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Abstract. The influence of stratospheric ozone on the in-
terannual variability and trends in tropospheric ozone is
evaluated between 30 and 90◦ N from 1990–2009 using
ozone measurements and a global chemical transport model,
the Community Atmospheric Model with chemistry (CAM-
chem). Long-term measurements from ozonesondes, at 150
and 500 hPa, and the Measurements of OZone and water
vapour by in-service Airbus aircraft programme (MOZAIC),
at 500 hPa, are analyzed over Japan, Canada, the Eastern
US and Northern and Central Europe. The measurements
generally emphasize northern latitudes, although the simu-
lation suggests that measurements over the Canadian, North-
ern and Central European regions are representative of the
large-scale interannual ozone variability from 30 to 90◦ N
at 500 hPa. CAM-chem is run with input meteorology from
the National Center for Environmental Prediction; a tag-
ging methodology is used to identify the stratospheric con-
tribution to tropospheric ozone concentrations. A variant
of the synthetic ozone tracer (synoz) is used to represent
stratospheric ozone. Both the model and measurements in-
dicate that on large spatial scales stratospheric interannual
ozone variability drives significant tropospheric variability
at 500 hPa and the surface. In particular, the simulation and
the measurements suggest large stratospheric influence at
the surface sites of Mace Head (Ireland) and Jungfraujoch
(Switzerland) as well as many 500 hPa measurement loca-
tions. Both the measurements and simulation suggest the
stratosphere has contributed to tropospheric ozone trends.
In many locations between 30–90◦ N 500 hPa ozone signif-
icantly increased from 1990–2000, but has leveled off since
(from 2000–2009). The simulated global ozone budget sug-
gests global stratosphere-troposphere exchange increased in

1998–1999 in association with a global ozone anomaly. Dis-
crepancies between the simulated and measured ozone bud-
get include a large underestimation of measured ozone vari-
ability and discrepancies in long-term stratospheric ozone
trends. This suggests the need for more sophisticated simula-
tions including better representations of stratospheric chem-
istry and circulation.

1 Introduction

Tropospheric ozone is photochemically produced in situ
from ozone precursor emissions or transported from the
stratosphere. Tropospheric ozone impacts air quality and hu-
man health (Bell et al., 2004), atmospheric radiative forc-
ing (Forster and Shine, 1997), and ecosystem productivity
(UNEP, 2006) with resulting impacts on food (Chameides
et al., 1994; Van Dingenen et al., 2009) and climate (Sitch
et al., 2007). It also modifies the “oxidizing capacity” of
the troposphere, impacting the lifetime and radiative forcing
of methane (Fiore et al., 2002). Using conservative ozone-
mortality epidemiologic relationships (Bell et al., 2004),
even one ppbv of ozone, currently approximately 20 % of
the surface ozone attributed to Stratosphere-Troposphere Ex-
change (STE) in the Northern Hemisphere (NH) mid- and
high latitudes (Hess and Lamarque, 2007) may have rel-
atively large consequences on human health (West et al.,
2007).

Early semi-quantitative near-surface ozone measurements
at the end of the 19th century (Volz and Kley, 1988; Marenco
et al., 1994) suggest that ozone has increased 3–4 fold since
the preindustrial period. Model simulations (Forster et al.,
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2007) have been able to qualitatively capture much of this
remarkable ozone increase, an increase driven by the in-
creased emissions of ozone precursors associated with in-
dustrialization. However, an explanation for the interannual
variability and trends in tropospheric ozone over the last
few decades has proven more elusive despite the regula-
tory need to establish clear links between changes in tropo-
spheric ozone and changes in precursor emissions and cli-
mate. Currently, ozone precursor emissions are increasing in
some regions of the globe (e.g., over Asia) while decreas-
ing in other locations (e.g., over Europe and the US) (Cooper
et al., 2010). In the past two decades positive ozone trends
have been found in many N.H. locations both representa-
tive of the free troposphere (Jaffe et al., 2003; Parrish et al.,
2004; Tarasick et al., 2005; Zbinden et al., 2006; Thouret
et al., 2006; Ordõnez et al., 2007; Cooper et al., 2010; Lo-
gan et al., 2012) as well as in the boundary layer with im-
plications for air quality (Jaffe et al., 2003; Parrish et al.,
2004; Simmonds et al., 2004; Carslaw, 2005; Derwent et al.,
2007; Jaffe and Ray, 2007; Parrish et al., 2009; Wilson et
al., 2012). In other locations ozone decreases have been re-
ported (Oltmans et al., 2006; Lelieveld et al., 2004; Wilson
et al., 2012). Over the west coast of the US large positive
ozone trends in the mid-troposphere (0.63± 0.34 ppbv yr−1)

during April–May have been qualitatively associated with in-
creased Asian emissions of ozone, although the magnitude
of the trend is not generally consistent with that expected
from model simulations (Cooper et al., 2010). Over rural Eu-
ropean surface sites ozone trends have been on the average
positive between 1996 and 2005, despite the overall decrease
in European emissions (Wilson et al., 2012). The analysis
by Logan et al. (2012) shows free tropospheric ozone in-
creased over Central Europe throughout most of the 1990s,
but has since decreased in the 2000s, with a significant de-
crease only during the summer months. At Mace Head, a
site on the west coast of Ireland and exposed to incoming
air off the Atlantic, baseline ozone trends filtered for back-
ground air have been large and positive between 1987 and
2003 (0.49± 0.19 ppbv yr−1), although the trends appear to
have leveled off in recent years (Derwent et al., 2007; Sim-
monds et al., 2004; Carslaw, 2005). Trends in emissions have
not been able to qualitatively explain the ozone trends at
Mace Head measurement site (Fiore et al., 2009) nor more
generally within Europe as a whole (Logan et al., 2012).
Zbinden et al. (2006) and Thouret et al. (2006) have ana-
lyzed trends in the tropospheric ozone column and upper tro-
pospheric/lower stratospheric ozone of 1 % yr−1 from Mea-
surements of OZone and water vapour by in-service Airbus
aircraft programme (MOZAIC) during the late 20th and early
21st century. These trends extend over three continents sug-
gesting a common source of variability.

The difficulty in interpreting ozone trends is in part due
to the fact that the ozone variability results from complex
and mutually dependent interactions between meteorology,
ozone photochemistry, and STE. Here we focus on the im-

portance of STE in impacting interannual tropospheric ozone
variability and trends. On local and regional scales previous
work has found vertical correlations between lower strato-
spheric and tropospheric ozone. These correlations suggest
the stratosphere exerts a considerable influence on tropo-
spheric ozone concentrations: Tarasick et al. (2005) found
significant interannual vertical correlations throughout much
of the troposphere and lower stratosphere for the Cana-
dian ozonesonde measurements network; Terao et al. (2008)
found regionally specific vertical stratosphere-troposphere
correlations both in ozonesonde data and in a model sim-
ulation, with the highest correlations during winter-spring;
Thouret et al. (2006) found correlated ozone anomalies in the
lower stratosphere and upper troposphere from MOZAIC;
Ordõnez et al. (2007) found a high correlation between ozone
measured at high alpine sites over Europe and lower strato-
spheric ozone at nearby ozonesonde stations, again with the
largest correlations during the winter-spring period. Hsu and
Prather (2009) show considerable interannual variability in
STE, finding that the root mean square variability (from
2001–2005) is on the order of 10 % of the overall STE. A
number of modeling studies have also noted an association
between El Nino Southern Oscillation (Zeng and Pyle, 2005;
Voulgarakis et al., 2011) and the Arctic Oscillation (Hess and
Lamarque, 2007) with STE.

In a comparison of future ozone predictions in 10 chem-
istry climate models (Stevenson et al., 2006) the net tro-
pospheric ozone response is determined by the balance be-
tween increases in water vapor decreasing the concentration
of ozone and the increase in STE increasing the concentra-
tion of ozone. Climate models almost universally predict an
increase in the exchange of mass from the stratosphere to
troposphere associated with climate warming (Butchart et
al., 2006) with commensurate, although highly uncertain in-
creases in the exchange of ozone between the stratosphere
and troposphere (Stevenson et al., 2006; Zeng and Pyle,
2003; Collins et al., 2003; Shindell et al., 2006; Hegglin and
Shepherd, 2009). Historic transient simulations have also in-
dicated the stratospheric mass flux into the troposphere has
increased during the latter part of the 20th century (Butchart
et al., 2006) suggesting increased STE should already be oc-
curring. Hegglin and Shepherd (2009) suggest that the strato-
spheric flux of ozone has been increasing at a nearly constant
rate in the NH of approximately 2 %/decade since 1970. By
2100, Hegglin and Shepherd (2009) predict this alone will
have increased ozone throughout much of the troposphere by
30 % compared to 1970.

The analysis presented below indicates that on large spa-
tial scales stratospheric interannual ozone variability drives
significant tropospheric ozone variability. We primarily ana-
lyze the NH mid-latitudes and high-latitudes between 1990
and 2009 using analyzed ozone measurements from the
stratosphere and troposphere in conjunction with a model
simulation. We concentrate on ozone changes at 500 hPa,
although we examine the surface record in a few locations.
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Section 2 describes our methodology and includes a descrip-
tion of the measurements and model used in this study. The
data analysis of ozone trends and variability from the lower
stratosphere to the surface is given in Sect. 3. Section 4 ex-
amines the model simulation including an evaluation against
measurements and an analysis of the global and regional
large-scale ozone budgets from 1990–2009. Discussion and
conclusions are given in Sect. 5.

2 Methodology

The measured datasets, their analysis and details on the
model simulations are given in this section.

2.1 Data used and analysis procedure

Measurements from ozonesondes are used to quantify the
trend and variability in ozone from 500–150 hPa between 30
and 90◦ N. MOZAIC (Marenco et al., 1994a) measurements
are analyzed only at 500 hPa as these measurements do not
extend to 150 hPa. MOZAIC data is provided by the ETHER
(CNES/CNRS-INSU) web site (http://www.pole-ether.fr). A
limited number of surface measurements are also analyzed,
although surface measurements are not emphasized in this
paper. Only measurement platforms with relatively frequent,
consistent and long-term measurements were selected for
analysis. In addition we required that the period from 1995
through 2005 be regularly sampled at any particular location.
The datasets used are listed in Table 1 and described in more
detail below.

The ozonesonde data was obtained from the World Ozone
and Ultraviolet Radiation Data Centre (WOUDC). Two types
of ozonesonde are used: the Electrochemical Concentration
Cell (ECC) and the Brewer Mast (BM) bubbler. Both Payerne
and Uccle switched from BM to ECC during the analyzed pe-
riod. A number of studies have addressed how to harmonize
the transition between BM and ECC ozonesonde measure-
ments (see Stübi et al., 2008). We note Stübi et al. (2008)
could not identify a significant discontinuity in ozone during
the switch between ozonesonde types at Payerne; at Uccle
De Backer et al. (1988) find the proper correction method
renders the difference between the two measurement types
insignificant. However, to be safe we elected to rely on only
one of these two techniques for our analysis. At Payerne we
only analyze the record prior to the switch from BM to ECC
sondes in 2002. The ozone record at Uccle is not included
as the ozonesonde switched type in 1997, within the middle
of our base analysis period (1995–2005) and immediately
prior to the large changes in analyzed ozone (see Fig. 3).
Most ozonesonde profiles are modified by a correction factor
(CF) to account for discrepancies between the ozonesonde
measurements and measured total ozone. However, the use
of a correction factor is controversial within the troposphere
(SPARC, 1988). As in Logan (1994, 1999) the CF for each

sonde profile is used to provide a filter for the quality of the
data: to include a particular sounding in our analysis the cor-
rection factor had to be in the range 0.8–1.2 for ECC and KC
sondes and 0.9–1.35 for BM sondes. Sampling frequency for
the ozonesondes was never more than 16 per month over any
particular site. Detailed discussion on ozonesonde measure-
ments is given in SPARC (1988). Seventeen ozonesonde sites
were selected for our data analysis (Table 1).

In addition to the ozonesonde measurements we analyze
three regional clusters of vertical ozone profiles sampled
at 500 hPa during aircraft take-off and landing, measure-
ments taken from the MOZAIC programme. The selection
of MOZAIC measurements was determined so as to include
the most visited regions and to have wide longitudinal cover-
age. Here the clusters combine the time-sorted ozone profiles
over Frankfurt and Munich for the European region (15 712
profiles from August 1994 to December 2008 with between
20 and 164 profiles/month); the Tokyo, Osaka and Nagoya
profiles for the Asian region (3094 profiles from October
1994 to October 2006 with up to 53 profiles/month) and the
New York, Boston and Washington profiles for the North
American region (5052 profiles from August 1994 to August
2007 with up to 78 profiles/month) (Table 1). In most cases
two profiles are taken per day. Clustering of MOZAIC air-
ports, necessary to provide a continuous time-series and ro-
bust sampling frequency, is validated by the similarities in the
seasonal cycle and concentrations between the overall cluster
and the profiles over the individual airports. The MOZAIC
profiles in 2005–2007 are rather infrequent over the Eastern
US (there are 28 months where the sampling rate is less than
16 profiles/month). Over Japan there are 41 months where
the sampling is less than 16 profiles/month. At the surface
we examined ozone measurements at four sites on three dif-
ferent continents (Table 1). The ozone record at these sites
is taken from the WMO Global Atmospheric Watch World
Data Center for Greenhouse Gases and is based on hourly
data.

To analyze the measurements at a particular location we
use the following procedure. (i) The ozone measurements
were binned by month to create a monthly averaged ozone
concentration at each site and for each altitude for the base
period from 1995–2005. This period provides an approxi-
mate five-year buffer on each side of the large measured
ozone increases during 1998–1999. It also coincides with
our record of ozone data from the MOZAIC programme.
(ii) Monthly ozone deviations were calculated at each site
and altitude by subtracting the monthly averaged ozone for a
particular month and year from the multi-year (1995–2005)
monthly average. (iii) Smoothed ozone deviations at each
site and altitude are obtained by taking a running mean of
the monthly deviations at each measurement site. In the fol-
lowing text S12MD (Smoothed 12 Month Deviations) will
refer to the 12 month running mean of monthly ozone devi-
ations. The 12-month running mean is used to highlight de-
viations in annually averaged ozone; the monthly deviations
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Table 1.Measurements included in our analysis.

Region1 Station Platform2 Lon. Lat. Site
elevation

Period3 Validity4 Number of
Observations5

Canada6,7

Alert Ozonesonde 62◦ W 82◦ N NA 1989–2008 150, 500 1072
Churchill Ozonesonde 94◦ W 59◦ N NA 1989–2008 150, 500 862
Edmonton Ozonesonde 114◦ W 54◦ N NA 1990–2008 150, 500 911
Eureka Ozonesonde 85◦ W 80◦ N NA 1992–2008 150, 500 1127
Goose Bay Ozonesonde 60◦ W 53◦ N NA 1989–2008 150, 500 965
Resolute Ozonesonde 95◦ W 75◦ N NA 1989–2008 150, 500 770
Egbert Surface 80◦ W 44◦ N 253 m 1990–2003 Surface 119 309

Japan

Kagoshima Ozonesonde 131◦ E 32◦ N NA 1989–2005 150, 500 599
Sapporo Ozonesonde 141◦ E 43◦ N NA 1989–2008 150, 500 785
Tateno Ozonesonde 140◦ E 36◦ N NA 1989–2008 150, 500 1029
MOZAIC8 Aircraft NA NA NA 1994–2006 500 3094
Ryori Surface 142◦ E 39◦ N 260 m 1990–2008 Surface 158 983

Eastern US6 Wallops Ozonesonde 76◦ W 38◦ N NA 1994–2006 150, 500 832
(USEAST) MOZAIC9 Aircraft NA NA NA 1994-2006 500 5050

Northern Europe6,7 Ny Alesund Ozonesonde 12◦ E 79◦ N NA 1990–2006 150, 500 1713

(NEUROPE) Scoresbysund Ozonesonde 22◦ W 70◦ N NA 1993–2003 150, 500 585
Sodankyla Ozonesonde 26◦ W 67◦ N NA 1989–2006 150, 500 1372

Central Europe7

Debilt Ozonesonde 5◦ E 52◦ N NA 1992–2008 150, 500 860

(CEUROPE)

Hohenpeissenberg Ozonesonde 11◦ E 48◦ N NA 1989–2008 150, 500 2432
Legionowo Ozonesonde 21◦ E 52◦ N NA 1993–2008 150, 500 937
Lindenberg Ozonesonde 14◦ E 52◦ N NA 1992–2008 150, 500 906
Payerne Ozonesonde 8◦ E 47◦ N NA 1989–2002 150, 500 1809
MOZAIC10 Aircraft NA NA NA 1994–2008 500 15 712
Jungfraujoch Surface 8◦ E 47◦ N 3580 m 1989–2008 Surface 163 694
Mace Head11 Surface 10◦ E 53◦ N 10 m 1989–200712 Surface 144 85313

1 The region the measurement is classified into.2 Platform for the selected ozone measurements.3 Beginning and ending date for measurement period included in this study. We
include data from 1989 so as to have a record of annually averaged ozone on 1 January 1990 when we being our analysis.4 Location of analyzed ozone measurements (150 hPa,
500 hPa or at the surface).5 The total number of surface measurements, flights or ozonesondes launched within the period. In some cases a valid measurement was not available
on a particular pressure level.6 Regionally consistent ozone record constructed at 500 hPa for this region.7 Regionally consistent ozone record constructed at 150 hPa for this
region.8 Time sorted MOZAIC ozone profiles over Tokyo, Osaka and Nagoya (JAPAN).9 Time sorted MOZAIC profiles for New York, Boston and Washington (USEAST).
10 Time sorted MOZAIC profiles for Frankfurt and Munich (CEUROPE).11 At the Mace Head site we use both baseline data where the ozone record has been filtered for
incoming air over the Atlantic and the unfiltered data.12 Our record of the baseline Mace Head measurements ended in 2006.13 Number of measurements after 1990. Prior to
1990 only monthly averaged measurement data was available to us.

can be quite noisy. When 3 or more months are missing from
the 12 month running mean, the mean is not computed. Sea-
sonal ozone deviations are also analyzed and are obtained by
smoothing the monthly ozone deviations over 3 or 6 months.

Next we construct regional records of ozone variability
and trends. We combine the records regionally to isolate the
larger-scale interannual variability over a larger geographical
region and to increase the sampling frequency. The sampling
frequency at any one station may be too infrequent to de-
tect ozone trends (Jaffe and Ray, 2007). The simulations dis-
cussed below (Sect. 4) suggest that examining the regional
tropospheric signal is more representative of the impact of
the stratosphere than the signal at any individual measure-
ment site. The regions are selected based on the geographic
location of the measurement sites, coherency of the mea-
surements between the different measurement sites (see Ta-
bles S1 and S2) and the number of measurements. We ex-

amined the ozone signal for five different regions: Canada,
Japan, the Eastern US, and Northern, and Central Europe
(see Table 1). All these regions have at least two indepen-
dent measurement sites. We consider the ozone record to be
regionally consistent when the measurements at the different
sites within the region have a high degree of correlation (see
Tables S1 and S2). In each region we only analyzed the ozone
record during those years for which we could determine the
annually averaged concentration at two or more measure-
ment sites. We excluded the measurement sites at Boulder
and Madrid from our analysis, as an independent long-term
measurement site does not exist in the vicinity these loca-
tions.

More specifically, regional records of ozone variability
were constructed using the following procedure. (i) First, we
normalized the smoothed ozone record at each site within
the region dividing the S12MD record of ozone anomalies
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by its standard deviation. The trend is not removed prior to
normalization. We refer to the normalized S12MD ozone sig-
nal as NS12MD ozone. (ii) Second we constructed a normal-
ized regional ozone record by averaging the resulting nor-
malized records from all the sites within a region. Averaging
the NS12MD records allows us to construct a regional signal
where the variability at each station is given equal weight.
Simply averaging the ozone deviations themselves is likely to
weight the overall regional record towards those stations with
greater average ozone concentrations. Note that the adapted
method may give less weight to those stations with larger
trends.

Regional ozone trends (in ppbv yr−1) cannot be analyzed
using the normalized signal. The regional trends are calcu-
lated over two periods: from 1990–2000, and from 2000–
2009. These periods yield distinctly different trends at many
sites. Within a particular region regional ozone trends are cal-
culated by averaging the trends of the ozone record derived
separately at each measurement site. In the case a site has an
incomplete measurement record, we weight the trends calcu-
lated at that site by the fraction of measured months within
each period. Trends are only calculated for those sites with
data at the beginning and end of the period of interest.

2.2 Chemical transport model

The three-dimension chemistry transport model used in
these simulations is the Community Atmosphere Model with
chemistry (CAM-chem) (see Lamarque et al., 2012), in
which chemistry from the Model of Ozone and Related Trac-
ers version 4 (MOZART-4) (Emmons et al., 2010) has been
imported into the Community Atmosphere Model (Collins
et al., 2006). In these simulations CAM-chem is driven by
the reanalysis meteorology from the National Center for
Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) (Kalnay et al., 1996). Except for
lightning emissions, the tropospheric emissions of all species
in these simulations (including biogenic emissions and soil
NOx) have no interannual variation. The lightning source of
NO is computed internally within the model from the diag-
nosed convective clouds using a parameterization based on
Price and Rind (1992) (see Emmons et al., 2010 for details).
Emissions are largely based on the POET emission inventory
and are reported in Fiore et al. (2009). The methane concen-
tration at the lower boundary is specified with no interannual
variation. The model simulation has been spun up for two
years prior to 1990.

Recently CAM-chem has been thoroughly described
and evaluated (Lamarque et al., 2012) using Modern Era
Retrospective-Analysis for Reasearch (MERRA) and God-
dard Earth Observation System version 5 (GEOS-5) offline
meteorological fields. Depending on the meteorology used
the 500 hPa Northern mid-latitude ozone bias over selected
ozonesonde sites generally ranges between a few ppbv to a
little over 10 ppbv with a seasonal measurement-observation

correlation near 0.9. Results from CAM-chem driven by
NCEP reanalysis fields have been used and evaluated in the
international assessment of source-receptor relationships for
Hemispheric Transport of Air Pollution (HTAP) (Fiore et
al., 2009; UNCEC, 2007; Sanderson et al., 2008; Shindell
et al., 2008; Anenberg et al., 2009; Reidmiller et al., 2009).
In particular Jonson et al. (2010) compared simulated ozone
in CAM-chem against ozonesonde measurements.

The version of CAM-chem used in these simulations has
no explicit representation of stratospheric ozone chemistry
and rather coarse stratospheric resolution. To specify the
stratospheric ozone concentrations we modify the parame-
terization for synoz (synthetic ozone tracer) (McLinden et
al., 2000). As specified in McLinden et al. (2000) synoz is
a passive ozone-like tracer released into the simulated equa-
torial stratospheric ozone production region (70–10 hPa and
30◦ S–30◦ N) at a rate equivalent to the stratospheric to tropo-
spheric flux of ozone; it is destroyed in the lower troposphere
with an e-folding timescale of 2-days. Above the tropopause
the concentration of simulated ozone is set equal to that of
synoz. This ensures the stratosphere to troposphere flux of
ozone and synoz are the same. The synoz parameterization
has been used in the GEOS-chem model (Bey et al., 2001)
as well as in the CAM-chem simulations for HTAP (see ci-
tations above) and the MOZART-2 simulations of the Arctic
Oscillation (AO) (Hess and Lamarque, 2007).

The synoz parameterization corrects for the excessive
STE frequently found when driving models using assimi-
lated wind fields and specified stratospheric ozone fields.
The cross-tropopause flux of synoz is not particularly sen-
sitive to details of the stratospheric circulation. This can be
seen by the following argument. As the stratospheric mean
meridional circulation increases an airmass spends less time
in the region where the synoz source is applied. This im-
plies that as the circulation rate increases the concentration
of synoz within the equatorial source region (approximately
equal to the amount of time that an airmass resides within the
equatorial source region) decreases. Conversely, if the circu-
lation rate decreases the concentration of synoz within the
equatorial source region increases. Thus, since the flux of
synoz transported out of the equatorial source region is pro-
portional to the strength of the mean meridional circulation
times the concentration of synoz, and these two quantities
vary inversely, the flux of synoz is relatively insensitive to
changes in circulation strength. At steady-state, when the loss
of synoz is in balance with its source the cross-tropopause
flux of ozone and synoz are equal to the specified production
rate of synoz (specified to be equivalent to the stratospheric
to tropospheric flux of ozone).

In this paper we have modified the parameterization of
synoz so as to: (i) keep the stratosphere-to-troposphere flux
of ozone roughly constrained, (ii) allow the STE of ozone to
be sensitive to interannual changes in the stratospheric circu-
lation. To do this we specify the concentration of a synoz-like
tracer (instead of its production rate) within the equatorial
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stratospheric ozone production region. We will denote this
tracer as synoz*. Because the concentration of synoz* is
specified (and not its source strength) the flux of synoz* out
of the equatorial source region will be sensitive to changes
in the strength of the mean-meridional circulation. Except
for this change, the methodology used here is the same as
that used in specifying the synoz tracer in its original formu-
lation. In particular, the parameterization used in this paper
was implemented as follows. (1) First we equilibrate the con-
centration of synoz (as specified in McLinden et al., 2000) by
running CAM-chem on the order of 10 yr. In the equilibration
run the source of synoz is set to 500 Tg yr−1. (2) The equili-
brated concentration of synoz (between 30◦ S–30◦ N and 10
and 70 hPa) is saved during a test-year to produce an annual
record of synoz* concentrations in the defined equatorial pro-
duction region. (3) We check that specifying the flux of synoz
or the concentration of synoz* produce the same result dur-
ing the given test year. We also check that the distribution
of synoz* does not drift interannually due to a poor initial-
ization. Details of this latter test can be found in the Sup-
plement (see Fig. S1). Both checks show the implementation
of synoz* is indeed correct. This parameterization only cap-
tures the variation in STE due to variations in circulation, not
due to changes in stratospheric chemistry. The concentration
of synoz* is specified to be the same each year. This has the
advantage of isolating the impact of changes in circulation
on STE. Voulgarakis et al. (2011) finds that the variability
in stratospheric ozone itself is almost negligible in account-
ing for changes in simulated post-El Niño increases of ozone
STE; the changes are almost completely due to changes in
the circulation.

The seasonal cycle of simulated stratospheric ozone at
150 hPa is compared against measurements in Figs. S2–S4
(also see Fig. 5 discussed below). At this altitude the con-
centration of ozone is equal to that of synoz*. As expected
simulated ozone underestimates the measured ozone in the
stratosphere, but by design the consequent STE of ozone is
approximately correct. The amplitude of the simulated sea-
sonal cycle of ozone at 150 hPa also underestimates the mea-
sured seasonal cycle. The simulated maximum ozone con-
centration at 150 hPa tends to occur one to two months after
the measured March–April peak. The timing of the measured
October 150 hPa ozone minimum is better simulated.

The tropospheric ozone distribution is compared against
measurements in the Supplement Figs. S2–S6 (also see Ta-
bles 2 and 3 and Figs. 5–7 discussed below). The simu-
lated ozone slightly overestimates ozone throughout most
of the troposphere (Figs. S5–S6), but significantly overes-
timates ozone at the surface (except over Northern Europe).
This surface bias is common to many global model simu-
lations (Pozzoli et al., 2011; Ellingsen et al., 2008) and is
evident in CAM-chem simulations using a variety of meteo-
rological input fields (Lamarque et al., 2012) and alternative
methodologies for specifying the stratospheric ozone con-
centrations. Vertical profiles of ozone in these simulations

are very similar to those given by Hess and Lamarque (2007)
in the MOZART-2 chemical transport model using the stan-
dard synoz parameterization (see Figs. S5 and S6). In the
latter paper MOZART-2 is shown to simulate the interannual
ozone variability associated with the AO in February–March,
which in many locations is driven by the interannual variabil-
ity in STE. The amplitude of the tropospheric seasonal cycle
in ozone over the Canadian, Northern European and Eastern
US regions is less than observed. While the overall simulated
mid-tropospheric ozone bias is small (Table 2, Figs. S5–S6)
the simulation underestimates the measured ozone concen-
trations during summer and overestimates them during win-
ter. Consistent with the simulation at 150 hPa, the timing
of the simulated 500 hPa ozone maximum is generally one
month to two months too late (two months over the Eastern
US), although the timing of the seasonal ozone mimimum
agrees well with the measurements.

A tagging method is used to tag and track all tropospheric
odd nitrogen as the nitrogen is emitted (including the emis-
sions of NOx from soils and lightning) and subsequently
physically transported and chemically modified (Hess and
Lamarque, 2007; Emmons et al., 2012). Tropospheric pho-
tochemical ozone is defined as that portion of ozone pro-
duced through the tropospheric photochemical reactions in-
volving the tagged nitrogen species. We refer to tropospheric
photochemical ozone as O3NOx . Tropospheric photochemi-
cal ozone (O3NOx) is destroyed in the troposphere through
the simulated photochemistry and in the stratosphere with a
fixed timescale of 10 days. Previous studies (e.g., Dahlmann
et al., 2011; Grewe, 2004; Lelieveld and Dentener, 2000)
have also calculated ozone concentrations through the use
of tagging methodologies. Emmons et al. (2012) shows that
the tagged ozone concentration (O3NOX ) is almost identical
to the untagged ozone concentration (O3) when all tropo-
spheric sources of NOx are tagged and stratospheric sources
of ozone and odd nitrogen are turned off. By tagging tropo-
spheric photochemical ozone we explicitly quantify the por-
tion of ozone in the troposphere that is not due to NOx cat-
alyzed reactions: it is simply the difference between the total
simulated ozone and O3NOx . We refer to the difference be-
tween O3 and O3NOx as stratospheric ozone O3S, although a
small fraction could have originated from tropospheric pho-
tochemical reactions that produce O3 without NOx medi-
ated photochemistry. This method is fully linear, in the sense
that ozone concentration ascribed to individual NOx sources
adds to the total ozone concentration diagnosed from all the
sources (Emmons et al., 2012). This methodology produces
a significantly different and lower tropospheric distribution
of stratospheric ozone (Hess and Lamarque, 2007) than stud-
ies using an ozone tracer set to the mixing ratio of ozone in
the stratosphere and destroyed in the troposphere at the same
rate as ozone (e.g., Roelofs and Lelieveld, 1997; Emmons et
al., 2003). By simply turning off the stratospheric input of
ozone Fusco and Logan (2003) simulated low surface con-
centrations of stratospheric ozone similar to those found in
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both this study and Hess and Lamarque (2007). Hess and
Lamarque (2007) argue that the use of the tagged NOx to
calculate stratospheric ozone offers a number of conceptual
advantages over using a stratospheric ozone tracer.

3 Ozone variability – the observational record from
30–90◦ N

In this section we examine the observed record of ozone vari-
ability from the lower stratosphere to the surface for the se-
lected measurement sites (see Table 1) from 30–90◦ N be-
tween 1990 and 2009.

3.1 Tropospheric ozone record

The normalized smoothed monthly ozone deviations
(NS12MD) at 500 hPa for individual measurement sites
within five different regions (see Table 1) are given in Figs. 1
and 2. Table S1 gives the correlation between the individual
measurement sites. The individual measurement sites over
the Canadian, Northern European, Japanese and Eastern US
regions are generally significantly correlated while the the
individual sites over Central Europe are generally not sig-
nificantly correlated (Table S1). In particular, the correlation
between the individual measurements for the Canadian and
Northern European sites is generally highly significant (Ta-
ble S1). As discussed in more detail below a number of fea-
tures of the measured record are common to all regions.

The measured record over Central Europe (see Fig. 2)
bears somewhat more discussion as the European measure-
ment network is particularly dense, regularly and frequently
sampled and subsequently often used to evaluate model sim-
ulations. The measurements at individual sites within Central
Europe are generally positively correlated, but not signifi-
cantly so (Table S1), and there are comparatively large differ-
ences in the ozone record between the different sites (Fig. 2).
We have included one surface station, the Jungfraujoch, as
a comparison in Fig. 2. While the pressure at Jungfraujoch
site (3580 m) is somewhat higher than 500 hPa, the measure-
ments at Jungfraujoch are highly correlated with the 500 hPa
MOZAIC measurements over Europe (correlation is 0.68).
They are also significantly correlated with the ozonesonde
record over the Northern Europe ozonesonde sites, the
ozonesonde record over the Canadian sites and the MOZAIC
measurements over the US (Table S1). The Jungfraujoch
measurements are not significantly correlated with any of the
Central European ozonesonde measurement stations during
the period 1990–2009. The correlation between the European
ozonesonde sites and the European MOZAIC cluster is gen-
erally low and frequently negative. Discussion of differences
between alpine ozone measurements over Europe, MOZAIC
measurements and ozonesonde measurements can be found
in Jeannet et al. (2007) and Logan et al. (2012). Logan et
al. (2012) shows that the datasets agree after 1998, but have
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Fig. 1.Normalized 12-month running mean of 500 hPa ozone mea-
surement anomalies (NS12MD, see text) for the following regions:
(a) Canada,(b) Japan,(c) US East and(d) Northern Europe. Mea-
surements from each individual ozonesonde site and MOZAIC
(thick red lines) are shown. At each measurement site the monthly
ozone deviation from the 1995–2005 mean is smoothed using a 12
month running mean. The resulting record is then divided by its
standard deviation. Thus ozone is plotted as its standard deviation
from the mean. Over each region the NS12MD records from the
individual sites are averaged (thick black line) when sufficient mea-
surements are available for at least two measurement sites to report
an annually averaged concentration.

substantial disagreements prior to that time. The central Eu-
ropean ozonesonde sites and MOZAIC are all geographically
close: the spatial differences between the measurement sites
are unlikely to explain their differences (Schnadt Poberaj et
al., 2009). Saunois et al. (2012) investigates the impact of
sampling frequency on the ozone record, and includes an
analysis of the MOZAIC record over Frankfurt.

Nevertheless, by simply averaging all the individual
NS12MD ozonesonde and MOZAIC ozone records (Fig. 2)
over Central Europe we find the regionally averaged record
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Fig. 2. As in Fig.1 but for the Central European region at 500 hPa,
with the exception that the surface measurements at Jungfraujoch
(3580 m, approximately 650 hPa) are shown for comparison. The
Jungfraujoch and MOZAIC measurements are marked by thick
lines.

is generally consistent with that found in other regions: there
are ozone minima near 1993, 1997 and 2000, with an ozone
maximum in 1999. An ozone maximum from 1994 into 1996
seems to occur in most of the station records during this pe-
riod. However, while the MOZAIC and Jungfraujoch mea-
surements suggest the amplitude of this maximum is less
than that of the 1998–1999 event, many of the ozonesonde
sites suggest this earlier peak is the stronger of the two (i.e.,
Payerne, Lindenberg, Hohenpeissenberg, De Bilt).

In each of the five regions examined we have constructed
an averaged ozone record from the individual NS12MD
ozone records within that region (Figs. 1–3). We further
average the ozone record over Northern European, Eastern
US and Canadian regional ozone records to produce our
best guess of interannual variations in the large-scale ozone
signal (Fig. 3a). We simply refer to the resulting averaged
record as the average 500 hPa ozone record. We exclude Cen-
tral Europe from this average, as the station records within
this region have limited correlation (Table S1) are not self-
consistent (see Fig. 2). We exclude Japan from this average as
both the simulation and the measurements suggest the ozone
variations over the Japanese stations are not well correlated
with the other measurement sites (see Table S1 and Fig. 3a).
This is perhaps not surprising as the Japanese ozonesondes
are further south than the other regions examined and are im-
pacted by the summertime monsoon (Zbinden et al., 2006)
circulation.

The average 500 hPa ozone record shows a pronounced
ozone peak in 1998–1999, and minima in 2000 and 1993
(Fig. 3a). The record from the individual regions (Fig. 1a)
shows a similar pattern, although the minima over Japan are
not pronounced. Using MOZAIC-derived measurements of
tropospheric ozone column Zbinden et al. (2006) also noted
the 1998–1999 ozone anomaly extended to three continents.
The ozone minimum from 1992–1994 in the average record
is most pronounced over the Canadian stations. Oltmans et
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Fig. 3. Normalized 12-month running mean of regionally averaged
ozone measurement anomalies (NS12MD) for(a) ozonesondes and
MOZAIC measurements at 500 hPa,(b) ozonesonde measurements
at 150 hPa. In each region the records from each measurement site
are analyzed as in Fig. 1 and then averaged. Thick lines indicate the
regions with consistent records (Canada, Northern Europe and Cen-
tral Europe at 150 hPa; Canada, Northern Europe and the Eastern
US at 500 hPa) and the times when at least two concurrent measure-
ments are available within a given region. The thick black line gives
the average ozone over those regions with consistent measurements.
The width of the yellow shaded region gives two standard deviations
of the individual records that comprise the overall averaged signal.

al. (1998) and Fusco and Logan (2003) relate this ozone min-
imum at high latitudes to the impact of Pinatubo.

The average 500 hPa ozone record is constructed from
sites that represent a relatively small fractional area of the
troposphere from 30–90◦ N and has a high latitude bias. The
individual stations comprising this record extend from 38◦ N
(Wallops) to 82◦ N (Alert), and from 114◦ W (Edmonton) to
27◦ E (Sodankyla) (Table 1). The average measured 500 hPa
ozone record explains 39 % of the variance of the regional
500 hPa ozone record over the Eastern US, 45 % of the vari-
ance over Northern Europe and 88 % of the variance over
Canada. To what extent does the constructed average 500 hPa
ozone record represent large-scale variations in 30–90◦ N
ozone? From the analyzed measurements it is impossible to
tell. However, simulated ozone (see Sect. 4) suggests that this
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average record is indeed representative of 30–90◦ N ozone
variations.

3.2 Stratospheric ozone record

The 150 hPa ozone signal averaged over each of the five re-
gions is given in Fig. 3b as analyzed from the ozonesonde
measurements (the MOZAIC measurements do not extend
to 150 hPa). At 150 hPa the Canadian region (six sites), the
Central European region (five sites), and the Northern Eu-
ropean region (three sites) have regionally consistent ozone
records. The six sites in Canada are positively correlated,
with most of the correlations significant at the 95 % level
(Table S2); within the Central European and Northern Eu-
ropean regions most of the sites are also highly correlated
with each other (Table S2). We were not able to isolate a re-
gionally consistent record over the Eastern US at 150 hPa:
only one ozonesonde measurement is available in that re-
gion, precluding us from being able to evaluate the consis-
tency of the record. We were not able to isolate a consis-
tent ozone signal in the lower stratosphere for the Japanese
stations. The correlation amongst the three Japanese sites at
150 hPa is small and insignificant (Table S2), although this is
perhaps not surprising as these sites span a wide latitudinal
range (32–43◦ N). Increasing the altitude of the sampling, or
examining the correlation only during the winter months did
not increase the correlations amongst the Japanese sites.

We construct an average measured 150 hPa ozone signal
by averaging the NS12MD ozone records over regions with
regionally consistent 150 hPa signals: Canada, Central Eu-
rope and Northern Europe (Fig. 3b, solid black line). The
average 150 hPa signal explains between 79 % (Central Eu-
rope) and 86 % (Northern Europe and Canada) of the indi-
vidual regional averages. The regional signal from Canada
and Northern Europe in particular shows a very high degree
of correlation from year to year. The signal from Central Eu-
rope, while showing the same large amplitude variability as
the Canadian and Northern European signals deviates some-
what in the smaller amplitude variability. As with the av-
erage 500 hPa ozone record, the average 150 hPa record is
constructed from measurements that only sample a relatively
small fraction of the lower stratosphere (see Table 1) with a
weight towards the northern latitudes.

The interannual variability in the lower stratospheric
ozone record can be attributed to the interplay be-
tween stratospheric dynamics and photochemistry (Shep-
herd, 2008). With the exception of Japan the long timescale
variability in all regions is similar with ozone concentrations
from 2001–2009 uniformly higher than those prior to 1997.
All regions, even those without regionally consistent records
have an ozone maximum in 1998–1999 timeframe (Fig. 3b).
An analysis of MOZAIC measurements in the upper tropo-
spheric and lower stratospheric over Iceland, the Eastern US
and Europe also clearly indicates a pronounced lower strato-
spheric positive ozone anomaly during 1998–1999 time-
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Fig. 4. Normalized 12-month running mean of the surface ozone
measurement anomalies (NS12MD) at: Mace Head Ireland (10 m);
Egbert Canada (253 m); Ryori, Japan (260 m), and the Jungfraujoch
Switzerland (3580 m). The Mace Head data is shown filtered for
clean air (Derwent et al., 2007). Records from each site are ana-
lyzed as in Fig. 1. The width of the yellow shaded region gives two
standard deviations of the records about their overall mean.

frame (Thouret et al., 2006). The lower stratospheric ozone
minimum at 150 hPa in 1992 and 1993 (Fig. 3b) can be at-
tributed, at least in part, to the Mt. Pinatubo eruption in June
1991 (WMO, 2003) although circulation anomalies may also
have played a role (Hadjinicolaou et al., 1997).

3.3 Surface ozone record

It is outside the scope of this paper to make a thorough evalu-
ation of the impact of the stratosphere on surface sites. How-
ever we have found a number of surface sites that clearly
show the 1998–1999 ozone anomaly (see Fig. 4). It is impor-
tant to stress that many surface sites do not show this major
ozone anomaly, in particular the many surface sites over the
interior western US analyzed by Jaffe and Ray (2007). A list
of the particular surface sites analyzed here is given in Ta-
ble 1. These sites have diverse geographic locations and are
located between sea level and 3580 m. With the exception
of the Egbert site over Southeastern Canada, the correlation
amongst these surface sites tends to be highly significant and
greater than 0.52 (Table S3). We show only one elevated site
over Central Europe, the Jungfraujoch; however, the interan-
nual correlation of ozone measured at all the elevated surface
sites we examined in Central Europe (Jungfraujoch, Payerne,
Rigi and Sonnblick) is highly significant (not shown). The
correlation between each of these sites and Mace Head (at
sea level) is also highly significant, suggesting a common
cause of variance with incoming air over the Atlantic. We
discuss the Mace Head site measurements in more detail in
Sect. 4.1.
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3.4 Correlation between the tropospheric and
stratospheric ozone records

There is a striking similarity between the average measured
ozone records constructed at 150 hPa (i.e., the regional ozone
records averaged over Canada, Central Europe and North-
ern Europe, Fig. 3b) and the average measured ozone record
constructed at 500 hPa (i.e., the regional ozone records av-
eraged over Canada, the Eastern US and Northern Europe).
Both records have ozone minima in 1993, 1997 and 2000
and a maximum in 1999. Both show that after 1999 the
ozone appears to level off. We note, however, that the mea-
sured peaks in 2002 and 2004 in the averaged 150 hPa ozone
record are not echoed in the averaged 500 hPa record; the
peak during 2003 in the averaged 500 hPa ozone record is
evident in the Central European 150 hPa record, but not in
the Canadian or Northern European records. The common
variability between the stratosphere and troposphere appears
to be largely due to the impact of large timescale events: the
relatively low ozone concentrations in 1993, the high con-
centrations in 1998–1999, and the overall increase of ozone
until the late 1990s and the relatively flat record thereafter.
The average 150 hPa ozone record explains 68 % of the av-
erage 500 hPa record. By averaging the 500 hPa ozone sig-
nal amongst different stations we increase the common vari-
ance and minimize the regional impacts, isolating the long-
timescale, large spatial scale processes. When the average
150 hPa record is correlated individually with 500 hPa station
records it explains: between 21 and 51 % of the variance over
the Canadian stations; between 25 and 58 % of the variance
over Northern European stations and between 40 and 54 %
of the variance over the Eastern US. Tarasick et al. (2005),
Thouret et al. (2006), Ordoñez et al. (2007) and Terao et
al. (2008) have previously noted local correlations between
stratospheric and tropospheric ozone.

The ozone evolution at the surface sites has many of the
characteristics noted previously at 500 and 150 hPa: ozone
minima near 1993, an ozone minimum in 1999 and generally
elevated ozone levels after 1999. The average 150 hPa ozone
record explains 43 % of the variance of the ozone record av-
eraged over the four surface stations examined. When the av-
erage 150 hPa signal is correlated with the individual surface
records it explains between 26 % (Ryori) and 54 % (Mace
Head) of the variance. It is important to emphasize that we
have not completed a comprehensive analysis of all surface
sites, we have merely selected a few with a common signal.

4 Simulated interannual ozone variability

First the simulated ozone variability and trends are evalu-
ated against measurements. We next examine the simulated
tropospheric ozone budget from 1990–2008, first examin-
ing the global budget (Sect. 4.2.1), then the 30–90◦ N bud-
get (Sect. 4.2.2). This analysis puts the ozone changes at the
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Fig. 5.Simulated (dotted lines) and measured (solid lines) ozone at
150 hPa (blue) and 500 hPa (red). In all cases a 12 month smooth-
ing is used.(a) Ozone (ppbv) at 150 hPa (left scales) and 500 hPa
(right scales). Left most and right most scales are for the simu-
lation, innermost scales are for the measurments.(b) Normalized
12-month running mean of regionally averaged simulated and mea-
sured ozone measurement anomalies (NS12MD), as analyzed in
Fig. 1 at 150 hPa (left scale) and 500 hPa (right scale).

measurement sites into context. Finally, we analyze the ver-
tical ozone correlations in the simulation and in the measure-
ments (in Sect. 4.3). Discussion is given in Sect. 4.4.

4.1 Model-measurement comparison

We first construct simulated ozone records by sampling the
model at the individual measurement sites. Note that the sim-
ulated record at any site is not sampled on the particular days
the measurements were made, but instead uses monthly aver-
aged ozone concentrations. Simulated trend calculations use
the same monthly sampling at each site as was used to con-
struct the measured trends: months with no valid measure-
ments are also not used in the simulated analysis. Likewise,
the average simulated 500 hPa ozone record is constructed
using the same stations, regions and monthly sampling as
used in the measurements.

We begin this section by illustrating differences between
the normalized (NS12MD) and the un-normalized simu-
lated ozone records. As an example of these differences,
Fig. 5a gives the un-normalized simulated and measured
ozone records averaged over the Canadian stations, Fig. 5b
gives the normalized records (e.g., the NS12MD). Note that
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Table 2.Measured and simulated ozone at 500 hPa or at the surface for the regions or stations defined in Table 1. Results from measurements
are indicated with© and from model with�. Numbers in parenthesis give the statistic for the stratospheric portion of simulated ozone (O3S)

for the mean and standard deviation and the significance of the measurement/model correlation in the last column. Correlations in bold are
significant at the 95 % level. Simulated statistics are given in italics. 12-month smoothed ozone deviations are used to compute the table
statistics as described in the text. The simulation is sampled at measured sites during those months with more than two independent regional
measurements.

Region (at 500 hpa) or Surface Station Measured Simulated Mean
(ppbv)

Standard
Deviation
(ppbv)

Correlation
(significance)

500 hPa

Canada © 54.5 3.1 0.62(99 %)
� 57.7 (23.9) 0.94 (1.2)

Central Europe © 59.1 1.3 0.01 (NS)
� 61.2 (22.3) 0.75 (0.60)

Northern Europe © 58.1 2.6 0.65(97 %)
� 57.9 (21.5) 0.8 (0.76)

Japan © 58.3 2.3 0.25 (NS)
� 62.8 (24.3) 0.89 (0.76)

Eastern US1 © 57.9 2.43 0.72(99 %)
� 62.5 (24.2) 0.82 (0.79)

Average2 © 56.2 2.7 0.70(99 %)
� 58.5 (23.1) 1.3 (1.2)

Surface

Mace Head B.L.3 © 40.0 2.1
All 4

© 34.6 1.4 0.76(99 %)
� 41.6 (4.9) 0.71 (0.51)

Jungfraujoch © 51.3 2.6 0.55(97 %)
� 57.4 (17.5) 0.76 (.73)

Egbert © 29.4 1.5 0.0 (NS)
� 36.8 (1.7) 0.78 (.11)

Ryori © 38.4 1.8 −0.18 (NS)
� 42.2 (4.0) 1.1 (.28)

1 Consistent NS12MD measurements only cover 1995–2005 with significant gaps.2 The average record consists of the ozone record averaged
over the Canadian, Northern European and the Eastern US regions.3 Mace Head filtered baseline ozone;4 Mace Head unfiltered ozone.

at 150 hPa the simulation dramatically underestimates the
measured concentrations: at this height the concentration of
simulated ozone is equal to that of synoz*, where synoz* is
specified to give the approximately correct ozone STE, but
not necessarily the correct ozone concentrations. Neverthe-
less, as discussed in more detail below the 150 hPa interan-
nual variations in synoz* and measured ozone are clearly re-
lated (Sect. 4.3). Simulated ozone has significantly less in-
terannual variability than the measurements at both 150 and
500 hPa. In the troposphere the measured interannual vari-
ability is three times larger than that simulated (Table 2).
Some of this discrepancy could be attributable to the fact that
interannual emission variability (except for lightning NOx) is
not simulated. However, at the surface, Pozzoli et al. (2011)
suggests variability in anthropogenic emissions contributes
only 25 % to the overall ozone variability. The use of synoz*
could also contribute to the discrepancy between simulated

and measured variability as synoz* dramatically underesti-
mates measured ozone at 150 hPa (Fig. 5a).

When we compare simulated and measured NS12MD
ozone (Fig. 5b) the agreement between model and measure-
ments improves considerably at both levels. In the remainder
of this section we give the model-measurement comparisons
in terms of NS12MD. These comparisons better facilitate a
visual comparison between simulated and measured variabil-
ity.

As the model is specifically designed to simulate tropo-
spheric chemistry we focus on the model-measurement com-
parison at 500 hPa and the surface. The model-measurement
comparison at 500 hPa is given in Fig. 6, the surface sites
are compared in Fig. 7. Simulated and measured ozone vari-
ability and concentrations are given in Table 2 with trends
given in Table 3. Additional model evaluation has been dis-
cussed above and can be found in the Supplement (Figs. S2–
S6). Simulated ozone generally overestimates the annually
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Table 3.Measured and simulated annual, winter (DJF) or summer (JJA) ozone trends at 500 hPa or at the surface for the regions or stations
defined in Table 1. Results from measurements are indicated with© and from model with�. Numbers in italics (last row for each station)
give the statistic for the stratospheric portion of simulated ozone (O3S). Trend range is given at the 95 % significance level and in bold
the trends significantly different from zero at the 95 % confidence level. Trends only computed only for time-periods which have at least
2-measurement stations in each region and for stations with measurements at beginning and end of interval.

Region (at 500 hpa) or Surface Station Measured Simulated Trend 1990–2000 (ppbv yr−1) Trend 2000–2009 (ppbv yr−1)
Annual Winter Summer Annual Winter Summer

500 hPa

Canada © 0.58± 0.36 0.80± 0.39 0.38± 0.67 −0.05± 0.27 0.21± 0.49 −0.22± 0.83
�
�

0.26± 0.08
0.21± 0.07

0.24± 0.11
0.11± 0.16

0.36± 0.17
0.38± 0.12

0.03± 0.13
0.12± 0.13

−0.15± 0.24
0.02± 0.17

0.19± 0.15
0.33± 0.18

Central Europe1 © 0.04± 0.56 0.47± 0.60 −0.54± 0.82 0.06± 0.37 0.52± 0.41 −0.25± 0.62
�
�

0.22± 0.09
0.11± 0.05

0.26± 0.15
−0.07± 0.27

0.09± 0.28
0.31± 0.25

0.10± 0.10
0.19± 0.12

0.06± 0.09
0.30± 0.26

0.14± 0.22
−0.01± 0.20

Northern Europe2 © 0.65± 0.45 0.36± 0.69 0.87± 0.89 −0.18± 0.80 0.14± 0.64 −1.21± 0.90
�
�

0.34± 0.15
0.24± 0.10

0.24± 0.18
0.14± 0.22

0.48± 0.28
0.41± 0.20

0.07± 0.26
0.26± 0.22

0.08± 0.43
0.17± 0.47

−0.37± 0.38
−0.06± 0.32

Japan3 © 0.47± 0.40 0.40± 0.56 1.38± 1.50 0.44± 0.50 0.31± 0.89 1.08± 1.17
�
�

0.17± 0.18
0.08± 0.16

0.21± 0.10
0.08± 0.21

0.06± 0.59
0.08± 0.34

0.18± 0.19
0.31± 0.15

−0.04± 0.16
0.17± 0.21

0.41± 0.40
0.47± 0.24

Eastern US4 © 1.60± 1.45 2.11± 2.61 −0.17± 5.91 0.39± 0.50 0.11± 1.11 0.52± 1.53
�
�

0.41± 0.56
0.27± 0.49

0.78± 0.66
0.24± 0.50

1.61± 2.15
1.02± 1.34

0.04± 0.36
-0.10± 0.58

−0.14± 0.54
−0.10± 0.30

0.42± 0.63
0.02± 0.50

Surface

Mace Head5 B.L. © 0.56± 0.36 0.85± 0.28 0.27± 0.39 0.00± 0.32 −0.03± 0.21 0.01± 0.73
All © 0.28± 0.33 0.63± 0.71 −0.01± 0.54 0.33± 0.60 0.17± 0.99 0.38± 1.05

�
�

0.18± 0.13
0.09± 0.09

0.27± 0.46
0.15± 0.35

−0.11± 0.36
0.05± 0.06

0.02± 0.29
−0.02± 0.13

0.13± 0.27
0.04± 0.32

−0.16± 1.05
0.00± 0.10

Jungfraujoch © 0.76± 0.53 1.13± 0.35 0.71± 0.80 −0.13± 0.35 0.04± 0.29 −0.32± 0.83
�
�

0.16± 0.16
0.11± 0.10

0.21± 0.21
−0.07± 0.47

−0.02± 0.44
0.29± 0.28

0.07± 0.17
0.09± 0.10

0.04± 0.12
0.27± 0.42

0.14± 0.35
−0.13± 0.27

Egbert6 © 0.36± 0.30 0.05± 0.35 0.47± 0.67 NA NA NA
�
�

0.07± 0.19
0.02± 0.02

−0.13± 0.38
−0.02± 0.06

0.44± 0.37
0.04± 0.04

NA
NA

NA
NA

NA
NA

Ryori7 © 0.54± 0.43 0.60± 0.34 0.46± 0.60 0.18± 0.51 0.36± 0.39 0.00± 0.83
�
�

0.13± 0.43
0.07± 0.05

0.26± 0.17
0.08± 0.11

−0.08± 0.60
0.02± 0.03

−0.21± 0.27
0.06± 0.12

−0.06± 0.15
0.10± 0.13

−0.69± 1.04
0.03± 0.12

1 Based only on Hohenpeissenberg and Payerne for 1990–2000 and on Hohenpeissenberg, Debilt and Lindenberg for 2000–2009.2 Calculated trends calculated start at 1 January
1991 for the 1990–2000 period; calculated trends end at 1 January 2007 for the 2000–2009 period. Summer and winter trends only calculated through 2006.3 Calculated winter
trend starts in December 2000 for the 2000–2009 winter period.4 Calculated trends start in 1 January 1995 for the 1990–2000 period; calculated trends end in winter 1 January
2006 for the 2000–2009 period. Calculated summer trend begins in 1996 for the 1990–2000 period.5 Calculated trend ends in winter 2007 for the 2000–2009 period because
baseline data not available after that date.6 No data after 2003.7 Calculated summer time trend start in summer of 1991 for the 1990–2000 period.

averaged measurements slightly at 500 hPa (Table 2), a re-
sult of a more substantial overestimate during winter and
underestimate during summer (see Supplement). At the sur-
face sites the simulated ozone overestimate is more substan-
tial (Table 2). The simulated stratospheric ozone ranges from
over 20 ppbv at 500 hPa to approximately 1–4 ppbv at the
lower altitude surface sites, consistent with the results of
Fusco and Logan (2003).

The simulated ozone is significantly correlated with the
measured ozone record in those regions with a regionally
consistent signal at 500 hPa, i.e. Canada, the Eastern US and
Northern Europe (Table 2 and Fig. 6). Simulated NS12MD
ozone tends to be too low near the beginning of the ana-
lyzed record in each of these regions. Nevertheless, the sim-
ulation clearly captures the sharp increase in ozone between
1995 and 1999, the 1998–1999 ozone maximum, and the
flattening of the ozone trend subsequent to 1999. The sim-

ulated ozone maximum in 2001 in the Canadian, the East-
ern US, Northern and Central European regions is weakly
seen in the Canadian measurements, but not in the other re-
gions (Fig. 6); the measured maximum in 2003 over North-
ern Europe and Canada is not particularly well captured in
the simulation. Over Central Europe and over Japan the sim-
ulated and measured ozone are not correlated. As discussed
above the Japanese dataset is strongly impacted by the mon-
soon, likely impacting both the model-measurement correla-
tion as well as the regional trends. Over Central Europe the
measured record is not consistent between the different mea-
surement sites. The discrepancy between the simulation and
the measurements over Central Europe is particularly poor
prior to 1991. Note, however, that prior to 1991 the analyzed
measurement record in Central Europe only consists of two
ozonesonde sites and there is a large discrepancy between the
ozonesonde measurements and those taken at Jungfraujoch
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Fig. 6. Simulated and measured ozone record at 500 hPa for various regions:(a) Canada,(b) US East,(c) Northern Europe,(d) Central Eu-
rope. Ozone is plotted as the normalized 12-month running mean of the simulated and measured ozone measurement anomalies (NS12MD),
as analyzed in Fig. 1. The width of the yellow (blue) shaded region represents two standard deviations of the measured (simulated) ozone
over the sites within each region. The dashed (solid) line gives the mean of the measurements (simulation).

(Fig. 2). Jeannet et al. (2007) points out problems with the
Payerne data in the early 1990s.

The simulation only captures ozone variability due to me-
teorological influences and thus will not capture the chemical
impacts of the Mt. Pinatubo eruption in the stratosphere (see
Fig. 5). The large decrease in the averaged measured ozone
at 500 hPa (Figs. 1–3) during the early 1990s is clearly cor-
related with the decrease in stratospheric ozone ascribed to
Pinatubo (Fusco and Logan, 2003; Oltmans et al., 1998). In
our analysis this decrease is particularly notable in the Cana-
dian measurements (Figs. 1 and 3). The model-measurement
correlation coefficient for the Canadian measurements in-
creases somewhat when the period noticeably impacted by

Mt. Pinatubo (1992–1994) is excluded from the analysis;
however, excluding this period has little impact elsewhere.

The simulation suggests that the 500 hPa ozone record
sampled over the Canadian, Northern European and or East-
ern US measurement sites gives a good representation of the
overall 30–90◦ N record. The simulated 500 hPa record av-
eraged over the Canadian, Northern Europe and the East-
ern US measurement sites explains, respectively, 87 %, 84 %
and 71 % of the simulated area-averaged 30–90◦ N record.
The simulated record averaged over the measurement sites
within all three regions explains 91 % of the area-averaged
ozone 30–90◦ N record. These results suggest that the mea-
sured 500 hPa record averaged over these regions, despite
their restricted geographical range and high latitude bias, is
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representative of widespread ozone variations between 30
and 90◦ N. However, there is a caveat. At 500 hPa the simu-
lation shows good coherency between the NS12MD records
for the Canadian, Eastern US and Northern European regions
with inter-regional correlations ranging from approximately
0.8–0.95; however, the respective correlations in the mea-
sured data are smaller by approximately one half. This dis-
crepancy could be an artifact of the measurements and/or it
may reflect the fact that a substantial portion of regional tro-
pospheric variability is not accounted for in the simulation.
The Japanese 500 hPa record explains only 26 % of the area-
averaged 30–90◦ N record. We conclude the variability over
Japan is not representative of the large-scale variability, again
probably due to the influence of the monsoon.

Model-measurement comparisons at surface sites can be
difficult to interpret, as the model does not simulate hetero-
geneities in local emissions, meteorology and geography. In
particular surface sites may be impacted by local emissions,
emissions that the simulation does not fully resolve due to its
coarse resolution. At the high altitude station of the Jungfrau-
joch we sample the model at the elevation of the site and not
in the simulated surface layer as the model is not able to re-
solve the actual topography. This type of sampling does not
account for the fact that under certain meteorological condi-
tions elevated sites do not measure free-tropospheric air.

At the surface the simulated record is significantly cor-
related with the measured record at Mace Head and at
Jungfraujoch (Fig. 7 and Table 2). At Mace Head, located
on the west coast of Ireland, the measurements are split into
filtered and unfiltered components, where the filtered mea-
surements are those with trajectories from the clean air sec-
tor over the Atlantic Basin (Derwent et al., 2007) (Table 2).
The filtered record is designed to represent the baseline con-
ditions at Mace Head (Derwent et al., 2007). The monthly
averaged model output makes it impossible to filter the simu-
lated record for baseline conditions at Mace Head. The model
output should be compared to the unfiltered record, although
it is noteworthy that the baseline and unfiltered ozone records
at Mace Head are highly correlated.

The measured and simulated ozone at Mace Head are com-
pared in more detail in Fig. S7. The simulation captures the
1999, 2004 ozone peaks and the 2001 and 2005 minima at
Mace Head, but does not capture a number of the details of
the measured record between 1994 and 1997 (Fig. 7). The
measured ozone records at other high altitude measurement
sites over Europe are similar to those at the Jungfraujoch
(Ordõnez et al., 2007) and are not further analyzed here. The
simulated surface ozone record averaged over the four sur-
face stations examined (Table 1) explains 58 % of the simu-
lated area-averaged 30–90◦ N surface ozone record.

Table 3 gives the annual and seasonal ozone trends for the
analyzed 500 hPa regions and the selected surface stations
for the two periods: 1990–2000 and 2000–2009. For a num-
ber of locations we were not able to make a trend estimate
over the entire 10-yr period due to lack of data so that the

trend is only given over a partial interval (see Table 3). Due
primarily to missing data at the beginning or end of the pe-
riod at individual measurement sites, the Central European
1990–2000 trend is only computed with the Payerne and Ho-
henpeissenberg ozonesonde data. Over the Eastern US the
trend analysis is hampered by data availability, as two in-
dependent ozone measurements were only available between
approximately 1995 and mid-2002, and during much of 2005
(see Fig. 1).

The annually measured 1990–2000 trends at both 500 hPa
and the surface are all positive, and are significant except for
Central Europe at 500 hPa and for the unfiltered surface data
at Mace Head. The measured wintertime trends are all pos-
itive and significant at 3 out of the 4 surface stations exam-
ined, but only for 1 out of the 5 analyzed 500 hPa regions.
None of the measured summertime trends are significant.
Again note the substantial inconsistencies in the ozonesonde
data over Europe, particularly prior to 1998 (Logan et al.,
2012). In general, the simulated trends are generally less
than those measured. The simulated 1990–2000 annual trend
is positive for all 500 hPa regions and at the surface. Over
Canada, Central and Northern Europe the simulated 500 hPa
annual trend and wintertime trend are both significant, in
the remaining two regions (Japan and the Eastern US) the
simulated wintertime trend is significant, but not the annual
trend. A detailed analysis of the European alpine and air-
craft data (Logan et al., 2012) supports an increase in ozone
over Central Europe during the 1990s above the boundary
layer, consistent with the model simulation and our analysis
of the measurements at Jungfraujoch (Table 3). The simula-
tion shows significant summertime increases at 500 hPa over
Canada and Northern Europe and at the surface for Egbert.
The measured summertime trends over these regions are pos-
itive, but not significant. For the second period examined,
2000–2009, no significant ozone trends are measured either
annually or seasonally. The simulation is generally consis-
tent with this. The only significant simulated trends are the
annual trend over Central Europe (which is marginally sig-
nificant) and the summertime trend over Japan.

The simulated trends and variability in the tropospheric
ozone are mostly explained by the trend and variability in
the stratospheric portion of the ozone. The variability in O3S
accounts for well over 50 % of the total variability for each of
the 500 hPa regions (Table 2), as well as at Jungfraujoch and
at Mace Head. The average 500 hPa simulated O3S record
(i.e., the O3S record averaged over the Canadian, Eastern US
and Northern European regions) explains 79 % of the average
measured 500 hPa variability. The simulated annual trends in
stratospheric ozone at the surface also explain 50 % or more
of the annual simulated ozone increases (except at Egbert).
Seasonal stratospheric trends are significant in summer in a
number of regions and significant in winter for the 2000–
2009 Central European measurements (Table 3).

The ozone record at Mace Head has been discussed in
detail in the literature and is often cited as evidence that
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“background” ozone trends are increasing (Parrish et al.,
2009). The increasing surface ozone trends at Mace Head Ire-
land (Simmonds et al., 2004; Carslaw, 2005; Derwent et al.,
2007) have been difficult to explain as this site is far removed
from Asia, with its large increases in emissions. Calculations
and simulations (Lamarque et al., 2010; Fiore et al., 2009)
suggest global emission changes are not sufficient to explain
the measured trends at Mace Head. The fact that ozone at
Mace Head has leveled off in recent years (Derwent et al.,
2007; Simmonds et al., 2004; Carslaw, 2005; Table 3) is also
not consistent with the continued increasing trend in Asian
emissions after 2000. In a complementary simulation (see
Brownsteiner and Hess, 2011) 6 Tg N of NOx emitted from
East Asia contributes to 1.3 ppbv ozone at Mace Head. If
Chinese emissions of NOx increased by 50 % between 1990
and 2000 with emissions in 1990 of 7.0 Tg N yr−1 (Klimont
et al., 2009), the resulting linear sensitivity gives a resulting
ozone increase of approximately 0.075 ppbv yr−1 at Mace
Head. This is much less than the actual increase (Table 3).
Consistent with the analysis of Fiore et al. (2009) our cal-
culations suggest emission changes alone cannot explain the
measured ozone increase at Mace Head.

The measured Mace Head ozone record is also highly
correlated with ozone measured at the Jungfraujoch (cor-
relation of 0.83, see Supplement Table S3). Ordoñez et
al. (2007) shows large and positive correlations between
ozone anomalies at the elevated surface sites of Jungfrau-
joch and Zugspitze and stratospheric ozone anomalies during
winter and spring, suggesting that stratospheric ozone varia-
tions are responsible for the observed positive winter-spring
ozone trends. The measurement analysis and model simula-
tion presented here strongly suggests that the stratosphere is
also a strong source of variability at Mace Head. The corre-
lation between the average measured 150 hPa ozone record
(Fig. 3b) and the measured baseline ozone, measured un-
filtered ozone and simulated surface ozone at Mace Head
are 0.73, 0.63 and 0.52, respectively. The simulated corre-
lation between O3 and O3S at Mace Head is 0.58. Each of
these correlations is significant at greater than 98 %, using
a 2-sided Student’s t-test. The ozone change at Mace Head
can be equally well fit by assuming a linear trend over the
entire period 1990–2009 or by assuming an ozone jump be-
tween 1997 and 1999, with low ozone values prior to this
time and higher values subsequently. Ozone concentrations
in the baseline measurement record, the unfiltered measure-
ment record and model simulation are on average 4.1, 1.9 and
1.0 ppbv higher respectively subsequent to 1999 than prior to
1997 (see Fig. S7). Eighty percent of the simulated jump in
ozone between the period prior to 1997 and subsequent to
1999 is due to increases in the stratospheric component of
ozone. The simulated ozone trend at Mace Head between
1990 and 2000 is 0.18 ppbv yr−1 (Table 2), with 50 % of
the trend due to increases in the stratospheric component of
ozone. Both the trend in O3 and O3S are significant.

4.2 Tropospheric ozone budget

4.2.1 Global ozone budget

Here we analyze the changes in the global tropospheric
burden of ozone, its component produced through NOx
catalyzed tropospheric chemistry (O3NOx), its stratospheric
component (O3S) and synoz* using monthly averaged model
output fields from 1990–2009. Synoz* is representative of
stratospheric ozone transported into the troposphere with-
out chemical change, although it is rapidly destroyed in the
boundary layer. We define the monthly tropopause height
as the first level (from the model top) where the difference
between the monthly averaged concentrations of ozone and
synoz* is greater than 2 ppbv. We find that a difference of
2 ppbv results in a well-defined and reasonable tropopause
height in almost all locations, except near the South Pole
where a tighter criterion is occasionally necessary. Above the
defined tropopause height ozone and synoz* are always equal
and there is little tropospheric influence.

Variations in tropopause height (area averaged), tropo-
spheric water vapor and lightning NO emissions clearly im-
pact tropospheric ozone. Pronounced interannual changes
from 1990 through 2008 are simulated in all these quanti-
ties (Fig. 8). The simulated global area-weighted tropopause
pressure generally decreases, with more pronounced de-
creases beginning in approximately 1997 and 2005. Mea-
surements of the tropopause pressure suggest a long-term
decrease of approximately−1.7± 0.6 hPa/decade (Seidel
and Randel, 2006). Randel et al. (2000) shows that the
NCEP reanalysis data captures the interannual variability of
tropopause height reasonably well from 1979–1997. Sim-
ulated lightning NO emissions increase from 1990–2008.
Interestingly, the emissions increase abruptly following the
pronounced decreases in tropopause pressure (1996–1997
and 2004–2005). Pozzoli et al. (2011) also finds large in-
terannual variability and trends in lightning NO emissions,
although in contrast to our simulation they find lightning
NO emissions decrease between 1990 and 2005. El Niño
Southern Oscillation (ENSO) is an important determinate of
the tropospheric water vapor column with a particularly pro-
nounced impact during the 1997–1998 El Niño (Trenberth et
al., 2005). An associated water vapor peak is clearly visible
in Fig. 8. The 1991 water vapor peak might be associated
with the 1991–1992 El Niño.

Differences in the tropospheric burden of O3 (solid black),
O3S (dotted black), O3NOx (blue) and synoz* (green) from
their 1990 annually averaged burden (354 Tg, 190 Tg, 164 Tg
and 253 Tg, respectively) are given in Fig. 9a. In 1999 the
global burdens of O3 and O3S are approximately 7 and 13 %
higher than they were in 1990. The burden of O3NOx de-
creases starting in 2000 resulting in a net decrease over
the course of the simulation. The timeseries of O3, O3S
and synoz* are highly correlated. All three tracers clearly
show the 1998–1999 ozone anomaly, which this simulation
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Fig. 7.As in Fig. 6 but for ozone at various surface sites:(a) Mace Head measurements (unfiltered),(b) Egbert,(c) Ryori, (d) Jungfraujoch.
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Fig. 8. Simulated 12-month running mean of global lightning NO
emissions (Tg N yr−1; Green); area weighted tropopause height
(hPa; Black) and tropospheric water vapor burden (Tg H2O; Blue).

suggests, is global in nature. The tropospheric burden of O3,
O3S and synoz* are larger after 1998 than before 1998, al-
though synoz* returns to near its 1990 value at the end of
the simulation. However, whereas synoz* shows little over-
all trend after 2004, O3 and O3S increase. Differences in the
variability and burden of synoz* and O3S are due to differ-
ences in their transport and loss: whereas the flux of O3S and
synoz* from the stratosphere to the troposphere will be the
same, the flux from the troposphere to the stratosphere is
likely to differ between these species; in addition, whereas
O3S is subject to a spatially and temporally varying chemi-
cal sink, synoz* is rapidly destroyed in the lowermost tropo-
sphere with a fixed timescale.

The change in the tropospheric ozone burden is equal to
the sum of the changes due to tropospheric chemistry, surface
deposition and STE. We compute the STE indirectly from the

Atmos. Chem. Phys., 13, 649–674, 2013 www.atmos-chem-phys.net/13/649/2013/
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Fig. 9. (a) 12-month smoothed change (Tg) in the global tropo-
spheric the burden of O3 (black, left scale), O3S (black dotted,
right scale), O3NOx (blue, right scale) and synoz* (green, left scale
on right-hand side) from 1990–2008. The change is plotted with
respect to the 1990 annual mean burden.(b) 12-month smoothed
change (Tg yr−1) for tropospheric O3 (solid lines) and O3S(dotted
lines) burdens due to STE (blue), net chemistry (red) and surface
deposition (green). The change is plotted with respect to the 1990
annual mean tendency.

sum of the other budget terms. The use of monthly averaged
fields does induce some error in this calculation, however. In
particular, we do not explicitly calculate the impact of setting
O3 to synoz* and the impact of relaxing O3NOx to zero. These
terms are only non-zero above the instantaneous tropopause;
however, they impact the monthly average budget calculation
when the instantaneous tropopause dips below the monthly
average tropopause. Since they are not explicitly calculated
the effect of these terms will be lumped into the calculated
STE, which is calculated as a residual. Our analysis suggests
these terms are small.

For the year centered about 31 January 1990 the net tropo-
spheric chemical production of ozone is 386.2 Tg yr−1 and
the surface deposition is 826.5 Tg yr−1. The estimated gross
ozone production and loss are 4630 and 3959 Tg yr−1, re-
spectively. The simulated STE assuming steady-state con-
ditions is 440.4 Tg yr−1, about 10 % of the gross chemi-
cal production. The ozone budget is generally consistent
with Stevenson et al. (2006). Using a similar calculation for
O3S, the surface deposition of O3S is 112.5 Tg yr−1, its net
chemical loss is 369.7 Tg yr−1 and the stratospheric input is
482.2 Tg yr−1. The net STE of O3 and O3S are within 10 %,
although the net flux of O3S is somewhat larger. This is as
expected: the stratosphere to troposphere flux of O3 and O3S

should be approximately the same, while the troposphere to
stratosphere flux of O3 should be greater than that of O3S
(ozone is greater than O3S in the troposphere). Note that
while the net STE of O3 and O3S are remarkably similar the
budgets of the two are quite different. Net chemistry acts to
increase tropospheric O3 while it decreases O3S and the sur-
face deposition of O3 is much large than that of O3S (its sur-
face concentration is much larger). In 1990 the annual net
chemical production of O3NOx is 756 Tg yr−1, 714 Tg yr−1 is
lost by surface deposition and the remainder (42 Tg yr−1) is
lost through transport to the stratosphere. The net chemical
production of O3NOx is larger than for O3 as it does not in-
clude the chemical loss of the stratospheric component of O3.
Changes in the O3NOx burden are primarily determined by
changes in its chemistry and surface deposition with neither
term clearly dominant (not shown). There is also no simple
relationship between changes in lightning NO emissions and
global O3NOx changes.

The change in net STE (blue lines), net chemistry (red)
and surface deposition (green) compared to 1990 is given
in Fig. 9b for both O3 (solid lines) and O3S (dotted lines).
In any particular year the changes in these terms are small
compared to their overall magnitude. The STE increases in
1997 and remains elevated thereafter compared to pre-1997
levels. The change in the STE of O3 and O3S are almost in-
distinguishable from 1990–2008. Changes in the burden of
O3, O3S and synoz* generally correlate with the changes in
STE. In particular the global 1998–1999 ozone anomaly can
be ascribed to changes in STE. Voulgarakis et al. (2011) also
ascribes the 1998–1999 ozone anomaly to changes in strato-
spheric ozone flux while Koumoutsaris et al. (2008) traces
the more regional ozone anomaly over Europe to both anthro-
pogenic and stratospheric ozone perturbations. It is important
to note that changes in STE do not explain the increase in O3
and O3S after 2004. The STE decreases somewhat after 2004
while the concentrations of O3 and O3S increase (Fig. 9).
The simulated burden of synoz* reflects the variability in the
STE. Beginning in 2004 changes in the overall tropospheric
chemistry of ozone and O3S result in an increase in their bur-
den not reflected in the burden of synoz*. The annual aver-
aged lifetime of ozone increases from 27 days at the end of
2004 to 27.7 days in the middle of 2008, the corresponding
lifetime of O3NOx changes from 19.1 to 19.5 days

Changes in net tropospheric chemistry are anti-correlated
with changes in STE on an annual basis and largely com-
pensate for it. Changes in surface deposition also oppose the
changes in the STE of O3 and O3S, although there is no clear
anticorrelattion on an annual basis between the two terms.
The interannual changes in tropospheric chemistry also im-
pact O3NOx so it might also be expected that O3NOx would
be anticorrelated with O3S. This is not the case on annual
timescales, although on long timescales O3NOx decreases as
O3 and O3S increase (Fig. 9a).
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Fig. 10. As in Fig. 9, but for the region from 30–90◦ N with the
exception in (b) that the blue line gives total transport into the 30–
90◦ N from the stratosphere and across the 30◦ N lateral boundary.

4.2.2 Regional ozone budget: 30–90◦ N

We repeat the above analysis for the region from 30–90◦. The
changes in water vapor, lightning NO and tropopause height
in this region are generally similar to the global changes:
lightning NO increases throughout the period, the tropopause
pressure decreases and water vapor peaks during many of
the same years as global water vapor. Differences in the 30–
90◦ N tropospheric burden of O3 (black), O3S (dotted black),
O3NOx (blue) and synoz* (green) from their 1990 annually
averaged value (103, 46, 57, and 65 Tg, respectively) are
given in Fig. 10a. The variability of the O3 and O3S bur-
dens between 30–90◦ N are generally similar to their glob-
ally averaged tropospheric burden with maxima and minima
during approximately the same years. As in the global calcu-
lation, O3S and O3 are correlated and are greater after 1998
than prior to that date. The correlation between O3S and O3,
however, is not as good as in the global calculation. O3NOx

generally increases until 1999 and then decreases; by the end
of the period it is not obviously higher than near the begin-
ning. Variations in O3NOx obviously contribute to some of
the O3 variability (e.g., during the years 1993–1994, 1995–
1996 and 2002–2003). While the year-to-year fluctuations in
synoz* are correlated with those of O3S and O3, in contrast
to those species synoz* decreases after 1999. At the end of
the simulated period synoz* is less than at the beginning.

We calculate changes in the flux of O3S and O3 into the
30–90◦ N tropospheric column as a residual from their calcu-
lated chemical tendency, deposition and ozone burden. How-

ever we can no longer ascribe this flux solely to STE; trans-
port across the lateral boundary at 30◦ N is also important.
At the beginning of the analyzed time period (1990) the 30–
90◦ N chemical production of O3NOx is 388 Tg yr−1. This
is balanced by deposition 275 Tg yr−1 and transport out of
the region of 113 Tg yr−1. Transport is much more impor-
tant than in the global budget. In 1990 the net ozone pro-
duction is 248 Tg yr−1, the surface deposition is 312 Tg yr−1

and the steady state ozone transported into the 30–90◦ N
region is 54 Tg yr−1. The net chemical destruction of O3S
is 140 Tg yr−1, its surface deposition is 27 Tg yr−1 and at
steady state its influx into the region is 167 Tg yr−1. As in
the global calculation the surface deposition of O3S is much
less than that of ozone and O3S is chemically destroyed while
O3 is chemically produced. However, while the global strato-
spheric flux of O3S and O3 were within 10 %, their net flux
into the 30–90◦ N region differ dramatically (167 Tg yr−1 for
O3S versus 54 Tg yr−1 for O3). This suggests the lateral ex-
port of O3 out of this region is larger than that of O3S. This
is consistent with strong southward low-level flow out of the
30–90◦ N region (see Bowman and Carrie, 2002) and rela-
tively high concentrations of O3 in the lower troposphere.
However, the transport of both species across the lateral 30◦

boundary to the region is likely important. The analysis of
Tie and Hess (1997) estimate 61 % of the net global strato-
spheric to tropospheric ozone flux is between 30–90◦ N; in
our case this result translates into an estimated stratosphere
to troposphere flux of O3S between 30–90◦ N of 294 Tg yr−1.
As the inferred influx of O3S into the region is smaller by
about a factor of two (167 Tg yr−1), this implies approxi-
mately half the STE of O3S between 30–90◦ N is exported
laterally from the region.

The change in transport (blue), chemistry (red) and sur-
face deposition (green) compared to 1990 for O3 (solid lines)
and O3S (dashed lines) between 30 and 90◦ N is given in
Fig. 10b. On the face of it these changes look similar to those
in the global budget. Indeed, changes in the transport of O3
and O3S into the 30–90◦ N region are highly correlated with
the global changes. As in the global budget these transport
terms determine the overall change in the burden of O3 and
O3S. In particular, the prominent 1998–1999 peak is clearly
evident in the transport term. The chemistry and transport
terms are generally opposed, so that as transport increases
ozone the chemical tendency opposes this increase. As in the
global budget changes in chemistry are responsible for the
slight increase in O3 and O3S after 2004. However, whereas
in the global budget the change in O3 and O3S transport were
nearly identical, between 30◦ and 90◦ N the change in the
transport of O3S is nearly always greater than that of ozone
reflecting the effect of lateral transport. Changes in the 30–
90◦ N O3NOx burden are primarily the result of the interplay
between chemistry and transport (the surface deposition is
small). Both chemistry and transport contribute to the gen-
eral increase of O3NOx through 2000, while it is the transport
that generally contributes to its decrease thereafter. Changes

Atmos. Chem. Phys., 13, 649–674, 2013 www.atmos-chem-phys.net/13/649/2013/
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in the 1990–2009 burden of synoz* between 30–90◦ N are
distinctly different from those of O3 and of O3S (Fig. 10a).
These differences can be attributable to differences in the
transport and loss of synoz* in relation to the ozone species.
Differences in the budgets of synoz*, O3 and O3S are dis-
cussed in more detail in Sect. 4.4.

4.3 Vertical ozone correlations

Table 4 gives the measured vertical ozone correlation, the
simulated vertical ozone correlation and the vertical corre-
lations in synoz* between the 150, 300 and 500 hPa levels.
It also gives the simulated correlation between ozone and
synoz* at each level. We compute the correlations between
annually averaged concentrations as well as for two 6-month
periods: winter-spring and summer-fall. The 6-month period
acts to minimize effect of possible lags between the concen-
trations on the different levels. We examine the correlations
over the Canadian, N. European and Central European re-
gions as these regions include stratospheric and tropospheric
measurements. We also compute the correlations when the
data is averaged over these three regions and for the simu-
lated area-averaged 30–90◦ N concentrations. Detrended cor-
relations are also given, where we simply correlate deviations
from a linear fit through the data. Terao et al. (2008) also
examined stratosphere-troposphere correlations in measure-
ments and in a model simulation, but using winds generated
from a general circulation model.

Figure 5 gives the 150 hPa simulated and measured ozone
record for the Canadian sites. The simulated NS12MD record
captures the measured annual ozone minima or maxima dur-
ing the years 1991, 1994, 1998, 2000, and 2005, although the
pronounced measured 150 hPa ozone minimum associated
with Pinatubo is not simulated in the current model setup.
The simulated normalized 150 hPa ozone anomaly (Fig. 5b)
is relatively high compared to that measured from 1990–
1997, but is lower than the measurements after 2006. Con-
sequently, the overall simulated 150 hPa ozone trend (1990–
2009) is negative. In contrast, the measured trend is rela-
tively flat or slightly positive, but with large ozone increases
from 1992–1998. The correlation between the detrended and
simulated 150 hPa NS12MD ozone timeseries are significant
and range from 0.70–0.74 (not shown) for the three regions
(Canada, and Northern and Central Europe); when the time-
series are not detrended the correlation between the measured
and simulated ozone at 150 hPa is not significant.

For the Canadian region, the Northern European region
and the average of all three regions the 150–300 hPa mea-
sured ozone correlation is positive and significant annually,
during winter-spring and during summer-fall (Table 4). The
simulated 150–300 hPa ozone correlations in the model are
positive and generally significant, particularly when mea-
sured annually or during the Winter-Spring season. The sim-
ulated 150–300 hPa synoz* correlations are all highly sig-
nificant as is the correlation between ozone and synoz* at

300 hPa (except in the summer-fall 30–90◦ N average). These
results indicate the strong influence of 150 hPa ozone vari-
ability on the variability at 300 hPa.

The measured 150–500 hPa annual and winter-spring
ozone correlations are also positive and significant for the
Canadian region, the Northern European region and the av-
erage of all three regions; during summer the measured 150–
500 hPa correlation is only significant for the Canadian sta-
tions and for the average of all three regions. The 150–
500 hPa synoz* simulated correlations are significant annu-
ally and during winter, suggesting that at these times the
stratospheric signal readily propagates downward into the
troposphere. During the summer months the simulated 150–
500 hPa synoz* correlations are small. The results of Terao
et al. (2008) also show the regions with significant verti-
cal stratospheric-tropospheric correlations are much reduced
during summer and fall compared to winter and spring. The
simulated correlation between 150 and 500 hPa ozone is gen-
erally not significant. An inspection of Fig. 5 shows why.
Whereas the simulated ozone at 150 hPa is generally decreas-
ing, simulated ozone at 500 hPa is increasing. When the 150
and 500 hPa records are detrended the simulated annual and
winter-spring correlations are generally significant and posi-
tive, consistent with the measurements.

These results suggests that the simulated annual ozone
variability (i.e., the ozone maxima and minima during indi-
vidual years) propagates downwards on a year-to-year basis
from the 150 hPa level to impact the annual and winter-spring
500 hPa record. However, as discussed in the following sec-
tion an explanation for the different ozone trends between
500 hPa and 150 hPa is somewhat more involved.

4.4 Discussion

Globally tropospheric changes in the simulated burdens of
O3, O3S and synoz* are generally similar prior to 2004. After
2004 changes in their tropospheric lifetime cause the O3 and
O3S record to deviate somewhat from that of synoz*. Glob-
ally changes in the tropospheric burden of synoz* are highly
correlated with STE (Fig. 9). In contrast to the global bud-
get, between 30 and 90◦ N the O3, O3S and synoz* records
are distinctly different. Between 30 and 90◦ N tropospheric
O3 and O3S increase during the course of the simulation
while synoz* decreases. The decrease in synoz* at 500 hPa is
clearly related to its decrease at 150 hPa (Table 4 and Fig. 5).
These results are consistent the correlations between synoz*
and ozone at 500 hPa. The annual and winter-spring correla-
tions are generally negative while the detrended correlations
are positive on an annual basis and during the winter-spring
season (Table 4). As discussed above, the 500 hPa synoz*
signal reflects the 150 hPa ozone (synoz*) record.

While year-to-year fluctuations in synoz* and O3 from
30–90◦ N are clearly related through their connection to the
stratosphere, another mechanism must be invoked to ex-
plain their differing trends. Interannual changes in ozone
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Table 4.Measured and simulated annual, Winter-Spring or Summer-Fall correlations for regions defined in Table 1. Detrended correlations
are given in parenthesis. Correlations significant at 95 % shown in bold. Results from measurements are indicated with© and from the
simulation with�.

Region Measured Simulated O3(150 hPa)/O3
1 Synoz* (150 hPa)/Synoz*2 Ozone/Synoz3

Spring Fall Spring Fall Spring Fall
Annual Winter Summer Annual Winter Summer Annual Winter Summer

300 (hPa)

Canada � 0.87(0.85) 0.93(0.91) 0.44(0.45) 0.94(0.88) 0.93(0.90) 0.92(0.77) 0.97(0.97) 1.00(1.00) 0.68(0.81)
© 0.74(0.62) 0.71(0.63) 0.54(0.44)

Central � 0.83(0.84) 0.88(0.87) 0.59(0.68) 0.94(0.87) 0.93(0.90) 0.90(0.75) 0.91(0.93) 0.95(0.98) 0.73(0.77)
Europe © 0.45(0.59) 0.39(0.50) 0.42(0.49)
Northern � 0.84(0.85) 0.92(0.90) 0.35(0.59) 0.95(0.88) 0.94(0.90) 0.94(0.87) 0.94(0.97) 0.99(0.99) 0.57(0.80)
Europe © 0.62(0.69) 0.68(0.69) 0.60(0.63)
Average4 � 0.87(0.86) 0.92(0.90) 0.51(0.60) 0.96(0.90) 0.95(0.91) 0.96(0.86) 0.94(0.95) 0.98(0.99) 0.64(0.74)

© 0.68(0.70) 0.70(0.76) 0.60(0.63)
30–90◦ N5 � 0.81(0.66) 0.89(0.76) 0.18(0.44) 0.96(0.83) 0.91(0.76) 0.97(0.89) 0.88(0.85) 0.96(0.96)0.28(0.54)

500 (hPa)

Canada � −0.38(0.64) 0.30(0.81) −0.84(0.01) 0.53(0.73) 0.66(0.67) 0.21(0.46) 0.39(0.79) 0.74(0.89) 0.09 (0.32)
© 0.73(0.57) 0.64(0.52) 0.61(0.45)

Central � −0.49(0.12) 0.08(0.39) −0.71(−0.26) 0.61(0.53) 0.58(0.44) 0.40(0.49) −0.13(0.24) 0.23(0.56) −0.22(0.17)
Europe © 0.46(0.50) 0.45(0.40) 0.33(0.42)
Northern � −0.40(0.53) 0.18(0.55) −0.77(−0.26) 0.60(0.61) 0.76(0.75) 0.19(0.26) −0.02(0.36) 0.24(0.38) 0.20(0.42)
Europe © 0.76(0.68) 0.78(0.67) 0.48(0.57)
Average4 � −0.46(0.57) 0.11(0.69) −0.79(−0.03) 0.53(0.74) 0.71(0.76) 0.30(0.56) 0.34(0.76) 0.49(0.71) 0.18(0.52)

© 0.85(0.80) 0.82(0.80) 0.74(0.67)
30–90◦ N5 � −0.56(0.39) 0.02(0.65) −0.85(−0.17) 0.81(0.73) 0.78(0.57) 0.70(0.72) −0.20(0.61) 0.22(0.74) −0.42(0.04)

1 Correlation between ozone at 150 hPa and ozone at either 300 hPa or 500 hPa.2 Correlation between synoz* at 150 hPa and synoz* at either 300 hPa or 500 hPa.3 Correlation
between synoz* and O3 at either 300 hPa or 500 hPa.4 Correlation for the average of the Canadian, Northern European and Central European regions.5 Area averaged quantity
from 30–90◦ N.

chemistry do modify the burden of O3 (O3S) with respect
to synoz*; however, it is predominantly transport that con-
trols changes in the burden of O3 (O3S) (Fig. 10). Indeed
it is transport that drives the overall positive change in O3
(O3S) after 1990. However, the high correlation between O3
and synoz* at 300 hPa (Table 4) suggests the transport of O3
(O3S) across the tropopause is driving a negative trend in the
O3 (O3S) burden between 30 and 90◦ N. We conclude that in-
terannual changes in the lateral transport of O3 (O3S) across
30◦ N are acting to increase the O3 (O3S) burden with respect
to 1990, but have less impact on the burden of synoz*. Unfor-
tunately output statistics for lateral transport were not saved
from the model simulation.

Thus ozone trends between 30 and 90◦ N are due to a com-
plex interplay of the trends in 150 hPa ozone, trends in trans-
port across 30◦ N and trends in large-scale chemistry. We find
that the stratospheric portion of ozone (O3S) explains most of
the overall changes in ozone. While the simulation does not
correctly simulate the overall measured trend in stratospheric
ozone over the measurement sites evaluated from 30–90◦ N,
this does not invalidate the additional mechanisms elucidated
above.

5 Conclusions

In this paper we analyze both measured and simulated inter-
annual ozone trends and variability from 1990 to 2009 north

of 30◦ N. Only measurement platforms north of 30◦N with
relatively frequent, consistent and long-term measurements
were selected for analysis (Table 1). In addition we required
that most of the base period from 1995 through 2005 be regu-
larly sampled at any particular location. We have used obser-
vations from ozonesondes, MOZAIC and from selected sur-
face sites to diagnose measured ozone variability at 150 hPa
and 500 hPa and the surface. We concentrate our analysis on
large spatial-scale and long timescale ozone variability and
thus examined the interannual ozone variability for five dif-
ferent regions: Canada, Japan, the Eastern US, and Northern,
and Central Europe (see Table 1). We concentrate our anal-
ysis on regions with a regionally consistent signal, defined
as those regions with at least two independent measurements
and a high degree of correlation between the different mea-
surement sites.

Ozone variability is simulated using the CAM-chem
model driven by the reanalysis meteorology from the Na-
tional Center for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR) (Kalnay et al.,
1996). Except for lightning NOx emissions, there is no in-
terannual emission variability (including biogenic emissions)
in these simulations. We estimate the portion of stratospheric
ozone transported to the troposphere by tagging tropospheric
emissions of NOx and calculating the resulting ozone pro-
duced, labeled as O3NOx . Stratospheric ozone is diagnosed
as the difference between simulated O3 and O3NOx . In the
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stratosphere ozone is parameterized using a modification of
the synoz methodology. Simulated ozone is analyzed over the
same locations as the measurements. In addition we analyze
the global and 30–90◦ N simulated ozone budgets.

The analysis presented here allows us to draw the follow-
ing conclusions:

1. The simulation in conjunction with the measurements
suggests interannual variations in ozone from 1990–
2009 are correlated on hemispheric scales at 500 hPa be-
tween 30 and 90◦ N. An analysis of 500 hPa ozone mea-
surements over regions where the ozone record is con-
sistent between individual measurement sites (Canada,
Northern and the Eastern US) shows the interannual
variations in ozone are highly correlated between re-
gions. The simulation suggests that these regions are
representative of the large-scale ozone variability be-
tween 30 and 90◦ N. When the simulation is sampled
over these regions the resulting regional ozone records
explains between 70 and 90 % of the area-averaged 30–
90◦ N 500 hPa ozone variability; averaging the ozone
record over all three regions explains 91 % of the simu-
lated 500 hPa 30–90◦ N ozone variability.

2. For all regions with a consistent record the 500 hPa mea-
surements show a positive and significant ozone trend
from 1990–2000 with no significant trend found be-
tween 2000 and 2009. The measured ozone record at
500 hPa is dominated by low ozone concentrations in
1993 and high concentrations in 1998–1999. The low
tropospheric concentrations in 1993 appear to be as-
sociated with the 1991 Pinatubo eruption as suggested
by Oltmans et al. (1998) and Fusco and Logan (2003).
The high 500 hPa ozone concentrations in 1998–1999
correspond to an ozone anomaly reported previously
in the literature (e.g., Thouret et al., 2006; Zbinden et
al., 2006). Our analysis of measurements and the model
simulation provide further evidence that this anomaly
was very widespread. The 500 hPa measured ozone
trend reported here from 1990–2000 is impacted by
the low ozone values associated with Pinatubo and the
high values in 1998–1999 associated with the ozone
anomaly. When the simulation is sampled in the same
way we find generally significant and positive trends
from 1990–2000 and insignificant trends from 2000–
2009.

3. The high correlation between measured lower strato-
spheric (150 hPa) and middle tropospheric (500 hPa)
ozone suggests stratospheric ozone strongly impacts
tropospheric ozone trends and variability. The 150 hPa
measured ozone record averaged over regions with a
consistent regional signal (Canada, Northern Europe
and Central Europe) explains 68 % of the 500 hPa tro-
pospheric ozone record averaged over the tropospheric
regions with a consistent regional signal (Canadian,

Northern European and the Eastern US measurement
sites). This correlation appears to be at least partially
driven by large-scale events including the Mt. Pinatubo
eruption and the 1998–1999 ozone anomaly. The simu-
lation shows these sites are representative of 30–90◦ N
ozone variability, suggesting the stratospheric signal
impacts the troposphere on hemispheric scales.

The simulated trends and variability in 500 hPa O3
between 30–90◦ N are largely explained by the trend
and variability in the stratospheric portion (O3S) of
ozone. Simulated variability is approximately one half
to one third of that measured. The 500 hPa simulated
O3S record averaged over the Canadian, Eastern US
and Northern European regions explains 79 % of the
500 hPa simulated O3 variability averaged over the
same regions. The simulation also shows that at least
50 % of the simulated trends between 1990 and 2000
are due to trends in O3S.

4. Changes in the burden of O3 and O3S between 30 and
90◦ N reflects a complex interplay of changes in STE,
the lateral transport of O3 across 30◦ N and in the chem-
ical loss of ozone. The simulated year-to-year variabil-
ity of O3 and O3S at 500 hPa reflects the variability at
150 hPa. While the simulated year-to-year fluctuations
in simulated ozone are consistent with those measured
at 150 hPa, the overall simulated trend is not. The in-
creasing trend in O3 and O3S in the 30–90◦ N regions is
largely explained by changes in the transport of ozone
across 30◦ N. In the 30–90◦ N region changes in the tro-
pospheric burden of synoz* and that of O3S do not al-
ways not track each other.

5. In both the simulation and the measurements averag-
ing over large spatial scales increases the interannual
correlation between the stratospheric and tropospheric
signals. Averaging acts to minimize local sources of
variance and isolate common sources of variance due
to STE. For example, the measurements averaged over
regions with a consistent regional signal at 150 hPa ex-
plain 68 % of the variability of the 500 hPa record aver-
aged over regions with a consistent regional signal, but
21–54 % of the 500 hPa record over individual sites. Av-
eraged over the Canadian, US and Northern European
regions the simulated stratospheric ozone at 500 hPa ex-
plains 79 % of the ozone variability, but when exam-
ined over specific regions it explains on average approx-
imately 50 % of the variance at any particular site.

6. While we did not extensively investigate the surface
ozone record, both the measurement analysis and model
simulation strongly suggests that the stratosphere can
exert a strong influence on surface ozone variability and
trends. Due to relatively rapid isentropic mixing there
can be little doubt that the stratospheric signal detected
at 500 hPa also impacts surface sites. Rapid mixing
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along poleward and upward sloping isentropic surfaces
(Bowman and Carrie, 2002) connects surface ozone
changes with upper and middle tropospheric changes
thousands of kilometers to the north. Nevertheless, at
the surface local sources of ozone precursor emissions
are likely to exert a profound local control on the vari-
ability, linking the variability to local-to regional emis-
sion sources and local meteorological variability. At the
surface locations near sea-level we find between 1 and
5 ppbv of ozone is of stratospheric origin. Thus any
stratospheric signal at the surface will likely be difficult
to detect at any individual station, but averaging over
many stations may isolate the stratospheric signal.

The influence of the stratosphere at the surface appears
to be particularly pronounced at the Mace Head mea-
surement site and at the Jungfraujoch site (as shown by
Ordõnez et al., 2007), where the correlation between
measured and simulated ozone is positive and signif-
icant. The variability in O3S accounts for well over
50 % of the total variability at Jungfraujoch and at Mace
Head. The measured baseline ozone record at the Mace
Head site is highly correlated with the average strato-
spheric ozone signal (correlation of 0.73) and with the
record at the Jungfraujoch site (correlation of 0.83), as
well as the ozone record at other high altitude surface
ozone sites over Europe (not shown). The simulated cor-
relation between ozone and its stratospheric component
(O3S) at Mace Head is 0.58 and the stratospheric com-
ponent of ozone (O3S) explains 80 % of the simulated
ozone jump at Mace Head between the period prior to
1997 and subsequent to 1999.

7. The interannual global changes in simulated STE, net
chemistry and deposition are small compared with the
gross ozone production and loss. Nevertheless, their
changes increase the troposphere global burden of O3
and O3S between 1990 and 1999 by approximately
7 % and 13 %, respectively. The model simulation sug-
gests that globally STE increased in 1998–1999 in
conjunction with a global ozone anomaly. Interannual
changes in the simulated global tropospheric ozone
burden from 1990–2009 are largely explained by the
changes in its stratospheric component. These changes
can be largely attributed to changes in STE, but not ex-
clusively. Changes in the tropospheric chemical ozone
lifetime are also been important, particularly after 2004.

In conclusion the model simulations and the measure-
ments are consistent with interannual stratospheric ozone
variability on large spatial scales driving tropospheric vari-
ability on large scales. This variability extends to the sur-
face. The results are also consistent with non-negligible tro-
pospheric ozone trends, both at the surface and in the free
troposphere being driven through variations in stratospheric
ozone in the troposphere. However, a number of aspects of

the simulation need improvement. While the annual bias in
simulated ozone is generally small at 500 hPa, the simula-
tion is biased high in winter and low in summer. The inter-
annual variance of simulated ozone is significantly less than
observed. However, when the simulated and measured ozone
deviations are normalized by their standard deviation the
measured and simulated ozone records become comparable.
Simulated tropospheric ozone trends are generally less than
measured. The year-to-year variability of simulated ozone at
150 hPa shows good correspondence with the measurements
but the overall trend is not consistent with those measured.
As a consequence the simulated vertical ozone correlations
between 150 and 500 hPa are not consistent with those mea-
sured. In addition reanalysis winds must be used with cau-
tion as they may poorly capture long-term changes in the
atmospheric circulation. A better quantification of the tropo-
spheric trends that can be attributed to the stratosphere will
require more sophisticated simulations including better rep-
resentations of stratospheric chemistry and atmospheric cir-
culation.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/13/
649/2013/acp-13-649-2013-supplement.pdf.
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