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Understanding the organic matter/organic carbon (OM/OC) ratio in ambient particulate matter (PM) is critical to achieve mass
closure in routine PM measurements, to assess the sources of and the degree of chemical processing organic aerosol particles have
undergone, and to relate ambient pollutant concentrations to health effects. Of particular interest is how the OM/OC ratio varies in
the urban environment, where strong spatial and temporal gradients in source emissions are common. We provide results of nearroadway high-time-resolution PM1 OM concentration and OM/OC ratio observations during January 2008 at Fyfe Elementary
School in Las Vegas, NV, 18 m from the U.S. 95 freeway soundwall, measured with an Aerodyne high-resolution time-of-flight aerosol
mass spectrometer (HR-AMS). The average OM/OC ratio was 1.54 ( 0.20 standard deviation), typical of environments with a low
amount of secondary aerosol formation. The 2-min average OM/OC ratios varied between 1.17 and 2.67, and daily average OM/OC
ratios varied between 1.44 and 1.73. The ratios were highest during periods of low OM concentrations and generally low during
periods of high OM concentrations. OM/OC ratios were low (1.52  0.14, on average) during the morning rush hour (average
OM ¼ 2.4 µg/m3), when vehicular emissions dominate this near-road measurement site. The ratios were slightly lower (1.46  0.10)
in the evening (average OM ¼ 6.3 µg/m3), when a combination of vehicular and fresh residential biomass burning emissions was
typically present during times with temperature inversions. The hourly averaged OM/OC ratio peaked at 1.66 at midday. OM
concentrations were similar, regardless of whether the monitoring site was downwind or upwind of the adjacent freeway throughout
the day, though they were higher during stagnant conditions (wind speed < 0.5 m/sec). The OM/OC ratio generally varied more with
time of day than with wind direction and speed.
Implications: Day-to-day variability in the fine particle OM/OC ratio is quite large, suggesting that using a fixed OM/OC value in
PM mass closure calculations, even one that changes seasonally, may be insufficient to achieve accurate mass closure on individual
days. Health studies that rely on OC measurements may under- or overestimate exposure to OM, and converting OC to OM with a
fixed OM/OC ratio represents a significant source of uncertainty; thus, air quality managers may not have sufficient information
about the importance of OM contributions to PM2.5 to make optimal regulatory decisions.
Supplemental Materials: Supplemental materials are available for this paper. Go to the publisher’s online edition of the Journal of
the Air & Waste Management Association.

Introduction
Atmospheric particulate matter (PM) comprises a variety of
materials, including crustal material; trace metals; ionic species
such as sulfate, nitrate, and ammonium; and carbonaceous material. The carbonaceous fraction is composed of black or elemental carbon (BC, EC), which is emitted as a primary emission
from combustion and is relatively unreactive in the atmosphere,
and organic matter (OM). OM is made up of many different
molecular structures and includes not only particulate organic
carbon (OC), but also hydrogen, oxygen, nitrogen, and sulfur.
Both PM, a large fraction of which can be OM, and specific

molecules that are part of OM, such as polycyclic aromatic
hydrocarbons (PAH), have been found to have health effects
and to be carcinogenic (Larsen and Baker, 2003; Lobscheid
and McKone, 2004; Adonis et al., 2003; Flowers et al., 2002).
Together with BC, OM is the dominant component of the particulate fraction of vehicular exhaust (Schauer et al., 2002), which
by itself has also been associated with health effects (Mauderly,
1994; Weingartner et al., 1997; Seagrave et al., 2006; Hiura et al.,
2000). Effects evident in subjects living next to roadways include
increased asthma rates, detrimental fetal development during
pregnancy, decreased lung capacity, and increased cardiovascular disease (Health Effects Institute Panel on the Health Effects of
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Traffic-Related Air Pollution, 2010; Edwards et al., 1994; Nitta
et al., 1993; Kim et al., 2004; Finkelstein et al., 2004; Kunzli
et al., 2000; Hoek et al., 2002; Kan et al., 2010; 2008). Since OM
is a substantial fraction of PM, characterizing the OM in particulate matter is important for understanding PM mass and its
associated health effects.
While it is critical to understand OM concentrations, OM can
be difficult to measure, especially on a routine basis. Nationalscale, routine PM2.5 networks such as the Interagency
Monitoring of Protected Visual Environments (IMPROVE) and
Chemical Speciation Network (CSN) programs typically measure OC, but not OM. OM must be inferred from these OC
measurements using an assumed OM/OC ratio. However, the
OM/OC ratio can vary widely depending on source influences,
monitoring location, season, and meteorology (Turpin and Lim,
2001; Bae et al., 2004; Aiken et al., 2008; Chan et al., 2010;
Simon et al., 2011). Particulate matter containing more aliphatic
hydrocarbons tends to have a lower OM/OC ratio (Russell, 2003;
Turpin and Lim, 2001; Maria et al., 2003), while particulate
matter dominated by secondary formation is typically more
oxygenated and thus has a higher OM/OC ratio (Aiken et al.,
2008). Even with high-resolution molecular speciation, typically
only 10–30% of the OM can be quantified (Rogge et al., 1993;
Volkamer et al., 2006), though improving techniques have been
increasing the resolution of the unresolved complex mixture
(Williams et al., 2010; Isaacman et al., 2012).
An accurate OM/OC ratio is necessary to achieve mass closure between gravimetric PM measurements and collocated
measurements of PM constituents; to properly reflect the role
of OM in regional and local air quality management plans; and to
improve model predictions of OM (Polidori et al., 2008). The
OM/OC ratio has also been used to characterize the relative level
of oxidation of the organic material in the atmospheric aerosol as
an estimate of the degree of chemical processing in the atmosphere (de Gouw et al., 2005, 2008; Aiken et al., 2009).
The OM/OC ratio in ambient air has been measured directly
using high-resolution aerosol mass spectrometer (HR-AMS) measurements, as well as inferred via calculations using OC and other
data. Chan et al. (2010) provided a review of key studies of OM/
OC. For southern California, White and Roberts (1977) estimated
an OM/OC ratio of 1.4, based on calculations of missing particulate mass that could not be explained by other measurements. This
ratio of 1.4 has historically been used as a default value—for
example, in the IMPROVE program (Malm et al., 1994). Turpin
and Lim (2001) estimated OM/OC to be between 1.6 for urban
organic aerosol and 2.1 for rural/aged organic aerosol, based on a
survey of published speciated organic molecular marker data from
multiple sites in the United States. Russell (2003) used Fourier
transform infrared (FTIR) spectroscopy analysis of particulates on
quartz fiber filters (QFF) and determined OM/OC to be, on
average, 1.4, with a range of 1.2 to 1.6. Using 3 years of QFF
analysis of organic molecular markers at an urban and rural site in
the Midwest, Bae et al. (2006) estimated that OM/OC was between
1.5 and 1.9 at the rural site and between 1.3 and 1.6 at the urban
site. Recently, Simon et al. (2011) developed a calculation of OM/
OC by applying multilinear regression techniques and using many
years of filter data collected from more than 100 sites in the United
States, predominantly in rural areas, as part of the IMPROVE
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program. They estimated OM/OC ratios to be, on average, between
1.37 and 1.94, with lower ratios in the western United States and
during winter. Together, these studies provide a consistent range of
estimates for OM/OC, though they are based on indirect measurements of OM and typically use 24-hr averaged samples.
With the development of the HR-AMS instrument (DeCarlo
et al., 2006; Jayne et al., 2000; Jimenez et al., 2003) and associated data analysis techniques (Aiken et al., 2007), direct, hightime-resolution measurements of the elemental composition of
nonrefractory PM1 aerosol are possible. This means that the
hydrogen-to-carbon (H/C), oxygen-to-carbon (O/C), and
nitrogen-to-carbon (N/C) ratios of OM can be directly quantified, so a total OM concentration and an OM/OC ratio are
obtained at high time resolution (e.g., at 2-min intervals). With
these analysis techniques, Gilardoni et al. (2009) and Aiken et al.
(2009) found that OM/OC ratios in the Mexico City area were
between 1.6 and 1.8 in the urban area and between 1.8 and 2.1
aloft. In Riverside, CA (eastern Los Angeles area), during the
winter, Williams et al. (2010) determined OM/OC to be, on
average, 1.8. At a remote site in British Columbia, Sun et al.
(2009) determined OM/OC to be 2.28 ( 0.23). Chan et al.
(2010) determined that OM/OC ratio values at a rural site in
Ontario, Canada, were between 1.9 and 2.5.
OM/OC ratios have also been determined for a number of
specific sources, and in particular for vehicular emissions. Using
an HR-AMS, Chirico et al. (2010) found that the OM/OC ratio
from vehicular emissions can vary between 1.26 at warm idle
and 1.40 at cold idle, with other variations depending on the type
of engine and operating condition. After 5 hrs of photochemical
aging in a chamber, warm-idle and cold-idle OM/OC ratios
increased to 1.45 and 1.63, respectively. Using a bottom-up
approach in the development of a national-scale emissions
inventory, Reff et al. (2009) estimated OM/OC ratios to be
about 1.25 for vehicle exhaust. The OM/OC ratio of general
laboratory-generated secondary organic aerosol (SOA) ranges
from 1.4 to 2.7 (e.g., Kleindienst et al., 2007).
OM/OC is directly related to the H/C and O/C ratios of
organic aerosol; higher O/C translates to higher OM/OC
(Aiken et al., 2008). The ambient OM/OC depends not only on
the emission ratio of OM sources and subsequent aging, but also
on the volatility of the OM and how it partitions between the gas
and particle phases (Kroll et al., 2011; Donahue et al., 2012).
Higher OM concentrations lead to increased SOA yields from
gaseous precursors (Donahue et al., 2012). Sage et al. (2008)
noted that under high OM conditions, semivolatile and relatively
unoxidized species can quickly contribute to OM concentrations
via partitioning from the gas phase. The semivolatile material
can also move into the particle phase via oxidation, leading to
lower vapor pressures and subsequent partitioning; decreases in
temperature and higher OM concentrations can also lead to
increased gas-to-particle conversion of less oxidized species
(Cappa and Jimenez, 2010).
Many of the ambient experiments described in the literature
occurred at locations where a significant portion of the organic
aerosol is transported some distance from emissions sources to
the monitoring location, resulting in more aged, more oxidized
organic aerosol and a higher observed OM/OC. Work has also
been done in chemical aging chambers to assess the initial OM/
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OC ratio of vehicular and other emissions and the process by
which they may change over time in a controlled environment
(Kroll et al., 2009; Mohr et al., 2009; Chhabra, et al., 2010;
Tkacik et al., 2012), but little work has been done to characterize
the OM/OC ratio of vehicular emissions in the near-roadway
environment. In the short time from the emission of organic
aerosol and semivolatile vapors from the tailpipe to their impact
at a nearby receptor, nucleation, dilution, condensation, evaporation, and oxidation all affect the gas/aerosol organic mixture and
its phase partitioning. With the HR-AMS, we directly determined OM/OC ratios in the near-roadway environment at Las
Vegas, NV, based on measured H/C, O/C, and nitrogen-to-carbon
(N/C) ratios of the ambient organic aerosol, which can be used to
support photochemical modeling, to aid mass closure of PM, and
to inform health studies. The OM/OC ratio is examined with
respect to source influence and time of day.

Methods
Monitoring site location
Measurements were made next to a classroom and playground in Las Vegas, NV, at Fyfe Elementary School, directly
adjacent to and 18 m from the U.S. 95 highway soundwall (see
Figure 1 for a map, originally published in Brown et al., 2012).
The focus of this paper is on intensive measurements taken
during January 5–28, 2008, when OM/OC measurements were
available; other air quality measurements occurred throughout
2007–2008. The U.S. 95 freeway has six lanes in each direction,
with an annual average daily traffic (AADT) volume of 203,000
vehicles a day. A 3  5-m insulated shelter housed the meteorological, black carbon, and OCEC instruments, as described
later. HR-AMS and particle-into-liquid-sampler (PILS) measurements were made in the Colorado State University (CSU)
Mobile Laboratory, which was parked next to the main monitoring shelter during the study.

Figure 1. Location of monitoring equipment at Fyfe Elementary School.

The monitoring site is on the north side of the freeway, so the
site is directly downwind of the freeway when winds blow from
the south. North of the site is a residential area; the homes in the
immediate neighborhood were built starting in the 1960s, and
many have wood-burning fireplaces. Las Vegas is in a shallow
bowl area, with mountains to the west and north, and is a
relatively isolated, large urban area with a 2010 population of
over 1.9 million in the greater metropolitan area of Clark County
(http://quickfacts.census.gov/qfd/states/32/32003.html). There
is little heavy industry in Las Vegas, with most PM2.5 emissions
coming from dust (e.g., http://www.epa.gov/air/emissions/pm.
htm#pmloc); mobile sources comprise 9% of the emissions,
but they account for 36% of the emissions if dust is excluded.
A major electricity generation source listed in the most recent
(2005) national emissions inventory (NEI) has since closed.

HR-AMS description and data processing
The operation of the Aerodyne HR-AMS has been described
in detail elsewhere (DeCarlo et al., 2006; Allan et al., 2004;
Drewnick et al., 2005; Jimenez et al., 2003) and is only summarized here. Ambient air is drawn through a PM2.5 cyclone and is
sampled through a critical orifice into an aerodynamic lens,
creating a narrow particle beam with a 50% passing efficiency
of 1-µm particles so that essentially PM1 is measured (Sun et al.,
2009; Canagaratna et al., 2007). Particles with an aerodynamic
diameter of 50 nm to 700 nm are collected with nearly 100%
efficiency (Liu et al., 2007; Jayne et al., 2000); however, the HRAMS may not fully quantify total particle mass if there is
significant mass outside of this range. The sampling line is
approximately 7 feet of ¼-inch diameter stainless steel tubing,
with a bypass flow of 3 liters per minute (lpm) through the PM2.5
cyclone and 0.1 lpm into the HR-AMS, resulting in an approximate residence time of 1.3 sec in the sampling line. The particles
are accelerated in the supersonic expansion of gas molecules into
a vacuum at the end of the lens. Particles are collected by inertial
impaction onto a heated surface (600 C), and nonrefractory
species such as nitrate, sulfate, ammonium, and OM are thermally vaporized. Vaporized gases undergo electron impact ionization and the charged fragments enter a time-of-flight mass
spectrometer (ToF-MS) region, where they are separated by
mass-to-charge ratio (m/z). After correction for interferences
from ambient gases such as N2 and O2, mass spectra are analyzed
for each 2-min averaged sample.
AMS measurements may not always have a collection efficiency (CE) of 100%, particularly in environments with a high
fraction of mass from sulfate aerosol. However, in this study, as
reported in Brown et al. (2012), the median sulfate concentrations were extremely low (median of 0.16 µg/m3); particulate
matter with extremely low sulfate fraction can be collected with a
CE of 1 by the HR-AMS (Matthew et al., 2008), which was used
in this study. If the CE varied significantly by day or hour during
the study, then we might be undermeasuring the OM, though it is
unclear whether OM/OC would be biased low or high in that
case. Results comparing AMS data with Sunset OC data,
described later, indicate that a CE of 1 appears reasonable; as
reported in Brown et al. (2012), HR-AMS and PILS PM2.5
nitrate also compared well, assuming a CE of 1 (r2 ¼ 0.95,
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median PILS/AMS ratio ¼ 1.3), though with a positive bias
toward the PILS measurements. The AMS was calibrated for
nitrate ionization efficiency (IE) every week through introduction of 350-nm ammonium nitrate particles. Relative ionization
efficiencies for other aerosol types were taken from published
values (Aiken et al., 2008; DeCarlo et al., 2006).
AMS data were processed and analyzed using the standard
AMS analysis software, Squirrel version 1.51, implemented with
Wavemetric’s Igor Pro (version 6.20). High-resolution (HR) data
were processed with the AMS analysis software Pika version
1.10. The “W” path mode and calibration factors per Aiken et al.
(2008) were used to analyze spectra for their elemental composition and to acquire H/C, O/C, and N/C, and therefore OM/OC,
ratios of the organic aerosol signal. The OM/OC ratio is calculated from the organic aerosol signal in AMS mass spectra as
shown in eq 1:




12 þ 1  HC þ 16  OC þ 14  NC
:
(1)
12
The OM/OC ratio is largely driven by the extent of oxidation in
the organic aerosol; that is, the more oxygens associated with
carbon in the aerosol, the higher the OM/OC ratio. For example,
the PAH pyrene (C16H10) has a very low OM/OC of 1.05, and the
long-chain alkane triacontane (C30H62) has an OM/OC ratio of
1.17. More oxidized species have higher OM/OC ratios. An
example carboxylic acid, azelaic acid ((CH2)7(CO2H)2), has a
ratio of 1.75, and levoglucosan (C6H10O5), an anhydrous sugar
with several OH groups, has an OM/OC of 2.25. With laboratory
standards, Aiken et al. (2008) reported an average error of 6%
when determining OM/OC values. AMS-inferred OC concentrations were also determined using the OM/OC ratio for each 2min OM measurement, equal to the OM concentration divided
by the OM/OC ratio. There were no extended (i.e., more than an
hour) periods of downtime, except for daily calibrations.

Sunset OCEC measurements
A Sunset OCEC instrument (Bae et al., 2004; Jeong et al.,
2004; Bauer et al., 2009; Rattigan et al., 2010) measured organic
and elemental carbon on an hourly basis. The Sunset OCEC
instrument uses a thermal optical method similar to NIOSH
5040 (Chow et al., 2001; Sin et al., 2004) and has a limit of
detection of 0.3 µg/m3 for OC and 0.01 µg/m3 for EC (Bauer
et al., 2009). Particulate matter is drawn through a PM2.5 cyclone
inlet with a carbon denuder and deposited on a quartz fiber filter
for 47 min. Particulate matter is then analyzed during an 8-min
cycle by heating the filter to 840 C for 5 min to quantify OC, and
then by introducing an oxidizing carrier gas (He with 10% O2) at
850 C for 3 min to quantify EC. The remaining 5 min is used for
cooling down the oven. During the filter heating, carbonaceous
material evolves off the filter as CO2, which is quantified via
transmittance using a nondispersive infrared (NDIR) detector.
EC is determined as any carbon evolved off the filter after the
introduction of He/O2 once the laser-monitored filter absorbance
matches the initial absorbance measured when the filter was first
heated. After each hourly analytical cycle, calibration gas of 5%
CH4 with He flushes the system. Instrument response is
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calibrated using a 99.9% reagent grade sucrose solution and a
5% CH4/He calibration standard.

Other collocated measurements
Meteorological data (wind speed, wind direction, temperature) were collected at 10 m above ground level (agl). Hourly
meteorological data were vector-averaged. Each hourly observation was classified as downwind (wind speed greater than 0.5
m/sec and wind direction between 100 and 270 degrees); upwind
(wind speed greater than 0.5 m/sec and wind direction between
310 and 60 degrees); other (wind speed greater than 0.5 m/sec
and wind direction between 60 and 100 degrees or between 270
and 310 degrees); or stagnant (wind speed less than 0.5 m/sec).
In addition, temperature was measured at 2 m agl. The difference
between the 10-m and 2-m temperatures, which can be indicative
of thermal inversions close to the ground, was used as an indicator of atmospheric stability; that is, the atmosphere was more
stable when the 10-m temperature was higher than the 2-m
temperature, as occurred on most evenings. In the daytime, the
2-m temperature was typically higher than the 10-m temperature.
Black carbon (BC) data at 880 nm wavelength were collected
using a Magee Scientific Aethalometer, model AE-22, with a
PM2.5 inlet. One-minute data were processed into 5-min
averages; time-stamp and filter tape spot saturation corrections
were done using the Washington University Air Quality Lab
AethDataMasher Version 6.0e (Washington University Air
Quality Laboratory, 2006). CO data were collected using a
Thermo Scientific 48i analyzer, yielding 1-min data with a
manufacturer-specified lower quantifiable limit of 0.04 ppb
and precision of 2%. The 1-min data were aggregated into 5min data for validation. For hourly averages, 75% completeness
of the 5-min averages was required. Automatic zero and span
checks were performed each day for CO at 3:00 a.m., with a span
value of 8 ppm. Both BC and CO can be used as indicators of
vehicle emissions, though BC can also have some influence from
residential biomass burning in the evening.
Traffic data were collected at the Torrey Pines overcrossing of
U.S. 95, about 3.5 km from Fyfe Elementary, using a Wavetronix
SmartSensor HD model 125. Hourly traffic speed plus volume
by three size bins were measured: (1) small, vehicles with a
length of 6 m (20 feet) or less; (2) medium, 6–12 m (21–40
feet) in length; and (3) large, longer than 12 m (40 feet).

Results
Overview of meteorological and traffic conditions
and OM concentrations during study
Hourly averaged temperature varied between –1.6 and
15.5 C during the study. A summary of the wind speed and
direction distribution is shown in Figure 2 as the fraction of
observations that were classified as upwind, downwind, other,
or stagnant, by hour of the day; a wind rose is provided in Brown
et al. (2012). A typical diurnal pattern consisted of stagnant or
upwind conditions at the site during evening, overnight, and
early morning, followed by increased wind speeds from the
south (i.e., downwind from the freeway) during late morning.

1426

Brown et al. / Journal of the Air & Waste Management Association 63 (2013) 1422–1433

Downloaded by [Hankuk University of Foreign Studies] at 01:35 13 August 2015

residential area to the north, and, on average, constituted 12% of
the OM; semivolatile OOA (SV-OOA) accounted for the remaining
third of the OM, and was also highest in the evening hours. In areas
with more aged aerosol, LV-OOA is relatively high, while HOA is
more indicative of fresh emissions (Canagaratna et al., 2007;
Docherty et al., 2008; Jimenez et al., 2009). HOA had a diurnal
pattern that was similar to BC, with peaks in the morning and
evening, while LV-OOA was highest at midday. In the evening,
HOA combined with peaks of SV-OOA and BBOA, resulting in
OM concentrations that were higher than in the morning. The
varying OM mixture has an influence on OM/OC, as discussed
later. Additional details and discussion of PMF results are provided
elsewhere (Brown et al., 2012).

Comparison between AMS and Sunset data
Figure 2. Fraction of 2-min AMS data points per hour by wind condition
(downwind of freeway, upwind of freeway, parallel to freeway [other
directions], or stagnant [wind speed less than 1 m/sec]).

Downwind conditions occurred most frequently in midday with
sustained winds, while upwind conditions were typical in
the evening. As indicated by the difference between the 10-m
and 2-m temperatures, the atmosphere was typically stable overnight between 1700 and 0600 local standard time (LST).
Traffic was predominantly small vehicles, less than 21 feet in
length, with an average weekday volume total of 167,000 vehicles/day, of which 90% were small vehicles. One percent of the
total was large vehicles, those greater than 40 feet in length, with
the remaining fraction made up of medium vehicles. The exact
split between light-duty and heavy-duty vehicles is unknown.
Conservatively, if half the medium vehicles and all of the large
vehicles were heavy-duty diesel, then about 5% of the total
would be heavy-duty diesel. Small vehicle volume peaked in
the morning and evening, while large vehicle volume peaked in
the late morning after the morning commute (i.e., 0900–1100
LST).
As discussed in Brown et al. (2012), OM averaged 3.3 µg/m3
during the January study and was typically highest during the
evening hours (i.e., 1900 through 2100 LST), with a secondary
peak during the morning rush hour (i.e., 0600–0900 LST).
Sulfate concentrations were extremely low throughout the
study, with a median concentration of 0.16 µg/m3 and a maximum 20-min average of 0.88 µg/m3. These sulfate levels are
quite low compared to most other areas in the United States but
are not atypical in the western United States, as there is minimal
transport of sulfate into Las Vegas and there are no major sources
of SO2 or sulfate upwind of the urban area. Nitrate concentrations were episodic but were also typically low, with a median
concentration of 0.54 µg/m3 and average of 1.09 µg/m3.
Analysis of 2-min HR-AMS data with the U.S. Environmental
Protection Agency (EPA) positive matrix factorization model, EPA
PMF, yielded four factors that best accounted for the OM (Brown
et al., 2012). On average, primary, hydrocarbon-like organic aerosol (HOA) made up 26% of the OM, while low-volatility oxygenated OA (LV-OOA) was highest in the afternoon and accounted
for 26% of the OM. Biomass burning organic aerosol (BBOA) was
evident only in the evening hours, came predominantly from the

AMS-derived OC data were averaged for comparison to the
hourly Sunset OC data. AMS PM1 OC concentrations and
Sunset PM2.5 OC concentrations compared well (median difference ¼ 0.05 µg/m3, r2 ¼ 0.89, slope ¼ 0.91; assuming y-intercept ¼ 0) across all times of day, with the poorest relationship
occurring when OC concentrations were less than 0.5 µg/m3
(Figure 3). The average and median hourly OCams concentrations
during the study were 2.3 and 1.5 µg/m3, while the average and
median Sunset OC concentrations were 2.4 and 1.5 µg/m3. The
high correlation between the AMS and Sunset measurements is
similar to results in Tokyo (Takegawa et al., 2005) and Pittsburgh
(Zhang et al., 2005), where r2 values were reported of 0.67–0.83
in two seasons and 0.88 in September, respectively. The correlation is much higher than the correlation reported in summer at
Riverside (Docherty et al., 2011), where r2 values were between
0.36 and 0.53 and where multiple Sunset instruments and methods were used; at Riverside the overall discrepancy between HR-

Figure 3. Hourly averaged AMS PM1 OC and Sunset PM2.5 OC concentrations
(µg/m3), colored by AMS-derived OM/OC ratio.
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AMS and Sunset measurements was approximately 10%. In Las
Vegas, the average OMAMS/OCSunset ratio was 1.56 ( 0.08 95th
percent confidence interval). This ratio is very similar to the
average AMS-derived OM/OC ratio of 1.54 0.01, though the
OMAMS/OCSunset ratio was more variable.

Downloaded by [Hankuk University of Foreign Studies] at 01:35 13 August 2015

Daily patterns
Daily averaged HR-AMS OM/OC ratios varied between 1.44
and 1.73, with an average of 1.54, while daily concentration
averages of OM were between 1.1 and 6.6 µg/m3 (Figure 4).
Generally the OM/OC ratio was low when OM was high; this
occurred when stagnant conditions led to a buildup of OM
concentrations (Figure 5). The lower OM/OC ratios are consistent with more fresh, primary aerosol, while the higher values
mean more oxygen, hydrogen, and/or nitrogen associated with
the organic aerosol, likely from atmospheric processing. Higher
OM concentrations are also expected to cause increased partitioning of the semivolatile, less oxidized material to the particulate phase (Sage et al., 2008; Robinson et al., 2007), leading to
lower OM/OC ratios. No clear relationship of OM/OC with
temperature was evident in the data set (Supplemental Figure 1
and Brown et al., 2012), even though temperature plays a role in
gas/particle partitioning and can, therefore, influence the ambient OM concentration. On a daily average basis, higher wind
speeds were associated with higher OM/OC ratios. When the
urban area is well ventilated we expect more oxidized, aged,
regional aerosol to comprise a greater proportion of the OM,
since fresh aerosol emissions are diluted and are more likely to
partition into the gas phase than aged aerosol are. This relationship is clearer when examining hourly averages (discussed later).
For the observed daily average OM/OC ratio range of 1.44 to
1.73, if OC is measured and OM calculated with the traditionally
assumed urban OM/OC ratio of 1.4, then the estimate of OM for
the Las Vegas period and location described here would be
biased low by an average of 9% and as much as 17%. With
more oxidized and secondary organic aerosol present during

Figure 4. Average daily OM/OC ratio, OM concentration (µg/m3), temperature
( C), and scalar averaged wind speed (m/sec).

Figure 5. Hourly-averaged OM concentrations (µg/m3) as a function of wind
speed, colored by OM/OC ratio.

summertime, we anticipate the actual OM/OC value would be
higher than observed in this winter study.

Diurnal variations
Figure 6 summarizes the average diurnal variability of OM,
OM/OC, BC, CO, wind speed, temperature, and small-vehicle
volume during the study. Large-vehicle volume (not shown)
peaked in the midday and was low overnight. Concentrations of
OM were highest in the evening hours when wind speeds were
low, a ground-level temperature inversion occurred, and a combination of local primary emissions (including residential biomass
burning) occurred (Brown et al., 2012). A secondary OM peak
typically occurred during the morning rush hour. Traffic volume
peaked in the morning and evening hours, with average speed of
67 mph (108 kph). For comparison, BC and CO showed similar
concentration peaks in the morning and in the evening.
As further seen in Figure 7, the AMS-derived OM/OC ratio
was, on average, higher in the midday (OM/OC ¼ 1.67) and
overnight (OM/OC ¼ 1.70 at 0300 LST) than in the morning
(OM/OC ¼ 1.55 at 0600 LST) and evening (OM/OC ¼ 1.47 at
2100 LST). The low ratio in the morning hours corresponded
with the morning rush hour and typically low wind speeds.
Under these conditions and time of day, the predominant source
of organic aerosol is likely fresh emissions from the freeway and
the larger urban area, with a low amount of SOA. The OM/OC
ratio of 1.54 is indicative of fresh aerosol, and in particular of
fresh vehicle emissions (Chirico et al., 2010; Reff et al., 2009).
The increasing OM/OC ratio during the day is consistent with
aerosol aging and SOA production.
Between 1500 LST and 1700 LST, the OM/OC ratio rapidly
drops from 1.67 to 1.50, then remains low until the minimum of
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Figure 6. Average diurnal pattern of small-vehicle volume (counts/hour  1000), difference in 10-m and 2-m temperature (positive values indicate a stronger groundlevel temperature inversion), BC (µg/m3), CO (ppm), wind speed (m/sec), average concentration by hour and PMF factor (µg/m3), OM (µg/m3), and OM/OC ratio at
Fyfe during January 5–28, 2008, by hour (LST).
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Figure 7. Box plot of OM/OC ratio by hour. Mean values are plotted as a
continuous line, and medians as dashes inside each box; boxes represent the
interquartile range, and whiskers represent the data range to the 5th and 95th
percentiles.

1.47 at 2100 LST. During this time, average OM goes from a
minimum of 1.3 µg/m3 at 1500 LST to 3.3 µg/m3 at 1700 LST,
reaching a peak of 5.9 µg/m3 at 2100 LST, as a combination of
vehicular emissions from the evening rush hour and residential
biomass burning contributes OM while wind speeds decrease and
ground-level temperature inversions occur (Brown et al., 2012).
While examination of diurnal averages is valuable, the aggregation of many data points to calculate the averages may mask
additional features in the data. In particular, there are differences
in OM/OC ratios both with time of day and with OM concentration. Figure 8 shows the OM/OC ratio versus OM concentration

Figure 8. OM/OC ratio and OM concentrations (µg/m3) by time of day (LST).

for four times of day: morning rush hour (0500–0900 LST),
midday (0900–1700 LST), evening (1700–2300 LST), and overnight (2300–0500 LST). At all times of day, OM/OC is lower and
its range is smaller when OM concentrations are higher. The

observed relationship between OM/OC and OM might result
from greater gas-to-particle partitioning of more volatile organic
compounds when OM is present at higher concentration
(Robinson et al., 2007; Lipsky and Robinson, 2006). Cappa
and Jimenez (2010) determined that BBOA and primary HOA
have the greatest potential for fine particle formation because the
semivolatile material associated with BBOA and HOA is most
likely to move to the particle phase under high-OM, lowtemperature conditions. This semivolatile material has a relatively low OM/OC ratio and can move into the particulate phase
under these high OM conditions without first undergoing extensive oxidation. Chan et al. (2010) also demonstrated that OM/
OC decreases with increased OM concentrations, though they
ascribed this trend to different source mixtures as well as
increased partitioning at their site, near Toronto.
The diurnal variations of the Las Vegas OM/OC ratio are
largely driven by changes in O/C ratio, and to a lesser degree,
H/C ratio. Figures 9 and 10 show the diurnal pattern of O/C and
H/C, and Figure 11 shows a scatter plot of H/C versus O/C for
hourly averages, also known as a van Krevelen diagram (Heald
et al., 2010). H/C is highest in the morning and evening (overall
average 1.75), while O/C is highest in the middle of the day
(overall average 0.30). On the H/C versus O/C scatter plot,
starting in the lower right corner at 0300 LST, average H/C is
at its lowest and O/C at its highest. As the morning commute
(and associated fresh vehicle emissions) begins, there is a slow
increase in H/C and decrease in O/C; at 0600 LST, when the
morning commute is nearing its peak, there is a sharp increase in
H/C and decrease in O/C. Starting at 0800, H/C slowly decreases
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Figure 9. Box plot of O/C ratios by hour; boxes show the interquartile range,
whiskers the 5th and 95th percentiles, dashes the median, and solid line the mean.
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Figure 10. Box plot of H/C ratios by hour; boxes show the interquartile range,
whiskers the 5th and 95th percentiles, dashes the median, and solid line the mean.
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Figure 11. Scatter plot of H/C vs. O/C ratio averaged by hour during all hours of
January 2008, colored by average OM concentration; each number indicates the
hour (LST).

and O/C slowly increases until 1600 LST. During this midday
period, mixing heights increase, temperatures rise, and increased
atmospheric oxidation occurs, leading to lower OM concentrations and higher O/C. As OM is diluted and temperatures
increase, more organic matter can partition to the gas phase;
the species partitioning to the gas phase are expected to have
lower O/C ratios than the species remaining in the particulate
phase, further increasing the O/C ratio of the particulate phase.
By 1700 LST, the evening commute has begun and atmospheric stability increases, leading to a large increase in H/C and
a decrease in O/C. Over the next 6 hrs, OM peaks, H/C remains
high (evening average of 1.58) and O/C remains relatively low
(evening average of 0.24). During the evening, in addition to
fresh vehicle emissions, residential biomass burning contributes
to OM, as seen via analysis of the data with PMF (Brown et al.,
2012). As OM increases and temperature decreases in the evening, more organic compounds can partition to the particulate
phase, further increasing OM and the H/C ratio. By 2300 LST,
the emissions associated with the evening commute and residential biomass burning have decreased, leading to a slow decrease
in OM, a decrease in H/C, and an increase in O/C throughout the
night. A number of studies (Donahue et al., 2012; Kroll et al.,
2011; Jimenez et al., 2009; Aiken et al., 2008) have demonstrated that direct, primary emissions typically have an O/C of
0–0.17; heavily oxidized organic aerosols have an O/C of 0.67–
1; semivolatile organic aerosol has an O/C between 0.33 and
0.67; and biomass burning organic aerosol has a very wide range
of 0.07–0.42. Thus, a combination of mobile source and residential biomass burning emissions, in addition to oxidized background organic aerosol, can result in the observed O/C and OM/
OC ratios at this Las Vegas site. The reason behind the slow
decrease in H/C and corresponding increase in O/C after midnight is unclear; it may reflect a combination of nighttime
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oxidation processes and partitioning to the gas phase of semivolatile, high-H/C-ratio material, but without coincident gas
phase or organic aerosol speciation measurements the exact
processes are unknown.

We also examined how the OM/OC ratio and OM and BC
concentrations vary with changes in wind speed and wind direction (i.e., whether the monitoring site is upwind or downwind of
the adjacent freeway). OM and BC were higher during low wind
periods. Figure 5 shows the relationship of hourly OM with wind
speed and OM/OC ratio: Once winds are greater than 2 m/sec,
OM is nearly always below 5 µg/m3, and the OM/OC ratio is
generally greater than 1.6. With low wind speeds, OM is high,
and the OM/OC ratio is quite low, averaging 1.4.
BC has a pattern similar to OM, with much higher concentrations when winds are less than 2 m/sec. With higher wind speeds
and greater ventilation, aged/oxidized regional aerosol makes up
a larger proportion of the OM. Higher wind speeds also cause
increased dilution of fresh, low-OM/OC particles, leading to
higher OM/OC ratios. Note that lower OM concentrations may
lead to the less oxidized material partitioning into the gas phase,
reinforcing a higher OM/OC ratio. The opposite is true when
higher OM concentrations can lead to more semivolatile, less
oxidized material partitioning into the particle phase.
Because concentrations vary significantly by time of day, we
compared values during upwind, downwind, and stagnant conditions, grouped into five times of day (Figure 12): overnight
(0000–0600), morning (0600–0900), midday (0900–1600), evening (1600–2100), and late evening (2100–0000). During all
time periods, OM is consistently higher during stagnant conditions. The OM/OC ratio is broadly similar under all upwind/
downwind/stagnant regimes for a given time period. During the
morning rush hour, when OM/OC, on average, dips to 1.51,
there is no statistical difference in the OM/OC ratio at the 95%
confidence level between upwind, downwind, or stagnant conditions. In the midday, wind speeds and ventilation are higher, so
concentrations are lower. However, emissions from the freeway
1.8
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Variations by wind speed and direction (upwind/
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Figure 12. OM/OC ratio by time of day bin during downwind, upwind, and
stagnant (wind speed < 0.5 m/sec) conditions.

can impact the site quickly if the site is downwind, and since the
influence from other fresh emissions is low, the incremental
change between downwind and upwind conditions can best be
seen at midday. Even though average concentrations are lower at
midday, OM is higher and OM/OC lower during downwind
conditions compared to upwind conditions at midday. During
the 1600–2100 and 2100–0000 LST periods, OM/OC is similar
regardless of wind direction, with a median value between 1.41
and 1.45. During the overnight period before the morning rush
hour, OM/OC is the most variable, especially during downwind
conditions.

Discussion
The average OM/OC ratio of 1.54 presented here is on the low
end of historic ambient measurements but well within the range
of 1.3–2.3 found in numerous ambient studies; moreover, it is
consistent with the close proximity of the sampling location to a
freeway and with reduced wintertime photochemistry. Studies
that found values on the higher end of this range took place in
locations and/or times of year with more photochemistry and
thus higher OM/OC. For example, Mexico City and Riverside
summertime average OM/OC ratios were around 1.8 (Williams
et al., 2010; Aiken et al., 2008), and the ratio can be even higher
at rural sites, such as 2.3 in rural British Columbia (Sun et al.,
2009), and 1.9 at rural Midwestern sites (Bae et al., 2006). The
average ratio of 1.54 is typical of relatively fresh vehicle or other
emissions, such as those generated in laboratory settings
(Chirico et al., 2010; Mohr et al., 2009). In Las Vegas during
the summertime, the OM/OC ratio would likely be higher, as
increased photochemistry would lead to higher oxygen content
and higher OM/OC ratios.
The day-to-day variability in the OM/OC ratio is quite large,
suggesting that using a fixed OM/OC value, such as the historical default value of 1.4, in PM mass closure calculations, even
one that changes seasonally, may be insufficient to achieve
accurate mass closure on individual days. In national-scale networks like CSN and IMPROVE, neither OM/OC nor OM is
measured; rather, an assumed OM/OC ratio is typically
employed to estimate the OM from OC measurements, or the
OM/OC ratio may be imputed, for example, by assuming that
any PM2.5 mass unaccounted for is due to the unmeasured O, H,
and N associated with the OC. Since OC often accounts for onethird to one-half of the average PM2.5 mass (Hand et al., 2011),
the use of a fixed OM/OC ratio is likely the largest uncertainty in
trying to achieve mass closure. Simon et al. (2011), examining
IMPROVE data, also caution against using a fixed ratio. Even
with semicontinuous measurements, such as those from the
Sunset OCEC analyzer, OM/OC cannot be determined. Health
studies that rely on OC measurements may under- or overestimate exposure to OM, and converting OC to OM with a fixed
OM/OC ratio represents a significant source of uncertainty; thus,
air quality managers may not have sufficient certainty regarding
the importance of OM contributions to PM2.5 while making
regulatory decisions.
As seen in Figure 8, OM/OC decreases with increasing OM
concentrations during this wintertime study. This is especially
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evident in the evening, when mobile source emissions are at a
peak, wind speeds are low, and ground-level temperature inversions occur. The low OM/OC with higher OM is likely due to a
combination of fresh particulate and semivolatile emissions
accompanied by the movement of some semivolatile material
into the particle phase as OM concentrations increase. The low
OM/OC ratio at high OM concentrations indicates that there may
be a large effect from gas-to-particle partitioning of relatively
fresh, less oxidized material, because if emissions were first
oxidized before partitioning into the particulate phase, the evening
OM/OC ratio would likely be higher than the observed 1.4.
Robinson (2007) and others have demonstrated that as particulate
concentrations increase, semivolatile material is more likely to
move into the particle phase. Here, this mechanism may lead to a
rapid rise in OM and corresponding decrease in OM/OC ratio in
the evening, as fresh, less-oxidized material partitions into the
particle phase without first undergoing extensive oxidation.

Conclusion
The wintertime diurnal and daily variations in OM/OC ratio
in Las Vegas were determined using an HR-AMS. HR-AMS
measurements correlated well with measurements made by a
Sunset OC analyzer. We found that the OM/OC ratio was, on
average, 1.54 ( 0.20 standard deviation), and the daily average
varied between 1.44 and 1.73. OM/OC was generally lowest,
approximately 1.4, during the morning and evening hours when
OM was highest. A combination of peak emissions and stable
atmospheric conditions in the evening may lead to increasing
OM and, as more volatile material partitions into the particle
phase, decreasing OM/OC. The OM/OC ratio in wintertime Las
Vegas is consistent with generally fresh emissions, in contrast to
summertime ratios in other cities where the OM is more oxidized
and the OM/OC ratio is higher.
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