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Abstract: The spatiotemporal patterns of ground level ozone (O3) concentrations in the New York
City (NYC) metropolitan region for the 2007–2017 period were examined conjointly with local
emissions of O3 precursors and the frequency of wildfires. Daily 8-h and 1-h O3 and nitric oxide
(NO) concentrations were retrieved from the US Environmental Protection Agency (EPA) Air Data.
Annual emission inventories for 2008 and 2017 were acquired from EPA National Emissions Inventory
(NEI). The number and area burnt by natural and human-ignited wildfires were acquired from the
National Interagency Fire Center (NIFC). The highest daily 8-h max O3 concentrations varied from
90 to 111 parts per billion volume (ppbv) with the highest concentrations measured perimetrically to
NYC urban agglomeration. The monthly 8-h max O3 levels have been declining for most of the peri-
urban sites but increasing (from +0.18 to +1.39 ppbv/year) for sites within the urban agglomeration.
Slightly higher O3 concentrations were measured during weekend than those measured during the
weekdays in urban sites probably due to reduced O3 titration by NO. Significant reductions of locally
emitted anthropogenic nitrogen oxides (NOx) and volatile organic compounds (VOCs) may have
triggered the transition from VOC-limited to NOX-limited conditions, with downwind VOCs sources
being critically important. Strong correlations between the monthly 8-h max O3 concentrations and
wildfires in Eastern US were computed. More and destructive wildfires in the region were ignited by
lightning for years with moderate and strong La Niña conditions. These findings indicate that climate
change may counterbalance current and future gains on O3 precursor’s reductions by amending the
VOCs-to-NOx balance.

Keywords: annual trend; day-of-the-week variation; ozone precursors; urban environment; wildfires

1. Introduction

Ground-level ozone (O3) negatively impacts human health across life stages, natural
ecosystems, and climate [1,2]. Ozone is a strong oxidative agent that reacts with proteins
and lipids in the airways lining fluid of the lung and compromised lung function [3–5].
Early-life exposure to O3 affects the growth and function of developing lungs and may
promote the asthma phenotype in the first year of life [6–8]. Children exposed to O3 are also
more likely to have airway hyper responsiveness [9]. O3 exposures have been consistently
shown to increase asthma medication use, mortality, emergency department (ED) visits,
and hospitalizations by exacerbating asthma and chronic obstructive pulmonary disease
(COPD) [1,10].

O3, a secondary pollutant, is produced from the daytime oxidation of irradiated mix-
tures of volatile organic compounds (VOCs) and nitrogen oxides (NOx) (NO + NO2 = NOx)
(precursors, thereafter). O3 levels increase as VOCs levels increase, while increasing NOx
levels may either generate or titrate O3 depending on instantaneous VOC/NOx ratio (in
parts per million carbon (ppmC)/parts per million (ppm)) [11]. VOCs and NOx are emitted
from fossil and contemporary fuel combustion in anthropogenic activities and wildfires.
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Isoprene and terpenes are the predominant biogenic VOCs released by vegetation. O3 con-
centrations vary from 20–40 ppbv in remote continental areas up to 100–200 ppbv in areas
downwind of metropolitan urban areas [12]. On a local scale, there is a strong spatiotempo-
ral gradient of O3 levels with the lowest concentration being measured at the proximity
of combustion sources (e.g., downtown or city center) when O3 is titrated by nitric oxide
(NO), and the highest O3 levels at downwind locations in the late afternoon [13].

Because ambient O3 levels are regulated by the National Ambient Air Quality Stan-
dards (NAAQS) pursuant to the Clean Air Act (CAA) and its amendments, strategies,
and measures to reduce both VOCs and NOX emissions from anthropogenic sources have
been implemented over the past four decades [14]. As a result, ambient O3 levels declined
considerably in many heavily O3 polluted areas but reached a plateau and in many urban
and peri-urban areas is trending upwards, lately [15]. Changes in local meteorology did
not account for O3 trends in urban and continental background locations [16]. On a global
and regional scale, increasing emissions of VOCs and NOX in developing countries ampli-
fied background O3 concentrations [17]. More frequent and intense wildfires, amplified
by climate change, are also linked to episodic events of high O3 pollution in downwind
locations [18,19]. Lastly, spatiotemporal changes of NOx and VOCs emissions and their
relative abundance may also contribute to the observed positive trends as the intensity of
O3 destruction by NO titration is declining and more VOCs will increase O3 [15].

The New York-Newark-Jersey City, NY-NJ-PA Metro Area is the largest and most
populous in North America (area of 17,314 km2 and 19,216,182 residents in 2020) [20]. It
encompasses New York City (NYC), Long Island, Mid and Lower Hudson Valley, and major
urban areas in New Jersey. The region is a moderate non-attainment area exceeding the
2015 NAAQS O3 standard of 70 ppbv [21]. The aims of this study were (i) to characterize
the spatial and temporal variation of O3 in the NYC region using quantitative statistical
tools and (ii) to investigate the impact of local emissions trends and wildfires on O3 levels,
with the overall objective of delineating the atmospheric conditions and sources at local
and regional scale contributing to O3 pollution in NYC.

2. Materials and Methods
2.1. Air Pollution Data Acquisition and Processing

Daily 8-h max O3 measurements at sixteen (16) sites in the New York City metropolitan
region for the 2007–2017 period were retrieved from the U.S. Environmental Protection
Agency (USEPA) Air Data system (Table 1) [22]. In addition, hourly O3 and nitric oxide (NO)
concentrations were obtained for sites with concurrent measurements for the monitoring
period. Figure 1 shows the locations of the air quality monitoring sites, population, and
major traffic corridors. There were:

• Seven sites are operated by the New York State Department of Environmental Con-
servation, four of them within NYC (City College of New York in West Harlem) (#1),
Pfizer Lab in Bronx (#3) and Queens College in Queens (#4), with more than 1.5 million
of people within 8 km of each site; White Plains in Westchester (#6, about 450,000 res-
idents within 8 km) County in Figure 1 and three of them in Suffolk County, Long
Island (#10, #11 (500,000–700,000 people) and #12 (57,000 people) in Figure 1);

• Six sites were operated by the New Jersey Department of Environmental Protection.
Three of the sites (#2, #5 and #15) were in populated urban settings (from 600,000 to
2,500,000 people within 8-km radius), while the remaining three were further away
from New York City (#13, #14 and #16, less than 275,000 people within 8-km); and

• Three sites along the US Interstate-95 highway to Bridgeport, CT, operated by the
Connecticut Department of Environmental Quality (#7, #8, and #9 in Figure 1, with
180,000 to 280,000 people living within an 8-km radius).

Ambient O3 concentrations were photometrically measured with approved federal
equivalent methods.
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Table 1. The characteristics (ID #, name, type, latitude, longitude, elevation, distance to CCNY site,
and population within an 8-miles radius of O3 monitoring sites in the study area.

ID # Site Name Latitude
(oN)

Longitude
(oW)

Elevation
(m)

Distance from
CCNY Site (km)

Population
(<8 km)

NYC urban sites
1 CCNY 40.819 73.948 45 - 4,117,668
2 Leonia 40.870 73.991 1 6.7 2,675,227
3 Pfizer Lab Site a 40.867 73.878 31 7.8 2,900,231
4 Queens College a 40.736 73.821 25 13.9 2,825,439
5 Bayonne a 40.670 74.126 3 22.5 1,426,212

Peri-urban sites
6 White Plains 41.051 73.763 64 31.5 452,018

7 Greenwich Point
Park 41.004 73.585 3 37.5 283,192

8 Sherwood Island a 41.118 73.336 4 62.4 188,692
9 Stratford 41.152 73.103 3 79.5 288,077

10 Babylon 40.745 73.419 27 45.2 671,479
11 Holtsville 40.827 73.057 45 75.2 455,965
12 Riverhead 40.960 72.712 31 105.7 57,381
13 Ramapo 41.058 74.255 3047 37.8 265,429
14 Chester a 40.787 74.676 278 61.3 205,712
15 Rutgers University 40.462 74.429 19 56.6 619,552

16 Monmouth
University 40.277 74.005 8 60.5 240,959

a Hourly O3 and NO measurements were retrieved.
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Figure 1. The locations of air quality sites, 2019 population (by US Census track [20]) and primary
road network in the study area. The numbers in the circle refer to sites ID# in Table 1.

2.2. Emissions Inventories and Wildfires

The 2008 and 2017 NOx and VOCs emissions for New York, New Jersey, and Con-
necticut were obtained from the USEPA National Emissions Inventory (NEI). It includes
emissions from point, area, mobile (on- and off-road), and event-specific sources based
on source activity data provided by the state, local, and tribal air agencies through the
Emissions Inventory System (EIS). Emissions have been reported by EIS sectors since 2008
as described in the Source Classification Codes (SCCs). SCCs are source-specific processes
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or functions that emit air pollutants. For this study, 2008 and 2017 NEI data by EIS sectors
were grouped into fourteen source types as follows: agriculture/livestock waste; biogenics
(including vegetation and soil); bulk gasoline terminals; commercial cooking; fires (includ-
ing agricultural, prescribed, and wildfires); commercial, electrical generation, industrial
and residential fuel combustion; gas stations; industrial and non-industrial processes; mo-
bile sources, solvent fugitive emissions; and waste disposal. The number of human- and
lightning-ignited wildfires and area burnt for the 2007–2017 period by year for each of the
eleven Geographic Area Coordinating Group (GACG) were obtained from the National
Interagency Fire Center (NIFC) [23]. The study area is part of the Eastern Area Coordination
Center (EACC) that includes a total of twenty (20) states: Connecticut, Delaware, Illinois,
Indiana, Iowa, Maine, Massachusetts, Maryland, Michigan, Minnesota, Missouri, New
Hampshire, New Jersey, New York, Ohio, Pennsylvania, Rhode Island, Vermont, West
Virginia, and Wisconsin.

2.3. Data Analysis

Ambient daily 8-h max O3 concentrations were tested for normality using the Shapiro-
Wilk test. The significance of difference among sites was assessed with the non-parametric
Kruskal-Wallis at α = 0.05. The daily 8-h max O3 absolute (∆C) and the percent relative
(%∆C/Ref) concentration differences and the coefficient of divergence (COD) were com-
puted [24]. The CCNY (located in City College of New York) (Site #1 in Figure 1) was the
reference site because of its central location to the study area. COD values vary from 0
to 1, with high COD values being indicative of spatial gradient. The paired ∆C between
two sites were used to determine whether concentrations change simultaneously among
the sites over time. The %∆C/CRef of 24-h paired concentration was computed to assess
systematic differences between the sites and site-to-site variation, respectively [24]. COD
was used to assess the spatial uniformity of measurements with respect to the concentration
levels [25].

The monthly 8-h max O3 concentration was computed for months with more than
75% of daily 8-h max O3 measurements. It has been previously used to examine the effect
of wildfires on O3, compliance with NAAQS, and to smooth the effects of local meteorology
and short-term changes in local emissions [24,25]. The annual trend was computed using
the de-seasonalized monthly 8-h max O3 concentrations by applying the non-parametric
sequential Mann-Kendall test at a confidence level of 95% [26,27].

Hourly NO and O3 concentrations were used to compute the morning NO-O3 crossover
time (tNOxO3) (in h) and the O3 accumulation time (tO3_acc) (in h) as follows: (i) the
tNOXO3 is the time of the day where NO and O3 profiles intersected after the early morning
NO peak; and (ii) the tO3_acc is the time of the day with the highest O3 concentration [11]
The ozone accumulation rate (in ppbv O3/h) was computed as follows:

Acc.Rate = ([O3](tO3_acc) − [O3](tNOxO3))/(tO3_acc − tNOXO3)

where [O3]tNOxO3 and [O3]tO3_acc are the O3 concentrations at NOxO3 crossover and O3
accumulation times of the day, respectively.

The two-tailed Spearman correlation coefficient was computed to assess the relation-
ship between wildfires and annual 8-h max O3 concentration. Analyses were done using
SPSS (Version 26) (IBM Analytics, Armonk, NY, USA) and Origin Pro (version 9.1) (Origin
Lab, Northampton, MA, USA).

3. Results
3.1. Spatial and Temporal Trends

Figure 2 shows the time series of monthly 8-h max O3 at the sixteen sites. Monthly 8-h
max O3 levels at all sites ranged from a 25 ppbv during the winter months (December to
February) to 90 at Pfizer Lab (#3), 91 ppbv at CCNY (#1) and Riverside (#12), 95 ppbv at
Leonia (#2), 94 ppbv at Ramapo (#), 96 ppbv at Queens College (#4), Holtsville (#11) and
Chester (#14), 97 ppbv at Monmouth University (#16), 101 at White Plains (#6), 102 ppbv
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at Rutgers Univ (#15), 103 ppbv at Stratford (#8) and Sherwood Island (#9), 105 ppbv at
Greenwich Point (#7), 111 ppbv in Bayonne (#5) and 114 ppbv in Babylon (#10). The highest
monthly O3 mixing ratios were typically measured in June and July. Note that O3 was
measured during April-October at Riverhead in NY, Ramapo and Monmouth University in
NJ, and all three sites in Connecticut.
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Table 2 shows the 2017 8-h max O3 concentration (in ppbv), the site-specific COD value,
median (and standard deviation (σ)) of absolute (∆C) and relative (%∆C/Ref) concentration
differences (relative to CCNY air quality monitoring site) and the annual trends of monthly
8-h max O3 levels for each site (ppbv/year). The 8-h maximum O3 concentrations for 2017
varied from 60 ppbv for the coastal site upwind of New York City in Monmouth University
(#16) to 81 ppbv for the two coastal sites downwind of New York City in Connecticut
(Sherwood Island (#8) and Stratford (#9)). The sites were grouped in two clusters based on
spatiotemporal similarities to the reference site (#1 at CCNY in Manhattan). The first cluster
was composed of sites within the NYC urban area (#3–5), with low COD values (from
0.10 to 0.14), ∆C (2–4 ppbv) and %∆C/Cref (from 6 to 12%) indicating the lack of a spatial
gradient within the densely populated area. For most of these sites (except for Bayonne
(#5) that is located on the south of the densely NYC populated area), the 8-h max O3
concentrations were increasing from 0.18 to 1.39 ppbv/year. For sites located perimetrically
to NYC, slightly higher COD (from 0.13 to 0.22), ∆C (from 5 to 9 ppbv) and %∆C/Cref (from
16 to 26%) suggested a weak spatial trend particularly across the west-east axis relative to
NYC. The 8-h max O3 concentrations declined from −0.25 to −1.82 ppbv/year except for
two of the nearest to NYC sites in Connecticut from +0.03 (#7) and +0.43 (#8) ppbv/year.

Table 2. The 2017 8-h max O3 concentration, mean COD, median (and standard deviation (σ)) oϕ
absolute (∆C) and relative (%∆C/Ref) concentration differences (compared to CCNY site) and annual
trends of 8-h max O3 concentrations.

Site No and Location 2017 8-h Max O3
(ppbv) COD ∆C

(Median (σ))
%∆C/Cref

(Median (σ))
Annual Trend

(ppbv/year)

NYC urban sites
1 CCNY 70 n.c. n.c. n.c. 0.24 *
2 Leonia 74 0.12 4 (5.0) 11 (129.7) 1.39 **
3 Pfizer Laboratories 69 0.10 2 (3.8) 6 (107.3) 0.31 **
4 Queens College 79 0.14 4 (5.1) 12 (119.1) 0.18
5 Bayonne 67 0.12 2 (5.2) 7 (108.1) −0.28

Peri-urban sites
6 White Plains 72 0.18 6 (6.6) 21 (92.5) −0.25 *
7 Greenwich Point Park 74 0.14 8 (6.4) 20 (32.4) 0.03 a

8 Sherwood Island 81 0.13 7 (7.3) 18 (30.1) 0.43 *,a

9 Stratford 81 0.16 9 (7.7) 23 (38.4) 0.01 a

10 Babylon 77 0.19 6 (7.3) 20 (161.4) −0.69 **
11 Holtsville 71 0.22 7 (12.0) 23 (199.1) −1.82 **
12 Riverhead 76 0.19 8 (8.9) 23 (102.9) −0.41 **
13 Ramapo 66 0.16 5 (9.0) 16 (164.2) 0.01 a

14 Chester 70 0.22 8 (8.1) 27 (150.2) −0.82 **
15 Rutgers University 75 0.20 8 (6.7) 26 (142.4) −0.41 *
16 Monmouth University 60 0.17 6 (9.0) 18 (154.2) −0.73 **

n.c.: not computed. a Data available only from April to October. * p < 0.05, ** p < 0.001.

Figure 3 shows the mean (±3 × standard error) ozone weekend-to-weekday effect
(OWE) ratio of average maximum O3 concentrations for each site. OWE values higher than
one indicate that weekend O3 concentrations were higher than those measured during
the weekdays. For all NYC urban sites, the OWE ratio was higher than 1 (from 1.04 to
1.07), indicating that weekend O3 levels were higher than those measured during weekend.
For two of the most populated peri-urban sites (White Plains (#6) and Babylon (#10)), the
OWE ratio was also higher than 1 (1.02 and 1.03, respectively), and less than one for the
remaining peri-urban sites.
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Figure 3. The mean (±3 × standard error) ozone weekend-to-weekday effect (OWE) ratio of average
maximum O3 concentrations for each site.

Figure 4 presents the day-of-week variation of the morning NOxO3 crossover time
(tNOxO3), the O3 accumulation time (tO3_acc) and the O3 accumulation rate for (a) Queens
College (NYC urban site (#4)) and (b) Chester (peri-urban site (#14)). For Queens College
site, the tNOxO3 crossover was observed at between 7:00 and 9:00 am and O3 accumulated
for six hours during weekdays and Saturday (Figure 4a). During Sunday, O3 formation
was not hampered because of low NO levels. The weekend NO concentrations (24-h mean:
1.4–1.8 ppbv; 1-h max: 3.7–6.9 ppbv) was up to three times lower than that measured during
weekdays (24-h mean: 2.7–3.4 ppbv; 1-h max: 7.7–14.0 ppbv). The lowest accumulation
rate observed on Sunday (1.24 ppbv/h) was counterbalanced by the longer accumulation
period, resulting in elevated O3 concentrations. Because of the lack of titration in the early
morning, the O3 overnight carryover on weekend (1-h: 18.6–23.4 ppbv) was higher than
that during weekdays (1-h: 13–16.7 ppbv), adding to higher O3 concentrations in weekend.

Atmosphere 2022, 13, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 3. The mean (±3 × standard error) ozone weekend-to-weekday effect (OWE) ratio of average 
maximum O3 concentrations for each site. 

Figure 4 presents the day-of-week variation of the morning NOxO3 crossover time 
(tNOxO3), the O3 accumulation time (tO3_acc) and the O3 accumulation rate for (a) Queens Col-
lege (NYC urban site (#4)) and (b) Chester (peri-urban site (#14)). For Queens College site, 
the tNOxO3 crossover was observed at between 7:00 and 9:00 am and O3 accumulated for 
six hours during weekdays and Saturday (Figure 4a). During Sunday, O3 formation was 
not hampered because of low NO levels. The weekend NO concentrations (24-h mean: 1.4 
−1.8 ppbv; 1-h max: 3.7–6.9 ppbv) was up to three times lower than that measured during 
weekdays (24-h mean: 2.7–3.4 ppbv; 1-h max: 7.7–14.0 ppbv). The lowest accumulation 
rate observed on Sunday (1.24 ppbv/h) was counterbalanced by the longer accumulation 
period, resulting in elevated O3 concentrations. Because of the lack of titration in the early 
morning, the O3 overnight carryover on weekend (1-h: 18.6–23.4 ppbv) was higher than 
that during weekdays (1-h: 13–16.7 ppbv), adding to higher O3 concentrations in weekend. 

 

 

 

 
(a) (b) 

Figure 4. The day-of-week variation of the morning NO-O3 crossover time (tNOxO3), the O3 accu-
mulation time (tO3_acc) (h), and the O3 accumulation rate (ppbv/h) for (a) Queens College (Site #10) 
and (b) Chester (Site #4). 

0.0
0.4
0.8
1.2
1.6
2.0
2.4
2.8
3.2
3.6
4.0
4.4

0

4

8

12

16

Sun Mon Tue Wed Thu Fri Sat

Ra
te

 (p
pb

v/
h)

tN
O

xO
3 

an
d 

tO
3_

ac
cu

m
 (h

)

Day of the week

tNOxO3 tO3_accum Rate

0.0

0.4

0.8

1.2

0

4

8

12

16

20

Sun Mon Tue Wed Thu Fri Sat

R
at

e 
(p

pb
v/

h)

tN
O

xO
3 

an
d 

tO
3_

ac
cu

m
 (h

)

Day of the week

tNOxO3 tO3_accum Rate

Figure 4. The day-of-week variation of the morning NO-O3 crossover time (tNOxO3), the O3

accumulation time (tO3_acc) (h), and the O3 accumulation rate (ppbv/h) for (a) Queens College (Site
#10) and (b) Chester (Site #4).

For Chester (Figure 4b), NO levels were minimal during weekends (1-h max
levels < 0.2 ppbv) and less than 1 ppbv during weekdays. As such, there was no O3
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titration, with prolonged periods of ozone accumulation albeit at low accumulation rates
(0.81–1.08 ppbv/h) for both weekends and weekdays. Moreover, the O3 overnight carry-
over (28.5–31.3 ppbv) did not vary among different days of the week.

3.2. O3 Precursors Emissions and Wildfires

Figure 5 shows the emission fraction (source category emission divided by the total
emissions) of NOx and VOCs emissions in 2008 and 2017 in fifteen categories including
anthropogenic combustion processes, wildfires, and biogenic emissions. In total, NOx
emissions declined from 766,498 tons in 2008 to 89,209 tons in 2017. VOCs emissions also
significantly declined, from 1,341,849 tons in 2008 to 213,272 tons in 2017. However, the
relative abundance of source categories on both NOx and VOCs remained unchanged
Biogenic (e.g., isoprene, terpenes) VOCs was the predominant source (approximately
40% in 2008 and above 50% in 2017) followed by combustion-related mobile sources (about
30% in 2008 and less than 20% in 2017) and fugitive solvent emissions (about 20% for
2008 and 2017). For NOx, mobile emissions (more than 76.5%) dominated both 2008 and
2017 emissions with minor quantities from other fossil and contemporary fuel sources
(Figure 5b). These trends were consistent with the declining NOx levels. VOCs levels may
also decrease albeit the chemical content may have been moderately altered.
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Table 3 shows the Spearman correlation coefficient of O3 concentrations, the number
of and area burnt by fires within the areas managed by the ten GACC coordinating centers.
Moderate to strong correlations were computed for the number (0.91, p < 0.001) and area
(0.60, p = 0.01) burnt by lightning-ignited fires in the Eastern Area followed by fires in the
Southern Area coordination center (number: 0.80, p = 0.003) encompassing all states east of
the Mississippi River and adjacent westerly states. Weaker correlations were computed
for human-ignited wildfires in the same regions. It is noteworthy that prescribed burns in
winter and spring for ecological management and to manage biomass fuel on the forest
floor account for most of the human-induced fires in the Southern area. The Spearman
correlation coefficient declined for wildfires further away from the study area



Atmosphere 2022, 13, 114 9 of 13

Table 3. Spearman correlation coefficients of monthly 8-h max O3 concentrations and lightning, the
number and area burnt by human-induced wildfires in regional GACG coordinating centers.

Number Area Burnt
GACG Coordinating Centers * Lightning Human Lightning Human

Eastern Area 0.91 *** 0.47 0.60 0.58
Southern Area 0.80 ** 0.24 0.44 0.41
Northern Rockies 0.00 0.08 0.36 0.31
Southwest 0.46 0.06 −0.11 0.18
Rocky Mountain 0.41 0.25 0.44 0.19
Great Basin 0.16 0.35 0.34 0.36
Northwest −0.48 −0.29 −0.08 −0.10
Northern California −0.12 −0.61 0.06 −0.32
Southern California 0.17 0.36 0.39 0.16
Alaska 0.01 −0.12 −0.28 −0.32

* Eastern Area (Connecticut, Delaware, Illinois, Indiana, Iowa, Massachusetts, Maryland, Maine, Michigan,
Minnesota, Missouri, New Hampshire, New Jersey, New York, Ohio, Pennsylvania, Rhode Island, Vermont,
Wisconsin, and West Virginia); Southern Area (Virginia, North Carolina, South Carolina, Georgia, Florida,
Kentucky, Tennessee, Alabama, Mississippi, Louisiana, Arkansas, Oklahoma except for Panhandle, Central and
Eastern Texas); Northern Rockies (North Dakota, Montana and Idaho-north of the Salmon River, Yellowstone
National Park, and a small portion of South Dakota); Southwest (Western Texas, New Mexico, and Arizona except
for the Strip); Rocky Mountain (Kansas, Nebraska, North Dakota, Colorado, and Wyoming except for western
Wyoming mountains); Great Basin (Utah, Nevada, Idaho-south of the Salmon River, the western Wyoming
mountains, and the Arizona Strip); Northwest (Washington and Oregon). ** Correlation is significant at the
0.01 level (two-tailed) *** Correlation is significant at the 0.001 level (two-tailed).

The annual variation of 8-h max O3 concentration, number and area burnt by lightning-
ignited wildfires in the Eastern and Southern GACG areas are presented in Figure 6a,c,d.
Figure 6b also shows the Oceanic Niño Index (ONI), the 3-month moving average sea sur-
face temperature anomaly of the east-central tropical Pacific, near the International Dateline.
ONI values > +0.5 are indicative of El Niño conditions, while ONI values < −0.5 ◦C are
characteristic of La Niña conditions. Overall, there were more naturally occurring wildfires
in the Eastern and Southern area during La Niña periods in 2007–2008, 2010–2011 and
recently, than years with El Niño conditions.
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4. Discussion

In this study, we observed heterogeneity in the trends of monthly 8-h max O3 concen-
trations in urban and peri-urban sites in the NYC metropolitan area during 2007–2017. The
declining trends in peri-urban sites are consistent with national O3 trends for less urbanized
and rural areas [12]. These sites are usually located downwind of urban agglomerations
where the highest 8-h max O3 concentrations were historically recorded. Conversely, an
increasing trend of O3 was observed for the sites located within the urban agglomeration,
areas that historically experienced high traffic-related NOx emissions and low O3 concen-
trations. This is also in agreement with increasing trends at urbanized locations across the
US [12]. Similar trends were observed across the world with increasing concentrations in
urban areas (0.31 ppbv/year) and declining O3 levels in rural areas (−0.23 ppbv/year)
over the past three decades [28,29]. The opposite trends in O3 concentrations in peri-urban
and urban sites can be tentatively explained by declining anthropogenic VOCs and NOx
emissions over the past decades, and the non-linear sensitivity of O3 formation to VOCs-
to-NOx instantaneous ratio [30]. In urban areas, O3 levels are conditioned by NO (from
vehicular emission) titration in the early morning. Because of the significant declines in
NOx emissions, titration of O3 by NO was reduced leading to an increase of nighttime
carryover O3 [30]. Ninneman and Jaffe [21] computed that the summertime ozone pro-
duction efficiency in New York State rural sites increased in response to NOx reductions
in NOx-limited conditions. The VOCs-to-NOx ratio between 2008 and 2017 (based on
EPA NEI) may have increased from 26.7% to 83.5% depending on VOCs composition
that can transition from VOC-limited conditions to NOx-limited for O3 formation. Using
satellite measurements of HCHO and NO2, Jin et al. [15] estimated that transition from
VOCs-limited to NOx-limited conditions occurred within 40–60 km for NYC by 2013–2016,
as compared to 80–120 km in the past, accompanied by the reversal of O3 weekend effect.

The transition from VOCs-limited to NOx-limited conditions may be better delineated
in O3 weekend effect. The average OWE effect for the urban areas was consistent with
that observed in other US urban areas [31]. It has been attributed to the reduction in NOx
emissions from road traffic on weekends, particularly on Sundays, leading to a lower O3
titration by NO that also appears to be the dominant cause in NYC. VOCs emissions from
recreational and residential activities may offset reduced traffic-related VOCs emissions in
weekends allowing for longer O3 accumulation and production [11]. In peri-urban sites,
there was no O3 weekend effect, in agreement with previous studies [30,31]. This was
ascribed to the reduced NO titration throughout the week. Analysis of the 2018 summer O3
exceedances in NYC, accompanied by a series of heatwaves showed that shortly downwind
of Manhattan and within the urban corridor, O3 formation transitioned to NOx-limited
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conditions. Moreover, the combination of NOx and biogenic VOCs primarily contributed
to high O3 levels [32].

We observed a strong correlation between O3 levels and the frequency of regional
wildfires. Changes in local photochemistry and regional transport may also influence O3
trends. For the Northeastern US, ambient ozone concentrations were more dependent on
ambient temperature (30%) than anthropogenic NO emissions reductions (10%) [33]. For
the Northeast, which includes the study area, regional O3 transport (60%) explained most of
the O3 variability [33]. Transport from wildfires can modify O3 at receptor sites. It was pre-
viously observed that the 8-h max O3 concentration increased as the fire intensity increased
due to the mixing of VOCs-rich wildfire plumes with NOx [11,18,24]. These conditions
may further enhance the NOx limited conditions in NYC yielding high O3 concentrations.
Moreover, oxygenated VOCs released during wildfires (e.g., methoxy phenols) may react
with NOx to form stable peroxyacetyl nitrates (PANs) that permanently remove NOx and
moderate downwind O3 levels [24,32]. The transition from El Niño to La Niña conditions
over periods of two–three years of El Niño–Southern Oscillation (ENSO) is associated
with increased wildfires in the US. This may be due to the accumulation of fresh biomass
during the El Niño events including invasive grasses that trigger faster wildfire progres-
sion. During La Niña conditions in the following years, increased temperatures, reduced
precipitation, and drought create conditions that promote fast-spreading wildfires [34].

5. Conclusions

The analysis showed increasing O3 concentrations in sites within urban agglomera-
tions while O3 concentrations peri-urban have been declining. This was tentatively assigned
to changes in the photochemical regime from VOC-limited to NOx-limited conditions. The
weekend-weekday O3 pattern indicated that reduced O3 titration by NO has been declining
increasing the nighttime O3 carryover and promoting longer O3 accumulation periods.
Moreover, a strong correlation of O3 levels with regional wildfires was computed. This
was attributed to increased VOCs emissions and the formation of PANs in the smoke
plume during transport and its mixing with ground-level air that can further augment
NOx-limited conditions. The frequency and magnitude of wildfires in the eastern US were
related to the sequence of El-Nino and La Nina events, with more lightning-ignited fires
during dry periods. To mitigate increasing O3 levels in densely populated areas, future
emission control strategies should also consider the compounding global and regional
effects of climate change.
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