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Abstract Quantification of the size distributions of organic
molecular markers can provide information about the origin
of the carbonaceous particulate matter (PM). Organic
molecular marker spatial variability studies provide data that
are vital to an accurate determination of a population's
exposure to PM from various sources. We have investigated
the intra-community spatial variation of size-segregated PM
[0–0.25 μm (ultrafine), 0.25-2.5 μm (accumulation), and
2.5-10 μm (coarse)) ] in a southern California community.
The highest concentrations of individual organic compounds
were found in the ultrafine fraction, followed by the

accumulation and coarse size fractions. Correlations between
the three size fractions were weak between compounds in the
coarse and corresponding ultrafine and accumulation par-
ticles, implying that the coarse PM organic compounds were
emitted by different sources than those that emit ultrafine and
accumulation mode PM. Evidence of the incomplete com-
bustion of gasoline was found in the ultrafine and accumula-
tion size fractions, while possible diesel emissions were traced
to ultrafine particles. Coefficients of divergence and coef-
ficients of variation were investigated to determine the spatial
and temporal variability of individual organic compounds.
Spatial divergence in organic compounds was comparatively
high, but it did not differ appreciably between size fractions or
between compound classes. Elemental carbon and tracer
compounds, which originate from a few sources, showed
higher spatial divergence than organic carbon whose numer-
ous sources can be local and regional. Spatial and temporal
variability were not different from each other for this data set
and, therefore, it is not possible to determine whether
variability in concentrations between sampling sites or the
length of the sampling campaign is more important for health
effects studies.
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Introduction

Exposure to particulate matter (PM) from various sources
and in different size fractions has been associated with
adverse health impacts (Ritz et al. 2002; Lippmann et al.
2003). Particle size may play a key role in the toxicity of
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the ambient PM. For example, recent research has shown
distinct toxic properties associated with the smallest PM
(<0.1 µm) (Li et al. 2003), including exacerbation of
asthma (Delfino et al. 2008; Halonen et al. 2008) and
cardiovascular effects (Elder et al. 2004). Particulate matter
originates directly from multiple primary sources and
indirectly by secondary formation mechanisms. It is well
known that PM from different sources can have varying
degrees of toxicity (Hannigan et al. 2005); therefore,
identifying the sources responsible for observed adverse
human health will not only provide abatement strategies for
the regulation of PM but also insight into the biological
mechanisms causing the observed health effects. Determi-
nation of the PM source can be achieved through organic
speciation analysis, which identifies the chemical compo-
sition of the PM and uses this information to discern source
origin (Schauer et al. 2002; Querol et al. 2004).

Most of the time series epidemiology studies that have
sought to identify relationships between PM levels and human
health effects employ one PM sampler in an urban area; thus, a
major challenge for improving our understanding of PM and
its adverse effects on human health is the necessary
improvement in our understanding of the spatial homogeneity
of the PM levels at urban or even community scale. Beyond
simple PM levels, the spatial distribution of the PM sources
must also be assessed (Sheesley et al. 2005; Molitor et al.
2007), as source types such as vehicular emissions are
expected to be more locally influenced and can lead to larger
exposure characterization errors (Ito et al. 2004). The aim of
this study was to determine the spatial variation in size-
fractionated organic compounds in a community impacted
by numerous sources. Individual organic compounds, spe-
cifically the organic molecular markers, were quantified in
samples collected concurrently at four sites, located within
2-4 miles of each other. This study provides general trends in
molecular marker spatial variability and provides examples
of the spatial trends for molecular marker compounds
associated with selected PM source categories.

Motor vehicles are significant sources of ambient PM in
Southern California (Manchester-Neesvig et al. 2003; Sardar
et al. 2005), although other sources, such as wood burning,
meat cooking, vegetative detritus, cigarette smoke, and
industry, can be important contributors to the overall PM
mass (Schauer et al. 1996; Robinson et al. 2006b, c, d).
Vehicles emit a variety of organic compounds, but the
specific species emitted and their size distribution are related
to the fuel type, the engine load conditions, vehicle age and
vehicle after-treatment control technology (Riddle et al.
2007b, a; Schauer et al. 2008). Common compound classes
of molecular marker compounds emitted by vehicles include
alkanes, polycyclic aromatic hydrocarbons (PAHs), and
steranes. The PAHs are capable of generating reactive
oxygen species and eliciting a state of oxidative stress

(Geller et al. 2006), while other compounds act as tracers and
are not toxicologically relevant. Identification of specific
organic compounds present in vehicular emissions can
provide information on the types of fuels burned at the
source sites. Tests on gasoline and diesel vehicles have
revealed that heavy PAHs are emitted primarily from
gasoline vehicles, while light three- and four-ring PAHs are
found at very high levels in diesel exhaust (Riddle et al.
2007a, b). Significant spatial and temporal heterogeneity has
been found for traffic-related pollutants, such as particle-
bound PAHs (Levy et al. 2003).

The degree to which PM chemical components vary on
diurnal, seasonal, and annual scales has been investigated (Kim
et al. 2002; Fine et al. 2004a, b; Russell et al. 2004; Rinehart
et al. 2006; Robinson et al. 2006a; Sheesley et al. 2007), but
only limited work has been conducted on the spatial
variability of molecular tracer compounds. Within this
context, research has focused primarily on differences
between source (freeway) and receptor sites (Fine et al.
2004a; Phuleria et al. 2007), highway tunnel emissions in
comparison to outdoor ambient concentrations (Fraser et al.
1999), urban area concentrations versus offshore sampling
locations (Fraser et al. 2003), differences in organic
compound concentrations over large geographical areas
(Manchester-Neesvig et al. 2003; Ohura et al. 2004; Zheng
et al. 2007), and spatial differences of emissions sources in
PM2.5 particles (Rinehart et al. 2006). The study reported here
is the first to demonstrate variability in the composition of
organic compounds on a community-scale—over an area of
2–4 miles. Others have reported size-fractioned organic
concentrations in southern California (Fine et al. 2004a;
Miguel et al. 2004; Minguillón et al. 2008; Arhami et al.
2009), but our study is the first to explore the three broad size
modes (ultrafine, accumulation, and coarse). By investigating
how specific particulate organic molecular markers behave
with respect to particle size and spatial distribution, their utility
as tracers of primary emissions can be evaluated. In addition,
spatial distribution of source contributions will provide vital
information for use in source-oriented health models.

Experimental

Ambient sampling

Sampling sites and data collection are described in detail
elsewhere (Krudysz et al. 2008). Briefly, the ambient PM
samples used in this study were collected by personal
cascade impactor samplers (PCIS) on Teflon and quartz-
fiber filters over a 10-week period from January to March
2005. The PCIS allows for the collection of size-segregated
PM matter in the 0–0.25 μm [quasi-ultrafine; hereafter
referred to as ultrafine (UF) for convenience], 0.25–2.5 μm
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[accumulation (Acc)], and 2.5–10 μm [coarse (C)] size
ranges (Singh et al. 2003). A pair of samplers was deployed
concurrently at each site for six to seven continuous days
(one sampling cycle). At each site, one PCIS was loaded
with pre-baked quartz filters for elemental carbon (EC),
organic carbon (OC), and individual organic compound
analyses, and one was loaded with Teflon filters for particle
mass and elemental content determination. Field blanks for
both quartz and Teflon filters were also collected at each site
and week. The PCIS has been used previously for ambient
PM characterization (Majestic et al. 2006). Samples were
collected concurrently at four monitoring sites across Long
Beach, California (Fig. 1). The sites, north Long beach
(NLB), south Long Beach (SLB), Sutter, and Riley are 2–4
miles apart and are impacted by numerous sources, including
freeways, ports, airport, power plants, oil refineries, and
numerous other local sources.

Organic speciation

Quantification of individual organic compounds in ambient
PM was conducted based on previously developed methods

(Mazurek et al. 1987; Schauer et al. 1996; Sheesley et al.
2003). The quartz-fiber filters, including blanks, were
spiked with known amounts of isotope-labeled internal
standard compounds. Solvent extraction of all samples was
conducted according to methods advanced by Fine et al.
(2004a) using dichloromethane and methanol. The methods
used to analyze and quantify the organic samples were
based on those described in Dutton et al. (2008a). In brief,
each sample along with a set of authentic quantification
standard solutions (PM standards) were analyzed by auto-
injection into a gas chromatography–mass spectrometry
(GC-MS) system using an Agilent Technologies 6890 N
gas chromatograph attached to an Agilent 5975 Inert Mass
Selective Detector (MS) (Agilent Technologies, Santa
Clara, CA). This system is equipped with a programmable
temperature vaporization inlet (Wylie 1997), which enables
the user to inject a large volume of solvent into the GC, and
with improved detection limits for the organic molecular
markers (Crimmins and Baker 2006). Each compound of
interest in the sample was referenced to the internal
standard that is most similar in chemical structure and size.
The peak area ratios of the key ions for the compound of

Fig. 1 Sampling locations
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interest and an internal standard with similar structure were
calculated. Using a calibration curve, the peak area ratio
was then used to calculate the mass ratio for the compound
of interest relative to the internal standard. The calibration
curve was created using PM standards with compounds of
known mass. These PM standards were diluted to five
different levels (based on the range of mass expected in the
samples) and spiked with the same internal standards used
for the samples.

The field blanks were used to determine contamination
issues from the filters, handling techniques, and analysis
protocols. All measurements for this study were field blank
corrected to account for possible bias resulting from
background contamination. Many of the field blanks
showed levels not significantly different from zero. To
reduce sensitivity to occasional outliers in the field blanks,
the median rather than the mean value of the ten weekly
field blanks was subtracted from all observations.

Uncertainties for each compound and each sample were
empirically based on the variance observed in the calibra-
tion data (Dutton et al. 2008b), and the root sum of squares
(RSS) method (NIST 1994) was used for uncertainty
propagation to arrive at the final, blank corrected species
concentration uncertainties. Quality control steps were
implemented to detect and correct for common problems
encountered during organic quantification.

Statistical analysis

This study resulted in a multi-dimensional (time, space, and
particle size) data set. As such, four types of relationships
were explored:

1. Associations between the same compounds in different
size fractions (between-sizes). For example, the correla-
tion between UF-hexacosane, and Acc-hexacosane.

2. Associations between different compounds within
each size fraction, (between-compounds). For exam-
ple, the correlation between UF-hexacosane and UF-
benzo(ghi)perylene.

3. Associations between the same compounds from
different sites within each size fraction (between-sites).
For example, the relationship between NLB-UF-
hexacosane and SLB-UF-hexacosane.

4. Comparison between temporal variability by site and its
spatial variability by sampling week (temporal–spatial
variability). For example, comparison of the variability in
all UF-hexacosane measurements across the ten sampling
weeks to the variability in UF-hexacosane measurements
across the four sites for sampling week one.

Associations between-compounds and between-sizes were
determined through Pearson correlation coefficients. The
relationship between-sites was determined by calculating

coefficients of divergence (COD) for each site pair and
organic compound. The COD provides information on the
degree of uniformity between sampling sites and is defined as

CODfn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n

X

n

i¼1

xif � xih
xif þ xih

� �2
v

u

u

t

where xif is the Ith concentration measured at site f, f and
h are two different sites, and n is the number of observations.
Small COD values imply similarities between sites and,
conversely, COD values approaching unity indicate that the
sites are very different from each other. Coefficients of
divergence have been used previously to determine spatial
variability of PM mass and components (Wongphatarakul et
al. 1998; Kim et al. 2005; Sardar et al. 2005).

Temporal–spatial variability was assessed by calculating
coefficients of variation (CV), defined as the ratio of the
standard deviation of all measurements to their mean.
Temporal and spatial CVs were calculated to provide the
same metric for comparison between spatial and temporal
variability. The distribution of COD and CV values are
presented as box plots with minimum, maximum, first and
third quartiles, and median values.

Results and discussion

Organic compound mass concentrations

Organic compounds selected for analysis in this study were
based on their importance in terms of health effects
(Mauderly and Chow 2008) and/or utility as markers for
source emissions (Schauer et al. 1996). The initial list of
organic compounds was further reduced as only compounds
present in quantifiable levels in at least one size fraction are
discussed here. Quantifiable was operationally defined in
our study as a signal-to-noise (S/N) ratio >3. Ultimately, we
quantified and analyzed 39 individual organic compounds,
including n-alkanes, PAHs, methyl substituted PAHs
(methyl-PAHs), steranes, fatty acids, sterols, and methox-
yphenols. Tables 1, 2, and 3 show the mean ambient
concentrations (ng/m3) and their associated standard devia-
tions calculated for each compound for the UF, Acc, and C
size fractions, respectively. These tables also provide the
mean quantification uncertainty, S/N, and percentage of
below detection limit values (BDL) for each compound and
size fraction.

Figure 2 shows size-fractionated time series for selected
compounds by sampling site. Organic compound concen-
trations were generally highest in the UF fraction, followed
by Acc and the C size fractions, although concentrations for
some compounds at specific sites were comparable between
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size fractions. In general, concentrations show a small
downward temporal trend throughout the sampling period,
especially for n-alkanes (docosane through to hentriacon-
tane), and most of the PAHs, but with marginal or no
significance. Although the meteorological conditions did
not vary much throughout the sampling period (Krudysz et
al. 2008), variability in source emission contributions at the
sampling sites may have contributed to temporal differ-
ences observed in the data. Table S1 in the supplementary
materials shows the variability in the week-to-week
measurements using CVs for each compound and size
fraction. The CVs ranged from 0.23 to 2.28, 0.30 to 2.45,
and 0.27 to 3.16 in the UF, Acc, and C size fractions,
respectively. The SLB site showed the overall smallest
variability in the UF size fraction, with the highest CVs
observed in the NLB measurements. The CVs for the Acc
and C PM size classes were comparable for all sites.

The authors of this study would like to remind the reader
that any study of organic aerosols, specifically those using
source tracers, need to consider the lifetime of the organic
compounds in that specific atmosphere. Recent research has
shown that oxidation and other processes can play an

important role in organic compound degradation (Robinson
et al. 2006a). Photochemistry can have a much larger effect
on compounds in the regional air mass than on those
emitted locally as the length of time during which
processing can occur is much longer. This, however, was
not expected to be a major issue during the winter in Los
Angeles, because air pollution in the Los Angeles basin is
dominated by local emissions mixed with fairly clean
background air. Previous studies in the Los Angeles area
have shown concentrations (Fine et al. 2004a) comparable
with those reported here.

Relationship between size modes (between-sizes)

Correlation analyses can facilitate the identification of
compounds originating from similar sources. In addition,
the detection of similar compounds in different size
fractions can also indicate the processing of particles
from smaller to larger sizes. Table 4 shows correlation
coefficients (r) across all sites between the three size
fractions for each organic compound. Values followed by
a superscipt indicate relatively strong correlations (r>0.70).
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Fig. 2 Size-fractionated time series for selected compounds: a
hexacosane, b ab-hopane, c benzo(ghi)perylene. SLB South Long
Beach sampling site, NLB north Long Beach sampling site, UF

ultrafine particulate matter (PM) size class (diameter 0–0.25 μm), Acc
accumulation PM size class (0.25–2.5 μm), C coarse PM size class
(2.5–10 μm)
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Only weak correlations were observed between the con-
centrations in the C fraction and corresponding concen-
trations of compounds in the UF and Acc fractions,
implying that the coarse PM organic compounds quantified
here originate from sources that differ from those of the
Acc and UF organic compounds. Strong associations were
observed between some of the compounds in the UF and
the Acc size fractions; for example, n-alkanes (heptacosane
through to triacontane, and tritriacontane through to
tetratriacontane) show high correlation coefficients between
0.72 and 0.80.

Relatively strong correlations (r=0.72-0.78, and r=0.81-
0.83) were observed between the UF and Acc low
molecular-weight (MW 202–228) and high MW (253–
300) PAHs, respectively. These compounds have been
associated with gasoline- and diesel-powered motor vehicle
emissions (Zielinska et al. 2004; Riddle et al. 2007a, b).
Combustion sources are known to emit particles in the UF
and Acc size ranges; therefore, the associations between
those two size fractions are expected. It is not possible to
determine whether similar source contributions or growth
of UF particles into Acc aerosols account for stronger
associations between the UF and Acc size fractions. Studies
have shown, however, that the size distribution of some
compounds (steranes and PAHs) emitted by motor vehicles
can span both the UF and Acc size fractions investigated in
this study (Riddle et al. 2007a, b). Since this is a source
intensive area, it is likely that motor vehicle emissions
contributed similarly to both size fractions, resulting in high
associations.

Emission sources (between-compounds)

Figure 3 shows correlation contour plots for the quantified
organic compounds within each size fraction. The differ-
ences between the UF and the Acc correlation contour
plots can provide information on the differences in the
molecular marker composition of sources emitting par-
ticles in these size fractions, such as fresh emissions from
combustion sources. Strong correlations between the
different organic molecular markers within a particle size
range may indicate that these compounds originated from
similar sources. Overall, the UF and Acc data sets show
similarly strong correlations among many of the com-
pounds, although some compounds within the Acc
fraction are more highly correlated than those in the UF
fraction. The correlations among individual organic com-
pounds in the C fraction are mostly smaller than 0.50.
Stronger associations in the Acc size fraction relative to
the UF particles imply a stronger influence of local
emission sources on UF particles.

Concentrations of PAHs ranged from 0.002 to 1.008 ng/
m3, which is comparable to those reported in other studies

Table 4 Correlations between size fractions

r UF-Acc UF-C Acc-C

Alkanes

Docosane 0.37 0.09 0.07

Tricosane 0.53 0.31 0.34

Tetracosane 0.58 0.56 0.39

Pentacosane 0.58 0.39 0.40

Hexacosane 0.57 0.49 0.39

Heptacosane 0.75a 0.59 0.54

Octacosane 0.77a 0.48 0.48

Nonacosane 0.73a 0.37 0.61

Triacontane 0.73a 0.26 0.38

Hentriacontane 0.68 0.07 0.28

Dotriacontane 0.46 0.02 0.22

Tritriacontane 0.80a 0.31 0.35

Tetratriacontane 0.72a 0.19 0.15

Pentatriacontane 0.69 0.42 0.37

Hexatriacontane 0.69 0.38 0.42

Heptatriacontane 0.35 0.30 0.32

Octatriacontane 0.29 0.14 0.64

PAHs

Fluoranthene 0.38 0.33 0.30

Pyrene 0.78a 0.45 0.39

Benzo[ghi]fluoranthene 0.72a 0.04 0.14

Cyclopenta[cd]pyrene 0.72a 0.18 0.09

Benz[a]anthracene 0.72a 0.00 0.03

Chrysene/triphenylene 0.54 0.37 0.15

Benzo[b&k]fluoranthene 0.55 0.16 0.11

Benz[a&e]pyrene 0.83a 0.06 0.04

Indeno[1,2,3-cd]pyrene 0.85a 0.02 0.11

Benzo[ghi]perylene 0.82a 0.00 0.08

Coronene 0.81a 0.00 0.13

Methyl-202-PAH sum 0.25 0.39 0.17

Retene 0.07 0.27 0.09

Methyl-228-PAH sum 0.17 0.18 0.12

Steranes

20R-abb & 20S-aaa-cholestane 0.10 0.11 0.29

ba-30-norhopane 0.02 0.23 0.52

ab-hopane 0.03 0.28 0.51

22S-ab-30-homohopane 0.10 0.15 0.15

22R-ab-30-homohopane 0.06 0.24 0.17

Fatty acids

Tetradecanoic acid 0.33 0.06 0.22

Sterols and methoxyphenols

Cholesterol 0.38 0.15 0.33

Vanillin 0.08 0.09 0.28

OC 0.88a 0.90a 0.79a

EC 0.53 0.54 0.42

a Relatively strong correlations (r>0.70)
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(Fraser et al. 1999; Fine et al. 2004a). Selected PAHs
(indeno[1,2,3-cd]pyrene, coronene, benzo[ghi]perylene)
have previously been used as molecular markers for motor
vehicle gasoline and diesel emissions (Schauer et al. 1999a,
2002; Robinson et al. 2006d; Riddle et al. 2007a, b).
Overall, higher PAH levels were observed in the UF
fraction relative to the Acc fraction and the C particles,
indicative of fresh primary emissions, possibly motor
vehicles. Analyses of specific PAHs can provide additional
information on the types of vehicular emissions affecting
the sampling sites. For example, high correlations between

coronene and benzo[ghi]perylene (r=0.96 and 0.94 for UF
and Acc fractions, respectively) have previously been
attributed to emissions from poor spark-ignition combus-
tion in gasoline-powered vehicles (Fine et al. 2004a) and
incomplete combustion of gasoline deriving from light-duty
gasoline vehicles (Kleeman et al. 2008).

Steranes have recently been identified as a reliable
marker for motor oil combustion (Kleeman et al. 2008).
In this study, steranes were highly correlated with each
other in the UF fraction, with slightly lower correlations in
the Acc fraction and low associations in the C fraction.

Fig. 3 Correlation contour plots
for compounds within the
UF fraction (a), within the Acc
fraction (b), and within the C
fraction (c)
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Correlation coefficients for steranes ranged from 0.63 (ba-
30-norhopane vs. 22 S-ab-30-homohopane) to 0.92 (ba-
30-norhopane vs. ab-hopane) for the UF fraction, and 0.65
(ba-30-norhopane vs. 22 S-ab-30-homohopane) to 0.91
(ba-30-norhopane vs. ab-hopane) for the Acc fraction.
Very high associations between steranes have been
attributed to motor vehicle emissions from urban environ-
ments in Pittsburgh (Subramanian et al. 2006) and Los
Angeles (Fine et al. 2004a).

In addition to comparing associations within a
compound class, we also explored associations across
compound classes. In the UF fraction, steranes were not
well correlated with n-alkanes and PAHs, while the
steranes in the Acc fraction were strongly correlated
with the n-alkanes and PAHs. One interpretation of
these results is that steranes in the UF fraction are
emitted from specific sources that may be different from
the sources emitting n-alkanes and PAHs. With respect
to Acc particles, similar sources emit steranes, n-
alkanes, and PAHs, or the aging and atmospheric
transformation of aerosols is responsible for the higher
correlations. The contour plots also show that organic
compounds quantified in this study were more suitable
for identifying sources that emit particles in the UF and
Acc size fractions than sources emitting particles in the
C fraction.

Steranes and high MW PAHs, such as benzo[ghi]
perylene and coronene, have been found in similar
concentrations near freeways with gasoline- and diesel-
emitting vehicles, while EC and lighter MW PAHs were
found at elevated levels near a freeway with more diesel

vehicles than near a freeway with only gasoline-emitting
vehicles (Phuleria et al. 2007). In the Long Beach area, the
highest concentrations of both the low (MW<228) and high
(MW>252) MW PAHs were found at the Sutter site in the
UF and the Acc size fractions. Sutter is the closest site to
the I-710 freeway, which has significant (roughly 20%)
diesel truck traffic. However, as it is about 650 m from that
source, we cannot exclude the influence of other sources of
these compounds. No trends were found for the molecular
marker composition at the other sampling sites. Although
other studies have also found that high- and low MW PAHs
are tracers of gasoline-powered and diesel vehicles,
respectively (Zielinska et al. 2004), our preliminary
analysis of the gasoline and diesel fuel organic markers
can not distinguish between the types of vehicular sources
most strongly affecting each site in this community scale
study.

Ratio–ratio plots can facilitate an investigation of the
relative influence of similar sources on the molecular
marker concentrations (Robinson et al. 2006b, c, d). The
plots compare two species, each normalized by a third
mutual species. If there is only one source with consistent
emission ratios for all three compounds and if all three
compounds are conserved in the atmosphere, then the
ambient measurements should cluster around one point on
the ratio–ratio plot that corresponds to the emission
characteristics of that source. If there are two sources with
unique emission rates for the three compounds, the plot will
reveal a continuum of points extending along a line
between the locations of these two sources on the ratio–
ratio plot. If there are three or more sources contributing to

Fig. 3 (continued)
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the three compounds, the ambient measurements should be
constrained to a region defined by the location of the
multiple sources on the ratio–ratio plot.

Figure 4 shows a ratio–ratio plot comparing two
steranes, ba-30-norhopane and ab-hopane, each normal-
ized by EC. All three size fractions show a continuum of
points extending predominantly along a single line,
indicating that the compounds were impacted by two
sources with unique emission rates. Clear differences are
evident between the size fractions, where UF ratios are
much lower on the plot compared to Acc and C ratios.
Published gasoline and diesel vehicle emission profiles
indicate that the points higher on the ratio–ratio plot
(corresponding to the Acc and C ratios) originate from
gasoline vehicles, while points lower on the ratio–ratio
plot (corresponding to the UF ratios) derive from diesel
vehicles (Zielinska et al. 1998; Robinson et al. 2006a).
The plot shows that the steranes associated with EC
appear preferentially in the Acc and C fractions, indicative
of motor oil emissions. The EC not associated with motor
oil, perhaps diesel vehicle tailpipe emissions, is observed
preferentially in the freshly emitted UF particles. This can
be visualized by comparing the amount of EC associated
with each of the steranes, between the size fractions. The
plot shows more EC (higher values in the denominator) in
the UF fraction than in the Acc and C particles. This extra
EC caused the UF points to be lower down on the
continuum in the ratio–ratio plot.

Further evidence that the EC in the UF fraction may be
associated with different emission sources than motor oil is
illustrated in Fig. 5, which shows box plots of the EC/OC
ratios for each site and size fraction. Much higher EC/OC
ratios were found in the UF fraction than in the Acc and C
size fractions at all sampling sites. Sterane concentrations,
however, were comparable in both the Acc and UF particles
(Tables 1, 2). Although EC can not be exclusively
associated with diesel vehicle emissions (Schauer 2003),

the preferential partitioning of EC into the UF size fraction
suggests primary emissions other than just motor oil, likely
diesel tailpipe emissions.

Spatial variability (between-sites)

Site-to-site variability in individual organic compounds
was determined by several methods, including CODs
and CVs. Box plots of COD values for each site pair
and compound class are shown in Fig. 6. The compound
classes were defined such that low and high MW n-
alkanes included docosane to tritriacontane and tetratria-
contane to octatriacontane, respectively. Low and high
MW PAHs included fluoranthene to chrysene/triphenylene
and benzo[b&k]fluoranthene to coronene, respectively.
The OC and EC COD values are also shown for
comparison. Overall, COD values for organic species
were found not to differ substantially between size
fractions or between compound classes, although high
MW n-alkanes showed slightly lower CODs on average in
all size fractions. The median COD values for the UF
fraction ranged from approximately 0.3 to 0.5, with
minimum values similar to the spatial divergence observed
for UF OC (COD = approx. 0.18). Similar trends in COD
values compared to OC spatial variability were found for
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the Acc and C size fractions. Numerous local and regional
sources contribute to OC concentrations (Schauer et al.
1996), resulting in relatively low spatial divergence,
whereas molecular markers are associated with fewer
specific sources (Schauer et al. 1999a, b, 2001, 2002);
consequently, their spatial distribution is expected to be
more variable. The EC COD values were similar or higher
than the median COD levels for the organic compounds in
all size fractions. Similar to organic marker compounds,
EC originated from only a few sources; therefore, the
relatively higher spatial variability observed for the
organic species results from the variability in specific
source emissions. In comparison to the COD values
calculated for the inorganic elemental components
(Krudysz et al. 2008), the spatial variation in molecular
marker compounds is comparably heterogeneous, especially
for many of the elemental compounds associated with motor
vehicle emissions in the UF and Acc size fractions.

Temporal–spatial variability

In order to compare spatial to temporal variability within
this data set, two sets of CV values were calculated; one
for all sites across the sampling period, and the other for
each sampling week across all sites. Figure 7 shows the
spatial and temporal CVs for each compound class. Box
plots represent CV values calculated for each sampling
week across the four sites (spatial), while the asterisks
represent average values of the four site-specific CVs
across all sampling weeks (temporal). Although the spatial
CVs show substantial spread, most of the values are very
similar to the temporal CVs for this data set. These results
imply that longer sampling times and more sampling sites
are needed to determine whether variability in concen-
trations between sampling sites or the length of the
sampling campaign is more important for health effects
studies.
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Conclusions

The adverse effects associated with exposure to ambient
PM are a significant public health concern. Research must
focus on understanding the characteristics of harmful PM
and the extent of human exposure to PM. Identification of
the sources responsible for the toxic outcomes can enhance
their regulation and decrease human exposure. Spatial
variability studies are needed to more accurately determine
population exposure to PM from various sources. This
study presents results from organic speciation analyses
from samples collected at four sites of the Long Beach area
in southern California in the UF, Acc and C size fractions in
a community impacted by numerous sources.

Several degrees of association between the organic
compounds, size fractions, and sites were observed in this
data set. Across all sites, correlations were stronger for

many compounds between UF and Acc size fractions, and
weaker between concentrations in the C fraction and
corresponding UF and Acc fractions. These results indicate
that the coarse PM organic compounds were emitted by
sources different than those emitting small particles, such as
combustion sources. It is not possible, however, to
determine whether different source contributions or atmo-
spheric aerosol processing of smaller particles into larger
ones contributed to the similarities in the aerosol chemical
makeup.

Associations between the same compounds in differ-
ent size fractions, across all sites, were performed to
gain insight into the types of sources influencing the
study sites. Our results show clear differences between
size fractions, with stronger correlations within the UF
and Acc size fractions compared to those within the C
fraction. Differences between correlations within the UF
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and Acc size fractions, specifically between steranes and
n-alkanes, imply that steranes in the UF fraction are
emitted from specific sources that may be different from
the sources emitting n-alkanes. With respect to the Acc
particles, similar sources emit both hopanes and n-
alkanes, or aging and atmospheric transformation of
aerosols is responsible for the higher correlations. The
organic compounds quantified in this study are more
suitable for identifying sources that emit particles in the
UF and Acc fractions than those that emit particles in
the C size fraction.

Strong correlations across all sites were observed
between steranes in the UF and the ACC size fractions,
and these were attributed to motor vehicle emissions. High
correlations between some PAHs in the UF and Acc size
fractions were indicative of emissions from poor spark-
ignition combustion in gasoline-powered vehicles and
incomplete combustion of gasoline derived from light-
duty gasoline vehicles.

Ratio–ratio plots were used to investigate the relative
influence of similar sources on the molecular marker
concentrations. Compounds in all three size fractions were
shown to be impacted by two sources with unique emission
rates. Steranes associated with EC partition preferentially
into the Acc fractions, indicating motor oil emissions as the
main PM source, while EC not associated with motor oil,
perhaps diesel vehicle tailpipe emissions, is found prefer-
entially in the freshly emitted UF particles. This source
hypothesis was further corroborated by the much higher
EC/OC ratios in the UF size fraction than in the Acc and C
size fractions, whereas steranes were shown to be compa-
rable in both the Acc and UF particles.

Spatial variability was assessed by comparing the
same compounds from different sites within each size
fraction. The COD values for organic species did not
differ appreciably between size fractions or between
compound classes, but comparatively high spatial diver-
gence was observed for most species. The molecular
tracers were more heterogeneous than OC but compara-
ble to EC. Numerous sources contribute to OC concen-
trations, resulting in relatively low spatial divergence,
whereas EC, like the molecular tracers, originates mostly
from traffic sources, which are more local and thus
increase its spatial variability. The large variation in
spatial distribution of organic compounds and particle
sizes presented here (COD=0.0–0.7) suggests that it may
be difficult to characterize a community-average concen-
tration for the molecular marker compounds with only
one monitoring station or a single particle size. Resolv-
ing the spatial variability of PM chemical components
will require longer sampling times and a denser network
of samplers capable of distinguishing exposure in
different microenvironments.
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