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ABSTRACT: Nitrogenous aerosols are ubiquitous in the : Summer _Winter _o-rn

environment and thus play a vital role in the nutrient balance
as well as the Earth’s climate system. However, their
abundance, sources, and deposition are poorly understood,
particularly in the fragile and ecosensitive Himalayan and
Tibetan Plateau (HTP) region. Here, we report concen-
trations of nitrogen species and isotopic composition (6"N)
in aerosol samples collected from a forest site in the HTP (i.e.,
Southeast Tibet). Our results revealed that both organic and
inorganic nitrogen contribute almost equally with high
abundance of ammonium nitrogen (NH,"'—N) and water-
insoluble organic nitrogen (WION), contributing ~40% each to aerosol total nitrogen (TN). The concentrations and §"°N
exhibit a significant seasonality with ~2 times higher in winter than in summer with no significant diurnal variations for any
species. Moreover, winter aerosols mainly originated from biomass burning emissions from North India and East Pakistan and
reached the HTP through a long-range atmospheric transport. The TN dry deposition and total deposition fluxes were 2.04 kg
ha™' yr ™' and 6.12 kg ha™" yr™' respectively. Our results demonstrate that the air contamination from South Asia reach the HTP
and is most likely impacting the high altitude ecosystems in an accepted scenario of increasing emissions over South Asia.

TN (ug/m’)

H INTRODUCTION Furthermore, the reactions of biogenic amino acids, peptides,
isoprene, volatile organic compounds (VOCs), bacteria, dust
particles, and pollen with NO; radicals or NH; are the major
contributors of atmospheric organic nitrogen (ON) through

Nitrogenous aerosols, produced by both natural and
anthropogenic sources, are ubiquitous in the atmosphere.
The total nitrogen (TN) mass fraction ranges from 1.2 to
17.0% in particulate matter and has noticeably increased in the
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gas-to-particle conversion.”® All these reduced (e.g, NH;,
NH,") and oxidized (e.g, NO,, HNO;, NO;~, N,O) nitrogen
species are water-soluble and can be defined as a whole as
water-soluble inorganic nitrogen (WSIN). Species included in
ON are both water-soluble and insoluble, making it rather
difficult to quantify their abundances.

Once released into the environment, nitrogenous species can
alter atmospheric chemistry and adversely affect chemical
composition, human health, and climate on local, regional, and
global scales.” Meanwhile, reactive nitrogen (ie, N com-
pounds that support growth directly or indirectly) is a limiting
nutrient for plant growth and survival, thus affecting the
nitrogen biogeochemical cycle.” Nevertheless, its production
and deposition have triggered numerous ecological and
environmental threats, ranging from eutrophication to global
acidification and stratospheric ozone depletion.” For the year
2100, Sala et al.'’ predicted that N deposition will be the third
largest driver (after land use and climate change) of global
biodiversity loss. Therefore, plant diversity likely has an inverse
relation with N deposition."'

Given their importance, nitrogenous aerosols have been
studied in different geographical environments: urban
cities,lz_14 coasts,IS ocean,l(”17 forest,6 mountains,18 and
polar regions.'”*° Urban areas such as Delhi*' and Beijing,"”
which are influenced by intense human activities, exhibit
nitrogenous aerosol concentrations about two orders of
magnitude higher than those reported over background sites
such as the Antarctic'’ and the Western Pacific.’” In recent
years, considerable efforts have been made spatially and
temporally to better understand the processes’ controlling
factors of the atmospheric budget of these nitrogenous aerosol
species such as inorganic nitrogen22 and organic nitrogen,z‘g’24
their sources, and physicochemical properties.

The Himalayan and Tibetan Plateau (HTP), with an average
elevation of 4000 m above sea level (a.s.l.) and an area of 2.5 X
10° km?, is one of the world’s most pristine regions due to
sparse population with negligible influence on its environment
from local emissions. However, the recent increase in
emissions and the transport of aerosols from nearby hotspots
have increased the risk on its pristine nature, threatening the
regional floral and faunal biodiversity.'"”> Moreover, high
concentrations have been recorded in ice cores demonstrating
an increase in inorganic nitrogen deposition over the Tibetan
Plateau in the last few decades.”®”” Different models and
satellite data have been used to estimate nitrogen concen-
trations and deposition over the HTP.”® For example, the
model estimated that Tibet receives an ~2 kg N ha™ yr™' of
total inorganic nitrogen deposition.”® In contrast, ground-
based studies estimated an ~4.27 kg N ha™" yr™! for the total
atmospheric nitrogen deposition from wet precipitation in the
South-East Tibet (SET) region.”” This wet deposition rate is
already closer to the threshold (S to 15 kg N ha™ yr™") for the
alpine ecosystem.”” This indicates that the ecosystem starts to
adversely react once this limit is reached, depending on the
sensitivity of the ecosystem. A few studies have reported NO;~
and NH," in aerosols from the TP for which long-range
transport of anthropogenic and mineral dust was identified as a
dominant source.”’ However, to our knowledge, no study has
ever focused on TN atmospheric concentrations, dry
deposition, and corresponding isotope compositions over
HTP and thus creating a scientific gap in better understanding
the fate of aerosol nitrogen over this region.

In this study, we reported measurement of the concen-
trations of TN, WSTN, WSIN, TON, and major ions as well as
TN isotope compositions (§"°N) of total suspended particulate
(TSP) collected during summer (August 2013) and winter
(January 2014) on a day and night basis at a forest site. Source
identification and characterization were further evaluated using
different statistical approaches including principal component
analysis (PCA), Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT), and satellite data products (MODIS
image, AOD, CALIPSO profile). To the best of our
knowledge, this is the first study of its kind over the HTP
and would serve a baseline to study different species of
nitrogenous aerosols along with their possible sources in this
region.

B MATERIALS AND METHODS

Study Site Description. The South-East Tibet (SET)
station of the Chinese Academy of Sciences (CAS) located at
coordinates 94°44’ E, 29°46’ N, 3326 m asl (Figure Sla,
Supporting Information) was selected for the TSP sample
collection to study nitrogenous aerosols in the HTP. The
sampling site is surrounded by a dense alpine forest (Figure
S1b, Supporting Information) and is a flat grassland near the
intersection of two rivers to the west and with the Himalayan
mountains rising to the south. Detailed information about
study site can be found in the Supporting Information.

Sample Collection. TSP aerosol samples were collected
for approximately 11.5 h on pre-combusted (450 °C, 3 h) 20.3
X 25.4 cm?® quartz fiber filters (Pallflex 2500QAT-UP, USA)
using a high-volume air sampler (TH-1000 CH, Wuhan
Tianhong Instrument CO., Ltd., China) at a height of 4 m
above the ground (Figure Slc, Supporting Information). The
air flow rate was maintained at 0.75 m® min™' and the flow
volume was automatically adjusted to standard atmospheric
conditions based on the local meteorology such as temperature
and pressure. The samples were collected on a day and night
basis during summer 2013 (1Sth to 30th of August, 2013; n =
26) and winter 2014 (1st to 17th January, 2014; n = 24). The
field blank samples (n = 10) were collected approximately once
after every five samples at the site. All filters were carefully
stored in a clean glass jar (150 mL) at a freezing temperature
(<0 °C) until further analysis.”

Chemical Analysis. Determination of Total Nitrogen
and lts Isotopic Composition. Concentration of bulk N and
its isotopic composition (5'°N) were determined using 1.54
cm? of the filter sample. Samples were placed and sealed in a
tin cup (10 X 10 mm) and analyzed using an Elemental
Analyzer (Flash EA 2000) coupled to an isotope-ratio mass
spectrometer (IRMS: Thermo MAT 253) at NUIST
laboratory.” Details of the process and standards used are
described in the Supporting Information.

Measurement of Inorganic lons. The inorganic ions were
extracted with 10 mL of Milli-Q ultrapure water under
ultrasonication for 30 min using a 5.09 cm® portion of each
sample filter. The extracted solution was then filtered through
syringe-driven filters (ANPEL, SCAA-102, 13 mm disc, 0.22
um) to eliminate quartz fiber debris and insoluble compounds.
The filtrate was then injected into an ion chromatography (IC)
instrument to quantify the major ions. More detailed
information regarding instruments and processes can be
found in the Supporting Information.

Measurement of Water-Soluble Total Nitrogen. Water-
soluble total nitrogen (WSTN) was measured using a total
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Table 1. Seasonal and Diurnal Variations of the Concentrations of Nitrogenous Components and Water-Soluble Major Ions,

and Isotope Composition of Total Nitrogen at SET, China®

| summer (26)

winter (24)

parameters | day (13) night (13) av (26) day (12) night (12) av (24) overall (50)av. + SD (min—max)
nitrogenous species concentrations (ﬂg m_3)

TN 0.33 + 0.06 0.36 + 0.08 0.35 + 0.07 0.76 + 0.21 0.76 £ 0.19 0.76 £ 0.20 0.54 + 0.25 (0.24—1.23)
WSTN 0.21 + 0.10 0.17 + 0.06 0.19 + 0.09 0.46 + 0.22 0.49 + 0.2§ 0.47 + 0.24 0.33 + 0.23 (0.05—0.99)
WSIN 0.18 + 0.10 0.16 £ 0.10 0.16 £+ 0.10 0.38 + 0.19 0.42 + 0.17 0.40 + 0.18 0.27 + 0.19 (0.01-0.75)
TON 0.16 + 0.08 0.21 £0.11 0.19 + 0.10 0.38 = 0.09 0.33 + 0.08 0.36 + 0.09 0.27 + 0.13 (BDL-0.52)
NO,” -N 0.0 + 0.010 0.01 + 0.02 0.01 + 0.02 0.03 + 0.03 0.02 + 0.02 0.02 + 0.02 0.02 + 0.02 (BDL—0.08)
NO;™ =N 0.03 + 0.01 0.02 + 0.01 0.03 + 0.01 0.07 + 0.02 0.06 + 0.02 0.06 + 0.02 0.04 + 0.02 (0.01-0.10)
NH," -N 0.14 = 0.10 0.11 + 0.09 0.13 + 0.09 0.28 + 0.16 0.34 + 0.16 0.31 £ 0.16 0.22 + 0.16 (BDL—0.66)
WSON 0.04 + 0.03 0.04 + 0.04 0.04 + 0.04 0.09 + 0.07 0.09 + 0.10 0.09 + 0.09 0.06 + 0.07 (BDL—0.34)
WION 0.12 + 0.08 0.17 £ 0.11 0.15 + 0.10 0.29 + 0.10 0.24 + 0.10 0.27 £ 0.10 0.21 + 0.12 (BDL-0.45)
isotope composition (%o)

BN 1.68 + 1.59 2.72 + 1.96 220 + 1.86 5.73 £ 2.74 6.13 + 2.41 5.93 +2.59 3.99 + 291 (—0.96 to 11.78)
major ions concentrations (,ug m_3)

ClI™ 0.15 + 0.06 0.16 + 0.11 0.15 + 0.09 0.15 + 0.06 0.19 + 0.10 0.17 + 0.08 0.16 + 0.09 (0.05—0.39)
NO,~ 0.09 + 0.06 0.12 £+ 0.10 0.10 £+ 0.09 0.19 + 0.10 0.16 + 0.07 0.18 + 0.09 0.14 + 0.10 (0.03—0.43)
NO;~ 0.12 + 0.04 0.11 = 0.0§ 0.11 + 0.04 0.29 + 0.09 0.25 + 0.07 0.27 + 0.09 0.19 + 0.10 (0.05—0.42)
Neka 0.65 + 0.39 0.53 + 0.27 0.59 + 0.34 1.38 + 0.58 1.47 £+ 0.5§ 143 £ 0.57 0.99 + 0.62 (0.06—2.51)
Na* 0.06 + 0.03 0.06 + 0.03 0.06 + 0.03 0.06 + 0.01 0.05 + 0.01 0.05 + 0.01 0.06 + 0.02 (0.03—0.16)
NH,* 0.19 + 0.13 0.16 = 0.11 0.18 + 0.12 0.38 + 0.21 0.46 + 0.20 042 + 0.21 0.29 + 0.21 (BDL-0.87)
K* 0.06 + 0.01 0.08 + 0.01 0.07 £ 0.01 0.13 + 0.04 0.12 + 0.04 0.12 + 0.04 0.09 + 0.04 (0.04—0.20)
Mg2+ 0.01 + 0.01 0.01 + 0.00 0.01 £+ 0.01 0.02 + 0.01 0.01 + 0.01 0.02 + 0.01 0.01 + 0.01 (BDL—0.06)
Ca** 0.16 + 0.10 0.08 + 0.07 0.12 + 0.09 0.69 + 0.40 0.25 + 0.19 0.47 + 0.38 0.29 + 0.32 (0.01-1.79)

“BDL: below detection limits (4 ppb for nitrogenous species and 1 ppb for major ions).

organic carbon (TOC)/TN analyzer (Shimadzu TOC-L) with
a 4 pug/L detection limit. Three 18 mm-diameter filter cuts
(total surface area of ca. 7.63 cm?) were extracted in 15 mL of
ultrapure Milli-Q water (18.2 MQ.cm) under an ultrasonic
bath for 30 min at room temperature and pressure. The
extracted solution was passed through 13 mm disc filters with a
0.22 pm pore size, and the solutes were analyzed using the
TOC/TN analyzer.

Estimation of Organic Nitrogen. Total organic nitrogen
(TON), water-soluble ON (WSON), and water-insoluble ON
(WION) were calculated using the following equations.16

TON = TN — WSIN (1a)
WSON = WSTN — WSIN (1b)
WION = TN — WSTN (10)

TN and WSTN were directly obtained from the instruments
described above. WSIN is the sum of the IN species (NH,*—N
+ NO; =N + NO, —N). Based on the error propagation of
each parameter, the measured uncertainty for ON was
estimated to be ~6%.

Backward Air Mass Trajectories and Active Fire Spots.
Five-day backward air mass trajectories arriving at a 500 m
height above ground level (a.gl) were computed using the
HYSPLIT model to identify the most likely pathway and
potential source regions of the air masses observed at the SET
station.”* Meteorological data were taken from the Global Data
Assimilation System (GDAS, 1 degree, 2006—present), taking
into account that the accuracy of the calculated trajectories is
mainly governed by their spatial and temporal variations.*>*°
The Fire Information and Resource Management System
(FIRMS) developed by NASA (https:/ /earthdata.nasa.gov/
earth-observation-data/near-real-time/firms/) was used to
identify the active fire spots during the sampling period.

Dry Deposition Flux. Dry deposition fluxes (F) were
calculated by multiplying the dry deposition velocity (V,) by
the concentration of nitrogenous species in the aerosol samples

(©):7
F=V,xC )

In this study, V of nitrogenous aerosols was obtained from a
previous study of TSP samples.”® The deposition velocities
used in this study for TN, ON, and NO;~ was 1.2 cm s~ and
for NH,* was 0.6 cm s~'. These V; for particulate NO;~ and
NH,* were much closer to the one used by Fu et al.* for forest
ecosystems in China. Similar deposition velocity for NO;™ was
also applied by Chen and Huang® to calculate the deposition
flux over the South China Sea. Nonetheless, it should be noted
that Vy is influenced by gravitational settling, impaction and
diffusion of particles, particulate size, geographical locations,
and meteorological parameters (e.g., relative humidity,
atmospheric pressure, and wind speed), which could vary
with the season. The difference in V; may shift the calculated
flux by a factor of 2—3.%

B RESULTS AND DISCUSSION

Concentration and Speciation of Nitrogen Species in
Aerosols. Concentrations of TN, nitrogen species, and major
ions are presented in Table 1. TN, WSTN, WSIN, and TON
concentrations in aerosols from SET station ranged from 0.24
to 1.23 ug m™> (0.54 + 0.25 ug m™>), 0.05 to 0.99 ug m™>
(0.33 + 0.23 ug m™3), 0.01 to 0.7S pug m™ (0.27 + 0.19 ug
m™?), and below detection limit (BDL) to 0.52 ug m™> (0.27 +
0.13 ug m™>), respectively. The WSIN species such as NH,"—
N, NO; —N, and NO, —N have average concentrations of
0.22 + 0.16, 0.04 + 0.02, and 0.02 + 0.02 ug m™3, respectively.

The average concentration of TN at the SET station was
slightly lower than those reported in Okinawa Island of Japan
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(0.72 ug m™*),*" Yongxing Island of South China Sea (0.77 ug
m~3)* as well as in PM, 5 (0.7 ugm~>) and PMy, (0.8 ug m™>)
at a rural site in Tanzania.”> However, the observed TN value
of 0.54 + 0.25 pg m™ is about 20 to 50 times lower than that
reported for Asian urban sites such as Delhi,*! Kolkata,'* and
Beijing.13 In contrast, the TN concentrations measured at the
SET station were slightly higher than that reported in marine
aerosols from the central North Pacific (0.37 ug m~3),"* and
even higher than that in Antarctic (0.056 ug m™) ' (Table S1,
Supporting Information). The lower TN concentration at the
SET station supports the idea that the Tibetan Plateau can be
considered as a relatively clean site and thus represents a
regional background site.

Aerosol nitrogen composition shows that abundances of ON
(49.46%) are almost equal to that of IN (50.54%). The ON
and IN are mainly composed of WION and NH,'-N
respectively with contributions of ~37.7% and ~39.8% of
the TN, respectively (Figure 1). The other TN compounds

2.89%
7.81%
S
\
\
37.75% \
\
/
/39.84%
ON: 49.46% 7 IN: 50.54%
[ WsoN ~7 HEENO. N
WION - [ NOEN
NH;-N

11.71%

Figure 1. Total nitrogen (TN) composition in the aerosol samples
from the SET. The area enclosed within the dotted line indicates the
IN.

such as water-soluble organic nitrogen (WSON), NO;™-N and
NO, =N contribute only 11.7%, 7.8%, and 2.8% of TN,
respectively. Surprisingly, the observed ON fraction over TP
(49.4%) is significantly higher compared to those over a forest
site in the Southeast US (33%)* and a rural site in central
Europe (27%).” Moreover, it is much higher than that in urban
Beijing (7-10%)** but lower than that in marine aerosols
(67%).'® The abundance of NH," is larger than that of NO;~
and is similar to those over a mountain site in India
(Nainital)."® However, this is in contrast to those over mega
cities such as Delhi*® or Beijing'® where NO,™ abundance is
larger than that of NH,". These are due to the fact that
emission sources of NH," and NO;™ are very different over
urban and rural environments. The higher NO;™ concen-
trations observed in urban sites mostly result from the
influence of road traffic, industries, and residential sources,
whereas the higher concentration of NH," in rural sites are
mostly linked to biomass burning, agricultural activities, and
human and animal excreta.”'?

Seasonal and Diurnal Patterns for TN, WSTN, WSIN,
and TON. Nitrogen species showed significant seasonal
variation with higher average concentrations in winter
compared to summer (Figure 2 and Table 1). Seasonally
average concentrations of TN, WSTN, WSIN, and TON in
summer (and winter, values in brackets) were 0.35 + 0.07 ug
m™ (0.76 + 0.20 ug m™*), 0.19 + 0.09 ug m~> (0.47 + 0.24
ugm™),0.16 + 0.10 ug m™> (0.40 + 0.18 ug m™>) and 0.19 +
0.10 ug m™> (0.36 + 0.09 ug m™>), respectively. The analysis
reflects that concentrations of all the species in winter were
approximately twice higher compared to those of summer. In
addition, the absence of significant day/night variations in both
seasons (P > 0.05) indicates that local emissions, boundary
layer dynamics, and meteorological parameters, such as
temperature or solar radiation, did not control the nitrogenous
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Figure 2. Box and whisker plots of the seasonal and diurnal variations of TN, WSTN, WSIN, and TON in the aerosol samples at the SET station.
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aerosol budget at SET. The possible reasons are discussed in
the following sections.

Total Nitrogen Isotopic Compositions. Identification of
sources, especially for aerosol nitrogen species, in the
atmosphere is challenging due to their various emission
sources (e.g., biomass burning, fossil fuel combustion,
agricultural practices, and animal husbandry) and potential
secondary transformation through post emission processes.
However, isotopic composition of nitrogen (6"°N) has
demonstrated the additional importance in identifying sources
and characterizing processes controlling the budget of
atmospheric nitrogen.'**"*”** Previous studies have demon-
strated that §"*N vary among emission sources, although some
overlap exists.”” While biomass burning results in 6N
enrichment (2.0 to 25.7%0),""™ fossil fuel combustion
yields "N depletion (fuel oil: —19.4 to 2.9%o, coal: —5.3%o,
unleaded gasoline: 4.6%o and diesel: 3.9 to 5.4%0).'> Most of
the 6N ranges from —0.9 to 4.6%o in summer, which suggests
inputs from mixed sources, whereas those of 3.3 to 11.7%o in
winter, suggesting the dominant contribution from biomass
burning. Moreover, the stable isotope approach has shown
good ability to constrain not only different emission sources
but also potential secondarsy formation in aerosols by specific
8N isotopic signatures.'”>*

5"N of total nitrogen in the aerosol samples collected from
the SET station ranged from —0.9 to 11.7%o (3.9 % 2.9%0)
(Table 1). Similar to the abundance, §"°N also displayed
significant seasonal variations, with a higher average value in
winter (5.9 % 2.5%o) than in summer (2.2 + 1.8%o), although
the diurnal variation of 6"*N was not significant (P > 0.05)
(Figure 3). The 5"°N observed in this study is slightly lower
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Figure 3. Seasonal and diurnal variations of the §'*N measured in the
aerosol samples collected at the SET station.

than those from cities closer to the Himalayas such as Kolkata,
India'* and Kathmandu, Nepall.55 In contrast, 6'°N values are
much lower than those compared to other urban sites such as
Chennai,*® Mumbai,’® and Nainital'® in India, Beijing in
China,"® Dai Ang Khang in Thiland,”” and Morogoro in
Tanzania*® (Figure S2, Supporting Information). However, the
seasonal pattern at the SET station (i.e., higher §'°N in winter)
located on the northern slope of the Himalayas is similar to
that reported on the southern side of Himalayas such as
Nainital."®

Although 6N indicated the presence of different sources of
nitrogen in summer and winter seasons we found a positive
linear correlation between 6'°N and TN (R = 0.74, P < 0.01;

Figure 4). This may imply that summertime TN concen-
trations and 5"°N values ultimately increased with biomass
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Figure 4. Linear correlation between TN and its corresponding
isotope composition (5'*N) during summer (white circles) and winter

(black circles).

burning emissions in winter. §"°N variations may also be
affected by the isotopic fractionation due to the enhanced
formation of secondary nitrogen in the aerosols. Furthermore,
the chemical aging of ammonium and sulfate could enrich the
5"N value. In a recent study over central Europe, the §"*N was
found to be enriched in the BB aerosols due to ammonium and
sulfate aging.2 Moreover, an overlap of SN may occur in
presence of multiple sources and/or of different formation
processes.” Overall, we observed significant positive correlation
between §'°N and IN species such as NO; =N (R = 0.80, P <
0.01) and NH,~N (R = 073, P < 001) (Figure S3,
Supporting Information). However, the correlation between
5"°N and TON was poor (R = 0.32, P < 0.05). The Pearson’s
correlation also indicates that there is a significant correlation
between 6'°N and the IN for both seasons (Table S2). These
result imply that §"°N of TN is largely influenced by NO; —N
and NH,"—N species. Therefore, the emission sources and
formation of NO; /—N and NH,*—N could have a major
control on the variations of TN isotope compositions.
Nitrogen Sources Identification. We also analyzed
several water-soluble major ions in order to identify the
potential sources of nitrogenous aerosols in our study area.
Results showed that SO,*~ yields a moderate correlation with
NO; =N (R = 0.74, P < 0.01) and a strong correlation with
NH,"—N (R = 0.97, P < 0.01) (Figure S). Similarly, K* also
correlated with NO;”—N (R = 0.81, P < 0.01) and NH,*—N
(R = 0.82, P < 0.01). The positive correlations of inorganic
nitrogen species with SO,>” and K' confirm our previous
conclusions, that is, biomass burning dominantly contributes
to the nitrogen budget in aerosols. These K* and SO,*™ are
simultaneously originated by biomass burning activities.”* %’
The earlier observations also reported that NH,", NO;~, K7,
and SO, are jointly originating from biomass burning in the
southeastern Tibetan Plateau®" and Himalayas.”> Furthermore,
based on the transmission electron microscopy (TEM)
analysis, the existence of K,SO, and KNO; was found in
aged biomass burning aerosols.”> All of these considerations
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Figure 5. Linear correlation between K*, SO,*”, and different nitrogen species: NO,”—N, NO; =N, NH,*-N, and TON.

conclude that K* and SO,>” co-exist in biomass burning
particles as a major source of nitrogenous aerosols.

The corresponding seasonal Pearson’s correlation coefhi-
cients, calculated for the different nitrogenous species and
major ions, are presented in Table S2 of the Supporting
Information. The results further highlight that the correlation
between TN and K* (used as a BB proxy) is stronger in winter
(R=0.86, P < 0.01) than in summer (R = 0.62, P < 0.01). This
again suggests the extensive influence of BB, especially in
winter, although it could be argued that K* can also come from
crustal sources. However, there is no significant (P > 0.05)
correlation between K™ and crustal elements such as Ca",
supporting that biomass burning is the most likely source of
nitrogenous aerosols. Moreover, significant (P < 0.01)
correlations among NH,, NO;7, and K" in winter again
demonstrate a BB origin. Once released into the environment,
gaseous NH; can react with nitric and sulfuric acids to form
ammonium nitrate and ammonium sulfate/bisulfate, which
ultimately contribute to atmospheric particles as NH,".” A
strong linear correlation was also observed between SO,*~ and
NH," during both summer (R = 0.94, P < 0.01) and winter (R
0.97, P < 0.01) (Table S2, Supporting Information),
indicating a common source of contamination, mostly related
to biomass burning emissions.

On the other hand, ON showed no significant correlation
with neither Na* (sea spray), K* (BB), nor Ca*" (crustal)
(Table S2, Supporting Information). This result indicates that
ON at the SET station is not generated by primary sources but
is rather derived from secondary processes. Common ON
compounds, such as hydroxyalkyl nitrates, are generally
produced by reaction of gas phase NO, with VOCs.>*
WION, which is dominant in ON, is mostly produced via the

reaction of gaseous hydrocarbons with NH;.""> Moreover,
some of the other pathways leading to the formation of ON are
mostly related to agricultural activities, biological particles, or
secondary processes.”’

In addition, different chemical species were subjected to a
principal component analysis (PCA) by Kaiser Normalization
under the direct varimax rotation statistical technique using the
SPSS statistics 16.0 software. In summer, Na* and CI~ were
closely associated with oxidized IN (NO,” and NO;7),
whereas in winter they were not correlated (Figure S4,
Supporting Information). This suggests a possibility of marine
contribution during summer at the SET station, being in
agreement with the previous findings.”” Similarly, NO;~ in
winter and NH," for both seasons were closely linked to K*
and SO,>”, supporting a contribution from BB emissions.
However, crustal elements such as Ca** and Mg** do not
correlate with other ionic species in winter and, to lesser
extent, in summer, again supporting the conclusion that they
play no significant role in the aerosol budget over the study
area.

Possible Transport Pathway and Air-Mass Trajecto-
ries and Satellite Observations. The discussions above
identified biomass burning as the major source of nitrogenous
aerosols over the study area. In order to investigate the
potential source regions, we computed five-day air mass back-
trajectories using the HYSPLIT model, coupled with the active
fire map generated by the NASA moderate-resolution imaging
spectroradiometer (MODIS) over the periods of the summer
and winter campaign (Figure 6). Results showed that air mass
trajectories reaching at the SET station can be divided into two
distinct groups: (a) winds blowing from the Bay of Bengal
during summer or (b) winds originating from the Indo-
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Gangetic Plain (IGP) region (North-West India and Eastern
Pakistan) during winter. In addition, dense fire spots were
detected in the IGP during winter (Figure 6), with surrounding
areas showing intensive haze and air pollution plumes (3 Jan
2014, Figure S6b of the Supporting Information), compared to
summer (19 August 2013, Figure S6a, Supporting Informa-
tion). Similar to our findings, previous studies also reported
intensive biomass burning in the IGP region during winter-
time.®* Aerosol Optical Depth (AOD) at 0.55 pm also showed
higher aerosol concentrations in winter than summer in the
IGP region (Figure S6c,d, Supporting Information). The thick
haze and AOD observed in the IGP region largely result from
the biomass burning emissions and high relative humidity,
which lower the boundary layer height and are conducive for
haze formation.”>®® Thus, the coupled data of the air mass
back-trajectories and MODIS fire spots demonstrate that
seasonal variation of the concentrations of TN and its nitrogen
species were controlled by long-range transport and biomass
burning emissions from the IGP region. In addition, the
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)
provides aerosol vertical profiles: during summer, the
contamination plume can reach an altitude of 15 km (August
19, Figure SS of the Supporting Information), whereas in
winter it can reach an altitude of 4—S km (January 3, Figure
SS, Supporting Information), which is enough in both cases to
bypass/cross the Himalayas and reach the TP. Cong, et al.’’

reported the contribution of valley winds and glacial winds in
transporting pollutants from the IGP to the Himalayan and
Tibetan Plateau.

Estimation of Dry Deposition Flux and Environ-
mental Implications. Humans have altered the global
nitrogen cycle, in particular by the intense release of reactive
nitrogen species into the environment.’® The deposition
(either dry or wet) of these nitrogen species over terrestrial
and aquatic ecosystems has implications for both biological
diversity and human and ecosystem health.”” Therefore, the
estimation of dry deposition flux is essential in predicting the
impact of aerosols on the Himalayan ecosystem. However, the
measurement is not easy, especially in alpine ecosystems. Here,
we have estimated dry deposition flux from the measured
concentration of NO;~, NH,*, ON, and TN in SET (Table S3,
Supporting Information). The average annual dry deposition
fluxes were estimated for NO;~, NH,*, ON, and TN as 0.72,
0.55, 1.02, and 2.04 kg ha™' yr' respectively. Atmospheric
nitrogen depositions over the SET are similar to those over the
Rocky mountains in Colorado’® but much lower than those
reported for urban environments.”' The Rocky mountain
region in Colorado, with a similar altitude and environment,
showed dry deposition of approximately 25 to 47% of TN
atmospheric deposition (Burns’’ and reference therein).
Therefore, TN wet deposition is assumed to be double of
dry deposition, which is in accordance with the earlier result
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over TP* and Rocky mountain.”” The estimated wet
deposition is ~4.08 kg ha™' yr™' at our study area. The
above estimations omitted the fog and cloud deposition, which
could be significant at alpine forest ecosystems. Thus, the total
atmospheric nitrogen deposition (dry plus wet) at the SET
should be higher than 6.12 kg ha™' yr™". This already exceeded
the lower limit (S kg ha™ yr') of critical load reported for
alpine ecosystem (5—15 kg ha™ yr™').** Moreover, the
estimated total nitrogen deposition is around two times the
global terrestrial average N deposition (3.5 kg ha™ yr™')."!
Studies have identified N deposition on terrestrial and aquatic
ecosystems as a serious threat to the world floristic diversity.''
Lichens and bryophytes, which are important species in alpine
forest of the SET, are sensitive to elevated N inputs.””*’ NO;~
and NH,*, the major nitrogen components in aerosols, are
readily available to plants and microorganisms, acting as
limiting nutrients for the existing systems. These species could
change the aquatic and terrestrial life, affecting pristine
ecosystems.
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