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Abstract: This study presents the source apportionment of coarse-mode particulate matter (PM10)
extracted by 3 receptor models (PCA/APCS, UNMIX, and PMF) at semi-urban sites of the Indian Hi-
malayan region (IHR) during August 2018–December 2019. In this study, water-soluble inorganic ionic
species (WSIIS), water-soluble organic carbon (WSOC), carbon fractions (organic carbon (OC) and ele-
mental carbon (EC)), and trace elements of PM10 were analyzed over the IHR. Nainital (62 ± 39 µg m−3)
had the highest annual average mass concentration of PM10 (average ± standard deviation at 1 σ), fol-
lowed by Mohal Kullu (58 ± 32 µg m−3) and Darjeeling (54 ± 18 µg m−3). The annual total ∑WSIIS con-
centration order was as follows: Darjeeling (14.02± 10.01µg m−3) > Mohal-Kullu (13.75 ± 10.21 µg m−3)
> Nainital (10.20 ± 6.30 µg m−3), contributing to 15–30% of the PM10 mass. The dominant secondary
ions (NH4

+, SO4
2−, and NO3

−) suggest that the study sites were strongly influenced by anthropogenic
sources from regional and long-range transport. Principal component analysis (PCA) with an absolute
principal component score (APCS), UNMIX, and Positive Matrix Factorization (PMF) were used for
source identification of PM10 at the study sites of the IHR. All three models showed relatively similar
results of source profiles for all study sites except their source number and percentage contribution.
Overall, soil dust (SD), secondary aerosols (SAs), combustion (biomass burning (BB) + fossil fuel com-
bustion (FFC): BB+FFC), and vehicular emissions (VEs) are the major sources of PM10 identified by
these models at all study sites. Air mass backward trajectories illustrated that PM10, mainly attributed to
dust-related aerosols, was transported from the Thar Desert, Indo-Gangetic Plain (IGP), and northwest-
ern region of India (i.e., Punjab and Haryana) and Afghanistan to the IHR. Transported agricultural or
residual burning plumes from the IGP and nearby areas significantly contribute to the concentration of
carbonaceous aerosols (CAs) at study sites.

Keywords: secondary aerosols; water-soluble ionic species; aerosol acidity; neutralization factor;
PMF; Himalaya
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1. Introduction

The impacts of aerosols on the environment, climate, and human health have been the
subject of extensive research in recent decades [1,2]. By reflecting and absorbing the sun’s
radiation, aerosol particles disrupt Earth’s radiation balancing, affecting cloud and rainfall
formation by acting as cloud condensation nuclei and ice nuclei [3–6]. Aerosols influence
trace atmospheric gases through chemical changes and multiphase processes [7–9]. Aerosol
particles can be of primary or secondary origin: primary when released directly from the
source and secondary when gas-phase transformations or atmosphere modifications of
primary particle components occur.

Carbonaceous aerosols (CAs) compose the majority of particulate matter (PM) in the
atmosphere and affect atmospheric chemistry and visibility [1,10–14]. CA combustion and
emissions produce hazardous gases, organics, and hydrocarbons that harm the respiratory
and cardiovascular systems [15–18]. To comprehend the reactions of primary aerosols
in the atmosphere via a gas-to-particle conversion process, water-soluble inorganic ionic
species (WSIIS) are crucial. Gases such as SO2 and NO2 emitted from sources are oxidized
and converted to sulfate (SO4

2−) and nitrate (NO3
−) particles through various heteroge-

neous reaction pathways. The reactions of secondary species produce ammonium sulfate
((NH4)2SO4), ammonium bisulfate (NH4HSO4), and ammonium nitrate (NH4NO3) [19–21].
The trace and heavy elements in PM10 have become particularly known for their toxicity,
carcinogenicity, and widespread distribution in recent years [22]. Anthropogenic (Ni, Cr,
Zn, Cd, Ni, and Cu) and soil/crustal/road dust tracers (Al, K, Fe, Mg, Ca, Na, Si, and Ti)
are two of the most prevalent categories of elemental emissions found in PM [23]. Trace
and heavy elements emissions are exacerbated by non-exhaustive factors such as brake
and tire wear (Mn, Fe, Zn, Cu, Ba, Cr, Si, and Pb) and exhaust emissions (Zn, Pb, Cr, V,
Mn, Fe, Ca, Co, As, Ni, Cd, and Mo) [24–27]. Various health-related issues are linked to
trace metals, such as memory loss, respiratory problems, irritation of the nose and throat,
dermatitis, and lung cancer [28–32].

Numerous research studies have demonstrated that the composition of PM is pivotal
for assessing its impacts on air quality, climate, and human health [33–40]. The atmospheric
particles are highly dynamic in concentration and chemical characterization over space
and time frames. Any transformation in aerosols’ composition can profoundly affect their
hygroscopicity, cloud condensation nuclei (CCN), biological activities, chemical reactivity,
and optical properties [10,41,42]. Thus, detailed chemical characterization and scientific
understanding of aerosol sources, characteristics, and transformation processes are crucial
for quantitative evaluation, credible projections, and viable air pollution control. Various
source apportionment (SA) methodologies were utilized to estimate the source contri-
butions. Receptor models (RMs) such as principal component analysis (PCA)/absolute
principal component scores (APCS), UNMIX, and positive matrix factorization (PMF) have
been used in recent SA investigations on PM sources. The literature summarizes these RMs
and their benefits [43–46].

The Himalayas have a substantial regional to global role in meteorology and climate,
and is considered an essential and intricate environment from a dynamic atmospheric
circulation perspective [20]. The valley breeze processes on the Himalayan slopes can
transmit aerosol-enriched boundary layer air to the higher elevations, which is presents
a cause for concern regarding the melting glaciers that have been documented through-
out the Himalayas [47,48]. Several studies on aerosol chemical compositions have been
conducted over the Tibetan Plateau [49–55], in the northern part of the Himalayas, and
over the Indian plains [10,56–60]. In contrast, the Indian Himalayan region (IHR) still
lacks systematic studies focused on the characterization of aerosols [61–69] and source
apportionment [61,70,71] using RMs.

Because of all of the above reasons and the need to understand the sources of PM10
over the IHR, this study was designed for SA. This work presents the extension of the
previously published research [72], including WSIIS, neutralizing reactions of secondary
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inorganic aerosols, meteorological parameters, and other chemical components for SA of
PM10 using different RMs to refine PM10 sources over the IHR.

2. Methodology
2.1. Experimental Sites

Diverse observational sites (i.e., Darjeeling, Mohal-Kullu, and Nainital) were selected
to represent the IHR which epitomize the eastern, western, and central regions of the
Himalayas, respectively (Figure 1). The locations were selected to reflect typical suburban
environments. Polluted air originates locally and travels across the transboundary, reaching
these sites.
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Figure 1. Topographical map showing sampling locations at high altitudes of the Himalayas.

Mohal-Kullu: The G.B. Pant National Institute of Himalayan Environment (NIHE),
Mohal-Kullu, is situated in the Kullu Valley at 77.11◦ E, 31.9◦ N, and 1154 m above sea level
(a.s.l). Great Himalayan ranges from all sides enclose the Kullu Valley. The site now receives
snow and rain in the winter (January–February). During summer, the characteristics of
aerosols are influenced by air masses from the western side. Detailed information on the
sampling site is available in the literature [72,73].

Nainital: The Aryabhatta Research Institute of Observational Sciences (ARIES), Manora
peak hill, in Nainital (79.45◦ E, 29.39◦ N, 1958 m a.s.l), is a high-altitude location in the
IHR. The sampling site is flanked to the northeast by forests and high-altitude ranges
and gradually merges with low-altitude plain regions and the Indo-Gangetic basin to the
southwest. The site is expected to be emblematic of local and regional environments for
climatic change studies [37,74,75]. Additional details about the location are available in the
literature [71,72,76].

Darjeeling: The Bose Institute, Darjeeling, was selected to study the characteristics of
aerosols (88.15◦ E, 27.01◦ N, 2200 m a.s.l.). Darjeeling is a renowned tourist destination with
a broad array of altitudinal changes from 300–3500 m in the eastern Himalayan region. Due
to its altitudinal variations, the Darjeeling Himalaya exhibits climatic quirks, significantly
impacting airflow, precipitation, and temperature [62]. It has the typical monsoon weather,
with rainy summers and dry winters. Significant exposure to the moist southwest monsoon
emanating from the Bay of Bengal from June to September causes the wet monsoon climatic
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condition. The sampling site is situated 200 m above the city level in an area forested with
thick vegetation. Many hotels, market complexes, and tea estates are located within 10 to
15 km of the location, resulting in heavy foot traffic [72]. The literature provides additional
details about the Darjeeling region [62,72,77,78].

2.2. Sampling and Chemical Analysis

PM10 samples were collected periodically at sampling sites from August 2018 to
December 2019. Before sampling, Pallflex quartz micro-fiber filters (M/s. PALL Life
Sciences, Port Washington, NY, USA) were baked at a high temperature of 550 ◦C for
5 h using the furnace to eradicate all organic impurities from the filter. The collection
of PM10 samples was conducted by a high-volume (average flow rate = 1.12 m3 min−1)
respirable dust sampler (M/s. Envirotech, Delhi, India), with an accuracy of ± 2%. Before
and after collection, a microbalance with a resolution of ±10 µg was used to weigh the
filters. Detailed information in the context of the sampling procedure is available in the
literature [64,72].

The OC and EC concentrations of each PM10 filter were analyzed using an OC/EC
Carbon Analyzer (Model: DRI 2001A, Atmoslytic Inc., Calabasas, CA, USA). The detailed
analytical procedure for OC/EC estimation is explained in Chow et al. [79]. Non-destructive
quantitative estimation of heavy and trace elements was carried out using wavelength
dispersive X-ray fluorescence (WD-XRF) (Model: Rigaku ZSX Primus, with an analytical
error of 5–10%). For water-soluble organic carbon (WSOC), a TOC analyzer (Model: TOC
LCPH/CPN, M/s. Shimadzu, Kyoto, Japan) was used. The MDL of all the measured
samples was ≤ 0.1 µg C m−3. The details of the principle and analytical procedures of
OC/EC, WSOC, and element analysis are explained in our other publications [26,72].

The WSIIS of PM10 were analyzed using the Metrohm 930 compact Ion Chromatogra-
phy (IC) flex (M/s. Metrohm, Herisau, Switzerland). An IC system was used consisting
of a conductivity detector, a suppressor, a cation (Metrosep C 4-150/4.0), and an anion
(Metrosep A Supp 5-250/4.0) column. Laboratory analysis is detailed elsewhere [80,81].

2.3. Source Identification Using PCA/APCS, UNMIX, and PMF
2.3.1. Principal Component Analysis/Absolute Principal Component Scores (PCA/APCS)

PCA is a multivariate statistical tool that reduces the complexity of large datasets to
the minimum possible components based on their variance using varimax rotation [82] to
make the data more interpretable. The orthogonal transformation method was employed
to transform correlated variables of the high-dimension matrix into independent compo-
nents [83,84] to reform intercorrelated variables. Here, PCA/APCS was used by IBM SPSS
version 26 to analyze PM10 data in order to identify their sources.

Accordingly, the first step in the PCA was to standardize the dataset into a non-
dimensional form as an equation:

Sij =
Cij − Cj

σj
(1)

where i = no. of samples; j = no. of elements in a sample; Cij = jth element concentration in
sample i; Cj = mean concentration of element j; and σj= standard deviation of element j.

After standardization, the PCA illuminates the chemical mass balance as

Sij =
p

∑
k=1

gikhkj (2)

where gik and hkj are the factor loadings and scores, respectively; k = p no. of sources.
Equation (3) is solved by eigenvector decomposition. Only the components having
eigenvalues >1 were included as principal components (PC). After the PCs, true zero
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was calculated for each factor score and referred to as absolute principal component scores
(APCS). These scores were coupled to linear regression using the equation:

M =
n

∑
k=1

ck × APCSk (3)

where M = the measured mass concentration; Ck = the unaccounted mass contribution of
sources in PCA; and APCSk = rotated absolute PC scores for each source in a sample.

Therefore, for predicting the modeled mass concentration corresponding to each
species for a contribution of estimated sources, the regression coefficient is multiplied by
APCS. Detailed explanations of model algorithms are available in the literature [82,84–88].

2.3.2. UNMIX

UNMIX is a multivariate model having non-negativity constraints. In the UNMIX
model (US EPA UNMIX 6.0), the number of sources is estimated using the singular value
decomposition method (SVD method). In the SVD method, the dimensionality of data is
reduced to find the edge points. Edge points refer to specific data points where one source’s
contribution is negligible compared with others. UNMIX locates these edge points and
creates a hyperplane through them, called an edge. Thus, these hyperplanes provide source
compositions, and the source contributions are calculated to best fit the data. An in-depth
explanation of the model and algorithms are available in the literature [27,89–91].

2.3.3. Positive Matrix Factorization (PMF)

The US EPA PMF (version 5.0) is a multivariate receptor tool for factor analysis.
The PMF model extracts factor contributions (G) and factor profiles (H) from a sample
data matrix. PMF requires two types of files: a species concentration file and a species
uncertainty file. The standard equation-based uncertainty (U) is formulated as an equation

U =

√
(e f ∗ C)2 + (0.5 × MDL)2 (4)

where ef is the error fraction, C is the concentration, and MDL is the method detection
limit of species. For each species, the signal/noise ratio (S/N) represents the measurement
heterogeneity (i.e., absolute measurement or within the noise measurement).

A PMF primary output of contribution and profile is obtained from the initial model
base run. Qvalue (goodness of fit parameter), i.e., how well the input and model data match,
was clarified by interpretation of the outcomes of the base model run. Qrobust (goodness
of fit parameter discarding the values with uncertainty-scaled residual > 4) data show
the fitness of the runs compared with Qtrue (goodness of fit parameter considering all
points). The user can obtain the global minimum by analyzing the strength of Qrobust
and random seeds. Species with large residual values are a poor fitting indicator; thus, a
residual value of −3 to +3 is preferred, corresponding to a normal distribution (EPA PMF
User guide, 2014).

DISP, BS, and BS-DISP are three methods that can be used to estimate errors. In
contrast to the BS interval, which accepts random errors in judgement and some rotational
discrepancy, DISP considers rotational discrepancy. The DISP intervals are affected by
incorrect user specification of data uncertainty; however, the BS interval is not affected by
incorrect user specification. Although the BS-DISP misspecifies data uncertainty, it can
accommodate rotational uncertainties and random errors [92–95].

In this investigation, we employed PMF version 5.0. The PMF model scrutinizes the
input and equation-based uncertainty data files to comprehend the sources and percentage
profile. In the present scenario, the input data file includes the carbonaceous carbon (EC,
OC, and WSOC), elemental composition (Al, Cr, Ti, Mn, Fe, Zn, Cu, Br, Mo, Pb, and Ba), and
the WSIIS (F−, Cl−, SO4

2−, NO3
−, Na+, NH4

+, K+, Mg2+, and Ca2+). The equation-based
uncertainty was calculated using Equation (4), corresponding to the input speciated data.
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Table S1 (Supplementary Materials) shows the MDL used for the three sites’ uncertainty
calculations and signal-to-noise ratios. Tables S2–S4 (Supplementary Materials) summarize
the PMF-model measures for the present study sites. Sources were resolved at study sites
by incorporating the model data (S/N, R2, time series) with the base model and error
estimation. Species with an S/N ratio < 0.5 are considered bad, 0.5–1 are weak, and >1 are
strong species.

2.3.4. Meteorological Data and Backward Trajectory Analysis

Meteorological data, such as relative humidity (RH) (accuracy ± 2%), temperature (T)
(accuracy ± 1 ◦C), wind speed (WS) (accuracy ± 2% of full scale), and wind direction (WD)
(accuracy ± 3◦) were collected using the automatic weather stations (AWS) at sampling
sites during the study period (2018–2019). Backward air mass trajectories were generated
using an HYSPLIT model by employing GDAS global meteorological data to examine
the long-range and regional transport of aerosols to study regions, namely, Mohal-Kullu,
Nainital, and Darjeeling. Seasonal air mass back trajectories of 72 h were considered at
500 m above ground level (AGL) for each sampling day (August 2018–December 2019).

3. Results

In this section, we infer the predominant aerosol phenomenon in the IHR in terms
of their possible origins, atmospheric processes, and transit from PM10, along with its
carbonaceous, elemental, and WSIIS compositions and diagnostic ratios as a function
of seasons. We then qualitatively and quantitatively analyze the role of chemical and
meteorological factors in regulating aerosol acidity. Lastly, RMs quantify PM10 sources over
the IHR.

3.1. Potential Sources, Atmospheric Processes, and Transport of PM10 in the IHR

This paper reports variations in WSIIS and assesses PM10 sources using different
RMs and their model inter-comparisons for source identification; our previous paper [72]
discussed the concentrations and seasonality of carbonaceous components and trace and
heavy elements of PM10.

3.1.1. Variations in PM10 Mass and Its Chemical Composition

Table 1 summarizes the measured chemical species’ annual and seasonal mean con-
centrations in PM10. The highest yearly average concentration of PM10 was observed
at Nainital (62 ± 39 µg m−3), followed by Mohal Kullu (58 ± 32 µg m−3) and Darjeel-
ing (54 ± 18 µg m−3) (Figure S1), which are higher than the WHO permissible limit
(15 µg m−3) and near (annual: 60 µg m−3) the National Ambient Air Quality Standards
(NAAQS) of India. The temporal variation in PM10 concentration with meteorological
parameters such as T, WS, RH, and WD are represented in Figure 2. Seasons were clas-
sified according to the Indian Meteorological Department (IMD) seasonal classification
as winter (January–February), summer (March–May), monsoon (June–September), and
post-monsoon (October–December). Figure S1 (Supplementary Materials) reported the
seasonal concentration of PM10 at different study sites. Over Nainital, the highest concen-
tration of PM10 was observed in summer, followed by post-monsoon, monsoon, and winter,
which might be due to the high wind speed (Figure 2) in summer being responsible for
airflow of dust-related pollutants from the IGP and nearby regions. Darjeeling experiences
the highest concentration of PM10 in the summer, followed by winter, post-monsoon, and
the minimum in the monsoon season. Compared with other sites, a sharp decrease in the
concentration of PM10 was not observed over Darjeeling in the monsoon season due to
the enhanced contribution of sea salt aerosol species (Na+, Cl−, Mg2+, non-sea-salt sulfate,
and nitrate).
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Table 1. The annual and seasonal average concentrations of PM10 and their carbonaceous components
(OC, EC, WSOC, and WSIC) at different study sites of the IHR.

All Units Are
in µg m−3

Annual
(August 2018–

December 2019)

Winter
(January–
February)

Summer
(March–May)

Monsoon
(June–September)

Post Monsoon
(October–

December)

Darjeeling
No. of Samples (n) n = 134 n = 25 n = 32 n = 31 n = 46

PM10 54 ± 18 52 ± 18 63 ± 21 47 ± 9 50 ± 15
OC 5.13 ± 2.33 5.43 ± 2.02 5.21 ± 2.14 3.11 ± 1.02 6.32 ± 2.41
EC 2.20 ± 1.22 2.72 ± 1.00 3.01 ± 1.15 1.13 ± 0.45 2.12 ± 1.05

WSOC 3.61 ± 1.91 3.92 ± 1.31 3.43 ± 2.22 1.82 ± 0.91 4.71 ± 1.61
POC 2.90 ± 1.51 3.54 ± 1.30 3.91 ± 1.53 1.70 ± 0.60 3.22 ± 1.44
SOC 2.33 ± 1.52 1.94 ± 1.14 1.32 ± 1.05 1.42 ± 0.91 3.11 ± 1.53
TCA 10.41 ± 4.74 13.04 ± 4.71 13.11 ± 5.20 6.62 ± 1.93 13.52 ± 5.14
Na+ 1.46 ± 0.88 1.43 ± 0.73 1.97 ± 1.22 1.14 ± 0.48 1.33 ± 0.72

NH4
+ 2.88 ± 3.40 3.99 ± 4.11 4.73 ± 4.30 1.57 ± 1.75 1.91 ± 2.29

K+ 0.61 ± 0.46 0.63 ± 0.37 0.76 ± 0.50 0.25 ± 0.18 0.72 ± 0.48
Mg2+ 0.13 ± 0.16 0.11 ± 0.10 0.23 ± 0.26 0.08 ± 0.07 0.10 ± 0.10
Ca2+ 0.69 ± 0.62 0.61 ± 0.25 1.15 ± 1.02 0.46 ± 0.27 0.54 ± 0.33
F− 0.04 ± 0.08 0.03 ± 0.05 0.08 ± 0.15 0.02 ± 0.01 0.03 ± 0.02
Cl− 0.55 ± 0.74 0.36 ± 0.20 1.01 ± 1.31 0.35 ± 0.26 0.47 ± 0.40

NO3
− 2.29 ± 2.52 2.43 ± 2.47 3.66 ± 3.77 1.09 ± 1.12 2.06 ± 1.73

SO4
2− 5.36 ± 5.49 5.90 ± 5.22 8.43 ± 8.11 3.83 ± 3.50 3.96 ± 3.22

Nainital
No. of Samples (n) n = 86 n = 17 n = 27 n = 9 n = 33

PM10 62 ± 39 38 ± 9 100 ± 50 49 ± 17 47 ± 14
OC 5.31 ± 4.60 2.90 ± 1.05 8.30 ± 7.15 4.32 ± 1.70 4.31 ± 1.33
EC 1.70 ± 1.12 1.32 ± 0.61 2.31 ± 1.43 1.45 ± 0.81 1.42 ± 0.84

WSOC 3.67 ± 2.70 2.11 ± 0.60 5.71 ± 3.45 3.20 ± 1.40 3.01 ± 1.71
POC 2.71 ± 1.71 2.33 ± 1.05 3.74 ± 2.32 2.80 ± 1.43 2.54 ± 1.32
SOC 2.63 ± 3.51 0.74 ± 0.34 4.74 ± 5.62 1.55 ± 1.20 1.83 ± 1.22
TCA 11.10 ± 8.74 6.71 ± 2.45 16.94 ± 13.25 9.24 ± 3.52 9.13 ± 2.95
Na+ 0.44 ± 0.40 0.23 ± 0.12 0.63 ± 0.50 0.45 ± 0.46 0.40 ± 0.33

NH4
+ 1.80 ± 0.98 1.06 ± 0.64 2.12 ± 0.78 2.11 ± 1.18 1.82 ± 1.06

K+ 0.46 ± 0.28 0.30 ± 0.15 0.60 ± 0.38 0.50 ± 0.13 0.40 ± 0.20
Mg2+ 0.10 ± 0.08 0.06 ± 0.02 0.13 ± 0.06 0.14 ± 0.08 0.09 ± 0.07
Ca2+ 0.90 ± 0.93 0.46 ± 0.26 1.25 ± 1.37 1.12 ± 0.78 0.77 ± 0.58
F− 0.04 ± 0.02 0.04 ± 0.02 0.04 ± 0.02 0.04 ± 0.03 0.03 ± 0.02
Cl− 0.31 ± 0.37 0.23 ± 0.18 0.50 ± 0.56 0.17 ± 0.10 0.24 ± 0.21

NO3
− 2.12 ± 1.23 1.32 ± 0.80 2.63 ± 1.24 2.44 ± 1.57 1.89 ± 1.03

SO4
2− 4.04 ± 2.01 2.39 ± 0.78 4.95 ± 1.53 4.63 ± 2.41 3.69 ± 1.80

Mohal-Kullu
No. of Samples (n) n = 76 n = 5 n = 8 n = 34 n = 29

PM10 58 ± 32 51 ± 16 52 ± 15 44 ± 26 76 ± 36
OC 10.71 ± 8.25 11.14 ± 5.33 11.50 ± 6.21 6.54 ± 4.65 15.43 ± 9.95
EC 3.50 ± 2.05 4.23 ± 1.91 3.75 ± 1.54 2.35 ± 1.31 4.70 ± 2.05

WSOC 5.55 ± 3.24 5.32 ± 1.26 4.30 ± 3.00 4.24 ± 1.65 7.50 ± 4.11
POC 6.82 ± 3.92 9.30 ± 4.21 7.20 ± 2.94 4.80 ± 2.64 9.11 ± 4.04
SOC 3.94 ± 4.90 1.84 ± 1.65 4.31 ± 3.44 1.81 ± 2.43 6.33 ± 6.51
TCA 20.71 ± 15.10 22.05 ± 10.34 22.05 ± 11.44 12.82 ± 8.70 29.36 ± 17.84
Na+ 2.63 ± 2.11 2.18 ± 0.73 1.81 ± 0.32 2.23 ± 1.89 3.41 ± 1.22

NH4
+ 1.88 ± 1.50 1.61 ± 0.90 1.01 ± 0.50 1.50 ± 1.20 2.61 ± 1.78

K+ 0.55 ± 0.51 0.40 ± 0.17 0.39 ± 0.42 0.38 ± 0.38 0.82 ± 0.61
Mg2+ 0.26 ± 0.21 0.39 ± 0.34 0.11 ± 0.11 0.31 ± 0.28 0.20 ± 0.23
Ca2+ 1.47 ± 1.22 1.66 ± 0.75 1.03 ± 0.36 1.07 ± 0.91 2.04 ± 1.51
F− 0.10 ± 0.07 0.08 ± 0.02 0.05 ± 0.03 0.09 ± 0.07 0.12 ± 0.07
Cl− 1.76 ± 1.11 1.66 ± 0.79 1.00 ± 0.23 1.40 ± 0.87 2.41 ± 1.25

NO3
− 2.45 ± 1.67 2.31 ± 0.97 1.53 ± 0.57 1.98 ± 1.18 3.28 ± 2.11

SO4
2− 2.65 ± 1.75 2.51 ± 1.17 1.58 ± 0.58 2.31 ± 1.46 3.43 ± 2.07
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Figure 2. Temporal variation in PM10 concentration and meteorological parameters during the study
period over high-altitude sites of the IHR.

Figure S2 (Supplementary Materials) shows the average seasonal concentration of
CAs estimated at the study sites. The observation sites experience enhanced concentra-
tions of carbonaceous components in the winter/post-monsoon [72] seasons, which might
be due to meteorological factors such as shallow mixing height, low WS, and temper-
ature (Figure 2), favoring stagnant weather conditions. In addition, other factors such
as massive biomass burning (BB) activities, traffic congestion, and residential burning
increased the load of particulate CAs over the study sites [71,72,77,78]. Volatilization of
CAs and airflow of contaminants from the IGP northwest region due to stubble burning
activities after crop harvesting resulted in high CA concentrations at high altitude sites
during summer [4,26,66,96–100]. Figure S3 (Supplementary Materials) shows the percent-
age contribution of OC, EC, WSOC, trace, heavy elements, and WSIIS of PM10 at the
observation sites.

The estimated trace elements constituted around 18%, 15%, and 9% of PM10 at the
Mohal-Kullu, Nainital, and Darjeeling study sites. Overall, the average concentration
of crustal components (Ca, Al, Fe, K, and Na) was considerably higher at all study
sites (Mohal-Kullu: 5.61 ± 3.44 µg m−3, Nainital: 7.14 ± 6.28 µg m−3, and Darjeeling:
2.94 ± 2.27 µg m−3), while other elements have significant elemental concentrations in
PM10 [72]. Table S5 (Supplementary Materials) shows the annual and seasonal average
concentrations of trace and heavy elements in PM10 over the study sites. On average,
the highest crustal elemental concentration observed in the summer season might be due
to long-range dust transport from arid regions and construction activities resulting in
coarse-mode crustal components at study sites. A substantial positive correlation of Al
with Mg, Ca, Ti, and Fe (Figure S4) (Supplementary Materials) reflects the abundance of
mineral/crustal dust as a source of PM10 over the study sites.
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3.1.2. Variation in Water-Soluble Inorganic Ionic Species (WSIIS) of PM10

PM10 samples were analyzed for major anions and cations. Table 1 illustrates the
seasonal and annual average WSIIS concentrations at three sampling sites. The annual total
WSIIS concentration order was as follows: Darjeeling (14.02 ± 10.01 µg m−3) > Mohal-Kullu
(13.75 ± 10.21 µg m−3) > Nainital (10.20 ± 6.30 µg m−3), contributing to 15–30% of the PM10
mass as shown in Table 1. Regarding mass percentage loading of WSIIS, the order of cations
was as follows: NH4

+ > Na+ > Ca2+ > K+ > Mg2+. The SO4
2− anion followed by NO3

−

and Cl− predominated at all sampling sites due to secondary production from precursor
gases and transformation rates (Figures 3–5) [52,101,102]. The major secondary ions (NH4

+,
SO4

2−, and NO3
−) indicated that long-range and regional transport of anthropogenic

sources significantly influence the study sites [103,104].
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the different study sites.

The primary WSIIS (Ca2+, Mg2+, K+, Na+, and Cl−) over Nainital show higher Na+ and
Cl− concentrations in the summer, followed by the winter, post-monsoon, and monsoon
seasons. The Nainital site is not influenced by marine air masses [71,105]. During summer,
dust aerosols might contribute to Na+, which can react heterogeneously with acidic gases
and form water-soluble Na+ [80]. Whereas Cl− might be due to a forest fire near the site
and the long-range transport of aerosols. Our findings infer that the concentration of Na+

and Cl− in the monsoon season might be due to the transport of marine air masses from the
BoB (Figure 6). Strong seasonal variations in Na+ and Cl− concentrations were observed in
the monsoon season over Darjeeling [62]. The results from the Darjeeling site show that
Cl− reached its maximum peak during summer followed by winter, and post-monsoon
could be associated with coal burning in Darjeeling railways, transport of anthropogenic
aerosols, use of fertilizers, and enhanced tourist activities [61,62]. Ca2+ and Mg2+ are
primary crustal sources showing higher concentrations during summer, possibly due to
long-range transport and low precipitation favorable for the re-suspension of wind-blown
soil dust (SD) particles [49,106] to the study sites. The highest concentration of K+ was
observed in the post-monsoon season (Table 1), which might be due to plumes of crop
residue burning in the IGP (Figure 6) being transported to higher altitudes. The peak of
K+ in winter is due to enhanced wood/coal burning activities caused by meteorological
conditions (Figure 2), while in summer it is due to the regional transport of pollutants
(Figure 6) over the study sites [61,62,71,107,108].

Among the Secondary WSIIS (SO4
2−, NO3

−, and NH4
+), the SO4

2− ion was the pre-
dominant one at the study sites. Over Darjeeling, the maximum SO4

2− concentration was
observed during the summer (8.43 ± 8.41 µg m−3) and winter (5.90 ± 5.22 µg m−3), fol-
lowed by the post-monsoon season (3.96 ± 3.22 µg m−3), and the minimum concentration
was observed in the monsoon season (3.83 ± 3.50 µg m−3) (Figure 3). Whereas in the case of
Nainital, the summer months (4.95 ± 1.53 µg m−3) reported a high concentration of SO4

2−,
followed by the monsoon, post-monsoon, and winter seasons. During summer, high tem-
perature (Figure 2) and intense solar radiation (SR) enhanced the gas phase photochemical
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oxidation of SO2 along with the advected pollution plume of the IGP (Figure 6) and local
combustion-related activities resulting in elevated SO4

2− concentrations in summer over
Darjeeling and Nainital. Ghosh et al. [62] also reported high concentrations of SO4

2− in
summer due to the photochemical oxidation of SO2. In contrast, over Mohal-Kullu, a high
concentration of SO4

2− was observed in the post-monsoon season (3.43 ± 2.07 µg m−3),
followed by the winter (2.51 ± 1.17 µg m−3), monsoon, and summer seasons. During the
post-monsoon season, heterogeneous conversion of SO2 to SO4

2− aerosols increases under
favorable meteorological conditions (low WS, T, and mixing height). The high concen-
tration of SO4

2− during the winter season at the study sites might be due to increased
emissions from combustion activities and residential burning for domestic purposes and
prevailing atmospheric conditions (Figure 2) [62] (Table 1).
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NH4
+ followed seasonal patterns similar to SO4

2− at all study sites, which might
indicate the possible existence of NH4HSO4 or (NH4)2SO4 in the atmosphere. NH4

+ formed
from NH3 via gas and aqueous phase interactions with acidic species such as HNO3, HCl,
and H2SO4 (detailed in subsequent sections). Farming, livestock, combustion, incineration,
and BB activities produce NH3 in the atmosphere. During summer, enhanced combustion
activities, BB-transported plumes from the IGP, local anthropogenic activities, and favorable
climatic conditions increased the NH4

+ concentration over Nainital and Darjeeling. In
contrast, over Mohal-Kullu, a high concentration of NH4

+ in the post-monsoon and winter
seasons might be due to an enhanced NH3 from local and advected burning plumes that
could expedite the heterogeneous conversion of NH3 to NH4

+ [109].
Over Darjeeling and Nainital, the peak of NO3

− observed in summer might be
due to enhanced vehicular activities and gas phase conversion of NO2 to HNO3 by OH
radicals [61,62,110]. During the summer, conditions such as high SR and T and low RH
partially decompose NH4NO3. In contrast, during the winter and post-monsoon seasons,
aqueous phase conversion of NO2 to NO3 occurs, and HNO3 reacts with NH3 to form
NH4NO3 [19,62,101,109–111]. Similar seasonal patterns of SO4

2− and NO3
− were also

reported in several research articles [4,61,62,109,112–117].

3.1.3. Correlation of Carbonaceous and WSIIS of PM10

Studying correlations among carbonaceous and WSIIS mass concentrations and diag-
nostic ratios is an appropriate way to identify potential PM sources. Figure 4 shows the
annual Pearson correlation of CAs and WSIIS at the study sites.

Table S6 reports the seasonal and annual diagnostic mass concentration ratios of
carbonaceous species and WSIIS over the study sites. Several earlier studies consid-
ered non-sea-salt K+ (nssK+) (calculated as K+ = 0.129Na+) as a tracer for BB along with
CAs [46,79,118]. The values of nssK+/EC in Nainital (0.31) and Darjeeling (0.26) propound
the BB contributions to EC, which are similar to those reported earlier [62,66,111], while
a value of nssK+/EC less than 0.20 indicates emissions from fossil fuel combustion (FFC)
as shown by Mohal-Kullu (0.14). Significant correlation of K+/EC (r = Mohal-Kullu: 0.68;
Nainital: 0.62; and Darjeeling: 0.69), K+/OC (r = Mohal-Kullu: 0.80; Nainital: 0.85; and
Darjeeling: 0.79), K+/Cl− (r = Mohal-Kullu: 0.82; Nainital: 0.46; and Darjeeling: 0.52),
and K+/NO3

− (r = Mohal-Kullu: 0.71; Nainital: 0.64; and Darjeeling: 0.55) may imply
their common source of BB at different study sites of the IHR [81,89,110,111,119]. K+ also
originated from crustal source interference, such as re-suspension of soil dust [119]. A
significantly high correlation coefficient of K+ and Ca2+ was observed, (r = 0.82, p < 0.05)
and (r = 0.47), for Mohal-Kullu and Darjeeling, respectively, and the source was determined
to be soil re-suspension. The ratio of Mg2+/Ca2+ was 0.32, 0.59, and 0.23 at Mohal-Kullu,
Nainital, and Darjeeling during the study period, which was higher than the sea salt aerosol
ratio (0.18), which reconfirmed that SS was not a significant contributor [19]. At Nainital,
Mg2+ and Ca2+ correlate well (0.77), followed by Darjeeling and Mohal-Kullu in the sum-
mer season, likely indicating their communal sources [49,66,106]. SD from surrounding
areas and regional transport of dust aerosols (Figure 6) under dry and windy conditions
during summer could be the reason for their aerosol enrichment [111] at the study sites. A
statistically significant positive correlation of acidic species, such as SO4

2− and NO3
− with

NH4
+, indicates the production of (NH4)2SO4 and NH4 NO3 to neutralize the acidity of

aerosols at the study sites (Figure 5).

3.2. Aerosol Acidity and Charge Balance

Aerosol acidity is a crucial characteristic of atmospheric particulates that affect clouds,
climate, ambient quality, and human well-being [120].

Aerosol acidity: WSIIS are important in regulating the acidity of aerosols and their
acidification in the environment. Ion balance reactions are good indicators to estimate
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the acid–base equilibrium of aerosol particles. Therefore, in the present study, both anion
equivalents (AE) and cation equivalents (CE) are calculated by the following equation:

CE =
Na+

23
+

NH+
4

18
+

K+

39
+

Mg2+

12
+

Ca2+

20
(5)

AE =
SO2−

4
96

+
NO−

3
62

+
Cl−

35.5
(6)

During the study period, the correlation coefficients of CE and AE were in the range of
0.67–0.87, indicating the alkaline nature of aerosol-causing aerosol acidity at the study sites
(Figure 5). Seasonal correlations of CE and AE were also reported indicating the acidity of
the aerosols at the study sites (Figure S5).

Charge balance: The acidic aerosols (SO4
2− and NO3

−) can be neutralized by alka-
line components such as NH3 and CaCO3. NH4

+, Ca2+, and Mg2+ are dominant acid-
neutralizing cations. During the present study, the equivalent molar ratios of NH4

+ /SO4
2−

and NH4
+/ NO3

− were 3.7 and 2.5, 2.8 and 2.6, and 3.0 and 3.8 at Mohal-Kullu, Nainital,
and Darjeeling, respectively. These results demonstrate the abundance of NH4

+ particles to
neutralize SO4

2− and NO3
− particulates and function as a precursor to secondary aerosol

formation at the study sites (Figure 6). It was observed that the atmosphere has enough
NH4

+ to neutralize SO4
2− and NO3

− (preferably 2:1 and 1:1), which was determined by
the molar ratio of NH4

+ to SO4
2− and NO3

− [97]. Moreover, the complete neutralization of
acidic species (HNO3 and H2SO4) by NH4

+ was calculated using the equivalent ratios of
NH4

+/(NO3
−+SO4

2−). If the value of NH4
+/(NO3

−+SO4
2−) is near 1.0, it implies that the

acidity has been completely neutralized by NH4
+ [121]. The average equivalent ratios of

NH4
+/(NO3

−+SO4
2−) in PM10 from the sampled sites were 1.48, 1.32, and 1.55 at Mohal-

Kullu, Nainital, and Darjeeling, respectively, confirming that NH4
+ plays a significant

contribution in acidity neutralization of aerosols over the Himalayas.

3.3. Potential Source Area from the Air Mass Backward Trajectory Analysis

Different air masses travel through different regions, bringing different chemical com-
ponents of PM to the receptor sites; therefore, air mass flow also sheds some light on
their possible source areas and sources. During the study period, air masses at study sites
were dominantly southwesterly and northwesterly in summer and winter, respectively,
while during the post-monsoon season, a mixture of southwesterly, northeasterly, and
northwesterly air masses was observed (Figure 7). During the summer, the enrichment
of crustal elements might be due to the long-range transport of dust-related air masses
from the IGP, the Thar desert, and windy conditions (Figure 6) at the elevated altitudes as
per the elevated-heat-pump mechanism [61]. High concentrations of carbonaceous species
and WSIIS in the post-monsoon and winter seasons are attributed to local and transported
emissions of BB and fossil fuel combustion, crop residue burning in Punjab and Haryana,
and meteorological influences (lowered boundary layer heights and stable atmosphere)
(Figure 2) [64,71,76,122,123]. Over Darjeeling, marine air masses from the southeast ar-
riving in the monsoon season are mainly from the Bay of Bengal (BoB) (Figure 6) [62,76],
suggesting sea salt aerosols as a source of PM over Darjeeling. Arun et al. [124] reported
that the long-range transport over the study site was from northwestern parts of the IGP
region, western regions of Asia, and the Middle East. According to Sheoran et al. [71], the
major source regions for aerosols in Nainital include Delhi, Punjab, Haryana, Pakistan, the
Thar desert (Rajasthan), the Arabian Sea, and East Africa. Rai et al. [64] revealed that the
common source regions of PM10 over Darjeeling are local areas, the IGP, the Thar desert
(Rajasthan), parts of semi-arid and central highlands, and the BoB. Sarkar et al. [125] also
reported the IGP and Nepal as the most dominant PM2.5 and black carbon (BC) regions.
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Figure 7. Seasonal air mass backward trajectories at 500 m A.G.L over different high-altitude sites of
IHR.

3.4. Source Apportionment of PM10 Using Receptor Models
3.4.1. PCA/APCS

PCA/APCS was executed on data of all sites using SPSS software (26.0). In PCA,
varimax rotation was applied with orthogonal transformation. Kaiser–Meyer–Olkin (KMO)
values were used to measure the adequacy of the model and response suitability. Table S7
shows the factor profiles of the PCA/APCS at the study sites.

Mohal-Kullu

A total of 77 samples and 18 chemical species of PM10 were used as input in the
PCA. The KMO value was 0.81. A total of 5 principal components were extracted, with
a total variance of 75.4% explained. Species with factor loading values > 0.4 were ana-
lyzed to identify sources. Figure 6 presents the principal components in terms of their
factor loadings.

In PC1, EC, Al, Zn, Cl−, K+, and Fe showed substantial positive values with a variance
of 37.0%. Dominant markers such as EC are vital tracers emitted from combustion sources
and tracers of vehicular emissions (VEs) emitted globally [126,127]. Zn, Cl−, and K+ were
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also traced in considerable amounts, and are attributed to the tailpipe emissions of two-
stroke engines in which Zn is employed as a fuel additive, while K+ is released from diesel
exhausts [128–130]. PC1 was classified as VEs with a 9% contribution to PM10 concentration
(Table S7). PC2 is considered a secondary aerosol (SA), as its precursors dominate (NO3

−,
SO4

2−, and NH4
+). SAs are produced from precursors such as NOx, and SO2, and NH4

+ as
(NH4)2SO4 and NH4NO3 [131–133]. PC2 contributes 17% to the PM10 mass and explains
the variance of 11.6%. PC3 is defined as a combined source of BB and fossil fuel combustion
(FFC) as a combustion source. The precursors of BB (OC, EC, WSOC, and K+) and FFC (Cl−,
F−, OC, EC, S) showed strong and moderately positive factor loadings with a variance
of 11%. This source majorly contributed to the PM10 mass concentration (35%), possibly
due to enhanced burning activities at the study site and long-range transport from the
IGP region (Figure 8). Globally, OC, EC, WSOC, K+, Cl−, F−, OC, S, Mg2+, and NH4

+ are
considered markers of combustion sources [4,131,133,134]. PC4 was classified as an SD as
the crustal elements (Al, Zn, and Fe) showed strong positive loading values along with OC
and EC, which are associated with SD emissions [45,135,136]. SD emissions showed the
highest % contribution (38%), supported by the high concentration of crustal elements in
trace and heavy elements over the study sites. PC5 showed substantial loadings of Mg2+,
Ca2+, and Cl−, tracers of sea salt (SS) aerosols (Na+, Cl−, Mg2+, Ca2+, and K+) [87,137],
with a total variance of 5.7%. As the study sites are far from any marine source, this factor
was classified as sodium magnesium salts (SMS), contributing to 2% of the PM10 mass
concentration (Figure 8).

Nainital

A total of 86 samples with 22 chemical species were used to identify the sources over
Nainital. The KMO value was 0.83. A total of 5 principal components were extracted, with
an explained variance of 80.6%. Chemical variables with factor loading values > 0.5 were
chosen to identify sources. Figure 8 represents the principal components in terms of their
factor loadings.

PC1 was defined as an SD as its high loading values were reflected by crustal compo-
nents (Al, P, S, Ti, Fe, Mg, and Ca) [128,135–137]. This component explained a variance of
50.3% with a 25% contribution to PM10, which is supported by earlier studies [71] and sig-
nificant correlations of Al with Fe, Ca, Mg, and Ti (Figure S4). PC2 showed strong positive
loadings of OC, EC, WSOC, K+, and Mo, which are the markers for BB [4,110,131,133,137],
delineating the source as BB with a variance of 11.1% and mass contribution of 20% to PM10.
PC3, defined as an SA, showed strong positive loadings of SO4

2−, NO3
−, and NH4

+ with a
variance of 7% and contributed to the mass concentration by 31%. PC4 inferred source VEs
as tracers of VEs (EC, S, Zn, Na+, and Zr), which have significant positive loadings with
a 15% contribution to PM10. PC5 represents SMS and contributed 9% to the PM10 mass.
PC5 showed strong positive loading of Na+, Mg, Br, and Cl−; it could be identified as the
long-range transport of aged sea spray and Cl− depletion, as the influence of marine air
masses is feeble at Nainital [71,76,91]. Sharma et al. [138] used the PCA model to identify
crustal/SD, BB, and IE as the dominant sources of PM10 over the central Himalayas of India.
Dumka et al. [139] revealed lesser contributions from the FFC and hydrophobic biofuels,
whereas there was a higher contribution of hygroscopic pollutants for CCN formation from
the IGP.

Darjeeling

A total of 135 samples with 22 chemical species were used in the analysis. The KMO
value was 0.81. A total of 6 principal components were extracted, with an explained vari-
ance of 72.6%. Chemical variables with factor loading values > 0.5 were chosen to identify
sources. Figure 7 represents the principal components in terms of their factor loadings.
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PC1 showed strong positive soil/crustal/road dust markers (Al, Ti, Fe, and Zn)
loadings. PC1 explained a variance of 33.5% and the highest percentage contribution (31%)
to the PM10 mass and was identified as an SD; it was also supported by transported soil
re-suspension dust (Figure 8) and enrichment factors of elements as crustal or natural
sources [72]. PC2 showed strong positive loadings of SAs (NO3

−, SO4
2−, and NH4

+), with
a variance of 12.5% and 21% contributions to the PM10 mass. PC3 was inferred as BB,
and showed a variance of 9.1% and 28% contributions to the PM10 mass with significant
loadings of markers associated with BB (OC, EC, WSOC, and K+); significant contributions
of carbonaceous components (OC, EC, and WSOC) and their relations also support BB as
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a source of PM10 over Darjeeling. PC4 showed significant loadings of VEs (EC, F−, Cl−,
Mg2+, Ti, Ni, and Zn) markers with a 12% contribution to the PM10 mass as the study site
experiences increased tourist activities, which might be contributing to PM from vehicle
emissions. PC5 showed a variance of 5.9% and 5% contributions to the PM10 mass. PC5
was inferred as coal combustion, with significant SO4

2−, Cl−, OC, EC, Cu, and Zr loadings,
as the Darjeeling site has local coal combustion (CC) emissions from the toy train of the
Darjeeling Himalayan Railway: DHR [61,62,64]. PC6 showed a variance of 5.3% and only
3% contributions to the PM10 mass. PC5 showed significantly positive loadings of Na+,
Cl−, and F−, which are markers of SS aerosols. The site is influenced by transported air
masses from marine sources (BoB), particularly in the monsoon season (Figure 6) [62,137].
According to previous studies [26,61,72], the common sources of particulate pollution
identified using PCA are BB, SD, FFC, VEs, SS, and IE.

3.4.2. UNMIX
Mohal-Kullu

The high concentrations of Na+, Mg2+, Cl−, and Ca2+ in source 1 were identified as
an SMS, with a 4% contribution to the PM10 mass. Source 2 was inferred as a combustion
source (BB+FFC) due to the presence of OC, EC, WSOC, Na+, B, Al, NH4

+, K+, and Cl−

with a contribution of 45% to the PM10 mass concentration. Source 3 was designated as an
SD due to high concentrations of Al, Fe, and Ca2+, along with OC and EC, contributing
26% to the PM10 mass. The significant concentrations of NO3

−, SO4
2−, and NH4

+ indicated
source 4 as an SA with a 24% contribution to the PM10 mass (Figure 9).

Nainital

The high concentrations of OC, EC, and NO3
− indicated source 1 as VEs, with a

7% contribution to the PM10 mass. Source 2 was identified as an SMS due to the presence
of Na+, Mg2+, and Cl−, with a contribution of 3% to the PM10 mass concentration. Source
3 was designated as dust (soil/mineral dust) due to high concentrations of Al, Fe, Zn, and
Ca, along with OC and EC, contributing 37% to the PM10 mass. The significant presence
of BB markers (OC, EC, WSOC, Fe, and SO4

2−) indicated source 4 as BB and contributed
19% to the PM10 mass. Source 5 is inferred as an SA with a 34% contribution to PM10,
showing high loadings of NO3

−, SO4
2−, and NH4

+ (Figure 9).

Darjeeling

The high concentrations of OC, EC, WSOC, Cl−, and K+ inferred source 1 as a CC,
with a 7% contribution to the PM10 mass. Source 2 was identified by the occurrence of high
concentrations of NO3

−, SO4
2−, and NH4

+, marking source 2 as an SA and contributing
33% to the PM10 mass. Source 3 constituted high concentrations of OC, EC, WSOC, B, and
NO3

−, indicating this source as VEs, with a 7% contribution to the PM10 mass. Source
4 was designated as a BB source due to the presence of OC, EC, WSOC, Na+, B, Al, NH4

+,
and K+, contributing 26% to the PM10 mass concentration. Source 5 was designated as
SD/crustal dust due to high Al, Fe, Ca, OC, and EC concentrations, contributing 17% to
the PM10 mass (Figure 9). Ghosh et al. [62] reported BB plumes from the IGP and local
anthropogenic activities as the dominant source of coarse-mode aerosols.

3.4.3. PMF
Mohal-Kullu

The PMF model was run with 55 samples for 21 species in robust mode. At 5%
extra modeling uncertainty, 95% of the Q values were near Qtrue (1124), indicating a
global minimum Q value. A four-factor solution was optimized based on PMF bootstrap
(BS), displacement (DISP), and BS-DISP error, observed and modeled concentrations, and
variability of the Q/Qexp ratio (<2). The Supplementary Materials provide a detailed
model and error estimation summary (Table S2). The PMF model identified four sources
(FFC, SAs, BB, and SD) (Figure 10).
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Source 1 is characterized by dominant species of OC, EC, F−, Cl−, Zn, Zr, Cr, and Al
inferred as VEs. This source’s abundance of EC, Al, Zn, and Cl− indicates the intrusion from
vehicular exhaust and non-exhaust emissions. The VEs source contributed approximately
29% to the PM10 mass at Mohal-Kullu. The mass ratio of NO3

−/SO4
2− < 1 also indicated

the source of PM10 as being of anthropogenic origin [81]. Source 2 showed the dominant
key markers of SAs (NO3

−, SO4
2−, and NH4

+). SAs contributed 13% to the PM10 mass
concentration and are derived from their gaseous precursors (SO2 and NO2) [61]. BB was
defined as source 3 due to the predominant contribution of OC, EC, K+, WSOC, NH4

+,
SO4

2−, Cl−, Zn, and Cr. Globally, K+ is used as a marker of BB due to its release during the
combustion process. The presence of carbonaceous species along with K+ was attributed
to BB, including vegetative/wood burning, agricultural residue, waste burning, and cow
dung burning [110]. The presence of NH4

+ along with K+ and SO4
2− confirmed the

emissions were from BB [81]. The mass ratio of OC/EC > 2 also supported BB as a source
of PM10 at the study site and contributed 34% to the PM10 mass concentration. Source
4 was characterized mainly by crustal elements (Mg, Ca, Al, P, Fe, and Zn) and contributed
23% to the PM10 mass. As explained, coarse-mode particles have significant contributions
to crustal elements; this factor represents the SD source. Air mass backward trajectory
also supports SD sources as long-range transport of particulates in the dry season carries
dust-laden air masses from the Thar desert and the IGP region over the Himalayan region
(Figure 7). Soni et al. [70] reported seasonal sources of PM10 using the PMF model, viz.,
soil/road dust (56%), VEs (32%), and IE (12%) in the summer season, whereas BB+VEs
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(62%), IE (16%), soil/road dust (16%) and anthropogenic combustion (6%) were reported in
the winter season. Kant et al. [140] identified probable sources of BC emanating from the
northwest and eastern parts of the IGP, which are predominantly crop residue burning and
forest fire zones in India.

Nainital

The PMF model was run with 86 samples for 25 species in robust mode. At 2% extra
modeling uncertainty, 99% of the Q values were near Qtrue (1303) for a 5-factor solution.
The final solution was optimized based on BS, DISP, and BS-DISP errors, observed and
modeled concentrations, and explained variability by the Q/Qexp ratio. A detailed model
summary and an error estimation summary are provided in the Supplementary Materials
(Table S3). The PMF model identified five sources (SD, SAs, BB, FFC, and VEs) (Figure 10).

Source 1 is characterized by the higher contribution of Al, Mg, Ca, Ti, and Fe, corre-
sponding to the factor as an SD, with a 26% contribution to the PM10 mass. Globally, several
researchers have identified a wide range of elements (Al, Si, Ca, Ti, Fe, Cu, Mg, Mn, and
Zn) as dust particles [45,126,134–136]. Air mass backward trajectories show that southwest
monsoon air flows over the Arabian Sea, and dust-loaded air masses from the Thar desert
and the IGP region arriving at the receptor site are also notable (Figure 7). Significant
correlations of crustal elements also support SD as a primary source of PM10 at Nainital
(Figure S4). High contributions of NO3

−, SO4
2−, and NH4

+ inferred source 2 as an SA and
contributed 18% to the PM10 mass concentration. Factor 3 is related to BB and was identi-
fied by the high contributions of BB markers (OC, EC, WSOC, K+, and S). BB contributed
15% to the PM10 mass concentration. Generally, K+ is used as a marker of BB, including cow
dung, agricultural waste, crop residues, residential waste, vegetation, and wood [110]. The
diagnostic ratios of nss K+/EC, K+/Cl−, and K+/NO3

− supported BB as a source (Table
S6 in the Supplementary Materials). During the summer season, crop residue burning is
enhanced in northern India [66], and this region especially experiences forest fires, which
might be a reason for BB as a source. Source 4 is characterized by dominant species of F−,
Cl−, Br, Cr, Zn, Ni, OC, and EC, which were inferred as FFC. This source’s abundance of F−

and Cl− indicates the invasion of CC. The FFC source contributed approximately 22% to
the PM10 mass at Nainital. Rabha et al. [132] also reported similar markers for CC in brick
kilns and petroleum refineries in Jorhat, Northeast India. Source 5 showed notably high
contributions of attributes such as OC, EC, and Cu, along with NO3

−, Al, Cr, Mn, Cl−,
and Mo, which indicate VEs. VEs contributed 19% to the PM10 mass. Several researchers
reported that OC, EC, NO3

−, and Cl− were profoundly emitted from tailpipe emissions
of two-stroke engine and diesel exhausts [129,130,141–143]. Globally, Zn, Mn, Cu, and Al
are non-exhaust markers from traffic sources such as clutch/tire, brake lining, and piston
wear [131,139–142]. Zn and Mn were used as fuel additives [133,144–147] and significantly
contributed to the VEs source. Our findings are supported by a recent study [71] which
reported mineral dust (34%), BB (27%), secondary SO4

2− (20%), secondary NO3
− (9%), and

mixed aerosols (10%) as the major sources of total suspended particulates (TSP) using the
PMF model over the central Himalayas.

Darjeeling

The PMF model was run with 134 samples for 23 species in robust mode. At 2% extra
modeling uncertainty, 99% of the Q values were near Qtrue (2195), indicating a global Q
value minimum for a 5-factor solution. The final solution was optimized based on the
PMF BS, DISP, and BS-DISP errors, observed and modeled concentrations, and variability
(Q/Qexp ratio < 2). The Supplementary Materials provides a detailed model and error
estimation summary (Table S4). The PMF model identified a total of five sources (SD, SAs,
BB, CC, and VEs) (Figure 10).

The high contribution of SO4
2−, Zn, Cl−, and Cu in source 1 was inferred as CC. The

higher contribution of SO4
2− and Cl− might be due to local CC-related emissions [44,134,137]

from coal engines used in Darjeeling railways and transportation of advected burning
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plumes from the IGP under favorable meteorological conditions. CC contributed 8% to the
PM10 mass. Source 2 showed markers of SD re-suspension components (Al, P, Ti, Cr, Fe,
Zn, Mo, Ca2+, and Mg2+) with a 23% contribution to the PM10 mass. Several researchers
reported various elements as tracers of SD or crustal re-suspension [45,124,134–136]. Re-
suspended dust from local and regional transport from the north and northwest of India
significantly supports resuspended SD as a source of PM10 over Darjeeling (Figure 7).
Source 3 showed the highest contribution of 32% to the PM10 mass with significant markers
of BB (OC, EC, WSOC, K+, Cu, Cr, Ni, Zn, Zr, and Cl−). Globally, K+ is a major marker of
BB, resulting from the regional transport of BB plumes and local fire activities for domestic
purposes [62]. Studies by researchers [14,61,62,144–148] supported the result that BB is a
foremost source of PM at Darjeeling. Source 4 showed a significant contribution of markers
for VEs (EC, Zr, B, Ti, Cr, Ni, and Cu), thus inferring the source as VEs. EC, SO4

2−, Cl−,
and Zn are emitted from two-stroke engines and diesel exhausts. Zn and Ni are emitted
from tire and brake wear [134]. VEs contributed 23% to the PM10 mass concentration over
Darjeeling. Source 5 showed significant contributions from NO3

−, SO4
2−, and NH4

+ with
a 14% contribution to the PM10 mass. These markers are associated with the formation
of secondary anthropogenic particles in the atmosphere. They are inferred as SAs due to
Darjeeling having many tea gardens that use ammoniated fertilizers. Agricultural activities
are the major sources of NH4

+ in the atmosphere, supporting SAs as a source in Darjeeling.
In 2014, Sarkar et al. [149] identified 8 sources of VOCs using the PMF model: gasoline
exhaust (29%), diesel exhaust (32%), paint and solvent (18%), solid waste disposal (6%),
household products (6%), IE (4%), CC (3%), and asphalt-related emissions (2%). Whereas
in 2017, Sarkar et al. [150] reported that biogenic emissions (tea plants) and VEs are the
major sources of carbonyl compounds over Darjeeling.

3.5. Model Comparison

The present study aimed to compare PM10 SA results for the IHR: Mohal-Kullu
(Western Himalayas), Nainital (Central Himalayas), and Darjeeling (Eastern Himalayas),
using three RMs (PCA/APCS, UNMIX, and PMF) (Table 2, Tables S8 and S9). We assessed
the performance of receptor models in identifying and quantifying sources and the degree
of concurrence between them. All three models showed similar source types, although
source counts and contributions for the sampling sites changed significantly. Figure S6
illustrates the differences in the findings and comparative source profiles for the study sites
(Supplementary Materials).

Table 2. Comparison of average source contributions (percentage) to the PM10 mass concentration
among the PCA/APCS, UNMIX, and PMF models.

Identified Sources Mohal-Kullu Nainital Darjeeling

PCA UNMIX PMF PCA UNMIX PMF PCA UNMIX PMF

Soil dust (SD) 38 26 23 25 37 26 31 17 23
Secondary aerosols (SAs) 17 24 13 31 34 18 21 33 14

Biomass burning (BB) - - 34 20 19 15 28 26 32
Fossil fuel combustion (FFC/CC) - - - - - 22 5 7 8

Vehicular emissions (VEs) 9 - 29 15 7 19 12 17 23
Sea salts (SS)/sodium magnesium

salts (SMS) 2 4 - 9 3 - 3 - -

Combustion (BB+FFC) 35 45 - - - - - -

The primary benefit of the PMF model is that it can treat non-negative solutions in a
meaningful way, unlike PCA/APCS and UNMIX, which both include negative values in
the source profiles and produce less efficient results when trying to identify the original
sources [43,94,148]. While the PMF model requires a sizable dataset, it is robust enough
to account for data gaps and sensitivity levels below the minimum detection threshold.
In addition, the PMF model controls individual influences by giving each data point its
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weight according to how confident it is in the measurement (USEPA, 2008). For resolving
weighted factorization and permitting the independent handling of elements, experimental
uncertainties are utilized [94]. This helps PMF in obtaining reliable outcomes.

On the other hand, PCA/APCS and UNMIX exclusively employ concentration mea-
surements without uncertainty weighting (instead, using a somewhat coarse approach to
down-weight outliers and point-by-point inaccurate estimates to down-weight missing
data and anomalies, respectively). For all sites, the PMF model offers a precise percentage
contribution of identified sources by effectively distributing marker species to correspond-
ing sources and predicting individual sources. In contrast, PCA-APCS and UNMIX produce
complexities in identifying sources by amalgamating precursors from two or more different
(mixed-type sources). The identification and contribution of sources of PM assessed by
various RMs may differ [4,43,44,88,151–154]. Considering these criteria, it is clear why
PMF values are preferable over PCA/APCS and UNMIX estimations of particulate matter
sources. A detailed summary of model comparisons is available in our previous publica-
tions [44,133].

Although many investigations have been conducted on the chemical composition
of PM over the Himalayan region, each composition can change due to diverse sources,
chemical transformations, and secondary atmospheric processes that occur in high-altitude
mountains. Therefore, systematic data collection and comprehensive chemical character-
ization are required for reliable source apportionment as it impacts variations in source
contribution and differs depending on the sources of pollution and meteorological condi-
tions over that period. Due to the availability of a large dataset collected simultaneously in
three IHR locations and its characteristics and chemical profiles, this investigation allowed
us to distinguish between local, regional, and transboundary sources. The present study
fulfills the substantial variations and limitations of previous source apportionment studies
by incorporating extensive chemical speciation and quantitative receptor modeling over
the same region of the IHR.

4. Conclusions

The present study investigated the variability of chemical compositions (carbonaceous
components: (OC, EC, WSOC), WSIIS, trace, and heavy elements), formation, and processes
of secondary inorganic components in different seasons and atmospheric environments
(a high-altitude site at Mohal-Kullu in the western Himalayas, Nainital in the central
Himalayas, and Darjeeling in the eastern Himalayas along with meteorological parameters).
The study was conducted from August 2018–December 2019, and the major findings are
as follows:

• The highest annual average mass concentration of PM10 was observed at Naini-
tal (62 ± 39 µg m−3), followed by Mohal Kullu (58 ± 32 µg m−3), and Darjeeling
(52 ± 18 µg m−3), which are higher than the NAAQS.

• CAs are the major contributor to the PM10 concentration at the IHR, significantly
contributing to climate change and affecting the Earth’s radiation balance. Enhanced
burning activities, regional transport of pollution plumes to high altitudes, and meteo-
rological conditions affect the region’s air quality.

• The average concentration of crustal components (Ca, Al, Fe, K, and Na) was consid-
erably higher at all study sites, suggesting that the re-suspension of SD and crustal
elements were significant at high altitudes of the Himalayas.

• Dominant secondary ions (NH4
+, SO4

2−, and NO3
−) suggest that the study sites were

strongly influenced by anthropogenic sources from regional and long-range transport.
Sufficient NH4

+ is available to neutralize SO4
2− and NO3

− as ammonium sulfate and
ammonium nitrate.

• PCA/APCS, UNMIX, and PMF were used for SA of PM10 at the study sites. Overall,
resuspended SD, secondary inorganic aerosols, VEs, and combustion-related emissions
such as BB, CC, and FFC are the major sources of PM10 identified by different models
at the study sites.
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The outcomes of the present study will inform plans and policymakers toward man-
aging air quality in the Himalayan region. In addition, this study supports a thorough
analysis of the PM10 mass and sources contributing to pollution over the IHR in different
seasons individually to plan strategies for reducing pollutants. This effort should even-
tually determine whether or not a stricter standard is required for the Himalayan region.
The results will be used to evaluate emissions inventories and climate model outputs for
the Himalayas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos14050880/s1. Table S1. S/N of species and MDL used for
calculation of uncertainty at different study sites. Table S2. Model summary and the results of error
estimates at Mohal-Kullu PMF. Table S3. Model summary and the results of error estimates in PMF at
Nainital. Table S4. Model summary and the results of error estimates in PMF at Darjeeling. Table S5.
Annual and seasonal average concentration of PM10 and its elemental composition at study sites of
IHR. Table S6. Diagnostic mass ratios of carbonaceous and water soluble inorganic ionic components
of PM10 at different study sites. Table S7. PCA factor loadings of PM10 at different locations of IHR.
Table S8. Source composition of PM10 sources by UNMIX at different study sites. Table S9. Percent
contribution of PM10 sources by PMF at different study sites. Figure S1. Seasonal variations in the
concentration of PM10 at different study sites (in µg m−3). Figure S2. Seasonal variations in the
concentration of carbonaceous components (OC, EC, WSOC, POC, SOC) of PM10 at different study
sites (in µg m−3). Figure S3. Pie chart showing percentage contribution of analyzed species to PM10
at study sites in IHR. Figure S4. Scatter plots between crustal elements Al with Mg/Ca/Fe, and Ti
of PM10 at different study sites. Figure S5. Seasonal CE/AE ratio for aerosol acidity at study sites.
Figure S6. Scatter plots between OC/EC, WSOC/OC, SOC/OC of PM10 at different study sites.
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