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Abstract

Impactor, virtual impactor/aerosol concentrator, and aerodynamic lenses are used to separate
the ultrafine particle (UP) fraction from other particle sizes for chemical analysis. Cascade
impactors, such as the Micro-Orifice Uniform Deposit Impactor (MOUDI), are most commonly
used in field studies, with sampling onto substrates amenable to different chemical analyses.
Impactors need sufficient sampling flow rates and homogeneous deposits on the impaction
surfaces for multiple chemical analyses. Mass, elements, ions, and carbon fractions can be
measured on these substrates by several analytical methods. Specific organic compounds
measured by solvent extraction require substantial mass loadings that can only be obtained by
compositing samples from several measurement periods unless aerosol concentrators or high-
volume sampling devices are used. Thermal desorption-gas chromatographic/mass spectrometry
has potential to obtain organic speciation with small sample sizes. Studies of UP composition
began in the late 1990s, with 25 ambient studies surveyed here. These are mostly from urban
areas. Organic material, including polycyclic aromatic hydrocarbons (PAHs), usually constituted
the most abundant portion of UP, with high elemental concentrations found near industrial sites.
Much of the UP < 50 nm appears to be semi-volatile, consistent with it being composed by
organic materials such as hopanes from engine oils or condensed secondary organic aerosol such

as organic acids.
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INTRODUCTION

Ultrafine particles (UP) are loosely defined as those with diameters in the range of ~1 nm to
100 nm (nanometers). UP are bigger than air molecules (~0.3 nm), but smaller than the upper
limits of PM; s or PMj (particles with aerodynamic diameters less than 2.5 and 10 micrometers
[um], respectively) regulated by the U.S. National Ambient Air Quality Standards (NAAQS;
U.S.EPA, 2006). Although UP do not contribute large quantities to PM,s or PM;y mass, they
dominate the number concentration and most of the surface area. UP are produced by
condensation of hot vapors in fresh combustion emissions, or form naturally when gases oxidize
to compounds with lower vapor pressures and spontaneously nucleate or condense on other small
particles (Kulmala er al., 2004). Owing to their small sizes and high mobilities, UP diffuse
rapidly and may combine with each other, with larger particles, and with nearby deposition
surfaces within minutes to hours. UP may contain organic material, transition metals, sulfuric
acid (H,SO,4), and free radicals. UP often consist of volatile components at atmospheric
temperatures, and the high curvature of the smallest particles (< 10 nm) favors evaporation over
larger particles of the same composition (the Kelvin effect). Gases evaporated from small
particles may re-condense on larger ones, thereby shifting the distribution toward larger particle
diameters (Zhang and Wexler, 2002).

UP are often considered deleterious when they are inhaled or ingested into the human body
(Oberdorster et al., 1995). They penetrate to the lower parts of the lung (Daigle et al., 2003)
where their large numbers can defeat defensive mechanisms. Thereafter, they can transport
through the bloodstream or lymphatic system to vital organs (Oberdorster ef al., 2004). However,
UP can also be lifesavers. The same inhalation and transport properties can rapidly deliver
medicines to specific locations. Iron (Fe) nanoparticles can be magnetically directed to specific
locations without invasive procedures.

UP are produced by either pollution sources or for commercial applications and can result in
adverse health effects in the ambient and workplace environments if they are not appropriately
controlled (Biswas and Wu, 2005; Chow et al.,, 2005c; Chow and Watson, 2006). Control
methods are more complex and cost more than those for larger particles.

This review examines the state of knowledge concerning UP chemical composition. Specific
objectives are to explain and evaluate measurement methods for UP chemical composition,
summarize UP chemical composition, compare them among different times and places, and
specify gaps and uncertainties in the current knowledge base regarding UP composition and

potential methods of filling those gaps.
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MEASUREMENT METHODS FOR ULTRAFINE PARTICLE CHEMICAL
COMPOSITION

PM composition measurements require collection of materials on substrates that can then be
analyzed by precise laboratory methods (Chow, 1995). Since UP mass concentrations are low
compared to other size fractions (e.g., PMys and PM,y), large sample volumes or sensitive
analytical methods are needed. Inertial size-selective inlets for UP present design and application
challenges. In situ single particle mass spectrometers are emerging technologies for UP chemical
characterization (Middlebrook et al., 2003).

Particle measurement systems

A generic particulate sampling system includes size-selective inlet, sampling surface, denuders,
filter holders, flow controllers, and pumps (Watson and Chow, 2001). Although simple in
concept, practical implementation requires a careful integration of the components specific to the
sampling objectives. The nature of the aerosol being sampled, environmental sampling conditions
(e.g., temperature and relative humidity), and the types of chemical analyses applied to the filter

deposit must be evaluated before the sample is taken.

UP size-selective inlets
Impactors, virtual impactor/aerosol concentrators, and aerodynamic lenses have been devised

to separate the UP fraction from larger particles.

Impactors

Stacked or cascade impactors obtain particle size ranges in series. At near-ambient pressures,
the lower size ranges of cascade impactors were once limited to ~100 nm because it was
impractical to make jet widths small enough and flow rates high enough to permit impaction of
smaller particles (Marple, 2004). A filter located after the final stage would collect all of the
smaller particles, but this was insufficient to characterize the UP fraction.

UP sizes are similar to the mean free path of air molecules (66.4 nm at 293°K and atmospheric
pressure), the distance a typical air molecule travels before encountering another molecule. The
mean free path decreases at lower pressures. The Cunningham slip correction factor is used in
impactor design equations to account for differences in particle movements as they become less
equally bombarded by air molecules. By operating impactor stages at lower pressures, size cuts
can be reduced. Smaller nozzle widths decrease downstream pressures as well as increasing the
velocity through the nozzle, which also lowers the cut-point. UP sampling on substrates became
practical in the late 1970s and early 1980s with the perfection of low pressure impactors (Berner,
1972; 1976a; 1976b; 1984; Hering et al., 1979a; 1979b; Marple et al., 1981; 1991; Wang and
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John, 1988; Hillamo and Kauppinen, 1991). Table 1 summarizes the cut points for different
cascade impactors.

The 13-stage Low Pressure Impactor (LPI; Hering et al., 1979a; 1979b) uses a single nozzle
for each stage to concentrate collected particles into a spot on the impaction surface. It was
designed to use metal strips as impaction substrates that could be analyzed for sulfur by flash
volatilization (Roberts and Friedlander, 1976). The small amount of deposit collected by the UP
stages, the non-uniformity of the deposit, and the collection substrate are not amenable to a broad
range of chemical composition measurements.

The eight-stage Berner Low Pressure Impactor (BLPI; Berner, 1972; 1976a; 1976b; 1984,
Hillamo and Kauppinen, 1991) contains multiple nozzles (1 to 250) in each impaction plate.
Variation in the number of nozzles per stage creates uncertainties for chemical analysis. Halder et
al. (1999) modified their elemental detection system to rotate the samples in front of the
excitation beam. This is not satisfactory for other methods where a portion of the deposit is used
to extrapolate results for the entire sample.

The 11- to 13-stage Andersen Low Pressure Impactor (ALPI; Yamasaki et al., 2000; Pagels et

al., 2005; Vaaraslahti et al., 2005; Zervas and Dorlhene, 2006) has multiple jet impaction plates,
similar to the BLPI. These are individually manufactured and calibrated. Table 1 shows several
versions of the ALPI with flow rate variations from 20-24.5 liters per minute (L/min).
The 13-stage Electrical Low Pressure Impactor (ELPI, Dekati Instruments, Finland) uses a
unipolar corona discharge to impact an unit charge on each particle (Marjaméki ez al., 2000). The
charged particles then travel through a series of impactors and are deposited onto stages based on
their aerodynamic diameters. Each impactor stage is electronically isolated and the accumulated
charge on each substrate is proportional to the number of particles deposited on that stage. ELPIs
have been used in a variety of source characterization studies for diesel (e.g., Shi and Harrison,
1999; Arnold et al., 2006; Mamakos et al., 2006), gasoline (e.g., Maricq et al., 1999), wood
combustion (e.g., Hays ef al., 2003), and power plant (e.g., Yi ef al., 2006) emissions, as well as
for indoor (e.g., Mosley et al., 2001) and outdoor (e.g., Gouriou et al., 2004) studies and
characterization of pharmaceuticals (Glover and Chan, 2004).

The 12-stage Small Deposit Low Pressure Impactor (SDI; Maenhaut et al., 1996) was
developed for compatibility with Proton Induced X-ray Emission (PIXE) spectroscopy to
measure elemental composition. It is called “small deposit” because the sample is focused within
an 8 mm diameter spot.

The Micro-Orifice Impactor (MOI; Kuhlmey ef al., 1981) was similar to the BLPI, but it
evolved into the 11-stage Micro-Orifice Uniform Deposit Impactor (MOUDI; Marple et al.,
1991; MSP, 1999) by slowly rotating the impaction plates under each nozzle, thereby meeting the
need for homogeneous deposits. The Nano-MOUDI (Fujitani et al., 2006) provides greater detail

in the UP size fraction. MOUDI is most commonly used for UP composition studies.
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Table 1. Different cut points for different cascade impactors.

Flow Rate Total Cut Point UP Cut Points
Impactor . Ranges UP Stages *
(L/min) Stages (nm)
(um)
Low Pressure
Impactor (LPI)" 10 or 30 13 <0.03-10 5 30, 60, 108, 170
Berner Low
Pressure Impactor 30 8 0.034-11.3 4 34, 65,94, 160
(BLPI)
Electrical Low
Pressure Impactor 10 or 30 13 0.007-10 4 30, 60, 108, 170
(ELPI)*
Small Deposit
Area Impactor 11 12 0.045-8.5 3 45,90, 150
(SDI)*
Andersen Low 22.2 12 0.056-9.5 2 56, 130"
Pressure Impactor 20 12 0.06-11 2 60, 120%
(ALPI)® 242 11 0.11-11 1 110"
(Dylec LP-20) 24.5 13 0.01-10.85 3 10, 50, 120'
Micro Orifice
Uniform Deposit 4 39 0.056-18 3 56, 100, 180
Impactor
(MOUDIY
Nano-MOUDI 10 or 30 13 0.010-18 4 10, 18, 32, 56

* Dekati, Ltd., Tampere, Finland, (Hering et al., 1979a; 1979b).

b (Berner, 1972, 1976a, 1976b; Hillamo and Kauppinen, 1991).

¢ Dekati, Ltd., Tempere, Finland, (Shi et al., 1999; Keskinen et al., 2003).

d Dekati, Ltd., Tampere, Finland, (Maenhaut ez al., 1996).

¢ Andersen Instruments, now Thermo Fisher Scientific, Waltham, M.A.; Model LP-20, Tokyo
Dylec, Tokyo, Japan (Yamasaki et al., 2000; Pagels et al., 2005; Vaaraslahti et al., 2005;
Zervas and Dorlhene, 2006).

" (Yamasaki et al., 2000)

£ (Hasegawa et al., 2004)

" (Kawanaka et al., 2004)

"(Ma et al., 2004)

I MSP Corporation, Shoreview, MN, (Marple et al., 1990; 1991; MSP, 1999).

¥ MSP Corporation, Shoreview, MN, (MSP, 2004).

" Nominal cut points. Actual cut points vary from instrument to instrument depending on

calibration.
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Although cascade impactor substrates are sometimes greased or oiled to minimize re-
entrainment and bounce from one stage to the next, these coatings interfere with chemical
analyses (Fujitani et al., 2006; Wang et al., 2005). This is more of an issue for larger, and drier,
soil particles than for PM; s which are often inherently oily. Serious particle bounce is indicated

by soil-related elements in the lower impaction stages.

Aerosol concentrators

Virtual impactors are often used as aerosol concentrators (e.g., Sioutas et al., 1995) to obtain
aerosol concentrations higher than those found in ambient air. Several UP concentrators have
been developed (Gordon et al., 1999; Gupta et al., 2004a; 2004b; Kim et al., 2000a; 2000b;
2001b; 2001a; Misra et al., 2004; Sioutas ef al., 1999) where UP are drawn through an inlet that
removes the large particles (e.g., > 0.15 um), then into a chamber saturated with water vapor over
a warm water reservoir. UP subsequently pass through a condensing area at lower temperature
where the particles grow as water vapor condenses on them. These grown particles then pass
through a 1.5 pum cut-point virtual impactor where they are separated from most of the airstream.
They then pass through a drier where the water is evaporated and they return to their UP size
ranges. The implementation of Kim ez al. (2000b) operates at 120 L/min and the minor flow can
vary from 3 to 12 L/min. This provides for an enrichment of 10 to 40 times the ambient UP
concentration. Although constructed primarily for animal exposure studies, this type of
concentrator inlet can be used to obtain large quantities of UP on filters amenable to different
chemical analysis methods. Owing to the different hygroscopic properties of UP, the sampled

composition and size distribution may differ from that of the ambient air.

UP aerodynamic lenses

The aerodynamic lens (Liu et al., 1995a; 1995b; Middha and Wexler, 2005; Petrucci et al.,
2000) consists of apertures of varying sizes in a series. A particle beam is produced when a
particle-laden gas expands through a nozzle into a vacuum. Particles move closer to the axis
when their aerodynamic diameters are less than a critical value and experience small radial drag
forces. They stay close to the axis during nozzle expansion and therefore form a narrow particle
beam downstream. The major effects that limit the minimum beam width are Brownian motion
and lift forces on particles during the nozzle expansion. Aerodynamic lenses are used almost
exclusively on single particle spectrometers for particle sizes < 100 nm. Because the lower size
range of particle mass spectrometers is limited, and quantification is less than 100% efficient,

these instruments underestimate particle counts.
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Sampling substrates

Sampling substrates must be matched to the analysis purpose (Chow, 1995). For impactors
such as the MOUDI, the substrates must be thin enough that they do not interfere with the narrow
gap between the nozzle exit and the impaction plate. The substrates cannot contain the substances
being measured, so it is often necessary to operate several instruments in parallel to accommodate
a number of filter media. MOUDIs can be obtained for either 37 mm or 47 mm diameter
substrates.

Ringed Teflon-membrane filters have been found to pop up the retainer ring on the MOUDI
filter holder and have been used after the last impactor stage that allows the flow for the
impactors to be drawn through. Because filter porosity is not needed in an impactor such as the
MOUDI, 37 or 47 mm disks of non-porous Teflon fluorinated ethylene propylene copolymer
(FEP) films of 0.002 thickness (DuPont) are used. These disks are soaked in methanol overnight,
rinsed with distilled-deionized water (DDW) and dried in a vacuum chamber to remove
contaminants. These substrates are amenable to mass, elemental, and ion determinations.

Aluminum (Al) foil in 37 or 47 mm disks (Reynolds Aluminum; Gresham, OR) are often used
as substrates for carbon analysis. The disadvantage of foil is that it is highly reflective and melts
at ~600°C when heated in an inert atmosphere. This makes the separation of elemental from
organic carbon (EC, OC) uncertain when measured by thermal/optical methods (Chow et al.,
1993; 2007). One solution is to apply the pyrolysis correction on the quartz backup filter to the
total carbon (TC) measured on the Al substrates.

Other substrates (e.g., Pallflex TX40HI20 and T60A20 Teflon-coated glass-fiber filters) can be
used for ion analyses and for specific organic compounds, but not for TC analyses owing to their
Teflon coating. Glass-fiber filters contain borosilicate glass filaments and should not be
considered for particle sampling (Coutant, 1977; Spicer and Schumacher, 1979; Witz ef al., 1983;
Lin and Friedlander, 1988). Fujitani et al. (2006) showed that mode diameter varies from 56 nm
for ELPI with Al foil, to 100 nm for a Nano-MOUDI with Al foil, to 260 nm for ELPI with
quartz-fiber filters for diesel exhaust particles. Heavy loadings on ELPI-Al (similar to those of
polycarbonate substrates) experienced particle blow-off, resulting in a smaller mode diameter.

Etched polycarbonate-membrane filters have low elemental blank levels and are appropriate
for elemental and ion analyses but not for thermal evolution carbon analysis (Watson et al., 2005).
They are the best filter media for single particle analysis by electron microscopy because particles
are easily distinguished from the flat filter surface. The filters hold an electrostatic charge that
influences mass measurements unless effort is invested in discharging them with a small
radioactive source (Engelbrecht et al., 1980). Electrostatic discharging is good practice for all

filter media, even though others do not retain as much charge as the polycarbonate membranes.
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UP laboratory analysis methods

Chow (1995), Solomon et al. (2001), Wilson et al. (2002), and Fehsenfeld et al. (2004) review
laboratory chemical analysis methods applicable to UP and other PM samples. Filter substrates
are analyzed for mass by gravimetry (Engelbrecht et al., 1980; Feeney et al., 1984; Witz et al.,
1988; 1990), elements by X-ray Fluorescence (XRF; Watson et al., 1999), PIXE (Kasahara,
1999), Instrumental Neutron Activation Analysis (INAA; Dams et al., 1970; Zoller and Gordon,
1970; Olmez, 1989), Atomic Absorption Spectrometry (AAS; Ranweiler and Moyers, 1974;
Fernandez, 1989), Inductively-coupled Plasma (ICP) with Atomic Emission Spectroscopy and
ICP with Mass Spectrometry (ICP/AES and ICP/MS; Fassel and Kniseley, 1974; McQuaker ef al.,
1979; Lynch et al., 1980; Harman, 1989; Wang et al., 1998; Tan et al., 2002; Lough et al., 2005),
ions by ion chromatography (IC; Chow and Watson, 1999), Automated Colorimetry (AC; Butler
et al., 1978; Mueller et al., 1978; Fung et al., 1979; Pyen and Fishman, 1979), and carbon (OC,
EC, and carbon fractions) by thermal or thermal/optical methods (Chow et al., 1993; 2001; 2004;
2005a; 2007; Watson et al., 2005).

Organic speciation

The most common method used for speciated organic compounds (such as PAHs, alkanes,
alkenes, and polar organics) in PM samples is solvent extraction (SE), followed by gas
chromatography (GC)/MS, time-of-flight (TOF)/MS, or flame ionization detection (FID).
Combined Fourier transform infrared (FTIR)/MS techniques or high performance liquid
chromatography (HPLC)/MS are also used. HPLC is a form of IC that uses columns and eluents
specific to water soluble carbon, especially organic acids. Large sample deposits are required for
these analyses, much more than is available in the UP fraction unless acquired from high-volume
sampling, impactors, or aerosol concentrators.

Thermal desorption (TD)-GC/MS (e.g., Ho and Yu, 2004; Hays and Lavrich, 2007) is an
emerging technology in which a small section of the substrate can be placed directly into the GC
injector and heated. Organic materials are volatilized and detected by GC/MS or GC/MS-FID.
Very small samples, such as UP samples from impactors, can be analyzed by this technique.

Thermal denuders can also be used with other UP detection devices, such as the scanning
mobility particle sizer (SMPS), to infer aerosol composition (Hasegawa et al., 2004). Particles are
drawn through an inlet that is cycled between ambient and a selected higher temperature and the
SMPS size distributions are compared. Temperatures in the range of 300°C are often used to
include sulfates, nitrates, and many OC compounds. The difference between the heated and
unheated measurements separates the stable from the “semi-volatile” fraction of the aerosol.

Another approach is to use a humidifier between two SMPSs to determine the hygroscopicity
of the sampled aerosol. This is termed the Tandem Differential Mobility Analyzer (TDMA;

Rader and McMurry, 1986). Sodium chloride, ammonium sulfate, ammonium nitrate, and some
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organic compounds grow to larger sizes when humidified. Other materials, such as EC, often do

not grow as much. This gives a qualitative indication of the potential chemical composition.

Individual particle analysis

Single particles are characterized by optical or electron microscopy. Optical microscopy (Lee
and Kelly, 1980; Janocko et al., 1982; Casuccio et al., 1983; 1989; Dattner et al., 1983; Lucas et
al., 1988) 1s useful for coarse particles with sizes much larger than the wavelength of light (0.3 to
0.7 pm). Electron microscopy (EM; such as scanning EM [SEM] or transmission EM [TEM]) is
needed to characterize smaller particles and their size distribution. These methods provide

information on particle color, shape, size, and composition.

ULTRAFINE PARTICLE COMPOSITION

Table 2 summarizes measurements from 25 studies of UP chemical composition. It lists the
sampling location, types of measurements taken, the number of samples, and the major findings
with respect to UP composition. Most of the studies acquired other UP measurements, such as
particle number and size distribution. These are included in the table for future reference. Several
general observations can be made with respect to data reporting, measurement locations,

measurement methods, and aerosol composition.

129



“1o1dwes A
QUIJ QWN[OA-MO] V/ @
WU /G PUB 9G dIoM

"A[oAnoadsar sogels g om3 oy e
‘w/3u g8°0/61°0 (wm g°1
pue w/3u [$0/11°0 < %p) soponyed asreod
Jo wnuwrxew/o3eIoAe G 2an31q ul s)1eyo d1d woy pajewnsy QAOWIAI 0 SAUOTIAD
ue yiim @) pue e %CC %ST  %8T  %8T  %6¢ umouur) Pa3e0d-UOJo L
I0J punoj a1om (sysA[eied %9T  %CC %9 %8 %9 CoLAAN B )M papadaxd arom
SB Pasn) SJUSWA[D %1 % %] %3 %C _'os IO Pue JANOW ®
SOLIOS opIuRTIUET @ aN %€ %y %9 %¢ fON “19)[1y J0y3e pue ([wr
((W/Bug'T/H0'T) %6 %9 %8 - %8 - %L od 81> >9500]
g pue (W/3u 95°9/39°¢) %y %0v  %ES  %lr  %tb ¥'1XD0 soge)s XIS Woj0q
uz (w8 g'9zI/ce L) 1D (3l ‘Jusuodwod s10da1) (011 19POIN)
(uBugor1/99°L) 1L Aq 9L0  L90 880 90 LI SSEN ypea 10y saSejuaorad TOW Sunejor-uou
PaMO[[O] JuBpuUNqe JSOW L1/T  01/T v/ 6U/1 €¢/1  S9IqeAlasqQ JnoyIm syreyd ard epue (00T [OPOIN)
Sureq ((wySu ¢'841/5°L9 5 UOTYISOdTOd [ROTWRYD () @ PUE ‘SUOTIEIUIIUOD IANOIN 95e1s-uo) V e
WNWIXEW/o3eISAR) IANON il
9 M SSBW J) 9L°0 00 ovl  96/L1/T J10J $118YD Ieq PIYoL)s 0°¢> P> 600 103
JO %ST~ 03 9% M] ® 10] L9°0 160 6'vC  96/01/C ‘SUOLBUIOUOD S[ouueyd [¢ ul sQ[-f
PaIUNOJJ. S[BIOUL QORI 880  ¥C0 6l 96/¥/C dn Arep 10§ so[qe) £1949 (X-dSVSV
‘Sseut d(1 JO %79 031 9% 90 0T0 ¢'ST  96/6T/1 ur pojussard eje e [0POIN) DO 1oSE] V@
paqruod (w3t 99 0) LTT  9€0 SIT  96/£U/1 Vg Susn NOI “(dn Jo SpeuuRYd
0 pue (/81 97°0) 00 o wu - wil g >p £q (,YHN) suones pue 071 Suipnpout) "9661/C
“uonnqLusIp Wu6-9s  96-L1 ssewl  auy sed D149 (FOS “fON  wiigz0>P>L100  ©9661/1 woy Aep
SSeW 0} UOIRNUIIUOD AME\wiv Sseul ‘1D) suotue ‘101 Aq 10J s[ouueyd G/ | xis £19A9 sajdures
Iaquinu jusjeambe (Dd pue DO) uoqIed ur sg6 A10A9 (09L€ oSeI0AR IY-,7 OAT] @
1I9AUOD 0} mEo\m L1 .mﬁ\wi T'1-9°0 Sem SSeul J() JY-{7 POSEIOAY e “(VVNI £q) syuowa[o pUue [L0€ S[OPOIN) VD (8661) 1P
Jo Ayisuop dponted paspy e T WO/ 0T X 6'8 F 01 X €' UONENUSOUOD JOQUINU S[O1ME] e ‘ssewt parnboy e DdD/VINA Ve  ‘euUdpesed :aNsauQ e 7o soydnyy

OIS\ UOTIBIUDSAT sojduies jo
SIUOUIO)) SOOUEPUNQY d[) QAR POUION toned d SPOUJOIA JUSWIAINSBI[N  JOQUINN PUR ‘pOLIdg Apmis
. FIB( PUe SA1qPAI9S0 ‘uo13e00 w::m&mm

Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

‘uorsodwod (Jn) oonted suenn uo saIps Jo Arewrung g Iqe L

130



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

"dN 10J USAIS  uOT)RULIOJUT

ON "*ON'HN 2wos yim

Dd Apueurwopaid 1o wr 8670
pue D 1oj wirl Z°() ‘uoIsnjour
DO P soonred Sururejuod
SONPHN Joj wil £¢°( Jo “p ssew
J11OW0a3 pamoys SNJOLV

1o} enoads ssewr ojdurexy
‘paynuopl

[1oMm Jou Jnq “druediour Asouwt
sem J() PuUe[s] eul[eje)) ejueg
"SOYIS UeqIN 1B JOINQLIUOI 15T Ie]
ot Sureq spunodwod druesio
A /3 ¢ -]~ SeM SSBW g
‘yoeag

SuoT ye opowr oy uey) Jo31e]
‘wn g0 punoJe yead ot Yim
OPISIOATY J& punoj uonnqrisIp
ssewt o[onted [epowrun
‘uostredwiod

9115-03-031s Surpnjooxd

‘sKep JUSIAIP UO SIS JUIIJIP
3y} e udYe) d1om sojdures
Jojoeduul JO SIdqUINU JUIIYI]
‘paytodar jou a1om JQIN pue
IANO 10§ syutod nd [euruoN
‘uonnqLysip

SSeul 0) UONRHUIOUOD JdquINU
oronaed juseAInbs 1194105 0}
pasn wo/3 ¢ Jo ANsuep o[d1ed

‘uonisodwod g Aynuenb o) [[ews 003 91om

S)eyd Ieq padoels [ANOIN oy 1o uonisodwods Jn
WO/ ()~ SUOIEIUIIU0D JOqUINU d[OLHE] @

‘SINJOLV
woy enoads ssew

pue ‘SUOIRNUIIUOD
IdNON
10J JIeyD Jeq payoe)s
B (M uonnqrusip
ssewr 93eIoAL Juddtad
ur pojudsald eje(q o
("panrodau
jouere) ZI-OL
poylew vdd £q
spunodwod aponted
51uB3I0 SUBYIOW-UOU
[e301 pue SDOA
V4
Suisn NOT £q (("HN)
suoned pue ‘D[
£q ((*OS pue ‘ fON
‘D) suotue ‘101 £q
(D4 pue DO) uoqred
‘VVNI Aq sjuowofd
‘ssewl paImboy e

“(puelst
BUI[RIR)) BIUES
ye o1dures ouo pue
opISIoALY Je sojdures
om) snyd say1s
2211 16 Yoed sojdures
Inoj) dn 1oy sojdures
d3e1one Iy-47
QUO pUE IY-INOJ XIS e
(puesy eurjele)
BIUES) 6661/12/6
81> % >9500) Ho Iye 13 LAd
sage)s XIS wWojj0q oY) 00€T e SunJelg —
110da1 (07T [OPOIN) (opisioary)
IO Sunejol-uou Ldd 0061-00ST —

wu /6 pue 9g o1e

soSe)s ) om) oYL e
-1o1dwes |\ J duy pue

[£101 SWIN[OA-MOT @
“10)]1 Joyye pue (wurl

pue (001 (woyIoTIn g)
[°POIN) IANON Ldd 00ST-001T —
a3e)s-uvy auQ) e (yoeag SuoT)
“SOYIS UBQIN 31T} Ldd 001T-00L0 —
Ayl 18 SINJOLY OM] @ H10J 6661/2/01
"SO)IS OPISIOATY 01 6661/1C/6 WOl e
pue yoeog SuoT At “(ons punoidyoeq)
1 S[oUURYD [ UI 998 Spue[s|

oAl A19A9 (X-dVSV eurfele)) BluRS —

[9poN ‘wirl 97 > 9p OPISIOATY —
>60'0) DO 1Se] V » uore[ng —
SOJIS UBqN J3IY) yoeog SuoT —

Je UIW U9AdS KI9AD :punoigoeq

(0€0€ 19poIN ‘wiu
0Sz>P>L1) Vvd e

JUO puR UBQIN 1Y) (6661) 10
YO UL saNs o e 72 saySny

SjuawIwIo)

soouepuNqy JM) dANe[Y

POYIOIN UOIBIUISII]
eje( pue S9[qeAlasqO

sojdweg
SPOYIOJA JUSWAINSEI[A  JO JoquINN PUB ‘poLIdg Apmg
‘uoryeoo] urdureg

panuBU0)) *7 AqEL

131



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

((w/Bu g e)
uz pue (w/Su /°9) 1) (w/3u
£b) 1L ‘(w/Bu 9g1) 04 d10M
dN UI S[eJoW UOHISURT) JUBPUNQY e
‘(w/Bu 1) eg pue ‘(w/Bu
68) BN ‘(;w/Su gg) 3 21om
dN UI S[ejoU 9081} JUBPUNQY e
ON"HN
pue "OSU*HN) 4q pomof[oj
‘[0S019B SN020BUOIED JO A[9T 18]
Sunsisuod wir ¢ 1e payyead
uonnqLysIp 9zis o[onJed ssejy o
"UOSEAS PUE UOTJEIO[
£q patrea uonisodwos () e
"SJUOWILD 0k} %4, PUL 2JBJ[NS
%L “Od %L ‘spunodwiod oruegio
2,59 JO JSISUOD 0} PIJBUI}SI
dJoM SUOISSIWR J() Alewid e
*(S9[O1YQA PROI-JJO
‘souIguQ [9sa1p 3°9) $90IN0S
d[IqouW JOYI0 WOIJ %] pue
‘uonsnquiod [ony A1euone)s woly
24 Z€ ‘SOIOIYOA PBOI-UO WO % Ch
I BIUIOFI[E)) UWIDYINOS Ul Kep
1od souuO) ¢°¢ 2IOM SUOISSIUWO
("OINd 1) dN perewnsy e

%670 %S"L umowyun
%9790 %P1 SOPIXO IO
%S'T-0 %9°0 BN
%&mm-o &n.m JHN
%81-8°0 %C'8 _'os
%61-0 %89 fON
nx,om.m-o Hx”m 0 10
%S°L1-G¢ %L'8 od
%L9-T¢ %0$ 7'1XD0
91'1-65°0 80 ((wy/31) ssepy
o3uey ESREIN So[qeAIasqO

0} 66°0 woxy SurSuer w3l §'() poSeloAL SSEU () e

:uonIsodwoo [ed1wayd J() @

/B g1y

‘syeyo ord

PUE SUIBYD JBq PIYOR)S
ur pajuesaid ere( e

V4

Suisn DT 4q (\"HN)

suoned pue ‘D[

£q (oS pue “*ON

“1D) suotue ‘101 £q

(0d pue Q) uoqred

‘VVNI £q sjuowa[o
‘ssewl paJInboy e

‘(sa3eys
xis urwil g7 > p >
950°0) (00T [9POIN)

SIANON OMmL o
(X-dSVSV
[OPOIA) DdO
(0£0€
[PPON IS1) VVH @
(09L€
pue 120€ SISPON
ISL) DdD/VINC ®

L661/T1

01 9661/1 Woxy
sojdures a3e1oAe

IU-$7 [BIDASS o
OPISIOATY —
Ied puowrerd —
RWOT BRI —
BSNZY —
o[ —
vuopesed —

V- (0002)

'Y UL S9JIS USASS @ “[ 10 SSB))

Slielitiiing)

SoouUBpUNQY J() dANR[OY

POUISIA UOTJBIUASAI]
Bl pUB SO[qRAIISqO

SPOYIQIA JUSTUAINSBIA

sojduwreg
JO JoqunN pue ‘poLIdg Apmg
‘uonjeooT Surjdueg

"panunuo) "7 AqeL

132



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

%El %8 S[epu RO
%81 %0T e}
%C %1 od
%¢ %< 1L
%C %¢ p
%0 %¥ IS
%P1 %9 v
%C %0 1
%83 %L (BN "SOLIOS oW}
%S %S S ™Yo pue ‘(Uo1eNUIIU0D
%S %S _"OS SSeul JNOYIIM) SHBYD
(suotue %8 %11 fON a1d £q uonisodwoo "pazAjeue A[jeorwoyd
Ueq) Suohjed 910U 94G7 PAJetnsa %S %S od [edrwayd JudId 1M 6661/17/1
pue wySu /g F p9 sem €D dN) %l % 00 ‘S)IBYD TBq PaYORIS “Buidwes PUB 6661/71/1 ®
Q0UE[Bq UOT}BO/UOTUE UO PIseq VN VN SSBIN ur pajuasaid eje( e Paseq-INy Yrm '6661/€7/1
[exnou d1om sa[onted duly d[IYM (6661/12/1) (6661/71/1) ‘0149 (FOS  SIANON Pa3edo[[o) e 016661/11/1
surfey[e 1om plysIded e () o Kep ues[) Kep panjjod  S9[qeAINSqQQ pue ‘. *0d ‘*ON ‘1D "SOUOIKD WOy SKep UoAdS
‘syjuouodwos g Jofew CPHN B X CeND PAUSISOp-THIV M uo 1Sd 0081-0001
o1om (W/Su 79 F $S) DO pue :uonisodwood 93eiusosad sugenin e suol pue ‘1OL £q (OF paddmba (saSess woJ paunboe
‘(syuowR[d [ed130[033 o) ‘@) ® pue D) uoqred ‘JTYX xisurwn g >9%>  sojdwes afeione Iy-g e
'so8e)s [ANOIN 10§ [ pue gXId Aq sjuewd[o 950°0) (01T [9POIA) VO ‘PlRYsINRG  (1007) 1P
udAI3 21om syutod no oy1oads ON e 1,01 0} |0~ WOJ SUOHLNUSIUOD JOQUINU S[DT}E ] ‘ssewl paIrmboy e SIANON oML, ® QAUsduQ e o Funy)
POYIOIN UOT)B)USSAI] moaﬁmmh
SJUOUIIO)) SeoUBPUNQY J() IATIE[Y SPOYIOJA JUQWIDINSEI[A]  JO JoqUINN PUE ‘POLId] ApniS

BJe( PUB SO[qQBAIASqO

‘uonjeoo] Surdwes

"panunu0) g AqeL

133



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

wnt G'0~ N PAMOYS UoNNGLISIp AzIs _*OS

un
I < % pue wrl 7 > % J0j punoj sem JIOLOP UOIUY o
"SUOIUE JO UOIRWI)SAIopUN JO SUOI)ED
JO UONRWISAIOA0 UR JUIBOIPUL ‘AJIUN  PIPIVX
Uojo souer €)/, B) pue J;M hwE\in haZ\%Z*

L1 €1 VSN
. 6l I'c X0
uonsSNqUIod €00 850°0 eq
[10 [on} AABSY] 03 pINQIIIE 10°0 <100 oW
Sem OJAl pue ‘IN ‘0D 94 600°0 10°0 1S
JO 20uUBpUNQY “)SNBYXA S[OIYIA 0} 0L°0 18°0 uy
poInqgLIjE SEM 9POW UMY Je g v7°0 v7°0 IN
pue ‘I ‘@) ‘SN Jo douLpuUNqy €200 ¥20°0 0
wil 7170 pue 90°( Jo Io)umerp L0 PR o1
SpOW UBSW 1M PIAIISO 2600 91°0 A
uoyo (w10 > p) opowr uOY1Y 61 T ©) "uonNqLYSIp JZIS
%0T-01 sem Sy pue ‘g ‘IN ‘g ‘9 ‘b e} pue soz1s aponted Jo
10 SN 01 d JO UoUNqLIUO) @ el 98°0 i UOIORY © S 20UB[Rq
"K1oA130adSI ‘0 £ €°() PUB 94,60 18 ¢l "0 D UOT pue ‘uonnqrusIp
dN 03 3unngryuod VSN pue *Q Tl I D az1s sa109ds ‘sa[qe) “(sared
9IoM SUOT OTUEZI0 JUEPUNQE JSOJN @ LEO 920 SN w pojussoxd ejeq e *(ZOOT ‘Owe[[IH pue PITeA OT) L661/S/9
"w/3ug o)L .60 690 LN DI Aq (orereinid usuE3ed) UOLEPI[EA 019661/C1/9
woyy Suiduer ‘uz pue o ‘e) £l 6T BN ‘01eUI00NS ‘9)EUO[BW 10} STA pue woy ypuowr 1d
‘BN 91oM STEJOUI JUEPUNQE JSOJA o k43 1T N %0 VSI “,.®D SId'Tg PoyeIO[[0) @ 30UO paunboe a1om
"SO)IS [eInl Je €10 LT0 q BN BN CTHN wu LST0001-0060
%S6'8 pue UeqIn je 95/ sem Ssell ST 4 JHN YOS “fON “1D) €6 PUB /9 ‘GE oIR 1e Sunaejs sojdwes
ST 03 dN JO uonnqLyuo)) e or € RN suor ‘(uostredwood sa3e)s g 90y} oY e  ITLIOAR IU-8h IO -7 @
“POINSEIW 10U IOM 11 ¥ fON 10} VVNI pue 9X1d ‘(1861 ‘md pue “(ous ean)
[OTYM “19)eMm 0} %()] PUE [0S01o® 0cs 06y SSEN Aq [seSess [enprarpur nry) wit /g1~ jo oodsg ‘ppynn] —
SNOOBUOGIEI 0) %0/ PIAINQLIIE g [eIny oS ueqIn S9[QBAIISqQO 09] sordwes [qTg  9z1s-no Jojoedun-oxd (J0u00 £319 JO AN
Sem SSEW J[) SuIurewa oy e XIS [RUODIPPE UR) i wr g7z > % wny 7 9)1s ueqan) (81002)
'ssewt 4 Jo %0¢-S1 pourejdxa 018 ‘SIN/dDI £q syuowoo > G€0°0 10} Surdures DIUIS[OH ‘BII[BA — v J2
$asA[eUE UOI PUE [BJUOW[ o ( w/3u) uonIsodwiod [eIIWAYD PUE SSEW AFLIGAY e ‘ssew pamboy e S[JTq 95eIS-UG) OM] e  PUBJUL] UI SA)ISOM] @  USUBYYR]
sojdureg

Sjuwwo))

saouepuNqy J ANy

POYIOIA UOTIRIUSSAI]
©JR(] pUB SI[QBAIISqQ

SPOYIRIA JUSWIRINSBIJN

JO IoquInN pue ‘poriog Apmg
‘uoneoo] Jurdwes

ponuuo) 7 AqeL

134



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

“SUOISSIWD J[IIYA
pa[ony-ourjoses 03 pAnqLle
210M OPISIOATY Je sonel DH/DO
IYSTH "Ajeanoadsar ‘sporiad
SuTuoAd pue ‘Aepprur ‘Suruiowr
10} OPISIOARY Y8 G°L PUB 6°6 C'L
pue ‘Aoumo(] 18 ¢ Pue °L'7 ¥'C
a10Mm SO1IRI DH/DO dN 95BIAY
"siodeA S1UBSI0 PAJIIIUR-O]IIT A
JO UOIJESUSPUOD WOJJ PIYNSol
(wm 9g6-z¢) syyead Suruiopy "ays
KQumo(J PajeuItIOP-[asIp Y} 1B
uonnqLYSIp 9ZIS SSBUW JA0IP DO
‘Kaumo(q

18 Aep Jo o} Jo yuopuadopur
sem 9SURI WU 9G-7¢€ Y1 UI DO
pue ssew J( JO 9pour JounsIq
"Aoumo(J Je punoj sem sapow
(wu 0g1-001) UoLB[NWNIOE

pue (U 96-7¢) 1e[onu

A TONNQLOSTp SSeUl [epouty
'Sseul [30} 913 JO 9%08-05

103 SununodIE ‘sayIs Y1oq

18 dN W jueurwopaid sem HO
wuOI-01 se

OS[e pue Wu (8] > S 4N Uy

(2002) w12 101RD  Jo
9 pue { seINS,{ Ur) WeIS0)SIY WOy SNJeA PAJRUINSH

0¥ - AN 0Z1 - aN _"os
08 - AN 00% - AN FON
0L-0¢ 0r¢-01 od
00t-00¢ 000°1-00T 20
008°1-00€ 00Z%-00S SSEIN
Jufsu Ju/gu , uonisodwioo
OpISIOAR] Koumoq  (wu 001>) dN

Koumo(q 1e (w3l 76'1-18°() Sem Ssew 9FEI0AL ()

Ye W 4,01 X T°
# 01 X 6°9-¢'T SUOHENUIUOI JOQUINU J[ITHEJ @

"OPISIOARY Je W31 08°0-69°0 pue

"OPISIOARY
101 X ¢'6 pue Aoumo( 1e o/

"pajiodar orom

eyep uonisodwod

IdNON oueN

IO SUOTJEIIUIUOD
[BIUSWIOS ON o

‘sjopdioneos

pue so3e}s XIS 10 Al

Jo wei3ois1y oSeIone
ue u1 pajudsaid eje(g e

Ol

£q (_*OS pue fON)

suol pue ‘ONL Aq

(09 pue DQ) uoqIed
‘ssewl paImboy e

‘SjuuIdINSLIW

(VZz0€ 19POIN) DdD
pue (105€6€ [OPOIA)
Id'Td Payeo0][0d
M paredwoo

Suonenuaduo)

‘a7 O] Je pojerado

(wu oz pue ‘081
‘001) (00T [9POIN)
IANON payipowr
“(wu

96 pue ‘z¢ ‘81 ‘01
:sjutod 0o Jeurwou
‘I-S11 19POI)
IANOW-oueu

Kq pamorjoy

(77 30 1010%]
JUSWIYOLIUD) )BT
mofJ ndno urwy T
G pue ejul Ut/
011 18 pajerodo
(1018U20U02)

JdN DSN e

V19U UL SA)IS OM], @

(says 7 X

skep 9 x Kepsajdures

¢ =) sojdwes
dN19¢JOeIo] @
“(Suruoad)
LSd 0081-00ST —
(Keppru)
LSd 00¥1-0011 —
(Suruzour)
LSd 0001-00L0 —
e 1002/6C/€

01 100T/Cl/€
woJj uaye)

sojdwres INOY-021y ] e

‘(oy1s J03do0ax
pumumo()

OPISIOATY —
(ns p

9]JBUITUOP-UOISSTUID
[9sa1q) Aoumo(q —

VD ‘uiseg (z000) 10

12 _[PD

SjuWIwIo))

SeoUBPUNQY M) 2ANE[Y

POUISIA UOTIBIUISAI
eje( pUB SI[QBAIASqQ

SPOYISA JUSWIRINSBIJA

JO JoquinN pue ‘pordg
‘uonedo] Surdureg

sojdureg
Apmig

panunu0) *z AqeL

135



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

I pue ‘|) ‘s ‘d surpnjouy

*Aoumo(] e SALIUIIAT
woJ joedwr oy Sunospjor
‘OPISIOATY J& UBY} AQUMO(T

Je 1031y sow) [T Sem A J() e
‘(punoy os[e a1om IN PuUe 1)
‘A Uty A[oAne(a) uz pue n) £q
PAMO[[0J ‘d( UI S[ejow uonIsues
91 JO JUBPUNQE JSOUL SBM 9,] ®
'S1oBJ1IIE SAIIRIOU
10 2Ansod dAey Aewr DO
191y 1oye Jqy-zienb [NOIN
"OPISIOATY J& punoj
sem 1Sd 0091-00% [ SuLnp
wu () [-qnS Ul 9SBaI0Ul UY
“(w 6Z-1°0)
OpoW UOHB[NWNOJE UL ASBIIOUL

%¢€T %E  SIEPN
%0 %C SO
%S Yl 0S
%1 %C FON
%83 %81 od
%EL %¥9 20
VN VN SSe
(100z/61 (1002/5T/
—=100T/1/€)  1-000T/61/C1)
OPISIIATY Koumo(
198810010 93RI0AY
(I19-11°0) St'1 98¢+ 1) S'L (w/3u) uz
(#$°6-81°0) 9t Ov-90+9  (wBuny
(9°€1-€10) €81 (€T1-10)9°¢ (qw/Bu) IN
®¢eccD ol (€€1-4°01) SO (Jw/Bu) o
(€0'2-€0) 850 (Ls-€0)st  (Jw/Bu) up
(L'9-L1°0) €1 (Le-Tzo) 1S ({w/su) 15
(€€°0-91°0) LT°0 (6°$1-T0) 8'1 (qwy/Bu) A
(6T-TT0) L8O (rée-zo)ce (/8w 1y,
(guu/3)
(T0-50°0) 600 (11°0-8£0°0) ST°0 POS“("HN)
((uu/3)
(€c0-aNn)oro  (#1°0-20°0) 80°0 ‘*ON'HN
(61°0-v00) €10 (5L0-85°0) L9°0  (;w/31) DT
06z st (10eeod)sec  (w/ad) Do
(@)
(Soetr0) ¥e1  (688-TI'D 1Y SSe

‘SALIAS oE.S
[euInIp & I9A0 USAIS
210m sjofdioneos
pue suone[a1I0)
"s)1eyo o1d pue sojqe)
ul pojuasaid eie( e
‘0149 ('Os pue
SON) suot ‘OINL £q

"Aypruiny dAT}e[aI
pue aiyeodwo)
‘ToNIAIIP
puim ‘paads puim
93eI0AR UIU-0AL,] ®
(sa3eys wil ()] pue
STOTSE0TO
Suisn) (011 [9POIN)
SIANON 14
0d SN Ww-g
pamseaws (0Z-4V
[9POIN) JoJowWo[eYIo.
weaq [enp v e
(W og > p
> ]) UOIRNUIIUOD
Joquunu

‘sojdwes
0z A1orewrxoxdde
parmboy e
(1sd
0090 Y& Sun.es)
Kepyoom & Surmp
Joom 1od 9ou0
painseaw [NOIN
oFe1oAR IUy-4/7 @
"OPISIOATY
¥ 1002/0€/9
0} 100T/S/T
pue ‘Koumo(q
e 100¢/1¢/1
01.0002/61/6
woJxy ‘syjuow
aaly A1jewnrxoiddy e
(ams 103do0a1
pumumoQ)
OPISIOATY —
(ou1s pajeurwop

UR [3IM OPISIOATY 1B [epowIq OPISIOATY Kaumo( (Dd pue DO) uoqied oroned a3eroae UOISSIU-[3S1(])
pue Aoumo(J 1e WU (p-(¢ Spowr ‘TIX Aq syuowofd urw-G | panseawr Koumo( — (2002
)M UOTINQLSIP JZIS [EPOWIU() o :(e8uel1 UOIENUIOUOD) UBIW OLIJOWOL) e ‘ssewt pa1nboy e (9€6€ 1OPOIN) SJINS @ VO UISAISOM], @ /v jo wIry
POYISAl UOTIBJUSSAI] wo_mEmmn
SIUOUIO)) seouBpUNQY J() dANB[Y SPOUJQIA JUSWIRINSEI]  JO JOqUINN PUE ‘pOLId] Apmis

€Je(] pue S9[qEAIOSqO

‘uorye0o] Surdwes

‘panunuo) ‘g AqeL,

136



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

wu
8818 DO JO %05-0f sem
DF ‘wu gy > p 10§ (;Wwo/D)
31l 6'0-y°0) mof sem DF
“wrl

G0-7°0 Y& syead [epowiun
paNqryxo D wirt ¢-g pue
wir §°0-7°0 e syead [epouwiq
PANQIYXd DO (A19An0adsax
‘wnt 90'1-8°0 PUe 8°0-850°0
'85°0-8€0°0) 8-9 soTe1s Aq
pamorjoy “(wr 8¢°0-5€7°0)
¢ pue (wrl Ge7°0-21°0)

¥ sa3e)s uo juareadrd

sowr sem s1sKj014d DO
*01UB3I0 SN0ases FurAowdx
INOYIIM PIJBWIISIIAO SeM
dN Ul [0S0I. SNOA0RUOQIED)
‘sIsAJeue [ewoy) Juunp
SISA[0IAd D pue j0ej1)IR
Surjduwres 03 ojqudoosns sem
‘s1030edwr J0UI0 A ‘TAS
‘00 819}

30 (%TT-1) %01 padesore
sordures [A ur sisKjoikd DO
‘Ias 01 paredwod

0 70 80 (87,79 Dd
0 S0 61  (17707/9) OH
&S 9T 8¢ (8¢-L7/9) DO
TS 9T 8¢ (12-07/9) DO
TS 8T 87 (snossen) DO
€S 9T Sy (dpnred) DO
Ry (wugp>) (W gs-y)
ye 4p 9 uoqie)

(woy) i) uonisodwio) dp

“uonNqLYSIP 9ZIS
Dd pue 5( 1of pue
sage)s [ 10 Sa[qed
ur pajuesaid ereq
“JOSe[ £q UOT)O91I00
dO moyim sojdwes
1as u DO sukjoikd
9JeUINSI 0) Pasn SI
sodures JA M LOL
Kq poUIULIAP 10JOE]
U013091109 SISA[0IAd V7
"SUOT)I1I0d

(dO) s1sAj014d [eondo
(seseyd ua3Axo

pue wnifay £q)
NOYIM pue (19se[ Aq)
A [J0q PUTULIDIP
a1oM DF pue DO
“(wmipoy ur

Ua3AX0 %401 Ul 0,026
PUe ‘678 “0SL ‘SL9 I®

(3w

61 JO 1U2I01JJ000

uondiosqe

Ue Uuo paseq)
121oUWO[RYIoR UV o

‘uostredwod 10§ TA
pue S[S Poreso[o)) e

‘WU 8§ Pue G I8
sagels dn om) oyJ e

“JoRIIIR

O1UE310 )RS

pue sajoned sAowal

0} 19)[1J JUOJJ UO[O L,

& s paddinba

‘0007/S1/L

031 0002/1/S
woJyy [T uoou

je 3unaels pannboe
d1om sojduues
oFeIoAR IU-47 @

se A Jo (wrl €7 > ‘sojonted DA ‘wniey ur D006 sem [(JS pPuodas “(193u90 K319 JO AN
Ip) suonoey ouy Aqoeyae 181 oy 10y (saponued pue seS) DO [€101JO %0p-0T 0} PUB ‘G[9 ‘08% 01€ e oy "w p'g > p | g ‘o)Is ueqiq) (e2002)
oruedio aanisod (9%0g Jo $9S8A109P D SN0IseS Jo a3ejuadiod ayJ, "D Snodsed D0) LOL £q (OF pue > 0’0 10} Surdwes D{UIS]OH “B[I[[BA v 2
ueIpaw) 9, ¢7-11 paroday e aIe sa8e)s WU §8 Pue G 38 punoy DO Jo %001 A[BdN e D) U0qIed parmboy e SIQS 9Se)s-7[ OM[ e pUBJUI] UI NS OUQ e  BlOUBPUA
SIuOWwIo)) saouRpUNQY J() ANy PO toneuesald SPOYISIAl JUSWIRINSBAN  JO bn_:ww M WM% ‘poriag Apmg
: ©JB(] PUB S3[qBAIISqO) :

‘uonjeooT Surdueg

"panunuo) 7 AqeL,

137



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

‘NDOO

0 9)NqQLIUOD Jou pIp sojonted
300§ "NDD 03 Sunnqrnuod
[eL19)eW O1UBSIO YIIM

NDD WO JUIPIP 2IoM J]es
BOS PUEB UOQIED JO OAIND [BULIDY ],
“9MIS TUNIIA] [BISBOD 1B NOD

03 38213 paInqrnuod "OSUYHN)
pue 931s BA0SeN UBqIn 1B NDD
03 A[38213 paInqInuod SONYHN
pue "OSYUYHN) 16y} paise33ns
SIYL, "NDD 03 Je[IWIs o1om

SUOI OIUBZIOUI JOJ QAIND [BULIAYL
-a1oydsounye painjjod ayp

ur NDD 031 PoIngLiuod jsneyxd
JAT)OWIOINE WO} et} Se yons

‘sorduwres runyn
10} D05z e pue sojdwes evAoSeN 10} D007 e
UONBIUIOUOD [RIIUI 9Y) JO %7 | 0 A[IedUl] PASeaIodp
wy pue D,001 I Apdniqe paseardsp NDD
[DBN pue €0De) ‘spunodwod
oedio pazuowAiod ‘)goog -
:spunodwos £1030e1391 (D,06¢€ <) I1] dno1n  —
JSNEBYXO [9SAIP pue
‘YOS ““ON'HN “OSH'HN "OS“*HN) -
:spunodwod 9[1e[oA
Ajererpauniaiut (9,00€-05 1) I1 dnotny  —

"sjo1d sorIes-owIn
pue ‘weidolsiy ‘sa[qel
ur pajuesaid eje(q o

TUN[IIA] I8 sAep

InoJ 01 0M} JOJ UIw/ |

0S pue eAkoSeN

Je SABp 9A1J 0} OM]}

10} Urw/ T €°8¢ sem
dye1 mopj Surdures e

*JOPI0O3I BIEP

€ pUR ‘I0SU9S [0S0Jo®

ue (D,005-001)

IojeQy B

JO 3unsisuod woIsAs
SIsA[eue [eWLIOY) V ©

‘wn €0 < nﬂv

105 (00S-A1 [PPON
xewouey) DJT UV e

‘uoneinjes 1odns

%S°0 18 PAIRAIIOR

ST(OET TOPOIN “9d)

6661/8¢/1 —
6661/02/1
8661/CC/C1
8661/81/C1 —

8661/L1/C1
:sKep oAl

BJR(] PUB SO[qRAIOSqO)

‘uoneoo] surdweg

‘Teroyewr o1ues1o oruofodouy e dereypyd ‘suonisodwod “IIUN0d NDD) Ve UO SABp 9Alf 03 oM}~
6005 PUB (O U99M)Oq JUBISUOD 1£3001p pue ‘souadioy ‘ueSontu ._.mo_Eo:o wrrl 70 > 9p > £00°0 oy A[snonunuoo
paurewar N JO UOTEIIUadUu0d oruedio ‘D0 YOSU'HN) ‘[D'HN ‘proe S)T 03 PaLIJUI J10] SoUURYD G Ul Surdureg o
) pue ‘saroads d[1ye[oA J13008 ‘proe o1uIo ‘Jodea 193em YOSTH - uay pue ‘voneiodesd (VZH0€ 1PPOIN IS.L) ‘(o1oydsoune
Y Jo Ayuiofewr oY) Yam D,00€ :spunodwod JO 9je1 UO onfea Suryoyms ym [€1500) TUNYIN —
Mo[eq pareroderd NDD JO %08~ @ o[ueoa ATys1y (.05 1-0) [ dnorny - Paseq SUOIBIUSOUOD (1%0€ 1PPON IS.L) (uonnyjod (€002)
“uonisodwod :so3uer amyerodwo) NDD M S9AIND AIon®q UOISNIIIP [eLYSNPUT 1M LeYIYpY
NDD Joyut 03 (A[1E[0A 2013 ojul spunodwiod [BOTWAYD PIPIAI] e [eonA[eue [euLOy) e pue (VSz02 oJ1s ueqn) eAoSeN — pue
©9°'T) SISATeUR [BULIdY) PIS() @ ‘poyiodar sem uonisodwiod g ON e snonunuod paredwo)) e [PPOIN ISL) DdD V :uedef ur SIS OM] @ eYezZIys|
POUIRIA UONJBIUISAI] meEmm“
Slieliiiie) soouepuUNqQy JN 2ANRY SPOUIOIA JUSWIDINSEI[N  JO JoqUINN pue ‘poLIog Apmis

‘panunuo)) ‘g AqeL

138



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

*$90.1n0S 21j199ds
WO SUOISSIWD urjedIpur
‘593 Uel UOIJOQIIP PUIM JO/PUR
oz1s awres ur pareadde sasseld
punodwods Jofewr ay) Jo Auejy e
"sasse[d punoduwod
Ul punoj 919m *QS 1o S ON e
‘STeIOW IOTI0 pUB ‘O
TOIS ‘S[eIourr I0J PUNOJ 1M
SOOULIAYIIP 9[qeySINFULISIP ON @
"UAIS
s1oMm suonIsodwod [eoruayd
aaneuenb ou 1nq uonisodwoo
dronJed [enplaipur Joj enoads
000°S 1 Aerewnrxoadde paureiqQ e

"d( UI dWI[ pue ‘S[ejow ‘saurure
‘A IS panIwd £q PooUIPIA? SB
syueyd [eorwoyo pue ‘SI0jeIoUIdUl
‘sarouljal1 Aq pajeurwiop

SI Joso1oe [duueyd diys uoisnoy e
"UdAI3 sem uonisodwod
[edrwayd 2AnRIIUERNDb ou Jnq
‘uonrsodwos aonaed renprarput
1oy endads oponued oj3uls

000°L7 Aerewnrxoadde paureiqQ e

'$911032180 UMOWUN PUR
(U9AI3 JOU 9IOM SIUWD[A O1J103dS) S[ejaU IOY)0
94 QIS * s[eouiut QN ‘sar0ads snoadeuoqred

£q padnoi3 are uonisodwod g Jo s)eyd d1d e

‘enoads oponaed o[3us )OQ‘G [~ U0 paseq,

S8 SI_YO

€ BE|

4 €D

8 Pl

1 BN

(4 fON

Sl od

YL 20

«dN JO % wnoadg

:sapnpour uonisodwos g Iolejn

¥'C sourury

0’1 swy

SL [DeN

L1 uz

19 o

79°0  °OPIXQ WnIpeueA/A

§3 A

0¢ 9pIXQ UOSIIS/IS

91 uoqIe)
dnjo % wnnoedg

:sopnjour uonisodwo)) 4 Ioley

‘Apmys

Surmp wnnoads jo
SUuOINQLNSIP [[BIOAO
SE [10} JO SUONOR
£q pue ‘suo130dIIp
Y312 Ul SAS0I PUIM
£q ‘ssefo punodwod
oo UI poure}qo
©1303ds Jo oqunu
ur pajuasaid vleq
WU G8T I PUB ‘G66
‘€T8 ‘16¥ ‘¥SE ‘vST
P0T “€ST *SO1T ‘65
‘L 0€ ‘p1 Supnpout
‘SuonoRIy 9ZIS ¢ JO
sasseo uonisodwod
0L Uur sapnred

*(so2.mos uonnjjod
IOJUI 07) SISOI pUIM
pue sse[d punodwod
oBd UI Paule}qo
e103ds Jo roqunu
ur pajuesaid ejeq
(Wu 1T pue ‘065
0Z€ 0LT ‘O¥1 ‘001
‘0L ‘0S ‘S€) peodfas
21oM SIZIS dUIU JO
sasseo uonisodwod
09 Ul sapnIed

‘SIW/IAT

£q u0139930p

uot1 aane3au/oanisod
i oponed

9[3uis 3uIZzLvjoRIRYD
‘SN 1yS1[y-jo-owny
uone[qe 19se| &

P (g1 > >
#10°0) II-SINSY UV

“ueds uIw
01 [~ 10J UOI}02)0p
uol aane3au/eanisod
s oponed
J[3urs Surzrejoereyo
SN 1y31pj-jo-own
uone|qe Jose| ©
P (i g1 > >
£10°0) I1 SINSY UV »

‘soroned

686°G1 wox
©nodds paurejqo
pue (6661/1¢/8

03 6661/01/8

wol) skep (g 19A0
samoy oz| pojdwes
Juswnedxyg
ansiadng Apmig
SJUBPIX() WIOYINOS,,
6661 1sngny

ay Jo red se ‘yn
‘LJUL[IY I8 IS U @

'000T/81/6

01 000¢/€¢/8 Woxy
Surjdwes snonunuo))

‘weidoid oyrsrodng

Vdd 'S oy

Jo 1xed e se (jouueyd

diys woxy ury | ueyy

SSI] ‘MAIA [dUURYD

Ieau) X |, ‘Uojsnoy
jseq Je 9IS dUQ)

(€007) »
Ja speoy

(€002) v
J2 saleyd

SIUSWIWO))

SOOUBPUNQY d() 2ANE[SY

POYIOIA UONBIUSSAI]
BJe(] PUR SO[qLAIISqO

SPOYISIA JUSWRINSBIA]

sojdwreg
Jo Joquiny pue ‘poridd Apmg
‘uoryeoo] Surjdwres

‘ponunuo) *7 AqeL

139



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

‘(W ¢1 pue g'¢
‘ST0T95°0 ‘6770
‘L1°0 ‘T°0) sdTess

"SOLIOS dUII) puB
‘wer3o3siy ‘sodewr

‘wrl 6°() > % 103 orueSIo sem DT JO 9%/ INOQY e (V) Adodsosorw 1yS1e yim (001 10024 1/21
‘uonsnquod jdwosur ‘wl 60 > 9p 10§ 910§ OTWO}E [9POIN) IANOW 2UQ © 0110027/02/6
sopun sapnaed [[ews Jo SHVd JO %S§ pasudwod (sudjAuaydinouaskiyd ur payuosaxd vie( e (020€ 1PPOIN Surmp yowd
sajeIawo[35e pamoys saxy Jofew pue oueikd ‘T4 ‘AHd ‘VVE) SHVd ® “(um ¢ ISL)ONDOUQ e skep p-¢ jo sporad
s 9sde[jod DA oYl 108 U0OS ‘wir > 9p) sxoy1y dnspoeq (SVA- TN Sundwes uaj e
Pa1a[0d N duy jo A3ojoydioy e 670> ‘p 10j wi/Bu 0] 01 0 WOy paTues HYJ SVA-TIN W (€007 “3'T) N 95e1S-0AY (OLA) 1100
"SUONORI} () Ul PUNoJ 91om ‘pajiodar azom “p 12 310qUaLIQ) Aq popedaxd opeI] PHIOA\ JOULIOJ
sofonJed snoIqj Jo OIpIoE ON ¢ UONISOdIIIOD [BOITUAYD 1O SSBW J() dAleInuenb oN e HVd Pue (LOL Aq (001¢€ 19pPON a1} JO 1582 SI9)OW
"Apmys oY) SuLnp pajeas|o WO/ 0T X £ 1e Sunyead ‘wosk 0] 04 pue D) uoqied ISL) SVEUO » 007~ ‘AN “HOA  ($007) 17
JOU 0JOM JNJ OUY PUB ) @ X G-] WO} poSuel SUOHENUIOU0D JoqUINU A[I1IEJ e ‘ssew paIrnboy e ‘NN InoJ e MON JBANSAUQ 12 UYO))
sojdureg

SyuaIio)

SI0UBPUNQY J() QANB[Y

POYIOIN UONBIUSSAI]

ejR(] PUE SO[qPAIISQO) SPOYIOIN JUSWAINSBIN

JO JoquNN pue ‘poLIdg Apmg
‘uoneooT urjdueg

ponuuo) 7 AqeL

140



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

"SOOIYOA PI[ON-our[oses ur
uonsnquiod uonrugi-yreds Jood
P91s933ns g ul punoj YOO pue
(,w/8u G'1-60°0) ded Juepunqy e
*([10 JOIOW WO} “3°T) SUOISSTUD
J[OIYoA Usay pIlso33ns
s DSN Y3 Je Suruiow
oy Surmp gn ur ( w/3u
1'1-2°0) seuedoy juepunqy e
*d ut soruegio rejoduou
pue D7 jo aunjeu d1qoydoipAy
oy 03 FuUIMO ‘JoWWNS
j0y pue A1p unmp juedyugis
10U Sem [IMoIS o[o1Ied o
“0)IS
OPISIOATY o) Je IojuIm Surnp
puE SIS 30q Je Jowwns SuLnp
surdrio [eorwaypojoyd paysa33ns
SuonNqIISIP SSeW 901} Ied ®
‘paruasaxd
Sem ejep dAneIUEnb ON o
‘WU 08 [> St d(] pauye( e

‘swer3oisiy
woy pojewrxordde o1oM SUOIENUDUOD ATLIAY

*SuIS110 901n0S A[dWI 0} UOTILIO] PUL S[BAINUT
o o1y10ads 38 spunodwos Ju o1y100ds Jo os) @
N Ju/3u -10°0 woly poguer
(103B01pUI YOS B) PIOE JI[AX0qIBdIPIUdZUI]-7°] @
L W/BUT0-100
woJy paguel (Sujood 10 IONIEW B) [010)SA[0Y)) e
) w/Su o6
Jo o8eI10A®R JSOYIIY PIM O[qLIIIOP JOU UIPYO SeM
(Suruing 9A1121989A 10J JIONIBW B) UBSOON[0AJT @
‘3urudA9 pue Aeppiu SuLmnp suoneHuUIIUOd
dN YS1y ym ‘A1oanoadsal ‘Opisioary pue DS
ye pajiodor otom /Sl o[ pue ¢ 0) dn ssewr 4 o

‘SHVd pue

D JO SUOIIR[1I00
pue sweIdolsiy

ur pajuasaid ereq
‘uoryeiodead
udgoniu Aq

Pamoj[[o] ‘joueyiow
pue D JO dInxIw
[:61 30 TW QS

Ul UONOBIIXI JUOA[OS
‘SIN/DD

£q sp1oe pajejAyiowr
SE UONBZIJBALIOD
Ioye paInseowr

sp1oe o1uedio

pue (JOD pue aueo
dyoouwousin-g¢6zcT
‘duedoy-(H)d 1T
‘(FoLT
‘ouedoyiou-6g

pue ‘(H)J1¢

‘(H)oL1 Surpnjour)
SHVd PozZIjeAlIop-uou
pue pazneALIdq
"LOLAq

(Od pue DO) uoqred
pue ssew palmboy

“1o[dwes [0A-Y3IH
oy jo sutod Ind 9z1s
o1 03 puodsa110d

0] U2SOYD 1M

$33e3s JANOW "(0T1
I°POIN) IANON V
'soguel
oz1s (wr §1°0-0) dN
pue (wi ¢'z-81°0)
uone[NNodL
ojeredas 0y urw,/ T
006 1e pajerodo
J030€dWur J1[S YIm
Jojdwes [OA-YSIH V e

‘(opIsIoAry e
€00¢/1€/1-€00T/LT/T
pue:jsn e ¢
00Z/L1/1-€00T/E1/1)
IO

pue (opIsIoAry 1e
<002/0€/8-2002/9¢/8
pue:dsN e g

002/91/8-2002/21/8)
Jouwruans

Surmp sojduwres
paSeroae Iy-G 1|
pue -¢¢ (1ad
[Aep Summorjoy o]
0£90-0061 Ldd
0£81-00ST LAd
0€¥1-0011 -LdAd
0€01-00L0 “9°T)

Krep sowr) o, e
"OPISIOATY —

osn

18 "y umMoyumo(q —
YD UL SO)IS OM [, @

sjuawuo)

So0URpUNQY J[) SANE[Y

POYIOIAl UOTJB)URSAI
BJR(] PUE SO[qeAIOSqO)

SPOUJOIAl JUSWIDINSES[N  JO JOQUUNN PUE ‘POLIO

sojdwes

‘uoneoo] Surdueg

"panuIu0) 7 AqeL

141



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

‘o3uel 9z1s

wu )0/ Y} INoY3noIy [eLiojews
Jrqnjosur aind ur asearour

Ue ul paj[nsal o1 es) SUILIOA
YIMOIS panunuod Ay}

10} 9qisuodsar sem spunodwod
Jrue3Ioul JO UOIBSUIPUOD

O[IYM “YIMOIT [enIut ot

oy oqisuodsar sem spunodwod
o1ue310 JO UON)BSUIPUOD

ey} paseadde 3] ‘yamois oponted
£q POMOT[0] 2IoM SUOTIRIUIOUOD
oroned [[ews ur aseaour
paounouoid ‘soposids om) SuLngg e
"9ZIS

dronted A1p uiseasour yim spowt
91do2s0134y ayp Jo doueyoduur
Suiseasour PIm ‘Yimoi3 [epouriq
paNqryxa wi 17 < saponIed
‘W ¢ 03 dn seSuer

9IS 9} INOY3NOIY) [eLIdjew
orqnjosur aind ur asearour
SNOJUB)NWIS UI POJ[NSAI SINOY
o1gen Suruiow SuLINp SUOISSIWID

O Pue DO PRI APIYAA

‘1snp

pue ‘sjejow ‘spunoduwiod drue3io 900s

:SO[QNJOSUI J0Jem PIXIW pue oind

sotuedio

*K1151d00s013KY
POAJOSAI-OZIS

pue ‘suonnqrysip
10308f YIM0IS VINALL
‘uonouny uryjoows
Kejon-£yzy1aeg

IopIo puodds jutod-| |
Suisn uonnqrySIp
ownjoA (J-¢ pue ssewr
ur pajussaid ereq
"SO[qNJOS POXIW pue
aind pue sajqnjosur
paxiw pue aind

W ¢

PUB 9¢T ‘€91 ‘TCl
‘LL “€S 9€ ‘ST S971S
Y310 U1 pazA[eue
olom VINALL yim
OpEW SJUSWOINSEBOUT
01doosoI3AYH

wu gL > %p > s
Jo a8ue1 az1s oponaed
10} Ay[e[0A pUR
ymoi3 01doosor3AY
se yons sanadord
]0SOIOB PIA[OSI-IZIS
JO sjuowoINSBOW
10} spowr VINA.L
pue uonnqLISIp

1002/01

01 100¢/9 Wol] e
‘werdord oys1adng
Vdd 'S’ oy jo ped
se (eare uejrjodonouwr

“pasorur sem uonisodwod PAZIPIXO pue ‘SpIoe ‘sjjes orueSiour - :5011039380 INOJ 9IS 10} dpowr uoIsnoy
[0SOIo® PIA[OSII-QZIS :s9[qnjos Jojem paxiw pueamnd  — ojut soponed ojeredos VIAQ J[3uIs usamidq JO puImMumop ($002)
a1 ‘A1101doosoI3AY [0soIor Yym :K1101d005013AY 19y} U0 ‘K3101d00s013AY uonerado Suneuo)e pue ypIou) X I, ‘012
uonnqLISIp 9zIs JuIuIqUIod A e Paseq SA110393ed INOJ ojul uonIsodwiod Jn ppIAL( e uo paseq e SYINA-JH oM, e QUIPTY 1B NS SUQ o TurIedsen)
sojdweg

SJuWIWIo))

SoouURpUNQY J[] SANEB[Y

POUIRIA UOTIRIUDSI]
eje( pUE SO[qEAISSGQ

SPOYIOIA JUSWIRINSBIJA

Jo JoquunN pue ‘porog Aprs
‘uoryeso] Surdwes

"panuIu0)) *Z AqEL

142



‘syutod
M2 JoJ [ d[qe[ 39S,

‘(I1 poriRg)

00¥S 19POIN
d®¥ 49 D4 puB DO QNS |,
ageroAE Iy-¢ pue (] ® Z200T/71/€
porad) (') NS 03 2002/1/¢ woxy

0 “CON ‘ON AJ*noH o pUB ‘DyeseMEY] 18
*.Aom-m‘.— [PPON (11 poRd) 200T/1/01

"d10) 99[A( 043j0L) 01.2007/07/6
IdTV 93es ¢[ o wox pue (] poLoyg)
"0605T Je paresodead 4 jsow ‘II PotIdd ¢00T/LT-81/C WOl @
je) poIsaSSns Jopnuop [BULIY], o Surmp wiu g/ > "0IN309JaId
'suonoeal [eatwayoojoyd P> 611 107 (€0F°S Dyereqq ‘Ao
SE [[oM SB JSNBYXd J[OIYA [OPOIN WWLID) DdD BQUY[NS [, UI SAIPNIS
woyy sjoedwir panunuod sarjdu pue (006-S°S [°POIN [eIUSWUOIIAUF 1O
UOOUISYE Y UI 9JIS BqNS [, wuwin) VNG 9)IISUJ [BUOIIEN
ueqInqns oy je syead wu (¢ oYL e papadsaid D,05T 2} Je 9IS ueqIngns
‘ON pue DF paseaour ‘suorjeLIeA [eiodwa) 18 payeay ‘(neyeq) JudIqUIE Uy —
21 03 papuodsalIod yorym W ()9 < pue ‘saso1 uonnjjod IOpNuUop [BWIOY) Y e IMJaIg
‘spurm wed opun Surwow Y 1oy spunodiod a[1ye[oA Jo souepunqe Funsagsns pum ‘uonnqrysIp ‘S[ouueyd emeSeuey]
3y} U paseasour wu (g > p ‘sauel WU ()Z[-09 Y} UI 250y} 03 paredwiod JIoquinu ‘uonnqrusIp LOT Ul WU 698 > 9 > ‘A1) Tyesemey]
> $°§] 10} UOIIBIUIOUOD J[INIE] @ Se wu ()9 < % 103 10818 SEM OLRI D /) * 9ZIS U0qIed $'8T JO UBDS UTW ()] ur uIssoxd
“SO[OIYOA “pourewal (D pue J00S AJulel ‘[elIojel PI[OS  JO ur pajussaid eje( e 10¥ (VSZ0€ [opou) oyouIyS-Twegay|
ouI3ud [9SAIp JO UONBNUIIUOD SunsIsuod) wu ()6 18 yead puodas Ay, ‘pareaddesip 'sodeIs [ 1B DdD pue (180¢€ Yy #002)
Y31y pue djern [ejo} (sorue3io pue QS ‘ fON Se yons saroads wil 11> % > 900 10} [9POIN) VINQ JO Je 9JIS OPISPROI Y — V)
03 popu0dsaII0d J() UI 9SBAIOU] e dIe[oA urureuod) wu ()¢ 18 yedd oyl D057 IV e D pue DO parnboy e Sunsisuod SJINS UV o :uedef ursoyis omJ e emedoser]
POYIOIN UOTIRIUASI] muaﬁmmn
SIUOWIWIO)) SOOUBPUNQY J(] SANEB[NY SPOYIOJA JUSWIDINSEIJ  JO JoqUINN PUB ‘poLIog Apys

Ble(d pue S9[qeAIdsqO nﬁozmoog wa:&amw

Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

panunu0) ‘7 AqeL

143



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

“(F007) v 12 BYeUBMEY  JO

 pue 7 sam3r] ur wegojsry woy pajewnrxordde

s

00ST 6S+7Z0IDA
000°6 6S"¥TOIDA
'S30IN0S UONSNQUIOd WOJJ 008 6S+86V L “uonNqLISIp
SUOISSIWR 0} HVd paINqy o 0S0°T 6S-86V.L az1s dponed
*d( Ut punoy (Suysyue1Ionay]) 10} We13osiy ur pue
aIoM Ayorusgelnu Jo 94,6°6-1°G ?&QE%@SE Koruodeinp Jo odA],  Aouonbayy eaneinuwno
pue ‘IN-Z Pue SHVd JO %8'6-6'C 12010 se sa[qe)
‘wirl 1] pue 1170 usamIaq 3¢ 6 AN-T ur pojussaxd eie( e
TN JO UonnqLysIp 9ZIS U0 paseq e Sy 91 NOD XIU S INOYIIM PR
S109430 Ty LT dIysg (M SUONIpUod Jopun
[BaY] 9SI9APE ISTIED TOIM 6T ¢ vuedd YCOTDA PUB 86V L
spunodwos oruaeinw Jurkires " 7z QNI surens wntinuiydd
18 JUSTOLJO o1om d() Sunsadsns 't IS ¥Aad pjjauouljpg Juisn 19}
‘SUONJORI} J() UI PUNOJ d1om I's 1Z deg SOUIY AQ POUTULI)OP
ssewt JAJ un Jod Kyorudeinw 9'¢ €z Jo9 Aoruageniy e oM AI9A9
pue IN-C ‘SHVd 159USIH e s 97 g "SIN-TON/DD Surmaoo o3ueyd
‘wit 89°0-84°0 Y& yead € 9'¢ [43 494 £q AN-T 'sjutod  JIY YIM €00T/LT/T
[l [epourun a1om Kyporuogenur VN 0L HVdIeOL pue ‘SI-19/00 Aq o I0J T 9[qBL 39S | 031 €002/91/1
PUE “AN-C ‘HVd [¥10) ‘SHVd 6 ® AN-C pue (400D ‘dm3g ‘vyedd Sump skep 74 o
NAJO %S TJOSeM d e Hvd Jo Aduonbay (N 3/3u) HVd ‘NI ¥dd ‘d°d wd g > ‘ueder ‘0Ayo[ jo
wil [ > > 7 se NN sAne[wNy LHVd Joo edff ‘ded g Aqd 21 ‘P> 110405 (0T-dT yuou A1) ewe)reg (#002)
pue ‘w7 > % se sopned suy dn uonoRnXa D loye [OPOIA 9] 04O 1) ul AJISIOATUN ‘v 12
‘wrl 11°0 > 9p se gn 2uye( o SHVJ 6 poImboy e [dTV 98e1s-Z[ ¢ BWE)ES JBOJSOUQ @  BYBUBMEY]
sojdureg
POYIRIA UOIBIURSAL] )
SJUSWIO)) saouepunqy JM ANy SPOUIOJA JUSWIDINSEAN  JO JOqQUINN Pue ‘poLIdd Aprig

©Je(] pUE SI[qeAILSqQ

‘uoneoo] Surdures

"panunuo) *Z dqeL,

144



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

SN 01 PAINQLIUOD [RLID)R

801307093 pue ‘Ansnpur uoar

‘SUOTIBIOUIOUT 2SI “UOTINQLIIUOD

[onJ [ISSOJ ISNEBYXD 9[IqOWOINe
PaJBOIpUI SISAJBUE JOJOB] @

‘dN 10}

UIAIS 219M S)[nsa1 juowuonodde
90.1n0s o19ads ON o

“TESUBY Ul $90JN0S UOIISNQUIOd

woy soponJed Arewnd se

“UonNqLIuOd
90In0s AJ1uapl

0} sisK[eue 10joe} pasn
pue Jg pue DO Jo
uonnqLusip azs (q-¢)
[BUOISUSWIP-00.11]}

‘syutod
M0 10 [ J[qBL 39S |

‘WOHL YA pue

‘GRIda ‘Te-N1O)

*ON (1A ‘7€-SdD)
Z0S A[InoY e

wrl

'2002/ST/TT
03 2002/01/1
woy (LT 0060-0081

pue 0081-0060)
Kep 10d sowmn omJ, e

pontwo a1om spunodwod oruedio Ul SJUSWIAO S'LPUBDGC0T01 "SNIpes wy
ey} pa)sad3ns onelr DF/DO YSIH e Aq uonnqLusIp 9zIs ‘5°0 “’0 e yurod nd G & yum sonpoad
wr '$$9001d uonSNQqWIOD oy ur pazriodea  dponred Jgn Jo yudosad 1M 93RI0AR UTW-G | [elou/[edIWayD
L9°0-67°0 38 punoj sem DO yead sed Jo uonesudpuod 2y} £q pue ssoydsowe Ay ut pajussaxd eieq e 10§ (NOIY ‘A10-O0 pue ‘Aurgoew
anym ‘wil 6Z°0-Z1°0 Jo oSuel Ul UOISIOAUO9D 9[o111ed-0)-SES JO dAIRIIPUI ‘1) PUB oL £q (DA [9POIN) DdO [eIoua3 ‘sa[1xo) Sk
AU} Ul SEM UOIBIUIOUOD )F qedJ @ Uy Jo (w/Bug>) S[A9] ook pue (w/Su pue D) uoqied pue wrl 6807 > ons syjJed [erysnpur
dn 001 >) 3 d[qeasep “(w/3u (0'¢~) S yuepunqe ‘AXI1d Ag 1w ‘p> 1070 10F SIVAT s ‘ueder (+002)
paurejuod a3els [V41 U0 AJuQ e (1M UOHBHUIUOD [B)W () MO[ Moys sydei3 q-¢ e ‘ssewl poJmboy e ofeis-c1 om] e ‘TeSURY[ 1R ASAUQ ® v J2 BN
SIUQUITIO)) SeouURpUNQY J() AR POUIGIN UOHEILSII] SPOJISIA JUOWIDINSEI[N  JO bn_mwmm WMW ‘porrdg Apnis
: B PUB SO[qBAIISqQ :

‘uonjeooT Surduweg

"panunuo) *7 AqeL

145



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

"AIn[ 03 YOTe]A] WO pUnoj

9Iom SHV J UOLOBIJ 9SIEO)) @
‘AIeniqo
0} 1090300 wol SHYJ 19318}
oysodwoo A[ypuowr Joj punoy

QIoMm SUOTNGLISIP 9ZIS JB[IIS o
“101uIM oy Surmp Ajiqeisojoyd
paseaour pue aseyd
Jodea woyg Suruonnied paseatour
o unsa33ns ‘saroads om0
Sursea10ap ym paseasour (dnoid
ANI-VV 2y} “2°T) U0NRIUIUO0D
HVd @seyd-oponted

‘pasea1oap amjerddwa) sy e
"opouwt
351800 UI _fQN pUE DO pUe opou
dn ur D pue _FOS 10§ Y31y o1om

-aInerodwo)
yum syuouodwod
[eoTWIdYO JO
SUOT)B[OLI00 PAUTWEXD
pue apout 4N
Juo Surpnjour HF pue
SHVd JO uonnqrysip
oz1s 9poned Ajypuow
ul pajuasaid eie( e
"4qd pue ‘deq
‘39 ‘X¥D ‘vvd
Surpnjout (40°L-
03 77 ¢- [1od1307)
SHV{ aseyd-oonaed
pue d[1e[0A
SS9 ANI-Avd ©
(7 pue ‘L'74 pue YAd
‘LN ‘dHd Surpnjout
(90°C- 91 66°0-
wox [1,4]301) dnoi3
HVd 2[1)e[OA-TWAS
LT14-dHd
e (] :amssaxd
Jodea pajooo-qns
£q padnoi3
Slom SHVd ¢l
(001-XA [°PON
xauol() 01 49 (_L"OS

pue £QN) suol pue
‘auddsaton-)1dH

"sopout
(wn (1-G'7) 9s1e00
pue ‘(wr ¢'z-81°0)
UOIjE[NWNOE
“(wrl 81°0-0)
dn se (sejdwes
01~) SIsAJeue 10}
Apypuowr paysodwod
d1om sojdwres e
200T/L
01 1002/0T woxn

‘poamboe o1om
Aypruuny] 0AT)e[oI
pue ‘amjerdud)

amje1odwa) Yim SUOTIR[ALIO)) @ Aq pazAJeue pue UOPORIIP oM B douo pajdures
"sopowt 'ssell Hyd 941 JO %01 PUe %0¢ 103 INDA YIM PIJOBIXd pum ‘paads purm 1oy (ySruprur 0y
UON BR[NNI PUB J() JUBpUnge pajuNodde dpour g Ul ANI-Vvd pue ' TI-dHd SHVd 1 ‘poyow ©1Ep [BO130[0I0AN o W3uprw) ‘sajdures
g porsad Aprys ayy Joa0 ‘A[oanoadsax payroadsun Aq ‘(sogeys oFe1oAe 1Y @
AJeA 10U PIP UONNQLUSIP 9ZIS D ® ‘ssewr _*QS pue ‘DO DH 8101 JO % pue ‘T “Od pue D) UoqIed GIOoHpasn QI V) ‘luoundrer) %002) ‘v
wil 8170 > Yp sepauygep dn e “%Eh J0F PIIUNOIIE SPOW J() Ul _FOS Pue Q0 ‘D e ‘ssewt pasinboy e 1PPOIN) IANON V @ e oNSJUQ @ 2 [NSIN
POYISIN UONRIUISIIJ moEEmm,
SIUOUILIO)) SOIUBPUNQY J() IAB[Y SPOYIOIAl JUSWIAINSEIJ]  JO JOqUINN PUB ‘POLIdJ Apmg

eje( pPUB SO[qQBAIRSqO

‘uonyeoo] Surjduweg

‘panunuo)) *7 AqeL.

146



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

" w31l Jo SuoLenUSOU0d
SSBUI YJIM JUQ)SISUOOUT ‘A)ISUSp
10911y Jog w/3ri se 1o 5/5wr se
SUOTIEIIUS0UOD [ejow pue ‘3/31 se
payiodal 219m SUOHRHUIOUOD UO] e
‘uonoey dn oy jeadioiur
0} SUONORI} OAB[NIUND PIs() e

*}SeIYINOS-YINos

oy} WO PIAISSqO AIOM qJ pue

SV SBaIoUM ISBAYIIOU-)SED oY)
WOJJ PIAIOSqO AIOM qJ PUe 9 @

"SUOT)OQIP PUIM [[B

WOJJ PIAISSqO Sem ‘UO1SNqUIOd
[0 [eNPISI JOJ IONIBWI € ‘A

'SJuA QN Surmp uonisodwoo

[EOIWIAYD PUB SUOIJBIUIIUOI

Joquunu oonaed ayy

Aq poouonpjur sem aseyd dponed
0} FONHN Jo Sutuonnied e

‘HY

431y pue saanjerodwo) Mo Suunp
PUNoJ 9IoM SJUIAD EON d[)

‘opow uot aAnIsod

gy ur enoads oponied oz1s
000°S. Aeyewrxoxdde paureiqQ e

‘(qd pue ‘uz 9 ‘1) ‘©) ‘FN) SHuowd[e

J0J €71 Sem wu 96 > %p Joy suonoeyy sArR[OWIN)) e
" SIN 10J %1 T pue ‘, "HN 10f %tC

€ YOS 10J % 1 :91e J[) JOJ SUOTIORI] ATIR[NUIN)) @
“wu 96 > 9p JI0J suonenuOu0d 1Yy

oAey , I PUe °,"HN ‘_*OS JO so100ds oruor Jofe e
“(wrl g1 >9p) ssew

N T8103 JO %691 JO paIsisuod (wrl [0 >“p) d( e
"A1oA1yoadsar ‘sage)s wu 96 pue ‘z¢ ‘g1 > oYy

Joy /3 ¢ pue ‘G¢ ‘6¢ 010 SUONBIIUIIUOD () @

'soronaed

Sunsixa-a1d ojuo EQNPHN JO uonesuapuod £q

pauwiog a1om Koy yey Sunse3ans  EQN SurtureIuod

sofonred paxIw Jo JaquuNU Y} U 9SLIOUI

UE (1M POPIDUIOD ‘SIUdAd SON (WU 0TZ-011)
pade pue (Wu (g-05) ysoy Jo aind payiodoy e

“S[AQ]

UOTJEIUOUO0D SUI[OSE] A} JOAO P[OJ ()] PISLaIoul
UONBIIUIIUOD JBY) SISEQ O} UO S)USAD PIIIUSP] e

'SISSB[O  POXIW AJ[euIoiuL, pue  ind,, ojur

enoads _fQN pousIsse ‘W0 e JIomU [emnu
€-7 LYV Pasn ‘SUOIEIUOIUOD J() AIN[0SqE ON e

‘SIoNY
uopja ] woly SYv

£q (qd pue ‘uz ‘n)
94 ‘1D ‘SN) SIUdWI[d
pue (00 [-Xouol(T)
O14q (SN pue
DM BN‘'HN
‘0S “*ON “1D) suor
pue ssew paImboy
*SUOI}0QIP S0 U
S9s01 puIm Aq JoqUInU
PUE ‘SUOIBIUIOUOD
Joquinu

‘wmnnoads so11ds own
ur pajuesaid ereq
‘ueds ow repnoned

B UI P93IQ[[09 sajonted
Jo Joquinu pue
eIy Ay woy 0N
Pparenored pue ‘ QN
Joy Jo3eo1put se (,ON)
0€ z/w 3ursn enoads
uot aAnIsod pajenjeaqg
"SOSSE[Y PauLIJuooun
(¢ pue ‘paxrw (7 ‘oind
(1 :oyur pazrio3ayed
oIe STRIOIN

“(wu

0ST1 PUB “0LL “Ob¥
‘02T 0p1 ST 06

‘0S ‘St7) PAIIJ[IS d1om
SOZIS QUIU UI SO[O1IB]

3

(w96 >

P>01 (STT I9PON)
IANON-OuLU duQ) e

'soge)s o1 ur (unl

81> % >950°0 ‘001
[9POIN) IANOIN dUQ e

‘(uonezuodea

ysey £q) Jo3ruowr
QN sSnonunuod y e

‘SIN/IA'T

£q ueos urw

011~ I0J UOT}2)AP

uor aane3au/aAnIsod

[m soponted

o18urs Surzuejoereyo

‘SN 1S1jg-jo-own

uone[qe Iose| e

P (w07 > p
> Gp) II1 SINSY UV »

'€00T/1

01 $00T/11 Woy
paxmboe sojdures

oSeroae (urw

SjudIwio)

SooUBPUNQY d() 2AIR[OY

POYISIA UONEIUASAIJ
©Je( PUB S9[qRAIISqQQ

SPOUJRA JUSWAINSLI]  JO JOqUINN Pue ‘poLIdd

0TE p~) Avp-oary . o (9002
‘uemie] ‘Sunyore], 89007
Jo 1sam “oxs '5000) ‘10
Surpdures oygen auQ e 2 Sue
‘Kep/sajoned
0007~ [Ppm enoads
oFeI1oAe Iy-0M)
ureqo 031 ¢00c/s
01200¢/y Wwoxy
Surpdures snonuruo)) e
‘werdoid aysiodng
Vdd 'S0 oy jo 1red (Qr002)
Se ‘(I “dJownjeq ‘I
1SBOYINOS 1R S SUQ ® 72 BHOO[O],
sordweg
Apmg

‘uoneoo] Surdweg

"panunuo) ‘g AqeL

147



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

w8 1070 10 1°0

> K|1eo1d4y ‘mog a1om (103113/3u)
SUOTIEIUIIUOD [BJUSWIA J[) @

"apoul Uolje[nuINooe

oy} UI WAy} SOXIW Uolje[neod

[mun A (S ay3 ur Aoye1edas 1s1xo
soonaed o1dodsoI3AY pue uoqre)) e

“ploy L Aq paseaiout SN y3noys (dn
J10J WSIUBYOIW [BAOWAI JUBUIWIOP B SE UOT)B[NFL0d

)M JUIISISUOD) A [S Y} Ul UOHBUTE)S Joom-1yjntul
SuLINp 9seAIOUI JOU PIP SUOHBIIUIIUOD J[] @
*SUONEIUIIU0D dWINYSIU
UBY) JOMO] 9%,()G~ dIOM SUOTIBIIUIOUOD J() dWNAe(] @

"SIW/dD1 Aq (uz

pue ‘n) IN ‘€D ‘S 1S)
mEoEBo ﬁﬁm “mm,x
£q (9D pue I ‘1g

8§ ‘@D 98 ‘8D A 1D
‘S ‘d IS V) S)uowd[o
‘(ros pue ‘ _*Od

"paainboe

1M SQNH pue ‘HN

snoase3 pue 8 T\ J
pue SYNd VN

100T/L¥/1

Surmp 0)sopoA 1€

1007/€/¢-100T/1¢€/1
$dOI -
100T/L-¥/1 -€dOI —
0002/8¢-9¢/C1
‘7dOol -
0002/81-S1/C1
‘1dOI -
{(sdon
sporad Sunesado
QAISU)UI SUIMO[OF
943 10§ T00T/¢/C
01.000¢/91/C1 WO e
“SureunoOw
BPBAON BLIOIS AU
Jo adois uroIsop —
(punoigyoeq
[euoI3aI) yIed
[euoneN elonbag —
(ueqn) poysIoYeq —
(ueqan) 0ISAPOIN —
(ueqn) ojudweIdeS —
(uequn) siaeq —

"0 dwos pue D) d1doosorZAy ‘PIoYsIaNeq pue ojuswWeIdeS ‘FONHN L BD Y SiudwRImsedw SJAS o (1e15200) (99002

$S9] pUe * PHN pue ‘ 0N Je punog sem /3l 4z~ JO J[) WNUIXE ‘ ®N) suot ‘0L £q “o)1s yoea 1e (0] | Keg e3apog — 900z

0§ 01doaso134Y :payuap! 'dN 1) %86~ (O Pue DO) U0qIed 19POIN) IANOW RILIONED 1600T) 7P

arom soponaed jo sadKy omp e pue wrl g1°0 > Yp 10J 9406 PAIMISUOD ) PUE D) * ‘ssew painboy e PaIROO[[0D OM] @  WIOYMON Ul SIS XIS e 72 IOUWIY
sojdweg

SIUSUITIO))

SQOUBPUNQY (] SALE[Y

POYIOIAl UOIBIULSAI]
eje(J PUE SA[qeAISSqQ

SPOYIQJA] JUSWSINSEIJA

JO J_quINN pue ‘pord Apmig
‘uoneoo] Surdures

"panunuo) *7 Aqe ],

148



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

"ISNRYXd
Jurjoses M uI juepunge aJe IS pPue ‘N ‘U d[Iym
SneYXd [3SAIP J() Ul JuBpUNgeR dIe qJ pue ‘g
‘qS ‘PD TV ‘UZ ‘A "OpOW UOHBSUIPUOI,/UOTIBI[ONU
ul juepunqe 2Jow aIe qS ‘p) Iy e

%¥C ad
%¥9 as
%08 PO
%LE 3v
%CC uz
%0¢€ IN (Ad
%8¢ D 000 eundo sowg
%08¢ A sunpIad) SAV/dOI Y00T/y
sojontedoueu £q 1S pue (saLes ()0GL 0} +00¢/C Wwoky
ur ssewt 4 Jo % juewRrg 1U9[13Y) SIN/JDI sporiad Surjduwres
£q (94 pue ‘eg ‘qS -parjdde aseai3 udAdS Jurmp
“AlPanoadsar M ssew &g dne PO BY IS UZ MY ISUIM (ST [PPON)  PI9[0d sojdues €]
wyS 61 F 1€ pue [ ] F €7 JO "(IN pue ‘e ‘uz ‘IN o ‘U 1D ‘A IANON-oued ‘uemre], UWIOYINOS
SIUSWIAINSBAW () Pue (WU 9S-( | ‘0D ‘pD ‘qd) S| paje[aI-ongesy  Jo sannuenb 8D IS IV ‘SN ‘eN) pue (011 ur K310 paygroadsun (S002)
> 9p) sopontedoueu pajioday e 1018213 ureyuod (wu 9¢ > p > 1) soponiedoueN o SIUOWID[Q PUE SSBIA] @ [9POIN) IANOWN Ue UL OPISPROY @ v jo U]
POYISIA UONBIUASI] moEEmm“
SIUQUIO)) SeOUBPUNQY J[) PANR[YY SPOUIRIA JUSWIDINSEBIJ  JO JOqUINN Pue ‘poLIdd Apmig

©Je( PUE SA[QBAIISqO

‘uonyeoo] Surdweg

‘panuLu0) *Z IqEL

149



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

60T €0¢ 9s1 994 (O
79 S1> 0r> ¢1> fON
*SUOIIBULIOJ vel 99 Sl 8¢ oL
VOS [edrwaypojoyd 805 9Ly 8LE 859 00
Sunsad3ns ‘rowuns Junmp 0€ST 0Trl 098  0S0T SSBIN
W 9e-8[ 18 9potWl HO puno e Sy n g1 DOSN  $3[qeAlssqO “(suoseas
.\vom akvw pue n.moz akL “Um Jowung €X w@ﬂw 7 X Oﬁggwm
%01 D0 %TS d1oM SUOSLIS 70 pue 0)TON pajeaSojur Kep-41
pUe $9)IS SSOIOE ) 9SeIoAy o (T > 97> 0T 87> 0S ‘ON $95%5 A[INOF] o 2uo) sa[dwes 7|~ e
"_"OS 10J %¥Z-0 Pue “FON 0C> 9CT> 0e> 8T> fON OPISIOATY (€002/8
10J %%-0 ‘OH 10J %be-1 8¢ 1T v01 8LC od 1 c00z owums O €00/ 9) wumng —
‘90 10} %69-7¢€ Jo 93uer 88¢ 0501 [1L 06 D0 Suump pue )0 (€00z/€
ot ur potrea uonisodwioo gne  0I€1 0SH1 0vel 0671 SSEN 10 2007 1w Surmp O T00T/TL) T —
"SUOISSTW S[OITOA Sy 1n d1 DSN  S9|qeAldsqO “qorag Su0 pur (200Z/11
[9SAIp YA OLjer) Kemadly IOJUI M SPISIBATY 18 Z00T 1% 01.2007/6) 1ed -
Aqreau jo yoeduir oy} 0 ‘sjod sotres  Sunmp wiu gy > P > :SUOSe3s
anp K1qeqoad ‘g e punoy 19 Ly ¥S1 0T _"OS Jwy pue ‘werdoisiy 7T 10J SUBDS UIW G| 9314} I9AO IS (o8I
SSew D pue J() 1SYSIH e 0L LT 93 0 fON ‘[£101 01 UONNQLIIUOD K109 (VTT0€/996€ 1e skep ] pojdweg
" wo/3 vOL €51 181 0611 od 1u0010d “so[qe) S[OPOJAT) WRISAS “(ous 103deoor)
9°1 Jo Ayisuop Jurumsse 0SHT 0881 0STT 0861 20 u pajussaid ejeq e DdD/SAINS UV o (SY) aps1oARy —
£q SUONENUIIU0D SSEU 068¢ 0.8 001 06bE SSEN Ol (10S€6€ (ons Joydooar)
0} 13quINU SJINS PIHOAUO)) @ S 1n g1 OSN  S9[qeAldsqQ £q (_*OS pue £ON) PPOIN) 14T Ue (1n) puerdn —
WU QE] St Iajowelp 1red suol pue ‘101 Aq pue ‘(1-G11 [9POIN) (o118 901n03)
Anpiqouw jusfeamba ‘ wo/3 (D4 pue D) uoqIed IANON-OueN (a7) yoeeg uo —
9'1 Ky1sudp 9ponred Jurwnsse (u/3u) vontsodwod dn) e ‘ssewr pajeIsojur ‘(01T 1°PON) (ams 20mog) DSN —  (5p07) P
‘wu 081 > p sepougep gqn e  [rey Surmp Sunyead ¢ Ju/31l g'¢ 03 870 paduer ssewr dp) e Kep-¢1 panmboy ¢ [QNON POYIPOW e YD UL SIS MOJ e jo IppIeg
sajdwreg

Sju_dWwo))

SOOUBPUNQY () QALR[Y

©Je(] PUE S9[qBAIOSAO

POWRIN UOLEILS31d SPOUIQJAl JUSWIDINSEIJN  JO JOqUINN] PUB ‘porIdg Apmg

‘uonyeoo Jurjdueg

‘panunuo) 'z AqeL

150



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

‘uonisodop jom £q

[eaowa1 dLRYdsoune 19)skf 03 PI]

_'OS i OF Jo Suixiul [eurouy

"0INSBAW 0) JNOLJIP dIoM

'ury) ynos ur Dy Jo sensodoid
Teondo pue ouIl} 9UAPISNY e

"KouslIonjjo uonsnquIod

0] pue speoj durdud Y3y
PaOpNOUI ISNBYXD S[OIYQA [3591(] @
"PINSBIUL SEM SSEW ON ®

D149 (("HN
++mU ,++w2 WM n+‘mz

3

"SO[0A910J0W 9, GT —
Anp 31| %LS -
Kynp Aneay o8] —
:sporrad Surjduwes
XIS I0AO payoe)
SOPOIYIA CLT'16 ®
I/ 0G-G 1 :paeds
A[OIYOA TBIOAY o
"UOT}ORIIP OLFEI} SUO
UI SQUEJ 991} M
‘oM ], :sajog [ouung e
‘(J9remaiopun
w gL) w
8€C‘T Sud] jouung, e
‘¥0/02/8 01
#0/0¢/L woxy spotiod
Sulupue ¢0/07/1

01 %0/0¢/C1 woy
spouod Surjdwes 7| e

"9IN1BIN] A} ‘YOS “fON ‘1D) SUuoJ o *(eury) wIOYINOY
ur wn () 03 paredwos se jouuny ‘suor 10§ o3ejuaorad Moy yum g ur DF poyow HSOIN 49 ‘noyz3uens) Jeau) (9007) ‘v
oy umd g0 DT IO QNN @ PUe DO JO 90UBPUNQE POMOYS SSBW Pajonnsuoddyg e (D pue DO) uoqie) e (sdage1s 01) [ANOIN @ jouung Sueryz e o Sueny
SIUOUITIO seoUEpUN AN POUIRIN UONBIIISAI 1y g ustomses 0 12 zwm EEMM ‘poLio Apn
1 D PUNQY d() 2ANE[Y e1R(] PUE SA[qPAIISA0) POUIRIN 3 N JO JequinN pue ‘poLiad ps

‘uoryeoo] Surdureg

panuu0) *7 AqEL,

151



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

“(AjoAnoadsal ‘o676 pue
0°9) ousal] 1e uey) (K[oAn0adsal
‘%€ PUe 77) e[oISuy Je 12ySiy
a1am DT pue DO JO SuoIoRy JM) e
"0USAL] pue e[oI3uY 18 D
pue DO sem Jdn oyj Jo [[e A[TBoN e

LIF I 9TF LI o
aN aN _—0S
600 F+€0 aN fON
9V FS0I 6F €T od
9'¢CF99 91 FCC 20
I'TF0¢ EOFV6 SSE]N
ousaI] B[oI3uy
(Je10 Jo %dn)
uoneIAd( PIEPUB)S F ITRIOAY SO[QBAIDSqO
€60°0F 9800  #S0°0F 800 o
aN anN 0SS
LOOFITO0 aN FON
0€0FLYO 9T’ 0FSS0 od
CIFTT €EF6C 20
CTFVT SEFVY SSE]N
ousal] ejo1suy
((w/3)
UOLJEIAS(] PIEPUE)S F 052IoAY S9[qeAISqQ

wu 0] > p > wWu 96 :dn

TIX
£q (N-BN) SIuowopd
pue ("HN ) ‘.eN

‘*0S “fON ‘1) suor
‘poygewr 101/ JOL

JAOYdINI A9
(Od pue DQ) uoqied

‘ssewl paIinboy e

‘paxmboe

a1om sojdues 1031}
P318I0[[00 ST ©

"031S [oBa Je (s93e)s §

‘011 [9PO) IANON
P2)BOO[[09 921Y ], @

'(8) 002-0091 —
(01) 0091-000T —
(01) 0001-0050 —

(9) 0050-0000 —
:Surnp

Pa109]]09 sajdwes ¢ e

1002/€/2-100T/1¢/1

‘+dOI —
100T/L-¥/1 :€dOI —
000¢/82-97/C1

‘¢dol -
{(sdoD)
sporrad Surjerado
QATSUIUT SUIMO[[O]
o 10} 100T/€/T
031000C/9T/C1 WOl e
([eana) ejorsuy —
(uequn) ousor —
A3][e A urnbeor
ues s, BIUIoJI[e)
Ul SOJIS OM], @

(L002) 1»
Jo UosIe M\

SJUSUIO))

SOOUEPUNQY () SAE[OY

POUIRIA UONBIUSAI]

BJe(] PUB SI[qQBAISqQ

SPOUIOJAl JUQWIAINSEA]

sojdwres

Jo IoquinN pue ‘pordg Apmig

‘uonjeoo] urjdures

"panunuo) 7 AqEL

152



(AN ‘Aueqpy “ouf “0) yoruysejed 29 yo21ddny A[I0wIo] ONuUIdS JOYSI] OWLRY ], ‘@00 | SOLIOS) d0ue[eqoIoIu SUIje[[19S0 Juswold pasede],

(NIAL “ma1aa104S “du] ‘[ST ‘9€6€ [PPOIA) 1OZIS d[onIed ANIGO Suruueog
(9661 v 12 eyuaey) uryT 11 e pajerado ‘seate jisodop ¢ “IoIOWEIP UL W § > BAIE 11S0dap € Yim Jojoeduul [1)Ioul 9[ZZOU-1 Nt

‘omssa1d-mof ‘[wm ¢'g pue L0y ‘09T ‘19T 90°T “008°0 ‘08S°0 ‘08€°0 ‘SET'0 “0S1°0 “060°0 ‘S+0°0] 25e1s-7[ ©) Iojoedunr eare Jsodop [reug e 1as
(900T *$00T 70 12 BYOO[O, “#00T “€00T *7» 42 9ET) SUOI dANESdU

pue 2AnIsod s10010p A[snodue)nuuis jey) I9jowo130ads ssew 1y31J-Jo-ow) UolB[qe OS] ¢ UOISIOA ‘I930wonodds ssewr ojonted-ojguls prdey = 111 SINSY

(200T <1007 v 12 saxeyd 000¢ v 12 BUI[[B]A) "T UOISIO A ‘I0jowoqidads ssewr ojonaed-o[3urg prdey « II SNSY

(AN ‘Aueqy ‘oD yoruyseied pue 1yoxddmy) DF pue DO JI0J J9ZATeue U0qIed SNONUIUOD) ~** """ 00%S d2Y

(ueder ‘0A3OL ‘NOIM ‘1AT0-D3 [9POIN) NOTY (q pue 09s oAl A10ad wirl 9'z > dp 6070 o5uer ozis
o) 10J S[PUUETP [¢ UI (O ‘IOp[nog ‘SwoISAS SUrmseoq 9[onIed “X-dSVSV [OPOIN) SwolsAg Surmses]y o[onied (e :10juno)) spnied reondo 2dO
WU 9¢ pue ¢ ‘g1 ‘0T & sa3ess  pim ‘urwy/ T o[ 18 paresado (NJA ‘stjodeauury ‘uoneiodio) JSW) 1-S1T [PPON ™ IdNON-oueN
utw,/ 1 0] e parerado ‘payjsew soje[d 9[zzou uorRISAI®. JO ¢/7 Yim (NIA ‘stjodeauury ‘uonerodio) dSIA) 011 [PPOIN * IANOIN PRYIPOIAN

urw,/ g 3e rerodo sjopow yrog sagels

00T ToPOIN 2y 03 w17 pue 950°( SPPE Yorym Jojoedur o3eis-o1 e st (NI ‘stjodesuurjy ‘vonerodio) dSIA) 01T [PPOIN (NI ‘stjodeduurjy

‘uonerodio) dSIA ‘001 [PPOIA) wirt 8T PUe ‘9°¢ “Z°¢€ R°T “0°'T ‘950 ‘TE0 ‘Y1°0 Y& saTess JS1o Yum “1ojoedur 150ddp WLIOJIUN OGLIO-OIOTJ "+ "+ IdNON
(NN ‘stjodeauury ‘uoneiodio)) JSIA) 1030edT QOIJLI0-0IOTPA ~*"* = IO\
(JAN “onbionbnqry ‘syonpoid xoJ-uy) (WU Z€ 9 PUB 97°¢ ‘R9°] ‘88°0 ‘9f"0) SoFels uonoedul AL ‘SIOJOBAWIT JOOIIPAL === == N

(£00T “LBYIYPY pue eXezIYS] ‘[N “IOA0PUY XBWOUBY ‘00S-d.L [2POIA) 1o1uno)

oponred Jose ]  DJT (00T 7P 12 BISTA) utwy/ T 00S JO 1el mopj e wr g1°0 e jurod o pue Jojoeduw Jofs ym wisAs Jurpdwes swnjoa YSiH
uray/ (¢ 10 0] JO 93eI MO[j & je pajerado ‘(pueur] ‘ISI €T mMeNUA[AwsnnsQ "piT e ‘T0SE6€ [OPOIN) Jojoedur a1nssord-mof 8109
(NN ‘ma1a2104S “ou] ‘IS.L ‘001€ [9POIN ‘SVH) ‘uonen[ead 91doosoIdru pue SISA[eue [ESIWAYD JOJ 90BLINS UOIIOI[[0D

Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

ojuo soponted syisodop jeys Jojendroard oneisonose (9ers Junoo[[oo duo pue Jurreys ouo) oFe)s-om) Y IO[dWES [0SOIOB O1JBISOIOQYY ~wrr i Svd
wi 0570

> dp > £10°0 Jo oSue1 oy} Ul SUOIILNUSIUOD Joquunu d[onied saimsedwr ‘(NJA ‘M914010US “ou] ‘IS ‘0E0E [OPOIN) JOZA[EUY [0SOIdY [BOLIJOQ[H " === vvd
wu ()G > saponded s310979s ‘(NJA ‘M1A910YS “ouf

‘ISL “S80€ I9POIAD IS.L VIN OUEN (8661 /7 12 3INqUAZIOIS VD) ‘Ao[ox1dg “ou] ‘SOl (] [0S010V) 10ZATeue A)[IQOU [ENUSIRJJIP MOY-YSIH " VINA-AH
(Kueuren ‘Furury ‘O "0 2 HJWD NIUyoo |,

[0S01RY WD) ‘006-$'S [OPOIA) WD) (q pue (NJA ‘MI1AdI0YS “ouf ‘[SL ‘1L0E [PPOIA) ISL (B :Surpnjout 10zATeuy AN[IQOJA [BIUSIFI VINd
(Auewion FuLUNY ‘D3I ‘0D 2% HWD NIUYOS [, [0S0Y WWLD ‘€0F'S [PPOIN) WLID (q Pue ‘(NN “MaIAdI0YS

“oul ‘ISL ‘09LE PUe VZZOE SIPPON) ISL (e :Surpnpur (QND) I01uno)) 9[ONN UOTJESUIPUO)) POULID} OS[B ‘ISIUNO)) O[ONIBJ UONESUOPUO)) “*' oot 2dD

(VD “e1A0IUOIA ‘sornsnpu] 99N ‘€T [OPOIA) I9IUN0)) 19[oNN UOTIBSUIPUO)) PNo[) """ I01uno) NDD

(0861 “10zanT pue oUIRg) sa3eI1s Y31 Jo syurod o [BUIHON] “UIW/ T (€ JO 9.1 mo[J Surjdwes ypmm J103oedwir 21nssaId Moy Jourag ~«+ = 1419
win ¢ > dp > 7' Jo a8ue1 oz1s oy} ur uonisodwod [edrudyo J[onaed 9[3urs pue suonnqLYSIp

Toqumu oponed snonunuoo ureqo 01 (NI ‘Med 1S “oul ‘ISL ‘001-008€/0£0-008€ [PPOIA) S1010W0N02dS SSBIA JYSIJ-JO-OUI} [0SOIY ANOLV
Id'TV JO SUOTELIEA JUSIQIIP 10 T A]qe], 23S (100T “7P 12 BIN 9661 “[v 2 eleyesey]) ‘Uedef ‘0AN0, ©09[AQ 0ANOL ‘0T-d'T [PPOIA)

wrl ] pue ‘9L ‘I'S ‘S’ “I°T ‘T '89°0 “8%°0 62°0 ‘TI'0 ‘900 > & saess g[ yim ‘urwy/J oz 1e pajerado ‘1opoedur amssard MO uaSIOPUY e IdTV

(vD ‘Byuepy
‘[-ou] ‘UomOSIq OWLIRYL] "OU] ‘SIUSWINISU] USIOPUY ‘006-VV.ILY [PPON) (OF) uoqie) yoe[g jo judwamnsedw uondiosqe-)ysi ade) soded y I9)PWO[RYIOY
*SPOYIdIAl SuLIOJIUOIA pue Surdureg,

153



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

QUOUIUBION[JOIIU-Z "
U0qIed0IPAY d1jeWOIR OI[0K0A[0d
JrerexQ

9JRUOJNS SUBYIIN

JOJoWIRIP WNIPAW SSBIA
U0qQIBI0IPAH *

IojowWeIp OIUBUAPOIE o1
Io[oNU UOT}ESUIPUO))

19]oNU UOHESUIPUOD PNo[D

SJUSWS[Q JOJ SISA[eUR 20U0SAION[J ABI-X

(9661 ‘A1) pue youg) DF pue DO 10} poyrew uolssiusuen [eondo/feunray ],

(LO0T “9500T *#00T “T00T ‘€661 1P 72 MOYD) DF Pue DO 10J POYIdUW 20ULIII[JAI [eondo/[ewIay ], -
(0661 ‘Sunyg) D pue DO 10} PoylowW SISA[BULR UOQILD OPIXOIP WNISIUTLW [RULIDY ],

A3ojoydiow oponted 10§ AdoosoIoTw UOIO[O UOISSTWSURL],

UOI309)9P UOIJOJ[ BIITR PIII[OS

poyiow drgawLiofod joudydopur £q sisAfeue PN 10§ (00¢-VAY [PPOIN) 10zA[eue mo[y pider waydy
SJUQWIDLQ 0] SISA[eue ANowooads SUOISSIWD ABI-X PIoNpul-uojold

Kdoosoxyoads ssew/uoneziuot uondiosap 19se]

SJUOWIS[Q JOJ SISA[RUR UONBAIIOR UOJINAU [BIUSWUNLSU]

sjuowd[d 10} Adoosonodads sseuwrewse[d pajdnos Ajpanonpuy

sisA[eue | YHN 10§ POYIROW dLBdWLIO[0d [ousydopuy

(L"HN 3 ,eND suones pue (_"OS ‘. "Od ‘ *ON ‘D) suotue 10j Aydersojewonyo uoy

sproe oruedio pue spunodwoos oruegio 10y Aydeidojeworyo prnbiy souewioytod yIryg v JT1dH

spunodwiod d1uegIo 10§ 1930W0no3ds SSewl SUOIBZIUOL [BIIAYD UOL dAneIau Yim ydeiSojewoyd sen
spunodwos o1uedio 1oy Anowonoads ssew/ydeiojewionyo sen

spunodwos oruesio JIoj 1930wonoads ssew-uoneziuol joedurr uonoss,ydeisojeworyo ser) -

\AbDEObOQQm EO_HQ.HOmO—< DTWOYY *wwrrerrereer e SVV
SPOYIdIAI m_?m_w=<p
(8861 10D pue 007) A[oAndadsax gurod 1o wrl G| pue ¢z J0J urwy/J £ ] Pue /9] Je pajerodo ‘Jojoeduur [enyarp ~oorerreeeeeeeee IA

(e000T ¢7v 12 WITY]) 9ZIS [RUISTIO O} POUINIAI USY)
pue ‘10A1p uoisnygrp y3noy) possed ‘siojoedur jenjaia Aq pajeredas ‘syopdorp winl ¢-g 03 soponied smoi3 jey) WISAS UONBSUIPUOD-UOIIBINIES
e ySnoxyy urwy T [0Z‘C JO MO[J ® je UMEIP JISIJ SI I ‘Op JO I0)oe] ' Aq suonenuoouod oponied SoUoLIUo jey) JOJeHUIdUO)) Jn) " 0dn OsSN

(NAV) Adoosoorn 90105 o1wioje Aq saonaed oproe pue (8101 yjoq Ajnuenb o3 (Surjdwes 1oye
uoSonIu Jopun PaIols 918 SI0J09)AP) 10300)3p (UWOOI[IS) SATIOBII-UOU JUO PUE $I0J09}OP WFOURU 0M]) 0JUO PAo[[od dIe J (000Z “’v 12 uayo)))
[PUUEBYD dY} JO S[[EM dY} 0Juo uoISnyJIp £q sajonted sysodop jey J0jruow UOISIYFIP (UIL/ Wd (07) el MOJJ-MO[ B “IOJUOW UOISTYJIP duyes|)

(NN ‘Ined 1S “ou] “ISL “VSTOE [9POIA) 10IUN0)) 9[d1LIed UONEBSUSPUO)) duljen|n
(9861 ‘ALINJADIA puE Jopey) SOLIdS Ul SN om) Sunjerado “1ozATeue A11[IqOowW [BNUSISLIP WIOPUR ],

154



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

O@_HOMSU EﬁwUOm ...........
9jeUuO0qIRd WN[R)
U~Q< O—H&——Hm .........
gmoﬁﬁo ®~Q5_Omlhoﬁwg ............
9Jej[nsiq wniuowuy ** _
DU_HO—QO ESMSOEE/& ......... ﬁmvﬁz
Duﬁbmﬁ Q.SﬁhOEE{ ...... mOvaz
dreyns wnruowwy - YOSUYHN)
m—wESOQEOU Uﬁﬁmwho SIIBIOA
Eﬁi‘—uOm BDS_Ow-HB&\K/ .............
WOy
oeyng
QJRIIN T
OU«NO%U QOwObe .............
Oﬁ«KO QDMO.H-_Z ..............
OPLIOTY) e
HHOQ.H“U ﬁNH—OL—L ..............
(#'1 X DO =) SseN d1uediQ -
uoq.re)) o1uedIQ
uoqJle) [erueuweIg
uoqre)) yoeq

[0S010Y d1UR3I() AIBPUOIAS
Jojewr dje[nored
QUIAd e
QCOHSHQNCDSQ ............
ouopkrad e
ouaIkd[po-¢ ‘7 Jouapuy e
QuoYuBION]y
oﬁoomhﬁﬁmg .3 ZuaqIp
QUASAIYD e
OUSTOIOD
AU S‘ﬁNHOSE _W\H_ONQQD .............
susjArad(1yS]ozuaq * Jrys3g,/d39g
UGOH%QﬁNHONQDG— .............
OQQQHENHOSE _”QH_ONEOQ .............
oudIAd[p]ozuaq *
QuadeIyIUR T& ozuag v
QuLOBIUE

155



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

BIUIOJI[ED) UIOYINOS JO AJISIOAIUN

ow) plepuels o190 d

owm Jy31jAep oyIoed

dIqe[reAe JON

91qe19939p 10N

own pIepue)s [800]

own Jy31Aep 800

so[eSuy S0

(YDTHD) sueyloWOIOTYI(]

(0861 ‘TyosIoy pue uyor) urwy (o€ 38 wt '] uey 10)eaI3 so[onted SOAOWAI ‘QUO[IAD K10)eI0qRT QUSISAH [eLusSnpu] Iy

soronted suryenn

(ueder

Ul Pasn wid) ‘AOULIONJO UOII[[0d 9,06 Aq wm /~) wm ([~ JO AJUSIOJD UONI[[0D %00 It Jutod no & YPm 1o)3ew djenonted papuadsng «wwweeeereerees INdS
T RS

wnueyjueT

wnueg

H®>—~m ...............
WNUOPQATOJA "
ESEH—O .H-m ................

JOYOIN e I
ROy e
uoiy - -
asoueIuBIAl
wnpoIy ) e
QULIO[Y Y *+++++++eeee+
WRIPBUB A e
wnpueLp I
WINISSEIO e
UOOI[IG e I
E—\.—ﬁmo&.ﬁz ..............
Wy e

:SJUSWA

156



Chow and Watson, Aerosol and Air Quality Research, Vol. 7, No. 2, pp. 121-173, 2007

Data reporting
Inconsistent definitions are used for the terms “ultrafine particle” and “nanoparticle.” Many of

these definitions are operational, depending on the measurement method. In Table 2, Kawanaka
et al. (2004) define UP as particles < 110 nm, while Geller et al. (2002), Fine et al. (2002),
Miguel et al. (2004) and Sardar ef al. (2005) define UP as < 180 nm. Chow et al. (2005c¢)
recommended the use of < 10 nm for nanoparticles and < 100 nm for UP in the physical sciences.

Many of the references report their results graphically rather than in tables, thereby making it
difficult to obtain quantitative concentrations for the different chemical species. Several reporting
methods include stacked bar charts of the composition for the different size fractions in which
only the major components could be identified. Some references report pie charts with percentage
contributions of each chemical component. These had to be deconvoluted to obtain the absolute
concentrations reported in Table 2, and this was only possible when the UP mass was reported
with the pie chart. Several of the studies report only a few of the UP size fractions rather than the
total for all particles less than 100 nm. The most straightforward references were those that
reported the results in a table for each of the species measured and each stage of size-segregation,
such as that of Pakkanen ez al. (2001b).

Data are qualitative or semi-quantitative for the aerosol mass spectrometer studies (Phares et
al., 2003; Rhoads et al., 2003; Tolocka ef al., 2004a; 2004b). Zhang et al. (2004) show that OC is
a major component of small particles, demonstrated by the percentage of nucleation events.
Erdmann et al. (2005) classify single particle spectra, but this is often subjective and it is not
possible to compare the results among different investigators, even when they are using the same
instrument. Tolocka et al. (2004a) shows a clear directionality of UP metals using the short-time
resolution available from the single particle mass spectrometer, in which most of the UP Fe is
coming from a source to the northeast, whereas most of the UP arsenic (As) derives from sources
to the southeast. This type of data can be correlated with source locations to better identify and

quantify contributors to excessive concentrations.

Monitoring locations

Of the 25 studies summarized in Table 2, eight (Hughes et al., 1998; 1999; Cass et al., 2000;
Geller et al., 2002; Kim et al., 2002; Fine et al., 2004; Miguel et al., 2004; Sardar et al., 2005) are
from different locations within the Los Angeles metropolitan area. In central California, Chung et
al. (2001) sampled at urban Bakersfield and Watson et al. (2007) sampled at the urban Fresno
and non-urban Angiola sites. Herner er al. (2005; 2006a; 2006b) characterized UP at six
California locations including the cities of Modesto and Sacramento, a coastal site (Bodega Bay),
Sequoia National Park, and the western slope of the Sierra Nevada. All of these used MOUDI
impactors for sampling with a combination of XRF, PIXE, or INAA for elements, IC or AC for
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water soluble ions, and thermal/optical reflectance (TOR) or transmission (TOT) for OC and EC
measurements (Watson et al., 2005). Fine et al. (2004) and Miguel et al. (2004) quantified PAHs.

Other U.S. cities include Houston, TX (Phares et al., 2003), Atlanta, GA (Rhoads ef al., 2003),
and Baltimore, MD (Tolocka et al., 2004a; 2004b), where single particle spectrometers were
applied. Gasparini et al. (2004) reported TDMA measurements from Houston to evaluate
hygroscopic properties. MOUDI measurements were also taken by Cohen ef al. (2004) in New
York near the World Trade Center after 9/11/2001 and results are influenced by that event.

In Europe, Pakkanen et al. (2001a) measured UP with a BLPI at urban Helsinki and rural
Luukii, Espoo sites in Finland. Viidanoja ef al. (2002a) used SDIs in Helsinki. Four studies on
UP were reported in Japan using ALPI with the cut points shown in Table 1. Kawanaka et al.
(2004) and Ma et al. (2004) sampled at Saitama University and in a Kansai industrial area,
respectively. Hasegawa et al. (2004) coupled ALPI with a thermal denuder near roadways in
Kawasaki. Ishizaka and Adhikari (2003) also applied the thermal denuder method in the
industrial area of Nagoya and along the Japanese coast at Mikuni to infer cloud condensation
nuclei (CCN) composition. In Asia, Lin ef al. (2005) conducted a roadside study in southern
Taiwan using the MOUDI and Nano-MOUDI, while Huang et al. (2006) reported on a tunnel
experiment in southern China using a MOUDI.

Most of the studies were performed during the late 1990s and early 2000s. The number of
samples taken ranges from two to ~50, which is a small data set from which to draw general
conclusions. Sampling locations were largely within highly populated urban centers, with a few
in non-urban areas for contrast. Sometimes example results from a few interesting samples were

reported, while at other times only the all-sample averages were reported.

UP composition

Organic material (OM = OCx1.4 to account for the unmeasured hydrogen, oxygen, nitrogen,
and other material that is associated with organic molecules) was the major component of the UP
fraction. Hughes et al. (1998) found that OM accounted for 40% to 53% of the UP in Los
Angeles during 1996. This was consistent with the results of Cass et al. (2000), Geller et al.
(2002), Kim et al. (2002), and Sardar et al. (2005) for southern California samples. However,
Miguel et al. (2004) found that 43% of UP was composed of EC while only 24% came from OC.
For northern California, Herner et al. (2005; 2006a; 2006b) found that OC and EC constitute
~98% of UP mass. OC and EC in UP were also reported by Huang et al. (2006) for a southern
China tunnel. Different OC and EC levels could be due to the different sampling sites, sampling
times, UP cut points, and measurement methods. In any case, OC and EC were major portions of
UP in nearly all of the summarized studies.

When the OC fraction was examined for more specific organic compounds, Miguel et al.

(2004) found that phenanthrene/fluoranthene and benzo[a]anthracene/indeno[1,2,3-cd]pyrene in
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UP mode accounted for large fractions of PAH mass in Southern California. These compounds
indicate contributions from fossil fuel combustion sources, especially gasoline- and diesel-
powered vehicle exhaust. In Saitama, Japan, Kawanaka et al. (2004) found PAH in the range of
3-30 ng/g PM and 3-6% of PAH were found in UP. They also found that these samples were
highly mutagenic. Mutagenicity was not observed at urban and suburban locations in Guangzhou,
South China, especially for heavy PAHs (> 5 rings; Duan et al., 2005). PAH are semi-volatile in
nature and can easily condense on other particles. The larger surface-to-volume ratios in the UP
fraction probably encourage this condensation. Cohen et al. (2004) measured PM, s PAH as high
as 1,500 ng/m’, reflecting the intensity of emissions from fires soon after the 9/11/2001 World
Trade Center attack.

Fine et al. (2004) sought contributions from cooking and wood burning by using levoglucosan
and cholesterol as organic markers for these sources. Their concentrations were low, with
levoglucosan undetected in many samples, although it did achieve a value as high as 50 ng/m’ in
one UP sample. Cholesterol was also low (< 0.2 ng/m’), which indicated a negligible contribution
from meat cooking to UP in Southern California during the study period.

Mass, elements, and ion concentrations were reported by Pakkanen et al. (2001a), while only
carbon was reported by Viidanoja et al. (2002b). Therefore, mass closure was not achieved,
although Pakkanen et al. (2001a) found organic acids that could indicate biogenic origins. Phares
et al. (2003) found that amines constituted 2.4% of the UP mass in Houston, TX. Hasegawa et al.
(2004) found that nearly all of the UP < 30 nm disappeared when heated to 250°C with a thermal
denuder for roadway samples. This is consistent with UP being composed of semi-volatile OM
that can evaporate from small particles and condense on larger ones, thereby enhancing particle
growth (Zhang and Wexler, 2002).

EC was also present in most UP fractions, but not in the lowest size ranges as indicated by the
thermal denuder results of Hasegawa et al. (2004) and Ishizaka and Adhikari (2003). This is
consistent with the laboratory tests reported by Kittelson (1998) that showed most of the UP < 50
nm fraction evaporating after thermal denuding. This might happen with low-sulfur diesel fuels
and after-engine soot removal owing to evaporated lubrication oil that condenses after emission
and cooling to ambient temperatures (Zielinska et al., 2004; Vaaraslahti et al., 2005). This
hypothesis is somewhat supported by the hopane measurements of Fine et al. (2004), as hopanes
are believed to originate in engine oils.

Non-carbonaceous substances were found to dominate some of the samples, but this may
depend on the measurement method. Single particle spectrometers, for example, draw materials
into a vacuum, and some of the semi-volatile organic compounds may evaporate prior to
detection. These spectrometers collect UP < 50 nm with < 100% efficiency, even with
aerodynamic lens inlets, and it appears that much of the OC resides in this fraction. Phares ef al.
(2003) found that silicon oxides constitute 30% of UP, with potassium (K) constituting another
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31% of UP. Carbon was only 16% of the UP in Houston, TX. This may be an artifact of the
particle spectrometer measurement system, but it might also indicate that some very fine
geological material penetrates to the UP fraction. Using an impactor, Chung et al. (2001) found
large quantities of calcium (Ca) in the UP fraction at Bakersfield, CA. Ca is also an engine oil
additive, and this may be the source. Kim et al. (2002) found that Fe was the largest metal
component in Los Angeles, ranging from 10 to 130 ng/m’. This may be evidence of particle re-
entrainment from previous impactor stages, as mentioned above. Ma et al. (2004) found K and
traces of manganese (Mn) and chromium (Cr) near Japanese industrial sources. At roadside, Lin
et al. (2005) found vanadium (V), zinc (Zn), silver (Ag), cadmium (Cd), antimony (Sb), barium
(Ba), and lead (Pb) are abundant in UP diesel exhaust, while Mn, cerium (Ce), and strontium (Sr)
are abundant in UP gasoline exhaust.

Sulfur (S) was an important, but minor, UP component in most of the studies. This is
surprising, since sulfuric acid (H,SO4) nucleation is considered to be a major formation
mechanism of small particles. Once it begins, in fresh combustion exhaust or as the result of
photochemical activity, it appears that organic or metal vapors rapidly condense and constitute

most of the UP mass.

CONCLUSIONS AND KNOWLEDGE GAPS

UP chemical composition measurements are most commonly acquired with laboratory
measurements from the lower stages of cascade impactors. The MOUDI is usually used for these
measurements. XRF, PIXE, and INAA are applied for elements, with thermal/optical methods
used for carbon. Ions are measured by IC, AC, or AAS. Single particle mass spectrometers are
used for semi-quantitative chemical measurements.

Data are reported in different ways by different authors and are not completely comparable
across studies. In the U.S., data have been reported for: the Los Angeles area, central (Fresno,
Bakersfield), and northern California (Sacramento, Modesto); Houston, TX; Atlanta, GA;
Baltimore, MD; and New York, NY. In Finland, data are available from Helsinki and Luukii,
Espoo. In Japan, data are available from Nagoya, Mikuni, Kawasaki, Tsukuba, and Saitama. In
Asia, data are available for Taiwan and Southern China. Most of these are urban areas, with some
results from roadside, industrial, non-urban, coastal, and regional background sites.

Organic material is the most abundant portion of UP in most, but not all samples. Some have
high elemental concentrations, especially from industrial sites. K, Ca, and Fe were found to be
important elements in some samples. K originates from biomass burning, and Ca is used as an oil
additive. Condensed Fe vapors are often found in industrial processes. Much of the UP < 50 nm

appears to be semi-volatile, consistent with it being comprised of organic materials such as
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hopanes from engine oils or condensed secondary organic aerosol such as organic acids. PAH
were abundant in the UP fraction in a few studies.

Sampling inlets and upper and lower size cuts for UP fractions are not consistent or well-
defined. Methods are needed to establish UP fractions, then to translate the results from different
sampling methods into a common particle size range. Differences in the analytical methods
applied for the measurement of OC, EC, and organic compounds need to be better quantified and
standardized. More comparison studies are needed among laboratories for particles specific to the
UP fraction.

Standardized concentration units, reporting methods, and common data bases are needed to
better compare UP composition measurements among sampling sites. These data bases would

allow more efficient and consistent comparisons of results from different studies.
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