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Abstract
While characteristics, sources, and formation process of PM2.5 have been widely reported, only a few studies discussed 
PM2.5 in the Indian subcontinent, specifically in a densely populated city, like Patna. In this study, we investigated the 
chemical composition and source of PM2.5 in the central Indo-Gangetic Plain of India (Patna), during January–December, 
2018. Principal component analysis (PCA) and air mass back trajectory were performed to mark the sources of PM2.5. The 
result showed that the average annual PM2.5 level in Patna (172 µg/m3) was about 4 times greater than the annual limit 
(40 µg/m3) set by national ambient air quality standard of India, indicating the dangerous level. Overall, the highest level 
of water-soluble inorganic ions (ΣWSIIs) was measured in winter, followed by autumn, and ranged from 2 to 60 µg/m3 
(median 16 µg/m3) and 3 to 47 µg/m3 (median 14 µg/m3), respectively. NH4

+, SO4
2−, and NO3

− were the most abundant 
ions in PM2.5 and accounted for 38–51%, 21–28%, and 8–20% of ΣWSIIs, respectively. The PCA analysis indicated primary 
emission from mixed source (street dust, coal combustion, biomass burning, vehicular emission, and industrial emissions) 
and secondary formation from coal combustion are the essential source of air pollution in Patna. The air mass back trajec-
tory analysis revealed that most of the air mass at Patna arrives mainly from westerly/northwesterly direction originating 
from Pakistan and Afghanistan in winter/autumn, while westerly/southwesterly winds originating from Arabian Sea and 
crossing through Bay of Bengal impacted air quality in summer/rainy season.
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1  Introduction

PM2.5, also known as fine particulate matter, is com-
monly characterized as the particles with an aerody-
namic diameter ≤ 2.5 μm. PM2.5 is the main component of 
haze pollution worldwide [1, 2]. It is an important class 
of atmospheric pollutant and can cause various antago-
nistic effects on human well-being, reduces atmospheric 
visibility, and global climate [3, 4]. Rapid urbanization 

and industrialization have intensified PM2.5 pollution and 
environmental risk especially in developing countries such 
as China and India [5–9]. PM2.5 comprises primary as well 
as secondary particles. The primary particles are emitted 
legitimately from a source, for example, soil dust from 
fields, highway and construction sites, biological emis-
sions from fires, and sea salt from the ocean. In contrast, 
the secondary particles are formed through complicated 
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reactions of the atmospheric gases, such as SO2, NOx, and 
NH3 transmitted from different primary sources [2, 10].

The man-made PM2.5 is an amalgam of different con-
stituents, such as metals, organic/elemental carbon com-
pounds, nitrates, and sulfate. In these parts, water-soluble 
inorganic ions (WSIIs), for example, sulfate, nitrate, and 
ammonium are the significant constituents and accounted 
for more than 70% of the total PM2.5 mass [2, 6]. WSII in 
PM2.5 can significantly influence the hygroscopic behavior 
[6, 11] and acidic properties of PM2.5 [12]. Moreover, it plays 
an essential role in reduction in atmospheric visibility [1] 
and accelerating the formation of PM2.5 [13]. For example, 
sulfate and nitrate in PM2.5 can significantly reduce the 
light scattering potential of PM2.5 [14]. Along these lines, 
it is essential to examine the characteristics of PM2.5 with 
respect to WSIIs in order to understand the sources, behav-
iors, and development mechanism of PM2.5 [15]. Recently, 
PM2.5 has been received worldwide attention due to its 
immediate and roundabout effects on global air quality 
and climate visibility [1, 4], radiative balance [12, 16], and 
nutrient deposition [10]. Hence, to address these effects, 
chemical characterization, source/sinks apportionment, 
the formation mechanism of PM2.5 should be compre-
hended at the local, regional, and global level [17–19]. 
Extensive chemical monitoring combined with air mass 
trajectory models (such as concentration-based trajec-
tory) and receptor models (such as principal component 
analysis) are some of the commonly used approaches for 
evaluating the location and types of PM2.5 pollution at the 
receptor site [20, 21].

Patna is one of the most densely populated cities of 
India with a total population of about 1.69 million, situ-
ated on the southern bank of river Ganges in the central 
Indo-Gangetic plain (IGP) of India. It is one of the highly 
populated and polluted river basins in the world. The cli-
mate of Patna is of humid subtropical type and is classified 
as “Cwa (monsoon-influenced humid subtropical climate)” 
as per Koppen’s climate classification. The hot season starts 
from early May to June, while early July to September is 
monsoon season in Patna. November to February is con-
sidered a chilly winter period, with the temperature reach-
ing as low as 0 °C. The highest temperature during sum-
mer may reach up to 47 °C. Vehicular pollutions, industrial 
emissions, and construction activities are believed to be 
the primary sources of respirable suspended particulate 
matter in Patna [22]. In 2014, Patna was listed as the sec-
ond most air polluted city in India, only after New Delhi 
by World Health Organization [23]. While the different 
constituents of PM2.5 and their sources of emission have 
been investigated worldwide [17, 24–32], such studies 
are yet limited in India, more specifically in the case of 
Patna. Recently, few studies reported the concentration 
of trace gases and carbonaceous component in particulate 

fractions from Patna [22, 33, 34]. However, the composition 
of PM2.5, especially WSIIs and their sources, remains defi-
cient. This study aims to characterize the chemical compo-
sition and sources of PM2.5 pollutions on a seasonal basis. 
This paper is the extended version of a conference paper 
first presented at the International Conference on Air Qual-
ity, Health, and Atmosphere held in London, the UK during 
January 20–21, 2020 [34]. The outcome of the study will 
provide an insight into the characteristics, sources, and 
environmental effects of PM2.5 in Patna City of India.

2 � Materials and methods

2.1 � Study site and sampling

PM2.5 samples were collected at Patel Nagar, located in the 
central part of Patna City. The Patel Nagar was chosen as 
sampling site for measuring PM2.5 because it is a good rep-
resentative of the urban environment, but free from direct 
source points such as high traffic area, Bus Park, or railway 
station. The Patel Nagar is located at 25.6216°N 85.0993°E 
(Fig. 1). PM2.5 samples were collected using high-volume 
sampler (HVS) (Model APM 550 M, Envirotech Pvt. Ltd.) 
installed on the rooftop of a residential building (about 
10 m above the ground level). The sampling strategy was 
explained to the house owner, and his/her consent was 
obtained prior to installation of HVS on rooftop of the 
building. A total of 120 PM2.5 samples were collected on 
quartz fiber filter (QFF) (diameter 47 mm) during January 
to December 2018 representing four seasons, i.e., winter 
(December through February), summer (March through 
May), rainy (June through September), and autumn (Octo-
ber through November). The individual QFF was exposed 
for 3 days (72 h) with an average flow rate of 1 m3/h. Before 
sampling, the QFF was pre-baked at 350–400 °C for 6 h 
in an oven to avoid contamination. The mass of PM2.5 
was analyzed gravimetrically. The initial (before exposed) 
and final (after exposed) weights of QFFs were taken at 
least three times at room temperature using a microelec-
tronic balance with an accuracy of ± 1 µg. Additionally, 
field blank samples were collected to assess the possible 
cross-contamination during the sampling. The QFF filter 
was wrapped in aluminum foil, sealed in zipper plastic 
bags, and stored at − 20 °C in a refrigerator until chemical 
analysis.

2.2 � Chemical analysis of PM2.5

A part of QFF was used for the analysis of WSIIs follow-
ing a standard protocol discussed previously [34–36]. 
Briefly, a portion (2.8 cm2) of QFF was cut and extracted in 
a sonicator for 1 h using 50 mL of Milli-Q water (resistivity 
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> 18.2 MΩ). The extracted samples were centrifuged and 
filtered using a syringe filter of 0.2 µm. The filtered sample 
was stored in a refrigerator until chemical analysis. The 
target cations (Ca2+, Mg2+, Na+, K+, NH4

+) and anions (Cl−, 
SO4

2−, NO3
−) components of PM2.5 were analyzed by ion 

chromatography (Metrohm make, Model 881 compact IC). 

The two different columns (metro SepA Supp 5–250 mm 
and metro Sep C 4–150 mm for cations and anions, respec-
tively) were used to separate cations and anions. Seven 
blank filters were also tested for cation and anions content 
as part of QA/QC. The new filters were wrapped in alu-
minum foil and taken to sampling sites keeping in a plastic 

Fig. 1   Map of India showing study site
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zipper bag. Later, they were returned with original samples 
and transported to the laboratory for chemical analysis. 
The concentration of cation and anions in blank samples 
varied from 0.04 to 0.64 µg/m3 and 0.05 to 0.19 µg/m3, 
respectively. The method detection limit (MDL) was esti-
mated as three times a standard deviation plus mean of all 
blanks. In the case of non-detection of the species in the 
blank, MDL was determined as three times the standard 
deviation of the lowest spiked standard. The MDL ranged 
from 0.10 to 0.87 µg/m3 for anions and 0.11 to 1.90 µg/m3 
for cations, respectively.

3 � Results and discussion

3.1 � Seasonal variation of PM2.5

The annual statistical summary of PM2.5, along with the 
past studies reported in other Indian cities, is given in 
Table  1. Meteorological data were obtained from the 
Indian Meteorological Department, Government of India 
(Table S1). In this study, the highest concentration of PM2.5 
occurred in autumn and winter and ranged from 180 to 
634  µg/m3 (median 350  µg/m3) and 52 to 368  µg/m3 
(median 135 µg/m3), respectively (Fig. 2). Relatively, low 
concentration of PM2.5 was measured in summer and rainy 
seasons and ranged from 45 to 487 µg/m3 (median 112 µg/
m3) and 34 to 214 µg/m3 (median 91 µg/m3), respectively. 
The highest concentration of PM2.5 in autumn is likely due 
to biomass burning and dispersion of pollutants due to the 
low boundary layer height (BLH) [37]. The post-monsoon 
biomass burning activities in the Indian states of Punjab 
and Haryana could be the possible reason for dramatic 
increase in PM2.5. It is estimated that about 70–80 million 
tons of rice stubble is burnt in an open field [38, 39]. Also, 
the meteorology, over the Indian subcontinent, mostly 
favors the transport of emissions eastward along the Him-
alayas [40]. A sudden peak of PM2.5 has been also reported 
previously during October–November [40–43]. A relatively 
low level of PM2.5 in summer and rainy seasons could be 
because of little wind and lower mixing height leading 

to better dispersion and deposition. The strong wind 
in summer and frequent rainfall in Rainy seasons could 
equally contribute to a low concentration of PM2.5. The 
annual average PM2.5 concentration measured in this study 
was about 4–5 times greater than the annual PM2.5 limit 
(40 µg/m3) set by the national ambient air quality stand-
ard (NAAQS) of India [44]. Moreover, this level is about 11 
and 9 times higher than the PM2.5 limit of USEPA (15 µg/
m3) [45] and the European Union (20 µg/m3), respectively 
[46]. This indicates that the PM2.5 pollutions at Patna are 
dangerous and need appropriate control measures to 
avoid human health risk. The PM2.5 concentration in this 
study was compared to past studies from India and abroad 
(Table 1). The annual average of PM2.5 in this study is con-
sistent with past studies from Delhi [47] in India, Chengdu 
[48], and Beijing [49] in China. A highest monthly average 
PM2.5 concentration was measured in November (Fig. 2). 
Also, the winter PM2.5 concentrations in this study were 
higher than many urban areas in India (Table 1), such as 
Kanpur [43], Lucknow [50], and Agra [51] but several folds 
higher than Varanasi [52], Kolkata [53], and New Delhi [54].

3.2 � Seasonal variation of WSIIs

In this study, the seasonal variation of WSIIs in PM2.5 is 
illustrated in Table S2 and Fig. 3. The sum of ΣWSIIs (Na+, 
K+, Ca2+, Mg2+, NH4

+, Cl−, SO4
2−, and NO3

−) accounted for 
about 11–30% of the total particle mass concentration. 
Overall, the highest level of ΣWSIIs was detected in win-
ter, followed by autumn, and ranged from 2 to 60 µg/m3 
(median 16 µg/m3) and 3 to 47 µg/m3 (median 14 µg/m3), 
respectively. The profile of the WSIIs depicted in Fig. 4 
showed that NH4

+, SO4
2−, and NO3

− were the predominant 
ions in Patna and accounted for 38–51%, 21–28%, and 
8–20% of ΣWSIIs, respectively. This finding is consistent 
with the previous study from Beijing, China [56]. The con-
centrations of NH4

+ in PM2.5 in this study ranged from 0.6 
to 16 µg/m3 (median 6.3 µg/m3), 0.3 to 21 µg/m3 (median 
4.3 µg/m3) nd–14 µg/m3 (median 1.6 µg/m3), and 0.3 to 
17 µg/m3 (median 7.3 µg/m3) for winter, summer, rainy, 
and autumn, respectively. The NH4

+ concentration in PM2.5 

Table 1   Comparison 
of seasonal concentration of 
PM2.5 (µg/m3) in Patna and 
other Indian cities

Location Year Winter Summer Rainy Autumn Reference

New Delhi 2007 100–500 – 20–180 – [54]
Kolkata 2013–2014 313 – – – [53]
Varanasi 2014–2017 230 103.2 49.12 – [52]
Lucknow 2005 132 – – – [50]
Agra 2006 – 28.6–73.5 – – [55]
Kanpur 2008–2009 127 – – 189 [43]
Patna 2015 68.9 64.65 38.73 40.3 [22]
Patna 2018 182 145 101 356 This study
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in this study is comparable with past studies from western 
India (0.8–16.8 µg/m3) [57], Delhi (2.49–19.23 µg/m3) [58]. 
The elevated level of NH4

+ in autumn and winter seasons 
could be possibly due to high relative humidity (RH) in 
the air, thereby favoring the conversion of NH3

+ to NH4
+ 

[59]. The application of fertilizer in the agricultural farm 
could also lead to a high level of NH4

+. The high ambient 
temperature may also speed the volatilization of NH3

+ [60, 
61]. Furthermore, the death and decay of plants and other 
organic materials can significantly influence the concen-
tration of NH4

+ during wet conditions. It is opined that 
about half of the global emission of NH4

+ comes from the 
Asia region [62]. The secondary pollutants, for instance, 
NO3

− and SO4
2− were the second most abundant chemi-

cals measured in PM2.5 after NH4
+. The SO4

2− concentration 

ranged from 0.6 to 12 µg/m3 (median 3.73 µg/m3), 0.14 
to 10.3 µg/m3 (median 2.98 µg/m3), 0.24 to 4.72 µg/m3 
(median 0.72 µg/m3), and 0.66 to 5.66 µg/m3 (median 
2.92 µg/m3) in winter, summer, rainy, and autumn, respec-
tively. In this study, the SO4

2−concentration was much 
lower than those reported in Kanpur (17 µg/m3) [63], Delhi 
(7.11–19.01 µg/m3) [58], Andhra Pradesh (19.76 µg/m3) of 
India [64], however, comparable with other global studies 
(Table S3). The NO3

− concentration in winter, summer, rainy 
and autumn ranged from non-detectable (nd)–19.3 µg/
m3 (median 5.21 µg/m3), nd–11.7 µg/m3 (1.56 µg/m3), 
nd–2.63 µg/m3 (median 0.82 µg/m3), and 0.67–3.72 µg/
m3 (median 1.19 µg/m3), respectively. This level of NO3

− in 
this study is about 3–5 times lower than those reported in 
Delhi, India (2.60–18.94 µg/m3), and Kanpur, India (21 µg/

Fig. 2   Box and whiskers plot showing seasonal and monthly concentration of PM2.5 in Patna
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Fig. 3   Box and whiskers plot showing the seasonal (a) and monthly (b, c) variation of water-soluble inorganic ions (WSIIs)
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m3) [58, 63], but, several folds higher than those reported 
in Mumbai, India (0.97 µg/m3), Pune (1.06 µg/m3), and 
Mangalore (0.16 µg/m3) [65–67]. These secondary pollut-
ants are believed to release in the atmosphere from the 

oxides of sulfur and nitrogen through chemical reaction 
[68]. The SO4

2− concentration was more dominant in PM2.5 
than NO3

−. This finding is consistent with the previous 
study [64].

Fig. 4   % relative abundance of individual water-soluble ions to total WSIIs in Patna
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3.3 � Aerosol acidity in the atmosphere

The cation and anion concentrations in ambient air are 
significantly influenced by natural and anthropogenic 
sources, such as marine saltwater [69]. In this study, the 
non-sea salt (nss-Ca2+, nss-K+, and nss-SO4

2−) was esti-
mated for four different seasons to check the aerosol 
acidity. The non-sea salt result was obtained using equa-
tion [1] given below. The reference seawater value (K+/
Na+: 0.0370), (Ca2+/Na+:0.0382), and (SO4

2−/Na+: 0.251) 
was obtained from the literature [70].

Result showed greatest contribution of non-
sea salt ions (Ca2+ (52.7 ± 92.9  meq/m3), nss-K+ 
(129.9 ± 225.3 meq/m3), and nss-SO4

2− (29.9 ± 50.4 meq/
m3)) in winter nss—followed by rainy season [nss-Ca2+ 
(10.8 ± 32.5 meq/m3), nss-K+ (17.9 ± 38.8 meq/m3), and 
nss-SO4

2− (22.2 ± 53.33 meq/m3)] (Fig. S1). The non-sea 
salt ions during summer and autumn seasons were 
nss-Ca2+ (1.7 ± 3.1  meq/m3), nss-K+ (6.2 ± 10.3  meq/
m3), and nss-SO4

2− (3.4 ± 7.0  meq/m3) and nss-Ca2+ 
(7.8 ± 13.3 meq/m3), nss-K+ (11.2 ± 10.9 meq/m3), and 
nss-SO4

2− (4.5 ± 5.7 meq/m3), respectively.

(1)nss-X = (X)aerosol∕
(

X∕Na+
)

seawater × (Na+) aerosol.

The presence of anion species (SO4
2− and NO3

−) in aer-
osol can cause acidity in atmosphere. These secondary 
pollutants are the oxidation product of SO2 and NOx, and 
their acidity property is neutralized by cation species (Ca2+, 
Mg2+, K+, and NH4

+) [71]. The equivalent concentration of 
water-soluble cation and anions is a significant indicator 
to reveal the acidity of the environment. In this study, the 
equivalent concentration of selected major cations (K+, 
Ca2+, and NH4

+) and anions (SO4
2−, NO3

−) was estimated 
by dividing the level of ion chosen with their respective 
equivalent weight. A regression analysis was conducted 
to check the significant linkage between the acidity and 
alkalinity ions. The cation and anions showed consider-
able correlation to each other in winter (r2= 0.79) and rainy 
seasons (r2= 0.64) (Fig. 5). This indicates the dominance 
of acidic component in winter and rainy seasons. In this 
study, the dominance of acidic component in PM2.5 could 
be due to relatively high SO4 and NO3 content in winter 
than other season leading to formation of organosulfate 
and nitrate (Table S2). In rainy, the formation of particulate 
sulfate and nitrate is intensified by atmospheric oxidant 
and water vapor (NFRAQS, 1998). NOx and SOx must be 
converted to nitric acid and sulfuric acid prior to reaction 
with other chemicals to form PM2.5. Ammonia plays a key 
role in neutralizing the acidity of aerosols in atmosphere 

Fig. 5   Regression plots of total acidic ions versus alkali ions in terms of equivalent concentration at Patna
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[72]. In this study, the proportion of NH4 + was less in rainy 
and winter seasons to neutralize the acidity of PM2.5. 
Likewise, cations and anions were positively correlated 
with each other in summer (r2= 0.48). However, these ions 
were poorly connected in autumn (r2= 0.08). A substantial 
increase in contribution of alkaline dust in summer can 
result in significant decrease in acidity of PM2.5 [73].

4 � Source assessment

Three different independent approaches (e.g., correlation 
coefficient, principal component analysis, and air mass 
back trajectory analysis) were tested using the PM2.5 data 
set in order to apportion the sources of PM2.5 pollution 
in Patna, India. The results of these tests are summarized 
below.

4.1 � Pearson’s correlation analysis

The interrelationship among WSIIs constituents of PM2.5 
was tested using the SPSS software 21 version. The 
strongly correlated WSIIs suggest identical source of 
emission, while poorly correlated WSIIs specify different 
sources.

The result showed that the majority of WSIIs was posi-
tively linked to each other. The K+ and SO4

2− were posi-
tively linked to each other (R = 0.549, P < 0.05) indicating 
similar anthropogenic source, possible from biomass burn-
ing (Table S4). Similarly, NH4

+ and K+ showed significant 
correlation (R = 0.484, P < 0.05), indicating emission from 
wood-burning activities [74, 75] because K+ mainly emitted 
from wood-burning due to cooking or heating purposes. 
The Ca2+ and Mg2+ were positively correlated (R = 0.586, 
P < 0.05) suggesting their emission from natural soil dust A 
moderately correlated NO3

− and SO4
2− (R = 0.420, P < 0.05) 

indicated their similar sources from coal combustion. The 

ratios of NO3
−/SO4

2− are commonly used to indicate the 
sources of these two ionic species. NO3

−/SO4
2− ratios > 1 

indicate the greater contribution of NO3
− through mobile 

or vehicular emission, while NO3
−/SO4

2− ratio < 1 suggests 
ample contribution of SO4

2− from industrial activity [76]. 
In this study, the NO3

−/SO4
2− ratios ranged from 0 to 7.5 

(1.2 ± 1.8) in rainy season, indicating mixture of mobile 
source and industrial emission. The NO3

−/SO4
2− ratios in 

summer ranged from 0 to 70.5 (4.3 ± 15.6), autumn 0 to 4.2 
(0.7 ± 1.4), and winter 0.3 to 1.33 (0.82 ± 0.42), respectively.

4.2 � Principal component analysis (PCA)

The principal component analysis (PCA) was performed on 
the WSIIs data set separately in each season to investigate 
the sources of WSIIs (Table 2). In winter, a total of four prin-
cipal components (PC) were extracted with an eigenvalue 
greater than 1 and a cumulative variance of 74.99%. PC 1 
accounted for 30.44% of the variation in WSIIs data was 
positively loaded with Na+, K+, Mg2+, and NH4

+. K+ is also 
an indicator of biomass burning. PC 2 comprised 16.92% 
of the variance in data and was highly loaded with and 
Ca2+ and NO3

−. High loadings of Ca2+, Mg 2+, and Na+ are 
identified as the dust source and can generally originate 
from multiple sources such as tire and brake lining wear, 
automobile exhaust, surface weathering of the street, gar-
den soil, and debris of leaf [77]. PC 3 contained 14.67% 
of the variation in WSIIs data and was positively loaded 
with SO4

2− (0.638). The SO4
2− is formed via the oxidation of 

SO2, which is produced primarily by coal combustion and 
some biomass burning [78], while NO3

− generally origi-
nates from the oxidation of NOx, which is derived primarily 
from vehicle exhaust [79]. PC 4 accounted for 12.94% of 
data variance and was negatively loaded with Cl−. Hence, 
this factor is a mixed source.

In summer, three PC were extracted with an eigenvalue 
greater than 1, with a cumulative variance of 71.04%. 

Table 2   Principal component analysis (PCA) of WSIIs in PM2.5 from Patna

WSIIs Winter Summer Rainy Autumn

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC3

Na+ 0.688 − 0.167 − 0.532 0.291 0.867 0.174 − 0.015 − 0.279 − 0.343 − 0.330 0.834 0.142
K+ 0.822 − 0.038 0.184 − 0.171 0.425 0.324 − 0.128 0.157 0.254 0.794 0.084 0.891
Ca2+ − 0.335 0.649 − 0.217 − 0.170 0.198 − 0.177 0.814 0.882 − 0.045 0.027 0.316 − 0.754
Mg2+ 0.602 0.377 − 0.482 0.323 − 0.106 0.366 0.555 0.846 − 0.154 0.227 0.959 − 0.122
Cl− 0.395 0.438 − 0.075 − 0.624 − 0.595 0.712 − 0.008 0.700 0.530 − 0.284 0.919 − 0.122
SO4

2− 0.427 0.154 0.638 0.447 0.846 0.294 0.266 − 0.250 0.766 0.110 0.124 0.859
NO3

− − 0.360 0.695 0.112 0.406 − 0.298 0.808 − 0.023 0.525 0.427 − 0.434 0.892 0.311
NH4

+ 0.586 0.251 0.391 − 0.186 0.888 0.225 − 0.307 − 0.549 0.674 − 0.040 − 0.114 0.962
Eigen value 2.435 1.354 1.174 1.035 2.929 1.598 1.154 2.726 1.711 1.074 3.390 3.174
Variance (%) 30.444 16.925 14.679 12.944 36.611 19.973 14.423 34.074 21.393 13.421 42.371 39.674
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PC 1 accounted for 36.61% and was highly loaded with 
Na+, SO4

2−, NH4
+, and Cl−. A high contribution of SO4

2−, 
NH4

+, Cl−, and Na+ is identified as secondary sulfate. High 
SO4

2− and NH4
+ are also released from an industrial source, 

such as brick kiln [22, 80, 81]. PC 2 explored 19.97% of 
the total variance in data and was positively loaded with 
Cl− and NO3

−. Cl− is believed to be associated with multiple 
sources such as coal burning, biomass burning, and sea 
salts [82]. PC 3 explained 14.42% data variation and was 
highly loaded with Ca2+ and Mg2+. In rainy season, a total 
of three PC were extracted with an eigenvalue greater than 
1 with the cumulative variance of 68.88%. PC 1 contained 
34.07% of the total variance and was loaded with Ca2+, 
Mg2+ Cl−, and NO3

−. The dominance of Cl− and NO3
− is an 

indication of secondary formation. The reaction of NOx 
with hydroxyl radicals leads to the formation of nitrate. 
PC 2 accounted for 21.39% of data variance with positive 
loading on Cl−, SO4

2−, and NH4
+. PC 3 explained 13.42% of 

data variance and was highly loaded with K+. In autumn, 
only two main PC were extracted with an eigenvalue more 
significant than one and a cumulative variance of 82.45%. 

PC 1 accounted for 42.371% of data variation and posi-
tively linked with Na+, Mg2+, Cl−, and NO3

−. PC 2 comprised 
39.67% of data variation and was highly loaded with K+, 
Ca2+, SO4

2−, and NH4
+.

In summary, the PCA analysis indicated primary emis-
sion from mixed source such as street dust, coal combus-
tion, biomass burning, vehicular emission, and industrial 
emissions such as Kiln and secondary formation from 
coal combustion are the primary source of air pollution 
in Patna.

4.3 � Back trajectory analysis

Back trajectory analysis is an essential tool in atmospheric 
science to check the sources of air mass movement with 
pollutants [51]. In this study, five-day isentropic air mass 
back trajectories were computed to examine the influence 
of air mass originating from a nearby or remote area on 
aerosols composition. HYSPLIT model recommended by 
US National Oceanic and Atmospheric Administration Air 
Resources Laboratory (NOAA ARL) (version 4) was utilized 

Fig. 6   Back trajectories of the air mass over Patna in winter, summer, rainy, and autumn seasons
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[83] with a global data analysis system (GDAS) (0.5°  ×  0.5°) 
archived data set. We chose vertical velocity at the height 
of 500 m above the ground level, and the start time was 
5.00 UTC for each sampling day. Figure 6 shows the origin 
of air masses influencing the current study site for winter, 
summer, rainy, and autumn seasons based on backward 
air mass trajectory. Generally, the air mass movement 
was westerly or northwesterly direction originating from 
Pakistan and Afghanistan in winter/autumn and changes 
gradually to westerly/southwesterly direction during 
summer/rainy seasons. In summer and rainy, the air mass 
mostly circulates over southern India originating from Ara-
bian sea and eastern India crossing through Bay of Bengal. 
Interestingly, none of the seasons showed air mass origi-
nating from northeastern region. This is because of high 
mountain in northeastern region thereby restricting the 
movement of air masses.

5 � Conclusion

In this study, chemical characterization, sources, and the 
seasonal variation of PM2.5 were investigated to mark the 
air quality of Patna, India. The average PM2.5 concentra-
tions exceeded the annual standard limit set by NAAQS of 
India, USEPA, and European Union. This indicates danger-
ous level of PM2.5 pollutions at Patna and needs appro-
priate control measures to avoid human health risk. The 
highest concentration of ΣWSIIs was detected in winter, 
followed by autumn seasons. NH4

+, SO4
2−, and NO3

− were 
the most abundant constituents in PM2.5 and accounted 
for 38–51%, 21–28%, and 8–20% of ΣWSIIs, respectively. 
The non-sea salt estimation showed dominance of acidic 
component in winter and rainy seasons. The large part of 
air quality in Patna is affected by local sources (such as 
street dust, coal combustion, biomass burning; vehicular 
emission and industrial emission such as Kiln, and second-
ary formation) as well as long-range transport from the 
non-source site (westerly/northwesterly in winter/autumn 
and southwesterly/Bay of Bengal in summer/rainy).
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