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Abstract

Measurements of fine (PM,5) and inhalable (PM,q) particles were collected at the Alaknanda Valley in the heart of
Garhwal region during December 2015-December 2016. Collected samples of PMs were analyzed for major chemical
species as anions (F~, Cl-, SO427, NO,  and NO;7) and cations (Nat, NH,*, K*, Ca’" and Mg”) by ion chro-
matography. During the study period, the concentrations of PM, s and PM;, were 78.7 £ 25.1 and 111.8 + 23.4 pg m™>,
respectively. The measured chemical species were found a large variability in different seasons due to the impact of
emissions and meteorological parameters. The measured water-soluble (WS) chemical species of PM, 5 and PM;, were
43% (33.7 pg m—>) and 57% (64.2 pg m°), respectively, with the highest concentrations during the winter season
followed by summer, monsoon and post-monsoon seasons. A significant positive correlation was observed between NH, "
and other species (Cl, SO42_ and NO;3;7) in both PM, 5 and PM,,, which indicates its presence in the atmosphere as
ammonium salts. As a result, NH," play a crucial role in neutralization of acidic species in the winter season; however, the
contrary feature was observed in the summer season where Ca>" was responsible for the main neutralizing species, mainly
transported from the inland region during the summer. Principal component analysis shows that secondary aerosol, biomass
burning, and soil-driven dust were the possible sources of the measured species over the station. Further, air mass back
trajectory analyses indicate that the highest mass concentrations of PMs and WS chemical species were in the post-
monsoon season when the air masses pass from eastern Pakistan and western part of India over receptor site. In the winter
season, the concentrations of PMs and WS species were highest (second) when the air masses transported from a long
distance up to Southern Afghanistan covering with Pakistan and western part of India. In overall, the study suggests the
long-range transport of pollutants plays a crucial role in the enhancement of PMs over Alaknanda valley region.
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Introduction

The atmospheric aerosol is linked to poor air quality,
adverse health effects and heat balance of the Earth directly
through absorbing/scattering the solar radiation, indirectly
by influencing cloud microphysics and possibly by
changing the heterogeneous chemistry of reactive green-
house gases (IPCC 2007). The enhanced pollutant emis-
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Himalayan slopes, which is a matter of concern as glaciers
are noted to retreat over the Himalayan sites (Mayewski
and Jeschke 1979; Ashish et al. 2006; Gautam et al. 2013).
Tropospheric concentrations of atmospheric aerosol parti-
cles increased significantly over the last 150 years (La-
vanchy et al. 1999), and continue to increase further in
developing countries due to urbanization and industrial-
ization. The direct and indirect effects of aerosols depend
on size distribution and chemical composition of atmo-
spheric aerosols (Andreae 1995; Jung et al. 2018). Apart
from the size of aerosols, assessment of their chemical
composition as a function of time is of crucial importance
to understand atmospheric processes such as radiative
transfer, cloud droplet nucleating ability, acidification,
precipitation chemistry and dry deposition (Tiwari et al.
2009).

The rapid growth of industries, vehicles, population, and
anthropogenic activities resulted in higher concentrations
of fine mode particles in the megacities of most of the
rapidly developing countries in Asia (Menon et al. 2002;
Akimoto, 2003; Tiwari et al. 2009; Bisht et al. 2015a;
Kishore et al. 2018). Numerous studies have been directed
to understand the climatic effects of atmospheric aerosols
(Hobbs et al. 1997; Penner et al. 2001 and references
therein). Many studies have indicated that particulates in
the accumulation mode (d < 2.5 pm) are the most critical
to human health, air quality degradation, etc. (Pope et al.
1995; Dholakia et al. 2014; Bisht et al. 2015a). Till date, no
studies were made for fine particulates (PM, 5: particles
less than 2.5 pm) and inhalable particle (PM;o: < 10 pm)
over the Alaknanda basin, located in the state of Uttarak-
hand. The present study is the first attempt to take the
observations of particulate matters (PMs) and its water-
soluble chemical constituents over Alaknanda basin to
understand their loading over high altitude region. Very
limited studies were conducted over the Himalayas (Ram
et al. 2008; 2010; Chatterjee et al. 2010; Srivastava et al.
2015; Kumar and Attri 2016); however, several studies
were made over Ganga Basin (Tare et al. 2006; Srivastava
et al. 2014; Bisht et al. 2015a) and other parts of India
(Safai et al. 2007; Rastogi and Sarin 2006; Pipal et al.
2011; Bisht et al. 2015b). Generally, the chemical com-
position of these aerosols highly depends on the source
regions and variability in meteorological conditions (Gab-
riel et al. 2002). In addition, it was observed that the
contribution of carbonaceous aerosol in total suspended
particulates was much higher in the Indian regions (Safai
et al. 2007; Ram et al. 2008; Beegum et al. 2009; Tiwari
et al. 2013; Bisht et al. 2015a; Sharma et al. 2017). Due to
the above-mentioned importance and lack of physical and
chemical data of atmospheric aerosols over Himalayan
environment, a year-long measurements of PMs (PM,.5
and PM;,) and its chemical constituents were made over
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Srinagar, Garhwal, Uttarakhand along with meteorological
parameters (MPs). The obtained data of PMs and MPs were
separated on different time scales such as monthly, sea-
sonally and yearly. The impact of meteorological param-
eters on PMs and its chemical constituents were also
studied to quantify the accumulation or dispersion of the
measured secondary aerosols in the study region because
the basin region has a tendency to accumulate the pollu-
tants by the circulation of air masses. Further, we have tried
to study the transportation of measured atmospheric aero-
sols over the study region using air mass back trajectory
analyses.

Experimental Site and Meteorological
Conditions

The experimental site is located in the heart of Srinagar
city in the premises of Hemwati Nandan Bahuguna Garh-
wal University (HNBGU) “Chauras campus”, Garhwal
(30.22°N 78.78°E, 560 amsl), Uttarakhand (total of
53,483 kmz). The whole state is a hilly area and has drastic
climate variability, which is totally different from the plain
region. The university is 132 km away from Haridwar
(nearest inland location) and is on Haridwar—Badrinath
Highway in the central Himalayan region. The Srinagar is
located on the bank of Alaknanda River which is approx-
imately 560 m above sea level (Fig. 1). The Alaknanda
valley is the widest in the Garhwal hills in Central Hima-
laya. The site has no major industrial activities in and
around the city; however, the possibility of transported
pollutants can be expected over the study region.

The sampling of PM,s (particle size < 2.5 um) and
PM,, aerosols was carried out during the period from
December 2015 to December 2016. The average annual
rainfall of the state is 1550 mm and temperatures range
from 0 to 43 °C (FSI 2009). The forest area of the state is
34,691 km?, which constitutes 64.79% of its geographical
area (FSI 2009). Meteorological parameters (MPs) such as
wind speed, wind direction, relative humidity, and tem-
perature were simultaneously measured by automatic
weather station along with PMs measurement. Figure 2a,b,
shows monthly variations in MPs such as temperature,
relative humidity, wind speed and wind direction. The
month of January was the coldest winter month with an
average temperature of 12.5 °C, which rises as the summer
approaches and attains maximum during the summer
(30.5 °C in June) season. The temperature was almost
consistent in the summer and monsoon seasons and com-
mences decreasing thereafter (Fig. 2a). The annual mean
temperature was found to be about 22.0 °C during the
study period. The relative humidity (RH) was varied from
38% (April) to 83% (August) during the study period. The
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Fig. 1 Sampling site of
particulate matters in Srinagar
(Garhwal), Uttarakhand

prevailing winds were mostly from east-west direction.
The wind speed was varying from 5.8 km h™' (December)
to 16.56 km h™' (June).

Instrumentations and Methodology

The sampling of PMs was carried out on the rooftop of the
building (~ 10 m above the ground) once in a week using
APM-550 (for PM,.5) and APM-460 (for PM;,) samplers
(M/s Envirotech Pvt. Ltd., India) with a flow rate of one
cubic meter per hour. The quartz filter papers were used for
PM sampling. Before and after sampling, the filters were
kept in a desiccator (24 h) to remove the moisture content
of the filter papers. The desiccated filter papers were
weighted using electronic microbalance (Model GR202,
A&D Company Ltd Japan) with 0.01 mg resolution. The
particle concentrations were determined gravimetrically by
the difference in their weights before and after the sam-
pling (Bisht et al. 2015b).

One-fourth of sample filters were extracted with ultra-
pure water (50 ml) via ultrasonication for 60 min, there-
after the liquid samples were filtered through a prewashed
Whatman filter No. 41 into pre-cleaned polypropylene
bottles. All filtered samples were preserved at 4 °C in a
refrigerator. The major anions (F~, CI, SO427, NO, ™ and
NO; ™) and cations (Na*, NH, ", K, Ca*" and Mg*") were
quantitatively  determined by ion chromatography
(DIONEX-2000, USA) for measurement of anions and
cations using analytical column (Ion Pac-AS15 with micro-
membrane suppressor ASRS ultra II 2 mm, 38 mM
potassium hydroxide and the IonPac-CS17 column with
micro-membrane suppressor CSRS ultra I 2 mm, 6 mM
methyl sulfonic acid as eluents and ultrapure water as

regenerator) were used, respectively. The cations and
anions standards were procured from Dionex for calibra-
tion (Tiwari et al. 2009). For quality control, field blanks
were also collected during the study period and it was
analyzed as samples. In addition, the samples have
rechecked the concentrations after three injections in IC
during analysis. Collected field blank filters were treated in
the same procedures as samples filters during storage,
sampling and chemical analysis. The concentrations of
chemical constituents were corrected using field blank fil-
ters concentrations. Most of the field blank values were
found within the detection limits (Bisht et al. 2015b).
Chemical analysis procedures were strictly quality con-
trolled to avoid any possible contamination of the samples.

Results and Discussion
Mass Concentrations of PM, 5 and PM,,

Figure 3 shows monthly mean mass concentrations of
PM, 5 and PM along with their respective Indian National
Ambient Air Quality Standards (NAAQS). The PMi,
concentration was varied between 79.6 pug m—> (August)
and 154.1 pg m > (December) with an annual mean of
111.8 (£ 23.4) pg m ™ which is about two times higher
than its annual standard set by NAAQS (60 pg m— for
PM,(). The higher PM,, levels dust during the summer
(pre-monsoon) months may be due to windblown from the
adjoining regions together with the thermodynamic con-
ditions in the planetary boundary layer. Li et al. (2017)
have found that atmospheric aerosols interact strongly with
meteorological parameters over planetary boundary layer
region. During the study period, the annual mean PM, 5
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Fig. 3 Monthly variations of PM,s, PM;q, and PM;y,s mass
concentrations

concentration was 78.7 (& 25.1) ug m > which is about
more than two times higher than the annual standard set by
NAAQS (40 pg m~> for PM,s) and varied between
39.4 png m (August) and 125.3 pg m~> (December). It is
due to the frequent thermal inversions, and stable atmo-
spheric boundary layer causes stagnation of particulates in
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the lower atmosphere in valley region (Tripathi et al. 2006;
Srivastava et al. 2012; Bisht et al. 2015a). In a recent study,
Sen et al. (2017) suggested that the deteriorating air quality
over the Indo-Himalayan Range is due to the pollutants
undergo long-range transport from their nearby source
regions over the Indo-Gangetic Basin (IGB). Tripathi et al.
(2006) reported ~ 75% contribution of fine particles to the
total aerosol mass at Kanpur over the IGB and significant
association with the prevailing foggy conditions in the
winter season. However, coarse mode particles
(d > 2.5 pm) are generally produced by natural processes
such as sea salt aerosols, produced by direct dispersal of
ocean water and crustal aerosols, originated from the solid
surface. At this point, it is worthy to note that although
PMs is a better indicator of total suspended particulate
(TSP), it may not necessarily represent a true picture of
more hazardous fine particulate. This situation is particu-
larly important in the Indian context, where a significant
proportion of PM;, may be due to locally generated
windblown dust in the coarse fractions (i.e., PM;q) and
which was not as harmful as PM, s (Sharma and Maloo
2005). In another study, Sharma et al. (2014) observed a
mean concentration of PM, s about 42 + 8 g m~—> over
the northwestern Himalayan region, which is relatively
lower as compared to the present study and could be due to
the consideration of limited period of data during 12-22
March 2013. The coarse fraction (PM;q_, 5) was estimated
by the differentiating from PM,, and PM, 5 concentrations
and its variation are shown in Fig. 3. The monthly mean
variation in PMy_, 5 concentrations provides a clear pic-
ture of the fraction of coarser aerosol particles over the
observation site, which shows significantly higher fractions
during the summer months and lower during the winter
months. To understand the contributions of PM, 5 in PM;,
the ratio of PM, s/PM; is estimated and found to be ~
0.69 £ 0.1 (mean), varying from 0.49 (August) to 0.82
(December). The ratio is much smaller during the monsoon
and summer months, indicating relatively less fine particle
fraction in PM;, suggesting the dominance of coarser
particles due to mineral dust transported from the adjacent
desert regions (Srivastava et al. 2012). However, the ratio
is much higher during the winter months, indicating rela-
tively large fine particle fractions in PM,,. These high fine
mode fractions are attributed to low-level inversion and
favorable meteorological conditions for accumulation of
pollutants in the lower atmosphere in valley region. In
addition to this, it is due to anthropogenic emissions such
as biomass burning in open fields, domestic fuel in rural
settings, emissions from thermal power plants, brick kilns,
fossil fuel burning, and vehicular exhausts (Bisht et al.
2015a; Kishore et al. 2018). The ratio of PM, s/PM, is
found to be comparable at the other Himalayan sites (Sen
et al. 2017).
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Water-Soluble lons in PM, ; and PM,,

The monthly mean variability of chemical species in PM; 5
and PM,( was separated during the study period and shown
in Fig. 4a-b. In PM; s, all the species have peaked during
the month of December, 2015 and started increasing from
September to November 2016, which indicated the influ-
ence of anthropogenic sources because of biomass burning
from western part of India (Kaskaoutis et al. 2014). On the
other hand, enhancement in the mass concentration of
PM,, was observed during summer and monsoon months.
Large seasonal variability, with large magnitude, is
observed in most of these species in PM,s and PM,
which is shown in Fig. 5a, b, respectively. In PM, s, all the
species (except NO,) were found to be lower during the
summer. However, the concentrations of CI—, SO42_,
NO;~, Na™, NH,", Ca*" and Mg>" were found to be
highest during the post-monsoon period. However, it was
opposite in case of PM;, the concentrations of CI, SOi
Na' and Ca®* were found to be highest in the summer
period.

The annual mean, standard deviation (£ 6), maximum
and minimum values of water-soluble ionic species (F~,
CI~, SO,°~, NO,™, NO;~, Na*, NH,", K", Mg*" and
Ca2+) in PM, 5 and PM,, are given in Table 1. Among all
the chemical species in PM;,, the mean concentration of
chloride was highest (12.99 pg m~) followed by SO4*~
(mean 11.5 pg m™>) which is the second highest concen-
tration varied from 3.1 to 17.8 ng m~>. However, SO427
concentrations (8.0 £ 4.8) png m > in PM,s varied
between 0.6 and 17.7 pg m 2. In PM,,, the concentration
of fluoride (F7) ion was 0.4 nug m>; however, in PM, s, it
was low concentration (0.03 pg m—>). The ionic abun-
dance, showed in the order of SO42_ >Cl” > Nat
> Ca®" > NH,m > NO;~ > K" >Mg”>" in PM,s and
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Fig. 4 Monthly variations of chemical species in PM, s and PM;,
during the study period
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CI” > S0, >NO;~ >Na™ > Ca’" > K" > NH," >
Mg>" in PM,o.

The percentage contributions of each chemical species
in both PMs sample are shown in Fig. 6. The measured
total water-soluble ionic fraction contributed approxi-
mately 43% of the total PM,s, of which anions and
cations account for about 32 and 11%, respectively
(Fig. 6a). On the other hand, it was about 57% of the total
PM,o with 30 and 27% for anions and cations, respec-
tively (Fig. 6b). The major unanalyzed portion in PM;,
(43%) and PM,.5 (56%) samples was due to carbonaceous
aerosols such as black carbon and organic carbons, and
other insoluble hard metals. However, in PM;,, the ana-
lyzed ionic species consists of secondary inorganic aero-
sols (SO4*~ and NO;~) which contribute approximately
18% of the PM;y mass (19.12 pg m—>) followed by salt
aerosols (Na™ and CI~ 20% (23.31 ne m73), and mineral
dust (K™, Mg®" and Ca*"), around 13% (14.97 pg m ™).
However, in PM,s, the secondary inorganic aerosols
(SO~ and NO;°) were approximately 14.9%
(12 pg m>), 16% salt aerosols, (12.97 ne m ) and 9%
mineral dust (7 pg m~ ). However, the difference in
PM,g could be due to soil derived. Parmar et al. (2001)
found an equal distribution of sodium in both fine and

@ Springer
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Table 1 Annual mean,

. . Chemical species
maximum and minimum values

Chemical species in PM;q

Chemical species in PM, 5

of measured ionic species Mean SD Max. Min. Mean SD Max. Min.

(ug m~>) in PM;¢ and PM, s

over the Himalayan region F~ 0.42 0.26 1.18 0.25 0.03 0.02 0.09 0.01
Cl™ 12.99 3.00 17.15 3.00 7.09 1.88 10.34 4.24
NOz 0.29 0.47 1.82 0.07 0.07 0.05 0.16 0.02
NO3 8.66 2.69 12.91 2.69 2.70 1.34 5.10 0.44
Norm 11.46 3.13 17.79 3.13 8.00 4.78 17.67 0.62
Na* 10.76 2.52 14.60 2.52 5.49 1.80 9.06 3.04
NH; 3.95 2.33 7.52 0.16 3.61 1.57 7.29 0.93
K* 4.87 3.09 12.86 1.19 243 0.80 4.54 1.53
Ca*" 9.07 3.86 13.85 2.17 3.85 291 12.19 1.57
Mg*+ 1.72 0.92 3.70 0.30 0.40 0.26 1.16 0.21

Fig. 6 Percentage contribution
of different chemical species in
PM2‘5 and PM]O

PMa2s

coarse modes in their study at Agra during the monsoon
period because of marine sources. The source for fine
mode sodium is largely unknown. Hong and Chak (1997)
reported that the combustion of fossil fuel and biomass
may be an important source for significant emission of
fine mode sodium into the atmosphere during a dry per-
iod. The percentage contributions of NO3;~ were found to
be approximately equal in both PM; s and PM,, samples.
Finlayson-Pitts and Pitts (2000) reported that NO;~ can
be found in the atmosphere both in the fine and coarse
modes with highly variable amounts, wherein the fine
particles are generally from urban origin while the larger
particles are from marine origin. As the experimental site
is far away from the oceanic regions, the possible source
of NO;™ in coarse mode is to be soil derived (Parmar
et al. 2001; Tare et al. 2006), The less variability was
seen of ammonium ion in both PM;, and PM, 5 samples
in the present study; however, much of the water-soluble
ammonium ion (~ 77%) was obtained from fine mode
aerosols over Kanpur (Tare et al. 2006).

@ Springer

MNO2-

Air Mass Back trajectory Analysis for Source
Apportionment

The air mass back trajectory analysis is an important tool to
identify the source region of any pollutants that are asso-
ciated with different emission sources on the way over the
receptor site (Sen et al. 2017). In the present study, analysis
of daily 5-day air mass back trajectories was carried out
over the sampling site at Srinagar using National Oceanic
and Atmospheric Administration (NOAA) Air Resources
Laboratory (ARL) Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model (Stein et al.
2015). The back trajectories were calculated on sampling
day starting from Srinagar at 12:30 pm local time and at
the altitude of 1000 m above ground level during the study
period and were separated seasonally (Fig. 7). It was
observed that the most of the trajectories were transported
from the western side during the winter, summer and post-
monsoon seasons except the monsoon season. It is clearly
evident that the air masses reaching to the receptor side
station during the winter season are from the Gulf regions,
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and have a relatively longer pathway. In the post-monsoon
season, the highest mass concentrations of PMs and WS
chemical species were observed when the air masses pass
from eastern Pakistan and western part of India over
receptor site. In the winter season, the concentrations of
PMs and WS species were observed second highest when
the air masses transported from a long distance up to
Southern Afghanistan covering with Pakistan and western
part of India. On the other hand, during the monsoon
season, the air masses are mostly confined to be localized.
In over all, the study suggests that the long-range transport
of pollutants plays a crucial role in the enhancement of
PMs over Alaknanda Valley region.

Factor Analysis and Correlation Matrix

The Principal component analysis (PCA) was applied to
identify the sources of the ionic species in the measured
PMs using factor extraction with an Eigenvalue larger than
one after varimax rotation and was estimated by SPSS
software (version 6.0) (Table 2). In its support, the Pearson
correlation coefficient among measured chemical con-
stituents in PMs was made (Table 3). The PCA yielded a
total of three significant factors explaining about 75% of
the total data variance (Table 2).

Factor 1 explains about 53.4 and 66.4% of the data
variance which shows a strong positive loading for NO; ™,
S0,*~, Ca*™ and Mg for PM;, and PM, 5. High loadings
of NO;~, SO,*7, Ca*" and Mg”>" in this factor clearly
indicate the major sources of these ions from the com-
bustion of fossil fuel and erosion of soil dust. The corre-
lation coefficient between SO427 and NO;3;~ was highest in
both (0.53), indicates the similarity in the sources as fossil
fuel combustion (Table 2b) and may be associated with

long-range transports of sulfate and nitrate from the pol-
luted site. Apart from this, the SO,>~ may be produced
from fertilizer applications, thermal power plant, and oil
refineries. Correlation coefficients between Ca’' and
SO, (0.84 and 0.87), Mg”" and CI~ (0.40 and 0.72),
SO42_ and CI™ (0.82 and 0.70) indicate that some parts of
these species are originated from crustal soil sources. Mg*"
and Ca2+, derived from natural sources such as soil, play a
crucial role in neutralization of the acidic species in the
atmosphere (Sharma and Maloo 2005; Bisht et al. 2015b).
While NH," from anthropogenic sources also plays an
important role in neutralization, generally ammonium
present in the atmosphere as a secondary inorganic aerosol
which is produced from fertilizers used by farmers during
agricultural activities and/or urine excretion (Kaya and
Tuncel 1997). High loading of nitrate in factor 1 is mainly
from nitrogenous fertilizers, cattle wastes, and soil partic-
ulates. Association of F~ in this factor indicates that the
source is from soil dust. A strong correlation (> 0.90) of
Na™' and C1™ in both PM;, and PM, 5 indicates that most
parts of Na* and Cl~ are derived from marine sources
during the monsoon period, which transported from a long
distance along with the moisture over receptor site. Earlier
studies on rainwater chemistry during the monsoon over
Himalayan and plain sites in northern India indicated the
marine source region (Tiwari et al. 2012; Bisht et al.
2015c). However, an elevated C1 /Na™ ratio in the present
study, compared to seawater ratio indicates that a part of
chloride from other emission sources. Kulshrestha et al.
(1996) reported saline soil contribution towards C1™ along
with sea salt aerosols during the monsoon period.

Factor 2 for PMy and PM, 5 explains about 13 and 11%
of the variance with a strong positive loading of F~, NH,™,
Mg?" and K. These high loadings of these species are due
to biomass burning activities (Tiwari et al. 2009; Cheng
et al. 2013). Wood burning, which is commonly used (main
fuel for cooking the food) by the inhabitants of the high
altitude area, is a major source of potassium. In addition to
this, the people use coal for heating as well as cooking
purposes, which produces an enormous amount of fluoride
and potassium into the atmosphere. In Factor 3, the NO,™
loadings are much higher with positive significant (about
11% of the total variance), indicate that the source may be
anthropogenic along with biomass burning (Gadi et al.,
2011). Being part of oxides of nitrogen, it may be trans-
ported from long distance from the source region.

Conclusions
Mass concentrations of particulate matters (PM,s and

PM,,) and their chemical characteristics along with the
probable sources were studied at Alaknanda basin (in
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Table 2 Principle component

. Ionic species Factor 1 Factor 2 Factor 3

analysis result of measured

ionic species in PM; (a) and (a)

PM, 5 (b) over the Himalayan _

region F 0.491 0.589 0.077
ClI™ 0.918 0.152 —0.118
NO,™ — 0.095 — 0.051 0.953
NO;~ 0.772 0.080 0.072
S04~ 0.861 0.358 —0.072
Na‘t 0.888 0.241 — 0.147
NH,* — 0.147 0.833 — 0.246
K* 0.485 0.724 0.081
Ca** 0.932 0.064 0.034
Mg>+ 0.512 0.490 0.239
Eigen value 5.34 1.31 1.07
Variance (%) 53.41 13.13 10.65

Source Fossil fuel and soil Sea salt/man-made source Mixed sources as biomass
Ionic species Factor 1 Factor 2
(b)

F 0.258 0.812

Cl™ 0.934 0.186

NO,™ 0.103 0.842

NO;~ 0.704 0.245

S0, 0.734 0.550

Na* 0.944 0.232

NH,* 0.540 0.654

K* 0.615 0.496

Ca*t 0.574 0.732

Mg>* 0.657 0.613

Eigen value 6.63 1.07

Variance (%) 66.38 10.72

Source

Fossil fuel and soil Mixed sources as biomass

Himalayan region) in Northern India. The concentrations
of PM, 5 and PMy were 78.7 (£ 25.1) and 111.8 (£ 23.4)
ugm73, respectively. The ratio (PM,s/PM;q) value was
found to be 0.69 (£ 0.1), ranging from 0.61 (June) to 0.82
(December), indicating the dominance of fine mode
anthropogenic particles. A large seasonal variability in the
measured chemical species suggested the impact of dif-
ferent emission sources and meteorological parameters.
The total measured water-soluble ionic species in PM; 5
and PM, were ~ 43 and 57%, respectively, which consist
of secondary inorganic aerosols ~ 15% in PM, 5 and 18%
in PM;, salt aerosols ~ 16% in PM, s and 20% in PM,,
and mineral dust ~ 9% in PM;y and 13% in PM;,. A

@ Springer

significant correlation (p < 0.01) between NH, " and Cl~,
SO42_, NO;™ in PM; 5 and PM,, respectively, indicates
the presence in their salt forms. Neutralization of acidic
species in aerosols was found that NH, ™ play a crucial role
in neutralization of acidic components in the winter season;
however, the contrary feature was observed in the summer
season where Ca>" was responsible for the neutralization
of acidic components in the PM samples which were
transported from the inland region during the summer. The
principal component analysis showed that secondary
aerosol, biomass burning, and soil-driven dust are the
possible sources in measured species. Cluster analysis
indicates that the continental region is affecting the
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Table 3 Correlation coefficient among the measured ionic constituents in PM;q (a) and PM, 5 (b) over the Himalayan region

Correlation F~ Cl- NO,~ NO;~ S0~ Nat NH," K Ca>* Mg>*
(@)

F~ 1.000

Cl™ 0.576** 1.000

NO,™ —0.034 —0.150 1.000

NO;™ 0.293* 0.643**  — 0.001 1.000

SO427 0.582**  0.815** — 0.157 0.659%* 1.000

Na™ 0.550%*  (0.937%** — 0.165 0.649%* 0.834%* 1.000

NH,* 0.221 0.038* —0.172 0.083* 0.215% 0.148* 1.000

K* 0.684**  (.552%%* — 0.031 0.384* 0.625%* 0.606** 0.378* 1.000

Ca>t 0.458* 0.816%* — 0.078 0.664** 0.841%* 0.789%%* — 0.071  0.473* 1.000

MgZJr 0.407* 0.404* 0.022* 0.457* 0.615%* 0.422% 0.241* 0.522%* 0.588%** 1.000
(b)

F~ 1.000

Cl™ 0.436%* 1.000

NO,™ 0.532*%*  0.275 1.000

NO;™ 0.313* 0.598%* 0.435%* 1.000

50427 0.576**  0.700%* 0.527%%* 0.737%* 1.000

Na™ 0.471%*  0.973%* 0.309* 0.640%* 0.780%* 1.000

NH," 0.645%*  (0.655%* 0.556%* 0.496%* 0.723%* 0.620**  1.000

Kt 0.512%*  (0.675%* 0.477%%* 0.460%* 0.619%* 0.671**  (0.732%%* 1.000

Ca*t 0.716%*  0.641%* 0.616%* 0.535%* 0.873%** 0.708**  0.714%* 0.638** 1.000

1\/Ig24r 0.697**  (0.715%* 0.497%* 0.478%* 0.840%* 0.793**  (0.641%** 0.628%* 0.909%* 1.000

* Signif. LE 0.05, ** Signif. LE 0.01 (two-tailed)

Himalayan region. In overall, the study suggests that the
long-range transport of pollutants plays a crucial role in the
enhancement of PMs over Alaknanda Valley region.
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