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Abstract

Short-term investigations of atmospheric pollutants (PM10, PM2.5, SO2, NO2, O3, and CO) were performed during the Diwali festival
over Varanasi for a period of six years from 2011 to 2016. Aerosol Optical Depth (AOD) observed for the corresponding days of Diwali
was found to be considerably much higher and even its value reached 2.0 for some Diwali years, which is basically almost 3-folds than the
control days. The total scattering aerosol optical thickness as well as aerosol extinction co-efficient at 550 nm crossed the value of 1.0 in
almost all the Diwali day cases. The associated meteorological conditions (low wind speed, declining temperature, lowered night-time
boundary layer height, etc.) during the Diwali period leads to the detrimental accumulation of atmospheric pollutants near to the surface
layer in Varanasi region. Moreover, PM10 and PM2.5 concentrations were recorded much higher than the safer limits set by NAAQS for
24-hour mean values throughout the period of study. The concentrations of PM10 and PM2.5 crossed beyond the safer limits and crossed
500 mg/m3 (in 2015) and 450 mg/m3 (in 2016) respectively, which is basically 5–6 times higher than the standard NAAQS limit. In com-
parison with the trace gases concentrations (e.g. SO2, NO2, O3, and CO) on control day, it was observed higher on the respective Diwali
day. Satellite data derived from MODIS (Aqua and Terra) have also been taken into account to observe and verify the unpropitious
effects of fireworks for the chosen case. MODIS true-color images show dense smoke plumes and haze over the entire Indo-Gangetic
Plain (IGP) on Diwali days of 2011–2016 with its continuation in the following days. Proper assessment and regular monitoring is needed
in order to mitigate the localized air pollution due to this kind of festival by the local scale authority to the top-level environmentalists.
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1. Introduction

The whole world is currently facing remarkable chal-
lenges in terms of the debasement of air quality due to a
substantial rise in anthropogenic emissions associated with
rapid industrialization, motorization, urbanization, and
lack of proper awareness of air health (Fallahi et al.,
2018; Tzanis et al., 2019). Air quality in megacities and
other major population centers is a serious concern due
to their high pollutant concentrations and health hazards
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(Gurjar et al., 2010; Upadhyay et al., 2018). Increasing
population density and rapid economic growth have also
inevitably resulted in high air pollutant emission levels in
India (Ray and Ray, 2011; (Gurjar et al., 2016). In recent
times, short-term air quality degradation episodes are
drawing increased attention of the scientific community
and have become a great topic of debate at all levels
(Pope and Dockery, 2006; Nastos et al., 2010; Singh
et al., 2010; Thakur et al., 2010; Samoli et al., 2011;
Bapna et al., 2013; Bhuyan et al., 2014; Saha et al.,
2014). Fireworks are extensively used worldwide to cele-
brate different festivals, like Diwali Festival in India
(Saha et al., 2014; Sateesh et al., 2018, etc.), Lass Fallas
in Spain (Moreno et al., 2007), Lantern festival in Beijing
(Wang et al., 2007) and New Year celebrations in United
States (Tanda et al., 2019) and Netherlands (Greven
et al., 2019). The extensive uses of fire-crackers as well as
sparklers during these festivals have been reported to be
significant sources of anthropogenic aerosols all over the
world (Mandal et al., 1997; Drewnick et al., 2006; Vecchi
et al., 2008; Wang et al., 2007; Nishanth et al., 2012;
Vyas and Saraswat, 2012; Cheng et al., 2014). Diwali festi-
val falls in October/November and involves extensive burn-
ing of firecrackers in India causing a major concern for the
environment. Atmospheric pollutants such as sulphur diox-
ide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO),
particulate matters (PM10 and PM2.5) and several other
metals like aluminum, manganese, and cadmium, etc, are
released in significant quantity associated with serious
health hazards due to fireworks (Ravindra et al., 2003;
Kulshrestha et al.,2004; Wang et al., 2007; Pachauri
et al., 2013; Pathak et al., 2015; Pratap et al., 2019). Large
amount of fire-sparklers and fire-crackers are used by indi-
viduals from night to late-night hours for the most part on
the Diwali day and the day preceding Diwali (pre–Diwali)
and after Diwali (post–Diwali) as a part of the celebration.
Attri et al. (2001) in a study over Delhi have reported that
the formation of ground-level ozone takes place due to the
burning of color emitting sparklers during the Diwali festi-
val. Barman et al. (2008, 2009) in a similar study reported a
remarkable increase in PM2.5 concentration in Lucknow
city about celebration-induced firework activities. In
another urban metropolis, Kolkata, enhancement of the
mass concentrations of PM10 and SO2 have been reported
which is ~ 5 times compared to prescribed standard limits
at this site (Chatterjee et al., 2013). Global estimates of air-
borne particulates unanimously identify the Indo-Gangetic
Plain (IGP) as amajor aerosol hotspot which, due to its
unique regional geomorphology, meteorological variation,
and climatic susceptibility, has been a subject for intensive
researches in the last few years (Dey et al., 2004;
Ramanathan and Feng, 2009; Ramachandran and Kedia,
2010; Saha et al., 2014; Sayer et al., 2014; Chakraborty
et al., 2017; Sen et al., 2017; Pratap et al., 2020; Kumar
et al., 2020). Under the background of a large increase in
anthropogenic emissions during the festival period, haze
pollution has also been a common problem over IGP with
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the degradation of visibility and air quality (Sateesh et al.,
2018; Ojha et al., 2020). Chakraborty et al. (2017) have also
confirmed that the formation of temperature inversion
takes place due to an increase in atmospheric lapse rate
that in turn causes inhibition of vertical convection and
trapping of air pollutants close to the surface that may
enhance the lifetime of those pollutants. Limited studies
are done in short-term basis for a period of six years over
the Varanasi region (an urban locality in the Indo-Gangetic
plains) utilizing both instruments, in-situ as well as satellite
observations during the Diwali festival indicating the mete-
orological reasons for the increase of atmospheric pollu-
tants during this festival season. Thus, for the present
analysis, efforts were made to investigate the short term
impacts of event-specific bursting of firecrackers and
pyrotechnic displays on the environment through concur-
rent measurements of both in-situ and satellite aerosol
properties over the Indo-Gangetic Plain and more specifi-
cally over an urban location, Varanasi.

2. Data and methodology

2.1. Meteorology of the site

The study site Varanasi (25�280 N and 82�970 E; 82.2 m
AMSL, Fig. 1) represents an urban environmental location
over middle-Indo Gangetic Plain, characterized by multiple
sources of aerosol mainly from road dust re-suspension,
commercial activities, vehicular exhausts, and biomass/
waste burning (Ram and Sarin 2011; Dey et al., 2012;
Guttikunda and Calori, 2013; Banerjee et al., 2015). The
region characteristically experiences a humid subtropical
climate with distinct seasonal variations. Seasonal distinc-
tion over the study site includes extreme hot and dry sum-
mer (March to May, ~ 37–46 �C), intense rainfall during
monsoon (June to September, ~ 80% of the annual rainfall
occurs during monsoon), relatively hot and humid retreat-
ing monsoon (October to November, dense fog and haze
becomes prominent in night/early morning hours) and
extreme cold weather during winter (December to Febru-
ary, ~ 5–15 �C). The climate of the study area is usually
affected by a wide range of synoptic weather phenomena
along with relatively flat terrain, without having any speci-
fic localized effect of oceans, mountains, or any explicit
emission source. The study focuses on the retreating mon-
soon season when Diwali festival used to occur with every
pomp and glory in the Indian region. Figure S1 represents
the variation in prevailing meteorological parameters i.e.
relative humidity and temperature during the study period.
In the figure data for two months, i.e. October and Novem-
ber for all the corresponding years (2011–2016) is shown.
Figure S2 describe the hourly time series of wind speed
over the location, Varanasi which indicates the wind speed
to be much lower (~1–2 ms�1) and is appearing to be stand-
still than any other windy days. Both Figure S1 and S2
clearly shows calm wind speed and declining temperature
which is not favorable for the dispersion of atmospheric



Fig. 1. (a) Political map of India, the zoomed portion in a square box is shown outside the map presenting the geographical location of Varanasi
(25�32 N., 82�97 E) showing the area of interest (red triangle) for the present study. (b) The terrain of the location, Varanasi, as obtained from Google
Maps (website, https,//maps.google.com), the zoomed portion in a square box represents the elevation (in feet) of the study area. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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pollutants during the Diwali festival period which in turn
makes the situation of the atmosphere worse. Not only
that, the lower boundary layer in the night time will also
help the air pollutants to get trapped near to the surface
layer. Figure S3 indicates the hourly time series of bound-
ary layer height, which clearly depicts that the boundary
layer height falls below ~ 50 m in the night time. This is
much favorable for the atmospheric pollutants to stack
and remain trapped in the much below in the lower
atmosphere.
2.2. Datasets, instrumentation, and methods used

The Moderate Resolution Imaging Spectroradiometer
(MODIS) is a key instrument aboard the Terra (originally
known as EOS/AM-1) and Aqua (originally known as
EOS/PM-1) satellites. Daily data of MYD08_D3 v6 Aero-
sol Optical Depth (AOD) Deep Blue (DB) Land only pro-
duct with 1� � 1� grid spatial resolution has been retrieved
from the MODIS Aqua Satellite. Deep Blue (DB) is a new
MODIS retrieval algorithm, as proposed by Hsu et al.
(2004, 2006) to retrieve aerosol properties over bright sur-
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faces such as arid, semi-arid, and urban areas. The surface
reflectance for aerosol retrieval is estimated for the 0.412-,
0.47-, and 0.65-lm channels based on a pre-calculated sea-
sonal surface reflectance database created from the Sea-
WiFS surface reflectance products using the minimum
synthesis technique (Hsu et al., 2013). Hourly time-
averaged Dust Scattering AOT 550 nm - PM 1.0 mm with
0.625� � 0.5� grid resolution has been taken from the sec-
ond Modern-Era Retrospective analysis for Research and
Applications (MERRA-2) reanalysis [MERRA-2 Model
M2T1NXADG v5.12.4]. MERRA-2 isthe improved ver-
sion of the original MERRA reanalysis (Rienecker et al.,
2011) of the Goddard Earth Observing System Model, Ver-
sion 5 (GEOS-5) data assimilation system. In our study, we
have used the collection of true-color images of Earth,
using data from NASA’s MODIS flying aboard the Aqua
satellites for the period of Diwali Festival. These spacecraft
fly in a near-polar, sun-synchronous orbit at an altitude of
705 km. Descend and ascend of the Terra across the equa-
tor take place at 1030 LT and 1330 LT, respectively. Both
satellites orbit Earth once every 98 min. MODIS measures
the reflectance of visible wavelengths leaving the top of the
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atmosphere, centered at 645 nm (red), 555 nm (green), and
469 nm (blue) - MODIS bands 1, 4, and 3, respectively.
Unlike its predecessor sensors (AVHRR and GOES)
MODIS features a blue band, which allows for superior
atmospheric correction and retrieval of surface reflectance
values in each of the visible wavelengths with signal-to-
noise ratios of 128 (red), 228 (green), and 243 (blue). The
MODIS retrieved fire maps for the Diwali day were also
used in the present study. Each of these fire maps accumu-
lates the locations of the fires detected by MODIS onboard
the Terra and Aqua satellites over a 10–day period. Each
red-colored dot indicates a location where MODIS
detected at leastone fire during the compositing period.
Hourly data of u and v component of wind as well as
boundary layer height is taken from ERA5 reanalysis dur-
ing the corresponding Diwali festival period (four days
prior and after the Diwali day to get a time series). Wind
speed is calculated from the u- and v-components of wind
using Climate Data Operator (CDO). The real-time
archived data for atmospheric pollutant (NO2, SO2, CO,
surface O3, PM10, and PM2.5) concentrations over Varanasi
during the Diwali festival for the period 2011–2016, were
obtained from Central Pollution Control Board (CPCB),
New Delhi and has been procured from the website:

https://cpcb.nic.in/real-time-air-quality-data/. The one-
hourly time-averaged Total Aerosol Scattering and Extinc-
tion co-efficient at 550 nm is obtained from MERRA-2
[Model M2T1NXAER v5.12.4] over the Varanasi region
during 2011–2016 for the Diwali period. Meteorological
parameters (temperature and relative humidity) are taken
from local IMD station situated at the Department of Geo-
physics, BHU, Varanasi. The MICROTOPS-II sun-
photometer is a portable handheld sun-photometer for
direct solar irradiance measurement in different wave-
lengths of 440, 500, 675, 870, and 936 nm. The hourly data
of Aerosol Optical Thickness at 500 nm had been taken
during the Diwali festival period for the years 2011–2016
over Varanasi at our Department of Physics., Institute of
Science, Banaras Hindu University, India.
3. Results and discussion

In the present work, characteristics of aerosol and vari-
ability of particulate matters during Diwali over Varanasi
(India) for the years 2011 – 2016 have been studied. Table 1
Table 1
Details of corresponding years of Diwali day, Pre-Diwali days, and Post-Diw

Years Pre-Diwali

2011 21st-24th October
2012 9th �12th November
2013 30th October-2nd November
2014 19th �22nd October
2015 7th-10th November
2016 26th �29th October
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gives a brief account of the chosen years of Diwali day,
Pre-Diwali days, and Post-Diwali days used in the present
analysis.
3.1. Spatial variation of aerosols and particulates during

Diwali festival over the Indian region

Diwali is broadly rejoiced across India and perhaps
liable for releasing a huge amount of particulates and asso-
ciated pollutants into the atmosphere. For the current anal-
ysis, the spatial pattern of particulate origin and their
subsequent evolution were initially examined. Mostly, sim-
ilar spatial pattern with a regular rise in aerosol loading
over the Indo-Gangetic Basin (IGB), particularly on
Diwali days, for corresponding years was identified
(Fig. 2). The figure depicts Aqua AOD (Deep Blue. Land
only) at 550 nm over the Indian region during correspond-
ing Diwali days for the years from 2011 to 2016. The entire
nation exhibits a sudden upsurge of Diwali-day especially
(2011–2016) AOD and PM concentrations throughout
the Indo-Gangetic Plain including Varanasi (Fig. 3).
Kumar et al. (2016) indicated the presence of coarse aero-
sols specifically dust (0.01–0.40) in most of the west and
IGB region while parts of eastern and south-eastern India
signify the presence of finer aerosols (0.61–1.00). Fig. 2 (a)-
(f) delineates that the IGB region is governed by the higher
urban aerosol loadings (AOD > 1.0) during the respective
festival days, when intense fireworks and crackers plunge
abundant amount of aerosols in the Indian sub-
continent. Singh et al. (2003) have stated enrichment of
5.7% and 5.5% for AOD at 340 nm and AOD at 500 nm,
respectively, during Diwali at Kanpur city in IGB. Fig. 3
(a)-(f) also represents the increase in particulate loading
over the Indo-Gangetic Plain during the corresponding
Diwali festival days like AOD plots. The monotonous
growth of AOD over the IGP region indicate the rise in
background aerosol loading in these period due to the
extensive use of firework displays, sparklers and fire-
crackers which emit a lot of elemental as well as organic
aerosol particles within the atmosphere. From both these
figures, it can be suggested that particulate loading is
increased at a much faster rate during the Diwali period
which is an important consequence of the firework related
activities in the Diwali festival season. The findings of Babu
and Moorthy (2001) have also been corroborated with our
ali days for the present study.

Diwali Post-Diwali

26th October 27th-30th October
13th November 14th-17th November
3rd November 4th-7th November
23rd October 24th-27th October
11th November 12th-15th November
30th October 31st October � 3rd November

https://cpcb.nic.in/real-time-air-quality-data/


Fig. 2. Spatial distribution ofAqua AOD (Deep Blue, Land only) at 550 nm over the Indian region during corresponding Diwali days for (a) 26 October
2011, (b) 13 November 2012, (c) 3 November 2013, (d) 23 October 2014, (e) 11 November 2015, (f) 30 October 2016. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

V. Pratap et al. Advances in Space Research 68 (2021) 3327–3341
study. They have also reported higher AODs during the
Diwali event affirming the intensified presence of black
and organic carbon released due to firecrackers used during
Diwali pointing out that observed increase in the particu-
late concentration during the Diwali night is due to the
suppression of boundary layer height in the pre-midnight
hours of the corresponding festive days. In our case too,
it has been obtained from Fig. 3 that particulate matters
over IGP region during the festival period abnormally
increases with a suppression in boundary layer height and
calm wind speed (Figure S2 and S3).
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3.2. Fate of surface aerosol loading during Diwali period in

the mid-Indo Gangetic plains

AOD is often used as a proxy for pollutants in the atmo-
sphere to accentuate the introduction of these pollutants in
ambient air. Babuet al (2013) have done a long-term anal-
ysis of AOD and reported that AOD is increasing at a rate
of ~ 3% per year due to increasing anthropogenic activities.
Fig. 4 depicts the Aerosol Optical Depth (AOD) at 500 nm
over Varanasi which clearly shows increased AOD on
Diwali days for all the years and post Diwali days except



Fig. 3. Same as Fig. 2, but for Dust Scattering AOT 550 nm - PM 1.0 mm.

V. Pratap et al. Advances in Space Research 68 (2021) 3327–3341
the year 2012 and 2013 in which they do not get enhanced
after Diwali but they were found still high as compared to
control days. During pre-Diwali days, AOT at 500 nm is
found to be around 1.2 in 2011 which is lowered to ~ 0.8
in 2016, which indicates a declining trend in AOT distribu-
tion before Diwali. It may be noted that, on the Diwali day,
AOT at 500 nm is found to be ~ 1.2 in 2011 which is further
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increased in the consecutive years and reached ~ 1.6 in
2016. Similar to the Diwali days, during post-Diwali days,
the AOT is found to be ~1.3 and it gradually increases
to ~1.8 in 2016, which indicate an increasing trend of aero-
sol loading in the atmosphere due to this festival. This may
also be attributed to massive fireworks made during Diwali
events and also the atmospheric boundary layer remains



Fig. 4. Aerosol Optical Thickness at 500 nm obtained from Microtops-II Sunphotometer during pre-Diwali, Diwali, and post-Diwali days from 2011 to
2016 over Varanasi.
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low in this season as compared to other seasons which fur-
ther leads to the formation of an inversion layer that pro-
hibits particulate vertical mixing (Banerjee et al., 2011a, b).
Thus lower boundary layer (Figure S3) and less ventilation
coefficient is a common feature of this season prompt trap-
ping of particulates in the atmosphere as a consequence of
which AOD increases during the event period. The reason
for non-exceedance of AOD at 500 nm over Varanasi may
be due to some local light rainfall activity occurred after
the Diwali and the pollutants gets flashed off due to it.
Saha et al (2014) have done similar studies on metropolitan
city Kolkata during the period 2012 and 2013 and reported
similar increasing trends in the behavior of AOD during
this festival supporting the fact that crackers are key pol-
luters of surroundings during this festival. Singh et al
(2014) performed an extensive campaign over Varanasi
during the Diwali period of the year 2005 to investigate
the behavior of aerosol and reported enhanced aerosol
loading during this week long event, in his study he has
also mentioned the dominance of fine mode particles due
to excessive burning of crackers. Several studies have been
carried out to report enhanced AOD over Varanasi and
other urban areas during the Diwali festival (Pratap
et al., 2017; Tiwari et al., 2012; Kumar et al., 2016).

Fig. 5 (a)-(f) shows the time series of the area-averaged
Total Aerosol Scattering AOT at 550 nm during pre-
Diwali, Diwali, and post-Diwali days for the period of
2011–2016 over Varanasi. From this figure, it can be easily
observed that in the year 2011 total aerosol scattering value
is highest for the Diwali day (26th October), and then grad-
ually starts decreasing on post-Diwali days. However, it
attains the highest value two days before Diwali, which
may be attributed to vehicular emissions as well. In the
year 2013, it shows the highest on the next day of Diwali
and then a decreasing trend. An almost similar trend is
observed for the rest of the years which may be explained
as a result of extensive use of firecrackers during this event
which in turn injects a large number of trace gases and pol-
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lutants into the atmosphere and further degrades the sur-
roundings. Figure S4 (a)-(f) shows the time series of the
area-averaged Total Aerosol Extinction AOT at 550 nm
during pre-Diwali, Diwali, and post-Diwali days for the
period of 2011–2016 over Varanasi. This figure shows a
similar pattern as we have observed in the case of total
aerosol scattering (Fig. 5). In some Diwali seasons, like
for 2012, one may see the peak of aerosol scattering
AOT at 550 nm is seen in 10–11 November, while Diwali
day is on 13 November. This may be attributed to the
vehicular emissions (as mentioned earlier) as well as some
meteorological disturbances (e.g. stagnant wind speed
before Diwali due to the formation of some lows in this
season, which is particularly rare). And in some cases,
one may find the peak of aerosol scattering AOT as well
as extinction AOT at 550 nm one or two-days after Diwali
day, which may be due to extended burning of fire-crackers
after Diwali, which lead to an increase in aerosol loading
even at higher rate than Diwali days. Hence, the peak in
the figure got suppressed due to higher values in post-
Diwali days.

3.3. Variability of surface atmospheric pollutants during

Diwali period over Varanasi

It is interesting to note that almost all surface monitor-
ing stations exhibited an increase in fine particulates load-
ing particularly on Diwali day or day following Diwali.
Ravindra et al. (2003) in their research have revealed that
firecrackers comprise 75% potassium nitrate, 15% carbon
(C), and 10% sulfur (S). When Potassium nitrate is burnt
with Carbon and Sulphur, it results in the emission of gases
such as CO2 and N2 into the atmosphere, which when
reacts with atmospheric vapor to produce SO2 and NO2.
SO2 is supposed to be more toxic as it gradually gets
absorbed in fine particulates and gets accumulated in the
lungs (Ambade and Ghosh, 2013). NO2 is considered as a
lung irritant, long exposure to this pollutant causes lung



Fig. 5. Time series plots of the area-averaged Total Aerosol Scattering AOT at 550 nm during pre-Diwali, Diwali and post-Diwali days: (a) 22–31 October
2011, (b) 9–18 November 2012, (c) 30 October-8 November 2013, (d) 19–28 October 2014, (e) 7–16 November 2015 and (f) 26 October-4 November 2016
over Varanasi.
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damage to residing people in the city (Dockery et al., 1993).
The concentrations of NO2 and SO2 during Diwali for all
the years are given in Fig. 6(a) and (b). Since Diwali cele-
bration commences 2–4 days earlier of the festival day
and continues for 2–4 days post-Diwali event, increased
concentration of these pollutants is observed starting from
pre-Diwali days and reaches its maximum on the event day
and continues to be high even a few days later of this event.
However, the concentrations of both NO2 and SO2 were
found to be under the permissible limits (80 mg/m3) as sta-
ted by NAAQS (National Ambient Air Quality Standard)
but were found to be still high as compared to control days.
This is attributed to the massive burning of firecrackers
during the Diwali event as the emission of trace gases is
associated with these fireworks. Moreover, during this fes-
tival, the emission of black carbon further leads to the for-
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mation of dense clouds which causes lower visibility
(Ravindra et al., 2003; Yerramsetti et al., 2013; Saha
et al., 2014). The situation remains the same for 2–3 days
after Diwali and then these oxides start decreasing.
Barman et al. (2008) have done similar studies for NO2

and SO2 and reported an increment of 2.27 and 2.82 times
higher than their respective day time level over Lucknow
city. Fig. 6(c) and (d) depicts a variation of Ozone (O3)
and Carbon monoxide (CO) during Diwali event for the
years 2011–2016. The highest concentration of CO was
observed in 2015, the concentration of CO reaches 4 mg/
m3 on the next day of Diwali which is two times greater
than the permissible limit (2 mg/m3) as stated by NAAQS.
Then, after 2–4 days, CO concentration starts dwindling,
however other years also witnessed the increased concen-
tration of CO on Diwali and post-Diwali days as compared



Fig. 6. Variations of the average pollutant concentrations of (a) NO2, (b) SO2, (c) CO, (d) surface O3,(e) PM10 and (f) PM2.5 during four days prior to
Diwali [Diwali (D)] referred as ‘‘Pre-D” and four days post Diwali [Diwali (D)] referred as ‘‘Post-D” for the period of 2011–2016 over Varanasi.
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to control days. Surface ozone is considered a vital sec-
ondary pollutant and its production are dependent on the
intensity of solar radiation triggered by the presence of pre-
cursor gases like NOx, CO, and hydrocarbons. Ozone pro-
duction is primarily controlled by the intensity of solar
radiation during day time, when it is chemically removed
by nitrogen monoxide (NO) and humid water vapor
(Crutzen, 1979; Midya et al., 2011; Midya and Saha,
2011a, b, c; Saha et al., 2011; Attri et al., 2001). During
night-time on Diwali nights, due to the burning of fire-
crackers, a large amount of NO2 releases in the atmosphere
which reacts with atmospheric oxygen to form nitric oxide
(NO). The dazzling light emitted and extensive heat gener-
ated (exothermic reaction) during the entire process leads
the atomic oxygen (produced from dissociation reaction
of NO2 and O2) to combine with atmospheric oxygen to
form ozone. In the present study, ozone concentration
was found to be the highest (48 mg/m3) for the year 2014.
The study was done 4 days before Diwali festival and 4 days
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after the festival to get a better insight of trend of ozone
concentration due to burning of firecrackers and was found
that its concentration was highest on Diwali day and then
after 1–2 days, it starts decreasing which confirms the fact
that firework displays are the primary contributor of these
pollutants in the atmosphere during Diwali festival. Atmo-
spheric ozone exhibits high natural variability (Varotsos
and Cracknell, 2004) and is highly influenced by regional/
long-range transport (Beig et al., 2007). Similar work has
been performed by Ganguly (2009) over Delhi for the year
2004 and 2006 in which they have reported higher concen-
tration of ozone on Diwali day in between 5.00 am to
8.00 pm for both the years. This is because a time lag of
6–7 h is required for the precursor gases (CO, hydrocar-
bons, and nitrogen oxides), which are released into the
air as aresilt of the ignition of firecrackers and enhanced
traffic at night to produce ozone to its maximum potential
(Beig et al., 2007). The ozone concentration during Diwali
was found to be higher in 2013 and 2014 compared to other
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years; this may be accounted for higher vehicular emis-
sions, NO2 emission, and ignition of crackers in these years
as compared to other years of consideration.

The 24-hour concentration of PM10 particulates was
found in the range between 280 mg/m3 to 500 mg/m3

whereas PM2.5 concentration was found in the range
between 140 mg/m3 to 450 mg/m3. The unprecedented rise
in both types of particulate, especially, finer particles dur-
ing the festival indicates the contribution of firecrackers
to be the vital reason. However, it is noteworthy that
increased concentration of particulates is not only solely
due to firecrackers but other local activities like vehicular
emission and anthropogenic activities being responsible.
The enhanced concentration of these particulates in the
surroundings results in increased aerosols (AOD) for sev-
eral days even after the festival which is already discussed
above in Fig. 4. PM10 concentration was found to be the
highest for the year 2015 where it starts increasing four
days before Diwali and reaches 500 mg/m3 on Diwali day
and then starts decreasing after the event confirming the
short-term degradation of ambient air due to intense burn-
ing of firecrackers during this festival. Chatterjee et al.
(2013) have shown nighttime concentrations of PM10 to
be 4, 7, and 5 times higher than the permissible standard
of PM10 respectively on pre-Diwali, Diwali, and post-
Diwali day. They have shown maximum night time concen-
tration of PM10 aerosol on Diwali (711 mg/m3) followed by
post-Diwali (507 mg/m3) and pre-Diwali (397 mg/m3) day
over the KKG site, a residential place in Brahmaputra
Plain. PM2.5 particles also show a similar trend i.e. its con-
centration is high specifically on Diwali day or post-Diwali
Fig. 7. Spatial distribution ofMODIS True Color Images from the Aqua sate
2014, (e) 2015 and (f) 2016.
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days for all the years. But in the year 2016, it shows a sud-
den increase on Diwali day and reaches 480 mg/m3, i.e.eight
times higher to that of its safer limit stated by NAAQS
which stands a serious concern for local public health.
Thus, it is clearly evident that the bursting of firecrackers
during this festival results in the induction of a large num-
ber of particulate matter and other gaseous pollutants
which reduces visibility and also harmful for urban health.
Since the festival is celebrated just before the commence-
ment of the winter season the atmospheric conditions are
quite stable during this time (Saha et al., 2014), and also
atmospheric boundary layer is lower in this season (Fig-
ure S3) which results in the trapping of these toxic gases
in the atmosphere and thus become a serious threat to
dwelling people in and around the city (Perrino et al.,
2011). Kumar et al. (2016) have done similar studies on
Varanasi and reported an increase of 56–121% in aerosol
surface mass loading during festival days due to extensive
bursting of firecrackers for the year 2014. In another
important study done by Barman et al. (2008), higher con-
centrations of PM10 particles were reported over Lucknow
too.

Fig. 7(a)-(f) show true color images obtained from the
Aqua satellite on the corresponding Diwali days of years
2011–2016 which were used to show the Earth’s topogra-
phy and clouds in true color like a photograph. In this fig-
ure, dark green areas show the dominance of plants over
the region. In these figures, vast fumes of smoke and haze
are seen over the entire Indo-Gangetic Plain where this fes-
tival is celebrated with great enthusiasm associated with
extensive burning of firecrackers and light lamps which
llite during corresponding Diwali days for (a) 2011, (b) 2012, (c) 2013, (d)
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causes short-term degradation in ambient air quality. Both
haze and smoke are grey and diffuse or transparent, but the
haze is usually more transparent than smoke. Haze is
spread uniformly over a wide area on the map for all the
years of a study indicating the dominance of pollutants
and gases emanating from firecrackers vastly exploited on
the festival day. Particularly for the years 2012, 2013, and
Fig. 8. Spatial distribution of MODIS Terra and Aqua fire maps during corres
The data for the year 2011 is missing.
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2015 vast smoke and haze can be observed over the entire
country and Varanasi as well, whereas it is comparatively
lower in other years of study. True color images of Pre-
Diwali (4 days before Diwali) days and Post-Diwali (4 days
post-Diwali) days are also shown in Figure S5 (a)-(x) and
Figure S6 (a)-(x) respectively. It is indicated from the fig-
ures that in pre-Diwali days, a lesser density of smoke
ponding Diwali days for (a) 2012, (b) 2013, (c) 2014, (d) 2015 and (e) 2016.
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plumes was present whereas, on the day of Diwali festival
and the respective following days of the event, a higher
density of smoke/haze was present confirming the fire-
works performed to be responsible for this plight. How-
ever, vehicular emission and other anthropogenic
activities also contribute to this menace. Furthermore,
MODIS-derived Terra and Aqua fire maps are shown in
Fig. 8 (a)-(e) for corresponding Diwali days for the years
2012–2016. In this map, every individual red dot represents
a 1 km MODIS fire active pixel. This figure shows there
were no significant forest fires or biomass burning present
over the study region for the corresponding days of Diwali.
Fig. 9. Spatial patterns of (a) Aqua AOD (Deep Blue., Land only) at 550
ColorImages from the Aqua satellite, (d) MODIS Terra and Aqua fire map dur
of the area-averaged (e) Total Aerosol Scattering AOT at 550 nm and (f) AOT E
region. (For interpretation of the references to color in this figure legend, the
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Pathak et al. (2015) have also shown ten-day accumulated
MODIS fire maps to emphasize the contribution of aero-
sols from biomass burning during these days. These fires
may also be attributed to anthropogenic activities i.e. agri-
cultural crop residue burning practices associated with the
rice–wheat system especially in the Punjab region where
crop residue burning is in regular practice (Badarinath
et al., 2009). In figures from 8 (a)-(e), spatial patterns of dif-
ferent parameters observed during the study for the control
day (12th March 2017) over the Indian region have been
shown. This control day has been chosen randomly as this
day is not associated with any major anthropogenic activ-
nm, (b) Dust Scattering AOT 550 nm - PM 1.0 lm, (c) MODIS True
ing a control day (12 March 2017) over the Indian region. Time series plot
xtinction at 550 nm during the control day (12 March 2017) over Varanasi
reader is referred to the web version of this article.)
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ities like massive biomass burning or any other festival
which is linked with the bursting of firecrackers that is
why a lesser amount of trace gases and comparatively
lower AOD value is observed on this day. Also, no dust
storm event was observed in this period and for this reason,
this date has been chosen for control day. Fig. 9a shows a
pattern of distribution of AOD over the Indian region on a
control day, a particular day on which there is no stress in
the atmosphere. Here we can observe the value of AOD is
approximately to be 0.5 across the country whereas it
shows a sudden upsurge in the case of the Diwali event.
Dust scattering AOT at 550 nm – PM1.0 mm was also found
to be less on control day (Fig. 9b) as compared to corre-
sponding Diwali days and following days of the event of
years 2011–2016. Fig. 9 c-d also indicate that IGP is partic-
ularly clean and there is no events of haze/fog due to accu-
mulation of aerosols near to the surface layer or no
stubble/biomass burning occurred in this control day.
Total aerosol scattering and AOT Extinction coefficient
at 550 nm indicates almost nil aerosol loading over the
Varanasi region in this control day (Fig. 9 e-f). So, in gen-
eral, this study deals with the potential degradation of
ambient air during the Diwali festival caused by the burn-
ing of firecrackers and light lamps which is not seen on
other days of corresponding years.

4. Conclusions

This study shows that short term degradation in air
quality due to extensive burning of fire-crackers during
Diwali festival for the years 2011–2016 over Varanasi. This
study has also reported increased concentrations of trace
gases. Increased concentrations of both PM10 and PM2.5

particles shown on attainment of NAAQS permissible lim-
its during the Diwali period for all the years. PM10 and
PM2.5 concentrations were found to be 4 to 5 times higher
than their prescribed safer limits. However, concentrations
of SO2 and NO2 remained under the permissible limit but
still found higher than the control days. CO concentration
was found to be two times higher for a 24 h average than
the established limits of NAAQS. Surprisingly, ozone con-
centration was found sufficiently higher than the safe limits
on all the event days and shows a decrease after the event
day. Despite the huge impact caused due to the bursting of
firecrackers, few studies have been performed so far to
assess the health impact associated with these firecrackers.
However, in some earlier studies, it has been reported that
exposure to emissions of these firecrackers may lead to
exacerbation of respiratory illnesses including asthma. Peo-
ple with pre-existing illnesses and especially children are
more vulnerable to health effects caused due to exposure
to emissions of firecrackers. Moreover, physical injuries
such as burn injuries or damage to the eyes also cannot
be denied. The sudden increase in concentrations of both
primary and secondary pollutants during the Diwali festi-
val causes lower visibility and also is a threat to people’s
health dwelling in the city for which local administration
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should take some preventive measures to avoid or mitigate
such type of adverse condition.
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