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Abstract. We analysed long-term records of NO; and O3z in Luxembourg and the Greater Region with the Bayesian
Estimator of Abrupt change, Seasonality, and Trend (BEAST) to identify probabilistic changepoints in time series. Seasonal
components of NO; and long-term components of O3 revealed a significant changepoint in 2017/2018 that is more prominent
than the effect of the short-term emission reductions in 2020/2021 and the subsequent post-Covid rebound in urban areas.
NO; concentrations decrease by at least 50 % for all station categories from 2009 to 2024. Linear trend slopes for O3 during
this period based on quantile regression and Theil-Sen trend estimator were positive, with highest values at urban stations
(~0.75 pg m3 yr'!), while increases at peri-urban, rural, and forest sites were smaller (~0.4-0.6 pg m3 yr'). Spring and
autumn are the dominant seasons contributing to the O3 increase. The decline of the positive weekend effect (higher O3 on
Saturdays and Sundays than on weekdays), together with the reduced MDAS Os sensitivity to maximal air temperatures
above ~20 °C after 2018, indicates an ongoing transition from predominantly VOC-limited towards NOx-limited chemistry,
particularly at peri-urban, rural, and forest stations during summer. However, our results suggest that the impact of reduced
O3 titration by NO, particularly at low to moderate temperatures has sustained increasing O3 in the Greater Region. At the
same time, the reduction in peak O3z due the influence of NOx-limited chemistry was partly offset by the increase in daytime

maximum boundary layer height observed after the 2017/2018 changepoint.
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1 Introduction

Tropospheric ozone (0O3) is a secondary air pollutant that plays a central role in tropospheric chemistry, acts as a potent
greenhouse gas, adversely affects terrestrial ecosystems, and poses significant risks to human health (Fuhrer et al., 1997;
Grulke and Heath, 2020; Malashock et al., 2022; Brauer et al., 2016; Forster et al., 2007). Particularly, under future climate
conditions the impacts of Oz on health during heat waves and droughts would likely confound the health burdens from the
drought itself (Lee et al., 2023). It is formed by photochemical oxidation of carbon monoxide (CO), methane (CH4), and
non-methane volatile organic compounds (NMVOCs) in the presence of nitrogen oxides (NOy, the sum of nitrogen
monoxide, NO, and nitrogen dioxide, NO). NOy acts as a key catalyst in the formation of tropospheric Oz (Crutzen and
Lelieveld, 2001; Monks et al., 2015). Depending on the relative availability of NOx and VOC concentrations, the O3
formation regime is typically divided into three categories: NOy-limited, transitional, and NOy-saturated (VOC-limited), each
of which governs the rate of O; production (Jung et al., 2022; Sillman, 1999). The diurnal, seasonal and long-term O3
variations observed at a surface station represents the net effect of several physical, biological and photochemical processes,
with the latter being characterized by a non-linear response to precursor emissions (Trebs et al., 2012; Yan et al., 2018;

Monks et al., 2015). The overall processes include:

regional photochemical O3 formation (Sillman, 1999; Crutzen and Lelieveld, 2001)
- direct emission sources (titration by nearby NO and VOC emissions) (Sillman, 1999; Crutzen and Lelieveld, 2001)
- synoptic and local meteorological conditions, with dependence on solar radiation, air temperature and boundary
layer height (Real et al., 2024; Otero et al., 2021; Adame et al., 2022; Haman et al., 2014)
- removal from the atmosphere by dry deposition to surfaces and vegetation (Clifton et al., 2020; Anav et al., 2019)
- stratosphere-troposphere exchange or long-range (hemispheric) transport, which contribute to background Os
(Monks et al., 2015; Ansari et al., 2025; Fiore et al., 2014)
Climatic variability largely regulates the inter-annual variations of surface O3 in Europe (Yan et al., 2018) and there is broad
scientific consensus that rising air temperatures associated with climate change can partly offset emission-driven O;
reductions through the so-called climate penalty (Colette et al., 2015). Despite the exceptionally hot summers and severe
heatwaves of the last decade, the frequency of large O3 episodes has declined since 2015, even though the total number of O;
episodes increased, indicating a shift towards more frequent but less intense O; pollution episodes (Crespo-Miguel et al.,
2024; Zohdirad et al., 2022). European emission reductions targeting the main O3 formation precursors, such as NMVOCs
and NOy, implemented over the last three decades (Macdonald et al., 2021; Ojeda-Castillo et al., 2025; Ordéiiez et al., 2020;
Thiirkow et al., 2023; Eea, 2025a, b; Fortems-Cheiney et al., 2024) resulted in declining summer peak Oj; levels, especially
in rural areas (Derwent et al., 2010; Monks et al., 2015; Zohdirad et al., 2022; Yan et al., 2019), particularly after the period
1995-2000 (Yan et al., 2019; Boleti et al., 2020). Concurrent with the ongoing long-term NO> decline in Western and Central
Europe, additional reductions were reported across Europe during the COVID-19 lockdown period (Varga et al., 2024;

Grange et al., 2021; Barré et al., 2021; Ordofiez et al., 2020), particularly in traffic-influenced urban environments. However,
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at urban and suburban locations measures to reduce NO» are counterproductive as indicated by increases in O3 resulting in
relatively constant or even increasing total oxidant (OX = NOx + O3) concentrations (Grange et al., 2021; Real et al., 2024).
Long-term increases in urban and suburban mean O3 despite declining NOy emissions are frequently attributed to reduced
NO titration, whereby lower ambient NO decreases local O3 destruction, especially at traffic-influenced sites (Geddes et al.,
2009; Ansari et al., 2025; Monks et al., 2015; Colette, 2024; Real et al., 2024; Boleti et al., 2020; Nelson and Drysdale,
2025; Wang et al., 2025). This substantial Os increase at traffic sites reaches almost 20 % in Europe during the period 2005-
2019, while the trend was near zero for rural sites (Solberg et al., 2022). However, mean O3 levels did not decrease as much
as expected and much less than precursor emissions because of the nonlinear response of O3 to precursor changes and the
increase in background O3z over Europe due to hemispheric transport (Colette, 2024; Real et al., 2024; Crespo-Miguel et al.,
2024; Monks et al., 2015; Solberg et al., 2022; Ansari et al., 2025; Wang et al., 2025). Concentrations still often exceed the
EU limit values or WHO guidelines during hot summer periods (Boleti et al., 2018; Yan et al., 2019). Additionally, long-
term trends are characterized by increasing seasonal O3 average concentrations in the 5™ percentile, especially attributed to
spring and winter periods (Yan et al., 2019; Boleti et al., 2020; Yan et al., 2018; Nelson and Drysdale, 2025). As NOy
reductions continue the chemical regime in some regions and urban locations is expected to transition from VOC-limited to
NOx-limited (Fadnavis et al., 2025; Wang et al., 2025). On the other hand, positive Oz anomalies under NO, reduction
scenarios were associated with elevated air temperatures in the Benelux, Germany and France (Ordoéiez et al., 2020). A very
recent study covering the period 2000-2024 reports decreasing NOx levels at all stations in Switzerland as well O3 decreases
at rural and background stations, while O3 increased at traffic sites (Nussbaumer et al., 2026). The study showed that O3
formation at rural background sites was recently dominated by NOy-sensitive photochemistry, while NO titration remained
the dominant process controlling O3 concentrations at traffic sites. Only a limited number of studies have investigated
changepoints in long-term O3 trends across Europe (e.g., Boleti et al., 2020; Nelson and Drysdale, 2025) and the underlying
drivers of these abrupt changes remain poorly understood. Previous studies also often focussed on urban trends because of
their direct relevance to human exposure and public health (e.g., Nelson and Drysdale, 2025), whereas substantially less
attention has been given to rural, and especially forest environments.

The new Ambient Air Quality Directive (DIRECTIVE (EU) 2024/2881), revised in October 2024, tightened the Os target
value for the protection of human health from 2030 onward by retaining the maximum daily 8-hour average concentration
(MDAR) of 120 ug m, while reducing the permitted exceedance frequency from 25 to 18 days per year (averaged over three
years), applying in 2030. It also establishes a long-term objective for 2050 of 100 pg m?, with no more than three
exceedance days per year. The Greater Region is a cross-border area in Western Europe, covering Luxembourg and
neighbouring regions of three countries (Belgium, France and Germany). It is an underexplored region in terms of long-term
air quality studies and exhibits characteristics that make it unique for such an analysis. Amongst all EU member states,
Luxembourg has not only the largest NOyx reductions in the last two decades (82% from 2005 until 2023) (Eea, 2025a), but
also the highest number of cross-border commuters in the EU (over 230,000 people by late 2024, https://center-border-

studies.uni-gr.eu/index.php/en/taxonomy/term/110). They commute daily from the neighbouring countries, and the overall
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cross-border transport is additionally affected by fuel tourism. Luxembourg has the highest car density and the highest per
capita CO;, emissions from transport in the EU (Eibinger and Fernando, 2026). On the other hand, it was the first country that
made public transport free of charge (since March 2020). This study analyses 25 years (2000-2024) of in-situ observations
of NO; and O; for 15 surface stations in the Greater Region, with particular focus on the recent period 2009-2024. The main
scientific objectives are to (a) characterize the long-term evolution of NO, and O3 and their coupling in the Greater Region,
including seasonal and long-term trend changepoints, (b) quantify the seasonal and diurnal variability in NO and O; trends
for urban, peri urban, rural, and forest environments, including the assessment of NOy limited versus VOC limited regimes,
and (c) evaluate the influence of boundary layer height and air temperature on NO;, and Os trends, changepoints, and

implications for human and ecosystem O3 exposure.

2 Methods
2.1 Measurement locations, time periods and data preparation

Concentrations of O3 and NO, were obtained from permanent air quality monitoring stations operated by the national and
regional environmental agencies of the four countries, which are acknowledged at the end of this paper. In all countries O3 is
measured according to EN 14625 based on the ultraviolet absorption method. NO and NO; are measured according to the
reference method EN 14211 with photolytic conversion and chemiluminescence. The dataset with hourly time resolution
used in this study comprises 15 atmospheric monitoring stations (Figure 1, Table 1) located close to the border of
Luxembourg (max. distance ~ 90 km) in the Greater Region. It covers an area of 65.401 km? with about 12 million

inhabitants from the territories Wallonia in Belgium, Lorraine in the French region Grand Est, Saarland and Rhineland-

Palatinate in Germany as well as the Grand Duchy of Luxembourg (https://www.granderegion.net/en/). The selected
measurement stations (Figure 1, Table 1) cover a range of environments including four urban, three peri-urban, five rural and
three forested sites (clearings). Most stations have been continuously operational from 2000 until 2024. O3 concentrations
are reported in pg m= (STP: 20°C and 1013 hPa) to ensure consistency with European air quality legislation and monitoring
networks, as the ambient air quality standards and target values applied in this study are defined in mass concentration units.
After data retrieval, routine quality control procedures were conducted such as range-based plausibility checks and internal
consistency checks. For example, negative concentration values or extremely high values that exceed known atmospheric
limits are flagged (beyond plausible ambient concentrations, values for NO > 1500 ug m=, NO, > 1000 ug m=, O3 > 500 ug
m>). Also, the plausibility of the seasonal cycles was analysed. Early NO, data, often before 2008, show seasonal
irregularities and were considered as suspicious for several stations and removed from the final data set. Finally, daily (min,
max, percentiles), monthly (min, max, percentiles) time aggregation was made and, subsequently, O3 ecosystem and health

metrics were computed.
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Table 1. Overview of air quality monitoring stations in the Greater Region used for this study, including coordinates,

125 country, station category and measurement periods.
Station Longitude Latitude Country Category Period
Beckerich 5.84716 E  49.73186 N Luxembourg peri-urban 11/2002 — 12/2024
Beidweiler 6.30532 E  49.72225N  Luxembourg rural background 10/2007 — 12/2024
Luxembourg-
Bonnevoic 6.13760 E  49.59771 N Luxembourg urban 01/2000 — 12/2024
Esch-sur-Alzette  5.97689 E  49.50504 N Luxembourg urban 01/2000 — 12/2024
Jonville en Woevre 5.78556 E  49.06583 N France rural background 08/2001 — 12/2024
Habay La Neuve  5.62911 E  49.71987 N  Belgium rural background 01/2000 — 12/2024
Hunsriick-Leisel ~ 7.19372E  49.74103 N Germany forest (clearing) 01/2000 — 09/2024
Metz-Centre 6.18083 E  49.11944N  France urban 07/2005 — 12/2024
Nancy-Charles Il 6.19043 E  48.68817 N France urban 01/2004 — 12/2024
Sainte Ode 559369 E  50.02736 N Belgium rural background 01/2000 — 12/2024
Scy-Chazelles 6.12278 E  49.10750 N France peri-urban 10/2000 — 12/2024
Thionville-Garche 6.20139 E  49.39444 N  France peri-urban 02/2001 — 12/2024
Vianden 6.16884 E  49.94743 N  Luxembourg rural (water reservoir) 01/2000 — 12/2024
Vielsalm 6.00043 E  50.30378 N  Belgium rural (forest) 01/2000 — 12/2024
Westeifel-Wascheid 6.37807 E  50.26656 N Germany forest (clearing) 01/2000 — 09/2024
Meteorological data (air temperature at 2 m above ground (°C) and boundary layer height (m)) were extracted from the latest
ERAS climate reanalysis produced by the European Centre for Medium Range Weather Forecast (ECMWF) (Soci et al.,
2024) that provides hourly data for each latitude and longitude and time period listed in Table 1.
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Figure 1: Map with the locations of the measurement sites in the Greater Region of Western Europe. Data sources: CORINE Land
Cover 2018 (CLC2018, V2020_20ul), Copernicus Land Monitoring Service; administrative boundaries derived from GADM 4.1;
roads © OpenStreetMap contributors, Microsoft, Esri Community Maps contributors, Map layer by Esri. Map design and

135 additional content by the authors. GADM data are used in accordance with the GADM licence for academic research.

2.2 Timeseries decomposition and trend analysis

To infer robust long-term trend slopes and analyse the seasonal variability of the NO; and O3 monthly averages we used
three different approaches: (a) Bayesian model averaging (BMA) (Zhao et al., 2019), (b) quantile regression (QR) (Chang et
al., 2023) and (c) standard non-parametric methods such as Mann-Kendall analysis (Kendall, 1975; Mann, 1945) and Theil-

140  Sen’s slope (Sen, 1968; Theil, 1950) to estimate linear trends. These analyses were performed for the monthly averages and
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monthly averages of diurnal minima and maxima of NO», O3, air temperature and boundary layer height (BLH) timeseries of
each location and subsequently trend results were clustered according to the four station categories (urban, peri-urban, rural

and forest).

2.2.1 BEAST algorithm

We applied the Bayesian Estimator of Abrupt change, Seasonal change, and Trend (BEAST) as an ensemble algorithm that
fits a Bayesian regression model to match time-series data with time as the independent variable (Zhao et al., 2019). It is a
generic Bayesian time-series decomposition algorithm for three contrasting components: abrupt change (changepoints),
periodic/seasonal change, and trend implemented via a stochastic sampling algorithm known as Markov Chain Monte Carlo.
BEAST enables the representation of nonlinear dynamics inherent to environmental and atmospheric pollutant time series,
driven by chemistry, emissions, and meteorology (Wu et al., 2023). Time-series are statistically decomposed into a long-
term trend signal and a seasonal signal that is approximated as a piecewise harmonic model (Zhao et al., 2019). BEAST
detects the trend changepoints and seasonal changepoints separately and quantifies their posterior probabilities from the
Bayesian model (values range from 0 — 1, 0 = almost no evidence of a change, 1 = very strong evidence of a seasonal or
trend change at that time). Changepoint selection was performed using an adaptive scheme directly applied to the BEAST
outputs. For each time series and component (seasonal or trend), the posterior distribution of the number of changepoints
was first used to determine the maximum number of changepoints retained. For the seasonal component, the posterior
median number of changepoints and for the trend component, the 10" percentile of the posterior distribution was used,
suppressing insignificant slope perturbations. Individual changepoint candidates were then filtered using a relative posterior
probability criterion. This approach avoids the use of generic probability thresholds and ensures that changepoint selection
adapts automatically to the posterior probabilities of each individual time series. BEAST analyses were performed for the

entire data record available for each station (Table 1).

2.2.2 Quantile regression

As recommended in the Tropospheric Ozone Assessment Report, Phase I (TOAR-IT) we applied quantile regression (QR) to
estimate long-term trends (Van Malderen et al., 2025; Chang et al., 2023), primarily because it enables detecting linear
changes within distinct portions of the Os distribution, (e.g., Sth percentile, characterizing low O3 conditions, 50th percentile,
or 95th percentile). Here, the method is applied to the median (50th percentile) change in the trends, which is equivalent to
the least absolute deviation estimator that is particularly robust when extreme values or outliers are present (Van Malderen et
al., 2025; Nelson and Drysdale, 2025). Four harmonic terms (sine-cosine combination) are used to capture the seasonality
and subsequently the timeseries were deseasonalised. QR is combined with a moving block bootstrap algorithm taking

autocorrelation into account in the trend uncertainty (Chang et al., 2023).
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2.2.3 Mann-Kendall analysis and Theil-Sen trend estimator

A combination of non-parametric Mann-Kendall analysis (Kendall, 1975; Mann, 1945) and Theil-Sen trend estimator (Sen,
1968; Theil, 1950), which do not assume any statistical distribution of the data, were used for testing the presence and
significance of linear trends in the timeseries. To estimate the long-term trend, the seasonal signal was removed by (a)
singular spectrum analysis (SSA) (Golyandina and Zhigljavsky, 2013), which assumes an additive decomposition of the data
and (b) trend decomposition using Loess (STL), which is an additive decomposition based on a locally weighted regression
(Cleveland and Cleveland, 1990). After decomposition, the non-parametric Mann-Kendall test and the Theil-Sen method
were applied to the sum of the long-term trend and the residual signal of the NO, and O; timeseries to detect monotonic
trends over several years. While the Kendall’s tau statistic is an indicator of whether a trend exists, the Sen’s slope delivers

the strength of the trend.

3 Results and Discussion
3.1 Time series overview and extreme events

Table Al (Appendix A) presents the descriptive statistics (including extreme events) for the timeseries of the individual
stations. The annual distributions of NO, concentrations in Figure 2a shows an increase between 2000 and 2003, most
pronounced at urban, peri-urban and forest stations, while rural sites exhibit only minor changes during the same period.
Following this initial increase, NO, concentrations remained relatively stable for approximately a decade, after which a
progressive decline is evident until 2024 for all station categories. As expected, concentrations were highest in urban areas,
which also exhibited the greatest variability in the boxplots, whereas forest sites showed the lowest concentrations with the
smallest variability. At urban sites median values decline from approximately 30 to 35 pg m™ in the early 2000s to near 10 to
15 ug m after 2020. Mean rural and forest long-term averages were three times lower than at urban locations.

Figure 2b indicates highest O3 medians at forest stations in almost every year, followed by rural, peri-urban, and urban sites.
During approximately 2000 to 2016, O3 levels remain relatively stable for each category with a short upward trend in the
early phase 2000-2003 at forest and rural stations. Lowest values were observed at urban locations around 2007-2009, while
highest values were measured at forest sites in 2003, 2006, 2018 and 2024. The first three peak years coincide with
previously reported Oz episodes over Europe co-occurring with heatwaves (Crespo-Miguel et al., 2024; Zohdirad et al.,
2022). The episode in 2003 occurred in the first half of August driven by the mega-heatwave that affected western Europe.
In that month the maximal hourly O; concentrations substantially exceeded 200 ng m™ at several stations (Table Al). From
approximately 2014-2016 onward, median values cluster around or above 60 pg m™ at rural and forest stations. Between
2016 and 2018 an increase was observed at all station types. After 2018, O3z medians remain consistently elevated at rural
and forest stations. Urban sites also show a gradual increase in the last years but mean urban and peri-urban long-term

averages were about 30 % lower than those of forest and rural locations.
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Figure 2: Box-and-whisker plots presenting the annual statistical distribution of (a) NOz and (b) Os for 15 stations (combined per
station category, see Table 1) in the Greater Region from 2000 to 2024. Means and standard deviations for each station category

are printed inside the figures. Number of data points (active stations) was nearly equal only from 2006 onwards.

3.2 Analysis of long-term NO: and O; trends
3.2.1 Results from the BEAST changepoint detection for NO: and O3

Figure 3a-d summarizes BEAST posterior changepoint probabilities for NO, and Os, separated into seasonal and trend
components, classified by station category. Seasonal shifts in NO, (Figure 3a) occurred predominantly during 2014 and
2017, with the highest number of posterior probabilities detected in autumn 2017. These changepoints occur across all
station categories for monthly means and are more dominant for the monthly means of diurnal minima than for the maxima
indicating an overall change of the seasonal cycle. In contrast, Oz exhibits no evidence of changes in the seasonal cycle as
only three isolated changepoints with low probability were found by the BEAST algorithm (Figure 3b). This indicates that
the seasonal amplitude and phase of O3 remained comparatively stable over the period 2000-2024.

Trend changepoints for NO, (Figure 3c) occur during different periods, an earlier phase around 2006-2012 and a later, more
coherent phase around 2019-2020. The later period shows higher posterior probabilities but is only evident for rural and
urban stations. O3 trend changepoints (Figure 3d) show a stronger clustering around 2017/2018 for all station categories and

value types (mean, max, min), with moderate to high posterior probabilities.
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Figure 3. Probability of seasonal (a and b) and trend (c and d) changepoints derived with BEAST from monthly NO:
and O; timeseries between 2000 and 2024 for all 15 stations, clustered by station category. Marker size is scaled by
the posterior probability of the changepoint. It quantifies the confidence of the BEAST algorithm in the detected
changepoint, with higher values indicating stronger evidence. Circles denote monthly means (base) and triangles
monthly means of diurnal maxima and minima (diurnal max, diurnal min). Grey bands indicate periods when
changepoints concentrate. Changepoints from 2000-2003 and 2022-2024 were excluded as they are not reliable due to

missing data before and after these periods.

Additional earlier signals before 2010 are present but less dominant. The exact trend changepoint occurred in autumn 2017
and coincides temporally with the principal seasonal NO, changepoints (Figure 3a), roughly one year before the heatwave
and associated Os episode days in summer 2018 (Nelson and Drysdale, 2025; Pope et al., 2023). The onset of the change in
the NO, intra-annual variability and O3 trend increase in autumn 2017 for most stations coincides with changes in the vehicle
fleet composition, particularly the rapid increase in electric vehicle registrations and the reduction in diesel passenger cars,
e.g. in Luxembourg (see Figure Al). From the timeseries of monthly diesel vehicle registrations, BEAST detects seasonal
changepoints in 2020 and 2021 with posterior probabilities > 0.8, and trend changepoints in 2017 and 2021 with posterior
probabilities > 0.45. However, NOy reductions from Euro 6 diesel vehicles had already begun after 2015 with the

introduction of AdBlue (selective catalytic reduction) systems. The principial changepoint in 2017 may also partially reflect

10
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other altered emission patterns, including reduced winter combustion contributions and changes in gas consumption
associated with warmer winters (Figure AS5). Notably, the identified changepoints precede the COVID-19 pandemic and,
hence, cannot be attributed to emission reductions related to lockdowns. However, the decline of national NOx emissions
between 2005 and 2023 by 82 % was only partially reflected in the NOy decline at Luxembourgish monitoring stations,

which was ~60 % on average over the same period (Figure A2).

3.2.2 Results from the BEAST trend decomposition for NO: and O3

Data quality and completeness of NO, measurements improved after 2009 and most valid BEAST changepoints for NO,
occurred after 2010 (see Figure 3). Hence, we focussed our trend decomposition analysis on the period 2009-2024. BEAST
results show that all station categories exhibit a stable seasonal cycle, with winter maxima and summer minima, consistent
with enhanced winter NOx emissions and reduced photochemistry (Figure 4a). Urban and peri-urban stations show the
largest seasonal amplitudes, while rural and especially forest sites reveal smaller amplitudes, indicating the lower influence
of local emissions. The amplitude of the seasonal NO, component is decreasing over time with a marked break in 2017/2018
(Figure 4a), confirming major seasonal changepoints before the COVID-19 pandemic. During and after this period, the
interannual amplitude starts to decline. Peri-urban stations show the most pronounced amplitude reduction after 2017. In
contrast, the Oz seasonal component (Figure 4b) shows a highly regular annual cycle for all station categories, without major
changepoints (Figure 3b). Peak O3z concentrations occur later at peri-urban and urban locations (June/July) compared to rural
and forest sites (May).

The extracted long-term component of NO; (Figure 4c) shows a persistent downward trend
for all station categories. The decline is strongest in absolute terms at urban sites, moderate at peri-urban locations, and
smallest at rural and forest sites. Concentrations decrease by at least 50 % for all station categories from 2009 to 2024, with
slightly larger relative reductions at rural and forest sites. The previously presented trend changepoints (Figure 3¢) are visible
in 2014 and 2019/2020, especially for urban sites. The drop in 2020 is likely related to the COVID-19 lockdown. NO,
concentrations decline on average by ~ 15.4 ug m> (=0.96 pg m= yr'!) at urban stations, by ~ 9.3 ug m3 (=0.58 pg m3 yr'!)
at peri-urban, by ~ 5.6 pg m= (=0.35 mg m= yr'!) at rural and by ~ 5.2 pg m3 (—0.33 mg m? yr!) at forest stations during the
16 years (2009-2024).
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Figure 4: Extracted trend components of monthly mean NO: and Os concentrations from 2009 to 2024 with the
BEAST algorithm averaged for the different station categories. The plots in (a) and (b) show the seasonal component
and (c) and (d) show the long-term components. Shaded areas indicate uncertainty ranges after bootstrapping the

data (n = 1000, lower bound = Sth percentile, upper bound = 95th percentile).

From 2009 to 2016, O3 long-term trend components extracted with BEAST remained stable, especially at rural and forest
locations, while small increases were evident at peri-urban and urban stations (Figure 4d). The changepoint that indicates the
abrupt Os increase (Figure 3d) starting at the end of 2017 is clearly visible in Figure 4d. Between 2009 and 2024 O;
increased on average by ~ 9.8 pg m> (0.61 pg m> yr'') at urban stations, by ~ 4.2 ug m= (0.26 ug m yr'!) at peri-urban, by
~ 5.0 pg m3 (0.31 ug m? yr'') at rural and by ~ 2.8 pg m> (0.18 pg m™ yr'!) at forest stations. In relative terms, O3
concentrations increased by ~ 27 % at urban and by ~ 10 % at peri-urban, rural and forest stations from 2009 to 2024. The
results presented in Figure 4 indicate that the changepoints in 2017 are more prominent than the effect of the short-term

emission reductions in 2020/2021 and the post-Covid rebound in urban areas (Varga et al., 2024; Grange et al., 2021).
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3.2.3 Changepoints in air temperature and boundary layer height

The long-term component of daily maximum air temperature shows a gradual increase for all station categories from 2009 to
2024, reflecting a coherent regional warming signal (Figure 5a). The increase is largest at urban stations (approximately
0.9°C), followed by peri-urban stations (0.8°C), while rural and forest stations exhibit slightly smaller increases of about
0.7°C. Potential changepoints are visible just before 2014 and in 2018. A similar long-term evolution is evident for the
diurnal maximum BLH, although with a different temporal pattern. The maximum BLH remains relatively constant until
approximately 2016, followed by a marked increase between 2017 and 2018 that persists for several years before declining
slightly after 2022 (Figure 5b). Urban stations consistently exhibit the deepest daytime boundary layers, whereas forest
stations show the lowest BLH values. In contrast to the increase in air temperature, the more abrupt, step-like increase in
BLH occurs simultaneously to the seasonal and long-term changepoints detected for NO; and Os, respectively (Figures 3 and
4). The BLH development is relevant because it integrates several meteorological controls including surface sensible heat
flux, atmospheric stability, cloudiness, soil moisture, and synoptic circulation. Consequently, it is an indirect proxy for the
efficiency of photochemistry, vertical mixing and Os entrainment from the residual layer (Song et al., 2024). Higher daytime
maximum BLHs indicate stronger convective boundary layer development, which favours the entrainment of Os-rich air

from the residual layer into the mixed layer during the morning, contributing to elevated surface O3 (Kaser et al., 2017).
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Figure 5: Long-term components of monthly mean diurnal maxima in (a) air temperature (2 m) and (b) boundary
layer height (BLH) extracted from ERAS climate reanalysis data derived with the BEAST algorithm and averaged
for different station categories. Shaded areas indicate uncertainty ranges after bootstrapping the data (n = 1000,

lower bound = Sth percentile, upper bound = 95th percentile).

Most stations exhibit their highest-probability maximal air temperature changepoints during 2014 and 2018 (Figure 6a), with
the latter reflecting most probable changes in the monthly 95" percentile of air temperature (extreme values). This

changepoint in extremes occurs just after the BLH long-term changepoint in 2017, which have higher maximum

13



295

300

305

https://doi.org/10.5194/egusphere-2026-5341
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

probabilities than air temperature (reaching values close to 0.7 at some urban stations) and highest probabilities occurred in

2017 for nearly all stations (Figure 6b).
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Figure 6. Maximum posterior changepoint probabilities derived from the BEAST method from (a) monthly mean
diurnal maxima of air temperature (Tair-diurnal max; dark bars) and the monthly 95th percentile air temperature
(Tair-P95; light bars) and (b) monthly mean diurnal maxima boundary layer height (BLH-diurnal max; dark bars)
and the monthly 95th percentile BLH (BLH-P95; light bars) at the 15 monitoring sites in the Greater Region,
grouped by station category. The labels within the bars indicate the year associated with the most probable
changepoint. The posterior probability quantifies the confidence of the BEAST algorithm in the detected

changepoint, with higher values indicating stronger evidence.

BLH changepoint probabilities are mostly higher for diurnal maxima compared to P95, suggesting that the long-term change
is primarily affected by typical daytime meteorological conditions rather than only the most extreme events. Urban stations
generally exhibit the highest changepoint probabilities, with particularly strong evidence at Metz and Nancy, whereas forest

stations show lowest probabilities. Changepoints in monthly daytime maximum BLH and the monthly 95th percentile of air

14



310

315

320

325

330

335

340

https://doi.org/10.5194/egusphere-2026-5341
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

temperature (2017/2018) largely coincide with the detected changepoints in the long-term O3 trend and the seasonal NO;
trends (Figures 3 and 4). No significant changepoints in long-term and seasonal trends were detected in minimal air

temperatures and BLH values. Changepoint probabilities for means were lower than for diurnal maxima and 95" percentiles.

3.2.4 Trend slopes of NO2 and O3 using quantile regression and Theil-Sen method

Tables A2-A4 summarize the trend slopes and associated uncertainty metrics for monthly NO, means of all individual
stations using the three different linear trend estimation methods described in sections 2.2.2 and 2.2.3 (QR-MBB, Theil-Sen
after SSA and STL decomposition). The slopes determined with the QR-MBB method had a very high certainty as indicated
by signal-to-noise-ratios above three and p<0.001 (Table A2, Cheng et al., 2023). Also, the Theil-Sen trend slopes were
statistically highly significant (p<<0.001). Mann-Kendall (MK) rank correlation coefficient (t) for the individual stations was
between -0.65 and -0.4 with highest values for the STL decomposition method (Table A4). We find consistent negative
trends for all station categories confirming the substantial decline in NO; concentrations from 2009 to 2024 (Figure 7a).
Urban stations show decreases in monthly mean concentrations of approximately —1.1 ug m™ yr'!, consistent with emission
reductions in traffic-dominated areas, which is comparable to declines observed in Switzerland (Nussbaumer et al., 2026). In
contrast, the absolute decline at forest stations is substantially lower (=0.35 ug m= yr!). All slopes compare relatively well
with average BEAST estimates (see Figure 4c). The slopes estimated with the QR-MBB method are slightly lower than
those derived with the Theil-Sen method and show the best agreement with the average BEAST slopes. The strongest NO»
decline occurred in diurnal maxima (Figure 7a middle panel), especially at urban (1.8 ug m™ yr'") and peri-urban (-=1.25 ug
m> yr!) stations. Hence, peak NO» concentrations mainly occurring in the early morning or evening during rush hour
periods have declined more strongly than mean or minimum values. Monthly means of diurnal minima show weakest long-
term trends, particularly at background (forest and rural) stations.

The trend slopes of O3 concentrations in Figure 7b are consistently positive for all station categories, confirming the increase
in O3z over the study period. Tables A5-A7 summarize the trend slopes and associated uncertainty metrics for monthly O;
means of all individual stations. The slopes determined with the QR-MBB method had a high to very high certainty as
indicated by signal-to-noise-ratios above two and p < 0.05 (Cheng et al., 2023) while no evidence for a significant positive
slope was found only for the rural station Beidweiler in Luxembourg (Table AS5). All Theil-Sen trend slopes were
statistically significant (p<<0.05). MK-t for the individual stations was between 0.11 and 0.37 with highest values for the STL
decomposition method (Table A7). Slope magnitudes were highest for urban stations (~0.75 pg m? yr'!), while increases at
peri-urban, rural, and forest sites were smaller but nearly within the same range for the three categories (~0.4-0.6 ug m= yr-
") (Figure 7b). The increases were similar to values found in Saxony (Germany) for urban and rural sites covering a
comparable period (Wang et al., 2025), while O3 trend slopes determined for Switzerland were lower or even decreased at
rural background sites (Nussbaumer et al., 2026). The trend in the surface to 300 hPa tropospheric O3 column over Uccle, a
peri-urban site near Brussels, was +1.5 ppb per decade (equivalent to 0.3 pg m™ yr'!) during the period 2000 to 2022 (Van
Malderen et al., 2025).
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Figure 7: Long-term trend slopes for (a) NO: and (b) O3 computed from monthly means, monthly means of diurnal
maxima and minima using quantile regression and a moving-block-bootstrap algorithm (QR-MBB, t = 0.5) after
removing seasonality calculated from harmonic functions and Theil-Sen estimator method after removing seasonality
based on the STL and SSA methods, see section 2.2) averaged for each station category. Error bars denote standard
errors of category means. Individual monthly mean slopes and associated uncertainty ranges for NO2> measured at all
stations are listed in Table A2 (QR-MBB), Table A3 (Theil-Sen-SSA) and Table A4 (Theil-Sen-STL) and for O3 in
Table A5 (QR-MBB), Table A6 (Theil-Sen-SSA) and Table A7 (Theil-Sen-STL).

The three methods yield comparable slope magnitudes, with higher variations for peri-urban stations. Except for urban
stations, the derived average BEAST slopes for O3 are lower than those of the QR-MBB and Theil-Sen methods, especially
for peri-urban and forest sites (see Figure 4d). This can be partly explained by the drop in O3 during 2024 that is accounted
for by BEAST but only partly by the linear trend estimates. For diurnal maxima (middle panel), positive trends are also
observed for all station categories, although magnitudes are generally lower than those for monthly means. For diurnal
minima (bottom panel), estimated trends are also positive and exceed those of the diurnal maxima for peri-urban, rural and

forest stations.
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3.3 Seasonal, weekly and diurnal changes in NO: and O3
3.3.1 Seasonal and diurnal trends

To investigate the temporal evolution of the change intensity we analysed five-year moving window differences (ANO, and
AOs3) for each season (Figures 8 & 9). The negative five-year moving window differences (ANO) in Figure 8 indicate
sustained NO, reductions relative to the previous 5-year periods during all seasons at urban stations. Before 2018, only
minor differences between urban, peri-urban, rural and forest stations were detected and the concentrations were relatively
constant or even increased. During winter, a slight decrease already started in 2013/2014 (Figure 8d), which is confirmed by
the changepoints detected with BEAST (Figure 3¢). The pre-COVID changepoint in 2017 is consistently observed in all
seasons, indicating a structural shift in the long-term trend and the onset of a sustained decline. In accordance with the effect
of NOy emission reductions, the magnitude of this decline decreases from urban to peri-urban, rural, and forest stations. This
strong decrease at urban sites is weakest during summer and autumn (Figure 8b,c), most likely due to lower domestic heating
activities. During spring and summer (Figure 8a,b), ANO, values were close to zero and constant over time for all non-urban

sites, revealing relatively stable background NO> concentrations.
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Figure 8: Changes in NO: concentrations derived from a moving window of five-year differences, shown separately
for different meteorological seasons (a) spring, (b) summer) (c) autumn and (d) winter and each station category. For
each end year Y, ANO: is defined as the difference between the mean NO: concentration over years Y—4 to Y and the
preceding S-year period Y—9 to Y-5. Error bars denote the standard error of the mean for all stations within each

category.
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EGUsphere\

The five-year differences (AO3) in Figure 9 reveal that spring and autumn are the dominant seasons contributing to the O3
increase after 2017/2018, with highest contributions for urban sites during spring. In 2016, a minimum appears consistently
in spring (Figure 9a), most pronounced at rural and forest sites, indicating a decline until that year, while after 2017/2018,
AO3 becomes persistently positive. However, in spring the positive AO; values are levelling off since 2022 and start to
decrease again. During summer, AOs started to increase already around 2012 at urban sites, remained constant between 2014
and 2022 and afterwards started to decrease for all station categories (Figure 9b). A continuous increase in AOsis observed
during autumn for all station categories which is steepest since 2018 (Figure 9¢). The pattern is comparable during winter,
when AO; is positive since 2011 for all, except forest stations. However, the increase since 2018 is less pronounced than
during autumn and values increase already between 2011 to 2014, especially at urban and peri-urban sites (Figure 9d).
Comparable trends were found at other locations in Europe and showed upward values for winter, spring and autumn with
stable or downward values for summer (Adame et al., 2022).
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Figure 9: Same as Figure 8, but for Os.

NO; reveals declining diurnal trends throughout the whole value distribution for the different station categories between
2009 and 2024 (Figure 10, Figure A3). In line with the direct effect of emission reduction measures, highest NO,
concentrations have decreased more than background concentrations (see also Figure 7a). The negative P95 trend at peri-
urban, rural, and forest stations is comparable and approximately half the magnitude of that observed at urban locations
(Figure 10a-d). The latter show the strongest diurnal variability, with largest reductions occurring around typical commuting

hours 07:00-09:00 and 19:00-21:00 that is additionally affected by the decrease of photolysis rates and BLH in the evening.
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The comparable trend pattern (P50 and P95) at peri-urban stations indicates that they remain influenced by nearby
anthropogenic emissions while also reflecting regional background conditions. Rural and forest stations trends display much
weaker diurnal variability, lacking distinct morning peaks related to reduced traffic emissions. The strongest negative trends
in these stations occur during the evening and nighttime (approximately 18:00—00:00), whereas the smallest decreases are
observed around midday (Figure 10c,d). This pattern is consistent with declining regional NOx together with stable nocturnal
boundary layer conditions, which suppress vertical mixing and increase the sensitivity of near-surface NO, concentrations to
changes in regional emissions (Kuhn et al., 2024). P5 varies only modestly throughout the day for all station categories, with
slightly stronger declines during the early morning and evening at urban locations. Comparing kernel density estimates of the
NO; concentration distributions (Figure A3) before and after the detected changepoints in 2017/2018 indicates that the NO,
distribution has become substantially narrower, with overlap coefficients between 0.71 and 0.86.
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Figure 10. Mean diurnal NO: trends derived from 15 monitoring sites in the Greater Region grouped by station
category (a-d) for the period 2009-2024. Trends were estimated using the Sen's slope method applied to
deseasonalised (STL decomposition) monthly time series of hourly NO: percentiles. Curves show the average hourly
trends for the 5th (P5), 50th (P50), and 95th (P95) percentiles. Error bars indicate the standard deviation of the trend
estimates (cf. Yan et al., 2018).
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The PS5 exhibits the largest positive O3 trends, P50 show intermediate positive trends, while the P95 displays the smallest
trends and approaches zero or becomes slightly negative after midday, particularly at rural and forest stations (Figure 11). A
pronounced daytime trend divergence between the O3 percentiles is evident at urban and peri-urban stations, with only P5
increasing substantially from the morning into the afternoon (Figure 11a,b). Hence, the largest daytime increases occur under
conditions that historically exhibited low O3 concentrations because of the reduced titration with NO (e.g., during winter, see
Figure A4) (Real et al., 2024; Yan et al., 2019).
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Figure 11. Same as Figure 8, but for Os.

In contrast, rural and forest stations exhibit similar pattern of the diurnal cycle for all trend percentiles (Figure 11c,d). Peak
O3 concentrations remained stable or have slightly decreased only during summer (see Figure A4). Because at our forest
clearing sites, biogenic NO emissions from soil are expected to be small compared to traffic emissions, and an increase in
mean (or P50) levels can be largely explained by hemispheric transport and reduced titration by NO as a result of overall
reduced NOy levels in the atmosphere (Solberg et al., 2022). Except in the P5 for urban and peri-urban stations, higher
increasing trends were found during nighttime, which agrees with previous studies covering different time periods that also
attributed the positive surface O3 trend mostly to the colder months (see Figure A4) and to the nocturnal period (An et al.,

2024; Adame et al., 2022). In Western Europe, the most notable change between 2000-2004 and 2014-2018 was a distinct
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flattening of the summer Oj; peak alongside an increase in wintertime O3 levels (Ansari et al., 2025). Other previous studies
also identified for both urban and rural background sites a narrowing of the Os distribution, hence, a decrease in the 95th
percentile (or maximal values during the warm season) and an increase in the 5th percentile of Os for the periods 2000-2015,
2000-2021, 1995-2014 and 2000-2024, respectively in Europe (Boleti et al., 2020; Nelson and Drysdale, 2025; Yan et al.,
2018; Nussbaumer et al., 2026; Yan et al., 2019). This contrasts with our study, where we show that in the Greater Region,
trends for all station categories and throughout the whole O3 distribution are upwards or near zero from 2009 until 2024,
which is similar to results recently obtained for Saxony (Germany) (Wang et al., 2025). Although reductions in regional NOy
levels are expected to reduce O3 at the upper end of the O3 distribution in VOC-limited (NOx-saturated) regimes (Real et al.,
2024), decreases in Europe during 2005-2019 were generally small and not statistically significant compared with the earlier
period (2000-2017) (Solberg et al., 2022), This is consistent with the findings of the present study, although the effect on
peak O3 was very small in the Greater Region. Kernel density estimates of the mean 5-year O3 concentration distributions
before and after the 2017/2018 changepoints (Figure A4) indicate an overall shift of the Os distribution towards higher
concentrations, particularly at rural and forest stations, but changes during summer remain comparatively small (overlap
coefficients > 0.9). The reduction in peak Oz concentrations due to chemistry was partly offset by the increase in daytime
maximum BLH observed after the 2017/2018 changepoint (Figures 4 and 5), which enhanced vertical mixing and
entrainment of Os-rich air from the residual layer. The pronounced differences in diurnal percentile trends between urban
and rural environments reveal the relative importance of declining precursor emissions, evolving boundary layer dynamics

and changes in regional photochemical O3 production (Boleti et al., 2020; Boleti et al., 2018).

3.3.2 Weekend-weekday effect on MDAS

The concept of the weekend-weekday effect was originally developed by Levitt and Chock (1976) and implies that lower
NOx emissions on weekends, primarily due to reduced vehicle traffic in densely populated and polluted regions, often result
in higher O3 concentrations under VOC-limited conditions. We have computed the seasonal weekend-weekday MDAS
differences (AMDASR) to elucidate the dominant chemistry regime (see Otero et al., 2021; Nussbaumer et al., 2026; Abeleira
and Farmer, 2017). A positive weekend-weekday effect is consistent with a VOC-limited system, while a negative weekend-
weekday effect is indicative of a NOy-limited system. Mean MDAS differences were derived for five-year periods (2007-
2011, 2012-2016, and 2019-2023) and for different seasons (changepoint years 2017 and 2018 were excluded) (Figure 12).
Statistical significance was assessed using the Mann-Whitney U test (Sicard et al., 2020; Otero et al., 2021).
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Figure 12. Seasonal weekend-weekday MDAS8 differences (AMDAS, weekend minus weekday) for all station
categories for the periods 2007-2011, 2012-2016, and 2019-2023 (changepoint years 2017 and 2018 were excluded).
Weekly weekend-weekday differences were first computed from daily MDAS8 values and subsequently averaged
seasonally for spring (a), summer (b), autumn (c), and winter (d). Circles indicate seasonal mean AMDAS values for
each period, while connecting lines illustrate the differences between five-year periods at individual stations.
Statistical significance was assessed using the Mann-Whitney U test (Sicard et al.,, 2020) applied to weekly
distributions of weekend-weekday differences for each season and for the difference of the AMDAS distribution to
zero. Red asterisks indicate significance at p < 0.05 for both tests, while blue asterisks indicate significance for the

zero-difference test. MDAS values were computed using the Openair R package (Carslaw and Ropkins, 2012).

With few exceptions, the positive weekend effect during 2007-2011 progressively weakens and is near zero or becomes
negative by 2019-2023 (Figure 12). During summer at higher temperatures AMDAS values are lowest and predominantly
negative (albeit not statistically significant at p <0.05), indicating a transitional chemical regime with a weakening VOC-

limited response and increasing influence of NOy-limited conditions (Figure 12b). Under such conditions, O3 concentrations
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tend to decrease due to NOy reductions (Otero et al., 2021). The magnitude of the statistically significant weekend effects
during 2007-2011 and the decrease over the following periods is largest in autumn and winter for all station categories
(Figure 12c¢,d), indicating that the change intensity towards a NOx-limited regime is most pronounced during these two
seasons. The strongest changes occur at urban and peri-urban stations, where the weekend effect is most sensitive to
declining traffic-related NOy emissions. Changes are smaller at rural and forest stations, with negligible differences between
2012-2016 and 2019-2023 in spring and autumn, indicating a weak AMDAS O3 response. This was due to minor regional
NOx reductions at background sites, as indicated by relatively constant NO, (Figure 8 a,c) in these seasons. These stations
are also more characterized by the increasing impact of hemispheric background O3 (Solberg et al., 2022) and the temporal
changes in regional background photochemical O3 production (Boleti et al., 2018). Our results agree with Otero et al. (2021),
who found that southwestern stations in Germany are transitioning to the NOy-limited regime from 1999-2008 to 2009—
2018, with a significantly decreasing weekend-weekday effect at higher temperatures. Although continued NOy emission
reductions are expected to shift O3 production towards NOy-limited conditions and thereby suppress peak photochemical O3
formation, the often statistically insignificant seasonal AMDAS values for 2019-2023 (Figure 12) suggest that reduced NO
titration still plays a major role, especially at low to moderate temperatures. Combined with favourable meteorological
conditions, particularly deeper daytime boundary layers (Figure 5b, Figure AS5), this explains the recent increases in O3

diurnal means, minima and maxima (Figures 7b, 8, 11, A3), even at rural and forest sites.

3.4 Trends in O3 health metrics and ecosystem exposure
3.4.1 Trends in MDAS ozone values and dependency on BLH and air temperature

The number of MDAS exceedance days has decreased since 2018 (Figure 13), but considering the whole period since 2001
no clear trend is visible, while the years with extreme heatwaves stand out (e.g., 2003, 2006, 2018). Pronounced peak
exceedances occurred in 2003 and 2018 corresponding to years with exceptionally favourable meteorological conditions for
O; formation. Rural and forest stations consistently experienced the highest numbers of exceedance days, while the fewest
were recorded at urban stations. The timeseries show the lowest ever recorded values in 2021 and 2024, with MDAS
exceedance days remaining below the current and future EU threshold for all station categories. The heatwave in 2018 was
comparable to the one in 2003 in western Europe (Boboc et al., 2025; Liu et al., 2020), but the number of O3 exceedance

days was lower (Figure 13).
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Figure 13. Average annual number of days with maximum daily 8-hour average (MDAS) O3 concentrations exceeding
120 pg m> at urban, peri-urban, rural, and forest stations between 2001 and 2024. Horizontal dashed lines indicate
the O3 target values specified in the previous EU Ambient Air Quality Directive (25 exceedance days per year,
averaged over 3 years; black) and the revised Directive (EU) 2024/2881 (18 days per year, averaged over 3 years;
blue) applying from 2030.

This is consistent with the finding that the daytime trend of O3 P95 values contained the only negative trend pattern since
2009 (Figure 11), especially during the summer month at rural and forest sites. To investigate the meteorological controls on
high-Os3 episodes for five-year periods before and after the main changepoint in 2017/2018, daily maximum air temperature
observations from all stations within each station category were pooled and grouped into fixed 2.5°C bins, and the
corresponding mean MDAS O3 concentration was calculated for each bin (Figure 14a-d). At all four station categories,
MDAS8 O3 increases as maximum daily temperature rises. A transition to a steeper temperature dependence and reordering of
relative slopes is visible above ~20°C for the periods 2007-2011, 2012-2016 and 2019-2023. The MDAS8 O3 values for
2019-2023 are higher than for 2012-2016 and 2007-2011 at maximal air temperatures below ~20°C especially at urban and
peri-urban locations (Figure 14a,b). Hence, the dependence at lower temperatures increased (Welch's t-test significant,
p<0.05), likely reflecting the effect of reduced titration with NO during nighttime, autumn, and winter, as supported by the
decreasing NO, concentrations with increasing maximal winter air temperature (Figures 8 and A4) (Nussbaumer et al.,
2026). In contrast, the relationship for the period 2019-2023 is comparable to, or slightly below, the period 2012-2016 at air
temperatures above 20°C (Welch's t-test significant for all stations, except urban (p<0.05), see Figure 14). The relative slope
of the interpolated MDAS8 O3 response between maximum diurnal air temperature values of 20°C and 30°C varies between

~44 and ~62 %, with highest values at forest stations, and the overall weakest relative temperature response in 2019-2023
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(Figure 14a-d). This indicates that above ~20°C the air temperature sensitivity of MDAS8 O3 decreased at peri-urban, rural
and forest stations after 2018. The weaker response at higher temperatures is consistent with a transition toward more NOx-
limited conditions in summer, under which declining NOy availability increasingly constrains temperature-enhanced
photochemical O3 production. This is comparable to findings of previous studies and earlier time periods indicating a decline
of the climate penalty in southwestern Germany (Otero et al., 2021). Our study shows that this trend is progressing and can

explain the lower number of MDAS exceedance days in recent years.
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Figure 14. Relationship between maximum daily air temperature and daily maximum 8-hour average (MDAS8) O3
concentration for (a) urban, (b) peri-urban, (c) rural, and (d) forest station categories during 2007-2011, 2012-2016
and 2019-2023. Daily observations from all stations within each station category were pooled and grouped into fixed
2.5 °C maximum air temperature bins. Symbols represent the mean MDAS8 O3 concentration for each temperature
bin, and shaded areas indicate the 95% bootstrap confidence intervals of the bin means. Crosses denote temperature
bins where differences between the 2012-2016 and 2019-2023 periods are statistically significant (Welch's t-test, p <
0.05). The annotated values indicate the relative increase in mean MDAS8 Os between maximum daily air

temperatures of 20°C and 30°C (cf. Nussbaumer et al., 2026).

The relationship between MDAS O3 and maximum daytime BLH generally shows lowest relative slopes at rural and forest

stations (Figure 15). The response in 2019-2023 is characterized by a smaller relative slope between a maximum BLH range
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of 1000 and 2000 m, resulting in a lower relative increase in MDAS8 O3 (40-53%) compared with earlier periods (53—-65%).
As for air temperature, the increase in MDAS8 O; at higher maximum BLH levels was weaker after the changepoint
occurrence (Figure 5b) in 2019-2023 than during 2012-2016 (albeit not always statistically significant), suggesting that the
enhanced vertical mixing did not translate into proportionally larger peak Os; increases. However, maximal BLH values
below 1500 m were associated with a significant increase in MDAS8 Os. Hence, the correspondence between the 2017/2018
changepoints in the long-term O3 component (Figure 4d) and daily maximum BLH (Figure 5b) reflects both increasing
maximum BLH, which enhances MDAS8 O3 through deeper daytime mixing and entrainment, and reduced NO titration under
shallow to medium maximum BLH conditions (Figure AS), contributing to higher MDAS8 Oj; outside the summer season.

This effect is most significant at urban and peri-urban stations (Figure 15a,b).
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Figure 15. Same as Figure 14, but for the maximum diurnal boundary layer height (BLH). Results for 2007-2011 are
only shown for urban stations because for the other station categories no difference to the later periods were
observed. Daily observations from all stations within each station category were pooled and grouped into fixed 250 m
maximum BLH bins. The annotated values denote the relative slope of the interpolated Os response between

maximum BLH values of 1000 and 2000 m.
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3.4.2 Trends in AOT40

The mean cumulative AOT40 during the growing season (Figure 16) for rural and forest stations in the Greater Region
exhibit a very similar temporal evolution. During 2007-2011 (grey), cumulative AOT40 increases rapidly from April
onward, indicating that Oz exposure accumulated earlier in the growing season (Figure 16). In contrast, the 2012-2016
(dashed green) and especially the 2019-2023 (solid green) curves remain lower during spring and only begin to increase

more rapidly from approximately June onwards.
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Figure 16. Mean cumulative AOT40 during the growing season (April to September) for (a) rural (a) and (b) forest
monitoring sites in the Greater Region. Curves show the cumulative daily AOT40 averaged over the 5-year periods
2007-2011, 2012-2016, and 2019-2023. Shaded envelopes represent 95% bootstrap confidence intervals of the mean
(n= 1000 resamples of station means). AOT40 was calculated as the cumulative hourly Os exposure exceeding 80 ng

m- (40 ppb) during daylight hours using the Openair R package (Carslaw and Ropkins, 2012).

There was a substantial reduction of AOT40 from the period 2007-2011 to 2012—-2016, while the cumulative AOT40 again
increased after the 2017/2018 changepoint during the 2019-2023 period, especially at rural stations and from mid-June to
mid-July. By the end of September, the mean cumulative AOT40 for 2019-2023 again exceeds the one for both previous
periods at rural stations and is comparable to the one for 2007-2011 at forest stations. This suggests that NOx emission
reductions alone have not been sufficient to sustain reductions in ecosystem O3z exposure in the Greater Region. However,
the influence of increasing air temperatures on stomatal conductance and O3 uptake (Anav et al., 2019; Clifton et al., 2020),

is not explicitly accounted for in the AOT40 metric.
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4 Conclusions

For the first time, a comprehensive long-term analysis of surface O3 and NO was conducted for urban, peri-urban, rural, and
forest locations in the Greater Region, covering the period 2000 to 2024. While Luxembourg has achieved the largest
reduction in inventory-based NOx emissions among EU Member States over the past two decades, this decline is only
partially reflected in measured concentration levels, as regional air quality remains strongly influenced by extensive cross-
border commuting and associated transport emissions. Using the Bayesian Estimator of Abrupt change, Seasonal change,
and Trend (BEAST) we found a pronounced changepoint in the O3 long-term trend component around 2017/2018, that was
accompanied by a change in the seasonal component of NO,, diurnal maximum boundary layer height and air temperature.
Particular attention was given to the period from 2009 to 2024, when the most pronounced changes occurred and when the
time series extends substantially beyond those considered in most previous European studies. During this period, NO;
decreased on average by 50 %, while O3 increased between 10 % and 27 % in urban, peri-urban, rural, and forest
environments. In contrast to the declining O3z trends reported for other rural parts of Western Europe, surface O;
concentrations in the Greater Region have generally continued to increase. In agreement with previous studies, the strongest
increases occurred at the lower end of the O3 distribution, particularly at urban and peri-urban stations, whereas trends in the
upper tail were substantially weaker. Peak O3 concentrations remained stable or decreased slightly under some conditions,
particularly during summer. Overall, the previously identified narrowing of the O3 distribution associated with increasing
low O3 concentrations and decreasing peak concentrations in Western Europe was absent in the Greater Region in recent
years, where the seasonal distribution was shifted towards higher concentrations. Although summer peak daytime
concentrations and exceedances of regulatory target values have not increased, average Oj; concentrations exposure are
higher after the 2017/2018 changepoint. We also detected increasing nighttime Os trends that may alter nocturnal oxidation
chemistry and atmospheric oxidizing capacity. The decline of the weekend effect indicates an ongoing transition from VOC-
limited towards NOy-limited O3 chemistry, particularly at higher temperatures during summer in rural, and forest locations.
However, the small and insignificant AMDAS during 2019-2023 suggests that the transition towards NOy-limited conditions
is not yet complete. Reduced titration of O3 with NO at low to moderate temperatures, particularly in spring and autumn,
together with increasingly favourable meteorological conditions such as deeper daytime boundary layers, continues to offset
the benefits of declining NO, emissions and sustain positive O3 trends, especially at urban and peri-urban locations. Overall,
the substantial reduction in NOyx emissions has been effective in limiting summer peak Oz concentrations and corresponding
MDAS exceedance days but has not yet produced a corresponding decline in regional background Os. Cumulative AOT40
for the period 2019-2023 returned to levels comparable to or even exceed those observed in 2007-2011 by the end of the
growing season. Sustained and coordinated reductions in NOx, together with appropriate control of VOC emissions, are
therefore required to move the chemical regime towards conditions in which further precursor reductions consistently

decrease Os. At the same time, increasing temperatures and changing boundary layer dynamics demonstrate that future O3

28



https://doi.org/10.5194/egusphere-2026-5341
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

mitigation must account for a changing climate, which can partly offset the benefits achieved through anthropogenic

600 emission reductions.

Appendix A

Table Al: Descriptive statistics of O3 and NO; concentrations at all monitoring stations over the study period. For each site,

the mean, standard deviation, hourly maximum concentration, and the date of the hourly maximum are reported for Oz and

NO; (pg m?).
Station Mean (_)33 Std Os Max _033 Date O3 max| Mean N(_)32 Std NO, Max N(_)Sz Date NO2 max
(ng m™) (ng m™~) (ng m™) (ng m™~)

Beckerich 46.9 30.9 234 19/07/2006 11.8 9.1 108 13/03/2005
Beidweiler 56.0 27.9 233 20/06/2017 10.0 7.9 77 11/01/2009
Luxembourg-

36.9 28.1 199.5 05/08/2003 322 17.5 236.9 18/01/2016
Bonnevoie
Esch-sur-

455 29.8 209.5 09/08/2003 24.8 17.5 265.5 11/03/2004
Alzette
Habay La

53.1 28.5 223 15/07/2003 10.6 9.3 251 02/02/2008
Neuve
Jonville en

52.3 27.8 221 19/07/2006 7.6 7.5 104.3 01/12/2017
Woevre
Hunsriick-

66.1 26.9 232 09/08/2003 7.2 7.1 96 05/03/2004
Leisel
Metz-Centre 442 30.1 197.2 09/08/2003 21.1 15.5 152 22/11/2011
Nancy-Charles
- 453 294 192 04/08/2018 21.3 16.1 528 29/09/2010
Sainte Ode 60.1 25.0 235 11/08/2003 6.4 6.4 69 11/01/2009
Scy-Chazelles 47.6 31.6 244 12/08/2003 16.3 14.5 172 12/02/2008
Thionville-

48.7 30.9 222 19/07/2006 16.1 11.5 124.8 27/02/2003
Garche
Vianden 66.6 28.3 281.5 02/07/2015 7.8 7.5 226 04/01/2002
Vielsalm 50.6 27.0 283 08/08/2003 6.7 6.7 163 03/02/2006
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Station Mean (33 Std Os Max (_:3 Date O3 max| Mean N(_)32 Std NO, Max N(_)32 Date NO2 max
(ng m™) (ng m™) (ng m™) (ng m™)
Westeifel-
) 64.5 25.7 262 08/08/2003 7.0 6.7 116 21/03/2003
Wascheid

605
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Table A2. Long-term trend slopes in NO, concentrations (ug m yr') derived from QR-MBB (t = 0.5). Reported metrics
include the slope of the long-term and residual components, the standard error (SE) of the slope, the associated t value (ratio
between the estimate and uncertainty or signal-to-noise ratio, SNR) used to determine the p values. For p <0.01and SNR >3
very high certainty and for 0.05 > p > 0.01 and 2 < p < 3 high certainty and SNR < 1 no evidence (Chang et al., 2023).

Positive slopes indicate long-term increases in NO,.

Station Slope Slope SE t value p value
Beckerich -0.52 0.064 -8.1 <0.001
Luxembourg-

Bomnevoie -1.27 0.196 -6.5 <0.001
Beidweiler -0.49 0.050 -9.8 <0.001
Esch-sur-Alzette -1.00 0.112 -8.9 <0.001
Habay La Neuve -0.37 0.050 -7.5 <0.001
Jonville en Woevre -0.22 0.069 -3.2 <0.001
Hunsriick-Leisel -0.36 0.064 -5.6 <0.001
Metz-Centre -0.96 0.083 -11.6 <0.001
Nancy-Charles I1I -0.87 0.093 93 <0.001
Sainte Ode -0.34 0.077 -4.4 <0.001
Scy-Chazelles -0.74 0.095 -7.8 <0.001
Vianden -0.36 0.070 -5.2 <0.001
Vielsalm -0.26 0.055 -4.7 <0.001
Westeifel-Wascheid -0.35 0.047 -1.5 <0.001
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Table A3. Long-term trend slopes in NO> concentrations (ug m= yr'!) derived from SSA decompositions. Reported metrics
615 include the Theil-Sen slope of the long-term and residual components, the Mann-Kendall (MK) rank correlation coefficient
(1), associated p value, and the MK hypothesis test result (1 indicates rejection of the null hypothesis of no monotonic trend).

Negative slopes indicate significant long-term declines in NO,.

Station Theil-Sen slope MK t MK p-value MK hypothesis
Beckerich -0.58 -0.577 <0.001 1
Luxembourg-

-1.30 -0.592 <0.001 1
Bonnevoie
Beidweiler -0.56 -0.623 <0.001 1
Esch-sur-Alzette -0.96 -0.463 <0.001 1
Habay La Neuve -0.49 -0.569 <0.001 1
Jonville en Woevre -0.35 -0.420 <0.001 1
Hunsriick-Leisel -0.41 -0.595 <0.001 1
Metz-Centre -1.04 -0.627 <0.001 1
Nancy-Charles III -0.90 -0.528 <0.001 1
Sainte Ode -0.36 -0.460 <0.001 1
Scy-Chazelles -0.77 -0.513 <0.001 1
Vianden -0.41 -0.548 <0.001 1
Vielsalm -0.29 -0.461 <0.001 1
Westeifel-Wascheid -0.39 -0.627 <0.001 1
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620 Table Ad. Long-term trend slopes in NO, concentrations (ug m™ yr'!") derived from STL decompositions. Reported metrics
include the Theil-Sen slope of the long-term and residual components, the Mann-Kendall (MK) rank correlation coefficient
(1), associated p value, and the MK hypothesis test result (1 indicates rejection of the null hypothesis of no monotonic trend).

Negative slopes indicate significant long-term declines in NO,.

Station Theil-Sen slope MK 1 MK p-value MK hypothesis
Beckerich -0.58 -0.601 <0.001 1
Luxembourg-

-1.36 -0.637 <0.001 1
Bonnevoie
Beidweiler -0.55 -0.660 <0.001 1
Esch-sur-Alzette -0.98 -0.513 <0.001 1
Habay La Neuve -0.50 -0.604 <0.001 1
Jonville en Woevre -0.36 -0.508 <0.001 1
Hunsriick-Leisel -0.40 -0.639 <0.001 1
Metz-Centre -1.05 -0.677 <0.001 1
Nancy-Charles III -0.89 -0.573 <0.001 1
Sainte Ode -0.35 -0.518 <0.001 1
Scy-Chazelles -0.78 -0.541 <0.001 1
Thionville-Garche -0.42 -0.582 <0.001 1
Vianden -0.30 -0.475 <0.001 1
Westeifel-Wascheid -0.38 -0.649 <0.001 1

625
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Table AS5. Long-term trend slopes in Oz concentrations (ug m= yr') derived from QR-MBB (t = 0.5). Reported metrics
include the slope of the long-term and residual components, the standard error (SE) of the slope, the associated t value (ratio
between the estimate and uncertainty or signal-to-noise ratio, SNR) used to determine the p values. For p <0.01and SNR >3
very high certainty and for 0.05 > p > 0.01 and 2 < p < 3 high certainty and SNR < 1 no evidence (Chang et al., 2023).

630 Positive slopes indicate long-term increases in Os.

Station Slope Slope SE t value p value
Beckerich 0.51 0.214 2.4 <0.05
Luxembourg-

Bonnevoie 0.91 0.210 4.3 <0.001
Beidweiler 0.34 0.238 1.4 0.153
Esch-sur-Alzette 0.63 0.141 4.5 <0.001
Habay La Neuve 0.41 0.150 2.7 <0.05
Jonville en Woevre  0.62 0.168 3.7 <0.001
Hunsriick-Leisel 0.40 0.202 2.0 <0.05
Metz-Centre 0.70 0.186 3.8 <0.001
Nancy-Charles I1I 0.83 0.188 4.4 <0.001
Sainte Ode 0.61 0.129 4.7 <0.001
Scy-Chazelles 0.65 0.176 3.7 <0.001
Thionville-Garche ~ 0.42 0.181 2.3 <0.05
Vianden 0.47 0.160 3.0 <0.005
Westeifel-Wascheid 0.36 0.137 2.6 <0.05
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Table A6. Long-term trend slopes in O3 concentrations (ug m™ yr'!) derived from SSA decompositions. Reported metrics
include the Theil-Sen slope of the long-term and residual components, the Mann-Kendall (MK) rank correlation coefficient
635 (1), associated p value, and the MK hypothesis test result (1 indicates rejection of the null hypothesis of no monotonic trend).

Positive slopes indicate significant long-term increases in Os.

Station Theil-Sen slope MK 1 MK p-value MK hypothesis
Beckerich 0.35 0.141 <0.005 1
Luxembourg-

0.92 0.303 <0.001 1
Bonnevoie
Beidweiler 0.37 0.120 <0.05 1
Esch-sur-Alzette 0.54 0.188 <0.001 1
Habay La Neuve 0.38 0.130 <0.05 1
Jonville en Woevre  0.56 0.198 <0.001 1
Hunsriick-Leisel 0.36 0.110 <0.05 1
Metz-Centre 0.63 0.204 <0.001 1
Nancy-Charles 111 0.75 0.235 <0.001 1
Sainte Ode 0.62 0.219 <0.001 1
Scy-Chazelles 0.59 0.180 <0.001 1
Thionville-Garche ~ 0.38 0.118 <0.05 1
Vianden 0.41 0.161 <0.05 1
Westeifel-Wascheid  0.32 0.114 <0.05 1
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Table A7. Long-term trend slopes in O3 concentrations (ug m™ yr') derived from STL decompositions. Reported metrics
640 include the Theil-Sen slope of the long-term and residual components, the Mann-Kendall (MK) rank correlation coefficient
(1), associated p value, and the MK hypothesis test result (1 indicates rejection of the null hypothesis of no monotonic trend).

Positive slopes indicate significant long-term increases in Os.

Station Theil-Sen slope MK 1 MK p-value MK hypothesis
Beckerich 0.39 0.182 <0.001 1
Luxembourg-

0.97 0.371 <0.001 1
Bonnevoie
Beidweiler 0.45 0.174 <0.001 1
Esch-sur-Alzette 0.61 0.256 <0.001 1
Habay La Neuve 0.37 0.164 <0.001 1
Jonville en Woevre  0.61 0.247 <0.001 1
Hunsriick-Leisel 0.46 0.170 <0.001 1
Metz-Centre 0.69 0.308 <0.001 1
Nancy-Charles III 0.85 0.342 <0.001 1
Sainte Ode 0.68 0.309 <0.001 1
Scy-Chazelles 0.60 0.235 <0.001 1
Thionville-Garche ~ 0.39 0.163 <0.001 1
Vianden 0.46 0.210 <0.001 1
Westeifel-Wascheid  0.42 0.185 <0.001 1

36



https://doi.org/10.5194/egusphere-2026-5341

Preprint. Discussion started: 29 September 2026 EG U h .
© Author(s) 2026. CC BY 4.0 License. spnere
Preprint repository

645

whybrid melectric mdiesel mgasoline Oother

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

O O v~ v~ N AN M T F OUWONMNMNDNMNO®OOWWOOO ~— — NANM T T
- T T T T T T T T T T T T o v v NANNNNNANN
O O O O O O 0O O O OO0 00 000000000 O o o o
SOOI O O O A N I O O O A R I O O A N I O S
= 0 MO W ANNMNANOIDT ~ O© = 0M O ANNMNANODITI ~ © - 0
© O O T ©O T OO0 90O T OO0 TO T OO0 O T~ o oo
R R R I =B === TR o I = = = = I I
S S S S S S SsSSSSSsSsSsSrSSSs=xs&=<==== =
O O O O O O OO O OO0 OO0 000000 OoOOoOOoOOo o oo

Figure Al. Monthly relative shares (%) of passenger car registrations by propulsion type (hybrid, electric, diesel,
gasoline, other) from 2010 to 2024 in Luxembourg (data source: STATEC). Diesel vehicles dominated the fleet
composition until approximately 2017, after which their share declined markedly. From 2018 onward, a rapid

650 increase in hybrid and battery-electric vehicles is observed, accompanied by a stabilization of gasoline vehicles.
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Figure A2. Temporal evolution of ambient NO, and national NO, emissions in Luxembourg from 2005 to 2023.
Boxplots show the distribution of annual mean NO, mixing ratios for the available monitoring stations in
655 Luxembourg (Table 1), with the grey line indicating the annual mean for the stations. The red line shows annual
national emissions of nitrogen oxides (NO and NOz, expressed as NO,) from the emission inventory, reported in 103

tonnes (source STATEC, https://statistiques.public.lu).
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Figure A3. Seasonal probability density functions of hourly NO: concentrations for urban, peri-urban, rural, and
660 forest monitoring sites in the Greater Region during 2012-2016 (black) and 2019-2023 (red). Columns represent
spring (MAM), summer (JJA), autumn (SON), and winter (DJF). Curves show kernel density estimates of the NO-
concentration distributions. Vertical lines indicate the 5th (P5, dotted), S0th (P50, solid), and 95th (P95, dashed)
percentiles for each period. The overlap coefficient, calculated as the integral of the minimum of the two kernel
density estimates, quantifies the similarity between the distributions, with values approaching unity indicating highly

665 similar distributions and lower values indicating changes of the distribution.
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Figure A4. Same as Figure A3, but for Os.
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Figure AS. Relative seasonal change in (a) daily maximum air temperature (Tmax) and (b) daily maximum boundary
layer height (BLHmax) between 2012-2016 and 2019-2023 for urban, peri-urban, rural, and forest station categories.
For each station and season, annual seasonal mean values were first calculated and averaged over each five-year
period. Relative changes were calculated with respect to 2012-2016. Bars represent the mean relative change for

stations within each category, and grey symbols indicate the individual station values.

Code and data availability

All datasets used in this study, as well as the data products generated during the analysis, are available from the

corresponding author upon request.

Author contributions

IT conceptualised the study and conducted the main formal analysis, with contributions from JJ and AK. PP made
contributions to data processing and visualisation. Funding acquisition was led by JJ and AK. IT prepared the manuscript

with contributions from JJ. All co-authors reviewed and edited the manuscript.

Competing interests

All authors declare that they have no competing interests that could have influenced the results reported in this paper.

41



685

690

695

700

705

710

https://doi.org/10.5194/egusphere-2026-5341
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Acknowledgements

We gratefully acknowledge the environmental agencies and institutions that provided long-term air quality observations used
in this study, specifically the Administration de I’Environnement (AEV) (Luxembourg), the State Office for the
Environment of Rhineland-Palatinate (Landesamt fiir Umwelt Rheinland-Pfalz) operating the central air quality monitoring
network (ZIMEN) (Germany), the Agence Wallonne de I’Air et du Climat (Wallonia) with the national data base operated
by the Belgian Interregional Environment Agency (IRCELINE), and the official French air quality data portal Geod'air
(https://www.geodair.fr/), managed and operated by the Institut national de l'environnement industriel et des risques
(INERIS) and the Laboratoire Central de Surveillance de la Qualité de I'Air (LCSQA). We acknowledge the availability of
the MATLAB implementation of the Mann-Kendall trend test and Sen's slope estimator developed by J. Burkey
(https://nl.mathworks.com/matlabcentral/fileexchange/1 1 190-mann-kendall-tau-b-with-sen-s-method-enhanced) and for the

BEAST algorithm developed by Y. Li, T. Hu, X. Zhang, and K. Zhao (https:/github.com/zhaokg/Rbeast). We are also
grateful to Kai-Lan Chang for providing the Python codes for the MBB-QR method through https://github.com/Kai-

LanChang/statistical_guidelines. We are also indebted to all individuals who have developed the R system (R-Core

Development Team and contributors). Generative Al (ChatGPT, OpenAl) was used to improve the language of selected

sections of the manuscript and to optimise MATLAB codes used for data analysis and figure generation.

Financial support

This study was funded by the Luxembourg Institute of Science and Technology (LIST) and by the Luxembourg Ministry of
the Environment, Climate and Biodiversity (MECB) (framework agreement between LIST and MECB, project: PollTrail).

References

Abeleira, A. J. and Farmer, D. K.: Summer ozone in the northern Front Range metropolitan area: weekend—weekday effects,
temperature dependences, and the impact of drought, Atmos. Chem. Phys., 17, 6517-6529, 10.5194/acp-17-6517-2017,
2017.

Adame, J. A., Gutiérrez-Alvarez, 1., Cristofanelli, P., Notario, A., Bogeat, J. A., Lopez, A., Gémez, A., Bolivar, J. P., and
Yela, M.: Surface ozone trends over a 21-year period at El Arenosillo observatory (Southwestern Europe), Atmospheric

Research, 269, 106048, https://doi.org/10.1016/j.atmosres.2022.106048, 2022.

An, C., Li, H,, Ji, Y., Chu, W., Yan, X_, and Chai, F.: A review on nocturnal surface ozone enhancement: Characterization,
formation causes, and atmospheric chemical effects, Science of The Total Environment, 921, 170731,

https://doi.org/10.1016/j.scitotenv.2024.170731, 2024.

42



715

720

725

730

735

740

745

https://doi.org/10.5194/egusphere-2026-5341
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Anav, A., De Marco, A., Friedlingstein, P., Savi, F., Sicard, P., Sitch, S., Vitale, M., and Paoletti, E.: Growing season
extension affects ozone uptake by European forests, Science of The Total Environment, 669, 1043-1052,

https://doi.org/10.1016/j.scitotenv.2019.03.020, 2019.

Ansari, T., Nalam, A., Lupascu, A., Hinz, C., Grasse, S., and Butler, T.: Explaining trends and changing seasonal cycles of
surface ozone in North America and Europe over the 2000-2018 period: a global modelling study with NOx and VOC
tagging, Atmos. Chem. Phys., 25, 16833-16876, 10.5194/acp-25-16833-2025, 2025.

Barré, J., Petetin, H., Colette, A., Guevara, M., Peuch, V. H., Rouil, L., Engelen, R., Inness, A., Flemming, J., Pérez Garcia-
Pando, C., Bowdalo, D., Meleux, F., Geels, C., Christensen, J. H., Gauss, M., Benedictow, A., Tsyro, S., Friese, E.,
Struzewska, J., Kaminski, J. W., Douros, J., Timmermans, R., Robertson, L., Adani, M., Jorba, O., Joly, M., and
Kouznetsov, R.: Estimating lockdown-induced European NO; changes using satellite and surface observations and air
quality models, Atmos. Chem. Phys., 21, 7373-7394, 10.5194/acp-21-7373-2021, 2021.

Boboc, L., Dima, M., Vaideanu, P., and Ionita, M.: Trends and variability of heat waves in Europe and the association with
large-scale circulation patterns, Weather and Climate Extremes, 49, 100794, https://doi.org/10.1016/j.wace.2025.100794,
2025.

Boleti, E., Hueglin, C., and Takahama, S.: Ozone time scale decomposition and trend assessment from surface observations

in Switzerland, Atmospheric Environment, 191, 440-451, https://doi.org/10.1016/j.atmosenv.2018.07.039, 2018.

Boleti, E., Hueglin, C., Grange, S. K., Prévot, A. S. H., and Takahama, S.: Temporal and spatial analysis of ozone
concentrations in Europe based on timescale decomposition and a multi-clustering approach, Atmos. Chem. Phys., 20, 9051-
9066, 10.5194/acp-20-9051-2020, 2020.

Brauer, M., Freedman, G., Frostad, J., van Donkelaar, A., Martin, R. V., Dentener, F., Dingenen, R. v., Estep, K., Amini, H.,
Apte, J. S., Balakrishnan, K., Barregard, L., Broday, D., Feigin, V., Ghosh, S., Hopke, P. K., Knibbs, L. D., Kokubo, Y., Liu,
Y., Ma, S., Morawska, L., Sangrador, J. L. T., Shaddick, G., Anderson, H. R., Vos, T., Forouzanfar, M. H., Burnett, R. T.,
and Cohen, A.: Ambient Air Pollution Exposure Estimation for the Global Burden of Disease 2013, Environmental Science
& Technology, 50, 79-88, 10.1021/acs.est.5b03709, 2016.

Carslaw, D. C. and Ropkins, K.: openair — An R package for air quality data analysis, Environmental Modelling &
Software, 27-28, 52-61, https://doi.org/10.1016/j.envsoft.2011.09.008, 2012.

Chang, K. L., Schultz, M. G., Koren, G., and Selke, N.: Guidance note on best statistical practices for TOAR analyses, arXiv
[preprint], https://doi.org/10.48550/arXiv.2304.14236, (code available at: https://github.com/Kai-

LanChang/statistical _guidelines, last access: 4 February 2026). 2023.

Cleveland, R. B. and Cleveland, W. S.: STL: A Seasonal-Trend Decomposition Procedure Based on Loess, Journal of
Official Statistics, 6, 3-33, 1990.

Clifton, O. E., Paulot, F., Fiore, A. M., Horowitz, L. W., Correa, G., Baublitz, C. B., Fares, S., Goded, 1., Goldstein, A. H.,
Gruening, C., Hogg, A. J., Loubet, B., Mammarella, 1., Munger, J. W., Neil, L., Stella, P., Uddling, J., Vesala, T., and Weng,

43



750

755

760

765

770

775

https://doi.org/10.5194/egusphere-2026-5341
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

E.: Influence of Dynamic Ozone Dry Deposition on Ozone Pollution, Journal of Geophysical Research: Atmospheres, 125,

€2020JD032398, https://doi.org/10.1029/2020JD032398, 2020.

Colette, A.: European surface ozone: the potential of mitigating methane and other precursors, European Topic Centre on
Human Health and the Environment, (Eionet Report — ETC HE 2024/16), 2024.

Colette, A., Andersson, C., Baklanov, A., Bessagnet, B., Brandt, J., Christensen, J. H., Doherty, R., Engardt, M., Geels, C.,
Giannakopoulos, C., Hedegaard, G. B., Katragkou, E., Langner, J., Lei, H., Manders, A., Melas, D., Meleux, F., Rouil, L.,
Sofiev, M., Soares, J., Stevenson, D. S., Tombrou-Tzella, M., Varotsos, K. V., and Young, P.: Is the ozone climate penalty
robust in Europe?, Environmental Research Letters, 10, 084015, 10.1088/1748-9326/10/8/084015, 2015.

Crespo-Miguel, R., Ordoiiez, C., Garcia-Herrera, R., Schnell, J. L., and Turnock, S. T.: Large-scale ozone episodes in
Europe: Decreasing sizes in the last decades but diverging changes in the future, Science of The Total Environment, 949,

175071, https://doi.org/10.1016/j.scitotenv.2024.175071, 2024.

Crutzen, P. and Lelieveld, J.: Human Impacts on Atmospheric Chemistry, Annual Review of Earth and Planetary Sciences,
29, 17-45, https://doi.org/10.1146/annurev.earth.29.1.17, 2001.
Derwent, R. G., Witham, C. S., Utembe, S. R., Jenkin, M. E., and Passant, N. R.: Ozone in Central England: the impact of 20

years of precursor emission controls in Europe, Environmental Science & Policy, 13, 195-204,

https://doi.org/10.1016/j.envsci.2010.02.001, 2010.

EEA: Emission reductions of the main air pollutants by EU Member State in 2023 compared to 2005 levels., European

Environment Agency, https://www.eea.ecuropa.eu/en/analysis/indicators/emissions-of-the-main-air/emission-reductions-of-

the-main-air-pollutants, 2025a.

EEA: Trends in EU emissions of NH3;, NMVOCs, NOx, SO, primary PM2.5, primary PM10, BC and CO, between 2005

and 2023. In: Air pollution in Europe: 2025 reporting status under the National Emission Reduction Commitments Directive.
Published 26 June 2025. Available at: https:/www.eea.europa.eu/, (Accessed 22 April 2026). European Environment
Agency, 2025b.

Eibinger, T. and Fernando, S.: Zero Fare, Cleaner Air? The Causal Effect of Luxembourg’s Free Public Transportation
Policy on Transport Emissions, Environmental and Resource Economics, 89, 45, 10.1007/s10640-026-01090-5, 2026.
Fadnavis, S., Elshorbany, Y., Ziemke, J., Barret, B., Rap, A., Chandran, P. R. S., Pope, R. J., Sagar, V., Taraborrelli, D., Le
Flochmoen, E., Cuesta, J., Wespes, C., Boersma, F., Glissenaar, 1., De Smedt, 1., Van Roozendael, M., Petetin, H., and
Anglou, I.: Influence of nitrogen oxides and volatile organic compounds emission changes on tropospheric ozone variability,
trends and radiative effect, Atmos. Chem. Phys., 25, 8229-8254, 10.5194/acp-25-8229-2025, 2025.

Fiore, A. M., Oberman, J. T., Lin, M. Y., Zhang, L., Clifton, O. E., Jacob, D. J., Naik, V., Horowitz, L. W., Pinto, J. P., and
Milly, G. P.: Estimating North American background ozone in U.S. surface air with two independent global models:
Variability, uncertainties, and recommendations, Atmospheric Environment, 96, 284-300,

https://doi.org/10.1016/j.atmosenv.2014.07.045, 2014.

44



780

785

790

795

800

805

810

https://doi.org/10.5194/egusphere-2026-5341
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Forster, P. R., V. Artaxo ,P. , Berntsen, T., Betts, R., Fahey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G., Nganga,
J., Prinn, R., Raga, G., Schulz, M., and Van Dorland, R.: Changes in Atmospheric Constituents and in Radiative Forcing. In:
Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate

Change Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M.Tignor and H.L. Miller (eds.), Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA., 2007.

Fortems-Cheiney, A., Broquet, G., Plauchu, R., Potier, E., Berchet, A., Pison, 1., Martinez, A., Abeed, R., Dufour, G.,
Coman, A., Savas, D., Siour, G., Eskes, H., Denier van der Gon, H. A. C., and Dellaert, S. N. C.: Decrease of the European
NOx anthropogenic emissions between 2005 and 2019 as seen from the OMI and TROPOMI NO; satellite observations,
EGUsphere, 2024, 1-33, 10.5194/egusphere-2024-3679, 2024.

Fuhrer, J., Skérby, L., and Ashmore, M. R.: Critical levels for ozone effects on vegetation in Europe, Environmental

Pollution, 97, 91-106, https://doi.org/10.1016/S0269-7491(97)00067-5, 1997.

Geddes, J. A., Murphy, J. G., and Wang, D. K.: Long term changes in nitrogen oxides and volatile organic compounds in
Toronto and the challenges facing local ozone control, Atmospheric Environment, 43, 3407-3415,

https://doi.org/10.1016/j.atmosenv.2009.03.053, 2009.

Golyandina, N. and Zhigljavsky, A.: Singular Spectrum Analysis for Time Series, Springer Briefs in Statistics. Berlin,
Heidelberg: Springer Berlin Heidelberg, https://doi.org/10.1007/978-3-642-34913-3, 2013.
Grange, S. K., Lee, J. D., Drysdale, W. S., Lewis, A. C., Hueglin, C., Emmenegger, L., and Carslaw, D. C.: COVID-19

lockdowns highlight a risk of increasing ozone pollution in European urban areas, Atmos. Chem. Phys., 21, 4169-4185,
10.5194/acp-21-4169-2021, 2021.

Grulke, N. E. and Heath, R. L.: Ozone effects on plants in natural ecosystems, Plant Biology, 22, 12-37,
https://doi.org/10.1111/plb.12971, 2020.

Haman, C. L., Couzo, E., Flynn, J. H., Vizuete, W., Heffron, B., and Lefer, B. L.: Relationship between boundary layer
heights and growth rates with ground-level ozone in Houston, Texas, Journal of Geophysical Research: Atmospheres, 119,
6230-6245, https://doi.org/10.1002/2013JD020473, 2014.

Jung, J., Choi, Y., Mousavinezhad, S., Kang, D. W., Park, J., Pouyaei, A., Ghahremanloo, M., Momeni, M., and Kim, H.:

Changes in the ozone chemical regime over the contiguous United States inferred by the inversion of NOx and VOC
emissions using satellite observation, Atmospheric Research, 270, 10.1016/j.atmosres.2022.106076, 2022.

Kaser, L., Patton, E. G., Pfister, G. G., Weinheimer, A. J., Montzka, D. D., Flocke, F., Thompson, A. M., Stauffer, R. M.,
and Halliday, H. S.: The effect of entrainment through atmospheric boundary layer growth on observed and modeled surface
ozone in the Colorado Front Range, Journal of Geophysical Research: Atmospheres, 122, 6075-6093,
https://doi.org/10.1002/2016JD026245, 2017.

Kendall, M.: Rank Correlation Methods, Charles Griffin, London., 1975.

45



815

820

825

830

835

840

845

https://doi.org/10.5194/egusphere-2026-5341
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Kuhn, L., Beirle, S., Kumar, V., Osipov, S., Pozzer, A., Bosch, T., Kumar, R., and Wagner, T.: On the influence of vertical
mixing, boundary layer schemes, and temporal emission profiles on tropospheric NO, in WRF-Chem — comparisons to in
situ, satellite, and MAX-DOAS observations, Atmos. Chem. Phys., 24, 185-217, 10.5194/acp-24-185-2024, 2024.

Lee, H. J.,, Bell, M. L., and Koutrakis, P.: Drought and ozone air quality in California: Identifying susceptible regions in the
preparedness of future drought, Environmental Research, 216, 10.1016/j.envres.2022.114461, 2023.

Levitt, S. B. and Chock, D. P.: Weekday-Weekend Pollutant Studies of the Los Angeles Basin, Journal of the Air Pollution
Control Association, 26, 1091-1092, 10.1080/00022470.1976.10470368, 1976.

Liu, X., He, B., Guo, L., Huang, L., and Chen, D.: Similarities and Differences in the Mechanisms Causing the European
Summer Heatwaves in 2003, 2010, and 2018, Earth's Future, 8, €2019EF001386, https://doi.org/10.1029/2019EF001386,
2020.

Macdonald, E., Otero, N., and Butler, T.: A comparison of long-term trends in observations and emission inventories of
NOx, Atmos. Chem. Phys., 21, 4007-4023, 10.5194/acp-21-4007-2021, 2021.

Malashock, D. A., Delang, M. N., Becker, J. S., Serre, M. L., West, J. J., Chang, K.-L., Cooper, O. R., and Anenberg, S. C.:
Global trends in ozone concentration and attributable mortality for urban, peri-urban, and rural areas between 2000 and
2019: a modelling study, The Lancet Planetary Health, 6, €958-¢967, 10.1016/S2542-5196(22)00260-1, 2022.

Mann, H. B.: Nonparametric Tests Against Trend, Econometrica, 13, 245-259, 10.2307/1907187, 1945.

Monks, P. S., Archibald, A. T., Colette, A., Cooper, O., Coyle, M., Derwent, R., Fowler, D., Granier, C., Law, K. S., Mills,
G. E., Stevenson, D. S., Tarasova, O., Thouret, V., von Schneidemesser, E., Sommariva, R., Wild, O., and Williams, M. L.:
Tropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcer,
Atmospheric Chemistry and Physics, 15, 8889-8973, 10.5194/acp-15-8889-2015, 2015.

Nelson, B. S. and Drysdale, W. S.: Urban ozone trends in Europe and the USA (2000-2021), Atmos. Chem. Phys., 25,
16009-16026, 10.5194/acp-25-16009-2025, 2025.

Nussbaumer, C. M., Heald, C. L., Héne, A. M., and Hiiglin, C.: Multi-decadal ozone air quality and the role of temperature
in Switzerland during summertime, Atmos. Chem. Phys., 26, 5355-5373, 10.5194/acp-26-5355-2026, 2026.

Ojeda-Castillo, V., Murillo-Tovar, M. A., Hernandez-Mena, L., Saldarriaga-Norefia, H., Vargas-Amado, M. E., Herrera-
Loépez, E. J., and Diaz, J.: Tropospheric NO,: Anthropogenic Influence, Global Trends, Satellite Data, and Machine Learning
Application, Remote Sensing, 17, 49, 2025.

Ordoéiiez, C., Garrido-Perez, J. M., and Garcia-Herrera, R.: Early spring near-surface ozone in Europe during the COVID-19
shutdown: Meteorological effects outweigh emission changes, Science of The Total Environment, 747, 141322,

https://doi.org/10.1016/j.scitotenv.2020.141322, 2020.

Otero, N., Rust, H. W., and Butler, T.: Temperature dependence of tropospheric ozone under NOx reductions over Germany,
Atmospheric Environment, 253, 118334, https://doi.org/10.1016/j.atmosenv.2021.118334, 2021.
Pope, R. J., Kerridge, B. J., Chipperfield, M. P., Siddans, R., Latter, B. G., Ventress, L. J., Pimlott, M. A., Feng, W., Comyn-

Platt, E., Hayman, G. D., Arnold, S. R., and Graham, A. M.: Investigation of the summer 2018 European ozone air pollution

46



850

855

860

865

870

875

https://doi.org/10.5194/egusphere-2026-5341
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

episodes using novel satellite data and modelling, Atmos. Chem. Phys., 23, 13235-13253, 10.5194/acp-23-13235-2023,
2023.
Real, E., Megaritis, A., Colette, A., Valastro, G., and Messina, P.: Atlas of ozone chemical regimes in Europe, Atmospheric

Environment, 320, 120323, https://doi.org/10.1016/j.atmosenv.2023.120323, 2024.

Sen, P. K.: Estimates of the regression coefficient based on Kendall's tau, Journal of the American Statistical Association, 63
(324), 1379-1389, 1968.

Sicard, P., Paoletti, E., Agathokleous, E., Araminiené, V., Proietti, C., Coulibaly, F., and De Marco, A.: Ozone weekend
effect in citiess Deep insights for urban air pollution control, Environmental Research, 191, 110193,

https://doi.org/10.1016/j.envres.2020.110193, 2020.

Sillman, S.: The relation between ozone, NOx and hydrocarbons in urban and polluted rural environments, Atmospheric
Environment, 33, 1821-1845, https://doi.org/10.1016/S1352-2310(98)00345-8, 1999.
Soci, C., Hersbach, H., Simmons, A., Poli, P., Bell, B., Berrisford, P., Horanyi, A., Mufioz-Sabater, J., Nicolas, J., Radu, R.,

Schepers, D., Villaume, S., Haimberger, L., Woollen, J., Buontempo, C., and Thépaut, J.-N.: The ERA5 global reanalysis
from 1940 to 2022, Quarterly Journal of the Royal Meteorological Society, 150, 4014-4048, https://doi.org/10.1002/qj.4803,
2024.

Solberg, S., Colette, A., Raux, B., and Walker, S.-E. G., C.: Long-term Trends of Air Pollutants at National Level 2005-

2019. , ETC/ATNI Report 9/2021. https://www.eionet.europa.eu/etes/etc-atni/products/etc-atni-reports/etc-atni-report-9-

2021-long-term-trends-of-air-pollutants-at-national-level-2005-2019., 2022.
Song, X., Li, X.-B., Yuan, B., He, X., Chen, Y., Wang, S., Huangfu, Y., Peng, Y., Zhang, C., Liu, A., Yang, H., Liu, C,, Li,

J., and Shao, M.: Elucidating key factors in regulating budgets of ozone and its precursors in atmospheric boundary layer,
npj Climate and Atmospheric Science, 7, 262, 10.1038/s41612-024-00818-8, 2024.

Theil, H.: A Rank-Invariant Method of Linear and Polynomial Regression Analysis, Part I; Confidence Regions for the
Parameters of Polynomial Regression Equations, Proceedings of the Royal Netherlands Academy of Sciences, 53, 386-392,
1950.

Thiirkow, M., Banzhaf, S., Butler, T., Piiltz, J., and Schaap, M.: Source attribution of nitrogen oxides across Germany:
Comparing the labelling approach and brute force technique with LOTOS-EUROS, Atmospheric Environment, 292, 119412,
https://doi.org/10.1016/j.atmosenv.2022.119412, 2023.

Trebs, 1., Mayol-Bracero, O. L., Pauliquevis, T., Kuhn, U., Sander, R., Ganzeveld, L., Meixner, F. X., Kesselmeier, J.,
Artaxo, P., and Andreae, M. O.: Impact of the Manaus urban plume on trace gas mixing ratios near the surface in the
Amazon Basin: Implications for the NO-NO,-O3 photostationary state and peroxy radical levels, Journal of Geophysical
Research-Atmospheres, 117, 10.1029/2011jd016386, 2012.

Van Malderen, R., Thompson, A. M., Kollonige, D. E., Stauffer, R. M., Smit, H. G. J., Maillard Barras, E., Vigouroux, C.,
Petropavlovskikh, 1., Leblanc, T., Thouret, V., Wolff, P., Effertz, P., Tarasick, D. W., Poyraz, D., Ancellet, G., De Backer,
M. R,, Evan, S., Flood, V., Frey, M. M., Hannigan, J. W., Hernandez, J. L., Iarlori, M., Johnson, B. J., Jones, N., Kivi, R,

47



880

885

890

895

900

https://doi.org/10.5194/egusphere-2026-5341
Preprint. Discussion started: 29 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Mabhieu, E., McConville, G., Miiller, K., Nagahama, T., Notholt, J., Piters, A., Prats, N., Querel, R., Smale, D., Steinbrecht,
W., Strong, K., and Sussmann, R.: Global Ground-based Tropospheric Ozone Measurements: Reference Data and Individual
Site Trends (2000-2022) from the TOAR-II/HEGIFTOM Project, EGUsphere, 2025, 1-53, 10.5194/egusphere-2024-3736,
2025.

Varga, G., Csavics, A., Szeberényi, J., and Gresina, F.: Non-uniform tropospheric NO, level changes in European Union
caused by governmental COVID-19 restrictions and geography, City and Environment Interactions, 22, 100145,
https://doi.org/10.1016/j.cacint.2024.100145, 2024.

Wang, Y., van Pinxteren, D., Tilgner, A., Hoffmann, E. H., Hell, M., Bastian, S., and Herrmann, H.: Ozone (O3)

observations in Saxony, Germany, for 1997-2020: trends, modelling and implications for O3 control, Atmos. Chem. Phys.,
25, 8907-8927, 10.5194/acp-25-8907-2025, 2025.

Wu, S., Yao, J., Wang, Y., and Zhao, W.: Influencing factors of PM2.5 concentration in the typical urban agglomerations in
China based on wavelet perspective, Environmental Research, 237, 116641, https://doi.org/10.1016/j.envres.2023.116641,
2023.

Yan, Y., Lin, J., Pozzer, A., Kong, S., and Lelieveld, J.: Trend reversal from high-to-low and from rural-to-urban ozone

concentrations over Europe, Atmospheric Environment, 213, 25-36, https://doi.org/10.1016/j.atmosenv.2019.05.067, 2019.

Yan, Y., Pozzer, A., Ojha, N., Lin, J., and Lelieveld, J.: Analysis of European ozone trends in the period 1995-2014, Atmos.
Chem. Phys., 18, 5589-5605, 10.5194/acp-18-5589-2018, 2018.

Zhao, K., Wulder, M. A., Hu, T., Bright, R., Wu, Q., Qin, H., Li, Y., Toman, E., Mallick, B., Zhang, X., and Brown, M.:
Detecting change-point, trend, and seasonality in satellite time series data to track abrupt changes and nonlinear dynamics: A
Bayesian ensemble algorithm, Remote Sensing of Environment, 232, 111181, https://doi.org/10.1016/j.rse.2019.04.034,
2019.

Zohdirad, H., Jiang, J., Aksoyoglu, S., Namin, M. M., Ashrafi, K., and Prévot, A. S. H.: Investigating sources of surface
ozone in central Europe during the hot summer in 2018: High temperatures, but not so high ozone, Atmospheric

Environment, 279, 119099, https://doi.org/10.1016/j.atmosenv.2022.119099, 2022.

48



