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A B S T R A C T

In China, nitrate (NO3
−) becomes the main contributor to fine particles (PM2.5) because the emissions of its

precursor, nitrogen oxides (NOx), were not recognized and controlled well in recent years. In this work, sources,
conversion, and geographical origin of NOx were interpreted combining the isotopic information (δ15N and
δ18O) of NO3

− and dual modelling at five Chinese megacities (Beijing, Shanghai, Guangzhou, Wuhan and
Chengdu) during 2013–2014. Results showed that the δ15N-NO3

− values (n = 512) ranged from −12.3‰ to
+22.9‰, and the average δ18O-NO3

− value was +83.4‰ ± 17.2‰. The isotopic compositions both had a
rising tendency as ambient temperature dropped, attributing largely to the source changes. Bayesian model
indicated the percentage for the %OH pathway of NOx conversion had a clear seasonal variation with a higher
value during summer (58.0% ± 9.82%) and a lower value during winter (11.1% ± 3.99%); it was also
significantly correlated with latitude (p < 0.01). Coal combustion was the most important source of NOx

(31.1%−41.0%), which was geographically derived from North China and other south-central developed re-
gions implied by Potential Source Contribution Function (PSCF). Apart from Chengdu, mobile sources was the
second largest contributor to NOx. This source was extensive but uniformly distributed all around the typical
urban agglomerations of China. Biomass burning and microbial processes shared similar source areas, mostly
originating from the North China Plain and Sichuan Basin. Based on the NOx features, we infer that residential
coal combustion was the primary source of heavy PM2.5 pollution in Chinese megacities. Controlling the source
categories of these regional priorities would help mitigate atmospheric pollution in these areas.

1. Introduction

During the last few decades, rapid industrialization and urbanization
have led to increasing occurrence of severe and persistent haze pollution in
China characterized by high fine particulate matter (PM2.5) content
(Zhang and Cao, 2015). This national-scale environmental problem greatly
reduces visibility and results in detrimental effects on human health. It has
been observed that the number of patients with respiratory and

cardiovascular diseases significantly increased during haze episodes, par-
ticularly in the most developed and highly populated city clusters (Sun
et al., 2014). For addressing this extremely severe issue, the government of
China has launched unprecedented campaigns to improve air quality (He
et al., 2018; Xu et al., 2019). Under the umbrella of these plans, pollutant
concentration levels in China are now continually decreasing (SI Fig. S1;
Supporting Information, SI). The nationwide concentrations of PM2.5,
sulfur dioxide (SO2), and nitrogen oxide (NOx) decreased 32.8%, 43.6%,
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and 28.6% from 2014 to 2017, respectively. However, the decrease in NOx

in typical megacities is far less than the national average, and there has
even been an increase in some instance (Si et al., 2019). For example, NO2

concentration trends in Beijing, Shanghai, Guangzhou, Wuhan, and
Chengdu during the recent four years were − 10.2%,−0.411%, +10.6%,
−9.37% and − 3.07%, respectively, which were much higher the na-
tional average (−28.6%); the molar ratios of atmospheric NO2 to
(NO2 + SO2) increased from 0.775, 0.757, 0.793, 0.680 and 0.799 to
0.888, 0.832, 0.862, 0.873 and 0.861, respectively, in these cities; satellite
observation showed an oscillation of NO2 column concentrations in those
areas; evaluation reports on PM2.5 control effect in the Beijing-Tianjin-
Hebei (BTH) city cluster since the managing campaigns revealed an in-
creasing proportion of nitrate (NO3

−, the resultant of NOx) in PM2.5 (Li
et al., 2018b; Wen et al., 2018). These evidences indicate that NOx sources
are not recognized and controlled well in the Chinese urban agglomera-
tions. In addition, NOx is not only the precursor of NO3

−, but it also has a
crucial function in the conversion of other precursors (SI Fig. S2; Text S1)
and the formation of new particles (Kharol et al., 2013). Thus, appor-
tioning and quantifying NOx sources are critical for the further control and
improvement of air quality in Chinese megacities.

NOx emitted from different sources has different nitrogen isotopic
signals (δ15N). After considering the nitrogen isotopic fractionation in
the transformation processes of NOx to NO3

−, stable N isotopes within
atmospheric-derived nitrate (δ15N-NO3

−) can provide an effective
method to qualitatively apportion NOx sources (Hastings et al., 2009).
However, qualitative cognition is insufficient to address NOx emissions;
more reliable constraints are prerequisite (Chang et al., 2018). Bayesian
models have the ability to evaluate the each contribution of different
sources in a mixture, overcoming the overlaps of δ15N ranges from
different NOx sources to some extent (Moore and Semmens, 2008).
Based on this knowledge, we incorporated nitrogen fractionation of the
equilibrium/Leighton reaction during conversion from NOx to NO3

−

into a Bayesian model (the stable isotopic mixing model using sam-
pling-importance-resampling [MixSIR]), and adopted the improved
model to apportion annual NOx sources in North China (Zong et al.,
2017). In addition to apportioning NOx sources, this model is also
capable of assessing conversion pathways for NOx (SI Text S2; SR4: the %
OH pathway, SR5-SR7: the O3 pathway), which, of course, provides
effective information for NOx governance (Madaniyazi et al., 2016).

Previous research studies focusing on the Chinese air quality have
involved most particulate constituents, such as organic carbon (OC),
black carbon (BC), ammonium (NH4

+), sulfate (SO4
2-), and their pre-

cursors (e.g., volatile organic compounds [VOCs], ammonia [NH3], SO2)
(Ding et al., 2016; Liu et al., 2014; Pan et al., 2016; Sun et al., 2014; Wu
and Xie, 2018; Zhang et al., 2014), while NO3

− or NOx sources remain
poorly constrained. Moreover, the current NOx researches using δ15N
analysis are mainly aimed at a single city or limited region, which may
lack linkage and comparative information between cities under the same
analytical system. Therefore, multi-city simultaneous study, providing
more scientific theory for NOx governance, will be an inevitable trend to
further apportion urban NOx in China. According to the present situation
and problems of NOx, multi-city PM2.5 sampling including Beijing,
Shanghai, Wuhan, Chengdu, and Guangzhou was conducted from 2013
to 2014 in this research. These cities comprise BTH, Yangtze River Delta
(YRD), middle reaches of the Yangtze River (MYR), Sichuan-Chongqing
(SC), and Pearl River Delta (PRD) city clusters, respectively. Satellite
remote sensing indicates these selected areas are the most polluted areas
in terms of NOx in China (SI Fig. S3).

The objectives of this study are to (1) detect the multi-city δ15N and
stable oxygen isotope (δ18O) characteristics of NO3

− in PM2.5, (2)
quantitatively estimate NOx sources and its conversion pathways using
the improved Bayesian model, (3) explore the geographical origin of
NOx utilizing the Potential Source Contribution Function (PSCF), and
(4) reveal the source factor leading to the heave PM2.5 pollution in
Chinese megacities. In terms of innovation, this study interprets the
isotopic information of NOx from a multi-city scale in China, and

reveals the significant correlation between %OH pathway of NOx con-
version and latitude from the aspect of δ18O.

2. Materials and methods

2.1. Sampling and weighing

The sampling was conducted from October 2013 to August 2014 at
five Chinese megacities (Beijing: 116.34 °E, 39.93 °N; Shanghai: 121.50
°E, 31.29 °N; Wuhan: 104.36 °E, 30.52 °N; Chengdu: 104.38 °E, 30.64
°N; Guangzhou: 113.36 °E, 23.15 °N). Detailed reasons to select these
cities can be referred in SI Text S3. One month was selected every
season for sampling every day; the duration for each sample was 24 h,
and finally 512 PM2.5 samples were obtained. Details regarding the
sampling are summarized in SI Table S1 (Liu et al., 2017a). Noted,
significant test of the NOx concentrations in our sampling period and its
season shows that all p-values in each of the five cities are greater than
0.05 (SI Table S2). This indicates that there is no significant difference
in NOx concentrations between our sampling period and its season, and
the pollution characteristic of our sampling period can represent the
corresponding season (Hollaway et al., 2019; Zhao et al., 2013). Fine
particles were collected on quartz fiber filters (preheated for 5 h at
450 °C) by high-volume samplers (Andersen Instruments/GMW) oper-
ated at 0.3 m3 min−1 (calibrated every three days). Then the filters
were stored at − 20 °C in a refrigerator until analysis. Before and after
each sampling, the filters would pass through an equilibration of 25 °C
and 39% relative humidity (RH) for 24 h, which was followed by the
weigh based on an MC5 electronic microbalance (± 10-μg) for calcu-
lating the PM2.5 concentration. Each weighing was repeated three times
with the difference: ≤ 10 μg for the blank filters; ≤ 20 μg for the
sampled filters (Liu et al., 2016).

2.2. Isotopic and chemical analysis

The nitrous oxide (N2O) isotopic analysis method was used to
quantify δ15N-NO3

− and δ18O-NO3
− at the five cities (n = 512)

(McIlvin and Altabet, 2005). Briefly, NO3
− solution was diluted to

15 μmol L−1, and the total volume and NaCl concentration should be
limited to 5 mL and 0.5 mol L−1, respectively. Then Cd in powder form
(0.3 g) was added with the injection of imidazole solution (1 mol L−1,
0.1 mL) to adjust the pH to 9. After tightly capped, the processed
samples were ultrasonically oscillated (40 °C for 2 h). In the process,
NO3

− was reduced to nitrite (NO2
−) with a conversion rate of

98.0%±7.89%. The reaction solution was allowed to stand for 12 h
and then 4 mL was taken to a new bottle, where sodium azide (20%
acetic acid and sodium azide mixed in a 1:1 vol ratio, and purified with
helium for 60 min) was injected at the same time. After 30 min, 0.4 mL
of 10 mol L−1 NaOH was added to terminate the reaction. The N2O
produced by the reaction was used to detect δ15N and δ18O on an iso-
tope ratio mass spectrometer (MAT253) and the values were expressed
in parts per thousand, taking international reference materials (IAEA-
NO3

−, USGS32, USGS34, and USGS35) as the standards:

= ×N N N N N[( ) ( ) 1] 1000sample standard
15 15 14 15 14 (1)

= ×O O O O O[( ) ( ) 1] 1000sample standard
18 18 16 18 16 (2)

The analytical precision was less than 0.36‰ for δ15N and 0.52‰
for δ18O, respectively, determined from the replicates. Since the con-
centrations of NO2

− were below the detection limit and less than 0.31%
of NO3

−, this part was not considered in the isotopic analysis (Wankel
et al., 2006). Routine chemical methods (SI Text S4) was used to
measure the concentrations of OC, EC and major ions including K+,
Ca2+, Na+, Mg2+, Cl−, NO3

− and SO4
2− (Zong et al., 2016).
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2.3. Bayesian model

With isotopic features, Bayesian model could identify the probability
distribution of the contribution of each source to a mixture, and clearly
explain for the uncertainty, which is related with multiple sources,
fractionation, and isotopic signatures (Parnell et al., 2013). Therefore,
the model has been diffusely employed in ecological study (e.g., food-
web research) (Moore and Semmens, 2008). Nonetheless, challenges
remain in applying the model to atmospheric research because of the
difficulty of quantifying isotopic fractionation during atmospheric pro-
cesses. In our previous research, the Bayesian model (MixSIR) was im-
proved by incorporating the isotopic fractionation of the equilibrium/
Leighton reaction (Zong et al., 2017). Briefly, the difference between
δ15N-NO3

− in the atmosphere and δ15N-NOx emitted from sources can be
considered as a hybrid contribution through two dominant isotopic ex-
change reaction processes as follows (Walters and Michalski, 2016):

= × + ×
= × + ×

N N NO N NO
N HNO N HNO

( ) (1 ) ( )
( ) (1 ) ( )

OH H O

OH H O

15
3

15
3

15
3

15
3

2

2 (3)

where Δ(δ15N-NO3
-)OH is the isotopic difference caused by the reaction

between NO2 and photochemically produced %OH, and γ is its con-
tribution ratio. Similarly, Δ(δ15N-NO3

-)H2O is the isotopic difference re-
sulting from the hydrolysis of N2O5 forming on a wetted surface. It is
assumed that no kinetic isotopic fractionation occurs in the reaction of
NO2 and %OH, the Δ(δ15N-HNO3)OH and Δ(δ15N-HNO3)H2O can be cal-
culated using mass-balance, respectively, as follows:

=

= ×
+ ×

( N - HNO ) ( N - NO )

1000

15
3 OH

15
2 OH

( 1)(1 f )
(1 f ) ( f )

15 NO2/NO NO2
NO2

15 NO2/NO NO2 (4)

=
= ×

( N - HNO ) ( N - N O )
1000 ( 1)

15
3 H O

15
2 5 H O

15
N O /NO

2 2

2 5 2 (5)

where 15αNO2/NO refers to the equilibrium isotopic fractionation factor
between NO2 and NO, and 15ɑN2O5/NO2 is corresponding value between
N2O5 and NO2; they are all temperature-dependent functions (SI Table
S3). fNO2 is the proportion of NO2 in the total NOx, typically ranging from
0.2 to 0.95. In addition, γ could be calculated by the fractionation in-
formation of δ18O-NO3

− using the analogical principle and process. For
the particular model framework and computing method, readers can
refer to our previous research (Zong et al., 2017). In this work, coal
combustion (+13.7‰±4.57‰), mobile sources (−7.24‰±
7.77‰), biomass burning (+1.04‰±4.13‰), and microbial processes
(−35.4‰±10.7‰) were confirmed as the major contributors to NOx at
the five megacities (SI Text S5; Table S4). Bayesian model was operated
for three scenarios (overall, seasonal and heavy PM2.5 pollution simula-
tions) to show the comprehensive source information of NOx.

2.4. PSCF model

PSCF is a conditional probability describing the spatial distribution of
probable geographical source locations inferred by using trajectories
(HYSPLIT model, SI Text S6) arriving at the sampling site (Bressi et al.,
2014). In this study, the model was adopted to evaluate the potential NOx

source regions of the indicative source factor from the Bayesian model
using the respective resulting data. Generally, the ijth component of a PSCF
field can be written as follows:

=PSCF m nij ij ij (6)

where nij is the total number of end points dropped in the ijth cell, and mij

is the number of endpoints of the package whose measured value exceeds
the threshold criteria determined by the user. For improved accuracy, we
integrated the PSCFij of the five cities together in the model (Specific si-
mulation program can be referred in SI Fig. S5). Notably, cells with few
endpoints can lead to high uncertainty. Therefore, to eliminate these high

uncertainties, an arbitrary weight function W(nij) is multiplied into the
PSCF value as follows (Jeong et al., 2011):

=W n( )

1.00 (n 40)
0.70 (10 n 40)
0.42 (5 n 10)

0.17 (n 5)

ij

(7)

In the present study, we performed two PSCF scenarios. The first
scenario showed the contribution level of regions in terms of NOx using
the resulting data with the 75th percentile cut of each source factor from
the Bayesian model (Xie et al., 2015), and the second exposed the source
region of the highest 25% of the PM2.5 concentrations in the five cities.

2.5. PM2.5 concentration partition

High PM2.5 concentration and its sources have always been the fo-
cuses of attention in pollution control of particulate matter. In this study,
their connections with NOx emission were explored. For a better de-
scription, we artificially divided the heavy pollution stage (HP stage) and
the non-heavy pollution stage (NHP stage) according to the concentra-
tion of PM2.5. Generally, concentration classification would be the most
scientific according to the national (e.g. In China, the annual and 24-hour
average PM2.5 concentration limits are set at 35 μg m−3 and 75 μg m−3,
respectively) or world (e.g. For WHO, the annual and 24-hour average
PM2.5 concentration limits are set at 10 μg m−3 and 25 μg m−3, re-
spectively) standards. However, the sampling period was from 2013 to
2014, when PM2.5 pollution was raging in the targeted Chinese mega-
cities. Correspondingly, PM2.5 concentrations were much higher than
those stated standards. For example, the observed average PM2.5 con-
centration in Beijing was 186 ± 92.2 μg m−3 (Section 3.1). Therefore, it
is not suitable to use the standards to divide pollution days in this study.
Based on the principle of published articles (Xie et al., 2015;Xu et al.,
2018), this article uses a 75% higher and 25% lower method to distin-
guish between HP stage and NHP stage weather, respectively. Therein,
the threshold values of 25% and 75% belong to the high and low value
intercept points in the statistical quartile, which may better reflect the
characteristics of heavy pollution stage in each city.

3. Results and discussion

3.1. Concentration features of PM2.5 and NO3−

The annual PM2.5 concentrations at Beijing, Shanghai, Wuhan,
Chengdu, and Guangzhou were 186 ± 92.2 μg m−3, 87.7 ±
48.5 μg m−3, 137 ± 56.4 μg m−3, 159 ± 66.9 μg m−3, and
77.7 ± 28.1 μg m−3, respectively. All exceeded the Second Grade
National Standard of China (75 μg m−3), indicating poor air quality
nationwide from 2013 to 2014. Geographically, the particulate pollu-
tion was more serious in Beijing, Wuhan, and Chengdu compared to
that in Shanghai and Guangzhou, which may be partly because of their
locations. Shanghai and Guangzhou are proximal to the ocean (SI Fig.
S3), where relatively clean air can alleviate the severe PM2.5 pollution.
NO3

− is a substantial component in PM2.5, and was 25.8 ±
26.8 μg m−3, 15.6 ± 15.8 μg m−3, 9.13 ± 10.2 μg m−3,
15.3 ± 14.4 μg m−3, and 16.4 ± 12.4 μg m−3 in Beijing, Shanghai,
Guangzhou, Wuhan, and Chengdu, respectively. As previously men-
tioned, NO3

− forms from the conversion of NOx; thus, PM2.5 may
possess the same secondary traits (r greater than 0.69 between PM2.5

and NO3
−; p < 0.01). Combining with SO4

2−, NH4
+, and secondary

organic carbon (SOC) (SI Text S7), secondary components were iden-
tified as the most important contribution to PM2.5, with a ratio of 52.1%
in Guangzhou, 48.9% in Shanghai, 44.8% in Wuhan, 37.2% in Beijing,
and 35.0% in Chengdu, respectively (SI Fig. S6).

Despite the large variation within the five cities, PM2.5 concentra-
tions were always higher during winter (average: 178 ± 25.1 μg m−3),
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showing an obvious seasonal fluctuation (SI Fig. S7). Similarly, NO3
−

shared a parallel seasonal variation with PM2.5 showing a higher con-
centration during winter (27.2 ± 15.7 μg m−3) and lower during
summer (6.76 ± 6.44 μg m−3) at the five cities. Atmospheric pollutant
concentrations are generally governed by emissions and meteorological
conditions (Tao et al., 2014). Therefore, the higher concentrations in
cool season can be ascribed in part to the relatively weaker atmospheric
horizontal diffusion ability and vertical exchange capacity (Guo et al.,
2014). Furthermore, residential coal combustion in wintertime is also
an important additional emission source at that time (Chen et al.,
2017). Certifiably, PM2.5 concentration and NO3

− concentration both
had a certain negative correlation with the wind speed and temperature
during the sampling period (SI Fig. S8; Table S5).

3.2. Source and conversion of NOx based on N and O isotopic signals

δ15N-NO3
− values in the five cities ranged from− 12.3‰ to+ 22.9‰

(Wuhan: +6.38‰±6.09‰; Beijing: +5.46‰±7.67‰; Shanghai:
+3.33‰±4.63‰; Guangzhou: +2.32‰±5.99‰; Chengdu:
+0.79‰±5.04‰) (SI Fig. S9) along with significant seasonal variation.
Higher values typically appeared during winter, followed by autumn or
spring, and lower values occurred during summer (Fig. 1). The situation of
Chengdu was not very consistent, which was ascribed to its air flow being
obviously different from that of the other cites (SI Fig. S10). Beijing,
Shanghai, Wuhan, and Guangzhou all have a definitive monsoonal climate,
with prevailing approximately southerly winds during summer and north-
erly winds during winter (Yihui and Chan, 2005). It results in regional
pollutants to be efficiently transported and mixed across the four sites,
presenting a similar δ15N-NO3

− tendency. While the airflow in Chengdu is
relatively stable with a prevalence of easterly winds and westerly winds
during the year, resulting in distinctive δ15N-NO3

− information.
In the atmosphere, NO3

− largely derives from the conversion of
NOx, whose δ15N-NOx values have been reported to be widely dispersed
from different sources (Felix and Elliott, 2014; Felix et al., 2012;
Walters et al., 2015). According to the fractionation theory in the
conversion of NOx to NO3

−, a low temperature during the cold season
may result in more obvious nitrogen isotopic fractionation than during
the warm season (Walters and Michalski, 2015). To assess the impact of
temperature on the δ15N-NO3

− value, we calculated the nitrogen iso-
topic fractionation between summer and winter with the highest and
lowest temperatures, respectively. We found that nitrogen isotopic

fractionation induced by temperature between summer and winter was
approximately 3.48‰, 2.57‰, 3.16‰, 2.80‰ and 0.812‰ in Beijing,
Shanghai, Wuhan, Chengdu, and Guangzhou, respectively, much lower
than the real nitrogen isotopic difference between the two seasons of
7.36‰, 8.54‰, 9.96‰, 7.72‰ and 10.4‰. Thus, the low values
during summer and high values during winter can be attributed to more
microbial processes and coal combustion, respectively, according to the
source value distribution (Elliott et al., 2019). In China, coal combus-
tion can be generally divided into two main categories: industrial coal
(e.g., a power plant) and residential coal (e.g., for heating combustion).
Because the emission intensity of the former is relatively stable
throughout the year, the higher δ15N-NO3

− during winter was inferred
to have been derived from the additional civil use for domestic heating
in North China. This was verified by the highest δ15N-NO3

−

(+13.8‰±5.02‰) during winter in Beijing, as only one of the five
cities requires civil heating during winter. The δ15N-NO3

− value in
Wuhan was comparable to that in Beijing during winter, because the air
masses arriving at Wuhan mostly pass through the heating area (SI Fig.
S10), while lower values were correspondingly found in the indirect air
flow of the other sites, including Shanghai, Guangzhou, and Chengdu.

In the NO/NO2 cycle (SI SR1–SR3), the oxygen atoms of atmospheric
NOx are rapidly exchanged with O3, then NO2 is converted to HNO3 based
on %OH or O3 (SI SR4–SR7). Thus, the δ18O-NO3

− value is controlled by
the generation pathways, which could be utilized to estimate the con-
version processes of NOx to NO3

− (Morin et al., 2009). The average δ18O-
NO3

− observed (SI Fig. S11) revealed a decreasing trend from north to
south: Beijing (+89.0‰ ± 15.0‰), Shanghai (+85.4‰ ± 17.9‰),
Wuhan (+81.0‰ ± 15.0‰), Chengdu (+84.9‰ ± 18.0‰), and
Guangzhou (+76.7‰ ± 17.9‰), well within the broad range of values
presented in previous reports (Elliott et al., 2009;Morin et al., 2008). In the
Bayesian modelling framework, it is assumed that the oxygen atoms of
NO3

− derive from 2/3 O3 and 1/3 %OH in the %OH pathway (SI SR4), and
from 5/6 O3 and 1/6 %OH in the O3 pathway (SI SR5-SR7). Based on the
reported values for δ18O-O3 and δ18O-H2O (Fang et al., 2011;Vicars et al.,
2012), the contributions of the two generation pathways were assessed
using a Monte Carlo simulation. The result (median ± standard devia-
tion) of the proportion for the %OH pathway is demonstrated in Fig. 2.
Annually, the median ranged from 23.6% to 39.6%, well within the global
model prediction results (Alexander et al., 2009). The median had a clear
seasonal variation at all sites with a higher value during summer
(58.0% ± 9.82%) and lower value during winter (11.1% ± 3.99%).

Fig. 1. Seasonal characteristic of δ15N-NO3
− in Beijing, Shanghai, Wuhan, Chengdu, and Guangzhou during the 2013–2014 period.
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This suggested the %OH generation pathway during summer and the O3

generation pathway in winter were the main pathways for NOx conver-
sion, respectively. This result was in accordance with the mean value of
δ18O-NO3

− being +68.4‰ ± 14.2‰ during summer and +99.7‰ ±
11.5‰ during winter for the five cities. Interestingly, Shanghai, Wuhan,
and Chengdu are approximately at the same latitude, and their median
was basically consistent (in summer and autumn) and lower than that of
Guangzhou and higher than that of Beijing. Using the linear mixed effect
model by R Language (SI Text S8), we further found that the proportion of
the %OH pathway for NOx conversion shares a significant (p < 0.01)
correlation with latitude all year-round. Generally, the formation of %OH is
affected by many factors, such as the O3 concentration, air humidity and
UV radiation intensity. Among these factors, latitude could be a proxy for
UV as previous studies have shown that they share a certain global

correlation with each other (SI Fig. S12). Although there is no specific UV
data, we inferred that UV radiation intensity may be the most important
factor for %OH generation pathway of NOx based on its significant corre-
lation with latitude found here. The finding provides favorable evidence
for previous modelling predictions (Alexander et al., 2009;Spivakovsky
et al., 2000). It is the first time revealing the correlation between %OH
pathway of NOx conversion and latitude from the aspect of δ18O.

3.3. Source apportionment of NOx using Bayesian model

The overall estimation showed that coal combustion was the most
important source for NOx with a contribution of 40.4%±12.3%,
34.0%±8.28%, 41.0%±13.7%, 31.1%±4.89%, and 33.8%±10.2%
in Beijing, Shanghai, Wuhan, Chengdu, and Guangzhou, respectively
(Fig. 3). This finding was in agreement with the characteristics of energy
consumption in China (SI Fig. S13). Coal combustion is dominant in the
energy combustion, but the proportion is gradually decreasing. Under
the “Twelfth Five-Year Plan for National Environment Protection” in
China, NOx emissions from coal-fired power plants has decreased, mainly
because of the widespread installation of pollution control equipment. As
reported, 95% of power plants in China had installed NOx removal sys-
tems by 2015; NOx from power plants decreased 45% during the period
of 2010–2015 (Tong et al., 2010). Coal combustion has a distinct sea-
sonal fluctuation with a higher contribution during winter (Beijing:
58.7%±17.6%; Shanghai: 42.6%±12.1%; Wuhan: 54.5%±12.8%;
Chengdu: 34.3%±5.33%; Guangzhou: 38.9%±12.6%) when great
amounts of coal are consumed for residential heating in northern China
(Cai et al., 2018), which also accords with the variation in δ15N pre-
viously discussed. This suggested residential coal combustion could not
be ignored during the treatment of NOx pollution. Illustratively, the
lowest contribution occurred in Chengdu, in which the air masses do not
pass through the heating area (SI Fig. S10). In addition, our finding is
also consistent with previous results on Beijing. Song et al., 2019 re-
ported that coal combustion was the dominant contribution (28 ± 13%)
for NOx along with obvious seasonal variation in 2014 (Song et al.,
2019); Luo et al., 2019 revealed that the fractional contribution of coal

Fig. 2. The characteristic of the contribution ratio of the %OH conversion
pathway for NOx at the five cities indicated by the Bayesian model.

Fig. 3. Contributions of biomass burning, coal combustion, mobile sources, and microbial processes to NOx at the five sites and their seasonal variation.
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combustion to NOx during late winter through spring could reach to
54.4 ± 8.4% in 2013 (Luo et al., 2019). Although there is some dif-
ference in those analytical results due to the end members of source
values and isotopic fractionation adopted in the Bayesian model, the
seasonal consistency confirms the authenticity of our results.

Apart from Chengdu, mobile sources was the second largest con-
tributor to NOx. The rapid growth of automobile ownership makes
vehicle exhaust become an important source for NOx pollution.
According to the car industry surveys, car ownership in China has
grown by 14.0% a year since 2009. Moreover, environmental air
quality, especially in coastal areas, is severely affected by ship emis-
sions. It was estimated that 11.3% of the total NOx emissions in 2013
came from ships (Zhang et al., 2016). Therefore, the observed increase
in the contribution of mobile sources can also be ascribed to ship
emissions. This contribution has not significantly changed throughout
the year, agreeing with the emission intensity because vehicles or ships
are running all year round (Li et al., 2018a).

Large-scale biomass burning and the prevalence of household emis-
sions have significantly increased NOx emissions. From 1990 to 2013, the
NOx emissions induced by biomass burning increased more than six-fold
in China (Li et al., 2016). At Chengdu, biomass burning contributed the
most among the five cities, up to 26.8%±2.67%. Such a high con-
tribution was consistent with the contribution to EC based on 14C mea-
surement (Liu et al., 2017a). There is no significant seasonal change in-
dicating biomass fuel is used during an entire year as a conventional fuel
around Chengdu. A similar situation emerged at Shanghai and
Guangzhou. However, the source peaks during autumn and summer at
inland Beijing and Wuhan influenced by the large-scale biomass burning
surrounding the regions (Wang et al., 2014). China is an agriculture-or-
iented country with a large area of cultivated land (SI Fig. S14). Microbial
bacteria widely distributed in soils consume accumulated nitrogen (NH4

+

by nitrifying microbes, NO3
− by denitrifying microbes) and as a by-

product, to the release of large pulses of NO (Jaeglé et al., 2004). Thus,
extensive cultivated land where nitrogen fertilizer overused is an im-
portant source of NOx in China. In addition, marine sediments and estu-
aries are also part of denitrification areas (Wankel et al., 2006). Although
the contribution of marine bacteria to NOx has not been widely reported,
the ocean surrounding China may also contribute to NOx based on the
similar activity mechanism of bacteria, particularly during summer when
the synoptic system is dominated by the southeast monsoon from the sea.
The contribution of integrated microbial processes ranged from 14.0% to
19.1% among the five cities. It shows an obvious seasonal variation with a
typically high value during summer, consistent with the state of the en-
vironment (hot and rainy weather) at the time (Yihui and Chan, 2005).
The highest contribution was found at Chengdu, controlled by the nearby
large area of cultivated land. This indicated that soil microbial process
was more important than marine ones. The lowest occurred at Beijing,
mainly due to the state of its natural environment (e.g. lower temperature
and precipitation in cool season). Because in the rainy and hot summer
season, its contribution (20.8 ± 3.95%) was basically the same as that of
other cities (Shanghai: 20.6 ± 2.45%; Wuhan: 19.9 ± 4.67%; Chengdu:
18.4 ± 4.27%; Guangzhou: 22.4 ± 3.63%).

3.4. Spatial sources of NOx deduced from PSCF analysis

Fig. 4 reports the PSCF map produced using the resultant data with
the 75th percentile cut of each source factor from the Bayesian model.
Obviously, the region surrounding the North China Plain and Sichuan
Basin were identified as the medium to high potential regions for bio-
mass burning, consistent with the distribution of cultivated land in
China (SI Fig. S14) (Ning et al., 2018). In farming areas, agricultural
wastes are often stored as fuel for home cooking or heating, while other

Fig. 4. PSCF maps of the contributions of biomass burning, coal combustion, mobile sources, and microbial processes to NOx from October 2013 to August 2014. The
colors represent the contribution level of the regions; the dark color has a high probability of becoming a source region, while the light color indicates a low
possibility.
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wastes are consumed rapidly through open burning in fields. Thus,
farming area is an important source region for biomass-burning NOx.
For example, our previous study suggested biomass burning from
Shandong, Anhui, and Jiangsu province (around the North China Plain)
contributed a large portion of PM2.5 (Zong et al., 2015). Shandong and
Sichuan area were found to have the highest biomass burning con-
tribution to NOx in this study, agreeing with the regional distribution of
the high-resolution emission inventory of open biomass burning in
China (Qiu et al., 2016). Notably, NOx was emitted more west and south
of Shandong province (Gao et al., 2017).

For coal combustion, there are a large number of grid cells with PSCF
values greater than 0.4 in North China and other south-central developed
regions. The vast stretch of source area in North China can be partly
attributed to the huge power plant emission in China’s coal-producing
areas, such as Shanxi and Shandong province. According to the China
Statistical Yearbook, the coal production in Shanxi and Shandong pro-
vince ranks second and sixth, respectively, in China, and their thermal
power generation both exceeds 250 TWh (Yearbook, 2014). However,
additional civil heating coal consumption during winter makes the con-
tribution in the region more apparent. In China, residential consumption
of coal has been calculated to be approximately 7 billion tons per year
(Yearbook, 2015). Based on the emission calculation, the pollution load
from these households without pollution control devices would be equal
to the pollution load from 460 billion tons of coal-fired power plants.
Such huge emissions may be among the factors affecting the in-
tensification of pollution during winter. Previous study also showed coal
combustion in residential stoves was a widespread source from urban to
rural areas in North China on the basis of many analytical tools (Chen
et al., 2017). In addition, the regional diffusion may cause the Bohai Sea
to become a secondary source region. Other south source areas were in
accordance with thermal power generation at the province level, such as
the high possibility in Jiangsu, Zhejiang, Guangdong etc (SI Fig. S15)
(Ming et al., 2016), proving that the combustion of coal in these areas
basically originates from power plant emission.

Compared to other sources, mobile sources are more extensive, but
rather uniformly distributed all around the typical urban agglomerations
in China, such as the BTH city groups, the YRD city groups, the PRD city
groups, the MYR city clusters and the SC urban agglomeration. This is
related to car ownership; more than one-half of motor vehicles occur in
Chinese megacities. Moreover, this trend will continue as urbanization
accelerates in China. Ship emission from the Bohai and East China Seas is
also an important mobile source. A similar phenomenon was found in a

maritime NOx emissions study over Chinese seas derived from satellite
observations (SI Fig. S16) (Ding et al., 2018). As previously mentioned, it
has been estimated that 11.3% of the total NOx emissions in 2013 came
from ships, particularly in the Bohai and East China seas where nine of
the top ten cargo throughputs in China’s coastal ports are located (Zhang
et al., 2016). Regarding microbial processes, edaphic and oceanic sources
(especially in marine sediments and estuaries) are important compo-
nents. Thus, a cultivated region where a large amount of nitrogen ferti-
lizer is consumed is the major source region. This is similar to the source
region of biomass burning; the area mainly includes the North China
Plain and Sichuan Basin. In addition, the South China Sea (around the
Pearl River estuary), East China Sea (around Yangtze River estuary),
Korea and Southeast Asian countries are also important source areas.
Particularly during summer, warm southeast winds become important
drivers of microbial contributions, which was consistent with the peak of
this source during summer. There are, of course, reasons for the high
temperature and abundant rain that contribute to the high soil emissions.

3.5. Source signals of PM2.5 during the heavy pollution stage

In HP stage, PM2.5 concentrations were 283 ± 57.9 μg m−3,
158 ± 36.6 μg m−3, 117 ± 14.6 μg m−3, 216 ± 25.6 μg m−3 and
257 ± 43.3 μg m−3 in Beijing, Shanghai, Guangzhou, Wuhan and
Chengdu, respectively, which were all much higher than those for NHP
stage (91.8 ± 11.9 μg m−3; 40.9 ± 8.12 μg m−3; 45.5 ±
8.07 μg m−3; 73.8 ± 16.4 μg m−3; 88.2 ± 20.9 μg m−3). Statistically,
the HP stage mainly occurred during winter in all five cites. Using linear
regression method (SI Table S6), PM2.5 concentrations were more related
with NO3

− concentrations (p < 0.05) in HP stage, performing as that r
values were higher than 0.5. In addition, NO3

−/PM2.5 ratio was sig-
nificantly (SI Fig. S17; p < 0.05) higher during HP stage
(11.4%–23.4%) than that during NHP stage (4.99%–10.4%). These evi-
dences were implying that NO3

− was a vital component for the forma-
tion of the heavy PM2.5 pollution.

During HP stage, δ15N-NO3
− values were statistically higher than

those during NHP stage as shown in SI Fig. S18 (p < 0.01). Among the
sources considered in the present study, the δ15N-NOx value of coal
combustion was the highest (SI Table S4). Thus, the higher δ15N-NO3

−

values during HP stage suggested an increased contribution of coal
combustion, which was further confirmed by the simulation of Bayesian
model (Fig. 5). In addition, SI Fig. S19 displays the geographical pattern
of HP stage PM2.5 derived from the PSCF modelling. The dominant

Fig. 5. Contributions of biomass burning, coal combustion, mobile sources and microbial processes to NOx in HP stage and NHP stage, respectively.
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sources were mainly apportioned in North China, similar to that of the
coal combustion source for NOx (Fig. 4). As mentioned above, HP stage
basically occurred during winter. Except for the meteorological condi-
tions [e.g. atmospheric boundary layer (Hollaway et al., 2019)], this
reflected the key role of residential coal combustion for heating as in-
dustrial coal is consumed year round. Based on the characteristics
discussed of NOx, we can infer that coal combustion originating from
residential use was the primary source for the heavy PM2.5 pollution in
Chinese megacities.

4. Conclusion

This study was carried out using δ15N-NO3
−, δ18O-NO3

− and dual
modelling to investigate the sources, conversion and geographical origin of
NOx in five Chinese megacities. Important findings of this study include i).
δ15N-NO3

− and δ18O-NO3
− both had a rising tendency as ambient tem-

perature drops, attributing largely to the NOx source change. ii). The pro-
portion for the %OH pathway of NOx conversion had a clear seasonal var-
iation with higher value in summer and lower value in winter, which also
shared significant correlation with latitude all year-round (p < 0.01). iii).
Coal combustion was the most important source of NOx at the five mega-
cities, which, geographically, was derived from North China and other
south-central developed regions. Apart from Chengdu, mobile sources was
the second largest contributor to NOx. It was extensive, but rather uni-
formly distributed all around the typical urban agglomerations. Biomass
burning and microbial processes shared similar source areas, mostly ori-
ginating from the North China Plain and Sichuan Basin. iv). Residential
coal combustion was the primary source of heavy PM2.5 pollution in the
five megacities. It is undeniable that the apportionment results from 2013
to 2014 may have a certain lag effect on the current NOx treatment.
However, this period was exactly the starting point of large-scale pollution
control in China [e.g. Action Plan for Air Pollution Prevention and Control
(2013–17)], so our study can provide a background reference (including
sources, conversion and geographical origin) for the implementation effect
of NOx controls. For example, we find that residential coal combustion was
the main source of NOx, and Chinese government happened to extensively
promote the project of changing fuel from coal to natural gas from 2014,
which has been widely questioned by now (e.g. The General Department of
the National Energy Administration issued a letter asking for opinions of
this project on July 3, 2019). Therefore, our isotopic footprint is very in-
structive for related researches in the future. We believe that this source
apportionment of NOx will inevitably provide an important indicator for
the air pollution control in China.
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