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Abstract The dominant fraction of anthropogenic volatile organic compound (VOC) emissions shifted
from transportation fuels to volatile chemical products (VCP) in Los Angeles (LA) in 2010. This shift in VOC
composition raises the question about the importance of VCP emissions for ozone (O5) formation. In this study,
O; chemistry during the CalNex 2010 was modeled using the Master Chemical Mechanism (MCM) version
3.3.1 and a detailed representation of VCP emissions based on measurements combined with inventory
estimates. The model calculations indicate that VCP emissions contributed to 23% of the mean daily maximum
8-hr average O; (DMAS O;) during the O; episodes. The simulated OH reactivity, including the contribution
from VCP emissions, aligns with observations. Additionally, this framework was employed using four lumped
mechanisms with simplified representations of emissions and chemistry. RACM2-VCP showed the closest
agreement with MCM, with a slight 4% increase in average DMAS O; (65 + 13 ppb), whereas RACM?2

(58 £ 13 ppb) and SAPRCO7B (59 = 14 ppb) exhibited slightly lower levels. CB6r2, however, recorded reduced
concentrations (37 = 10 ppb). Although emissions of O; precursors have declined in LA since 2010, O levels
have not decreased significantly. Model results ascribed this trend to the rapid reduction in NOx emissions.
Moreover, given the impact of COVID-19, an analysis of 2020 reveals a shift to a NOx-limited O; formation
regime in LA, thereby diminishing the influence of VCPs. This study provides new insights into the impact of
VCP emissions on O5 pollution from an in-depth photochemical perspective.

Plain Language Summary In the 2010 CalNex study, researchers found that volatile organic
compounds (VOCs) were predominantly emitted from volatile chemical products (VCPs) like solvents. In our
subsequent research, using a detailed chemical model, we discovered that about a quarter of the mean daily
maximum 8-hr average ozone was contributed by these everyday products during ozone episodes. This insight is
critical as it underscores how these emissions significantly speed up ozone formation through accelerated
chemical reactions. We also evaluated various simplified chemical mechanisms for ozone prediction, finding
that the one incorporating key reactions of VOC species was most accurate. Further, our analysis suggests that
the slight increase in Los Angeles' ozone levels since 2010 can likely be attributed to faster reductions in NOy
emissions relative to VOCs. Notably, the reduction in NOx emissions by 2020 considerably diminished the
impact of VCPs on ozone levels. However, given the uncertain future of NOx emissions and the ongoing rise in
emissions from everyday products, it remains essential to control these emissions.

1. Introduction

Ozone (O5) is formed in the troposphere through photochemical reactions of volatile organic compounds (VOCs)
and nitrogen oxides (NOx = NO + NO,), and is a significant ground-level air pollutant with detrimental effects
on human health and vegetation (Wang et al., 2022; Zhang et al., 2019). The rapid decrease in transportation-
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related VOC emissions has increased the relative importance of other sources of VOCs, including volatile
chemical product (VCP), which have emerged as the largest petrochemical source of urban organic emissions in
the United States (US) (McDonald et al., 2018). VCPs, encompassing pesticides, coatings, printing inks, adhe-
sives, cleaning agents, and personal care products, contain highly reactive VOCs, including organic solvents
(McDonald et al., 2018). Laboratory studies have also demonstrated the impacts of VCPs on the aerosol formation
(D. Lu et al., 2019; Shah et al., 2020; Wu & Johnston, 2017).

Assessment of VCP emissions and their contributions to atmospheric chemistry can be conducted through “top-
down” (measurement-based) or “bottom-up” (emission inventory-based) analyses. A challenge for the “top-
down” approach is the difficulty in measuring highly reactive VCP-emitted VOCs, for example, oxygenated
VOCs (OVOCs) (de Gouw, 2021; McDonald et al., 2018). However, measurements of VCP species do help
inform our understanding of overall VOC emissions in recent years. Coggon et al. (2021) found that VCPs are
widespread in US and European cities by tracking the distribution of D5-siloxane. Gkatzelis et al. (2021) con-
ducted VOC observations in two US cities with different population densities (Boulder and New York City), and
found that VCP emissions accounted for 42% and 78% of anthropogenic VOC emissions, respectively. Gkatzelis
et al. (2021) also identified ethanol, propylene glycol, ethylene glycol, dipropylene glycol, diethylene glycol, and
monoterpenes as the dominant VCP species for OH radical loss (Ryyy). These studies underscore the contribution
of VCPs to urban VOC emissions and Ry by field observations. The other approach involves using “bottom-up”
methods. McDonald et al. (2018) constructed a VCP emission inventory using mass balance, and found that VCP
emissions (7.6 + 1.5 Tg) are twice as high as those from mobile sources (3.5 + 1.1 Tg). Coggon et al. (2021)
proposed an inventory (FIVE-VCP) that combined the fuel-based inventory of vehicle emissions with the VCP
emissions inventory. Seltzer, Pennington et al. (2021) developed a framework called ‘VCPy’ to model VCP
emissions in the US. These studies have advanced the scientific understanding of VCP emissions in the US.

Several studies have attempted to quantify the impact of VCP on O; using regional chemistry transport models
(CTM). Seltzer, Murphy et al. (2021) employed the Carbon Bond chemical mechanism version 6r3, with updated
relevant chemical components, and indicated that VCP contributed 1.5-5.8 ppb of daily maximum 8-hr average
(DMAS) O; concentrations on average during summertime in major urban areas. Zhu et al. (2019) utilized the
SAPRC-07 chemical mechanism and found that VCP contributed 17.4 ppb of simulated DMAS O; concentration
in the summer in California. Qin et al. (2021) increased the VCP emissions in the NEI 2011 by a factor of 3 as
input for their CTM, finding that VCP emissions accounted for nearly 17% of the DMA8 O5 (9 + 2 ppb) during
summer in Los Angeles (LA). Coggon et al. (2021) employed the FIVE-VCP inventory in conjunction with the
RACM-ESRL-VCP mechanism to simulate O; concentrations during heatwave events in New York City.
RACM-ESRL-VCP is a modified chemical mechanism that includes chemistry of critical oxygenated VCP
species. The simulation results showed that VCP contributes more than 10 ppb of DMAS8 O; during heatwave
events (Coggon et al., 2021). These studies have expanded our understanding of the impact of VCP emissions on
Oj; pollution. However, many CTM simulations are limited by available observational constraints. Furthermore,
the ability of lumped chemical mechanisms to reproduce the VCP chemistry has not been compared with that of a
near-explicit mechanism.

Los Angeles (LA) has experienced photochemical pollution since the 1950s, due to its population density, fossil
fuel emissions, special topography, and climatic conditions (South Coast Air Quality Management Dis-
trict, 1997). Consequently, this city has been a focal point for air pollution control in the US. Decades of research
have explored diverse factors (meteorology, emissions, photochemistry) influencing LA's air pollution (Pusede &
Cohen, 2012; Warneke et al., 2012). Despite improved air quality, LA's O5 levels still exceed standards, with a
notable rise since 2010 (Kim et al., 2022). This increase is attributed to shifts in the O; formation regime, NOx
lifetime changes (Laughner & Cohen, 2019), decelerating NOx emission reductions (Jiang et al., 2018), and
climatic factors like drought (Demetillo et al., 2019; Nussbaumer & Cohen, 2020). O; formation mainly depends
on VOCs and NOy interactions, with recent focus shifting to VCP emissions due to significant reductions in NOx
and VOCs from traditional sources (Warneke et al., 2012). However, their emissions are not fully constrained by
measurements. Moreover, the commonly utilized lumped chemistry mechanisms were initially designed for
hydrocarbon-rich VOC emissions and may not fully capture the chemistry of VCPs, which are rich in oxygenated
VOC:s (Goliff et al., 2013; Ruiz & Yarwood, 2013; Zong et al., 2018). Consequently, it is of practical importance
to investigate the chemistry and inter-annual trends of O; and to explore potential control strategies amidst the
transition of primary VOC sources in LA.
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This study examines the contributions of VCP emissions to O; chemistry in LA, using intensive field observa-
tions, emission inventories, and detailed chemical box modeling. We investigate the O; chemistry, identifying the
key processes for Oz production, and quantify the contribution from VCPs during the CalNex-2010. We also
assess the representation of VCP in O; chemistry across different lumped chemical mechanisms. Furthermore, we
evaluate the model by examining O inter-annual trends in LA from 2010 to 2020, and delineate the O5 variation
with the reduction of precursors and discuss potential emission control strategies for 2020s.

2. Methods
2.1. Research Area, Data, and Period

Los Angeles is situated in the South Coast Air Basin, encircled by mountains. The transport of air pollutants into
and out of the basin is determined by factors such as heating, sea breezes, and topography-driven winds (Lu &
Turco, 1994). The interplay of these factors frequently causes air masses to circulate back and forth during a
typical summer day (R. Lu & Turco, 1994). Consequently, air masses can become trapped within the mountainous
coastal region for several days, allowing for extensive photochemical processing and formation of secondary
pollutants.

The CalNex 2010 was conducted at the California Institute of Technology campus in Pasadena during 15 May
through 15 June 2010 (Figure 1). In this study, we focus on measurements taken from 2 to 8 June as our base case.
The selected days meet three conditions: clear and cloud-free conditions, direct transport from the LA coast to
Pasadena, and strong O; formation. A detailed explanation of why this period was selected can be found in
Washenfelder (2011). From evening to 9 a.m., winds were very light and the site was mainly influenced by local
emissions. In the afternoon, the propagation of sea breeze transported air masses from Downtown LA to
Pasadena.

2.2. Box Model Tool, Mechanisms, and Evaluation

To investigate O; chemistry in Pasadena, the Framework for 0-D Atmospheric Modeling (FOAM) (Wolfe
et al., 2016) was used. This framework allows for the implementation of various chemical mechanisms. In this
study, the Master Chemical Mechanism (MCM) v3.3.1 was utilized to explore detailed chemical processes in the
base case. MCM is a near-explicit mechanism that represents the degradation of 143 primary VOCs, including the
major VCP species, integrated with the IUPAC inorganic nomenclature (Jenkin et al., 2003; Saunders
etal., 2003). Lumped mechanisms such as SAPRC, Carbon Bond (CB), and the Regional Atmospheric Chemistry
Mechanism (RACM) are usually used in CTMs. In this study, these mechanisms were compared with MCM to
evaluate the representation of VCP species for O; chemistry. The SAPRC Mechanism Version 07B (SAPRC07B)
was adopted in this study (Cai et al., 2011; Carter, 2010), as well as the Carbon Bond version 612 (CB6r2) (Ruiz &
Yarwood, 2013; Yarwood et al., 2010). Additionally, two versions of RACM were utilized: RACM version 2
(RACM2) (Goliff et al., 2013) and RACM2-VCP. RACM2-VCP (or RACM-ESRL-VCP) is developed by
Coggon et al. (2021) and adds propylene glycol, isopropanol and glycerol to the basic version of RACM2. It also
updates the reaction mechanisms of ethanol, methanol, acetone, and ethylene glycol. To quantitatively assess the
model performance, the index of agreement (I0A) parameter was employed, which is a measure of the agreement
between simulated and observed concentrations of species (Y. Wang et al., 2017). The IOA ranges from 0 to 1,
with higher values indicating better agreement. The IOA is determined as Equation 1:

> (0 -8,
IOA =1——=— — (1)
_§(|0i—0|+|si—o|)

where O denotes the average observed concentration, O, represents the observed concentration for each individual
sample, and S; signifies the simulated concentration, all measured in units of ppb. The subscript ‘i' refers to the
index corresponding to each sample. VOC including acetaldehyde concentrations were determined using a two-
channel in situ gas chromatography-mass spectrometry instrument (Gilman et al., 2010). Formaldehyde was
measured with a Hantzsch monitor (Rappengliick et al., 2010; Warneke et al., 2011), and glyoxal was quantified
using broadband cavity-enhanced absorption spectroscopy (Washenfelder et al., 2011). The laser-induced
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Figure 1. Los Angeles and location of the Pasadena ground site.

fluorescence-fluorescence assay by gas expansion technique was employed for Hydroxyl (OH) and hydroperoxy
(HO,) radicals measurement (Griffith et al., 2016). To aid in model comparison, all data were averaged over 30-
min intervals.

2.3. Emission Rates During CalNex-2010

In the model, emissions of carbon monoxide (CO), NOx, and VOCs are represented through a combination of
emission inventories and measurement data. In the base case, CO and NOy emission rates for Pasadena were
obtained from a fuel-based inventory (S.-W. Kim et al., 2016) as was done in previous analyses (de Gouw
etal., 2017). Emissions of CO and NOx depended on the day of the week, with different emissions for (a) Monday
through Thursday, (b) Friday, (c) Saturday, and (d) Sunday (refer to Figure S1 in Supporting Information S1).
VOC emission rates were calculated by multiplying the CO emission rate with the emission ratio (ER) relative to
CO reported elsewhere. Two types of emissions ratios were considered: observed emission ratios reported by de
Gouw et al. (2017, 2018) based on VOC and CO data from CalNex 2010, and emission ratios for unmeasured
VCP species, calculated according to the VCP emission inventory proposed by McDonald et al. (2018):
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( | . Observed Emission Rates
Observed Observed VCPs Inventory
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Species Species all q
without VCP from VCP
Scenario sources sources -
Including VCPs VCPs Observed Emission Rates
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Rates
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Scenario VCPs Emission Rates
excluding VCPs
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Figure 2. Concept figures for types of VOC and emission scenarios for (a) the base case and (b) inter-annual trends. Each square box represents VOC emissions. Blue
indicates VOC emissions from non-VCP sources, while green signifies VOC emissions from VCP sources. In panel (a), the three columns represent three types of
VOCs: those with no VCP sources, those partly from VCP emissions, and those entirely from VCP emissions. The two rows correspond to two different scenarios, with
the blank section in the second row denoting the removal of VCP emissions in Scenario Two. In panel (b), the three rows correspond to the aforementioned VOC types,
while the two columns represent scenarios for the years 2010 and 2020. The white sections illustrate the reduction in non-VCP source emissions from 2010 to 2020.

_ Annual Emission Amount of VCP in LA * Species Weight Percentage
a Annual Emission Amount of CO in LA

ER 2

The annual emission amount for each species is expressed in gigagrams (Gg). These values are then converted to

moles using their respective molecular weights. Consequently, VOC species were classified into three types

(Figure 2a).

1.
2.

VOCs that do not have VCP sources: emission ratios were determined using CalNex data.
VOCs measured during CalNex 2010 that do have VCP sources: emission ratios were determined using
CalNex data, and the VCP-emitted contributions were calculated using Equation 2.

. VOCs not measured during CalNex 2010 but known to have VCP sources: emission ratios were calculated

with Equation 2.

VOC emissions were aggregated into different mechanisms for model input (Table S1 in Supporting Informa-
tion S1). Species that are not included in MCM were substituted by MCM species exhibiting similar Ky (Table
S1 in Supporting Information S1).

2.4. Setup of Box Model

In the base case, CO, VOCs, and NOx were emitted into the model at rates described in Section 2.3. A few
comments should be made here.

Biogenic VOCs are not emitted in proportion to CO; instead, isoprene, alpha-pinene, and beta-pinene were
constrained by the observed concentrations. However, the observations were reduced by a factor of six to
constrain the model, because, without that correction, the modeled products largely produced from biogenic
VOCs (i.e., formaldehyde, methyl vinyl ketone, and methacrolein) significantly exceeded the measured
values. This suggests that the measurements may be biased in terms of biogenic emissions, likely due to the
close proximity of trees to the sampling inlet. The sensitivity of our conclusions for the factor of six reductions
in biogenic VOCs will be discussed below.

Limonene was emitted into the model as dictated by the VCP emission inventory, resulting in a higher
modeled mixing ratio (0.04 = 0.05 ppb) than observed (0.02 £+ 0.01 ppb).
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o NOy emissions were specified as 80% nitric oxide (NO), 10% nitrogen dioxide (NO,), and 10% HONO. It is
important to note that 10% of the NOy concentration was allocated to HONO emission to achieve a relatively
reasonable HONO concentration (refer to Figure S2 in Supporting Information S1 for a comparison between
the modeled and measured HONO concentrations).

Physical loss was constrained by dry deposition and dilution (including morning intrusions of free tropospheric
0O5;). Dry deposition of various peroxy acetyl nitrates (PANs), peroxides, inorganic gases, acids, and carbonyls
was represented in the model following Zhang et al. (2003). In accordance with previous work by Edwards
et al. (2014) and Wolfe et al. (2016), a first-order loss parameter (k) with background concentration was utilized
for all species to represent all physical loss other than dry deposition:

d
T~ 1 - 1) ®

Where [X] denotes the species’ concentration, and [X], represents the background concentration, both expressed
in ppb. The parameter k, was iteratively determined, initially set at 2.2 X 10™> s™! Equation 4 was then employed
to adjust k, for subsequent runs. Following several iterations, a stable k, time series was obtained to best
reproduce the CO observation, also measured in ppb, and applied to all species.

k =K COlast run 4
d next run = Kd last run * cO ( )
observation

Background concentrations of specific VOC species were obtained from de Gouw et al. (2017, 2018) (refer to
Table S2 in Supporting Information S1). Background concentrations of other VOC species and NOy were set to
zero. Free tropospheric O; concentrations from 2 to 8 June during the case were acquired from Langford
et al. (2012), calculated using the FLEXPART model and verified by O; sondes and airborne lidar (Langford
et al., 2012). The background concentration for O; was essentially bimodal, with fluctuating values during
different mornings to represent morning intrusion of residual layer O3, and a second constant value was utilized
for the remaining time for each day (refer to Figure S3 in Supporting Information S1 for time series of back-
ground O53).

2.5. Emission Rates for Inter-Annual Trend and Sensitivity Test in 2020

To model the inter-annual O; trend in LA from 2010 to 2020, emission rates were adjusted annually based on the
projected summer anthropogenic emission in LA (Figure S4 in Supporting Information S1), as reported by the
California Air Resources Board (CARB) in the California Emissions Projection Analysis Model (CEPAM) 2016
SIP—Standard Emission Tool (California Air Resources Board, 2016). In essence, the emission rates during
CalNex 2010 served as the base line, with subsequent years' emissions scaled accordingly. For VOCs, only non-
VCP emissions were modified to align with the CO emission trend (California Air Resources Board, 2016). We
assume that VCP emissions remained constant due to the absence of targeted regulations for these sources from
2010 to 2020 (Figure 2b). This assumption represents a lower limit on their importance. Weekend NOx emissions
were determined by the average NOx concentrations ratio observed on weekdays (WD) and weekends (WE) since
2010 (Figure S5 in Supporting Information S1).

The impact of precursor reduction percentages on the percentage change in DMAS O; in 2020 was simulated
based on the calculated emissions for 2020, using a 10% gradient for changes in NOy or non-VCP VOC emissions
from 0% to 120%. This test aimed at shaping future pollution mitigation strategies in 2020s.

3. Results and Discussion
3.1. Effects of VCP Emissions on O; Episode in 2010
3.1.1. Model Performance and Overall Results

Figure 3 presents the overall results of parallel simulations for two scenarios (with and without VCP emissions)
for the CalNex-2010 base case. All settings remain identical between the two scenarios, except the emission ratios
of VOC:s are either reduced (if that VOC has also sourced other than VCPs) or set to zero (if that VOC is only
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Figure 3. Time series of ozone (O5), glyoxal, formaldehyde, OH, HO, (70% of HO,*), NO,, NO, and CO for scenarios with VCP emissions (blue line), scenarios without
VCP emissions (orange line), and observations (green points) in the base case. Weekends are indicated by the light-yellow background in the time series.

released from VCPs). After adjusting the first-order physical loss rate for CO, we obtained a reasonable agree-
ment (#* = 0.70, [OA = 0.90) between simulated CO (0.34 + 0.07 ppm) and observed CO (0.36 = 0.08 ppm),
reflecting the optimized representation of physical dilution.

Upon incorporating VCP emissions, the modeled secondary photochemical products demonstrate good agree-
ment with the observations. When examining O3, the IOA increased from 0.77 to 0.88, nearly reaching the upper
limit of the previous model studies (0.68—0.89) (Lyu et al., 2016; N. Wang et al., 2015; Y. Wang et al., 2017,
2018). The average O5 and daily maximum hourly O; values were 27 £ 15 ppb and 48 + 13 ppb without VCP
sources, respectively. These values rose to 34 = 19 ppb and 65 £ 15 ppb in the presence of VCP sources,
consistent with the observations (40 = 20 ppb and 70 £ 20 ppb). VCPs contributed 23% of the DMAS O,
(14 £ 3 ppb) during this episode, higher than the average value for the entire summer (17%, 9 = 2 ppb) as
simulated by Qin et al. (2021). The difference may point at an increasing influence of VCPs during O5 episodes.
Hansen et al. (2021) also found that the site was mainly impacted by local anthropogenic emissions from 1 to 8
June compared to the entire observation period. Although glyoxal is not directly released from VCP use, the
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simulated glyoxal result exhibited better agreement with observations after including VCP emissions (simulation:
130 % 60 ppt, observation:120 £ 60 ppt, IOA = 0.88). This outcome suggests that the MCM accurately represents
the photochemical reactions of VCP species to form glyoxal. The modeled formaldehyde (2.4 = 1.5 ppb on
average) showed a 32% increase on average due to VCP contributions and was also in good agreement
(IOA = 0.90) with the observations (2.5 = 1.1 ppb). The weekend effect on O; formation (5-6 June) was also
captured in the model incorporating VCPs (Figure 3). The IOA value of the simulated weekend O concentration
rose from 0.82 to 0.91 after including VCP emissions. While the agreement between modeled and measured O5 is
strongly dependent on several assumptions (dilution rate, free tropospheric Os, etc.), the more robust finding of
this work is the strong contribution from VCP emissions to O; formation.

There were also some notable differences between the model and measurements, for example, for HO,. The
ambient HO, concentrations were estimated to be approximately 70% of the measured HO,* concentrations on
average due to RO, interference (Griffith et al., 2016). The average simulated HO, concentration in this study was
5 + 8 (x10” molec. cm™), representing 45% of the average measured HO, concentrations presented by Griffith
et al. (2016). Comparisons were only conducted for periods when observational data were available. Considering
the 36% (2 sigma) calibration uncertainty in these measurements (Dusanter et al., 2008), the simulated value is
still 19% lower than the actual measurement. The reduction of BVOC concentrations in the model is one of the
major reasons. A sensitivity analysis employing observed BVOC concentrations yielded an HO, mean value of
1.1 + 1.8 (x10® molec. cm™), closely approximating 98% of the average measured value. This result emphasized
the significance of nearby-emitted biogenic VOCs in the model's radical budgets. However, as the emissions are
local, there has not been sufficient processing time in the atmosphere to build up secondary products like
formaldehyde, methyl vinyl ketone and methacrolein, as evidenced in this test (Figure S6 in Supporting Infor-
mation S1). This suggests that the biogenic VOC emissions at the site aren't fully representative of the wider
basin's emissions, unlike the anthropogenic pollutants. Consequently, reducing BVOC concentrations in the
model is considered appropriate, especially given its negligible effect on evaluating VCPs' contribution to O
formation, which is further explored in the model's uncertainty section.

Another reason is that the model overestimated the NO concentration. The model's underestimation of HO,
concentration is a common occurrence when NO values exceed a few parts per billion (Brune et al., 2016; Chen
et al., 2010; Czader et al., 2013; Dusanter et al., 2009; Emmerson et al., 2005, 2007; Griffith et al., 2016; Kanaya
etal., 2007; Ren et al., 2013; Sheehy et al., 2010; Shirley et al., 2006). We utilized a scenario with a 20% reduction
in NOy emission to evaluate this issue (Figure S7 in Supporting Information S1). The result demonstrated that the
simulated NO level was comparable to measurement, and the modeled average HO, reached 64% of the measured
HO,. However, the 20% reduction in NOx emissions only resulted in a 6% and 5% overestimation of observed
DMAS O; respectively. This shows that the simulated HO, concentration can almost sustain the formation of the
observed O concentration. Shirley et al. (2006) suggested that some products of the reaction between HO, and
NO were not OH and NO,. Furthermore, the sensitivity test also shows that a 20% reduction in NOy emission did
not strongly affect the contribution of VCP to O; formation rates (from 1.1 + 1.3 ppb™' to 1.2 & 1.4 ppb hr™!
during 7:00-17:00) and Ly (both 2.4 + 0.8 s™"). Therefore, the difference between the simulated and measured
HO, has a limited impact on the overall conclusions of this study.

Multiple factors can contribute to the uncertainty of the overall model results. The first one concerns the accurate
characterization of key VCP species' chemical processes in the MCM, which involves two aspects: the mapping
relationship between VOC species and MCM surrogates and the representativeness of MCM surrogates' reaction
processes. The impact of VOC species on OH reactivity was determined by multiplying the ko by the species'
emission ratio. The ER*kqy value for MCM surrogates was only 4% higher than that of all VOCs in the VCP
emission inventory, suggesting that the mapping relationship had a negligible effect on the overall Rqy. Figure 4
displays the ranking of ER*kqy; values for groups/species in the VCP emission inventory. Key species include
limonene, isopropanol, ethanol, propylene glycol, and ethylene glycol, which collectively contributed 63% of the
VCP ER*kqy value. All these species are explicitly included in the MCM, suggesting that the reaction processes
of major VCP species are adequately represented in MCM.

The second factor is the uncertainty of NOy emissions. As previously mentioned, a 20% reduction in NOx
emissions would improve the simulations of O and NO (Figure S7 in Supporting Information S1). However, this
would not affect the contribution of VCP to O; formation rate and Ry, and no further evidence supports this
adjustment. The third factor pertains to the influence of BVOC. As discussed in Section 2.4 and in overall results,

CHEN ET AL.

8 of 19

AsuddIT suowwo)) asnear)) djqeardde ay) £q pauraAoS are sa[ONIE Y (28N JO $a[nI 10§ KIeIqr dulfuQ) K3[IA UO (SUOTIPUOI-PUB-SULIA)/wod’ Kafim’ Kreqjaur[uoy/:sdny) suonipuo) pue swia, 3yl 23S *[$207/90/£0] uo Areiqry auruQ £3[1Ay ‘SaLIIQIT OPrIO[0)) JO ANSIATUN Kq £1L0F0AIFZ0T/6T01" 01/10p/wod Kajim’ KreiqrjaurjuosqndnSe//:sdny woiy papeo[umo 11 ‘#20T ‘9668691T



| . Yed ¥ |
MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20241D040743

Propylene Glycol
4%

Ethanol
10%

Isopropanol
9%

Limonene
39%

Figure 4. Breakdown of the OH reactivity in VCP. “Unspecified” includes
oxy IVOCs and non-oxy IVOCs. “Limonene” includes D-limonene, DI-

OH reactivity Fraction the sampling location might have been affected by emissions from nearby

biogenic sources. The simulated results of BVOC concentrations sensitivity

Ethylene Glycol demonstrate that the contribution of VCP to DMAS O was 13 + 5 ppb, only

marginally different from the simulation results of one-sixth BVOC

A1Ik5212e (14 £ 3 ppb). This result indicates that the uncertainty of BVOC has a
Aromatic/PAH negligible impact on our findings regarding the contribution of VCP emis-

4% sions to O5. This issue will be discussed further in the discussion of Ry in the
Other ﬁ’}lkenes next section. In general, the MCM chemical mechanism can effectively
0

characterize the significant impact of VCP emissions on O; chemistry.

Other OVOCs
12%
3.1.2. OH Reactivity
This study also analyzed the R to evaluate the representation of VCPs in the
Unspecified model. In the base case, the Ry was 13.1 £ 1.8 s™!. In comparison, using the

59 .. . . . . .
& original measured biogenic VOC concentrations (rather than reducing it to

one-sixth in base case), the Ry reached 16 £ 5 s~! (Case A in Table 1). This
value nearly matched the observations (21 s~') measured by Hansen
et al. (2021) considering the measurement uncertainty (25%). Fossil fuel

limonene, Fragrances, and Pine oil (McDonald et al., 2018). emissions and other non-VCP sources accounted for 62% of the measured

Ry, which is higher than the CalNex-2010 results simulated by McDonald

et al. (2018) (53%). The primary difference stemmed from the contribution of
nearby biogenic emissions (10%). Although locally emitted biogenic VOCs affected the observed radical con-
centrations and loss rates, their impact on the formation of O; and other secondary products (e.g., formaldehyde,
methyl vinyl ketone, methacrolein) may have been minimal as these are formed on much longer timescales.

Disturbances from biogenic sources near the sampling location mainly influenced the Ry contributed by non-
VCP fractions (from 11 + 3 s7' to 13 + 4 s7"), with negligible effects on the Ry contributed by the VCP
(from 2.4 + 0.8 57! t0 2.5 + 0.8 s™"). McDonald et al. (2018) indicated that by incorporating a 23% contribution
from VCP, the modeled OH reactivity (16.0 s™') is in good agreement with the observations from CalNex-2010
(21 £ 7 s71), considering the uncertainty involved. In our study, VCP use contributed 2.5 + 0.8 s~ to the Roms
constituting only 12% of the total measured Ryy. This result is comparable to the Ryy modeled by Qin
et al. (2021) in a CTM for the same observation experiment (2.7 s7!, 13% of the measured Rop) based on in-
dividual VOC species.

The difference with the Ry values calculated by McDonald et al. (2018) for the VCP contribution can be
explained by several factors. The first factor is dry deposition, which is highly uncertain for OVOCs. Karl
et al. (2018) found minor influences of dry deposition on VOCs in urban areas; however, these findings were
based on areas with limited vegetation, such as central Innsbruck (Peron et al., 2024). In contrast, Los Angeles,
characterized by its sprawling suburban landscape and abundant tree cover, likely experiences higher rates of dry
deposition for OVOCs, as indicated by recent studies like those of Pfannerstill et al. (2023). To incorporate this
variability, we applied strong dry deposition velocities of VOCs (predominantly OVOCs) from Zhang
et al. (2003) in our model. This approach led us to conduct a sensitivity test by omitting dry deposition of VOCs.
The test revealed that excluding deposition resulted in a notable increase in Ry values for both VCPs and other

g;?i:e:wtivity From McDonald et al. (2018), Qin et al. (2021), and in This Work

Type Basic case A B McDonald et al., 2018 Qin et al., 2021%
Duration 2 to 8 June 2010 2 to 8 June 2010 2 to 8 June 2010 CalNex-2010 CalNex-2010
Observation 21 £7 21+7 217 21 +£7 21

Total Ry by modeling 13+4 16 +£5 14 +4 16.0 14.3

Use of VCPs 24+0.8 25+0.8 27+09 48 +34 2.7

Note. Base case: Includes VCP emissions and BVOCs lower than measured values. Case A: BVOC concentrations adjusted
to 100% of measured values. Case B: Dry deposition of VOCs removed. “The results from Qin et al. (2021) here are the results
of calculations based on subdivided VOC species in the text.
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Figure 5. Average diurnal variations of primary production rates of (a) OH, (b) HO,, and (c) RO, in the simulation results of the base case with VCP emissions added.
The error bars indicate the standard deviations of the mean.

VOC sources (13% and 7% higher than the base setting, respectively), as shown in Case B of Table 1. This finding
underlines the significant role of dry deposition in VOC dynamics. Particularly noteworthy is ethanol, which
emerges as the most substantial VOC emitter in both scenarios and a key component of VCPs. We examined its
dry deposition impact, revealing substantial effects on both concentration (average 6.5 + 1.6 ppb without
deposition vs. 3.1 & 1.9 ppb with deposition, Figure S8 in Supporting Information S1) and Ry (0.8 0.2 57" vs.
0.5 + 0.1 s™"). The test underscores the importance of considering dry deposition in the model when evaluating

VCP's impact on Ry

The second factor is the mapping of chemical species into MCM, which was already discussed above. The third
one is the reactions of olefins and terpenes with O5. The box model of McDonald et al. (2018) did not consider
these reactions. We attempted to turn off the reactions of olefins and terpenes with O5 in our model. Since Oy is an
important oxidant for olefins at night (de Gouw et al., 2017), turning off these reactions would substantially
increase Ry at night. Taking this into account, we primarily compared the results of the tests during the daytime
(5:00 to 17:30). The results demonstrate that ignoring these reactions can increase the Ry of VCP by 1.0 s
during the daytime compared to the daytime average of base case (2.5 + 0.5 s™'), reaching 3.5 + 1.1 s~' and
contributing 15% of the daytime Rqy in this case. Therefore, it is considered that the reactions of olefins and
terpenes with O; are one of the main reasons for the large differences in quantification results. Additionally, the
application of different modeling methods could also cause discrepancies. McDonald et al. (2018) use a box
model considering the consumption of VOC by measured OH, while our model uses a near explicit mechanism
without constraining OH. Despite those differences, both studies report results that are consistently lower than the
respective average values measured during their study periods. This consistent underestimation would imply an
underestimation of O; chemistry influenced by VCP and suggest a further update of the model.

3.1.3. Radical Chemistry

The effect of VCP on O; chemistry was investigated in more detail through the modeled radical budgets. The
model demonstrated strong correspondence with measured OH radical concentrations in both scenarios (mean
and IOA: 2 + 2 (x10° molec. cm ™) and 0.91 with VCP, 2 + 2 (x10° molec. cm™>), and 0.90 without VCP). As
discussed above, including VCP emissions enhanced the simulated values for HO,, raising the average con-
centration from 3 + 5 (x10” molec. cm™>) to 5 + 8 (x10” molec. cm ™), and the IOA value increased from 0.53 to
0.67. Nonetheless, this enhancement was limited, and the simulated values for HO, are still much lower than the
observed HO, concentration (1.1 #+ 1.3 (x10® molec. cm™)), indicating insufficient representation of peroxyl
radicals. Potential explanations involve biogenic emission, unmeasured secondary products of high oxidation
states, overestimated NOx concentrations, and unidentified chemical reaction processes (Section 3.1.1).

Figure 5 displays the average daily variations of the primary production rate of ROy (OH, HO, and RO,) in the
scenario incorporating VCP emissions. OVOC photolysis constituted the largest primary source of ROy radicals
during the daytime, contributing 0.6 + 0.5 ppb hr™' of HO, radicals (0.4 + 0.3 ppb hr™" from formaldehyde
photolysis) and 0.2 # 0.2 ppb hr™! of RO,. HONO photolysis and O photolysis ranked the second and third
largest among primary sources of daytime ROy radicals, contributing 0.8 + 0.4 ppb hr ™' and 0.6 = 0.6 ppb hr™" to
OH radicals, respectively. Figure 6 illustrates the contributions of VCP to the primary sources of ROy radicals,
which were calculated as the differences between the two scenarios with and without VCP emissions. The extent
of the VCP contribution to the primary sources of ROx was temporally proportional to the total rate of primary
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Figure 6. The difference of primary radical sources between scenarios including and excluding VCPs for (a) OH, (b) HO,, and (c) RO,. The solid lines indicate the
diurnal variations. The error bars indicate the standard deviations of the mean.

sources of ROy radicals. The VCP contribution to the daytime average primary production rates of OH, HO,, and
RO, radicals was 0.09 £ 0.10 ppb hr™! (6%), 0.17 + 0.13 ppb hr™! (28%), and 0.12 + 0.06 ppb hr™' (41%),
respectively, suggesting that VCP makes an important contribution to the primary source of HO, and RO,
radicals. Given the limited contribution of VCP to primary OH production rates, this result also explains the
similar OH radical concentrations between the two scenarios. Additionally, introducing VCP speeds up NOx's
loss through alkyl nitrates, diminishing NOx levels. This results in reduced HONO formation via NO,-related
reactions, leading to a subtle decline in HONO-to-OH photolysis.

Figures 7 and 8 reveal the photochemical impacts of VCP from the perspective of ROy radical recycling. As
shown in Figure 7, radical recycling was efficient in the base case, with a rate about five times faster than the
primary production rate. Regarding radical termination reactions, the reaction of ROy radicals with NOx (i.e.,
OH + NO, and RO, + NO) prevailed, attributed to the elevated NOx concentrations in polluted urban areas (Tan
et al., 2019). Figure 8 presents the production, recycling, and removal rates of ROy contributed by VCP, which
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Figure 7. Results of daytime average ROy budget simulation for the base case with VCP emissions added (in ppb h™"). The
red, black, and green lines indicate the primary production, recycling, and termination pathways of radicals, respectively.
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were defined as the differences between the two scenarios with and without VCP. The radical recycling rate
contributed by VCP was nearly 11 times faster than the primary production rate, signifying a more efficient
acceleration of radical recycling by VCP species. The radical recycling rate contributed by VCP was also 11 times
faster than the radical removal rate, surpassing the corresponding ratio in the base case (7 times), indicating that
VCP-produced radicals need to undergo more reactions and produce more O before they exit the ROy radical
cycle. The change in the NO, formation rate (oxidation of NO by HO, and RO, radicals) corroborated this
conclusion. Incorporating VCP raised the rate of NO — NO, by 2.0 + 1.3 ppb hr™!, which equates to 33% more
O; being produced from daytime radical recycling. The heightened efficiency of radical recycling can be
explained by the composition of the VCP species, which primarily comprise OVOCs and unsaturated VOCs with
higher reactivity. Moreover, the analogous OH concentrations between the two scenarios can also be explained by
ROy radical recycling. Adding VCP emissions resulted in a more efficient radical recycling process, with daytime
reaction rates of HO, — OH and OH — RO, increased by 30% and 40%, respectively. In contrast, the net rate of
OH production through mutual reactions increased by only 6%, leading to accelerated formation of oxidation
products with a minor change in OH concentration.

3.1.4. O3 Formation Mechanism

The diurnal variation of O; formation and loss rates is depicted in Figure 9a. As indicated by the black solid and
dashed lines, the net daytime O, production rate (5.6 + 4.1 ppb hr~") was visibly accelerated by VCP, with 39% of
the rate originating from VCP's contribution (2.2 + 1.5 ppb hr™'). Figure 9b displays the contribution of VCP to
each pathway of the O; chemical budget (the contribution to the loss pathway is indicated as a negative value).
VCP contributed 29% and 39% to the total rates of NO reactions with HO, and RO,, indicating its significant
chemical impact.
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Figure 9. (a) Breakdown of chemical production and loss rates of O during 2-8 June 2010; (b) the same to (a) but for the contributions from the VCPs.

3.2. O; Formation in Lumped Mechanisms: Implication for Regional Modeling of VCP Emissions

Next, we study how well VCP oxidation and its effect on O; formation are represented in lumped mechanisms.
Figure 10 displays the results obtained with other, more computationally efficient chemical mechanisms used in
CTMs. This comparison excludes dry deposition except for O3, NO,, HNO5;, HONO, and PAN. As shown in
Figure 10, average DMAS8 Oj; concentrations for MCMv331 (62 = 13 ppb), RACM2 (58 + 13 ppb) and
SAPRCO7B (59 + 14 ppb) are comparable with the differences within 6% and 5%, respectively. The simulation
results of RACM2-VCP (65 + 13 ppb) were 4% higher than those of MCM (3 £ 1 ppb). In contrast, CB6r2
(37 = 10 ppb) exhibited 59% of O; concentration of MCM. The differences in formaldehyde simulated by various
mechanisms were insignificant, except for CB6r2 (50% lower than MCM). The discrepancies in OH concen-
tration simulated by RACM2, RACM2-VCP, SAPRC, and MCM was minor (between —7% and 2% compared to
MCM), but the difference with CB61r2 was substantial (45%), too.

These mechanisms also varied in their representation of VCP Ry (Figure S9 in Supporting Information S1).
CB612 demonstrated the lowest Ry for VCP (1.0 + 0.4 s™1). The VCP Ry, for RACM2 and SAPRCO7B were

®Observation ®MCM = RACM2 m RACM2-VCP mSAPRC-07B mCB-6r2

0 T T T T T T T T T T T T T 1

0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00

6/2 6/3 6/4 6/5 6/6 6/7 6/8 6/9
Local Time

Figure 10. Concentrations of O;, OH radical, formaldehyde and acetaldehyde from observation and simulated by MCM,
RACM2, RACM2-VCP, SAPRC-07B and CB-6r2 with VCP emissions. Those simulation exclude dry deposition except for
05, NO,, HNO;, HONO, and PAN.
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identical (1.8 + 0.7 s™1), which were lower than MCM (2.7 + 0.9 s™!). In comparison, the Ry in RACM2-VCP
(2.3 + 0.9 s71), which incorporates and updates the reaction mechanism of the key VCP species, deviated less
from that of MCM (15%). Expectedly, the relative differences in presenting VCP Ry for several chemical
mechanisms were consistent with those in their simulated O5 concentrations. These variations can be partially
explained by the difference between the ER*ky; values of the surrogates in these lumped mechanisms and in the
MCM. When looking at the VCP emissions, the deviation of the ER*kyy values of RACM2-VCP from the
reference values was —2% compared to —11% for RACM?2, indicating that RACM2-VCP effectively enhanced
the capability of the model for VCP chemistry. The deviation of the ER*kqy of VCP emissions for SAPRC0O7B
reached —36%. Concerning total ER ¥k, the deviation of RACM2-VCP was 1%, which was superior to RACM2
(—4%) and SAPRC (—17%) and equivalent to MCM.

The analysis suggests that the RACM2-VCP mechanism is a suitable choice for simulating VCP chemistry in
CTM concerning O; formation. RACM?2 and SAPRC are less appropriate, and CB6r2 is least reliable. The weak
performance of CB6r2 can be attributed to the less detailed isoprene chemistry (Dunker et al., 2016) and the use of
non-integer product coefficients (Luecken et al., 2019). Overall, the incorporation of key species such as pro-
pylene glycol, isopropanol, glycerol, as well as updates for ethanol, methanol, acetone, and ethylene glycol, as
detailed in the RACM2-VCP, significantly improves our simulations, making them more akin to the near-explicit
chemical mechanism in terms of accuracy and detail. Nonetheless, it is important to note that key reactive species
may vary across regions due to differences in emissions. Consequently, evaluating local VCP emission in-
ventories for various regions remains crucial for obtaining more accurate simulation and provide targeted sug-
gestions for O; control. In addition, this model can be used to test the effects of other mechanisms in representing
VCP chemistry.

3.3. Inter-Annual Trend

As stated in the Introduction, O; concentrations in Pasadena have exhibited a slightly upward trend since around
2010. Based on the good representation of an O; episode in 2010, we further use the model to study the impact
from VCPs by examining O5 trends in Pasadena since 2010. As previously described, VOC emissions from VCP
are assumed to have remained constant over this decade. NOx and non-VCP VOC emissions are presumed to
have decreased in accordance with CARB emission inventories. NOx emissions on weekends were scaled based
on the ratio of average NOy concentrations observed on weekdays and weekends since 2010. We continued to use
the MCM mechanism here, as RACM2-VCP's results overestimated the trend, possibly due to its oversimplified
OVOC deposition scheme.

Figures 11a—11c depict the observed and simulated DMAS8 Oj; inter-annual trends for all days, weekdays, and
weekends normalized to the 2010 average. As shown in Figure 11a, including VCP emissions accounted for the
trend in the measurements within the uncertainties. Given that the weekend O; effect is a crucial test case for O
inter-annual trend modeling, the data were further divided into weekdays (Figure 11b) and weekends
(Figure 11c). On weekdays, the model and observations were in good agreement, staying within the margin of
uncertainties. Over the weekends, the model successfully captured the slight decrease in the trend, though some
data points fell outside the expected uncertainty range. The discrepancies on weekends may stem from a missing
weekend inter-annual trend of VOC emissions. In combination, these results lend further credence to the rep-
resentation of O; chemistry in the model and suggest that VCP has played a significant role in the O; trends in
Pasadena since 2010. Additional research on VCP emissions on weekends and weekdays may help elucidate the
decreasing trend in weekend Oj; since 2010.

Figures 11d-11f present the normalized inter-annual DMAS8 O; trends under simulated conditions of less-than-
actual emission reductions, with emissions set at 120% of actual levels. This analysis focuses on three separate
contributors: NOy, non-VCPs, and VCPs. Figure 11d reveals that actual NOy emission reductions, compared to a
hypothetical larger emission scenario (120% NOx), resulted in a higher average trend (1.05 vs. 0.98). However, it
simultaneously led to a reduced trend slope (0.0016/year vs. 0.0178/year). In contrast, the actual condition in non-
VCP emissions significantly lowered the average trend level (1.05 vs. 1.16) and increased its slope (0.016/year vs.
0.0099/year). When these findings are considered alongside the emission trends depicted in Figure S4 in Sup-
porting Information S1, it becomes clear that the slight increase in the O trend slope during the 2010s is primarily
due to the rapid reduction in NOx emissions, accompanied by a more gradual decline in VOC emissions.
Moreover, actual VCP emissions, in comparison to the hypothetical higher emission scenarios, led to a similar
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Figure 11. Inter-annual trends in DMAS Oj ratios relative to 2010 for (a) all days, (b) weekdays, and (c) weekends in June (error bars represent one standard deviation).
In the model, VOC emissions from VCP are assumed to remain constant throughout the decade. Both NOy and non-VCP VOC emissions are believed to have decreased
in line with CARB emission inventories. NOy emissions on weekends were adjusted based on the ratio of average NOy concentrations observed between weekdays and
weekends post-2010. The recorded O; concentration was measured at the Pasadena site. (d), (e), and (f) depict the impacts on O, trends of a 20% increase in emissions
for NOy, non-VCP VOCs, and VCP VOCs, respectively. The results in panels (d), (e), and (f) were all normalized to the all-days’ results in 2010 in the base model.

decrease in the mean trend level (1.05 vs. 1.13) but with a slightly less pronounced increase in the trend's slope
(0.016/year vs. 0.014/year) when compared with non-VCPs. This indicates that reducing VCP emissions will not
only decrease the mean value of the trend but also lead to a slightly smaller increase in the slope compared to non-
VCPs.

3.4. Potential Emission Control Strategy for 2020s

Leveraging the model's good depiction of Pasadena's O5 trend from 2010 to 2020, we analyzed the effects of
emission reductions for 2020. This year's settings, as shown in the interannual trend analysis, were chosen as the
baseline, illustrated by the red point in Figure 12. NOx and non-VCP VOC emissions were independently altered
in 10% increments, ranging from 0% to 120%, while keeping the other constant, as indicated by the orange points
(for NOx) and blue points (for non-VCP VOCs) in Figure 12. Each point's simulated DMAS8 O; level was
normalized to this baseline. Figure 12 reveals these results, highlighting the typical summer urban O; pattern in
2020, marked by sensitivity to VOCs and an approach toward NOx saturation. The findings suggest that O,
production was nearing its peak with NOy, while VOC reductions were notably influencing O levels. None-
theless, the COVID-19 pandemic's impact on emissions in 2020 and beyond, not fully reflected in the emission
inventories, introduces uncertainties in the analysis of this data. Furthermore, the 22% contribution of VCPs to the
baseline DMAS O; in 2020 significantly exceeded the findings for LA in the summer of 2021 reported by Zhu
et al. (2023). Such a discrepancy points to potential differences in emission inventories and meteorological
conditions.

Acknowledging the discrepancy and unaccounted factors such as the COVID-19 pandemic in our emission
calculations, we extended our analysis by comparing our emission rates with data from the RECAP-CA (Re-
Evaluating the Chemistry of Air Pollutants in California) aircraft campaign conducted in June 2021 over Los
Angeles and the Central Valley (Nussbaumer et al., 2023). Our base scenario showed median NOy emission rates
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Figure 12. Proportional DMAS O; change relative to base simulation in June
2020 due to the proportional reduction of precursors in 2020 simulated by
the model. The red point represents the setup in 2020 derived from the
interannual trend, serving as the starting point. NOy or non-VCP VOC
emissions were scaled using a 10% gradient from 0% to 120%, while another
group remained constant, illustrated by the orange and blue points,
respectively. Each point's DMAS8 O; have been normalized to the value of
base point.

of 0.52 mg N m™2 hr™" for weekdays and 0.26 mg N m~> hr~" for weekends.
In contrast, RECAP-CA observed median NOy fluxes in Downtown Los
Angeles at 0.27 and 0.12 mg N m™2 hr™' for weekdays and weekends,
respectively (Nussbaumer et al., 2023). The NOx emissions calculated from
the inventory were generally higher than RECAP-CA's measurements, a
finding corroborated by Nussbaumer et al. (2023). This discrepancy likely
arises from COVID-19-related changes and overall emission reductions not
yet captured in the emission inventory (Nussbaumer et al., 2023). Further-
more, in our 2020 base case, the average emission rate of ethanol (the primary
VOC) from 11:00 to 17:00 was 1.12 + 0.01 mg m~2 hr™". This figure is less
than the observed flux during RECAP-CA by a factor of 3.4, which was
3.8 +12.9 mg m~2hr™". This underestimation by CARB was also highlighted
by Pfannerstill et al. (2023), suggesting potential missing sources of OVOCs
in the inventory.

Adjusting our 2020 NOy emissions estimates to reflect 2021 observation
(50% reduction), as demonstrated in Figure 12, results in a shift in the O;
formation regime: from NOx-saturated to NOx-limited. This recalibration
suggests a less prominent role for VCPs in influencing DMAS O; levels in
2020 (9%), consistent with the results from Zhu et al. (2023). These results
suggest that from 2010 to 2020, as NOx emissions were reduced, the range of
VCPs' contribution to O; concentrations also decreased. Nonetheless, the
future trend of NOy emissions is clouded with uncertainties, influenced by
factors like economic recovery, increased trucking due to online retail, and
the adoption of electric vehicles, potentially leading to fluctuations in NOx's
impact on Oj; production. These oscillations could complicate shaping

effective control strategies. Meanwhile, the underestimation of OVOCs could not change the conclusion that an

emission reduction strategy targeting VOCs could lead to further O5 reduction in 2020s. Given the uncertain
trends in NOx emissions and their fluctuating impact on O levels in LA, addressing VCP emissions is crucial for
transitioning the O5 formation regime and buffering the oscillating effect of NOy.

4. Conclusion

In CalNex-2010 study, using an emission-based box model, we determined that VCP significantly influenced
atmospheric photochemistry and O; formation. The modeled OH reactivity aligned well with observation when

factoring in VCP emissions. VCP emerged as a crucial contributor to the primary RO, radical source and its

recycling. Among various modeling mechanisms evaluated, RACM2-VCP demonstrated the highest alignment

with MCM, endorsing it as a preferred choice for regional transport models. Intriguingly, despite reductions in
NOx and VOC emissions in LA since 2010, O; concentrations have persistently remained high. Model results
generally mirrored the observed patterns, indicated that the slight increase in the O5 trend slope during the 2010s

is primarily due to the rapid reduction in NOx emissions, accompanied by a more gradual decline in VOC

emissions (including contribution from VCPs).

Given the impact of COVID-19, an analysis of 2020 emissions in LA reveals a shift to a NOx-limited O5 for-
mation regime, thereby diminishing the influence of VCPs on DMAS O;. However, the future trends of NOx
remain uncertain. Simultaneously, the importance of VCP emissions is rising. Addressing VCP emissions is

crucial for a stable transition in the O; formation regime. This approach effectively buffers against the oscillating

impact of NOx. While this analysis is specific to Los Angeles, the insights may be relevant to other US cities

undergoing similar transitions.

Data Availability Statement

A fuel-based inventory by S.-W. Kim et al. (2016) provided the CO and NOx emission rates. Observed emission

ratios were reported by de Gouw et al. (2017, 2018). The volatile chemical product emission inventory was
developed and proposed by McDonald et al. (2018). The California Air Resources Board (CARB) reported on
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LA's inter-annual anthropogenic emissions, detailed in the California Emissions Projection Analysis Model
(CEPAM) 2016 SIP—Standard Emission Tool (California Air Resources Board, 2016). Background concen-
trations of specific VOC species were obtained from de Gouw et al. (2017, 2018). Langford et al. (2012) provided
data on free tropospheric O5 concentrations. The observation data from the CalNex study is available in the
NOAA data archive (National Oceanic and Atmospheric Administration, 2010). Data on the inter-annual trends
of O; and NO, observations can be requested from the corresponding author. The Framework for 0-D Atmo-
spheric Modeling (FOAM) is available from Wolfe et al. (2016). The observation data, emission ratios, inter-
annual emission trends, and mapping tables have been deposited at (Chen, 2024).
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