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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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