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Abstract Based on the ion chromatography method,
the chemical characterization of rainwater (RW) samples
collected over Srinagar (a location in central Himalaya)
has been done during monsoon 2016 (MON-2016). The
rainwater shows near acidic pH values ranging from 5.1
to 6.2 (average, 5.7+0.6) during the study. The average
ionic concentrations of 97+ 10 peq/1 were reported dur-
ing MON-2016. Ca”" has significantly high contribution
of 24% as compared to NH,* (18%), Nat (9%), K (4%),
and Mngr (3%) among cations, whereas CI~, SO42_, and
NO;™ have contribution of~15, 11, and 7%, respectively,
among anions during chemical analysis. We have reported
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S0O,%7/NO;™ ratio as 1.49, which shows contribution of 60
and 40% from SO,>~ and NO;™ ions within the predicted
limit of RW (H,SO,, 60-70%, and HNO,, 30-40%). Ca**,
Mg?*, and NH,* have neutralization factors as 2.51, 0.37,
and 2.01, respectively, due to the neutralization of acidic
species in RW. The non-sea salt (NSS) contribution to
total Ca®*, K*, and Mg?" indicates the major contribution
from crustal origin, whereas the NSS contribution to the
total CI” and SO,~ was from the anthropogenic source.
The principle component analysis (PCA) indicates that the
first factor (i.e., natural sources, mainly dust and sea salts)
has only ~9% variance. In contrast, the second factor (i.e.,
fossil fuel and biomass burning) has~17% variance, and
the third factor has 27% variance may be due to soil, agri-
cultural, and biomass burning origin. The rest of the con-
tributions are from mixed emission sources as well as by
the transport of polluted air mass from the Indo-Gangetic
Plain (IGP) and Punjab Rajasthan, Pakistan, and Afghani-
stan. This manuscript helps to understand the impact of
crustal and anthropogenic sources in rainwater over the
central Himalaya region of Uttarakhand.

Keywords Monsoon - Rainwater chemistry -
Cation—anion - Anthropogenic source - Neutralizing
factor - Principle component analysis

1 Introduction

The atmospheric aerosols are usually originated from
natural and anthropogenic sources (Gautam et al., 2021a,
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b & 2022). However, aerosols can travel longer distances,
diluted, and further removed from the atmosphere by the
dry and wet depositions (Bisht et al., 2015, 2017; Bud-
havant et al., 2009; Das et al., 2010; Tiwari et al., 2012,
2016). Generally, rain, dew, fog, hail, and snow are the
important method for wet deposition of air pollutants
(APs), which has significant importance for the ecological,
hydrological, and biogeochemical cycle, etc. The chemis-
try of rainwater (RW) indicates the quantity of natural and
anthropogenic emissions and the addition of APs in the
atmosphere (Obaidy & Joshi, 2006). It also helps to under-
stand the acidification buffering nature of ions (Choi et al.,
2008). The RW quality is derived from the components of
anionic and cationic (Kulshrestha et al., 2003). RW sam-
ples contain cations, which have a vital role in the acidi-
fication below cloud scavenging activity in India (Bisht
et al., 2017; Tiwari et al., 2012, 2016). RW samples are
also rich in metals to influence the physicochemical and
microbial behavior in the soils (Pandey, 2008). The pres-
ence of metals in the air can lead to serious health issues
like carcinogenesis-induced tumor promotion as well as
environmental issue degradation of groundwater quality
and soil via wet deposition (Pandey & Pandey, 2009). The
European and North American countries have witnessed
the adverse impact of acid rain (Balasubramanian et al.,
1999; Rodhe et al., 2002). The exponential growth in the
emission of APs was observed in developing countries
such as China, Pakistan, and India (Granat et al., 1996,
2001; Rodhe et al., 2002). The Himalayas are the young-
est mountains with the pristine environmental conditions
in the world. However, some studies have been conducted
to evaluate the chemical composition of aerosol, size dis-
tribution, aerosol optical depth, and trace gas concentra-
tion, along with snowfice chemical compositions (Liu
et al., 2010; Srivastava et al., 2015). But RW’s chemical
analyses are very few over the central, western, and eastern
Himalaya, Himalayan region of India (Bisht et al., 2017;
Roy et al., 2016; Tiwari et al., 2012). Recently, Ahmed
et al. (2022) have analyzed the monsoonal RW samples
based on major chemical parameters, viz., pH, electrical
conductivity (EC), and ion (SO42_, NO;~, Br, CI, F,
Mg**, Ca®*, K¥, NH,*, Na*, and Li*) analysis. Now to
identify the potential source, they have performed princi-
pal component analysis, airmass back trajectory clusters,
and potential source contribution function (PSCF) over
mid-Brahmaputra plain during 2012 to 2018. Kumar
et al. (2022) have collected the RW samples in the west-
ern Himachal Himalaya, India, and reported major cations
were Ca’* (43.10%) and Na* (31.97%) and anions were

@ Springer

CI™ (37.68%), SO,>~ (28.71%), and NO;™~ (23.85%) domi-
nant species in rainwater.

According to the Indian Meteorological Depart-
ment, the months of June, July, August, and Sep-
tember are usually considered as monsoon season
(Attri et al., 2015). However, due to the availability
of collected RW samples, we have considered July to
September 2016 months’ data. In the various studies,
researchers have used PCA and correlation matrix as
power full tool to determine the potential contribution
from aging sea salt, fossil fuel combustion, agricul-
ture, dust, and biomass burning at various locations
(Cerqueira et al., 2014; Cheng & You, 2010; Li et al.,
2022; Moreda-Piiieiro et al., 2014; Pandey & Singh,
2012; Salve et al., 2011). In Uttarakhand, very few
regular studies have been published so far (Bisht
et al., 2017; Gautam et al., 2018).

The main objectives of the paper are to understand
the chemical composition of RW at Srinagar, located
in Alaknanda valley in the central Himalaya and to
assess the impact of anthropogenic and natural emis-
sions in RW samples. Further, this is to evaluate the
potential sources by using air mass back trajectory
and statistical analysis.

2 Material and Methods

2.1 Site Description and Background Meteorological
Conditions

The Hemwati Nandan Bahuguna Garhwal Univer-
sity (HNBGU) Chauras campus (30.22°N 78.78°E,
560 amsl), Srinagar Garhwal, Uttarakhand, had been
selected for observation site and having different cli-
mates as compared to plains. This observation site
is situated on the national highway (NH)-58, and it is
132 km away from the main industrial site Haridwar.
The NH-58 connects main tourist hotspots like Cha-
moli, Badrinath, and Gopeshwar. The vehicle move-
ments are increased during the tourist season (summer
and winter). The Srinagar is located on the bank of the
Alaknanda River, which is approximately 560 m above
sea level (Fig. 1). The Srinagar Garhwal valley is one
of the widest valleys in the Garhwal Himalayan region.
The observation location far from the major industries
and only a small hydropower plant is located; therefore,
the APs are transported to the sampling. Gautam et al.
(2018) reported the significant contribution of mineral
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dust, and APs contained air mass from Thar Desert,
Gulf countries specially pre-monsoon season. The
regional transport activities also contribute to transport
the pollutants from the Indo-Gangetic Plain (IGP) and
have a potential impact on RW Chemistry (Ram et al.,
2008, 2010; Srivastava et al., 2011, 2014). We have col-
lected RW samples from July to September 2016 over
the monitoring site. The organization of different work
steps is also provided in Fig. 2.

Annually, Uttarakhand reports 1550 mm rainfall
along with temperatures to range between 0 and 43 °C
(FSI 2009). According to the Forest Survey of India
(FSI) 2009 report, 64.79% of the state’s land is occu-
pied forests (area= 34,691 km?). The background met-
rological parameters such as wind speed (m/s), wind
direction (°), relative humidity (%), and temperature
°C were measured using an automatic weather station
(AWS), whereas RW samples were simultaneously

measured over the station. Monthly variations of
metrological parameters are depicted in Fig. 3. Janu-
ary 2016 was reported as the coldest month of winter
with a mean temperature of 12.5 °C and starts rising
to the month of June 2016 with a mean temperature of
(30.5 °C). During summer 2016 and monsoon 2016,
we have reported a consistent weather pattern and
stats decreasing onward (Fig. 3). The relative humid-
ity and wind speed were observed in the range of 38%
(April) to 83% (August) and 5.8 km h™!' (December)
to 16.56 km h™! (June). The wind from the east—west
direction is predominately reported during the study.

2.2 Sampling and Analysis

Thrifty seven (37) RW samples (total rainfall in 24 h)
were collected during southwest summer monsoon
2016. RW sampling was performed above 10 m from

N Altitude (m% ”
w High : 21
6 12 km = w E
| ;" lem=2km -
S

Fig. 1 Sampling site at Srinagar, Uttarakhand, a high-altitude station in the central Himalaya
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Organization of Work Elements

Sample
Discarded

Fig. 2 Organization of work of different elements for the manuscript

Fig. 3 Daily pH variation 6.2
of rainwater (RW) over Sri-
nagar during the monitoring
period
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the ground by using a polyethylene funnel of 20 cm
diameter (Bisht et al., 2017; Tiwari et al., 2016).
Ultrapure water was used to clean the rain collector
two times (after and before sampling) to stop con-
tamination of sample. Further, samples were filtered
by using Whatman-41 and stored in the polypropyl-
ene sampling bottles, and 5 ml thymol solution was
added for avid contamination. Further, the pH and
EC of RW samples were determined by using the
pH meter (Cyber Scan-540) and conductivity meter
(Elico CM-183), and samples were stored at 4 °C
for next ion chromatography. We have measured the
cation and anion concentration as per the guidance
of Tiwari et al. (2012) and Bisht et al. (2017). The
HCO;™ concentration was calculated theoretically
based on pH and HCO;™ ions (Parashar et al., 2001).
If the pH> 5.6 (equilibrium with atmospheric CO,),
then the HCO;™ concentration (mol/l) can be calcu-
lated by [HCO,"]=10""""*""1 The Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT)
model, of NOAA Air Resources Laboratory (http://
www.arl.noaa.gov/ready/ hysplit4.html), was used to
understand the air movement at Srinagar at an altitude
of 1000 (Datta et al., 2010; Draxler et al., 2014; Gau-
tam et al., 2021a, b).

2.3 Data Quality

We have discarded the RW sample affected by bird
droppings and control the quality of sampling by visual
interpretation. The neutralizations of cation and anion
are helpful for the first-order checking of a sample. The
equivalent ionic ratio (EIR) is defined as the ratio of
the sum of anions to the sum of cations, and this ratio
is very near to unity (One). Over the current observa-
tion site, the EIR of the RW was 0.34+0.26 during
observation. All collected samples were within the per-
missible limits and can be used for further ionic char-
acterization (Saxena et al., 1996). The observed ionic
concentration was below the less polluted in which a
slightly weak change in ionic balance is permissible
(WMO, 1994). Such kinds of variations in ionic ratio
are probably due to the presence of weak organic
acids (WOA) which may be originated from the green
plants over the sampling site. Kulshrestha et al. (2005)
observed the presence of organic acids (associated with
H*) having a very short life in the non-preserved RW
samples. The fluoride ion shows relative concentra-
tions in RW as compared to Indian polluted locations.

3 Results and Discussion
3.1 Day-to-Day Variability of pH in Rainwater

The RW pH is a tool to identify the presence of dif-
ferent ionic species, which are governed by the neu-
tralization of the cations such as Ca’*, NH,*, and
Mg?* and the scavenging process in the atmosphere
(Khwaja & Husain, 1990). RW pH>5.6 is impacted
by crustal species or mineral dust and is deemed to
be alkaline, whereas if RW pH < 5.6, then SO42+ and
NO;~ dominate and are regarded as the acidity nature
of RW (Bisht et al., 2017; Isikdemir, 2006).

The monthly pH values are depicted in Fig. 3
and individual precipitation events over the moni-
toring site. In the monsoon (MON) season, the vol-
ume-weighted mean (VWM) pH values of RW were
5.77+0.40 (n=37) reported at Srinagar Garhwal.
The pH value of collected RW samples varying in the
range of 5.05 to 6.65 indicates contamination/mix-
ing of chemicals originating from anthropogenic and
natural sources. RW’s high pH values were observed
in arrival of MON (July) which might be due to the
neutralization of acidic constituents with the alka-
line components. But the low pH values of RW were
observed in last MON (September) due to the scav-
enging process of alkaline particles and buffering
capacity of RW during the year 2016 (Bisht et al.,
2017; Kulshrestha et al., 2005). In the current study,
we have reported the lowest pH value as 4.95 and the
difference in free acidity of [H*] is 3.21 peq/1 to the
natural rainfall.

Tiwari et al. (2012) planned a study to under-
stating the rain chemistry over the rural loca-
tion over northwestern Himalayan, India, and
observed most alkaline rainfall events (VWM pH
mean=15.68+0.26) during MON 2006 and 2007.
Bisht et al. (2017) followed a pH of RW very close
to the acidity level in the range of 4.95 to 6.50
(mean=5.6+0.3) during MON over the Naini-
tal (a location in the central Himalayan region).
The pH of RW was reported in the range of 5.73
to 7.21 over Pune (Budhavant et al., 2009). Ras-
togi and Sarin (2005) obtained the alkaline nature
(mean=6.7) of RW over Ahmedabad due to the
significant nearly ~60-80% contribution of mineral
dust during the observation period of 2000-2002.
Recently, Kumar et al. (2022) observed the volume-
weighted mean (VWM) pH value of RW in the
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Table 1 Average ion

. Monsoon

concentration (ueq/l),
Z\(;l\l)lvlﬁ)well{gh;ﬁg g::égﬁcal F- CI~ SO NO,~ Nat* K* Ca®* Mg NH,* HCO,” pH
- P, and Average 046 1347 1145 748 1002 445 2401 323 1799 755 572

parameters (minimum,
maximum, and standard VWM 0.19 1444 1069 7.15 8.84 4.09 2333 280 1758 932 577
deviation) of rainwater Max 0.18 2577 31.81 2584 2409 923 4220 1050 31.17 1349  6.65
(RW) over Srinagar Min 006 331 419 147 104 056 640 008 006 100  5.05
SD 082 791 938 626 1224 332 1085 3.61 1020 944 040

range of 4.59 and 6.73, with an average value of
5.47 +£0.69, indicating the alkaline nature of rainfall
over Baspa basin, Himalayan region in Himachal
Pradesh. Zhang et al. (2018) obtained pH in the
range of 4.0 to 8.3 (VWM =5.0) in which approxi-
mately 46.9% sample acidity (pH below 5.6) and
11.6% sample in the firm acidity (pH below 4.5) in
the RW of Wanzhou, China.

To understand RW’s trend and chemical com-
position over the Gulf of Mexico, Sosa-echeverria
et al. (2018) take an observation from 2003 to 2014
and reported the VWM pH in the acidity range
(4.78-5.40). Cereceda-Balic et al. (2020) observed
the pH of RW in the range of 5.02 to 5.38 during
May to August of 2010 and 2011 over the Puchun-
cavi Valley, Chile. Similarly, the pH value of RW
was reported in the range of 4.0-6.8 over Mt. Fuji,
Japan. Watanabe et al. (2006) and Aiuppa et al.
(2003) observed pH values in the ranges of 3.8
to 7.22 over Mount Etna, Italy. In South China,

Li et al. (2022) have evaluated the annual VWM
pH of rainwater of 5.8 based on RW data of year
2018-2020 at Mt. Lushan location.

3.2 Major Ionic Composition of Rainwater (RW)

The major ion concentration of RW samples depends
on environmental factors such as precipitation, wet
and dry scavenging, meteorology, and location of
the sampling site. The total sum of chemical spe-
cies/ions was 97.35+26.46 peg/1 during MON sea-
son (Table 1). The percentage contribution of differ-
ent chemical species during MON season has also
presented in Fig. 4. The anion concentration was
41.54%, which denotes the contribution of long-
range transport (LRT) of APs (Roy et al., 2016).
The concentration of the cation was 58.46% dur-
ing the MON season. The calcium was principal
chemical species present in 24% of total collected
samples; however, the SO42' and NO;™ ions have

Fig. 4 Contribution of
measured chemical species
over Srinagar during the
monsoon season

3%

H HCO3
6%

11%

NO3
7%
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11% and 7% during the MON season. Now the com-
bined dominance of Na* and Cl or sea salt was 24%
which may be transported from the ocean via LRT
of atmospheric particles. The anions have trend as
Cl~ >80, >NO;~ >HCO;™ in the percentage
contribution of major ions, whereas cations show
the trend as Ca** >Na* >Mg”* >K* >NH,* >H*
during MON (Fig. 4). Higher Ca®* contribution indi-
cates the emission form stone crusher activities or
resuspension of soil particles over Srinagar. A similar
trend of major ion concentration was also observed
by Bisht et al. (2017) at Nainital.

Figure 5a, b represents the daily variation of meas-
ured anion and cation during MON season. The
concentrations C1~, NO;™, and SO42_ were high in
July and last week of September 2016, whereas the
lower concentrations were observed due to the wet

scavenging process. The HCO; also exhibited a simi-
lar trend of variation ion during the 2nd week and also
reduced in September 2016 over the monitoring site.
The highest values of C1~ >S0,>~ >NO,~ >HCO,
were measured as 25.77 peq/1, 31.81 peq/1, 25.84
peq/1, and 13.49 peq/1, and lower concentration was
also measured as 3.31 peq/1, 4.19 peq/1, 1.47 peq/1,
and 10.6 peq/1, respectively Fig. 6.

Now the daily concentration of cation such as
Ca’** and NH,* was observed highest during July
and last week of August 2016 due to calcareous par-
ticles of MON seasons. The Na*, Mg?*, and K* have
almost similar trends, which may be transported from
marine aerosols/sea salt. But most of the ionic species
were low in August 2016 due to heavy rainfall (22
events) during the 4th week of July to the 5th week
of August 2016. The daily concentration of cation
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Fig. S Monthly variation of
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such as Ca’* >Na* >Mg** >K* >NH,” >H'
was observed to be varied in the range of 6.40-42.20
peq/l, 1.04-24.00 peq/1, 0.08-10.50 peq/1, 0.56-9.23
peq/1,0.06-31.17 peqg/1, and 0.22-0.87 peq/1, respec-
tively. A comparative study of major ions is described
in Fig. 5, which shows the concentration trend of
major ions as Ca** (23.33 peq/l)>NH," (17.58
peq/l)>C1~ (14.44 peg/l) > SO,*~ (10.56 peq/l) > Na*
(8.84 peq/l)>NO;~ 7.15 peq/l)>HCO;~ (5.47
peq/l)>K* (4.09 peg/l)>Mg>* (2.81 peq/l)>H"
(2.80 peq/l), respectively, over Srinagar. The higher
Ca®* concentrations may be due to emission from the
roadside and nearest (within 100 km) cement indus-
try at Roorkee, Uttarakhand (Sanusi et al., 1996). The
chemical species analysis of RW samples was also
conducted at Pune (Maharashtra), Kothi (Himachal
Pradesh), Varanasi (Uttar Pradesh), Nainital (Uttara-
khand), and Guwahati (Assam) by Safai et al. (2004);
Tiwari et al. (2012); Bisht et al. (2015) and (2017);
and Bhaskar and Rao (2017) in India, respectively.

3.3 Evaluation of Ionic Ratios of RW

The estimation of the primary ion ratio depend upon
the MON location and transportation of sources
from local and regional sources to the observation
site during the wet deposition process. We have col-
lected the worldwide SO,*7/NO; ratio during rain-
fall (MON) season (Table 2). The measurement of the

Fig. 6 Concentrations of 25 _|
ionic species in rainwater at
Srinagar
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SO,>7/NO;~ ratio gives brief information regarding
the dominance of H,SO, and HNOj; acids in the RW.
The SO42_/NO3_ ratio was 1.53 during MON 2016,
which indicates the contribution of 60 and 40% in
the SO,>~ and NO;™. The calculated value is slightly
similar to previously evaluated values of H,SO,
(60-70%) and HNO; (30-40%) in the RW (Bisht
et al.,, 2017; Tuncer et al., 2001). The atmospheric
removal of NO;™ is rapid as compared to SO,*~ and
contributing to the high SO42_/NO3 ratio in the RW
samples. The cation such as Ca’*, NH,*, and Mg*" is
neutralized by anions SO,?~ and NO;™ in the atmos-
phere (Bisht et al., 2017). The HT/(NO;~+S0,>")
ratio has great significance to evaluate the quantity
of neutralization of ions during rainfall. If the H*/
(NO3_+SO42_) ratio is close to zero, then it repre-
sents the process of extensive neutralization, whereas
if the HY/(NO;~+S0,>") ratio is near to one, then it
suggests weak neutralization. We have observed the
H*/(NO;~+S0,*") ratio as 0.14, which suggests
near-complete neutralization by the neutralizing
agents such as Ca®", Mg?*, and NH," ions during
rainfall (Isikdemir, 2006).

The impact of HNO,;, HCI, and H,SO, acid is
investigated by (NO;~+C17)/SO,*" ratio; we have
calculated the value as 1.83, which suggests the
significant contribution of nitric and hydrochloric
as compared to sulfuric acid RW (Khemani et al.,
1994). The NH,*/NO;~ ratio (2.40) and NH,*/

e
Cl S04
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Table 2 Relative comparison of SO,*7/NO,™ ratio of global
sites

Table 3 Equivalent concentration ratios (ECR) of ionic com-
ponents with respect to Na*

Locations SO,>/NO,~ References
Srinagar, India 1.53 Present study
Nainital, India 1.56 Bisht et al. (2017)
Darjeeling, India 1.81 Roy et al. (2016)
Kullu, India 1.47 Tiwari et al. (2012)
Mt. Lulin, Taiwan 1.45 Wai et al. (2008)
Goa, India 1.92 Gobre et al. (2010)
Hyderabad, India 1.33 Kulshrestha et al. (2003)
Beijing, China 2.96 Yang et al. (2004)
Guangzhou, China 3.06 Cao et al. (2009)
Mexico 0.75 Baez et al. (2006)

Erzurum, Turkey 11.60 Bayraktar and Turalioglu

(2005)

Guaiba, Brazil 8.70 Migliavacca et al. (2005)
Singapore 3.50 Flues et al. (2002)

Spain 2.22 Avila and Alarcén, (1999)
Varanasi, India 2.20 Bisht et al. (2015)

SO42_ (1.57) indicate a significant contribution of
NH,NO; and (NH,),SO, compounds in the atmos-
phere of Srinagar (Seinfeld, 1986). However, the ratio
of (SO,*~+NO;7)/(Ca*" +Mg**) is (0.69), suggest-
ing the alkaline nature of RW. The of (Ca?" +NH,")/
(NO,™+S0,%7) is 2.22, suggesting the neutralization
of acid components by Ca?* and NH,* cations in RW.

3.4 Neutralization Factor (NF)

The Ca’* and NH,* ions have a well-defined neu-
tralization impact on H2SO, and HNOj acids and can
control the acidity rainfall (Rodhe et al., 2002). The
neutralization factor (NF) is defined as a potential to
neutralize the acidic components of RW by alkaline
(Bisht et al., 2017; Safai et al., 2004; Tiwari et al.,
2012). Mathematically, the NF may be expressed as
follows:

NFy; = Xi/[SO;™ + NO,-| )

where X; is the concentration of major alkaline
species (Ca’*, Mg**, and NH,"). The NF shows
the trend as Ca®" (1.27)>NH,* (0.97)>and Mg**
(0.17) and have contribution of NFc,=53.07%,
NFnpay=39.70%, and NFy;,)=7.15% in the RW
over Srinagar. Many researchers (Das et al., 2005;

ClI/Nat Mg*/  K'/Na* Ca’**/Na* SO,/

Na‘t Nat
Rainwa- 1.34 0.32 0.44 2.40 1.14
ter
Seawa- 1.16 0.227 0.0218  0.0439 0.125
ter®
EF 1.15 1.41 20.18 54.67 9.12
SSF 86.57 70.94 4.95 1.83 10.96

NSSF 13.43 29.06 95.05 98.17 89.04

“Keene et al. (1986)

EF, enrichment factor; SSF, sea salt fraction; NSSF, non-sea
salt fraction

Kulshrestha et al., 2003; Parashar et al., 2001; Rastogi
& Sarin, 2005) observed the predominant neutraliza-
tion capacity due to Ca’" and NH,* in the different
parts of India. Bisht et al. (2017) observed the pre-
dominant contribution of Ca’>* and NH," over Naini-
tal, India. Singh et al. (2007) suggest the neutraliza-
tion of acid components of RW by Ca*" and Mg>*
below the cloud and NH,* in-cloud, respectively.

3.5 Sea Salt (SS) and Non-Sea Salt (NSS)
Contribution

To understand the contribution of SS, NSS, and
enrichment factor (EF), the C17/Na™ ratio was cal-
culated for RW as well as seawater (Table 3) sepa-
rately (Moody et al., 1991). The dominance of NSS
was calculated by simply differentiating SS from
the total measured ion in the collected sample. The
C17/Na* ratio (1.37), Ca**/Na*(1.34), SO,>"/Na*
(1.14), Mg**/Na* (0.32), and K*/Na* (0.44) of RW
was higher than the ratio of ion in seawater (SW)
C17/Na* (1.16), Ca**/Na*(10.04), SO,>~/Na* (0.12),
Mg?*/Na* (0.22), and K*/Na* (0.02) during the
MON. This clearly indicates the significant contribu-
tion of SS as well as that originating from soil. Based
on the relative ratio of ions, we can estimate the pos-
sible compounds such as NaCl, CaSO,, MgSO,,
MgCl,, HNO;, NH,NO;, NH,SO,, and (NH,),SO,
(Bisht et al., 2017; Chandra Mouli et al., 2005), which
the correlations in Section 3.6.2 will also verify.

EF of major ions can be calculated by the ratio of
significant ion (X,) concerning Na* that was presented
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in the RW and SW by using Eq. 2 (Bisht et al., 2017;
Cereceda-Balic et al., 2020; Tiwari et al., 2012):

(Xi)/Na(precipitation)
Xi/Na(seawater)

EF(Xi) = )
where Xi=major ion, if EF < 1, then SW is a major
contributor or if EF> 1, then NSS is the source.

EF of C1-, Mg**, K*, Ca**, and SO,*~ and sea salt
fraction (SSF) and a non-sea salt fraction (NSSF) have
been listed in Table 3, which indicates the dominance
of anthropogenic source or NSS origin over Srinagar.
The principal source of C1~ and Mg?* was from the sea
and contributed 86.57% and 74.94% and 13.43% and
29.06% from the non-ocean source, respectively.

It is noticed that the K* (95.05%), Ca** (98.17%),
and SO42_ (89.04%) have a contribution from the
anthropogenic or non-ocean salt sources (Bisht et al.,
2017; Safai et al., 2004; Singh et al., 2007; Tiwari
et al., 2012, 2016). The result suggests the significant
contribution of anthropogenic and natural sources.

3.6 Identification of Source

To track and identify the different sources of major
ionic species, the air mass back trajectory (AMBT)
analysis and factor analysis (FA) were also conducted
for Srinagar during 2016.

3.6.1 Air Mass Back Trajectory (AMBT) Analysis

A 5-day AMBT data was extracted from HYSPLIT
and plotted by Meteolnfo software during MON-2016
(Gautam et al., 2021a, b; Hernandez-Ceballos et al.,
2011; Rico-Ramirez et al., 2007). We have calcu-
lated AMBTs at the elevation of 500 m, 1000 m, and
1500 m above mean sea level (Fig. 7). The air mass is
coming mainly from two branches, i.e., it is one from
the Indian Gangetic plain (IGP) from the Bay of Ben-
gal. In contrast, the second one originates from the
Arabian Gulf Sea at an altitude of 500 m. However,
at high levels of air mass such as 1000 m and 1500 m,
the air mass is originating from Iran, Afghanistan, and
Pakistan to Punjab Haryana to Srinagar Garhwal. The
AMBT analysis gives evidence for the transportation
of sea salt and APs from the IGP region during MON
season. Bisht et al. (2017); Gautam et al. (2018); and
Panicker et al. (2019) observed the clear evidence of
transportation of APs from IGP and sea salt contribu-
tion from the Arabian and Bay of Bengal side.

3.6.2 Principle Component and Correlation Matrix
Analysis

The principle component analysis (PCA) is a power-
ful tool for the investigation of all possible sources

Fig. 7 Five-day monthly 40N £
mean air mass back trajec-
tories at 500 m, 1000 m,
and 1500 m above ground
level at the study region
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in the RW sample, and it was estimated by using R
(Statistical Software) as given by Table 4 (Ahmed
et al., 2022; Jeong et al., 2009; Jombart et al., 2008;
Sidou & Borges, 2020). The Pearson correlation
coefficient (PCC) of major ions of RW samples is
also presented in Table 5. Factor 1 gives the idea for
the 9% of data variance and has a positive relation
link for loading of NO,~, SO,*~, Ca**, HCO;~, and
F~, which indicate the origin of ions emitted from
the process of burning fuel and soil. The mutual
PCC of Na*™ and K* with CI~ ion are 0.75 and 0.66,
respectively (Table 5), suggesting transport from
the marine background (Bisht et al., 2017; Norman

Table 4 Principle component analysis (PCA) result of meas-
ured ionic species over Srinagar

Ionic species Factor 1 Factor 2 Factor 3
NO;~ 0.25 0.34 0.27
SO, 0.27 0.4 —0.41
Ca** 0.36 -041 0.33
F~ 0.83 0.29 0.3
HCO;~ 0.21 -0.49 -0.3
Na* 0.35 -0.13 0.61
ClI- 0.39 -0.12 0.42
NH,* 0.52 0.15 0.61
Mgt 0.36 0.31 —0.11
H* -0.31 0.26 -0.14
K* 0.42 -0.11 0.15
Eigen value 0.5 0.33 0.17
Variance (%) 9% 18% 27%

et al., 2001). The SO42‘ shows good correlation
with Ca®* (0.48), Mg?* (0.75), and NO;7(0.45),
indicating the transportation from biofuel and soil.
A moderate correlation is also observed between
Ca®* and carbonate ions due to the contribution of
CaCOj; from the ground. Ammonium ion has a good
PCC with NO;™ and SO,*” attributed from the sec-
ondary aerosol particle as (NH,),SO, and NH,NO;
emitted from fertilizer agricultural activities (Al-
Momani et al., 1995; Kaya & Tuncel, 1997). The
primary source of SO,>~ may be due to incom-
plete burning of bio-fuel, pesticides, thermal power
plants, oil refineries workshops, and transportation
from IGP and Gulf countries.

Factor 2 suggests a contribution of about 18% as
variance and showing loading of F~, NH,*, Mg>*,
and H* during MON 2016. Factor 3 has a variance
of 27% with the loading of Ca®*, F~, Na*, CI~, NH,,
and K* from the soil, agricultural, and biomass burn-
ing activities.

4 Conclusions

The major chemical species of RW collected over
Srinagar, Garhwal, during the year 2016 gives sig-
nificant result of influencing by various anthropo-
genic and natural sources, which was found to have
potential change in RW chemistry. The pH value of
RW was observed in the range of 5.05 to 6.65 with
an average value of 5.77+0.40 during MON season,
which is a clear indication of significant contribution

Table 5 Pearson correlation coefficient (PCC) of measured ions over Srinagar

F~ CI- S0,  NO;~ Na* K* Ca’* Mg?>* NH,* H* HCO,~
F~ 1.00 0.10 0.09 0.24 0.04 027  -0.13 0.09 010  -0.12 0.03
cI- 0.10 1.00 0.19 0.38 0.75 0.66  0.53 042  -010 -048 0.42
S0,*" 0.09 0.19 1.00 0.45 0.16 043 048 0.73 031 -015 -0.05
NO;~ 0.24 0.38%*  0.45%  1.00 0.24 035 021 0.57 023  -0.18 -0.10
Na* 0.04 0.75%*  0.16 0.24 1.00 063 052 039 -0.13 -030 0.21
K* 0.27%  0.66%F  0.43%*  035%  0.63* 100  0.54 054  -022  -0.57 0.50
Ca% -0.13 0.53%*  0.48% 0.1 0.52%%  0.54%* 1.00 0.64 0.06  —037 0.28
Mgt 0.09 0.42%%  0.73%F  0.57%  0.39%F  0.54%F (.64 1.00 010 -035 -0.02
NH,* 0.10  -0.10 031* 023 -013 -022 006 0.10 1.00 026 -0.51
H* -012 -048 -0.15 -018 -030 -057 -037 -035 0.26%  1.00 -0.58
HCO,~ 0.03 0.42%% —0.05  -0.10 0.21 0.50%* 0.28* -002 -051 —058 1.00

*Signiﬁcance level, 0.05; **significance level, 0.01 (2-tailed)
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of natural as well as from the anthropogenic back-
ground in the RW. The total sum of the concentration
of major ions of RW was 97.35+26.46 peg/l dur-
ing MON season. The percentage contribution of ani-
ons has the trend as C1~ >S0O,*~ >NO;~ >HCO;",
and percentage contribution of cations has as
Ca’* >Nat >Mg** >K' >NH,” >H" in the col-
lected sample of RW at Srinagar in MON season.
The SO, /NO;™ ratio (1.53) clearly indicates 60%
and 40% contribution from the SO,*~ and NO; and
have strong evidence of significant neutralization (H*/
(NO,~+50,%)=0.14) of Ca’*, NH,", and Mg** by
anions SO,>~ and NO,". The NF has a trend as Ca**
(1.27)>NH,* (0.97)>Mg** (0.17) for cations and sig-
nificantly contributing with about 53%, 40%, and 7%,
respectively, as neutralization process in the atmos-
phere. We observed the ratio of C17/Na™ (1.37), Ca**/
Na® (1.34), SO/ /Na* (1.14), Mg**/Na* (0.32),
and K*/Na* (0.44) ions of RW is slightly higher than
the ionic ratio Cl17/Na* (1.16), Ca**/Na* (10.04),
SO,*/Na* (0.12), and Mg®*/Na® (0.22) of seawa-
ter (SW), which indicates the sampling site is signifi-
cantly affected by SS and soil driven dust. The C1™~ and
Mg?* shows 86.57% and 74.94% contribution from the
marine source, whereas K (95.05%), Ca>* (98.17%),
and SO,*~ (89.04%) have anthropogenic or non-ocean
salt background. PCA shows that the SO,>~ has a
good correlation with Ca** (0.48), Mg** (0.75), and
NO;™ (0.45). This may be emitted from soil dust, agri-
culture, secondary aerosols, and combustion of biofuel
from the IGP and further transported to the monitoring
site via regional and LRT of air masses. These findings
could be helpful in establishing the emission control
policies to protect and manage pollution level in the
eco-environmental system in Uttarakhand. This can fur-
ther be helpful through deployment of more such moni-
toring stations in and around the Himalayan region.
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APs: Air pollutants; AWS: Automatic weather sta-
tion; EC: Electrical conductivity; EF: Enrichment
factor; EIR: Equivalent ionic ratio; FSI: Forest Sur-
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Garhwal University; HYSPLIT: Hybrid Single-Par-
ticle Lagrangian Integrated Trajectory; /GP: Indo-
Gangetic Plain; LRT: Long-range transport; MON:
Monsoon; NF: Neutralization factor; NH: National
highway; NOAA: National Oceanic and Atmospheric
Administration; NSS: Non-sea salt; NSSF: Non-sea
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