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Increase in summer European ozone amounts due to
climate change

Frederik Meleux®*, Fabien Solmon®, Filippo Giorgi®

dInstitut National de I’Environnement Industriel et des Risques, INERIS, Parc Technologique ALATA-B.P. No. 2,
60550 Verneuil en Halatte, France
® Abdus Salam International Centre for Theoretical Physics, Italy

The local and regional distribution of pollutants is significantly influenced by weather patterns and variability along with
the spatial patterns of emissions. Therefore, climatic changes which affect local meteorological conditions can alter air
quality. We use the regional air quality model CHIMERE driven by meteorological fields from regional climate change
simulations to investigate changes in summer ozone mixing ratios over Europe under increased greenhouse gas (GHG)
forcing. Using three 30-year simulation periods, we find that daily peak ozone amounts as well as average ozone
concentrations substantially increase during summer in future climate conditions. This is mostly due to higher temperatures
and reduced cloudiness and precipitation over Europe and it leads to a higher number of ozone events exceeding
information and warning thresholds. Our results show a pronounced regional variability, with the largest effects of climate
change on ozone concentrations occurring over England, Belgium, Germany and France. The temperature-driven increase
in biogenic emissions appears to enhance the ozone production and isoprene was identified as the most important chemical
factor in the ozone sensitivity. We also find that summer ozone levels in future climate projections are similar to those found
during the exceptionally warm and dry European summer of 2003. Our simulations suggest that in future climate conditions
summer ozone might pose a much more serious threat to human health, agriculture and natural ecosystems in Europe, so
that the effects of climate trends on pollutant amounts should be considered in future emission control measures.
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1. Introduction (Scebba et al., 2005) are well known. Maximum
ozone concentrations are reached over Europe

Significant adverse effects of tropospheric ozone mostly during the summer period because meteor-
on human health (Schlink et al., 2006; Parodi et al., ological conditions (high temperatures, low precipi-
2005), agriculture (e.g. Chameides et al., 1999; tation, weak winds) allow enhancements of ozone
Fuhrer and Booker, 2003) and natural ecosystems precursor chemistry and ozone photochemical

production efficiency (Guicherit and Dop, 1977;
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ozone concentration exceeds 90 ppb. This procedure
is issued from a European directive aimed at
limiting the impacts of ozone on human health
and protecting the population in areas affected by
high ozone concentrations. For example in the Paris
area this information threshold was exceeded on
average 13 days per summer between 1995 and
2003.

Many climate change simulations indicate much
warmer and drier summer conditions over Western
Europe and the Mediterranean region in future
decades of the 21st century (Giorgi and Bi, 2005),
which can potentially yield an increase in summer
background ozone concentrations (Langner et al.,
2005). In fact, the trends in European summer
climate observed in recent decades are remarkably
similar to the changes simulated in model projec-
tions for the 21st century (Pal et al.,, 2004). In
particular, studies indicate that the climate patterns
that lead to the exceptionally hot and dry European
summer of 2003 might occur much more frequently
in future conditions with increasing GHG concen-
trations (Schar et al., 2004; Pal et al., 2004; Meehl
and Tebaldi, 2004). Near-surface ozone during the
2003 summer was exceptionally high (Vautard et al.,
2005) and this might have contributed to the
dramatic rate of mortality noticed during that
summer (Stedman, 2005). In fact, Langner et al.
(2005) and Szopa et al. (2006) found marked
increases of near-surface summer ozone concentra-
tions in response to climate change and assuming no
emission control measures. These were attributed to
much warmer and drier European summers under
future climate conditions. Mixed results were found
for the changes in sulphur and nitrogen deposition.

Other studies of the effects of climate change on
regional air pollution are those of Hogrefe et al.
(2004) and Knowlton et al. (2004), who focused on
regions within the continental United States (US).
They used a regional air quality model driven off-
line by meteorological fields from regional climate
model simulations (nested in corresponding global
model simulations) to investigate possible future
changes in summer near-surface ozone concentra-
tions over the eastern US and the New York
metropolitan region, respectively. Simulations were
performed for different IPCC emission scenarios
and future time periods. They found an increase in
ozone concentration due to climate change alone
primarily tied to an increase in biogenic emissions
due to higher temperatures. More importantly,
however, they estimated that this increase is

substantial compared to changes in anthropogenic
precursor emissions and therefore that climate
change is an important aspect to be considered in
future air quality policy planning. Similar results
were found in the regional model-based studies of
Steiner et al. (2006) (for California) and Dawson et
al. (2007) (for the eastern US), although the
importance of the climate forcing on the ozone
concentrations varied in different sub-areas of the
regions considered.

Because of these findings, it is reasonable to
hypothesize that summer tropospheric ozone might
become an increasing threat to human health,
agriculture and ecosystems over Europe in warmer
climate conditions. In this paper we explore this
issue by using regional scale climate and air quality
models to simulate future European ozone levels for
the latest decades of the 21st century under two
GHG emission scenarios of the Intergovernmental
Panel on Climate Change (IPCC). Compared to
previous studies we use here a much larger set of
simulations (30 summers for each of a present day
and two future scenario simulations), which allows
us to obtain more robust signals and to address
issues of inter-annual variability of the results.

2. Models and experiment design

We use an air quality model for Europe driven
off-line by meteorological fields from regional
climate model simulations. The regional climate
simulations were performed using the model
RegCM as described by Giorgi et al. (2004a, b)
(hereafter referred to as GBP04a, b). This regional
climate modelling system has been used for over a
decade in a wide variety of applications (e.g. Giorgi
and Mearns, 1999; Giorgi et al., 2006), including
long term simulations over different regions of the
world (e.g. Giorgi et al., 1993a, b; Small et al., 1999;
Sun et al., 1999; Im et al., 2006; Seth and Rojas,
2003; Francisco et al., 2006), paleoclimate simula-
tions (Hostetler et al., 1994), climate change
simulations (Giorgi et al., 1992, 1998; Hirakuchi
and Giorgi, 1995; Diffenbaugh et al., 2005; Gao
et al, 2006) and chemistry—climate interactions
(Giorgi et al., 2002, 2003). The model domain
encompasses the entire European region and
adjacent ocean waters at 50 km grid spacing and
18 vertical sigma levels, 6 of which lie in the
planetary boundary layer (see GPB04a).

The air quality model is a state-of-the-art chem-
istry-transport model (CTM) named CHIMERE



and is documented in several articles (e.g. Schmidt
et al., 2001; Bessagnet et al., 2004). In addition, a
description of recent developments of CHIMERE
can be found in the web site http://euler.Imd.
polytechnique.fr/chimere. For this study, CHIMERE
covers a large part of Europe with a 0.5°x0.5°
horizontal resolution. Its vertical grid consists of 8
stretched levels from the surface up to 500 hPa. The
top of the first layer is approximately 45m above
the surface, and 6 layers allow to describe the
chemical processes in the daytime boundary layer.
This model is used in several European countries for
operational air quality forecasting and atmospheric
pollutant dispersion studies.

The experiment design is as follows. GBP04a, b
simulated three 30-year periods: 1961-1990 for
present day conditions and 2071-2100 for future
conditions under the A2 and B2 IPCC emission
scenarios (see GBP04a, b). The A2 lies towards the
upper end of the IPCC emission scenario range,
with a CO, concentration reaching about 850 ppm
by 2100, while the B2 lies towards the low end of the
range, with a CO, concentration of about 550 ppm
by 2100. The RegCM simulations are driven at the
lateral boundaries by meteorological fields obtained
from corresponding simulations with the Hadley
Centre global model HadAM3 H (see GBP04a,b).
Out of the 30 year simulations, 6-hourly meteor-
ological fields are extracted for all (90) summers
(June—July—-August—September). These are passed
to CHIMERE, after horizontal and vertical bi-
linear interpolation onto the CHIMERE grid, as
meteorological input needed to simulate the air
quality for the 90 summers (30 for present day and
30 for A2 and B2, respectively). Note that 6-hourly
fields provide an adequate description of the
evolution of synoptic events. CHIMERE also needs
as input some surface related variables, such as
surface and ground temperature and planetary
boundary layer (PBL) height. These are provided
by the RegCM at 3 hourly intervals in order to
better describe the diurnal cycle. The PBL height is
then used by CHIMERE to calculate vertical
dispersal of tracers. A description of the model
PBL scheme and simulations is given by Giorgi
et al. (2003).

Anthropogenic emissions of chemical compounds
are taken from the EMEP database for the year
2002 (Vestreng, 2003). The chemical initial and
lateral boundary conditions are provided from
monthly climatologies for the year 2002 obtained
with the second generation MOZART global CTM

(Horowitz et al., 2003). Anthropogenic emissions
and initial/boundary chemical conditions are the
same for the present day and the scenario simula-
tions, which allows us to isolate the effects of
climate change conditions.

Biogenic emissions of isoprene and terpenes
(affected by alpha-pinene in the chemical mechan-
ism) are parameterised as fluxes F;=¢Dy;
(Giinther, 1997), with &; being the species dependent
“emission potential” and D the ““foliar density”.
The values of ¢ and D are taken from Simpson
(1999). The “‘environmental correction factor” f;
accounts for the dependence on temperature and
insolation (e.g. Gilinther, 1997). The spatial dis-
tribution of tree species is established following the
methodology outlined in Simpson (1999). Therefore
the SEI (Stockholm Environment Institute) land
cover database, which details the fraction of
different tree species over Europe, is interpolated
on the CHIMERE grid. The 136 SEI land use
classes are aggregated into 11 “‘emitter’” classes.
Oaks, for example are differentiated in the classes
highly isoprene emitting, highly terpene emitting
and low biogenic VOC emitting oaks. As this
attribution of classes is sometimes ambiguous,
national tree species inventories from Simpson
(1999) are used to verify the fraction of each emitter
class on a countrywide level and to adjust it, when
necessary. The isoprene and monoterpenes contents,
which are the main biogenics species emitted, are
sensitive to the emission potentials used to compute
emissions as well as to the chemical reactions
taken into account in the chemical scheme (von
Kuhlmann et al., 2004; Moukhtar et al., 2005).

Biogenic VOC emissions are the only emissions
that depend on climate conditions, and more
specifically temperature, in our simulations and
consequently they are the only emissions to vary
between reference and future climate simulations.
Therefore, we estimate the effect of climate change
on ozone concentrations without considering possi-
ble anthropogenic pollutant emission changes or
any feedbacks from the chemical compounds to the
meteorological fields, but allowing changes in
natural biogenic emissions. Stratospheric ozone,
which may impact ozone levels in the boundary
layer (Isaksen et al., 2005), is not considered as well.

GBP04a, b describe the regional climate experi-
ments in detail, focusing on the simulated mean
climatology and inter-annual variability. The pre-
sent day simulation is generally of good quality,
with summer temperature biases mostly lower than
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Fig. 1. Difference between B2 (2071-2100) and present day (1961-1990) for average summer temperature (Kelvin, la) and average

precipitation (mm/day, 1b).

1-2 K and summer precipitation biases mostly lower
than 25%. Inter-annual variability is slightly over-
estimated in the reference simulation. In future
climate conditions the model simulates a substantial
summer warming of 3-5°C over Europe and the
Mediterranean region (greater by 1-2 °C in the A2
than the B2 experiment) along with a widespread
decrease of precipitation of up to 30-40% (both in
the A2 and B2 runs). The spatial patterns of these
changes are illustrated in Fig. 1, which shows the
projected differences of temperature and precipita-
tion over Europe between the B2 and reference
simulations of GBP04a,b (the changes for the
A2 scenario show similar patterns). In addition,
inter-annual variability increases in the scenario
simulations compared to present day for both
temperature and precipitation and summer cloudi-
ness decreases (GBP0O4a,b). Also note that the
RegCM has been previously shown to provide a
realistic representation of synoptic events over the
European region (Giorgi et al., 1990; Giorgi and
Marinucci, 1991). The reader is referred to GBP04
for more details on the climate simulations used to
drive CHIMERE.

3. Results

It is beyond the purpose of this paper to present a
thorough validation of the full chemical simulations
provided by the RegCM-driven CHIMERE model.
However, Fig. 2 presents an assessment of the

simulated ozone amounts. Air quality measure-
ments before 1990 are not sufficient to evaluate the
model behaviour, therefore we compare average
simulated summer ozone for the period 1980-1990
(the last decade of the present day run) with a set of
ozone mixing ratio available for 1990-2003 from the
European EMEP database. This comparison is
carried out on a country-by-country basis and a
special focus is given to the countries located
around the centre of the domain, where at least 2
stations are available for this period. In all, a set of
89 stations was used in this analysis. They are
representative of the background ozone behaviour
according to the EMEP recommendations for
positioning the measurement sites to assess long-
range transport. In the comparison we focus on
statistics related to ozone impacts, such as the daily
peak ozone mixing ratio.

The simulated average daily peak ozone concen-
trations for the summer months (June—September,
Fig. 2a) over the selected stations show a good
agreement with the EMEP values, with differences
between observed and simulated values being mostly
within the model inter-annual variability. The simu-
lated number of days of ozone concentration exceed-
ing the information threshold (Fig. 2b) is also in line
with the observed values. These figures indicate that
CHIMERE driven by meteorological fields from the
RegCM is capable of simulating realistic European
ozone amounts, and that the model results are
representative of the present day ozone levels even if
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Fig. 2. Country-by-country comparison of averaged daily peak ozone mixing ratio (2a) and of number of days per year with ozone
exceeding the information threshold (2b) computed for the present day period 1980-1990 and observations over the EMEP stations
(at least 2 stations per country) for 1990-2003. At is Austria, be is Belgium, ch is Switzerland, cz is Czech Republic, de is Germany, dk is
Denmark, es is Spain, fr is France, gb is UK, nl is Netherlands. Also shown (asterisks) are the values for the summer of 2003, and vertical
bars represent the inter-annual variability as measured by the standard deviation.

emission policies during the last decades led to small
changes in ozone concentration over 10-year periods
(Jonson et al., 2006; Vautard et al., 2006). Therefore,
this comparison shows that the RegCM-driven
CHIMERE can be applied to study future ozone
concentrations with some degree of confidence. Also
shown in Figs. 2a,b are the high observed ozone
amounts for the summer of 2003, which are well out-
side the ozone inter-annual variability (Schar et al.,
2004). In a previous study, Vautard et al. (2005) used
the CHIMERE model to analyse the exceptional
ozone levels caused by the heat wave that occurred
during that summer and found that the model
successfully captured this extreme episode.

Fig. 3 presents the difference between A2 and
present day simulated values of near surface daily
peak ozone (PO, Fig. 3a) and daily averaged ozone
(AO, Fig. 3c) mixing ratios. The values are
calculated by averaging the respective simulations
over all 30 summers. The PO is a relevant quantity
to assess human health risks, since human health
can be strongly affected by exposure to high ozone
amounts. The AO is more relevant for effects on
agriculture and ecosystems, which are sensitive to
chronic exposure. Differences between A2 and B2
PO are shown in Fig. 3b.

In the A2 simulation, both the PO and AO
increase substantially throughout Europe compared
to present day. The PO increases by up to 25%
(16-18 ppb), with a maximum increase over the

western part of Europe, especially north-eastern
France, central-western Germany and Belgium.
Large increases are also found over southern
England and in the Jura mountain region. The other
European regions exhibit a lower PO increase, but
still up to 5-10% (e.g. in northern Italy and Spain).
A similar increase is found for the B2 simulation
(Fig. 3b), but with lower magnitudes. The largest
differences between the A2 and B2 PO appear over
the north-western portions of the domain.

The maximum increase in AO (Fig. 3c¢) occurs
over eastern France and western Germany, with AO
changes ranging between 7 and 10 ppb (+ 10-16%).
The marine boundary layer also shows two areas
with large increases. One occurs over the Atlantic
Ocean and is due to ozone accumulation induced by
a north-east anticyclonic flow (Pal et al., 2004).
Another well-known highly polluted marine area
which shows a large ozone increase is the Medi-
terranean Sea around Marseille, which is mainly
caused by high anthropogenic and natural emissions
in this area (Dufour et al., 2005) coupled with low
dispersive conditions (Kalthoff et al., 2005). The
RegCM tends to produce rather stable boundary
layers over ocean (Giorgi et al., 1993a,b), which
may also contribute to the relatively large changes
found over the Mediterranean. Differences between
the A2 and B2 AO (Fig. 3d) show patterns similar to
those of Fig. 3b, with larger increase over the
Atlantic Ocean than over land.
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Fig. 3. Difference in average peak daily near-surface ozone mixing ratio (ppb) between A2 and present day (3a) and between A2 and B2
(3b); difference in average ozone mixing ratio (ppb) between A2 and present day (3c) and between A2 and B2 (3d).

The general increase in ozone we found under A2/B2
forcing is due to a multiplicity of climate factors, such
as increased temperature, decreased wet removal asso-
ciated with the decrease of summer precipitation,
increased photolysis of primary and secondary
pollutants due to lower cloudiness (see GBP04a, b)
and increased biogenic emissions due to higher
temperatures (Stevenson et al., 2005). We analysed
the contribution of different factors by comparing
their changes with the changes in ozone concentra-
tion, both in terms of average changes and pattern
correlation (Table 1). The calculations have been
carried out in two ways, one over land, and one for
the whole domain. In interpreting the results of
Table 1, we stress that many of these factors are
interconnected, and therefore it is difficult to
unambiguously determine which one is dominant.

With these provisions, Table 1 shows that the
scenario conditions with higher temperatures and
reduced cloudiness drive a more effective photo-
chemical activity which could explain for instance
the several ppb increase simulated for formaldehyde
and carbon monoxide over a large portion of

Europe. These are two chemical species resulting
from the oxidation of hydrocarbons. As the
anthropogenic emissions are kept the same for all
runs, it is likely that the chemical activity is
responsible for these changes. The future combina-
tion of less dispersive conditions and lower removal
efficiency (increased sea level pressure and sub-
sidence, see GBP04a, b) leads to increased concen-
trations of pollutants in the boundary layer, and in
particular an increase in NOx availability (up to 9%
more in A2 than in REF) for ozone production.
One important result is that the increases in ozone
are highly correlated with isoprene concentration
changes. This very reactive species (Liakakou et al.,
2007) increases by a factor of up to 2 compared to
the present day mean. It is therefore important to
highlight the co-increase in both ozone precursors,
as the ozone formation is dependent on the NOx/
VOC ratio. We must also remember that the high
biogenic reactivity sustains the ozone production
cycle and increases the O3 yield per NOx molecule.
Often, away from anthropogenic emission areas, the
ozone production is NOx dependent. Therefore, in



Table 1
Simulated A2 and B2 minus present day (REF) changes in different factors affecting the ozone concentration and spatial linear correlation
between these changes and the change in average ozone concentration

A2-REF B2-REF

Mean (%) O; corr. Mean (%) O3 corr.
Isoprene 97.2 (>1000) 0.9 (0.1) 67.9 (65.5) 0.9 (0.6)
Carbon monoxide 2.5(2.6) 0.8 (0.9) 2.0 (1.9) 0.9 (0.8)
Methane 0.0 (0.0) —0.5 (—0.6) 0.0 (0.0) —0.5(-0.3)
Formaldehyde 59.0 (49.3) 0.9 (0.8) 42.4 (34.4) 0.9 (0.9)
Nitric acid 7.7 (14.4) 0.7 (0.7) 49 (7.5) 0.7 (0.7)
PAN 1.1 (2.3) 0.3 (0.4) 2.4 (1.9) 0.5 (0.4)
NOx 7.6 (8.9) 0.5 (0.6) 5.1 (4.6) 0.6 (0.5)
O; Vdep —3.7(-6.2) —0.3 (-0.4) —2.2 (=2.0) —0.4 (-0.3)
PBL Hght 1.4 (—4.0) 0.0 (—0.3) 1.9 (-1.0) 0.2 (—0.2)
Horizontal wind —-1.3(=2.0) —0.3 (=0.2) —0.4 (—0.8) —0.2 (=0.1)
Temperature 1.5 (1.4) 0.9 (0.8) 1.0 (0.9) 0.9 (0.8)
Attenuation factor 5.2 (5.0) 0.9 (0.8) 4.0 (3.8) 0.8 (0.8)
Humidity 15.7 (16.8) 0.8 (0.8) 9.8 (10.7) 0.8 (0.7)

The calculations are conducted for a selected portion of the domain where isoprene concentration exceed 0.1 ppb in the present day
simulation, approximately 2/3 of the total number of grid points (almost all land grid points), and the whole domain between brackets.
Changes are expressed as percent of present day simulated values.

these regions of the domain an increase in NOx
concentrations implies an increase in ozone produc-
tion. Overall, our simulations suggest that the
enhanced chemical activity is mainly driven by the
warming-induced increase in biogenic emissions, as
indicated by a high correlation between isoprene
concentration changes and ozone concentration
changes. The climate factor which mostly affects
the increase in ozone concentration is thus the
warming, which induces a strong increase in
biogenic emissions.

In addition, the photolysis rates are higher in the
scenario runs than in the present conditions due to a
decrease in cloud cover over Europe during the
summer season (see GBP04b). This effect is
illustrated by an increase of the attenuation
coefficient (Tablel) which describes the dependency
of the photolysis rates on cloud cover (a maximum
value of 1 indicates clear sky conditions). An
increase in photolysis rates in connection with an
increase in humidity, leads to a greater production
of hydroxyl radicals, the main short-lived species
involved in the ozone-producing chemical mechan-
ism. This does not necessarily imply higher Oj
concentrations, but an alteration of the ozone
production cycle(Dawson et al.,, 2007). When
analysing the processes involved in ozone forma-
tion, it is evident that OH does not just oxidise VOC
compounds but also allows the conversion of NO to
NO,, thereby leading to ozone formation. OH can

also react with NO, leading to HNO; (increase by
7.7%, Tablel), a sink for the ozone cycle produc-
tion. Another effect of OH formation is that it could
“steal” O('D) from the ozone chemical production
cycle.

Table 1 also indicates that PAN concentrations
increase over the northern part of the domain, both
over sea and land. The PAN chemistry is very
temperature dependent and induces a NOx trans-
port for long distances, providing ozone precursors
after self-decomposition over remote areas, and
hence promoting ozone formation. In our scenario
simulations PAN increases in the remote Atlantic
boundary layer by up to 50% in A2 (0.3 ppb more
than in REF), but no clear relationships were found
to diagnose a possible contribution from PAN
chemistry in the increase of ozone production.

Climatic factors other than warming and de-
creased cloudiness show less pronounced impact on
ozone changes. The decrease of ozone removal as
well as the decrease of the horizontal transport
appear to have a relatively low impact on ozone,
even if they can be expected to amplify the ozone
accumulation in the boundary layer (in agreement
with a negative correlation of —0.3). Finally, the last
two climate factors we analysed, boundary layer
thickness and horizontal wind component, did
not have a direct significant influence on ozone
despite their expected effects on pollutant dilution
(see Table 1).
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Fig. 4. Average number of days exceeding the ozone information (4a) and the ozone warming (4b) thresholds per summer over 12
European countries. The averages are calculated using all 30 summers of each simulation. Black is for the present day run, gray is for the
B2 run and white is for the A2 run. Countries are, from left to right, Austria, Belgium, Denmark, France, Germany, Ireland, Italy,

Luxembourg, Netherlands, Portugal, Spain and UK.

As mentioned, an important measure of the
ozone threat to human health is the exceedance of
ozone mixing ratio above the 90 and 120ppb
thresholds. When ozone is forecast to exceed the
90 ppb threshold for at least 1h, under European
regulation the population needs to be informed.
When the 120 ppb threshold is exceeded, a health
warning is issued and local policymakers have to
adopt measures to reduce emissions. Figs. 4a and b
show the average number of days per summer with
ozone exceeding the 90 and 120 ppb thresholds,
respectively, in the reference, A2 and B2 simula-
tions. The number is calculated for all grid points
included in 12 European countries.

A number of features are shown by Figs. 4a and
b. First, the number of exceedance days increases
substantially in both scenario simulations compared
to the present day case, and it is higher for the A2
scenario than for the B2 one for most of the
countries. For the 90 ppb threshold the number of
exceedance days more than doubles in the A2
scenario compared to present day over most
countries considered. The countries with the largest
increase in exceedance days above the 90ppb
threshold are Austria, Belgium, France, Germany,
Italy, Luxembourg and the Netherlands. Spain and
Italy have a large number of days with ozone
exceeding the 120 ppb threshold in the present day
run and only modest increases in the scenario runs.
Conversely, large increases in days with ozone
exceeding the 120 ppb threshold occur over Bel-
gium, France, Germany and Luxembourg. In
addition, we find an increase in the duration of
high ozone level episodes for the A2 scenario
compared to the present day case (Fig. 5). There-
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Fig. 5. Mean number of episode with ozone information
threshold exceedances per summer for each country (solid lines)
and the associated mean duration in days (crosses) of these high
ozone episodes.

fore, our simulation indicates that climate change
might lead to more frequent and persistent high
ozone episodes. Results for the B2 scenario exhibit
patterns similar to those for the A2 one but of
smaller magnitude.

Fig. 6 compares the average number of days with
ozone exceeding the information threshold (90 ppb)
in the A2 and B2 simulations with the same number
for the summer of 2003 obtained from the EMEP
station dataset. It shows that the number of high
ozone events in 2003 is closer to that of the future
climate simulation than the present day conditions
(Fig. 2). The vertical bars depict the inter-annual
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Fig. 6. Average number of days per summer with ozone
concentrations exceeding the information threshold (90 ppb) for
the A2 and B2 simulations and for the 2003 EMEP observations
over the central European countries of Fig. 2. The vertical bars
indicate the interannual variability (standard deviation) for the 30
years simulations.

variability of simulated exceedance days and shows
that the 2003 summer is almost always within the
A2 and B2 model results. Since, as mentioned, it has
been suggested that summers such as that of 2003
may occur much more frequently in the future
(Schar et al., 2004; Pal et al., 2004; Meehl and
Tebaldi, 2004), our simulations indicate that the
resulting very poor air quality conditions which
occurred in the 2003 summer might also become
more frequent under climate change conditions
unless effective emission reduction measures coun-
terbalance the effect of climate trends on ozone
amounts. We also note from Fig. 6 a general
increase of ozone inter-annual variability in the
scenario runs compared to the reference ones. This
is evidently associated with the increase in inter-
annual variability of temperature and precipitation
found by GBP04a, b.

4. Conclusions

Our simulations show that ozone increases under
projected changes in summer European climate and
can potentially pose an increasingly serious threat to
human health and the environment in Europe,
especially over western and central Europe. This is
mostly because of the large increase in temperature
and decrease in cloudiness projected for summer
European climate, which leads to higher photo-

chemical production of ozone from biogenic species.
Although our results are from individual simula-
tions, the climate change conditions used in this
study (GBP04a, b) are in line with those projected
by most other global (Giorgi and Bi, 2005) and
regional (Deque et al., 2005) climate models. We
thus assess that our findings are robust. This
robustness is further strengthened by the similarities
we find between our future air quality simulations
and the exceptional (and devastating) conditions
found during the summer of 2003, which many
believe will be much more frequent under increased
GHG forcing (Schar et al., 2004; Pal et al., 2004;
Meehl and Tebaldi, 2004).

In our simulations we used the same emissions
and chemical boundary conditions for the present
day and future periods, thereby isolating the effect
of climate change (Jonson et al., 2006). It is likely
that emissions of ozone precursors will decrease in
the future, but this change will probably vary from
country to country, leading to issues of transbound-
ary pollution transport (Szopa et al., 2006). With
these caveats in mind, the impact of climate change
on air quality found in this article calls for the need
to carefully consider the effects of climate change on
air quality to develop effective future emission
control policies.
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