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Abstract The ozone air quality standard is regularly surpassed in the Los Angeles air basin, and efforts to
mitigate ozone production have targeted emissions of precursor volatile organic compounds (VOCs), especially
from mobile sources. In order to assess how VOC concentrations, emissions, and chemistry have changed over
the past decade, VOCs were measured in this study using a VocusN2R protonNtransfer reaction timeNofNflight
mass spectrometer in Pasadena, California, downwind of Los Angeles, in summer 2022. Relative to 2010,
ambient concentrations of aromatic hydrocarbons have declined at a similar rate as carbon monoxide,
suggesting reduced overall emissions from mobile sources. However, the ambient concentrations of oxygenated
VOCs have remained similar or increased, suggesting a greater relative importance of oxidation products and
other emission sources, such as volatile chemical products whose emissions are largely unregulated. Relative to
2010, the range of measured VOCs was expanded, including higher aromatics and additional volatile chemical
products, allowing a better understanding of a wider range of emission sources. Emission ratios relative to
carbon monoxide were estimated and compared with 2010 emission ratios. Average measured ozone
concentrations were generally comparable between 2022 and 2010; however, at the same temperature, daytime
ozone concentrations were lower in 2022 than 2010. Faster photochemistry was observed in 2022, with average
hydroxyl radical exposure being →68% higher during midday (statistically significant at 95% confidence),
although this difference reduces to →35% when comparing observations at ambient temperatures of 25–30°C
only. Future trends in temperature are important in predicting ozone production.

Plain Language Summary GasNphase organic molecules are emitted from many sources including
vegetation, cars, cooking, industries, and chemical products (paints, inks, pesticides, deodorant, shampoo, etc.),
among others. These emissions oxidize in the atmosphere and contribute to the formation of particles and ozone,
which are harmful to human health. To improve air quality, the behavior of these molecules in the atmosphere
must be understood, and their sources must be identified, before effective emission reduction policies can be
established. In summer 2022, we measured atmospheric concentrations of such molecules in Pasadena,
California, downwind of Los Angeles, California, to investigate fresh, unreacted emissions as well as aged,
oxidized emissions. Compared to similar measurements made in 2010, emissions from vehicle sources appear to
have declined while chemical products have become relatively more important. Atmospheric oxidation of these
emissions also appears to have increased relative to 2010, in part due to higher average temperatures and related
meteorology. Despite reduced emissions from vehicles, unregulated emissions from chemical products and
faster oxidation yielded similar concentrations of secondary products such as ozone. Future air quality
improvements will likely require further emission reductions, particularly for chemical products, and such
improvements may be offset by rising temperatures due to climate change.

1. Introduction
The Los Angeles (LA) basin in California is home to more than 15 million people and regularly exceeds the
National Ambient Air Quality Standard (NAAQS) for ozone (Fujita et al., 2013; US EPA, 2023). Ozone, which is
hazardous to respiratory health (Chen et al., 2007; Nuvolone et al., 2018), is produced via the oxidation of volatile
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organic compounds (VOCs) in the presence of nitrogen oxides (NOx ↑ NO ↓ NO2) and sunlight (Chameides
et al., 1992; Derwent et al., 1996; Jacob, 1999). However, reductions in precursor emissions have not necessarily
yielded net improvements in ozone concentrations due to the nonlinear chemistry (Fujita et al., 2013; Nussbaumer
& Cohen, 2020; Pollack et al., 2013; Warneke et al., 2013) and the strong dependence of ozone on temperature
combined with a warming climate (Nussbaumer & Cohen, 2020; Pusede et al., 2015).

The COVIDN19 pandemic in 2020 provided an extreme testNcase of our understanding of emissions: the stayNatN
home order restricted nonNessential activities and the associated emissions were reduced on a global scale. In LA,
ambient NOx concentrations were estimated to be →30%–40% lower due to the stayNatNhome orders (Goldberg
et al., 2020; H. Parker et al., 2020) while ambient concentrations of VOCs demonstrated insignificant reductions
(Van Rooy et al., 2021). Despite these perturbations, the stayNatNhome orders caused only minor average ozone
reductions of 0–2 ppbv (Schroeder et al., 2022) with enhancements downwind of regions with the highest
population densities (H. Parker et al., 2020; L. Parker et al., 2022). Recent studies suggest that the LA basin is near
the transition point from a NOxNsaturated regime to a NOxNlimited regime such that further reductions of NOx
emissions may result in reduced ozone production and NAAQS attainment (Kim et al., 2022; Nussbaumer &
Cohen, 2020; Schroeder et al., 2022; Zhu et al., 2022). Even in a NOxNlimited regime, future air quality im-
provements will rely on further emission reductions of both NOx and VOCs.

Traditional measures to reduce emissions and improve air quality have targeted the transportation and industrial
sectors (National Research Council, 2004). In recent decades, ambient concentrations of precursor VOCs and
NOx have declined in response to such measures (McDonald et al., 2012; Wallington et al., 2022; Warneke
et al., 2012), contributing to improved health and air quality (Garcia et al., 2023; Parrish et al., 2016). However,
the declining importance of mobile VOC sources has increased the relative importance of other sources, including
those associated with the use of volatile chemical products (VCPs; paints, inks, adhesives, pesticides, cleaning
agents, personal care products, etc.). Despite making up only →4% of petrochemical product use in LA (with the
other 96% consisting of fossilNfuel transportation and heating fuels), VCPs are estimated to account for →38% of
the total VOC emissions and→46% of the VOC reactivity (McDonald et al., 2018). Ambient observations support
these estimates for a broader range of urban environments (Gkatzelis, Coggon, McDonald, Peischl, Gilman,
et al., 2021) and other studies have demonstrated significant VCP contributions to urban ozone production
(Coggon et al., 2021; Seltzer et al., 2021). Cao et al. (2023) observed enhanced evaporative emissions in New
York City during an abnormally warm spring, suggesting that the warming climate may offset air quality im-
provements made through reducing VOC emissions from mobile sources. Wu et al. (2024) note that knowledge of
temperatureNdependent evaporative emissions is necessary to fully characterize ozone pollution. New policies are
needed to address this transition from mobile sources to VCPs and possibly other sources as the dominant
contributors of anthropogenic VOCs to the urban atmosphere.

Ambient VOC measurements can improve our scientific understanding and help inform policy through quanti-
fication of precursor emissions and photochemical product formation. The measured atmospheric composition is
affected by many emission sources, both local and regional. Additionally, different species' lifetimes range from
days to hours or less, so emissions have undergone transport, dilution, and chemical transformation by the time
they are measured. In some studies, emission compositions have been compared through the calculation of
emission ratios after also accounting for removal and/or formation (Borbon et al., 2013; de Gouw et al., 2005,
2017, 2018; Warneke et al., 2007). Technological advancements, as in the case of Tofwerk's Vocus focusing ionN
molecule reactor (Krechmer et al., 2018) and high mass resolution timeNofNflight mass spectrometry (Graus
et al., 2010; Jordan et al., 2009; Yuan et al., 2016), have allowed for the measurement of a wider range of VOCs
with lower limits of detection. These capabilities allow for an improved characterization of VOC emissions and
chemical transformations.

In this paper, we describe VOC measurements made by a VocusN2R protonNtransfer reaction timeNofNflight mass
spectrometry (PTRNTOFNMS) in Pasadena, California, downwind of LA during the California Research at the
Nexus of Air Quality and Climate ChangeNTwo field campaign (CalNexTN2022), a followNup study to the
CalNexN2010 campaign (Ryerson et al., 2013). We discuss changes in ambient concentrations of criteria pol-
lutants, primary VOCs, and secondary VOCs, as well as exposure to hydroxyl radicals, to assess general emission
and oxidation trends relative to CalNexN2010 and the Los Angeles Air Quality Campaign (LAAQCN2020). We
also quantify and compare the emission ratios of these VOCs and extend this analysis to additional species such as
polycyclic aromatic hydrocarbons and cyclic volatile methyl siloxanes. We then present a more exploratory
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analysis of all measured signals to compare the measurement results during the day and night. Finally, we discuss
observations made with an oxidation flow reactor and their implications for ambient oxidation.

2. Measurements
2.1. Sampling Location
Measurements were made from 30 June–14 August 2022. Ambient air was sampled from a mechanical room on
the roof of Caltech Hall in Pasadena, California, USA (34.136800°N, 118.126209°W) with an inlet height of
→40 m above ground level. This sampling location differs from that from CalNexN2010 (which was →0.5 km to
the northeast), such that the two sites may be sampling slightly different local emissions (discussed further in
Section 3.1). Definitions for nighttime (22:00–06:00 Pacific Daylight Time (PDT)) and daytime (10:00–18:00
PDT) were adopted from de Gouw et al. (2017, 2018).

Historical and present meteorological measurements were obtained from the TCCON weather station on the roof
of the Ronald and Maxine Linde Laboratory (→10 m above ground level; 34.136363°N, 118.126817°W), which
neighbors Caltech Hall (TCCON Weather, 2022).

2.2. On,Line VOC Measurements
VOCs were measured by a VocusN2R protonNtransferNreaction timeNofNflight mass spectrometer (PTRNTOFNMS;
Tofwerk AG and Aerodyne Research, Inc.), hereafter referred to as the Vocus, which is detailed elsewhere
(Krechmer et al., 2018). Briefly, reagent ions, hydronium, are formed in a discharge ion source before reaction
with the sampled air stream. ProtonNtransfer takes place between the primary ion and analyte VOC to form a
product ion, provided the proton affinity of that VOC is greater than that of water. Most VOCs with unsaturated
bonds or heteroatoms can be measured with this technique. Itis worth noting that smaller alkanes, ethene, and
ethyne have low proton affinities and are not detected by PTR. Larger alkanes' proton affinities increase with size,
approaching or surpassing that of water (Fu et al., 2022), but the ionization is inefficient and detection is further
affected by fragmentation (Gueneron et al., 2015).

The Vocus utilizes a focusing ionNmolecule reactor (FIMR) with both axial and radial electric fields. The constant
axial field along the FIMR enhances ion collision energies to reduce the formation of water clusters and promote
simple reaction kinetics. The radial field is applied by a radio frequency quadrupole mounted outside the FIMR.
This quadrupole focuses ions to the central axis of the FIMR, thereby improving ion transmission and sensi-
tivities. The FIMR in this study was operated at 90°C and 1.5 mbar with 480 and 400 V for the axial and
quadrupole voltages, respectively, for a reduced electric field strength (E/N) of 160 Td. In between the FIMR and
the timeNofNflight mass analyzer, a radio frequency quadrupole ion guide (255 V amplitude) not only transports
the ions but also attenuates the hydronium ion signal, which increases the lifespan of the detector. For the
measurement period, the mass resolution (m/wm FWHM) was →8,000 for C8H10H↓ (massNtoNcharge ratio, m/z,
107). With typical operation and optimization, mass resolution can be as high as →10,000 in the Vocus. However,
limited time in the field for instrument optimization resulted in this lower resolution, which was still sufficient to
separate most ions of interest.

Ambient air was sampled via a 2.8Nm perfluoroalkoxy alkane (PFA) Teflon line (0.64 cm OD; 0.38 cm ID) with a
bypass flow rate of 2,620 ↔ 40 cm3 min↗1 at standard temperature and pressure (sccm; STP defined as 298 K and
1 atm). Mass spectra from m/z 4–398 were recorded at a 1 Hz time resolution. Analyses including high resolution
peak fitting of mass spectra (Cubison & Jimenez, 2015; Timonen et al., 2016) and TOF duty cycle corrections
(relative to m/z 59) were performed using Tofware (v3.2.5; Tofwerk AG and Aerodyne Research, Inc.) in the Igor
Pro 9 environment (WaveMetrics, OR, USA). In addition to ambient sampling, ambient air was also sampled
downstream of an oxidative flow reactor (OFR) and a gas chromatograph (GC). These different measurements are
detailed in the following sections. To differentiate the measurements, the realNtime measurements are denoted as
RTNVocus. All sample lines maintained constant flows regardless of the sampled channel to limit inlet delays.

2.3. RT,Vocus Instrument Background Measurements
RTNVocus instrument background measurements were made for 2 min at 40 min intervals. Ambient air was
passed through a catalytic zero air generator (Tofwerk AG) and then used to overflow the Vocus inlet. This
catalyst was found to produce lower instrument background signals than a hydrocarbon trap and UHP nitrogen
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(Jensen et al., 2023). In addition to these short, frequent measurements, longer measurements were made daily to
determine limits of detection (LODs). The inlet was first flushed for 5 min, and then measurements were made for
an additional 5 min.

2.4. RT,Vocus Calibrations
RTNVocus sensitivities were determined in the field by calibration of a standard mixture containing 13 VOCs
(ApelNRiemer Environmental, Inc.; Table S1 in Supporting Information S1; nominally 1 ppmv each except MN
caryophyllene, which was 0.1 ppmv). Two methods were used for calibrations: fast, frequent calibrations, as well
as multipoint calibrations. Fast calibrations consisted of a single dilution of nominally 6.5 ppbv and were made for
2 min at 80 min intervals, coinciding with every other instrument background measurement. Multipoint cali-
brations were performed daily to verify the fast calibrations. The multipoint calibrations consisted of 5 dilutions,
nominally 4–7.5 ppbv, plus an instrument background measurement. The two kinds of calibration agreed within
→5%. The fast sensitivities were linearly interpolated in the analysis of data.

Additional standard mixtures were used in the laboratory for calibration of additional VOCs. Field sensitivities for
these standards were estimated by assuming a similar proportionality between the field and laboratory sensi-
tivities of the fieldNdeployed standard mixture. This proportionality and estimated sensitivities were determined
for each fast calibration. Table S2 in Supporting Information S1 summarizes the sensitivities and limits of
detection obtained for these additional standards.

For compounds that are not contained in any of the calibration standards, we use calculated sensitivities based on
their reaction rate coefficients (kPTR), m/z, and a characterization of the instrument. Values of kPTR were estimated
for the above reactor conditions using molecular polarizabilities and permanent dipole moments (Chesnavich
et al., 1980; Langevin, 1905; Su, 1994; Su & Chesnavich, 1982). These parameters were taken from the literature
where available (Cappellin et al., 2010, 2012; Haynes, 2014; Langford et al., 2013; Zhao & Zhang, 2004), or
otherwise estimated using the framework established by Sekimoto et al. (2017) based on molecular formulas and
properties.

The field and laboratory calibrations were used to characterize the instrument and calibrate for species not
contained in any of our standards. This characterization was done on the 80Nmin time scale of the fast calibrations
using the PTR Data Toolkit version 1.0 (Jensen et al., 2023). This characterization was used in place of typical
normalization against the reagent ion due to the high mixing ratio of water in the FIMR and the instrument's
insensitivity to relative humidity (Jensen et al., 2023; Krechmer et al., 2018).

Observed sensitivities were also corrected for fragmentation. Fragmentation patterns were determined from GC
measurements for resolved compounds. Contributions from the parent ion and its fragments were corrected for
transmission efficiencies and isotopic distributions as discussed by Jensen et al. (2023).

Quantification of three specific compounds was done differently to account for interferences: acetaldehyde,
isoprene, and benzene. Acetaldehyde's quantitative ion, C2H4OH↓, had interfering contributions from ethanol.
This ion has been observed for selected ion flow tube mass spectrometry measurements of ethanol with O2

↓ as the
reagent ion (gpanbl & Smith, 1997). The additional signal from ethanol was subtracted in a similar manner as
presented by Coggon, Stockwell, Claflin, et al. (2024) and Coggon, Stockwell, Xu, et al. (2024). The ratio be-
tween the parent and fragment ions of ethanol was determined using the ambient GC chromatograms. This ratio
was used to scale ethanol's quantitative ion (C2H6OH↓) signal, and this estimated interference was then subtracted
from the acetaldehyde signal. The interference from ethanol accounted for 32 ↔ 9% (average and 1 standard
deviation) and 17 ↔ 5% of the nighttime and daytime C2H4OH↓ ambient signals, respectively (Figure S1 in
Supporting Information S1).

Isoprene's quantitative ion, C5H8H↓, had contributions from several peaks in the chromatograms (Figures S2a and
S2b in Supporting Information S1) which has been reported previously (Coggon, Stockwell, Claflin, et al., 2024;
Vermeuel et al., 2023; Yuan et al., 2017). The peaks' corresponding parent ions are identified primarily as nN
aldehydes (nNpentanal, nNoctanal, and nNnonanal; no significant contributions were observed from nNhexanal, nor
nNheptanal) due to their significant fragmentation (Buhr et al., 2002; Pagonis et al., 2019). Cycloalkanes have also
been observed as fragmenting to yield the C5H8H↓ ion (Coggon, Stockwell, Claflin, et al., 2024; Gueneron
et al., 2015). We employed a similar correction as described by Coggon, Stockwell, Claflin, et al. (2024) and
Coggon, Stockwell, Xu, et al. (2024). The realNtime signal of C5H8H↓ was regressed against the signals of the
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protonated aldehydes and their respective dehydration products for nighttime data when isoprene had negligible
contributions to the C5H8H↓ chromatograms (Figure S2c in Supporting Information S1). The dehydration product
of nNnonanal, C9H17

↓, yielded the highest correlation (r2 ↘ 0.95), so it was used as a proxy for all nNaldehydes,
which were assumed to trend together in time. This ion also corresponds to fragments of substituted cycloalkanes
(Gueneron et al., 2015; Warneke et al., 2014), allowing for the simultaneous correction for these cycloalkanes
(Coggon, Stockwell, Claflin, et al., 2024). It is worth noting that C9H17

↓ had the highest signal of the nNaldehyde
and dehydration product ions considered here. The slope of the nighttime regression ([C5H8H↓ cps] [C9H17

↓

cps]↗1) and the realNtime C9H17
↓ signal were used to correct the isoprene signal for the interference from al-

dehydes in a similar manner as done with acetaldehyde. This correction was substantial, making up 110 ↔ 20%
and 30 ↔ 13% of the nighttime and daytime C5H8H↓ ambient signals, respectively (Figure S2d in Supporting
Information S1). Biogenic isoprene emissions are lightNdependent (Sanadze, 2004) and reactive (Kurpius &
Goldstein, 2003; Wolfe et al., 2011), resulting in nearNzero nighttime concentrations. However, there are also
anthropogenic isoprene emissions (Borbon et al., 2023; Coggon, Stockwell, Claflin, et al., 2024; Peron
et al., 2024), which are confirmed by small, but nonzero chromatographic peaks for nighttime isoprene. The above
correction assumes essentially zero nighttime isoprene and overcorrects the nighttime data.

Finally, benzene was quantified using its O2
↓ chargeNtransfer product, C6H6

↓, which has been found to be more
selective (Coggon, Stockwell, Claflin, et al., 2024). The charge transfer product is more unique to benzene
whereas ethylbenzene and benzaldehyde commonly fragment to C6H6H↓, the protonNtransfer product for ben-
zene. No other chromatographic peaks were observed for the C6H6

↓ ion. This chargeNtransfer product was
calibrated directly during the field calibrations on an 80 min timescale (i.e., this quantification did not involve a
correction, but rather a different quantitative ion). Variability in the O2

↓ ion chemistry between calibrations may
have influenced benzene signal. The ratio of chargeNtransfer to PTR benzene sensitivities (C6H6

↓/C6H6H↓) was
initially elevated (→0.5–0.75) during the first week following instrument setup, but settled to 0.26 ↔ 0.01 for the
remainder of the campaign.

2.5. Gas Chromatography
Speciation and fragmentation were determined using an Aerodyne Research Inc. GC interfaced with the Vocus
(GCNVocus). A prototype of this instrument was described by Claflin et al. (2021), and Vermeuel et al. (2023)
described a similar instrument as used in this study. Briefly, the GC system employs a dualNstage thermal
desorption preconcentrator (TDPC) consisting of a multiNbed adsorbent sample trap (C3NBAXXN5070; Markes
International) followed by a multiNbed adsorbent focus trap (UNT15ATA; Markes International) to improve
chromatographic resolution. Two columns were used in this study and were swapped every other week: a Restek
MXTN624 column (30 m, 0.25 mm ID, 1.4 4m film thickness), which resolves nonNpolar to midNpolarity com-
pounds, and a Restek MXTNWAX column (30 m, 0.25 mm ID, 0.25 4m film thickness), which resolved more
polar and higher molecularNweight compounds.

Samples were collected off the main Vocus sample line ahead of the Vocus inlet (additional 1.4 m PFA; bypass
line flow rate of 1,600 ↔ 30 sccm) immediately before the start of each cycle. To remove reactive gasses such as
ozone and mitigate sampling artifacts, samples were first passed through a quartz tube with anhydrous sodium
sulfite held in place with silanized glass wool on either side (Helmig, 1997). These oxidantNscrubbed samples
were then immediately directed toward and collected onto the sample trap at 20°C for 10 min at a flow rate of 100
sccm for sample volume of 1 L at STP.

GC measurements (20 min) were performed once every 5 hr, starting with a heated backflush of the column.
Trapped water was reduced by purging the sample in the sample trap (20°C) for 2 min with ultrahigh purity (UHP)
nitrogen (Airgas). Samples were then transferred via UHP helium (Airgas) to the focus trap, and then to the
column by flash heating the traps to 300°C in sequence. Chromatograms were obtained using a programmed
temperature ramp from 35 to 235°C over→10 min and a UHP helium flow rate of 3 sccm. The effluent was diluted
into 250 sccm of air from the catalytic zero air generator before overflowing the Vocus sample inlet to meet the
minimum flow required by the Vocus.

During GC runs, mass spectra were recorded at a frequency of 5 Hz. Following high resolution peak fitting in
Tofware, chromatographic peaks were analyzed using the TERN software package (v2.2.19; Aerodyne Research,
Inc.) (IsaacmanNVanWertz et al., 2022; Lerner et al., 2017) in the Igor Pro 8 environment where peak areas were
determined by fitting to modified Gaussian curves (IsaacmanNVanWertz et al., 2017).
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The same standard mixture of 13 VOCs (Table S1 in Supporting Information S1) was used every other day to
calibrate the setNup at nominally 4 ppbv (diluted by a factor of 250 from the standard mixture) and instrument
backgrounds were measured daily. Multipoint calibrations from 0 to 12.8 ppbv (five dilutions plus an instrument
background measurement; each in triplicate) were performed using the field and laboratory standard mixtures
after the measurement period. UHP nitrogen was used for all field and laboratory instrument background mea-
surements and dilutions.

2.6. Oxidation Flow Reactor
An oxidation flow reactor (OFR) was used to oxidize ambient air in situ, mimicking the hydroxyl radical (OH)
and ozone oxidation processes in LA during the day. The reactor turns VOC precursors into more oxidized
products, which may then undergo gasNtoNparticle partitioning, with limited wall effects (Brune, 2019). The
Vocus was used to observe the transformation of VOC precursors into products (OFRNVocus). The design,
premise, and chemistry are described in detail elsewhere (Kang et al., 2007; Lambe et al., 2011; R. Li et al., 2015;
Ortega et al., 2016; Peng & Jimenez, 2020). Briefly, ambient air was sampled directly into the cylindrical,
aluminum reactor (→13 L) via a 14 cm diameter opening at a rate of 4.4 L min↗1 without inlet tubing (referred to
as the “ambient OFR” in the campaign), corresponding to a residence time of →3 min. The opening included a
coarseNgrid mesh screen coated with an inert silicon coating (Sulfinert by SilcoTek, Bellefonte, PA) designed to
block debris and break up large eddies. NarrowNband ultraviolet light (254 and 185 nm) was emitted by two lowN
pressure mercury lamps (model 82N9304N03, BHK Inc.) and initiated oxygen, water, and ozone photochemistry.
This mode of operation, referred to as OFR185, produces ozone by O2 photolysis as well as OH from ambient
water vapor and ozone photolysis (R. Li et al., 2015; Peng & Jimenez, 2020). However, the ratio of ozone to OH is
similar to ambient conditions, and OH chemistry is dominant over direct photolysis and other radical chemistry
(O(1D) ↓ VOC, etc.) for all VOCs (Peng et al., 2016). There may be photolysis exceptions for some VOCs There
may be a few VOCs with very high absorption cross sections at 254 nm, for which the photolysis contribution may
reach 10%–20% (Peng et al., 2016). The lamp intensities were controlled to adjust radical production and OH
exposure, with a target exposure of→1–2 days (referenced to an average OH concentration of 1.5 ≃ 106 molecules
cm↗3) (Mao et al., 2009), which has been observed in past studies to maximize secondary organic aerosol (SOA)
formation from ambient air (Ortega et al., 2016). The Vocus sampled 1.1 m downstream of the OFR with a bypass
flow rate of 1,020 ↔ 11 sccm. The flow rate through the OFR was kept constant whether the Vocus was sampling
it or not, by adjusting bypass flow rates.

2.7. Supplemental Measurements
Additional particle and trace gas measurements were made alongside the Vocus as part of the California Institute
of Technology Air Quality Station including nitrogen monoxide (NO; Teledyne T200U), nitrogen dioxide (NO2;
Teledyne T500U), carbon monoxide (CO; Teledyne M300EU2), and ozone (Teledyne T400).

Whole air samples (WAS) were collected in a similar manner as described by Van Rooy et al. (2021). Briefly,
hourNintegrated samples were collected into 2NL electropolished canisters to 20 psi using a 32Ncanister auto-
sampler (Atmospheric Technology Model 8001). Three samples were collected each day from 3 March to 15
August 2022: 05:30–06:30, 09:00–10:00, and 14:00–15:00 PDT. Additional samples were collected hourly from
midnight on 1 July to 23:00 on 1 August to construct a diurnal profile. Analysis was performed at the University of
California, Irvine (UCI) as described in greater detail elsewhere (Colman et al., 2001). Briefly, a multiNcolumn,
multiNdetector (flame ionization, electron capture, and quadrupole mass spectrometry) GC system (HewlettN
Packard 6890 GC units) was used to identify and quantity a suite of trace gases.

Intercomparisons were made between the RTNVocus and UCI WAS samples (Figure S3 in Supporting Infor-
mation S1). Aromatic hydrocarbons had good agreement within →30% and strong correlations (r2 ≥ 0.93) except
for styrene. GCNVocus chromatograms show strong contributions to styrene's quantitative ion (C8H8H↓) from the
fragmentation of C8 and C9 aromatics, so we avoid a detailed analysis of styrene data. RTNVocus measurements
of dimethyl sulfide (DMS) were much greater than those from the UCI WAS measurements. DMS was calibrated
in the laboratory and its sensitivity relative to other field standards agrees with the relative sensitivity reported
elsewhere for Vocus measurements of DMS (Kilgour et al., 2024). Additionally, no other contributions to the
DMS quantitative ion, C2H6SH↓, were observed in the GCNVocus chromatograms. Otherwise, we do not know
the cause for this discrepancy. The campaign average concentrations of DMS from CalNexN2010 (→10 partNperN
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trillion by volume, pptv; in situ GCNMS) fall between those of the RTNVocus (→26 pptv) and UCI WAS (→4 pptv)
CalNexT measurements. The corrected RTNVocus and UCI WAS measurements of isoprene also correlated well
(r2 ↘ 0.99), although the RTNVocus measurements were typically 40% higher even after the corrections (Sec-
tion 2.4). For monoterpenes, only GN and MNpinene are presently reported for the UCI WAS measurements, so the
RTNVocus monoterpenes measurements are greater. While some isomers may be abundant in the urban atmo-
sphere, for example, biogenic and anthropogenic emissions of limonene (Gu et al., 2024), the dominant mono-
terpenes observed by GCNVocus were GN and MNpinene. As such, the factorNofNfive observed difference is not fully
explained by the lack of other monoterpene isomers in the UCI measurements. Fragmentation of other species to
the quantitative ion used for monoterpenes (C10H16H↓) were not observed on the GCNVocus, but larger, unre-
solved species may have made such contributions. We do not attempt to reconcile these differences here as DMS
and monoterpenes are not used in this analysis.

3. Results and Discussion
3.1. Ambient Concentrations of Precursors
Average mixing ratios of primary pollutants were lower in 2022 relative to 2010. For example, the average diurnal
profiles for CO, benzene, and C9 aromatics show lower concentrations at all times of day (Figure 1). Ambient
concentrations of NOx were generally comparable at night and during the early morning, but lower in the early
afternoon when photochemistry is fastest (Figure 1b). Both profiles for benzene show roughly constant con-
centrations at night when emissions drive ambient concentrations in the absence of photochemistry. Benzene
concentrations in 2010 peaked in the early afternoon, whereas no daytime peak was present in 2022. C9 aromatics
generally had constant nighttime concentrations followed by removal beginning in the morning with the start of
photochemistry, although a greater fraction of C9 aromatics were removed in 2022 during the day compared to
2010. Compared to 2010, emissions of isoprene in 2022 seemed to increase more rapidly in the early morning and
concentrations in 2022 remained high further into the evening. These observations for isoprene may reflect
conditions more conducive to emissions in 2022 (e.g., higher morning temperatures in 2022, a lack of cloud cover
in 2022 and greater light intensity) or generally more vegetation in close vicinity to the measurement location. The
relative importance of biogenic VOC emissions for urban air quality is expected to grow with urban greening
programs (Gu et al., 2021).

The observed differences in the behaviors of benzene and C9 aromatics between 2010 and 2022 may stem from
emissions, meteorology, and/or photochemistry, as well as the difference in sampling location and time of year.
Lower nighttime concentrations of these precursors suggest reduced emissions in 2022. Exposure of fresh
emissions to higher hydroxyl radical (OH) concentrations before being sampled will remove a greater portion of
the precursors. The similarities in temporal behavior of benzene and CO for each year suggest that the lack of
daytime peak in 2022 was driven by changes in meteorology or emissions rather than photochemistry. Since
meteorological factors should influence benzene and C9 aromatics in a similar manner, the greater daytime
reduction of C9 aromatics compared to benzene between 2022 and 2010 suggests faster photochemistry. OH
exposure is discussed further in Section 3.2. Alternatively, a recent study has shown that cold start emissions
dominate light duty passenger vehicle emissions, such that 45 km of driving with a warm catalytic converter is
necessary to match the initial cold start emissions (Drozd et al., 2016). Wernis et al. (2022) describe morning
enhancements in gasolineNrelated hydrocarbons due to the morning commute combined with cooler temperatures
and cold start emissions. They observed much lower concentrations of gasolineNrelated hydrocarbons later in the
day, which they attributed to dilution, photochemistry, and catalytic converters, which were warmer in the af-
ternoon than the morning.

The sampling locations in 2010 and 2022 are another possible contributor to the observed differences. In 2010, air
was sampled from a small walkNup tower (→10 m) in the northeastern corner of the campus and closer to
InterstateN210. In 2022, air was sampled at a height of →44 m and at a more central location on campus. It is
possible that the transport of emissions from the IN210 corridor may have led to overestimated mixing ratios of
VOCs from mobile sources in 2010 and/or the structure and breakNup of the shallow, nocturnal boundary layer
may have led to underestimated mixing ratios relative to the ground level in 2022. Additionally, the sample inlets
in 2010 were near mature trees, possibly enhancing the biogenic hydrocarbon signals such that they were not
representative of the wider region and contributing to the observed differences relative to 2022. The 2010 data
represent speciated GC measurements, whereas the 2022 isoprene measurements were corrected for interferences,
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as discussed in Section 2.4, which contributed to greater uncertainties in the
isoprene mixing ratios. There are few emission sources between the two sites
and both sites are primarily impacted by emissions on the broader scale of the
LA basin.

To investigate the influence of time of year on the observed photochemistry in
2010 versus 2022, the modeled photolysis rates for NO2 were compared
(parameterized relative to solar zenith angle (Jenkin et al., 1997; Saunders
et al., 2003); calculation described in Text S1 in Supporting Information S1).
No significant differences were observed (Figure S4 in Supporting Infor-
mation S1) as both studies were similarly spaced before (CalNexN2010; 15
May–15 June 2010) and after (CalNexTN2022; 30 June–14 August 2022) the
summer solstice (June 21 in both years). However, the CalNexN2010 mea-
surements experienced frequent cloud cover, reducing the measured NO2
photolysis rate on affected days (Fig. S4 in Supporting Information S1). The
2022 measurements experienced nearNzero cloud cover for the full mea-
surement period, but no photolysis rates were measured for comparison with
the 2010 data.

Another factor to consider is the difference in temperatures: the average
daytime temperature was→6.5°C warmer during the 2022 measurements than
during the 2010 measurements (Fig. S5a in Supporting Information S1).
Greater biogenic and anthropogenic VOC emissions have been found to
coincide with higher temperatures (Cao et al., 2023; Khare et al., 2020;
Pfannerstill et al., 2024; Wu et al., 2024). Additionally, these higher tem-
peratures in 2022 may have affected planetary boundary layer height (PBLH)
and daytime dilution, as well as potentially other changes in horizontal air
circulation within the LA basin, contributing to the observed lower concen-
trations. It should be noted that warmer temperatures were actually associated
with lower daytime PBLHs in 2010 (Figure S5b in Supporting Informa-
tion S1), resulting in reduced dilution of emissions. Although the complex
relationship between temperature and meteorology in the Los Angeles basin
warrants further investigation for an improved interpretation of air pollution,
the lower concentrations of precursors observed in 2022 suggest reduced
precursor emissions in 2022. The role of temperature, as a proxy for other
such influencing factors including photochemistry, is explored in Figures 1f–
1j by binning the mixing ratios in 2010 and 2022 by ambient temperature. For
all overlapping temperature bins and assuming similar meteorological and
photochemical conditions for these bins, the concentrations of precursors are
generally lower in 2022 than 2010. Although temperature does not seem to be
the root cause for lower ambient concentrations, other meteorological effects,
such as changes in horizontal flow patterns, may contribute. This study does
not attempt to reconcile these factors, but Section 3.3 continues to explore
emissions of precursors via emission ratios.

3.2. OH Exposure
To describe losses of reactive hydrocarbons, the OH exposure (⇐OH⇒wt) of
each air mass was calculated. OH exposure is the timeNintegrated exposure of
emissions to OH, and is a measure of atmospheric aging that can be estimated
using hydrocarbon ratios as done in previous studies (Borbon et al., 2013; de

Gouw et al., 2017; Ensberg et al., 2014; Hayes et al., 2013). Equation 1 shows the dependence of OH exposure on
the logarithm of the hydrocarbon ratios:

Figure 1. Mixing ratio diurnal averages (a–e) and mixing ratio trends with
temperature during all times of day (f–j) for selected primary compounds in
2010 and 2022. Diurnal averages (a–e) represent 30Nmin bins and shaded
regions are one standard deviation. Mixing ratios in (f–j) were averaged by
temperature bins (10–40°C; 3°C bins) where the error bars denote one
standard deviation. For clarity, the average markers in (f–j) are horizontally
offset from the center of the temperature bins. The 2022 mixing ratios are
averaged to 1 min.
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⇐OH⇒wt ↘ 1
kHC↓OH ↗ kBen↓OH

≃ )ln)Ben
HC[ ↗ ln⇑ERBenωHC⇓[ ⇑1⇓

Here, benzene (Ben) is used as the longerNlived reference for the more
reactive hydrocarbon (HC). Benzene reacts with OH with a relatively slow
rate coefficient (kBen↓OH) compared to that of the other hydrocarbon
(kHC↓OH). OH exposure is zero when their ratio equals their emission ratio
(ERBenωHC) and no losses have occurred. For this study, OH exposure was
calculated using both C8 and C9 aromatics. Benzene and higher aromatics are
used here to primarily assess oxidation of mobile source emissions. Although
other emission sources for aromatics exist, such as VCPs (Stockwell
et al., 2021), we assume mobile sources are still the dominant contributors to
these hydrocarbons as evidenced by their correlation with CO. As mobile
sources are ubiquitous, the derived OH exposure broadly reflects oxidation in
the LA basin, in particular for emissions from other nonpoint sources.
Additionally, air masses are continuously mixed, including those which were
freshly emitted, as well as those with various degrees of aging. The reported
OH exposure from these calculations represents the average exposure for air
masses sampled at the site. By using similar hydrocarbons as other studies, the

OH exposure estimated here can be quantitatively compared to previous studies at Caltech (de Gouw et al., 2017;
Van Rooy et al., 2021).

BenzeneNtoNhydrocarbon emission ratios were estimated via regressions of the nighttime measurements with the
assumption of negligible photochemical processing (Figure S6a in Supporting Information S1). This assumption
does not apply for hydrocarbons that react efficiently with ozone or nitrate radicals, namely alkenes. This
calculation also assumes benzene and the hydrocarbons come from the same or spatially coincident sources with a
constant diurnal ratio. Here, mobile sources, which are ubiquitous in the LA basin, are assumed to be the dominant
sources of aromatic hydrocarbons and the resulting OH exposure reflects the aging of related emissions. The
ERBenωC9 Aromatics was determined to be 0.745 ↔ 0.008 ppbv ppbv↗1. From the GCNVocus chromatograms, the
relative abundance of 1,2,4Ntrimethylbenzene was →56% of the C9 aromatics signal on average, and thus the
1,2,4Ntrimethylbenzene emission ratio was →1.33 ppbv ppbv↗1, which is lower than those reported for CalNexN
2010, 1.75 ↔ 0.15 ppbv ppbv↗1 (de Gouw et al., 2017), and LAAQCN2020, 1.84 ppbv ppbv↗1 (Van Rooy
et al., 2021), both of which used GC measurements. However, the ambient ratio of benzene to C9 aromatics
regularly falls to the emission ratio reported here, representing an upper limit (Fig. S6b in Supporting Infor-
mation S1). During the 2022 measurements, consistent meteorology (warm and sunny) provided little diversity in
measurement conditions. The lack of cooler, overcast days limits the ability to constrain these emission ratios
using nights with negligible aging, likely resulting in overestimations of the benzeneNhydrocarbon emission
ratios.

OH exposure was calculated and averaged across C8 and C9 aromatics at each point in time (Figure S7 in
Supporting Information S1). Figure 2 compares this average OH exposure to CalNexN2010 (de Gouw et al., 2017)
and LAAQCN2020 (Van Rooy et al., 2021). It is worth noting that these two studies used 1,2,4Ntrimethylbenzene
to derive OH exposure whereas this study used an average of all isomers of C8 and C9 aromatics. A weighted
average rate coefficient was used for each group of isomers. However, these mixtures are expected to become less
reactive as they age, likely leading to an underestimation at longer OH exposure. The average peak daytime OH
exposure in 2020 and 2022 agree. The 2020 value is slightly lower, but this average represents measurements
from April to July, whereas the measurements here spanned from July to August, and the warmer temperatures in
late summer are expected to have more favorable conditions for photochemistry. Relative to the 2010 mea-
surements, which spanned from May to June, daytime OH exposure was →35% higher (statistically significant at
95% confidence) when comparing observations in the same temperature range of 25–30°C. The peak daytime OH
exposure in 2022 was →68% higher on average (statistically significant at 95% confidence) due to higher average
ambient temperatures during the campaign. The benzeneNhydrocarbon emission ratios for 2022, as discussed in
the previous paragraph, are possibly overestimated. Reducing the emission ratios would shift the OH exposure
curve up, thereby increasing the difference between 2022 and 2010.

Figure 2. OH exposure average diurnals (a) and trends with temperature from
during the day (b; 10:00–18:00 PDT) in 2010 (de Gouw et al., 2017) and
2022. The peak daytime OH exposure in 2020 was reported by Van Rooy
et al. (2021). Diurnal averages (a) represent 30Nmin bins and shaded regions
are one standard deviation. OH exposure in (b) was averaged by temperature
bins (10–40°C; 3°C bins) where the error bars denote one standard deviation.
For clarity, the average markers in (b) are offset from the center of the
temperature bins. The 2022 data were averaged to 1 min.
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OH exposure increased with temperature during the day (10:00–18:00 PDT; Figure 2b) following increased ozone
production (Nussbaumer & Cohen, 2020; Pusede et al., 2015). Importantly, daytime OH exposure was higher in
2022 than 2010 in each temperature bin, suggesting faster photochemistry under assumed similar meteorological
conditions The hydrocarbons' values of kHC↓OH are expected to increase with temperature, →1% in the case of
benzene (Atkinson & Arey, 2003), contributing a negligible fraction to the enhanced average OH exposure.
Histograms of ambient temperatures show similar distributions between the two years, except 2022 was shifted
→6.5°C on average toward warmer temperatures (Figure S8a in Supporting Information S1), which contributed to
a shift toward higher OH exposure (Figure S8b in Supporting Information S1). OH exposure in 2022 was lower in
the cooler temperature range, typically associated with nighttime (Figure S5 in Supporting Information S1) as
seen in the average diurnal (Figure 2a). In short, the 2022 measurements experienced faster photochemistry due
to, in part, reduced cloud coverage (as demonstrated in Figure S4 in Supporting Information S1), higher average
daytime temperatures, and other factors that correlate with temperature. A different NOxNVOC chemical regime
may also contribute to faster photochemistry, which is discussed further in the context of ozone concentrations in
Section 3.4.

3.3. Emission Ratios of Precursors
Hydrocarbon emission ratios relative to CO were estimated using methods similar to those presented in the
literature (Borbon et al., 2013; de Gouw et al., 2017; Roberts et al., 1984). Specifically, the emission ratios are
relative to the enhancements in CO above the atmospheric background concentration (CObkg), wCO. CObkg was
determined from linear regressions of reactive hydrocarbons with CO using nighttime data only. Extrapolation to
zero hydrocarbon concentration is assumed to represent the regional CO background concentration with minimal
influence from local emissions. This estimation assumes that CObkg is constant during the measurement period.
Additionally, this estimation requires reactive hydrocarbons that themselves do not have a regional background
concentration, otherwise this calculation can underestimate CObkg (de Gouw et al., 2017). Here, the estimated
CObkg was derived as the average (and standard deviation) of the extrapolated values using C8 and C9 aromatics
(Fig. S9 in Supporting Information S1). In this study, the CObkg is estimated to be 112↔ 3 ppbv which is similar to
the value of 115↔ 10 ppbv reported from CalNexN2010 (de Gouw et al., 2017). During LAAQCN2020, CObkg was
reported as 90 ↔ 15 ppbv (Van Rooy et al., 2021). The LAAQCN2020 measurements were made in response to the
COVIDN19 shelterNinNplace restrictions. During this time, human activity was significantly reduced, impacting
corresponding emissions. Reductions in local, regional, and global traffic counts may have contributed to a
reduced CObkg. On the other hand, decreases in global CO backgrounds since 2010 have been significant due to
reduced global emissions from transportation, industry, and biomass burning (Buchholz et al., 2021; Zheng
et al., 2019). The estimation of CObkg in this work is limited due to the use of only C8 and C9 aromatics. If the true
CObkg has declined since the 2010 measurements, then the hydrocarbon emission ratios relative to CO estimated
in this study would be overestimated.

Hydrocarbon emission ratios relative to CO (ERHC) were derived by a multivariate regression involving measured
hydrocarbon mixing ratios, enhancements in CO (wCO), and OH exposure (Fig. S10 in Supporting Informa-
tion S1). The measured mixing ratios (HC) can be described according to Equation 2:

HC ↘ HCbkg ↓ ERHC ≃ wCO ≃ e↗⇑kHC↓OH↗kCO↓OH⇓⇐OH⇒wt ⇑2⇓

where HCbkg is the atmospheric background concentration of the hydrocarbon. The rate coefficient of CO with
OH, kCO↓OH, was taken from Atkinson and Arey (2003). More reactive compounds (kHC↓OH ≥ 5 ≃ 10↗12 cm3

molec↗1 s↗1) were assumed to have a negligible HCbkg, so HCbkg was set to 0 pptv. Average fitting parameters and
uncertainties were determined by doing the same calculation with high and low (↔1 standard deviation) wCO and
OH exposure and taking the standard deviation of the results. Benzene was insensitive to uncertainties in OH
exposure due to its slow reaction rate.

Table 1 summarizes the emission ratios calculated in this study and Figure 3 compares emission ratios of some
aromatics against previous studies. The uncertainties in the reported emission ratios reflect the uncertainties in the
multivariate regressions using Equation 2, but are likely greater due to measurement uncertainties (estimated as
↔10% for the standards in Tables S1 and S2 in Supporting Information S1, excluding acetaldehyde and isoprene
due to the corrections, and ↔50% for everything else). Relative to 2010, benzene, toluene, C8 aromatics, and C9
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aromatics experienced→26%,→6%,→9%, and→30% reductions in emission ratios, respectively. Emissions of CO
and these aromatic hydrocarbons appear to have decreased together between 2010 and 2022, resulting in similar
emission ratios but lower overall concentrations. These observations suggest that mobile sources were still the
primary emitters of these species and the average emission control system efficiency of the fleet has improved
over the 12 years between studies. Differences between the aromatics' emission ratio reductions potentially point
toward a shift in mobile versus VCP contributions. For example, Stockwell et al. (2021) identified emissions of
aromatics from solventNborne coatings, but found minor emissions of benzene compared to toluene and larger

Table 1
Hydrocarbon, Oxygenated VOC (OVOC), and VCP Emission Ratios (ER)

Species
kVOC↓OH (10↗12 cm3

molec↗1 s↗1)
ER ↔ wER (pptv [ppbv CO]↗1) r2

20222022, this work 2020p 2010o

Hydrocarbons Benzene 1.22a 0.9218 ↔ 0.0005 (↔10%) 0.64 ↔ 0.17 1.260 ↔ 0.011 0.43
Toluene 5.63a 3.18 ↔ 0.10 (↔10%) 2.84 ↔ 0.38 3.40 ↔ 0.17 0.77
C8 Aromatics 16.4a,b 3.2 ↔ 0.2 (↔10%) 2.22 ↔ 0.2 3.5 ↔ 0.2 0.88
C9 Aromatics 32.4a,b 1.52 ↔ 0.09 (↔10%) 1.29 ↔ 0.09 2.17 ↔ 0.10 0.85
C10 Aromatics 55.5c,d 0.56 ↔ 0.04 (↔50%) 0.81
C11 Aromatics 103c,d 0.108 ↔ 0.005 (↔50%) 0.59
C12 Aromatics 113a,d 0.0334 ↔ 0.0007 (↔50%) 0.17
Naphthalene 23a 0.138 ↔ 0.010 (↔50%) 0.15
Methylnaphthalene 44.8e,f 0.088 ↔ 0.008 (↔50%) 0.54
Acenaphthene 80g 0.008 ↔ 0.003 (↔50%) 0.10
Dimethylnaphthalene 64.3d,f 0.036 ↔ 0.004 (↔50%) 0.50
Fluorene 16h 0.0041 ↔ 0.0009 (↔50%) 0.19

Oxygenated VOCs Methanol 0.94a 27.7 ↔ 0.2 (↔10%) 21.2 ↔ 1.4 0.54
Ethanol 3.2a 185 ↔ 8 (↔10%) 45.7 ↔ 1.0 0.75
Formic Acid 0.45i 0.752 ↔ 0.006 (↔50%) 1.2 ↔ 0.8 0.47
Acetic Acid 0.8i 14.91 ↔ 0.03 (↔50%) 0.65
Acetaldehyde 15a 10.4 ↔ 0.3 (↔10%) 4.3 ↔ 0.8 0.66
Acrolein 19.6j 1.65 ↔ 0.04 (↔10%) 1.40 ↔ 0.03 0.75
Acetone 0.17a 16.2 ↔ 0.8 (↔10%) 11.6 ↔ 1.1 0.65
C4 Carbonyls 1.22a,k 1.92 ↔ 0.02 (↔10%) 1.3 ↔ 0.2 0.67
C6 Carbonyls 9.1a,k 0.355 ↔ 0.014 (↔10%) 0.71
C7 Carbonyls 11a,k 0.449 ↔ 0.009 (↔50%) 0.69
C8 Carbonyls 11a,k 0.282 ↔ 0.006 (↔50%) 0.58
C9 Carbonyls 12a,k 0.290 ↔ 0.011 (↔50%) 0.60
C10 Carbonyls 12a,k 0.094 ↔ 0.002 (↔50%) 0.37

Volatile Chemical
Products

Decamethyltetrasiloxane (L4) 2.5l 0.0021 ↔ 0.0002 (↔50%) 0.44
Dodecamethylpentasiloxane (L5) 3.4l 0.00163 ↔ 0.00003 (↔50%) 0.44
Hexamethylcyclotrisiloxane (D3) 0.86l 0.01598 ↔ 0.00005 (↔10%) 0.42
Octamethylcyclotetrasiloxane (D4) 1.3l 0.0332 ↔ 0.0002 (↔10%) 0.17
Decamethylcyclopentasiloxane (D5) 2.1l 0.239 ↔ 0.002 (↔10%) 0.06
Dichlorobenzene 0.49f,m 0.0936 ↔ 0.0002 (↔50%) 0.29
paraNChlorobenzotrifluoride (PCBTF) 0.23n 0.40532 ↔ 0.00003 (↔50%) 0.26

Note. Error bars (wER) reflect the uncertainty from the multivariate fits. The measurement uncertainties are provided in parentheses and are more representative of the
emission ratio uncertainties. The correlation coefficient, r2, corresponds to the correlation between the measured time series in 2022 and the 2022 time series recon-
structed using the multivariate fits described in Equations 2 and 3 as well as the derived parameters. a(Atkinson & Arey, 2003). bAverage of isomers weighted by the
average relative abundance in GCNVocus chromatograms. c(Aschmann et al., 2013). dRate coefficient of the methylNsubstituted benzenes only. e(Phousongphouang &
Arey, 2002). fUnweighted average of isomers. g(Reisen & Arey, 2002). h(Kwok et al., 1997). i(Atkinson et al., 1997). j(Atkinson, 1986). kRate coefficient of the 2Nketone
only. l(Alton & Browne, 2020). m(Wahner & Zetzsch, 1983). n(Atkinson et al., 1985). o(de Gouw et al., 2017, 2018). p(Van Rooy et al., 2021).
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aromatics. The →26%–30% reduction in benzene and C9 aromatics emission
ratios may be more representative of changes in mobile source emissions.
Weaker reductions in toluene and C8 aromatics emission ratios may reflect
negligible reductions in VCP emissions or perhaps enhanced emissions,
which offset reduced mobile source emissions, due to higher temperatures
and evaporation rates. The toluene and C9 aromatics emission ratios agree
with the values from 2020, but the benzene and C8 aromatics emission ratios
were higher. These differences may reflect different emission compositions
between the COVIDN19 shelterNinNplace period and businessNasNusual.
Additionally, Equation 2 was used to reconstruct the hydrocarbon time series
using these average fitting parameters, CO, and OH exposure for comparisons
against the measured time series. The reconstructed time series generally
captured longNterm variability, and the correlations (r2; Table 1) between the
reconstructed and measured time series were generally good with a few ex-
ceptions discussed below.

Higher instrument sensitivity and lower limits of detection have allowed for
the determination of emission ratios for more precursors, including C10–C12
aromatics and polycyclic aromatic hydrocarbons (PAHs), which were not

quantified during CalNexN2010 (Table 1). Semivolatile and intermediate volatility organic compounds (SVOCs
and IVOCs, respectively) are known to have significant contributions to the formation of SOA (Dzepina
et al., 2009; de Gouw et al., 2011; Khare et al., 2020; R. Li et al., 2013; Liggio et al., 2016; Robinson et al., 2007).
These precursors are often missing or underreported in studies of ambient air due to instrumentation limitations.
The emission ratios reported here may help to constrain SOA formation. It should be noted that, while the
multivariate fits captured the broad characteristics of the measurements, the correlation coefficients (r2) between
the measured concentrations and recreated time series for some of these species are low. For VOCs with low
mixing ratios, the linear correlation may be limited by the statistical noise in the measurements. PAHs have
additional, temperatureNdependent evaporative sources such as asphaltNrelated materials that are not correlated
with mobile source emissions (Khare et al., 2020). In addition, the poor correlations for some VOCs are primarily
driven by brief highNconcentration emissions, which were not captured in the fits (Fig. S11 in Supporting
Information S1).

3.4. Ambient Concentrations of Oxygenated VOCs
Oxygenated VOCs (OVOCs) have many emission sources related to mobile sources (Clairotte et al., 2013; P. Liu
et al., 2024), biomass burning (Gilman et al., 2015; Koss et al., 2018), cooking (Coggon, Stockwell, Xu,
et al., 2024; Klein et al., 2016; Schauer et al., 1999), and VCPs (G. Liu et al., 2024; S. Wang et al., 2024), as well
as secondary sources from photochemical production from the oxidation of precursors. These OVOCs can then
undergo oxidation themselves and/or, as in the case of carbonyls, undergo photolysis during the day (Griffith
et al., 2016). Figure 4 shows the average diurnals and temperature dependence of ozone and a few OVOCs.

Average ozone concentrations were generally comparable between 2010 and 2022 (Figure 4a). The peak daytime
ozone concentration was →20% higher in 2022 than 2010, but average daytime concentrations were lower in 2022
for each temperature bin (Figure 4f). Only daytime data are compared in Figure 4f to focus on daytime photo-
chemical production of ozone. Similar observations are made if only afternoon data (14:00–16:00 PDT) are
compared. Despite increasing temperatures, which appear to have caused increased oxidation and faster ozone
formation, similar overall ozone concentrations suggest that other processes have impacted ozone between 2010
and 2022. One possibility is that NOx reductions are resulting in a gradual transition in ozone production regimes
as previous studies have suggested (Kim et al., 2022; Nussbaumer & Cohen, 2020; Schroeder et al., 2022; Zhu
et al., 2022). Further reductions in NOx and VOC emissions may lead to further reductions of ozone, but the
frequency of droughts and heat waves in California are expected to increase with the changing climate (Swain
et al., 2014). However, further investigations are necessary to fully understand the current chemical regime of the
LA basin. Here, temperature is used as a proxy for other factors such as solar irradiance, atmospheric stagnation,
and other meteorological conditions, which are favorable to ozone formation. There are obviously more factors
that influence ozone production, but a detailed study of ozone trends is not the focus of this study.

Figure 3. Emission ratios relative to CO and corrected for OH exposure for 4
aromatic hydrocarbons.
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The differences in concentrations of OVOCs between 2010 and 2022 varied
according to the respective sources. Ethanol, which is mostly a primary
emission from VCPs and its use as a gasoline additive, generally had higher
concentrations in 2022. Emission control strategies have primarily targeted
vehicle exhaust while VCP emissions have remained largely unregulated.
More oxygenated formulations of VCPs are also becoming more common, as
in the case of paints (Stockwell et al., 2021). Higher temperatures may have
also contributed to enhanced evaporative emissions from VCPs, fuels,
asphalt, and other sources (Cao et al., 2023; Khare et al., 2020; Wu
et al., 2024). During the day, ethanol is removed rather than produced as
evidenced by the midday reduction in its diurnal (Figure 4b) and reduced
concentrations at higher temperatures (Figure 4g) due to higher OH exposures
(Figure 2b) as discussed further in Section 3.7. Data from all times of day are
used to investigate the OVOCs' temperature dependences (Figures 4g–4j) as
they have both primary and secondary sources. Using airborne flux mea-
surements, Pfannerstill et al. (2024) observed increasing ethanol (and other
VOC) emissions with increasing temperatures in Los Angeles. In combina-
tion with the measurements presented here, ethanol mixing ratios, and
possibly those of other VOCs, may be more controlled by loss processes at
higher temperatures compared to emissions. For ethanol, the transition tem-
perature where loss processes appear to take over occurs at →23.5°C.

Acetone and acetaldehyde share similar diurnal profiles and magnitudes be-
tween 2010 and 2022 (Figures 4c and 4d). Both show afternoon enhance-
ments, which are indicative of photochemical production and, possibly,
daytime emissions. As with ozone, the concentrations in each temperature bin
were lower in 2022 (or comparable in the case of lower temperature bins for
acetaldehyde; Figures 4h and 4i), which indicates slower production and/or
lower emissions at a given temperature, but similar overall concentrations due
to warmer temperatures.

Methyl vinyl ketone (MVK) and methacrolein (MAC) are mostly produced
from isoprene OH oxidation and show strong daytime enhancements in both
2010 and 2022 (Figure 4e). With similar average isoprene concentrations
relative to 2010 (Figure 1e), MVK and MAC (and crotonaldehyde) had nearly
double the average daytime maximum concentration. For each temperature
bin, isoprene concentrations were generally lower (Figure 1j), although the
2010 measurements may be less representative as discussed in Section 3.1.
However, MVK and MAC concentrations were generally equivalent in each
bin (Figure 4j). Emissions of MVK's and MAC's precursor, isoprene, decline
at temperatures above 37°C (Z. Li et al., 2011; Rasulov et al., 2010), which
appears to occur at the highest temperatures in Figure 1j as isoprene seems to
approach a maximum concentration. The elevated nighttime concentrations
of MVK and MAC may stem from residual daytime production or from a
contribution of crotonaldehyde from cooking to this molecular formula
(Schauer et al., 1999).

At any given temperature, secondary production appears comparable or lower
for these species compared to 2010. As with ozone, the higher average
temperatures in 2022 seem to have offset any reductions such that average

concentrations were comparable to those in 2010. However, these differences in OVOC concentrations may also
involve changes in primary emissions.

Figure 4. Mixing ratio diurnal averages (a–e) and mixing ratio trends with
temperature during the day for ozone (f; 10:00–18:00 PDT) and all times of
day for selected OVOCs (g–j) in 2010 and 2022. Diurnal averages (a–e)
represent 30Nmin bins and shaded regions are one standard deviation. Mixing
ratios in (f–j) were averaged by temperature bins (10–40°C; 3°C bins) where
the error bars denote one standard deviation. For clarity, the average markers
in (f–j) are offset from the center of the temperature bins. The 2022 mixing
ratios are averaged to 1 min.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041812

JENSEN ET AL. 13 of 25

 21698996, 2024, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

041812 by U
niversity O

f C
olorado Librari, W

iley O
nline Library on [24/12/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



3.5. Primary Emissions and Secondary Production of OVOCs
To investigate the relative contributions of primary emissions and secondary
formation of OVOCs, we adopt the framework set forth by de Gouw
et al. (2018), in which the measured time series for each OVOC is fit by the
following equation:

OVOC ↘ OVOCbkg ↓ EROVOC ≃ wCO ≃ e↗⇑k∗
OVOC↗kCO↓OH⇓⇐OH⇒wt

↓ ERPrec ≃ wCO ≃ kPrec↓OH
k∗

OVOC ↗ kPrec↓OH

≃ ]e↗⇑kPrec↓OH↗kCO↓OH⇓⇐OH⇒wt ↗ e↗⇑k∗
OVOC↗kCO↓OH⇓⇐OH⇒wt⌊ ⇑3⇓

In Equation 3, the measured mixing ratio (OVOC) is a function of the at-
mospheric background concentration (OVOCBkg; term 1) and the emission
ratio relative to CO (EROVOC), accounting for primary emission of the OVOC
(term 2) as in Equation 2. This primary emission term assumes a correlation
with CO. Although this assumption may apply for some OVOC emissions, for
example, from mobile sources (Clairotte et al., 2013; P. Liu et al., 2024),

many OVOCs are not expected to be coNemitted with CO. Here, CO serves as a proxy for general human activity,
but there is likely greater uncertainty in the derived emission ratios for species with different emission diurnals. A
third term accounts for secondary production and removal via the emission of precursors including the weighted
average emission ratio relative to CO (ERPrec) and rate coefficient (kPrec↓OH) of all precursors. These parameters,
as well as OVOCbkg and EROVOC, are freely fit in the multivariate regression; only the effective loss rate coef-
ficient (k∗

OVOC) is held constant. This effective loss rate coefficient represents a combination of the loss rate to OH
and photolysis (where photolysis is assumed to scale with OH concentration), as detailed in Text S1 in Supporting
Information S1 and described by de Gouw et al. (2018). As with determining precursor emission ratios in Sec-
tion 3.3, the fit was repeated with high and low wCO and OH exposure to determine uncertainties and average
fitting parameters.

Table 1 and Figure 5 summarize the primary emission ratios from the multivariate fits and compare them to 2010.
Emission ratios of OVOCs were generally higher in 2022. Formic acid had an approximately equivalent emission
ratio between the two studies. These higher emission ratios possibly follow from reduced CO emissions from
vehicle sources and unregulated VCP emissions. Increased evaporative emissions with higher temperatures and
the sampling location may also play a role in enhancing emission ratios. Determination of emissions ratios relies
significantly on the nighttime data when OH exposure is low. Equation 3 does not account for nighttime formation
of OVOCs from the reactions of alkenes with ozone and nitrate radicals, which have been observed in the LA
basin (de Gouw et al., 2017) to form aldehydes and acids. These nighttime reactions may cause overestimates of
the emission ratios reported here.

Figure 6 shows the enhancement ratios relative to CO for ethanol, acetone, acetaldehyde, and formic acid as a
function of OH exposure with the multivariate fit of Equation 3 with the data in the left column. The right column
shows the average diurnal variation of the measurements as well as the reconstruction using the three terms from
the fit: atmospheric background, primary emissions, and secondary formation.

Ethanol concentrations persist into the late morning, possibly due to strong primary emissions from rush hour
traffic as well as increasing evaporative emissions as temperatures rise. In the early afternoon, at peak OH
exposure, ethanol concentrations decline due to oxidation to acetaldehyde. The multivariate fit captured this
behavior and assigned no secondary formation of ethanol. The missing contribution to ethanol in the early
morning (→6 a.m.) may represent a source not correlated with CO emissions. Moreover, the overestimation of
daytime concentrations may be caused by the assumption that ethanol is coNemitted with CO when other sources
play an important role.

Acetone, acetaldehyde, and formic acid all have primary and secondary contributions to their ambient concen-
trations. Contributions from primary emissions occurred throughout the day, dipping in the afternoons, and
secondary contributions were negligible at night, peaking at midday. At noon, primary and secondary contri-
butions were split approximately evenly for each species. Analyses of the 2010 data yielded a similar distribution

Figure 5. Emission ratios of OVOCs relative to CO and corrected for OH
exposure.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041812

JENSEN ET AL. 14 of 25

 21698996, 2024, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

041812 by U
niversity O

f C
olorado Librari, W

iley O
nline Library on [24/12/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



of primary and secondary contributions for acetone, but much smaller con-
tributions from primary emissions of acetaldehyde and formic acid, less than
oneNthird and oneNtenth of the daytime concentrations, respectively (de Gouw
et al., 2018). Therefore, the relative contributions of primary emissions and
secondary formation seem to have shifted in favor of primary emissions since
2010. Secondary production appeared to be approaching its limit with
increasing OH exposure (as discussed in the next paragraph), while primary
emissions have increased with unregulated VCP use and likely greater
evaporation associated with higher temperatures. Since OH exposure may
have been underestimated as discussed in Section 3.2, the distribution be-
tween primary and secondary contributions in this study would shift toward
more secondary formation if a higher OH exposure was used. Even so, as
temperatures increase in LA, we expect to see more primary emissions.

The secondary production of acetone, formic acid, and acetaldehyde via
oxidation proceeded as expected. Both acetone and formic acid continued to
form as the OH exposure increased (Figures 6b and 6d). They both react
relatively slowly with OH, so the high OH exposure contributed to net for-
mation for these measurements. However, the multivariate fits approach an
asymptote; production appears to reach a limit at very high OH exposures as
the relevant precursors fully react. Acetaldehyde reacts with OH nearly 100
times faster than acetone (Atkinson & Arey, 2003). At higher OH exposures,
acetaldehyde begins to oxidize faster than it is formed from precursors,
leading to a turnNover in ambient concentrations and the multivariate fit
(Figure 6c).

In combination, our results show that concentrations of primary hydrocarbons
and CO have declined from 2010 to 2022 due to reduced emissions, whereas
concentrations of OVOCs and ozone have changed little. Emission ratios of
primary OVOCs have increased, in part, due to reduced CO emissions from
vehicles and possibly enhanced evaporative emissions given higher temper-
atures. Higher OH exposure is evidence of faster photochemistry, contrib-
uting to the formation and oxidation of OVOCs.

3.6. Day,To,Night Ratios of Precursors and OVOCs
To explore the full information contained in the Vocus measurements about
emissions and chemical transformations, the dayN and nighttime averages of
all measured signals for the full measurement period were grouped by
elemental composition and summed. The total daytime signal was →11%

higher than that of the nighttime (Figure 7). This average difference encompasses the changes for each family.
Hydrocarbons (CxHy) were →24% lower during the day than at night. SingleNoxygen species (CxHyO) were
enhanced by →26%. The greatest contribution to this family was from acetone, which was enhanced →64%.
OVOCs with multiple oxygen atoms (CxHyO2 and CxHyO≥3) also demonstrated daytime enhancements, while all
other families generally had higher nighttime concentrations. To account for varying instrument response and
sensitivities, signals (in counts per second; cps) were normalized (in normalized cps; ncps) to the timeNvarying
average sensitivity. It should be noted that different functional groups have different protonNtransfer reaction
rate coefficients, so different families should only be compared semiNquantitatively. Family compositions may
vary between day and night, so comparisons of the same families between day and night should be made
cautiously. With this in mind, the dayNtoNnight ratios were calculated for each molecular formula.

Figure 8 summarizes the dayNtoNnight ratios of all measured species (sorted by highest to lowest ratio, the “ratio
index”) and the different families are plotted separately. These ratios compare normalized count rates and are
therefore independent of sensitivities. A possible exception occurs when different isomers contribute to a signal
during day and night. These ratios for each VOC and trends across families help to elucidate their sources and
fates. Ratios of <1 indicate daytime losses and sources related mostly to primary emissions. Ratios of →1 mean

Figure 6. Multivariate fits (Equation 3) of selected OVOCs (a–d) and the
corresponding diurnal averages of the atmospheric background, primary
emissions, and secondary formation contributions (e–h).
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that day and night concentrations are comparable. Dilution and photochem-
ical losses during the day must be offset by daytime emissions and/or
photochemical production. Ratios >1 suggest photochemical production and/
or only daytime emissions.

Hydrocarbons all had ratios of <1 except for isoprene, the emissions of which
are lightNdependent (Sanadze, 2004), and C18H36H↓, which had a low signal
contributing to an uncertain ratio (Figure 8a). Monoterpenes (MTs) and
sesquiterpenes (SQTs) have dayN and nighttime biogenic emissions, albeit
with a lower magnitude at night. Due to slower nighttime oxidation and lower
boundary layers, nighttime monoterpene ratios are commonly higher than
during the day. MTs also have strong anthropogenic emissions from VCPs
(Gkatzelis, Coggon, McDonald, Peischl, Aikin, et al., 2021). Because of the
combination of emission sources, chemistry, and dynamics, MTs have a dayN
toNnight ratio of →1. Aromatics react with OH at different rates, which is
reflected in their ratios: benzene reacts slowly and has a ratio of →1, while C8
and C9 aromatics have gradually higher rate coefficients with OH and
declining ratios in turn. Toluene's ratio was similar to that of benzene,
possibly due to significant daytime VCP emissions.

OVOCs had ratios ranging from →4 to →0.1 (Figure 8b). MVK and MAC had
one of the highest ratios due to the daytime abundance of their precursor:

isoprene. OVOCs with more oxygen atoms tended to have the highest ratios in general due to photochemical
production as the main source whereas other OVOCs with fewer oxygen atoms also have primary emission
sources, such as acetone, or only primary emission sources, such as ethanol. There is also evidence of MT
oxidation products (C10H16O2H↓ and C10H16O3H↓), although their dayNtoNnight ratios vary as they are formed by
different chemistries: nitrate radicals serve as a nighttime oxidant (Day et al., 2022; DeVault et al., 2022; Jenks
et al., 2023) while OH and to a lesser extent ozone are mostly daytime oxidants (Hantschke et al., 2021; Thomsen
et al., 2022).

More isoprene and MT oxidation products containing nitrogen from reactions with NO, NO2, and nitrate radicals
were also observed (Figure 8c). Again, their ratios show a large range due to formation by different chemistries.
Most reduced nitrogenNcontaining compounds had ratios below 1 as they only have primary sources such as
VCPs, solvent use on Caltech campus, or biomass burning (Coggon et al., 2016; Koss et al., 2018; Sekimoto
et al., 2018). Some of these species have ratios of →1, suggesting slow chemical removal or daytime emissions,
possibly from evaporation.

Other compounds highlighted include organosulfur compounds and halogenated compounds. Dimethyl sulfide
had a ratio of →1, likely due to significant marine biogenic emissions (Carpenter et al., 2012). Chloramine has a
short photolysis lifetime estimated as several minutes (C. Wang et al., 2023), yielding a low dayNtoNnight ratio.
Chloramine photolysis acts as a source of chlorine radicals during the day, allowing for the formation of chlo-
rinated products such as chloroacetone, which was observed here with an elevated dayNtoNnight ratio and in
Toronto during summer and winter (C. Wang et al., 2023). ParaNChlorobenzotrifluoride (PCBTF) is associated
with solventNbased coatings and tended to have higher concentrations during the day (Figure 8d), likely due to
strong daytime evaporation with high temperatures and generally more daytime use of the corresponding VCPs
(Gkatzelis, Coggon, McDonald, Peischl, Aikin, et al., 2021; McDonald et al., 2018) as well as a slow reaction rate
with OH (Chattopadhyay et al., 2022).

Some siliconNcontaining compounds are uniquely associated with VCPs: octamethylcyclotetrasiloxane (D4
siloxane) and decamethylcyclopentasiloxane (D5 siloxane) (Gkatzelis, Coggon, McDonald, Peischl, Aikin,
et al., 2021; McDonald et al., 2018). D4 siloxane, associated with adhesives and insecticides, had a ratio of →1 for
similar reasoning as PCBTF, including a slow reaction rate with OH (Alton & Browne, 2020). D5 siloxane is
emitted from personal care products and had higher nighttime concentrations. Emission ratios relative to CO were
estimated for these siloxanes using Equation 2 (Table 1) and will help to constrain VCP emissions. Although
siloxanes are not emitted from combustion sources such as CO, they typically scale with population density
alongside vehicle emissions (Gkatzelis, Coggon, McDonald, Peischl, Aikin, et al., 2021; Gkatzelis, Coggon,
McDonald, Peischl, Gilman, et al., 2021). The reconstructed time series from the multivariate fits correlated

Figure 7. Normalized signals (ncps; stacked bars) during day and night
averaged across the field measurements. The 582 identified ions are grouped
by elemental composition. Selected signals in the CxHyO family are shown
separately due to their significant contributions to the total signal. Day and
night comparisons for each ion are shown in Figure 8.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041812

JENSEN ET AL. 16 of 25

 21698996, 2024, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

041812 by U
niversity O

f C
olorado Librari, W

iley O
nline Library on [24/12/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



poorly (r2 ↘ 0.06) with the measurements for similar reasons as discussed with PAHs in Section 3.3; the
multivariate fits captured the broad structures, but they failed to capture the frequent, fine structures (Fig. S12 in
Supporting Information S1). Local emissions were common, particularly for D5 siloxane in the early morning
when students, staff, and faculty arrived at the campus.

3.7. Insights From OFR Experiments
OFRNVocus measurements were made to investigate the oxidation of precursors and formation of OVOCs and
secondary organic aerosol in ambient air. OFRNVocus measurements of C8 and C9 aromatics, acetone, and
acetaldehyde are summarized in Figure 9. OH exposure in the OFR was estimated using hydrocarbon ratios in the
same manner as ambient OH exposure (Section 3.2). Ambient daytime peak OH exposure was →6 ≃ 1010 molec
cm↗3 s (campaign average of 2 ↔ 2 ≃ 1010 molec cm↗3 s) and the average in OH exposure in the OFR (including
contributions from ambient exposure) was →9 ≃ 1010 molec cm↗3 s (Figure 9a). The OFR enhanced OH exposure
by 7 ↔ 4 ≃ 1010 molec cm↗3 s above ambient exposure. Assuming an average 24Nhr OH concentration of
→1.5 ≃ 106 molec cm↗3 (Mao et al., 2009), the midday photochemical age of ambient air was →0.5 days, whereas
the photochemical age downstream of the OFR ranged from →0.5 to 1 day. The OFRNVocus data therefore
provide insights into current, natural oxidation processes, as well as predicts the chemistry of higher OH

Figure 8. Average dayNtoNnight ratios of the 582 identified ions, grouped into hydrocarbons (a), OVOCs (b), nitrogenNcontaining (c), and others (d). The ratio index is the
order of VOCs sorted by highest ratio.
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exposures. This is important as the aging of air masses does not stop in
Pasadena, and these measurements provide insight into the chemical trans-
formations further downwind. Moreover, future evolutions in precursor
emissions, temperature, and photochemistry may lead to higher OH exposure
levels in the LA basin.

Generally, the oxidation of precursors and the formation of products behave
as expected in the OFR. The OFRNVocus measurements agree well with the
multivariate fits of the ambient data within limitations of the measurements.
Additionally, there is some overlap in OH exposure between the least
oxidized OFR measurements at night, and the highest OH exposure ambient
measurements during the day. The oxidation of nighttime ambient air by the
OFR serves as a surrogate for daytime ambient oxidation, as described by
Ortega et al. (2016). There appears to be an offset between the OFRN and RTN
Vocus enhancements, particularly for C8 and C9 aromatics. Experiments with
a dark OFR and no additional chemistry suggest no significant additional
losses to the system. That is, measured concentrations of C8 and C9 aromatics
downstream of the dark OFR were within 2 ↔ 3% and 3 ↔ 11% of ambient
measurements (averaged 1 min before and 1 min after the dark OFR mea-
surements), respectively. Instead, the observed offset may reflect under-
estimated OH exposure in the OFR arising from the measurement limitations
of the Vocus.

Acknowledging this offset, the precursor and product enhancements agree
across OFRNVocus and RTNVocus measurement within this overlap
(Figures 9b–9f). These observations suggest that the OFR accurately repre-
sents trends from ambient oxidation of these VOCs, and the multivariate fits
are sufficient for describing their emissions and chemistry. Moreover, the gasN
phase OFRNVocus measurements are representative of real atmospheric
conditions (at least by these metrics), supporting the use of OFRs to study
secondary organic aerosol formation from gasNphase precursors.

Precursors were removed in the OFR to a much greater extent due to the
higher OH exposure, leading to the production of more oxidation products.
The average diurnals of C8 and C9 aromatics show nearly complete removal
by the OFR during the day with mixing ratios reaching the limits of detection
at high OH exposure (Figures 9g and 9h). The average diurnals for acetone
and acetaldehyde suggest that significant fractions of their precursors are
already oxidized (Figures 9j and 9k). Midday, an additional →2 ppbv of
acetone was produced in the OFR on top of →3 ppbv of acetone which was
produced through ambient oxidation (Figure 6j). Acetone also reacts with
OH, although at a relatively slow rate. Acetaldehyde, however, reacts much
faster with OH, such that it is removed by the OFR relative to ambient.
Ethanol, being a primary emission, is only reduced by additional OH expo-
sure in the OFR (Figure 9i). Acetaldehyde is produced from the oxidation of
ethanol, but the lack of elevated acetaldehyde observations further shows that
photochemical losses are outpacing production for acetaldehyde.

The above chemistry is reflected in the multivariate fits. For C8 and C9 ar-
omatics, the fits show a decrease in concentrations as OH exposure increases
and precursors react, but the OFRNVocus measurements of these aromatics
reach the limit of detection, causing a divergence between the predicted and
measured enhancements at these high OH exposures (Figures 9b and 9c) and
complicating the retrieval of OH exposure. As stated previously, OH expo-
sure for the ambient and OFR data were derived using C8 and C9 aromatics
and weighted average rate coefficient with OH radicals. As these mixtures

Figure 9. Average diurnals of ambient and OFR OH exposure with estimated
photochemical age ([OH] ↘ 1.5 ≃ 106 molec cm↗3) (a), and multivariate fits
of selected VOCs in both ambient air and downstream of the OFR (b–f) and
the corresponding diurnal averages (g–k).

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041812

JENSEN ET AL. 18 of 25

 21698996, 2024, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

041812 by U
niversity O

f C
olorado Librari, W

iley O
nline Library on [24/12/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



age, they will become less reactive and the OH exposure would likely be underestimated, including for the
ambient OH exposure estimations. This issue is possibly exacerbated by the added exposure in the OFR. Ratios of
less reactive hydrocarbons may provide a better estimate of OH exposure in the OFR. Nonetheless, these ob-
servations show that fresh emissions of these aromatics can be nearly completely oxidized in →2 days of ambient
exposure. At the same time, both acetone and acetaldehyde production reached a maximum at high OH exposure
(Figures 9e and 9f). The corresponding precursors for these OVOCs have essentially been entirely oxidized and
acetaldehyde began to be oxidized faster than it was formed. Ambient concentrations of both OVOCs are not
expected to increase significantly with increasing OH exposure.

4. Conclusions
In this study, VOCs were measured in Pasadena, California, in summer 2022 by VocusNPTRNTOFNMS to assess
their emissions and chemistry. Developments in instrumentation have allowed for a greater breadth of VOC
measurements at lower concentrations, allowing for a more detailed investigation into primary emissions and
secondary formation. We also deployed an OFR, which doubled the ambient OH exposure, to investigate the
potential oxidation of precursors and potential formation of OVOCs. The OFR measurement agreed with ex-
pectations set by the ambient measurements.

Relative to the earlier CalNex study at the same location in 2010, ambient concentrations of primary criteria
pollutants (CO and NOx) and primary anthropogenic VOCs (aromatics) were lower on average and when
comparing for similar temperatures. Emission ratios of these precursor VOCs relative to CO have also declined
→20%, suggesting overall reduced emissions from mobile sources. The subset of investigated compounds was
also expanded to include some PAHs from traffic and asphalt, and VCPs. PAH emissions and oxidation products
have significant implications for secondary organic aerosol formation while VCPs represent a relatively un-
regulated emission source which is growing in importance. Most precursors tended to have higher nighttime
concentrations with the notable exceptions of isoprene and some VCPs with strong evaporative sources.

Ambient concentrations of ozone were comparable between 2022 and 2010 with a →20% higher peak daytime
concentration in 2022. When comparing daytime ozone concentrations at similar temperatures, however, con-
centrations were lower in 2022 than in 2010. Although concentrations of NOx and some anthropogenic VOCs
have declined in the past decade, the change in total VOCs is unclear and requires further investigation. Addi-
tional factors such as meteorology also influence ozone production. These considerations should be carefully
examined before a conclusion regarding LA's chemical regime can be made. Regardless, higher average tem-
peratures resulted in generally equivalent average ozone concentrations between 2010 and 2022, and a higher
daytime peak ozone concentration in 2022. The higher average temperatures resulted in faster photochemistry and
higher average OH exposure. OH exposure was also higher in 2022 than 2010 at similar daytime temperatures.
Further reductions in precursor emissions from mobile sources and VCPs may result in reduced ozone formation
under similar conditions, but the future climate must also be considered.

OVOC contributions from primary emissions and secondary formation were separately determined. Emission
ratios relative to CO were enhanced relative to 2010, possibly due to reduced combustion emissions of CO,
increasing amounts of unregulated VCP emissions, and enhanced evaporation from higher average temperatures.
The relative importance of the primary emission component has grown for these reasons. OVOCs with more
significant primary contributions tended to have higher nighttime concentrations or comparable daytime and
nighttime concentrations. Species with more oxygen atoms tended to have much higher daytime concentrations
due to strong secondary formation. OFRNVocus measurements suggest that daytime acetone production is already
near maximum (with increasing OH exposure) and further OH exposure can reduce acetaldehyde below ambient
concentrations. Faster photochemistry may not only produce OVOCs more quickly but also remove them more
quickly.

The average daytime uncalibrated signal of all species measured by the Vocus was →11% higher than the average
nighttime signal, suggesting that primarily daytime emission sources, such as evaporation, and daytime chemistry
contribute more to the measured VOC burden than other, primarily nighttime emission sources and nighttime
chemistry. These measurements were made in the summer when evaporative emissions and daytime chemistry
are greatest, so this burden is expected to shift toward other sources during cooler months.
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