
Atmos. Chem. Phys., 12, 8131–8156, 2012
www.atmos-chem-phys.net/12/8131/2012/
doi:10.5194/acp-12-8131-2012
© Author(s) 2012. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Characterization of submicron particles influenced by mixed
biogenic and anthropogenic emissions using high-resolution aerosol
mass spectrometry: results from CARES

A. Setyan1, Q. Zhang1, M. Merkel 2, W. B. Knighton3, Y. Sun4, C. Song5, J. E. Shilling5, T. B. Onasch6, S. C. Herndon6,
D. R. Worsnop6, J. D. Fast5, R. A. Zaveri5, L. K. Berg5, A. Wiedensohler2, B. A. Flowers7, M. K. Dubey7, and
R. Subramanian8

1Department of Environmental Toxicology, University of California, 1 Shields Ave., Davis, CA 95616, USA
2Leibniz Institute for Tropospheric Research, 04318 Leipzig, Germany
3Montana State University, Bozeman, MT 59717, USA
4State Key Laboratory of Atmospheric Boundary Layer and Atmospheric Chemistry, Institute of Atmospheric Physics,
Chinese Academy of Sciences, Beijing, China
5Pacific Northwest National Laboratory, Richland, WA 99352, USA
6Aerodyne Research Inc., Billerica, MA 01821, USA
7Los Alamos National Laboratory, Los Alamos, NM 87545, USA
8RTI International, RTP, NC 27709, USA

Correspondence to:Q. Zhang (dkwzhang@ucdavis.edu)

Received: 4 February 2012 – Published in Atmos. Chem. Phys. Discuss.: 21 February 2012
Revised: 30 July 2012 – Accepted: 27 August 2012 – Published: 11 September 2012

Abstract. An Aerodyne high resolution time-of-flight
aerosol mass spectrometer (HR-ToF-AMS) was deployed
during the Carbonaceous Aerosols and Radiative Effects
Study (CARES) that took place in northern California in
June 2010. We present results obtained at Cool (denoted
as the T1 site of the project) in the foothills of the Sierra
Nevada Mountains, where intense biogenic emissions are
periodically mixed with urban outflow transported by day-
time southwesterly winds from the Sacramento metropoli-
tan area. During this study, the average mass loading of
submicrometer particles (PM1) was 3.0 µg m−3, dominated
by organics (80 %) and sulfate (9.9 %). The organic aerosol
(OA) had a nominal formula of C1H1.38N0.004O0.44, thus
an average organic mass-to-carbon (OM/OC) ratio of 1.70.
Two distinct oxygenated OA factors were identified via
Positive matrix factorization (PMF) of the high-resolution
mass spectra of organics. The more oxidized MO-OOA
(O/C = 0.54) was interpreted as a surrogate for secondary
OA (SOA) influenced by biogenic emissions whereas the
less oxidized LO-OOA (O/C= 0.42) was found to repre-
sent SOA formed in photochemically processed urban emis-

sions. LO-OOA correlated strongly with ozone and MO-
OOA correlated well with two 1st generation isoprene oxi-
dation products (methacrolein and methyl vinyl ketone), in-
dicating that both SOAs were relatively fresh. A hydrocar-
bon like OA (HOA) factor was also identified, represent-
ing primary emissions mainly due to local traffic. On av-
erage, SOA (= MO-OOA + LO-OOA) accounted for 91 %
of the total OA mass and 72 % of the PM1 mass observed
at Cool. Twenty three periods of urban plumes from T0
(Sacramento) to T1 (Cool) were identified using the Weather
Research and Forecasting model coupled with Chemistry
(WRF-Chem). The average PM1 mass loading was consid-
erably higher in urban plumes than in air masses dominated
by biogenic SOA. The change in OA mass relative to CO
(1OA/1CO) varied in the range of 5-196 µg m−3 ppm−1,
reflecting large variability in SOA production. The highest
1OA/1CO was reached when air masses were dominated
by anthropogenic emissions in the presence of a high con-
centration of biogenic volatile organic compounds (BVOCs).
This ratio, which was 97 µg m−3 ppm−1 on average, was
much higher than when urban plumes arrived in a low BVOC

Published by Copernicus Publications on behalf of the European Geosciences Union.



8132 A. Setyan et al.: Characterization of submicron particles

environment (∼36 µg m−3 ppm−1) or during other periods
dominated by biogenic SOA (35 µg m−3 ppm−1). These re-
sults demonstrate that SOA formation is enhanced when an-
thropogenic emissions interact with biogenic precursors.

1 Introduction

Atmospheric aerosols significantly affect the Earth’s climate
(IPCC, 2007), human health (Pope et al., 2009), the ecologi-
cal balance (Mahowald, 2011), and visibility (Watson, 2002).
Aerosols consist of a wide range of chemical compounds.
Analyses of many datasets from around the world showed
that organic species generally represent the dominant frac-
tion and account for 20–90 % of the mass in submicron par-
ticles (Zhang et al., 2007a). Organic aerosols (OA) are clas-
sified into primary (POA) or secondary (SOA). POA refers
to aerosols directly emitted by a source, such as fossil fuel
combustion, biomass burning or food cooking, while SOA
are generated by reactions of gaseous precursors. In addi-
tion, OA can also be classified depending on their sources,
e.g., biogenic or anthropogenic.

Models have been developed to improve understanding of
aerosol processes and properties, and to evaluate their ef-
fects on climate. Even if some uncertainties still remain, the
processes controlling the formation and evolution of sec-
ondary inorganic aerosol compounds are now well under-
stood (Zaveri et al., 2008). However, since SOA formation
is controlled by very complex processes, including photo-
oxidation of volatile organic compounds (VOCs), nucleation
or gas-to-particle partitioning of low volatile compounds into
preexisting particles, and aqueous-phase and heterogeneous
processes (Kanakidou et al., 2005; Hallquist et al., 2009; Er-
vens et al., 2011), current models have difficulty predict-
ing accurately SOA concentrations and/or properties (e.g.,
Volkamer et al., 2006; Dzepina et al., 2009; Spracklen et al.,
2011). Recent studies suggest that anthropogenic and bio-
genic emissions may interact and increase SOA formation
(Kanakidou et al., 2000; Weber et al., 2007; Goldstein et al.,
2009; Hoyle et al., 2011; Worton et al., 2011). Thus, field
campaigns have been undertaken in locations subjected to
both urban and natural influences to study the enhancement
effects of SOA production in mixed biogenic and anthro-
pogenic emissions. These studies are important for identify-
ing missing SOA sources in current models and closing the
gaps between simulated and measured SOA concentrations
and properties (Zaveri et al., 2012).

The Sacramento Valley, which corresponds to the north-
ern part of the Central Valley of California, is a place of
choice to study processes of organic species from biogenic
and anthropogenic sources. The valley forms a northwest-
southeast axis and its shape is defined by mountains on the
west (various Coast Ranges), north (Siskiyou Mountains)
and east (Sierra Nevada Mountains). A mid-size metropoli-

tan area (Sacramento and its suburbs) lies on the south edge
of the valley, while the rest of the valley is heavily forested
and contains large agricultural regions. The Sacramento Val-
ley has faced air pollution problems such as high ozone con-
centrations promoted by meteorological conditions (strong
sunlight and high temperatures in summer) coupled with
high VOCs and NOx emissions (Murphy et al., 2007). In
summer, the region is subjected to constant winds, which
bring air masses from the Pacific Ocean to the Sacramento
metropolitan area, and push northeast to the Sierra Nevada
Mountains, bringing urban outflow from Sacramento to the
foothills (Dillon et al., 2002). Recent studies performed at
the University of California-Blodgett Forest Research Sta-
tion (UC-BFRS; Goldstein et al., 2000), which is located on
the western slope of the Sierra Nevada∼75 km downwind
from Sacramento and surrounded by a ponderosa pine plan-
tation, pointed out that large amounts of reactive VOCs are
emitted by the surrounding forests (e.g., Bouvier-Brown et
al., 2009) and that SOA formation in this region is mainly
driven by oxidation of monoterpenes and isoprene (Cahill et
al., 2006; Worton et al., 2011) mediated primarily by ozone
(Holzinger et al., 2005). New particle formation and growth
events have been frequently observed as well (Lunden et al.,
2006; Creamean et al., 2011), indicating the importance of
secondary aerosol formation processes in the region. Several
studies also focused on chemical processes occurring in ur-
ban plumes brought from Sacramento (Dillon et al., 2002;
Spaulding et al., 2003), but anthropogenic influences were
found to be small at the UC-BFRS, probably because the site
is too far from significant urban emission sources.

The Carbonaceous Aerosols and Radiative Effects Study
(CARES), which was sponsored by the US Department of
Energy (DOE), took place in northern California in summer
2010. The aim of this field campaign was to better under-
stand the evolution and ageing of carbonaceous aerosols in a
region influenced by mixed anthropogenic and biogenic pre-
cursors, and to integrate this knowledge into models used for
simulating their direct and indirect radiative effects on cli-
mate (Zaveri et al., 2012; Fast et al., 2012). Measurements
were conducted at two ground-based sites: one within the
Sacramento urban area (denoted T0 to represent the urban
emission origin of the project) and one at Cool, CA (de-
noted T1 to represent a rural receptor site located∼40 km
northeast of Sacramento, i.e., downwind from T0). In coor-
dination with the two ground-based operations, two aircrafts
conducted regular flights through and around the Sacramento
plumes during CARES. Zaveri et al. (2012) provide a com-
plete overview of the CARES field campaign, including a
description of the experimental design and key observations
from the two ground-based sites and aircraft platforms.

In this paper, we present results obtained at the T1 site
of CARES, where we deployed an Aerodyne high reso-
lution time-of-flight aerosol mass spectrometer (HR-ToF-
AMS) in parallel with a scanning mobility particle sizer
(SMPS) to characterize the concentration, composition, size
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distribution, and temporal variation of PM1. We performed
positive matrix factorization (PMF) of the high resolution
mass spectra to identify distinct OA factors and determine
their concentrations and mass spectra. These results were
combined with collocated measurements of other aerosol
properties, trace gases, and meteorological conditions to elu-
cidate the sources of and processes controlling PM1 at T1. Fi-
nally, periods of urban plumes from Sacramento and other air
masses dominated by biogenic emissions were determined
by the WRF-Chem model (Fast et al., 2012). Aerosols dur-
ing different periods are compared to study the influence of
anthropogenic emissions on the formation of biogenic SOAs.

2 Methods

2.1 Sampling site, instrumentation, meteorological
conditions, and time

The CARES field campaign took place in the Sacramento
Valley between 2 and 28 June 2010. A map of the Sacra-
mento Valley with the location of the two ground-based sites
is given in Fig. 1a. Measurements reported in this paper
were performed at Cool (T1 site; 38◦53′ N, 121◦00′ W) in
a maintenance parking lot on the campus of the Northside
School. Cool is a small town (2500 inhabitants) located in
the foothills of the Sierra Nevada Mountains at an eleva-
tion of ∼460 m above sea level. The sampling site is sur-
rounded by forests, and located∼200 m from the Califor-
nia State Route 49. During summer, Cool is influenced by
highly consistent winds bringing urban outflow from Sacra-
mento during the afternoon (Dillon et al., 2002). A com-
plete description of the meteorological conditions during the
CARES is given by Fast et al. (2012). In summary, the me-
teorological conditions were spring like, with high tempera-
tures on average 27◦C during the day and 14◦C in the night
(Fig. S1a in the Supplement). The prevailing wind was from
the southwest during the day and from the northeast in the
night (Fig. 1b). The weather was sunny during the entire
campaign, except for two cloudy periods on 4 and 24 June
2010. In addition, during the present study, transport of pol-
lutants from Sacramento over the Sierra Nevada foothills oc-
curred almost every afternoon except for three periods (10–
13, 16–17, 20–21 June) (Fast et al., 2012).

Various instruments installed in two adjacent trailers were
deployed to measure the concentration, chemical compo-
sition, size distribution, mixing state, radiative and optical
properties, and cloud condensation nuclei (CCN) activities
of particles, as well as trace gas concentrations and meteoro-
logical conditions (Zaveri et al., 2012). A schematic drawing
of the instrumental setup for PM1 is given in Fig. 1c. Parti-
cles were sampled through a common inlet equipped with a
PM1 impactor (Brechtel Manufacturing Inc., Hayward, CA;
model 8003) at a total flow rate of∼15 l min−1. The sam-
pling line was constituted of a total of 14 feet of tubing, in-
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Fig. 1. (a) Map of the Sacramento Valley with the location of the
two ground-based sites (T0 and T1), the University of California-
Blodgett Forest Research Station (UC-BFRS, site of the BEARPEX
2007 and 2009 studies) and the refineries identified in the region.
(b) Wind rose plots for every 3-h period at the T1 site (height: 3 m),
colored by wind speed. Radial scales correspond to the frequency,
and are kept the same in each wind rose.(c) Schematic drawing of
the instrumental setup.

cluding 3 feet of stainless steel tube with an inner diameter
of 3/4 inch, 8 feet of copper tube with an inner diameter of
1/4 inch, 2 feet long temperature-controlled thermodenuder
(TD), and 1 feet long Nafion dryer. Instruments connected
to this system include a particle into liquid sampler (PILS), a
CCN counter, and a thermodenuder. The sampling line down-
stream of the TD was split again in three parts to connect to
an HR-ToF-AMS, an SMPS, and a second CCN counter. The
Nafion dryer was included in the system to dry particles an-
alyzed by the HR-ToF-AMS and SMPS. Additional instru-
ments measuring aerosol size and composition, including a
single particle soot photometer (SP2) and a particle analysis
by laser mass spectrometry (PALMS) system, aerosol opti-
cal properties, and trace gases (e.g., VOCs by proton trans-
fer reaction mass spectrometer [PTR-MS], CO by infrared
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absorption, CO2 and CH4 by cavity ring-down spectroscopy
[CRDS], and ozone by ultra-violet photometry) were also de-
ployed at T1, but shared other common inlets.

All dates and times reported in this paper are in Pacific
Daylight Time (PDT), which was the local time during this
study. PDT corresponds to the Coordinated Universal Time
(UTC) minus 7 h and the Pacific Standard Time (PST) plus
1 h.

2.2 High resolution time-of-flight aerosol mass
spectrometer

2.2.1 Operation

An HR-ToF-AMS was used to measure the size-resolved
chemical composition of non-refractory submicron aerosols
(NR-PM1) in the size range 35–1000 nm inDva. The Dva
measured by the AMS corresponds to the mobility diameter
(Dm) times the particle density (1.4 g cm−3 on average dur-
ing this study, see Sect. 3.1.1), assuming sphericity (DeCarlo
et al., 2004).

In brief, particles are sampled into a high vacuum system
(∼10−5 Pa) through a 100 µm critical orifice and an aero-
dynamic lens installed at the inlet of the instrument. The
narrow particle beam formed after the passage through the
lens crosses a particle time-of-flight (PToF) region, where the
measurement of the velocity allows the determination of the
particle diameterDva. Particles are then transmitted into a de-
tection chamber, where non-refractory components (organ-
ics, sulfate, nitrate, ammonium, and chloride) are vaporized
upon impact on a metallic surface heated up to∼600◦ C, and
ionized by electron impact (70 eV). The chemical composi-
tion of the particles is finally determined by a high resolu-
tion time-of-flight mass spectrometer operated alternatively
in two modes – “V” and “W”. The V-mode is more sensitive
than the W-mode, while the mass resolution of the W-mode
is higher (∼5000 vs.∼2500 for V-mode).

The data acquisition was performed using the ToF-
AMS Data Acquisition software v3.0.29, available on-
line at http://cires.colorado.edu/jimenez-group/wiki/index.
php/ToF-AMSDAQ. Between 2 and 17 June 2010, the HR-
ToF-AMS was operated in V- and W-mode alternatively ev-
ery 2.5 minutes. From 17 June till the end of the field cam-
paign (28 June), a temperature-stepping thermodenuder was
operated upstream of the HR-ToF-AMS, SMPS and CCN
#2 (Fig. 1c). During this period, a valve switched automat-
ically every 5 min to alternate the air flow sampled by the
instruments between a bypass (ambient temperature) and the
heated section of the thermodenuder. During the bypass pe-
riod, the HR-ToF-AMS was still operated in V- and W-mode
(2.5 min each), while during the thermodenuder period, two
runs in V-mode were acquired (also 2.5 min each). PToF data
was systematically acquired in V-mode, but not in W-mode,
due to low signal/noise ratio.

The ionization efficiency (IE) of the HR-ToF-AMS was
calibrated at the beginning, in the middle and at the end of
the field campaign, following a standard protocol previously
published (Jayne et al., 2000). The IE/air beam ratio varied
less than 3 % between the beginning and the end of the cam-
paign, indicating that the instrument remained remarkably
stable during the four weeks of the study. For the relative
ionization efficiencies (RIEs) of the main chemical species,
we used values previously published for organics (1.4), ni-
trate (1.1) and chloride (1.3) (Alfarra et al., 2004). The RIE
of ammonium was determined at 4.0 following the NH4NO3
analysis during the IE calibrations, and that of sulfate was
determined at 1.4 following the analysis of pure (NH4)2SO4.
The particle sizing was calibrated at the same time as the IE
calibration using polystyrene latex spheres of known sizes
(Duke Scientific, Palo Alto, CA). A total 13 different sizes in
the range of 22–700 nm were used. Finally, two particulate-
free periods were recorded before and after the campaign us-
ing a HEPA filter (Pall Corporation, Port Washington, NY;
model 12144), for subsequent adjustment of the fragmenta-
tion table and determination of the detection limits of indi-
vidual species (see below).

2.2.2 Data analysis

The data analysis was performed using SQUIR-
REL v1.51 and PIKA v1.10, the standard ToF-
AMS analysis toolkits written in Igor Pro 6.2.2.2
(WaveMetrics Inc., Lake Oswego, OR) and avail-
able online at http://cires.colorado.edu/jimenez-group/
ToFAMSResources/ToFSoftware/index.html. The V-mode
and PToF data were processed with SQUIRREL to de-
termine the mass concentrations and size distributions of
NR-PM1 species. The ammonium concentrations, however,
were determined from PIKA analysis of the V-mode data
since those from the SQUIRREL analysis are too noisy
(see Fig. S2 in the Supplement for a comparison of the
ammonium time series). The W-mode data was processed
with PIKA to obtain high resolution mass spectra and the
elemental composition of organic species.

In order to apportion correctly the ToF-MS signal to
the different chemical species, the fragmentation tables of
SQUIRREL and PIKA were modified according to the
method presented by Allan et al. (2004). A critical modifi-
cation was the incorporation of a time-dependent correction
of the gas-phase CO2 at m/z 44. This point was very impor-
tant, since the gas-phase CO2 showed a strong diurnal pattern
(the CO2 concentration was on average 420 ppm during the
night and 390 ppm during the day) and that the gas-phase
CO2 signal accounted for up to 75 % of the total signal of the
CO+

2 fragment during periods of low organics mass loading.
The detection limit of individual species was determined as
three times the standard deviation of the corresponding signal
in particle-free air (Zhang et al., 2005b). The 2.5-min detec-
tion limits (DLs) are 0.075 (organics), 0.011 (sulfate), 0.018
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(nitrate), 0.01 (ammonium), and 0.017 µg m−3 (chloride).
These values are between 2 and 10 times higher than the DLs
(scaled to 2.5-min) reported by DeCarlo et al. (2006), which
were 0.014 (organics), 0.0033 (sulfate), 0.002 (nitrate), 0.024
(ammonium), and 0.008 (chloride) µg m−3.

A collection efficiency (CE) was introduced to take into
account of incomplete detection of aerosols, due to e.g., par-
ticle bounce at the vaporizer (Matthew et al., 2008). In many
previous field campaigns, a constant CE of 0.5 for all the
species has been found to be consistent with results obtained
with collocated instruments (e.g., DeCarlo et al., 2008; Aiken
et al., 2009; Sun et al., 2010; Sun et al., 2011). However, CE
may increase depending on the chemical composition (e.g.,
mass fraction of NH4NO3), acidity, water content and the
phase of the particle (Kleinman et al., 2007; Middlebrook et
al., 2012). We use a constant CE of 0.5 for all the species
in this study, because (1) particles were dominated by organ-
ics during the entire campaign (see Sect. 3.1.1), (2) they ap-
peared to be fully neutralized (Fig. 4), and (3) the air flow was
dried (relative humidity – RH< 30 %) prior to the AMS anal-
ysis. This choice has been validated by the inter-comparison
between AMS+BC mass and SMPS volume (Figs. 2a and
3).

PMF analysis was performed on the high resolution mass
spectra of organic species to determine the mass spectra of
distinct organic factors and their time-dependent concentra-
tions. This technique was described by Paatero and Tapper
(1994), while its application to AMS datasets was discussed
previously (Lanz et al., 2007; Ulbrich et al., 2009; Zhang
et al., 2011; Ulbrich et al., 2012). Data and error matrices
were first generated in PIKA. We took into account ions up to
m/z 100, given that bigger ions had low signal/noise ratio and
more biases because of insufficient mass resolution. Isotopes
were systematically constrained in PIKA, but were removed
from the data and error matrices, since their presence would
have given excess weight to the parent ions in the PMF anal-
ysis. The error matrix was then further adjusted to take into
account of the counting error of ions by the detector (Ulbrich
et al., 2009). Ions with a signal-to-noise ratio (S/N)< 0.2
were removed from the data and error matrices, whereas ions
whose average S/N between 0.2 and 2 were down-weighed
by a factor of 3. Four organic ions scaled to the CO+

2 sig-
nal (O+, HO+, H2O+, and CO+) were removed from the
data and error matrices prior to the PMF analysis. They
were reintroduced in the mass spectra after the PMF anal-
ysis. PMF analysis was performed using the PMF Evalua-
tion Tool Software v2.03A described in Ulbrich et al. (2009),
available online athttp://cires.colorado.edu/jimenez-group/
wiki/index.php/PMF-AMSAnalysisGuide. The PMF solu-
tion has been tested from 1 to 10 factors and for FPEAK
values between−1 and+1 (step: 0.1). The robustness of the
solution has been examined by running the PMF algorithm
from different random starting points (SEED values from
0 to 10, delta=1). Detailed procedures listed in Table 1 of
Zhang et al. (2011) were followed to evaluate various PMF

solutions. A summary of the evaluation of the PMF results
is given in the Supplement Figs. S5 and S6. The 3-factor so-
lution with FPEAK=0 was chosen as the final solution and
the results were validated based on interpretation of the char-
acteristic mass spectral signatures, the temporal and diurnal
variation patterns of the OA factors in reference to meteo-
rological conditions, and the correlations with tracer com-
pounds (see Sect. 3.2 for details).

2.3 Collocated measurements

An SMPS was used to measure the particle number size dis-
tribution in the range from 8 to 858 nm inDm. The SMPS
used during this study followed a recommended standard de-
sign of the European supersites (Wiedensohler et al., 2012)
for atmospheric measurements and was manufactured by the
WMO-GAW World Calibration Center for Aerosol Physics
(WCCAP) hosted at the Leibnitz Institute for Tropospheric
Research (IFT) at Leipzig, Germany. The instrument con-
sists of a neutralizer (Po210), a Hauke-type differential mo-
bility analyzer (DMA; design described by Winklmayr et al.,
1991) and a condensation particle counter (CPC; TSI Inc.,
Shoreview, MN; model 3772). The SMPS alternated between
two modes – the “upscan” mode (from 8 to 858 nm) and the
“downscan” mode (from 858 to 8 nm) – every 2.5 min. The
data was recorded every 5 min, corresponding to the aver-
age of the “upscan” and “downscan” modes alternatively.
The aerosol sampling flow was set at 1 l min−1, and was
obtained by using a vacuum pump (GAST Manufacturing
Inc., Benton Harbor, MI; model DOA-P704-AA) connected
to the outlet of the CPC. The sheath flow was set at 5 l min−1.
The data acquisition software applied two corrections to the
particle size distribution during the data inversion, in order
to take into account the DMA transfer function (Birmili et
al., 1997) and the bipolar charge distribution (Wiedensohler,
1988). The corrections for the CPC efficiency and the inter-
nal diffusion losses were applied after the data inversion. The
diffusion losses were calculated following the methods of the
“equivalent length” (Wiedensohler et al., 2012).

A PTR-MS (de Gouw and Warneke, 2007) was used for
online monitoring of VOCs. Briefly, H3O+ ions are produced
in a hollow-cathode discharge in water vapor, and are in-
jected into the drift tube reaction region where they inter-
act with the ambient sample. These reagent ions are pulled
through the ambient sample at reduced pressure (∼2 mbar)
under the influence of an applied electric field where they
will transfer a proton to any component having a proton affin-
ity greater than that of water. A fraction of the reagent ions
and product ions formed are sampled through a small aper-
ture at the end of the drift tube and mass analyzed using a
quadrupole mass spectrometer operated in the ion counting
mode. For the present study, the ratio between the electric
field strength and the buffer gas density (E/N ratio) was 133–
136 Td between 2 and 4 June 2010, and 139 Td from 4 June
until the end of the campaign.
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The black carbon (BC) concentration was measured with
an SP2 (Droplet Measurement Technologies, Boulder, CO;
Subramanian et al., 2010). Briefly, particles containing BC
absorb energy from an Nd:YAG laser and are heated to
the point of incandescence. The incandescence is measured
and correlated to the particle’s BC mass using BC prox-
ies; the results presented here are based on an Acheson
Aquadag®-based calibration. In addition, the concentrations
of CO (Teledyne Technologies Inc., Thousand Oaks, CA;
model M300EU), CO2 and CH4 (Picarro Inc., Santa Clara,
CA; model 1301G-M), and O3 (Thermo Scientific, Waltham,
MA; model 49i) were measured.

2.4 WRF-Chem and air mass classification

The WRF-Chem model was used to determine periods of ur-
ban plumes from T0 to T1. Details on the operation of the
model are given by (Fast et al. (2012). Briefly, the model
was run to forecast the spatial and temporal variations of
CO emitted by 20 anthropogenic sources. The spatial distri-
bution of these sources includes regions from the San Fran-
cisco Bay Area up to the Sierra Nevada foothills, and from
the Sacramento Valley to Southern California. Urban plumes
were determined as periods during which CO emitted in the
Sacramento region contributed to more than 30 % of the to-
tal anthropogenic CO at T1. In total, 23 periods of urban
plumes were identified during this study, brought by south-
westerly wind favorable to the transport of pollutants from
Sacramento to Cool. Eight of these periods were character-
ized by an air mass transported directly from Sacramento to
Cool following a straight path, while during twelve other pe-
riods the air mass was transported either to the north or to
the south of T1 before being redirected to T1. The remaining
three periods consisted of recirculation of aged plumes over
the foothills. A second modeling system, the North American
Mesoscale (NAM), identified three periods (10–13, 16–17,
20–21 June) during which the meteorology was character-
ized by the passage of mid-tropospheric troughs over Califor-
nia, resulting in a shift of the wind direction from the south-
west to the northwest. Therefore, during these eight days, ur-
ban plumes were transported to the southeast of Sacramento
while the T1 site was influenced by clean air masses coming
from the northwest, reducing considerably the concentration
of pollutants at T1. Finally, another air mass was brought to
the T1 site during the night, when the decrease of the tem-
perature reversed the wind direction and favored downslope
flows from the western Sierra Nevada back to the Sacramento
Valley. These different periods determined by model predic-
tions and given by Fast et al. (2012) were slightly refined
in the present study using wind data recorded at T1 and the
results of the PMF analysis, which identified among others
an oxygenated organic aerosol (OOA) component resulting
from urban transport (see Sect. 3.2). The periods are marked
in Fig. 2.

3 Results and discussions

3.1 Overview of submicron aerosol characteristics

3.1.1 Concentrations and chemical composition of
submicron aerosols

The particle mass concentration was low at T1, varied be-
tween 0.4 and 13.8 µg m−3 and the average over the entire
study was 3.0 µg m−3 (Table 1). The chemical composition
was dominated by organics, which on average accounted for
80 % of the total particle mass. The other components in-
cluded sulfate (9.9 %), ammonium (4.5 %), nitrate (3.6 %),
and BC (1.6 %). The chloride concentrations measured by
the HR-ToF-AMS were mostly below detection limit dur-
ing the present study. Similar PM1 composition and loading
were determined during the BEARPEX 2007 field campaign
at the Blodgett Forest, which is located 35 km to the north-
east (i.e., downwind) of the site of this study (Farmer et al.,
2011; Worton et al., 2011). While forest fires may occur in
the region during summer (Worton et al., 2011) we found
no indication of wildfires based on the time series of Org 60
(mainly the C2H4O+

2 ion) and Org 73 (C3H5O+

2 ), two key
tracers of biomass burning in AMS mass spectra (Alfarra et
al., 2007; Aiken et al., 2010). In addition, the potassium sig-
nal recorded by the HR-ToF-AMS and the gas phase acetoni-
trile measured by the PTR/MS (Fig. S1f) remained low dur-
ing the entire study, further confirming the lack of biomass
burning influence at T1.

The AMS and SMPS agreed very well throughout this
study (Fig. 3). The slope of the linear regression (1.42) corre-
sponds to the average particle density throughout the study,
and is consistent with results obtained with a single parti-
cle laser ablation time-of-flight mass spectrometer deployed
at the T0 site (Vaden et al., 2011). We estimated the den-
sity of organics at 1.33 g cm−3 by subtracting the contribu-
tion of the other chemical species, using the known densi-
ties for ammonium sulfate (1.78 g cm−3), ammonium nitrate
(1.72 g cm−3) and ammonium chloride (1.53 g cm−3), and a
density of 1.8 g cm−3 for BC based on values recommended
by Bond and Bergstrom (2006). We also predicted the den-
sity of organics (ρorg) using the average O/C and H/C ratios
based on the formula reported in Kuwata et al. (2012):

ρorg = [12+ 1 · (H/C) + 16· (O/C)]/[7+ 5 · (H/C) + 4.15· (O/C)] (1)

in which ρorg is in g cm−3, H/C and O/C are the av-
erage values (1.38 and 0.44, respectively) of this study
(see Sect. 3.1.4). Theρorg predicted with this method is
1.30 g cm−3, very close to the value of 1.33 obtained based
on comparison of particulate mass to volume.

Submicrometer particles appeared to be bulk neutralized at
T1, as shown in the scatter plot of the measured NH+

4 concen-
tration vs. the predicted NH+4 (NH+

4 predicted) concentration
assuming anions being fully neutralized by NH+

4 (Fig. 4):
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Fig. 2. Time series of(a) AMS total mass+ BC and SMPS volume concentrations,(b) concentrations of organics (left y-axis), sulfate,
nitrate, ammonium, chloride, and BC (right y-axis),(c) percentage contribution of the species to the total PM1 mass, and(d) particle number
size distribution by the SMPS. BC data is not available before 3 June 2010, so PM1 concentrations before this date correspond to the sum of
NR-PM1 (AMS species). Shaded regions indicate 23 periods of urban plumes transported from T0 to T1 (orange) and 3 periods subjected
to influences from northwesterly wind (green). The remaining periods correspond mainly to downslope flows from the Sierra Nevada to the
foothills.

NH+

4 predicted= (2 · 18/96· mSO4) + (18/62· mNO3) + (18/35.5 · mCl) (2)

where mSO4, mNO3, and mCl denote the mass concentrations
(in µg m−3) of the species and the denominators correspond
to their molecular weights. This equation and its application
to inferring particle acidity were discussed in detail by Zhang
et al. (2007b). The slope is very close to 1 (Fig. 4), suggest-
ing that sulfate was present in the form of ammonium sul-
fate (NH4)2SO4 at T1. Neutralized particles were observed
at the Blodgett Forest as well (Farmer et al., 2011). These
results are consistent with the presence of large agricultural
regions and thus abundant ammonia emissions in the Sacra-
mento Valley (Clausnitzer and Singer, 1996).

Nitrate accounted for a minor fraction of the particle mass
(3.6 %; average= 0.11 µg m−3) at T1. 94 % of the nitrate sig-

nal was contributed by two ions, NO+ (m/z 30) and NO+2
(m/z 46). In this study, we noticed a much higher slope of
NO+ vs. NO+

2 in ambient particles than in pure NH4NO3
used for the IE calibrations (6.8 vs. 1.7), indicating that an
important part of the nitrate signal was not due to ammo-
nium nitrate but possibly corresponded to organonitrates or
metal nitrates (Farmer et al., 2010). The NO+/NO+

2 ratio
can vary dramatically, depending on the nitrate compound.
For example, Farmer et al. (2010) report a NO+/NO+

2 ra-
tio of 1.5 for NH4NO3 and an average of 3.5 for various
organonitrate standards (min: 1.8, max: 4.5), while Rollins et
al. (2010) measured a NO+/NO+

2 ratio in the range 0.99–5.3
for laboratory-generated organonitrates and mentioned that
this ratio can increase up to 29 for sodium nitrate. Moreover,
Shilling et al. (in preparation) found NO+/NO+

2 ratios up
to 8.8 for organic nitrates generated from trimethylbenzene.
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Table 1.Summary of the average concentrations and % of total PM1 or VOCs during the entire study and in the three air masses as marked
on Fig. 2.

Entire study T0→T1 transport Northwesterly wind Other periods

[µg m−3] [ % of PM1] [µg m−3] [ % of PM1] [µg m−3] [% of PM1] [µg m−3] [% of PM1]

Organics 2.4 80.4 3.1 80 1.4 79 2.6 81
MO-OOA 0.97 40a 1.1 36a 0.63 44a 1.1 42a

LO-OOA 1.2 51a 1.8 57a 0.61 43a 1.3 50a

HOA 0.22 9.0a 0.22 7.2a 0.19 13a 0.23 8.6a

Sulfate 0.30 9.9 0.39 10 0.18 10 0.31 9.6
Nitrate 0.11 3.6 0.13 3.5 0.070 4.0 0.12 3.5
Ammonium 0.13 4.5 0.17 4.4 0.091 5.2 0.14 4.3
Chloride 0.002 0.1 <DLb 0.1 <DLb 0.0 <DLb 0.1
Black Carbon 0.07 1.6 0.054 1.4 0.032 1.8 0.053 1.6
Total PMc

1 3.0 3.9 1.8 3.3

[ppb] [% of VOC] [ppb] [% of VOC] [ppb] [% of VOC] [ppb] [% of VOC]

Photo-oxidation productsd 7.6 82 8.3 81 5.6 79 7.9 83
Biogenic VOCse 1.5 16 1.7 17 1.3 18 1.4 14
Aromatic VOCsf 0.23 2.4 0.19 1.8 0.19 2.7 0.27 2.8
Total VOCs 9.3 10.2 7.1 9.6

a % of total organics
b Detection limit
c Total PM1 = Org + SO2−

4 + NO−

3 + NH+

4 + Cl− + BC
d Photo-oxidation products = acetaldehyde + acetic acid + methacrolein + methyl vinyl ketone + methyl ethyl ketone + formaldehyde + acetone
e Biogenic VOCs = isoprene + monoterpenes + 2-methyl-3-buten-2-ol + methyl chavicol
f Aromatic VOCs = benzene + C2-benzenes + C3-benzenes + C4-benzenes+ toluene
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Fig. 3. Scatterplot of AMS total+ BC mass vs. SMPS volume in
the size range 25–714 nm (Dm), colored by time. The data fitting
was performed using the orthogonal distance regression (ODR).

In this study, the presence of organonitrates was supported
by the fact that 16 ions from the CxHyOzN+

p family were
observed in high resolution mass spectra, since organoni-
trates are reported as a source for these fragments (Farmer
et al., 2010; Rollins et al., 2010). Moreover, organics and ni-
trate were correlated during this study (r2

= 0.54; Fig. 5b),
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Fig. 4.Scatterplot of NH+4 measured vs. NH+4 predicted, colored by
time. The data fitting was performed using the orthogonal distance
regression (ODR).

which could arise if a significant fraction of the nitrate
signal corresponded to organonitrates. However, metal ni-
trates (such as sodium nitrate or potassium nitrate) could
have been present as well, given that the NO+/NO+

2 ra-
tios observed for ambient aerosols were higher than most of
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the organonitrates previously measured (Farmer et al., 2010;
Rollins et al., 2010; Shilling et al., 2012).

Organosulfates likely existed as well, given that we de-
tected 11 ions from the CxHySnO+

z (x≥1, y≥1, n ≥1, z≥0)
family. Three of them (CH2SO+

2 , CH3SO+

2 and CH4SO+

3 )
were unambiguously quantified as they are well separated
from adjacent ions in high resolution mass spectra (Ge et
al., 2012). These three ions correlated well with each other
(r2 >0.5; Fig. S3) and their signal intensity ratios in T1
aerosols (CH2SO+

2 /CH3SO+

2 = 0.32; CH4SO+

3 /CH3SO+

2 =

0.32) were close to those observed in the HR-ToF-AMS
mass spectrum of pure methanesulfonic acid (MSA; Ge et al.,
2012), indicating the presence of mesylate (CH3SO−

3 – a salt
of MSA) in PM1. However, the total concentration of ions
from the CxHySnO+

z family was only 2 ng m−3, suggesting
very limited contributions of organosulfates to the SOA and
sulfate concentrations at T1. The close molar equivalent bal-
ance between the anions (= sulfate+ nitrate+ chloride) and
ammonium further supports that the observed sulfate signal
corresponded mainly to (NH4)2SO4.

3.1.2 Size distribution of submicron aerosols

The average size distribution of total PM1 mass showed a
broad mode extending from 60 to 600 nm inDva (Fig. 6a).
While PM1 were dominated by organics in the entire size

range, larger particles (>300 nm) had a relatively larger con-
tribution (∼25 %) of ammonium sulfate compared to smaller
particles (<20 %) since these two species had very differ-
ent size distributions (Fig. 6a). Sulfate showed a bimodal
distribution with a prominent droplet accumulation mode
at ∼400 nm in Dva and a smaller condensation mode at
∼150 nm (Fig. 6b). In contrast, both organics and nitrate
showed a broad distribution that peaks at 150–200 nm (Dva).
The observation of nitrate in the same size mode as organics
was probably because of the contribution of organonitrates to
nitrate signals (see discusses in Sect. 3.1.1).

The different size distributions of organics and sulfate and
the poor correlation between their concentrations (r2 = 0.13;
Fig. 5a) suggest major differences in their sources and pro-
cesses. The prominent droplet mode of sulfate indicates an
important influence of aqueous phase reactions on sulfate
production. Indeed, the droplet mode particles are too large
to be reached by gas-to-particle partitioning of low volatil-
ity compounds under typical atmospheric conditions (John
et al., 1990; Meng and Seinfeld, 1994), whereas the growth
of particles from the condensation mode (<200 nm inDva)
to the droplet mode (400–1000 nm inDva) by coagulation
would be too slow with the low aerosol concentrations of
the present field campaign. Previous studies have shown that
chemical reactions in aqueous phases (i.e., fog and cloud
droplets and aerosol phase water) usually add much more
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mass in the droplet mode than in smaller particles and that
aqueous-phase sulfate formation is an important process in
the atmosphere (Ervens et al., 2011, and references therein).
In addition, as shown in Fig. 5c, sulfate correlated well with
CH2SO+

2 and CH3SO+

2 , two HR-ToF-AMS ions likely rep-
resenting MSA or its salts (Ge et al., 2012). MSA is mainly
produced by the oxidation of dimethyl sulfide emitted from
oceanic sources and its formation is enhanced by aqueous
phase processing (Barnes et al., 2006). For these reasons, we
deduce that a large fraction of the droplet mode sulfate par-
ticles observed during this study likely originated from the
San Francisco Bay Area, where the five oil refineries along
San Pablo Bay and the Carquinez Straits (Fig. 1a) are the
largest SO2 sources in northern California and where regu-
lar morning fogs and low clouds may have promoted aque-
ous phase reactions. This hypothesis is supported by the me-

teorological data recorded at Oakland North by the Cali-
fornia Air Resources Board (http://www.arb.ca.gov/aqmis2/
metselect.php). Oakland is located on the east of the San
Francisco Bay, very close to the oil refineries (Fig. S4a in
the Supplement). The RH at Oakland was frequently close
to 100 % during the night and in the morning in June 2010
(Fig. S4b and S4c in the Supplement), confirming the fre-
quent occurrence of fogs and low clouds, thus aqueous-phase
processing of aerosol particles, in the region.

In contrast, the organic size distribution was dominated
by a condensation mode (Fig. 6b). In addition, the average
size distributions ofm/z’s 43 and 44, which are the two
most abundant fragment peaks in the mass spectra of OA at
T1 (Fig. 10a), were very similar (Fig. 6c). Bothm/z’s were
mainly contributed by oxygenated organic ions (Fig. 10a).
The C2H3O+ ion, which is commonly associated with alde-
hydes or ketones (Ng et al., 2011a), represented 86 % of the
signal atm/z 43 (Org43). The CO+2 ion, which is associated
with carboxylic acids (Alfarra, 2004; Takegawa et al., 2007),
accounted for 96 % of the organic signal atm/z 44 (Org44).
These results indicate that condensation of low volatility
oxygenated species formed from gas-phase reactions was the
major formation mechanism for particulate organics at T1.

3.1.3 Temporal and diurnal variations and implications
of aerosol sources and processes at T1

The concentration, chemical composition and size distri-
bution of PM1 varied dynamically throughout this study
(Fig. 2), revealing the influences of various sources and pro-
cesses. Organics were the dominant species during the en-
tire study, except during periods of very low PM1 loading
(<1 µg m−3) when the mass fraction of sulfate increased to
up to 50 % of total PM1 (Figs. 6a and 5d). The fact that
sulfate dominated aerosol composition in clean air masses
(Fig. 5d), which was mainly associated with northwesterly
flow, suggests a regional source of this species. This is con-
sistent with the larger size distribution of sulfate compared
to that of organics (Figs. 6b and 7, right panel). On the other
hand, periods with high PM1 loading were associated with
high mass fraction of oxidized organics (Fig. 5d), indicat-
ing that episodes of aerosol pollution over the Sierra Nevada
foothills were mainly driven by SOA formation (detailed dis-
cussions are given in Sect. 3.2). A gradual increase of particle
concentration from 1.5 to 11 µg m−3 was observed between
20 and 28 June 2010 (Fig. 2a). The increase was mainly
contributed by organics and was accompanied with sharp in-
creases in isoprene concentrations, especially during the last
4 days of the campaign (Fig. S1 in the Supplement). Since
both maximum O3 mixing ratios (in the range 70–80 ppb;
Fig. S1c in the Supplement) and highest daily average tem-
perature also occurred during those days, the increase of
aerosol concentration was likely due to more intense chemi-
cal processing of aerosol and gas phase pollutants in the re-
gion.
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The concentrations and size distributions of the chem-
ical species in PM1 all showed strong diurnal variations
(Fig. 7), which were mainly driven by the very consistent
wind patterns as well as the formation of secondary aerosols.
Specifically, organics, sulfate, and particle number concen-
trations all began to increase at∼10:00 and peaked be-
tween 15:00–17:00 (Fig. 7). This time period corresponds
to the downwind transport from Sacramento to Cool (i.e.,
T0 to T1 transport) coupled to photochemical oxidation.
Indeed, using a Lagrangian particle dispersion model sys-
tem, Fast et al. (2012) determined that the transport times
between Sacramento and Cool range between 2–8 h on
days with southwesterly winds and that the peak surface
concentrations of air pollutants at Cool on average occur
around 17:00 PDT in June. Furthermore, the diurnal profile
of ozone mixing ratio at T1 demonstrated a peak between

16:00–17:00 (Fig. 8) because of southwesterly winds that
transported ozone produced in Sacramento over the Sierra
coupled with additional daytime photochemical production
downwind of Sacramento. Similarly, the daytime increase of
organics lasted till∼17:00 as well, contributed by the trans-
port and subsequent oxidation of VOC precursors emitted
from both anthropogenic (from the Sacramento area) and
biogenic (from the vegetation between Sacramento and the
foothills) sources. The increase of sulfate (mainly in particles
smaller than 200 nm inDva, Fig. 9b) in the afternoon can be
explained by the transport of SO2 from upwind sources, e.g.,
the refineries located in the Bay Area (Fig. 1a), coupled with
photochemical oxidation and condensation of low volatility
products.

A slight increase of organics and sulfate, primarily in par-
ticles smaller than 300 nm (Dva), occurred at night, starting
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and sulfate correspond to the mean.
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around 22:00 (Fig. 9). This time corresponds to nocturnal
downslope flows (Fig. 1b), when a part of the polluted air
transported to the Sierra Nevada during the day came back
to the foothills. Model simulations coupled with observa-
tions made during CARES indeed showed that the nighttime
recirculation could transport aged trace gases and aerosols
from the western slopes of the Sierra Nevada back over
Sacramento (Fast et al., 2012). In addition, a decrease of the
boundary layer height, thus less dilution, together with con-
tinued reactions of biogenic VOCs with the nighttime resid-
ual ozone (20–35 ppb on average; Fig. 8) and other oxidants

(e.g., nitrate radical) might have played a role in the increase
of SOA species as well.

New particle formation (NPF) and growth events occurred
almost every day during this study (Fig. 2d) and were fre-
quently observed in the Sierra Nevada (Lunden et al., 2006;
Creamean et al., 2011). In this study, the particle num-
ber concentration with sizes of 8–858 nm showed a sharp
increase between∼09:00 (2800 particles cm−3) and 15:00
(12 100 particles cm−3; Fig. 7f), accompanied by the simulta-
neous increases of organics and sulfate. However, the small-
est size measured by our SMPS was 8 nm in mobility di-
ameter (Dm) whereas new particles formed by nucleation
have generally 1 nm diameter (Holmes, 2007). Given that the
growth rate of new particles was on average∼5 nm h−1 dur-
ing this study, a lag time of 1–2 h is necessary between the
formation and the growth of the new particles to a detectable
size, and the onset of nucleation should have occurred ear-
lier. Moreover, an additional lag of several hours is neces-
sary for new particles to grow to sizes detectable by the AMS
(minimum 35 nm inDva, corresponding to∼25 nm inDm as-
suming spherical particles with a density of 1.4 g cm−3). An
increase of the organics and sulfate concentrations in ultra-
fine particles was observed between 11:00 and 16:00 (Fig. 7,
right panel). The average increase of the mass concentration
of organics (∼1.1 µg m−3) was∼6.5 times higher than that
of sulfate (∼0.17 µg m−3) between 10:00–17:00 (Fig. 8), in-
dicating that organics played a more important role in new
particle growth than sulfate did. We notice that the mass con-
centrations of both Org 43 (mainly C2H3O+) and Org 44
(mainly CO+

2 ) in the ultrafine mode increased during this
period (Fig. 7c and d). Similarly, increases of Org 43 and
44 in the ultrafine mode were observed during the growth of
new particles at Pittsburgh (Zhang et al., 2004; Zhang et al.,
2005c) and in a Finnish Forest (Allan et al., 2006). Since the
total increase of these two fragments alone (0.2 µg m−3) is as
much as the increase of sulfate during the same period, oxi-
dized organics appear to have played important roles in grow-
ing new particles in the Sierra Nevada foothills. A complete
description and the determination of the conditions allowing
the formation of new particles and their subsequent growth
and the evolution of particle chemistry will be presented in a
separate paper.

3.1.4 Chemical properties of organics

Organics, which dominated PM1 composition at T1, were
overall oxidized with average O/C= 0.44 (range 0.06–0.75)
and H/C= 1.38 (range 1.01–2.09). The nominal formula
of organics at T1 during CARES was C1H1.38N0.004O0.44,
which corresponds to an average organic mass-to-carbon
(OM/OC) ratio of 1.70 (range 1.19–2.15). As shown in
Fig. 10a, the average organic mass spectrum was dominated
by four oxygenated ions: CO+2 (m/z 44), CO+ (m/z 28),
C2H3O+ (m/z 43), and CHO+ (m/z 29). In addition, 55 %
of the signal atm/z 57 was contributed by an oxygenated

Atmos. Chem. Phys., 12, 8131–8156, 2012 www.atmos-chem-phys.net/12/8131/2012/



A. Setyan et al.: Characterization of submicron particles 8143

10

8

6

4

2

0

%
 o

f t
ot

al
 s

ig
na

l

100908070605040302010
m/z  (amu)

1.9

1.8

1.7

1.6

1.5

(d) Organic Mass-to-Carbon Ratio

1 2 3 4 5 6 7 8 9 101112131415161718192021222324

Hour of Day (PDT)

1.4

1.3

1.2

(c) Hydrogen-to-Carbon Ratio

1 2 3 4 5 6 7 8 9 101112131415161718192021222324

0.5

0.4

0.3

(b) Oxygen-to-Carbon Ratio

1 2 3 4 5 6 7 8 9 101112131415161718192021222324

(a) 
O/C = 0.44
H/C = 1.38
N/C = 0.004
OM/OC = 1.70

CxHy
+

HyO1
+

CxHyO1
+

CxHyO2
+

CxHyNp
+

CxHyOzNp
+

Fig. 10. (a) Average high resolution mass spectrum of organics
colored by ion category, along with a pie chart with the contribu-
tion of each ion category to the total signal. Diurnal patterns of
(b) oxygen-to-carbon (O/C) ratio,(c) hydrogen-to-carbon (H/C) ra-
tio, and(d) organic mass-to-carbon (OM/OC) ratio of organics. The
CxHySnO+

z family is not shown in the pie chart due to its very small
contribution (average= 0.09 %). Box plots: whiskers correspond to
the 10th and 90th percentile, boxes to the 25th and 75th percentile,
the horizontal marks in the boxes to the median, and the colored
crosses to the mean.

ion – C3H5O+. C4H+

9 , which is a dominant ion atm/z 57
in POA from fossil fuel combustion (Mohr et al., 2009) and
has been used as an AMS tracer ion for HOA (e.g., Zhang et
al., 2005a), accounts for 45 % of them/z 57 and only 0.44 %
of the total organic signal, due to minor influence of primary
emissions at T1.

The elemental ratios (O/C and H/C) of the organics show
strong diurnal patterns (Fig. 10b–d). O/C increased from 0.41
to 0.46 between 07:00 and 12:00 while H/C decreased simul-

taneously (Fig. 10b and c). Given that the observed increases
of O/C coincided with the increases of Org 43, Org 44, and
total organics mass in particles smaller than 300 nm (Fig. 7c
and d), daytime formation and condensation of low volatility
and oxidized organics onto the surface of pre-exiting parti-
cles appeared to be an important mechanism controlling or-
ganic aerosol composition and loading in the Sierra foothills
region. The slight decrease of O/C and increase of H/C be-
tween 21:00–22:00 were likely due to the emissions of pri-
mary hydrocarbon-like organic particles from local sources
(Fig. 11k; see Sect. 3.2). Compared to OA observed at
Whistler Mountain, a forested site in western Canada, the av-
erage O/C ratio of this study was much lower (0.44 vs. 0.83
(Sun et al., 2009). A major reason is that Whistler peak is
a frequent receptor of highly aged aerosols associated with
trans-Pacific dust events and regional plumes (McKendry et
al., 2008; Sun et al., 2009). In addition, aqueous-phase pro-
cessing of aerosols in clouds, which could increase the O/C
of organics (Ervens et al., 2011), is likely an important pro-
cess given the frequent cloud cover over Whistler peak (Sun
et al., 2009). In contrast, since the weather during CARES
was mostly dry with sunny skies (Fast et al., 2012) the for-
mation of SOA was primarily driven by gas-phase reactions
and condensation of low volatility species. This conclusion
is supported by the observation of a dominant condensation
mode in the size distribution of organics throughout the entire
study (Fig. 7a, right panel). Overall, the O/C values observed
at T1 suggest that organic particles over the Sierra foothill
were less aged, comprising of SOA formed in urban plume
during transport or locally from biogenic VOCs.

3.2 Organic aerosol factors and discussions on the
sources and processes affecting OA composition

Three distinct OA factors were identified for this study via
PMF analysis of the high resolution mass spectra of organ-
ics. These include two oxygenated OA factors, one more
oxidized (O/C= 0.54) than the other (O/C= 0.42), and a
hydrocarbon-like OA (HOA, O/C= 0.08). A number of pre-
vious studies identified more than one OOA factors at vari-
ous locations (e.g., Jimenez et al., 2009; Lanz et al., 2010;
Ng et al., 2010; Zhang et al., 2011, and references therein).
Based on correlations with sulfate and ammonium nitrate,
OOAs are usually named based on their inferred volatilities,
e.g., LV-OOA (low volatility) and SV-OOA (semi-volatile)
(Jimenez et al., 2009). However, Hildebrandt et al. (2010)
identified two OOA factors with similar volatility but differ-
ent O/C at a remote coastal site in Greece. For the present
study, our preliminary analysis of the thermodenuder data in-
dicates that both OOAs were more volatile than sulfate and
that they showed somewhat different volatility profiles. But
the differences did not appear statistically significant due to
relatively noisy data. We thus use the terms of “more oxi-
dized” (MO-OOA) and “less oxidized” OOA (LO-OOA) in
the forthcoming discussions.
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Fig. 11.High-resolution mass spectra (colored by ion category) and elemental ratios of the OA factors. Average contribution of ion categories
to the total signal of the OA factors(d), and average contribution of OA factors to the three main ion categories(e). Time series(f, g, h) and
diurnal patterns(i, j, k) of OA factors and tracer compounds, along with their correlation coefficients (r2). Grey box plots for OA factors
(i, j, k) : whiskers correspond to the 10th and 90th percentile, boxes to the 25th and 75th percentile, the horizontal marks in the boxes to the
median, and the colored solid circles to the mean. Colored markers for tracer compounds(i, j, k) correspond to the mean.

3.2.1 More oxidized OOA (MO-OOA) and association
with biogenic emissions

As shown in Fig. 11a, the mass spectrum of MO-OOA
is dominated by oxygenated fragments (i.e., ions from
the CxHyO+

1 and CxHyO+

2 families). m/z 43 (97.4 % is
C2H3O+) and m/z 44 (97.3 % is CO+2 ) were the largest
peaks. The O/C ratio (0.54) in MO-OOA falls between
the average values observed in the SV-OOA (0.35 ± 0.14)

and LV-OOA (0.73 ± 0.14) factors identified in worldwide
datasets (Jimenez et al., 2009; Ng et al., 2010). The O/C ratio
and the mass spectrum of MO-OOA are similar to those of
biogenic SOA (BSOA) acquired from chamber studies and
ambient environments. A few prominent ions measured in
BSOA, such as C2H3O+ (m/z 43) and C3H6O+ (m/z 58)
(Chen et al., 2009; Kiendler-Scharr et al., 2009; Slowik et
al., 2010), are also enhanced in MO-OOA, accounting for
12 % and 1.1 %, respectively, of the total signal. In addition,
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the signal of CHO+ (m/z 29) is clearly enhanced in the MO-
OOA spectrum compared to that in the average OOA mass
spectrum of different field campaigns (Ng et al., 2011b),
but in similar abundance as it is in the spectra ofα-pinene
and isoprene SOAs from smog chamber experiments (Al-
farra et al., 2006; Shilling et al., 2009; Chhabra et al., 2010),
BSOAs from plant chamber experiments (Kiendler-Scharr et
al., 2009), and ambient OOAs influenced by biogenic emis-
sions (Chen et al., 2009; Kiendler-Scharr et al., 2009; Slowik
et al., 2010). Note that previous studies have reported sig-
nificant signals atm/z 29 in the spectra of biomass burn-
ing particles (Ng et al., 2011b). However, in the absence of
signals atm/z 60 (C2H4O+

2 ) and 73 (C3H5O+

2 ), which cor-
respond to the two fragments of levoglucosan usually used
as tracers for biomass burning, the signal atm/z 29 cannot
be associated to biomass burning in this study. As shown
in Fig. S7, the agreements between the mass spectra of our
MO-OOA vs. biogenic SOA identified at Chebogue Point
(r2 = 0.95) and from plant chamber experiments (r2 = 0.97;
Kiendler-Scharr et al., 2009) are especially high. Since the
AMS ionizes molecules with 70 eV electrons, the mass spec-
trum it generates for an ensemble aerosol should reflect its
bulk chemical composition (McLafferty and Turecek, 1993;
Canagaratna et al., 2007). The observed mass spectral sim-
ilarities thus suggest a compositional resemblance between
MO-OOA and biogenic SOA.

Another support for associating MO-OOA with BSOA is
the temporal variation profiles of aerosol and gaseous species
observed during this study. MO-OOA showed very weak
correlation with primary emission tracers for anthropogenic
sources (e.g., BC, CO, benzene, toluene, and aromatic hy-
drocarbon derivatives;r2 < 0.2). It, however, correlated mod-
erately with biogenic VOCs (isoprene and monoterpenes;
r2 of 0.3–0.4) and fairly well with two isoprene oxida-
tion products – methacrolein (MACR) and methyl vinyl
ketone (MVK) (r2 = 0.61; Fig. S8a). The covariance be-
tween MO-OOA and MACR/MVK was particularly high
during several periods in the first three weeks of the study
(Fig. 11f). Both MO-OOA and MACR/MVK increased dur-
ing last week of the campaign due to enhanced photochem-
ical processing, but the increase of MACR/MVK was much
greater (Fig. 11f), weakening the overall linear relationship
between them (Fig. S8a). MO-OOA also correlated well with
two long-lived oxygenated VOCs – acetone (r2 = 0.73) and
methanol (r2 = 0.61). According to previous reports vege-
tation is a main source of atmospheric methanol (Jacob et
al., 2005) whereas acetone is generated in part through at-
mospheric oxidation of precursor hydrocarbons in addition
to plant emissions (Jacob et al., 2002). During this study,
these two VOCs covaried tightly (r2 = 0.87; Fig. S11 in the
Supplement), which was also the case during two previous
field campaigns at the Blodgett Forest (Schade and Gold-
stein, 2001, 2006). The strong correlation suggests that both
compounds were mainly associated with biogenic sources at
the Sierra foothills. All these results corroborate the notion

that MO-OOA was associated with photochemical process-
ing of biogenic precursors.

Despite positive correlation, MO-OOA and MACR/MVK
had quite different diurnal patterns (Fig. 11i). MACR/MVK
increased sharply in the morning and declined shortly past
noon, whereas the diurnal profile of MO-OOA was rela-
tively flat but showed two small increases in the early after-
noon (peak around 14:00) and at night from 22:00 to 05:00
(Fig. 11i). The daytime increase happened during the strong
midday emission of isoprene from the surrounding decid-
uous forest due to elevated temperature and light intensity
(Sharkey et al., 1996), coupled with the simultaneous peak-
ing of photochemical oxidants (e.g., OH). The nighttime in-
crease likely corresponded to the nocturnal downslope winds
which transport air masses over the Sierra Mountains back
to the foothills (Fast et al., 2012). Indeed, a close look at
the time series of the PTR/MS data (Fig. S1 in the Sup-
plement) reveals that amongst all the VOCs recorded at T1,
only monoterpenes showed an important increase during the
night. In fact, the concentrations of monoterpenes reached a
peak between 05:00 and 06:00 and decreased very fast dur-
ing the day. This behavior may arise because (1) pine trees
which emit monoterpenes grow mostly on the east of the T1
site, at higher elevations of the Sierra Nevada and (2) the reg-
ular nocturnal downslope flows bring emissions in the Sier-
ras back to the foothills (Fast et al., 2012). The fast daytime
decrease of monoterpenes may be due to the high reactivity
of these compounds as well as the scarcity of pine trees to
the southwest of T1. In addition, the peaking of MO-OOA
later than the peaking of MACR/MVK is consistent with the
facts that MACR and MVK are the first generation oxida-
tion products of isoprene and that they undergo further re-
actions to produce SOA. This explanation is confirmed by
previous chamber experiments on isoprene photooxidation,
in which the production of SOA was found to occur at the
same time as the oxidation of the primary oxidation products
(e.g., MACR+MVK) and the increase of SOA continued for
several hours after MACR/MVK reached maximum (Lee et
al., 2006; Holzinger et al., 2007). It is also important to point
out that since the formation of MVK and MACR from iso-
prene oxidation occurs on a time scale of several hours (Apel
et al., 2002), the fact that MO-OOA covaried with them sug-
gests that a large fraction of the biogenic SOA over the Sierra
foothills was relatively fresh with an average photochemical
age of several hours.

3.2.2 Less oxidized OOA (LO-OOA) and association
with anthropogenic emissions

Similar to MO-OOA, oxygenated fragments dominate the
LO-OOA mass spectrum, in whichm/z 44 (94 % is CO+2 ) is
the most abundant peak. However, the CxH+

y ions are more
important in LO-OOA (Fig. 11b), accounting for 48 % of
the total signal (vs. 35 % in MO-OOA; Fig. 11d). It was ob-
served previously that when organic particles become more
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oxidized, f44 (the fraction of total mass spectral signal at
m/z 44) and O/C increase together (Aiken et al., 2008; Ng
et al., 2010). However, in the present study, despite larger f44
in LO-OOA than in MO-OOA, the O/C in LO-OOA is lower
than in MO-OOA (0.42 vs. 0.54; Fig. 11a and b). This di-
vergence was because the O/C ratio depends not only on the
relative abundance of them/z 44 fragment (mostly CO+2 ) but
also on hundreds of other ions containing carbon and oxygen.
Thus, f44 alone is unable to predict the O/C value accurately
if ions other than CO+2 contribute substantially to overall O/C
(Chhabra et al., 2010). Indeed, CHO+ (m/z 29) accounts for
7.6 % of the total signal in the MO-OOA spectrum, compared
to 1.0 % in LO-OOA. The large CHO+ peak increases the
O/C of MO-OOA. Meanwhile, a bigger fraction of CxH+

y in
LO-OOA decreases its O/C.

The mass spectral differences between LO-OOA and MO-
OOA (Fig. 11a and b) imply significant differences in their
chemical compositions. A main spectral difference is high-
lighted in Fig. 12, which shows f44 vs. f43 for the three OA
factors and ambient data acquired during this study. f44 and
f43 denote the fractions of the total signal atm/z 44 and
m/z 43 in a mass spectrum. This triangle plot, first presented
by Ng et al. (2010), is a practical way of classifying OOA
factors identified in different atmospheric environments. Fac-
tors with different levels of oxidation fall in different regions
of the triangle plot. The more oxidized, low volatility OOAs
usually fall in the upper part of the triangle, whereas the less

oxidized semivolatile OOAs fall in the lower part. The re-
gion corresponding to SV-OOA is broad, which indicates that
fresher OOAs may have more variable mass spectra, depend-
ing on their sources and processes. The upper part of the
triangle is much thinner, suggesting that SOA composition
tends to become more similar after ageing and long oxida-
tion processes (Ng et al., 2010).

Both OOAs of this study reside in the middle region of the
triangle where the less oxidized SV-OOAs and the more aged
LV-OOAs overlap (Fig. 12). However, LO-OOA lies near the
left side of the triangle whereas MO-OOA lies near the right
side. Most interestingly, the f43 (0.12) and the f44/f43 ratio
(0.9) of MO-OOA are within the range of the corresponding
values observed for ambient OOAs influenced significantly
by biogenic emissions (Allan et al., 2006; Cottrell et al.,
2008; Chen et al., 2009; Kiendler-Scharr et al., 2009; Sun et
al., 2009; Raatikainen et al., 2010; Slowik et al., 2010). These
observations reinforce our arguments that the MO-OOA fac-
tor of this study represents biogenic SOA (see discussions in
Sect. 3.2.1). However, it is important to note that the “po-
sition” of an OOA factor in the triangle plot is not a reli-
able indicator for its sources. For example, the mass spectra
of chamber SOAs generated from anthropogenic hydrocar-
bons were found to be highly variable (Chhabra et al., 2011;
Lambe et al., 2011). While SOAs from alkanes, polycyclic
aromatic hydrocarbons (PAHs), and lubricating oil gener-
ally lie on the left region of the triangle plot, closer to LO-
OOA than to MO-OOA, SOAs produced from diesel fuel, m-
xylene, and toluene lie on the right side of triangle (Chhabra
et al., 2011; Lambe et al., 2011), overlapping with SOAs
from biogenic precursors and MO-OOA. Nevertheless, given
the very low mixing ratios of aromatic VOCs (e.g., average
concentration of benzene+ toluene was 0.12 ppb; Fig. S1 in
the Supplement), especially compared to the very high con-
centrations of isoprene (1.2 ppb) observed during this study,
it is unlikely that aromatic compounds contributed signifi-
cantly to SOA production over the Sierra foothills.

In addition to mass spectral differences, the temporal pro-
files of LO-OOA and MO-OOA were different from each
other as well, suggesting that they were influenced by dif-
ferent emission sources or atmospheric processes. LO-OOA
correlated positively with ozone (r2

= 0.39; Figs. 11g and
S8b) and both showed a prominent diurnal cycle (Fig. 11j).
In contrast, there was almost no correlation between MO-
OOA and O3 (r2

= 0.05) and their diurnal patterns were ob-
viously different. Herndon et al. (2008) observed a strong
correlation between OOA and odd oxygen (Ox = O3+NO2)
in photochemically processed urban plumes from Mexico
City. This observation was made at a downwind site free
of local emission sources and meteorological transport was
found responsible for the correlation between OOA and O3
(Herndon et al., 2008; Wood et al., 2010). For the present
study, due to the lack of NO2 data, we did not use odd oxy-
gen but just O3. Nevertheless, our findings are very similar
to those from Mexico City. As shown in Fig. 11j, LO-OOA
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correlated with ozone particularly well between 10:00 and
18:00 when photochemical processing was intense. The cor-
relation between LO-OOA and O3 over the entire study ap-
peared only moderate (r2 = 0.39; Fig. 11g) though, mainly
because the linear relationships between them varied consid-
erably from day to day (Fig. S8b in the Supplement). The
strong correlation between LO-OOA and O3 – a secondary
photochemical oxidant – during daytime indicates that LO-
OOA corresponded to photochemically produced SOA. The
strong correlation also means that LO-OOA and O3 were
formed on similar timescales, indicating that LO-OOA was
relatively fresh, likely less than 8 h in photochemical age. A
similar conclusion was reached about the OOA that corre-
lated with Ox in emission plumes from Mexico City (Wood
et al., 2010). The relatively low O/C (0.42) of LO-OOA is
also consistent with its being relatively fresh.

The diurnal profiles of LO-OOA, O3, and sulfate were
similar, showing strong increases between 10:00 to 18:00
(Fig. 11j). This time period corresponded to southwesterly
upslope winds that regularly transport urban emissions from
Sacramento over the foothills of the Sierra Nevada (Fast et
al., 2012). In addition, the trends of LO-OOA, O3, and sulfate
mirrored the daytime evolution patterns of aerosol number
and size distributions, which were attributed to meteorologi-
cal transport coupled to photochemical processing (Figs. 7–
9; see discussion in Sect. 3.1.3). These results, together with
the mass spectral features of LO-OOA (e.g., high contribu-
tion of ions from the CxH+

y family), indicated that LO-OOA
corresponded to SOA photochemically produced in urban
plumes that were transported to the Sierra foothills by south-
westerly wind (Fast et al., 2012).

3.2.3 HOA and association with local traffic emissions

The HOA mass spectrum (Fig. 11c) shows characteristic sig-
nals of C4H+

9 (m/z 57), C4H+

7 (m/z 55), and hydrocarbon
ion series increasing at 14 (CH2) mass unit intervals (i.e.,
CnH+

2n−1 and CnH+

2n+1). CxH+
y ions account for 83 % of the

total signal in HOA (Fig. 11d). The larger CnH+

2n+1 (n >2)
ions are mostly contributed by HOA, thus correlate tightly
with HOA but poorly with the two OOAs (Fig. S8 in the
Supplement). A similar behavior was observed in a sum-
mer study in New York City where the HOA factor was
proven a surrogate for traffic-related POA (Sun et al., 2011).
HOA is clearly separated from the two OOAs on the triangle
plot (Fig. 12), indicating their chemical differences. However
since the HOA spectrum also shows a major peak atm/z 43
(mostly C3H+

7 ), a second triangle plot corresponding to fCO2

(CO+

2 /total organic ratio) vs. fC2H3O (C2H3O+/total organic
ratio) is given in Fig. S10 in the Supplement to distinguish
OA factors better. The mass spectrum pattern as well as the
elemental ratios (O/C= 0.08, H/C= 1.79) of the HOA factor
identified in this study are consistent with the HOA factors
representative of traffic emission determined in urban areas

(e.g., Zhang et al., 2005c; Aiken et al., 2009; Allan et al.,
2010; Sun et al., 2011; Ng et al., 2011b).

The average concentration of HOA was 0.22 µg m−3,
which accounted for 9 % of total OA mass over the entire
campaign (Table 1). The sporadic spikes in HOA (Fig. 11h
& 11k) were probably due to local traffic around the sam-
pling site. Note that because of low concentrations, the HOA
and BC data were noisy, and the correlations between HOA
and primary combustion tracers (BC and CO) appeared to
be relatively low (r2 = 0.34 and 0.23, respectively; Figs. 11h,
S8c, and S8d in the Supplement). For the same reason, the
correlation between CO and BC was low during this study
as well (r2 = 0.31). Similar observation was made at a rural
site impacted by urban outflow where the correlations be-
tween HOA, BC, and CO were degraded because of noisy
data (Zhang et al., 2007a). Note that oxidation of biogenic
VOCs was unlikely a significant source of CO at T1. Ac-
cording to a previous study at Blodgett Forest, oxidation of
biogenic VOCs was estimated to contribute only up to 5 ppb
of CO during summertime over the Sierra foothills (Worton
et al., 2011). In addition, biomass burning was found negligi-
ble during this study as well (see discussions in Sect. 3.1.1).
These results indicate that emissions related to transport were
likely the main sources of HOA, CO, and BC at T1. Indeed,
the diurnal patterns of these three species were very simi-
lar and all showed small increases between 6:00-7:00 and
21:00-22:00, probably due to local traffic near the sampling
site (Fig. 11k). Furthermore, the average ratio of HOA/CO
(after subtracting a background of 80 ppb) was determined
at ∼5 µg m−3 ppm−1, which is very close to the HOA to
CO emission ratios observed in urban plumes (Zhang et al.,
2005c). These results, as well as its mass spectral pattern, in-
dicate that the HOA factor determined in this study mainly
represented POA emitted from transport related sources.

3.3 Influence of anthropogenic emissions on SOA
formation

During this study, the average concentrations of LO-OOA
and MO-OOA were 1.2 µg m−3 and 0.97 µg m−3, respec-
tively (Table 1), which together accounted for 91 % of the
total organic mass and 72 % of the PM1 mass (Table 1). Simi-
larly, organics were found predominantly oxygenated during
the BEARPEX 2007 field campaign (Worton et al., 2011),
suggesting that SOA is a dominant aerosol component over
the higher elevations of the Sierra Nevada as well. These ob-
servations indicate that SOA formation from both biogenic
and anthropogenic precursors plays important roles control-
ling the loading, composition, and possibly climate-relevant
properties of aerosols over the Sacramento and west Sierra
Nevada region. Here, we compared aerosol concentrations,
compositions, and size distributions during periods of urban
plumes to those dominated by biogenic emissions (Table 1
and Fig. 13) to study the influence of anthropogenic emis-
sions from Sacramento on the formation of SOA at the Sierra
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Fig. 13.Comparison of the average size distributions of(a) organ-
ics, (b) sulfate and(c) particle number concentration between the
three air mass categories as marked on Fig. 2.

foothills, Details on the classification of the three types of air
masses (T0→T1 transport, northwesterly wind periods, and
other periods) are given in Sect. 2.4. The average particle
mass concentration was more than two times higher in ur-
ban plumes (3.9 µg m−3) than in background air (i.e., during
the northwesterly wind period; 1.8 µg m−3). The mass dis-
tributions of two OOAs were consistent with different wind
patterns, with urban plumes dominated by LO-OOA (i.e., ur-
ban transport SOA) and the northwesterly wind periods dom-
inated by MO-OOA (i.e., biogenic SOA). The other periods
were also dominated by the LO-OOA, likely because these
periods correspond mainly to nocturnal downslope flows,
which brought back a part of the polluted air from the Sierra
Nevada to the foothills (also see discussions in Sect. 2.4). The
average size distributions of organics and sulfate showed a
significant difference between the three types of air masses –

the presence of a mode smaller than 150 nm inDva (Fig. 13).
This mode grew conspicuously in the sulfate size distribu-
tion during the T0 to T1 transport periods (Fig. 13b). It was
also visible, but with lower intensity and larger mode size,
during the downslope wind periods. This mode was barely
noticeable during the northwesterly wind periods. The strong
enhancement of small mode particles in the urban transport
air mass was associated with the frequent occurrence of new
particle growth events during which the formation and con-
densation of H2SO4 and SOA species led to the growth of
newly formed particles.

SOA formation in different air masses can be investigated
using the1OA/1CO ratio to take into account of the di-
lution effect of primary emissions.1OA and 1CO corre-
spond to the organic aerosol and CO concentrations above
their respective background levels, and were determined for
the three air masses separately based on the averages of the
lowest 5 % data.1OA was 0.3 µg m−3 in each air mass,
while 1CO was 85 (T0→T1 transport), 80 (northwesterly
wind periods) and 90 (other periods) ppb respectively. Fig-
ure 14 shows the relationships between1OA and1CO dur-
ing the entire campaign, as well as for different air masses
and periods with different concentrations of biogenic VOCs.
1OA and 1CO were weakly correlated during this study
(r2 = 0.22; Fig. 14a), while the correlation was found to be
much higher during a recent field campaign performed at
the Blodgett Forest (r2 = 0.79; Worton et al., 2011). The ra-
tio of 1OA to 1CO varied between 5-196 µg m−3 ppm−1

(Fig. 14a), indicating large variations in SOA formation
rates. The minimum value of this study (5 µg m−3 ppm−1)
was very close to the HOA/CO (4 µg m−3 ppm−1) ratio ob-
served at an urban location – Pittsburgh (Zhang et al., 2005c),
consistent with influence from primary combustion emis-
sions.

The diurnal pattern of1OA/1CO showed a grad-
ual increase between 10:00 (50 µg m−3 ppm−1) and 17:00
(72 µg m−3 ppm−1; Fig. 14b). This time period corresponded
to the urban plume from T0 to T1. The diurnal pattern of
1OA/1CO showed another gradual increase between 23:00
(41 µg m−3 ppm−1) and 03:00 (61 µg m−3 ppm−1). This pe-
riod corresponded to nocturnal downslope winds which
brought a part of the polluted air back from the Sierra Moun-
tains to the foothills. The increase of1OA/1CO during this
period (20 µg m−3 ppm−1) was comparable to that during the
daytime transport events (22 µg m−3 ppm−1). These results
indicate that SOA formation was enhanced at T1 during pe-
riods when the site was more strongly influenced by anthro-
pogenic emissions.

An important parameter in the comparison between dif-
ferent air masses is the photochemical age. Unfortunately,
we were not able to determine this parameter with the data
acquired at T1. Gas phase toluene and benzene data were
too noisy because of low concentrations. Since NOx was not
measured at T1 the NOx/NOy ratio could not be used ei-
ther. de Gouw et al. (2008) derived an equation that relates
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Fig. 14. (a) Scatterplot of organics vs. CO, colored by the sum of biogenic VOCs (= isoprene + monoterpenes + 2-methyl-3-buten-2-ol
[MBO] + methyl chavicol).(b) Diurnal pattern of1OA/1CO. Scatterplot of1OA/1CO during three air mass types as marked on Fig. 2:
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1OC/1CO (the increase of organic carbon mass relative to
the increase of CO) to the photochemical age (1t in hour)
based on ambient measurements in the northeastern US in
summer:

1OC/1CO = 5.3× exp(−0.00677× 1t) + 57 (3)

×(exp(−0.00677× 1t) − exp(−0.0384× 1t))

Using the1OA/1CO and OM/OC values from this study,
we determined that the average1OC/1CO during this
study was 21 µgC m−3 ppm−1. The average ratios for dif-
ferent air masses were 25 µgC m−3 ppm−1 (T0 to T1
transport), 17 µgC m−3 ppm−1 (northwesterly wind), and
21 µgC m−3 ppm−1 (other periods). According to Eq. (3), the

1OC/1CO for periods of urban transport would correspond
to a photochemical age of∼16 h, much longer than the time
needed for particles to be transported from T0 to T1. The
T0 → T1 transport time was estimated at 2–8 h based on
model predictions (Fast et al., 2012) as well as comparisons
of observations at T1 and T0, e.g., the time delays between
the onset of the new particle growth events and the peaking
times of pollutants. This is also in agreement with Dillon et
al. (2002), who determined that the Sacramento urban plume
takes on average 5 h to reach the Blodgett Forest. Apparently,
the relationship derived from the northeastern US does not
apply to the Sacramento Valley Air Basin, where the type
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and concentration of precursors, meteorological conditions,
and concentrations of oxidants are vastly different.

As shown in Fig. 14c–e, the slope of1OA vs. 1CO de-
pends strongly on the amount of biogenic VOCs present dur-
ing these periods, suggesting that the enhancement of SOA
formation due to anthropogenic influences is also depen-
dent on the amount of biogenic VOCs available. To calcu-
late the sum of biogenic VOCs, we took into account of
isoprene, monoterpenes, MBO and methyl chavicol, know-
ing that isoprene was by far the most abundant biogenic
VOC measured during this study (82 % of the total bio-
genic VOCs in average). Note that the temporal variations
of the different biogenic VOCs are very different (Fig. S1
in the Supplement), isoprene being dominant during the day
while monoterpenes were higher during the night and ob-
viously transported during the downslope flows from the
Sierra Nevada to the foothills. During the transport periods
from T0 to T1 (Fig. 14c), the slope of1OA vs. 1CO in-
creased by a factor of 3 when the sum of biogenic VOCs was
higher than 2 ppb, compared to periods when the mixing ra-
tio was lower than 0.7 ppb (93 vs. 36 µg m−3 ppm−1). This
change in SOA mass relative to CO was approximately the
same as that during the downslope flows (97 µg m−3 ppm−1;
Fig. 14e) when anthropogenic influences were still present,
but was much higher than during the northwesterly wind pe-
riods (31 µg m−3 ppm−1; Fig. 14d) dominated by biogenic
SOAs. In summary, these results suggest that the SOA forma-
tion was enhanced when anthropogenic influences increased
at Cool, but only if significant amounts of biogenic precur-
sors were present. The observations from this study also
support the hypothesis that the interaction between anthro-
pogenic and biogenic precursors enhances the SOA forma-
tion (de Gouw et al., 2005; Volkamer et al., 2006; Weber et
al., 2007; Kleinman et al., 2008).

4 Conclusions

An HR-ToF-AMS and an SMPS were deployed at Cool,
CA, the T1 rural site of the CARES field campaign in June
2010 to characterize the mass concentration, chemical com-
position and size distributions of submicrometer aerosols.
The sampling site was located at the foothills of the Sierra
Nevada Mountains, where biogenic emissions from forests
are periodically mixed with urban outflow transported by
consistent southwest winds from Sacramento. The average
mass loading during the entire campaign was 3.0 µg m−3,
with organics (80 % of the total PM1 mass) being the dom-
inant component followed by sulfate (9.9 %), ammonium
(4.5 %), nitrate (3.6 %), black carbon (1.6 %), and chloride
(0.1 %). The amount of ammonium appeared to be in charge
balance with observed anions (sum of SO2−

4 + NO−

3 + Cl−),
indicating that sulfate was mainly present in the form of
(NH4)2SO4. The average size distribution indicated that sul-
fate was mainly present in the accumulation mode (Dva

200–600 nm) whereas organics showed broader distributions
peaking at smaller sizes. New particle formation and growth
events were observed almost every day with the SMPS. Our
results showed that organics and, to a lesser extent, sulfate
played key roles in the new particle growth. Three OA fac-
tors were identified by PMF analysis of the high resolution
mass spectra, including two distinct OOA factors (91 % of
total organics) and an HOA (9 %). The more oxidized MO-
OOA (O/C= 0.54) was found to represent biogenically influ-
enced SOA, while the less oxidized LO-OOA (O/C= 0.42)
corresponded to anthropogenically influenced SOA mainly
formed in the air mass transported from the Sacramento area.
The HOA factor corresponded to primary emissions from
local sources. The diurnal variation patterns of LO-OOA,
ozone, and sulfate were very similar and all showed substan-
tial daytime increases consistent with impacts from urban
transport. However, the time series of LO-OOA and sulfate
were poorly correlated, indicating different source regions
of their precursor species and different formation mecha-
nisms. For instance, the prominent droplet mode of sulfate
and the tight correlation between sulfate and MSA indicate
a significant influence of aqueous-phase reactions on sul-
fate production. A large fraction of this droplet mode may
come from the San Francisco Bay Area, where oil refiner-
ies are the largest SO2 sources identified in northern Cali-
fornia and where aqueous reactions would have been pro-
moted by fogs and low clouds during morning hours around
the Bay Area. The good correlations observed between MO-
OOA and first generation isoprene photooxidation products
(MVK and MACR) and between LO-OOA and ozone sug-
gest that both SOA types were relatively fresh, which were
consistent with their relatively low O/C ratios.

23 periods of urban plumes from T0 (Sacramento) to T1
(Cool) were identified using the WRF-Chem model. The av-
erage chemical composition of aerosols was overall simi-
lar in different air masses. PM1 mass loading, however, was
more than twice higher during the T0 to T1 transport periods
than during northwesterly wind periods (3.9 vs. 1.8 µg m−3).
In addition, a second mode of sulfate in small sizes (Dva
100–150 nm) became conspicuous during the T0 to T1 trans-
port periods, due to the frequent occurrence of new particle
growth events in urban plumes. This mode was less obvi-
ous in air masses dominated by biogenic SOAs and almost
disappeared during northwesterly wind periods.1OA/1CO,
an indicator for SOA production, varied in the range of 5–
196 µg m−3 ppm−1 during this study. Enhanced SOA for-
mation was observed when urban emissions from Sacra-
mento arrived at T1 and interacted with biogenic precursors.
Moreover, the largest SOA formation was observed in urban
plumes mixed with a high concentration of biogenic VOCs.
For example, in air masses influenced by urban emissions,
1OA/1CO values were on average above 90 µg m−3 ppm−1

in the presence of high biogenic VOCs (>2 ppb), compared
to 36 µg m−3 ppm−1 at low biogenic VOCs (<0.7 ppb). The
average1OA/1CO was 30–35 µg m−3 ppm−1 in air masses
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dominated by biogenic SOA with little anthropogenic influ-
ence (i.e., during the northwesterly wind periods).

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
8131/2012/acp-12-8131-2012-supplement.pdf.
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