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Abstract.

Trends in urban ©MDAg8Qzand-NO,-, alongside annual O3 episodic and exposure metrics, across Europe and the United
States of America were explored between 2000-2021. Using surface monitoring site data from the TOAR-II and European
Environment Agency databases, piecewise quantile regression (PQR) analysis was performed on 228-0353 MDAS8O; time
series (+44-European;84-USA)-and-322-NO,times-series(245-Eurepean;—77-205 Buropean, 149 USA). The PQR analysis
permitted 2 break points over the-23-year-period to balance the intent to describe changes over a large time period, while still

capturing the abrupt changes that can occur in urban atmospheres. Regressi

found that there were many sites across Europe with high certainty increasing trends in the 5™ and 50" quantiles, whereas the
majority of high certainty trends in the 95" quantile were found to havingan-inereasing O trend-between2015-2021-compared
with-2000-2004—Thereverse-was-true-in-be decreasing. A similar pattern was observed across the USA, with areduetioninthe

5™ quantile trends increasing and 95" quantile trends decreasing, though a small but increasing number of sites with-inereasing

showed a return to increasing trend at 7 = 95. To group trends, hierarchical
clustering with dynamic time warping was employed and these groups used to guide analysis. Clustering was typically regional
across Europe and the USA, and increasing trends were identified across Southern and the Central alpine regions of Europe,
and in California and the Intermountain West of the USA. Recent high certainty increasing trends in MDA8Qo3 due-to-the
OVID-19-nandemie—h avar in cama nacag thaca inerasct andets < a H ha ra Ay b gt i e 1
the Intermountain West may be related to warmer summers and increased wildfire events in the region, highlighting the need
to monitor changing trends in MDA8O; with climate change, to assess human exposure risk to elevated levels of Os.

1 Introduction

Tropospheric ozone (O3) is a greenhouse gas and air pollutant harmful to human health, and plant growth (?2?). It is a

secondary air pollutant, formed from the photochemical reactions of primary pollutants NOx (NO + NO;) and volatile organic
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compounds (VOCs). The chemistry of O3 formation is non-linear and the effect of changing precursor concentrations can
cause O3 concentrations to increase or decrease depending on the photochemical regime found at a given location (??). Despite
global successes in reducing primary pollutant emissions over the past few decades, global exposure to O3 has been increasing
throughout the 21st century. This is particularly observed in urban areas, where the vast majority of the global population live,
projected to increase to 68 % in 2050 from 55 % in 2018 (?). In a study of 12946 cities located worldwide, the average mean
weighted O3 concentration increased by 11 % between 2000 and 2019, and the number of cities exceeding the 2021 WHO
peak season Os standard (60 zg m™) increased from 89 % to 96 % (?).

Due to the complexity of O3 production, its trend direction, magnitude, and significance varies by location. A-previeus-study

ealeulated-The Tropospheric Ozone Assessment Report Phase I (TOAR 1) was the first global review of trends in surface ozone

covering 1970 - 2014 (??). As part of the TOAR-I review, trends in two O3 metrics were calculated globally over the period
of 2000 - 2014: 4th highest daily maximum 8-hour O3 (4MDAS), and the number of days with MDAS-MDAS8O; > 70 ppb

O3 (NDGT70)62). The study used data from 4801 global monitoring sites over this time period. For both of these metrics,
downward trends were observed for most of the USA, and some sites in Europe. However, whilst trends were decreasing, over
the period of 2010-2014 (2,600 sites utilised), sites-some of these sites were located in regions with-the-highest-Os-precurser
efmssmm—aefess—Nefeh—Ameﬁea%ﬂfepe—aﬂd—EasPAﬁ&that had the highest valtesinr4MDAS and NDGT70 —In-Noerth-America
values, particularly California and Southern
Europe. These corresponded with the regions with the highest O precursor emissions illustrating that downward trends had
not yet reduced these peak metrics.

Since the 1990s, a general downward trend in urban O3 pollution has been observed in the United States (?). This reducing

trend has been linked to stricter limiting regulations on the emissions of primary pollutants such as NOy and VOCs. Although
NOy and VOC emissions in Europe have also been declining since the late 1980s, the trend in Oj is less clear due to large
inner-annual variation, driven by climate variability and the dispersion and transport of pollutants from other regions (2?).
Between 1995 and 2014, negative trends in the highest O3 levels across urban sites in Europe were identified due to pollutant
emission restrictions across Europe. However, increasing background levels, particularly in northern and eastern Europe, make
it difficult to identify strong trends in urban O3 when transboundary effects are considered (?). Despite this, a study of 93

suburban and urban sites across Europe identified notable enhancements in O3 seasonal and annual means between 1995 -

2012, even with the continuous downward trend in anthropogenic emissions across the continent (?).
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This-study-examines-In this study, we aim to investigate a longer time-series of 21st century trends (2000 - 2021). Here, we
focus on the trends in urban Ozand-NO,-using-, using urban monitoring site data from 2020—20231temploys-Europe and the
United States of America across the 22 year period. We employ quantile regression and change point detection to construct

trends that capture the broad structure of a complex time series, while remaining explainable with concise statistics. Seetion2

isTo gain a clearer understanding of the group behaviour of sites, we use hierarchical clustering
(HC) with dynamic time warping (DTW), to group together 22 year time series with comparable time-series structures within
Europe and the United States of America independently. This is then used to investigate whether trends in MDAS, and both
episodic and exposure-relevant Oy metrics, are varying regionally. Our analysis focuses comparisons between warm-season
and cold-season MDASO; values, as well as probing different changes across quantiles, to allow for an assessment of whether
low or high O, distributions have different behaviours, across Europe and the USA, and between hierarchical clusters.

2 Methodology
Hourly NO,-and-
2.1 Data Preparation

Hourly O3 data were obtained for urban sites in the USA and Europe using the TOAR-II (?) and European Environment
Agency (EEA) (??) databases;using-ther-packages-toarR(?)-and-saqgetr(2)respeetively. Those obtained from the EEA are
categorised as urban traffic, urban background and urban industrial, while those from the TOAR database are categorised as
urban and suburban. A full list of sites can be found in the supplementary information (table S+S1). TOAR-II data was retrieved
between 2000-01-01 and 2021-12-31 (the latest available) and EEA data between 2000-01-01 and 2023-12-31, the latter being

extended longer—so-the-effects-of-allowing break points to be fit around the changes due to the COVID-19 pandemiceould
be-observed-more-elearly—TFime-, though we remain focused on 2001-2021 in this study. Time series were quality controlled
via threshold, persistence and variance checks similar to those by ?: O3 concentrations were required be between 0 and 500
ppby, periods where an identical value was repeated 8 or more times in a row were removed as were days where the difference
between the minimum and maximum concentration was < 2 ppbv.

After quality control, time series were required to have 96-> 80 % data coverage between 2000-01-01 and 2021-12-31 and
retained-time series-were-averaged-to-daily-mediansfor the calculation of annual metrics each individual year was retained if it
had more than 60 % coverage. Additionally, a small number of time series were removed following visualinspeetion-inspection
due to large changes in the mean of data before and after a missing period, indicating possible sensor issues - these are listed
in table $2S2. This resulted in 228-353 O3 time series (144-Europe; 84-USA)-322-NO--time-series(245-Burepe; 77-USA)-and
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211 Metrics

In addition to the series described above, we calculated six common health related Oy metrics which are explored in section
3.4 and used in conjunction with calculated trends in 3.5. More information on these metrics can be found in ? and ?.

~ NDGT70 - Number of days in a year where MDAS > 70 ppby (days)
— 3MMDAI - Annual maximum value of 3 month rolling mean of MDA1 (maximum daily 1 hour O3) (ppbv)
- AVGMDAS - Mean of the warm season MDAS (ppbv)

2.2 Trend Analysis

are-changing eontinuousty—concentrations (MDA8Q;), which is calculated by taking a rolling 8-hour mean, then selecting the
highest value per day between 0700 - 2300 L. The 8 hour rolling average is required to have 6 of the 8 hours present to be
valid. Additionally, subgroups of warm (April - September) and cold (October - March) season were created. It is common to
remove the seasonal component of an ozone time series to improve the accuracy of trends (?) and here we subtract monthly.

As-such-quantile regression(QR)-was-used-to-define-trends These were calculated following the methodology in, and using

code provided by, ?. QR calculates a linear model that seeks to minimise the residuals with a defined proportion (7) of the
points above and below the fit line. For example, the scenario 7 = 0.5 splits the data 50:50 above and below the line —QR
has-the-advantage-of being-insensitiveto-outhiers-and can be considered analogous to a “median” trend line. Fhis-QR has the
advantage of being insensitive to outliers and the which is desirable for the longer-term trends being investigated here. The

1-sigma uncertainly for the QRs were calculated via a moving block bootstrapping method, where the data are subdivided into
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overlapping blocks that are n'/# points wide (or ~20 points for 20 years of hourly data). These blocks are shuffled to generate
a new time series, and replicated 1000 times, and the standard deviation of these replicates calculated. This uncertainty was
subsequently used in the determination of the p-value, providing a metric for the significance of the trends.

ith-Quantile regressions were calculated piecewise with

M%Mmmnon hneantleséheﬂee—ﬁfs%ﬂwesﬁga%mgfhe—heESS)ﬂ#ﬁwﬂkbeﬂmg
tes. As urban concentration trends can change sharply (e.g.
with pohcy 1ntervent1on) W‘Whe medel»fequﬁe%freedom to represent these%herefere%heywefeexteﬂded{e
- Limiting
the model to have-some-changes-in-the-trends-caleulated;-a maximum of two breakpoints strikes a balance between capturing
sufficiently large-scale changes while still being able to describe a ~20 year time series with a small number of coefficients.
To determine what break points to use on each time series, 169-seenarios-per-timeseries-defined-by—ta range of candidate
models were constructed, each with zero. one or two break points, These break points were restricted to be unable to occur

break-points;-these-were-not-allowed-to-nor could they occur within 5 years of each other. The-eases-with-2-or 3-regressions

v*They were arbitrarily set to occur on the 1st January in a
iven year, which was deemed an appropriate degree of freedom given the 20 year span of the time series and locating the
break points sub annually does not have a large effect on the resulting trends. For a time series that fully spanned the range

of 2000-01-01 - 2021-12-31, 110 models would be created - one with zero break points, 18 with one break point, and 91 with
two. All regressions were calculated at 7 = 0.05, 0.10, 0.25, 0.50, 0.75, 0.95 and 0.95.

To select “change-points™— W from the array of break pomts available, the model performance was evaluated

via Akaike information criterion (AIC).

the evaluation criteria oweing to its penalty term penalising models with more break points that do not appreciably improve

the model fit over the simpler case, The model with the minimum AIC was selected from the candidate pool as the best fit for
atime series at a given Tin-more-detatl-




160

165

170

175

Trends have been collated into significance categories: p < 0.05 (high certainty), 0.05 < p < 0.10 (medium certainty), 0.10

180 < p < 0.33 (low certainty) and p > 0.33 (very low certainty or no evidence) based off of the guidance of ?. For the most part
slopes where the p-value is > 0.33 are treated as ‘no trend’ regardless of their magnitude (generally we observe that as the
magnitude of the trend decreases so does its significance), though sometimes are given with a direction when required by a

visualisation.

2.1 Overviewof FrendsClustering
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Fhe- To aid analysis it was desirable to group similar time series, clusters were calculated using hierarchical clustering (HC

with dynamic time warping (DTW) used as a distance measure (?). DTW provides a distance measure between two time series

that allows for some deviation in the relation of features in time and one-to-many mapping of features, as opposed to use of e.g.
the euclidean distance where ma

ing between series is one-to-one and cannot undergo deformation (??). We adopt a similar

method to ? using the R package drwclust (?) for both DTW and HC steps, and used to calculate cluster validity indices (CVIs).
Clustering was performed by region and time series type (e.g sites in Europe for the MDAS-O3 warm season). Time series
were normalised and then, to provide clusters related to the range of ™ =0-5-trendsof Os—and NO,—were-examined-and-are

presented-on-maps-in-figures-22-and-22-values used in the QRs, aggregated monthly by calculating the 7 quantile per month.

Metrics were not aggregated as they are all annual values. Clustering was calculated with 5 - 75 clusters, and then evaluated
with 6 internal CVIs (Silhouette, Dunn, Calinski-Harabasz, COP, Davies-Bouldin and Modified Davies-Bouldin) where the

latter 3 were inverted such that all can be maximised. The final selection for the number of clusters was determined as the mean

of the optimal number of clusters suggested by each of the CVIs.
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3 Results and Discussion

As an initial overview, figure 1 shows the annual mean concentrations across the range of all the urban sites in this study.
Additional daily mean aggregations are shown to produce day (0800 - 1900 L) and night (2000 - 0700 L) subgroups. European
Qs concentrations show a steady increase over the last 20 years, with the average across all data increasing from 21.2 ppby.
in 2000 to 25.9 ppby in 2019, the 9MDA803 WMMWW%%WWWWMQ

2005-. In the USA average O5 has increased from 27.7 to 29.7 ppbv, but MDA8O3; and warm season MDA®8QO5 both decreased
from 41.5 10 40.9 and

1-49.9 to 45.1 ppbv
respectively. Annual average urban NO, is also shown to provide some context to precursor concentrations - these sites were
selected under the same critera for site type and coverage as the Oz data. Both Europe and the USA have seen reductions in

2000 to 13.0 ppby in 2019 in Europe and 19.7 to 9.8 ppby in the USA. The USA did see a NO, minima in 2020 of ~ean-be
found-in-tables 2?-and-22-9.3 ppby, but increased to 11.8 ppbv in 2022, whereas Europe continued its decrease to 10.6 ppby in
2022,

Aerossthe-entire study-periodsfor O-in-BuropeThe other features that do stand out appear in the sub groups containing the
warm season, but are most clear in the warm MDA8O; series correspond to years with significant heatwaves - 2003, 2000, at

with-the 5-th-and-95-th-pereentile(still-at- temperature sensitivity is reduced, owing to a higher initial concentrations (?).
While QRs were calculated across a wider range of 7 values, this discussion mostly focuses on 7 = 8-5)r-are-shown-in-table

0.05, 0.5 and 0.95 as the omitted values did not sufficiently expand the results presented.

3.1 Change Point Assignment



Regional differences were observed in the types (QR, PQR_1, PQR _2) of change point assigned. Figure 2 shows that MDASO

series in Europe were rarely described by QR (1 - 3 % of series), whereas the United States of America was described by it

30 - 62 % of the time. As the European time series extend to 2023, some of these additional change points are likely due to
250 the COVID pandemic, and indeed examining the location of change points by year (figures S1 and S2) shows an increased

number of change points in 2019 - 2021 in Europe - this is also reflected in the (fewer) change points seen in the USA. This

also highlights that there are more change points focused at the beginning and end of the series generally (for both O3 and
NO,) which may indicate some edge effects from the selection process. However, we don’t expect this to have impacted our
results as the method demonstrates the ability to choose regressions with zero change points, we do not observe large swings in
255  trends overall at these times and that there is a good amount of other change points assigned within the time period. We use this
information to inform the selection of "snapshot” years presented in this manuscript, avoiding years close the end beginning or

end of the series

260

265 2020-The number of sites with increasing and decreasing trends for a selection of quantiles (3%, 50® and 95™), annually, as
well as the degree of certainty of the trends, in the MDA8O3;, MDA8O; warm season and MDA8O; cold season data is shown
in Figure 3. We use p-values to describe the certainty of each trend, as defined by ?. Generally, there are a large proportion

i3 3 tori s-are-50" quantile in the Europe data set (range of 34 - 72 % of trends across the 20-year
eriod). In contrast there are fewer trends of high certainty —t-alse-reinfoerces-the-observations{from-seetion—22-where-both
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quaﬂﬁ}e%—e&eﬂ%%eeta{edw&l%%he
?h&diﬁ&fbt&mm—&&fhﬁﬁf&y%ﬁ%@@@)ﬂﬂdﬁﬂd—&y&%%%%ﬂﬂh&ma ority of which are decreasing (between 5 - 25 %

across the 20-year

-period). The warm-season data shows a
similar pattern, but with fewer high certainty increasing trends in the 5™ and 95" quantile. Many more high certainty increasing
trends are observed in the cold season only data, particularly in the interquartile-range (FQR=755" and 50" quantile-minus
25quantile data (range of 29 - 73 % across the 20-year period). The proportion of high certainty increasing trends in the cold
season appears to be increasing with time.

ﬁwmmmﬁmmwmm quantile)-of the

1998 - 2013) at the lower end of the O5 distribution, and decreasing trends at the upper end, leading to an observed compression
of the O3 range. In the warm-season only data, there is a larger contribution of decreasing trends across all quantiles. This is

particularly true
%wh%ge&pmpe%ﬁe&eﬁhe—slepe&we%—%—ppb#r—m %MMH—FGW—G%HE—USA&MM
mmw&&m there is a reduction-in-the
rnotable change year-on-year in the US 95" warm-season
dataset that is worth some discussion. Although decreasing trends dominate, and the number of high certainty increasing trends
wm@%m%emmmo and-2049--

23- 2008, between 1-3 % of trends are high
certainty increasing trends. However, in-the-USAs-despite-after 2008, the number of sites showing a high certainty increasin
trend increases rapidly from 2 to 16 by 2016, with the majority of slopes-beingnegative-in-both-2000-and-2019-there-is

Central US, and the top three largest magnitude slopes (+=-9051QR=0-50-ppb—yrmedium-large), located in the South. In
the cold season data, there is very little year-on-year change in the distribution of increasing and decreasing trends in the 5™

10
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and-the USA-between2000-While certainty and magnitude tend to follow one another, to probe the trends more specifically we
define a threshold of "medium magnitude" of 0.5 ppbv yr'', and %%Fefbef&&ﬁepeﬂﬂéfh&%#fh&etmﬂaﬁveﬁmﬁf

moderate or higher certainty trends with and without this threshold. Figure S5 shows full distribution of trends in the groups
discussed. A summary of the proportion increasing and decreasing trends, highlighting the proportion of moderate or higher
certainty and medium or higher magnitude trends in 2004 and 2018 is presented in Figure 4.
tn-both-Eurepe-and-Across the Europe data set at the start of the century (2004), 85 % and 78 % of slopes showed an
increasing trend in the 5" and 50" quantiles respectively (73 % and 57 % of total at moderate certainty or higher respectively).
mwmmmwm
: . atios-ha ally-inereas etwee i uwre-2?number of increasing
WMMMA@%%@&
certainty or higher), and from 26 % to 39 % in the 95" quantile (from 7 % to 15 % of total at moderate certainty or higher).

supports an increase in the number
of Europe sites with increasing O3 trends at the end of the two-decadal period compared to the higher+ecases{+5-08ppb;+=

their rate of inerease- The pieture is-more mixed-in-the USAbeginning, for which the majority of sites showed increasing trends
in the low-mid quantiles during both time periods. In the 95" quantile, the majority of sites were are showing decreasing trends.
in both time periods. but a larger proportion of increasing trends is apparent in 2018 compared to 2004,
In comparison, 82 % and 49 % of slopes showed an increasing trend in the 5" and 50'" quantiles of the US data set at the start
MWM@ Similarly to Eurepe;-the-largestinereases-in-median
= e-obs ases—(+4:95-pph 05)-the Europe, 95" quantile trends were decreasing
the in US (87 % - 68 % of total at moderate certainty or higher). However, in contrast to Europe, by 2018 fewer trends were
increasing, down to 68 % in the 5" quantile (40 % of total at moderate certainty or higher), from 82 % in 2004 (56 % of total
at moderate certainty or higher). In the 7= i ' g
%MM%HWMMW%WMWWMWM
than increasing (49 % - 36 % of total at moderate certainty or higher), although more trends are increasing than decreasing
when the data is filtered for moderate certainty or higher. In the mﬁwWHwMMMwwa
increase in the number of sites with increasing MDASOs
26 %, 12.1 % of total at moderate or higher certainty) compared to 2004 (14 %, 3.9 % of total at moderate or higher certaint )

and, whilst the majority of sites were still decreasing trends, a decrease in the number of these from 87 % (68 % of total at

11
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moderate or higher certainty) to 74 % (60 % of total at moderate or higher certainty) between 2004 and 0:95-respeetively)-

- 2018 a reduction in the number of increasing trends
was observed at the 5™ and 50™ quantiles, but the high extremes (95" quantile) saw an increase in the number of increasin
trends, coupled with a decrease in the number of decreasing trends.

NOSeparating the beginning (2004) and end (2018) of time series MDA8O,3 trends have-changed-between2000-and-2021-for

(7="0:75;-0:96-and-0:95)-into warm (April - September) and cold (October - March) seasons reveals much clearer trends,

and reveals a regionality in the direction of MDAS8QO; trends. Generally across Europe early century (2004) data, there more

increasing trends in the cold season (72 %; 37 % of total at of moderate or higher certainty) compared to the warm season (23

%7 % of total at moderate or higher certainty) in the 95" quantile. Although there are a high number of increasing trends

in the warm and cold season for the 5 quantile (88 % and 78 % respectively), there are many more increasing trends with

a moderate or higher certainty and medium or greater magnitude in the warm season (15 %) compared to the stope-droppee
; 7 9 etween 5 ecrease-in : e

>l _l

4 %). This pattern is retained in the 2018 slope data, with an increase to 19 % of 5" quantile trends increasing at moderate
or higher certainty and medium or higher magnitude in eontrastto-Europe;-the median-slope-in-Os-steadily-deereased-between

hatuwee 4 to O Lo heo lower———y o he a1n ) amarned—pPe e

‘warm season. A smaller increase in the cold-season 5" guantile was observed, and a larger increase in the 50"

uantile (from 7 % to 17 % of total at moderate or higher certainty and medium or higher magnitude). In summary, although
we are generally seeing increasing trends across the quantiles in both 2004 and 2018, this is particularly prevalent for the lower
extremes in the warmer months, and the 50 quantile cold-season data, where the trends are not only increasing, but are of
higher certainty and magnitude.

12



385

390

395

400

405

410

415

uantiles respectively, the majority of which are of moderate or high certainty in the 5™ and 50" quantile. In comparison, there
are fewer increasing trends in ive-trends-are-becoming inereasingly-more-positive-(or fessnegative)between
MW%G%HM

WM%WW%W%MMH%W%WMW
having a moderate or higher degree of certainty, at a medium or larger magnitude. The majority of 50™ quantile trends are also
decreasing (82 %; 70 % at moderate or higher certainty), but with a smaller proportion with both moderate or higher certainty.
W&&MMMMMMMWWM
sitive 2018 slopes, but with a small increase in the number
wm%wmmm%mwgﬁ@wmmwmw
%ﬂlmmnﬂw@mﬁ%@wﬂb&mﬂw
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in-farther-detailbin-seetion-—22-In the cold season, the number of increasing trends with a moderate or high certainty and also
medium or higher magnitudes in the 95" quantile has increased from 5 % to 14 % of the trends.

being-So far, trends have only be separated by region, but it is clear when displaying the trends on a map there is more
structure. Figures 5 and 6 show this for the warm season MDA8Os trends (those for MDASO; and cold season MDA8OQ; are
shown in figures S6 - 89). From these there appear difference in the north and south of Europe, and the coasts versus central
United States. However, it is not trivial to chose sub-regions through inspection alone, so dynamic time warping coupled with

DTW, HC, described in section 2.1) was implemented to identify time series with similar features.

hierarchical clusterin

Ppb:1369:2013)-MDASO; data at the 5", 50 and 95" quantile, HC was performed for each of the three types of MDASO
data set, separately for the United States of America and Europe.
Generally;-The HC of the European data set indicates that most sites are well described by one cluster only, in the largest

i it 5™ and 50" quantiles across all three types of MDA8Q; trends—in—the-USA—were—in
Califernia-data aggregation. However, a few additional clusters are introduced in the 5% and Fleridain-the-first-half-of-the 20

14
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507 gquantile
cold:season data, as well as the 50 quantile full data set and warm-season only data set. In the cold-season, these clusters
don’t appear to have any particular regionality in the 5" quantile. However, in the 501" quantile two new clusters are introduced,
localised around South Central and East Europe (clusters 3 and 4/+4-of the sites-showing a-positive-to-negative transition-in

ocatca ato a—ahd oftaa pE Very ¥ 38 > PTEVIO c

€2)-95% quantile (high extreme) data, more regional clustering is observed in the full MDA8O; data, and the warm-season only.
data. This regional clustering is more clearly observed in the MDA8O; data, with clusters location in North Eastern Europe
(cluster 1); across the continent from South and Central Western France to East Europe (cluster 2); some selected sites from
across this same area, but also including sites in Spain and the UK (cluster 3); Northern France (cluster 4), the Far East
(cluster 5). and North East (cluster 6). In the warm season, the majority of clustered sites are located across Europe, with some
exceptions in the North East (cluster 2), North West (cluster 3), and Spain (cluster 4).

Fo-supplement-this-anatysis—For all clusters in the 95" quantile MDA8O; European data, an enhancement in the mean
AVGMDAS, 4MDA8wa: ing-the-mixi

NDGT70, SOMO35, 3SMMDAT1 and 6MMDA 1 metrics is observed in 2003, when an extensive European heatwave occurred.

Enhancement in other significant heatwave years are also visible in some data clusters in 2006 (clusters 1,2 and 5); 2015
(clusters 1 and 2); and 2018 (clusters 1,2, and 6). This relates to the features seen in the (warm season) MDASO3; averages
in figure 1, the 2003 heat wave is notably larger in the average presented there. Later enhancements may be less clear due to
those heat waves being less wide spread, or reductions in O3 values-are-likely-to-oceur in-the-warmest-months— temperature
sensitivities in those locations. This is indicated by the heat waves not being present in all clusters as the decades progress, but

from this study it is not possible to say definitively whether one or both effects are causing this.
' ' in-The HC of the United States of

America data set has only one large cluster for the H
in-2007-and-6full MDASO; data set, cold-season, and warm-season only data in the 5" quantile. However, some clear regional
clusters appear in the 50" and 95" quantile data sets across all three data types. The main secondary cluster sites are located
in Florida, also including some sites along the Gulf of Mexico and the South in the cold-season (cluster 2, or cluster 3 in the
MDABO; full 95" quantile data). Some clustering around the Intermountain West and the South West is observed in the full
MDABO; data set in the high extremes (cluster 2, 95" quantile). The East Coast generally falls into the largest cluster which
doesn’t appear to have a strong regonality, except for the in 20+4-1n-2016-there-was-an-up-tick-to-10-sites-with-4MDAS-values
at-thisdevel-Of these 10-sites-all-are-Jocated full MDASO; data 95" quantile, where there is an independent North East coast
cluster (cluster 5). Also in this data type, and in the 95" quantile data, there is a cluster located in South Central USA (cluster
1.
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For the US 95"" MDA8O; data, clusters behave much less uniformly than they do in Europe. Whilst all MDA8O; metrics are
generally decreasing across all clusters (clusters 1.3,4.5 and 6). However, many metrics are either clearly elevated, increasing
across the 20-year period, or both, for cluster 7, located in and around Los Angles, in Southern California. This is also observed
to a lesser extent in cluster 2, located more generally in the West and in €alifornia;-eompared-to-26the Intermountain West
region of the United States. This affect can be seen by looking at the trend data. For cluster 7, increasing trends are observed
in_the full MDA80O; data set. However, the MDA8O; trends in cluster 7 are generally of low certainty. In cluster 2, mean
MDAS8O; is elevated compared to other clusters, excluding cluster 7, and the slope in MDA8Os trends is generally quite small.
However, these trends typically have a high degree of certainty (p < 0.05), which are typically negative in the first half of the
vicennial, and positive in the second.

3.4 Spatio-temporal distribution of O; metrics, relevant to health and exposure

As the health/33-Catiforntan-stiesin-2000-and+8exposure O3 metrics are annually aggregated, the DTW/H9-ir2607—AH+H

sites- 262 Hwith-HC method was not directly applied to these data sets, but observations from inspection of figures S10 - S21
is presented here.

The NDGT70 and 4MDAS metrics are generally used to investigate variations in the highest values of O3, High values of
these metrics are typically an indicator of episodes of high photochemical Oy production. Here, we explore the frequency of
high values of these metrics over the 20-year time period, separately in Europe and the United States of America.

Across Europe, patterns in high 4MDAS8 (>= 85 were

23 days) frequencies
and site locations are similar. In general, the only sites that consistently exceed these metrics are eoming-down—with-time;

wwhieh-located in Southern Europe. Exceptions to this can be seen in 2003, 2006 and 2018 for both metrics, known heatwave
ears, when a large number of high 4MDAS8 ts-sh i ttes+ i i
W%%%MMWW%IMM&WM

exceeding &

of-the—sttes—were-the prescribed limits during these heatwave events generally reduces with time, with 89, 45, 27, and 15
exceedances in 4AMDAS i ece i i ere edH v-and H6-in

study;-the-southernEuropean-68, 19, 6, and 8 exceedances in NDGT70 for 2003, 2006, 2015, and 2018 respectively.
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For the US metrics, a high number of sites across the country are found to have high 4MDAS hetspots—are—apparent

520

525

up until 2007. From 2008, there are few sites with exceedances, generally located in the West, and occasionally around the
Intermountain West region of the US. Due to a lack of data availability in 2012, a reported heatwave year, it is not possible for
530  us to comment here on whether this event led to elevated 4MDAS and pl0948¢)by-2020; but neither were strong-or signifieant

p>033)-NDGT70 frequencies.
The effeet-of-this-on-Os—coneen

535

540
i-6MMDAI O3

metrics are used to describe the general O3 twhich-an
urban-site.exposure, not just high O3 events, important for assessing O3 health burdens, rather than policy compliance. Across
Europe, and across the 20-year period, values of SOMO3S are generally fairly low across the board (typically < 4000 ppb

545 day). SOMO3S5 values of > 4000 ppb day are more widespread across Europe, excluding Northern Europe, in general2003;
and at a few sites across Southern Europe over the years, typically in Spain, Greece, Switzerland and Italy. This is reflected

in the AVGMDAS metric, where the lowest values are typically found in the UK, Scandinavia, and North of mainland Europe
(typically < 40 ppb). Slightly higher values of AVGMDAS are observed in Central and Eastern Europe (41 - 45 ppb) in the
early years (2000 - 2014). However, an uptick in AVGMDAS is observed in Eastern Europe in multiple years from 2015

550 onward, with many sites observing levels of 46-50 ppb, wet : : ieal-regi




555

560

565

570

575

580

585

or even higher in 2018 (51 - 55 ppb). Few sites exceed 56 ppb, and those that do are located in Southern Europe. The exception
to this is once more in 2003, when AVGMDAS were typically > 56 ppb across Europe, reaching 72 ppb in the alpine region of
Central Europe. Both the SMMDAT and 6MMDA 1 metrics are low across Europe for the 20-year time period, with maximum
values of 52 ppb and 44 ppb respectively observed in Northern Italy in 2003. Despite lower values across the continent, the
%%memmm change-in

central

alpine region, consistent with previous studies (?).
For the US data, these general O3 with-inereasing NO-between2020-and-2023-exposure metrics are generally higher than
the observed values for Europe. At the start of the 20-year period, the lowest values of SOMO35 were observed in the Central

4000 ppb day), with

and Eastern US (typically 1000 - thi

higher values observed in the South (typically 4000 - 6000 ppb day), and NO-te-be-measured-atboth-sites13-of the-siteswere

the highest values found on
the West coast (up to 11981 ppb day). This is consistent with previous studies, which have observed that Southern California is

WMHMWWMMMWMMM
in Central, Eastern, and Southern USA generally reduce. However, values in the West and Intermountain West are found to
increase or stay high, with SOMO3S values of 10973 ppb day observed in one site in 2020. Across the vicennial, all sites
exceeding 7000 ppb day are located in the West, with a general decrease in the number of sites observing this limit over the 20
years. Similarly to the European data, the AVGMDAS metric shows a similar pattern to the SOMO3S data, and by 2014 there

is a clear divide between Central, Eastern and Southern US, where the lowest values are observed (up to 50 ppb), and the West
and Southwest, including the Intermountain West (51 - 80 ppb). This narrative is also reflected in the 3MMDA 1 and 6MMDA 1

metrics.
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3.5 Coupling MDA8O; trends with 6MMDA1 O3 exposure metrics

3.5.1 ReeentNOinthe USA

investigate how trends are developing in different clustered regions across Europe and the US variations in the annual exposure
metric 6MMDA1) are compared to the slopes and significance of trends in MDAS8Qj; in 20H4-—Anemaly-timeseries-and-trends

004 and 2018, Here, we only look at sites that have been

assigned a cluster (where the number of sites > 3), using the HC clusters analysis described in section 2 to explore whether
regional clusters were showing similar trends. Figures 9 - -0:03-ppb-yr~te-0-+-11 show the MDA8O; trend against S MMDA 1
coloured by the clusters shown in section 3.3. Figures S22 - HS—ppl}!;H@G@%@Qr}—Uﬁfef&mafelyﬂaﬁhL%ﬁﬂmq—sﬁes—have

smdy—QfﬂyLeﬂe—sﬁ%}QSZ4 show these same scatters coloured by significance.
In the European MDAS8O;

the-NO,—change-point—Doing-this-reveals-that-sites-8169,14386-data and in the Sth uantile where sites are behaving more
uniformly (one bulk cluster), we do not see a clear reduction in high certainty increasing slopes between 2004 and 45497

same-as-that-in-NO,2018, but we do see fewer high certainty decreasing slopes in 2018, Across the cluster, which includes
a broad range of sites across Europe, we observe similar maximum values of annual 6MMDAL in the two years (c.a. 8169
M&M%&%WMMMQ@%WM@M(M
-1 Wi a O—N\ a aw a a s, y I

b%%m%ﬁmmmmwwlm
more clusters, observe that a cluster located across Southern mainland Europe (cluster 2), includes several sites with the higher
OMMDAL values (> 60 ppbv), in both 2004 and 2018. However, the certainty and direction of the trends in MDASOs is mixed.
A smaller cluster of sites located in Spain observed lower values of 6MMDAL in 2004 (20 - 40 ppbv), which increases to
40 - 50 ppby by 2018. These sites also have high certainty increasing MDA8Os trends in both 2004 and 2018. More broadly
across all clusters, we again observe fewer high certainty decreasing slopes in 2018 than 2004, In the 95 " quantile, where the
clearest regional clustering can be observed, generally higher G MMDAL values are seen in 2018 than 2004, There is no notable
grouping of the clusters their OMMDAI values in either 2004 and 2018, but there is generally a broader spread of values in
2004 compared to 2018. The location of sites with high certainty increasing or decreasing values is also mixed, showing no
clear regionality, When we compare 6MMDAI values to the 95 9991000th quantile warm-season only MDA8Q; measurement

%he—99.4)mquaﬁﬁ'}e{9trends, we again observed a compression of the range of 6MMDA1 values, at the higher mixing ratio end
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O6MMDALI values in both years, and trends are generally increasing but with low certainty.

Average 6OMMDAI values across the USA are generally higher than those reported across Europe. Some clearer regional
data, with a cluster located in Florida (cluster 2) generally showing lower 6MMDA values (40 - 60 ppby) in both 2004 and
2010 While this study limits-itselto-2018. Additionally, these sites are generally high certainty decreasing trends, and this is
reflected in both the cold-season and warm-season only MDA8Os trends. In contrast, sites located in the West show the highest
6MMDA 1 mixing ratios in both 2004 and 2018 (c.a. 70 - 90 ppbv) (cluster 7), and these are typically high certainty increasin
&mwmmgwgm%m 95 " quantile - there is some indication in-ficure 22-that

eluster located in the West including
MWM@&%MM%W
2018, but there is a upward shift in the slope magnitude of this cluster from approximately -1 - 0.5 ppb per year in 2004, to -0.5.
- 1.25 ppby per year. In addition, most of these trends shift from being of low certainty in 2004, to high certainty increasing
trends in 2018. These trends are also reflected in the warm-season MDA8O; trends. Over the 21st century, the Intermountain

West has experienced both increased wildfires, and hotter springs and summers, which can enhance photochemical activit
forming 0100010003 is-observed-

- from regional anthropogenic emissions (????

. The higher magnitude and high certainty increasing slopes in MDA8O3; may be linked to increases in one or both of these
factors.

4 Conclusions

Trends in urban Os-and-NO-MDAS8O; were calculated from de-seasoned monitoring site data across both Europe and the USA.
A-Piecewise quantlle regression analysis was utilised to assess long -term trends%ﬂﬂrfhefneﬂ&ed»eﬂeﬁdeé%eﬁteeewse

w&hﬁﬂmal%ﬁwmbeﬁeﬁeeefﬁaa%%makpmmm were limited to two Wper time series to
keep the focus on long -term trends and the largest changes. %
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in-OBy varying the selected
uantile, quantile regression allows trends in different areas of the MDA8Q; itis-impertanttelook-beyond-the S0th-pereentile-

ne troandebetweaen—199 Ol 4 found-th wh he- SO0th-perecen ad did-ne how on-f n and

QWWWMMW%W
quantiles, relating to low, medium and high values of MDASQ;. Additionally these trends were calculated for warm season
and cold season subgroups. Across the 22 year period, there are many sites in Europe with high certainty increasing trends
in the Sth-and- and 50 ™ quantiles, but the majority of medium-high certainty 95th-pereentites(" quantile trends in Burope
were found to be decreasing. Separating the trends by season shows that the majority of these decreasing trends are found in
the warm season in all quantiles and very few trends were increasing at 7 vatues)2)-—-An-exploration-of the= 0.95 with p <
0.33. In the USA the main time where increasing trends are observed is in the cold season, in all quantiles but to a lesser extent
ot 7 values i i T : . o .

switeh-in-Os-trend-acrossEurope-were-i= (.95 trends are dominated by sites decreasing, driving by the warm season trends
though a small number of these trends at higher quantiles do appear to be increasing in the Intermountain region.
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A_primary challenge of interpreting monitoring station data is how to identity sites showing similar behaviour, without
grouping based on pre-existing geographic regions. Hierarchical clustering with dynamic time warping was shown to be
effective in grouping similar time series and returned differing clusters when time series were aggregated at different quantiles
which agreed with those observed qualitatively when mapping calculated trends. Clusters tended to be more homogeneous at
lower values of 7. with differing subregional behaviour becoming more apparent at the 7 = 0.95. In the high extreme trends,
a cluster located in California was showing increasing trends across the 22 year period, but these were typically of lower
certainty. Higher certainty increasing trends were observed in a cluster located in the Intermountain West in the latter half of
the century, which were of lower magnitude. O exposure metrics, SOMO35, AVGMDAS, SMMDAL, and 6MMDAI were

second-change-pointUnited States of America than Europe, and the European sites that where AVGMDAS > 56 ppbv were
located in Southern and the central alpine region of the continent. In the US Adataset-the-biggest-switchesfromnegative-to

observed SOMO35 > 7000 ppby day more consistently over the 22 year period, though the number of sites exceeding this limit
decreased in frequency with time. More interestingly, although 6MMDALI values in the Intermountain West were similar in
2004 and 2018, the MDA8O5 trends shifted from low certainty in 2004 to high certainty increasing trends in 2018. This was
also observed in the warm-season trends, and may be linked to an observed increase in wildfire events in the area over the 22

?227?). With the risk of increasing occurrences of

ear period, or warmer summers and springs as reported in previous studies

warm summers, wildfires, and heatwaves, it is crucial that we continue to understand trends in MDA8O;wilh-be-sensitive-to

as this study has identified increasing trends

in locations in the USA (the West and Intermountain West), and Europe (Southern and Central alpine region), that alread
experience hot and dry weather conditions, that may exacerbate human risk to O3 exposure.
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Figure 1. Time series of annual average MDA8QO3, O3 and NO, for urban sites in Europe and the USA. Day and night subgroups correspond

to the hours of 0800 L - 1900 L and 2000 - 0700 L respectively, warm and cold refer to the months April - September and October - March
respectively.
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Figure 2. Number of sites with no change point (QR, gold), one change point (PQR_1, red) and two change points (PQR_2, green) in the

Daily Mean, MDA8O3; and MDA8O3; warm season series, separated into Europe and United States of America regions.
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Figure 4. Number of O3 series across slope significance and slope magnitude categories. Those of medium significance (p > 0.10) and

medium significance and medium magnitude slope are highlighted.
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Figure 5. Trends in warm season MDASOj3 in Europe in 2004 and 2018. Trends are shown by an arrow where the angle between verticall

up and horizontal corresponds to 2.5 - 0 ppby / yr'', and between horizontal and vertically down corresponds to 0 - -2.5 ppbv / yr'', The few

trends that have a magnitude greater than 2.5 ppbv have been clamped. Colour corresponds to the direction and significant of the trend.
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Figure 6. Trends in warm season MDA8Os in the United States of America in 2004 and 2018. Trends are shown by an arrow where the
angle between vertically up and horizontal corresponds to 2.5 - 0 ppbv / yr'', and between horizontal and vertically down corresponds to 0
- -2.5 ppbv / yr''. The few trends that have a magnitude greater than 2.5 ppby have been clamped. Colour corresponds to the direction and

significant of the trend.
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Figure 9. For the years 2004 (left) and 2018 (right) scatter plots show that years’ MDASO? trend in (top to bottom) Europe 7 = 0.05, 0.5,

0.95, United States of America 7 = 0.05, 0.5, 0.95 vs the 6MMDA1 for the same year. Colours correspond to clusters presented in figures 7

and 8.
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Figure 10. For the years 2004 (left) and 2018 (right) scatter plots show that years’ warm season MDASO? trend in (top to bottom) Europe 7

=0.05, 0.5, 0.95, United States of America 7 = 0.05, 0.5, 0.95 vs the 6MMDA for the same year. Colours correspond to clusters presented

in figures 7 and 8.
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Figure 11. For the years 2004 (left) and 2018 (right) scatter plots show that years’ cold season MDASQ?® trend in (top to bottom) Europe 7

=0.05, 0.5, 0.95, United States of America 7 = 0.05, 0.5, 0.95 vs the 6MMDA for the same year. Colours correspond to clusters presented
in figures 7 and 8.
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