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Abstract. Quantifying trends in surface ozone concentra-
tions is critical for assessing pollution control strategies.
Here we use observations and results from a global chem-
ical transport model to examine the trends (1991–2005) in
daily maximum 8-h average concentrations in summertime
surface ozone at rural sites in Europe and the United States
(US). 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 compari-
son with observed ones. The low end of observed distribu-
tion show small upward trends over Europe and the western
US and downward 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 simulations indicate that emis-
sions from far away source regions do not affect significantly
summer ozone trends at both ends of the distribution in both
Europe and US. Possible reasons for discrepancies between
observed and simulated trends are discussed.

1 Introduction

Quantifying surface ozone (O3) concentrations and associ-
ated trends is critical for understanding the processes influ-
encing tropospheric O3 budget and assessing pollution con-
trol strategies (Lin et al., 2000; Vingarzan, 2004). Long-
term trends in tropospheric O3 are however difficult to in-

fer due to their large natural variability and to the scarcity
of long records of reliable ozone measurements (Staehelin
and Weiss, 2001; Oltmans et al., 2006; IPCC, 2007). Even
the sign and magnitude of long-term tropospheric O3 trends
(as well as the causes of these changes) can differ signifi-
cantly between nearby locations (Oltmans et al., 2006; Lo-
gan et al., 2012). Although current trends are not geograph-
ically uniform, recent studies report declining trends in O3
concentrations at urban sites and at sites downwind of ur-
ban centers in North America and Europe (Vingarzan, 2004;
Martien and Harley, 2006; Logan et al., 2012; Wilson et al.,
2012, and references therein). These declines are more evi-
dent at the high end of the ozone probability distribution and
appear to be associated with declining local ozone precur-
sor emissions (Bronnimann et al., 2002; Vingarzan, 2004;
Jonson et al., 2006; Logan et al., 2012). In contrast, in-
creasing trends are often seen for values at the mid and low
end of the distribution and are likely related with increas-
ing trends in background ozone (i.e., ozone not resulting di-
rectly from local emissions) (Lin et al., 2000; Jonson et al.,
2006). The origins of this increase in ozone background are
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 (Lin et al., 2000; Vingarzan, 2004; Jon-
son et al., 2006; Ordóñez et al., 2007; Fiore et al., 2009).

The objectives of this study are to assess the ability of a
state-of-the-art global chemical transport model to reproduce
observed trends in surface ozone and to quantify the con-
tribution of emissions from distant sources over Europe and
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Fig. 01. Interannual (from 1990 to 2005) anthropogenic emissions ofNOx (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.

Fig. 02. Observed interannual (from 1990 to 2005) variation (dottedlines) and linear trends (solid lines) in several percentile populations of
the summertime O3 concentrations for the station of Illmitz, in Austria.

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: Europe, North America, South Asia, and East Asia.

North America. We focus over the summer season when sun-
shine drives O3 levels above air pollution regulations defined
by environmental protection agencies. Even though long-
range transport in the Northern Hemisphere is minimal in
summer, it can influence ground-level O3 limit exceedances
in this season (Fiore et al., 2002; Wang et al., 2009; Hogrefe
et al., 2011). We compare observed and simulated changes in
probability distribution of daily maximum 8-h average sum-
mer O3 concentration for a period from 1991 to 2005. Hourly
observations 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-yr sim-
ulation performed with the global chemistry transport model
GEOS-Chem (Koumoutsaris et al., 2008). A brief description
of the model, emission 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. Re-
sults for Europe and United States (US) are shown in Sect.4
and are further discussed in Sect.5.

2 The GEOS-Chem model

We use the GEOS-Chem model, a global chemical-transport
model driven by assimilated meteorological data from the
Data Assimilation Office NASA Global Modeling and As-
similation Office of NASA (Bey et al., 2001). The work

shown here employed the version v7-03-06 of GEOS-
Chem (http://www.as.harvard.edu/chemistry/trop/geos) that
is driven by the GEOS-4 assimilated meteorological obser-
vations. The GEOS-4 dataset has a temporal resolution of
6 h (3 h for surface variables and mixing depths), a horizon-
tal resolution of 1◦×1.25◦, and 55 layers in the vertical from
the surface up to 0.01hPa. We degrade the horizontal reso-
lution to 2◦

×2.5◦ and 30 layers in the vertical. The model
configuration used in this study is similar to that reported in
Koumoutsaris et al.(2008), except for the O3 precursor emis-
sions which are described below.

2.1 Ozone precursor emissions

Anthropogenic emissions of trace gases are based on an
emission inventory for 1985 described byWang et al.
(1998b), that includes NOx emissions from the Global Emis-
sion Inventory Activity (GEIA) (Benkovitz et al., 1996), non-
methane hydrocarbon (NMHC) emissions fromPiccot et al.
(1992), and CO emissions fromDuncan et al.(2007), scaled
until 1998, as described inBey et al.(2001). We further im-
plemented interannual varying emissions over the most im-
portant anthropogenic source regions. More precisely, we
implemented the European Monitoring and Evaluation Pro-
gram (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 Europe
(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
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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 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 anthropgenic

emissions fixed in 1990 and Methane concentrations fixed in 1990.
SMET 2001–2005 Meteorology of 10 years before (i.e. 1991–1995)
SBB 2001–2005 Climatology

emissions for certain volatile organic compounds (VOCs)
(propene, butane, ethane, methyl-ethyl-ketone and acetalde-
hyde) were also implemented. For the US, we use the Envi-
ronmental Protection Agency (EPA) National Emissions In-
ventory (NEI) 1999 v.1 inventory (NEI99,http://www.epa.
gov/ttn/chief/net/1999inventory.html), with some modifica-
tions as described inHudman 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 uni-
formly all over the US and to all VOCs. Emissions from
Canada and Mexico are not varying after 1998, but they ac-
count together for less than 10 % of the US emissions (Wang
et al., 2009). 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
the Regional Emission Inventory in Asia (REAS) (Ohara
et al., 2007) for NOx, CO and VOCs (propene, propane, bu-
tane, 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 inter-
annual 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◦ N–50◦ N) is shown in Fig.1 (bottom
panels). Anthropogenic emissions strongly increase in East
Asia from 1990 to 2005, especially for NOx (5.8 % per year).
The decrease 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 leads to a smaller CO trend
of 1 % per year. South Asian emissions also increase signif-
icantly during our study period (3.2 % per year for NOx and
1.5 % per year for CO). Ship emissions are accounted in the
model only in the eastern Atlantic and the Indian ocean as
part of the EMEP and REAS inventories, respectively. Re-
cent studies, however, support that the effects of international
shipping over the European continent are rather small (Jon-
son et al., 2006). Finally, we have also implemented a +3 %

annual increment of global NOx aircraft emissions (0.5 Tg N
in 1992) followingIPCC(1999) andEPA(2000) reports.

Soil NOx emissions (∼5.9 Tg N per year) are calculated
according to theYienger and Levy(1995) algorithm with
the canopy reduction factor described inWang et al.(1998a).
Biomass burning emissions are derived from an inventory of
total annual biomass burned described inLobert et al.(1999)
and Duncan et al.(2003). Annual biomass burned is con-
verted to NOx emissions by applying emission factors, pro-
viding a climatological inventory for biomass burning emis-
sions, as described inDuncan et al.(2003). Interannual vari-
ations are further accounted for using the TOMS Aerosol In-
dex product (Torres et al., 1998; Herman et al., 1997; Hsu
et al., 1996) from January 1987 to July 1996 followingDun-
can et al.(2003) and the Advanced Along Track Scanning ra-
diometer (AATSR) active fire dataset (Arino and Melinotte,
1995) from August 1996 to 2005 followingGeneroso et al.
(2003) with slight improvements given inKoumoutsaris et al.
(2008). The global annual biomass burning emissions range
from 5 to 8 Tg N during our study period. Emissions of NOx
from lightning (∼6 Tg N per year) are linked to deep convec-
tion following the parametrization ofPrice and Rind(1992)
with vertical profiles fromPickering et al.(1998) as imple-
mented byWang et al.(1998b).

2.2 Simulations

We first performed a 15-yr control simulation (labelled “S0”)
from January 1991 to December 2005. We then carried out
four sensitivity simulations from 2001 to 2005 with anthro-
pogenic emissions of specific geopolitical regions – includ-
ing Europe (“SEur”), North America (“SNAm”), South Asia
(“SSAs”), and East Asia (“SEAs”) – set to the year 1990 (see
also Table1). An additional sensitivity simulation (“SXEur”)
was performed with anthropogenic emissions over North
America, South and East Asia, and methane concentrations
fixed to the 1990 levels to assess their combined impact
on European ozone levels. The role of changing biomass
burning emissions is examined using a sensitivity simulation
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Table 2. Model performance metrics for the daily maximum 8-h 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 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 – 43 sites

5th 20, 21, 2 −7.2 (−20.7 %)
20th 14, 19, 10 −2.7 (−10.0 %)
50th 4, 27, 12 −0.9 (−4.2 %)
80th 3, 17, 23 1.6 (0.5 %)
95th 2, 17, 24 5.3 (6.2 %)

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 %)

with biomass burning emissions set to climatological val-
ues (“SBB”). Finally, we performed an additional simulation
(“SMet”) using emissions for the 2001–2005 period but me-
teorological fields from 1991–1995 to examine the impact of
changing meteorology.

3 Method

We used hourly O3 data available from the EMEP, WD-
CGG, and CASTNET databases to compute the daily sum-
mer (June-July-August) maximum 8-h average O3 concen-
tration (according to the EPA regulations (EPA, 1998) and
named as “8h-max O3”, hereafter) at several sites over Eu-
rope and the US. We only used the sites with at least 30 days
of data in summer for each year from 1991 to 2005. There
are 43 sites in Europe and 38 sites in the US that meet these
criteria. For each site, we examined the linear trends of sev-
eral percentile populations as shown for example for Illmitz
(Austria) in Fig.2. The location of the sites and the observed
and simulated trends at the 5th and 95th percentile are pre-
sented in Figs.3 and4 for Europe and the US, respectively.

We next computed the cumulative probability distribu-
tion (CPD) of the 8h-max O3 concentrations aggregated over
the ensembles of stations for Europe (Fig.5) and for US
(Fig. 6). We compared the distributions at both observed
and simulated O3 concentrations at the beggining (1991–
1994) and at the end (2001–2005) of the record. We used
5-yr periods in order to reduce the effect of interannual vari-
ability associated with meteorology. However, we excluded
the year 2003 which was particular anomalous (heat wave)
over Europe (Scḧar et al., 2004; Wilson et al., 2012). The
statistical significance of the difference between the two
distributions is determined by comparing the populations

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.

at several percentiles (5th, 10th, 20th, etc.) with the two-
sided Kolmogorov-Smirnov statistic test followingLin et al.
(2000).

4 Observed and simulated ozone trends

4.1 Europe

The ability of the GEOS-Chem model to simulate the inter-
annual variation in O3 concentrations at the northern mid-
latitudes was discussed in a previous study (Koumoutsaris
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Fig. 03. Trends (% year−1) in the 95th (top) and 5th (bottom) percentile of the distribution of the 8-hour dailymaximum summertime O3
concentrations at 43 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 symbols denote trends that are not statistically significant.

Table 03. 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 fixedin 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 anthropgenic emissions fixed in 1990.

and Methane concentrations fixed in 1990.
SMET 2001-2005 Meteorology of 10 years before (i.e.1991-1995)
SBB 2001-2005 Climatology

Fig. 3. Trends ( % yr−1) in the 95th (top) and 5th (bottom) percentile of the distribution of the 8-h daily maximum summertime O3 concen-
trations at 43 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 symbols denote trends that are not statistically significant.

S. Koumoutsaris and I. Bey: summertime ozone trends 15

Fig. 04. Trends (% year−1) in the 95th (top) and 5th (bottom) percentile of the distribution of the 8-hour dailymaximum summertime O3
concentrations at 38 U.S. stations for the observations (left) and the model (right). Circles and squares denote trendsat 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.

Fig. 4. Trends ( % yr−1) in the 95th (top) and 5th (bottom) percentile of the distribution of the 8-h daily maximum summertime O3 concen-
trations at 38 US 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 are not statistically significant.
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Fig. 05. 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 for 5
percentiles in the upper left corner of each panel. The sensitivity simulations ”SEur” (dotted line) and ”SMet” (red line) are significantly
different from ”S0”.

Table 04. 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 tothe 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 U.S.

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

Europe - 43 sites
5th 20, 21, 2 -7.2 (-20.7%)
20th 14, 19, 10 -2.7 (-10.0%)
50th 4, 27, 12 -0.9 (-4.2%)
80th 3, 17, 23 1.6 (0.5%)
95th 2, 17, 24 5.3 (6.2%)

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%)

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” (red line) are significantly different from “S0”.

et al., 2008). It was found that the model is able to capture
some of the large variations (e.g. the 1998–1999 anomaly)
but that it has difficulty in representing the observed inter-
annual variability in O3 at several sites.Koumoutsaris et al.
(2008) argued that this may be related to a poor representa-
tion of stratospheric chemistry and dynamics (among other
factors). The model’s ability to represent surface summer O3
is shown in Table2 which compares simulated and observed
ozone for the period 1991 to 2005 at different percentiles.
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 O3 at the high percentiles, with more than
55 % of the sites showing a correlation larger or equal to 0.7
at the 95th percentile. The fact that the model’s performance
decreases in a majority of sites at the low end of the distri-
bution, where O3 is more inflenced by background concen-
trations, will be further discussed in the following sections.
The mean bias between the model and the observations is
relatively low with best performace at the median concentra-
tions. The model (under-) over-estimate of O3 concentrations
at the (high) low end of the distribution may be partly due
to the relatively coarse model resolution which prevents the
model from capturing 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 (see also tables with
the values at each site in the Appendix). The observed 8h-
max O3 trends in Europe show large variability even between
nearby sites but we find decreasing (increasing) concentra-
tions at the high (low) end of the distribution on a quali-

tative basis. Note that trends were computed for the period
from 1991 to 2005 and that different values could be found if
one considers slightly shorter or longer periods (Logan et al.,
2010).

4.1.1 Low percentiles

Positive trends are found in the observations at several sites
although only a few are statistically significant (Fig.3). The
increase in O3 concentrations at the low end of the dis-
tribution has been suggested to be related to an increase
in background O3 concentrations, especially at high moun-
tain sites, which are considered more representative of back-
ground conditions (Cristofanelli and Bonasoni, 2009). Nev-
ertheless, even between high mountain sites, there are differ-
ences 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 for example that summer convective boundary
layer can reach the altitudes of Jungfraujoch during high-
pressure conditions (resulting in high ozone concentrations
in 2003), which could balance the effect of a decrease in Eu-
ropean precursor emissions.

The aggregated observations over the ensemble of stations
are shown in the left panel of Fig.5. The low tail of the ob-
served CPD shows small but insignificant at the 0.05 level
changes between 1991–1994 and 2001–2005 in the summer
8 h-max O3 levels even though there is a qualitative change
in observed O3 trends between the low and high percentiles.
Note that the change in the CPD is not significant even if we
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consider only the high altitude sites of central Europe (not
shown).

In the northwestern part of Europe (e.g., UK and western
Europe), the model simulates upward trends at most of the
sites (Fig.3). This is also seen in the observations for some
of these sites. In fact,Jenkin(2008) found that many of the
UK sites are affected by local pollution episodes from up-
wind sources even though they are referred to as rural. In ad-
dition, Jenkin(2008) attributed the observed upward trends
in the low O3 percentiles at these sites to reduced titration
by NO (resulting from decreasing NOx emissions). Titra-
tion by NO could be a problem when interpreting long-term
trends at lower ends of O3 probability distribution (Lin et al.,
2000). We thus examined the NO titration effect by com-
puting the ratio between the simulated 8 h-max O3 and the
simulated hourly total reactive nitrogen (NOy = NO + NO2+
NO3 + HNO2 + HNO3) for each station following the results
of Sillman(2002) who reported that locations dominated by
NOx titration have low values of O3/NOy. Such low values
are found during several days in summer in the early 1990s
at most of the northwestern stations of Europe (3 Belgium
sites, 3 northern German sites, and all (9) sites in the United
Kingdom except the ones in Ireland) but do not occur in the
later period of our study (2000–2005) as a result of pollution
control measures and decreasing NOx emissions. We there-
fore excluded these sites when aggregating all observed and
simulated data (Fig.5).

At the remaining sites (e.g., central Europe), the model
has also difficulties in reproducing the observed trends. De-
creasing O3 concentrations are simulated at most of the cen-
tral and northern sites while small but upward trends are ob-
served. Possible reasons for the discrepancies between model
and observations are discussed in Sect.5.

4.1.2 High percentiles

At the high end of the distribution (top panels in Fig.3),
observations show declining 8 h-max O3 concentrations at
most of the sites, although only few of them (8 among 43)
are significant at the 0.05 level. Upward trends are however
seen over some stations in central Europe, e.g. Jungfrau-
joch in Switzerland and Vezin in Germany. The only sta-
tion with statistically significant upward trend is Jungfrau-
joch (0.69± 0.58 ppbv yr−1 at the 95th percentile) which is
located at 3758 m a.s.l. The model, in contrast, shows signif-
icant downward trends at most of the European sites.

Above∼44 ppbv, the observations show lower concentra-
tions in 2001–2005 in comparison to 1991–1995 (Fig.5).
The difference between the two observed distributions is
significant 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 8h-max O3 concen-
trations between the two periods is overestimated by 4–
5 ppbv. Sensitivity model simulations indicate that the sim-
ulated downward trends at the high end of the distribution is

mainly related to the decrease in European emissions during
this period (Fig.5). Meteorology is also found to contribute
significantly to the decrease in surface O3 according to the
modeling results (simulation “SMet”). We performed several
additional sensitivity simulations to examine the influence of
individual parameters, such as temperature, clouds, UV ra-
diation, horizontal and vertical winds, and planetary bound-
ary layer height. None of the O3 distributions obtained from
these simulations was significantly different from the control
run, which suggests that a combination of different parame-
ters (rather than a single one) influences surface O3 concen-
trations.

4.2 United States

The correlation between observed and modeled 8h-max O3
is somewhat better at the US sites (Table2) than at the Eu-
ropean sites but the mean bias is much higher, especially at
the low percentiles. Similarly to Europe, the correlations are
lower at the low percentiles for most of the sites. The model
represents much better the high percentiles both in terms of
interannual variation and bias in all investigated sites, as also
noted for the European sites.

Figure4 compares the observed and simulated 8h-max O3
trends at the 5th and 95th percentile for the CASTNET sta-
tions. A clear longitudinal difference is seen in the observa-
tions with increasing trends at the western mountainous sites
and strong decreasing trends at most of the eastern sites. The
model reproduces the contrasted geographical feature in the
trends although it underestimates significantly their magni-
tude in the western part. Due to the large differences between
these two regions, we discuss separately the eastern (east of
100◦ W) and the western (west of 100◦ W) sites in the fol-
lowing.

4.2.1 Eastern sites

Decreasing trends (significant at the 0.05 level) are observed
at almost all the eastern sites at both high and low per-
centiles. The decrease in peak O3 concentrations is more pro-
nounced in the north-eastern part of the region, a power plant
dominated NOx source region, where emission controls have
been succesfully implemented (Kim et al., 2006; Frost et al.,
2006). The model reproduces the decreasing tends at all per-
centiles although it does not capture these largest ones, pos-
sibly because the trends in emission were applied uniformly
over the US (see Sect.2). According to the model sensitiv-
ity simulations (simulation “SNAm”, Fig.6), the decline in
local emissions is responsible for the decreasing O3 trends
and negligible influence was found from sources in Asia or
Europe.

4.2.2 Western sites

In the western part, we found significant (at the 0.05 level)
upward trends for the observed 8h-max O3 concentrations,
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Fig. 06. 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).

Fig. 07. Trends (% year−1) in the summertime CO concentrations at 52 stations from theWDCGG network for the observations (left) and
the model (right) for the period 1991-2005. 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.

Fig. 6. Cumulative probability distribution of the 8-h 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. Top panels: western sites. Bottom
panels: eastern 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).

with larger values at the low percentiles. The model underes-
timates significantly these trends (Fig.4) with no significant
difference between the two periods (Fig.6). Part of the under-
estimate may originate from local pollution changes that are
not captured in the model. There are some indications that
NOx emissions have increased in urban areas of the west-
ern US in the 1990s (Parrish, 2006) before decreasing in the
2000s (Kim et al., 2009). However, emission trends in the
1990s are highly uncertain and vary considerably depending
on the methods used to make those estimates (Parrish, 2006).
Notice also that 5 among 6 of the western US sites are in
mountain regions (above 1500m asl) and thus more sensitive
to Asian pollution because of their exposure to the free tro-
posphere. It has been also suggested that increased wildfires
in the later period (2000s) may also have contributed to the
observed O3 increase (Jaffe et al., 2008; Jaffe, 2011). We fur-
ther discuss this issue in the following section.

5 Discussion

We have shown in previous sections that the GEOS-Chem
model has difficulties to simulate correctly the trends in O3
concentrations, in particular at the low percentiles and at
mountain sites in both Europe and US. This probably reflects
changes in background ozone concentrations that are not cap-
tured by the model. This appears to be a common feature in
most modeling studies, which show lesser increases in back-
ground ozone during the 1990s than observations suggest, as
also reported byLogan et al.(2010). Several processes have
been suggested to possibly influence background ozone, in-
cluding changes in long-range transport from Asia (Lin et al.,
2000; Fiore et al., 2002; Naja et al., 2003; Jaffe et al., 2003),
methane concentrations (Fiore et al., 2009), and contribution
of stratospheric ozone (Ordóñez et al., 2007) as further dis-
cussed in the following.

5.1 Long-range transport from Asia

In summer, the transport from Asia occurs predominatly
in warm conveyor belts of midlatitude cyclones, deep
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Fig. 07. Trends (% year−1) in the summertime CO concentrations at 52 stations from theWDCGG network for the observations (left) and
the model (right) for the period 1991-2005. 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.

Fig. 7. Trends (% yr−1) in the summertime CO concentrations at 52 stations from the WDCGG network for the observations (left) and the
model (right) for the period 1991–2005. 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.

convection, and in typhoons (Liang et al., 2007). A signif-
icant fraction of the summertime ouflow is also transported
westwards to the Middle East with some possible implica-
tions for 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 station 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 (not shown). The observations
show upward trends from 1991 to 2005 in surface 8 h-max O3
summer concentrations at all percentiles of the distribution.
The model once again underestimates the observed trends.
We found 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
in CO over the same period (1991 to 2005) at several sites
over the globe. The model’s inability to capture the trends in
long-range transport over the Pacific may be related to the
following points:

(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 under-
estimates 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-
vations with the results from the CMAQ regional model
fed with the REAS emission inventory and concluded
that REAS most likely underestimates not only the mag-
nitude 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 NOx emissions in July from 1996 to 2002,

when compared with optimized emissions derived from
data assimilation of satellite observations.

(b) An underestimate of Asian outflow and the associated
chemical processes during transport. Our results show
that the location and intensity of the Asian O3 trans-
port have not significantly changed over the studied pe-
riod. The fixed meteorology (SMet) simulation shows
little influence in O3 trends at the western US sites (not
shown). Although global transport models can repro-
duce the main features associated with long-range trans-
port, several studies have also indicated that they ex-
hibit difficulties in simulating the chemical processes
inside the transport plumes (Kiley et al., 2003; Rastige-
jev et al., 2010). Liang et al.(2007) for example, found
that the GEOS-Chem model captures the timing and lo-
cation of the Asian plumes but significantly underesti-
mates 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 found 15 %
lower CO over the Pacific (INTEX-B aircraft campain)
in spring for GEOS-Chem and attributed this to an over-
estimate in hydroxyl radical (OH) in the model. At that
stage, the extent to which this could affect the model’s
inability to reproduced the observed tropospheric O3
trends remains unclear.

5.2 Change in methane concentrations

Methane (CH4), besides being an important greenhouse gas,
is also a known major source of tropospheric O3. Changes
in CH4 growth rate are not well understood, but could be
related to changes in the sources and/or OH sink (Wueb-
bles and Hayhoe, 2002; Bousquet et al., 2006; Rigby et al.,
2008). Our model uses annual and latitudinally prescribed
observed CH4 concentrations. When CH4 concentrations are
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kept fixed to the 1990 levels, we find negligible contribution
of changing CH4 concentrations on the 8h-max O3 summer
trends.

5.3 Change in biomass burning emissions

It has been suggested that biomass burning can also influence
O3 trends in specific regions (Jaffe et al., 2004; Simmonds
et al., 2005). However, fires in the Northern Hemisphere
are mostly of natural origin (over two thirds are ignited
naturally by lightning) and show a large interannual vari-
ability, which makes their trends difficult to assess (Giglio
et al., 2010). The influence of fires on O3 over Europe is
highly episodic and not well quantified (Logan et al., 2012).
Our model shows negligible influence of biomass burning
emissions in O3 changes between the early 2000s and early
1990s. O3 changes in the western US have been suggested
to be influenced by local fire emissions (Jaffe et al., 2008;
Jaffe, 2011) and from long-range transport of pollution from
Siberian/Canadian fires (Jaffe et al., 2004). Our model in-
dicates only a minor influence (not significant at the 0.05
level) of biomass burning emissions on summer O3 trends
over the western US. The influence is somewhat more im-
portant in the low percentiles of the ozone distribution but
still not significant during our study period. The low effect
of biomass burning emissions in the model may be related to
an underestimate in the model of boreal emission fires (es-
pecially those from large events) and of fire injection height
(Generoso et al., 2007).

5.4 Changes in stratospheric ozone

Another plausible factor for changes in background O3 is re-
lated to changes in 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., 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 summer-
time (Liang et al., 2007).

The Synoz method developed byMcLinden et al.(2000)
as implemented in the GEOS-Chem model reproduces ad-
equately the global-scale flux from the stratosphere to the
troposphere but may underestimate stratospheric influence
in regions of preferential downwelling and may not be ap-
propriate to reproduce year-to-year changes in stratosphere-
troposphere exchange, as also reported inKoumoutsaris
et al. (2008) (especially at several sites in the northern
mid-latitudes).Hudman et al.(2004), for example, reported
that the GEOS-Chem model underestimates the stratospheric
contribution to O3 in the middle troposphere in spring over
the Pacific.

6 Conclusion

In this paper, we compared simulated trends in daily max-
imum 8-h average summertime surface O3 concentrations
with observations in Europe and the US. The observed O3
concentrations are decreasing at the high end of the prob-
ability distribution in the majority of the examined sites in
both regions, which is very likely related to the decrease in
local O3 precursor emissions. The model overestimates this
decrease, which may be related to an overestimated decline
in local emission inventories. In the model, the decrease in
high O3 levels in Europe is also partly related to changes in
a combination of meteorological parameters.

At the low percentiles, observations show larger variabil-
ity in O3 trends even between nearby sites. There is however,
in both regions, a marked change in the probability distri-
bution with the high and low ends showing decreasing and
increasing O3 concentrations, respectively. In particular, in-
creasing trends are found in most of the sites in central Eu-
rope and western US at the low end of the distribution. This
increase is probably related to an increase in the background
O3 concentrations. These increasing trends are not captured
in the model, except to a small extent at some sites in the
western US. The reasons for discrepancies between observed
and simulated ozone trends at low percentiles of the distri-
bution may be related to the model’s ability to reproduce
the magnitude of O3 precursor emissions, the long-range
transport events and the associated chemical processes, and
changes in stratosphere-troposphere exchange. Using finer
model (horizontal and vertical) resolution may contribute to
an improved representation of background O3 in the GEOS-
Chem model through a better representation of stratospheric
and orographic influences (Zhang et al., 2011). However,
several decades of integrations of a global, high-resolution
model still require substantial amount of computer time. An
alternative could be to use regional models which have been
shown in some cases to improve performance in replicating
O3 measurements and trends (Emery et al., 2012; Wilson
et al., 2012). The definition of lateral boundary conditions
(for both long-range and stratospheric O3 transport) remains
however a key element, in particular to reproduce the lower
percentiles of ozone distribution as reported inHogrefe et al.
(2011) andEmery(2012). Future global hindcast simulations
should therefore seek to employ fully coupled stratosphere-
troposphere models, higher vertical and horizontal resolu-
tion, and to include improved regional emission scenarios in
order to simulate accurately ozone trends.
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Appendix A

Table A1. Geographical information together with observed and simulated O3 trend values (in ppb per year) for the 5th and 95th percentiles
for each site studied in Europe.

Station name Station code Longitude Latitude Altitude (m) 5th percentile 95th percentile
Europe – 43 sites Observations Model Observations Model

Illmitz AT02 16.77 47.77 117 0.77± 0.68 −0.43± 0.32 −0.03± 0.92 −1.00± 0.40
Sulzberg AT32 9.92 47.52 1020 0.19± 0.54 0.34± 0.25 −0.17± 0.88 −0.98± 0.56
Sonnblick AT34 12.95 47.05 3106 0.57± 0.59 −0.12± 0.32 0.41± 1.00 −1.08± 0.42
Zillertaler Alpen AT37 11.87 47.13 1970 0.45± 0.45 −0.36± 0.31 0.75± 0.80 −1.18± 0.37
Gerlitzen AT38 13.90 46.68 1895 −0.26± 0.59 −0.45± 0.35 −0.57± 0.93 −0.95± 0.35
Haunsberg AT41 13.00 47.97 730 0.96± 0.45 −0.36± 0.28 −0.11± 0.87 −1.18± 0.39
Heidenreichstein AT42 15.03 48.87 570 1.05± 0.51 −0.34± 0.43 0.05± 0.80 −1.02± 0.41
Forsthof AT43 15.92 48.10 581 0.33± 0.74 −0.38± 0.41 −0.36± 0.88 −0.93± 0.38
Dunkelsteinerwald AT45 15.53 48.37 320 −0.23± 0.72 −0.37± 0.41 −0.86± 1.20 −0.82± 0.37
Gänserndorf AT46 16.72 48.33 161 0.12± 0.60 −0.41± 0.32 −0.57± 0.99 −1.07± 0.50
Stixneusiedl AT47 16.67 48.05 240 −0.32± 0.75 −0.60± 0.32 −0.77± 0.94 −1.15± 0.49
Offagne BE01 5.20 49.87 430 2.21± 0.52 0.53± 0.21 0.20± 1.22 −0.89± 0.79
Eupen BE32 6.00 50.62 295 2.55± 0.38 0.43± 0.24 −0.03± 1.09 −1.00± 0.71
Vezin BE35 4.98 50.50 160 1.53± 0.35 0.9± 0.20 0.19± 1.94 −0.90± 0.78
Payerne CH02 6.93 46.80 489 1.64± 0.54 −0.25± 0.21 0.56± 0.86 −0.71± 0.62
Tänikon CH03 8.90 47.47 539 1.62± 0.41 0.33± 0.25 0.48± 0.76 −0.99± 0.55
Westerland DE01 8.30 54.92 12 1.30± 0.40 0.12± 0.18 −0.01± 0.99 −1.06± 0.73
Schauinsland DE03 7.90 47.90 1205 0.86± 0.36 −0.20± 0.25 0.58± 1.35 −0.91± 0.56
Ueckerm̈unde DE26 14.07 53.75 1 0.50± 0.66 0.20± 0.29 −1.35± 1.22 −1.77± 0.67
Utö FI09 21.37 59.77 7 −0.14± 0.41 0.07± 0.42 −0.78± 0.67 −0.88± 0.39
Virolahti II FI17 27.68 60.52 4 1.0± 0.60 0.06± 0.36 −0.15± 0.81 −0.89± 0.47
Eskdalemuir GB02 −3.20 55.30 243 −1.27± 0.27 0.34± 0.25 −1.86± 1.03 −1.07± 0.54
Lough Navar GB06 −7.87 54.43 126 −0.21± 0.35 0.08± 0.13 −1.90± 1.15 −1.36± 0.68
Yarner Wood GB13 −3.70 50.58 119 0.78± 0.34 0.69± 0.15 −2.19± 1.57 −1.02± 0.85
High Muffles GB14 −0.80 54.33 267 −0.15± 0.27 0.97± 0.22 −1.30± 1.27 −0.64± 0.52
Aston Hill GB31 −3.02 52.50 370 0.07± 0.56 1.15± 0.20 −1.39± 1.65 −0.69± 0.91
Bush GB33 −3.20 55.85 180 0.34± 0.24 0.43± 0.25 −0.51± 0.87 −0.98± 0.52
Glazebury GB34 −2.45 53.45 21 2.37± 0.38 0.71± 0.16 −0.23± 1.36 −0.65± 0.68
Harwell GB36 −1.32 51.57 137 1.11± 0.39 1.05± 0.24 −1.74± 1.67 −0.96± 0.86
Lullington Heath GB38 0.17 50.78 120 0.20± 0.31 0.43± 0.20 −1.28± 1.57 −1.29± 0.94
Sibton GB39 1.45 52.28 46 −0.37± 0.33 0.11± 0.23 −1.08± 1.51 −1.03± 0.94
Mace Head IE31 −9.50 53.17 15 −0.78± 0.36 0.03± 0.19 −1.69± 1.04 −1.40± 0.81
Birkenes NO01 8.25 58.38 190 −0.26± 0.32 −0.16± 0.19 −1.77± 1.03 −1.15± 0.63
Karvatn NO39 8.88 62.78 210 0.19± 0.40 −0.25± 0.21 0.05± 0.93 −0.44± 0.74
Prestebakke NO43 11.53 59.00 160 0.77± 0.45 0.14± 0.28 −0.13± 0.89 −1.01± 0.76
Vavihill SE11 13.15 56.02 175 0.22± 0.35 −0.18± 0.33 −0.90± 0.94 −1.14± 0.72
Aspvreten SE12 17.38 58.80 20 −0.36± 0.48 −0.32± 0.38 −0.46± 0.89 −1.23± 0.64
Norra-Kvill SE32 15.57 57.82 261 −0.35± 0.47 −0.37± 0.33 −1.33± 0.87 −1.41± 0.61
Vindeln SE35 19.77 64.25 225 −0.14± 0.34 −0.48± 0.23 −0.12± 0.60 −0.76± 0.40
Zarodnje SI31 15.00 46.42 770 −0.12± 0.77 −0.17± 0.35 −1.38± 0.94 −0.98± 0.36
Krvavec SI32 14.53 46.28 1740 −0.10± 0.50 −0.31± 0.29 −0.16± 0.62 −0.91± 0.34
Jungfraujoch JFJ 7.98 46.55 3578 1.28± 0.50 −0.48± 0.23 0.69± 0.58 −0.70± 0.61
Waldhof LGB 10.77 52.80 74 0.28± 0.39 0.16± 0.18 −0.93± 1.03 −1.24± 0.64
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Table A2. Geographical information together with observed and simulated O3 trend values (in ppb per year) for the 5th and 95th percentiles
for each site studied in the US.

Station name Station code Longitude Latitude Altitude (m) 5th percentile 95th percentile
United States – 38 sites Observations Model Observations Model

Ambra ALH157 −89.62 38.87 164 −0.83±0.41 −0.67± 0.32 −0.33± 0.57 −0.66± 0.68
Ann Arbor ANA115 −83.90 42.42 267 0.12± 0.59 −0.40± 0.43 −0.07± 0.82 −0.16± 0.68
Arendtsville ARE128 −77.31 39.92 269 0.07± 0.58 −0.39± 0.34 −0.83± 1.21 −0.70± 0.56
Ashland ASH135 −68.41 46.60 235 −0.50± 0.25 0.06± 0.20 −1.11± 0.64 −0.15± 0.40
Beltsville BEL116 −76.82 39.03 46 −1.18± 0.67 −0.71± 0.28 −0.82± 0.95 −0.68± 0.60
Bondville BVL130 −88.37 40.05 212 −0.17± 0.51 −0.60± 0.40 −1.12± 1.08 −0.48± 0.62
Cedar Creek CDR119 −80.85 38.88 234 −1.76± 0.43 −1.13± 0.40 −1.36± 1.05 −0.59± 0.47
Chiricahua NM CHA467 −109.39 32.01 1570 0.93± 0.69 0.46± 0.67 0.36± 0.49 0.60± 0.41
Candor CND125 −79.84 35.26 198 −2.59± 0.80 −1.41± 0.58 −0.51± 1.26 −0.77± 0.38
Centennial CNT169 −106.24 41.36 3178 0.59± 0.45 −0.39± 0.27 0.63± 0.71 0.00± 0.45
Coweeta COW137 −83.43 35.06 686 −1.55± 0.63 −1.09± 0.48 0.03± 0.90 −0.58± 0.47
Connecticut Hill CTH110 −76.65 42.40 501 −0.71± 0.33 −0.28± 0.31 −1.06± 0.79 −0.43± 0.61
Coffeeville CVL151 −89.80 34.00 134 −1.22± 0.36 −0.85± 0.28 −0.48± 1.06 −0.81± 0.47
Deer Creek DCP114 −83.26 39.64 267 −0.50± 0.64 −0.42± 0.42 −0.74± 0.83 −0.37± 0.59
Edgar Evins ESP127 −85.73 36.04 302 −1.67± 0.50 −1.11± 0.44 −1.14± 0.80 −0.60± 0.47
Georgia Station GAS153 −84.41 33.18 270 −1.75± 0.69 −1.02± 0.70 −0.54± 1.70 −0.82± 0.51
Glacier NP GLR468 −114.00 48.51 976 0.97± 0.60 0.20± 0.33 0.78± 0.69 1.59± 0.81
Grand Canyon NP GRC474 −112.18 36.06 2073 1.18± 0.47 −0.01± 0.33 0.81± 0.51 0.08± 0.30
Gothic GTH161 −106.99 38.96 2926 1.15± 0.45 −0.22± 0.26 0.54± 0.40 −0.09± 0.32
Kane Exp. Forest KEF112 −78.77 41.60 622 −1.74± 0.43 −0.36± 0.31 −0.92± 0.65 −0.32± 0.63
Laurel Hill LRL117 −79.25 39.99 615 −1.35± 0.53 −0.33± 0.40 −1.51± 1.22 −0.35± 0.59
Mackville MCK131 −85.05 37.70 353 −1.65± 0.37 −0.85± 0.46 −0.86± 0.91 −0.56± 0.46
M.K. Goddard MKG113 −80.15 41.43 384 −0.48± 0.41 −0.18± 0.29 −1.19± 0.81 −0.23± 0.70
Oxford OXF122 −84.73 39.53 284 −0.82± 0.54 −0.69± 0.51 −0.84± 0.87 −0.47± 0.54
Parsons PAR107 −79.66 39.09 510 −1.49± 0.43 −0.47± 0.48 −0.77± 0.90 −0.39± 0.60
Prince Edward PED108 −78.31 37.17 150 −1.44± 0.52 −1.01± 0.52 −1.21± 0.90 −0.80± 0.45
Pinedale PND165 −109.79 42.93 2388 1.19± 0.62 −0.48± 0.25 0.54± 0.37 −0.01± 0.39
Cranberry PNF126 −82.05 36.11 1219 −1.36± 0.62 −1.20± 0.51 −0.38± 0.89 −0.57± 0.54
Penn State PSU106 −77.93 40.72 378 −0.95± 0.30 −0.57± 0.31 −1.14± 0.86 −0.67± 0.58
Salamonie Reservoir SAL133 −85.66 40.82 250 −0.36± 0.62 −0.69± 0.52 −0.61± 1.26 −0.43± 0.53
Shenandoah NP− Big Mead SHN418 −78.43 38.52 1073 −0.39± 0.69 −1.45± 0.49 −0.61± 0.91 −0.87± 0.40
Speedwell SPD111 −83.83 36.47 361 −0.75± 0.43 −1.09± 0.43 −0.13± 1.24 −0.61± 0.47
Sumatra SUM156 −84.99 30.11 14 −0.75± 0.44 −0.45± 0.39 −0.70± 0.79 −0.55± 0.63
Unionville UVL124 −83.36 43.61 201 −0.73± 0.34 −0.05± 0.38 −0.55± 1.14 −0.26± 0.64
Vincennes VIN140 −87.49 38.74 134 −0.87± 0.48 −0.50± 0.45 −0.95± 0.83 −0.47± 0.53
Horton Station VPI120 −80.56 37.33 920 −1.34± 0.49 −1.13± 0.38 −0.26± 0.92 −0.58± 0.56
Wash. Crossing WSP144 −74.87 40.31 61 −1.31± 0.58 −0.29± 0.58 −1.14± 1.09 −0.91± 0.57
Woodstock WST109 −71.70 43.94 258 −0.36± 0.21 −0.07± 0.29 −1.05± 0.95 −0.68± 0.49
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lin, J., and Pŕevôt, A. S. H.: Surface ozone at the Caucasian
site Kislovodsk High Mountain Station and the Swiss Alpine
site Jungfraujoch: data analysis and trends (1990–2006), At-
mos. Chem. Phys., 9, 4157–4175,doi:10.5194/acp-9-4157-2009,
2009.

Torres, O., Bhartia, P. K., Herman, J. R., Ahmad, Z., and Gleason, J.:
Derivation of aerosol properties from satellite measurements of
backscattered ultraviolet radiation: Theoretical basis, J. Geophys.
Res.-Atmos., 103, 17099–17110, 1998.

Uno, I., He, Y., Ohara, T., Yamaji, K., Kurokawa, J.-I., Katayama,
M., Wang, Z., Noguchi, K., Hayashida, S., Richter, A., and Bur-
rows, J. P.: Systematic analysis of interannual and seasonal varia-
tions of model-simulated tropospheric NO2 in Asia and compar-
ison with GOME-satellite data, Atmos. Chem. Phys., 7, 1671–
1681,doi:10.5194/acp-7-1671-2007, 2007.

Vestreng, V., Rigler, E., Adams, M., Kindbom, K., Pacyna, J. M.,
Denier van der Gon, H., Reis, S., and Travnikov, O.: Inven-
tory review 2006, Emission data reported to LRTAP and NEC
Directive, Stage 1, 2 and 3 review and Evaluation of Invento-
ries of HM and POPs. EMEP/MSC-W Technical Report 1/2006
ISSN 1504-6179, available at:http://www.emep.int/, Tech. rep.,
EMEP/MSC-Wy, 2006.

Vingarzan, R.: A review of surface ozone background levels and
trends, Atmos. Environ., 38, 3431–3442, 2004.

Wang, H., Jacob, D. J., Le Sager, P., Streets, D. G., Park, R. J.,
Gilliland, A. B., and van Donkelaar, A.: Surface ozone back-
ground in the United States: Canadian and Mexican pollution
influences, Atmos. Environ., 43, 1310–1319, 2009.

Wang, Y. H., Jacob, D. J., and Logan, J. A.: Global simulation of
tropospheric O3-NOx-hydrocarbon chemistry – 1. Model formu-
lation, J. Geophys. Res.-Atmos., 103, 10713–10725, 1998a.

Wang, Y. H., Logan, J. A., and Jacob, D. J.: Global simulation of
tropospheric O3-NOx -hydrocarbon chemistry – 2. Model eval-
uation and global ozone budget, J. Geophys. Res.-Atmos., 103,
10727–10755, 1998b.

Wilson, R. C., Fleming, Z. L., Monks, P. S., Clain, G., Henne, S.,
Konovalov, I. B., Szopa, S., and Menut, L.: Have primary emis-
sion reduction measures reduced ozone across Europe? An anal-
ysis of European rural background ozone trends 1996–2005, At-
mos. Chem. Phys., 12, 437–454,doi:10.5194/acp-12-437-2012,
2012.

WMO: WMO WDCGG DATA SUMMARY, WDCGG No.32,
GAW data, Volume IV-Grennhouse gases and Other Atmo-
spheric Gases, Published by Japan Meteorological Agency

www.atmos-chem-phys.net/12/6983/2012/ Atmos. Chem. Phys., 12, 6983–6998, 2012

http://dx.doi.org/10.1029/2010EO130004
http://dx.doi.org/10.5194/acp-7-4419-2007
http://dx.doi.org/10.5194/acp-9-4157-2009
http://dx.doi.org/10.5194/acp-7-1671-2007
http://www.emep.int/
http://dx.doi.org/10.5194/acp-12-437-2012


6998 S. Koumoutsaris and I. Bey: Summertime ozone trends

in co-operation with World Meteorological Organisation,
available at:http://gaw.kishou.go.jp/wdcgg/products/summary/
sum32/sum32contents.html., Tech. rep., World Meteorological
Organization, Geneva, Switzerland, 2008.

Wuebbles, D. J. and Hayhoe, K.: Atmospheric methane and global
change, Earth-Science Reviews, 57, PII S0012–8252(01)00 062–
9, 2002.

Xu, X., Lin, W., Wang, T., Yan, P., Tang, J., Meng, Z., and Wang,
Y.: Long-term trend of surface ozone at a regional background
station in eastern China 1991–2006: enhanced variability, At-
mos. Chem. Phys., 8, 2595–2607,doi:10.5194/acp-8-2595-2008,
2008.

Yienger, J. J. and Levy, H.: Empirical-model of global soil-biogenic
NOx emissions, J. Geophys. Res.-Atmos., 100, 11447–11464,
1995.

Zellweger, C., Ammann, M., Buchmann, B., Hofer, P., Lugauer, M.,
Ruttimann, R., Streit, N., Weingartner, E., and Baltensperger, U.:
Summertime NOy speciation at the Jungfraujoch, 3580 m above
sea level, Switzerland, J. Geophys. Res.-Atmos., 105, 6655–
6667, 2000.

Zhang, L., Jacob, D. J., Boersma, K. F., Jaffe, D. A., Olson, J. R.,
Bowman, K. W., Worden, J. R., Thompson, A. M., Avery, M.
A., Cohen, R. C., Dibb, J. E., Flock, F. M., Fuelberg, H. E.,
Huey, L. G., McMillan, W. W., Singh, H. B., and Weinheimer,
A. J.: Transpacific transport of ozone pollution and the effect of
recent Asian emission increases on air quality in North Amer-
ica: an integrated analysis using satellite, aircraft, ozonesonde,
and surface observations, Atmos. Chem. Phys., 8, 6117–6136,
doi:10.5194/acp-8-6117-2008, 2008.

Zhang, L., Jacob, D. J., Downey, N. V., Wood, D. A., Blewitt, D.,
Carouge, C. C., van Donkelaar, A., Jones, D. B. A., Murray, L. T.,
and Wang, Y.: Improved estimate of the policy-relevant back-
ground ozone in the United States using the GEOS-Chem global
model with 1/2 degrees× 2/3 degrees horizontal resolution over
North America, Atmos. Environ., 45, 6769–6776, 2011.

Atmos. Chem. Phys., 12, 6983–6998, 2012 www.atmos-chem-phys.net/12/6983/2012/

http://gaw.kishou.go.jp/wdcgg/products/summary/sum32/sum32contents.html
http://gaw.kishou.go.jp/wdcgg/products/summary/sum32/sum32contents.html
http://dx.doi.org/10.5194/acp-8-2595-2008
http://dx.doi.org/10.5194/acp-8-6117-2008

