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Abstract
A measurement station located in an urban area on the southern slope of the Medvednica Mountain (120 m a.s.l.), close to the
Croatian capital Zagreb, provided data for an analysis of the photosmog in the city of Zagreb. Data for the period 2003–2016
obtained from this station and analysed in this work can also be compared with the nearby Puntijarka station (980 m a.s.l.) for
which a similar analysis has already been carried out. In Puntijarka station analysis, it has been shown that there is most probably
no significant change in ozone concentrations during the observed period. In this study the mean value of the annual ozone
volume fractions showed a linear trend of 0.23 ppb yr−1, a growth that is in the worst case scenario among the lowest global
prediction, while the seasonal (April-to-September) mean values had a trend of 0.32 ppb yr−1, which is a certain clearly
observable growth. The 95-percentile values had trends of 0.009 ppb yr−1 (annual data) and −0.072 ppb yr−1 (seasonal data),
respectively. Both of these values show very small changes if any at all. By using FT analysis, with the calculation of uncer-
tainties, we have observed three prominent cycles of 169 ± 4 h (weekly cycle), 24 ± 1 h and 12 ± 1 h (diurnal cycles).
Uncertainties were low which strongly indicate that the cycles are present. However, since high concentrations of ozone were
observed only sporadically, ozone pollution in the northern part of Zagreb is at the present rather low. A Fourier transformation
was used to analyse the data for periodic behaviour, which revealed the existence of diurnal and weekly modulations.
Nevertheless, constant monitoring is important and will continue in the future as part of continuous monitoring of the ozone
levels in the area.
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Introduction

Ozone is a substance that is commonly used in industry, for
instance in water treatment facilities (Mundy et al. 2018).
Moreover, its presence in the stratosphere is necessary for
protecting terrestrial lifeforms—including humans—from
harmful effects due to excessive irradiation by ultraviolet
(UV) radiation from the Sun (Andersen 2015). However, the

presence of ozone in the tropospheric layer is the sign of a
pollution known as photosmog. Photosmog, or photochemical
smog, is a term used to describe atmospheric reactions that
need sunlight. In these reactions, various volatile organic com-
pounds and/or nitrogen oxides (NOx) react directly or indirect-
ly with the oxygen molecule (O2), giving ground-level ozone
as one of the products. Since one of the major sources of NOx

is the emission from diesel engines, photosmog is strongly
correlated with traffic intensity. Tropospheric ozone thus acts
completely oppositely from its stratospheric counterpart—it is
harmful for terrestrial lifeforms. There are several major neg-
ative influences of ozone in the troposphere. Ozone is a strong
oxidant and it therefore damages plant tissue and material
(Paoletti et al. 2007), which holds for animal tissue as well.
Since it is a gas at standard conditions, the main danger is
related to the development of pulmonary diseases, especially
when other atmospheric conditions are involved, too (de
Souza et al. 2016; Pintarić et al. 2016; Faridi et al. 2018).
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Finally, ozone is a greenhouse gas (Paoletti and Cudlin 2012),
which makes it interesting from that point of view as well
(Mohan 2018).

During the last few decades, it has been proposed that the
global levels of background tropospheric ozone are continu-
ously rising (Vingarzan 2004). Based on the northern hemi-
sphere data, ozone levels have doubled during the past centu-
ry. A future rise of background tropospheric ozone levels by
as much as 16% has already been predicted by Stevenson et al.
(2006). Interestingly, the situation in Europe seems to be less
dramatic.Wilson et al. (2012) pointed out that measurement in
Europe indicated only a slight increase in the background
ozone levels and even a decrease in the south. This decrease
was already confirmed experimentally by a previous analysis
of the long-term data from the Puntijarka background station
in the period between 1989 and 2009 (Matasović et al. 2014).
A similar decrease in Iran was observed by Faridi et al. (2018).
Recently, tropospheric ozone assessment report (TOAR)
group addressed global trends of ozone (Schultz et al. 2017)
and its influence on human health (Fleming et al. 2018) and
vegetation (Mills et al. 2018). All this reports also suggest that
the ozone levels are low to moderate in the western Balkan
region, although with some possible influence from Italy and
southern zones (for example Greece).

Long-term (trend) analyses are a fairly common way for
investigating both ozone levels and its shifts (Jonson et al.
2006) as well as other pollutants (Yang et al. 2018; Faridi
et al. 2018). New forecasting methods are also being devel-
oped (Freeman et al. 2018). Calculations of various pollution
indicators from long-term ozone datasets (Paoletti et al. 2007)
that should indicate overall atmospheric pollution (Kovač-
Andrić et al. 2010; Matasović et al. 2012; Matasović et al.
2013) are also pretty common.

In this paper, an analysis of long-term data was conducted
for an urban background station with medium traffic density.
The aim of the study was to determine the long-term trends of
ozone concentrations and compare the results with ozone
trends observed at similar locations. A Fourier transformation
(FT) of the data was used to reveal a periodic behaviour with
periodicities much shorter than one year, these not being of a
seasonal character.

Methods

The ozone measurements were carried out in the northern,
residential part of Zagreb with modest population and
traffic density. The measurement station was located at
the Institute for Medical Research and Occupational
Health, IMROH (45° 50′ 04″ N; 15° 58′ 41″ E, 120 m
a.s.l.), approximately 50 m from the nearest road. The
station is part of the Zagreb local network for air quality
monitoring, funded by the City of Zagreb.

Zagreb has been the capital of Croatia almost continuously
since medieval times. Presently, it has a population of around
800,000. It has a humid continental climate (Köppen classifi-
cation: Dfb) with four clearly distinguishable seasons.

This paper presents the results for the period from 2003 to
2016. The determination of the ozone mass concentration was
carried out by an automatic analyser Horiba APOA 360 until
the end of 2012. Since 2013, measurements were performed
using a type-approved Horiba APOA 370 analyser.
Measurements were carried out in accordance with the EN
14265: 2012 standard using a non-dispersive ultraviolet ab-
sorption (NDUV) method (the laboratory is accredited in ac-
cordance with the requirements of the ISO/IEC 17025 stan-
dard for the reference method of ozone measurements). The
analyser measures the ozone mass concentration in ambient
air every 1 s. Hourly averages of the concentration were used
in data analysis. Data are not adjusted in any way after they are
validated (validated data are chosen in the start) and hourly
ozone volume fraction has been calculated.

The uncertainty (expressed at a 95% confidence level) for
each individual measurement was less than 15% of target
value (120 μg/m3) for ozone according to EU Directives
(EU 2008/50/EC and EU 2015/1480/EC).

Meteorological data (wind direction and wind velocity, in
the form of vector average) for the nearest station of the
Croatian Meteorological and Hydrological Service
(Maksimir; 45° 49′ 25″ N; 16° 2′ 9″ E) were used for the
interpretation of ozone concentration results.

All calculations were carried out using Statistica software
(Fourier transformation) and MS Excel (all other
calculations).

Results and discussion

The station located at the Institute for Medical Research and
Occupational Health (IMROH-station) was one of the first
stations used for monitoring air quality both in Zagreb and
in Croatia. It is located in an urban area with a rather low
population (for a big city), no industry, and moderate traffic.
It is protected from the northern wind by the Medvednica
Mountain, and from the more polluted air from the south by
the wind direction that is predominantly northeast and north
(Fig. 1). Therefore, the dominant anthropogenic pollution is
due to the traffic. Also, the presence of vegetation, which is
undoubtedly denser than in the city centre, may have some
influence, albeit natural, on the ozone concentration as well. A
previous study carried out in the summer of 2006 at different
locations in and around Zagreb showed that ozone concentra-
tions were the highest south from Zagreb. The measurement
site Velika Gorica (about 15 km south from the IMROH-
station) indicated a strong local photochemical pollution, part-
ly due to the transport of ozone precursors from Zagreb to
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Velika Gorica. However, the wind rose suggests a low prob-
ability that the ozone from Velika Gorica could reach Zagreb
(Pehnec et al. 2009a). If we consider a cross-correlation of
ozone data with the wind speed and the wind direction, calcu-
lated values are well below 0.7 which is also a good indication
for on site pollution rather than a transfer.

As can be seen from Fig. 2, the majority of hourly data in
this study fell below 19 ppb, which is rather low considering
that the vast majority—over 80%—were below 34 ppb.
Average value for the whole period was about 20 ppb.
Similar ozone concentrations were measured at urban and
urban background locations with continental climate and sim-
ilar altitude and pollution sources in NorthMacedonia (Anttila
et al. 2016) and Poland (Warmiński and Bęś 2018), but also in
mainland Portugal (Fernández-Guisuraga et al. 2016) and
some urban locations in Ireland, United Kongdom, London
and New Jersey, USA (Tripathi et al. 2012; Diaz et al. 2020;
Williams et al. 2014; Roberts-Semple et al. 2012). Much
higher levels were observed in the Mediterranean region: in
Spain (Adame and Sole 2013; Adame Carnero et al. 2010;

Castell-Balaguer et al. 2012), Greece (Kopanakis et al.
2016) and Italy (Gagliardi and Andenna 2020), especially in
less urbanized areas. The analysis of ozone data in Bavaria,
Germany, showed that urban background stations have more
than 33.3% and 14.4% days with 8-h ozone concentrations
higher than 50 and 60 ppb, respectively (Hertig 2020), which
is higher than in this study. The reason could be higher con-
centrations of ozone precursors in the area. Detailed compar-
ison of ozone data from this and other studies is presented in
Table S1 of the Supplementary Information.

Monthly averages of ozone volume fractions are shown in
Fig. 3. Clear annual cycles with higher values during summer
and lower during winter can easily be observed which was
expected due to ozone photochemical origin and seasonality
in sunlight intensity. However, no other periodicity can be
clearly seen in this figure, which implies a necessity for ap-
plying an FT to the data in order to search for more subtle
periodic phenomena. From the position of the station, the
periodicity shorter than one year can be attributed to NOx

variations due to the traffic. Since the traffic is moderate,

Fig. 1 Location of the IMROH measuring site and wind roses (wind direction frequency and average wind velocity, C-calm)
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average values for the ozone volume fractions are fairly low,
the local atmosphere being more prone to ozone destruction
than formation. Of course, there is a certain influence of air
transfer from other locations to this one that is unavoidable as
in all urban areas. Fig. 4 shows usual diurnal variations in
ozone volume fractions, and it can be seen that these varia-
tions are very weak—the median values varied from the early
morning minimum of circa 15 ppb to the early afternoon
maximum of circa 30 ppb—which indicated a very low level
of ozone pollution in this area.

It is obvious from Figs. 3 and 4 that the ozone concentra-
tions show characteristic and well known variations with the
highest values during the summer months, and also at noon
and early afternoon, when the sunlight is the most intense.
Besides the usual maxima at around 14:00 h there are also
some unusual ones at around 2:00 h (Fig. 4) which could be
due to the overnight thinning of the atmospheric boundary

layer as well as the night-time chemistry of NO3˙ radical
(Jeričević et al. 2004; Acker et al. 2008). However, computa-
tional methods such as FT may reveal a finer periodic struc-
ture (Fernandez-Macho 2011). For example, if there is a dif-
ference between workdays and weekends (Marr and Harley
2002), this can be seen in an FT. An FT of our data reveals
three strong peaks (Fig. 5a and b) centred at 0.042 h–1, 0.0833
h–1 (Fig. 5a), and 0.0059 h–1 (Fig 5b). By following an ap-
proach of Babić and Senčar (2018), we determined the mean
values and uncertainties of the corresponding periods. The
longest period was 169 ± 4 h (7.1 ± 0.2 days), and the men-
tioned method of the calculation of the uncertainty was fully
applicable to this case. For the two shorter periods, however,
the FT algorithm produced densely spaced calculation points,
separated by much less than 1 h, which led to calculated un-
certainties being considerably smaller than 1 h. Since this was
clearly an underestimation due to numerical artefacts, we

Fig. 2 Distribution of the hourly
average ozone volume fractions
for the whole period of
observation. Hourly averages of
the ozone volume fraction are
distributed in sets with the range
of 5 ppb and shown with vertical
columns. The red line shows the
percentage of hourly averages of
ozone volume fractions taken into
account until the given set

Fig. 3 Monthly averages of
ozone volume fractions for the
whole period of observation.
φ(O3) stands for hourly ozone
volume fractions. Black line
represents the trend in ozone
volume fractions
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estimated that the uncertainties were 1 h for these two periods.
Hence, these peaks corresponded to 24 ± 1 h and 12 ± 1 h,
representing ozone variations over the day. The longest peri-
od, on the other hand, indicates weekly cycle and workday/
weekend differences.

In previous study carried out in Zagreb and its surround-
ings during the summer of 2005 ozone and NO2 concentra-
tions have been measured at differently polluted sites, includ-
ing IMROH station (Pehnec et al. 2009b). It was found that
NO2 concentrations were the lowest on Saturdays and
Sundays and differed significantly from all weekdays. In the
same time ozone concentrations were higher during weekends
compared to working days, but the difference was not statis-
tically significant. On weekends, traffic intensity is usually
lower, and so is NO2 emission from vehicle exhausts (as well
as the emission of some other ozone precursors). Similar di-
urnal patterns and working day-weekend differences were
found by Han et al. (2011). Although negative correlation
between ozone and nitrogen dioxide should be expected
(Han et al. 2011), previous summer measurements at urban
background location in Zagreb did not find significant corre-
lation between O3 and NO2 during night-time and only a weak
negative correlation during daytime (Acker et al. 2008).
Ozone working day/weekend variations could be explained
by: O3/NOx chemistry: a reduction in NOx emissions on
weekends that reduces the titration of ozone with NO, a week-
end shift in the timing of NOx peak that allows more efficient
production of ozone, increased sunlight due to a reduction in
the amount of soot present in the air; increase in weekend
emissions from off-road sources such as domestic heating,
etc. (Atkinson-Palombo et al. 2006; Pehnec et al. 2009b).

As the traffic at the IMROH station is moderate, the
weekend/working day differences are not clearly pronounced.
Simple statistical tests could probably find them not statisti-
cally significant over the shorter measuring periods. However,
FT applied in this long-term study clearly revealed weekly
cycles of ozone concentrations.

Some extremely high values, which by far exceeded target
value of 60 ppb as well as information (90 ppb) and alert (120
ppb) thresholds set by EU Directive 2008/50/EC, can be at-
tributed to either stratospheric intrusions that are not
completely uncommon for this area (Lisac et al. 1993;
Matasović et al. 2014), or, which is more likely, occasional
unfavourable air mass transfer frommore polluted areas. Most
of such episodes of high ozone volume fractions occurred
during summer—in July and August. They were indeed more
common in recent years (2012 and 2015) but had also oc-
curred earlier (in 2005 and 2007). One such episode was es-
pecially problematic, with constant high values, often higher
than 60 ppb, measured throughout an entire week (from 29
June to 5 July 2015). Since this occurred during not very hot
but sunny days (hotter days were yet to follow) and during the
period of a very low wind speed (far less than 2 m s–1), the
reason for such a result could have been, again, a stratospheric
intrusion. What is unusual here is the rather prolonged period
of a supposed intrusion, which should last shortly (1–3 days)
and not for the whole week (although it is not impossible for
an intrusion to be prolonged (Greenslade et al. 2017)). On the
other hand, in the middle of the episode, the strongest wind
was from the ESE and ENE directions which could bring
ozone precursors from the local smaller industrial area located
about 10–12 km in this sector, or even from industrial towns

Fig. 4 Box&whiskers plot of the
hourly ozone volume fractions
with statistical values from the
whole dataset. Maxima and
minima (upper and lower
extremes) are shown with a dot,
the upper whisker shows the 90-
percentile, the upper box line
shows the 75-percentile, the inner
box line shows median, the lower
box line shows the 25-percentile
and the lower whisker line shows
the 10-percentile. φ(O3) stands
for hourly ozone volume fractions
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Sisak and Kutina (50–60 km in SE and ESE direction), caus-
ing photosmog pollution in this part of the town. Although it is
not clear if those high values are caused by stratospheric in-
trusions or by precursors carried downwind, such episodes are
relatively rare and in general the station shows very low ozone
pollution with usual variations for such stations.

One of the most important statistical techniques for the assess-
ment of air pollution is trend analysis. Linear regression is a basic
trend analysis method which we supplemented by the commonly
usedMann-Kendall test (Chattopadhyay et al. 2012). If the whole

set of data—which are hourly ozone volume fractions—for all the
years, is taken into account, the linear regression of the yearly
means gives a slightly positive trend. The slope of the linear re-
gression is still beyond the lowest predicted global growth of 2%
annually, as the obtained value is 0.34 ppb yr−1 (Fig. 6, Table 1).
To obtain a better insight into the higher measured values, the
same analysis was calculated on the 95-percentile values (Fig. 7,
Table 1). The 95-percentile is a better suited measure for high
values as extremes (maxima) are cut off. However, a very similar
result, with a slope value of 0.21 ppb yr−1 was obtained.

Fig. 5 a Fourier transformation of
the hourly ozone volume fractions
versus frequency (ν) in h–1. The
peak at 0.042 h–1 corresponds to
the period of 24 ± 1 h and that at
0.083 h–1 to 12 ± 1 h b Fourier
transformation of the hourly
ozone volume fractions versus
frequency (ν) in h–1. The 0.0059
h–1 peak corresponds to the period
of 169 ± 4 h (7.1 ± 0.2 days)
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Furthermore, if we take into account only seasonal
(April-to-September) values which are, as expected and
proven (Fig. 3), higher than those in winter, the results are
also very optimistic. Mean values (Fig. 8, Table 1) are
somewhat higher here but still exhibit a modest growth of
0.42 ppb yr−1, which is somewhere around 2% annually.
The same season-to-whole year slope ratio is present if,
again, 95-percentiles are calculated instead of means. As
shown in Fig. 9 and Table 1, the slope value for this set of
data is 0.28 ppb yr−1. Such results show very little positive
changes in ozone volume fractions during the observed pe-
riod of time. This is in contrast with both predictions—the
global one which presumes elevation of ozone concentra-
tions with time and with generally higher pace, and region-
al, which presumes a decrease in its concentrations.
However, since the present values itself are within safe
limits, this result is indeed very good comparing to global
prediction of ozone concentration growth.

TheMann-Kendall test, which ismore accurate than simple
linear regression, confirmed our results showing a low growth
of ozone concentrations. Mean values for whole year data

(Fig. 6, Table 1) exhibited a slope value of 0.23 ppb yr−1 with
a 99%-confidence interval between −0.306 and 0.838 ppb
yr−1 and a 95%-confidence interval between −0.203 and
0.702 ppb yr−1. None of these values indicate significant
growth in ozone concentrations. In the worst-case scenario,
if upper boundaries (i.e. the highest values) were taken into
account, it would take several decades for the ozone volume
concentration to double. This corresponds to the lowest global
prediction for ozone concentration growth. On the other hand,
the best-case scenario which would include lower boundaries
shows a lowering of ozone concentration values although at
an even slower pace. The 95-percentile values (Fig. 7,
Table 1) showed no changes at all during the observed period
of time. The calculated slope value was barely distinguishable
from zero, being 0.009 ppb yr–1. However, the confidence
interval here was somewhat wider. The 99%-confidence inter-
val values were between −1.145 and 1.371 ppb yr−1. The
95%-confidence interval values were, on the other hand, be-
tween −0.925 and 0.888 ppb yr−1. The 99%-confidence inter-
val boundaries here must be discussed and taken into account.
Depending on chosen boundary of slope coefficient, or any
values inside the interval, they can indicate either growth or a
reduction in ozone volume fractions depending on the bound-
ary chosen. However, it should be noted that the confidence
interval shows us the possibility that the true value was within
the interval boundaries. It was still more probable that the true
value was somewhere in the middle of the interval and not
really near its limits.

Seasonal data showed somewhat different results in Mann-
Kendall test than in linear regression. Mean values (Fig. 8,
Table 1) had a slope of 0.322 ppb yr−1. The 99%-confidence
interval was between −0.328 and 1.385 ppb yr–1. The 95%-
confidence interval was between −0.146 and 1.030 ppb yr−1.
Provided that the slope was indeed correct, one could con-
clude that a low increase in ozone concentrations was

Table 1 Comparison of trend values by simple linear regression and
Mann-Kendall's test analysis of the mean hourly ozone volume fractions
for the whole year (WY φ(O3)), 95-percentile of the mean hourly ozone
volume fractions for the whole year (WY 95-per φ(O3)), mean hourly
ozone volume fractions for the April-to-September part of the year (S
φ(O3)/ppb) and 95-percentile of the mean hourly ozone volume fractions
for the April-to-September part of the year (S 95-per φ(O3))

Time series Linear regression Mann-Kendall test

WY φ(O3)/ppb 0.34 ppb yr−1 0.23 ppb yr−1

WY 95-per φ(O3)/ppb 0.21 ppb yr−1 0.009 ppb yr−1

S φ(O3)/ppb 0.42 ppb yr−1 0.322 ppb yr−1

S 95-per φ(O3)/ppb 0.28 ppb yr−1 −0.072 ppb yr−1

Fig. 6 Mann-Kendall's test
analysis of the mean hourly ozone
volume fractions for the whole
year. Sen's estimate is equal to the
trend slope. Blue and red lines
show confidence intervals for the
analysis. Designation WY
(ordinate axis) stands for whole
year data
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observed, although somewhat lower than calculated from the
linear regression. Confidence intervals are wider than in the
case of the whole year data but it can still be concluded, with
rather high certainty that part of the increase occurred during
the observed period. On the other hand, 95-percentiles (Fig. 9,
Table 1) showed possibly a different picture. The slope here
was negative −0.072 ppb yr−1. This value alone can show a
different trend in ozone concentrations but it should be noted
that this was still a low negative value. If confidence intervals
are taken into account, then it is obvious that, in this case, we
cannot reach any conclusion about the positivity or negativity
of the trend. Both intervals were very wide. The 99%-confi-
dence interval was between −2.028 and 2.090 ppb yr−1. 95%-
confidence interval was between −1.185 and 1.374 ppb yr−1.
Trend is calculated over the whole period from 2003 till 2016
but even if subperiods of, for example, seven years are

considered, because of high residual values (Figs. 6 to 9), only
trend direction can be confirmed.

Although the observed trends are generally modest, it must
not be omitted that background stations in the vicinity
(Matasović et al. 2014) and in the region (Wilson et al.
2012) for the period covered by this analysis show a negative
trend in hourly ozone volume fractions. An increase in the
ozone levels as the result of human activity would most prob-
ably be higher if the regional natural background trend was
not negative. Perhaps it would be at the level of 2% ormore, as
generally expected (Vingarzan 2004). However, this may only
be speculated based on the results of this and abovementioned
previous studies. Total trend values are always a combination
of natural causes and human influence. In this case, anthropo-
genic influence is still somewhat amplified in the vicinity of
the station. Air transfer may have influence on our urban

Fig. 7 Mann-Kendall's test
analysis of the 95-percentile of
the mean hourly ozone volume
fractions for the whole year. Sen's
estimate is equal to the trend
slope. Blue and red lines show the
confidence intervals for the anal-
ysis. Designation WY-95per (or-
dinate axis) stands for 95-
percentile of the whole year data

Fig. 8 Mann-Kendall's test
analysis of the mean hourly ozone
volume fractions for the April-to-
September part of the year. Sen's
estimate is equal to the trend
slope. Blue and red lines show the
confidence intervals for the anal-
ysis. Designation S (ordinate axis)
stands for seasonal data
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background station giving sometimes unusual results. Very
similar increasing trends were observed at urban locations in
the United Kingdom while at rural stations they were almost
twice lower (Diaz et al. 2020). Ozone levels more rapidly
increased in Portugal (Fernández-Guisuraga et al. 2016) and
in Spain for summer season (Adame and Sole 2013). Yan
et al. (2018) carried out an extensive study for more than a
hundred EMEP and Airbase stations over Europe for the pe-
riod 1995–2014. Increasing trend of yearly means was ob-
served at suburban and urban locations, while 95th percentile
annual mean showed the decreasing trend which was more
pronounced for the daytime period (Table S1 of the
Supplementary Information).

Conclusion

After assessing all of the ozone data in the observed period of
time (2003–2016), it can be concluded that pollution levels in
northern Zagreb are rather low, with the exception of a few
episodes. Both linear regression and, more importantly,
Mann-Kendall's test essentially did not show a high increasing
trend which is good comparing to global prediction of ozone
concentration growth. Although thorough analyses may be
inconclusive in some cases, it can be safely said that ozone
levels will remain within the similar range for the foreseeable
future. A Fourier transform of the data indicates diurnal and
weekly ozone cycles. An annual cycle is also present but it
was not tested via FT, since such an analysis is more appro-
priate for a larger number of periods within a dataset and is
also well seen in the data. Occasional episodes with high
ozone volume fractions were also observed but, except for
one in 2015, were not long lasting.
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