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Abstract: Festivals are significant markers of cultural heritage and community traditions.
Nevertheless, every year, significant increases in pollution levels are recorded during
celebratory events, due to the overuse of firecrackers. This study evaluated gaseous and
particulate matter (PM) concentrations using a gas and particulate sampler, alongside noise
levels measured by a sound level meter, during the pre-to-post-Diwali period of 2023 and
2024 in Malda, India, and PM concentrations in Warsaw, Poland in 2024, using a DustAir
dust meter. The results indicated that during Diwali, the concentrations of PM2.5 and PM1

exceeded the standard set by the World Health Organization, while gaseous pollutants
remained within acceptable limits. Since no standards set for PM1 exist, PM2.5 criteria were
utilized as a benchmark. Additionally, on New Year’s Eve in Warsaw, concentrations of
PM10, PM2.5, and PM1 surpassed the standard around midnight, while gaseous pollutants
remained within the standard range. An elemental analysis revealed 13 elements in Diwali
PM samples, with toxic metals like arsenic and cadmium more prevalent in PM1. The risk
of carcinogenic and non-carcinogenic effects through ingestion was higher for children
compared to adults. The findings of this study could potentially raise awareness among
researchers and policymakers, prompting them to develop sustainable substitutes for
firecrackers and sparklers.

Keywords: Diwali; New Year’s Eve; firecrackers; particulate matter (PM) pollution;
elemental analysis; health-risk assessment

1. Introduction
Festivals are significant events that commemorate cultural traditions and heritage, each

with distinctive cultural significance and traditions that bring people together and foster
a sense of joy [1]. These events are often celebrated by vibrant displays of fireworks and
lights, creating an atmosphere of celebration and excitement. However, beyond the vibrant
festive celebrations lies a pressing environmental concern: anthropogenic activities during
festival celebrations are a key driver of short-term air pollution episodes, degrading air
quality and posing a significant threat for the environment and human health [2]. One such
festival is Diwali, the festival of lights, commemorated with much enthusiasm across India.
Diwali epitomizes the victory of light over darkness, overshadows traditional and religious
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boundaries, and is celebrated with candles, lights, firecrackers, and fireworks displays [3].
The bursting of firecrackers is most prevalent throughout Diwali and continues over the
following days (post Diwali) [4]. Another such festive event is the New Year celebrations,
marking the shift from the old year to the new year and celebrated across the globe, which
illuminates the sky with firecrackers and fireworks displays [5].

Firecrackers are combustible products wrapped in cardboard/paper with a plastic
casing designed to produce auditory and visual effects during celebrations [6]. These
explosive items are composed of a meticulously orchestrated blend of oxidizing agents,
fuel, coloring agents/colorants, and binders [3]. The oxidizing agents, such as chlorates,
perchlorates, and nitrates, supply the requisite oxygen necessary for the firecracker to
ignite and facilitate the explosion [1,3]; however, perchlorates can negatively impact drink-
ing water, as well as surface and groundwater quality, and thus indirectly affect human
health [7,8]. Fuels like charcoal and sulfur serve to sustain the fire; the mixture of fuel
and oxidizers is highly explosive when ignited. The primary component of fireworks
is gunpowder, which is a blend of charcoal (15%), sulfur (10%), potassium nitrate (5%),
and small percentages of toxic elements, such as barium, magnesium, manganese, copper,
chromium, strontium, and titanium [3,9,10]. The binder holds the mixture in place until it
burns out, while colorants produce captivating and vibrant colors and sparkles [3]. The
bright yellow color is produced by sodium compounds, while carbon or iron produces
fiery orange hues. Strontium carbonates or copper compounds generate blue and red
colors, and titanium, aluminum, and magnesium compounds emit a sparkling white color.
Barium salts, including barium chlorate, barium nitrate, and barium monochloride, gen-
erate a bright green color [11]. However, some colorants, such as barium ion and soluble
barium compounds, have been prohibited due to their toxic and detrimental effects on
human health, including respiratory tract irritation, skin allergies, more severe respiratory,
cardiovascular, neurological, developmental problems, and even carcinogenic effects [12].

The bursting and burning of firecracker propellants, such as black powder and modern
pyrotechnic formulations, release a variety of hazardous air pollutants, such as gaseous pol-
lutants, including nitrogen oxides (NOx), carbon monoxide (CO), carbon dioxide (CO2), and
sulfur dioxide (SO2), and a range of particulate matter (PM), with aerodynamic diameters
less than 10 µm (coarse PM/PM10), less than 2.5 µm (fine PM/PM2.5), and less than 1 µm
(ultrafine PM/PM1) [13]. In addition, the heat generated from the ignition and combustion
of firecrackers facilitates the thermal activation of carboxylic acid derivatives [14]. These
accumulated carboxylic acids subsequently undergo photochemical reactions, leading to
the formation of secondary organic aerosol (SOA) [15,16]. The volatility characteristics
of carboxylic acids are critical to assess the atmospheric fate and transport of SOA [17],
as volatility influences their partitioning between the gas and particle phases, thereby
influencing air quality, visibility, and human health [18–20]. Collectively, the excessive use
of firecrackers during the festival have turned it into a short-term pollution-inducing event,
detrimental to local air quality and causing deleterious health consequences [1].

Exposure to elevated PM and PM-associated trace metals concentrations has
been linked to a range of health problems, including respiratory and cardiovascular
disease [9,21–23]. A sudden surge in PM concentration can cause a cascade of detrimental
health effects, including asthma, allergies, cardiovascular and lung diseases, and even
the likelihood of cancer [24,25]. Moreover, PM’s physical and chemical properties can
change during firework displays, resulting in a substantial increase in detrimental health
effects during firework activity than in non-firecracker-exploding periods [11,24]. Both
short-term and long-term exposure to PM has been associated with heightened morbidity
and mortality rates [26]. Short-term exposure, which may last from few hours to several
days, has been associated with increased hospitalizations, as well as mortality and mor-
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bidity related to respiratory and cardiovascular diseases [27,28]. Li et al. [29] reported a
significant correlation between short-term exposure to a 10- µg m−3 increase in ambient
PM2.5 and subsequent increases in hospitalizations and mortality due to chronic obstructive
pulmonary diseases (COPDs) [29]. In vitro studies have shown that exposure to PM leads
to both genotoxic and cytotoxic effects on living organisms [30,31]. Acute exposure to PM is
associated with cellular damages, reactive oxygen species (ROS) inductions, inflammatory
responses, mutations, DNA damage, and even cell death [32,33]. PM-induced oxidative
stress triggers inflammation and cytotoxicity through complex mechanisms depending on
the size and chemical composition of PM [33]. A study in Nanjing, China reported that
the toxicity of PM2.5 is greater than that of PM10; however, the capacity of PM10 to induce
pro-inflammatory cytokines is comparable to that of PM2.5 [34]. The genotoxicity of PM is
also influenced by particle size and chemical composition. A study conducted in Manila,
Philippines, revealed that size-segregated PM demonstrated distinct genotoxic effects; in
particular, PM2.5 was found to be more genotoxic than PM1 [35]. Another study in Kuala
Lumpur, Malaysia, reported that the genotoxicity of PM0.1 was higher than PM1, under-
scoring the significant impact of size-related variations in PM on the genotoxic effects [36].
Additionally, fireworks explosions produce high noise levels that can cause annoyance,
stress, and even partial and complete deafness in extreme cases [25]. Children, aged per-
sons, and people with pre-existing medical problems are particularly more susceptible to
the firework-associated health effects [13].

This study aims to evaluate ambient air quality during Diwali celebrations in Malda,
West Bengal, India, and New Year’s Eve celebrations in Warsaw, Poland, Europe. The study
further examines the noise level, elemental characterization, and associated carcinogenic
and non-carcinogenic risks during Diwali. This research will provide insights into the
impact of festive celebrations on air quality; this study aims to provide information for
designing and implementing public policies and mitigation strategies to reduce the adverse
effects of PM pollution during these events in different environments.

2. Materials and Methods
The study was carried out for the two phases in two distinct locations, i.e., pre-to-

post-Diwali celebrations in Malda, West Bengal, India, in 2023 and 2024, and New Year
celebrations during Poland in 2024.

2.1. Ambient Air-Monitoring Location, Schedule, and Meteorological Data
2.1.1. Diwali Celebrations in Malda, West Bengal, India (2023 and 2024)

The monitoring of PM and gaseous pollutants was conducted for 24 h (10 AM to
10 AM the following day) with 24 h intervals between successive monitoring sessions,
excluding Diwali 2024 (36 h monitoring). In 2023, Diwali was celebrated on 12 Novem-
ber. Data collection spanned four days, starting from 8 to 9 November, which was
recorded as the background or pre Diwali with no firecracker activity. Diwali moni-
toring was conducted on 12–13 November, followed by post-Diwali 1 on 14–15 Novem-
ber, and concluded with post-Diwali 2 monitoring from 16 to 17 November. In 2024,
Diwali was celebrated over two days, from 31st October–1st November, due to the align-
ment of the lunar calendar. Pre-Diwali monitoring was conducted on 27–28 October,
followed by Diwali monitoring on 31 October–2 November (from 5 PM to 5 AM, total
36 h). Post-Diwali 1 monitoring was conducted on 3–4 November and post-Diwali 2 on
5–6 November. Since pollutant concentrations reached to background levels by post-Diwali
2, post-Diwali 3 data were not included further.

During the pre-to-post-Diwali period, the ambient air-monitoring location was located
in the residential hub of English Bazar, the municipal town of the Malda district (Figure 1a);
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the Diwali celebration is observed in Malda, celebrated with great eagerness, and is marked
by a large-scale burning of firecrackers and bangers, which is particularly prevalent on
the festive day and following days. The English Bazar municipality serves as the district
headquarters of Malda, the central northern district of West Bengal, and the northeastern
region of India [37]. According to the census report (2011), the city has a population of
approximately four million, covering an area of 3733 square kilometers, with an average
population density of 1069 persons per square kilometer [38]. This region is undergoing
intensive pressure due to booming populations, rural-to-urban shifting, massive urban
built-up areas, increasing synthetic/impermeable building materials, and a surge in energy
consumption. The English Bazar has now become the sixth most prosperous conurbation
of West Bengal [39]. Additionally, the district is home to one state street (SH-10) and
two national streets (NH34 and NH81) with higher vehicular activities [40]. The emission
from these vehicles, compounded by the lack of vehicle regularization, significantly con-
tribute to the atmospheric pollution of the area. The interplay of urbanization, industrial
activities, and vehicular emissions adversely impacts the ambient air quality in the region.
Furthermore, the coastal sea-salt spray from the nearby Bay of Bengal also exacerbates the
pollution levels here [41]. The monitoring site was approximately 100 m from the national
highway (NH-34), which endures high-density traffic. In addition, the railway track, next
to NH-34, is also a minefield of pollution in this area. The monitoring was carried out over
the pre-to-post-Diwali period (pre Diwali, Diwali, post-Diwali 1, post-Diwali 2).
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Three gaseous pollutants (NO2, SO2, and O3) were monitored by the ‘gaseous pol-
lutants sampler’ (APM 433, Envirotech Instruments, Pvt. Ltd., New Delhi, India) with
an error rate of ±10%. The gaseous sampler operated at a flow rate of 1 L per minute
(LPM). NO2, SO2, and O3 were monitored according to the modified method of Jacob and
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Hochheiser [42], West and Gaeke [43], and Byers and Saltzman [44], respectively. Addi-
tionally, PM2.5 and PM1 were monitored by a ‘fine particulate sampler PM2.5-10’ (GTI-375,
Greintech Instruments, New Delhi, India) with 16.67 LPM flow rate and a ‘PM1 sampler’
(APM 577, Envirotech Instruments, Pvt. Ltd., New Delhi, India) 10 LPM flow rate, respec-
tively, according to the guideline of the Central Pollution Control Board (CPCB, GOI) [45,46].
The PM1 sampler, designed by IIT Kanpur, has a lower detection limit of 2 µg m−3 and an
upper detection limit of 500 µg m−3, with an error rate of ±10%, while the fine particulate
sampler PM2.5-10 has a lower detection limit of 15 µg m−3 and an upper detection limit of
1000 µg m−3, with an error rate of ±5%. In compliance with the guidelines set forth by the
CPCB and the ‘United States Environmental Protection Agency’ (US EPA), samplers were
placed on a wooden platform on the terrace, ~10 m above the ground to ensure optimal
air circulation and suitable distance from direct pollution source, high-rise buildings, and
certain trees that can release pollen [41]. The PM2.5 and PM1 fractions were collected
using polytetrafluoroethylene (PTFE) filters (diameter: 46.2 mm) (Whatman, Maidstone,
UK). Each year, a total of eight filters were employed: four for PM1 and four for PM2.5,
corresponding to the pre-Diwali, Diwali, post-Diwali 1, and post-Diwali 2 periods. All
PTFE filters were measured prior to and after monitoring to evaluate the concentration of
PM pollutants.

The concentration of PM was calculated using the following formula, which measures
the amount of PM in micrograms per cubic meter of air.

C = ((WF − WI) × Conversion factor)/V (1)

C = concentration of particulate matter (µg m−3); WF = final weight of filter paper
in gm; WI = initial weight of filter paper in gm; conversion factor (from gm to µg) = 106;
V = total volume of air passed through sampler (m3) = (final DGM—initial DGM).

2.1.2. Quality Assurance and Quality Control

For the quality assurance, the pre-conditioning and post-conditioning of filters are
conducted with utmost care. PM2.5 and PM1 particles were collected using PTFE filters
due to their inert properties, which confer minimal organic impurities and low moisture-
absorbing capacity [47]. To ensure proper equilibration and minimum moisture content,
the filters were maintained in a controlled environment at 25 ± 2 ◦C and 45 ± 5% relative
humidity for a duration of 24 h prior to their use. To safeguard the filter paper from
contamination and exposure to open laboratory environments, the filters were placed
in sample carriers for transport to the sampling site. To minimize potential effect of
body moisture, non-serrated forceps were utilized for handling the filters, and these were
thoroughly cleaned with ethanol before and after each use [41]. Ater sampling, the filters are
kept in same controlled environment for 24 h. The weights of the filter papers were recorded
both before and after sampling, utilizing a micro-electronic balance (Sartorius, Goettingen,
Germany) with a sensitivity of 0.1 mg. To minimize potential errors, the initial and final
weights were re-weighed multiple times to ensure repeatability and to eliminate any
uncertainties. Furthermore, consistent calibration of the samplers is critical for maintaining
the integrity of the samplers. The calibration of the samplers was conducted directly by the
manufacturer, Envirotech Instruments, New Delhi, India before the sampling.

2.1.3. New Year Celebrations in Warsaw, Poland, Europe (2024)

During the New Year celebrations on 31st December–1st January, 2023–2024, the PM
monitoring location was located in the residential hub of Warsaw (Figure 1b), the largest
city in Poland and the 7th most populous city in European agglomerations, with almost
1.9 million residents [48]. Warsaw’s urban landscape is defined by a robust industrial
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sector that fuels economic growth and an extensive transportation network, and high-rise
buildings. Collectively, these elements complicate the air-quality scenario, resulting in
heightened levels of pollution that persist even during periods of festive celebrations [49,50].
Amidst the celebratory atmosphere, characterized by the dazzling fireworks, the city faced
significant challenges with elevated levels of air pollutants. This concerning trend is
consistent with the environmental issues encountered in other major European urban
centers.

Measurements of PM concentrations were conducted using the DustAir dust meter
(EMAG-SERWIS, Katowice, Poland), a portable monitoring device developed by the Cen-
tral Mining Institute (Główny Instytut Górniczy) and manufactured by EMAG-SERWIS.
PM measurements were conducted outside a selected apartment in a residential area of
Warsaw to provide a comprehensive understanding of air-quality dynamics in urban envi-
ronments. The device is capable of measuring three PM fractions: PM10, PM2.5, and PM1,
providing real-time air-quality data through an integrated sensor system. The DustAir dust
meter utilizes laser-scattering technology to determine the mass concentration of airborne
particles, ensuring high sensitivity and accuracy in data collection. Sensor operates with a
lower detection limit of 2 µg m−3 and an upper detection limit of 800 µg m−3, effectively
measuring airborne particles in the size ranges of PM1 (0.1–1.0 µm), PM2.5 (0.3–2.5 µm),
and PM10 (1.0–10 µm) with a measurement error of ±10% for PM1 and ±5% for PM2.5

and PM10. The device was configured to record PM concentrations at regular intervals,
and measurements were stored in the internal memory for subsequent analysis. To en-
sure the reliability of the measurements, the DustAir device was previously calibrated
in a controlled laboratory environment and cross-validated with other reference-grade
air-quality measurement instruments to ensure accuracy before deployment. The DustAir
device was operated in compliance with recommended environmental conditions, avoid-
ing extreme temperatures and high humidity levels that could affect sensor performance.
Data on gaseous pollutants were obtained from Główny Inspektorat Ochrony Środowiska
“https://powietrze.gios.gov.pl/pjp/content/about_us (accessed on 15 February 2025)”
with an uncertainty level of approximately ±5%.

2.1.4. Meteorological Parameters

The meteorological data used in this study were obtained from the National Aero-
nautics and Space Administration Prediction of Worldwide Energy Resources (NASA
POWER), a satellite-based weather system “https://power.larc.nasa.gov (accessed on 18
January 2025)”. Data can be accessed by entering the latitude and longitude of the desired
location. The system accommodates data acquisition for various scales, including single
points, regional areas, and global extents [51,52]. The accuracy of the meteorological data is
validated through direct comparisons with surface site observations, ensuring both global
coverage and temporal consistency.

2.1.5. Air-Quality Index (AQI)

The Air-Quality Index (AQI) is a quantitative measure of air quality, calculated based
on data from various criteria pollutants, such as PM10, PM2.5, NOx, SO2, O3, CO, and
NH3. For AQI computations, a minimum of three pollutants is required, with at least
one being either PM10 or PM2.5 [53]. In this study, for Malda, four criteria pollutants
(PM2.5, SO2, O3, and NOX), and four criteria pollutants (PM10, PM2.5, CO, and O3) are
employed, to determine the AQI value and assess the air quality of the location. The
AQI was calculated using an Excel template developed by the CPCB, which is available
at “https://app.cpcbccr.com/ccr_docs/AQI%20-Calculator.xls (accessed on 23 December
2024)” [54]. The AQI value serves as a useful measure for examining the impacts of air

https://powietrze.gios.gov.pl/pjp/content/about_us
https://power.larc.nasa.gov
https://app.cpcbccr.com/ccr_docs/AQI%20-Calculator.xls
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pollution on human health after being exposed to the air in a specific location over a defined
period [53]. There are six distinct categories within AQI classifications. The AQI values
are separated into six color-coded groups: good (dark green), satisfactory (light green),
moderate (yellow), poor (orange), very poor (red), and severe (dark red), depending on
whether the AQI values range from 0 to 50, 51–100, 101–200, 201–300, 301–400, and greater
than 401, respectively [54].

2.2. Noise-Level Monitoring

A digital sound-level meter (Model no: SL-4030, Lutron, Taiwan, China) with an
uncertainty of ±0.1 dB, was employed to monitor the noise level at designated study
sites. The sound-level meter was mounted on a sturdy tripod at a distance of 5 m from
the firecracker bursting zone. The instrument was preset to ‘A-weighting’ and ‘Slow’
positions to ensure accuracy prior to the commencement of monitoring. The monitoring was
carried out at two-hour intervals, spanning 24 h. Before commencing the measurements,
the instrument underwent internal calibration using the internal sound-level calibrator,
ensuring precise readings.

2.3. Elemental Characterization

The elemental components in PM pollution samples were analyzed using an induc-
tively coupled plasma-optical emission spectrometer (ICP-OES) (Model: Optima 2100 DV,
Perkin Elmer, Waltham, MA, USA), as described by Das et al. [41] with a minor modifica-
tion. This instrument integrates the performance of a simultaneous analysis system while
retaining the flexibility of conventional systems, thus facilitating a comprehensive analysis
of elements based on their background levels and concentrations, with high accuracy and
precision. To prepare the samples, the exposed PM2.5 and PM1 filters were weighed, cut,
and subsequently immersed in a digestion solution comprising nitric acid (HNO3) and
hydrochloric acid (HCl) in a 1:3 ratio. Specifically, 20 mL of HNO3 and 60 mL of HCl were
measured, and the total volume was adjusted to 100 mL by the addition of double-distilled
water. The mixture was then allowed to digest for a period of 24 h to ensure complete
digestion of the samples. Following this, the resultant solution was dried in a hot-air oven
at a temperature of 180 ◦C for 2 h and subsequently filtered for elemental characterization
purposes. Blank filters were subjected to identical treatment protocols for comparative
analysis. For the purposes of quality assurance and quality control, multi-element standard
solutions (Catalog Numbers: 109487 and 111355) were utilized. The analytical procedures
were repeated several times to obtain reliable and consistent data.

Stringent quality-control measures were implemented to ensure precision and accuracy.
Before analysis, all glassware used for digestion was pre-treated with acid digestion solution
for at least 24 h, and subsequently rinsed three times with double-distilled water. The
Whatman (USA) filter papers were employed, due to stability and high purity, ensuring
reliable results during chemical speciation. Sampled filters were analyzed immediately to
prevent cross-contamination and analytical errors. Standard analytical reagents with trace-
level impurities were sourced from Merck, Delhi. Precision and accuracy were maintained
by analyzing replicates of samples and sample blanks. The limits of quantification of the
instrument were confirmed prior to the final calculation of results pertaining to heavy
metals. The error percentage was estimated to be ±5% based on repetitive analyses.

2.4. Health-Risk Assessment Due to Short-Term Exposure

Risk assessments play a critical role in understanding the effects of PM on human
health. Numerous epidemiological studies have provided compelling evidence to support
the notion that airborne PM is strongly associated with the induction of serious adverse
health effects [55,56]. Toxic elements, despite comprising a small fraction of PM, can
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have significant health implications. Exposure to PM-bound metals primarily occurs
through three pathways: (a) direct ingestion through food, drinks, or hand-to-mouth
contact; (b) inhalation through the nose and mouth; and (c) dermal absorption through skin
contact [57]. According to the US EPA [58] and previous studies [57,59], risks associated
with inhalation and ingestion are usually more apparent than dermal contact, while the
risks associated with exposing the dermal contact area to fireworks are highly unknown [27].
Consequently, this study focuses on ingestion and inhalation routes for assessing short-term
exposure. The chemical daily intake (CDI) from ingestion and the exposure concentration
(EC) from inhalation were calculated following the ‘human health evaluation manual’
and ‘supplemental guidance for inhalation risk assessment’ by USEPA outlined in the
literature [57–61]. Since festive pollution is a short-term exposure event, where increases
in elemental concentration persist for a few hours to one day, exposure days are adjusted
accordingly to reflect this temporal aspect [27]. The equations were as follows:

Chemical daily intake (through ingestion),
CDIing = (C × IngR × EF × ED × CF)/(AT × BW)

(2)

Exposure concentration (through inhalation),
ECinh = (Cv × ET × EF × ED)/ATn

(3)

where C: mass concentration of toxic elements in PM (mg/kg);
IngR: ingestion rate (200 mg/day for juveniles, 100 mg/day for adults);
EF: exposure frequency, indicating the number of exposure days per year (1 day);
(Since elemental concentration varied daily, EF was calculated separately for

each day);
ED: exposure duration (6 years for juveniles, 24 years for adults);
CF: conversion factor (10−6 kg/mg);
AT: averaging time (ED × 1 day);
BW: body weight (15 kg for juveniles, 70 kg for adults);
Cv: concentration of toxic elements in PM (µg m−3);
ET: exposure time (24 h/day);
ATn: average time (ED × 24 h/day) [27,57,58,60–63].
The presence of harmful substances in PM can pose significant risks to human health,

including both cancerous and non-cancerous effects. These hazards were calculated by car-
cinogenic risk (CR) and hazard quotient (HQ), respectively. The CR was determined using
both ingestion (CRing) and inhalation (CRinh) routes of exposure to estimate carcinogenic
risk, while the HQ was also determined using ingestion (HQing) and inhalation (HQinh)
exposure to evaluate the non-carcinogenic risk. According to USEPA, the acceptable level of
carcinogenic risk should fall between 1 × 10−6 and 1 × 10−4 [57]. On the contrary, an HQ
value below 1 suggests a low likelihood of non-carcinogenicity, while a value higher than
one indicates a higher risk of adverse health effects [57]. Furthermore, the hazard index
(HI) is employed to calculate the cumulative impact of different substances or exposure
pathways. The equations were as follows:

Carcinogenic risk (through ingestion): CRing= CDIing × SFo (4)

Carcinogenic risk (through inhalation): CRinh= IUR × ECinh (5)

Hazard quotient (through ingestion): HQing= CDIing/RfDo (6)

Hazard quotient (through inhalation): HQinh= ECinh/ (RfCi × 1000 µg/mg) (7)

Hazard index: HI= ∑HQ (8)
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The following parameters (SFo, IUR, RfDo, RfCi) were obtained from the US EPA:
CDIing = chemical daily intake through ingestion (already mentioned above);
SFo = oral slope factor (mg per kg-day)−1;
IUR = inhalation unit risk (µg/m3)−1;
ECinh = exposure concentration through inhalation (already mentioned above);
RfDo = oral reference dose (mg per kg-day);
RfCi = inhalation reference concentration (mg/m3) [57,64].

2.5. Enrichmrnt Factor (EF) Analysis

Enrichment factor (EF) analysis was performed to determine the origin of various
elements and the extent of anthropogenic influence. The analysis assessed the level of
enrichment of each element in relation to its relative abundance in crustal versus non-crustal
sources and was used to distinguish between the origin of the elements either from natural
or anthropogenic sources. For this study, iron was utilized as the reference element [65].

The EF of elements was calculated using the following formula [41]

Enrichment factor =
(Ex/Eref)sample
(Ex/Eref)crust

(9)

where Ex = element of interest; and Eref = reference element.
Values of the enrichment factor below one indicate minimal enrichment, suggesting a

crustal or natural origin of the elements. Conversely, elements with moderate enrichment,
reflected in values ranging from one to ten, indicate an anthropogenic origin. A higher
EF value, exceeding ten, signifies higher enrichment, which typically indicates a non-
crustal origin, often associated with combustion activities, industrial emissions, and car
exhausts [47,66].

2.6. Statistical Analysis

All the statistical analyses were carried out using SPSS software (SPSS Statistics ver.
21.0), with a significance threshold of p < 0.05 [41]. The wind-rise plots were made us-
ing WRPLOT view ver. 7.0.0 (Lakes Software, Waterloo, ON, Canada) [20]. The Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model was employed to cal-
culate backward air-mass trajectories converging at Malda and Poland across various
altitudes. Data for the backward trajectories were sourced from the Air-Resource Labora-
tory (ARL) datasets under the National Oceanic and Atmospheric Administration (NOAA),
“https://www.ready.noaa.gov/HYSPLIT.php (accessed on 18 January 2025)”, utilizing
the GDAS model [67]. The TrajStat software (version 3.9.4; http://www.meteothink.org/)
was utilized to create 72 h backward trajectories at different altitudes (500 m, 1000 m,
2000 m) above ground level (AGL), originating from different sites [47]. Additionally,
isentropic trajectories were analyzed as they consider the adiabatic vertical movements
of air parcels during transport and are less susceptible to inaccuracies in fundamental
meteorological data.

3. Results and Discussion
3.1. Air-Quality Monitoring During Festivities

To assess the impact of festival-related pollution, a control period was established in
both locations. In Malda, India, pre-Diwali days served as the reference baseline, while in
Warsaw, the control period was set on the morning of 31 December 2023 before the peak
pollution spike. The background concentrations of PM were significantly lower before the
Diwali and New Year festivities in Malda and Poland, respectively, but spiked dramatically
during festive celebrations.

https://www.ready.noaa.gov/HYSPLIT.php
http://www.meteothink.org/
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3.1.1. Diwali

The concentration of NO2 and SO2 gases increased by 1.25 and 2.43 times, respectively,
in 2023, and 1.3 and 1.72 times, respectively, in 2024—during Diwali—compared to the pre-
Diwali period (Figure 2a). The concentration of O3 increased by 1.8 and 2.05 times during
Diwali compared to the pre-Diwali period, in 2023 and 2024, respectively. The concentra-
tion of these gases showed a consistent upward trend from pre Diwali to Diwali and then
decreased gradually afterward, as depicted in Figure 2a. Despite the concentration spike,
the concentration of NO2, SO2, and O3 remained within the permissible limits of World
Health Organization (WHO) of 25, 40, and 100 µg m−3, respectively. The surge in NO2 gas
concentration was attributed to firecracker combustion that contain potassium nitrate, a
potent oxidizer that releases NO2, causing deleterious health impacts [21]. Furthermore,
a higher concentration of SO2 poses a higher risk as it accumulates on fine PM fractions’
surfaces and enters the body through the lungs and can remain there for a long time [3].
The concentration of NO2 was higher than SO2 throughout the monitoring days but re-
mained within the standard. Similar findings were observed in previous studies [4,68,69].
Ambade [68] reported that the concentration of NO2 and SO2 gases remained within the
National Ambient Air-Quality Standard (NAAQS) limit (80 µg m−3) in Jamshedpur city
during Diwali festivities in 2014. Similarly, Mandal et al. [69] found that the concentration
of NO2 remained within the limit in Mumbai and Kolkata during festivities, except for
Delhi, and the concentration of SO2 remained within the limit in the aforementioned three
cities. During the study, the concentration of O3 was also increased during Diwali but
remained within the permissible standard. These findings were consistent with Mandal
et al. [69], where the surface concentration of O3 remained within acceptable limits in Delhi
and Mumbai, except in Kolkata. Generally, O3 formation is attributed to photochemical
reactions involving NOx and volatile organic compounds’ (VOCs’) emission into the atmo-
sphere from diverse sources in the presence of sunlight [70]. Fireworks and firecrackers can
also produce O3 at ground level [3,13,71]. Colored firecrackers can emit O3 upon igniting,
regardless of the presence of sunlight and NOx [71,72].

The 24 h average concentration of PM2.5 ranged from 60.7 over the pre-Diwali period
to 108.2 µg m−3 on Diwali 2023, which is almost double the pre-Diwali level, and from 53.4
over the pre-Diwali period to 212.4 µg m−3 on Diwali 2024, emphasizing the significant
pollution created by firecrackers (Figure 2a). The PM2.5 concentration further increased to
115.4 µg m−3 on post-Diwali 1 and then decreased to background levels (74.4 µg m−3) on
post-Diwali 2 in 2023, and 167.7 µg m−3 on post-Diwali 1 and 65.2 µg m−3 on post-Diwali
2 in 2024. PM concentration further spiked in post-Diwali 1, mainly due to the combustion
of firecrackers during the Diwali festivities. The aerosols emitted from these firecrackers
persisted in the atmosphere, contributing to a marked elevation in PM levels both during
and after the festival period. Previous studies have also documented a rise in PM concen-
tration during the celebrations, being significantly greater than the WHO standards during
the celebrations than on other days [73–76]. Chhabra et al. [73] reported that the fine PM
concentration was 82.8 µg m−3 in Ahmedabad city in 2017, during Diwali, which was com-
paratively lower than the concentration reported in our study. However, the concentration
of PM was significantly lower in our study when compared with other megacities, i.e.,
Delhi [69,74,75], Kolkata [24,69], Lucknow [76], Faridabad [76], and Varanasi [4]. The PM1

concentration ranged from 27.6 to 72.6 µg m−3 from pre Diwali to Diwali on 2023, almost
2.6 times higher than before, and from 47.4 to 153.4 µg m−3 from pre Diwali to Diwali
2024, almost 3.2 times higher than before. The concentration then decreased gradually on
post-Diwali 1 (67.3 µg m−3) and post-Diwali 2 (30.8 µg m−3) in 2023, and post-Diwali 1
(113.8 µg m−3) and post-Diwali 2 (50.5 µg m−3) in 2024. The PM2.5 concentration exceeded
the WHO standard of 15 µg m−3 for PM2.5 during the monitoring period. Since there are no
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PM1 standards set by the WHO, the PM2.5 standards were used as reference points for PM1.
The 24 h concentration of PM1 was higher than the WHO standard for PM2.5 (15 µg m−3)
throughout the study period, for both 2023 and 2024. The release of firecrackers during the
festival night and the subsequent nights resulted in a significant surge in atmospheric PM
concentrations, emphasizing the association between firecracker bursting and atmospheric
PM [1].
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Figure 2. (a) The 24 h daily average mass concentrations of gaseous pollutants, including ozone (O3),
nitrogen dioxide (NO2), sulfur dioxide (SO2), and particulate matter (PM2.5 and PM1) concentrations
during the pre-Diwali, Diwali, and post-Diwali days in Malda, West Bengal, India, in 2023 and 2024;
(b) the hourly average concentration of gaseous pollutants (NO, CO, and O3), as well as different PM
fractions (PM10, PM2.5, and PM1) during New Year festivities in Warsaw, Poland, 2024. The figure
represents a significant spike in pollution level during the festive period in both the study areas. The
superimposed black lines represent the World Health Organization’s (WHO) standard concentration
limits for PM2.5 (15 µg m−3) in Malda and PM10 (45 µg m−3) and PM2.5 (15 µg m−3) in Warsaw,
providing a reference point for assessing the severity of PM pollution during the study period.

3.1.2. New Year

Figure 2b shows the average gaseous pollutants and PM concentrations on New
Year’s Day. PM10 concentration spiked up to 486 µg m−3 from 43 µg.m−3, indicating the
highest concentrations were found around midnight (00:20 h), coinciding with the new
year. Regarding PM2.5, the concentration spiked up to 417.6 µg m−3 from 38.4 µg m−3,
while PM1 concentration spiked up to 257 µg m−3 from 24 µg m−3. The spike in PM10,
PM2.5, and PM1 concentration was 11, 10.8, and 10.7 times higher than the control period.
The concentrations of PM10 and PM2.5 were higher than the WHO standard of 45 and 15,
respectively. Although the WHO has not established standard for PM1, the concentration
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of PM1 was still found to be higher than the PM2.5 standard. Similarly, Drewnick et al. [77]
reported that the pollutant concentration peaked at midnight during New Year fireworks
events in central Germany. Another study in Slovakia reported that PM10 concentration
during New Year celebration hours was statistically significant [78]. Li et al. [79], in their
study of data using 335 Chinese cities from 2015 to 2017, reported that fireworks increased
the PM10 by 44% and PM2.5 by 89%. Our study revealed that higher PM concentrations were
measured at the breathing zone, indicating higher real-life personal exposure levels during
the burning of firecrackers. O3 displayed a significant decline during the night hours,
likely due to the lower temperatures and the less sunshine hours in winter, which hinder
photochemical reactions required for O3 formation. However, a subtle uptick was detected
at midnight, setting it apart from the surrounding hours. A similar pattern observed with
NO2, while CO showed nonsignificant variation throughout the day.

Diurnal Variation

Figure 2b shows the diurnal variation in PM concentrations on New Year’s Day. The
findings depicted a notable variation in PM concentration in all groups. The nighttime
concentrations were notably higher, followed by the afternoon, while daytime levels
remained minimal during New Year’s Eve. This pattern coincides with periods of high
pyrotechnic activity, transportation, and other anthropogenic activity.

3.2. Meteorological Attributes Influencing Pollution

Meteorological attributes are key drivers of air pollution, as they influence the dif-
fusion and dispersion of pollutants over a geographical region [80]. Table 1 shows the
meteorological parameters during Diwali 2023 and 2024 and New Year celebrations in
2024. During Diwali, Malda recorded lower temperatures in 2023 than in 2024. The onset
of Diwali coincides with the beginning of the winter season, and the New Year happens
in the mid-winter, characterized by reduced temperature (often negative temperatures
in Warsaw), high humidity, low winds, and shallow mixing height, which can further
enhance the accumulation of PM in the atmosphere [81]. Previous studies have found
that lower temperature facilitated higher pollutant load, while higher air temperature
allows the pollutants to dilute quickly [82–84]. Additionally, in winter, the surface air tends
to be significantly colder and denser, leading to temperature inversion, where a warmer
layer air overlays the colder air near the surface, effectively trapping the latter beneath
it. The inversion layer can result in the accumulation of pollutants, thereby degrading air
quality [82,83]. Regarding humidity, high moisture content facilitates the reduction in pol-
lutants and vice versa [85,86]. Malda recorded an elevated humidity level in the year 2024
compared to that in 2023, and Poland recorded a high humidity level. However, despite the
higher humidity, the pollution load increases significantly, indicating the rampant burning
of firecrackers. Moreover, low wind speed and shallow mixing height further facilitate
pollutant accumulation during Diwali and New Year. A lower mixing height decreases
vertical dispersion and restrains ambient aerosols within the restricted mixing layer near
the ground surface, resulting in a buildup of particles in this region [41]. In addition, low
wind speed reduced the dispersion of particles, which in turn increased the pollutant’s
concentration in the area. Complex topography and land-use patterns of urbanized areas
can create internal boundary layers, leading to intricate wind flows and stagnant conditions
with restricted airflow, which can further exacerbate the impact [87].
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Table 1. Different meteorological parameters of English Bazaar, Malda, during the Diwali festivities,
2023 and 2024 and the New Year celebration in Warsaw, Poland in 2024.

Monitoring
Days Study Area, Year Avg. Temperature

(◦C)
Relative

Humidity (%)
Precipitation

(mm)
Wind Speed

(m/s)

Pre-Diwali

Malda, West Bengal,
India, 2023

21.28 75.94 0 1.25

Diwali 22.37 80 0 1.19

Post-Diwali 1 21.86 82.06 0 1.29

Post-Diwali 2 22.91 87.94 0 1.97

Pre-Diwali

Malda, West Bengal,
India, 2024

26.36 85.41 0.94 1.43

Diwali 25.95 82.54 0.05 1.09

Post-Diwali 1 24.85 83.26 0 0.96

Post-Diwali 2 24.33 81.97 0 1.16

31st December Warsaw, Poland,
2023–2024

2.25 95.64 0.28 2.84

1st January 1.55 97.33 10.77 1.87

3.2.1. Wind-Rose Plot

The wind-rose diagram illustrates the direction and speed of wind in the study area
during the Diwali and New Year festivities (Figure 3). During Diwali 2023, the predom-
inant wind direction was blowing from the northwest side, whereas in Diwali 2024, the
winds primarily originated from the northeast. In contrast, during the New Year cele-
bration in 2024, the wind was blowing from an east–south direction. The wind speed
has a significant effect on the dispersion of pollutants; low wind speeds, high humidity,
and low temperatures significantly impact pollutant dispersion by decreasing the mixing
height, leading to increased pollutant deposition in the lower atmosphere of the study
area [88,89].

3.2.2. Backward Trajectory

Trajectory analysis was performed to identify the possible transport pathways of PM
from source regions to the study sites (Figure 3). The air-mass back trajectory was generated
at various altitudes during pre-to-post Diwali and New Year celebrations at Malda and
Warsaw, respectively. The HYSPLIT model was utilized to generate 72 h backward trajecto-
ries at multiple altitudes above ground level for the sampling period, providing valuable
insights into the origin of air pollutants at the study sites. The analysis revealed distinct
differences in air-mass transport patterns between the two study sites during celebration
periods. The air masses reaching Malda during Diwali celebrations exhibited different
transport patterns in 2023 and 2024. In 2023, the air masses originated from Nepal, China,
Bhutan, and Bihar, indicating a significant influence from trans-boundary sources. In
2024, the air masses originated from Allahabad, Lucknow, Kanpur, and the Bay of Bengal,
suggesting a stronger influence from regional-scale transport within India. In contrast,
during New Year’s celebrations in Warsaw (2024), the air masses reaching the study site
originated from the surrounding regions, including Germany, France, Poland, and the
Atlantic Ocean. This suggests that the air quality at the Warsaw site during New Year’s
celebrations was also influenced by the regional-scale transport of pollutants from these
areas. These findings highlight the complex and dynamic nature of air-mass transport
pathways, which can vary significantly depending on the location, time, and meteorological
conditions, and significantly influence pollutants concentration.
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Figure 3. A wind-rose diagram showing the distribution of wind speed and wind direction during
festive celebrations in (a) Malda, 2023, (b) Malda, 2024, and (c) Warsaw, 2024. The HYSPLIT was
used to generate 72 h backward trajectories at various altitudes above ground level (AGL) for the
sampling period, highlighting the origin of air pollutants at the study site, as well as (d) Malda, 2023,
(e) Malda, 2024, and (f) Warsaw, 2024 during festive celebrations. The backward trajectories indicate
the backwards path of an air sample to determine its origin and understand the influence of different
sources on air quality. The air-mass back trajectory was downloaded using https://www.ready.noaa.
gov/HYSPLIT.php (accessed on 18 January 2025). The distinct source regions are represented by
different lines (red- and blue-colored), revealing the complex interplay between various emission
sources at the study site.

3.3. Air Quality Index

The AQI measures current pollution levels and serves as an indicator of the prevailing
pollution levels. The AQI is derived from the concentration of various pollutants, including
PM, NO2, SO2, and O3. The AQI is categorized into six groups, with each group repre-
senting a different level of air quality, ranging from ‘good’ (0–50), ‘satisfactory’ (51–100),
‘moderately polluted’ (101–200), ‘poor’ (201–300), ‘very poor’ (301–400), and ‘severe air
quality’ (401–500). Each group has a specific color, with each color denoting the associated
health problems [90]. AQI falls in a poor and very poor category on Diwali and post-
Diwali 1 in 2023 and 2024, respectively, indicating several health problems. The AQI value
increased by 42% on 2024 compared to 2023, during Diwali festivities, emphasizing the
escalating health concerns associated with festive celebrations. On the contrary, during

https://www.ready.noaa.gov/HYSPLIT.php
https://www.ready.noaa.gov/HYSPLIT.php
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the midnight New Year celebrations, the AQI level spiked to the severe category, which is
likely to affect everyone and necessitates limiting outdoor exposure to minimize the risk
of adverse health effects. The color-coded AQI of the study area and associated health
problems during the festivities are given in Table 2.

Table 2. Air-Quality Index (AQI) of English Bazaar, Malda (2023 and 2024) and Warsaw (2024),
Poland during Diwali and the New Year festivities, respectively.

Monitoring Days Place AQI
Value

AQI
Category Associated Health Impacts

Pre Diwali (2023)

Malda, West
Bengal, India

102 Moderate
Individuals with cardiovascular or lung diseases

may feel discomfort in terms of inhalation,
particularly children and aged persons.

Diwali (2023) 261 Poor
Long-term exposure may cause breathing

discomfort. Short-term exposure may cause
discomfort in individuals with heart disease.

Post-Diwali 1
(2023) 285 Poor

Long-term exposure may cause breathing
discomfort. Short-term exposure may cause
discomfort in individuals with heart disease.

Post-Diwali 2
(2023) 74 Satisfactory Sensitive people may feel breathing discomfort.

Pre Diwali (2023)

Malda, West
Bengal, India

88 Satisfactory Sensitive people may feel breathing discomfort.

Diwali (2023) 371 Very Poor
Prolonged exposure may cause respiratory

diseases, especially for people with pre-existing
health issues.

Post-Diwali 1
(2023) 336 Very Poor

Prolonged exposure may cause respiratory
diseases, especially for people with pre-existing

health issues.

Post-Diwali 2
(2023) 117 Moderate

Individuals with cardiovascular or lung diseases
may feel discomfort in terms of inhalation,

particularly children and aged persons.
31 December 2023

(8:00 a.m.)

Warsaw, Poland,
Europe

45 Good No or minimal impact

31 December 2023
(11:00 a.m.) 48 Good No or minimal impact

31 December 2023
(14:00 p.m.) 53 Satisfactory Sensitive people may feel breathing discomfort.

31 December 2023
(17:00 p.m.) 63 Satisfactory Sensitive people may feel breathing discomfort.

31 December 2023
(20:00 p.m.) 70 Satisfactory Sensitive people may feel breathing discomfort.

31 December 2023
(23:00 p.m.) 72 Satisfactory Sensitive people may feel breathing discomfort.

1 January 2024
(00:20 a.m.) 470 Severe Everyone is likely to be affected, should avoid

outdoor activity.

1 January 2024
(1:00 a.m.) 153 Moderate

Individuals with cardiovascular or lung diseases
may feel discomfort in terms of inhalation,

particularly children and aged persons.

1 January 2024
(2:00 a.m.) 107 Moderate

Individuals with cardiovascular or lung diseases
may feel discomfort in terms of inhalation,

particularly children and aged persons.
1 January 2024

(5:00 a.m.) 98 Satisfactory Sensitive people may feel breathing discomfort.

1 January 2024
(8:00 a.m.) 53 Satisfactory Sensitive people may feel breathing discomfort.

Dark green color (0–50): Good category; light green color (51–100): Satisfactory category; yellow color (101–200):
Moderate category; orange color (201–300): Poor category; red color (301–400): Very Poor category; dark red color
(≥401): Severe category.
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3.4. Assessment of Noise Pollution

Figure 4 presents the results of noise monitoring in Malda throughout the festivities.
The permissible noise limits were found to be surpassed throughout the overall study
period. On the celebration day, the highest levels were recorded during the day between
11:00 and 13:00 h and between 17:00 and 23:00 h in the evening. The noise level was higher
during the day, particularly 11:00–13:00 h, and 15:00–23:00 h in the late afternoon to night,
during Diwali. The recorded noise levels were 134.1 ± 1.96 dB (A) and 139.5 ± 2.48 dB
(A) and 134.1 ± 2.40 dB during the daytime and at night in 2023 and 2024, respectively,
exceeding the standards set by the CPCB for residential areas by 55 dB [91]. The daytime
noise levels were attributed to the large number of people visiting temples to pray, as well
as the use of microphones in pavilions/pandals. In contrast, the use of music systems,
CD players, cultural programs, and mainly the bursting of firecrackers, contributed to
higher noise levels in the evenings. However, the noise levels decreased significantly after
23:00 h, as most people went to sleep. The sound level on Diwali was 13% more than
pre-Diwali and 17% lower in post-Diwali 1 than Diwali. According to another study [92],
the sound level during the ‘Kali Puja’/Diwali celebrations increased by 19.2% compared to
non-festive days in Asansol city. Similarly, Mahecha et al. [93] reported a 30% higher noise
level on festive days than on non-festive days in Jaisalmer.
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Figure 4. Noise-level assessment of study area during pre- to post-Diwali period in (a) 2023; (b) 2024.

3.5. Elemental Composition of PM

The ICP-OES was employed to analyze PM2.5 and PM1 bound elements, including
arsenic (As), calcium (Ca), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), lithium
(Li), magnesium (Mg), manganese (Mn), strontium (Sr), titanium (Ti), vanadium (V), and
zinc (Zn). The percentage increase/decrease in elemental concentration is displayed in
Figure 5. The study’s findings revealed a surge in Fe concentration in PM2.5 samples during
the celebration and afterwards, with an increase of up to 120% and 104% during Diwali
and post-Diwali 1, respectively, when compared to the background levels. The observed
rise in Fe concentration can be attributed to its use in firecracker manufacturing, resulting
in excessive consumption during the celebration period [3]. Likewise, the concentration of
Sr increased by 80% and 42% in PM2.5 samples, and by 1% and 8% in PM1 samples during
Diwali and the next day, correspondingly. Furthermore, Ti concentrations increased by
100% in both PM2.5 and PM1 during Diwali, while Zn concentration increased by 73% and
7%, and 10% and 16% during Diwali and post-Diwali 1, respectively, in both PM2.5 and
PM1 samples. The detected elements were the signature colorants of firecrackers, with Cu
(blue), Fe (orange), Sr (red), Mg, Ti (white), and Zn used to create smoke effects [11,94,95].
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Previous studies also reported Cu, Mg, Sr, and Zn as tracers of firecrackers, highlighting
the association between firecrackers and air quality [95,96]. Moreover, the presence of
toxic heavy metals such as arsenic and cadmium was only detected in PM1 and not in
PM2.5. Thus, ultrafine fractions are aforethought to be more toxic. The festival night
observed 166% and 284% higher concentrations of As and Cd, respectively, than before
the festival. The concentration of As and Cd gradually decreased up to 76% and 87%,
respectively, on the following day of Diwali, which may be due to the transportation
and diffusion properties of elements. Such toxic elements affect human health and the
ecosystem, especially for aged individuals and children and individuals suffering from
respiratory diseases, cardiovascular illness, and asthma/bronchitis [97]. However, the
percentage increase/decrease in the concentration of some elements was significantly
greater during the after-celebration period than on the main festival day, which might be a
consequence of the persisting presence of fine and ultrafine fractions in the atmosphere
leading to a significant surge in the concentration of PM during and after the festival period.
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Figure 5. Percentage variation in elements in PM2.5 and PM1 obtained through inductively coupled
plasma-optical emission spectrometry (ICP-OES) during the pre- to post-Diwali period.
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For Poland, no elemental analysis was performed, as the focus was on PM concentra-
tion levels. However, the inclusion of Warsaw’s data provides a comparative framework
for assessing firework-related pollution in different environments.

3.6. Health-Risk Assessment

Inhalation and ingestion are often the principal routes of human exposure to airborne
pollutants, which can determine carcinogenic or non-carcinogenic risks. The carcinogenic
and non-carcinogenic risk values associated with PM-bound toxic elements are presented
in Figure 6. The probability of cancer development due to the ingestion of toxic elements
surpasses that of inhalation. Children are more vulnerable to these risks than adults. The
carcinogenic risk was higher on the celebration day than on the pre- or post-Diwali days.
The levels of CRing and CRinh for As, Cd, and Cr in the area were higher than the safe
level of 1 × 10−4 for both adults and children, indicating that the three elements pose
considerable threats to residents’ health. Among these toxic elements, As concentration
was significantly higher, indicating particular concern. The ‘International Agency for
Research on Cancer (IARC)’ has categorized arsenic and arsenic-related substances as
Group 1 carcinogens. Arsenic and its derivatives are carcinogenic for humans [98]. Arsenic
was detected solely in ultrafine fractions of PM, not in fine fractions, emphasizing that
it can easily penetrate lung tissue and the blood system [99]. Consequently, the level of
toxic element pollution in the study area could be considered extremely severe. Long-term
exposure to such contaminated air will likely increase the cancer rate for residents.
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Figure 6. A health-risk assessment of PM2.5 and PM1-bound toxic elements during pre-to-post
Diwali days. (a) The carcinogenic risks (CR) through ingestion (CRing); (b) CR through inhalation
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(CRinh); (c) hazard quotients (HQ) through ingestion (HQing); and (d) HQ through inhalation (HQinh).
Acceptable CR values range from 1 × 10−6 to 1 × 10−4, while HQ values exceeding 1 indicate a
potential risk of adverse health effects.

According to the US EPA guidelines, an HQ greater than one may lead to potential
adverse health effects, while, an HQ of less than 1 for non-carcinogens indicates a minimal
non-carcinogenic risk for inhabitants. The ingestion HQ of As and the inhalation HQ
of As and Cr exceeded the acceptable limit. In particular, the HQ values concerning
ingestion were significantly higher in children than in adults. These values were found to
be more evident during the main celebration day, subsequent to days before and following.
Increased pollution from fireworks and other sources leads to higher concentrations of
toxic pollutants in the air. Among these elements, arsenic was most abundant in ultrafine
fractions and posed the most significant risk. In regard to fine PM fractions, chromium,
followed by cadmium, had significantly higher non-cancer risks. In summary, the study
revealed that the levels of carcinogenic and non-carcinogenic risks in these elements are
concerning, surpassing the acceptable limit. Similarly, hazard index values exceeded the
safe limit in this region. The exposure to these pollutants can pose a significant threat
to human health, especially to those who spend a significant amount of time outdoors,
regardless of their profession or age group. Children are more prone to adverse health
impacts than adults, indicating that proactive measures should be taken to safeguard the
environment.

3.7. Enrichment Factor Analysis

The enrichment factor (EF) analysis was performed separately for the pre-Diwali,
Diwali, and post-Diwali days to identify the sources of individual elements. The EF values
for each element are presented in Table 3, revealing that all elements detected in PM2.5

and PM1 samples exhibited EF values > 1 throughout the study period, suggesting these
elements are primarily derived from non-crustal and anthropogenic sources. The observed
EF values can be attributed to the characteristics of the region, particularly its proximity to
small-scale factories, NH-34, and railway tracks, which contribute to increased vehicular
activity and industrial emissions. Moreover, most elements, particularly Sr, Mg, Mn, and Ti,
the significant markers of firecracker emissions, exhibited higher EF values during Diwali
compared to the pre-Diwali period. This finding was consistent with previous studies that
reported increased concentrations of fireworks tracers, such as Sr and Ba, in Amritsar [100]
and Al, K, and Mg in Delhi [96]. The variation in EF values of firecracker trace elements
during festive periods indicates that firecracker emissions during Diwali significantly
contribute to the elevated levels of these elements. Furthermore, the persistence of elevated
EF values during post-Diwali days implies that these anthropogenic sources continue
to influence the elemental composition of PM2.5 and PM1 in the region, as celebrations
involving firecrackers often persist after 1–2 days following the festival.

Table 3. Enrichment factors of various elements in PM2.5 and PM1 over the pre-Diwali to post-Diwali
days, using Fe as the reference element (EF values < 1 = crustal or natural origin of the elements;
1–10 = anthropogenic origin; >10 = non-crustal, particularly car-exhaust emissions, combustion
activities, and industrial emissions).

Elements
Pre-Diwali Diwali Post-Diwali 1 Post-Diwali 2

PM2.5 PM1 PM2.5 PM1 PM2.5 PM1 PM2.5 PM1

As - 5931.52 - 18,071.45 - 2017.84 - -

Ca 213.33 212.38 318.52 256.19 111.22 347.67 393.06 151.79

Cd - 6413.05 - 28,192.17 - 1144.69 - -
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Table 3. Cont.

Elements
Pre-Diwali Diwali Post-Diwali 1 Post-Diwali 2

PM2.5 PM1 PM2.5 PM1 PM2.5 PM1 PM2.5 PM1

Cr 38.22 51.76 39.51 41.37 34.23 83.15 31.94 54.30

Cu 283.92 494.11 328.51 740.50 369.10 722.33 102.74 262.66

Fe 1 1 1 1 1 1 1 1

Li 2003.97 791.76 3679.97 1017.06 352.78 1453.62 804.68 474.67

Mg 164.30 166.36 303.66 200.51 86.05 266.48 244.88 119.23

Mn 21.89 22.86 40.66 28.27 34.36 40.55 12.01 16.66

Sr 37.51 39.67 69.65 46.03 60.11 61.27 26.08 27.21

V 248.41 215.73 443.21 252.48 137.51 354.81 406.52 192.20

Zn 276.93 321.29 425.79 405.48 145.04 532.44 436.10 223.54

Ti - - 309.29 458.80 - - - 250.13

4. Conclusions
Diwali and the new year have been celebrated with great enthusiasm for centuries.

However, the overuse of sparklers and firecrackers during this celebration has detrimental
impacts on our surroundings and public health, causing air and noise pollution. This study
conducted ambient air-quality monitoring during the Diwali festival in Malda in 2023 and
2024 and the New Year celebration in Warsaw in 2024. The findings found that gaseous
and particulate pollutants spike during the Diwali period and the PM concentration spikes
during New Year celebrations, particularly at midnight. Although the concentration of
gaseous pollutants remained within the permissible limits of WHO, particulate pollutants
exceeded standard in both locations. The AQI during Diwali falls in the poor category in
2023 and the very poor category in 2024, respectively, becoming severe during midnight
New Year celebrations, indicating health risks. Firecracker signature trace elements like
Fe, Mg, Mn, Sr, Ti, and Zn were detected in PM2.5 and PM1 samples during Diwali.
PM1 contained toxic heavy metals like arsenic and cadmium, highlighting the hazardous
potential of ultrafine fractions. Although elemental analysis was not performed for Poland,
the inclusion of its PM concentration data is valuable for understanding the global impact of
festival-related pollution. Future studies could incorporate chemical composition analysis
for Poland, allowing for a more comprehensive comparison. The heath-risk assessment
revealed that children are more susceptible to ingestion-related cancer risks than adults.
Similarly, the non-carcinogenic risks associated with ingestion pathways were found to
be higher in children than in adults when compared to inhalation pathways. The sound
level was maximum during the day (134.9 ± 1.96 dB) and nighttime (139.5 ± 2.48 dB)
over Diwali. However, the concentration of pollutants decreased gradually, demonstrating
nature’s capacity to purify itself and self-heal.

Short-term exposure to these pollutants with significantly higher concentrations can
cause acute health illness. Moreover, the onset of Diwali and the new year coincides with
the post-monsoon/winter season (lower temperature, slow wind, increased humidity),
which reduces the dispersion of pollutants, and in turn, further exacerbates the effects. In
addition, firecracker bursting and explosions also increase noise-pollution levels. In light of
these findings, it is imperative to create awareness about the harmful effects of burning fire-
crackers and sparklers on the environment and public health. Celebrating festivities in an
eco-friendly way is crucial, and government regulations should be implemented to control
pollution and achieve a sustainable atmosphere. Although nature has a self-purification
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capability and can disperse pollutants over time, it is essential to take responsibility and
make eco-friendly choices to ensure a healthy and sustainable environment for future
generations.
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