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ABSTRACT
Airborne fine particle mass concentrations in Southern
California have declined in recent years. Trends in sulfate
and elemental carbon (EC) particle concentrations over
the period 1982–1993 are consistent with this overall
improvement in air quality and help to confirm some of
the reasons for the changes that are seen. Fine particle
sulfate concentrations have declined as a strict sulfur ox-
ides (SOx) emission control program adopted in 1978 was
implemented over time. Fine particle elemental (black)
carbon concentrations have declined over a period when
newer diesel engines and improved diesel fuels have been
introduced into the vehicle fleet. Organic aerosol concen-
trations have not declined as rapidly as the EC particle
concentrations, despite the fact that catalyst-equipped cars
having lower particle emission rates were introduced into
the vehicle fleet alongside the diesel engine improvements
mentioned above. This situation is consistent with the
growth in population and vehicle miles traveled in the
air basin over time. Fine particle ammonium nitrate in
the Los Angeles area atmosphere contributes more than
half of the fine aerosol mass concentration on the high-
est concentration days of the year, emphasizing both the
need for accurate aerosol nitrate measurements and the
likely importance of deliberate control of aerosol nitrate
as a part of any serious further fine particle control pro-
gram for the Los Angeles area.

IMPLICATIONS
A National Ambient Air Quality Standard for fine particles
smaller than 2.5 µm in diameter (PM2.5) has been proposed
recently by the U.S. Environmental Protection Agency. As
fine particles have not previously been subject to regula-
tion, data on PM2.5 concentrations and chemical compo-
sition in cities are rare, leading to many questions about
how fine particle concentrations behave over time. A strat-
egy for monitoring the changes that occur over time in
chemically distinct subtractions of the PM2.5 complex is
illustrated in the present paper, based on data collected
in Southern California since 1982.

INTRODUCTION
Airborne fine particles smaller than approximately 2.5-
µm diameter (PM2.5) are largely responsible for the visibil-
ity deterioration seen both in urban areas like Los Angeles
and Denver, as well as in national parks and wilderness
areas.1-6 Recent epidemiological studies also find an asso-
ciation between fine particle concentrations and increased
human health effects.7-9 For these reasons, the U.S. Envi-
ronmental Protection Agency (EPA) recently has proposed
a National Ambient Air Quality Standard for PM2.5.

10

Fine particle composition and concentration have not
been monitored routinely in urban areas on a national
level in the United States. As a result, relatively little is
known about trends in fine particle concentrations and
composition over time in cities. The Los Angeles metro-
politan area is an exception, for it has been studied ex-
tensively.11-15

During three 1-year periods since 1982, fine par-
ticle concentration and complete chemical speciation
have been measured by our research group in South-
ern California. To date, only the 1982 data and a frac-
tion of the 1993 data have been published.11,16 The sites
over which the experiments have been carried out are
shown in Figures 1a–1c for 1982, 1986, and 1993, re-
spectively. Supplemental fine particle data also are
available from dichotomous samplers that have been
operated by the California Air Resources Board (CARB)
at Long Beach, Azusa, and Rubidoux since 1989. Taken
together, these data provide a long-term record extend-
ing back over the 14 years from 1982 to 1995.

The purposes of this paper are to describe these South-
ern California experiments, to present the previously un-
published fine particle composition data for 1986 and
1993, and to search for trends in the fine particle concen-
tration and composition over the period 1982–1993 that
may be associated with changes in emission control pro-
cedures known to have occurred over that decade.

EXPERIMENTAL
Experiments conducted in 1982 are described in detail by Gray
et al.11 The sampling system used is shown in Figure 2a.
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Ambient air at a flow rate of 25.9 L min–1 is drawn through
an AIHL-design cyclone separator designed to remove
particles with aerodynamic diameter larger than 2.1 µm.17

The airflow containing the fine particles is then divided
between four parallel filter holder assemblies, each hav-
ing a filter substrate that is compatible with a particular
chemical analysis procedure:

(1) Fine particle mass concentrations in the atmo-
sphere are obtained by pre- and postweighing 47-
µm-diameter Teflon filters (Membrana 0.5-µm pore
size) that are operated at a flow rate of 4.9 L min–1.
The fine particulate matter collected on these fil-
ters is also analyzed for the concentration of 34
trace elements by X-ray fluorescence (XRF).18

(2) Samples taken for organic and elemental carbon
determination (OC and EC, respectively) are col-
lected on 47-µm-diameter quartz fiber filters
(Pallflex 2500 QAO heat-treated at 600 °C for at
least 2 hr) at a flow rate of 10 L min–1. OC and EC
concentrations on these filters are measured by the
methods of Huntzicker et al.19 and Johnson et al.20

(3) The third filter holder in Figure 2a contains a 47-
µm-diameter Nuclepore filter (0.4-µm pore size)
operated at 1 L min–1 that was used for aerosol
light absorption coefficient determination by the
integrating plate technique.21 These filters also
are analyzed for sulfates and nitrates by ion chro-
matography (IC),22 and for ammonium ion con-
tent by the phenol-hypochlorite method.23

(4) The remaining filter shown in Figure 2a is a quartz
fiber filter operated at 10 L min–1 that is used for de-
termination of individual particulate organic com-
pounds by gas chromatography/mass spectrometry.24

Samples were collected for 24 hr every sixth day
during the entire year (1982) at 10 urban sites and also
at a background site on San Nicolas Island upwind of
the city, as shown in Figure 1a. The combination of
measurements made on the quartz fiber, Teflon, and
Nuclepore filters allows a nearly complete material
balance on the chemical composition of the fine par-
ticles to be obtained.

The sampler used during the 1986 experiments is
diagrammed in Figure 2b. The concept and equipment
are similar to the 1982 experiments except that the

Figure 1. Ambient air monitoring sites in Southern California showing
measured annual mean fine particle mass concentrations at each site.
Units are µg m–3.

Figure 2.   Schematic diagram of fine particle air pollutant samplers:
(a) 1982, (b) 1986, and (c) 1993.
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denuder difference method for fine particle nitrate and
nitric acid (HNO3) measurement is employed in addition
to collection of nitrate aerosol on Teflon filters. In the
denuder difference method, a nylon filter (1.0-µm pore
size, 47-mm diameter, Membrana Corp. and Gelman Sci-
ences) located downstream of a Teflon-coated cyclone
separator is used to collect fine particle nitrate plus HNO3

vapor, while a second nylon filter located below both
the cyclone separator and a magnesium oxide-coated dif-
fusion denuder (designed to quantitatively remove HNO3)
collects only fine particle nitrate. Nylon filters act as a
sink for HNO3 vapor and thus do not release HNO3 from
decomposition of ammonium nitrate (NH4NO3) during
sampling. HNO3 concentration data are obtained from
the difference between nitrate ions measured on these
two nylon filters. As a consequence of this method, the
fine particle nitrate concentration measurements ob-
tained from the nylon filter that is located below the
diffusion denuder do not suffer from large positive or
negative nitrate measurement artifacts.25,26 Nylon filters
are analyzed as described by Solomon et al.12,27,28

The quartz fiber filters used in 1986 were heat-treated
Pallflex 2500 QAO filters (47-mm diameter), while the
Teflon filters used were Gelman Teflo filters (47-mm di-
ameter, 0.5-µm pore size). Denuders were not employed
for organics sampling in any of the years studied here, as
organics denuder technology is still under development.
Preliminary test samples taken employing an XAD-coated
annular denuder29 ahead of a quartz fiber filter followed
by a polyurethane foam cartridge show that the denuder
prevents a positive artifact for organic aerosol averaging
about 34% of the organics collected on an undenuded
quartz fiber filter when sampling at Pasadena, CA, in the
summer. This may also be accompanied by a negative
artifact due to organic aerosol loss from the particle fil-
ter. Chemical analysis procedures for fine particles are
identical to those for the coarse particulate (PM10) aero-
sol samples described by Solomon et al.30 Samples were
collected every sixth day for 24-hr sampling periods dur-
ing the calendar year 1986, at seven urban sites shown
in Figure 1b, plus the background site at San Nicolas Is-
land, and also at a remote site downwind of the city in
the San Gabriel Mountains at Tanbark Flats.

The sampling system used during the 1993 experi-
ments is shown in Figure 2c. The principal purpose of the
1993 experiments was to collect organic aerosol for use
in mutagenicity testing and bioassay-directed chemical
analysis.16,31 The fine particle mass balance, which includes
inorganic as well as organic chemical components re-
ported in the present paper, is a byproduct of that study.32

Pretreated quartz fiber filters (47-mm diameter, Pallflex
2500 QAO, baked at 550 °C for at least 6 hr) were used to
collect samples destined for determination of atmospheric

carbonaceous aerosol concentrations by thermal evolu-
tion and combustion analysis as described previously.
Polytetrafluoroethylene (PTFE) filters (47-mm diameter,
Gelman Teflo, 0.5-µm pore size) were employed to acquire
atmospheric particulate matter samples at the air flow rates
shown in Figure 2c. These samples were used for mass
concentration determination and for subsequent measure-
ment of a wide variety of major and trace elements by
XRF and water soluble anions and cations by IC, colorim-
etry, and atomic absorption spectroscopy as described
previously.

In 1993, the sampling sites chosen were Azusa, Long
Beach, Central Los Angeles, Rubidoux, and San Nicolas
Island. Sampling occurred every sixth day during 1993
and the samplers operated for 24 hr. In the present paper
we will focus on the five sites that are common to all
three yearly experiments, or that are also included within
the CARB low-volume dichotomous sampler network,
namely, Long Beach, Central Los Angeles, Azusa,
Rubidoux, and San Nicolas Island.

RESULTS AND DISCUSSION
Figure 1 shows the sites where the experiments were car-
ried out during 1982, 1986, and 1993. Alongside each sam-
pling station, the annual mean fine particle mass
concentration is given in µg m–3. The results are also sum-
marized in Tables 1 and 2, which show the highest 24-hr
average mass concentration as well as the annual average
mass of airborne fine particles at the sites surveyed. Four
sites have been studied in all three experiments: Long
Beach, Central Los Angeles, Rubidoux, and San Nicolas
Island. Average airborne fine particle mass concentrations
at Long Beach, Central Los Angeles, and Rubidoux were
lower in 1982 than in 1986, but have declined since, as
indicated by the 1993 mass concentrations. For Long
Beach, Central Los Angeles, and Rubidoux, 1993 airborne
fine particle mass concentrations are 26, 21, and 12%
lower, respectively, than the mean of the corresponding
1982 and 1986 annual average airborne fine particle mass
concentrations. This downward trend is confirmed in Fig-
ure 3, which superimposes data from the CARB dichoto-
mous sampler network, depicted in Figure 3 with a solid
line, onto our data, which are indicated in Figure 3 with
diamond symbols. Over the period from 1982 to 1995,
based on 9 or 10 Caltech plus CARB annual average mea-
surements per site, ordinary least-squares regression analysis
of fine particle mass concentrations against time shows
that the trend over time is –0.95, –0.76, and –1.24 µg m–3

per year at Long Beach, Azusa, and Rubidoux, respectively.
The trend is downward with greater than 95% confidence
at Long Beach and Rubidoux, and with greater than 90%
confidence at Azusa. Meanwhile, the background fine
particle concentrations upwind at San Nicolas Island have



Christoforou et al.

46   Journal of the Air & Waste Management Association Volume 50  January 2000

remained almost constant, averaging approximately 7 µg
m–3 over the period 1982–1993.

The fine particle chemical composition at selected sites
for each of the 3 years studied is shown in Figure 4. The
area of the pie charts is proportional to the annual average
fine particle mass concentration. Organic compound

concentrations given throughout this paper are estimated
as 1.4 times the OC measured in order to account for O
and H associated with organic matter. Particle concentra-
tions dervived from the earth’s crust (e.g., soil dust; the dirt
content of road dust) are estimated as the sum of Al, Si, Fe,
Ti, Mn, Ca, and K converted to the equivalent molecular

Table 1. Annual average fine particle mass concentrations (µg m-3).

Site Fine Organic Elemental SO
4
–2 NO

3
– Cl– NH

4
+ Na+ Crustalb Trace

Mass Materiala Carbon Speciesc

1982
Azusa 29.6 8.0 3.3 5.8 2.8 -d 2.9 -d 3.4 1.8
Burbank 28.6 12.2 5.0 6.2 1.4 - 2.4 - 3.3 2.0
Long Beach 27.5 8.6 3.8 6.4 2.3 - 2.6 - 2.2 1.7
Lennox 28.5 8.7 4.5 5.3 1.9 - 2.1 - 2.1 2.3
Pasadena 28.5 9.5 4.0 6.0 2.1 - 2.7 - 2.1 1.7
West LA 24.8 8.2 3.6 6.0 1.9 - 2.2 - 1.8 1.5
Central LA 32.7 10.2 4.9 6.7 3.1 - 3.0 - 2.2 2.0
Upland 27.7 7.5 3.1 5.5 4.0 - 3.0 - 1.9 1.4
Rubidoux 42.1 7.3 3.0 5.9 10.5 - 5.1 - 3.0 1.4
Anaheim 23.1 7.5 3.2 5.2 2.7 - 2.1 - 2.3 1.6
San Nicolas 6.8 2.4 0.3 2.3 0.9 - 0.8 - 0.9 0.5

1986
Burbank 35.5 15.3 3.8 4.9 5.1 0.2 3.2 0.4 1.9 1.3
Long Beach 30.4 12.1 3.0 5.2 4.6 0.3 3.0 0.5 1.6 1.2
Hawthorne 27.4 10.6 2.7 5.3 3.4 0.2 2.6 0.5 1.7 1.3
Central LA 36.8 15.6 3.9 5.3 5.4 0.2 3.3 0.4 1.8 1.4
Rubidoux 43.8 11.1 2.5 4.6 13.4 0.3 5.9 0.3 2.5 1.1
Upland 35.4 12 2.3 4.5 7.9 0.1 4.0 0.3 1.9 1.0
Anaheim 28.6 11.3 2.5 4.8 5.1 0.2 3.0 0.4 2.2 1.1
Tanbark Flats 18.7 8.1 1.0 3.6 1.6 0.1 1.7 0.2 1.2 0.9
San Nicolas 6.7 2.4 0.1 1.6 0.7 0.9 0.7 0.7 0.6 0.8

1993
Azusa 24.3 13.1 1.3 3.8 3.2 0.0 1.9 0.3 2.3 0.6
Long Beach 21.5 12.5 1.8 4.2 2.3 0.1 1.6 0.4 1.9 0.6
Central LA 27.4 17.2 2.7 4.1 3.1 0.1 1.6 0.4 2.2 0.6
Rubidoux 37.6 13.6 1.5 3.8 9.7 0.1 3.3 0.2 2.8 0.6
San Nicolase 7.7 2.2 0.1 2.1 0.4 0.5 0.3 0.5 0.4 0.2

aOrganic carbon measured by the thermal/optical technique multiplied by 1.4 to compensate for O and H associated with organic matter.
bCrustal material is estimated as the sum of Al, Si, Fe, Ti, Mn, Ca, and K oxides.
cTrace species identified is equal to the sum of all species analyzed by XRF (except for S, Al, Si, Fe, Ti, Mn, Ca, K, Cl, and La) plus Mg+2 as determined by AAS.
d Not measured in 1982.
eAnnual averages obtained from 18 measurements that represent 39 sampling events at other sites.

Figure 3.   Annual average fine particle mass concentration over the period 1982–1995 at (a) Long Beach, (b) Azusa, and (c) Rubidoux. The solid
line indicates data obtained from the CARB dichotomous sampler network while the solid symbols indicate data obtained by Caltech samplers.
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weight of their common oxides. A detailed account of the
annual average chemical composition of the fine particu-
late matter at all sites in Figure 1 is given in Table 1. At most
sites, carbonaceous aerosols (EC + OC), ammonium sulfate,
and NH4NO3 are the major contributors to fine particle mass
concentrations.

Figures 5–7 show the time series of the monthly
average concentrations for six chemical species (EC,
organic compounds, sulfate ion, nitrate ion, ammo-
nium ion, and crustal oxides) in µg m–3 over the three
years of experiments at Long Beach, Central Los Ange-
les and Rubidoux, respectively. Primary particle con-
centrations, typified by black EC particles, show
seasonal variations that are similar to those for CO.
High concentrations are observed during the stagnant
winter months, while low concentrations are observed
during the summer months, especially at Long Beach
and Central Los Angeles. The land/sea breeze wind re-
versal also affects concentrations seasonally. In gen-
eral, it is seen that EC concentrations have declined
substantially over time as evidenced by the 1993 data

when compared to the 1982 and 1986 data. EC con-
centrations in the Southern California area historically
were dominated by diesel engine exhaust.33-35 Reduc-
tions in EC concentrations reflect improved diesel en-
gine emission control. Traps to collect particulate
matter, oxidation catalysts for reducing vapor-phase
hydrocarbons as well as soluble particulate organics,
creative and innovative engine designs, exhaust gas
recirculation, and improved fuels are some of the meth-
ods introduced over the years since 1982 for control-
ling the emissions from new diesel engines. As a result,
particulate matter emissions from new heavy-duty die-
sel engines have declined from circa 1 to 3 g kW–1hr–1

in the 1970s to 0.1 to 0.3 g kW–1hr–1 in the 1990s.36

As these newer diesel engines have been introduced
into the vehicle fleet, fleet average emissions have declined.
Measurements made in highway tunnels in the late 1970s
show a fleet average, diesel truck particle mass emission
rate of 870 ± 160 mg km–1 of which 55% of the mass (478
mg km–1 ) was EC.37 By 1993, measurements made in the
Ft. McHenry Tunnel near Baltimore, MD, show a lower

Table 2. Particle chemical composition on days with maximum 24-hr average fine particle mass concentrations (µg m-3).

Site Month Fine Mass Organic Elemental SO
4
–2 NO

3
– Cl– NH

4
+ Na+ Crustalb Trace

 Materiala Carbon Speciesc

1982
Azusa Feb 99.1 13.4 8.7 10.8 17.4 -d 9.4 -d 4.1 3.1
Burbank Dec 85.4 28.4 17.6 17.6 1.6 - 7.3 - 7.0 4.8
Long Beach Dec 144.6 37.0 16.5 7.2 36.8 - 14.0 - 3.7 4.6
Lennox Dec 140.1 29.3 16.7 34.2 8.9 - 13.6 - 3.9 4.0
Pasadena Dec 97.0 18.3 9.2 21.3 12.4 - 12.8 - 3.3 3.2
West LA Dec 104.5 24.4 10.4 22.9 11.3 - 10.1 - 3.1 2.9
Central LA Dec 166.4 33.7 20.6 31.0 28.8 - 18.0 - 5.0 4.2
Upland Dec 86.5 10.2 6.7 14.8 24.9 - 12.4 - 2.7 1.8
Rubidoux Feb 142.4 12.0 6.9 6.8 30.0 - 10.5 - 3.7 3.2
Anaheim Dec 122.2 23.1 15.8 5.9 32.8 - 12.2 - 3.2 3.7
San Nicolas May 18.3 4.6 0.3 2.0 1.2 - 0.3 - 1.8 0.8

1986
Burbank Dec 148.6 46.3 16.6 3.4 47.4 0.2 15.1 0.8 4.2 2.3
Long Beach Dec 101.1 22.6 8.3 4.5 37.9 0.7 12.6 0.5 2.6 2.0
Hawthorne Dec 110.0 24.4 8.6 6.7 41.3 0.9 13.8 0.5 3.4 1.7
Central LA Dec 138.8 40.4 14.4 4.5 53.8 0.4 16.0 0.5 4.0 2.0
Rubidoux Oct 242.6 36.0 5.9 18.4 93.0 0.3 38.2 0.2 3.5 1.4
Upland Jan 170.1 20.5 4.2 12.7 74.0 1.2 28.3 0.1 0.3 0.5
Anaheim Mar 100.4 26.0 3.9 17.4 11.9 0.2 10.4 0.5 2.6 2.7
Tanbark Flats Oct 57.5 23.3 3.2 7.5 7.3 0.0 5.0 0.1 2.1 1.7
San Nicolas Oct 27.0 1.7 0.3 3.1 0.2 0.0 1.1 0.2 0.7 0.5

1993
Azusa Oct 95.0 14.9 0.8 9.2 28.7 0.2 12.8 0.2 2.8 1.1
Long Beach Nov 75.3 29.0 3.9 7.6 15.7 0.3 5.9 0.3 3.6 0.8
Central LA Dec 77.2 32.4 5.1 4.2 24.2 0.2 6.7 0.1 1.6 0.9
Rubidoux Dec 139.2 39.3 4.0 6.3 63.3 1.9 17.8 0.1 2.3 0.7
San Nicolas Apr 31.8 1.8 0.0 3.5 1.7 4.6 0.4 3.1 1.7 0.7

aOrganic carbon measured by the thermal/optical technique multiplied by 1.4 to compensate for O and H associated with organic matter.
bCrustal material is estimated as the sum of Al, Si, Fe, Ti, Mn, Ca, and K oxides.
cTrace species identified is equal to the sum of all species analyzed by XRF (except for S, Al, Si, Fe, Ti, Mn, Ca, K, Cl and La) plus Mg+2 as determined by AAS.
dNot measured in 1982.
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diesel truck fleet emission rate of 417 µg km–1.38 Source tests
of 1986 model diesel truck engines show that the mass frac-
tion EC in fine particle emissions has also declined to about
40.5% of total mass.39 Combining the 1993 tunnel study
data with this lower fraction EC in diesel exhaust yields an
estimated fleet EC emission rate of about 169 mg km–1,
which is about 35% of the EC emission rate from the fleet
in the late 1970s. This compares to an average decline of
ambient EC concentrations at the four urban Los Angeles
area sites studied in 1993 to 32% (range 29–40%) of the EC
concentrations measured in 1982. The reduced black car-
bon particle concentrations seen in the Los Angeles atmo-
sphere over this period are consistent with the progressive
addition of cleaner diesel engines to the vehicle fleet over
time, as well as the use of cleaner-burning diesel fuels.

Figure 4.   Material balance on annual average fine particle chemical
composition for (a) 1982, (b) 1986, and (c) 1993, showing annual
average fine particle mass concentrations in µg m–3 at each monitoring
site location. The area of the pie charts is proportional to the annual
average fine particle mass concentration.

Figure 5.   Monthly average concentrations for six fine particle chemical
species at Long Beach during 1982, 1986, and 1993.

Figure 6.   Monthly average concentrations for six fine particle chemical
species at Central Los Angeles during 1982, 1986, and 1993.
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Particulate organic compound concentrations follow a
seasonal trend that is similar to EC. There is a strong sea-
sonal variation with high concentrations in the winter and
low concentrations in the summer, especially at Long Beach
and Central Los Angeles. That seasonal variation is not as
pronounced as one moves further inland, at Rubidoux. Pre-
vious work by Gray and Cass,35 Hildemann et al.,40 and
Schauer et al.34 shows that the annual average fine particle
organics concentration in the Los Angeles atmosphere is
mostly due to direct particle emissions from primary sources.
For that reason, the organics data appear similar to the EC
data in terms of seasonal variation. Organic aerosol concen-
trations have not declined over time in the same way as EC.
In part, this situation is due to a competition between fur-
ther penetration of catalyst-equipped vehicles into the auto-
mobile fleet, which tends to lower organic aerosol emissions,
versus increases in population and vehicle miles traveled over
time, which tend to increase emissions. Motor vehicle source
tests conducted on in-use Southern California automobiles
by Hildemann et al.39 showed that the six noncatalyst-
equipped automobiles tested while burning low-lead gaso-
line emitted 59.4 mg of fine particles per km driven, 78.6%
of which was composed of organic compounds, while the
corresponding emissions from the seven catalyst-equipped
autos tested were only 18.0 mg km–1, of which 60.1%
consisted of organic compounds, and newer cars would be

expected to be even cleaner. As more catalyst-equipped au-
tomobiles have replaced noncatalyst cars over time, primary
organic aerosol emissions per vehicle mile traveled (VMT)
have declined. Reductions in particulate organics emissions
per VMT over time also are due in part to reduced emissions
from diesel engines, as explained previously.

However, between 1982 and 1993, VMT in the South
Coast Air Basin increased by a factor of 1.58 (compare
Gray41 to South Coast Air Quality Management District42).
During this period, miles traveled by noncatalyst vehicles
dropped to approximately 3.5% of the VMT of the light-
duty vehicle fleet in 1993, compared to approximately
28% of the light-duty VMT in 1982. Applying the OC
emissions data from Hildemann et al.39 discussed above,
and considering both the growth in VMT and the shift
in vehicle type between 1982 and 1993, one can calcu-
late that air basin–wide, fine organic particulate matter
emissions from the light-duty fleet in 1993 were prob-
ably about 92% of the values experienced in 1982. When
combined with the effect of population growth on pri-
mary organic aerosol sources that are not yet subject to
control (e.g., emissions from food cooking, residential
wood combustion, and paved road dust), it is not sur-
prising that particulate organic compound concentra-
tions in the atmosphere have not declined in the same
way as EC concentrations have. Total particle mass emis-
sions from gasoline-powered motor vehicles, of course,
have declined substantially between the mid-1970s and
1993, as fine particle lead halide emissions and coarse
particle emissions of all types have been greatly reduced
through the use of unleaded gasoline and catalyst-
equipped cars. The overall decline in total particle mass
emissions from noncatalyst cars from circa 200 mg km–1

more than 20 years ago to be replaced by the roughly 18
mg km–1 emitted from the in-use catalyst-equipped cars
tested by Hildemann et al.39 is so large that it does out-
pace the increase in VMT and contributes to the general
decline in particle mass concentrations over time, even
if it does not necessarily bring down fine particle OC
concentrations in more recent years.

Sulfate ion concentrations follow a similar trend at the
three sites examined closely in Figures 5–7, showing sum-
mertime peaks, with lower concentrations during the win-
ter months. A progressive decline in sulfate concentrations
is observed from 1982 to 1986 to 1993. Sulfate concentra-
tions arise from marine background aerosol plus urban pri-
mary sulfate particle emissions, as well as from atmospheric
chemical reactions that oxidize sulfur dioxide (SO2) to form
sulfates. Sulfate peaks in the summertime are due to in-
creased atmospheric SO2 oxidation at that time of year.43

The highest SO4
–2 concentration events in the Southern

California atmosphere historically have been associated
with SO2 oxidation in the liquid phase during coastal

Figure 7.   Monthly average concentrations for six fine particle chemical
species at Rubidoux during 1982, 1986, and 1993.
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fogs.43,44 The concentrations of sulfates in the Southern
California atmosphere have declined over the years largely
due to the imposition of strict controls both on SO2 emis-
sions from industrial processes and on the sulfur content
of fuels. In 1973, approximately 530 tons day–1 of total SOx

were emitted in the greater Los Angeles area, and peak daily
SO4

–2 concentrations reached 73 µg m–3 at Central Los An-
geles in that year.43 In 1978, a strict SOx emission control
program was designed for the Los Angeles area that was
specifically intended to abate the high sulfate concentra-
tions experienced during the 1970s.43-45 By 1990, SOx emis-
sions had been reduced to 120 tons day–1 in the South Coast
Air Basin that surrounds Los Angeles.46 The corresponding
peak 24-hr average fine particle sulfate concentrations mea-
sured during our experiments at Central Los Angeles have
declined over the years, with values of 31.0 µg m–3 in 1982,
17.6 µg m–3 in 1986, and 12.5 µg m–3 during 1993. Begin-
ning with total suspended particulate sulfate concentrations
that averaged more than 14 µg m–3 during 1973, annual
average fine particle sulfate concentrations at Central Los
Angeles have declined to 6.7 µg m–3 in 1982, 5.3 µg m–3 in
1986, and 4.1 µg m–3 in 1993. Annual average fine particle
sulfate concentrations will continue to decline with the
further reduction in local SO2 emissions that will accom-
pany the recent introduction of lower sulfur gasoline, even-
tually approaching the 2.1 µg m–3 annual mean fine particle
SO4

–2 background concentration measured upwind of the
city at San Nicolas Island as local SO2 emissions approach
zero. SOx emission control obviously does lead to reduced
particulate sulfate concentrations in Los Angeles.

Fine particle nitrate concentrations are high, and are
seen to increase as one moves further inland, from Long
Beach to Central Los Angeles to Rubidoux. At Long Beach
and Central Los Angeles, the highest nitrate concentrations
occur in the cooler winter months, while at Rubidoux high
nitrate concentrations can occur throughout the year. The
causes and potential approaches to control of the high ni-
trate concentrations in Southern California, particularly at
Rubidoux, are explained in great detail through
photochemical modeling by Russell and Cass47 and by
Russell et al.48,49 Briefly, HNO3 vapor formed by oxidation
of atmospheric nitrogen dioxide (NO2) reacts with gaseous
ammonia to produce NH4NO3 aerosol and with sea salt to
produce sodium nitrate aerosol. Rubidoux encounters some
of the highest NH4NO3 concentrations observed anywhere
in the nation because it is both downwind of the major
nitrogen oxides (NOx) emissions sources in the western
portion of the Los Angeles basin, and also downwind of
the concentrated ammonia sources created by agricultural
and animal husbandry activities in Western Riverside and
San Bernardino Counties (e.g., the Chino dairy area; farm-
lands where fertilizers are used, etc.) For a detailed account
of ammonia emissions, see Russell and Cass.47 Average

nitrate concentrations during 1986 exceeded those mea-
sured during either 1982 or 1993.

The concentrations of NO3
– shown in Figures 4–7 are

as measured on Teflon filters. Appel et al.,25,50 Forrest et al.,51

and Solomon et al.27 have shown that HNO3 measurements
obtained by collection on a nylon filter located downstream
of a Teflon filter (the tandem filter method) are higher than
HNO3 measurements obtained using the denuder difference
method shown in Figure 2b. The difference is in part due
to the vaporization of NH4NO3 aerosol that is collected on
the Teflon filter used in the tandem filter method. Such
vaporization results in, among other things, a negative mea-
surement artifact for particulate NO3

–. During the 1986 ex-
periments, a denuder difference method (see Figure 2b) was
used to measure the magnitude of this NH4NO3 loss. The
results are shown in Figure 8. Figure 8a illustrates the fine
particulate NO3

– concentrations measured on a Teflon fil-
ter and the difference in NO3

– measurements between that
Teflon filter sample versus fine particulate NO3

– measured
on a nylon filter located below the denuder shown in Fig-
ure 2b. Since the nylon filters, if used correctly, are effec-
tively a perfect sink for the nitrate content of NH4NO3, the
difference in nitrate content between the Teflon versus
nylon filter samples is a measure of the amount of NH4NO3

volatilized from the Teflon filter during sampling; the vola-
tilized ammonia is not measured.

Figure 8b depicts the percentage of the NO3
– lost due

to this partial vaporization of NH4NO3 aerosol, and it is
seen that the losses are highest during the hotter part of
the year, as expected for a process that is sensitive to ther-
mal decomposition. As a result of this loss, fine particle
mass measured on Teflon filters provides an underestimate
of the true fine particle mass concentration in the atmo-
sphere. Corrected fine particle mass will be defined here as
equal to the sum of the reported fine particle mass as mea-
sured on a Teflon filter, plus the difference in the NO3

– ion
concentration measured on the nylon filter located below
the denuder in Figure 2b, versus that collected on the Teflon
filter shown in the same figure, multiplied by 1.29 under
the approximation that a stoichiometrically equivalent
amount of NH4

+ ion was lost along with the lost NO3
–. The

extent of this correction to the fine particle mass is shown
in Figure 8c. During 1986, fine particle mass concentra-
tions would have averaged 34.4, 42.5, and 50.7 µg m–3, re-
spectively, at Long Beach, Central Los Angeles, and
Rubidoux, once the correction for NH4NO3 evaporation
during sampling has been taken into account, an increase
of 13–16% above the mass concentration values measured
on Teflon filters.

Figures 5–7 also depict the monthly average concen-
trations of ammonium ion at Long Beach, Central Los An-
geles, and Rubidoux, respectively. Ammonium follows the
same trend as nitrate plus sulfate, as expected, since NH4

+ is
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the predominant cation found in the fine particle sulfate
and nitrate salts in the Los Angeles area atmosphere.

The last row of graphs in Figures 5–7 depicts the con-
centration of crustal oxides measured at Long Beach, Cen-
tral Los Angeles, and Rubidoux, respectively. Crustal oxides
do not show any systematic seasonal variation over the
course of the year, and the crustal oxide concentrations
have remained relatively constant at individual sites over
the years. In general, higher crustal oxide concentrations

are observed as one moves further inland from Long Beach
toward Rubidoux. The climate at Rubidoux is hotter and
drier than at the coast, leading to dustier conditions at
that inland site.

Figure 9 shows the chemical composition of the air
basin–wide maximum 24-hr average fine particle mass
concentration event for each of the years studied. Table 2
gives the concentration and chemical composition of the
sample with the highest 24-hr mass concentration taken
at each air monitoring site shown in Figure 1. In 1982,
the highest 24-hr average fine particle mass concentra-
tion occurred at Central Los Angeles and was found to be
166.4 µg m–3, while in both 1986 and 1993, the highest
fine particle mass concentrations occurred at Rubidoux
and were 242.6 and 139.2 µg m–3, respectively. The peak
24-hr average concentration at Rubidoux during 1982 also
was within that range, amounting to 142 µg m–3, with
substantial aerosol nitrate concentration, as shown in
Table 2. Values shown in Figure 9 represent mass concen-
trations measured on Teflon filters and do not include
correction for NH4NO3 lost by volatilization during sam-
pling. For the 1986 sample, that nitrate volatilization loss
was measured. The fine particle mass concentration mea-
sured at Rubidoux on October 29, 1986 would have been
263.2 µg m–3 after correction for NH4NO3 volatilization.

In general, it is seen that the highest fine particle mass
concentrations occur during the cooler months of the year,
not in the middle of the summer photochemical smog
season. Also, comparing the pie charts for the peak days
in Figure 9 to the corresponding graphs showing the yearly
average chemical composition in Figure 4, it is seen that
aerosol nitrate concentrations are relatively higher under
peak day conditions than on an average day. During 1986
and 1993, NO3

– and associated NH4
+ accounted for the

majority of the fine aerosol on the peak concentration
days of the year. Thus it is clear that an accurate measure-
ment of NH4NO3, including correction for volatilization
losses, is necessary for an accurate measurement of peak
24-hr average and annual average fine particle mass con-
centrations in the Los Angeles area, and deliberate abate-
ment of NH4NO3 concentrations will form a necessary
component of any successful, major fine particle control
program for the Los Angeles area.
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