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Abstract

A global 3-D chemistry-transport model STOCHEM has been employed to study trends in the mole fractions of

methane, carbon monoxide and ozone in baseline air masses entering Europe from the Atlantic Ocean over the period from

1990 to 2030. With a range of emission scenarios for man-made ozone precursor emission sources available, a wide range

of model trends were predicted for the period up to 2030. In the scenario based on current planned air pollution controls,

IIASA CLE, methane shows a strong upward trend, ozone shows a weaker upward trend, and carbon monoxide is

approximately flat in baseline air masses. In one of the more pessimistic IPCC SRES scenarios, A2, all three gases show

future increases. However, in the scenario based on maximum feasible emission reductions, IIASA MFR all three trace

gases decline. By 2030, projected climate change reduces the growth in CH4, but has insignificant effects on baseline CO

and O3 in these simulations. Global or hemispheric ozone precursor emissions and their controls exert a potentially large

external influence on Europe’s air quality. This influence is currently not taken into account in future European air quality

policy formulation.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the last 25 years, concerns over acid
deposition and photo-oxidant formation have dri-
ven policy actions within Europe and have led to
e front matter r 2005 Elsevier Ltd. All rights reserved
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reductions in the emissions of SO2, NOx, VOCs and
ammonia. As scientific understanding has grown, it
has become apparent that there are aspects of these
regional-scale pollution issues that extend beyond
the boundaries of Europe. For ozone, the issue is
that European-scale episodes sit on top of a global
or hemispheric background that is understood to be
increasing under the influence of human activities. It
.
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may well be that this increasing global-scale back-
ground is acting to offset partially the improve-
ments in ozone being brought about by regional
pollution controls (Derwent et al., 2003). In which
case, the global background may be said to exert an
external influence on Europe’s air quality.

In our previous study of the links between the
global and regional-scale O3 distributions (Collins
et al., 2000), attention was focused on the years 1992
and 2015 and the growth in the global or hemi-
spheric background calculated with a global 3-D
Lagrangian chemistry-transport model. This growth
was found to be 2–5 ppb on the Atlantic Ocean
fringe of Europe and 4–9 ppb in central Europe.
More recently, further global emission scenarios
have been developed for the tropospheric O3

precursor gases. These have prompted a further
consideration of the global or hemispheric ozone
background as an external influence on Europe’s air
quality in the light of the continuing monitoring at
the Mace Head atmospheric research station of
tropospheric O3 and its precursors.

2. The 3-D Lagrangian chemistry-transport model

STOCHEM

STOCHEM is a global Lagrangian tropospheric
chemistry-transport model, originally described by
Collins et al. (1997). In this study, the atmosphere is
divided into 50,000 air parcels that are mapped after
each advection time step to a 51� 51 resolution grid
with 9 vertical layers of 100 hPa thickness. Input
meteorology is provided by the Hadley Centre
atmosphere-only climate model HadAM3 with a
Table 1

List of the model experiments

Experiment Meteorology

CLE Fixed SSTs

CLE-sst Observed SSTs

CLE-cc IS92a SSTs

MFR Fixed SSTs

A2 Fixed climate

A2-cc SRES A2 climate

Notes:

(a) Fixed SSTs are annually invariant, monthly mean observed values

(b) Observed SSTs are monthly mean values for the period 1990–2002

(c) IS92a SSTs are from an integration of HadCM3 forced by the IS9

(d) The fixed climate in the A2 experiment was for pre-industrial cond

(e) In the climate change scenario, A2-cc, the climate was forced by th

(f) Model experiments covered the period from 1990 to 2030, except f
resolution of 3.751 longitude and 2.51 latitude and
on 19 vertical levels, extending to 10 hPa. The
HadAM3 time step is 30min, with meteorological
fields passed to STOCHEM every 3 h. HadAM3
was forced in a variety of ways to generate a set of
model experiments that covered a range of sensitiv-
ities to meteorological parameters and the influence
of climate change. These forcings used: (i) annually
invariant, monthly mean observed sea surface
temperatures (SSTs) for 1978–1996; (ii) observed
monthly varying SSTs for 1990–2002; and (iii) SSTs
appropriate for the IPCC IS92a scenario (previously
generated by HadCM3, the Hadley Centre coupled
ocean–atmosphere GCM), see Table 1. Land sur-
face temperatures were calculated by the HadAM3
and showed some inter-annual variability. Turbu-
lent mixing in the boundary layer is achieved by
randomly re-assigning the vertical co-ordinates of
air parcels over the depth of the planetary boundary
layer height. Convective mixing uses updraft and
detrainment fluxes as described by Collins et al.
(2002). Air parcel advection is performed using a
fourth-order Runge–Kutta method; at each 1 h
advection time step the winds are linearly inter-
polated to the parcel’s location in the horizontal and
using cubic interpolation in the vertical.

The chemical scheme, as described by Collins
et al. (1999) includes 70 species that take part in 174
photochemical gas and aqueous phase reactions.
The chemical scheme uses a backwards Euler solver
using a time step of 5min. Wet deposition operates
on all soluble species using scavenging coefficients
and dry deposition follows a resistance approach as
described by Sanderson et al. (2003a) including
Emissions Reference

IIASA CLE Dentener et al. (2005)

IIASA CLE This work

IIASA CLE Stevenson et al. (2005)

IIASA MFR Dentener et al. (2005)

IPCC SRES A2 Johnson et al. (2001)

IPCC SRES A2 Johnson et al. (2001)

from Taylor et al. (2000) averaged over the period 1978–1996.

from Taylor et al. (2000).

2a scenario.

itions.

e SRES A2 scenario.

or CLE-sst experiment which finished in 2003.
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explicit description of the CH4 soil sink. O3 and
NOy upper boundary conditions are imposed by
prescribing fluxes into the top layer of the model at
100 hPa. For this vertical winds derived at 100 hPa
were used together with an ozone climatology. NOy

influxes were fixed to those of O3 by assuming a
fixed mass ratio of N:O3 of 1:1000. CH4 strato-
spheric loss rates were prescribed following IPCC
(2001).

Emission fields for a wide range of trace gases
have been developed annually for each year between
1990 and 2030. In earlier work (Johnson et al.,
2001), with a slightly different version of the model,
the IPCC SRES A2 emission scenario was explored.
We include these model results in this study for the
purposes of comparison, noting that whilst differ-
ences between model versions will partially con-
found the comparison, the major difference between
these two sets of model results will be due to the
different emission scenarios. The new emission
projections used here are based on the International
Institute for Applied Systems Analysis IIASA
‘current legislation’ CLE and ‘maximum feasible
reduction’ MFR scenarios (Amann et al., 1999).
These emissions are described in detail elsewhere
(Cofala et al., 2005; Dentener et al., 2005). Vegeta-
tion emissions of isoprene and terpenes were
described using spatial vegetation fields and depen-
dences upon temperature and photosynthetically
available radiation (Sanderson et al., 2003b). Inter-
active lightning NOx emissions were based on Price
et al. (1997) and Pickering et al. (1998) and totalled
7.3 TgNyr�1. Aircraft emissions were based on the
NASA 1992 inventory (Henderson et al., 1999)
updated to 2000 and was assumed to grow from
0.8 TgNyr�1 in 2000 to 1.7 TgNyr�1 in 2030. The
SO2 and NOx emissions from international shipping
were based on EDGAR v3.2 data for 1995 (Olivier
and Berdowski, 2001), with an assumed growth rate
of 1.5%yr�1 between 1995 and 2000 and onwards
to 2030 (Dentener et al., 2005). The various sets of
meteorological and emissions data were arranged
into six scenario combinations and are described in
Table 1. Natural emissions of methane from
wetlands were independent of scenario.

3. Methane, carbon monoxide and ozone at Mace

Head, Ireland over the period from 1990 to 2003

The atmospheric research station at Mace Head,
Ireland (531N, 91W) is ideally situated on the
Atlantic Ocean seaboard of Europe to monitor
trace gas mixing ratios in clean, maritime air masses
over an uninterrupted fetch of several thousand of
kilometres of ocean. When the synoptic situation
changes periodically, European regionally polluted
air masses are advected to Mace Head. By careful
selection of the trace gas observations for each air
mass origin, it is possible to define North Atlantic
maritime baseline trace gas mixing ratios. These
baseline air masses are subsequently advected into
continental Europe and provide the background
levels upon which European pollution events are
superimposed. Thus, the Mace Head station pro-
vides an excellent opportunity to monitor external
influences on European air quality.

The trace gases: CH4 and CO are monitored every
40-min as part of the AGAGE programme at the
Mace Head station (Prinn et al., 2000) and ozone O3

at hourly intervals. It is important to sample these
observations by air mass origins to remove the
influence of local sources and sinks in the immediate
vicinity of the Mace Head station (Derwent et al.,
2002; Simmonds et al., 2004a). Nighttime observa-
tions under near-calm conditions when the air flow
is from the land out over the station into the
Atlantic Ocean were therefore carefully removed.
These artifacts were not present in the air mass
samples allocated to baseline air masses. The
observed monthly mean mixing ratios for North
Atlantic maritime baseline air masses are shown
in Fig. 1 as (+) for each month from January
1990 through December 2003 using the sorting
method described in Simmonds et al. (2004a).
All three trace gases show a seasonal cycle with
highest mixing ratios observed during each
spring and lowest mixing ratios during each
summer. Over the 14-year period, a slight decrease
in observed monthly mean mixing ratios is apparent
for CO whilst those of CH4 and O3 appear to be
increasing.

To provide results from STOCHEM that were
directly comparable to the air mass sorted observa-
tions, the model output was taken from the grid-
square immediately to the west of Mace Head
(501–551N, 101–151W) for the lowest model layer
from 1000–900mb. The grid square centre is a point
170 km out into the Atlantic Ocean where the
influence of European pollution events is considered
small enough to be neglected. STOCHEM monthly
mean mixing ratios are shown as lines in Figs. 1a–c
for the 1990–2003 period, for all model experiments.
To more clearly identify long-term trends, Fig. 2
shows 12-month running means of the observations
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Fig. 1. Time series of monthly mean mixing ratios of CH4 (top panel), CO (middle panel) and O3 (bottom panel) at Mace Head, Ireland

from January 1990 through December 2003 in observations (+ signs) and model experiments (see colour key on Fig. 2 and Table 1 for

explanation of model experiments).
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(1990–2003) and model results (1990–2030), for
CH4, CO and O3, respectively. Similarly, Fig. 3
shows modelled and observed seasonal cycles of the
three trace gases averaged over 1990–2003.

There are striking similarities between the model
and observed curves for the three trace gases over
the whole period from 1990 through 2002. The
model and observations for CH4 show steady
increases in mixing ratio throughout the entire
period, see Fig. 1. They also show similar seasonal
cycles with springtime maxima and late summertime
minima. However, the model results exhibit sig-
nificant variability compared with the observations,
leading to overestimation of the observations by up
to 50 ppb, about 2%, in April, May and June each
year. This overestimation may have resulted from
the inclusion of a small contribution from European
regional pollution events to the grid square centre
out in the Atlantic Ocean. The observed contribu-
tion from European regional pollution events at
Mace Head amounted to 19.1 ppb, or 1%, of the
baseline concentration over this period and it would
be expected that this contribution would fall off
with distance out into the Atlantic Ocean.

The model and observations for CO, see Fig. 1,
show strong similarities with both showing spring-
time maxima and summertime minima. However,
there are some noticeable differences. The model
results tend to show seasonal cycles that are much
less intense than those observed. Although the
summertime minima are more accurately repro-
duced (underestimated by about 10 ppb), the spring
maxima in the model are underestimated by
typically 40 ppb, that is, by close to 30% particu-
larly during the winters of 1992, 1994, 1996 and
1999. Noticeable exceptions are the observed
seasonal cycles during the years 1995, 1997, 2000
and 2001 which are reproduced more faithfully by
the model. The underestimated amplitude of the
seasonal cycle by the model is partly due to the
neglect of seasonality in anthropogenic CO emis-
sions, which are generally higher in Northern
Hemisphere winter. There appears to be much more
inter-annual variability in the observed seasonal
cycles than can be reproduced by the model
experiments. Indeed, the model appears to perform
better compared with the observations in the years
when the observed seasonal cycle shows its lowest
amplitudes. This may be a feature of our neglect of
year-to-year variability in some important source of
CO. A possible candidate may be biomass burning
which has recently been found to make a significant
but variable contribution to baseline concentrations
of a number of trace gases at Mace Head, CO
included, on a year-by-year basis (Simmonds et al.,
2005).
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Fig. 2. 12-month running mean of observed (1990–2003) and modelled (1990–2030; except CLE-sst: 1990–2002) for CH4 (upper panel);

CO (middle panel); and O3 (lower panel) at Mace Head. See Table 1 for explanation of model experiments.
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The model and observations for O3, see Fig. 1,
show striking similarities. The model seasonal cycles
faithfully reproduce those observed with clear
summertime minima and spring maxima in both.
The six sets of model results follow each other
closely over the entire 14-year period. The A2
results from the earlier model version slightly under-
predict O3 year round, by up to 5 ppb; whereas the
newer results show closer agreement, except at the
spring maximum, when ozone is over-predicted by
up to 5 ppb (Fig. 3). There is evidence of a
systematic change in the bias between the model
results and the observations during the study
period, clearly shown in Fig. 2. During the period
from January 1990–December 1997 the average bias
between the CLE model experiment and the
observations was +2.68 ppb. This dropped to
�2.89 ppb during the period January 1998–Decem-
ber 2000 and rose again to become zero for January
2001 to December 2003. This behaviour is consis-
tent with the anomalous O3 mole fractions reported
for Mace Head during the 1998–1999 period by
Simmonds et al. (2004b), see Fig. 3, driven by the
influence of year-by-year variations in large-scale
boreal biomass burning.

To facilitate comparison between the observed
and model trends with time, the running 12-month
averages have been examined using two types of
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Fig. 3. Observed (filled circles) and modelled (solid lines) mean seasonal cycles of CH4 (upper panel); CO (middle panel); and O3 (lower

panel) at Mace Head, over the period 1990–2003 (except CLE-sst: 1990–2002). Observations of CO and O3 from 1998 (open circles) are

overlain. Modelled seasonal cycles for the 2020s are also shown for CO and O3 (dashed lines).
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statistical analyses. The first looks for the presence
of a monotonic increasing or decreasing trend with
the non-parametric Mann–Kendall test and the
other estimates the slope of a linear trend with the
non-parametric Sen’s method (Salmi et al., 2002).
The results of these trend analyses are presented in
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Table 2

The results of the analyses of the trends in the observed and model calculated 12-month running average mixing ratios of CH4, CO and O3

at Mace Head, Ireland from January 1990 through December 2003

Emissions Climate Annual trend, (ppb yr�1) Statistical significance

Methane

Observations +4.0 ***

IIASA CLE Fixed sea surface temperatures +9.3 ***

IIASA MFR Fixed sea surface temperatures +8.5 ***

IIASA CLE IPCC IS92a SSTs +5.5 ***

IIASA CLE Observed sea surface temperatures +8.3 ***

IPCC SRES A2 Fixed climate +4.1 ***

IPCC SRES A2 IPCC SRES A2 climate +5.4 ***

Carbon monoxide

Observations 0.02

IIASA CLE Fixed sea surface temperatures �0.61 *

IIASA MFR Fixed sea surface temperatures �0.77 **

IIASA CLE IPCC IS92a SSTs �0.94 **

IIASA CLE Observed sea surface temperatures �0.85

IPCC SRES A2 Fixed climate +0.71 +

IPCC SRES A2 IPCC SRES A2 climate +0.93 *

Ozone

Observations +0.48 *

IIASA CLE Fixed sea surface temperatures +0.16 *

IIASA MFR Fixed sea surface temperatures +0.09 +

IIASA CLE IPCC IS92a SSTs �0.05

IIASA CLE Observed sea surface temperatures �0.02

IPCC SRES A2 Fixed climate �0.09

IPCC SRES A2 IPCC SRES A2 climate +0.24 +

Note: ***Implies statistical significance at the 99.9%, ** at the 99%, * at the 95% and + at the 90% levels.
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Table 2. CH4 mixing ratios exhibit clear trends
over the 1990 to 2003 period (Fig. 2) with the
observed trend of +4.0 ppb yr�1 being highly
statistically significant, see Table 2. It was over-
estimated strongly by the model experiments using
the CLE and MFR emissions and unchanging
meteorology and by those using the CLE emissions
with the annually changing meteorology. The model
experiments using the A2 emissions without
(+4.1 ppb yr�1) and with (+5.4 ppb yr�1) climate
change bracketed the observed trend. The methane
trends are therefore of the correct order of
magnitude.

The CO trends in Fig. 1 over the period from
1990 to 2003 are somewhat more difficult to discern
compared with those of CH4. Fig. 2 shows that CO
undergoes major inter-annual variability on time-
scales of about 2–5 years, possibly linked to ENSO
(El Nino-Southern Oscillation) and other modes of
climate variability through biomass burning and
natural emissions. Table 2 shows that the 12-month
running mean of the observations exhibited no
significant trend. The large amplitude of inter-
annual variability makes trends in CO difficult to
discern. The model results with the CLE and MFR
emissions and unchanging meteorology showed
highly statistically significant downward trends of
�0.6 to �0.7 ppb yr�1. The model results from the
experiments using the A2 emissions showed up-
wards trends of about +0.7 to +0.9 ppb yr�1. None
of the model experiments therefore fully captured
the essentials of the observed CO record. Never-
theless, examination of Fig. 2 illustrates that the
range between modest declines and modest increases
in predicted CO, could be considered reasonable
representations of reality, given the large uncer-
tainty introduced by year-by-year variations in
biomass burning emissions.

We have previously reported on the observed O3

trends at Mace Head, Ireland in Simmonds et al.
(2004b) and the upwards trend of +0.48 ppb yr�1 in
the observations reported in Table 1 is entirely
consistent with previous work. The model results
show much smaller upwards trends of +0.09 to
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+0.16 ppb yr�1 with the CLE emissions and un-
changing meteorology. These same emissions when
coupled to annually changing meteorology, led to
ozone mixing ratios with little or no trends, in stark
contrast to the observations. The A2 scenario with
climate change led to a small upwards trend. It
cannot be said that any of the model experiments
were able to reproduce the upward trend found in
the observations. A significant component (�30%)
of the large positive observed ozone trend arises due
to a dramatic increase in 1998 (Fig. 3), also seen in
CO and CH4, and possibly linked to a large increase
in biomass burning associated with the large El
Nino at this time (Simmonds et al., 2005). The
current model has no mechanism for simulating
inter-annual fluctuations in biomass burning, and
Fig. 4. Observed and predicted monthly trends in ozone at Mace Head
cannot adequately represent this observed feature.
If this feature is ignored, the observed upward
trend is approximately 0.3 ppb yr�1, still in excess
of, but closer to the simulated trends in some of
the simulations. Fig. 2 also shows large inter-
annual variability in both observed and modelled
ozone, making it difficult to separate trends from
variability.

Previous work (Simmonds et al., 2004b) had
showed that the observed winter mean ozone mixing
ratios are increasing more rapidly than summer
mixing ratios, implying a long-term change in the
seasonal cycle. By taking 12-month running
averages, seasonal changes will have been smeared
out in the model results. The O3 trends in the
observations and in the model experiments were
, Ireland from (a) 1990 through 2003 and (b) 2000 through 2030.
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therefore compared on a monthly basis by taking
the complete monthly time series from January 1990
through December 2003 and splitting this up into
the 12 time series for each of the months of the year.
Each of these 12 time series was then subjected to
the non-parametric tests as above. The estimated
trend slopes during each of the months of the
year are plotted out in Fig. 4a. The trends in the
observations show well-developed seasonal patterns
with higher trends of +0.5 to +0.8 ppb yr�1 during
November to May and lower trends of +0.1 to
+0.5 ppb yr�1 during June to October. The ob-
served trends are reproduced reasonably well by the
model experiments during the summer and autumn
months but are grossly underestimated during the
winter and spring months. None of the model
experiments has made a particularly good job of
reproducing the observed apparent seasonal cycle in
O3 trends, with larger winter trends than summer
trends, because of the year-by-year variability
caused by large-scale boreal biomass burning.

4. Model trends over the period from 2000 to 2030

As above, 12-month running mean mixing
ratios of the model results for the five experiments,
see Table 1, addressing the future scenarios have
been calculated for CH4, CO and O3 January 2000
Table 3

The trends in the model calculated 12-month running average mixing rat

through December 2030

Emissions Climate

Methane

IIASA CLE Fixed sea surface temperatures

IIASA MFR Fixed sea surface temperatures

IIASA CLE IPCC IS92a SSTs

IPCC SRES A2 Fixed climate

IPCC SRES A2 IPCC SRES A2 climate

Carbon monoxide

IIASA CLE Fixed sea surface temperatures

IIASA MFR Fixed sea surface temperatures

IIASA CLE IPCC IS92a SSTs

IPCC SRES A2 Fixed climate

IPCC SRES A2 IPCC SRES A2 climate

Ozone

IIASA CLE Fixed sea surface temperatures

IIASA MFR Fixed sea surface temperatures

IIASA CLE IPCC IS92a SSTs

IPCC SRES A2 Fixed climate

IPCC SRES A2 IPCC SRES A2 climate

Note: *** Implies statistical significance at the 99.9%, ** at the 99%,
through December 2029 (Fig. 2). These have been
analysed for the presence of monotonic trends using
the non-parametric tests as above.

In all of the five model experiments covering the
period from 2000 to 2030, the CH4 trends were
highly statistically significant and covered the range
from �3 to +12.2 ppb yr�1, see Table 3 and Fig. 2.
In four of the experiments, increasing trends of
+9.3 to +12.2 ppb yr�1 were reported that were
significantly greater than those observed histori-
cally, +4.4 ppb yr�1, see Table 2. There appears to
be little to choose between the predicted trends in
either of the CLE and A2 emission scenarios. The
influence of climate change was to reduce the CH4

trends by about 2 ppb yr�1 compared to the experi-
ments with annually repeating meteorology. This is
in line with our previous studies of the impact of
climate change on the global-scale build-up of CH4

through increasing temperatures and water vapour
concentrations (Johnson et al., 1999, 2001). CH4

mixing ratios in the MFR scenario with annually
repeating meteorology, showed a decreasing trend,
reflecting the strongly decreasing man-made emis-
sions in this scenario.

The predicted trends for CO mixing ratios over
the period from 2000 to 2030 exhibited a wide range
of behaviour (Fig. 3). The strongest and highly
statistically significant upward trends of +0.67 to
ios of CH4, CO and O3 at Mace Head, Ireland from January 2000

Annual trend, (ppb yr�1) Statistical significance

+11.8 ***

�3.2 ***

+9.3 ***

+12.2 ***

+10.8 ***

+0.03

�0.46 ***

+0.02

+0.87 ***

+0.67 ***

+0.09 *

�0.14 *

+0.12 +

+0.14 **

+0.21 **

* at the 95% and + at the 90% levels.
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+0.87ppbyr�1 were found with the A2 emissions. In
contrast, no significant trends were found with the
CLE emissions in close agreement with the observed
historical CO trends, see Table 2. A highly statisti-
cally significant downward trend of �0.46ppbyr�1

was predicted with the MFR emissions, reflecting
the strongly decreasing man-made CO emissions in
this scenario. There appeared to be no significant
influence of climate change on CO trends.

The model predicted O3 trends from 2000 to 2030,
see Table 3, in all five experiments were highly
statistically significant. Four out of five experiments
reported increasing ozone trends of between +0.09
and +0.21 ppb yr�1 which are significantly smaller
than those reported historically, see Table 2.
Downward trends in O3 were found in the MFR
scenario. There was a small increase in O3 trends
under the influence of climate change with both the
CLE and A2 emissions. Climate change brings
warmer, wetter conditions to the troposphere
(Johnson et al., 1999, 2001), leading to increased
O3 in the polluted boundary layer but decreased O3

burdens in the free troposphere.
Fig. 4b presents the predicted trends in the

monthly mean O3 mixing ratios over the period
from 2000 through 2030. Four out of the five model
experiments showed increasing trends during the
wintertime from about+0.08 to +0.3 ppb yr�1 and
only the experiment with the MFR emissions
showed a downward trend of about �0.1 ppb yr�1.
During the summertime, there was a wide range
in predicted trends from about �0.3 to
about+0.16 ppb yr�1. Generally speaking, the mod-
el experiments with the A2 emissions showed the
strongest increasing trends throughout the year and
those using the MFR emissions, decreasing trends
throughout the year. However, even with the A2
emissions, the increasing O3 trends predicted were
much smaller than those observed historically,
compare Figs. 4a and b. This was particularly true
in the wintertime where predicted O3 trends are
about one-third to one-quarter of the historic
trends.

5. Discussion and conclusions

During the 1990s, the increasing trend in global
O3 baseline mixing ratios of +0.48 ppb yr�1 may
have acted to offset partially some of the improve-
ment in European O3 air quality that had been
anticipated from regional pollution controls (Der-
went et al., 2003). This offsetting was expected to
continue up to 2015 (Collins et al., 2002). Subse-
quently, wider ranges of global emission scenarios
have become available and this has prompted a
further consideration of the global ozone back-
ground as an external influence on Europe’s air
quality.

Tropospheric O3 is controlled by both man-made
and natural sources of CH4, CO, NOx and VOCs
and, in this study, a global 3-D chemistry-transport
model STOCHEM has been used to represent the
processes involved. Global emission projections for
the above ozone precursor gases that take into
account changes in air pollution legislation, IIASA
CLE, have been employed. A second set, IIASA
MFR, take into account the full scope of emission
control technologies (Cofala et al., 2005). The
model results have been compared with those using
the IPCC SRES A2 scenario. The comparison of
observed and model trends for Mace Head, Ireland
for the period from 1990 to 2003 for CH4, CO and
O3 revealed a close level of agreement. Model
experiments employing the A2 and CLE scenarios,
bracketed the observed CH4 and CO trends.
However, with O3, none of the model experiments
were able to reproduce the magnitude of the upward
trend found in the observations. A seasonal analysis
revealed that the model was able to reproduce the
summer and autumn trends but grossly under-
estimated the observed winter and spring trends.
This gross overestimation may be a feature of
STOCHEM itself or the man-made emissions of the
O3 precursors or wider problems with the represen-
tation of ozone within global chemistry-transport
models. Evidence is presented here of the large
influence of year-to-year variability in large-scale
boreal biomass burning on the CO and O3

observations which has not been taken into account
in the model experiments. Enhanced boreal biomass
burning during the later years of the 1990–2003
period may have acted to inflate the apparent
upwards trend in observed O3 concentrations
relative to the model results, particularly during
the wintertime.

With the wider range of emission scenarios
available in this study, a correspondingly wider
range of model trend behaviour has been predicted
for the period up to 2030. In the MFR scenario,
CH4, CO and O3 show declining trends but
increasing trends in the CLE and A2 scenarios.
Based on model predictions then, O3 trends of
between +0.1 and +0.2 ppb yr�1 are anticipated,
leading to increases of +3 to +6ppb on the
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Atlantic Ocean seaboard of Europe by 2030. These
increases are about the same as those anticipated in
our earlier study (Collins et al., 2002) but by 2030
rather than 2015 because of changes made to the
tropospheric O3 precursor emission inventories in
1990 between these studies. These increases in
global or hemispheric O3 would act to offset
strongly any improvements in European air quality
brought about through local and regional-scale
ozone precursor emission controls. On the other
hand, in the MFR emission scenario, global O3

baseline mole fractions are anticipated to fall by
�0.14 ppb yr�1 or �4 ppb by 2030, in air masses
entering Europe. This would provide a huge
improvement in European air quality and strongly
enhance improvements made on the local and
regional scales. Global-scale O3 precursor emissions
and their controls are currently not taken into
account in policy formulation within Europe under
the CAFÉ or UN ECE programmes and thus a
potentially large external influence on Europe’s air
quality has been neglected.
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