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source of uncertainty for global climate models (Solomon et
al., 2007). Thus, improvements in global climate models require improvements in representing aerosol particles as forcing agents.
Measurements show that organic aerosol (OA) comprises
20 % to 90 % of the total submicron aerosol mass (Kanakidou et al., 2005). Factor analysis of Aerodyne Aerosol Mass
Spectrometer (AMS) data collected at numerous locations in
the Northern Hemisphere has shown that the oxygenated organic aerosol, which is a proxy for secondary organic aerosol
(SOA), is the largest component of the OA mass, comprising
between 63 and 95 % of the total (Zhang et al., 2007; Ng et
al., 2010; Zhang et al., 2011). Modeling efforts have struggled to reproduce the measured OA concentrations, physical
properties, and chemical properties. Early modeling studies
underpredicted observed SOA concentrations by factors of
8–100 over large regions of the atmosphere (deGouw et al.,
2005; Heald et al., 2005; Volkamer et al., 2006). More recent modeling efforts incorporating newly discovered SOA
sources have begun to close the gap between predicted and
measured SOA concentrations, though simulated SOA properties such as volatility and O:C ratio may be very different from the observations (Dzepina et al., 2009; Hodzic
et al., 2010; Slowik et al., 2010). In regions of the atmosphere free of anthropogenic influence, some updated models
may reproduce the observed OA concentrations with reasonable accuracy (Slowik et al., 2010), though it remains unclear if agreement is a result of adequately parameterizing
the dominant SOA formation processes or a fortuitous result of offsetting error. In another case, a model incorporating new SOA production schemes reproduced the measured
SOA mass near Mexico City, but overpredicted the observed
SOA mass downwind of the city (Shrivastava et al., 2011).
The most recent generation of models appear to be particularly challenged in regions where anthropogenic and biogenic emissions mix and have suggested that anthropogenic
emissions enhance SOA formation from biogenic volatile organic compounds (BVOCs), though to varying degrees (Carlton et al., 2010; Spracklen et al., 2011). Carleton et al. (2010)
estimate that approximately 50 % of the total biogenic SOA
loading is from anthropogenically-controlled biogenic SOA
while Spraklen et al. (2011) arrive at an estimate of 70 %.
Regardless of the exact magnitude, these modeling studies
suggest that mixing of anthropogenic and biogenic emissions
significantly enhances SOA formation.
An increasing number of field measurements have also
provided evidence of an anthropogenic effect on SOA formation. In the northeastern United States, de Gouw et al. observed a strong correlation of OA with acetylene and alkyl
nitrates, tracers of anthropogenic emissions (deGouw et al.,
2005). However, they could not explain the observed OA
concentrations based on traditional yields of the measured
anthropogenic precursors alone and suggested pollution may
enhance OA formation from biogenic precursors (deGouw
et al., 2005). Another study showed similar strong correAtmos. Chem. Phys., 13, 2091–2113, 2013

lations between anthropogenic VOCs, such as glyoxal, and
OA concentrations (Volkamer et al., 2006). Measurements
of water-soluble organic compounds (WSOC) in fine particles in the Atlanta metro area showed high correlations
with anthropogenic emission tracers, such as CO and anthropogenic VOCs (Weber et al., 2007; Sullivan and Weber, 2006). However, despite sampling in a region heavily
influenced by biogenic VOC emission, little correlation between biogenic VOCs and WSOC concentrations was found
(Weber et al., 2007). Simultaneously, radioisotope analysis
showed that 80 % of the particle-phase carbon mass was
modern in origin, suggesting the WSOC was largely SOA
formed from biogenic emissions (Weber et al., 2007). Radiocarbon analysis of fine particulate matter collected at twelve
additional sampling sites in the United States showed that
modern carbon composed 50 %, 70–97 %, and 82–100 % of
the total carbon at urban, near urban, and remote sites, respectively, again suggesting that much of the OA mass originates from modern carbon, particularly downwind of urban
areas (Schichtel et al., 2008). Goldstein et al. (2009) report
that satellite observations of aerosol optical thickness over
the SE US showed spatial and seasonal patterns that were
consistent with OA formation from biogenic precursors and
hypothesized that anthropogenic NOx and SO2 emissions
modulated SOA formation from biogenic VOCs (Goldstein
et al., 2009). Taken together, the field observations suggest
that much of the SOA mass forms from biogenic precursors
through some mechanism that is either driven or enhanced
by anthropogenic emissions.
Laboratory studies have provided insights into potential
mechanisms by which anthropogenic emissions may enhance SOA formation from biogenic precursors. Partitioning theory predicts that primary anthropogenic carbonaceous particles should enhance SOA formation from BVOCs
(Odum et al., 1996; Pankow, 1994) through Raoult’s-Law
effects, though measurements suggest that biogenic SOA is
soluble in some but not all primary anthropogenic particles
(Song et al., 2007; Asa-Awuku et al., 2009). Acidification
of aerosol particles has been show to increases SOA yield
through acid catalyzed oligomer formation (Gao et al., 2004;
Offenberg et al., 2009; Jang et al., 2002). NOx concentrations have also been shown to affect SOA yield by affecting gas-phase oxidation pathways. Studies of SOA formation
from isoprene found that the highest SOA yield is achieved
at VOC:NOx ratios of 1–5 (ppbv C:ppbv NOx ) with lower
values measured at both higher and lower ratios (Kroll et al.,
2005; Kroll et al., 2006; Dommen et al., 2006; Chan et al.,
2010). Later experiments elucidated the role of NOx in determining isoprene gas-phase isoprene oxidation mechanisms
and subsequent SOA products. Under low-NOx conditions,
first-generation isoprene peroxyradicals react primarily with
HO2 to form peroxides which undergo further oxidation to
produce isoprene epoxydiols (Surratt et al., 2010; Chan et
al., 2010). In the presence of acidic sulfate seed aerosol,
these isoprene epoxydiols undergo heterogeneous reactions
www.atmos-chem-phys.net/13/2091/2013/

J. E. Shilling : Enhanced SOA formation from mixed anthropogenic and biogenic emissions
to form organic-sulfate esters (Surratt et al., 2008) and furan
diols (Lin et al., 2012) leading to efficient SOA formation, especially at low relative humidity (Surratt et al., 2010). Under
high-NOx conditions, first-generation isoprene peroxyradicals react with NO to generate methacrolein (MACR) and
methylvinyl ketone (MVK). In the presence of NO2 , OH
oxidation of MACR produces methacryloyl peroxy nitrate
(MPAN), which can undergo subsequent oxidation to form
significant SOA (Chan et al., 2010; Surratt et al., 2010).
Additional hereto unidentified multigenerational chemistry of semi- or intermediate-volatility biogenic species
could potentially enhance SOA yields through the enhanced
oxidant concentrations found in urban plumes. This process
has been identified as important for semi-volatile anthropogenic emissions (Robinson et al., 2007). However, gasphase aging of biogenic species has been largely unstudied
and it is unclear if this mechanism significantly enhances
isoprene SOA yields. Very recent laboratory results suggest
gas-phase aging by OH increases the yield for α-pinene SOA
(Donahue et al., 2012). Additional mechanisms, such as oxidation of VOCs by NO3 ; oxidation of wood-smoke, forest
fire, and other biomass burning emissions; in-cloud aqueousphase processing; and irreversible partitioning may also play
a role in certain regions (Hoyle et al., 2011; Vaden et al.,
2011; Carlton et al., 2006; Ervens et al., 2008; Perraud et al.,
2012).
The Carbonaceous Aerosol Radiative Effects Study
(CARES) conducted in and around Sacramento, CA was designed to investigate potential interactions of biogenic and
anthropogenic emissions (Zaveri et al., 2012). Sacramento’s
location and the surrounding terrain make it an ideal site
for investigating anthropogenic/biogenic interactions. Sacramento is a relatively isolated, medium sized city in California’s central valley. Strong sources of biogenic emissions are
found ∼40 km to the east in the foothills of the Sierra Nevada
Mountains, with relatively few sources of either biogenic or
anthropogenic emission between the city and the foothills.
The terrain immediately to the north, south and west is
also free from strong sources of biogenic emissions. Anthropogenic emissions from the Bay Area to the west sometimes
impact Sacramento. Synoptic-scale southwesterly winds regularly transport the Sacramento emissions over the foothills
on timescales of several hours, making it amenable to study
mixing of fresh anthropogenic and biogenic emissions during the course of the day. Passages of mid to lower tropospheric troughs shift the wind direction to the northwest,
providing opportunities to evaluate the urban plume in isolation (i.e., in the absence of biogenic emissions). Here, we
report observations taken onboard the Department of Energy
(DOE) Gulfstream-1 (G-1) research aircraft during CARES
that show SOA production is enhanced when anthropogenic
emissions mix with biogenic emissions.
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Experimental

As part of the CARES campaign, gas and particle phase measurements were taken during 22 research flights from 3 to 28
June 2010 onboard the G-1, in the vicinity of Sacramento,
CA, over the Central Valley, and the Sierra Nevada foothills.
The G-1 was based at McClellan Airfield, located approximately 10 miles NE of downtown Sacramento. An overview
of the CARES campaign measurement strategy, scientific
goals, and meteorology were described previously (Zaveri et
al., 2012; Fast et al., 2012). The G-1 sampling strategy was to
characterize the Sacramento urban plume and the surrounding air upwind and downwind of Sacramento in the morning when emissions were fresh and again in the afternoon
after emissions had been aged and transported. This quasiLagrangian strategy allows for the development and aging
of the urban plume to be examined. Typically, the morning
flight occurred between 09:00–12:00 local time (PDT) with
the afternoon flight lasting from 15:30 to 18:30 PDT. A full
list of the flight times are provided in Zaveri et al. (2012). Research flights were conducted only on clear or mostly clear
days. Unless otherwise noted, data described in this paper
were collected at an altitude of 305 m above ground level
and at a nominal true air speed of 100 m s−1 . Each flight usually included one or more spiral ascent to higher altitudes to
determine the vertical profile of meteorological parameters,
aerosol properties, and trace gases.
Flight paths were developed based on the prevailing wind
direction and meteorology. When prevailing winds were
from the southwest (SW), the Sacramento plume was transported toward the foothills, a major source of biogenic emissions. The underlying terrain for most of this flight path was
dominated by hardwoods (primarily oak) that primarily emit
isoprene; flights discussed herein did not penetrate deeply
enough into the Sierra Nevada to pass over the conifers that
grow at higher elevations and emit monoterpenes. Measurements during SW flow conditions therefore represent an opportunity to evaluate SOA formation and aging when anthropogenic emissions mix with biogenic emissions. In contrast, when prevailing winds were from the northwest, the urban plume was transported from the Sacramento valley into
the San Joaquin Valley where the terrain was dominated by
agricultural use and rangeland. The G-1 did not fly over the
foothills on NW flow days; therefore relatively little biogenic
emission were encountered (except at the eastern ends of
some flight legs) and the urban plume evolved in the absence
of strong biogenic influence. Contrasting the plume evolution under different meteorological conditions provides an
opportunity to examine the effect of anthropogenic/biogenic
interactions.
The chemical composition of the non-refractory aerosol
particles was measured with an Aerodyne High-Resolution
Time-of-Flight Aerosol Mass Spectrometer (AMS) (DeCarlo
et al., 2006; Jayne et al., 2000). In the AMS, particles are focused into a narrow beam by an aerodynamic lens (Liu et
Atmos. Chem. Phys., 13, 2091–2113, 2013
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al., 1995) and impacted onto a resistively heated (600 ◦ C)
ceramic oven. Non–refractory components (operationally defined as components that vaporize in ∼2 s) are volatilized, the
vapor plume is ionized by electron impact at 70 eV, ions are
extracted into a time of flight chamber where they are separated by velocity, and detected with a microchannel plate.
For this study, only the higher sensitivity “V” mode of the
mass analyzer was employed. Mass spectra are analyzed with
standard software as described in the literature to chemically
resolve particle components (Allan et al., 2004; Aiken et al.,
2007). The AMS recorded an average mass spectrum every
13 s or roughly 0.65 miles (1.04 km) at the G-1 flight speed.
Interferences from gas phase species were subtracted from
the data based on the signal observed when sampling air diverted through a HEPA filter; filter data were collected for approximately 5 min before, during, and after each flight. The
ionization efficiency (IE) of the instrument was regularly calibrated during the campaign with monodisperse ammonium
nitrate particles using the single particle sampling mode (i.e.,
BFSP mode). The IE calibrations were stable through the
campaign; therefore, all calibration data were averaged and
a single calibration was applied to all the flight data. To account for real-time changes in instrument sensitivity as the
instrument warmed up during the flights, the mass spectral
signal at m/z 28 (N+
2 ) was normalized to the average value of
the same signal obtained during calibration runs to generate
a real-time correction factor (i.e., the “airbeam correction”)
that was applied to the data. In general, the magnitude of this
correction was less than 10 %. Based on in-flight filter measurements, AMS detection limits for a 13 s averaging time
are approximately 0.3, 0.07, 0.05, and 0.15 µg m−3 for organics, sulfate, nitrate, and ammonium, respectively though
they vary with the instrument pump-down time (DeCarlo et
al., 2006).
Ambient aerosol particles are sampled using a common
isokinetic inlet on the G-1. A portion of the total aerosol flow
in the isokinetic inlet was split from a ¼00 copper pickoff port
for AMS sampling. To maintain a constant pressure in the
AMS lens, a pressure controlled inlet (PCI) was added between the ¼00 pickoff port and the AMS lens (Bahreini et al.,
2008). The PCI maintains a constant pressure (∼620 mbar
for this study) in the AMS sampling line by pumping a controlled and variable flow (0–300 ccm) across a 0.20 mm orifice. A second 0.13 mm orifice downstream of the first maintains constant volumetric flow into the AMS lens. The orifice
sizes were chosen to maintain a lens pressure of 1.77 mbar,
which is operating pressure of the lens under standard conditions (i.e., at sea level in the absence of a pressure controlled
inlet), at the highest altitude we expected to sample. All calibrations were performed with the PCI operating as it did
in-flight. All species mass concentrations are referenced to a
temperature of 23 ◦ C and 1 atmosphere pressure.
Volatile Organic Compounds (VOCs) were measured with
an Ionicon High-Sensitivity Proton Transfer Reaction Mass
Spectrometer (PTR-MS) (Lindinger et al., 1998). In the PTRAtmos. Chem. Phys., 13, 2091–2113, 2013

MS, analyte molecules are ionized by reaction with a high
concentration of H3 O+ ions under the influence of an electrical field in a drift tube. Only molecules with a higher proton affinity than that of water undergo a reaction, making
the technique sensitive to most unsaturated VOC’s but insensitive to the major components of air, such as N2 , O2 ,
CH4 , CO and CO2 . Ionized molecules are then filtered with
a quadrupole mass spectrometer and detected with an electron multiplier. The drift tube temperature was maintained
at 60 ◦ C, the pressure in the drift tube was maintained at
2.2 mbar by a pressure controller, and the voltage across the
9.2 cm drift tube was maintained at 600 V, resulting in an
E/n of 136 Td. The quadrupole was set to sequentially step
through a series of 17 masses (13 research masses and 4 diagnostic masses) with a 100 ms dwell time on each research
mass. After allowing for settling time of the quadrupole voltages, this sampling strategy yielded a time resolution of one
full cycle of measurements every 3.4 s. Air was supplied to
the PTR-MS from a forward facing inlet through approximately 15 ft. of 0.07 ID” PEEK capillary tubing, the final
3 feet of which were heated to 60 ◦ C. Ambient air was periodically diverted through a stainless steel tube filled with
a Shimadzu platinum catalyst heated to 500 ◦ C, which catalytically converts VOCs in the air to CO2 . Comparison of
ambient air sampled through the heated catalyst with air
from a cylinder of certified VOC-free air showed the catalyst
was effective at removing VOCs to the instrument detection
limit. Ion intensities observed while sampling through the
catalyst were taken as the instrument background and subtracted from the experimental measurements. These backgrounds were taken before, during, and after the flights with
the readings in good agreement. Because the PTR-MS was
powered down nightly after flights, instrument backgrounds
at most masses are higher than normal, which also increases
the instrument detection limit. Using the method and definitions described by Amann et al. (2010), we estimate the PTRMS limit of quantification for isoprene, methacrolein and
methyl-vinyl ketone, benzene, toluene, and monoterpenes as
500, 550, 750, 600, and 300 pptv respectively (Amann et al.,
2010). Gas concentrations were calculated from calibrations
conducted regularly during the campaign by sampling from
gas cylinder containing known concentrations the VOC’s of
interest.
Ions with the same nominal mass were not separated by the
PTR-MS and therefore signal at a particular mass-to-charge
may have contributions from several species. In this work, we
assign the signal at m/z 69 as isoprene and m/z 71 as the sum
of methacrolein and methyl-vinyl ketone (MVK + MACR).
We note that the signal at m/z 69 may also originate from
fragmentation of larger molecules in diesel exhaust or gasoline (Jobson et al., 2005), furan in biomass burning plumes
(Warneke et al., 2011), and alkenes (Karl et al., 2007). Similarly, m/z 71 may also originate from fragmentation of larger
molecules in diesel exhaust or gasoline (Jobson et al., 2005),
pentene and its isomers (Warneke et al., 2003), and higher
www.atmos-chem-phys.net/13/2091/2013/
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alkenes (Karl et al., 2007). While we cannot rule out small
contributions from these compounds to the signal, we argue
the signal at m/z 69 and m/z 71 is dominated by isoprene
and MVK + MACR, respectively, in this study for the following reasons. First, we observe a tight correlation between
m/z 69 and m/z 71, suggesting they come from a similar
source. Second, there is a poor correlation between m/z 69
and 71 with other VOCs typically associated with urban and
industrial emissions, such as benzene and toluene. There is a
poor correlation between m/z 69 and 71 with m/z 43, a common fragment of diesel exhaust, higher alkenes, and pentenes
(Jobson et al., 2005; Warneke et al., 2003). Isoprene and its
oxidation products were not present at concentrations larger
than 1 ppbv over the city during most flights, and were only
observed over the city when nighttime winds were from the
east, suggesting these emissions do not originate from Sacramento. Biogenic emission estimates based on the MEGAN
model (Guenther et al., 2006) also indicate that emission
rates are low near Sacramento and high in the foothills (Zaveri et al., 2012).
Air for CO, ozone, NO, and NO2 measurements was
drawn from a forward facing ½00 PFA Teflon. Inside the
aircraft, ¼00 PFA taps fed individual instruments. Carbon
monoxide was measured by a research-grade instrument built
by Brookhaven National Laboratory (BNL) and Resonance
Limited (Ontario, Canada). The unit selectively measures CO
by resonance fluorescence at 150 nm using a sealed CO discharge lamp and a 5-element dichroic mirror excitation filter
(Volz and Kley, 1985). The fluorescence signal is measured
by a photomultiplier tube (Hamamatsu R6834 with photon
counting) with a 1-s time resolution. The instrument optics
were purged with high-purity argon gas to eliminate interference. Calibrations were performed in-flight by introducing standard additions of CO from a reference cylinder to
the instrument every 20 or 40 min. Because the instrument
response varied with warm-up and purging efficiency, ambient concentrations were calculated using a spline fit to the
standard addition calibrations. The instrument was zeroed
every 20 min by diverting ambient air through Sofnocat Catalyst (Molecular Products, New York, NY) at room temperature. The instrument detection limit is approximately 3 ppbv.
The flow rate through the instrument limits its practical time
response to 2–5 s.
Ozone was measured using a modified Model 49-100
UV Absorbance O3 Analyzer (Thermo Electron Corporation, Franklin, MA). Modifications were made to the internal
ozonizer so that in-flight zeros and span checks were made
every other hour. This unit is calibrated regularly against the
NY State Department of Environmental Conservation NISTtraceable standard. The expected uncertainty in response
is ∼5 % (3 S.D.) and the detection limit is approximately
3 ppbv.
NO, and NO2 were measured using an instrument designed and constructed at BNL. The instrument measures
NO directly by detecting the chemiluminescence resulting
www.atmos-chem-phys.net/13/2091/2013/
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from reaction with added O3 . NO2 is converted to NO by
photolytic reduction using a bank of 6 high-power LEDs
(395 nm, ∼175 mW each) followed by detection as NO. Calibration standards of NO and NO2 are added to the ambient air in flight to measure the instrument sensitivity and
background of all three channels. Converter efficiency for
the photolysis cell (0.71) was assessed by partially titrating
a fraction of the NO standard with O3 . The zero background
was measured every 10 min by pre-reacting the ambient air
with reagent O3 .

3
3.1

Results and discussion
Overview of measurements

The average chemical composition of the non-refractory submicron aerosol particles sampled during all CARES flights is
shown in Fig. 1. Organics dominate the particle phase chemical compositions, accounting for 85 % of the total particle
mass. Sulfate and nitrate account for 5 and 6 % of the particle mass, respectively with the balance ammonium. On average, the measured ammonium mass is approximately 20 %
less than that required for full neutralization of the measured
anion mass. Typical error on AMS mass measurements is
∼30 % (Canagaratna et al., 2007). In the case of ammonium,
much of the error comes from the determination of the relative ionization efficiency (RIE), particularly when using the
field-employed calibration method. The standard deviation
of the ammonium RIE determination was 13 %, again suggesting that the ammonium deficiency could be similar in
magnitude to the measurement and calibration error. However, the anion/cation balance changes with the age of the
airmass and with altitude, possibly suggesting the presence
of organic sulfates or organic nitrates in the particle phase
(Zaveri et al., 2012). The subjects of anion/cation balance,
organic nitrates, and organic sulfates measured by the AMS
as the T1 ground site are dealt with extensively in Setyan et
al. (2012).
The organic fractions of the total fine particle mass reported in the literature are highly variable; Kanakidou et al
report a range of 20–90 % (Kanakidou et al., 2005) while
Zhang et al. report a range of 18–70 % (Zhang et al., 2007)
over a wide range of sites. Therefore, the organic fraction
reported (85 %) here is at the upper end of what is reported
in the literature. This can likely be explained by the fact that
flights occurred only during the day, around the times of peak
organic levels, and were targeted at finding OA plumes, all of
which bias observations towards higher OA levels. The G-1
AMS organic fraction is similar to the organic fractions of
80 % reported for the CARES T1 site (Setyan et al., 2012)
and larger than the organic fraction of 63 % measured at the
CARES T0 site. The dominance of the fine particulate mass
by organics suggests that aerosol levels are controlled by
Atmos. Chem. Phys., 13, 2091–2113, 2013
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Carquinez Strait, approximately 60 miles to the SW of the
city (Setyan et al., 2012; Zaveri et al., 2012). Nitrate levels
are more variable than sulfate levels, but less so than organics. Based on the measured anion/cation mass balance and
the large sources of ammonia in the Sacramento Valley, it is
likely that most of the particulate nitrate mass is ammonium
nitrate, though some of nitrate mass may also come from organic nitrates. We again note that all G-1 flights occurred at
similar times and only during daylight hours, so they will not
capture the diurnal variability observed at the ground sites
(Setyan et al., 2012).
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Fig. 1. Box and whisker representations of the AMS-observed nonrefractory submicron aerosol organic, sulfate, nitrate, and ammonium mass. Each point represents data from one flight of the G-1
research aircraft. Boxes represent the upper and lower quartiles and
whiskers represent the 5th and 95th percentiles. The inset in the top
panel shows the average particle chemical composition across all
flights. Lines connect the median of each point and are shown to
guide the eye.

SOA formation to a much larger extent in the Sacramento
region than in other regions of the US.
Figure 1 also shows box and whisker plots of the speciated aerosol mass for each flight, which provides a more detailed view of the temporal differences in aerosol composition. Organic aerosol levels are generally higher in the afternoon flights than in the morning, as would be expected
if SOA is influencing OA levels. Generally, the organic levels are much more variable than the sulfate concentrations,
which do not show the intense buildup toward the end of
the campaign displayed by organics. The lower variability
in sulfate concentration suggests that its sources are regional
and largely unaffected by variability of local emissions, consistent with our hypothesis that the major sources of sulfate
for the Sacramento region are the refineries located along the
Atmos. Chem. Phys., 13, 2091–2113, 2013

Mixed anthropogenic/biogenic plume evolution

As show in Fig. 1, a buildup of aerosol in the Sacramento area
occurred toward the end of the campaign, with peak concentrations observed on 28 June. In addition, WRF-Chem tracer
forecasts shown in Fig. 2 illustrate the transport of the Sacramento plume over the foothills of the Sierra Nevada during
the afternoon (Fast et al., 2012). The high OA levels and
the transport pattern make 28 June an attractive candidate
for detailed discussion. Figure 2 shows that emissions from
the Sacramento area are concentrated in the morning in the
vicinity of downtown Sacramento and along I-80 corridor to
the NE. The simulations (not shown) also predict that a portion of the urban emissions from the previous day were first
transported to the foothills, and then recirculated back over
the Sacramento area by nighttime easterly winds (not shown)
several hundred meters above the surface, similar to the recirculation event during the evening of 22–23 June described
in Fast et al. (2012). During this recirculation event, biogenic
emissions from the foothills are mixed with the urban plume
by the growing morning boundary layer. Thus, based on the
simulations, the airmass sampled by the G-1 in the morning is expected to contain mixtures of biogenic and anthropogenic emissions.
A significant fraction of the CO in the Sacramento region in the morning originated from the Bay Area; however,
these emissions are concentrated above the nighttime boundary layer and move out in front of the Sacramento urban
plume over the Sierra Nevada Mountains or south into the
San Joaquin Valley as thermally-driven winds develop aloft.
By the afternoon, the contribution from the Bay Area has
diminished significantly by transport. In contrast, the tracer
forecasts showed that the Sacramento urban plume was transported primarily toward the foothills during the afternoon,
where it interacted with fresh biogenic emissions. Therefore,
the evolution of the Sacramento plume during the afternoon
of 28 June should be relatively free of fresh Bay Area emissions, simplifying interpretation of the data. We note that
aged regional emissions elevated CO and OA background
levels across the CARES flight domain toward the end of the
campaign, including on 28 June.
Figure 3 shows the spatial distributions of CO, a tracer for
anthropogenic emissions; the sum of isoprene, methyl vinyl
www.atmos-chem-phys.net/13/2091/2013/
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Fig. 2. WRF-Chem tracer forecasts of CO concentrations over central California on 28 June. Panels A and C show the Sacramento urban
area CO forecasts at 09:30 and 14:30 PDT respectively, which represent the approximate takeoff time of the morning and afternoon G-1
flights. (B) and (D) show CO forecasts at the same times for the Bay Area emissions. The color scale indicates the level of CO above the
background. The solid black line is the G-1 flight path and the markers show the locations of the ground sites.

ketone (MVK), and methacrolein (MACR), oxidation products of isoprene and tracers for biogenic emissions; and OA
levels along the morning and afternoon G-1 flight paths. Figure 4 shows the same data in addition to ozone concentrations and the OA O:C elemental ratios plotted temporally. In
the morning flight, the G-1 took off from McClellan airfield
at 09:23 PDT and flew three legs along a NE/SW flight path,
along the axis of the plume transport. At the end of the third
leg, the G-1 performed a spiral climb (labeled a in Figs. 3
and 4) to 2573 m AGL, descended to 384 m, and flew north
again along the same line. It then flew three plume transect
legs, traveling directly over McClellan and the T0 site perpendicular to the direction of the plume transport (labeled b
in Figs. 3 and 4). The G-1 then performed one plume transect
to the south of the city and proceeded to the foothills where
it flew two legs perpendicular to the wind over the T1 site
(labeled c and d in Figs. 3 and 4). Finally, the G-1 returned to
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the metro area where it repeated two flight legs over the T0
site before landing.
As seen in Figs. 3 and 4, the G-1 encountered an intense
plume (indicated with an arrow, a dashed pink line and the
label “b” respectively) in the morning to the southeast of the
city center. Passage through the plume is indicated by elevated concentrations of CO of up to 300 ppbv and OA loadings in excess of 25 µg m−3 . In both the morning and the afternoon, CO and OA concentrations are well correlated, with
r values of 0.7 and 0.85 respectively. Figures 3 and 4 show
that there is a significant amount of isoprene (up to 1.5 ppbv)
and its first-generation oxidation products, methacrolein and
methyl-vinyl ketone, (up to 4.2 ppbv) co-located with the CO
and OA in the plume. Thus, PTR-MS observations confirm
the WRF predictions that suggest biogenic-rich air from the
foothills is transported back to the Sacramento urban area on
the night of 27–28 June by easterly flows aloft. Intense biogenic emissions were observed on the flight leg passing over
Atmos. Chem. Phys., 13, 2091–2113, 2013
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Fig. 3. 28 June G-1 morning and afternoon flight tracks colored by CO, the sum of m/z 69 (mainly isoprene) and 71 (MVK + MACR), and OA
concentrations. The arrow indicates the mixed anthropogenic/biogenic plume. The boxed indicates the area influenced primarily by biogenic
emissions. T0 and T1 symbols indicate locations of the ground sites. Letters are used to identify important portions of the flight track and
correspond to the letters in shown in Fig. 4.

the T1 site. Isoprene concentrations on this leg, particularly
on the northern portion (labeled d), are the highest observed
throughout the campaign reaching 12.9 ppbv around noon
despite its short atmospheric lifetime under these conditions
(0.5–1 h). Strong biogenic emissions were always observed
in this region of the G-1 flight pattern, regardless of wind
pattern as flights were always conducted during the daytime
when high temperatures and intense sunlight promote isoprene emission. Monoterpene concentrations were below the
PTR-MS detection limit (∼300 pptv) across the entire flight
domain discussed in this manuscript. Significant monoterpene concentrations were measured on a single flight that
penetrated deeper into the Sierra Nevada range (not shown).
Atmos. Chem. Phys., 13, 2091–2113, 2013

The temporal profiles (Fig. 4) emphasize the spatial extent of the plume and indicate how sharp the gradients in
CO and OA concentrations are between the plume and the
background air. CO concentrations drop from their peak of
> 300 ppbv to approximately 120 ppbv over a distance of
only 19.3 km. Organic loadings drop from their in-plume
peak of > 25 µg m−3 to approximately 6 µg m−3 outside of
the plume, again over a similar length scale. Figures 3 and 4
also shows that levels of isoprene and its oxidation products
are near background level near the city but outside the plume,
again suggesting biogenic emissions from the foothills and
not from the city are by far the dominant sources of biogenic
VOCs in the area. Interestingly, the O:C ratios of the OA do
www.atmos-chem-phys.net/13/2091/2013/
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Fig. 4. Organic particle mass, organic particle O:C, CO, ozone, NO, NO2 , NO2 :NO, bVOC:NOx , m/z 69 (isoprene), m/z 71 (MVK + MACR),
and m/z 93 (toluene) concentrations for the morning and afternoon 28 June flights. Note there is a break in the time axis. The plume transects
analyzed for Fig. 5 are indicated by the dashed pink line. Letters at the top of the graph correspond to the flight legs labeled in Fig. 3.

not show these same sharp gradients between the OA inside
and outside of the plume. The OA O:C ratio hovers around
0.51 for much of the morning flight, with slightly higher O:C
(0.58) values observed to the southwest of the city and significantly larger values (0.72) during the G-1 spiral ascent to
2573 m at 10:00 PDT. The O:C ratios observed in the plume
are in excellent agreement with those observed for fresh SOA
generated from the photooxidation of isoprene in the presence of NOx (Chhabra et al., 2010). No significant difference
in O:C was observed between the OA located close to Sacramento and the OA located over the foothills. The mechanistic
implications of the O:C ratio observations will be discussed
later in the manuscript.
In the afternoon, the G-1 left McClellan airfield at 15:21
PDT and flew a flight pattern aimed at characterizing the air
upwind of Sacramento, over the city including the T0 site and
McClellan, and downwind of the city over the T1 site. The
right hand panels of Figure 3 and 4 show the temporal and
spatial distributions of the key biogenic and anthropogenic
tracers and the OA concentrations and O:C ratio as before.
Comparison of the left and right panels shows that the intense
OA and CO plume was transported toward the NE, with the
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leading edge arriving SE of the T1 site by 15:30 (labeled f
in Figs. 3 and 4) and the trailing edge found between T0 and
T1 (labeled e in Figs. 3 and 4). The plume location predicted
by the WRF-Chem forecasts (Fig. 2) is in good agreement
with these measurements. The high CO and OA concentrations observed in this plume confirm that it is the same plume
identified in the morning over the city. Therefore, this plume
provides a case where the OA evolution in a single, well defined, quasi-Lagrangian air parcel can be examined over the
course of the day and as it encounters further isoprene emissions.
Figure 5 shows the average concentrations of OA, the O:C
ratio, CO, isoprene, and MVK + MACR in the plume as
it evolved over the course of the day. Each point in Fig. 5
corresponds to the average value for each pass through the
plume. In calculating plume averages, we include 13 points
centered about the plume maximum (defined as the maximum OA concentration) resulting in an averaging time of
approximately 170 s. Figure 5 shows that OA levels increase by 4 µg m−3 during the 1.5 h between the first and last
pass through the plume during the morning flight. This increase in OA concentration is anticorrelated with PTR-MS
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measurements of isoprene and MVK + MACR, suggesting
that second and higher generation isoprene oxidation products are key contributors to OA formation (Kroll et al., 2005;
Chhabra et al., 2010). Near Sacramento, isoprene emissions
are small, so the plume evolves in the morning without continuous injection of significant concentrations of fresh isoprene. While the OA concentration increases, the OA O:C
ratio does not change significantly, suggesting that the fresh
OA is chemically similar to the existing OA. CO concentrations increase slightly during the morning flight from approximately 240 ppbv to 260 ppbv. Toluene concentrations of
up to 1.2 ppbv are observed near downtown Sacramento, but
quickly drop below the PTR-MS detection limit outside the
city due to oxidation and dilution. The toluene and CO observation indicate that fresh emissions from Sacramento are
mixing into the plume, as would be expected at this time
of the day. These fresh emissions undoubtedly contain some
primary organic aerosol (POA), which will contribute to the
increased OA concentrations measured by the AMS. However, given that the particle O:C did not change, the POA at
the T1 site has an O:C of 0.08, much smaller than the observed O:C, the measured black carbon concentrations in the
plume (0.1–0.2 µg m−3 ), and the PMF analysis results at T1
site, the POA contribution to the observed OA increase likely
to be small (< 10 %) (Setyan et al., 2012; Zaveri et al., 2012).
In the afternoon, the plume is transported into the foothills
where fresh biogenic emissions mix into the leading edge of
the plume, as indicated in Fig. 3, label “f”. In the 62 minutes
between the first and second pass through the plume in the afternoon, the OA mass increases by 3.5 µg m−3 ; again the OA
concentration is anticorrelated with concentrations of isoprene and MVK + MACR suggesting second and higher generation isoprene oxidation products partition to the particlephase.
Comparing the morning to the afternoon flights through
the plume, absolute concentrations of OA and CO both decrease, indicating that evolution of the plume is also affected
by dilution. Correcting for dilution provides a more complete
and accurate picture of the OA production in the plume; however this correction is highly sensitive to the choice of the
background CO and OA concentrations. Figure 5 shows corrected OA concentrations calculated by using CO as a dilution tracer assuming two different background conditions for
two limiting cases. In the first case, we assume dilution is
primarily through mixing with boundary layer air outside the
plume but within the G1 flight domain. For this case, calculated background CO and OA concentrations are taken from
the northwestern portion of the flight path as 145 ppb and
8.9 µg m−3 , respectively. In the second case, we assume dilution is primarily through vertical mixing with free tropospheric air. For this case, we take the background CO and
OA concentrations as the average of those values measured
in the free troposphere during the morning flight spiral ascent, obtaining 141 ppb and 0.6 µg m−3 , respectively. The dilution corrected OA loadings are shown in Fig. 5 and in-
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Fig. 5. Evolution of the average concentrations of OA, CO, and biogenic tracers within the mixed anthropogenic/biogenic plume on the
28 June flights. Each point is the average of approximately 170 s of
data centered about the point of maximum OA for each pass of the
G-1 through the plume (indicated by the pink line in Fig. 4). Lines
are shown to guide the eye.

dicate that between 8.2 and 12.3 µg m−3 of OA mass was
added in approximately 8 h as the plume evolved. Despite
this large increase in OA mass, the chemical composition of
the OA did not change significantly as the plume evolved.
Figures 4 and 5 show that the O:C ratio of the plume is consistently between 0.5 and 0.55. Figure 6 shows a comparison of the OA mass spectrum from the morning and afternoon flights, which again indicates little change in chemical
composition. The implications of the AMS observations for
the mechanism responsible for SOA formation are discussed
in section 3.6. However, literature smog chamber isoprene
yields (Kroll et al., 2005; Kroll et al., 2006) (4 %) together
with estimates of the concentration of fresh biogenic emissions consumed (isoprene + 1.65·(MVK + MACR)), particularly for the morning portion of the flight when biogenic
emissions are a minimum, cannot explain the measured increase in OA mass, suggesting that some mechanism is
www.atmos-chem-phys.net/13/2091/2013/
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enhancing OA formation. Below, we detail additional evidence that suggests anthropogenic emissions from the city
are enhancing the formation of biogenic OA.
Biogenic dominant plume evolution

The G-1 data from the 28 June flights also provide a convenient dataset to compare and contrast SOA formation in
an airmass influenced by both fresh anthropogenic and biogenic emissions with an airmass influenced primarily by biogenic emissions and aged anthropogenic emissions. In the
morning flight, we observe an area of intense biogenic emissions at the northernmost part of the leg flying over the T1
site, with isoprene concentrations as high as 13.3 ppbv and
MACR + MVK concentrations as high as 8 ppbv. The terrain
under this portion of the flight leg is the most densely wooded
and least populated portion of the flight track, so it is expected that biogenic emissions are highest in this area. Indeed, emission inventories predict increasing biogenic emission to the north and west of the T1 site, consistent with observations. In the afternoon, we again observed the highest
concentrations of isoprene and its oxidation products along
this section of the flight leg. Toluene concentrations in this
region remain below the PTR-MS detection limit both in the
www.atmos-chem-phys.net/13/2091/2013/
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Fig. 7. Evolution of the average concentration of OA, CO, and biogenic tracers on the 28 June flights for a region of the flight domain
influenced predominantly by fresh biogenic emissions (labeled d
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170 s of data representing a pass of the G-1 through the region.
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morning and in the afternoon. CO and ozone levels were
150–155 and 45–60 ppbv in the morning and 145–155 and
50–60 ppbv in the afternoon, indicating that the Sacramento
urban plume highlighted in the previous section did not impact this area. At the same time, both CO and ozone levels are
elevated relative to the values found in this same region on
earlier days, indicating that this regions is influenced by aged
urban emissions. Taken together, observations show that this
area of the CARES domain is rich in fresh biogenic emissions and influenced by regional aged urban emissions, but
unaffected by fresh anthropogenic emissions, thus providing
an interesting contrast to OA evolution in the mixed anthropogenic/biogenic emission case. Comparisons of OA evolution for different airmasses on the same day are particularly
informative as they normalize the effect of several variables,
such as solar intensity and temperature, on OA production
and allow us to focus in on the effect of emissions.
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Fig. 8. WRF-Chem tracer forecasts of CO concentrations for central California on 12 June. (A) and (C) show the Sacramento urban area CO
forecasts for 09:00 and 15:30 PDT respectively, which represent the approximate takeoff time of the morning and afternoon G-1 flights. (B)
and (D) show CO forecasts for Bay Area emissions. The color scale indicates the level of CO above the background. The solid black line is
the G-1 flight path and the markers show the locations of the ground sites.

Figure 7 shows the average values of CO, OA, OA O:C,
and biogenic tracers for the biogenically influenced portion
of the 28 June G-1 flights (labeled d and g in Figs. 3 and
4). The observed OA levels over this portion of the flight
path are significant in both the morning and again in the afternoon, with OA concentrations of 12–15 µg m−3 . As with
the mixed emission case, the observed OA concentrations
in the afternoon (∼12 µg m−3 ) are slightly lower than those
observed in the morning. However, CO concentrations observed in the afternoon over this region are nearly identical
to those observed in the morning, indicating that OA levels
are not significantly affected by fresh anthropogenic emissions or by dilution from background air. Thus, in this region
of the flight path, our data indicate that there was little or no
net OA production between our morning and afternoon flight.
The mass spectrum (Fig. 6) and O:C ratio of the OA in this
biogenically influenced region of the flight path are identical
to that observed in the mixed biogenic/anthropogenic plume,
Atmos. Chem. Phys., 13, 2091–2113, 2013

suggesting that the chemical composition of the aerosol in
both cases is similar. We observed very high concentrations
of both isoprene (up to 13.3 ppbv) and its oxidation products (up to 8 ppbv) in the region of the flight domain. Concentrations of both isoprene and its oxidation products decrease from the morning to the afternoon flight. Three possible explanations exist for this observation. First, photochemistry could oxidize both tracers, causing concentrations to decrease. We note that ozone concentrations in the area are significant (50–60 ppbv) and it is therefore reasonable to assume
that significant concentrations of OH radical are also present
to oxidize these biogenic emissions. A second possibility is
that biogenic concentrations were simply diluted by either
the growth of the boundary layer or by transport. The morning observations were made between 11:30 and 12:00, times
when the boundary layer well developed; thus is unlikely that
the rising boundary caused the significant decrease in concentrations. Transport is another possibility; however, winds
www.atmos-chem-phys.net/13/2091/2013/
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are relatively light on 28 June and isoprene emissions track
temperature and would have thus continued through the day.
In addition, we observe an increase in OA concentrations in
the mixed plume, which had lower levels of isoprene. Thus,
over this region of the foothills, we observe intense emissions of isoprene which is processed by photochemical reactions without a correlated increase in OA concentration. The
aforementioned observations are in sharp contrast to the behavior described in Sect. 3.1 when the fresh emissions from
Sacramento mixed with fresh biogenic emissions.
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3.4

Anthropogenic dominant plume evolution

We next examine the evolution of OA mass in a plume dominated by urban emissions. As mentioned in section 3.3, the
plume observed on the morning of 28 June had significant
concentrations of isoprene and its oxidation products already
present despite its close location to the city. We cannot identify a section of the 28 June flight that was affected only by
anthropogenic emission and therefore must instead examine
flight data from other days. For this purpose, flights made on
days with winds out of the northwest provide a convenient
case study to the evolution of a plume in the absence of biogenic emissions. Figure 8 shows WRF-Chem tracer forecasts
Atmos. Chem. Phys., 13, 2091–2113, 2013
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of both the Sacramento (a, c) and Bay Area (b, d) CO emissions for the morning and afternoon of 12 January. As seen in
Fig. 8, the WRF-Chem model predicts that Sacramento emissions are transported almost due south into the central valley.
The predictions show the plume is not transported to a significant extent into the foothills. Furthermore, the strong synoptic NW winds which developed on 10 June persisted until 13 June, making it unlikely that biogenic emissions from
the foothills would be transported into the Sacramento area
by nighttime downslope flow (Fast et al, 2012). Therefore,
the Sacramento urban plume on this day should be largely
free of biogenic influence, with the possible exception of the
eastern-most portions of the flight legs. Tracer forecasts of
Bay Area tracers show that these emissions are also transported to the south, but are not carried into the region sampled by the G-1. Therefore, the Sacramento plume should
also be relatively free of emissions from the Bay Area, which
may have different age and chemical composition than the
Sacramento plume.
Figure 9 shows the spatial variation of G-1 observations of
OA, CO, and biogenic tracers for both the morning and afternoon flight of 12 June (PTR-MS data are not available for

Atmos. Chem. Phys., 13, 2091–2113, 2013

the afternoon flight). Figure 10 shows similar measurements
plotted temporally and include OA O:C and ozone measurements. The measurements largely confirm the WRF-Chem
tracer predictions; the highest concentrations of CO are indeed south of the city. Measurements also confirm that OA
evolved largely independent of biogenic influence with significant levels of biogenic emissions observed only when the
eastern edges of the flight paths penetrating into the foothills.
It is also clear that concentrations of all species are much
lower on 12 June than on 28 June; OA levels on 12 June peak
at 3 µg m−3 compared to >25 µg m−3 on 28 June, CO levels
peak at 140 ppbv on 12 June and >300 ppbv on 28 June, and
biogenic tracers peak at 3 ppbv on 12 June and >14 ppbv on
28 June. The higher wind speeds on 12 June, which reached
as high as 15 m s−1 at the G-1 altitude, relative to those on 28
June (∼2 m s−1 ) contribute to more rapid dispersion of pollutants, lowering their concentrations (Fast et al., 2012; Zaveri
et al., 2012). OA levels were observed to increase between
the morning and the afternoon flights, though the increase
was much smaller than that observed on 28 June. The average
value of the OA O:C during the morning flight was 0.55 and
no correlations were observed between O:C and OA loading,
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3.5

OA:CO and Statistical Analysis

The slope of a plot of OA against CO provides a commonly
used metric for the OA production rate (i.e., 1OA/1CO).
Because CO is a conserved tracer on the timescales of our
measurements, plotting these two quantities against each
other will normalize for dilution of an airmass by clean air.
By examining the slope of the plot, 1OA/1CO, the problem
of correcting for background concentrations of both CO and
OA, which are both difficult to determine, can be avoided.
For this same reason, we have chosen not to attempt to subtract a background from the data and instead focus only on
the slope, which will be unaffected by background as we are
not forcing the data through the origin. This method is particularly useful for studying the evolution of an urban plume as
CO emissions are much higher in the city than in surrounding areas, effectively making the city a large point source of
CO. Recent observations and modeling studies have found
significant CO production from photooxidation of biogenic
emissions (Slowik et al., 2010; Miller et al., 2008). We assert that urban emissions are the dominant CO source during
CARES for the following reasons. Flights were conducted
within approximately 100 miles of Sacramento and CO was
co-located with other urban emissions, such as NOx . CO is
always higher near the city and lower downwind while the
biogenic emissions follow the opposite spatial trend, arguing for an urban CO source. CO yields from monoterpenes
are larger than from isoprene while biogenic emissions in the
CARES flight domain were dominated by isoprene (Slowik
et al., 2010). Finally, a recent modeling study estimated that
oxidation of biogenic VOCs contributes only 5 ppbv of CO
during summertime over the Sierra Nevada foothills (Worton
et al., 2011).
www.atmos-chem-phys.net/13/2091/2013/
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similar to the O:C ratios observed for both the mixed plume
and biogenically dominated cased discussed earlier. The average O:C in the afternoon is approximately the same as in
the morning, again similar to observations in the other cases
examined earlier.
Interestingly, the OA mass spectrum on this day is indistinguishable from the OA spectrum for the mixed plume case
and biogenically dominated case. In fact, all the representative mass spectra presented for each OA sample are indistinguishable from one another. Previous observations have
shown that the properties of OA from multiple sources converge with atmospheric aging (Jimenez et al., 2009; Ng et
al., 2010). However, we have demonstrated that fresh OA is
produced rapidly in the mixed plume on 28 June. Thus, we
conclude that the majority of the OA originates from similar sources, regardless of whether the air parcel is influenced
primarily by biogenic emissions, anthropogenic emissions,
or both. However, we show in the following section that the
production rate of the OA is enhanced when biogenic and
anthropogenic emissions mix in an air parcel.
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Fig. 11. Organic loading plotted against the CO concentration for
CARES data according to the predominant emission sources influencing the airmass. The slope of these plots (1OA/1CO) gives a
measure of the SOA production efficiency. All data in (A) are from
the afternoon G-1 flights. A linear fit through the biogenic dominated 28 June data yielded a small, negative slope and is not shown
for clarity. (B) Illustrates the evolution of 1OA/1CO in the mixed
anthropogenic/biogenic plume on 28 June for the morning data (labeled b in Figs. 3 and 4), the afternoon at the leading edge of the
plume (labeled f in Figs. 3 and 4) where biogenic concentrations
averaged 3.75 ppbv in the afternoon, and at the trailing edge of the
plume (labeled e in Figs. 3 and 4) where biogenic concentrations
averaged 1.95 ppbv in the afternoon.

In the absence of any OA production or evaporation, CO
and SOA would dilute at the same rate. The flexibility of
aircraft sampling allows us to follow the temporal evolution of a particular airmass and thus minimize the effects of
different sources with distinct emission profiles complicating the analysis. Figure 11 shows AMS measured OA concentrations plotted against CO concentrations for individual flights or in some cases for particular regions of some
flights. The 1OA/1CO values for each group of data are
Atmos. Chem. Phys., 13, 2091–2113, 2013
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given in the legend. In panel a, we only plot data from afternoon flights, which typically were conducted between approximately 15:00 and 19:00 PDT so that SOA formation has
had adequate time to occur. During the CARES study, SOA
concentrations peaked around 14:00 at the T0 site and later
at 16:00 at the T1 site (Setyan et al., 2012). Therefore, we
expect the peak in SOA formation to occur around the time
of the afternoon flight. Data are chosen and grouped according to whether the Sacramento urban plume was expected to
evolve in the presence of biogenic emission (i.e., SW flow
conditions) or in the absence of strong biogenic emissions
(i.e., NW flow conditions). The slopes of these plots give
a rough measure of the SOA formation rates with higher
slopes indicating more efficient SOA formation. As seen in
Fig. 11, there is a large range of 1OA/1CO values found
during CARES, with a generally strong correlation observed
between OA and CO for one particular flight. The largest
1OA/1CO value of 157 µg m−3 ppmv was observed on 28
June, which is also the day we observe maximum OA loadings. As detailed in previous sections of the manuscript, the
Sacramento plume on this day contained a mixture of fresh
biogenic and anthropogenic emissions. We also included data
from the flight on 15 June, a case we did not discuss in detail,
but in which we found evidence for mixing of anthropogenic
and biogenic emissions. The 1OA/1CO value on 15 June
day is 77 µg m−3 ppmv, relatively close to those values found
in Mexico City (62 µg m−3 ppmv) and during the NEAQS
campaign (63 µg m−3 ppmv) (Kleinman et al., 2008; Weber
et al., 2007). We note that the concentrations of biogenic tracers found in the morning near the city were much lower on
15 June, possibly resulting in less efficient OA productions
relative to 28 June case. These G-1 1OA/1CO values are
consistent with those measured the T1 site when, where the
average 1OA/1CO value was 93 µg m−3 ppmv and as high
as 196 µg m−3 ppmv when anthropogenic and biogenic emissions mixed (Setyan et al., 2012).
In contrast, the 1OA/1CO is much smaller for days
on which the Sacramento plume was transported south
and evolved in the absence of biogenic emissions. The
1OA/1CO values on 3 and 12 June are 35 and
44 µg m−3 ppmv, respectively much smaller than the value
observed on the days where the anthropogenic and biogenic
emissions mixed, but similar to value of 41 µg m−3 ppmv
found off the coast of New England (de Gouw et al., 2008)
and to the average value of 35 µg m−3 ppmv measured under similar conditions at the T1 site (Setyan et al., 2012).
Data from the portions of the 28 June flight path influenced
predominantly by biogenic emissions is also shown. A fit
through this data displays a near zero negative slope, as CO
values remained near background and there is no measurable
increase in OA concentrations. Thus, the differences in the
1OA/1CO values of the different airmasses indicate that OA
production is 2–4 times more efficient when anthropogenic
and biogenic emissions mix than when emissions evolve in
isolation.
Atmos. Chem. Phys., 13, 2091–2113, 2013

Evolution of 1OA/1CO within the mixed anthropogenic/biogenic plume on 28 June is further evaluated in
Fig. 11, panel b. In the morning, fresh anthropogenic emissions, including CO, are injected into the plume, while photochemistry and OA production have not yet peaked. As a
result, 1OA/1CO in the plume is 21 µg m−3 ppmv, much
smaller than observed in the afternoon on this and other days.
Also shown in Panel B is a comparison of 1OA/1CO in
the leading (area f in Figs. 3 and 4) and trailing (area e in
Figs. 3 and 4) edges of the mixed plume for the afternoon
of 28 June. The plume in both regions has the same nominal
photochemical age and similar concentration of CO. However, the leading edge of the plume has larger concentrations of isoprene (3.75 ppbv on average) than the trailing
edge (1.95 ppbv isoprene) because it is located deeper into
the foothills where isoprene emissions are larger. As a result, 1OA/1CO is 1.5 times larger in the leading edge of
the plume (157 µg m−3 ppmv) than in the trailing edge of the
plume (107 µg m−3 ppmv), again suggesting that fresh isoprene emissions are key in generating OA within the mixed
plume.
1OA/1CO has been shown to increase with the photochemical age of an airmass (Kleinman et al., 2008; de Gouw
et al., 2008). We are unfortunately unable to identify a pair
of species that can be used as a photochemical clock; NOy
measurements were not available on the G-1 while benzene
and toluene concentrations quickly fall below the instrument
limit of detection outside of downtown Sacramento. Observations of isoprene and MVK + MACR in 28 June mixed
plume near Sacramento despite their short photochemical
lifetime indicates that the plume has been influenced by fresh
biogenic emissions (Figs. 4, 5). Fresh urban emissions are
also clearly observed. At the same time, the WRF-Chem
simulations also show that recirculation events transported
some emissions from the previous day back to the city, making estimations of the photochemical age of the plume even
more difficult. In Sect. 3.6, we discuss the HR-AMS observations in the context of the OA production mechanism; results
suggest that photochemical aging is not as important in the
Sacramento area in determining OA production rates as has
been demonstrated in other regions.
To further support the hypothesis that mixtures of biogenic and anthropogenic emissions are more efficient at
producing OA mass, we performed a statistical analysis
of the data. We computed the upper quartiles for all the
CO, isoprene and MVK + MACR measurements taken on
the G-1 during CARES. CO is taken as a tracer for all
anthropogenic emissions and the sum of isoprene, MVK
and MACR are taken as a tracer for biogenic emissions. We note that our choice of biogenic tracers for
this type of analysis is somewhat flawed because the lifetime of both tracers to attack by OH is relatively short
(∼1 h for isoprene and ∼4 h for MVK/MACR assuming
[OH] = 3×106 molecules cm−1 ); therefore, we feel it is possible that the high-anthropogenic/low-biogenic case is biased
www.atmos-chem-phys.net/13/2091/2013/
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Fig. 12. Median OA loading for data that has been binned according
to anthropogenic (CO) and biogenic (isoprene + MVK + MACR)
tracer concentrations. Tracer concentrations are categorized as
“low” if they fall in the lower quartile of all data and “high” if they
fall in the upper quartile. Median CO and biogenic tracer concentrations for each bin are also shown. The number of points in each
bin is indicated above the bars.

high due to the presence of more aged biogenic emissions
that escape PTR-MS quantification. Unfortunately, it is difficult to identify a long-lived tracer for biogenic emissions
from the available measurements. OA concentrations are
binned into four categories based on the co-located gas-phase
tracer measurements: low anthropogenic and biogenic emissions, which represent data with both biogenic and anthropogenic tracer concentrations falling in the lowest quartile;
high biogenic emissions and low anthropogenic emissions,
which represents data with biogenic tracer concentration in
the upper quartile and anthropogenic tracer concentrations
in the lower quartile; high anthropogenic emissions and low
biogenic emissions, representing data with anthropogenic
tracer concentrations in the upper quartile and biogenic concentrations in the lower quartile; and high anthropogenic and
biogenic emissions, which represents data with both anthropogenic and biogenic tracers in the upper quartile. The median of OA levels in each of these four categories is shown
in Fig. 12. Conditions with low biogenic and anthropogenic
emissions produced the lowest median OA concentrations,
1.0 µg m−3 , which are close to the values reported for remote
continental air (Zhang et al., 2007). Median OA levels were
higher in the case of high biogenic and low anthropogenic
emissions, 2.2 µg m−3 , and higher still in the case of high anthropogenic but low biogenic emissions, 4.7 µg m−3 . However, there is a marked increase in median OA levels when
both anthropogenic and biogenic tracer concentrations are
high, 11.4 µg m−3 . The OA concentration in the high anthropogenic and biogenic case is in fact significantly greater than
the sum of the median OA levels from the high anthropogenic
and high biogenic cases, again suggesting that OA levels are
enhanced when biogenic and anthropogenic emissions mix.
www.atmos-chem-phys.net/13/2091/2013/
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The trends we see in this analysis are consistent with the
trends we see in OA:CO ratios with biogenic dominated airmasses displaying the least efficient OA production, anthropogenic dominated airmasses displaying more efficient OA
production and the mixed biogenic anthropogenic airmasses
displaying the most efficient OA production.
3.6

Evaluation of SOA formation mechanisms

Finally, we use the data presented earlier to evaluate the SOA
formation mechanism(s) and biogenic/anthropogenic interactions that have been proposed to lead to enhanced SOA
formation in the literature. We emphasize that our conclusions pertain to this data set; some mechanism may be more
or less important for SOA formation in other locations and
under other conditions.
Some literature mechanisms can be readily eliminated due
to the timing of the mission and the G-1 flights. First, all
flights were conducted during the daytime (09:00–18:00)
well away from dawn and dusk; therefore oxidation of VOCs
by NO3 , will be negligible. We also note that our observations were made under clear-sky conditions, ruling out generation of OA mass from in-cloud aqueous-phase processing. There were no major forest fires or biomass burns on the
days we detail in this work and the biomass burning organic
aerosol fraction at T0 and T1 sites was small (Zaveri et al.,
2012; Setyan et al., 2012; Vaden et al., 2011). While we have
not performed PMF analysis of the G-1 AMS data, the low
signal at m/z 60 and 73 in the AMS (Fig. 6) and low acetonitrile concentrations measured by the PTR-MS, all tracers of
biomass burning, support the conclusion that biomass burning particles did not drive OA formation.
The HR-AMS-determined OA elemental ratios further
constrain the mechanism. These data show that, while the OA
concentrations increased significantly as the plume evolved
on 28 June, the O:C elemental ratio did not. In fact, the
O:C ratios observed inside the mixed urban/biogenic plume
were similar to those observed outside the plume in areas with strong biogenic influence. These O:C data suggest
that, mechanistically, the increase in OA concentrations observed are best explained by continued production of SOA
from fresh VOC precursors, at least over the observation
timescales. The particle-phase O:C ratio increases when gasphase aging of semi- or intermediate volatility species produces additional OA mass (DeCarlo et al., 2010; Donahue
et al., 2012) while we observe no such increases in O:C.
Therefore, our observations are in contrast OA production
from this mechanism (DeCarlo et al., 2010; Donahue et al.,
2012; Robinson et al., 2007). Our observations are consistent with chamber observations of both the absolute values
and time-evolution of the O:C ratio of fresh SOA produced
from the photochemical oxidation of isoprene in the presence
of NOx (Chhabra et al., 2010); though as noted in Sect. 3.2,
the literature isoprene yield appears too low to explain the
increase in OA mass.
Atmos. Chem. Phys., 13, 2091–2113, 2013
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The HR-AMS data can also be used to rule out large contributions of organosulfates and organonitrates to the total
OA mass loading. As mentioned in Sect. 3.1, the data suggest a small excess of anion mass over the mass required for
complete neutralization of the measured cation signal. Some
of this excess signal may come from the systematic error associated with instrument calibration, but organonitrates and
organosulfates could also possibly contribute (Farmer et al.,
2010). We unambiguously separate and identify a small number of ions that retain a C-N or C-O-N bond in the AMS;
however, their combined signal intensity is only 0.6 % of the
total organic signal. The ratio of the signal intensity at m/z 30
(NO) to m/z 46 (NO2 ) may also indicate the presence of
organonitrates (Farmer et al., 2010; Bruns et al., 2010; Liu
et al., 2012). During CARES flights this ratio was variable,
but within the range observed during instrument calibration
with pure ammonium nitrate particles, which suggests that
organonitrate concentrations are small. We are unable to observe any ions that retain a C-S bond, though this does not
definitively rule out the presence of organosulfates (Farmer
et al., 2010). Even assuming that the ∼20 % excess of anion
mass originates entirely from organosulfates and organonitrates; they still comprise a minor fraction (roughly 1 %) of
the total organic mass. Setyan et al. (2012) discuss AMS
measurements of organonitrates and organosulfates at the T1
site during CARES in detail and also conclude that they are
likely present, but in minor quantities.
Acidification of particles has also been suggested to
promote enhanced SOA formation through acid-catalyzed
oligomerization reactions and formation of organic-sulfate
esters (Gao et al., 2004; Offenberg et al., 2009; Jang et al.,
2002). As mentioned in the previous section, we do not
see significant evidence of organic sulfate formation. Unfortunately, we have no measurements that directly assess
oligomer concentrations in the aerosol. The observed anion/cation balance, abundance of nitrate in the particles, and
large ammonia concentrations emitted in the Sacramento
Valley all suggest that the aerosol particles are largely neutralized. AMS measurements confirmed that the particles are
nearly fully neutralized at the T1 ground site (Setyan et al.,
2012). Organic acids potentially increase the particle acidity,
though it is not clear how anthropogenic emissions would
promote the enhancement of organic acid formation necessary for explaining our observations. Based on these indirect
measurements of particle acidity, we conclude that acidification of particles is unlikely to be responsible for the enhanced
OA formation observed during CARES.
When NOx concentrations are low, isoprene derived peroxyradicals react with HO2 , eventually generating epoxydiols that, in the presence of sulfate seed aerosol, heterogeneously produce SOA in high yield (Surratt et al., 2010; Lin
et al., 2012). This mechanism is promising in that it produces
very high SOA yields from isoprene while our observations
suggest that isoprene is the key biogenic VOC leading to OA
formation in this area (Surratt et al., 2010). Signal intensity
Atmos. Chem. Phys., 13, 2091–2113, 2013

at m/z 82, specifically the C5 H6 O+ ion, has been identified
as an AMS marker for SOA formation from isoprene epoxydiols (Lin et al., 2012; Robinson et al., 2011). Robinson et
al. (2011) performed PMF analysis of AMS data collected
in a tropical rainforest and identify a factor characterized by
strong signal intensity at m/z 82 which they attribute to SOA
formation from isoprene (Robinson et al., 2011). They report
that the signal intensity at m/z 82 is 2 % of the organic signal (i.e., 82:org) and that 82 % of the signal at m/z 82 was
from the C5 H6 O+ ion (i.e., C5 H6 O+ :m/z 82) (Robinson et
al., 2011). Lin et al. (2012) examined heterogeneous SOA
formation from isoprene epoxydiols in the presence of acidic
sulfate seed and report 82:org of 1–2 % and C5 H6 O+ :m/z 82
of 68–95 % (Lin et al., 2012). We observe relatively small but
significant signal intensity at m/z 82 in nearly all mass spectra, regardless of the dominant emission sources (Fig. 6). In
the mixed anthropogenic/biogenic plume described in Section 3.2, 82:org was 0.6 % while C5 H6 O+ :m/z 82 was 63 %
(Fig. 6). Data are very similar for the other mass spectra presented in Fig. 6. Therefore, in our data, the C6 H+
10 ion is a
somewhat smaller portion of the signal at m/z 82 than observed by Lin et al. (2012) and Robinson et al. (2011) and
the m/z 82 peak is a somewhat smaller portion of the total
organic signal. Additionally, efficient SOA formation from
isoprene epoxydiols requires acidic sulfate seed, while the
aerosol was largely neutralized during CARES (Surratt et al.,
2010). In light of this evidence, we conclude that isoprene
epoxydiol formation may contribute to OA formation during
CARES, though it is unlikely to explain our observations of
increased OA productions in mixed biogenic/anthropogenic
emissions.
SOA yield from isoprene has been show to reach a maximum for VOC:NOx ratios of between 1–5 (ppbv C: ppbv
NOx ) (Kroll et al., 2005; Kroll et al., 2006; Dommen et al.,
2006; Chan et al., 2010). As shown in Fig. 4, the ratio of
biogenic VOCs to NOx (bVOC:NOx ) in the 28 June plume
ranges between 2 and 6 in both the morning and the afternoon. Much higher ratios, often in excess of 20, are found
outside the plume in the biogenically influenced portions of
the 28 June flight track, lending support to a NOx -mediated
enhancement of OA formation from the photooxidation of
isoprene. Though not discussed in detail in this manuscript,
we also observe larger 1OA/1CO values and OA concentrations on the afternoon of 15 June (Fig. 11). The bVOC:NOx
ratios in the 15 June plume are approximately 5, again falling
into the range where isoprene SOA yield reaches a maximum. The concentrations of both biogenic VOCs and OA
are low on the morning 12 June flight and PTR-MS data are
unfortunately unavailable in the afternoon (Fig. 10), so we
are unable to determine the bVOC:NOx ratio in the afternoon. We emphasize that we observe portions of the flight
track on 12 June with relatively high NOx concentrations yet
still see very low OA concentrations and 1OA/1CO values,
again suggesting that anthropogenic emissions alone do not
produce significant OA in the Sacramento regions. Thus, our
www.atmos-chem-phys.net/13/2091/2013/
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data suggests that the bVOC:NOx ratio plays an important
role in regulating OA formation from isoprene in this region
and may partially drive our observations of enhanced OA formation in mixed anthropogenic/biogenic plumes. However,
the precise mechanism for this enhancement remains unclear.
As discussed in the preceding paragraph, our observations
suggest that conditions are not favorable for efficient production of SOA from isoprene under low-NOx conditions.
Under high-NOx conditions, SOA production is attributed to
the formation and subsequent oxidation of MPAN (Chan et
al., 2010; Surratt et al., 2010). In this case, high ratios of
NO2 :NO should favor production of MPAN and therefore
OA production. In the afternoon of 28 June, the NO2 :NO
ratio was 1.5–2× higher in the mixed plume than outside of
it (Fig. 4). However, significant OA production was also observed during the morning flight where the NO2 :NO ratio
did not change significantly as the G-1 passed in and out of
the mixed plume. Finally, SOA production via the MPAN
pathway generates condensed-phase organic nitrates (Chan
et al., 2010; Surratt et al., 2010). While we can’t rule out
small contributions of organic nitrates to the OA mass, the
data suggests they are not a major fraction of the OA mass.
Thus, the CARES data suggest NOx plays some role in enhancing SOA formation in the mixed anthropogenic/biogenic
plume, though the mechanism remains unclear. A full model
simulation is required for determining whether the laboratory measured NOx -dependent isoprene yields can fully account for the measured SOA loadings. Further research is
also needed to determine whether the relationship between
the bVOC:NOx ratio and OA production rates is robust.

4

Conclusions and atmospheric implications

In summary, we found that the aerosol particles in the Sacramento area were 85 % organic by mass and appear to be
completely or nearly completely neutralized. Isoprene dominated the biogenic VOC emissions, with monoterpene concentrations below the instrument limit of detection. Differences in wind direction and transport patterns combined
with the flexibility of aircraft sampling allowed us to investigate the evolution of this organic mass when emission
sources were primarily anthropogenic, biogenic, or a mixture
of both. We use median OA concentrations and 1OA/1CO
values as the metrics to evaluate OA production from these
emissions sources. Under NW flow conditions, the Sacramento plume was transported into the Sacramento Valley
and the OA evolved largely in the absence of biogenic emissions. In this case, median OA concentrations are 4.7 µg m−3
and 1OA/1CO ratios of 35–44 µg m−3 ppmv, similar to the
value of 41 µg m−3 ppmv found off the coast of New England (de Gouw et al., 2008). For regions of strong biogenic emissions unaffected by fresh anthropogenic emissions, we find median OA values of 2.2 µg m−3 , and near
zero 1OA/1CO ratios. During the 28 June flight, we idenwww.atmos-chem-phys.net/13/2091/2013/
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tified an area of intense biogenic emissions that had been
affected by aged anthropogenic emissions, yet we measure
little to no OA production despite favorable photochemical conditions and observations of intense OA production
nearby. Under SW flow conditions, the Sacramento plume
was transported to the Sierra Nevada foothills where foliage
produced strong isoprene emissions. When biogenic and anthropogenic emissions mix, OA levels are enhanced with
median OA concentrations of 11.4 µg m−3 and 1OA/1CO
ratios of 77–157 µg m−3 ppmv. The highest OA concentrations and 1OA/1CO ratios were observed in the mixed
plume on the 28 June flight in sharp contrast to our observations in the biogenically influenced portion of the same
flight track. These results show that anthropogenic and biogenic emissions interact to enhance OA production from biogenic species. After considering multiple possible anthropogenic/biogenic interaction mechanisms, we conclude that
NOx concentrations play some role in enhancing SOA formation from isoprene, though the chemical mechanism for
the enhancement remains unclear. This conclusion is supported by laboratory measurement showing that SOA products and yields from isoprene are a strongly dependent on the
gas-phase oxidation pathways, which are complexly dependent on the relative concentrations of NO, NO2 , HO2 , and
RO2 (Kroll et al., 2005; Kroll et al., 2006; Dommen et al.,
2006; Chan et al., 2010; Surratt et al., 2010).
Further research is needed to determine whether our observations represent a robust feature of isoprene SOA chemistry
or are unique to summertime OA production in the Sacramento region. Anthropogenic emissions from urban areas
mix with biogenic emissions, including isoprene, in large
portions of the world. A full accounting of the regional
and global atmospheric implications of the effect of anthropogenic/biogenic interactions requires detailed photochemical modeling studies, which, to our knowledge, currently
do not include the complex NOx -dependent isoprene SOA
mechanisms and yields reported in the literature. The current
best estimates suggest that 50–70 % of the total OA budget
may be composed of SOA produced from biogenic VOC’s,
but controlled by anthropogenic emissions (Carlton et al.,
2010; Spracklen et al., 2011). Our data suggest that SOA
production is enhanced by a factor of 2–4 when biogenic
and anthropogenic emissions mix during summertime in the
Sacramento region. Regardless of the uncertainty in the magnitude of this effect, it is clear from this work and the work
of others that the interactions of biogenic and anthropogenic
emissions do significantly influence OA formation and must
be included in models if they are to reproduce observed OA
concentrations for the correct mechanistic reasons.
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