marple, V.A., Rubow, K.L. and Behm, S.M.
(1991). A Microorifice Uniform Deposit
(MOUDI) -

Impactor Description,



Lin et al., Aerosol and Air Quality Research, Vol. 8, No. 3, pp. 233-264, 2008

Calibration, and Use. Aerosol Sci.
Technol. 14: 434-446.

Mauderly, J.L. and Chow, J.C. (2008).
Health Effects of Organic Aerosols. Inhal.
Toxicol. 20: 257-288.

McMurry, P.H., Wang, X., Park, K., Ehara,
K. (2002). The Relationship between
Mass and Mobility for Atmospheric
Particles:
Measuring Particle Density. Aerosol Sci.
Technol. 36: 227-238.

Meyer, M.B., Patashnick, H., Ambs, J.L.
and Rupprecht, E. (2000). Development
of a Sample Equilibration System for the
TEOM Continuous PM Monitor. J. Air
Waste Manage. Assoc. 50: 1345-1349.

Meyer, M.B., Patashnick, H. and Ambs, J.L.
(2002).
Continuous
Particulate Matter Mass

A New Technique for

Ongoing Development of a
Standard

Monitor for

Reference

Ambient Air, Presented at the Symposium
on Air Quality Measurement Method and
Technology, San  Francisco, CA.
A&WMA, Pittsburgh, PA, 2002.

Middlebrook, A.M., Murphy, D.M., Lee,
S.-H., Thomson, D.S., Prather, K.A.,
Wenzel, R.J., Liu, D.-Y., Phares, D.J.,,
Rhoads, K.P., Wexler, A.S., Johnston,
M.V., Jimenez, J.L., Jayne, J.T., Worsnop,
D.R., Yourshaw, I., Seinfeld, J.H. and
Flagan, R.C. (2003). A Comparison of
Particle Mass Spectrometers during the
1999 Atlanta Supersite Project. Geophys.
Res. 108: D7, 8424,
doi:10.1029/2001JD000660.

Middlebrook, A.M., Turner, J. and Solomon,
P.A. (2004). Special Issue of Atmospheric

261

Matter:

Atmospheric Science, Exposure, and the

Environment for Particulate
Fourth Colloquium on PM and Human
Health. Atmos. Environ. 38: 5179-5181.

Migilaretti, G. and Cavallo, F. (2004).
Urban Air Pollution and Asthma in
Children. Pediatr. Pulmonol. 38: 198-203.

Nordmeyer, T. and Prather, K.A. (1994).
Real-Time Measurement Capabilities

Time-of-Flight Mass

Anal. Chem. 66:

Using  Aerosol

Spectrometry.

3540-3542.
NRC  (1998).

Airborne Particulate Matter: 1. Immediate

Research  Priorities for

Priorities and a Long-Range Research
Portfolio.
National Academies Press, Washington,
DC. 1998.

National Research Council,

NRC (1999). Research Priorities for
Airborne  Particulate =~ Matter: II.
Evaluating Research  Progress and

Updating the Portfolio. National Research

Council, National Academies Press,
Washington, DC. 1999.
NRC (2001). Research Priorities for

Airborne Particulate Matter: III. Early

Research Progress. National Research

Council, National Academies Press,
Washington, DC. 2001.

NRC (2004). Research Priorities for
Airborne  Particulate =~ Matter:  IV.

Continuing Research Progress. National
Research Council, National Academies
Press, Washington, DC. 2004.

Ondov, J., Davidson, C. and Solomon, P.A.
(2004). Special Issue of Aerosol Science
and Technology for Particulate Matter:



Lin et al., Aerosol and Air Quality Research, Vol. 8, No. 3, pp. 233-264, 2008

Atmospheric Science, Exposure, and the
Fourth Colloquium on PM and Human
Health. Aerosol Sci. Technol. 38: S2, 1-2.
(1997).  Least

Formulation of Robust Non-Negative

Paatero, P. Squares

Factor Analysis. Chemometrics Intell. Lab.

Syst. 37: 23-35.

Park, S.S., Pancras, J.P., Ondov, J. and Poor,
N. (2005). A New Pseudodeterministic

Model  for
Individual Source Apportionment Using
Highly Ambient
Concentration Measurements. J. Geophys.
Res. 110: DO07S15,
D0i:10.1029/2004D004664.

Park, K., Chow, J.C., Watson, J.G., Trimble,
D.L., Doraiswamy, P., Park, K., Arnott,
W.P., Stroud, K.R., Bowers, K., Bode, R.,
Petzold, A. and Hansen, A.D.A. (2006a).

Comparison  of

Multivariate ~ Receptor

Time-Resolved

Continuous  and
Filter-Based Carbon Measurements at the
Fresno Supersite. J. Air Waste Manage.
Assoc. 56: 474-491.

Park, S.S., Pancras, J.P., Ondov, J. M. and
Robinson, A. (2006b). Application of the
Pseudo-Deterministic Receptor Model to
Resolve Power Plant Influences on Air
Quality in Pittsburgh. Aerosol Sci.
Technol. 40: 883-897.

Peden, D.B. (2005). The Epidemiology and
Genetics of Asthma Risk Associated with
Air Pollution. J. Allergy Clin. Immunol.
115:213-219.

Pope, C.A., Burnett, R.T., Thun, M.J., Calle,
E.E., Krewski, D., Ito, K. and Thurston,
G.D. (2002).

Cardiopulmonary

Lung Cancer,

Mortality, and

262

Long-Term Exposure to Fine Particulate
Air Pollution. JAMA-J. Am. Med. Assoc.
287:1132-1141.

Pope, C.A. and Dockery, D.W. (2006).
Health Effects of Fine Particulate Air
Pollution: Lines That Connect. J. Air
Waste Manage. Assoc. 56: 709-742.

Rao, S.T., Zurbenko, 1.G., Neagu, R., Porter,
P.S., Ku, J.Y. and Henry, R.F. (1997).
Space and Time Scales in Ambient Ozone
Data. Bull. Amer. Meteorol. Soc. 78:
2153-2166.

Rees, S.L., Robinson, A.L., Khlystov, A.,
Stanier, C.O. and Pandis, S.N. (2004).
Mass Balance Closure and the Federal
Reference Method for PM; s in Pittsburgh,
Pennsylvania. ~ Atmos. Environ.  38:
3305-3318.

Ristimaki, J., Virtanen, A., Marjamaki, M.,
Rostedt, A. and Keskinen, J. (2002).
On-line Measurement of Size Distribution
and Effective Density of Submicron
Aerosol Particles. J. Aerosol Sci. 33:
1541-1557.

Schauer J.J. and Cass, G.R. (2000). Source
Apportionment of Wintertime Gas-Phase
and Particle-Phase Air Pollutants Using
Organic Compounds as Tracers. Environ.
Sci. Technol. 34: 1821-1832.

Seinfeld, J.H. and Pandis, S.N. (1998).
Atmospheric Chemistry and Physics.
Wiley-Interscience, Hoboken, N.J.

Solomon, P.A. and Hopke, P.K. (2008). Key
Scientific and Policy- and
Health-Relevant Findings from EPA’s
Particulate Matter Supersites Program and

Related Studies: an Integration and



Lin et al., Aerosol and Air Quality Research, Vol. 8, No. 3, pp. 233-264, 2008

Synthesis of Results. J. Air Waste
Manage. Assoc. 58: 137-139.

Solomon, P.A. and Sioutas, C. (2008).
Continuous and Semicontinuous
Monitoring Techniques for Particulate
Matter Mass and Chemical Components:
A Synthesis of Findings from EPA’s
Particulate Matter Supersites Program and
Related Studies. J. Air Waste Manage.
Assoc. 58: 164-195.

Stanier, C.O. and Solomon, P.A. (2006).
Preface to Special Section on Particulate
Matter Program and Related Studies. J.
Geophys. Res. 111: D10S01,
doi:10.1029/2006JD007381.

Stolzenburg, M.R. and Hering, S.V. (2000).

Method for the Automated Measurement

of Fine Particle Nitrate in the Atmosphere.

Environ. Sci. Technol. 34: 907-914.
Taiwan EPA (2005). Maintaining Program
of Taiwan Supersites. Taiwan
Environment Protection Administration,
Taipei, Taiwan, 2005.
Taiwan EPA (2006). Taiwan Emission Data
System 6.1. Environment Protection
Administration, Taipei, Taiwan, 2006.
http://www.epa.gov.tw/b/b0100.asp?ct_co
de = 04x0000145x0010219&1 = 1.

Taiwan EPA (2007). Air Quality Annual

Report of R.O.C., 2006. Taiwan
Environment Protection Administration,
Taipei, Taiwan, 2007.

http://tagm.epa.gov.tw/emc/default.aspx?
pid = b0601&cid = b0605.

Thomson, D.S., Schein, M.E. and Murphy,
D.M. (2000). Particle Analysis by Laser
Mass Spectrometry WB-57F Instrument

263

Overview. Aerosol Sci. Technol. 33:
153-169.

Tsai, Y.I. and Cheng, M.T. (1999).
Visibility and  Aerosol  Chemical

Compositions near the Coastal Area in
Central Taiwan. Sci. Total Environ. 231:
37-51.

Tsai, Y.L M.T. (2004).

Characterization of Chemical Species in

and Cheng,

Atmospheric Aerosols in a Metropolitan
Basin. Chemosphere 54: 1171-1181.

Tsai, Y.I. and Kuo, S.C. (2005). PM;;s
Aerosol Water Content and Chemical
Composition in a Metropolitan and a
Coastal Area in Southern Taiwan. Atmos.
Environ. 39: 4827-4839.

Tsai, J.H., Chang, K.L., Lin, J.J., Lin, Y.H.

H.L. (2005). Mass-Size

of Particulate Sulfate,

Nitrate, and Ammonium in a Particulate

and Chiang,

Distributions

Matter Nonattainment Region in Southern
Taiwan. J. Air Waste Manage. Assoc. 55:
502-509.
Tsai, C.-J., Chang, C.-T. and Huang, C.-H.
(2006). Direct Field Observation of the
Humidity Effect on the
Waste

Relative
Beta-Gauge Readings. J. Air
Manage. Assoc. 56: 834-840.
US. EPA (1999). Matter
Supersites Program. National Center for
Office of

Research and Development and Office of

Particulate

Environmental Research,
Air and Radiation, Research Triangle
Park, NC.

http://es.epa.gov/ncer/rfa/archive/grants/9

9/supersitesrfa.html.



Lin et al., Aerosol and Air Quality Research, Vol. 8, No. 3, pp. 233-264, 2008

U.S. EPA (2000). Background Information
on the PM Supersite Program. Office of
Air and Radiation, Office of Air Quality
Planning and Standards, Research
Triangle Park, NC.
http://www.epa.gov/ttn/amtic/sswebbck.ht
ml.

Vedal S. (1997). Ambient Particles and
Health: Lines That Divide. J. Air Waste
Manage. Assoc. 47: 551-581.

Vingarzan, R. and Taylor, B. (2003). Trend
Analysis of Ground Level Ozone in the
Greater Vancouver/Fraser Valley Area of
British Columbia. Atmos. Environ. 37:
2159-2171.

Wang, C.F, Chiang, P.C, Cheng, M.T. and
Chiang, H.L. (2007). Improvement of
Receptor Model Use in Analytical Aspect.
Atmos. Environ. 41: 9146-9158.

Watson, J.G. (1984). Overview of Receptor
Model Principles. J. Air. Pollut. Control.
Assoc. 34: 619-623.

Watson, J.G., Cooper, J.A. and Huntzicker,
JJ. (1984). The

Weighting for Least-Squares Calculations

Effective Variance

Applied to the Mass Balance Receptor
Model. Atmos. Environ. 18: 1347-1355.
Watson, J.G., Chow, J.C., Bowen, J.L.,
Lowenthal, D.H., Hering, S., Ouchida, P.

and Oslund, W. (2000). Air Quality
Measurements from the Fresno Supersite.
J. Air Waste Manage. Assoc. 50:
1321-1334.

Watson, J.G., Zhu, T., Chow, IJ.C.,
Engelbrecht, J., Fujita, E.M. and Wilson,
W.E. (2002). Modeling

Application Framework for Particle

Receptor

264

Source Apportionment. Chemosphere 49:
1093-1136.

Watson, J.G., Chen, L.W.A, Chow, J.C.,
Doraiswamy, P. and Lowenthal, D.H.
(2008). Source Apportionment: Findings
from the U.S. Supersites Program. J. Air
Waste Manage. Assoc. 58: 265-288.

Wexler, A.S. and Johnston, M.V. (2008).
What Have We Learned from Highly
Time-Resolved Instruments during EPA’s
Supersites Program and Related Studies?
J. Air Waste Manage. Assoc. 58: 303-319.

Wise, E.K. A.C. (2005).

Extending the Kolmogorov-Zurbenko

and Comrie,

Filter: Application to Ozone, Particulate
Matter, and Meteorological Trends. J. Air
Waste Manage. Assoc. 55: 1208-1216.

Wittig, A.E., Takahama, S., Khlystov, A.Y.,
Pandis, S.N., Hering, S., Kirby, B. and
Davidson, C. (2004). Semi-Continuous
PM, s
Measurements during the Pittsburgh Air
Quality Study. Atmos. Environ. 38:
3201-3213.

Wittig, A.E.B. and Solomon, P.A. (2006).
Special

Inorganic Composition

Issue of Atmospheric

Matter
Supersites Program and Related Studies.
Atmos. Environ. 40: S179-S181.

Wu, Y.L, Lin, C.H. and Lai, C.H. (2005).

The Composition and Distributions of

Environment for Particulate

Particulate Matter in Southern Taiwan.

Taiwan Environment Protection

Administration, Taipei, Taiwan, 2005.

Received for review, April 28, 2008
Accepted, July 10, 2008



