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Abstract. Carboxylic acids are present in substantial quantities in atmospheric particles, and they play an important
role in the physical and chemical properties of aerosol particles. During measurements in coastal California in the summer of 2009, carboxylic acid functional groups were exclusively associated with a fossil fuel combustion factor derived
from factor analysis of Fourier transform infrared spectroscopic measurements and closely correlated with oxygenated
organic factors from aerosol mass spectrometry measurements. The high fraction of acid groups and the high ratio
of oxygen to carbon in this factor suggest that this factor is
composed of secondary organic aerosol (SOA) products of
combustion emissions from the upwind industrial region (the
ports of Los Angeles and Long Beach). Another indication
of the photochemically-driven secondary formation of this
combustion-emitted organic mass (OM) was the daytime increase in the concentrations of acid groups and the combustion factors. This daytime increase closely tracked the O3
mixing ratio with a correlation coefficient of 0.7, indicating
O3 was closely associated with the SOA maximum and thus
likely the oxidant that resulted in acid group formation. Using a pseudo-Lagrangian framework to interpret this daytime
increase of carboxylic acid groups and the combustion factors, we estimate that the carboxylic acid groups formed in a
12-h daytime period of one day (“Today’s SOA”) accounted
for 25–33 % of the measured carboxylic acid group mass,
while the remaining 67–75 % (of the carboxylic acid group
mass) was likely formed 1–3 days previously (the “Background SOA”). A similar estimate of the daytime increase in
the combustion factors suggests that “Today’s SOA” and the
“Background SOA” respectively contributed 25–50 % and
50–75 % of the combustion factor (the “Total SOA”), for a
“Total SOA” contribution to the OM of 60 % for the project
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average. Further, size-resolved spectrometric and spectroscopic characterization of the particle OM indicate that the
majority of the OM formed by condensation of gas-phase
oxidation products. This unique set of measurements and
methods to quantify and characterize photochemically and
ozone-linked carboxylic acid group formation provide independent and consistent assessments of the secondary fraction
of OM, which could result from second generation products
of the oxidation of gas-phase alkane (molecules).

1

Introduction

Organic compounds typically account for 10–70 % of dry
particle mass (Turpin et al., 2000). Understanding the chemistry of particle-phase organic compounds is important for
assessing the effects of aerosol particles on air quality, human
health, and climate change (Fuzzi et al., 2006). The major
organic components identified in ambient particles include
alkane (saturated C-C-H), carboxylic acid (C(O)OH), hydroxyl (C-OH), amine (C-NH), and non-acid carbonyl (C=O)
functional groups (Maria et al., 2002; Liu et al., 2009; Russell et al., 2009a; Ge et al., 2011; Jaoui et al., 2004; Pietrogrande et al., 2010), among which alkane and carboxylic acid
functional groups, taken together, often account for more
than 70 % of the OM (Russell et al., 2011). Alkane groups,
a large component of ambient organic compounds (Maria
et al., 2002), are typically associated with primary gas and
particle-phase emissions that originate from fossil fuel combustion emissions, including vehicular exhaust (Rogge et al.,
1993) and coal burning (Wang et al., 2009). In addition
to being prevalent in primary emissions, alkane groups are
found in many oxygenated secondary organic products, e.g.
β-pinene oxidation products might include norpinic acid (Yu
et al., 1999), which has two oxygenated groups and five hydrogenated carbons, each with one to three C-H bonds. Carboxylic acid groups are observed in urban, rural, and remote
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atmospheric particles and sometimes account for more than
30 % of OM (Grosjean et al., 1978; Kawamura and Gagosian,
1987; Kawamura, 1993; Fraser et al., 2002; Wang et al.,
2002; Sullivan and Weber, 2006; Claeys et al., 2007; Russell
et al., 2009a; Wang et al., 2009; Zhang et al., 2010). Because
many carboxylic acids are highly soluble and tend to absorb
water under high relative humidity (RH), they could affect
radiative (e.g. light scattering) and chemical (e.g. aqueousphase reaction) properties of ambient particles.
Carboxylic acids have been frequently observed in atmospheric particles since 1970s (Schuetzle et al., 1975; Cronn
et al., 1977; Satsumabayashi et al., 1989; Satsumabayashi
et al., 1990; Kawamura and Ikushima, 1993; Rogge et al.,
1993). In these measurements, carboxylic acid concentration
either correlated to solar radiation or correlated to oxidant
concentration (mostly ozone), suggesting they are formed
in the atmosphere during photochemical processes. For example, enhanced abundance of ambient carboxylic acids in
summer and in the afternoon suggests that carboxylic acids
are secondary (Kawamura and Ikushima, 1993; Kawamura
and Yasui, 2005). Although primary emission of carboxylic
acids from engine exhaust and meat cooking were identified in a few studies (Kawamura and Kaplan, 1987; Rogge
et al., 1991), the lack of correlation of carboxylic acids to
traffic emission and meat cooking tracers suggest that these
primary acid sources may not reflect a majority of carboxylic
acid mass. Recent laboratory studies have shown condensedphase carboxylic acid groups formed as SOA from anthropogenic and biogenic precursors (Yu et al., 1999; Fisseha
et al., 2004; Claeys et al., 2007). Aqueous-phase or in-cloud
formation of carboxylic acids has been suggested by several
field studies and modeling simulations (Blando and Turpin,
2000; Warneck, 2003; Ervens et al., 2004; Yu et al., 2005;
Sullivan and Prather, 2007; Altieri et al., 2006), indicating
carboxylic acid groups can be formed through various processes under different ambient conditions. Recently, reactions of gas-phase alkanes (molecules) have been studied by
several research groups (Hallquist et al., 2009; Lim and Ziemann, 2009; Miracolo et al., 2010; Presto et al., 2010), which
suggest gas-phases alkane (molecules) could be a precursor
of carboxylic acid group formation (Russell et al., 2011).
Despite an increasing number of studies on carboxylic
acids in recent years, the formation mechanism of carboxylic
acids and other SOA components are still poorly understood,
making identification of ambient SOA controversial. The organic carbon (OC) to elemental carbon (EC) ratio has been
used to estimate SOA by assuming an average OC/EC from
emission source measurements. OC/EC exceeding the average OC/EC is assumed to be SOA (Turpin et al., 1991). The
SOA mass estimated from this method is highly uncertain,
since OC/EC is highly variable from source to source (Gray
et al., 1986) and the average OC/EC is dependent on meteorological conditions. Another approach is to identify SOA
products from individual precursors (Yu et al., 1999). This
method requires detection of SOA by molecular level speciaAtmos. Chem. Phys., 11, 8321–8341, 2011
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tion and known SOA formation mechanisms, which are often
not available.
In this work, we compare the contributions of carboxylic
acid group and other oxygenated organic groups that can
be attributed to photochemical SOA formation in the atmosphere. We use factors identified from the Positive Matrix
Factorization (PMF) analyses on the complementary Fourier
Transform Infrared (FTIR) spectroscopy and Aerosol Mass
Spectrometry (AMS) measurements to separate organic components based on their sources, so that the SOA formation for
each source can be considered separately. The oxygenated
nature of the fossil fuel combustion factors is used to provide
an initial estimate of the total contribution of acid groups to
SOA. A second estimate of SOA formation is provided by using a pseudo-Lagrangian framework to identify the fraction
of SOA formed in a single day (“Today’s SOA”). In addition, we use the size distribution of acid groups to provide
evidence of the mechanism by which the SOA forms. By
comparing the extent to which these three methods are consistent, this study provides both an evaluation of the contribution of acid groups to SOA and evidence for the timescale,
precursors, and oxidants involved in SOA formation.
2

Sample collection and instrumentation

Submicron particles were continuously collected at the
Scripps Pier (8 m above sea level (a.s.l.)) in La Jolla
(32.87◦ N, 117.25◦ W), California, from 15 August to 1 October 2009. Instruments were deployed in a temperaturecontrolled container at the end of the pier (300 m west of
the shoreline) and shared a common 3/800 o.d. stainless steel
inlet. Submicron particles were separated by a PM1 cyclone
and were collected on four filters daily for the time periods:
06:00–10:00 PST, 10:00–14:00 PST, 14:00–18:00 PST, and
18:00–06:00 PST (the next day) Pacific Standard Time (PST,
one hour earlier than local daylight time), representing morning, midday, afternoon, and nighttime samples, respectively.
A 24-h sample was simultaneously collected in parallel with
shorter samples for each day. 37 mm Teflon filters (Teflo,
Pall Inc., Ann Arbor, MI) were used for the FTIR analysis performed using a Bruker Tensor 27 FTIR Spectrometer with a DTGS detector (Bruker, Waltham, MA). Samples were frozen during storage to reduce desorption. Each
Teflon filter was scanned before and after sampling using the
FTIR and the pre-scanned spectrum was subtracted from the
post-scanned spectrum to correct for variability in the polytetrafluoroethylene absorption of the Teflon filters. An automated algorithm was used to conduct spectrum subtraction,
baselining, peak-fitting, and error estimation (Russell et al.,
2009a). Mass concentrations of alkane, carboxylic acid, hydroxyl, amine, non-acid carbonyl, organonitrate, alkene, and
aromatic functional groups were quantified using previously
reported algorithms and standards (Russell et al., 2009a; Day
et al., 2010).
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Concentrations of non-refractory organics, sulfate, ammonium, nitrate, and chloride were measured using a
quadrupole AMS (Aerodyne, Billerica, MA). In this instrument, particles passed through a 100 µm orifice were focused
by an aerodynamic lens followed by vaporization (600 ◦ C)
and ionization at the entrance of a quadropole mass spectrometer. Particle size is measured by time-of-flight between
a rotating chopper, which modulates the particle beam (Jayne
et al., 2000). The “mass spectrum” (MS) mode and the
“time-of-flight” (TOF) mode alternated during the measurements. Complete mass spectra (1–300 amu) and size distributions for selected mass fragments were stored at 5-min resolution. Transmission efficiency was approximately 100 %
for 60 to 600 nm particles (Jayne et al., 2000). Dry ammonium nitrate particles (350 nm) were used to calibrate the
ionization efficiency weekly. Collection efficiency (CE) of
the AMS was assigned to each 5-min organic and inorganic
measurement to correct for particle loss due to bouncing off
of the vaporizer. The CE was determined as a linear function of the ammonium to sulfate molar ratio, with 0.45 and 1
corresponding to ratios ≥1 and 0, respectively (Quinn et al.,
2006). Another commonly used method for CE correction is
to use CE = 0.5, when no other simultaneous measurements
are available. In this study, the sulfate-based correction resulted in a greater correlation of the FTIR and the AMS OM
than using a constant CE of 0.5. Therefore, the sulfate-based
method is used in this study. The campaign average ammonium to sulfate molar ratio was 1.9±1.2, and the CE was 0.45
for approximately 85 % of the measurements.
Single particles were impacted on Si3 N4 windows on 27
August and 4, 14, 20, and 22 September, 2009. Four samples were collected (15–30 min) on these days for periods
overlapping the four FTIR filter sampling periods. Samples were stored at temperatures below 0 ◦ C before analysis at the Advanced Light Source (Lawrence Berkeley National Laboratory, CA) on beamline 5.3.2 (Kilcoyne et al.,
2003; Liu et al., 2009). Single particle image and K-edge
X-ray absorption spectrum were acquired using a combination of Scanning Transmission X-ray Microscopy (STXM)
and Near-Edge X-ray Absorption Fine Structure (NEXAFS)
spectroscopy. Organic functional groups (including alkane,
hydroxyl, ketone, alkene, and carboxylic acid groups) and inorganic potassium and carbonate of carbon-containing single
particles were measured (Russell et al., 2002; Maria et al.,
2004). Particle size, image, and organic functional group
abundance were analyzed using an automated algorithm described by Takahama et al. (2010).
Carbon monoxide (CO) dry air mole fractions were measured by a newly installed Horiba APMA-370 NDIR analyzer. Air was continuously pumped through a sampling line
(400 m; 1/200 Dekabon) with an inlet 20 m a.s.l. Measurements were reported as 5-min averages, initially using the
factory calibration. The instrument was subsequently calibrated against standards on the NOAA/ESRL 2004 CO calibration scale, and the field campaign results were recalcuwww.atmos-chem-phys.net/11/8321/2011/
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lated based on the measurement of a whole air reference
cylinder that was measured during the field campaign and
also during the NOAA standard calibrations. In the absence
of a more thorough real-time calibration, we estimate that
the precision of the 5-min averaged CO measurements is
5–10 ppb. Ozone (O3 ) mixing ratio was monitored using a
Thermo Environmental Instruments (TEI) 49C analyzer and
measurements were recorded as 1-min averages. The O3
measurements were not calibrated during the campaign, so
only the concentrations relative to the campaign average are
reported.
3

Results

This section describes the meteorological conditions under
which carboxylic acid groups are formed, the composition
of organic mass quantified by FTIR, AMS, and STXMNEXAFS, and the components contributing to organic mass
identified from factor analysis. The daily variations in organic functional groups, AMS measured components, and
O3 mixing ratio are then compared.
3.1

Meteorological conditions during the sampling
period

The sampling period was characterized by consistent temperature and RH with the averages and standard deviations
being 20.2±2.5 ◦ C and 79.3±8.6 %, respectively. Temperature peaked in the afternoon and showed a minimum in the
early morning, anti-correlating with RH. Photosynthetically
active radiation peaked at noon. Land-sea breeze circulation
was observed during the measurement period and was consistent with previous studies (Hughes et al., 2007). In general, surface wind shifted at about 07:00 PST from offshore
to onshore wind and at 22:00 PST from onshore to offshore
wind (Fig. 1b).
Back trajectories were calculated hourly using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Rolph, 2003; Rolph, 2003) at
200 m and were used to determine the origin of air masses.
The FTIR filter samples were grouped into sectors representing the origin of air masses (Fig. 1a) as indicated by the top
bars in Fig. 2a. Each air mass sector (along with consistent
daytime onshore flow) allows analysis of particles originating from the same source region (most frequently the ports
of Los Angeles and Long Beach region) for 1–3 consecutive
days. To further investigate likely sources of OM, potential
source contribution function (PSCF) was applied to the factors resulted from factor analysis. PSCF classifies the back
trajectories as “high” and “low” by concentration of the target component and calculates the probability that a source is
located at a particular region (Pekney et al., 2006). Examples
of PSCF results are shown in Fig. A1.
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Fig. 1. (a): Averaged 48-h back trajectories for each day (daytime only) representing Los Angeles-Long Beach (cyan; air mass coming from
Los Angeles and Long Beach regions), Riverside (brown; air mass originating from Riverside vicinity), Inland (orange; easterly/northeasterly
Fig. 1. See list of(black;
figuresoutherly
captions.air mass), Mixed coastal (magenta; northerly air mass coming along the coast of California),
air mass), Tijuana-Ensenada
and Ocean (dark blue; westerly air mass) air mass sectors during the campaign. The triangle in each trajectory indicates 24-h before the air
mass arrived at the sampling site. The black circles (from top to bottom) indicate Riverside, Los Angeles, Los Angeles – Long Beach port,
and the sampling site; (b) vector-averaged diurnal profile of wind direction (0 degree represents wind coming from north) for the air mass
sectors specified in (a). Shaded areas indicate nighttime periods.

3.2

Organic and inorganic composition of submicron
43
particles

Table 1 summarizes the campaign average concentrations
of the FTIR and AMS-measured components. Figure 2a
shows the time series and the average fraction of organic
functional groups measured by FTIR. The OM concentration
varied from 0.39 to 11 µg m−3 with an average concentration of 3.3±1.9 µg m−3 , which was comparable to the OM
concentration in the summer of 2008 (Hawkins and Russell,
2010a) and about twice the OM concentration measured in
the winter of 2009 (Day et al., 2010) at the same site. Alkane
functional group concentration was 1.5±1.1 µg m−3 and contributed 47 % of the OM. Carboxylic acid functional groups
accounted for 34 % of the OM with an average concentration of 1.1±0.8 µg m−3 . The concentration of hydroxyl functional groups was 0.40±0.24 µg m−3 , accounting for 12 % of
the OM. Amine, non-acid carbonyl, and organonitrate functional groups contributed small fractions to the OM (3 %,
2 %, and 2 %, respectively). Alkene and aromatic functional
groups were below detection limit for all samples and each
was estimated to account for no more than 4 % of the OM.
These two functional groups were excluded from the analyses in this study. Samples associated with different air
mass sectors had similar organic functional group compositions but differed in mass concentration. The Los AngelesLong Beach port and the Riverside sectors contain significantly higher OM, indicating transport of pollutants from
these heavily polluted regions to the sampling site, which is
consistent with the findings of Ault et al. (2009). Each “day”
was defined as “06:00 to 06:00 PST”. 32 out of 47 days were
Atmos. Chem. Phys., 11, 8321–8341, 2011

Table 1. Campaign average and standard deviation of FTIRmeasured OM, FTIR organic functional group concentrations, and
AMS-measured OM, sulfate, ammonium, nitrate, and chloride concentrations in µg m−3 . Functional group OM mass fractions (for
FTIR) and component mass fractions of PMAMS (for AMS) are
shown in the parentheses.
FTIR

OM
Alkane
Carboxylic Acid
Hydroxyl
Amine
Non-Acid Carbonyl
Organonitrate

3.3 ± 1.9
1.5 ± 1.1 (47 %)
1.1 ± 0.77 (34 %)
0.40 ± 0.24 (12 %)
0.11 ± 0.09 (3 %)
0.06 ± 0.21 (2 %)
0.07 ± 0.12 (2 %)

AMS

OM
Sulfate
Ammonium
Nitrate
Chloride

3.9 ± 3.0 (43 %)
3.1 ± 1.7 (39 %)
1.0 ± 0.53 (12 %)
0.43 ± 0.49 (5 %)
0.03 ± 0.05 (0.3 %)

associated with a single air mass sector during the daytime.
These days (as indicated by the top green bars in Fig. 2a) are
included in an analysis of their diurnal cycles.
The OM fraction of carboxylic acid groups in single particles, calculated as carboxylic acid group absorption normalized by the sum of absorption of all functional groups from
the X-ray spectra, are 42±14 % for the morning particles and
38±17 % for the afternoon particles. These values are comparable to the carboxylic acid group fraction of 34 % from
the submicron FTIR measurement, given the uncertainties
www.atmos-chem-phys.net/11/8321/2011/
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(a) Time
series
organic
functional
group concentrations measured by the FTIR; sectors are indicated by the top color bars (same
2. See
listof of
figure
captions.
colors as in Fig. 1), for which the sector associated with each FTIR sample was determined as the air mass origin shown by the majority
(>80 %) of the back trajectories during the sampling time; top brown bars indicate fire periods corresponding to the La Brea fire (in Santa
Barbara County), the Station fire (in Los Angeles County), and the Guiberson fire (in Ventura County), respectively (from left to right); top
green bars indicate samples that were used for diurnal profile analysis. (b) Time series of AMS factors identified by PMF analysis. The
inner pie charts in (a) and (b) respectively show campaign average compositions of FTIR components and AMS factors. (c) Time series of
44
normalized O3 (normalized by campaign average) mixing ratio. (d) Mass fractions of the FTIR combustion factor (red), the biomass burning
factor (brown), and the marine factor (blue) during the measurement.

and approximations in both methods. There was no measurable difference in the number or mass fraction of carboxylic
acid groups in the afternoon particles compared to the morning particles (likely due to the small number of particles (37
in total) that could be analyzed with the limited beamtime
available), but the results support the presence of carboxylic
acid groups in submicron particles, as expected for SOA formation (Claeys et al., 2007). Further, it is worth noting that
acid groups are prevalent throughout the particles, rather than
being limited to surface coatings.

www.atmos-chem-phys.net/11/8321/2011/

The non-refractory particle mass concentration measured
by the AMS (which is an estimate of submicron PM and denoted as “PMAMS ”) showed similar variation to the FTIR
OM concentration (Fig. 2b), indicating common sources or
formation pathways of organic and inorganic compounds.
Non-refractory OM (nrOM) was the largest component of
PMAMS (43 %). Sulfate concentration was 3.1±1.7 µg m−3
and accounted for 39 % of PMAMS . Ammonium and nitrate
contributed 12 % and 5 % of PMAMS , respectively. Only nonrefractory species of chloride were measured by the AMS,
and these accounted for a negligible amount of PMAMS with
a mass fraction of 0.3 % (Table 1).
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The FTIR and AMS-measured OM compared reasonably
well as shown in Fig. 3. The slope (1.1) and correlation coefficient (r =0.7) of the OM correlation in this study fall into
the typical ranges of the FTIR and AMS-measured OM comparison as summarized by Russell et al. (2009b) from eight
previous field campaigns. These values are comparable to
the average slope (1.1) and r (0.67) derived from the Scripps
Summer 2008 and the Scripps Winter 2009 projects (Russell
et al., 2009b). Pearson’s correlation coefficient for a reduced
major axis regression is used in this study. For samples associated with low sulfate fractions, the trend becomes more
scattered from the 1:1 line and the sulfate-based CE has better agreement when sulfate accounts for more than 20 % of
PMAMS . This is consistent with the fact that the sulfate-based
Atmos. Chem. Phys., 11, 8321–8341, 2011
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CE used here was developed for ambient samples associated
with relatively high sulfate fractions that were about 40 % on
average (Quinn et al., 2006).
3.3

Identification of sources contributing to the organic
mass

4040
40
PMF (Paatero and Tapper, 1994) can be used to separate the
contributions of different sources, each with characteristic
compositions, to the multi-component mixtures in ambient
organic and inorganic particles (Pekney et al., 2006). We
applied PMF to the FTIR spectra and the AMS-measured
organic fragment concentrations separately to identify robust, linearly-independent components that compose the OM
(Lanz et al., 2007; Russell et al., 2009a).
Identification of the factors is described in detail in Appendix A. The factor composition and concentration are summarized in Table 2. In brief, a combustion factor, a biomass
burning factor, and a marine-derived factor were identified
from both the FTIR and the AMS PMF analyses, representing fossil fuel combustion, biomass burning, and marine
sources, respectively. The reconstructed OM (the sum of the
three factors) from the FTIR and the AMS PMF analyses correlated with r = 0.7 and a slope of 1.1 (with the FTIR OM
10 % higher). The combustion factors dominated the OM
(approximately 60 %) from both analyses (Tables 2 and 3)
and the time series correlated to each other with r =0.5 and
a slope of 1.2 (FTIR factor OM was 20 % higher). The large
fraction of carboxylic acid groups in the FTIR combustion
factor (42 %) and the dominance of m/z 44 (26 % of OM)
in the AMS combustion factor suggest that the combustion
factors represent photochemically processed products of vapor emissions, most likely from the Los Angeles and Long
Beach regions. The biomass burning factors resulting from
the FTIR and the AMS measurements correspond to the three
largest fires occurred in Southern California during the sampling period: the Station fie (in Los Angeles County), the
La Brea fire (in Santa Barbara County), and the Guiberson
www.atmos-chem-phys.net/11/8321/2011/
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fire (in Ventura County). The FTIR and AMS biomass burning factors correlated with r =0.7 and slope = 0.9 (FTIR factor OM was 10 % lower). The OM fractions of the two
biomass burning factors agreed with less than 10 % difference, well within the expected accuracies of both FTIR and
AMS OM. The two marine factors correlated to each other
with r =0.5, with the FTIR factor OM higher by a factor of
2.1. The weaker correlation and the lower mass of the AMS
marine factor may be caused by a low transmission efficiency
for organic compounds on NaCl particles as well as a lack
of marine-aerosol specific fragments in the AMS measurements. Alternatively it could result from lower absorptivity of carbohydrate hydroxyl groups relative to the hydroxyl
standards employed in the quantification algorithm (Russell
et al., 2009a). In summary, the factors identified by PMF

www.atmos-chem-phys.net/11/8321/2011/

analyses of the FTIR and the AMS measurements agreed
well and the mass differences were within 30 % for the total
OM, the combustion factors, and the biomass burning factors. The good agreement shows the consistency of the measurements and the robustness of the identified factors.
3.4

Diurnal cycles of organic and inorganic components

Diurnal variations of organic functional groups, organic and
inorganic mass fragments, and the PMF factors are discussed
in this section. For the diurnal cycle analyses, the concentrations were normalized by the enhancement of carbon
monoxide (1CO) mixing ratio (with respect to the background or unpolluted CO mixing ratio measured at the site
during the study) for the FTIR and the AMS measurements.
Atmos. Chem. Phys., 11, 8321–8341, 2011
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This background CO mixing ratio was determined as the yintercept of the linear regression of CO versus OM (DeCarlo
et al., 2008), which differed slightly for the FTIR OM and
the AMS nrOM at 89 ppb and 80 ppb, respectively. The difference of the two intercepts results from the larger AMS
nrOM (10 % higher than the FTIR OM). Since the difference
of the two intercepts is small relative to the ambient variations (which had a standard deviation of 71 ppb), an average
value of 85 ppb was used as the background CO mixing ratio
for both the FTIR and the AMS measurements. Normalizing
the concentration by 1CO, which does not react significantly
on timescales of a few days, is used to separate the variations caused by the change of combustion source strength
and effective dilution rates with variable meteorological conditions (which vary with 1CO) from changes associated with
aerosol processing in the atmosphere (which do not vary with
1CO) (De Gouw et al., 2005, 2008; Gilardoni et al., 2009;
DeCarlo et al., 2010).
3.4.1

Diurnal cycles of carboxylic acid and alkane
group concentrations

Diurnal profiles of normalized carboxylic acid group concentrations are classified into the “Afternoon High” and the
“Noon High” types (Fig. 4). Both types show higher concentrations at local noon (solar maximum) relative to the early
morning period, but they differ in whether the concentration
peaked at noon or after noon: the “Afternoon High” type
days (type A) have peak concentrations in the afternoon and
“Noon High” type days (type B) have peak concentrations
at noon. For days within each type, nighttime carboxylic
acid group concentrations were variable, with concentrations
that were sometimes higher and other times lower than the
noon and afternoon values. The variability in concentration
at night is likely the result of variations in the land-sea breeze
circulations, as illustrated in Fig. B1. Winds coming from
the northwest dominate during daytime, and easterlies dominate at night. The variability in nighttime concentrations
within each type likely resulted from different air masses
brought by the nighttime easterlies. In contrast, there was no
evidence for impacts on daytime concentrations from variable sea breezes during the day, consistent with the nearly
constant northerly winds shown in Fig. B1 for all days selected for this study. For this reason, our analysis has focused
only on the daytime measurements, when the constant wind
direction provided a consistent source and nearly constant
transport times for emissions from the ports of Los Angeles and Long Beach. This consistency of back trajectories
also made the time series measurements effectively pseudoLagrangian. The resulting daytime alkane group profiles (for
the same samples as in Fig. 4) resemble and correlate in time
with carboxylic acid group concentrations (Fig. 4), indicating alkane and carboxylic acid groups were likely part of the
same molecules, forming and condensing at the same time.

Atmos. Chem. Phys., 11, 8321–8341, 2011

The daytime variations of carboxylic acid group concentrations track the O3 mixing ratios (Fig. 4), suggesting that
the maximum in acid formation results from O3 -driven oxidation (rather than OH-driven). A correlation of carboxylic
acid groups with odd oxygen (O3 + NO2 ) may be stronger
than O3 alone (Herndon et al., 2008), but the NO2 measurements were not available in this study. The atmospheric O3
mixing ratio is affected by a number of parameters, including meteorological variables such as solar intensity, temperature, and RH and gas-phase chemical compositions such as
NOx , VOCs, and other factors (Kleinman et al., 1994; Liu
et al., 1994; Talbot et al., 2005). There was no consistent difference in the variations and magnitudes of meteorological
conditions, including temperature, ambient RH, wind direction and speed, and photosynthetically active radiation between the “Afternoon High” and “Noon High” days, suggesting that the peak time of O3 mixing ratio was likely affected
by other parameters, such as NOx and VOC mixing ratios
(which were not measured at the pier site).
3.4.2

Diurnal cycles of AMS measured components

Figure 5 shows diurnal profiles of the AMS-measured fragment m/z 44 and the AMS combustion factor divided into
the “Afternoon High” and the “Noon High” days. Fragment m/z 44, which is CO2 + and representative of highly
oxygenated organic components, tracked well with the AMS
combustion factor. These two components followed similar patterns to the acid and alkane groups, peaking in the
afternoon (14:00–18:00 PST) in the “Afternoon High” days
and between noon and afternoon (10:00–14:00 PST) in the
“Noon High” days. The daytime peaks of m/z 44 and the
combustion factor indicate enhanced SOA formation during the day (De Gouw and Jimenez, 2009). Carboxylic
acid group concentration correlated well with m/z 44 and the
AMS combustion factor concentrations for both “Afternoon
High” and “Noon High” type days (Fig. 6), with the latter
having better correlation coefficients of both carboxylic acid
groups to m/z 44 and to the combustion factor (r =0.8) but
similar slopes. The correlation of carboxylic acid groups
and m/z 44 indicates that for these organic compositions, carboxylic acid groups and m/z 44 were likely associated with
the same molecules and same formation mechanisms.
The average diurnal pattern of sulfate is nearly the same
as that of m/z 44, the AMS combustion factor (Fig. 5), and
the carboxylic acid groups. However, there is no correlation
of sulfate and carboxylic acid group concentrations (r =0.1)
both for all time-resolved samples and for daily averages.
The similarity of the diurnal patterns and the poor correlation
of sulfate and carboxylic acid groups suggest that OH radicals contribute to the formation of both components but that
the magnitude of the sulfur and combustion emissions that
produce the particles are emitted by different sources. The
magnitude of the average daily sulfate concentration shows
more variability than the OM concentrations. Dominguez
www.atmos-chem-phys.net/11/8321/2011/
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Fig. 6. Mass concentration correlation
of carboxylic acid groups
with (i) the AMS combustion factor and (ii) m/z 44 for A (“Afternoon High”) and B (“Noon High”) days. The correlation coefficients are shown in the legends.

et al. (2008) found that 44 % of the non-sea-salt sulfate in
fine particles during a previous study at the same Scripps
pier site could be attributed to sulfate from SO2 emitted by
ships. However, ship traffic is likely more variable than the
OM emissions associated with the urban and port (trucking)
activities.
3.4.3

Diurnal cycles of components in single particles

Normalized Absorption

(a)

(b)

To evaluate evidence for photochemical processing in single particles, the average X-ray absorption spectra of single particles are shown in Fig. 7. Twenty-one morning
particles and sixteen afternoon particles (collected on the
same days as the morning particles) were analyzed. The
afternoon-particle spectrum was characterized by a flat and
broad black carbon peak at 285 eV, a broad peak ranging
280
285
290
295
300
305
from 287 to 289 eV (peaks at 288.7 eV) indicative of alkane
Energy (eV)
(the shoulder at 287.7 eV) and carboxylic acid (288.7 eV)
functional group absorption, a carbonate peak at 290.4 eV,
Fig. 7. Average X-ray spectra of (a) twenty-one morning and (b)
Fig. 7. See list of figure captions.
and two potassium peaks at 297.4 and 299.9 eV (Russell
sixteen afternoon particles. Grey vertical bars indicate the standard
et al., 2002). These spectra are comparable to the specdeviations of absorption at corresponding energies. Red vertical
trum of CaCO3 (Hawkins and Russell, 2010b) except for
lines indicate alkene group (285 eV), alkane group (287.7 eV), carboxylic acid group (288.7 eV), 49
carbonate (290.4 eV), and K (297.4
the carboxylic acid group absorption, suggesting that some
and 299.9 eV) absorptions.
carboxylic acid groups may condense on marine particles
www.atmos-chem-phys.net/11/8321/2011/
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originating from marine calcareous phytoplankton (Hawkins
and Russell, 2010b) when air masses passed over the ocean.
Compared to the afternoon spectrum, the morning spectrum
had a narrower and sharper black carbon peak with more
variations at all energies. The graphite content of particles
is represented by calculating the %sp2 hybridization for each
particle (Takahama et al., 2007). Morning particles were associated with greater % sp2 hybridization than afternoon particles at a 84 % confidence level, indicating morning particles were more influenced by primary emissions that likely
included black carbon cores.

4

Discussion

In this section, we identify the fraction of the measured organic mass that is secondary. We start with the approach
that is implicit in a number of recent studies (summarized
in Table 4), namely that oxygen-containing organic components that are from fossil fuel combustion emissions, and the
other (non-oxygen-containing) organic components that cooccur with them, are secondary. Special attention is given to
carboxylic acid functional groups, as they are the canonical
low-volatility products of photochemical oxidation of hydrocarbons (Haagen-Smit, 1952). Next, we use the assumption
of a Lagrangian evolution of the air mass and the availability of daytime sunlight to separate the OM that is produced
in a single day of photochemical reactions. Accounting for
the expected multi-day lifetime of SOA, we then compare
the two different approaches to quantifying SOA. Finally,
we note that marine and terrestrial primary biogenic oxygencontaining organic components need to be excluded from
both of these estimates, which is possible using PMF separation and tracers for marine production.
4.1

SOA identification by chemical composition:
contributions of acid groups and oxygenated
organic fragments

Several studies of tropospheric carboxylic acids (Table 4)
proposed that carboxylic acids are formed in the atmosphere,
based on observed correlations of carboxylic acids to solar
radiation or ozone mixing ratio. These methods of SOA
identification are supported by model predictions and smog
chamber studies that predicted or measured the formation of
carboxylic acids (Madronich et al., 1990; Grosjean et al.,
1992; Yu et al., 1999). Although direct emission of carboxylic acids (molecules) was also associated with vehicular exhaust (Kawamura and Kaplan, 1987) and meat cooking (Rogge et al., 1991), the lack of correlation of carboxylic
acids with tracers from these emissions suggests that the contributions from these primary sources are minor. In addition
to carboxylic acid groups, other oxygenated groups (e.g. hydroxyl groups and non-acid carbonyl groups) were identified
in smog chamber studies (Kleindienst et al., 2004; Sax et al.,
Atmos. Chem. Phys., 11, 8321–8341, 2011

2005; Lim and Ziemann, 2005). The common conclusion in
these studies is that for most urban sources, the oxygenated
fraction of OM is secondary. Using this assumption (that
highly oxygenated OM is SOA), these recent studies in a variety of urban and rural regions have found that 50–100 % of
the OM measured was SOA (Table 4).
Similarly, if we take this approach to identifying SOA in
the Scripps Pier measurements (which were dominated by
urban emissions from Los Angeles), we find that the fossil fuel combustion factor is likely secondary, given its high
fraction of carboxylic acid groups and associated high O/C.
This result gives an average “Total SOA” for this study of
60 % of the OM, well within the range of these other measurements. Since we have specifically separated out the 40 %
of OM from non-urban sources (biomass burning and marine OM), it is not surprising that we are at the low end of
the 50 to 100 % range given in Table 4 (since the studies
that reported higher SOA fractions had low non-urban contributions to OM). Furthermore, we can look specifically at
what fraction of the SOA is actually acid groups: the “Total SOA” estimated from carboxylic acid groups was 34 % of
OM, namely half of the SOA (by mass) is carboxylic acid
groups.
4.2

SOA identification by pseudo-Lagrangian
observations: daytime formation of carboxylic acid
groups and oxygenated organic fragments

An alternative way to estimate SOA mass fraction is to assess the amount of additional OM formed during the sunny
part of a single day. This approach requires measurements
in a pseudo-Lagrangian framework, where we can infer that
the photochemical exposure (aging) of the emissions tracks
with the time of day. In this case, the majority of the volatile
organic compounds (VOCs), in particular those from fossil
fuel combustion, was emitted in the Los Angeles – Long
Beach region. Further, the transit from that emission point to
the Scripps Pier was largely over clean marine regions with
small OM sources (as in Hawkins and Russell, 2010a). The
other aspect of this study region is that northwesterly flow
predominated in daytime, thus also providing sufficient regional homogeneity on the selected days, as illustrated by
the day-to-day similarities in Figs. 4 and 5.
With this pseudo-Lagrangian approach, we can identify
SOA more specifically using the dependence on sunlight and
oxidants during a single day, separating SOA into “Background SOA” (formed on prior days) and “Today’s SOA”
(formed during a 12-h daytime period of one particular day).
In this calculation, “Today’s SOA” contributions from carboxylic acid groups and the combustion factors are both estimated by assuming that the minimum concentration that occurs in the early morning is representative of a background
value (the “Background SOA” from formation on previous
days) and that the increase that occurs (relative to 1CO)
is from photochemical processing during one specific 12-h
www.atmos-chem-phys.net/11/8321/2011/
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Table 3. Mass concentration and OM fraction of “Total SOA” (estimated from the “chemical-composition” based method) and “Today’s
SOA” (estimated from the “pseudo-Lagrangian” based method) calculated from carboxylic acid groups, the FTIR combustion factor, and the
AMS combustion factor for the “Afternoon High” and the “Noon High” days.
“Afternoon High” Days
Concentration (µg m−3 )

Carboxylic Acid Group
FTIR Combustion Factor
AMS Combustion Factor

Fraction of total OM

Total SOA

Today’s SOA

Total SOA

Today’s SOA

1.2
2.9
2.5

0.3
1.0
1.1

36 %
60 %
61 %

9%
20 %
27 %

“Noon High” Days
Concentration (µg m−3 )

Carboxylic Acid Group
FTIR Combustion Factor
AMS Combustion Factor

Fraction of total OM

Total SOA

Today’s SOA

Total SOA

Today’s SOA

1.0
3.0
2.1

0.3
0.7
0.8

30 %
62 %
51 %

10 %
14 %
19 %

Table 4. Comparison of SOA mass fractions in this study with previous studies. Quantities include (1) OM fraction (PM fraction if specified)
of “Total SOA”, (2) OM fraction of “Recent SOA” (SOA formed within 1 day or 2 days), (3) OM fraction of “Background SOA”, (4) OM
fraction (PM fraction if specified) of carboxylic acid (groups), and (5) fraction of “Recent SOA” in “Total SOA”.
Reference

Total SOA

Recent SOA

Background
SOA

Carboxylic
Acid (Groups)

Fraction of
Recent SOA
in Total SOA

Method of Identification of SOA

Schuetzle et al. (1975)1,2
Cronn et al. (1977)1,2
Satsumabayashi et al. (1989)
Satsumabayashi et al. (1990)1,3
Kawamura and Ikushima (1993)1,2
Rogge et al. (1993)1
Kawamura and Yasui (2005)1,2
Gilardoni et al. (2007)
Lanz et al. (2007)
Zhang et al. (2007b)
Russell et al. (2009a)
Hildebrandt et al. (2010)
Liggio et al. (2010)
This study

4%
9%
–
30–50 %
–
–
–
50 %
60–69 %
64–95 %
70 %
nearly 100 %
75–95 %
60 %

–
–
–
22–42 %
–
–
–
–
–
–
–
–
40–50 %
15–30 %

–
–
–
58–78 %
–
–
–
–
–
–
–
–
35–45 %
30–45 %

3%
6%
–
30–50 %
0–1 %
15–19 %
0–1 %
31 %
–
–
31 %
–
–
34 %

–
–
–
72–84 %
–
–
–
–
–
–
–
–
42–71 %
25–50 %

correlation of acids with solar radiation
correlation of acids with solar radiation
correlation of acids with ozone
correlation of acids with ozone
correlation of acids with ozone
correlation of acids with solar radiation
correlation of acids with solar radiation
high O/C component
high O/C component
high O/C component
high O/C component
high O/C component
high O/C component and phothchemcial age
high O/C component and correlation of acid
groups with ozone

1 The mass fractions are calculated using a limited number of measured species.
2 The numbers indicate PM fractions.
3 The SOA in this study is assumed to be composed of carboxylic acids only.

daytime (Fig. 8). Since only the combustion factor is accounted for in this calculation, this method estimates only
the portion of “Today’s SOA” from fossil fuel combustion.
To evaluate the time scale of carboxylic acid group formation, we evaluate the lag time between the peak concentrations in O3 and either m/z 44 or the AMS combustion factor.
The peak concentrations of m/z 44 and the AMS combustion
factor occurred approximately 1–2 h later than the O3 peak
for both the “Afternoon High” and the “Noon High” type
www.atmos-chem-phys.net/11/8321/2011/

days (Fig. 5), suggesting that the time scale for the formation of m/z 44 and the AMS combustion factor is 1–2 h. The
good correlations of carboxylic acid groups to m/z 44 and the
AMS combustion factor throughout this study allow us to infer that carboxylic acid group formation also had a time scale
of 1–2 h (although a direct observation of the lag is not possible, given the 4-h duration of the FTIR daytime samples, as
shown in Fig. 4).
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SOA identification by size dependence: surface
-limited condensation of oxygenated organic
fragments

The size dependence of the organic components provides additional evidence of how the SOA formed. Representative
size distributions of m/z 44 and the AMS nrOM are shown
in Fig. 9 for the “Afternoon High” days (for time period of
14:00–18:00 PST) and the “Noon High” days (for time period of 10:00–14:00 PST). For both cases, m/z 44 and nrOM
showed similar size distributions with peaks at 300–500 nm,
indicating the two components were internally mixed in the
particle phase, consistent with the results of the FTIR PMF
which associated acid and alkane groups in the combustion
factor. The m/z 44 fraction of OM was nearly independent
of particle size, while nrOM/PMAMS decreased with increasing particle diameter, consistent with theoretical models in
which acid and alkane groups are added proportionally so
give a constant ratio with size (Fig. 9iii), and the total amount
of OM increases relative to the particle mass giving a dependence on the reciprocal of the diameter (Fig. 9iv). This
result differs slightly from the model presented by Maria et
Atmos. Chem. Phys., 11, 8321–8341, 2011
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Fig. 9. Representative size distributions for A (“Afternoon High”
51
days) on 12, 16, and 21 September, in time period 14:00–18:00 PST
and B (“Noon High” days) on 17 and 20 September in time period
10:00–14:00 PST for (i) m/z 44, (ii) nrOM, (iii) (m/z 44)/nrOM, and
(iv) nrOM/PMAMS . The ratios ((m/z 44)/nrOM and nrOM/PMAMS )
were calculated for each size bin then plotted versus particle size.
The curves are smoothed with the “Boxcar Smoothing” method
with 20-point averaging and wavelet de-noising method to reduce
high-frequency noise in the measurements. Red lines are theoretical
models representing (iii) constant with respect to particle diameter
and (iv) inversely proportional to the particle diameter (1/Dp), for
comparison to results of Maria et al. (2004).

al. (2004), in which the proportionality of added acid and
alkane groups is masked by pre-existing distributions of POA
carbon. In this study, the degree and consistency of oxygenation of the fossil fuel combustion fraction (noted in Sect. 4.1)
indicates that there was likely no significant mass fraction of
preexisting POA.
Single particle analysis using STXM-NEXAFS provides
additional information on the size dependence of SOA formation, including specific identification of carboxylic acid
groups. The resulting size dependence of OM/PM decreases
with increasing size, similar to Fig. 9iv, but the small number
of particles analyzed (37) is insufficient to justify more than
a linear fit (with r = −0.6). Interestingly, the size dependence
of the acid group fraction of OM increased with increasing
size, indicating a possible difference from the (m/z 44)/OM
results (such as non-acid contributions to m/z 44). However,
the variability in the acid fraction for the five different sampling days that were included in these 37 analyzed particles
was greater than the dependence on size, suggesting that the
aggregation of five samples (each 15–30 min duration) may
not be appropriate. Since we also did not have sufficient
www.atmos-chem-phys.net/11/8321/2011/
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AMS signal to obtain a size distribution in 30 min of sampling, it is not possible to rule out other factors.

www.atmos-chem-phys.net/11/8321/2011/

0.020

●
●

●
●●

0.015

●

●

●

●
●

●

● ●
●

●
●
●●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●●
●
●

●

●●
●

●

●

●
●

●
● ●
●
● ●●
●
●

●
●

●
●
●

●
●

●
●

●
●

●

0.010

The three SOA identification methods were employed independently using three independent types of OM measurements (FTIR, AMS, STXM-NEXAFS) to characterize SOA,
so it is worth assessing the extent to which the resulting
characterizations are consistent. The “chemical composition” method was used to quantify the SOA mass and fraction based on the oxygenated nature of the organic associated with fossil fuel combustion tracers (summarized in Table 4). The pseudo-Lagrangian method was used to identify the daytime formation of “Today’s SOA” (Table 3 and
4). The “size-dependence” method was used to identify how
SOA was formed in the particle phase.
Comparing the two quantitative approaches to SOA, we
find from the “chemical composition” method that 60 % of
OM is SOA. From the “pseudo-Lagrangian” method, we find
that 15–30 % of OM is “Today’s SOA.” Combining these two
results, we find that 25–50 % of SOA is formed each day
(on average). This finding is consistent with the expected
boundary layer lifetime of particles of 4–5 days, suggesting
that the submicron SOA remains on average 4 days (less for
the upper bound value of 50 %, more after accounting for
losses).
There are two previous studies that have separated recent
SOA from background SOA (Table 4). The “Background
SOA” fraction used here is analogous to the “Background
OA” estimated by Liggio et al. (2010) from measurements
at Egbert, Ontario (Table 4), except that rather than looking only at “Today’s SOA” Liggio et al. (2010) evaluated the
SOA formed within 24–48 h. Their estimate for that central
Canadian region was 42–71 % of the “Total SOA” (40–50 %
of the total OM), which overlaps the range of the “Today’s
SOA” fraction of 25–50 % of the “Total SOA” (15–30 % of
the total OM) estimated from the combustion factors found
for the coastal region in this study. The median value of the
Liggio et al. (2010) range of 56 % is about 50 % larger than
the median value of the “Today’s SOA” range of 38 % found
here, which is consistent with the fact that their time period
for “recent” formation was twice as long (and that different
sites have different mixtures of sources), the estimates are
well within the expected consistency.
We can also look specifically at the acid fraction formed
today, which here was found to be 25–33 % of the total
acid group concentration. Satsumabayashi et al. (1990)
found that in central Japan “Today’s acid (molecule)” fraction was 72–84 % of the “Total acids (molecules).” However,
the pseudo-Lagrangian approach used in Satsumabayashi
et al. (1990) was limited to measurements of only two
commonly-observed acids, i.e. succinic acid and phthalic
acid, and their emissions in central Japan are quite high.
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normalized carboxylic acid group concentration and normalized O3 mixing 52
ratio (by campaign average) for
the “Afternoon High” (orange) and “Noon High” (blue) days. The
correlation coefficient is 0.7.

Taking the results of all three approaches together, the covariation of daytime concentrations and the correlation of
overall concentrations (r =0.7) of carboxylic acid groups and
O3 (Figs. 4 and 10) provide substantial evidence for an O3 driven oxidation that forms carboxylic acid groups. The carboxylic acid, hydroxyl, non-acid carbonyl, and alkane group
mole fractions of the combustion factor were 0.11, 0.04,
0.00, and 0.85, comparable to the C12 alkane (molecule)
oxidation products with mole fractions of 0.12, 0.13, 0.02,
and 0.73 estimated by Russell et al. (2011). In the mechanism proposed by Russell et al. (2011), gas-phase alkanes
(molecules) are oxidized by OH radicals to form dihydrofuran in the particle phase by H-atom subtraction, isomerization, cyclization, and dehydration processes. Dihydrofuran then evaporates into the gas phase and reacts primarily
with O3 to form acid groups – since there is little evidence
for carboxylic acid formation from OH oxidation (Russell et
al., 2011; Martin et al., 2002), producing products that are
expected to be similar to cyclic alkene oxidation products,
namely multi-functional products with carboxylic acid functional groups (which would be expected to partition into the
particle phase due to their low vapor pressures). This mechanism is consistent with the observed SOA composition (for
the combustion factor) in this study and the co-variation of
carboxylic acid and alkane groups. Combining this information with the size dependence of oxygenated mass fragments
(m/z 44) supports the hypothesis that these two functional
groups were likely formed in the same molecules in the gas
phase and condensed simultaneously on particles as secondgeneration products of gas-phase alkane (molecule) oxidation.
Atmos. Chem. Phys., 11, 8321–8341, 2011
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Sources and characteristics of hydroxyl functional
groups

Hydroxyl functional groups were mainly from marine
sources, since their variation was uncorrelated with the AMS
and FTIR combustion factors. Larger contributions from the
hydroxyl groups and hence the marine factor were associated with onshore winds from 07:00 to 22:00 PST compared
to the offshore-wind concentrations at night), which could
bring concentrated marine aerosols to the sampling site, indicating the hydroxyl functional group concentration was modulated by the land-sea breeze circulation at the coastal site.
This land-sea breeze effect was not observed for the fossil
fuel combustion factors, which dominated the OM. The marine factor concentration weakly correlated with local wind
speed (r =0.3 during onshore winds), consistent with the expected increase in particle production from wind-related bubble bursting on the ocean surface (Russell et al., 2010) but
sufficiently influenced by other variables to mask a one-toone link. This marine-derived origin of hydroxyl groups indicates that hydroxyl groups are likely dominated by primary
emission, especially at coastal regions. This primary contribution was excluded in the SOA mass estimation.
5

Conclusions

Measurements at the Scripps Pier show that OM accounted
for nearly 50 % of ambient submicron particle mass. The OM
was dominated by a fossil fuel combustion factor with a high
oxygen-to-carbon ratio. This factor likely represented SOA
products formed from fossil fuel emissions from Los Angeles and Long Beach regions, suggesting the “Total SOA”
accounted for 60 % of the total OM, with 42 % from acid
groups and 51 % from alkane groups. Based on the recurrence of diurnal cycles of the combustion factor and carboxylic acid groups, the “Total SOA” was further separated
into “Today’s SOA” (formed in the 12-h daytime of a single day) and “Background SOA” (formed on prior days) using a pseudo-Lagrangian approach. In this calculation, the
fraction of the combustion factor OM that formed as “Today’s SOA” accounted for 25–50 % of the “Total SOA” and
15–30 % of the total OM, while the “Background SOA” contributed to 30–45 % of the total OM, which likely represented
the SOA formed in the previous 1–3 days. Similarly, carboxylic acid groups formed as “Today’s SOA” accounted for
25–33 % of the total carboxylic acid groups and 10 % of the
OM. The SOA was likely formed through surface-limited
condensation processes, as suggested by the size dependence
of nrOM/PMAMS (decrease with an increase in particle size).
In addition, the independence of (m/z 44)/nrOM on particle size suggests that particle-phase m/z 44 (and likely carboxylic acid groups) and other organic components (largely
alkane groups) were formed and condensed simultaneously.
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The daytime increase of carboxylic acid groups and the
combustion factor mass concentration closely correlated with
the O3 mixing ratio, indicating the SOA formation was likely
driven by O3 . Moreover, the composition of the SOA (the
combustion factor) was consistent with the O3 -driven gasphase alkane (molecule) oxidation mechanism proposed by
Russell et al. (2011), suggesting carboxylic acid and alkane
groups are second-generation products (of gas-phase alkane
(molecule) oxidation) formed in the same molecules, consistent with the observed co-variation of these two functional
groups in the particle phase size distribution. This large contribution of gas-phase alkane (molecule)-derived SOA is not
surprising given their large contributions to VOC emissions
in the Los Angeles-Long Beach source region and the relative absence of significant additional organic precursors during transit in the coastal marine boundary layer. This study
indicates the importance of gas-phase alkane (molecule) photochemistry for the air quality of regions downwind of large
emission sources.

Appendix A
PMF analysis of the FTIR and the AMS
measurements
A1

PMF of the FTIR spectra

PMF was applied to the 234 mass-weighted and baselined
FTIR spectra. The scaling factors were estimated by baselining errors calculated using the automated algorithm described by Russell et al. (2009a). The robust mode was used
and the outliers were downweighted during the fitting procedure. Two to six factors with an FPEAK range of (0, ±0.2,
±0.4, ±0.6, ±0.8, ±1) were tested. Plotting Q (the sum
of squared scaled residuals) versus FPEAK showed that the
lowest Q values corresponded to FPEAK of −0.2, 0, and 0.2,
which resulted in the same factors. The edge-FPEAK values (±0.6, ±0.4, ±0.8, and ±1) resulted in increased Q values, indicating increased residuals associated with the PMF
model (Lanz et al., 2007). Because the sensitivity to rotation
was negligible for FPEAK = −0.2, 0, and 0.2, FPEAK = 0
was selected to represent the solution.
Q can also be used as a mathematical diagnostic of the
PMF solutions. Q/Qexp (normalized Q), in which Qexp approximately represents the degree of freedom of the fitted
data, is greater than 4 for the two- and three-factor solutions
and smaller than 3 for the n > 3 solutions (Fig. A2). This decrease of normalized Q indicates that the additional factors
in the n > 3 solutions explain significantly more variation of
the data. Therefore, two- and three-factor solutions were excluded.
Factors that correlated (r > 0.5) with similar compositions
were identified in the four-, five-, and six- factor solutions,
indicating some factors that split into indistinguishable and
www.atmos-chem-phys.net/11/8321/2011/
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Fig. A1. Potential Source Contribution Function (PSCF) images of (a) the FTIR combustion factor and (b) the FTIR biomass burning factor
with warmer colors indicate higher probability. (c) Fire map on 29 August 2009 with red points showing fire spots and blue lines indicating
53
back
at the
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Pier. The fire image was obtained from NOAA’s Aqua satellite.
Fig.trajectories
A1. Seeending
list of
figure

non-independent components (Ulbrich et al., 2009). The
correlated factors in each solution were combined to one
factor, resulting in three factors for each of the four-, five-,
and six-factor solutions. The combined factors explain the
same degree of the OM variability as the individual factors
used from the four-, five-, and six-factor solutions, and the
combined factor mass is equal to the sum of individual factor masses. The three recombined factors resulting from
the six-factor solution were selected because these factors
captured events that were associated with trajectories from
either known wildfires or from Los Angeles-Long Beach
ports. In addition, the factor profiles had similar peak struc-

www.atmos-chem-phys.net/11/8321/2011/

ture (r > 0.8) with the known factors derived from the TEXAQS/GoMACCS 2006 and the Scripps Pier 2008 measurements (Hawkins and Russell, 2010a; Russell et al., 2009a).
The factors were identified by comparing factor spectrum
and composition with previously identified factors. The
first factor spectrum correlated to the fossil fuel combustion
factor profiles of the TEXAQS/GoMACCS (Russell et al.,
2009a) and the Scripps Pier 2008 measurements (Hawkins
and Russell, 2010a) projects with r of 0.97 and 0.99, respectively, indicating similar organic compositions from similar sources or processes. This factor was characterized by
large fractions and co-existence of alkane and carboxylic
Atmos. Chem. Phys., 11, 8321–8341, 2011
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identified as a marine factor that accounted for 20 % of the
OM on average and was dominated by hydroxyl functional
groups (72 %). Alkane, carboxylic acid, and amine functional groups contributed 20 %, 4 %, and 3 % of the OM, respectively. The concentration and composition of the factors
are summarized in Table 2.
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PMF analysis.

acid functional groups (51 % and 42 % of the factor OM,
respectively) and was identified as a fossil fuel combustion
factor. The concentration of this factor was 3.0 µg m−3 , accounting for 62 % of the OM on average (Fig. 2c). Hydroxyl and amine functional groups contributed 7 % and
1 % of the factor OM, respectively. The PSCF image
(Fig. A1a) shows the origin of this factor was mainly located at the vicinity of the Los Angeles region, which are
dominated by fossil fuel combustion emissions. The second factor spectrum correlated to the biomass burning factor profiles identified from the TEXAQS/GoMACCS (Russell et al., 2009a) and the Scripps Pier 2008 measurements
(Hawkins and Russell, 2010a) with r of 0.87 and 0.93, respectively. The factor fraction time series (Fig. 2c) showed
three high concentration periods: 26 August–2 September,
8–22 August, and 22–27 September, corresponding to the
three largest fires (by acreage) that occurred in the Southern California region that summer: the Station fire (in
Los Angeles County), the La Brea fire (in Santa Barbara
County), and the Guiberson fire (in Ventura County), respectively (http://www.fire.ca.gov/fire protection/fire protection
fire info redbooks 2009.php). The PSCF image (Fig. A1b)
indicates that this factor is likely from north of Los Angeles
- Santa Barbara County, as well as Baja California regions,
consistent with fire events that occurred during the sampling
period and fire maps from satellite measurements (Fig. A1c).
Based on the similarity of this factor spectrum to previously
identified biomass burning factors and the increase in concentration during fire-influenced time periods, this factor was
identified as a biomass burning factor. The factor concentration was 0.88 µg m−3 on average and accounted for 18 %
of the OM. Non-acid carbonyl and alkane functional groups
dominated this factor, accounting for 44 % and 34 % of the
factor OM, respectively. The factor spectrum of the third
factor was comparable (r = 0.82) to the spectrum of the polluted marine factor described in the Scripps Pier 2008 measurements (Hawkins and Russell, 2010a). This factor was
Atmos. Chem. Phys., 11, 8321–8341, 2011

PMF was applied to the time series of concentrations of 271
AMS-measured organic mass fragments. The input matrix
and the error files for PMF of the AMS measurements were
prepared using the Igor Pro 5 (Wavemetrics Inc.) codes based
on the work of Zhang et al. (2005). Two to six factors with
FPEAK-range of [0, ±0.2, ±0.4, ±0.6, ±0.8, ±1] were investigated. The Q versus FPEAK plot shows the lowest Q
values corresponding to FPEAK values of −0.2, 0, and 0.2.
The factors generated for each rotation were nearly indistinguishable. FPEAK = 0 was selected to represent the solutions. A distinct factor with significant mass was missing
when two factors were used. For each of the four-, five-, and
six-factor solutions, highly correlated factors (r > 0.7) were
combined, resulting in three recombined factors, which resembled the three factors generated from the three-factor solution. The normalized Q values for the three-six factor solutions are comparable (differences are within 10 %), indicating three factors were enough for explaining the variability
of the input data matrix. Therefore, the three-factor solution
was selected, which reproduced 98 % of the OM variability.
The factors were identified by comparing normalized factor spectra with the online AMS reference spectra (Ulbrich
et al., 2007, 2009). The first factor m/z spectrum correlated to
several LV-OOA (low-volatility oxygenated organic aerosol)
and SOA spectra. For example, the factor spectrum correlated to the Pittsburgh OOA factor spectrum (Zhang et al.,
2005; r = 0.93 for m/z>44 and r = 0.95 for all m/z) and the
spectrum from the photooxidation of m-xylene with seed
aerosols under RH = 55 % (Bahreini et al., 2005; r = 0.94
for m/z >44 and r = 0.90 for all m/z). The factor could not
be further split into LV-OOA and SV-OOA (semi-volatile
OOA) factors as shown in many previous studies (Ng et al.,
2010), likely because of the relatively low particle concentration at the sampling site as well as the lower resolution of
the quadropole MS. The diurnal cycle of this factor showed a
significant increase in concentration during the day and lower
values in the morning and at night (Fig. 5), indicating photochemical origins of this factor. This factor likely represented
an aged component formed from processed primary emissions. The factor was identified as an aged combustion factor,
which accounted for 61 % of the nrOM and was associated
with the largest m/z 44 fraction (of nrOM) and the largest
m/z 44 to m/z 43 ratio of all of the factors (Table 2). The second factor profile strongly correlated with the wood burning
spectrum (r =0.90 for both m/z > 44 for all m/z) identified
by Lanz et al. (2007) and the brush fire spectrum (r =0.94
www.atmos-chem-phys.net/11/8321/2011/
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diurnal cycles of wind direction (0 degree indicates wind coming from north) divided into (a) “Afternoon
High” and (b) “Noon High” types. Shaded areas indicate nighttime
periods.

55 m/z) described by Bahreini
for m/z >44 and r =0.92 for all
et al. (2005). This factor was identified as a biomass burning factor, accounting for 26 % of the nrOM. No correlation
was found between the third factor spectrum and the spectra from the AMS database. The factor concentration correlated to none of the concentrations of the AMS-measured inorganic compounds. The factor profile correlated moderately
(r = 0.5) with the third factor (which was likely influenced by
the ocean) from the ICEALOT study (Frossard et al., 2011)
and the time series correlated to that of the FTIR marine factor with r = 0.5. This factor may be a shipping or marine
factor, which accounted for 13 % of the nrOM.

Appendix B
Wind direction effects on chemical concentration
The daytime wind direction was consistent during the study,
with winds coming from northwest dominating during the 32
days selected for sample analysis. At night, easterly winds
dominated but were more variable (Fig. 1b). The average
diurnal profiles of wind direction for the “Afternoon High”
and the “Noon High” days are shown in Fig. B1. Sea breeze
effects on the daytime particle concentrations were not identified. Variability in the concentrations of carboxylic acid
groups and alkane groups at night likely result from different
sources brought by easterly winds at night. For this reason,
the nighttime samples were excluded from the diurnal cycle
analysis.
Acknowledgements. We acknowledge Ray Weiss for providing CO
measurements, with funding from the California Air Resources
Board. We also are grateful for support from the University of California, San Diego – Pacific Northwest National Laboratory Aerosol
Chemistry Climate Institute and NSF grant ATM-0744636. We
also thank Kimberly Prather and Cassandra Gaston for providing
O3 measurements during this project.
Edited by: N. M. Donahue

www.atmos-chem-phys.net/11/8321/2011/

Altieri, K., Carlton, A., Lim, H., Turpin, B., and Seitzinger, S.:
Evidence for oligomer formation in clouds: Reactions of isoprene oxidation products, Environ. Sci. Technol., 40, 4956–4960,
2006.
Ault, A., Moore, M., Furutani, H., and Prather, K.: Impact of emissions from the Los Angeles port region on san diego air quality during regional transport events, Environ. Sci. Technol., 43,
3500–3506, 2009.
Bahreini, R., Keywood, M., Ng, N., Varutbangkul, V., Gao, S.,
Flagan, R., Seinfeld, J., Worsnop, D., and Jimenez, J.: Measurements of secondary organic aerosol from oxidation of cycloalkenes, terpenes, and m-xylene using an Aerodyne aerosol
mass spectrometer, Environ. Sci. Technol., 39, 5674–5688, 2005.
Blando, J. and Turpin, B.: Secondary organic aerosol formation in
cloud and fog droplets: a literature evaluation of plausibility, Atmos. Environ., 34, 1623–1632, 2000.
Claeys, M., Szmigielski, R., Kourtchev, I., Van der Veken, P.,
Vermeylen, R., Maenhaut, W., Jaoui, M., Kleindienst, T.,
Lewandowski, M., Offenberg, J., and Edney, E. O.: Hydroxydicarboxylic acids: Markers for secondary organic aerosol from the
photooxidation of α-pinene, Environ. Sci. Technol., 41, 1628–
1634, 2007.
Cronn, D. R., Charlson, R. J., Knights, R. L., Crittenden, A.
L., and Appel, B. R.: A survey of the molecular nature of primary and secondary components of particles in urban air by
high-resolution mass spectrometry, Atmos. Environ., 11, 929–
937, 1977.
Day, D., Liu, S., Russell, L., and Ziemann, P.: Organonitrate group
concentrations in submicron particles with high nitrate and organic fractions in coastal southern California, Atmos. Environ.,
44, 1970–1979, 2010.
De Gouw, J. and Jimenez, J.: Organic aerosols in the Earth’s atmosphere, Environ. Sci. Technol., 43, 7614–7618, 2009.
De Gouw, J., Middlebrook, A., Warneke, C., Goldan, P., Kuster,
W., Roberts, J., Fehsenfeld, F., Worsnop, D., Canagaratna, M.,
Pszenny, A., Keene, W. C., Marchewka, M., Bertman, S. B., and
Bates, T. S.: Budget of organic carbon in a polluted atmosphere:
Results from the New England Air Quality Study in 2002, J. Geophys. Res.-Atmos., 110, D16305, doi:10.1029/2004JD005623,
2005.
De Gouw, J., Brock, C., Atlas, E., Bates, T., Fehsenfeld, F., Goldan,
P., Holloway, J., Kuster, W., Lerner, B., Matthew, B., Middlebrook, A. M., Onasch, T. B., Peltier, R. E., Quinn, P. K., Senff,
C. J., Stohl, A, Sullivan, A. P., Trainer, M., Warneke, C., Weber,
R. J., and Williams, E. J.: Sources of particulate matter in the
northeastern United States in summer: 1. Direct emissions and
secondary formation of organic matter in urban plumes, J. Geophys. Res.-Atmos., 113, D08301, doi:10.1029/2007JD009243,
2008.
DeCarlo, P. F., Dunlea, E. J., Kimmel, J. R., Aiken, A. C., Sueper,
D., Crounse, J., Wennberg, P. O., Emmons, L., Shinozuka, Y.,
Clarke, A., Zhou, J., Tomlinson, J., Collins, D. R., Knapp, D.,
Weinheimer, A. J., Montzka, D. D., Campos, T., and Jimenez,
J. L.: Fast airborne aerosol size and chemistry measurements
above Mexico City and Central Mexico during the MILAGRO
campaign, Atmos. Chem. Phys., 8, 4027–4048, doi:10.5194/acp8-4027-2008, 2008.
DeCarlo, P. F., Ulbrich, I. M., Crounse, J., de Foy, B., Dunlea,

Atmos. Chem. Phys., 11, 8321–8341, 2011

8338
E. J., Aiken, A. C., Knapp, D., Weinheimer, A. J., Campos,
T., Wennberg, P. O., and Jimenez, J. L.: Investigation of the
sources and processing of organic aerosol over the Central Mexican Plateau from aircraft measurements during MILAGRO, Atmos. Chem. Phys., 10, 5257–5280, doi:10.5194/acp-10-52572010, 2010.
Dominguez, G., Jackson, T., Brothers, L., Barnett, B., Nguyen,
B., and Thiemens, M. H.: Discovery and measurement of an isotopically distinct source of sulfate in Earth’s atmosphere, Proc.
Natl. Acad. Sci., doi:10.1073/pnas.0805255105, 2008.
Draxler, R. and Rolph, G.: HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) Model access via NOAA ARL
READY Website: http://www.arl.noaa.gov/ready/hysplit4.html,
NOAA Air Resources Laboratory, Silver Spring, 2003.
Edney, E., Kleindienst, T., Jaoui, M., Lewandowski, M., Offenberg,
J., Wang, W., and Claeys, M.: Formation of 2-methyl tetrols and
2-methylglyceric acid in secondary organic aerosol from laboratory irradiated isoprene/NOx /SO2 /air mixtures and their detection in ambient PM2.5 samples collected in the eastern United
States, Atmos. Environ., 39, 5281–5289, 2005.
Ervens, B., Feingold, G., Frost, G., and Kreidenweis, S.: A modeling study of aqueous production of dicarboxylic acids: 1. Chemical pathways and speciated organic mass production, J. Geophys.
Res.-Atmos., 109, D15205, doi:10.1029/2003JD004387, 2004.
Fisseha, R., Dommen, J., Sax, M., Paulsen, D., Kalberer, M., Maurer, R., H
”ofler, F., Weingartner, E., and Baltensperger, U.: Identification of organic acids in secondary organic aerosol and the corresponding gas phase from chamber experiments, Anal. Chem.,
76, 6535–6540, 2004.
Fraser, M., Yue, Z., Tropp, R., Kohl, S., and Chow, J.: Molecular
composition of organic fine particulate matter in Houston, TX,
Atmos. Environ., 36, 5751–5758, 2002.
Frossard, A. A., Shaw, P. M., Russell1, L. M., Kroll, J. H., Canagartna, M., Worsnop, D., Quinn, P. K., and Bates, T. S.: Springtime Arctic Haze Contributions of Submicron Organic Particles
from European and Asian combustion Sources, J. Geophys. Res.Atmos., 116, D05205, , 2011.
Fuzzi, S., Andreae, M. O., Huebert, B. J., Kulmala, M., Bond,
T. C., Boy, M., Doherty, S. J., Guenther, A., Kanakidou, M.,
Kawamura, K., Kerminen, V.-M., Lohmann, U., Russell, L. M.,
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