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Abstract: An oxidizing and harmful pollutant gas, tropospheric ozone is a product of a complex
set of photochemical reactions that can make it difficult to enact effective control measures. A
better understanding of its precursors including volatile organic compounds (VOCs) and nitrogen
oxides (NOy) and their spatial distribution can enable policymakers to focus their control efforts.
In this study we used low-cost sensors (LCSs) to increase the spatial resolution of an existing NO,
monitoring network in addition to VOC sampling to better understand summer ozone formation
in Maricopa County, Arizona, and observed that afternoon O3 values at the downwind sites were
significantly correlated, ~0.27, to the morning NO, x rate values at the urban sites. Additionally,
we looked at the impact of wildfire smoke on ozone exceedances and compared non-smoke days to
smoke days. The average O3 on smoke days was approximately 20% higher than on non-smoke days,
however, the average NO, concentration multiplied by estimated photolysis rate (NO, x rate) values
were only 2% higher on smoke days. Finally, we evaluated the ozone sensitivity of the region by
calculating HCHO/NO; ratios using three different datasets: ground, satellite, and model. Although
the satellite dataset produced higher HCHO/NO, ratios than the other datasets, when the proper
regime thresholds are applied the three datasets consistently show transition and VOC-limited O3
production regimes over the Phoenix metro area. This suggests a need to implement more VOC
emission controls in order to reach O3 attainment in the county.

Keywords: ozone photochemistry; wildfire smoke; NOy emissions

1. Introduction

Despite decades of effort to control precursor emissions, ground-level ozone (O3) in
Maricopa County, Arizona still periodically exceeds the U.S Environmental Protection
Agency (EPA) National Ambient Air Quality Standards (NAAQS) values, resulting in non-
attainment for the region. For example, in 2021 the county experienced 50 days with at least
one ozone monitor exceeding the 2015 8-h NAAQS [1]. In addition to the regulatory issues
that arise with these exceedances, members of the population such as those with asthma
and outdoor workers can experience undue airway inflammation and oxidative stress [2].

Tropospheric ozone forms from complex atmospheric chemistry involving NOy and
VOCs. These reactions have been studied and defined by [3-5] to name a few. In summary,
reactive VOCs (RH) react with hydroxyl radicals (OH) to form organic radicals (R-), which
then combine with molecular oxygen to form peroxy radicals (RO,-), aided by either N, or
O, (M). These peroxy radicals can then react with nitric oxide (NO) to form NO; and organic
nitrates such as RONO; and RO;NO,. NO, will then be photodissociated during the day
to form ground-state oxygen atoms (O(P)) and re-form NO. These ground-state oxygen
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atoms can combine with molecular oxygen to form ozone. To complete the chain reaction,
the ozone can be photodissociated to form an excited oxygen atom (O(!D)), which can react
with water vapor to reform hydroxyl radicals. Due to this complex set of reactions, ozone
formation is not directly proportional to the initial concentrations of VOCs and NOjy [6].
Instead, one needs to consider the relationship between ozone and the initial mixture of
VOCs and NOy. Under certain mixture conditions, the maximum ozone concentration can
be either VOC-limited or NOy-limited, therefore it is crucial to understand the VOC/NOy
regime prior to implementing either VOC or NOy control strategies.

While most monitoring networks do operate ozone and NOx monitors, there are
fewer VOC measurements available to make these sorts of assessments [7]. One solution
is to use chemical models to assess O3 emission sensitivity, such as 0-dimensional box
models [8,9], with a focus on chemistry or chemical transport models (CTM), which are
designed to capture all of the primary mechanisms influencing ozone. CTM models can be
classified into regional chemical transport models such as CMAQ [10-12], CAMXx [13,14],
WRF-chem [15-19], CHIMERE [20,21], and global or larger regional scale models such
as GEOS-Chem [7,22-24] and MOZART /CAM-Chem [25]. However, Sillman et al. [26]
demonstrated an alternative approach by identifying species ratios that steadily assume
different values under VOC-limited and NOx-limited conditions, specifically HCHO/ NOy,
which has since been simplified to HCHO/NO, due to the availability of NO, satellite
retrievals [27-31]. With this ratio, secondary HCHO is used as a tracer for VOCs, as it
is often correlated with VOC reactivity and the formation of peroxy radicals while NO,
is used as a tracer for total reactive nitrogen [26]. For HCHO/NO; ratios < 1 the ozone
sensitivities can be classified as VOC-limited, while higher ratios are representative of
NOxy-limited regimes, with the exact value believed to be region dependent and including
a transition regime in between that is sensitive to both [28]. Using satellite indicators
comes with uncertainty, including the error in satellite retrievals and defining thresholds
for NOy/VOC-limited regimes. In this regard, based on previous studies, space-based
indicators are more reliable in polluted regions [24,26-28]. In addition, the thresholds
recommended by Duncan et al. [28] which were the basis for several studies over the US,
are based on the modeled and observed HCHO columns, NO, columns, and surface Os.
The coarse model resolution and lack of surface measurement validation make the recent
study by Jin et al. [32], which introduced new thresholds (<3.2 for VOC-limited and >4.1
for NOy-limited) for using the Ozone Monitoring Instrument (OMI) satellite HCHO/NO,
ratio as an indicator for surface ozone production, a more precise approach [33].

In addition to local emissions of ozone precursors, ozone concentrations can also be
impacted by exceptional events such as wildfire smoke [34-36]. In addition to producing
PM, NOy, CO, and CO,, these smoke plumes can also transport HCHO, terpenes, and
a variety of other VOCs [37]. Jaffe et al. [38] found that in maximum fire years between
1987 and 2004 the daytime mean ozone in the Western U.S. was enhanced by 8.8 ppbv.
Jaffe et al. [39] furthered this work by using statistical model residual (SMR) combined with
Weather and Research Forecasting Modeling with Chemistry (WRF-CHEM), Community
Multiscale Air Quality (CMAQ), and air mass trajectories (HYSPLIT dispersion modeling)
to estimate the contribution of individual wildfire smoke events on ozone concentrations.

This work seeks to characterize the spatial distribution of ozone formation in Maricopa
County by using a low-cost NO, sensor (LCS) network in conjunction with VOC measure-
ments from canister sampling and a Photochemical Assessment Monitoring Station (PAMS)
site. First, 13 sites were given preliminary classifications of being NO; elevated (possible
source of NOy emissions), O3 elevated (sites with the highest O3 concentrations), and sites
with equivalent NO, and O3 concentrations. We then calculated the NO, photolysis rate at
each site to get a better idea of the photochemical trends occurring at each site. These results
were then used to perform correlation analysis on all site combinations to identify trends
between sites, i.e., upwind vs downwind sites. Finally, VOC data, specifically HCHO, was
used to further investigate the impact of wildfire smoke on ozone and to characterize ozone
sensitivity in Maricopa County. Our ground results were compared to WRF-CHEM model
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results and satellite retrievals from TROPOMI. Maricopa County is ideal for this type of
study as it has a reasonably developed monitoring network, is relatively cloud free for
satellite retrievals, and is isolated enough to minimize modeling complications.

2. Materials and Methods
2.1. LCS Data

LCS hourly NO; data was collected at 12 sites around Maricopa County from April
2021 to October 2021 using Clarity Node-S sensors. Their deployment and calibration are
detailed in [40,41], while Figure 1 details the locations of all measurements used in this
study. The Clarity Node-S sensors have a nominal NO, range of 0-3000 ppb, a resolution
of 1 ppb, and an optimal R? of 0.83 and root-mean-square error of <8 ppb [42]. These LCSs
were essential to the study as they provided hourly NO, measurements at nine sites that do
not typically make these measurements, specifically the South Phoenix, North Phoenix, Blue
Point, West Chandler, South Scottsdale, Pinnacle Peak, Cave Creek, Dysart, and Mesa sites.
To summarize, during the 5-month deployment period the LCSs were periodically rotated
between collocation sites (MCAQD sites that measure O3 and NO;) and deployment sites
(MCAQD sites that only measure Os). The data collected at the collocation sites was used
to update the LCS calibration during the deployment periods. This calibration included
corrections for temperature, relative humidity, ozone, and diurnal differences.

60 Cave Creek

(74}
Pinnacle Peak

303 v .
87]
303 }
.Surprise } 4
51|

Dysart North Phoenix
o

Peoria

. 101 Blue Point
Glendale o)
Phoenix JLG u
South Scottsdale e
— West Phoenix a0
© SE O S
10/ Central Phoenix Mesa
Buckeye . u 60
() South Phoenix Mesa _
) a0 w ~0 oGllbert
{202 .

(s

West Chandler

i ®

Figure 1. Map of LCS deployment sites (squares), LCS collocation sites (circles), VOC canister sites
(blue) and PAMS site (red triangle). Daily wind barbs shown for select sites.

2.2. Reference Monitor Data

This study used data from 13 different reference monitoring sites around Maricopa
County to improve and supplement LCS data. For the MCAQD sites, the NO, FRM
instrument at the West Phoenix site was a Thermo Scientific 42iQ NO-NO,-NOx Analyzer
(ThermoFisher Scientific, Franklin, MA, USA), while the Buckeye and Central Phoenix sites
had a Teledyne-API T200 (Teledyne API, San Diego, CA, USA), all chemiluminescence
based instruments. All 12 sites had a Teledyne-API T400 (Teledyne API, San Diego, CA,
USA) to measure ozone via UV absorption. Data from these instruments were obtained
from MCAQD at a one-hour resolution. For the Phoenix JLG supersite (AQS ID: 04-013-
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9997) run by AZDEQ), the FEM NO; instrument was a Teledyne T500U (Teledyne API, San
Diego, CA, USA) and the FEM O3 instrument was a Teledyne-API T400 (Teledyne API, San
Diego, CA, USA). This data was also obtained from MCAQD at a one-hour resolution. All
times are shown in local time which is Mountain Standard Time.

2.3. VOC Data

The 24-h VOC canister sampling was conducted by MCAQD at the Buckeye, North
Phoenix, Pinnacle Peak, and Mesa sites using the EPA’s 6-day schedule (detailed in Table S1).
These samples were tested for carbonyls via EPA Compendium Method TO-11A and for
speciated non-methane organic compounds by GC-FID by Eastern Research Group (ERG)
(Morrisville, NC, USA).

Photochemical Assessment Monitoring Stations (PAMS) data was also obtained from
the Phoenix JLG supersite via MCAQD. Carbonyls were sampled by an ATEC 8000 on
three sequential 8-h samples on a 1-in-3 days schedule and measured by ERG via EPA Com-
pendium Method TO-11A. Hourly averaged VOCs were measured by a CAS-Chromatotec
FID (Chromatotec Group, Houston, TX, USA). HCHO concentrations were converted from
ug/m3 to ppb using the molecular weight, ambient temperature measured at each site, and
the barometric pressure from Phoenix JLG.

2.4. Satellite Data

The Tropospheric Monitoring Instrument (TROPOMI) Level 2 tropospheric column
observations of NO, and HCHO version 2 data, obtained from the NASA Goddard Earth
Sciences Data and Information Services Center, were used to analyze the changes in ozone
precursors across time and space [43,44]. TROPOMI is an ultraviolet-visible-near-infrared
and shortwave spectrometer positioned in a nadir view configuration on the S5P satellite,
allowing it to collect daily data on various atmospheric trace elements, including NO,
and HCHO, with a spatial resolution of approximately 5.5 x 3.5 square kilometers at
nadir [45,46]. The overpass time of TROPOMI over Phoenix occurs in the early afternoon,
~12:00-14:00 (exact dates and times are listed in Table S2), when O3 photochemical pro-
duction reaches its peak, making it suitable for detecting the O3 formation sensitivity [32].
The data used in this study were subjected to quality control with a QA value > 0.50 for
HCHO and QA value > 0.75 for NO, [47,48]. In order to show the temporal change of
the TROPOMI tropospheric NO, and HCHO columns over the selected PAMS sites, the
distance between the quality-controlled TROPOMI pixels and the PAMS sites was filtered
to be less than 5 km and for illustration of the spatial distribution of the data, they were
gridded to a resolution of 0.07° x 0.07°.

2.5. WRF-CHEM Modeling

The Weather Research Forecasting with Chemistry (WRF-Chem) [49] model is a fully
coupled meteorology—chemistry transport model developed by the National Center for
Atmospheric Research (NCAR). This study uses WRF-Chem v4.4 to simulate ozone in
Arizona. The Model for Ozone and Related Chemical Tracers (MOZART-4, [50]) is selected
for the gas-phase chemistry, coupled with the Goddard Chemistry Aerosol Radiation and
Transport (GOCART, [51]) for aerosol chemistry with wet scavenging enabled. The stan-
dard MOZART-4 mechanism includes 85 gas-phase species, 12 bulk aerosol compounds,
39 photolysis, and 157 gas-phase reactions, and also includes an updated isoprene oxi-
dation scheme and a better treatment of volatile organic compounds, with three lumped
species to represent alkanes and alkenes with four or more carbon atoms and aromatic
compounds (called BIGALK, BIGENE and TOLUENE) [50]. The new updated TUV photol-
ysis option, based on standalone TUV version 5.3, is employed to calculate the photolysis
rates. Initial and lateral boundary conditions are supplied every six hours from the Global
Forecast System (GFS) with a horizonal grid spacing of 1° for meteorology and Commu-
nity Atmosphere Model with Chemistry (CAM-Chem) [52,53] for chemistry. Biogenic
emissions are calculated online with the Model of Emissions of Gases and Aerosols from



Atmosphere 2024, 15, 555

50f21

Nature (MEGAN, v2.1) using the simulated meteorological conditions while running
WREF-Chem [54]. Note that MEGAN v2.1 currently is only compatible with the CLM4
(Community Land Model Version 4, [55]) land surface model. The following key physics
settings are also employed; Morrison double-moment microphysics [56], RRTMG for long
and short-wave radiation [57], Eta Similarity for surface layer physics [58], the Unified
Noah Land Surface Model [59], the Yonsei University (YSU) planetary boundary layer
(PBL) scheme [60], and the Grell-Freitas cumulus parameterization scheme [61]. The model
is configured with two nested grid domains consisting of 9 km (271 x 394) and 3 km
(349 x 313) horizontal grid spacing along with 34 vertical levels covering western and
southwest United States (centered on the state of Arizona), respectively. Note that the
WRE-Chem simulations only cover a one-month period (June 2021) consisting of a total of
33 simulation days, including a three-day spin-up in late May.

3. Results and Discussion
3.1. Preliminary Site Classification

To aid local regulatory agencies in identifying locations in need of emission control
measures we set out to identify the NO, & Oj regimes at the 13 sites and establish a basic
classification scheme. First, we calculated the average NO, and Oj at each hour for the
13 sites (see Tables S3 and S4) to look at possible site-wide diurnal trends, with box and
whisker plots shown in Figure 2. We found that the average NO, values appear to peak
between 04:00 and 06:00 with South Phoenix (SP), Central Phoenix (CP), and West Phoenix
(WP) having the highest averages, while Phoenix JLG (JLG) and Cave Creek (CC) have
the lowest. For the average O3, there is a peak between 13:00 and 15:00 with Phoenix JLG,
North Phoenix (NP), Pinnacle Peak (PP), and South Scottsdale (SS) exhibiting the highest
values and Buckeye (B) the lowest.

To better understand the relationship between NO, and O3, we calculated the average
log NO, /O3 values for each hour and site (see Figure 3). Using these values, we were
able to divide up the sites into three categories: (1) NO, elevated, (2) equivalent NO; and
O3, and (3) O; elevated. Central Phoenix, South Phoenix, and West Phoenix all had log
NO, /O3 values above one during morning and night-time hours and can be categorized
as NO; elevated. West Chandler (WC), Mesa (M), and Buckeye had log NO, /O3 values
around one during the morning hours and can be categorized as equivalent NO, and
O3. Blue Point (BP), Cave Creek, Dysart (D), North Phoenix, Phoenix JLG, Pinnacle Peak,
and South Scottsdale did not have any log NO, /O3 values greater than one and can be
categorized as O3 elevated. These ozone-elevated sites may not be producing enough NOx
during the night to fully react with the O3 produced throughout the day. On the other
hand, the NO,-elevated sites may be producing more NOy during the night than the other
sites, and/or ozone is being transported away from those sites.
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Figure 2. Box and whisker plots for the average hourly NO; (A) and FEM Oj3 (B) for the 13 sites
for day (07:00-19:00) and night (20:00-06:00). The lines within the boxes represent the medians, the
interquartile range is the range of the boxes with the top representing the 75th and the bottom the
25th percentile. The whiskers represent the maximum and minimum values in the data. The Buckeye,
Central Phoenix, and West Phoenix NO, values were taken from the FRM instruments, Phoenix JLG
from the FEM instrument, while the other sites use the ASU-calibrated data.
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To get a better understanding of the sites” photochemistry leading to ozone formation,
we calculated the product of NO, concentration and photolysis rate (NO, X rate). The full
photolysis rate calculations are shown in the Supplementary Materials. WRF-Chem was
also used to model these parameters and was able to capture a similar diurnal variation
of the photolysis rate, with magnitudes comparable to the observed calculated values
(Figure S2). This product is known to be one of the first steps in the chemical reaction mech-
anism leading to ground-level ozone accumulation [62]. By examining these values across
each hour, we saw that the ozone-forming potential (when only NO; is considered) was at
a maximum in the morning hours, with West Phoenix and Central Phoenix consistently
having the highest NO, x rate at around 09:00 and Cave Creek, Pinnacle Peak, and South
Scottsdale the lowest (Figure S3).

Additionally, we calculated the correlation coefficients between peak morning NO, X rate
and peak afternoon ozone concentration for all site combinations. The peak hours for
NO; x rate and ozone were chosen for each site based on Figures 54-516. Table S5 shows
the correlation coefficients for the whole deployment period for all site combinations with
statistically significant correlations (p < 0.05) in black and insignificant ones in red. From
Table S5 we see that the Buckeye NO, X rate is significantly correlated to all sites” afternoon
ozone peaks, however, Buckeye has some of the lowest NO, concentrations among the
13 sites. Therefore, Buckeye could possibly be representing a regional background sig-
nal. Additionally, the North Phoenix afternoon ozone is significantly correlated to all sites’
NO; x rate except for Cave Creek, Blue Point, and Mesa, indicating that North Phoenix
ozone is influenced by many sources possibly due to its central location and local winds
(wind rose shown in Figure S17). Furthermore, afternoon Pinnacle Peak, Cave Creek, and
Blue Point ozone concentrations are significantly correlated to the morning NO, x rate
values of upwind urban core sites such as Central Phoenix, West Phoenix, South Phoenix,
Phoenix JLG, and North Phoenix. Conversely, the NO, x rate values of Blue Point and Cave
Creek are not significantly correlated to any sites” afternoon ozone, namely, these down-
wind sites do not seem to be influencing the upwind sites” ozone production. Finally, the
Mesa, Central Phoenix, West Phoenix, and South Scottsdale ozone concentrations are only
correlated to Buckeye and Pinnacle Peak NO, x rate values suggesting possible background
sources. This pattern is consistent with simulations from WRF-Chem (Figure S18) where O;
across Buckeye, JLG Supersite, and Pinnacle Peak is highest in the early afternoon (high pho-
tolysis rate, Figure S2). This is strongly correlated with increased NO, during morning rush
hours (emissions) and subsequent decrease at noon due to high photochemistry activities
(NO; x rate, Figure S2). Changes in NO, are accompanied by changes in temperature-
dependent HCHO levels, which also decrease during noon (chemical loss). Changes in
O3 and its precursors over the sites during the day are also influenced by (a) boundary
layer mixing which peaks at noon; and (b) prevailing southwesterly winds which transport
background O3 and its precursors to Metro Phoenix. We note that levels of NO, and VOCs
also increase during late afternoon which could be related to afternoon rush hours.

3.2. Effects of Wildfire Smoke on O3 Exceedances

In addjition to studying the whole deployment period, we also stratified the data into
exceptional event days (days flagged by MCAQD as likely influenced by wildfire smoke)
and regular (non-smoke) days based on times over the summer when MCAQD have shown
evidence of wildfire smoke intrusion impacting local air quality (see list in Supplementary
Materials). Such evidence can include satellite imagery, HYSPLIT back trajectories, NOAA
Hazard Mapping System smoke products, and National Weather Service forecast reports.
On 38 of the 39 labeled exceptional event days, there were also ozone exceedances at
various county sites. Of the 50 days with ozone exceedances throughout the summer, only
12 occurred on non-smoke days. Figure 4 demonstrates the difference between the smoke
and non-smoke days at Central Phoenix for NO, X rate and ozone. In terms of NO; x rate
values, Figure 4A, the non-smoke days have slightly higher values in the morning; however,
they are not significantly different. Regarding ozone, Figure 4B, the smoke days have higher
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Normalized Count

Normalized Count

ozone values in the afternoon with a distribution shifted to higher values on smoke days,
which is a significant difference.
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Figure 4. Normalized histograms of Central Phoenix NO, x rate (A) and O3 (B) values for non-smoke
and smoke days.

To get a better idea of county-wide trends, we performed the same correlation co-
efficient calculation for smoke, non-smoke, and non-smoke ozone exceedance days (see
Tables 56-58). On smoke days, there is a decrease in correlation between sites’ NO, x rate
values and ozone except for Dysart and Cave Creek, which may indicate that the trans-
ported wildfire smoke was directed towards the majority of the sites. The influx of trans-
ported ozone and VOCs from the smoke seems to contributing more to ozone production
than local production sources. On non-smoke days there is an increase in correlation be-
tween all sites, especially NO, x rate values at urban sites with all other sites” ozone. How-
ever, for non-smoke days with ozone exceedances, only the Central Phoenix NO; x rate is
consistently correlated with ozone from other sites. Additionally, some rural sites such as
Pinnacle Peak, Blue Point, and Cave Creek have negative correlation coefficients, but most
are insignificant. Finally, an analysis of the NO, photolysis rates between non-smoke and
smoke days did not reveal any significant differences (p < 0.05). In short, the non-smoke
day ozone exceedance analysis reinforces Central Phoenix as a center of local emissions
and production, while the smoke day analysis indicates that smoke days have exceedances
more associated with the transport of smoke-related ozone and its precursors than local
precursor emissions and ozone production.

3.3. Ozone Production Sensitivity from HCHO/NO,
3.3.1. Ground Sampling

To further investigate photochemical production of O3 in Maricopa County, we incor-
porated VOC data into our previous NO, analysis. Due to the scarcity of available VOC
data, in terms of speciation, and spatial and temporal resolution, we focused on a method
that approximates VOC oxidation by using HCHO as a proxy. From the summer canister
sampling and PAMS data, we were only able to employ this method at five sites: Buckeye,
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Mesa, North Phoenix, Pinnacle Peak, and Phoenix JLG. Since we only had 24-h averaged
HCHO data for Buckeye, Mesa, North Phoenix, and Pinnacle Peak we used the 12:00 NO,
values to calculate the HCHO/NO; ratios and maximum Oj3 to examine ozone sensitivity.
Figure 5 shows the plots of maximum O3 versus the HCHO/NO; ratio, where the Pearson
correlation coefficients are —0.41 for Buckeye (p > 0.05), 0.43 for Mesa (p < 0.05), 0.77 for North
Phoenix (p < 0.05), and 0.77 for Pinnacle Peak (p < 0.05). Both North Phoenix and Pinnacle
Peak have high correlations of maximum ozone and HCHO/NO,, while the majority of their
HCHO/NO; ratios are below 1, which is consistent with a VOC-limited ozone sensitivity [28].
Mesa has a lower correlation but the HCHO/NO; ratios still suggest VOC-limited. Buckeye
displays completely different behavior than these other sites, as the correlation is negative
and the HCHO/NO; values are higher, indicating a transition or even NOy-limited regime.
This difference in behavior is consistent as Buckeye is upwind of typical urban VOC and
NOy emissions as compared to the other sites. Another explanation may be that due to the
lack of VOC emissions, the primary HCHO signal is more prominent than the secondary
HCHO signal, influencing the effectiveness of the HCHO/NO; ratio at the Buckeye site.
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Figure 5. Maximum ozone concentrations versus 24-h HCHO/12:00 NO; for Buckeye (A), Mesa (B),
North Phoenix (C), and Pinnacle Peak (D) for 26 days in summer 2021. Vertical lines represent
regime transitions.
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At the Phoenix JLG site, we had slightly more measurement days (30) and a higher
time resolution (8 h) for HCHO; therefore, we were able to divide the data into three time
periods, shown in Figure 6. Here it is clear that in the early morning and late evening,
the ozone sensitivity at Phoenix JLG is VOC-limited, which makes sense since a precursor
to HCHO, isoprene, is only emitted by plants during daylight, and NO, concentrations
increase at night as NO continues to react with HO, and residual O3 and NO, no longer
photodissociates (Figure S19). However, during daytime hours the ozone sensitivity is
higher in the transition and NOy-limited regimes. This is consistent with results from
other studies that show urban areas will begin the day as VOC-limited and transition to
NOy-limited around midday [6,28]. It should be noted that with 24-h averaged data for
the other four sites, we are not able to detect this diurnal trend. While Phoenix JLG and
Buckeye are at times both in transition to NOy-limited regimes and experience similar NO,
concentrations, Phoenix JLG O3 concentrations are regularly higher than Buckeye’s. One
explanation could be the transport of O3 and/or precursors from the more polluted sites
like Central Phoenix and West Phoenix to the Phoenix JLG site.
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Figure 6. Average ozone concentrations versus 8-h HCHO/average NO; for Phoenix JLG for 4 a.m.
(04:00-11:00), 12 p.m. (12:00-19:00), and 8 p.m. (20:00-03:00). Non-smoke days are solid circles, while
smoke days are rings. Vertical lines represent regime transitions.

We also analyzed the impact of smoke on ozone sensitivity, also shown in Figure 6, as
the smoke-impacted days experience slightly higher ozone concentrations than non-smoke
days. Additionally, Figure 7 shows that the Phoenix JLG HCHO/NO, ratio on smoke days
is shifted higher (i.e., more NOx-limited), than on non-smoke days, which is also observed
at the other four sites. This would indicate that wildfire smoke is introducing more VOCs to
a typically VOC-limited airmass, increasing ozone production. For example, in Figure 8 the
maximum HCHO at all sites occurs on 15 June, which is a MCAQD exceptional event day
for smoke influence. NOAA HYSPLIT air mass modeling does indicate that smoke from
the Telegraph wildfire in Globe, Arizona was transported to Phoenix on 15 June, Figure S20.
The Telegraph fire was situated about 50 miles from downtown Phoenix and burned a total
of over 150,000 acres, mostly shrub and grass.
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Figure 7. Normalized histogram of HCHO/NO, values for non-smoke and smoke days at
Phoenix JLG.
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Figure 8. 24-h HCHO measurements for the five sites, with the red line highlighting the 15 June
smoke day.

3.3.2. Satellite Data

NO; and HCHO column number densities from TROPOMI satellite retrievals were
extracted for the dates and times shown in Table S2. As the space-based indicator of surface
ozone production is more reliable in polluted areas, our HCHO/NO; analysis is focused on
only the Phoenix JLG site. According to the study by Jin et al., HCHO/NO, tropospheric
column ratios below 3.2 suggest VOC-sensitive ozone production; ratios between 3.2
and 4.1 define the transition zone; and ratios exceeding 4.1 represent the NOx-sensitive
regime [32]. For the Phoenix JLG site, according to TROPOMI HCHO/NO, tropospheric
columns, most of the days in our study period are in transition and VOC-limited regimes,
as shown in Figure 9.

Due to a limited number of days with available satellite retrievals, a comprehensive
analysis of the impact of smoke on satellite HCHO/NO; was not possible. We present here
instead the satellite HCHO/NO, for the 15 June smoke day, where ozone concentrations
reached summer maximums at many sites. Figure 10 compares the average HCHO and
NO, column densities over all dates versus 15 June over the Phoenix metro area. For
HCHO on an average day there are slightly higher values east of the Phoenix JLG site
(12 x 10 molecules cm~2), however for 15 June all three sites experienced a significant
increase (JLG: 92%, Buckeye: 53%, Pinnacle Peak: 67%) relative to period-average values.
For NO,, on an average day there is a much clearer spatial trend with higher values in the
Phoenix metro area around Phoenix JLG (5 x 10!® molecules cm~2) with more extensive
and elevated densities on 15 June (JLG: 63%, Buckeye: 47%, Pinnacle Peak: 12%). We find
that Phoenix JLG had higher than normal HCHO/NO, ratios on 15 June consistent with
ground-based ratios, suggesting elevated VOCs relative to NO; during this smoke event.
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Figure 9. Early-afternoon (12-3 pm) satellite HCHO/NO; column ratios versus average surface
ozone (12-3 pm) for Phoenix JLG (July—August 2021). Vertical lines represent regime transitions.
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Figure 10. Averaged HCHO (a,d) and NO; (b,e) satellite column densities, HCHO/NO, ratio
(c,f) over the Phoenix metro area for all available dates (a—c) and 15 June (d—f). The location of
three sites (Buckeye: green circle, Pinnacle Peak: magenta square, Phoenix/JLG: blue triangle) are
superimposed.

3.3.3. WRF-CHEM Modeling

Figure 11A shows the simulated surface HCHO/NO; ratios versus surface O3 for
Phoenix JLG in four-hour time blocks. From this modeled data, we see a clear diurnal trend
of higher O3 concentrations and HCHO/NO; ratios during the afternoon from 12:00-15:00
and lower values at night, with an overall correlation of 0.51. Most ratios are below 1,
indicating a VOC-limited regime approaching the transition regime at midday, again a
similar diurnal trend to what has been reported in the literature. Figure 11B shows the
simulated HCHO/NO; ratios versus O3 for the Buckeye site. At this site, there appears to
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be a limited trend with O3, with a correlation of only 0.39. However, the HCHO/NO ratios
do increase during the day, largely above 2 indicating NO-limited regimes, with some
data points in the 04:00-07:00 time-frame transition and VOC-limited regimes. During the
day Pinnacle Peak (shown in Figure 11C) also appears to be NOy-limited as HCHO/NO,
ratios are largely above 2 with a correlation with O3 of 0.44. The full modeled HCHO/NO,
diurnal cycles are shown in Figure 521. When comparing the average modeled ratios of
smoke days versus non-smoke days, all three sites had increased ratios on smoke days, but
these increases did not result in a change in the ozone sensitivity regime.
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Figure 11. WRF-CHEM simulated surface O3 versus surface HCHO/NO; for the Phoenix JLG
(A), Buckeye (B), and Pinnacle Peak (C) sites in four-hour time blocks. Vertical lines represent

regime transitions.

3.3.4. Intercomparison

From the surface data, many of the sites are in the VOC-limited regime except for
Buckeye (transition/NOx-limited), and Phoenix JLG (transition/NOx-limited during the
day). While there were significant positive correlations between ozone and HCHO/NO; at
Pinnacle Peak and Phoenix JLG, Buckeye had an insignificant negative correlation. With
the satellite data, since using satellite HCHO/NO; is limited to urban (polluted) areas,
data over the Phoenix JLG site was compared. It should be noted that different thresholds
should be considered for satellite tropospheric columns and surface/model surface ratios.
In particular, the thresholds suggested by Duncan et al. [28], which are based on model
simulations of boundary layer concentrations, are suitable for comparison with modeled
and observed surface ratios, while thresholds from Jin et al. [32], which are based on an
intercomparison of satellite HCHO/NO, ratios against surface measurements, are more
appropriate for satellite HCHO/NO; column ratios (e.g., [33]). Here we performed an
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intercomparison of HCHO/NO; at the JLG supersite between PAMS surface observations,
WRF-Chem simulated surface results, and TROPOMI column HCHO/NQO,, as shown
in Figure 12. The ratios from PAMS observations and WRF-Chem are derived with the
8-h HCHO at 12:00 and NO, concentrations at 12:00 on available dates. We found that
TROPOMI HCHO/NO; tropospheric columns showed transition and VOC-limited regimes
over the Phoenix JLG site. The use of satellite indicators to determine ozone chemical
production regimes is subject to inherent uncertainties. These include errors in satellite data
retrievals, the absence of vertically resolved data, coarser spatial and temporal sampling,
and the established thresholds for categorizing regimes as either NOy-limited or VOC-
limited [31]. Furthermore, given that HCHO sampling occurred every 8 h and the NO,
values were averaged over the same 8-h periods, these are not precisely synchronized with
the TROPOMI satellite overpass times. Therefore, the most reliable method of comparison
may be to examine the trends. From this perspective in the early afternoon, the ratios
derived from surface measurements and WRF-Chem simulation are indicating a transition
to NOx-limited regime, while the satellite column retrievals denote a transition to VOC-
limited regime. However, when the full dataset is examined for surface measurements and
WREF-Chem simulation at Phoenix JLG the majority of ratios are also VOC-limited.
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Figure 12. Phoenix JLG sampled HCHO/NO, ratios with satellite HCHO/NO, column ratios and
WRF-CHEM modeled surface HCHO/NO; ratios. Orange and green lines represent ozone sensitivity
thresholds for surface ratio (left axis) and satellite columnar ratio (right axis), respectively. Orange
and green shadings represent the transition regimes for surface and column ratios.

As shown in Figure 11, on average the modeled HCHO/NO; ratios from Buckeye
and Pinnacle Peak are in the NOy-limited regimes, while Phoenix JLG is VOC-limited,
indicating an underestimation of HCHO/NO,. We attribute this discrepancy on one hand
to an overestimation of WRF-Chem at low NO, concentrations and an underestimation at
high NO, concentrations in the Phoenix JLG site, with an average overestimation of 2.3 ppb
(Figure S22). Guo et al. [63] found that WRF-Chem overestimates the nighttime NO, and
underestimates NO, during the daytime over Phoenix. The model was performed using
NEI 2017 (the latest available dataset for WRF-Chem input) and applied for the year 2021.
We acknowledge the presence of bias, especially in light of emission changes during the
COVID-19 period. We have published a more detailed model evaluation paper [62]. It
is conceivable that NO; levels may be even lower (further underestimated) than in the
current runs when NEI emissions are scaled to match NO, reduction due to the COVID-19
lockdown. On the other hand, WRF-Chem failed to capture large HCHO and NO, concen-
trations at the Phoenix JLG site compared to the PAMS data (Figures 522 and 523). This
is likely due to the misrepresentation of smoke/fire activities and locations during June
2021 near Phoenix. Other reasons for this underestimation include the choices of initial and
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boundary conditions in the model, along with the planetary boundary parameterization
scheme, including winds and boundary layer mixing.

In terms of smoke impact, all five sites with sampled data saw HCHO/NO, ratio
increases on smoke days compared to non-smoke days, with an average increase of 39%
across the entire study period due to increased HCHO. This trend is also observed with
the modeled data where sites saw an average HCHO/NO; increase of 20% on smoke days
compared to non-smoke days (for the June 2021 period). For the satellite data, we see an
increase of 14% in HCHO/NO; at Phoenix JLG during the 15 June smoke event, due to
more elevated HCHO relative to NO,. Looking at the individual components, the NO; on
smoke days for the sampled and modeled data (albeit limited to the June 2021 period) is
comparable to non-smoke days. Comparison with satellite NO, columns is only limited to
a single event (15 June), where NO, columns increased by 40% on average across 3 sites.

4. Conclusions

The focus of this work was to take advantage of an LCS NO, network in Maricopa
County to obtain a better understanding of the spatial and temporal patterns of ozone
formation and its precursors. This analysis is important for justifying exceptional events
designations, locating sources of precursor emissions, and understanding ozone sensitivity
regimes. First, the log NO, /O3 values from each site were used to classify them as NO,
(precursor)-elevated, Oz-elevated, or a mix. As expected, downtown/urban sites such as
Central Phoenix were more NO; elevated, and downwind sites such as Cave Creek were O3
elevated. These results were further supported by correlation analysis between afternoon
O3 values and morning NO, x rate (used to better account for NO, photochemistry), where
afternoon O3 values at downwind sites were significantly correlated (~0.27) to morning
NO, x rate values at urban sites, especially with Central Phoenix on ozone exceedance
days (non-smoke).

The influence of smoke was also considered, as county-labeled smoke days had similar
NO, x rate values as non-smoke days (2% higher) but overall higher ozone concentra-
tions (20% higher), which is corroborated by the correlation analysis as there were lower
insignificant correlations between NO, x rate values and O3 on smoke days compared to
non-smoke. To better understand this ozone sensitivity, VOC data was incorporated into
the analysis, specifically HCHO, as it has been shown to be a good proxy for VOC radical
chemistry. Using this HCHO data we were able to see a large peak in HCHO on the 15 June
smoke day in both the surface and satellite datasets, indicating a change to the initial ozone
precursor mixture, resulting in summer maximum ozone concentrations.

The HCHO/NO; ratio was also used to quantitatively determine ozone sensitivity at
the sites. The ratios were compared on smoke and non-smoke days and the ratio appears
to be shifted higher, more towards NOx-limited, on smoke days, again consistent with
VOC transport on these days, and supported by the satellite data. In terms of individual
sites, while mixed results were seen at the upwind background site, the other three sites’
ozone was significantly correlated to HCHO/NO,, with ratios below 1 indicating VOC-
limited ozone sensitivity. However, at Phoenix JLG we were able to measure HCHO/NO,
ratios at different hours in the day and observed that the ratio was larger, and more NOx-
limited, during daylight compared to night, which is consistent with other results in the
literature. This information is important for regulators, especially those managing O3
non-attainment areas, as identifying areas with problematic emissions sources and the
nature of their airmass O3 production sensitivity can aid in implementing more effective
control measures. For example, if an area is consistently NOy-limited it is beneficial to
implement emission controls such as switching from coal power plants to natural gas.
However, if NOx emissions are reduced in a VOC-limited regime the control measure will
have less of an impact on total O3 production compared to reducing VOC emissions.

As not all areas will measure both NO, and HCHO, modeling or satellite measure-
ments can be an alternative to determine ozone production sensitivity. We compared
the surface calculated ratios with TROPOMI satellite and WRF-Chem model simulations.



Atmosphere 2024, 15, 555

16 of 21

With the satellite data, only one site had enough quality data for comparison: Phoenix
JLG. The satellite data had higher HCHO/NO; ratios compared to the surface but as the
thresholds for satellite data should be considered different from surface/model data, the
overall ozone sensitivity regime of VOC-limited /transition at the Phoenix JLG site was
comparable between the different methods. Additionally, the satellite data measured larger
NO; column densities on smoke days compared to non-smoke leading to a decrease in
HCHO/NO,, which was not observed in the ground or modeled data. However, the
satellite did not detect as many NOy-limited days as the surface or modeled datasets; this
may be explained by the limited temporal span and resolution of the method. Discrepancies
between satellite-calculated ratios and surface/model ratios can also be explained by the
inherent nature of column density measurements which are unable to resolve tropospheric
species from other layers in the atmosphere.

The WRF-Chem data allowed for better temporal resolution, but our comparison was
limited by our VOC sampling frequency. Both the model and surface datasets were able
to capture the diurnal effect of HCHO/NO; increasing throughout the day, transitioning
to a NOy-limited sensitivity in the early afternoon. We were also able to compare three
sites, Phoenix JLG, Pinnacle Peak, and Buckeye. For the more urban sites, both the model
and surface ratios indicated they were VOC-limited during the night and had higher ratios
(transition to NOy) during the day. However, the model failed to accurately capture the
ratios seen in the surface measurements at Buckeye and Pinnacle Peak. The modeled ratios
were several times higher than the ratios seen in the surface data. While the surface ratios
indicated a largely VOC-limited sensitivity at Pinnacle Peak, the modeled ratios spanned
from VOC-limited to NOy-limited with ratio values reaching 7.6. For Buckeye, both the
surface and modeled ratios included values in the VOC and NOx-limited regimes, however,
the maximum ratio for the modeled dataset was 12.6 and 2.9 for the surface dataset. Some
of this may be explained by the lack of temporal resolution in the VOC samples for the
Buckeye and Pinnacle Peak sites, as their HCHO/NO, ratio is more of a 24-h average that
will not capture any of the extremes.

In terms of individual components, the model overestimated NO, and underestimated
HCHO at Phoenix JLG leading to an underestimation of HCHO/NO, ratios compared to
the sampled data. This is most likely due to differences in prescribed emissions (NEI2017)
in WRE-Chem than actual emissions after COVID-19. However, the sampled and modeled
HCHO and NO, on smoke days were comparable. A future study looking at the biogenic
VOC emissions with the MEGAN model, especially isoprene, can help us better under-
stand the HCHO formation, such as the diurnal variation, and improve the WRF-Chem
performance. Future studies could perhaps pair modeled HCHO data with real NO,
measurements to ensure more frequent HCHO and more reliable NO, measurements or
establish a combined HCHO and NO, measurement network consisting of low-cost sensors.

As Phoenix Arizona is one of the most populous cities in the United States, it is a
serious public health issue that it lies in an O3 non-attainment area. Therefore, it is crucial
that air quality regulators understand the ozone chemistry occurring in the region. A
better understanding starts with more comprehensive measurements of ozone precursors,
including NO; and VOCs. In this study, we leveraged surface measurements from air
monitoring stations and low-cost sensors, satellite retrievals, and WRF-Chem model results
to better examine the relationship between ozone and its precursors and how outside
factors, such as wildfire smoke, may impact it. This study found that the Phoenix metro
area is VOC-limited, but during the early afternoon and especially with the presence
of smoke the ozone sensitivity will shift to NOx-limited. Overall, while this study was
able to make some conclusions regarding ozone formation in Maricopa County Arizona,
future studies could still greatly benefit from more HCHO (and other speciated VOC)
measurements made at all 13 sites at more frequent (1-h) time resolution.
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performed at the four MCAQD sites; Table S2. Dates and times of TROPOMI retrievals; Photolysis
Rate Calculations; Figure S1. Box and whisker plot for the calculated NO, photolysis rates at West
Phoenix during the study period; Figure S2. WRF-Chem simulated monthly mean diurnal variation
of NO, photolysis rate and NO, concentration (top), and NO, x Rate (bottom) at three selected sites:
JLG supersite, Pinnacle Peak, and Buckeye during June 2021; Figure S3. Box and whisker plots for
the NO, x rate for the 13 sites at various hours; Table S3. Average Hourly NO for each site; Table S4.
Average Hourly FEM Oj for each site; Figure S4. NO, x Rate (A) and O3 (B) values versus hour for
Pinnacle Peak for all days, ozone exceedance days, 06/11, and 06/15; Figure S5. NO, x Rate (A) and
O3 (B) values versus hour for Cave Creek for all days, ozone exceedance days, 06/11, and 06/15;
Figure S6. NO; x Rate (A) and O3 (B) values versus hour for Blue Point for all days, ozone exceedance
days, 06/11, and 06/15; Figure S7. NO, x Rate (A) and O3 (B) values versus hour for Mesa for all
days, ozone exceedance days, 06/11, and 06/15; Figure S8. NO, x Rate (A) and O3 (B) values versus
hour for West Chandler for all days, ozone exceedance days, 06/11, and 06/15; Figure S9. NO, x
Rate (A) and O3 (B) values versus hour for South Scottsdale for all days, ozone exceedance days,
06/11, and 06/15; Figure S10. NO, x Rate (A) and O3 (B) values versus hour for Dysart for all days,
ozone exceedance days, 06/11, and 06/15; Figure S11. NO, x Rate (A) and O3 (B) values versus
hour for South Phoenix for all days, ozone exceedance days, 06/11, and 06/15; Figure S12. NO,
x Rate (A) and O3 (B) values versus hour for Buckeye for all days, ozone exceedance days, 06/11,
and 06/15; Figure 513. NO, x Rate (A) and O3 (B) values versus hour for Phoenix JLG for all days,
ozone exceedance days, 06/11, and 06/15; Figure S14. NO, x Rate (A) and O3 (B) values versus hour
for North Phoenix for all days, ozone exceedance days, 06/11, and 06/15; Figure S15. NO, x Rate
(A) and Oj3 (B) values versus hour for Central Phoenix for all days, ozone exceedance days, 06/11,
and 06/15; Figure S16. NO, x Rate (A) and O3 (B) values versus hour for West Phoenix for all days,
ozone exceedance days, 06/11, and 06/15. Figure S17. Wind Rose for the North Phoenix site, wind
speed in knots; Figure S18. WRF-Chem simulated monthly mean of hourly O3, NO,, HCHO, and
wind speed /direction averaged over 6 hours time period during the day: 00:00-05:00, 06:00-11:00,
12:00-17:00, 18:00-23:00 in June 2021. Table S5. Correlation coefficients between morning NO, x Rate
(row) and afternoon O3 (column) for the whole deployment period for all site combinations with
the peak hour listed to site abbreviation Table S6. Correlation coefficients between morning NO, x
Rate (row) and afternoon O3 (column) for smoke days for all site combinations with the peak hour
listed to site abbreviation. Table S7. Correlation coefficients between morning NO, x Rate (row) and
afternoon O3 (column) for non-smoke days for all site combinations with the peak hour listed to site
abbreviation. Table S8. Correlation coefficients between morning NO, x Rate (row) and afternoon
O3 (column) for non-smoke days with ozone exceedances for all site combinations with the peak hour
listed to site abbreviation; Figure S19. NO, (A) and isoprene (B) concentrations by hour at Phoenix
JLG; Figure S20. HYSPLIT air mass trajectory model from 15 June 2021; Figure S21. Box and whisker
plots for WRF-Chem HCHO/NO, diurnal cycles for the Phoenix JLG (A), Buckeye (B), and Pinnacle
Peak (C) sites; Figure 522. Sampled NO; from the Phoenix JLG site versus WRF-CHEM modeled
NO; averaged to match the samples’ time periods; Figure S23. Sampled HCHO from the Phoenix
JLG site versus WRF-CHEM modeled HCHO averaged to match the samples’ time periods [64—67].
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The sensor data are not publicly available due to confidentiality agreements with the agencies but
requests can be evaluated on a case by case basis.
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