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The purpose of this study was to investigate the ozone, carbon monoxide, and nitrogen dioxide variations and their correlation
with meteorological parameters in Osijek (Eastern Croatia) during the summer seasons of 2002, 2007, and 2012. The measured
data are discussed in relation to the EU guidelines (Directive 2002/3/EC, Directive 2008/50/EC). In order to characterize ambient
air with respect to ozone photochemical pollution we calculated three photochemical pollution indicators. These indicators
may also be a valid measure for harmful effects on living organisms. The influence of local meteorological parameters on the
measured concentrations of ozone, carbon monoxide, and nitrogen dioxide was also investigated. We have attempted to establish
correlations between measured pollutant concentrations and meteorological parameters using the technique of multivariate
principal component analysis (PCA).

1. Introduction

Air pollution is a common theme for the past decades because
of it is growing source of general pollution and themost com-
mon source in urban areas being vehicle exhaust. The main
pollutants from diesel fuel vehicles include carbon monoxide
(CO) and nitrogen dioxide (NO

2
) from which secondary

pollutant ozone (O
3
) is formed [1]. For a long time, ozone was

fairly constant trace constituent of the air, but, in recent years,
its concentration in the surface layer of the atmosphere shows
a steady increase and at the present time it is greater than ever.
Its volume fraction during the preindustrial period increased
2 to 4.5 times and it is still rising [2].

In urban areas or polluted atmosphere various reactions
are carried out in which the formation of O

3
depends on the

ratio of nitrogen oxides (NO
𝑥
), while the effect of CO cycles is

such that it slowly oxidizes nitrogenmonoxide (NO) to nitro-
gen dioxide (NO

2
) and thus indirectly affects the concentra-

tion of ozone. Carbon monoxide molecules are entering the
cycle of oxidation, and nitrogen monoxide (NO) is oxidized
to nitrogen dioxide (NO

2
). Nitrogen oxides originate mainly

from anthropogenic sources, and increased production of

ozone in the lower layer is associated with the cycles of pho-
tochemical reactions involving volatile organic compounds
(VOCs) [3]. Anthropogenic emissions of VOCs and NO

𝑥

induce changes in the natural sources of tropospheric ozone.
If the mixture of NO

𝑥
and VOCs is irradiated with the visible

light, ozone will be generated in the reaction vessel until all
the VOCs are spent. The same process is taking place in the
air to form large amounts of ozone by solar radiation in the
presence of NO

𝑥
and VOCs. The hydroxyl radicals, CO and

NO, participating in the photochemical production of ozone,
give about 1 ppb of ozone per day in the high troposphere,
from where it is rapidly moving to the lower troposphere [4].
Global emission of NO

𝑥
is mainly of anthropogenic origin

and caused by fossil fuel burning, the largest part of which
being from automobile exhaust gases.The reduction of theO

3

concentration is observed after introduction of automotive
catalysts in the last decade of the 20th century [5–7]. For a
long time it was thought that the transport of ozone from
the stratosphere is a dominant source of its presence in the
troposphere, but today it is recognized that ozone in the
troposphere is mainly a product of controlled decomposition
within the troposphere itself. In a series of photochemical
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reactions that generate ozone, hydroxyl radical leads to its for-
mation, but at the same time they react with ozone destroying
it. Which reaction will be predominating depends on the
local concentration ratio of NO/O

3
. Overall, photochemical

destruction of ozone will occur at higher concentrations
of NO. To assess how much ozone is formed one has to
start from the degradation rate of carbon monoxide in the
reaction with the hydroxyl radical [5]. The photochemical
decomposition of ozone occurs during the day, depending on
the proportion of relative humidity, and it is most effective in
the surface layer of the atmosphere. It is estimated that about
75% of the photochemical ozone depletion occurs in the
described way. The control of air quality issues includes the
impact of ozone on vegetation [8], animals [9], and humans
[10, 11]. Control of the air pollution is based on the ecological
and economic principles and requires an understanding of
the interaction between the atmosphere and biosphere.

In this paper, we present different analysis patterns in
behavior of the leading species in photochemically polluted
air (CO, NO

2
, and O

3
) in order to find their dependence on

anthropogenic activity and meteorological conditions. The
first ozonemonitoring in ambient air in Eastern Slavonia was
reported for the growth season in 2002 when there were no
significant photochemical pollution problems [12]. During
summer months in many urban and rural areas the excessive
concentrations of oxidants are formed in the atmosphere so
we are comparing measurements from June to September of
2002, 2007, and 2012 in Osijek (Figure 1).There is no available
data for CO and NO

2
concentrations in 2002, but we have

collected them for years 2007 and 2012. For the first time these
data are correlated with those for ozone concentrations and
meteorological parameters. Another approach for the assess-
ment of ambient air quality is by calculating photochemical
pollution indicators during the summer seasons of 2002,
2007, and 2012 [13, 14]. These indicators include, as a basic
parameter, the average of the daily maximum to minimum
ratio calculated from hourly ozone concentrations measured
over a period of time. Furthermore, we have attempted to
establish correlations between measured pollutant concen-
trations and meteorological parameters using the technique
of multivariate principal component analysis (PCA).

2. Experimental

Ozone volume fractions have beenmeasured and analyzed in
the city of Osijek. Monitoring site was located at the northern
boundary of city, close to the river Drava and approximately
15m above the ground. Osijek is the largest urban cen-
tre in Eastern Croatia located at 45.32∘N, 18.44∘E (with a
population of aprox. 130,000) without significant industry
and, therefore, precursor emission is mainly due to traffic.
The measurements took place during summer seasons (June
through September) of 2002, 2007, and 2012, using a com-
mercial instrument Ansyco O341M based on UV absorption
photometry. The instrument was regularly checked and cali-
brated. The data have been recorded every 3min and stored
in data logger for further processing on a computer. Data
analysis is commonly based on hourly average; therefore, the
data were transferred to Excel Macro tables.
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Figure 1: Location of Osijek, Croatia.

Air pollution quality data were obtained from the Min-
istry of Environmental and Nature Protection of Croatia
which is monitoring the NO

2
and CO concentrations (mon-

itoring station cca. 100m to the east of the ozone measure-
ment site). Unfortunately, the data for NO

2
and CO are not

available for the year of 2002 but, however, there aremeasure-
ments for June through September of 2007 and 2012.

Meteorological data were obtained from the Meteorolog-
ical and Hydrological Service of Croatia. They have monitor-
ing site for meteorological parameters at Klisa (airport cca.
20 km to the southeast of our monitoring site).

3. Results and Discussion

The data were converted to hourly average ozone volume
fractions and average daily values were calculated for the
measured periods in 2002, 2007, and 2012.

Air pollution is usually defined by indices to assess the
quality of air on the basis of the measured values in a specific
time and place and to inform the public whether the current
ambient air can be regarded as “good” or “unhealthy” [15, 16].
To characterize ambient air with respect to photochemical
pollution, we also calculated two photochemical pollution
indicators for measured periods. These two parameters are
related to the ozone volume fractions when hourly averages
of 60 ppb, as the limit value for air quality, are exceeded [17–
19]. One (𝑃

1
) gives a total volume fraction that is over the

limit for the entire period, and the second (𝑃
2
) is the total

number of hours in which the limit of 60 ppb was exceeded.
If 𝑃
1
is higher than 7, measurement sites are considered clean

from the photochemical pollution.The calculation of𝑃
2
gives

a simple option for grouping the data into three classes: clean
(𝑃
2
< 10), medium clean (10 < 𝑃

2
< 100), and polluted (𝑃

2
>

100) [13, 14]. The photochemical pollution indicators for the
period of June–September were calculated from the formulas
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𝑃
1
= 𝑅𝑀/𝐴 and 𝑃

2
= 𝑅(1 + 7𝐷/𝑁

𝑑
), where 𝑅 is the average

maximum to minimum ratio of hourly ozone data,𝑀 is the
average maximum value, 𝐴 is the average of hourly mean
values, 𝐷 is the number of days for which ozone volume
fractions have exceeded the limit of 60 ppb, and 𝑁

𝑑
is the

number of monitoring days per monitoring period, in our
case 101 days. The geometrical mean of the previous two
indicators gives third indicator [14]. Furthermore,𝑃

3
includes

both corrections and accounts for situations when the previ-
ous two indicators differ significantly (𝑃

3
= √𝑃
1
⋅ 𝑃
2
).

These three indicators should have a greater value when
𝑅 is high. Considering that the 𝑅 explains the difference
between the daily maximum and minimum and thus indi-
rectly the daily ozone turnover, these indicators may also
draw attention for harmful effects on living organisms.

The four stations of the European network (Cooperative
Programme for Monitoring and Evaluation of Long-Range
Transmission of Air Pollutants in Europe, EMEP) were
selected to compare pollution indicators with the monitoring
site in Osijek. Three stations of them are located in rural area
(K-Puszta, Krvavec, and Illmitz) and one station is located
near urban area (Montelibretti). The full geographical coor-
dinates can be found on the web (www.nilu.no/projects/ccc/
network.html). They are listed in Table 1 together with their
data about pollution indicators.

When comparing the results at the Osijek with other sta-
tions, in the Osijek indicator values are higher than those of
the three rural stations but significantly less than those of the
Montelibretti.

Given the calculated values of 𝑃
1
Osijek belongs to the

medium clean due to photochemical air pollution (Table 1)
and these values are relatively constant. It is obvious that the
values of 𝑃

3
indicator increase every five years. According to

𝑃
2
values, Osijek was medium clean in 2002, while, during

year 2007 and 2012, the value of this index increased for more
than 3 times, and in those years Osijek can be classified as
polluted.

The average diurnal variations of ozone concentration for
the measured periods are shown in Figure 2. Even though
variability between years was observed, generally, in themag-
nitude of the amplitude, there is almost no change in the diur-
nal distribution. It is evident that every five years ozone val-
ues are rising. The distribution of values resembles a typical
behavior for an urban site. The daily maximum values were
measured in the afternoon hours indicating that the source
of primary pollutants is located close to the monitoring site
[12, 20]. On the other hand, these values are low for an urban
site indicating that the air is well mixed with that of the
surrounding region. Indeed, the city of Osijek lies in a plain
allowing winds from all directions and the wind rose closely
resemble a circle.

By calculating all the 8-hourly moving average concen-
trations of ozone, it was found that the threshold value of
120𝜇g/m3 (60 ppb) was not exceeded during 2002, while in
2007 this value was exceeded during 21 days for a total of 181
hours. Throughout all the measurements in the year of 2012
the 8-hourly moving average concentrations of ozone were
found to exceed the value of 120𝜇g/m3 in 26 days for a total
of 288 hours. According to the Croatian Directive on Ozone

Table 1: Photochemical pollution indicators 𝑃
1
, 𝑃
2
, and 𝑃

3
for

summer seasons.
When Where 𝑃

1
𝑃
2
𝑃
3

Reference
1997–2003 K-Puszta, Hungary 6.1 5.4 5.7

[13]
1997–2003 Krvavec, Slovenia 1.8 2.5 2.1
1997–2003 Illmitz, Austria 4.7 5.1 4.9
1997–2003 Montelibretti, Italy 97 220 146.1
2002 Osijek, Croatia 28.4 30.5 29.4

This work2007 Osijek, Croatia 24.7 100.4 49.8
2012 Osijek, Croatia 28.1 110.9 55.8

0 2 4 6 8 10 12 14 16 18 20 22 24

10

20

30

40

50

60

70

80

90

100

110

120

O
3

co
nc

en
tr

at
io

ns
 (𝜇

g m
−
3
)

Time (h)

2002

2007

2012

Figure 2: Average diurnal distribution of O
3
volume fractions for

the measured periods.

[21] and Guidelines of the European Union, ozone pollution
in ambient air is allowed to exceed this value (120 𝜇g/m3) for
25 days during one year.

Furthermore, we have analyzedmeasured concentrations
for carbon monoxide and nitrogen dioxide during 2007 and
2012.

A comparison of the average diurnal ozone profiles for
CO and NO

2
concentrations shows that maximum values

for these pollutants precede and follow the maximum con-
centration of O

3
(Figure 3). The distribution of values for

these pollutants is different than that for diurnal ozone [22].
The daily maximum values for CO and NO

2
were measured

during the morning and nightly hours. This pattern is repre-
sentative of urban atmosphere in this climatic region and it
is in correspondence with increased morning (06:00–08:00)
and nightly (20:00–22:00) traffic densities [23].The observed
decrease in concentrations of CO andNO

2
between 2007 and

2012 is expected because of the increase in the concentration
of ozone. The main sources of CO and NO

2
are man-made,

and for the most part are coming from automobile exhaust
gases [24, 25]. Their emission depends on the age, mainte-
nance, and vehicle technology.

By calculating all the average concentrations for the year
of 2007 and 2012, it is clear that limit values of these pollutants
were not exceeded (limit value for CO is 10mg/m3—as given
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Figure 3: Average diurnal variations of O
3
, CO, and NO

2
for the measured periods 2007 (a) and 2012 (b).
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Figure 4: 3D plots of score and loadings (night concentrations appear in bold) for the measured periods 2007 (a) and 2012 (b).

by 2000/69/EC Directive for the maximum daily 8-hour
mean concentration—and for NO

2
200𝜇g/m3—as given

by 2008/50/EU Directive the maximum daily 1-hour mean
concentration—not to be exceeded more than 18 times in a
calendar year) [18, 19].

Furthermore, we divided these concentrations into two
groups: day values (solar radiation, 𝑆 > 0Wm−2, between
05:00 and 20:00) and night values (20:00–05:00). During
the measuring campaign, local time corresponded to Central
European Time (CET). Obtained daily and night concentra-
tions and solar radiation data were subjected to the factor
analysis in order to define variables which will describe their
interdependence. Factorswere based onprincipal component
analysis (PCA) followed by varimax rotation methods. Three

significant factors were extracted for 2007th and 2012th and
the total variance amounted 83.9% and 84.5%, respectively.
In either case similar results were obtained (Figure 4). The
first factor describes the influence of solar radiation on ozone
formation. The second factor separates daily concentrations
CO and NO

2
from their nightly concentration (third factor)

and indicates their common origin. This developed model
also indicates that the concentrations NO

2
and CO were

strongly negatively correlatedwithO
3
. Higher concentrations

NO
2
and CO are associated with lower ozone concentrations

and back, due to photochemical reactions.
We calculated Pearson’s correlation coefficients between

pollutant concentrations and meteorological variables: tem-
perature (𝑡), relative humidity (rh), atmospheric pressure (𝑝),
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Table 2: Pearsons, correlation coefficients between O3, NO2, and CO daily average concentrations and meteorological parameters for the
measured periods in 2007 and 2012 (statistically significant values with 𝑃 < 0.05 are present in bold).

2007
O3 NO2 CO 𝑡 rh 𝑝 vis 𝑆 ws

O3 1.000 0.247 −0.126 0.787 −0.709 −0.281 0.253 0.561 −0.211
NO2 1.000 0.805 0.333 −0.487 0.095 −0.132 0.198 −0.459
CO 1.000 −0.009 −0.177 0.224 −0.226 −0.031 −0.179
𝑡 1.000 −0.652 −0.412 0.262 0.643 −0.281
rh 1.000 −0.086 −0.168 −0.437 0.364
𝑝 1.000 −0.266 −0.324 −0.159
vis 1.000 0.466 0.226
𝑆 1.000 −0.051
ws 1.000

2012
O3 1.000 −0.053 −0.169 0.466 −0.439 −0.170 0.480 0.411 0.020
NO2 1.000 0.901 0.363 −0.214 −0.225 −0.028 0.201 −0.404
CO 1.000 0.247 −0.080 −0.165 −0.138 0.076 −0.318
𝑡 1.000 −0.489 −0.467 0.461 0.743 −0.367
rh 1.000 −0.032 −0.408 −0.422 0.362
𝑝 1.000 −0.180 −0.369 0.140
vis 1.000 0.731 0.014
𝑆 1.000 −0.157
ws 1.000

visibility (vis), solar radiation (𝑆), and wind speed (ws) for a
measured period of 2007 and 2012 (Table 2).

Calculated correlation coefficients show the existence of
significant correlation between O

3
and temperature, solar

radiation, and visibility, which was expected due to the
photochemical reactions. High levels of O

3
during the mea-

surements are associated with favorable meteorology and the
intense precursor emission. Also, concentration of O

3
signif-

icantly negatively correlates with relative humidity, because
lower humidity usually corresponds to higher temperatures,
higher solar radiation, and higherO

3
formation rates [23, 26].

Correlations between O
3
, CO, and NO

2
are low and

considered not to be significant. High correlation coefficients
were achieved between CO and NO

2
and that was expected

because CO influences the oxidation of NO to NO
2
. Fur-

thermore, CO does not significantly correlate with measured
meteorological parameters, while relative humidity and wind
speed are negatively correlated with NO

2
.

A goodunderstanding of interdependence betweenmete-
orology and pollutant concentrations is necessary to evaluate
the effects of one on the other. PCA has been successfully
applied to identify the dominant relationships present within
measured data [27]. PCA followed by varimax rotation yields
the results that are given in Figure 5 for the loadings (i.e.,
biplot). It provides an overview of interrelationships between
monitored meteorological parameters and collected air sam-
ple properties. The model developed for both the ozone
and meteorological variables indicates that ozone strongly
correlates with temperature, solar radiation, and visibility.
Ozone concentrations are highly influenced by temperature
and solar radiation time which reflects the importance of
photochemistry in ozone formation. Furthermore, analysis

of this data during summer showed that wind speed, relative
humidity, and air pressure do not have effect on ozone
formation. Higher relative humidity and wet weather are
usually associated with lower ozone concentration due to
reduction of photochemical activity, but the main factor
that decreases ozone concentration is reduced solar radiation
and lower temperature [23, 26]. Once again it is shown
that CO and NO

2
strongly positively correlate with each

other. It has been proven that PCA can be a useful and
effective tool for researching voluminous sets of data such as
ozone concentration and meteorological data. Its application
helps to visualize dominant relationships that exist within
measured data.

4. Conclusion

This study indicates that there are important relationships
between changes in meteorological parameters and ozone
level in boundary layer. During summer, the city of Osijek
is under heavier traffic load which is shown by two photo-
chemical pollution indicators which are the consequence of
anthropogenic factors. Concentrations of CO and NO

2
do

not exceed the limits given by the EU Directive and Croatian
laws, while ozone concentrations exceed these values. Results
of calculating the correlation coefficients and PCA revealed
underlying relationships between O

3
concentrations and

meteorological data and showed that ozone concentrations
are associated with temperature, solar radiation, and visibil-
ity. Pollutants CO and NO

2
significantly correlate with each

other. Further and permanent studies are certainly needed in
order to closely identify human effects on the levels of these
pollutants in the boundary layer of the atmosphere.
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Figure 5: 3D plot of score and loadings (biplot) for the measured periods 2007 (a) and 2012 (b).
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VOC and NO

𝑥
emissions and chemical production of tropo-
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