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[1] For a period of almost 3 years, sampling of size-fractionated ambient particulate
matter with diameter below 10 mm (PM10) was performed at urban source sites (Downey
and University of Southern California) and inland receptor sites (Claremont and Riverside)
in the Los Angeles Basin as part of the Southern California Particle Center and
Supersite. Results for size-resolved PM10 mass, inorganic ions (sulfate and nitrate), metals,
elemental carbon, and organic carbon were obtained. Three collocated micro-orifice
uniform deposit impactors (MOUDIs) were deployed to collect 24-hour samples roughly
once a week. Ultrafine particle concentrations (particle diameter dp < 0.1 mm) were found
to be the highest at the source sites resulting from fresh vehicular emissions. Mass
concentrations in the accumulation mode (0.1 < dp < 2.5 mm) were lower in winter than in
summer, especially at the receptor sites. PM concentrations in the coarse mode (2.5 < dp <
10 mm) were lower in winter and were composed mostly of nitrate and crustal elements
(iron, calcium, potassium, silicon, and aluminum). Consistent relative levels of these
elements indicate a common source of soil and/or road dust. In the accumulation mode,
nitrate and organic carbon were predominant with higher nitrate levels found at the
receptor sites. The ultrafine mode PM consisted of mostly organic carbon, with higher
wintertime levels at the source sites due to increased organic vapor condensation from
vehicles at lower temperatures. Conversely, higher ultrafine organic carbon levels at the
receptor areas are due to secondary organic aerosol formation by photochemical reactions
as well as increased advection of polluted air masses from upwind.
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1. Introduction

[2] Atmospheric particulate matter (PM) has been asso-
ciated with adverse health effects. Epidemiological studies
have shown significant relationships between ambient PM
and respiratory related mortality and morbidity [Adler et al.,
1994; Dockery et al., 1993; Gordian et al., 1996; Schwartz
and Dockery, 1992]. The observed effects are even more
significant in susceptible populations, such as the elderly,
with preexisting respiratory and cardiovascular diseases
[Saldiva et al., 2002]. PM material has also been shown
to have toxic properties such as the ability to produce
oxidative stress and cell damage [Li et al., 2003].
[3] Particle size has been shown to be an important factor

in the impact that airborne particles have on human health.
Epidemiological results have demonstrated higher associa-
tions with particulate matter with diameter below 2.5 mm
(PM2.5) than PM10 [Anderson, 2000], and fine particles
have been shown to have more toxic properties [Brown et
al., 2000; Ferin et al., 1990]. Recent toxicological studies
have shown that ultrafine particles (smaller than 100 nm)
have higher oxidative stress potential and can penetrate and

destroy mitochondria within epithelial cells [Li et al., 2003].
Furthermore, particles of different sizes differ greatly in
terms of the extent and the location of deposition in the lung
[Phalen et al., 1991].
[4] In addition to particle mass and particle size, particle

bound chemical species have also been associated with
various adverse health effects. Elemental carbon rich diesel
vehicle emissions particles are suspected of being carcino-
genic to animals and humans [Guillemin et al., 1997].
Studies by Batalha et al. [2002] have found associations
between particle-bound sulfate and silicon levels and the
vasoconstriction of small pulmonary arteries in rats. Carter
et al. [1997] showed that respiratory tract epithelial cells
respond to elevated metal concentrations by production and
release of inflammatory mediators. A study by Clarke et al.
[2000] found bronchial changes to be associated with
concentrations of vanadium and nickel. Saldiva et al.
[2002] have demonstrated significant inflammatory reac-
tions in rat lungs exposed to concentrated air particles
with significant statistical associations between particulate
vanadium and bromine and the observed health outcomes.
[5] Numerous previous studies have demonstrated that

the chemical composition of atmospheric particles can vary
with season, size, and sampling location. Neusüß et al.
[2002] observed that the mass percent particulate carbon
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increases with decreasing size, and that carbon content is
higher in winter than in summer. In the Los Angeles Basin,
previous work has found that fine particle ammonium
nitrate can contribute more than half of the fine aerosol
mass at some locations on some of the most polluted days of
the year [Christoforou et al., 2000]. Another study by Cass
et al. [2000] measured ultrafine particle mass and chemistry
at seven Southern California locations and found that 50%
or more of ultrafine particle mass consisted of organic
compounds. Differences in ambient temperature, relative
humidity, photochemical activity, and source contributions
are important parameters contributing to the differences in
concentrations and size distributions of a particular chemical
species. Since particle chemistry and particle size most
likely affect the toxicological potential of PM, knowledge
of the seasonal and spatial variability of the size-resolved
PM chemical composition is vital in understanding PM
effects on health. This knowledge can also be utilized in
the design of health studies that take advantage of this
variability to examine the relative effects of different particle
characteristics.
[6] Because of relatively consistent and repeatable weather

patterns, and generally high pollutant levels, the Los Angeles
Basin is an ideal site for air pollution studies. Studies in Los
Angeles Basin examining atmospheric aerosols at multiple
locations across the basin have been conducted since the
early 1970s [Cass et al., 2000;Christoforou et al., 2000;Hidy
et al., 1980; Hughes et al., 1999; Russell and Cass, 1986].
However, all the previous size-resolved PM chemistry
studies in Los Angeles have included only a few days or
weeks of sampling. In the current work, size-resolved PM
chemical data are presented from a long-term sampling
campaign operated by the Southern California Particle Center
and Supersite (SCPCS). The result is a more comprehensive
representation of Los Angeles Basin aerosol characteristics
from over two and half years of weekly data at four different
monitoring sites throughout the Los Angeles Basin.

2. Methods

[7] Measurements of size-fractionated mass, inorganic
ions (sulfate and nitrate), elemental and organic carbon,
and trace elements and metals were conducted as part of the

routine sampling protocol of the SCPCS. Sampling oc-
curred sequentially at four different sites in the Los Angeles
Basin (Figure 1). At the first site, Downey, sampling was
conducted between December 2000 and January 2001.
Downey, located in central Los Angeles, is downwind of
the ‘‘Alameda corridor,’’ a narrow industrial zone and
transportation route between the Ports of Los Angeles/Long
Beach and Downtown Los Angeles. The area is character-
ized by an extremely high density of diesel trucks, which
serves to transfer overseas cargo from the Port to industrial
sites, warehouses, and the rail yards near downtown Los
Angeles. The Downey site is approximately 10 km down-
wind of some oil refineries, 3 km downwind of two major
freeways, and is heavily impacted by vehicular sources.
[8] Sampling at the second site, Riverside, was conducted

between February and September of 2001. The sampling
location at the Citrus Research Center and Agricultural
Experiment Station (CRS-AES), a part of the University
of California, Riverside, is about 90 km east of downtown
Los Angeles. The site is also about 25 km downwind of the
Chino area dairy farms, a strong ammonia source leading to
high concentrations of ammonium nitrate [Hughes et al.,
2000]. The area is upwind of surrounding freeways and
major roads. The predominantly westerly wind transports
particles generated near central Los Angeles toward River-
side [Allen et al., 2000], resulting in an aged and often
photochemically processed aerosol. Riverside is also char-
acterized by some of the highest PM levels in the Basin. The
next site was located in Claremont, where sampling was
conducted from September 2001 through August 2002.
Like Riverside, Claremont is situated on the eastern side
of the Basin about 60 km east of downtown Los Angeles. It
is located at the foot of the San Gabriel Mountains and is
located north, and thus not downwind, of the dairy farms in
Chino. The final site was at the University of Southern
California near downtown Los Angeles. Sampling there was
performed from September 2002 to September 2003. The
sampling location was approximately 150 m downwind of a
major freeway, and represents an urban mix of industrial,
vehicular and construction sources.
[9] Although samples were not collected concurrently at

the different sites, the consistent meteorology in Southern
California allows for seasonal comparisons between sites,
even though samples may have been collected in different
years. To confirm this, monthly average levels of PM10

measured by a local monitoring network were compiled at
one of the sampling sites, Claremont, for a period of three
consecutive years (2000–2002) corresponding to the period
of sampling. The PM10 data showed low interyear variabil-
ity with relative standard deviations no more than 25%,
indicating consistent meteorological and ambient particulate
matter parameters in the Los Angeles basin from year to
year.
[10] Because of their relatively western locations and

urban environments, Downey and University of Southern
California (USC) are considered ‘‘source’’ sites where fresh
particles are emitted primarily from vehicular and industrial
sources. The other two sites, Riverside and Claremont are
designated ‘‘receptor’’ sites where the aerosol is composed
of advected, aged and photochemically processed particles
from the central Los Angeles area, as well as some local
emissions [Pandis et al., 1992]. The transport time of air

Figure 1. Locations of source sites (Downey and USC)
and receptor sites (Claremont and Riverside) in the Los
Angeles Basin.
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masses from source to receptor sites can vary from a few
hours to more than a day.
[11] Sampling was conducted once a week, by three,

collocated micro-orifice uniform deposit impactors
(MOUDIs) (Model 110, MSP Corporation, Minneapolis,
Minnesota) for 24 hours (midnight to midnight). The sam-
pling day was restricted to a rotation of Tuesdays,
Wednesdays and Thursdays. The MOUDIs were run at the
manufacturer-specified flow rate of 30 liters per minute
(LPM), and configured for collecting particles in the follow-
ing size bins: 0–0.1, 0.1–0.32, 0.32–0.56, 0.56–1.0, 1.0–
2.5, and 2.5–10 mm. The size range of 2.5–10 mm is
considered the ‘‘coarse’’ mode and the 0–0.1 mm size range
constitutes the ‘‘ultrafine’’ mode. The analysis presented here
combines the other four size bins between 0.1 and 2.5 mm and
designates these sizes as the ‘‘accumulation’’ mode [Hering
et al., 1997]. Monthly average values for mass and chemical
species were calculated only for months encompassing a
minimum of three valid sampling days. Therefore, because of
some missing data due to trailer moves, power outages, and
malfunctioning instrumentation, some monthly averages are
missing from the following tables and figures.
[12] Forty-seven millimeter Teflon filters (PTFE, Gelman,

2 mm pore, Ann Arbor, Michigan) were used as the substrate
in the first MOUDI. Particles with diameters less than 0.1 mm
(ultrafine) were collected on a 37 mm Teflon after-filter. The
substrates were weighed before and after sampling with a
Mettler 5 Microbalance (MT 5, Mettler Toledo Inc., Highs-
town, New Jersey), after at least 24 hours of equilibration at a

temperature of 22�–24�C and a relative humidity of 40–
45%. The Teflon filters were then used to determine sulfate
and nitrate concentrations by ion chromatography. For
measurement of metals and trace elements, a second set of
Teflon filters was collected in the second MOUDI config-
ured identically to the first. After weighing, filters were
analyzed by X-ray fluorescence (XRF) for metals and other
trace elements. Elemental measurements less than three
times the detection limit of XRF analysis were discarded.
[13] Size-fractionated PM concentrations of elemental

carbon (EC) and organic carbon (OC) were obtained
by simultaneous sampling with a third MOUDI. 47 mm
aluminum substrates were used for the impaction stages
and a 37 mm quartz fiber filter (Pallflex Corp., Putnam,
Connecticut) was used as the after-filter (ultrafine stage).
EC and OC values were determined using the Thermal
Evolution/Optical Transmittance (TOT) analysis of Birch
and Cary [1996], modified slightly for aluminum foil
substrates. EC/OC analysis on aluminum MOUDI sub-
strates has been performed for both ambient [Hughes et
al., 1999] and source [Kleeman et al., 1999, 2000] samples.
As described by Kleeman et al. [1999], the analysis includes
an assumption of a split point between EC and pyrolized
OC, which may contribute to some uncertainty in the
results. The split point used for the current analysis was
based on numerous PM2.5 quartz filter samples collected in
Los Angeles previously.
[14] In our analysis and data presentation, the inorganic

ions and organic carbon were represented in their measured

Figure 2. Monthly average PM mass in the coarse, accumulation, and ultrafine size modes.
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form (not converted to mass accounting for associated
atoms). Nevertheless while attempting a mass balance,
inorganic nitrate and sulfate concentrations were assumed
to be solely associated with their ammonium salts, and thus
were multiplied by 1.29 and 1.38, to be converted to
ammonium nitrate and sulfate, respectively. The assumption
of nitrate and sulfate being associated largely to ammonium
has been supported by previous studies [Hughes et al.,
2000, 2002]. Furthermore, for the same purpose of mass
balance organic compound concentrations were estimated
by multiplying organic carbon concentrations by a factor of
1.4 to account for the mass of H, O, N, and S in the organic
compounds [Hughes et al., 2002]. However, the more
oxygenated organic compounds will generally have a
mass-to-organic carbon ratio of greater than 1.4. As it will
be discussed later, the sum of chemical species for at least
the coarse and accumulation mode PM agreed well with the
measured mass concentrations, which implies that the use of
the 1.4 conversion factor is certainly reasonable. Metals and
trace element concentrations were presented as the equiva-
lent mass concentrations of their common oxides, using the
conversion factors recommended by Cass et al. [2000].

3. Results and Discussion

[15] The monthly average PM mass distribution in the
three size modes (ultrafine, accumulation, and coarse) is

presented for all four sampling sites in Figure 2. Also shown
are the monthly averaged high and low temperatures on the
days of sampling. The average monthly PM10 mass ranged
from 14.6 mg/m3 in winter (January, 2002) at Claremont to
85.9 mg/m3 during the summer (May 2001) at Riverside.
The highest PM levels are observed at one source site,
Downey, and the receptor site of Riverside. The highest
ultrafine concentrations occurred at the source sites of
Downey (December and January) and USC (December,
January and February), with ultrafine mass concentrations
of 4.34 ± 0.96 and 4.15 ± 0.19 mg/m3 over the winter
months of sampling, respectively. Both sites are influenced
by nearby high traffic density and industrial areas, thus fresh
primary emissions contribute to the high observed ultrafine
concentrations. Furthermore, the wintertime steady atmo-
spheric conditions with low wind speed and low mixing
height contributes to higher PM concentrations at these sites
during winter months. In the receptor areas, the mass
concentrations in the accumulation and ultrafine modes
are higher in the summer than in the winter, a possible
result of increased secondary PM formation with higher
photochemical activity. For example, the concentrations
in the accumulation mode at Claremont during winter
(December and January) and summer (June and July) are
9.15 ± 0.52 and 19.36 ± 1.16 mg/m3, respectively. Summer
in the Los Angeles Basin is also characterized by increased
southwesterly winds in the afternoon that transport air

Figure 3. Monthly average PM chemical composition in the coarse mode.
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masses from the source areas to the receptor areas. Thus the
combination of secondary photochemical reactions and
increased advection result in the higher concentrations in
the accumulation and ultrafine modes at the inland sites
[Pandis et al., 1992]. The coarse mode PM mass is also
seen to generally increase in the summer, presumably
because of higher contributions from windblown dust.
The only exception appears to be USC, where coarse PM
concentrations seem to be relatively consistent (between
14.6 and 24.0 mg/m3) throughout the sampling period.
[16] Figure 3 illustrates the monthly average chemical

composition of the coarse mode at all four sites. The sum of
chemical species explained on average 78 ± 7.4% of the
total mass concentrations for all sites, indicating that a
reasonable mass balance was obtained between measured
mass and the sum of the chemical species. The major
chemical species of PM are shown, namely nitrate, sulfate,
elemental carbon, organic carbon and the sum of the metals
and trace elements. In general, metals and nitrate dominate
the coarse mode across all sites. As mentioned earlier, the
overall levels of coarse PM mass are observed to be
generally lower in the winter compared to the summer.
The wintertime stable conditions, low wind speeds, and
higher soil moisture results in less resuspension of road
and soil dust, the main contributors to coarse mode aerosol.
The high observed metal and elemental content confirms
that crustal materials are one of the major sources of coarse
PM.

[17] Coarse PM nitrate levels are also higher in the
summer in all sites. The period between April and July in
the Los Angeles basin is characterized by frequent fog-like
conditions with high relative humidity in the overnight and
early morning hours. Particles emitted mostly to the west
travel by advection eastward toward the inland valleys of
the basin. It is conceivable that under these conditions, sub-
0.5 mm particles are activated to form fog or cloud droplets,
followed by aqueous phase chemistry and then fog evapo-
ration [Meng and Seinfeld, 1994]. Growth of hygroscopic
ambient PM species, including nitrate, beyond the 1 mm
range has been observed in several other studies [Hughes et
al., 1999; Geller et al., 2004], when relative humidity reach
greater than ninety percent. Its is also possible that a small
fraction of the nitrate in the coarse mode may be in the form
of sodium nitrate, as suggested by a previous study con-
ducted in Riverside [Noble and Prather, 1996]. We believe
that sodium nitrate may be only a small fraction of the total
nitrate because the 24-hour averaged concentrations of
nitrate and sodium in the coarse mode were not correlated
(R2 = 0.04), so conversion of sea salt to sodium nitrate does
not explain the majority of nitrate found in the coarse PM in
this study. Similarly the correlation (R2) of nitrate with
calcium in the coarse fraction was only 0.09, indicating that
calcium is also not the predominant nitrate cation. The
monthly average PM chemistry in the accumulation mode
is shown in Figure 4. An excellent overall agreement was
obtained between the sums of the chemical species and

Figure 4. Monthly average PM chemical composition in the accumulation mode.
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measured mass concentrations (despite the assumptions
made about conversion factors for organics, metals and
inorganic ions) with the sum of species accounting for, on
average, 102 ± 8.2% of the total mass. Nitrate and organic
carbon are the two most prevalent species in this PM size
range. The particulate nitrate concentrations are generally
higher at the receptor sites, especially in Riverside. This site
is downwind of the intense ammonia sources at the Chino
area dairy farms [Singh et al., 2002; Chow et al., 1994].
Fugitive ammonia reacts with nitric acid in the air to form
particle phase ammonium nitrate. Although not as high as
Riverside, the nitrate concentrations at Claremont, another
receptor site, are also higher than source sites. Although
Claremont is not directly downwind of the dairy farms, it
has been shown that vehicular sources can emit large
quantities of ammonia as well [Fraser and Cass, 1998].
This and other ammonia sources may be sufficient to
cause the high particulate nitrate concentrations observed
at Claremont. It is of particular interest to note that the
nitrate levels in the accumulation mode do not follow a
pattern corresponding to seasonal photochemical activity
levels. Other factors, such as the lower inversion height in
the winter and the lower winter temperatures favoring
ammonium nitrate in the particle phase, also influence the
nitrate concentrations. The generally higher organic carbon
composition at the source sites can be explained by primary
emissions from nearby vehicle sources. The highest sulfate
concentrations in the accumulation mode occur at the

receptor sites in summer, with high levels observed at USC
in the warmer months as well. The average accumulation
mode sulfate concentration at Claremont, a receptor site was
0.59 mg/m3 in the winter (December, January and February)
compared to 3.17 mg/m3 in the summer (June and July).
Higher summer sulfate concentrations may be due to
increased photochemical formation and/or increased advec-
tion of background aerosol from over the Pacific Ocean
with the higher wind speeds [Mysliwiec and Kleeman,
2002].
[18] The average monthly PM chemical composition in

the ultrafine mode is given in Figure 5. The data plotted in
Figure 5 should be prefaced by the cautionary statement that
the OC concentrations shown may be subjected to positive
artifacts, which are well known when collecting PM for
organic analysis using quartz filters [Mader et al., 2003;
Schauer et al., 2003]. Indeed, the ratio of the sum of
chemical species to total mass concentrations for the ultra-
fine mode was 1.97 (±1.22). Note that the organic carbon,
nitrate and sulfate concentrations were converted to equiv-
alent masses in estimating the reconstructed mass in
Figure 6. Methods and justifications for these conversions
are discussed in section 2. While assumptions converting
OC, nitrate, sulfate and metal concentrations to their organic
mass, ammonium nitrate, ammonium sulfate and oxide
states, respectively, may be responsible for some of this
discrepancy, adsorption of gaseous organic vapors on the
quartz MOUDI after-filter, and thus higher measured OC

Figure 5. Monthly average PM chemical composition in the ultrafine mode.
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concentrations, is the most likely reason for the overbal-
ance. In a previous study conducted in the Los Angeles
Basin, Kim et al. [2001] conducted measurements to quan-
tify positive organic carbon artifacts in PM2.5 measure-
ments. Annual average concentrations in the basin were
7.20 mg/m3 for organic carbon, and 2.17 mg/m3 for the
positive organic artifact, equivalent to 18.1% and 5.5% of
the total PM2.5 mass, respectively. This study indicated that
the positive organic artifacts approached a nearly constant
saturation value of approximately 2 mg/m3, regardless of the
PM mass level, a finding that suggests that these artifacts
may be more important at lower mass concentrations. This
argument is further supported by the data shown in Figure 6,
in which the ratio of the reconstructed mass (by adding
chemical species) to the measured mass concentration for
the ultrafine mode is plotted against the mass concentration.
It can be seen that at mass concentrations lower than about
1.7 mg/m3, positive artifacts may be quite significant. For
mass concentrations exceeding approximately 2 mg/m3, the
reconstructed and measured mass concentrations are in very
good agreement with their ratio very close to 1, suggesting
that these data (roughly 30% of the total) are less prone to
positive artifact errors. Further, the average positive adsorp-
tion artifact was determined to be approximately 1.3 mg/m3

by the best fit line shown in Figure 6. It is important to note
that the positive artifact value of 1.3 mg/m3 in our study is
slightly lower than the 2.17 mg/m3 determined by the Kim et
al. [2001] study, which may be due to the fact that their
group determined the artifact for filter sampling under
quasiambient pressure. In our study, the MOUDI after-filter
collects particles under a lower pressure (about 0.8 atm due

to the pressure drop across the last MOUDI stage) and this
is likely to cause losses of some volatile OC. This acts to
compensate for some of the adsorption artifact thereby
lowering the value to 1.3 mg/m3. Hence the resulting
estimate for the adsorption artifact is essentially MOUDI
specific. Note, however, that given the high degree of
variability of the adsorption seen in Figure 6, the organic
data in our analysis is not corrected by subtracting the
positive artifact. Given the unquestionable occurrence of
these positive artifacts, however, the statements made in
following paragraphs regarding ultrafine OC concentrations
need to be qualified and put into perspective. The concen-
trations of the rest of ultrafine PM constituents (i.e., mass,
EC, metals, inorganic ions) are not affected by this prob-
lem. Finally, it should be noted that the development of
instrumentation for reliable measurement of ultrafine PM
properties remains to this day, a developing field, and that
at the time of this study, the MOUDI sampler, despite its
potential problems, was one of the very few technologies
available to us for collecting ultrafine PM.
[19] Figure 5 indicates that organic carbon dominates the

ultrafine mode across all the sites ranging from 37% of the
total mass in July 2001 at Riverside to 84% in December
2002 at USC. The predominance of OC is more extreme at
the source sites during winter (for which the corresponding
mass concentration data are highest and thus more reliable),
possibly because of the lower temperatures favoring particle
formation by condensable organics freshly emitted from
vehicles. At the receptor sites, OC is higher in the ultrafine
mode in the summer, during which secondary organic
aerosol formation is favored and new ultrafine particle

Figure 6. Plot of the ratio of reconstructed-to-measured ultrafine PM mass concentration as a function
of measured ultrafine mass concentration.
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organic mass may be formed via photochemical processes
[Kim et al., 2002]. The large contribution of organic carbon
to ultrafine mass was also observed by Hughes et al. [1998].
The general trend of higher elemental carbon (a tracer of
vehicular emissions) in the western, source areas of the
Los Angeles basin results from the decreasing density of
heavy-duty diesel traffic as one moves toward the east.
[20] A limited number of sampling days (a minimum

of three per month) were used to compute the monthly
average values for the measured chemical species. Table 1
presents the relative standard deviations, a measure of the
intramonthly variability, of the measurements that were
combined to form monthly averages. The table shows that
in the majority of cases, the relative standard deviations
were less than 30%, which corroborates the consistency of
the data within a given month for any location, species and
size mode. The previous discussions of seasonal and spatial
trends do not rely on the few cases where the variability was
higher.
[21] In addition to the chemical species presented above,

analysis for specific elements and metals was also per-
formed for all three size modes. The monthly average metal
and element distribution in the coarse mode is given in
Figure 7. Only the most abundant elements, e.g., iron,
calcium, potassium, silicon and aluminum, are shown
individually and are all primarily of crustal origin in the
coarse mode. The less abundant metals (zinc, copper,

barium, titanium, chromium, manganese, nickel and lead)
are summed together and shown as ‘‘other metals’’ in
this and subsequent figures. Crustal metals dominate the
monthly average metal content in the coarse mode. A closer
look reveals very consistent relative levels of these compo-
nents with respect to one another. For instance the average
silicon to aluminum ratio is 2.43 with a standard deviation
of only 13%. The consistency of this silicon to aluminum
ratio across all sites is an indication of a common source,
namely soil and/or road dust [Hildemann et al., 1991;
Schauer and Cass, 2000; Schauer et al., 1996].
[22] Monthly average metal and element concentrations

in the accumulation mode are presented in Figure 8. The
iron levels at Downey and USC in this size range are found
to be higher relative to other metals and other sites,
indicating possible contributions from vehicular sources.
Iron may be emitted directly from tailpipes but is also as a
component of resuspended road dust [Hildemann et al.,
1991]. The ratio of iron to silicon at Downey and USC for
the coarse mode was found to be 0.71 ± 0.02 and 0.58 ±
0.24, respectively. For the same months in the accumulation
mode, the ratios were 1.05 ± 0.02 and 0.77 ± 0.32 for
Downey and USC, respectively. A two-tailed paired t-test
showed that a significant difference exists between the
ratios of Fe to Si in the two modes at both the sites (p =
0.004 and 0.02 for Downey and USC, respectively). Since
the accumulation mode ratio is statistically higher than the

Table 1. Relative Standard Deviations of Measured PM Components for Each Month of Samplinga

Mass EC OC Sulfate Nitrate

UF Acc C UF Acc C UF Acc C UF Acc C UF Acc C

Downey
Dec. 2000 0.26 0.19 0.10 0.09 0.23 0.28 0.14 0.34 0.24 0.03 0.29 0.26 0.21 0.32 0.21
Jan. 2001 0.29 0.13 0.09 0.12 0.10 0.15 0.01 0.14 0.01 0.21 0.22 0.15 0.19 0.32 0.24

Riverside
March 2001 0.26 0.24 0.18 0.01 0.08 0.26 0.09 0.15 0.30 0.27 0.23 0.20 0.19 0.34 0.18
April 2001 0.06 0.20 0.21 0.31 0.41 0.24 0.21 0.15 0.30 0.11 0.33 0.23 0.08 0.31 0.28
May 2001 0.14 0.09 0.07 0.09 0.08 0.14 0.11 0.08 0.09 0.21 0.11 0.19 0.21 0.16 0.08
July 2001 0.40 0.06 0.12 0.25 0.08 0.26 0.20 0.16 0.14 0.28 0.15 0.12 0.01 0.06 0.02

Claremont
Oct. 2001 0.33 0.15 0.21 0.11 0.17 0.14 0.22 0.19 0.10 0.30 0.23 0.12 0.35 0.26 0.21
Nov. 2001 0.21 0.34 0.22 0.15 0.18 0.09 0.21 0.39 0.39 0.27 0.42 0.12 0.19 0.38 0.32
Dec. 2001 0.21 0.23 0.10 0.13 0.27 0.15 0.09 0.24 0.15 ND 0.15 0.12 0.19 0.23 0.31
Jan. 2002 0.16 0.17 0.25 0.11 0.27 0.16 0.03 0.17 0.11 0.39 0.36 0.27 ND 0.28 0.03
Feb. 2002 0.03 0.17 0.16 0.14 0.03 0.02 0.18 0.12 0.02 0.08 0.08 0.12 ND 0.22 0.24
March 2002 0.13 0.15 0.21 0.14 0.29 0.09 0.05 0.09 0.23 0.08 0.09 0.18 ND 0.13 0.16
April 2002 0.47 0.30 0.16 0.23 0.32 0.18 0.16 0.32 0.21 0.16 0.26 0.12 ND 0.45 0.11
May 2002 0.05 0.19 0.09 0.17 0.36 0.01 0.05 0.07 0.10 0.26 0.26 0.16 ND 0.22 0.16
June 2002 0.21 0.04 0.06 0.07 0.23 0.19 0.10 0.43 0.10 0.21 0.13 0.12 0.12 0.11 0.19
July 2002 0.19 0.11 0.12 0.16 0.34 0.05 0.12 0.24 0.31 0.03 0.23 0.15 0.10 0.02 0.06

USC
Oct. 2002 0.22 0.26 0.02 0.10 0.27 0.21 0.02 0.21 0.12 0.36 0.03 0.10 0.06 0.07 0.20
Nov. 2002 0.30 0.29 0.25 0.19 0.12 0.19 0.12 0.03 0.11 0.10 0.40 0.19 0.01 0.14 0.05
Dec. 2002 0.23 0.31 0.29 0.18 0.18 0.29 0.16 0.21 0.23 0.12 0.31 0.22 0.22 0.19 0.03
Jan. 2003 0.21 0.37 0.31 0.14 0.34 0.25 0.11 0.22 0.21 0.28 0.39 0.29 0.09 0.18 0.11
Feb. 2003 0.20 0.31 0.12 0.14 0.03 0.12 0.39 0.06 0.07 0.06 0.09 0.43 0.29 0.43 0.49
March 2003 0.32 0.31 0.16 0.22 0.15 0.12 0.25 0.44 0.33 0.13 0.09 0.21 0.12 0.17 0.19
April 2003 0.22 0.19 0.18 0.07 0.20 0.32 0.21 0.28 0.18 0.36 0.48 0.46 0.16 0.34 0.24
May 2003 0.29 0.36 0.22 0.35 0.43 0.08 0.14 0.43 0.30 0.41 0.32 0.29 ND 0.09 0.29
June 2003 0.27 0.32 0.30 0.31 0.27 0.06 0.06 0.24 0.08 0.38 0.49 0.14 ND 0.20 0.05
July 2003 0.13 0.13 0.33 0.20 0.29 0.35 0.16 0.15 0.29 0.40 0.36 0.19 ND 0.16 0.32
Aug. 2003 0.15 0.18 0.23 0.24 0.21 0.17 0.19 0.33 0.27 0.18 0.31 0.18 ND 0.22 0.18
Sept. 2003 0.35 0.44 0.19 0.15 0.09 0.12 0.07 0.20 0.02 0.06 0.25 0.29 ND 0.30 0.27

aUF, ultrafine mode; Acc, accumulation mode; C, coarse mode; ND, not detected.
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Figure 7. Monthly average metals and elements in the coarse mode.
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Figure 8. Monthly average metals and elements in the accumulation mode.
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crustal ratio found in the coarse mode, and relatively less
crustal material is expected in the smaller size range,
tailpipe emissions are a possible additional source of iron
in the accumulation mode.
[23] Figure 9 shows the monthly average of the metals

and elements found in the ultrafine mode. The mass of
metals and elements are extremely low in the ultrafine mode
compared to the other two size ranges. The highest observed
concentration across all sites was only 0.21 mg/m3 at
Downey in January 2001. High silicon levels relative to
Al and the other elements suggest an additional source
of silicon (other than crustal) in the ultrafine mode.
One possible source may be the small amount of silicon
previously observed in the particulate emissions from
vehicles [Hildemann et al., 1991].
[24] The monthly average elemental carbon distribution

in the three modes is given in Figure 10. It was observed
that the elemental carbon concentration in the ultrafine
mode is higher at the source sites because of fresh emissions
from diesel vehicles. At the receptor sites, higher elemental
carbon concentrations occur during the summer in the
ultrafine and accumulation modes. At Claremont, the con-
centration in the accumulation mode is 0.52 ± 0.05 mg/m3 in
the summer (June and July) and 0.17 ± 0.06 mg/m3 in the
winter (December through February). The concentration in
the ultrafine mode also shows a similar trend, with a
summer and winter concentration of 0.34 ± 0.2 mg/m3 and
0.16 ± 0.06 mg/m3, respectively. Since particulate elemental
carbon only comes from primary sources, high concentra-

tions of elemental carbon at receptor sites is most likely due
to advection of PM from the upwind source areas. Local EC
sources, including wood burning and local diesel trucks,
may also play a role, but this would not explain the low
winter EC concentrations. Thus it appears that increased
summer wind speeds and the advection of polluted air
masses overwhelm local sources and any dilution effect
due to the higher mixing height in the summer months.
[25] The ratio of organic carbon to elemental carbon has

been proposed as a method for distinguishing between the
primary and secondary carbon content of PM [Lim and
Turpin, 2002]. Table 2 shows the average ratio of OC to EC
at all the sites for PM2.5 (the sum of the ultrafine and
accumulation modes). The weekly EC and OC data are
averaged to calculate the overall average for each site. The
source sites have a lower OC/EC ratio and higher levels of
correlation between EC and OC relative to the receptor
sites, both of which are indicative of primary emissions
from vehicular sources. The receptor sites have a generally
higher organic to elemental carbon ratio above the primary
emissions ratios of the source sites. The formation of
secondary organic compounds in the atmosphere, which
condense onto the particle phase, can cause the higher OC
content relative to EC. The higher organic to elemental
carbon ratios observed in Claremont may also be driven by
a lack of concentrated diesel sources upwind. Claremont
has an average elemental carbon concentration of 0.6 ±
0.36 mg/m3, while Riverside has an average concentration of
0.94 ± 0.5 mg/m3. The more southerly location of Riverside

Figure 9. Monthly average metals and elements in the ultrafine mode.
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lies on a more direct wind trajectory from the port and
industrial areas of Los Angeles and Long Beach, and
may be influenced more by upwind diesel emissions than
Claremont to the north.
[26] The correlation coefficients between measured daily

metal concentrations in the coarse and fine (accumulation
plus ultrafine) modes at receptor and source sites are given
in Table 3. Only the most significant correlations are
included (R2 > 0.6). In the coarse mode at the source sites,
high correlations are observed for many of the elements.
The highest correlations suggest a common source of Al
and Si, and a related source of Fe, V, Ti, Mn, Zn, and Cu.
The major source of coarse particles is soil and road dust,
with the former being the likely origin of Al and Si and the
latter being the most likely source of Fe, Ti, Mn, Zn, and
Cu [Harrison et al., 2003]. Cu has been recently shown to
be a marker of car break lining [Espinosa et al., 2004],
which is consistent with its high correlation with elements
originating from road dust. In the fine mode at the source
sites, the degree of correlation among elements drops
significantly. Fine particles have more varied sources than
coarse particles, and thus interelement correlations are
reduced by varying contributions by multiple sources of
the same element. The results show moderately high corre-
lations among some metals (Fe, Si, Mn, Zn), which may
originate from crustal, vehicular, or industrial sources.
Additional high correlation coefficients were observed in
the coarse mode at the receptor sites between Al and Si and
some other crustal metals indicating a soil/road dust source.
Unlike the coarse mode, no significant correlations were

observed in the fine mode at the receptor sites. In general,
less correlation is expected at the downwind receptor sites
because of the potential influence of a greater variety of
sources upwind.

4. Summary and Conclusions

[27] The results presented in this paper indicate that
location and season significantly influence the size resolved
chemical composition of PM in the Los Angeles Basin.
Summer months at the receptor sites show higher concen-
trations, which are influenced both by increased advection
and secondary formation by photochemical reactions. These
two effects overwhelm the effect of a higher summertime
inversion height promoting a greater degree of mixing.
Crustal material and nitrate dominate the coarse mode,
while nitrate and organic carbon dominate the accumulation
mode. Organic carbon is by far the most abundant species in
the ultrafine mode, and the source sites have a high

Figure 10. Monthly average elemental carbon distribution in the coarse, accumulation, and ultrafine
modes.

Table 2. Averaged PM2.5 OC/EC Ratios and Correlation

Coefficients at Source and Receptor Sites

Source Site Average and SD Range R2

Downey 3.63 ± 1.6 1.93–6.84 0.81
USC 5.07 ± 1.14 3.26–7.35 0.86

Receptor Site Average and SD Range R2

Riverside 7.49 ± 3.01 2.64–15.92 0.56
Claremont 10.60 ± 5.6 3.14–25.50 0.38
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elemental carbon content because of diesel traffic. The
metals are found primarily in the coarse mode with only
trace amounts in the ultrafine mode. Metals in the coarse
mode indicate a common source of soil and road dust
and are higher in summer because of higher summertime
wind speeds causing resuspension. Metals measured in
the accumulation and ultrafine modes also have other non-
fugitive dust sources.
[28] The variation in the PM chemical constituents with

site, season and size fraction needs to be considered in
the design of future epidemiological and particle toxicity
studies. The observed differences in particle characteristics
can also be utilized to test hypotheses on the associations
between health outcomes and size-resolved particle chem-
istry. Finally, similar data currently being generated by the
other supersites will allow interesting comparisons between
particle characteristics in different areas of the country.

[29] Acknowledgments. This work was supported by the Southern
California Particle Center and Supersite (SCPCS), funded by the U.S. EPA
(STAR award R82735201) and the California Air Resources Board (ARB;
grant 98-316). This manuscript has not been subjected to the EPA’s and
ARB’s peer and policy review and therefore does not necessarily reflect the
views of the agencies. No official endorsement should be inferred. The

authors would like to thank the contribution of our staff, Paul Mayo and
William Grant, who were responsible for collecting the field data.

References
Adler, K. B., B. M. Fischer, D. T. Wright, L. A. Cohn, and S. Becker
(1994), Interactions between respiratory epithelial-cells and cytokines:
Relationships to lung inflammation, Cells Cytokines Lung Inflammation,
725, 128–145.

Allen, J. O., L. S. Hughes, L. G. Salmon, P. R. Mayo, R. J. Johnson, and
G. R. Cass (2000), Characterization and evolution of primary and
secondary aerosols during PM2.5 and PM10 episodes in the South Coast
Air Basin, Rep. A-22, Coord. Res. Counc., Alpharetta, Ga.

Anderson, H. R. (2000), Differential epidemiology of ambient aerosols,
Philos. Trans. R. Soc. London, Ser. A, 358(1775), 2771–2785.

Batalha, J. R. F., P. H. N. Saldiva, R. W. Clarke, B. A. Coull, R. C. Stearns,
J. Lawrence, G. G. K. Murthy, P. Koutrakis, and J. J. Godleski (2002),
Concentrated ambient air particles induce vasoconstriction of small pul-
monary arteries in rats, Environ. Health Perspect., 110(12), 1191–1197.

Birch, M. E., and R. A. Cary (1996), Elemental carbon-based method for
monitoring occupational exposures to particulate diesel exhaust, Aerosol
Sci. Technol., 25(3), 221–241.

Brown, D. M., V. Stone, P. Findlay, W. MacNee, and K. Donaldson (2000),
Increased inflammation and intracellular calcium caused by ultrafine
carbon black is independent of transition metals or other soluble compo-
nents, Occup. Environ. Med., 57(10), 685–691.

Carter, J. D., A. J. Ghio, J. M. Samet, and R. B. Devlin (1997), Cytokine
production by human airway epithelial cells after exposure to an air
pollution particle is metal-dependent, Toxicol. Appl. Pharmacol.,
146(2), 180–188.

Cass, G. R., L. A. Hughes, P. Bhave, M. J. Kleeman, J. O. Allen, and L. G.
Salmon (2000), The chemical composition of atmospheric ultrafine
particles, Philos. Trans. R. Soc. London, Ser. A, 358(1775), 2581–2592.

Chow, J. C., J. G. Watson, E. M. Fujita, Z. Q. Lu, D. R. Lawson, and L. L.
Ashbaugh (1994), Temporal and spatial variations of PM(2.5) and
PM(10) aerosol in the Southern California Air-Quality Study, Atmos.
Environ., 28(12), 2061–2080.

Christoforou, C. S., L. G. Salmon, M. P. Hannigan, P. A. Solomon, and
G. R. Cass (2000), Trends in fine particle concentration and chemical
composition in Southern California, J. Air Waste Manage. Assoc., 50(1),
43–53.

Clarke, R. W., et al. (2000), Inhaled concentrated ambient particles are
associated with hematologic and bronchoalveolar lavage changes in
canines, Environ. Health Perspect., 108(12), 1179–1187.

Dockery, D. W., C. A. Pope, X. P. Xu, J. D. Spengler, J. H. Ware, M. E.
Fay, B. G. Ferris, and F. E. Speizer (1993), An association between air-
pollution and mortality in 6 United States cities, N. Engl. J. Med.,
329(24), 1753–1759.

Espinosa, A. J. F., M. T. Rodriguez, and F. F. Álvarez (2004), Source
characterization of fine urban particles by multivariate analysis of trace
metals speciation, Atmos. Environ., 38, 873–886.

Ferin, J., G. Oberdorster, D. P. Penney, S. C. Soderholm, R. Gelein, and
H. C. Piper (1990), Increased pulmonary toxicity of ultrafine particles:
1. Particle clearance, translocation, morphology, J. Aerosol Sci., 21(3),
381–384.

Fraser, M. P., and G. R. Cass (1998), Detection of excess ammonia emis-
sions from in-use vehicles and the implications for fine particle control,
Environ. Sci. Technol., 32(8), 1053–1057.

Geller, M. D., P. M. Fine, and C. Sioutas (2004), The relationship between
real-time and time-integrated coarse (2.5 – 10 mm), intermodal (1 –
2.5 mm), and fine (<2.5 mm) particulate matter in the Los Angeles Basin,
J. Air Waste Manage. Assoc., 54, 1029–1039.

Gordian, M. E., H. Ozkaynak, J. P. Xue, S. S. Morris, and J. D. Spengler
(1996), Particulate air pollution and respiratory disease in Anchorage,
Alaska, Environ. Health Perspect., 104(3), 290–297.

Guillemin, M., et al. (1997), International round robin tests on the measure-
ment of carbon in diesel exhaust particulates, Int. Arch. Occup. Environ.
Health, 70(3), 161–172.

Harrison, R. M., R. Tilling, M. S. C. Romero, S. Harrad, and K. Jarvis
(2003), A study of trace metals and polycyclic aromatic hydrocarbons in
the roadside environment, Atmos. Environ., 37(17), 2391–2402.

Hering, S., A. Eldering, and J. H. Seinfeld (1997), Bimodal character of
accumulation mode aerosol mass distributions in Southern California,
Atmos. Environ., 31(1), 1–11.

Hidy, G. M., P. K. Mueller, D. Grosjean, B. R. Appel, and J. J.
Wesolowski (Eds.) (1980), The Character and Origins of Smog Aerosols:
A Digest of Results From the California Aerosol Characterization
Experiment (ACHEX), Adv. Environ. Sci. Technol., 9, 776 pp.

Hildemann, L. M., G. R. Markowski, and G. R. Cass (1991), Chemical-
composition of emissions from urban sources of fine organic aerosol,
Environ. Sci. Technol., 25(4), 744–759.

Table 3. Correlations Between 24-Hour Averaged Mass Concen-

trations of Selected Metals and Elements at Source and Receptor

Sitesa

Element 1 Element 2 n R2 Slope Intercept, mg/m3

Source Sites (Downey/USC): Coarse Mode
Al Si 36 0.98 2.16 �0.0029
Al Fe 36 0.81 2.04 0.0146
Al Ti 36 0.76 0.13 0.0008
Al Mn 36 0.79 0.13 �0.0003
Al Zn 36 0.6 0.03 0.0020
Si Fe 36 0.84 1.09 0.0201
Si Ti 35 0.77 0.03 0.0010
Si Mn 35 0.69 0.07 0.0001
Si Zn 35 0.73 0.04 0.0015
Fe Ti 35 0.83 0.10 �0.0019
Fe V 35 0.85 0.00 �0.0017
Fe Mn 35 0.88 0.02 �0.0003
Fe Cu 35 0.95 0.06 �0.0028
Fe Zn 35 0.86 0.03 0.0008
Ti V 35 0.81 0.06 �0.0019
Ti Mn 35 0.91 0.27 0.0014
Ti Cu 35 0.88 0.56 �0.0017
Ti Zn 35 0.88 0.39 0.0013
V Mn 35 0.79 1.22 0.0022
V Cu 35 0.92 4.79 0.0036
V Zn 35 0.78 2.86 0.0077

Source Sites (Downey/USC): Fine Mode
Si Fe 36 0.88 1.37 0.0400
Si Mn 35 0.79 0.09 0.0011
Si Zn 35 0.76 0.06 0.0169
Fe Ti 35 0.88 0.04 0.0154
Fe Mn 35 0.77 0.027 0.0063
Fe Cu 35 0.72 0.033 0.0034
Fe Zn 35 0.79 0.062 0.0241
Mn Zn 36 0.81 2.85 0.0133

Receptor Sites (Claremont/Riverside): Coarse Mode
Al Si 55 0.92 0.94 0.0200
Al Fe 55 0.64 0.88 0.1800
Al Mn 55 0.81 0.02 0.0013
Al Cu 55 0.66 0.01 0.0031
Mn Cu 55 0.71 0.44 0.0026
aOnly cases when R2 > 0.6 are given.

D07S08 SARDAR ET AL.: SIZE-RESOLVED PM CHEMISTRY IN LOS ANGELES

13 of 14

D07S08



Hughes, L. S., G. R. Cass, J. Gone, M. Ames, and I. Olmez (1998),
Physical and chemical characterization of atmospheric ultrafine particles
in the Los Angeles area, Environ. Sci. Technol., 32(9), 1153–1161.

Hughes, L. S., et al. (1999), Size and composition distribution of atmo-
spheric particles in Southern California, Environ. Sci. Technol., 33(20),
3506–3515.

Hughes, L. S., J. O. Allen, P. Bhave, M. J. Kleeman, G. R. Cass, D. Y. Liu,
D. F. Fergenson, B. D. Morrical, and K. A. Prather (2000), Evolution of
atmospheric particles along trajectories crossing the Los Angeles Basin,
Environ. Sci. Technol., 34(15), 3058–3068.

Hughes, L. S., J. O. Allen, L. G. Salmon, P. R. Mayo, R. J. Johnson, and
G. R. Cass (2002), Evolution of nitrogen species air pollutants along
trajectories crossing the Los Angeles area, Environ. Sci. Technol.,
36(18), 3928–3935.

Kim, B. M., J. Cassmassi, H. Hogo, and M. D. Zeldin (2001), Positive
organic carbon artifacts on filter medium during PM2.5 sampling in the
South Coast Air Basin, Aerosol Sci. Technol., 34(1), 35–41.

Kim, S., S. Shen, C. Sioutas, Y. F. Zhu, and W. C. Hinds (2002), Size
distribution and diurnal and seasonal trends of ultrafine particles in source
and receptor sites of the Los Angeles basin, J. Air Waste Manage. Assoc.,
52(3), 297–307.

Kleeman, M. J., J. J. Schauer, and G. R. Cass (1999), Size and composition
distribution of fine particulate matter emitted from wood burning, meat
charbroiling, and cigarettes, Environ. Sci. Technol., 33(20), 3516–3523.

Kleeman, M. J., J. J. Schauer, and G. R. Cass (2000), Size and composition
distribution of fine particulate matter emitted from motor vehicles,
Environ. Sci. Technol., 34(7), 1132–1142.

Li, N., C. Sioutas, A. Cho, D. Schmitz, C. Misra, J. Sempf, M. Y. Wang,
T. Oberley, J. Froines, and A. Nel (2003), Ultrafine particulate pollutants
induce oxidative stress and mitochondrial damage, Environ. Health
Perspect., 111(4), 455–460.

Lim, H. J., and B. J. Turpin (2002), Origins of primary and secondary
organic aerosol in Atlanta: Results of time-resolved measurements
during the Atlanta Supersite Experiment, Environ. Sci. Technol.,
36(21), 4489–4496.

Mader, B. T., et al. (2003), Sampling methods used for the collection of
particle-phase organic and elemental carbon during ACE-Asia, Atmos.
Environ., 37(11), 1435–1449.

Meng, Z. Y., and J. H. Seinfeld (1994), On the source of the submicrometer
droplet mode of urban and regional aerosols, Aerosol Sci. Technol., 20(3),
253–265.

Mysliwiec, M. J., and M. J. Kleeman (2002), Source apportionment of
secondary airborne particulate matter in a polluted atmospbere, Environ.
Sci. Technol., 36(24), 5376–5384.
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