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ABSTRACT: Lack of recent progress in reducing ground-level ozone (O3)
concentrations to comply with health-based standards in the South Coast
Air Basin (SoCAB) has motivated a reanalysis of emission control strategies.
Here we used two parallel transportable smog chamber systems to measure
the sensitivity of O3 to volatile organic compounds (VOCs) and nitrogen
oxides (NOx = NO + NO2) in Pasadena and Redlands, California from July
to October, 2021. The transportable smog chamber system measures the
ambient O3 sensitivity and the ambient O3 chemical regime by comparing
O3 formation in a basecase chamber and a perturbed chamber. The monthly
median observed O3 sensitivity in Pasadena was stable in the VOC-limited
regime, but showed a seasonal trend in Redlands, where median O3
sensitivity was VOC-limited in July and October and transitioned towards
the NOx-limited regime in August and September. Day-specific O3 sensitivity at both Pasadena and Redlands could be either NOx-
limited or VOC-limited on O3-nonattainment days. Calculated O3 isopleths for Pasadena and Redlands were constructed using a
photochemical box model based on comprehensive measurements of NOx and VOCs during the Re-Evaluating the Chemistry of Air
Pollutants in California (RECAP-CA) campaign. Calculated O3 isopleths were in good agreement with the chamber measurements.
The calculations suggest that an additional ∼40% NOx reduction is needed for Pasadena and Redlands to move 95% of the days with
O3 concentrations above 70 ppb to the NOx-limited regime where further NOx reductions will result in lower O3 concentrations.
KEYWORDS: ozone, volatile organic compounds, nitrogen oxides, O3 sensitivity regime, control strategy

1. INTRODUCTION
Ground-level ozone (O3) forms in urban atmospheres from
reactions of two main precursors: volatile organic compounds
(VOCs = thousands of compounds containing carbon,
hydrogen, and other elements) and nitrogen oxides (NOx =
NO + NO2). The nonlinear response of O3 formation to the
initial concentration of VOCs and NOx can be separated into
two regimes: NOx-limited and VOC-limited (also referred to
as NOx-saturated).

1 The NOx-limited regime represents a low
NOx environment where the O3 formation is limited by the
photolysis of NO2 or production of NO2 from NO. Decreasing
NOx emissions in the NOx-limited regime therefore reduces
O3 formation. The VOC-limited regime represents a high NOx
environment where NO2 competes with VOCs for the
hydroxyl radical (•OH) in a chain termination reaction to
form nitric acid (HNO3).

2 Decreasing NOx emissions in the
VOC-limited regime increases the O3 concentrations, as less
•OH is removed by NO2. Effective O3 control strategies
account for the chemical regime and then target the
anthropogenic sources that emit the limiting precursor.
Regulators in California’s South Coast Air Basin (SoCAB)

have been working to mitigate O3 pollution for seven decades.

The CalNex-2010 field campaign evaluated the impact of those
efforts by comprehensively analyzing the precursors of O3
formation in the SoCAB.3 CalNex measurements suggested
that the decreasing abundance of NOx and VOC and the
decreasing VOC/NOx ratio in past decades greatly reduced the
level of the O3 concentrations.

4−6 Despite this past success,
recent developments highlight the need to better understand
present-day precursors of O3 formation in the SoCAB.
Between 2010 and 2020, the trend of decreasing O3
concentrations slowed, and O3 concentrations even increased
in some locations within the SoCAB.7,8 This behavior is
consistent with a control strategy focused on NOx emissions
reductions in a VOC-limited atmosphere.9−13 The observed
increase in O3 concentrations across multiple cities in response
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to short-term NOx reductions during the COVID-19 lock-
down14−17 is consistent with this theory. Recent VOC
measurements suggest that O3 concentrations could be further
reduced by controlling emissions of Volatile Chemical
Products (VCPs),18−20 but seasonal trends in the O3 sensitivity
regime suggest that biogenic VOC (BVOC) emissions may
also significantly contribute to O3 formation.

7 If uncontrollable
biogenic VOCs produce significant O3 concentrations, one
approach that may be effective to reduce the O3 concentration
is a long-term NOx reduction. It will be critically important to
understand how much NOx control is needed to reach the
NOx-limited regime if this strategy is implemented.

11,21 The
traditional approach to analyzing O3 sensitivity to NOx and
VOCs configures a box model22,23 or chemical transport
model19,24 based on lab chamber measurements to reproduce
the basecase observations from a field campaign. The
traditional approach then trusts that the model calculation
can accurately predict changes to ambient pollutant concen-
trations in response to emission perturbations with no ability
to check the accuracy of those predictions.
Our past study7 developed a transportable smog chamber

system to directly measure the O3 chemical regime in
Sacramento, CA, by observing the O3 response to NOx and
VOC perturbations. Long-term measurements in Sacramento
identified a seasonal trend in O3 sensitivity that moved from
VOC-limited to NOx-limited from spring to summer, and from
NOx-limited to VOC-limited from summer to winter. Here we
extend those observations using two parallel systems to
measure the sensitivity of the O3 at two sites in the SoCAB
during the Re-Evaluating the Chemistry of Air Pollutants in
California (RECAP-CA) field campaign. Seasonal trends in the
O3 chemical regime are shown between July and October,
2021. The O3 chemical regimes on days with recorded O3
concentrations above 70 ppb are summarized. Utilizing the
comprehensive VOC measurements during RECAP-CA, a
chamber model is created with verified sensitivity of the O3 to
NOx and VOCs to generate O3 isopleth diagrams at both
measurement sites to determine the amount of NOx control
needed to transition to NOx-limited conditions.

2. METHODS
2.1. Field Measurement Descriptions. Measurements

were taken at Pasadena and Redlands during the period July-
October, 2021. The prevailing daytime winds transport
pollution eastward (inland) in the surrounding region.3

Pasadena represents a location near the urban core of Los
Angeles, while Redlands represents an urban downwind area.
The location of the sampling sites, meteorological trends, and
wind direction are provided in Supporting Information
(Figures S1−S4).
Measurements at Pasadena were taken on the campus of the

California Institute of Technology (CIT) (34.140716,
−118.122426). O3, NOx, NOy (= NOx + HNO3 + acylperoxy
nitrates + ClNO2 + N2O5), and O3 sensitivity were measured
at CIT during July 16 to October 31, 2021. Additional
measurements, including speciated VOC measurements, were
made at the same site from August 7 to September 6, 2021 as
part of the RECAP-CA field campaign. Nearby emissions
sources include a university parking lot, power plant, cafeteria
plus other facilities, and the residential/commercial sources in
the surrounding city of Pasadena. A major freeway is located
∼1.2 km north of the Pasadena measurement site.

Measurements in Redlands were taken at the Dearborn
Reservoir monitoring site maintained by the South Coast Air
Quality Management District (SCAQMD) in Redlands, CA
(34.059671, −117.147304). O3, NOx, NOy, VOCs, and O3
sensitivity were measured in Redlands during July 10 to
October 31, 2021. Emissions sources close to the Redlands site
include residential neighborhoods, a mixture of commercial
and industrial land uses, and a university. A major freeway is
located ∼1.5 km southwest of the Redlands sampling site.

2.2. Chamber Measurements. Two transportable smog
chamber systems with similar configurations were used to
measure the sensitivity of O3 to NOx and VOC perturbations
in ambient air between 10 AM and 12 PM PDT once a day at
each study site. The detailed configuration, operation, and
performance of transportable smog chamber systems have
been presented previously7 and only a summary of the dual
configuration and operation is presented here.
Both mobile chamber systems were configured with three

identical 1 m3 fluorinated ethylene propylene (FEP) smog
chambers. One chamber was not perturbed; one chamber was
perturbed by adding NOx, and one chamber was perturbed by
adding VOC. UV lamps above and below the chambers
irradiated the trapped atmosphere with UV intensity similar to
mid-day conditions in California during the summer (50 W·
m−2).25 Incoming chamber air was not filtered and therefore
contained all gas- and particle-phase species in the ambient
atmosphere. All chambers were drained after each test, then
filled with clean air, and irradiated by UV lamps as a cleaning
step prior to the next experiment. The cleaning cycle was
repeated three times to mitigate possible carryover effects
between experiments.
In the current study, all three smog chambers within each

mobile system were filled with ambient air between 10 AM to
12 PM on each measurement day. The filling time was selected
so that the O3 formation during the following 3-hour UV
radiation exposure would coincide with the period of
maximum ambient O3 concentrations at Pasadena and
Redlands (Figure S5). Approximately 8 ppb of NOx (8 ppbv
NO2) and the VOC “mini surrogate”26,27 (4.4 ppbv ethylene,
2.8 ppbv n-hexane, and 0.8 ppbv m-xylene) were added to
chambers one and three, respectively, by adding 0.8 L of N2
containing ∼10 ppm of the target compounds at approximately
11 AM. Adding the perturbation gas halfway through the filling
procedure encouraged mixing with ambient air in chambers.
The small (<0.1%) volume of N2 added to the 1m3 total
chamber volume makes dilution effects negligible. NOx, NOy,
O3, temperature and relative humidity (RH) were measured in
each dark chamber after filling for 30 min (10 min for each
chamber). UV lights were then turned on for 180 min, while
chamber measurements continued in 30 min cycles (10 min
for each chamber). The final O3 concentration in each
chamber after 3 h of UV exposure was calculated by fitting a
regression curve to the O3 concentrations during the preceding
measurement periods. This approach accounts for changes in
the concentration of O3 that occur during sequential 10 min
measurement periods. The difference between final O3
concentrations in the NOx-perturbed chamber and the
basecase chamber quantified the O3 sensitivity to NOx
(ΔO3

+NOx). The difference between the final O3 concentrations
in the VOC-perturbed chamber and the basecase chamber
quantified the O3 sensitivity to VOC (ΔO3

+VOC). The measured
O3 chemical regime was determined by the sign of ΔO3

+NOx
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(positive value = NOx-limited regime, negative value = VOC-
limited regime).
The two smog chamber systems had consistent final O3

concentration (R2 = 0.996) and O3 sensitivity results (R2 =
0.966) during the co-located tests carried out before and after
the main measurement campaign (Figure S7). The initial rate
of O3 formation in the basecase chambers matched the slope of
increasing ambient O3 concentrations at measurement sites
(Figure S8), indicating the chamber measurements captured
the O3 chemical formation potential of the ambient air.

2.3. Ambient Measurements. Table 1 shows a full list of
ambient measurements made at Pasadena and Redlands during
the current study. Detailed descriptions of all the instruments
can be found in the Supporting Information. Ambient
concentrations of VOCs and other gases (e.g., CO, CH4,
NH3, etc.) in Pasadena were measured between August 7, 2021
and September 6, 2021, in partnership with the RECAP-CA
field campaign. Therefore, VOC measurements in Pasadena
are available for only one month. On a subset of study days,
offline measurements of BVOCs were augmented with
measurements made by the CARB Vocus-Scout Proton-
Transfer-Reaction Time-of-Flight Mass Spectrometer (PTR-
ToF-MS) that had improved method detection limits relative
to offline methods. All ambient measurements in Pasadena and
Redlands were averaged between 10 AM and 12 PM (chamber
filling period) for the following analysis.

2.4. Chamber Model. A photochemical chamber
model34−36 based on the SAPRC11 chemical mechanism37

was applied to better understand the response of O3 to its
precursors. The UV spectrum used to calculate photolysis
frequencies in the model was adjusted to match the lights used
in the chamber.7 Reaction rate constants were further adjusted
based on the measured temperature profile (0−8 °C above
ambient due to heat generated by the UV lights in the smog
chamber system). Concentrations were initialized using
measurements of O3, NO, NO2 in the mobile smog chamber
systems, and measurements of ambient VOC concentrations.
For species that were not measured, concentrations predicted
by a chemical transport model (CTM)38,39 (described in
Supporting Information) were used to initialize the chamber
model simulations. Uncertainty in CTM-derived species

concentrations change predicted chamber model results by
less than 7% based on sensitivity tests (Figure S13). Further
details of sensitivity tests are listed in Supporting Information.
All of the measured ambient VOCs were assigned into the
appropriate SAPRC11 species following the rules developed by
Carter.40 Corrections were made for several SAPRC species
due to measurement limitations (Figures S9−S12). A full
description of the box model setup, a list of measured VOC
compounds, and their assigned SAPRC11 species is included
in the Supporting Information for both Pasadena and Redlands
(Tables S1 and S2).
In this study, the box model simulated the O3 photo-

chemistry in the basecase and perturbed chambers on all
measurement days. The initial concentrations in each
simulation reflect the initial concentrations in the chamber.
The NOx-perturbed chamber and the basecase chamber have
the same initial VOC concentrations but different initial
concentrations of NO, NO2, and O3. Temperature and rate
constants were updated at 10 min intervals over the 3 h
reaction time. The modeled O3 sensitivity to NOx was
calculated as the difference between O3 concentrations
predicted in the NOx-perturbed chamber and the basecase
chamber.

3. RESULTS AND DISCUSSIONS
3.1. Ambient NOx, VOC, and O3 Concentration in

SoCAB. Figure 1 shows initial ambient NOx concentrations,
initial VOC level and final basecase chamber O3 concen-
trations measured in chamber systems at Pasadena and
Redlands. Initial NOx concentrations were ambient NOx
measurements averaged between 10 AM and 12 PM. Traffic
emissions have a large impact on ambient NOx concentration
in the SoCAB.39,41 The diurnal patterns of measured NOx
concentrations (Figure S14) suggest that partially diluted
emissions from traffic influenced initial chamber NOx
concentrations in the current study. NOx concentrations had
greater variability and higher peak values in Pasadena (range
from 5−30 ppbv) than in Redlands (below 20 ppbv) (Figure
1a,b). Previous studies have also observed higher NOx
concentrations in Pasadena than Redlands.9,42

Table 1. Summary of the Measurements in Pasadena and Redlands

No. instruments species measured location

sample
duration/
frequency institution ref

1 transportable smog chamber
system

O3, NO, NO2, NOy, Temperature, RH, O3 sensitivity Pasadena,
Redlands

2 s (O3),
1 s (others)

UC Davis 7

2 Markes Universal thermal
desorption (TD) tube + GC-
MS

TO-15 compounds, C3−C5 hydrocarbon Redlands 10 min,
30 min,
70 min

UC Davis

3 TD tube + GC-MS aromatic VOCs, siloxanes, glycols, glycol ethers, and other SVOCs. Redlands 10 min,
30 min,
70 min

UC Davis

4 2,4-dinitrophenylhydrazine
(DNPH) tube + LC-MS

aldehydes and ketones Redlands 70 min UC Davis

5 CARB PTR-ToF-MS ethanol, acetonitrile, acetone, acrylonitrile, isoprene, MVK, MEK,
benzene, m-xylene, α-pinene, 1,2,4-trimethylbenzene, siloxanes

Redlands 1 s CARB

6 GC-MS C2−C10 alkanes, C2−C5 alkenes, acetone, benzene, terpenes, etc. Pasadena 20 min NOAA
CSL

28

7 I-CIMS ClNO2, HCOOH, HNO2, HNO3, PANs, N2O5 Pasadena 1 min NOAA
CSL

29−31

8 CARB mobile platform (Picarro
G2401, G2307, G2103)

CO, CO2, CH4, H2O, NH3, HCHO Pasadena 1−5 min CARB

9 NOAA PTR-ToF-MS aromatics, monoterpenes, isoprene, OVOCs, siloxanes, etc. Pasadena 1 s NOAA
CSL

32,33
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Measured VOC concentrations are expressed on the basis of
their O3 formation potential (OFP), which is the sum of
individual VOC concentrations weighted by their maximum
incremental reactivity (MIR).43,44 VOC concentrations in
Pasadena were limited by the number of measurement days.
Overall, the measured ranges of VOC concentrations were
similar in Pasadena and Redlands. Lower VOC levels were
observed in October in Redlands, which likely reflects the
seasonal trend in biogenic VOCs.7 Weekday/weekend changes
in VOC levels were not statistically significant except during
September 2021 in the Redlands.
The final O3 concentrations in the basecase chamber were

higher than ambient peak O3 concentrations because
atmospheric concentrations undergo dilution as the mixing
height increases throughout the day. Chamber concentrations
reflect the chemical production of O3 from reactions of NOx
and VOCs drawn from the atmosphere between 10 AM and 12
PM (Figure S6). Measured final basecase chamber O3
concentrations in Redlands were greater than or equal to the
O3 concentrations in Pasadena (Figure 1e,f). These chamber
results are consistent with trends found in the ambient-
temperature O3 measurements. Redlands has days with
maximum 8 h average (MDA8) O3 larger than 90 ppbv,
while all MDA8 O3 concentrations measured at Pasadena were
less than 90 ppbv (Figure S15). Higher MDA8 concentrations
of O3 in the downwind site (Redlands) partially reflects
transport of O3 and its precursors from upwind urban areas in

addition to formation of O3 from local emissions. The
formation of O3 within the chamber system is driven by the
reaction of VOCs either emitted locally or transported to the
site from upwind sources during the preceding time period.
Chamber measurements account for pollutant transport on the
day of the experiment up to 12PM when the chamber filling is
complete. Transport over the next 3 h is not considered, but
agreement between chamber measurements and HCHO/NO2
values measured by satellites at 1PM each day suggest that the
chamber experiment is capturing the dominant factors that
determine daily O3 sensitivity.7 The different initial NOx
concentrations at Redlands and Pasadena may also influence
the chemical regime, which may lead to different levels of the
production of O3 production.
A strong weekday/weekend pattern was observed for NOx

concentrations. The weekend-to-weekday ratio (WE/WD) of
initial NOx was 0.79 in Pasadena and 0.87 in Redlands on
average across the entire measurement period. Redlands had
higher median weekend NOx concentrations in October,
possibly because the atmosphere happened to be more
stagnant on weekends than weekdays during three out of 5
weeks in this month. The effects of this stagnation were also
observed at higher ambient temperature on weekends in
October. WE/WD trends in NOx concentrations influence the
VOC/NOx ratio and therefore may modify the O3 chemical
regime.10,45 Median weekend O3 concentrations were higher
than median weekday O3 concentrations during all four study
months in Pasadena (Figure 1c), suggesting that Pasadena is in
the VOC-limited regime. Trends in the Redlands were less
obvious, with similar median O3 concentrations on weekdays
and weekends (Figure 1d). The averaged O3 WE/WD
throughout the campaign was observed to be 1.13 in Pasadena
and 1.05 in Redlands. The ∼8% weaker O3 WE/WD at
Redlands may be related to the ∼10% weaker NOx WE/WD at
this site. A similar analysis observed WE/WD O3 equal to 1.38
in Pasadena during CalNex 2010.10 The weakening of the O3
weekend effect in Pasadena observed in the current study is
consistent with trends observed in a previous study.46

3.2. Chamber Measurement of O3 Sensitivity to NOx
and VOC. Figure 2 shows the sensitivity of the O3 molecule in
the chamber studies carried out in Pasadena and Redlands.
Pasadena had a negative median ΔO3

+NOx sensitivity through-
out the study (Figure 2a). This indicates that the O3 chemical
regime in Pasadena was mostly VOC-limited with very little
seasonal trend compared to similar measurements made in
Sacramento in 2020 (background boxplot in Figure 2). The
upper quartile of ΔO3

+NOx was in the NOx-limited regime on
weekends in July and August but quickly transitioned to the
VOC-limited regime thereafter. Pasadena is adjacent to the
VOC-limited urban core of LA.7,10 The significant anthro-
pogenic NOx and VOC emissions in this region are relatively
insensitive to temperature-driven seasonal changes (Figure S3)
compared to more rural regions with stronger biogenic
influence.7 As expected, ΔO3

+VOC was inversely correlated
with ΔO3

+NOx in Pasadena. Addition of the VOC surrogate
increased the level of O3 formation by an amount that was
greater on weekdays than weekends. The VOC-limited regime
in Pasadena has a larger weekend-weekday difference for
ΔO3

+VOC than for ΔO3
+NOx.

Median O3 sensitivity in Redlands was in the VOC-limited
regime in July, transitioned towards the NOx-limited regime
(especially on weekends) during August, and then transitioned
back to VOC-limited conditions in September to October. A

Figure 1. Monthly trend of daily initial NOx concentration, initial
VOC level (represented as OFP) and final O3 concentration in
basecase chamber in Pasadena and Redlands, CA from July to
October, 2021. The box shows the quartiles and median of the data
set; whiskers show the maximum and minimum of the dataset
excluding outliers shown as diamonds.
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longer O3 sensitivity measurement in Sacramento during a
previous study year in 2020 (shown as background boxplot in
Figure 2) is consistent with this seasonal O3 sensitivity pattern
in Redlands. As was the case in Sacramento, the seasonal
change in O3 sensitivity in Redlands may be influenced by the
temperature dependence of biogenic VOC emissions (see
isoprene concentration in Figure S12b) and the increased
evaporative emissions of semi-volatile organic compounds
(SVOCs) on hotter days.47

The O3 sensitivity pattern observed in Pasadena and
Redlands reflects the transition from a VOC-limited urban
core towards a more NOx-limited downwind area.7,21,48,49

Overall, the trends in the O3 chemical regime observed in
Pasadena and Redlands are consistent with recent observations
of O3 chemistry in urban and downwind suburban areas.

7,50

The days with the highest measured O3 concentrations are
of particular interest in the current study since emissions
control programs are traditionally tailored to reduce the O3
design value, which is determined by the 4th highest MDA8 O3
averaged over a three-year period. Figure 3 illustrates boxplots
of measured ΔO3

+NOx, and ΔO3
+VOC at Redlands and Pasadena

binned according to the MDA8 O3 concentration measured at
nearby monitoring stations.
Pasadena has O3 sensitivity in the VOC-limited regime on

days with MDA8 O3 < 70 ppbv (Figure 3a). The O3 chemical
regime in Pasadena was evenly distributed between the NOx-
limited regime and VOC-limited regime on days with MDA8
O3 > 70ppbv. The ΔO3

+VOC (Figure 3c) in Pasadena had an
inverse trend compared with the ΔO3

+NOx. The weakening
response of VOC addition on days with higher MDA8 O3 may
be related to higher ambient VOC concentrations (see VOC
levels represented as OFP in Figure 5) since the magnitude of
the VOC perturbation was constant across all measurements.

This may also be caused by increasing loss rates of NOx under
the higher radical production environment on higher MDA8
O3 days. ΔO3

+NOx had greater variability on days with higher
MDA8 O3 than days with lower MDA8 O3 at Pasadena,

Figure 2. Monthly box-and-whisker plot of O3 sensitivity measurements (ΔO3
+NOx and ΔO3

+VOC) on weekdays and weekends in Pasadena and
Redlands, CA from July to October, 2021. The background box-and-whisker plot is the time series of measured O3 sensitivity in Sacramento, CA in
2020. The box shows the quartiles and median of the dataset, whiskers show the maximum and minimum of the dataset excluding outliers shown as
dots.

Figure 3. Box-and-whisker plot of the sensitivity of the O3 to NOx
and VOC as a function of the MDA8 O3 concentration. Points
indicate the data point in each range of the MDA8 O3 concentration.
The color of each box represents daily maximum ambient temperature
averaged within that concentration bin.
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although it should be noted that fewer sample measurements
were available in the highest MDA8 O3 range. Even though
median sensitivity was in the transition regime between NOx-
limited and VOC-limited conditions, the sensitivity of the O3
in Pasadena could be either strongly NOx-limited or VOC-
limited on days with an O3 concentration above 70 ppbv.
Redlands had negative ΔO3

+NOx on more than 90% of days
with MDA8 O3 less than 50 ppbv. As MDA8 concentrations
increased, the probability of observing negative ΔO3

+NOx

decreased. VOC-limited conditions were only measured on
47% of the days with MDA8 O3 above 90 ppbv (Figure 3b).
The trend of more NOx-limited conditions on higher MDA8
O3 days in Redlands may be related to both higher VOC
emission and higher radical production rates. Variability in
ΔO3

+NOx increased at higher O3 concentrations. Overall,
Redlands had an almost equal probability of O3 sensitivity in
the VOC-limited (56%) and NOx-limited (44%) regime on
O3-nonattainment days (MDA8 O3 > 70 ppbv). The measured

O3 sensitivity trends illustrated in Figure 3 suggest that VOC
emission controls should be coupled with NOx emission
controls to mitigate O3 concentrations at Pasadena and
Redlands until NOx-limited conditions can be achieved.

3.3. Chamber Model Performance. Each chamber
experiment was simulated by using a photochemical box
model initialized with concentrations that were directly
measured and predicted with a regional chemical transport
model. Figure 4 shows the predicted/measured final O3
concentration and ΔO3

+NOx at Pasadena and Redlands,
respectively. Simulations are restricted to days when VOC
measurements were available, which especially restricts the
number of days that can be evaluated at Pasadena. Despite the
more limited input data, Pasadena simulations span periods
with a wide range of O3 formation and with several transitions
between VOC-limited and NOx-limited conditions. These
simulations provide insights into the O3 sources and chemical
regimes at Pasadena even though it was not possible to

Figure 4. Time series of modeled and measured O3 concentration and O3 sensitivity in chambers at Pasadena and Redlands, CA between July and
October, 2021. Shaded regions correspond to periods when the most complete VOC measurements were available.
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simulate the transition into the fall season. Simulations at
Redlands span the full measurement time period, tracking the
seasonal decline in base concentrations of O3 and multiple
transitions between VOC-limited and NOx-limited regimes.
Days with the most complete initial VOC data including PTR-
ToF-MS measurements (blue shading) have higher correlation
(R value) between model predictions and measurements.
Overall, the good correlation between predicted and measured
final O3 concentration in the basecase chamber and ΔO3

+NOx in
the perturbed chamber shows that the box model can
reproduce the behavior of the chamber experiments at
Pasadena and Redlands. NOy concentrations predicted by
model calculations were also in good agreement with chamber
measurement (Figure S16). Sensitivity tests show that use of
chamber temperature vs ambient temperature has little
influence on the comparison between predicted and measured
final O3 concentration in the basecase chamber and ΔO3

+NOx in
the perturbed chamber (Figures S17 and S18). Ambient
temperature profiles are therefore used to predict the O3
isopleth in the remainder of the analysis.

3.4. Measured O3 Sensitivity on Modeled O3 Isopleth.
O3 isopleth diagrams summarize the nonlinear relationship
between O3 formation of the o3 and precursor NOx/VOC
concentrations. Traditional O3 isopleth diagrams are based
exclusively on model predictions. In the current study, it is

possible to add direct measurements of O3 sensitivity to the
isopleths calculated with the chamber model in order to verify
both the base O3 concentration and the response in O3
concentrations caused by perturbations in NOx/VOC levels.
O3 isopleths were generated each day by simulating the O3

formation at multiple scaled NOx and VOCs levels around the
base concentrations measured for that day. Measured VOC
concentrations are expressed on the basis of their O3 formation
potential (OFP), which is the sum of individual VOC
concentrations weighted by their maximum incremental
reactivity (MIR).43,44 Separate isopleths are averaged based
on the MDA8 O3 range. Each averaged O3 isopleth in Figure 5
therefore represents the averaged O3 chemistry for multiple
days within the target MDA8 concentration range. Increasing
MDA8 concentrations generally correspond to higher average
temperature (values in each subpanel title).
Measured final O3 concentrations are plotted as open circles

in Figure 5 by using the same color key as the modeled O3
isopleth. The number of measurement points is restricted to
days when NOx, VOC, and O3 sensitivity measurements were
all available. The location of each observation circle is based on
the measured NOx and VOC concentrations. Most measure-
ments of final concentrations of O3 are in good agreement with
model predictions, as indicated by the similarity between the
color of each circle and the background color of the isopleth.

Figure 5. O3 isopleth at Pasadena (a−c) and Redlands (d−g) over different MDA8 concentration ranges experienced during the study. Dashed
ridge lines indicate the transition from NOx-limited chemistry to VOC-limited chemistry. Also shown are the measured final O3 concentration
(interior dot color shown on concentration key) at measured NOx and ozone formation potential (OFP) levels. The dotted edge color indicates the
measured O3 chemical regime. The intersection of light dotted lines represents the average measured NOx and OFP. The arrows on the dot
represent the O3 sensitivity results by combining ΔO3

+NOx and ΔO3
+VOC. The box around the average represents the 95% confidence interval of the

measured values.
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The measured O3 chemical regime is indicated by the outline
color of each dot (red: VOC-limited regime; white: NOx-
limited regime). Most of the measurements match the O3
sensitivity regime in the predicted O3 isopleth. The few
measurement points that fall in the wrong O3 sensitivity regime
in Figure 5 are located in the transition regime (very close to
the ridge line). The white dots (measured with NOx-limited
chemistry) on the wrong side of the isopleth ridgeline have
greater error than red dots (measured with VOC-limited
chemistry) on the wrong side of the ridgeline. The white dots
may have greater uncertainty due to an underestimation of the
VOC level in the box model. The arrow attached to each
measurement point indicates the measured sensitivity to NOx
and VOC perturbation (ΔO3

+NOx and ΔO3
+VOC). Arrows

pointing to the bottom-right indicate that the addition of
NOx decreased the O3 concentration, while arrows pointing to
the upper-right indicate that the addition of NOx increased the
O3 concentrations. Arrows should be orthogonal to the
background isopleth lines. Overall, the generally accurate
model performance over most of the study period supports a
deeper understanding of the O3 precursors and control
program design.
The average NOx and VOC concentrations measured during

the study period are shown at the intersection of the dotted
lines in Figures 5. Average VOC concentrations were higher on
days with higher MDA8 O3 (and temperature). Average O3
sensitivity in Pasadena is slightly NOx-limited on the days of
O3-nonattainment days. Averaged O3 sensitivity in Redlands is
slightly VOC-limited on days with MDA8 O3 between 70−90
ppbv, and NOx-limited on days with MDA8 O3 > 90 ppbv.
The averaged O3 sensitivity calculated in each O3 isopleth has
the same O3 sensitivity regime as the median measurements
summarized in Figure 3.
The vertical distance between the intersection of the dotted

lines to the ridge line in Figure 5 indicates the amount of NOx
reduction that is needed to reach NOx-limited conditions for
the averaged O3 sensitivity regime based on the composition of
the atmosphere between 10 AM to 12 PM. NOx concen-
trations in Pasadena would need to be reduced by 12%
(assuming VOC is stable) before the average O3 chemical
regime reaches NOx-limited conditions on O3-nonattainment
days. NOx concentrations in Redlands would need to be
reduced by 17% before the average O3 chemical regime
reached NOx-limited conditions in Redlands when MDA8 O3
is between 70−90 ppbv.
Each confidence interval box shown in Figure 5 assumes that

the NOx and OFP concentrations follow a log-normal
distribution.51 The interior region of the black box represents
the O3 chemistry, corresponding to 95% of the ambient
measurements. All of the NOx and VOC measurements
available during the experimental window were used to
calculate the confidence intervals in order to maximize the
sample size. The NOx confidence intervals in Pasadena and
Redlands were based on 80 and 100 days of ambient
measurements, respectively. The OFP confidence interval
was based on 30 days of VOC measurements in Pasadena
and 100 days of VOC measurements in Redlands. The vertical
distance between the upper-right edge of the confidence
interval to the ridge line represents the amount of NOx control
needed to move 95% of the observations with the highest O3
concentrations to the NOx-limited chemical regime in the
absence of any VOC controls. The calculations summarized in
Figure 5 indicate that NOx concentrations need to decrease by

∼40% in order to reach the NOx-limited condition on 95% of
the days at Pasadena and Redlands based on the composition
of the atmosphere between 10 AM to 12 PM. It should be
noted that the 40% NOx reduction only barely reaches the
NOx-limited regime on peak O3 days. Further NOx control is
still needed to reduce the O3 design values. Perdigones et al.

49

reported a comparable or larger amount of NOx reduction
(40−60%) in the SoCAB that could reduce the number of O3-
nonattainment days to 20−10%. The State Implementation
Plan from SCAQMD8 estimated that a 67% NOx reduction
would be needed in the SoCAB to comply with the O3
NAAQS by 2037. All of the evidence suggests that NOx
reductions greater than 40% are required to control the
concentration of the O3 in the SoCAB.
The control of VCPs may reduce ambient O3 concen-

trations, as recent studies18,19,52 have found that VCPs make
significant contributions to the anthropogenic VOC emissions
that contribute to O3 formation in urban areas. Tagged CTM
calculations53 and receptor-oriented source apportionment
calculations54 show that biogenic VOCs are present at
sufficiently high concentrations to prevent full compliance
with the O3 NAAQS in Southern California based on a VOC-
control program alone. Future work54 will publish VOC source
apportionment results to better understand appropriate levels
of anthropogenic VOC emissions perturbations, but this
analysis is beyond the reasonable scope of the current study.
While the O3 isopleths predicted in the current study are

consistent with multiple observations, limitations in both
measurements and model calculations should be noted. The
chamber methods used in the current study quantify the
chemical production of O3 but do not consider the effects of
dilution, mixing, and deposition processes. The chamber
measurements focus on the time of day that characterizes
peak O3 production that is relevant for the design of the O3
control programs, but measurements were not made at other
times of the day that may fall into different chemical regimes.
Other factors (e.g., UV radiation, temperature, amount of
NOx/VOC perturbations) investigated in a previous study7

were found to have limited impact on the chamber results.
Box-model calculations carried out to gain a deeper under-
standing of the measurements suggest that these issues do not
alter the overall conclusions of the study, but those same box
model calculations have uncertainty associated with initial
VOC concentrations on days when only partial measurements
were available. The latest version of the chemical mechanism
(e.g., SAPRC22) includes more explicit organic compounds
and chemical reactions that theoretically improve the
representation of photochemistry compared to earlier versions.
Venecek et al. (2018) determined that SAPRC11 had superior
performance when predicting ambient ozone concentrations
across California compared to SAPRC16 (the immediate
predecessor to SAPRC18 and SAPRC22). The use of
SAPRC11 vs SAPRC22 does not significantly affect the results
or conclusions of the current study. Overall, the novel
comparisons between measurements and model predictions
improve our understanding and confidence in the emissions
control programs designed to reduce O3 concentrations in
Southern California.
The findings in the current study help to explain the

atmospheric impacts of the COVID-19 stay-at-home order in
California (March to June, 2020) that decreased traffic by as
much as 50% in the SoCAB.21,55 NOx concentrations
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decreased by 26% in Pasadena and 8% in Redlands as a
result.14

Parker et al.14 analyzed ambient data and concluded that the
western portion of the SoCAB remained VOC-limited despite
these significant reductions in ambient NOx concentrations.
Likewise, the results of the current study indicate that the
urban cores of major cities in Los Angeles remain VOC-limited
in all seasons.7 This further supports the conclusions of the
current analysis that ∼30% NOx reductions are not sufficient
to transition to the NOx-limited regime and consequently
reduce O3 concentrations in polluted urban core areas in the
SoCAB. Additional analyses compared the ambient air quality
data between the weekdays and weekends that experience
natural variabilities in traffic activities as an alternative
approach to understanding the O3 sensitivities in the
SoCAB.21 However, the results did not pass statistical
confidence measures (see Supporting Information) due to
the low number of data points available for comparison during
the heavily modified traffic conditions following the stay-at-
home order. The inconsistencies in meteorological conditions
also contributed to significant uncertainties in this analysis.
This demonstrates the strength and the need for tools used in
this study that yield an understanding of the chemistry of the
O3 regimes at daily intervals.
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