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Abstract: This study examined the observed relationship between ozone (O3) and temperature using
data from 1995 to 2020 at 20 cities across the United States (U.S.) that exceed the Os National Ambi-
ent Air Quality Standard (NAAQS). The median slope of the Os versus temperature relationship
decreased from 2.8 to 1.5 parts per billion per degrees Celsius (ppb °C™) in the eastern U.S., 2.2 to
1.3 ppb °C in the midwestern U.S., and 1.7 to 1.1 ppb °C in the western U.S. Os in the eastern and
midwestern U.S. has become less correlated with temperature due to emission controls. In the west-
ern U.S., Os concentrations have declined more slowly and the correlation between Os and temper-
ature has changed negligibly due to the effects of high background Os and wildfire smoke. This
implies that meeting the Os NAAQS in the western U.S. will be more challenging compared with
other parts of the country.
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1. Introduction

Tropospheric ozone (Os) is an important oxidant that is detrimental to human health
and welfare at high concentrations [1-3]. Os is formed due to photochemical reactions
between oxides of nitrogen (NOx = NO + NO:) and volatile organic compounds (VOCs).
Over the past few decades, most regions of the United States (U.S.) have significantly re-
duced anthropogenic NOx and VOC emissions [4]. As a result, peak Os levels have sub-
stantially decreased across much of the U.S. [5-7]. In 2015, the U.S. Environmental Protec-
tion Agency (EPA) lowered the Os National Ambient Air Quality Standard (NAAQS) to
70 parts per billion (ppb) [8]. The standard is met when the annual fourth-highest maxi-
mum daily 8-hour average (MDAS8) Os concentration is 70 ppb or less, averaged over a
three-year period. Areas that are not in compliance with the OsNAAQS are designated as
nonattainment areas (NAAs) [9]. For NAAs, it is essential to have a detailed understand-
ing of the chemical and meteorological processes influencing Os formation so that appro-
priate pollution control strategies can be created to achieve compliance with the Os
NAAQS.

The meteorological conditions that are conducive to photochemical Os production
are high temperature, abundant solar radiation, low relative humidity, and low wind
speed [10-12]. In most continental environments, the relationship between summertime
Os and temperature is approximately linear. Calculating the slope of the Os versus tem-
perature relationship (mos-T) is one way to assess the dependence of Os on temperature.

Previous work has defined mos-t as the slope of either the MDAS8 Os versus the daily
maximum temperature (TMAX) or the hourly Os versus the hourly temperature. Values
of mos-rhave been called the “climate penalty,” indicating that sufficiently stringent emis-
sion reductions of Os precursors will be necessary to offset the impacts of increasing sur-
face temperatures [13,14]. Many previous studies have reported observed and/or modeled
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mos-T values ranging from approximately 0 to 11.3 ppb °C-! for rural and/or urban loca-
tions throughout the U.S. [7,13,15-25]. Higher mos-r values were typically found for urban
areas, consistent with Os production being more sensitive to temperature in NOx-saturated
environments [26].

Even though mosr values have been widely reported, no previous studies have ex-
amined the long-term relationship between Os and temperature for urban NAAs through-
out the U.S. This gap is noteworthy for two reasons. First, the summertime Os production
regime in many U.S. cities has become more sensitive to NOx due to ongoing NOx emis-
sion reductions [27,28]. Second, since 1970, global-average land temperatures have in-
creased by approximately 1.5 °C or 0.3 °C per decade [29]. For these reasons, it is likely
that the current dependence of Oz on temperature differs compared with the 1990s and
early 2000s.

This study investigated the observed relationship between Os and temperature for a
group of urban NAAs in the U.S. from 1995 to 2020. The 20 urban NAAs considered in
this study were in Os nonattainment for the full analysis period. The analysis was per-
formed using coincident maximum daily 8-hour average (MDAS) Oz and daily maximum
temperature (TMAX) data collected during the Osseason (May-September) at 6, 5, and 9
urban NAAs in the eastern, midwestern, and western U.S., respectively. The goals of this
work are to investigate how the Os versus temperature relationship has changed in re-
sponse to decreasing anthropogenic NOx and VOC emissions and increasing surface tem-
peratures.

2. Materials and Methods

MDAS8 Os data were obtained from the U.S. EPA’s Air Data system
(https://www.epa.gov/outdoor-air-quality-data). TMAX data were obtained from the
NOAA NCEI Global Historical Climatology Network daily (GHCNd) database
(https://www .nceinoaa.gov/products/land-based-station/global-historical-climatology-
network-daily). Table S1 lists the urban NAAs, Os monitoring sites, and meteorological
data sources used in this analysis. Each MDAS8 Os value was combined with the TMAX
value for the nearest meteorological site. This analysis used coincident data collected from
1995 to 2020 for the primary Os season of May—September.

The urban NAAs were grouped into three different regions, which were the eastern,
midwestern, and western U.S. (Figure 1 and Table S1). Of the 20 urban NAAs, 6 were in
the eastern U.S., 5 were in the midwestern U.S., and 9 were in the western U.S. To assess
the relationship between Oz and temperature for time periods when anthropogenic NOx
and VOC emissions decreased and surface temperatures increased, the data were sepa-
rated into three time intervals (1995-2003, 2004-2012, and 2013-2020).

The annual (May-September) slope of the MDAS8 Osversus TMAX relationship
(mos-r) was determined for each site using robust linear regression with bisquare weights
in Matrix Laboratory (MATLAB) version R2020a. An example fit is shown in Figure S1.
For this regression type, extreme outliers in the data were neglected and mild outliers in
the data were downweighted through the use of a tuning constant [30]. We also compared
mos-rvalues calculated using reduced major axis regression and found very little differ-
ence in the results (comparisons not shown).
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Figure 1. Map showing the locations of the Os monitoring sites for the urban nonattainment areas
(NAAs) in the eastern U.S. (brown squares), midwestern U.S. (blue triangles), and western U.S. (red
circles). See Table S1 for a list of the urban NAAs for the eastern, midwestern, and western U.S.

3. Results and Discussion

Changes in the 5t 25t, 50th, 75th, and 95t percentile values of MDAS8 Osand TMAX
for the urban NAAs in the eastern, midwestern, and western U.S. from 1995-2003 to 2013-
2020 are shown in Figure 2. In all regions, the largest decreases in MDAS8 Os occurred at
the highest percentiles, consistent with previous studies that examined Os trends across
the distribution of concentrations [5,6,13,31]. The 95t percentile MDAS8 Os concentrations
from 1995-2003 to 2013-2020 decreased by 25 ppb (27%) in the eastern U.S., 19 ppb (22%)
in the midwestern U.S., and 14 ppb (14%) in the western U.S. These reductions in high-
percentile MDAS Os indicate that anthropogenic NOx and VOC emission reductions have
been highly successful at lowering peak Os concentrations in these NAAs. Meanwhile, the
slight increases in the 5% percentile MDAS8 Os concentrations in each region were likely
attributable in part to less titration by NO and/or increases in background Os levels
[5,7,32]. The temperature distributions indicate that TMAX increased from 1995-2003 to
2013-2020 in all regions. Median TMAX increased by 1.1 °C in the eastern U.S., 0.6 °C in
the midwestern U.S., and 1.1 °C in the western U.S. This is approximately twice the global
temperature increase, which likely reflects an additional influence from urban heat islands
[33].

Figure 3 shows the MDAS8 Os concentrations corresponding to six TMAX bins during
the 1995-2003, 2004-2012, and 2013-2020 time periods for each region. MDAS8 Os concen-
trations for the two highest TMAX bins declined in all regions. In the highest TMAX bin,
the median MDAS8 Os concentration from 1995-2003 to 2013-2020 decreased from 79 to 54
ppb in the eastern U.S., 75 to 58 ppb in the midwestern U.S., and 69 to 63 ppb in the west-
ern U.S. The decreasing MDAS8 Os concentrations at high temperatures show the effective-
ness of anthropogenic NOxand VOC emission reductions on lowering peak Osin the ur-
ban NAAs.

Figure 4 shows the mos-r values for each region and the median r? values, grouped
into three time periods. Median values of mos.from 1995-2003 to 2013-2020 decreased
from 2.8 to 1.5 ppb °C' in the eastern U.S., 2.2 to 1.3 ppb °C in the midwestern U.S., and
1.7 to 1.1 ppb °C in the western U.S. While the changes in mos-r are greatest in the eastern
U.S. and smallest in the western U.S., the changes in mos-r for all three regions are statis-
tically significant (p < 0.01). These reductions in mos-r further demonstrate the success of
anthropogenic NOx and VOC emission controls on decreasing peak Os concentrations.
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Figure 2. Maximum daily 8-hour average (MDAS) Os (ppb; panels (a—c)) and daily maximum tem-
perature (TMAX, °C; panels (d—f)) during the Osseason (May—-September) for urban nonattainment
areas (NAAs) in the eastern U.S. (left column), midwestern U.S. (middle column), and western U.S.
(right column). The x-axes indicate the 5™ percentile (black), 25t percentile (green), 50" percentile
(dark blue), 75t percentile (gold), and 95t percentile (light blue) of the May-September 1995-2003
data. The y-axes indicate how much the 5%, 25%, 50t 75%, and 95t percentiles of the MDAS8 Os or
TMAX changed from May-September 1995-2003 to May—September 2013-2020.
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Figure 3. Maximum daily 8-hour average (MDAS) Os (ppb) versus daily maximum temperature (TMAX; °C) for six tem-
perature bins for urban nonattainment areas (NAAs) in (a) the eastern U.S., (b) the midwestern U.S., and (c) the western
U.S. This relationship was examined across three time intervals: 1995-2003 (black), 2004-2012 (red), and 2013-2020 (blue).
All boxplots were generated using coincident MDA8 Os and TMAX data collected from May to September. The top and
bottom whiskers denote the maximum and minimum MDAS8 Os concentrations, respectively, that are not considered out-
liers, the central rectangles span the 25t percentile to the 75" percentile, and the horizontal lines within the central rectan-
gles represent the median MDAS8 Os concentrations.
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Figure 4. The slope of the maximum daily 8-hour average Oz versus the daily maximum tempera-
ture (mos-1; ppb °C™) for the urban nonattainment areas (NAAs) in the eastern U.S. (brown), mid-
western U.S. (blue), and western U.S. (red) from 1995-2003, 20042012, and 2013-2020. All slopes
were found using coincident MDA8 Osand TMAX data collected from May to September. The com-
ponents of each boxplot have the same meanings as in Figure 3. Median r? values of the Os versus
temperature relationship for each region are listed for the 1995-2003 (first values), 2004-2012 (sec-
ond values), and 2013-2020 (third values) time periods.

The steady declines in (1) MDAS Os for the highest TMAX bins (Figure 3) and (2) mos-
rand the median 12 values (Figure 4) in the eastern and midwestern U.S. collectively sug-
gest that Os in those regions has become less correlated with temperature due to emission
controls. In contrast, for the western U.S., the combination of smaller decreases in peak
MDAS Os values and more modest decreases in mosr suggest that it will be more chal-
lenging for those urban NAAs to achieve compliance with the Os NAAQS.

Two factors are most important to explain the slower downward trends in mosrand
MDAS Osand the lower r2values for the Os versus temperature relationship in the western
U.S. First, the hot and dry conditions prevalent in several of the western U.S. cities con-
sidered in this study (e.g., Phoenix, Las Vegas, and Bakersfield) often lead to the planetary
boundary layer in those areas reaching depths of 3 km or more [34]. As a result, much of
the western U.S. —particularly the southwestern U.S.—is more likely to be affected by en-
trainment of Os-rich lower stratospheric air and Os transported from Asia. This phenom-
enon has been found to contribute approximately 20 to 50 ppb to the MDAS8 Os concen-
tration in the southwestern U.S. [35], and it is a significant contributor to the higher back-
ground Os seen in the western U.S. [36]. Second, there have been 10 years with more than
3.2 million ha burned by wildland fires since 2004, and much of the increase in wildfire
activity has occurred in the western U.S. [37]. Wildfires emit large but highly variable
amounts of O3 precursors (i.e., VOCs and NOx) [38—40]. Previous studies have reported
that (1) Os concentrations are higher during smoke-influenced periods compared with
smoke-free periods at similar temperatures, and (2) mos-r values are higher on smoky days
than on non-smoky days [41-43]. Furthermore, enhanced Os concentrations due to smoke
have been found to lead to elevated Os levels in western U.S. urban areas [44-46]. Thus, it
is likely that Os produced from fire precursors has contributed to the slower rate of decline
in mosrand MDAS O:s for the western U.S. The high variability in daily and annual fire
emissions also will reduce the correlation between Os and temperature.

4. Conclusions

This study assessed the observed relationship between Osand temperature for six,
five, and nine urbannonattainment areas (NA As) in the eastern, midwestern, and western
U.S,, respectively, over a 26-year period (1995-2020). The 95th percentile maximum daily
8-hour average (MDAS) Os concentration decreased by 25 ppb (27%) in the eastern U.S.,
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19 ppb (22%) in the midwestern U.S., and 14 ppb (14%) in the western U.S. The median
slope of the Os versus temperature relationship (mos-r) decreased from 2.8 to 1.5 ppb °C-!
in the eastern U.S., 2.2 to 1.3 ppb °C-! in the midwestern U.S., and 1.7 to 1.1 ppb °C-'in the
western U.S. These decreases in high-percentile MDAS8 Os and mos-rindicate the success
of anthropogenic NOx and VOC emission reductions. The steady decreases in MDAS8 Os
at high temperatures, mos-t, and the median r? valuesin the eastern and midwestern U.S.
show that Os is less dependent on temperature due to emission reductions. Meanwhile,
the more modest declines in MDAS Osat high temperatures and mosrand the lower me-
dian r2 values for the Os versus temperature relationship in the western U.S. demonstrate
the influence of higher background Osand wildfire smoke and show that meeting the Os
standard in the western U.S. continues to be a major challenge.

Supplementary Materials: The following are available online at www.mdpi.com/article/10.3390/at-
mos12101235/s1, Table S1: Site and Data Information for the Urban Nonattainment Areas Consid-
ered in this Study, Figure S1: Maximum Daily 8-hour Average Ozone Versus Daily Maximum Tem-
perature for Sacramento, CA in May-September 2009.
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