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Abstract: The total suspended particulate (TSP) samples were collected from April 2013 to April 2014
at the urban location of Pokhara valley in western Nepal. The major aims were to study, quantify, and
understand the concentrations and variations of TSP and major water-soluble inorganic ions (WSIIs)
in the valley with limited data. The annual average TSP mass concentration was 135.50˘ 62.91 µg/m3.
The average analyzed total WSIIs accounted for 14.4% of total TSP mass. Major anions and cations
in TSP samples were SO4

2´ and Ca2+, respectively. Seasonal differences in atmospheric conditions
explain the clear seasonal variations of ions, with higher concentrations during pre-monsoon and
winter and lower concentrations during the monsoon period. Neutralization factor calculations
suggested that Ca2+ in the Pokhara valley mostly neutralizes the acidity in the atmosphere. Principle
component analysis, NO3

´/SO4
2´ ratio, and non-sea salt fraction calculations suggested that the

WSIIs in the valley were mostly derived from anthropogenic activities and crustal mineral dust, which
was also supported by the results from precipitation chemistry over the central Himalayas, Nepal.
In addition, back trajectories analysis has suggested that the air pollution transported from and
through Indo-Gangetic Plains (IGP) during the dry periods, which has resulted in high ionic loadings
during this period. Average NO3

´/SO4
2´ ratio was found to be 0.69, indicating the dominance

of stationary sources of TSP in Pokhara valley. Secondary inorganic aerosols can have an adverse
health impact on the human population in the valley. The data set from this one-year study provides
new insights into the composition of WSIIs in the foothills of the Himalayas, which can be of great
importance for understanding the atmospheric environment in the region.
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1. Introduction

Airborne particulate matter plays a vital role among their sources, transport, and deposition
mechanisms of various pollutants in the atmosphere [1]. In addition, numerous atmospheric
processes—including visibility differences and cloud formation—are highly influenced by atmospheric
aerosols [2], and hence can affect Earth’s climate [3,4]. Moreover, studies on atmospheric aerosols
are very important because of their effects on biogeochemical cycles and human and ecosystem
health [5–7].

In the past decades, the urban air quality is getting widespread concern due to rapid
industrialization, urbanization, and increasing populations, which are responsible for polluting
the basic resources needed to sustain life [8,9]. There is a need for comprehensive knowledge of
aerosol chemistry in the foothills of the Himalayas, where the data is limited, in order to assess the
anthropogenic influences and sources of aerosols. So far, very few previous studies on aerosol inorganic
composition have been carried out over the southern side of Himalayas, Nepal and most of the studies
mainly focused on the higher Himalayas, for example Langtang, Nepal [10], Everest region [11],
Dhaulagiri region of western Nepal [12], at the remote Himalayan site in the Everest region, and a
rural Middle-Mountain site Jiri in Nepal [13], suggesting lower concentrations in the higher Himalayas.
Nevertheless, the chemical composition of aerosols in an urban location at Kathmandu valley during
the winter dry period was performed [14]; however, systematic long-term aerosol chemistry studies
are still limited in the urban cities in Nepal. Therefore, this study will provide the dataset for major
water-soluble ionic species in atmospheric aerosol for a yearlong period in the second largest valley in
the foothills of the Himalayas, Pokhara valley, Nepal.

In this study, for the first time, total suspended particulate (TSP) samples were systematically
collected for a year, from April 2013 to April 2014, at an urban residential area of the core city in the
Pokhara valley with the aim of investigating the ambient suspended particles and related chemical
composition with a focus on water-soluble inorganic ions. The results from this study are useful to
extend the knowledge on major water-soluble ionic species of TSP in the urban Himalayan environment
and their temporal distribution (variability) and differences depending on the sources.

2. Sampling and Analysis

2.1. Overview of the Study Area

Pokhara is a sub-metropolitan urban city in the foothills of the Himalayas, Nepal that is one of
the famous tourist destinations. About 250,000 tourists visited Pokhara during the year 2013. Pokhara
is also the second biggest valley in Nepal after the Kathmandu valley (Capital of Nepal) and is about
200 km west of Kathmandu valley. The total area of Pokhara sub-metropolitan is 55.66 km2 with a
population of about 350,000. TSP sampling was carried out at 28.18˝N and 83.98˝E with an altitude
of 813 m a.s.l. on the rooftop of a residential building about 6 m high (Figure 1). Pokhara valley is
located in the humid climatic zone and has one of the highest precipitation rates (about 3000 mm
per year) in Nepal [15]. Summer is humid, with most rainfall occurring during the monsoon season
(July–September). During winter and spring, the sky is generally clear and sunny [16]. However,
the site is increasingly affected by haze transported from the Indo-Gangetic Plain (IGP), mostly during
the dry periods as explained by prior studies [17,18] from the IGP site.
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Figure 1. Map showing the location of sampling site (Pokhara valley) (left) and the total suspended 
particulate (TSP) used for aerosol sampling (right). 

2.2. Sampling and Laboratory Analysis 

For a yearlong period (April 2013–April 2014), a total of 69 TSP samples were collected weekly 
at the rooftop of a residential building about 6 m high. There were no samples collected during May 
2013 due to a mechanical problem in the TSP. Medium-volume samplers (KC-120H, Qingdao 
Laoshan Applied Technology Institute, Qingdao City, China, flow rate: 100 L·min−1 at standard 
condition) was used for the sampling. Overall structural diagram of the sampler has been shown in 
Figure S1. The sampling duration for each sample was 24 h continuously (day and night time). 
Aerosols were collected using pre-weighed 90 mm diameter quartz filters (QM/A, Whatman plc, 
Maid-stone, UK), which were pre-combusted at 550 °C for 6 h. After the sampling, the filters were 
kept in the disc and wrapped with aluminum foil. All the samples were kept frozen until laboratory 
analysis. Field blank filter samples were obtained by placing the filter in the sampler without 
drawing the air. The collected filters’ weight was measured twice before and after sampling and the 
net accumulation mass was calculated as the difference between the pre- and post-sampling weight. 
The pre- and post-sampling weights of all quartz filters were measured with a microbalance, after 
equilibration at constant temperature and humidity (20 °C, 39%) for at least 24 h. For calculating the 
TSP mass concentration, the volume of air passing through each filter was converted into standard 
atmospheric condition by utilizing the atmospheric pressure and temperature measured at the site. 

An aliquot of the filter (1.6 cm2) was extracted with 10 mL ultrapure water (18.2 MΩ/cm 
resistivity). Then the extract was sonicated for 30 min. The samples were shaken using a mechanical 
shaker for 1 h to completely extract the ionic compounds and the extracted solutions were filtrated 
with syringe-driven filters (Millex-GV PVDF, 0.22 µm; Millipore, Carrigtwohill City, Ireland) to 
remove the quartz fiber debris and other insoluble impurities. Then the water-soluble ionic 
components (Cl−, SO42−, NO3−, Ca2+, Na+, K+, Mg2+, and NH4+) were analyzed by ion chromatography 
(IC) systems at the State Key Laboratory of Cryospheric Sciences, Chinese Academy of Sciences. Five 
cations (Ca2+, Na+, K+, Mg2+, and NH4+) were analyzed using ICS-320 and three anions (Cl−, SO42−, 
NO3−) were analyzed using an ICS-1500 (Dionex; Sunnyvale, CA, USA). The details on laboratory 
analysis have been explained elsewhere [19]. The detection limit for cations and anions was 0.01 
µg/m3 for all the measured ions. Field blank filters were subjected to similar extraction and 
preparation procedures as was done for the actual particulate sample filters. 

Figure 1. Map showing the location of sampling site (Pokhara valley) (left) and the total suspended
particulate (TSP) used for aerosol sampling (right).

2.2. Sampling and Laboratory Analysis

For a yearlong period (April 2013–April 2014), a total of 69 TSP samples were collected weekly
at the rooftop of a residential building about 6 m high. There were no samples collected during May
2013 due to a mechanical problem in the TSP. Medium-volume samplers (KC-120H, Qingdao Laoshan
Applied Technology Institute, Qingdao City, China, flow rate: 100 L¨min´1 at standard condition)
was used for the sampling. Overall structural diagram of the sampler has been shown in Figure S1.
The sampling duration for each sample was 24 h continuously (day and night time). Aerosols were
collected using pre-weighed 90 mm diameter quartz filters (QM/A, Whatman plc, Maid-stone, UK),
which were pre-combusted at 550 ˝C for 6 h. After the sampling, the filters were kept in the disc
and wrapped with aluminum foil. All the samples were kept frozen until laboratory analysis. Field
blank filter samples were obtained by placing the filter in the sampler without drawing the air. The
collected filters’ weight was measured twice before and after sampling and the net accumulation
mass was calculated as the difference between the pre- and post-sampling weight. The pre- and
post-sampling weights of all quartz filters were measured with a microbalance, after equilibration
at constant temperature and humidity (20 ˝C, 39%) for at least 24 h. For calculating the TSP mass
concentration, the volume of air passing through each filter was converted into standard atmospheric
condition by utilizing the atmospheric pressure and temperature measured at the site.

An aliquot of the filter (1.6 cm2) was extracted with 10 mL ultrapure water (18.2 MΩ/cm
resistivity). Then the extract was sonicated for 30 min. The samples were shaken using a mechanical
shaker for 1 h to completely extract the ionic compounds and the extracted solutions were filtrated
with syringe-driven filters (Millex-GV PVDF, 0.22 µm; Millipore, Carrigtwohill City, Ireland) to remove
the quartz fiber debris and other insoluble impurities. Then the water-soluble ionic components (Cl´,
SO4

2´, NO3
´, Ca2+, Na+, K+, Mg2+, and NH4

+) were analyzed by ion chromatography (IC) systems at
the State Key Laboratory of Cryospheric Sciences, Chinese Academy of Sciences. Five cations (Ca2+,
Na+, K+, Mg2+, and NH4

+) were analyzed using ICS-320 and three anions (Cl´, SO4
2´, NO3

´) were
analyzed using an ICS-1500 (Dionex; Sunnyvale, CA, USA). The details on laboratory analysis have
been explained elsewhere [19]. The detection limit for cations and anions was 0.01 µg/m3 for all the
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measured ions. Field blank filters were subjected to similar extraction and preparation procedures as
was done for the actual particulate sample filters.

2.3. Data Quality

Proper care was taken both during the collection and preservation of the samples until the analysis.
Field blanks and duplicates for few samples were also analyzed. Concentrations measured in the field
blanks were generally found to be lower than 10% of those in the TSP samples. Laboratory blanks and
duplicate samples indicated that sample contamination during sample collection and transport was
negligible. In addition, the strong correlation (r = 0.87, p < 0.001) between total equivalent cations and
anions (µEq/m3) also supports the good data quality (Figure S2).

3. Results and Discussion

3.1. Summary of Concentrations of Aerosol Mass and Water-Soluble Inorganic Ions

The annual mean aerosol mass concentration is shown in Table 1. The annual arithmetic
annual mean TSP-mass concentration was 135.50 ˘ 62.91 µg/m3, and it ranged between 42.26
and 355.02 µg/m3. These values are within the range of World Health Organizations (WHO)
regulation limits (150–230 µg/m3) as presented in previous work [2]. In addition, the values of
TSP mass concentration throughout the year have been presented in Figure S3, in which five analyzed
samples exceeded the WHO regulation limits which were during pre-monsoon and winter. The TSP
mass concentrations in Pokhara were found to be relatively lower than in a big city like Xi’an
(200–400 µg/m3), north-west China [21], and comparable to Guiyang (153.55 µg/m3), south-west
China [2].

Table 1. Annual statistics of water-soluble inorganic ions concentration (µg/m3) between April 2013
and April 2014 in Pokhara Valley, Nepal.

Species TSP Cl´ NO3
´ SO4

2´ Na+ NH4+ K+ Mg2+ Ca2+ Total Ions Total Cations Total Anions

Mean 135.50 0.51 1.94 4.23 1.87 1.17 1.05 0.33 8.39 19.54 12.84 6.69
SD 62.91 0.53 1.44 3.39 1.28 1.24 0.93 0.23 7.13 13.85 9.83 4.81

Min 42.26 0.052 0.41 0.28 0.39 0.005 0.08 0.04 0.71 3.32 1.33 1.22
Max 355.02 2.24 10.02 14.71 4.32 4.62 4.03 0.91 24.80 45.61 32.05 22.68

The annual average concentrations of water-soluble inorganic ions (WSIIs) in TSP have been
presented in Table 1 and mass percentage of ionic species in the Pokhara valley have been shown in
Figure 2. Water-soluble inorganic ions ranged from 3.32 to 45.61 µg/m3 with an average of 19.54 µg/m3.
The average analyzed WSIIs accounted for 14.4% of total TSP mass in the Pokhara valley. The dominant
anion was SO4

2´ followed by NO3
´ and Cl´ with average concentrations of 4.23, 1.94, and 0.51 µg/m3,

respectively (Table 1). On average, SO4
2´ and NO3

´ accounted for 21.7% and 9.9% of the total mass
percentage of WSIIs analyzed in TSP, respectively (Figure 2). Previous studies have revealed that
SO4

2´ and NO3
´ in the atmosphere are formed by the oxidation of their gaseous precursors; SO2 and

NOx, emitted from various anthropogenic sources [22,23].
The cations were found to be in the order Ca2+ > Na+ > NH4

+ > K+ > Mg2+ in the Pokhara
Valley. Mg2+ was found to have lower concentrations, with an average of 0.33 µg/m3. Ca2+ and NH4

+

accounted for 42.98% and 6.03%, respectively, of total water-soluble inorganic ions analyzed in the
Pokhara valley. Meanwhile, the rest of the cations (K+, Na+, and Mg2+) accounted for 16.74% of the
total WSIIs analyzed (Figure 2). It is confirmed from this study that SO4

2´, NO3
´, NH4

+, and Ca2+ are
the major inorganic ions in the Pokhara valley.

WSIIs concentrations from this study were compared with the data from the neighboring cities of
India and China and presented in Table 2. Concentrations of anthropogenic WSIIs SO4

2´, NO3
´, and

NH4
+ in Pokhara valley Nepal were lower than that in the big cities Agra, Raipur, Durg, and Delhi

in India and Xian, Beijing and Wuhan in China. Such a result suggests heavy pollution in the Indian
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plains and East Asia. The concentration of NH4
+ was lowest at our site compared to other cities in

India and China (Table 2). Moreover, K+ concentration in Pokhara city was comparable to Raipur and
Durg in India and Wuhan in China but was higher at other cities from IGP where biomass burning
is common. In Pokhara, Mg2+ had the lowest concentration compared with the cities in India and
China. In the case of Ca2+, the concentration at our site was higher than the cities in India but slightly
lower than Xian and Beijing in China, suggesting higher loadings of calcium rich dust particles in the
atmosphere in Pokhara than in the Indian cities.
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Table 2. Comparison of average concentration (µg/m3) of water-soluble inorganic ions in TSP at
different cities in the nearby region.

Study Area Size
Fraction Study Period Cl´ NO3

´ SO4
2´ Na+ NH4

+ K+ Mg2+ Ca2+ References

Pokhara, Nepal TSP April 2013–April 2014 0.51 1.94 4.23 1.87 1.17 1.06 0.33 8.39 This Study
Agra, India TSP January 2009–December 2010 4.6 6.7 5.9 4 2.7 3.5 1.4 6.7 [24]

Raipur, India PM10 July 2009–June 2010 3.46 5.52 9.98 1.75 2.92 0.76 0.84 3.02 [8]
Durg, India PM10 July 2009–June 2010 3.23 5.63 8.88 1.76 5.18 0.87 0.8 2.53 [22]
Delhi, India PM10 September 2005–January 2006 8.23 15.13 16.74 5.76 6.06 4.11 1.3 6.82 [25]
Xi’an, China TSP October 2006–Sepyember 2007 4.6 16.1 34 1.4 8.3 2.3 0.9 11.4 [7]

Beijing, China TSP Spring 2001–2004 8.22 22.76 27.25 2.05 12.4 1.84 0.8 12.16 [26]
Wuhan, China PM2.5 January 2013–December 2013 1.24 11.28 16.78 0.24 9.67 1.08 0.14 0.54 [27]

3.2. Seasonal Variations of TSP and Water-Soluble Inorganic Ions

The TSP concentrations during pre-monsoon (March–May), monsoon (mid-June–September),
post-monsoon (October and November), and winter (December–February) were 192.29, 86.11, 166.96,
and 167.37 µg/m3, respectively, in the Pokhara valley. In comparison with the levels during monsoon,
the aerosol levels in the pre-monsoon and winter were larger by about a factor of 2, suggesting a
clear seasonality in the region. The seasonal variations of TSP and WSIIs are presented in Figure 3,
which showed evidence of seasonal variation in mass concentrations of aerosols, and the WSIIs in the
Pokhara valley. In addition, the seasonal variations for TSP and WSIIs for all the samples have been
shown in Figure S3, which clearly shows the seasonality with lowest concentrations during monsoon.
Influence of meteorological factors and different sources of emissions in different seasons may be
responsible for the variation of the WSIIs. High concentrations for most of the ions (Ca2+, Mg2+, K+,
NH4

+, SO4
2´, and NO3

´) were observed during pre-monsoon and winter, suggesting higher loadings
of anthropogenic and crustal ions in dry periods. Prior studies have suggested that westerlies prevail
during non-monsoon seasons in Nepal that bring little precipitation and more aerosols, and during
predominant westerlies, dust aerosols could be transported to Nepal from arid regions [10,23], which
may be responsible for higher concentrations of crustal-derived aerosols. In addition, atmospheric
brown cloud (ABC) builds up during the non-monsoon period and is observed to be concentrated
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around the Himalayas [23,28], which is responsible for loading higher concentrations of anthropogenic
ions during this period. Moreover, during winter enhanced emissions from heating sources and
stationary atmospheric conditions (e.g., low temperature, low wind speed, low mixing height) could
also enhance the concentration of anthropogenic aerosols (e.g., SO4

2´, NO3
´, NH4

+, Ca2+, and K+)
in the atmosphere [24]. Furthermore, the shift from the gas phase of nitric acid to particle phase of
nitrate is favored at low temperature, which might lead to high concentration of NO3

´ during winter
season [8]. Meanwhile, about 2–3 fold lower concentrations of TSP mass and major ions observed
during monsoon period was likely due to the higher precipitation (wet scavenging) amount that
washes out aerosols [29].
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Figure 3. Seasonal variations of TSP and water-soluble inorganic ions (WSIIs) concentrations.

Furthermore, the percentage contribution of mass concentration in TSP with the WSIIs at different
seasons (pre-monsoon, monsoon, post-monsoon, and winter) has been presented in Figure 4. The
proportion of concentration contribution of two main anions was of same order (SO4

2´ (4%) > NO3
´

(1.8%)) during winter and pre-monsoon but was 2 times less (SO4
2´ (1.8%) > NO3

´ (0.8%)) during
monsoon, implying concentration values decreased during monsoon. The percentage contribution of
Ca2+ was the highest of all the measured ions in TSP during all seasons, with a peak of 11% during
winter and 7% during pre-monsoon, suggesting higher dust loadings during the dry period. It can
be noted that higher mass percentage of TSP and WSIIs was during the non-monsoon period and
lower during monsoon period, and more risk of atmospheric pollution during those dry periods at our
sampling sites.
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3.3. Ionic Balance

Ion balance method has been commonly used to understand the acid–base balance of the aerosol
particles [7,30–32]. In order to calculate the cations/anion balance of TSP, the following equations
were used:

C pcations micro Equivalentsq “ Na+{23 ` NH4
+{18 ` K+{39 ` Mg2+{12 ` Ca2+{20 (1)

A panion micro Equivalentsq “ Cl´{35.5 ` NO3
´{62 ` SO4

2´{48 (2)

The ratios of the sum of equivalent concentrations of anions to cations (A/C) were used as an
indicator to analyze the acidity of the different environments [7]. During the study period, A/C ratio
varied between 0.1 and 0.68 with an average of 0.27 at our site indicating an alkaline environment.
Meanwhile, the seasonal ratio (A/C ratio) followed the order of monsoon (0.37) > pre-monsoon (0.22)
> winter (0.18) > post-monsoon (0.16), indicating the monsoon aerosols are comparatively less alkaline
(more acidic) when comparing with other seasons. A previous study [7] has suggested that the same
sample collected with TSP were found to have lower A/C ratios than PM2.5 samplers, which may
be the reason for lower ratios of A/C at our sampling site. In addition, the difference in the ionic
balance could be attributed to various air masses that arrived the sampling site via different regions
throughout the year [31].

A strong correlation (r = 0.87, p < 0.001) was observed between
ř

cations and
ř

anions equivalent
during the sampling period (Figure S2). The annual average equivalent ratio of total cations to total
anions was found to be 4.58 (range: 1.48–11.50). However, lower values have been reported over the
remote sites like Lulang and Mt. Bogda [31,33], suggesting the alkaline nature of aerosols at Pokhara
compared to these sites. Anion deficiency was observed at the sampling site, which is more likely due
to exclusion of HCO3

´ and non-determination of organic acid present in the samples [23].

3.4. Neutralization Factors

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 [24]. The

correlation coefficient between the sum of anions (NO3
´ + SO4

2´) and cations (Ca2+ + NH4
+ + Mg2+)

is shown in Figure 5. The good correlation between their sums (R2 = 0.71), suggests that Ca2+, Mg2+,
and NH4

+ neutralize the acidity in TSP. Moreover, the equivalent ratios of NH4
+/(NO3

´ + SO4
2´)

were also calculated. If the ratio value is 1.0, it would indicate the neutralization of HNO3 and
H2SO4 by NH4

+ [34]. At our site, the average ratio in TSP was 0.16, which varied from 0.01 to 0.58,
indicating that there could be cations other than NH4

+ which neutralize acidity [34]. In addition, acid
neutralization capacity of different cations can also be estimated by calculating the neutralization



Atmosphere 2016, 7, 102 8 of 13

factors (NF). The calculation is based on the fact that, in aerosols, the major acidifying anions are SO4
2´

and NO3
´ and the major acid neutralizing cations are Ca2+, NH4

+, and Mg2+. NF was calculated from
the following equations:

NF pCa2+q “ rCa2+s{rSO4
2´s ` 2 rNO3

´s (3)

NF pMg2+q “ rMg2+s{rSO4
2´s ` 2 rNO3

´s (4)

NF pNH4
+q “ rNH4

+s{2 rSO4
2´s ` rNO3

´s (5)
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The results of neutralization factors in Pokhara valley were NF (Ca2+) = 1.04, NF (NH4
+) = 0.06,

and NF (Mg2+) = 0.04, suggesting Ca2+ was the dominant acid neutralizing agent followed by NH4
+

and Mg2+. However, from this result it can be noted that Mg2+ has a negligible role on acid neutralizing
in Pokhara valley, and this result is supported by the neutralization factor in precipitation chemistry
from the central Himalayas, Nepal [23].

3.5. Sources of Water-Soluble Inorganic Ions (WSIIs) in Pokhara Valley

3.5.1. Determination of Non-Sea Salt Aerosols

It is important to understand the sea salt and non-sea salt contributions of ionic species to evaluate
their actual source contributions in the atmosphere. These calculations are based on the assumption
that the chemical composition of the sea salt particle is same as that of seawater and the source of
soluble Na+ in particulate samples is only from sea salts [32,35]. The non-sea salt (nss) fractions for
SO4

2´, K+, Ca2+, and Mg2+ were calculated using the following equations:

nss-SO4
2´ “ rSO4

2´s´ rNa+sˆ 0.2516 (6)

nss-K+ “ rK+s´ rNa+sˆ 0.037 (7)

nss-Ca2+ “ rCa2+s´ rNa+sˆ 0.0385 (8)

nss-Mg2+ “ rMg2+s´ rNa+sˆ 0.0370 (9)

The average nss-SO4
2´, nss-K+, nss-Ca2+, and nss-Mg2+ concentrations (non-sea salt percentage)

at our site were 3.41 µg/m3 (80.6%), 0.94 µg/m3 (89.5%), 8.337 µg/m3 (99.4%), and 0.30 µg/m3 (90.9%),
respectively. These results indicate that these ions were mostly from anthropogenic and crustal sources
rather than from the sea source contribution. Furthermore, averages (sea salt percentages) for different
seasons have been shown in Table S1. The highest percentage of sea salt contribution for sulfate (32.2%)
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and potassium (19.9%) was found during the monsoon period, which indicated monsoon brings the
maximum amount of these ions. However, it is interesting to note that for ions like Ca2+ and Mg2+,
no significant contribution (from sea salt) was observed at different seasons with less percentage,
suggesting that these ions were mainly from natural crustal sources in the region.

3.5.2. Principal Component Analysis (PCA)

To investigate the possible sources of pollutants in the region, multivariate statistical method
principal component analysis (PCA) can be significant [28,36]. For this study, PCA analysis for
water-soluble ions in Pokhara was performed using SPSS 16.0 software and is presented in Table 3.
Four PCs were obtained, indicating that these PCs have a significant influence on the air quality in
Pokhara valley, Nepal. Factor 1 with 30.6% of the variance was loaded with Cl´, Na+, and K+ with
values of 0.82, 0.89, and 0.61, respectively, indicating the mixed dominance of sea salt aerosol and those
from biomass burning origin. K+ is regarded as the tracer of biomass burning [8,22]; only 10.47% of K+

was from sea salt contributions according to the calculations of the non-sea salt fraction for this study.
Therefore, at our site, the major source for the K+ is from biomass burning and this result is consistent
with the previous study in the central Himalayas, Nepal [23]. Meanwhile, Factor 2 with 24.8% of
variance had a high loading of NH4

+, indicating its unique anthropogenic source from volatilization of
animal manure and human excreta, agricultural activities, and natural loss by the plants [23,37]. Factor
3 with 23.0% of variance had high loadings of secondary aerosols SO4

2´ and NO3
´ which were clearly

from the anthropogenic emissions, mostly formed during the process of coal combustion and vehicular
emissions. Finally, Factor 4 with 14.9% of the variance was dominated by high loadings of Mg2+ and
Ca2+, for which the major sources are natural minerals and fugitive dust. This finding is consistent
with the previous study of ionic composition in precipitation from the central Himalayas, Nepal [23].

Table 3. Varimax rotated principal component analysis (PCA) loadings for water-soluble ions of TSP.

Species Factors

1 2 3 4

Cl´ 0.82 ´0.07 0.21 0.39
NO3

´ 0.09 0.17 0.93 0.25
SO4

2´ 0.37 0.59 0.66 0.05
Na+ 0.89 0.35 0.04 0.13

NH4
+ 0.11 0.89 0.19 0.23

K+ 0.61 0.52 0.46 0.23
Mg2+ 0.48 0.51 0.37 0.56
Ca2+ 0.46 0.36 0.29 0.73

% of Variance 30.63 24.80 23.01 14.94

3.5.3. Source Identification by NO3
´/SO4

2´ Ratio

Emissions of nitrogen oxides from various mobile sources are an important contributor for
particulate NO3

´ in the atmosphere [38]. Previous studies have suggested that the mass ratio of nitrate
to sulfate ([NO3

´/SO4
2´]) can be used to evaluate the stationary (coal combustion, biomass burning)

versus mobile (vehicular emissions) sources of sulfur and nitrogen in the atmosphere [27,38–40].
If the mass ratio of [NO3

´/SO4
2´] is >1, then it indicates the dominance of mobile source over the

stationary sources [41]. Average nitrate to sulfate ratio in Pokhara was found to be 0.69 which indicates
the dominance of stationary sources, which is lower than the ratio observed over Chinese cities like
Hefei (1.10) [38] and comparable with a megacity like Beijing (0.71) [42] indicating the dominance
of stationary source of pollution in these regions. Moreover, this ratio indicates the influence of
sulfuric acid, reflecting the contribution of acidity in the atmosphere. Furthermore, a recent study
from north-western Himalaya, India [43] suggested that the ratio of such acids >1 means free acidity
due to nitric and hydrochloric acid. Meanwhile, seasonally the ratios were found in the order of
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monsoon (1.01) > winter (0.50) > pre-monsoon (0.43) > post-monsoon (0.31). This suggests the higher
contribution of mobile compared to stationary source during the monsoon season. A recent study [23]
also concluded the higher nitrate to sulfate ratio (>1) in precipitation from central Himalayas, Nepal
during monsoon season compared to the non-monsoon season.

3.5.4. HYSPLIT Back Trajectory Analysis

Hybrid Single-Particle Lagrangian Integrated Trajectory or HYSPLIT model from Air Resources
Lab of National Oceanic and Atmospheric Administration (NOAA) has been widely used [20,31,44,45]
to understand the potential transport pathways and potential source regions of aerosols. Seasonal
transport pathways for air masses reaching the study site have been presented in Figure 6. The majority
of air masses during winter and pre-monsoon seasons were of local origin with some air masses coming
from the Middle East Asian regions. A significant portion (16%) of the air mass, during pre-monsoon,
originated from the IGP region. These air masses could carry the biomass burning emission from
the IGP region at our site since agro residue burning is common during this season of the year over
northwestern IGP region [46]. A recent study [18] has shown that the site over Himalayan foothills
gets influenced by biomass burning on either side (east or west) of Indo-Gangetic Plain. The highest
value of K+ or biomass burning tracer observed in the pre-monsoon season could be related to the air
mass coming from the IGP region. During the monsoon season, the air mass changed the direction
and is dominant from the eastern side, which is responsible for precipitation in the country. Back
trajectory analysis clearly showed most of the air masses arriving in Pokhara from IGP regions during
the monsoon season. These air masses might also have contributed to the pollutants emitted from
mobile sources like vehicles to obtain a high nitrate to sulfate ratio during this season. Meanwhile,
for the post-monsoon season, the air masses were local, i.e., originated within the western part of the
country, suggesting the local sources of pollutants dominated during this period.
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4. Conclusions

For the first time, continuous observations of TSP composition for a yearlong period (from
April 2013 to April 2014), were conducted and analyzed for the major WSIIs in the Pokhara valley,
Nepal. The annual average TSP mass concentration was 135.50 ˘ 62.91 µg/m3. The highest seasonal
values of TSP and major ions were observed during the non-monsoon period, while the lowest
concentrations occurred during the monsoon period. Back trajectories analyses have suggested the air
mass transported through Indo-Gangetic Plains during the dry periods, which have resulted in high
ion loading during this period. Furthermore, seasonal difference in atmospheric conditions explains
this clear seasonal variation of ions. The [NO3

´/SO4
2´] ratio suggested that their sources are mostly

from a stationary source in Pokhara valley. The PCA results showed three different sources of ions:
(a) mixed sea salt and combustion; (b) secondary anthropogenic aerosols; and (c) natural mineral
aerosol and fugitive dust in the valley. Moreover, further research is needed to better understand the
sources and transport of aerosols’ particles from different regions and their potential climatic and
environmental impacts to further understand the atmospheric environment in the region where the
data is limited.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4433/7/8/102/s1.
Table S1: Seasonal concentrations contribution (%) of sea salt aerosols, Figure S1: Overall structural diagram of the
sampler, Figure S2: The

ř

cations and
ř

anions equivalents scatter plot, Figure S3: Daily TSP mass concentrations
and TWSIIs variation over the sampling period (WHO regulation limit for TSP).
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