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Abstract. A continuous, 48-year measurement record, plus some earlier measurements, of baseline ozone at northern mid-
latitudes are analyzed to quantify seasonal cycles and long-term changes of annual mean tropospheric ozone. Long-term
changes are similar at all sites, and seasonal cycles are similar in the marine boundary layer (MBL) and in the free
troposphere (FT), but with marked differences between those two environments. Over the last half of the 20" century, ozone
concentrations increased by a factor of ~2, the seasonal cycle amplitude increased by nearly 50%, and its maximum shifted
to later in the year by 10 + 13 days. The long-term increase ended early in the 21 century, followed by a slow decrease that
reversed only a small fraction of the total earlier increase. In contrast, the seasonal cycle returned to near that of the
preindustrial period. Simulations by six earth system models agree with the magnitude of the overall ozone increase and the
increase ending early this century; however, observations indicate only a post-1950 increase, while models simulate a slower
increase beginning in 1850. Consequently, the high bias of model simulations, while modest (~10%) in recent years, was
much larger (~87%) in the 1950s. Qualitatively similar seasonal cycles and shifts are seen in the measurements and
simulations, but simulations do not show the observed strong separation between MBL and FT behavior. We hypothesize
that models simulate a background troposphere that is too NOx-rich, implying a lesser role than models simulate for methane

in raising background ozone concentrations.
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1 Introduction

Ozone is one of the most important trace species of the troposphere. It is both an air pollutant, damaging to human health and
ecosystems, and a greenhouse gas, contributing to climate warming. It is also the dominant precursor of hydroxyl radicals,
which in turn drive the photochemical processes that remove many pollutants from the atmosphere and determine the
concentration of trace species in the troposphere. These processes can also produce ozone during oxidation of precursor
species emitted from both anthropogenic and natural sources. Quantifying the spatial distribution of ozone and its temporal
variability on seasonal and long-term (i.e., decadal scale) time scales is critical to our understanding of tropospheric
composition and climate change. The first goal of this paper is to improve that quantification within the background
troposphere at northern midlatitudes through analysis of the available 48-year record of ozone observations. Here we use the
term “baseline” to refer to air masses that have not recently (i.e., on a synoptic scale of about 3-20 days) been influenced by
continental ozone sources or sinks; it is these air masses that represent the background troposphere. Ozone precursor
emissions are predominately localized in the continental boundary layer, resulting in significantly more complex temporal
ozone variability there than in the background troposphere; we will not consider this more complex regime. Northern mid-
latitudes is a zone of particular interest because anthropogenic ozone precursors were predominantly emitted here during the
early decades of industrial development, and those emissions have decreased over more recent decades. Moreover, our
analysis is observationally-based, and the historical record of ozone measurements is most extensive in this region. The
second goal of this paper is to present the derived quantification of ozone variability in a coherent context so as to enhance
our conceptual understanding of the ozone sources and sinks that drives this variability. Essential to that presentation is a
comparison of the observational analysis results with global model simulations of the zonal tropospheric ozone distribution.
Global model simulations find that the mean lifetime of ozone in the troposphere is on the order of 3 weeks (e.g.,
Stevenson et al., 2006; Young et al., 2013). However, ozone loss is relatively fast in the tropics and the moist planetary
boundary layer, so the local and regional ozone lifetime is heterogenous, with a mean net lifetime in an isolated, free
troposphere (FT) air parcel at northern midlatitudes of several months or longer (see detailed discussion in Parrish et al.,
2021a). The mean zonal wind speed in the FT provides a circum-global transport time that is shorter than this mean net
ozone lifetime; therefore, mean ozone concentrations exhibit a significant degree of zonal homogeneity in the northern
midlatitude FT. Parrish et al. (2020) examined this homogeneity, and found similar long-term changes and mean seasonal
cycles throughout the FT, albeit with a significant positive vertical gradient driven by the separation between the important
ozone source from the stratosphere and the prevailing boundary-layer ozone loss (photochemistry in pristine marine
environments and/or dry deposition onto continental vegetation). Since entrainment of ozone from the FT is the predominant
source of ozone to the marine boundary layer (MBL), long-term ozone changes in this layer are similar to those in the FT.
However, the MBL exhibits a very different ozone seasonal cycle from that in the FT due to the large seasonal variation of
ozone loss in the MBL. Mims et al. (2022) present a conceptual model of baseline ozone at northern midlatitudes, one that

quantitatively captures many of the primary features of the baseline ozone distribution in the troposphere, including the
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stronger vertical gradients over maritime regions and the phase delay in the FT seasonal cycle from the peak injection time
of stratosphere-to-troposphere exchange.

The large degree of zonal similarity ensures that analysis of only a relatively few data sets is required to provide a
comprehensive quantification. Parrish et al. (2020) analyzed eight high quality, in situ measurement data sets from baseline
representative sites with the longest records in order to quantify baseline ozone changes from 1978, the beginning of the
earliest measurement record, through 2018. These sites are near the western coasts of Europe and North America, include
MBL and FT surface sites as well as data from balloon-borne sondes and commercial aircraft. This paper extends that
analysis to include up to 9 additional years of measurements in those records available by late 2025, and also includes
additional analyses. Specific issues we address include 1) more accurate and precise quantification of the long-term ozone
changes over the longer data records, 2) determination if baseline ozone continues to decrease after a maximum reached in
the first decade of this century, since a continuing decrease would bring both climate and air quality benefits, 3) accurate and
precise quantification of the change in baseline ozone concentrations during the period of decreased anthropogenic precursor
emissions associated with the COVID-19 pandemic, 4) determination of systematic shifts in the phase and amplitude of the
baseline ozone seasonal cycle, and 5) comparison of the observational analysis with similar analysis of ozone simulations
from global models. In general we attribute the ozone changes to long-term precursor emission changes, so we include some

analysis of cause and effect mechanisms.

2 Data and analysis methods
2.1 Data sets analyzed

The eight baseline representative data sets analyzed by Parrish et al. (2020), with the additional measurement data now
available, are analyzed in this work. That earlier paper gives descriptions of each data set and includes site locations and
elevations in their Table 1. To improve signal to noise in the analysis of long-term ozone changes in this work, each pair of
FT data sets over Europe and North America are combined into a single FT data set over the respective continents. Tables S1
and S2 of the Supplement give the total time spans and numbers of monthly means of the extended data sets analyzed here.

Some specific details of the extended data sets analyzed here should be noted:

e Mace Head data are the monthly mean baseline ozone mixing ratios analyzed by Derwent et al. (2024). These have been
filtered by meteorological analyses to select ozone data that are representative of the unpolluted Northern Hemispheric
marine boundary layer. They span April 1987 — May 2022 and are available from Appendix A of that reference.

e The Pacific MBL data set was collected at four measurement sites along the northern US Pacific Coast beginning in
November 1987. This record is here extended through the end of 2024 with monthly means calculated from Trinidad
Head surface site hourly data downloaded from the NOAA Global Monitoring Laboratory data archive

(https://gml.noaa.gov/ozwv/surfoz/, last accessed 11 November 2025). These Trinidad Head surface ozone data are

described by Effertz, Peter; Petropavlovskikh, Irina (2026). NOAA Earth System Research Laboratory Surface Ozone
3
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Data, Version 2 from 1973-09-13 to 2024-12-31 (NCEI Accession 0312023). NOAA National Centers for
Environmental Information. Dataset. https://doi.org/10.25921/hbbh-0q04. Version 1 of the data were accessed through
2023 and Version 2 for 2024. No data were reported for 22 months (July-December, 2017 and October 2018-December

100 2019) during the 2017-2019 period, or for March-July 2023. In previous analyses, relatively high speed, on-shore wind
periods were selected to isolate baseline representative data (Parrish et al., 2009) for all months through May 2017;
however, recent wind data are not available at the Trinidad Head Observatory, so baseline ozone concentrations for later
months are estimated from the full ozone data set as described in Section S1 of the Supplement. The monthly and annual
means for this complete data set, along with the identity and measurement periods of the four sites, are given in Table

105 S7 of the Supplement.

o The Lassen NP data set is collected at an elevated, inland site in northern California; here it is extended with monthly

means calculated from hourly data available from the U.S. National Park Service (https:/ard-request.air-

resource.com/data.aspx, last accessed 7 November 2025). With the exception of August 2025, all monthly means over

the 38 years of measurements from October 1987 through September 2025 are available and included in the analysis.
110 e The European alpine data set comprises monthly means calculated from measurements at three surface sites in the
European Alps; here it is extended with monthly means calculated from hourly data available from the EBAS database

(https://ebas.nilu.no/data-access/, last accessed 22 November 2025) operated by the Norwegian Institute for Air

Research (NILU). The German Environment Agency provided the Zugspitze-Schneefernerhaus surface ozone data,
which began in January 1978; Trikl et al. (2023) present a recent analysis of this data set. Measurements at the
115 Jungfraujoch site began in January 1990 and are now part of the Swiss National Air Pollution Monitoring Network
operated jointly by EMPA and the Swiss Federal Office for the Environment. The Environment Agency Austria
provided the ozone data from the Sonnblick site, which also began in January 1990. As discussed by Parrish et al.
(2020), the Zugspitze data have been collected at two different sites; in later years data from the site at a slightly lower
elevation averaged 97.4% of those from the original site so the more recent data are corrected for this difference. A few
120 monthly means are missing from each data set, but averages over the three sites provide an unbroken record of monthly
mean ozone over 47 years (1978-2024). The monthly and annual means for this complete data set is given in Table S8
of the Supplement.
e The European sonde data set represents monthly mean data calculated from all sondes launched from three western
European sites. In this work the entire data set is recalculated from all sonde files available beginning in 1998 from the
125 Network for the Detection of Atmospheric Composition Change (NDACC) website (www.ndacc.org, last accessed 25
November 2025). In some cases there are minor differences between these files and those analyzed by Parrish et al.
(2020). The Hohenpeissenberg data were provided by Wolfgang Steinbrecht of Deutscher Wetterdienst, the Payerne
data by Eliane Maillard Barras and Yann Salvi of MeteoSwiss, and the Uccle data by Roeland Van Malderen of the
Royal Meteorological Institute of Belgium; Van Malderen et al. (2021) describe a recent analysis of this last data set.

130 Together the three data sets provide a complete record of monthly mean ozone over nearly 28 years (January 1988 —

4
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October 2025) obtained from a total of. 11,511 sondes. The monthly and annual mean ozone concentrations averaged
over the 3 to 9 km altitude range for this complete data set are given in Table S9 of the Supplement.

e JAGOS monthly means are calculated from the 15,915 profiles measured over Frankfurt Germany from August 1994
through September 2023, the latest data posted to the public archive (http://www.iagos.org, last accessed 6 November

2025). The numbers of profiles in several months were limited in the time intervals between the MOZAIC and IAGOS
programs, and during the reduced air travel period of the COVID-19 pandemic; months with 4 or fewer profiles are
excluded from analysis. This data set was referred to as MOZAIC by Parrish et al. (2020). MOZAIC/CARIBIC/IAGOS
data were created with support from the European Commission, national agencies in Germany (BMBF), France

(MESR), and the UK (NERC), and the IAGOS member institutions (http://www.iagos.org/partners). The participating

airlines (Lufthansa, Air France, Austrian, China Airlines, Hawaiian Airlines, Air Canada, Iberia, Eurowings Discover,
Cathay Pacific, Air Namibia, Sabena) supported IAGOS by carrying the measurement equipment free of charge since
1994. The data are available at http://www.iagos.fr thanks to additional support from AERIS.

e The North American free troposphere data are from sondes launched from two sites by the NOAA Global Monitoring
Laboratory: Boulder, Colorado beginning in January 1992 and Trinidad Head, California beginning in August 1997.

Data downloaded from the laboratory data archive (https://gml.noaa.gov/ozwv/ozsondes/, last accessed 8 November

2025) extended the Boulder data set through September 2025 from a total of 1796 sondes and the Trinidad Head data set
through July 2024 from a total of 1657 sondes. The Boulder data provide a complete record of monthly mean ozone

over nearly 34 years with an average of 4 to 5 sondes per month.

2.2 Mathematical description and analysis of long-term changes and seasonal cycles

Here we outline our analysis approach and methods; Section S3 of the Supplement gives this same description with
additional details discussed. We simultaneously quantify the long-term changes and seasonal cycle of baseline ozone through
a least-squares fit of ozone monthly means to Equation 1,

Os(t) = a + bt + ct? + dt* + Ar*sin(y + ¢r) + A2*sin(Qy + ¢2), )
where t is time in years relative to the year 2000 (i.e., t = year-2000). The seasonal cycle variable, y, spans one year's time
period in radians from 0 to 27, i.e., y = 27t, beginning from zero at the start of each year.

The first four terms of Equation 1 are a cubic polynomial that quantifies long-term changes. Cubic polynomial fits to
monthly mean ozone concentrations in individual data sets are illustrated in Figs. S1-S4. The parameter values derived in fits

of that equation allow calculation of the year that maximum ozone was reached,

yearmax = [-¢ = (¢? - 3bd)"?]/3d + 2000; 2)
if a quadratic polynomial provides an adequate fit, a simpler equation suffices,
yearmax = -b/2¢ + 2000. 3)
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The final two terms of Equation 1 are the first two terms of a Fourier series: the fundamental (i.e., a single sine cycle per
year) and the second harmonic (i.e., two sine cycles per year). Only one or two harmonic terms are generally statistically
justified in the fits in this work.

Model simulations have indicated that the seasonal cycle of baseline ozone at northern midlatitudes shifted over past
decades, both in magnitude and phase (e.g., Bowman et al., 2022). This shift is attributed to changing anthropogenic
precursor emissions; it was initiated by the emission increase that accompanied industrial development, reached a maximum
in the late 20" Century, and has since begun to reverse as those emissions have been reduced (Bowman et al., 2022). Fits of
Equation (1) quantify the average seasonal cycle over the time period spanned by the fitted data. However, in favorable cases
Bowman et al. (2022) find that inclusion of two Gaussian functions can separately describe the shifts in the magnitude and
phase of the fundamental of the seasonal cycle; these are added to the A; and ¢, parameters in Equation 1:

A1 = A" + rrexp{-((t-m)/s)*}, 4)

¢1=$1" + rs*exp{-((t-mg)/s9?}. (&)
Equations 4 and 5 quantify the shift in the amplitude and phase of the seasonal cycle, respectively. The r and ry parameters
define the magnitude of the Gaussian functions (i.e., the maxima of the shifts in ppb and radians, respectively), the m and my
parameters give the times (in years relative to the reference year 2000) that those maxima were reached, and the s and sy
parameters quantify the widths in years of the functions. In these equations, the 4;° and ¢;° parameters characterize the
amplitude and phase of the preindustrial seasonal cycle, since the Gaussian terms contribute negligibly before ~1900.

Most of the analyses in this work are based upon fits of Equation 1 to the data sets summarized in Section 2.1. In Section
3.4, we investigate long-term shifts in the baseline ozone seasonal cycle for one data set; for this analysis, Equations 4 and 5
are substituted into Equation 1 to derive the fitting equation:

Os(t)=a + bt + ct? +dt* +
(A1 + r*exp{-((t-m)/s)*}*sin(y, + $1° + ra*exp{-((t- mg)/sy)*}) + A2*sin(2y + ¢42). Q)
The fit of Equation 6 to only one of the ozone data sets gave statistically significant values for the parameters of the
Gaussian functions. This particular fit to Equation 6 gave statistically significant values for 12 of the 14 parameters, but the
second harmonic did not make a significant contribution. Further, ms =m and s4 =s within the derived confidence limits; this
equivalence is expected if the shifts in the magnitude and phase of the fundamental arise from the same physical cause, such
as changing anthropogenic emissions. Accordingly, the final analysis of this data set is simplified by reducing Equation 6 to
Equation 7 with 10 parameter values:
O3(t) = a + bt + ct> +d* +
(A1 + rrexp{-((t-m)/s)*})*sin(y + ¢1° + r¢*exp{-((t-m)/s)’}). (7

Unless indicated otherwise, 95% confidence limits are given for the parameter value values; these are calculated from the

fits of equations to monthly mean data with corrections for autocorrelation of those means. Section S3.2 of the Supplement

discusses these statistical issues in more detail.
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3 Results
3.1 Long-term changes in mean baseline ozone

The time series of monthly mean ozone concentrations from the eight data sets are illustrated together in Fig. 1, and shown
more clearly for individual data sets in Figs. S1-S4. These figures include the estimated long-term ozone changes given by
fits of Equation 1 to the monthly means and include the derived polynomial coefficient values; Table S1 and S2 collect all
derived parameter values, and include additional information. Parrish et al. (2020) fit the earlier years of the same eight data
sets (i.e., up to 2014 to 2018, depending upon the data set) with a quadratic, rather than the cubic polynomial utilized here;
their Fig. 9 is in the same general format as Fig. 1 to facilitate comparisons, and their Figs. S1-S4 are similarly organized to
those same numbered figures in this work. The same general shapes are seen in the fitted curves between the two analyses;
however, with the later years of data the coefficients of the cubic terms derived in this work are positive and larger than
those derived by Parrish et al. (2020), so that they now have greater statistical significance. This indicates that the derived
rate of decrease in baseline ozone concentrations in recent years, which is seen in all of the fitted curves, is no longer
accelerating. The derived b, ¢, and d coefficient values in Table S1 generally agree within their confidence limits among the
six data sets, which implies no statistically significant difference among the long-term changes derived from the six data sets,
and these values are generally consistent with the b and ¢ coefficient values in Table 2 of Parrish et al. (2020) that were
derived from quadratic polynomial fits.

The magnitudes of the baseline ozone concentrations do differ significantly between data sets (cf. a parameter values in

Table S1, which quantify the annual mean in the reference year

2000). These differences reflect the altitude dependence of baseline [T European sondes|™ T [-e- Boulder sondes ]

80 |—* E\GOS - | Trinidad Head sondes| |
. . . —e— European aipine
ozone concentrations, with the marine boundary layer data sets peanap [ ]

. fl

deseasonalized monthly mean (gray and brown points) mixing ratios from
all six long-term change data sets; the brown points are year 2020 data. The
sonde and IAGOS data sets are 3-9 km altitude means. The symbols with
error bars are 2-year means with standard deviations of the normalized,
monthly means. The solid curves are the cubic polynomials from fits of

lower (33 and 40 ppb) than the FT data sets (51 to 58 ppb. The ] \
consistent long-term changes combined with significant differences 60 - H H: 4 i Jl , I :‘ I ,l- m : i|
1 SRR . \
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a r \ 4 3
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(5) ‘ 1 4l ; .;~1?':..j!. ! —
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and brown points in the lower graph of Fig. 1. The lower | paple 1. Parameter values (with 95% confidence limits) derived
black solid curve is the regression fit of Equation 1 to all of | from fits to time series of deseasonalized, normalized, mean
ozone concentrations from the eight baseline data sets.
th ints. Th rt of Table 1 collects th i
ose points. The upper part of Table 1 collects the derived ) ” N Partish ot al.
parameter values, and compares the present results with parameter 18 wor 2020
those derived by Parrish et al. (2020). Averaging over the six fit of Equation 1 to normalized monthly means
. . a (ppb) 02408 02+10°
baseline data sets and over two-year periods removes much | 4 (ppb yr') 0.14+0.10 021+0.06"*
of the spatial and temporal autocorrelation that is present in | ¢ (107 ppb yr?) -15+4 18467
] , , d (10" ppb yr) 33+27 2+6)t
the normalized monthly means. A cubic polynomial fit to the — 2005.6+ 5.1 20057425 "
two-year means provide wider, more realistic confidence | RMSD (ppb) 3.7 40"

e . . . years 1978-2025 1978-2018
limits, which are those included in Table 1. All parameter umber of data 3.220 2.563
values agree within their respective confidence limits linear fit to 2-year means
between the two studies Slope (all years) (ppb yr'!) +0.19 £0.08 +0.27 £0.11

RMSD (ppb) 2.6 2.5

The year that baseline ozone concentrations at northern number of data 24 20
midlatitudes reached their maximum (yearmex derived from | Slope (<2000) (ppb yr) +0.59£0.23%  +0.60+0.23

, _ _ RMSD (ppb) 1.9 1.9

Equation 3 for the cubic fit) in the present work (2005.6 + number of data 11 11
5.1) agrees well with that derived from the quadratic fit to | Slope (>2000) (ppbyr') ~ —0.053£0.047  —0.093+0.083

he sh d (2005.7 + 2.5) by Parrish RMSD (ppb) 02 03
the shorter measurement record ( . .5) by Parrish et number of data 13 9
al. (2020). Fig. S5 compares these fits; before 2016 the cubic | * Parrish et al. (2020) fit that included only the first 3

. e . lynomial terms of Equation 1.
and quadratic fits agree within < 0.8 ppb, but diverge po
q £ ppo g * Parrish et al. (2020) fit that included all 4 polynomial terms of
significantly at later times. When the cubic term is included, Equation 1.

the small differences in the b and ¢ parameter values allow similar fits to the earlier data, while still allowing the cubic
polynomial to closely fit the later data.

The piece-wise linear fits included in Fig. 2 provide an alternate, but consistent, quantification of the long-term baseline
ozone changes. Over the 22 years before 2000 a marked increase occurred at an average rate of 5.9 £ 2.3 ppb per decade,
followed over the next 26 years by a much slower decrease (trend = -0.53 + 0.47 ppb per decade). Steinbrecht et al. (2025)
review long-term changes of tropospheric ozone over Europe (see their Figs. 10 and 12), and find substantial increases from
the 1960s to the early 1990s that are in at least qualitative accord with the rapid increase before 2000 found here. Van
Malderen et al. (2025) derive trends for free troposphere ozone from measurements at 18 northern mid-latitude locations for
the 2000-2022 period (their Table 2); the average of their derived trends is -0.08 + 0.69 ppb per decade, indicating a smaller
decrease, but agreeing with our result within specified confidence limits. Despite the non-linear behavior of the long-term
changes, there has been a significant mean positive trend of +0.19 + 0.08 ppb per year over the entire 48-year (1978-2025)
record; however, as expected from the continuing decrease of baseline ozone during more recent years, this mean overall

trend is smaller than the +0.27 + 0.11 trend derived for the shorter 1978-1998 measurement record of Parrish et al. (2020).
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3.2 Impact on baseline ozone during COVID-19 period

Efforts to control the COVID-19 pandemic through restrictions on societal activity led to reductions of anthropogenic ozone
precursor emissions during 2020 throughout northern midlatitudes (e.g., Doumbia et al., 2021). These substantial reductions
provide an opportunity to quantify the contribution that these emissions make to zonal baseline ozone concentrations. In Fig.
2 the year 2020 data are highlighted, both as normalized, deseasonalized monthly means, and as an annual mean. Three
estimates are made - the April-August 2020 mean, the minimum of the 6-month running means (stairstep trace in Fig. 2b)
and the 2020 annual mean are each compared to the baseline ozone expected from interpolation of the long-term change in
mean baseline ozone discussed in Section 3.1. As summarized in the lower section of Table 2, the three estimates of the
impact of the COVID-19 related emission reductions baseline ozone fall within the 1.7 to 4.1 ppb range, and agree within
their confidence limits. Figure S5 shows that extrapolation of their quadratic fit to data through 2018 led Parrish et al. (2022)

to underestimate that impact.

Table 2. Comparison of quantifications of COVID-19 related emission reduction impact on baseline ozone concentrations.

analysis assumption ozone reduction region reference

April-August, 2020 vs. 2000-2020 7% (=4 ppb) Northern Hemisphere FT ~ Steinbrecht et al., 2021
climatological mean

2020 annual mean anomalies from 1994- 3.6+ 1.8 ppb Western Europe FT Chang et al., 2022
2019 mean linear trend 2.3+ 1.9 ppb Western N. Amer FT

April-August, 2020 vs. extrapolated long- 1.2+ 1.3 ppb Northern midlatitude Parrish et al., 2022
term Os decrease troposphere

April-August, 2020 * 4.1+2.2ppb -

Minimum 6-month running mean * 32+2.0ppb Northern midlatitude present work

Year 2020 annual mean * 1.7 +0.7ppb troposphere

* Reduction relative to the interpolated long-term O3 decrease
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3.3 Seasonal cycle of mean baseline ozone

The seasonal cycles for all eight baseline ozone data sets are quantified by the first two terms of the Fourier series, i.e., the
final two terms of Equation 1, as illustrated in Fig. 3a. In the FT, Equation 1 is fit to the monthly means of each of the three
sonde and IAGOS data sets averaged over the 3 to 4 km altitude interval to give results comparable to those from analysis of
the European alpine data set, as those site elevations lie within that altitude interval. In the fits to these five data sets only the
first term (the fundamental harmonic) is clearly statistically justified; there are indications of a small contribution from the
3t (but not 2") harmonic, which is discussed in Section S5 of the Supplement. The fundamental and second harmonic are
both statistically justified for the three lower elevation data sets. Parameters from the fits of these Fourier series terms are
given in Table S2. Parrish et al. (2020) give a detailed discussion of the small numbers of Fourier series terms that are
statistically justified for inclusion. The curves in Fig. 3a represent the mean seasonal cycles over the entire time span of the
respective measurement records. The mean seasonal ozone changes for all eight baseline ozone data sets are shown in Fig.

3b; these curves illustrate the sums of the reference year 2000 intercepts (the @ parameter values of Equation 1 given in

Table S2) plus the seasonal 10— 70 ——————

= European alpine
---- European sondes|
- - IAGOS

— - Boulder sondes
—--- Trinidad Head
sondes

cycles shown in Fig. 3a.

Figure 3: a) Seasonal cycles
derived from eight baseline ozone
data sets. Parameters of the Fourier

series terms that define these cycles
are given in Table S2. b) Sum of
the reference year 2000 intercepts
(a parameter values given in Table
S2) and seasonal cycles shown a).

seasonal cycle (ppb)

20~ -

- Mace Head
Pacific MBL
—— Lassen NP

year 2000 intercept plus seasonal cycle (ppb)

L L | L L
JFMAMJ
3.4 Long-term shifts in seasonal cycle of baseline ozone

Fig. 4a shows that the ozone seasonal cycle at the European alpine sites has not remained constant. Its amplitude increased
early in the measurement record, reached a maximum near 1990, and then decreased. The oscillating curve in Fig. 4a
illustrates the fit of Equation 7 to the monthly means, with the derived parameter values annotated. That fit indicates that not
only the amplitude, but also the phase of the seasonal cycle (i.e., the date of the seasonal maximum) shifted. An initial fit of
Equation 6 to the monthly data indicated that the maximum amplitude of the seasonal cycle occurred in 1992 + 7 years and
the maximum of the phase shift occurred in 1986 + 17 years. Since the year of the maximum shifts agrees within their
confidence limits, the fit to Equation 7 is taken as providing the more precise and accurate analysis. Figure 4b illustrates five
detrended seasonal cycles at 11-year intervals based on the fit to Equation 7. The shifts in the amplitude and phase of the

seasonal cycle are readily apparent. The precision to which the shift of the seasonal cycle can be defined is relatively poor,
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Figure 4: a) Time series of monthly mean mixing ratios (connected gray points) from the
European alpine data set. The black and year color-coded curves are the cubic polynomial fit and
icant statistical precision. the fit of Equation 7 to the monthly means, respectively. The parameter values (with the m value
given as year) of the latter fit are annotated; units are discussed in the text. b) Detrended

quantify them within signif-

seasonal cycles derived from the two fitted curves in a). Every eleventh year’s seasonal cycle is
shown, color-coded according to the annotation, as is the curve in a). The three later year curves
are plotted as dashed curves, so that the earlier solid curves can be more clearly discerned.

4 Discussion and conclusions

An underlying qualitative conceptual model of tropospheric ozone guides the analysis in this paper. This model has two
primary features. First, in the background FT at mid-latitudes the ozone lifetime is long enough that the FT approximates a
well-mixed reservoir. Mims et al. (2022) present a quantitative conceptual model that incorporates this picture, and Section
S4 here applies that model to illustrate the validity of that approximation. This FT reservoir provides the dominant source of
ozone to the MBL, but not necessarily the continental boundary layer. Consequently, analysis of a few long-term
measurement records from FT and MBL baseline locations at northern mid-latitudes provides an accurate, zonally
representative picture of the systematic long-term changes and seasonal cycles of baseline ozone. Section 3 discusses results
supporting this picture. Second, mean ozone concentrations in the troposphere generally change only slowly, i.e., on decadal
or longer time scales, because the mean source and sink magnitudes change slowly. Examples of such slowly changing
sources and sinks are photochemical production from anthropogenic emissions, land use and climate change. (Such slow
changes occasionally can be disrupted by relatively catastrophic events such as the COVID-19 pandemic or natural
phenomena such as volcanic eruptions.) Simultaneously, seasonally repetitive changes in the magnitudes of sources and
sinks impose a seasonal cycle about the long-term changes. Our analysis approach is optimized based on this conceptual
model — a power series quantifies the slowly-varying long-term change with no assumption regarding the functional form of

that change, and the Fourier series quantifies the repetitive seasonal cycle. Inclusion of only statistically significant terms in
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both series ensures that the data are not over fit. (Due care must be taken to account for any catastrophic events that may
have affected the measurements, as has been done for the COVID-19 period in this work.) Despite the well-mixed nature of
the FT and the temporal inertia of ozone sources and sinks, monthly means of baseline ozone still exhibit more-or-less
chaotic variability driven by meteorological cycles varying on time scales of weeks to decades or more. It is this residual
ozone variability of 2 to 6 ppb (as quantified by the RMSD values of the monthly mean data from the fitted curves given in
Table S2), that limits the accuracy and precision of our quantification of the long-term changes and seasonal cycles of

baseline ozone.

4.1 Long-term changes in mean baseline ozone since the mid-20"™ Century

It is well established that rapid industrialization occurring during the last half of the 20" century at northern mid-latitudes
markedly increased ozone during that period. As early as a meeting in June 1987 Paul Crutzen (1988) gave an overview of
the then current knowledge of tropospheric ozone, describing increasing trends at northern mid-latitudes, and a guide for
future analysis. Based on a comparison of his survey of historical measurement data from the 1930s through the 1950s with
more recent data then available, he concluded that “... at more remote background stations (at northern mid-latitudes)
substantial ozone increases have taken place”, and noted that “it would be very interesting to compare certified old data with
modern data taken at the same sites as where the ‘ancient’ data were taken.” Subsequent analysis efforts have followed that
guidance, e.g., Hough and Derwent (1990) and analysis conducted by the Task Force on Hemispheric Transport of Air
Pollution (HTAP, 2010; Parrish et al., 2012; 2014). Notably, Logan et al. (2012) and Tarasick et al. (2019) have exhaustively
examined uncertainties in measurement techniques employed over the decades, and thereby have effectively “certified” the
old data. The analysis in this paper further extends Crutzen’s original suggestion by comparing data sets collected at the
same northern mid-latitude locations through the year 2025; these data sets now span nearly a half-century (48 years).

Over the past few years, a clear picture has come into focus. Parrish et al. (2020) showed that the well-mixed character of
the FT leads to a nearly uniform long-term zonal change in baseline ozone; i.e., results obtained from measurements
conducted at locations distributed vertically and longitudinally agree within their estimated confidence limits. Parrish et al.
(2021b) showed that change amounted to an approximate doubling (increase of a factor of 2.1 £ 0.2) over the 1950-2000
period. That long-term increase ended during the first decade of the 21% century, followed by a slow decrease. In Section 3.1
the cubic polynomial analysis extends the quantification of the long-term change through 2025, and indicates the maximum
was reached in 2005 + 5 years. The piece-wise linear analysis quantifies a slow average decrease of 0.53 & 0.47 ppb/decade
over the 2000-2025 period; this result may indicate a slowing from the decrease of 0.93 = 0.83 ppb/decade over the shorter
2000-2017 period derived by Parrish et al. (2020), although these two trends do agree within their confidence limits.
Notably, the decrease after the year 2000 is much slower than the pre-maximum increase of 6 + 2 ppb/decade over the 1978-
2000 period. This asymmetry necessitates an analysis based on the cubic polynomial fit used here, rather than the quadratic

fit used by Parrish et al. (2020). Note that some of the fits plotted in Figs. 1, 4a and S1-S4 appear to show that an increasing
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trend may be developing during the last few years of measurements; however, this increase cannot be considered statistically

significant, as it may be a misleading end effect of the cubic polynomial fit to those data sets.

4.2 Transitory decrease in baseline ozone due to precursor emission reductions during COVID-19 period

Disagreement remains among different quantifications of the influence of the COVID-19 emission reductions on northern
mid-latitude baseline ozone. The upper section of Table 2 summarizes the results of three published studies. The differences
in the results among these studies are primarily due to varying estimates of the 2020 baseline ozone concentrations that
would have been measured in the absence of the COVID-19 impact. Table 2 shows that the present results are in agreement
with those of Steinbrecht et al. (2021) and Chang et al. (2022), but indicate a larger decrease than the Parrish et al. (2022)
estimate. That latter result underestimated the decrease due to extrapolation of the quadratic fit analysis of Parrish et al.
(2020), which included data only through 2018; that extrapolation was approximately 2.3 ppb lower than the interpolation of
the cubic fit to the presently available entire data record (see Fig. S5). Excluding the result of Parrish et al. (2022), the mean
of six larger results in Table 2 is 3.1 + 1.0 ppb, with the standard deviation indicated; we take this value as the best estimate

of the magnitude and uncertainty of the baseline ozone decrease during the period of COVID-19 related emission reductions.

4.3 Mean seasonal cycle of baseline ozone and its long-term shift

Conceptually, we expect 1) the Fourier series fit to the seasonal cycle to yield only a small number of statistically significant
terms, because the long effective ozone lifetime (i.e., the lifetime based on the difference in rates of formation and loss) in
baseline air masses serves to damp out ozone variability on time scales shorter than a few months, and 2) similar seasonal
cycles occur throughout northern mid-latitudes due to the circum-global transport time being shorter than the effective ozone
lifetime. Differences in the seasonal cycle are expected between the FT, with the long effective ozone lifetime, and the MBL,
where rapid ozone loss occurs in summer; the analysis results agree with these expectations. As illustrated in Fig. 3,
indicated by the parameter values given in Table S2, and as fully discussed by Parrish et al. (2020), the fundamental
harmonic makes the predominate contribution to the seasonal cycle in both the FT and the MBL, while the second harmonic
makes a significant contribution in the MBL but not in the FT. Contributions from higher order harmonics are negligible
(except for a small 3™ harmonic contribution at some FT sites — see Section S5 of the Supplement). Consequently, in Fig. 3a
the fits to the seasonal cycle in the five FT data sets are pure sine functions, while the second harmonic contribution gives
more complex behavior to the seasonal cycles in the MBL. The seasonal cycle at the Lassen NP site, located on the North
American continent at a relatively low elevation (1.76 km), relatively near (~ 240 km inland) the Pacific coast, likely reflects
transport of a mixture of both MBL and FT air impacted by dry deposition over the continent.

In both graphs of Fig. 3, the seasonal cycle curves of the five FT data sets (dark blue curves) are similar, and the derived
amplitude (4:) and phase (¢r) parameter values for this single significant harmonic (the fundamental) generally agree within
their confidence limits for all data sets (see Table S2). (The one exception is the amplitude derived for the Trinidad Head

sondes, which is the data set that that was the latest to be initiated, and thus reflects measurements only after the seasonal
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cycle amplitude had begun decreasing from its maximum - see discussion in Section 3.4). The curves for the two MBL sites
(light blue curves) are also similar, although the annual mean ozone is larger by ~7 ppb at Mace Head than at the Pacific
MBL sites. The analysis here is in accord with the conclusions of Parrish et al. (2020) that the mean seasonal cycle is similar
at MBL sites and similar at common altitudes in the FT throughout northern mid-latitudes. The mean seasonal cycles at
Mace Head and the European alpine sites (the heavier, light and dark blue curves in Fig. 3b) are those used by Mims et al.
(2022) to characterize the seasonal dependence of mean baseline ozone in the MBL and FT, respectively.

Figure 4 illustrates the long-term shift of the seasonal cycle analyzed in Section 3.4. That shift is quantified as a change of
the fundamental harmonic through a fit of Equation 7 to the longest measurement record, i.e., that from the European alpine
sites. This fit indicates that the shift in the fundamental harmonic began before the 1978 start of measurements, maximized
in 1990 + 6 years, and by 2025 had nearly returned to that extrapolated to preindustrial times. The shift in the amplitude of
the fundamental is relatively large — an increase of 3.2 = 1.9 ppb from an unshifted amplitude of 6.7 + 1.6 ppb, i.e., nearly a
50% increase. Concurrent with the amplitude shift, the phase of the fundamental also shifted — from an average seasonal
maximum occurring on June 7 + 10 days before industrialization to one occurring 10 + 13 days later. This analysis is
generally consistent with earlier discussions of shifts in the phase and amplitude of the mean seasonal cycle at northern mid-

latitudes (see discussion and references in Bowman et al., 2022).

4.4 Challenges to our understanding of atmospheric chemistry

Chemistry Climate Models (CCMs) are designed to incorporate our complete understanding of atmospheric chemistry and
transport processes so that all aspects of atmospheric composition can be simulated. Comparisons of observations to such
simulation results, analyzed in the same manner as the observations are analyzed in Section 3, provide tests of our
understanding of atmospheric chemistry, at least as that understanding is incorporated into those models. The analysis of the
long-term changes and seasonal cycle in the 48-year record of northern mid-latitude baseline ozone presents several unmet
challenges for CCM simulations.

Earth System Models (ESMs) incorporate CCMs to simulate the chemistry and transport within the atmosphere interacting
with land and ocean in a fully coupled sense (Young et al., 2018). Here we analyze the tropospheric ozone concentration
fields from historical (1850-2014) simulations conducted by six ESMs for the Coupled Model Intercomparison Project Phase
6 (CMIP6) (Eyring et al., 2016). Bowman et al. (2022) conducted the analysis of the ESM simulations, and we use results
from that work as the basis for comparisons presented here. We take the results of these six models to be representative of
ESM simulations in general, without discussion of the results from any specific model; the individual model simulations are
identified by the acronyms used by Bowman et al. (2022), and that reference describes the models. One particularly useful
aspect of the CMIP6 effort is that all models utilized a common time-dependent anthropogenic precursor emission data base
and a common history of methane concentrations, which were specified in advance of the simulations. Bowman et al. (2022)

integrated those emissions over northern mid-latitudes to provide the relevant time history of the emissions of the important

14



420

425

430

435

440

445

https://doi.org/10.5194/egusphere-2026-1939
Preprint. Discussion started: 10 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

ozone precursors - the oxides of nitrogen (NOx = NO + NO2) and non-methane volatile organic compounds (NMVOCs). We
compare those time histories with measured and simulated long-term changes and seasonal cycles of baseline ozone.
Bowman et al. (2022) fit an equation similar to Equation 6 utilized in this work to time series of model simulations of
monthly mean ozone concentrations. The one difference from Equation 6 above is that they included five, instead of four,
power series terms (i.e., they used a 4" order polynomial) in order to provide adequate fits to the long-term ozone changes
over the much longer 165-year CMIP6 simulation period. Here we compare the fits to the observations discussed in
preceding sections with the fits to the model simulations to examine successes and short-comings of those simulations.
Bowman et al. (2022) discussed the model simulations at six northern mid-latitude locations; here we focus on two of those
locations: model cells at the location and elevation of the Jungfraujoch site (one of the three European alpine sites) and
model cells at altitudes between 5 and 6 km above the Trinidad Head CA MBL site. Important points of agreement and

informative points of disagreement are discussed in the following sections.
4.4.1 High bias of model simulations at northern mid-latitudes

Analysis of the long-term ozone changes from model simulations are compared with measurements at the European
alpine sites in Fig. 5 and at the more remote, higher altitude FT location over Trinidad Head CA in Fig. S6. These figures
show that models differ among themselves in their estimates of absolute baseline ozone concentrations, and are, on average,
biased high with respect to the measurements. A positive bias of model simulations at northern mid-latitudes early in the 21
century has been noted previously, both for CCMs in general (e.g., Section 4.2 of Young et al., 2018) and the CMIP6 ESMs
specifically, where an ensemble high bias of ~10% has been noted in the northern hemisphere (Griffiths et al., 2021). The
fits to the measurements and model simulations in Fig. 5a allow bias estimation over the entire period of the measurements.
Table 3 summarizes such estimates for the year 2000 at two locations (European alpine sites and in the FT above Trinidad
Head); the differences between the model simulation and the measurements give an estimate of the model bias in that year.
These results indicate a mean high model bias of ~5-6 ppb, i.e., ~8-12%, consistent with the analysis of Griffiths et al.
(2021). However, the divergence between the fits to the measurements and model simulations in Fig. 5a indicates that the
bias was significantly larger through the 20" century. This bias change can be approximately quantified by comparing the
model simulations with historical measurements at the relatively high elevation European sites reviewed by Tarasick et al.
(2019). Their Table 4 compiles measurement data collected at northern mid-latitude sites. Several of those sites are in
Europe at elevations between 1.86 and 3.45 km, where measurements were conducted in two earlier decades of the 20%
century - the 1950s and 1930s. These sites are thus comparable to the European alpine sites analyzed in this work, and
provide a basis for extending that measurement record back to the 1930s. Table 3 gives the means of the Tarasick et al.
(2019) data (Section S2 provides more details), and includes the quantified biases that result from comparison to model
simulations. Those means are plotted in Fig. 5a. It is clear that the positive biases of the model simulations are much greater

(~12 and 21 ppb, i.e., ~42 and 87%) in the 1930’s and 1950s than in 2000. This comparison indicates that in recent years
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Figure 5: Long-term changes of baseline ozone quantified at the European alpine sites. The black curve illustrates the cubic
polynomial fit to the normalized, deseasonalized monthly means from Fig. 1 offset by the reference year 2000 intercept (a parameter
value = 51.3 ppb) derived in the analysis of European alpine data. Two measurement points from Tarasick et al. (2019) as discussed in
Supplement Section S2 are included in a). For comparison are fits to monthly mean ozone from six CMIP6 model simulations at the
European alpine location (Bowman et al., 2022). In a) the model results are fit to a 5 order polynomial over the full 1850-2014
simulation period, and in b) to a cubic polynomial over 1978-2014. Included in both graphs is the cubic polynomial fit to annual mean
ozone measured at 6 baseline-representative sites over the 1950 to 2010 period from Fig. 3 of Parrish et al. (2021b), also normalized to
the European alpine a parameter value. The annotations in a) give the total increases of northern hemisphere baseline ozone over the
full 1850-2015 simulation period of the models compared to the increase over the 1950 to 2000 period from the Parrish et al. (2021b)
fit. The annotation in b) gives the years that the respective fits reached their maxima.

Table 3. Summary of model-measurement biases.

Location year measurements (ppb) Observations CMIP6 models (ppb) Model
mean + 95% c.1. /reference mean + std. dev (range) bias
European alpine 2000 51.3+0.7 This work 57+5 (54-67) 12%
Trinidad Head FT 2000 564+13 This work 61 + 6 (54-69) 8%
European alpine 1950s 23.8+1.8 Tarasick et al. (2019) 45+ 4 (41-51) 87%
European alpine 1930s 273+1.8 Tarasick et al. (2019) 39+ 3 (36-43) 42%

460 4.4.2 Comparison of simulated and observed long-term ozone changes

The CMIP6 ESM simulations of long-term ozone changes are in general agreement with measurements in two important

regards: first, northern midlatitude baseline ozone concentrations approximately doubled over the simulation period, i.e.,

from pre-industrial levels to those in recent years, and second, those concentrations reached a maximum early in the 21

century. Figure 5 compares fits to measurements at the European alpine sites and ESM simulated long-term ozone changes at

16



465

470

475

480

485

490

495

https://doi.org/10.5194/egusphere-2026-1939
Preprint. Discussion started: 10 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

model grid cells at the location and elevation of the Jungfraujoch station, one of the European alpine sites. Figure 5a shows
4™ order polynomial fits to the monthly mean ozone simulated by the six ESMs over the entire simulation period. The
annotation in Fig. 5a gives the ozone increase from 1850 to the maximum concentration from each model simulation. The
mean * standard deviation of the increase for the six models is 28 &+ 6 ppb. Two derived fits to observations are included in
both graphs in Fig. 5; one is over the 1978-2025 period derived in this work and illustrated in Figs. 1 and 2, and the other is
over the 1950 to 2010 period from Parrish et al. (2021b). This latter observational-based fit gives an estimated factor
increase of 2.1 + 0.2 over the 1950-2000 period, which is taken as the best estimate for the increase in baseline ozone at
northern mid-latitudes during the industrialization of the 20" century. This factor increase corresponds to an increase of 26 =
3 ppb, which agrees well with the mean of the model simulations. Figure 5b shows the cubic polynomial fits to the simulated
monthly mean ozone over 1978-2014, the period spanned by both the simulations and measurements; these fits give a better
representation of the more recent long-term changes. The year of the occurrence of the maximum of each fit to the
simulations and observations (yearmax) are annotated in Fig. 5b. The weighted mean of the model simulations is 2010 + 6
years, which agrees with the observational-based estimate of 2006 = 4 years derived from the fit illustrated in Figs. 1 and 2.
Bowman et al. (2022) conducted analyses of measured and simulated ozone concentrations at six baseline representative
locations at northern mid-latitudes. Generally consistent results were found at all locations. For example, Fig. S6, in the same
format as Fig. 5, illustrates the same analysis at a more remote location (5 to 6 km altitude above the North American Pacific
Coast at Trinidad Head CA). The models simulated the same mean ozone increase of 28 = 6 ppb and a similar weighted
mean yearmax of 2013 + 10 years. Overall, the model simulations exhibit considerable skill in reproducing the total ozone
increase over the industrialization period and the yearmax of baseline ozone at northern mid-latitudes, despite the apparent
differences in magnitude and shapes of the fitted curves among the models and between the models and the fit to the
measurements.

The critical difference between the long-term baseline ozone changes quantified from the measurements and the
simulations is the different time scales of the respective increases. The measurements indicate that baseline ozone
concentrations remained near pre-industrial levels with little change until the 1950s, followed by a steep increase between
1950 and 2000. In contrast, model simulations find a more gradual increase extending over the entire 20" century. Figure 6
compares the fits to the measurements and to the ensemble mean of the simulations with the temporal evolution of
tropospheric methane concentrations and anthropogenic NMVOC and NOx ozone precursor emissions at northern
midlatitudes that were specified for the CMIP6 simulations. This comparison indicates that the observed baseline ozone
concentrations approximately followed the long-term changes in the precursor emissions, particularly those of NOx. In
contrast, the model simulations over the 1850-1950 period increased similarly to the methane concentrations. Beginning in
~1950, the model simulated relative increase ozone was slower than the corresponding increase in either the precursor
emissions or methane. It is these differing shapes of the temporal increase of ozone that account for the changing model-

measurement bias discussed in the preceding section.
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At the European alpine sites, the model simulations of the ozone seasonal cycle (Fig. 7a) scatter about the measured mean
seasonal cycle. The harmonic analyses of the simulation results (illustrated in Fig. S7) agree with the measurement analysis
that the fundamental harmonic dominates the seasonal cycle, with the second harmonic making only a secondary
contribution. However, the model results vary considerably, both among themselves and relative to the observations. The
timings of the simulated seasonal maxima vary over nearly three months (May 2 to July 21) compared to an observed
maximum on June 12 + 5 days, and the simulated peak-to-peak amplitudes vary between 12 and 34 ppb compared to an
observed amplitude of 16.5 £ 1.5 ppb. In the FT at 5 to 6 km altitude above the North American Pacific Coast (Fig. 7b) the
model simulations agree more closely with each other and with the observations. The timings of the simulated seasonal
maxima agree within less than two months (May 3 to June 23) compared to June 10 = 8 days from the observations, and the
simulated peak-to-peak amplitudes vary between 11 and 19 ppb compared to 16 + 3 ppb from the measurements. Figure S7
shows that some models simulate significant 2"¢ harmonics; at both locations there is little agreement regarding either the

amplitude or phase of the 2" harmonic, which accounts for the different shapes of the simulated seasonal cycles apparent in
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Parrish et al. (2020) concluded that observed northern mid-latitude ozone seasonal cycles were similar in the FT
throughout the entire zone at any specific altitude. As discussed in Section 4.3 and indicated by the parameter values given in
Table S2, the present observational analysis is consistent with this conclusion, as exemplified by the two locations illustrated
in Fig. 7. In contrast, for the most part the model simulations do not closely reproduce this high degree of zonal similarity, as
again exemplified by the significant differences between the simulated seasonal cycles at the two locations in Fig. 7.
Variability in the model simulations of similar or greater magnitudes is noted by Bowman et al. (2022) at all of the FT
locations they examined. Overall, observations indicate that the mean FT ozone concentrations at northern mid-latitudes
approximate a well-mixed reservoir with little systematic spatial variability beyond the average seasonal cycle and altitude
gradient, but model simulations generally do not capture this zonal uniformity. We hypothesize that the simulation of the
convective boundary layer over Europe is too “leaky” in at least some models, i.e., Fig. 7a shows that the simulation of the
continental boundary layer allows too much boundary layer influence to reach the European alpine sites, which sample in the
overlying free troposphere. The boundary layer influence at the more remote and higher (5 to 6 km altitude) FT location
above the North American Pacific Coast (Fig. 7b) is smaller and consistent with the analysis of Parrish et al. (2016); they
analyzed the same sonde data set, and found a strong isolation of the MBL seasonal cycle below ~1 km altitude, while the
models simulate the influence of the MBL seasonal cycle extending into the FT to altitudes above 3 km. Parrish et al. (2016)
concluded that the treatment of MBL dynamics in three CMIP5S GCMs was not adequate to reproduce the observed isolation
of the Trinidad Head MBL seasonal cycle, and here we reach a similar conclusion over the continents.

Bowman et al. (2022) document that the shift of the ozone seasonal cycle in the FT is qualitatively reproduced by the
overall average of the six CMIP6 model simulations considered here (see their Fig. 8), although they found substantial
variation among the individual model simulations. Figure 8 here compares the average simulation of the seasonal cycle shift
at the European alpine sites with the result derived from measurements in Section 4.3; the figure includes the temporal
variation of the integrated northern mid-latitude NMVOC and NOx ozone precursor emissions (Bowman et al., 2022). Table

4 compares the parameter values derived in the fits to the
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confidence limits between the average of the simulations and the observational analyses derived in Fig. 8. However, the
magnitude of the shifts of the amplitude and phase (» parameter values) are overestimated by factors of 1.5 and 2.6,
respectively, by the simulation average. The simulations also overestimate the time constant for growth and decay of the
shifts (s parameter values) by a factor of 1.8. Individual model simulations have larger discrepancies; the derived s and m
parameter values span factors of 2.2 and 5.8, respectively, at the European alpine Jungfraujoch site (Bowman et al., 2022).
Overall, accurate and consistent model simulation of the baseline ozone seasonal cycle and its long-term shift remains an
unmet challenge for CCMs.
Table 4. Gaussian parameters that define shifts in the amplitude and phase of the ozone seasonal cycle fundamental harmonic at the

European alpine sites. The first row gives the average and standard deviation of the parameter values for fits to the six model
simulations, while the second row gives the range of those values

Preindustrial Gaussian maximum, Gaussian amplitude, Gaussian width,
m parameter r parameter s parameter

Amplitude Phase Amplitude Phase Amplitude  Phase Amplitude  Phase
(ppb) (rad) (Year) (Year) (ppb) (days) (year) (year)
Simulations ? 55+33 -1.11+0.53 1984 +4 1992 +7 48+09 25+16 29+7 28+9
range 3to 12 -0.4to0-1.8 1978 to 1988 1988 to 2002 23t074 8to4d6 21 to 38 19 to 41
Measurements " 6.7+1.6 -1.14 + 0.18 1990 £ 6 1990 + 6 32+1.9 10+ 13 15+13 15+13
N. mid-latitude © - --- 1990+ 3 1985+ 8 29+14 14+38 15+9 1717

® Mean and standard deviation over all six model simulations discussed by Bowman et al. (2022).

b Results from fit of Equation 7 to the European alpine data set, so 7 and s parameters are the same for the amplitude and phase.

¢ Observational analysis results from Bowman et al. (2022) for Hohenpeissenberg and European alpine data records taken from
their Table 3. The preindustrial amplitude and phase at the two sites differ, so values for these parameters are not included.

4.4.4 Relationship between long-term change and seasonal cycle shift.

At northern mid-latitudes the baseline ozone concentrations and the seasonal cycle of those concentrations have both
changed over past decades, and both have been attributed to zonal changes in ozone precursor emissions. However, it is
apparent that these changes are not well-correlated. Analysis of observations shows that the long-term ozone increase began
~1950 and reached a maximum in the middle of the decade of the 2000s (Figs. 5 and S6 and Table 1). There are no available
data sets adequate for accurately characterizing changes in the seasonal cycle before the 1970s; however, the Gaussian fit to
the temporal evolution of the seasonal cycle shift (Fig. 8 and Table 4) suggests that the seasonal shift was small in 1950, i.e.,
about 0.5 ppb added to the pre-industrial fundamental amplitude of 6.3 ppb. Comparison of Figs. 6 and 8 indicates that the
long-term increase and the shift in the seasonal cycle of baseline ozone both correlated with the precursor emission increase
through the last half of the 20" century, reaching maxima near the turn of the century. However, in the last two to three
decades the shift in the seasonal cycle decreased strongly to the point that it now approximates that of preindustrial
conditions, even though precursor emissions have remained near their maxima. In contrast, baseline ozone concentrations
have decreased only slowly, and are presently elevated well above preindustrial levels. No specific cause has been

established for the disappearance of the shift in the seasonal cycle of baseline ozone at northern mid-latitudes — it can be
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speculated that the equatorward shift of anthropogenic precursor emissions (Zhang et al., 2016) and/or the changing climate
(Schnell et al., 2016) may play a role. Importantly, the model simulations do qualitatively capture the lack of correlation

between the continuing elevation of baseline ozone and the disappearing shift of the seasonal cycle.

4.5 Temporal evolution of zonal mean ozone production efficiency (OPE)

We examine possible cause of the long-term change of baseline ozone at northern mid-latitudes by applying a previously
published simple compartmental model (Mims et al., 2022) that simplistically represents the ozone budget in the northern
mid-latitudes. That zone is divided into 9 longitudinal regions - 4 marine and 5 continental - and each region contains a
boundary layer and an overlying FT compartment, both assumed to be individually well mixed. The FT circulates west to
east with an average circum-global transport time of 23 days, while sources and sinks are confined to the underlying
boundary layer compartments that exchange with the overlying free troposphere as it passes over. This model was able to
simultaneously match the average seasonal behavior of FT and MBL ozone measured at the European alpine sites and Mace
Head, respectively, while predicting reasonable continental boundary layer behavior (Mims et al., 2022).

Relevant to this paper, changes in the regional distribution of ozone precursor emissions, which the model confines to the

5 continental BL compartments, cause changes in regional ozone

70 —— : , : 10
production, which the model also confines to the continental BL. r I 1
Any change in any continental BL ozone concentration affects ozone I Emissions . 1 9
m
concentrations in all FT and BL compartments due to BL-FT 50 : 18
exchange and FT circulation. Over the past decades there has been a 40 : 4
30

~v- North America
major shift in the regional distribution of anthropogenic ozone | (6act phis o)
~4- Europe
-m- Eastern Asia

-~ Central Asia

precursor emissions and therefore in ozone production. Figure 9

NOy emissions (Tg/yr)

shows that the eastern Asia compartment has replaced North 2r I
America and Europe as the region of greatest NOx emission, and [ ]
emissions in central Asia are now comparable to those in North or p
America and Europe. The model was run for the five decadal years '
to simulate production from these emission distributions and to o 19|80 19|90 2o|00 20|1o 2o|20

examine the effects of this emission shift. The photochemical ozone  Figure 9. (lower graph) Temporal history of total
(anthropogenic plus natural) NOx emissions into the 5
continental boundary layer model compartments at
continental boundary layer compartment and the total production  northern mid-latitudes derived from the EDGAR
emissions database. The data points are 5-year averages

around the fiducial years. North American emissions
troposphere behavior - both its annual average and seasonal cycle - are divided equally between the eastern and western

production was proportioned to the NOx emissions within each

and its seasonal cycle adjusted to match the measured European free

model compartments. (upper graph) Comparison of

total northern mid-latitude NOx emissions and the
carlier sections. Figure S8 shows the temporal evolution of the  model calculated mean ozone production efficiency

(OPE).

as given by the European alpine monthly mean data discussed in
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model simulated baseline ozone concentrations for the 9 FT and 4 MBL compartments. The temporal evolution of the model
simulated ozone concentrations in the 5 continental BL compartments (not shown) is more complex due to the interplay of
ozone production within the compartment and transport (via the FT) from other BL compartments.

The zonal mean ozone production efficiency (OPE) simulated by the simple compartmental model are included in Fig. 9.
The OPE values are derived from the sum of the ozone produced in all model compartments divided by the total zonal NOx
emissions. Over the decades the OPE values are in the range of 4 to 10 molecules ozone produced per NOx molecule
emitted, consistent with experimental studies of OPE in rural continental environments, e.g. OPE = 4 to 8 in different
seasons at an eastern Massachusetts site (Hirsch et al., 1996) and OPE averages of 5.9 + 1.2 in summer downwind of the
Houston Texas region (Neuman et al., 2009). These model results indicate that the zonal mean OPE has approximately
doubled in the 4-decade 1980 to 2020 period. The decrease in the total NOx emissions and the marked dilution of those
emissions across all continental boundary layer compartments are qualitatively consistent with models (e.g., Liu et al., 1987),
which simulate higher OPE at more dilute NOx concentrations. These regional mean OPE values may serve as useful

benchmarks for evaluating CTM simulations of global ozone production.

4.6 Hypothesis: Uncertainty in NOx concentration field limits current model simulations

The comparisons in preceding sections show that model simulations of baseline ozone at northern mid-latitudes have
significant shortcomings. The multitude and complexity of the chemical and physical processes that affect ozone contribute
both to the difficulty of developing models that accurately simulate tropospheric ozone and to the difficulty of identifying
and evaluating the causes of model shortcomings. The large spatial and temporal variability of the concentrations of critical
atmospheric trace species contributes to the difficulty of assessing the performance of CCM simulations through comparison
with atmospheric measurements. This difficulty is exacerbated for many critical species by their very low concentrations that
challenge measurement capabilities.

One difficulty that is particularly critical for assessing simulations of tropospheric ozone is comparison of the simulated
NOx concentration field to observations. The predominant in situ source of ozone in the background troposphere is the
photochemical oxidation of methane and CO in the presence of NOx (see brief, simplified discussion of the relevant
atmospheric photochemistry in Section S6 of the Supplement). However, at low enough NOx concentrations, this
photochemistry results in net destruction of ozone instead of production. The break-even point for ozone is determined when
hydroperoxy (HO:2) radicals react at equal rates with NO and ozone. This equality is reached when the diurnal mean
concentration of NO is ~8 ppt, which corresponds to approximately 20 to 40 ppt NOx, depending upon ambient conditions.
NOx concentrations in the background troposphere are not well-characterized, partly because the instruments generally
deployed in field studies in the remote troposphere have been inadequate to accurately and precisely measure such low
concentrations. Based on the temporally varying, high bias of simulated versus measured baseline ozone concentrations
discussed in Section 4.4.1, and in the absence of persuasive comparisons of measured and simulated NOx concentration

fields, we hypothesize that model simulations are consistently too NOx-rich in the background troposphere over at least the
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past two centuries. Model simulations indicate that increasing methane concentrations increase ozone concentrations in the
background troposphere (Fiore et al., 2008; Wild and Palmer, 2008); however, this may be incorrect. The average net ozone
production in the troposphere is a small difference between much larger gross production and loss terms, so an overestimate
in the simulated NOx concentrations in the background troposphere may cause only small errors in the simulated gross
production and loss terms, but still lead to significant overestimates of the net ozone production. These two considerations
imply that a methane increase could increase gross ozone destruction more than gross ozone production, with a resulting
decrease in net ozone production and a decrease, rather than an increase, in baseline ozone concentrations. Given the
significant differences between the measurements and model simulations of the long-term changes of baseline ozone
discussed in Section 4.4.2, we believe that the role of methane in photochemical production of baseline ozone must be re-
assessed with careful attention to the uncertainties of simulated NOx concentration fields.

We can identify two aspects of the simulation of NOx concentrations in CCMs that are particularly uncertain. First, the
large majority of NOx emissions are localized in the continental boundary layer and the significant NOx emissions from
shipping are localized in the MBL. Our evaluation of seasonal cycle simulations in Section 4.4.3 indicates that current model
simulations of transport from the boundary layer to the FT allow too much boundary layer influence on ozone in the lower
FT. That transport would also move too much NOx, as well as its organic nitrate reservoir species, to the lower FT, thereby
contributing to overestimates in simulated FT NOx concentrations. Second, within the MBL and FT the primary in situ NOx
emissions are highly localized in ship plumes in the MBL, and in aircraft exhaust plumes and paths of lightning strokes in
the FT. At high concentrations NOx lifetimes are short with respect to plume dilution, but model simulations generally dilute
these emissions through grid cells that are very large compared to plume dimensions. The treatment of ship emission plumes
in the MBL has been evaluated in detail. Kasibhatla et al. (2000) suggested that that there is a gap in our understanding of
the chemical evolution of the plumes as they mix into the background MBL. To address that gap, Chen et al. (2005)
conducted an observation-based characterization of ship plume evolution and found that the photochemical perturbation of
the MBL is largely limited to the first few hours following emission, while the plume was still well confined (full width at
half maximum ~3 km). Thus, an effective model resolution on the order of 0.1 km is required to accurately simulate the
photochemical evolution of ship emissions; global models generally lack such detailed resolution. Duncan et al. (2008)
further evaluate this issue. To our knowledge, similar issues remain inadequately investigated for the photochemistry of
dispersing aircraft and lightning stroke plumes in the FT. These considerations lead us to hypothesize that significant errors
arise in model simulations of ozone due to inadequate simulation of the NOx concentration field, specifically an

overestimate of NOx in the background troposphere.

5 Implications for utilizing model simulations

Despite their frequent use in such manner in published studies, the current generation of CCMs and ESMs, when used

alone, are not tools that can simulate the atmosphere realistically enough to provide reliably accurate answers to questions
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often posed for them. For example, if models cannot yet accurately simulate past changes of tropospheric ozone, it is
unrealistic to expect those same models to accurately predict future ozone changes. Instead, the aphorism generally attributed
to George Box provides sage guidance: "All models are wrong, but some are useful". CCMs and ECMs are useful — they
are indispensable tools for organizing our atmospheric knowledge, and for providing state-of-the-art simulations of
atmospheric composition. They can be used in a wide variety of heuristic efforts to expand our understanding of the
atmosphere. For example, they could be used to investigate how historical increases in methane concentrations would have
affected baseline ozone under differing simulations of the NOx concentration field. However, these models themselves are
neither reality itself nor perfect simulations thereof. In this regard, a hierarchy of models is required to fully understand
tropospheric composition (e.g., see Derwent et al., 2023) just as a model hierarchy has been identified as needed in climate
modelling (e.g., see Held, 2005). The complexity of useful tropospheric composition models extends from the simplest
conceptual models, such as that of Mims et al. (2022) utilized in this paper in Section 4, to the most sophisticated ESMs.
Only when such a hierarchy can converge on consistent simulations of the atmosphere can we develop confidence that we
are approaching a realistic understanding of the atmosphere. Perhaps a trivial analogy from meteorological forecasting, an
endeavor that is in many respects simpler than simulating atmospheric composition, can demonstrate the utility of a model
hierarchy. We are blessed with atmospheric models that predict coming weather days to weeks in advance with high
reliability; nevertheless, even when fair weather is forecast, the more prudent among us consult our own mental conceptual

model of weather when we leave home - if we observe that dark clouds are building, we return to grab an umbrella.
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