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A B S T R A C T   

This study examined the influence of fireworks on atmospheric aerosols over the Southern Indian 
city of Hyderabad during festival of Diwali using mass closure, stable carbon isotopes and the 
EPA-PMF model. Identification of chemical species in day and night time aerosol samples for 
2019 and 2020 Diwali weeks showed increased concentrations of NH4

+, NO3
− , SO4

2− , K+, organic 
carbon (OC), Ba, Pb and Li, which were considered as tracers for fireworks. PM10 source 
apportionment was done using inorganic (trace elements, major ions) and carbonaceous (organic 
and elemental carbon; OC & EC) constituents, along with stable isotopic compositions of TC and 
EC. K+/Na+ ~1 and K+

nss/OC > 0.5 indicated contribution from fireworks. High NO3
− , NH4

+, Na+, 
Cl− and SO4

2− suggested the presence of deliquescent salts NaCl, NH4NO3 and (NH4)2SO4. TAE/ 
TCE >1 suggested H+ exclusion, indicating possible presence of H2SO4 and NH4HSO4 in the 
aerosols. Ba, Pb, Sb, Sr and Fe increased by 305 (87), 12 (11), 12 (3), 3 (2) and 3 (4) times on 
Diwali nights, compared to pre-Diwali of 2019 (2020), and are considered as metallic tracers of 
fireworks. δ13CTC and δ13CEC in aerosols closely resembled that of diesel and C3 plant burning 
emissions, with meagre contribution from firecrackers during Diwali period. The δ13CEC was 
relatively depleted than δ13CTC and δ13COC. For both years, δ13COC-EC (δ13COC - δ13CEC) were 
positive, suggesting photochemical aging of aerosols during long-range transport, while for pre- 
Diwali 2019 and post-Diwali 2020, δ13COC-EC were negative with high OC/EC ratio, implying 
secondary organic aerosols formation. High toluene during Diwali week contributed to fresh SOA 
formation, which reacted with precursor 12C, leading to 13C depletions. Eight-factored EPA-PMF 
source apportionment indicated highest contribution from residue/waste burning, followed by 
marine/dust soil and fireworks, while least was contributed from solid fuel/coal combustion.   

1. Introduction 

Short-term anthropogenically induced extreme events like accidental forest fires, waste and crop residue burnings (CRB), traffic 
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congestions and firework events affect the air quality, which impact the human health [1,2]. These episodic events introduce pol-
lutants into the atmosphere, thus altering the physico-chemical characteristics of the ambient aerosols [1–5]. Short-term firework 
activities are used for the celebration of festivities worldwide. The firecrackers used are composed, mainly, of nitrates of potassium, 
barium and strontium, chlorate and perchlorate of potassium, along with dust powder, charcoal and other elements like sulphur, 
aluminium and iron [6–8]. As firecrackers undergo combustion, metal oxides are released into the atmosphere [8–12], together with 
elemental carbon (EC) [13], black carbon (BC) [4,14], organic carbon (OC) [15] and water-soluble inorganic ions (WSIIs) [9,16–19]. 
Firecracker burning also influences the formation of secondary organic aerosols (SOAs), due to the condensation of polycyclic aromatic 
hydrocarbons (PAHs) [20], acetonitrile and oxygenated volatile organic compounds (OVOCs) [21] from the pyrotechnic products in 
the atmosphere. Condensation nuclei concentrations (CNC) play critical role in the formation of cloud droplets [22] and have been 
reported to be significantly high during the firework events [20]. The oxidative potential of aerosols during firework burning is higher 
than that resulting from the traffic sources [23]. Extreme emissions of the particles in such events affect meteorological conditions. 
Burning of fireworks lead to increase in ambient temperature, as O3 and NO2 are formed during combustion [24]. It also affects the 
radiative forcing in the local atmosphere [25–27]. 

Post-monsoon period in India, when festival of Diwali occurs with the firework celebrations, coincides with the crop harvesting 
season and witnesses a rise in the CRB events [28]. A combined effect of CRB and fireworks over Delhi was reported during Diwali [29], 
primarily due to the air-mass migrating from Punjab and Haryana, along with transboundary movements [19,30]. In the ambient 
environment, amalgamated effects of different emission sources complicate the evaluation of any specific source, such as fireworks or 
others, that contribute to the overall emissions. To address this, different techniques have been adopted to apportion individual sources 
by identification of their physicochemical properties and their contribution and include receptor models like chemical mass balance 
(CBM), environmental protection agency – positive matrix factorization (EPA-PMF) and principal component analysis (PCA). Various 
source apportionment techniques are compiled in supplementary data (Table S1). The receptor models require chemical species as 
inputs to identify different sources. A compilation of studies indicating tracer species for respective sources is presented in supple-
mentary data (Table S2). 

Further, the stable carbon isotope compositions of particulate matter (PM) also provide significant insights into the emission 
sources and transformation processes. In general, the stable isotopic composition of aerosols contributed from combustion of coal 
(− 24.9 to − 21 ‰) [31–35], liquid fossil fuel (− 28.6 to − 24.2 ‰) [36], C3 (− 32 to − 20 ‰) and C4 plants (− 17 to − 9 ‰) transform 
considerably, as the aerosols evolve with time in the atmosphere [37]. The influence of atmospheric processes such as photochemical 
aging and secondary OC (SOC) formation affect the isotopic composition of organic carbon via kinetic isotope effects (KIE) [38]. 

While majority of aerosol studies in India are reported from the northern (Indo-Gangetic Plain; IGP) and western regions, there are 
very few comprehensive work [34,39–41] involving chemistry and source apportionments of aerosols over Southern India and further 
less are the ones related with fireworks. The peninsular region experiences air-mass movements from central and central-eastern 
regions, with a high rate of aerosol loading during post-monsoon season (Fig. S1) [42,43], leading to frequent hazy days in recent 

Fig. 1. Geographic location of the (a) study site, CEOAS, UoH, Hyderabad, India and wind speed and direction for Diwali weeks of (b) 2019 and 
(c) 2020. 
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years [44]. Several studies have examined the physical properties of aerosols over Hyderabad, which has a complex urban environ-
ment with multi-emission sources [45–49]. It is dominated by urban/industrial aerosols throughout the year [46]. The winter and 
post-monsoonal conditions witness low wind speed with prevalence of well-mixed aerosols from local emissions. The air-mass 
movements, directed from northern region in post-monsoon season, influence the ambient aerosols over Hyderabad, mainly by 

Fig. 2. Box whisker plot of different chemical constituents of PM10 in μg/m3, (a) organic and major ions along with the variability in (b) and (c) 
elemental species at CEOAS, Hyderabad. Horizontal line within the boxes represents the median; top and the bottom of the shaded area represents 
the 75thth and 25thth percentile, square inside the shaded region represents the mean, and the upper and the lower limit of the 95thth and 5thth 
percentiles respectively and the black diamond represents the outliers. 
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contributing fine-mode particles to it [48]. The crop residue burning in kharif season and the northerly winds usually spread BB 
aerosols over central and southern India, including Hyderabad [45]. Significant increase in AOD (α) was observed between 2002 and 
2008 due to the urbanization, vehicular emissions and growing population in Hyderabad [47]. An average AOD of 0.46 ± 0.18 (0.89 
± 0.19) during post-monsoon and highest fraction (73%) of mixed type of aerosols is reported for Hyderabad [46]. 

The present study focuses on the atmospheric aerosol chemistry and influence of fireworks in southern city of Hyderabad and 
attempts to identify the composition of mixed-type aerosols to apportion their sources using chemical compositions, stable carbon 
isotopes and EPA-PMF model. Particulate matter (size <10 μm) PM10 samples over quartz fibre filters for pre-, on and post-Diwali event 
for two consecutive years of 2019 and 2020 were studied for the chemical compositions and their sources emphasising the effects of 
post-monsoonal firework activities during the Diwali event in the study area. The objectives were to a) determine the inorganic (trace 
elements and major ions) and carbonaceous (organic (OC) and elemental carbon (EC)) compositions of PM10 b) identify the diagnostic 
mass closure ratios for fireworks c) apportion the sources using EPA-PMF5.0 receptor model with chemical composition of PM10 and 
stable carbon isotopes of TC and EC. Secondary data such as trace gases and PM concentrations, meteorological data, active fire counts, 
and air mass trajectories were used to understand the effect and state of the atmosphere during Diwali period. 

2. Study area and sampling 

The sampling site in the urban city of Hyderabad is located at the Centre for Earth Ocean and Atmospheric Sciences (CEOAS) 
building in University of Hyderabad (UoH) (Latitude 17◦ 27′ 55″ Longitude 78◦ 19′ 37″) and is surrounded by dense vegetation from all 
sides (Fig. 1) [49]. The city of Hyderabad, in state of Telangana, covers an area of 650 km2 with the metropolitan population 6.8 
million [50]. It lies inland of the southern peninsula and has a subtropical low latitude, semi-arid hot climate. It is characterized by hot 
(frequent occurrence of temperature >30 ◦C) and dry (relative humidity (RH) < 50 %) summer, with May being the hottest month of 
the year [46]. The average annual concentration, provided by Central pollution Control Board (CPCB, 2023) of PM10 is 135.1 ± 37.92 
μg/m3. 

A high-volume air sampler (Envirotech APM-430) with a flow rate of 0.9–1.0 m3/min, placed on the roof-top of CEOAS, was used to 
collect the day and night PM10 samples on quartz fibre filter (Whatman; 8 × 12 inches) for the duration of 8 h, pre- (samples collected 
before Diwali night), on (sample collected on Diwali night i.e. 27thth October 2019 and 14th November 2020) and post-Diwali 
(samples collected after Diwali night) weeks of the years 2019 and 2020. The day-time sampling was carried out from 9:30 a.m. - 
5:30 p.m. Indian Standard Time (IST) and night-time from 10:00 p.m. - 6:00 a.m. IST on pre-desiccated filters, which were pre- 
combusted at 350 ◦C for 4 h for the removal of moisture and contaminants. The sampled filters were stored in zip-lock plastic bags 
and kept at - 20 ◦C. Gravimetric analysis was conducted before and after the sample collection to obtain the total aerosol loading on the 
PM10 filters. The samples were analysed for WSII (SO4

2− , NO3
− , Cl− , Li+, Na+, NH4

+, K+, Ca2+, Mg2+) using Ion Chromatography (IC), 
trace metals (As, Ba, Ce, Cs, Li, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Rb, Zr, Sr, Mo, Pd, Cd, Sn, Sb, La, Pt, Hg, Tl, Pb) by High-Resolution 
Inductively Coupled Plasma Mass Spectrometer (HR-ICP-MS) and stable isotopic composition of TC and EC by Isotope Ratio Mass 
Spectrometer (IRMS). The variations of the measured chemical species are mentioned in Fig. 2. 

3. Materials and methods 

3.1. Analytical techniques 

3.1.1. Water soluble inorganic ions using Ion Chromatography 
A 9 cm2 filter section was cut and soaked in 30 mL milli-Q water (resistivity >18.1 MΩ) for 12 h in pre-cleaned borosilicate test 

tubes to ensure maximum solubility. Following ultrasonication (40 min, maintained at 22 ◦C), the soaked samples were filtered to 
remove the suspended particles [51,52]. A Dionex ICS-90 and ICS-2500 ion chromatograph was used to measure the cations and 
anions, respectively, in the filtrate. A CS-17 column was used for cation separation with 6 mM (0.38 mL) methane-sulfonic acid 
(CH4O3S) as eluent. A mixed standard of Li+, Na+, K+, Mg2+ and Ca2+ was prepared in accordance with the approximate sample values 
to calibrate the instrument. The anions were separated using Dionex™ IonPac AS-14A (carbon eluent anion exchange column) with 
0.8 N sodium carbonate (Na2CO3) and sodium bicarbonate (NaHCO3) as eluent. Sulphuric acid (H2SO4) was used as regenerant, and a 
mixed standard of F− , Cl− , Br− , NO3

− , SO4
2− was prepared in the required proportions from the Merck, Germany standards [53] for the 

calibration of anions over the IC. The CO3
2− and HCO3

− form eluent for the analytical procedure adopted for IC, hence were not 
measured for the present study. The measurement (standards and repeated samples) had a precision of ±0.1 % of its total value within 
the same sequence, and the samples repeated between different sequences had the reproducibility of ±0.1 %. The detection limit for 
different ions was about 0.1 mg/l. The coefficient of variation for the repeat samples was observed to be 2.2 %. 

3.1.2. Trace and rare earth elements (REE) analyses using HR-ICP-MS 
For the analysis of heavy, trace and rare earth elements (REE), a section of 15 cm2 (5 cm × 3 cm) was cut and digested in HDPE 

Teflon vessels with an acid mixture of HF (0.5 mL) + HNO3 (1.5 mL) for 4-h on a hot plate. To ensure the complete digestion of sample, 
the temperature was set within the range of 90–120 ◦C. Later, 2.5 mL of HClO4 was added to the clear solution and kept for open 
digestion at 220–240 ◦C for another 4 h, till the complete evaporation of acid mixture. The residue obtained was dissolved in 6 N HNO3 
and filtered [52,54,55]. The trace and REE metals (Li, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Zr, Sr, Mo, Pd, Cd, Sn, Sb, Cs, Ba, La, 
Ce, Pt, Hg, Tl, Pb) in the sample solution were analysed using the double-focusing, single-collector High-Resolution Inductive Coupled 
Plasma Mass Spectrometer (HR-ICP-MS) (AttoM® Nu instrument, UK) at Council of Scientific and Industrial Research - National 
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Geophysical Research Institute (CSIR-NGRI), Hyderabad. The sample introduction consisted of a standard Meinhard® nebulizer with a 
cyclonic spray chamber, housed in the Peltier cooling system. Silicon (Si), being the main constituent for filter substrate, was not 
measured in the PM samples. The samples were analysed for trace and REE using 129Xe as an internal standard [56,57]. Geo-chemical 
reference materials, SO-1, SO-2, SO-3 and SO-4 (CANMET, Canada) were used as external matrix matching standard to evaluate the 
accuracy and precision. The precisions of <2 % relative standard deviation (RSD) were obtained for majority of elements with 
comparable accuracy. 

3.1.3. Stable carbon isotope ratios of TC and EC using IRMS 
In this study, the total organic carbon (TC) is defined as the sum of elemental carbon (EC) and organic carbon (OC) [58,59]. For EC 

measurements, the HCL fumigated filters were treated following the chemo-thermal oxidation method (CTO – 375) [60,61]. The 
suitability of the CTO – 375 method and its comparison with other protocols are discussed by several workers [62,63]. The filters were 
heated at 400 ◦C in active airflow for 24 h to remove the organic C fractions. The concentrations and isotopic composition (δ13C) of TC 
and EC were measured using an elemental analyzer; EA (Flash 2000; Thermo Fisher Scientific, Germany) connected to an Isotope Ratio 
Mass Spectrometer; IRMS (Delta V, Thermo Fisher Scientific, Germany). The IAEA cellulose standard (IAEA–CH– 3; δ13C = − 24.7 ‰; C 
contents = 44 %) was used as laboratory standard. The analytical precision for repeat measurements of standards were better than 10 
% (for C content) and 0.1 ‰ (for C isotopic composition). The sample preparation and stable isotopic measurements of TC and EC were 
conducted at Physical Research Laboratory, Ahmedabad. The fraction of PM10 was estimated using analytical protocols published 
elsewhere [34,64,65]. 

3.2. Estimation of POC, SOC and δ13COC 

3.2.1. Primary and secondary OC in aerosols 
Emission sources such as fuel combustion and vehicular exhaust contribute to the primary OC (POC), while the formation of 

secondary OC (SOC) includes chemical reactions of semi and non-volatile OCs [66]. EC is considered as a good tracer for carbonaceous 
aerosols emitted from primary combustion [67]. Linear fit between carbon monoxide and observations of OC and EC have been used to 
estimate the primary OC/EC [68]. As the concentrations of OC and EC depend on seasonal variations, the minimum value of OC/EC 
ratios in each season is suggested for the estimation of POC [69]. Determining SOC and POC by direct measurements is difficult, due to 
challenging separation methods [70,71]. The source composition of EC and POC are similar for the sampling period, thus, EC can be 
used as a proxy for their estimation [68]. To compute POC and SOC by EC tracer methods, certain assumptions are made, a) SOC is 
negligible in the sample when OC/EC is minimum for a particular season, b) spatial and temporal variation of chemical constituents 
and their emission sources in POC and SOC are nearly constant, and c) contribution from non-combustion POC and semi-volatile OC 
are low compared with non-volatile organic species. Therefore, POC (Eq. (1)) and SOC (Eq. (2)) are, 

[POC] = (OC/EC)min × [EC] + c (1)  

[SOC] = [OC]measured – [POC] (2)  

where (OC/EC)min is the minimum value of OC/EC ratio in a particular season and, c is assumed to be zero, as the POC from non- 
combustion sources (primary biogenic sources) is considered negligible and [OC]measured is the measured OC concentration [72]. 
These assumptions make the estimation of POC susceptible to uncertainties [73,74]. The uncertainties associated with sample 
collection accounts to be minor [75–77]. [74] compared EC-tracer, SOA-tracer, PMF-chemical data, PMF-offline AMS and PMF-ACSM 
and suggested an overall low relative uncertainties among other methods. It was also suggested that the PMF approaches were unable 
to capture the SOC due to BB [73]. proposed a more robust approach for the estimation of SOC, assuming all least correlation between 
measured EC and estimated SOC, but a significant underestimation of SOC was observed during high BB conditions [73]. Soluble 
fraction of K+ is commonly used as tracer for BB [78] and in firecrackers as it is used as oxidizers [40]. K and OC are good markers for 
biomass combustion, which are commonly evident during firework emissions and are considered as indirect sources for it [79,80]. 
Biomass burning and Diwali fireworks also observe high contribution of m/z 60, m/z 43 and m/z 44, suggesting similar source 
contribution for both [81]. Anthropogenic fireworks and BB emissions causing smog conditions also show increase in CNC and O3 [20] 
along with SO2, NOx, α > 1, high turbidity coefficient, AOD and BC [27]. Therefore, the present study adopted the EC tracer method, as 
emissions during Diwali are considered similar to a BB event. 

3.2.2. Estimation of the isotopic composition of OC from TC and EC 
The estimation of δ13COC, based on isotopic mass balance, was done using the measured compositions of δ13CTC and δ13CEC (Eq. 

(3)). 

δ13COC x OC= δ13CTC x TC − δ13CEC x EC (3)  

3.3. Miller-Tans analysis 

To identify the source isotopic composition, the relationship between δ13C and the reciprocal of TC concentration after [82] was 
followed, where δ13C value and the background concentration of TC can remain unknown, but should be nearly uniform with time 
[83]. When the TC concentration is zero, the y-axis would be infinite, limiting the applicability of the method. The slope of correlation 
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between the products of δ13CTC and TC with TC (Fig. 3a) provides the major sources. The advantage of Miller-Tans plot (Fig. 3c–f) is 
that the background values of TC and δ13C need not be constant. It is also useful in calculating the end member, when radiometric 
isotopic measurements are unavailable [84]. 

Fig. 3. Box whisker plot of stable carbon isotopic compositions of δ13CTC (a) and δ13CEC (b) in PM10, at CEOAS, UoH, Hyderabad. Horizontal line 
within the boxes represents the median; top and the bottom of the shaded area represents the 75thth and 25thth percentile, square inside the shaded 
region represents the mean, and the upper and the lower limit of the 95thth and 5thth percentiles, respectively. The black diamond represents the 
outliers. Correlation between δ13CTC vs TC (p < 0.05), Miller-Tans plot for (c) 2019 δ13CTC and (d) 2020 δ13CTC and for (e) 2019 δ13CEC and (f) 2020 
δ13CEC for Diwali week. 
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3.4. EPA5.0 positive matrix factorization (PMF) model 

The EPA5.0 PMF model attempts to best express the covariance of the multivariate input data. It allows users to down-weight any 
species concentration based on signal-to-noise ratio (S/N), while ascertaining a prior knowledge of the sampling/analytical errors to 
calculate the uncertainties (U.S. EPA, 2014). S/N < 0.5 is considered bad (not used for further analysis), 0.5 < S/N < 1 weak and S/N 
> 1 good in the model, based on the analytical extraction efficiency [85]. The method detection limit (MDL) was calculated by 

MDL= 3 x σ x s (4) 

where σ is the standard deviation of the repeated blank during the analysis and s is the slope of the calibration curve [86]. The 
estimation of uncertainty associated with the analysed chemical constituents is given by 

Uncertainty=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Error fraction × concentration)2
+ (0.5 × MDL)2

√

Eq. 5 

The error fraction is calculated using the standard deviation of samples divided by square root of number of analyses [86]. To best 
estimate the number of factors with minimum error for small sample sizes, an optimisation between number of factors and block size 
was attained. The concordance of Q(true) and Q(robust) was achieved to identify the number of factors [87]. The principal component 
analysis (PCA) was also run to obtain the number of principal components with a cut-off Eigen value of 1. Eight principal components 

Table 1 
Concentration of organic and inorganic (elemental and major ions) species for 2019 and 2020 in μg/m3 along with total concentrations of elemental, 
ionic and carbonaceous content in the samples.  

Constituents of PM10 2019 2020      

Pre-Diwali Diwali night post Diwali Pre Diwali Diwali Night post Diwali 

PM10 sample loading 97.1 252.5 113.09 123.78 166.94 114.23 
TC 24.19 25.14 17.95 22.42 20.41 15.20 
OC 20.1 22.6 15.6 21.1 18.9 8.5 
EC 4.1 2.5 2.37 1.37 1.5 1.55 
Na+ 25.29 32.52 21.69 1.64 21.12 20.62 
K+ 1.13 31.22 2.39 1.64 15.68 1.81 
Mg2+ 1.51 5.51 1.78 3.02 5.03 1.8 
Ca2+ 3.8 4.09 4.91 4.85 5.08 5.53 
NH4

+ – – 4.60 9.64 3.92 1.84 
Cl− 22.22 27.86 18.98 18.93 15.46 18.92 
SO4

2− – 46.3 18.49 12.76 27.28 9.73 
NO3

− 1.96 13.31 – 8.49 10.37 4.81 
Ti 1.13 2.67 2.17 2.21 3.93 1.74 
V 0.04 0.09 0.06 0.05 0.09 0.08 
Cr 0.03 0.15 0.17 1.03 0.25 0.68 
Mn 0.52 1.23 1.00 1.05 2.51 0.79 
Fe 0.71 1.88 1.10 0.71 2.35 1.00 
Ni 0.21 0.31 0.22 0.27 0.69 0.36 
Cu 0.11 0.38 0.20 0.22 0.46 0.16 
Zn 0.53 0.88 0.80 1.27 1.09 1.07 
Zr 0.35 0.95 0.64 0.40 1.66 0.75 
Sr 0.23 0.61 0.48 0.40 0.54 0.49 
Mo 0.64 1.66 1.37 0.59 1.81 0.81 
Rb 0.03 0.09 0.06 0.06 0.11 0.05 
Ba 0.06 16.75 0.71 0.06 4.95 0.49 
Pb 0.11 1.26 0.19 0.29 0.68 0.08 
La 0.01 0.03 0.02 0.04 0.05 0.02 
Ce 0.02 0.05 0.04 0.06 0.09 0.05 
Sn 0.01 0.03 0.02 0.01 0.02 0.01 
Sb 0.01 0.10 0.02 0.02 0.03 0.01 
Co 0.02 0.04 0.04 0.03 0.06 0.03 
Li 0.05 0.12 0.1 0.04 0.10 0.04 
Pd 0.0007 0.003 0.0013 0.0012 0.0031 0.0015 
Cd 0.001 0.001 0.001 0.002 0.002 0.0001 
As 0.0027 0.01 0.003 0.003 0.005 0.006 
Se 0.0001 0.0005 0.0002 0.0001 0.0002 0.0014 
Cs 0.0019 0.0048 0.0039 0.0022 0.0052 0.0019 
Pt 0.0002 0.0005 0.0003 0.0001 0.0003 0.0002 
Tl 0.0005 0.0017 0.0009 0.0016 0.0021 0.0006 
Total Metals 4.84 29.31 9.4 8.8 21.5 8.69 
Total Trace Metals 0.13 0.40 0.25 0.21 0.37 0.17 
Total Cation 31.74 47.34 35.4 38.4 50.8 31.6 
Total Anion 24.2 87.48 37.5 40.2 53.1 33.5 
Total Carbon 24.19 25.14 17.95 22.42 20.41 13.88  
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were identified. 600 EPA-PMF model runs were carried out, and the bootstrap (BS) analysis showed less than 2 % of unmapped cases. 
This was achieved to find the balance between the selection of number of factors and block size. 8 source factors were identified based 
on their marker species, corroborating the PCA. The BS and displacement (DISP) were run to estimate the uncertainties associated with 
the output factor profiles [86]. Out of 600 runs, 11 were unmapped, less than 6 % of runs showed mixing among different factors, and 
for less than 5 % of the factor profiles, the swap was observed in DISP run, exhibiting reliability of the data [87,88]. 

Different chemical species have been used to show the factor contribution for various sources. The species contribution towards 
each factor was quantified in terms of the percentage of factor total (% FT: concentration of species of interest as a fraction of total 
factor concentration) and the percentage of species sum (% SS: ratio of the concentration of species of interest in the factor of interest to 
the total species concentration across all factors) [86]. 

Pearson’s correlation among all parameters was performed using OriginPro with significance (P < 0.05). Pairwise comparisons of 
the concentrations of each variable for 2019 and 2020 Diwali periods were performed using Welch’s t-test, which is widely used for 
unequal sample sizes, and for data that are not normally distributed and for variances, that are not equal. There was no significant 
difference between both years except EC and OC/EC. Therefore, one EPA5.0 PMF model simulation containing both year datasets was 
run. 

4. Results and discussion 

The Chemical and isotopic compositions of the aerosols from Hyderabad are presented in Tables 1 and 2 respectively. These 
revealed mixed, complex emission sources such as sea spray, biomass burning, and fireworks. Understanding the properties and 
variations amongst these offers insights into their contribution. 

4.1. AOD and α 

The monthly average AOD550nm for October (November) 2019 was 0.12 (0.14), and for 2020, it was 0.4 (0.34), while the α was 
observed to be 1.4 (1.6) and 1.4 (1.5), respectively (Fig. S2). For Hyderabad [46], observed the higher frequency for AOD and α to be 
0.5 ± 0.2 (range of 0.3–0.5) and 0.9 ± 0.2 during post-monsoon and moderately turbid conditions with mixed type of both fine and 
coarser aerosols. α > 1 for October and November months showed dominance of finer particulates at sampling location. AOD and BC 
fraction within atmospheric boundary layer were suggested to be about 80% and 11.8%, respectively during post-monsoon, due to 
long-range transport of aerosols [48]. On Diwali night, the AOD550nm of 0.5 and 0.6 was observed for 2019 and 2020, with α was 1.3 
and 1.5, respectively, suggesting contribution of finer aerosols during Diwali compared to normal conditions. The fire radiative power 
(FRP) (>50 % confidence) ranged from 0.4 to 4.0 MW and 0.5–10.5 MW, with total number of 42 and 383 events for 2019 and 2020, 
respectively during the Diwali week in the state of Telangana, India (Fig. S3), suggesting contribution from long-range transport of 
burning sources at sampling location. 

4.2. Variations in PM10 

In comparison to other locations in Hyderabad (Fig. S4), the sampling site (UoH) had lowest concentrations of PM and other 
chemical species such as benzene, toluene, and xylene (Fig. S5). The sampling site is surrounded by vegetation and is less impacted by 
urbanization. The firework activities at the sampling site were relatively less compared to other populated parts of the city (Fig. S5), 
which also provided an opportunity to assess the overall ambient air quality and the background condition for Hyderabad during 
Diwali week. Fig. S5 presents the hourly time series of October and November 2019 and 2020 p.m.10 concentration. In general the 
PM10 concentration is higher during October, compared to November over Hyderabad [41]. The time series of CPCB PM10 also showed 
overall concentration to be higher before Diwali week (Fig. S5) following which, there was decline after Diwali due to wet scavenging 
(Fig. S6). Similar decrease in AOD and FRP (Fig. S3) was also observed for 2019 Diwali week. On Diwali night, the PM10 loading (8-h) 
obtained on the quartz fibre filters was 212.5 μg/m3 (167 μg/m3) for 2019 (2020), suggesting impact of fireworks. 

4.3. Ionic constituents 

The abundance of major ions in PM10 sample loading for 2019 was SO4
2− > Na+> Cl− > NO3

− > NH4
+> Ca2+> Mg2+> K+, while for 

Table 2 
Average concentrations of TC, EC and OC during Diwali week along with day and night time concentration on the day of Diwali and their isotopic 
composition for 2019 and 2020 in μg/m3.   

2019 Diwali week average 2019 Diwali night 2019 Diwali day 2020 Diwali week average 2020 Diwali night 2020 Diwali day 

TC 20.63 ± 5.02 25.14 16.14 19.41 ± 9.7 20.41 16.69 
δ13CΤC − 26.1 ± 0.5 − 26.7 − 26.4 − 26.8 ± 0.7 − 26.7 − 27 
EC 2.74 ± 0.84 2.5 2.9 1.44 ± 0.32 1.5 1.3 
δ13CЕC − 27.2 ± 0.7 − 27.4 − 27.8 − 27.4 ± 0.7 − 29 − 27.2 
OC 17.89 ± 4.9 22.64 13.24 17.97 ± 9.6 18.91 15.39 
δ13CΟC − 26.0 ± 0.5 − 26.6 − 26.1 − 26.7 ± 0.7 − 26.5 − 27  
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2020 it was Cl− > SO4
2− > Na+ > NO3

− > K+ > Ca2+ > NH4
+ > Mg2+ (Table 1). The average WSIIs concentration for the sampling 

duration was 67.5 and 72 μg/m3 for 2019 and 2020 respectively. The anions and cations concentrations on Diwali night were 1.5 (1.3) 
and 3.6 (1.3) times higher than pre-Diwali for respective years. A study in Bhilai, Chhattisgarh, India also observed similar increase in 
cations and anions concentrations during Diwali nights [89]. The secondary WSIIs, namely, NH4

+, NO3
− and SO4

2− account for about 
59.6 μg/m3 and 41.6 μg/m3 for respective years on Diwali nights, which were highest for the sampling period (Fig. 2a and Table 1). 

For the sampling period, the average TAE/TCE ratios (total anion equivalent/total cation equivalent) (Supplementary data Section 
1) were 1.1, while, for both years of Diwali night, these were 1.4 and 1.1, respectively. TAE/TCE ratios (>1) during Diwali week for 
both years suggest the cation deficiency. This may be due to exclusion of H+, causing acidic nature of aerosols [90] and can be 
attributed to the use of firecrackers on Diwali nights [89–91]. A study in Chennai suggested contribution of H2SO4 and NH4HSO4 along 
with the NH4NO3 and (NH4)2SO4 during winter [90]. 

Typically, the ratio of NH4
+ and SO4

2− is also used as an indicator of acidity or/and basicity in aerosols [92,93]. The volatility of NO3
−

and NH4
+ pose challenges in defining the chemical nature of aerosols. Due to these constraints in determining the contribution of 

basicity by these ions, the input of these from few other sites of southern Indian locations were compared with that of the sampling site 
in present study. The carbonate (CO3

2− ) and bicarbonate (HCO3
− ) contribute to the basicity of the aerosols. Crustal and marine aerosols 

cause carbonates and bicarbonates enrichment in ambient aerosols [94]. The soluble fractions of CO3
2− and HCO3

− , react with available 
Ca2+ and Mg2+ therefore, their higher concentrations in general, indicate the presence of CO3

2− and HCO3
− in the aerosols [95]. In the 

present study, the average concentration of Ca2+ and Mg2+ were 2.47 ± 2.12 μg/m3 (2.78 ± 3.23) and 4.53 ± 1.74 μg/m3 (5.10 ±
1.32) for Diwali period of 2019 (2020), while on Diwali nights, there was a considerable increase in Mg2+ in 2019 (5.51 μg/m3) and 
2020 (12.35 μg/m3), and the Ca2+ remained more or less the same for pre-, on and post-Diwali. This could be due to the presence of Mg 
powder, used as reducing agents in firecrackers [96,97]. [98] has reported high concentration of Mg2+, sourced from firecrackers in 
Nagpur on Diwali night and, similar was observed in Chinese new year firework celebration [80]. A study over Agra in northern India 
during normal and hazy conditions showed the concentrations of Ca2+ and Mg2+ to be below 3.5 ± 1.1 μg/m3 [99], implying lesser 
anthropogenic contribution of Mg2+. To understand CO3

− 2 and HCO3
− fractions for the sampling site, the concentrations of Ca2+ and 

Mg2+ were compared with locations in peninsular India. Lower concentrations of Ca2+ (1.6 ± 1.4 μg/m3) and Mg2+ (0.3 ± 0.2 μg/m3) 
were observed over Coimbatore during post-monsoon 2014–2016 and the average HCO3

− concentration was 1.50 ± 1.20 μg/m3 [100]. 
In the coastal city of Thiruvananthapuram, the concentrations of Ca2+ and Mg2+ were 1.7 ± 0.4 μg/m3 and 1.6 μg/m3 respectively, 
while the HCO3

− concentration ranged from 3.1 to 4.9 μg/m3 [94]. In general, the lower concentration of Ca2+ and Mg2+ suggest the 
lack of soluble fraction (precipitate) of CO3

− and HCO3
− [95]. In view of these observations, the HCO3

− concentration over sampling site 
was assumed to be low, suggesting slightly acidic nature of aerosols. 

4.4. Mass closure and diagnostic ratios 

Na can also be contributed from dust [101], apart from sea-salts [102]. Cl− /Na+ (1.8) is a common tracer for sea-salts [103]. 
Sea-salts are important source of cloud condensation nuclei (CCN), due to their hygroscopic nature and large particle sizes, which also 
allow droplet activation [104,105]. During sampling period, the average Cl− /Na+ ratios for 2019 and 2020 were 0.87 (0.84–0.91) and 
0.96 (0.44–1.7), respectively. The Cl− /Na+ ratio <1 suggests smaller contribution of sea-salt and depletion of Cl− . A study in Greece 
observed higher Cl− /Na+ ratio of 3.3, suggesting BB contribution to Cl− [106]. The sampling site is located inland of coast, thus 
non-sea-salt (nss) sources of Cl− from incineration and combustion sources would contribute towards the addition of Cl− in the aerosols 
[107]. The aging of inland moving sea-salts accompanies Cl− depletion and its replacement by NO3

− [108]. Higher concentration of 
SO4

2− and NO3
− (Table 1) due to Diwali fireworks and other anthropogenic emissions, with depletion of Cl− lead to synthesis of NaNO2 

and Na2SO4 [109,110], which is reflected in the abundances of these ions in the samples. The low Cl− /Na+ ratio in the studied samples 
suggests the reduction of sea-salt aerosols in the urban environment of Hyderabad. 

K+ concentrations at the sampling site showed sharp increase on Diwali nights of 2019 (31.02 μg/m3) and 2020 (15.68 μg/m3). 
When compared to another urban location like Delhi (K+ = 72.02 μg/m3 during the day of Diwali) [19,111], these are observed to be 
quite low. K+ is an important primary tracer for aerosols from BB and firecracker sources [112]. Being stable alkali metals, K+ and Na+

persist longer in the atmosphere, and the K+/Na+ ratio helps in identifying the contribution from different emission sources (Na+ for 
sea-salt; K+ for Biomass burning/fireworks) [113][114]. The majority of K+ originates anthropogenically (BB and other activities) and 
Na+ from natural sources (soil and sea-salt) [114,115]. To account for the sources from non-sea-salt, K+ was corrected using Na+, 
considering it as a tracer for sea-salt. In general, the K+/Na+ ratio for ambient aerosols varies in the range of 0.03–10 [114]. For sea-salt 
the K+/Na+ ratio is 0.036 [116], while for aerosols originating from incineration processes, it is in the range of 1.2–1.7 [117] and 1.8 
[118]. The non-sea-salt K+ (K+

nss) is obtained by subtracting 0.036*[Na+] from the [K+], which is 96.3 and 95% of the total K+ for 
respective years. In finer PM, the K+/Na+ ratio is suggested to be 0.80 (PM1) and 0.52 (PM2.5) for non-sea-salt sources [119]. In the 
present study, the average K+/Na+ ratio for the sampling duration was observed to be 0.19 (0.14) for 2019 (2020), while on Diwali 
night, maximum K+/Na+ ratio of 0.95 (0.74) was observed for respective years, suggesting contribution from the fireworks. K+

nss/Ca2+
nss 

ratio for Diwali week were 5.65 ± 3.65 (3.75 ± 2.40), indicating higher contribution of K+
nss. For PM > 2 μm, K+/Ca2+ ratio >0.75 for 

non-sea salt sources is reported [120]. Here, the average K+/Ca2+ of 4.57 (3.35) was observed for 2019 (2020), suggesting impact of 
firecrackers. A positive correlation between Mg2+ and Ca2+ (R2 = 0.65: P < 0.05) indicated major contribution of Mg2+ from dust/soil, 
roadside and construction contributions (Fig. S7). 

In the present study, K+
nss/OC was in the range of 0.01–0.21 (0.01–0.10) for 2019 (2020), except on Diwali night, which observed a 

higher K+
nss/OC ratio of 1.37 (0.79), thus, allowing the ratio to be an indicator for fireworks. Studies in Beijing, Shanghai and Ioannina, 

Greece observed the K+/OC of 0.19–0.21 [121], 0.21 [122] and 0.01–0.21 [106], suggesting contribution from open BB. For 
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non-Diwali nights, similar was observed for the sampling site in the present study for both years. Considering other reported ranges of 
K+/OC, the agricultural residue burning [123] and Savanna burning [124] were 0.04–0.13 and 0.08–0.10, respectively. Therefore, this 
sudden increase in K+

nss/OC at the sampling location during Diwali nights can only be attributed to the emissions contributed from the 
firecrackers burning. 

In Addition, NH4
+ and SO4

2− showed significant positive correlation with OC, which suggest the increase in secondary inorganic 
components under turbid atmospheric conditions [106]. PM10 vs OC, PM10 vs SO4

2− and SO4
2− vs NO3

− showed positive correlation (R2 

= 0.87, 0.86 and 0.84: P < 0.05) (Fig. S7), indicating similar sources of origin. Due to the high concentration of NO3
− , NH4

+, Na+, Cl−

and SO4
2− and the presence of moisture during the 2019 Diwali week, suggest the formation of deliquescent salts such sodium chloride 

(NaCl), ammonium nitrate (NH4NO3) and ammonium sulphate ((NH4)2SO4) [106,125,126]. 

4.5. Metallic contribution during Diwali 

The variation in concentrations of different trace metals is shown in Fig. 2b and c. The abundance of metals in PM10 samples for 
2019 were as follows: Ba > Ti > Fe > Mo > Mn > Zn > Zr > Pb > Sr > Ni > Cu > Cr > Li > V > Rb > Sb > Ce > Co > La > Sn > As > Cs 
> Pd > Tl > Cd > Pt > Se, while for 2020, these were Ti > Ba > EC > Mn > Fe > Zn > Mo > Zr > Cr > Sr > Ni > Pb > Cu > V > Rb > Ce 
> Li > Co > La > Sb > Sn > As > Cs > Pd > Tl > Cd > Se > Pt. In the present study, the quantity of several metals such as Li, La, Ce, Sn, 
Sr, Co, Pd, Cd, As, Se, Cs, Pt, Tl are found to be in trace concentration (Table 1), while the others were comparatively more abundant. 
The total concentration of trace metals on Diwali night were 0.40 μg/m3 and 0.37 μg/m3 for respective years of 2019 and 2020. The 
percentage contribution of total metals (TM) was 11.71 % and 9.84 %, for respective years to the PM concentration, while for Diwali 
nights, it was 15.5% (29.3 μg/m3) and 20.3% (28.78 μg/m3), respectively. The overall contribution of Ba and Fe were 57.1 % and 23 %, 
respectively. The contribution of Ba and Fe to the TM were 16.75 (4.95) μg/m3 and 1.88 (2.35) μg/m3, respectively for 2019 (2020) on 
nights of Diwali, which are higher than pre- and post-Diwali, thus confirming firework emissions as a source for these metals. The Fe 
concentration on Diwali night is reported to be twice higher than normal days [40]. Perchlorate, oxalate and nitrate salts of Ba impart 
green colour [40] and are used as oxidizers in fireworks for rapid combustion [127]. Fe helps in producing sparks and other elements 
are also used to provide colour and sparkles [128]. The inclusion of lead oxide (PbO) in pyrotechnics as colouring agent [129] maybe 
the cause of high contribution of Pb at the sampling site for both years of Diwali nights. Ba, along with Pb, Sb, Sr and Fe increased by 
305 (87), 12 (11), 12 (3), 3 (2) and 3 (4) times on night of Diwali, as compared to pre-Diwali of 2019 (2020) and were recognized as 
metallic tracers for firework emissions in the present study. Few amongst these have also been mentioned as tracers by other workers 
[40,128]. A significant correlation of 0.72, 0.58, 0.51, 0.44 and 0.38 (P < 0.05) for PM10-Ba, PM10-Pb, PM10-Sn, PM10-Fe, PM10-As 
(Fig. S7) were observed. During the sampling period of Diwali week, these elements show contributions majorly from the firecrackers. 

For the sampling duration, the sources of La, Ce, V and Rb were identified using La/Ce, La/V and V/Rb. La/Ce greater than 1 
indicates the contribution of fluid catalytic cracking (FCC) emissions from oil refinery [130], while the values between 0.4 and 0.6 
indicate contribution from the upper continental crust (UCC), mainly minerals, soils and uncontaminated rocks [131]. In the present 
study, the La/Ce ratio was <1(Fig. 4), indicating a source other than oil refinery. Throughout the sampling period, La/V ratio was 
<0.15, which suggested the contribution to be different from oil combustion [130]. The soluble fraction of Rb was attributed to BB 
[132,133], whereas insoluble fraction was attributed to sea-salt and soil dust resuspension [133]. Rb in ambient aerosols is an indicator 
of natural sources such as crustal minerals. 

4.6. Carbonaceous constituents and their climatic effects 

The OC and EC concentrations during 2019 (2020) ranged from 12.0 to 22.6 (3.9–44.8) μg/m3, and 1.9 to 4.1 (1.2–2.3) μg/m3, 

Fig. 4. Scatter plot between La/Ce and V/Rb and its association with crustal rocks. Upper crustal compositions (UCC): magenta triangle and MUQ is 
standard for unconsolidated argillaceous sedimentary rocks: red circle, heavy hydrocarbon combustion: orange diamond, fluid catalytic cracking 
units (FCC): gray down arrow, ceramic emissions: light gray square, Diwali week 2019: blue triangles and Diwali week 2020: cyan triangles [174, 
175]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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while on nights of Diwali, these were 22.6 (18.9) μg/m3, and 2.5 (1.5) μg/m3 respectively. During Diwali 2015, a study in Delhi 
observed an average concentration of OC and EC of 99.2 μg/m3 and 24.3 μg/m3, respectively [134] reported higher contribution of EC 
on Diwali night. These were several times higher than those over Hyderabad. On Diwali nights, the OC/EC for the sampling location 
was observed to be 10.2 (13.9) for 2019 (2020), while for Diwali week, its average values were 8.1 and 12.0 for 2019 and 2020, 
respectively. The concentration of OC predominated over EC in Hyderabad and the high OC/EC ratios, ranging from 5.7 to 12.3 
(2.9–21) for 2019 (2020), indicated contribution from secondary organic aerosols (SOA). In the peninsular India, OC/EC ratio is 
reported to be 5.7 and 5.0 for Coimbatore [100] and Thiruvananthapuram [135], respectively, owing to BB emissions and SOA for-
mation. For Hyderabad as well, it was observed to be the same. Coastal city of Chennai observed OC/EC of 1.5 [136], suggesting the 
dominance of biofuel/biomass burning during winter. These were formed due to chemical reactions involving VOCs and other pre-
cursor gases [38,137]. 

The average estimated POC and SOC for Diwali week were 7.9 ± 2.5 (4.2 ± 0.9) μg/m3 and 10.0 ± 5.4 μg/m3 (15.2 ± 9.5) μg/m3 

for 2019 (2020), while for Diwali night, the estimated SOC was 15.6 (14.7) μg/m3 for 2019 (2020). Higher fraction of SOC can be 
attributed to the co-existence of localized, long-range transport and festive event [138]. In comparison to 2020, high average POC and 
SOC concentrations were observed for 2019, which were also reflected in increased mass loading of PM10. The significant positive 
correlation for EC vs POC and SOC vs OC was 0.97; (P < 0.05) (Fig. S7), which suggested similar sources and formation mechanisms 
[87]. 

To determine the cooling and warming effects of combustion aerosols on the atmosphere, the effective carbon ratio (ECR = SOC/ 
(POC+EC)) is assessed [87,134]. Low ECR values point to the existence of carbonaceous aerosols that absorb light and the warming 
effect of combustion sources [87,134]. ECR ranged from 0.5 to 2.2 (1.1–6.7) for 2019 (2020) Diwali weeks. The high SOC and ECR at 
the sampling site implied a decrease in light-absorbing carbonaceous aerosols, which would have caused a cooling impact. Studies in 
Delhi during the post-monsoon also observed similar increase in SOC and ECR and therefore, revealed presence of light scattering 
aerosols causing cooling effect [25,139]. Urban cities such as Hyderabad and Delhi exhibit similar light scattering aerosols presence 
during post-monsoon period. Conversely, Pune [87], Mount Lu in south China [140], and five European cities [141] observed warming 
effect of aerosols. 

4.7. δ13C of carbonaceous aerosols (TC and EC) and associated transformation processes 

Both OC and EC are emitted from the incomplete combustion processes such as BB (crop residue, wood, and forest fires) and fossil 
fuels (petrol, diesel and coal) [142]. EC is as primary constituent, while OC can also form from secondary processes (aging and 
oxidation of different VOCs) [143]. OC and EC exhibit different δ13C signatures from the same combustion sources [63]. Due to the 
inert chemical nature of EC, it retains the source emission signatures [63,142,144], while the OC is affected by other sources and 
atmospheric processes [145]. δ13C of EC helps in distinguishing the combustion sources [142], while the δ13C of OC provides infor-
mation on the aging process and chemical transformation following emissions from a common source. 

δ13CTC of the aerosol samples from Hyderabad during Diwali weeks of 2019 and 2020 were in the range of − 26.7 to − 25.6; − 26.1 
± 0.5 ‰ and − 28.1 to − 25.9; − 26.8 ± 0.7‰, respectively (Table 2). The isotopic ratios closely resemble the diesel and C3 plant 
burning [32,36,146]. The average δ13CTC at the sampling site was slightly depleted by − 0.6 ‰ in 2020, compared to 2019. δ13CTC for 
firecrackers powder is reported to be − 21.5 ± 1.6 ‰ [147]. Generally, δ13C of C3 plants burning emissions range from − 30 to − 27 ‰, 
while the average δ13C of diesel burning emissions is − 26 ± 1 [32]. The forest fire derived airborne PM is in the range of − 27 to − 23 ‰ 
[36,146,148]. Studies at Sinhagad, west-India, observed δ13CTC and δ13CWSOC of − 22.5 ‰ and − 21‰ [34] for post-monsoon season, 
with annual average of − 22.57 ± 0.68 [64]. Urban Indian cities like Ahmedabad and Jodhpur showed the δ13CTC values during 
summer to be − 31 and − 29.6 ‰, which were attributed to SOA and primary biological aerosols [149]. In the urban environment of 
Hyderabad, δ13CTC during post-monsoon Diwali weeks samples were enriched compared to Ahmedabad and Jodhpur, suggesting 
meagre contribution from biogenic aerosols. Another study in the capital city of Delhi witnessed higher average PM concentrations 
compared to Hyderabad, along with the δ13CTC for Diwali night 2016 (a post-monsoon smog condition) of − 25.5 ‰ [147]. Here, the 
δ13CTC on the nights of Diwali were − 26.7 and − 27.0 ‰ for 2019 and 2020, respectively. Depletion of δ13CTC at the sampling site was 
observed during Diwali week, when compared to an urban environment like Delhi [147]. Although high TC was observed for Diwali 
night samples for both years at the sampling site, δ13CTC values did not show considerable change, indicating meagre influence of 
firecrackers. The sampling site was observed to be more influenced by fossil fuel combustion/BB, which produce high carbonaceous 
matter and VOCs [150]. There was in increase in toluene during Diwali week suggesting (Fig. S5), suggesting higher contribution of 
SOA [38], thus corroborating the significance of toluene in formation of SOA. 

Overall, the isotopic values in carbonaceous aerosols of ambient particulate matter between pre-Diwali and post-Diwali for both the 
years did not show any considerable difference. The ambient OC is not chemically stable [63], thus source apportionment is 
complicated by isotope fractionation, along with OC aging and biogenic SOA formation [137]. Fig. 3b shows the weak positive cor-
relation between TC and δ13CTC correlation (R2 = 0.25; P < 0.05), which suggests that the atmospheric state was not significantly 
different from the normal conditions. It further corroborates the inference that δ13C values during Diwali were mainly due to mixing of 
emissions from C3 plant burning and liquid fuel combustion, and is consistent with the previously documented work in Goa [32]. Air 
mass trajectories during sampling period, along with the FRP (Fig. S3) suggests north-westerly winds and increased biomass burning 
activity in the surrounding regions of Hyderabad. 

Combustion processes (coal combustion, BB and vehicular emission) and pyrolysis are primary sources of EC [63]. EC constitutes 
light absorbing aerosols [151]. Its inert nature helps in identifying the source composition [63]. For the present study, δ13CEC ranged 
from − 27.8 to − 26.1; − 27.2 ± 0.7 ‰ and − 29.0 to − 26.4; − 27.4 ± 0.7 ‰ for Diwali weeks of 2019 and 2020, respectively with no 
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considerable difference (Table 2). δ13CEC for Diwali night samples were − 27.8 and − 29.0 ‰ for 2019 and 2020 respectively, which 
were more depleted in δ13CEC as compared to pre- and post-Diwali samples. The standard deviation of δ13CEC for the sampling duration 
was 0.7 ‰ (1.0 ‰) for 2019 (2020) respectively, suggesting no considerable variation in sources during day and night time. 

To the best of authors knowledge, δ13CEC has not been reported in India. Apart from the present study, South Asian Pollution 
Experiment 2016 field campaign (SAPOEX-16) observed δ13CBC at Maldives (− 25.4 ± 0.2 ‰) and Bangladesh (− 27.6 ± 0.2 ‰) climate 
observatories, and suggested transport from IGP and Arabian sea, respectively, with influence of C3 coal, liquid fuel combustion [144]. 
A study over Xi’an, China from 2008 to 2009 showed the average annual δ13CEC of − 24.9 ± 1.1 ‰ (− 26.5 to − 22.8 ‰), while during 
autumn, it was − 25.1 ± 0.7 ‰ [145], suggesting major contribution from C3 plants, liquid fossil fuel and coal combustion. In C3 plant 
burning (woods) and traffic emissions, the δ13C for EC shows more depleted values compared to TC, while it was enriched for coal 
combustion [63]. The δ13C for EC for coal combustion is − 23.3 ‰ [146], which is highly enriched compared to present study. These 
indicate that overall emission during the sampling period for Hyderabad had no considerable influence of coal combustion. 

A weak positive correlation (R2 = 0.19; P < 0.05) between δ13CEC and δ13CTC was observed for 2020, while no significant cor-
relation was found for the same in 2019, a study in Japan suggested observed similar weak positive correlation suggesting different 
sources of emissions [146]. Similar was observed for estimated δ13COC. In general, δ13C of TC, EC and OC in different sources get 
depleted in similar order (C4 plants burning > coal combustion > traffic emissions > C3 plant burning) with small variation among 
them [63]. The slope values of Miller-Tans plot for TC, OC and EC were − 26.8, − 26.8 and − 25 ‰ (with R2 = 0.99; P < 0.05) for 2019, 
while these were − 26.2, − 26.2 and − 22.7 ‰ for 2020, respectively (Fig. 3c and f). The Miller-Tans analysis suggests the end members 
to be diesel and C3 plant burning for TC and OC; while for EC, the end members are C3 plant burning, liquid fuel and slight contribution 
from coal combustion. For both years Diwali weeks, TC was enriched in 13C compared to EC except for 2 samples of post-Diwali 2020. 
During post-Diwali 2020, high OC/EC ratio along with depleted δ13COC compared to δ13CEC, suggests the formation of secondary 
aerosols formation (SOA). Due to the surrounding flora around the sampling site, biogenic contribution was expected in the OC 
fraction, but the δ13C of TC and OC in the studied samples do not show influence of biogenic sources. In general, the sampling site 
observed enrichment of δ13C of OC compared to EC (δ13COC > δ13CEC), suggesting dominance of photochemical aging of aerosols 
during long range transport [37,38]. It is reported that South-Asian region exhibits the aging of OC from long range transport [142, 
152]. Similar was observed for Sinhagad, western India [34,64]. During pre-Diwali 2019 and post-Diwali 2020, OC is depleted 
compared to EC (δ13CEC > δ13COC), suggesting SOA formation. Increase in toluene concentration (Fig. S5) during Diwali week also 
suggests contribution of fresh SOA formation. As oxidants react with precursor 12C during SOA formation, 13C undergo depletion 
compared to precursors during photochemical oxidation [38,137]. 

4.8. Source apportionment of PM10 

The observed chemical concentrations (OC, EC, major ions, and trace metals and REE) were assessed for their sources using EPA- 
PMF and stable isotopic composition of TC and EC. A compilation of studies utilising the information of trace elements and major ions 
for the source apportionment of PM and identification of certain species as marker are presented in Table S2. 

4.8.1. Eight factored sources from EPA5.0 PMF model 

4.8.1.1. Factor-1: fireworks. There are specific markers, which originate from the firework emissions. Typically, sulphur is used as fuel 
in firecrackers [5,153], whereas K and perchlorate salts of Ba are used as oxidizers for rapid combustion [154]. Additionally, K is also 
present as KClO3 or KNO3. Pb is mainly employed as colouring agent in firecrackers [11,155]. The combustion of firecrackers also 
releases OC. 

In the PMF model for the present study, the percentage contribution of species sum (SS %) of Ba (80.45 %), K+ (16.3 %), Li (20.3 %), 
Sb (64.2 %) and Pb (49.2 %) have been considered for fireworks, and are assigned as Factor-1 (Fig. 5a). Total concentration of species 
(CS) of Factor-1 was observed to be 10 μg/m3 (9 %) (Fig. 6), whereas the total concentration of metals to the Factor-1 was 2.42 μg/m3. 
The % factor contribution of TM to the Factor-1 on Diwali night sample was 61.9 % (20 %) of 2019 (2020). The concentration of SO4

2− , 
Ba, OC, and K+ contributing to the total PM were 4.21 μg/m3, 1.72 μg/m3, 0.64 μg/m3 and 0.50 μg/m3. The percentage contribution of 
SO4

2− , Ba, OC, and K+ were 42.2, 17.25, 6.4 and 5% to the total PM. Therefore, K+, Ba, SO4
2− and OC were considered as tracers for 

Diwali fireworks. 

4.8.1.2. Factor-2: secondary aerosols (SA). Secondary aerosols are formed through chemical reactions in the atmosphere involving 
primary pollutants such as NOx, SO2 and OCs. These are mainly emitted from the industries and vehicles. In the present study, the total 
concentration of SA formation for the sampling duration was 11.94 μg/m3 (11 % of the total emissions) (Fig. 5), with the major 
contribution from OC (4.46 μg/m3) and ions (cations = 3.21 μg/m3, anions = 3.73 μg/m3). The % FT of OC, SO4

2− , NH4
+ and NO3

− were 
observed as 37.3 %, 25 %, 19 % and 16 %, while the SS % are 24.8 %, 19.77 %, 14.6 % and 58.6 % to the total PM, respectively 
(Fig. 5a). For pre-Diwali 2020, average SOC of 20.84 μg/m3 was observed and the SA formation was also noted to be high during the 
same period. Presence of high OC during pre-Diwali 2020 might have aided in the formation of secondary organic aerosol (SOAs). 

Fig. 5. (a) 8 factors were resolved by EPA5.0 PMF model analysis and were identified as fireworks, secondary aerosols formation, industrial and 
aged smoke, vehicular emission (brake linings, tire wear). (b) 8 factors were resolved by EPA5.0 PMF model analysis and were identified as crustal 
rock dusts, solid fuel/coal combustion, residue and waste burning processes, marine/road side dust. 

P. Attri et al.                                                                                                                                                                                                            



Heliyon 10 (2024) e26746

14

Fig. 5. (continued). 
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Secondary aerosol formation is a complex process involving the transformation of these pollutants into solid or liquid particles in the 
atmosphere. Here, the presence of NO3

− and NH4
+ might have assisted the formation of HNO3 and ((NH4)2NO3). These compounds are 

important constituents of SA [156]. 

4.8.1.3. Factor-3: industrial emissions with aged smoke. The contribution of Factor-3 to the overall emission was 8.71 μg/m3 (8.2 %) 
(Fig. 5). Major contributors were the total metals (2.30 μg/m3) and ions (cations = 2.63 μg/m3, anions = 2.83 μg/m3) to it. Chemical 
species contributing in terms of % FT were OC (10.44 %), SO4

2− (32.43 %), K+ (12.30 %), Mn (3.03 %), Ti (6.74 %), Fe (3.31 %), Zn 
(3.44 %), Zr (2.98 %), Mo (3.7 %), while in terms of SS%, these were K+ (35.38 %), SO4

2− (18.6 %), Li (31 %), Ti (27.2 %), Mn (25.24 
%), Fe (28.53 %), Co (30.7 %), Ni (34.2 %), Zn (26.8 %), Zr (41.3 %), Mo (35.2 %) (Fig. 5a). Several studies have identified Zn, As, K+, 
V as markers to emission from iron and steel industries [157]. Emissions of Zn, Mn and Cu are from non-ferrous sources [158,159], 
while V, Br are sourced from textile and S, Cu, Ni and V are from oil refinery [158]. Cr is contributed from electroplating and Cd from 
smelting industries. 

A relationship between K+ and SO4
2− (Fig. S8) is utilized as a marker for the formation of aged smoke [160]. The present study found 

a positive correlation between K+ and SO4
2− (R2 = 0.78; P < 0.05) (Figs. S7 and S8). High FRP (Fig. S3) and airmass transported to the 

sampling location suggests the persistent atmospheric BB and fossil fuels constituents, leading to the formation of aged smoke. Due to 
the presence of tracers from industries and strong K+ vs SO4

2− correlations, Factor-3 was identified as industrial emission with aged 
smoke. The relationship of K+ and SO4

2− could lead to the formation of K2SO4 and its long-range transport was responsible for the 
contribution of aged smoke [160,161]. 

4.8.1.4. Factor-4: vehicular emissions (brake linings and tire wear). The total concentration of Factor-4 to the overall contribution was 
7.75 μg/m3 (7.3 %) (Fig. 5). The concentration of cations (anions) and total metals were 3.51 μg/m3 (1.88 μg/m3) and 2.12 μg/m3, 
along with OC of 0.24 μg/m3. The % FT for Cl− , Na+, Mg2+, Ti, Cr, Zn and OC were 24.29 %, 26.06 %, 11.5 %, 9.85 %, 5.20 %, 4.25 % 
and 3.04 %, hence, they were considered as tracers for this factor (Fig. 5a). Ni–Cr are associated with the emission from vehicular Ni–Cr 
based catalytic convertor [158]. Cr, Zn and Ti are emitted from brake, tire and engine wear [162]. Ca and Cl are used in lubricant oil in 
vehicles and diesel vehicles [163,164]. The presence of Mg2+ could be due to its presence in liquid fuel [165]. 

4.8.1.5. Factor-5: diesel emissions. The total contribution of Factor-5 to the total PM was 5 μg/m3 (4.7 %). The contribution from 
cations, anions and total metals to the total PM were 50 % (2.5 μg/m3), 10% (0.5 μg/m3) and 29.5 % (1.47 μg/m3) for this factor. The 
contribution of Na+, NH4

+ and OC were 5.5, 20 and 8.2% (Fig. 5b). The concentration of NH4
+ dominate for this factor, followed by Pb. 

In the urban environment of Raipur, Chhattisgarh, NH4
+, Pb and OC originated from three-wheeler vehicle (diesel) [166]. A study 

suggested reactive uptake of NH3 in the formation of SOA [167]. Due to the presence of NH4
+, Pb and OC, the factor can be considered 

as contribution from diesel emissions. 

4.8.1.6. Factor-6: solid fuel/coal combustion. The contribution of this factor to the total concentration of PM was 2.95 μg/m3 (2.8 %), 
and was lowest for both Diwali periods of 2019 and 2020. The % SS of Se and As were 90 % and 35.1 %, respectively along with V and 
Cr of 30.4 % and 34.5 %. The % FT were 22.6 % for OC, 14.58 % for SO4

2− and 7.45 % for Cr to the total factor contribution (Fig. 5b). 
For this study, Se and As were considered as important tracers for coal combustion [168,169]. 

4.8.1.7. Factor-7: residue/waste burning processes. The contribution of this factor to the total concentration was 32.81 μg/m3 (31 %), 
which was highest among all factors. The % SS of OC, EC, K+, Ca2+, Na+ and Cl− were 29.89 %, 20.28 %, 30.5 %, 22.25 %, 26.79 % and 
39 %, respectively, while the % FT of OC, Cl, SO4

2− and NO3
− were 16.36 %, 23.1 %, 13.32 % and 12.3 % (Fig. 5b). For this study, NO3

− , 
OC, K+, Cl− and Zr are considered as markers to BB and residue burning [112]. Cl− is mainly observed in BB plumes. High NO3

− (SS % of 
81.04 %) and Ba (SS % of 19.55 %), on Diwali night and the following night were mainly emitted from fireworks. Presence of high NO3

−

supports the availability of NOx, which could be formed from OH◦ and O3 [170]. Night of Diwali and its following night contribute to 
about 30 % of the total biomass burning emission. A combined effect of both fireworks and BB/residue burning was observed during 

Fig. 6. Percentage contribution of different factors obtained from EPA-PMF model in the total PM10 concentration.  
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the sampling period for Hyderabad. A study over Delhi also observed effects of firework and transported crop residue burning emission 
[29,30]. Diwali night-time samples exhibited increased concentration of Factor-7 (residue and waste burning processes) for both 2019 
and 2020 and corroborate the same for Factor-1, classified as fireworks. The increase in residue and waste burning processes could be 
due to burning of firecracker chemicals and its make-up/raw materials. 

4.8.1.8. Factor-8: marine/roadside dust. The total contribution of this factor to the overall emission was 27.14 μg/m3 (25.5 %) (Fig. 5). 
Contribution from major ions was 12.06 μg/m3 (cations) and 9.73 μg/m3 (anions), along with 0.24 μg/m3 of TM and 4.22 μg/m3 of OC. 
The % SS for Na+, Cl− , Ca2+, OC and EC were 46 %, 48.3 %, 39 %, 23.5 % and 48 %, while the % FT of OC, Na+, Cl− and Ca2+ were 15.6 
%, 35.6 %, 34.6 % and 7 %, respectively (Fig. 5b). Na+, Cl− , Ca2+, OC and EC were considered as tracers for Factor-8. The presence of 
high concentrations of Na+, Ca2+ and Cl− is largely due to presence of salts [125]. The contributions of Na+ and Cl− to the total 
concentration of this factor were 9.74 μg/m3 (35.9 %) and 9.38 μg/m3 (34.6 %). The source for Ca2+ is soil dust [171]. Relatively 
higher moisture laden environment during Diwali period of 2019 affected the solubility and chemical reactivity of the particulates 
[172]. EC accumulates hygroscopic particles on its surface [173]. OC and aged EC during humid condition of 2019 may have aided in 
hygroscopic growth of particles, leading to the solubility of Ca2+, Cl− and Na+ in the aerosols, compared to 2020, which was less 
humid. 

According to EPA-PMF model, the source apportionment of aerosols suggested the highest contribution from BB/residue burning 
(35.2 μg/m3), followed by marine/dust soil (27.1 μg/m3). A combined effect of both fireworks and BB/residue burning was observed 
during the sampling period. The least contribution was observed for coal combustion during the sampling period, which was Se rich 
source, along with contribution from As, V, Cr. Total metallic contribution of 29 % was observed from fireworks. High crustal dust and 
vehicular emissions (brake linings, tire wear) were observed for pre-Diwali samples (Table S3), contributing about 44 % and 43 % to 
their respective sources. 

5. Conclusion 

This study investigated the chemical compositions of carbonaceous (OC and EC) and inorganic (REE, trace metals and major ions) 
constituents of aerosols, along with the isotopic composition of TC and EC fractions in PM10 samples collected during Diwali weeks of 
2019 and 2020 in Hyderabad, Southern India. The results indicate increased concentration of the organic and inorganic constituents of 
PM10 during the night of Diwali for both the years. Contribution of secondary WSIIs (NH4

+, NO3
− and SO4

2− ), along with moisture 
availability during Diwali weeks suggested presence of deliquescent salts like NaCl, NH4NO3 and (NH4)2SO4. K+/Na+ of 0.99 (0.74) 
and K+

nss/OC of 1.37 (0.79) during the night of Diwali for 2019 (2020), respectively can be considered as an indicator for fireworks. 
Significant increase in metallic tracers (Ba, Pb, Sb, Sr and Fe) were observed during the nights of Diwali for both years. EPA-PMF model 
identified 8 different sources of aerosols, wherein BB/residue burning and fireworks contributed about 35.2 and 9.98 μg/m3 during the 
Diwali weeks. Presence of K2SO4 suggested long-range transport of aged smoke. Isotopic composition of TC (δ13CTC) did not show 
considerable influence of firecrackers, instead, it reflected the signature from emissions of diesel and C3 plant burnings. Air-mass back 
trajectories along with the fire count (FRP) corroborated the long-range transport of BB/CRB emission to the sampling site. For most 
samples, δ13COC > δ13CEC indicated photochemical aging of aerosols during long-range transport. For pre-Diwali 2019 and post-Diwali 
2020, δ13CEC > δ13COC, along with high OC/EC ratio and toluene suggested fresh SOA formation. Miller-Tans analyses suggested end- 
members for TC, OC to be diesel and C3 plant burning, while for EC, these were C3 plant burning, liquid fuel and coal combustion. Since 
studies in tropical region predominately utilise δ13C of TC to apportion the sources, future research can utilise the δ13C of EC to define 
the sources of carbonaceous aerosols. Additionally, investigations on the effect of fireworks on atmospheric boundary layer can 
provide useful insights into atmospheric stability. 
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