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Abstract: This study looked at the variation in air quality during the periods of fireworks as assessed
from the change in ambient concentrations of air pollutants like particulate matter (PMjg), Os,
and NO; for pre-, post-, and Vishu days for four consecutive years in 2015, 2016, 2017, and 2018 in
Kannur, India. Enhanced levels of O3, NO,, NO, and PM;( were observed during the intense usage
of fireworks. The concentration of metals in PM;g increased and the percent increase was found to be
different for metal traces. A pronounced increase in the aerosol optical depth (AOD) in the lower
wavelength region of solar radiation reveals the abundance of fine mode particles. The concentrations
of O3 and NO, were observed to increase by more than 100% on Vishu day than the control days for
the observational period. Simulation using the National Center for Atmospheric Research (NCAR)
Master Mechanism photochemical box model indicates a more than 100% enhancement in NO,
photolysis rates during the fireworks episode, which leads to a 100% increase in the surface ozone
production. Observations as well as model simulations indicate that the enhanced photochemical
ozone production from NO, photolysis is possibly the main driver of ozone production during
the Vishu at this site. The air quality index (AQI) revealed the deterioration of air quality at the
observational site during the period of Vishu.
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1. Introduction

Air pollution, whether by toxic chemicals or biological materials, severely affects human
health [1,2]. Air quality can deteriorate through short-term polluting events and there are several
studies of such events and their health effects [3-14]. The burning of fireworks during festivals has been
sporadic, but contributes high loading of the atmosphere with air pollutants. The burning of fireworks
at a high temperature releases dense smoke of carbonaceous gases, nitrous oxides, sulphur compounds,
and particles of metal oxides [15-20]. Among the Indian festivals, Diwali is a national festival in India
celebrated during October-November with coordinated fireworks. The impact of fireworks on the air
quality deterioration has been examined at various Indian locations [21-25]. These studies revealed
that continuous fireworks displays over extended periods of time released extensive amounts of toxic
metal fumes and gases like carbon dioxide (CO), sulphur dioxide (SO;), and nitrogen dioxide (NO5),
as well as particulate matter (PM), into the atmosphere [26,27]. The impact of air pollution caused by
fireworks is well recognized [28,29], and is not confined to India [30-32].
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The research was focused on the impact of trace gases and particulate matter [33-36] to explore
their influence on atmospheric dynamics and on the health impacts of trace metals released from
these intense fireworks [8,37-39]. PM;( contains trace elements such as As, Cd, Co, Cr, Ni, Pb, and Se,
which are harmful to human beings and animals even in trace amounts [40]. Inhalation of particles
emitted from fireworks displays can cause injurious effects on human health, especially to children
and the aged [41-47]. During the festival days, increases in the concentrations of air pollutants as well
as toxic species such as PM, black carbon (BC) aerosols, and greenhouse gases have been monitored at
different sites in India [26,39,48-51].

Kerala is a coastal state in south India blessed with natural beauty, lush tropical vegetation, and a
moderate climate. Air pollution is an emerging issue in the state of Kerala because of increasing
industrial and vehicular emissions [52,53]. There are also episodic emissions resulting from various
social festival activities unique to this state. Vishu is the zodiac New Year in Kerala and is observed on
the first day of the Malayalam month of ‘Medam’ in the Malayalam calendar, which usually coincides
with April. Crackers and sparklers are burnt mainly on the day of Vishu to mark the beginning of
the year and also on the day before. Continuous fireworks are set off from 17:00 to 22:00 (IST) on
the eve of Vishu on 14 April and early morning from 04:00 to 07:00 (IST) the following day, 15 April.
Furthermore, the fireworks occur mainly at night when the shallow boundary layer exacerbates the
air quality. The pollutants emitted from fireworks can stay in the atmosphere for a long time and
accumulate near the surface during the night time because of the decrease in boundary layer height
due to low temperature favored by lower wind speed [39,50].

The main objective of this study is to assess the short-term variation in the ambient concentration
of surface O3, NO,, PMjj, and spectral variations in aerosol optical depth (AOD) linked with firework
events at Kannur during Vishu festival for four consecutive years in 2015, 2016, 2017, and 2018.
The enhancement of O3 and NO; observed during the fire bursting episode is validated by National
Center for Atmospheric Research (NCAR) Master Mechanism photochemical box model. Furthermore,
the research includes a quantitative analysis of metal concentrations present in particulate matter and
the rate of change of O3 on a diurnal scale during fire bursting episodes. In addition, it also aims
calculate the air quality index over Kannur during Vishu to categorize it according to the pollution load.

2. Methods

2.1. Observational Site and General Meteorology

The impact of firecrackers on the air quality over Kannur district in North Kerala was carried out
at the Kannur University Campus (KUC) (11.9° N, 75.4° E), situated 15 km north from Kannur town.

‘University
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Figure 1. Location of observation site.
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The observational site is situated 1 km away from the National Highway (NH 17) and 6 km
away from the Arabian Sea and is surrounded by a densely populated residential area. Figure 1
shows the geographical location of the observational site situated at Kannur University Campus and
its surroundings.

The meteorological parameters like temperature, relative humidity, wind speed, and wind
direction were acquired from the local automatic weather station run by the Meteorological and
Oceanographic Satellite Data Archival Centre (MOSDAC) established by the Indian Space Research
Organization (ISRO). The meteorological parameters were recorded on an hourly basis during the
period of observations and it is evident that the atmospheric condition remained unaltered as
far as these parameters were concerned. During the monitoring period, the sky remained clear
with a few scattered clouds. A maximum daytime temperature of 37.1 £ 1.5 °C at 15:00 and a
minimum temperature of 27.5 &+ 1.6 °C at 04:00 were observed on Vishu day. During the control
days, the maximum and minimum average temperatures were 36.2 £ 1.8 °C and 26.8 £+ 1.8 °C,
respectively. The maximum humidity of 79.2% = 2.9% at midnight and minimum of 66.2% =+ 3.2% at
15:00 in the afternoon on Vishu day were observed. The maximum and minimum average values of
relative humidity observed during control days were 78.5% =+ 2.6% and 65.9% = 2.2%, respectively.
The average wind speed ranged from 2 ms~! to 5.2 ms~! confined in the northwest direction. As the
wind speed remains unaltered, the transport of pollutants by advection is likely not affected during
the fireworks.

2.2. Observation of Trace Gases and AOD

Variations in air quality have been investigated during the fireworks associated with Vishu festival
on 14 and 15 April for the years 2015, 2016, 2017, and 2018 from the measured concentrations of surface
O3, NOx (NO + NO»), and PM;g since 2009 at the Kannur University Campus. O3 present in the
ambient air has been measured using the analyser, which works on the principle of strong absorption
of UV radiation at 253.7 nm by O3 molecules. The concentrations of O3 and NOx (NO + NO,) have
been continuously monitored since November 2009 at the Kannur University Campus, in which O3
and NOx mixing ratios have been successfully measured with the aid of ground based gas analysers
from Environment SA, France. The analyser incorporates corrections owing to changes in temperature
and pressure in the absorption cell and drift in the intensity of the UV lamp. A hand-held sun
photometer was used for direct retrieval of spectral AOD in a column of the atmosphere. In this study,
a MICROTOPS II (Microprocessor Controlled Total O3 Portable Spectrometer) fitted with narrow-band
interference filters is employed to estimate the AODs at wavelengths of 340 nm, 440 nm, 675 nm,
870 nm, and 1020 nm. The extinction of solar radiation by aerosols strongly depends on the size of the
particles and the wavelength interval. The details of the sun photometer and the measuring technique
have been described by Morys et al. [54].

2.3. Quantitative Analysis of Particulate Matter

A Respirable Dust High Volume Air Sampler (ENVIROTECH, India Model APM 460 NL) was
placed on top of the building at a height of 10 m from the ground to collect dust particles that are
less than PMj present in the ambient air during the period 11 to 18 April for the years 2015, 2016,
2017, and 2018. The sampler used an improved cyclone (with a cut off D50 at 10 microns) to separate
the coarser particles (>10 microns) from the air stream before filtering it on a glass microfiber filter.
The built-in manometer provided a precise flow rate of air through the filter. The timer attached to
this sampler accurately measured the duration of airflow through the filter. Earlier, we studied the
influence of O3 precursors and particulate matter on the variation of surface O3 over this location
using this set up [55]. Nitric acid was used to digest the filters collecting PMjg on a hot plate. For each
sample, the digestion continued to reduce the final volume of the sample to 3 mL. It was then filtered
using filter paper and the filtrate was diluted using double distilled water to 25 mL. The filtrate was
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then examined to identify the concentrations of Na, Hg, Cd, Cu, Pb, Ba, Ca, Fe, and Zn using an atomic
absorption spectrophotometer.

3. Model Description

NCAR-Tropospheric Ultra Violet Visible (TUV) and Master Mechanism (MM) Model

The National Center for Atmospheric Research (NCAR) tropospheric ultra violet visible (TUV)
radiative transfer model is a cloud free model [56] developed to simulate the actinic flux at a given
location [57,58]. The TUV module was initialized with measured values as latitude, longitude, aerosol
optical depth, alpha, single scattering albedo, total columnar O3, columnar NO,, columnar SO,,
and surface albedo to commutate the photolysis rates. The model is suggested for the calculation of
UV spectral irradiance on the Earth’s surface. The model also estimates photolysis rate coefficients
of trace gases at 0.5 km above sea level; wavelength range is 121-735 nm in 156 non-equally spaced
intervals [59]. The TUV module scans the selected reaction subset for photolysis reactions and uses
quantum yields to calculate photolysis rate coefficients in a 121-735 nm wavelength range. The module
was updated with cross section and quantum yields from recent evaluations for inorganic species [60]
and organic species [61]. Environmental conditions opted for the model simulations are listed in
Table 1.

Table 1. Environmental conditions opted for simulations. AOD—aerosol optical depth.

Parameters Values
Latitude 11.9°N
Longitude 754° E
Time Zone 55
Temperature 305K
Air Number Density 2.44 x 10! molecules/cm?
Relative Humidity 72%
Surface Albedo 0.10
Parcel Elevation 5m
Overhead O3 Column 265 DU (OMI)
AOD at 550 nm 0.5
Aerosol Angstrom Coefficient 1
Aerosol Single Scattering Albedo 0.72

NCAR Master Mechanism (NCAR-MM), a chemical box model (zero dimension), developed at
National Centre for Atmospheric Research, Boulder, USA, was used to simulate the diurnal variation
of O3, initialized with ground based measurements at the observational site. This model computes
the time dependent chemical evolution of an air parcel, taking into account the detailed gas phase
chemistry. The detailed gas phase chemistry consists of 5000 reactions among the 2000 species [62].
The NCAR-MM box model was initiated with 12 trace species (O3, H,O, CO, CHy, NO, NO,, OH, HO,,
CH,O, C3Hg, isoprene, i-butane), while Ny, Oy, M (carrier gas), and photon energy were hard-wired
in the model.

On the basis of these species, 1031 reactions were used in the simulation. The model also estimates
deposition first order rate constants. This model cannot be substituted for a full 3D chemistry-transport
model, predominantly for the spatial and temporal distribution of urban emissions, and the vertical
and horizontal transport and dispersion from the city. The details of the NCAR-MM model have been
described by Madronich [63]. The environmental parameters used for the box model simulation are
shown in Table 2.
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Table 2. Environmental parameters opted for the box model simulations.

Parameter Values
Latitude 11.9°N
Longitude 75.4° E
Temperature 308 K
Relative Humidity 66%
Ozone Column 360 DU (OMI)
AQOD at 550 nm 0.52
Aerosol SSA 0.72
Aerosol Angstrom Coefficient 0.88

4. Results and Discussions

4.1. Observation of Aerosol Optical Depth during Vishu Festival

Mass concentrations of particulate matter were found to be increased during firework episodes
owing to their heavy loading in the atmosphere [33]. As AOD (1) has a strong dependence on
the wavelength (1) of radiation and is frequently parameterized by the Angstrom exponent « [64],
the extinction law used for connecting 7 and A is

Tur = ﬁ)\_a

The wavelength exponent a describes the spectral behaviour of the optical depth and § is a
measure of the vertical column burden of aerosols and becomes equal to T for A = 1 um. Values of
« <1 indicate size distribution dominated by coarse mode aerosols that are typically associated with
the dust and sea salt, and values of « > 2 indicate size distribution dominated by fine mode aerosols
produced from urban pollution and biomass burning [65,66].

The unique feature of our investigation is the presence of higher values of AODs observed in
April than in other months, owing to the region’s festival events followed by festivals in this region.
An analysis of the results further reveals an abrupt change in AOD and Angstrom size parameter
(« and B) values with the burning of firecrackers associated with the Vishu festival. Figure 2 shows the
mean AOD values for different wavelengths from 9 to 13 April (Pre Vishu), 14 and 15 April (Vishu Day),
and 16 to 19 April (Post Vishu) of the years 2015, 2016, 2017, and 2018.
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Figure 2. Variation of the mean aerosol optical depth (AOD) (over 2015-2018) on pre-, post-, and Vishu
day for different wavelengths. The vertical bar in the graph represents one sigma standard deviation.
Mean values of AOD for 340 nm, 440 nm, 625 nm, 820 nm, and 1070 nm on Vishu day are 0.538 £ 0.570,
0.398 + 0.490, 0.280 =+ 0.410, 0.164 £ 0.321, and 0.151 + 0.212, respectively.
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The increase in AOD is found to be much higher at low wavelength regions than at high
wavelength regions, indicating the distinct abundance of fine mode particles on the day of the fireworks.
A decline in spectral AOD values in the pre-, post-, and Vishu days is observed and this shows severe
loading of particles because of firecrackers. The higher AODs in the morning may be caused by a
surface temperature inversion, which traps air pollutants within a shallow air layer, thus increasing
their concentration [67]. An increase in particle size may be related to ageing of the aerosol, with
associated changes in size distribution because of coagulation, condensation, and gas-to-particle
conversion. Generally, the & exponent exhibited higher values in the early morning and early afternoon
with a decrease around midday; this might be caused by surface heating, which produced a decrease
in the surface moisture content and masked surface humidity-induced scattering effects at longer
wavelengths, thus reducing a.

The variation of AOD and particle size distribution before and after Vishu festival was analysed
using a second order polynomial fit in the log A versus log T graph. To investigate the abundance of
coarse and fine particles in the particulate matter, bimodal distribution of AOD is usually used, which
is quite clear from Junge’s law [68]. The size distribution of aerosols does not typically follow the
Junge’s law, but rather exhibits a bimodal distribution so that a second order polynomial fit exists
between In T and In A data, which provides a better correlation with the measured AOD.

The positive curvature in the pre-phase in Figure 3a and the negative curvature in the post-phase
in Figure 3b indicate the dominant fingerprints of the fine mode aerosols produced from the burning
of crackers [69]. These figures support our assumption that under highly turbid atmospheres,
the wavelength dependence of the a values is less significant and the In T versus In A curve approaches
linearity. The linear fit depends strongly on atmospheric conditions, exhibiting significant uncertainties
under low turbidities. The curvature of In T versus In A depends strongly on atmospheric conditions
and the Angstrom exponent. It becomes lower as the atmosphere tends to be turbid and has negative
correlation (0.21) values. It is observed that aerosol size had a great influence on « values. A linear fit
of In T versus In A yielded significant differences from the measured AODs.

(a) Pre Vishu

Polynomial fit = 0.078
Linear fit = 0.21

=5 144
]
=
£ 5
1.8
20
22 T : : T T T
1.2 -1.0 0.8 06 0.4 02 0.0 0.2
0.4
(b) Post Vishu
0.6
0.8 Polynomial fit = 0.178
— Linear fit=0.32
1.0 4
] ]
3 12
=
£ 14

T T T T T T
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Figure 3. (a) In A vs. In 7 for pre-Vishu and (b) In A vs. In 7 for post-Vishu for the years 2015, 2016,
2017, and 2018. The vertical bar in the graph represents one sigma standard deviation.
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The negative curvature in the log A versus log T graph in Figure 3b indicates the presence of
an extensive amount of fine mode aerosols in the atmosphere [70] in April-May and the positive
curvature represents the presence of coarse mode particles. In A versus In T for the pre-Vishu
norm of residuals for the linear fit is 0.21 and for the polynomial fit is 0.078, whereas in the case
of post-Vishu, the norm of residuals for the linear fit is 0.28 and for the polynomial fit is 0.18.
The Student’s t-test value and one-tailed p-value indicate that the increase is statistically significant at
a 95% confidence level at the lower wavelength region. The higher value of coefficient of variation
(standard deviation/mean) indicates that the aerosol variability is more pronounced in the post-Vishu
period. Several studies [71-74] have concluded that « values vary significantly according to the type
of aerosols and the wavelength interval used for the determination.

4.2. Quantitative Analysis of Metal Concentrations Present in PMyg

The concentration of particulate matter in ambient air was estimated from the ratio of net mass
collected in the volume of air sampled. Figure 4 shows the PM;( variation for 24 h (08:00 to 08:00)
during the Vishu festival days for the years 2015, 2016, 2017, and 2018. From the graph, it is evident
that the particle loading was much higher on 14 and 15 April compared with the control days of 11,
12,13, 16, 17, and 18 April. The 24 h average concentration of PM; increased to 195 ug/ m?3 from
88 ug/m3 on 15 April. According to the Central Pollution Control Board (CPCB) of India, the national
ambient air quality standards for PMjq for 24 h concentration in residential areas is 100 ug/ m3.

240 +

210 A

180 A

150 A

120 A

90

PM 10(ug/m°)

60

30 A

11 12 13 14 15 16 17 18
Days (April Month)

Figure 4.  Variation of PMjy (24 h) concentration during pre-, post-, and Vishu days.
PM—particulate matter.

The metal analyses for Na, Hg, Cu, Pb, Ba, Ca, Fe, and Zn were carried out from PM;g samples
collected on the pre-Vishu day (13 April), Vishu day (15 April), and post-Vishu day (17 April) for 24 h
during the study period. The identified concentrations of the eight metals for 24 h (08:00 to 08:00)
on pre-, post-, and Vishu days for three continuous years are shown in Table 3. The table clearly
indicates the enhanced metal concentration in the ambient air, which in turn reduces the air quality.
The concentrations of metals in present PM;g was found to have increased and the percentage of
increase varied from metal to metal. In this study, a dramatic increase was observed in Hg (366.67%),
Cu (225%), Ca (183.93%), Pb (171.19%), Na (145.90%), Ba (137.50%), Zn (97.22%), and Fe (89.58%).
One of the significant observations was the enhanced amount of mercury present in the ambient air,
which is a serious concern owing to its high toxicity. Barium was found in huge quantities in the
firework debris followed by lead and copper, and their observed quantities were about three times
higher than those on the normal days, indicating that the ambient air was contaminated with fine
particles of barium, lead, and copper salt compounds used in the fireworks. The concentration of
metals estimated on pre-Vishu days was not sourced from the fireworks and was attributed to the
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normal concentration of metals in the atmosphere of Kannur. The chemical analysis of the PM;j
sample on the Vishu day shows that the metal concentrations were relatively higher on the day of
the fireworks.

Table 3. Twenty-four hour average concentrations of different metals in ambient air of Kannur during
pre-, post-, and Vishu days for the years 2015, 2016, 2017, and 2018.

Concentrations (ug/m®)

Average % of Increase of

13 April 15 April 17 April Metal C trati
Metals (Pre Vishu) (Vishu) (Post Vishu) etal Concentration on
Vishu Day
Avg. Std. dev Avg. Std. dev Avg. Std. dev

Na 0.61 0.14 1.50 0.21 0.74 0.08 145.90
Hg 0.06 0.03 0.28 0.11 0.08 0.01 366.67
Cu 8.00 1.76 26.0 2.52 11.0 1.95 225.00
Pb 11.8 1.03 32.0 243 13.0 1.45 171.19
Ba 16.0 1.50 38.0 4.31 22.0 1.60 137.50
Ca 1.12 0.16 3.18 0.60 1.32 0.40 183.93
Fe 0.48 0.12 0.91 0.36 0.54 0.15 89.58
Zn 0.36 0.09 0.71 0.20 0.41 0.11 97.22

4.3. Variation of Surface Ozone and NO, during Fireworks

Surface ozone (O3) is mainly produced by photochemical reactions affecting various
anthropogenic pollutants and is considered as a natural greenhouse gas as well as an important
secondary air pollutant with damaging impacts on human health, crops, and vegetation [75].
Only limited studies have been reported on the enhancement of surface O3 [49,76] and NO; [8,37,44,77]
during fireworks in India. The day and night time O3 concentrations on Vishu day showed a significant
increase from 18:00 to 22:00 and 04:00 to 10:00 (IST), marked by intense fireworks burning over the
observational site. Figure 5 shows the diurnal variation of surface O3 at Kannur, which shows a
sharp increase in O3 concentration during the night time of 14 April and the day of 15 April for four
consecutive years of 2015, 2016, 2017, and 2018. Observed O3 concentration increased from its value of
~9.6 ppbv just after the fire bursting to ~16.2 ppbv (increase of 69%) on 14 April (evening spell) and
from ~4.6 ppbv just after the fire bursting to ~9.8 ppbv (113%) on 15 April near (early morning spell)
with the net upsurge in O3 levels of 6.6 ppbv and 5.2 ppbv, respectively, for the year 2017. This sporadic
enhancement of O3 concentration is well matched with the two spells of intense fire bursting events.
This may be the result of an increase in NO, emission and increased fire bursting in 2018 compared
with previous years. The O3 concentration during Vishu was found to be higher in 2018 than in 2017,
2016, and 2015. This may be caused by an increase in NO, emission and increased fire bursting in
2018, greater than that in 2017, 2016, and 2015. A similar trend in O3 enhancement during Diwali was
observed by Swamy et al. [50] at Hyderabad.

Figure 6 shows the diurnal variation of NO, at Kannur, which shows a sharp increase in the night
time of 14 April and the day time on 15 April for the four consecutive years.

It is clear that the increase in NO, resulted from the intense fireworks and its periodic increases
are attributed to the two spells of fire bursting. This enhancement in the NO, concentrations during
the fire bursting is the main reason for the enhancement in the production of O3 over the observational
site [49]. The observed NO; concentration increased from its value of ~3.1 ppbv just after the fire
bursting to ~6.3 ppbv (increase of 103%) on 14 April (evening spell) and from ~3.1 ppbv just after the
fire bursting to ~5.7 ppbv (85%) on 15 April near (early morning spell) with the net increase in NO,
levels of 3.2 ppbv and 2.6 ppbv, respectively, for the year 2018, which shows a higher concentration
value of NO, than previous years. A huge amount of fine mode soot and various metal oxides particles
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emitted into the atmosphere could catalyse atmospheric chemical reactions [78]. Figure 7 shows
the correlation between surface Oz and NO; concentrations during the night of Vishu days of the
years 2015-2018.
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Figure 5. Diurnal variation of surface O3 at Kannur during pre-, post-, and Vishu days for four
consecutive years of 2015, 2016, 2017, and 2018.
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Figure 6. Diurnal variation of NO, at Kannur during pre-, post-, and Vishu days for four consecutive
years of 2015, 2016, 2017, and 2018.
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Figure 7. Correlation between O3 and NO; during the night time in Vishu.

From the figure, it is clear that this linear relation (with a correlation coefficient 0.72) between
O3 and NO; during the night indicates the production of O3 from the photolysis of NO, from the
flash of fire bursting. As the emission is mainly confined in the visible and near infra-red region,
we judge that O3 production was via photolysis of NO, around 420 nm. The excess NO; required for
the enhancement of O3 was formed from some other species produced during fire bursting.

4.4. Rate of Change of O3 on Diurnal Scale during Fire Bursting

Figure 8 shows the diurnal variation of the rate of change of O3 with respect to time [d(O3)/dt]
for pre-, post-, and Vishu days. Surprisingly, it is observed that the rate of increase of O3 during the
early morning hours of Vishu day from 08:00 to 10:00 is moderately low in the four consecutive years.
This is because of the reduced rate of photolysis caused by scattering of sun light by particulate matter
in a highly polluted atmosphere. The rate of increase was 2.58 pgm?® and 4.96 pgm? at 09:00 and
10:00, respectively, on the Vishu day, while it was 3.64 ugm? and 3.82 pugm?, respectively, on pre-Vishu
days and 3.02 pgm? and 3.78 pgm3, respectively, on post-Vishu days. The rate of change of O3 was
found to be high in the noon when the particles were dispersed through convection from the surface
and the enhanced photochemical reactions in the presence high concentrations of NO, and VOCs.
The observed rate of change of O3 at noon time 12:00 on Vishu days was 9.58 igm3. For pre-Vishu days,
it was 6.05 ugm3 and 5.22 pgm? and for post-Vishu days, it was 5.79 pgm3 and 6.98 pgm?, respectively.

15
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—
=
<
o 59
£
3
2
= 0 7
-
o
=,
g
h=A
-10
-15 T
2 4 6 8 10 12 14 16 18 20 22 24
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Figure 8. Rate of change of O3 on Vishu and control days.

Figure 9 shows a magnified view of the rate of increase in O3 observed compared with the rate on
control days.
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Figure 9. A magnified view of the rate of increase of ozone in early morning.

The slow growth of O3 during the early morning of Vishu day is mainly attributed to the extinction
of sunlight by the heavy loading of dust and smoke even in a rich NO, environment confined in a
shallow boundary layer. After 11:00, the smoke is dispersed through convection, which results in an
increased rate of increment of O3 until noon. Thus, this observation reveals the slow O3 production
rate in a polluted environment as well. The value of [d(O3)/dt] is almost zero from 14:00 to 15:00 on
both Vishu and control days and it is found to be almost steady during the night time. At midnight,
O3 loss caused surface deposition. It is notable that the lapse rate of surface O3 in the evening was not
very distinct compared with the morning production rate.

4.5. Correlation between PM1y and Trace Gases

PMj can modify the energy balance of the atmosphere through scattering and absorption of light.
Characterised by a very large surface area, PMj¢ influences the tropospheric trace gas chemistry by its
surface reaction, causing a photolysis rate reduction, thus inhibiting O3 production [79-82]. A global
modelling study by Bauer et al. [83] suggested that during the year 2000, the global tropospheric
ozone decreased by 5%. This could be the result of the heterogeneous reactions on dust particulate
matter aerosol. In the Mediterranean region, Bonasoni [84] reported a sharp decline in surface O3
concentration present in the atmosphere when the air mass contains coarse particles coming from
North Africa. By analysing the data of urban air pollutants at Nanjing, East China, Jia et al. [85]
observed an inverse relation between PM; 5 and O3 with the confidence level of 99%.

Figure 10a shows the correlation between PM;o and O3 in the study period. It was found that PM;g
and O3 show a linear relation with a negative correlation coefficient of —0.72. The diverse reactions
on aerosols can play a major role in determining the chemical composition of the atmosphere [86].
The enhanced PMjq levels suppressed the solar insolation, which could weaken O3 production.
Under the high PM level exceeding 150 j1g/m3, the surface O3 concentration dropped to 20.5 pug/m3
at noon time, leading to a negative correlation between PM and O3. Being denser than air, NO,
precipitates in the lower layers of the atmosphere [87]. NO; has a substantial impact on PM;g through
their atmospheric oxidation to aerosol nitrate and the CO formed from the oxidation of VOCs [88].
Figure 10b shows the correlation between PM;g and NO;. There is a linear relation with a strong
positive correlation coefficient of 0.86, indicating that the rising trend of PM is better related to the
increase in NO,. Statistical analysis (Student’s t-test) was conducted and the correlation coefficient
was found to be significant at the 92% confidence level.
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Figure 10. Correlation between (a) PMjg and O3 and (b) PM;( and NO,.

4.6. Model Simulation for INO,

Model calculated variations of JNO, for the normal and Vishu episodes for the year 2018 are
shown in Figure 11. It is seen that as the fireworks begin, JNO, started to increase during the night and
early morning from its normal value. Modeled NO; levels increased from its value of ~10.2 ppbv just
after the fire bursting to ~17.6 ppbv (increase of 73%) on 14 April (evening spell) and from ~4.9 ppbv
just after the fire bursting to ~10.2 ppbv (109%) on 15 April near (early morning spell) with the net
upsurge in O3 levels of 7.4 ppbv and 5.3 ppbv, respectively. This model estimated increase in O3 during
the two spell is in good agreement with the observed increase of 7.1 ppbv and 5.8 ppbv, respectively.
Further, there exists a positive linear correlation coefficient (r = 0.85) between the observed and model
simulated Os.

0.008

—— JNO, (Vishu day) —— JNO, (Normal day)

0.006 -

0.004 -

INOy 57

0.002 4

0.000 -

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (IST)

Figure 11. Calculated and model simulated JNO, variation during normal days and Vishu day for the
year 2018.
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4.7. Model Simulation for O3

The initial and background mixing ratios of O3, CO, CHy, C3Hg, i-butane, isoprene, and CH,O are
set to 40 ppbv, 480 ppbv, 1.8 ppmv, 5 ppbv, 4 ppbv, 5 ppbv, and 5 ppbv, respectively. The background
O3 value of 40 ppbv represents the average daytime (11:00-16:00 IST) O3 mixing ratio observed at
Kannur. The observations of NO and NO, are available and other species are not available at this site,
and hence their values are set to represent a typical rural environment. Diurnal variation in boundary
layer height (0.5-2.0 Km) is also provided as an input to the model. The effect of fire bursting on
the production of O3 during the night time is simulated using the option of non-cloudy sky fraction
available in the model. For the simulation, the time evolution of solar anonymity is introduced in the
model, while all other input parameters were kept to their values of normal simulation. This allows
examining the impact of fire bursting on the photochemical O3 production. The chemical production
of O3 in the troposphere involves the photolysis of NO, molecules. Generally, NO, is produced by
conversion of NO into NO; via peroxy radicals (HO,, RO;). Therefore, the photo dissociation of NO,
is the key reaction for O3 production in the troposphere. The skiving in solar radiation during the night
time will significantly affect this photolysis reaction. Variations in O3 for pre-, post-, and Vishu day as
well as model simulations for the year 2018 are shown in Figure 12. B1, E1 and B2, E2 in the figure
represents the beginning and end of fireworks during the first spell (14 April evening) and second
spell (15 April morning), respectively.

40

Post Vishu
Model simulated

Pre Vishu
Vishu day (14 April)
Vishu day (15 April)

Ozone (ppbv)

Time (IST)

Figure 12. Observed and model simulated O3 variation during pre-, post-, and Vishu day for the
year 2018.

It can be seen that the model has successfully captured the daytime O3 build up on normal days,
which is mainly as a result of the photochemistry involving the precursor gases. For the Vishu episode,
O3 levels start increasing just the beginning of the fire bursting and attains high levels during the early
morning and evening hours. The model simulation for the fire bursting episode follows the normal
variation until the fire bursting begins. The model simulated O3 shows a continuous increase from the
beginning of fire bursting during two phase viz. early morning and evening. As the solar intensity
reaches a maximum during noon time, O3 levels show a normal value. Even after the end of fire
bursting, O3 levels are seen to be quite a bit higher for few hours than those during normal conditions.
This could be because of the gain and faster photochemical production of O3 during the fire bursting.

The modeled O3 levels increased from their value of ~10.2 ppbv just after the fire bursting to
~17.6 ppbv (increase of 73%) on 14 April (evening spell) and from ~4.9 ppbv just after the fire bursting
to ~10.2 ppbv (109%) on 15 April near (early morning spell) with the net upsurge in O3 levels of
7.4 ppbv and 5.3 ppbv, respectively. This model estimated increase in O3 during the two spell is in
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good agreement with the observed increase of 7.1 ppbv and 5.8 ppbv, respectively, during the two
spells of fire bursting episodes in 2018.

4.8. Correlation of Particulate Matter and Meteorological Parameters

Meteorological parameters such as wind speed, wind direction, temperature, and relative
humidity play an important role in the concentration and transportation of the pollutants in the
atmosphere. The importance of meteorological parameters in constraining the atmospheric processes of
dilution, transformation, transport, and removal of pollutants has been extensively reported by several
authors [89-91]. While analysing the meteorological parameters recorded hourly over the observational
site, we found that the atmospheric conditions remained unaltered in respect to temperature, humidity,
and wind speed. During the observational days, the sky remained clear with a few scattered clouds.
Because the wind speed remains unaltered, the transport of pollutants by advection is likely not
affected during fireworks. Thus, the O3 formation can be attributed to the chemistry imparted by the
fireworks in the atmosphere. The levels of PM; depend not only on their emission sources, but also
on meteorological parameters such as wind, temperature, relative humidity, atmospheric pressure,
and boundary layer height [92].

In our observation, we have found that PM; is positively correlated with temperature (r = 0.52)
and wind speed (r = 0.58), and negatively correlated with relative humidity (r = —0.42). High wind
speed and temperature play a vital role in the dispersion and transportation of air pollutants from
one place to another, ranging from local to regional or global scale, thus encouraging vertical and
horizontal movement of the particles [93]. Charron and Harrison [94] reported that ultrafine particles
had higher concentrations during the rainy periods, which might show that relative humidity has
different effects on the concentrations of fine and course particles. This is probably the reason that
relative humidity showed a stronger negative correlation with PMyj.

4.9. Air Quality Index during Vishu

The air pollution index is considered to be the standard tool to represent day-to-day changes in air
quality. It transforms complex air quality data of various pollutants into a single value nomenclature.
This index was introduced by the U.S. Environmental Protection Agency to estimate the levels of
pollution in the ambient atmosphere. Accordingly, the observed concentrations of the O3, NO,
and PM;( were converted into an air quality index using the standard value and rating scale (up to 25:
clean air, 26-50: light air pollution, 51-75: moderate air pollution, 76-100: heavy air pollution, and
above 100: severe air pollution) given by Nasir and Brahmaiah [95]. Each of these categories is decided
based on ambient concentration values of air pollutants and their likely health impacts. The AQI was
calculated by the following formula:

Observed mean concentration of a pollutant

100
Standard for the respective pollutant .

AQI =

Figure 13 represents the temporal variation of air quality index during control days and Vishu
day in the study area.

The highest index of 81 (heavy air pollution) was observed on 15 April 2017 during the day time,
followed by 70 (moderate air pollution) on the 14 April night. The deterioration of air quality during
the night time is a serious concern because of the trapping of pollutants in the shallow boundary layer
and low convective activities from the ground. Further, the air pollution level is growing over this
location in Kerala’s coastal belt with high humidity in the summer season, in which Vishu is celebrated.



Atmosphere 2019, 10, 137 15 of 20

90

B Day (6am to 6pm) B Night (6pm to 6am)

Air Quality Index

8 9 10 1" 12 13 14 15 16 17 18 19

Days (In the month of April)
Figure 13. Air quality index for pre-, post-, and Vishu episode.
5. Conclusions

Concentrations of air pollutants such as PM;g, O3, and NO, were monitored for four consecutive
years of the celebration of Vishu in Kannur, India, for assessing the air quality impacts of fireworks.
The concentrations of air pollutants increased steadily to the peak on fire bursting events and declined
thereafter. A quantitative analysis of O3, NO,, PM;, and trace metals revealed elevated concentrations
of these pollutants in the atmosphere. The concentration of metals in PM; was found to increase
in fireworks on Vishu day and the percentage of increase varied from metal to metal. The increase
in AOD was found to be higher at the lower wavelength region, which reveals the presence of a
significant amount of fine mode particles in the ambient air. The observed O3 concentration showed
an average increase of 69% on 14 April and 113% on 15 April of 2018 and NO, concentration showed
an increase of 103% on 14 April and 85% on 15 April of 2018 Vishu day compared with control days.
These changes in O3 and NO, mixing ratios could be associated with the enhanced NO, photolysis
rates, as indicated by the model simulation.

The model estimated increase in O3 production of 73% on 14 April and 109% on 15 April is
in agreement with the observed production of 69% on 14 April and 113% on 15 April during the
fireworks. The model as well as observations reveal that the increased photochemical production of
NO; is responsible for the observed higher O3 during fireworks at Kannur. The rate of production
of O3 in the early morning hours was quite slow on Vishu day, during which the air pollution was
much higher, which was consistently observed during the study periods. PM;jp and O3 show a
linear relation with a strong negative correlation coefficient (—0.72) and PM;p and NO, show a linear
relation with strong positive correlation coefficient of 0.86, which indicates the rising trend of PMjy
is better related to the increase in NO,. A meteorological analysis reveals that PMy is positively
correlated with temperature (r = 0.52) and wind speed (r = 0.58) and negatively correlated with relative
humidity (r = —0.42).

The air quality index estimated from different pollutants shows the highest index value of 81,
indicating heavy air pollution in Kannur on Vishu day. It is also confirmed that the yearly air pollution
is growing in Kannur, by which the air quality index value has increased gradually from 2015 to 2018.
This work has been initiated since 2009 and is still continuing, the changes in air quality over this
location have a social impact. Our previous publications have had a media impact, by which the
Central Pollution Control Board (CPCB) of India conducted a campaign in this region and several
health monitoring camps were organized to retrieve the changes in air quality. It has been further
observed that the amount and duration of fireworks used for celebration have been increasing in the
last few years and continuation of this would significantly increase health hazards at the expense of
joyous celebrations in this region.
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