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evolution and spatial extent (MB: —2 ppbv, r: 0.78), depicting Os increases on the hottest days and their decline.
During the peak Os event, Western Europe contributed ~60 % of daily mean Os, while domestic NOx emissions
accounted for only ~4.6 %. South-easterly winds transported Os and precursors from BENELUX, France, Ger-
many, the North Sea, and the English Channel. Near-surface wind convergence (—0.00002 s~ ') with weaker
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westerlies redirected domestic Os to the central UK, intensifying continental influence. Conversely, south-south-
westerly flows amplified domestic Os contributions.

Analysis of the processes contributing to Os build-up highlights that transboundary transport played a sig-
nificant role during the peak event. Boundary layer growth contributed by entraining Os-rich air (up to 10.3 ppb
h! across the boundary layer top), along with precursors from the residual layer, facilitating their downward
mixing to surface levels. This process set the stage for in-situ photochemical Os production, which peaked at
midday, contributing to a total daily Os production of 42 ppbv on average across the region. Our findings un-
derscore the necessity of coordinated international efforts to manage transboundary pollution, alongside targeted
local measures to reduce Os precursor emissions.

1. Introduction

Tropospheric ozone (Os) is a secondary trace gas of significant at-
mospheric importance, acting both as a key oxidant and a harmful
pollutant, posing risks to human health, crops, and ecosystems (Fuhrer,
2009; WHO, 2016). It primarily forms through a non-linear process
initiated by the reaction of nitric oxide (NO) with the hydroperoxyl
radical (HO2), producing nitrogen dioxide (NO2). HO: itself is generated
when Non-Methane Volatile Organic Compounds (NMVOCs) react with
hydroxyl radicals (OH). Subsequent photolysis of NO2 ultimately yields
Os (Monks, 2005). Tropospheric Os formation is critically dependent on
the availability of nitrogen oxides (NOx = NO + NOz) and NMVOCs
(Atkinson, 2000).

Clear skies, high temperatures, light winds, and low humidity asso-
ciated with summertime anticyclonic conditions frequently trigger
photochemical Os episodes across Europe and the UK (Ordonez et al.,
2017; Otero et al., 2016; Otero et al., 2022; Pope et al., 2016; Porter
et al., 2015; Pusede et al., 2015; Jacob and Winner, 2009). Over 30 % of
European summer days experiencing high-latitude blocking patterns,
persistent anticyclonic systems often linked to heatwaves, coincide with
Os exceedances above the 90th percentile. These conditions increase the
likelihood of simultaneous extreme Os concentrations and temperature
exceedances by 15 %-20 % (e.g., Ordonez et al., 2017; Matsueda, 2011;
Otero et al., 2022).

Chemical transport models (CTMs) have been used to explore this Os-
temperature relationship and demonstrate that anticyclonic conditions
reduce cloud formation and limit pollutant dispersion, causing the
accumulation of Os precursors. Increased solar radiation and higher
maximum temperatures accelerate photolysis and enhance VOC emis-
sions, particularly those from biogenic sources (Vieno et al., 2010).
Additionally, prolonged heat dries soils, triggering positive feedback
that further elevates temperatures. Concurrently, stomatal closure in
plants reduces Os uptake, increasing surface Os concentrations (Solberg
et al., 2008; Vieno et al., 2010; Griinhage et al., 2012). Recent ad-
vancements in CTMs, including source attribution techniques, have
improved our understanding of how meteorological conditions, partic-
ularly shifts in circulation patterns, alter precursor contributions to Os
formation during peak pollution episodes (Butler et al., 2018; Butler
et al., 2020a, 2020b; Grewe et al., 2017; Mertens et al., 2020; Romero-
Alvarez et al., 2022).

Despite stricter UK and European regulations have reduced primary
Os precursor emissions over the past 30 years, episodes of high Oz can
still happen, particularly in the East of England. Here, concentrations
can exceed the national objective of 50 ppbv (8-h average), typically at
temperatures above 18 °C (AQEG, 2009; Derwent et al., 2018; Finch and
Palmer, 2020). Severe Os episodes, with mixing ratios exceeding 90
ppbv, frequently occur when temperatures surpass 28-30 °C, often
linked to polluted air transported from mainland Europe under anticy-
clonic conditions (Jenkin et al., 2002; Pope et al., 2016; Lee et al., 2006).
A notable event occurred in 2003, when anticyclonic circulation over
northern France led to temperature anomalies of 6-7 °C in the UK,
causing repeated exceedances of the European Maximum Daily 8-h
Average (MDAS) Os threshold of 120 pg m~3 (~60 ppbv) in Southeast
England (Garcia-Herrera et al., 2010; Lee et al., 2006).

During the summer of 2015, persistent blocking conditions from late
June to mid-September across Central and Western Europe led to mul-
tiple heat episodes (Hoy et al., 2017; Ionita et al., 2017; CAMS, 2016;
DEFRA, 2017; Lupascu et al., 2022). This heat event, ranked sixth in
severity since 1950, with the 2003 heatwave ranked second (Russo
et al., 2015), featured a notable Os episode from June 30th to July 4th
with Os mixing ratios in the UK exceeding the EU information threshold-
of 1-h average mixing ratio of 90 ppbv (180 pg m~>). This episode
coincided with the ICOZA field campaign at the Weybourne Atmo-
spheric Observatory (WAO) on the North Norfolk Coast in the East of
England, on tropospheric Os chemistry (Crilley et al., 2018). During this
period, south-easterly winds led to surface Os mixing ratios reaching 116
ppbv, which is unusually high given past reductions in precursor emis-
sions (AQEG, 2009; Finch and Palmer, 2020).

Since 2015, elevated Os levels and high temperatures have been
recorded across Europe and the UK, with significant mortality linked to
extreme heat during the summers of 2018, 2019, 2020, and 2022 (e.g.,
Rousi et al., 2023; Rustemeyer and Howells, 2021; Thompson et al.,
2022). As global temperatures continue to rise, climate change is ex-
pected to increase the frequency of heatwaves and associated high Os
episodes (Russo et al., 2015; Jacob and Winner, 2009). For example,
rural sites such as the WAO are projected to exceed the moderate health
threshold of 100 pg m 3¢50 PPP) > 95 times per year (Gouldsbrough
et al., 2022). Given these trends, understanding the factors driving Os
build-up is essential for cross-border management and public health
protection.

This study employs an Os-tagging mechanism within the WRF-Chem
model to quantify the contribution of NOx emissions from different
European regions to surface Os levels in East England during a heatwave
event. Additionally, Os tendencies are analyzed to characterize the
chemical and meteorological mechanisms influencing Os accumulation.
Observational data collected during the ICOZA campaign provide a
benchmark to describe the meteorological and chemical conditions
experienced during the pollution episode and to evaluate model
performance.

Section 2 details the model setup and methodology used to investi-
gate Os sources during the build-up phase. Section 3 presents observed
conditions during the ICOZA campaign, model evaluation results, and
insights from applying the Os-tagging method. Section 4 summarizes the
main findings and discusses their broader implications.

2. Methods
2.1. WRF-Chem setup

We used the Weather Research and Forecasting model (WRF) version
3.7.1 (Powers et al., 2017) with chemistry (WRF-Chem) (Grell et al.,
2005). The model domain was centred at 3° E and 53° N, covering most
of Europe, as shown in Fig. 1. The spatial resolution was set to 27 km x
27 km, with 35 vertical levels starting from the surface up to 10 hPa.
This resolution was chosen to balance computational efficiency and the
source region representation while covering a sufficiently large domain
for long-range transport. Uncertainties in local O3 chemistry and small-
scale transport should be considered when interpreting the results. The
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Fig. 1. Emission source regions. The Rest EU region includes ship emissions
from the Atlantic, the Mediterranean, the Baltic Sea, and the land areas in
yellow. BLUX refers to BENELUX and the black line indicates the tagged LBCs.

initial and lateral boundary conditions (ICs and LBCs, respectively) for
meteorology were obtained from the ERA-Interim reanalysis dataset
(Dee et al., 2011) which has a spatial grid resolution of 0.75° x 0.75°
and 6-h temporal resolution. ICs and LBCs for the chemistry fields were
obtained from global simulations produced using the Chemistry Trans-
port Model for O3 and Related Chemical Tracers MOZART-4 GEOS-5
(Emmons et al., 2012) at three hourly intervals. The schemes used to
parameterize the atmospheric processes are those deployed in Romero-
Alvarez et al. (2022).

Simulations were conducted between June 30th and July 31st 2015
for gas-phase chemistry using a tagged-ozone mechanism based on the
MOZART-4 chemical scheme. Anthropogenic emissions of carbon
monoxide (CO), NOy, sulphur dioxide (SO3), and total NMVOCs for the
European domain, including shipping routes, were taken from the TNO-
MACC-III European inventory (Kuenen et al., 2014) for the year 2011.
The emissions were provided as yearly totals (kg yr ') by source sector
following the SNAP (selected nomenclature for sources of air pollution)
convention at a 0.125° x 0.0625° longitude-latitude resolution.

Reported NO2/NOx emission ratios vary widely in the literature,
ranging from lower estimates (e.g., 5.3 % by Liu et al. (2017)) to sub-
stantially higher values (e.g., 39 % by Richmond-Bryant et al. (2017)). In
this study, a split of 95 % NO and 5 % NO: is applied. Emissions are also
temporally disaggregated to account for monthly, weekly, and hourly
variations based on the SNAP sector classification, following the meth-
odology of Van Der Gon et al. (2011).

We note that the use of the TNO-MACC-III emissions inventory may
not fully capture emission reductions that occurred between 2011 and
2015, with NOx and NMVOC emissions in Europe and the UK decreasing
by approximately 20 % and 14 %, respectively, for all sectors (Kuenen
et al., 2022). Despite this, our findings remain relevant for regional Os
analysis given the model’s spatial resolution. However, uncertainties
regarding the representativeness of emission trends should be consid-
ered when interpreting the results.

For the UK domain, emissions were taken from the UK National
Emissions Inventory (NAEI) 2014, http://naei.beis.gov.uk/, with a
spatial resolution of 1 km x 1 km. Biogenic emissions were calculated
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online using the Model of Emissions of Gases and Aerosols from Nature
(MEGAN) version V2.04.

2.2. Ogzone tagging mechanism

The present study employs the Os tagging method described in
Romero-Alvarez et al. (2022), which is based on the approach proposed
by Butler et al. (2018) and Lupascu and Butler (2019). This tagging
technique labels Os molecules based on their origin, enabling the attri-
bution of Os mixing ratios in a receptor area to their geographic sources.
It assigns Os to its precursors according to its formation source rather
than its instantaneous net production or destruction. Consequently, total
source contributions remain positive even during periods of net Os loss,
such as night-time NO titration (Butler et al., 2018). To achieve this, a
modified chemical mechanism, “mozart_tag kpp (chemopt = 113)”, was
implemented into WRF-Chem. This mechanism is based on MOZART-4
with added tracers to track the contributions from designated regions.
The tagged-ozone technique is preferred over the perturbation approach
as it directly tracks the transformation of specific precursor emissions
(here, NOx) into the Os fromation, minimizing inaccuracies caused by
the nonlinear nature of Os chemistry. In contrast, the perturbation
approach can lead to misattributions, for example, Emmons et al. (2012)
found that reducing NO emissions by 20 % resulted in an underesti-
mation of Os contributions by a factor of four. Table 1 of Mertens et al.
(2020) further highlights the differences between these approaches,
comparing the scientific questions that can be addressed using pertur-
bation methods versus source attribution techniques like tagging.

O formation relies on both NOy and peroxyl radicals derived from
VOCs. Research by Butler et al. (2020a, 2020b) and Lupascu et al.
(2022) indicates that anthropogenic NMVOC emissions have a limited
effect on regional Os production, with methane and biogenic VOCs
playing more substantial roles. Since this study is primarily focuses with
the impact of anthropogenic sources on Os, NOy tagging is chosen as a
practical approach for source attribution.

To determine contributions to surface Os, the study domain is
divided into three main regions, illustrated in Fig. 1: (1) the UK,
encompassing England, Wales, Northern Ireland, and Scotland; (2) the
lateral boundaries; and (3) Europe, which is further subdivided into six
areas: France (FRA); BENELUX (Belgium, the Netherlands, and
Luxembourg); Germany (GER); the North Sea and English Channel
(NOS); the remainder of Central Europe (Rest_CEU), covering Austria,
Switzerland, the Czech Republic, Hungary, Poland, Slovakia, Slovenia,
and Romania; and the Rest of Europe (Rest_EU), which includes the
Iberian Peninsula, Southern, South-eastern, Eastern, and Northern
Europe, Ireland, and emissions from shipping routes in the Atlantic,
Baltic Sea, and Mediterranean. This configuration enables us to differ-
entiate contributions from Western and Central Europe and Europe’s
busiest shipping routes.

The East of England, located on the eastern coast and one of Eng-
land’s nine official regions, serves as the receptor area. This region’s
environmental relevance is heightened by its proximity to continental
Europe and potential exposure to cross-border pollution.

Additionally, the physical and chemical processes influencing the
evolution of modelled Os over time, such as advection (upward/down-
ward, eastward/northward mass transfer), vertical mixing (including
dry deposition and diffusion), and net chemical production, are output
as diagnostics and used to assess their impacts on the rate of change in
the total modelled Os (Wong, 2013). These tendencies are estimated for
four sites in the East of England and are also derived for tagged Os
originating from NOy emissions from specific source regions.

To complement the analysis, we also estimated the hourly Os flux at
the top of the Planetary Boundary Layer (PBL). This is defined as the
product of the entrainment velocity and the difference in Os mixing
ratios above and below the PBL, following the methodology described in
(Kaser et al., 2017) in their WRF-Chem study over the Colorado Front
Range. The altitudes above and below the PBL are determined by tracing
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the hourly PBL growth rate and interpolating Os mixing ratios at the
corresponding heights. Specifically, during the morning and afternoon
(07:00 to 16:00 UTC), a positive PBL growth rate is expected. In this
case, the above-PBL Os mixing ratio is extracted using the next hour’s (h
+ 1) PBL height plus 125 m as a reference. This offset corresponds to the
maximum average PBL growth rate modelled across all sites (125 m
h™1). Conversely, the below-PBL Os mixing ratio is retrieved using the
previous hour’s (h-1) PBL height.

For the remaining hours, when a negative PBL growth rate is ex-
pected, the above-PBL Os mixing ratio is extracted at the previous hour’s
(h-1) PBL height + 125 m, and the below-PBL Os mixing ratio is
retrieved using the next hour’s (h + 1) PBL height.

2.3. Model Evaluation

Romero-Alvarez et al. (2022) have extensively evaluated WRF-
Chem’s performance over the UK and Europe, assessing 2-m tempera-
ture, 10-m wind speed and direction, and chemical fields such as NOx
and Oa. Their study utilized the same tagging scheme and model settings
described here for summer 2015, providing a relevant reference for
model performance in a comparable setup. Their findings indicate that
the model effectively represents the spatial distribution of MDA8 Os
levels above 50 and 60 ppbv, with the highest frequency of such days
occurring in East Anglia, in the East of England. However, the model
tends to underestimate the number of days with MDA8 Os levels
exceeding 50 ppbv in East Anglia, consistent with previous studies
highlighting the difficulties faced by many chemical transport models in
accurately simulating high Os mixing ratios during pollution events in
the UK (Archer-Nicholls et al., 2014; Francis et al., 2011) and across
Europe (Lupascu et al., 2022). In this study, we extend the model
evaluation using hourly observations of 2-m temperature, wind speed
and direction, CO, Os, NOx, and reactive nitrogen oxides (NOy) collected
from June 29th to August 1st during the ICOZA field campaign
(Woodward-Massey et al., 2023; Crilley et al., 2018). ICOZA took place
in June-July 2015 at WAO (52.95° N, 1.12° E), a Global Atmospheric
Watch regional station operated by the University of East Anglia and
supported by the National Centre for Atmospheric Science (https://w
eybourne.uea.ac.uk/). The site is located at 16 m above sea level,
approximately 50 km northwest of Norwich and 190 km northeast of
London. The nearest major road is a rural route situated around 800 m to
the south. WAO is exposed to clean air masses traveling southward over
the North Sea, originating from polar regions, as well as to more polluted
air influenced by emissions from major UK cities such as London and
Birmingham and continental Europe (Lee et al., 2009). Additionally, the
site is affected by local road emissions and influences from shipping
(Penkett et al., 1999). Statistical metrics, including mean bias (MB), root
mean square error (RMSE) and the coefficient of determination (Rz),
were employed to assess the model’s performance.

3. Results and discussion
3.1. Meteorological and chemical conditions observed during ICOZA

Most of the campaign was dominated by westerly and south-westerly
winds. Temperatures ranged from 9 to 29 °C, with an average of 16 °C
(see Fig. S.1.1a). The highest daytime and night-time temperatures were
recorded between June 30th and July 2nd, coinciding with the period of
most elevated Os levels.

On June 30th, a broad area of high pressure centred over the Dutch
coast affected most of England (Fig. S.1.2). At WAO, temperatures
reached up to 24 °C, with light winds predominantly from the south-
southeast (see Fig. S.1.1a and b). An increase in the Os mixing ratio of
16.6 ppbv h™! was observed coinciding with a shift in wind direction
from south-southwest to south-southeast (Figs. S.1.1b and d). A peak
mixing ratio of 64 ppbv was recorded at noon. Overnight temperatures
remained above 17 °C, and the Os mixing ratios decreased to 40 ppbv,
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remaining nearly constant until the following day. Time series from
European Monitoring and Evaluation Programme (EMEP) sites indicate
that Os levels also began to rise at other stations in the south-eastern UK
and parts of Western Europe (Fig. S.1.3), suggesting that the Os build-up
was a regional-scale phenomenon.

By midnight, the high-pressure system centre had moved to Denmark
(Fig. S.1.2b), placing WAO under moderate winds fluctuating between
east and southeast (see Fig. S.1.1b). On July 1st, Os mixing ratios began
to increase, and by 11:00 UTC, WAO recorded an Os concentration in-
crease of approximately 17 ppbv h™?. This significant morning rise in Os
mixing ratios has been similarly observed in other field campaigns in
South East UK (Lee et al., 2006) and is attributed to both the mixing of
Os-rich air from the residual layer to the surface and photochemical
production of Os throughout the troposphere (Entwistle et al., 1997; Lee
et al., 2006; Francis et al., 2011).

The increase in morning Os mixing ratios was accompanied by a
wind shift from east-southeast to southeast and a surface temperature
rise of about 6 °C (see Figs. S.1.1a and b). During the same period,
relative humidity dropped from 81 % at 10:00 UTC to 58 % and 39 % at
11:00 and 12:00 UTC, respectively, suggesting a change in the air mass
(Fig. S.1.1¢). A maximum Os mixing ratio of 78 ppbv was reached at
12:00 UTC. Temperatures rose to 29 °C by 13:00 UTC, and Os mixing
ratios continued to increase throughout the afternoon, reaching 116
ppbv at 18:00 UTC. Meanwhile, record-breaking temperatures were also
recorded in parts of Southeast England, including London Heathrow,
which experienced its highest temperature since the August 2003
heatwave (36.7 °C) (WMO, 2016). Heat health alerts were in effect for
Southeast England and East Anglia. The UK Met Office attributed these
elevated temperatures to a southerly airflow originating from Spain,
which was experiencing its longest recorded heatwave, from June 27 to
July 22 (WMO, 2016). WAO surface Os peaked above the EU informa-
tion threshold (see Fig. 2). This peak, recorded in the evening when
photochemical Os production typically decreases as solar radiation
weakens, suggests that the pollution event was likely due to Os trans-
port. This is further supported by elevated CO mixing ratios recorded
that day (Fig. 2b). NO and NO: mixing ratios were also elevated on the
morning of July 1st, with a maximum NO mixing ratio of 3.4 ppbv at
10:00 UTC, nearly three times higher than the campaign average. NO2
mixing ratios reached an exceptional morning peak of 9 ppbv at 10:00
UTC, more than four times the average campaign concentration. Com-
parison of modelled Os mixing ratios and temperature at four rural
monitoring stations in eastern UK (Sibton, St Osyth, Wicken Fen, and
WAO) (Fig. S.1.4. in the supplementary material) during July 1st
(extreme heat period) and the rest of the campaign shows that both Os
and temperature were significantly higher on July 1st compared to other
days. The 5th and 95th percentiles whiskers show that both the highest
and lowest Os and temperature values during the heat event exceeded
the mean of the rest of the campaign. Moreover, the 90th percentile of Os
mixing ratios increased respectively by 39 %, 32 %, 36 %, and 27 % at
Sibton, St Osyth, Wicken Fen, and WAO on July 1st compared to the rest
of the campaign, indicating a strong correlation between the high
temperatures and elevated Os levels. While temperature affects several
interrelated processes, such as photochemical reaction rates and
biogenic VOC emissions production, a detailed attribution of the tem-
perature contribution to the observed Os enhancements during the
heatwave is beyond the scope of this study.

Rural stations in eastern UK (e.g., Wicken Fen, Sibton, St Osyth, and
High Muffles) and south-eastern UK (e.g., Lillington Heath) also recor-
ded Os levels exceeding the EU information threshold of a 1-h average of
180 pg m~>. Similar mixing ratios were observed at sites in the
Netherlands (e.g., de Zilk, Cabauw Wielsekade, and Vredepeel) and in
Germany (e.g., Schauinsland) (see Fig. S.1.3). The episode ended
following a shift in wind direction to southwest, bringing cooler and
cleaner air from the Atlantic late on July 1st and early on July 2nd (see
Fig. S.1.1b, ¢, and d). Os mixing ratios decreased by 14 ppbv between
12:00 and 13:00 UTC. Lower NOx mixing ratios were observed the


https://weybourne.uea.ac.uk/
https://weybourne.uea.ac.uk/

J. Romero-Alvarez et al.

following morning on July 2nd, with maximum NO mixing ratios below
1 ppbv and NO: near 2 ppbv (see Fig. S.1.1f and g). In the afternoon, an
increase in Os mixing ratios (up to 6.7 ppbv h™1) coincided with a wind
direction shift from west-southwest to south-southeast. Background
stations on the west coast of the Netherlands, such as de Zilk and Kol-
lumerwaard, further indicate that Os reached mixing ratios as high as
100 ppbv on this day (see Fig. S.1.3). Regionally, the episode lasted
several days, in the East of England Os mixing ratios fluctuate during the
following 2 days without exceeding 60 ppbv.

3.2. Model performance

Fig. 3 compares modelled and observed temperature (°C), wind
speed (m/s), and wind direction (degrees) at WAO from June 29th to
July 31st, 2015. Table 1 presents the statistical metrics for these mete-
orological variables. The model tends to underestimate temperature,
particularly in the early days of the campaign, with an average mean
bias (MB) of —1.5 °C. This underestimation is expected given WAO’s
coastal location and the challenges of accurately modelling coastal dy-
namics, such as sea breezes, at a coarse resolution of 27 km (Steele et al.,
2014). Romero-Alvarez et al. (2022) also show that the model config-
uration has difficulty capturing diurnal temperature variation near
coastal sites across the UK and shows wind speed biases, with positive
biases during southerly, easterly, and westerly winds and negative bia-
ses during northerly winds. Despite these limitations, Fig. 3b demon-
strate a moderate agreement between observed and modelled wind
speeds at WAO, with an MB of 0.09 m/s.

Fig. S.2.1, in the supplemental material, presents model validation
for June 29th to July 31st, 2015, using a subset of observations from the
ICOZA campaign (NO, NOz, NOx, NOy, CO, and Os) (Crilley et al., 2018;
Woodward-Massey et al., 2023). Modelled NOy includes contributions

Table 1

Summary of statistical comparisons between simulated and measured variables
at WAO from June 29th to July 31st. MB units are the same as the parameter
units.

Parameter/metric Mean Mean RMSE MB r R?
units Obs. model

Temperature (°C) 17.0 15.4 2.6 -1.5 0.81 0.28
Wind speed (m/s) 5.4 5.5 1.9 0.09 0.64 0.23
NO (ppbv) 0.40 0.35 0.4 —0.04 0.58 0.20
NO> (ppbv) 2.77 2.38 1.6 —-0.39 0.60 0.19
NOx (ppbv) 3.16 2.73 1.8 —-0.43 0.60 0.20
NOy (ppbv) 5.08 3.08 2.6 -2.0 0.65 0.46
CO (ppbv) 1145 125.7 21.0 11.1 0.67 0.28
O3 (ppbv) 35.8 335 9.5 -2.3 0.78  0.53
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Fig. 2. Diurnal cycle of observed (solid line) and modelled (dashed line) (a) Os,
(b) CO, (c) NO, and (d) NO2 during July 1st (blue line) and the average for the
rest of the field campaign (red line). The shaded areas represent the variability
in observations, showing the 25th and 75th percentiles. The numbers 1, 2, and
3 in panel (a) highlight changes in Os mixing ratios on July 1st, corresponding
to periods when the observed wind predominantly came from the south-
southeast, east-southeast, and south-southeast, respectively.
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Fig. 3. Measured and modelled meteorological variables: a) temperature (°C),

b) wind speed (m/s), and ¢) wind direction (°), at WAO, from June 29th to July

31st 2015. Number 1 in the plot highlight the difficulty of the model capturing

the south easterly winds. The study episode is highlighted in gey.

from NO, NO:, Nitrate Radical (NOs), peroxynitric acid (HO2NO-),
dinitrogen pentoxide (NO2NOs), peroxyacetyl Nitrate (PAN), peroxyni-
trate (ONIT), methacryloyl peroxynitrate (MPAN), isoprene nitrates
(ISOPNO:s), and organic nitrates (ONITR). The model captures much of
the observed day-to-day variability for NOx, NOy, CO, and Os, with
correlation coefficients of 0.60, 0.65, 0.67, and 0.78, respectively.
However, NOy shows a notable negative bias of —2 ppbv (see
Figs. S.2.1d and S.2.2d), potentially due to challenges in the MOZART
chemical mechanism’s handling of NOy recycling and the long-range
transport of NOy. In addition, a large negative mean bias is observed
in NO2z (—0.39 ppbv) and NOx (0.43 ppbv), which can be attributed to
biases in ingested emissions and/or challenges in accurately represent-
ing NO:z production. Fig. 2 shows that on July 1st, the day with the
highest observed Os mixing ratios, modelled NO: overestimates obser-
vations at night (MB = 0.41 ppbv) and significantly underestimates
values during the day (MB = —2.5 ppbv). For the remainder of the
campaign (blue line), modelled mean mixing ratios are closer to ob-
servations but remain underestimated (dashed line), with a daytime MB
of —0.36 ppbv and a night-time MB of —0.51 ppbv.

The difficulty of chemical transport models in capturing observed
NO and NO: concentrations, particularly their tendency to underesti-
mate NO: during the day and overestimate it at night, especially in
summer, has been well documented (e.g., Kuhn et al., 2024; Pirovano
et al., 2012; Tuccella et al., 2012). This issue has been repeatedly
observed across different regions, spatial resolutions, emission datasets,
boundary layer parameterizations, and chemical mechanisms. Even at
finer horizontal resolutions, such as the 5 km simulations in Lupascu
et al. (2022), these biases persist. Kuhn et al. (2024) attributed this
persistence bias to faulty diurnal emission profiles and/or insufficient
vertical mixing at night. Adjusting the vertical mixing parameterization
in different boundary layer schemes has been shown to significantly
reduce the bias. Specifically, increasing the lower mixing threshold
enhances vertical mixing at night, mainly affecting the surface layer,
which in turn reduces night-time NO: overestimation (Kuhn et al.,
2024).

Our results align with findings from background sites in source
attribution studies over Germany at a 5 km resolution (Lupascu et al.,
2022). Improving the representation of NO: in the model requires
further investigation into the impact of different NO/NO: emission
partitioning approaches and variations in diurnal emission distributions.
Additionally, incorporating vertical emission profiles could enhance
model performance, particularly over the UK, where high-resolution
emission data (1 km x 1 km) are available. However, increasing the
model resolution accordingly would necessitate a reduction in the
geographical coverage of the model domains, which falls beyond the
scope of this study.

Conversely, the model does a good job of capturing the diurnal cycle
of most assessed species, as shown in Fig. S.2.2. NO mixing ratios are
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underestimated at night, with modelled NO often reaching zero,
whereas observed values can reach up to 0.3 ppbv (see Fig. S.2.2a in the
suplemental material). CO mixing ratios tend to be overestimated,
especially during periods with westerly winds (e.g., on June 29 and from
July 5-8), as shown in Fig. S.2.1e.

The model overestimates wind speeds when the prevailing wind di-
rection is south-westerly (SW) (see Fig. 4). In western UK regions,
westerly winds generally bring clean air masses from the Atlantic, so the
model’s SW bias may relate to the dispersion of some species, potentially
reducing CO mixing ratios near background levels. However, in the
eastern UK, especially at WAO, this bias likely highlights the influence of
transported polluted air from nearby urban centres such as London and
Birmingham. Despite these issues, hourly CO concentration variations
are well represented, with a slight positive bias (MB = 11 ppbv). Os
mixing ratios are also well modelled, showing a small negative bias (MB
= —2 ppbv).

The model struggles to capture peak Os levels on July 1st, when
observed mixing ratios exceeded 90 ppbv, as shown in Fig. 2 and in
Figs. S.2.1f and S.2.2f in the supplemental material. Romero-Alvarez
et al. (2022) highlight that the current model configuration significantly
underestimated isoprene mixing ratios, particularly during the early
days of July. Elevated temperature-driven isoprene mixing ratios have
been widely reported during peak Os events in Southeast UK (e.g., Lee
et al., 2006), emphasizing the role of isoprene as a key precursor in the
formation of Os under high-temperature conditions. This underestima-
tion likely contributed to the model’s difficulty in capturing the
observed Os peaks. Furthermore, while the evaluation presented focuses
on very local wind directions, challenges in accurately simulating wind
fields may have also affected the model’s ability to represent Os levels
during the peak day. In the model, the highest Os values are associated
with south-easterly winds, whereas observational data suggest that
maximum values occurred under more southerly winds. A similar
pattern is evident for CO (Fig. 4b), indicating that the model may not
fully capture the impact of wind speed and direction shifts on Os and CO
levels. In contrast, no clear trends are observed for NO and NO.. In the
East of England, wind direction plays a crucial role during high Os ep-
isodes, often driven by the transport of Os and its precursors from con-
tinental Europe under anticyclonic conditions (AQEG, 2009). Future
trajectory analyses could provide further insights into these discrep-
ancies by elucidating the transport pathways that influence local Os
levels. Despite these challenges, Fig. 5 demonstrates that the model
successfully captures the geographical extent and evolution of the

(@) observedo,

Modeled O,

(c)

S S
0.0 0.2 04 0.6 08 1.0 12 14
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pollution episode, showing high values across western Europe and
eastern England. Therefore, we investigate the impact of NOx emissions
from different tagged regions on the observed low bias in Oz mixing
ratios.

3.3. Ozone contributions from different geographical source regions

Fig. 6 presents the absolute contributions of Os sources from lateral
boundaries (LBC), North Sea and English Channel (NOS), domestic
emissions (UK), and European regions, to surface Os levels at four sites
across the East of England from June 30th to July 4th, 2015. Table 2
summarizes the maximum contributions to surface Os at the four sites
for each day.

Similar to Lupascu et al. (2022), the meteorology played a key role in
the relative influence of local vs. transboundary Os sources. Overall,
lateral boundary contributions (LBC, dark purple) were substantial
across all sites, peaking on July 2nd at 32.5 ppbv (66.0 %) at WAO and
35.6 ppbv (70.0 %) at Sibton. Beyond LBC, contributions from BENELUX
(greenish-blue), Germany (bright green), France (greenish-yellow), NOS
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Fig. 5. Overlaid average of surface O3 in the afternoon (12:00 to 18:00 UTC) on
the 1st of July 2015 in the UK and Western Europe for model (contours) and
observations from EMEP stations with altitude <400 m (coloured circles).
Tagged regions are included as a reference.

Modeled CO

(b)  observed co
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Fig. 4. Pollution roses comparing observed (left subpanel) with modelled (right subpanel) data for O3 (a), CO (b), NO (c) and NO, (d) at WAO using data from June
29th to July 31st 2015. The distribution and spread of data points around the circle indicate which wind directions are associated with higher or lower pollutant

levels. The radians represent the wind speed in m/s.
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Fig. 6. Contributions to hourly near surface O3 at four sites in the East of England from June 30th to July 4th 2015. Phase 1 to 4 refers as the different stages of

the episode.

Table 2

Maximum daily contributions (ppbv and percentage) from eight source regions to surface O3 over Weybourne (blue), Sibton (orange), St. Osyth (grey) and Wicken Fen
(yellow). The maximum contributions during the peak Os event are highlighted in red. The reported values correspond to the contributions from anthropogenic sources

only.

Source region LBC NOS UK BENELUX Rest_ CEU GER FRA Rest_ EU

June 30th 24.0 (18.5 %) 10.0 (18.5 %) 19.1 (44.8 %) 21.3 (46.6 %) 0.0 (0.0 %) 3.6 (8.2 %) 7.5 (14.1 %) 2.0 (5.4 %)
July 1st 18.0 (25.5 %) 6.9 (9.5 %) 2.7 (6.4 %) 26.7 (34.1 %) 2.9 (5.6 %) 17.4 (22.0 %) 17.0 (24 %) 0.7 (1.6 %)
July 2nd 32.5 (66.0 %) 3.9 (8.7 (%) 17.5 (38.5 %) 4.7 (11.0 %) 2.5 (5.7 %) 4.3 (10.0 %) 14.1 (34.0 %) 8.2 (20.4 %)
July 3rd 16.3 (29.2 %) 18.3 (35.8 %) 19.3 (33.0 %) 6.4 (23.9 %) 0.1 (0.2 %) 0.7 (1.5 %) 3.6 (7.2 %) 6.3 (10.9 %)
July 4th 13.4 (27.9 %) 10.9 (22.7 %) 5.4 (11.3 %) 8.6 (17.8 %) 0.1 (0.3 %) 1.0 (2.0 %) 3.7 (7.8 %) 4.8 (10.0 %)
June 30th 18.9 (32.5 %) 12.8 (20.8 %) 14.8 (43.0 %) 24.5 (47.3 %) 0.0 (0.0 %) 6.0 (12.6 %) 5.1 (11.0 %) 2.1 (5.3 %)
July 1st 21.7 (34.0 %) 9.0 (10.7 %) 2.0 (4.4 %) 28.4 (34.5 %) 4.2 (6.8 %) 18.1 (22.7 %) 17.7 (30.7 %) 0.8 (1.7 %)
July 2nd 35.6 (70.0 %) 3.7 (8.4 %) 13.1 (29.0 %) 4.1 (8.8 %) 2.5 (5.3 %) 4.7 (10.0 %) 17.5 (38.6 %) 10.0 (20. 8 %)
July 3rd 17.2 (31.7 %) 13.7 (26.2 %) 28.2 (48.0 %) 12.5 (23.0 %) 0.1 (0.2 %) 0.6 (1.1 %) 4.8 (9.0 %) 6.0 (11.8 %)
July 4th 21.2 (42.0 %) 5.4 (10.6 %) 2.5 (5.0 %) 10.4 (20.6 %) 0.2 (0.4 %) 0.8 (1.5 %) 4.6 (9.2 %) 5.3 (10.6 %)
June 30th 16.5 (60.6 %) 10.9 (18.5 %) 11.1 (37.0 %) 24.1 (43.9 %) 0.0 (0.0 %) 1.8 (4.1 %) 6.6 (15.4 %) 2.0 (6.9 %)
July 1st 21.3 (32.2 %) 8.2 (11.6 %) 2.6 (5.0 %) 12.7 (33.0 %) 3.7 (5.8 %) 11.0 (16.1 %) 27.6 (47.2 %) 3.2 (6.2 %)
July 2nd 30.9 (58.1 %) 4.6 (9.3 %) 11.4 (34.2 %) 0.4 (0.8 %) 0.8 (1.7 %) 0.9 (1.7 %) 21.0 (42.5 %) 11.1 (21.2 %)
July 3rd 20.5 (39.3 %) 11.0 (20.1 %) 26.0 (50.0 %) 12.0 (23.2 %) 0.1 (0.2 %) 0.2 (0.4 %) 5.5 (10.9 %) 6.6 (12.6 %)
July 4th 23.0 (46.0 %) 3.8 (7.6 %) 2.1 (4.3 %) 11.2 (22.4 %) 0.2 (0.3 %) 0.3 (0.6 %) 3.8 (7.6 %) 5.4 (10.9 %)
June 30th 22.7 (52.1 %) 6.4 (10.7 %) 15.2 (41.3 %) 23.3 (40.2 %) 0.0 (0.0 %) 1.4 (3.5 %) 8.5 (14.5 %) 2.1 (4.8 %)
July 1st 19.4 (27.2 %) 5.2 (7.7 %) 11.0 (15.7 %) 14.8 (39.0 %) 2.2 (3.2 %) 6.0 8.7 %) 27.8 (40.6 %) 6.4 (15.3 %)
July 2nd 27.5 (54.5 %) 2.7 (8.3 %) 20.6 (39.4 %) 0.05 (0.1 %) 0.1 (0.2 %) 0.1 (0.2 %) 6.9 (18.5 %) 8.9 (16.2 %)
July 3rd 17.3 (36.5 %) 6.8 (16.9 %) 25.0 (48.9 %) 6.1 (12.7 %) 0.1 (0.2 %) 0.1 (0.2 %) 4.9 (10.1 %) 8.0 (15.6 %)
July 4th 23.0 (45.3 %) 4.4 (8.6 %) 2.8 (5.4 %) 9.9 (19.4 %) 0.1 (0.2 %) 0.2 (0.3 %) 4.6 (9.0 %) 5.9 (11.5 %)

(light purple), and Rest EU (yellow) varied by site and atmospheric
conditions.

On June 30th, phase one of the episode, easterly and south-easterly
winds drove significant Oz contributions from local and transboundary
sources. BENELUX dominated transboundary inputs, peaking at 46.6 %
(21.3 ppbv) at Weybourne and 47.3 % (24.5 ppbv) at Sibton. UK sources
were substantial inland, contributing up to 41.3 % (15.2 ppbv) at
Wicken Fen and 43.0 % (14.8 ppbv) at Sibton. LBC influence was highest
at Wicken Fen (52.1 %) and St. Osyth (60.6 %), while NOS impacted
coastal sites, reaching up to 18.5 % (10.0 ppbv) at Weybourne. GER and
FRA had smaller contributions, with GER peaking at 12.6 % (6.0 ppbv)
at Sibton and FRA at 14.5 % (8.5 ppbv) at Wicken Fen.

On July 1st, south-easterly winds strengthened, driving the highest
observed Os levels across the East of England. Approximately 60 % of the
daily mean surface Os originated from non-UK sources across the study
region, with 30 % from lateral boundaries (LBC) and only ~4 % from UK
emissions, as shown in Fig. S.3.1. in the supplemental material. The
prevailing winds transported substantial Os and precursors from

Western Europe, with BENELUX (up to 26.7 ppbv, 34.1 %), Germany (up
to 17.4 ppbv, 22.0 %), and France (up to 17.0 ppbv, 22.0 %) contrib-
uting significantly at Weybourne. At Sibton, transboundary inputs were
dominated by BENELUX (up to 28.4 ppbv, 34.5 %), Germany (up to 18.1
ppbv, 22.7 %), and France (up to 17.7 ppbv, 30.7 %).

This peak episode coincided with a convergence (—0.00002 s — 1) of
strong south-easterly winds and weaker westerlies in the west of the UK,
redistributing domestic Os northward and westward, as illustrated by
Figs. 7 and S.3.2 in the supplement, while amplifying continental in-
fluences across all sites. At Wicken Fen, BENELUX contributed up to 14.8
ppbv (39.0 %) and France up to 27.8 ppbv (40.6 %), while UK sources
remained modest up at to 11.0 ppbv (15.7 %). The transport patterns
observed align with high-Os episodes in the UK, where high-pressure
systems over northwest Europe sustain easterly and south-easterly
flows that enhance Os accumulation and long-range transport (Jenkin
et al., 2002; Pope et al., 2016). The dominance of BENELUX, Germany,
and France in transboundary pollution highlights the importance of
regional collaboration in mitigating episodic Os pollution, as similar
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Fig. 7. Modelled O3 mixing ratios contributions to total O3 from the UK, BENELUX (BNLUX), FRA, GER, NOS and the rest of the source regions (Rest) and winds on
July 1st 12:00 (a, d, g, j, m, p), 18:00 (b, e, h, k, n, q) and 2nd of July at 00 UTC (c, f, i, 1, o, r). Black arrows depict 10 m winds. The red arrows indicate the

convergence of westerly and easterly winds.

circulation patterns have been associated with exceedances of the 90th
percentile of of Os levels in these regions during spring and summer
(Ordonez et al., 2017; Otero et al., 2022).

On July 2nd, a shift to south-south-westerly winds increased the
influence of local sources, with domestic NOx emissions contributing
over 35 % to surface Os. At Wicken Fen, UK emissions reached 20.6 ppbv
(39.4 %), while at Sibton, they accounted for 13.1 ppbv (29.0 %),
contrasting with the earlier phase dominated by transboundary sources.
France and Rest_EU remained significant contributors, particularly at St.
Osyth, where France provided up to 21.0 ppbv (42.5 %) and Rest EU
11.1 ppbv (21.2 %). At Weybourne, France contributed 14.1 ppbv (34.0
%) and Rest EU 8.2 ppbv (20.4 %), indicating continued long-range
transport, likely from the Iberian Peninsula and Atlantic shipping
routes. NOS contributions were moderate, peaking at 4.6 ppbv (9.3 %) at
St. Osyth and 3.9 ppbv (8.7 %) at Weybourne. The influence of BENE-
LUX and Germany declined compared to previous days, with BENELUX
contributing up to 4.7 ppbv (11.0 %) at WAO, while Germany peaked at
4.7 ppbv (10.0 %) at Sibton.

On July 3rd, a shift to predominantly easterly winds elevated the
influence of domestic sources (UK) and NOS, making them the primary
contributors to surface Os across the East of England. UK emissions were
the dominating source, contributing up to 48.9 % of Os at Wicken Fen
and 50.0 % at St. Osyth, while NOS contributions were substantial,
peaking at 35.8 % at Weybourne and 26.2 % at Sibton, highlighting the
influence of nearby coastal emissions. Although Western European
sources (France and BENELUX) were minimal during the day, their in-
fluence increased in the evening, with BENELUX reaching 12.7 % and
France 10.1 % at Wicken Fen. At St. Osyth, France contributed 10.9 %,
while Rest_EU peaked at 15.6 % at Wicken Fen, likely driven by long-
range transport from south-eastern Europe and Atlantic shipping
routes. Long-range transport from Rest EU and Western Europe
continued as a secondary but significant factor, particularly in the
evening.

3.4. Factors leading to the ozone build-up

Fig. 8 presents curtain plots for four sites in the East of England,

illustrating the modelled rate of change in Os mixing ratios driven by
advection, vertical mixing, and net chemical production. Supplementary
Figs. S.3.3-S.3.7 further detail the contributions from various source
regions. These tagged Os tendencies provide insights into the total Os
evolution but are subject to biases arising from the model’s coarse res-
olution, the documented negative Os bias, and the exclusion of VOCs in
the tagging scheme. Additionally, Fig. S.3.8 in the supplementary ma-
terial report the estimated Os flux (ppb h™!) just above the boundary
layer top.

Across the region, the Os rate of change exhibited significant diurnal
and spatial variability, driven by photochemistry, advection, and ver-
tical mixing. Chemical processes were the primary driver of the daily
increase in Os, contributing an average of 42 ppbv per day during the
peak Os day. In contrast, vertical mixing played a dominant role at St.
Osyth, contributing up to 74 ppbv and 16 ppbv to the total Os on June
30th and July 1st, respectively, as illustrated in Fig. S.3.9 in the sup-
plementary material. On June 30th, during phase one of the episode,
most sites experienced a marked increase in near-surface Os mixing ra-
tios during the early morning (Fig. 8, panels a and b). Positive Os vertical
mixing tendencies near the surface, combined with negative values at
the top of the PBL between 400 and 800 m (at Wicken Fen, St. Osyth, and
Sibton, indicated by numbers 1, 2, and 3 respectively in Fig. 8), suggest
efficient boundary layer mixing, transporting ozone-rich air from the
residual layer to the surface. Fig. S.3.8 further illustrates that Os
entrainment flux at the boundary layer top can reach up to 9 ppb h™! in
the morning at Wicken Fen and 8 ppb h™! at WAO. Note that the changes
in the Os flux are driven by boundary layer growth; however, their
magnitude can also be influenced by advection, deposition, and chem-
ical production/loss.

Concurrently, chemical loss near the surface was also observed at St.
Osyth and Sibton, as indicated by numbers 4 and 5 in Fig. 8. Time-series
tendencies in Fig. 9 highlight the critical role of vertical mixing,
contributing up to 35.7 % of the total modelled Os mixing ratio at St.
Osyth at 10:00 am. Advection showed moderate consistency across sites,
accounting for 1-12 % of total Os mixing ratios. Around midday
(09:00-15:00 UTC), photochemical production emerged as a dominant
process, driving the positive increase in the near-surface Os mixing
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of England.

ratios. Fig. 9 shows sharp midday peaks at most sites, suggesting that
local processes can play a more prominent role during specific episodes.
In contrast, regional transport tends to dominate when Os levels are
assessed over broader spatial and temporal scales. as shown in Romero-
Alvarez et al. (2022). These peaks were primarily driven by NOx emis-
sions from domestic sources and the NOS region, as evidenced by the

curtain plots of modelled Os mixing ratios and process tendencies
(Figs. S.3.4 and S.6), and by the time series of near-surface Os rate of
change and process tendencies (Figs. S.3.11 and S.3.13). Advection
remained an important process, particularly at Wicken Fen and Sibton,
contributing up to 6 % of the total modelled Os mixing ratio. Afternoon
hours saw a loss in the Os mixing ratios driven by deposition and



J. Romero-Alvarez et al.

chemical reaction with NOy.

On the 1st of July, Os mixing ratios peaked across all sites due to a
synergy of vertical mixing, photochemical production and advection of
ozone-rich air mases. The early morning was dominated by contribu-
tions from vertical mixing across most sites, persisting until noon
(Fig. 9). As the PBL developed throughout the morning, ozone-laden air
was effectively mixed into the surface layer (at WAO and Sibton, indi-
cated by numbers 6 and 7 respectively in Fig. 8). At the boundary layer
top, Os entrainment flux reached up to 10 ppb h~! at WAO, as shown in
Fig. S.3.8 in the supplemental material. Concurrently, photochemical
production began after 6 am, further driving the increase in Os mixing
ratios (at WAO and Sibton as indicated by numbers 8, 9, 10 and 11 in
Fig. 8). Analysis of PAN at WAO revealed a reservoir above the PBL,
which became available for downward mixing in the early morning. This
indicates an inflow of chemically processed air over WAO. Surface-level
PAN mixing ratios reached up to 1.20 ppbv between 08:00 UTC and just
before midday (Fig. 10a). Furthermore, Fig. 10b-f highlights significant
contributions from multiple regions, including NOS, GER, BENELUX,
FRA, and the UK. As a product of NOx photochemistry, PAN plays a
crucial role in transporting Os precursors to less polluted areas (HTAP,
2007). Its stability under cold conditions allows for long-range transport
within the free troposphere. When PAN descends to surface levels, it
thermally decomposes, producing a peroxyacetyl radical (PA) and NO2
(Fischer et al., 2014). The PA radical can either reform PAN by reacting
with NO: or react with NO to generate additional NO-.

The highest rate of change in near-surface Os mixing ratios was
predicted around midday, between 11 and 13 UTC, with photochemical
production peaking across all sites and contributing, on average, about
7 % of the total modelled Os mixing ratio. NOx emissions from FRA,
BENELUX, NOS, and Germany played a key role in local Os formation,
with the NOS region contributing up to 5 %, 3 %, 5 %, and 7 % to the
total modelled Os mixing ratio at St. Osyth, WAO, Wicken Fen, and
Sibton, respectively (see the chemical tendency represented by the red
line in Figs. S.3.10, S.3.12, S.3.13, and S.3.14, respectively). Local
emissions, on the other hand, played a significant role at Wicken Fen and
Weybourne, contributing approximately 4 % and 2 % to the total
modelled Os mixing ratios, respectively, as shown in Fig. S.3.11 in the
supplemental material emphasizing the importance of nearby anthro-
pogenic sources. Similar features were observed during the 2003 UK
heatwave, where Lee et al. (2006) highlighted the critical role of
regional transport and vertical mixing in incorporating ozone-laden air
into the surface layer during morning hours, followed by intensified
photochemical production in the afternoon under anticyclonic
conditions.

Afternoon hours saw advection weaken across most sites, with
chemical Os production and vertical mixing becoming the dominant

a) PAN mixing ratio

_——
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processes. Fig. 8 illustrates diminishing Os fluxes at higher altitudes
(~800-1200 m), consistent with a reduced role of regional transport. At
night, curtain plots in Fig. 8 show limited Os transport, with mixing
ratios stabilizing below 1000 m. FRA, UK, and NOS contributions
remained reduced but consistent, varying by site, as depicted in
Fig. S.3.10, S.3.11, and S.3.13 in the supplemental material.

On July 2nd, during phase three of the episode, Os mixing ratios
declined slightly, showing a shift toward more localized contributions.
Domestic sources and NOS played significant roles in Os build-up at most
sites. Curtain plots in Fig. 8 illustrate sustained near-surface advection of
ozone-rich air at Wicken Fen, St. Osyth, and Sibton, indicated by
numbers 12, 13, and 14, respectively. Evidence of Os depletion due to
horizontal outflow is also observed, particularly at surface levels (indi-
cated by number 15 in Fig. 8). This is further supported by Figs. S.3.10 to
S.3.14 in the supplemental material, which highlights sustained out-
flows of ozone-rich air from tagged regions such as FRA, BENELUX, and
GER.

Morning hours exhibited dynamics similar to those on July 1st, with
vertical mixing facilitating the downward transport of ozone-laden air
from the residual layer, followed by chemical production and advection,
as shown in Fig. 9. At most sites, Os entrainment fluxes at the boundary
layer top exceeded 6 ppb h™?, as shown in Fig. S.3.8 in the suplemental
material. By midday, moderate Os peaks were recorded across all sites,
with photochemical production becoming the dominant contributor,
accounting for about 10 % of the total Os mixing ratios. This increase
was driven primarily by domestic NOx emissions, as detailed in
Figs. S.3.4 and S.3.11 in the supplemental material. At sites such as
Wicken Fen, local NOx emissions contributed up to 9 % of in situ
chemical formation to the total Os mixing ratios. Advection contribu-
tions further decreased in the afternoon hours, however small contri-
butions from France, domestic UK, and NOS sources remained evident.
Vertical mixing continued to dominate at St. Osyth, contrasting with the
advection-driven patterns observed at other sites.

By July 3rd, the final phase of the episode, Os levels decreased
further as regional transport contributions weakened. During the
morning hours, advection from foreign sources diminished, while do-
mestic and NOS advection of ozone-rich air masses played a key role in
surface Os build-up. Curtain plots in Fig. 8 (at Wicken Fen, Weybourne
and Sibton indicated by numbers 16, 17, and 18 respectively) illustrate
this reduction in Os inflow, reflecting the overall decline in regional
contributions, as further supported by time series data in Figs. S.3.10
and S.3.13 in the supplemental material. By midday, photochemical
production emerged as the dominant process, contributing up to 10 % of
the total Oz mixing ratios across all sites, as surface Os build-up shifted to
more localized sources, as shown in Fig. 9. In the afternoon, vertical
mixing at St. Osyth played a critical role in redistributing Os throughout
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the PBL. Although weakened, advection remained active across all sites,
sustaining surface mixing ratios with contributions from FRA, BENE-
LUX, and NOS. These patterns underscore a shift toward localized
photochemical production as the primary driver of Os dynamics on the
final day of the episode.

4. Conclusions

Ozone-tagging has been employed to quantify the contributions of
domestic and overseas NOx emissions to surface ozone build-up in East
England during the July 2015 high-pollution episode, which was char-
acterized by a widespread high-pressure system that brought elevated
temperatures and high Os mixing ratios in the evening.

Numerical simulations have shown that on the day Os mixing ratios
peaked, south-easterly winds carried significant Os and its precursors
from mainland Europe, with BENELUX, France, Germany, the North Sea
and the English Channel together accounting for approximately 60 % of
daily mean Os. The contribution from these transboundary sources
significantly exceeded that of domestic UK emissions (~4.6 %),
emphasizing the importance of regional transport during favourable
meteorological conditions. Convergence (—0.00002 s — 1) of strong
south-easterly winds and weaker westerlies in the west of the UK,
redistributing domestic Os northward and westward, while amplifying
continental influences across the study region.

As the episode progressed, easterly winds increased the impact of
local sources, especially from domestic emissions and maritime activ-
ities in the North Sea and English Channel.

This analysis has also highlighted key mechanisms contributing to
the Os build-up. In the mornings, vertical mixing facilitated the transport
of ozone-rich air downwards from the residual layer, increasing surface
Os mixing ratios by up to 16 ppbv on the peak O day. By midday, local
photochemical production driven by both domestic and transported NOx
emissions dominated, contributing up to 42 ppbv per day. These findings
reinforce earlier studies, such as Lee et al. (2006), underscoring the
combined roles of regional transport, vertical mixing in the morning,
and intensified afternoon photochemistry under anticyclonic conditions.
Additionally, the availability of chemical reservoirs like peroxyacetyl
nitrate (PAN) illustrates how transported precursors sustain local Oz
production.

Our findings underline the importance of coordinated international
efforts to manage transboundary pollution, especially from industrial-
ized regions of EU and maritime sources around the North Sea and En-
glish Channel. Effective air quality management must integrate regional
cooperation with targeted local measures, particularly during heatwave
conditions.
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