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Abstract

:

Hourly and daily variations of ground-level ozone have been analyzed in relation to meteorological parameters, UVB radiation and radon near the Baltic Sea in Lithuania. An atypical situation with respect to wind domination was observed during the experiment: the wind from the continent was twice as frequent as the wind from the sea. The close correlation between ground-level ozone concentration and UVB radiation intensity was established. The vertical migration directions of ozone and radon were opposite and the negative correlation between these pollutants was observed. The diurnal course of ozone and radon and the influence of meteorological parameters (temperature, relative air humidity, wind speed and direction) on variation of these pollutants have been estimated. It was established that the wind direction domination during the experiment had a significant influence on the variation of ozone and radon concentrations.
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1. Introduction


Recently, the environmental air problems related to the change of ozone volume in the stratosphere and troposphere have become more urgent. Ozone is a toxic air pollutant that is both necessary and harmful to life on earth. The ozone layer in the stratosphere serves as the main barrier protecting us from harmful UV radiation [1,2], therefore the ozone layer decomposition is a global problem that needs to be solved by reducing emissions of the materials destroying the ozone shield (chlorine fluoride hydrocarbons and some other organic halogen formations) into the atmosphere [3].



Ultraviolet radiation is divided into three spectrum ranges according to the length of waves: UVA (315–400 nm), UVB (280–315 nm) and UVC (100–280 nm) [4]. The shorter are the waves, the higher energy they have and the more harmful radiation they possess [5]. The ozone layer absorbs almost all the UVC beams, a major share (95%) of UVB and only a very small share (5%) of UVA beams [6]. UVB is the most dangerous radiation that reaches the earth’s surface [7]. UV radiation from the sun has both important beneficial and detrimental effects on humans. It damages the main building blocks of human life, i.e., desoxyribonucleic acid (DNA). Surface UV levels are mainly affected by solar zenith angle, clouds, aerosol and surface albedo in addition to ozone [8,9,10].



The changes of UV radiation intensity resulting from the changes of the stratospheric ozone quantity could alter the concentration of reactive tropospheric gases, including ozone [11,12]. The influence of UV intensity changes could be relevant to the regional scale air quality, since it could alter the short- and long-term concentrations of photo oxidants in the boundary layer. Increased UV radiation intensity enhances photochemical activity in the troposphere [10].



There are several sources of ozone in the troposphere: it can be induced by diffusion or intrusive activity from the stratosphere, which results in positive concentration gradient followed by higher ozone concentrations in the free troposphere. Moreover, it can result from discharge in the atmosphere as well as from a product of photochemical reactions in the troposphere [13,14].



Tropospheric ozone is a secondary pollutant formed by solar radiation in a series of photochemical reactions from NOx (and volatile organic compounds (VOCs)). The O3 precursor gases NOx, CO, CH4, and VOC are emitted from a wide variety of anthropogenic (e.g., transportation emissions, solvents, and fossil fuels) and natural (e.g., forests, wetlands, soils, and lightning) sources [15,16].



The ground-level ozone concentration is characteristic of strong seasonal, episodic, and diurnal fluctuations [14,17]. The outdoor ozone concentration is not high in Lithuania [18], and the level of 120 µg/m3 is only observed less than 10% of the time.



The results of research in Western Europe showed that the parameters of major importance for the occurrence of photochemical ozone are meteorological parameters [19,20]. Thus, researchers state that meteorological conditions have a decisive impact on surface ozone concentrations [21,22].



A close correlation is observed between ozone concentration and radon activity concentration in the atmospheric boundary layer, and the change of the above pollutants in the atmospheric boundary layer is influenced by meteorological parameters; therefore, it is important to evaluate the impact of meteorological parameters on the process of ozone and radon activity concentration in the air of the atmospheric boundary layer.



Chain chemical and photochemical reactions activate the ozone production during daylight hours over the land on a clear day when there is an intense solar radiation [17,23,24], while radon disperses at the same time. The dispersion of radon marks the start of vertical turbulence, which carries radon along with ozone and its precursors to high quotas. Since radon accumulates at night, minimum ozone concentrations are observed: ozone production is not intensive because there is no solar radiation, and ozone is destroyed on the underlying surface by nitrogen oxides and other pollutants in the air [25,26]. The nights when radon does not accumulate, but rather remains at low concentrations, are characterized by high levels of ozone, which peak greatly during the first hours after midnight [27,28].



In the daytime, when vertical air mixing is intensive, ozone moves intensively from the higher layers to the ground level of the atmosphere, while radon migrates from the earth to the upper layers of the atmosphere. This determines maximum values of ozone concentration and minimum values of radon volumetric activities during daylight hours. At night, when the inflow of ozone from the higher layers decreases, ozone decay is dominant on the ground level [29].



The radon concentration is dominant on the ground level at night and is caused by decrease of vertical air mixing [30]. However, it is effective only over land, since radon gas emanates from soil where it is formed as a result of 226Ra decaying. Radon emanation and concentration over the water surface is very low. Therefore higher radon concentrations over the sea are observed only in the case of advection from the land. The concentration in soils is typically 105 Bq/m3 [31], whereas it is only approximately 2 Bq/m3 in the oceans [32]. Thus, radon emanation is much greater, typically by a factor 100, over land than over the sea. Vertical mixing of air generally leads to an additional loss of radon at sea level. However, if the upper air comes from over land and the lower air is purely maritime, vertical mixing may cause an increase in radon concentration [33].



The purpose of this experiment was to establish the relationship between surface ozone concentration and UVB radiation intensity, to assess the influence of the meteorological parameters on ozone and radon activity concentrations, and to establish the relationship between these pollutants in the atmosphere on the eastern coast of the Baltic Sea. These combined studies have been carried out in a location with unique landscape (the territory is included on the UNESCO World Heritage List) under atypical meteorological conditions for this region.




2. Methods


The experiment was carried out in Lithuania (55°42′N and 21°7′E) at a site that is ~100 m from the coast of the Baltic Sea (Figure 1). The site is surrounded by sand dunes seaside, and by pinewood on the continental side. The study location is subject to economic activity restrictrions: the purpose of forests is recreational. The locality is under protection with a view to preserve its authenticity and particularity; however, recently, an increasing flow of people into the are is leading to an increased traffic intensity.
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Figure 1. Location of the experiment site. 
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The measuring equipment included UV radiometer, ozone analyzer, filtration device with a radon radiometer and weather station (Figure 2). All parameters were continuously measured by averaging the five-minute data.
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Figure 2. Measurement scheme. 
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The measurements of UVB radiation intensity were carried out using the radiometer PMA 2200, a sensor that registers UV radiation within the 280–320 nm spectra. The sensitivity of the sensor was 50 mW/cm2. The determination error for UVB radiation intensity amounted to 10%.



The ozone concentration was measured with the analyzer ML9811. The operation of this analyzer is based on the principle of ultraviolet absorption. The range of ozone measurements is 0–2000 µg/m3, and sensitivity is 2 μg/m3. The air was sucked through a Teflon tube at a flow rate of 1.6 L/min.



The equipment intended to measure radon and its decay products [34] consists of a filtration device with the radiometer GM-45 and an air volume meter with a pump.



The metal frame of the filtration device has an inlet and outlet: the inlet is used for air suction and a pump is attached to the outlet. The air suction rate is controlled by an air flow meter. The air is sucked through the part of filter band “Fiberglaz”, which is between a suction channel and a radiometer. The radiation of the particles settled on the filter is measured with the radiometer GM-45.



The radiometer GM-45 is a light and extremely sensitive detector of ionizing radiation. It contains a Geiger–Müller counter that is sensitive to alpha (above 3 MeV), beta (above 50 keV), and gamma radiation (above 7 keV). Use of the RAD (Radiation Acquisition and Display) program (included in this device) enabled data to be stored and transferred into MS Excel where they could be processed. The data were automatically recorded and saved during measurement.



The bias of the method of measurement of radon and its short-lived decay products has been evaluated. It depends on the changes in efficiency of the filter band, the speed of airflow through it, exposition time and the concentration of progeny in the air. It has been found that the bias is not higher than 6%.



The times of air suction and the turn-on time of the filter band are programmed by electronic stopwatches TS-ED1. Having set the hours when the measurements are automatically carried out, the device can operate permanently.



The meteorological parameters were measured by the PC Radio Weather Station. Temperature within the range of –30 °C to +70 °C was measured with an accuracy of ±1 °C, wind speed in the interval of 0–60 m/s was measured with an accuracy of ±0.3 m/s, wind direction resolution was five degrees, and relative humidity range was from 20 to 100% with a resolution of 1%. The Radio Weather Station sensors were equipped at a height of 3 m about 20 m from the Baltic Sea.



UVB radiation intensity, ozone concentration, activities concentration of radon and all information from the weather station were automatically sent to and recorded on the computer.




3. Results and Discussion


Lithuania was influenced by the anticyclone during the first and the last days of the experiment. The sky was mostly cloudless. The temperature varied from 20 to 38 °C, and relative humidity ranged from 25 to 100%. During the experiment, a long period of calm (11%) was recorded; and a wind speed lower than 1 m/s was also identified for 15% of the observation period. An atypical situation in respect to wind domination during the experiment was recorded: the wind direction is usually from the sea, while wind from the continent is significantly less frequent. However, during the experiment, wind from the continent, i.e., southeastern and eastern (39% and 18% of the observation period, respectively) were measured, while wind from the Baltic Sea (northwest) blew relatively less frequently (30% of the period).



Ozone concentration, UVB radiation intensity, meteorological parameters and activities concentration of radon were measured at the ground level of the atmosphere in this case.



The average results of UVB radiation intensity and ozone concentration measurements are presented in Figure 3a. The presented results of experimental measurements (taken during the day time) of UVB radiation intensity reveal the same variation of values. Data analysis showed that the UVB radiation intensity varied from 0.01 to 0.21 W/m2. The average experimental measurements of UVB radiation intensity show that, at noon, minimum UVB radiation was 0.16 W/m2, and the maximum determined intensity was 0.21 W/m2.



UVB radiation has an important role in photochemistry of the troposphere, as it determines the ozone photolysis rate and the resulting formation of OH radicals [35]. For this reason, changes in UVB radiation may influence ozone concentration. As is known, ozone forms in the binding reaction between atomic oxygen and molecular oxygen, which mostly occurs during electrodischarge (when there is lightning) or in photochemical reaction under the exposure of UV radiation. In large cities where the traffic is intense and air pollution level is high, dangerously high levels of ozone are formed during photochemical reactions. Avino and colleagues [36] investigated this issue for different pollution levels in the atmosphere in detail.



During the study period, ozone concentration varied from 18 to 119 μg/m3. At the same time, a similar ozone level was observed in the surrounding countries, i.e., 4–154 μg/m3 (in Latvia), 7–132 μg/m3 (in Estonia), 36–118 μg/m3 (in Poland), and 12–167 μg/m3 (in Sweden).



It has been found that the ground-level ozone concentration on the eastern coast of the Baltic Sea may exceed 120 μg/m3 under extreme weather conditions, which could have a negative impact on human health.



The air temperature and relative humidity variations in the atmosphere are very closely related. The warm weather was characteristic for the entire experiment period: the temperature varied from 20 to 36 °C and the relative humidity varied from 32% to 100% (Figure 3b). The highest humidity was observed on the fifth and sixth nights of the experiment, when its value reached approximately 100%. The maximum relative humidity was determined before the sunrise when the lowest air temperature was recorded.



As a result of the analysis of variations in wind direction and speed (Figure 3c), it was established that a breeze was present on the eastern coast of the Baltic Sea during several of the study days. Breezes are not a frequent phenomenon in the region of the Baltic Sea and the processes of air mass transport mostly hide their influence on the level of pollution. During this period, the variations in ozone concentration and radon activity concentration coincided with the daily periodic change of wind direction. During the measurement period, the radon activity concentration varied from 2 to 16 Bq/m3. The measured average radon activity concentration was 7 Bq/m3. Ozone concentration was approximately 10–15 μg/m3 higher on breezy days than on days when breeze circulation was not observed.





[image: Atmosphere 07 00027 g003 1024] 





Figure 3. The time course of: (a) UVB radiation intensity and ozone concentration; (b) temperature and relative humidity; and (c) ozone concentration and radon activity concentration. 
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Since the experiment site is located in an unpolluted forested area, the photochemical ozone generation can be mostly induced by the natural volatile organic compound emission from vegetation at a certain nitrogen oxide level.



The ground-level ozone concentration versus the daily maximum UVB radiation intensity has been evaluated during research period. Pudasainee and colleagues [37] have found that solar radiation is one of the parameters that have the largest influence on formation of ozone during daylight hours; the correlation coefficient is 0.86.



The correlation between ozone concentration and UVB radiation intensity was found to be 0.52. The same range of correlation (0.4–0.6) has been found by Pudasainee and colleagues [37] and An and colleagues [38], while the correlation coefficients for UVB measurements under clear sky conditions and ozone measured by satellite were between 0.85 and 0.95. The obtained positive correlation coefficient shows the linear relationship between the variables, i.e., with the increase of ultraviolet radiation, the ozone concentration in the ground layer of the atmosphere also increases. The relationship between the hourly ozone concentrations and UV radiations is not very strong, but is significant, i.e., the significance level is <0.5.



The values of ground-level ozone concentrations found in the daytime, when UVB radiation intensity is the highest, have been used to establish the relationship between the ground-level ozone concentration and UVB radiation intensity estimation (Figure 4). The results show a significant relationship between these parameters during the entire investigated period.
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Figure 4. Typical diurnal variation of ozone, UVB and radon. 
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This indicates that photochemical ozone production is strongly related to the variation of the UVB radiation intensity.



The results of measured ozone concentration showed significant diurnal variations (Figure 4). The maximum average ozone concentration was found in the afternoon, while the minimum value was observed at night and early in the morning. Changes in the ground-level ozone concentration are determined by vertical air mixing, photochemical ozone production or its decay. The intensity of photochemical ozone production or vertical air mixing is the highest during the daytime, when the high environmental temperature and low relative air humidity are recorded, while, at night, these processes are less intensive. Moreover, ozone concentration decreases at night, also as a result of reactions with nitrogen oxides. Nitrogen oxides form during the combustion process, and their main source is transportation. By taking into consideration the fact that the traffic flows in the study area are increasing, it is conceivable that the levels of nitrogen oxides, which influence ozone formation, are also increasing. However, the economic activity is not carried out in the study area; therefore, there are no thermal power plants or factories, which are also sources of nitrogen oxides emissions. Therefore, the level of nitrogen oxides in the study area is significantly lower than that in urbanized areas.



The radon concentration (Figure 4) undergoes a typical diurnal variation over the land in the case of anticyclone with a maximum value during the night and a minimum value in the afternoon, which may be explained by the formation of thermal inversions during the night. Air radioactivity starts to increase from approximately 10:00–11:00 P.M. The maximum value is reached from 5:00–6:00 A.M., just before the sunrise. Meanwhile, the minimum values are observed at about noon. This might be explained by the fact that activity concentration of radon is influenced by the intensity of air turbulence. During the day, the earth’s surface is warmed by the sun and positive temperature gradient occurs above the surface of the earth. In the evening, when the sun’s warming is not effective, the positive temperature gradient is constantly moving towards the negative one. The slow variation in temperature is characteristic for the night period. The temperature gradient significantly decreases and is time-variable close to the surface of earth, i.e., 0.1–0.2 m above the ground. At this time, increase in activity concentration of radon continues and reaches the maximum value. After sunrise, air temperature is constantly increasing, and the temperature gradients decrease in all layers. Temperature inversion is typical for this period.



The detailed study of the diurnal variations of ozone and NOx as well as their variation depending on the different seasons and the influence of radon on their dynamics was carried out by Avino and colleagues [39]. They also found the diurnal variation of radon and ozone concentration analogous to our study results.



Desideri and colleagues [27] and Di Carlo and colleagues [40] measured radon activity concentration and ozone concentration simultaneously. It was found that under fine weather conditions, the correlation coefficient of these values often exceeds 0.8, and that this is related to the fact that the directions of vertical flows of radon and ozone in the ground-level of the atmosphere are opposite.



When the weather is calm and fine, conditions favorable to the accumulation of pollutants at the ground level of the atmosphere occur and in such cases their concentrations may significantly increase. Such conditions can occur when the weather is determined by anticyclone (an area of high atmospheric pressure): the weather is calm, windless and rainless. Such weather dominated during the period of our experiment. The cyclone approached the territory of Lithuania on two days of the experiment (Days 5 and 6 in Figure 3). During the rainy period, the activity concentration of radon decreased. The radon decay products usually bind to the aerosol particles, which are always in the air, and the fall washes them out from the air. It has been observed that ozone concentration decreased during the rainy period; however, the analysis data has shown that the influence of relative humidity on ozone concentration is less significant than that on concentration of radon. The negative correlation between ozone concentration and relative air humidity has been observed. Baciu and Zoran and colleagues [41,42] have found that outdoor radon activity depends on the physiognomy of atmospheric circulation and on rain. It has been found that after rain or snow, radon activity in the atmosphere decreases.



The analysis on interrelations among ozone concentration, radon activity concentration and wind speed has been carried out. The research revealed that the stronger the wind is, the higher the ozone concentration recorded. This might be associated with the fact that both the stronger wind and the higher ozone concentration are recorded during the daytime. The search for the relationship between ozone concentration and wind speed showed that maximum ozone concentration was observed when the wind speed did not exceed 3 m/s. The lowest ozone concentration (~36 μg/m3) was recorded when there was no wind at all. It should be noted that relative air humidity was approximately 100% at that time.



Radon activity concentration decreased with increase of wind speed: radon gas is better dispersed in the atmosphere. However, it has been established that, in this case, activity concentration of radon is more influenced by wind direction (low-speed winds dominated during the experiment). Desideri and colleagues [27] and Smetanova and colleagues [33] presented results obtained by performing measurements above the sea. It was found that measurement activities depend on the pressure and direction of the wind with respect to land. Continuous measurements were carried out inside and outside of buildings [43]. It was found that the clear maximum of radon concentrations is observed at low air turbulence outdoors, which, in turn, has an influence on the formation of the maximum radon activity concentrations indoors.



The influence of wind direction on variation in ozone concentration and activity concentration of radon has been estimated (Figure 5).
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Figure 5. Relationship between wind direction and average concentrations of ozone and radon activity. 
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The maximum value of radon activity concentration was observed when the wind blew from the continent, and the minimum value was observed when the wind blew from the sea. This shows soil being the largest source of radon, as is the case in Lithuania and other countries. Therefore, when wind blows from the sea, radon gas diffuses in the atmosphere.



Low ozone decay to the surface of water was the reason for higher ozone concentration in the case of the wind blowing from the sea in comparison with the ozone concentration in the case of the wind blowing from the continent. Dry deposition rate for ozone to the surface of water is 0.53–1.1 mm/s, while it is 7 mm/s to a field and it may even exceed 21 mm/s to a forest.



In addition to other processes in the atmosphere (increased turbulence, photochemistry (increased UVB radiation intensity), etc.), which increase ozone concentration during daylight hours, wind also contributes to such increase. Due to the specific circulation, the ozone-rich air from the higher layers is brought to the measurement place and since it moves above the water, ozone decay is decreased.



The well-known chemical inertness of these gases and the known half-life of radon (3.82 days) make radon a useful sample in examination of air mass changes. For example, it is often used for approving global atmospheric transfer models [44].



Zoran and colleagues [45] have assessed the air quality and its relationship with radon. Daily mean concentrations of particle matter, ozone, nitrogen dioxide, sulfur dioxide and global air quality indices have been analyzed in relation with the ground-level radon concentrations. Such new information is relevant to atmospheric sciences with a view to prove suitability of radon as a tracer for atmospheric dynamics analysis as well as to epidemiological and radiological protection studies.



In Avino and colleagues’ paper [46], the influence of the meteorological conditions on the pollution levels and trends in the megacity Rome were shown. The importance of the natural beta radiation was revealed and the formation of smog photochemical pollution was described by the authors.



Avino and colleagues [36] found that radon and its short-lived decay products could be considered a valuable indicator showing the degree of mixing in the low atmospheric layer.



Data from the eastern coast of the Baltic Sea in Lithuania are quite scarce. We think that it must be the object of future studies.




4. Conclusions


	
The data analysis of the combined studies of surface ozone concentration, UV radiation, meteorological parameters and radon carried out at the Eastern Coast of the Baltic Sea under an atypical meteorological situation in this area shows clearly expressed diurnal courses of these parameters and the significant relationships among them.



	
The statistically significant correlation between the UVB radiation intensity and ground-level ozone concentration has been determined, and the obtained correlation coefficient between these values was 0.52. Photochemical ozone production is strongly related to the change of the UVB radiation intensity within the exclusive territory of the Baltic Sea coast.



	
Meteorological parameters such as relative humidity, wind speed and wind direction have various effects on ozone concentration at the ground level of the atmosphere. Data analysis has shown that surface ozone concentrations increase with the increase of temperature; however, it is not significantly related to relative air humidity. It was observed that ozone concentration decreased during the rainy period. However, the wind direction had the largest influence on the variation of ozone concentrations during the study period.



	
Interdependence between ozone concentration and radon activity variations has been observed. The clear inverse diurnal course of these pollutants has been determined. The especially clearly expressed relationship between these pollutants has been observed under the conditions of anticyclone. Radon activity concentration is inversely correlated with the level of vertical mixing in the atmospheric surface layer, which is one of the most important factors of ozone variability.



	
A higher ozone concentration in the atmospheric boundary layer was found when the wind blew from the Baltic Sea towards the continent due to low rate of ozone decay to the water surface. Higher radon activity concentrations were found when the wind blew from the continent. The simultaneous measurements of the ground-level ozone concentration and radon activity concentration gave the possibility of identifying the presence of a breeze phenomenon on the eastern coast of the Baltic Sea under extreme weather conditions in summer.
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