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Abstract

Quantifying trends in surface ozone concentrations are critical for assessing pollution
control strategies. Here we use observations and results from a global chemical trans-
port model to examine the trends (1991–2005) in daily maximum 8-hour average con-
centrations in summertime surface ozone at rural sites in Europe and the United States.5

We find a decrease in observed ozone concentrations at the high end of the probability
distribution at many of the sites in both regions. The model attributes these trends to
a decrease in local anthropogenic ozone precursors, although simulated decreasing
trends are overestimated in comparison with observed ones. The low end of observed
distribution show small upward trends over Europe and the western US and downward10

trends in Eastern US. The model cannot reproduce these observed trends, especially
over Europe and the western US. In particular, simulated changes between the low and
high end of the distributions in these two regions are not significant. Sensitivity simu-
lations indicate that emissions from far away source regions do not affect significantly
ozone trends at both ends of the distribution. This is in contrast with previously avail-15

able results, which indicated that increasing ozone trends at the low percentiles may
reflect an increase in ozone background associated with increasing remote sources of
ozone precursors. Possible reasons for discrepancies between observed and simu-
lated trends are discussed.

1 Introduction20

Quantifying surface background ozone concentrations and associated trends is critical
for understanding the processes influencing tropospheric ozone (O3) budget and as-
sess pollution control strategies (Lin et al., 2000; Vingarzan, 2004). Long-term trends
in tropospheric O3 are however difficult to infer due to their large natural variability and
to the scarcity of long records of reliable ozone measurements (Staehelin and Weiss,25

2001; Oltmans et al., 2006; IPCC, 2007). Even the sign and magnitude of long-term
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tropospheric O3 trends (as well as the causes of these changes) differ significantly
between nearby locations (Oltmans et al., 2006). Although current trends are not geo-
graphically uniform, recent studies report declining trends in O3 concentrations at urban
sites and at sites downwind of urban centers in North America and Europe (Vingarzan,
2004, and references therein). These declines are more evident in the high end of the5

distribution and appear to be associated with declining local ozone precursor emissions
(Bronnimann et al., 2002; Vingarzan, 2004; Jonson et al., 2006). In contrast, increas-
ing trends are often seen for values at the mid and low end of the distribution and are
likely related with increasing trends in background (i.e. not directly due to local emis-
sions) ozone concentations (Lin et al., 2000; Jonson et al., 2006). The origin of this10

increase in ozone background is still unclear (Bronnimann et al., 2002; Jonson et al.,
2006) but some of the plausible factors include changes in ozone precursor emissions
with subsequent long range transport, change in stratospheric-tropospheric exchange,
and global rise in methane levels (Vingarzan, 2004; Cooper et al., 2010).

The objectives of this study are to assess the ability of a state-of-the-art global chem-15

ical transport model to reproduce observed trends in surface ozone and to quantify the
contribution of O3 precursor emissions from distant sources over Europe and North
America. We focus over the summer season, where sunshine drives O3 levels above
the air pollution regulations defined by environmental protection agencies. We compare
the observed and simulated change in the probability distribution of the daily maximum20

8-hour average summer O3 concentration for a period from 1991 to 2005. Hourly ob-
servations from the European Monitoring and Evaluation Programme (EMEP) (EMEP,
2008), the World Data Centre for Greenhouse Gases (WDCGG) (WMO, 2008), and the
Clean Air Status and Trends Network (CASTNET) (EPA, 2007) were used, conjointly
with results from a 15-year simulation performed with the global chemistry transport25

model GEOS-Chem (Koumoutsaris et al., 2008). A description of the model, emis-
sion inventory and simulations used in this study is given in Sect. 2. The methods
used to compute the observed and simulated trends are presented in Sect. 3. Results
for Europe and United States (US) are shown in Sect. 4 and are further discussed in
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Sect. 5.

2 The GEOS-Chem model

We use the GEOS-CHEM model, a global chemical-transport model driven by assimi-
lated meteorological data from the Data Assimilation Office NASA Global Modeling and
Assimilation Office of NASA (Bey et al., 2001b). The work shown here employed the5

version v7-03-06 of GEOS-CHEM (http://acmg.seas.harvard.edu/geos/) that is driven
by the GEOS-4 assimilated meteorological observations. The GEOS-4 dataset has
a temporal resolution of 6 h (3 h for surface variables and mixing depths), a horizontal
resolution of 1◦×1.25◦, and 55 layers in the vertical from the surface up to 0.01 hPa. We
degrade the horizontal resolution to 2◦×2.5◦ and 30 layers in the vertical. A detailed10

description on the model configuration used here can be found in Koumoutsaris et al.
(2008), except for O3 precursor emissions described below.

2.1 Ozone precursor emissions used in this study

Anthropogenic emissions of trace gases are based on an emission inventory for 1985
described by Wang et al. (1998b), that includes NOx emissions from the Global Emis-15

sion Inventory Activity (GEIA) (Benkovitz et al., 1996), non-methane hydrocarbon
(NMHC) emissions from Piccot et al. (1992), and CO emissions from Duncan et al.
(2007), scaled until 1998, as described in Bey et al. (2001a). We further implemented
interannual varying emissions over the most important anthropogenic source regions.
More precisely, we implemented the European Monitoring and Evaluation Program20

(EMEP) Expert emissions (Vestreng et al., 2006) over the European continent. During
the period from 1990 to 2005, EMEP emissions show a strong decrease over Eu-
rope (35◦ N–65◦ N, 10◦ W–40◦ E), as shown in Fig. 1 (−1.6 % per year for NOx and
−2.7 % per year for CO). Trends in emissions for certain volatile organic compounds
(VOCs) (propene, butane, ethane, methyl-ethyl-ketone and acetaldehyde) were also25
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implemented. For the US, we use the Environmental Protection Agency (EPA) Na-
tional Emissions Inventory (NEI) 1999 v.1 inventory (NEI99, http://www.epa.gov/ttn/
chief/net/1999inventory.html, with some modifications as described in Hudman et al.
(2007), which we scale with the NEI Emissions trends data provided by the EPA (EPA,
2007). Notice however that the scaling is applied uniformally all over the US and to5

all VOCs. Emissions from Canada and Mexico are not varying after 1998, but they
account together for less than 10 % of the US emissions. Figure 1 shows the year-to-
year variation in NOx and CO anthropogenic emissions over North America (125◦ W–
60◦ W, 15◦ N–55◦ N) for the period from 1990 to 2005. The trends in NOx and CO
emissions are −1 % and −1.7 % per year, respectively. For Asia, we implemented the10

Regional Emission Inventory in Asia (REAS) (Ohara et al., 2007) for NOx, CO and
VOCs (propene, propane, butane, ethane, methyl-ethyl-ketone). Data are available
from 1990 to 2005, however, the last two years (2004 and 2005) are “predictions”
(Ohara et al., 2007) and show lower interannual variability. The interannual variability
in emissions for South Asia (50◦ E–95◦ E, 5◦ N–35◦ N) and East Asia (95◦ W–160◦ W,15

15◦ N–50◦ N) is shown in Figure 1 (bottom panels). Anthropogenic emissions strongly
increase in East Asia from 1990 to 2005, especially for NOx (5.8 % per year). The de-
crease of CO emissions from 1995 to 2005 is due to a reduction in consumption of coal
and biofuel in the domestic sector during this period. This lead to a smaller CO trend of
1 % per year. South Asian emissions also increase significantly during our study period20

(3.2 % per year for NOx and 1.5 % per year for CO). Ship emissions are accounted in
the model in the eastern Atlantic and the Indian ocean as part of the EMEP and REAS
inventories, respectively. Even though ship emissions are taken into account only par-
tially in the model, recent studies support that the effects of international shipping over
the European continent are rather small (Jonson et al., 2006). Finally, we have also im-25

plemented a +3 % annual increment of global NOx aircraft emissions (0.5 TgN in 1992)
following IPCC (1999) and EPA (2000) reports.

Soil NOx emissions (∼5.9 TgN per year) are calculated according to the Yienger
and Levy (1995) algorithm with the canopy reduction factor described in Wang et al.
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(1998a). Biomass burning emissions are derived from an inventory of the total annual
biomass burned described in Lobert et al. (1999) and Duncan et al. (2003). Annual
biomass burned is converted to NOx emissions by applying emission factors, providing
a climatological inventory for biomass burning emissions, as described in Duncan et al.
(2003). Interannual variations are further accounted for using the TOMS Aerosol Index5

product (Torres et al., 1998; Herman et al., 1997; Hsu et al., 1996) from January to
July 1996 following Duncan et al. (2003) and the Advanced Along Track Scanning
radiometer (AATSR) active fire dataset (Arino and Melinotte, 1995) from August 1996
to 2005 following Generoso et al. (2003) with slight improvements as described in
Koumoutsaris et al. (2008). The global annual biomass burning emissions range from10

5 to 8 TgN during our study period. Emissions of NOx from lightning (∼6 TgN per
year) are linked to deep convection following the parametrization of Price and Rind
(1992) with vertical profiles from Pickering et al. (1998) as implemented by Wang et al.
(1998b).

2.2 Simulations15

We first performed a 15-year control simulation (labelled “S0”) from January 1991 to
December 2005. We then carried out four sensitivity simulations from 2001 to 2005 with
anthropogenic emissions of specific geopolitical regions – including Europe (“SEur”),
North America (“SNAm”), South Asia (“SSAs”), and East Asia (“SEAs”) – set to the year
1990 (see also Table 1). An additional sensitivity simulation (“SXEur”) was performed20

with anthropogenic emissions over North America, South and East Asia, and methane
concentrations fixed to the 1990 levels to assess their combined impact in European
ozone levels. Finally, we performed another simulation (“SMet”) for the period 2001–
2005 (that is emissions from 2001–2005) but with meteorology from 1991–1995, to
examine the impact of changing meteorology and climate over the 10-year period.25
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3 Method

We use hourly O3 data available from the EMEP, WDCGG, and CASTNET databases
to compute the daily summer (June–July–August) maximum 8-h average O3 concen-
tration (according to the EPA regulations (EPA, 1998) and named as “8 h-max O3”,
hereafter) at several sites over Europe and the US. We only use the sites with at least5

30 days of data in summer for each year from 1991 to 2005. There are 44 sites in
Europe and 38 sites in the US that meet these criteria. For each site, we examine the
linear trends of several percentile populations, as shown for example for Illmitz (Aus-
tria) in Fig. 2. The location of the sites and the observed and simulated trends at the
5th and 95th percentile are presented in Figs. 3 and 4 for Europe and US, respectively.10

We next compute the cumulative probability distribution (CPD) of the 8 h-max O3
concentrations aggregated over the ensembles of stations for Europe (Fig. 5) and for
US (Fig. 6). We compare the distributions at the beggining and at the end of the record,
1991–1994 vs. 2001–2005 for both observations and model. We use 5-year periods in
order to reduce the effect of interannual variability associated with meteorology. How-15

ever, we exclude the year 2003 which has been particular anomalous (heat wave) over
Europe (Schär et al., 2004). The statistical significance of the difference between the
two distributions is determined by comparing the populations of several percentiles
(5th, 10th, 20th, etc.) with the two-sided Kolmogorov-Smirnov statistic test following
Lin et al. (2000).20

4 Observed and simulated ozone trends

4.1 Europe

In a previous study, we have discussed the ability of the GEOS-Chem model to simulate
the interannual variation in O3 concentrations at the northern mid-latitudes (Koumout-
saris et al., 2008). Even though the model is able to capture some of the large25
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interannual variations (e.g. the 1998–1999 anomaly), not all features were well rep-
resented in several sites, which is probably related to a poor representation of strato-
spheric chemistry and dynamics (Koumoutsaris et al., 2008). The model’s ability in
representing the surface O3 summer-mean is shown in Table 2 which compares the
simulated summer-mean with observations for the period 1991 to 2005 at different per-5

centiles. In the majority of the European sites, the agreement at the lower percentiles
is very low with almost 50 % of the sites presenting correlation coefficients lower than
0.3. The model reproduces better the summer O3 interannual variation at the high
percentiles. More than 55 % of the sites show a correlation larger or equal to 0.7 at
the 95th percentile. The fact that the model’s performance decreases in the majority of10

the sites at the low end of the distribution, where O3 is more inflenced by background
concentrations, is reflected in the representation of the trends and will be discussed
in more details in the following sections. The mean bias between the model and the
observations is relatively low with best performace at the median concentrations. The
model (under-) over-estimate of O3 concentrations at the (high) low end of the distribu-15

tion may be due at least to some extent to the model resolution which is too coarse to
capture the very high and the very low events.

The observed and simulated summer O3 trends at the 95th and 5th percentiles
are shown in Fig. 3. One important point to note is that the observed 8 h-max O3
trends in Europe show large variability even between nearby sites. For example, the20

observed O3 trends at the 5th percentile range between 1.52±0.57 ppbv year−1 and
0.28±0.39 ppbv year−1 at the two nearby stations of Langerbrügge (10.75◦ E, 52.8◦ N)
and Waldhof (10.77◦ E, 52.8◦ N) in Germany. Despite these apparent inconsistencies,
we find decreasing (increasing) concentrations at the high (low) end of the distribution,
respectively (Fig. 5). Note that we only computed trends throughout the period 199125

to 2005, while different values may be found if one considers shorter periods (Logan
et al., 2010).
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4.1.1 Low percentiles

Observations show very large spatial variability across Europe. We find positive trends
at several sites, although statistically significant only at a few of them (Fig. 3). The
increases in the observed 8 h-max O3 concentrations in the low end of the distribution
has been suggested to be related to an increase in background O3 concentrations,5

especially at high mountain sites, which are considered more representative for back-
ground conditions (Cristofanelli and Bonasoni, 2009). Nevertheless, even between
high mountain sites there are differences in the observed trends (Fig. 3) that may be
related to e.g., local wind systems (Zellweger et al., 2000). Cui et al. (2011) found that
summer convective boundary layer can reach the altitudes of Jungfraujoch during high-10

pressure conditions, resulting in high ozone concentrations in 2003; This could balance
the effect of a decrease in European precursor emissions. The aggregated results of
the observations over the ensemble of the stations (29 stations in total, excluding the
ones affected by titration: see below) are shown in the left panel of Fig. 5. The low
tail of the observed CPD shows small but insignificant (at the 0.05 level) changes be-15

tween 1991–1994 and 2001–2005 in the summer 8 h-max O3 levels. The change in the
CPD is not significant even if we consider only the high altitude sites of central Europe
(not shown), even though there is a clear qualitative change in the observed O3 trends
between the low and high percentiles.

In contrast to the observations, the model simulates upward trends at most of the20

sites in the northwestern and central part of Europe, in UK and in Germany (Fig. 3),
which however are due to titration effects as a response to the reduction in NOx emis-
sions over high polluted regions (Simpson, 1995; Jonson et al., 2006). The titration
effect can be estimated by examining the chemical regime (i.e., the so called “O3-
NOx-VOC” sensitivity) at each site, which requires concurrent observations of the at-25

mospheric nitrogen compounds. As these data are not available, we use the ratio
between the simulated 8 h-max O3 and the simulated hourly total reactive nitrogen
(NOy =NO+NO2 +NO3 +HNO2 +HNO3) over each station as our NOx-VOC indicator
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(Sillman and He, 2002). A site with a ratio lower than 5 during several days in sum-
mer indicates a “VOC-sensitive” character. This occurs at most of the northwestern
stations of Europe (3 Belgium sites, 3 northern German sites, and 9 sites in the United
Kingdom: all except the ones in Ireland). Because of its coarse resolution, the model
probably fails to represent correctly the “rural” character of these sites. Note however5

that the titration effect may affect some of the observed distributions as well, since
even though the sites may be designated as background “rural”, they can be subject
to anthropogenic pollution under the influence of specific synoptic patterns (Vingarzan,
2004). However, due to lack of concurrent long-term observations of atmospheric nitro-
gen compounds, it is not possible to test for titration effect in the observed distributions.10

Titration by NO could be a problem when interpreting long-term trends in the lower end
of the probability distribution (Lin et al., 2000), and thus we exclude these 15 “VOC-
sensitive” sites from the dataset for our analysis.

The model has difficulties in reproducing the observed trends at the rest of the sites,
where it shows mostly decreasing O3 concentrations in comparison to the observed15

small but upward trends. This indicates performance issues at the low end of the
distribution. We find insignificant contribution from distant sources (Asia and North
America) to the low O3 levels. Possible reasons for the discrepancies between model
and observations are discussed in Sect. 5.

4.1.2 High percentiles20

At the high end of the distribution (top panels in Fig. 3), observations show declining
8 h-max O3 concentrations at several sites, although only few of them (8 among 44) are
significant at the 0.05 level. In addition, upward trends are seen over some stations of
central Europe e.g., Jungfraujoch in Switzerland and Vezin in Germany. The only sta-
tion with statistically significant upward trend is Jungfraujoch (0.69±0.58 ppbv year−1

25

at the 95th percentile) which is located at 3758 m a.s.l. The model, on the other hand,
shows significant downward trends in most of the European sites.
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Above ∼44 ppbv, the observations show lower concentrations in 2001–2005 in com-
parison to 1991–1995 (Fig. 5). The difference between the two distributions is signifi-
cant to the 0.05 level above the 40th percentile (not shown). The model (right panel of
Fig. 5) shows similar behaviour, but the decrease in surface 8 h-max O3 concentrations
between the two periods is overestimated by 4–5 ppbv. Sensitivity model simulations5

indicate that downward trends at the high end of the distribution is mostly related to
the decrease in European emissions during this period (Fig. 5) due to pollution con-
trol measures (EEA, 2007). Meteorology is also found to contribute significantly to the
decrease in surface O3 according to the modeling results (simulation SMet). We per-
formed several additional sensitivity simulations to examine the influence of individual10

parameters, such as temperature, clouds, UV radiation, horizontal and vertical winds,
and planetary boundary layer height. None of the O3 distributions obtained from these
simulations was significantly different from the control run, which could reflect that the
influence of meteorology results from a combination of different parameters. The influ-
ence of long-range transport of anthropogenic emissions from sources outside Europe15

(e.g., North America or Asia) in summer is found to be negligible in the model for the
sites we examined.

4.2 United States

The correlation between observed and modeled 8 h-max O3 is somewhat better at
the US sites (Table 2) in comparison to Europe, but the mean bias is much higher,20

especially at the low percentiles. Similarly to Europe, the correlation is low at most of
the sites at the lower percentiles, indicating performance issues when O3 levels are
strongly influenced by background concentrations. In a recent study, Hogrefe et al.
(2011) find a marked disagreement between observed and simulated O3 trends for
the lower percentiles over the North-Eastern US, which were found to be particularily25

sensitive to the choise of lateral boundary conditions (and thus long-range transport
of pollutants) of their regional model. As reported previously for Europe, the model
represents much better the high percentiles both in terms of interannual variation and
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bias in all investigated sites. We find a decrease in the correlation at the 95th percentile
at the US sites (both in the eastern and the western part: not shown), but we could not
find any reasonable explanation.

Figure 4 shows the 8 h-max O3 trends at the 5th and 95th percentile for both ob-
servations and the model for the CASTNET stations. A clear longitudinal difference is5

evident in the observations. Increasing trends are found at the western mountainous
sites, in contrast to the eastern sites where a strong decrease is seen in most cases.
The model reproduces the contrasted geographical features in the trends, although it
underestimates significantly their magnitude in the western part. Due to the large differ-
ences between these two regions, we discuss separately the western (east of 100◦ W)10

and the eastern (west of 100◦ W) sites.
Almost all the eastern sites (all of them being at low altitudes) show decreasing

trends (significant at the 0.05 level) in the observations at both high and low observed
percentiles. The decrease in the peak O3 concentrations is more pronounced in the
north-eastern part of the region, a power plant dominated NOx source region, where15

emission controls have been succesfully implemented (Kim et al., 2006; Frost et al.,
2006). The model is not able to capture these trends since the trends in the model
emission inventory have been applied all over the US uniformally (see Sect. 2). The
decline in local emissions is responsible for the decreasing O3 trends according to the
model sensitivity simulations (simulation SNAm, Fig. 6). Negligible influence was found20

from sources in Asia or Europe.
In the western part, we found significant (at the 0.05 level) upward trends in the ob-

served 8 h-max O3 concentrations, which is larger at the low percentiles. The model
underestimates significantly these trends (Fig. 4) and finds no significant difference
between the two periods (Fig. 6). Furthermore, we did not find any statistically signifi-25

cant differences between the sensitivity simulations and the control run. Notice that 5
among 6 of the western US sites are in mountain regions (above 1500m a.s.l.) and thus
more sensitive to Asian pollution because of their exposure to the free troposphere. We
further discuss this issue in the following section.
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5 Discussion

We have shown in previous sections that the GEOS-Chem model has difficulty in simu-
lating the trends in O3 concentrations, in particular at the low percentiles and at moun-
tain sites in both Europe and US. These trends probably reflect changes in background
ozone concentrations that are not captured by the model. There are several processes5

that have been suggested to explain this trends, including long-range transport from
Asia (Lin et al., 2000; Fiore et al., 2002; Naja et al., 2003; Jaffe et al., 2003), change
in methane concentrations (Fiore et al., 2009), and changes in stratospheric ozone
(Ordóñez et al., 2007). In the following, we discuss in detail each of these processes
in our model in an attempt to uncover the possible reasons of the model inconsistency10

with the observations.

5.1 Long-range transport from Asia

In summer, the transport from Asia occurs predominatly in warm conveyor belts of mid-
latitude cyclones, deep convection, and in typhoons (Liang et al., 2007). A significant
fraction of the summertime ouflow is also transported westwards to the Middle East15

and may affect Europe (Liu et al., 2003; Auvray and Bey, 2005). Xu et al. (2008) and
Ohara et al. (2008) found increasing O3 trends in all seasons at a background sta-
tion in eastern China and in Japan, respectively, and attributed those to the increase
in Chinese NOx emissions. The only East Asian site in the WDCGG data that meets
our criteria (defined in Sect. 4.1) is Ryori, in Japan, where the observations show up-20

ward trends from 1991 to 2005 in surface 8 h-max O3 summer concentrations at all
percentiles of the distribution (not shown). The model once again underestimates the
observed trends. We find similar results for carbon monoxide concentrations (CO). We
computed CO trends from monthly mean data from WDCGG and the model standard
simulation (S0) (Fig. 7). The model underestimates the annual summer (JJA) trends in25

CO over the same period (1991 to 2005), at several sites over the globe. The model’s
inability to capture the trends in the long-range transport events over the Pacific may
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be related to

a. An underestimate of Asian O3 precursor emission trends. Indeed, it has been
suggested that the REAS emission inventory used in our study for Asia underesti-
mates Asian NOx emissions and trends (Kurokawa et al., 2009; Uno et al., 2007).
More precisely, Uno et al. (2007) compared the NO2 columns from satellite obser-5

vations with the results from the CMAQ regional model fed with the REAS emis-
sion inventory and concluded that REAS most likely underestimates not only the
magnitude over polluted industrial regions in Asia but also the rapid growth of the
Chinese emissions during the period from 1996 to 2002. Kurokawa et al. (2009)
also found that the REAS emissions underestimate the rate of increase in NOx10

emissions in July from 1996 to 2002, when compared with optimized emissions
derived from data assimilation of satellite observations.

b. A change in the Asian outflow and the associated chemical processes during the
studied period that is not captured by the model. Our results show that the lo-
cation or intensity of the Asian O3 transport has not significantly changed over15

the studied period. The fixed meteorology (SMet) simulation shows little influ-
ence in O3 trends at the western US sites (not shown). However, several studies
have indicated that the model has some problems in simulating the chemical pro-
cesses inside the transport plumes. Liang et al. (2007) for example, found that
the GEOS-Chem model captures the timing and location of the Asian plumes, but20

it significantly underestimates the magnitude of observed enhancements in CO,
O3, PAN and NOx, during the INTEX-A campaing (July to August 2004). Zhang
et al. (2008) also find 15 % lower CO over the Pacific (INTEX-B aircraft campain)
in spring for GEOS-Chem, which attribute to an overestimate in hydroxyl radical
(OH) in the model. At this stage, it is unclear to what extent these model biases25

can affect the simulated tropospheric O3 trends.
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5.2 Change in methane concentrations

Methane (CH4), besides being an important greenhouse gas, is also a known major
source of the background tropospheric O3 concentrations. Our model uses annual and
latitudinally prescribed observed CH4 concentrations. When CH4 concentrations are
kept fixed to the 1990 levels, we find negligible contribution of changing CH4 concen-5

trations on the 8 h-max O3 summer trends.

5.3 Changes in stratospheric ozone

Another plausible factor for the increase in the background O3 levels is the
stratosphere-troposphere exchange. There are indications that O3 at mountain tops
in Europe increase due to stratospheric input (Ordóñez et al., 2007; Tarasova et al.,10

2009). Furthermore, the transport of Asian pollution in the upper troposphere over the
Pacific has been shown to be subject to mixing with lower stratospheric air in sum-
mertime (Liang et al., 2007). Hudman et al. (2004) found that the model underesi-
mates the stratospheric contribution to O3 in the middle troposphere in spring 2002
over the Pacific. Moreover, Koumoutsaris et al. (2008) have demonstrated the difficulty15

of the model in representing the interannual variability at several sites in the north-
ern mid-latitudes, that are likely affected by stratospheric chemistry and dynamics.
Stratosphere-troposphere exchange is a major source of O3 in the troposphere and is
expected to play an even more important role in the future, since an increase in the
net transport of O3 in the troposphere is anticipated in future climate scenarios (Collins20

et al., 2003; Sudo et al., 2003; Olsen et al., 2007).

6 Conclusions

In this paper, we compared the simulated long term trends in the daily maximum 8-h
average summertime surface O3 concentrations with observations in several sites in
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Europe and the United States. The observed O3 concentrations are decreasing at the
high end of the probability distribution in the majority of the examined sites in both
regions, related most probably to the decrease in local O3 precursor emissions. The
model overestimates this decrease, which may be related to an overestimated decline
in the local emission inventories. In the model, the decrease in high O3 levels is also5

in part related to changes in the meteorological conditions, without being able however
to dismantle the exact reason.

At the low percentiles, observations show much larger variability in O3 trends even
between nearby sites. However, there is a marked change in the distribution, with the
high (low) end, show decreasing (increasing) O3 concentrations, respectively. The in-10

crease at the low O3 levels is probably related to an increase in the background O3
concentrations, which however is not captured in the model, except to a small extent at
some sites in the western United States. This is a common feauture in most modeling
studies, which show lesser increases in background ozone during the 1990s than ob-
servations suggest, as summarized by Logan et al. (2010). The reason of the difficulty15

of our model to represent the low percentile changes is related to its ability to reproduce
(a) the long range transport events, the associated chemical processes, and possibly
the magnitude of ozone precursor emissions and (b) the stratosphere-troposphere ex-
change.
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Table 1. Simulations performed with the GEOS-Chem model in the present work.

Name Period Configuration

Control simulation
S0 1991–2005 All parameters vary interannually

Sensitivity simulations
SEur 2001–2005 European anthropogenic emissions fixed in 1990
SNam 2001–2005 North American anthropogenic emissions fixed in 1990
SSAs 2001–2005 South Asian anthropogenic emissions fixed in 1990
SEAs 2001–2005 East Asian anthropogenic emissions fixed in 1990
SXEur 2001–2005 North American, East and South Asian anthropogenic emissions fixed in 1990.

and Methane concentrations fixed in 1990.
SMET 2001–2005 Meteorology of 10 years before (i.e. 1991–1995)
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Table 2. Model performance metrics for the daily maximum 8-h average summer O3 concen-
tration at all available sites for 1991–2005 for 5 percentiles. Column a: the three numbers
correspond to the number of sites with correlation coefficient lower or equal to 0.3, between 0.3
and 0.7, and greater than or equal to 0.7, respectively. Column b: The mean bias is calculated
for 5 percentiles for each site and then averaged to display in this table. Results are shown
separately for sites in Europe and US.

Percentile (a) (b)
R ≤0.3, 0.3<R <0.7,R ≥0.7 Mean bias, ppb (%)

Europe – 44 sites

5th 21, 21, 2 −7.3 (−21.2 %)
20th 14, 20, 10 −2.7 (−10.3 %)
50th 4, 27, 13 −0.9 (−4.3 %)
80th 3, 17, 24 1.6 (0.6 %)
95th 2, 17, 25 5.6 (6.5 %)

USA – 38 sites

5th 21, 15, 2 −16.1 (−66.2 %)
20th 5, 13, 20 −15.0 (−36.2 %)
50th 1, 13, 24 −13.9 (−26.9 %)
80th 0, 10, 28 −10.9 (−17.4 %)
95th 4, 25, 9 −2.4 (−2.4 %)
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Fig. 1. Interannual (from 1990 to 2005) anthropogenic emissions of NOx (in black) and CO (in red) imple-

mented in the GEOS-Chem model over four important anthropogenic source regions: North America, South

Asia, Europe, and East Asia.

Fig. 2. Observed interannual (from 1990 to 2005) variation (dotted lines) and linear trends (solid lines) in

several percentile populations of the summertime O3 concentrations for the station of Illmitz, in Austria.

17

Fig. 1. Interannual (from 1990 to 2005) anthropogenic emissions of NOx (in black) and CO (in
red) implemented in the GEOS-Chem model over four important anthropogenic source regions:
North America, South Asia, Europe, and East Asia.
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Fig. 1. Interannual (from 1990 to 2005) anthropogenic emissions of NOx (in black) and CO (in red) imple-

mented in the GEOS-Chem model over four important anthropogenic source regions: North America, South

Asia, Europe, and East Asia.

Fig. 2. Observed interannual (from 1990 to 2005) variation (dotted lines) and linear trends (solid lines) in

several percentile populations of the summertime O3 concentrations for the station of Illmitz, in Austria.
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Fig. 2. Observed interannual (from 1990 to 2005) variation (dotted lines) and linear trends (solid
lines) in several percentile populations of the summertime O3 concentrations for the station of
Illmitz, in Austria.
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Fig. 3. Trends (% year−1) in the 95th (top) and 5th (bottom) percentile of the distribution of the 8-hour

daily maximum summertime O3 concentrations at 44 European stations for the observations (left) and the

model (right). The simulated trends (right panels) are computed using the hourly model O3 values from the

control simulation (”S0”). Circles and squares denote trends at sites above and below 1500m, respectively.

Large symbols denote significant trends at the 0.05 level. Small symbolsdenote trends that are not statistically

significant.

18

Fig. 3. Trends (% year−1) in the 95th (top) and 5th (bottom) percentile of the distribution of the
8-hour daily maximum summertime O3 concentrations at 44 European stations for the obser-
vations (left) and the model (right). The simulated trends (right panels) are computed using the
hourly model O3 values from the control simulation (“S0”). Circles and squares denote trends
at sites above and below 1500 m, respectively. Large symbols denote significant trends at the
0.05 level. Small symbols denote trends that are not statistically significant.
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Fig. 4. Trends (% year−1) in the 95th (top) and 5th (bottom) percentile of the distribution of the 8-hour

daily maximum summertime O3 concentrations at 38 U.S. stations for the observations (left) and the model

(right). Circles and squares denote trends at sites above and below 1500m, respectively. Large symbols denote

significant trends at the 0.05 level. Small symbols denote trends that arenot statistically significant.

19

Fig. 4. Trends ( % year−1) in the 95th (top) and 5th (bottom) percentile of the distribution of the
8-h daily maximum summertime O3 concentrations at 38 US stations for the observations (left)
and the model (right). Circles and squares denote trends at sites above and below 1500 m,
respectively. Large symbols denote significant trends at the 0.05 level. Small symbols denote
trends that are not statistically significant.
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Fig. 5. Cumulative probability distribution of the 8-hour daily maximum summertime (JJA) O3 concentrations

at rural sites in Europe in 1991-1994 (dashed line) and 2001-2005 (solid line). We exclude the anomalous hot

year 2003 and also the sites with titration effects (see section 4.1.1 for details). The statistical significance level

between the two distributions (1991-1994 vs. 2001-2005) is indicated for5 percentiles in the upper left corner

of each panel. The sensitivity simulations ”SEur” (dotted line) and ”SMet” (slash-dot line) are significantly

different from ”S0”.

Table 1. Simulations performed with the GEOS-Chem model in the present work.

Name Period Configuration

Control simulation

S0 1991-2005 All parameters vary interannually

Sensitivity simulations

SEur 2001-2005 European anthropgenic emissions fixed in 1990

SNam 2001-2005 North American anthropgenic emissions fixed in 1990

SSAs 2001-2005 South Asian anthropgenic emissions fixed in 1990

SEAs 2001-2005 East Asian anthropgenic emissions fixed in 1990

SXEur 2001-2005 North American, East and South Asian anthropgenicemissions fixed in 1990.

and Methane concentrations fixed in 1990.

SMET 2001-2005 Meteorology of 10 years before (i.e.1991-1995)

20

Fig. 5. Cumulative probability distribution of the 8-h daily maximum summertime (JJA) O3
concentrations at rural sites in Europe in 1991–1994 (dashed line) and 2001–2005 (solid line).
We exclude the anomalous hot year 2003 and also the sites with titration effects (see Sect. 4.1.1
for details). The statistical significance level between the two distributions (1991–1994 vs.
2001–2005) is indicated for 5 percentiles in the upper left corner of each panel. The sensitivity
simulations “SEur” (dotted line) and “SMet” (slash-dot line) are significantly different from “S0”.
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Fig. 6. Cumulative probability distribution of the 8-hour daily maximum summertime (JJA) O3 concentrations

at rural sites in the U.S. in 1991-1994 (dashed line) and 2001-2005 (solid line). For consistency with Europe,

we exclude the year 2003. Bottom panels: western U.S. sites. Top panels: eastern U.S. sites (see text for

details). Observations and model results are shown in the left and right panels, respectively. The statistical

significance level between the two distributions (1991-1994 vs. 2001-2005) is indicated for 5 percentiles in the

upper left corner of each panel. The sensitivity simulations ”SNAm” (dotted line) is significantly different from

”S0” (period 2001-2005, see also SOM).
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Fig. 6. Cumulative probability distribution of the 8-hour daily maximum summertime (JJA) O3
concentrations at rural sites in the US in 1991–1994 (dashed line) and 2001–2005 (solid line).
For consistency with Europe, we exclude the year 2003. Bottom panels: western US sites.
Top panels: eastern US sites (see text for details). Observations and model results are shown
in the left and right panels, respectively. The statistical significance level between the two
distributions (1991–1994 vs. 2001–2005) is indicated for 5 percentiles in the upper left corner
of each panel. The sensitivity simulation “SNAm” (dotted line) is significantly different from ”S0”
(period 2001–2005, see also SOM).
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Fig. 7. Trends (% year−1) in the summertime CO concentrations at 52 stations from the WDCGG networkfor

the observations (left) and the model (right). Circles and squares denote trends at sites above and below 1500m,

respectively. Large symbols denote significant trends at the 0.05 level. Small symbols denote trends that are

not statistically significant.

Table 2. Model performance metrics for the daily maximum 8-hour average summer O3 concentration at all

available sites for 1991-2005 for 5 percentiles. Column a: the three numbers correspond to the number of

sites with correlation coefficient lower or equal to 0.3, between 0.3 and 0.7, and greater than or equal to 0.7,

respectively. Column b: The mean bias is calculated for 5 percentiles foreach site and then averaged to display

in this table. Results are shown separately for sites in Europe and U.S.

Percentile (a) (b)

R≤0.3, 0.3<R<0.7,R≥0.7 Mean bias, ppb (%)

Europe - 44 sites

5th 21, 21, 2 -7.3 (-21.2%)

20th 14, 20, 10 -2.7 (-10.3%)

50th 4, 27, 13 -0.9 (-4.3%)

80th 3, 17, 24 1.6 (0.6%)

95th 2, 17, 25 5.6 (6.5%)

U.S.A. - 38 sites

5th 21, 15, 2 -16.1 (-66.2%)

20th 5, 13, 20 -15.0 (-36.2%)

50th 1, 13, 24 -13.9 (-26.9%)

80th 0, 10, 28 -10.9 (-17.4%)

95th 4, 25, 9 -2.4 (-2.4%)
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Fig. 7. Trends (% year−1) in the summertime CO concentrations at 52 stations from the WD-
CGG network for the observations (left) and the model (right). Circles and squares denote
trends at sites above and below 1500 m, respectively. Large symbols denote significant trends
at the 0.05 level. Small symbols denote trends that are not statistically significant.
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