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ABSTRACT

A substantial fraction of atmospheric science research is motivated by uncertainties in the
sources of urban particulate matter and greenhouse gases. Such a focus is justified, as
particulate matter exposure is responsible for up to nine million annual premature deaths
globally, while climate change is rapidly altering ecosystems across the world.
Recognizing the urgency of these interrelated problems, regulatory agencies in the U.S.
and elsewhere have sought to limit emissions contributing to air quality degradation and

global warming.

In this dissertation, we use a combination of ambient measurements, statistical models, and
computational models to identify the sources of urban particulate matter and methane in
multiple locations in California. In Los Angeles, we investigated the effects of reductions
in mobile source pollutant emissions (i.e., on-road and off-road vehicles) on ambient
aerosol concentrations. Mobile sources have historically accounted for the dominant
fraction of urban particulate matter in Los Angeles, but despite notable reductions in their
emissions over the last decade, ambient aerosol concentrations have not declined
appreciably. Measurements using an Aerosol Mass Spectrometer demonstrate the complex
interplay of direct (i.e., intended) and indirect effects of simultaneous reductions in organic
aerosol (OA) precursor and nitrogen oxide emissions from these sources. Mobile sources
are found to account for a modest and declining fraction of the total aerosol burden, while
the contributions of non-traditional sources such as volatile chemical products (e.g., paints
and coatings, cleaning products, adhesives and sealants) have increased. Simulations of
organic and inorganic aerosol formation informed by in-situ measurements are developed

to identify possible targets of future regulatory efforts.

In the San Joaquin Valley, we used airborne measurements of methane fluxes to evaluate
dairy emissions inventories used by state regulatory agencies for policy development.
Dairy operations currently account for nearly half of the state’s methane emissions, and
recent legislation has mandated a 40% reduction in emissions by 2030. Observed methane

fluxes align well with emission inventory predictions and demonstrate the utility of
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airborne flux measurements to track emission reduction progress in the future. Factor

analysis of a combined dataset of greenhouse gas and volatile organic compound
concentrations indicates dairy operations account for ~65% of total methane emissions in
the southern San Joaquin Valley, with the remainder attributed to fugitive oil and gas

emissions.
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Chapter 1

INTRODUCTION

1.1 Overview

The work presented in this thesis investigates questions related to two distinct but important
aspects of atmospheric science research — urban air quality and greenhouse gas emissions.

Here, we provide a brief overview of the motivating literature related to each topic.

1.2 Background and motivation — urban air quality

Atmospheric aerosols are small, suspended liquid or solid particles that exert considerable
effects on global climate (IPCC, 2021a) and negatively impact human health (Burnett et
al., 2014; Cohen et al., 2017; Burnett et al., 2018). Aerosols range in size from a few
nanometers to multiple micrometers and originate from a variety of natural (e.g., sea spray,
dust, biogenic emissions) and anthropogenic (e.g., vehicular combustion, industrial
emissions) organic and inorganic sources (Seinfeld and Pandis, 2016). These particles are
typically classified as either primary, denoting direct emission in the particulate phase, or

secondary, indicating formation in the atmosphere from gas-to-particle conversion.

Aerosols influence climate both directly, by scattering incoming sunlight (direct effect) and
indirectly, by acting as seeds for cloud droplet formation (i.e., cloud condensation nuclei
(CCN)) (IPCC, 2021a). Changes in CCN concentrations can modulate both cloud
reflectivity and cloud lifetime (indirect effect). The negative radiative forcing associated
with increased global CCN from anthropogenic activities represents one of the least

constrained aspects of global climate change (IPCC, 2021).

Aerosols also influence human health by depositing in alveoli, inducing inflammation, and
migrating into the bloodstream, causing increased rates of cerebrovascular disease,
ischaemic heart disease, and lung cancer (Burnett et al., 2014). Outdoor aerosol pollution

is the fifth largest global mortality risk factor (Cohen et al., 2017) and causes up to nine
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million excess mortalities annually (Burnett et al., 2018), with particularly elevated health

impacts in urban regions that could increase considerably over the next thirty years

(Lelieveld et al., 2015).

The Los Angeles Basin is famous for its historically poor air quality (Warneke et al., 2012;
Pollack et al., 2013; SCAQMD, 2023). Aerosol concentrations are particularly pronounced
in the region due to the presence of a dense urban population in a valley largely bounded
by mountain ranges, leading to considerable aerosol precursor emissions and limited
ventilation rates (Blumenthal et al., 1978; Schultz and Warner, 1982). The impacts of the
poor air quality, referred to as “smog” given its resemblance to a mixture of smoke and
fog, were recognized by the early 1900s (Mitchell et al., 2016; SCAQMD, 2023; CARB,
2023).

In the 1940s, experiments led by Air Haagen-Smit at Caltech recognized the role of
hydrocarbon precursors, otherwise known as reactive organic gases (ROG) or volatile
organic compounds (VOC), and nitrogen oxides (NOx) in the formation of particulate
matter and ozone, the major components of urban smog (Haagen-Smit, 1952). Industrial
emissions were initially blamed for the smog, and concentrated regulatory efforts were
implemented to limit emissions of both organic and inorganic gases from these sources
(CARB, 2023). Since the implementation of industrial emission controls in the 1950s,
exhaust and evaporative emissions from mobile sources (e.g., on-road and off-road
vehicles and equipment) have accounted for the majority of local ROG and NOx
contributing to regional smog formation (Pollack et al., 2013; Mitchell et al., 2016;
CEPAM, 2019; SCAQMD, 2023).

Mobile sources produce urban aerosol both directly, through emission of lubricating oil
particles termed primary organic aerosol (POA), and indirectly through emissions of
gaseous organic (e.g., ROG) and inorganic (e.g., NOx) species that form secondary organic
aerosol (SOA) and inorganic aerosol (SIA) following atmospheric oxidation (Gentner et
al., 2017). Recognition of the importance of mobile sources to local air pollution in the
mid-1900s spawned numerous regulatory efforts aimed at limiting their emissions

(SCAQMD, 2023; CARB, 2023). Since the 1960s, California has led the country in
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imposing emissions standards on on-road and off-road mobile sources, with increasingly

stringent limits for ROG, NOx, and POA emissions from vehicular exhaust, detailed
specifications for fuel composition (e.g., limits on aromatic content), and requirements for
installation of technological devices aimed at limiting evaporative emissions (CARB,
2023). Federal legislative efforts, such as the Tier 0-3 programs and non-road source

standards, have followed (EPA, 2023a).

The suite of regulatory efforts aimed at reducing mobile source emissions have improved
air quality considerably over the last seventy years (Warneke et al., 2012; Pollack et al.,
2013). Emission rates of ROG and NOx (i.e., emissions per mile driven) for new passenger
vehicles have declined by 99% (Lu et al., 2018; EPA, 2023b). Off-road emissions have
seen similar improvements as a result of the multitude of individual state and federal
regulations targeting specific sources (e.g., the Federal Phase 1-3 program aimed at small
off-road spark ignition engines) (EPA, 2023c). The effectiveness of these efforts is
reflected in ambient concentrations of both primary pollutants, such as NOx and carbon
monoxide (CO), which have declined by more than 80% since 1960, and secondary
pollutants such as ozone and OA, which have seen similar declines (Warneke et al., 2012;

Pollack et al., 2013; McDonald et al., 2012; 2015).

Despite the clear progress made over the last few decades, however, average aerosol
concentrations measured in Los Angeles have remained relatively constant since 2010
(Figure 1.1a). The consistency is particularly notable given that mobile source emissions
have continued to decline appreciably during this period, as is clearly seen in
concentrations of primary pollutants emitted by mobile sources, such as CO (Figure 1.1a)
(CEPAM, 2019). While global climate change is thought to have contributed to increasing
wildfire frequency in California, aerosol emissions associated with wildfire events cannot

account for the trend (Enhayati Ahanar, 2021).
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Figure 1.1: Trends in aerosol concentrations in Los Angeles. (a) Annual average PMass
concentrations measured using Federal Reference Methods at monitoring sites in Los Angeles
County from 2000-2020, demonstrating minor changes since 2010. Annual average concentrations
of CO and NOy measured in Pasadena, CA are also shown. (b) Annual average concentrations of
organic carbon (OC) and nitrate (NO3) PM» s measured in Downtown Los Angeles and Rubidoux,
CA demonstrating spatial variability in trends of speciated PM; .

Multiple factors have been hypothesized to contribute to the lack of recent air quality
progress. Due to the effective historical regulation of mobile source emissions, less
controlled, non-traditional sources of ROG such as volatile chemical products (e.g., paints,
cleaning products, personal care products, industrial solvents) (McDonald et al., 2018;
Khare and Gentner, 2018; Seltzer et al., 2021a,b) and asphalt (Khare et al., 2020) have been
recognized as potentially important contributors to OA formation. While prior regulatory
efforts have focused on limiting emissions from individual classes of VCPs (e.g., paints,
industrial solvents), existing policies have primarily focused on ozone-forming emissions
rather than aerosol precursors specifically (Seltzer et al., 2021a). Asphalt use is widespread

in the Los Angeles Basin because of the sprawling nature of the region’s development, and
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emissions may now account for as much local OA formation as all mobile sources

combined (Khare et al., 2020).

In-basin OA formation rates may have also increased over the last decade as a result of the
effective regulation of mobile-source NOx emissions (Warneke et al., 2013; Pollack et al.,
2013). In urban regions with dense NOx sources (e.g., heavy-duty diesel vehicles),
concentrations of the hydroxyl radical (OH), the primary oxidant of anthropogenic SOA
precursors, increase as NOx emissions decline (Seinfeld and Pandis, 2016). This
phenomenon has historically been observed in the Los Angeles Basin on weekends, when
NOx emissions decline due to reduced commercial heavy-duty diesel truck traffic, and has
also been inferred from long-term ratios of NOx to the sum of NOx oxidation products
(Pollack et al., 2013). Higher OH concentrations increase the rate of SOA production from
emitted precursors, leading to higher SOA concentrations produced before air masses are

advected out of the basin (Ortega et al., 2016).

Finally, reductions in NOx emissions may have altered VOC oxidation chemistry and
thereby increased SOA yields (defined as the amount of SOA formed per mass of precursor
oxidized). Laboratory studies of both important individual anthropogenic SOA precursors
(e.g., toluene and other aromatics) and directly emitted passenger vehicle exhaust have
demonstrated that SOA yields increase substantially under low-NOx experimental

conditions (Ng et al., 2007; Chan et al., 2009; Zhao et al., 2017).

While the density of air quality measurements in the Los Angeles Basin is among the
highest of any urban location in the U.S. (Pollack et al., 2013), identifying the mechanisms
responsible for the aerosol trend using existing datasets remains difficult. Speciated aerosol
concentrations have only been measured at two locations in the basin since 2010
(Downtown Los Angeles and Rubidoux), and decadal trends in individual aerosol
components differ notably between locations (Figure 1.1b). Gas-phase data provide
evidence for decreasing mobile source emissions and shifts in 0zone chemistry consistent
with increasing OH concentrations, but quantifying the effect of these changes on SOA is
complicated by the limited time resolution and chemical specificity of existing aerosol and

ROG measurements (Pollack et al., 2013; Baidar et al., 2015).
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While three-dimensional simulations of regional air quality could ideally be used to

identify the drivers of historical trends, prior simulations of both OA (Lu et al., 2020;
Pennington et al., 2021; Seltzer et al., 2021) and IA (Ensberg et al., 2013) in the basin have
struggled to accurately reproduce ambient concentrations. Whether historical
measurement-model disagreement is the result of inaccuracies in emissions, understanding
of aerosol formation efficiencies, or errors in simulated meteorology/atmospheric transport

patterns remains unclear (Lu et al., 2020; Seltzer et al., 2021).

The Los Angeles Basin remains in non-attainment of the National Ambient Air Quality
Standard (NAAQS) for ambient PM2s, underscoring the need for identification of the
underlying reasons for the PMa2 s trend and development of additional regulatory policies
that can further improve local air quality. This need is particularly urgent given that the
Environmental Protection Agency recently proposed further reduction of the PMas
NAAQS to a value ~20% lower than the current standard (EPA, 2023d), suggesting the
basin will remain in non-compliance without dedicated efforts to reduce aerosol-forming

emissions.

1.3 Background and motivation — methane emissions

Methane emissions represent the second largest positive anthropogenic forcing on the
climate system, leading to accelerated global warming and subsequent impacts on natural
ecosystems, sea levels, and the frequency of extreme weather events (IPCC, 2021Db).
Methane is a much more powerful greenhouse gas than carbon dioxide, with a global
warming potential that varies from 84 to 28 when evaluated over 20- or 100-year time
horizons (IPCC, 2021b). Globally, methane emissions have doubled over the last two
centuries, a trend that is clearly reflected in methane concentrations derived from in-situ
measurements and ice core samples (IPCC, 2021b). Given the 20-year GWP, reducing
methane emissions in the near-term represents a particularly effective potential method to

limit global warming over the next century (Ripple et al., 2014).

Livestock-related sources account for ~30% of global anthropogenic methane emissions

and 5% of total anthropogenic greenhouse gas emissions (IPCC, 2021b). Current global
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warming targets, such as those developed in the historic Paris Agreement, are therefore

unlikely to be met without considerable reductions in emissions from livestock operations
(Clark et al., 2020). Recent estimates suggest that on a global scale, livestock methane
emissions need to be reduced by 11-30% by 2030 and 24-47% by 2050 to limit warming
to 1.5°C (Arndt et al., 2022).

Ruminant livestock, and dairy/beef cattle in particular, account for the dominant fraction
of livestock-related methane emissions (Ripple et al., 2014; IPCC, 2021b). Ruminants
produce methane both metabolically, through microbial fermentation of grains and starches
in the rumen (enteric fermentation), and indirectly through the anaerobic decomposition of
their manure (manure management) (Ripple et al., 2014; Owen and Silver, 2015).
Emissions from manure management practices are particularly elevated in developed
countries with dense dairy operations, where manure accumulation in large-scale storage
systems produces prolonged anoxic conditions (Owen and Silver, 2015; Arndt et al., 2022).
Combined, enteric fermentation and manure management practices emit ~109 Tg yr'! of
methane globally, an amount equivalent to all fossil-fuel related activities combined (IPCC,

2021b).

Livestock-related methane emissions are particularly substantial in California, which
produces approximately 20% of the United States’ milk supply from 1.7 million dairy
cows. Current inventories produced by the California Air Resources Board (CARB)
suggest that enteric fermentation and manure management practices account for ~50% of
the state’s total methane emissions (CARB, 2022a). Recognizing the urgent need to limit
methane emissions, the California Senate recently passed Senate Bill 1383, which requires
a 40% reduction in methane emissions from dairy manure management practices relative

to 2013 levels by 2030 (SB 1383, 2016).

Most manure management emissions in California originate from waste management
ponds, typically referred to as anaerobic lagoons, which store manure until eventual field
application (Marklein et al., 2021). Installation of anaerobic digestion systems, which
capture and transport emitted methane to processing centers for conversion into pipeline-

quality natural gas, currently represents the primary planned mechanism to achieve
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emission reduction goals (CARB, 2022b). The development of these anaerobic digester

systems, the infrastructure required for effective conversion into natural gas, and the
necessary public private partnerships has only recently begun in the state, but development
is expected to accelerate with increased direct investment and incentives from federal and

state agencies (CDFA, 2023; SoCalGas, 2019).

Effective development and implementation of emission reduction plans requires detailed
understanding of the current magnitude of dairy emissions and accurate monitoring as
anaerobic digester systems are constructed. Dairy emissions inventories are developed
using process-based models that calculate emissions from enteric fermentation and manure
management separately based on animal energy intake (i.e., food consumption) and solid
waste production, respectively (CARB, 2022a). The emission factors underlying these
models are based on a limited number of direct measurements at dairy facilities, and only
a modest amount of information about dairy-specific manure management practices exists
(e.g., fraction of waste diverted to lagoons vs. stored using solid methods) (Marklein et al.,
2021). Considerable effort has therefore been devoted to evaluating the accuracy of
emission inventories in California and elsewhere (Jeong et al., 2016; Cui et al., 2019;

Marklein et al., 2021).

Two primary top-down methods, inverse modeling of ambient methane concentrations and
direct measurements of methane fluxes from individual dairy facilities, have historically
been used to evaluate the accuracy of California dairy emission inventories. Inverse
modeling studies primarily utilize data from the greenhouse gas monitoring network
established by the CARB, which consists of eight locations in California with continuous
methane measurements (Jeong et al., 2013; 2016; Cui et al., 2017; 2019). Briefly, in this
method, bottom-up prior emissions inventories are combined with detailed atmospheric
transport models to evaluate regional methane emissions using Bayesian modeling
frameworks (Jeong et al., 2013; 2016; Cui et al., 2017; 2019). Depending on the detail of
the prior inventories and the spatial density of measurements utilized, these methods can
produce emissions estimates for individual regions and/or source sectors (e.g.,

dairy/livestock, natural gas, etc.) in the state (Jeong et al., 2016; Cui et al., 2019). Direct
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measurements represent an alternative method to evaluate emission inventory accuracy,

often using either stationary (Borhan et al., 2011; Arndt et al., 2018) or mobile
measurements (Amini et al., 2022; Golston et al., 2020) to quantify emissions from an
entire dairy or individual emission sources within an individual dairy operation (e.g.,

anaerobic lagoons, housing pens, etc.) (Arndt et al., 2018).

In general, top-down estimates using inverse modeling techniques applied to both long-
term (Miller et al., 2013; Jeong et al., 2016) and short-term (Zhao et al., 2009; Cui et al.,
2017) measurements have suggested that methane emissions from dairy livestock may be
twice as large as the California Air Resources Board (CARB) predicts. However, results
of recent inventory comparisons are inconsistent, as long-term measurements at individual
dairy facilities (Arndt et al., 2018), short-term surveys of multiple dairy facilities (Peischl
et al., 2013; Amini et al., 2022; Golston et al., 2022) and short-term inverse modeling

studies (Heerah et al., 2021) have supported the accuracy of CARB predictions.

The underlying reasons for these differences remain unclear but could be the result of
inaccuracies in the atmospheric transport models used in inverse modeling studies (e.g.,
simulated mixing heights) (Cui et al., 2019), errors in the spatial allocation of emissions
within prior inventories (Marklein et al., 2021), or temporal variability in emissions
(Heerah et al., 2021; Amini et al., 2022). Resolution of these inconsistencies is needed to
establish confidence in emissions projections and ensure that emission reduction plans will

be sufficient.

1.4 Organization of thesis

In Chapter 2, using a combination of atmospheric field measurements and computational
modeling techniques, we quantify the complex effects of reductions in mobile source
emissions on ambient aerosol concentrations in Los Angeles since 2010. We demonstrate
that simultaneous reductions in mobile source emissions of SOA precursors and NOx has
produced relatively consistent SOA concentrations, as increases in oxidant levels have
offset the direct effects of reduced emissions of mobile source SOA precursors. However,

the relative contribution of mobile sources to the local SOA burden has declined from as
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much ~50% in 2010 to only ~25% in 2022. We further show that overnight nitrate

aerosol production rates have likely declined by 60% or more over the last decade due to
reduced NOx emissions. Our results demonstrate the declining relevance of mobile source
emissions to the ambient aerosol burden in Los Angeles and highlight the need for

increased regulatory focus on non-mobile, area, and stationary source emissions.

In Chapter 3, we use airborne measurements of methane fluxes over the San Joaquin Valley
(SJV) of California to quantify methane emission rates from dairy operations, which are
estimated to account for approximately 50% of California’s methane budget. Our
measurements suggest average emission rates of ~120 kg hr'! for dairies in this region,
corresponding to ~55 g dairy cow™! hr'!. These values align with predictions from emissions
inventories currently used by state agencies, supporting their validity and use in policy
development. We further provide the first direct demonstration of the improved spatial
accuracy of the recently developed VISTA-CA dairy emissions inventory relative to the
prior EPA inventory used for methane emissions modeling in the southern SJV. Factor
analysis of a combined greenhouse gas and VOC dataset suggests that dairy operations
account for ~65% of total methane emissions over the southern San Joaquin Valley, with

the remainder likely associated with fugitive oil and gas emissions.

Chapter 4 investigates the relationship between aerosol composition and cloud forming
capacity over the N.E. Pacific Ocean, a region where local stratocumulus are thought to be
particularly sensitive to variations in cloud condensation nuclei characteristics. Using
airborne measurements of aerosol composition and cloud condensation nuclei
concentrations, we demonstrate that the sensitivity of simulated cloud droplet number
concentrations (CDNC) to aerosol composition is ~40% as large as the sensitivity to the
geometric median diameter of size distribution. Model simulations demonstrate that CDNC
sensitivity to aerosol hygroscopicity does not decrease monotonically with updraft speed

when underlying aerosol size distributions are bimodal, as has been assumed previously.
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Chapter 2

Insights into the complex effects of reduced mobile source emissions on
submicron particulate matter concentrations in Los Angeles

Schulze, B.C.; Kenseth, C.M.; Pennington, E.A.; Ward, R.X_; Seltzer, K.M.; Van Rooy, P.; Tasnia,
A.; Morris, M.; Jensen, A.; Barletta, B.; Meinardi, S.; Huang, Y.; Parker, H.A.; Hasheminassab, S.;
Crounse, J.D.; Day, D.; Campuzano-Jost, P.; de Gouw, J.; Jimenez, J.; Blake, D.R.; Barsanti, K.C.;
Pye, H.O.T.; Wennberg, P.O.; Seinfeld, J.H. Environmental Science & Technology. In preparation.

Abstract

Despite considerable reductions in mobile source emissions, aerosol concentrations
measured in Los Angeles using Federal Reference Methods have not appreciably declined
over the last decade. Here, we use measurements and zero-dimensional modeling of aerosol
formation in Pasadena, CA in 2010 and 2022 to quantify the impacts of these emissions
reductions. Changes in secondary organic aerosol (SOA) concentrations expected from
reduced mobile source emissions appear to have been offset by increases in hydroxyl
radical concentrations, an indirect effect of reduced emissions of nitrogen oxides. As a
result, while the contribution of mobile sources to the SOA burden has declined from ~50%
in 2010 to only ~25% in 2022, concentrations of locally-formed SOA have remained
effectively constant. In contrast to SOA, reductions in mobile source NOx emissions have
considerably reduced overnight production of nitric acid and ammonium nitrate (AN)
aerosol (~60%). We provide evidence that FRM measurements may have underrepresented
the reduction in AN concentrations since 2010 due to evaporation of semi-volatile species
prior to quantification. Given the effectiveness of regulatory efforts aimed at mobile
sources, and on-road sources in particular, further reductions in aerosol concentrations in
Los Angeles will likely require increased focus on abating emissions from non-road and

arca sources.
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2.1 Introduction

Exposure to ambient aerosol is associated with increased risk of cardiovascular and
respiratory disease and is estimated to cause up to nine million premature deaths per year
globally (Cohen et al., 2017; Burnett et al., 2019; Pye et al., 2021). In the U.S., mobile
emission sources (i.e., on-road and non-road vehicles and equipment) have historically
been responsible for a considerable fraction of organic aerosol (OA) and inorganic aerosol
(IA) concentrations in urban areas (Watson et al., 1994; Schauer et al., 1996; Stone et al.,
2009; Hasheminassab et al., 2014; McDonald et al. 2015; Ortega et al., 2016; Gentner et
al., 2017). Vehicle operation produces OA through both direct particulate emissions,
termed primary OA (POA), and via exhaust and/or evaporative emissions of gas-phase fuel
components, which undergo atmospheric oxidation to form secondary OA (SOA) (Gentner
et al., 2017). Fuel combustion also leads to considerable nitrogen oxide (NOx) emissions.
Atmospheric oxidation of NOx forms nitric acid (HNOs3), which subsequently reacts with
gas-phase ammonia to form ammonium nitrate (AN) aerosol (Ensberg et al., 2013; Schiferl
etal., 2014).

The Los Angeles Basin has historically experienced some of the highest aerosol
concentrations in the country (Ensberg et al., 2013; Lawson et al., 1990; Docherty et al.,
2011; Hayes et al., 2013) and has failed to attain compliance with the 2012 National
Ambient Air Quality Standard for fine particulate matter (PMz.5) concentrations (EPA,
2012). While implementation of regulatory policies such as the California Low-Emission
Vehicle (LEV) program have successfully reduced gaseous and aerosol pollutant
concentrations over the last seventy years (McDonald et al., 2015; Warneke et al., 2012;
Pollack et al., 2013), regulatory monitoring stations indicate that aerosol concentrations in
Los Angeles have remained relatively constant during the last decade, despite considerable
declines in mobile source emissions of organic and inorganic aerosol precursors (CEPAM,
2019).

Multiple factors may contribute to the recently observed trend in aerosol concentrations.
The reduction of on-road aerosol precursor emissions (Hasheminassab et al., 2014;
Altuwayjiri et al., 2021) has likely increased the relative importance of less-controlled,

non-vehicular aerosol precursor sources such as volatile chemical products (VCPs) (Khare
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and Gentner, 2018; McDonald et al., 2018; Khare et al., 2020; Seltzer et al., 2021a,b).

Reductions in urban NOx emissions may have also increased local hydroxyl radical (OH)
concentrations, increasing the rate of volatile organic compound (VOC) oxidation, and
thereby increasing the fraction of SOA precursors oxidized in the basin (Warneke et al.,
2013; Kim et al., 2016; Van Rooy et al., 2021). Lower NOx emissions could have also
altered photochemical oxidation pathways and in turn increased SOA yields (defined as
the amount of OA formed per mass of precursor oxidized) (Ng et al., 2007; Chan et al.,
2009; Praske et al., 2018).

Accurate determination of the relative contributions of changing aerosol sources,
oxidant concentrations, and oxidative pathways to the recently observed invariance in
aerosol mass loadings requires detailed modeling of local aerosol formation informed by
speciated measurements of aerosol composition. While model representation of urban
aerosol formation is improving, recent simulations of Los Angeles regional air quality
using three-dimensional models have poorly captured concentrations of both organic
(Jathar et al., 2017; Lu et al., 2020; Pennington et al., 2021; Seltzer et al., 2021a) and
inorganic (Ensberg et al., 2013; Schiferl et al., 2014; Heald et al., 2012) aerosol. In the
absence of accurate regional models, constrained zero-dimensional box models have been
successfully used to provide insight into aerosol sources in Los Angeles (Hayes et al., 2015;
Ma et al., 2017) and other urban environments (Dzepina et al., 2009).

In this work, we compare measurements of ambient aerosol concentrations and
composition obtained with a High-Resolution Time-of-Flight Aerosol-Mass-Spectrometer
(HR-ToF-AMS) at the same location in Pasadena, CA in 2010 and 2022 to the results of
detailed model simulations of organic and inorganic aerosol formation. We suggest that
recent reductions in on-road vehicle emissions have had complex direct and indirect effects
on both OA and IA production. Results further suggest that mobile source emissions now

account for a modest and declining fraction of the total aerosol burden in Los Angeles.
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2.2 Methods
2.2.1 Field site description
All measurement campaigns discussed here occurred on the campus of the California
Institute of Technology (Caltech) in Pasadena, CA. Detailed descriptions of the CalNex-
2010 campaign (May 15" — June 15, 2010) are provided in Hayes et al. (2013). In 2022,
aerosol and trace gas measurements were made from the top of Caltech Hall (~40m
altitude) from May 13" to June 23™ during the Los Angeles Air Quality Campaign
(LAAQC-2022) and from July 4" to August 15" during the California Research at the
Nexus of Air Quality and Climate Change-Two field study (CalNexT-2022). The Caltech
campus is approximately 18 km northeast of downtown Los Angeles. Prevailing winds in
Pasadena were typically from the southwest near midday, transporting air from the urban
core of Los Angeles. Diurnal trends in major meteorological parameters during all three
campaigns are shown in Figure 2.S1. Temperatures during LAAQC-2022 and CalNexT-
2022 were approximately 2°C and 6°C warmer than during CalNex-2010, respectively, and
relative humidities were correspondingly lower. Given the considerable meteorological
differences between CalNexT-2022 and the other campaigns, we focus our discussion

below on comparisons between CalNex-2010 and LAAQC-2022.

2.2.2 Instrumentation

2.2.2.1 AMS sampling and analysis

Ambient submicron, non-refractory PM (NR-PMi1) was measured during all three
campaigns using an Aerodyne High Resolution Time-of-Flight Aerosol Mass Spectrometer
(HR-ToF-AMS; hereafter “AMS”). A detailed description of AMS operation during
CalNex-2010 is provided in Hayes et al. (2013). During LAAQC-2022, the AMS sampled
ambient air through approximately 7m of 3/8” stainless steel line connected to a 2.5 pm
Teflon-coated cyclone mounted on the roof of Caltech Hall. The sampling setup was
similar during CalNexT-2022, but incoming air was first delivered to a valve system
capable of alternatively sampling between ambient air and the output of an oxidation flow

reactor (OFR). Ambient air was dried using a 24” Nafion dryer during both campaigns.
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During CalNexT-2022, ambient data were collected for a five-minute period every ten

minutes, with the remaining time spent sampling output from the OFR. Data collected
during each campaign were measured using the “V-mode” ion flight path through the time-
of-flight chamber. Data were analyzed using the SQUIRREL v1.65C and PIKA v1.25C
software packages. Standard methods were used to correct the data for gas-phase
interferences and composition-dependent collection efficiencies (Middlebrook et al.,
2012). Elemental analysis of organic aerosol composition was performed using the
“Improved-Ambient” method (Canagaratna et al., 2015). The ionization efficiency of
nitrate and relative ionization efficiencies of ammonium and sulfate were calibrated using
dry, 350-400 nm ammonium nitrate and ammonium sulfate particles approximately every
week during each campaign. Time series of the calibrated IE values are shown in Figure
2.52.

Mass loadings of organic and inorganic nitrates measured by the AMS were estimated
using two methods. The NOx ratio method was used to analyze data collected during
LAAQC-2022 and CalNexT-2022 (Farmer et al., 2010; Xu et al., 2015). Briefly, laboratory
measurements have demonstrated that nitrate functionalities associated with organic and
inorganic nitrates fragment to produce considerably different NO"/NO:" ion ratios in the
AMS, termed Ron and Ran, respectively (Farmer et al., 2010). While the specific Rox and
Ran values vary between instruments, we used the procedure of Fry et al. (2013) and
assumed that the Ron/Ran value is instrument independent. Values of Ran were calculated
from calibration data using pure AN particles. We used an Ron/Ran value of 3.99 + 0.25
following Xu et al. (2015), which represents values observed for B-pinene organic nitrates
in laboratory studies. Using an alternative Ron/Ran value of 2.75, as suggested by Day et
al. (2022), decreases the inferred inorganic nitrate concentrations in LAAQC-2022 and
CalNexT-2022 by 12% and 25%, respectively, which has a negligible effect on our
conclusions.

Lacking IE calibration data from 2010, we also used the ionic balance method to
estimate organic and inorganic nitrate concentrations during each campaign (Farmer et al.,
2010; Zaveri et al., 2020). This method assumes that any ammonium aerosol in excess of

the amount required to fully neutralize measured sulfate and chloride (i.e., needed to form
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(NH4)2SO4 and NH4Cl) is associated with inorganic nitrate (i.e., NH4NO3). Organic

nitrates are then assumed to represent the difference between total measured nitrate aerosol
concentrations and the inferred concentration of inorganic nitrates. Good agreement was
observed between the two nitrate quantification methods during both LAAQC-2022 and
CalNexT-2022 (Figure 2.S3).

Positive Matrix Factorization (PMF) was applied to the OA mass spectral datasets
collected during each campaign to gain insight into OA sources. PMF is a bilinear
unmixing factor analysis model that deconvolves a time series of measured species into a
set of compositionally static factors whose contributions to the input dataset vary in time
(Paatero and Tapper, 1994; Paatero, 1997). PMF analysis of the 2010 dataset is discussed
extensively in Hayes et al. (2013). During LAAQC-2022 and CalNexT-2022, datasets were
prepared for PMF analysis following recommendations of Ulbrich et al. (2009).
Specifically, “weak” ions were defined as those with a signal-to-noise ratios (SNR) of <2
and down-weighted by a factor of 2. lons with a SNR of <0.2 were removed from the

dataset. Descriptions of PMF solution selection are provided in SI Section 2.S2.

2.2.2.2 Volatile organic compound measurements

Detailed descriptions of VOC measurements performed in 2010 are provided in Borbon
et al. (2013) and de Gouw et al. (2017). Briefly, VOC were measured using a custom-built
two-channel online gas chromatography-mass spectrometry system (GC-MS) with a time
resolution of 30 minutes.

During LAAQC-2022 and CalNexT-2022, ambient whole air samples (WAS) were
collected using evacuated 2-liter electropolished stainless steel canisters three times per
day. An automated canister sampler located on the roof of Caltech Hall was used to
pressurize 32 individual canisters with ambient air to an internal pressure of 20 psi.
Samples were collected in the early morning (5:30-6:30 PDT), mid-morning (9:00-10:00
PDT), and in the afternoon during the typical urban plume arrival period (14:00-15:00
PDT). WAS measurements were analyzed at the University of California, Irvine using a

multi-detector gas chromatography (GC) system. A detailed description of the analytical
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procedure used to quantify VOC concentrations is provided in Simpson et al. (2010) and

Van Rooy et al. (2021).

2.2.2.3 Additional aerosol and trace gas measurements

Multiple additional aerosol and trace gas measurements were performed during CalNex-
2010, as described by Hayes et al. (2013) and SI Section 2.S1.

Ambient PM2.s measurements were made from the roof of Caltech Hall during both
LAAQC-2022 and CalNexT-2022 using a Teledyne T640 PM2.5 analyzer housed in a
weatherproof enclosure. The T640 is an optical aerosol spectrometer that uses scattered
light to quantify particle size following Lorenz-Mie theory. Aerosols are dried to a
maximum of 35% relative humidity prior to sampling by dynamically adjusting the
temperature of the incoming sample stream. Data were reported at a time resolution of 1
minute. The effective size range of the T640 is ~180nm to 2.5 um. Comparisons of AMS
mass concentrations with the T640 PMzs during LAAQC-2022 and CalNexT-2022 are
shown in Figure 2.S6.

During CalNexT-2022, a TSI Inc. scanning mobility particle sizer (SMPS) measured
ambient particle number distributions from ~20-700 nm diameter. The SMPS used the
same inlet line as the AMS, but the aerosol flow passed through an additional 2m of %4”
stainless steel line. The SMPS operated with an aerosol flow rate of 0.3 lpm and a sheath
flow rate of 3 lpm, similarly to SMPS operation during CalNex-2010. Individual size
distributions were measured every 2.5 minutes. Comparisons of inferred AMS volume
concentrations during CalNexT-2022 with volume concentrations inferred from the SMPS
are shown in Figure 2.S7.

Ozone concentrations during the 2022 campaigns were measured using a Teledyne
T400 UV absorption analyzer, NO and NOy concentrations were measured using
chemiluminescence analyzer with a molybdenum NOy-NO converter located outside near
the sampling inlet (Teledyne T200U), and NO2 concentrations were measured using Cavity
Attenuated Phase Shift (CAPS) with a Teledyne T500U instrument. Concentrations of

carbon monoxide were measured using IR spectroscopy with a Teledyne M300EU2
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Meteorological data were obtained from measurements associated with the Total Carbon

Column Observing Network (TCCON) on the roof of Linde Laboratory, approximately
100m from Caltech Hall.

2.2.3 Zero-dimensional modeling

2.2.3.1 Urban OA box model

We developed a zero-dimensional model of urban OA formation to quantify changes in
local OA sources over the last decade in Los Angeles. The model framework is largely
based on previously developed zero-dimensional models of OA formation in urban
environments (Dzepina et al., 2009; Hayes et al., 2015; Ma et al., 2017). Individual
simulations are performed for each hour of an average diurnal cycle during each campaign.
Emissions of OA precursors are initialized in the model using measured background-
corrected concentrations of carbon monoxide (ACO) and inventory-based estimates of
speciated OA precursor emissions from on-road, non-road, and area/stationary sources in
Los Angeles County relative to total estimated CO emissions (Aprecursor / ACO). Total
precursor emissions from each source are divided into a set of lumped model species based
on volatility and composition, as described in SI Section 2.S4. Emitted precursors are
oxidized until the photochemical age (i.e., OH exposure) of the simulated airmass reaches
the measured photochemical age, estimated using VOC ratios (SI Section 2.S3). Precursor
oxidation forms SOA following established parameterizations (Ma et al., 2017; Pennington
et al., 2020). More detailed descriptions of model constraints and relevant

parameterizations are provided in SI Section 2.S4.

2.2.3.20vernight nitrate box model

We developed a second zero-dimensional model to assess changes in overnight NOx
chemistry and associated impacts on production of inorganic nitrate aerosol since 2010.
Model simulations begin at 19:00 local time and simulate NOx and biogenic VOC (BVOC)
emissions, gas-phase chemistry, formation and hydrolysis of N20Os, and gas-aerosol

partitioning of HNOs3 until 06:00 the following day. Initial simulations were used to tune
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NOx emissions, aerosol uptake parameters, and BVOC emissions to achieve agreement

with observations made during CalNex-2010. Following this process, NOx emissions were
reduced to assess effects on overnight inorganic nitrate aerosol formation. A more detailed

description of the model simulation procedure is included in SI Section 2.S8.

2.3 Results and discussion

2.3.1 Observed changes in concentrations of major NR-PM; species, trace gases,
and VOCs

Figure 2.1 compares diurnal trends and average mass fractions of major classes of NR-
PMi measured by the AMS during CalNex-2010 and LAAQC-2022. Results for CalNexT-
2022 are shown in Figure 2.S8. Observed concentrations of all species were reduced in the
more recent campaigns relative to CalNex-2010, with much larger differences observed for
inorganic species (~35% or more) than organics (~10-35% depending on campaign). In
each campaign, OA accounted for the largest fraction of total NR-PM: and displayed a
clear afternoon maximum, as expected based on the timing of the arrival of processed
emissions from the urban core of Los Angles (Blumenthal et al., 1978; Hayes et al., 2013).

As explained in detail in SI Section 2.S2, PMF analysis was performed independently
on each dataset. In general, four to five factors were resolved in each campaign,
corresponding to less-oxidized oxygenated OA (LO-OOA) (locally-formed SOA), more-
oxidized OOA (MO-OOA) (regional/background SOA), hydrocarbon-like OA (HOA)
(likely associated with primary OA sources), cooking-influenced OA (CIOA), and local
OA (LOA, only observed during CalNex-2010). Detailed descriptions of these factors are
provided in Hayes et al. (2013) and SI Section 2.S2 (Table 2.S2, 2.S3).

The PMF results suggest that while the SOA fraction of the OA was relatively consistent
between campaigns (~65%), the ratio of total LO-OOA to MO-OOA was larger in the 2022
datasets due to lower average concentrations of MO-OOA. Reductions in MO-OOA
concentrations accounted for most of the difference in measured OA between CalNex-2010

and LAAQC-2022, which both occurred during May and June. In contrast, average LO-
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OOA concentrations measured during LAAQC-2022 (2.5 ug m>) were comparable to

CalNex-2010 (2.4 pg m™).
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Figure 2.1: Overview of AMS measurements during CalNex-2010 and LAAQC-2022. (Top)
Diurnal concentrations of major NR-PM; species measured by the AMS (Middle) Average
concentrations of NRPM; species. (Bottom) Average mass fractions of individual PMF factors.
Corresponding results for CalNexT-2022 are shown in Figure 2.S8.

Observed HOA concentrations were only slightly lower during LAAQC-2022 than
CalNex-2010 (difference of ~13%), in contrast to the observed change in average
background-corrected CO concentrations (ACO) (29%) and the predicted changes in on-
road POA emissions in LA County from the California Emissions Projections Analysis
Model (CEPAM) (28%) (CEPAM, 2019). The observed change in ACO concentrations
(29%) agreed well with predicted changes in CO emissions in LA County (32%) (CEPAM,
2019). We estimated a background CO concentration of 80 ppbv in 2022 based on the
relationship of CO to NOy (Figure 2.S11). A background of 105 ppbv was used for the
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2010 dataset based on measurements off the coast of Los Angeles (Hayes et al., 2013).

Changes in HOA and CIOA concentrations on weekends relative to weekdays in 2022
aligned well with observations in 2010 (Hayes et al., 2013) (Figure 2.S12).

Estimates of integrated airmass OH exposure (OHexp) (i.e., photochemical age)
calculated midday (14:00-15:00) using VOC ratios (SI Section 2.S3) were 53% and 59%
higher on average during LAAQC-2022 and CalNexT-2022, respectively, than during
CalNex-2010, likely resulting from reduced NOx emissions (Figure 2.S13) and
contributing to the consistency in LO-OOA concentrations, as explained further below.
The estimated decline in NOx emissions since 2010 (~40-50%) (CEPAM, 2019) is
comparable to the previously reported drop in NOx emissions on weekends in 2010 (34-
46%) (Warneke et al., 2013), and the change in average airmass (OHexp) is consistent with
increases in OH concentrations observed on weekends during CalNex-2010 (Warneke et
al., 2013; Griffith et al., 2016).

While average ozone concentrations were relatively similar between campaigns
(differences of ~1-6 ppbv), concentrations of NO, NO2, NOy, and NO; were all notably
lower in 2022 than in 2010 (~40-60%), in reasonable agreement with long-term trends in
NOx species in the Los Angeles Basin (Figure 2.S16, Table 2.S1) (Pollack et al., 2013).
Ambient concentrations of anthropogenic SOA precursors such as benzene, toluene,
xylenes, and Cs-Cio alkanes were also ~50-60% lower during LAAQC-2022 and CalNexT-
2022 than during CalNex-2010 (Figure 2.S15, Table 2.S1). Average isoprene
concentrations were relatively similar between CalNex-2010 and LAAQC-2022
(difference of ~10%) but were considerably higher during CalNexT-2022 (+50%), when
meteorological conditions were warmer.

As shown in Figure 2.S1, average temperatures during LAAQC-2022 and CalNexT-
2022 were ~2°C and ~6°C higher, respectively, than during CalNex-2010. Previous
measurements in Los Angeles have demonstrated that concentrations of both organic
(Nussbaumer and Cohen, 2021) and inorganic (Hersey et al., 2011; Schiferl et al., 2014)
aerosol species are heavily dependent on local meteorological conditions.

Figure 2.S17 compares midday concentrations (11:00-17:00) of OA and IA species as

a function of midday temperature. Trends in inorganic aerosol species measured during the
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more recent campaigns were generally consistent when viewed in this meteorological

context, with peak concentrations occurring around 25°C that were notably lower than
those observed during CalNex-2010. Average OA concentrations, in contrast, displayed
clearly different trends between 2022 campaigns. During LAAQC-2022 (May-June),
concentrations increased consistently from 20-30°C and mirrored concentrations measured
during CalNex-2010, while during CalNexT-2022 (July-August) concentrations were
lower on average and consistent from ~25-35°C. These differences were primarily
attributable to variability in the relationship between LO-OOA concentrations and
temperature (Figure 2.S18).

Hersey et al. (2011) observed similar variability in OA concentrations with season
during the Pasadena Aerosol Characterization Observatory experiment (i.e., between
Regime II and III in their study) and hypothesized that the differences were the result of
increased amounts of aqueous processing during the late spring/early summer. Figure
2.S19 demonstrates that on days with warm midday temperatures in 2022 (27-32°C), both
OA and LO-OOA concentrations correlated more strongly with ambient ALW and NO3
(R? > 0.8) than ACO (R? = 0.55), supporting a role for inorganic species and possibly
aqueous chemistry in local SOA formation. While the importance of aqueous chemistry in
biogenic SOA formation is well established (e.g., Hennigan et al., 2009; Zhang et al.,
2012), an increasing body of evidence supports aqueous production of fossil-derived SOA
in other urban areas, particularly in Asia, from small carbonyls (e.g., Gkatzelis, 2021; Xu
et al., 2022). We note however, that direct measurements of water-soluble organic carbon
partitioning during CalNex-2010 suggested a minor role for aerosol liquid water (Zhang et
al., 2012).

Here, we focus primarily on the long-term trend in aerosol concentrations/sources
during similar meteorological periods. Future work will further investigate the apparent
seasonal variability in OA and potential role of aqueous processing. We confirmed that
airmass recirculation patterns were similar during meteorologically similar periods (based
on temperature and humidity) in 2010 and 2022 by comparing ACO concentrations

normalized by estimates of CO emissions in Los Angeles County (Figure 2.S20).



2.3.2 Declining contribution of traditional precursors to local SOA ¥
As shown in Figure 2.1, concentrations of LO-OOA (i.e., locally formed SOA) were
consistent between CalNex-2010 and LAAQC-2022, despite the notable declines in
ambient concentrations of anthropogenic SOA precursors due to reduced mobile source
emissions (Table 2.S1) (CEPAM, 2019). In theory, if ambient SOA was entirely derived
from traditional anthropogenic sources (i.e., mobile source emissions) distributed evenly
throughout an urban region, and SOA yields were constant over time, changes in average

SOA concentrations over extended periods should be reasonably well predicted by:
ASOA = A(ACO) * AER * AOH,y,, (1)

Where A(ACO) represents the change in the ambient ACO concentrations, AER
represents the change in the average emission ratio of traditional SOA precursors relative
to CO, and AOHexp represents the change in the airmass OH exposure. During LAAQC-
2022, average ACO concentrations were 29% lower than during CalNex-2010, while the
emission ratios of major traditional SOA precursors such as aromatic and alkane VOC
(e.g., benzene, toluene, xylenes, Cs-Cio alkanes) relative to CO, calculated using the
methods described in Van Rooy et al. (2021), have declined by ~25-45% (Figure 2.S21),
possibly reflecting a shifting in the relative distribution of on-road and non-road mobile
sources (Van Rooy et al., 2021).

The product of these values implies a 50-60% reduction in traditional mobile source
SOA precursor emissions since 2010, likely resulting from a combination of improvements
in emission control technologies (i.e., catalytic converters), increasing fuel efficiency of
on-road and non-road vehicles, and efforts to limit evaporative emissions (Lu et al., 2018).
The reduction calculated using Eq. 1 aligns with changes in afternoon concentrations of
the same species once corrected for OHexp (to account for increasing OH since 2010)
(Figure 2.S22). The inferred decline in emissions is slightly larger than the predicted
reduction in mobile source emissions of reactive organic gases (ROG) in LA County since
2010 (~45%) (CEPAM, 2023), in line with previous comparisons of measured and
inventory-predicted declines in VOC emissions (Pollack et al., 2013).
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Multiplying the change in ACO and traditional precursor ER by the observed change

in OHexp, which accounts for increases in the rate of SOA production since 2010, predicts
a decline in SOA concentrations of ~20-40%. While multiplying by photochemical age
assumes that SOA production increases linearly with OH exposure, measurements from
both CalNex-2010 (Hayes et al., 2013; Ortega et al., 2016) and the more recent campaigns
support this assumption until airmass OHexp reaches ~7.5 x 10'° cm™ s (0.6 photochemical
days at an assumed OH concentration of 1.5 x 10% cm™), which represents the upper limit
of airmass ages observed in 2022 (Figure 2.S13).

The difference between the observed and calculated changes in SOA concentrations
suggests that either “non-traditional” urban SOA sources such as VCPs asphalt emissions
or biogenics, which are largely excluded from this calculation, accounted for a substantial
fraction of total SOA in 2010 and have increased in relative importance over time, or that
SOA vyields have increased substantially (~30-60%). Kinetic calculations suggest that RO2
reaction with NO is still expected to be considerably faster than reaction with HO2 and
notably faster than known alkane autooxidation process, though we note that the role of
autoxidation in urban SOA formation remains poorly understood and will likely become

increasingly relevant over time (SI Section 2.S4) (Praske et al., 2018).

2.3.3 Evidence for a temperature-dependent SOA source

Recent analyses of historical aerosol datasets have noted a strong relationship between
OA concentrations and temperature in Los Angeles, thought to result from evaporative,
non-combustion emission sources contributing to the local SOA burden (Nussbaumer and
Cohen, 2021). During both CalNex-2010 and LAAQC-2022, midday OA concentrations
increased considerably with temperature (Figure 2.S17). As shown in Figure 2.S18, this
variability is primarily driven by increases in LO-OOA concentrations. Emissions from
non-traditional urban SOA sources thought to be increasingly relevant in Los Angeles,
such as VCPs and asphalt, may increase with temperature (Khare et al., 2020; Seltzer et

al., 2021b).
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Relating changes in LO-OOA concentrations to precursor emissions using

meteorological variability requires accounting for simultaneous variability in basin
ventilation rates and oxidant concentrations. During CalNex-2010, midday planetary
boundary layer (PBL) heights decreased with ambient temperature, from ~1100 m at 20°C
to only ~600 m at 29°C (Figure 2.S23). As midday wind speeds were effectively constant,
the change in PBL heights produced a ~50% decline in effective ventilation rates from 20
to 30°C (Figure 2.S23). This change is clearly reflected in ACO concentrations, which

nearly doubled over the same temperature range (Figure 2.S20).

However, Figure 2.2 demonstrates that the observed positive relationship between LO-
OOA concentrations and temperature remains after concentrations are normalized by ACO
to account for varying ventilation rates (i.e., LO-OOA/ACO), increasing from ~90% from
20°C to 30°C. Oxidant concentrations inferred from OHexp estimates also increased notably
with temperature (Figure 2.S24), but further normalizing LO-OOA/ACO by afternoon
OHexp does not fully remove the temperature trend (Figure 2.S24) (remaining increase of
48% from 20°C to 30°C), suggesting a possible contribution of temperature-dependent (i.e.,
evaporative) emissions to local SOA. Interestingly, the temperature trend in LO-
OOA/ACO is similar during the May-June campaigns in both 2010 and 2022, suggesting
at most modest changes in the relative contribution of temperature-dependent sources to

the overall SOA burden over the last decade.

Given the strong temperature trend observed, we assessed correlations between LO-
OOA/ACO and anthropogenic and biogenic VOC/ACO measured during each campaign.
Anthropogenic VOC concentrations were corrected for measured airmass OHexp to remove
the potentially confounding effects of temperature-dependent oxidant concentrations. As
shown in Figure 2.2, correlations were strongest with the smallest and largest alkanes
measured (i.e., butane and nonane/decane) and isoprene. Negligible correlations were
observed between LO-OOA/ACO and aromatic VOC/ACO, as expected given that the
aromatics likely originate from combustion processes (Borbon et al., 2013; Pollack et al.,
2013). The trend in LO-OOA/ACO with temperature therefore appears to more likely result

from evaporative alkane/aromatic [IVOC and/or biogenic emissions. While a lack of IVOC
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measurements prevents direct assessment of correlations, naphthalene concentrations

correlated strongly with temperature during CalNex-2010 (Hayes et al., 2015) and both
VCPs and asphalt are known to be major evaporative sources of alkane/aromatic IVOC in
the Los Angeles Basin (McDonald et al., 2018; Khare et al., 2020; Seltzer et al., 2021b).
Asphalt emissions double over typical summertime in-use temperatures (from 40 °C to
60°C) (Khare et al., 2020). The temperature dependence of VCP emissions remains
uncertain given the variety of VCP sources and emission pathways, but temperature-driven
increases in emissions from specific sectors (e.g., paints and coatings) may be substantial

(Seltzer et al., 2021Db).

We note that the strengths of the correlations shown in Figure 2.2 are not necessarily
indicative of the relative contribution of different emission sources to the SOA burden. As
an example, of the VOCs measured during CalNex-2010, LO-OOA/ACO correlated most
strongly with isoprene. Previous radiocarbon analyses have indicated that 68-74% of LO-
OOA measured during CalNex-2010 was derived from fossil (i.e., non-biogenic) carbon
sources (Zotter et al., 2014) and bottom-up analyses suggest that isoprene contributes at
most 5-25% of the total SOA burden (Hayes et al., 2015; Nussbaumer and Cohen, 2021).
Despite our uncertainty regarding the specific drivers of the observed temperature trend in
LO-OOA/ACO, our observations highlight a potentially important role for evaporative
precursors. Additional highly time-resolved measurements of IVOC likely generated
through such evaporative processes (e.g., Ci2+ alkanes and aromatics) would help further

constrain SOA sources in Los Angeles.
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Figure 2.2: (a) Relationship between midday (11:00-16:00) LO-OOA/ACO concentrations and
temperature during CalNex-2010 and LAAQC-2022. (b) Correlations between midday
concentrations of LO-OOA/ACO and VOC measured during each campaign. Concentrations of
alkanes and aromatics were corrected for measured OHey, to account for temperature-dependent
OH concentrations.

2.3.4 Modeled impact of reduced mobile source emissions on SOA formation

since 2010

Given the uncertainties involved in the analyses described above, we developed a
detailed box model of local SOA formation to quantify changes in the magnitude of

individual SOA sources since 2010. The model incorporates emissions from on-road, non-
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road mobile, area, and stationary sources, and a description of the model framework,

constraints, and SOA formation parameterizations is included in SI Section 2.S5.

Figure 2.3 compares measured and modeled SOA concentrations during CalNex-2010
and LAAQC-2022, which we focus on given their meteorological similarities (Figure
2.S1). The model accurately reproduces average diurnal SOA concentrations measured
during CalNex-2010 (bias of 3%) and slightly overpredicts concentrations during LAAQC-
2022 (bias of 17%).

Emissions in the base model simulations are constrained using annual average emissions
estimates for a variety of mobile and stationary/area sources for Los Angeles County (SI
Section 2.S5) (CEPAM, 2019; McDonald et al., 2018; Khare et al., 2020; Seltzer et al.,
2021b). We modified gasoline emissions slightly to achieve agreement between modeled
and measured alkane and aromatic VOC ER (e.g., benzene/ACO), as explained in SI
Section 2.S7 (Figure 2.S26). Adjusting emissions to achieve ER agreement only modestly
influences the differences between modeled and measured SOA concentrations (Figure
2.3). We adjusted mobile source gasoline emissions as a group, rather than on-road or non-
road emissions specifically, given the similarity in emission profiles for on-road and non-
road gasoline sources (Lu et al., 2018; Zhao et al., 2022). The remaining bias in simulated
SOA concentrations during the 2022 campaigns is likely either the result of uncertainties
in the AMS measurements, emissions of lower volatility species, or simulated SOA yields.

While we have limited measurements of less volatile SOA precursors, the model
reproduces IVOC concentrations measured during CalNex-2010 with reasonable accuracy
(bias of 9%) (Figure 2.S7) (Zhao et al., 2014). Simulated SOA composition also aligns well
with “C measurements made during CalNex-2010 (Zotter et al., 2014), with 80% of
modeled SOA and 68-74% of measured SOA derived from fossil sources. SOA formed
from biogenic VOC (13%) and cooking-related sources (7%) accounts for the non-fossil
fraction in the model.

Overall, the simulated contribution of mobile sources to the SOA burden has declined
from ~50% in 2010 to only ~25% in 2022 (Figure 2.3). The relative importance of other,
non-traditional SOA sources such as VCPs, cooking emissions, and asphalt are predicted

to have increased accordingly, and VCPs are now estimated to contribute the largest
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fraction of locally formed SOA (33%), which aligns with recent CMAQ predictions for

Los Angeles (Seltzer et al., 2021a). As recently suggested by Khare et al. (2020), asphalt
emissions now appear to account for nearly as much local SOA production as mobile
sources. In terms of the mobile source distribution, we predict that non-road emissions
formed considerably more SOA (16%) than on-road emissions (10%) during the campaigns
in 2022.

The relatively small contribution of on-road sources to locally formed SOA in the 2010
simulation explains the inability of previous bottom-up calculations of vehicle SOA
production to reproduce ambient SOA concentrations during CalNex-2010 (Ensberg et al.,
2014). The modest contribution of all mobile sources is also consistent with recent
simulations of the CalNex-2010 field campaign using the Community Multiscale Air
Quality (CMAQ) model (Jathar et al., 2017; Lu et al., 2020). Diesel emissions account for
a particularly small fraction of local SOA in both years (<10%), in line with prior analyses
of hydrocarbon SOA precursor sources during CalNex-2010 (Zhao et al., 2014; 2022). The
mass closure (within uncertainty) produced by our model suggests that remaining
uncertainties in emissions and/or speciation profiles are unlikely to alter the conclusion that
mobile sources now contribute less than one-third of locally formed SOA, as this would
require considerable bias in the magnitude of multiple other SOA sources treated in the
model.

Despite the ~45% reduction in mobile source emissions since 2010, average measured
and simulated concentrations of SOA during LAAQC-2022 were comparable to those in
CalNex-2010. Estimated emissions from other anthropogenic sources have either remained
effectively constant (VCPs and asphalt) or only increased slightly (e.g., ~10% for cooking
emissions) (Khare et al., 2018; Seltzer et al., 2021b; CEPAM, 2019). As modeled SOA
yields were identical in each simulation, the consistency in modeled SOA concentrations
is attributable to the increase in OH concentrations resulting from reduced mobile source
NOx emissions (Figure 2.S13). As shown in Figure 2.3, if we assume OH concentrations
have remained constant since 2010, the model predicts 31% less SOA than in the base 2022

simulation. The direct effect of reduced mobile source SOA precursor emissions appears
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to have therefore been offset by the increase in OH concentrations since 2010. We refer

to this as the “indirect” effect of mobile source emissions reductions in the discussions

below.
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2.3.6 Notable reductions in overnight nitrate production from reduced NOy

emissions

In contrast to the relatively consistent SOA concentrations, we observed markedly lower
nitrate concentrations during LAAQC-2022 (-55%) and CalNexT-2022 (-80%) than were
measured during CalNex-2010. Reductions in inorganic nitrate (NOs3,inorg.) concentrations
account for the majority of the difference, suggesting larger changes in NO3inorg. than
organic nitrate (NO3,org.) production mechanisms (Figure 2.S3).

The California Air Resources Board (CARB) predicts that NOx emissions have declined
by ~40% in Los Angeles County since 2010, with virtually all of the reduction attributable
to mobile sources (80% due to on-road vehicles specifically) (CEPAM, 2019). As noted
above, these reductions have produced a 40-60% decline in ambient concentrations in NO,
NOz, NOy, and NO: in Pasadena (Table 2.S1, Figure 2.S16). The observed relationship
between NO, and NO3 concentrations was consistent between campaigns, with day-to-day
differences in the NO3/NO; ratio likely driven by variations in local temperature/RH
(Figure 2.S530).

Linking changes in nitrate concentrations to changes in emissions is complicated by the
dependence of inorganic nitrate partitioning on meteorology and other inorganic species
(Seinfeld and Pandis, 2016; Guo et al., 2017) (Figure 2.S31). Given the differences in
meteorology and sulfate concentrations between campaigns, and the lack of nitric acid
measurements in 2022, we first used the ISORROPIA-II thermodynamic model
(Fountoukis and Nenes, 2007) to assess whether changes in average NO3inorg. aerosol
concentrations represented reductions in concentrations of total nitrate (NO3,inorg. + HNO3),
which would likely indicate changes in total nitrate production, or likely resulted from
partitioning differences. These simulations are discussed in detail in SI Section 2.S8.
Briefly, as shown in Figure 2.S32, comparison of the thermodynamic model simulations
with aerosol observations suggests considerable reductions in total nitrate concentrations
(gas + aerosol) at night during the 2022 campaigns relative to CalNex-2010 (>40%) but
relatively consistent daytime concentrations.

Analyses of daytime and nighttime nitrate production mechanisms support the changes

inferred from the thermodynamic modeling. We calculated a proxy for daytime HNO3
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production in each campaign using the product of ambient NO2 concentrations and

afternoon airmass OHexp. During CalNex-2010, midday OHexp estimates correlated
strongly with measured OH concentrations (Figure 2.S33), supporting their use in this
calculation in the absence of OH measurements in 2022. As shown in Figure 2.4a, values
of the HNOs production proxy were largely similar between CalNex-2010 and the more
recent campaigns on days with similar temperatures, with average differences of only
~15%. Reductions in afternoon concentrations of NO: therefore appear to have been
largely “balanced” by increasing OH concentrations from the perspective of daytime nitric
acid production.

We then used the box model described in Section 2.3.2 to evaluate changes in overnight
nitrate production since 2010 resulting from reduced NOx emissions. Figure 2.S34 shows
that integrated overnight (19:00-06:00) production rates of the nitrate radical (P(NO3)), the
precursor to N2Os, were ~25% higher during CalNex-2010 than LAAQC-2022. This trend
is consistent across Los Angeles County (Figure 2.S35). The decrease since 2010 is
attributable to the fact that nighttime NO2 concentrations have declined considerably, while
ozone concentrations have only slightly increased, likely the result of simultaneous
reductions in NOx emissions and anthropogenic VOC (i.e., OH reactivity) (Wang et al.,
2023).

After tuning our box model to reproduce overnight concentrations of NO2, O3, HNOs3,
CINOz2, and NO3inorg. measured during CalNex-2010 (Figure 2.S36) (Simulation #1), we
performed additional simulations with altered trace gas and aerosol surface area
concentrations to quantify changes in overnight NO3 inorg. production since 2010. We first
reduced the initial NO2 and increased the initial O3 concentration to match observations
made during LAAQC-2022, while also reducing overnight NOx emissions by 45% to align
with CARB predictions (CEPAM, 2019). As shown in Figure 2.4, changes in trace gas
concentrations since 2010 are predicted to have produced a ~60% (58%) reduction in
overnight NOsinorg. production in the absence of any changes in aerosol SA or
meteorological differences (Simulation #2).

The third simulation shown in Figure 2.4 incorporates the positive feedback of reduced

AN formation on aerosol surface area (SA) available for N2Os hydrolysis, while in the
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fourth simulation we also reduced aerosol concentrations associated with non-nitrate

related species. The effect of reduced SA available for N2Os hydrolysis in these simulations
is largely compensated by slight increases in aerosol pH, which enhances HNO3
partitioning and leads to a similar overall reduction in overnight NOs3.inorg. production
(Figure 2.S38). We performed a final simulation identical to the fourth in terms of
emissions and trace gas concentrations, with overnight temperature and relative humidity
adjusted to match average values observed during LAAQC-2022. An additional ~20%
reduction in overnight NOs3inorg. production is predicted in this scenario (82% reduction
overall), resulting from notable reductions in ALW, leading to both reduced N20s
hydrolysis rates and higher aerosol pH, which shifts HNOs partitioning to the gas phase
(Figure 2.S38).

The results of the final model simulation underpredict overnight NO3 inorg. production
observed during LAAQC-2022. This could be the result of errors in the ALW
concentrations predicted by the thermodynamic model or variability in parameters such as
the N20s uptake coefficient or overnight OH concentrations since 2010, which were
assumed constant in our simulations. We discuss these possibilities in SI Section 2.S9.
While the remaining model-measurement discrepancy deserves further attention, it is
nonetheless evident that reductions in mobile source NOx emissions have likely notably

reduced overnight nitrate aerosol production over the last decade.
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Figure 2.4: Observed and simulated changes in daytime and nighttime nitrate production rates. (a)
Comparison of midday (14:00-15:00) estimates of HNOs production rates calculated using the
product of NO, and airmass OH.y, during CalNex-2010 and LAAQC-2022. (b) Comparison of
measured overnight inorganic nitrate (NO3nor) production during CalNex-2010 and LAAQC-
2022 with zero-dimensional model simulations described in Section 2.2.3.2 and SI Section 2.S8.

2.4 Implications for urban air quality

We demonstrate that the simultaneous mitigation of mobile source NOx and SOA
precursor emissions has had complex effects on SOA and nitrate aerosol production in Los
Angeles. While overnight nitrate aerosol production rates have declined considerably,
increases in OH concentrations driven by reduced NOx emissions, an “indirect” effect of
emission controls, appear to have offset expected “direct” changes in both SOA and
daytime nitrate aerosol production. As a result, the relative contribution of OA to ambient
PM and the fraction of OA attributable to non-mobile sources have both increased.

Interestingly, the differences between average NR-PM concentrations measured during
CalNex-2010 and LAAQC-2022 (~30%) were notably larger than long-term changes in
PMa s inferred from gravimetric FRM measurements (Method Reference ID: RFPS-1006-
145) in Pasadena (~0-10%) (Figure 2.5). While this could be due to the short-term nature
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of the campaigns or measurement uncertainties, the aerosol speciation measurements

suggest that reduced AN accounts for a majority of the change in NR-PM since 2010, and
previous analyses of FRM measurements have noted substantial evaporation of AN aerosol
(75-100%) during spring/summer sampling in Los Angeles and elsewhere (Hering et al.,
1999; Zhang and McMurray, 1992; Ashbaugh and Eldred, 2004; Chow et al., 2005; Yu et
al., 2005).

As shown in Figure 2.5, comparisons of FRM PMz s measurements with both the AMS
measurements and additional PM2.s measurements made using beta attenuation monitors
(BAM), a Federal Equivalent Method (FEM EQPM-1013-209), support this evaporative
loss (e.g., FRM PMaz.s concentrations in Pasadena during CalNex-2010 were ~35% lower
than AMS measurements) (SI Section 2.S10). Hourly AMS data agree particularly well
with FEM PM:2s measurements made in Glendora, CA during both campaigns (Figure
2.540). FRM measurements may have therefore underestimated the true decline in PMzs
concentrations over the last decade due to this evaporative artifact (Figure 2.5b). As
discussed in more detail in SI Section 2.S10, these potential biases and their impacts on
perceived trends in aerosol concentrations/sources, deserve further attention. In contrast to
bulk gravimetric measurements, changes in speciated PM2.5s measured from 2010 to 2022
in Los Angeles agreed relatively well with changes inferred from the AMS measurements
(Figure 2.S43; 2.S544).

Looking forward, our model results suggest that approximately 25% of local SOA is
now attributed to sources that are either difficult to manage from a control perspective
(biogenics) (~10-15%) or to on-road sources (~10%), whose emissions are expected to
continue to decline quickly due to existing regulations (e.g., California LEV-III and LEV-
IV and national Tier 3 standards) and increasing adoption of electric vehicles (CARB,
2023; EPA, 2023). The sources of the remaining ~75% of local SOA represent potential
regulatory targets whose mitigation through product reformulation (VCPs, asphalt),
increased implementation of emission control technologies such as catalytic converters
and/or diesel particulate filters (non-road mobile sources), increased adoption of electric

alternatives (e.g., lawn and gardening equipment), and improvement and increased usage
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of catalytic oxidation devices (cooking emissions) would likely provide considerable

further air quality benefits (McDonald et al., 2018; Seltzer et al., 2021a).
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concentrations measured at three locations in Los Angeles using either FRM or FEM

measurements.

While notable increases in OH concentrations are thought to have occurred over the last
decade (>50%), comparisons of weekday and weekend OHexp in 2022 suggest that
continued reductions in NOx emissions are unlikely to produce substantial additional
increases in local oxidation concentrations (Figure 2.S13). Given that Los Angeles is
approaching a NOx-limited photochemical regime (e.g., Baidar et al., 2015, Parker et al.,
2020), continued reductions in mobile source NOx emissions may be particularly important

for local air quality improvement, as controlling NOx emissions would simultaneously
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further reduce nitrate aerosol production, lower peak ozone concentrations, and reduce

SOA production rates from non-mobile source emissions through changes in oxidant
abundance and potentially NOs-related ALW concentrations (Figure 2.S19). We note,
however, that lower ambient NOx concentrations may increase SOA yields (e.g., Ng et al.,
2007; Crounse et al., 2013; Praske et al., 2018), which could offset the OH- and ALW-
related effects on SOA production.

Using a combination of SOA model simulations, analyses of inorganic aerosol precursor
emissions inventories, and projected changes in local OH concentrations, we predict that
only minor changes in local aerosol concentrations are likely in the near-term unless
additional efforts to control emissions from non-road and area emission sources are
undertaken (Figure 2.S48) (SI Section 2.S11). Simulated future SOA concentrations are
heavily dependent on expected trends in SOA precursor emissions from non-traditional
sources (e.g., VCPs) and future modifications to ambient SOA yields due to changing NOx
concentrations, underscoring the importance of additional efforts to refine these
predictions. The historical progress made in controlling emissions from mobile sources,
and on-road sources in particular, suggests that similarly focused efforts aimed at non-road

and area emission sources have the potential to considerably improve local air quality.
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2.51 Additional measurements during CalNex-2010

2.S1.2 Ammonia (NH3)

NH3 was measured during CalNex-2010 using a quantum cascade tunable infrared laser
differential absorption spectrometer (QC-TILDAS). Detailed description of instrument
design is provided by Ellis et al. (2010). The QC-TILDAS measures NH3 at the 967 cm’!
absorption line using a thermoelectrically cooled pulsed quantum cascade (QC) laser. The
inlet of the QC-TILDAS consisted of a 12m heated (40°C) and insulated 0.95 cm
perfluoroalkoxy (PFA) line connected to a 10 cm custom-designed quartz inlet. Data were
corrected using periodic zero-air measurements and calibrations performed throughout the
campaign. Measured concentrations have an estimated uncertainty of +10%.

2.51.2 Nitric acid (HNO3)

HNO3 was measured during CalNex-2010 using a negative-ion proton-transfer chemical
ionization mass spectrometer (NI-PT-CIMS). Detailed description of instrument design
and operation is provided by Veres et al. (2008) and Guo et al. (2017). Acidic species are
ionized in the instrument through proton transfer from acetate ions and subsequently
detected using a quadrupole mass spectrometer. During CalNex-2010, the NI-PT-CIMS
inlet consisted of a 1.3m heated (75°C) Teflon line. Data were corrected for instrument
backgrounds quantified every 190 min. Measured HNO3 mixing ratios have an estimated
uncertainty of £35%.

2.S1.3 Nitryl chloride (CINO»)

CINO2 was measured during CalNex-2010 using an iodide chemical ionization mass
spectrometer (CIMS) described extensively in Mielke et al. (2013). CINO2 was detected as
the iodide cluster ions at m/z 208 and m/z 210 using a quadrupole mass spectrometer.
During CalNex-2010, sample flow was drawn at a rate of 4 liters per minute through a 10
m long, 1.58 cm outer diameter Kynar tube located approximately 10 m above ground
level. A detailed description of the calibration procedure, which involved passing
molecular chlorine over concentrated sodium nitrite solution, is provided in Mielke et al.
(2013). Measured CINO:2 mixing ratios have an estimated uncertainty of +30%.

2.S1.4 Hydroxyl radical (OH)



47
OH mixing ratios were measured during CalNex-2010 using a laser-induced

fluorescence assay by gas expansion (LIF-FAGE) technique with the Indiana University
FAGE (IU-FAGE) instrument, as described in detail by Griffith et al. (2016). Briefly, the
LIF-FAGE technique detects OH using laser-induced fluorescence following expansion of
ambient air into a low-pressure chamber. The sampling cell was located approximately 10
m above ground level, and ambient air was drawn into the detection region using a 0.6 mm
inlet. Indirect HO2 measurements were made by intermittently introducing NO into the
sampling cell and converting ambient HO2 into OH for subsequent detection. Calibrations
of the [U-FAGE were performed every three days using the UV water photolysis method
(Griffith et al., 2016). Measured OH mixing ratios have an estimated uncertainty of +18%.
The detection limit of the [IU-FAGE OH measurement was 3.4 x 10° cm™.

2.S2 Analysis of HR-ToF-AMS organic aerosol data using Positive Matrix
Factorization (PMF)

The mass spectra, diurnal profiles, and time series of the four PMF factors resolved from
the final LAAQC-2022 and CalNexT-2022 PMF solutions are shown in Figure 2.S4 and
S5. Correlations of factor spectra with factors observed during CalNex-2010 are shown in
Table S2 and S3, and correlations with measured trace gases and VOCs are shown in Tables
S4 and S5. Here we briefly discuss the justification for selecting the four-factor solution in
each campaign.

During both campaigns, starting from a three-factor solution, the PMF model resolves
factors that appear related to the MO-OOA, LO-OOA, and CIOA/HOA factors resolved in
Hayes et al. (2013). The CIOA/HOA factor is difficult to definitively classify as either
CIOA or HOA in the three-factor solution. Moving to a four-factor solution clearly
separates the CIOA and HOA factors while having little influence on MO-OOA or LO-
OOA. In both datasets, the five-factor solution resolves an additional LO-OOA factor with
a spectra that correlates somewhat with the limonene + NO3 spectra reported by Boyd et
al. (2017) (R? ~ 0.4-0.7) and displays a diurnal profile that increases slightly after sunset,
suggesting a possible role for NO3 chemistry. However, there are no clear indicators for a

specific source of this new LO-OOA factor, and correlations with ambient VOC are
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inconclusive (e.g., highest R? with alkanes, aromatics, and biogenics included in Tables

S4 and S5 are 0.32, 0.25, and 0.05, respectively). In both campaigns, the new LO-OOA
factor is also relatively well correlated with the other (i.e., original) LO-OOA factor (e.g.,
R > 0.7 during CalNexT-2022), and the most prominent feature in the diurnal profile is an
increase midday. The factor may therefore result from splitting and/or mixing of existing
factors, which is difficult to conclusively demonstrate (Hayes et al., 2013). Given the
difficulty involved in assigning a specific source to the new LO-OOA factor, we conclude
that the four-factor solution provides a clearer description of the dataset than the five-factor
solution.

Further increasing the number of factors leads to additional factor splitting/mixing,
producing new factors that are difficult to classify. As an example, the six-factor solution
in the LAAQC-2022 dataset contains two MO-OOA factors that vary in chemical
characteristics (O:C of 0.64 and 1.2, respectively) but display little variability in their
respective diurnal profiles and lack additional identifying chemical signatures. The
presence of two MO-OOA factors also considerably complicates comparison with CalNex-
2010. As a result, we conclude that the four-factor solution optimally represents the OA
datasets from each campaign and provides the clearest comparison with data collected

during CalNex-2010.
2.S3 Calculation of airmass OH exposure (OHexp)

We calculated airmass OHexp during each campaign using the average of nine VOC ratios,
as shown in Figure 2.S9 (Parrish et al., 2007; Hayes et al., 2013). Emission ratios of VOC
relative to CO during LAAQC-2022 and CalNexT-2022 were calculated following the
method described in Van Rooy et al. (2021). During LAAQC-2022 and CalNexT-2022,
VOC measurements were only made at 5:30, 9:00, and 14:00. As such, we fit a diurnal
profile to these OH exposure estimates based on the diurnal trend observed during CalNex-
2010. Estimated diurnal trends in OHexp using the average of all nine VOC ratios agree
well with ratios calculated using the ratio of 1,2,4-trimethylbenzene to benzene, which has

been used in previous work (e.g., Hayes et al., 2015) (Figure 2.S9).
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The error in the calculated OHexp estimate in the more recent campaigns based on

uncertainties in the measurements (10%) and the calculated emission ratios (~30%) is
approximately 35%, which we incorporate into a Monte Carlo analysis of SOA model
uncertainty (SI Section 2.56). We convert OHexp into a photochemical aging timescale for
use in the SOA model simulations described below by using an assumed daily-average OH
concentration of 1.5 x 10° mol. cm™. Comparisons of average afternoon (14:00-15:00)
OHexp estimates from CalNex-2010 and LAAQC-2022 suggest an increase in OH

concentrations of ~50-60% since 2010.

We note that, as discussed by Parrish et al. (2007) and Hayes et al. (2013), the OHexp
calculation assumes that the VOC measurements were performed at a remote receptor site.
If emissions are continuously introduced into an airmass prior to measurement, the OHexp
calculation will exhibit a low bias. This results from the fact that aged emissions within an
air parcel will have less mathematical “weight” on the OHexp calculation than fresh
emissions relative to their volume contribution within the parcel (Hayes et al., 2013). We
use a slightly more detailed version of the model developed by Hayes et al. (2013) to
estimate this potential error. We assume a hypothetical airmass measured at each diurnal
hour is transported for 6 hours over a homogeneous emission source of 1,2.4-
trimethylbenzene and benzene prior to measurement. Each hour, emissions are introduced
according to the emission ratios calculated during LAAQC-2022 (0.32 pptv ppbv™! for
1,2,4-TMB and 0.68 pptv ppbv! for benzene). Emissions introduced at each time step are
continuously oxidized by ambient OH concentrations until arrival in Pasadena. We
increase OH measurements from Griffith et al. (2016) by 55% to account for observed
increases in OHexp observed in 2022 for this calculation, although a similar result is
expected if the calculation is performed using 2010 emission ratios and OH concentrations.
Our simplified model therefore accounts for variable oxidation rates as a function of time,
rather than assuming both emissions and oxidation rates are constant during transport. The
resulting OHexp error estimate is shown in Figure 2.S10. Ultimately, the effect on simulated
diurnally-averaged SOA is minor <20% and the predicted contribution of mobile source

emissions is unaffected. Given the minor influence on SOA and the uncertainty in multiple
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aspects of the error calculation (e.g., constant six-hour travel time, homogeneous

emissions during transport, etc.) we do not attempt to correct photochemical age estimates

used in model simulations for this potential bias.

2.54 Analysis of ambient RO; fate

According to the CARB CEPAM inventory, NOx emissions in Los Angeles County have
declined by ~45% since 2010 (CEPAM, 2019). Median ambient afternoon (12:00-16:00)
NO mixing ratios were ~1.4 ppbv during LAAQC-2022. Using recommended rate
constants for ROz reactions with NO (8.6 x 10712 cm® molec.™ s at 296 K), HO2 (1.8 x 10°
'em® molec.” s at 296 K), and HO: concentrations measured by Griffith et al. (2016) on
weekends during CalNex-2010 (~4.5 x 10® molec. cm™), we calculate that RO reaction
rates with NO still exceed reaction rates with HO2 by a factor of ~40. However, estimated
ROz lifetimes at NO concentrations around ~1.4 ppbv are nearly 5s. Praske et al. (2018)
have demonstrated that autooxidation rates of functionalized alkane ROz (specifically RO2
formed from 2-hexanol in their experiments) are competitive with NO reactions at ROz
lifetimes of ~10s. Therefore, while the urban environment in the Los Angeles Basin is
likely far from “low-NOx” conditions from the perspective of NO vs. HOz reactivity, ROz
lifetimes will likely soon be sufficiently long that reaction with NO should not be assumed
to be the definitive fate of ROz produced from functionalized alkanes, which form from
the oxidation of a considerable fraction of anthropogenic SOA precursor emissions (i.e.,
non-functionalized alkanes). Furthermore, as NOx emissions continue to decline, it is

plausible that ROz reaction with HO2 will eventually become competitive with NO.

2.S5 Model simulation of local SOA formation and the role of mobile source

emissions

2.S55.1 Overview of zero-dimensional model

We developed a zero-dimensional model of SOA formation to quantify temporal changes

in local SOA sources since 2010. The model design is largely based on previously
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developed zero-dimensional models of OA formation in urban environments (Dzepina

et al., 2009; Hayes et al., 2015; Ma et al., 2017). Total emissions of OA precursors from
on-road, non-road, and area/stationary sources are estimated using the methods described
in SI Section 2.S5.2 and are lumped into a smaller set of model species based on volatility
and composition. Individual model simulations are performed for each hour of the diurnal
cycle. In each simulation, emissions are initialized multiplying background-corrected
concentrations of CO (ACO) in Pasadena with inventory estimates of lumped precursor
emissions from each source relative to CO (Aprecursor / ACO) in LA County. Emitted
precursors are then oxidized and form SOA according to established parameterizations (SI
Section 2.S5.2). The total oxidation timescale of each simulation is dictated by the
measured OHexp at the same diurnal hour quantified using VOC ratios (SI Section 2.S3).
In the absence of highly time-resolved emissions data, annual emissions were scaled by
total annual CO emissions to produce precursor-CO ratios (Aprecursor / ACO), which were
converted from a mass basis (tons precursor / tons CO) to a molar ratio (pptv precursor /
ppbv CO) for implementation into the model. CO is commonly used as a conserved
atmospheric dilution tracer in OA source apportionment analyses as it has an atmospheric
lifetime of ~1 month while OA formation occurs on timescales of <1 day (Hayes et al.,
2015). Scaling inventory-based precursor-CO ratios by measured ACO concentrations
therefore allows estimation of the initial concentration of OA precursors in the simulated
air parcel while accounting for airmass dilution that has occurred during transport (Hayes
et al., 2015; Ma et al., 2017). We assumed background CO concentrations of 105 ppbv in
2010 (Hayes et al., 2013) and 80 ppbv in 2022 (Figure 2.S11). Estimates of Los Angeles
County emissions from all non-biogenic sources are reported in Table 2.S6.

2.S5.2 Parameterization of emissions and OA formation from individual sources

2.S5.2.1 Mobile sources

Mobile source emissions of OA precursors (reactive organic gases (ROG)) and POA
implemented in the zero-dimensional SOA model were estimated using scaled inventory
data reported by the CARB for Los Angeles County. The EMissions FACtor

(EMFAC2021) model is used for initial on-road emissions estimates, while data from the
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California Emissions Projection Analysis Model (CEPAM) were used for non-road

emissions sources (e.g., off-road equipment, recreational vehicles, commercial harbor
craft, farm equipment, etc.) (CEPAM, 2021; EMFAC, 2021).

We note that on-road and non-road mobile gasoline ROG emissions estimates in the South
Coast Air Basin (SoCAB) produced by EMFAC (on-road) (54 Gg yr'!') and CEPAM (non-
road) (31 Gg yr'!) are 7% and 36% lower than estimates recently reported by McDonald et
al. (2018) (58 Gg yr! from on-road; 52 Gg yr!' from non-road). While we used emissions
estimated for Los Angeles County to initialize the model, we assumed that on-road and
non-road mobile emissions in Los Angeles County are also underpredicted by 7% and 36%,
respectively, and we increased modeled emissions by these magnitudes. Diesel emissions
were unadjusted from CARB inventory predictions, as the inventory predictions for on-
road and non-road emissions are 40% and 16% larger respectively than those estimated by
McDonald et al. (2018) for the SOCAB in 2010. Reducing diesel emissions to obtain
agreement with McDonald et al. (2018) in the SOCAB similarly to gasoline emissions
would marginally reduce the contribution of on-road sources to SOA; however, as on-road
diesel emissions are estimated to account for only 1% of total SOA in 2022, such an
adjustment would have virtually no influence on our predicted importance of mobile source
emissions.

Volatility distributions of on-road and non-road mobile source OA precursor emissions
were parameterized using recently measured, comprehensive volatility-based emission
profiles for gasoline and diesel exhaust (Lu et al., 2018). The same volatility profile was
used for on- and non-road emission sources burning the same fuel (e.g., gasoline), as
measured exhaust volatility distributions are similar (Lu et al., 2018). We used the cold-
start gasoline profile reported by Lu et al. (2018) for on- and off-road gasoline sources and
the non-diesel particulate filter (DPF) diesel profile for diesel emissions. EMFAC data for
Los Angeles County in 2022 suggest that only 14% of total emissions from on-road
gasoline vehicles occur after the after-treatment system (catalytic converter) has warmed
up (designated “RUNEX” in EMFAC2021 and corresponding to “hot-start” conditions),
while the remainder (86%) is emitted while driving without efficient after-treatment (31%),

during running losses that bypass after-treatment devices (20%), from diurnal evaporative
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emissions (25%), and immediately after a trip while the engine temperature remains

elevated (9%). Using the “hot-start” profile, which is enriched in IVOCs relative to the
“cold-start” profile, slightly increases SOA formation from gasoline exhaust, but is likely
unrealistic given the magnitude of on-road emissions that bypass the catalytic converter,
the fact that non-road engines are rarely equipped with exhaust after-treatment technology,
and the notable contribution of evaporative emissions, which are expected to be depleted
in IVOCs relative to exhaust, to total gasoline emissions. We used the same volatility
profile for gasoline exhaust and evaporative emissions. Lu et al. (2018) have demonstrated
that gasoline exhaust is considerably enriched in lower volatility species such as IVOCs
relative to gasoline fuel, suggesting that the use of the same volatility profile for exhaust
and evaporative emissions should produce a conservatively large estimate of the
importance of mobile source emissions to the urban SOA budget.

Following Lu et al. (2018), NMOG emissions were apportioned into individual VOC and
IVOC volatility bins based on their relative abundance in the emission volatility profile,
while POA emissions are apportioned into S/LVOC volatility bins. Initial model precursor
concentrations of emissions from each volatility bin (in pptv) were calculated by
multiplying precursor-CO ratios by measured background-corrected CO concentrations
(ACO). Once emitted, VOCs, IVOCs, and S/LVOCs are oxidized and form OA using
distinct parameterizations. Volatility bins representative of VOCs were assigned a
“volatility analog” from the lumped VOC species simulated by Hayes et al. (2015) and Ma
et al. (2017). The oxidation of all gas-phase emissions within a given VOC volatility bin
was simulated using the same oxidation rate and product yields as the associated analog.
Table 2.S7 lists these volatility bins, their associated lumped volatility analogs, and the
mass yields of SVOC oxidation products used to simulate OA formation. The volatility
analogs chosen for each volatility bin align well with the composition of each bin reported
by Lu et al. (2018) (e.g., the gasoline log(C*) = 10 bin is predominately alkenes, the
log(C*) = 9 bin is a mixture of alkanes and aromatics, etc.). The volatility analogs chosen
produce alkane and aromatic mass fractions within gasoline exhaust of 45% and 26%,
respectively, which agrees well with speciated measurements reported by Gentner et al.

(2013) (42% alkanes, 26% aromatics). VOC oxidation was simulated using the wall-loss
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corrected yields developed by Ma et al. (2017). As described in Ma et al. (2017)

incorporation of an aging parameterization in addition to corrections for wall-losses leads
to unphysically large SOA yields. Therefore, VOC oxidation products do not age in the
base model simulation.

IVOC oxidation and SOA formation was parameterized using the lumped species and
SVOC product mass yields described in Lu et al. (2020). As noted by Ma et al. (2017), the
rate of gas-wall partitioning of IVOC-derived oxidation products (SVOCs) is expected to
be much slower than that for VOC-derived oxidation products given the generally lower
volatility of IVOC-derived oxidation products (Ye et al., 2016). As a result of this slower
partitioning, the model used by Ma et al. (2017) to correct VOC SOA yields by accounting
for vapor wall loss was not able to reproduce SOA yield curves from IVOC oxidation,
suggesting a smaller influence of wall losses in IVOC chamber experiments. This aligns
with the minor corrections suggested by Zhang et al. (2014) for previously derived high-
NOx SOA yields for long-chain alkanes. We therefore did not implement any estimate of
increased IVOC yields to account for vapor wall losses, but we note that this causes model
parameterized IVOC yields to potentially represent underestimates. IVOC oxidation
products and were aged at a rate of 4 x 10! cm® mol! ™!, consistent with previous box-
and regional-modeling studies (Murphy et al., 2017; Hayes et al., 2015). Each aging step
reduces product volatility by one order of magnitude.

We used vehicular PM2.s composition measurements reported by May et al. (2014) to scale
total mobile source PMazs emissions to POA emissions and to subsequently initialize
modeled primary SVOC emissions. POA emissions were estimated to account for 60% and
90% of total on-road and non-road gasoline PM2s emissions, respectively, while POA
emissions are estimated to accounted for 30% of total on-road and non-road diesel-related
PMa.s (May et al., 2014). Following the recommendations of Lu et al. (2018), we increased
inventory gasoline POA emissions by a factor of 1.4 to account for SVOC breakthrough
during measurements of PMz.s emissions from gasoline exhaust. Diesel POA emissions
were scaled by a factor of 0.9, as adsorption of IVOCs on sampling filter media more than
offsets SVOC breakthrough during recent characterization studies (Lu et al., 2018). SVOC

emissions that condense onto the specified background aerosol loading prior to
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photochemical aging were assumed to represent POA emissions, while aerosol formed

from gas phase SVOC aging is classified as SOA.

Effective SOA yields of gasoline and diesel emissions are shown in Figure 2.S27. The
effective yield for gasoline emissions (15%) in the model is larger than the effective yield
for Pre-LEV vehicles reported by Zhao et al. (2017) (5%) but lower than the effective yield
for LEV vehicles (30%). The SOA yields that the authors report may have also been
influenced by vapor wall losses, as the precursor concentrations were low (total OA
formation of ~5 ug m>) and the OH concentrations were moderate (~2 x 10°® mol. cm™
based on reported photochemical age and experiment timescale) (Zhang et al., 2014). As
noted by Zhao et al. (2017), observed yields in their experiments are highly dependent on
the NOx emissions from the vehicles themselves, and therefore it is difficult to determine
which effective yield is appropriate for comparison with the ambient atmosphere. Zhao et
al. (2017) note that they predict a yield of ~10% for Pre-LEV and LEV gasoline vehicles
based on composition and established SOA yields in high-NOx conditions, which agrees
reasonably well with our estimate considering that the yields used by Zhao et al. (2017) are
not adjusted for wall losses. We further note that the effective model yield also applies to
evaporated gasoline emissions, as we use the same emission profile for exhaust and
evaporative emissions. Jathar et al. (2013) report a ~3% SOA yield for evaporated gasoline
at an OA mass loading of 10 ug m=, but the relatively small seed aerosol (7-25 ug m™) and
total OA mass loadings (<15 pg m-3) used in their experiments suggest that vapor wall
losses may have been considerable (Zhang et al., 2014; Matsunaga and Ziemann, 2010).
As gasoline emissions account for the dominant fraction of on-road SOA produced by the
model, any overestimation of the effective SOA yield of gasoline emissions in the model
would increase the likelihood that the model overpredicts rather than underpredicts the
relevance of on-road emissions to local OA. This would therefore be a conservative error
from the perspective of our conclusions.

2.85.2.2 Volatile chemical products

Volatile chemical product emissions used in the base model simulation were calculated
using the average of estimates provided by the recently developed VCPy model (Seltzer et
al., 2021) and McDonald et al. (2018). VCPy predicts individual compound emissions
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using detailed product usage and compositional data, compound-specific

physicochemical data to determine evaporation timescales, and estimates of product use
timescales. Previous analyses of the VCPy model have confirmed its accuracy in Los
Angeles (Seltzer et al., 2021). Detailed description of the datasets used to inform the VCPy
model are provided in Seltzer et al. (2021). VCP emissions data for LA County were
generated from VCPy directly, while emissions estimates from McDonald et al. (2018) for
the SOCAB are scaled to LA County using the relative population in the SOCAB (~17
million) and LA County (~10 million). Speciated VCP emissions were provided directly
by VCPy and taken from Table S8 of McDonald et al. (2018). To ensure that the same
species emitted by different OA precursor sources have identical oxidation and aerosol
formation parameterizations, all alkane and aromatic VOC and IVOC VCP emissions were
mapped to the same volatility bin used to simulate oxidation of combustion emissions
(Table S7). Emissions of oxygenates and siloxanes are oxidized following the scheme
developed by Pennington et al. (2021). We used an effective oxygenate SOA yield of 9.7%
calculated from emission-weighted SOA yields of aerosol-forming oxygenates in Los
Angeles County produced by VCPy. Terpenes are oxidized and form SOA using the wall-
loss corrected yields reported by Ma et al. (2017). The scaled inventory from McDonald et
al. (2018) (scaled from the SoCAB to LA County based on population) predicts
approximately 33% more VCP emissions than VCPy. As discussed by Seltzer et al.
(2021b), differences in predicted emissions arise primarily from differences in predicted
evaporation rather than differences in product usage. Mass fractions of individual lumped
species in total VCP emissions predicted by McDonald et al. (2018) and by VCPy are
shown in Figure 2.S29. We calculated emission ratios (ER) of each lumped species relative
to CO from each inventory (e.g., AALKS5/ACO) and used the average ER value for each
lumped species as an input to the base model simulation.

2.85.2.3 Cooking emissions

Cooking OA precursor emissions were incorporated into the model using PM2 s emissions
published by the CARB CEPAM inventory for cooking activities (commercial
charbroiling, deep fat frying, and cooking — unspecified) in Los Angeles County (CEPAM,

2021). All PMas emissions were assumed to represent SVOC, and emissions were
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apportioned into individual SVOC volatility bins using the average of published

volatility profiles for unoxidized canola oil, olive oil, and beef tallow (Takhar et al., 2019),
which are commonly used cooking oils in charbroiling and deep fat frying. Gas-phase
SVOC were aged at a rate of 4 x 10! cm?® mol™ s!, similarly to SVOCs from mobile
sources. Sensitivity simulations suggest that using any of the individual profiles or the
Robinson et al. (2007) volatility profile used by previous modeling studies (Hayes et al.,
2015; Ma et al., 2017) modifies the diurnal average cooking OA mass loading by -11% to
+20% depending on the specific profile used. Cooking-related ROG emissions were
negligible (1 ton per day in 2022) in the CEPAM inventory compared to total emissions
from other sources (total of 227 in 2020) and cooking PM2.5s emissions (7.7 tons per day in
2020) and were therefore excluded from the base model. However, ROG emissions from
cooking-activities used by the CARB inventory are based on a study conducted in 1998,
and it is unclear whether these emission factors account for the presence of catalytic
oxidizers (SCAQMD, 2021). The ROG emission factors listed in the CEPAM
documentation are up to two orders of magnitude lower than more recent measurements
conducted with a PTR-ToF-MS (Klein et al., 2016), depending on the type of cooking
method used. Increasing inventory emissions using the ratio of emission factors for deep
fat frying and commercial charbroiling published by Klein et al. (2016) to that used in the
CEPAM inventory increases cooking-related daily ROG emissions from 1.3 tons to 33.7
tons. Assuming a relatively large yield of 15%, this factor of 26 increase in cooking ROG
emissions increases diurnally averaged cooking OA mass loadings in 2022 by 30% or 0.16
pg m. Most of the increase is due to increased mass loadings midday when photochemical
ages are longer than a few hours.

2.S5.2.4 Asphalt Emissions

Asphalt emissions in the South Coast Air Basin (SoCAB) were recently reported by Khare
et al. (2020). Emissions in Los Angeles County were calculated by scaling SoCAB
emissions by the relative amount of CO emitted in each location estimated by the CEPAM
inventory. Scaling by other reasonable metrics such as total land area or population produce

emission estimates 14% larger and 5% smaller, respectively, than scaling by CO
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concentrations. These differences are well within the 50% uncertainty reported for

asphalt emissions in the SOCAB (Khare et al., 2020).

Emissions were apportioned into individual volatility bins using the speciated emission
profile reported for road asphalt at 60°C (Khare et al., 2020). The EPI-SUITE program is
used to determine pure liquid vapor pressures for calculation of compound saturation
concentrations (C*). IVOCs, which account for 85% of total emissions, were mapped to
the appropriate aromatic or alkane volatility bin developed by Lu et al. (2020). To avoid
introducing additional uncertainty by varying the OA formation parameterization
depending on the emission source, the aging processes and SVOC product yields associated
with asphalt emissions in each volatility bin are identical to the parameterizations used for
gasoline, diesel, and VCP emissions in the same bin. The alkane and aromatic fractions of
asphalt emissions following this lumping procedure are 57% and 35% respectively, which
agrees relatively well with measurements reported by Khare et al. (2020) (68% and 32%,
respectively). The remainder of simulated asphalt emissions (8%) are unspeciated SVOCs
(C* < 100 ug m™). The effective SOA yield from asphalt emissions using this framework
(~30% without accounting for IVOC oxidation product aging) (Figure 2.S28) is somewhat
larger than the amount predicted when assuming a fixed SOA yield of 21% for asphalt
emissions, a value estimated for primary road asphalt exposed to sunlight (Khare et al.,
2020).

2.85.2.5 Petrochemical facility emissions

Emissions from petrochemical facilities in Los Angeles County were taken from the CARB
CEPAM inventory (CEPAM, 2021). We included all emissions from “Petroleum
Production and Marketing” except those from oil and gas production, to avoid double
counting fugitive oil and gas emissions. The estimate of total emissions in the SOCAB in
2010 (13.45 Gg) agrees relatively well with the value reported by McDonald et al. (2018)
(12 Gg). Emissions were speciated using the average of nine EPA SPECIATE profiles for
emissions from chemical/industrial plants and oil storage facilities (profiles 2456, 2457,
2461, 2462, 2485, 2487, 2488, 2489, and 2490). Only a small fraction of petrochemical
facility emissions (<20%) are predicted to be capable of forming SOA based on these
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speciation profiles. SOA forming emissions were apportioned to the appropriate

volatility bins used in simulation of SOA formation from other sources.

2.S5.2.6 Fugitive oil and gas emissions

Fugitive oil and gas emissions for Los Angeles County in 2010 were scaled from estimates
for the SOCAB provided by McDonald et al. (2018). We scaled emissions to LA County
using the ratio of fugitive natural gas emissions predicted in LA County relative to the
SoCAB by the CEPAM inventory (94%). Emissions estimates reported by the CEPAM for
the SOCAB in 2010 are approximately half as large as those estimated by McDonald et al.
(2018). Oil and gas emissions were speciated using the average of 20 EPA SPECIATE
profiles (95243, 95254, 95255, 95256, 95257, 95260, 95270, 95271, 95274, 95275, 95286,
95287, 95288, 95290, 95291, 95292, 95297, 95298, 95303, 95315). Due to the dominant
contribution of methane in fugitive oil and gas emissions (96.3% on average based on
SPECIATE profiles), predicted normalized excess mixing ratios of OA precursors
analyzed in Figure 2.S26 and simulated SOA mass loadings were unaffected by changes
in the assumed emissions from fugitive oil and gas sources. As a result, we assumed 2022
emissions were unchanged from 2010 values.

2.85.2.7 Biogenic emissions

Given the short lifetime of isoprene midday (<1 hour), the fact that the spatial distribution
of biogenic emissions and CO emissions may not be similar, and the fact that OHexp
estimates quantified using aromatic species are likely not appropriate for modeling
biogenic emissions, we used a distinct, simplified Lagrangian method to estimate biogenic
SOA formation in LA County. Air mass backward trajectories ending at Pasadena were
first calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT4) model (Stein et al., 2015) at 14:00 local time, the approximate time of urban
plume arrival, every third day of each campaign. Meteorological data at a resolution of 12
km x 12 km were obtained from the North American Mesoscale Forecast System (NAMS)
archive and used to inform the HY SPLIT model. The travel time from the coast to Pasadena
is then calculated for each trajectory using the combined dataset (i.e., 2010 and 2022),

resulting in average midday transport times of 5.5+2.5 hr.
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We used this data to calculate the integrated amount of SOA formed from isoprene and

monoterpene oxidation for each hour of the diurnal cycle, assuming a 5 hr (base), 3 hr (low
estimate), or 8 hr (high estimate) effective oxidation timescale. For simplicity, we assumed
that measured isoprene and monoterpene (a-pinene, P-pinene, and limonene)
concentrations are spatially homogeneous across the basin and identical to concentrations
measured in Pasadena. During LAAQC-2022 and CalNexT-2022, a-pinene and B-pinene
measurements were only performed from 5:30-6:30