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[1] The Research at the Nexus of Air Quality and Climate Change (CalNex) ﬁeld

campaign was undertaken to obtain a better understanding of the regional impacts of
different pollution sources in California. As part of this study, real-time shipboard
measurements were made of the size-resolved, single-particle mixing state of submicron
and supermicron particles (0.2–3.0 mm aerodynamic diameter) along the California coast
where major differences were noted between Southern and Northern California. In
Southern California, particles containing soot made up the largest fraction of submicron
particles (~38% on average and up to ~89% by number), whereas organic carbon particles
comprised the largest fraction of submicron number concentrations (~29% on average and
up to ~78% by number) in Northern California including the Sacramento area. The mixing
state of these carbonaceous particle types varied during the cruise with sulfate being more
prevalent on soot-containing particles in Southern California due to the inﬂuence of fresh
shipping and port emissions in addition to contributions from marine biogenic emissions.
Contributions from secondary organic aerosol species, including amines, and nitrate were
more prevalent in Northern California, as well as during time periods impacted by
agricultural emissions (e.g., from the inland Riverside and Central Valley regions). These
regional differences and changes in the mixing state and sources of particles have
implications for heterogeneous reactivity, water uptake, and cloud-nucleating abilities for
aerosols in California.
Citation: Gaston, C. J., P. K. Quinn, T. S. Bates, J. B. Gilman, D. M. Bon, W. C. Kuster, and K. A. Prather (2013), The
impact of shipping, agricultural, and urban emissions on single particle chemistry observed aboard the R/V Atlantis
during CalNex, J. Geophys. Res. Atmos., 118, 5003–5017, doi:10.1002/jgrd.50427.

1.

Introduction

[2] Atmospheric aerosols contribute to air pollution, have
adverse effects on human health, and perturb the Earth’s
radiative balance [Poschl, 2005]; both aerosol size and
composition play key yet uncertain roles in these effects.
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One aim of the Research at the Nexus of Air Quality and
Climate Change (CalNex) ﬁeld campaign was to elucidate
the links between aerosols, air pollution, and climate in order
to guide policies regarding emission regulations in California.
Diverse particle sources impact California including ships,
vehicle exhaust, oil reﬁneries, meat cooking, and animal
husbandry and agricultural emissions. The Ports of Los
Angeles (LA) and Long Beach (LB) are the busiest container
ports in the United States, contributing high levels of ship
and port emissions (e.g., diesel truck emissions, oil reﬁnery
emissions) to Southern California. Locations in inland
Southern California (e.g., Riverside) and the Sacramento
and San Joaquin Valley areas in Northern California are
impacted by dairy farm and agricultural emissions leading
to high mass concentrations of particulate matter that contain
large fractions of secondary species [Chen et al., 2007; Chow
et al., 2006a; Docherty et al., 2008; Grover et al., 2008;
Hughes et al., 2000, 2002; Magliano et al., 1999; Pastor
et al., 2003; Qin et al., 2012; Sorooshian et al., 2008].
Furthermore, biogenic emissions from forested regions such
as the Sierra Nevada foothills and from marine biological
activity along the California coast also contribute to the aerosol burden in California [Creamean et al., 2011; Gaston
et al., 2010]. Assessing how these regional differences in
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Figure 1. Cruise track for the R/V Atlantis (blue line) along the California coast during CalNex. The Port
of Los Angeles (grey triangle), the Santa Monica area (grey dot), Riverside (grey square), and the
Sacramento area (grey diamond) are shown along with the start and end points of the cruise.
particle sources and secondary reactions in California impact
the physicochemical properties of aerosols represents a key
step in fulﬁlling the goals of the CalNex ﬁeld campaign.
[3] Single-particle mass spectrometry is well suited for
providing the high temporal resolution and mass spectral
ﬁngerprints necessary for distinguishing diverse particle
sources and assessing the impact of atmospheric processing
(e.g., gas-to-particle partitioning, heterogeneous reactions,
etc.) on particle size and chemistry [Pratt and Prather,
2011; Sullivan and Prather, 2005]. Aerosol time-of-ﬂight
mass spectrometry (ATOFMS), a single-particle technique,
has been successfully used for the source apportionment of
particulate matter in California for almost 15 years [Ault
et al., 2010; Creamean et al., 2011; Gaston et al., 2010;
Hughes et al., 2000; Moffet et al., 2008b; Noble and
Prather, 1996; Pastor et al., 2003; Pratt et al., 2009; Pratt
and Prather, 2009; Qin et al., 2012; Toner et al., 2008;
Whiteaker et al., 2002]. Herein we present real-time
measurements of single-particle composition and size using
ATOFMS during the CalNex campaign onboard the R/V
Atlantis sampling platform. Atmospheric measurements
were made off the California coast, targeting speciﬁc
sources, including the Ports of LA and LB, continental
outﬂow from the LA Basin, and emissions from Northern
California including the inland Sacramento area. This paper
describes the signiﬁcant differences observed in singleparticle mixing state and sources between these regions.
The implications of these ﬁndings are discussed.

2.

Experiment

2.1. CalNex
[4] Ambient aerosol and gas-phase measurements were
made onboard the R/V Atlantis from 14 May to 8 June
2010 as part of the CalNex 2010 ﬁeld campaign [Ryerson
et al., 2013; http://www.esrl.noaa.gov/csd/calnex/; http://
saga.pmel.noaa.gov/data]. The ship traveled from San Diego
to Sacramento and then back to the Port of San Francisco
where the study ended. The cruise track is shown in Figure 1.

The air in the aerosol sampling manifold was conditioned to
60  5% relative humidity (RH) using a heated inlet.
Insulated conductive tubing extending from the heated inlet
provided air to the instruments at ﬂows of ~30 Lpm [Bates
et al., 2004]. Meteorological parameters, aerosol properties,
and gas-phase constituents such as radon, SO2, O3, etc.,
were measured onboard the ship [Quinn and Bates, 2005].
Hydrocarbons, including toluene and benzene, were quantiﬁed using gas chromatography equipped with a ﬂame
ionization detector [Bon et al., 2011]. The ratio of toluene
to benzene can be used as an indicator of photochemical
age [Gelencser et al., 1997; Roberts et al., 1984]. Air masses
containing fresh urban emissions that have undergone
minimal photochemical processing typically have toluene/
benzene ratios ≥2; lower values are indicative of more
photochemically processed air masses as the more reactive
toluene is preferentially removed by reactions with the
hydroxyl radical. Clean marine air masses are typically well
aged and are expected to have toluene/benzene ratios ≪1.
Ship exhaust from the R/V Atlantis was ﬁltered out by
eliminating time periods when the relative wind direction
was aft of +100 (starboard) and 120 (port) off the bow.
All data presented here were ﬁltered using this method. Data
are presented in coordinated universal time (UTC), which is
7 h ahead of local time (PDT), as day of year (DOY). For
example, a date and time of 12:00 on 1 January presented
in UTC would correspond to DOY 1.5.
2.2. Aerosol Measurements: ATOFMS
[5] The size-resolved chemical composition of individual
aerosol particles from 0.2 to 3.0 mm aerodynamic diameter
was measured in real time using aerosol time-of-ﬂight mass
spectrometry (ATOFMS). The operating principles of the
ATOFMS have been described previously [Gard et al.,
1997; Prather et al., 1994]. Brieﬂy, particles are sampled
through a converging nozzle inlet into a differentially
pumped vacuum chamber causing particles to be accelerated
to a size-dependent terminal velocity. Particles next enter the
sizing region of the instrument consisting of two continuous
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Figure 2. Hourly temporal proﬁle of single-particle mixing-state observed by ATOFMS in UTC as a
function of day of year (DOY) and latitude (white line). Single-particle chemistry for (a) submicron
particles (0.2–1.0 mm) and (b) supermicron particles (1.0–3.0 mm), respectively. Colored boxes highlight
six different periods when differences in particle composition were observed due to different meteorological
conditions, gas-phase concentrations, and aging processes.
wave (532 nm) lasers separated by a ﬁxed distance. The time
taken to traverse the laser beams is recorded giving the
terminal velocity of the particle, which is used to calculate
the aerodynamic diameter of the particle. The particle
velocity is also used to time the ﬁring of a Q-switched
neodymium:yttrium/aluminum/garnet laser (266 nm) operating at ~1.2 mJ laser power that simultaneously desorbs and
ionizes compounds from individual particles creating positive and negative ions, which are analyzed in a dual polarity
time-of-ﬂight mass spectrometer. Particle detection efﬁciencies are dependent on the ability of particles to interact with
the 266 nm radiation [Dall’Osto et al., 2006; Qin et al.,
2006; Wenzel et al., 2003]. Dual-polarity spectra provide
complementary information regarding the source (e.g., ships
versus sea salt) and age of the particle (e.g., fresh versus
reacted sea salt) [Guazzotti et al., 2001; Noble and Prather,
1996]. A lack of negative ion spectra indicates the presence
of tightly bound particle phase water, which suppresses
negative ions produced by laser desorption/ionization
[Neubauer et al., 1997, 1998]. Conditioning particles to
60% RH decreases some of this water, thus increasing the
formation of negative ion spectra.
[6] The YAADA software toolkit was used to import ion
peak lists into MATLAB v 6.5.1 (The MathWorks, Inc.)
for processing of ATOFMS data [Allen, 2002]. Singleparticle mass spectra were then analyzed using a clustering
algorithm (ART-2a), which groups spectra together with

similar characteristics into distinct “clusters” [Song et al.,
1999]. These “clusters” are then merged into distinct particle
types based on the prevalent mass spectral ions and intensities, which are indicative of particle sources and chemistry
[Noble and Prather, 1996]. The prevalence of these particle
types was averaged into 1 h time bins and separated into
submicron (0.2–1.0 mm) and supermicron (1.0–3.0 mm)
particles. Each ion peak assignment presented in this paper
corresponds to the most likely ion produced at a given
mass-to-charge (m/z). Particle types described herein are
deﬁned by characteristic ion peaks and/or possible sources
and do not reﬂect all of the species present within a particular
particle class.

3.

Results

[7] Temporal trends of single-particle measurements were
analyzed to discern differences in particle composition
between sources in Southern and Northern California. The
temporal variability of the most frequently observed particle
types detected by ATOFMS as well as the latitudinal position of the ship is shown in Figures 2a and 2b for submicron
and supermicron particles, respectively. Several trends in
single-particle mixing state were identiﬁed based on differences in particle source, meteorological conditions, and aging
processes. To illustrate this, six distinct time periods are
identiﬁed by colored boxes in Figure 2; the time periods are
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6
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Inland/Valley
5

146.33–147.875
Ports of LA/LB
4

142–146
Marine/Coastal
3

137.375–140.5
Stagnant/Ports
2

a
Day of year (DOY), date and time (UTC), latitudinal and longitudinal range, average meteorological conditions (wind speed, RH, air temperature), and average gas-phase concentrations (radon, SO2, ozone, and the
toluene/benzene ratio) for measurements made during each of the six different time periods are highlighted. Dates are formatted as month/day/year.
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Table 1. Meteorological and Gas Phase Data for Six Different Air Mass Transport Conditionsa
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deﬁned as Riverside Transport (Period 1, boxed in red), Stagnant/Ports Transport (Period 2, boxed in black), Marine/
Coastal Transport (Period 3, boxed in cyan), Ports of Los
Angeles/Long Beach (LA/LB) (Period 4, boxed in green),
Inland/Valley Transport (Period 5, boxed in orange), and
Bay Area/Sacramento (Period 6, boxed in purple). The
following sections provide a detailed comparison and discussion of the gas-phase species and meteorological conditions,
prevalent particle types and sources, the mixing state of
carbonaceous particles, and the secondary particulate species
present during each time period.
3.1. Characteristics of Each Period
[8] During the Riverside, Stagnant/Ports, and Marine/
Coastal Transport periods, measurements took place along
the Southern California coast focusing on emissions from the
LA Basin, whereas measurements during the Ports of LA/
LB period were entirely performed in the Ports of LA and
LB and surrounding shipping lanes. During the Inland/Valley
Transport period, measurements extended farther north to
include the Santa Barbara region; the Bay Area/Sacramento
period measurements were made in Northern California when
the ship remained in the Deep Water Channel/Sacramento
region for 3 days. Table 1 shows the corresponding dates
and meteorological and gas phase measurements for each time
period. Figure 3 shows the 48 h calculated air mass back
trajectories at 500 m height [Draxler and Rolph, 2011] for
each time period to highlight differences in air mass transport
conditions. The Stagnant/Ports and Ports of LA/LB periods
were heavily inﬂuenced by emissions from the Ports of LA/
LB while the Riverside, Stagnant/Ports, Inland/Valley, and
Bay Area/Sacramento periods were inﬂuenced by agricultural
and urban emissions from Riverside and/or the Central Valley.
The Marine/Coastal Transport period was inﬂuenced by
oceanic emissions and serves as a background period.
3.1.1. Period 1: Riverside Transport
[9] During the Riverside Transport period, Hybrid SingleParticle Lagrangian Integrated Trajectory analysis indicates
that the sampled air masses were transported from the Riverside and Imperial Valley regions before traversing the port
and Santa Monica regions (see Figure 3a). Thus, the Riverside
Transport period is expected to be inﬂuenced by urban, port,
and agricultural emissions. Particulate matter in Riverside
typically is well aged as indicated by high concentrations of
secondary species such as nitrate, amines, ammonium, and
secondary organics [Hughes et al., 2000; 2002; Liu et al.,
2000; Pastor et al., 2003; Pratt et al., 2009; Pratt and
Prather, 2009; Qin et al., 2012]. The ratio of toluene to
benzene was not available during this period; however, available NOx/NOy ratios indicated that the air masses during this
period were photochemically aged. The average radon
concentration was high (2500  760 mBq/m3) indicating that
continentally inﬂuenced air masses were sampled. The
average temperature was low (13.2  0.6 C) while RH was
high (89  3%).
3.1.2. Period 2: Stagnant/Ports Transport
[10] Sampled air masses stagnated around the coast near
the ports and Santa Monica region during the Stagnant/Ports
Transport period. Thus, port emissions (e.g., emissions from
vehicles, ships, etc.) contributed more signiﬁcantly to the
aerosol burden during the Stagnant/Ports Transport than
the Riverside Transport period. Some air masses also
5006
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Figure 3. The 48 h Hybrid Single-Particle Lagrangian Integrated Trajectory air mass back trajectories at
500 m (red lines) shown during the cruise (grey dotted line) corresponding to (a) Period 1: Riverside
Transport boxed in red, (b) Period 2: Stagnant/Ports Transport boxed in black, (c) Period 3: Marine/
Coastal Transport boxed in cyan, (d) Period 4: Ports of LA/LB boxed in green, (e) Period 5: Inland/Valley
Transport boxed in orange, and (f) Period 6: Bay Area/Sacramento boxed in purple. Red dots on the
HYSPLIT trajectories denote 12 h increments. The Port of Los Angeles (grey triangle), the Santa Monica
area (grey dot), Riverside (grey square), and the Sacramento area (grey diamond) are also shown.
originated from the inland Central Valley area toward the end
of the Stagnant/Ports Transport period potentially carrying
agricultural emissions. The lowest average toluene to
benzene ratio, 0.4, was observed during this period suggesting
that air masses sampled during this period were heavily
photochemically aged. Again, high RH (91  3% on average) and low temperatures (13.4  1.1 C) were observed.
3.1.3. Period 3: Marine/Coastal Transport
[11] During the Marine/Coastal Transport period, most air
masses followed a northern coastal/oceanic trajectory along
the California coast. Wind speeds reached 14.5 m/s, which
enhanced the production of fresh sea spray particles from
bursting bubbles generated by breaking waves [Blanchard
and Woodcock, 1957; Monahan et al., 1983; O’Dowd and
De Leeuw, 2007]. Thus, the Marine/Coastal Transport
period is characterized by ocean-derived aerosol composed
of both fresh sea salt and biogenic organics. This period is
not necessarily representative of clean marine conditions
based on the relatively high radon concentrations
(1550  1080 mBq/m3) and high average particle number

counts (5721  2680 cm 3) [Fitzgerald, 1991; Hawkins
et al., 2010; O’Dowd and De Leeuw, 2007; Twohy et al.,
2005]. Further evidence that the Marine/Coastal Transport
period is not entirely a clean marine period also stems from
the toluene to benzene ratio, which ranged from 0.030
during clean marine conditions to 3.74 when fresh urban
emissions were encountered with an average of 0.85.
3.1.4. Period 4: Ports of LA/LB
[12] The Ports of LA/LB period was characterized by high
SO2(g) concentrations (3.4  5.2 ppbv on average with a
maximum of 40 ppbv) compared to the previous periods
when average SO2(g) concentrations ranged from 0.06 to
0.45 ppbv. Furthermore, low wind speeds (2.4  1.2 m/s)
and low radon concentrations (740  320 mBq/m3) were
also encountered. Toluene to benzene ratios were high with
an average of 1.89 and a maximum of 6.1 indicating a
photochemically unprocessed air mass. It is likely that local
urban, port, and shipping emissions dominated the particle
composition during this period with little inﬂuence from
other continental or transported sources.
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Figure 4. Fraction of particle types as a function of size observed during the six different time periods.
Submicron particles (0.2–1.0 mm) are plotted in 0.05 mm bins while supermicron particles (1.0–3.0 mm)
are plotted in 0.1 mm bins.
3.1.5. Period 5: Inland/Valley Transport
[13] Figure 3e shows air masses traveling across the Central
Valley and the desert before traversing the LA Basin and Santa
Barbara regions during the Inland/Valley Transport period.
Higher radon and O3(g) concentrations were measured during
this time period compared to other time periods with
averages of 3200  3000 mBq/m3 and 44  11 ppbv, respectively. Toluene to benzene ratios had an average of 0.84 indicating that air masses sampled during this period were fairly
well aged. Similar to Riverside, aerosol from the Central
Valley is typically characterized by high concentrations of
secondary species, namely, secondary organic aerosol and
ammonium nitrate due to contributions from dairy farms and
other agricultural emissions in addition to urban emissions
from sources such as vehicles [Chen et al., 2007; Chow
et al., 2006a; 2006b; Eatough et al., 2008]. Hence, particulate
matter observed during this period is expected to show similar
signs of particle aging as the Riverside Transport period.
3.1.6. Period 6: Bay Area/Sacramento
[14] During the Bay Area/Sacramento period, air masses
traveled over the San Francisco Bay area prior to arriving
in the Sacramento region, which is within the Central
Valley. Diurnal temperature and RH proﬁles were observed
with night and day values ranging from 16 to 30 C and 24
to 93%, respectively. High toluene to benzene ratios were

observed with an average of 1.74, suggesting that the
sampled air masses were relatively fresh, similar to the
Ports of LA/LB period; however, unlike the Ports of LA/
LB period, sampling during the Bay Area/Sacramento
period occurred within the Central Valley and not within
a major port region.
3.2. Observed Particle Types
3.2.1. Submicron Particle Composition
[15] Particle composition varied based on sources and
transport conditions (Figures 2 and 4). High number
fractions of soot-containing particles (up to ~89% of submicron particles by number with an average of ~38  27%)
were observed in Southern California, particularly during
the Riverside Transport, Stagnant/Ports Transport, and Ports
of LA/LB periods (Periods 1, 2, and 4) when port and urban
(e.g., vehicles) emissions were dominant. The main exception to this trend in high soot-containing number fractions
in Southern California occurred during the Marine/Coastal
Transport period (Period 3) when submicron particle composition was dominated by sea-salt particles (~63  17% of
submicron particles on average) due to air mass transport
conditions. The dominance of soot-containing particles in
Southern California is in agreement with aircraft ATOFMS
measurements made during CalNex where Cahill et al.
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Figure 5. Representative mass spectra of (a) Residual Fuel Combustion from ships (V-OC), (b) Biomass
Burning, (c) Biological, (d) Aged Soot (No Negatives), (e) Aged Soot (Sulfate), (f) Aged Soot (Nitrate),
(g) Aged Soot (Neg OC), (h) OC (No Negatives), (i) OC (Sulfate), and (j) OC (Nitrate) particles are
shown. For mass spectra containing both positive and negative ions, dashed lines separate negative ions
(left side) and positive ions (right side).
[2012] reported high soot-containing number fractions in the
Southern California/LA Basin region.
[16] In addition to the soot-containing particle type,
particles from residual fuel combustion (e.g., emissions

from ships and oil reﬁneries) were also observed, namely,
during the Stagnant/Ports Transport and Ports of LA/LB
periods when port and shipping emissions heavily inﬂuenced
particle composition. This residual fuel combustion particle
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Figure 6. Size distributions of particle number concentrations as a function of size and DOY are shown
on a log scale. The percentage of submicron OC particles detected by ATOFMS (pink line) and RH (grey
line) are shown as a function of DOY. Time periods when new particle formation events were observed
are shown in black boxes.
type represented at most ~25% of submicron particles and is
characterized by ion peaks associated with transition metals
found in residual fuel oil, notably vanadium (51V+, 67VO+),
nickel (58,60Ni+), and iron (54,56Fe+), in addition to organic
carbon, sulfate (97HSO4 ) and, to a lesser extent, nitrate
(46NO2 , 62NO3 ) (see Figure 5a for an example mass spectrum);
these particles are herein referred to as vanadium-organic
carbon (V-OC) particles [Agrawal et al., 2008; Ault et al.,
2010; 2009; Corbett and Fischbeck, 1997; Healy et al.,
2009; Murphy et al., 2009]. During the Ports of LA/LB
period, additional industrial particle types were observed,
including metals concentrated in the submicron size mode,
which most likely represent emissions from incineration
[Moffet et al., 2008a] and are the subject of a different paper
[Weiss-Penzias et al., 2013]. Additionally, organic carbon
(OC) represented a much higher fraction of the detected
submicron particles during the Ports of LA/LB period
(~14  14% of the total submicron particles detected, on
average) than previous periods likely due to elevated fossil
fuel emissions in the Ports of LA and LB from vehicles,
heavy-duty diesel trucks, and ships, which have been shown
to contribute high mass concentrations of organic carbon to
the aerosol burden [Lack et al., 2009; Murphy et al., 2009;
Russell et al., 2000; Sodeman et al., 2005].
[17] In contrast, soot-containing and V-OC particles made
smaller contributions to the number concentration in Southern
California during Inland/Valley Transport conditions and in
the Northern California, Sacramento region during the Bay
Area/Sacramento period (Periods 5 and 6). As shown in
Figures 2 and 4, particles from biomass burning were elevated
in the submicron mode during these two periods representing
up to ~61% of submicron particles. Biomass-burning particles
are characterized by an intense potassium peak (39K+) in
addition to carbonaceous peaks (both elemental and organic),
organic nitrogen peaks (26CN , 42CNO ), ion peaks associated with potassium salts (113K2Cl+, 213K3SO+4 , etc.), and
secondary species such as sulfate and/or nitrate (Figure 5b)
[Pratt et al., 2010; Qin and Prather, 2006; Silva et al., 1999].

[18] The key difference in particle composition observed
in Northern California during the Bay Area/Sacramento
period (Period 6) was the high percentage of submicron
OC particles detected, constituting ~29  23% of submicron
particles by number on average and up to ~78%. Unlike the
OC detected during the Ports of LA/LB period, which originated from fossil fuel sources in the Ports of LA and LB,
OC detected in Sacramento is likely the result of biogenic
emissions due to the fact that biogenics were dominant
during the ﬁrst half of the Carbonaceous Aerosol Radiative
Effects Study (CARES) in the Sacramento Valley [Cahill
et al., 2012]. Numerous new particle formation (NPF) events
were observed across the Sacramento Valley during CalNex
and the ﬁrst part of CARES during this period [Ahlm et al.,
2012; Setyan et al., 2012]. While the lower size limit of the
nozzle-inlet ATOFMS (~0.2 mm) cannot be used to probe
the composition of newly formed particles, ATOFMS
measurements can provide insight into the composition of
these particles as they grow to sizes detectable by the
instrument [Creamean et al., 2011]. Figure 6 shows particle
number concentration as a function of diameter measured
by a differential mobility particle sizer [Bates et al., 2012].
Two distinct events are highlighted in black boxes when high
number concentrations of small particles (~0.02 mm) were
observed followed by rapid growth, which is indicative of
NPF events [Creamean et al., 2011; Hegg and Baker, 2009;
Kulmala, 2003]. As shown in Figure 6, the percentage of
OC particles was smallest when the NPF event was actually
occurring. This is because the size of the newly formed particles is below the size detection limit of the instrument. The
percentage of OC particles increased primarily after these
NPF events occurred as the newly formed particles grew to
sizes detectable by the instrument suggesting that organics
contributed to this growth in agreement with previous studies
[Creamean et al., 2011; Kulmala, 2003; Smith et al., 2008;
Zhang et al., 2004], and with recent measurements during
CARES in the Sacramento Valley from an aerosol mass
spectrometer [Setyan et al., 2012]. The formation of new
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particles occurred under conditions of lower RH and intense
solar radiation; these low RH conditions also favor the
formation of high molecular weight secondary organic aerosol from biogenic emissions that may have contributed to
particle formation and/or growth [Nguyen et al., 2011].
Growth of these particles into sizes detectable by the
ATOFMS occurred as RH increased with many of the detected
OC particles lacking negative ion spectra (85  16% on
average) indicating that an appreciable amount of particulate
water was associated with these particles [Neubauer et al.,
1997; 1998].
3.2.2. Supermicron Particle Chemistry
[19] Aged sea salt dominated the supermicron particle
composition during most periods making up 50  27% of
total supermicron particles on average, as shown in Figures 2
and 4. Aged sea-salt particles result from heterogeneous
reactions with gas-phase nitrogen oxides (e.g., N2O5(g),
HNO3(g)), which lead to the displacement of chloride and
the formation of particulate nitrate [Behnke et al., 1991;
Chang et al., 2011; Gard et al., 1998; Vogt et al., 1996].
In addition to nitrate, methanesulfonic acid (MSA) and
sulfate were also found on ~14% of aged sea-salt particles,
on average, possibly contributing to the observed particulate
chloride displacement [Hopkins et al., 2008; Laskin et al.,
2012]. During the Marine/Coastal Transport period (Period
3), fresh sea salt and marine biogenic particle types dominated the supermicron particle composition making up
33  11% and 30  17% of supermicron particles on average, respectively. Marine biogenic particle types include
Mg-type [Gaston et al., 2011] and sulfur-type particles
(C. J. Gaston et al., manuscript in preparation, 2013), which
represent ocean-derived particle types associated with
marine biological activity and/or dissolved organic material.
The combined high wind speeds in addition to the elevated
biological activity, as evidenced by the presence of red tide
blooms along the Southern California coast (www.sccoos.
org), explain the dominance of fresh sea salt and marine
biogenic emissions during this period.
[20] Marine particle types were negligible in the inland
Sacramento region during the Bay Area/Sacramento period.
Instead, dust particles were found to represent 39  23% of
supermicron particles, and biological particles were found
to constitute up to ~64% of supermicron particles as shown
in Figures 2 and 4f. Most of the biological particles detected
by ATOFMS were determined to be spores containing
dipicolinic acid, a compound that is easily detected using
laser/desorption ionization at 266 nm radiation and serves
as a unique matrix allowing for the detection of amino acids,
which typically have low absorption cross sections at 266
nm [Silva and Prather, 2000; Srivastava et al., 2005].
Consistent with previous measurements of spores using
laser/desorption ionization at 266 nm, spores detected during
CalNex contained 39K+, 59(CH3)3N+, 74(CH3)4N+, m/z +86
due to either (C2H5)2NCH+2 or the amino acids [leucineHCO2] and [isoleucine-HCO2], m/z +104, which is yet to
be identiﬁed, phosphate (63PO2 , 79PO3 ), organic nitrogen
(26CN , 42CNO ), and m/z 123, which is most likely
due to dipicolinic acid-HCO2 (Figure 5c) [Srivastava et al.,
2005]. Spores have rarely been detected by ATOFMS in
ambient environments and represent a very unique particle
type most likely detected due to agricultural and biogenic
emissions from the Sacramento area.

3.3. Variations in the Mixing State of Carbonaceous
Particle Types
3.3.1. Soot Particle Mixing State
[21] In addition to probing overall particle composition,
observed differences in the mixing state of soot-dominated
particles were also investigated (Figure 7a). These particles
are characterized by intense elemental carbon ion peaks
(12C+, 36C+3 , 48C+4 ,. . .Cn+). A small percentage of freshly emitted elemental carbon particles, herein referred to as “soot,”
contained intense elemental carbon peaks indicative of longchain elemental carbon (e.g., elemental carbon ion peaks
extending out to higher masses in both the positive and negative ion spectra) with only low-intensity peaks from secondary
species such as sulfate and/or nitrate [Cahill et al., 2012;
Moffet and Prather, 2009]. Most of the soot-containing particles, however, contained intense elemental carbon peaks that
did not extend out to higher masses and were internally mixed
with low-intensity organic peaks (27C2H+3 , 43C2H3O+, etc.) in
addition to other secondary species (e.g., nitrate and/or
sulfate) in agreement with aircraft observations during
CalNex [Cahill et al., 2012; Metcalf et al., 2012]. This
second class of soot-containing particles is herein referred
to as Aged Soot particles, consistent with Cahill et al.
[2012], and is further subdivided into Aged Soot (No Negatives), Aged Soot (Sulfate), Aged Soot (Nitrate), and Aged
Soot (Neg OC) particle classes. Overall, the majority of Aged
Soot particles (~62  20% of soot-containing particles on
average) lacked negative ion spectra and are classiﬁed as
Aged Soot (No Negatives) (see Figures 5d and 7a), with sizes
peaking in number concentration at ~0.5–0.6 mm and
extending up into the supermicron size range (Figure 4).
The lack of negative ion spectra and larger sizes suggests that
these particles contained appreciable particulate water
[Moffet et al., 2008b; Neubauer et al., 1997; 1998] possibly
due to cloud or fog processing.
[22] The most striking trend shown in Figure 7a is the high
percentage of Aged Soot (sulfate) particles detected in
Southern California (representing, on average, ~30  18%
of detected submicron soot-containing particles during the
Riverside Transport, Stagnant/Ports Transport, Marine/
Coastal Transport, and Ports of LA/LB periods) that
decreased signiﬁcantly to ~11  10% as the ship moved
north along the California coast. Aged Soot (sulfate)
particles are characterized by intense sulfate peaks
(80SO3 , 97HSO4 ; Figure 5e) [Moffet and Prather, 2009].
This trend in Aged Soot (sulfate) particles is in contrast to
aircraft measurements made by ATOFMS, which mainly
observed internal mixtures of soot and nitrate as opposed
to sulfate in Southern California [Cahill et al., 2012] due
to the accumulation of ammonium nitrate coatings [Metcalf
et al., 2012]. The most likely explanation is that sootcontaining particles were measured in the western port
regions of the LA Basin onboard the R/V Atlantis where
fresh shipping and port emissions prevailed as opposed to
the more aged emissions sampled onboard the aircraft.
Fresh emissions from industrial sources at the port and
ocean-going vessels contain high levels of SO2(g) leading
to elevated levels of particulate sulfate [Agrawal et al.,
2008; Ault et al., 2010; Corbett and Fischbeck, 1997;
Corbett and Koehler, 2003]. During CalNex, Aged
Soot (sulfate) particles were typically found to peak at
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Figure 7. Hourly temporal trends in carbonaceous mixing state. (a) Hourly temporal trends for different
soot particle types: Soot (black), Aged Soot (No Negatives) (grey), Aged Soot (Sulfate) (green), Aged
Soot (Nitrate) (pink), and Aged Soot (Neg OC) (blue) in addition to latitude (white line). (b) Hourly
temporal trends for different organic particle types: OC (No Negatives) (grey), OC (Sulfate) (green),
and OC (Nitrate) (pink) in addition to latitude (black line). White spaces denote periods when no OC
particles were present. The six different time periods are boxed.
~0.55 mm on average, which is larger than expected for
freshly emitted soot particles [Moffet and Prather, 2009];
this is likely due to condensation and aqueous phase processing of SO2(g), which has been shown to contribute high
quantities of sulfate to particles in this size range in the LA
Basin [Hegg, 1985; Hering and Friedlander, 1982; Meng
and Seinfeld, 1994]. It should be noted that regulations were
adopted in 2009 requiring ships to switch from high-sulfur
to low-sulfur fuel within 24 nautical miles of the California
coast [California Air Resources Board, 2009]. Hence, in
addition to fresh port and shipping emissions, another
potential source of elevated sulfate on soot particles,
particularly during Marine/Coastal Transport conditions
(Period 3), is the presence of red tide blooms in Southern
Californian waters during CalNex (www.sccoos.org) of
Lingulodinium polyedrum, a marine organism that has been
shown to contribute biogenic sulfur to aerosols [Gaston
et al., 2010]. Although ATOFMS cannot be used to
distinguish biogenic and anthropogenic sulfate, MSA, an
ocean-derived biogenic form of sulfur, can be detected and
used to assess the possibility of biogenic contributions to
detected sulfate levels [Gaston et al., 2010]. In fact, ~38%
of Aged Soot (sulfate) particles, on average during the
Riverside, Stagnant/Ports, Marine, and Ports of LA/LB
periods, were found to also contain MSA with the highest
percentage (~62% of Aged Soot (sulfate) particles) occurring during the Marine/Coastal Transport period while the

lowest percentage (~13% of Aged Soot (sulfate) particles)
was observed during the Ports of LA/LB period. This
suggests that at least some of the observed sulfate was from
a biogenic source.
[23] Agricultural emissions were also found to impact soot
mixing state by contributing Aged Soot (nitrate) particles,
particularly during the Riverside Transport and Bay Area/
Sacramento periods and toward the end of the Stagnant/
Ports Transport period, when air masses were transported
from the Central Valley. These particles had similar positive
ion markers to the Aged Soot (sulfate) particles, but
contained nitrate peaks (46NO2 , 62NO3 ) that were more
intense than sulfate (see Figure 5f). This particle type has
been shown to result from the acquisition of nitrate namely
formed through photochemically produced nitric acid
(HNO3(g)), which condenses onto particles causing them
to grow; aqueous phase processing may also contribute to
this growth and the acquisition of nitrate [Moffet and
Prather, 2009; Moffet et al., 2008b]. This particle type
represented up to ~33% of soot-containing particles and
was observed to peak at a larger size mode than the other
soot-containing particle types at ~0.75 mm during the
campaign (Figure 4).
[24] In addition to Aged Soot (nitrate) particles, unique
Aged Soot particles containing sulfate and intense ions at
m/z 43, 57, and 71 (see Figure 5g) were detected
during a period of agricultural inﬂuence (Inland/Valley
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Figure 8. (a–f) Ternary plots for individual OC particles observed for the six different time periods. The
top corner of the ternary plots corresponds to OC particles containing only the oxygenated organic peak
(43C2H3O+), the left bottom corner denotes OC particles containing only the amine peak (59(CH3)3N+),
and the right bottom corner corresponds to OC particles containing only the aromatic peak (77C6H+5 ).
Transport conditions). To the best of our knowledge,
mixtures of soot and these ions have never been detected
before by ATOFMS. Since organic peaks in Aged Soot
particles typically appear as positive ions, this particle type
has been labeled Aged Soot (Neg OC). It is most likely that
this particle type is derived from a unique, fresh source near
the sampling site, since these ion markers were not observed
on other particle types. Further evidence for this speculation
comes from the fact that this particle type peaks at a smaller
size (~0.35 mm) than the other soot-containing types, as shown
in Figure 4e, suggesting a local source. The unique organic
markers likely correspond to 43CH3CO , 57C2O2H , and
71
C3H3O2 [McLafferty and Turecek, 1993; Silva et al.,
1999; Silva and Prather, 2000] possibly due to contributions
from levoglucason and/or methylglyoxal (m/z 71), glyoxal
(m/z 57), and acetaldehyde (m/z 43) [Silva et al., 1999;

Silva and Prather, 2000]. These organic species could
represent secondary organic aerosol (SOA) formed from the
photolytic processing of organics in the aqueous phase
[Bateman et al., 2011]; this mechanism was suggested to
contribute organic components with elevated atomic O:C
ratios during CalNex [Duong et al., 2011]. Additional ﬁeld
and laboratory measurements are required to conﬁrm the
identiﬁcation of these ion peaks.
3.3.2. The Mixing State of Organic Particles
[25] In addition to soot-containing particles, the mixing
state of OC particles (e.g., non-soot-containing OC particles)
was also investigated by examining temporal trends. These
non-soot-containing OC particles are distinguished from the
Aged Soot types described above in that these particles
are not characterized by intense elemental carbon peaks at
m/z +12, +24, +36, etc., but instead have m/z +27, +37,
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and/or +43 as the main positive ion peaks. Three types of OC
particles were identiﬁed during CalNex: OC (no negatives),
OC (sulfate), and OC (nitrate). Temporal trends of the OC
particle types are shown in Figure 7b. Most OC particles
were found to lack negative ion spectra (~67  37% on
average; see Figure 5h) and peaked in the 0.5–0.6 mm size
range (Figure 4) suggesting that they contained appreciable
particulate water similar to soot-containing particles. However, during Marine/Coastal and Inland/Valley Transport
conditions (Periods 3 and 5), OC particles containing
intense sulfate peaks (see Figure 5i) were more common,
representing ~55  40% of organic particles on average, likely
due to photochemically produced sulfate possibly derived
from biogenic emissions. In addition to sulfate, OC particles
with intense nitrate peaks (see Figure 5j) were also observed,
namely, at night during the Marine/Coastal Transport, Ports
of LA/LB, Inland/Valley Transport, and Bay Area/Sacramento
periods (Periods 3–6) and represented ~9  17% of organic
particles, on average. Overall, OC (nitrate) particles peaked
at a smaller particle size (~0.35 mm) suggesting that not all
of the nitrate on these particles was due to photochemically
produced nitrate, which typically leads to larger particle sizes.
Instead, these observations suggest possible contributions of
organonitrates formed from reactions with gas-phase precursors and nitrate radical at night that then condense onto particles [Ng et al., 2008]; organonitrates were also found to
contribute to the organic aerosol burden during CalNex in
Bakersﬁeld, CA [Rollins et al., 2012].
[26] The OC types described above also frequently
contained aromatic peaks (51C4H+3 , 63C5H+3 , 77C6H+5, etc.) [Silva
and Prather, 2000], which have been associated with secondary processing of organic species in vehicle exhaust [Shields
et al., 2007; Sodeman et al., 2005; Spencer et al., 2006; Toner
et al., 2008] and humic substances formed from biomass burning [Holecek et al., 2007; Mayol-Bracero et al., 2002; Qin and
Prather, 2006]. OC particles also contained ion peaks indicative of amines (e.g., 59(CH3)3N+, 86(C2H5)2NCH+2 , 101(C2H5)
+ 118
(C2H5)3NOH+, etc.), which are semivolatile species
3N ,
that can partition onto preexisting particles [Angelino et al.,
2001; Pratt et al., 2009; Schade and Crutzen, 1995], and
oxidized organic markers (e.g., 43C2H3O+) that indicate the
presence of SOA (see Figure 5h) [Qin et al., 2012]. Ternary
plots were used to examine the prevalence of these compounds
and to further elucidate the mixing state and sources of OC
particles using the ion peaks 59(CH3)3N+, 43C2H3O+, and
77
C6H+5 as markers for amines, SOA/oxidized organics, and
aromatics, respectively (see Figure 8).
[27] Amines were found to dominate the OC mixing state
during the ﬁrst two periods, with 65  33% of OC particles
containing intense amine markers during the Riverside
Transport period and 48  44% during the Stagnant/Ports
Transport period (Figure 8). Dairy farm emissions from the
Chino and Central Valley regions in addition to possible
contributions from trafﬁc emissions wherein ammonia and
amines can be produced from catalytic converters [Fraser
and Cass, 1998; Sodeman et al., 2005], explain the dominance of amines during these two time periods [Hughes
et al., 2002; Pastor et al., 2003; Pratt et al., 2009; Qin
et al., 2012; Schade and Crutzen, 1995; Sorooshian et al.,
2008]. Furthermore, during these two periods, low temperatures and the highest average RH values were measured on

the ship; similar meteorological conditions encountered
during transport would also favor the detection of amines
during these periods [Angelino et al., 2001]. Furthermore,
18  23% of OC particles contained intense amine markers
during the Ports of LA/LB period even though inland
transport conditions were not encountered suggesting that
ports could contribute an industrial source of amines, possibly
from vehicle emissions including heavy-duty diesel vehicles
[Bishop et al., 2012; Fraser and Cass, 1998; Sodeman
et al., 2005]. Amines could also have resulted from marine
biogenic emissions [Facchini et al., 2008a; Sorooshian
et al., 2009].
[28] Oxidized organics were prevalent during Inland/Valley
Transport conditions (Period 5; Figure 8e). The high O3
concentrations and photochemically aged nature of the
sampled air masses suggest that the organics during the
Inland/Valley Transport period resulted from secondary rather
than primary sources [Na et al., 2004; Qin et al., 2012].
Oxidized organics at m/z +43 were also prevalent during the
Stagnant/Ports Transport period, when photochemically aged
air masses were sampled, and dominant during Marine/
Coastal Transport conditions (Period 3), likely due to
secondary contributions. Another source of the oxidized
organics during the Marine/Coastal Transport period
could be organics from marine biogenic sources, such as
lipopolysaccharides, that have higher oxygen content than
organics from anthropogenic sources [Facchini et al.,
2008b; Ovadnevaite et al., 2011; Russell et al., 2011;
Russell et al., 2010].
[29] SOA from aromatics was more prevalent during the
Ports of LA/LB and Bay Area/Sacramento periods than
during any other periods; however, oxidized organics were
still the most prevalent type of organics during these two
periods. The increased frequency of aromatic markers in
the Ports of LA and LB is likely due to increased emissions
from diesel combustion by trucks [Kasper et al., 2007;
Maricq, 2007; Shields et al., 2007; Spencer et al., 2006] in
addition to emissions from ships [Kasper et al., 2007; Lack
et al., 2009; Murphy et al., 2009; Russell et al., 2009].
Oxidized organics and amines in Sacramento are likely from
agricultural and biogenic emissions [Chow et al., 2006b;
Setyan et al., 2012; Sorooshian et al., 2008] while the
observed SOA from aromatics are likely humic substances
derived from biomass burning [Holecek et al., 2007;
Mayol-Bracero et al., 2002].

4.

Conclusions and Implications for California

[30] Overall, we found that the chemical properties of
aerosol particles differed widely across California based on
particle source and transport conditions. As evidenced by
the particle chemistry and mixing state measured onboard
the R/V Atlantis, Southern California was impacted by fresh
shipping and vehicular emissions from cars and diesel trucks
in addition to marine biogenic emissions. Soot-containing
particles were the most prevalent submicron particles in
Southern California and were typically mixed with sulfate
while aromatic markers were found to contribute to organics
due to residual fuel, distillate fuel, and gasoline combustion.
These fresh emissions were episodically mixed with inland,
agricultural emissions leading to the presence of secondary
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species such as amines. It is important to note that the particles measured in Southern California contained elevated
levels of sulfate because these measurements focused on
fresh emissions from the Ports of LA and LB; if these
measurements were made farther inland of the ports,
enhancements in nitrate namely due to particle aging and
contributions of ammonium nitrate, as seen by other
measurements, would have been observed instead [Cahill
et al., 2012; Metcalf et al., 2012].
[31] In contrast, Northern California was impacted by
biogenic emissions from the forested Sierra Nevada foothills
and agricultural emissions as evidenced by the prevalence of
organic carbon [Cahill et al., 2012; Setyan et al., 2012].
Oxidized organic compounds were frequently associated
with particles during Inland/Valley transport conditions
and in Sacramento, likely due to contributions from SOA
while aromatic markers observed in Sacramento are likely
due to contributions from biomass burning.
[32] Overall, we found that the mixing state of particles
in California varies signiﬁcantly on a regional scale due
to diverse local sources. Furthermore, the mixing state of
particles from these local emissions can be signiﬁcantly
altered based on differences in meteorological conditions
and air mass histories, which will most likely result in
regional differences in the health, optical, and cloudnucleating properties for the aerosol populations observed
across California. This should be taken into account when
determining which emissions sources to regulate in order
to mitigate the adverse effects of aerosols on both human
health and climate change.
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