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Ground-level ozone is an air pollutant that, despite reductions in precursor emission in
Europe, still represents a risk to vegetation and human health. This study is based on obser-
vations of ozone concentrations ([O,]) from 25 European monitoring stations, north of the
Alps within the EMEP network, during the 26-year period from 1990-2015. We analyzed
the maximum and minimum hourly [O,] as well as the seasonal cycle in relation to latitude.
In addition, temporal trends were studied. The maximum [O,] increased towards the south
of the study area, while the yearly minimum of daytime mean increased towards the north.
There was a strong correlation between the day of year when the maximum [O,] occurred
and latitude: the maximum [O,] occurred earlier in the north. The maximum daytime [O,]
decreased at all stations while the minimum daytime [O,] increased at most stations during

the studied time period.

Introduction

Tropospheric ozone (O,) is a photochemical
pollutant produced from the precursors nitro-
gen oxides (NO,_ = NO + NO,), volatile organic
compounds (VOCs) including methane (CH,)
and carbon monoxide (CO), under the influ-
ence of solar radiation. O, is involved in a
large number of environmental problems,
which include adverse health effects (WHO
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2006), damage to crops and forests (Royal
Society 2008) and is an important greenhouse
gas (IPCC 2013).

Observations and modelling studies point
toward a decrease in high ozone concentration
([O,]) levels in large parts of Europe due to
reductions in European emissions of O, precur-
sors (Solberg et al. 2005, Paoletti ef al. 2014,
Sicard et al. 2016, Karlsson et al. 2017). At the
same time there is strong evidence that hemi-
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spheric background [O,] have been increasing
until recently (Parrish et al. 2012, Monks et
al. 2015). In Europe, [O,] levels are changing
and European emission changes alone cannot
explain the changes in [O,] that are observed
(Jonson et al. 2006, Andersson et al. 2017).

Measurements of [O,] throughout the tropo-
sphere clearly show an annual variation, which
at certain locations exhibit a distinct maximum
during spring. The spring O, maximum is a
Northern Hemispheric phenomenon, where it
occurs widely across the mid-latitudes (Monks
2000, Vingarzan 2004). There are also latitude/
longitude gradients in the shape of the seasonal
cycle over Europe. Polluted continental sites
are characterized by a broad summer maximum
whereas clean unpolluted sites have a spring
[O,] maximum (Jonson et al. 2006).

A distinct spring maximum and late summer
minimum in surface [O,] has been observed at
sites in northern Sweden (> 64°N) (Klingberg
et al. 2009) as well as at other sites in the Euro-
pean Arctic (Rummukainen ez al. 1996, Naray-
ana Rao et al. 2004). Also, in the western parts
of Europe, there are sites with a spring [O,]
maximum and summer minimum, e.g., Mace
Head on the North Atlantic Ocean coastline of
Ireland (Derwent et al. 2018); while in the inte-
rior of Europe, measurements show a broad
summer maximum (Monks 2000). The results
of an O, reanalysis for Sweden by Andersson
et al. (2017) show a higher spring maximum in
the north compared with the south and a shift of
the maximum to earlier in the year.

The seasonal cycle of [O,] in the tropo-
sphere is controlled by several processes acting
on different spatial and temporal scales. The
two main processes contributing to the spring
[O,] maximum are thought to be a strato-
spheric—tropospheric exchange and photo-
chemical production in the troposphere (Monks
2000). There is an ongoing discussion about the
relative importance of these processes (Monks
2000, Kim and Lee 2010).

The spring O, dynamics may be regarded as
a proxy for the changes in atmospheric compo-
sition due to human activities (Monks 2000). A
better understanding of the spring [O,] maxi-
mum, the mechanisms that lead to its formation
and its geographical pattern is important in the
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context of contemporary and future risk assess-
ment for O, effects on both human health and
vegetation.

For the safety of human health, the environ-
mental quality standards (EQS) indicate that as
a long-term objective, the daily maximum run-
ning 8-hour mean near-surface [O,] must not
exceed 120 pg m=> (EU 2008) or even 100 pg
m~ (WHO 2006). [O,] are generally considera-
bly lower over northern Europe compared with
continental and southern Europe. However, an
increasing trend in the spring [O,] maximum,
as found in e.g., northern Sweden (Karlsson et
al. 2007), may decrease the possibility to reach
the EQS in this region.

The EQS metric used within the EU legisla-
tion for the protection of vegetation is the accu-
mulated exposure over the threshold of 40 ppb
(AOT40) during the three-month period from
May—July (EU 2008). The target value is not
to exceed 9000 ppb hours averaged over five
years. The long-term objective is a May—July
AQOT40 below 3000 ppb hours.

Presently, the growing season largely starts
after the O, spring maximum in northernmost
Europe (Karlsen et al. 2008), but a number of
studies have shown an earlier onset of spring
and a lengthening of the growing season
in middle and high latitudes, likely associ-
ated with global warming (Linderholm 2006,
Menzel et al. 2006, Karlsson et al. 2007).
An increasing overlap between the spring [O,]
maximum and the growing season could lead
to an increased risk of O, effects on vegetation
in this region, if the current seasonal O, cycle
persists (Karlsson et al. 2007, Klingberg et al.
2009).

It is thus of large importance to consolidate
our understanding of geographical patterns as
well as trends in level and timing of annual [O,]
maximum. It will have implications both for
the possibility to meet the O, EQS for human
health, vegetation and for the development of
efficient abatement strategies.

The aim of this investigation was to assess
the level and timing of the annual maximum in
[O,] in relation to latitude for the 26-year period
of 1990-2015 in Europe north of the Alps. Fur-
ther, changes in the timing of the annual [O,]
maximum was studied since this may affect the
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Fig. 1. Map of locations of the 25 EMEP monitoring sites included in the study. Station ID are shown according to
Table 1. Colored circles indicate altitude of the stations above sea level, white 0-150 m, light grey 150-300 m, dark

grey 300—450 m and black 450-600 m.

risk assessment of O,. The temporal develop-
ment of the lower fractions of [O,] was also
investigated to detect potential changes in the
general (hemispheric) background [O,]. Our
hypotheses were: 1) the annual maximum in
[O,] occurs earlier at higher latitude; 2) the
spring/summer maximum in [O,] represents
a larger fraction of the annual O, exposure
at higher latitudes; and the [O,] maxima are
decreasing over time while [O,] in the lower
range of concentrations are increasing.

Data and methods

To study the yearly dynamics of the surface
[O,], 25 monitoring stations within the Euro-
pean Monitoring and Evaluation Programme,
EMEP were selected covering the period
1990-2015. Hourly [O,] were obtained from the
EMEP database (available at http://ebas.nilu.no;
see Torseth et al. (2012)). The selection criteria
used were: 1) long time series, i.e., at least 20
years with less than 10% data missing per year
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since 1990; 2) the altitude of the stations must
be less than 600 m above sea level since moun-
tain areas have been observed to experience
higher [O,] than the adjacent lowland (Kling-
berg et al. 2009); and 3) the station should not
be located directly along the coast or close to
large water surface since a marine influence can
effect [O,] strongly (Pleijel et al. 2013).

A maximum of two stations per latitude
band were selected, the ones with the least
data coverage was excluded. The study area
was confined to Europe, north of the Alps. The
location of the stations ranged from Austria
and Switzerland to the south, Northern Ireland
to the west and to the Arctic Circle in Sweden
and Finland. Note that data from Mace Head
is excluded from our analysis due to the sta-
tion’s failure to meet the third criteria above.
More information about the monitoring stations
included in the study can be found in Fig. 1 and
Table 1.
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For data loss up to 5 consecutive hours, the
missing data were replaced by linear interpola-
tion. In the case of 6—24 consecutive hours miss-
ing, the data were replaced by an average of the
values for the same hour of the day before and
the day after. Daytime [O,] was used throughout
the study to avoid the potentially very strong
effect on [O,] near the ground following noctur-
nal inversions; the strength of which is defined
by local meteorology (Klingberg et al. 2012).
Daytime was defined as the 12-hour period from
08:00-20:00 local time.

The accumulated exposure over the thresh-
old of X ppb (AOTX,) was calculated during
daytime (08:00-20:00 local time) as described
by Fuhrer et al. (1997):

AOTX,= 3 max At ([O,] - X, 0), (1)
where X is the [O,] threshold in ppb, [O,] is
the hourly [O,], At is the time step (1 hour)
and P denotes the period over which the sum-

Table 1. ID, name, coordinates, altitude (m a.s.l.), the number of years (N) with less than 10% of data missing
between 1990 and 2015 for the 25 EMEP monitoring stations included in the study and the time zone of the station.

ID Name Latitude Longitude Altitude (m) Years with Time
data (N) zone
SE13  Esrange 67°53'00”N 21°04'00"E 475 1991-2015 (24) UTC+1
Fl22 Oulanka 66°19°13”'N 29°24°06'E 310 1990-2015 (23) UTC+2
NO15  Tustervatn 65°50°00"'N 13°55°00"'E 439 1990-2015 (25) UTC+1
SE35  Vindeln 64°15°00”N 19°46°00"'E 225 1990-2015 (25) UTC+1
NO39  Karvatn 62°47°00”'N 08°53'00"'E 210 1992-2015 (24) UTC+1
FI37 Ahtari (1 &) 2 62°35°00'N 24°11°00"E 180 1990-2015 (23) UTC+2
NO43  Prestebakke 59°00°00”N 11°32°00"'E 160 1990-2015 (24) UTC+1
NOO1  Birkenes (1 &) 2 58°23"18"'N 08°15°07"'E 219 1990-2015 (20) UTC+1
SE32  Norra Kvill 57°49°00”N 15°34°00"'E 261 1990-2015 (26) UTC+1
SE11  Vavihill 56°01°00”N 13°09°00"'E 175 1990-2015 (26) UTC+1
GB02  Eskdalemuir 55°18'47°N 03°12'15"°'W 243 1990-2015 (25) uTC
GB06  Lough Navar 54°26'35'N 07°52"12"W 126 1990-2015 (21) uTC
GB14  High Muffles 54°20°04°N 00°48°27""'W 267 1990-2015 (20) uTC
DEO7  Neuglobsow 53°10°00”'N 13°02°00"'E 62 1992-2015 (23) UTC+1
DEO2  Waldhof 52°48°08"'N 10°45'34"'E 74 1990-2015 (24) UTC+1
GB31  Aston Hill 52°30°14°N 03°01'59”"W 370 1990-2015 (20) uTC
GB36  Harwell 51°34'23”°N 01°19°00”"'W 137 1990-2015 (23) uTC
NL10  Vredepeel 51°32'28'N 05°51"13"E 28 1990-2015 (24) UTC+1
GB13  Yarner Wood 50°3547°N 03°42°47"°W 119 1990-2015 (20) uTC
CZ03  Kosetice (NOAK) 49°35°00"'N 15°05°00"'E 534 1994-2015 (21) UTC+1
AT46  Ganserndorf 48°20°05°N 16°43'50"'E 161 1991-2015 (24) UTC+1
AT43  Forsthof 48°06'22°N 15°565"10"'E 581 1990-2015 (24) UTC+1
ATO2  llimitz 47°46°00”°N 16°46'00"'E 117 1990-2015 (26) UTC+1
CHO3  Tanikon 47°28°47°N 08°54'17"'E 539 1991-2015 (25) UTC+1
CHO02 Payerne 46°48'47°N 06°56'41"'E 489 1991-2015 (25) UTC+1
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Fig. 2. The yearly maximum of daytime mean
(08:00—20:00 local time) and yearly maximum of the
daily 90th percentile in ozone concentration, as an aver-
age from the years 1990-2015, in relation to the lati-
tude of the monitoring station. Error bars show +1 SD.
Yearly maximum of daytime mean: y = —1.7x + 231.4,
R?%=0.69, p <0.001. Yearly maximum of the 90th per-
centile: y=—-2.8x+313.2, R2 =0.78, p< 0.001.

mation is performed, May—July or peak (see
section: Accumulated O, exposure). The May—
July AOT40 is used as the environmental qual-
ity standard (EQS) for the protection of veg-
etation within the EU legislation. However, the
AOT index has a larger sensitivity to [O,] at
higher threshold values, as demonstrated by
Tuovinen (2000) and Tuovinen ez al. (2007). In
this study, AOT was therefore calculated without
using a threshold (AOTO), the threshold 30 ppb
(AOT30) and the threshold 60 ppb (AOT60) in
addition to AOT40. Only years with less than
10% data missing during the period over which
AOTX was accumulated was used in the analy-
sis.

Latitudinal variations of different O, indices
were studied by fitting linear or exponential
models of the average station data against lati-
tude through regression analysis. Pearson Prod-
uct-moment Correlation Coefficient was used
to estimate the strength of the relationship and
the statistical significance of the correlation was
estimated using Student’s f-test. The statisti-
cal significance of trends in time was analyzed
using the Mann-Kendall trend test (Mann 1945)
and Sen’s slope (Sen 1968). Mann-Kendall is
a non-parametric test widely used to detect
increasing or decreasing trends in time series of
data. The method is not sensitive to outliers or
missing values.
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Fig. 3. The yearly maximum of the 8-hour mean ozone
concentration (left axis) as well as the number of days
the 8-hour mean exceeded 120 pg m= (right axis),
as an average from the years 1990-2015, in rela-
tion to the latitude of the monitoring station. Error
bars show +1 SD. Yearly maximum of 8-hour mean:
y = —2.4x + 283.8, R? = 0.76, p < 0.001. Days with
8-hour mean above 120: y = 21400e-0.14x, R = 0.74,
p<0.001.

Results

Annual [O,] maximum and minimum in
relation to latitude

The yearly [O,] dynamics differed considerably
within the study area. However, when data was
aggregated over many years and stations, clear
patterns appeared. The yearly maximum, as an
average from 1990-2015, declined with increas-
ing latitude (Fig. 2). This was independent of
whether the index yearly maximum of the day-
time mean [O,] or yearly maximum of the 90th
percentile of [O,] was used. The relationships
were strongly significant (p < 0.001). There were
strong and statistically significant (p < 0.001)
negative correlations between the daily maxi-
mum 8-hour mean [O,] and latitude, and between
the number of days with the maximum 8-hour
mean [O,] > 120 pg m™ and latitude (Fig. 3). The
latitude of the monitoring stations did not corre-
late with the altitude. Consequently, the altitude
was not a confounding factor (data not shown).
The yearly minimum of the daytime mean [O,]
was higher towards the north (Fig. 4).

The average day of the year when the yearly
maximum [O,] occurred, as an average from
19902015, declined strongly and significantly
with an increasing latitude (Fig. 5). This means
that the annual maximum in [O,] has been shifted
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Fig. 4. The yearly minimum of the daytime mean
(08:00—20:00 local time) in ozone concentration, as
an average from the years 1990-2015, in relation
to the latitude of the monitoring station. Error bars
show 1 SD. Yearly minimum of the daytime mean:

y=0.74x-32.5, R?=0.63, p< 0.001.

Day of year

0 Max of daytime mean
90 | A Max of 90-percentile
X Max of 8-hour mean

45 50 55 60 65 70
Latitude (°N)

Fig. 5. Day of year when the yearly maximum of the
daytime mean, the maximum of daily 90th percentile
and the maximum 8-hour mean occurred, as an aver-
age from the years 1990-2015, in relation to the lati-
tude of the monitoring station. Error bars show +1 SD.
The maximum of the daytime mean: y = —4.0x + 383.5,
R?=0.91, p<0.001. The maximum of the of 90th per-
centile: y = —4.0x + 390.3, R2 = 0.87, p < 0.001. The
maximum 8-hour mean: y = -3.8x + 376.6, R? = 0.87,
p<0.001.

from the summer in the southern part of the
region to spring in the north. The day of the year
when [O,] maximum occurred was not sensitive
to the choice of indicator for [O,] maximum,
since all three metrics of the maximum [O,]
showed essentially the same relationship with
latitude. The small variation between monitor-
ing stations (Fig. 5) indicates that the longitude
of the station did not substantially affect the day
of year of maximum [O,]. Tests showed that the
influence of occasional episodes of high [O,]
on the day of year of maximum [O,] in Fig. 5
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Fig. 6. Accumulated O, exposure during the three-
month period from May—July over different thresh-
olds: no threshold (AOTO0); 30 ppb (AOT30); 40 ppb
(AOT40); and 60 ppb (AOT60), as an average from the
years 1990-2015, in relation to the latitude of the moni-
toring station. AOTO: y = —599.0x + 76500, R? = 0.46,
p < 0.001. AOT30: y = -576.7x + 43900, R? = 0.54,
p < 0.001. AOT40: y = —436.2x + 29500, R? = 0.61,
p < 0.001. AOT60: y = —89.4x + 5680, R? = 0.73,
p<0.001.

was minimal when data was averaged over the
26-year period (Appendix Fig. Al).

In summary, the latitude explained a large
part of the variation in yearly maximum of
daytime mean, yearly maximum 90th percentile
and the yearly maximum of the 8-hour mean
between the stations (R* > 0.69) as well as for
yearly minimum of daytime mean (R* = 0.63).
The [O,] maxima were higher in the south of the
study area while the [O,] minima were higher in
the north. The correlation with latitude was espe-
cially strong with the timing of the maximum
[O,] (R* > 0.87), independent of whether it was
expressed as maximum of the daytime mean,
maximum of the 90th percentile or the maximum
of the 8-hour mean. The annual [O,] maximum
occurred 2-3 months earlier during the year
in the north of the study area compared to the
southern areas.

Accumulated O, exposure

To assess the O, impact on vegetation, the rela-
tion between latitude and accumulated O, expo-
sure during the three-month period from May
to July over different thresholds was studied
(Fig. 6). No threshold (AOTO), 30 ppb (AOT30),
40 ppb (AOT40) and 60 ppb (AOT60) were



BOREAL ENV. RES. Vol. 24 - Surface ozone in northern and central Europe from 1990-2015

25000

OAOTO
AAOT30
20000 © AOT40
oot® o - xAOT60
g 1s000 | LR = SRR 0..R..0 0
g Soo 9, e
510000 |
=
e N
---------- 3
5000 [ PP e .,  TI" R T A
L'i_'Aim A_A LN A'A“A‘A‘--
- -
R '.'x,?c T ——& e e o
0 X AKX p. 72
45 50 55 60 65 70
Latitude (°N)

Fig. 7. Accumulated ozone exposure during a four-
week period centered around the day of year of maxi-
mum daytime mean ozone concentration, in rela-
tion to the latitude of the monitoring station. Differ-
ent thresholds have been used: no threshold (AOTO0);
30 ppb (AOT30); 40 ppb (AOT40) and 60 ppb (AOTE60).
AOTX, is an average from the years 1990-2015;
however, number of years varies between 19-26
since only the years with less than 10% data miss-
ing during the accumulation period has been used.
AOTO: y = -93.3x + 20600, A% = 0.12, no significance.
AOT30: y = —107.6x + 11200, R? = 0.20, p = 0.027.
AOT40: y = —124.9x + 9650, R? = 0.40, p < 0.001.
AOT60: y =-56.5x + 3650, R2=0.71, p<0.001.

included. For all thresholds, the AOTX, ., Was
lower in the north. The correlation of the AOTX
index with latitude was stronger with higher
thresholds.

To assess the O, exposure during the time
period of annual [O,] peak, AOTX was calcu-
lated during a four-week period centered around
the day of year of the maximum daytime mean
[O,] (AOTX_; Fig. 7). Again, different thresh-
olds were used, no threshold (AOTO0), 30 ppb
(AOT30), 40 ppb (AOT40) and 60 ppb (AOT60).
The AOTX showed a tendency for lower
values at higher latitudes, statistically significant
for AOT40 , and AOT60 . The AOTX  as
a percentage of the AOTX accumulated over
the entire year was also calculated (Fig. 8).
For AOT40 and AOT60, the AOT accumulated
during the [O,] peak consisted of a large fraction
of the yearly exposure, especially in the north.

Temporal trends

Temporal trends over the period from 1990—
2015 were investigated using Mann-Kendall
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Fig. 8. Accumulated ozone exposure during a four-
week period centered around the day of year of maxi-
mum daytime mean ozone concentration (AOTX_ )
as a percentage of AOTX calculated over the entire
year, in relation to the latitude of the monitoring station.
It is an average from the years 1990-2015; however
number of years varies between 19-26 since only years
with less than 10% data missing during the accumula-
tion period has been used. AOTO: y = —0.1x + 14.8,
R%2=0.19, p=0.029. AOT30: y=0.1x+12.1, R?=0.17,
p=0.043. AOT40: y=0.7x—- 6.7, R?=0.59, p < 0.001.
AOT60: y=2.1x—-58.0, R =0.76, p < 0.001.

analysis. In Table 2, the change per year in the
yearly maximum daytime mean (08:00-20:00
local time), the yearly maximum 8-hour mean,
the yearly minimum daytime mean [O,], the
day of year of maximum daytime mean [O,],
the AOT40,, . and the AOT in percent-
age of the yearly total exposure is shown.

The yearly maximum daytime mean and
the yearly maximum 8-hour mean [O,] were
decreasing at all 25 sites, with statistical sig-
nificance at 12 and 9 sites, respectively. Also,
AOT40 had a declining trend at 24 sites and
statistical significance at 13 sites. Except for
three sites in the UK where the maximum
[O,] had a significant trend towards an ear-
lier [O,] maximum, there was no statistically
significant trend in the timing of maximum
[O,]. Based on the analysis of the day of year
of maximum [O,], no changes in the timing of
the O, peak concentrations was found. There
was no statistically significant trend in how
much of the yearly exposure that occurred
during the four weeks centered around the
maximum [O,] (AOTXpeak). The yearly mini-
mum daytime mean [O,] is increasing at 23
out of the 25 sites, with statistical significance
at 12 sites.
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Discussion

Our results, based on 26 years of observations
of hourly [O,] from 25 rural European sites from
1990-2015, clearly indicate a strong latitude
dependence in the seasonal [O,] cycle as well as
in a number of important O, metrics, including
those used to assess the risk for O, effects on
human health and vegetation. Our investigation
shows a distinct pattern in the latitude depend-
ence of the timing of the annual [O,] peak and
its contribution to the annual exposure.

Annual maximum and minimum [O,]

Ground-level O, is closely linked to meteorol-
ogy and different climate conditions throughout
Europe result in large regional differences in
[O,]. The north to south gradient in maximum
[O,] found in this study (with increasing maxi-
mum concentrations towards the south) is in
agreement with earlier studies, such as Scheel
et al. (1997) and Torseth et al. (2012). It reflects
the increase in emissions and availability of
O, precursors towards the south, in combina-
tion with low amounts of UV radiation, lim-
iting photochemical activity at the northerly
locations. According to Jonson et al. (2006),
the [O,] levels in winter are low in Europe
mainly as a result of O, titration by NO
(NO + O, — NO, + O,) and the low photo-
chemical activity in most areas. Less titration
in the north due to less NO availability could be
part of the explanation of the spatial pattern in
minimum daytime [O,] as well as seasonal vari-
ations in the O, contribution from non-European
sources.

Several studies have shown a decreasing
trend in maximum [O,] and an increasing trend
in minimum [O,] (Solberg et al. 2005, Jonson et
al. 2006, Andersson et al. 2017, Karlsson et al.
2017), which is confirmed to occur over a range
of latitudes in this study for the time period
from 1990-2015. For example, Karlsson et al.
(2017) analysed changes in percentiles based
on hourly [O,] for eight EMEP monitoring sites
in Fennoscandia and ten sites in north-cen-
tral Europe for six-month summer and winter
periods and separated between day and night

from 1990-2014. The highest [O,] during the
summer daytime was found to decrease, while
most of the summer night-time percentiles were
increasing slightly in north-central Europe, but
not in Fennoscandia. During wintertime, almost
all percentiles have been increasing in north-
central Europe during both day- and night-time.
The pattern was similar for Fennoscandia.

In a modelling study on Europe, Jonson
et al. (2006) attribute partially the increase in
wintertime [O,], the decrease in summer [O,]
in large parts of Europe and the decrease in
the magnitude of the high [O,] episodes to the
decrease in O, precursor emissions. Andersson
et al. (2017) used a regional chemistry-transport
model to quantify the causes of the observed
decrease in high [O,] and increase in low [O,]
of Sweden. They found that rising lower [O,]
were caused by a combination of change in
hemispheric background concentrations, mete-
orology and anthropogenic emissions, whilst the
decrease in the highest [O,] is mainly caused by
reductions in European O, precursor emissions.

Based on model results from the task force
on Hemispheric Transport of Air pollution
(HTAP), Jonson et al. (2018) found that while
O, from European sources peaks in the summer
months, the contribution from sources outside
Europe are largest in the spring months. In
spring, the O, production over the polluted
continents starts to increase while at the same
time the lifetime of O, in the free troposphere
is relatively long. However, the magnitude and
origin of the global/hemispheric [O,] trends
are not completely understood. In addition to
changes in the contribution from other conti-
nents and from wildfires, the exchange across
the tropopause and also the circulation within
the troposphere itself could have been altered
by changing circulation patterns (Jonson et al.
2006).

The spring [O,] maximum at high
latitudes

In addition to the changes in the frequency
distribution of [O,] over Europe, a shift of the
[O,] seasonal cycle at northern mid-latitudes has
been reported, suggesting that the observed peak
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[O,] now appear earlier in the year compared to
previous decades (Parrish ef al. 2013). Derwent
et al. (2015) concluded that it is possible that
this shift in seasonal cycles at the northern
hemisphere mid-latitude baseline O, monitoring
stations is caused by changing intercontinental
O, production and transport. In our study, using
data from 25 non-marine, non-mountainous sta-
tions in central and northern Europe, we could
not find evidence for significant changes in the
timing of the seasonal cycle based on analysis
of the day of year of maximum [O,]. How-
ever, the day of year of maximum [O,] had a
large year-to-year variation, which obstructs the
possibility to distinguish trends. The issue of
changes in the timing of the yearly [O,] maxi-
mum needs further investigation.

Our results show a latitudinal pattern in the
timing of the annual [O,] maximum, where
maximum [O,] occur earlier in the north. Tani-
moto et al. (2005) also found that the phase
and amplitude of the seasonal cycle in the East
Asian Pacific rim region largely depends on
latitude. They concluded that the spring [O,]
maximum is modified by changes in the long-
range transport, coupled with regional photo-
chemistry.

Several factors have been proposed to con-
tribute to the pronounced and early spring maxi-
mum of [O,] at high latitudes. Transport of O,
from the stratosphere was suggested to con-
tribute to the seasonal variation in [O,] e.g.,
in northern Finland (Hatakka et a/. 2003) and
over the high-altitude western USA (Lin ef al.
2012). In a review of the observations and ori-
gins of the O, spring maximum, Monks (2000)
concluded that most evidence suggest that there
is not a strong seasonal variation in the strato-
sphere—troposphere O, exchange on average.
In a study from northeast Asia, Kim and Lee
(2010) did not find any evidence supporting
that the springtime enhancement was a result of
stratospheric intrusion.

The latitudinal variation in the shape of
the O, seasonal cycle has sometimes been
interpreted as a consequence of the apparent
north to south gradient in O, precursor emis-
sions (Monks 2000). The polar sunrise and fast
increase in available radiation stimulates photo-
chemical activity on the arctic winter reservoir
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of O, precursors (Laurila and Hakola 1996).
The increased solar radiation in spring also
enhances vertical mixing of the air, which sup-
ports higher ground-level [O,] compared to the
more stable air stratification typical of the polar
winter (Rummukainen et al. 1996).

Snow cover can also influence the [O,] near
the ground. The deposition velocity to snow is
very low (Galbally and Roy 1980). The depo-
sition velocity increases rapidly as the snow
disappears and the vegetation develops a large
physiologically active leaf area (Rummukainen
et al. 1996). In addition, snow has a high
albedo, both for visible light and UVA radiation,
promoting photolysis of NO, and thus O, forma-
tion (Simpson et al. 2002, Schnell et al. 2009).
To what extent local photochemistry in contrast
to long-range transported pollution is responsi-
ble for the spring [O,] maximum needs further
mvestigation.

O, risks for health and vegetation

The number of days per year when the maxi-
mum 8-hour mean of [O,] exceeds 120 pg m”
is alarmingly high in the southern part of the
study area. According to Karlsson et al. (2017)
the future yearly maximum 8-hour mean of [O,]
is projected not to exceed the EU EQS target
value in northern UK and Fennoscandia after
2020. However, the WHO EQS target value
of 100 ug m= will be exceeded in this region
also in the future. As a result, acute impacts on
human health can be expected to decrease in the
future, but chronic impacts on humans, caused
by an 8-hour mean of [O,] exceeding 70 ug m”
may remain despite the increase. The threshold
of 70 pg m= (35 ppb) is related to the metric
SOMO35 used by WHO for the protection of
human health.

Within the study area, only the stations south
of 50° latitude exceed the AOT40,,  ~ target
value of 9000 ppb hours, averaged over all
years included in the study. In the far north, the
long-term objective of 3000 ppb hours is met.
However, the long daylight hours as well as the
humid conditions in both air and soil promote
O, uptake in northern Europe. This means that
the phytotoxic impacts of O, on vegetation
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can be almost as important in northern Europe
as they are further south (Simpson et al. 2007,
Karlsson ef al. 2009). In combination with an
earlier onset of the growing season in mid-
and high latitudes, likely associated with global
warming (Linderholm 2006, Menzel et al. 2006,
Karlsson et al. 2007), there is a substantial risk
for negative O, impacts on vegetation in the
north of the study area due to an increasing
overlap of the growing season and the spring
[O,] maximum at high latitudes.

Conclusions

The most important conclusions from this study
were:

* Yearly [O,] maximum is lower in the
northern part of the study area (defined
as Europe north of the Alps, from 46°N to
68°N) than in the south.

* Yearly minimum of daytime mean [O,] is
higher in the north of the study area than in
the south.

» There is a strong correlation between the
day of year when maximum [O,] occurred
and the latitude. The annual maximum in
[O,] occurred earlier in the north than in
the south.

* May-July AOT is lower in the north than
in the south. AOT40 and AOT60 cal-
culated over four weeks centered at the
yearly [O,] maximum constitute a large
part of the yearly exposure, especially
in the north of the study area. Thus, the
spring/summer maximum in [O,] repre-
sents a larger fraction of the annual O,
exposure at higher latitudes.

* Maximum daytime mean [O,], maximum
8-hour mean [O,] and May—July AOT40
showed a decreasing trend during the
time period from (1990-2015) while the
minimum daytime mean [O,] showed an
increasing trend.

* No statistically significant trend in the
timing of when the maximum [O,]
occurred was found in this study.
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Appendix
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Fig. A1. Day of year when the yearly maximum of daytime mean, the maximum of daily 90th percentile and the
maximum of 8-hour mean occurred, as an average from the years 1990-2015, in relation to the latitude of the
monitoring station. A 15-day moving average has been applied to the daily data prior to seeking the day of highest
[O,]. Error bars show 1 SD. Maximum of daytime mean: y = —4.3x + 385.2, R? = 0.86, p < 0.001. Maximum of
90th percentile: y = —4.6x + 405.9, R? = 0.84, p < 0.001. Maximum of 8-hour mean: y = —4.4x + 394.2, R? = 0.86,

p<0.001.



