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A B S T R A C T

The trends per 5th percentile interval of European surface ozone concentrations over urban, suburban and rural
sites in the period 1995–2012 have been estimated based on observational data from the European Environment
Agency air quality database. Consistent with previous study results, we find a rapid decline of relatively high
ozone concentrations after the year 1995, especially of rural summertime ozone. However, the decreasing rate
has slowed, and even reversed, of low-level ozone, especially in the urban environment for all seasons. Although
the ozone air pollution problem has been declared to be effectively resolved by achieving European air quality
goals, our results indicate that ozone remains to be difficult to control for a long time into the future. Global and
regional models poorly reproduce the measured differences in ozone and trends in different levels and regions.
Thus policy guidelines from the model should be considered with care.

1. Introduction

Tropospheric ozone plays a key role in atmospheric environment as
it initiates free radical chain reactions which oxidize many trace gases,
and it is a powerful greenhouse gas (Monks et al., 2015). Thus, even a
small change of ozone concentrations could have significant effects in
the oxidation capacity and the energy budget of the troposphere (Yan
et al., 2016). It is also a secondary pollutant which has detrimental
effects on human health and crop yields (Lelieveld et al., 2015; Fleming
et al., 2018). In recent years, progressively lower concentrations of the
health damage threshold level (Office of Air and Radiation, EPA, 2014)
have been estimated, based on growing evidence from clinical (Kim
et al., 2011) and epidemiological (Bell et al., 2014) studies. The Eur-
opean Union (EU) Air Quality Directive lowered the standard in 2008 to
120 μg/m3 for the maximum daily 8-hourly average (MD8A) ozone
concentrations relative to the 1992 ozone directive (180 μg/m3 for 1 h
average concentration; https://www.eea.europa.eu/publications/
TOP08-98/page006.html/).

From the 1990s–2010s, regional pollution emission controls in
Europe focused on VOCs and NOx sources such as fossil fuel combustion
by power plants as well as motor vehicles, leading to a continuous
decline in European anthropogenic emissions (Derwent et al., 2010;
Jenkin, 2008; Derwent and Hjellbrekke, 2013). As a result of the pre-
cursor emission reduction, a decreasing trend in the peak summertime

ozone concentrations over rural regions (Jonson et al., 2006; Lefohn
et al., 2017; Yan et al., 2018b) and in the number of exceedances with
respect to the standard (Guerreiro et al., 2014) have been identified
from measurements over EuropeAlthough ozone concentrations are
typically higher over rural than urban regions due to the local con-
sumption of ozone (NO titration) in urban areas, the EEA (2017) has
reported that 90% of the urban population is exposed to ozone ex-
ceeding the WHO guideline. Moreover, multiple evidence is provided
by many studies (Sicard et al., 2013; Paoletti et al., 2014; Escudero
et al., 2014; García et al., 2014; Querol et al., 2014, 2016) that show an
increase in urban ozone, probably because of a lower NO titration effect
associated with the reduction of NO emissions relative to NO2. It has
also been reported that regional rural ozone levels have changed little
and remained approximately constant over the last two decades, al-
though acute peak-level episodes have been drastically reduced com-
pared to the late 1990s (EEA, 2017; Querol et al., 2016). In addition,
the response of ozone to the anthropogenic emission change is locally
dependent on the pollutant mix due to the nonlinearity in photo-
chemical formation of ozone as a function of precursor concentrations
(Monks et al., 2015; Lin et al., 2017; Xue et al., 2014). Thus, the trends
diversity among urban, suburban and rural areas deserves being in-
vestigated further in view of the continuous decline in European an-
thropogenic emissions. It is important for better understanding of ozone
changes and thus short-term policy and decision making.
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Most previously reported changes in European ozone tended to
focus on the maximum daily 8-h average (MD8A) ozone concentrations
during the spring-to-summer season (Colette et al., 2011; Wilson et al.,
2012; Guerreiro et al., 2014), which limited the understanding of ozone
changes during different times of the day and seasons. Yan et al.
(2018b) noticed the contrasting trends in the diurnal cycle of seasonal
ozone measured across rural Europe. Their results showed a reduction
in rural ozone during most times of day in the warm season, in contrast
to the increases at night and in winter. Indeed, there are many studies
related to the trends of the 5th, 50th, and 95th percentile ozone (Cooper
et al., 2012; Colette et al., 2011; Wilson et al., 1996). These reports
have shown an increasing trend in low-level (5th percentile) ozone
concentrations over European sites. However, from a human health
perspective, an increase in any level ozone concentrations enhances the
potential health risk from long-term exposure to ozone, especially in
view of the reported progressively lower ozone damage threshold
(Brauer et al., 2013), and even the possibility that there is no safe
threshold for health effects (Bell et al., 2006; Yang et al., 2012; Peng
et al., 2013). Thus, the changes in ozone from high to low levels (every
5th percentile) deserve being discussed in more detail.

Here we analyze the measurement records from the European air
quality database network (AirBase). We calculate the trends for each
5th percentile ozone mixing ratios using a statistical trend model.
Ozone trends are shown for annual and seasonal averaged daytime and
nighttime means over urban, suburban and rural sites. Furthermore,
global chemistry-climate model ECHAM5/MESSy (EMAC) simulations
and regional model simulations based on GEOS-Chem European nested
grid are conducted to primarily evaluate the model abilities in cap-
turing the observed ozone trends per 5th percentile among the urban,
suburban and rural sites and the response of ozone to the continuous
decline in European anthropogenic emissions.

2. Datasets and methods

2.1. Ozone measurements

The focus of the present work is to study the overall changes in
European ozone at different levels and various regions. Measurements
at regulatory air quality monitoring stations, conducted in the 1990s
and including hundreds of sites with records close to or longer than 20
years, constitute the main data source. The data are hourly ground-level
ozone observations during 1995–2012 obtained from the European
Environmental Agency's (EEA) public air quality database ‘AirBase’
(https://www.eea.europa.eu/data-and-maps/data/airbase-the-
european-air-quality-database-7). The volume and diversity of the data
offer an unprecedented view into ozone trends over Europe with sta-
tions representing from urban to rural background air characteristics.
AirBase contains a multi-annual time series of air quality monitoring
data and statistics submitted by participating countries throughout
Europe. It is used to produce assessments of air quality covering the
whole geographical area of Europe. Colette et al. (2011) (study period:
1998–2007) and Wilson et al. (1996) (study period: 1996–2005) per-
formed such assessments, reaching the conclusion of an enhancement in
ozone at urban sites and non-significant changes over rural background
regions. These two studies further show that, considering daily peaks
but not daily means, less sites with an increasing ozone trend are
measured. Derwent and Hjellbrekke (2013) further demonstrated that
ozone mixing ratios over urban areas are gradually getting close to the
levels of rural regions, hence reinforcing the results of Colette et al.
(2011), indicating an increased upwards trends at urban stations.
However, their results show that the previous reported opposite trend
for background and peak ozone (Vautard et al., 2006; study period:
1990–2002; with remote EMEP stations) do not hold using AirBase
dataset.

In general, in the Airbase database, the available observation sites
are ranging from 371 (125 urban sites, 95 suburban sites and 151 rural

sites) in 1995 to 888 (418 urban sites, 188 suburban sites and 282 rural
sites) in 2008, and the percentage of missing hourly data in individual
year varies between 3.3 and 13.5% for urban, suburban and rural re-
gions (Table 1). As the surface air quality monitoring networks are
often designed for population exposure and regulatory purposes rather
than trend assessment, and the temporal consistency of the data is a
major concern in trend studies. Fortunately, the monitoring networks
have improved significantly since 1998 following a change in legisla-
tion. For this work, the consistency of the dataset is ensured by ex-
cluding the sites that do not fulfill the data selection criteria put for-
ward by Cooper et al. (2012) and further applied by Yan et al. (2018a,
b) for long-term ozone trends analysis: (1) excluding the monitoring
days when the missing hourly data covers more than 4 h during
nighttime or daytime; (2) excluding the specific season that contains
valid data< 60 days; (3) for each season, when the valid seasonal mean
ozone reports are more than 13 years between 1995 and 2012, we keep
the data in all years for the particular season, otherwise we discard.
This criterion is more relevant for trend calculation than that derived
from the guidelines of the European Environmental Agency (EEA, 2009;
Colette et al., 2011). The finally selected stations that satisfy the above
criteria for the analysis amount to a total of 685 sites (Fig. 1) including
289 urban sites, 150 suburban sites and 246 rural sites.

To investigate the changes in overall ozone air quality over Europe,
we calculated the trends for the annual and seasonal European ground
level ozone of each 5th percentile for daily (24 h) mean, daytime (local
time: 0700–1900h) mean and nighttime (local time: 1900–0700 h)
mean values over urban, suburban and rural sites, respectively. The
monthly individual 5th percentile ozone mixing ratios for diurnal,
daytime and nighttime are calculated from the hourly ozone con-
centrations in the relevant period (diurnal, daytime and nighttime) in
individual month. The monthly values are further used for ozone trend
calculations.

We used a statistical trend model (Yoon and Pozzer, 2014; Yan
et al., 2018b) with monthly time series (Yt) data to perform the calcu-
lation of trends considering diurnal mean, daytime mean and nighttime
mean ozone. This linear trend model has the form of

= + + +Y μ S ωX Nt t t t, where μ represents the offset and is a constant
component, ω is the estimated trend per year for calculating data,

=X t/12t (with t as month) represents the time index term, and Nt is the
unexplained noise term in the trend estimates. St indiactes the seasonal
variation. We performed the trend estimation with the deseasonalized
monthly ozone data using a simple trend model of the form:

Table 1
Number of European urban, suburban and rural sites, and percentages of
missing hourly data in each year in the Airbase station observations.

Year Urban Suburban Rural

Sites
num.

Missing data Sites
num.

Missing data Sites
num.

Missing data

1995 125 3.7% 95 4.4% 151 5.9%
1996 138 7.0% 98 4.9% 167 5.3%
1997 186 6.8% 123 5.3% 210 7.9%
1998 210 8.3% 135 9.8% 226 5.9%
1999 407 13.5% 186 9.8% 275 7.4%
2000 399 7.1% 183 6.9% 272 4.4%
2001 409 6.9% 183 7.0% 272 4.4%
2002 382 6.9% 179 6.4% 273 4.4%
2003 389 6.3% 178 6.5% 271 4.4%
2004 407 6.1% 183 6.2% 277 4.7%
2005 407 7.8% 185 6.5% 279 4.8%
2006 412 6.3% 189 5.6% 281 3.7%
2007 406 6.7% 189 4.6% 279 3.5%
2008 418 5.7% 188 5.0% 282 3.2%
2009 414 5.6% 188 5.1% 281 3.4%
2010 417 8.2% 187 5.6% 282 4.2%
2011 381 7.5% 181 6.3% 268 3.5%
2012 367 8.4% 172 5.4% 261 3.3%
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= + +Y μ ωX Nt t t . The seasonal component does not affect much the
statistical characteristics of the other terms in the model (Weatherhead
et al., 1998; Yoon and Pozzer, 2014), although this component is es-
sential in practical modeling of monthly surface ozone time series.

To test the sampling bias of ozone trends against the data selection
criteria, we further applied two alternate criteria to choose sites fol-
lowing Yan et al. (2018a). SI Appendix Sect. S1 details how we pro-
cessed data from the observation sites to justify the robustness of ozone
trends presented here. Table S1 shows that, for the European annual
mean ozone, ozone trends of our default data selection criteria are si-
milar to those from the two alternate criteria with the growth rates of
0.51–0.56 μg/m3/y for urban ozone, 0.19–0.22 μg/m3/y for suburban
ozone, and−0.01–0.02 μg/m3/y for rural ozone. We thus conclude that
our ozone trends results are robust against our choice of sites and data.

2.2. Model simulations

2.2.1. Global EMAC model simulation
Surface ozone mixing ratios during the 1995–2012 periods are si-

mulated using the ECHAM5/MESSy2 (5th generation European Centre
Hamburg general circulation model, version 5.3.02/2nd Modular Earth
Submodel System, version 2.51) Atmospheric Chemistry (EMAC) model
(Roeckner et al., 2006; Jöckel et al., 2016). EMAC simulated ozone and
its precursor gas-phase tracers have been extensively evaluated in
previous studies (e. g. Pozzer et al., 2012; Yan et al., 2018b).

The model results were obtained with a T42 spherical representa-
tion (approximately 2.8 latitude by 2.8 longitude corresponding to a
quadratic Gaussian grid), and 90 levels in the vertical (the top level up
to 0.01 hPa). The chemical mechanism (Mainz Isoprene Mechanism
version 1) used in the simulations includes 310 reactions of 155 species
(ozone, odd nitrogen, methane, alkanes, alkenes and halogens, etc.). In
EMAC simulations, monthly anthropogenic and biomass burning
emissions are adopted from the MACCity (Monitoring Atmospheric

Composition & Climate/City Zero Energy) emission inventory (Eyring
et al., 2013), incorporated as prescribed sources following the Chem-
istry-Climate Model Initiative (CCMI) recommendations. The total non-
methane volatile organic compounds (NMVOCs) are calculated from
the corresponding species for anthropogenic sectors with the MACCity
raw dataset (Jöckel et al., 2016). Emissions from natural sources
(lightning NOx, soil NOx, biogenic isoprene, terrestrial dimethyl sulfide
(DMS), volcanic SO2, halocarbons and ammonia) have been para-
meterized and calculated online based on climatologies. Further details
of the model setup (emissions and chemical processes) are described as
the RC1SD-base-10a simulation in Jöckel et al. (2016), conducted by
the ESCiMo project. In order to compare model results with hourly
observations, we re-run the RC1SD-base-10a simulation in Jöckel et al.
(2016) with EMAC model to cover the full period of measurements and
also with a 1-hourly temporal resolution for ozone.

2.2.2. Regional GEOS-Chem model simulations
Regional model simulations of surface ozone based on the GEOS-

Chem European nested grid (http://acmg.seas.harvard.edu/geos/;
version 11-01) have been conducted to study the simulated contrast of
ozone changes among the urban, suburban and rural sites. The model
was run at a horizontal resolution of 0.625° long. X 0.5° lat. with 47
vertical layers, as driven by the MERRA-2 meteorological fields pro-
vided by the Global Modeling and Assimilation Office (GMAO) at NASA
Goddard Space Flight Center. The model is run with the tropospheric
HOx-NOx-hydrocarbon-aerosol-bromine plus methyl peroxy nitrate
chemistry.

Base inventories of anthropogenic precursor emissions are from
EMEP (Auvray and Bey, 2005; available at http://www.ceip.at/). The
EMEP inventory is only available for 1995–2005. In order to simulate
the interannual variability of pollutants in the following years, we
scaled the EMEP NOx, SO2 and CO emissions from the base year (2005)
to other years between 2006 and 2012, based on the annual MACCity

Fig. 1. Site distribution of the selected 685 sites (1995–2012) for the airbase datasets. The overlaid map shows the surface elevation (m) from a 2min Gridded Global
Relief Data (ETOPO2v2) available at NGDC Marine Trackline Geophysical database (http://www.ngdc.noaa.gov/mgg/global/etopo2.html).
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emissions (http://eccad.sedoo.fr/eccad_extract_interface/JSF/page_
login.jsf). Biomass burning emissions use the Global Fire Emissions
Database version 4 (GFED4) data. Other natural emissions (lightning
NOx, soil NOx, and biogenic NMVOC) are parameterized in the model.

To illustrate the response of ozone to the continuous decline in
European anthropogenic emissions, we have further conducted a sen-
sitivity simulation with constant anthropogenic emission throughout
the years. Limited by the computational resources, we only conducted
nested grid simulations from 15 June through 31 July of each year, with
results analyzed for July.

3. Ozone trends diversity among European urban, suburban and
rural sites

3.1. Annual and seasonal ozone time series

Annual and seasonal mean, 5th, 50th, and 95th percentile daytime
and nighttime ozone concentrations during 1995–2012 averaged over
urban, suburban and rural sites are shown in Figs. 2–4, respectively.
Ozone concentrations are shown to reach a minimum during the fall-to-
winter season and a maximum in the spring-to-summer season at all
types of sites including urban, suburban and rural stations. For annual
mean ozone at different levels (black lines in Figs. 2–4), the mixing
ratios over rural stations are higher than those at the suburban and
urban sites both during daytime and at night. For all types of sites, the
inter-annual variability is observed to be not very large with the ex-
ception of strongly enhanced ozone during 2003 (ozone anomalies in

excess of 36 μg/m3 in 2003 relative to 2012). For mean ozone, the sharp
increase by up to 21 μg/m3 in the year 2003 occurred during a strong
European heat wave (Tressol et al., 2008; Solberg et al., 2008; Ordóñez
et al., 2010; Yan et al., 2018b).

3.2. Ozone trends over urban and suburban sites

For the urban sites, annual and seasonal mean ozone has increased
rapidly with the statistically significant growth rates of 0.22–0.83 μg/
m3/y (P-value < 0.01 under an F-test; Fig. 2 and Table 2) during
1995–2012. These ozone enhancements are less but also significant
over suburban stations (0.09–0.42 μg/m3/y; P-value < 0.01), except
that a decline rate of−0.19 μg/m3/y (P-value < 0.01) is also found for
suburban summertime mean ozone. Ozone enhancements over sub-
urban and urban sites are stronger during daytime (0.20–0.83 μg/m3/y
for annual and seasonal means; P-value < 0.01) than at night
(0.09–0.58 μg/m3/y). The European suburban and urban ozone in-
creases in mean values are mainly attributed to the rapid increasing
trends in 50th percentile ozone (0.16–0.70 μg/m3/y for suburban sites
and 0.35–1.01 μg/m3/y for urban sites). In addition, the ozone in-
creases of suburban and urban spring-to-summer 5th percentile
(0.37–0.60 μg/m3/y at urban, and 0.36–0.52 μg/m3/y at suburban)
during daytime also contribute much to the enhancement in mean
ozone. Such increasing seasonal ozone average concentrations in the
5th percentile ozone at urban sites have also been reported in various
previous studies (Yan et al., 2018a; Lin et al., 2017; Cooper et al., 2012;
Paoletti et al., 2014; Sicard et al., 2016), especially for springtime

Fig. 2. Annual and seasonal mean daytime (left panels) and nighttime (right panels) ozone mixing ratios (μg/m3) averaged over the urban sites for mean (first row),
5th (second row), 50th (third row), and 95th (forth row) percentiles. Also shown in each panel are the trends (μg/m3/y).
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ozone. The 5th percentile ozone enhancements in spring are probably
partially due to an increase of the global background ozone mixing
ratios (Ziemke et al., 2018; Parrish et al., 2017; Wang et al., 2009) and
partially attributed to a reported shift of the seasonal cycle in ozone in
the northern hemisphere (Parrish et al., 2013; Cooper et al., 2014;
Clifton et al., 2014; Simon et al., 2015). The sharp decreasing trends in
summertime 95th percentile at urban (−0.96 μg/m3/y, P-value <
0.01) and suburban (−1.09 μg/m3/y, P-value < 0.01) sites compen-
sate the increasing trends in 5th and 50th percentiles, leading to mod-
erate enhancement over urban (0.22 μg/m3/y) and slight decline over
suburban (−0.19 μg/m3/y) sites in summer.

Fig. 5 further shows the trends in annual ozone concentrations
(mean, 5th, 50th and 95th percentile) over urban and suburban sites
during the 1995–2012 period, for each hour of the day. For the urban
sites, while the 5th percentile ozone does not show significant trends,
the average ozone concentrations (and 50th percentiles) show sig-
nificant increasing trends, and 95th percentile ozone show trends with
a clear diel cycle (increasing at night and decline in daytime). The
decreasing trend of 95th percentile ozone is most pronounced
(−0.9 ± 0.6 μg/m3/y; P-value < 0.01) during the afternoon
(1600–1800 h). 95th percentile ozone concentrations show an in-
creasing trend during the night, however the trends are observed to be
smaller (0.3 ± 0.4 μg/m3/y; P-value < 0.01) with a maximum in the
morning (0800–0900 h; 0.5 ± 0.4 μg/m3/y). This maximum in the
morning is probably related to the rush hour, and the ozone enhance-
ments may be tied to the increasing usage of diesel passenger cars in the
past two decades (Zervas et al, 2006a,b). In contrast to the 95th

percentile, the mean (50th percentile) ozone over urban sites shows an
increasing trend especially during the morning (0.9 ± 0.35 μg/m3/y;
P-value < 0.01). The standard deviation illustrates the variability of
the trends among the stations, and therefore reflects the almost
homogeneous decrease in 95th percentile ozone and increase in 50th

percentile ozone over urban sites. Compared to the urban sites, sub-
urban sites show similar shapes but lower values in trends for each
percentiles.

3.3. Ozone trends over rural sites

In contrast to the enhancements in suburban and urban mean ozone,
no trends for annual mean rural ozone (0.0 μg/m3/y in daytime and
−0.02 μg/m3/y at night) are observed, with slight decreases and in-
creases (−0.40 – 0.24 μg/m3/y; an increasing trend for winter ozone
and a decreasing trend for summer ozone) in seasonal mean ozone.
Moreover, for seasonal ozone changes, increasing trends in rural 50th

percentile (0.01–0.30 μg/m3/y) are smaller than at suburban and urban
sites (Table 3); declining trends in rural 95th percentile (−0.05 to
−1.19 μg/m3/y) are larger compared to suburban and urban regions
(Table 2). The rapid deceasing trend in rural summer peak ozone is
consistent with earlier reports of the long-term decrease in European
surface ozone over the past two decades (Wilson et al., 1996; Yan et al.,
2018b; Colette et al., 2011). These ozone decreases are a consequence
of the continued decline in European anthropogenic ozone precursor
emissions through EU regulations (Yan et al., 2018b; Cooper et al.,
2012).

Fig. 3. Annual and seasonal mean daytime (left panels) and nighttime (right panels) ozone mixing ratios (μg/m3) averaged over the suburban sites for mean (first
row), 5th (second row), 50th (third row), and 95th (forth row) percentiles. Also shown in each panel are the trends (μg/m3/y).
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For trends of each hour per day in annual ozone concentrations
(mean, 5th, 50th and 95th percentile), the averages (and 50th percen-
tiles) do not show significant trends. The 5th percentile ozone shows
significant trends only during the hours of the ozone photochemical
buildup (1000–1800 h). The 95th percentile ozone shows a decreasing
trend during the 1995–2012 period with the trend being most pro-
nounced (−1.1 ± 0.7 μg/m3/y; P-value < 0.01) during afternoon
(1600–1700 h). 95th percentile ozone concentrations also show a de-
creasing trend during the night, however the trends are observed to be

smaller (−0.7 ± 0.6 μg/m3/y; P-value < 0.01).

3.4. Ozone trends for each 5th percentile

The trends per 5th percentile interval for the 1995–2012 European
annual and seasonal daytime and nighttime mean ozone are presented
in Fig. 6 and Fig. S1, respectively. For daytime mean ozone, the AirBase
data yield statistically significant declining trends in high-level ozone
(P-value < 0.01), especially for 95th percentile rural summer ozone.

Fig. 4. Annual and seasonal mean daytime (left panels) and nighttime (right panels) ozone mixing ratios (μg/m3) averaged over the rural sites for mean (first row),
5th (second row), 50th (third row), and 95th (forth row) percentiles. Also shown in each panel are the trends (μg/m3/y).

Table 2
Observed linear trends1 of the 1995–2012 European mean annual and seasonal averaged daytime and nighttime mean as well as the 5th, 50th and 95th percentile
ozone concentrations.

Seasons Mean 5th percentile 50th percentile 95th percentile

urban suburban rural urban suburban rural urban suburban rural urban suburban rural

Daytime (μg/m3/y) Annual 0.59∗∗ 0.20∗ 0.00 0.06 0.05 0.23∗ 0.86∗∗ 0.34∗∗ 0.01 −0.51∗∗ −0.78∗∗ −0.85∗∗

MAM 0.83∗∗ 0.38∗∗ 0.15∗ 0.37∗∗ 0.36∗∗ 0.42∗∗ 1.01∗∗ 0.46∗∗ 0.21∗ −0.29∗∗ −0.60∗∗ −0.82∗∗

JJA 0.22∗ −0.19∗ −0.40∗∗ 0.60∗∗ 0.52∗∗ 0.28∗ 0.35∗∗ −0.17∗ −0.37∗∗ −0.96∗∗ −1.09∗∗ −1.19∗∗

SON 0.70∗∗ 0.31∗∗ 0.07 0.02 0.01 0.09 0.90∗∗ 0.39∗∗ 0.03 0.85∗∗ 0.30∗∗ 0.05
DJF 0.64∗∗ 0.42∗∗ 0.24∗ 0.02 0.00 0.12 0.94∗∗ 0.70∗∗ 0.30∗∗ 0.37∗∗ −0.06 −0.27∗

Nighttime (μg/m3/y) Annual 0.47∗∗ 0.22∗ −0.02 0.01 0.01 0.05 0.69∗∗ 0.37∗∗ −0.01 0.17∗ −0.23∗ −0.71∗∗

MAM 0.58∗∗ 0.27∗ 0.05 0.03 0.01 0.16∗ 0.72∗∗ 0.35∗∗ 0.12 0.44∗∗ −0.05 −0.63∗∗

JJA 0.37∗∗ 0.09 −0.33∗∗ 0.13 0.10 0.12 0.49∗∗ 0.16∗ −0.29∗ −0.34∗∗ −0.53∗∗ −1.03∗∗

SON 0.44∗∗ 0.20∗ 0.01 −0.01 −0.02 0.02 0.65∗∗ 0.33∗∗ −0.02 0.59∗∗ 0.20∗ −0.05
DJF 0.49∗∗ 0.36∗∗ 0.22∗ 0.00 −0.01 0.01 0.83∗∗ 0.66∗∗ 0.30∗∗ 0.22∗ −0.01 −0.26∗

1. ** P-value<0.01. * P-value<0.05 under an F-test.
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However, the declining trend has slowed from high to low ozone levels,
and even reversed to an increasing one in the low-level ozone (Fig. 6).
The trend shapes of nighttime mean ozone are similar but with smaller
trends than those in daytime mean ozone (Fig. S1). From spring to
winter, the most pronounced increases for seasonal European ozone are
shown in the low level (10th to 15th percentiles) to middle level (50th

percentile) ozone concentrations.
Over rural stations, almost all summer percentiles follow a de-

creasing trend and their significance increases with the ozone con-
centrations. However, winter rural ozone concentrations follow an in-
creasing trend, being statistically most significant at lower ozone levels
(P-value < 0.01). The contrasting trends for seasonal rural ozone lead

to near-zero trends in the annual means. The ozone increasing trends
that occur in the warm season over rural sites are weaker and opposite
for suburban and urban sites. The increases in the cold season are sta-
tistically significant (P-value < 0.01) and are becoming more pro-
nounced from rural to urban areas. Over urban sites, ozone con-
centrations are shown to follow an overall enhancement with
statistically significant increases (P-value < 0.01) for annual and sea-
sonal means across the percentiles, except that a decrease is also visible
in high level summer ozone (> 80th percentile for daytime and> 95th
percentile for nighttime). For the annual mean ozone over suburban
and urban areas, we find a statistically significant increasing trend (P-
value < 0.05). The results show that the overall ozone air quality over

Fig. 5. Trend in the observed surface ozone averaged over urban, suburban and rural sites. The black line shows the 1995–2012 linear trends in the deseasonalized
monthly ozone anomalies for each hour of the day (local standard time), the red, purple and blue lines depict the observed trend for 5th, 50th and 95th percentile
ozone, respectively, and the dashed bars indicate their standard deviations. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

Table 3
Modeled linear trendsa of the 1995–2012 European mean daytime and nighttime mean as well as the 5th, 50th and 95th percentile ozone concentrations in July based
on the GEOS-Chem nested simulation results.

Seasons Mean 5th percentile 50th percentile 95th percentile

urban suburban rural urban suburban rural urban suburban rural urban suburban rural

Daytime (μg/m3/y) Control 0.17∗ 0.08 −0.22∗ 0.24∗∗ 0.22∗ 0.12∗ 0.32∗ 0.15 −0.19∗ −0.18∗ −0.41∗∗ −0.49∗∗

Fixed emiss. 0.04 0.02 0.01 0.02 0.02 0.03 0.06 0.04 0.02 0.03 0.01 −0.02
Nighttime (μg/m3/y) Control 0.19∗ 0.09 −0.21∗ 0.17 0.16 0.07 0.33∗∗ 0.14 −0.16∗ 0.07 −0.19∗ −0.46∗∗

Fixed emiss. 0.03 0.02 0.00 0.02 0.02 0.02 0.05 0.03 0.01 0.03 0.01 −0.04

a ** P-value< 0.01. * P-value<0.05 under an F-test.
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Europe has deteriorated especially in the urban regions.

3.5. Ozone exceedances among urban, suburban and rural sites

In view of the surface ozone mixing ratio limits in the European
directive, we calculate the exceedance number for the public informa-
tion threshold as well as the long-term objective (Fig. S2). Although
both exceedances have declined over suburban (−2.3% for information
threshold, −0.7% for long-term objective, P-value < 0.01) and rural
(−3.0% and −0.7%, P-value < 0.01) regions, the exceedances for the
long-term objective have become more numerous over urban (2.2%, P-
value < 0.01) regions during 1995–2012. It may increase the risk of
health effects from relatively lower ozone level exposure over urban
regions, also considering the progressively reducing concentrations at
which effects are expected (Brauer et al., 2013), and possible even no
real lower threshold at which adverse health effects can be precluded
(Peng et al., 2013). We note that the enhanced exceedances of the long-
term objective over urban sites are in line with the increased annual
mean ozone concentrations with the correlation of 0.67 (Fig. S2). Thus,
to assess the effects of overall ozone changes on human health, we
caution for focusing solely on trends calculated from MD8A or peak
ozone mixing ratios, but also considering trends in mid-range and lower

levels of ozone.
Overall, for different ozone levels, observed ozone concentrations at

urban and suburban sites are close to the levels at rural sites. For all
types of sites, the declining trend has slowed from high to low ozone
levels, and even reversed to an increasing trend in low-level ozone. The
reversal of long-term trends from high to low ozone levels or from rural
to urban sites signifies the extent to which ground level ozone is locally
or regionally controllable at all levels. Measures to effectively reduce
peak ozone levels by controlling anthropogenic sources of VOCs and
NOx have been achieved, but defining policies for abating overall ozone
air quality is much more challenging.

4. Simulated ozone trends

4.1. Global EMAC model simulated trends

The EMAC model results have been comprehensively compared to
the observed ozone concentrations and trends at rural sites from the
EMEP network (Yan et al., 2018b). During the 1995–2014 period, si-
mulated results are highly correlated with observed monthly ozone
(R=0.84–0.91) with an overestimation (mean bias: 4.3 μg/m3). The
EMAC modeled ozone trends per hour also agree well with the

Fig. 6. Trends in observed daytime surface ozone averaged over Europe, calculated based on data from the urban, suburban and rural sites. The black line shows the
1995–2012 linear trends in the deseasonalized European monthly ozone anomalies for each 5th percentile, the green, red, yellow and blue lines depict the observed
trend for seasonal ozone, and the dashed bars indicate their deviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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observationally estimated diurnal cycle of the ozone trends. However,
our EMAC model results are realized at coarse resolution, which could
not reproduce the observed contrast ozone trends among the urban,
suburban and rural sites. Here we focus on the analysis of trend reversal
from high to low level ozone concentrations over the whole Europe.

The modeled trends in per 5th percentile daytime and nighttime
surface ozone averaged over Europe are shown in Fig. 7. The EMAC
model reproduces the observed trend reversal from high to low level
ozone concentrations with statistically significant decreasing trends in
high ozone levels and increasing trends in low-to-middle ozone levels.
The model-observation correlation coefficients are 0.89–0.92 for the
annual and seasonal ozone trends per 5th percentile. However, the
modeled ozone trends (−0.6–0.5 μg/m3/y for daytime and
−0.4–0.4 μg/m3/y for nighttime) are much lower than those derived
from the measurements (−1.8–1.6 μg/m3/y for daytime and
−1.4–1.2 μg/m3/y for nighttime) in all seasons. Moreover, the seasonal
differences in modeled ozone trends are weaker than from observations.
Parrish et al. (2014) compared results from three current chemis-
try–climate (ACCMIP) models and ozone measurements. It showed that
the models can only capture ∼50% of observed ozone changes,
∼25–45% of the rate of changes, and little of the measured seasonal
differences. These model biases are consistently identified in related
findings by Staehelin et al. (2017), Young et al. (2018) and Lin et al.
(2012, 2015, 2017). The discrepancies between modeled and observed
ozone trends are attributed to factors including errors in the trends for
anthropogenic precursor emissions (Hassler et al., 2016; Yan et al.,
2018a,b) or poor representation of ozone changes due to natural
sources, limits in resolving measured urban-rural diversity using coarse-
resolution models (Yan et al., 2016; Lin et al., 2017) and more funda-
mental weaknesses in the model representation of the ozone-related
processes.

4.2. Regional GEOS-Chem model simulated trends

Additional analysis of ozone trends in July during 1995–2012 was
carried out using the nested GEOS-Chem model results. The GEOS-
Chem modeled ozone trends per 5th percentile over urban, suburban
and rural sites are shown in Fig. 8. The nested model reproduces the
trend reversal from high to low level ozone concentrations. However,

similar to the EMAC results, the GEOS-Chem model also tends to un-
derestimate the observed ozone trends (Table 3). Further, the spatial
differences in ozone trends among urban, suburban and rural sites
(Fig. 8) are well captured by the nested model, although much
smoother changes in trends of different percentiles are calculated from
GEOS-Chem.

By fixing the anthropogenic emissions in 2012, we conduct a sen-
sitivity simulation to show the response of ozone to the continuous
decline in European anthropogenic emissions. With constant emissions,
the modeled mean ozone shows a slight increase over urban, suburban
as well as rural sites, in contrast to the trends (increasing trends over
urban and suburban sites, but decreasing trends over rural sites) cal-
culated from the control simulation (Table 3). In the sensitivity simu-
lations no significant trend (less than 0.1 μg/m3/y) for any percentile is
found, and also no contrast in ozone trends among different percentiles
and different types of sites (Fig. 8), which is well reproduced by the
control simulation. Therefore, it appears that both the trend diversity in
different percentile ozone and the spatial difference in ozone trends are
associated with the rapid decline in the precursor gases anthropogenic
emissions over Europe. Some evidence that reducing local or regional
emissions can lead to an increase in 5th percentile and a decrease in
95th percentile ozone mixing ratios is provided by observational stu-
dies. The results indicate that increasing low-level (5th percentile)
ozone occurred to a greater extent at more urbanized regions in Europe
(Jenkin, 2008), at least partly because of changes in regional chemistry
resulting from emission reductions rather than growth in global or re-
gional background. Recent analyses of measurements and model si-
mulations over Europe (Yan et al., 2018b) further indicate that redu-
cing ozone precursor emissions may be partially responsible for the
observed enhancements in the 5th percentile ozone over rural sites.

5. Discussion and conclusions

Reduction efforts in anthropogenic ozone precursor emissions over
the past decades have shown to be effective in lowering peak ozone
events over Europe, but the challenge to improve the overall local and
regional ozone air quality has remained. Our results show that from
peak to lower ozone levels, the observed decreasing trend in European
ozone has weakened and even reversed in the period 1995–2012. This

Fig. 7. Trends in global EMAC modeled daytime
(top) and nighttime (bottom) surface ozone averaged
over Europe. The black line shows the 1995–2012
linear trends in the deseasonalized European
monthly ozone anomalies for each 5th percentile, the
green, red, yellow and blue lines depict the observed
trend for seasonal ozone, and the dashed bars in-
dicate their deviations. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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noteworthy change in different level ozone trends augments the diffi-
culty to achieve the European air quality goals. We have further shown
that the overall ozone air quality over Europe has deteriorated espe-
cially in the urban regions, associated with possibly enhanced health
risks from long-term exposure to ozone in areas with high population
density. Thus, efforts to further reduce emissions, necessary for Europe
to achieve the standards, should consider not only the episodic peak
ozone levels but also changes in overall ozone air quality.

Observed ozone levels at urban sites with high-NOx environments
are now increasing up to the levels observed over the rural regions
surrounding them. These urban ozone enhancements are reportedly due
to reduced ozone titration through chemical reaction with ambient
nitric oxide, as a consequence of applying catalytic converters to the
exhausts of diesel and petrol motor vehicles. The differences in ozone
trends of individual percentiles between urban and rural areas in var-
ious seasons are primarily attributed to nonlinear chemistry in ozone
production, responding to changes in local anthropogenic emissions.
Thus, ozone pollution control efforts should involve locally-optimized
solutions considering both the ozone production regime and emission
status.

However, recent global and regional nested models do not re-
produce the observed ozone changes well (Parrish et al., 2014; Derwent
et al., 2016; Yan et al., 2018a,b). Moreover, model simulations of
spatial differences in trends of different level ozone are challenging due
to the complex and mutually dependent interactions of ozone related
chemistry and physical processes (Lelieveld and Dentener, 2000;
Lamarque et al., 2010; Yan et al., 2018a,b). Thus, the accuracy of
European ozone trend estimates from using the models should be
considered with caution. Further detailed analysis of the trends in dif-
ferent levels of ozone over urban, suburban and rural background re-
gions should put forward additional critical tests of our understanding
of the ozone-related processes as represented in current models.

Continued ozone observations and monitoring are needed to con-
solidate the evidence of ozone trends. Advanced chemistry-climate
models with high horizontal resolution are needed to help improve our
understanding of the nonlinear and spatio-temporally multi-scale
ozone-emission-climate interactions that will have significant impacts
on the future evolution of ozone and its role in air quality and climate
change (Pawson et al., 2014; Yan et al., 2016; Young et al., 2018).
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