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volume-weighted mean (VWM) concentration of DOC and TDN were 687.04 and 1210.23 μg/L,
respectively. Similarly, the VWM concentration of major ions were in a sequence of NH4 +
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from agricultural activities and crustal dust played a vital role in precipitation chemistry.

Dissolved organic carbon
Total dissolved nitrogen

Moreover, the wet deposition flux of DOC and TDN were 9.95 and 17.06 kg/(hayear), respectively. The wet deposition flux of inorganic nitrogen species such as NH4 + -N and NO3 − -N

Major ions

were 14.31 and 0.47 kg/(hayear), respectively, demonstrating the strong influence of emis-

Indo-Gangetic Plain

sion sources and precipitation volume. Source attribution from different analysis suggested
the influence of biomass burning on DOC and anthropogenic activities (agriculture, animal
husbandry) on nitrogenous species. The air-mass back trajectory analysis indicated the in-
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fluence of air masses originating from the Bay of Bengal, which possibly carried marine
and anthropogenic pollutants along with the biomass burning emissions to the sampling
site. This study bridges the data gap in the less studied part of the northern IGP region and
provides new information for policy makers to deal with pollution control.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Precipitation is the major component of the water cycle,
which is regarded as an effective wet scavenging pathway
for the removal of gases and aerosol pollutants from the
atmosphere (in-cloud and below-cloud) (Niu et al., 2014;
Rao et al., 2016; Seinfeld and Pandis, 2016). Therefore, precipitation chemistry determines the level of atmospheric pollution and helps to understand their composition, concentration, sources, and deposition, along with their environmental implications (Akpo et al., 2015). The deposition of nitrogen, carbon, sulfur, etc., add nutrient to land and water,
which, when becomes excess, could results in acidification
(Burns et al., 2016), eutrophication (Chen et al., 2018), and loss
of biodiversity (Bobbink et al., 2010).
Previous studies have already pointed out different ions
as indicators of various polluting sources. For instance, Na+
and Cl− as marine, Ca2+ and Mg2+ as crustal, K+ as biomass
burning, and SO4 2− and NO3 − as anthropogenic sources
(Bhattarai et al., 2019b; Wan et al., 2019; Zhang et al., 2018).
Meanwhile, SO4 2− and NO3 − are secondarily formed in the atmosphere by the oxidation of SO2 and NOx released from mobile (vehicles) and stationary (brick kiln, coal, oil refining, and
thermal power plant) sources over the Indo-Gangetic Plain
(IGP) region (Tiwari et al., 2016). The precipitation chemistry
over different sites of the IGP region indicates the major contribution of Ca2+ and SO4 2− , which are five to ten folds higher
compared to the remote background sites (Tiwari et al., 2016).
Similarly, particulate matter was also significantly lower over
the background sites in the Himalayas and Tibetan Plateau
(Liu et al., 2017). Meantime, the deposition of ionic species
has significantly increased in the last few decades, mainly due
to massive industrialization and urbanization. For instance,
Singh et al. (2017) reported an increase of 283% NH4 + and 486%
NO3 − between 1994 and 2013 in Delhi, majorly influenced by
rapid urbanization and land use and land cover change.
Besides the ionic species, dissolved organic carbon (DOC)
is also a crucial parameter in precipitation samples, which
plays a major role in the global climate system (Saxena and
Hildemann, 1996), affecting cloud condensation nuclei (CCN),
radiative forcing, and light absorption (Andreae and Gelencsér, 2006). Moreover, these carbonaceous aerosols in the atmosphere can go as high as 80% of particulate matter (PM2.5 ),
particularly during a forest fire and high biomass burning
(Ram et al., 2020). Therefore, the washout of these PM2.5 majorly consists of chemicals, including DOC and indicates the
health of the atmosphere. The DOC in precipitation water
could serve as an essential source of carbon (C), an important macronutrient (Dubnick et al., 2017). Therefore, intensive
studies on precipitation DOC have been carried out through-

out the globe (Coelho et al., 2008; Kieber et al., 2002; Li et al.,
2016a; Pan et al., 2010; Tripathee et al., 2020b; Willey et al.,
2000) due to its importance.
On the other hand, total dissolved nitrogen (TDN), which
includes dissolved inorganic nitrogen (DIN, the sum of NH4 + N, NO3 − -N, and NO2 − -N) and dissolved organic nitrogen
(DON), has been widely studied over glaciers (Gao et al., 2020),
precipitation (Kuang et al., 2016; Liu et al., 2013), and aerosols
(Bhattarai et al., 2019b). Nitrogen acts as a limiting nutrient for
both aquatic and terrestrial plants’ growth for primary productivity (Elser et al., 2007). The excessive increase in nitrogen deposition flux could act as the third-largest driver (after climate change and land use) of global biodiversity loss
during 2100 (Sala et al., 2000). These nitrogenous aerosols are
originated both by natural (e.g., dust, sea salt, and natural forest fire) as well as anthropogenic (e.g., biomass burning, fossil fuel combustion, and industrial emissions) sources which
ultimately add a considerable amount of pollutants to the atmosphere (Bhattarai et al., 2019b; Xing et al., 2017). However,
there are no studies on DOC and dissolved nitrogenous constituents in the IGP region of Nepal. Being located near the
northern Indian border, significant pollutants from the heavily polluted urban areas of India could easily reach the sampling site. Therefore, there is a need to understand the sources
and transport pathways of DOC and TDN (DIN + DON) in the
critical zone of the IGP.
The IGP is densely populated low land extending ˜
2.5 × 106 km2 over Pakistan, Nepal, India and Bangladesh, and
frequently suffers from heavy pollution (Sharma et al., 2015;
Villalobos et al., 2015). The aerosols over IGP not only affect the
local environment but also contribute the long-range transport to the pristine Himalayas and Tibetan Plateau affecting
the ecosystem and environment therein (Cong et al., 2015b;
Kang et al., 2019). With the rapid increase in population and
industrial activities, anthropogenic emission has risen exponentially in IGP, resulting in deterioration of air and water
quality. IGP receives ˜ 90% of the summer precipitation from
June to September, which is driven by Indian summer monsoon (Choudhary et al., 2017). The sufficient amount of rainfall coupled with fertile land makes the IGP region rich in agricultural production (Chauhan et al., 2012). Briefly, the IGP region is the hotspot of local and transported pollutants, which
could seriously affect the human livelihood and the ecosystems therein.
Prior studies on the Himalayas and Tibetan Plateau (HTP)
have suggested that pollutants from south Asia are transported and deposited on the glaciers and ecosystems of HTP
through the atmospheric wet deposition (Cong et al., 2015a;
Li et al., 2018; Tripathee et al., 2019). The long-range transport
and deposition of impurities (e.g., carbonaceous and nitrogenous) on the glacier surface in the HTP from the IGP region
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Fig. 1 – Sampling site of precipitation samples, Nepalgunj, Nepal.

had a significant influence on glacier melting and pollution
distribution over the pristine region (Kang et al., 2019). However, studies on DOC and TDN in wet deposition and their levels over the IGP region (large emitter of anthropogenic pollutants in south Asia) are still limited. Therefore, the dataset on
DOC and TDN in the region is urgently needed to accomplish
the data gap and to understand the biogeochemical cycling
of nitrogen and carbon. To fulfill these research gaps, we investigated the monsoon (June–September, 2019) precipitation
samples for concentration, wet deposition flux, and possible
sources of DOC and nitrogenous species over the northern IGP
region in Nepalgunj, Nepal for the first time. Moreover, this research adds a dataset on the poorly studied area, which could
help scientists for further study and policymakers to formulate local and regional environmental protection policies.

1.

Materials and methods

1.1.

Study area

Precipitation samples were collected from the Northern IndoGangetic Plain (IGP) at Nepalgunj (28.05° N, 81.61° E, 150 m
above sea level (a.s.l.), Nepal, about 7 km north from the Indian border (Fig. 1). IGP is the densely populated region with
a population of more than 400 million extending over an area
of 2.5 × 106 km2 . Moreover, this region is highly fertile and
therefore is the agricultural hub. Nepalgunj receives summer
monsoon originating from the Bay of Bengal. According to the
weather-atlas.com, Nepalgunj receives ˜ 1450 mm of the annual rainfall, of which ˜ 85% falls during the summer monsoon
(June to September). This region frequently receives emissions
from the forest fire, agricultural residue burning, and industrial activities degrading the air and water quality. The local

and transported pollutants are frequently washed out by rainwater during the monsoon leading to lower atmospheric pollution. However, the wet deposition flux could threaten not
only the aquatic and terrestrial ecosystem but also the human
lives and property.

1.2.

Precipitation sampling

Sampling was performed on the rooftop of the two-story
building at ˜ 1.5 m above the surface using a pre-cleaned
bucket with inner removable high-density polyethylene
(HDPE) plastic bag. Just at the beginning of the precipitation, the ultrafine plastic bag was opened and closed soon
after the precipitation ends to avoid the interference due
to aerosol dry deposition. The precipitation samples were
then immediately transferred to pre-cleaned polycarbonate
bottles (Thermo ScientificTM NalgeneTM products, USA) and
stored under the freezing condition until further analysis.
The details of the sampling method are described elsewhere
(Tripathee et al., 2014a, 2014b). Precipitation samples were collected during the summer monsoon of 2019, from June to
September. Non-powder vinyl cleanroom gloves were worn
during the collection and handling of samples in the field and
the laboratory. In short, possible contaminations were avoided
by extreme care during sampling, storage, transportation, and
analysis.

1.3.

Chemical analysis

The measurement of pH and electric conductivity (EC) of the
precipitation samples was carried out on-site with a digital Acidity meter (PHS 10, Fangzhou Science and Technology,
China) and conductivity meter (DDS 200, Fangzhou Science
and Technology, China), respectively.
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Total dissolved nitrogen (TDN) and dissolved organic carbon (DOC) in precipitation samples were analyzed by using the
total organic carbon analyzer (TOC-5000A, Shimadzu Corp, Kyoto, Japan). Before analysis, the samples were filtered through
a polytetrafluoroethylene (PTPE) membrane filter of 0.45 μm
pore size to remove the insoluble particles. The detection limits were 4 and 5 μg/L for DOC and TDN, respectively (Gao et al.,
2020). The ultra-pure water in the laboratory was used as field
blanks, which were taken to the sampling site in polycarbonate bottles and brought back again in the laboratory for
DOC, TDN, and major ions analysis. The analysis of the field
blanks followed the same procedure as the precipitation samples. The field blank values for DOC and TDN were 0.10 and
0.02 mg/L, respectively. The blank correction was carried out
before further analysis to address contamination during sampling, pre-treatment, and analysis process.
The concentrations of five cations (Na+ , NH4 + , K+ , Mg2+ ,
2
Ca + ) and five anions (F− , Cl− , NO2 − , NO3 − , SO4 2− ) in precipitation samples were analyzed at the State Key Laboratory
of Cryospheric Sciences (SKLCS), Northwest Institute of EcoEnvironment and Resources, Chinese Academy of Sciences
(NIEER, CAS) using ion chromatograph; cations by (Dionex320, USA) and anions by (ICS-1500, USA) respectively. Different separation columns were used for cations (CS12A,
4 mm × 250 mm) and anions (ASII-HC, 4 mm × 250 mm).
The instrumental detection limit was 1 μg/L with precision
< 5%. The accuracy of the instrument was maintained using
the Standard Reference Material (GB W08606) obtained from
the National Research Center for Certified Reference Materials. The details of the instrumentation and analysis of major
ions could be found elsewhere (Tripathee et al., 2017).
The concentrations of dissolved inorganic nitrogen (DIN)
were calculated as the sum of [NH4 + -N] and [NO3 − -N]
(Bhattarai et al., 2019b) (Eq. (1)). We ignored the NO2 − -N from
the further calculation because it was hardly detectable.

 

−
DIN = NH+
4 − N + NO3 − N

1.4.

Calculations

Volume weighted mean (VWM) concentrations (μeq/L (microequivalents per liter)) of different ionic constituents (such
as DOC, TDN and pH) in precipitation samples were calculated
using the following equation.
VWM concentration =

(1)

(2)

Quality control and quality assurance (QC/QA)

During the laboratory process, replicates of few samples
were analyzed to cross-check their deviation. Furthermore, to
maintain the quality, standard reference materials were analyzed before starting and after completion of the lab analysis
process. Moreover, the good regression line (Appendix A Fig. 1,
R = 0.85, P < 0.01) between the sum of cations (Na+ , NH4 + , K+ ,
Mg2+ , and Ca2+ ) and anions (F− , Cl− , NO2 − , NO3 − , and SO4 2− )
indicates the acceptability of the data quality. As expected, the
slope of the anions to cations ratio was 0.12, reflecting the high
anion deficiency. The possible reason for such ionic imbalance
could be due to the exclusion of HCO3 − (anion) and organic
acids in precipitation events, which could result in reduced
anions (Liu et al., 2013).

N


(Ci × Pi )/

i=1

N


Pi

(3)

i=1

where, Ci and Pi are ionic concentration (μeq/L) and precipitation (mm) of each sample/event, respectively; and N represents the number of precipitation events (Tiwari et al., 2016).
The wet deposition fluxes (Fw ) in precipitation samples
were calculated following the procedure previously explained
(Herut et al., 1999; Nehir and Koçak, 2018). The product of
VWM concentration (C) and annual precipitation (P) gives the
Fw of the measured chemical species using Eq. (4). Annual precipitation over Nepalgunj in 2019 was 1447.8 mm and we collected 704.9 mm rain. Therefore, we calculated the annual deposition flux of chemical species in kg/(hayear) by using the
scale factor of 2.05 (1447.8/704.9). The similar scale factor has
been previously used in wet deposition flux calculation over
IGP region in Delhi and Jaunpur (Singh et al., 2017).
Fw = C × P

(4)

Furthermore, the enrichment factor (EF) is the ratio of ions
to reference materials that can provide information about
their sources. For instance, Ca2+ and Na+ are generally called
reference ions for crustal and marine/sea-salt, respectively
(Bhattarai et al., 2019b; Keene et al., 1986; Tripathee et al.,
2020a). Following equations were taken into consideration for
further calculations.




EFcrust = X/Ca2+
/ X/Ca2+
(5)
precipitation



Similarly, the subsequent subtraction of DIN from TDN
gives the dissolved organic nitrogen (DON) concentration
(Eq. (2)).
DON = TDN − DIN

1.5.

EFseawater = X/Na


+

crust



precipitation

/ X/Na+


seawater

(6)

where, X refers to the ion of interest, [X/Ca2+ ]precipitation and
[X/Na+ ]precipitation refer to ratio of the ion of interest with Ca2+
and Na+ in the precipitation, respectively, and [X/Ca2+ ]crust
and [X/Na+ ]seawater refer to the crustal composition and seawater ratio, respectively. The reference value of [X/Na+ ]seawater
was obtained from Keene et al. (1986) and the reference value
for [X/Ca2+ ]crust was obtained from Adhikari et al. (2019) and
references therein.
Similarly, the sources contribution of major ions in precipitation was estimated by calculating the relative abundance
of sea-salt fraction (SSF), crustal fraction (CF), and anthropogenic fraction (AF). Similar to EF calculation, Na+ and Ca2+
were taken as references for seawater and crustal, respectively
(Zhu et al., 2016). This method has been widely used for source
separation in previous research using the following equations
(Adhikari et al., 2019; Tripathee et al., 2020a).
[X/Na+ ]seawater
× 100%
[X/Na+ ]precipitation


X/Ca2+ crust

CF = 
× 100%
X/Ca2+ precipitation
SSF =

AF = (100 − SSF − CF ) × 100%

(7)

(8)
(9)
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Fig. 2 – Time series of conductivity, pH and precipitation at Nepalgunj during June–September, 2019.

Moreover, principal component analysis (PCA) is a reliable
tool to investigate the possible sources of the measured chemical species in precipitation samples. SPSS 22 (IBM software)
was applied to investigate the factor loadings under varimax
rotation, which reduces the data for further interpretation.

1.6.

Backward trajectory modeling

Statistical analysis of air mass backward trajectories were
computed by TrajStat 1.2.2.6, a Geographic information system based software (http://meteothink.org/products/trajstat.
html). TrajStat was developed to compute clusters and concentration weighted trajectory (CWT) (Wang et al., 2009). The
model incorporates data processed by Global Data Assimilation System (GDAS, one degree, global, 2006-present) to calculate 5-days air mass backward trajectory at 100 m above
ground level during sampling time in the study area.

2.

Results and discussion

2.1.

pH and EC of precipitation

In order to understand the basic characteristics of precipitation samples during the study period (June–September 2019),
measurement of pH, EC and precipitation volume were presented in Fig. 2. The pH of our samples ranged from 4.57 to
8.33, with an average value of 6.44 ± 0.84 and a VWM pH of
6.16 (Table 1). In general, the pH of precipitation water over
the pristine environment is 5.6, which is mainly driven by dissolved CO2 , whereas the pH below 5.6 is an indicator of the

presence of acidic compounds in precipitation and is considered as “acid rain” (Charlson and Rodhe, 1982). Similarly, rainwater with a pH value above 6.0 reflects the alkalinity of precipitation water (Seinfeld and Pandis, 2016). Based on these
criteria, we observed that ˜ 79% of the precipitation samples
were alkaline. This indicates the significant influence of alkaline substances such as soil dust (Ca2+ ) and NH3 and/or
NH4 + in the atmosphere (Xu et al., 2020). The other possible reason for higher pH might be due to reduction or control in SO2 emissions (Xu et al., 2020). Our observed VWM pH
value (6.16) was very close to the one observed in IGP region
(Delhi) in India (6.35) (Rao et al., 2016), Thessaloniki, Greece
(6.57) (Anatolaki and Tsitouridou, 2009) and Southeast Brazil
(6.57) (Mimura et al., 2016), however, much higher than that of
Beijing, China (4.85) (Xu et al., 2015). The details of the comparison are shown in Table 2. Furthermore, we observed significant positive correlations of pH with Na+ , Ca2+ and Mg2+
(0.60 < R < 0.62, P < 0.01, Table 3) that are mostly derived
from crustal sources, which could be the possible reason for
enhancing alkalinity of rainwater resulting to higher pH.
The precipitation acidity is determined by H2 SO4 and
HNO3 , whereas HCl, HF, and other organic acids are minor species in precipitation and they have a negligible
contribution to acidity (Wang et al., 2012). Neutralization of precipitation is estimated by neutralization factor
(NF(X) = (X)/(NO3 − + SO4 2− )) (Kulshrestha et al., 1995; Tripathee et al., 2014), where X is concentration of major cations:
NH4 + and Ca2+ . NF values for NH4 + and Ca2+ were calculated
as 4.86 and 2.52, respectively. This indicates that the acidity in
precipitation due to H2 SO4 and HNO3 was primarily neutralized by high loading of NH4 + and Ca2+ .
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Table 1 – Statistical summary of different parameters in precipitation during the study period.
Sample
Physical parameters
Conductivity (μS/cm)
pH
Nitrogenous species (μg/L)
TDN
DON
DIN
NH4 + -N
NO3 − -N
Carbonaceous species (μg/L)
DOC
Major ions (μeq/L)
Na+
NH4 +
K+
Mg2+
Ca2+
F−
Cl−
NO2 −
SO4 2−
NO3 −
Cations
Anions
Meteorology
Precipitation (mm)
Temperature (°C)

Average

SD

Minimum

Maximum

VWM

Flux (kg/(hayear))

10.78
6.44

8.95
0.84

1.74
4.57

39.30
8.33

9.72
6.16

-

1355.77
223.35
1144.17
1107.01
37.16

620.37
137.06
600.14
578.62
27.22

476.00
0.91
118.98
115.18
2.05

3012.00
523.08
2488.92
2389.98
98.94

1210.23
189.36
1020.87
988.40
33.47

17.52
2.74
14.78
14.31
0.47

769.77

265.02

452.70

1552.00

687.04

9.95

5.49
79.07
4.82
2.23
33.42
0.15
3.41
0.01
5.18
2.65
125.04
11.41

6.68
41.33
10.69
2.54
53.98
0.15
6.62
0.04
4.76
1.94
83.78
11.36

0.94
8.23
0.39
0.77
7.77
0.00
0.28
0.00
0.42
0.15
23.13
0.94

31.36
170.71
48.41
12.35
253.67
0.54
23.95
0.16
15.91
7.07
400.14
39.96

4.56
70.60
2.39
1.86
27.17
0.11
1.95
0.01
5.22
2.32
-

1.52
18.40
1.35
0.32
7.87
0.03
0.99
0.01
3.62
2.08
-

37.10
29.44

22.83
2.32

6.40
23.99

84.50
32.07

-

-

TDN: total dissolved nitrogen; DON: dissolved organic nitrogen; DIN: dissolved inorganic nitrogen; DOC: dissolved organic carbon; SD: standard
deviation; VWM: volume weighed mean.

Table 2 – Mean concentration of major ions (μeq/L), pH and EC in precipitation samples at selected sites throughout the
globe.
Location

Type

Period

pH EC (μS/cm) Na+ NH4 + K+

Mg2+ Ca2+ F−

Cl−

SO4 2− NO3 − References

Nepalgunj, Nepal
Delhi, India
Maxico city, Maxico
Juiz de Fora, Brazil
Djougou, West Africa
Thessaloniki, Greece
Beijing, China
Jomsom, Nepal
Southeast Tibet, China
Central TP, China
Wengguo, China
Nam Co
New Jersey, USA
Okinawa, Japan

Urban
Urban
Urban
Urban
Rural
Urban
Rural
Remote
Rural
Rural
Remote
Remote
Urban
Island

2019
2011–2013
2001–2002
2014
2005–2009
2003–2004
2017–2018
2012–2013
2009–2010
2005–2006
2016–2017
2011–2012
2006–2007
2003–2005

6.16
6.4
5.1
6.6
5.2
6.6
6.7
7.8
6.59
6.8
4.6
4.9

1.86
69.2
2.5
13.8
2.1
30.5
33
73.5
1.7
7.4
3.7
0.9
1.6
63.9

1.95
9.6
18.3
3.4
57.1
100.1
25.5
6.7
19.2
15.3
1.1
10.7
351

5.22
91.6
61.9
3
6.2
134
66.3
30.2
2.6
15.5
38.4
2.9
19
53.9

9.72
20.9
43.8
19.7
11.7
-

4.56
7.0
29.1
3.8
44.5
59.2
61.4
6.7
15.4
40.1
1.9
10.9
308

70.6
23.7
92.4
14.3
116
76.3
34.4
8.9
18.1
12.7
24.4
9.5

The EC of precipitation samples ranged from 1.74 to
39.30 μS/cm with VWM of 9.72 μS/cm (Table 1). EC is the measure of soluble ions in the atmosphere; therefore, it is an indication of the status of the atmospheric environment. Our
observed VWM of EC is comparable to Yulong Snow Mountain
(11.5 μS/cm) (Niu et al., 2014), in contrast, much lower to that
of urban sites such as Beijing, China (43.8 μS/cm) (Xu et al.,
2020) and Delhi, India (20.9 μS/cm) (Rao et al., 2016) (Table 2).
This indicates the minor influence of anthropogenic pollu-

2.39
5.3
2.2
16
2
16.4
56
24.2
1.9
14.5
5.5
0.4
1.3
9.4

27.17
198.6
26.4
31.9
13.3
256
141.3
572.6
34.0
65.6
60.1
7.9
3.0
25.2

0.11
1.1
-

2.32
50.5
42.6
25.6
8.2
41.2
59.6
24.5
2.3
10.4
6.8
4.5
14.3
7

This study
Rao et al., 2016
Báez et al., 2007
Mimura et al., 2016
Akpo et al., 2015
Anatolaki and Tsitouridou, 2009
Xu et al., 2020
Tripathee et al., 2020a
Liu et al., 2013
Li et al., 2007
Adhikari et al., 2019
Liu et al., 2015
Song and Gao, 2009
Sakihama et al., 2008

tants over our study region which makes our sampling site
comparatively cleaner to that of megacities like Beijing and
Delhi. Moreover, we observed positive correlations of EC with
most of the ionic compounds such as Na+ , NH4 + , Mg2+ , Ca2+ ,
Cl− , SO4 2− , NO3 − and TDN (0.60 < R < 0.85, P < 0.01, Table 3).
This indicates that most of the pollutants in the atmosphere
increase conductivity of precipitation. However, both pH and
conductivity have no significant correlations with DOC. Lack
of significant correlation of DOC with pH and EC might be due
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Table 3 – Pearson correlation table among the measured species in precipitation samples from Nepalgunj, Nepal.
Na+

pH
Conductivity
pH
Na+
NH4 +
K+
Mg2+
Ca2+
F−
Cl−
SO4 2−
NO3 −
DOC
∗
∗∗

0.466

∗

NH4 +
∗∗

0.848
0.620∗∗

0.608
0.441
0.307

∗∗

K+
0.225
0.199
0.253
0.414

Mg2+

Ca2+
∗∗

0.826
0.616∗∗
0.968∗∗
0.198
0.117

F−
∗∗

0.788
0.599∗∗
0.951∗∗
0.130
0.039
0.987∗∗

Cl−
∗

0.537
0.142
0.342
0.645∗∗
0.499∗
0.284
0.175

SO4 2−
∗∗

0.637
0.469∗
0.752∗∗
0.375
0.802∗∗
0.668∗∗
0.620∗∗
0.489∗

∗∗

0.820
0.015
0.509∗
0.539∗
0.193
0.501∗
0.449
0.667∗∗
0.426

NO3 −
∗∗

0.853
0.264
0.557∗
0.782∗∗
0.349
0.508∗
0.422
0.830∗∗
0.511∗
0.881∗∗

DOC

TDN

0.431
0.432
0.400
0.632∗∗
0.782∗∗
0.280
0.195
0.411
0.683∗∗
0.233
0.510∗

0.674∗∗
0.419
0.360
0.953∗∗
0.481∗
0.273
0.180
0.698∗∗
0.452
0.593∗∗
0.840∗∗
0.706∗∗

Correlations with p < 0.05.
Correlations with p < 0.01.

Fig. 3 – VWM concentration and composition (inset) of major ions in precipitation samples from Nepalgunj during summer.

to varying pH and EC values irrespective of DOC concentration in which outgassing of dissolved carbon dioxide occur
(Leenheer et al., 1974).

2.2.

Chemical characteristics of precipitation

The statistical summary of the measured chemical species,
including major ions, TDN (and its species), and DOC in
precipitation samples during the summer monsoon (June–
September) of 2019, is presented in Table 1. The explanations
of different chemical components are described below in detail in the following sections.

2.2.1.

Ionic concentration and composition

The concentrations and composition of major ions are shown
in Fig. 3. In an overall, the VWM concentration of major ions

followed a trend of NH4 + > Ca2+ > SO4 2− > Na+ > K+ > NO3 −
> Cl− > Mg2+ > F− > NO2 − , indicating NH4 + and Ca2+ as the
dominant species accounting for 60.77% and 23.39% of total
ions, respectively. The VWM concentration of NH4 + and Ca2+
was 70.60 and 27.17 μeq/L, respectively (Table 1 and Fig. 3),
which play a vital role in precipitation chemistry. The details
on the comparison of major ion concentration with different sites worldwide have been presented in Table 2. The order of ionic concentration observed in this study was similar
to the Djougou in West Africa during 2005–2009 (Akpo et al.,
2015) and Shangdianzi in remote Beijing during 2003–2014
(Pu et al., 2017). Moreover, the NH4 + concentration is slightly
lower, whereas Ca2+ is about seven times lower to that of urban Delhi (Balachandran and Khillare, 2001). However, our observed NH4 + concentration was approximately double of the
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tion rate with the increase in precipitation. Moreover, this also
indicates the significant washout of atmospheric DOC during
precipitation. Such a phenomenon was also reported in earlier researches such as Lhasa, Tibetan Plateau (Li et al., 2016a)
and Beijing, China (Pan et al., 2010).

2.2.3. Speciation of dissolved nitrogenous species in precipitation samples

Fig. 4 – Logarithmic correlation between DOC concentration
and precipitation during sampling period.

remote arid region on the Southern slope of the Himalayas
(Tripathee et al., 2020a), and about an order higher to that
of the Northern slope of the Himalayas (Liu et al., 2013). The
higher concentration of NH4 + could have been contributed
from the excessive release of NH3 from agricultural activities
(such as livestock and fertilizers). The details regarding the
sources have been discussed in the later section. Moreover,
the anions and cations have significant correlation (R = 0.85,
P < 0.01) with the slope value of 0.12 (Appendix A Fig. S1). The
reduced slope value could be due to unmeasured multiple anions such as HCO3 − , CH3 COO− , CH2 (COO)2 2− , etc.
Similarly, Ca2+ concentration, which is mostly derived
from crustal sources, was comparable to the concentration of
Ca2+ over the Okinawa, Japan (25.2 μeq/L) (Sakihama et al.,
2008) and Mexico city (26.4 μeq/L) (Báez et al., 2007). Whereas,
it is 2–7 times lower than that of Delhi (198.6 μeq/L) (Rao et al.,
2016), Beijing (141.3 μeq/L) (Xu et al., 2020), and central Tibetan Plateau (65.58 μeq/L) (Li et al., 2007). Moreover, it is an
order lower than the remote arid region in Nepal (Jomsom,
572.6 μeq/L) (Tripathee et al., 2020a), which are heavily loaded
and considerably rich in crustal sources.

The trend of nitrogenous species, together with precipitation records, is presented in Fig. 5. The average VWM concentrations of TDN, DIN and DON were 1210.23, 1020.87 and
189.36 μeq/L, respectively (Table 1). Similarly, the VWM concentration of DIN species such as NH4 + -N and NO3 − -N were
988.40 and 33.47 μeq/L, respectively. The concentration of
DIN observed in our study area was comparable with different parts of the world, such as Tirupati, India (Mouli et al.,
2005) and Wielkopolska, Poland (Walna, 2015), whereas it
was approximately double of Niigata, Japan (Fukuzaki and
Hayasaka, 2009), and almost 2–5 times lower than Chinese
cities such as Nanjing (Yang et al., 2010) and Guangzhou
(Jia and Chen, 2010).

2.3.

Wet deposition fluxes

2.3.1.

DOC flux

The wet deposition fluxes of each sample for DOC and precipitation volume is presented in Fig. 6. In general, the DOC
deposition flux is majorly driven by precipitation amounts;
hence the fluxes are higher during the monsoon. This is
also supported by the strong positive correlation (R = 0.90,
P < 0.01) between DOC and precipitation (Fig. 6). The annual wet deposition flux of DOC was about 9.95 kg/(hayear),
which was higher compared to Lhasa, a suburb of Tibetan
Plateau (6.3 kg/(hayear)) (Li et al., 2016a). In contrast, it is
around two to five times lower than that of Araraquara,
Brazil (54 kg/(hayear)) (Coelho et al., 2008), and Beijing, China
(27 kg/(hayear)) (Pan et al., 2010). The total wet deposition
flux during summer monsoon 2019 (June–September) was
905.39 mg/m2 , which is comparable to the 10 different sites
in Northern China (950 mg/m2 ) (Pan et al., 2010).

2.3.2.
2.2.2.

DOC characteristics

The DOC concentration in precipitation samples over the
Northern IGP in present study varied from 452.7 to 1552
μeq/L, with an average value of 769.77 ± 265.02 μeq/L (VWM
concentration: 687.04 μeq/L) (Table 1), which is comparable
to that of Geladaindong region (624 μeq/L) (Hu et al., 2020)
and Lhasa (1100 μeq/L) (Li et al., 2016a) in Tibetan Plateau,
China. In contrast, DOC concentration in our study area was
an order higher than New Zealand (69 μeq/L) (Kieber et al.,
2002), whereas around five times lower than Beijing, China
(3500 μeq/L) (Pan et al., 2010). The intensive domestic coal use
and smaller dilution of scavenged organic carbon in Beijing
could have resulted in higher DOC concentration over Beijing.
We observed an exponential negative relationship of DOC
concentrations with precipitation (R2 = 0.67, P < 0.01) (Fig. 4).
This indicates the dramatic reduction in DOC concentration
with the increase in precipitation volume. The possible reason behind this phenomenon could be an increase in the dilu-

Nitrogen flux

Nitrogen is a crucial component that acts as a limiting nutrient for the ecosystem. The wet deposition of TDN, DIN,
DON, NH4 + -N and NO3 − -N were 17.06, 14.78, 2.74, 14.31, and
0.47 kg/(hayear), respectively (Table 1). DON deposition contributes nearly 16%, while the DIN contributes 84% of TDN.
The NH4 + -N, major constituent of nitrogen in precipitation
samples, occupies around 97% of DIN and 82% of TDN. The
wet deposition of TDN is even higher than the threshold for
nitrogen deposition, which ranged from 5 to 15 kg/(hayear)
depending upon the type of ecosystem (Bobbink et al., 2010).
The wet deposition flux of DIN in our study area was comparable with Wanzhou, China (17.50 kg/(hayear)) (Leng et al.,
2018), whereas it was 2–4 times lower compared to Chinese
cities such as Shanghai (59.17 kg/(hayear)) (Zhang, 2006) and
Guangzhou (52.5 kg/(hayear)) (Jia and Chen, 2010). However,
DIN flux is higher compared to remote sites such as Southeast Tibet (1.41 kg/(hayear)) (Liu et al., 2013) and Mount Rocky,
USA (2.63 kg/(hayear)) (http://nadp.sws.uiuc.edu). Similarly,
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Fig. 5 – Trend line of nitrogenous species with precipitation during June–September, 2019.

Fig. 6 – Daily wet deposition fluxes of DOC and precipitation amounts and (inset) a correlation between precipitation and
DOC flux at northern Indo Gangetic Plain (IGP) in Nepal.

the wet deposition of NH4 + -N observed in our study area
was nearly an order higher than the Alpine forest in Tibetan
Plateau (1.12 kg/(hayear)) (Liu et al., 2013). The graphical representation of wet deposition flux comparison for NH4 + -N and
NO3 − -N with selected sites is shown in Fig. 8. The higher nitrogen deposition could result in significant negative impacts
on fragile and sensitive ecosystems (Kuang et al., 2016).
The graphical representation of wet deposition flux of nitrogenous species along with precipitation is presented in
Fig. 7a. Moreover, a significant positive correlation was ob-

served between precipitation and nitrogenous species such as
DON (R = 0.60, P < 0.01), NH4 + -N (R = 0.56, P < 0.01), and NO3 − N (R = 0.49, P < 0.05) (Fig. 7b). This implies that the deposition
flux of nitrogen during summer increases with the increase
in precipitation volume. Common sources include agricultural
activities (livestock and fertilizer use) and nonagricultural activities (transport, industry, and power plants). Our study area
with highly fertile land and excessive agricultural activities indicate the significant contribution of agricultural sources for
elevated NH4 + -N concentration and deposition flux.
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Fig. 7 – (a) Wet deposition flux of nitrogenous species and (b) their correlation with precipitation.

2.3.3.

Major ions flux

The wet deposition flux of major ions is reflected in Table 1,
which indicates a higher flux of NH4 + and Ca2+ with 18.40
and 7.87 kg/(hayear), respectively. Some other ions, such
as Na+ , SO4 2− , NO3 − , and K+ have flux between 1.0 and
3.7 kg/(hayear), whereas, the remaining ionic species flux was
reported below 1.0 kg/(hayear). In general, the deposition flux
of major ions ranked in an order of NH4 + > Ca2+ > SO4 2−
> NO3 − > Na+ > K+ > Cl− > Mg2+ > F− > NO2 − , indicating
the dominance of nitrogenous species deposition, followed
by natural (crustal/marine) and anthropogenic originated ion
deposition. The higher amount of NH4 + deposition could increase nutrients to the terrestrial and aquatic ecosystems, resulting in eutrophication (Chen et al., 2018).

2.4.
Source identification of chemical components in wet
precipitation
Appropriate and detailed source identification is an essential
component of scientific research and an effective pollution
control strategy. Here, we employed correlation analysis, en-

richment factor calculation, PCA and Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model for detailed
source investigation.

2.4.1.

Correlation analysis

The Pearson correlation analysis among the measured species
was carried out by using SPSS 22 software (Table 3). We observed a significant correlation of DOC with K+ (R = 0.78,
P < 0.01). In the meantime, both DOC and K+ have no significant correlation with crustal elements such as Ca2+ and
Mg2+ , which indicate crustal sources have no influence on
DOC and K+ and the observed source of K+ was biomass burning (Bhattarai et al., 2019a; Vieira-Filho et al., 2013). In addition,
the MODIS fire points observed from satellite, as well as the air
mass backward trajectory observed from the HYSPLIT model
confirm the contribution of biomass burning on the elevated
DOC.
TDN is significantly correlated with NH4 + (R = 0.95, P <
0.01), NO3 − (R = 0.84, P < 0.01), DOC (R = 0.71, P < 0.01), and K+
(R = 0.48, P < 0.05). The moderate correlation between TDN and
DOC indicate the possibility of common sources i.e., biomass
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Fig. 8 – Comparison of wet deposition flux of NH4 + -N and NO3 − -N at selected sites in different parts of the world.

Table 4 – Enrichment factors (EFs) relative to seawater (EFseawater ) and crustal (EFcrustal ) for chemical components.

Seawater ratio
Precipitation ratio
EFseawater

Crustal ratio
Precipitation ratio
EFcrustal

Cl− /Na+

SO4 2− /Na+

K+ /Na+

Mg2+ /Na+

Ca2+ /Na+

1.16
0.740
0.638

0.125
2.955
23.637

0.022
1.374
62.453

0.227
0.248
1.091

0.044
5.539
125.885

Cl− /Ca2+

SO4 2− /Ca2+

K+ /Ca2+

Mg2+ /Ca2+

NO3 − /Ca2+

0.0031
0.194
62.601

0.0188
0.541
28.759

0.504
0.405
0.804

0.561
0.047
0.085

0.0021
0.356
169.517

burning. Similarly, NH4 + and NO3 − have significant correlation with F− (R = 0.65, and R = 0.83, respectively) both at 99%
confidence level. Moreover, NO3 − is also correlated with SO4 2−
which indicates their common anthropogenic sources.
Furthermore, Ca2+ and Mg2+ , which are considered to
be having the crustal source, showed a strong correlation
(R = 0.99, P < 0.01), indicating their common emission source.
Na+ and Cl− are significantly correlated with each other
(R = 0.75, P < 0.01) and are tracers for marine source. We also
observed the strong correlation of Na+ with Ca2+ (R = 0.95) and
Mg2+ (R = 0.97), both were significant at 99% confidence level.
This reflects their similar formation mode or co-existence in
the atmosphere.

2.4.2.

Enrichment factor and source contribution

Enrichment factors (EFs) have been widely used for source apportionment, i.e., natural vs. anthropogenic in precipitation
samples (Safai et al., 2004; Tripathee et al., 2020a; Zhu et al.,
2016). The details of the EFs for seawater and the crustal
source are presented in Table 4. Although NH4 + is dominant in

our samples, the EFs of NH4 + is not calculated since it hardly
exists in crustal or seawater (Zhang et al., 2007). Basically,
the EFs closer to unity indicates neither enriched nor diluted;
however, much higher or lower EF values suggest the enrichment or dilution with respect to the reference sources (Li et al.,
2016b). We observed an EF for Cl− in seawater and crustal
as 0.64 and 62.60, suggesting its major emissions from seasalt and anthropogenic origin, respectively. This result is also
supported by a significant correlation between Na+ and Cl−
(Table 3) as discussed in the above section. Moreover, the EF of
SO4 2- for seawater and crustal (23.64 and 28.76, respectively)
were very high as compared to reference values indicating the
anthropogenic contribution to SO4 2− . Similarly, K+ with high
EF (62.45) was also found to be less likely originated from seawater; hence, a contribution from crustal sources cannot be
neglected. Furthermore, Mg2+ showed the influence of seawater and less contribution of crustal. Finally, Ca2+ could have
originated from marine dust or crustal source, whereas NO3 −
in the precipitation samples are more likely originated from
anthropogenic sources.
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Fig. 9 – Relative source contribution of anthropogenic
fraction (AF), crustal fraction (CF) and Sea-salt fraction (SSF)
of major ions in precipitation during summer monsoon of
2019 over Nepalgunj, Nepal.

The results obtained from EFs were consistent with the calculated sea-salt fraction (SSF), crustal fraction (CF), and anthropogenic fraction (AF). The relative contribution of SSF, CF,
and AF for different ionic species in precipitation samples
is graphically presented in Fig. 9. It revealed that 63.82% of
Cl− was contributed from sea-salt and 32.78% from anthropogenic activities (Zhu et al., 2016). Similarly, SO4 2− (78.23%),
NO3 − (98.77%), and K+ (56.59%) were majorly contributed by
anthropogenic activities such as automobiles, biomass burning, fossil fuel, and coal combustion (Bhattarai et al., 2019b;
Chelani et al., 2010; Norman et al., 2001). In contrast, Ca2+ was
dominated with crustal sources with 98.99%, which indicate
the significant influence of soil dust for an elevated level of
Ca2+ in the studied area.

2.4.3.

PCA

The possible sources of chemical species in the precipitation
samples were subjected to a principal component analysis
(PCA) by Kaiser Normalization under varimax rotation. The
results of the PCA is demonstrated in Fig. 10. Based on the
eigenvalues > 1, the three principal components (PC) (factors)
represent ˜ 90% of the total variance. PC1 with higher loading of NH4 + , F− , SO4 2− , NO3 − , and TDN represent 35.1% of
the variance. These ionic species are associated with anthropogenic emissions related to agricultural and industrial activities. Tripathee et al. (2016) reported NH4 + from the volatilization of agricultural activities and animal husbandry in the
foothills of Nepal. PC2 was loaded with Na+ , Ca2+ , and Mg2+
explaining 31.6% of total variance, which indicates the dominance of natural origins such as marine and crustal sources.
Similarly, PC3 was loaded with K+ , Cl− and DOC, with 23.4% of
the total variance, which implies the biomass burning contribution. Here we observed K+ and Ca2+ on the different cluster
during PCA, which indicates their different emission sources.
Previous studies reported that K+ in the atmosphere was derived from biomass burning (Andreae, 1983; Bhattarai et al.,

Fig. 10 – Varimax rotated principal component analysis
with Kaiser Normalization.

2019b), therefore the good clustering of K+ with DOC indicates
their common source as biomass burning. The details of these
statistics are reflected in Appendix A Table S1.

2.4.4.

Air mass backward trajectory analysis

The clustered backward trajectory identified that the air
masses reaching our study area during the summer monsoon
of 2019 were originated from the IGP region (52.21%), the Bay of
Bengal (BoB, 24.78%), and the Arabian Sea (23.01%) (Fig. 11a).
This indicates that more than half of the air masses reaching our study area were originated from the IGP region which
harbors several air polluting sources. Similarly, a quarter of
air masses originates from BoB and passes through IGP before it reaches our sampling site. Moreover, another quarter
of air masses originates from the Arabian Sea and passes
through arid region over Rajasthan in India and then reach
our sampling site. The IGP region is highly fertile and productive; therefore, intense agricultural activities are carried out
mainly during the summer monsoon season, where massive
NH3 containing fertilizers (which later changes to NH4 + ) are
used. These secondarily formed NH4 + could then be transported to the sampling site, which could ultimately increase
its concentration. Similarly, the wind originating from the BoB
carries marine aerosols with a high abundance of Na+ and
another air mass originating from the Arabian Sea passing
through arid reason is enriched with Ca2+ . Meanwhile, intensive active fire spots were detected by Moderate Resolution Imaging Spectroradiometer (MODIS) satellite indicating
the influence of biomass burning.
To further understand the potential source region, CWT
analysis was performed for DOC and two high concentrated
major ions (NH4 + and Ca2+ ) (Fig. 11b). Such analysis was
widely used in previous research to identify the source regions
of aerosols (Rai et al., 2019; Sen et al., 2017). DOC was majorly
contributed by easterly wind originating from the BoB and IGP
region. Similarly, NH4 + is secondarily formed from the precur-
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Fig. 11 – (a) Clustered and (b) concentration weighted trajectory (CWT) for five days at 100 m above ground level in summer
(June–September) 2019 over Nepalgunj, Northern IGP region. The red dots indicate the moderate resolution imaging
spectroradiometer (MODIS) detected active fire points during the sampling period. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

sor NH3 in the IGP. In contrast, Ca2+ is a crustal ion majorly
contributed from arid and desert region in Rajasthan, India.

3.

Conclusions

This study analyzed the precipitation samples during summer (June-September) 2019, which investigated concentration,
composition, and sources of major ions, DOC, TDN (and its
species) over the semi-urban site in Nepalgunj, Nepal, located
on the northern IGP region. VWM pH and EC were 6.16 and
9.72 μS/cm, respectively. Almost 79% of samples were basic
(pH > 6), which is mainly due to the abundance of cations
such as NH4 + (60.77%) and Ca2+ (23.39%). The VWM concentrations of DOC and TDN were 687.04 and 1210.23 μg/L, respectively, indicating the high pollution level in the IGP region.
The DOC concentration showed exponential negative correlation with precipitation volume (R2 = 0.68, P < 0.01), indicating the high DOC dilution by precipitation. NH4 + -N was the
most dominant nitrogen species followed by DON and NO3 − -

N in precipitation water. Correlation analysis, EFs, PCA and
HYSPLIT model indicate the influence of biomass burning on
DOC, anthropogenic activities (animal husbandry and fertilizer use) on NH4 + -N, and natural sources (crustal and marine)
on major ions such as Ca2+ , Mg2+ and Na+ . The wet deposition flux of DOC (9.95 kg/(hayear)) was almost half of TDN
(17.52 kg/(hayear)), indicating an abundance of reactive nitrogen and their bioavailability. The annual TDN flux observed
in our study area was higher than the threshold for nitrogen
deposition (5–15 kg/(hayear)), which could severely affect the
sensitive and fragile ecosystem.
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