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Highlights

¢ Anew algorithm for the identification of large-scale ozone episodes is presented.

e Largest episodes located in northern (southern-central) Europe in Apr-May (Jun-
Sep).

e Large ozone episodes decreased from 2003 to 2022 in the CAMS reanalysis.

¢ Diverging changes in the sizes of ozone episodes in future projections.

e Emissions and climate change will determine the areal extent of future episodes.

Abstract

Episodes of high near-surface ozone concentrations tend to cover large areas for several
days and are detrimental to human health and vegetation. They are strongly dependent
on both meteorology and precursor emissions. This study introduces a new pseudo-
Lagrangian algorithm that identifies the spatiotemporal patterns of episodes, allowing for
a good characterization of their areal extent and an assessment of their drivers. The
algorithm has been used to identify ozone episodes in Europe from April to September
over the last twenty years (2003-2022) in the Copernicus Atmosphere Monitoring Service
(CAMS) reanalysis. Episodes have also been detected in the historical simulation (1950-
2014) and four shared socio-economic pathways (SSPs, spanning 2015-2100) of the
United Kingdom Earth System Model (UKESM) for the purpose of providing future
projections. While the total number of episodes has increased in recent years, the
frequency of large episodes has decreased following European precursor emissions
reductions. The analysis of the 100 largest episodes shows that they tend to occur in
Northern Europe during spring and in the center and south of the continent from June
onwards. Most of the top 10 episodes occurred in the first years of the century and were
associated with anomalously high temperatures and anticyclonic conditions. Despite the
decrease in large episodes in recent years, there is uncertainty regarding the fate of

future European episodes. Episodes of reduced size are found for SSPs with weak
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greenhouse forcing and low precursor emissions, whereas episode sizes increase in
scenarios with high methane concentrations and enhanced radiative forcing, even
exceeding the maximum historical size. This points to the need to implement effective
climate and air quality policies to address the ozone air pollution problem in Europe in a

warming climate.

Mean day and latitude of the 100 episodes
with largest areal extent in 2003-2022
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1. Introduction

Ozone (O3) is produced in the troposphere by the photochemical oxidation of non-
methane volatile organic compounds (NMVOCs), carbon monoxide (CO), and methane
(CHa4) under the presence of nitrogen oxides (NOy) and hydrogen oxide radicals (HOx)
(Sillman, 1999; Atkinson, 2000). Ozone remains from a few hours to days in the polluted
boundary layer but has a longer lifetime of the order of weeks in the free troposphere,
where it can be transported together with some of its precursors over intercontinental
scales (Stevenson et al., 2006; Young et al., 2013; Monks et al., 2015), thereby
contributing to baseline and near-surface ozone levels in distant regions (e.g., Lupascu

and Butler, 2019; Derwent and Parrish, 2022).
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Surface ozone concentrations are strongly dependent on meteorological conditions
(Jacob and Winner, 2009; Fiore et al., 2012). Peak concentrations typically occur in the
afternoon, often associated with high temperatures and clear-sky stagnant weather that
favor photochemical production (e.g., Orddfez et al., 2005; Leibensperger et al., 2008;
Otero et al., 2016; Kerr et al., 2019; Porter and Heald, 2019). At high concentrations,
ozone poses a serious threat to human health and the environment (Ashmore, 2005; Liu
et al., 2018; GBD 2019 Risk Factors Collaborators, 2020), particularly when combined
with other pollutants (Lian et al., 2022; Chen et al., 2024) or extreme heat (Willers et al.,
2016; Otero et al., 2022). In 2015, exposure to ozone was estimated to cause 254,000
(95% uncertainty interval 97,000—422,000) deaths globally and 25,432 (7,356-53,160)
premature deaths in Europe associated with respiratory diseases (Gu et al., 2023).
Ozone is also considered the most detrimental air pollutant to vegetation and agricultural

crops at the global scale (Tai et al., 2014; Tai and Val Martin, 2017; Feng et al., 2018).

Regional photochemical ozone production has declined over the last decades in Europe
following precursor emission reductions (Monks et al., 2015; Karlsson et al., 2017).
However, near-surface ozone concentrations have not decreased as the same rate as
emissions (Karlsson et al., 2017; EEA, 2020), because of the non-linear nature of ozone
chemistry (Kleinman et al., 2002; Sicard et al., 2020; Real et al., 2024) as well as the
increasing influence of baseline concentrations in the free troposphere (Solberg et al.,
2005; Monks et al., 2015; Derwent and Parrish, 2022). By contrast, European emission
controls have reduced peak ozone concentrations and, therefore, the number of
exceedances of air quality standards since the 1990s (EMEP/CCC, 2016; Colette et al.,
2017; Derwent and Parrish, 2022; Real et al., 2024). Moreover, the slope of the ozone—
temperature relationship during the warm season has decreased (Boleti et al., 2020;
Otero, 2021). This has resulted in hot summers with lower ozone levels than expected,

as found for instance in central Europe in 2018 (Zohdirad et al., 2022). Hence, all factors



87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

considered, regional precursor reductions appear to have been the primary cause of

surface ozone changes in the last decades.

Nevertheless, obtaining a comprehensive picture of surface ozone changes over Europe
is not straightforward, because most studies focus on a particular ozone metric, time
period and region. For instance, different analyses have addressed baseline (Derwent
et al., 2024), average (Boleti et al., 2018) or high percentile (Otero et al., 2022) ozone
levels, which may have undergone opposite trends in recent years (Yan et al., 2018,
2019). The examination of different regions such as the Mediterranean (e.g., Sicard et
al., 2013) or central Europe (e.g., Otero et al., 2021), or different local settings like rural
and urban stations (Sicard et al., 2013; Yan et al., 2019), may also lead to contrasting
conclusions. To overcome some of these limitations, recent studies have implemented
different types of cluster analyses (Lyapina et al., 2016; Carro-Calvo et al., 2017; Boleti
et al., 2020) that allow identifying regions or groups of stations where surface ozone
follows coherent spatiotemporal patterns. This approach has proven useful in the
evaluation and interpretation of model results (Lyapina et al., 2016), the assessment of
long-term changes (Boleti et al., 2020) and the identification of meteorological drivers of
ozone over different regions of the continent (Carro-Calvo et al., 2017). A limitation of
these classifications is that they may be sensitive to changes in emissions and

meteorological regimes.

Future ozone concentrations will also be determined by the combined effect of changes
in precursor emissions and climate. As the effects of emission reductions may be locally
variable depending on the chemical regime (Markakis et al., 2016; Liu et al., 2022b; Real
et al., 2024), it is important to coordinate NOx, NMVOC and methane controls to achieve
lower ozone levels. On the other hand, it is expected that the increase in global mean
temperatures will lead to higher ozone concentrations during the peak season in polluted
regions, potentially eroding the benefits of emission controls. This effect has been termed

the ozone climate penalty (Bloomer et al., 2009; Rasmussen et al., 2013). Different
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mechanisms triggered by climate change can impact the climate penalty (Colette et al.,
2015; Fu and Tian, 2019), thus altering the response of ozone to projected warmer
temperatures (Kerr et al., 2019; Porter and Heald, 2019; Archibald et al., 2020b; Otero
et al., 2021). Overall, climate change is expected to increase ozone levels over regions
close to pollution sources and decrease them in regions remote from pollution sources

(Zanis et al., 2022), but there is considerable variation depending on the scenario.

Some studies (e.g., Colette et al., 2015; Orru et al., 2019) have projected a larger effect
of regional precursor emission reductions compared to that of the climate penalty during
the 21st century over Europe. Others (e.g., Fortems-Cheiney et al., 2017) have
concluded that the benefits of those reductions could be annihilated by high background
ozone concentrations caused by increases in global methane amounts. Analyses of
CMIP6 (Coupled Model Intercomparison Project Phase 6) projections under different
Shared Socioeconomic Pathways (SSPs) show that future near-surface ozone changes
over different regions of the globe strongly depend on the scenario, and that strict air
quality policies may be needed to keep ozone below current levels under high

greenhouse forcing (Turnock et al., 2020, 2022).

While some global modelling studies have projected future changes in the monthly,
seasonal, or annual means of ozone (Turnock et al., 2020, 2022; Liu et al., 2022a; Zanis
et al., 2022), others have also addressed changes in the afternoon ozone mixing ratios
(Karlsson et al., 2017; Liu et al., 2022b). Their results are not directly comparable,
because the shape of the diurnal ozone cycle often depends on the meteorological
conditions (Garrido-Perez et al., 2019). On the other hand, addressing past and future
changes in ozone extremes is needed for improved assessments of air quality policies
and ozone-related health impacts. These extremes occur predominantly as organized,
multiday episodes with coherent spatiotemporal patterns and spatial extents of more
than 1000 km (Schnell et al., 2014, 2015), reflecting that the build-up of ozone typically

takes place within large, slow-moving, stagnant, high-pressure systems over several
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days. ldentifying such spatiotemporal structures goes beyond site-type or regional
classifications (Lyapina et al., 2016; Carro-Calvo et al., 2017; Boleti et al., 2020), which

may not be stable over long time horizons.

In this work we present a new semi-Lagrangian algorithm that enables the identification
of large-scale ozone episodes and the characterization of their spatiotemporal patterns,
with the aim of assessing past and future changes in afternoon ozone episodes over
Europe during the warm season. For this purpose, we have used a recent 20-year period
of the Copernicus Atmosphere Monitoring Service (CAMS) reanalysis and future
projections of the United Kingdom Earth System Model (UKESM). The paper is
structured as follows: Section 2 is dedicated to the description of the datasets and the
algorithm; Section 3 presents a catalogue of European ozone episodes in CAMS and
discusses the observed changes, with a focus on the largest ozone episodes, and
Section 4 assesses future changes in large ozone episodes in UKESM under different

CMIP6 scenarios. Finally, Section 5 concludes with a summary of the main findings.

2. Data and methods

2.1 Data

For the identification of extreme ozone episodes over the last years, we have used 20
years (2003-2022) of 3-hourly ozone mixing ratios from the CAMS reanalysis (Inness et
al., 2019) over a domain covering Europe [20° W-50° E; 25°-75° N] at 1° x 1° horizontal
resolution (Figure 1a). Maximum daily 8-hour average (MDABS8) is the primary ozone
standard in the European Union (European Commission, 2008), and is commonly used
in many studies concerning ozone air pollution (e.g., Travis and Jacob, 2019, and
references therein). Nonetheless, as the MDAS8 metric cannot be computed from 3-hourly
data, we have extracted the daily maximum concentrations over each grid cell from

CAMS.
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For some of the analyses, we have used a 1°x1° hourly gridded ozone dataset over a
limited European domain [13° W-34° E; 36—70° N], covering the period from 2003 to
2015 (Schnell et al., 2014, 2015). This dataset was created by interpolating and merging
observations from the European Environment Agency's air quality database (AirBase)
and the European Monitoring and Evaluation Programme (EMEP) with the objective
mapping algorithm presented by Schnell et al. (2014). Overall, the daily ozone maxima
provided by CAMS exhibit little discrepancy with the values from observations in the
overlapping area of both datasets, accurately reproducing the amount of surface ozone

(see Supplement S1).

We have also assessed the evolution of O3 episodes in the historical simulation (1950-
2014) and future projections under four Shared Socioeconomic Pathways (ssp126,
ssp245, ssp370 and ssp585, 2015-2100) from UKESM version 1 (UKESM1-0-LL,
referred to as UKESM1 hereafter; Sellar et al., 2019; Archibald et al., 2020). Daily O3
maxima from these simulations (variant r1i1p1f2), conducted as part of CMIP6, have
been downloaded from the Earth System Grid Federation (ESGF) database. The data,
available with a horizontal resolution of 1.875° latitude x 1.25° longitude, have been
interpolated to 1° x 1° over the same European domain used for the CAMS reanalysis.
We have restricted our analyses (for the CAMS reanalysis, the gridded observational
dataset and UKESM1) to the daily Os maxima from the months of April through
September, which coincide with the period when ozone concentrations are typically
highest on the continent (Scheel et al., 1997; Monks, 2000; Aggelis et al., 2013;

supplementary of Ordoinez et al., 2020).

To understand the evolution of O3 episodes in time scales of years, we have used
monthly anthropogenic emissions of some ozone precursors (CO, NOy, and NMVOCs)
from the CAMS reanalysis. We have also examined the concentrations of CHs at the
lowest model level, which are prescribed as boundary conditions in the CAMS reanalysis

(Flemming et al., 2015; Huijnen et al., 2022). Monthly data of emissions of these
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precursors, in addition to atmospheric concentrations of CHs and daily maximum
temperatures at the lowest model level, have also been extracted for the historical

simulations and future scenarios of UKESM1.

Finally, to study the relationship between the largest ozone episodes in the CAMS
reanalysis and synoptic conditions, we have extracted daily maximum temperatures and
geopotential height at 500 hPa (Z500) from the ERAS5 reanalysis (Hersbach et al., 2020)

at 0.75° x 0.75° horizontal resolution.

2.2. Local ozone extremes

Before detecting large-scale ozone episodes (i.e., periods of anomalously high
atmospheric mixing ratios of near-surface ozone extended in space and time, typically
spanning thousands of square kilometers over several days), we identified local extreme
ozone events (local O3 events hereafter). For each grid cell, a local O3 event is found if
the daily maximum ozone exceeds a certain threshold. The first practical question that
arises is whether to use relative (exceedances of a value determined by a percentile in
each cell) or absolute thresholds (exceedances of a fixed value). Relative thresholds
may be preferred over absolute ones because they enable a better exploration of the
relationship between ozone episodes and the associated synoptic conditions (Schnell et
al., 2014). This happens because exceedances of absolute thresholds are often found
in regions with high baseline ozone concentrations regardless of the synoptic conditions.
Moreover, relative thresholds may be appropriate to minimize the effect of model biases
in reproducing the observed O3 concentrations. However, relative thresholds are not as
good a measure of health risk as for other variables like temperature (Curriero et al.,
2002; McMichael et al., 2006; Kovats and Hajat, 2008; Lass et al., 2011), because
organisms do not adapt to ozone. Indeed, as the effects of ozone exposure on mortality
and morbidity begin to appear at certain concentrations (e.g., Horstman et al., 1989),
most impact health assessments for this pollutant rely on absolute thresholds (e.g., Orru
et al., 2013; Archibald et al., 2018; Fenech et al., 2018).

9
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According to the EU air quality directive (2008/EC/50), the target value for ozone for the
protection of human health is based on MDAS8 concentrations, which should not exceed
120 ug/m?® (~60 ppb) on more than 25 days per calendar year averaged over three years
(European Commission, 2008). From the analysis of the observational gridded ozone
dataset, we found that this absolute threshold corresponds to daily Oz maxima ranging
from 61 to 67 ppb, depending on the latitude, during April-September. This range is
reduced to around 61-64 ppb daily Os; maxima corresponding to 60 ppb MDAS8 Os,
following a polynomial fitting that minimizes the effect of poor observational coverage

over some regions (see Supplement S2).

Some grid cells in the southern part of the domain in CAMS often exhibit daily maximum
ozone mixing ratios well above the considered absolute threshold for that latitude (~61-
64 ppb). For example, the 95™ local percentiles exceed 80 ppb over the Po Valley and
some parts of the Mediterranean (Figure 1a). Consequently, prolonged ozone episodes
exceeding the absolute threshold could often be found over those regions. On the other
hand, the 95" percentiles of daily O; maxima are close to (and even exceed) the absolute
threshold over most of continental Europe south of 50° N and start to decrease rapidly
to the north. Given such geographical disparities, we have chosen to use relative
thresholds to select local ozone extremes, in particular the local 95" percentiles of daily
ozone maxima in April-September 2003-2022 (i.e., ~9 days per ozone “season”, ~91
days per decade). This has the advantage of providing ozone extremes that can be
related to the synoptic conditions and, at the same time, correspond to hazardous ozone
concentrations in a broad region of Europe, allowing for the assessment of the impacts.
This choice also aligns with criteria applied in prior studies (Otero et al., 2016, 2022;
Carro-Calvo et al., 2017). Finally, we have applied a land-sea mask to disregard the local
O3 events that appear over grid cells entirely located in the ocean, as they do not pose
a risk to the population. This does not affect the identification of ozone episodes (Sect.

2.3) that cover nearby regions separated by the sea, such as the British Isles and France,

10
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because of the 1°%1° grid size used in this work. CAMS shows good skill in identifying
local O3 events, especially in regions with high density of monitoring sites (see Figure

S2).

Similarly, we have identified local ozone events over land areas of the same domain in
UKESM1 as exceedances of the local 95" percentiles in April-September of the last
twenty years of the historical simulation (1995-2014, see Figure 1b). This period is used
as a reference to compare the evolution of O3 extremes both in the historical simulation
and in future scenarios. Due to the known overestimation of summer surface ozone in
models (Turnock et al., 2020), the 95" percentiles obtained for the last twenty years of
the historical simulation correspond to considerably higher ozone mixing ratios than in
CAMS for most of Europe. These large differences between CAMS and UKESM1 remain
if both datasets are evaluated for a common period (Figure S6), strongly supporting the
choice of a relative threshold as discussed above. Despite these differences, the ozone
mixing ratios corresponding to the 95" percentiles in northern Europe are much lower
than in the rest of the continent for both datasets, never exceeding 60 ppb north of 60°
N. Indeed, this would prevent the identification of extremes if they were defined based

on an absolute threshold (i.e., 60 ppb MDAS).

(a) 95th percentile of ozone volume mixing ratio (b) 95th percentile of ozone volume mixing ratio
CAMS 2003-2022 UKESM1 historical simulation 1995-2014

Figure 1: 95" percentiles of the daily maximum ozone volume mixing ratios in Europe
obtained from (a) the CAMS reanalysis during April-September from 2003 to 2022 and

11
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from (b) UKESM1 historical simulation during April-September from 1995 to 2014. The
black dashed box covers the reduced domain [10° W-50° E; 34-60° N] where the

characteristics of ozone episodes are assessed.

Concluding, local O3 events have been detected in CAMS and UKESM1 as exceedances
of local 95" percentiles over each land grid cell of the domain shown in Figure 1, i.e. [20°
W-50° E; 25°-75° N], referred to hereafter as the extended domain. As these percentiles
correspond to low mixing rations in northern Europe, we will limit some of the subsequent
analyses to a reduced domain ([10° W-50° E; 34-60° N], see black dashed box in the
figure). This encompasses the most populated regions of Europe and the land areas

where ozone may pose a risk to human health.

2.3. Pseudo-Lagrangian algorithm to track and characterize ozone

episodes

Starting from the local O3 events obtained in Sect. 2.2, we have developed an algorithm
that builds on others previously used for the detection of organized, large-scale, multiday
ozone episodes (Schnell et al., 2014) and heatwaves (Sanchez-Benitez et al., 2020). In
that spirit, the algorithm presented in this section groups the local ozone extremes in
aggregations of adjacent events called clusters, in such a way that all the events forming
the same cluster are connected in space and time. For each day, we define daily patterns
as sets of all local events in the same cluster occurring on that specific day. Finally, we
obtain a set of separate ozone episodes (over the extended domain of Figure 1), each
of them defined as a cluster which has been fully processed by the algorithm as follows
(see also the schematic flowchart in Figure 2, and an example of the algorithm output in

Figure S7):

e The algorithm groups the local O3 events in clusters. An O3z event is included in a
cluster if the maximum coordinate distance to the nearest event in that cluster is

equal to or less than one degree in longitude and latitude, and equal to or less than

12



295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

one day in time. Thus, this first step yields numerous clusters that can last several
days. Each one encompasses a sequence of consecutive daily patterns that include

all local events within that cluster on a given day.

Grouping O3 events by a maximum cut-off coordinate distance has some limitations.
The procedure considers time as another dimension in addition to latitude and
longitude, such that the distance of 1° is equivalent to that of 1 day. On certain days,
this may result in the appearance of spatially disconnected aggregations of events,
sometimes yielding incoherent daily patterns. To address this problem, the second
step of the algorithm selects the main body of each daily pattern, i.e., the largest
aggregation of connected events considering only those in the reduced domain of
Figure 1. Then, it removes all structures that are disconnected from the resulting
pattern. Consequently, the number of clusters remains unchanged but now with

coherent daily patterns.

Some of the resulting clusters may consist of successive slightly overlapping daily
patterns. To prevent their categorization as a single episode, the algorithm includes
a third step which splits a cluster into two distinct episodes on a given day if the
shared area with the daily pattern of the previous day is less than 50%. We should
note that advection of polluted air masses has been associated with summer ozone
pollution over some parts of Europe (e.g., Carro-Calvo et al., 2017), which might
cause abrupt changes in the spatial patterns between two consecutive days.
Because of that, we have adopted an additional condition that relaxes the required
50% minimum overlap to only 20% if the distance between the centers of two daily
patterns is less than 500 km, similarly as done by Sanchez-Benitez et al. (2020) for

the detection of heat waves.

The cluster is also truncated on a given day if the total area of the corresponding
daily pattern is less than 250,000 km?, unless that day falls among the two earliest or
two latest days of the episode. This way, the algorithm identifies large-scale episodes

13
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while providing flexibility for episode formation and dissipation in a similar way as

done by Schnell et al. (2014).

o Finally, we retain only the clusters that affect the reduced domain for at least three

days.

Local Ozone Extreme
Events

3: Split clusters with
small or consecutive
slightly-overlapped daily
patterns

Y

4: Discard all clusters
with less than three
days in the reduced

domain

1: Cluster local events
within a predefined

time
(1 day, 1° lon, 1° lat)

lusters consisting of a

sequence of spatially )=

coherent daily patterns

_’C Ozone episodes )

cuttoff in space and [

Clusters which may
include spatially
{ncoherent daily pattern

\

2: For each day within
each cluster, identify the
main body of the daily
pattern in the reduced
domain and eliminate
structures which are
disconnected from it

Figure 2: Flowchart of the ozone episode detection algorithm.

It should be noted that, while the focus of this study is on ozone episodes over the

reduced domain [10° W-50° E; 34-60° N], where the highest concentrations are typically

found, the algorithm identifies and groups events over the extended domain [20° W-50°

E; 25°-75° N]. This way we avoid truncating episodes that may be partially over the main

area of interest. Then we have used the total accumulated areal extent (areal extent

hereafter) as the main metric to characterize ozone episodes over the reduced domain.

This is computed as the aggregate of the areas of the daily patterns (considering only

cells in the reduced domain) throughout the length of an episode, i.e.,

area = Z z area; j q
d ij
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with area; ; 4 being the area of the cell (i, j) where a local Os event was found on day d.

Additionally, a metric based on the ozone enhancement over a specific threshold was
considered to quantify the magnitude of the episodes but finally was discarded for two
reasons. First, it added little information to that obtained from the areal extent, as both
metrics were highly correlated (they scaled in a similar way with the number of local
events included in the episode). Second, the CAMS reanalysis was found to heavily
overestimate ozone mixing ratios in specific circumstances, such as wildfires (Figure S3),

thus causing this metric to overestimate the magnitude of some episodes.

3.Catalogue of European ozone episodes in 2003-2022

We found a total of 974 episodes in the CAMS reanalysis during April-September 2003-
2022, ranging from 3 to 30 days of duration, and with areal extents from 2.5-10* to 4.6-107
km? over the reduced domain. The number of ozone episodes has increased towards
the end of the period (blue line in Figure 3a). For example, they ranged from 32-51
episodes/year in the first five years to 52—80 episodes/year in the last five years of the
reanalysis. The year with the highest number of episodes was 2018, which has already
been reported to have several ozone episodes associated with an intense heat wave
(Pope et al., 2023), although ozone levels were not as high as expected for such a warm
summer due to European reductions in precursor emissions (Zohdirad et al., 2022). This
is also the April-September period with the highest daily maximum temperatures

averaged over the reduced domain (Figure S10).

The rise in the number of episodes might be due to increasing large-scale, high-impact
episodes, to an incremented occurrence of small episodes, or to both. To understand this
in detail, we examined the number of episodes exceeding different areal extents in each

5-year subperiod (i.e., 2003-2007, 2008-2012, 2013-2017, and 2018-2022). The analysis
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reveals that the number of large episodes per year has decreased, as shown in Figure
3b. For instance, during 2003-2007 (blue line in that panel), there were approximately 8
episodes per year (on average) with a minimum size of 2-10°% km? (vertical dotted line).
This corresponds to the areal extent of the 92" largest episode in the whole 20-year
period. The frequency of episodes of that size has more than halved in later subperiods.
They decreased to approximately 4 per year in 2008-2012 (green line) and about 3.5
and 3 per year in the two most recent subperiods (yellow and red lines). The results are
significantly impacted by the summer of 2003, when several extreme episodes (among
the top 10) occurred, as will be shown in Section 3.2. Conversely, the number of small
episodes has increased in recent subperiods, outweighing the decrease in larger ones.
As a result, there is a net increase in the total number of episodes (blue line in Figure

3a).

Furthermore, Fig. 3c depicts the complementary cumulative distribution functions of the
areal extent (i.e., the percentage of the total areal extent found in episodes greater than
or equal to a certain areal extent) for each 5-year subperiod. It becomes evident that the
relative weight of large episodes with respect to the total episode area has decreased
gradually since 2003. From 2003 to 2007, more than 80% of the total area of all ozone
events was found in episodes larger than 2-10¢ km? (vertical dotted line). For later years,
that percentage was reduced to approximately 60%, 50% and 35% in the 2008-2012,

2013-2017 and 2018-2022 subperiods, respectively.
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382  Figure 3: (a) Total number of ozone episodes (blue line) and number of ozone episodes
383  among the top 100 (orange line) found for the CAMS reanalysis in each April-September

384  period of 2003-2022. (b) Number of episodes per year (y axis) exceeding a given areal
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extent (x axis) for each five-year subperiod. (c) Percentage of the total areal extent (y

axis) found in episodes greater than a given size (x axis) for the same subperiods.

Based on these analyses, it can be concluded that large-scale ozone episodes are
becoming less frequent in Europe. This could be expected from the strong decline in
regional anthropogenic precursor emissions in the last twenty years over Europe, which
has not been compensated for by the rising temperatures and the moderate increases
observed in methane concentrations (Figures S10 and S11). The reduction in precursor
levels has resulted in a decreasing number of local ozone events, which becomes more
apparent when considering only those grouped in ozone episodes (Figure S12). It
appears that towards the end of 2003-2022 local events have more difficulties to merge
into organized episodes than at the beginning of that period, resulting in the emergence
of smaller, scattered episodes. This could explain the apparent contradiction between
the rise in the total number of episodes and the decline in the larger ones (Figure 3a).
These results are consistent with those from previous studies (Sicard et al., 2013;
Paoletti et al., 2014; Boleti et al., 2020; Otero et al., 2021; Zohdirad et al., 2022; Real et
al., 2024), which support the effectiveness of emission reduction policies in tackling peak
ozone concentrations in Europe and highlight the need to maintain these actions in the

future.

In the remainder of the section, we will examine the temporal evolution and latitudinal
distribution of the top 100 episodes as well as the main features of the top 10 episodes

in 2003-2022.

3.1. Top 100 episodes in 2003-2022

The number of episodes among the top 100 (orange line in Figure 3a) have decreased
at a rate of —3.0 + 2.5 episodes/decade (linear trend with 95% confidence interval, p-
value = 0.022). In each of the first five years — excluding 2004, for which significant biases

were reported in CAMS by Inness et al. (2019) — 8 to 12 episodes were identified among
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the top 100, while only 1 to 6 episodes were found in each of the last five years. This

result is in line with the decrease in large episodes reported above.

Furthermore, we have investigated the typical timing and location of these episodes. For
this purpose, Figure 4 shows the average calendar day and mean latitude for the 100
largest episodes. This analysis is motivated by previous reports on the occurrence of
episodes in the north of Europe during spring (Monks, 2000; Monks et al., 2015; and
references therein), which could extend to lower latitudes. Keeping such episodes in
mind, not considering cells north of 60° N may result in a bias in the temporal-latitudinal
dependence. Because of that, we have also included cells outside the reduced domain

[10° W-50° E; 34-60° N] to calculate the mean latitude and day of each episode.

We have found that 60 of the top 100 episodes occurred south of 50° N between June
and September, 31 episodes during April and May (27 of them north of 50° N and only 4
to the south), and the remaining 9 north of 50° N between June and September.
Therefore, there is a clear prevalence of large summer episodes over most of the
continent, but with spring episodes happening mostly in the North. Around two thirds of
these episodes are found in the first 10 years of the CAMS reanalysis (2003—-2012) and
the remaining third in 2013-2022 (Figure S3). Compared to the whole 20-year period,
the last decade shows an even stronger preference for spring episodes in the north and
summer episodes south of 50° N, but with a notable decline in the latter while the number

of spring episodes remains barely unchanged.
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Figure 4: Mean day and mean latitude for each of the 100 largest European ozone
episodes in the CAMS reanalysis (2003— 2022). The colors of the markers show the area
of the episode. The 10 episodes with greatest area (see Section 3.2) are represented
with square markers. The dotted horizontal line marks 50° N, separating the north and
center-south of Europe, whereas the dotted vertical line is placed at the beginning of
June, separating the first two months in the extended summer (April-September) from

the rest.

The distribution of the largest episodes in latitude and calendar day over the whole period
of analysis is coherent with the occurrence of conditions that favor ozone production
during summer, such as stagnation, elevated temperatures, and high solar radiation
(Jacob and Winner, 2009; Otero et al., 2016; Carro-Calvo et al., 2017), which are more
severe in the center and south of the continent than in the north. On the other hand, the
reasons behind the high occurrence of ozone episodes in northern Europe during spring
remain unclear despite some efforts to understand this behavior. Several phenomena
have been proposed as possible candidates, including dynamical processes such as

stratosphere-to-troposphere transport, and enhanced photochemistry, the latter
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consuming precursors accumulated during winter (Oltmans, 1981; Penkett and Brice,
1986; Monks, 2000; Monks et al., 2015; Sarwar et al., 2024). To date, there has been no
clear attribution to any of these processes. Further studies in that direction could explain
the apparent lack of reduction in spring northern episodes as compared to summer
episodes in central and southern Europe in later years (Figure S13). Nonetheless, the
most extreme episodes were co-occurrent with anticyclonic and temperature anomalies

even in the north of Europe, as will be shown in the next subsection.
3.2. Top 10 ozone episodes in 2003-2022

The ten largest European ozone episodes since 2003, ranked by their areal extent over
the reduced domain in CAMS, are presented in both Figure 5 and Table S1. Most of them
correspond to well-documented heatwave conditions in the literature. These episodes
were associated with concurrent positive anomalies of both Z500 (i.e., anticyclonic
conditions) and daily maximum temperature (See Figures S8 and S9), which favor the

photochemical production of ozone.
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Figure 5: Local frequencies (number of days over each CAMS grid cell) of the top 10
European ozone episodes according to their areal extent over [10° W-50° E; 34°-60° N]
in April-September 2003-2022. The start date, duration, and areal extent of each episode

are indicated on the top of the respective panel.
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Figure 5: Continued.

Summer 2003, unprecedented in Europe at that time (Garcia-Herrera et al., 2010), had
four episodes among the top ten. The episode in the first half of August stands out as the
largest one in the CAMS reanalysis period. It coincides with the mega-heatwave that
affected western Europe in August 2003, which featured strong meteorological
anomalies, caused thousands of heat-related deaths and led to poor air quality (e.g.,
Trigo et al., 2005; Vautard et al., 2005; Solberg et al., 2008; Ordériez et al., 2010; Russo
et al., 2015). The other three episodes found in 2003 (June-July, July, and September)
were also related to positive Z500 and temperature anomalies, although they were

weaker than those during the great episode of August (Figure S9).
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The second largest episode occurred in western Russia during summer 2010. This is
also the longest one by far, spanning 30 days. It affected regions outside the reduced
domain (north of 60° N) which are not accounted for in the calculation of the areal extent.
Otherwise, it would have been ranked as the largest episode, surpassing that of August
2003. This episode coincided with a well-known mega-heatwave that broke 500-year
temperature records, an event considered unprecedented even in comparison to the
2003 heat wave (Barriopedro et al., 2011; Russo et al., 2015). The extreme temperatures
and wildfires during that heatwave resulted in extremely severe air pollution in several

Russian regions (Konovalov et al., 2011).

The third-largest episode happened in 2006 (see its evolution in Figure S7). It was
associated with the central-western European heatwave of July 2006, caused by an
omega blocking pattern in the region (Rebetez et al., 2009; Russo et al., 2015). This year
has previously been identified as one of the years with the highest number of ozone
extremes (Schnell et al., 2014; Carro-Calvo et al., 2017). Another episode of summer
2006 found among the top 10 (top 6) affected the Balkans and eastern Europe during
August. It was related to a heatwave that ended at the same time as devastating wildfires
began in Greece (Vlachou et al., 2010; Climate Action Network Europe, 2013).
Additionally, a smaller episode among the top 10 (ranked 9") took place in northern
Europe in the spring of the same year. It was associated with atmospheric blocking,
abnormally warm temperatures for that time of the year, and smoke from biomass
burning transported northward from Eastern Europe, breaking air pollution records in

Scandinavia (Stohl et al., 2007; Hall and Loboda, 2018).

The two remaining episodes also correspond to periods when synoptic conditions
favored the occurrence of well-documented heatwaves. These include the heatwave in
the Balkans during July 2007 (Founda and Giannakopoulos, 2009; Russo et al., 2015),

which resulted in high ozone concentrations in the region (Carro-Calvo et al., 2017), and
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the second warmest May on record in Russia in 2013 (The Moscow Times, 2013; NOAA,

2013).

In line with the previous results, the most extreme ozone episodes are also becoming
less frequent in the most recent years. Eight of the top 10 happened during the first five
years of the period of study (2003-2007). Only one (though massive) episode was found
in the second 5-year subperiod and the last one happened in 2013, despite several
record-breaking summers and severe heatwaves affecting Europe in the last decade
(Barriopedro et al., 2020, 2023; Sousa et al., 2020; Zohdirad et al., 2022). These include
the summer of 2022, which was the hottest on record in Europe (Copernicus, 2022;
Ballester et al., 2023), and the summer of 2018, one of the warmest on record
(Copernicus, 2018; Rousi et al., 2023). Note also that 2018 was the year with highest
average daily maximum temperatures over the extended summer in the continent (Figure

S10).

It can be concluded that the ten largest ozone episodes in Europe were associated with
heat waves, as could be expected because both are driven by similar synoptic
conditions. On the other hand, recent episodes, although more frequent (Figure 3a), are
becoming smaller following the decline in organized local extremes over the last years
(Figure S12). Therefore, the overall reduction in European precursors (Figure S11) has
had a greater impact on ozone extremes than the warming climate (Figure S10), resulting

in an overall decrease in the frequency and extent of large-scale ozone episodes.
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4. Projections of future European ozone episodes

The results obtained for the CAMS reanalysis show a reduction in large episodes over
the period 2003-2022. However, it is unclear whether this reduction will continue in the
future, because the emissions of ozone precursors and the level of climate forcing vary
considerably among the different CMIP6 scenarios. Hence, we have applied the
algorithm to identify O3z episodes in the historical simulation and four future scenarios

(ssp126, ssp245, ssp370 and ssp585) simulated by UKESM1.

As indicated above (Sect. 2.2), local Oz extremes are identified as exceedances of the
grid cell 95" percentiles in April-September over the last 20 years of the historical
simulation (1995-2014). Then ozone episodes are tracked from 1950 to 2100. We
examine the evolution of both the mean area of all episodes and the mean area of large
episodes, namely those with areas above the 90" percentile, in 5-year moving windows
(Figure 6). The choice of the 90" percentile as a threshold for large episodes aligns with
the analysis of the top 100 episodes presented in the previous section, which roughly
correspond to that percentile (100 out of a total of 974 episodes found for CAMS). Note
that the historical simulation finishes in 2014 and the four SSPs start in 2015. Because
of this, the mean areas of the historical simulation shown in Figure 6 are calculated for
windows until 2010-2014, while windows from 2011-2015 through 2014-2018 incorporate
data from both the historical simulation and their respective SSP, and windows from

2015-2019 onwards only include data from the SSPs.

The areal extent of both average and large episodes increased until the 1980s and
decreased from the 1990s onwards in the historical simulation. This decline is in accord
with the decrease in large episodes observed for the CAMS reanalysis. However, the
projections of these episodes diverge considerably across the different SSPs. Episodes
decrease in size during the first years in the scenario with weakest greenhouse forcing

(ssp126) and show a very slight decrease during the second half of the century for
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ssp245. On the other hand, there is a clear increase in projected sizes for the two
scenarios with the strongest greenhouse gas forcing (i.e., ssp370 and ssp585), breaking
the historical records consistently after 2050. The worst-case scenario (ssp585) exhibits

large interannual variability after 2060 though.
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Figure 6: Evolution of the mean areal extent of (a) all episodes and (b) those with areas
above the 90" percentile in 5-year rolling windows centered on each year over [10° W-
50° E; 34°-60° Nj for the historical simulation (1950-2014) and four CMIP6 scenarios

(2015-2100) of UKESM1.

To understand the long-term variations in ozone episodes for the different scenarios, we
have examined changes in daily maximum temperature (Figure 7) and the main O3
precursors (Figure 8). European temperatures start rising steadily since around 1980 in
the historical simulation and continue this trend (although at different rates depending on
the scenario) during the 21%t century, stabilizing after 2050 only in ssp126. This is
consistent with large episodes becoming more prominent in ssp370 and ssp585, but not
with the declines observed in the historical simulation and in the other two scenarios.
Methane concentrations increased slightly during the last two decades of the historical
simulation. A similar increase can be observed in total VOC emissions, which include
biogenic emissions of isoprene and terpenes (calculated interactively by the model),

despite reductions in the relatively minor anthropogenic component. Therefore, the
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579  strong declines in NOx and CO emissions.
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581  Figure 7: Daily maximum temperatures at the lowest model level averaged over the
582  domain [10° W-50° E; 34-60° N] during April-September for each year of the historical

583  simulation (1950-2014) and four scenarios (2015-2100) of UKESM1.
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Figure 8: Evolution of April-September anthropogenic emissions of (a) CO and (b) NOy
as well as (c) anthropogenic (dashed line) and ftotal (solid line, biogenic plus
anthropogenic) NMVOC emissions over the domain [10° W-50° E; 34-60° N] for each
year of the historical simulation (1950-2014) and four CMIP6 scenarios (2015-2100) of

UKESM1. (d) As the other panels, but for CH4 concentrations at the lowest model level.

Future VOC emissions rise in all future scenarios, particularly in those with higher climate
forcing. This is due to the overall positive responses of biogenic emissions to high
temperatures, as anthropogenic VOC emissions decrease (for ssp126 and ssp245) or
remain almost unchanged (in the high forcing scenarios). Nevertheless, there are clear
differences for the other precursors. The strong decline in NOx, CHs and, to a lesser
extent, CO from the first years of the ssp126 scenario outweighs the impact of a warming
climate, causing a decrease in the size of ozone episodes. Compared to ssp126, NOy
and CH4 decreases are much less pronounced and tend to be delayed into the 21%

century, and temperature increases are sustained until the end of the century in ssp245.
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Despite the moderate but steady decline in NOx and CO emissions in this scenario,
methane concentrations rise slightly until 2040 and decrease in the second half of the
century, when a small drop in the size of large ozone episodes is found. This suggests
that the fate of future European ozone episodes will be controlled not only by regional
emissions but also by the evolution of global emissions of methane (Fortems-Cheiney et
al., 2017; Abernethy et al., 2021; Allen et al., 2021; Liu et al., 2022b), which has low
reactivity and therefore persists in the troposphere much longer than other precursors

(~10 years).

The growth in the size of the ozone episodes in the high forcing scenarios (ssp370 and
ssp585) appears to be related to both rising temperatures and upward trends in the
emissions of some precursors. While CO, anthropogenic NMVOCs and NOx emissions
remain at similar levels to those in the last years of the historical period, there are more
prominent changes in total VOC emissions and methane concentrations for these
scenarios. The ssp585 scenario features strong interannual variability in the size of the
episodes as well as some decreases in the last two decades of the century. The latter
roughly coincide with the time when both methane and NOy begin to decline but might
also be affected by interannual variability. On the other hand, ssp370 is the only
simulation for which both methane concentrations and large ozone episodes increase
until the end of the century, pointing again at the need to control both regional and global
emissions of CH4. The larger sizes of episodes in ssp585 compared to ssp370 until at
least 2080, despite lower methane concentrations, may be due to the higher
temperatures and NOx emissions in the former. Understanding these differences as well
as the strong interannual variability of ozone episodes in ssp585— probably related to
changes in meteorology — requires further investigations that are beyond the scope of

this study.
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5. Summary and conclusion

A novel pseudo-Lagrangian algorithm has been developed to track large-scale ozone
episodes by connecting local extremes (exceedances of local 95™ percentiles of daily Oz
maxima in April-September of a given reference period) extending over space and time
for at least three days. The algorithm has been applied to examine changes in European
ozone episodes in the CAMS reanalysis (2003-2022) as well as in the historical
simulation (1950-2014) and future projections (2015-2100; scenarios ssp126, ssp245,
ssp370, and ssp585) simulated by UKESM1 as part of CMIP6. Episodes have been

characterized according to their areal extent.

An analysis of the 100 largest episodes in CAMS reveals that they have mainly occurred
in central or southern Europe in June—September (60 episodes with mean latitude south
of 50° N) and in northern Europe in April-May (27 episodes north of 50° N). While the
total number of episodes per year have increased after 2015, probably associated with
the occurrence of elevated summer and spring temperatures, the annual frequency of
the 100 largest ozone episodes has decreased. Eight out of the top ten episodes
occurred from 2003 to 2007, with the two remaining in 2010 and 2013, in all cases
associated with heatwave conditions. The decrease in large ozone episodes can be
attributed to the control of precursor emissions over the last 20 years, even though high
spring-summer temperatures have been recorded in recent years such as 2018 and
2022. These findings support the effectiveness of European air quality strategies to
reduce peak ozone concentrations, as also reported by previous studies (e.g., Paoletti

et al., 2014; Boleti et al., 2020; Otero et al., 2021; Zohdirad et al., 2022).

Despite the results found for CAMS, there are considerable uncertainties in the size of
European ozone episodes over the rest of the century according to UKESM1 climate
projections. The clear trend toward smaller episodes observed in recent years would

continue in the future only for the scenario with stronger precursor emission decreases
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and temperature controls (ssp126). This situation could be reversed, especially under
the most extreme climate change scenarios (ssp370 and ssp585). In such scenarios, the
combined effects of climate change (rising temperatures and probably changes to
stagnation events, e.g., Horton et al., 2012, 2014) and precursor changes (enhanced
atmospheric concentrations of CHs and NMVOC emissions, while regional NOx and CO
emissions remain hardly unchanged) may deteriorate the ozone pollution problem to
levels not even found in the years before the implementation of European air pollution
policies. Future measures targeting global concentrations of CH4 can be beneficial to
control both near-term warming and ozone episodes, as indicated by previous
assessments of the co-benefits of climate and air quality policies (Turnock et al., 2022,
and references therein). Nevertheless, understanding the reasons for the uneven results
found for the different projections, although seemingly related to emission and
temperature changes, is complicated by the effect of climate variability, which seems to
be particularly strong for the high forcing scenarios (ssp585 and, to a lesser extent,
ssp370). Further research is therefore needed, including the assessment of ozone
episodes in dedicated model experiments and ensembles of different climate models

(Doherty et al., 2022; Fiore et al., 2022).

In future work, we will examine atmosphere-only experiments of UKESM1 with different
forcings (e.g., Collins et al., 2017; Turnock et al., 2022; Zanis et al., 2022). This will
enable quantifying the separate effects of climate change and emissions of the different
precursors on the evolution of future ozone episodes, and understanding whether there
is a limit to the benefits of regional emission reductions in a warming climate. In addition,
we will assess the separate role of the atmospheric circulation, rising atmospheric
temperatures and drying soils in the interannual fluctuations of the largest episodes.
Furthermore, the algorithm presented in this work can be adapted to other air pollutants,
and applied to track the origins of air pollution episodes in other regions of the world

which are vulnerable to climate change and face emerging air quality problems.
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Understanding the drivers of such episodes under a changing climate will be crucial to
issue efficient air quality policies that attack the root of the problem with moderate socio-

economic and health costs to society.
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Table S1: Ten largest ozone episodes according to their areal extent over [10° W-50°
E; 34°-60° N] in CAMS during April-September 2003-2022. Columns indicate (from left

to right) the start date, duration, and areal extent of each episode.

Start date Duration Areal extent
(days) (10* km?)
2-8-2003 18 4551
21-7-2010 30 3972
13-7-2006 18 3044
18-9-2003 10 1855
29-6-2003 11 1483
12-8-2006 9 1368
20-7-2007 7 1241
7-5-2013 6 1117
28-4-2006 11 1071

19-7-2003 8 1041
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Mean day and latitude of the 100 episodes
with largest areal extent in 2003-2022
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Figure S8

Mean maximum temperature and mean geopotential height at 500 hPa
during the days in the episode that started on 02-08-2003(18 days)
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Figure S9

Mean anomaly in maximum temperature and mean geopotential height
at 500 hPa during the days in the episode that started on 02-08-2003(18 days)
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Mean day and latitude of the 100 episodes
with largest areal extent in 2003-2022
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