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            Abstract
          
        

        
          Surface ozone (O3) data at Pune (1998-2014) and Delhi (1998-2013) are studied to examine their temporal characteristics. Study also examines role of meteorology and atmospheric boundary layer height (ABLH) in modulating surface O3 at these sites. Using diurnal variability of surface O3, rate of change of surface O3, [d(O3)/dt] is estimated to infer the nature of surface O3 formation/destruction mechanisms. Analysis of data reveals that at both locations, surface O3 concentrations during daytime are significantly high as compared to those during nighttime. Seasonally, at Pune averaged daytime surface O3 concentrations are high during pre-monsoon and low in monsoon while those during winter and post-monsoon are found to be significantly higher than those in monsoon but half as compared to those in pre-monsoon. At Delhi, averaged daytime surface O3 concentration is minimum in winter and maximum in pre-monsoon with monsoon and post-monsoon values being about 0.79-0.82 times with respect to pre-monsoon O3 concentrations. High natural/anthropogenic pollutant concentration, abundance of ozone precursor gases, high temperature and high rate of photo-oxidation of precursor gases due to solar flux are the causal factors for increased surface O3 concentrations in pre-monsoon season. Reduced solar flux decreases photo-dissociation of ozone precursor gases resulting in low O3 concentration during winter season. Occurrence of low surface O3 during early morning hours in monsoon, post-monsoon and winter seasons is because of low ABLH and low stratosphere-troposphere exchange (STE). [d(O3)/dt] values during morning/evening at Pune and Delhi are indicative of asymmetric and symmetric nature of ozone formation/destruction mechanisms.
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      1. INTRODUCTION
      The stratospheric ozone layer can absorb a certain amount of ultraviolet radiation and protect the Earth’s biosphere (Kutal et al., 2022; Lehman et al., 2004). However, near ground tropospheric ozone commonly referred as surface ozone, acts as an air pollutant to adversely impact human health and plant growth (Sharma and Sharma, 2021; Tian et al., 2021; Xie et al., 2021; Li et al., 2018; Kutal et al., 2017; Wang et al., 2017; Yuan et al., 2017; Mills et al., 2016; Pan et al., 2013; Post et al., 2012). Recent reports (Resmi et al., 2020; Kalpana et al., 2019), claims that annually over 26 million Indian population receives treatment related to diseases arising from air pollution, making it 5th chief reason for deaths in India. The geosphere and biosphere system at several parts of globe, especially Asia have witnessed numerous adverse environmental impacts due to increasing trend in surface ozone (O3) along with its chief precursors methane (CH4), non-methane hydrocarbons (NMHCs), nitrogen oxides (NOx), carbon monoxide (CO), along with other volatile organic compounds (VOCs) (Nair et al., 2018; Monks et al., 2015; Cooper et al., 2014; IPCC, 2013). Ozone being strong oxidizer reacts vigorously and heterogeneously with organic matter in biotic systems (Wang et al., 2015; Ghude et al., 2014; Lehman et al., 2004). The tropospheric ozone formation involves two distinct mechanisms: (i) transport from stratosphere to troposphere (Lelieveld and Dentener, 2000) and (ii) NOx catalyzed and controlled photochemical reaction via oxidation of VOCs, CH4, NMHCs and CO (Jonson et al., 2006). Therefore, the ozone precursors and meteorological factors are important factors affecting ozone formation (Zhang et al., 2014). Investigations show that VOCs and NOx are the vital precursors (Wang et al., 2019; Zaveri et al., 2003). The rapid surge in industrialization, urbanization and anthropogenic activities is the chief reason for excessive emission of VOCs, NOx, CO and NMHCs into the atmosphere. These pollutants consequently with light exposure and other suitable meteorological conditions lead to surface ozone production with higher concentrations (Wang et al., 2014). Though local emission, ozone precursors largely determine tropospheric ozone concentration, since its lifespan extends to few weeks making it to get transmitted over long distances. Hence, at global level it is challenging task to control the surface ozone pollution.

      Various researchers investigated the variations of surface ozone nearby coastal, oceanic regions and different tropical region from India (Girach et al., 2018; Peshin et al., 2017; Tyagi et al., 2016; Tiwari et al., 2015; Nair et al., 2011; Ghude et al., 2008). These studies largely specified that local emissions significantly influence the ozone and its precursors’ seasonal distribution over the Indian subcontinent. However, in some cases there is disturbance in the variation of ozone that generally shows an afternoon peak. The secondary peak is observed during the night hours due to the enhanced ozone concentrations (Zhu et al., 2020; Wang et al., 2019; Kuang et al., 2011; Tong et al., 2011). This is common phenomenon all over globe (e.g., Europe, Asia) at all topographical sites. The ozone formation is ceased when solar radiation is absent, hence the likely reasons for enhancement of nocturnal surface ozone comes from vertical and horizontal transport phenomena (Zhu et al., 2020; Ghosh et al., 2013). The surface ozone concentration at any site could be the combined effect of the local meteorological conditions (viz., relative humidity (RH), temperature (T), wind speed (WS), and wind direction (WD) etc.) in association with dynamics of atmospheric boundary layer, its’ stratospheric intrusion through stratospheretroposphere exchange, rate of photochemical production and long-range transport (Sharma, 2020; Sharma and Sharma, 2016; Nishanth et al., 2014). According to Gazette of India (Extra-ordinary Part-II Section 3, sub section (ii), dated Nov 18, 2009), the 1-hour and 8-hour average ambient air quality standards for surface ozone are 180 μg m-3 (~92 ppbv) and 100 μg m-3 (~51 ppbv) respectively (NAAQS, CPCB, 2009). The tropospheric ozone not only affect urban regions, but also, its transport from urban and industrialized areas to rural and remote oceanic regions plays vital role on human health. This type of transport (ozone and other pollutants) to Indian Ocean, Arabian Sea and Bay of Bengal from Indian subcontinent is revealed on the basis of ship-based measurements (Girach et al., 2017; Nair et al., 2011; Lawrence and Lelieveld, 2010; Lal et al., 2007, 2006).

      The rise in surface ozone concentration contributes to increase in global warming roughly by 10%, though the value is quite uncertain (Tropospheric Ozone Research (TOR) - 2 final report, 2003; Saini et al., 2017). The ground and free tropospheric ozone concentrations at different locations all over the globe have shown both increasing and decreasing trends (Cooper et al., 2014; Kurokawa et al., 2009; Oltmans et al., 2008; Jaffe and Ray, 2007; Vingarzan, 2004). The yearly average surface ozone concentrations over Germany have doubled from 1950s till the end of 20th century (Parrishet al., 2012). Similar trends have been noticed over European sites (Staehelin et al., 1994). A huge chunk of anthropogenic emissions of ozone precursors are being transported from Europe and North America to Asia since 1990s (Young et al., 2018; Zhang et al., 2016; Cooper et al., 2014; Granier et al., 2011). Recently, strict norms and control measures on ozone and its precursors have shown leveling off/decrease in surface ozone in Europe and Eastern USA (Derwent et al., 2013; Oltmans et al., 2013; Parrish et al., 2012). The measurements show consistent rise in ozone and its precursors over Asian region (Nair et al., 2018; Xu et al., 2016; Akimoto et al., 2015; Munir et al., 2011). Recently Delhi, Capital of India, recorded very high surface ozone concentration exceeding the limits defined by World Health Organization (Anshika et al., 2021; Jain et al., 2005). The rise of 25-30 ppb in surface ozone in tropical India in this century is predicted by global chemical transport models (e.g. Brasseur and Solomon, 2006). The past few decades have witnessed rise in tropospheric ozone levels during spring over Northern Hemispheric mid-latitude remote sites (Parrish et al., 2013). Thus, it is imperative to analyze long term effects and trends of increasing surface ozone levels on environment and its bio-climatic significance.

      The present study attempts to analyze the long-term trend of the quality-controlled surface ozone data at Pune (1998-2014) and Delhi (1998-2013) received from India Meteorological Department (IMD). The key objective is to examine seasonal and diurnal scale variations of surface ozone. The data is further used to delineate the influence of the surface meteorological parameters on the behavioural pattern of surface ozone. The yearly data obtained from IMD has been segregated for the season wise analysis of surface ozone.

    

    

  
    
      2. SITE DESCRIPTIONS, DATA AND METHODOLOGY
      In this study, meteorological parameters (T, RH, WS) and surface ozone measurements received from IMD are analyzed over Pune (18.58°N, 73.91°E, 559 m AMSL) and Delhi (28.56°N, 77.11°E, 220 m AMSL) for the respective period of 1998-2014 and 1998-2013. The heavy industrialization and urbanization makes these two cities obvious choice for the study since they record huge ozone precursor emissions (NOx and CO). These cities differ a lot climatologically as well in terrain, latitude, altitude, topography and surroundings (Fig. 1).

      
        
        

        Fig. 1. 
				
        

        
          Geographical location of observing sites of Delhi (28.56°N, 77.11°E) and Pune (18.58°N, 73.91°E).
        
        

        

      

      The Pune city is placed leeward sides of ranges of Western Ghat mountain with around 150 km stretched interior to the west of coast India. Pune city being the 8th largest Indian metropolitan has witnessed a steep rise in urbanization mainly because of industrial growth (Pune city is information technology and automobile manufacturing hub of Maharashtra alongside it has many chemicals, foundries, food processing, construction engineering and electronic/electrical etc. industries) and rapidly increasing vehicular population in past two decades. Furthermore, being an educational hub (Oxford of the East) of India, the city witnesses immigration of large number students across the different parts of the country to peruse higher education. Pune is amongst one of the highly polluted Indian cities mainly due to the vehicular and industrial emissions. The climate of observational site, Pune, witness four seasons, signified with diverse air circulation/current patterns, according to the local geographical Indian system, namely monsoon season during June to September, post-monsoon for the period of October to November, winter all through December to February and pre-monsoon or summer during March to May. Post-monsoon is a transition season with a sporadic rainfall. There are seasonal directional changes in air masses which affect the observational area.

      The megacity Delhi (the capital of India and one of the most polluted sites in the world) is situated at the central northern part of the Indo Gangetic Plains (IGP) (Anshika et al., 2021; Gupta, 2016). It has a huge vehicular traffic leading to enormous emissions of hydrocarbons, NOx, and CO. In its southwest direction the city has agricultural fields. Over Delhi, the temperature varies between very cold winters (average T=12.9°C) and very hot summers (average T=34.8°C), however, the average rainfall during monsoon season is around 825 mm (Sharma et al., 2016). Delhi experiences significant rise in surface ozone concentration with wide temporal and seasonal variation due to excessive precursor gaseous emission and subtropical atmosphere (Sharma et al., 2016; Ghude et al., 2008; Jain et al., 2005).

      The study uses round the clock hourly measurements of surface ozone concentration and meteorological parameters (T, RH, WS, etc.) recorded by IMD at Pune and Delhi during study period. Surface ozone measurements were carried out with standard Potassium Iodide (KI) technique (Brewer electrochemical ozone sensor) (Chakrabarty and Peshin, 2016; Ali et al., 2012; IMD Manual, 1995). Sreedharan and Tiwari (1971) had reported the detailed operation procedure and instrument working principle. The accuracy of the surface ozone measurement by standard KI technique has been estimated to be ±10% (Chakrabarty and Peshin, 2016). The atmospheric boundary layer height (ABLH) data is obtained from the Modern-Era Retrospective analysis for Research and Applications (MERRA) model (https://giovanni.gsfc.nasa.gov/giovanni/) for Pune and Delhi. The surface ozone data with other meteorological measurements were analyzed statistically in this surface ozone study.

    

    

  
    
      3. RESULTS AND DISCUSSION
      
        3. 1 Temporal Variation of Surface Ozone
        
          3. 1. 1 Monthly Variation of Surface Ozone
          Fig. 2 displays the variation of monthly averaged, daytime (08:00-20:00 hr)/nighttime (20:00-08:00 hr) averaged surface ozone concentrations (ppbv) along with the associated ABLH obtained from MERRA model at Pune (1998-2014) and Delhi (1998-2013). The vertical lines associated with each parameter in Fig. 2 correspond to ±1σ (standard deviation). Also, given in Table 1 are the values of maximum, minimum, mean and the median of surface ozone concentration (ppbv) at Pune and Delhi for the respective period of observations. Starting with the month of December, monthly mean surface ozone concentration at Pune increases from 7.94±5.18 ppbv to attain its maximum value of 20.06±8.51 ppbv in the month of April. From April onwards, surface ozone concentration depicts the decreasing trend to produce minimum values expect October for which it is 12.52±6.44 ppbv (Table 1 and Fig. 2(a)). The daytime and nighttime surface ozone concentrations, delineating the differences in different months, reveal that the daytime averaged surface ozone concentration is found to be maximum in April (27.46±11.40 ppbv) and minimum in August (8.74±3.41 ppbv). On the other hand, the nighttime averaged surface ozone concentrations appear to be maximum in April (12.85±6.67 ppbv)/May (12.72±6.40 ppbv) and minimum in January (3.53±2.91 ppbv). From these data, it is clear that the maximum/minimum daytime surface ozone concentration is about 2.13/2.48 times higher as compared to maximum/minimum nighttime surface ozone concentration. The daytime/nighttime averaged surface ozone concentrations reveal an interesting feature when the monthly data for these concentrations are grouped into conventional seasons. This procedure for Pune gives rise to higher daytime averaged surface ozone concentration during pre-monsoon season (26.65±9.72 ppbv) and lower concentration during monsoon season (11.26±5.32 ppbv). The winter and post-monsoon surface ozone concentration values (13.89±6.41 ppbv and 15.69±6.96 ppbv respectively) are reasonably higher than their monsoon counterpart. Conversely, the nighttime averaged surface ozone concentration scenario over Pune is altogether different as compared to the daytime scenario, according to which, although, surface ozone concentration is found to be maximum in pre-monsoon, the monsoonal concentration appears to be ~1.5 and ~1.3 times lower than those observed during winter and post-monsoon.

          
            
            

            Fig. 2. 
				
            

            
              Variation of the monthly averaged, daytime (08:00-20:00 hr)/nighttime (20:00-08:00 hr) averaged surface ozone concentrations (ppbv) along with associated atmospheric boundary layer height (ABLH) at Pune (1998-2014) and Delhi (1998-2013).
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              Detailed statistics of surface ozone (ppbv) including monthly averaged surface ozone concentrations with ±1σ standard deviation, maximum, minimum, and median in each month for the study period at Pune and Delhi.
            
            

          

          
            
              
                	Month
                	Pune
                	Delhi
              

              
                	Mean±SD (ppbv)
                	Min (ppbv)
                	Max (ppbv)
                	Median (ppbv)
                	Mean±SD (ppbv)
                	Min (ppbv)
                	Max (ppbv)
                	Median (ppbv)
              

            
            
              	Jan
              	8.29±5.95
              	2.92
              	18.51
              	4.80
              	7.92±5.520
              	3.32
              	18.78
              	5.15
            

            
              	Feb
              	12.27±6.46
              	4.17
              	21.99
              	9.91
              	10.38±6.890
              	4.48
              	22.67
              	6.54
            

            
              	Mar
              	16.08±8.51
              	4.91
              	27.16
              	16.51
              	12.71±10.25
              	4.04
              	28.92
              	5.58
            

            
              	Apr
              	20.06±8.51
              	7.59
              	30.16
              	20.38
              	15.87±11.34
              	5.39
              	33.07
              	9.04
            

            
              	May
              	17.69±6.27
              	8.95
              	26.66
              	16.35
              	14.75±9.970
              	5.65
              	31.14
              	9.07
            

            
              	Jun
              	11.67±2.90
              	7.57
              	16.30
              	10.20
              	15.00±8.440
              	6.81
              	27.94
              	10.57
            

            
              	Jul
              	8.32±0.92
              	6.96
              	09.79
              	8.04
              	11.22±6.250
              	5.33
              	21.55
              	8.16
            

            
              	Aug
              	7.49±2.05
              	5.13
              	10.79
              	6.38
              	10.22±6.110
              	4.82
              	20.81
              	6.55
            

            
              	Sep
              	9.90±3.89
              	4.97
              	15.86
              	8.61
              	12.06±9.120
              	4.08
              	27.20
              	6.09
            

            
              	Oct
              	12.52±6.44
              	5.13
              	22.91
              	10.86
              	12.14±11.84
              	2.83
              	34.12
              	5.57
            

            
              	Nov
              	8.86±5.98
              	3.59
              	19.57
              	5.47
              	9.99±9.120
              	3.43
              	28.73
              	4.26
            

            
              	Dec
              	7.94±5.18
              	3.57
              	17.57
              	4.83
              	9.04±6.560
              	3.57
              	21.23
              	5.54
            

          

          

          The foregoing discussions reveal that the occurrence of relatively low surface ozone concentrations during monsoon as compared to winter/post-monsoon seasons and much lower as compared to those observed in pre-monsoon can be ascribed to the ozone deposition mechanism affected by humidity condition of underlying surfaces (Altimir et al., 2006). Further, high rainfall, low ambient temperature, high humidity and water vapour content in the atmosphere leads to the washout of the pollutants including ozone precursor gases (Sharma et al., 2013; Reddy et al., 2008). In addition to this, the overcast sky in monsoon season inhibits transmittance of solar radiation to the ground. In the presence of reduced sunlight in association with low surface temperature, the rate of the photochemical production of surface ozone gets subsided and hence less surface ozone production leading to low surface ozone concentrations during monsoon season (Ali et al., 2012; Debaje and Kakade, 2009; Beig et al., 2007). During pre-monsoon season, the pollutant concentration is at its peak due to anthropogenic and natural aerosol production activities in the atmosphere over Pune (Kolhe et al., 2016; Pawar et al., 2015). This may also include ozone precursor gases such as CH4, CO, NO/NOx, NMHCs, and VOCs (Trainer et al., 1987) which are abundantly present during pre-monsoon season in the atmosphere over Pune. The occurrence of high surface ozone concentrations during pre-monsoon season at Pune can be attributed to the prevailing high surface temperature (35°C-40°C) and the adequate presence of solar flux. This hastens the rate of photo-oxidation of precursor gases producing higher amount of surface ozone thereby leading to its higher concentration in the atmosphere over Pune. It is interesting to note that the surface ozone concentrations during winter and post-monsoon seasons are found to be significantly more than those in monsoon but practically half as compared to that in pre-monsoon. This predicts that the surface ozone variation is influenced both by the solar radiation and dynamical processes in the ABLH (Ahammed et al., 2006). During post-monsoon and winter seasons, after sunrise, ABLH gradually increases from 780-1,210 m to about 1,130-1,890 m around noontime due to convective activities (Fig. 2) with consequent reduction in the stratification of the ABLH. Around this time, the ambient air develops instability and rises due to surface heating produced by solar radiation. This accelerates the air pollutant dispersion and mixing of low ozone surface layer quantity with high ozone quantity in upper layer. This is the so-called Stratosphere-Troposphere exchange (STE) phenomenon which may be active during winter and post-monsoon seasons producing relatively higher surface ozone concentration in these seasons (Shan et al., 2008; Lal et al., 2000; Khemani et al., 1995; Levy et al., 1985).

          The effect of ABLH during monsoon and pre-monsoon seasons is also discernible in Fig. 2, according to which ABLH ranges between 630-880 m during monsoon season while it is found to be in the range 1,000-2,000 m during pre-monsoon season. As is evident from Fig. 2, the presence of low ABLH in monsoon is associated with low surface ozone concentration and high surface ozone concentration is linked with high ABLH during pre-monsoon. The collocated measurements of surface ozone and ABLH evolution over a tropical rural observing site, Gadanki (Andhra Pradesh, India) have established that the days of higher surface ozone concentration are associated with high ABLH and vice versa (Reddy et al., 2012). The present measurements corroborate with this finding.

          As is seen from Table 1 and Fig. 2(b), at Delhi again, monthly mean surface ozone concentration is found to be minimum in January (7.92±5.52 ppbv) and maximum during April (15.87±11.34 ppbv), May (14.75±9.97 ppbv) and June (15.00±8.44 ppbv) months. In conformity with monthly means, the daytime minimum/maximum in averaged surface ozone concentration also occur in January (11.63±9.51 ppbv) and April (25.09±12.11 ppbv) months. The nighttime averaged surface ozone concentration also follows a little different trend in that it is minimum in November (3.50±3.29 ppbv) and maximum in June (7.66±6.13 ppbv). Seasonally, the daytime averaged surface ozone concentration is minimum in winter (13.40±9.87 ppbv) and maximum in pre-monsoon (22.86±10.89 ppbv) with monsoon and post-monsoon values of averaged surface ozone concentration being about 0.79-0.82 times with respect to pre-monsoon averaged surface ozone concentration. Earlier studies (Chakraborty and Peshin, 2016; Sharma et al., 2016; Ghude et al., 2008; Jain et al., 2005) have reported adequate build-up of surface ozone concentration giving rise to maximum surface ozone concentration during pre-monsoon season over Delhi which is highly industrialized and populated city situated in Indo-Gangetic plain of India. The plausible cause for significant increase in surface ozone concentration is the subtropical atmosphere of Delhi and large-scale emission of ozone forming precursor gases and the associated photochemistry. During winter most of the days are covered by intense fog which results in reduction of solar intensity to the greater extent (Safai et al., 2018).

          The reduced intensity of solar radiation decreases the photo dissociation rate of ozone precursor gases resulting in low concentration of surface ozone during winter (Chakraborty and Peshin, 2016). In addition to the photochemical processes, the ABLH monthly variation at Delhi also plays pivotal role in controlling the monthly variability of surface ozone concentration as was discussed earlier for Pune. Thus, at both the sites, the photochemical surface ozone production mechanisms in the presence of sunlight and the dynamical processes in ABL have enormous implications on the monthly/seasonal variability of surface ozone which is true on diurnal scale also. In light of this, the diurnal variability of surface ozone concentration is discussed in subsections 3. 1. 2 and 3. 1. 3.

        

        
          3. 1. 2 General Features of Diurnal Variation
          The physical and chemical mechanisms giving rise to diurnal variation are analyzed here so that the observational site can be monitored for different diurnal behavior characteristics. Fig. 3 depicts the contour plots of the averaged diurnal evolution of surface ozone for the study duration at the observing sites Pune (Fig. 3(a)) and Delhi (Fig. 3(b)) respectively.

          
            
            

            Fig. 3. 
				
            

            
              Contour plots of surface ozone concentration (ppbv) on a diurnal scale over the observation sites, Pune (Top panel) and Delhi (Bottom panel).
            
            

            

          

          The careful examination of Fig. 3 reveals that each contour diagram, depicting diurnal variability of surface ozone can be divided into three time zones based on the observed magnitude of surface ozone. The predominance of relatively higher surface ozone concentrations prevails during 09:00 to 17:00 hr with monthly/seasonally varying concentrations. At Pune (Fig. 3(a)), during winter season, the maximum ozone concentration is seen around 14:00 hr which lies in range 17.6-22.0 ppbv while during pre-monsoon it appears to be higher in the range 26.7-30.1 ppbv. For monsoon season, however, concentrations almost become half (9.8-15.9 ppbv) as compared to their pre-monsoon counter parts. There occurs a considerable increase in surface ozone concentrations during post-monsoon months which span in the range 19.6-22.9 ppbv. The changes in prevailing air mass type, seasonal differences in meteorology and synoptic wind patterns attributes to seasonal variations (Gopal et al., 2014). In the morning time slot (i.e. midnight to morning 08:00 hr), in general, surface ozone concentrations are found to be low (less than 8 ppbv) for all months expect during April-June, for which it remains in the range 10-12 ppbv. Finally, in the evening time slot (i.e. beyond 19:00 hr to till midnight), once again ozone concentration becomes low and remain around 11 ppbv expect for April-June period where it reaches 24 ppbv concentration values. Similarly, at Delhi (Fig. 3(b)), for winter season, the maximum surface ozone concentration is seen around 14:00 hr which lies in range 18.8-22.7 ppbv while during pre-monsoon it appears to be higher in the range 28.9-33.1 ppbv. For monsoon season, however, concentrations depict decline in the range 20.8-27.9 ppbv. There occurs a considerable increase in surface ozone concentrations during post-monsoon months which span in the range 28.7-34.1 ppbv. In the morning (i.e. midnight to morning 08:00 hr) and evening (i.e. beyond 19:00 hr to till midnight) time slots, surface O3 concentrations remain less than 10 ppbv for all months.

          The one-to-one comparison of surface ozone observed around 14:00 hr reveals that surface ozone concentration observed at Delhi is found to be comparable to that observed at Pune during winter and pre-monsoon seasons. However, there exist a substantial difference between surface ozone concentrations measured at Delhi and Pune during monsoon and post-monsoon months. The surface ozone concentration at Delhi is about 1.7 (June)-2.2 (July) time higher as compared to that observed at Pune. During post-monsoon months surface ozone concentration is about 1.5 times higher as compared to that observed at Pune. The observed difference between diurnal variability at Pune and Delhi can be mainly accounted to diverse regional/climatic zones represented by these two sites. Another reason for this variability could be the contribution of photo-chemically generated surface ozone from sunshine, different meteorological conditions, anthropogenic and natural precursors (Jo and Park, 2005). The results presented in Fig. 3 for the diurnal variability of surface ozone at Pune and Delhi represents salient features, however this is an average picture. Therefore, in order to investigate more detailed features of the diurnal variability, it is essential to look into the causal factors responsible for producing it.

        

        
          3. 1. 3 Month- and Site-specific Diurnal Variations of Surface Ozone
          Figs. 4 and 5 show the patterns of the monthly mean diurnal variability of surface ozone at Pune (1998-2014) and Delhi (1998-2013) respectively. At the present observing sites, generally in all the months, the surface ozone is observed to be low in early morning which gradually increases after sunrise producing a broad maximum around noontime (Figs. 4 and 5). The occurrence of low surface ozone in early morning in all months/seasons is because of the low ABLH during early morning hours (especially in monsoon, post-monsoon and winter months) which reduces stratosphere-troposphere exchange (STE) (Reddy et al., 2008). A plausible reason for the high concentration during the afternoon hours is the photochemical production of excess surface ozone mainly from photo-oxidation of carbon monoxide (CO), industrial/anthropogenic hydrocarbons and methane (CH4) in presence of enough amount of NOx and hydroxyl radical (OH) (Saini et al., 2017; Reddy et al., 2010; Seinfeld and Pandis, 1998). Thereafter, a gradual decrease in surface ozone is observed during nighttime and early morning hours.

          
            
            

            Fig. 4. 
				
            

            
              Monthly mean diurnal variations of surface ozone (ppbv) at Pune during 1998-2014 (Vertical bars associated with each hour correspond to ±1σ).
            
            

            

          

          
            
            

            Fig. 5. 
				
            

            
              Monthly mean diurnal variations of surface ozone (ppbv) at Delhi during1998-2013 (Vertical bars associated with each hour correspond to ±1σ).
            
            

            

          

          The low surface ozone concentration during nighttime can be attributed to the absence of photolysis of NO2 and the continuous loss of ozone (O3) by NOx titration (Debaje and Kakade, 2009). Also, the continual O3 loss by the dry and wet deposition (the sink mechanism) produces minimum surface ozone in the early morning around sunrise. Further, the ozone production itself might be very low during nighttime/morning hours due to low precursor concentrations and reduced photochemical production mechanisms. Figs. 4 and 5 further depict varying amplitude of diurnal surface ozone distribution on month-to-month basis. At Pune, the monthly diurnal variability in surface ozone concentration depicts changing patterns from January to December months. However, the observed diurnal patterns during October-May months reveal somewhat similarity, although the duration i.e. width of the broad maximum around noontime significantly differs for these months. From Fig. 4, it appears that the width of the broad maximum around noontime is low during October-January while it starts increasing from February till May. During monsoon months (June-August) it starts subsiding with tendency to show its appearance again in September. Magnitude wise (Table 1), however, broad noontime maximum in the surface ozone concentration occurs in the range 9.79 ppbv (July)-30.16 ppbv (April) while it is minimum (early morning around sunrise) in the range 2.92 ppbv (January)-8.95 ppbv (May). The monthly diurnal variability at Delhi (Fig. 5) is found to be significantly different as compared to that observed at Pune. From Fig. 5, it can be noticed that surface ozone concentration during morning is comparatively less than that during nighttime. Further, it is noted to depict very small variation (of the order of 0.34 ppbv-2.68 ppbv) during midnight to morning hours (up to 07:00 hr) while in the evening, from 19:00 hr to midnight, it shows significantly high variation from 1.47 ppbv-6.31 ppbv. As against these variations, the noontime peaks are found to be prominent with sudden rise/decay around 08:00/19:00 hr respectively. The major difference between the occurrence of broad peak at Delhi and Pune is that at Delhi the noontime broad peaks are well defined during all the months of year.

        

      

      
        3. 2 Rate of Change in Surface Ozone
        The time rate of change of surface ozone [d(O3)/dt] defines the formation/destruction mechanisms of ozone. It can serve as a tool to distinguish between urban and rural observation sites on the basis of prevailing chemical environment over the site (Ojha et al., 2012; Naja and Lal, 2002). In general, for urban site, it is observed that the magnitude of [d(O3)/dt] during morning and evening hours is nearly same producing symmetric diurnal distribution of the surface ozone. On the other hand, at rural sites the [d(O3)/dt] values are less in evening hours than those in morning hours yielding asymmetrical diurnal variation (Ojha et al., 2012). In the present work, the magnitude of [d(O3)/dt] for Pune and Delhi are determined by employing the linear regression technique to the diurnal variation plots (Figs. 4 and 5) of surface ozone in morning (08:00-11:00 hr) and evening (17:00-19:00 hr) hours and the results are given in Table 2. From Table 2, it is seen that for both Pune and Delhi, [d(O3)/dt] values are positive/negative during morning/evening hours respectively corresponding to the formation/destruction of surface ozone. Table 2, further, reveals that at Pune, the averaged maximum/minimum [d(O3)/dt] values occur during March (6.06 ppbv hr-1)/July (0.61 ppbv hr-1) while for Delhi the averaged maximum/minimum [d(O3)/dt] values are found to be during October (8.01 ppbv hr-1)/January (2.54 ppbv hr-1) for morning hours. Alternately, for Pune during evening hours, the averaged maximum/minimum [d(O3)/dt] values occur during January (-4.20 ppbv hr-1)/July (-0.58 ppbv hr-1) whereas at Delhi the averaged maximum/minimum [d(O3)/dt] values are seen to be during April (-7.57 ppbv hr-1)/November (-1.73 ppbv hr-1) respectively.

        
          Table 2. 
				
          

          
            Month-wise rate of change of surface ozone (ppbv/hr) during morning and evening hours.
          
          

        

        
          
            
              	Month
              	Rateof change of surface ozone (ppbv/hr)
            

            
              	Pune
              	Delhi
            

            
              	(08:00-11:00 hr)
              	(17:00-19:00 hr)
              	(08:00-11:00 hr)
              	(17:00-19:00 hr)
            

          
          
            	Jan
            	3.71
            	-4.2
            	2.54
            	-2.66
          

          
            	Feb
            	4.96
            	-3.25
            	4.7
            	-5.41
          

          
            	Mar
            	6.06
            	-2.15
            	7.16
            	-7.38
          

          
            	Apr
            	5.2
            	-1.22
            	6.84
            	-7.57
          

          
            	May
            	3.31
            	-1.67
            	4.35
            	-7.27
          

          
            	Jun
            	1.96
            	-1.19
            	4.25
            	-5.15
          

          
            	Jul
            	0.61
            	-0.58
            	2.99
            	-3.43
          

          
            	Aug
            	1.4
            	-1.42
            	3.16
            	-3.75
          

          
            	Sep
            	3.05
            	-1.63
            	5.45
            	-6.51
          

          
            	Oct
            	5.02
            	-3.1
            	8.01
            	-3.77
          

          
            	Nov
            	4.28
            	-3.66
            	5.14
            	-1.73
          

          
            	Dec
            	3.29
            	-2.7
            	4.04
            	-2.03
          

        

        

        The long-term average values of [d(O3)/dt] for a period of 16 years (1998-2014) over Pune site and 15 years over Delhi site (1998-2013) during morning (08:00 hrs-11:00 hrs) and evening (17:00 hrs-19:00 hrs) time slots are shown in Table 3. Also, Table 3 compares averaged [d(O3)/dt] values for twelve environmentally different observing sites including Pune and Delhi sites which are explored in the present study. The annual average [d(O3)/dt] value during morning hours for Pune site is 3.6 ppbv hr-1 which is quite less compared to Delhi site (4.9 ppbv hr-1). Moreover, the [d(O3)/dt] averaged value during evening period for Pune site (-2.2 ppbv hr-1) is also quite less when compared with Delhi site (-4.7 ppbv hr-1). These observations elucidate that for Pune site [d(O3)/dt] decreases significantly during evening hours as compared to morning period demonstrating asymmetric nature of ozone formation/destruction. However, [d(O3)/dt] variation over Delhi site shows quite symmetrical nature with little variation. The comparison of studies on ozone formation and destruction rates at different sites indicates that [d(O3)/dt] of ozone formation at Pune, Shadnagar, Udaipur and Kanpur is quite similar (3.5±0.2 ppbv hr-1), however, compared to Pune, the ozone destruction rate is more at Shadnagar (Kanchana et al., 2021), Udaipur (Yadav et al., 2016) and Kanpur (Gaur et al., 2014). Furthermore, the values of [d(O3)/dt] of ozone formation at Delhi, Anantpur, Joharpur and Gadanki is comparable (4.7±0.2 ppbv hr-1), however, the rate of destruction of ozone is comparable for Anantpur, Joharpur and Gadanki (2.9±0.4 ppbv hr-1) sites and is of lower magnitude as compared to Delhi site (4.7 ppbv hr-1) (Reddy et al., 2010; Debaje and Kakade, 2006; Naja and Lal, 2002). The [d (O3)/dt] of ozone destruction is higher than [d (O3)/dt] of ozone formation for Udaipur (Yadav et al., 2016), Mohal (Sharma et al., 2013) and Ahmedabad (Lal et al., 2000) owing to higher NOx emission rates from vehicular emissions and also due to the fast titration of O3 during evening hours (Naja and Lal, 2002).

        
          Table 3. 
				
          

          
            Comparison of rate of change of ozone (ppbv/hr) at study locations with other sites in India.
          
          

        

        
          
            
              	Siteand it’s description
              	Rate ofchange
(08:00-11:00 hr)
ppbv/hr
              	Rate ofchange
(17:00-19:00 hr)
ppbv/hr
              	Reference
            

          
          
            	Pune(18.5°N, 73.8°E)
            	Urban
            	3.6
            	–2.2
            	Presentstudy
Shende et al., 1992
          

          
            	4.8
            	–2.6
          

          
            	Delhi(28.7°N, 77.2°E)
            	Urban
            	4.9
            	–4.7
            	Presentstudy
Ahammed et al., 2006
          

          
            	4.5
            	–5.3
          

          
            	Shadnagar(17.07°N, 78.20°E)
            	Sub-urban
            	3.6
            	–3.9
            	Kanchana et al., 2021
          

          
            	Udaipur(26.58°N, 73.68°E)
            	Semi-arid
            	3.7
            	–4.5
            	
              
                Yadav et al., 2016
              
            
          

          
            	Kanpur(26.46°N, 80.33°E)
            	Urban
            	3.3
            	–2.6
            	
              
                Gaur et al., 2014
              
            
          

          
            	Kannur(11.9°N, 75.4°E)
            	Coastal-rural
            	4.9
            	–6.4
            	
              
                Nishanth et al., 2014
              
            
          

          
            	Mohal (31.9°N,77.12°E)
            	Sub-urban
            	7.3
            	–5.9
            	
              
                Sharma et al., 2013
              
            
          

          
            	Agra (27.16°N,78.08°E)
            	Urban
            	2.5
            	–2.4
            	Singla et al., 2011
          

          
            	Anantpur(14.6°N, 77.6°E)
            	Semi-arid
            	4.6
            	–2.5
            	
              
                Reddy et al., 2010
              
            
          

          
            	Joharpur(19.3°N, 75.2°E)
            	Rural
            	4.5
            	–3.3
            	
              
                Debaje and Kakade.2006
              
            
          

          
            	Gadanki(13.5°N, 79.2°E)
            	Rural
            	4.6
            	–2.6
            	
              
                Naja and Lal, 2002
              
            
          

          
            	Thumba (8.6°N,77.0°E)
            	Coastal-rural
            	5.5
            	–1.4
            	
              
                Nair et al., 2002
              
            
          

          
            	Ahmedabad(23.0°N, 72.6°E)
            	Urban
            	5.9
            	–6.4
            	
              
                Lal et al., 2000
              
            
          

        

        

      

      
        3. 3 Comparison of Surface Ozone with Other Sites
        Table 4 shows comparison of monthly average minimum and maximum levels of surface ozone concentration (ppbv) for 17 Indian sites (Verma et al., 2018; Shukla et al., 2017; Yadav et al., 2016; Malik et al., 2015; Gopal et al., 2014; Renuka et al., 2014; Sarangi et al., 2014; Sharma et al., 2013; David and Nair, 2011; Purkait et al., 2009; Lal, 2007; Debaje and Kakade, 2006; Debaje et al., 2003; Naja et al., 2003; Nair et al., 2002; Lal et al., 2000), 4 Chinese sites (Wang et al., 2012; Xu et al., 2008; Lin et al., 2008; Tu et al., 2007) and one site from Japan (Sikder et al., 2011). The monthly average minimum surface ozone concentration lies in the range of 2.83 ppbv-30 ppbv while maximum surface ozone concentration occurs between 22 ppbv-65 ppbv over Indian subcontinent. However, the monthly average minimum and maximum surface ozone concentrations over Chinese and Japanese sites lies in a range of 2.8 ppbv-23 ppbv and 33 ppbv-60 ppbv respectively. The differences in maximum and minimum surface ozone concentrations at different observing sites in India can be attributed to the difference in concentrations of precursor gases and their emission sources, chemical processes, natural and anthropogenic activities prevailing at the concerned site areas, the meteorology of the site under discussion and the influx of surface ozone via long-range transport at the respective sites.

        
          Table 4. 
				
          

          
            Comparison of monthly average minimum-maximum levels of surface ozone (ppbv) with other sites.
          
          

        

        
          
            
              	Site
              	Site description
              	Study period
              	Monthly averageMin-Max (ppbv)
              	Reference
            

            
              	Pune (18.5°N,73.8°E)
              	Urban
              	1998-2014
              	2.92-30.16
              	Present study
            

          
          
            	Delhi (28.7°N,77.2°E)
            	Urban
            	1998-2013
            	2.83-33.07
            	Present study
          

          
            	Ahmedabad (23.0°N, 72.6°E)
            	Urban
            	1993-1996
May-Oct 2011
            	16.8-51.4
            	
              
                Lal et al., 2000
              
            
          

          
            	18.1-35.0
            	
              
                Malik et al., 2015
              
            
          

          
            	Varanasi(25.28°N, 82.96°E)
            	Urban
            	Sep 2014- Aug 2015
            	22.0-63.9
            	
              
                Shukla et al., 2017
              
            
          

          
            	Kolkata(23.4°N, 88.2°E)
            	Urban
            	Jun 2003-May 2004
            	5-65
            	
              
                Purkait et al., 2009
              
            
          

          
            	Udaipur(26.58°N, 73.68°E)
            	Semi-arid
            	2011-2012
            	17.4-32.0
            	
              
                Yadav et al., 2016
              
            
          

          
            	Anantpur(14.6°N, 77.6°E)
            	Semi-arid
            	Mar 2012-Feb 2013
            	16.5-55.7
            	
              
                Gopal et al., 2014
              
            
          

          
            	Dayalbagh(27.1°N, 78.0°E)
            	Sub-urban
            	May 2012-May 2013
            	14.9-57.6
            	
              
                Verma et al., 2018
              
            
          

          
            	Mohal (31.9°N,77.12°E)
            	Sub-urban
            	Jan-Dec 2010
            	30-56
            	
              
                Sharma et al., 2013
              
            
          

          
            	Pantnagar(29.0°N, 79.5°E)
            	Sub-urban
            	Mar 2009-Jun 2011
            	10.8-39.3
            	
              
                Ojha et al., 2012
              
            
          

          
            	Gadanki(13.5°N, 79.2°E)
            	Rural
            	Jan2010-Dec 2011
            	9-37
            	
              
                Renuka et al., 2014
              
            
          

          
            	Joharpur(19.3°N, 75.2°E)
            	Rural
            	2002-2004
            	15-44
            	
              
                Debaje and Kakade,2006
              
            
          

          
            	Darjeeling(27.1°N, 88.7°E)
            	High altitude
            	Jan-Dec 2004
            	18-63
            	
              
                Lal, 2007
              
            
          

          
            	Mt. Abu(24.6°N, 72.7°E)
            	High altitude
            	1993-2000
            	25-49
            	
              
                Naja et al., 2003
              
            
          

          
            	Nainital(29.37°N, 79.45°E)
            	High altitude
            	2009-2011
            	22.8-62.0
            	
              
                Sarangi et al., 2014
              
            
          

          
            	Tranquebar(11.0°N, 79.9°E)
            	Coastal
            	May 1997-Oct 2000
            	17-23
            	
              
                Debaje et al., 2003
              
            
          

          
            	Thumba (8.6°N,77.0°E)
            	Coastal
            	Apr 1997-Mar 1998
            	13-22
            	
              
                Nair et al., 2002
              
            
          

          
            	Trivandrum(8.5°N, 77.0°E )
            	Coastal
            	Nov 2007-May 2008
            	11.5-28.1
            	
              
                David and Nair, 2011
              
            
          

          
            	Oki, Japan(36.28°N, 133.18°E)
            	Island
            	Jan 2001-Sep 2002
            	23-60
            	
              
                Sikder et al., 2011
              
            
          

          
            	Yangtze DeltaRegion, China (30.3°N, 119.73°E)
            	Background
            	1991-2006
            	17.5-52.3
            	
              
                Xu et al., 2008
              
            
          

          
            	Shangdianzi,Beijing, China (40.65°N, 117.11°E)
            	Background
            	2004-2006
            	17.7-46.5
            	
              
                Lin et al., 2008
              
            
          

          
            	Xi’an, China(34.15°N, 108.56°E)
            	Urban
            	Mar 2008-Feb 2009
            	2.8-33.5
            	
              
                Wang et al., 2012
              
            
          

          
            	Nanjing, China(32.0°N, 118.73°E)
            	Urban
            	Jan 2000-Feb 2003
            	9-33
            	
              
                Tu et al., 2007
              
            
          

        

        

        The Pune and Delhi recorded lowest monthly minimum (approximately in the range of 2.87±0.05 ppbv) as well as monthly maximum (approximately in the range of 31.5±1.5 ppbv) surface ozone concentrations amongst the urban Indian sites with lowest average monthly minimum of 2.83 ppbv for Pune site and highest average monthly maximum surface ozone concentration of 65 ppbv for Kolkata (Purkait et al., 2009) across the India. At high altitude sites, the wind flow and ABLH affects the variation of both average minimum and maximum surface ozone concentrations rather than photochemistry of surface ozone (Sarangi et al., 2014; Sharma et al., 2013; Lal, 2007; Naja et al., 2003). At costal sites the broad daytime peak of ozone can be attributed to sea and land breeze (David and Nair, 2011).

      

      
        3. 4 Frequency Distribution of Surface Ozone Concentration
        Fig. 6 illustrates the percentage frequency distribution of surface ozone concentrations at Pune (1998-2014) and Delhi (1998-2013) over all four seasons. There are total of 5,085 recorded data points for Pune site and 4,917 data points for Delhi site during the measurement period. However, the total number of observations made per season is shown in statistics so that one can estimate the actual frequency of occurrence of a particular concentration level. The different climatic conditions at Pune and Delhi may be the main cause of distinct seasonal frequency distributions of the surface ozone concentration. Based on observations and frequency distributions, it is evident from Fig. 6 that at Pune and Delhi, the maximum frequency of surface ozone occurrence during winter (47 and 54%) and post-monsoon (35.4 and 4.6%) seasons in the concentration range of 0-7 ppbv. Furthermore, at Pune, surface ozone frequency occurrence in the range 7-20 ppbv are found to be maximum during pre-monsoon (61.1%) and monsoon (61.8%) while, at Delhi, it is maximum during pre-monsoon (50.4%) and post-monsoon (36.3%) seasons. For higher surface ozone concentration (>20 ppbv), the maximum occurrence frequency is observed during pre-monsoon (30.5%) and post-monsoon (13.0%) seasons at Pune, while, during pre-monsoon (25.2%) and monsoon (23.1%) at Delhi. The high surface ozone concentration, during the pre-monsoon season, is due to direct linear relationship with solar radiation exposure (temperature) and associated low relative humidity however, during the post-monsoon season blowing winds may be results in surface ozone dispersion (Kanchana et al., 2020; Verma et al., 2018; Singla et al., 2012).

        
          
          

          Fig. 6. 
				
          

          
            Seasonal percentage frequency distribution of surface ozone concentrations at Pune (1998-2014) and Delhi (1998-2013).
          
          

          

        

      

      
        3. 5 Influence of Meteorological Parameters on Surface Ozone Concentration
        The prevailing meteorological conditions at the place of observation site play dominant role on the surface ozone formation, its horizontal and vertical dispersion and transfer on short- and long-spatio-temporal scale. In the present work, the hourly average values of meteorological parameters T, RH, WS and surface ozone concentrations for Delhi and Pune are determined for the respective periods 1998-2013 and 1998-2014. The resulting average data is plotted in Fig. 7 on a seasonal basis as a function of hour which reveals that the parameter T and RH are anti-correlated as expected; so also, RH is anti-correlated to surface ozone. Both T and RH are connected to precipitable water vapour content (PWC) in the atmosphere through the Leckner’s formula as given in Eq. 1.

        
          
          

          Fig. 7. 
				
          

          
            Averaged hourly variation of surface ozone concentration as a function of surface temperature (T, °C), percentage relative humidity (RH) and wind speed (WS, km hr-1) in winter, pre-monsoon, monsoon and post-monsoon seasons at Pune (a-d) and Delhi (e-h).
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        where θ is temperature in °K (Aher and Agashe, 1998). Hence the occurrence of high RH would correspond to high PWC.

        The Fig. 7 reveals a well defined seasonal variation of T, RH, WS and surface ozone on the diurnal scale. During all the seasons, the surface ozone follows similar diurnal variation pattern, however, the curve amplitudes and width of the presented curve are seen to be different. The statistics of the data represented in Fig. 7 is summarized in Table 5. At Pune, the highest mean concentration is during pre-monsoon (17.98±7.72 ppbv) followed by post-monsoon (10.87±6.15 ppbv), winter (9.56±5.75 ppbv), and lowest during monsoon (9.36±2.42 ppbv) season. On the other hand, at Delhi, the mean surface ozone is found to be high during pre-monsoon (14.45±10.49 ppbv) season and decreases with monsoon (12.11±7.46 ppbv), post-monsoon (11.04±10.41 ppbv), and lowest during winter (9.1±6.3 ppbv) season. The occurrence of high RH (hence PWC) in the monsoon (80.68 % for Pune) and winter (72.06% for Delhi) is associated with low surface ozone concentration and vice-a-versa. At both the study locations, the high surface ozone concentration level observed during pre-monsoon season is attributed to the low RH, high T and long hours of sunlight (i.e. availability of intense solar radiation) which helps photochemical production of surface ozone (Kanchana et al., 2020; Verma et al., 2018; Yadav et al., 2016; Ali et al., 2012; Reddy et al., 2012; Wang et al., 2012; Tu et al., 2007). The presence of high RH/PWC in ambient atmosphere over the observing locations can produce depletion of surface ozone involving OH radicals for which PWC is the source (Nair et al., 2018; Gopal et al., 2014; David and Nair, 2011). In the present case, at Delhi, as seen above during monsoon season (Table 5), the surface ozone concentration is found to be low (0.84 times) as compared to that observed during pre-monsoon season and relatively high in post-monsoon (1.10 times) and winter (1.33 times) seasons. Here, these higher values during monsoon season may be partly attributed to the higher temperature (31.03±2.14) values over Delhi for this period in addition to other factors like local anthropogenic activities (vehicular exhausts, industrial/refinery/power plant emissions, biomass/biofuels burning, etc.), ambient meteorology and processes in ABL (Reddy et al., 2012, 2008). On the other hand, the net role of WS on the surface ozone depends on location and time. For example, at Delhi, for WS of 8.64±1.47 km hr-1, surface ozone concentration of 14.45±10.49 ppbv is observed during pre-monsoon while at a reduced WS of 6.68±1.82 km hr-1, surface ozone concentration of 9.36±2.42 ppbv is recorded during monsoon at Pune.

        
          Table 5. 
				
          

          
            Seasonal statistics of surface ozone, relative humidity (RH), temperature (T), and wind speed (WS) observational data shown in Fig. 7 at study locations Pune and Delhi.
          
          

        

        
          
            
              	Parameter
              	Season
              	Pune
              	Delhi
            

            
              	Mean±SD
              	Maximum±SD
              	Minimum±SD
              	Mean±SD
              	Maximum±SD
              	Minimum±SD
            

          
          
            	Surfaceozone (ppbv)
            	Winter
            	9.56±5.75
            	19.36±7.65
            	
              
                3.64±2.74
              
            
            	
              
                9.1±6.3
              
            
            	
              
                20.83±15.98
              
            
            	3.92±4.73
          

          
            	Pre-monsoon
            	
              17.98±7.72*
            
            	
              27.95±10.86
            
            	
              7.3±5.62
            
            	
              14.45±10.49
            
            	30.9±14.31
            	5.22±5.14
          

          
            	Monsoon
            	
              
                9.36±2.42#
              
            
            	
              
                13.2±6.2
              
            
            	6.2±3.44
            	12.11±7.46
            	24.28±15.44
            	
              5.48±5.24
            
          

          
            	Post-monsoon
            	10.87±6.15
            	21.35±8.22
            	4.45±3.61
            	11.04±10.41
            	
              31.3±20.96
            
            	
              
                3.22±3.21
              
            
          

          
            	RH(%)
            	Winter
            	59.81±21.56
            	85.48±7.53
            	30.02±9.05
            	
              72.06±15.99
            
            	
              87.85±7.03
            
            	45.56±17.29
          

          
            	Pre-monsoon
            	
              
                46.77±17.08
              
            
            	
              
                69.14±11.1
              
            
            	
              
                23.24±10.96
              
            
            	
              
                46.73±13.15
              
            
            	
              
                64.56±17.49
              
            
            	
              
                28.1±12.49
              
            
          

          
            	Monsoon
            	
              80.68±6.64
            
            	
              86.92±5.94
            
            	
              69.37±14.12
            
            	68.32±7.66
            	77.8±13.61
            	
              56.78±17.82
            
          

          
            	Post-monsoon
            	68.74±17.68
            	85.85±5.53
            	41.94±15.16
            	66.34±17.78
            	84.22±8.35
            	37.54±11.96
          

          
            	T(°C)
            	Winter
            	
              
                21.01±5.97
              
            
            	29.81±2.48
            	13.11±2.87
            	
              
                15.03±3.84
              
            
            	
              
                21.31±3.88
              
            
            	
              
                10.69±3.06
              
            
          

          
            	Pre-monsoon
            	
              28.36±5.08
            
            	
              35.77±2.5
            
            	21.19±3.72
            	28.28±4.43
            	
              34.68±5.3
            
            	22.59±5.39
          

          
            	Monsoon
            	24.82±1.62
            	
              
                27.53±2.64
              
            
            	
              23.08±1.19
            
            	
              31.03±2.14
            
            	34.31±3.77
            	
              28.3±2.22
            
          

          
            	Post-monsoon
            	23.57±4.49
            	30.35±1.89
            	
              
                17.83±3.75
              
            
            	22.91±4.34
            	29.8±3.27
            	17.95±4.2
          

          
            	WS(km hr-1)
            	Winter
            	
              
                4.07±1.03
              
            
            	
              
                5.61±3.42
              
            
            	
              
                2.68±1.44
              
            
            	7.29±1.52
            	10.01±5.49
            	5.86±3.56
          

          
            	Pre-monsoon
            	5.57±1.58
            	8.84±4.16
            	3.62±2.72
            	
              8.94±1.47
            
            	
              11.49±6.14
            
            	
              7.2±4.81
            
          

          
            	Monsoon
            	
              6.68±1.82
            
            	
              9.61±4.57
            
            	
              4.84±3.59
            
            	7.84±1.2
            	9.63±5.99
            	6.43±4.63
          

          
            	Post-monsoon
            	4.26±0.98
            	6.44±3.66
            	3.0±1.96
            	
              
                5.55±1.01
              
            
            	
              
                7.64±4.23
              
            
            	
              
                4.25±2.5
              
            
          

        

        
          
            *Bold: Seasonal high value, #Bold & Italic: Seasonal low value
          

        

        

      

    

    

  
    
      4. CONCLUSION
      The present study analyses the temporal characteristics of surface O3 on short-term basis using the datasets obtained from the National Data Center (NDC), India Meteorological Department (IMD), Pune during 1998-2014 and 1998-2013 respectively over Pune and Delhi, known to be environmentally distinct metropolitan cities. The study also examines the influence of meteorological parameters (viz., T, RH/PWC, and WS) and ABLH data (retrieved from MEERA model) causing surface O3 variability at the studied locations. The salient features of the study are as follows:

      
        	ㆍ At Pune and Delhi, the averaged daytime surface ozone concentrations are found to be high during pre-monsoon while low concentrations occur during monsoon (Pune) and winter (Delhi). At both these locations, the maximum/minimum daytime surface ozone concentrations are found to be significantly high as compared to maximum/minimum nighttime surface ozone concentration.


        	ㆍ During pre-monsoon season, over Pune/Delhi, the concentrations of ozone precursor gases (CH4, CO, NO/NOx, NMHCs, and VOCs) are found to be at their peak due to anthropogenic and natural aerosol production activities in the atmosphere. Also, the adequate presence of solar flux and prevailing high surface temperature (35°C-40°C) hasten the photo-oxidation rate of precursor gases producing enhanced surface ozone concentration over Pune. However, the reduced intensity of solar radiation decreases the rate of photo-dissociation of ozone precursor gases resulting in low surface ozone concentration in winter.


        	ㆍ There exists a substantial difference between surface ozone concentration measured at Delhi and Pune during monsoon and post-monsoon months. The observed difference between diurnal variability at Pune and Delhi can be mainly attributed to the diverse regional/climatic zones represented by these two sites, the contribution of photo-chemically generated surface ozone from sunshine, different meteorological conditions, anthropogenic and natural precursors as well as the influx of surface ozone via long-range transport at the respective sites.


        	ㆍ d(O3)/dt data reveals that at Pune, the averaged maximum/minimum [d(O3)/dt] values occur during March (6.06 ppbv hr-1)/July (0.61 ppbv hr-1) while for Delhi the averaged maximum/minimum [d(O3)/dt] values are found to be during October (8.01 ppbv hr-1)/January (2.54 ppbv hr-1) for morning hours.


        	ㆍ The occurrence of high RH (hence PWC) in the morning and evening hours is associated with low surface ozone concentration during morning and evening period. The presence of high RH/PWC in ambient atmosphere over observing locations can cause depletion of surface ozone involving OH radicals for which PWC is the source. This hypothesis supports the occurrence of low surface ozone concentration at high RH (morning and evening) and high surface ozone concentration (around noontime) at low RH over Delhi and Pune for the period of study exhibiting negative correlation between RH and surface ozone. Further, surface ozone concentration is found to be maximum for daily maximum temperature.


        	ㆍ The study demonstrates that the ABLH variation at Pune and Delhi plays a pivotal role in controlling the monthly/seasonal as well as the diurnal variability of surface ozone concentration at these sites. During post-monsoon and winter seasons, after sunrise, ABLH gradually increases around noontime due to convective activities with consequent reduction in the stratification of ABL. Around this time; the ambient air develops instability and rises due to surface heating produced by solar radiation. This accelerates the air pollutant dispersion and mixing of low ozone surface layer quantity with high ozone quantity in the upper layer. This process which is active during winter and post-monsoon seasons produces relatively higher surface ozone concentration in these seasons.


      

    

    

  
    
      Acknowledgments
      The author (GCK) is deeply indebted to Principal, Management of Trinity college of Engineering and Research, Pune and Principal, Nowrosjee Wadia College, Pune for providing support and guidance to carry out this work. Thanks are also due to National Data Center (NDC), India Meteorological Department (IMD), Pune for providing surface ozone and meteorological data. We are thankful to the anonymous reviewers for their careful reading of our manuscript and their many comments and insightful suggestions.

    

    

  
    
      References
      
        
          	
          	
        

        
          	
            
              1. 
            
          
          	Ahammed, Y.N., Reddy, R., Gopal, K.R., Narasimhulu, K., Basha, D.B., Reddy, L.S.S., Rao T. (2006) Seasonal variation of the surface ozone and its precursor gases during 2001-2003, measured at Anantapur (14.62 N), a semi-arid site in India. Atmospheric Research, 80, 151-164.
			[https://doi.org/10.1016/j.atmosres.2005.07.002]
		
        

        
          	
            
              2. 
            
          
          	Aher, G., Agashe, V. (1998) Determination of atmospheric turbidity at Pune. Indian Journal of Radio & Space Physics, 37, 53-59.
        

        
          	
            
              3. 
            
          
          	Akimoto, H., Mori, Y., Sasaki, K., Nakanishi, H., Ohizumi, T., Itano, Y. (2015) Analysis of monitoring data of ground-level ozone in Japan for long-term trend during 1990-2010: Causes of temporal and spatial variation. Atmospheric Environment, 102, 302-310.
			[https://doi.org/10.1016/j.atmosenv.2014.12.001]
		
        

        
          	
            
              4. 
            
          
          	Ali, K., Inamdar, S., Beig, G., Ghude, S., Peshin, S. (2012) Surface ozone scenario at Pune and Delhi during the decade of 1990s. Journal of Earth System Science, 121, 373-383.
			[https://doi.org/10.1007/s12040-012-0170-1]
		
        

        
          	
            
              5. 
            
          
          	Altimir, N., Kolari, P., Tuovinen, J.-P., Vesala, T., Bäck, J., Suni, T., Kulmala, M., Hari, P. (2006) Foliage surface ozone deposition: a role for surface moisture? Biogeosciences, 3, 209-228.
			[https://doi.org/10.5194/bg-3-209-2006]
		
        

        
          	
            
              6. 
            
          
          	Balakrishnan, K., Dey, S., Gupta, T., Dhaliwal, R., Brauer, M., Cohen, A.J., Stanaway, J.D., Beig, G., Joshi, T.K., Aggarwal, A.N. (2019) The impact of air pollution on deaths, disease burden, and life expectancy across the states of India: the Global Burden of Disease Study 2017. The Lancet Planetary Health, 3, e26-e39.
			[https://doi.org/10.1016/S2542-5196(18)30261-4]
		
        

        
          	
            
              7. 
            
          
          	Beig, G., Gunthe, S., Jadhav, D. (2007) Simultaneous measurements of ozone and its precursors on a diurnal scale at a semi urban site in India. Journal of Atmospheric Chemistry, 57, 239-253.
			[https://doi.org/10.1007/s10874-007-9068-8]
		
        

        
          	
            
              8. 
            
          
          	Brasseur, G.P., Solomon, S. (2006) Aeronomy of the middle atmosphere: Chemistry and physics of the stratosphere and mesosphere. Springer Science & Business Media.
			[https://doi.org/10.1007/1-4020-3824-0]
		
        

        
          	
            
              9. 
            
          
          	Chakrabarty, D., Peshin, S. (2016) On low value of surface ozone during winter in Delhi. Indian Journal of Radio & Space Physics, 45, 41-47.
        

        
          	
            
              10. 
            
          
          	Cooper, O.R., Parrish, D., Stohl, A., Trainer, M., Nédélec, P., Thouret, V., Cammas, J.-P., Oltmans, S., Johnson, B., Tarasick, D. (2010) Increasing springtime ozone mixing ratios in the free troposphere over western North America. Nature, 463, 344-348.
			[https://doi.org/10.1038/nature08708]
		
        

        
          	
            
              11. 
            
          
          	Cooper, O.R., Parrish, D., Ziemke, J., Balashov, N., Cupeiro, M., Galbally, I., Gilge, S., Horowitz, L., Jensen, N., Lamarque, J.-F. (2014) Global distribution and trends of tropospheric ozone: An observation-based reviewGlobal distribution and trends of tropospheric ozone. Elementa: Science of the Anthropocene, 2, 000029.
			[https://doi.org/10.12952/journal.elementa.000029]
		
        

        
          	
            
              12. 
            
          
          	David, L.M., Nair, P.R. (2011) Diurnal and seasonal variability of surface ozone and NOx at a tropical coastal site: Association with mesoscale and synoptic meteorological conditions. Journal of Geophysical Research: Atmospheres, 116, D10303.
			[https://doi.org/10.1029/2010JD015076]
		
        

        
          	
            
              13. 
            
          
          	Debaje, S.B., Jeyakumar, S.J., Ganesan, K., Jadhav, D., Seetaramayya, P. (2003) Surface ozone measurements at tropical rural coastal station Tranquebar, India. Atmospheric Environment, 37, 4911-4916.
			[https://doi.org/10.1016/j.atmosenv.2003.08.005]
		
        

        
          	
            
              14. 
            
          
          	Debaje, S.B., Kakade, A.D. (2006) Weekend ozone effect over rural and urban site in India. Aerosol and Air Quality Research, 6, 322-333.
			[https://doi.org/10.4209/aaqr.2006.09.0008]
		
        

        
          	
            
              15. 
            
          
          	Debaje, S.B., Kakade, A.D. (2009) Surface ozone variability over western Maharashtra, India. Journal of Hazardous Materials, 161, 686-700.
			[https://doi.org/10.1016/j.jhazmat.2008.04.010]
		
        

        
          	
            
              16. 
            
          
          	Derwent, R.G., Manning, A.J., Simmonds, P.G., Spain, T.G., O’Doherty, S. (2013) Analysis and interpretation of 25 years of ozone observations at the Mace Head Atmospheric Research Station on the Atlantic Ocean coast of Ireland from 1987 to 2012. Atmospheric Environment, 80, 361-368.
			[https://doi.org/10.1016/j.atmosenv.2013.08.003]
		
        

        
          	
            
              17. 
            
          
          	Gaur, A., Tripathi, S., Kanawade, V., Tare, V., Shukla, S. (2014) Four-year measurements of trace gases (SO2, NOx, CO, and O3) at an urban location, Kanpur, in northern India. Journal of Atmospheric Chemistry, 71, 283-301.
			[https://doi.org/10.1007/s10874-014-9295-8]
		
        

        
          	
            
              18. 
            
          
          	Ghosh, D., Lal, S., Sarkar, U. (2013) High nocturnal ozone levels at a surface site in Kolkata, India: Trade-off between meteorology and specific nocturnal chemistry. Urban Climate, 5, 82-103.
			[https://doi.org/10.1016/j.uclim.2013.07.002]
		
        

        
          	
            
              19. 
            
          
          	Ghude, S.D., Jain, S., Arya, B., Beig, G., Ahammed, Y., Kumar, A., Tyagi, B. (2008) Ozone in ambient air at a tropical megacity, Delhi: characteristics, trends and cumulative ozone exposure indices. Journal of Atmospheric Chemistry, 60, 237-252.
			[https://doi.org/10.1007/s10874-009-9119-4]
		
        

        
          	
            
              20. 
            
          
          	Girach, I., Ojha, N., Nair, P.R., Tiwari, Y.K., Kumar, K.R. (2018) Variations of trace gases over the Bay of Bengal during the summer monsoon. Journal of Earth System Science, 127, 1-11.
			[https://doi.org/10.1007/s12040-017-0915-y]
		
        

        
          	
            
              21. 
            
          
          	Girach, I.A., Ojha, N., Nair, P.R., Pozzer, A., Tiwari, Y.K., Kumar, K.R., Lelieveld, J. (2017) Variations in O3, CO, and CH4 over the Bay of Bengal during the summer monsoon season: shipborne measurements and model simulations. Atmospheric Chemistry and Physics, 17, 257-275.
			[https://doi.org/10.5194/acp-17-257-2017]
		
        

        
          	
            
              22. 
            
          
          	Gopal, K.R., Lingaswamy, A., Arafath, S.M., Balakrishnaiah, G., Kumari, S.P., Devi, K.U., Reddy, N.S.K., Reddy, K.R.O., Reddy, R., Azeem, P.A. (2014) Seasonal heterogeneity in ozone and its precursors (NOx) by in-situ and model observations on semi-arid station in Anantapur (AP), South India. Atmospheric Environment, 84, 294-306.
			[https://doi.org/10.1016/j.atmosenv.2013.10.014]
		
        

        
          	
            
              23. 
            
          
          	Granier, C., Bessagnet, B., Bond, T., D’Angiola, A., van Der Gon, H.D., Frost, G.J., Heil, A., Kaiser, J.W., Kinne, S., Klimont, Z. (2011) Evolution of anthropogenic and biomass burning emissions of air pollutants at global and regional scales during the 1980-2010 period. Climatic Change, 109, 163-190.
			[https://doi.org/10.1007/s10584-011-0154-1]
		
        

        
          	
            
              24. 
            
          
          	Gupta, G.P., Kumar, B., Singh, S., Kulshrestha, U.C. (2016) Deposition and impact of urban atmospheric dust on two medicinal plants during different seasons in NCR Delhi. Aerosol and Air Quality Research, 16, 2920-2932.
			[https://doi.org/10.4209/aaqr.2015.04.0272]
		
        

        
          	
            
              25. 
            
          
          	India Meteorological Department (IMD) (1995) Surface Ozone Recorder. India Meteorological Department, I.S.C. No. 103.
        

        
          	
            
              26. 
            
          
          	Jaffe, D., Ray, J. (2007) Increase in surface ozone at rural sites in the western US. Atmospheric Environment, 41, 5452-5463.
			[https://doi.org/10.1016/j.atmosenv.2007.02.034]
		
        

        
          	
            
              27. 
            
          
          	Jain, S., Arya, B., Kumar, A., Ghude, S.D., Kulkarni, P. (2005) Observational study of surface ozone at New Delhi, India. International Journal of Remote Sensing, 26, 3515-3524.
			[https://doi.org/10.1080/01431160500076616]
		
        

        
          	
            
              28. 
            
          
          	Jo, W.K., Park, J.H. (2005) Characteristics of roadside air pollution in Korean metropolitan city (Daegu) over last 5 to 6 years: temporal variations, standard exceedances, and dependence on meteorological conditions. Chemosphere, 59, 1557-1573.
			[https://doi.org/10.1016/j.chemosphere.2004.12.021]
		
        

        
          	
            
              29. 
            
          
          	Jonson, J., Simpson, D., Fagerli, H., Solberg, S. (2006) Can we explain the trends in European ozone levels? Atmospheric Chemistry and Physics, 6, 51-66.
			[https://doi.org/10.5194/acp-6-51-2006]
		
        

        
          	
            
              30. 
            
          
          	Kanchana, A.L., Sagar, V.K., Pathakoti, M., Mahalakshmi, D., Mallikarjun, K., Gharai, B. (2020) Ozone variability: Influence by its precursors and meteorological parameters-an investigation. Journal of Atmospheric and Solar-Terrestrial Physics, 211, 105468.
			[https://doi.org/10.1016/j.jastp.2020.105468]
		
        

        
          	
            
              31. 
            
          
          	Khemani, L., Momin, G., Rao, P., Vijayakumar, R., Safai, P. (1995) Study of surface ozone behaviour at urban and forested sites in India. Atmospheric Environment, 29, 2021-2024.
			[https://doi.org/10.1016/1352-2310(94)00293-T]
		
        

        
          	
            
              32. 
            
          
          	Kolhe, A.R., Pawar, G.V., Varpe, S.R., Kumar, P.P., Devara, P.C., Aher, G.R. (2016) Multi-year analysis of aerosol properties retrieved from the Ångström parameters for different spectral ranges over Pune. Aerosol and Air Quality Research, 16, 3266-3280.
			[https://doi.org/10.4209/aaqr.2016.06.0268]
		
        

        
          	
            
              33. 
            
          
          	Kuang, S., Newchurch, M., Burris, J., Wang, L., Buckley, P.I., Johnson, S., Knupp, K., Huang, G., Phillips, D., Cantrell, W. (2011) Nocturnal ozone enhancement in the lower troposphere observed by lidar. Atmospheric Environment, 45, 6078-6084.
			[https://doi.org/10.1016/j.atmosenv.2011.07.038]
		
        

        
          	
            
              34. 
            
          
          	Kunchala, R.K., Attada, R., Vellore, R.K., Soni, V.K., Mohan, M., Chilukoti, N. (2021) On the understanding of surface ozone variability, its precursors and their associations with atmospheric conditions over the Delhi region. Atmospheric Research, 258, 105653.
			[https://doi.org/10.1016/j.atmosres.2021.105653]
		
        

        
          	
            
              35. 
            
          
          	Kurokawa, J., Ohara, T., Uno, I., Hayasaki, M., Tanimoto, H. (2009) Influence of meteorological variability on interannual variations of springtime boundary layer ozone over Japan during 1981-2005. Atmospheric Chemistry and Physics, 9, 6287-6304.
			[https://doi.org/10.5194/acp-9-6287-2009]
		
        

        
          	
            
              36. 
            
          
          	Kutal, G., Kolhe, A., Varpe, S., Aher, G. (2017) An investigation of temporal variability of the total column ozone over tropical urban, high altitude, and coastal stations in Western Maharashtra, India. International Journal of Remote Sensing, 38, 1197-1223.
			[https://doi.org/10.1080/01431161.2017.1283073]
		
        

        
          	
            
              37. 
            
          
          	Kutal, G., Kolhe, A., Varpe, S., Mahajan, C., Singh, P., Aher, G. (2022) UV Erythemal Radiation and Its Sensitivity to Changes in Total Column Ozone and Aerosols. Aerosol Science and Engineering.
			[https://doi.org/10.1007/s41810-022-00132-x]
		
        

        
          	
            
              38. 
            
          
          	Lal, S. (2007) Trace gases over the Indian region. Indian Journal of Radio & Space Physics, 36, 556-570.
        

        
          	
            
              39. 
            
          
          	Lal, S., Chand, D., Sahu, L., Venkataramani, S., Brasseur, G., Schultz, M. (2006) High levels of ozone and related gases over the Bay of Bengal during winter and early spring of 2001. Atmospheric Environment, 40, 1633-1644.
			[https://doi.org/10.1016/j.atmosenv.2005.10.060]
		
        

        
          	
            
              40. 
            
          
          	Lal, S., Naja, M., Subbaraya, B. (2000) Seasonal variations in surface ozone and its precursors over an urban site in India. Atmospheric Environment, 34, 2713-2724.
			[https://doi.org/10.1016/S1352-2310(99)00510-5]
		
        

        
          	
            
              41. 
            
          
          	Lawrence, M., Lelieveld, J. (2010) Atmospheric pollutant outflow from southern Asia: a review. Atmospheric Chemistry and Physics, 10, 11017-11096.
			[https://doi.org/10.5194/acp-10-11017-2010]
		
        

        
          	
            
              42. 
            
          
          	Leckner, B. (1978) The spectral distribution of solar radiation at the earth’s surface - elements of a model. Solar Energy, 20, 143-150.
			[https://doi.org/10.1016/0038-092X(78)90187-1]
		
        

        
          	
            
              43. 
            
          
          	Lehman, J., Swinton, K., Bortnick, S., Hamilton, C., Baldridge, E., Eder, B., Cox, B. (2004) Spatio-temporal characterization of tropospheric ozone across the eastern United States. Atmospheric Environment, 38, 4357-4369.
			[https://doi.org/10.1016/j.atmosenv.2004.03.069]
		
        

        
          	
            
              44. 
            
          
          	Lelieveld, J., Dentener, F.J. (2000) What controls tropospheric ozone? Journal of Geophysical Research: Atmospheres, 105, 3531-3551.
			[https://doi.org/10.1029/1999JD901011]
		
        

        
          	
            
              45. 
            
          
          	Levy, H., Mahlman, J., Moxim, W., Liu, S. (1985) Tropospheric ozone: The role of transport. Journal of Geophysical Research: Atmospheres, 90, 3753-3772.
			[https://doi.org/10.1029/JD090iD02p03753]
		
        

        
          	
            
              46. 
            
          
          	Li, Q., Zhang, L., Wang, T., Wang, Z., Fu, X., Zhang, Q. (2018) “New” reactive nitrogen chemistry reshapes the relationship of ozone to its precursors. Environmental Science & Technology, 52, 2810-2818.
			[https://doi.org/10.1021/acs.est.7b05771]
		
        

        
          	
            
              47. 
            
          
          	Lin, W., Xu, X., Zhang, X., Tang, J. (2008) Contributions of pollutants from North China Plain to surface ozone at the Shangdianzi GAW Station. Atmospheric Chemistry and Physics, 8, 5889-5898.
			[https://doi.org/10.5194/acp-8-5889-2008]
		
        

        
          	
            
              48. 
            
          
          	Mallik, C., Lal, S., Venkataramani, S. (2015) Trace gases at a semi-arid urban site in western India: variability and intercorrelations. Journal of Atmospheric Chemistry, 72, 143-164.
			[https://doi.org/10.1007/s10874-015-9311-7]
		
        

        
          	
            
              49. 
            
          
          	Midgley, P., Reuther, M. (2003) Towards cleaner air for Europe (science, tools and applications. Part 2, Overviews from the final reports of the EUROTRAC-2. subprojects).
        

        
          	
            
              50. 
            
          
          	Mills, G., Harmens, H., Wagg, S., Sharps, K., Hayes, F., Fowler, D., Sutton, M., Davies, B. (2016) Ozone impacts on vegetation in a nitrogen enriched and changing climate. Environmental Pollution, 208, 898-908.
			[https://doi.org/10.1016/j.envpol.2015.09.038]
		
        

        
          	
            
              51. 
            
          
          	Monks, P.S., Archibald, A., Colette, A., Cooper, O., Coyle, M., Derwent, R., Fowler, D., Granier, C., Law, K.S., Mills, G. (2015) Tropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcer. Atmospheric Chemistry and Physics, 15, 8889-8973.
			[https://doi.org/10.5194/acp-15-8889-2015]
		
        

        
          	
            
              52. 
            
          
          	Munir, S., Chen, H., Ropkins, K. (2011) Non-parametric nature of ground-level ozone and its dependence on nitrogen oxides (NOx): a view point of vehicular emissions. WIT Transaction on Ecology Environment, 147, 93-104.
			[https://doi.org/10.2495/AIR110091]
		
        

        
          	
            
              53. 
            
          
          	National Ambient Air Quality Standards, Central Pollution Control Board (CPCB) of India. 2009. https://cpcb.nic.in/upload/NAAQS_2019.pdf
        

        
          	
            
              54. 
            
          
          	Nair, P., Chand, D., Lal, S., Modh, K., Naja, M., Parameswaran, K., Ravindran, S., Venkataramani, S. (2002) Temporal variations in surface ozone at Thumba (8.6°N, 77°E) - a tropical coastal site in India. Atmospheric Environment, 36, 603-610.
			[https://doi.org/10.1016/S1352-2310(01)00527-1]
		
        

        
          	
            
              55. 
            
          
          	Nair, P.R., Ajayakumar, R.S., David, L.M., Girach, I.A., Mottungan, K. (2018) Decadal changes in surface ozone at the tropical station Thiruvananthapuram (8.542°N, 76.858°E), India: Effects of anthropogenic activities and meteorological variability. Environmental Science and Pollution Research, 25, 14827-14843.
			[https://doi.org/10.1007/s11356-018-1695-x]
		
        

        
          	
            
              56. 
            
          
          	Nair, P.R., David, L.M., Girach, I., George, K.S. (2011) Ozone in the marine boundary layer of Bay of Bengal during post-winter period: Spatial pattern and role of meteorology. Atmospheric Environment, 45, 4671-4681.
			[https://doi.org/10.1016/j.atmosenv.2011.05.040]
		
        

        
          	
            
              57. 
            
          
          	Naja, M., Lal, S. (2002) Surface ozone and precursor gases at Gadanki (13.5°N, 79.2°E), a tropical rural site in India. Journal of Geophysical Research: Atmospheres, 107, ACH 8-1-ACH 8-13.
			[https://doi.org/10.1029/2001JD000357]
		
        

        
          	
            
              58. 
            
          
          	Naja, M., Lal, S., Chand, D. (2003) Diurnal and seasonal variabilities in surface ozone at a high altitude site Mt Abu (24.6°N, 72.7°E, 1680 m asl) in India. Atmospheric Environment, 37, 4205-4215.
			[https://doi.org/10.1016/S1352-2310(03)00565-X]
		
        

        
          	
            
              59. 
            
          
          	Nishanth, T., Praseed, K., Kumar, M.S., Valsaraj, K. (2014) Observational study of surface O3, NOx, CH4 and total NMHCs at Kannur, India. Aerosol and Air Quality Research, 14, 1074-1088.
			[https://doi.org/10.4209/aaqr.2012.11.0323]
		
        

        
          	
            
              60. 
            
          
          	Ojha, N., Naja, M., Singh, K., Sarangi, T., Kumar, R., Lal, S., Lawrence, M.G., Butler, T.M., Chandola, H. (2012) Variabilities in ozone at a semi-urban site in the Indo-Gangetic Plain region: Association with the meteorology and regional processes. Journal of Geophysical Research: Atmospheres, 117, D20301.
			[https://doi.org/10.1029/2012JD017716]
		
        

        
          	
            
              61. 
            
          
          	Oltmans, S., Lefohn, A., Shadwick, D., Harris, J., Scheel, H., Galbally, I., Tarasick, D., Johnson, B., Brunke, E.-G., Claude, H. (2013) Recent tropospheric ozone changes - A pattern dominated by slow or no growth. Atmospheric Environment, 67, 331-351.
			[https://doi.org/10.1016/j.atmosenv.2012.10.057]
		
        

        
          	
            
              62. 
            
          
          	Oltmans, S.J., Lefohn, A.S., Harris, J.M., Shadwick, D.S. (2008) Background ozone levels of air entering the west coast of the US and assessment of longer-term changes. Atmospheric Environment, 42, 6020-6038.
			[https://doi.org/10.1016/j.atmosenv.2008.03.034]
		
        

        
          	
            
              63. 
            
          
          	Pan, G., Pan, Q., Zhang, G. The harm of Ozone pollution and the significance of Ozone Monitoring. in In Proceedings of the 2013 Annual meeting of the Chinese Society of Environmental Science, Kunming, China, p. 5.
        

        
          	
            
              64. 
            
          
          	Parrish, D.D., Law, K.S., Staehelin, J., Derwent, R., Cooper, O., Tanimoto, H., Volz-Thomas, A., Gilge, S., Scheel, H.E., Steinbacher, M. (2013) Lower tropospheric ozone at northern midlatitudes: Changing seasonal cycle. Geophysical Research Letters, 40, 1631-1636.
			[https://doi.org/10.1002/grl.50303]
		
        

        
          	
            
              65. 
            
          
          	Parrish, D.D., Law, K.S., Staehelin, J., Derwent, R., Cooper, O.R., Tanimoto, H., Volz-Thomas, A., Gilge, S., Scheel, H.-E., Steinbacher, M. (2012) Long-term changes in lower tropospheric baseline ozone concentrations at northern midlatitudes. Atmospheric Chemistry and Physics, 12, 11485-11504.
			[https://doi.org/10.5194/acp-12-11485-2012]
		
        

        
          	
            
              66. 
            
          
          	Pawar, G., Devara, P., Aher, G. (2015) Identification of aerosol types over an urban site based on air-mass trajectory classification. Atmospheric Research, 164, 142-155.
			[https://doi.org/10.1016/j.atmosres.2015.04.022]
		
        

        
          	
            
              67. 
            
          
          	Peshin, S., Sharma, A., Sharma, S., Naja, M., Mandal, T. (2017) Spatio-temporal variation of air pollutants and the impact of anthropogenic effects on the photochemical buildup of ozone across Delhi-NCR. Sustainable Cities and Society, 35, 740-751.
			[https://doi.org/10.1016/j.scs.2017.09.024]
		
        

        
          	
            
              68. 
            
          
          	Post, E.S., Grambsch, A., Weaver, C., Morefield, P., Huang, J., Leung, L.-Y., Nolte, C.G., Adams, P., Liang, X.-Z., Zhu, J.-H. (2012) Variation in estimated ozone-related health impacts of climate change due to modeling choices and assumptions. Environmental Health Perspectives, 120, 1559-1564.
			[https://doi.org/10.1289/ehp.1104271]
		
        

        
          	
            
              69. 
            
          
          	Purkait, N., De, S., Sen, S., Chakrabarty, D. (2009) Surface ozone and its precursors at two sites in the northeast coast of India. 92.60. Sz.
        

        
          	
            
              70. 
            
          
          	Reddy, B.S.K., Kumar, K.R., Balakrishnaiah, G., Gopal, K.R., Reddy, R., Ahammed, Y.N., Narasimhulu, K., Reddy, L.S.S., Lal, S. (2010) Observational studies on the variations in surface ozone concentration at Anantapur in southern India. Atmospheric Research, 98, 125-139.
			[https://doi.org/10.1016/j.atmosres.2010.06.008]
		
        

        
          	
            
              71. 
            
          
          	Reddy, K., Naja, M., Ojha, N., Mahesh, P., Lal, S. (2012) Influences of the boundary layer evolution on surface ozone variations at a tropical rural site in India. Journal of Earth System Science, 121, 911-922.
			[https://doi.org/10.1007/s12040-012-0200-z]
		
        

        
          	
            
              72. 
            
          
          	Reddy, R., Gopal, K.R., Reddy, L.S.S., Narasimhulu, K., Kumar, K.R., Ahammed, Y.N., Reddy, C.K. (2008) Measurements of surface ozone at semi-arid site Anantapur (14.62°N, 77.65°E, 331 m asl) in India. Journal of Atmospheric Chemistry, 59, 47-59.
			[https://doi.org/10.1007/s10874-008-9094-1]
		
        

        
          	
            
              73. 
            
          
          	Renuka, K., Gadhavi, H., Jayaraman, A., Lal, S., Naja, M., Rao, S.B. (2014) Study of Ozone and NO2 over Gadanki - a rural site in South India. Journal of Atmospheric Chemistry, 71, 95-112.
			[https://doi.org/10.1007/s10874-014-9284-y]
		
        

        
          	
            
              74. 
            
          
          	Resmi, C., Satheesh, Kumar, M., Valsaraj, K. (2020) Long-term variations of air quality influenced by surface ozone in a coastal site in India: association with synoptic meteorological conditions with model simulations. Atmosphere, 11, 193.
			[https://doi.org/10.3390/atmos11020193]
		
        

        
          	
            
              75. 
            
          
          	Safai, P.D., Ghude, S., Pithani, P., Varpe, S., Kulkarni, R., Todekar, K., Tiwari, S., Chate, D.M., Prabhakaran, T., Jenamani, R.K. (2019) Two-way relationship between aerosols and fog: A case study at IGI airport, New Delhi. Aerosol and Air Quality Research, 19, 71-79.
			[https://doi.org/10.4209/aaqr.2017.11.0542]
		
        

        
          	
            
              76. 
            
          
          	Saini, R., Taneja, A., Singh, P. (2017) Surface ozone scenario and air quality in the north-central part of India. Journal of Environmental Sciences, 59, 72-79.
			[https://doi.org/10.1016/j.jes.2017.02.008]
		
        

        
          	
            
              77. 
            
          
          	Sarangi, T., Naja, M., Ojha, N., Kumar, R., Lal, S., Venkataramani, S., Kumar, A., Sagar, R., Chandola, H. (2014) First simultaneous measurements of ozone, CO, and NOy at a high-altitude regional representative site in the central Himalayas. Journal of Geophysical Research: Atmospheres, 119, 1592-1611.
			[https://doi.org/10.1002/2013JD020631]
		
        

        
          	
            
              78. 
            
          
          	Shan, W., Yin, Y., Zhang, J., Ding, Y. (2008) Observational study of surface ozone at an urban site in East China. Atmospheric Research, 89, 252-261.
			[https://doi.org/10.1016/j.atmosres.2008.02.014]
		
        

        
          	
            
              79. 
            
          
          	Sharma, A., Sharma, S.K., Mandal, T.K. (2016) Influence of ozone precursors and particulate matter on the variation of surface ozone at an urban site of Delhi, India. Sustainable Environment Research, 26, 76-83.
			[https://doi.org/10.1016/j.serj.2015.10.001]
		
        

        
          	
            
              80. 
            
          
          	Sharma, P., Kuniyal, J.C., Chand, K., Guleria, R.P., Dhyani, P.P., Chauhan, C. (2013) Surface ozone concentration and its behaviour with aerosols in the northwestern Himalaya, India. Atmospheric Environment, 71, 44-53.
			[https://doi.org/10.1016/j.atmosenv.2012.12.042]
		
        

        
          	
            
              81. 
            
          
          	Sharma, R.C. (2020) Investigation of Variability of Some Gaseous and Particulate Pollutants over Delhi, Northern India (28° 40′ N, 76° 50′ E). Asian Journal of Water, Environment and Pollution, 17, 101-109.
			[https://doi.org/10.3233/AJW200044]
		
        

        
          	
            
              82. 
            
          
          	Sharma, R.C., Sharma, N. (2016) Influence of some meteorological variables on PM10 and NOx in Gurgaon, Northern India. American Journal of Environmental Protection, 4, 1-6.
        

        
          	
            
              83. 
            
          
          	Shende, R., Jayaraman, K., Sreedharan, C., Tiwari, V. (1994) Broad features of surface ozone variations over Indian region. NASA. Goddard Space Flight Center, Ozone in the Troposphere and Stratosphere, Part 1.
        

        
          	
            
              84. 
            
          
          	Shukla, K., Srivastava, P.K., Banerjee, T., Aneja, V.P. (2017) Trend and variability of atmospheric ozone over middle Indo-Gangetic Plain: impacts of seasonality and precursor gases. Environmental Science and Pollution Research, 24, 164-179.
			[https://doi.org/10.1007/s11356-016-7738-2]
		
        

        
          	
            
              85. 
            
          
          	Sikder, H.A., Suthawaree, J., Kato, S., Kajii, Y. (2011) Surface ozone and carbon monoxide levels observed at Oki, Japan: Regional air pollution trends in East Asia. Journal of Environmental Management, 92, 953-959.
			[https://doi.org/10.1016/j.jenvman.2010.10.062]
		
        

        
          	
            
              86. 
            
          
          	Singla, V., Pachauri, T., Satsangi, A., Kumari, K.M., Lakhani, A. (2012) Surface ozone concentrations in Agra: links with the prevailing meteorological parameters. Theoretical and Applied Climatology, 110, 4097421.
			[https://doi.org/10.1007/s00704-012-0632-z]
		
        

        
          	
            
              87. 
            
          
          	Sreedharan, C., Tiwari, V. (1971) The use of a Brewer ‘bubbler’ as a continuous surface ozone sensor. Journal of Physics E: Scientific Instruments, 4, 706.
			[https://doi.org/10.1088/0022-3735/4/9/019]
		
        

        
          	
            
              88. 
            
          
          	Staehelin, J., Thudium, J., Buehler, R., Volz-Thomas, A., Graber, W. (1994) Trends in surface ozone concentrations at Arosa (Switzerland). Atmospheric Environment, 28, 75-87.
			[https://doi.org/10.1016/1352-2310(94)90024-8]
		
        

        
          	
            
              89. 
            
          
          	Steinfeld, J.I. (1998) Atmospheric chemistry and physics: from air pollution to climate change. Environment: Science and Policy for Sustainable Development, 40(7), 26.
			[https://doi.org/10.1080/00139157.1999.10544295]
		
        

        
          	
            
              90. 
            
          
          	Stocker, T., Qin, D., Plattner, G., Tignor, M., Allen, S., Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P. (2013) IPCC, 2013: Climate Change 2013. The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge Univ. Press, Cambridge, UK, and New York, p. 1535.
        

        
          	
            
              91. 
            
          
          	Tian, J., Fang, C., Qiu, J., Wang, J. (2021) Analysis of Ozone Pollution Characteristics and Influencing Factors in Northeast Economic Cooperation Region, China. Atmosphere, 12, 843.
			[https://doi.org/10.3390/atmos12070843]
		
        

        
          	
            
              92. 
            
          
          	Tiwari, S., Dahiya, A., Kumar, N. (2015) Investigation into relationships among NO, NO2, NOx, O3, and CO at an urban background site in Delhi, India. Atmospheric Research, 157, 119-126.
			[https://doi.org/10.1016/j.atmosres.2015.01.008]
		
        

        
          	
            
              93. 
            
          
          	Tong, N.Y., Leung, D.Y., Liu, C.-H. (2011) A review on ozone evolution and its relationship with boundary layer characteristics in urban environments. Water, Air, & Soil Pollution, 214, 13-36.
			[https://doi.org/10.1007/s11270-010-0438-5]
		
        

        
          	
            
              94. 
            
          
          	Trainer, M., Williams, E.J., Parrish, D., Buhr, M., Allwine, E., Westberg, H., Fehsenfeld, F.C., Liu, S.C. (1987) Models and observations of the impact of natural hydrocarbons on rural ozone. Nature, 329, 705-707.
			[https://doi.org/10.1038/329705a0]
		
        

        
          	
            
              95. 
            
          
          	Tu, J., Xia, Z.-G., Wang, H., Li, W. (2007) Temporal variations in surface ozone and its precursors and meteorological effects at an urban site in China. Atmospheric Research, 85, 310-337.
			[https://doi.org/10.1016/j.atmosres.2007.02.003]
		
        

        
          	
            
              96. 
            
          
          	Tyagi, S., Tiwari, S., Mishra, A., Hopke, P.K., Attri, S., Srivastava, A., Bisht, D. (2016) Spatial variability of concentrations of gaseous pollutants across the National Capital Region of Delhi, India. Atmospheric Pollution Research, 7, 808-816.
			[https://doi.org/10.1016/j.apr.2016.04.008]
		
        

        
          	
            
              97. 
            
          
          	Verma, N., Satsangi, A., Lakhani, A., Kumari, K.M. (2018) Characteristics of surface ozone in Agra, a sub-urban site in Indo-Gangetic Plain. Journal of Earth System Science, 127, 1-16.
			[https://doi.org/10.1007/s12040-018-0934-3]
		
        

        
          	
            
              98. 
            
          
          	Vingarzan, R. (2004) A review of surface ozone background levels and trends. Atmospheric Environment, 38, 3431-3442.
			[https://doi.org/10.1016/j.atmosenv.2004.03.030]
		
        

        
          	
            
              99. 
            
          
          	Wagh, S., Singh, P., Ghude, S., Safai, P., Prabhakaran, T., Kumar, P.P. (2021) Study of ice nucleating particles in fog-haze weather at New Delhi, India: A case of polluted environment. Atmospheric Research, 259, 105693.
			[https://doi.org/10.1016/j.atmosres.2021.105693]
		
        

        
          	
            
              100. 
            
          
          	Wang, J., Yang, Y., Zhang, Y., Niu, T., Jiang, X., Wang, Y., Che, H. (2019) Influence of meteorological conditions on explosive increase in O3 concentration in troposphere. Science of the Total Environment, 652, 1228-1241.
			[https://doi.org/10.1016/j.scitotenv.2018.10.228]
		
        

        
          	
            
              101. 
            
          
          	Wang, M., Cao, C., Li, G., Singh, R.P. (2015) Analysis of a severe prolonged regional haze episode in the Yangtze River Delta, China. Atmospheric Environment, 102, 112-121.
			[https://doi.org/10.1016/j.atmosenv.2014.11.038]
		
        

        
          	
            
              102. 
            
          
          	Wang, S., Hao, J. (2012) Air quality management in China: Issues, challenges, and options. Journal of Environmental Sciences, 24, 2-13.
			[https://doi.org/10.1016/S1001-0742(11)60724-9]
		
        

        
          	
            
              103. 
            
          
          	Wang, T., Xue, L., Brimblecombe, P., Lam, Y.F., Li, L., Zhang, L. (2017) Ozone pollution in China: A review of concentrations, meteorological influences, chemical precursors, and effects. Science of the Total Environment, 575, 1582-1596.
			[https://doi.org/10.1016/j.scitotenv.2016.10.081]
		
        

        
          	
            
              104. 
            
          
          	Wang, Z., Li, Y., Chen, T., Zhang, D., Sun, F., Sun, R., Dong, X., Sun, N., Pan, L. (2014) Temporal and spatial distribution characteristics of ozone in Beijing. Huan jing ke xue=Huanjing kexue, 35, 4446-4453.
        

        
          	
            
              105. 
            
          
          	Xie, J., Shi, S., Wu, L., Zhang, X. (2021) Spatiotemporal Changes of Near-Surface Ozone Concentration From 2015 to 2018 in Beijing. Frontiers in Environmental Science, 9, 154.
			[https://doi.org/10.3389/fenvs.2021.593220]
		
        

        
          	
            
              106. 
            
          
          	Xu, W., Lin, W., Xu, X., Tang, J., Huang, J., Wu, H., Zhang, X. (2016) Long-term trends of surface ozone and its influencing factors at the Mt Waliguan GAW station, China - Part 1: Overall trends and characteristics. Atmospheric Chemistry and Physics, 16, 6191-6205.
			[https://doi.org/10.5194/acp-16-6191-2016]
		
        

        
          	
            
              107. 
            
          
          	Xu, X., Lin, W., Wang, T., Yan, P., Tang, J., Meng, Z., Wang, Y. (2008) Long-term trend of surface ozone at a regional background station in eastern China 1991-2006: enhanced variability. Atmospheric Chemistry and Physics, 8, 2595-2607.
			[https://doi.org/10.5194/acp-8-2595-2008]
		
        

        
          	
            
              108. 
            
          
          	Yadav, R., Sahu, L., Beig, G., Jaaffrey, S. (2016) Role of long-range transport and local meteorology in seasonal variation of surface ozone and its precursors at an urban site in India. Atmospheric Research, 176, 967107.
			[https://doi.org/10.1016/j.atmosres.2016.02.018]
		
        

        
          	
            
              109. 
            
          
          	Young, P.J., Naik, V., Fiore, A.M., Gaudel, A., Guo, J., Lin, M., Neu, J., Parrish, D., Rieder, H., Schnell, J. (2018) Tropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trends. Elementa: Science of the Anthropocene, 6, 10.
			[https://doi.org/10.1525/elementa.265]
		
        

        
          	
            
              110. 
            
          
          	Yuan, X., Feng, Z., Liu, S., Shang, B., Li, P., Xu, Y., Paoletti, E. (2017) Concentration- and flux-based dose-responses of isoprene emission from poplar leaves and plants exposed to an ozone concentration gradient. Plant, Cell & Environment, 40, 1960-1971.
			[https://doi.org/10.1111/pce.13007]
		
        

        
          	
            
              111. 
            
          
          	Zaveri, R.A., Berkowitz, C.M., Kleinman, L.I., Springston, S.R., Doskey, P.V., Lonneman, W.A., Spicer, C.W. (2003) Ozone production efficiency and NOx depletion in an urban plume: Interpretation of field observations and implications for evaluating O3-NOx-VOC sensitivity. Journal of Geophysical Research: Atmospheres, 108(D14), 4436.
			[https://doi.org/10.1029/2002JD003144]
		
        

        
          	
            
              112. 
            
          
          	Zhang, Y., Cooper, O.R., Gaudel, A., Thompson, A.M., Nédélec, P., Ogino, S.-Y., West, J.J. (2016) Tropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissions. Nature Geoscience, 9, 875-879.
			[https://doi.org/10.1038/ngeo2827]
		
        

        
          	
            
              113. 
            
          
          	Zhu, X., Ma, Z., Li, Z., Wu, J., Guo, H., Yin, X., Ma, X., Qiao, L. (2020) Impacts of meteorological conditions on nocturnal surface ozone enhancement during the summertime in Beijing. Atmospheric Environment, 225, 117368.
			[https://doi.org/10.1016/j.atmosenv.2020.117368]
		
        

      

    

    

  OEBPS/images/big_16_2.jpg
N 2287-1160 (Onlin)
S8 1576312 et

6 | 2022

Volume 16 Number 2

Asian Association for
Atmospheric Environment





OEBPS/images/data/ajae/33249/AJAE_2022_v16n2_106_f003.jpg
Time (hr)

Time (hr)

Surface ozone (ppbv)

| e —

L1I0 410 7.10 1010 13.10 1610 19.10 22.10 25.10 28.10 3110 34.10

(a) P

8]
6]
%]
29
T T T T T T T T T y
Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
24

24 (b) Delhi

T y T T T T T T T

Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month





OEBPS/images/data/ajae/33249/AJAE_2022_v16n2_106_f005.jpg
Surface ozone (ppbv) Surface ozone (pphv)

‘Surface ozone (ppbv)

Surface azone (ppbv)

s

@
Delhi

January February arch

2

Surface azone (pph)
Surface ozone (ppby)

“

B

O a e R e s n N I N TNy R N TN
Time (br) Time (he) Time (hr)

April May June
=

"

Surface azane (ppbv)
s

Surface ozone (ppb)
Ik )

0 34 6 B 102 isde 18 30 32 M 03 4 6 & 101204060830 2 W R NN RTR TR )
Time (hr) Time (hr) Time (hr)
“ s _ w
g | prey s
£ E
“ Ew &
£ i,
" T £
.
034 6 B M0z isie 1820 2 M N TR TR T S R A NN R TR T Ty
Time (hr) Time (hr) “Time (hr)
w w “
4 P By v | -
3 R
o i~ i
» gn Y
O 34 6 B ib iz s i6 8 2 22 2 03 4 6 8 1012 040608 302 M 3 3

Time (hr) Time (hr) Time (hr)





OEBPS/images/data/ajae/33249/AJAE_2022_v16n2_106_f006.jpg
Frequency count (%)

Frequency count (%)

60

(2) Winter (@) Premonsoon  Evane  EEDe
50 v n;i
e
20
2
0
o — —
w
(c) Monsoon (d) Post-monsoon
w0
“©
0
0
; I I
-I-l.- . l.—,——ﬂ-v,—r -
0w s @ T s 0 @ s 0 T w

smm ozone (ppbv) Surhcc ozone (ppby)





OEBPS/images/data/ajae/33249/AJAE_2022_v16n2_106_f002.jpg
Surface ozone (ppbv)

Surface ozone (ppby)

[ Monthly averaged  [77] Monthly Daytime averaged
[ Monthly Nighttime averaged @ ABLH

50 2200
- - 2000
404
- 1800
354
304 = 1600
254 I 1400
20 F 1200
15
- 1000
104
5 L 800
o | R IR R \ 600
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
50- 3000
45 k2700
7 2400
35-
] ! k2100
30-
] - 1800
25-
1 1500
20-
1 F 1200
15+
i [ 900
- 600
0 + 300

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

ABLIT (m)

ABLII (m)





OEBPS/images/_common/images/crossref.gif





OEBPS/images/data/ajae/33249/AJAE_2022_v16n2_106_f004.jpg
Surface ozone (ppbv)

‘Surface ozone (pphv)

Surface azone (pphy)

Surface azone (ppbv)

= = e
— < Fy
4 §«) i«l
0 T T
. | i i
" \ '|'H'H £ l 11 -2
S pH 3
» "
My, & £
a £, 5,
" il R N
y £l Hi i,
oL B o
Time (hr) “Time (hr) Time (hr)
" - %
| o peey P
0 v U e g “ 2
» Tw Tw
10 T € £
TITITTT 7 &
o - . - . . - ~
o L,
. " .
e ==l =
é‘ “ % "
0 [ T W ‘:‘ 30
,., \ f. £,
g Z
o 0 g o

DR TR )

Time (hr)

D R N TR )
Time (hr)

IR

Time thr)






OEBPS/images/_common/images/orcid.gif





OEBPS/images/data/ajae/33249/AJAE_2022_v16n2_106_f007.jpg
— Wind s (V) —Relive iy (RH) — Temperatre (1) —Sisfce omne

(40 070 2331m
3432

(sq) u0z0 ey
R e

(490 0z0 30y
s s

() sty

- W

R T SR T

i
2

gy s pay

oy pasds gy

gy pads payy

gy peods pany

fFrs T
0 fupramy e

T

61 apramy sy

*fET ¥ 8
uprany svg

Time (hr)

Time (hr)





OEBPS/images/data/ajae/33249/AJAE_2022_v16n2_106_f001.jpg





