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Abstract

Changes in baseline (here understood as representative of continental to hemispheric
scales) tropospheric O3 concentrations that have occurred at northern mid-latitudes
over the past six decades are quantified from available measurement records with the
goal of providing benchmarks to which retrospective model calculations of the global
Oj distribution can be compared. Eleven data sets (ten ground-based and one air-
borne) including six European, (beginning in the 1950’s and before) three North Ameri-
can (beginning in 1984) and two Asian (beginning in 1991) are analyzed. When the
full time periods of the data records are considered a consistent picture emerges;
O3 has increased at all sites in all seasons. At European and North American sites
the average linear increase of O3 before 2000 was approximately 1 % yr‘1 relative to
the site’s 2000 yr mixing ratio in each season. For perspective, this rate of increase
sustained from 1950 to 2000 corresponds to an approximate doubling. At most Euro-
pean sites and some North American sites the rate of increase has slowed over the
last decade (possibly longer) of the records. The average linear rate of increase be-
fore 2000 shows significant seasonal differences (1.08 +0.09, 0.89 £ 0.08, 0.79 £ 0.12
and 1.22+0.12% yr‘1 in spring, summer, autumn and winter, respectively, over North
America and Europe).

1 Introduction

Tropospheric ozone (O3), and its changes over time, attract much scientific attention
because Oj is a strong greenhouse gas and the significant tropospheric O increases
that occurred during the last century have contributed to changes in radiative forcing
and therefore to climate change (IPCC, 2007). Ozone is also an important air pollutant
that at high concentrations damages human health and ecosystems including crops;
as such it is often utilized as a tracer for anthropogenic influences in atmospheric
measurements (for more information see Royal Society, 2008). Tropospheric O; has
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a significant natural source from Og produced in the stratosphere and transported
downwards by the large-scale Brewer-Dobson circulation, primarily at mid-latitudes
(e.g., Junge, 1963). It is destroyed by dry deposition at the surface (e.g., Galbally and
Roy, 1980). In addition, since the 1970s, it has been known that O5 has significant pho-
tochemical sources and sinks. Under polluted conditions, it is largely depleted through
reaction with nitric oxide (NO) emitted from combustion processes. At lower nitrogen
oxide (NO, =NO + NO,) concentrations, O is produced via reactions involving oxida-
tion of methane (CH,), carbon monoxide (CO) and volatile organic compounds (VOCs)
in the presence of sunlight and NO, leading to the formation of high concentrations
of O5 and other photochemical oxidants including peroxyacetyl nitrate (PAN) (Levy,
1971; Crutzen, 1973). Og is also destroyed via reactions involving water vapor and Oy
photolysis leading to the production of the hydroxyl radical, the primary tropospheric
oxidant for CH,, CO and VOCs. Thus, the concentration of O4 in the troposphere has
a complex dependence on concentrations of its precursors and water vapor (Ayers et
al., 1992). These precursor gases have both natural and anthropogenic sources which
vary on diurnal, seasonal and inter-annual timescales.

Tropospheric O3 has a lifetime with respect to photochemical loss that varies be-
tween a few to 20—-30 days depending on season and altitude with longer lifetimes in
the upper troposphere. In the lower troposphere its lifetime is shorter in the summer
(around 5 days) due to high water vapor concentrations. Dry deposition diminishes the
lifetime of O5 within the planetary boundary layer. Given its long lifetime relative to
transport timescales at, for example, northern mid-latitudes, O; can be transported
away from source regions from one continent to another (e.g., Guerova et al., 2006).
Following early studies by Chameides and Walker (1973, 1976) and Cox et al. (1975),
this has led to the recognition that O3 is not only a pollutant at local/regional scales
near major emission regions, but that it is also a pollutant on hemispheric scales where
it can contribute to so-called background levels as discussed in detail in the recent
Hemispheric Transport of Air Pollutants (HTAP) report (HTAP, 2010). Early analysis of
clean “background” air masses, showing spring maxima in Oz and PAN, supported
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the hypothesis that O3 is produced photochemically rather than just being transported
from the stratosphere (Penkett and Brice, 1986). Since then, it has become appar-
ent that PAN plays an important role in the inter-continental budget of O since it can
also be transported long distances between continents in the cold upper troposphere,
where it is stable, before descending and releasing NO, due to thermal decomposition
resulting in important secondary production of O; over downwind regions (e.g., Wild
et al., 1996). This process and others influencing O3 during long-range transport are
summarized in Fig. 1 (HTAP, 2010).

During the latter half of the 20th century O3 concentrations increased markedly at
northern mid-latitudes. This increase has been documented by a variety of observa-
tional studies, and is generally attributed to increasing anthropogenic emissions that
accompanied economic growth of industrialized nations (e.g., Horowitz, 2006; Lamar-
que et al., 2005) and fueled photochemical O3 production. This observed increase is
one of the most important manifestations of the hemispheric transport of air pollution.
Variability in stratospheric flux may have also played a role (e.g., Ordonez et al., 2007;
Hess and Zbinden, 2011) although other studies do not find a large stratospheric influ-
ence, at least in the mid to lower troposphere (Cooper et al., 2010; Cui et al., 2011).
Changing transport patterns may also be important such as changes in the North At-
lantic Oscillation influence over Europe (Pausata et al., 2012). Uncertainty remains
regarding the magnitude of the increase from pre-industrial to present day since pre-
industrial O5 concentrations are poorly known with few measurements made before
the late 1970s, and different data sets for the same region not always giving consistent
results. Nevertheless, it does appear that concentrations were lower up to the 1950s
with mixing ratios (strictly speaking mole fractions) around 10-20 ppbv, for example,
over Europe (Volz and Kley, 1988; Staehelin et al., 1994).

Changing concentrations in hemispheric O5 have implications for regional air quality
where O3 imported into a downwind receptor region can contribute to observed O5 and
local air quality degradation. Over certain regions in the Northern Hemisphere, such
as Europe and North America, ambient Oy standards established from an air quality
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perspective have been decreased due to human health and ecological considerations
to the point that O3 concentrations in even remote areas of the northern mid-latitudes
can approach or even exceed these standards. Thus, regional to hemispheric scale
transport must be considered when dealing with local air quality concerns, for example,
as part of the Convention on the Long-Range Transport of Air Pollutants (CLRTAP)
(HTAP, 2010).

Several recent summaries of changes in tropospheric O3 have been published (e.g.,
Vingarzan, 2004; Oltmans et al., 2006). In this analysis we focus on O3 records from
northern mid-latitudes, since this is the region containing major anthropogenic emis-
sions of O3 precursors. While emissions have increased substantially overall since the
1950s, certain regions have implemented emissions controls since the 1980s leading
to decreases in O5 precursor emissions (Lamarque et al., 2010; Granier et al., 2011).
For example, NO, emissions are estimated to have declined by 30 % over Europe
(1990-2005) and 37 % over the United States (1985-2008) (Granier et al., 2011). In
contrast, emissions over Asia have increased with, for example, NO, emissions over
Eastern Asia increasing by 7 % per year between 2001 and 2006 (Ohara et al., 2007).
This work presents a summary that focuses on northern mid-latitudes, includes more
recent data (through 2010 where possible), analyzes all data sets with consistent pro-
cedures designed to provide a robust quantitative analysis that allows comparison of
diverse time series of data. We concentrate primarily on analysis of ground-based Og
measurements from relatively remote surface and mountain top sites and also include
one study based on MOZAIC commercial aircraft data, airborne research campaigns,
sonde and lidar data (Cooper et al., 2010). Other types of measurements, such as
ozone sonde or lidar records, are generally not considered. The ultimate goal is to
provide a quantitative description of long-term changes in lower tropospheric O; con-
centrations at northern mid-latitudes over the longest possible time scales. This de-
scription can then serve as a benchmark to which retrospective model calculations can
be compared. This paper expands the discussion of long-term Northern Hemisphere
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O3 changes included in HTAP (2010); it presents a much more detailed description and
analysis of the data and includes more recent data.

This paper is organized as follows. Section 2 deals with several important issues
that must be considered when analyzing O; changes with the aim of determining the
contribution that hemispheric transport makes to O; over downwind receptor regions.
Section 3 describes the data sets and Sect. 4 presents the analysis methodology and
results at different locations in the Northern Hemisphere. A discussion and comparison
with other studies is provided in Sect. 5 with conclusions in Sect. 6.

2 Issues related to quantifying ozone changes
2.1 Multiple influences on local ozone concentrations

Regional air quality over populated areas is influenced by surface O3 concentrations
that may have a varying mix of local, regional and long-distance origins. The contribu-
tion from Oz imported from outside a region varies as a function of location and time
of year and depends on many factors including transport patterns influencing a partic-
ular site and proximity to local emissions. Thus, long-term O; measurements collected
within or near major emission regions reflect changes in both local, regional and dis-
tant precursor emissions as well as inter-annual variability in transport processes and
natural sources (e.g. input from the stratosphere and photochemical production from
natural O precursors).

Since all locations in the Northern Hemisphere are impacted to a greater or lesser
degree by anthropogenic Oz imported from upwind regions, it is impossible to deter-
mine from measurements alone so-called natural background concentrations with no
human influence. In reality, observations at even relatively isolated measurement sites
reveal a spectrum of concentrations in aged and well-mixed air masses with a range
of origins. Sporadic episodes, often identified by signatures of enhanced pollutant trac-
ers such as CO, are superimposed on this spectrum. Some locations receive large
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fractions of imported air masses and are thus much less affected by recent (i.e. within
the last few days) local and regional influences. Such sites are found on the west
coasts of North America or Europe and sites at higher altitudes in the continental in-
teriors. These sites have typically been used to examine changes in hemispheric O4
concentrations; they are the focus of this study.

2.2 Baseline versus background ozone concentrations

From a policy perspective, it is important to diagnose the amount of O imported into
a region and how that amount has changed over long time periods, since the effec-
tiveness of local emission controls can only be judged if this quantity is known. This
O3 has often been referred to as “background” O, although this term is misleading
since all locations in the Northern Hemisphere are influenced by long-range trans-
port of pollution. A more useful concept adopted in this paper and discussed further
below is “baseline” O3, which is derived from measurements at times when local emis-
sion influences are determined to be negligible. In the United States a somewhat re-
lated concept is the policy relevant background (PRB), which must be derived from
model calculated O3 concentrations with all North American anthropogenic emissions
switched off (e.g., Zhang et al., 2011); McDonald-Buller et al. (2011) present a recent
review. In HTAP (2010) global models were also used to define relative annual inter-
continental responses (RAIRs) based on the ratio of simulated surface O5 changes
in a receptor region due to 20 % reductions in anthropogenic emissions in individual
upwind regions compared to changes due to 20 % reductions in all emission regions
including the receptor region. These results showed that between 32 and 43 % of pre-
dicted surface O5 changes are due to non-local emissions confirming the importance
of inter-continental transport for tropospheric O5. The following discussion in this paper
will address “baseline” O3, and its long-term changes.

Ideally, long-term changes in O4 that are representative of continental to hemispheric
scales would be routinely diagnosed using baseline O3 observations from a network
of relatively remote measurement sites. These baseline O; concentrations can be
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obtained from measurement records by removing data collected when sampled air
masses are affected by local influences. However, in practice determination of such
baseline concentrations is difficult, since meteorological conditions and proximity to
local sources vary significantly from site to site. When baseline data selection has
not been accomplished, the entire measurement record from sites and platforms be-
lieved to primarily represent regional and inter-continental scale Oz concentrations (e.qg.
mountain top sites, MOZAIC and other aircraft data) have been analyzed to diagnose
long-term O3 concentration changes. In the primary analysis presented in this paper,
three data sets with baseline selection and eight data sets without such selection are
analyzed. Where possible, comparisons of long-term O5 changes determined with and
without baseline selection is discussed. This comparison and the consistency in the de-
rived O3 changes over large regions support the assumption that the derived changes
from all eleven data sets are representative of long-term changes in baseline O3 con-
centrations. Nevertheless, a contribution from regional O3 sources remains in these
data sets. Global models are often compared to total data sets, but comparison with
baseline-selected data is also useful for evaluation of simulated trends since it allows
the separation between remote and local/regional emission influences on hemispheric
Os.

3 Data sets

The goal of this paper is two-fold: first, to accurately quantify the changes in tropo-
spheric O3 concentrations that have occurred at northern mid-latitudes over the full
time periods covered by well-characterized measurements, and second, to focus upon
changes that are characteristic of regional to hemisphere scales, i.e. baseline O5 con-
centrations, and to isolate them from more local influences. The data sets selected
for analysis represent the longest, highest quality measurement records available from
sites that approximate baseline conditions. Unless otherwise noted all data from all
times of day are included in the analysis. O; measurements obtained by the method
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of “Schonbein papers” are not considered in this study because their data quality has
been questioned (Kley et al., 1988). The O3 series collected at the Observatoire de
Montsouris between 1887 and 1911, although obtained with a quantitative method
(c.f., Volz and Kley, 1988), was excluded because of the geographical location of the
observatory in the outskirts Paris with potentially much larger influences of dry depo-
sition on the measured O3 concentrations than at the remote sites considered in our
study. The earliest measurements that allow some comparison for consistency (see
Staehelin et al., 1994) are available from Europe near the middle of the 20th century,
so a characterization over the last six decades is possible. To achieve these goals,
a limited number of data sets have been selected for analysis based upon three crite-
ria: (1) the length of the measurement record, (2) the regional representativeness of
the measurement site, and (3) at least some coverage of all three northern mid-latitude
continents. In particular, for Europe and North America sites were selected that receive
a significant fraction of air masses from an upwind westerly direction. Given the lack
of long-term data over Asia in regions upwind of Asian emissions, and the fact that
its geographical situation makes it difficult to identify signatures of pollutant import, we
have chosen to include sites directly downwind from Asia. A total of eleven data sets
(Table 1) were selected: six European, three North American and two Asian. Supple-
mentary analysis of two additional sites downwind of North America is included. The
analysis presented here is based upon archived data sets. The references given in
Table 1 summarize important aspects of these data sets and the measurement sites.
Only brief descriptions are given here.

In this work we have not considered O sonde data sets, which have provided some
of the longest-term data records. Sonde data have been incorporated into previous dis-
cussions of long-term tropospheric O3 changes (Logan et al., 1999; Naja et al., 2003;
Oltmans et al., 2006). We have generally limited our consideration to in-situ measure-
ments at surface sites. The one exception is a North American free troposphere (FT)
data set, which incorporated mainly MOZAIC plus other aircraft, O3 sonde and LIDAR
data (Cooper et al., 2010). Since at least the 1990s in-situ measurements are generally
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made by UV absorption techniques, which are expected to be much less sensitive to
interference and calibration uncertainties, compared to the uncertainties arising from
changes in sonde instrumentation and operating procedures. Logan et al. (2012) have
carefully compared O3 measurements from sondes, MOZAIC aircraft and alpine sites
in Europe. They conclude that O; data from MOZAIC aircraft, the alpine sites (both
utilizing UV absorption instruments) and most sonde stations are self-consistent since
about 1998; however, they and Schnadt Poberaj et al. (2009) identified problems with
sondes in earlier years. Ozone series collected with ECC type sondes of several se-
ries are presently homogenized since the 1990s. Consequently, we conclude that it is
prudent to not include sonde measurement records in the analysis presented in this
paper with the one exception noted above with regard to the North American FT data
set. However, it may be valuable to utilize O; sonde data sets to examine inter-annual
variability over a limited number of years or seasonal cycles during specific periods.
From a multi-decade perspective, Europe has the most extensive record of am-
bient O; measurements. The longest quasi-continuous record was begun in 1956
at Arkona, a near sea level site on the Baltic Sea coast in Northern Germany.
These measurements were initially conducted by well-calibrated, well-characterized
wet chemical methods (Feister and Warmbt, 1987). Measurements at that site
ended in 1990. In 1991 measurements were begun at a nearby, similar EMEP
(http://www.emep.int/index.html) site at Zingst, Germany, also a Baltic coastal site. The
data from these two sites are combined here to give one continuous record covering
19562010, but it must be noted that changes in measurement techniques add un-
certainty to this data record. Given these site locations and that no baseline selection
has been performed, this dataset includes a contribution from regional emission
changes over the period of the measurements, and is best described as representative
of regional ozone in Northwestern Europe. There were even earlier measurements
conducted during short periods at Arosa, Switzerland in springtime in the 1930s and
1950s (Staehelin et al., 1994) and at the Jungfraujoch, Switzerland in summertime
in the 1930s (Crutzen, 1988). These early measurements are combined with more
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recent data at these two sites to give long-term, but discontinuous records. The other
European sites include Mace Head Ireland, an Atlantic coastal site with measurements
beginning in April 1987, and Hohenpeissenberg and Zugspitze, Germany, where
measurements were begun in the 1970s. The two coastal sites, Arkona-Zingst and
Mace Head, are expected to sample relatively remote MBL air, while the four Central
European sites are at elevated altitudes (two, Zugspitze and Jungfraujoch, are high
alpine sites), and are thus expected to sample air with relatively small local continental
influence, at least a significant fraction of the time (Cui et al., 2011). Both Hohen-
peissenberg and Arosa are at lower elevations than the two alpine sites, and likely
are more strongly affected by regional O influences. The Hohenpeissenberg data
have been filtered to remove very local contamination (see description at WDCGG
website:  http://ds.data.jma.go.jp/gmd/wdcgg/cgi-bin/wdcgg/accessdata.cgi?index=
HPB647N00-DWD&param=200612120588&select=parameter&parac=processing.

These European data sets have been selected for baseline conditions only at Mace
Head. Cui et al. (2011) selected baseline conditions at Jungfraujoch from 1990-2008,
but in this work, we examine the full data set because the older summer data from the
1930s cannot be baseline selected, and two additional years of data are available in
the full data set. Baseline selection was also performed by various methods for subsets
of data from other sites; comparisons between baseline filtered and unfiltered data are
discussed in Sect. 4.4.

North America has a limited record of O3 measurements that can be taken to repre-
sent baseline conditions. Relatively short records are available from coastal MBL sites
along the US Pacific Coast. Parrish et al. (2009) have demonstrated that these mea-
surements can be combined into a single record representative of MBL baseline Og
concentrations. Cooper et al. (2010) combined all available free troposphere data col-
lected during springtime over Western North America. These MBL and FT records be-
gan in 1985 and 1984, respectively. There is one elevated site in Western North Amer-
ica (Lassen Volcanic National Park in California) that receives relatively undisturbed
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inflow from the Pacific; measurements there were begun in 1988. The MBL and FT
data sets have been selected for baseline conditions, but not the Lassen NP data.

Two Japanese data sets are considered (Tanimoto, 2009; Tanimoto et al., 2009)
that are representative of inflow to Japan, which is directly downwind of the East Asian
mainland. One is a mountain site (Mt. Happo) with measurements available from 1991—
2009, and the other is derived from three MBL sites at the west coast of Japan with
measurements from 1998—-2009, although there are instrumental uncertainties during
the last two years (discussed further below). To increase the robustness of the latter
data set, measurements from the three northern MBL sites (Rishiri Island, Cape Tappi,
and Sado Island, 38—45° N latitude) reported by Tanimoto et al. (2009) are combined
into a single data set. Neither of these data sets has been selected for baseline condi-
tions.

Different strategies have been utilized to select baseline conditions. For Mace Head
Derwent et al. (2007) used the NAME Lagrangian dispersion model to filter data (from
January 1989 onwards) to exclude times when the air had significant contributions from
mainland Europe, was from southern latitudes, or when emissions from the Mace Head
region remained close to the station. It was not possible to exclude potential interfer-
ences from local or sporadic emissions such as shipping or aircraft. We show a com-
parison between long-term changes calculated from filtered and unfiltered Mace Head
data (Sect. 4.4). For the US Pacific Coast MBL, Parrish et al. (2009) utilized a high,
onshore wind window to select baseline conditions. For the North American FT data
set, Cooper et al. (2010) used the FLEXPART Lagrangian particle dispersion model to
exclude data with a recent (5 days), strong influence from the North American bound-
ary layer. These selected data sets are taken to provide the best characterization of
baseline O3, and are analyzed here. For the other eight data sets no baseline selection
method is available for the complete data sets so unfiltered data have been analyzed.
Section 4.4 discusses subsets of data sets with and without filtering to investigate the
possible impact of the lack of baseline selection.
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Two additional, more limited data sets from sites downwind from North America
(Sable Island, Nova Scotia, Canada and Bermuda) are also briefly discussed. These
sites provide useful comparisons to the two Japanese sites that lie directly downwind
from Asia.

4 Analysis approach and selected results

The goal of the present analysis is to quantify as accurately and precisely as possible
the long-term changes in observed O5 concentrations at northern mid-latitudes that are
representative of baseline conditions. A major problem in such quantification is deriving
the long-term change in the presence of short-term (inter-annual and shorter) variabil-
ity that is much larger than long-term changes. Further, the studies differ in the time
period covered, and in the degree to which varying regional influences may obscure
baseline trends. Building upon the approach of Parrish et al. (2009), five strategies are
employed here to surmount these problems. First, the longest possible time periods
covered by observational records are analyzed to allow the long-term changes to be
as large as possible relative to shorter-term variability. Second, where possible base-
line data sets are considered to avoid confounding changes and variability associated
with local influences. Third, changes in three-month seasonal averages (March, April
and May equal spring, etc.) are investigated. Compared to a shorter averaging period
(e.g. monthly) a seasonal averaging period minimizes interannual variability, while still
allowing investigation of the seasonal dependence of long-term changes; this is im-
portant for O3, which exhibits a strong seasonality. It should be noted that winter of
a given year includes January and February of that year, and December of the pre-
ceding year. Fourth, only a minimal number of parameters are included in the derived
functional forms intended to represent long-term changes; as the number of param-
eters extracted from a given data set is increased, the precision with which any one
parameter can be derived generally decreases (i.e. the confidence limit of the param-
eter estimate increases). The final strategy is perhaps more subtle; attention is paid to
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the continuity of the derived functional form over the complete data record. A continu-
ous long-term change (i.e., a change with no discontinuous jumps) is expected, since
the physical causes of long-term changes in O3 are not expected to vary in a discon-
tinuous manner. These physical causes are, for example, changes in anthropogenic
O3 precursor emissions or stratospheric-tropospheric transport that are expected to
change only gradually, so the resulting changes in O3 are expected to be relatively
gradual as well.

To implement the above strategies, we rely on simple statistical approaches: lin-
ear (two parameter) and quadratic (three parameter) least-squares regressions to the
full time periods of the measurement records. These parameters and their confidence
limits constitute the quantification of the long-term O5 changes. The 95 % confidence
limits are derived from standard, unweighted fits to seasonal average O5 as a function
of year. An average is included for each season with measurements available for at
least two-thirds of that seasonal period. All data sets are arbitrarily referenced to the
year 2000. The linear least-squares fit is to a two-parameter equation:

[05] = slope - (year—2000) + intercept. (1)

The slope, in units of ppbv yr'1 , quantifies the growth rate of O and is the best measure

of the average annual increase in O3 mixing ratio over the period of the data record,
while the intercept provides the interpolated, seasonally averaged Oz mixing ratio in the
year 2000. The utilization of a linear fit does not assume that the temporal change was
necessarily linear over the data record, and does not imply that a trend will continue
linearly into the future. The quadratic least-squares fit is to a three-parameter equation:

[Os]=intercept + K1 - (year—2000) + 1/2 - acceleration - (year—2000)>2. (2)

Here again the intercept provides the interpolated, seasonally averaged O3 mixing ratio

in the year 2000, although the numerical value may differ from that derived from the

linear regression. K1 is the slope (i.e. the value of d[O3]/df) in the year 2000; it is
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the interpolated, seasonally averaged rate of increase of O in that year, but this rate of
increase changes with time rather than representing the average yearly increase in Og,
as is the case in Eq. (1). The acceleration, with units of ppbv yr_2, quantifies the rate of
change in the growth rate of O3 and equals the average rate of increase of the slope
over the period of the data record. The term “acceleration” is often interpreted only
with a positive magnitude; here it is taken to mean “growth rate change”, and can thus
be either positive or negative. As discussed later, several data records yield negative
accelerations, which indicates that the rate of increase in O3 slowed over those data
records, and in some cases reversed so that Oy at present is decreasing at some sites
in some seasons.

Importantly, fitting Egs. (1) or (2) to any particular data set gives a line or curve that
is independent of the choice of reference year. Thus, the slope and its confidence limit
in Eq. (1) and the acceleration and its confidence limit in Eq. (2) do not vary with the
reference year chosen. However, the intercept in Eqg. (1) and the intercept and K1 in
Eq. (2) do change with that choice. The year 2000 was selected here because that
year is well inside the time period covered by all data records; selection of a reference
year near one end of the data record would degrade the confidence limits for the in-
tercept determined in the linear regression and the intercept and K1 determined in the
quadratic regression.

Three of the eleven data sets (Arkona-Zingst, US Pacific Coast MBL and Japanese
MBL) comprise data collected from two, five and three different sites, respectively. Par-
rish et al. (2009) compared overlapping portions of the data records from individual
sites within the US Pacific Coast MBL to demonstrate that there were no statistically
significant differences in baseline O; between the sites, so that they can be confidently
combined into a single data record. For the three Japanese sites, which cover nearly
identical time periods, there are small differences in the derived intercepts (range of 3.4
to 7.1 ppbv depending on season), but the derived long-term changes are not statisti-
cally significantly different, so they are considered a single data set. Unfortunately, the
measurement records at Arkona and Zingst do not overlap, so no direct comparison of
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simultaneous data is possible. However, both stations are located directly on the Baltic
coast, approximately 50 km apart, in a rural area with low population density and little
local traffic. This similarity provides confidence in combining the data from the two sites
into one, longer-term measurement record.

Figures S1-S11 of the Supplement present the results of the linear and quadratic
regressions for all eleven data sets. Annotations in each figure give the derived pa-
rameters of those regressions, along with their confidence limits. The figure captions
discuss details of the data sets and the regressions. In the following sections some
examples of this analysis and selected results are discussed further.

4.1 Hohenpeissenberg analysis

The application of the above strategies is well exemplified by the analysis of the four-
decade Hohenpeissenberg data set illustrated in Fig. 2. Table 2 gives the parameters of
the two regressions. The linear regressions indicate that over at least the first approxi-
mately 30 yr of the data record, an increase in O; was observed in all four seasons. In
each season the derived increase (i.e. linear regression slope) was highly statistically
significant, with all slopes much larger than the respective 95 % confidence limits. The
average annual increase over those 30yr was a maximum of 0.46 +0.11 ppbvyr'1 in
winter, slightly less in spring and summer (0.39 £0.13 and 0.35i0.19ppbvyr'1, re-
spectively), and a minimum in autumn (0.19 £0.10 ppbvyr‘1), although only the differ-
ence between autumn and the other 3 seasons is statistically significant. The r? values
indicate that the linear increases account for between approximately 33 % (in summer)
and 72 % (in winter) of the variance of the seasonally averaged O5 between 1971 and
2000. The present results are in good agreement with the conclusions of a previous
analysis of the Hohenpeissenberg O3 data set by Gilge et al. (2010).

The negative accelerations derived from the quadratic fits (Eq. 2) indicate that the
rate at which the O3 concentration increased at Hohenpeisenberg slowed over the 40-
year record and has changed sign (i.e. begun to decrease) in some seasons. This
decrease in the rate is statistically significant in all seasons (only marginally so in
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autumn). The quadratic fits with negative acceleration values indicate that the seasonal
O3 mixing ratios have already or may later reach a maximum. The derived coefficients
in Table 2 indicate that those maxima were reached in summer 1996, autumn 2005
and spring 2008, and will be reached in winter 2016 (assuming that the quadratic fit
accurately extrapolates that seasonal trend). However, these are imprecise estimates
with broad 95 % confidence limits for the year of those maxima (derived from a simple
propagation of errors ignoring any covariance of the parameters) varying between 8 yr
for summer and 18 yr for winter. It should be noted that these maxima are based upon
the slowly varying, long-term changes as described by the quadratic fit, which removes
interannual variability. The year with the highest measured O3 concentration likely does
not agree with the maximum derived from the quadratic regression. For example, the
largest summertime seasonal average occurred in 2003, the year of a notable heat
wave in Europe (Ordonez et al., 2010), which is later than the regression estimate of
1996.

These quadratic fits indicating decreases in growth rate are the reason we have lim-
ited the linear regression to the data record before the year 2000. As we will see in the
examination of the regressions to the other data sets, statistically significant negative
accelerations are found for sites other than Hohenpeissenberg. In these cases, the lin-
ear regressions will generally include only data collected before the year 2000; care
must then be taken to interpret the slope of those linear regressions as the average
annual increase in O3 mixing ratio over the portion of the data record before 2000.

4.2 Analysis of marine boundary layer data sets

The Arkona-Zingst data set is the longest, nearly continuous record considered, and
thus yields the most precise regression results. The other three MBL data sets, two of
which are illustrated in Fig. 3, span shorter time periods than the Arkona-Zingst record
resulting in poorer precision of the regression fits as reflected in larger confidence
limits for the derived parameters. Figures S1, S2, S7 and S10 provide the details of
the regressions. None of the accelerations are significant for the Arkona-Zingst, US
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Pacific Coast MBL or the Japanese MBL data sets, so the linear regressions include
the full data records. At Mace Head negative accelerations are significant in two of the
four seasons (Fig. S2). However, the relatively large magnitude of the second order
parameters may be driven by boreal biomass burning events (Derwent et al., 2007) or
specific transport patterns (e.g., Hess and Zbinden, 2011; Pausata et al., 2012) that led
to seasonally averaged enhanced O3 near the center of the data record. Consequently
the selection of the time period to include in the linear regression is not completely clear
for Mace Head. Table 3 compares the linear regressions for the entire measurement
period and for the portion before 2000. The precision of the derived parameters is
significantly better for the entire period. In further analysis here, we consider the linear
regressions over the full measurement period at Mace Head, as well as the other three
MBL sites.

There are differences in the seasonal cycles and trends between Mace Head base-
line and Arkona-Zingst (e.g. compare Figs. 3 and S1). This may be partly due to the
differences between baseline-selected and unsorted data, which remove local anthro-
pogenic influences in the Mace Head data. There may also be a spatial gradient across
Europe in baseline O; due to dry deposition along the increasing land surface dom-
inated part of the trajectories. During summertime, regional O3 production and loss
destroys the baseline signal with increasing west to east distance. This spatial gradient
is apparent across the UK and may exert an influence not only on absolute O levels,
but also on trends (Jenkin, 2008).

4.3 Analysis of higher elevation data sets

Mountain sites have been chosen for many long-term measurements of O since they
are more isolated from local and regional influences, and so resulting data sets can
provide useful information regarding changes in baseline O3 concentrations in the free
troposphere. Figure 4 illustrates analysis of measurements from one mountain site in
North America and one at a comparable elevation in Japan. In the analysis presented
here, filtering of data for baseline conditions generally has not been performed at the
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elevated surface sites; the effect of baseline filtering is discussed in Sect. 4.4. We do
examine the North American FT data set (Fig. S9) that combines all of the airborne data
in the lower free troposphere over Western North America and the Eastern North Pa-
cific, and these data have been selected for baseline conditions. We also consider three
mountain sites located in Central Europe in addition to Hohenpeissenberg discussed
above; two of these sites had limited measurements conducted in the 1930s and 1950s.
Figures S4-S6, S8, S9 and S11 illustrate the details of the linear and quadratic regres-
sions, and the figure captions give some pertinent details of the data sets.

The results from the three additional European data sets are broadly consistent with
those from Hohenpeissenberg, indicating these results are valid for a large region,
i.e. Western and Central Europe. The slopes from the linear regressions are positive
in all seasons at all sites, indicating that O5 increased in the decades before 2000
throughout the European region covered by the sites. Statistically significant negative
accelerations are found at all sites in all seasons, which indicate that the rate of Og
increase has slowed, and in some cases reversed and is now decreasing, throughout
the European region. Maxima in the quadratic regression fits occurred in the 1990s or
early 2000s in all seasons at all of these sites.

Mt. Happo in Japan shows contrasting behavior, and there are uncertainties regard-
ing the most recent data from this site. Figure 4 presents the results for 1991-2007
reported by Tanimoto et al. (2009) based on measurements by Nagano Environmental
Conservation Research Institute (NECRI) and Acid Deposition Monitoring Network in
East Asia (EANET). The increase in Og is greater than at any other site, with statisti-
cally significant positive slopes from the linear regressions in all seasons, despite the
relatively short data record. The rate of O3 increase shows some indication of increas-
ing in three seasons (Fig. S11), but the accelerations from the quadratic fits are not
statistically significant. The O changes at this site may reflect the rapid growth in O
precursor emissions in continental East Asia, which lies upwind of this site (Tanimoto
et al., 2009). Ozone at this site, as well as in the Japanese MBL (Fig. S10), exhibits
a strong springtime maximum, which corresponds to the season of strongest outflow
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of air from the Asian continent. Two additional years of data are now available from
EANET (see Fig. S11), but these data are 10 to 20 ppbv below the mixing ratios mea-
sured in previous years. After 2007 the traceability system and operational protocol
for monitoring ambient O3 in Japan was modified and the instruments of EANET were
replaced in 2009, so a systematic error is suspected. Efforts are underway attempting
to resolve this discrepancy; until a resolution is reached, the more recent data are not
included in the analysis of O3 changes at this site.

The O5 changes at Lassen NP (Fig. 4) are intermediate between Mt. Happo and
the European data sets. Significant positive changes have occurred in all seasons
except autumn (Fig. S8), which is in accord with the changes seen in the US Pacific
Coast MBL (Fig. 2). The strongest trend in both of these data sets is in spring, which
is in accord with the strong springtime trend seen in the North American FT, results
originally presented in Cooper et al. (2010) (Fig. S9). Only at Lassen NP in summer and
autumn are the negative accelerations from the quaderatic fits statistically significant.

4.4 Comparison of baseline and unfiltered data sets

Ideally all analyses would be based upon data sets filtered for baseline conditions.
However, in the analysis presented up to this point baseline filtering has been done
for only three of the eleven data sets; the remaining eight data sets are unfiltered. In
essence, we assume that (as a consequence of the location of the sites) the long-
term changes in the total data sets provide good approximations to the changes in
baseline O concentrations at those sites. This assumption can be examined through
comparisons of long-term O changes derived from filtered and unfiltered data sets,
which is possible to some degree for eight of the eleven data sets included in this
analysis.

Cui et al. (2011) selected baseline conditions at Jungfraujoch from 1990-2008 by
means of 20-day back trajectory analysis, and found that from 20 % (in winter) to
nearly 50 % (in summer) of sampled air masses had recent contact with the European
boundary layer. Air masses without such contact were considered baseline periods.
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Figure S16 compares the linear and quadratic fits to O3 measured in the baseline peri-
ods to those for the unfiltered data set considered in this paper. Some small differences
can be noted in the baseline parameters compared to those from the unfiltered data
set: the correlations are stronger, the intercepts are slightly smaller in summer and
slightly larger in winter, and the accelerations are larger. However, there is agreement
for all derived parameters within the indicated confidence limits.

Gilge et al. (2010) examined measured O5; concentrations as a function of differ-
ent wind sectors at Hohenpeissenberg, Zugspitze, Jungfraujoch, as well as another
European alpine site (Sonnblick). They found no strong variation of O5 at any of the
sites, despite significant variation of precursor concentrations (CO and NO,) with wind
direction, at least at Hohenpeissenberg. There has also been an additional limited in-
vestigation of the Zugspitze data filtered for baseline conditions, both by selection of
night time data (when boundary layer influences are much reduced at the alpine site)
and by filtering according to low CO mixing ratios to select relatively unpolluted air; the
trends derived from data sets unfiltered and filtered by the two different criteria were
not statistically significantly different (ATMOFAST, 2005). This lack of dependence of
derived O3 changes upon wind direction, time of day, and CO concentration argues
that at the European alpine sites and at Hohenpeissenberg the O3 changes derived
from unfiltered data sets approximately represent changes in baseline O;.

The North American FT data set examined here is also filtered to retain only baseline
concentrations, and a slope of 0.70 £ 0.30 ppbvyr'1 (Fig. S9) was obtained from the lin-
ear regression to the springtime (April, May) averages. In the original paper reporting
this data set, Cooper et al. (2010) performed linear regressions to the unfiltered data set
(slope derived from springtime medians = 0.70 £ 0.22 ppbvyr'1) as well as to the base-
line selected data (slope derived from springtime medians =0.76 +0.29 ppbvyr'1).
Thus the slopes derived from these three linear regressions are in statistical agree-
ment.

The US Pacific Coast MBL data set examined in this work also is selected for base-
line conditions. In the original paper reporting the first 23 yr of this 26-year data set,
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Parrish et al. (2009) performed linear regressions to the total springtime data set for
comparison to baseline selected data (see Fig. 8 of that reference), which resulted in
trends that were not statistically significantly different, although the intercepts derived
from the total data sets were significantly smaller than those derived from the baseline
selected data.

Jaffe et al. (2003) presented an earlier analysis of the Lassen NP data set exam-
ined here. That work compared trends extracted from the total data set and baseline
data selected by two different approaches: selection of calculated trajectories with no
continental contact and selection of periods of high winds from the direction of the
unpolluted Pacific coast. Linear regressions to the unfiltered data set and to the two
baseline selected data sets generally indicated statistically significant O5 increases in
all seasons, and all derived increases agreed within statistical confidence limits (see
Table 2 of that reference). It should be noted that the shorter data record available at
that time yielded less precise O3 increase determinations than those reported here.

It is apparent that at least for the seven data sets discussed above, the linear and
quadratic regressions to the total data set do indeed provide good approximations for
the O5 changes derived from similar regressions to baseline selected data. However,
that is not the case for Mace Head. Figure S17 illustrates the regressions for the unfil-
tered data set, which give significantly different results from the regressions to baseline-
selected data illustrated in Figs. 3 and S2. For the baseline data the linear correlation
coefficients are larger, the intercepts are larger (most notably in winter), the slopes are
much larger, and the negative accelerations are also of larger magnitude, illustrating
the importance of sorting baseline from non-baseline data. The large majority of these
differences are statistically significant. The unsorted data shows no statistically signif-
icant slowing in the growth rate of O5. Controlling European regional NO, emissions
likely has had an influence on unsorted Og levels, at least partly due to a decrease in
the intensity of NO,-driven Oj titration events.

From this set of comparisons we can draw tentative conclusions. Regressions to
O; data sets that have not been selected for baseline conditions do provide accurate
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measures of long-term baseline O; changes at elevated sites. However, total data sets
from boundary layer sites that receive air masses recirculated from the local continent
(e.g., Mace Head) must be analyzed with caution. For our purposes in this paper, cau-
tion must be applied to the results from Arkona-Zingst, since baseline selection has
not been accomplished, and changing measurement procedures add additional un-
certainty. The Hohenpeissenberg data set is only filtered for local contaminations, but
agreement of O3 data from different wind sectors (rural and slightly polluted) indicates
influences from regional emissions are small (Gilge et al., 2010). Finally, it is interesting
to note that the Mace Head comparison indicates that, compared to the analysis of the
baseline-selected data set, analysis of the unfiltered data set underestimates, rather
than overestimates, the magnitude of long-term O5 changes. Different considerations
must be applied to the two Asian data sets, since they are in the outflow region from
the Asian continent so the definition of baseline is not clear in this environment.

5 Results, discussion and comparison to other analyses

Hohenpeissenberg (Fig. 2) exemplifies three important characteristics of the long-term
O; changes determined from these analyses. First, as the positive slopes derived
from the linear regressions clearly indicate, present O3 mixing ratios are significantly
larger than they were at the beginning of the measurements in the 1970s. Second,
as the negative accelerations indicate, the O concentration increase has apparently
ended, at least over Europe, and there are indications that concentrations have be-
gun to decrease. Sections 5.1 and 5.2 compare the slopes, intercepts and changes in
growth rates (i.e. the accelerations from Eq. 2) derived from all data sets. The depen-
dence of these parameters on continent and elevation of the measurement location is
also discussed. Third, seasonal differences in O; changes have resulted in substantial
changes in the seasonal cycle in O concentrations. In the 1970s at Hohenpeissenberg
there was a summer maximum, a winter minimum and intermediate concentrations in
spring and autumn. Presently, spring and summer have nearly equivalent seasonal
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averages that are both higher than autumn and winter, which are also nearly equivalent.
Section 5.3 briefly discusses the changes in the seasonal cycle at different locations.

5.1 Comparisons of O3 changes throughout northern mid-latitudes

The springtime O5 averages and the linear and quadratic fits are compared for all
eleven data sets in Fig. 5. In this season intercontinental flow is most important (see
HTAP, 2010), observational data are most abundant, and influences from local and re-
gional photochemical O5 production are relatively small. Figure 5 indicates that from
the earliest measurements in the 1950s until at least near the end of the 20th century,
springtime Og increased at all sites throughout the northern mid-latitudes. The signifi-
cant curvature evident in the quadratic fits at many sites, particularly in Europe, shows
that the rate of increase has slowed in the later parts of the records. Similar results,
with some significant differences, are seen in all seasons (Figs. S12-S14 of the Sup-
plement). Figures 6—8 compare parameters of the linear and quadratic regressions for
all data sets in all seasons.

Generally all eleven data sets show trends of increasing Os in all seasons (Fig. 7a),
although a few of these changes have relatively low statistical significance. The longer
European data records indicate that the change occurred throughout the second half
of the 20th century. Qualitatively all changes are similar to those of the Arkona-Zingst
record, at least until approximately year 2000. There is some indication of greater in-
creases in spring and winter, and smaller increases in summer and particularly autumn.
Trends determined from the discontinuous data sets from Arosa and Jungfraujoch are
similar to the trends extracted from the continuous data sets. The precision with which
the changes can be quantified depends strongly on the length of the data record, with
the shorter Japanese data records having less precision (larger confidence limits.) In
considering these derived trends, it must be realized that the lack of a statistically signif-
icant change (e.g. the Japanese MBL in winter in Fig. 7a) does not necessarily indicate
that there has been no change; rather it may indicate that any long-term change that
occurred over the period of the data record is too small to be discerned with strong
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statistical significance given the length of the data record and the interannual variability
that is present in the data sets.

In Fig. 7a there is some indication of increasing positive average O3 trend with eleva-
tion of the measurement site. Within each season and continent, the results are plotted
according to increasing elevation, so the parallel increase in O trend is clear. This ele-
vation dependence in the trends is similar to the elevation dependence of the absolute
O3 concentrations as indicated by the year 2000 linear regression intercepts (Fig. 6).
For the European data sets, the year 2000 intercepts increase with elevation at a rate
that varies from 3.5+ 0.7 ppbv O, km~" in winter to 7.8 £0.7 ppbv O, km~" in summer,
with intermediate dependences in spring and autumn. This increase of O3 with altitude
has been discussed previously (e.g., Chevalier et al., 2007). Depending on season, this
elevation dependence accounts for 48 % (winter) to 83 % (spring) of the variance in the
intercepts among the European data sets. Figure S15 of the Supplement illustrates the
elevation dependence of both the intercepts and the slopes from the linear regressions
to the European data sets. The increase in slope with altitude is statistically significant,
but accounts for a smaller fraction of the variance than was the case for the intercepts:
from 34 % in summer to 46 % in spring.

Since both the intercepts and the slopes of the linear regressions increase with el-
evation, greater similarity between data sets can be found by considering a relative
change (i.e., percent change/year relative to a reference value) rather than the abso-
lute changes (ppbv/year) that we have considered to this point. However, it is important
to differentiate such a relative change, which is linear relative to a fixed reference, from
an exponential change, which can be expressed in percent change/year relative to the
resultant, ever changing reference. We will consider a relative, linear change by ex-
pressing the change as the slope divided by the year 2000 intercept (expressed as
a percentage) where the slope and intercept are from the linear regression already dis-
cussed. Figure 7b displays the average trends relative to the 2000 intercept for all data
sets in all seasons. As discussed above, these average trends are for measurements
through the year 2000 if the second order term in Eq. (2) is statistically significant (i.e.
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the interior European sites); otherwise the full measurement period is included. These
relative changes are consistent for all European and North American data sets within
all seasons (with the possible exception of autumn) while the Mt. Happo site in Japan
has experienced larger relative changes.

Until year 2000 all series show increases in O3, and almost all are significant and
similar in magnitude (when considering percentage changes) except for the signifi-
cantly larger trends at Mt. Happo. If we assume that the nine European and North
American data sets provide the best measure of the change in baseline O concen-
trations at northern mid-latitudes, then we can take a weighted average of the relative
O3 changes over these data sets for each season. (Here the relative O; change deter-
mined at each site is weighted by the inverse square of its confidence limit.) The result
is an increase of approximately 1 % yr‘1 relative to the respective year 2000 intercepts
in each season, specifically 1.08 £ 0.09, 0.89 £ 0.08,0.79 £ 0.12and 1.22 £ 0.12% yr'1
in spring, summer, autumn and winter, respectively. These averages are indicated by
the large black plus symbols in Fig. 7b; the 95 % confidence limits of these northern
mid-latitude averages are small (about 10 % of the averages). It is notable that 85 %
of the seasonal relative changes from the individual data sets from Europe and North
America agree with the derived northern mid-latitude averages within their respec-
tive 95 % confidence limits. This agreement is consistent with the hypothesis that an
approximately uniform increase in lower troposphere baseline O3 concentrations has
occurred throughout northern mid-latitudes over North America and Europe during the
last half of the 20th century. The relatively short, recent data set from Mt. Happo, which
is strongly influenced by outflow from the East Asian continent where O3 precursor
emissions have been increasing at a rapid rate (Ohara et al., 2007), generally exhibits
larger increases. To put the magnitude of these numbers in perspective, a constant
linear increase of 1% yr‘1 relative to the 2000 year intercept implies that between 1950
and 2000 the baseline O5 concentrations doubled at northern mid-latitudes.

As discussed above for Hohenpeissenberg, in Europe and North America, there are
indications that the increase in baseline O3 concentrations has slowed, and at the
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interior European stations, O5 has begun to decrease. Figure 8 compares the growth
rate changes (i.e. accelerations) derived from the quadratic fits for all data sets and
seasons. For all seasons the rate of change in the growth rates are negative with high
statistical significance at the four interior European stations (Hohenpeissenberg, Arosa,
Zugspitze, and Jungfraujoch). The rates of O3 change at Mace Head have slowed in
all seasons, but are statistically significant only in winter and spring. At Arkona-Zingst,
the acceleration is close to zero in all seasons; however, the unexplained dip in Og
concentrations observed during all seasons in the 1980s precludes determination of
systematic changes in the slope. The US and North American FT data sets also yield
negative values for the acceleration, but they are statistically significant only at Lassen
NP in summer and autumn. In contrast, the acceleration at Mt. Happo is positive (but
not statistically significant) in three seasons. Taken together, there is evidence that the
increase in northern mid-latitude baseline O concentrations has slowed significantly at
some sites, and therefore the concept of baseline O5 varying in a uniform manner over
the northern mid-latitudes becomes questionable from the late 1990s onwards. Most
of the data sets considered here have not been filtered for baseline conditions, so this
change may partially reflect reductions in regional O3 precursor emissions. However,
since this decrease is seen at high Alpine stations, which are generally well isolated
from local/regional influences, this change likely reflects continental to hemispheric
scale O5 changes rather than purely regional effects.

5.2 03 changes downwind of Asia and North America

At the Japanese Mt. Happo site, which lies directly downwind of the Asian mainland,
O3 has generally increased faster than at the European and North American sites
(Fig. 7); this has been attributed, at least partially, to the rapid increase of O5 precursor
emissions that has occurred in East Asia over the past two decades (Tanimoto et al.,
2009). One point of concern is that the most recent data from Mt. Happo are systemat-
ically much lower than those reported by Tanimoto et al. (2009) (see Fig. S11); efforts
are currently underway to determine if a systematic measurement error can be found.
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Cooper et al. (2010) studied changes in free tropospheric springtime O5 of the West
Coast of North America. They did not find any decrease in the rate of change of O
after 2000 (see Fig. 5) and they attributed this feature to the continuing increase in
Asian O3 precursor emissions.

Using backward trajectory analysis Chan and Vet (2010) studied long-term Og
changes at 97 regionally representative sites of Canada and the US for period 1997—-
2006. Their results do not show a consistent picture regarding O5 baseline changes
in continental North America, and they concluded that the effect of changing baseline
O3 was not statistically discernable for surface sites located in high precursor emission
areas, since regional-scale influences were much more important. This work again em-
phasizes the need to carefully examine the suitability of a given data set for analysis of
baseline O3 changes.

Ozone changes at sites downwind of North America, a continent with decreasing
precursor emissions, may provide a useful comparison to the Japanese sites down-
wind of Asia. Bermuda (approximately 1000 km southeast of Cape Hatteras, North
Carolina, US) and Sable Island Nova Scotia, Canada (approximately 900 km east and
175 km north of Boston, Massachusetts, US) are two sites downwind of North America
where O; measurements have been made since about 1990. However, neither of these
data sets is ideal in that each has an extended gap in the late 1990s and early 2000s,
and the measurements at Sable Island were particularly sporadic early in the record.
Figures S18 and S19 show linear and quadratic regressions to those data sets, and
Table 4 summarizes the parameters derived from the linear regressions. At Bermuda
increasing Og is noted in all seasons except autumn (although the increase is only
marginally statistically significant in spring). Oltmans et al. (2006) also noted increas-
ing O3 in Bermuda in spring and winter. It is noteworthy that O; at Bermuda is increas-
ing both during seasons of outflow of continental air (winter and spring) and during
summer when the Bermuda-Azores high isolates Bermuda from direct North American
influence. Sable Island presents a contrasting picture; the O3 change is not statisti-
cally significant in any season (due to the early sporadic measurements and the large
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interannual variation), but there is an indication of decreasing O3 in all seasons except
winter. In summary, the O; data records from two sites downwind of North America
show only minimal influence from precursor emission changes on that continent, with
Bermuda showing O increases from 1989-2010 generally similar to the baseline O
changes at Mace Head (compare Tables 3 and 4). The rapid O increases seen at Mt.
Happo downwind of Asia are unique within the data sets examined in this work, which
supports the suggestion that increases in Eastern Asian O5 precursor emissions are
at least partially responsible for the rapid O5 increases observed directly downwind of
that continent.

5.3 Changes of O3 seasonal cycles

The seasonal differences in the long-term O3 changes that have occurred at northern
mid-latitudes necessarily imply that the seasonal cycle of O5 has also changed over the
time span of the data records. For example, in Fig. 2 throughout at least the first three
decades of the data record, summer was the season of maximum O3 at Hohenpeis-
senberg, but in recent years O in spring has been comparable to that in summer. Sim-
ilar behavior is apparent at Arosa (Fig. S4), Zugspitze (Fig. S5), Jungfraujoch (Fig. S6),
and even Arkona-Zingst (Fig. S1) in Europe, and Lassen NP (Fig. 4) in North America.
A subsequent paper will explore these seasonal cycle changes more systematically
and in more detail.

6 Conclusions

We have analyzed available O3 measurement records to quantify the changes in base-
line tropospheric O concentrations that have occurred at northern mid-latitudes over
the past six decades, the maximum time period covered by well-characterized mea-
surements. The data sets were selected based upon (1) the quality and length of the
measurement record, (2) measurements representative of baseline O; concentrations,
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and (3) at least some coverage of all three northern mid-latitude continents. The pri-
mary analysis considered eleven total data sets: six European, three North American
and two Asian; some additional analysis considered data from two sites downwind of
North America. The earliest continuous measurements were begun in 1956, and a few
other isolated measurements from the 1930s and 1950s are included.

A consistent picture emerges from these analyses. In general, the average Og
change has been positive at all sites in all seasons (Fig. 7a) when the full time pe-
riods of the data records are considered. Both the magnitudes of the O3 increases, as
well as the absolute magnitude of the measured O5 concentrations (Fig. 6), generally
increase with altitude. Thus, expressing the average O; change as a percentage of
the magnitude of the O3 concentration in the reference year 2000 reduces the vari-
ability of the O3 increases among the sites. A summary of the European and North
American results can be simply stated: at least before 2000, the average increase of
O; at all sites was approximately constant at 1 % yr‘1 relative to the respective 2000 yr
intercepts in each season. There are small significant seasonal differences, with aver-
age increases of 1.08 £ 0.09, 0.89 +£0.08, 0.79+0.12and 1.22 £ 0.12% yr‘1 in spring,
summer, autumn and winter, respectively. To put the magnitude of these O; changes
in perspective, a constant change of 1% yr'1 of the year 2000 intercept corresponds
to a doubling from 1950 to 2000. The very limited data available from the 1950s or
before do indicate that the average O increases were sustained over the last half of
the 20th century; however this rate of increase has more recently slowed at European
sites, and to a lesser extent at North American sites. The data records analyzed began
in widely varying years, but nevertheless give similar average O5 annual increases;
this similarity supports the hypothesis of a sustained, approximately constant rate of
O; increase over the last half of the 20th century at northern mid latitudes. The base-
line O concentration change that has occurred has a high degree of uniformity over
longitudes at least from the Eastern North Pacific, over North America, the North At-
lantic and Europe. The error bars in Fig. 7b indicate the 95 % confidence limits of the
average seasonal rates of increase at the nine selected European and North American
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sites. Approximately 85 % of the European and North American error bars include the
average seasonal O3 changes derived from the nine European and North American
data sets. To put this in perspective, if the entire northern mid-latitude region in this
longitude range had hypothetically experienced a uniform O5 change at all sites, with
differing interannual variability superimposed, then 95 % of the confidence limits would
be expected to include the average seasonal O5 changes. The close correspondence
between the actual and the hypothetical inter-site agreement indicates this high degree
of uniformity in the average seasonal O3 increases.

The Mt. Happo Japanese site (measurements available since 1991) directly down-
wind of Asia has generally experienced larger O increases than those seen over Eu-
rope and North America. Relatively rapid increases are also found in free tropospheric
data over North America and in particular in air masses originating from Asia. These
larger increases over Asia are likely attributable to the rapid increase in O3 precursor
emissions that have occurred in East Asia. Sites directly downwind of North America
within the MBL of the North Atlantic do not show such behavior, although the data
are limited. Bermuda exhibits increases similar to Mace Head and West Coast North
American MBL sites, while Sable Island shows some indication of decreasing Os.

Even though we have presented evidence for a sustained, approximately constant
rate of O3 increase before the year 2000 over Europe and North America, we have also
presented evidence that the rate of that O3 increase has slowed, particularly over West-
ern and Central Europe and less clearly over North America. This slowing in the rate of
increase has advanced to the point that O5 over Europe has recently begun decreasing.
The linear analysis (based on Eq. 1) finds approximately the same average rate of Oy
increase before 2000 at (nearly) all European and North American sites. The analysis
assuming quadratic behavior (based on Eq. 2) derives a constantly decreasing rate of
growth of O, particularly over Europe. These somewhat contradictory conclusions re-
flect the statistical uncertainty that remains in choosing the mathematical model (Eq. 1
versus Eq. 2), in deriving the parameters from the mathematical models, as well as the
time periods considered. The linear analysis provides the best estimate of the average
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annual increase in O3 over each data record, and Fig. 7b indicates that these estimates
are remarkably consistent among the European and North American sites, regardless
of length of data record, location or altitude. The second analysis provides the best es-
timate for the average annual rate of change in O5 growth rate over each data record;
Fig. 8 shows that these estimates indicate generally slowing O5 growth rate over North
America and Europe. It must be clearly noted that neither analysis implies that O5 at
any site necessarily varied in either a linear (Eq. 1) or a quadratic (Eq. 2) manner,
and certainly does not imply how O3 will change in the future. The derived parameters
with their confidence limits do provide a convenient means to summarize long-term Oy
changes at northern mid-latitudes.

This paper has presented a summary of long-term changes in lower tropospheric
baseline O5 concentrations at northern mid-latitudes with the goal of providing bench-
marks to which retrospective model calculations of the global Oj distribution can
be compared. Satisfactory completion of these measurement-model comparisons is
a necessary step in our efforts to fully understand the global O3 budget. Such compar-
isons should include the average long-term O increase in each season over the last
half of the 20th century, and the more recent slowing of that increase, at least over the
interior of the European continent.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/13881/2012/
acpd-12-13881-2012-supplement.pdf.
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Table 1. Ozone data sets investigated in this work.

Monitoring Site Dates Lat./Long. Elev. (km) Original Analysis, Site Description
and/or Data Source

Europe

Arkona-Zingst, 1956-2010 54°26'N 0.00 Feister and Warmbt (1987)

Germany 12°44'E

Mace Head, 1989-2010 53°10'N 0.02 Derwent et al. (2007)

Ireland 9°30'W

Hohenpeissenberg, 19712010 47°48'N 1.0 Gilge et al. (2010) (data available from:

Germany 11°01'E http://ds.data.jma.go.jp/gmd/wdcgg/)

Arosa, 1950s; 46°47'N 1.8 Staehelin et al. (1994)

Switzerland 1989-2010 9°41'E

Zugspitze, 1978-2009 47°25'N 3.0 H.-E. Scheel at IMK-IFU; Gilge et al. (2010)

Germany 10°59'E

Jungfraujoch, 1930s; 46°33'N 3.6 Bronnimann et al. (2002), Gilge et al. (2010),

Switzerland 1990-2010 7°59'E Cui et al. (2011) (data available from:

http://ds.data.jma.go.jp/gmd/wdcgg/)

North America

US Pacific Coast 1985-2010 38-48°N 0t00.24 Parrish et al. (2009), NOAA GMD?

MBL 123-124°W

Lassen NP 1988-2010 40°32'N 1.76 Jaffe et al. (2003), NPS®

California, US 121°35'W

North American 1984-2008 25-55°N 3.0t0 8.0 Cooper et al. (2010)

FT 90-130°W

Asia

Japanese MBL 1998-2009 38-45°N 0t00.11  Tanimoto et al. (2009), EANET®
138-142°E

Mt. Happo, Japan 1991-2009 36°17'N 1.85 Tanimoto (2009), Tanimoto et al. (2009),
137°48'W EANET®

downwind of North America

Bermuda 1989-2010 32°16'N 0.03 Oltmans et al. (2006), NOAA GMD*®
64°53'W

Sable Island, 1991-2008 43°56'N 0.02 Parrrish et al. (1998), NSE¢

Nova Scotia, Canada 60°01'W

& National Oceanic and Atmospheric Administration, Earth System Research Laboratory, Global Monitoring Division

(available at http://www.esrl.noaa.gov/gmd/dv/ftpdata.html).

® National Park Service, Air Resources Division (available at http://www.nature.nps.gov/air/monitoring/network.cfm).

¢ Acid Deposition Monitoring Network in East Asia.
9 Nova Scotia Environment, Air Quality and Resource Management Branch.
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Table 2. Parameters of linear regression using least-squares fits to the Hohenpeissenberg
data set. CL indicates the 95 % confidence limits of the respective parameters, and r is linear
correlation coefficient. Units are ppbv, ppbv yr'1 and ppbv yr'2.

Linear fit — 1971-2000

2

Season intercept+CL  slope+CL r

spring 47.0+£22 0.39+0.13 0.58
summer 51.8+3.3 0.35+0.19 0.33
autumn 32.3+1.7 0.19+0.10 0.34
winter 33.0+1.9 0.46+0.11 0.72
Quadratic fit — 1971-2010

Season intercept+ CL K1+CL acceleration £ CL
spring 459+1.3 0.14+£0.17 -0018 £ 0.016
summer 50.1+2.0 -0.14+0.27 -0036 +0.024
autumn 31.8+1.0 0.05+0.14 -0010+£0.013
winter 31.9+1.1 0.24+0.15 -0015+£0.014
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Table 3. Parameters of linear regression using least-squares fits to the Mace Head data set for
the indicated time periods. CL indicates the 95 % confidence limits of the respective parame-
ters, and r is linear correlation coefficient. Units are ppbv and ppbvyr™ .

1

Linear fit — 1989-2000

Season intercept+CL slope £ CL r
spring 455+£22 0.72+0.34 0.68
summer 35.1+£1.9 0.35+0.30 0.41
autumn 36.8+24 0.38+£0.37 0.34
winter 43.7+1.8 0.88+£0.31 0.82
Linear fit — 1989-2010

Season intercept+CL slope £ CL r
spring 43.3+0.9 0.35+0.14 0.58
summer 34.3+£0.7 0.21+£0.11 0.43
autumn 36.2+0.7 0.27+0.11 0.56
winter 41.1+£0.8 0.42+0.13 0.72
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Table 4. Parameters of linear regression using least-squares fits to the Sable Island and
Bermuda data sets for the indicated time periods. CL indicates the 95 % confidence limits of
the respective parameters, and r is linear correlation coefficient. Units are ppbv and ppbvyr™".

Bermuda — 1989-2010

Season intercept+CL  slope+CL r
spring 471+£2.0 0.27+0.29 0.21
summer 26.8+1.1 0.30+£0.16 0.56
autumn 35.0+£25 0.05+£0.33 0.01
winter 419+1.8 0.31+£0.25 0.34
Sable Island — 1991-2010

Season intercept+ CL  slope+CL r?
spring 37.8+3.7 -0.21+0.52 0.10
summer 30.9+4.4 -0.21+0.62 0.19
autumn 31.2+£1.9 -0.19+0.26 0.21
winter 32.8£3.1 0.00+£0.43 0.00
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Fig. 2. Seasonal O; averages measured at Hohenpeissenberg Germany. The solid lines indi-
cate linear regressions for the data up to and including year 2000. The dotted lines give the

quadratic regressions for the entire data sets.
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and quadratic regressions for the complete data sets in the same format as Fig. 2. 1] OO
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Fig. 4. Seasonal O5 averages measured at high elevation (~ 1.9km) sites in Western North
America at Lassen N.P. and in Japan at Mt. Happo. Lines indicate linear and quadratic regres-
sions for the complete data sets in the same format as Fig. 2.
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Fig. 5. Comparison of springtime trends in O concentrations measured at all sites in Europe
(left panels) and Western North America and Japan (right panels). The lines (in color) indicate
the linear (upper panels) and quadratic (lower panels) regressions to the data.
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Fig. 6. Summary of year 2000 intercepts of the linear regressions to the eleven northern mid-
latitude data sets in each season. The six European data sets are given to the left of the vertical
dashed lines, while the three North American and two Japanese data sets are to the right. The
sites are positioned in order of increasing elevation within their respective continents. For clarity
line segments connect the seasonal intercepts for three of the sites.
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Fig. 7. Summary of average rate of increase in O derived for the eleven northern mid-latitude
data sets in each season. The order of the sites is the same as in Fig. 7. (a) Rates given as
ppbv yr‘1 derived from the slopes of linear regressions as described in the text. (b) Rates given
as percentage of the year 2000 intercept defined as the ratio of the slope in (a) to the intercept
in Fig. 6. The black plus symbols indicate the averages with confidence limits of these rates for
all European and North American sites.
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