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Assessment of tropospheric ozone at an industrial site of Chennai megacity
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Tamil Nadu, India

ABSTRACT

This paper presents the temporal variation in surface-level ozone (O3) measured at Gummidipoondi
near Chennai, Tamilnadu. The site chosen for the present study has high potential for ozone generation
sources, such as vehicular traffic and industrial activities. The site is also located near a hazardous waste
management facility. The key sources of nitrogen oxides (NO,), which are considered to be an important
precursor of Os, include hazardous waste incineration, trucks bringing the hazardous wastes, and
vehicles plying on the nearby National Highway 16 (NH 16). The measurements clearly showed diurnal
variation, with maximum values observed during the noon hours and minimum values observed when
solar radiation was less. The data showed a marked seasonal variation in O3, with the highest hourly
average O; concentration (497.2 ug/m?) in the summer season. Consequently, in order to identify the
long-range transport sources adding to the increased Os levels, backward trajectories were computed
using the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model. It was found that the
polluted air mass originated from the Southeast Asian region and the Indo-Gangetic Plain. The polluted
air mass, which advected large amounts of carbon monoxide (CO) plumes, was analyzed using the
Measurement of Pollution in the Troposphere (MOPITT) retrievals. The correlations of Os with tempera-
ture (r=0.746; P < 0.01) and solar radiation (r = 0.751; P < 0.01) were strongly positive, and that with NO,
was found to be negative. Stronger correlation of O; with NO, was observed during pre-monsoon
months (r = 0.627; P < 0.01) and following hours of photochemical reactions. There were substantial
differences in concentrations between weekdays and weekends, with higher nitric oxide (NO) and
nitrogen dioxide (NO,), but lower O3, concentrations on weekdays. A substantial weekday-weekend
difference in Os, which was higher on weekends, appears to be attributable to lower daytime traffic
activity and hence reduced emissions of NO, to a “NO,-saturated” atmosphere.

Implications: The assessment of ground-level ozone in an industrial area with hazardous waste
management facility is very important, as there is high possibility for more generation of tropo-
spheric ozone. Since the location of the study area is coastal, wind plays a major role in O3
transportation; hence, the effects of wind speed and wind direction have been studied in different
seasons. When compared with the other studies carried out in different places across India, the
present study area has recorded much greater O3 mixing ratio. This study can be useful for setting
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up control strategies in such industrial areas.

Introduction

Ground-level ozone (tropospheric ozone) is defined as the
ozone present as a secondary pollutant in the lower atmo-
sphere, where its formation can be enhanced by other
pollutants. Tropospheric ozone (Os) leads to a number of
environmental problems, including adverse effects on
health, vegetation, and materials, as well as climate change.
Ozone, the reactive atmospheric gas, functions as ultravio-
let (UV) shield if present in the stratosphere, and it becomes
a pollutant if present in the troposphere. The formation of
ozone is a complex phenomena, because the ozone produc-
tion efficiency is “transformed” by favorable meteorological
parameters, especially the temperature and solar radiation

(Finlayson-Pitts and Pitts 2000; Jenkin and Clemitshaw
2002). In addition, ozone concentration is influenced by
turbulent mixing, atmospheric chemistry, and surface dry
deposition (the major removal process). High concentra-
tion of ground-level ozone causing potential damage to
biotic and abiotic factors has been reported in the literature
(Pandey et al. 2017). Epidemiological and toxicological
studies (Vinikoor-Imler et al. 2014) indicate that higher
concentrations of ozone are harmful to biological health
of humans. In India, ozone pollution is damaging millions
of tons of the country’s major crops in the first decade of the
21st century (Ghude et al. 2014), and the overall pollution
in India caused losses of more than $1 billion a year (Ghude
etal. 2014). Atmospheric ozone played an important role in
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influencing the regional climate; changes in the last few
decades have played an important role affecting the climate
(Wang et al. 1995).

The formation and concentration of ground-level O
depend on the concentrations of nitrogen oxides (NOy)
and volatile organic compounds (VOCs), the ratio between
NO, and VOCs, and the intensity of solar radiation (Jacko
and La Breche 2009). Ozone is a key precursor of hydroxyl
radical (OH), which controls the oxidizing power of the
atmosphere (Logan et al. 1981; Thompson 1992). The level
of OH in the atmosphere in turn influences the levels of
many primary air pollutants, such as methane (CH,),
carbon monoxide (CO), and sulfur dioxide (SO,). The
surface ozone concentration is mainly controlled by local
and regional emissions, although they could also be
affected by large-scale atmospheric transport.

Surface ozone measurements (March 2005 to
October 2005) were carried out by Pulikesi et al. (2006) at
the urban coastal site in Chennai. They found that the
monthly mean concentrations were maximum during the
month of May and minimum during the month of April.
They also reported that for the month of April, the max-
imum hourly ozone concentration was about 69 ppb.
There were no instances of ozone value higher than that
specified in National Ambient Air Quality Standards
(NAAQS) India of 180 pg/m3. Similar measurements (10-
year period from 1990 to 1999) were also carried out in
Pune and Delhi and analyzed diurnally, seasonally, and
annually by Ali et al. (2012). They reported a decreasing
trend in surface ozone concentration in Pune during the
study period. On the other hand, surface ozone concentra-
tion in Delhi did not follow any specific trend. The tem-
poral variation of O; has been reported for different
locations, including rural, urban, coastal, and mountain
sites in India (Marathe and Murthy 2015; Nair et al. 2002;
Naja and Lal 2002; Udayasoorian et al. 2013). The rate of
industrial growth in India is quite high, and the number of
automobiles is also increasing rapidly (Central Pollution
Control Board [CPCB] 2016).

The present study was undertaken to assess the level of
ozone in an industrial complex close to the sea. Such
industrial complexes prove to have a lot of positive factors
as far as socioeconomic perspective is considered, yet
there are lots of environmental shortcomings. The current
study is unique in the context of the distribution of O; in
an industrial site comprising many automobile industries,
chemical industries, refineries, and hazardous waste land-
fill, and the location is very close to the National Highway
16 (NH 16), thus subjected to a lot of traffic.

NO is one of the major air pollutants emitted from the
incinerator, and VOC:s are released from the nearby indus-
tries and also as a result of anaerobic decomposition of
organic matter from the landfills. Furthermore, the

vehicular transport and industrial stacks in the study area
further add to the NO, concentration. The stored hazar-
dous solvents release significant amounts of VOCs, which
are considered to be key precursors in the formation of Os.
It is also observed that apart from the ozone formed at the
site, there are possibilities of ozone and other precursors
transported from the Indian Ocean, Southeast Asia, and the
Indian subcontinent.

Study area

The measurement site (Gummidipoondi Town) is located
45 km north of Chennai City, Tamilnadu, with geographic
position of 13.4069°N and 80.1103°E. Gummidipoondi is
an industrial town in Chennai metropolitan region of
Thiruvallur District of Tamil Nadu, India. It is bounded
on the north by Andhra Pradesh State, on the east by the
Bay of Bengal, on the south by Kanchipuram District, and
on the west by Vellore District. The average annual rainfall
for the location is 1104 mm, out of which 52% is received
during northeast monsoon period (October-December)
and the remaining 41% is received during southwest mon-
soon period (June-September). The study area location is
shown in Figure 1. The study location lies on the thermal
equator and is a coastal region, which prevents extreme
variation in seasonal temperature. For most of the year, the
weather is hot and humid. The highest temperature is
recorded during the month of May. Solar irradiance is
very intense on clear days, and depending upon the cloud
cover the diffuse fraction varies. Temperature decreases
from the middle of September. Since it is a coastal area,
wind speed varies significantly across the year. During the
study period, there was no rainfall recorded during the
months of January to April. August and September
recorded the maximum number of rainy days, and the
maximum rainfall intensity was recorded during the
month of December.

Methodology and data set

In this study, hourly measurements of air pollutants,
namely, Oj;, nitric oxide (NO), and nitrogen dioxide
(NO,), were carried out and in addition all the weather
parameters have been measured from the weather station
installed at the site. Study was conducted for the period
from January 2016 to December 2016, and the data set
monitored was used to study the characteristics during the
study period.

Instrumentation

Emissions from industrial facilities, electric utilities, motor
vehicle exhausts, etc., are some of the major sources of NOy
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Figure 1. (a) Map of India. (b) Map of Tamil Nadu. (c) Map showing the study area at Gummidipoondi. (d) Aerial view of monitoring
location. Image sources: Maps of India (a, b); Image Source: Google Earth Pro (c, d).

in the study area. Significant amounts of NO, also originate
from combustion of fossil fuels in power plants and indus-
trial processes. The measurement of NOj is being carried
out by an nitrogen oxide analyzer, and the measurements
are recorded continuously. An Environment S.A. Module
32M nitrogen oxide analyzer was used to measure the
concentrations of NO, NO,, and NO,. The instrument
principle is based on chemiluminescence technology. The
minimum detectable limit of the instrument is about
0.4 ppb with automatic response time.

An Environment S.A. Module 42M O; analyzer was
used to measure O; concentrations at the site. 42M is
a continuous ozone analyzer. It uses the principle of
ozone detection by absorption in ultraviolet light. The
sample to the O; analyzer is taken through a Teflon
tube connected to the back of the sampler unit. The
ozone molecules selectively absorb the UV rays
encountered on the 253.7 nm wavelength. The

measurement cell holds the measurement detector as
well as the reference detector and the UV lamp. A zero
and span check is done once a week using the analy-
zer’s built-in ozone generator. The minimum detectable
limit of the instrument is about 1 ppb with response
time of 50 sec. Air is continually drawn via Teflon tube,
by the analyzer’s internal pump. The analyzer continu-
ously monitors the O3 concentration and stores 2-min
averages in a RAM data logger as well as 15-min
averages at the end of this time period. The 15-min
average is also displayed on the liquid crystal display
(LCD) screen of the analyzer. Each hourly O3 concen-
tration is the average of four 15-min measurements
taken during an hour and is reported as the hourly
concentration.

The formation of ozone mainly depends on the precur-
sor sources, whereas the dispersion of ozone depends on
the meteorological parameters. Wind speed and wind
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direction play a significant role in the dispersion of ozone.
Spectrum Watchdog 2000 series weather station model
2900ET together with Spec 9 pro software was used for
monitoring the meteorological parameters at the site loca-
tion. Meteorological parameters such as wind speed, wind
direction, temperature, humidity, solar radiation, rainfall,
and dew point can be measured with a minimum interval
of 1 min. All the data were continuously monitored.

Data analysis

For analyzing the temporal characteristics, diurnal plots
and seasonal plots were utilized. Diurnal plots and
seasonal plots were made by using the average of hourly
values of the chosen time period on 24-hr scale.
Pearson’s correlation was used to understand the rela-
tionship between the different parameters. This was
done wusing Statistical Package for Social Science
(SPSS) version 22 (IBM, Armonk, NY). For studying
the long-range transport, wind rose diagram, back-tra-
jectory analysis, and retrievals from MOPITT
(Measurement of Pollutants in the Troposphere) were
used. MOPITT version 6 (Drummond, 1992) has been
used to observe CO concentration. The data were avail-
able for the period between January 2016 and
December 2016. The MOPITT instrument measures
CO on board the Terra spacecraft, which is flying in
polar sun synchronous orbit at an altitude of 705 km
using upwelling infrared radiation near 4.7 pm (Deeter
et al. 2009). The wind rose diagram was plotted using
freeware WRPLOT View version 8.0.1. Back trajectories
were calculated using Hybrid Single Particle Lagrangian
Integrated Trajectory (HYSPLIT). Seven-day back tra-
jectories arriving at the 10 m and 100 m surfaces were
computed. Back-trajectory analysis ascertains the area
of origin of air masses and determines source-receptor
relationships.

Results and discussion

Temporal variation of surface-level ozone
concentration

As per Indian Meteorological Department, each year is
divided into four seasons: post-monsoon (January,
February), summer (March-May), pre-monsoon (June-
September), and monsoon (October-December). Table 1
shows the statistical summary of hourly O; concentration
and other parameters measured during the study. The
average wind speed was found to be highest in monsoon
(4.99 m/sec) and lowest in post-monsoon (2.10 m/sec)
seasons. Relative humidity varied from 29.72% to 100%
during post-monsoon, 29.96% to 100% during summer,

and 32.81% to 100% during pre-monsoon and monsoon
seasons. Minimum relative humidity (RH) was recorded
in summer season (29.96%). The daily average ambient
temperature ranged from 19 to 34 °C during post-mon-
soon, 31 to 41 °C during summer, 25 to 41 °C during pre-
monsoon, and 21 to 38 °C during monsoon seasons. The
hourly average, maximum, and minimum concentrations
for O3 were found to be 17.74 + 23.73, 497.232, and
1.11 pg/m’, respectively, during the study period. The
hourly average NO, concentrations were in the range of
23.70 + 8.76 pg/m’, with maximum and minimum daily
average concentrations reaching up to 138.01 and 0.9 pg/
m’, respectively. The hourly average, maximum, and
minimum concentrations for NO were found to be
14.87 + 4.09, 72.57, and 0.5 pg/m’, respectively. The
concentrations of O3, NO,, and NO were found to be
below the National Ambient Air Quality Standards
(NAAQS India) during the study period. It was observed
that 32% of the time in summer season, the hourly aver-
age O; concentrations were exceeding the NAAQS India
value (180 pg/m’). The average concentration of O in
summer season was 29.66 + 49.31 ug/m”, with maximum
hourly concentration reaching up to 497.23 pg/m’ and
minimum hourly concentration 4.32 ug/m”. Further, dur-
ing monsoon season, the seasonal average, maximum,
and minimum hourly O; concentrations were found to
be 17.62 + 19.84, 96.23, 2.81 pug/m’, respectively.

Table 1. Statistical summary of the attributes monitored during
the study period.

Season Attribute Minimum Maximum Mean Std. Dev
Summer 05 (ug/m?) 432 49723 2966 4931
RH (%) 29.96 100 69.31 14.55
T(°Q) 31 41 31.77 3.046
W.D(degrees) 0 360 158.75  62.50
W.S(m/s) 0 7.71 3.54 1.61
NO(ug/m?) 0.5 5879 1224 42
NO,(ug/m3) 0.9 96.41 20.47 5.7
Pre Monsoon 03(ug/m3) 1.1 292.36 21.38 25.77
RH(%) 32.81 100 15.19 69.33
T(°Q) 25 41 31.77 3.05
W.D(degrees) 0 350 7425 19375
W.S(m/s) 0 7.76 3.53 1.65
NO(ug/m?) 15 8219 1639  6.78
NO,(ug/m?) 18 11474 2454 1254
Monsoon 03(ug/m3) 2.1 96.23 17.62 19.84
RH(%) 32.81 100 69.34 15.19
T(°C) 21 38 30.22 2.99
W.D(degrees) 0 346 193.75 74.75
W.S(m/s) 0 10.28 4.99 143
NO(ug/m®) 1.1 66.2 17.94 8.2
NO,(pg/m?) 16 10048 2829  10.28
Post Monsoon 03(ug/m3) 2.63 144.13 27.39 29.64
RH(%) 29.72 100 7113 14.067
T(°Q) 19 34 3.15 26.70
W.D(degrees) 0 360 7725  68.25
W.S(m/s) 0 7.2 2.10 1.74
NO(ug/m?) 21 72.57 147 142
NO,(ng/m°) 3.0 13801 275 127

*W.D: Wind direction; W.S: Wind speed



It can be observed from Figure 2 that there were many
instances wherein the hourly ozone concentration
exceeded the NAAQS standard of 180 pg/m>. O; values
recorded at other seasons in India are reported in Table 2.
A comparison of these values revealed that the O3 values
recorded in the present study are much higher than the
values reported in other studies in India.

Monthly variation of O; concentration during the
study period is shown in Figure 3. It is evident from
Figure 3 that the ozone concentrations were maximum
during the two months of March and April and mini-
mum concentrations occurred during the two months
of September and December. The monthly variation of
the daily 1-hr maximum, mean daytime (11 hr from
7:00 a.m. to 6:00 p.m.), and daily (24-hr) concentra-
tions of Oz during the study period are plotted in
Figure 4. The highest monthly daytime (11 hr from
7:00 a.m. to 6:00 p.m.) and daily average O3 concentra-
tions were observed in summer season, especially
March, with values around 58.88 ug/m’ (Figure 3).
The daily concentration had another maximum in
April with a value around 53.3 pg/m’. The lowest
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Figure 2. Time-series plot of hourly average Oz concentrations.
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concentrations were observed in the month of
September, with values as low as 19.66 and 27.68 ug/
m® for the daily and daytime concentrations, respec-
tively. Prolonged duration of daytime, ample amount of
solar radiation, and wind direction during the months
of March and April resulted in thermal convections in
these regions leading to higher mixing concentrations
of ozone. From August to December, the conditions
were reversed, with atmospheric temperature getting
lower and there was record rainfall. Also, the presence
of a stable atmosphere and shallowness of the atmo-
spheric boundary layer led to a lower level of ozone.
The temperature further decreased from December
onward, and the wind speed increased. The prevailing
winds flushed up particles to be lofted and dispersed
spatially.

The diurnal variation of O3, NO, and NO, is shown in
Figure 5. From Figure 5, it can be seen that the Oj
concentration peaked during the noon and minimum
concentration occurred during the early morning hours
and during the nighttime. The Oj; variation during the
study period was found to be unimodal. There were two
peaks each for NO and NO,, which corresponds to traffic
(mostly truck loads) and some industrial emissions. The
diurnal variation of ozone depends on many factors, such
as altitude, solar zenith angle, advection potential, tem-
perature, and the concentrations of halogens such as
chlorine oxides (ClOy). It can be observed that the pattern
of ozone concentration followed the trend of solar radia-
tion, with little modulation due to precursor emissions
and meteorological conditions. This might be due to the
fact that excessive temperature and solar irradiance pro-
mote the photochemical reaction, leading to high ozone
concentration. In general, the warm periods are favorable
to ozone photochemical reactions. The maximum con-
centration could also be composed of contribution from
the precursors and the ozone that was transported from
other polluted areas. The minimum concentrations typi-
cally occurred during the nighttime and early morning
time. The photochemical processing of O3 was halted due

Table 2. Comparison of O; concentrations at different locations of India.

Peak concentration (Season) (ug/

No. of Cases where in values exceeded

Study location Site characteristic m°) NAAQS Author and year
Gadanki Rural 58 (Spring) Nil Naja and Lal 2002
Chennai Industrial and 135 (Summer) Nil Pulikesi et al. 2006
Vehicular
Pune Industrial 104 (Winter) Nil Ali et al. 2012
Delhi Vehicular and 152 (Post-monsoon) Nil Ali et al. 2012
Industrial
Ooty Clean zone 133 (Summer) Nil Udayasoorian et al. 2013
Mumbai Vehicular 252 (Post-monsoon) 191 cases in 2 yr Marathe and Murthy
2015

Gummidipoondi Industrial and 497.2 (Summer)

Vehicular

47 cases in 1 yr Present study

Notes. Only the studies which have considered the data for the entire season are taken for comparison.



1084 e S. MOHAN AND P. SARANYA

Summer Season

(7] L
275 - —w— March ]
250 - —C— April 4

o sk May ]

£

S 200 -

g 175 L -
T 1m0 - \“/\.LT__ -
E L
g 125 - .
g r

g 100 - A 4

g 75 L e 4

g L

O 50 ey -

L 7
25 | - S =
0 b ey ol ST ST OS] MO Lok a
0 2 4 8§ B8 10 12 14 16 18 20 22 24
Time (hr)
Monsoon Season
(c) — T T T T T T T T
90 | —»— October -

| —o— November
—&— December

75 -

Ozone Concentration wgfms)

14

Pre Mensoon Season
b)) T

90

L L DL A |

- —=— June =

| —— July

| —<— August
—&— September

75

&0

45

30

Ozone Concentration (ug/m®)

1z

o 2 4 B 8 14 16 18 20 22 24
Time (hr)
Post Monsoon Season
(d) 150 ————T—TT— T T
135 - —— January -

—o— February

10 12 16 22 24 0 2 4 8
Time (hr) Time (hr)
Figure 3. Monthly variation of ground level Os; concentration during the study period.
500 J— "I IR L TR RSB I T ] ENY. TR T R MR XN O 80 | | T T T T T | A | ] |
B — Peak Concentr: —_——
450 - T Eo:ﬁmnéim‘m 7 70 b ",
3 Il H Day time concentration (07:00 - 18:00) b —a— NO
400 - 1 - ——0
L H [ i - 3 -
@ 350 : [ = o
5 H [ E
EC i A\ .
= B - 1 -
2 250 |- 1 H = S 40 ' \ ™
m | I T _A ¢
= " H ® A - n
© 200 | 1 H T 0L A ‘\ u-&%! Al
§ - ] 8 A é'D’D Ay
| 2 .
S 150 - 1 H S
Om i : (&) 20 -
O 100 1 H
H O 10 = -
50 B E_!_x-x-a(* Semenes
0 0 P Y P TN N SNV S SO AN NN S Y
Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec 0 2 4 6 8 10 12 14 16 18 20 22 24
Time

Figure 4. Monthly variation of the daily 1-hr maximum, mean
daytime (11 hr from 7:00 a.m. to 6:00 p.m.), and daily (24-hr)
concentrations of Oz

to the absence of the photochemical reactions. O; that
stayed in the atmosphere was then consumed by deposi-
tion and/or reaction with NO, which acts as a sink for O
(Khoder 2007).

Figure 5. Diurnal variation of NO, NO,, and O3,

Effect of coastal wind on ozone formation and
transportation

The wind rose diagrams of the site of measurement
during different seasons are shown in Figure 6. The
pattern of wind speed and wind direction was recorded



throughout the study period. Unique pattern of sea
breeze was observed during few days of the study
period. Similar kind of phenomenon was reported by
Adame et al. (2010) in the coastal area of southwestern
Europe. During 4:00 a.m. to 8:00 a.m., the wind was
blowing in the northeast direction and the wind speed
ranged between 0.75 and 1.25 mph. Figure 7 shows the
effect of wind on O3 formation, and it can be observed
that during midday, i.e., from 11:00 a.m. to 4:00 p.m.,
the wind direction was southeasterly (from the sea
side), which is perpendicular to the coast line. The
mean hourly wind speed varied between 2.25 and
3.75 mph. The ozone concentrations were found to be
high on those time periods during particular days. This
may be due to the fact that the sea breeze can transport
the pollutants from the industrial area of Manali Town.
Manali Town is classified as the critically polluted area
by Central Pollution Control Board, India. The ozone
transported from Manali Town also added to the max-
imum concentration of ozone observed during summer
season. When the sea breeze stopped around 7:00 p.m.,
the wind speed went down to 0.3 mph. This observa-
tion is in accordance with the results reported by
Pulikesi et al. (2006).
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Figure 6. Wind rose plots during different seasons.
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The relationship between Oj; concentration and
wind direction is clearly depicted in Figure 8. Higher
concentrations of O; were observed for the winds blow-
ing from E, ESE, SE, SSE, and S relative to the onshore
flow. This may be attributed to the chlorine (Cl) radical
emitted from salt particles of the sea; it oxidizes VOCs
at nearly double the level it does the hydroxyl radical
(OH), which promotes the ozone formation at the
coastline (Knipping and Dabdub 2003).

Correlation and regression analyses of O3 with
temperature, solar irradiance, relative humidity,
and NO, concentration

The entire data set of hourly average O; concentration
was clustered into four seasons and was used for correla-
tion and regression analyses. Pearson’s correlation analy-
sis was done for all the seasons, and the results are shown
in Tables 3-6. In each season, the percentage of missing
values was less than 2%. The missing values were elimi-
nated from the analysis, as the formation of ozone is
complex and nonlinear. Significant positive correlations
were found between Os, temperature, and solar irradi-
ance. The correlations remained strong except during the
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Table 3. Pearson’s correlation analysis of O; with temperature,
solar irradiance, relative humidity, and NO, during summer
season (March, April, and May).

Pearson's r T SR RH NO, 03

T - 0.735 -0.930 0.075 0.561

SR 0.735 - —-0.789 —-0.018 0.716
RH —-0.930 —-0.789 - —-0.037 —-0.567
NO, 0.075 -0.018 —-0.037 - 0.247

03 0.561 0.716 —-0.567 0.247 -

*Correlation is significant at the 5% level.

monsoon months. The correlation between O; and RH
was found to be NO, dependent. NO, concentration
showed negative correlation with Os, and the correlation
was stronger and significant during all the seasons except
the summer months. Also, during the nighttime, the
correlation was stronger.

The correlations of O3 with its precursors are clearly
depicted in Figure 9. It can be observed from (Figure

9a and b) that temperature and the solar irradiance are
positively correlated with O;. Nair et al. (2002) reported
that the surface air temperature, which is a measure of
solar insulation, leads to higher photochemical reaction.
In monsoon months, comparatively low value of O3 is
attributed to low UV radiation intensities and low ambi-
ent temperatures. The values are highly significant at
P < 0.01. Temperature acts as a surrogate of solar radia-
tion, which in turn controls the photochemical reaction.
This proves that both parameters have greater impact on
O; formation. Season-wise analysis indicates that O; has
stronger and positive correlations with temperature and
solar irradiance during all the seasons except monsoon
season. Although the rainfall was not observed during the
daytime, the correlation is smaller and weaker. This may
be due to a larger amount of O; transported from other
locations rather than the ozone formation in situ.

In the current study, both positive and negative
correlations of Oz with relative humidity were observed
under different conditions. During the times when
there is not much O; production at the site and the
atmosphere is not substantially influenced by NO,,
negative correlation exists between O; and RH, as is
shown in Figure 9c. The result is in concordance with
the previous results reported in the literature (Ali et al.
2012; Khemani 1995). The reason for the above rela-
tionship is explained by Londhe et al. (2008): as the
relative humidity increases, the major photochemical
paths for removal of ozone are photolysis followed by
the reaction of O(;p) with water vapor and reaction of
HO, with ozone (Londhe et al. 2008). Also, tempera-
ture and relative humidity are inversely correlated.

O3+ hv — O+ O(ip) A < 310nm (1)

Op)+ H,0 — 20H )

Furthermore, higher levels of humidity indicate that the
cloud abundance is high, which in turn slows down the
photochemical process.

On the contrary, positive correlation of Oz occurs
when the NOy concentration is high and RH is greater
than 80% (shown in Figure 9d) (Chen et al. 2019). The
following reaction (eq 3) may happen under such con-
ditions, resulting in the formation of O; molecules.

(NOx+ OH +) VOC +40,+ hv
— 203+ R + H,0 (+NOx+OH) 3)

When the values of NO, are less than 80 pg/m’, NO is
negatively correlated with O, as shown in Figure 9e. The
correlation becomes positive when the values of NO, are
above 80 pg/m>. This may be due to faster
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Table 4. Pearson’s correlation analysis of O; with temperature, solar irradiance, relative humidity, and NO, during pre-monsoon

season (June, July, August, and September).

Pearson's r T SR RH NO, 03

T - 0.969 —-0.976 —-0.939 0.746
SR 0.969 - —-0.905 —-0.833 0.751
RH —-0.976 —0.905 - 0.984 —-0.656
NO, —-0.939 —-0.833 0.984 - —-0.627
0s 0.746 0.751 —-0.656 —-0.627 -

*Correlation is significant at the 1% level.

Table 5. Pearson’s correlation analysis of O3 with temperature,
solar irradiance, relative humidity, and NO, during monsoon
season (October, November, and December).

Pearson's r T SR RH NO, 03
T - 0.433 0.491 0.035 —0.208
SR 0.433 - 0.002 —0.046 —-0.122
RH 0.491 0.002 - 0.148 —0.265
NO, 0.035 —0.046 0.148 - —-0.533
0s3 —0.208 —-0.122 —0.265 —-0.533 -

*Correlation is significant at the 5% level.

Table 6. Pearson’s correlation analysis of O; with temperature,
solar irradiance, relative humidity, and NO, during post-mon-
soon season (January and February).

Pearson's r T SR RH NO, O3

T - 0.768 —0.942 0.241 0.673
SR 0.768 - —-0.795 -0.135 0.775
RH —-0.942 —-0.795 - 0.421 —0.668
NO, 0.241 —-0.135 0.421 - —-0.519
0s 0.673 0.775 —0.668 —-0.519 -

Notes. T = temperature; SR = solar Irradiance; RH = relative humidity; NO, =
nitrogen oxides.

photochemical dissociation and transport of NOj at the
same instant (Yang et al. 2019). The correlation between
NOy and Oj; is stronger during monsoon season and
during the nighttime when the influence of solar irradi-
ance and temperature is less, as illustrated in Figure
9f. During pre-monsoon and post-monsoon seasons,
the correlation is not significant due to a sizeable num-
ber of points with elevated CO but low O, suggesting
fresh pollution plumes that have not yet attained their
O3 production potential. Also, it can be observed that
during monsoon and post-monsoon seasons, there is
scattering of O values, which indicates that there is
another significant process apart from in situ O3 forma-
tion. Figure 9g shows that even at zero NOy levels,
a significant amount of O; is observed in the study
area and is termed as “background O;.”

Long-range transport of pollutant air mass

It is evident from the regression plots that formation of
ozone is mostly dependent on photochemistry, as the
correlation is stronger and positive with solar irradiance
and temperature. On the other hand, the correlation values
are smaller; hence, apart from photochemistry, there could

be some other mechanisms contributing to the observed
O5 concentration values. Also, there are records of only few
days of rainfall that occurred during the nighttime.

It was also noted that there was slight variation in
the seasonality across the year, unlike the northern part
of the country wherein extreme temperatures used to
be recorded. In spite of these conditions, the O3 con-
centration decreased after the summer months.

It has been reported in the literature (Mandal et al. 2015)
that apart from formation in situ, transportation of pollu-
tant air mass can further add to the concentration at
a particular location. The likelihood of such occurrence
was probed using National Oceanic and Atmospheric
Administration (NOAA) Air Resources Laboratory’s
Hybrid Single Particle Lagrangian Integrated (HYSPLIT)
model, version 6 (http://www.arl.noaa.gov/ready.html).
Mandal et al. (2015), Nair et al. (2002), and Sahu and Lal
(2006) have reported that the advection of continental
pollutants can modify the distribution of trace gases and
titration reaction of pollutants. Seven-day backward trajec-
tories for the study location are shown in Figure 10. It can
be seen that during the months of October, November,
December, and January, the air mass originates from the
Indo-Gangetic Plain, whereas during the remaining
months the air mass is from the Southeast Asian and
marine (Indian Ocean) regions. This analysis is consistent
with the analysis of Nair et al. (2011).

CO plays a major role in the formation of ground-
level ozone and is used for the prediction of Oj by
many researchers (Abdul-Wahab et al., 2005; Ozbay
et al. 2011; Pavon-Dominguez, Jiménez-Hornero, and
Gutiérrez de Ravé 2014; Rajab, Mat]Jafri, and Lim 2013).
The understanding of the correlation of O3 with CO is
at the stage of infancy. Few researchers have observed
positive correlation of O; with CO (Abdul-Wahab
et al., 2005; Ozbay et al. 2011; Pavén-Dominguez,
Jiménez-Hornero, and Gutiérrez de Ravé 2014) and
vice versa (Rajab, MatJafri, and Lim 2013) . The dis-
tribution of CO is evident from Figure 11.

To explain the above continental transport of
pollutant, monthly averaged spatial distribution of
CO at 900 hPa obtained from MOPITT is plotted in
Figure 11. The study site is very close to the Bay of
Bengal region. Figure 1la shows that during
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Figure 10. Monthly plots of 7-day isentropic backward-trajectory analysis using HYSPLIT4 trajectory model.

January-February, a large plume of CO (>500 ppbv)
is observed in the northeast Indian region and east-
ern region of China. In March, the intensity
(strength as well as volume) of this plume (anthro-
pogenic CO) has decreased (<400 ppbv) gradually
when it intrudes into the Bay of Bengal region
(Figure 11b). Hence, the continental transport has
reduced during summer season. Due to the onset of
southwest monsoon (June, July, August, and
September), clean marine wind from the Southern
Hemisphere has blown over the Bay of Bengal
region (Figure 11c). Minimum concentration of O;
is observed during this period. October onward, the
concentration of anthropogenic CO has increased
again over India and intrudes again into the Bay
of Bengal region during the month of October

only (Figure 11d). There is a steady upsurge of O3
during the months of October, November, and
December. The rainfall during this period dilutes
the pollutant concentration. Similar features are
noticed in the pattern of CO at 800 and 700 hPa.

Variation of O concentration during weekends and
weekdays

In the study location, lower NOj levels and higher O;
levels are observed during weekends and vice versa on
weekdays. This is mainly due to the weekly changes in
anthropogenic activities. In places where large week-
day-weekend differences are present, the process of
regional or local anthropogenic O; production domi-
nates, whereas the areas dominated by the long-range
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Figure 10. (Continued)

transport present no weekend effect (Heuss, Kahlbaum,
and Wolff 2003). Hence, the study of weekend effect in
O; and NOy levels can indicate appropriately the Oj
production. Weekdays were taken as from Monday to
Friday, whereas Saturday and Sunday were considered
weekend. In all four seasons, the daily average concen-
trations of O; and NO, were noted, and the difference
in their concentrations was calculated.

The reduction in traffic density and industrial opera-
tions during the weekends when compared with the
weekdays was used to examine the relationship between
O; and its precursors. Vehicular traffic and industrial
emissions are the major sources of NO, emission at the
study site, where it is assumed that the weekend traffic
density is lower than on weekdays. However, in spite of

low weekend NO, emissions, an elevated Oz concentra-
tion was observed at the study site. Figures 12 and 13
show the diurnal variations of NO, and O3 concentra-
tions on weekdays and weekends and the difference
between weekends and weekdays (weekends minus
weekdays) during the period of study. The O; concen-
tration on weekends was greater than that on weekdays
during all four seasons.

Fujita et al. (2003) placed the criteria used to identify
the status of the weekend effect into three categories: (a)
intense weekend effect if O; difference is >15 ppb; (b)
moderate weekend effect if O3 difference is 5-15 ppb;
and (c) no weekend effect if O; difference is <5 ppb.
Using the above criteria, intense weekend effect was
noticed during summer season, whereas moderate
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weekend effect was observed in the other seasons. The
mean hourly daytime differences between weekends and
weekdays (weekends minus weekdays) ranged from 7 to
32.7 pg/m® in summer, 3.8 to 14.5 ug/m’ in pre-mon-
soon, 4.6 to 9.2 ug/m’ in monsoon, and 0.1 to 4.5 pg/m’
in post-monsoon seasons (Figure 13). Meteorological
conditions are also responsible to some extent for an
intense weekend Oj effect on a seasonal basis; however,
it appears that differences in concentrations of O3 pre-
cursors (NO, and VOCs) are a major cause for the
weekend Oj effect in the study area.

Increased vehicular traffic density from Monday to
Friday results in increased NO emission, which is
responsible for decreased Oj; concentrations on week-
days compared with weekends due to the rapid reaction
of NO with O;. The reduction in NO emissions during
the weekends results in the increased NO,/NO, ratio
and consequently the titration reaction of O; by NO is
reduced (Atkinson-Palombo, Miller, and Balling 2006).

It also seems likely that ozone production efficiency is
enhanced by the reduction in NO, and VOC levels, as
these are major sinks for the key free radical species
involved in conversion of NO to NO, without con-
sumption of ozone. Lower NO levels and VOC emis-
sions on weekend mornings consume less Oz, which
accumulates later by photochemical reactions
(Pudasainee et al. 2006), which may be more efficient
in a lower-NO, environment. Khoder (2009) also found
many sites in Cairo with elevated O; on weekends
when traffic and O; precursor levels were substantially
reduced.

Furthermore, during the weekends, due to
decreased traffic density, the concentration of fine
particles decreases owing to the increase in solar
radiation intensity. Hence, the photochemical for-
mation dominates during the weekends (Marr and
Harley 2002a, Marr and Harley 2002b). Researchers
have observed that O; levels in the ambient air
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increased when emissions of NO, decreased
(Bernstein et al. 2004; Heuss, Kahlbaum, and
Wolff 2003; Roberts-Semple, Song, and Gao 2012;
Sadanaga et al. 2008).

Conclusion

Measurements of ground-level O; (hourly average) car-
ried out in the industrial area of Chennai metropolitan
region during January 2016 to December 2016 showed
notorious peaks during the months of April, May, and
June. The peak values recorded were about 1.5-2.8
times higher than that of NAAQS. Hazardous waste
incineration produces large amounts of NO, and CO,
which might have resulted in the faster titration of O;
during the night and early morning hours. Statistical
analysis was carried out to ascertain the correlations

between ground-level O; and NO, and meteorological
parameters. It was found that O; was positively corre-
lated with temperature and solar irradiance and nega-
tively correlated with relative humidity and NO,.

The results of this study indicate that the ozone
concentration in the study area exceeds the NAAQS
standard during many days across the year. Therefore,
O; control measures should be applied at least in the
industrial areas in order to reduce the concentration of
O;. Furthermore, the reactivity of ozone with its pre-
cursors such as NO, and VOCs has to be studied in
order to develop the emission reduction policy for O;
control. Also, for industrial sites, it would be better to
formulate separate standards. This is because the work-
ers are subjected to several kinds of pollutants and
hence the standards have to be more stringent in
order to safeguard the workers.
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