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Abstract. A non-linear change in baseline ozone concentrations at northern midlatitudes has been quantified over preceding
decades. During the past few years several studies, using linear trend analyses, report relatively small trends over selected time
periods - results inconsistent with the earlier developed picture. We show that reported COVID-19 related ozone changes in
the background troposphere based on the linear analysis are significantly larger than those derived considering recent long-
term decreases in background ozone, which the linear trend analyses do not quantify. We further point out that the extensive
loss of lower stratospheric ozone in the unprecedented 2020 springtime Arctic stratospheric ozone depletion event likely
reduced the natural source to the troposphere rendering the background anomalously low that year. Consideration of these two
issues indicates that the COVID-19 restrictions had a much smaller impact on background tropospheric ozone in 2020 than
previously reported. A consensus understanding of baseline ozone changes and their causes is important for formulating
policies to improve ozone air quality; cooperative, international emission control efforts aimed at continuing or even
accelerating the ongoing decrease in in hemisphere-wide background ozone concentrations may be the most effective approach
to further reducing urban and rural ozone in the more developed northern midlatitude countries, as well as improving ozone
air quality in all countries within these latitudes. Analysis of baseline ozone measurements over several years following the
COVID-19 impact is expected to provide a firm basis for resolving the inconsistencies between the two views of long-term

northern midlatitude ozone changes and better quantifying the COVID-19 impact.

1 Introduction

Ozone is a species of central importance in the troposphere. Ozone itself is an air pollutant of concern throughout the world,
and is also a greenhouse gas contributing to climate change. Its photolysis in the presence of water vapor is the dominant
source of hydroxyl radicals, which initiate complex radical chain chemistry that removes many air pollutants from the
atmosphere, but also produces a wide range of secondary photochemical products, some of which are important pollutants

themselves. Fully understanding the temporal and spatial distribution of 0zone within the troposphere is difficult, because it is
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directly injected from the stratosphere, and also is produced within the troposphere from photochemical reactions of precursors

emitted by numerous, widely-distributed natural and anthropogenic sources.

By about ten years ago a broad understanding of the ozone distribution in the background troposphere at northern

midlatitudes had been established; that understanding includes, among others, three important quantified features:

In response to increasing ozone precursor emissions accompanying industrial development, ozone had increased
markedly over the last half of the 20" century. Quite early Crutzen (1988) realized that “... at more remote background
stations substantial ozone increases have taken place.” Logan et al. (2012) gave a quantification of these changes over
Europe, and Parrish et al. (2012; 2014) determined that increase amounted to a factor of approximately 2 between 1950
and 2000.

Due to the long lifetime of ozone in the free troposphere combined with the dominant zonal atmospheric transport at
midlatitudes, a high degree of zonal similarity exists in the average midlatitude ozone distribution. This was realized
quite early by Junge (1962): “With respect to ozone the (northern midlatitude) troposphere can be considered a well-
mixed reservoir ....” Parrish et al. (2012; 2014) demonstrated that long-term changes were zonally similar within
statistical uncertainties. There is one documented, statistically significant spatial gradient in average background
ozone; as summarized by Crutzen et al. (1999) there is a “tendency for O3 mixing ratios to increase with height, ...
due to influx from the stratosphere and some net ozone production in the upper troposphere, along with uptake of
ozone at the surface.”

Effective efforts to reduce precursor emissions in North America, Europe, and later in China, ended the increase and
had even reversed the trend in background ozone concentrations. Consequently, long-term ozone changes have been
highly non-linear. Logan et al. (2012) found “that the ozone increased by 6.5—10 ppb in 1978-1989 and 2.5-4.5 ppb

in the 1990s and decreased by 4 ppb in the 2000s in summer with no significant changes in other seasons.”

In the following discussion we refer to this understanding as the “Conventional Wisdom”.

In the past few years, several published papers with a common group of lead authors have reached conclusions inconsistent

with all three elements of this Conventional Wisdom:

Tarasick et al. (2019) critically reviewed historical ozone measurements, and concluded that ozone had increased to a
significantly smaller extent than a factor of 2 during industrial development: ... there is robust evidence for increases
in the temperate and polar regions of the northern hemisphere of 30-70%, ....”

Gaudel et al. (2018; 2020), Cooper et al. (2020) and Chang et al. (2022) reported substantial spatial differences in
derived long-term ozone changes at northern midlatitudes.

These same papers (Gaudel et al., 2018; 2020; Cooper et al., 2020; Chang, K.-L. et al., 2022) utilized linear trend
analysis approaches, and found only small, positive or negative mean trends over the past 2 to 3 decades throughout

northern midlatitudes; these results were interpreted as indicating that only small changes had occurred.
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In the following discussion we refer to the picture developed in these recent papers as the “Linear Trend View”. Confusion
remains regarding these issues, because none of the recently published papers assessed the origins of, or the reasons for, the
inconsistencies between their analyses and the earlier Conventional Wisdom.

Authors of this paper have been involved in several recent efforts to resolve the inconsistencies between the Conventional
Wisdom and the Linear Trend View:

e Parrish et al. (2021a) identified several biases in the Tarasick et al. (2019) ozone trend determination, and concluded
that “northern mid-latitude tropospheric baseline ozone concentrations, ... increased by a factor of 2.1 + 0.2 over the
1950-2000 period.”

e  Parrish et al. (2020) quantified the degree of zonal similarity of ozone at northern midlatitudes by selecting the longest,
high-quality, baseline ozone data sets available at northern midlatitudes; they found no statistically significant
differences in either long-term changes or seasonal cycles among eight in situ data sets collected at surface sites within
the marine boundary layer and higher elevation mountain sites, and from aircraft and sondes in the free troposphere.

e  Parrish et al. (2021b) synthesized multiple published linear trend analyses of western U.S. baseline ozone, and showed
that all results are consistent with an overall, non-linear change — a rapid increase (~5 ppb/decade) during the 1980s
that slowed in the1990s, maximized in the mid-2000s, and was followed by a slow decrease (~1 ppb/decade) thereafter.
These efforts support the Conventional Wisdom quantification of all three features of the northern midlatitude ozone
distribution.

The decrease of anthropogenic emissions associated with the COVID-19 pandemic provides an additional opportunity to
investigate the inconsistencies between these two views of the northern midlatitude ozone distribution. The reduction in
societal activity associated with efforts to stem the COVID-19 pandemic significantly reduced anthropogenic precursor
emissions, thereby perturbing ozone photochemical production. Consequently, there has been great interest in investigating
the effect of this perturbation on the ozone distribution based on observations, both within polluted continental regions
(Gkatzelis et al., 2021 and Sokhi et al., 2021 provide reviews) and within the global background troposphere. Our goal is to
examine the reported quantifications of COVID-19 related ozone changes in the background troposphere at northern
midlatitudes within the context of the established long-term changes in baseline ozone that have occurred over the past four
decades. In this work the term “baseline” is used to refer to measurements that have been made at locations that are free of
recent continental influences, and thus directly reflect ozone in the background troposphere.

Steinbrecht et al. (2021) point out that during 2020 ozone concentrations observed in the northern hemisphere free
troposphere were lower than in any previous year since at least 2000, and use those observations to estimate the COVID-19
impact on ozone concentrations outside of polluted regions. They conclude that from April to August, 2020 and from 1 to 8
kilometers altitude, ozone was on average 7% (= 4 ppb, i.e., nmol/mol) smaller than the 20002020 climatological mean, and
that the major cause for this difference is COVID-19 related emission reductions during 2020. Cristofanelli et al. (2021) report
negative ozone anomalies at a high mountain site in northern Italy that are consistent with the findings of Steinbrecht et al.

(2021). Clark et al., (2021) utilize In-service Aircraft for a Global Observing System (IAGOS) to document a slightly negative
3
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ozone anomaly in the free troposphere above Frankfurt, Germany; this anomaly lies just outside of the range of interannual
variability based on their 1994-2019 climatology. Chang et al. (2022) focus on the free troposphere over western North
America and Europe; they document negative ozone anomalies in 2020 in the free troposphere that are the most profound since
their reference year of 1994.

In this work we investigate an additional question not considered in these reports, but one that must be answered to
accurately estimate the reduction of tropospheric ozone associated with COVID-19 impacts: What baseline ozone
concentrations would have been expected in 2020 in the absence of the COVID-19 pandemic? As discussed earlier, there are
conflicting treatments of the pre-pandemic trends. The Conventional Wisdom holds that following a decades-long increase of
ozone at northern midlatitudes associated with industrial development, baseline ozone has decreased throughout northern mid-
latitudes since the mid-2000s (Logan et al., 2012; Parrish et al., 2017; 2020; 2021a). This decrease has been plausibly attributed
to decreasing precursor emissions in Europe, North America and, more recently, China (e.g., Jiang et al., 2020). Additionally,
stratosphere-to-troposphere exchange (STE) of ozone also may have played an important role (Polvani et al., 2018; Griffiths
et al., 2020; Abalos et al., 2020). The Arctic ozone depletion in 2020 was the largest observed to date (Wohltmann et al., 2020;
Weber et al., 2021), and was especially pronounced in the lower stratosphere (Ardra et al., 2022). This depletion likely reduced
the STE of ozone coincident with, but independent of, the reduction of precursor emissions due to COVID-19.

Both of these impacts, the long-term changes in baseline ozone and the interannual fluctuations in STE, must be
quantitatively considered before it is possible to accurately estimate the extent to which COVID-19 related precursor emission
reductions actually perturbed baseline ozone concentrations. In this work, we quantitatively address the impact of the long-
term changes. We do not attempt to accurately quantify the impact of reduced STE, but do note that the impact from its
anomalously large perturbation from the average northern hemisphere stratospheric contribution, would serve to further

diminish the quantified role of Covid-19 restrictions in determining the 2020 tropospheric ozone levels.

2 Methods and Results

The observational data and most analysis results discussed here are taken from the published literature, as referenced herein;
no new measurement data are presented. Our goal is to put disparate analyses and discussions into a common context in order
to answer as fully as possible the question posed above, and to help further resolve the inconsistencies between the
Conventional Wisdom and the Linear Trend View of the northern midlatitude ozone distribution.

Parrish et al. (2020) analyzed eight baseline data sets collected in western North America and western Europe; these
observations and the derived long-term baseline ozone changes are plotted in Figure 1, which is modified from Figures 9 and
10 of Parrish et al. (2020). These data include the longest available time series of high quality measurements conducted at
surface sites (from the marine boundary layer up to mountain tops) and airborne (sonde and aircraft) platforms. The
Conventional Wisdom implies that the long lifetime of ozone in the free troposphere (longer than circum-global transport
times at these latitudes) ensures that mean ozone concentrations exhibit a high degree of zonal similarity. Parrish et al. (2020)

show that, as expected, there are no statistically significant differences in the long-term ozone changes derived from these

4
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eight independent data sets; thus the relatively small number of locations (twelve included in the eight data sets) serves to
accurately characterize the mean long-term baseline ozone changes throughout northern mid-latitudes. These data clearly show
the non-linear behavior described above with a decreasing trend in the recent past; the average ozone levels observed in the
pre-COVID years (2014-2018) were already lower than any previous year since 2000. Moreover, Parrish et al. (2021b) show
that the quadratic fit used to describe this non-linearity in these to the long-term ozone changes shown in Figure 1 is consistent,
within the estimated errors, with all other reported trends in baseline ozone across the Western US. Power series analysis
showed that these baseline ozone changes are quantified to the limit of statistical significance by the quadratic polynomial fit

(solid curve in Figure 1) to the monthly mean data defined by:
03 = a + b*t + c*t? (1)

where the derived coefficient values are a = -0.2 = 0.2 ppb, b = 0.21 + 0.06 ppb yr ! and ¢ = —(18 + 6) x 107> ppb yr 2, with t
= year — 2000, which is the time in years referenced to the beginning of year 2000. The deseasonalized monthly mean data
from each data set were normalized to zero at that reference time, which is consistent with the derived a parameter value near
zero. Section S1 discusses additional aspects of this fit.

The data from which the quadratic curve fit is derived extend only through 2018, and although we acknowledge that
extension of a parametric, non-linear regression is not always advisable, a modest 3-year extrapolation of Equation 1 (black
dotted curve in Figure 1) provides a reasonable estimate of -3.2 + 1.3 ppb (green circular symbol in Figure 1) for the normalized
baseline ozone in mid-2020. This extrapolation thus provides an estimate of the expected baseline ozone concentrations in
2020 had the COVID-19 pandemic not occurred. Extrapolations of other plausible fits to the ozone decrease following the
mid-2000s maximum generally pass within the 2-c confidence interval indicated by the error bars.

Steinbrecht et al. (2021) compare year 2020 measured ozone with the twenty-year 2000-2020 climatological mean, and
find that 2020 was on average = 4 ppb lower. The 2000-2020 mean baseline ozone can be derived from integration of the
quadratic fit given by Equation 1; the result is indicated by the blue line segment in Figure 1. Since the 2000 to 2020 period
includes both the baseline ozone maximum in the 2000s and lower concentrations in the 2010s, that average is -0.4 ppb, i.e.,
similar to, but slightly smaller than, the year 2000 normalization of 0 ppb. The result of Steinbrecht et al. (2021) implies that
2020 mean baseline ozone is = 4.4 ppb below the year 2000 value, as indicated by the red square in Figure 1.

Chang et al. (2022) apply a multiple linear regression model to estimate trends and associated uncertainties for 15 northern
mid-latitude ozone data sets of ozone profiles in the free troposphere (see their Table 2). The mean of the derived trends (each
trend weighted by the inverse of the square of its uncertainty) over the 1994-2019 period is -0.025 + 0.015 ppb yr !, which
corresponds to a small net change (-0.6 + 0.4 ppb) over that 26 year period. This result is included in Figure 1 as the violet
line, which has the above slope and is normalized to the twelve 2-year means included within that period. An extrapolation of
that line to mid-2020 (indicated by a single dot in the figure) gives an estimate of -0.7 ppb for 2020 northern midlatitude
baseline ozone had the COVID-19 pandemic not occurred. Importantly, the slope of the net change over the 1994-2019 period

also can be calculated from the quadratic fit of Equation 1:
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dOs/dt = b + 2 c*t @)

This slope evaluated at 2007 (i.e., the mid-point of the 1994-2019 period) is -0.042 + 0.006 ppb yr ! based on the quadratic fit
parameters given above. These estimated slopes are small, because the mid-point of this period is close to the maximum of the
quadratic fit in 2005.7 + 2.5 (Parrish et al., 2020). The slope derived from equation 2 corresponds to a net change -1.1 + 0.2
ppb over the 1994-2019 period. This comparison indicates that the net ozone change over the 26-year period derived in the
analyses of Parrish et al. (2020) and Chang et al. (2022) agree closely, -1.1 = 0.2 and -0.6 + 0.4 ppb, respectively, although the
latter analysis does not attempt to quantify the non-linear character of the long-term change that results in that small net change.
Chang et al. (2022) present other averaging approaches over differing time periods; there are small differences in the derived
trends, but all give a trend of zero within = 0.1 ppb yr !, indicating small overall changes similar to the violet straight line

segment in Figure 1; Table S1 and Figure S1 compare all of these Chang et al. (2020) fits with fits derived from Equation 2.

3 Discussion

The two different approaches to characterizing the underlying long-term changes give two significantly different values of the
baseline ozone concentrations expected at northern midlatitudes in 2020 in the absence of the COVID-19 pandemic. As
illustrated in Figure 1, the Conventional Wisdom (i.e., extrapolation of the non-linear changes derived over the past four
decades as quantified by Parrish et al. (2020)) gives the expectation that even without the pandemic in 2020, baseline ozone
would have decreased to 3.2 £+ 1.3 ppb (green circular symbol in Figure 1) below the reference year 2000. In contrast, the
Linear Trend View (i.e., using either the 2000-2020 climatological mean (Steinbrecht et al. (2021) or extrapolation of the
small mean linear trend derived by Chang et al., (2022)) gives significantly larger expected 2020 baseline ozone, only 0.4 ppb
(blue line segment) or 0.7 ppb (extrapolation of the violet line) below the reference year 2000, respectively. These differing
expectations then lead to different conclusions regarding the impact of the COVID-19 emission reductions: -1.2 £ 1.3 ppb
from the Conventional Wisdom versus -4 ppb (Steinbrecht et al., 2021) or -3.7 ppb (Chang et al., 2022) from the Linear Trend
View.

Several studies have emphasized the more qualitative observation that 2020 baseline ozone was anomalously low.
Steinbrecht et al. (2021) note that “monthly means in spring and summer 2020 were actually the lowest, or close to the lowest,
since 2000” in several ozonesonde data sets. Cristofanelli et al. (2021) report that “Low O3 monthly anomalies were observed
during spring (MAM) and summer (JJA), when periods of low Os intertwined with periods with higher Os, within
climatological ranges” at Mt. Cimone in Italy. Chang et al. (2022) find “that free tropospheric ozone negative anomalies in
2020 are the most profound since the benchmark year of 1994 for both Europe and western North America.” Clark et al. (2022)
note that the ozone “anomaly in the free troposphere above 2000 m is negative, lying just outside of the range of interannual
variability based on the 26-year (IAGOS) time series (at Frankfurt, Germany).” Importantly, the Conventional Wisdom view
would have predicted these qualitative findings, even in the absence of the COVID-19 impact; the quadratic fit illustrated in
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Figure 1 indicates that the continuing baseline ozone decrease would have been expected to lower average northern midlatitude
baseline ozone below that in any previous year since 1990.

A further complication is also important. As Steinbrecht et al. (2021) note, the largest Arctic ozone depletion event on
record occurred in the spring of 2020. That depletion was more significant than past events, particularly at lower altitudes (13-
18 km) as illustrated in Wohltmann et al. (2020), Manney et al. (2020) and Ardra et al. (2022). Thus in comparing 2011 and
2020, as was done by Steinbrecht et al. (2021), the reduction in tropospheric mean ozone due to a diminished stratospheric
influx was likely smaller in 2011. This difference between the two years is clearly illustrated by Figures 3a and 3b in
Steinbrecht et al. (2021), which show an average decrease of ~2.5% in ozone measured by sondes between 8 — 15 km in 2011,
whereas the depletion is 10% in the same layer in 2020. It is clear that ozone in the lower stratosphere was significantly less
during 2020 than in 2011. Influx of stratospheric ozone into the troposphere occurs predominantly by quasi-horizontal
isentropic mixing in the extratropics and is strongest in the springtime northern hemisphere (Holton et al., 1995). While
quantifying the exact impact that this extreme Arctic ozone depletion event had on tropospheric ozone in 2020 is difficult, an
approximate estimate can be made. If we assume that the 10% ozone depletion in the lower stratosphere in 2020 implies a 10%
reduction in STE, and if we assume that 25% of the ozone in the free troposphere at northern mid-latitudes is of stratospheric
origin (see Plate 6 of Lelieveld and Dentener, 2000), then a 2.5% decrease of ozone in the free troposphere at northern mid-
latitudes is expected beyond that due to the long-term downward trend illustrated in Figure 1. This estimate is in accord with
a recent simulation (Bouarar et al., 2021), which found that the impact of the springtime Arctic stratospheric ozone depletion
on the northern hemispheric tropospheric ozone burden in April-August of 2020 was 2-3% (approximately 1-2 ppb).

In summary, Steinbrecht et al. (2021) demonstrate that average 2020 free tropospheric ozone across the northern
hemisphere decreased from the 2000-2020 climatological mean by =~7% (= 4 ppb). They attribute this difference to the
COVID-19 crisis. However, here we compare 2020 ozone to that extrapolated from the non-linear long-term ozone changes
that have occurred over the last four decades, and quantify a COVID-19 impact of significantly smaller magnitude (1.2 = 1.3
ppb); considering the 95% confidence limit of the result, the 2020 expectation is even consistent with no COVID-19 impact
on baseline ozone at northern mid-latitudes. Indeed, the estimated 1-2 ppb baseline O3 decrease from the 2020 Arctic depletion
event (Bouarar et al., 2021) combined with the Conventional Wisdom estimate is sufficient to explain all of the 2020 ozone
decrease without any impact from Covid-19 emission reductions.

Importantly, two or three years of data collected after the impact of the COVID-19 pandemic on ozone precursor emissions
has ended will allow a more accurate and precise determination of the magnitude of that COVID-19 impact, and will allow us
to determine whether the Conventional Wisdom or the Linear Trend View provides a more realistic and accurate
characterization of long-term baseline ozone changes at northern mid-latitudes. One future investigation will be illuminating;
the long-term record of baseline-sorted ozone measurements at Mace Head (Derwent et al., 2018) can be extended. Figure 2
compares the unsorted monthly mean ozone concentrations measured at the Mace Head Atmospheric Research Station on the
North Atlantic Ocean coastline of Ireland. Three consecutive 10-year climatologies are represented showing the rise in baseline

ozone from the end of the 20™ century with the peak in the early 21% century. Also shown are the + 2 standard deviations for

7
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the entire 30 years, and the monthly averages during the year of 2020 impacted by COVID-19. According to the northern
hemispheric baseline concentrations shown in Figure 1, the baseline ozone of 2020 is expected to be similar to that of the
1987-1996 interval. Comparing these curves shows how the deviations in 2020, outside of the month of July, are
inconsequential with respect to those expected. Furthermore, the 2020 fluctuations remain within the 30-year climatological +
2 standard deviations envelope. These comparisons suggest that the COVID-19 impact on baseline ozone at northern
midlatitudes is small enough that it will be difficult to extract a quantification that is statistically significantly different from
Zero.

In closing, we note that a clear resolution of the inconsistencies between the Conventional Wisdom and the Linear Trend
View is important for designing air quality improvement strategies for local and regional ozone air quality in the earlier
developing economies (i.e., in North America and western Europe). In these countries local and regional emission control
efforts have reduced domestic ozone production by large factors, leaving relatively little opportunity for further ozone air
quality improvement through domestic emission controls alone (Parrish et al., 2022; Derwent et al., 2022 and references
therein). Consequently, cooperative, international emission control efforts aimed at continuing or even accelerating the
ongoing decrease in northern midlatitude baseline ozone concentrations may be the most effective approach to further ozone
reductions in these earlier developing countries. As quantified by Steinbrecht et al. (2021) and illustrated in Figure 1, northern
midlatitude baseline ozone concentrations in 2020 were ~8% below those in 2000, which were in turn 47 to 57% above the
1950 concentrations according to the analysis of Parrish et al. (2021a); this difference implies there may be a large potential
for additional reductions in northern midlatitude baseline ozone concentrations before they approach preindustrial levels.
Complicating this picture is mounting evidence that the STE source of ozone will increase in coming decades due to
acceleration of the Brewer-Dobson circulation driven by the changing climate (e.g., Muel et al., 2018; Abalos et al., 2020);
This additional issue emphasizes the importance of understanding, from first principles, the distribution of tropospheric

background ozone, and the causes of its long-term changes.
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Figure 1: Baseline ozone concentrations at northern midlatitudes over four decades. Gray points are normalized, deseasonalized
monthly mean northern midlatitude data; open circles with error bars are 2-year means with standard deviations of the gray points,
and the black solid curve is a quadratic polynomial fit to the gray points (Parrish et al., 2020). The dashed black line extrapolates
the quadratic fit to mid-2020. The red square and green circle indicate estimates of the year 2020 annual mean from Steinbrecht et
al. (2021) and the extrapolation of the quadratic fit, respectively; the error bars on the green circle indicate the estimated 95%
confidence limit of the extrapolation. The blue dotted bar indicates the 2000 to 2020 mean normalized baseline ozone derived from
integration of the quadratic fit. The violet line segment has a slope equal to the weighted mean of the northern midlatitude linear
trends for 1994-2019 given in Table 2 of Chang et al. (2022), normalized to the 1994-2018 2-year means.
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Figure 2. Time series of monthly mean ozone mixing ratios measured at the Mace Head Atmospheric Research Station on the North
Atlantic Ocean coastline of Ireland. These data have not been sorted for baseline conditions. The broken curves show the three

consecutive decadal averages: 1987-1996 (orange dotted), 1997-2006 (green dashed), and 2007-2016 (blue dot-dash). The shaded
360 region represents the + 2c of the 30 year averages, and the dark red solid line plots the 2020 data.
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