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Abstract During summer 2023 Canada experienced its most intense wildfire season on record. Smoke
plumes from these fires advected across the United States (U.S.) Upper Midwest, producing regional scale
surface enhancements of PM, 5 and ozone, as recorded by the U.S. surface monitoring network. These events
are notable because they occurred early in the fire season (May 15-June 30), and they produced the highest
regional-scale surface ozone levels ever recorded across the northern tier of the U.S. during early (May—June) or
late (July-August) summer. Specifically, the Upper Midwest 50th ozone percentile was greater than in any other
year since 1995, when the ozone monitoring network had sufficient coverage to assess regional-scale ozone
levels; the 90th percentile was the highest since 2002. Satellite and aircraft measurements demonstrate the
availability of ozone precursors and ozone production within the smoke plumes.

Plain Language Summary Ozone is a trace gas in the atmosphere that acts as an important
greenhouse gas, and high concentrations near Earth's surface are a form of air pollution, detrimental to human
health and vegetation productivity. Ozone is formed by sunlight reacting with precursor gases, such as those
emitted by fossil fuel combustion. Wildfires are also an important source of ozone precursor gases. During
summer 2023 Canada experienced its most intense wildfire season on record. Smoke from these fires impacted
the U.S. Upper Midwest during May—June 2023, leading to regional scale surface enhancements of fine
particulate matter and ozone. These unusual early season fires produced the highest regional-scale surface ozone
levels ever recorded across the northern U.S. Mid-latitude wildfires have increased as the planet warms, and
their frequency is expected to increase further with continued climate change. This analysis suggests that
extreme ozone pollution episodes associated with wildfires could also increase in the future.

1. Introduction

Ozone production from biomass burning emissions was first documented in the late 1950s and early 1960s,
related to land clearing and removal of agricultural waste in California (Darley et al., 1966; Feldstein et al., 1963).
The first airborne observations of ozone production from smoke occurred in prescribed burning plumes in
Australia during the early 1970s, with greater production at the top of the plume where solar radiation was
strongest (Evans et al., 1974, 1977). The processes revealed by these observations, and from subsequent mea-
surements in the Colorado Rocky Mountains, suggested that biomass burning could contribute to ozone pro-
duction on the global scale (Crutzen et al., 1979). Studies in the 1980s, enabled by new satellite observations of
total and tropospheric column ozone, discovered widespread tropospheric ozone enhancements above the tropical
regions of South America and the South Atlantic Ocean, largely attributed to biomass burning (Crutzen
et al., 1985; Fishman et al., 1986, 1991; Moxim & Levy, 2000; Sauvage et al., 2007; Thompson et al., 1996).
Similarly, analysis of exploratory aircraft measurements in the 1990s attributed a significant portion of the ozone
above the tropical South Pacific Ocean to biomass burning (Schultz et al., 1999). Model studies have also
demonstrated that singular events, such as the 1997-1998 Indonesian peat fires can impact ozone on the global
scale (Bowman et al., 2009; Duncan et al., 2003; Fiore et al., 2022; Rowlinson et al., 2019). A recent assessment
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of airborne observations above the world's oceans concluded that biomass burning emissions contribute to ozone
production on a scale greater than or equal to urban emissions (Bourgeois et al., 2021).

Focusing on the U.S., many studies have demonstrated surface and free tropospheric ozone production from
wildfire smoke (Jaffe et al., 2013, 2020; Johnson et al., 2021; Lu et al., 2016; McKeen et al., 2002; Wotawa &
Trainer, 2000). Most observations of direct ozone production have occurred in the western states where smoke
levels are most intense, and where instrumented aircraft experiments have targeted wildfire plumes (O’Dell
et al., 2020; Robinson et al., 2021; Warneke et al., 2023). Sharp ozone increases at western rural monitoring sites
were associated with widespread wildfires during summer 2020 (Putero et al., 2023), despite ozone decreases in
the free troposphere caused by the COVID-19 economic downturn (Chang et al., 2023; Miyazaki et al., 2021).
Enhanced ozone production in urban and suburban areas has also been attributed to wildfire smoke (Langford
et al., 2023; Lee & Jaffe, 2024; Lill et al., 2022; Peischl et al., 2023; Pollack et al., 2021; Rickly et al., 2023).

This analysis reports extreme surface ozone enhancements across the Upper Midwest during the early summer of
2023, caused by frequent smoke plumes from Canadian wildfires. These events are notable because they occurred
early in the fire season (May—June), and they produced the highest regional-scale surface ozone levels ever
recorded across the northern tier of the U.S. during early summer (based upon observations since the mid-1990s,
when widespread ozone data became available for assessing regional-scale ozone enhancements). Furthermore,
these events were associated with the most intense Canadian wildfire season on record. The fires burned
15.0 Mha, more than seven times the annual average, produced continental scale anomalies of aerosol optical
depth and carbon monoxide, and emitted four times as much carbon as Canada's annual fossil fuel emissions
(Byrne et al., 2024; Dunn et al., 2024). In contrast, the U.S. experienced its smallest area burned (1.1 Mha) since
1998, far less than the record year of 2015 (4.1 Mha) (https://www.nifc.gov/fire-information/statistics/wildfires).

2. Methods

This study relies upon nationwide observations of maximum daily 8-hr average surface ozone (MDAS) and 24-hr
average surface PM, s archived by the U.S. Environmental Protection Agency (EPA). These metrics were chosen
because they are relevant for protecting human health with regards to short-term exposure to ozone and PM, s,
and they align with the U.S. National Ambient Air Quality Standards (NAAQS) as follows: (a) the 24-hr average
primary and secondary NAAQS for PM, 5 are 35 pg m™; attaining the NAAQS requires the 3-year average of the
98th percentile remain at or below 35 pug m™>; (b) the primary and secondary NAAQS for ozone are 70 ppb;
attaining the NAAQS requires the 3-year average of the annual fourth highest MDAS8 ozone value remain at or

below 70 ppb.

We downloaded MDAS ozone (1990-2023) and 24-hr average PM, 5 (2009-2023) observations at all available
EPA-approved monitoring sites. In 2023 there were 1173 sites monitoring ozone and 773 sites monitoring PM, s;
453 sites monitored both pollutants. The observations were filtered to remove 24-hr average PM, 5 values with
fewer than 22 hourly observations. If a particular monitoring site reported PM, 5 from more than one instrument,
the data were averaged across all instruments. As this study focuses on regional scale enhancements, our analysis
is limited to years with adequate data coverage for estimating regional ozone levels. Ozone data availability is
sufficient for regional-scale assessments for 1995-2023, and PM, 5 data availability is sufficient for 2011-2023.

The surface observations were spatially interpolated to produce daily gridded exposure maps of ozone and PM,, s.
The synthesis of observations from hundreds of individual monitoring sites is challenging because the method
must account for irregularly distributed measurement locations (see Chang et al. (2021) for detailed discussions).
Geographically weighted modeling requires certain flexible spatial correlation structures, which must be fit
through the observations, in order to build a regular grid with interpolated values at unsampled locations. Our
spatial modeling is implemented via the framework of the generalized additive models (GAM) (Wood, 2017), and
spatial interpolations based on Gaussian processes are applied to the daily ozone and PM, 5 concentrations, which
is appropriate for daily scale data (Berrocal et al., 2012). Further details of this method are described by Chang
et al. (2021). Our analysis compares ozone observations at a particular monitoring site to nearby PM, 5 obser-
vations based on the interpolated PM, 5 daily exposure maps. Oftentimes PM, 5 monitors are not located at the
same sites as the ozone monitors, and therefore the inferred PM, 5 levels are subject to interpolation errors.

We focus on the Upper Midwest, which can be broadly defined as the states of North Dakota, South Dakota,
Nebraska, Minnesota, Iowa, Wisconsin, Illinois and Michigan. Most of the high ozone episodes occurred in a
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region we refer to as North Central (38.95°N—49°N, 87°W-104°W), which includes all of the Upper Midwest
states except for Michigan. For comparison we also define two other regions, Northwest (38.95°N—49°N,
104°W-125°W) and Northeast (38.95°N-49°N, 66°W-87°W). Together, these three regions span the entire
northern half of the conterminous U.S. The southern bound of the three study regions was selected so that it
includes most of the ozone enhancements above the central U.S., while omitting the regions of California with the
highest anthropogenic emissions (and associated ozone levels), such as Sacramento, San Francisco and southern
California. This demarcation allows the analysis to focus on regions of the Northwest where wildfires are ex-
pected to have the greatest relative impact. However, this southern boundary omits the 2023 ozone enhancements
that occurred from St. Louis, Missouri, down to southern Illinois.

Additional data sets are described in the Supporting Information S1: (a) aircraft observations of ozone production
within a Canadian smoke plume; (b) satellite detected ozone precursors within the smoke plumes; (c) GOES-West
satellite images showing the smoke plumes; and (d) satellite detected fire radiative power.

3. Results

Beginning in early May 2023, NOAA polar orbiting satellites revealed wildfire temperature hotspots in western
Canada (Figure 1), and NOAA geostationary satellite imagery showed the associated smoke plumes advecting
southwards across the northern U.S. We monitored the Canadian wildfires all season to gauge their potential
impacts on U.S. surface air quality. The plume locations were reported daily by the NOAA Hazard Mapping
System Fire and Smoke Product, and their projected paths were forecast by the NOAA National Air Quality
Forecast Capability (https://airquality.weather.gov). The average location of the smoke plumes during early
summer is indicated by satellite observations of the ozone precursors carbon monoxide (CO) and peroxy acyl
nitrates (PANs) (Figure 1). These precursors were detected by the CrIS satellite instrument, which is primarily
sensitive to thermal infrared emissions in the free troposphere, and is capable of measuring trace gases within
smoke plumes (Juncosa Calahorrano et al., 2021). On May 16th the first surface observations of PM, 5 above
35 pg m~ occurred in Montana, and the smoke plume quickly spread across the Upper Midwest on May 17-18,
as shown in the daily maps of interpolated ozone and PM, 5 observations (Figure S1 in Supporting Informa-
tion S1). The first widespread surface ozone enhancements (>70 ppbv) associated with surface-level smoke
plumes appeared across the Upper Midwest on May 22 (Figure 2). This pattern repeated several times until June
30 (Figure S1 in Supporting Information S1), with two notable events occurring on June 6 and 28 (Figure 2). The
presence of PANs within these individual plumes was detected by the CrlS satellite instrument (Figure S2 in
Supporting Information S1). As previously observed in urban areas (Buysse et al., 2019), the ozone response to
smoke levels can be non-linear, with the highest ozone levels not always associated with the highest PM, s
concentrations.

Figure 3 summarizes the number of days during May 15-June 30 that exceeded the ozone and PM, s NAAQS.
Several dozen sites across the Upper Midwest experienced 3-8 PM, 5 exceedances during the 47-day period,
while on average there were no exceedances during May 15-June 30 over the previous 10 years. Similarly, a
typical early summer period across the Upper Midwest has very few ozone exceedances, with most occurrences
ringing Lake Michigan (Cleary et al., 2022). However, early summer 2023 saw frequent ozone exceedances
across the Upper Midwest, distinct from the typical Great Lakes distribution of exceedances. Most sites recorded
at least four exceedances, and some surpassed twenty.

Examples of the unusual number of ozone exceedances are illustrated with long-term observations at 12 moni-
toring sites (3 urban and 9 rural) across the Upper Midwest (Figures S3 and S4 in Supporting Information S1). The
rural ozone monitor at Devil's Lake in southern Wisconsin was close to the epicenter of the most frequent ozone
and PM, 5 exceedances shown in Figures 3c and 3d. From 1995 through 2022, warm season (April-September)
MDAS ozone values decreased at the rate of —3.2 + 0.4 ppbv decade™" (p-value = 0.00), consistent with previous
trend analysis across this region (Fleming et al., 2018; Simon et al., 2015). Exceedances of the current ozone
standard were once common at this site from 1995 through 2005, but became rare from 2006 to 2022, making the
15 exceedances in 2023 highly unusual. Similar behavior occurred at the other 11 sites, regardless of an urban or
rural setting, although not all sites show decreasing ozone trends.

To place the early summer Upper Midwest ozone levels in the context of the historical record we divided the
northern half of the conterminous U.S. into 3 regions, Northwest, North Central and Northeast. The domains of
these regions are shown in Figure 3a, with the North Central region encompassing much of the Upper Midwest.
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Figure 1. (a) NOAA-20 VIIRS fire detections with fire radiative power (FRP) greater than 290 MW, which is the 90th
percentile of all detections above North America during May 15-30 June 2023. Detections are shown for three time periods:
May 15-31 (purple), June 1-15 (teal), and June 16-30 (orange), 2023. Also shown are CrIS observations of CO (b) and

PANS (c), averaged over May 15-30 June 2023.
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Figure 2. Interpolated observations of 24-hr average PM, 5 (left) and MDAS ozone (right) on May 22 (top), June 6 (middle),
and June 28 (bottom), 2023. Inset panels show the NOAA smoke product on the same days; shading indicates light smoke
(yellow) to heavy smoke (dark red).

Figures 4a—4c compare the 90th, 50th and 10th ozone percentiles in the North Central region to the Northwest and
Northeast for the years 2009-2023, and for the early (May 15— June 30) and late (July and August) summer
periods. Figures S5 and S6 in Supporting Information S1 show the same data, but in more detail and for the full
record for which regional-scale ozone can be assessed across the northern U.S. (1995-2023). Figures 4b—4d (and
Figures S7 and S8 in Supporting Information S1) show similar results for PM, s, but regional-scale PM, 5 can
only be assessed back to 2011. The 50th ozone percentile in the North Central region in May—June 2023 was
58 ppbv, which was 8 ppbv greater than the Northwest and 10 ppbv greater than the Northeast. The North Central
May-June 50th percentile was also 8—14 ppbv greater than these same three regions during late summer. Going
back to 1995, none of these regions has ever experienced a 50th percentile so high, in either early or late summer,
although the Northwest came close in July—August 2021 (56 ppbv) when wildfires were associated with high
ozone across this region (Putero et al., 2023). The 90th percentile across the North Central region was 73 ppbv
during May—June 2023, the highest since 1995. The Northwest has never reached this level, while the Northeast
frequently exceeded 73 ppbv long ago (1995-2002), but hasn't reached this level since 2002. In terms of PM, s,
the North Central and Northeast regions experienced 90th percentiles in early summer (May—June) 2023 that were
greater than any other year (going back to 2011), in either early or late summer, with the exception of the
Northwest in July-August of 2018 and 2021 when wildfires were widespread across the region (Buchholz
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Figure 3. Comparison of observed MDAS ozone (right) and 24-hr average PM, 5 (left) for May 15-30 June 2023 (bottom)
and May 15-30 June 2013-2022 (top). The metric is the number of days in this 6-week period that an ozone monitor exceeds
70 ppbv (MDAS), or that a PM monitor exceeds 35 pg m™>; 2013-2022 exceedances are presented as a 10-year average. The
bounds of the Northwest, North Central and Northeast regions are shown in (a).

etal., 2022). An additional view of the extreme nature of the 2023 ozone and PM, 5 levels across the North Central
region is provided in Figure S9 of Supporting Information S1.

4. Discussion and Conclusions

This record-breaking ozone episode coincides with the presence of widespread and persistent PM, 5 enhance-
ments caused by wildfire smoke plumes originating in western Canada. As ozone production from wildfire smoke
is a well-established phenomenon, we attribute the 2023 ozone enhancements across the North Central region to
the smoke plumes. We provide two additional pieces of supporting evidence that demonstrate that the Canadian
fires were capable of strong ozone production. (a) The OMI satellite instrument showed strong NO, anomalies
above some of the burn areas (Figure S10 in Supporting Information S1), demonstrating that these fires were
emitting high levels of NO,, an important ozone precursor. While OMI did not detect NO, above all of the fires,
previous work has shown that NO, is commonly emitted throughout the lifetime of a wildfire, but mainly during
the flaming periods (Anderson et al., 2023; Jin et al., 2023; Yokelson et al., 1996). Furthermore, the CrIS satellite
instrument detected enhancements of PANs, an important ozone precursor, within the smoke plumes (Figure 1c
and Figure S2 in Supporting Information S1). (b) During the Atmospheric Emissions and Reactions Observed
from Megacities to Marine Areas (AEROMMA) field mission (see Supporting Information S1 for further details)
the NASA DC-8 research aircraft made extensive atmospheric chemistry measurements above the Midwest and
Northeast during July-August 2023. While the DC-8 did not fly above the Upper Midwest during May—June, it
sampled Canadian smoke plumes on multiple occasions. The DC-8 intercepted a smoke plume above Gary,
Indiana on 1 August 2023, that originated in western Canada approximately 5 days earlier. Consistent with the
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Figure 4. Seasonal percentiles during early summer (top) and late summer (bottom) of MDAS ozone (left, 2009—-2023) and
24-hr average PM, s (right, 2011-2023). Data are shown as the average of the percentiles (90th, 50th, 10th) at every
individual monitoring sites in the Northwest, North Central and Northeast regions of the U.S. (see Figures S5-S8 in
Supporting Information S1 for the percentiles at each monitoring site).

smoke plumes observed during May and June 2023, the CrIS satellite instrument detected enhanced CO and
PANs within the plume (Figure S2 in Supporting Information S1). Instruments onboard the DC-8 measured
elevated CO, acetonitrile and organic aerosol levels within the plume that are typical of smoke produced by
biomass burning (Figure 5). At CO levels above 0.3 ppmv (300 ppbv), ozone was greater than 75 ppbv and
positively correlated with all three biomass burning tracers, indicating strong photochemical ozone production
within the plume, which was isolated in the lower free troposphere, and therefore not impacted by U.S. surface
emissions.

The surface ozone enhancements across the Upper Midwest during May—June 2023 were just as great at the rural
monitoring sites as in urban areas, demonstrating that the biomass burning emissions alone were sufficient for
strong ozone production. Smoke-related ozone enhancements at U.S. rural monitoring sites have been observed
before (Lu et al., 2016; Putero et al., 2023), but never to the extent seen across the Upper Midwest during May—
June 2023. Why were the 2023 ozone levels so extreme? The primary reason is that the 2023 wildfire emissions
were so extensive that they simply led to more and larger smoke plumes that could repeatedly impact the same
area over a relatively short period. By the end of June total carbon emissions from the Canadian wildfires reached
180 Mt, double the emissions of the average fire season that typically extends through September (CAMS, 2023).
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Figure 5. Scatter plots of ozone versus CO, colored by acetonitrile (CH;CN) (left) and organic aerosol (OA) (center), and a
scatter plot of ozone versus organic aerosol (right), as measured by the NASA DC-8 between 2000 and 4,000 m above sea
level, over Gary, Indiana, 16:30 UTC, 1 August 2023.

Wildfire NO, emissions are stronger during the initial flaming stage than during the later smoldering phase
(Anderson et al., 2023), and a steady occurrence of new and intense fires argues for a strong and persistent source
of NO, emissions. We also note that these plumes were transported close to the surface which may allow for the
conversion of peroxyacetyl nitrate (PAN) to NO,, and therefore greater ozone production (Wang et al., 2021; Xu
et al., 2021). Future work will use regional scale atmospheric chemistry models to simulate ozone production
from the 2023 wildfires, and sensitivity studies could quantify the level of emissions necessary to produce the
observed ozone enhancements, especially in terms of the plume height and PAN budget.

Reductions of anthropogenic emissions have led to strong ozone decreases across much of the U.S. (Simon
et al., 2015; U.S.EPA, 2020; Wells et al., 2021). Our updated 90th percentile trend analysis shows strong
summertime ozone decreases across the North Central and Northeastern U.S. from 1995 to 2013, with little to no
decrease since 2013 (Figures S5 and S6 in Supporting Information S1). Over a 6-week period in May—June 2023,
the impact of Canadian wildfires briefly negated the long-term improvements in ozone air quality, with the Upper
Midwest highest ozone values (90th percentile) similar to the widespread pollution levels in the late 1990s and
early 2000s. Climate change could make these fire-generated ozone events more common in the future. North
American wildfire intensity has increased in recent decades (Balch et al., 2017; Cunningham et al., 2024; Jones
et al., 2022; Parks & Abatzoglou, 2020), and climate change is expected to increase mid-latitude wildfire fre-
quency and intensity for the remainder of the 21st century, regardless of emissions scenario, due to the committed
warming expected from current greenhouse gas levels (Byrne et al., 2024; UNEP, 2022). Wildfire smoke is
harmful to human health (O’Dell et al., 2021, 2022), and a recent study has estimated that wildfire particulate
matter could double or triple across the Pacific Northwest in late summer and autumn by the end of the 21st
century (Xie et al., 2022). Our analysis suggests that ozone pollution associated with wildfires could also increase
in the future, with the 2023 wildfire season providing an extreme scenario for evaluating the chemistry climate
models that can estimate future ozone exposure.

Data Availability Statement

NASA satellite data used in the creation of this manuscript included OMI total column NO, (Krotkov et al., 2019)
and CrIS partial column PANs (Bowman, 2021a) and CO (Bowman, 2021b). Surface MDAS8 ozone values and
24-hr average PM, 5 values were calculated and provided by the United States Environmental Protection Agency
and can be downloaded from: https://ags.epa.gov/aqsweb/airdata/download_files.html. NASA DC-8 aircraft
observations on 1 August 2023 are available here: https://csl.noaa.gov/groups/csl4/modeldata/. NOAA-20 VIIRS
fire radiative power satellite data available here: https://www.ospo.noaa.gov/Products/land/hms.html. NOAA
Hazard Mapping System Fire and Smoke Product produced by the NOAA Office of Satellite and Product Op-
erations is available at: https://www.ospo.noaa.gov/Products/land/hms.html#maps. NOAA GOES-WEST sat-
ellite data are available from: https://registry.opendata.aws/noaa-goes/ and https://www.aev.class.noaa.gov/saa/
products/welcome.
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