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INTRODUCTION
With the increased encroachment on natural resources, an alarming degradation has been 

noticed, and air quality is one of them. In recent years, severe air pollution episodes have 
increased significantly worldwide, and similar trends are also observed in India. The air quality 
in the northern region of India is a serious issue throughout the year and gets severe in the 
wintertime (Kumar et al., 2011). For various reasons, the air quality of the national capital, Delhi, 
and the nearby area, i.e., the National Capital Region (NCR), is of prime concern. Geographical 
location and the meteorological conditions perceived during the winter over Delhi and NCR 
region cause severe pollution (WHO 2016). 

In winter, a smog situation arises over this part, which leads to severe health implications 
(Rizwan et al., 2013). Smog, i.e., a mix of smoke and fog, is air pollution that impairs visibility. 
Smog is a mixture of pollutants, with ground-level ozone as the prime component. Photochemical 
haze makes up most of the smog we encounter these days. When sunlight combines with 
nitrogen oxides (NOx) and at least one volatile organic compound (VOC) in the atmosphere, 
photochemical smog is created. Metro-cities are observing a tremendous increase in the 
various pollutants dangerous to human health and the ecosystem. During the last few decades, 
secondary and primary pollutant concentrations have increased significantly (Notario et al., 
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This work investigated the connection between O3 and other pollutants and meteorological 
conditions during a smog episode in Delhi. Ozone concentrations varied from site to site 
(150~269µg/m3). A significant negative correlation has been observed between O3 and its 
precursor gases. Wind speed showed a positive correlation, but high wind usually dilutes 
the pollutant concentrations. Thus, a positive correlation with wind speed represents ozone 
transport from other locations to observational sites. The high ratio of PM2.5 to PM10 indicates 
a predominance of human involvement. Toluene and benzene ratios(T/B) are estimated to 
understand the nature of emission sources and the lifetime of pollution. The analysis of the 
benzene and toluene fractions indicates anthropogenic air masses' dominance. Very high T/B 
values at several sites indicated that benzene was emitted from vehicular emission while toluene 
was from point sources. Ozone formation potential analysis showed that toluene and p-xylene 
are the prime contributors to ozone.
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2012). Various cities around the globe are monitoring the enhanced concentration of VOCs, 
ozone, NOx, benzene, and several other trace pollutants, which are the root cause of several 
cardiovascular diseases and are also harmful to the flora-fauna (Fishman et al., 2010). 

Among all the pollutants, ozone has peculiar characteristics, such as its usefulness or severity 
for humans, and the ecosystem depends on its altitude. Ozone in the lower atmosphere, i.e., 
troposphere, causes severe health issues related to respiration (Krupa and Manning, 1988). It is 
not a primary pollutant but formed as a secondary pollutant by the reaction of NOx and VOCs 
in the presence of solar radiation. Industrial and vehicular emissions, gasoline vapour, and other 
chemical exhausts from the industries are prime emitters of NOx in urban areas (Akther et al., 
2023). Paints, gasoline, and various cleaning solvents emit VOCs (McDonald et al., 2018). 
Swift economic development in India has extraordinarily expanded the outflow of these ozone 
precursors (Duncan et al., 2016). The ozone generation from NOx and VOCs evolves complex 
photochemistry and depends on the emission rate of these pollutants (Seinfeld and Pandis, 
2006; Alam et al., 2024). Figure 1 gives a schematic diagram of tropospheric ozone production 
(Zhang et al., 2019). 

VOCs are one of the omnipresent groups of organic constituents in nature (Calfapietra et 
al., 2013; Saeedi et al., 2024). Benzene, toluene, and xylene are prime VOCs present in the 
atmosphere (Feng et al., 2019). These pollutants exhibit cardiovascular, respiratory, neurological, 
carcinogenic, and irritant effects (Halios et al., 2022). These contaminants cause numerous 
cardiovascular, pulmonary, neurological, carcinogenic, and irritating effects (Alghamdi et al., 
2014). These compounds also participate in many photochemical reactions in the presence of 
sunlight and hydroxyl, producing ozone (Ho et al., 2004; Khoder, 2007; Salvador et al., 2022). 
The photochemical reactivity is measured by Maximum Incremental Reactivity (MIR), which 
evaluates the fraction of ozone produced from a fraction of a VOC. Ozone production fluctuates 
with environmental factors, but on average, substances with high MIR values typically produce 
more ozone than those with lower MIR values. Ozone forming capacity of different VOCs, 
especially benzene, toluene, and xylene, is known as Ozone Formation Potential (OFP) (Wang 
et al. 2016). OFP is a parameter defined in terms of MIR to describe individual VOCs’ role in 
forming tropospheric ozone (Hajizadeh et al. 2018). The following expression used to estimate 
OFP:

 

 

 

Fig. 1 Schematic diagram of the formation of Tropospheric Ozone 

  

Fig. 1. Schematic diagram of the formation of Tropospheric Ozone
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where OFPi, (concentration), and MIRi parameters are for a specific VOC. 
To know the nature of the sources of emission of the VOCs, the toluene-to-benzene ratio 

(T/B) is useful and quantifies their role in ozone formation (Li et al., 2021). The T/B ratio 
provides information regarding the distance between the sampling site and vehicular emissions, 
primarily in the urban areas dominated by vehicular emissions (Li et al., 2021). 

Besides VOCs, particulate matter (PM) is another prime air pollutant in urban ambient air, 
which can moderate ozone production. Researchers have explored the relationship between 
ozone and PM and reported a non-linear relationship between these (Claire et al., 2019). Studies 
in various parts of the world showed that decreased PM is responsible for increased ozone 
concentration (Zhang et al., 2019; Li et al., 2019). Decreased aerosol concentration increases 
atmospheric visibility, and thus, surface-reaching solar radiation intensity increases, favouring 
ozone formation. At the same time, PM may act as a surface for various atmospheric reactions, 
leading to ozone formation (Zhang et al., 2019; Petrus et al., 2024).

In the present study, we investigated a smog episode over Delhi, which is a serious concern 
every winter. The role of trace gases in association with meteorological conditions in ozone 
formation during smog conditions is less explored. Thus, in the present work, we have performed 
a detailed analysis of the connection between O3, its precursors (NOx), trace gases (CO, 
benzene, toluene, p-xylene along with PM), and also the influence of meteorological conditions 
during a smog episode. These parameters have potential direct or indirect implications during 
severe smog conditions in Delhi; thus, it is essential to study these. The indicators T/B and OFP 
are also investigated to understand the nature of emissions and ozone formation processes. 
This manuscript is arranged in the following manner: the materials and methods, results and 
discussions, and finally, the conclusion.

MATERIALS & METHODS

Study site
This study was carried out in Delhi, the capital of India, which suffers from severe air 

pollution during the winter due to the combined effect of adverse atmospheric situations, high 
air pollutant concentrations, and smog. Delhi is geographically located between the latitudes 
of 28.24 °N to 28.53 °N and the longitudes of 76.50 °E to 77.20 °E (Hama et al., 2020). The 
study site is shown in Figure. 2. Delhi, with more than 11 million population, is listed as one 
of the most polluted cities of the world (Chandramouli and General, 2011; Jain et al., 2020). In 
India, Delhi has the highest number of registered automobiles. In 2011, there were roughly 6.93 
million automobiles on Delhi’s roadways, which is predicted to rise to 25.6 million by 2030 
(Kumar et al., 2011). Thus, massive vehicular exhaust is released into the air. 

Data used
Ambient air pollutant concentration and meteorological data were collected from the Real 

Time Ambient Air Quality data portal of the Delhi Pollution Control Committee (DPCC) for 
seven available locations (https://www.dpcc.delhigovt.nic.in/). These locations are RK Puram, 
Mandir Marg, Punjabi Bagh, Major Dhyan Chand National Stadium, Jawaharlal Nehru Stadium, 
Dr. Karni Singh Shooting Range, and Anand Vihar, which falls under residential, commercial, 
and industrial monitoring sites. The locations of the study sites are shown in Figure. 2. A brief 
description of monitoring locations with their station type and code is provided in Table 1. From 

https://www.dpcc.delhigovt.nic.in/
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here on, the station codes are used for discussion. Pollutants and meteorological parameters 
are monitored at the Continuous Ambient Air Quality Monitoring Station (CAAQMS) (https://
environment.delhi.gov.in) by DPCC. Along with the CAAQMS, DPCC also uses conventional 
technologies, Differential Optical Absorption Spectroscopy technique for gaseous pollutants 
measurement and the β-attenuation based principle for particulate matter sampling. The details 
of measurement techniques can be found on the site: https://environment.delhi.gov.in/. 

Data Analysis
Ammonia, Benzene, Carbon Monoxide, Nitrogen Dioxide, Nitrogen Oxide, Oxides of 

Nitrogen, Ozone, p-Xylene, Sulphur Dioxide, Toluene, and Particulate Matter (<10µm and <2.5 
µm) concentration data were collected for all the sites from DPCC data portal. The measurement 
units for all the pollutants are µg/m3 except for CO, for which the measurement unit is mg/m3. 
The meteorological parameters used in the present study are ambient temperature, barometric 
pressure, relative humidity, solar radiation, vertical wind speed, horizontal wind speed, and 
wind direction. The study was performed from 10 November 2017 to 19 January 2018, when 

 
 

Fig. 2 Location of the study area 
  

Fig. 2. Location of the study area

Table 1 Brief description of monitoring sites operated by DPCC (Delhi Pollution Control Committee) 
 

Monitoring station Site code Type of site 
RK Puram RKP Residential 

Mandir Marg MM Residential & Commercial
Punjabi Bagh PB Residential, Industrial & Commercial

Major Dhyan Chand National Stadium MDCS Residential 
Jawaharlal Nehru Stadium JNS Residential 

Dr Karni Singh Shooting Range KSR Residential 
Anand Vihar AV Residential, Industrial & Commercial

 
  

Table 1. Brief description of monitoring sites operated by DPCC (Delhi Pollution Control Committee)

https://environment.delhi.gov.in
https://environment.delhi.gov.in
https://environment.delhi.gov.in/
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severe smog conditions persisted over the study region. During data filtering, dates that were 
missing from the datasets for contaminants or meteorological conditions were removed from 
the analysis. Following filtering, the hourly dataset was used to derive the diurnal averaged 
dataset and the daily mean dataset for the concentration of contaminants and meteorological 
parameters. For further analysis, these daily averaged datasets were used. The details of statistical 
parameters (i.e., minimum, maximum, and mean) of all the pollutants for November, December, 
and January are provided in Table 2 for each site. Ozone concentration was observed in a wide 
range over all the stations. During smog, sometimes the maximum ozone concentration values 
were more than 100 µg m-3, though the averaged maximum values were mostly below near 
to 100 µg m-3. The particulate matter concentrations (PM2.5 and PM10) over all the sites were 
severely high. The maximum concentration at each site showed that particulate matter (PM10) 
concentrations sometimes shot more than 1200 µg m-3 and PM2.5 more than 500 µg m-3. The 
concentration of NOx, the prime precursor gas for ozone, was significantly higher at all the sites 
and sometimes reported more than 1000 µg m-3. Detailed information regarding each pollutant 
is provided in Table 2. 

RESULTS AND DISCUSSION

Diurnal Variation of Pollutants
First, we observed the diurnal variation of ozone and other precursor gases, i.e., NOx, VOCs 

(Benzene, Toluene, and p-Xylene), particulate pollutants (PM10, PM2.5), ammonia, and CO 
concentration in the ambient air for all the sites RKP, MM, PB, MDCS, JNS, KSR, and AV, 
respectively (Figure 3). Ozone concentration showed a low during the late evening to early 
morning and a peak in the afternoon over all the sites except the AV site. At the AV site, a random 
variation of ozone was observed. The highest ozone concentration was noticed over the RKP, 
JNS, and KSR residential sites, reaching about 100 µg/m3. Over sites PB and MDCS, it was 
about 80µg/m3 , while over the other two locations (i.e., MM and AV) lowest ozone concentration 
was noticed (~45µg/m3) . Ozone concentration increases about 8-9 AM when solar radiation is 
sufficient for the start of photochemical reactions. The peak concentration was observed in the 
late afternoon ~3-4 PM, after which it started decreasing to the lowest in the evening in the 
decrease/absence of solar radiation. Oxides of nitrogen, CO, and VOCs are prime compounds 
in photochemical reactions for ozone generation and solar radiation. With the start of ozone 
generation, a decrease was noticed in NOx, CO, and VOCs (Toluene, Benzene, and p-Xylene) 
concentrations. The reduction in these reactants is observed in the same duration (after sunrise 
~8 AM to sunset ~6 PM) in which an increase in the ozone concentration was observed. The 
highest concentration of NOx varied in the range of ~600-250 µg/m3 from one site to another. 
After the start of photochemical reactions, a substantial decrease in NOx concentration could be 
noticed, reaching about 100 µg/m3 or below. The maximum CO concentration varied from 5-10 
µg/m3 from one station to another while reducing to ~1 µg/m3 during the peak photochemical 
reactions. Maximum benzene concentration ranged between 2.5-10 µg/m-3 except for MDCS and 
KSR sites. For these two sites, benzene concentration was very low compared to others, ranging 
between ~0.2-1 µg/m3. The highest toluene concentration was observed at the MDCS site (~50 
µg/m3) and the lowest over the KSR site (~8 µg/m3). Over other sites, toluene concentration 
varied between ~20-30 µg/m3. Another VOC important in the generation of ozone is p-xylene. 
The maximum concentration of p-xylene varied from 10-16 µg/m3 over most of the sites, except 
for the MDCS and KSR sites, which were about ~1.5 µg/m3. 

We have also studied the variation of ammonia in the ambient environment at study sites. 
As such, ammonia does not contribute to ozone formation, but in the aqueous form, ammonia 
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Fig. 3 Diurnal Variation of air pollutants at (a) RKP, (b) MM, (c) PB, (d) MDCS (Units: µg/m3, 

for CO: mg/m3), (e) JNS, (f) KSR, and (g) AV 
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KSR, and (g) AV
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reacts with ozone and gets oxidized. Ammonia can indirectly contribute to ozone generation 
as it contributes to nitrogen generation in the environment. Ambient ammonia is reported 
to contribute to PM2.5 concentration by forming inorganic aerosols (Schiferl et al., 2014). 
Randomness is observed in the variation of the ammonia, though a slightly lower concentration 
was observed during the time of the highest ozone concentration. The maximum concentration 
of ammonia varied between 32-85 µg/m3 range except at the AV site, where it was about 110 
µg/m3. 

Variability of the PM2.5/PM10 Ratio
Next, we studied the variation in particulate matter (PM2.5/PM10) ratio. It is significant to study 

the PM2.5/PM10 ratio as it shows the relative abundance of coarser particles to finer particles, 
essential in ozone-producing chemical reactions. A lower ratio, i.e., the more significant amount 
of coarser particles, is usually associated with a higher potential for ozone production because 
of the increased surface area for heterogeneous chemical reactions.

The particulate matter indirectly alters the ozone concentration by acting as a sink for 
compounds contributing to ozone generation. Particulate matter diurnal variation (PM10 and 
PM2.5) shows the two peak variations corresponding to high traffic emissions (Figure 3). 
According to Li et al., 2004 most primary and secondary anthropogenic combustion products 
that comprise fine particles (PM2.5) come from energy generation and traffic. Due to its smaller 
size, longer atmospheric duration, and more significant health concerns when compared to 
PM10, PM2.5 receives more attention (Dominici et al., 2014).

The PM2.5/PM10 ratio can provide important information about the particle origin, its 
formation process, and its effects on human health because fine and coarse particles perform 
different physic-chemical properties and come from various sources (Speranza et al., 2023; 
Blanco-Becerra et al., 2015). Smaller ratios show significant involvement of coarse particles, 
which may be attributed to natural causes, such as dust storms, while higher ratios of PM2.5/PM10 
attribute particle pollution to anthropogenic sources (Sugimoto et al., 2016). This ratio shows 
features of particle pollution since different sources typically create finer and coarser particles. 
Without direct measurements, the ratio can be used to analyze historical PM2.5 pollution and 
identify the underlying atmospheric processes. The variation of PM2.5/PM10 is shown in Figure 
4. 

The ratio of PM2.5 to PM10 varies between 0.36 to ~0.91 overall sites. All sites show similar 
variation, with a high PM2.5/PM10 ratio in the morning and a decrease in the afternoon. The JNS 
site showed the highest ratio of other sites and was noticed between 0.7-0.9 in the morning. The 
lowest value of this ratio was detected at the AV site (~0.36) in the evening hours and the highest 
at JNS (~0.91) in the morning hours. The high value of the PM2.5 to PM10 ratio is indicative of 
dominant anthropogenic contributions. In the wintertime, anthropogenic emission dominates 
owing to various factors, and a similar indication could also be observed in the particulate 
matter ratio. The result showed that JNS was the most polluted site concerning anthropogenic 
particulate matter emissions. This ratio for all the sites had lowered after noontime. 

Details of the mean concentration of each pollutant over every site and their maximum and 
minimum concentration for each month (i.e., November 2017 to January 2018) are shown in 
Table 2. This provides us with the range of variation of each pollutant during the respective 
months at each site. 

Correlation of Ozone with other pollutants
Estimating the correlation between ozone and its precursor gases is essential to quantify 

their role in ozone formation. Figure 5 depicts the correlation of ozone with other pollutants 
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over the RKP site with the help of a correlation matrix. Simply glancing at the raw data would 
make it exceedingly difficult to see the connection between each variable. Correlation data 
can be suitably arranged using a correlation matrix. A correlation matrix provides an easily 
understandable representation of correlation values between the various parameters. The 
correlation matrix displays the correlation values, which quantify how closely each pair 
of variables is related linearly. Figure 5(a & b) provides the numerical values and pictorial 
representation of the correlation of ozone with various other precursor gases and pollutants for 
the RKP site. We can observe that ozone had a strong negative correlation with its precursor 
gases (i.e., NOx and CO) and VOCs (Benzene, Toluene, and p-Xylene), which act as catalysts in 
photochemical reactions. NOx is the prime constituent in the photochemical reaction for ozone 
formation; thus, a strong negative correlation was noticed between these. Table 3 provides 
details of correlation values between these pollutants for each station. A negative correlation 

 

 

Fig. 4 PM2.5/PM10 ratio at all study sites 

  

Fig. 4. PM2.5/PM10 ratio at all study sites

 

Fig. 5 Correlation matrix air pollutants at the RKP site 
  

Fig. 5 Correlation matrix air pollutants at the RKP site
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was seen at all the sites, and the values varied between -0.57 to -0.80, except at site AV. CO also 
contributes to ozone formation, and results showed a strong negative correlation between the 
concentrations of CO and ozone. The correlation values varied between -0.55 and -0.70 from 
one location to another; over the RKP site, it was reported as -0.56. The correlation values of 
VOCs over the RKP site varied as -0.72, -0.62, and -0.71 for benzene, toluene, and p-xylene, 
respectively. Over other sites also, a statistically significant correlation was observed between 
these VOCs and ozone concentration. A strong negative correlation between benzene and ozone 
was noticed at RKP, MM, JNS, and KSR sites, while correlation values were insignificant at PB 
and MDCS sites. Toluene concentration showed a strong negative correlation with respective 
ozone concentrations at all study sites; correlation values ranged between -0.52 and -0.73. 
P-xylene is also a monitored VOC that contributes to the generation of surface ozone.  Over 
the RKP site, a high negative correlation was noticed, which was -0.71. Over other sites, a 
statistically significant negative correlation was also seen, and correlation values ranged from 
-0.58 to -0.71. Particulate matter does not contribute directly toward ozone formation but 
acts as a sink for the various reactants involved. At the same time, a higher PM2.5/PM10 ratio 
indicates reduced surface chemical reactions. The results showed a moderate to low negative 
correlation between particulate matter and ozone. Most of the time, these correlation values 
were statistically insignificant. Ammonia correlation with ozone also varied greatly from one 
station to another, and the correlation values were between -0.29 and -0.82. 

In the previous results, we noticed that site AV behaved differently than other sites. Over this 
site, ozone variation also showed strange behaviour and association with different pollutants 
and meteorological parameters. The correlation values were low and statistically insignificant. 
The present result showed the non-dependence of the ozone on the well-known precursor gases. 
However, a detailed analysis is required at this site to reach any conclusive statement regarding 
behaviour. 

Influence of Solar Radiation and Temperature
In addition to emissions from local sources, the ambient ozone level is significantly governed 

by local meteorological conditions. Among the several meteorological parameters, the role of 
solar radiation, temperature, and wind speed is vital in controlling the concentrations of pollutants 
in urban regions. We have investigated the dependence of surface ozone concentration on solar 
radiation and temperature over all the observational sites, and the results are shown in Figure 
6 & 7. The ozone concentration values tend to increase with increasing solar radiation and 
temperature values, especially during the afternoon hours (10-18 hr) when the intensity of solar 
radiation is at its peak. As discussed, tropospheric ozone is formed by various precursor gases in 
the presence of solar radiation; thus, the presence of solar radiation is a crucial factor in ozone 
generation. In Figures 6 and 7, the subplots indicate the observational site in the following 
manner: (a) RKP, (b) MM, (c) PB, (d) MDCS, (e) JNS, (f) KSR, (g) AV, respectively. Results 
shown in Figure 6 indicate that ozone concentration increases a few after sunrise. An increase in 
surface ozone could be noticed at about 8-9 AM and reached its peak value a few hours later than 
the peak solar radiation, i.e., in the late afternoon hours. The peak concentration of ozone varied 
from one station to another, and maximum ozone concentration was noticed over the sites JNS 
and KSR. The ambient ozone concentration reached up to ~110 µg/m3 at these sites. Except for 
the station AV, a relatively high ozone concentration (~80 µg/m3) was also noticed over other 
stations. Over site AV, diurnal ozone variation showed a different behaviour than other sites. 
Over this site, the ozone concentration does not significantly change with solar radiation. The 
ozone concentration was relatively low at this site and less modulated by solar radiation. The 
average concentration of ozone was about ~25 µg/m3. The solar radiation intensity increases 
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Fig. 6 Variation of ozone with solar radiation for (a) RKP, (b) MM, (c) PB, (d) MDCS, (e) JNS, 
(f) KSR, (g) AV 

 

  

Fig. 6. Variation of ozone with solar radiation for (a) RKP, (b) MM, (c) PB, (d) MDCS, (e) JNS, (f) KSR, (g) AV

with sunrise, but ozone concentration did not change as it was noticed at other sites.  
Next, we observed the changes in the ozone concentration corresponding to temperature 

change, though temperature changes align with radiation changes (Figure 7). The ozone 
concentration values tend to increase with increasing temperature values, especially during the 
afternoon hours (10-18 hr) when the intensity of solar radiation and corresponding air temperature 
is at its peak. In the lower temperature regimes (<10 ºC), ozone concentrations decrease rapidly 
with decreasing values of solar radiation intensity. Since the ozone photochemical production 
rate depends strongly on temperature (Figure 7), the highest O3 concentrations were observed at 
air temperatures >15ºC. Solar intensity, which is directly related to air temperature, is necessary 
for ozone synthesis.

Role of Wind Speed Pollutants concentration moderation
We have also investigated wind speed’s role in moderating the concentration of various 

air pollutants. The diurnal variation of various pollutants has been studied along with the 
diurnal variation of the wind (Figure 8 & 9). Figure 8 shows the ozone, CO, ammonia, and 
NOx variation with wind, while Figure 9 shows the variation of VOCs (Toluene, Benzene, 
and p-Xylene) with wind speed. The ozone concentration and wind speed showed a similar 
diurnal cycle, i.e., an increase in the value with sunrise and a decrease in the value with sunset. 
Though wind speed and ozone concentration varied similarly, it is difficult to state that they 
are interlinked, as ozone concentration changes with the solar diurnal cycle. Wind speed and 
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direction prominently contribute to diluting and transporting pollutants. Other than Ozone, the 
pollutants NOx, CO, benzene, toluene, and p-xylene showed opposite diurnal variation than 
wind speed, i.e., low daytime and high nighttime values. With the increase in solar insolation, 
the surface temperature increases, affecting the wind’s strength over a location. These plots 
indicate that other than the chemical activities during the daytime, wind also contributes to the 
dilution of these pollutants by the effect of the dispersion of pollutants. 

Toluene to Benzene ratio 
The VOCs benzene and toluene play a role in ozone generation and control. Benzene and 

toluene, emitted into the atmosphere by various everyday anthropogenic activities, pose a 
significant risk to human health. The analysis of benzene and toluene fractions at study sites 
indicates the likely anthropogenic sources of the air masses sampled. The T/B ratio indicates 
emissions from traffic and non-traffic sources (Shi et al. 2015). Benzene and toluene are 
emitted in vehicular emissions, but benzene is frequently used to indicate vehicular emissions 
and toluene as emission from paint and related items and its industry (Miller et al., 2012; Liu 
et al., 2008). Lower ratio values represent vehicular emission dominance, while higher ratio 
values indicate the effect of industrial emission. Following the classification values from other 
researchers, we fixed the T/B ratio to be lower than three as indicative of vehicular emission and 
greater than three as non-vehicular emission (Ho et al., 2004; Miller et al., 2011).

To understand the vehicular/industrial emission pattern, we have also estimated the Toluene 

 

 
Fig. 7 Variation of ozone with temperature for (a) RKP, (b) MM, (c) PB, (d) MDCS, (e) 

JNS, (f) KSR, (g) AV 

  

Fig. 7. Variation of ozone with temperature for (a) RKP, (b) MM, (c) PB, (d) MDCS, (e) JNS, (f) KSR, (g) AV
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Fig. 8 Variation of ozone, NOx, CO and Ammonia with wind speed in (a) RKP, (b) MM, (c) PB, 
(d) MDCS, (e) JNS, (f) KSR, (g) AV. 

Fig. 8. Variation of ozone, NOx, CO and Ammonia with wind speed in (a) RKP, (b) MM, (c) PB, (d) MDCS, (e) JNS, (f) KSR, 
(g) AV.

to Benzene ratio for all study sites. The toluene-to-benzene ratio is frequently used to assess the 
air mass age due to the different reactivity of both with OH (Warneke et al., 2001). Researchers 
use the ratio between the VOCs (toluene to benzene, and (m + p)-xylene to ethylbenzene) to 
investigate the source origination and the photochemical age of the air mass at a particular 



N. Srivastava et al.773

location. The toluene to benzene ratio offers details on the traffic emission, while (m + p)-xylene 
to ethylbenzene ratio is used as an indicator of air of photochemical mass (Barletta et al., 2005; 
Liu et al., 2009). Research at various places showed that the T/B ratio values range from 1.5 to 

 

Fig. 9 Benzene, toluene and p-xylene concentrations in accordance with wind speed in (a) RKP, 
(b) MM, (c) PB, (d) MDCS, (e) JNS, (f) KSR, (g) AV. 

Fig. 9. Benzene, toluene and p-xylene concentrations in accordance with wind speed in (a) RKP, (b) MM, (c) PB, (d) MDCS, 
(e) JNS, (f) KSR, (g) AV.
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3.0, with variances probably caused by multiple vehicle types and fuel compositions in different 
geographic locations (Miller et al., 2011; Chiang et al., 1996; Gelencs´er et al., 1997). Reacting 
with OH radicals, toluene and benzene concentrations are lowered, with toluene having a rate 
constant of around five times greater than benzene (Gelencs´er et al., 1997). Thus, the lower 
T/B ratio indicates an aged air mass, i.e., vehicular emissions have travelled and deteriorated, 
while the high T/B ratios indicate new vehicular emissions. 

The T/B ratios mean ranged from 2.86 to 11.71 at different sites in the present study, 
indicating different vehicular concentrations, industrial contributions, and distances from the 
monitoring site. With a rate constant of toluene that is around five times greater than benzene, 
the concentration of toluene and benzene is lowered by their reactivity with OH radicals. Very 
large values indicate the industrial contribution dominance in the total emission. Usually, a T/B 
ratio between 1.5-3.0 indicates vehicular emission, and a value higher than this confirms the 
influence of point sources of toluene. Thus, very high T/B ratio values indicate that benzene was 
emitted from vehicles and toluene was released from mobile and point sources, i.e., industries. 
Table 4 provides detailed T/B information, including the mean value, minimum value, maximum 
value, standard deviation, and correlation between toluene and benzene.  

Along with the T/B ratio, we have also investigated the correlation between Benzene and 
Toluene; variations are shown in Figure 10 for each site. The highest correlations were observed 
at MM and KSR sites, followed by JNS. High correlation implying that these compounds had a 
common source of emission. Sites MDCS and RKP showed a low correlation of about 0.54 and 
0.69. At the same time, the T/B ratio was quite large at these sites, indicating that the emission 
source for these pollutants is other than vehicular emission and emitted from different sources. 
At other sites, the correlation between these pollutants was moderately high, indicating the 
impact of emissions from vehicles and industries. 

Ozone Formation Potential
Ozone formation potential is a quantity that has been frequently utilized to explain the 

contribution of individual VOCs in tropospheric ozone formation. OFP at the observational 
sites was evaluated with the help of the Maximum Incremental Reactivity technique, shown by 
equation (1). Documented MIR values for Benzene, Toluene, and p-xylene are 0.72, 4.00, and 
5.84, respectively (https://ww2.arb.ca.gov/sites/default/files/2020-12/cp_reg_mir-tables.pdf). 
With the help of the above information, we estimated the OFP at all the sites. Figure 11 shows 
the variation of composite OFP for toluene, benzene, and p-xylene over all the sites. The total 
concentrations of OFP were found from ~20–225 µg/m3. 

Toluene and p-xylene significantly contributed to OFP concentration. However, among these 
pollutants over some sites, toluene contributed the maximum, and over others, the p-xylene 
contribution was higher than toluene. Toluene OFP values ranged between ~13.5-89.5 µg/
m3, and p-xylene OFP values varied between ~6-130 µg/m3. Toluene showed the highest OFP 

Table 4: Statistical Parameters for Toluene to Benzene ratio over observational sites 
 

Station Name Mean T/B ratio Maximum T/B ratio Minimum T/B 
ratio 

Standard 
Deviation 

Correlation 
Coefficients 

RKP 2.96 4.44 2.29 0.42 0.93
MM 4.62 7.89 2.85 1.03 0.96
PB 3.80 10.75 1.30 1.72 0.90

MDCS 11.71 23.18 3.60 4.70 0.49
JNS 9.34 33.49 3.39 5.19 0.95
KSR 7.06 19.30 2.28 4.00 0.80
AV 2.86 6.92 0.99 1.42 0.92

 

Table 4. Statistical Parameters for Toluene to Benzene ratio over observational sites

https://ww2.arb.ca.gov/sites/default/files/2020-12/cp_reg_mir-tables.pdf
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Fig. 10 Relationships of toluene and benzene (a) RKP, (b) MM, (c) PB, (d) MDCS, (e) JNS, (f) 
KSR, (g) AV and their correlation. 

Fig. 10 Relationships of toluene and benzene (a) RKP, (b) MM, (c) PB, (d) MDCS, (e) JNS, (f) KSR, (g) AV and their correla-
tion.
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values over MDCS, JNS, KSR, and AV sites, contributing between ~63%-90%. The study sites 
MDCS, JNS, and KSR are residential sites, while AV is Residential, Industrial & commercial. 
Over the residential sites (MDCS, JNS, and KSR), OFP value was significantly lower than 
Residential, Industrial & commercial sites. Over these sites, toluene was the prime contributor 
toward OFP, but similar was not seen at the RKP site, though it is also a residential site. Over 
other sites, i.e., at MM, PB, and RKP, p-Xylene was the main contributor to OFP, contributing 
~58%. However, RKP is also reported as a residential site; the highest OFP value was seen over 
this site. In the total OFP, p-xylene contributed about ~58%, while toluene contributed ~40%. 
Benzene showed the lowest value of OFP among the three and was almost negligible compared 
to the other two pollutants OFPs over the MDCS, JNS, and KSR sites. Over other sites (i.e., 
AV, MM, PB, and RKP), benzene OFP values were low, but a notable value could be noticed. 

The highest ozone concentration was observed at the PB and KSR sites, though OFP values 
over PB were moderate, while over KSR, the value of OFP was significantly low. The values of 
OFP were most significant over RKP, while the ozone concentration was moderate over RKP. 
The difference in the chemistry of each of the VOCs contributes towards the different impacts 
of VOCs on ozone formation.

CONCLUSION

This study investigates the role of various air pollutants, especially trace gases, and their 
association with ozone formation, along with various indicators of ozone formation during a 
smog episode. We also investigated the contribution of ozone formation capabilities of multiple 
pollutants, primarily VOCs. The prime findings of the work are:

• Most of the pollutants exhibited a clear diurnal cycle, where the ozone concentration 
increased during the daytime with a peak in the afternoon and subsequent decreases in the late 
evening. Few other pollutants (i.e., NOx, CO, benzene, toluene, and p-xylene) contributing to 
ozone formation showed exactly reversed diurnal cycle, i.e., increased value during nighttime, 

 
 
 

Fig. 11 Variation of composite OFP for toluene, benzene, and p-xylene over all the sites 
 

Fig. 11. Variation of composite OFP for toluene, benzene, and p-xylene over all the sites
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while low values during the daytime. Particulate matter (PM2.5 and PM10) showed two peak 
variations corresponding to heavy traffic hours, and ammonia showed a random variation 
throughout the day.

• Though the ozone concentration was lower than its 8-hour allowed limit, it reached about 
40 µg m-3. Other pollutant concentrations were observed frequently above the ambient air’s 
allowed concentration limits. 

• The high ratio of PM2.5 to PM10 indicates a predominance of human involvement. Due to 
several causes, anthropogenic emissions predominates in the winter, and the particulate matter 
ratio also shows this. 

• The correlation matrix provides quantitative and visual information regarding the 
dependence of ozone on its precursor gases. A clear dependence of the ozone on NOx, CO, 
benzene, toluene, and p-xylene can be seen, and significant negative correlation values are 
observed. 

• Solar radiation, high air temperature, and wind speed contributed to the high ozone 
concentration. 

• The T/B ratios mean ranged from 2.86 to 11.71 at different sites, indicating different 
vehicular concentrations, industrial contributions, and distances from the monitoring site. Very 
high T/B ratio values indicate that benzene was emitted from vehicles and toluene was released 
from mobile and point sources, i.e., industries.  

• Ozone formation potential is frequently used to find the contribution of various VOCs 
in tropospheric ozone formation. Toluene and p-xylene significantly contributed to OFP 
concentration. However, among these pollutants over some sites, toluene contributed the 
maximum, and over others, the p-xylene contribution was higher than toluene.

• The site AV behaved differently than all other sites; thus, further detailed analysis is essential 
to determine why it departed from expected behaviour. 
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