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ABSTRACT: Nitrogen oxides (NO,, including NO and NO,) play an
important role in the formation of atmospheric particles. Thus, NO,
emission reduction is critical for improving air quality, especially in
severely air-polluted regions (e.g, North China). In this study, the source
of NO, was investigated by the isotopic composition (6'°N) of particulate
nitrate (p-NO;~) at Beihuangcheng Island (BH), a regional background
site in North China. It was found that the §"N-NO,~ (n = 120) values
varied between —1.7%0 and +24.0%o and the §'*0-NO,” values ranged -~
from 49.4%o to 103.9%c. On the basis of the Bayesian mixing model, %
27.78 + 8.89%, 36.53 + 6.66%, 22.01 + 6.92%, and 13.68 + 3.16% of ﬁ ﬁ
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Mobile sources
annual NO, could be attributed to biomass burning, coal combustion,

mobile sources, and biogenic soil emissions, respectively. Seasonally, the
four sources were similar in spring and fall. Biogenic soil emissions were
augmented in summer in association with the hot and rainy weather. Coal combustion increased significantly in winter with other
sources showing an obvious decline. This study confirmed that isotope-modeling by §'*N-NO,” is a promising tool for
partitioning NO, sources and provides guidance to policymakers with regard to options for NO, reduction in North China.

Biomass burning

B INTRODUCTION transformation of NH; into NH,*. Emissions of NO, in China
have increased gradually in recent decades. The control of these
emissions has been incorporated into the “Twelfth Five-Year
Plan for National Environment Protection (2011—2015)” of the
Chinese government. Despite this, the annual growth rate of
NO, emissions in China reached 7.3% between 1997 and 2006.”
Therefore, the need to reduce the emission of NO, has increased
in recent years, especially in the heavily polluted region of North

North China received worldwide attention in January 2013 due
to a record-breaking haze pollution event (fine particle
concentration = 995 g m™). Such pollution episodes are one
of the greatest environmental issues in China.' Fine particles
(PM, ), the primary cause of haze pollution, can exert strong
adverse effects on human health and visibility and directly or
indirectly affect weather and climate.”” According to a recent

study, 1.37 million premature mortalities in China can be China.

ascribed to haze pollution.” In response to the serious issue in NO + O, = NO, + O, (R1)
North China, various studies have been conducted to investigate

tbe mechapism of _PMZ.5 formation. Generally, I_’MZ,5 can be NO, + hv = NO + O (R2)
directly emitted (primary) or formed through multiphase gas-to-

particle conversion processes (secondary) in the atmosphere
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0+ 0, — O, (R3)
NO, + -OH — HNO;, (R4)
NO, + O; - NO; + O, (RS)
NO, + NO; — N,Oq (R6)
N,O; + H,0 — 2HNO, (R7)
HNO, + Alkali — NO;~ (R8)

To reduce emissions of NO,, it is crucial to know its sources, so
that we can develop effective policies and abatement strategies.
There are both natural and anthropogenic sources of NO,, and
there is uncertainty over their relative contributions. The current
source apportionment method of NO, is based on air quality
models, such as the Comprehensive Air Quality Model (CAMx)
and Community Multiscale Air Quality (CMAQ).”® For
example, NO, over the Pearl River Delta region was apportioned
by the CAMx model, and it was found that heavy-duty diesel
vehicle and industrial point sources were the two major local
NO, sources. However, these models are usually accompanied by
some level of uncertainty, resulting in source contributions that
can differ in magnitude. A comparative study indicated that the
outcome from the CAMx model was generally 10—20% higher
than that of CMAQ for one specific data set in Japan.’
Alternatively, an analysis of the stable N isotopes within
atmospheric-derived nitrate (§'°N-NO;”) may provide a
powerful tool to apportion NO, sources because NO, is
primarily oxidized to particulate nitrate (p-NO;") in the severely
air-polluted regions (e.g, North China). Furthermore, the N
isotopic signature of different anthropogenic and natural NO,
sources usually varies over a large range (Figure S2). Although
the impact of kinetic and equilibrium isotopic fractionation of
5"N during the conversion of NO, to NO;~ and the isotopic
effect of §"°N-6"%0 associated with NO, oxidation must be
considered,'® previous studies have suggested that §'""N-NO,~
could be linked to NO, sources.''* Relying on the change of
6"N-NO,™ in ice cores, the source variation of NO, from
preindustrial times to the present day can be unambiguously
reflected in samples from Greenland."> However, it should be
noted that isotope techniques only qualitatively reveal the source
information, and methods that provide precise quantitative
estimations need further exploration.

Stable isotope mixing models can be used to make precise
estimations of the contribution of different sources to a
mixture.'* A good example is the Bayesian model, which is
commonly apglied in the ecology field, such as predator—prey
case studies.”” However, unlike its use in food-web analyses,
which have settled model parameters, the application of the
Bayesian model in the atmosphere is more difficult. In this study,
we improved the Bayesian model for apportioning atmospheric
NO, sources and quantitatively apportioned the respective
contribution of major sources for NO,, at a regional background
site in North China. To the best of our knowledge, this is the first
isotopic interpretation of NO, in North China, and this modeling
method could provide a new direction in the source apportion-
ment of NO,. This has substantial implications for the
development of efficient remediation policies to improve the
air quality in the severely polluted region of North China.

B MATERIALS AND METHODS

Sampling Site and Sample Collection. The sampling
campaign was carried out from 20 August, 2014, to 15
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September, 2015, at an environmental monitoring station of
the State Ocean Administration of China on Beihuangcheng
Island (BH) (38°24’ N, 120°55’ E). This island is located at the
demarcation line between the Bohai Sea and Yellow Sea, as
shown in Figure S3. It is approximately 65 km north of Shandong
Peninsula, 185 km east of the Beijing-Tianjin-Hebei (BTH)
region, and 43 km south of Liaodong Peninsula. There is no
industry on the island, and most islanders live by fishing. The
average temperature, relative humidity (RH), and wind speed
(WS) were 13.45 °C, 66.23%, and 4.22 m s™', respectively,
during the sampling period (Vantage Pro2, Davis, USA).
Dominated by the Asian monsoon, air masses arriving at the
island cover most of North China (Figure S4; Text S1), and the
area has the ideal features of a regional background site.

During the sampling period, 120 fine particle (PM, ;) samples
were collected every 3 days on quartz fiber filters by a high-
volume sampler (Tisch Environmental, Cleves, OH, USA) at a
flow rate of 1.13 m® min~". The quartz fiber filters (QM-A,
Whatman, Maidstone; UK: 20.3 X 25.4 cm?) were heated for 6 h
at 450 °C prior to use. The duration for each sample was 24 h,
starting at 6:00 am. (local time). Before and after sampling, the
filters were processed following a 24 h equilibration at 25 °C and
39% RH and then weighed using an MCS electronic micro-
balance (Sartorius, G&ttingen, Germany), with +10 ug
sensitivity. Each filter was weighed three times, with the
difference among the three repeats of weighing being less than
10 pg for a blank filter and 20 ug for a sampled filter.'®

Isotopic and Chemical Analysis. The 6N and 5'30 values
of NO;™ were quantified by an isotopic analysis of nitrous oxide
(N,0)."” Briefly, NO,~ from the filter extract was initially
reduced to nitrite (NO,™) by cadmium powder, and NO, ™ was
further reduced to N,O by sodium azide in an acetic acid buffer.
Here, NO,™ extract was diluted to about 15 gmol L™ in 5§ mL
with 0.5 M NaCl. Then, 0.3 g of cadmium powder was added into
the solution, and the pH was adjusted to about 9 by the addition
of 0.1 mL of imidazole solution. The sample bottles were capped
tightly with rubber septa, and samples were ultrasonically
oscillated for 2 h at 40 °C. The reduction rate of NO;~ to
NO,™ was determined to be 98.33 + 6.65% (n = 120). After
standing for 12 h, 4 mL of solution was transferred to another
sample bottle and sodium azide (1:1 of 20% acetic acid and
sodium azide and purged with helium at 70 mL min ™" for 10 min)
was injected into it for the reaction (30 min), which was
subsequently stopped by 0.4 mL of 10 M NaOH. Finally, the
5"N and "0 of N, O were analyzed using an isotope ratio mass
spectrometer (MAT253; Thermo Fisher Scientific, Waltham,
MA, USA). In this study, the §'*N and §'®0 values were reported
in parts per thousand relative to standards (international
reference materials: TAEA-NO;~, USGS32, USGS34, and
USGS35):'*

SN = [(®N/MN),, ./ (BN/N) — 1] X 1000

(1)
1] X 1000

)
The analytical precision determined from the replicates was less
than 0.3%o for "N and 0.6%o for §'°0 for both standards and
samples. In addition, NO,~ concentrations in BH samples were
lower than the detection limit and less than 2% of the NO;;
thus, they were neglected in the nitrogen and oxygen isotope

analyses.~ Elemental carbon (EC) and major ionic species
(S0,77, NH,, K', Ca**, CI7, Na*, Mg*, and NO;~) were

sample standard

5180 = [(lso/léo)sample/(lgo/léo)standard -
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measured following chemical methods (Text S2), which were
described in detail previously.*’

Bayesian Mixing Model. The Bayesian mixing model can
use stable isotopes to determine the probability distribution of
source contributions to a mixture, while explicitly accounting for
the uncertainty associated with multiple sources, fractionation,
and isotopic signatures.”> The model has been widely used in
ecological studies, such as food-web analyses.”’ In the Bayesian
theorem, the contribution of each source is calculated on the
basis of mixed data and prior information such that

P(fqldata) = H(data%) X p(fq)/z H(data%) X p(fq)
3)

where 0(datalf,) and p(f,) are the likelihood of the given mixed
data and the prior probability of the given state of nature being
true based on prior information, respectively. The denominator
is a numerical approximation of the marginal probability of the
data. In a Bayesian model (stable isotope mixing models using
sampling-importance-resampling; MixSIR), isotope signatures
from the mixed data are assumed to be normally distributed.
Uncertainty in the distribution of isotope sources and their
associated fractionation distribution are factored into the model
by defining respective mean (u) and standard deviation (o)
parameters. Prior beliefs about proportional source contributions
(f,) are defined using the Dirichlet distribution, with an interval
of [0, 1]. To assess the likelihood of the given f,, the proposed
proportional contribution is combined with a user-specified
isotope distribution of sources and their associated fractionations
to develop a proposed isotope distribution for the mixture. The
posterior probability of proportional source contributions (f,) is
calculated by the Hilborn sampling-importance-resampling
method. For the detailed model frame and computing method,
readers should refer to Moore and Semmens.*”

Generally, 5'°N-NO;~ in the atmosphere is a complex
function of the §"°N of the emitted NO,, the equilibrium/
Leighton reaction fractionation factors, and the fractionation
factor associated with the kinetic reaction (NO, — HNO,).”* On
the basis of an innovative study,10 a computation module
evaluating the fractionation of the equilibrium/Leighton reaction
was incorporated into MixSIR (Figure 1). The fractionation
distribution was considered to be a hybrid of two dominant
isotopic exchange reaction processes:
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F——

Temperature

Max/Min

3150-NOy

S'"N-Source S3VN-NO,

‘ \
pu ! . .
SN-NO;y~ i Contribution

i
'
i
|

Y

i

Bayesian-SIR

sequence. D—@D—D——D

Figure 1. Principle and process of the improved Bayesian model in this
study, the “E” represents equation in the following section, “eN” refers
to N fractionation, and “SIR” is “sampling-importance-resampling”.

eN =y X e(8°N-NO; )oy + (1 — 7)
X £(8°N-NO; )y o = 7 X (6" "N-HNO;)oy
+ (1 —7) x &(6"°N-HNO,)y o 4)

where 7 is the contribution ratio of the isotopic fractionation
through the reaction of NO, and photochemically produced -
OH, as shown by £(6"*N-NO; ™)y The remainder is produced
by the hydrolysis of N,Og on a wetted surface forming HNO;,
named 6(515N—NO3_)H20. Assuming no kinetic isotope fractio-
nation is associated with the reaction between NO, and -OH, the
€(6"°N-HNO;) can be calculated using a mass-balance:

£(8"N-HNO,)oy; = £(6"°N-NO,) oy
(ISaNO,_/NO - l)(l _fNOZ)

= 1000 X -
(1 _fNOZ) + ( aNOZ/NO XfNOZ) (5)

where ayo, /o is the equilibrium isotope fractionation factor

between NO, and NO, which is a temperature-dependent
function (see eq 10 and Table 1), and fo, is the fraction of NO,

in the total NO,. The reported range of fNO, is from 0.2 to
0.95.% Similarly, assuming a negligible kinetic isotope fraction
with the equation (N,O; + H,O + surface -»2HNO;), the
8(515N—HNO3)HZO can be determined from the following

equation:
£(8"°N-HNO,)y; o = £(8"°N-N,Og)yy
15
= 1000 X ( ay,0,/NO, ~ 1) (6)

where a0 /o, refers to the equilibrium isotope fractionation

factor between N,O; and NO,, which is a temperature-
dependent function (see eq 10 and Table 1).

The range of y can be determined by the oxygen isotopic
fractionation of NO;™. The O fractionation can be expressed as

[6'°0-NO;7] = 7 x [6°0-NO, Joy + (1 — 7) X [6°0-NO, 0
=y X [6°0-HNO; ]y + (1 — 7) X [6*°0-HNO, ]y o
(7)

where [6'°0-NO; Joy and [6"*0O-NO; o are the oxygen
isotopic fractionation through the reaction of NO, and -OH,

respectively, and the hydrolysis of N,O; on a wetted surface
forms HNO;. The [6'%0-NO; ]y can be further expressed as

2 1
[6"°0-HNO,]oy = g[(élsO'Noz)]oH + §[5180'OH]OH

18
2 1000 X (“aryo,/no — D(1 _fNOZ)
-3 18

3| (1 _fNOz) + (Cano, /o XfNOZ)

1
+ [6"*N-NO,] | + g[((s“*o-Hzo)

+ 1000 X (2,0 — 1))
(®)

and [5180—NO3_]H20 can be determined as follows:
[6'°0-HNO, ]y o = %(5180-1\1205) + %(5180-}{20)

©)
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Table 1. Test Constants of A, B, C, and D over the Settled Temperature Range of 150—450 K

o)y A B
5NO,/NO 3.8834 —7.7299
5N,04/NO, 0.69398 —1.9859
¥NO/NO, —0.04129 1.1605
¥H,0/0H 2.1137 —3.8026

C D equation
6.0101 —0.17928 N
2.3876 0.16308 6

—1.8829 0.74723 8
2.5653 0.59410 8

where "o no and Paop o are the equilibrium isotope

fractionation factors between NO, and NO and -OH and H,O,
respectively, which are temperature-dependent functions as
mentioned above. 5'%0-X is the oxygen isotopic composition of
X. The range of 5'®0-H,0 can be approximated using an
estimated tropospheric water vapor 5'°O range of —25%o to 0%o,
and the 5'°0 of NO, and N,O; ranges from 90%o to 122%..">**

In the ISOCNOZ /No and ISOtNZO5 /No, and 180!NO2 no and Pagy /H,0
in these equations, the "oy is a function of temperature and can
be expressed as

A B
1000(" ey y — 1) = X 10" + = X 10°

+%><106+2><104

T T (10)
where A, B, C, and D are experimental constants (Table 1) over
the temperature range of 150—450 K. For detailed information
on the fractionation (eqs 4—10 and Table 1), readers can refer to
Walters et al.'>***

On the basis of eqs 7—10 and the measured §'*0-NO;~ of
PM, 5 on BH Island, a Monte Carlo simulation was performed to
generate 10 000 feasible solutions, which determined that the
error between predicted and measured §'%0 was less than 0.5%o.
Consequently, the range and median of the contribution ratio ()
are shown in Figure S5. The maximum and minimum y were then
input into eq 4 and linked with eqs S and 6 to generate the range
of nitrogen isotopic fractionation. The maximum and minimum
of the nitrogen isotopic fractionation were averaged as mean
values, and half of their difference divided by 1.96 was used as the
standard deviation.

In principle, the §"°N-NO, values in the atmosphere are
unknown. However, it is expected that the values of §'*°N-NO, in
the atmosphere should range between the original values emitted
from sources and the values reached under equilibrium
fractionation conditions. In this study, coal combustion
(13.72%0 + 4.57%0), mobile sources (—3.71%0 + 10.40%o),
biomass burning (1.04%o = 4.13%o), and biogenic soil emissions
(—33.77%0 + 12.16%0) were considered to be the dominant
contributors of NO, (Text $3). To determine the §"*N-NO, in
the atmosphere, an iterative model was performed with a
simulation step of 0.01 times the equilibrium fractionation value
based on the §"*N-NO, values of the emission sources (mean
and standard deviation) and the measured §'°N-NO;~ in PM, ¢
on BH Island. We found that the model results with 0.52 times
the equilibrium fractionation value had the highest probability
distribution of all source contributions and were considered to be
the final solution in this study.

B RESULTS AND DISCUSSION

Concentration Regime and Factors Affecting the
Conversion of NO,. Figure S6 shows the PM,  and p-NO;~
concentrations and the corresponding meteorological parame-
ters between August 2014 and September 2015 on BH Island. It
can be seen that the PM, ; concentrations were distributed over a
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wide range from 5.39 to 267.11 ug m™3, with a mean of 63.10 +
39.01 ug m™3, which was slightly higher than that at Tuoji Island
(5322 ug m™),”® a national atmospheric background monitor-
ing station (Figure S3). A similar phenomenon was observed for
NO;~ (range = 0.64 to 35.21 ug m™, mean = 645 + 4.92 uHg
m ). The corresponding ambient temperature, RH, and WS had
an insignificant correlation with the one-year data set of NO;~
concentrations, suggesting a weak impact of these meteorological
parameters on the variation of the NO;~ concentration (Text
S4). However, the NO;~ concentrations were positively
correlated with ambient temperature and RH for two adjacent
samples, with r of 0.67 (p < 0.01) and 047 (p < 0.02),
respectively. This indicated that the high frequency in the
variation of ambient temperature and RH may promote the
generation of NO;™, and the impact of ambient temperature was
stronger than that of the other meteorological parameters.

A distinct seasonal variation of PM, ; concentration was found,
with the highest value (72.45 + 45.70 ug m™) in winter and
lowest value (45.84 + 28.87 ug m™>) in summer. The NO;~
concentrations were 6.34 + 3.41, 5.78 + 4.05, 6.92 + 6.77, and
6.09 + 443 ug m™> in fall, winter, spring, and summer,
respectively, indicating an insignificant difference among the
seasons. This tendency for a difference in PM, 5 and NO;™ could
be attributed to their formation processes. In winter, the
relatively stable atmosphere results in the accumulation of
particles.”” In contrast, the ambient temperature and RH
influence the NO;~ concentration, with the oxidation rate of
NO, to NO;™ usually being lower during cool periods although
there is higher concentration of NO, at that time (Figure $8).”*
In summer, NO, is present at low concentration, while the higher
oxidation rate (dominat oxidant: -OH) of NO, to NO;™ results
in an increase in the NO,;~ concentration (Text S5). The
difference in formation processes was verified by the seasonal
ratio of NO;™/PM, ¢ (reference of NO, oxidation rate) in this
study. The annual average value of the NO;™/PM, 5 ratio was
0.11 + 0.07, and the highest (0.15 + 0.07) and lowest (0.08 +
0.02) values were found in summer and winter, respectively.

Sources and Conversion of NO, Based on N and O
Isotopic Features. During the sampling period, the §'*N-NO,~
value varied between —1.7%o and +24.0%o (Figure S9), with an
annual mean value of 8.2 + 6.2%¢. The one-year 5'°N-NO;~
value was strongly correlated with the ambient temperature (r =
—0.80, p < 0.01), although it had an insignificant relationship
with the NO;~ concentration and other meteorological
parameters. The negative correlation was in agreement with
the high §'°N-NO;~ value observed in the cool season,
characterized by a low ambient temperature. In the warm
season, the opposite relationship was apparent. A similar result
was reported in a previous study of the NO;™ in precipitation in
Guangzhou, China.**

In the atmosphere, the oxygen atoms of NO, are rapidly
exchanged with O5 in the NO/NO, cycle (see eqs R1—R3), and
the 6"*0-NO;~ value is determined by its generation pathways
(R4—R7), rather than the original NO, sources.'" Thus, §'%0-
NO;™ can be used to determine the conversion of NO, to NO;™~

DOI: 10.1021/acs.est.6b06316
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Figure 2. Abrupt variations of 5'°N and 5'°0 values by the M-K test on BH Island. Two red dotted lines show the range of significant level at 95%.

in the atmosphere.** In this study, the 5'*0-NO,~ value was well
within the broad range of values in previous reports,'>***’
ranging from 49.4%o to 103.9%o (Figure S9). In the Bayesian
mixing model, it was assumed that two-thirds of the oxygen
atoms in NO;~ were derived from O; and one-third from -OH in
the -OH generation pathway (R4); correspondingly, five-sixths
of the oxygen atoms were derived from Oj and one-sixth from -
OH in the O; pathway (RS—R7). The ranges of §'*0-O, and
5"%0-H,0 values were 90%o to 122%o0 and —25%o to 0%,
respectively. The respective contributions of the two generation
pathways were assessed by a Monte Carlo simulation, and the
range and median of the contribution for the -OH generation
pathway are shown in Figure S5, as mentioned above. The range
was wide due to the broad range of 6'%0-O; and §'*0-H,0
values used; however, the median had a clear seasonal trend.
Specifically, the proportional contributions were 0.35 + 0.16,
0.24 + 0.16, 0.47 + 0.17, and 0.68 =+ 0.10 in fall, winter, spring,
and summer, respectively. This implied the dominance of the -
OH generation pathway in summer and the O; generation
pathway during winter. This finding was consistent with the
average value of §'*0-NO,” being 88.1 + 10.2%o in winter,
which was significantly higher than in summer (65.0 + 5.8%o).
The seasonal variation of 5'30 indicated that the main oxidation
agent for NO, on BH Island could change from Oj; in cold times
of the year to -OH in warm ones.”

For further identification of the temporal trends and significant
changes of §"N-NO;~ and 5'®0-NO;~ values, a sequential
Mann-Kendall test (M-K, Text S6) was performed. Figure 2
shows the sequential M-K result for 5'*N-NO;~ and 5'*0-NO;~
values, in which both the statistics for the forward series, UF, and
backward series, UB, are plotted against time. The point of
intersection for UF and UB represents the starting point of the
abrupt change in the time series data. The abrupt change for 5N
and §'%0 began at the end of April and early May, respectively,
with both having similar temporal trends. For 6'*0-NO,~, 34.2%
+17.7% and 65.2% + 10.9% of NO;™ was generated by the -OH
pathway before and after the point of abrupt change. The time of
this change was also exactly in agreement with the change from
cold to warm weather on BH Island (Figure S10). However, the
decline in the temporal trend of §'°N-NO;~ was very
complicated and contained a signal of source variation.
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Generally, NO;™ in the atmosphere is derived from the
oxidization of NO,, for which §"*N-NO, values from different
anthropogenic combustion and biogenic generation processes
are reported to differ.’"** For example, NO, from coal
combustion usually has a higher §'°N value,”® while the 6N
value from mobile sources or biogenic soil emissions is often
negative.”** Although there is isotopic fractionation of 6N
during the conversion of NO, to NO;~,”* many studies have
suggested that the sources of NO, can be traced using the §'*N-
NO;~ values.'"*® Thus, the observed declining trend of 5'*N-
NOj;™ values can be interpreted as a consequence of a change in
the NO,, source. This change could be partly attributed to the
reduction of emissions from coal combustion due to the less
frequent use of central heating in North China as the ambient
temperature increased”® and was partly ascribed to the increase
of biogenic soil emissions under the same conditions.

Tentative Exploration of NO, Sources Based on a
Chemical Analysis. Various “trace species” in aerosols can
supply crucial source information. In this study, we turned to the
relationships between NO;™ and these species as an independent
means of identifying the sources of NO,. The correlation
coefficients between daily NO; ™ and trace species (50,7, NH,",
K%, EC, Ca*, CI7, Na*, and Mg*") in different seasons were
obtained, as displayed in Figure 3. Some typical combustion
signals (EC, K*, and SO,*”) were strongly correlated with NO,~
throughout the whole year, suggesting that NO;~ was mainly
derived from combustion sources.”” EC is a primary pollutant,
which originates exclusively from the incomplete combustion of
carbon-containing material, such as fossil fuels and biomass.*®
The use of K' as a tracer of biomass burning has been
established,” while SO,>~ results from the transformation of
SO,, which is mostly produced from industrial or domestic coal
combustion in China.** There was a relatively strong correlation
between SO,’~ and NO,™ in winter and spring when large
amounts of coal were consumed for heating, further implying
that NO;™ in the two seasons originated from coal combustion.
In addition to the combustion signals, “fuel NH,"” (Text S7)
displayed a significant relationship with NO;~, also indicating
that it had a combustion source (e.g,, vehicle exhaust and power
plants).
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Figure 3. Correlation coefficients between NO;™ and trace species in
PM, 5 samples on BH.

BH Island is located at the demarcation line between the Bohai
Sea and Yellow Sea in the Asian monsoon region, which implies
that oceanic or dust sources of NO;™ may interfere with the
identification of NO;™ there.”' However, both Na* and Mg*", as
typical ocean signals, were weakly correlated with NO;™. As
shown in Figure S11, after removing the ocean contribution
(Text S8), the correlations of SO,>~, K*, and Cl~ with NO,™ all
improved slightly, indicating a slight influence of the ocean on
NO;™. There were also weak correlations of Ca** and CI~ with
NO;™ in the warmer period. The relatively strong correlation of
CI” with NO;™ in the cold period could be attributed to the large
emission of Cl~ from coal combustion,* which confirmed the
fossil fuel origin of NO;™. In spring, when dust events typically
occur,*® Ca?*, which is a tracer for dust, had a moderately strong
relationship with NO;™. Despite this, dust may not be a source of
NO,;™ (Text S9). Ship emissions, such as those that affect Tuoji
Island,"* may be a potential source of NO;™. Various studies
across the world have highlighted the contribution of ship
emissions to atmospheric NO5 ™, especially in coastal regions.***
In addition, there is much agricultural land along the coast of the
Bohai Sea where the study site was located; thus, biogenic soil
emissions due to microbial production may be an important
source of NO; ™. Biogenic emissions of NO; ™ have been shown to
be strongly regulated by soil moisture and temperature.*® This
suggests that hot and rainy weather would lead to more intense
biogenic soil emissions in summer, which was verified by the
lower correlation coefficient between daily NO;™ and the typical
combustion signals in summer (Figure 3). Combined with the
emission inventory of NO, in North China, combustion sources
mainly including mobile sources (vehicle exhaust and ship
emissions), coal combustion, biomass burning, and biogenic soil
emissions were confirmed as the primary sources of NO, on BH
Island, providing source infromation for the Bayesian model.

Source Apportionment of NO, Using a Bayesian
Model. In our study, the improved Bayesian model was run
for three cases (all year, seasonal, and a moving simulation) to
quantify the variable contributions of sources throughout the
year. Results based on the year data indicated that 27.78% =+
8.89%, 36.53% + 6.66%, 22.01% =+ 6.92%, and 13.68% =+ 3.16%
of NO, could be attributed to biomass burning, coal combustion,
mobile sources, and biogenic soil emissions, respectively.
Therefore, coal combustion was the primary source of NO, on
BH Island, followed by biomass burning and mobile sources,
with the latter two sources differing only slightly in magnitude.
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This finding differs from previous NO, emission inventories
revealing the absolutely dominant role of coal combustion from
power plants.”” Although previous studies have shown that
power plants are the most important source of NO, in China,"**’
the widespread use of pollution control devices on them has
greatly decreased the emission of NO, under the “Twelfth Five-
Year Plan for National Environment Protection” in China.
According to the “China Environmental Status Bulletin in 20157,
95% of all power plants in China had been fitted with NO,,
removal systems by 2015. In Beijing, 25 coal-fired power stations
have installed NO, removal systems, of which 16 and 9 are
controlled by a selective catalytic reduction (SCR) system and a
combination of SCR with a selective noncatalytic reduction
(SNCR) system, respectively.'* It was projected that NO,
emissions in 2015 would have decreased by 23.4% from the
baseline projection, with most of the decrease attributed to the
reduction of emissions from power plants.”” In contrast, the
explosive growth in car ownership in recent years has resulted in
vehicle exhaust becoming an important source of NO, pollution.
On the basis of car industry surveys,51 the growth rate of car
ownership in China reached a high of 14% per year from 2009.
The large contribution of vehicle exhaust emissions to NO,
pollution was also in accordance with our previous conclusion
regarding the source of NO;~, obtained using the Positive Matrix
Factorization (PMF) model.”’ In addition, ambient air quality,
especially for coastal regions, is seriously affected by ship
emissions. It was estimated that 8.4% of SO, and 11.3% of the
total NO, emissions in China originated from ships in 2013.>* It
has been reported that 0.18 million water transport vessels and
1.07 million fishing boats were active in Chinese waters in 2013,
of which one-third were in the Bohai Sea.** Thus, the increasing
number of mobile sources observed on BH Island can also be
attributed to ship emissions. The prevalence of large-scale
biomass burning and household emissions,” without any
pollution control devices, has greatly increased NO, emissions.
One recent study reported that the NO,, emissions from biomass
burning increased more than 6-fold from 1990 to 2013 in
China.”*

Figure 4 shows the seasonal contributions (including the range
from the first to third quartiles, and the median value) of the four
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Figure 4. Contributions of coal combustion, mobile source, biomass
burning, and biogenic soil emissions for NO, in different seasons on BH
Island.

sources. In general, the range and median of the four sources
were similar in spring and fall. In winter, coal combustion
increased significantly (interquartile range of 51.6% to 65.5%,
with a median of 59.1%), whereas the importance of the other
three sources clearly declined (interquartile range of 13.6% to
35.5%, with a median of 23.6% for biomass burning; 5.4% to
17.9% with a median of 10.6% for mobile sources; 1.8% to 6.1%
with a median of 3.6% for biogenic source emission). The large
contribution of coal combustion in winter was in agreement with
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Figure S. Moving simulations of the respective contributions of coal combustion, mobile source, biomass burning, and biogenic soil emissions during the

sampling period.

the aforementioned correlation analysis between NO;~ and
SO,*". Biogenic soil emissions declined in winter, but peaked in
summer, which was consistent with the corresponding dry and
cold and hot and rainy weather, respectively.

To explore further the temporal variation in the contributions
of the four sources, the improved Bayesian model was used to
produce a moving simulation. This simulation used 30 successive
6"N-NO,™ and §"*0-NO;" data sets to act as a model run and
moved five intervals to execute the next model. Figure 5 displays
the time series of the moving contribution of the four sources.
Overall, the variation was similar to but more obvious than that of
the seasonal simulation. The contribution of coal combustion
increased rapidly from 18 September to 20 December, 2014, and
correspondingly, the contribution of other sources declined
quickly. Then, it peaked in the period from 5 December, 2014, to
S March, 2015, when large amounts of residential coal were
consumed for heating in north China. The ambient temperature,
which determines the need for heating, was probably the
dominant factor controlling the change of source emissions
(Text S10). Therefore, coal combustion for heating was the
major contributor to the atmosphere at that time. The
observations made in this study were consistent with the
conclusion that anthropogenic NO,, in cool months is mainly
derived from coal combustion for heating, as reported in a
previous study.”> According to the emission calculation, the
pollution load from 300 million residential coal users with no
pollution control equipment would equal that from 20 billion
tons of coal used in power utilities.”” In China, the residential
coal use was estimated to be 6—7 billion tons per year. Thus,
domestic coal emissions have gradually attracted more attention
in recent years.”> On 22 October, 2016, the Ministry of
Environmental Protection of the People’s Republic of China
promulgated the “Technical guide for comprehensive manage-
ment of civil coal combustion pollution” to control the emissions
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of domestic coal specifically, which emphasized its significance in
air pollution prevention and control planning.

Our study developed a novel NO, source apportionment
method by combining real isotopic data and an improved
Bayesian model. The results indicated that coal combustion,
mobile sources, and biomass burning were the major
contributors of NO, in North China and should be targeted in
plans to reduce NO, emissions in this area. It is important to note
that there was large uncertainty in the evaluation of biomass
burning and mobile source contributions, which was partly
ascribed to the lack of 5'°N values from the different sources in
China. Figure S13 displays the probability density distribution of
the source emissions used in this study. The distribution of
biomass burning and mobile sources had the largest area of
overlap, indicating potential misclassification of the two sources.
This suggests that there should be more focus on the adequate
quantification of nitrogen isotopes for major NO, sources by
undertaking actual measurements. This is crucial for the
quantitative source apportionment of NO, in the atmosphere,
especially in China. In addition, the isotopic fractionation from
the conversion of NO, to NO; ™~ was simplified in this study, and
it was not possible to incorporate all of the possible equilibrium
and kinetic fractionation scenarios. However, this study
developed a novel method to apportion NO,, sources that will
be useful in further studies.
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