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ABSTRACT: Formation pathways and sources of atmosphere nitrate
(NO3

−) have attracted much attention as NO3
− had detrimental

effects on Earth’s ecosystem and climate change. Here, we measured
nitrogen (δ15N-NO3

−) and oxygen (δ18O-NO3
− and Δ17O-NO3

−)
isotope compositions in nitrate aerosols at the Qomolangma station
(QOMS) over the Himalayan-Tibetan Plateau (HTP) to quantify the
formation mechanisms and emission sources of nitrate at the
background site. At QOMS, the enhanced NO3

− concentrations
were observed in the springtime. The average δ15N-NO3

−, δ18O-NO3
−,

and Δ17O-NO3
− values were 0.4 ± 4.9, 64.7 ± 11.5 and 27.6 ± 6.9‰,

respectively. Seasonal variations of isotope ratios at QOMS can be
explained by the different emissions and formation pathways to nitrate.
The average fractions of NO2 + OH and N2O5 + H2O to nitrate
production were estimated to be 43 and 52%, respectively, when the NO3 + hydrocarbon (HC)/dimethyl sulfide (DMS) (NO3 +
HC/DMS) pathway was assumed to be 5%. Using stable isotope analysis in the R (SIAR) model, the relative contributions of
biomass burning (BB), biogenic soil emission, traffic, and coal combustion to nitrate were estimated to be 28, 25, 24, and 23%,
respectively, on yearly basis. By FLEXible PARTicle (FLEXPART) dispersion model, we highlighted that NOx from BB emission
over South Asia that had undergone N2O5 + H2O processes enhanced the nitrate concentrations in the springtime over the HTP
region.
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■ INTRODUCTION

Nitrate (NO3
−), a terminal species in nitrogen cycles,

constitutes a major fraction of ambient particulate matter
(PM). Nitrate enhances its cloud-droplet nucleating ability and
also increases the cloud-drop number concentrations as well as
cloud albedo, leading to indirect influences on Earth’s
climate.1,2 In the atmosphere, nitrate aerosols are mainly
produced by the transformation of NOx through three different
pathways: (1) NO2 oxidation by OH (NO2 + OH) in the gas
phase, (2) hydrolysis of N2O5 on preexisting aerosols (N2O5 +
H2O, heterogeneous process), and (3) reaction between NO3

radicals and hydrocarbons (HC)/dimethyl sulfide (DMS)
(NO3 + HC/DMS herein). The latter two mechanisms mainly
occur at nighttime, and hence, these reactions are also called
“nocturnal chemistry”.3 On a global scale, the contribution
(41%) of NO2 + OH to nitrate was equal to that of N2O5 +
H2O in the troposphere below 1 km altitude, while NO3 +
HC/DMS contributed a minor fraction (∼5%) of nitrate
formation.4

Formation mechanisms and source apportionments of
nitrate aerosols have attracted more attention over China in
recent years. In urban cities, NO3

− was mainly formed by
secondary transformation of NOx from local and regional
emissions.5,6 Under specific atmospheric conditions, NO3

−

concentrations exceeded dozens of μg m−3, inducing PM
haze formation and threatening human health.5,6 Thus, studies
of source apportionments and formation pathways of nitrate at
urban sites would be important to realize the evolution of haze
formation and to take control measures for alleviation of haze
events. Unlike urban cities, NO3

− at background sites was at a
low level (∼1 μg m−3) and was profoundly from regional
transport. The NO3

− data at background sites would provide
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valuable information for model studies on long-range-trans-
ported pollution and on the response of climate change to
regional air pollutant emissions.7

The isotope technique is a good tool to track potential
sources and formation pathways of atmospheric nitrate
aerosols. NOx originating from various emission sources
possesses unique features of nitrogen isotope ratios. Using
isotope signatures combined with the isotope mixing model,
source apportionments of gaseous NOx and particulate NO3

−

can be quantified.6,8,9 Oxygen isotopic compositions, such as
δ18O and oxygen-17 anomaly (Δ17O) in nitrate, were
commonly used to investigate the formation mechanisms of
nitrate aerosols.6,10,11 Due to the different contributions of
δ18O in nitrate aerosols (δ18O-NO3

−) from O3, the δ
18O-NO3

−

values from NO2 + OH and the hydrolysis of N2O5 are
significantly distinct. Hastings et al.12 reported that δ18O-NO3

−

from NO2 + OH had two-thirds of contribution from O3,
whereas δ18O-NO3

− from the hydrolysis of N2O5 possessed
five-sixth of contribution from O3. This led to more enriched
δ18O-NO3

− and Δ17O in nitrate aerosols (Δ17O-NO3
−)

produced by the N2O5 + H2O process.10 Using this feature,
the formation pathways of nitrate aerosols have been
quantified in urban and background areas.6,10,13,14

Owing to a large area covered by glaciers, the Himalayan-
Tibetan Plateau (HTP) region is referred to as the “Third
Pole” and “Water Tower of Asia”, serving as a water reservoir
for the Asian ecosystem and human survival. Previously, several
studies have characterized atmospheric aerosols and identified
their potential sources in the HTP region.7,14−19 Most of these
studies were focused on black carbon (BC) since it is an
important species for atmospheric heating, melting the
Himalayan glaciers and resulting in flood disasters for the
neighboring countries.20 However, only a few studies have
mentioned nitrate concentrations in the HTP region.7,14 For
instance, Zhao et al.7 found that the average NO3

−

concentration at Qinghai Lake (northeastern margin of the
HTP) during the springtime was 3.3 μg m−3, which was 1.2−
2.5 times higher than those in other seasons. At Qomolangma
station (QOMS, the sampling site of this work), the enhanced
nitrate concentrations were also found in springtime.14 Using
the isotope techniques, they suggested that vehicle exhaust and
agriculture activities played a dominant role in contributing
nitrate aerosols at this mountain site. Although some studies
characterized nitrate in the HTP region, the formation
pathways and source apportionments of nitrate in the HTP
region were not well quantified, especially during the high
nitrate-level season (springtime). In this work, the total
suspended particulate (TSP, aerodynamic diameter less than
100 μm) samples were collected at QOMS from March 2017
to February 2018. Apart from water-soluble inorganic ions, the
nitrogen isotope compositions in nitrate (δ15N-NO3

−), δ18O-
NO3

−, and Δ17O-NO3
− were also analyzed. Here, we reported

the nitrate concentrations and their accompanying δ15N-NO3
−,

δ18O-NO3
−, and Δ17O-NO3

− values at QOMS. Using a
Bayesian isotope mixing model and the FLEXible PARTicle
(FLEXPART) dispersion model, the formation pathways and
potential sources together with source regions of nitrate
aerosols at OQMS would be quantified.

■ MATERIALS AND METHODS
Aerosol Sampling. Airborne TSP samples were collected

at QOMS (28.36°N, 86.95°E, 4276 m a.s.l., see Figure S1),
which is located in a dry valley with complex terrain and is

about 30 km north of Mt. Everest (8844 m a.s.l.). QOMS was
established for routine monitoring of the atmospheric
environment over the HTP region in August 2005.21 It also
belonged to the monitoring network of atmospheric pollution
and cryospheric changes,20 and the TSP sampling frequency
was normally from 3 to 7 days.14,20 In this work, TSP samples
were collected at QOMS from March 2017 to February 2018,
with a frequency of 7 days, except for the springtime (a
frequency of 1 day) when high concentrations of particle
compositions were regularly found during the South Asian
biomass burning (BB) period.14,15 The high frequency of TSP
sampling in the springtime was to explore the formation
pathways and emission sources of nitrate aerosols under the
high nitrate-level conditions. During the sampling period, each
aerosol sample was collected from 10:30 local time (LT) to
10:00 LT on the next day, using a high-volume TSP sampler
(TISCH, model TE-5170D), which was operated at a flow rate
of approximately 1.1 m3 min−1. Quartz filters (8 in. × 10 in.,
PALL) were used as filtration substrates. Prior to sampling,
each filter was heated at 450 °C for 4.5 h to remove impurities
in the filter. After sampling, each filter was folded and stored in
a separate plastic bag, which was then stored in a
polypropylene container, frozen immediately, and returned to
the laboratory for further chemical analyses.

Ionic Species Analysis. After sampling, two punched
sampled filters (∼4.02 cm2) were extracted with 15 mL of
Milli-Q water (18.2 Ω) for 30 min. After removal of insoluble
particles using membrane filters (0.22 μm), the extracted
solution was then analyzed for ionic species, such as Cl−,
NO3

−, SO4
2−, Na+, NH4

+, K+, Mg2+, and Ca2+, by ion
chromatography (IC, ICS5000+, Thermo Scientific). A quality
assurance/quality control (QA/QC) program for analyzed
ions, such as recovery and precision test along with method
detection limits (MDLs), was conducted during the analyzed
procedures. A multi-ion solution (Merck) was used for making
a seven-point calibration curve of the IC instrument for each
batch of chemical analysis. On average, the MDL for nitrate
was 0.08 μg m−3 and was from 0.03 μg m−3 for Cl− to 0.41 μg
m−3 for Ca2+. The recoveries of all ions ranged from 90 to
110% and the precision was less than 2%. The details of this
method can be found elsewhere.22

Isotope Analysis. For isotope analysis, the aerosol samples
collected in the springtime were analyzed with δ15N-NO3

−,
δ18O-NO3

−, and Δ17−NO3
− values to investigate the formation

mechanisms and potential sources of enhanced nitrate
concentrations during the South Asian BB period. In addition,
we also selected some aerosol samples in other seasons for
isotope analysis. This provided the comparisons of formation
mechanisms and source apportionments of nitrate between the
springtime and other seasons. The nitrogen and oxygen
isotopic compositions in nitrate aerosols were analyzed with a
bacterial denitrifier method.23−25 Briefly, a small piece (2.54
cm2) of sampled filter (≥0.8 μgN) was extracted with 5 mL of
Milli-Q water (18.2 Ω) for 30 min and insoluble particles were
then filtered by membrane filters (0.22 μm). Further, NO3

− in
the extracted solution was converted to N2O by Pseudomonas
aureofaciens (ACTT# 13985), which has no N2O-reductase
activity. The produced N2O was subsequently decomposed
into N2 and O2 in a gold tube at a temperature of 800 °C. After
that, the produced N2 and O2 were analyzed with 14N, 15N,
16O, 17O, and 18O by an isotope ratio mass spectrometer
(MAT253, Thermo Fisher Scientific) with a multipurpose
online preparation device (GasBench) and a trace gas
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preconcentration device (Precon, at 21 °C). In this process,
high purity of xenon gas (99.99%, Air Liquid, China) was used
as a carrier gas. Using the results of 14N, 15N, 16O, 17O, and
18O, δ15N, δ18O, and Δ17O can then be obtained (see
Supporting Information S1). During the isotope analysis, the
international nitrate standards, such as USGS34, USGS35, and
IAEA-NO3

−, were used for data calibration. Based on replicate
measurements of the international nitrate standards, the
uncertainties of δ15N, δ18O, and Δ17O were 0.2, 0.3, and
0.2‰, respectively. The details of this method can be found
elsewhere.25,26

Stable Isotope Analysis in the R (SIAR) Model. The
stable isotope analysis in the R (SIAR) model, which has been
widely used to estimate the source apportionments of
atmospheric nitrate,6,22,27 was employed to quantify the
emission sources of nitrate aerosols at QOMS. Using the
SIAR model, the probability distributions of source contribu-
tions to a mixture and the uncertainty associated with multiple
sources can be determined.28 The principle of the SIAR model
can be found in Supporting Information S2. To quantify the
potential sources of nitrate aerosols, the δ15N-NO3

− values in

ambient samples and δ15N values in NOx (δ15N-NOx) from
various emission sources must serve as input in the SIAR
model. Here, the δ15N-NOx values of emission sources were
obtained from those reported in the literature studies.29−39

Vehicle emission and coal combustion are well-known
important sources of atmospheric NOx.

40,41 In addition, BB
(e.g., open burning for agricultural waste and weeds to obtain
land for sowing) and biogenic soil emission also contributed a
part of atmospheric NOx.

39,41 Consequently, four emission
sources mentioned above were considered in apportioning the
emission sources of nitrate aerosols at QOMS. Table S1 lists
the δ15N-NOx values in the four emission sources used in the
current study. The δ15N-NOx values of coal combustion,
vehicle emission, BB, and biogenic soil emission were set to be
13.7 ± 4.6, −6.6 ± 7.1, 1.1 ± 3.8, and −31.6 ± 10.1‰,
respectively, in the SIAR model. Using these δ15N-NOx values,
the source apportionments of nitrate aerosols at QOMS would
be quantified.
As reported by Parnell et al.,28 the SIAR model worked

exceptionally well for numerous data sets (N ≥ 10) of input of
ambient δ15N-NO3

− values. Also, the ambient samples serving

Figure 1. Time series of (a) NO3
− concentrations, (b) δ15N-NO3

−, (c) Δ17N-NO3
−, (d) δ18O-NO3

−, (e) ambient temperature, relative humidity
(RH) together with rainfall, and (f) wind speed and air clusters at QOMS during the sampling period. The shaded part represents the year 2017.
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as input should have the same nature attributes, eliminating the
uncertainty caused by the different attributes between the
different input data, such as the different δ15N-NO3

− values
between the different seasons.6 Therefore, we classified our
observed δ15N-NO3

− data into four different groups based on
the samples collected in different seasons, and the data sizes of
δ15N-NO3

− were 62, 6, 9, and 9 in the spring, summer,
autumn, and winter, respectively. Each data group served as
one input for the SIAR model to quantify the emission sources
of nitrate aerosols at QOMS in different seasons.
Hybrid Single-Particle Lagrangian Integrated Trajec-

tory (HYSPLIT) and FLEXPART Models. To realize the
influence of transported routes of the air parcels on the
chemical compositions and isotope ratios in aerosol samples, 3-
day backward trajectories at QOMS were computed by hybrid
single-particle Lagrangian integrated trajectory (HYSPLIT)
model developed by the USA NOAA Air Resources
Laboratory.42 The Global Data Assimilation System (GDAS)
processed by the National Centers for Environmental
Prediction (NCEP) was used for meteorological data to
obtain the trajectories. During the sampling period, the
backward trajectory of each sampling day was computed at

12:00 LT with an altitude of 4500 m. A total of 106 backward
trajectories were acquired and further categorized into three
different air groups, namely, W, N, and E air clusters, according
to their originated regions and transported routes (see Figure
S1). In brief, the air parcels of the W category (∼78% of the
total air parcels) mainly originated from Afghanistan, passing
over Pakistan, northwestern/northern India, and Nepal, and
then arrived at the receptor site. The air masses of the N group
(∼9%) mainly originated from Uzbekistan, crossing over
northwestern and western China (Xinjiang and Tibet) before
arriving at the sampling site. The air masses of E cluster
(∼13%) profoundly came from southeast Asia, crossing over
northern India and Nepal before arriving at the QOMS.
Moreover, the FLEXPART model (version 10.4) was

employed to identify the potential source regions of aerosols
at QOMS. Previously, the FLEXPART model has been
successfully used to identify the footprints of atmospheric
aerosols and gaseous pollutants at both urban and high
mountain sites.43−45 The details of the FLEXPART model can
be found elsewhere.46 In this work, the meteorological data
used to drive the FLEXPART model was from NCEP-FNL
datasets. The spatial resolution of the model was 0.2° × 0.2°.

Figure 2. Footprints of nitrate aerosols using the FLEXPART model in the (a) spring, (b) summer, (c) autumn, and (d) winter. The color scale
denotes the residence time (s) of nitrate aerosols in the grid cell. The red dots represent fire spots observed by the MODIS and can be downloaded
from https://firms.modaps.eosdis.nasa.gov/download/.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c03957
Environ. Sci. Technol. 2021, 55, 12261−12271

12264

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03957/suppl_file/es1c03957_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03957/suppl_file/es1c03957_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03957?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03957?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03957?fig=fig2&ref=pdf
https://firms.modaps.eosdis.nasa.gov/download/
https://pubs.acs.org/doi/10.1021/acs.est.1c03957?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c03957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


For each aerosol sampling day, 10 000 particles were released
every 6 h (0:00, 6:00, 12:00, and 18:00 LT) from the sampling
site and then tracked backward in time for 72 h. The residence
times of all particles in a depth of 1000 m above the ground
were recorded to obtain the footprints.

■ RESULTS AND DISCUSSION

Overview of Nitrate Concentrations. During the
sampling period, the daily ambient temperature varied from
−8.5 to 12.9 °C and the relative humidity (RH) ranged from 8
to 91%. As expected, cold-dry air was frequently found in the
winter and warm-wet air was observed in the summer (see
Figure 1). Intensive rainfall was observed in the summertime.
A total of 106 TSP samples were collected at QOMS during
the sampling period. Due to a large uncertainty of gravimetric
weighting for quartz filters, the TSP mass concentrations were
not obtained. The concentrations of the total water-soluble
inorganic ions (TWSIIs) at QOMS varied from 0.2 to 14.0 μg
m−3 with a mean value of 3.5 ± 2.2 μg m−3. The significant
seasonal variations of TWSIIs were observed, with a maximum
in the spring (4.2 μg m−3) and a minimum in the summer (1.3
μg m−3, Table S2). This seasonality was in agreement with that
over the HTP region in an earlier study.19 The high TWSIIs
concentration in the spring was associated with the BB
emission in South Asia, while the lower TWSIIs level in the
summer might be attributed to the increasing rainfall to wash
out the atmospheric particles (Figure 1e).19 In addition, much
fewer fire spots over South Asia in the summer (Figure 2)

might also lower the TWSIIs concentrations. At QOMS,
sulfate was the most predominant species, accounting for 37%
of the TWSIIs mass, followed by Ca2+ (27%), NO3

− (20%),
and NH4

+ (10%) (see Figure S2). The high concentrations of
Ca2+ at this mountain site (except for the summer, see Figure
S3) suggested that fugitive dust was also a dominant source of
TSP at QOMS. No significant difference in the relative fraction
of each ion to TWSIIs was found in the distinct air clusters
(Figure S2). However, the absolute TWSIIs concentrations
were different in the distinct air groups with the highest
concentration (5.2 μg m−3) in the N air cluster and the lowest
level (0.9 μg m−3) in the E air category. During the sampling
period, the E air cluster was chiefly found in the summer
(Figure 1f), and therefore, the lower TWSIIs concentration in
this air category would be expected. The N air cluster was
profoundly found in the springtime when the intensive fire
spots were observed in Uzbekistan, Kyrgyzstan, and north-
western Xinjiang, China (see Figure 2a). The air masses
originating and crossing these regions might pick up the BB
pollution and transport it to the receptor site and enhance the
TWSIIs concentrations.
The daily NO3

− concentrations at QOMS varied from <0.1
to 4.7 μg m−3 (Figure 1a), with a mean value of 0.7 ± 0.6 μg
m−3. As shown in Figure S4, the equivalent concentrations of
[SO4

2− + NO3
−] were much higher than those of [NH4

+],
suggesting that NH4

+ was not enough to be neutralized with
NO3

−, and therefore, a part of NO3
− was present in other

forms, such as KNO3 and Ca(NO3)2. This might be true since

Figure 3. (a) δ15N-NO3
− values at various sampling sites, (b) δ15N-NOx values from different emission sources, and (c) Δ17O-NO3

− values at
various sampling sites. The δ15N-NO3

− and Δ17O -NO3
− values in various cities were obtained from Zong et al.,27 Chang et al.,9 He et al.,10 Luo et

al.,13 Wang et al.,14 Zhao et al.,26 and Guha et al.51 The δ15N-NOx values are depicted in the references listed in Table S1.
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NO3
− correlated well with K+ and Ca2+ (r > 0.53, p < 0.05, see

Figure S5), especially during the springtime. In the
atmosphere, K+ mainly originated from both crustal and BB
emissions.47,48 Due to a poor correlation between K+ and Ca2+

(a tracer of dust, Figure S6), we suggested that K+ at QOMS
was mainly from BB emission. The primary particles from BB
possessed NO3

−/K+ ratios in the range of 0.02−0.13,49 while
particulates derived from fugitive dust exhibited NO3

−/Ca2+

ratios ranging from 0.02 to 0.09.50 At QOMS, the average
NO3

−/K+ and NO3
−/Ca2+ ratios were 13.8 ± 7.7 and 1.1 ±

1.4, respectively, which were 1−2 orders of magnitude higher
than those of the primary particles emitted from BB and dust,
implying that nitrate at QOMS was mostly from secondary
transformation. At QOMS, the seasonal variations in the NO3

−

concentration mimicked that of TWSIIs, with the highest level
in the springtime (0.9 μg m−3) and the lowest one in the
summertime (0.3 μg m−3, see Table S2). The intensive BB-
emitted pollution over the South Asian continent could explain
the increased NO3

− concentrations in the springtime. The
enhanced K+ concentrations and a highly good correlation
between NO3

− and K+ (r = 0.84) in the springtime also
supported this argument (Figure S5).
Nitrogen and Oxygen Isotope Ratios. The time series

of δ15N-NO3
−, δ18O-NO3

−, and Δ17O-NO3
− values in TSP at

QOMS are plotted in Figure 1b−d. Except for those during the
heavy precipitation events, most of the aerosol samples were
analyzed for nitrogen and oxygen isotopes. The δ15N-NO3

−

values varied from −7.8 to 17.1‰ with a mean value of 0.4 ±
4.9‰. This value was higher than those at Mt. Lulin (2862 m
a.s.l., Taiwan, −3.6‰) and QOMS (−5.1‰) of 2018 spring
and summer, but were much lower than those in urban cities
(from 0.8‰ in Chengdu to 10.9‰ in Nanjing, see Figure 3a).
Airborne nitrate aerosols were mainly produced by the
secondary transformation from their precursor, NOx, which
exhibited the unique δ15N-NOx signatures from its different
emissions. As shown in Figure 3b, NOx from coal combustion
possessed higher δ15N-NOx values, and therefore, the lower
δ15N-NO3

− values in this work reflected lower contributions of
coal combustion to nitrate aerosols compared to those Chinese
cities.27 The average δ15N-NO3

− values in the different seasons
are listed in Table S2. The highest δ15N-NO3

− value (8.0 ±
5.8‰) was observed in the autumn, whereas the lowest one
(−2.1 ± 2.2‰) was found in the summer. Coal combustion
possessed higher δ15N-NOx values (+9 to +18‰) compared to
the biogenic soil emission (−43 to −22‰). Consequently, the
higher δ15N-NO3

− values in autumn suggested that the higher
relative contribution of coal combustion to nitrate aerosols.
The depleted δ15N-NO3

− values in summer might be
associated with the higher proportion of biogenic soil emission
to nitrate aerosols; this will be discussed in the Source
Apportionments of Nitrate section.
In terms of oxygen isotopic compositions, the δ18O-NO3

−

values ranged from 43.6 to 96.2‰ at QOMS, with an average
value of 64.7 ± 11.5‰. The Δ17O-NO3

− values varied from
5.0 to 39.2‰ with a mean value of 27.6 ± 6.9‰. The
fluctuations in the δ18O-NO3

− and Δ17O-NO3
− values of the

daily nitrate aerosol samples were attributed to the differences
in relative contributions of OH and N2O5 pathways to nitrate
formation.10,11,51 At QOMS, the average Δ17O-NO3

− value
was 27.6‰, which was in agreement with those in Shanghai
(25.6‰, see Figure 3c) and QOMS of 2018 spring and
summer.14,52 Our Δ17O-NO3

− value was also similar to that in
Beijing (26.3‰) where hydrolysis of N2O5 was a major

formation mechanism of nitrate due to the high N2O5
concentrations and aerosol loadings, especially on polluted
days.10,53 Nevertheless, the Δ17O-NO3

− value at Mt. Lulin
(17.0‰) was much lower than that at QOMS,51 probably
suggesting that more OH oxidation pathway to nitrate
production existed at Mt. Lulin since it is located in the
subtropical free troposphere.
The significant seasonal variations of δ18O-NO3

− and Δ17O-
NO3

− values were also found at QOMS. As listed in Table S2,
the average Δ17O-NO3

− (δ18O-NO3
−) values in the spring,

summer, autumn, and winter were 29.8 ± 4.7‰ (66.0 ±
10.6‰), 20.2 ± 7.0‰ (51.6 ± 11.8‰), 18.8 ± 8.8‰ (59.4 ±
12.5‰), and 25.6 ± 7.1% (66.2 ± 12.1‰), respectively. Both
δ18O-NO3

− and Δ17O-NO3
− showed higher values in the

spring and winter, whereas lower values were found in the
summer and autumn. The depletion of δ18O-NO3

− and Δ17O-
NO3

− values in the summer can be interpreted by the higher
proportion of NO2 + OH to nitrate formation at high OH
radical concentrations due to stronger photochemical reactions
in the hot season. In contrast, more nitrate aerosols were
formed by the heterogeneous processes, resulting in enriched
δ18O-NO3

− and Δ17O-NO3
− values in the springtime and

wintertime.
Potential Formation Pathways of Nitrate Aerosols.

Previous studies have suggested that Δ17O was more
appropriate to discriminate nitrate production via OH and
N2O5 pathways than δ18O because of the distinct δ18O values
in different O sources.54,55 In this section, we attempted to
quantify the formation pathways of nitrate aerosols at QOMS
using the Δ17O approach. Assuming that the atmospheric
nitrate aerosols were mainly produced by NO2 + OH (R1),
N2O5 + H2O (R2), and NO3 + HC/DMS (R3), the observed
Δ17O-NO3

− in TSP ambient samples ([Δ17O-NO3
−]TSP)

should be satisfied with

f f

f

O NO

O NO O NO

O NO

17
3 TSP

17
3 R1 R1

17
3 R2 R2

17
3 R3 R3

[Δ − ]

= [Δ − ] · + [Δ − ] ·

+ [Δ − ] ·

−

− −

−
(1)

and f R1 + f R2 + f R3 = 1. In eq 1, f R1, f R2, and f R3 are the relative
fractions of NO2 + OH, N2O5 + H2O, and NO3 + HC/DMS
for nitrate production. [Δ17O-NO3

−]R1, [Δ17O-NO3
−]R2, and

[Δ17O-NO3
−]R3 are the Δ17O-NO3

− values produced by NO2
+ OH, N2O5 + H2O, and NO3 + HC/DMS reactions,
respectively, and the endmembers of Δ17O-NO3

− values for
the three different mechanisms can be calculated as54
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(4)

where α is the mole fraction of NO that is oxidized by O3 and
can be calculated from the observations of NO, O3, HO2, and
RO2 concentrations.

10,52 Δ17O(O3*) is the Δ17O value of the
terminal oxygen atoms of O3 and can be estimated by Δ17O
values in bulk ozone (average value: ∼25.9‰) by multiplying
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with a factor of 1.5.56−58 During the sampling period, the
concentrations of NO, O3, HO2, and RO2 were not measured,
hence the α values were obtained from the literature
studies10,52,56,57 ranging from 0.6 to 0.8 for the gas-phase
oxidation (R1) and 1.0 for nocturnal chemistry (R2 + R3) of
nitrate production, which were appropriately used for the
estimation of the endmember of Δ17O-NO3

− values for the
three different formation pathways of nitrate at the remote
background site.58,59 Using these α values, the endmembers of
[Δ17O-NO3

−]R1 (α = 0.6, 15.5‰; 0.7, 18.1‰; 0.8, 20.7‰),
[Δ17O-NO3

−]R2 (32.4‰), and [Δ17O-NO3
−]R3 (38.9‰) were

calculated. The f R3 value was in a range of 0.05−0.25 from the
global means to that in the polluted Beijing.4,60 Then, the
formation pathways can be quantified using eq 1.
As listed in Table S3, the assumptions of α values and f R3

did influence the partitions of formation mechanisms of nitrate.
The average proportions of NO2 + OH (N2O5 + H2O) to
nitrate aerosols were 39% (56%), 43% (52%), and 50% (45%),
respectively, when the α values were assumed to be 0.6, 0.7,
and 0.8. This indicated that the uncertainty of the different
partitioned pathways of nitrate production via α values was
better than 16% (e.g., (50 − 43%)/43%). On the contrary, the
relative fractions of NO2 + OH (N2O5 + H2O) to nitrate were,
respectively, 43% (52%), 42% (43%). and 40% (35%) as the
f R3 values were assumed to be 0.05, 0.15, and 0.25 with an α
value of 0.7. The increase in f R3 decreased the relative fraction
of N2O5 + H2O to nitrate production with an uncertainty of
33% (e.g., (52 − 35%)/52%). Irrespective of the α and f R3
values we used, our results reflected that the nocturnal
chemistry (R2 + R3) was an important pathway for nitrate
formation. QOMS is located in a pristine and high mountain
area and the concentrations of HC/DMS should be lower than
those in polluted cities. Thus, the f R3 value was assumed to be

0.05 with α = 0.7 for further estimation of nitrate formation
mechanisms for each aerosol sample.
The imbalance of sample numbers between the spring and

other seasons might influence the reality of estimated results.
Thus, we calculated the average f R1 and f R2 values in the
springtime with two different scenarios for comparison. In
scenario I, the average f R1 and f R2 values were obtained from
the estimated results in all spring samples. In scenario II, we
selected the springtime Δ17O-NO3

− data, which followed the
regular sampling frequency (7 days since March 23, 2017, the
first sampling date) for quantification of nitrate formation
pathways and then calculated the average f R1 and f R2 values. By
our statistics, the average Δ17O-NO3

− value in the springtime
of scenario I was 29.80‰ (19.47−39.26‰), which was close
to that of scenario II (31.07, 19.57−35.16‰). Figure S7a
reveals the estimated formation pathways of nitrate in the
springtime for the two different scenarios. As can be seen, the
calculated results of the two scenarios were in agreement,
suggesting that the different sampling numbers in the
springtime did not influence the estimated results in our
case. Consequently, we used the estimated results from
scenario I for the following discussion. As shown in Figure
4a, the relative contributions of NO2 + OH and N2O5 + H2O
to nitrate aerosols ( f R3 = 0.05, α = 0.7 for gas-phase oxidation)
were, on average, 43 and 52%, respectively. Hydrolysis of N2O5
predominated for nitrate production in the springtime with a
fraction of 62%. The high proportion of N2O5 + H2O might be
attributed to the spring-maximum O3 concentrations in the
HTP region,61−63 which was favorable for N2O5 oxidation
pathways. On the contrary, NO2 + OH was a dominant
oxidation pathway of NOx to NO3

− in the summer (78%). A
higher fraction of NO2 + OH in the summer was expected
since high temperature and stronger solar radiation facilitated

Figure 4. Seasonal variations of the relative contributions of various (a) formation pathways and (b) emission sources to nitrate aerosols at QOMS
during the sampling periods.
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the nitrate formation by gas-phase oxidation. The dominance
of NO2 + OH to nitrate production was also found in the
autumn (∼77%). This value was in line with that (NO2 + OH
contributed ∼72% to nitrate) at QOMS in the 2018 fall
season,14 implying that the nitrate aerosols at QOMS in the
autumn were mainly contributed by the NO2 + OH reaction.
In addition, the contribution of N2O5 + H2O to NO3

−

increased from 14% in the low-NO3
− level (NO3

− <0.3 μg
m−3) to 85% when the NO3

− concentration was higher than 3
μg m−3 (see Figure S8). This reflected that hydrolysis of N2O5
played an important role in nitrate production at QOMS,
especially in the high-NO3

−-level events.
Source Apportionments of Nitrate. Nitrogen isotopic

composition enables tracking potential sources of nitrate
aerosols.6,9 One caution has to be made, that is, the
fractionation effects on δ15N during the conversion of NOx
to NO3

− cannot be neglected.32,55 In this section, we used the
δ15N-NO3

− values along with the SIAR model to quantify the
potential sources of nitrate aerosols at QOMS. Before that, the
fractionation factors of δ15N from NOx to NO3

− had to be
estimated. The detailed calculation approach of fractionation
factors of δ15N from NOx to NO3

− can be found in Supporting
Information S3; the relevant parameters used in this approach
are listed in Table S4. As shown in Figure S9, the fractionation
factor of δ15N for each aerosol sample varied from 5.9 to 8.1‰
with a mean value of 7.3 ± 0.5‰. Due to the increases of δ15N
values from NOx to NO3

−, the corresponding fractionation
factor had to be subtracted from δ15N-NO3

− in each TSP
sample to eliminate the fractionation effects of δ15N-NO3

−

prior to estimating the source apportionments of nitrate
aerosols.6 Coal combustion, vehicle emission, biomass burning,
and biogenic soil emission were considered to be the important
sources of nitrate aerosols in the estimation. Since the SIAR
model worked well for numerous data sets (N ≥ 10),28 the
δ15N-NO3

− data collected in the same season would serve as
one input for this model to resolve the source apportionments
of nitrate at QOMS. Again, we also estimated the source
apportionments of nitrate aerosols in the springtime by the
SIAR model for two different scenarios. In scenario I, we used
all of the observed δ15N-NO3

− data in the spring to serve as
input. In scenario II, the spring δ15N-NO3

− data, which
followed the regular sampling frequency at QOMS (7 days
since March 23, 2017), served as input in the SIAR model. The
results showed that the average δ15N-NO3

− values in the
springtime of scenarios I and II were −0.96 ± 3.24‰ (−7.74
to 5.44‰) and −0.99 ± 4.35‰ (−7.03 to 5.44‰),
respectively, suggesting an insignificant difference. Although a
slight difference in the relative contributions of BB to nitrate
(35 vs 32%, Figure S7b) was observed in the two different
scenarios, both results highlighted that BB was the
predominant source of nitrate in the springtime. Thus, we
finally used the scenario-I-simulated results to investigate the
potential sources of nitrate in the springtime and also
compared them with those in other seasons.
During the sampling period, BB activities were the

predominant source to NO3
− aerosols at QOMS, accounting

for 28 ± 5%, followed by biogenic soil emission (25 ± 4%),
vehicle emission (24 ± 1%), and coal combustion (23 ± 8%,
Figure 4b). On average, the ratio of fossil-fuel-derived (coal
combustion + vehicle emission) nitrate to non-fossil-fuel-
produced (biomass burning + biogenic soil emission) nitrate
was approximately 1.0. Our value was much lower than those
in Chinese megacities (from 1.17 in Chengdu to 1.81 in

Beijing), where the combustion of fossil fuel was a dominant
emission source of nitrate aerosols.27

Except for traffic emission, the relative contributions of other
sources to nitrate exhibited apparent seasonal distributions.
The relative contribution of BB to nitrate in the springtime was
35%, exceeding those in other seasons (24−25%) by factors of
1.4−1.5. As shown in Figure 2a, intensive fire spots were
observed in South Asia, and the air parcels spent much time
staying in northern India and Nepal, picking up the BB
pollution, transporting to the receptor site, and resulting in
enhancements of nitrate aerosols. High K+ concentrations in
the springtime also supported our arguments. On the other
hand, we found that BB also contributed partly to nitrate in the
summer. This might be true since yak dung was regularly burnt
for residential cooking and heating in the HTP region all year
round, of course, including the summer season.64 For coal
combustion, its contribution revealed the highest value in the
autumn (32%). This did contradict with the maximum coal
consumption patterns in winter over China. At QOMS,
northern India and Nepal were the major source regions of
atmospheric aerosols. A previous study has shown that the
concentrations of coal-combusted air pollutants (from India)
in northern India were regularly highest during the autumn
season driven by the Indian monsoon.65 This might explain the
highest contribution of coal combustion to nitrate in the
autumn since northern India was a major source region of
aerosols at QOMS. The relative contributions of biogenic soil
emission were maximum in the summer with a contribution of
30%. This was expected since more NOx from biogenic soil
emission was released into the atmosphere under the high soil
temperature (ambient temperature: ∼11 °C) conditions.66

Wang et al.14 determined Δ17O-NO3
− and δ15N-NO3

−

values in TSP samples at QOMS from April to September
2018. Figure S10 shows the comparisons of δ15N-NO3

− and
Δ17O-NO3

− values between the two studies. Compared to
2017, the lower δ15N-NO3

− values were found in both seasons
of 2018, suggesting that the different emission sources might
alternate the δ15N-NO3

− values at QOMS in different years. In
December 2017, the Indian government required installation
of low NOx burners and over-fired air in addition to the
selective catalytic reduction in coal-fired power plants, in order
to reduce the NOx emissions. Since then, these power plants
started to implement these control measures one after another
in India.67,68 Thus, the decrease of NOx emissions from the
coal-fired power plants in India after 2018 might explain the
lower average δ15N-NO3

− values at QOMS. However, the
Δ17O-NO3

− values in 2017 were close to those in 2018,
suggesting similar formation pathways of nitrate aerosols.
In this work, we used the Monte Carlo approach in the SIAR

model to identify the emission sources of nitrate aerosols at
QOMS. Using the SIAR model, the number of emission
sources serving as input would influence the modeled results. A
strong negative correlation of probability density function
(PDF) between two different sources indicated that the model
was unable to completely differentiate one source from
another.28 Figure S11 shows an example of the PDF of each
emission source to nitrate when three or four emission sources
were considered. The results indicated that the PDF of each
source revealed normal distributions. In addition, we found
that the correlation coefficients of PDF between coal
combustion (vehicle emission) and biomass burning decreased
significantly when the number of emission sources increased.
This implied that the inter-influence between coal combustion
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(vehicle emission) and biomass burning reduced significantly
when we considered four emission sources in the SIAR model.
However, the relative contributions of coal combustion
showed a moderate correlation (r = −0.63) with that of BB
emission, suggesting that misclassification between two
sources. Thus, we highlighted that more measurements of
δ15N-NOx from various emission sources for improvements of
quantification in emission sources to nitrate will be needed in
the future.
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