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A b s t r a c t  

 

This publication presents an analysis of the variability of ground-level ozone in the Ma-

zowieckie Voivodeship, Central Poland, in 2005−2012 and the forecast of ground-level ozone 

for the next day using artificial neural network models. The content of ground-level ozone in 

a given area is mainly determined by meteorological conditions and the presence of appropri-

ate chemical compounds, i.e. ozone precursors. The average ozone mixing ratio is from 20 to 

100 ppb, depending on the location of the measurement site. 

Despite its low concentration, ozone in the ground layer has a significant impact on nat-

ural environment, through the production of free radicals, shaping the greenhouse effect on 

the Earth and the formation of photochemical smog, to mention just a few effects. High con-

tents of ground-level ozone may result in the occurrence of episodes that are harmful to human 

health. 

The analysis of ground-level ozone measurements in various time scales resulted in the 

following findings: (1) on an annual scale − the occurrence of a characteristic maximum in 

the spring-summer period and the minimum in the autumn-winter period, (2) on a daily scale 

− the occurrence of the highest ground-level ozone content in the afternoon and the lowest 

just before the sunrise, and (3) on a weekly scale − the existence of a weekend ozone phe-

nomenon. 

The analysis of the long-term (1995-2016) ozone measurement series at Belsk gave 

grounds for distinguishing the three periods, representing an increase, decrease and re-in-

crease of ozone content in the ground-level atmosphere in this locality. 

Models for forecasting the maximum 1-hour daily ozone concentration for the next day 

over the period of April–September 2015 were constructed using the Statistica 10 “Automatic 

Neural Networks” program package. The quality of the forecast based on neural models was 

verified for data from the same months of 2014. The results testify to the ability of the network 

to generalize the training-acquired knowledge for new, previously unexamined cases. A com-

parison of neural network modeling results with those of the Global Environmental Mul-

tiscale-Air Quality (GEM-AQ) troposphere chemistry model shows that the Unidirectional 

Multi-Layer Perceptron (MLP) type models applied in this study are an effective tool for the 

next-day ground-level ozone forecasting. 
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ANALIZA ZMIENNOŚCI ZAWARTOŚCI OZONU  

W PRZYZIEMNEJ WARSTWIE ATMOSFERY  

W WOJEWÓDZTWIE MAZOWIECKIM  

S t r e s z c z e n i e  

 

Głównym celem badawczym była ocena zmienności zawartości ozonu przyziemnego w 

województwie mazowieckim w latach 2005–2012 oraz skonstruowanie modeli realizujących 

prognozę stężenia ozonu przyziemnego na kolejny dzień z wykorzystaniem sztu-cznych sieci 

neuronowych. Dane pomiarowe użyte w pracy pochodzą z sześciu stacji zlokalizowanych na 

terenie województwa mazowieckiego, reprezentujących warunki zarówno tła regionalnego 

jak i miejskiego.  

W pierwszej części pracy wykonano analizę statystyczną zmienności czasowej i 

przestrzennej stężenia ozonu w przyziemnej warstwie atmosfery, która determinowana jest 

głównie przez panujące warunki meteorologiczne i obecność odpowiednich związków 

chemicznych – prekursorów ozonu. Wyniki obliczeń wskazują, że najwyższe wartości stężeń 

ozonu przyziemnego zanotowano na stacjach tła regionalnego zaś najniższe na stacjach tła 

miejskiego. Na wszystkich analizowanych stacjach zaobserwowano charakte-rystyczny cykl 

zmian stężeń ozonu, z maksimum w okresie wiosenno-letnim oraz minimum w okresie 

jesienno-zimowym. Stwierdzono, że uniwersalny schemat zmienności koncentracji ozonu w 

ciągu doby (z wyraźnym maksimum w godzinach popołudniowych oraz minimum przed 

wschodem słońca) w skali roku ulega znacznym modyfikacjom. W wyniku analizy zmien-

ności stężeń ozonu w ujęciu tygodniowym wykazano istnienie weekendowego zjawiska ozo-

nowego na niektórych stacjach. Analiza długookresowej zmienności wartości stężenia ozonu 

przyziemnego na stacji Belsk (1995–2016) uwidoczniła istnienie 3 okresów, w czasie których 

zaobserwowano wzrost, spadek oraz ponowny powolny wzrost zawartości ozonu przyz-

iemnego. Analiza współczynników korelacji pomiędzy stężeniem ozonu przy-ziemnego a 

wybranymi parametrami meteorologicznymi pozwoliła określić charakter zależności pom-

iędzy badanymi zmiennymi. Wyniki te zostały następnie wykorzystane przy konstrukcji 

modeli prognostycznych stężenia ozonu w przyziemnej warstwie atmosfery.  

W drugiej części pracy przedstawiono prognozę wartości maksymalnego 1-godzinnego 

stężenia ozonu w ciągu doby na kolejny dzień dla okresu od kwietnia do września 2015 roku 

(osobno dla każdej analizowanej stacji). Prognoza wykorzystywała sztuczne sieci neuronowe 

o strukturze MLP (Multi-Layer Perceptron). Sprawdzenie jakości prognozy z użyciem ana-

logicznego jak w 2015 roku zestawu danych wejściowych obejmujących okres od kwietnia 

do września 2014 roku w większości przypadków wykazało istnienie wysokiej korelacji pom-

iędzy wartościami prognozowanymi a rzeczywistymi. Jednocześnie stwierdzono, że 

prognozy charakteryzujące się najwyższą wartością błędów względnych zazwyczaj były 

efektem przeszacowania przez sieci neuronowe relatywnie niskich rzeczywistych wartości 

stężeń ozonu. Wykonano porównanie wyników uzyskanych z modeli opracowanych w 

niniejszej pracy, obejmujących okres od kwietnia do września 2014 z wynikami globalnego 

modelu chemii troposfery GEM-AQ (Global Environmental Multiscale – Air Quality). 

Wyniki analizy porównawczej wskazują, że jakość prognoz otrzymanych z modeli wyko-

rzystujących sztuczne sieci neuronowe jest porównywalna a nawet w wielu przypadkach 

przewyższa jakość prognoz uzyskanych przy wykorzystaniu modeli chemii troposfery. 

  



OZONE CONTENT VARIABILITY IN THE GROUND-LEVEL ATMOSPHERE … 

 

7 

1. INTRODUCTION 

1.1  How the ozone was discovered 

Ozone was discovered in 1839 by a German scientist − chemist Christian Friedrich Schönbein 

− during research on water electrolysis (Wierzbicki 1882). Schönbein’s hypothesis that ozone 

is an allotropic form of oxygen naturally occurring in the atmosphere was soon confirmed by 

Andrews (1874), and a molecular formula was presented by Soret in 1865 (Rubin 2001). 

First measurements of the ozone content in the ground layer of the atmosphere, with the use 

of Schönbein test papers, were already carried out in the first half of the 19th century by the 

ozone explorer himself. He made use of the decomposition of potassium iodide under the in-

fluence of ozone. Test papers soaked in starch glue containing potassium iodide and then ex-

posed outside were changing their color to blue, depending on the current ozone concentration. 

The basis for determining the ozone concentration was to compare the color of the Schönbein 

test paper with a 10-point standard scale according to the principle: the higher the read-out value 

(the maximum is 10), the greater the amount of ozone in the ambient air (Wierzbicki 1882). 

In the mid-nineteenth century there was a network of over 300 ozone-measuring stations, 

covering the area of North America, Australia and Europe. Despite the fact that in most cases 

those observations provided rather short, unsystematic measurement series (Bojkov 1986), it is 

as early as in the mid-nineteenth century that the scientists had knowledge about the spatial 

variability of ozone. According to Andrews (1874), ozone concentration in large cities was 

lower than in suburban and rural areas. He claimed that ozone is destroyed by contact with 

smoke and pollutants that are emitted and accumulated in excess in places with high population 

density. Moreover, he believed that ozone concentration in mountainous areas is lower than in 

lowland areas. 

Along with the qualitative ozone measurement method proposed by Schönbein, there was 

also a quantitative method based on the arsenite oxidation process. The measuring technique 

used a cylinder filled with a mixture of potassium arsenite solution and potassium iodide 

through which atmospheric air was pumped. Under the influence of ozone, arsenite was trans-

formed into arsenate. The amount of arsenate obtained in this manner was the basis for deter-

mining ozone in the air (Bojkov 1986). 

1.2  Occurrence and role of ozone in the atmosphere 

Problems concerning ozone in the ground layer of the atmosphere are considered very important 

due to the impact of ozone on the natural environment as well as the human health. 

Ozone is a gas that occurs naturally in the atmosphere. About 90% of the total ozone content 

occurs in the stratosphere, the maximum being usually located at altitudes of 20−25 km 

(“proper” ozone layer) (Fig. 1). At these altitudes, the average ozone mixing ratio is approxi-

mately 10 ppm (10 ozone molecules per 106 air molecules). The remaining 10% of the total 

ozone content is within the troposphere, the average mixing ratio close to the earth’s surface 

being between 20 and 100 ppb (20−100 molecules for every 109 air molecules). 

Ozone present in the atmosphere has an ability to absorb harmful solar radiation in the UV-

C range (100−280 nm − thanks to ozone, the radiation at these wavelengths does not reach the 

earth’s surface) and UV-B (280−315 nm), thus providing protection and enabling the life on 

Earth. In the early 1980s, the process of ozone layer depletion was observed, especially in the 

South Pole region, causing an increase in the intensity of ultraviolet radiation, the excess of 

which is dangerous for  natural (aquatic and terrestrial) ecosystems and may have a negative 

impact on human health (increased number of skin cancer events, eye diseases, weakening of 

the immune system). 
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Fig. 1. Vertical profile of ozone content in the atmosphere typical of moderate latitudes (source: 

https://espo.nasa.gov/solve/content/SOLVE_Science_Overview). 

The part of the ozone layer that is present in the troposphere and at the earth’s surface, 

provided that the ozone concentration is high, becomes a toxic air pollution. Especially in the 

case of ground-level ozone, the main problem is the increase in its concentration observed 

throughout the 20th century and the occurrence of episodes of high ozone levels dangerous for 

human health (e.g. eye irritation, coughing, worsening of asthma symptoms), plant condition 

(e.g. destructive changes in photosynthesis, transpiration) and strength of some materials (e.g. 

textile; artificial, e.g., rubber or plastic; and organic, e.g., limestone). 

The lifetime of an ozone molecule depends on the effectiveness of ozone destruction pro-

cesses by chemical means or as a result of dry deposition. According to Stevenson et al. (2006), 

the average lifetime of an ozone molecule in the troposphere is about 22 (± 2) days. This value 

is not constant and changes depending on the height above sea level: from about 1−2 days in 

the boundary layer of the atmosphere to several weeks in the upper troposphere. Due to its 

relatively long lifetime, the ozone molecule can be transported over considerable distances, 

affecting the ozone budget in places far away from the source area. 

Despite its low concentration, ozone found in the ground layer of the atmosphere plays a 

number of important roles therein:  

 ozone is an important greenhouse gas with radiative forcing of 0.40 ± 0.20 W/m2 (IPCC 

2013); 

 ozone is the main (next to PAN, NOx, VOC) component of photochemical smog (The 

Royal Society 2008); 

 the ozone photolysis process is the main source of hydroxyl (OH) radicals in the at-

mosphere (Guicherit and Roemer 2000). 

The ozone occurring in the ground layer of the atmosphere is formed as a result of a series 

of chemical reactions, including, in particular, volatile organic compounds (VOCs) and nitro-

gen oxides (NOx) under the influence of UV radiation (Logan 1985; Aneja et al. 1994; Ordóñez 

et al. 2005). Due to the non-linear nature of the processes leading to the formation of ozone, the 

reduction of precursor emissions need not be proportional to the decrease in ground-level ozone. 

In addition, meteorological conditions in a given area have a very significant impact on the 

ozone concentration. Another natural source of ozone in the troposphere is the transport of 

https://espo.nasa.gov/solve/content/SOLVE_Science_Overview
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ozone-rich air from the stratosphere (Stohl et al. 2003). Initially, it was believed that this 

transport, i.e., the intrusion of stratospheric air into the troposphere, was the dominant source 

of ozone in the troposphere (Fabian and Pruchniewicz 1977; Viezee et al. 1982). It was not until 

the early 1970s that the evidence was found ascertaining that the ozone concentration in the 

troposphere is mainly due to photochemical processes leading to the formation of ozone in situ 

in the troposphere itself (Fishman and Crutzen 1977, 1978). 

The share of the above-mentioned sources in shaping the ozone concentration level varies 

spatially and temporally throughout the year (Moore et al. 2009). Ozone production as a result 

of chemical reactions is of great importance in urbanized and industrialized areas where the 

emission of primary air pollutants is relatively high. Ozone levels in such areas are character-

ized by the presence of an extensive summer ozone maximum resulting from the significant 

share of photochemical production during the period of optimum meteorological conditions 

(high air temperature, intense sunlight). In turn, the transport of ozone-rich stratospheric air 

masses to the lower troposphere is sometimes so intense and reaches so deep that it is reflected 

in the high concentrations of ozone recorded at ground stations (Davies and Schuepbach 1994). 

Therefore, in high mountain regions, areas are found where the direct impact of stratospheric 

intrusions is undoubtful (Stohl et al. 2003). The seasonal distribution of ozone content charac-

teristic of areas under the dominant influence of stratospheric intrusion usually shows a maxi-

mum in the spring (Logan 1985). 

1.3  Time-space variability of ground-level ozone on a global scale 

In the period covering the second half of the 19th century and the beginning of the 20th century, 

ground-level ozone was of great interest to scientists. In the second half of the nineteenth cen-

tury, there were already about 300 observation points, where measurements of ozone concen-

tration in the air were carried out by the commonly used method. the Schönbein test-papers 

(detailed description of the method: Bojkov 1986); unfortunately, it was only in a few places 

that the measurements were carried out systematically over at least several years (Bojkov 1986). 

One of the longest quantitative series of ground-level ozone measurements at the above-

mentioned period was made in the years 1871−1910 at the Montsouris Meteorological Obser-

vatory near Paris by Albert Levy. The average annual ozone content measured was about 10 ppb 

and ranged from 5 to 15 ppb (Volz and Kley 1988). This is the only known ozone measurement 

series prior to the industrial age made simultaneously using the qualitative Schönbein method 

and the quantitative chemical method using the oxidation process of the arsenite compound to 

arsenate. 

Another long-term measurement series using the Schönbein method was also made in 

France (Pic du Midi peak, Pyrenees, 3000 m) (Marenco et al. 1994) in the years 1874−1909. 

The results indicate that in the period 1874−1895 the average ozone content was around 10 ppb. 

The seasonal distribution was characterized by a clear spring maximum and winter minimum. 

From 1895 to the end of the measurement period, an increase in concentration to about 14 ppb 

was observed, in contrast to the measurement series from Montsouris, in which a decrease in 

ozone content was noted at that time. The long-term increase in ozone concentrations in the Pic 

du Midi series can be explained by the simultaneous global increase in methane concentration 

in the atmosphere, while the corresponding decrease in the ozone concentrations in the Mon-

tsouris series by the simultaneous increase in nitric oxide emissions in Paris and, as a result, the 

intensification of the ozone destruction process according to the reaction: NO + O3 → NO2 + 

O2. 

In Poland, the first systematic measurements of ground-level ozone were  made by Daniel 

Wierzbicki at the Meteorological Observatory in Kraków. Observations using Schönbein test-

papers were carried out in 1854−1878. The average value of ozone concentration over the years 



I. PAWLAK  and  J. JAROSŁAWSKI 

 

10 

1869−1878 was about 17 ppb, changing within 11−24 ppb. Seasonal variability was character-

ized by a clear spring maximum and minimum in the autumn-winter period (Pawlak and 

Jarosławski 2014). 

In the 1930s, a ground-level ozone measurement series was made in Arosa (Switzerland), 

according to which it can be stated that the average annual ozone concentration at that time was 

about 20 ppb and was close to the ozone concentration measured in Arosa in the 1950s (Stae-

helin et al. 1994). 

As a result of industrial development, atmospheric air quality has started to deteriorate sig-

nificantly since the early 1950s. Over the years 1950−1990, there was a considerable increase 

in ozone precursor emissions (NOx, NMVOC, CH4, CO) on a global scale, mainly as a result 

of the development of the fuel and energy industry, agriculture and the intensification of bio-

mass burning. In the case of CO and CH4 (calculated per carbon), a 1.8-fold increase in con-

centration was noted; in the case of NMVOC (non-methane volatile organic compounds), there 

was a 3-fold increase; and in the case of NOx (calculated per nitrogen), the concentration in-

creased 2.5-fold, the responsible factor being, in particular, the energy sector, mainly the burn-

ing of fossil fuels and the development of road transport (van Aardenne et al. 2001). 

The longest continuous ground-level ozone measurement series in Central Europe, repre-

sentative of non-urban conditions, has been performed in Hohenpeisenberg (Germany) since 

1971. An analysis of the over 35-year measurement series showed an upward trend in ozone 

content of 0.31 ± 0.09 ppb/year (Gilge et al. 2010). 

Many other stations conducting systematic ozone measurements around the world recorded 

an upward trend in ground-level ozone concentration in the years 1956−2002, ranging from 

0.06 to 2.6% per year, with the highest values in Japan and Europe. It should be added that at 

most stations the trend varied over time. From the beginning of the measurements until the mid-

eighties, a continuous, intensive increase in ozone concentrations was observed, followed by 

stabilization or continuation of growth, but at a much lower speed (Vingarzan 2004, and the 

literature therein). This was probably caused by a decrease in NOx emissions in Europe and 

North America and a decrease in CO concentration on a global scale (Novelli et al. 2003). 

The increase in ozone concentration at the earth’s surface over the 100-year period since the 

beginning of measurements is quite certain, but there is some uncertainty as to the trend of 

ozone content in the last few decades. This is partly due to the limited number of stations rep-

resenting real background conditions and partly due to difficulties in comparing data from dif-

ferent measuring periods (Vingarzan 2004). In the work of Logan et al. (2012), stations located 

at an altitude above 2 km were selected to analyze changes in ozone content over the years 

1978−2009 in order to exclude places dominated by the influence of local pollutants and places 

under the influence of a strong vertical gradient of ozone concentrations, which usually occurs 

in the layer from the earth’s surface to approximately 1 km in height. Based on data from three 

high mountain stations (Zugspitze 2962 m, Jungfraujoch 3580 m, Sonnblick 3106 m), in the 

years 1978−2000, an average increase in ozone concentration was noted, amounting to about 

15 ppb in winter, spring and summer and to about 11 ppb in autumn, with over 70% increase 

before 1990. The reasons for the above ozone content distribution can be sought in a change of 

emission of basic ozone precursors, i.e., NOx. A slower increase in ozone content occurred 

simultaneously with a decrease in NOx content, i.e., since the 1990s (Vestreng et al. 2009; Lo-

gan et al. 2012). Also, a rapid increase in the concentration of CH4 on a global scale, especially 

since the mid-twentieth century, has significantly slowed down in the late 1990s (Dlugokencky 

et al. 2011). The CO content has also been on a downward trend since the beginning of the 

1990s. In the period 1991–2001, the global average CO content decreased by 0.52 ± 

0.10 ppb/year, while in the Northern Hemisphere the decrease was 0.92 ± 0.15 ppb/year (No-

velli et al. 2003). 
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In the paper by Cooper et al. (2014), a review was made of the variability of ground-level 

ozone content in 2005−2010 depending on the geographical location (latitude and longitude) 

and altitude. The analysis was based on 20 regional background stations. The results indicate 

that the lowest ozone concentration values occur within the marine boundary layer in the trop-

ical southern hemisphere (13−14 ppb), and then also within the marine boundary layer in the 

mid-latitudes of the southern hemisphere (24−26 ppb), as well as in high latitudes of the south-

ern hemisphere (26−27 ppb). Areas within the maritime border zone located at the mid-latitudes 

of the northern hemisphere are characterized by higher ozone content and values ranging from 

28 ppb (Germany) to 49 ppb (Japan). Similarly, high-mountain stations in the northern hemi-

sphere have a higher ozone concentration than those in the southern hemisphere (40−60 ppb). 

The lowest ozone concentrations at such stations are recorded in the tropical zone and amount 

to 38−46 ppb, while the highest are on the west coast of Japan (50−59 ppb). It can be noticed 

that for the stations located in the maritime boundary layer as well as for the high-mountain 

ones, the highest ozone concentration values occur in the western part of Japan, lying on the 

windward side on the east of the Asian continent, i.e., the area where the emission of ozone 

precursor pollutants has been increasing systematically since 1980 (Lee et al. 2014). 

As mentioned earlier, spatial variability is reflected in changes in ozone concentration de-

pending on the location of the measurement site defined by its latitude and longitude and also 

by its height above sea level. Numerous research experiments confirm the thesis about the in-

crease of ozone content with increasing altitude (Moore and Semple 2005, 2009). Usually, the 

origin of high ozone concentrations lies in the flow of air masses from the stratosphere, although 

the share of pollutants supplied at high altitude through long-distance transport from areas be-

low is also important (Semple and Moore 2008; Bonasoni et al. 2008). In addition, ozone de-

struction processes at large altitudes, both those associated with dry deposition and those 

associated with chemical destruction are significantly reduced. The assessment of the impact of 

altitude on ozone concentration conducted for 27 European stations located at different altitudes 

(115−3500 m a.s.l) has shown  that the mean ozone concentrations range from 25 to 53 ppb for 

the stations located at highest and lowest altitudes, respectively. The annual variation of ozone 

content at high mountain stations shows a clear minimum in the autumn and winter (Novem-

ber−January), reaching about 40−45 ppb and a spring maximum (April) with values of about 

60−70 ppb. Sometimes there is a certain deviation from the pattern presented above, observed 

especially during episodes of high ozone concentrations at low altitudes, e.g., during intense 

hot-weather waves. Then, the transport of polluted air upwards causes an increase of the 

monthly average ozone concentrations even in the June−September period, which in combina-

tion with high concentrations during spring results in the occurrence of a wide spring-summer 

ozone maximum (Chevalier et al. 2007). The daily variation of ozone content at high-mountain 

stations is usually characterized by the lack of variability of ozone concentrations during the 

day, in contrast to stations located at lower altitudes where a clear maximum is usually recorded 

in the afternoon and the minimum occurs just before sunrise. However, if slight changes in the 

distribution of ozone concentrations during the day happen to occur, the opposite situation can 

often be observed, characterized by higher ozone content during the night than that during the 

day (Zaveri et al. 1995; Aneja et al. 1994; Naja et al. 2003). According to Aneja et al. (1994), 

the occurrence of this type of anomaly can be explained by the vertical transport mechanism 

associated with daily variation in the mixing layer height. 

1.4  Aim and scope of the work 

This work presents a detailed analysis of the variability of ozone content in the ground layer of 

the atmosphere in the Mazowieckie Voivodeship over the years 2005−2012. The analysis was 
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made on the basis of measurements at six monitoring stations (Fig. 2), representing various 

kinds of the environment:  

 Belsk-IG PAN (Belsk): regional background station, located in a rural area, in the Mo-

drzewina Nature Reserve, approx. 60 km south of Warsaw; 

 Granica: regional background station, located in a rural area, in the Kampinos National 

Park, approx. 50 km west of Warsaw; 

 Legionowo (Legionowo-Zegrzyńska): urban background station, located in the natural 

zone, in the eastern part of the town; 

 Radom (Radom-Tochtermana): urban background station, located in the shopping and 

residential zone, in the central part of the city; 

 Warszawa-Ursynów (Warsaw Ursynów): urban background station located in the 

shopping and housing zone in the south part of the city; 

 Warszawa-Krucza (Warsaw Krucza): urban background station (heavy traffic) located 

in the central part of the city. 

Recording of air gaseous pollutants as well as meteorological parameters at these stations 

takes place within the framework of the voivodeship air quality monitoring system. Five of the 

six stations included in the analysis (Warszawa-Krucza, Warszawa-Ursynów, Radom-Tochter-

man, Legionowo-Zegrzyńska, Granica) belong to the Regional Inspectorate of Environmental 

Protection in Warsaw, while the station Belsk-IG PAN belongs to the Institute of Geophysics, 

Polish Academy of Sciences. 

The aim of the study was to answer the following questions: 

 What are the physico-chemical processes that decisively determine the ozone content 

in the ground layer of the atmosphere? 

 How do meteorological parameters affect the ozone content in the ground layer of the 

atmosphere and how does this relation change over the years? 

 What was the variability pattern of ground-level ozone in the Mazowieckie Voivode-

ship in 2005−2012 in various time scales (annual, seasonal, weekly and daily) depend-

ing on the type of measuring station? 

 What was the variability of ground-level ozone content at the Belsk regional back-

ground station in the period 1995−2016? 

 Is it possible to construct an effective predictive model of ground-level ozone for the 

next day using artificial neural networks, based on several basic predictors, that would 

be able to generate the forecast with an accuracy equivalent to the accuracy attainable 

by the latest-generation global troposphere chemistry model? 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Location of measuring stations in the Ma-

zowieckie Voivodeship. Source: https://pl.wikipedia. 

org/wiki/Województwo_mazowieckie. 
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This book consists of two parts: The first part, covering Chapters 1 to 4, contains a descrip-

tion of the processes determining the ozone content in the ground layer of the atmosphere, as 

well as the results of statistical analysis regarding the variability of ozone concentration in the 

Mazowieckie Voivodeship in 2005−2012 at various time scales. In addition, this part gives the 

results of statistical analysis of the impact of selected meteorological parameters on the ground-

level ozone content. These results were then applied for developing the ozone concentration 

prognostic models based on artificial neural networks. 

The second part, covering Chapters 5 to 7, is a presentation of the results obtained using 

neural network models and their interpretation for selected measurement sites, as well as a com-

parative analysis of the obtained modeling with the forecasts produced by the global tropo-

sphere chemistry model for the same sites. 

Chapter 1 presents basic information about ground-level ozone, the history of ozone discov-

ery, and discusses the time-space variability of ground-level ozone on a global scale. 

Chapter 2 presents the basic physical-chemical processes affecting the ground-level ozone 

content. 

Chapter 3 presents the analysis of the variability of ground-level ozone at selected stations 

of the Mazowieckie Voivodeship in the years 2005−2012 in various time scales. It also de-

scribes the long-term pattern of ground-level ozone content variability at the Belsk station in 

the period 1995−2016. 

Chapter 4 shows an analysis of the impact of selected meteorological parameters (air tem-

perature, solar radiation, relative humidity and wind speed) on the ozone content in the ground 

layer of the atmosphere. 

Chapters 5 and 6 present the features of artificial neural networks as a tool for developing 

the ground-level ozone forecasts, and the ground-level ozone forecasting models based on neu-

ral networks. 

In Chapter 7, the ground-level ozone forecasts for the next day over the period from April 

to September 2014 were made, using neural networks based on the 2015 data. Having at our 

disposal the ground-level ozone forecasts for 2014, the accuracy of results obtained by neural 

models was compared to those obtained from the global tropospheric chemistry model. Based 

on the comparative analysis, the accuracy was evaluated of the neural model forecasts versus 

that of the latest-generation global pollution forecast model. 

2. PROCESSES ESTABLISHING THE OZONE CONTENT  

IN THE GROUND LAYER OF THE ATMOSPHERE  

The ozone content in the ground layer of the atmosphere depends on a number of physico-

chemical processes responsible for its formation, transport and destruction (Cape 2008). 

Chemical processes determining the ozone content of the ground layer of the atmosphere 

include a series of cycles of chemical reactions leading to the production or destruction of 

ozone. Physical processes affecting the value of ground-level ozone are primarily the processes 

of dry deposition of ozone on the ground and air mass transport processes. 

2.1  Chemical processes 

2.1.1  Chemical reaction cycles producing the ground-level ozone 

In the troposphere and at the surface of the earth, the production of ozone requires the presence 

of oxygen atoms, whose source is the photodissociation reaction of nitrogen dioxide: 

 
 NO2 + ℎ𝜈 (𝜆 < 424 nm)  →  NO +  O . (1) 
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The newly formed oxygen atom, joining an oxygen molecule in the presence of an additional 

molecule (M, which is usually an oxygen or nitrogen molecule), leads to the formation of an 

ozone molecule (Eq. 2). Thus far, this is the only known method of ozone production in the 

surface layer of the atmosphere: 

 
 O +  O2 +  M →  O3  +  M . (2) 

 

In turn, nitric oxide reacts quickly with ozone to reproduce nitrogen dioxide and oxygen: 

 
 NO +  O3  →  NO2  +  O2 . (3) 

 

The reaction cycle (1−3) discussed above is relatively fast and leads to a certain constant 

level of overground ozone, depending on the initial concentration of NO, NO2, O3 and the in-

tensity of UV radiation. The process represented by reaction (3) is called the titration reaction 

between NO and O3. Each NO molecule is responsible for removing one O3 molecule, thus 

preventing the accumulation of ozone (Chou et al. 2006). 

As can be seen from the above, the net ozone production can only occur when the nitric 

oxide molecule is converted to the nitrogen dioxide molecule without a loss of the ozone mol-

ecule. When free radicals are present in the troposphere, nitric oxide also reacts with them, 

contributing to an increase in nitrogen dioxide content without removing ozone, and as a result 

leading to an increase in ozone concentration: 

 
 RO2  +  NO →  RO + NO2 . (4) 

 

The production of free radicals is a result of oxidation of, e.g., volatile organic compounds 

(VOC) and carbon monoxide. The simplest reaction cycle leading to the formation of free rad-

icals and, consequently, ozone is the carbon monoxide (CO) cycle, which reacts with a hydroxyl 

radical (OH) to form a carbon dioxide molecule and a hydrogen atom 

 
 CO +  OH →  CO2  +  H . (5) 

 

The hydrogen atom reacts immediately with the oxygen molecule in the presence of a third 

molecule (M) which absorbs the excess energy: 

 
 H +  O2  +  M →  HO2  +  M . (6) 

 

If the troposphere contains a sufficiently large amount of nitrogen oxides (NO > 10 ppt), the 

newly formed hydroperoxide (HO2) quickly reacts with them, resulting in the formation of ni-

trogen dioxide: 

 
 HO2  +  NO →  OH + NO2 (7) 

 

At this moment there occurs the process that plays the key role in the whole cycle, i.e., the 

photodissociation of nitrogen dioxide, giving rise to the formation of atomic oxygen and the 

reconstitution of nitric oxide:  

 
 NO2 + ℎ𝜈 (𝜆 < 424 nm)  →  NO +  O . (1), repeated 

 

The final stage of the cycle is the production of an ozone molecule: 
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 O +  O2 +  M →  O3  +  M . (2), repeated 
 

The net effect of the above series of reactions is as follows:  

 
 CO +  2O2  +  hν →  CO2  +  O3 . (8) 

 

As mentioned above, reaction (7) only occurs when the nitrogen oxides (NO) are suffi-

ciently numerous. When their concentration is low, reaction (7) competes with the following 

reaction (9): 

 
 HO2  + O3  →  OH + 2O2 . (9) 

 

Of great importance is the speed of individual reactions. Reaction (7) is much faster than 

reaction (9), which, provided that the number of nitrogen oxides is sufficient, guarantees chem-

ical processes leading to ozone production. 

Similar to reactions for carbon monoxide (CO) molecule, analogous cycles take place with 

the participation of volatile organic compounds (VOCs), including, e.g., methane (CH4), pre-

sent in the atmosphere in the highest concentration among all hydrocarbons (vanLoon and 

Duffy 2008). 

The methane oxidation process is important in shaping ozone concentrations in the lower 

troposphere because almost 1/4 of the hydroxyl radicals react with methane, thus evoking sev-

eral reaction chains resulting in either the production or destruction of ozone. Likewise in the 

case of carbon monoxide, the number of available nitrogen oxides plays a key role (Crutzen 

and Zimmermann 1991). Provided that the NOx content is sufficiently high, the following re-

action cycle occurs, initiated by a hydroxyl radical and a methane molecule: 

 
 CH4  +  OH →  CH3  + H2O . (10) 

 

As a result, a methyl radical (CH3) is formed, which reacts very quickly with oxygen to 

form a methyl peroxy radical  according to the following formula: 

 
 CH3  +  O2  +  M →  CH3O2  +  M . (11) 

 

If the concentration of nitrogen oxides is sufficiently high, the newly formed CH3O2 radical 

reacts with nitric oxide to form nitrogen dioxide, which is key to the ozone formation: 

 
 CH3O2  +  NO →  CH3O +  NO2 . (12) 

 

The methoxy radical thus formed, in reaction with oxygen, creates a hydroperoxide radical 

(the following Eq. (13)), which in a subsequent reaction with nitric oxide contributes to the 

formation of nitrogen dioxide (rewritten Eq. (7)): 

 
 CH3O +  O2  → CH2O +  HO2 . (13) 

 

During the cycle, two nitrogen dioxide molecules are formed, which subsequently, as a re-

sult of the photodissociation process, form oxygen atoms (Eq. (1)) necessary for ozone for-

mation (Eq. (2)): 

 
 NO2 +  ℎ𝜈 (𝜆 < 424 nm)  →  NO +  O , (1), repeated 
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 O +  O2 +  M →  O3  +  M . (2), repeated 
 

Net equation:  

 
 CH 4 +  4O2  →  CH2O + H2O + 2O3 . (14) 

 

As a result of the above cycle, two ozone molecules are formed from one molecule of me-

thane. In an environment where the amount of NOx is small, the following methane reaction 

cycle with the participation of methane takes place: 

 
 CH4  +  OH →  CH3  + H2O , (10), repeated 
 
 CH3  +  O2  +  M →  CH3O2  +  M , (11), repeated 
 
 CH3O2  + HO2  → CH3O2H +  O2 , (15) 
 
 CH3O2H +  ℎ𝜈 (𝜆 < 330 nm)  →  CH3O +  OH , (16) 
 
 CH3O +  O2  →  CH2O +  HO2 . (13), repeated 
 
Net equation: 
 CH4  +  O2  →  CH2O + H2O . (17) 

 

In the above chain, reaction (16) may sometimes be substituted by a reaction of the form 

(18): 

 
 CH3O2H +  OH →  CH2O + H2O +  OH . (18) 

 

Then the net effect of the above cycle is as follows: 

 
 CH4  +  OH +  HO2  →  CH2O +  2H2O . (19) 

 

As follows from this reasoning, the lack of nitrogen oxides in the above reactions results in 

the absence of nitrogen dioxide and thus of ozone. In both cases, the final effect is the creation 

of formaldehyde (CH2O), the first main product for the oxidation of methane, which can stay 

in the atmosphere even for 1.5 days. Formaldehyde undergoes further reactions: with hydroxyl 

radicals (OH) or photolysis (λ < 350 nm), which produce hydroperoxide radicals and carbon 

monoxide. 

In the oxidation cycles of carbon monoxide as well as methane, the ozone production pro-

cess critically depends on the concentration of nitrogen oxides in the atmosphere. It is only with 

a sufficient amount of NOx that the oxidation cycles discussed above ultimately give raise to 

an ozone molecule. In the opposite situation, hydroxyl and hydroperoxide radicals are removed 

from the atmosphere, delaying ozone formation. 

2.1.2  Chemical reactions leading to ozone destruction at the earth’s surface 

The mechanism of photochemical destruction of an ozone molecule depends on the wavelength 

of solar radiation causing its decay. At a wavelength greater than 310 nm, there occurs the ozone 

photolysis, resulting in the formation of an oxygen atom in the ground state: 

 

 O3  +  ℎ𝜈 (𝜆 > 310 nm)  →  O( P3 )  + O2 , (20) 
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which subsequently, by joining the molecular oxygen, reproduces the ozone molecule: 

 

 O( P3 )  + O2  +  M →  O3  + M . (21) 

 

If the wavelength is shorter than 310 nm, the photodissociation of ozone leads to the for-

mation of oxygen atoms in the excited state: 

 

 O3  + ℎ𝜈 (𝜆 < 310 nm)  →  O( D1 )  +  O2 . (22) 

 

Part of these atoms, due to reaction with an oxygen or nitrogen particle, quickly transform 

to the ground state, while part of it react with a water vapor molecule to become a source of 

hydroxyl (OH) radicals: 

 

 O( D1 )  +  H2O →  2OH . (23) 

 

The reactions presented in the previous section: 

 
 NO +  O3  →  NO2  +  O2 , (3), repeated 
 
 CO +  OH →  CO2  +  H , (5), repeated 
 
 H +  O2  +  M →  HO2  +  M , (6), repeated 
 
 HO2  + O3  →  OH + 2O2 , (9), repeated 

 

together with the ozone photolysis process, form a cycle of chemical reactions leading to the 

destruction of ozone in the ground layer of the atmosphere. 

2.1.3  The role of NOx and VOC in the formation of ground-level ozone  

Ozone formed in the ground layer of the atmosphere as a result of photochemical processes 

shows a non-linear dependence on the concentration of its precursors (Atkinson 2000). Some-

times, the ozone process depends on NOx only, being almost independent of VOC, while in 

other cases its effectiveness increases with increasing VOC and does not depend on the con-

centration of NOx. Of equal importance as the very presence of VOC and NOx is their quanti-

tative ratio (Finlayson-Pitts and Pitts 1993). 

When the production of radicals in the troposphere keeps to be at a high level, the course of 

chemical reactions depends on the concentration of nitrogen oxides therein. At a high concen-

tration of nitrogen oxides, there occurs a reaction that enhances the concentration of nitrogen 

dioxide and, consequently, also ozone: 

 
 HO2  +  NO →  OH + NO2 (7), repeated 

 
 NO2 + ℎ𝜈 (𝜆 < 424 nm)  →  NO +  O . (1), repeated 

 
 O +  O2 +  M →  O3  +  M . (2), repeated 

 

When the concentration of nitrogen oxides is low, it is the reaction leading to ozone destruc-

tion that turns out to be dominant: 

 
 HO2  + O3  →  OH + 2O2 , (9), repeated 
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When we are dealing with a state of a very high NOx emission in the troposphere, the amount 

of radicals is not sufficient to react with all nitric oxide molecules. Then along with the reaction: 

 
 OH +  NO2  +  M →  HNO3  +  M , (24) 
 

there appears the reaction of ozone removal from the atmosphere: 

 
  O3 + NO →  NO2  +  O2 . (3), repeated 
 

The process of ozone removal by nitric oxide is particularly effective at night, when the 

ozone production process vanishes and, due to the continuous NOx emission, the ozone destruc-

tion reaction becomes the dominant one. Similarly, in winter, when ozone production is much 

slowed down, low ozone concentrations occur in many contaminated areas (Parrish et al. 1991). 

Moreover, when NOx emissions prevail over the production of radicals, atmospheric purifica-

tion processes that occur through the oxidation of compounds such as CO or HCHO are signif-

icantly reduced. 

As can be seen from the above, an increase in VOC content usually means an increase in 

ozone concentration, whereas an increase in NOx can lead to either an increase or a decrease in 

ozone, depending on the VOC/NOx ratio. With a certain amount of VOC in the air, the optimal 

NOx content ensures maximum ozone concentration in the ground layer of the atmosphere. The 

dependence of ozone production on the value of VOC and NOx concentrations is illustrated in 

Fig. 3, showing ozone isoplets as a function of VOC and NOx concentration. The graph shows 

the non-linearity of ozone formation in relation to the content of VOC and NOx in the air. When 

the NOx content is low (VOC saturated regime), the likelihood of ozone formation increases 

with increasing NOx and almost does not depend on the VOC content. When the NOx content 

is high (NOx saturated regime), the likelihood of ozone production increases with decreasing 

NOx and increasing VOC (Sillman 1999). 

To illustrate the relationships discussed above, Fig. 3 presents 3 points representing differ-

ent concentrations of the studied components. Point 1 can be treated as the initial situation 

characterizing the area with high VOC concentration and low NOx concentration. A significant  
 

Fig. 3. Maximum ozone isoplet values for given NOx and VOC concentrations obtained on the basis of 

the EKMA (Empirical Kinetic Modeling Approach) (source: Finlayson-Pitts and Pitts 1993, revised 

version). 
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reduction in VOC concentration causes a shift to Point 2. Despite the reduction of VOC emis-

sions by almost 50%, we do not observe any significant changes in ozone concentration. On the 

other hand, a slight reduction in NOx concentration causes a shift to Point 3, characterized by a 

significantly lower ozone content. Thus, in order to reduce the ozone concentrations it is nec-

essary to make a skilful reduction of emission of basic ozone precursors, such as nitrogen oxides 

and volatile organic compounds, keeping in mind that the reduction of NOx will be effective in 

places where VOC concentration dominates, while the reduction of  VOC concentration will be 

effective in areas of NOx dominance. 

2.1.4  Ozone as a component of photochemical smog 

Smog is defined as an episode of sudden and severe air pollution (Juda-Rezler 2006). The very 

term “smog”, meaning a combination of smoke and fog, was first used at the beginning of the 

20th century to describe the phenomenon of intense air pollution over London. Soot particles 

floating above the city and numerous impurities (sulfur dioxide, carbon monoxide, organic 

compounds, nitrogen dioxide), which are a result of burning coal, are called classic smog (as 

well as smog of  London, black or winter-type). 

Photochemical smog appeared in the 1940s in Los Angeles (Haagen-Smit 1952). It is char-

acterized by the presence of high concentration of ozone and other oxidants (e.g., peroxide 

acetyl nitrate, PAN, hydrogen peroxid, H2O2). These substances, defined as secondary pollu-

tion, arise as a result of photochemical processes involving NMVOC (non-methane volatile 

organic compounds) and nitrogen oxides resulting from the combustion of liquid fuels, mainly 

in the transport sector. 

In addition to the presence of an appropriate amount of nitrogen oxides and hydrocarbons, 

the following meteorological conditions are necessary for the creation of photochemical smog: 

 high temperature to enhance the speed of some chemical reactions, 

 intense solar radiation to initiate the photochemical processes, 

 no wind (stationary atmosphere allows reagents to remain in place). 

Intense photochemical smog episodes are often reported under conditions of temperature 

inversion in the boundary layer. The lack of convective movement limits the mixing of air 

components and is suitable for their retention over contaminated area (Rani et al. 2011). The 

longer the duration of thermal inversion, the higher the concentration of combustion products. 

According to Falkowska and Korzeniewski (1998), appropriate orographic conditions may ex-

tend the duration of photochemical smog up to several days. 

The intensity of the photochemical smog also depends on the time of day. During the for-

mation of Los Angeles-type smog, the concentrations of nitrogen oxides, hydrocarbons and 

oxidants formed during the day change significantly. A typical diurnal pattern of a photochem-

ical smog production is shown in Fig. 4.  

On the basis of this figure it is possible to trace the stages leading to the formation of pho-

tochemical smog: 

 from the very early morning hours, the increase in traffic is associated with increasing 

concentration of hydrocarbons and nitric oxide, 

 in the late morning there is an intense increase in the concentration of nitrogen dioxide 

caused by the conversion of primary NO to secondary NO2, 

 during the day, as solar radiation intensifies, the photochemical processes start to pro-

duce a decrease in  concentrations of hydrocarbons and nitrogen dioxide. At the same 

time, there appears an increase in the concentration of oxidants (including ozone and 

PAN) and aldehydes, which reach their maximum values in the afternoon, 

 after the sunset, when photochemical processes vanish, a decrease in the concentration 

of oxidants and aldehydes is observed, lasting over the night. 
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Fig. 4. The content of the main components of photochemical smog (source: http://mtweb.mtsu.edu/ 

nchong/Smog-Atm1.htm; revised version). 

As results from the above, during the photochemical smog the concentration of such chem-

icals as nitrogen oxides, hydrocarbons, ozone, PAN, other oxidants or aldehydes reach above 

their average values. This situation, depending on the prevailing meteorological and orographic 

conditions, may persist for more than ten days. 

2.2  Physical processes 

2.2.1  Dry deposition on the earth’s surface 

The mechanism of dry ozone deposition on the earth’s surface is an important source of ozone 

removal from the ground layer of the atmosphere (Güsten et al. 1996). The effectiveness of this 

process depends on the concentration of ozone, the intensity of air turbulence, and the adsorp-

tion capacity of the surface (Seinfeld and Pandis 2006). 

The process of dry deposition of gaseous pollutants consists of the three stages: 

 transport of gas in the overground, turbulence layer (the greater the degree of atmos-

pheric turbulence, the faster the transport of gas pollution to the earth’s surface, 

 gas transport in the sub-laminar layer very close to the earth’s surface (determined by 

the molecular diffusion of gas), 

 gas absorption by the receptor (determined by the ability of the surface substrate to 

absorb a given pollutant). 

As stated by Juda-Rezler (2006), the speed of dry settlement depends on a number of factors, 

namely: 

 physical and chemical characteristics of pollution, 

 ground properties (e.g., soil moisture, type of ground cover, aerodynamic roughness of 

the substrate), 

 parameters of vegetation covering the area (e.g., type of vegetation, ratio of the area 

covered by pollution-absorbing plants to the whole area, the degree of opening of sto-

mata), 

 meteorological conditions (e.g., humidity, wind speed, temperature). 

From the study of Pio and Feliciano (1996) it follows that the key factor affecting the rate 

of dry ozone deposition is the degree of stomata opening. The analysis of continuous measure-

ments made over a period of one year in the grassy area on the west coast of Portugal has shown 
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a clear variation in the rate of dry deposition during the day. Much higher values were recorded 

during the daytime (when as a result of absorption of solar radiation stomata are open) than at 

night. The authors also observed a clear seasonality in the dry deposition rate, consistent with 

the vegetative cycle. During the full vegetation period, the Vd
4 (dry deposition velocity [m/s]) 

values fluctuated within the range of 0.2−0.5 cm/s, while outside the vegetation period, when 

the stomatal activity is weaker, the values fell to 0.1 cm/s. Research carried out by Güsten et al. 

(1996) from March to April 1993 in the Libyan desert showed relatively low values of the dry 

deposition speed on a sand substrate in comparison to the deposition on an area covered with 

vegetation. The maximum Vd values recorded during the day were of about 0.20 cm/s, while 

the average Vd for the entire measuring period was 0.065 cm/s only. It can be concluded that 

the highest values of the speed of dry ozone deposition are in the forest, then go the grassy 

areas, the lowest values being in desert areas. It can be stated that higher Vd values occur in 

areas with adequate soil moisture, covered with vegetation characterized by high photosynthetic 

activity during the growing season, and lower Vd values are in areas devoid of vegetation and 

also in months that do not belong to the growing season in a given area. 

2.2.2  Air transport from the stratosphere 

Downward-moving stratospheric air masses can significantly affect ozone concentrations in the 

troposphere (Fabian and Pruchniewicz 1977) due to the relatively long lifetime of ozone mole-

cules, which in the free troposphere may last as long as two months (Fishman et al. 1979). 

The exchange of air masses between the stratosphere and the troposphere is part of global 

atmospheric circulation, including the air transport through the tropopause (Mohanakumar 

2008). Global processes shaping the exchange between the lower stratosphere and the tropo-

sphere are controlled by the large-scale Brewer-Dobson circulation (Holton et al. 1995), which 

is responsible for transporting ozone and other air components from the equatorial areas to-

wards the poles. This circulation is generated by waves formed in the troposphere, which then 

break (lose stability) in the stratosphere and induce the movement of air masses towards high 

latitudes as well as their flow towards the earth’s surface (Tarasick and Slater 2008). 

In medium latitudes, the ozone transport from the stratosphere is mainly governed by pro-

cesses accompanying the phenomena of tropopause folding and cut-off lows (Mohanakumar 

2008; Bonasoni et al. 2000). 

The transport of stratospheric air occurs when the boundary area between the stratosphere 

and the troposphere is distorted and deviates from the natural horizontal position in the center 

of a jet stream. Intrusions of dry, ozone-rich air, characterized by high potential vorticity, move 

from the stratosphere to the troposphere. By using profiles of ozone concentration, potential 

vorticity as well as temperature, pressure and humidity, it is possible to identify the phenome-

non of tropopause folding and the transfer of ozone formed in the stratosphere to the troposphere 

layer (Beekmann et al. 1997). 

Stratospheric intrusions at an altitude of about 6−8 km a.s.l. are characterized by very high 

ozone concentrations, in the range of 240−400 ppb. At lower altitudes, the ozone concentration, 

as a result of mixing with ambient air, is in the range of 100−200 ppb (Johnson and Viezee 

1981). 

In the course of transport into the troposphere, the majority of stratospheric intrusions, 

which carry ozone-rich air masses, undergo intense mixing processes in the free troposphere, 

above 700 hPa (Viezze et al. 1983). Sometimes, when the intrusion moves down, it breaks into 

smaller and smaller fragments and, as a result, mixes with the surrounding air (Bithell et al. 

1999). Phenomena of direct stratospheric air reaching the earth’s surface are rarely recorded 

and may last up to several days (Hocking et al. 2007; Viezze et al. 1983). 
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The participation of stratospheric ozone in the formation of ozone content in the troposphere 

exhibits clear seasonality. Deep stratospheric intrusions most often occur in late winter (Stohl 

et al. 2003). 

3. ANALYSIS OF TIME-SPACE VARIABILITY OF OZONE IN THE GROUND 

LAYER OF THE ATMOSPHERE IN THE MAZOWIECKIE VOIVODESHIP 

OVER THE YEARS 2005−2012 

Ozone in the ground layer of the atmosphere is classified as a secondary air pollution due to the 

fact that it is not directly emitted into the atmosphere. Its concentration is a function of many 

factors, such as meteorological conditions, season of the year, atmospheric pollution of ozone 

precursors and the rate of photochemical reactions. 

In order to get a full understanding of mechanisms affecting the concentration of ozone in 

the ground layer of the atmosphere in a given place and be able to make a prediction of concen-

tration changes, one needs to have the results of systematic measurements on local and regional 

scales. It is necessary to register not only the concentrations of ozone, but also of the chemical 

compounds that are its precursors (VOC, NOx, CO). Constant monitoring of meteorological 

parameters is equally important. 

In this study, a thorough analysis of space-time variability of ground-level ozone content 

was based on data from six measuring stations (Warszawa-Krucza, Warszawa-Ursynów, Ra-

dom-Tochterman, Legionowo-Zegrzyńska, Belsk-IG PAN, Granica) over the period from Jan-

uary 2005 through December 2012. 

The ground-layer ozone variability presented in this chapter is divided into 5 parts: 

 changes in the years 2005−2012, 

 annual changes, 

 changes on a weekly scale, 

 changes in the 24-hour scale. 

This division was applied due to various mechanisms determining changes in ozone con-

centrations in different time scales. 

In addition, long-term changes in ground-level ozone were presented based on a measure-

ment series in Belsk in 1995−2016. 

3.1  Variability of ozone concentration in the ground layer of the atmosphere over the 

years 2005−2012 

Table 1 presents average annual ozone concentrations in the ground atmosphere layer in the 

period 2005−2012 at the six stations used for the analysis. 

Table 1 

Mean annual values of ozone concentration in the ground layer of the atmosphere 
 

2005 2006 2007 2008 2009 2010 2011 2012 Mean 

[µg/m3] 

  Granica 51.3 52.9 50.6 49.5 46.1 49.9 50.0 48.7 49.9 

  Belsk 57.4 60.8 52.7 55.6 52.2 51.8 52.2 50.2 54.1 

  Legionowo 53.6 49.8 46.2 45.1 44.1 47.2 45.3 45.4 47.1 

  Warszawa-Ursynów 50.4 50.0 38.2 46.5 43.7 46.4 45.2 44.7 45.6 

  Warszawa-Krucza 42.4 41.9 38.5 41.6 41.1 42.6 41.0 40.6 41.2 

  Radom 43.1 44.9 46.0 43.9 42.6 38.7 48.8 43.5 43.9 

Year 

  Station 
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Analyzing the above data, it can be concluded that the highest ozone content was recorded at 

regional background stations where the average annual ozone concentration values ranged from 

50.2 to 60.8 µg/m3 (Belsk) and from 46.1 to 52.9 µg/m3 (Granica). Much lower concentrations 

were recorded at urban background stations, in particular at the Warszawa-Krucza station (val-

ues in the range from 38.5 to 42.6 µg/m3). 

At four out of six stations analyzed (Granica, Belsk, Legionowo, Warszawa-Ursynów) there 

is a noticeable downward trend in ground-level ozone concentration. The exceptions are the 

stations: Warszawa-Krucza and Radom, where the average annual values remain constant 

throughout the entire period under analysis. 

3.2  Annual variability of ozone concentration in the ground layer of the atmosphere 

The concentration of ozone in the ground layer of the atmosphere shows a clear variability 

throughout the year. Plots of average monthly values of ozone concentration in the ground layer 

of the atmosphere in 2005−2012 are presented in Fig. 5. 

The annual variability of ozone content depends on many factors, to mention, in particular: 

(1) geographical location, (2) meteorological conditions, (3) proximity of potential sources of 

ozone precursors (Logan 1985), as well as the intensity of chemical processes, deposition pro-

cesses and transport (both in horizontal and vertical directions) (Monks 2000). 

A characteristic annual cycle of ozone concentrations was recorded at all stations analyzed, 

with the maximum in the spring and summer season and the minimum in the autumn and winter 

season. At the cites of the regional background (Granica, Belsk) the maximum ozone concen-

tration was recorded in April, while in the cites of the urban background (especially Warszawa-

Krucza and Radom) the maximum occurred in the period from April to July. Ozone maxima 

recorded in the spring and summer are primarily associated with increased photochemical pro-

duction of ozone (Wang et al. 1998). In the autumn and winter months, when the efficiency of 

photochemical processes decreases, the concentration of ground-level ozone reaches minimum 

values in the yearly scale. 

Analyzing the distribution of ozone concentrations in terms of the type of measuring station, 

the highest ozone values were recorded at regional background stations, Belsk and Granica, 

located in rural areas, at a significant distance from potential sources of pollution (Fig. 5). Max-

imum average values (2005−2012) for the above stations were recorded in April and amounted 

to 76.8 and 73.3 µg/m3, respectively. The minimum values, of 27.1 and 24.4 µg/m3, respec- 
 

Fig. 5. The average annual variation of ozone concentration in the ground layer of the atmosphere in 

2005−2012. 
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Fig. 6. The annual variations of ground-level ozone in the years 2005−2012. 
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tively, were observed in November. Much higher ozone concentrations found at regional back-

ground stations, as compared to those at other stations, are due to a limited number of mecha-

nisms leading to ozone destruction in areas located away from urban agglomerations (Saitanis 

2003). First of all, it is the lack of intensive NO emission that limits the processes of ozone 

destruction as a result of the reaction NO + O3 → NO2 + O2. Relatively low ozone concentra-

tions were recorded at urban background stations where the maximum values observed from 

May through July ranged from 60.3 µg/m3 (Radom) to 66.5 µg/m3 (Legionowo) (Fig. 5; Ta-

ble 1). Minimum values at all the stations were recorded in November and ranged from 

16.2 µg/m3 (Warszawa-Krucza) to 22.8 µg/m3 (Legionowo). A significant diversity of ozone 

content depending on the location of the measuring station points to a strong impact of local 

conditions in shaping ozone concentrations. 

Figure 6 presents average monthly values of ground-level ozone concentrations for all the 

stations in each year covered by the analysis (2005−2012). In most cases, the high ozone con-

centrations were recorded in April, constituting the yearly maximum in 2007, 2009, 2011, and 

2012. In the years 2006 and 2010 there was a double maximum, occurring in March and July, 

as well as April and July, respectively. The year 2008 was different from the others included in 

the analysis, since the maximum ozone concentration was recorded at all the stations in June. 

This was due to the exceptionally favorable weather conditions in this month (high temperature, 

intense solar radiation, no wind). 

Due to the multiplicity of factors determining the variability of ozone content, significantly 

different concentrations may be recorded at two stations in the same city, where the meteoro-

logical conditions are, of course, very similar. In this work, such examples are the stations War-

szawa-Krucza and Warszawa-Ursynów. In this case, the impact of the location (and the 

resulting different concentration levels of ozone precursors NOx, VOC, and CO) of the meas-

uring station on the ground-level ozone concentration is significant (Fig. 6). Each month 

(2005−2012 average), the ozone content at the Warszawa-Ursynów station was higher than at 

the Warszawa-Krucza station. The differences ranged from 0.8 µg/m3 (June) to 8.8 µg/m3 (Feb-

ruary) with the average difference for 2005−2012 being 5.1 µg/m3. The maximum differences 

were even in excess of 16 µg/m3 (September 2006). Only in 12% of cases the average monthly 

ozone content recorded at Warszawa-Ursynów was lower than at Warszawa-Krucza, and the 

differences ranged from 0.9 µg/m3 (July 2009) to 16 µg/m3 (December 2006). 

3.3  Weekly variability of ozone concentration in the ground layer of the atmosphere 

The occurrence of higher ozone concentrations in the ground layer of the atmosphere on work-

free days (Saturday–Sunday) compared to workdays (Monday–Friday) was first observed and 

described in the 1970s (Cleveland et al. 1974). Along with higher ozone concentrations on 

work-free days, lower concentrations of primary impurities (e.g., VOC, NOx), which are pre-

cursors of ozone formation, were observed. 

The phenomenon of the occurrence of higher ozone concentrations on Saturdays and Sun-

days is mostly related to large cities (Pont and Fontan 2001; Bronnimann and Neu 1997; Wang 

et al. 2013; Atkinson-Palombo et al. 2006) where the emission of primary pollutants due to 

intensive traffic is larger and significantly variable during the week. 

3.3.1  Causes of weekend ozone phenomenon 

According to the CARB (California Air Resources Board) report (https://www.arb.ca.gov/re-

search/weekendeffect/arb-final/wee_sr_ch3.pdf) the so-called weekend phenomenon is associ-

ated with the occurrence of the following circumstances: 
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 Reduction of NOx emissions on work-free days. The decrease in traffic intensity is 

associated with a decrease in NOx emissions, modifying the chemical processes (de-

scribed in Chapter 2) leading to the formation of ozone. 

 Delay of NOx emissions on work-free days. The daily distribution of NOx emissions at 

the weekend differs from the distribution on workdays; among other things, it is char-

acterized by a shift in the daily maximum of NOx emissions by several hours. This type 

of NOx distribution contributes to more efficient ozone production. 

 Increased supply of solar radiation as a result of reduced soot emissions (lower share 

of elemental carbon in suspended dust) on work-free days. 

As a result of reduced road traffic (especially diesel vehicles), the number of soot particles 

is smaller during the weekend, which results in a smaller amount of the absorbed UV radiation. 

Despite numerous studies on the genesis of the weekend ozone phenomenon (Fujita et al. 

2002; Yarwood et al. 2002), it is still difficult to unequivocally determine the reason for the 

occurrence of lower ozone concentrations on weekdays compared to weekends. There is a con-

sistent view, supported by many authors, that the main reason for this phenomenon is the re-

duction of NOx emissions in an environment characterized by a NOx saturated regime (Heuss 

et al. 2003; Yarwood et al. 2003; Debaje and Kakade 2006; Pawlak and Jarosławski 2015). The 

reduction of NOx emissions (especially NO), due to reduced traffic (mainly trucks) on Satur-

days and Sundays, results in a decrease in the efficiency of the ozone removal process according 

to the reaction  NO + O3 → NO2 + O2, followed by the process involving NO2, which, instead 

of ozone, produces HNO3, according to the reaction  NO2 + OH → HNO3. In addition, when 

VOC molecules are available in the air (and hence, free radicals, RO2 resulting from the oxida-

tion of VOC), a reaction occurs when NO2 is produced without consumption of ozone: RO2 + 

NO → NO2 + RO. As described in Chapter 2, the net effect of ozone production depends on 

the quantitative ratio of VOC to NOx. According to Atkinson et al. (2006), urban areas have a 

lower VOC/NOx ratio compared to rural areas. In these places, at the weekend, when the NOx 

content drop is significantly greater than the VOC content drop, the ozone content increases. 

The reverse situation, when the lower ozone values occur at the weekend than on workdays, is 

due to  a reduction in the NOx content in an environment with a reduced NOx content regime. 

3.3.2  Analysis of the variability of ground-level ozone and nitrogen oxides on individual 

days of the week 

This section presents an analysis of ground-level ozone variability on a weekly basis. It employs 

the 1-hour O3 measurement data, as well as NO, NO2, and NOx data from all measuring stations 

analysed over the years 2005−2012. The occurrence of ozone weekend phenomenon was ex-

amined on the basis of average daily concentrations of ozone and other pollutants. 

In order to determine whether there are differences between the ozone concentrations at 

weekends and on workdays at the stations subject to the analysis, the average ground-level 

ozone concentrations on Monday, Tuesday, Wednesday, Thursday, and Friday were compared 

with those on Saturday and Sunday. 

In Fig. 7, daily diagrams are presented of O3, NO, NO2, and NOx concentration at the sta-

tions Granica, Belsk, Legionowo, Warszawa-Krucza, Radom, and Warszawa-Ursynów). The 

diagrams were made on the basis of 1-hour values of pollution concentrations averaged over 

the period 2005−2012. 

Analyzing the above graphs, it is easy to notice a significant similarity in the distribution of 

ozone and other pollutants at regional background stations. A characteristic daily course of 

ozone concentrations was observed, with a maximum in the afternoon, reaching over 70 µg/m3, 

and a minimum in the early morning, just before the sunrise, amounting to about 30 µg/m3 at 

Granica and 40 µg/m3 at Belsk. The daily course of nitrogen compounds shows very little var- 
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Fig. 7. Average daily variations of O3, NOx, NO2, and NO concentrations in 2005−2012. Explanation of 

line labels in the Granica station panel. 

iation during the day, in particular the NO 2.5 µg/m3. This is probably due to the lack of local 

NOx sources, mainly road traffic in the vicinity of both stations, as opposed to the situation in 

cities. As follows from further analysis of the above charts, the plots of ozone and nitrogen 

oxides concentrations at weekends and on workdays at regional background stations differ 

slightly, both in terms of shape and concentration values. However, a certain relationship was 

observed at both stations: lower ozone concentrations on workdays compared to weekends and 

higher NO, NO2, and NOx concentrations on workdays than on weekends. Urban background 

stations, in contrast to regional background stations, are characterized by a significant variation 

in NO, NO2, and NOx concentrations during the day, especially on workdays. The concentration 

of nitrogen oxides reaches maximum values in the morning, between 06:00 and 10:00, and in 
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the evening, between 20:00 and 23:00, while the ozone concentration reaches maximum values 

in the afternoon, between 13:00 and 17:00. 

As for urban background stations (Legionowo, Radom, Warszawa-Ursynów, and War-

szawa-Krucza), the differences in O3, NO, NO2, and NOx concentrations between the workdays 

and the weekend are much larger than for Belsk and Granica stations. The exception is the 

night-time (hours 24:00 through 04:00) when the concentrations on workdays are comparable 

to those on the weekend. The distribution of NO2 and NOx concentrations shows the existence 

of two maxima, the first in the morning (06:00 through 10:00) and the second in the evening 

(19:00 through 23:00), visible especially on workdays. At the weekend, the shape of the distri-

bution is similar to that on workdays, although the NO2 and NOx concentrations are much lower. 

Generally, it can be stated that at each city station the ozone concentrations recorded at the 

weekend are higher than those recorded on workdays. In the case of nitrogen oxides, an opposite 

pattern is observed at all the stations: their concentration is higher on workdays than on week-

ends. 

The daily behavior of the concentration of the components under study can be described in 

four phases: 

(1) The phase lasting from 4:00 to 8:00 is characterized by a rapid and significant in-

crease in NOx concentration as a result of increased traffic during the morning rush 

hours. Freshly emitted NO compounds without solar radiation react with O3 to form 

NO2, thereby increasing the amount of NO2 and reducing the amount of O3. In this 

phase, the difference between NO, NO2, and NOx concentrations recorded on week-

ends and on workdays is particularly large. Analyzing data from the Warszawa-

Krucza station, these differences are 13, 15, and 28 µg/m3, respectively. So signifi-

cant differences are probably due to the lack of heavy traffic on work-free days (Sat-

urday and Sunday); 

(2) The phase lasting from 08:00 to 15:00, i.e., until the ozone concentration reaches its 

maximum value. During this time, as a result of increased solar radiation, tempera-

ture rise and accumulation of NO2 compounds, photochemical ozone production pro-

cesses dominate, especially in the first hours of the phase. Ozone concentration 

increases, reaching at some point its maximum value during the day. During this 

time, the ozone concentration grows to reach a value that is over two times greater 

than its daily minimum, while the concentration of nitrogen oxides successively de-

creases; 

(3) The phase lasting from 15:00 to 21:00 is characterized by a gradual decrease in O3 

concentration, which is probably caused by the weakening of solar radiation and a 

decrease in temperature, and consequently a significant reduction of photochemical 

ozone production processes. At the same time, the NOx accumulation process begins, 

which becomes possible due to heavy traffic during the evening rush hours. The 

amount of NOx accumulated through this time is comparable to the amount of NOx 

accumulated in the first phase during the morning rush hours; 

(4) The phase lasting from 21:00 to 04:00 has relatively constant values of O3 and NO 

concentration. Generally, it can be stated that during this time ozone and nitrogen 

oxides concentrations on workdays and on weekends are comparable, particularly 

over the time from the midnight to the end of the phase. The minimum in the varia-

bility of concentrations at night is probably caused by the disappearance of photo-

chemical processes and the reduction of pollutant emissions occurring concurrently. 
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It can be expected that the phenomenon of higher ozone concentrations at the weekend than 

on workdays at a statistically significant level (α = 0.05) will occur at urban background sta-

tions, while it will be definitely absent at regional background stations. The above hypothesis 

will be verified (confirmed or rejected) in the course of further calculations and considerations. 

Figure 8 presents weekly ozone concentration variability expressed as a percentage devia-

tion of ozone concentration on individual days of the week from the weekly average (adopted 

as 0 on the Y axis) in 2005–2012 for all the measuring stations analyzed. The weekly average 

is the ozone concentration value averaged over all the weeks in 2005−2012; similarly, the av-

erage ozone content on each day of the week is the ozone concentration value averaged sepa-

rately for each day of the week in 2005−2012. 

For stations Belsk and Granica, positive deviations were recorded on Saturday, Sunday, and 

Monday. On Monday, a positive deviation from the weekly average was still present (although 

on a very small scale), which could have been caused by the lack of heavy traffic in rural areas, 

unlike in large cities, where on Monday, due to the beginning of the working week, this traffic 

is definitely higher than the day before (Sunday). Hence, lower NOx emissions (especially NO) 

reduce the ozone destruction and at the same time allow to maintain elevated ozone concentra-

tions also on Monday (lower NOx concentration compared to the weekly average at regional 

background stations also occurred on Monday). On other days of the week, deviations of ozone 

concentrations from the weekly average were negative. 

 

 

Fig. 8. Percentage deviations of ozone concentrations on individual days of the week in relation to the 

many-year weekly average. 
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Fig. 9. Percentage deviations of NOx concentration on individual days of the week from the many-year 

weekly average (2005−2012).  

Analyzing the urban background stations (Legionowo, Warszawa-Krucza, Radom, War-

szawa-Ursynów) it can be seen that positive deviations from the weekly average occur only on 

Saturday and Sunday, and, as in the case of rural stations, the highest deviations were on Sun-

day. On the other days of the week, the deviations from the weekly average were negative, the 

largest deviation at all city stations being recorded on Friday. 

Looking at Fig. 9, which shows the percentage deviation of NOx content from the many-

year weekly average (2005−2012), one can notice a characteristic distribution of deviations of 

the opposite nature than in the case of ozone. 
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At regional background stations (Granica, Belsk) deviations of NOx concentration from the 

weekly average on Saturday, Sunday, and Monday were negative. On the other days of the 

week, i.e., Tuesday, Wednesday, Thursday, and Friday, the deviations were positive, the largest 

being on Friday, at both stations amounting to 9.9% (1 and 1.2 µg/m3). 

At all the city stations, except of the Warszawa-Krucza, negative percentage deviations from 

the weekly average were recorded on Saturdays and Sundays. Negative deviations from the 

weekly average value at Warszawa-Krucza were also recorded on Monday, although this value 

is negligible and amounts to –0.4% (–0.1 µg/m3). Positive deviations at the stations Legionowo, 

Radom, and Warszawa-Ursynów were recorded from Monday to Friday, while at the War-

szawa-Krucza from Tuesday to Friday. For all four stations, the largest positive deviations from 

the long-term weekly average were recorded on Tuesday. 

Average values of concentrations of ozone and nitrogen oxides for particular days of the 

week are presented in Tables 2 and 3. At regional background stations (Granica, Belsk) the 

lowest values were recorded on Wednesday and the highest on Sunday. For all city stations 

(Legionowo, Warszawa-Krucza, Radom, and Warszawa-Ursynów) the lowest values on a 

weekly basis were recorded on Fridays, while the highest on Sundays, as in the case of regional 

background stations. 

In the case of NOx, the lowest concentration values per week were recorded on Sunday at 

all the stations. At regional background stations these values ranged from 7.9 to 8.9 µg/m3, 

while at urban background stations in the range from 17.7 µg/m3 (Legionowo) to 23.9 µg/m3 

(Warszawa-Krucza). The highest concentrations were recorded on different days, depending on 

the type (location) of measuring station. At Granica and Belsk, the maximum values were rec-

orded on Friday. At all urban stations, the maximum on a weekly basis was recorded on Tuesday 

and, depending on the station, concentration values ranged from 25.7 µg/m3 (Legionowo) to 

41.9 µg/m3 (Warszawa-Krucza). 

 

Table 2 

Weekly variability of ground-level ozone concentration in 2005−2012 

Station 

O3 [µg/m3] 

Day of the week Value Day 

Mon Tue Wed Thu Fri Sat Sun Min Max Min Max 

Granica 49.9 48.9 48.7 49.4 48.9 50.9 51.6 48.7 51.6 Wed Sun 

Belsk 54.7 53.0 52.6 53.1 53.5 55.3 56.4 52.6 56.4 Wed Sun 

Legionowo 47.2 46.3 46.2 46.4 46.0 49.2 50.3 46.0 50.3 Fri Sun 

Warszawa-

Krucza 
41.0 39.5 38.8 39.3 38.7 44.9 47.4 38.7 47.4 Fri Sun 

Radom 43.1 42.7 42.2 43.0 42.1 45.6 48.0 42.1 48.0 Fri Sun 

Warszawa-

Ursynów 
45.1 44.5 44.0 44.6 43.8 48.0 49.9 43.8 49.9 Fri Sun 

Note: The minimum values are in blue, the maximum values are in red. 
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Table 3 

Weekly variability of ground-level NOx concentration in 2005−2012 

Station 

NOx [µg/m3] 

Day of the week Value Day 

Mon Tue Wed Thu Fri Sat Sun Min Max Min Max 

Granica 9.7 11.0 11.0 11.1 11.2 9.6 7.9 7.9 11.2 Sun Fri 

Belsk 11.1 12.7 12.7 12.7 12.8 10.9 8.9 8.9 12.8 Sun Fri 

Legionowo 23.9 25.7 24.3 23.9 25.2 20.7 17.7 17.7 25.7 Sun Tue 

Warszawa-

Krucza 
35.4 41.9 39.5 39.7 39.3 29.0 23.9 23.9 41.9 Sun Tue 

Radom 29.2 30.7 28.7 27.8 29.8 24.9 20.5 20.5 30.7 Sun Tue 

Warszawa-

Ursynów 
32.1 33.2 31.7 31.2 32.4 25.6 22.5 22.5 33.2 Sun Tue 

Note: The minimum values are in blue, the maximum values are in red. 

In Table 4 there are listed average differences between O3 and NOx content at the weekend 

(Saturday, Sunday) and the content of these compounds on workdays (Monday–Friday) in 

2005−2012. In order to determine whether the differences in the concentration of individual 

substances on workdays and at the weekend are statistically significant (α = 0.05), the following 

statistical tests were performed for the set of average daily ozone and nitrogen oxides concen-

trations determined for each day of the week: 

(1) Test F, allowing to determine whether the analyzed samples have equal/unequal var-

iance, 

(2) Two-sample t test with equal or unequal variances. In a situation when t was greater 

than tc or when t was less than –tc, the difference was considered statistically signif-

icant at the level of  α = 0.05. 

Table 4 presents the average O3 and NOx concentrations on workdays and on weekends, 

averaged over the years 2005−2012 together with the results of Student’s t-test (t, tc, p). As can 

be seen, it is only at the Warszawa-Krucza station that the statistical significant (α = 0.05) dif-

ferences in ozone content on workdays and on weekends were recorded over the analyzed pe-

riod of time (2005−2012). In this case, the difference of concentrations amounted to 5.1 µg/m3. 

At other stations, these values ranged from 1.5 µg/m3 (Belsk) to 3.2 µg/m3 (Warszawa-

Ursynów). Analyzing the differences in NOx concentrations, it can be seen that the differences 

between the workdays and weekends are statistically significant at all the analyzed stations. 

Negative differences represent higher content of nitrogen compounds on workdays than on 

weekends. The smallest differences were recorded at regional background stations (from –2.1 

to –2.5 µg/m3), and the largest at the Warszawa-Krucza station (–12.8 µg/m3). 

In order to check a possible seasonality of the weekend phenomenon, an analysis was made 

of the significance of differences in the concentrations of O3 and NOx in the workdays and on 

the weekend for four seasons. The results are presented in Table 5. 
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Table 4 

Mean concentrations of O3 and NOx on workdays and the weekends  

with the differences between them and the results of Student’s t-test 

2005−2012 
Mean O3 [µg/m3] Difference 

[µg/m3]/% 
t tc p 

Sat–Sun Mon–Fri 

Granica 51.2 49.7 1.6/2.9 1.3 2.1 0.208 

Belsk 55.8 54.4 1.5/2.5 0.9 2.1 0.385 

Legionowo 49.8 47.5 2.3/4.6 1.3 2.1 0.229 

Warszawa-Krucza 46.1 41.0 5.1/11.1 3.9 2.1 0.002 

Radom 46.8 44.0 2.8/6 1.5 2.1 0.157 

Warszawa-Ursynów 48.9 45.8 3.2/6.3 1.3 2.1 0.220 

2005−2012 
Mean NOx [µg/m3] Difference 

[µg/m3]/% 
t tc p 

Sat–Sun Mon–Fri 

Granica 8.7 10.8 –2.1/19.4 3.14 2.14 0.007 

Belsk 9.9 12.4 –2.5/20.2 3.92 2.14 0.002 

Legionowo 19.2 24.6 –5.4/22 5.16 2.14 0.000 

Warszawa-Krucza 26.4 39.2 –12.8/32.7 3.46 2.36 0.010 

Radom 22.7 29.2 –6.5/22.3 3.53 2.14 0.003 

Warszawa-Ursynów 24.1 32.1 –8.1/24.9 7.72 2.14 0.000 

Note: Statistically significant cases (α = 0.05) are bolded. 

For all seasons, statistically significant differences in average concentrations of the studied  

pollutants between the weekend and workdays occur only at the Warszawa-Krucza station (like-

wise in the analysis of the whole year). However, an additional two features can be noticed that 

were not visible during the entire year, namely: 

(1) in winter, differences in ozone content at the weekend are statistically significantly 

higher than on workdays also at the three remaining stations: Warszawa-Ursynów, 

Radom and Belsk; 

(2) in summer, regional background stations (Granica, Belsk) are exceptional by being 

characterized by higher ozone concentrations on weekends than on workdays. Alt-

hough these differences are negligible (approx. –0.2 µg/m3) and statistically insig-

nificant, still the tendency that is opposite to that in all other localities and seasons 

may point to a different chemical regime at this time of the year. 

In order to clarify the situation described in point 2, an analysis was made to determine what 

is the interaction between O3 and NOx and establish the chemical regime in various seasons of 

the year. The scatter charts shown in Fig. 10 present the degree of correlation between daily 

average O3 and NOx concentrations in individual seasons throughout the entire period 

2005−2012. The analysis was made for stations of the regional background, Granica and Belsk, 

because it is only at these stations that a specific summer pattern was observed, namely, the 

occurrence of higher ozone content on workdays than on weekends. 
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Table 5 

Mean concentrations, per seasons, of O3 i NOx in workdays and weekends 

2005−2012 spring 
O3 [µg/m3] NOx [µg/m3] 

Sat–Sun Mon–Fri Difference Sat–Sun Mon–Fri Difference 

  Granica 69.91 68.68 1.22 7.23 8.84 –1.60 

  Belsk 73.69 72.42 1.28 8.95 10.47 –1.52 

  Legionowo 64.27 61.80 2.47 18.74 23.04 –4.30 

  Warszawa-Krucza 60.73 54.79 5.94 28.28 35.63 –7.35 

  Radom 59.15 55.89 3.26 23.02 26.99 –3.97 

  Warszawa-Ursynów 64.16 60.24 3.93 25.40 31.66 –6.26 

2005−2012 summer 
O3 [µg/m3] NOx [µg/m3] 

Sat–Sun Mon–Fri Difference Sat–Sun Mon–Fri Difference 

  Granica 59.18 59.39 –0.21 5.71 6.54 –0.83 

  Belsk 66.54 66.75 –0.22 7.05 8.62 –1.57 

  Legionowo 61.44 59.70 1.74 13.53 17.04 –3.50 

  Warszawa-Krucza 63.10 57.10 6.00 20.59 28.90 –8.30 

  Radom 59.85 56.80 3.05 16.54 20.81 –4.26 

  Warszawa-Ursynów 64.11 60.91 3.20 16.84 23.84 –7.00 

2005−2012 autumn 
O3 [µg/m3] NOx [µg/m3] 

Sat–Sun Mon–Fri Difference Sat–Sun Mon–Fri Difference 

  Granica 32.27 31.53 0.74 9.78 11.67 –1.89 

  Belsk 38.34 36.62 1.72 11.26 13.67 –2.41 

  Legionowo 32.71 29.61 3.10 21.14 27.72 –6.58 

  Warszawa-Krucza 27.71 22.67 5.04 28.42 40.73 –12.31 

  Radom 31.56 28.51 3.06 24.82 33.76 –8.95 

  Warszawa-Ursynów 33.15 29.22 3.93 29.38 38.10 –8.72 

2005−2012 winter 
O3 [µg/m3] NOx [µg/m3] 

Sat–Sun Mon–Fri Difference Sat–Sun Mon–Fri Difference 

  Granica 42.64 36.76 5.88 12.64 16.47 –3.83 

  Belsk 43.57 37.20 6.38 12.57 17.04 –4.47 

  Legionowo 38.81 32.46 6.36 23.58 30.05 –6.47 

  Warszawa-Krucza 31.10 22.18 8.92 26.45 37.13 –10.68 

  Radom 35.12 27.79 7.33 25.31 33.97 –8.65 

  Warszawa-Ursynów 36.41 29.19 7.22 24.53 34.56 –10.03 

Note: Statistically significant cases (α = 0.05) are bolded. 
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Fig. 10. Relationship between the concentrations of O3 and NOx at different seasons over the years 

2005−2012. 
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As follows from Fig. 10, it is only in the autumn and winter that a clear negative correlation 

is observed. This means that along with the increasing NOx content, the O3 content decreases. 

This gives evidence for the fact that a chemical regime in a given environment is characterized 

by a high NOx/VOC content ratio (Seinfeld and Pandis 2006). Hence, as shown in Table 5, the 

lower NOx concentrations on weekends (than on workdays) result in higher O3 concentrations 

on weekends, and, consequently, the higher NOx concentrations on workdays result in lower O3 

concentrations on these days. In spring and summer, correlation coefficient values are very low. 

Hence, it cannot be clearly determined which chemical regime (NOx/VOC ratio) dominates in 

this season. 

3.3.3  Comparative analysis of Ox content on workdays and on weekends 

In the cycle of reactions settling the balance between NO, NO2, and O3 (Eqs. (2) to (4), Chap-

ter 2), two groups of cycle’s components can be distinguished: the NOx group (NO + NO2) and 

the Ox group (O3 + NO2). The reactions presented below show the possible paths leading to an 

increase or decrease in the concentration of components in individual groups. The first of these, 

previously presented reaction (4), indicates the possibility of NO2 production without automatic 

consumption of O3. The reaction of NO with RO2 means the possibility of production as well 

as cumulation of O3. The second, reaction (24), indicates the main pathway of reducing the Ox 

content through the reaction of NO2 with OH. At the same time, this reaction weakens the ozone 

production potential (Sadanaga et al. 2008). 

 
 RO2  +  NO →  RO + NO2 . (4), repeated 
 
 OH +  NO2  +  M →  HNO3  +  M (24), repeated 

 

Reaction (4) contributes to an increase in the Ox content, while reaction (24) causes a de-

crease in the Ox content. Hence, both the increase and decrease of the Ox concentration is re-

flected in the enhancement or inhibition of photochemical ozone production. Comparing the Ox 

content on workdays with that on the weekend, it can be established whether the photochemical 

ozone production potential is greater on workdays or on the weekend, and also determine the 

factors shaping the phenomenon of higher O3 concentrations at the weekend compared to other 

days of the week. Namely, if the amount of Ox on workdays is comparable with Ox values on 

the weekend, it means that the occurrence of the phenomenon of higher ozone content at the 

weekend compared to workdays is due to the reaction of O3 removal by NO (reaction 3) 

(Sadanaga et al. 2012) 

Table 6 presents Ox content on workdays and on weekends, and the corresponding differ-

ences, for all stations analyzed in 2005−2012. In order to determine whether the differences in 

the amount of Ox on workdays and at the weekend are statistically significant (α = 0.05), anal-

ogous calculations as those for O3 and NOx  (see Table 4) were made, namely: 

(1) calculations of daily average Ox content for each day of the week, at all measuring 

stations in 2005−2012, 

(2) calculations of average Ox content on workdays and weekend averaged for the years 

2005−2012, 

(3) F test, allowing to determine whether the analyzed samples have equal/unequal var-

iance, 

(4) two-sample t-test assuming equal or unequal variances; when t was greater than tc or 

when t was less than –tc, the difference was treated as statistically significant at the 

level  α = 0.05. 
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Table 6 

Mean values of Ox content in workdays and on weekends 

with the differences between them and the results of t-Student test in the years 2005−2012 

2005−2012 
Mean Ox [µg/m3] Difference 

[µg/m3]/% 
t tc p 

Sat–Sun Mon–Fri 

Granica 58.5 58.4 0.2/0.2 0.11 2.14 0.913 

Belsk 64.8 64.7 0.1/0.2 0.03 2.14 0.980 

Legionowo 65.1 65.6 –0.5/0.8 0.26 2.14 0.797 

Warszawa-Krucza 65.4 65.9 –0.5/0.8 0.12 2.18 0.908 

Radom 63.6 63.6 0.0/0 –0.01 2.14 0.994 

Warszawa-Ursynów 68.9 69.7 –0.8 0.30 2.14 0.769 

 

Table 7 

Mean values of Ox content in workdays and on weekends at individual seasons 

and the corresponding differences in the years 2005–2012 

2005−2012 

spring 

Ox [µg/m3] 2005−2012 

autumn 

Ox [µg/m3] 

Sat–Sun Mon–Fri Difference Sat–Sun Mon–Fri Difference 

  Granica 76.42 76.42 0.00   Granica 41.23 41.17 0.06 

  Belsk 81.75 81.96 –0.21   Belsk 49.00 49.19 –0.19 

  Legionowo 79.44 80.52 –1.09   Legionowo 48.69 49.35 –0.66 

  Warszawa- 

      Krucza 
85.79 86.22 –0.43 

  Warszawa- 

      Krucza 
51.57 54.16 –2.59 

  Radom 76.39 76.93 –0.54   Radom 49.40 49.82 –0.42 

  Warszawa- 

      Ursynów 
85.70 85.85 –0.14 

  Warszawa- 

      Ursynów 
54.74 55.49 –0.76 

2005−2012 

summer 

Ox [µg/m3] 2005−2012 

winter 

Ox [µg/m3] 

Sat–Sun Mon–Fri Difference Sat–Sun Mon–Fri Difference 

  Granica 64.28 64.95 –0.67   Granica 53.69 51.24 2.45 

  Belsk 72.74 74.62 –1.88   Belsk 55.36 52.85 2.51 

  Legionowo 73.26 74.16 –0.90   Legionowo 58.21 56.53 1.68 

  Warszawa- 

      Krucza 
82.26 83.60 –1.34 

  Warszawa- 

      Krucza 
51.55 49.22 2.32 

  Radom 74.18 74.58 –0.41   Radom 55.16 52.83 2.33 

  Warszawa- 

      Ursynów 
79.14 81.15 –2.01 

  Warszawa- 

      Ursynów 
58.11 56.89 1.22 
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As can be seen from Table 6, the lowest Ox concentrations were recorded at the station 

Granica (about 58 µg/m3), while the highest were at Warszawa-Ursynów (about 69 µg/m3); Ox 

concentrations at the remaining stations were similar (within approx. 64−66 µg/m3). The Ox 

concentrations on workdays do not differ significantly from those on weekends, regardless of 

the type of station. In addition, these differences are not statistically significant for every station. 

The maximum differences between the Ox content on workdays and at the weekend occur at 

Warszawa-Ursynów and are –0.8 µg/m3 only. At Radom, on the other hand, the difference is 

zero. The percentage differences in the Ox content on workdays and on weekends ranged from 

0% (Radom) to 1.2% (Warszawa-Ursynów). 

Analyzing the distribution of Ox content in individual seasons of the year (Table 7) it can 

be seen that, similarly to the analysis for the whole year, the differences in Ox content in each 

case are statistically insignificant and range from –2.59 to 2.51 µg/m3. 

Negative differences were noted in spring, summer and autumn, which means that the Ox 

content was higher on workdays than on weekends. The differences in each of these seasons 

were comparable and ranged from 0.0 to –2.59 µg/m3. In the winter, the pattern was different: 

the amount of Ox at weekends was higher than on workdays, which resulted in non-negative 

differences in the Ox content. 

The occurrence of non-significant differences in the Ox content on workdays and at the 

weekend leads to the conclusion that the main reason in shaping the pattern in question is the 

reaction: NO + O3 → NO2 + O2, which reduces the concentration of ozone at the earth’s surface. 

An important source of NO emissions is increased traffic, especially in large cities and espe-

cially on workdays. The smaller amounts of NO emitted during the weekend result in higher 

ozone levels on these days, especially at stations of urban background. 

3.4  Daily variability of ozone concentration in the ground layer of the atmosphere 

Daily cycles of variability of ozone concentrations in the ground layer of the atmosphere in the 

Mazowieckie Voivodeship are characterized by clear seasonal variability, and changes depend-

ing on the location of the station. The pattern depends on the season of the year and, conse-

quently, on the prevailing meteorological conditions as well as the presence of chemical 

substances affecting the ozone concentration. Analyzing daily changes in ozone concentration, 

different patterns can be observed for different seasons. In Fig. 11, diagrams of daily changes 

in the ground-level atmosphere layer at all the stations analyzed in the period 2005−2012 are 

presented separately for each month. 

In the months from April to August, a characteristic cycle of ozone variations was recorded, 

similar at all the stations. From 08:00, there was a clear increase in ozone content lasting up to 

afternoon hours as a result of ozone production in photochemical processes involving VOC and 

NOx, which, together with a constant increase in air temperature and solar radiation, are more 

effective. In addition, vertical air mixing processes and, as a result, downward transport of air 

from higher layers of the ozone-rich atmosphere, additionally affect the high ozone content 

during the day (Lal et al. 2000). The maximum ozone concentration occurred between 15:00 

and 17:00. From 18:00, a gradual decrease in ozone concentration was recorded at all stations, 

which in Granica, Belsk, Legionowo and Radom continued all the night, reaching the lowest 

values at 06:00 (Granica, Belsk, Legionowo) and at 07:00 (Radom). The reduction of photo-

chemical processes in the evening as a result of decreasing air temperature and weakening of 

solar radiation and its dissappearance at night is one of the factors responsible for low ozone 

concentrations in the evening and at night. An additional contribution comes from the ozone 

deposition processes on the surfaces (responsible for reducing the ozone concentrations) and 

chemical processes with the participation of nitric oxide (NO + O3 → NO2 + O2), responsible 

for the reduction of ozone in urban areas (Eliasson et al. 2003). Continuous NO emission in 
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Fig. 11. Continuation on the next page. 
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Fig. 11. Average daily ozone content waveforms in the ground layer of the atmosphere in individual 

months. 

urban areas contributes to the reduction of ozone concentrations at the expense of production 

of NO2 and O2, especially at night when the lack of solar radiation prevents NO2 photolysis and, 

as a result, ozone production. At the Warszawa-Krucza urban-background station, the phenom-

enon of occurrence of clearly higher ozone concentrations at night was recorded, characteristic 

of urban areas. The occurrence of relatively high ozone concentrations at night in urban areas 

during stable atmospheric conditions in the summer season is a phenomenon commonly rec-

orded in major European and North American cities (Eliasson et al. 2003; Chung 1977; 

Corsmeier et al. 1997). According to the authors cited above, the occurrence of the nocturnal 

ozone maximum can be due to the processes of vertical mixing of ozone-rich air from higher 

atmospheric layers or the advection of ozone-rich air from rural areas. 

In September and October, daily ozone concentrations behaved similarly as in April−Au-

gust, with the difference that the maximum values were recorded between 14:00 and 16:00 and 

the average maximum values during the day for the analyzed period (September−October 

2005−2012) were much lower. 

In the period from November to February, different patterns of daily O3 distributions were 

observed for regional-background stations and for urban-background stations. At the regional-

background stations, no ozone concentrations characteristic for the remaining months were rec-

orded. From the evening hours and then throughout the night, constant ozone concentrations 

were observed there, around 23 µg/m3 in November, around 26 µg/m3 in December, around 

37 µg/m3 in January, and 45 µg/m3 in February. The increase in ozone content usually started 

at 9:00 am, reaching maximum concentrations in the afternoon. The average maximum values 
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over the day for the years 2005–2012 were recorded in the afternoon (13:00−15:00) and 

amounted to about 35 µg/m3 in November and December, about 45 µg/m3 in January, and about 

60 µg/m3 in February. From 16:00, the ozone content began to decline until late in the evening. 

In the case of urban background stations, especially those located in Warszawa and Radom, 

characteristic minima of ozone content were observed in the morning (07:00−09:00) and even-

ing (17:00−19:00), i.e., during the most intense traffic. A high emission of nitrogen oxides pro-

motes ozone removal processes as a result of the reaction: NO + O3 → O2 + NO2. Unfavorable 

meteorological conditions prevailing in winter make the ozone production during the day not 

very effective and not able to compensate for ozone losses incurred as a result of nitrogen oxide 

removal, thus contributing to much higher ozone content during the day than at night. 

March was a transitional month between the cool (November−February) and warm 

(April−September) periods. At urban background stations, average minimum values over the 

day for the years 2005−2012 were recorded from 07:00 to 08:00. In the case of Granica it was 

difficult to discern a characteristic daily minimum, while at Belsk the minimum value was rec-

orded at 07:00. The average maximum values over the day for the years 2005−2012 occurred 

between 14:00 and 16:00. 

The daily concentrations of O3 obtained for each month differ not only in shape but also in 

the amplitude of daily changes. In Table 8 the maximum values of daily amplitudes in the ana-

lyzed period 2005−2012 are presented. Amplitudes of daily changes in the ground ozone con-

tent reach the highest values in the period when the daily concentrations of this gas per year are 

also the highest (April−August). This effect is observed at stations located in both rural areas 

and urban agglomerations. Because the ozone production in the winter months is limited due to 

less favorable weather conditions, also the maximum ozone content on a daily basis is then 

smaller. 

Table 8 

Maximum amplitudes of daily O3 variations in 2005−2012 
 

Granica Belsk Legionowo 
Warszawa-

Ursynów 

Warszawa-

Krucza 
Radom 

[µg/m3] 

January 11.7 9.9 9.9 10.3 12.4 9.6 

February 18.3 13.5 19.3 20.4 14.2 18.4 

March 37.9 28.8 36.7 36.6 29.0 33.4 

April 63.6 42.1 58.9 58.9 49.0 55.8 

May 64.5 42.1 55.1 50.6 45.5 47.1 

June 67.1 45.4 57.1 48.4 44.6 49.1 

July 69.9 49.4 61.2 58.2 49.2 57.4 

August 70.5 53.1 62.7 60.0 53.0 56.7 

September 59.2 44.4 55.4 56.4 47.8 50.9 

October 36.2 28.3 32.8 34.9 25.4 31.0 

November 13.2 12.2 12.3 11.5 9.4 12.3 

December 9.9 9.7 8.1 8.9 11.2 8.8 

 

Month 

  Station 
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Of all the analyzed stations, the highest values of the amplitudes of changes in daily O3 

concentrations were recorded at Granica and the lowest at Belsk. Although both represent re-

gional-background stations, the average values of daily amplitudes during the analyzed period 

(2005−2012) differ by 12 µg/m3. In August, when the amplitudes are the highest, their values 

reached 70.5 µg/m3 at Granica and 53.1 µg/m3 at Belsk. Much greater values of the daily am-

plitude changes observed at the Granica station in spring and summer are probably a result of 

high ozone concentrations during the day and very low concentrations during the night. Among 

all the stations, the lowest daily minimum values were recorded in May−August on early morn-

ing (05:00−06:00) at Granica. The average values of daily amplitudes (2005−2012) in this pe-

riod were higher by 32−43% than the average values of daily amplitudes at the station in Belsk, 

by 12% in Legionowo, by 14% in Radom, and by 25% at stations located in Warszawa. The 

reason for so high daily amplitude at Granica may be due to its location, the Kampinos National 

Park − the area of the forest complex. The immediate vicinity of the large deciduous vegetation 

compared to other stations may contribute to the increased dry deposition process during the 

growing season, which is known to be one of factors that reduce the ozone content in the ground 

layer of the atmosphere. 

3.5  Long-term changes in ozone concentration in the ground layer of the atmosphere 

based on the 1995−2016 measurement series in Belsk 

Having at our disposal the many-year measurement data, it is possible to make calculations and 

interpret long-term changes in ozone concentrations on a regional scale. The measurement se-

ries from Belsk station, where regular observations of ground-level ozone have been conducted 

since 1995, provided a 22-year (1995−2016) record of measurements of ozone content in the 

ground-level atmosphere. A sufficiently long measurement series is the basis for performing an 

analysis of changes in ozone concentration in various time scales and making an attempt to 

determine long-term changes in ozone concentration in the surface layer of the atmosphere over 

the region of Mazowsze. To this end, the time series for the years 1995− 2016 were analyzed 

in a daily and annual scale. 

Figure 12, based on daily mean values, presents changes in ground-level ozone concentra-

tion at Belsk station in 1995−2016. Using the local regression method LOWESS (Locally  
 

Fig. 12. Series of measurements of average daily concentrations of ground-level ozone in 1995−2016 

(blue line) together with the LOWESS curve (red line). 
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Fig. 13. Measurement series of average monthly ground-level ozone content in 1995−2016 (blue line) 

and a LOWESS curve (red line). 

Weighted Scatterplot Smoothing) (Cleveland 1979), a smoothed curve (red line) was drawn 

allowing to observe the trends of long-term changes in the ozone content. 

Analyzing Fig. 12 it can be stated that the measurements carried out at the Belsk station in 

the years 1995−2016 do not show any permanent trend of changes in the ozone content in the 

ground layer of the atmosphere. However, the presence of elevated ozone content is visible 

around 2003. 

Further analysis (Fig. 13) indicates that in 1995−2016 three different time periods can be 

distinguished, characterizing changes in ozone concentration: 

(1) 1995−2003: increase in ground-level ozone content, 

(2) 2003−2010: decrease in the ground-level ozone content, 

(3) 2010−2016: slow increase in ground-level ozone. 

The lowest average annual ozone content in Belsk during the entire measurement series 

(1995−2016) was recorded in 1995 (46.7 µm/m3), and the highest in 2003 (64.3 µg/m3). Ana-

lyzing the chart it can be stated that 2003 was a breakthrough year that ended the period of 

ozone concentration increase since 1995 and began the period of ozone content decline until 

2010. 

The occurrence of such high ozone concentrations in 2003 was associated with exceptional 

meteorological conditions that significantly promoted ozone production and at the same time 

limited its destruction. The summer season (especially August) of 2003 was characterized by 

very high air temperatures resulting in the occurrence of heat waves in Europe, especially in 

Central Europe, which consequently produced extremely high ozone concentrations (Pellegrini 

et al. 2007; Solberg et al. 2008; Vieno et al. 2010). The average monthly ozone content recorded 

at the Belsk station in August 2003 (87.9 µg/m3) was by 24 µg/m3 higher than the correspond-

ing value calculated for the years 1995−2016 (63.9 µg/m3) (excluding 2003). Also, the average 

ozone content for the summer season (June−August) 2003 (86.5 µg/m3) was much higher (by 

19.1 µg/m3) than the corresponding average seasonal value for 1995−2016 (excluding 2003). 

According to Solberg et al. (2008), high air temperature, intense solar radiation and related 

drought phenomena that occurred in Europe in the summer of 2003 contributed to the increase 

in the ground ozone content, in particular through: 
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 increasing the rate of chemical reactions, 

 intensive production of biogenic VOCs (especially isoprenes), 

 limited dry deposition process. 

As follows from the above, the prevailing meteorological situation determining the occur-

rence ozone concentrations in 2003 that were higher than average significantly influenced the 

direction of changes in ozone content over the years 1995−2016. 

4. IMPACT OF SELECTED METEOROLOGICAL PARAMETERS ON THE 

VARIABILITY OF GROUND-LEVEL OZONE CONTENT 

Meteorological conditions, along with chemical substances that are ozone precursors, play a 

key role in the formation of ground-level ozone in a given area. As shown earlier (Chapter 2) 

photochemical ozone production, ozone transport as well as ozone deposition processes are 

largely determined by the prevailing synoptic situation. 

Theoretical considerations regarding the impact of basic meteorological parameters on the 

concentration of ozone in the ground layer of the atmosphere were supplemented by an analysis 

of the dependence of ozone concentration on meteorological conditions, based on the measure-

ments of ozone and the four basic meteorological parameters: 

 air temperature [°C], 

 global solar radiation [W/m2], 

 relative humidity of air [%], 

 wind speed [m/s]. 

Calculations were made for all measuring stations analyzed in the present study for 

2005−2012. Depending on the season of the year, data averaged over the span between local 

time hours listed below were used: 

 spring (March, April, May): 8:00−18:00, 

 summer (June, July, August): 7:00−20:00, 

 autumn (September, October, November): 8:00−18:00, 

 winter (January, February, December): 8:00−16:00. 

On the basis of these data, the mean monthly values of individual parameters in each year 

were calculated, and then the average monthly value for 2005−2012 was computed as the arith-

metic mean. 

The first part of the assessment of the impact of selected meteorological parameters on the 

ground-level ozone concentration is the correlation analysis. Tables 9 through 12 present the 

values of the Pearson correlation coefficient (r) between the ozone concentrations and the val-

ues of selected meteorological parameters. Statistically significant values (p < 0.05) are marked 

in red. In order to characterize in detail the relationship between ground-level ozone and se-

lected meteorological parameters, calculations of the Pearson linear correlation coefficient were 

made separately for each month of the year. 

4.1  Air temperature 

Air temperature is one of the main meteorological parameters determining the ozone content in 

the ground layer of the atmosphere. The impact of air temperature changes on ozone concen-

tration can be considered in several aspects: 

 

(1)  Temperature is one of the most important factors determining the speed of chemical reac-

tions. The mechanism assumes that an increase in temperature causes an increase in the average 

speed of molecules, thus enhancing the increase of their kinetic energy and the number of col-

lisions, which results in an increase in the number of effective collisions (http://materialy.wb. 
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pb.edu.pl/mariolasamsonowicz/files/2012/12/Wyk%C5%82ad-9-kinetyka-reakcji-

chemicznych.pdf). The temperature-dependent reaction rate constant (k) is a characteristic 

value for a given reaction and can generally be expressed using the Archenius equation: 
 

 𝑘 = 𝐴 exp(−𝐸𝑎
𝑇⁄ ) , (25) 

 
where Ea and A are constant values determined in the laboratory, characteristic for a given 

reaction. 

For the majority of chemical reactions  Ea > 0  which means that the rate of collisions of 

particles increases exponentially with increasing temperature, although reactions for which  

E < 0  exist too. Hence, when the temperature changes, there are some reactions participating 

in the reaction cycle which are more sensitive to temperature changes, and they will be either 

more or less significant compared to those that are less sensitive to temperature changes. Hence, 

considering the reaction chain leading to the production of ozone, the occurrence of temperature 

changes will result in a change in the significance of these reactions in the chemical cycle and, 

as a result, affect the amount of ozone formed. According to Walcek and Yuan (1995), in pol-

luted areas, characteristic of urban sites, where the concentration of NOx and VOC is relatively 

high, the increase in temperature enhances the rate of ground-level ozone formation. 

Air temperature affects the lifetime in the atmosphere of PAN (peroxyacetic nitric anhy-

drite) chemical compounds with the general formula RC(O)OONO2. The most common repre-

sentative of the PAN family is peroxyethane anhydride (CH3C(O)OONO2) also commonly 

known as PAN, whose precursor is acetaldehyde (CH3CHO), which is the oxidation product of 

many VOCs. Of importance from the point of view of ground-level ozone is the fact that PAN 

compounds function as effective reservoirs for both nitrogen (NOx) and radical (CH3C(O)O2) 

compounds. For this reason, the life time of the PAN is very important, and since the process 

of thermal decay is the main way of removing this compound from the atmosphere, the effect 

of temperature on this mechanism is decisive. The efficiency of PAN decomposition in the 

troposphere is a function of altitude: the lifetime of PAN increases with increasing altitude and 

simultaneously with decreasing temperature (Seinfeld and Pandis 2006). At 22°C it is about 1 

hour, while at –23°C it can take up to several months, which indicates a large dependence on 

the value of air temperature (Jacob 1999). In the mid- and upper troposphere, PAN can be 

transported over considerable distances and in warmer areas, often far away from the place of 

its origin, it undergoes decomposition as a result of the following reaction (26): 

 
 CH3C(O)OONO 2 →  CH3C(O)OO + NO2 (26) 
 

being a source of NOx, thus affecting the amount of ozone produced. 

 

(2) Temperature affects the level of isoprene emissions − the main VOC representative in the 

process of ground-level ozone with NOx. Isoprenes, due to the existence of a triple bond be-

tween carbon atoms, are a very reactive group of organic compounds. They easily react with 

both OH and O3 radicals, and their lifetime in the troposphere, taking into account the reaction 

with the above chemical compounds, is of about 1.7 hours and 1.3 days, respectively (Seinfeld 

and Pandis 2006). In a situation in which VOC in the atmosphere is absent, ozone production 

settles at a certain constant level determined by the initial content of NOx, O3 and the amount 

of UV (see Chapter 2). 

 

(3) Temperature affects the height of the mixing layer. The rapid increase in the height of the 

mixing layer is due to the increase in temperature at the earth’s surface, which begins to rise 
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gradually just after the sunrise. At the same time, in the early morning, ozone precursors freshly 

emitted into the atmosphere during the morning rush hours accumulate near the earth’s surface. 

The low altitude of the mixing layer at this time of the day and the low wind speed result in a 

low ventilation rate and hence a poor dispersion of pollutants. When the intensity of solar radi-

ation increases, the conversion of ozone precursors to ozone begins as a result of photochemical 

processes raising the level of O3 at the earth’s surface. Over time, along with increasing height 

of the mixing layer and the development of vertical air exchange, one would expect a decrease 

in the ozone content in the surface layer due to its elevation to higher parts of the troposphere, 

which is true provided that there is no ozone there. In the opposite situation, when ozone is 

present in the night layer of vanishing turbulence (the so-called residual layer, about 1 km above 

the ground, which is a residue from a well mixed day layer from the previous day), vertical air 

mixing can actually contribute to overground ozone increase by bringing this ozone layer down 

to the surface of the earth (Zhang and Rao 1999). It has been proved that on days with high 

ozone content, the night layer of vanishing turbulence is an ozone reservoir, which, as the mix-

ing layer develops due to the increase in temperature during the day, can contribute, during 

ozone episodes, to the growth of ground-level ozone on the next day morning (Zhang et al. 

1998 ). 

Table 9 presents the coefficients of correlation between ground-level ozone concentration 

and air temperature. 

As can be seen from the Table 9, the correlation shows high variability throughout the year; 

a significant difference in the correlation coefficient can be sometimes observed even from 

month to month. 

Table 9 

Correlation coefficients determining the level of linear relationship  

between the air temperature and ground-level ozone concentration 

Temperature 
 

Belsk Granica Legionowo Radom 
Warszawa-

Krucza 

Warszawa-

Ursynów 

January –0.16 0.00 –0.23 –0.09 –0.07 –0.28 

February 0.01 –0.12 –0.24 –0.07 –0.17 –0.04 

March –0.08 –0.09 –0.08 0.10 –0.08 0.04 

April 0.59 0.62 0.63 0.52 0.53 0.64 

May 0.62 0.59 0.61 0.55 0.58 0.59 

June 0.59 0.59 0.66 0.51 0.61 0.64 

July 0.79 0.79 0.85 0.69 0.78 0.75 

August 0.72 0.73 0.76 0.60 0.74 0.76 

September 0.77 0.75 0.75 0.71 0.80 0.81 

October 0.37 0.27 0.22 0.42 0.13 0.41 

November 0.00 0.09 –0.07 –0.05 0.11 0.13 

December –0.02 0.05 –0.14 –0.05 0.00 0.04 

Note: Statistically significant values (p < 0.05) are marked red. 

Month 

  Station 
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The distribution of correlations between air temperature and ozone concentration presented 

here indicates the dominant role of photochemical production of ozone in the warm months of 

the year (April−October). An increase in temperature during this time enhances the rate of 

chemical reactions. In addition, the April−October period is the growing season of plants. 

Higher temperatures during this time may contribute to more intense VOC (isoprene) emis-

sions, increasing the efficiency of photochemical ozone production. In addition, in the spring 

and summer months, when the ozone content in the lower troposphere is relatively high, an 

increase in air temperature just after sunrise triggers convective processes and increases the 

vertical air exchange. The negative correlation between the value of air temperature and ozone 

concentration, appearing especially in the winter months, indicates the opposite situation than 

in the rest of the year, namely, a decrease in air temperature causes an increase in ozone con-

centration. This pattern can be associated with the prevailing baric situation shaping the weather 

in different seasons. In winter, the activity of 2 baric centers is dominant over Poland: the year-

round Icelandic Low, whose maximum effect is exerted in winter, and the East Asian High. The 

dominance of the former results in thaw weather, with typical positive values of air temperature 

reaching +10°C, cloudy and frequent rain or sleet (Kaczorowska 1986). This type of weather is 

not conducive to photochemical production processes, hence the significantly limited tempera-

ture impact manifested by statistically insignificant correlation coefficient values. The domi-

nance of the latter results in the inflow of dry and cold air over Poland. During this time, the 

temperature falls below 0°C (usually below –10°C), and the weather is cloudless and sunny 

(Kaczorowska 1986). Such high pressure systems stagnating for several days, resulting in low 

temperatures, low winds and minimal cloudiness also favor the formation of temperature inver-

sion, which, developing in the ground layer of the atmosphere, is a kind of trap for pollution 

accumulated at night. During the day, photochemical reactions involving accumulated ozone 

precursors initiated by solar radiation contribute to an increase in ozone concentration (Schnell 

et al. 2009). 

The negative correlation of the air temperature value with the ozone content can also be 

explained by the advection of Arctic air masses over Poland at this time of year. Arctic areas 

are characterized by relatively high ozone concentrations, with a maximum in winter (Helmig 

et al. 2007). The inflow of masses of cold, dry, ozone-rich air from the north partly justifies the 

negative correlation between air temperature and ozone content in the winter months. 

4.2  Global solar radiation 

The dominant sources of ozone in the ground layer of the atmosphere are chemical processes 

involving ozone precursors (NOx, VOC) in the presence of solar radiation of the appropriate 

wavelength. Photochemical reactions are initiated by the absorption of radiation by the reacting 

compound, with each absorbed photon of light responsible for the transformation of only one 

molecule. Absorption of radiation leads to the formation of a molecule in the excited state, 

which can then participate in the so-called primary photochemical process and then in second-

ary photochemical processes taking place without the participation of solar radiation between 

products created in the primary process. 

On the example of the ozone production cycle, the above stages can be described as follows: 

 
 NO2  +  ℎ𝜈 (𝜆 < 424 nm)  →  NO +  O (primary process) (1), repeated 
 
 O +  O2  +  M →  O3  +  M (secondary process) (2), repeated 

 

Another aspect to mention when discussing the role of solar radiation in forming ozone 

concentration is its impact on the lifetime of PAN. Because PAN has the ability to absorb UV 
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radiation, the photolysis process is, along with thermal decay, the basic mechanism for remov-

ing PAN from the atmosphere (Seinfeld and Pandis 2006). However, while thermal decay is 

the dominant mechanism for PAN removal in the lower troposphere, photolysis plays a key role 

in the destruction of  PAN at an altitude of over 7 km (Mazely et al. 1995). 

Table 10 presents coefficients of correlation between ground-level ozone concentration and 

global solar radiation. 

Table 10 

Correlation coefficients determining the level of linear relationship  

between the solar radiation intensity and ground-level ozone concentration 

Solar radiation 
 

Belsk Granica Legionowo Radom 
Warszawa-

Krucza 

Warszawa-

Ursynów 

January 0.35 0.13 0.35 0.23 0.12 0.27 

February 0.47 0.27 0.31 0.31 0.39 0.45 

March 0.64 0.44 0.59 0.59 0.57 0.58 

April 0.58 0.58 0.68 0.65 0.46 0.7 

May 0.71 0.64 0.73 0.72 0.66 0.7 

June 0.71 0.62 0.71 0.61 0.77 0.71 

July 0.66 0.6 0.65 0.66 0.26 0.6 

August 0.58 0.59 0.33 0.59 0.65 0.66 

September 0.73 0.66 0.8 0.63 0.45 0.76 

October 0.56 0.46 0.64 0.45 0.42 0.68 

November 0.38 0.3 0.31 0.28 0.43 0.32 

December 0.2 0.14 0.14 0.21 0.12 0.2 

Note: Statistically significant values (p < 0.05) are marked red. 

As follows from Table 10, the correlation between ground-level ozone and solar radiation 

is positive each month and at each station, in the vast majority being statistically significant. 

Usually a positive, significant relationship between the increase of solar radiation value and the 

content of ground-level ozone confirms the important role of this meteorological parameter as 

the initiator of photochemical processes (see Chapter 2), resulting in the formation of ground-

level ozone. Probably, the impact of radiation on the distribution of PAN substances as a result 

of photolysis is also not insignificant. PAN as a potential reservoir of NOx compounds, under-

going decomposition, releases significant amounts of NO2 into the atmosphere, contributing to 

the increase in ozone production. 

4.3  Relative humidity 

The content of water vapor in the air affects the ozone content in the ground layer of the atmos-

phere in many ways, e.g., by modifying the process of dry ozone deposition, affecting the for-

mation of “wet aerosols”, as well as affecting the course of chemical reactions, thereby 

regulating the concentration of reactive radicals, nitrogen oxides and ozone itself. 

Month 

  Station 
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One of the main mechanisms of ozone removal from the atmosphere is photodissociation of 

the ozone molecule (see Chapter 2), which may result in the formation of an excited oxygen 

atom [O(1D)]. The same atom can then react with H2O to form hydroxyl radicals. Strongly 

reactive radicals entering the appropriate reaction cycle in an environment with a sufficiently 

high NOx content contribute to the production of an ozone molecule. In a place where the 

amount of NOx is too low, this cycle does not ultimately produce ozone. Hence, the increase in 

relative humidity will favor the reaction of the oxygen atom with H2O, and ozone recovery as 

a result of subsequent reactions may be only partial, which in turn may lead to a reduction in 

the ozone content. 

According to Lelieveld and Crutzen (1991), higher relative humidity is usually associated 

with more intense cloud formation and, thus, a greater cloudiness. The impact of clouds on 

shaping the concentration of ground-level ozone is twofold: firstly, clouds, through the pro-

cesses of scattering and absorbing solar radiation, reduce its inflow to the earth’s surface, thus 

limiting the scale of photochemical processes leading to ozone formation; and secondly, the 

occurrence of water clouds exerts a significant modification to the photochemical processes in 

the lower part of the troposphere. Relative humidity plays an important role in the dry ozone 

deposition process by regulating the stomal conductivity of plants. Along with solar radiation 

intensity and the effects during the light phase of photosynthesis, as well as CO2 concentration 

and its assimilation processes, the air humidity and soil water availability are the basic factors 

determining the intensity of stomata conductivity of leaves (Maleszewski et al. 2003). In re-

sponse to a decrease in humidity in the air, stomata of plants close up (Maleszewski et al. 1999), 

limiting the absorption of ozone inside the plants and increasing its concentration at the earth’s 

surface. The absorption of ozone by plants through stomata is the main mechanism for ozone 

removal through dry deposition by mature plants, alongside other mechanisms such as ozone 

deposition on soil or plant leaves, that can play an important role in some ecosystems. Accord-

ing to Zhang et al. (2002), ozone deposition on the cuticle surface of plants increases exponen-

tially as the relative humidity increases. 

The high content of water vapor in the air promotes the formation of new aerosols as a result 

of nucleation processes, which in turn affect the inflow of solar radiation to the earth’s surface 

through absorption and scattering processes, ultimately reducing the potential for photochemi-

cal reactions. 

Table 11 presents values of correlation coefficients between ground-level ozone concentra-

tion and relative humidity. 

As Table 11 shows, the correlation between ground-level ozone and relative humidity 

throughout the year is negative and, with only one exception (January – Warszawa-Krucza), 

statistically significant each month at all the stations. This means that regardless of the season, 

an increase in the water vapor content of the air causes a decrease in the ozone content. The 

highest absolute values of the correlation coefficient were recorded for warm months, from 

April to October. In the vast majority of cases, its absolute value was not less than 0.60, and the 

maximum absolute value was 0.82 (April – Warszawa-Ursynów). The negative correlation be-

tween ground-level ozone concentration and relative humidity indicates the important role of 

the mechanisms described above. Higher relative humidity is usually associated with greater 

cloudiness, and the presence of clouds makes it possible for chemical reactions to occur, which 

ultimately reduces the ozone concentration. The increase in relative humidity intensifies other 

processes that reduce the ozone content, namely the increase in the absorption of ozone by 

plants through stomata. This mechanism plays a special role during the growing season of 

plants, i.e., from April to October, due to the presence of leaves on trees and bushes. Equally 

important is the process of photodissociation of ozone and further reactions of the excited oxy-

gen atom O(1D) with the participation of H2O. 
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Table 11 

Correlation coefficients between the relative humidity value and ground-level ozone content 
 

Belsk Granica Legionowo Radom 
Warszawa-

Krucza 

Warszawa-

Ursynów 

January –0.47 –0.40 –0.49 –0.56 –0.20 –0.43 

February –0.43 –0.43 –0.58 –0.57 –0.61 –0.54 

March –0.59 –0.57 –0.55 –0.65 –0.58 –0.60 

April –0.74 –0.76 –0.74 –0.77 –0.80 –0.82 

May –0.81 –0.81 –0.77 –0.77 –0.78 –0.76 

June –0.73 –0.72 –0.74 –0.69 –0.67 –0.78 

July –0.70 –0.68 –0.72 –0.74 –0.40 –0.67 

August –0.62 –0.63 –0.66 –0.57 –0.66 –0.65 

September –0.79 –0.73 –0.78 –0.77 –0.71 –0.80 

October –0.61 –0.59 –0.66 –0.70 –0.77 –0.69 

November –0.64 –0.56 –0.50 –0.60 –0.75 –0.58 

December –0.47 –0.38 –0.47 –0.47 –0.29 –0.45 

Note: Statistically significant values (p < 0.05) are marked red. 

4.4  Wind speed 

The impact of wind speed on ozone concentration can be twofold, depending on whether the 

surface layer of the atmosphere functions as a source of ozone resulting from photochemical 

processes occurring in it, or as an ozone deficit site, where its production is limited. In the first 

case, a strong increase in wind speed with altitude will have a negative effect on ozone concen-

tration in a given place, leading to its transport to higher parts of the troposphere as a result of 

vertical mixing processes. In the second case, when the production of ozone in the subsurface 

layer is limited, vertical air mass exchange and transport of ozone-rich air make a significant 

contribution to the ozone budget (Tarasova and Karpetchko 2003). 

Moreover, when the wind blows from the direction of contaminated areas, which are a po-

tential source of ozone precursors and ozone itself, the correlation between wind speed and 

ozone content can be significantly positive. This applies to the inflow of air masses both of a 

local nature as well as long-range transport (Shan et al. 2008). 

Table 12 presents values of correlation coefficients between ground-level ozone concentra-

tion and wind speed. 

Analyzing Table 12, it can be concluded that the dependence of ozone concentration on the 

value of wind speed over the year shows a large variability. The first feature which is worth 

attention is the positive, statistically significant correlation between the parameters in the 

months October−February at all measuring stations. During this period, the increase in wind 

speed contributes to the higher ozone concentrations recorded in the analyzed area. The months 

of March, April, and May, as well as August and September, turned out to be transitional 

months in which it is difficult to see the common pattern of the relationship between the con-

sidered parameters for all stations. In June and July, negative correlation coefficient values were 

recorded for all measuring stations. The fact that in the cold months all correlation coefficients 

Month 

  Station 
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are statistically significant points to the special role of this meteorological parameter (generat-

ing transport) in this part of the year in shaping ozone concentrations in a given area. 

Table 12 

Correlation coefficients determining the level of the linear relationship  

between the wind speed and ground-level ozone concentration 

Wind speed 
 

Belsk Granica Legionowo Radom 
Warszawa-

Krucza 

Warszawa-

Ursynów 

January 0.33 0.56 0.48 0.30 0.55 0.34 

February 0.18 0.31 0.25 0.30 0.31 0.31 

March –0.02 0.09 0.02 0.17 0.08 0.12 

April –0.19 –0.11 –0.11 –0.04 –0.08 0.08 

May 0.11 0.19 –0.11 –0.19 –0.06 –0.08 

June –0.16 –0.06 –0.27 –0.29 –0.09 –0.04 

July –0.23 –0.16 –0.47 –0.17 –0.18 –0.07 

August 0.03 –0.02 –0.02 –0.14 0.00 0.01 

September –0.03 0.16 0.06 –0.29 0.03 0.05 

October 0.28 0.55 0.50 0.15 0.40 0.39 

November 0.37 0.59 0.65 0.23 0.47 0.60 

December 0.37 0.60 0.48 0.27 0.52 0.52 

Note: Statistically significant values (p < 0.05) are marked red. 

5. ARTIFICIAL NEURAL NETWORKS 

Neural networks, as a separate field of research, was established the 1940s by Warren McCul-

loch and Walter Pitts (Tadeusiewicz 1993), the scientists who were the first to present a math-

ematical description of the nervous system of living beings and associate it with the data 

processing. They claimed that any logical thesis can be coded with a properly constructed neural 

network because the action of a group of interrelated artificial neurons forming an artificial 

neural network can be identified, in a general sense, with the work of the brain (Marsalli 2006). 

Imitating simple cells (neurons) that, when connected together in the form of an intricate net-

work, can process complex signals, those authors have created a very simplified model of a 

biological neuron, which was the foundation for the development of future research in the field 

of neural networks. 

5.1  Structure of the artificial neural network 

Due to the nature of the task set for neural networks, the Unidirectional Multi-Layer Perceptron 

(MLP) type will be applied in this study, and its description will be given further in this chapter. 

The neural network is a set of interconnected neurons and its structure is layered (Fig. 14). 

The first is the input layer (through which the original data is entered) and the last is the output 

layer indicating the calculation result, e.g., the forecasted value. Between them there are neu-

rons that mediate input processing, forming layers called hidden layers (usually 1 or 2). The  
 

Month 

  Station 
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Fig. 14. Example of Unidirectional Multi-Layer Perceptron (MLP) type of neural network 
(source: Tadeusiewicz et al. 2007). 

structure of neuron connections in the network meets the peer-to-peer principle, which means 

that all output and hidden neurons are connected to each neuron in the preceding layer. Such a 

connection is partly due to the fact that the algorithmic method of solving the modeled process 

is often unknown; hence, the method of data transfer is unknown either. As a result, it is not 

obvious which connections in the network may be necessary and which are unnecessary. During 

the network training process, the network structure and weighting factor values are determined, 

with non-zero values defining important signal processing connections and zero or very low 

absolute values defining connections that do not affect the determination of the output value 

and can be finally removed from the network. As can be seen from the above, the advantage of 

applying the peer-to-peer principle is that every important combination will be included in the 

calculation. 

5.2  How do neural networks work? 

Artificial neural network is a system of interconnected individual processing elements − neu-

rons, which represent their biological counterparts. The main purpose of neurons is to convert 

the input signal into an output signal. In nonlinear types of neural networks, the processing 

consists of two parts: 

 aggregation of input data, 

 estimation of the neuron’s output value. 

Usually, neurons are characterized by the presence of multiple input data (i1, i2, i3, ..., in) 

and one output value. Such a system causes the need to transform the input vector  i = (i1, i2, i3, 

..., in) into a single value, i.e., the so-called aggregate input value. The weight values appropriate 

for each neuron have a fundamental impact on this transformation. The most commonly used 

input aggregation formula, i.e., the linear aggregation, consists in adding up the products of all 

input values and the corresponding weight values. Such an aggregate input value, in a linear-

type network, is automatically treated as the neuron output value. In multilayer networks (e.g., 

MLP), after the process of data aggregation is completed, there comes the second stage of neu-

ron activity, i.e., the process of determining its output value using the appropriate activation 

function. The selected activation function is responsible for determining the method of calcu-

lating the output value on the basis of the previously calculated aggregate input value. The type 

of activation function used determines the behavior of the entire neural network. The activation 

functions commonly used are: 
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 linear function, 

 sigmoid function (with values from the range: (0, 1)), 

 tangentoid function (with values from the range: (–1, 1)), 

 Gaussian function. 

The choice of an appropriate activation function depends on the type of problem the network 

is facing to solve. In multilayer networks, nonlinear functions are usually used, because their 

neurons have the greatest learning ability and allow mapping the relationship between input 

and output data in a continuous manner. 

5.3  Efficiency and usability of artificial neural networks 

Neural networks are a practical modeling technique based on the structure and mode of action 

of the human brain. The usefulness and helpfulness of neural network models have meant that 

they can be used in data processing as well as prediction, classification or control. The ability 

to map extremely complex functions is related to the fact that the networks are non-linear. In 

addition to the ability to map nonlinear relationships, a very important feature of neural net-

works is their ability to operate in terms of multidimensionality − extremely important in the 

case when nonlinear processes with a large number of variables are modeled (www.statsoft.pl). 

The use of neural networks is based on the effective mapping of relationships between de-

pendent and independent variables. It can be a single dependence or a set of dependencies, even 

very complex and complicated, hardly discernible using classical interpretation methods, e.g., 

correlation coefficients. 

5.4  Artificial neural network training 

The effective operation of the neural network depends on: 

 network structure determined by the number of layers, the number of neurons in indi-

vidual layers and the selected activation function, 

 network topology determined by the method of aggregation of input data or the selected 

activation function, 

 values of weight coefficients of individual neurons. 

The mechanism that allows the network to function properly by modifying weighting factors 

and selecting the network structure is called the neural network’s training process. The training 

process in MLP networks is carried out under supervision, using the so-called teacher-assisted 

learning algorithm. 

The essence of the teacher-assisted learning process is that the training data set contains both 

input and output data. Presenting both types of data enables the network to detect and learn the 

relationship between data. The training process can be defined as a cycle of searching for the 

appropriate parameter configuration, i.e., threshold values of neuron activation and weighting 

factors present in elements of the entire neural network in order to minimize the network error. 

The above parameters are being consistently changed using an appropriate training algorithm. 

The most commonly used algorithm for multi-layer network training is the back-propaga-

tion algorithm. The idea of the algorithm is to determine and reduce the value of the error made 

by the network in hidden layers based on the determined backwards value of the error diagnosed 

in the output layer. The ultimate goal of the network training process by backward error prop-

agation is to determine the minimum error function. To this end, this algorithm uses the gradient 

method − the fastest drop. As a result of the effective operation of the algorithm, the error is 

gradually reduced, which improves the network’s performance. In order to determine the net-

work’s error, the values obtained at the output should be compared with the actual output val-

ues. Based on the error values, the weighting coefficient of the neuron is corrected in such a 

way that the total error made by the network is minimized for all the data forming the training 



I. PAWLAK  and  J. JAROSŁAWSKI 

 

54 

set. The network is trained stepwise: the consecutive steps, bringing the network closer to find-

ing the optimal solution, are described as training epochs. It is to be noted that error minimiza-

tion during the training process does not apply to the error for all network cases but only to the 

error value calculated for the training set. Therefore, there is a strong need to be able to gener-

alize training experience in relation to new cases. The ability to generalize, i.e., determine the 

correct answers for input data that have not participated in the network training process is a 

very important attribute of neural networks. The gradual decline in generalization skills is called 

“network overfitting”. It consists in the fact that the network begins to over-adapt to training 

values, losing the ability to generalize. It is important to fit the model to the overall pattern of 

the analyzed dependence and not to the smallest details presented by individual data. The neg-

ative effects of the “network overfitting” phenomenon necessitate the early diagnosis of the 

vanishing tendency of the neural network to generalize. To this end, it is practiced to split the 

entire data package into three sets: 

 training set (presented to networks in the process of network training, used to transform 

the values of network parameters), 

 test set (not participating in the network training process, used for ongoing, independ-

ent assessment of the training progress), 

 validation set (not involved in the network training process, used to perform the final 

general assessment of the correctness of the network after the training process has been 

completed). 

6. ARTIFICIAL NEURAL NETWORKS AS A TOOL FOR FORECASTING  

THE GROUND-LEVEL OZONE CONCENTRATION AT SELECTED 

MONITORING STATIONS IN THE MAZOWIECKIE VOIVODESHIP 

6.1  Research methodology 

The aim of the research described in this chapter was to analyze the possibility of using auto-

matic neural networks in forecasting the content of ground-level ozone for the next day at se-

lected measuring stations of the Mazowieckie Voivodeship. The method of ozone concentration 

prediction based on artificial neural networks is widely used and widely discussed in world 

literature (Garcia et al. 2011; Elkamel et al. 2001; de Souza et al. 2015; Gardner and Dorling 

2001). Hence, keeping in mind the need for  the correctness of operation and accuracy of pre-

diction, it was planned to construct a model realizing the forecast of the maximum average 1-

hour value of ozone concentration per day on the next day for the following measuring stations: 

Belsk, Granica, Legionowo, Radom-Tochterman, and Warszawa-Ursynów. 

The aim of the work was achieved through the following actions: 

 

(1)  Acquisition of the results of forecasts of basic meteorological parameters for the period: 

April−September 2014 and April−September 2015 created using the global numerical weather 

forecast model WRF ARW (The Weather Research and Forecasting Model, Versiona ARW 

(Advaced Research WRF)) (Skamarock et al. 2008). The acquired data contained a forecast of 

the values of: 

 air temperature [°C], 

 solar radiation [W/m2], 

 wind speed [m/s], 

 relative humidity [%], 

for the next day for each of the aforementioned stations. For 2014, the data was generated every 

3 hours (i.e., 00:00, 03:00, 06:00, ..., 21:00), and for 2015 every 1 hour (00:00, 01:00, 02:00, 

..., 23:00). For a given hour, the parameter values were instantaneous. 
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The creation and search for optimal neural networks was based on data from 2015. The data 

from 2014 was used in the further part of the analysis to check the effectiveness of the selected 

neural networks. 

 

(2)  Implementation of 2015 data into a spreadsheet and compilation of tables containing the 

appropriate data values: 

 for the prediction of the maximum 1-hour value of O3 concentration on the next day, 

the maximum values of the abovementioned meteorological parameters were selected 

from the available prognostic data. The created data set has been supplemented with 

the two variables: 

 value specifying the month for which the O3 concentration prediction was carried out. 

The following months of the year were marked by their numerical equivalents (4 for 

April, 5 for May, ..., 9 for September). The forecast period per year is limited to six 

months, April through September, due to the high probability of occurrence of high 

concentrations of overground ozone at that time, so that its permissible level in terms 

of  health protection is likely to be exceeded; 

 the maximum value of 1-hour O3 concentration per day on the day preceding the fore-

cast. 

In the author’s opinion, the inclusion of the above-mentioned additional variables (in addi-

tion to variables in the form of meteorological parameters, which, as shown in previous chap-

ters, affect the value of ground-level ozone), could have a significant influence on the quality 

of the neural network training process and, hence, the resulting final network. 

When choosing the variables used to construct the model, the author has been taking into 

account: 

 knowledge of the nature of the analyzed problem (processes of ground-level ozone 

formation and destruction), 

 availability of input data. 

 

(3)  Implementation of data sets including meteorological parameter values, O3 values on the 

previous day and the month number to the Statistica 10 Program with the available extension 

“Automatic Neural Networks”. The appropriate parameters in the form of columns constituted 

model variables, and the values of these variables on the next day of the analyzed period 

(April−October 2015) in the form of rows were model cases (Table 13). All values in the data 

set were numerical values belonging to a specified range. 

Table 13 

Structure of the input set listing the number of cases and variables  

for the ground-level ozone concentration forecast 

 
Forecast 1h max  

Cases  Variables 

Belsk 158 6 

Granica 146 6 

Legionowo 160 6 

Radom 150 6 

Warszawa-Ursynów 156 6 
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Six input variables were used for each station and type of network. The number of cases 

varied, ranging from 146 to 160. The number of cases needed to carry out the correct training 

process is difficult to determine. In fact, there are some standards that make the number of cases 

dependent on the network architecture, e.g., that the number of cases should be at least ten times 

greater than the number of connections in the network. However, the size of the training set is 

determined by the complexity of the modeled phenomenon, and because the complexity of the 

function of the studied problem is not known, an appropriate method that would accurately 

determine the number of cases does not exist. 

 

(4)  Division of the entire data set into the subsets: 

 training (70% of data), 

 test (15% of data), 

 validation (15% of data) (Table 14). 

The purpose of this division was to avoid over-matching of the network to training data (i.e., 

loss of generalization skills). Since the minimization of error in the training process concerns 

the training data subset only, two additional subsets (test and validation) have been established 

and the cases they contained were not presented to the network during the training process. 

Observation and analysis of the error value in all subsets allowed to control and avoid the phe-

nomenon of network overtraining. 

Table 14 

The number of data in individual neural network subsets  

used for the ground-level ozone concentration forecast 

  

1h max 

Subset  

Training Test Validation 

Belsk 112 23 23 

Granica 104 21 21 

Legionowo 112 24 24 

Radom 106 22 22 

Warszawa-Ursynów 110 23 23 

 

The assignment of cases to individual subsets was made randomly. The training subsets 

consisted of 104 to 112 cases, test subsets from 21 to 24 cases and validation subsets from 21 

to 24 cases. All input and output data were in numeric form. 

6.2  Construction of artificial neural networks 

In the initial stage of the study, the “Automatic network designer” function with the regression 

model was applied (for each location). The analysis of the five best networks retained by the 

program allowed for an initial overall assessment of the quality of the generated models, serving 

for reference only. The author decided that the quality (expressed by correlation coefficients) 

of the models obtained in this way was insufficient and the error values were too large. Since 

the quality of the forecast in subsequent iterations of network training has not improved, at this 

stage of network designing the function “Automatic network designer” was each time (for each 
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measuring station) terminated, and we began to improve the neural model ourselves, using the 

“User Design” function. The process of generating the optimal model for predicting ground-

level ozone concentration was based on testing various three-layer MLP neural networks using 

a regression model, changing the number of neurons in the hidden layer and the activation 

function. A supervised training method was used, which means that we knew the output (real) 

values, which were the correct, desired network response for a given set of input signals. The 

BFGS (Broyden-Fletcher-Goldfarb-Shanno) quasi-Newtonian algorithm belonging to the set of 

gradient methods was used to create all the networks. Networks have been trained for 200 eras. 

Weights were initialized randomly and then, during the network training process, their reduc-

tion was not used. The error function in all cases was the SOS (sum of squares) function, in 

which the difference between the output value estimated by the network and the actual value 

set as a standard is squared and then added: 

 
 𝐸SOS =  ∑ (𝑥𝑖 − 𝑦𝑖)2𝑛

𝑖=1  (27) 
 

where xi is the network output value, and yi is the real value. 

According to Cybenko (1989), the structure of a network with one hidden layer is able to 

forecast with a sufficiently small error any limited continuous function. Therefore, while the 

choice of MLP networks with three layers (input, hidden, output) was justified, the appropriate 

selection of the number of neurons in the hidden layer was not so obvious. A larger number of 

hidden neurons allows mapping more complicated phenomena but at the same time can cause 

excessive network development, resulting in a slower pace of its operation and a tendency of 

over-adapting to training values (loss of the ability of knowledge generalization). In turn, too 

few neurons in the hidden layer may cause the network to be inefficient in solving complicated 

tasks. To determine the range of the number of neurons in the hidden layer, the rule proposed 

by Goethals et al. (2007) was used, according to which the number of neurons in the hidden 

layer depends on the number of input and output signals of the network (Table 15). 

Table 15 

Rules defining the number of neurons in the hidden layer  

based on the number of input data (In) and output data (Out) 

Rule Result 

2/3 × In 2/3 × (6) = 4 

0.75 × In 0.75 × (6) = 4.5 

0.5 × (In + Out) 0.5 × (6 + 1) = 3.5 

2 × In + 1 (2 × (6)) + 1 = 13 

2 × In  2 × (6) = 12 

                                 Note: Corrected version based on Goethals et al. (2007). 

Following the suggestions of Goethals et al. (2007) and other authors (Hooyberghs et al. 

2005; Melas et al. 2000), networks containing 3 to 13 neurons in the hidden layer were checked. 

In this work, optimization of the number of neurons in the hidden layer was carried out 

empirically, by testing the quality of the three-layer MLP network with different numbers of 

neurons in the hidden layer. In the same way, the quality of network operation was analyzed 

with various hidden and output layer activation functions: linear, tanh, logistic, exponential and 

sinh. On this basis, a set of several hundred networks was generated. Optimization of the most 
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appropriate neural model from a set of networks with different topology (different number of 

neurons in the hidden layer and different activation functions in the hidden and output layer) 

was made based on the analysis of the basic criteria: 

 Prediction error values for all subsets (training, test, validation). The greatest attention 

was paid to the size of error in the validation and test subsets, which were independent, 

not participating in the training process. It is important for the error values in all subsets 

to be as low as possible and for the test error to be comparable to a validation error 

because it indicates that the data in the subsets have been selected in a representative 

way. At the same time, it is important that the values of validation and test errors be 

not significantly different from the learning errors, as this may indicate the network’s 

inability to generalize the training results; 

 The network quality for all subsets expressed in the form of correlation coefficients 

between network responses and actual values set as a standard. 

The analysis of the above factors made it possible to select  the five best networks (one per 

each measuring station) realizing the forecast of the value of the maximum 1-hour O3 concen-

tration per day for the next day (Table 16). 

 

Table 16 

Characteristics of selected artificial neural networks for performing the forecast  

of the maximum daily 1-hour O3 concentration for the next day 

1 h max 
Net-

work 

type 

Net. 

archi-

tecture 

Correlation  

coefficient 
Error Training  

algo-

rithm 

Error 

func-

tion 

Activation  

function 

Train-

ing 
Test 

Vali-

dation 

Train-

ing 
Test 

Vali-

dation 

Hidden 

layer 

Output  

layer 

Belsk MLP 6-6-1 0.92 0.87 0.88 57.9 55.9 48.6 BFGS 40 SOS Tanh Linear 

Granica MLP 6-4-1 0.92 0.90 0.89 45.7 46.2 50.2 BFGS 37 SOS Tanh 
Expo-

nential 

Legio-

nowo 
MLP 6-3-1 0.94 0.91 0.87 56.8 38.1 50.6 BFGS 63 SOS Tanh 

Expo-

nential 

Radom MLP 6-7-1 0.93 0.89 0.90 57.8 42.4 45.9 BFGS 56 SOS Logistic Linear 

Warszawa 

Ursynów 
MLP 6-4-1 0.93 0.93 0.85 48.3 66.0 66.5 BFGS 33 SOS Tanh Logistic 

 

6.3  Architecture of artificial neural networks for predicting the maximum 1-hour ozone 

concentration 

In this subsection, the following network structure description system is used: 

 Abbreviation of the type of neural network – Multi-Layer Perceptron, MLP; 

 Designation of network architecture in the form of the number of neurons in the input 

layer, the number of neurons in the hidden layer, and the number of neurons in the 

output layer, separated by dashes. The number of neurons in the input layer (6) is con-

stant and represents the number of input data − factors determining the content of 

ground-level ozone (meteorological parameter values as well as month number and 

ozone concentration on the day preceding the forecast). The number of neurons in the 
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output layer (1) is also constant, being the predicted value of ozone concentration in 

the ground layer of the atmosphere. 

The Statistica 10 “Automatic Neural Networks” package uses the correlation coefficient 

values between the network output data being the values of the forecast and the actual values 

measured at the measuring station to assess the quality of the generated network. The interpre-

tation of the correlation strength between the variables was made based on the values of the 

correlation coefficient, r, according to Rowntree’s (1981) classification: 

0.0 < | r | ≤ 0.2 − very weak correlation, 

0.2 < | r | ≤ 0.4 − weak correlation, 

0.4 < | r | ≤ 0.7 − average correlation, 

0.7 < | r | ≤ 0.9 − high correlation, 

0.9 < | r | ≤ 1.0 − very high correlation. 

6.3.1  Belsk 

The selected best neural network forecasting the maximum 1-hour value of overground ozone 

for the Belsk measuring station had the 6-6-1 MLP structure with a hyperbolic tangent activa-

tion function for the hidden layer and a linear activation function for the output layer. The model 

reached the optimal level of approximation over the 40th training cycle. The prediction error 

for individual subsets is 57.9 for the training subset, 55.9 for the test subset, and 48.6 for the 

validation subset. The error values for the test and validation samples are similar, which indi-

cates the representativeness of the data contained in them; at the same time, the error values of 

these tests are not significantly different from the error value in the training sample, which in 

turn indicates the absence of the phenomenon of network overtraining. The correlation coeffi-

cients between the actual ozone concentrations and the ozone concentrations estimated by the 

network are 0.92 for the training subset, 0.87 for the test subset, and 0.88 for the validation 

subset. The values of all correlation coefficients are statistically significant at the significance 

level  α = 0.001, which, according to Rowntree (1981)’s classification, testifies to a high and 

very high correlation between the variables. 

6.3.2  Granica 

The optimal neural network selected for forecasting overground ozone content at the Granica 

monitoring station had the 6-4-1 MLP structure with the hyperbolic tangent activation function 

for the hidden layer and exponential activation function for the output layer. The network has 

reached an optimal level of approximation over the 37th training cycle. The value of the pre-

diction error for the training sample is 45.7, for the test sample 46.2, and for the validation 

sample 50.2. Similar error values in all subsets indicate good representativeness of cases in each 

of them and the ability of the network to generalize data. All correlation coefficients between 

the measured ozone concentration values and those calculated by the network are statistically 

significant at the significance level  α = 0.001  and amount to: 0.92 for the training set, 0.90 for 

the test set, and 0.89 for the validation set. This proves that the variables are in a very high and 

high correlation. 

6.3.3  Legionowo 

The selected neural network realizing the overground ozone content forecast at the Legionowo 

measuring station has 6-3-1 MLP architecture with hyperbolic tangent activation function and 

exponential activation function for the output layer. The network has achieved the approxima-

tion criterion in the 63th training cycle. The forecast error for individual subsets was: 56.8 for 

the training subset; 38.1 for the test subset, and 50.6 for the validation subset. The correlation 

coefficients between the actual ozone concentration values and the values calculated by the 

network were: 0.94 for the training sample, 0.91 for the test sample, and 0.87 for the validation 
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sample. The values of correlation coefficients are statistically significant at the significance 

level  α = 0.001  and testify to a very high and high correlation between the variables. 

6.3.4  Radom 

The neural network chosen as the best for forecasting the 1-hour maximum value of the over-

ground ozone concentration at the Radom-Tochterman measuring station has the 6-7-1 MLP 

structure with a logistic activation function in the hidden layer and a linear activation function 

in the output layer. The network reached the level of approximation in the 56th training cycle. 

The prediction error for individual subsets is 57.8 for the training subset, 42.4 for the test subset, 

and 45.9 for the validation subset. The values of the correlation coefficient between the ozone 

concentrations measured at the station and the values generated by the network are 0.93 for the 

training sample, 0.89 for the test sample, and 0.90 for the validation sample. All coefficients 

are statistically significant at the significance level  α = 0.001  and testify to a very high and 

high correlation between the variables. 

6.3.5  Warszawa-Ursynów 

The selected best neural network for forecasting 1-hour maximum values of overground ozone 

at the Warszawa-Ursynów station is characterized by the MLP 6-4-1 structure with the hyper-

bolic tangent activation function for the hidden layer and the logistic activation function in the 

output layer. The approximation criterion was achieved in the 33rd training cycle. The values 

of the prediction error were: 48.3 for the training subset; 66.0 for the test subset; and 66.5 for 

the validation subset. Calculated values of correlation coefficients between measured data and 

those estimated by the network were equal to 0.93 for the training sample and also 0.93 for the 

test sample, as well as 0.85 for the validation sample, which testifies to very high and high 

correlation of variables. 

6.4  Global sensitivity analysis 

The quality of the modeling results is largely determined by the selection of appropriate input 

parameters. In order to check the correctness of using specific input variables in the model and 

assess how important individual variables are for the operation of the network, a global network 

sensitivity analysis was performed (Table 17). The analysis consists in checking the value of  
 

Table 17 

Results of the global sensitivity analysis of neural networks  

performing the forecast of the daily maximum 1-hour O3 concentration for the next day 

1 h max 

Temperature 
Solar  

radiation 

Relative  

humidity 
Wind speed 

Previous-day 

ozone 
Month 

Quo-

tient 
Rank 

Quo-

tient 
Rank 

Quo-

tient 
Rank 

Quo-

tient 
Rank 

Quo-

tient 
Rank 

Quo-

tient 
Rank 

Belsk 5.32 1 1.53 3 1.13 5 1.04 6 1.25 4 2.67 2 

Granica 5.88 1 1.26 3 1.21 5 1.24 4 1.07 6 4.82 2 

Legionowo 6.38 1 1.73 2 1.07 6 1.15 5 1.57 4 1.57 3 

Radom 4.94 1 1.51 4 1.10 6 1.13 5 1.97 2 1.78 3 

Warszawa 5.84 1 1.68 2 1.14 6 1.16 5 1.35 4 1.47 3 
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the total error, while all cases of a given variable will be converted to the average of the training 

subset, this procedure being performed for all the variables. After such a modification of the 

dataset, the final prediction error can significantly/insignificantly increase/decrease, or remain 

unchanged. Then the quotient of network errors is calculated for a network operating without a 

single variable and for a network operating with a whole series of variables. The size of the 

error quotient indicates the usefulness of variables in the correct operation of the network − the 

higher the value of the quotient, the more sensitive the network is to the lack of a specific 

variable in the input data set. Variables for which the error quotient is above 1 are crucial for 

the correct operation of the network and should be kept. Variables for which the error quotient 

is 1 or lower usually do not affect the quality of the network, and their removal can improve the 

network performance. However, since the variables used as input data are usually not com-

pletely independent, you should be careful when deleting individual variables so as not to lose 

relevant information contained in the coexistence of mutually related variables. 

6.4.1  Belsk 

The global sensitivity analysis showed that the most important parameter, which has a dominant 

significance in shaping the 1-hour maximum concentration of ground-level ozone per day, is 

the value of air temperature with a rank of 1 and an error quotient of 5.32. Another important 

parameters are the month number of rank 2 and the quotient of 2.67, followed by solar radiation 

(rank 3, quotient 1.53), ozone content on the previous day (rank 4, quotient 1.25), relative hu-

midity (rank 5 , quotient 1.13) and wind speed (rank 6, quotient 1.04). As the value of the 

quotient for this last parameter is close to one, modeling test was performed without taking into 

account wind speed, which has not significantly affected the modeling result. Finally, however, 

it was decided to keep the wind speed in the input data set. 

6.4.2  Granica 

The global sensitivity analysis showed that the main parameter affecting the value of 1-hour 

maximum ozone concentration per day is the value of air temperature with a rank of 1 and a 

quotient of 5.88. Another, also key parameter is the month number with rank 2 and the quotient 

value of 4.82. Other significant variables ranked in importance are: solar radiation (rank 3, 

quotient 1.26), wind speed (rank 4, quotient 1.24), relative humidity (rank 5, quotient 1.21), and 

maximum ozone content on the previous day (rank 6, quotient 1.07). The values of the error 

quotient for each variable used in the model were above 1. This indicates that all the input data 

have been affecting the final result of the forecast. 

6.4.3  Legionowo 

Interpretation of the global sensitivity analysis showed that the variable that most strongly af-

fects the maximum 1-hour ground-level ozone content per day at the Legionowo monitoring 

station is the air temperature with a rank of 1 and an error quotient of 6.38. Other variables are 

characterized by much smaller error quotient values, although in each case greater than one. 

Sorted in order of importance for the result of the prediction are as follows: solar radiation (rank 

2, quotient 1.73), month number (rank 3, quotient 1.57), maximum ozone content on the previ-

ous day (rank 4, quotient 1.57), wind speed (rank 5, quotient 1.15), and relative humidity (rank 

6, quotient 1.07). 

6.4.4  Radom 

The global sensitivity analysis showed that the parameter to which the output variable (ozone 

content) is most sensitive (its lack is most influential) is the value of air temperature, with a 

rank of 1 and an error quotient of 4.94. The second most important parameter is the maximum 

ozone content on the previous day with rank 2 and an error quotient of 1.97. The next are: month 
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number (rank 3, quotient 1.78), solar radiation (rank 4, quotient 1.51), wind speed (rank 5, 

quotient 1.13), and relative humidity (rank 6, quotient 1.10). No error quotient below one was 

found for any of the variables used in the model. 

6.4.5  Warszawa-Ursynów 

From the interpretation of global sensitivity analysis it can be concluded that the key parameter 

affecting the final result of the prediction is the value of air temperature with a rank of 1 and an 

error quotient of 5.84. In the second place in terms of importance is solar radiation with rank 2 

and a quotient of 1.68. Other parameters ranked by significance are: month number (rank 3, 

quotient 1.47), maximum ozone content on the previous day (rank 4, quotient 1.35), wind speed 

(rank 5, quotient 1.16), and relative humidity (rank 6, quotient 1.14). No value of the quotient 

smaller than one was recorded for any parameter, which indicates that all the variables used in 

the model are significant. 

6.5  Local sensitivity analysis 

In addition to the global sensitivity analysis, the results of which were discussed in the previous 

section, a local sensitivity analysis was also carried out to determine the ranges of input data 

values that are particularly important for the prediction and the ranges that do not significantly 

affect it. The local sensitivity analysis consists in making small changes to the quantities subject 

to local variations, i.e., around 10 points from the entire range of variation of a particular input. 

Then the model response to a given distortion of an input variable is observed. A significant 

difference in the result of network prediction after the introduction of the distortion determines 

which “areas” of variability of a given variable are particularly sensitive to modifications and 

therefore crucial for the correct formulation of the forecast. 

The application of the local sensitivity analysis tool available in the Statistica package “Au-

tomatic neural networks” made it possible to determine the ranges of variability of those mete-

orological parameters that are important for the final result of the prediction, and those that are 

less important. Based on 10 points evenly distributed throughout the range of a given input 

variable, charts were created (Fig. 15) which are a graphical presentation of the results of the 

local sensitivity analysis. The analysis of the charts showed that the effect of air temperature 

values up to approx. 15°C is not significant for the result of prediction. Values from about 15°C 

to about 28°C are characterized by a slightly greater influence on the forecast result, but it is 

the range from about 28°C to maximum values, i.e., to about 34−35°C, which exerts a crucial 

effect on  the prediction results. The importance of solar radiation in shaping the forecast result 

in all types of stations is minimal, although there is a noticeable tendency that the more intense 

the solar radiation, the minimally greater the influence of this parameter on the modeling result. 

The influence of wind speed on the prediction result varies depending on the type of measuring 

station. At regional background stations (Belsk, Granica) the lowest values, from 1 to 7 m/s, 

are key in shaping the modeling result. In the case of Legionowo the opposite is true − the 

higher the wind speed values, the greater their impact on the prediction result. In turn, at the 

other two city stations (Radom-Tochterman, Warszawa-Ursynów) the “area” of average values 

of the wind speed variability in the range from approx. 5 to 9 m/s proved to be critical. The 

impact of relative humidity on the ground-level ozone concentration resulting from the forecast 

at urban background stations is the greater the higher the value of this parameter. The situation 

is different at regional stations. Relative humidity values between 60 and 70% and 80 to 100% 

are of key importance there. Values between 70 and 80% have the smallest share in shaping the 

prediction result.  

Further analysis of the curves presented in the graphs allowed to notice a non-linear nature 

of the dependence of changes in the values of individual meteorological parameters on the  
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Fig. 15. Graphic interpretation of the results of local sensitivity analysis for meteorological parameters. 
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ground-level ozone content characteristic for each measuring station. This demonstrates the 

varied impact of local meteorological and chemical conditions on the formation of ozone con-

centrations in places located in a relatively small area (Mazowieckie Voivodeship). 

6.6  Quality assessment of neural prognostic models 

The following graphs are the determinants showing the extent to which the selected model ap-

proximates the values of ground-level ozone concentration in individual measuring stations: 

 bar graphs: ground-level ozone concentrations calculated by the network and measured 

at the station, 

 dispersion: ozone content measured at the station relative to the content calculated by 

the network, 

 relative error values informing how the value calculated by the network differs (in per-

cent) from the value measured at the monitoring station. The relative error was calcu-

lated according to the formula: 

 

 𝛿 =
|𝑋meas−𝑋calc|

𝑋meas
× 100% (28) 

 

where Xmeas are the measured values [µg/m3], and Xcalc are the calculated values [µg/m3]. 

The most important feature of neural models is their ability to generalize, and that is why 

only the charts for data from the validation subset are presented in this chapter, i.e., those that 

were not used during the training process. 

An additional criterion for the quality of selected models are error values that are a measure 

of the deviations of modeled ground-level ozone content. Using different types of measures, 

you can examine the properties of prognostic errors such as load and precision. Load of the 

forecast is determined on the basis of ME (Mean Error) and MPE (Mean Percentage Error), 

whose values provide information on the average systematic deviation of the forecasted values 

from the actual ones (how much the forecast values are overestimated or underestimated in 

relation to real values). Forecast precision can be determined based on both the absolute 

measures, i.e., MAE (Mean Absolute Error) or MAPE (Mean Absolute Percentage Error) and 

the square measures, such as: MSE (Mean Squared Error) or RMSE (Root Mean Squared Er-

ror). Precision errors tell us what is the average deviation of the predicted values from the actual 

values (http://gszafranski.w.interiowo.pl/download/prog/Modul5.pdf). In order to achieve the 

minimum error, it is important to choose the right network structure and correctly match the 

weight values in the training process. In such a situation, the global model error (GE) value 

generated for the validation set is the smallest. 

In this study, in order to examine the predictive properties of the model, the following kinds 

of forecast error measures were calculated: 

(1) ME − Mean Error of the forecast: allows us to determine the average load of the forecast, 

i.e., check whether the model results are subject to a systematic error. With the assumed formula 

shown below, a positive deviation from zero indicates that the forecasts are underestimated and 

negative forecasts that they are overestimated. 

 

 ME =
1

𝑛
∑ (𝑥𝑖 − 𝑦𝑖)

𝑛

𝑖=1
  (29) 

 

where  𝑥𝑖 is the actual value, 𝑦𝑖 the forecasted value, and n is the number of cases. 

(2) MAE – Mean Absolute Error of the forecast: allows us to determine how much the av-

erage forecast values will deviate (in absolute terms) from the actual values. 
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 MAE =  
1

𝑛
∑ |𝑥𝑖 − 𝑦𝑖|𝑛

𝑖=1  (30) 

 

(3) MAPE – Mean Absolute Percentage Error of the forecast: allows us to specify the aver-

age percentage forecast error. The MAPE meter is the basis for comparing the accuracy of 

forecasts for different models. 

 

 MAPE =  
1

𝑛
∑ |

𝑥𝑖−𝑦𝑖

𝑥𝑖
|

𝑛

𝑖=1
× 100% (31) 

 

(4) RMSE − Root Mean Square Error: interpretation similar to MAE, but RMSE is more 

sensitive to extremely high and low values. 

 

 RMSE =  √
1

𝑛
∑ (𝑥𝑖 − 𝑦𝑖)2n

𝑖=1
 (32) 

 

(5) GE − Global Error of the model: allows us to assess the model’s ability to reproduce the 

analyzed phenomenon. 

 

 GE = √
∑ (𝑥𝑖−𝑦𝑖)2𝑛

𝑖=1

∑ 𝑥𝑖
2𝑛

𝑖=1

 (33) 

 

(6) R − Correlation Coefficient: allows to determine the compliance of the directions of 

changes (increases and decreases) of forecasted values and actual values. 

6.6.1  Belsk 

As can be seen from the graphs (Fig. 16), the general nature of changes in ozone content has 

been correctly reproduced; most cases of ozone content are predicted with high accuracy and 

the points focus around a fitted regression line. The difference in the forecast of the two maxi-

mum values of ozone concentrations (143.6 and 140.8 µg/m3) from the validation set was 11.3 

and 9.2 µg/m3, respectively. 

Further analysis of the plots indicates that the relative error made by the selected neural 

model for the validation sample ranges from 1.9 to 31.4%. The highest error (31.4%) was rec-

orded at the end of September when the measured ozone concentrations were relatively low 

(62.4 µg/m3). The average relative error was 9.7%, with 61% of the values estimated by the 

model obtained with an error below this value. Also, 61% of the results calculated by the model 

were obtained with an error below 10%, and 91% with an error below 20%. The values of the 

model fit quality measures for the training, test and validation subsets are presented in Table 18. 

The values of Pearson’s linear correlation coefficients for all subsets give evidence for a 

high and very high correlation between real values and those generated by the network, indi-

cating the network’s ability to correctly reproduce relationships typical for the considered situ-

ation. The analysis of the remaining measures shows that usually the error values for the training 

sample are smaller compared to the test and validation samples. This situation is the evidence 

of the proper selection of the network structure and indicates the ability of the network to gen-

eralize. The value of global error plays a dominant role in assessing the quality of model fit. As 

can be seen from the table, the selected neural network, when predicting the maximum 1-hour 

value of ozone concentration, makes an error of 0.11, which indicates a fairly good representa-

tion of the actual values network. 
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Fig. 16. Modeling results of the maximum 1-hour value of ozone concentration for validation test (Belsk 

station). Top left: chart of measured and calculated ozone concentrations; top right: chart of scattering 

of measured ozone concentrations against calculated values; bottom: chart of  relative errors. 

 

Table 18 

Values of the model fit measures for the validation sample (Station Belsk) 

Belsk 

Measure\Sample Training Test Validation 

ME 0.0811 0.2379 –1.3385 

MAE 7.9015 8.7835 8.5784 

MAPE 7.7741 8.4086 9.6667 

RMSE 10.7573 10.5700 9.8544 

Correlation 0.9199 0.8663 0.8847 

GE   0.1056 
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6.6.2  Granica 

The analysis of plots in Fig. 17 shows that the majority of ozone concentration values are fore-

casted with high accuracy. It is important that the predictions of the highest (the most danger-

ous) ozone concentrations be burdened with the smallest possible error. 

 

Fig. 17. Modeling results of the maximum 1-hour value of ozone concentration for validation test (Sta-

tion Granica). Top left: chart of measured and calculated ozone concentrations; top right: chart of scat-

tering of measured ozone concentrations against calculated values; bottom: chart of relative errors. 

Table 19 

Values of the model fit measures for the validation sample (Station Granica) 

Granica 

Measure\Sample Training Test Validation 

ME 0.0041 1.9984 -3.6225 

MAE 7.3748 6.8747 7.1023 

MAPE 8.0746 6.9985 8.7243 

RMSE 9.5576 9.6115 10.0160 

Correlation 0.9162 0.9012 0.8884 

GE   0.1094 
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The difference between the maximum measured ozone concentration (138.1 µg/m3) and the 

corresponding calculated value was 8.2 µg/m3. Even smaller differences in the measured and 

calculated values were recorded for two consecutive high ozone concentrations, 117 and 

115 µg/m3, for which the differences were 2.9 and 2.3 µg/m3, respectively. The relative error 

made by the network ranges from 0.3 to 31.3%. The average relative error value is 8.7%, with 

62% of the results generated by the network obtained with an error below this value. 67% of 

forecasts were contaminated with an error below 10%, while 86% of forecasts with an error 

below 20%. The values of the model fit quality measures for the training, test and validation 

subsets are presented in Table 19. 

The values of Pearson’s linear correlation coefficients for all subsets indicate a very high 

and high correlation between the measured values set as a standard and the modeled values, and 

testify to the correctness of mapping the relationships characterizing the studied phenomenon. 

For test and validation samples, higher error values were recorded than for the training sample. 

The value of the global model error indicates that the prediction of the maximum 1-hour ozone 

content per day is contaminated by an error of the order of 0.11. 

6.6.3  Legionowo 

The analysis of plots in Fig. 18 indicates that the nature of the data variability in the validation 

sample has been correctly reproduced and the points are grouped along the regression line. At 

the Legionowo monitoring station, the maximum value of 1-hour maximum ground-level ozone 
 

Fig. 18. Modeling results of the maximum 1-hour value of ozone concentration for validation test (Sta-

tion Legionowo). Top left: chart of measured and calculated ozone concentrations; top right: chart of 

scattering of measured ozone concentrations against calculated values; bottom: chart of  relative errors. 
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content in the validation set was 148.8 µg/m3. The result of the forecast by the selected neural 

network for that day was 137.8 µg/m3. When the concentration values are so high, the 11 µg/m3 

difference in prediction is the evidence for high accuracy of mapping. 

The value of the relative error made by the network ranges from 0.3 to 38.6%. The highest 

error (38.6%) was observed at the end of May, when the 1-hour maximum value of ozone con-

centration was relatively low (72 µg/m3). The average relative error value is 8.5%, with 58% of 

network results obtained with an error below this value. 67% of network results were contami-

nated with an error below 10 and 92% with an error below 20%. Table 20 presents the values 

of the model fit quality measures for the training, test and validation subsets. 

Table 20 

Values of the model fit measures for the validation sample (Station Legionowo) 

Legionowo 

Measure\Sample Training Test Validation 

ME 0.1911 0.1286 -1.5818 

MAE 8.3434 6.7703 7.3618 

MAPE 8.5177 6.6733 8.5113 

RMSE 10.6554 8.7254 10.0556 

Correlation 0.9403 0.9069 0.8652 

GE   0.1100 

 

The values of Pearson’s linear correlation coefficients for all subsets testify to a very good 

and almost full correlation between the standard values and the values estimated by the network 

and testify to the correct representation of the relationships describing the studied phenomenon. 

In most cases, higher error values were obtained for the test and validation samples compared 

to the training sample. The value of the global model error means that the prediction of the 

maximum 1-hour ozone content per day is contaminated with an error of 0.11. 

6.6.4  Radom 

The analysis of the presented plots (Fig. 19) indicates the correct representation of the nature 

of ground-level ozone concentration variability: the points are grouped along the regression 

line. The differences between the two maximum ozone concentration values (139.1 and 

118.6 µg/m3) and their forecasted values were minimal, amounting to 2.2 and 3.2 µg/m3, re-

spectively. 

The relative errors committed by the network range from 0.3 to 46.1%. The largest error 

(46.1%) was recorded at the end of May, when the maximum ozone content was relatively low 

(60.1 µg/m3) (the forecast value was 87.8 µg/m3). The average value of relative error is 9.5% 

with 54% of network results obtained with an error below this value. 59% of network results 

were contaminated by an error below 10%, and 95% of results by an error below 20%. The 

quality measures of the model fit for the training, test and validation subsets are presented in 

Table 21. 

The values of Pearson’s linear correlation coefficients for all subsets give evidence of a very 

high and high correlation between real values and values generated by the network. In general, 

higher error values were recorded for the test and validation samples than for the training sam-

ple. The value of the global error of the model indicates that, while predicting the maximum  

1-hour ozone content, the selected network makes an error of 0.11. 
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Fig. 19. Modeling results of the maximum 1-hour value of ozone concentration for validation test (Sta-

tion Radom). Top left: chart of measured and calculated ozone concentrations; top right: chart of scat-

tering of measured ozone concentrations against calculated values; bottom: chart of relative errors. 

Table 21 

Values of the model fit measures for the validation sample (Station Radom) 

Radom 

Measure\Sample Training Test Validation 

ME 0.0205 –2.5176 –5.4801 

MAE 8.1855 7.2665 7.4182 

MAPE 8.3553 7.5123 9.5332 

RMSE 10.7498 9.2059 9.5830 

Correlation 0.9260 0.8883 0.9022 

GE   0.1124 

 

6.6.5  Warszawa-Ursynów 

The analysis of the plots (Fig. 20) confirmed the compliance of the pattern of the mapped 

changes in the ground-level ozone content at the Station Warszawa-Ursynów. The maximum 

ozone concentration values (155, 139.8, and 120.5 µg/m3) were mapped by the network with  
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Fig. 20. Modeling results of the maximum 1-hour value of ozone concentration for validation test (Sta-

tion Warszawa-Ursynów). Top left: chart of measured and calculated ozone concentrations; top right: 

chart of scattering of measured ozone concentrations against calculated values; bottom: chart of relative 

errors. 

Table 22 

Values of the model fit measures for the validation sample (Station Warszawa-Ursynów) 

Warszawa-Ursynów 

Measure\Sample Training Test Validation 

ME –0.2797 –0.0065 1.4383 

MAE 7.3938 8.9199 8.8648 

MAPE 8.2244 9.3894 9.7855 

RMSE 9.8322 11.4903 11.5356 

Correlation 0.9300 0.9290 0.8488 

GE   0.1161 

 

 

relatively small differences (3.7, 13.7, and 6.6 µg/m3, respectively). The relative error calcu-

lated for the data from the validation subset ranges from 0.3 to 36.5%. The highest error (36.5%) 

was found in early September, when  the ozone concentration measured at the station was rather 
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low: 58.7 µg/m3. The average relative error value is 9.8%, with 56% of the ozone concentration 

estimated with an error below this value. Also, 56% of the results had an error below 10%, and 

87% of the results had an error below 20%. 

The values of the quality measures of the model fit for the training, test and validation subsets 

are given in Table 22. The values of Pearson’s linear correlation coefficients for all subsets give 

evidence for a very good and almost full correlation between real values and network response 

values, as well as an accurate mapping of dependencies characterizing a given phenomenon. 

Usually, lower error values recorded for the training sample testify to the properly selected 

network structure, ensuring its ability to generalize knowledge for cases that have not been 

presented yet. The value of the global model error indicates that the prediction of the maximum 

1-hour ozone content is realized with an error of 0.12. 

7. FORECAST OF THE MAXIMUM 1-HOUR OZONE CONCENTRATION  

FOR THE YEAR 2014 (APRIL−SEPTEMBER) 

One of the aims of this study was to create a set of neural networks that would be able to gen-

eralize the acquired knowledge into new cases, i.e., such that had not been presented before. 

The future exploitation of the model was taken into account already at the stage of con-

structing the network architecture. Both the number (only 6) and the specificity (only key pre-

dictors) of information used in the network as a vector of input variables were strictly 

conditioned by the future use of the model. The reason is that it is important to have the input 

information set containing the data that can be obtained on the day the forecast is being made. 

In order to check the effectiveness (ability to generalize) of selected neural networks when 

applied to new cases, the networks were used to forecast ground-level ozone for the next day 

through the period from April to September 2014. The forecast of the maximum 1-hour value 

of ozone concentration per day for the next day was based on the input data for 2014, analogous 

to the input data for 2015 used for the construction of the network (see Chapter 6). 

7.1  Presentation of results 

The results of selected models were presented using the diagrams of: 

 time variability of the predicted maximum 1-hour value of ground-level ozone concen-

tration per day, 

 dispersion of the maximum 1-hour values of ground-level ozone concentrations during 

the day, as measured at the measuring station, versus the values calculated by the net-

work, 

 histogram of deviations of values generated by the network from the actual values, 

 values of relative errors. 

Moreover, like in the case of assessing the quality of networks generated for 2015, the errors 

constituting the measure of deviations of modeled ozone concentration values (ME, MAE, 

MAPE, RMSE, and Pearson’s linear correlation coefficient) were used as the criterion of fore-

cast accuracy. In order to obtain additional information regarding the quality assessment of 

selected prognostic neural models, the respective error measures were compared, namely ME 

and MAE as well as MAE and RMSE. The comparison of the first pair of error measures pro-

vides information on the systematic “loading” of projected values, i.e., whether they have been 

systematically undervalued or overvalued relative to actual values. Equal or similar absolute 

ME and MAE error values mean that the forecast values were systematically overestimated or 

underestimated. Comparing the second pair of error measures with each other allows to con-

clude about the occurrence of various values of differences (both small and large) between the 

forecasted and actual values. This is demonstrated by the significant difference between the 

MAE and RMSE values. 
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7.1.1  Belsk 

Figure 21 presents a set of graphs showing the relationships between ground-level ozone con-

centrations measured at the station and calculated by the selected model in relation to the max-

imum 1-hour O3 concentration per day during the period 1 April – 30 September 2014. 

Analysis of the diagrams shows that the prognostic model well reproduces the actual time 

variation of ozone concentrations. The exceptions are the first half of April, when the model 

slightly overestimated the low ozone concentrations, and the turn of August and September, 

when the model undervalued the high ozone levels. The maximum value of ozone concentration 

measured in the analyzed period at the Station Belsk was 145.4 µg/m3. The value estimated for 

this day by the model was 141.5 µg/m3. 

Analysis of the residual histogram shows that the residual values range from about –60 to 

about +40 µg/m3. Deviations of the forecast from the value observed for 52% of cases ranged 

from –10 to +10 µg/m3, for 81% of cases between –20 and +20 µg/m3, for 93% of cases within 

–30 to +30 µg/m3 and for 98% of the cases between –40 and +40 µg/m3. On average, about 3% 

of cases were characterized by a deviation from actual value in the range from –40 to –60 µg/m3. 

The maximum residual value was 53.6 µg/m3 (27 July 2014, xi (measured value) was 

79 µg/m3, yi (calculated value) was 132.6 µg/m3) and was the only value above 50 µg/m3. In-

terpretation of the scatter graph shows the existence of a relationship between variables at the 

correlation coefficient level of 0.73. The relative error values range from 0.2 to 136.4%. The  
 

 

Fig. 21. Modeling results of the maximum 1-hour value of ozone concentration for the period from April 

to September 2014 (Station Belsk). Top left:  measured and calculated ozone concentrations; top right: 

histogram of residues; bottom left: scatter graph of measured ozone concentrations versus calculated 

values; bottom right:  relative errors. 
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Table 23 

Model fit values for the period from April to September 2014 (Station Belsk) 

Station\Measure ME MAE MAPE [%] RMSE Correlation 

Belsk –4.8 12.1 15.4 15.9 0.73 

 

average value of relative error is 15.3%, with 67% of forecasts obtained with an error below 

this value. Table 23 presents the calculated basic measures of deviations of real ozone values 

from the forecasts estimated by the selected neural network model for the period 1 April – 

30 September 2014. 

A negative ME value indicates that the model tends to overestimate the maximum 1-hour 

ozone concentration. It can be stated that the actual values were lower than the forecast by an 

average of 4.8 µg/m3. The MAE value indicates that the forecast values differed from the values 

observed by of 12.1 µg/m3, on average. The MAPE value indicates that the forecast values 

differed from real values by an average of 15.4%. According to the RMSE value, the average 

difference between the measured value and the forecast is 15.9 µg/m3. Pearson’s linear corre-

lation coefficient of 0.73 gives evidence for a high correlation and compliance of directions of 

the forecasted and real values. The absolute values of ME and MAE are very different, which 

indicates that the forecasts are not subject to any systematic overestimation or underestimation. 

The higher RMSE error compared to MAE is probably due to the existence of extremely high 

residuals (above 30 µg/m3) between measured and forecasted values. 

7.1.2  Granica  

Figure 22 presents a set of graphs showing the relationships between ground-level ozone con-

centrations measured at the station and calculated by the selected model in relation to the max-

imum 1-hour O3 concentration per day during the period 1 April – 30 September 2014. 

Analysis of the diagrams indicates good compliance of the forecast with the actual concen-

tration values from April to the first half of July and in the first half of August. In the second 

half of July, the model systematically overestimated the forecast values, while at the turn of 

August and September the model tended to average the high and low ozone concentrations. The 

maximum ozone content measured at the Station Granica during the analyzed period was 

150.8 µg/m3 (7 July 2014). The forecast value for this day was characterized by a minimal 

(5.7 µg/m3) underestimation. Analysis of the residual histogram indicates that the residual val-

ues range from –60 to +40 µg/m3. The deviations of the forecast value from the actual value for 

47% of cases ranged from –10 to +10 µg/m3, for 73% of cases from –20 to +20 µg/m3, for 94% 

of cases within –30 to +30 µg/m3, and for 98% of cases between –40 and +40 µg/m3. The re-

maining approx. 3% of forecasts had a deviation from the observed value within the range of  

–40 to –60 µg/m3. Maximum residual values between the observation and the forecast were 

52.2 and 53.9 µg/m3, and both were associated with significant overestimation of the observa-

tions. A scatter plot indicates the existence of a relationship between variables at the correlation 

coefficient level of 0.74. The relative error values range from 0 to 77.4%. The average relative 

error value is 15.4%, with 59% of forecasts obtained with an error below this value. Table 24 

provides information on the main measures of deviations of forecast ozone values from actual 

values for the period 1 April – 30 September 2014. 

A negative ME value indicates the general tendency of the model to overestimate the max-

imum 1-hour ozone concentration by an average of 7.1 µg/m3. The MAE value indicates that 

the projected values differ from the actual values by an average of 13.5 µg/m3. According to 

the MAPE value, the forecasts differed from observations by an average  of 15.4%.  The average 



OZONE CONTENT VARIABILITY IN THE GROUND-LEVEL ATMOSPHERE … 

 

75 

 

Fig. 22. Modeling results of the maximum 1-hour value of ozone concentration for the period from April 

to September 2014 (Station Granica). Top left:  measured and calculated ozone concentrations; top right: 

histogram of residues; bottom left: scatter graph of measured ozone concentrations versus calculated 

values; bottom right:  relative errors. 

Table 24 

Model fit values for the period from April to September 2014 (Station Granica) 

Station\Measure ME MAE MAPE [%] RMSE Correlation 

Granica –7.1 13.5 15.4 17.4 0.74 

 

difference between the measured and forecast values, according to RMSE, is 17.4 µg/m3. The 

value of Pearson’s linear correlation coefficient is 0.74, which indicates a high correlation and 

a good mapping of the directions of changes in real values by the predicted values. The almost 

two-fold absolute value of the MAE measure (13.5) compared to the ME measure (–7.1) means 

that there is neither systematic overestimation nor underestimation of the forecasted values. The 

difference between the MAE and RMSE values of 3.9 µg/m3 may be due to high residual val-

ues. 

7.1.3  Legionowo 

Figure 23 presents a set of graphs showing the relationships between ground-level ozone con-

centrations measured at the station and calculated by the selected model in relation to the max-

imum 1-hour O3 concentration per day during the period 1 April – 30 September 2014. 
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Fig. 23. Modeling results of the maximum 1-hour value of ozone concentration for the period from April 

to September 2014 (Station Legionowo). Top left:  measured and calculated ozone concentrations; top 

right: histogram of residues; bottom left: scatter graph of measured ozone concentrations versus calcu-

lated values; bottom right: relative errors. 

Analysis of the graphs indicates good compliance of the forecast with the actual concentra-

tion values over the entire analyzed period. The maximum measured ozone concentration was 

172.9 µg/m3. The forecast value for that day was 147.9 µg/m3, generating a difference of 

25 µg/m3. Other very high ozone concentrations with a value above 150 µg/m3 were the fol-

lowing: 150.7 µg/m3 (8 June 2014), 153.2 µg/m3 (9 June 2014), and 153.3 µg/m3 (4 July 2014). 

The corresponding forecast values were: 134.8, 158.2, and 115.7 µg/m3, respectively. Analysis 

of the residual histogram shows that the residual values range from –60 to +40 µg/m3. The 

deviations of the predicted value from the actual value for 51% of cases ranged from –10 µg/m3 

to +10 µg/m3, for 80% of cases between –20 and +20 µg/m3, for 93% of cases between –30 to 

+30 µg/m3 and for 97% of cases within the range of –40 to +40 µg/m3. The remaining 3% of 

cases were characterized by a deviation from –40 to –60 µg/m3. The maximum value of the 

remainder between the actual value and the forecast, resulting from the overestimation of the 

low ozone content by the model, was 58.8 µg/m3 (3 April 2014, xi = 55.7 µg/m3, yi = 

114.5 µg/m3). The analysis of the scatter graph shows the existence of a correlation between 

variables at the coefficient level of 0.79. The relative error values range from 0 to 105.6%. The 

average value of relative error is 14.3%, with 62% of the results obtained with an error value 

below this value. 

Table 25 contains the results of calculations of the measures of deviations of the ozone 

concentration values estimated by the selected neural model from the actual values for the pe-

riod 1 April – 30 September 2014. 

A positive sign of the ME error indicates that the selected model has a tendency to understate 

the predicted maximum 1-hour ozone concentrations in relation to actual values by an average 

of 2.7 µg/m3. According to the MAE, the forecasts differed from the actual values by  
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Table 25 

Model fit values for the period from April to September 2014 (Station Legionowo) 

Station\Measure ME MAE MAPE [%] RMSE Correlation 

Legionowo 2.7 12.6 14.3 16.2 0.79 

 

12.6 µg/m3, on average. The RMSE indicates that the average difference between the observa-

tion and the forecast was 16.2 µg/m3. The MAPE value indicates that actual values differed 

from forecasts by 14.3%, on average. The value of Pearson’s linear correlation coefficient 

(0.79) gives evidence for a high correlation between variables and compliance of directions of 

changes in forecasted values. The absolute values of ME (2.7) and MAE (12.6) differ signifi-

cantly, hence it can be concluded that the forecast values are not systematically undervalued or 

overestimated. The difference of MAE and RMSE measures, amounting to 3.6, indicates the 

existence of extreme values of differences between the forecast and actual values. 

7.1.4  Radom 

Figure 24 presents a set of graphs showing the relationships between ground-level ozone con-

centrations measured at the station and calculated by the selected model as concerns the maxi-

mum 1-hour O3 concentration per day during the period 1 April – 30 September 2014. 

The time variability of ozone concentrations is well reproduced by the predicted values, 

except for the second half of August and the first days of September, when the model underes-  

 

Fig. 24. Modeling results of the maximum 1-hour value of ozone concentration for the period from April 

to September 2014 (Station Radom). Top left:  measured and calculated ozone concentrations; top right: 

histogram of residues; bottom left: scatter graph of measured ozone concentrations versus calculated 

values; bottom right: relative errors. 
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timated the high ozone concentrations and overestimated the low ones twice. The maximum 

measured ozone concentration is 150.2 µg/m3, while the corresponding forecast value is 

121.8 µg/m3. Analysis of the residual histogram shows that the residual values range from –50 

to +50 µg/m3. Forecast deviations from observations for 38% of cases are in the range from  

–10 to +10 µg/m3, for 75% in the range from –20 to +20 µg/m3, for 94% in the range from –30 

to +30 µg/m3, for 99% in the range from –40 to +40 µg/m3. Only 1% of cases had a deviation 

from –40 to –50 µg/m3 (1 case) and from +40 to +50 µg/m3. The maximum residual values 

between forecast and actual values are 43.2 µg/m3 (13 July 2014: xi = 102.1 µg/m3, yi = 

58.9 µg/m3) and 40.3 µg/m3 (30 September 2014: xi = 50.2 µg/m3, yi = 90.5 µg/m3). As can be 

seen from the above, the former is a result of an underestimation of the high ozone value and 

the latter follows from an overestimation of the low ozone value. A scatter plot indicates the 

existence of a relationship between variables at the correlation coefficient level of 0.69. The 

relative error values range from 0.1 to 84.1%. The average relative error value is 15.8%, with 

60% of the prediction results obtained with an error below this value. Table 26 presents values 

of basic measures of deviations of forecast from actual values for the period from 1 April to 30 

September 2014. 

Table 26 

Model fit values for the period from April to September 2014 (Station Radom) 

Station\Measure ME MAE MAPE [%] RMSE Correlation 

Radom 3.3 14.1 15.8 16.8 0.69 

 

The value of ME indicates the tendency of the model to underestimate the value of forecasts 

by 3.3 µg/m3, on average. The MAE value indicates that the average difference between the 

measured and modeled values is 14.14 µg/m3. The average percentage difference between the 

forecast and the observation according to the MAPE measure is 15.8%. According to RMSE, 

projections differed from observations by 16.8 µg/m3, on average. The value of Pearson’s linear 

correlation coefficient (0.69) indicates that the correlation between the forecast and real varia-

bles was on the average level. The MAE error that is almost 4 times higher (14.1 µg/m3) than 

the ME error (3.3 µg/m3) rules out the occurrence of a systematic underestimation  or overesti-

mation of the forecast value by the selected model. The relatively low value of the difference 

(2.6) between MAE and RMSE, as compared to other stations (3.8 in Belsk; 3.9 in Granica; 3.6 

in Legionowo), probably results from the occurrence of lower maximum absolute values of 

differences between the actual and forecasted values (between 40 and 50 µg/m3 in contrast to 

50 to 60 µg/m3). 

7.1.5  Warszawa-Ursynów 

Figure 25 presents a set of graphs showing the relationships between ground-level ozone con-

centrations measured at the station and calculated by the selected model concerning the maxi-

mum 1-hour O3 concentration per day during the period 1 April – 30 September 2014. 

Analysis of the diagrams indicates good compliance of the forecast with the actual concen-

tration values. The exceptions are two periods: the first half of May and the turn of August and 

September, when the model underestimated the value of ozone concentrations. The maximum 

1-hour ozone content measured at Station Warszawa-Ursynów during the analyzed period was 

150 µg/m3. The forecast value estimated for that day was 132.0 µg/m3, i.e., less than the meas-

ured value by 18 µg/m3. The residual histogram analysis shows that the residual values range 

from –50 to +40 µg/m3. For 49% of cases, the residual values ranged from –10 to +10 µg/m3;  
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Fig. 25. Modeling results of the maximum 1-hour value of ozone concentration for the period from April 

to September 2014 (Station Warszawa-Ursynów). Top left:  measured and calculated ozone concentra-

tions; top right: histogram of residues; bottom left: scatter graph of measured ozone concentrations ver-

sus calculated values; bottom right: relative errors. 

Table 27 

Model fit  values for the period from April to September 2014 (Station Warszawa-Ursynów) 

Station\Measure ME MAE MAPE [%] RMSE Correlation 

Warszawa-Ursynów 0.9 13.0 15.7 16.3 0.74 

 

for 80% of cases between –20 and +20 µg/m3; for 93% of cases from –30 to +30 µg/m3; for 

98% of the cases from –40 to +40 µg/m3. The remaining 2% of forecast cases were character-

ized by a deviation from the actual value in the range from –40 to –50 µg/m3. The maximum 

absolute residual value (45.3 µg/m3) was associated with an actual ozone concentration of only 

37.8 µg/m3 and was due to model’s overestimation of a low ozone concentration. The arrange-

ment of points on the scatter plot indicates the existence of a relationship between variables at 

the correlation coefficient level of 0.69, but at the same time shows the existence of several 

outliers. The relative error values range from 0.1 to 166.0%. The average value of relative error 

is 15.7%, with 67% of forecast results obtained with an error below this value. Table 27 presents 

the results of calculations of the main measures of deviations of the forecast values relative to 

the actual values for the period from 1 April to 30 September 2014. 

The ME value indicates the model’s tendency to understate the projected values by 

0.9 µg/m3 on average. The MAE measure indicates that the projections differed from real values 
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by 13.0 µg/m3 on average. The percentage difference between the forecast and the measured 

value (MAPE measure) is 15.7%, on average. According to RMSE, the average difference be-

tween the observation and the forecast is 16.3 µg/m3. The value of Pearson’s linear correlation 

coefficient of 0.74 indicates a high correlation between variables and good implementation of 

changes in the directions of modeled value. A significant difference between the ME and MAE 

values indicates that there is no regularity in underestimating or overestimating the predicted 

ozone concentrations. The difference between the MAE and RMSE, amounting to 3.3 µg/m3, 

indicates the existence of large residual values between observation and forecast. 

7.2  Comparison of the results of the forecast by artificial neural networks and the 

GEM-AQ model 

In this section, a comparison is made of the  ground ozone forecasts for 1 day forward generated 

by selected neural networks with an analogous forecast created by the latest-generation global 

troposphere chemistry model GEM-AQ (Global Environmental Multiscale-Air Quality). Data 

in the form of tropospheric ozone concentration maps for the Mazowieckie Voivodeship, cov-

ering the analyzed period from 1 April to 30 September 2014, were downloaded from the web-

site of the Chief Inspectorate for Environmental Protection (air.gios.gov.pl), which provides the 

forecast of air contamination by ground-level ozone on the country and voivodeship scale cal-

culated through the EkoPrognoza forecasting system based on the GEM-AQ model. 

7.2.1  Description of the GEM-AQ model 

The GEM-AQ model, belonging to the group of Euler models, was developed by a network of 

cooperating Canadian scientific institutions MAQNet (Multiscale Air Quality Network). The 

GEM-AQ model was based on the GEM (Global Environmental Multiscale Model) numerical 

weather forecast model used by the Canadian Meteorological Center (Côté et al. 1998). The 

characteristics of transport processes and physical phenomena in the GEM-AQ model come 

from the meteorological model, while the chemical description of the gas phase is based on the 

ADOM (Acid Deposition and Oxidants Model) model (Lurmann et al. 1986). Currently, the 

improved system determining the chemical properties of the gas phase includes 50 chemical 

compounds (35 transported by advection and 15 with short lifetime not suitable for transport), 

116 chemical reactions and 19 photochemical reactions. In addition, the model includes the 

CAM aerosol module (Canadian Aerosol Model; Gong et al. 2003) covering physico-chemical 

interactions involving five types of aerosols: organic, sulfate, mineral dust, sea salt, and soot 

(Kaminski et al. 2008). 

Generation of a forecast for the concentration of a given atmospheric air pollutant is based 

on a number of input data that are an integral part of the entire forecasting system. In addition 

to the chemical data described above (including aerosols), the most important are the following: 

 geophysical and topographic data characterizing the earth’s surface: land/sea recogni-

tion, mean height and roughness of the ground, surface temperature, soil temperature, 

soil moisture, albedo, and snow/ice cover, 

 meteorological data at the earth’s surface: pressure and, at a constant pressure level or 

at hybrid levels: air temperature, relative humidity, geopotential, wind vector compo-

nents, 

 emission data covering the total volume of emissions of relevant chemical compounds 

(NOx, VOC) (http://powietrze.gios.gov.pl/pjp/documents/download/101102). 

The forecast of atmospheric air pollution by ozone for the area of Poland in the voivodeship 

scale is carried out every day for 3 consecutive days on a computational grid with a resolution 

of 5 km (0.05°). One-hour ozone concentrations are the basis for calculating the following av-

erage values: 
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 maximum 1-hour ozone concentration per day, 

 maximum 8-hour moving average ozone concentration per day, 

 24-hour average ozone concentration. 

The results of the weather forecast carried out by the GEM-AQ model, available for down-

load from the GIOŚ website, are presented in graphic form (maps and animations) both on the 

national and voivodeship scale. The degree of atmospheric air pollution with ozone is presented 

by means of a color scale (Fig. 26). 

In this work, the use was made of the Mazowieckie Voivodeship maps presenting the fore-

cast values for the maximum 1-hour value of ozone concentration per day on the next day. 

Each of the forecasts has different ozone concentration ranges (Table 28). Different colors 

on the maps (the same as in the table) characterize the respective ranges of ozone content in the 

air. 

To enable comparative analysis of ozone concentration forecasts generated by selected neu-

ral networks with those created by the GEM-AQ model, the forecasted ozone concentration 

ranges were read from available maps for all analyzed stations (Belsk, Granica, Legionowo, 

Radom, Warszawa-Ursynów) in the period from 1 April to 30 September 2014 for a specific 

 

Fig. 26. Maps of ozone air pollution in the Mazowieckie Voivodeship (maximum ozone concentration 

per day) (source: powietrze.gios.gov.pl). 

Table 28 

Ranges of ozone concentration values and the corresponding color scale 

Forecast Range [µg/m3] 

1h max 0-50 50-100 100-120 120-140 140-160 160-180 180-220 220-240 240- 
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type of forecast. Then, neural network prediction results were assigned to concentration ranges 

appropriate for the GEM-AQ model. In this way, comparable data sets containing forecasts in 

the form of a range of ozone concentrations for a given day for both neural networks and the 

GEM-AQ model were obtained. 

7.2.2  Comparison results 

7.2.2.1  Belsk 

The total number of forecasts of ground-level ozone concentration carried out by the selected 

neural network for the Belsk measuring station for the period from 1 April to 30 September 

2014 was 161. For these days, the results of network prediction were compared with those 

obtained by the GEM-AQ model. The number of accurate predictions made by the neural net-

work was 105, which constitutes 65% of the total number of all predictions, while the number 

of correct predictions made by the GEM-AQ model was 81, which constitutes 50% of the total 

number of forecasts. Figure 27 presents the correct and incorrect forecasts for each month cov-

ered by the analysis in the period from April to September 2014 for the results of the neural 

network and the GEM-AQ model. 

 

Fig. 27. Comparison of forecasts of the maximum 1-hour ozone concentration obtained from the neural 

network and the GEM-AQ model in the period from April to September 2014 (Station Belsk). Legend: 

P − correct forecast, F − incorrect forecast. 

Analyzing the results of calculations for neural networks, it can be stated that in all the 

months covered by the analysis, except for July, correct forecasts constitute from 58% (May) 

to 86% (June) of the total number of forecasts. In July, only 45% of all forecasts were correct. 

Analyzing the results of the GEM-AQ model, it was found that in the months of April, June, 

and September the percentage value of the prediction was 66, 65, and 60%, respectively. In the 

remaining three months, i.e., May, July, and August, the percentage of correctly calculated 

forecasts was 42, 32, and 42%, respectively. 

7.2.2.2  Granica 

The total number of forecasts of ground-level ozone concentration carried out by the selected 

neural network for the measuring Station Granica for the period from 1 April to 30 September 

2014 was 154. For these days, the results of network prediction were compared with those 

obtained by the GEM-AQ model. The number of forecasts correctly made by the neural network  
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Fig. 28. Comparison of forecasts of the maximum 1-hour ozone concentration obtained from the neural 

network and the GEM-AQ model in the period from April to September 2014 (Station Granica).  

Legend: P − correct forecast, F − incorrect forecast. 

was 97, which constitutes 63% of the total number of all forecasts, while the number of correct 

forecasts made by the GEM-AQ model was 91, which constitutes 59% of the total number of 

forecasts. Figure 28 presents the results of correct and incorrect forecasts for each month cov-

ered by the analysis in the period from April to September 2014 for the results of the neural 

network and the GEM-AQ model. 

Analyzing the results of calculations for neural networks, it can be stated that in all the 

months covered by the analysis, except of July, correct forecasts constitute from 59% (May) to 

86% (September) of the total number of forecasts. In July, only 33% of all forecasts were cor-

rect. Analyzing the results of the GEM-AQ model, in the months of April, May, June, and 

September it was found that the percentage of the prediction was: 74, 52, 68, and 79%, respec-

tively. In the other two months, i.e., July and August, the percentage of correctly calculated 

forecasts was 47 and 46%, respectively. 

7.2.2.3  Legionowo 

The total number of forecasts of ground-level ozone concentration carried out by the selected 

neural network for the Legionowo measuring station for the period from 1 April to 30 Septem-

ber 2014 was 158. For these days, a comparative analysis of the prediction results generated by 

the network with those obtained by the GEM-AQ model was performed. The number of fore-

casts correctly made by the neural network was 106, which constitutes 67% of the total number 

of all forecasts, while the number of correct forecasts made by the GEM-AQ model was 88, 

which constitutes 56% of the total number of forecasts. 

Figure 29 presents the results of correct and incorrect forecasts for each month under study 

in the period from April to September 2014 for  the results of the neural network and the GEM-

AQ model. 

Analyzing the results of calculations for neural networks, it can be stated that in all months 

covered by the analysis, except for July, correct forecasts constitute from 63% (May) to 93% 

(September) of the total number of forecasts. In July, correct forecasts constituted only 39% of 

the realized forecasts. Analyzing the results of the GEM-AQ model, it was found that in the 

months of April, June, and September the percentage of the prediction was 65, 81, and 79%, 

respectively. In the months of May and July, the percentage of correctly calculated forecasts 

was 43 and 32%, respectively. In August, the correct forecasts constituted 50%. 
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Fig. 29. Comparison of forecasts of the maximum 1-hour ozone concentration obtained from the neural 

network and the GEM-AQ model in the period from April to September 2014 (Station Legionowo). 

Legend: P − correct forecast, F − incorrect forecast. 

7.2.2.4  Radom 

The total number of forecasts of the ground-level ozone concentration made by the selected 

neural network for the Radom measuring station for the period from 1 April to 30 September 

2014 was 159. For these days, the results of forecasts created by the network were compared 

with those made by the GEM-AQ model. The number of correct forecasts made by the neural 

network was 98, which constitutes 62% of the total number of all predictions, while the number 

of correct forecasts made by the GEM-AQ model was 88, which constitutes 55% of the total 

number of forecasts. Figure 30 presents the results of correct and incorrect forecasts for each 

month under study in the period from April to September 2014 for the results of the neural 

network and the GEM-AQ model. 

Analyzing the results of calculations for neural networks, it can be stated that in all months 

covered by the analysis, with the exception of July, correct forecasts constitute from 54% (Au-  
 

Fig. 30. Comparison of forecasts of the maximum 1-hour ozone concentration obtained from the neural 

network and the GEM-AQ model in the period from April to September 2014 (Station Radom). Legend: 

P − correct forecast, F − incorrect forecast. 
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gust) to 83% (June) of the total number of forecasts. In July, correctly made forecasts constitute 

32% of all forecasts. Analyzing the results of the GEM-AQ model, in the months of April, June, 

July, and September, it was found that the percentage of the prediction was 59, 65, 52, and 80%, 

respectively. In the remaining months, i.e., May and August, the percentage of correctly calcu-

lated forecasts was 48% and 38%, respectively. 

7.2.2.5  Warszawa-Ursynów 

The total number of forecasts of the ground-level ozone concentration made by the selected 

neural network for the Warszawa-Ursynów measuring station for the period from 1 April to 30 

September 2014 was 160. The results of network prediction were compared with those obtained 

by the GEM-AQ model for the appropriate 160 days of the analyzed period. The number of 

correct forecasts made by the neural network was 111, which constitutes 69% of the total num-

ber of all forecasts, while the number of correct forecasts made by the GEM-AQ model was 93, 

which constitutes 58% of the total number of forecasts. Figure 31 presents the results of correct 

and incorrect forecasts for each month subject to the analysis in the period from April to Sep-

tember 2014 for the results of the neural network and the GEM-AQ model. 

 

Fig. 31. Comparison of forecasts of the maximum 1-hour ozone concentration obtained from the neural 

network and the GEM-AQ model in the period from April to September 2014 (Station Warszawa-

Ursynów). Legend: P − correct forecast, F − incorrect forecast. 

Analyzing the results of calculations for neural networks, it can be stated that in all the 

months analyzed, the correct forecasts constitute from 52% (July) to 80% (September) of the 

total number of forecasts. Analyzing the results of the GEM-AQ model, it was found that in the 

months of April, June and September the percentage of the prediction was: 79, 69, and 80%, 

respectively. In the remaining three months, i.e., in May, July, and August, the percentage of 

correctly calculated forecasts was 48, 42, and 40%, respectively. 

7.2.3  Forecast analysis with relative error value above 50% 

The results of modeling the maximum 1-hour ozone concentration on the following day for the 

period from April to September 2014 were characterized by the occurrence of forecasts with an 

unusually high value of the relative error. In this paper, it was assumed that an unusually high 

value of relative error means a value above 50%. The adopted criterion is related to Directive 

2008/50/EC, according to which the deviation from the observed value for at least 90% of fore-

cast results should be below 50%. In this section, an analysis is made of  forecasts with a relative 
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Table 29 

Comparison of results of two forecasts: taking into account forecasted input data and actual input data, 

made for days on which the modeling result was contaminated by an error above 50% 

Date 

Measured 

value 

[µg/m3] 

Forecast 1 Forecast 2 

Forecast 

[µg/m3] 

Relative error 

[%] 

Forecast 

[µg/m3] 

Relative error 

[%] 

Belsk 

6 April 2014 61.8 97.4 57.6 96.1 55.4 

28 April 2014 69.8 113.2 62.1 86.9 24.4 

29 May 2014 41.1 81.0 97.1 67.6 64.4 

12 July 2014 24.6 58.2 136.4 54.5 121.6 

27 July 2014 79.0 132.6 67.9 142.9 80.9 

1 August 2014 59.4 104.2 75.4 81.0 36.4 

1 September 2014 39.0 81.4 108.8 73.2 87.7 

Granica 

3 April 2014 96.5 148.7 54.1 117.1 21.4 

24 May 2014 100.8 154.7 53.4 132.8 31.8 

25 July 2014 57.3 93.2 62.6 83.0 44.8 

1 August 2014 58.5 103.8 77.4 85.0 45.3 

30 September 2014 51.7 77.8 50.4 72.0 39.2 

Legionowo 

3 April 2014 55.7 114.5 105.6 79.8 43.3 

28 May 2014 69.3 105.2 51.8 67.7 2.3 

29 May 2014 51.3 77.8 51.7 59.4 15.7 

3 June 2014 37.2 59.6 60.2 58.6 57.5 

12 July 2014 36.4 62.7 72.2 60.7 66.7 

1 August 2014 70.8 114.4 61.6 93.2 31.7 

1 September 2014 52.8 96.5 82.8 67.9 28.6 

Radom 

29 May 2014 40.9 75.3 84.1 78.6 92.1 

26 August 2014 58.4 89.4 53.1 84.5 44.7 

1 September 2014 52.2 91.9 76.0 94.5 81.1 

30 September 2014 50.2 90.5 80.4 88.5 76.3 

Warszawa-Ursynów 

28 May 2014 63.1 103.4 63.8 69.9 10.9 

29 May 2014 37.8 83.1 119.9 57.1 51.0 

3 June 2014 34.0 60.3 77.2 54.0 58.8 

11 July 2014 55.2 87.4 58.4 76.4 38.5 

12 July 2014 25.7 68.4 166.0 52.3 103.3 

1 September 2014 53.2 85.2 60.1 58.2 9.4 
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error of over 50%. Table 29 presents a list of days in which this situation took place. Addition-

ally, the results of the forecast for the input data including the forecasted meteo parameters 

(Forecast 1) and for the input data including the actual meteo parameters (Forecast 2) are pre-

sented. In this way, a potential source of error can be detected, e.g., in the incorrect forecast of 

the input data. 

As shown in Table 29, the occurrence of forecast values with an error of over 50% was 

recorded at all measuring stations. Their number, depending on the station, ranged from 4 (Ra-

dom) to 7 (Belsk, Legionowo). 

It has been observed that errors above 50% are associated with relatively low values of 

observed maximum 1-hour ozone concentrations, in the range from 25.7 to 79 µg/m3. The ex-

ceptions are 2 cases at the Station Granica, where the concentration values were higher (96.5 

and 100.8 µg/m3). It is important to note that in each case the network had a tendency to over-

estimate the actual ozone content and this usually took place with a sharp decrease in ozone 

concentration. Figure 32 presents such an example that occurred on 12 July 2014, and plots 

over 7 days before and 7 days after it, as recorded at the Station Warszawa-Ursynów. As shown 

in Fig. 32, the maximum ozone concentration dropped by about 70 µg/m3 within two days, and 

on the next day it increased by over 60 µg/m3. The network correctly detected the direction of 

changes, but it failed to forecast such a low ozone content. In order to determine the origin of 

such high error values generated by the network, an additional forecast of ozone concentrations 

was made for the days listed in Table 29. This time, the forecasted meteorological parameter 

values were replaced by the actual ones. A comparative analysis of the errors the two types of 

forecasts showed that: 

 for Belsk, the error value was reduced in six out of seven cases, and in two cases the 

forecast result had an error below 50%; 

 for Granica, in addition to reducing the error value in each case, it was possible to 

generate a forecast with an error below 50%; 

 for Legionowo, in each case the error value decreased and in five out of seven cases 

the error was less than 50%; 

 for Radom in two out of four cases a smaller error was obtained and in one the error 

below 50% was achieved; 

 for Warszawa-Ursynów, in all six cases there was a decrease in error and in four 

cases an error below 50% was obtained. 
 

Fig. 32. Values of ozone concentration in the period from 5 to 19 July 2014. 
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As follows from the above, the use of real meteorological parameters instead of forecasted 

ones significantly improved the quality of the forecast. In 93% of cases, the forecast results 

were contaminated by a smaller error and in 55% the obtained error values were less than 50%. 

This demonstrates the ability of the network to correctly reproduce the relationships between 

variables, and high relative error values of generated forecasts may be partly a consequence of 

incorrect input data. 

8. SUMMARY AND CONCLUSIONS 

The presence of ozone in the ground layer of the atmosphere is a widely discussed issue in 

recent decades, especially in the context of the occurrence of high ozone concentrations − dan-

gerous to human health and plant conditions. Ground-level ozone is a secondary air pollutant 

arising as a result of photochemical reactions involving, i.e., nitrogen oxides and volatile or-

ganic compounds. Ozone production processes, involving the content of ozone precursors and 

their quantitative ratio, are strongly non-linear (Lin et al. 1988). The significant impact of ozone 

on the formation of the greenhouse effect on Earth, the formation of photochemical smog and 

the production of free radicals makes it a very important component of air, and the recognition 

and description of its time-space variability and factors determining its concentration is of fun-

damental importance. 

The main goal of this work was a detailed analysis of the variability of ozone content in the 

ground layer of the atmosphere in the Mazowieckie Voivodeship. The considerations presented 

concern six measuring stations: Belsk, Granica, Legionowo, Radom-Tochterman, Warszawa-

Krucza, and Warszawa-Ursynów selected to represent the stations of the urban background as 

well as the regional background. The goal was achieved through the following actions: 

(1) A detailed analysis of the variability of ozone concentration values in the ground layer 

of the atmosphere, at all the stations under study, on an annual, weekly, and daily scale. This 

analysis covered a period of 8 years, from 2005 to 2012. Average long-term ozone concentra-

tion values ranged from 41.2 to 54.1 µg/m3. The highest values were recorded at the regional 

background stations: Belsk and Granica, and the lowest at the urban background stations: War-

szawa-Krucza and Radom. The variability of ozone concentrations is determined by a number 

of factors, among which the most important are: the state of air pollution and the associated 

availability of potential ozone precursors, as well as the prevailing meteorological conditions 

affecting the rate of photochemical reactions. Changes in the above factors on an annual or 

daily basis are reflected in the variability of ozone content. At all analyzed stations, a charac-

teristic cycle of changes in ozone concentrations was observed with a maximum in the spring 

and summer and a minimum in the autumn and winter. The existence of a clear April maximum 

for regional background stations and a wide spring-summer maximum for urban background 

stations was recognized. The highest ozone concentration values per week, regardless of the 

type of station, were recorded on Sundays and the lowest on Wednesdays at regional back-

ground stations and on Fridays at urban background stations. In addition, the existence of ozone 

weekend phenomenon (occurrence of higher ozone concentrations on working days than on 

Saturdays and Sundays) has been demonstrated annually at a statistically significant level 

(α = 0.05) for the Station Warszawa-Krucza. The analysis of the phenomenon in individual 

seasons showed the existence of the weekend phenomenon in all seasons only at the Station 

Warszawa-Krucza and additionally at the Warszawa-Ursynów, Radom and Belsk stations in 

winter. During the analysis of the pattern in the scale of individual seasons, an unusual phe-

nomenon of lower ozone concentrations on workdays was detected on Saturdays and Sundays 

at regional background stations in summer. An application of the comparative method for the 

Ox content on workdays and on Saturdays and Sundays made it possible to detect the main 

reason for the occurrence of the ozone weekend phenomenon at the measuring stations of the 
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Mazowieckie Voivodeship, namely the reduction of NO emissions on Saturdays and Sundays, 

and hence the reduction of ozone destruction processes with the participation of NO particles. 

The universal pattern of ground-level ozone variability throughout the day, with a clear maxi-

mum in the afternoon and a minimum just before sunrise, undergoes significant changes 

throughout the year. Depending on the month, the changes concern the ozone concentration 

values, amplitudes of diurnal changes as well as the occurrence time of the maximum. In addi-

tion, during the winter, a specific double minimum, in the morning and evening, has occurred 

at the urban-background stations. 

(2) Assessment of the variability in the ground-level ozone content trend at Belsk in 

1995−2016. Based on the average annual values of ozone concentrations and the curve deter-

mined by the LOWESS local regression method, three periods were distinguished (1995−2003, 

2003−2010, 2010−2016), during which the following pattern was observed: increase, decrease 

and then again a slow increase of ground-level ozone. 

(3) A statistical analysis to learn what relationship exists between the ground ozone content 

and selected meteorological parameters on a monthly basis at the stations under study. The 

relationship between the value of ozone concentration and air temperature shows a positive, 

statistically significant correlation in the months from April to October. In the remaining 

months, correlation coefficients have different character and are usually not statistically signif-

icant. Of interest is the correlation between ozone content and relative humidity, which is neg-

ative throughout the year and statistically significant. An opposite situation is in the case of the 

dependence of the ozone content on the solar radiation, in which the correlation throughout the 

year is positive and almost always statistically significant. The impact of wind speed on the 

ozone concentration value varies significantly throughout the year. Noticeable is a positive, 

statistically significant correlation in the months from October to February, proving that the 

transport of ozone-rich air is a key factor in shaping the ozone budget in the autumn and winter. 

In the remaining months, correlation coefficient values are much lower and usually indicate a 

negative correlation between wind speed and ozone concentration. 

(4) Construction of five (for 5 measuring stations) models of neural networks that forecast 

the value of the maximum 1-hour ozone concentration per day on the following day for the 

period from April to September 2015. The Statistica 10 “Automatic neural networks” model 

package was used to build the models. The model input data were the following: predictive data 

(WRF model forecast) of four basic meteorological parameters (air temperature, solar radiation, 

relative humidity and wind speed) identified as having key significance for the processes of 

ozone formation and destruction in the atmosphere, as well as two parameters relating to the 

ozone concentration on the day preceding the forecast and time the forecast was made. For 

approximation, three-layer MLP networks were used, with a properly selected number of neu-

rons in the hidden layer and the appropriate activation function for the hidden and output layers. 

The quasi-Newtonian algorithm BFGS was used to create all the networks, and the SOS func-

tion was the error function in all cases. Optimization of the best model was based on network 

quality indicators and error values for each subset (training, test, and validation). Selected neu-

ral networks were of simple topology. The number of neurons in the input layer was 6, in the 

hidden layer from 3 to 7 and in the output layer 1. The global sensitivity analysis showed that 

the parameters constituting the input data of the model were chosen correctly. The local sensi-

tivity analysis made it possible to find the variability ranges of input variables, particularly 

important for the result of the prediction and at the same time to reflect the non-linear nature of 

the relationship between ground-level ozone content and meteorological parameters, of differ-

ent character, depending on the station type. Hence, one can conclude that there is a significant 

impact of local environmental conditions (meteorological and chemical) on shaping the nature 

of the non-linear relationship between ground-level ozone and the values of meteorological 
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parameters. It can be stated that the correlation analysis based on the values of Pearson’s coef-

ficient was a preliminary, visual assessment of the interdependence of variables. Thanks to the 

neural networks (or more precisely the tool in the form of local sensitivity analysis), it was 

possible to detect a non-linear correlation that actually characterizes the ground-level ozone 

content and selected meteorological parameters. 

(5) Verification of the quality of operation of all selected neural networks over the period 

from April to September 2014,  using the same set of input data as in the year 2015. The purpose 

of the verification was to assess the ability of the network to generalize the knowledge acquired 

during the training process for new cases previously not presented to the network. The values 

of correlation coefficients for all stations, varying from 0.69 (Radom) to 0.79 (Legionowo), 

show that in most cases the correlation between the actual and forecast values is high. The 

average values of relative errors range from 14.3% (Legionowo) to 15.8% (Radom). Forecasts 

characterized by the highest value of relative errors (above 50%) were the effect of overestima-

tion of relatively low ozone concentrations, associated with a sharp decrease in measured val-

ues. 

(6) Comparison of the modeling results of maximum 1-hour values of ground-level ozone 

for the next day using the artificial neural networks constructed by the author and the global 

troposphere chemistry model GEM-AQ. The comparative analysis covered the period from 

April to September 2014. The results for neural models indicate that the percentage of correctly 

made predictions, depending on the measuring station, ranged from 62% (Radom) to 69% 

(Warszawa-Ursynów), while the percentage of correct predictions generated by the GEM-AQ 

model fluctuated in the range from 50% (Belsk) to 59% (Granica). Ultimately, it can be stated 

that the use of artificial neural networks with the MLP structure is an effective tool supporting 

the prediction of ground-level ozone for the next day and the accuracy of forecasts is at least 

equivalent, or in some cases better than the accuracy of forecasts obtained using modern global 

troposphere chemistry models. 
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