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Abstract. Changes in baseline (here understood as represenfhe average rate of increase before 2000 shows significant
tative of continental to hemispheric scales) troposphegic O seasonal differences (1.680.09, 0.89+0.10, 0.85£0.11
concentrations that have occurred at northern mid-latitudesnd 1.2 0.12 % yr* in spring, summer, autumn and win-
over the past six decades are quantified from available meaer, respectively, over North America and Europe).

surement records with the goal of providing benchmarks to
which retrospective model calculations of the globgldDs-
tribution can be compared. Eleven data sets (ten ground-

based and one airborne) including six European (beginning Introduction and background

in the 1950's and before), three North American (beginning

in 1984) and two Asian (beginning in 1991) are ana|yzed_Tropospheric ozone (£), and its changes over time, attract
When the full time periods of the data records are consid-much scientific attention becausg @ a strong greenhouse
ered a consistent picture emerges; ks increased at all 9as and the significant tropospherig @creases that oc-
sites in all seasons at approximately 1 %Yrelative to the curred during the last century have contributed to changes
site’s 2000 yr mixing ratio in each season. For perspective,i” radiative forcing and therefore to climate change (IPCC,
this rate of increase sustained from 1950 to 2000 correspond€007). Ozone is also an important air pollutant that at high
to an approximate doubling. There is little if any evidence concentrations damages human health and ecosystems in-
for statistically significant differences in average rates of in-cluding crops; as such it is often utilized as a tracer for
crease among the sites, regardless of varying length of dat@nthropogenic influences in atmospheric measurements (for
records. At most sites (most definitively at the EuropeanMore information see Royal Society, 2008). Tropospheric
sites) the rate of increase has slowed over the last decadas has a significant natural source fromg @roduced in
(possibly longer), to the extent that at presegti©decreas- the stratosphere and transported downwards by the large-

ing at some sites in some seasons, particularly in summepgcale Brewer-Dobson circulation, primarily at mid-latitudes
(e.g., Junge, 1963; Collins et al., 2003). It is destroyed by
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Fig. 1. General intercontinental transport processes. Blue text on the left applies to continental boundary layer processes, yellow/red text
apples to low-level transport and black/white text applies to high-altitude transport (based upon HTAP, 2010; original figure courtesy of
O. Cooper).

dry deposition at the surface (e.g., Galbally and Roy, 1980)cussed in detail in the recent Hemispheric Transport of Air
In addition, since the 1970s, it has been known thgt O Pollutants (HTAP) report (HTAP, 2010). Early analysis of
has significant photochemical sources and sinks. Under polelean “background” air masses, showing spring maxima in
luted conditions, it is largely depleted through reaction with O3 and PAN, supported the hypothesis that i® produced
nitric oxide (NO) emitted from combustion processes. At photochemically rather than just being transported from the
lower nitrogen oxide (NQ=NO + NO) concentrations, ®  stratosphere (Penkett and Brice, 1986). Since then, it has be-
is produced via reactions involving oxidation of methane come apparent that PAN plays an important role in the inter-
(CHjy), carbon monoxide (CO) and volatile organic com- continental budget of &since it can also be transported over
pounds (VOCSs) in the presence of sunlight andyN€ading  long distances between continents in the cold upper tropo-
to the formation of high concentrations og@nd other pho-  sphere, where it is stable, before descending and releasing
tochemical oxidants including peroxyacetyl nitrate (PAN) NOy due to thermal decomposition resulting in important
(Chameides and Walker, 1973; Crutzen, 1973.i©also  secondary production of £Dover downwind regions (e.g.
destroyed via reactions involving water vapor anglibo-  Wild et al., 1996). This process and others influencing O
tolysis leading to the production of the hydroxyl radical, the during long-range transport are summarized in Fig. 1 (HTAP,
primary tropospheric oxidant for CHCO and VOCs. Thus, 2010).
the concentration of @in the troposphere has a complex de-  During the latter half of the 20th centurys@oncentra-
pendence on concentrations of its precursors and water vapdions increased markedly at northern mid-latitudes. This in-
(Ayers et al., 1992). These precursor gases have both naturalease has been documented by a variety of observational
and anthropogenic sources which vary on diurnal, seasonatudies (see reviews by Vingarzan, 2004; Oltmans et al.,
and inter-annual timescales. 2006 and references therein), and is generally attributed to
Tropospheric @has a lifetime with respect to photochem- increasing anthropogenic emissions that accompanied eco-
ical loss that varies between a few to 20-30 days or longenomic growth of industrialized nations (e.g., Horowitz, 2006;
depending on season and altitude with longer lifetimes in theLamarque et al., 2005) and fueled photochemicglpto-
upper troposphere (Fusco and Logan, 2003). In the lower troduction. This observed increase is one of the most impor-
posphere its lifetime is shorter in the summer (around 5 daysjant manifestations of the hemispheric transport of air pol-
due to higher water vapor concentrations. Dry deposition di-lution. Variability in stratospheric flux may have also played
minishes the lifetime of @ within the planetary boundary a role in increases in recent years (e.g @k et al., 2007;
layer over continental areas. Given its long lifetime relative toHess and Zbinden, 2011) although other studies do not find
transport timescales at, for example, northern mid-latitudesa large stratospheric influence, at least in the mid to lower
O3 can be transported away from source regions from ondroposphere (Cooper et al., 2010; Cui et al., 2011). Changing
continent to another (e.g. Guerova et al., 2006). Followingtransport patterns may also be important such as changes in
early studies by Chameides and Walker (1973, 1976) andhe North Atlantic Oscillation influence over Europe (Pausata
Cox et al. (1975), this has led to the recognition thati® et al., 2012). Uncertainty remains regarding the magnitude
not only a pollutant at local/regional scales near major emis-of the increase from pre-industrial to present day since pre-
sion regions, but also it is a pollutant on hemispheric scalesndustrial G concentrations are poorly known with few mea-
where it can contribute to so-called background levels as dissurements made before the late 1970s, and different data sets
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for the same region not always giving consistent results. Nev- —
ertheless, it does appear that concentrations were lower up to
the 1950s with mixing ratios (strictly speaking mole frac-
tions) around 10-20 ppbv, for example, over Europe (Volz
and Kley, 1988; Staehelin et al., 1994).

Changing concentrations in hemispherigl@ve implica-
tions for regional air quality where{Imported into a down-
wind receptor region can contribute to observeda@d local
air quality degradation. Over certain regions in the North-
ern Hemisphere, such as Europe and North America, am-
bient G; standards established from an air quality perspec-
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Ozone at Mace Head on the west coast of Ireland in-
creased from 1987 to the late 1990s with no significant
increase thereafter (Derwent et al., 2007).

Alpine sites in Europe show fincreased from 1978
until around 2000 and then stabilized (Logan et al., 2012
and references cited therein).

— A synthesis of sonde, MOZAIC, and alpine site data

from central Europe (Logan et al., 2012) suggests that
ozone has decreased since 1998, with the largest de-
crease in summer.

tive have been decreased due to human health and ecologi-
cal considerations to the point thag @oncentrations 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).

The major regions of anthropogenic emissions gfpde-
cursors are at northern mid-latitudes: Europe, North AmericaOur primary goal in this paper is to investigate the hypothe-
and more recently East Asia. While emissions have increasedis that Q has increased at statistically similar rates over the
substantially overall since the 1950s, certain regions have imfast half of the twentieth century throughout northern mid-
plemented emissions controls since the 1980s leading to ddatitudes. We concentrate primarily on analysis of ground-
creases in @ precursor emissions (Lamarque et al., 2010; based @ measurements from relatively remote surface and
Granier et al., 2011). For example, N®missions are esti- mountain top sites (maps of the sites are given in Fig. S20
mated to have declined by 30 % over Europe (1990-2005pf the Supplement) and also include one study based on
and 37 % over the United States (1985-2008; Granier et al. MOZAIC commercial aircraft data, airborne research cam-
2011). In contrast, emissions over Asia have increased withpaigns, sonde and lidar data (Cooper et al., 2010). Other
for example, NQ emissions over eastern Asia increasing by types of measurements, such as ozone sonde or lidar records,
7 % per year between 2001 and 2006 (Ohara et al., 2007). are generally not considered. It is desired to obtain a quanti-

The major pathways for intercontinental transport of pol- tative description of long-term changes in lower tropospheric
lutants are above the planetary boundary layer (PBL) (se€s concentrations at northern mid-latitudes over the longest
Fig. 1, and e.g., Forster et al., 2004); since the lifetime ofpossible time scales. To the fullest extent possible we aim
O3 above the PBL is long with respect to the time requiredto examine baseline £concentrations (defined below), but
for intercontinental transport, we expect regional changes irit must be recognized that all surface measurements are af-
O3 sources to result in concentration changes that are propfected to some degree by more local effects. Where possible,
agated zonally through this transport. Thus, we also expectve compare the results of our analysis with earlier publica-
long-term G changes to be similar through all longitudes at tions within the respective sections of the discussion. We in-
northern mid-latitudes, but the multiple records of @ea-  clude more recent data (through 2010 where possible) and
surements have not been fully analyzed from this perspecanalyze all data sets with consistent procedures designed to
tive. Some past analyses have shown some similaritysin O provide a robust quantitative analysis that allows compari-
changes at northern mid-latitudes: son of diverse time series of data. The results test the above

hypothesis and serve as benchmarks to which retrospective

— Ozone doubled in the Swiss Alps from the 1950s to themodel calculations can be compared. This paper expands the

early 1990s (Staehelin et al., 1994) and a similar in-discussion of long-term Northern Hemispherg hanges
crease was noted at Arkona on the German Baltic coasincluded in HTAP (2010), it presents more detailed descrip-
(Feister and Warmbt, 1987). tions and analyses 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 ana-
?yzing O3 changes with the aim of determining the contri-
Sution that hemispheric transport makes t9 @ver down-
wind receptor regions. Section 3 describes the data sets and
Sect. 4 presents the analysis methodology and results at dif-
ferent locations in the Northern Hemisphere. A discussion

— Ozone was also found to have increased on the west
coast of the US (Jaffe et al., 2003; Parrish et al., 2009;
Cooper et al., 2010).

Large G increases have been reported in spring at Mt.
Happo, the only mountain site in Japan (Tanimoto et al.,
20009).

— Sonde data show fincreased over Europe from the

differ among the three long-term ozone sonde station
(Logan, 1994; Logan et al., 1999).

www.atmos-chem-phys.net/12/11485/2012/ Atmos. Chem. Phys., 12, 11485064 2012
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and comparison with other studies is provided in Sect. 5 withHTAP (2010) global models were also used to define relative
conclusions in Sect. 6. annual intercontinental responses (RAIRs) based on the ratio
of simulated surface ©changes in a receptor region due to
20 % reductions in anthropogenic emissions in individual up-
wind regions compared to changes due to 20 % reductions in
all emission regions including the receptor region. These re-
sults showed that between 32 and 43 % of predicted surface

Regional air quality over populated areas is influenced byo3 changes are due to non-local emissions confirming the

surface @ concentrations that may have a varying mix of importancg Ofinfter-cor?tine.ntal transport fqrtroposphe@'co
local, regional and long-distance origins. The contribution '€ following discussion in this paper will address “base-
from Os imported from outside a region varies as a func- IN€” O, and its long-term changes. _
tion of location and time of year and depends on many fac- _!deally, long-term changes in{hat are representative

tors including transport patterns influencing a particular site® continental to hemispheric scales would be routinely di-
and proximity to local emissions. Thus, long-terrs @ea- agnosed using baselines@bservations from a network of

surements collected within or near major emission regiond €latively remote measurement sites. These basefr0-

reflect changes in both local, regional and distant precursof€ntrations can be obtained from measurement records by re-
emissions as well as inter-annual variability in transport pro-MoVving data collected when sampled air masses are affected
cesses and natural sources (e.g. input from the stratosphef¥ local influences. However, in practice determination of
and photochemical production from naturaj @ecursors). _such ba;e_lme concentra}thns is difficult, since meteqro!qg—
Since all locations in the Northern Hemisphere are im- ical conditions and proximity to local sources vary signifi-

pacted to a greater or lesser degree by anthropogenimO cantly from site to site. When baseline data selection has not
ported from upwind regions, it is impossible to determine been accomplished, the entire measurement record from sites

from measurements alone so-called natural background cor"d Platforms believed to primarily represent regional and
centrations with no human influence. In reality, observations'r?ter'com'nental scale Qcoqcentratlons (.g. mountain top
at even relatively isolated measurement sites reveal a speSiteS: MOZAIC and other aircraft data) have been analyzed
trum of concentrations in aged and well-mixed air massed® diagnose long-term £concentration changes. In the pri-
with a range of origins. Sporadic episodes, often identifiedMary analysis presented in this paper, three data sets with
by signatures of enhanced pollutant tracers such as CO, afeaseline selection and eight data sets without such selection

superimposed on this spectrum. Some locations receive larg@'® analyzed. Where possible, comparisons of long-tesm O

fractions of imported air masses and are thus much less afchanges determined with and without baseline selection are

fected by recent (i.e. within the last few days) local and re-discussed. This comparison and the consistency in the de-

gional influences. Such sites are found on the west coasts dfv€d Os changes over large regions support the assumption

North America or Europe and sites at higher altitudes in thethat the derived changes from all eleven data sets are rep-
continental interiors. These sites have typically been used tb€Sentative of long-term changes in baselingooncentra-

examine changes in hemispherig @ncentrations; they are tions. Nevertheless, a contribution from regional$ources
the focus of this study. remains in these data sets. Global models are often compared

to total data sets, but comparison with baseline-selected data
2.2 Baseline versus background ozone concentrations is also useful for evaluation of simulated trends since it al-
lows the separation between remote and local/regional emis-
From a policy perspective, it is important to diagnose thesion influences on hemispherigO
amount of Q imported into a region and how that amount
has changed over long time periods, since the effectiveness
of local emission controls can only be judged if this quan-3 Data sets
tity is known. This Q has often been referred to as “back-
ground” s, although this term is misleading since all lo- The goal of this paper has two aspects: first, to accurately
cations in the Northern Hemisphere are influenced by long-quantify the changes in tropospherig €oncentrations that
range transport of pollution. A more useful concept adoptedhave occurred at northern mid-latitudes over the full time pe-
in this paper and discussed further below is “baseling; O riods covered by well-characterized measurements, and sec-
which is derived from measurements at times when localond, to focus upon changes that are characteristic of regional
emission influences are determined to be negligible. In thgo hemisphere scales, i.e. baseling &@ncentrations, and
United States a somewhat related concept is the policy releto isolate them from more local influences. The data sets
vant background (PRB), which must be derived from modelselected for analysis represent the longest, highest quality
calculated @ concentrations with all North American an- measurement records available from sites that approximate
thropogenic emissions switched off (e.g. Zhang et al., 2011)paseline conditions. Unless otherwise noted all data from all
McDonald-Buller et al. (2011) present a recent review. Intimes of day are included in the analysiss @easurements

2 Issues related to quantifying ozone changes

2.1 Multiple influences on local ozone concentrations

Atmos. Chem. Phys., 12, 114894504 2012 www.atmos-chem-phys.net/12/11485/2012/
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obtained by the method of “Soéhbein papers” are not con- rope. They conclude that{data from MOZAIC aircraft,
sidered in this study because their data quality has been quethe alpine sites (both utilizing UV absorption instruments)
tioned (Kley et al., 1988) The £series collected at the Ob- and most sonde stations are self-consistent since about 1998;
servatoire de Montsouris between 1887 and 1911, althouglhowever, they and Schnadt Poberaj et al. (2009) identified
obtained with a quantitative method (c.f., Volz and Kley, problems with sondes in earlier years. Ozone series collected
1988), was excluded because of the geographical locatiomwith ECC type sondes of several series are presently homog-
of the observatory in the outskirts of Paris with potentially enized since the 1990s. Consequently, we conclude that it
much larger influences of dry deposition on the measureds prudent to not include sonde measurement records in the
O3 concentrations than at the remote sites considered in ouanalysis presented in this paper with the one exception noted
study. The earliest measurements that allow some comparabove with regard to the North American FT data set. How-
son for consistency (see Staehelin et al., 1994) are availablever, it may be valuable to utilizeg&onde data sets to ex-
from Europe near the middle of the 20th century, so a charamine inter-annual variability over a limited number of years
acterization over the last six decades is possible. To achiever seasonal cycles during specific periods.
these goals, a limited number of data sets have been selectedFrom a multi-decade perspective, Europe has the most
for analysis based upon three criteria: (1) the length of theextensive record of ambientzGneasurements. The longest
measurement record, (2) the regional representativeness gfuasi-continuous record was begun in 1956 at Arkona, a
the measurement site, and (3) at least some coverage of atlear sea level site on the Baltic Sea coast in northern Ger-
three northern mid-latitude continents. In particular, for Eu- many. These measurements were initially conducted by well-
rope and North America sites were selected that receive &alibrated, well-characterized wet chemical methods (Feis-
significant fraction of air masses from an upwind westerly di- ter and Warmbt, 1987). Measurements at that site ended in
rection. Given the lack of long-term data over Asia in regions1990. In 1991 measurements were begun at a nearby, sim-
upwind of Asian emissions, and the fact that its geographi-ilar EMEP (http://www.emep.int/index.htrlsite at Zingst,
cal situation makes it difficult to identify signatures of pollu- Germany, also a Baltic coastal site. The data from these two
tant import, we have chosen to include sites directly down-sites are combined here to give one continuous record cover-
wind from the Asian continent. A total of eleven data setsing 1956-2010, but it must be noted that changes in site and
(Table 1) were selected: six European, three North Ameri-measurement techniques add uncertainty to this data record.
can and two Asian. Maps showing the locations of the sites~or example as discussed by Feister and Warmbt (1987),
where these data were collected are given in Fig. S20 of the¢he earlier wet chemical methods suffered from negative in-
Supplement. Complementary analysis of two additional sitegerferences from sulfur dioxide (SP However, the S@
downwind of North America is included. Unless noted oth- concentrations at Arkona were so low that this interference
erwise, modern UV absorption instruments were utilized forwas found to be negligible. A CrXilter (for SO, removal)
all of the measurements. The analysis presented here is baseas installed in 1972 without detectable change in measure-
upon archived data sets. The references given in Table 1 sunments. The concentration of the reagent solution was dou-
marize important aspects of these data sets and the measutded in the mid 1970s, which led to a significant increase in
ment sites. Only brief descriptions are given here. It shouldobserved maximum ©concentrations, but there was no in-
be noted that data quality has continuously improved over thalication that the mean concentrations were affected. Finally,
decades of measurements due to steadily improving qualitya change from four measurements per day (0, 6, 12, 18 h) to
assurance procedures, e.g. systematic audits instituted by tle®ntinuous recording was made in 1982, again without sig-
GAW network in the early 1990s. nificant change (see Fig. 8 of Feister and Warmbt, 1987). The
In this work we have not considerecs@onde data sets, site change from the Arkona to Zingst does not show sig-
which have provided some of the longest-term data recordsnificant differences in values, nor in the trend. Nevertheless,
Sonde data have been incorporated into previous discussionike relative dip in @ seen at Arkona in all seasons in the
of long-term tropospheric 9changes (Logan et al., 1999; 1980s is not understood, and perhaps does indicate analyti-
Naja et al., 2003; Oltmans et al., 2006). We have generallycal problems; however the exclusion of those data has little
limited our consideration to in-situ measurements at surfacenfluence on the following analysis, so this potential problem
sites. The one exception is a North American free tropo-is of small consequence for our purposes. Given these site
sphere (FT) data set, which incorporated mainly MOZAIC locations and that no baseline selection has been performed,
plus other aircraft, @ sonde and LIDAR data (Cooper et this dataset includes a contribution from regional emission
al., 2010). Since at least the 1990s in-situ measurements ahanges over the period of the measurements, and is best de-
generally made by UV absorption techniques, which are exscribed as representative of regional ozone in northwestern
pected to be much less sensitive to interference and calibragurope.
tion uncertainties, compared to the uncertainties arising from Even earlier measurements were conducted during short
changes in sonde instrumentation and operating procedureperiods at Arosa, Switzerland in springtime in the 1930s
Logan et al. (2012) have carefully compared @easure- and 1950s (Staehelin et al., 1994) and at the Jungfraujoch,
ments from sondes, MOZAIC aircraft and alpine sites in Eu-Switzerland in summertime in the 1930s (Crutzen, 1988).

www.atmos-chem-phys.net/12/11485/2012/ Atmos. Chem. Phys., 12, 11485064 2012
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Table 1.0zone 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 826’ N 0.00 Feister and Warmbt (1987)
Germany 1244 E
Mace Head, 1989-2010 SBO'N 0.02 Derwent et al. (2007)
Ireland F30W
Hohenpeissenberg, 1971-2010 °4g N 1.0 Gilge etal. (2010)
Germany 11017 E (data available ahttp://ds.data.jma.go.jp/gmd/wdcgg/
Arosa, 1950s; 4647 N 1.8 Staehelin et al. (1994)
Switzerland 1989-2010 °a1'E
Zugspitze, 1978-2009 425N 3.0 Gilge et al. (2010); (data available from H.-E. Scheel at IMK-IFU)
Germany 1059 E
Jungfraujoch, 1930s; 483 N 3.6 Bronnimann et al. (2002); Gilge et al. (2010); Cui et al. (2011)
Switzerland 1990-2010 °BIE (data available fromhttp://ds.data.jma.go.jp/gmd/wdcgg/
North America

US Pacific 1985-2010 38-28I 0t00.24 Parrish et al. (2009), NOAA GMD
Coast MBL 123-12awW
Lassen NP 1988-2010 282 N 1.76  Jaffe et al. (2003), NPS
California US 12235 W
North American FT 1984-2008 25-58 3.0t08.0 Cooperetal. (2010)

90-130 W

Asia

Japanese MBL 1998-2011 38-4% 0t0 0.11 Tanimoto et al. (2009), EANET

138-142 E
Mt. Happo, Japan 1991-2011 3N 1.85 Tanimoto (2009), Tanimoto et al. (2009), EANET

13748 W

Downwind of North America

Bermuda 1989-2010 S26'N 0.03 Oltmans et al. (2006), NOAA GMD
64°53 W

Sable Island, Nova Scotia, 1991-2008 °88 N 0.02 Parrish et al. (1998), NSE

Canada 6001 W

2 National Oceanic and Atmospheric Administration, Earth System Research Laboratory, Global Monitoring Division (avalfdpi#/atvw.esrl.noaa.gov/gmd/dv/ftpdata.hyml
b National Park Service, Air Resources Division (availablénttp://www.nature.nps.gov/air/monitoring/network.¢fm

¢ Acid Deposition Monitoring Network in East Asia. The 2010-2011 data are not final until approved by Scientific Advisory Committee.

d Nova Scotia Environment, Air Quality and Resource Management Branch.

These early measurements were made both by long-patkites, and likely are more strongly affected by regionagl O
absorption spectrophotometry and by wet-chemical techinfluences. The Hohenpeissenberg data have been filtered to
niques, which compared well with each other as reviewed byremove very local contamination (see description at WD-
Crutzen (1988). Here we combine these early measurementSGG website:http://ds.data.jma.go.jp/gmd/wdcgg/cgi-bin/
with more recent data at these two sites to give long-termwdcgg/accessdata.cgi?index=HPB647N00-DWD&param=
but discontinuous records. The other European sites includ200612120588&select=parameter&parac=processing

Mace Head, Ireland, an Atlantic coastal site that receives These European data sets have been selected for baseline
relatively remote MBL air with measurements beginning conditions only at Mace Head. Cui et al. (2011) selected
in April 1987, and Hohenpeissenberg and Zugspitze,baseline conditions at Jungfraujoch from 1990-2008, but in
Germany, where measurements were begun in the 1970¢his work, we examine the full data set because the older
The four central European sites are at elevated altitudesummer data from the 1930s cannot be baseline selected, and
(two, Zugspitze and Jungfraujoch, are high alpine sites)two additional years of data are available in the full data set.
and are thus expected to sample air with relatively smallBaseline selection was also performed by various methods
local continental influence, at least a significant fractionfor subsets of data from other sites; comparisons between
of the time (Cui et al., 2011). Both Hohenpeissenbergbaseline filtered and unfiltered data are discussed in Sect. 4.4.
and Arosa are at lower elevations than the two alpine
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North America has a limited record ofsG@neasurements the sampled air had origins over mainland Europe, was trans-
that can be taken to represent baseline conditions. Relativelgorted from southern latitudes, or when emissions from the
short records are available from five coastal MBL sites alongMace Head region remained close to the station. It was not
the US Pacific Coast. By showing that there were no stapossible to completely exclude potential interferences from
tistically significant differences between monthly averagelocal or sporadic emissions such as shipping or aircraft. Here
O3 determinations in onshore airflow when measurementsave use Mace Head data for February 1989 onwards filtered
were concurrently available from separate sites, Parrish etitilizing only the NAME Lagrangian dispersion model and
al. (2009) were able to combine these measurements into present a comparison between long-term changes calculated
single record representative of MBL baseling @ncentra-  from filtered and unfiltered Mace Head data (Sect. 4.4). For
tions. Cooper et al. (2010) combined all available free tropo-the US Pacific Coast MBL, Parrish et al. (2009) selected data
sphere data collected during springtime over western Norttcollected during a high, onshore local wind window. This
America. This data set does have a long gap between the firstind selection criterion was shown to give comparable re-
year (1984), when a large data set was collected during theults to selection by criteria based upon several continen-
NASA CITE-2 study, and 1995, when the MOZAIC program tal tracers. For the North American FT data set, Cooper et
and two sonde series were initiated. In the analyses discussea. (2010) used the FLEXPART Lagrangian particle disper-
in the following sections, derived4Xxhanges are still signif- sion model to exclude data with a recent (5 days), strong
icant if the 1984 measurements are omitted, and the resultsfluence from the North American boundary layer. These
do not statistically significantly differ from that derived from selected data sets are taken to provide the best characteri-
the full data set (see Cooper et al., 2010). These North Amerzation of baseline § and are analyzed here. For the other
ican MBL and FT records began in 1985 and 1984, respeceight data sets no baseline selection method is available for
tively. There is one elevated site in western North Americathe complete data sets so unfiltered data have been analyzed.
(Lassen Volcanic National Park in California) that receives Section 4.4 discusses subsets of data sets with and without
relatively undisturbed inflow from the Pacific; measurementsfiltering to investigate the possible impact of the lack of base-
there were begun in 1988. The MBL and FT data sets havdine selection.
been selected for baseline conditions, but not the Lassen NP Two additional, more limited data sets from sites down-
data. wind from North America (Sable Island, Nova Scotia,

Two Japanese data sets are considered (Tanimoto, 200€anada and Bermuda) are also briefly discussed. These sites
Tanimoto et al., 2009) that are representative of inflow toprovide useful comparisons to the two Japanese sites that lie
Japan, which is directly downwind of the East Asian main- directly downwind from Asia.
land. One is a mountain site (Mt. Happo) with measurements
available from 1991-2011, and the other is derived from
three MBL sites at the west coast of Japan with measure4 Analysis approach and selected results
ments from 1998-2011. To increase the robustness of the lat-
ter data set, measurements from the three northern MBL site¥he goal of the present analysis is to quantify as accurately
(Rishiri Island, Cape Tappi, and Sado Island, 38-M3ati- and precisely as possible the long-term changes in observed
tude) reported by Tanimoto et al. (2009) are combined intoOs concentrations at northern mid-latitudes that are represen-
a single data set. This is accomplished by assuming that #ative of baseline conditions. A major problem in such quan-
seasonal averagesQ@etermination at any one of the three tification is deriving the long-term change in the presence of
sites constitutes an independent determination of the MBLshort-term (inter-annual and shorter) variability that is much
O3 concentration in this region; the average of all availablelarger than long-term changes. Further, the studies differ in
averages for each season (from either two or all three of thehe time period covered, and in the degree to which varying
sites) is taken as the best estimate of the regional MBL searegional influences may obscure baseline trends. Building
sonal average. Analysis of these two Japanese data sets hagon the approach of Parrish et al. (2009), five strategies are
been extended through 2011 because of their relatively shomployed here to surmount these problems. First, the longest
temporal extent, and because instrumental problems werpossible time periods covered by observational records are
identified in the measurements at Mt. Happo in 2007 andanalyzed to allow the long-term changes to be as large as
2010, which led to the exclusion of those data. Neither ofpossible relative to shorter-term variability. Second, where
these Japanese data sets has been selected for baseline cpossible baseline data sets are considered to avoid confound-
ditions. We also will briefly discuss measurements from an-ing changes and variability associated with local influences.
other Japanese MBL site (Ryori) on the east coast of JaparThird, changes in three-month seasonal averages (March,
which was suggested by Logan (2012). April and May equal spring, etc.) are investigated. Compared

Different strategies have been utilized to select baselingdo a shorter averaging period (e.g. monthly) a seasonal aver-
conditions. For Mace Head Derwent et al. (2007) used pol-aging period minimizes interannual variability, while still al-
lution filtering and the NAME Lagrangian dispersion model lowing investigation of the seasonal dependence of long-term
to filter data to exclude times when a significant fraction of changes; this is important forgOwhich exhibits a strong
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seasonality. It should be noted that winter of a given yearin Os, as is the case in Eq. (1). The acceleration, with units
includes January and February of that year, and Decembesf ppbv yr-2, quantifies the rate of change in the growth rate
of the preceding year. A given seasonal average is includedf O3z and equals the average rate of increase of the slope
only if data are available for each of the three months of theover the period of the data record. The term “acceleration”
season. Fourth, only a minimal number of parameters are inis often interpreted only with a positive magnitude; here it is
cluded in the derived functional forms intended to representaken to mean “growth rate change”, and can thus be either
long-term changes; as the number of parameters extractegositive or negative. As discussed later, several data records
from a given data set is increased, the precision with whichyield negative accelerations, which indicates that the rate of
any one parameter can be derived generally decreases (i.mcrease in @ slowed over those data records, and in some
the confidence limit of the parameter estimate increases). Theases reversed so thag @t present is decreasing at some
final strategy is perhaps more subtle; attention is paid to thesites in some seasons. All of the regressions were calculated
continuity of the derived functional form over the complete with Igor Pro, a technical graphing and data analysis pack-
data record. A continuous long-term change (i.e., a changage bttp://www.wavemetrics.corjywhich gives the param-
with no discontinuous jumps) is expected, since the physicakters with 95 % confidence limits through standard statistical
causes of long-term changes in @re not expected to vary methods.
in a discontinuous manner. These physical causes are, for Importantly, fitting Eq. (1) or (2) to any particular data set
example, changes in anthropogenig @ecursor emissions gives aline or curve that is independent of the choice of refer-
or stratospheric-tropospheric transport that are expected tence year. Thus, the slope and its confidence limit in Eq. (1)
change only gradually, so the resulting changesjaf@ ex-  and the acceleration and its confidence limit in Eq. (2) do
pected to be relatively gradual as well. not vary with the reference year chosen. However, the inter-
To implement the above strategies, we rely on simpleceptin Eq. (1) and the intercept and K1 in Eqg. (2) do change
statistical approaches: linear (two parameter) and quadratiwith that choice. The year 2000 was selected here because
(three parameter) least-squares regressions to the full timthat year is well inside the time period covered by all data
periods of the measurement records. These parameters aneicords; selection of a reference year near one end of the data
their confidence limits constitute the quantification of the record would degrade the confidence limits for the intercept
long-term QG changes. The 95 % confidence limits are de- determined in the linear regression and the intercept and K1
rived from standard, unweighted fits to seasonal average Odetermined in the quadratic regression.
as a function of year. An average is included for each season Three of the eleven data sets (Arkona-Zingst, US Pacific
with measurements available for at least two-thirds of thatCoast MBL and Japanese MBL) comprise data collected
seasonal period. All data sets are arbitrarily referenced to thérom two, five and three different sites, respectively. Par-
year 2000. The linear least-squares fit is to a two-parameterish et al. (2009) compared overlapping portions of the data

equation: records from individual sites within the US Pacific Coast
. MBL to demonstrate that there were no statistically signifi-
[Os] = slope- (year— 2000 + intercept (1)  cantdifferences in baselines®@etween the sites, so that they

) ) - can be confidently combined into a single data record. For

The slope, in units of ppbv y#, quantifies the growthrate  {he three Japanese sites, which cover nearly identical time
of Oz and is the best measure of the average annual increasgarinds, there are small differences in the derived intercepts
in Oz mixing ratio over the period of the data record, while (range of 2.6 to 8.2 ppbv depending on season), and due to
the intercept provides the interpolated, seasonally averageghe short measurement records the derived long-term changes
Oz mixing ratio in the year 2000. The utilization of a lin- oy each site vary significantly, so the data are combined to
ear fit does not assume that the temporal change was negjye a single average data set as described in the preceding
essarily linear over the data record, and does not imply thagection, Unfortunately, the measurement records at Arkona
a trend will contipue linearly into the future. The quadratic 4ng Zingst do not overlap, so no direct comparison of simul-
least-squares fit is to a three-parameter equation: taneous data is possible. However, both stations are located
[O3] = intercept+ K1 - (year— 2000 directly on thg Baltic coast, _approximately SQ km apart, in

1 a rural area with low population density and little local traf-
+= - acceleration (year— 200072. 2) fic. This similarity provides confidence in combining the data

2 from the two sites into one, longer-term measurement record.

Here again the intercept provides the interpolated, season- Figures S1-S11 of the Supplement present the results of
ally averaged @mixing ratio in the year 2000, although the the linear and quadratic regressions for all eleven data sets.
numerical value may differ from that derived from the linear Annotations in each figure give the derived parameters of
regression. K1 is the slope (i.e. the value of dJ@& 1) in those regressions, along with their confidence limits. The fig-
the year 2000; it is the interpolated, seasonally averaged ratere captions discuss details of the data sets and the regres-
of increase of @in that year, but this rate of increase changessions. In the following sections some examples of this anal-
with time rather than representing the average yearly increasgsis and selected results are discussed further.
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70 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, ani$ linear correlation coef-

60 ficient. Units are ppbv, ppbv y* and ppbv yr2.

Linear fit—1971-2000
50 .
Season intercegt CL slope+ CL r2
3 spring 47.0£2.2  0.39+0.13 0.58
g 40 summer 51.83.3 0.35+0.19 0.33
™ autumn 32.31.7 0.19+0.10 0.34
© winter 33.0£1.9  0.46£0.11 0.72
30 : Quadratic fit — 1971-2010
: Season intercept CL K1+ CL acceleration: CL
20+ 1
< I g f\“’t“mer spring 459:13  0.14:0.17  —0.018+0.016
- W‘i‘ngg;” summer 50.1:2.0 —-0.14+0.27  —0.036+0.024
ol o e autumn 31.8:10 0.05:0.14 —0.010+0.013
1970 1980 1990 2000 2010 winter 31.9£1.1 0.24£0.15 —0.015+0.014

Fig. 2. Seasonal @ averages measured at Hohenpeissenberg Ger-

many. The_ solid lines indicate linear _regres_sions for the d_ata up to[he seasonal @mixing ratios have already or may later reach

and including year 2000. The dotted lines give the quadratic regres- ) . _ . -

sions for the entire data sets. amaximum. The derived coeff|C|ents in Table 2 indicate that
those maxima were reached in summer 1996, autumn 2005

and spring 2008, and will be reached in winter 2016 (assum-

ing that the quaderatic fit accurately extrapolates that seasonal

trend). However, these are imprecise estimates with broad

The application of the above strategies is well eXemp“ﬁed%%confidence limits for the year of those maxima (derived

by the analysis of the four-decade Hohenpeissenberg data s&P™M @ Simple propagation of errors ignoring any covariance
illustrated in Fig. 2. Table 2 gives the parameters of the two®! (€ Parameters) varying between 8 yr for summer and 18 yr
jqr winter. These maxima are based upon the slowly varying,

regressions. The linear regressions indicate that over at lea , o !
g 9 ong-term changes as described by the quadratic fit, which

the first approximately 30yr of the data record, an increas . o . .
in O3 was observed in all four seasons. In each season thEEMoves interannual variability. Thus, the year with the high-

derived increase (i.e. linear regression slope) was highly staSt measured $concentration likely does not agree with
tistically significant, with all slopes much larger than the re- e maximum derived from the quadratic regression. For ex-

spective 95 % confidence limits. The average annual increas@MP!€. the largest summertime seasonal average occurred in
over those 30 yr was a maximum of 04®.11 ppbvyr in 2003, the year of a notable heat wave in Europe (Tressol et
winter, slightly less in spring and summer (0:39.13 and al., 2008), which is later than the regression estimate of 1996.

0.35+ 0.19 ppbv yr L, respectively), and a minimum in au- These quadratic fits indicating decreases in growth rate are

tumn (0.19+ 0.10 ppbvyr?), although only the difference the reason we have limited the linear regression to the pe-
between autumn and the other 3 seasons is statistically sigi°d Of the data record before the year 2000. As we will see
nificant. Ther2 values indicate that the linear increases ac-" the €xamination of the regressions to the other data sets,
count for between approximately 33 % (in summer) and 72 %sFatlstlcaIIy significant neg.atlve accelerations are found fo'r
(in winter) of the variance of the seasonally averagahe sites other than Hohenpeissenberg. In these cases, the lin-

tween 1971 and 2000. The present results are in good agre@-ar regressions will generally include only data cpllected be-
ment with the conclusions of a previous analysis of the Ho_fore the year 2000; care must then be taken to interpret the

henpeissenberg{lata set by Gilge et al. (2010). slope of those linear regressions as the average annual in-

The negative accelerations derived from the quadratic fitErease in @ mixing ratio over the portion of the data record
(Eq. 2) indicate that the rate at which the Epncentration ~ Pefore 2000.
increased at Hohenpeisenberg slowed over the 40-yr record
and has changed sign (i.e. begun to decrease) in some sea-
sons. This decrease in the rate, already noted in other work
(Logan et al., 2012 and papers cited therein), is statistically
significant in all seasons (only marginally so in autumn). The
quadratic fits with negative acceleration values indicate that

4.1 Hohenpeissenberg analysis

www.atmos-chem-phys.net/12/11485/2012/ Atmos. Chem. Phys., 12, 11485064 2012



11494 D. D. Parrish et al.: Long-term changes in lower tropospheric baseline ozone concentrations

Table 3. Parameters of linear regression using least-squares fitstac 0

I T
the Mace Head data set for the indicated time periods. CL indicates - | :
the 95% confidence limits of the respective parameters,raisd - | 1
linear correlation coefficient. Units are ppbv and ppbvyr I ! ]
- | -
Linear fit— 1989—2000 01 ! ]
Season interceptCL  slopet+ CL r2 i ; i
spring 455:22 0.72:0.34 0.68 3 -
summer 35%19 035030 041 g 40 .
autumn 36.8-2.4 0.380.37 0.34 S i 1
winter 43.7£1.8 0.88:£0.31 0.82 i i
Linear fit — 1989-2010 ! : ]
30+ -

Season interceptCL  slopet+ CL r2 L : —— Spring
L —O— Summer
spring 43309 0.35+0.14 0.58 I ! —+ Autumn

summer 34.30.7 0.21+0.11 0.43 i : —%— Winter

autumn 36.20.7 0.240.11 0.56 20 I I | I I
winter 41.1+0.8 0.42+:0.13 0.72 60 : : : :

U.S. Pacific Coast MBL
4.2 Analysis of marine boundary layer data sets L .
50 .

The Arkona-Zingst data set is the longest, nearly continuous "
record considered, and thus yields the most precise regres

sion results. The other three MBL data sets, two of which ’g
are illustrated in Fig. 3, span shorter time periods than the 2 40
Arkona-Zingst record resulting in poorer precision of the re- ~,
gression fits as reflected in larger confidence limits for the de- ©
rived parameters. Figures S1, S2, S7 and S10 provide the de

tails of the regressions. None of the accelerations are signifi- 3,
cant for the Arkona-Zingst or the US Pacific Coast MBL data

sets, so the linear regressions include the full data records. Ai

the Japanese MBL sites negative accelerations are significan

in two of the four seasons (Fig. S10). Since this data record 20
did not begin until 1998, the linear regressions include the 1985 1990 1995 2000 2005 2010
full data records. At Mace Head negative accelerations are

significant in two of the four seasons (Fig. S2). However, theFig. 3. Seasonal @ averages measured in the European marine
relatively large magnitude of the second order coefficientsboundary layer (MBL) at Mace Head, Ireland, and in the North
may be driven by boreal biomass burning events (Derwen(\merican M_BL along _the US Pacific Coast. Lines in_dicate linear
et al., 2007) or specific transport patterns (e.g., Hess an&nd quadratlc regressions for the complete data sets in the same for-
Zbinden, 2011; Pausata et al., 2012) that led to s:eas:onall)r}1at as Fig. 2.
averaged enhancedsMear the center of the data record.

Consequently the selection of the time period to include inﬂOW from the continent must pass over populated Japanese
the linear regression is pot completely clear for Macc_—z Headareas before reaching Ryori. Parrish et al. (2012) do show
Table 3 compares the linear regressions for the entire ME&hat air masses received at Ryori are strongly influenced by
surement period and for the portion before 2000. The preciy, o anq Jikely regional Japanese pollution. Compared to
sion of the derived parameters is significantly better for thethe Japanese MBL analysis included here, Ryara@erages
entire period. In further analysis here, we consider the Iin—5_4i 0.3 ppbv lower in all seasons. The Ryori trends in sum-

ear regressions over the full measurement periods at all foulrner and autumn are not statistically significantly different,

MBL sites. but the trends in winter and spring are significantly smaller
Logan (2012) suggests that the measurement record frorﬂom those determined here. Since our focus is griGwn-

Ryori Japan is more suitable for analysis of MBL baseline in of the Asian continent, we do not discuss the Ryori data
O3 downwind of the Asian continent than the sites SeleCtedrurther

here. However, Ryori is on the eastern coast of Japan, so out-
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There are differences in the seasonal cycles and trends be 8o
tween Mace Head baseline and Arkona-Zingst (e.g. compare
Figs. 3 and S1). This may be partly due to the differences

- . —/— Spring
between baseline-selected and unsorted data, which remov 70 —O— Summer
local anthropogenic influences in the Mace Head data. There —— Autumn
likely are also contributions from the spatial gradient across —¥— Winter

Europe in baseline ©that results from loss, production and

vertical transport as air masses move from west to east acros - 60
Europe. This spatial gradient is apparent across the Unitec-8
Kingdom and may exert an influence not only on absolute £

o

O3 levels, but also on trends (Jenkin, 2008). O 50

4.3 Analysis of higher elevation data sets
Mountain sites have been chosen for many long-term mea- 40
surements of @since they are more isolated from local and
regional influences, and so resulting data sets can provide
useful information regarding changes in baselirec@ncen- 30
trations in the free troposphere. Figure 4 illustrates analysis 80
of measurements from one mountain site in North America
and one at a comparable elevation in Japan. In the analysit
presented here, filtering of data for baseline conditions gen- 79
erally has not been performed at the 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 com-
bines all of the airborne data in the lower free troposphere ’_g
over western North America and the eastern North Pacific, &
and these data have been selected for baseline conditions™
We also consider three mountain sites located in central Eu-© 50
rope in addition to Hohenpeissenberg discussed above; twc
of these sites had limited measurements conducted in the
1930s and 1950s. Figures S4-S6, S8, S9 and S11 illustratt  4q
the details of the linear and quadratic regressions, 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, 30 1990 1995 2000 2005 2010
indicating these results are generally representative of the
western and central European region. The slopes from th&ig. 4. Seasonal @averages measured at high elevatieri(9 km)
linear regressions are positive in all seasons at all sites, indisites in western North America at Lassen NP and in Japan at Mt.
cating region-wide @increases in the decades before 2000.Happo. Lines in_dicate linear and quadrgtic regressions for the com-
Statistically significant negative accelerations are found at alP'€te data sets in the same format as Fig. 2.
European high elevation sites in all seasons, which indicate
that the rate of @ increase has slowed, and in some cases
reversed and is now decreasing, throughout the European réhan at any other site, with statistically significant positive
gion. Maxima in the quadratic regression fits occurred in theslopes from the linear regressions in all seasons, despite the
1990s or early 2000s in all seasons at all of these sites. relatively short data record. The rate o @crease shows

Mt. Happo in Japan shows somewhat contrasting behaviorstatistically significant indications of decreasing in all sea-
and there is some uncertainty regarding the most recent datsons (Fig. S11), but the accelerations from the quadratic
from this site. Figure 4 presents the results for 1991-2011fits depend strongly on the last few years of data. These
including those reported by Tanimoto et al. (2009) based ordata show significant variability, so these negative acceler-
measurements by Nagano Environmental Conservation Reations must be considered with caution. The éddanges at
search Institute (NECRI) and Acid Deposition Monitoring this site may reflect the rapid growth ing@recursor emis-
Network in East Asia (EANET). Instrument problems have sions in continental East Asia, which lies upwind of this site
been identified in 2007 and 2010, and those data have begfTanimoto et al., 2009). Ozone at this site, as well as in
excluded. The increase ig@articularly in spring, is greater the Japanese MBL (Fig. S10), exhibits a strong springtime
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maximum, which corresponds to the season of strongest oupendence of derived4xhanges upon wind direction, time of
flow of air from the Asian continent. At Lassen NP (Fig. 4) day, and CO concentration argues that at the European alpine
significant positive changes have occurred in all seasons exsites and at Hohenpeissenberg thedbanges derived from
cept autumn (Fig. S8), which is in accord with the changesunfiltered data sets approximately represent changes in base-
seen in the US Pacific Coast MBL (Fig. 2). The strongestline Os.

trend in both of these data sets is in spring, which isin accord The North American FT data set examined here is also fil-
with the strong springtime trend seen in the North Ameri- tered to retain only baseline concentrations, and a slope of
can FT, results originally presented in Cooper et al. (2010;0.70+ 0.30 ppbv yr! (Fig. S9) was obtained from the linear
Fig. S9), and at Mt. Happo. At Lassen NP only in summerregression to the springtime (April, May) averages. In the
and autumn are the negative accelerations from the quadratiariginal paper reporting this data set, Cooper et al. (2010)

fits statistically significant. performed linear regressions to the unfiltered data set (slope
derived from springtime mediars0.70+ 0.22 ppbvyr?l)
4.4 Comparison of baseline and unfiltered data sets as well as to the baseline selected data (slope derived

from springtime medians 0.764 0.29 ppbvyr1). Thus the

Ideally all analyses would be based upon data sets filtered foslopes derived from these three linear regressions are in sta-
baseline conditions. However, in the analysis presented up ttistical agreement.
this point baseline filtering has been done for only three of The US Pacific Coast MBL data set examined in this work
the eleven data sets; the remaining eight data sets are unfilso is selected for baseline conditions. In the original pa-
tered. In essence, we assume that (as a consequence of ther reporting the first 23 yr of this 26-yr data set, Parrish et
location of the sites) the long-term changes in the total dataal. (2009) performed linear regressions to the total springtime
sets provide good approximations to the changes in baselindata set for comparison to baseline selected data (see Fig. 8 of
O3 concentrations at those sites. This assumption can be exthat reference), which resulted in trends that were not statis-
amined through comparisons of long-terrg €hanges de- tically significantly different, although the intercepts derived
rived from filtered and unfiltered data sets, which is possiblefrom the total data sets were significantly smaller than those
to some degree for eight of the eleven data sets included iderived from the baseline selected data.
this analysis. Jaffe et al. (2003) presented an earlier analysis of the

Cui et al. (2011) selected baseline conditions at JungfrauLassen NP data set examined here. That work compared
joch from 1990-2008 by means of 20-day back trajectorytrends extracted from the total data set and baseline data se-
analysis, and found that from 20 % (in winter) to nearly 50 % lected by two different approaches: selection of calculated
(in summer) of sampled air masses had recent contact withrajectories with no continental contact and selection of peri-
the European boundary layer. Air masses without such coneds of high winds from the direction of the unpolluted Pacific
tact were considered baseline periods. Figure S16 compareast. Linear regressions to the unfiltered data set and to the
the linear and quadratic fits tosOneasured in the base- two baseline selected data sets generally indicated statisti-
line periods to those for the unfiltered data set considered ircally significant Q increases in all seasons, and all derived
this paper for identical time periods. Some small differencesincreases agreed within statistical confidence limits (see Ta-
can be noted in the baseline parameters compared to thodse 2 of that reference). It should be noted that the shorter
from the unfiltered data set: the correlations are strongerdata record available at that time yielded less precisé©
the intercepts are slightly smaller in summer and slightly crease determinations than those reported here.
larger in winter, and the negative accelerations are generally It is apparent that at least for the seven data sets dis-
larger. However, there is agreement for all derived parame<cussed above, the linear and quadratic regressions to the to-
ters within the indicated confidence limits. tal data set do indeed provide good approximations for the

Gilge et al. (2010) examined measuregl €@ncentrations Oz changes derived from similar regressions to baseline se-
as a function of different wind sectors at Hohenpeissenberglected data. However, that is not the case for Mace Head. Fig-
Zugspitze, Jungfraujoch, as well as another European alpinare S17 illustrates the regressions for the unfiltered data set,
site (Sonnblick). They found no strong variation of & any  which give significantly different results from the regressions
of the sites, despite significant variation of precursor concento baseline-selected data illustrated in Figs. 3 and S2. For
trations (CO and Ng) with wind direction, at least at Hohen- the baseline data the linear correlation coefficients are larger,
peissenberg. There has also been an additional limited inveghe intercepts are larger (most notably in winter), the slopes
tigation of the Zugspitze data filtered for baseline conditions,are much larger, and the negative accelerations are also of
both by selection of night time data (when boundary layerlarger magnitude, illustrating the importance of sorting base-
influences are much reduced at the alpine site) and by fidine from non-baseline data. The large majority of these dif-
tering according to low CO mixing ratios to select relatively ferences are statistically significant. The unsorted data show
unpolluted air; the trends derived from data sets unfilteredno statistically significant slowing in the growth rate 0f.0
and filtered by the two different criteria were not statistically Controlling European regional N@&missions likely has had
significantly different (ATMOFAST, 2005). This lack of de-
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Fig. 5. Comparison of springtime trends ig@oncentrations 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.

an influence on unfiltered Qevels, at least partly due to a underestimates, rather than overestimates, the magnitude of
decrease in the intensity of N@iriven Q; titration events. long-term G changes. Different considerations must be ap-
From this set of comparisons we can draw tentative conlied to the two Asian data sets, since they are in the outflow
clusions. Regressions tozQlata sets that have not been region from the Asian continent so the definition of baseline
selected for baseline conditions do provide accurate meais not clear in this environment.
sures of long-term baselinesGhanges at elevated sites.
However, total data sets from boundary layer sites that re-
ceive air masses recirculated from the local continent (e.g.5 Results, discussion and comparison to other analyses
Mace Head) must be analyzed with caution. For our pur-
poses in this paper, caution must be applied to the result§iohenpeissenberg (Fig. 2) exemplifies three important char-
from Arkona-Zingst, since baseline selection has not beerfcteristics of the long-term £changes determined from
accomplished, and changing measurement procedures adhese analyses. First, as the positive slopes derived from the
additional uncertainty. The Hohenpeissenberg data set is onl{jn€ar regressions clearly indicate, presegtriixing ratios
filtered for local contaminations, but agreement of @ata  are significantly larger than they were at the beginning of the
from different wind sectors (rural and slightly polluted) indi- Measurement records. Second, as the negative accelerations
cates influences from regional emissions are small (Gilge ethdicate, the @concentration increase has apparently ended,
al., 2010). Finally, it is interesting to note that the Mace HeadMost noticeably over Europe, and there are indications that
comparison indicates that, compared to the analysis of th&oncentrations have begun to decrease. Sections 5.1 and 5.2

baseline-selected data set, analysis of the unfiltered data sepmpare the slopes, intercepts and changes in growth rates
(i.e. the accelerations from Eq. 2) derived from all data sets.
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The dependence of these parameters on continent and ele T | | |
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seasonal differences ins@hanges have resulted in substan- 4o | <l Japanese MBL -

tial changes in the seasonal cycle ig €@ncentrations. Sec- | | [ |
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5.1 Comparisons of Q changes throughout northern 2401 lFI ' §' { X§ lt -

mid-latitudes > | : % x & ' ]
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The springtime @ averages and the linear and quadratic fits ' h ' '

are compared for all eleven data sets in Fig. 5. In this seasorg | | | ! : T

intercontinental flow is most important (see HTAP, 2010) and ~ 20~ [“3=Arkona-zingst [ [ N

influences from local and regional photochemicalg@oduc- L X Mace Head ' : ' 1

. . . L Hohenpeissenberg O U.S. Pacific MBL

tion are relatively small. Figure 5 indicates that from the ear- L | O Arosa A Lassen NP ]

liest measurements in the 1950s until at least near the end o ——Zugspitze M North America FT

the 20th century, springtime{ncreased at all sites through- I ’l Jungfraujoch | ! ! |

out the northern mid-latitudes. The significant curvature ev-  ° Spring Summer Autumn Winter

ident in the quadratic fits at many sites, particularly in Eu-
rope and perhaps later in Japan, shows that the rate of irFig. 6. Summary of year 2000 intercepts of the linear regressions
crease has slowed in the later parts of the records. Similaf° the eleven northern mid-latitude data sets in each season. The six
results, with some significant differences, are seen in all SeaI_European data sets are givz_an to the left of the vertical dashed lines,
sons (Figs. S12-S14 of the Supplement). Figures 6-8 comYile the three North American and two Japanese data sets are to
pare parameters of the linear and quadratic regressions for aflc, 9Nt The sites are positioned in order of increasing elevation
data sets in all seasons. within their re_specnve continents. For cla_rlty line segments connect
. . the seasonal intercepts for three of the sites.

Generally all eleven data sets show trends of increasing O
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 theepts (Fig. 6). For the European data sets, the year 2000
second half of the 20th century. Qualitatively all changes areintercepts increase with elevation at a rate that varies from
similar to those of the Arkona-Zingst record, at least until ap-3.5+ 0.7 ppbv Q@ km~1 in winter to 7.8+ 0.7 ppbv Q@ km~1
proximately year 2000. There is some indication of greaterin summer, with intermediate dependences in spring and au-
increases in spring and winter, and smaller increases in suntumn. This increase of ©Owith altitude has been discussed
mer and autumn. Trends determined from the discontinupreviously (e.g. Chevalier et al., 2007). Depending on season,
ous data sets from Arosa and Jungfraujoch are similar to théhis elevation dependence accounts for 48 % (winter) to 83 %
trends extracted from the continuous data sets. The precisiospring) of the variance in the intercepts among the European
with which the changes can be quantified depends stronglylata sets. Figure S15 of the Supplement illustrates the eleva-
on the length of the data record, with the shorter Japaneston dependence of both the intercepts and the slopes from
and Jungfraujoch (except summer) data records having lesthe linear regressions to the European data sets. The increase
precision (larger confidence limits). In considering these de-in slope with altitude is statistically significant, but accounts
rived trends, it must be realized that the lack of a statisticallyfor a smaller fraction of the variance than was the case for
significant change (e.g. the Japanese MBL in Fig. 7a) doeshe intercepts: from 34 % in summer to 46 % in spring.
not necessarily indicate that there has been no change; rather Since both the intercepts and the slopes of the linear re-
it may indicate that any long-term change that occurred ovelgressions increase with elevation, greater similarity between
the period of the data record is too small to be discerned withdata sets can be found by considering a relative change (i.e.,
strong statistical significance given the length of the datapercent change/year relative to a reference value) rather than
record and the interannual variability that is present in thethe absolute changes (ppbvyj that we have considered to
data sets. this point. However, it is important to differentiate such a

In Fig. 7athere is an indication of increasing positive aver-relative change, which is linear relative to a fixed reference,
age Q trend with elevation of the measurement site. Within from an exponential change, which can be expressed in per-
each season and continent, the results are plotted accordirgent change/year relative to the resultant, ever changing ref-
to increasing elevation, so the parallel increase gti®nd  erence. We will consider a relative, linear change by express-
is clear. This elevation dependence in the trends is similaing the change as the slope divided by the year 2000 intercept
to the elevation dependence of the absolugecOncentra-  (expressed as a percentage) where the slope and intercept
tions as indicated by the year 2000 linear regression interare from the linear regression already discussed. Figure 7b

Atmos. Chem. Phys., 12, 114894504 2012 www.atmos-chem-phys.net/12/11485/2012/



D. D. Parrish et al.: Long-term changes in lower tropospheric baseline ozone concentrations 11499

1.5 | T | | 0.2 l I | |
L < ' T - I -Zi Mt. H i
R D et N R | X ace ead q panesever] ||
i | M North America FT d Jlapanese MBL | I Hohenpeissenberg S - | 1
r 1 B & Arosa O U.S. Pacific MBL | ]
i : : : : 1 01 L A Zugspitze A Lassen NP | ]
1.0+ I | | | ] L P Jungfraujoch M No_rth America FT | i
2L T | [ L Soom_ Tl g T ' ¥
g | -|-[ [ | | 3UF TS [ [ [ 1
R S ! — s [ S |10+ Bl
j r [ I [ [ 1 s I _ I % I i
o 0.5 | ol i — F=1 - | | T+ | 4
E A ol i | | | 5-0.1 | | _
Q - 4
g I <t 4 [ Qe ] g 0 [ I I I 1
> | | 1 | | ® | | | |
< - | | g i 8 - | (l* P b
L ] i I | | | 1
| | | 02 N I I I 7]
0.0 | | | | L i
| | s | I (- I | | ]
i [ I [ [ i L | I I <I] I _
I | I [ [ 1 L | I <|1 I I -
| | | | -0.3 L | | |
T = T T Spring Summer Autumn Winter
[ e ] b
3r ' Hohenpeissenberg ! T 7 Fig. 8. Summary of the acceleration parameter derived from the
I : <& Arosa : : i quadratic regressions to the eleven northern mid-latitude data sets
Sl | ﬁ igg;?r';ﬁ?och | | in each season. The acceleration, with units of ppb¥yis defined
§ | S . [ | | in Eq. (2) of the text, and represents the average rate of increase of
S L1 ! ' ! » _ the slope over the period of the data record.
‘s | | | |
I : . ]
8 T . - -
f;‘ : : ' i sidering percentage changes. If we assume that the nine Eu-
E [ | | _ ropean and North American data sets provide the best mea-
I | { T HIRE sure of the change in baselines ©@oncentrations at north-
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! ! ! 1 avoid overweighting the European alpine stations, which are

Spring Summer Autumn Winter in close proximity, a weighted average of Arosa, Zugspitze
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Fig. 7. Summary of average rate of increase ig @erived for the  dence limit equal to that of the smaller of the three sta-

eleven northern mid-latitude data sets in each season. The order @fons.) The result is an increase of approximately 1 O/&yr

the sites is the same as in Fig.(6) Rates given as ppbvyr de- relative to the respective year 2000 intercepts in each sea-

rived from the slopes of linear regressions as described in the tex%on, specifically 1.08 0.09, 0.89+0.10, 0.85+0.11 and

(b) Rates given as percentage of the year 2000 intercept defined a8 914 0.12%yr1 in spring, summer, autumn and winter,

the ratio of the slope ifa) to the intercept in Fig. 6. The black plus . oo
symbols indicate trt)we a(?/zerages with coﬁlfidenge limits of thes% rategespectlvely. Thes_e averages are Indlc.atEd by_th_e large black
for all European and North American sites. plus symbqls in _Flg. 7b; the 95 % confidence limits of these
northern mid-latitude averages are small (about 10 % of the
averages). It is notable that 80% of the seasonal relative
changes from all individual data sets agree with the derived
displays the average trends relative to the 2000 intercept fonorthern mid-latitude averages within their respective 95 %
all data sets in all seasons. As discussed above, these averagenfidence limits. This agreement is consistent with the hy-
trends are for the full measurement periods at each site excepothesis that an approximately uniform increase in lower tro-
at the interior European sites, where the second order terrposphere baselinesoncentrations has occurred through-
in Eq. (2) is statistically significant and only measurementsout northern mid-latitudes during the last half of the 20th
through the year 2000 are included. These relative changesentury. The relatively short, recent data set from Mt. Happo,
are similar for all data sets for all seasons. which is strongly influenced by outflow from the East Asian
Until year 2000 all data records show increasesdnddd  continent where @ precursor emissions have been rapidly
almost all are significant and similar in magnitude when con-increasing (Ohara et al., 2007), exhibits a large absolute
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increase in spring (the season of maximum continental outTable 4. Parameters of linear regression using least-squares fits to
flow), but springtime @ concentrations at Mt. Happo are so the Sable Island and Bermuda data sets for the indicated time peri-

large (see Fig. 6) that the relative increase at that site is lowe@ds. CL indicates the 95 % confidence limits of the respective pa-
than the average. rameters, and is linear correlation coefficient. Units are ppbv and

) ) _ —~1

As discussed above for Hohenpeissenberg, there are indPPPYY’™ ™

cations that the increase in baseling €ncentrations has
slowed, and at least at the interior European statiogd)d3

Bermuda — 1989-2010

begun to decrease. Figure 8 compares the changes in the Season intercept CL slope+ CL r2
growth rate (i.e. accelerations) derived from the quadratic - 47120 027:029 021
fits for all data sets and seasons. For all seasons the rate of spring o o ' : '

. . . . L summer 26.&1.1 0.30+0.16 0.56
change in the growth rates are negative with high statisti- autumn 35.0-25 005033 0.01
cal significance at the four interior European stations (Ho- winter 119-18 031L025 034
henpeissenberg, Arosa, Zugspitze, and Jungfraujoch). The
rates of Q change at Mace Head have slowed in all seasons, Sable Island — 1991-2010
but the slowing is statistically significant only in winter and Season interceptCL  slopetCL  r2
spring. At Arkona-Zingst, the acceleration is close to zero -
in all seasons; however, the unexplained dip snid®ncen- Spring %Bii'z _g'gii 8'22 8'18
trations observed during all seasons in the 1980s precludes summer DD : '
det inati f t tic ch in the sl The US autumn 31.2219 -0.19+0.26 0.21

etermination of systematic changes in the slope. The winter 328L31 000043 0.00

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 the Japanese data
sets, the accelerations are also generally statistically signifithat the effect of changing baseling @as not statistically
cantly negative, but these findings are very sensitive to recendiscernable for surface sites located in high precursor emis-
years of data, so must still be considered with caution. Takersion areas, since regional-scale influences were much more
together, there is substantial evidence that the increase iimportant. This work again emphasizes the need to carefully
northern mid-latitude baselines@oncentrations has slowed examine the suitability of a given data set for analysis of
significantly at many sites. Most of the data sets consideredaseline @ changes.
here have not been filtered for baseline conditions, so this Ozone changes at sites downwind of North America, a
change may partially reflect reductions in regional @e-  continent with decreasing precursor emissions, may provide
cursor emissions. However, since this decrease is seen at highuseful comparison to the Japanese sites downwind of Asia.
Alpine stations, which are generally well isolated from lo- Bermuda (approximately 1000 km southeast of Cape Hat-
cal/regional influences, this change likely reflects continentalteras, North Carolina, US) and Sable Island Nova Scotia,
to hemispheric scale £xhanges rather than purely regional Canada (approximately 900 km east and 175km north of
effects. Boston, Massachusetts, US) are two sites downwind of North
America where @ 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,
At the Japanese Mt. Happo site, which lies directly down-and the measurements at Sable Island were particularly spo-
wind of the Asian mainland, ©has generally increased radic early in the record. Figures S18 and S19 show linear
faster at least in an absolute sense than at the European aadd quadratic regressions to those data sets, and Table 4 sum-
North American sites (Fig. 7a). This rapid increase has beemarizes the parameters derived from the linear regressions.
attributed, at least partially, to the rapid increase afpge- At Bermuda increasing £is noted in all seasons except au-
cursor emissions that has occurred in East Asia over the pastmn (although the increase is only marginally statistically
two decades (Tanimoto et al., 2009). Cooper et al. (2010kignificant in spring). Oltmans et al. (2006) also noted in-
studied changes in free tropospheric springtimgddthe creasing @ at Bermuda in spring and winter. It is notewor-
West Coast of North America. They did not find any decreasethy that G at Bermuda is increasing both during seasons
in the rate of change of £after 2000 (see Fig. 5) and they of outflow of continental air (winter and spring) and during
attributed this feature to the continuing increase in Asign O summer when the Bermuda-Azores high isolates Bermuda
precursor emissions. from direct North American influence. Sable Island presents
Using backward trajectory analysis Chan and Vet (2010)a contrasting picture; thedZhange is not statistically signif-
studied long-term @changes at 97 regionally representative icant in any season (due to the early sporadic measurements
sites of Canada and the US for period 1997-2006. Their reand the large interannual variation), but there is an indica-
sults do not show a consistent picture regardingo@seline  tion of decreasing ®in all seasons except winter. In sum-
changes in continental North America, and they concludedmary, the Q data records from two sites downwind of North

5.2 O3 changes downwind of Asia and North America
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America show only minimal influence from precursor emis- results can be simply stated: at least before 2000, the average
sion changes on that continent, with Bermuda showiag O increase of @ at each site was approximately the same at
increases from 1989-2010 generally similar to the baselinel % yr—1 relative to the respective 2000 yr intercepts in each
O3 changes at Mace Head (compare Tables 3 and 4). Bhe Oseason. There is little if any evidence for statistically sig-
increases seen at Mt. Happo downwind of Asia are the largesatificant differences in average rates of increase among the
within the data sets examined in this work, which supportsnine European and North American sites. There are small
the suggestion that increases in eastern Asiapi@cursor  significant seasonal differences, with average increases of
emissions are at least partially responsible for the rapid O 1.08+0.09, 0.8%+ 0.10,0.850.11 and 1.2%# 0.12 % yr !

increases observed directly downwind of that continent. in spring, summer, autumn and winter, respectively. To put
the magnitude of these z0changes in perspective, a con-
5.3 Changes of @ seasonal cycles stant change of 1%yt of the year 2000 intercept corre-

sponds to a doubling from 1950 to 2000. The very limited
The seasonal differences in the long-term €hanges that  data available from the 1950s or before do indicate that the
have occurred at northern mid-latitudes necessarily implyaverage @ increases were sustained over the last half of
that the seasonal cycle ozMas also changed over the time the 20th century; however this rate of increase has more re-
span of the data records. For example (see Fig. 2) in theently slowed at European sites, and less definitively at North
1970s at Hohenpeissenberg there was a summer maximunamerican and Japanese sites. The data records analyzed be-
a winter minimum and intermediate concentrations in springgan in widely varying years, but nevertheless give similar
and autumn. Presently, spring and summer have nearly equivaverage @ annual increases; this similarity supports the hy-
alent seasonal averages that are both higher than autumn apdthesis of a sustained, approximately constant ratezof O
winter, which are also nearly equivalent. Similar behavior isincrease over the last half of the 20th century at northern mid
apparent at Arosa (Fig. S4), Zugspitze (Fig. S5), Jungfrauiatitudes.
joch (Fig. S6), and even Arkona-Zingst (Fig. S1) in Europe, The baseline @ concentration change that has occurred
and Lassen NP (Fig. 4) in North America. A subsequent pa-exhibits a high degree of zonal uniformity over longitude.
per will explore these seasonal cycle changes more systenFhis can be demonstrated by considering the error bars in
atically and in more detail. Fig. 7b, which indicate the 95% confidence limits of the

average seasonal rates of increase at the individual sites.

If it were hypothetically assumed that the entire northern
6 Conclusions mid-latitude region had experienced a uniforrg €hange

at all sites, with differing interannual variability superim-
We have analyzed availablezOneasurement records to posed, then 95 % of the confidence limits of relative trends
quantify the changes in baseline tropospheric @ncen-  from individual sites would be expected to overlap the av-
trations that have occurred at northern mid-latitudes overerage seasonali@hanges indicated by the black plus sym-
the past six decades, the maximum time period covered byols in Fig. 7b. In actuality, 82 % of the European and North
well-characterized measurements. The data sets were sé&merican (and 75 % of the Japanese) confidence limits do in-
lected based upon (1) the quality and length of the mea<clude the average seasonal €hanges derived from the nine
surement record, (2) measurements representative of baseuropean and North American data sets. This close corre-
line Oz concentrations, and (3) at least some coverage of alspondence between the actual and the hypothetical inter-site
three northern mid-latitude continents. The primary analysisagreement indicates that there is a high degree of longitu-
considered eleven total data sets: six European, three Norttiinal uniformity in the average seasonat (Dcreases that
American and two Asian; some additional analysis consid-occurred over the last half of the 20th century at northern
ered data from two sites downwind of North America. The mid-latitudes.
earliest continuous measurements were begun in 1956, and a The Mt. Happo Japanese site directly downwind of the
few other isolated measurements from the 1930s and 19504sian continent has generally experienced larger absolute
are included. springtime Q@ increases than those seen over Europe and

A consistent picture emerges from these analyses. In gerNorth America. Relatively rapid increases are also found in

eral, the average £change has been positive at all sites in free tropospheric data over North America and in particular
all seasons (Fig. 7a) when the full time periods of the datain air masses originating from Asia (Cooper et al., 2010).
records are considered. Both the magnitudes of then©  These larger increases are likely attributable to the rapid in-
creases, as well as the absolute magnitude of the measuretdease in @ precursor emissions that have occurred in East
O3 concentrations (Fig. 6), generally increase with altitude.Asia. Sites directly downwind of North America within the
Thus, expressing the average; ©hange as a percentage MBL of the North Atlantic do not show such behavior, al-
of the magnitude of the 9concentration in the reference though the data are limited. Bermuda exhibits increases sim-
year 2000 reduces the variability of the (dcreases among ilar to Mace Head and West Coast North American MBL
the sites. A summary of the European and North American
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