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Abstract

This study attempts to examine the morphological, elemental and physical characteristics of PM, over the Indian Himalayan
Region (IHR) using FTIR and scanning electron microscopy-energy dispersive X-ray (SEM-EDX) analysis. The study aimed
at source identification of PM,, by exploring the inorganic ions, organic functional groups, morphology and elemental char-
acteristics. The pollution load of PM,, was estimated as 63 + 22 pg m™>; 53 + 16 pg m™>; 67 + 26 pg m™ and 55 + 11 pg
m~> over Mohal-Kullu, Almora, Nainital and Darjeeling, respectively. ATR-FTIR spectrum analysis revealed the existence
of inorganic ions (SiO44‘, TiO,, SO42‘, SO;7, NO;™, NO, ™, CO32‘, HCO;™, NH4+) and organic functional groups (C-C,
C-H, C=C, C=C, C=0, N-H, C=N, C=N, O-H, cyclic rings, aromatic compounds and some heterogeneous groups) in PM,,
which may arise from geogenic, biogenic and anthropogenic sources. The morphological and elemental characterization
was performed by SEM-EDX, inferring for geogenic origin (Al, Na, K, Ca, Mg and Fe) due to the presence of different
morphologies (irregular, spherical, cluster, sheet-like solid deposition and columnar). In contrast, particles having biogenic
and anthropogenic origins (K, S and Ba) have primarily spherical with few irregular particles at all the study sites. Also,
the statistical analysis ANOVA depicts that among all the detected elements, Na, Al, Si, S and K are site-specific in nature
as their mean of aw% significantly varied for all the sites. The trajectory analysis revealed that the Uttarakhand, Jammu and
Kashmir, the Thar Desert, Himachal Pradesh, Pakistan, Afghanistan, Nepal, Sikkim, the Indo-Gangetic Plain (IGP) and
the Bay of Bengal (BoB) contribute to the increased loading of atmospheric pollutants in various locations within the IHR.

Keywords PM,, - ATR-FTIR - SEM-EDX - Morphology - Elements - Organic functional groups

Abbreviations ATR- FTIR  Attenuated total reflectance-Fourier trans-
IHR Indian Himalayan Region form infrared spectrophotometer
PM Particulate matter SEM-EDX Scanning electron microscopy-energy dis-
persive X-ray
aw% Atomic weight percentage
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ANOVA Analysis of variance

WHO World Health Organisation

IGP Indo-Gangetic plain

NIHE National Institute of Himalayan
Environment

ARIES Aryabhata Research Institute of Observa-
tional Sciences

NAAQs National Ambient Air Quality Standards

RDS Respirable dust sampler

BoB Bay of Bengal

PAHs Polycyclic aromatic hydrocarbons

VOCs Volatile organic compounds

NMVOCs  Non-methyl volatile organic compounds

SVOCs Secondary volatile organic compounds

SOA Secondary organic aerosols

CNN Cloud condensation nuclei

Introduction

The atmosphere is a dynamic natural gas system for main-
taining life, and several biogenic and anthropogenic activities
release pollutants into the air in one manner or another (Singh
2019). An essential aspect of the earth’s atmosphere, aerosols
that pass through the air are made up of a variety of particles
with diverse chemical compositions, sizes (0.001 to 100 pm),
shapes and optical properties (Ram and Sarin 2012). These
are primarily confined to the lower troposphere, where there
is substantial vertical and horizontal mixing. As a result, pol-
lutants can spread and disperse over larger distances, having
an impact on a wider region rather than being limited to a
localized area. The transport, distribution and dispersion of
pollutants in the atmosphere, which affects air quality patterns
and the spatial range of pollution impacts, are all influenced
by this vertical and horizontal mixing (Ram and Sarin 2012).
High levels of aerosols and poor air quality have a negative
impact on the environment and human health in urban areas
(Belis et al. 2013; Jerrett 2015; Lelieveld et al. 2015). It causes
unfavourable climatic conditions, respiratory issues, cardio-
vascular diseases and altered atmospheric chemistry, high-
lighting the urgent need for emission controls, the adoption
of renewable energy sources, sustainable transportation and
international cooperation to lessen the negative effects of air
pollution (Cheng et al. 2007; Pope et al. 2009; Bond et al.
2013; Panwar et al. 2020; Joshi et al. 2022). Several regions
worldwide observe that the concentrations of the pollutants
exceed the ambient air quality standards laid by World Health
Organization (WHO) (Arun et al. 2021; Bharti et al. 2017,
Jain et al. 2020; Shankar et al. 2022; Shankar et al. 2023b).
The chemical constituents of aerosols also change spatially
and temporally, which affects air quality (Jerrett 2015;
Lelieveld et al. 2015), visibility, Earth’s radiation budget,
global climate (Ramanathan et al. 2001) and human health

(Colonna et al. 2022; Dockery et al. 1993; Joshi et al. 2022;
Pope and Dockery 2006).

Air pollution has a significant impact on the ecosystem,
climate, monsoon, water, agriculture and human wellness
in the IHR (Kuniyal and Guleria 2010; Guleria et al. 2012;
Adak et al. 2014; Sharma et al. 2020a, 2020b; Chatterjee
et al. 2021 ; Choudhary et al. 2022). The problem of air
pollution is becoming more severe in the IHR, and majority
of the pollution is brought in from the Indo-Gangetic plains
(IGP) (Choudhary et al. 2022; Jain et al. 2019; Sharma et al.
2020a, 2020b) and surrounding regions. Environmental
elements, including air, water, soil, land and forest, in the
Himalayas have decreased due to increased tourism in the
region (Davies and Cahill 2000). Overcrowding of residents
and visitors in a particular hill station is one of the lead-
ing causes of air pollution (Chatterjee et al. 2021; Choud-
hary et al. 2022). Most of the IHR’s hill stations have been
turned into cities, which are gradually being populated by
people moving there from all over India and overseas (Singh
2019). The problems with air pollution experienced by hill
towns in IHR include burning of biomass, excessive fos-
sil fuel consumption, forest fires and vehicular emissions
brought on by an overabundance of tourists. The climate of
IHR is negatively impacted by unauthorized planning (at
the policy level), pollutant movement from the IGP, defor-
estation and ignorance of the health implications of air pol-
lution (Cheng et al. 2009; Choudhary et al. 2023; Sharma
et al. 2020a, 2020b). The health effects of particulate matter
(PM) are influenced by several factors, including exposure
dose, chemical composition, morphological properties, sur-
face reactivity, hydrophobicity, hydrophilicity and solubility
following deposition in the target site. Recent studies (Rai
et al. 2021; Sharma et al. 2021; Choudhary et al. 2022, 2023)
demonstrated the abundance of carbonaceous components,
water-soluble inorganic species and elements in the PM,,
and their potential sources over the IHR.

A number of studies have been conducted in recent years
on carbonaceous, inorganic and elemental species in PM and
their sources in urban (Gupta et al. 2018; Jain et al. 2020,
2021; Mandal et al. 2014; Ram and Sarin 2011; Sharma et al.
2016; Shivani et al. 2019), rural (Begam et al. 2017) as well
as high-altitude atmosphere (Ram et al. 2008; Kumar and
Attri 2016; Sarkar et al. 2017a; Kaushal et al. 2018; Sharma
et al. 2020a, 2020b; Rai et al. 2021; Choudhary et al. 2022),
but limited study has been conducted in the identification of
sources of PM using attenuated total reflectance-Fourier trans-
form infrared spectrophotometry (ATR-FTIR) and scanning
electron microscopy-energy dispersive X-ray (SEM-EDX)
spectroscopy in India and other polluted regions (Bharti et al.
2017; Karaca et al. 2019, Neupane et al. 2020; Sreejith et al.
2020; Pongpiachan et al. 2022; Kumar and Jain 2022; Shankar
et al. 2022; Shankar et al. 2023a, b; Kimothi et al. 2023). In
the present study, we applied the ATR-FTIR to identify the
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likely sources of PM,, through their functional groups. This
approach enables a quick and qualitative analysis of a sample
by identifying discrete intensity peaks associated with spe-
cific chemical bonds and functional groups. One of the key
advantages of FTIR is that it eliminates the need for prior
sample preparation, making the analysis process faster. Addi-
tionally, FTIR requires only a small sample size (~ 2 mm)
and is non-destructive, preserving the integrity of the sample
for further analysis. Scanning electron microscopy (SEM) is
employed to visualize and analyse the morphology, size and
shape of particles at high magnification, simultaneously with
energy-dispersive X-ray spectroscopy (EDX) which is utilized
to obtain qualitative and semi-quantitative elemental analysis.
EDX provides information about the atomic weight percent-
age (aw%) of identified elements within a given particle or
sample, allowing us to assess the relative proportions of spe-
cific elements in relation to other elements present. Together,
SEM-EDX analysis offers valuable insights into the morphol-
ogy and elemental composition of PM,, samples over the IHR
(western Himalayas: Mohal-Kullu, central Himalayas: Almora
and Nainital and eastern Himalayas: Darjeeling). Through this
comprehensive analysis, we gain a better understanding of
the sources and characteristics of PM present in these areas.
Overall, this research advances our knowledge of air pollution
in the Himalayas and assists policymakers, lawmakers and
scientists in their efforts to safeguard the region’s air quality
and promote sustainable development.

Material and methods
Study area

The study areas were selected to represent the stretch of
the IHR, which spans from the western, central, to eastern
Himalayan ranges (Fig. 1). The brief site description is given
below:

Western Himalayas Western Himalayas stretched from
Afghanistan to North India (Jammu & Kashmir, Ladakh
and Himachal Pradesh). This area experienced the lowest
rainfall (annual average, 259 mm) among IHR and received
maximum precipitation in the post-monsoon season (429
mm). PM,, samples were collected at G.B. Pant National
Institute of Himalayan Environment (NIHE), Himachal
Regional Centre, Mohal-Kullu (31.9°N, 77.11°E, 1154 m
above mean sea level (amsl)). The transboundary movement
of air masses is significantly influenced by nearby activi-
ties (such as biomass burning for household heating, forest
fires for the growth of delicate grass for grazing of livestock
population in following year and local meteorology), as well
as increased automotive emissions (Choudhary et al. 2022;
Guleria et al. 2012; Kuniyal and Guleria 2010).
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Central Himalayas This part of IHR attains maximum height
as it lies in the Siwalik range of the Great Himalayas. Tem-
perature is highest in summer monsoon (25 °C) and lowest
in winter (3 °C). This region receives maximum rainfall (558
mm) in summer. The G.B. Pant National Institute of Hima-
layan Environment (NIHE) from Kosi-Katarmal, Almora
(29.59°N, 79.65°E, 1225 m amsl) and Aryabhata Research
Institute of Observational Sciences (ARIES) situated in
Manora Hills of Nainital (29.39°N, 79.45°E, 1959 m amsl)
were selected for PM, sampling (Choudhary et al. 2022).

Eastern Himalayas Eastern Himalayas extended from
Eastern Nepal across North-East India, Bhutan, China and
Northern Myanmar. This area receives maximum rainfall
(annual average, 3092 mm) among IHR and the highest pre-
cipitation in south-east monsoon in summer. This region
generally has higher temperatures and precipitation than
the western Himalayas. The Bose Institute from Darjeeling
(27.01°N, 88.15°E, 2200 m amsl) was chosen for the sam-
pling site. Geographically, Darjeeling is close to the IGP
region, which is known for having high aerosol loadings
and is heavily influenced by tourism and biomass burning
(Adak et al. 2014; Chatterjee et al. 2021; Choudhary et al.
2022). The detailed description/characteristics of the study
sites are available in previous publications (Choudhary et al.
2022; Guleria et al. 2012; Kuniyal and Guleria 2010; Rai
et al. 2020; Sharma et al. 2020a, 2020b; Sheoran et al. 2021).

Sampling of PM,, To study the mass concentration of PM,,
the samples were collected on a pre-combusted (550 °C) Pall-
flex quartz fibre filter using a high-volume respirable dust sam-
pler (Model: APM 460 NL, M/s. Envirotech, Delhi, India) at
four semi-urban locations (NIHE, Himachal Regional Centre,
Mohal-Kullu (n = 55); NIHE, Kosi-Katarmal, Almora (n =
105); ARIES, Nainital (n = 63) and Bose Institute, Darjeeling (n
=95)) from January to December, 2019. The average flow rate
of the sampler was 1.2 m* min~! with a flow accuracy of + 2%
of full scale. Following the standard operating procedure, 24-h
sampling of PM,, was carried out in all the study sites. Before
and after sampling, filters were desiccated, and initial and final
weights were calculated using a microbalance having a resolu-
tion of + 10 pg. The concentration of PM,, was quantified gravi-
metrically. Detailed sampling procedures and instrumentation
are available in previous publications (Choudhary et al. 2022).

Measurements

ATR-FTIR

An FTIR spectrometer (Model: SHIMADZU FTIR IR Affin-
ity-1S) performs a qualitative analysis of inorganic ions and

organic functional groups and their bond information in PM,
samples. The equipment was used to gather the spectral data
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Fig. 1 Different sampling locations in the IHR

and an ATR (QUEST ATR) accessory (diamond crystal) using
Lab Solutions IR software. In order to expose the ATR crys-
tal directly to the IR radiation, a small circular portion of the
loaded sample filter with a diameter of approximately 2 mm
was inverted over it. Firstly, the background spectrum of the
ATR crystal was measured and then removed from the sample
spectrum before measuring the FTIR spectra of the sample.
The IR spectra were collected across a range of 4000400 cm™!
wave numbers at a resolution of 4 cm™' using 80 scans. Since
absorption is proportional to concentration, the final spectrum
was produced by subtraction of the loaded from the unloaded

spectrum of the filter. Before each scan, the ATR crystal was
washed with ethanol and solely dried to remove contamination;
avoiding this step could result in the -OH groups showing mul-
tiple peaks, which would be misleading (Neupane et al. 2020;
Shankar et al. 2022; Shankar et al. 2023b).

SEM-EDX

NeoScope software was used to analyse the morphology
and elemental composition (Z > 11) of individual particles
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using an SEM-EDX (Model: JEOL JCM 7000) operating at
a high vacuum having an accelerating voltage of 10 kV and
pre-programmed counting period of 10 s per particle scan.
A small section of the PM,, sample deposited on the filter
(~ 8 mm?) was punched out and coated with gold using a
gold sputter coater before the analysis. Using the standard
less ZAF correction approach (the atomic-number effect (Z),
the absorption effect (A) and the fluorescence excitation (F)
effect all have an impact on the intensity of the distinctive
X-rays that are released), the intensities of the characteris-
tic X-ray lines were transformed into the relevant elemental
concentration. The elemental concentrations were calculated
as a aw% (Shankar et al. 2023a, 2023b).

The study aimed to assess if there were significant differ-
ences in the aw% among the four sampling sites. To achieve
this, an analysis of variance (ANOVA) was performed on
the estimated elements. ANOVA allows for simultaneous
comparison of the average aw% across multiple sites (Kumar
2017). The null hypothesis assumed that there was no sig-
nificant difference between the means of the observed ele-
ments at all four locations, while the alternative hypothesis
stated that there was a significant difference in the mean
atomic weight of at least one study site. ANOVA analysis
was conducted using Microsoft Excel (2021) as a single-
factor ANOVA test.

Identification of sources and source region
EF and PCA

The enrichment factor (EF) for elements of PM,, were com-
puted using the procedure described in Taylor and McLen-
nan's work from 1985, where Eq. (1) used to determine the
most likely source of elemental species in PM,:

EF = Elmmple/Xmmple (1)
Elcrust/XcrusI
where El ., and X, stand for the mass concentration

of the elemental (El) and the mass concentration of the refer-
ence element (X) in the sample, respectively. Because of its
stability and extensive distribution across the Earth’s crust, Al
was chosen as the reference element. The terms “El,,,,,” and
“X s Teflect the mass concentration of elementals and the
abundance of reference elements, respectively, in the upper
continental crust (Gupta et al. 2023; Sharma et al. 2016).

Principal component analysis (PCA) was used to deter-
mine the probable sources of different elemental species
measured by EDX in PM,, particles. PCA uses orthogonal
decomposition to isolate discrete components, which are
then loaded factors correlated with variables. The detailed
information is available in Song et al. (2006) as well as
Sharma and Mandal (2023).

@ Springer

Air Mass Backward Trajectories and PSCF

Backward trajectory analysis of air masses was conducted uti-
lizing the Air Resource Laboratory (ARL) datasets under the
National Oceanic and Atmospheric Administration (NOAA).
The Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model, accessible at http://ready.arl.noaa.gov/
HYSPLIT.php, was employed to trace the air mass pathway
of particulate matter (PM,,) from the receptor site. Using the
TrajStat software, 72-h backward trajectories at 500 m above
ground level (AGL) for the sampling day were generated and
analysed. Air masses carry a particular concentration of pol-
lutants, as determined by the potential source contribution
function (PSCF) (Anil et al. 2019; Anil and Alagha 2020;
Choudhary et al. 2022; Rai et al. 2020, 2021).

CBPF

Striving to represent the measured concentration in polar
coordinates for a comprehensive understanding of the source
regions, conditional bivariate probability function (CBPF) is a
novel approach (Uria-Tellaetxe and Carslaw 2014). The proba-
bility function scrutinizes wind direction (WD) and wind speed
(WS) intervals characterized by elevated mass concentrations,
thereby providing the likelihood of the source region. In the
current investigation, the Open-air package in R-studio soft-
ware (http:/www.rstudio.com/) was utilized to implement the
CBPF programming. Meteorological data, including WS with
an accuracy of approximately + 2% of the full scale, and WD
with an accuracy of approximately + 3°, were gathered through
automatic weather stations (AWS) at designated sampling sites
throughout the study duration from 2019 onwards (Choudhary
et al. 2023). Additionally, the polar plot function was employed
with the statistics set to CPF, focusing on the pollutant PM,,
and considering 75 percentiles for the study at hand.

Results and discussion
PM,, concentration

The annual average concentrations of PM, in all the four
observation sites Mohal-Kullu, Almora, Nainital and Darjeel-
ing were found to be 63 + 22 ug m~> (range, 11-173 pg m=>),
53 + 16 pg m~ (range, 15-187 pg m™3), 67 + 26 ug m™>
(range, 18-250 pg m~>) and 55 + 11 pg m~ (range, 21-116
pg m~>), respectively (Fig. S1, in supplementary informa-
tion). The highest annual average concentration of PM,, was
estimated in Nainital, followed by Mohal-Kullu, Darjeel-
ing and Almora. Among all the four study sites, the average
concentration of PM, at Nainital and Mohal-Kullu exceeded
the National Ambient Air Quality Standards (NAAQS)
(PM,, annual, 60 pg m~) due to local and regional pollution
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sources (mainly from IGP region) and changes in land-use
patterns (Choudhary et al. 2022). Therefore, the pollution
load of the central Himalayas was observed to be higher than
the eastern and western Himalayan regions (Sharma et al.
2020a, 2020b). Shashni et al. (2018) found that the PM,, con-
centration in the Great Himalayan National Park (Himachal
Pradesh) was 25 + 2 pg m~>, which is half of the estimated
concentration (63 + 22 pg m~>) in Mohal-Kullu (Himachal
Pradesh). This difference could be attributed to several fac-
tors, including the increased tourism in Himachal Pradesh
by 4.63% compared to 2018 (Himachal Tourism Statistics
2023), heightened biomass burning activities in the region.
Himachal Pradesh’s notable consumption of bio-fuels, with
per capita daily rates of 1.31 kg for firewood, 0.14 kg for
crop residue and 0.22 kg for dung cake, surpassing those of
other states in India, might also play a role (Aggarwal and
Chandel 2010). Additionally, the long-range transport of pol-
lution particles from the Indo-Gangetic Plain (IGP) and sur-
rounding regions could contribute to the observed variations
(Choudhary et al. 2022, 2023).

ATR- FTIR analysis

The characteristic FTIR spectrum of the samples for PM, is
shown in Fig. 2. Tables 1 and 2 are the lists of the functional

groups and bonds that have been identified as a function of
wave numbers. According to the qualitative study of PM,,
nearly identical peaks were seen in all samples from Janu-
ary to December, 2019, for all four locations, suggesting
similarity in structural and functional groupings. It is gener-
ally known that the quantity of chemical functional groups
depends on the characteristics of the emission sources as well
as weather conditions. However, the peak strength changed
depending on meteorological conditions, and the presence
or absence of particular sources contributed to that group.

Inorganic functional groups

The ATR-FTIR spectra of PM,, samples of all four loca-
tions (Mohal-Kullu, Almora, Nainital and Darjeeling) of
IHR revealed the presence of inorganic ions (Si044_, TiO,,
S0,%", SO;7, NO;~, NO,~, CO,*~, HCO;~ and NH,")
(Table 1). For sampling purposes, we acquire quartz fibre
filters that have a silicate composition. Therefore, there is
a sharp peak for SiO,*" at all the locations, Mohal-Kullu
and Nainital (455-460 cm™"), Almora (457-466 cm™"') and
Darjeeling (455-466 cm™") (Anil et al. 2014; Bharti et al.
2017; Shankar et al. 2022; Sreejith et al. 2020). Sampling
sites are hilly areas; hence, various dust events contribute to
the pollution source as dust and crustal minerals (Choudhary
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Table 1 ATR-FTIR intensity peaks (cm™!) for inorganic ions present in PM,, at the study sites

Tons

Mohal-Kullu

Almora

Nainital

Darjeeling

References

Sio,*

TiO,
S0,

SO,”
NO,~

455-460

536-541; 669
613-619

975-993

713-727; 825-833;
1381-1404

457-466; 999-1001

536-538; 655-669
615-623

977-999

719; 827-833; 1381-
1396

455-460; 999

538-545; 659-677
613-617

713-721; 819-821;
1394-1398

445-466; 1002-1008

536-549; 655-669
611-619

717-729; 1386-1398

Anil et al. (2014); Bharti
et al. (2017); Larkin
2018); Sreejith et al.
(2020); Shankar et al.
(2022)

Larkin 2018)

Anil et al. (2014); Bharti
et al. (2017); Larkin
2018); Sreejith et al.
(2020); Shankar et al.
(2022); Pongpiachan
et al. (2022); Kumar et al.
(2023)

Larkin 2018)

Stuart 2004); Anil et al.
(2014); Larkin 2018);

825; 1267-1278
713-721; 1448-1462

827; 1267-1278
704-719; 1456-1462

NO,~
CO-

HCO;~
NH,*

1323; 1651-1658
1413-1421

1317-1321; 1645-1658
1408-1419

819-821; 1274 -
713-719; 1456

1317-1327; 1647-1656
1411-1421

Sreejith et al. (2020);
Shankar et al. (2022);
Pongpiachan et al. (2022)
Stuart 2004); Larkin 2018)
Anil et al. (2014); Larkin
2018); Sreejith et al.
(2020)
1317-1328; 1645-1652 Larkin 2018)
1415-1421 Bharti et al. (2017); Larkin
2018); Sreejith et al.
(2020); Shankar et al.
(2022)

717-727; 875; 1456

et al. 2022). Also, various studies illustrated the transport of
dust aerosols from IGP, the Thar desert, the BoB and some
regional countries towards IHR (Choudhary et al. 2022; Rai
et al. 2021). The sharp peak for Si—~O-Si bonding in silicate
dust particles occurred at wave number 999—-1001 cm™! in
Almora, 999 cm™" in Nainital and 10021008 cm™! in Dar-
jeeling (Shankar et al. 2022). Titanium dioxide (TiO,) is the
tracer for soil and crustal dust. It is also used in ore mining
activities (Ilmenite and Rutile) which are coming from long-
range transport in Darjeeling (Jain et al. 2019; Indian Miner-
als Yearbook 2018; Choudhary et al. 2023). There were two
IR peaks; one shoulder peak with weak intensity (536-549
cm™') and another with strong intensity (655-677 cm™})
were shown for TiO, in all the study sites (Mohal-Kullu,
536-541 cm™' and 669 cm™'; Almora, 536-538 cm™' and
655-669 cm™'; Nainital, 538-545 cm™' and 659-677 cm™;
and Darjeeling, 536-549 cm™! and 655-669 cm™}).
Secondary aerosols, such as (NH,),SO, and NH,NO;, are
primarily made up of their gaseous predecessors, NO,, SO,
and NH;. Due to the availability of favourable meteorologi-
cal conditions and various anthropogenic activities (combus-
tion, vehicular emission, etc.) for the formation of secondary
aerosols at THR, sharp peaks for SO,*~, NO;~ and NH," in
FTIR were observed in all the study sites. The strong IR
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peak for SO42_ occurred at Mohal-Kullu, 613-619 cm™!,
Almora, 615-623 cm™', Nainital, 613-617 cm™' and Dar-
jeeling, 611-619 cm™! (Anil et al. 2014; Bharti et al. 2017;
Kumar et al. 2023; Pongpiachan et al. 2022; Shankar et al.
2022; Sreejith et al. 2020) due to the presence of high solar
radiation, temperature and combustion-related activities
that stimulate the formation of secondary sulphate (SO,>")
through photochemical oxidation processes at the study
sites (Arun et al. 2021; Chatterjee et al. 2010; Choudhary
et al. 2023; Ghosh et al. 2021; Jain et al. 2019; Saraswati
et al. 2019; Seinfeld and Pandis 2016). There are three IR
peaks associated with NO;™ that were shown in FTIR spec-
tra in Mohal-Kullu (713-727 cm™! (sharp); 825-833 cm™!
(weak shoulder); 1381-1404 cm™! (sharp)), Almora (719
cm™! (sharp); 827-833 cm™! (weak shoulder); 1381-1396
cm™! (sharp)), Nainital (713-721 cm™! (sharp); 819-821
cm™! (weak shoulder); 1394-1398 cm™! (sharp)) and two
peaks in Darjeeling (717-729 cm™! (sharp); 1386-1398
cm™! (sharp)) (Anil et al. 2014; Pongpiachan et al. 2022;
Shankar et al. 2022; Sreejith et al. 2020). The two weak
shoulders for NO,™ of IR vibration at Mohal-Kullu (825
em™!; 1267-1278 cm™!), Almora (827 cm™; 1267-1278
cm™") and Nainital (819-821 cm™'; 1274 cm™") were also
reported. The increased vehicular activities stimulate the gas
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Table 2 ATR-FTIR intensity peaks (cm™!) for organic functional groups present in PM at the study sites

Functional groups Category Mohal-Kullu Almora Nainital Darjeeling References
Alkanes C-I (stretching) 501-599 501-599 501-599 505-599 Cicerone (Cicerone 1981;
Stuart (Stuart 2004;
Merck 2023)
C-Br (stretching) 516-698 516-688 514-696 516-694 Cicerone (1981, Stuart
(2004, Merck (2023)
C—CI (stretching) 549-833 557-833 543-821 555-802 Cicerone (1981); Stuart
(2004); Merck (2023)
CHj; and CH, deforma-  1361-1479  1361-1479 1354-1473 1361-1475 Libre Texts Chemistry
tion (2019); Shankar et al.
(2023b)
CH;,CH,and CH (2or 2845-3118  2845-3080 2845-3099 2845-3076 Stuart (2004); Libre Texts
3 bands) Chemistry (2019);
Shankar et al. (2023b)
Alkenes C=C bending (disubsti- 667-731 669-719 669-721 650-729 Sreejith et al. (2020);
tuted) Merck (2023)
C=C stretching (mono-  1635-1647  1635-1652 1616-1622 1635-1652 Stuart (2004); Merck
substituted) (2023)
C=C (symmetry reduce 1668-1678  1678-1683 1664-1670 1662-1670 Stuart (2004); Libre Texts
intensity) Chemistry (2019)
C=C asymmetric stretch 1890-2009  1890-2015 1890-2090 1901-2002 Merck (2023)
Allene (C=C=C stretch- 1890-2009  1901-2009 1905-2009 1901-2002 Merck (2023)
ing)
Alkynes C-H deformation of 601-719 615-704 592-719  601-729 Libre Texts Chemistry
alkynes (2019); Shankar et al.
(2022); Shankar et al.
(2023b)
C=C symmetric stretch ~ 2179-2409  2112-2387 2108-2360 2185-2391 Stuart (2004); Libre Texts
Chemistry (2019);
Shankar et al. (2022);
Shankar et al. (2023b)
C-H (usually sharp) 3273-3309  3271-3307 3275-3309 3271-3275 Stuart (2004); Libre Texts
Chemistry (2019)
Cyclic rings C-H bending and ring ~ 682-883 686-833 688-821 694-875 Libre Texts Chemistry
puckering (arenes) (2019); Shankar et al.
(2022)
Arenes (C=C (in aring)) 1506-1508  1504-1506; 1602 1506 1506-1508; 1610 Stuart (2004); Libre Texts
Chemistry (2019)
Aromatic compounds C-H bending 1651-2009  1652-1990 1651-2009 1645-2002 Stuart (2004); Merck
(2023)
Alkyl aryl ether (C-O 1267-1278  1217-1278 - - Stuart (2004); Merck
stretching) (2023)
Aromatic ester (C-O 1267-1319  1267-1319 1286-1319 1286-1317 Stuart (2004); Merck
stretching) (2023)
Aromatic amine (C-N 1267-1340  1267-1338 1286-1340 1286-1338 Stuart (2004); Merck

stretching)

(2023)
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Table 2 (continued)

Functional groups Category Mohal-Kullu Almora Nainital Darjeeling References
Aldehyde/Ketone/ester Conjugated aldehyde 1681-1716  1681-1720 1681-1710 1681-1716 Stuart (2004); Merck
(C=0 stretching) (2023); Shankar et al.
(2023b)

Aldehyde (C=0 stretch- 1716-1732  1716-1734 1716-1747 1712-1749 Stuart (2004); Merck

ing) (2023); Shankar et al.
(2023b)

C=0 saturated ketones ~ 1338-1373 1361 1340-1365 1361 Libre Texts Chemistry
(o«—CH; bending) (2019)

C=0 saturated ketones  1390-1460  1394-1460 1394-1462 1386-1462 Libre Texts Chemistry
(o—CH, bending) (2019)

Cyclopentanone (C=0  1747-1753  1747-1753 1747-1753 1747-1749 Merck (2023)
stretching)

Vinyl/phenyl ester (C=0 1768-1778  1770-1778 1770-1782 1770-1776 Stuart (2004); Merck
stretching) (2023); Shankar et al.

(2023b)
Conjugate acid halide 1768-1809  1770-1791 1770-1801 1770-1809 Merck (2023)
(C=0 stretching)
Alcohol/phenol O-H bending out of the  650-779 648-779 640-754 650-729 Stuart (2004); Libre Texts
plane Chemistry (2019)

O-H bending in the 1323-1436  1321-1438 1317-1436 1323-1436 Libre Texts Chemistry

plane (2019); Shankar et al.
(2023b)

Alcohol (O-H stretch- ~ 3304-3545  3192-3556 3201-3550 3203-3543 Stuart (2004); Sreejith
ing, intermolecular et al. (2020); Shankar
bonded) et al. (2022); Merck

(2023); Shankar et al.
(2023b)
Alcohol (O-H stretch- ~ 3304-3545  3564-3668 3560-3664 3545-3668 Stuart (2004); Bharti et al.
ing, free) (2017); Merck (2023);
Shankar et al. (2023b)
Acids O-H bending (Carbox-  1390-1448  1386-1438 1394-1436 1394-1436 Stuart (2004); Merck
ylic acids) (2023)

Carboxylic acid (O-H 2845-3309  2845-3307 2845-3275 2596-3275 Stuart (2004); Merck
stretching) (2023)

Carboxylic acid (C=0 1699-1724  1681-1720 1708-1718 1712-1722 Stuart (2004); Merck
stretching) (2023); Shankar et al.

(2023b)

Acids (C=0 (amide 1506-1558  1504-1558 1506-1558 1506-1558 Stuart (2004); Libre Texts
I band)) N-H (2° Chemistry (2019)
amide)

Acids (O-C (II band)) 1593-1658  1602-1652 1616-1656 1606-1652 Stuart (2004); Libre Texts
N-H (1° amide) Chemistry (2019)

Acids 1267-1325  1217-1321 1286-1327 1286-1328 Stuart (2004); Merck

(2023)
Amines NH, and N-H wagging  650-883 655-833 655-821 655-875 Stuart (2004); Libre Texts
(shifts on H-bonding) Chemistry (2019);
Shankar et al. (2023b)

NH, scissoring (1° 1541-1658  1556-1652 1550-1656 1550-1652 Stuart (2004); Libre Texts
amine) Chemistry (2019)

Secondary amine (N-H 3332-3359  3307-3344 3305-3363 3332-3394 Stuart (2004); Merck
stretching) (2023)

Aliphatic primary amine 3304-3419  3307-3410 3305-3502 3332-3502 Stuart (2004); Merck

(N-H stretching)

(2023); Shankar et al.
(2023b)
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Table 2 (continued)

Functional groups Category Mohal-Kullu Almora Nainital Darjeeling References
Nitrate Organo—nitrate 1267-1278  1267-1278 1274-1290 - Anil et al. (2014); Bharti
et al. (2017); Shankar
et al. (2022)
N-O stretching (Nitro 1487-1558  1504-1548 1483-1558 1489-1558 Stuart (2004); Merck
compounds) (2023)
Hetero-compounds C=N stretching (imine/ 1641-1683  1643-1689 1633-1699 1645-1687 Stuart (2004); Merck
oxime) (2023)
Isothiocyanate (N=C=S 1990-2150  1990-2137 1984-2150 1990-2123 Merck (2023)
stretching)
Thiocyanate (S—CEN 2144-2179  2137-2167 2146-2166 2142-2177 Shankar et al. (2022);
stretching) Merck (2023); Shankar
et al. (2023b)
Carbodiimide (N=C=N 2115-2150 2112-2137 2117-2150 2115-2150 Shankar et al. (2022);
stretching) Merck (2023); Shankar
et al. (2023b)
Azide (N=N=N stretch- 2115-2164 2112-2167 2117-2166 2115-2166 Shankar et al. (2022);
ing) Merck (2023); Shankar
et al. (2023b)
Nitrile (CEN stretching) 2218-2266  2220-2268 2216-2254 2223-2250 Stuart (2004); Shankar
et al. (2022); Merck
(2023); Shankar et al.
(2023b)
Isocyanate (N=C=0 2252-2374  2252-2289 2245-2289 2248-2283 Shankar et al. (2022;

stretching)

Merck (2023); Shankar
et al. (2023b)

phase conversion of NO, to HNO; by OH radicals, and low
temperatures enhance the formation of secondary nitrate
(NO;7) and nitrite (NO,™) by NO, oxidation (Arun et al.
2021; Chatterjee et al. 2010; Choudhary et al. 2023; Ghosh
et al. 2021; Jain et al. 2019; Saraswati et al. 2019; Seinfeld
and Pandis 2016). Through association with acids such as
HNQO;, HCI and H,SO, in the gas and aqueous phases react
with gaseous and particulate NH; (NH; and NH,*) formed
the secondary inorganic aerosols ((NH,),SO,, NH,NO,
and NH,CI) over the IHR (Sharma et al. 2014). There is
abundance of ambient NH; over the IHR produced through
farming activities, raising animals, incinerating and burning
activities (Sharma et al. 2014). The strong IR vibrational
peaks for NH,* at Mohal-Kullu, 1413-1421 cm™; Almora,
1408-1419 cm™'; Nainital, 1411-1421 cm™' and Darjeel-
ing, 1415-1421 cm™! were reported (Chatterjee et al. 2010;
Seinfeld and Pandis 2016; Jain et al. 2019; Saraswati et al.
2019; Sreejith et al. 2020; Ghosh et al. 2021; Arun et al.
2021; Shankar et al. 2022; Kotnala et al. 2022; Choudhary
et al. 2023). SO;™ is produced through subsequent reactions
involving H,SO, (SO, and OH radical primarily leads to the
formation of H,SO,). H,SO, can react with NH; to form
(NH,),S0O,, which can further undergo various reactions to
produce SO;~. The major source of SO;™ in the air is the
combustion of oil, coal and gases, which is the prominent

reason behind air pollution at study sites (Choudhary
et al. 2023; Sharma et al. 2020a; Sharma et al. 2021; Yao
et al. 2020). In Mohal-Kullu (975-993 cm™!) and Almora
(977-999 cm™"), a sharp IR peak for SO;~ was estimated.
CO4" is the main source of clay minerals like calcite,
vaterite and dolomite, present in soil/road dust (Neupane
et al. 2020). In Mohal-Kullu (713721 cm™ (shoulder) and
1448-1462 cm™! (sharp)), Almora (704-719 cm™! (shoul-
der) and 1456-1462 cm™! (sharp)) and Nainital (713-719
cm™! (shoulder) and 1456 cm™! (sharp)), the two vibrational
peaks were reported, whereas in Darjeeling, three vibra-
tional peaks (717-727 cm~!, 875 cm™!, and 1456 cm'l) for
CO32‘ were stated (Anil et al. 2014; Sreejith et al. 2020).

Organic functional groups

Organic functional groups like alkanes, alkenes, alkynes,
cyclic rings, aromatic compounds, carbonyl compounds,
alcoholic groups, amines, organo-nitrates and some hetero-
geneous groups were estimated in PM,, for all the study
sites by ATR-FTIR (Table 2). Various organic compounds
like VOCs, PAHs and OC are released into the atmosphere
through various anthropogenic activities like biomass burn-
ing, vehicular emissions (exhaust or non-exhaust), coal/oil/
tar burning, incineration process, industrial activities and
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agricultural activities (Hegde et al. 2021; Kaushal et al.
2021; Sarkar et al. 2014; Shankar et al. 2023b; Shivani et al.
2019).

Aliphatic hydrocarbons like alkanes, alkenes and alkynes
were predominately detected in PM, samples at all the study
sites (Table 2). The stretching frequency for alkanes (-CHj,
—CH,, and —CH) was found in the range in Mohal-Kullu,
2845-3118 cm™'; Almora, 2845-3080 cm™'; Nainital,
2845-3099 cm™! and Darjeeling, 2845-3076 cm™! (Shankar
et al. 2023b). For alkenes both bending and stretching (C=C
bending (Mohal-Kullu, 667-731 cm™'; Almora, 669-719
cm™!: Nainital, 669-721 cm~' and Darjeeling, 650-729
cm™! (Sreejith et al. 2020) and C=C stretching (Mohal-
Kullu, 1635-1647 cm™!; Almora, 1635-1652 cm™"; Naini-
tal, 1616-1622 cm™! and Darjeeling, 1635-1652 cm™!)),
IR frequencies were estimated. There is a medium intensity
peak for C=C asymmetric stretch at all the study locations
having frequency ranges of 1890-2009 cm~! for Mohal-
Kullu, 18902015 cm™" for Almora, 1890-2090 cm™" for
Nainital and 1901-2002 cm™" for Darjeeling (Shankar et al.
2023b). A few weak intensity broad peaks might be due to
the presence of compounds having C=C symmetric stretch
in PM,, samples at Mohal-Kullu (2179-2409 cm_'), Almora
(2112 -2387 cm™"), Nainital (2108-2360 cm™") and Darjeel-
ing (2185-2391) cm™!) were reported (Shankar et al. 2022;
Shankar et al. 2023b). The aliphatic hydrocarbon having low
as well as high molecular weight may be released in the
atmosphere through vehicular exhaustion (gasoline, diesel
exhaust) that might be raised due to an increase in tourist
activities as all study sites are hill stations and considered
to be the tourist hotspots (Sarkar et al. 2014; Shivani et al.
2019).

Several traces of cyclic rings and aromatic compounds
were also detected in PM,, samples in all locations. There
are few medium to sharp intensity peaks of C—H bending
and ring puckering detected in Mohal-Kullu (682-883
cm™"), Almora (686-833 cm™"), Nainital (688-821 cm™")
and Darjeeling (694875 cm™!) (Shankar et al. 2022). Also,
there are two sharp peaks at 1504—1506 cm™!, 1602 cm™!
and 1506-1508 cm™!, 1610 cm™" in Almora and Darjeeling,
respectively and only one sharp peak at 1506—1508 cm™!,
and 1506 cm™! in Mohal-Kullu and Nainital corresponded
to arenes (C=C). Various sharp intensity peaks ranging from
1651 to 2009 cm™" at Mohal-Kullu, 1652-1990 cm™" at
Almora, 1651-2009 cm™" at Nainital and 1645-2002 cm™'
at Darjeeling were observed and indicated the presence of
aromatic compounds in the PM,, sample. Biomass burning
activities may release organic aerosols with cyclic rings (for
example, levoglucosan) into the environment (Shivani et al.
2019). The major sources of aromatic compounds (PAHs)
at the study sites would be gasoline-powered automobiles,
diesel engine fumes, waste incineration, coal, biomass and
oil/tar burning (Kaushal et al. 2021). Also, these cyclic and
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aromatic ring compounds are carcinogenic and cause various
adverse health impacts on the human body (Shivani et al.
2019).

The photo-oxidation of hydrocarbons or volatile
organic compounds (VOCs) releases carbonyl compounds
(NMVOCs) into the environment, which tend to be highly
soluble in water (Hegde et al. 2021). Various IR vibrational
peaks corresponding to the aldehydic (C=0O stretching)
group, ketonic (C=0 stretching) group and ester (C=0
stretching) (mostly vinyl/phenyl ester) group were observed
in the FTIR spectrum of PM,, samples in all the study
sites. Aldehydic C=O stretching peaks in Mohal-Kullu
(1716-1732 cm™"), Almora (1716-1734 cm™!), Nainital
(1716-1747 cm™") and Darjeeling (1712-1749 cm™!) were
reported (Shankar et al. 2023b). However, the ketonic C=0
stretching (cyclopentanone) peaks were found in Mohal-
Kullu (1747-1753 cm™"), Almora (1747-1753 cm™"), Naini-
tal (1747-1753 cm™!) and Darjeeling (1747-1749 cm™).
The vinyl/phenyl ester (C=0 Stretching) IR vibrational
peaks were observed in Mohal-Kullu (1768-1778 cm™!),
Almora (17701778 cm™"), Nainital (17701782 cm™") and
Darjeeling (1770-1776 cm™"). These NMVOCs or carbonyl
compounds are released into the environment through traf-
fic emissions, brick kilns, biomass burning etc., and further
subsidized to the formation of secondary organic aerosols
(SOAs) (Sarkar et al. 2017b).

Alkanes, alkenes, aromatic rings and cyclic compounds,
which have been found in the atmosphere, are photo-oxi-
dised to produce acids, making them molecular markers or
tracers for secondary volatile organic compounds (SVOCs).
As a result, they can provide important information about
the origin and formation pathways of aerosols. The acidity
of fog, clouds and precipitation is also increased by acids
(Sarkar et al. 2017a; Hegde et al. 2021). Several medium
to sharp intensity IR vibrational peaks for the C=O stretch-
ing band for carboxylic acid were observed at different fre-
quency ranges, i.e. Mohal-Kullu, 1699-1724 cm™!; Almora,
1681-1720 cm™"; Nainital, 1708—1718 cm™! and Darjeeling,
1712-1722 cm™" (Shankar et al. 2023b). Also, few weak
intensity peaks for O—H stretching in carboxylic acid were
detected at the frequency range in Mohal-Kullu, 2845-3309
cm™'; Almora, 2845-3307 cm™'; Nainital, 2845-3275 cm™
and Darjeeling, 2596-3275 cm™".

The strong IR vibrational peaks for both intermolecular
(Mohal-Kullu, 3304-3545 cm™ ! Almora, 3192-3556 cm™l;
Nainital, 3201-3550 cm ™' and Darjeeling, 3203-3543 cm™)
(Shankar et al. 2022; Shankar et al. 2023b; Sreejith et al.
2020) and free O—H stretching (Mohal-Kullu, 3304-3545
cm™!; Almora, 3564-3668 c¢cm™!; Nainital, 3560-3664
cm~! and Darjeeling, 3545-3668 cm™") (Bharti et al. 2017;
Shankar et al. 2023b) of alcohol/phenol were reported in
PM,, samples. Sharp peaks at frequency ranges in Mohal-
Kullu, 1487-1558 cm™'; Almora, 1504—1548 cm™!; Nainital,
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1483-1558 cm™~! and Darjeeling, 1489-1558 cm™! which
indicated the presence of N-O stretching in nitrogenous
compounds. The organic aerosols having alcohol/phenol
functional group tend to be known as the marker for bio-
mass smoke plume, that in reaction with NO, form organo-
nitrate that is the tracer for biomass burning smoke (Har-
rison et al. 2005; Mohr et al. 2013). A weak intensity peak
at intensity ranges of 1267-1278 cm™!, 1267-1278 cm™!
and 1274-1290 cm™' in Mohal-Kullu, Almora and Naini-
tal, respectively directed the occurrence of organo-nitrate
in the analysed samples (Anil et al. 2014; Bharti et al. 2017,
Shankar et al. 2022).

The nitrogen-containing heterogeneous organic aerosols
(N-H stretching, C=N stretching, C=N stretching etc.) acted
as a cloud condensation nuclei (CCN). They contributed to
forming SOA and light-absorbing brown carbon aerosols
(Kerminen et al. 2005; Laskin et al. 2009). Various sharp
peaks of N-H stretching for both primary and secondary
amines were reported in Mohal-Kullu at the IR vibra-
tion range of 3304-3419 cm™!, in Almora at 3307-3410
cm™!, in Nainital at 3305-3502 cm™' and in Darjeeling at
3332-3502 cm™' (Shankar et al. 2023b). Some weak inten-
sity overlapping peaks at Mohal-Kullu, 2218-2266 cm™;
Almora, 2220-2268 cm™'; Nainital, 2216-2254 cm™ and
Darjeeling, 2223-2250 cm™! indicated C=N stretching of
the nitrile group present in the aerosol samples at the study
sites (Shankar et al. 2022; Shankar et al. 2023b). The organic
aerosols having nitrile functional group are considered to be
the marker for biomass burning (wood, grasses) and burning
of crop residues (Jain et al. 2023) and having amine func-
tional group emitted specifically from industrial emissions
that could be transported through air traffic mode from IGP
to IHR (Jain et al. 2019; Choudhary et al. 2022; Shankar
et al. 2023b).The detailed information of the wave numbers
for each sample at all the study sites was given in supple-
mentary information (Table S1-S4).

SEM-EDX analysis

In the study, PM,, samples were collected from four differ-
ent sampling sites: Mohal-Kullu, Almora, Nainital and Dar-
jeeling. The samples were chosen based on their mass con-
centrations. The collected samples were then analysed using
SEM to obtain morphology, and EDX was used to analyse
the elemental composition of individual particles present in
the samples. Fig. 3 represents the findings obtained from the
SEM-micrographs and EDX-spectra analysis. Specifically,
105 particles from NIHE, Mohal-Kullu; 55 particles from
NIHE, Almora; 116 particles from ARIES, Nainital and 54
particles from Bose Institute, Darjeeling were analysed. It
has been attempted to identify the most plausible sources that
may have contributed to the presence of the elements since
EDX analysis provides an aw% for the identified elements.

Different elemental content during PM deposition is antici-
pated to contribute to various shapes. Each element’s average
aw% throughout the study is plotted in Fig. 4. A total of 17
elements (O, Al, Si, Na, Mg, S, Cl, K, Ca, Fe, Ba, Ti, Zn, F,
Mo, Au, Zr and P) were identified through EDX scanning
in each particle across all samples and study locations. The
presence and frequencies of these elements provide insights
into the elemental composition and the potential sources of
pollutants in the PM,, samples (Fig. 5). The elements O, Al,
Si, Na, Mg, S, Cl, K, Ca, Fe, Ba, Ti and Zn were discovered
to be common in all the particles in all the locations. How-
ever, some elements, such as Mo and Au in Mohal-Kullu, F
in Almora and Zr and P in Nainital, were present in extremely
low frequency and were not thought to potentially contribute
to the local air pollution source. It might be due to the irregu-
larity of that specific element in samples.

The analysis revealed that oxygen was the most enriched
element in PM,, with average aw% of 47.72%, 45.74%,
47.99% and 47.23% at Mohal-Kullu, Almora, Nainital and
Darjeeling respectively, followed by silicon (Mohal-Kullu,
22.99%; Almora, 24.46%; Nainital, 28.38% and Darjeel-
ing, 34.08%) and aluminium (Mohal-Kullu, 6.10%; Almora,
6.31%; Nainital, 7.66% and Darjeeling, 5.16%). This enrich-
ment pattern was observed consistently across all the studied
sites. These particles were found to have irregular shapes,
including columnar shapes (Mohal-Kullu), irregular solid
clusters (Almora), spherical sheet-like and rod shapes (Naini-
tal) and irregular columnar clusters (Darjeeling). According
to the previous studies, the particles that are enriched with
O, Si and Al with irregular and other different morpholo-
gies were found due to various natural (soil/ crustal, silica
or quartz and aluminosilicates) (Bharti et al. 2017; Cong
et al. 2010; Pachauri et al. 2013) as well as anthropogenic
(combustion, cigarette burning, construction, etc.) activities
(Khandelwal et al. 2019; Kumar et al. 2023; Murari et al.
2016).

PM,, particles in Mohal-Kullu were enriched with ele-
ments Na (7.98%) > K (4.78%) > Ca (3.57%) > Fe (2.06%)
> S (1.57%) > Ba (1.56%) > Mg (1.10%) > Zn (0.34%)
> Au (0.12%) > Ti (0.06%) > Mo (0.04%) > C1 (0.04%)
(Fig. 4). The particles enriched with Na, K, Fe, Ca and Mg
were considered to have natural origin (crustal/soil dust/
road dust) possessing spherical and irregular needle-shaped
crystals, irregular solid deposition, circular disc and irregu-
lar morphology, respectively. The particles enriched with
K, S and Ba comprise anthropogenic origin (combustion
processes), and these particles show distinct morphological
characteristics, with K-enriched particles forming irregular-
shaped clusters, S-enriched particles forming solid deposi-
tions and Ba-enriched particles taking on irregular sheet-like
shapes (Choudhary et al. 2022; Kuniyal and Guleria 2010).

In Almora, the PM,, particles exhibited primarily irregu-
lar, spherical, agglomerates, flaky, sheet-like morphology of
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Fig.3 SEM-micrographs and
their respective EDX spectra

of the particles in the analysed
PM,, samples for all the studied
sites
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particles supplemented with elements, Na (5.79%) > Ca (4.27%)
> K (3.44%) > Ba (3.37%) > Fe (2.49%) > S (1.57%) > Mg
(1.55%) > Zn (0.78%) > C1(0.24%) > Ti (0.11%) > F (0.10%)
(Fig. 4). Among all the estimated elements, Na (spherical), Ca
(irregular, spheroidal and agglomerates), K (irregular), Mg
(irregular) and Fe (irregular and flaky) have crustal/soil origin.
(Choudhary et al. 2023; Murari et al. 2016). The irregularly
shaped particles having Ba-rich composition might be due to
vehicular emissions (Labrada-Delgado et al. 2012). The particles
enriched with elements such as K and S have irregular-flaky
morphology and are considered the markers for biomass burn-
ing and fossil fuel burning activities (Choudhary et al. 2023;
Murari et al. 2016).

Ca (2.85%) > K (2.83%) > Fe (2.80%) were the ele-
ments that were most abundant followed by Mg (1.82%) >
S (1.56%) > Na (1.42%) > Ba (0.73%) > Ti (0.30%) > Zn
(0.14%) > P (0.07%) > Zr (0.01%) > Cl1 (0.01%) in PM,,

@ Springer

particles in Nainital (Fig. 4). In Nainital, the element Ca
(irregular, spherical clusters) contributed the highest to the
crustal/soil dust/road dust, followed by K (rock solid depo-
sition-spherical), Fe (irregular deposition, needle-shaped),
Na (irregular) and Mg (irregular). S (3D flaky sheet) is the
highest enriched element present in the particles of PM,j,
followed by Ba (irregular clusters) which have an anthro-
pogenic origin (Sharma et al. 2020a; Sheoran et al. 2021;
Choudhary et al. 2022). Kimothi et al. (2023) illustrated
the elements Fe, Cl, Na, K, Ca, Nb and Cl in PM, s in the
Nainital district.

PM,, samples in Darjeeling were abundant with
elements Na (2.74%) > K (2.51%) > Ca (2.00%) > Fe
(1.83%) > S (1.64%) > Ba (1.57%) > Mg (1.01%) > Zn
(0.30%) > Ti (0.03%) (Fig. 4) having particles of irreg-
ular, spherical, agglomerates and columnar morphol-
ogy. Ba (irregular morphology) emitted from vehicular
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exhaustion enhanced due to increased tourist activities
(Labrada-Delgado et al. 2012). Na (irregular), K (irregu-
lar), Ca (spherical, agglomerates), Mg (irregular) and Fe
(solid deposition) have earth crust and soil dust origin
(Choudhary et al. 2023; Kumar et al. 2023). The particles
enriched with K and S (spherical) have an anthropogenic
origin, hence emitted by combustion activities (coal com-
bustion, biomass burning) (Adak et al. 2014; Chatterjee
et al. 2021; Choudhary et al. 2023). The elements Ti and
Zn were present at all study sites, but their frequencies
were relatively low to consider their contribution to pol-
lution sources (Fig. 5).

Statistical analysis

Although common elements were estimated at all the study
sites, and they corresponded to the same pollution source
(whether geogenic or biogenic), the availability of each ele-
ment should be site specific. Therefore, in order to test if
there is an impact of various sites on the observed elemental
composition, we performed ANOVA.

After applying the ANOVA separately for each element
among four sites, we have observed 13 elements (O, Na, Mg,
Al Si, S, Cl, K, Ca, Fe, Ba, Ti and Zn) (Table 3), out of which
eight elements (O, Mg, Cl, Ca, Fe, Ba, Ti and Zn) were found to
be insignificant as their calculated F-test value was found to be
less than F critical value at 5% level of significance; therefore,
we accept the null hypothesis and conclude that these elements
are not site-specific and we could gather the similar information
about these elements from any one of the four sites.

Now, the remaining five elements (Na, Al, Si, S and K) have
greater F-test value compared to F critical value at 5% level of
significance; therefore, we reject the null hypothesis and con-
clude that there is significant difference in the mean of aw% of
these elements among the four locations. Hence, the elements
Na, Al, Si, S and K are site-specific in nature.

Rejecting the null hypothesis does not convey which loca-
tion’s means differ from each other for the above significant
elements, but it only indicated that there is a variation in at
least one of the location’s means. A post hoc analysis using
two sample 7-test was conducted to determine the signifi-
cance level of a specific element (detected as significant in
the F-test) between the study sites. This test is used to com-
pare multiple groups and identify which pairs of groups are
significantly different from each other. For this, we assumed

Table 3 F-test values for all the observatory sites for the estimated
elements

Elements F-test p value F critical
0 1.6 x 10° 2.0x% 107! 2.6 x 10°
Na 3.2 % 10! 1.2x 1077 2.6 x 10°
Mg 2.2 % 10° 9.3x 1072 2.6 x 10°
Al 6.4 % 10° 3.1%x107* 2.6 x10°
Si 2.1 x 10 1.2 x 10712 2.6 x 10°
S 3.1x10° 2.8%x 1072 2.6 x 10°
Cl 6.9 x 107! 5.9x%x 107! 43 x10°
K 2.7 % 10! 1.3x 10 2.6 x10°
Ca 2.4%10° 6.6 x 1072 2.6 x10°
Fe 2.6x%x10° 5.7% 1072 2.7 % 10°
Ba 45x% 107! 7.1x 107! 2.7 % 10°
Ti 4.1x 107! 7.5% 107! 3.1x10°
Zn 4.6x 107! 7.1 % 107! 3.1x10°
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that Bonferroni’s correction (0.008) (Bonferroni recom-
mended that the p-value for each test be equal to its o value,
or 5% level of confidence (0.05) divided by the number of
tests, in our instance six), which is carried out when there is
a multiple comparison in hypothesis testing, and the depend-
ent variables (elemental composition) showed statistically
significant results (Hayes 2021).

In this case, the p-value obtained from the post hoc
test was compared to the Bonferroni-corrected value
(0.008). If the p-value obtained from the post hoc test
is lower than the Bonferroni-corrected value, typically
considered as 0.008 in this case, it indicates that the
composition of that specific element is significantly
different between the study sites. For applying the post
hoc test, we divide our four study sites (Mohal-Kullu,
Almora, Nainital and Darjeeling) into six groups, i.e.
Mohal-Kullu—Almora, Mohal-Kullu—Nainital, Mohal-
Kullu-Darjeeling, Almora—Nainital, Almora—Darjeel-
ing and Nainital-Darjeeling. In order to identify sig-
nificant variations in the elements understudied, these
groups provide pair-wise comparisons between the
study sites (Table 4). The composition of Na was found
to be similar between the Nainital-Darjeeling group but
significantly different in other groups. Al composition
was similar in several groups, including Mohal-Kullu-
Almora, Mohal-Kullu-Darjeeling, Almora-Nainital and
Almora-Darjeeling, but significantly different between
Mohal-Kullu-Nainital and Nainital-Darjeeling. Si com-
position was similar in the Mohal-Kullu-Almora group
but significantly different in other groups. S composition
differed significantly in the Mohal-Kullu-Nainital group
but was similar in other groups. K composition showed
significant differences in several groups, including
Mohal-Kullu—Almora, Mohal-Kullu—Nainital, Mohal-
Kullu-Darjeeling and Almora—Darjeeling, but was sim-
ilar between Almora-Nainital and Nainital-Darjeeling.
These findings highlight variations in elemental compo-
sition among different groups within the study sites for
Na, Al, Si, S and K in PM,, particles.

Table 4 p value test for the significant elements between the study sites

Potential sources and source regions

Potential source identification using PCA and enrichment
factor

The enrichment factor (EF) facilitates the differentiation of
elements sourced from natural and man-made sources. An
origin for soil or crustal particulates that is primarily natural
is suggested when EF is less than 5. An EF between 5 and
10 denotes a combination of human and natural sources.
A predominantly anthropogenic origin, frequently linked
to human activity, is indicated by EF values greater than
10 (Sharma et al. 2014). In the present study, the analysis
shows that elements (Na, Fe, K, Mg, Ti, Ca and K) with EF
values less than 5 are probably from natural crustal origin.
Conversely, Ti also have EF values ranging from 5 to 10,
indicating that a combination of both human activity as well
as from natural processes, specifically combustion, building
or destruction, etc., is their source. EF values more than 10
clearly indicate that the origin of elements like Zn, Mo, Zr
and P is primarily anthropogenic most likely result from
vehicular emissions and human activities (Fig. S2, in sup-
plementary information).

In conducting the PCA analysis for this study, IBM’s
SPSS software version 26.0 was employed. Primarily dust
aerosols, combustion-related activities and vehicular emis-
sion are evaluated as the major contributor at all study
sites (Fig. S3, in supplementary information). The possible
sources extracted by PCA over the study sites are discussed
below.

Mohal-Kullu In Mohal-Kullu, four sources of particu-
late aerosols were evaluated by using PCA which mainly
includes the elements Na, Al, S, Mg, Ca, Ba, Si, K and Fe.
Soil dust, resuspended dust, paved road dust and a mixed
source (coal fly ash + resuspended traffic dust 4+ construc-
tion) were identified as major contributor to particulate mat-
ter (Choudhary et al. 2022; Jangirh et al. 2022; Karaca et al.
2019; Kaushal et al. 2018; Shashni et al. 2018).

Post hoc test

Elements  Mohal-Kullu-Almora ~ Mohal-Kullu-Nainital =~ Mohal-Kullu- Almora-Nainital =~ Almora-Darjeeling  Nainital-Darjeeling
Darjeeling

Na 9.3x107° 4.7 x 10716 4.1x1078 1.6x 1078 6.4x1073 3.5%x 1072

Al 6.9 x 107 5.1x1073 1.1x 107" 9.7x 1073 4.1x1072 3.0x 107

Si 2.4 %107 1.4x107° 34x107" 37x107 2.1x1078 3.8x 107

S 22x 107 3.5%x 1073 1.1x 1072 6.2x 107! 7.8 % 107! 6.2x 107!

K 3.4 x1077 1.3 % 10711 9.7 x 107! 1.6 x 1072 42 %1073 3.7x 107!
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Almora In Almora, there were three sources estimated with
the help of PCA which includes the elements Si, Ca, Mg,
Al K, Na, Ba, Fe and S. The types of sources identified at
this site contain crustal dust, fuel combustion, ash fraction of
diesel exhaust + markers of brake wear which mainly con-
tributed to the particulate aerosol’s concentration (Sharma
et al. (2020a); Karaca et al. 2019; Choudhary et al. 2022).

Nainital In Nainital also, there were four sources evaluated
by PCA which contains elements majorly Mg, Fe, Si, K, Al,
Ca, S, Na and Ba. The types of sources that were estimated at
Nainital include soil dust, crustal dust + ash fraction of diesel
exhaust and markers of brake wear, paved road dust + coal
combustion, crustal dust + brake wear and tear from motor
vehicles (Sharma et al. (2020a); Karaca et al. 2019; Sheoran
et al. 2021; Jangirh et al. 2022; Choudhary et al. 2022).

Darjeeling Like as in Nainital, it also has four identified
sources which include elements mainly Al, K, Si, Mg, Ca,
S, Na, Ba and Fe. Ash fractions of diesel exhausts + markers
of brake wear, resuspended dust, soil dust and brake wear
and tear from motor vehicles were the major type of sources
that contributed mainly in the particulate concentration of
this study site (Chatterjee et al. 2010, 2021; Karaca et al.
2019; Shivani et al. 2019; Sharma et al. (2020b); Jangirh
et al. 2022; Choudhary et al. 2022).

Impact of air parcel trajectory on PM,,

To comprehend the trajectories of particulate air masses
reaching the sampling sites (Mohal-Kullu, Almora, Nainital
and Darjeeling), we generated annual trajectories at S00m
AGL illustrated in the Fig. 6a. The annual trajectories for
all locations primarily originated from local regions such
as Uttarakhand, Jammu and Kashmir, the Thar Desert,
Himachal Pradesh, Afghanistan, the Indo-Gangetic Plain
(IGP) region and the Bay of Bengal (BoB).

The atmospheric mass backward trajectories reaching
Mohal-Kullu had their origins in the IGP region, Afghani-
stan, Pakistan and some traversing over the Arabian Sea.
Also, substantial air mass loadings were observed, predomi-
nantly originating from northwestern countries such as Turk-
menistan, Afghanistan and Pakistan (Choudhary et al. 2022;
Gajananda et al. 2005). The backward trajectory reaching
Almora primarily originated from IGP region including the
arid regions of the western part of India, Afghanistan and
Pakistan. In Nainital, the air parcel had their origins in Paki-
stan, Afghanistan, Iran, the Thar Desert and the IGP region
of India (Choudhary et al. 2022; Sharma et al. 2021). The
substantial influx of backward trajectories reaching Darjeel-
ing can be traced back to origins in the dry lands, including
the Thar Desert, Rajasthan and Punjab, as well as the IGP
region, Bay of Bengal (BoB), Assam, Sikkim and Nepal

(Chatterjee et al. 2021; Choudhary et al. 2022; Rai et al.
2020, 2021).

To pinpoint the potential source regions of PM,, at the
receptor sites (Mohal-Kullu, Almora, Nainital, and Darjeel-
ing), a PSCF analysis was performed. Grids with a probability
below 0.1 are rendered transparent, while other grids are dis-
played in various colours, where lighter shades indicate lower
probabilities and darker hues signify higher probabilities. In
Mohal-Kullu, substantial air mass loads from the north origi-
nated in Jammu and Kashmir, while those from the south-
east came from Uttarakhand regions (Choudhary et al. 2022)
(Fig. 6b). In Almora, heightened loads were locally sourced
from Uttarakhand and north-westward from Himachal
Pradesh (Fig. 6¢). Nainital experienced heavy loads from
local sources in Uttarakhand, north-westward from Himachal
Pradesh and certain regions of Nepal (Sharma et al. 2021;
Sheoran et al. 2021) (Fig. 6d). In Darjeeling, contributions to
the heavy loading of particulate aerosols came from Nepal,
Bhutan, Sikkim, Kolkata and some areas of Bihar (Ghosh
et al. 2021; Rai et al. 2020, 2021) (Fig. 6e).

CBPF

The predominant long-range transport of air parcels towards
the IHR is influenced by sources within the regional and
trans-boundary areas, particularly in the west (W), south
(S), northwest (N-W), southwest (S-W) and southeast (S-E)
directions. Regions such as Uttarakhand, Jammu and Kash-
mir, the Thar Desert, Himachal Pradesh, Pakistan, Afghan-
istan, Nepal, Sikkim, the IGP and the BoB contribute to
the increased loading of atmospheric pollutants in various
locations within the IHR. To better understand the direc-
tionality of local sources, a CBPF plot was performed for
Mohal-Kullu, Nainital and Darjeeling (except Almora due
to unavailability of met data).

Mohal-Kullu With > 75th percentile of mass concentration
(63 pg m~>) and the WS ~ (0.3-0.8 m s~!). CBPF for Mohal-
Kullu directs the source in the local region N-W and S-W
could be considered as plausible contributors to the mass
loading observed at the site. (Fig. 7a) Highly dense areas
covered by tourist hotspots like Solan (S-W), Mandi (N-W)
and Bilaspur (W) lead to the traffic influx which could be
the possible source emitter towards the site.

Nainital With > 75th percentile of mass concentration (67 pg
m™) and the WS ~ (0.5-3.5 m s™'). The CBPF for Nainital
suggests that potential sources within the local region to the
N-W, S-W and S-E could be considered as conceivable fac-
tors contributing to the mass loading at the site (Fig. 7b). The
particulate air parcel coming from N-W and S-W directions
majorly transport from nearby IGP region (Choudhary et al.
2022, Sharma et al. 2021).

@ Springer



15804

Environmental Science and Pollution Research (2024) 31:15788-15808

40°N 4

35°N A

30°N A

25°N

Latitude (deg.)

15°N £

10°N 00 800)‘[ 1200 1600
1 1

1 ) km

Mohal-Kullu ~ Almora N
NN
Nainital

Darjeeling

40°E 45°E S0°E 55°E 60°E 65°E T0°E 75°E 80°E 85°E 90°E 95°E 100°E

Longitude (deg.)

Latitude (deg.)

e

S LERLLLLH

Latitude (deg)

AE 4SE SOE SSE G0E 6 T0E 7SE SE 8SE 0B 9E 100E
Longitude (deg.)

Longitude (deg.)

ACE 4SE SOE SSE 60 65E 0B 7SE SOE $5E 90 95 100F

OE 6 WE IVE WE BE
Longituce (deg )
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and Darjeeling (e)) of PM, at height 500 m (AGL) over IHR

Darjeeling With > 75th percentile of mass concentration
(55 pg m~>) and the WS ~ (0.2-1.4 m s™). CBPF for
Darjeeling directs the source in the local region S-W, and
S-E could be plausible cause for mass loading at the site
(Fig. 7c). The particulate air parcel coming from S-W and
SE directions majorly transport from anthropogenic emis-
sions from IGP specifically Kolkata region (Choudhary
et al. 2022).

Conclusion

The present study inferred the annual average concentration
of PM,,, their morphological characteristics with elemental
content and their IR spectra over the IHR. It is the first attempt
to assess the FTIR spectral analyses and SEM-EDX analyses
simultaneously of the PM,, over IHR. The findings suggested
that in Almora and Darjeeling, the pollution load of PM,, was
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Fig.7 CBPF plots PM,, concentration at the receptor sites (a) Mohal-Kullu, b) Nainital, ¢) Darjeeling) over IHR
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within the permissible limit of NAAQS; however Nainital and
Mohal-Kullu have higher level of PM,,. The ATR-FTIR spec-
tral analysis revealed the presence of inorganic ions, which
can be attributed to various geogenic activities and second-
ary atmospheric reactions. Additionally, the analysis detected
organic functional groups that are associated with both bio-
genic and anthropogenic sources of pollution. These findings
indicate the complex nature of the pollutants present in PM,,,
with contributions from natural and human-induced sources.
SEM-EDX analyses inferred that the elements having natu-
ral origin (Al, Na, K, Ca, Mg and Fe) have variable (irregu-
lar, spherical, cluster, sheet-like solid deposition, columnar)
morphology, whereas anthropogenic origin (K, S and Ba) has
mostly irregular and spherical morphology at all the study
sites. The composition of O, Si and Al in elemental form and
the sharp peak of the silicate ion in the ATR-FTIR spectra
corroborated the presence of aluminosilicate in PM,, sam-
ples at all of the study sites, demonstrating the complemen-
tary nature of the two techniques. Additionally, the presence
of $O,?~ and CO32_ ion peaks in the IR spectra and the Ca
enrichment in the particle at all sites with natural origin high-
lighted the presence of CaSO, and CaCOj; in the PM,, sam-
ples at all sampling locations. The statistical analysis ANOVA
explained that the means of aw% of elements Na, Al, Si, S
and K are significantly different and varied from one site to
another. Also, PCA inferred that predominantly dust aerosols,
combustion-related activities and vehicular emissions are the
primary sources of atmospheric pollutants at all study sites.
Trajectory analysis indicated that increased levels of pollut-
ants in different locations within the IHR can be attributed
to contributions from Uttarakhand, Jammu and Kashmir, the
Thar Desert, Himachal Pradesh, Pakistan, Afghanistan, Nepal,
Sikkim, the IGP and the BoB. Overall, the work sheds insight
into the characteristics, elemental composition and IR spectra
of PM,, in the IHR and emphasises the benefits of integrating
FTIR and SEM-EDX analysis to thoroughly comprehend the
PM,, pollution in the region.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-024-31973-3.
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