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Abstract In order to investigate the spatial and temporal vari-
ations of aerosols and its soluble chemical compositions of the
data gap zone in the central Himalayan region, aerosol samples
were collected at four sites. The sampling location were charac-
terized by four different categories, such as urban (Bode), semi-
urban site in the northern Indo-Gangetic Plain (Lumbini), rural
(Dhunche), and semiarid rural (Jomsom). A total of 230 aerosol
samples were collected from four representative sites for a year-
long period and analyzed for water-soluble inorganic ions
(WSIIs). The annual average aerosol mass concentration follow-
ed the sequence as Bode (238.24 ± 162.24 μg/m3)> Lumbini
(161.14 ± 105.95 μg/m3)> Dhunche (112.40 ± 40.30 μg/m3)>

Jomsom (78.85 ± 34.28 μg/m3), suggesting heavier particulate
pollution in the urban and semi-urban sites. The total soluble
ions contributed to 12.61–28.19% of TSP aerosol mass. The
results revealed that SO4

2− and NO3
− were the major anion

and Ca2+ and NH4
+ were the major cation influencing the aero-

sol composition over the central Himalayas. Calcium played a
major role in neutralizing aerosol acidity followed byNH4

+ at all
the sites. The major compound of aerosol was (NH4)2SO4 and
NH4HSO4 in the central Himalayas. Clear seasonality was ob-
served at three observation sites, with higher concentrations dur-
ing non-monsoon (dry periods) and lower during monsoon (wet
period), suggesting washing out of aerosol particles by heavy
precipitation during monsoon. In contrast, semiarid sites did not
show the clear seasonal trend due to limited precipitation.
Stationary sources were predominant over the mobile sources
mostly in the remote sites. Principal component analysis con-
firmed that the major sources of WSIIs in the region were in-
dustrial emissions, fossil fuel and biomass burning, and crustal
fugitive dusts. Nevertheless, transboundary aerosol transport
over the region from polluted cities from south Asia could not
be ignored as indicated by the clusters of air mass backward
trajectory analysis.

Keywords Central Himalayas . Aerosol . Soluble inorganic
ions . Spatial and temporal variations

Introduction

Atmospheric aerosols are of major environmental concern as
they adversely affect human health (Davidson et al. 2005; Gao
et al. 2012), decrease visibility, and alter the climate
(Anderson et al. 2002). Rapid urbanization, industrialization,
and increasing population are enhancing the concentration of
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pollutants in the atmosphere and the ecosystems (Deshmukh
et al. 2012; Pandey et al. 2012). Aerosols not only reflect and
affect regional characteristics, nevertheless may also affect the
global atmospheric environment due to long-distance trans-
port. Therefore, there is an increasing attention to the study
of chemical characteristics of atmospheric aerosols and it is
crucial. Moreover, data on chemical composition of aerosols
from different environments can form a valuable reference for
understanding the evolution of the atmosphere with respect to
the speedy development in the industries, energy, and
transportation.

Water-soluble inorganic components consist of a large
portion of aerosol particles and, hence, play an important
role in understanding the chemical reactions in ambient
atmosphere (Kumar and Yadav 2016). The water-soluble
ions in aerosols can provide valuable information for un-
derstanding their physical and chemical characteristics,
sources, behavior, and formation mechanism (Wang
et al. 2005). Furthermore, it also provides knowledge on
the effect of regional and local pollution and the ecosys-
tem health (Tripathee et al. 2016b; Wang et al. 2005).
Moreover, spatial and temporal variations of ionic com-
ponents can be very significant as several aspects such as
climatic and orographic features, emission rates of gas-
eous precursors, and long-range transport of pollutants
control them.

Himalayas is regarded as a crucial and very sensitive area
regarding the dynamics of atmospheric circulation with its
role in meteorology and climate at a regional to global scale
(Kang et al. 2010). Atmospheric aerosols build up during dry
period in the southern side of the Himalayas and are lifted by
Himalayan topography to a higher altitude (Zhao et al.
2013). Furthermore, Bbrown cloud^ attains a vertical thick-
ness of about 3 km, can extend from the Indian Ocean to the
Himalayan range mostly during the dry season (Ramanathan
et al. 2005), and affect Himalayan population and the envi-
ronment. Given the importance of atmospheric aerosols on
the environmental health and the climate system, several
studies have been conducted on aerosol ionic chemistry over
the northern side of the Himalayas in the Tibetan Plateau
(Cao et al. 2009; Cong et al. 2015; Ming et al. 2007;
Zhang et al. 2012, 2010; Zhao et al. 2013) and over the
Indian plains and western Himalayas (Deshmukh et al.
2011; Kumar and Sarin 2010; Kumar and Yadav 2016;
Ram et al. 2012; Rastogi and Sarin 2005; Safai et al.
2010), during the last decade. Those studies have reported
lower soluble aerosols loadings in the northern side of the
Himalayas. Therefore, TP could be regarded as an ideal lo-
cation to monitor the background atmospheric chemistry
(Cong et al. 2007). Meanwhile, the Indian plains were re-
ported to have higher aerosol chemical loadings which could
have transboundary environmental effects over the
Himalayas due to long-range transport. Such long-term

studies on chemical characterization and source identification
of aerosols with spatial variations are still limited in the
Himalayan regions of Nepal (Carrico et al. 2003; Decesari
et al. 2010; Shrestha et al. 1997, 2002; Tripathee et al.
2016b). Therefore, the composition and concentration of pol-
lutants may vary greatly from region to region in the atmo-
sphere. Thus, there is a need to advance knowledge on how
inorganic ions formations from different environment vary
and differ from one another in the region.

Air pollution has become a serious problem in South Asia,
especially in the Himalayan regions of Nepal. The southern
side of the Himalayan region is facing long-term poor air
quality problems with aerosol as a major pollutant. The atmo-
spheric environment is affected by the transport of short- and
long-range pollutants from highly urbanized locations
(Tripathee et al. 2014a, b). Investigation of aerosol chemistry
in the Himalayan region in Nepal has been limited on a tem-
poral and spatial scale to date, mainly due to its remoteness
and difficult topography. Therefore, special attention is need-
ed for systematic long-term study of aerosols in the region
from urban, semi-urban to the remote sites to fulfill the re-
search gaps in the region.

In this paper, we present the results from 1-year measure-
ments of the water-soluble inorganic ions of aerosol collected at
four sites including different representative environments in the
central Himalayas, Nepal. The main aim is to provide the com-
prehensive insights on chemical compositions, seasonal and spa-
tial variations of aerosols, and soluble ionic species profiles with
different environmental gradients. Nevertheless, this study also
tries to investigate the acidification/neutralization potential of
aerosols and evaluate the possible sources of these inorganic
soluble aerosols over the central Himalayan region.

Experimental methods

Sampling site description

Four sites were chosen to investigate the characteristics of
aerosols using total suspended particles (TSP) since early
spring of 2013. The details on sampling sites are presented
in Fig. 1 (Table S1). Sampling was carried out from two tran-
sects from south-to-north which includes four sites along the
Himalayas. The locations of the sites are characterized by four
different categories, such as urban (Bode), semi-urban
(Lumbini), rural (Dhunche), and semiarid rural (Jomsom)
(Fig. 1) and location pictures are presented in Fig. S1. The
more detailed information about the sites is described as the
following:

1. Bode is situated in the Bhaktapur district of Nepal in the
Kathmandu valley and is located at 85.38° E and 27.67°
N. Kathmandu valley is the largest urban city in Nepal
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with a population of about 1 million. Overall, the charac-
teristics of the site consist of lots of regional polluting
sources. It is surrounded by a large number of anthropo-
genic emission sources such as factories, waste burning,
and vehicular emission. Numerous brick kilns are located
within the vicinity of the site. The TSP sampler was
placed at the roof of the residential house that is about
10 m above the ground.

2. Dhunche is a small town located between the Ganesh and
the Langtang sub-range of the central Himalayas located
at 85.30° and 28.11°. The air masses at this site are de-
fined by the mountain–valley wind system. Afternoon
hours are dominated by southerly winds, which can trans-
port considerable amounts of aerosols from the upwind
areas reaching as far as the IGP. Extensive biomass burn-
ing is performed in the fields covering the valley slopes in
this region. Moreover, local household activities (mainly
combustion of biomass) may play an important role in
determining the peak hours of aerosol emissions pollution
source around the valley.

3. Lumbini is located in the Rupandehi district of south-
ern lowland of Nepal at the elevation of ~ 100 m a.s.l.
Being archeologically a rich place (birth place of Lord
Buddha), Lumbini was declared as World Heritage site
by UNESCO in 1997. So, the area observes the move-
ment of tourists from around the world. Lumbini lies in
the northern Indo-Gangetic Plain (IGP), which is one
of the most populous and polluted regions of the world
comprising parts of Pakistan, India, Nepal, and
Bangladesh. The majority of the population in IGP
use biomass as cooking fuel. Other sources of emission
in the IGP are coal-based thermal power plants, indus-
tries, transportation, brick kilns, mining, and crop res-
idue burning. The TSP sampler was placed on the roof-
top of water tower about the height of 5 m (83.28° E
and 27.48° N).

4. Jomsom is a small and dry town located in the rain
shadow zone of half hills in the central Himalayas.
This site experiences the lowest precipitation (less than
300 mm per annum) and also regarded as a semiarid
region (Sigdel and Ma 2016). The major human activ-
ities are tourism and limited agricultural activities.
Since it is a rural site with minimal local emissions,
the site can represent a regional background location
in Nepal. The TSP sampler was placed on the roof of the
laboratory on about 2 m above the ground surrounded by
high mountains (83.71° E and 28.76° N).

In general, the climate of this region is controlled by
the Indian summer monsoon system during summer (mid-
June–September), which is characterized by relatively
high temperature and humid weather with prevailing
southerly winds. In the other remaining period, westerlies
dominate the large-scale atmospheric circulation pattern,
which brings limited precipitation in the whole region that
covers all four sampling sites (Tripathee et al. 2014b).

Aerosol collection and laboratory analysis

For a yearlong period (April 2013 to March 2014), aerosol sam-
ples were collectedweekly at four sites in the southern side of the
central Himalayas (Fig. 1). Medium-volume samplers (KC-
120H, Laoshan Co., 5 flow rate: 100 L min−1 at standard
condition) were used for the aerosol sampling. The sam-
pling duration of each sample was 24 h. Aerosol samples
were collected using 90-mm-diameter quartz filters (QM/
A, What-man, UK), which were pre-baked at 450 °C for
6 h in order to eliminate residual impurities. To avoid the
contamination, extreme care was taken during sample col-
lection and handling. Gloves and mask were worn all time
during the sampling. After the sampling, the filters were

Fig. 1 Location of sampling sites
over the central Himalayas
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kept in the disc and then wrapped with aluminum foil. All
the collected samples were kept in the refrigerator at 4 °C
before the laboratory analysis.

An aliquot of the filter (1.6 cm2) was extracted with 10-mL
ultrapure water (18.2 MΩ/cm resistivity). Then, the water-
soluble ionic components (Cl−, SO4

2−, NO3
−, Ca2+, Na+, K+,

Mg2+, and NH4
+) were analyzed using an ion chromatograph at

the State Key Laboratory of Cryospheric Science, Chinese
Academy of Sciences. Anions were analyzed using ICS-1500
and cations were determined by Dionex-320. In brief, both the
systems consisted of a separation column (CS12A
(4 × 250 mm) for cations and ASII-HC (4 × 250 mm) for
anions). Further, it contained of a guard column (CG12A for
cations and AGII-HC (4 × 50 mm) for anions) and a self-
regenerating suppressed conductivity detector (CSRS UltraII-
4 mm for cations and ASRS300–4 mm for anions). Cations
were eluted with 20 mM methanesulfonic acid (MSA) and
anions were eluted using a 11-mM sodium hydroxide
(NaOH) solution. The recovery of each ion was found to be
in the range of 80–118%. In addition, the quality assurance was
regularly done by using Standard Reference Materials
(GBW08606), produced by National Research Center for
Certified Reference Materials, China. The details on laboratory
analysis have been explained elsewhere (Tripathee et al. 2016b;
Xu et al. 2014). The detection limit for cations and anions was
0.01 μg m−3, which was calculated using the air volume of
actual samples. The relative standard deviation (RSD) percent
for each ion were less than 5%. Field blank filters were subject-
ed to the similar extraction and preparation procedures as for the
actual particulate sample filters and was measured by exposing
the filters in the sampler without drawing air. Mostly, they de-
noted less than 5% of a measured sample concentration.

TSP mass loadings were determined gravimetrically.
The collected filter weight was measured twice before
and after sampling and the net accumulation mass for
each filter was calculated as the difference between the
pre and post sampling weight microbalance, after equili-
bration at constant temperature and humidity (20 °C,
39%) for 24 h.

Results and discussion

Overview of annual aerosol mass and water-soluble
inorganic ions (WSIIs) in TSP

The annual average TSP mass and water-soluble inorganic
ions (WSII) concentrations from four sampling sites for a
1-year period is summarized in Table 1. The annual aver-
age TSP mass concentration was observed to be highest at
the urban site Bode (238.24 ± 162.24 μg/m3) followed by
semi-urban site in northern Indo-Gangetic Plain (IGP)
Lumbini (161.14 ± 105.95 μg/m3), rural site Dhunche

(112.40 ± 40.30 μg/m3), and semiarid rural site Jomsom
(78.85 ± 34.28 μg/m3). The aerosol loadings in two sites
Bode and Lumbini were comparable with the urban sites in
the northern India (Kumar and Yadav 2016; Ram et al.
2012), and significantly lower at rural sites Jomsom and
Dhunche, suggesting heavier aerosol load in the urban and
semi-urban sites than on remote sites in the central
Himalayas. The emissions from brick kilns could not be
ignored for urban sites in Nepal, as they contribute to
higher loadings TSP aerosols mostly in dry operational
periods. The total WSIIs accounted for 21.01, 28.19,
19.15, and 12.61% of the total TSP load at our sites similar
to the observations in the Indian plains (Deshmukh et al.
2012; Kumar and Yadav 2016; Ram et al. 2012).

The mass percentage loadings of eight WSIIs are shown in
Fig. S2. From anions, SO4

2− was the dominant component at
all the sampling sites followed by NO3

− and Cl−. Overall,
SO4

2− and NO3
− together accounted for highest anion mass

percentage 34.72, 31.04, 41.41, and 43.53% in Lumbini,
Jomsom, Bode, and Dhunche, respectively, that is attributed
to secondary formation from their precursor gases (Fig. S2). In
details, the major sources for the anions SO4

2− and NO3
− in

the atmosphere are from the oxidation of their gaseous precur-
sors, SO2 and NOx, which are emitted from different anthro-
pogenic activities (Safai et al. 2010). In the urban sites, these
precursor gases (SO2 and NOx) are emitted significantly from
brick kilns. The NO3

− concentrations are found to be lower
than SO4

2− in the central Himalayas. However, in the case of
cations, Ca2+ was the dominant component followed by NH4

+

and Na+ at two urban sites Bode and Lumbini, and Ca2+

followed by Na+ and NH4
+ in semiarid site Jomsom.

Meanwhile, at the remote site Dhunche, Na+ had the highest
percentage followed by Ca2+ and NH4

+. Higher mass percent-
age of crustal ion Ca2+ and anthropogenic NH4

+ was also
reported in the central Himalayan regions of Nepal by wet
atmospheric deposition (Tripathee et al. 2014b). Moreover,
the comparison among different observed sites indicates
that crustal ions had a more significant influence in the
semi-urban site and especially on semiarid region whereas
in the urban sites, anthropogenic influence seemed to be
dominant. Meanwhile, the total mass concentrations per-
centage of the analyzed ionic species of secondary ions
(SO4

2−, NO3
−) and NH4

+ occupied about 47.75, 34.45,
56.86, and 58.44% at Lumbini, Jomsom, Bode, and
Dhunche, respectively, suggesting that the three investigat-
ed sites during the sampling period were under strong an-
thropogenic influence from regional and long-range trans-
port. Further, the mass percentage of (Ca2+ and Mg2+)
accounted for 28.56, 43.82, 22.42, and 15.74% in
Lumbini, Jomsom, Bode, and Dhunche indicating that the
semiarid region (Jomsom) is mainly influenced by local
crustal source (carbonate rich dust) rather than the major
anthropogenic sources.
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Water-soluble inorganic ions (WSIIs) from central
Himalayas with comparison to nearby regions

The average annual concentrations of major WSIIs from this
study are compared with the literature reported from nearby
locations of the Tibetan Plateau and India and are presented in
Table 1. In this study, majority of ions in aerosols accounted
for Ca2+ and SO4

2−, which is similar to the findings from
Agra, India. The results from Lumbini (semi-urban site in
IGP close to the Indian border), possess the similar atmospher-
ic environment as in Indian cities (Deshmukh et al. 2012;
Satsangi et al. 2013), suggesting that the site may have been
affected from the aerosols transported from southern Indo-
Gangetic Plains (IGP). In comparison with the Tibetan
Plateau, higher concentrations ofWSIIs in aerosols over urban
location suggest the heavier pollution in the urban and IGP
region of Nepal. Furthermore, dust aerosol Ca2+ concentra-
tions in southern Himalayan region were found to be higher
as compared to the TP (Zhang et al. 2012) and the higher
Himalayas (Carrico et al. 2003; Cong et al. 2015). Such results
are not surprising as the southern slope of Himalayas is
experiencing higher loadings of dust aerosols in the environ-
ment from the construction activities and regional sources.
Previous studies from precipitation chemistry have also sug-
gested the high concentration of crustal components in the
southern Himalayan regions (Tripathee et al. 2014a, b). In

addition, anthropogenic soluble ions (e.g., SO4
2−, NO3

−, and
NH4

+) in this study from high-altitude sites are found to be
significantly lower than the urban sites in India, and were
comparable to the Manora Peak, high-altitude site in western
India (Ram et al. 2010). The concentrations of major soluble
ions at remote sites Dhunce and Jomsom were similar to the
concentrations in Monora Peak suggesting that these sites
could be considered as background sites; however, Ca2+ in
Jomsom was higher due to higher dust loadings in semiarid
site. However, in the urban sites Bode and Lumbini, such ions
are found to be in similar concentrations labels as in the Indian
plains (Chelani et al. 2010; Deshmukh et al. 2012; Satsangi
et al. 2013), suggesting that the urban atmospheric environ-
ment in Nepal is comparable to the Indian plains. However,
the rural sites from Nepal have lower concentrations as com-
pared to the Indian sites and are slightly comparable to remote
sites in the Tibetan Plateau, suggesting that these sites can be
regarded as background sites for atmospheric chemistry
studies.

Ionic balance and acid neutralization

Charge balance

Ion balance calculations are important for estimating the acid–
base balance of the aerosol particles in the atmosphere and are

Table 1 Summary of annual average concentrations of aerosol mass and water-soluble inorganic ions (WSII) in comparison with neighboring regions

This study Nearby regions

Himalayas Mt.
Yulong,
TP

Agra
India

Delhi
India

Durg
City,
IndiaSouthern Northern Manora

Peak
Variables Lumbini

(n = 50)
Jomsom
(n = 46)

Bode
(n = 73)

Dhunche
(n = 61)

a b c d e f g

TSP
mass

161.14 ± 105.95 78.85 ± 34.28 238.24 ± 162.24 112.40
± 40.30

Cl− 0.79 ± 0.89 0.27 ± 0.34 2.17 ± 2.25 0.34 ± 0.60 0.06 0.02 0.26 4.6 8.23 3.23 –

NO3
− 3.63 ± 3.55 1.64 ± 1.53 5.38 ± 4.72 1.95 ± 1.72 0.78 0.20 0.57 6.7 15.13 5.63 1.10

SO4
2− 6.38 ± 4.21 3.79 ± 2.89 10.96 ± 10.08 4.06 ± 2.73 1.41 0.43 1.77 5.9 16.74 8.88 6.40

Na+ 3.00 ± 1.81 2.59 ± 1.23 3.36 ± 1.65 2.30 ± 1.66 0.12 0.07 0.22 4.0 5.76 1.75 –

NH4
+ 3.78 ± 3.52 0.96 ± 1.03 6.17 ± 6.57 2.17 ± 2.03 0.54 0.03 0.37 2.7 6.06 5.18 –

K+ 3.01 ± 2.44 0.58 ± 0.72 2.62 ± 3.39 0.94 ± 1.15 0.20 0.02 0.26 3.5 4.11 0.87 0.70

Mg2+ 0.60 ± 0.55 0.31 ± 0.18 0.65 ± 0.68 0.19 ± 0.13 0.05 0.88 0.08 1.4 1.30 0.80 0.30

Ca2+ 7.60 ± 6.70 7.35 ± 4.78 8.19 ± 7.46 2.17 ± 1.47 0.66 0.04 3.93 6.7 6.82 2.53 1.80

WSII 28.96 ± 18.72 17.48 ± 9.75 39.22 ± 32.98 14.13 ± 8.83

%WSII 21.01 28.19 19.15 12.61

TSP annual TSP annual TSP annual TSP annual PM10
dry
period

TSP
annu-
al

TSP
win-
ter

TSP
an-
nu-
al

PM10
an-
nua-
l

PM10
an-
nual

TSP
42 mo-
nths

a–Carrico et al. 2003, b–Cong et al. 2015, c–Zhang et al. 2012, d–Satsangi et al. 2013, e–Chelani et al. 2010, f–Deshmukh et al. 2012, g–Ram et al. 2010
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good indicator to understand acidity of aerosol. Therefore,
micro equivalents of cation and anion in TSP aerosol samples
were calculated as (Shen et al. 2009):

CE Cation Equivalentð Þ

¼ Naþ
.
23þ NH4

þ
.
18þ Kþ

.
39

þMg2þ
.
12þ Ca2þ

.
20 ð1Þ

AE Anion Equivalentð Þ

¼ SO4
2−
.
48þ NO3

−
.
62

þ Cl−
.
35:5 ð2Þ

The relationship between anion and cation equivalents for
all the samples at different seasons are shown in Fig. 2. A
good correlation was observed between anion and cation
equivalents at all four sites. Meanwhile, lowest correlation
was observed during post-monsoon (r = 0.36, p < 0.01) in
Jomsom and during monsoon (r = 0.55, p < 0.01) in Bode.
However, except those, strong correlation (r > 0.65 to r = 0.94,
p < 0.01) were observed at all the sites in all seasons. Such a
result is an indication that these major soluble ions existed in
submicron particles in the central Himalayas (Shen et al.
2009). Moreover, it can be noted from the Fig. 2 the slope of
the regression line is lower than unity at all sites and during all
seasons, implying that the aerosol samples tend to be of alka-
line nature in the region. Further, the average CE/AE equiva-
lent ratio was also calculated for all sites to further understand
the aerosol characteristics. The CE/AE equivalent ratios for
Lumbini, Jomsom, Bode, and Dhunche were found to be 3.78,
4.49, 5.26, 2.30, and 2.93, respectively, which is larger than
unity, that also confirms the cationic domination on the anion-
ic composition suggesting the alkaline nature of aerosol (Sun
et al. 2006; Yang et al. 2016). Various previous studies have
also suggested that the anion deficiency is mainly due to ex-
clusion of HCO3

−/CO3
2− detection (Al-Khashman 2005;

Zhang et al. 2012) and organic acids; however, concentrations
of organic acid are very low in our region (Tripathee et al.
2014b). In addition, if it failed to detect the anion (HCO3

−/
CO3

2−), the relationship between Ca2+ and ΔC (CE-AE)
should have significant positive correlations (Sun et al.
1998; Zhang et al. 2012). The correlation between Ca2+ and
ΔC (CE-AE) at our sampling sites were found to be very
strong (R2 > 0.79; p < 0.01) (Fig. S3), implying that HCO3

−/
CO3

2 − should be the major unmeasured anion at our sites.
Therefore, the dominant inorganic compound at our sampling
sites must be CaCO3. Our results are consistence with the
prior studies in the Lijiang city (Zhang et al. 2011) and Mt.
Yulong, southeastern Tibetan Plateau (Zhang et al. 2012).

Furthermore, attention has been given to SO4
2− and NH4

+

and their ratios as they are the important component of the
tropospheric aerosol (Ram et al. 2012; Zhang et al. 2012). As
pointed out by Zhang et al. (2012), if the equivalent ratio of
NH4

+/SO4
2− is 0.5–1, it suggests that ammonium and sulfate

exists mainly as (NH4)2SO4 and NH4HSO4, and if the equiv-
alent ratio is >1, it suggests near-complete neutralization of
sulfuric acid and their existence as (NH4)2SO4 and NH4NO3.
In this study, the mean equivalent ratio of NH4

+/SO4
2− at three

sites Lumbini, Bode, and Dhunche were (1.41 ± 0.83),
(1.41 ± 0.62), and (1.23 ± 0.70), respectively, suggesting that
in these three sites, ammonium exists as (NH4)2SO4. Such a
result was also observed in the urban sites in the Indo-
Gangetic Plain in India (Ram et al. 2012) and aerosol sampled
at Lijiang City (Zhang et al. 2011). Moreover, a good correla-
tion coefficient was observed between NH4

+ and nss-SO4
2−

(R2 > 0.62, p < 0.01) at these three sites which also supports
our finding (Fig. S4). However, in the semiarid remote site,
the ratio was (0.64 ± 0.51), indicating the main compound
composed of NH4

+ and SO4
2− in Jomsom is NH4HSO4.

Prior study on aerosol in the Hidden Valley on the southern
side of the Himalayas also showed the similar equivalent ratio
0.69 (Shrestha et al. 1997), which lies in the similar location as
Jomsom in the western Himalayas, Nepal.

Neutralization of aerosol acidity

Acid neutralization capacity of different cations can be estimated
by calculating the neutralization factors (NF). The calculation is
based on the fact that, in aerosols, themajor acidifying anions are
SO4

2− and NO3
− and the major acid neutralizing cations are

Ca2+, NH4
+ and Mg2+. It has been assumed in many studies that

Cl− and Na+ originate solely from sea in the form of sea salt and
hence Na+ and Cl− were neglected in the prior studies for the
calculation of NF (Safai et al. 2010; Satsangi et al. 2013).
However, at our sites, poor correlation of Na+ and Cl− was ob-
served at all sites, r = 0.14, 0.37, 0.34, and 0.52 at Lumbini,
Jomsom, Bode, and Dhunche, respectively, and lower ratio
Cl−/Na+ (< 1.16) was observed at all sites, indicating possible
different origin of Cl− (Xu et al. 2017). Meanwhile, complex
chemical processes occurring in the soil to convert some amounts
of Na+ and Cl− into some other forms may be the reason for their
poor correlations. In addition, Himalayas with their sedimentary
origin would have significant amount of NaCl buried in soil,
which may have exposed in the atmosphere with construction
activities causing difference from sea salt composition; however,
it may have less contribution. In our samples, the concentrations
of Na+ was observed to be higher than Cl−, suggesting that there
must have been loss process of Cl− on sea salt particles, which
clearly explains the lower ratios of Cl−/Na+ in all observations
sites over the central Himalayas (Wu et al. 2006). The details on
loss process of Cl− in aerosol particles have been described else-
where (Wu et al. 2006). Therefore, the role of Cl− in
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neutralization process could not be neglected in this study. As
assuming that the Na+ was derived from ocean only and mostly
existed as NaCl in sea salts (Satsangi et al. 2013), so sea salt [Cl−]
can be obtainable as [Na+]/1.1 based on their sea water ratio.
Moreover, non-sea salt [Cl−] can be calculated by deducting
[Na+]/1.1 from [Cl−] (Xu et al. 2017), and the NFs were calcu-
lated from the following equations:

NF nss−Ca2þ
� �

¼ nss−Ca2þ
� �

= nss−SO4
2–

� �þ 2 NO3
–½ � þ 2 Cl−½ �−2 Naþ=1:1ð Þ� � ð3Þ

NF nss−Mg2þ
� �

¼ nss−Mg2þ
� �

= SO4
2–

� �þ 2 NO3
–½ � þ 2 Cl−½ �−2 Naþ½ �=1:1ð Þ� � ð4Þ

NF NH4
þð Þ

¼ NH4
þ½ �
.
2 nss−SO4

2–
� �þ NO3

–½ � þ Cl−½ �− Na½ �
.
1:1

� ��
ð5Þ

The calculated annual average NF values from four sites
are presented in Table 2. As expected, the largest acid neutral-
izing agent in the central Himalayas are nss-Ca2+ followed by
NH4

+ and Mg2+. However, in the semiarid site Jomsom, Ca2+

is the only major acid neutralizing agent (NF = 3.14) and nss-
Mg2+ (0.26) and NH4

+ (0.28) showed insignificant role which
must be because of higher loadings of calcium rich dust in the
dry atmosphere. Nevertheless, it can be noted from this study
that nss-Mg2+ plays a negligible role on acid neutralizing over
the central Himalayas which is also supported by the previous
findings of NFs in precipitation chemistry (Tripathee et al.
2014b) and aerosol in the southern Himalayan valley
(Tripathee et al. 2016b). Nevertheless, previous study has

Fig. 2 Plot showing anion equivalents (AE) versus cation equivalents (CE) in different seasons
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suggested that source and fate of N-compounds emitted from
natural or anthropogenic sources are very difficult to establish
(Pathak et al. 2009) and ammonia could be the major neutral-
izing agent when the atmospheric concentrations of NH4

+ are
higher. However, TSP aerosols at our sites were Ca2+ rich than
ammonium which may have resulted in calcium as the largest
neutralizing agent over the studied region.

Furthermore, in order to understand the complete neutrali-
zation of HNO3 and H2SO4 by NH4

+, the equivalent ratios of
NH4

+/(NO3
−+SO4

2−) were also calculated. The ratio value of
unity would indicate the complete neutralization of acidity by
NH4

+ (Kumar and Yadav 2016). The average equivalent ratio
in TSP from the sampled sites were 0.81 ± 0.47, 0.49 ± 0.40,
0.79 ± 0.40, and 0.83 ± 0.52 in Lumbini, Jomsom, Bode, and
Dhunche, respectively. Such a result is an indication that there
could be cations other than NH4

+ which may play a role in
neutralizing acidic species in the central Himalayan region.
Moreover, the oxidation of the gaseous precursors (SO2 and
NOx) in the atmosphere produces SO4

2− and NO3
− ions that

are mainly neutralized by crustal aerosols (e.g., Ca2+ and
Mg2+) and ammonia (Satsangi et al. 2013). The correlation
coefficient between the sum of (NO3

− + nss-SO4
2−) and

(nss-Ca2++ NH4
+) is presented in Fig. 3. The good correlation

coefficient was observed between their sums with (r = 0.77,
0.58, 0.88, and 0.84 at Lumbini, Jomsom, Bode, and
Dhunche, respectively), further confirms that Ca2 + and
NH4

+ play a major role in neutralizing the acidity in the aero-
sols of southern Himalayas.

Spatial and temporal variation of WSIIs over the central
Himalayas

Spatial variation of soluble ions

The total annual average concentration of TWSIIs at four sites
is presented in Table 1 (Fig. S5). The annual concentrations
from the central Himalayas followed the order as follows:
B o d e ( 3 9 . 2 2 ± 3 2 . 9 8 μ g m − 3 ) > L u m b i n i
(28.96 ± 18.72 μg m−3)> Jomsom (17.48 ± 9.75 μg m−3)
>Dhunche (14.13 ± 8.83 μg m−3), which contributed to
12.61–28.19% of aerosol mass (Table 1). Overall, among the
investigated ions at first transect (Jomsom and Lumbini),
followed the order of Ca2+> SO4

2−> NO3
−> NH4

+, meanwhile

at second transect (Bode andDhunche) followed SO4
2−>Ca2+>

NH4
+> NO3

−, indicating complex and heterogeneous aerosols
in the region. Such results also suggest that the central
Himalayan region is influenced by mixed regional and local
aerosols, which must have derived from fugitive dust (soil)
and anthropogenic influences of aerosol particles (Wu et al.
2006). Further, higher loadings of major soluble ions observed
in urban and semi-urban sites suggest that fossil fuel plays a
major role in those sites. Moreover, SO4

2−, NO3
−, and NH4

+

rich aerosols are formed through gas to particle conversion
processes. In this process, the respective precursor gases for
these aerosol (SO4

2− and NO3
−) get oxidized when it reacts

with H2O in the atmosphere and then NH4 is formed from
reduction of its precursor NH3 (Safai et al. 2010). Such precur-
sor gases are emitted from various anthropogenic sources such
as industrial, fossil fuel, and domestic activities.

Temporal variation of soluble ions in the central Himalayas

The temporal variations of major soluble ionic components in
the aerosol collected at four sites in the central Himalayas,
Nepal is shown in Fig. 4, and concentration at four seasons is
shown in Table 3. A clear evidence of seasonality was observed
for the major WSIIs at three sites (Lumbini, Bode, and
Dhunche). It was interesting that there was no distinct seasonal
variation observed in semiarid background site at Jomsom,
which is an indication of very low precipitation compared to
other sites (Table S1). Prior study has suggested that low pre-
cipitation enhances anthropogenic and natural dust resuspen-
sion and limits the deposition of atmospheric particles by wet
deposition (Nicolás et al. 2008). In most of the sampling sites,
the concentrations of major soluble anthropogenic secondary
ions (SO4

2−, NO3
−, and NH4

+) were higher during winter,
pre-monsoon, and post-monsoon season (dry periods). As ex-
plained earlier, nearby Bode and Lumbini sites, there are num-
ber of brick kilns that operate during the non-monsoon seasons
(November–May). In urban and semi-urban sites, there exist
high concentrations of SOx and NOx in ambient air, during
brick Kilns operational period mainly during dry periods.
Therefore, the high concentrations of SO4

2− and NO3
− ions

during dry periods in those sites must have been enhanced by
low-grade coal burning (containing high sulfur and high ash)
from the kilns. Prior studies have suggested that regional pol-
lution sources in northern India are predominant during winter
months (Kumar and Sarin 2010; Satsangi et al. 2013). Higher
concentrations during winter may be attributed to the enhanced
emissions from heating sources, increased anthropogenic activ-
ities, such as vehicular traffic, fossil fuel burning, industrial
activities, and inactive atmospheric conditions (low tempera-
ture, low wind speed, low mixing height) (Deshmukh et al.
2012; Satsangi et al. 2013). Furthermore, the shift from the
gas phase of nitric acid to particle phase of nitrate is favored
in low temperature, which might lead to high concentration of

Table 2 Neutralization factor for soluble ions in TSP collected over
Central Himalayas

Sites NF (Ca2+) NF (NH4
+) NF (Mg2+)

Lumbini 1.72 ± 0.97 0.58 ± 0.31 0.21 ± 0.13

Jomsom 3.14 ± 1.86 0.28 ± 0.22 0.26 ± 0.19

Bode 1.33 ± 0.74 0.57 ± 0.24 0.16 ± 0.07

Dhunche 0.86 ± 0.37 0.52 ± 0.30 0.12 ± 0.04
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NO3
− during the winter season. Moreover, a study by Mouli

et al. (2006) suggested that a lower concentration of NO3
−

during summer can be due to the volatilization of NH4NO3,
which increases in higher temperature. In addition, the higher
concentrations were also observed during pre-monsoon at rural
sites Dhunche and Jomsom, which must be due to the air
masses brought by westerlies with little precipitation and more
aerosols in the atmosphere during the pre-monsoon season.

In addition, the combination of distinctive weather condi-
tions occurs in this region, i.e., long dry period (non-monsoon
season) extending from October to May and the unique geo-
physical features enhances the accumulation of atmospheric
pollution during this period. This gives rise to the regional
scale plumes of air pollutants, known as atmospheric brown
cloud (ABC). These ABC haze has been observed over the
southern side of the Himalayas during winter and pre-
monsoon dry periods (Bonasoni et al. 2010; Chen et al.
2017; Lelieveld et al. 2001; Ramanathan and Ramana 2005).
Therefore, such pollutants concentrated over the Himalayan
atmosphere could enhance the higher loadings of anthropo-
genic soluble ions during this period (Tripathee et al. 2014b,
2016b), as ABC is composed of major ions such as SO4

2−,
NO3

−, K+, NH4
+, dust particles, and also organic components

such as black carbon (Ramanathan and Ramana 2005). Heavy
atmospheric pollution and less scavenging during the non-
monsoon season could cause higher concentrations of these
ions in the central Himalayan region with poor air quality,
which may have significant impact on human health and the
ecosystem in the region.

Calcium (Ca2+) and magnesium (Mg2+) are the typical trac-
er of crustal source (Ali et al. 2012); and the dry season is
favorable for the resuspension of soil particles. A significant
correlation coefficient was observed between Ca2+ and Mg2+

(R2 > 0.85, p < 0.01) at all four sites indicating their common
sources in Fig. S5. At the same time, desert dust could be
transported by westerlies, which are likely regionally long-
range transported to the Nepal Himalayas (Carrico et al.
2003), which may play important role in increasing crustal
aerosols during the dry period. In addition, prior study in the
western Himalaya, India have suggested increase in the con-
centration ofmineral dust related with the long-range transport
from desert regions during pre-monsoon period (Ram et al.
2010), which may also contribute to the dust aerosols during
the dry periods. Nevertheless, higher concentration of Ca2+

during the pre-monsoon could also most reasonably attribute
to the high concentrations of fugitive dust during dry period
and low precipitation (Chelani et al. 2010). However, in semi-
arid site, there was no significant trend in Ca2+ concentrations
at different seasons throughout the year indicating local
sources were dominant and low precipitation enhanced limit-
ed deposition of particles from the atmosphere.

K+ is a biomass burning tracer (Chelani et al. 2010;
Deshmukh et al. 2012), and the major fuel used for cooking
and heating activities in this region is biomass (Ram and Sarin
2010; Tripathee et al. 2014b). During pre-monsoon period, a
large scale of biomass burning occurs in Northern India and
Nepal (Ram and Sarin 2010), and a large number of forest
fires have been observed during the pre-monsoon in the IGP

Fig. 3 Regression between NH4
+

and nss-Ca2+ with NO3
− and nss-

SO4
2−
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(Vadrevu et al. 2012). At all four sites, K+ concentrations were
observed to be highest during pre-monsoon season suggesting
the biomass burning and forest fire plays an important role
during this period. However, K+ could also originate from
the interference of the crustal sources such as soil resuspen-
sion (Cheng et al. 2013; Wan et al. 2017), which should be
taken into consideration in the urban and semi-urban sites.
Therefore, we checked the correlation coefficient between
Ca2+ and K+ for all sites in Fig. S5. A significantly high

correlation coefficient was observed between Ca2+ and K+

(R2 = 0.70, p < 0.01) and (R2 = 0.81, p < 0.01) for Lumbini
and Bode, respectively, indicating that they originated from
similar sources from soil resuspension at those urban and
semi-urban sites. Meanwhile, poor correlation coefficient
was observed between Ca2+ and K+ (R2 = 0.05, p < 0.01)
and (R2 = 0.46, p < 0.01) for Jomsom and Dhunche, suggest-
ing K+ must have mostly originated from biomass burning in
the rural and remote sites.

Fig. 4 Temporal variations of major soluble ions and TSP mass at four sites (April 2013 to May 2014)
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In addition, to understand the atmospheric situation at
different seasons during the sampling period, we checked
the satellite derived information. The spatial distribution of
fire spots observed from MODIS (MODerate-resolution
Imaging Spectro-radiometer, both Terra and Aqua data set),
which was obtained from Fire Information for Resource

Management System (FIRMS, https://earthdata.nasa.gov/
firms) at four different seasons during the sampling period
is presented in Fig. 5. It is clearly observed from Fig. 5 that
a large number of fire events are occurring in the pre-
monsoon than at other seasons conforming that the majority
of K+ at our study sites (mostly on rural sites) may have

Table 3 Seasonal concentrations of TSP mass and chemical species and contribution over the central Himalayas

Sites TSP mass (μg/m3) Cl− NO3
− SO4

2− Na+ NH4
+ K+ Mg2+ Ca2+ Total Ions (μg/m3) TWII/TSP%

Lumbini Pre-monsoon 241.87 0.88 5.00 9.51 5.64 4.90 6.60 1.56 18.95 53.04 22.51

SD 88.18 0.44 2.05 2.96 2.53 1.55 2.36 0.63 8.31 17.78

Monsoon 84.05 0.34 1.52 4.85 2.47 2.27 1.64 0.33 4.70 18.13 23.98

SD 30.90 0.34 0.85 3.12 1.08 2.10 1.24 0.21 2.66 8.98

Post-monsoon 279.01 1.23 5.31 6.88 2.11 3.64 3.57 0.56 7.66 30.95 12.49

SD 108.91 0.88 2.55 3.94 0.33 3.19 0.81 0.10 2.29 7.43

Winter 236.87 1.97 8.50 7.91 2.72 8.26 3.37 0.46 4.63 37.82 16.11

SD 88.14 1.49 5.98 7.07 0.76 5.92 2.46 0.19 1.53 23.29

Annual average 161.14 0.79 3.66 6.40 3.03 3.77 3.05 0.60 7.67 28.96 21.01

SD 105.95 0.89 3.58 4.25 1.82 3.55 2.45 0.55 6.75 18.72

Jomsom Pre-monsoon 64.98 0.33 2.39 4.77 2.35 1.28 0.77 0.35 8.76 21.01 37.08

SD 30.37 0.43 1.75 2.76 0.87 0.98 0.95 0.14 4.14 8.37

Monsoon 73.50 0.18 1.18 4.13 2.99 0.71 0.46 0.34 7.18 17.17 31.30

SD 28.95 0.10 1.00 3.52 1.83 1.10 0.37 0.29 6.74 12.30

Post-monsoon 98.35 0.12 0.66 1.48 2.08 0.21 0.22 0.24 5.19 10.21 13.13

SD 40.99 0.06 0.50 0.41 1.03 0.19 0.09 0.04 0.67 1.19

Winter 104.63 0.25 0.75 2.32 2.99 0.73 0.38 0.23 5.29 12.95 12.81

SD 30.61 0.29 0.63 2.30 1.41 1.12 0.19 0.19 4.72 9.76

Annual average 78.85 0.27 1.64 3.79 2.59 0.96 0.58 0.31 7.35 17.48 28.19

SD 34.28 0.34 1.53 2.89 1.23 1.03 0.72 0.18 4.78 9.75

Bode Pre-monsoon 357.69 2.66 9.16 17.37 3.44 9.22 4.44 1.08 12.65 58.88 17.50

SD 181.53 1.85 5.13 8.15 2.59 6.59 5.14 0.97 10.15 36.17

Monsoon 113.35 0.71 2.10 3.44 3.21 1.51 1.00 0.28 3.85 16.10 15.56

SD 51.33 0.30 1.15 2.71 0.90 1.27 0.45 0.08 1.37 5.51

Post-monsoon 225.13 1.68 3.52 4.81 2.80 3.72 1.97 0.41 6.21 25.14 13.26

SD 71.58 0.40 0.92 2.38 0.12 1.48 0.46 0.07 1.51 5.09

Winter 370.21 6.06 10.59 26.82 4.42 16.69 4.67 1.22 15.15 85.62 24.69

SD 105.12 2.22 4.46 5.18 0.74 3.01 2.32 0.46 4.98 18.47

Annual average 238.24 2.17 5.38 10.96 3.36 6.13 2.62 0.65 8.19 39.22 17.75

SD 162.24 2.25 4.72 10.08 1.65 6.57 3.39 0.68 7.46 32.98

Dhunche Pre-monsoon 137.56 0.47 2.84 5.16 2.02 2.83 1.28 0.25 2.92 17.78 13.66

SD 31.89 0.81 1.81 2.31 1.76 2.00 1.49 0.13 1.51 8.56

Monsoon 69.97 0.15 0.79 2.27 1.27 0.86 0.37 0.08 1.02 6.81 9.41

SD 13.88 0.11 0.89 2.79 0.44 1.22 0.17 0.07 0.76 5.61

Post-monsoon 89.27 0.15 0.49 2.22 2.88 1.20 0.45 0.10 1.07 8.56 9.60

SD 8.72 0.06 0.49 1.47 1.00 1.21 0.36 0.07 0.78 4.51

Winter 114.46 0.36 1.92 4.52 4.35 2.75 1.07 0.24 2.33 17.53 16.10

SD 43.74 0.28 1.22 2.67 0.77 2.48 0.62 0.07 0.95 7.47

Annual average 112.40 0.34 1.95 4.06 2.30 2.17 0.94 0.19 2.17 14.13 12.61

SD 40.3 0.60 1.72 2.73 1.66 2.03 1.15 0.13 1.47 8.83
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been originated from biomass burning sources from the re-
gion. Furthermore, aerosol optical depth (AOD) over the
sampling region at different seasons obtained from Terra
satellite of MODIS is also presented in Fig. 5. The higher
AOD values were observed during non-monsoon period at
our sampling sites which further clarifies the heavier aerosol
loadings during these periods. The pathways of air mass at
different seasons and sources are explained in details in the
next section below.

Possible sources of WSII and their transport pathways

Ratios of [NO3
−]/[SO4

2−] and sources of TSP

The ratios of [NO3
−]/[SO4

2−] at different seasons are
shown in Table S2. Previous studies ascribed that the mass
ratio of [NO3

−]/[SO4
2−] could be used as an indicator of the

relative dominance of stationary (coal combustion, bio-
mass burning) versus mobile sources (vehicular emissions)

Fig. 5 Spatial distribution of AOD (left) and fire spots observed by MODIS (right) in different seasons (April 2013 to March 2014) (https://firms.
modaps.eosdis.nasa.gov/firemap/)
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of sulfur and nitrogen in the atmosphere (Xiao and Liu
2004; Yao et al. 2002). Higher [NO3

−]/[SO4
2−] mass ratios

(> 1) are attributed to the dominance of mobile pollutant
sources and conversely lower ratios to that of stationary
sources (Arimoto et al. 1996). The average annual mass
ratios of [NO3

−]/[SO4
2−] in this study were 0.68 ± 0.41,

0.44 ± 0.27, 0.63 ± 0.31, and 0.50 ± 0.39 at Lumbini,
Jomsom, Bode, and Dhunche, respectively, which are low-
er than unity revealing that stationary emissions are the
important and major contributors to atmospheric particles
and vehicular emissions had minor contributions. At the
semi-urban and remote sites (Jomsom and Dhunche), there
is limited transportation facilities and vehicular emissions,
for which the sources are mostly form stationary sources.
In case of Bode and Lumbini, both the sites are surrounded
by a large number of brick kilns and industries which may
be responsible for their higher concentrations mass and
lower [NO3

−]/[SO4
2−] ratio. In details, in Lumbini, during

post-monsoon and winter [NO3
−]/ [SO4

2−] ratio was
0.99 ± 0.75 and 0.98 ± 0.27, respectively, which is close
to 1 attributing to mobile source (Table S2). Since,
Lumbini is very close to the India and lies in the Indo-
Gangetic Plains, the effects of long-range transport on lo-
cal air pollutant could be significant during this period
from mobile pollution sources. Moreover, in urban site
Bode, during post-monsoon, their ratio was 0.85 ± 0.31,
which may have been influenced by vehicular emissions
from the city during the period. However, in other two
remote sites, stationary sources are the major contributors
of aerosol mass during all seasons over the year. The ratio
was > 1 explaining the mobile source dominance as previ-
ously reported in the biggest city in the Tibetan Plateau,
Lhasa (Wan et al. 2016); however, our sites had lower
ratios inferring that stationary sources are of major sources
of pollutants in the central Himalayas. In addition, second-
ary aerosols (e.g., NO3

− and nss-SO4
2−) are usually formed

during the coal combustion process, biomass burning, and
vehicular emissions (Seinfeld and Pandis 1998). The re-
gression between these two ionic components is presented
in Fig. 6. A strong correlation was observed for SO4

2− and
NO3

− with R2 values 0.72, 0.70, 0.74, and 0.54 for
Lumbini, Jomsom, Bode, and Dhunche, respectively.
Such a result confirms their commonality in behavior indi-
cating that these ions originated from the common sources,
i.e., anthropogenic such as fossil fuel burning, coal burning
in the brick kilns emissions. Furthermore, NO3

− and NH4
+

in the urban and semi-urban sites had good relations
(R2 ≥ 0.66, p < 0.01), suggesting their similar formation
process in the urban atmosphere (Fig. S4). Meanwhile, in
the rural sites, their poor relations (R2 ≤ 0.36, p < 0.01)
suggest they must have released from distinct sources, as
NH4

+ could also be released from use of fertilizer and sta-
tionary wastes, and NO3

− from fossil fuel combustion.

Marine contribution to aerosol composition

Non-sea-salt contribution of ionic components was evaluated
assuming that the soluble Na+ in aerosol was derived from the
sea. Since the mass-based ratios of SO4

2−/Na+, K+/Na+, Mg2+/
Na+, and Ca2+/Na+ in standard seawater are 0.252, 0.0370,
0.120, and 0.0385, respectively (Arakaki et al. 2014; Nair
et al. 2005); the following equations were used to calculate
non-sea salt (nss) value of SO4

2−, K+, Ca2+, andMg2+, respec-
tively:

nss−SO4
2− ¼ SO4

2−� �
– Naþ½ � � 0:2516 ð6Þ

nss−Kþ ¼ Kþ½ �– Naþ½ � � 0:0370 ð7Þ
nss−Ca2þ ¼ Ca2þ

� �
– Naþ½ � � 0:0385 ð8Þ

nss−Mg2þ ¼ Mg2þ
� ��� Naþ½ � � 0:12 ð9Þ

The ratios of nss-SO4
2−/SO4

2−, nss-K+/K+, and nss-Ca2+/
Ca2+ in different seasons are depicted in Fig. 7. The higher
ratio (> 0.92) of nss-Ca2+ was found at all sites during all
seasons indicating marine contribution (≤ 8%) to Ca2+ ion
suggesting their continental contribution rather than marine
origin. Prior studies in the central Himalayas are in agreement
with our findings of higher dust loadings over the Himalayan
atmosphere influenced by continental sources (Tripathee et al.
2014b, 2016b). While for nss-K+/K+, the ratio was (> 0.84) at
two sites (Lumbini and Bode) during all seasons indicating
marine contribution (≤ 16%); however, in Jomsom, the ratio
was (0.62–0.67) during monsoon, post-monsoon, and winter
(33–38%) of marine contribution. Moreover, in Dhunche, nss-
K+ to K+ ratio was 0.61 during post-monsoon suggesting that
rural sites receive more sea salt K+. In case for nss-SO4

2−

during pre-monsoon, nss-SO4
2−/SO4

2− ratio of (0.84–0.97)
was observed at all the sites suggesting less impact on sea salt
fraction of SO4

2− during dry period. Meanwhile, the ratio in
monsoon had a relatively lower ratio (0.66–0.77) at all sites,
indicating that 23–34% of sea salt SO4

2− could be transported
to the central Himalayas by monsoon convection. At a glance,
we can conclude that majority of soluble ions in aerosols in the
central Himalayas was of continental origin and only fewwere
of marine origin over the investigated year.

Principal component analysis

To investigate the possible sources, principal component anal-
ysis (PCA) was conducted. PCA analysis for water-soluble
ions for four sampled sites were performed using SPSS 16.0
software and presented in Table 4. Principal components
(PCs) were extracted with varimax rotation to provide the
clearer pattern of variables loading in factors which makes
data more explicable to interpret (Tripathee et al. 2016a; Xu
et al. 2017). From the rotated component matrix for the PCA,
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two PCs were extracted for three sites and three PCs were
extracted for site Jomsom. The PCs loading were based on
the eigenvalues > 1, which gives the robust results as its pur-
pose is to normalize the number of PCs that can be extracted.
In addition, the largest eigenvalues correspond to the PCs that
are related with most of the co-variability among a number of
observed data (Tripathee et al. 2016a).

In Lumbini, the first factor showed the high loadings of
Ca2+, Mg2+, K+, and Na+ with a total variance of 60.47%.
Such soluble ions are usually associated with crustal materials

from windblown dust, re-suspended dust particles including
the dust from paved and unpaved roads (Nicolás et al. 2008)
and Mg2+ has similar characteristics as Ca2+ (Wu et al. 2006).
Moreover, K+, which is considered as conventional tracer of
biomass burning, existed in this factor suggesting that K+

could have been mixed with interference of the crustal sources
such as soil resuspension (Cheng et al. 2013), other than bio-
mass burning or could have deposited at the same time in the
atmosphere which has been explained in the earlier section.
Second factor in Lumbini was associated with Cl−, NO3

−,

Fig. 6 Relationship between
SO4

2− and NO3
− in four sampling

sites
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SO4
2−, and NH4

+ with a total variance of 25.64%. This result
is obvious as these ions are derived from the anthropogenic
activities in the atmosphere and these ions had a strong corre-
lation coefficient (Fig. S5). The major sources for SO4

2− and
NO3

−in the atmospheres are the oxidation of their gaseous
precursors SO2 and NOx, which are emitted from various an-
thropogenic activities (Wang et al. 2006) and sources de-
scribed in the earlier section. In the semiarid site Jomsom,
the first factor with percentage variance of 51.63%was highly
loaded with the anthropogenic soluble ions (NO3

−, SO4
2− and

NH4
+), suggesting that these ions were mainly derived from

similar anthropogenic sources. Further, the second factor
accounted for 19.11% of variance is loaded with Na+, Mg2+,
and Ca2+ suggesting their concentrations are affected by soil
particles or falling dust as explained earlier. Finally, factor 3 is
dominated by Cl− and K+ and it accounted for 14.17% of the
total variance, indicating that these two ions more likely orig-
inated from combustion process (Shen et al. 2009) such as
biomass burning. In contrast, with Lumbini, K+ in this region
must have originated from biomass burning in the region,
which is confirmed by the correlation coefficient between
K+ and Ca2+ (explained in the earlier section).

In urban site Bode, the first factor is dominated by Cl−,
NO3

−, SO4
2−, and NH4

+ with percentage variance of 50.10%
which is similar to the result from semi-urban site Lumbini.
The second factor with 40.29% of variance was loaded by
Na+, K+, Mg2+, and Ca2+ suggesting that these soluble must
have originated from natural crustal sources from construction
activities (e.g., road, buildings, etc.) (Tripathee et al. 2014b)
and mixed combustion sources. Likewise, in Lumbini, K+ and
Ca2+ in Bode had a very good relationship (Fig. S5), suggest-
ing they might have originated form natural crustal source. In
rural site Dhunche, with 50.14% of variance was loaded with
mixed soluble ions such as anthropogenic (NO3

−, SO4
2−, and

NH4
+) and crustal (Mg2+ and Ca2+) suggesting that these ions

may have deposited at the same time during sampling
(Tripathee et al. 2014b). However, Cl−, Na+, and K+ were
loaded in the second factor with 30.64% of variance suggest-
ing their similar sources, might have originated from mixed
sources, i.e., sea salt and biomass burning. However, in the
site like rural (Jomsom), the correlation coefficient between
K+ and Ca2+ was not very significant, suggesting majority of
K+ was originated from biomass burning rather than crustal
sources.

Air mass back-trajectory analysis (potential source region
and transport pathways)

The air mass backward trajectories are valuable to identify
possible source regions and pathways, and to explore the in-
fluence of long-range transport of aerosols. Five-day back-
ward air-mass trajectories for two rural remote sites were cal-
culated using the HYSPLIT model (Draxler and Rolph
2003).The clusters of air mass back trajectories during each
of the seasons are shown in Fig. 8. The air mass showed the
distinctive seasonality, which were generally consistent with
other descriptions of air circulation patterns in the previous
studies (Bonasoni et al. 2010; Chen et al. 2017; Cong et al.
2015), corresponding to the South Asian monsoon regime.
However, due to complex topography of the Himalayan re-
gion and the influence of local/regional transport processes
related to thermal valley winds, back-trajectory results should
be described with caution.

In pre-monsoon (March–May), about more than 80% air
masses at all the sampling sites arrived from strong westerly
pass through western Nepal, Northwest India, and Pakistan.
During dry periods the climate in Himalayas is influenced by
strong western disturbances (Bonasoni et al. 2010), which

Table 4 Rotated principle component matrix for water-soluble ions in aerosols

Lumbini Jomsom Bode Dhunche

WSIIs PC1 PC2 PC 1 PC 2 PC 3 PC 1 PC 2 PC 1 PC 2

Cl− 0.02 0.88 0.09 0.03 0.91 0.89 0.21 0.18 0.88

NO3
− 0.18 0.93 0.95 0.10 0.09 0.84 0.43 0.92 0.02

SO4
2− 0.43 0.71 0.84 0.36 0.18 0.93 0.26 0.88 0.07

Na+ 0.91 0.09 −0.14 0.73 0.51 0.09 0.92 0.02 0.84

NH4
+ 0.18 0.91 0.58 0.28 0.43 0.85 0.46 0.81 0.24

K+ 0.83 0.45 0.28 0.15 0.90 0.50 0.81 0.47 0.82

Mg2+ 0.97 0.19 0.41 0.89 0.06 0.58 0.78 0.89 0.30

Ca2+ 0.98 0.10 0.38 0.85 −0.002 0.55 0.79 0.84 0.40

Eigenvalue 4.83 2.05 4.13 1.52 1.13 4.01 3.22 4.01 2.45

% Variance 60.47 25.64 51.63 19.11 14.17 50.10 40.29 50.14 30.64

Cumulative % 60.47 86.11 51.63 70.75 84.92 50.10 90.39 50.14 80.78

Factor loadings considered as significant are marked in Italics

24468 Environ Sci Pollut Res (2017) 24:24454–24472



could transport significant amount of pollutants to our sam-
pling locations from heavily polluted Indian cities.
Furthermore, during the non-monsoon seasons (dry periods),
the transport pathways of air masses arriving at our sampling
sites were similar and northern India is the major source re-
gion. The results based on HYSPLIT back trajectories indi-
cated potential aerosol source regions at our sampling sites.
Meanwhile, the coarse resolution of the meteorological fields
that drives HYSPLIT do not take into account thermally driv-
en movements through Himalayan valleys and up slopes
(Chen et al. 2017). Therefore, the local orographic effect on

air pollutant transport may also paly significant role which
should be taken into consideration. In monsoon (June–
September), most of the air masses arrived our sites from
Bangladesh and northeast India, which bring moisture origi-
nating from Bay of Bengal with polluted aerosols from the
urban cities from those regions. In post-monsoon (October–
November), majority of the air masses 65% were local arrived
fromNorth India to our sites. In winter (December–February),
there was similar transport pathways as during the pre-
monsoon period (dry period), suggesting that the
transboundary aerosol transport to the central Himalayas

Fig. 8 Clusters of air mass back trajectories during each season in two remote sites of the central Himalayas
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might be significant during these periods. These scenarios
could also be supported by higher number of fire spots ob-
served over the region and furthermore, higher AOD during
the dry periods as reveled by Fig. 5.

Summary and conclusions

Long-term continuous observations of aerosol soluble chem-
ical composition (from April 2013 to March 2014) were con-
ducted and analyzed for the major WSIIs at four sites
representing different geographic locations over the southern
side of the central Himalayas. The spatial variation of annual
average TSPmass concentration and total soluble ions follow-
ed the order Bode (urban)>Lumbini (semi-urban IGP
site)>Dhunche (rural)>Jomsom (semiarid rural) indicating
higher aerosol and soluble ions loadings over urban and IGP
sites. The major compound of TSP was (NH4)2SO4 at three
sites and NH4HSO4 in semiarid site in the central Himalayas.
The anthropogenic aerosols (e.g., SO4

2−, NO3
−, and NH4

+)
were highest in urban site Bode followed by IGP site
Lumbini. However, crustal ion Ca2+ had a similar magnitude
over urban, IGP, and semiarid sites as the semiarid site re-
ceives low precipitation. Interestingly, the concentrations of
Na+ were higher than the Cl− at all our sites suggesting that
there must have been loss process of Cl− on sea salt particles.
Three sites showed the clear and striking seasonality with
highest concentrations during pre-monsoon and winter (dry
periods) and lower concentrations duringmonsoon as increase
in precipitation washes out aerosols during monsoon.
However, no clear seasonal variation was observed in semiar-
id site Jomsom which must be attributed to little precipitation.
Furthermore, back-trajectories analyses at different seasons
suggested that the air mass transported through Northwest
India, Pakistan, and Indo-Gangetic Plains during the dry pe-
riods (pre-monsoon and winter), which may have resulted in
higher loadings of soluble ion during those period over the
central Himalayas. Nevertheless, seasonal differences in at-
mospheric and meteorological conditions may also effect the
variation of soluble ions in the aerosols. The [NO3

−/SO4
2−]

ratio suggested that sources of aerosols are mostly from sta-
tionary source at all sampled sites, meanwhile mobile sources
were dominant during post-monsoon and winter in IGP site
Lumbini. The PCA results showed three distinct sources of
ions: (1) secondary anthropogenic aerosols from stationary
sources such as brick kilns emission, coal combustion and
mobile vehicular emissions; (2) natural mineral aerosol and
re-suspended fugitive road dust; (3) mixed sea salt and bio-
mass burning over the central Himalayas. However, this study
also suggests that K+ is derived from crustal dusts in semi-
urban and urban sites and from biomass burning and sea salt
contribution on the rural sites in the central Himalayas.

Moreover, further long-term comprehensive works on car-
bonaceous particles and biomass burning tracers are needed to
better understand the sources and transport of aerosols parti-
cles from combustion activities in the region. This study pro-
vides the insights into spatial distribution (urban, semi-urban
IGP region, rural, and semiarid region) and seasonal variations
of soluble ions over the central Himalayas which is helpful for
creating valuable dataset for future studies. In addition, atmo-
spheric environment situation has been well documented
which can also be useful for policy maker to formulate new
policies on air quality in the region.
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