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ABSTRACT

The determination of both stable nitrogen (3'>N—NO3) and stable oxygen (8'%0—NO03) isotopic signatures
of nitrate in PMy 5 has shown potential for an approach of assessing the sources and oxidation pathways
of atmospheric NOx (NO+NO;). In the present study, daily PM; 5 samples were collected in the megacity
of Beijing, China during the winter of 2017—2018, and this new approach was used to reveal the origin
and oxidation pathways of atmospheric NOx. Specifically, the potential of field 8'>N—NO3 signatures for
determining the NOx oxidation chemistry was explored. Positive correlations between 5¥0—NO3 and
3'"N—NO3 were observed (with R? between 0.51 and 0.66, p < 0.01), and the underlying environmental
significance was discussed. The results showed that the pathway-specific contributions to NO3 formation
were approximately 45.3% from the OH pathway, 46.5% from N,O5 hydrolysis, and 8.2% from the NO3+HC
channel based on the 5'80-3'°N space of NO3. The overall nitrogen isotopic fractionation factor (eN) from
NOx to NO3 on a daily scale, under winter conditions, was approximately +16.1%o+1.8%o (consistent with
previous reports). Two independent approaches were used to simulate the daily and monthly ambient
NOx mixtures (3°N-NOx), respectively. Results indicated that the monthly mean values of 3'°>N-NOx
compared well based on the two approaches, with values of —5.5%o + 2.6%o, —2.7%o0 + 1.9%o, and —3.2%o +
2.2%o for November, December, and January (2017—2018), respectively. The uncertainty was in the order
of 5%, 5%o and 5.2%o for the pathway-specific contributions, the eN, and 3'>N-NOx, respectively. Results
also indicated that vehicular exhaust was the key contributor to the wintertime atmospheric NOx in
Beijing (2017—2018). Our advanced isotopic perspective will support the future assessment of the origin
and oxidation of urban atmospheric NOx.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Huang et al., 2014). More importantly, long-term exposure to
elevated concentrations of PM; 5 can impact the health of humans,

Haze pollution, characterized by exceedingly high mass loadings
of fine particulate matter (PMy5: particles with an aerodynamic
diameter smaller than 2.5 pm; from 100 to 1000 pg/m?), has
recently become one of the biggest concerns in most regions of
China (An et al,, 2019; Guo et al,, 2014; Zhang et al., 2019; Huang
et al,, 2014). Elevated PM; 5 concentrations can pose threats to air
quality, global climate, and ecosystem health (An et al., 2019;

* This paper has been recommended for acceptance by Admir C. Targino.
* Corresponding author.
E-mail address: xiaohuayun@ecut.edu.cn (H. Xiao).

https://doi.org/10.1016/j.envpol.2021.116708
0269-7491/© 2021 Elsevier Ltd. All rights reserved.

and is estimated to have caused 1.1 million deaths in China in 2015
(An et al., 2019). High emissions of gaseous precursors (e.g., SOo,
NOx), efficient secondary particulate matter formation, and adverse
meteorological conditions are assumed to play pivotal roles in haze
development in China (An et al., 2019). The majority of the emitted
SO, and NOx are converted into particulate sulfate (SO3~) and ni-
trate (NO3), respectively, by gas-phase reactions or multiphase
chemistry in the atmosphere (Seinfeld and Pandis, 2016; Liu et al.,
2020). To address severe haze pollution issues, the Chinese gov-
ernment has promoted numerous policies (e.g., the Air Pollution
Prevention and Control Action Plan from 2013 to 2017) to reduce
the emissions of SO, and NOx (Cheng et al., 2019; Zhang et al.,
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2019). Consequently, the annual mean PM;5 concentrations in
Beijing declined from 89.5 pg/m? in 2013 to 58 pg/m? in 2017 (Zhou
et al,, 2019; Wang et al., 2019). Among the major inorganic species,
SO5~ showed the largest reduction, with the mass contribution of
50421’ to PMy 5 declining from 15.3% in 2013 to 10.7% in 2017 (Fu
et al,, 2020; Wang et al., 2019; Xu et al., 2019). In comparison,
multi-year observations revealed that the winter NO3 concentra-
tions have not decreased as expected, despite a reduction in the
NOx mixing ratio by approximately 20% from 2013 to 2017 in Bei-
jing (Fu et al., 2020; H. Li et al., 2019; Xu et al., 2019). In fact, high
mass loadings of particulate NO3 (>40 pg/m?) have recently been
reported during haze pollution episodes in Beijing (Zhang et al.,
2020a; Sun et al., 2020). Also, the mass contribution of NO3 to to-
tal PM, 5 increased noticeably, from 12.7% in 2013 to 19.4% in 2017
(Cheng et al., 2019). As a consequence, the ratio of nitrate to sulfate
(NO3/SO37) has increased gradually in recent years (from 0.8 in
2013 to 1.5 in 2017) to be higher than 2.4 after 2018 (Sun et al,,
2020; Fu et al.,, 2020; Wang et al., 2019). These results show that
secondary NO3 now outweighs SO3~ and is playing an increasingly
important role in particulate matter pollution. Understanding the
major reaction pathways and the emission sources of NOx is not
only a scientific mission, but it is also beneficial to the development
of effective policies for alleviating nitrate haze pollution in the
future.

NOx is emitted from natural sources (e.g., soil biogenic pro-
cesses, lighting) and anthropogenic sources (e.g., coal combustion,
vehicular exhaust, biomass burning) (Alexzander et al., 2020).
Several common strategies have been used to apportion the NOx
emission sources, e.g., atmospheric chemistry models, satellite
observation, and nitrogen stable isotope techniques (Zong et al.,
2020, and reference therein). However, previous studies based on
diverse approaches (e.g., stable isotope tools, atmospheric chem-
istry models) highlighted large discrepancies in the NOx emission
inventory in Beijing (Cheng et al., 2019; Li et al., 2017; Song et al.,
2019a, 2019b; Zong et al., 2020). For example, atmospheric
models and detailed local emission inventories (multi-resolution
emission inventory for China (MEIC)) suggested that the trans-
portation sector was the major contributor to the anthropogenic
NOx emissions in Beijing from 2013 to 2017 (generally higher than
70%), while the contribution of other sectors (e.g., power and
heating) decreased significantly during this period (Cheng et al.,
2019). In contrast, the isotopic studies based on 3°>N—NO3 sug-
gested that coal combustion was the primary source of NOx in
Beijing from 2013 to 2018 (40%—60%), especially during winter
seasons where energy is required for heating (Luo et al., 2019; Song
et al., 20193, 2019b; Zong et al., 2020; Fan et al., 2020).

The impacts of kinetic/equilibrium fractionation of NOx to NO3
on the N/“N ratios should be considered, when the imple-
mentation of source apportionment of NOx using 8'°N—NO3 (Chang
et al, 2019; Elliott et al., 2019; Liu et al.,, 2020; Walters and
Michalski, 2015a; Zhang et al., 2020c). For instance, the exchange
equilibrium fractionation factor between NO and NO; (~40.3%o at
278 K) can significantly influence the 3'°N signature of NO,, and
therefore the resultant NO3 (Walter et al.,, 2016). The trans-
formation of NOx to HNO3 and NO3 in the atmosphere involves a
number of various complicated processes (Text S2). In general, the
main conversion processes include:1) the daytime oxidation of NO,
via OH (OH+NO3); 2) N,Os5 uptake on bulk aerosol surfaces at night;
3) nitrate radical (NO3) reduction via hydrocarbon abstraction
(NO3+HC) at night; 4) the partition of HNO3 to NO3 (Seinfeld and
Pandis, 2016). The NO3+HC and N;Os hydrolysis channels are
referred to as nocturnal pathways in the present study. Although
few isotopic fractionations during these conversions have been
determined in either the field or laboratory, Walters and Michalski
(2015a) and Walters et al. (2016) predicted the theoretical N and O
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isotope equilibrium fractionation factors for conversions between
major NOy molecules (NOx + HNO3 + NO3 + HONO + NyOs5+
.... +NO3) and O-bearing molecules related to NOx oxidation. They
did this by using computational quantum chemistry methods. Their
pioneering work enabled us to calculate the N/O isotopic fraction-
ation effects of individual conversion pathways, thereby signifi-
cantly improving our understanding of the atmospheric chemistry
of NOx. However, how the contribution of pathway-specific con-
tributions to NO3 formation can be distinguished and used to
determine the NOx emission sources in the environment is still up
for debate. The three formation pathways are accompanied by
distinct N isotopic fractionation effects, and therefore their
respective contributions must be addressed accurately for NOx
source division. However, pathway-specific contributions based
solely on O isotopic signatures (3'%0 or A70) may introduce
considerable uncertainty (i.e., three pathways, one isotope).

By linking 8'%0 and 8'°N of NO3 in PMy5 to the oxidation pro-
cesses, this study investigated the pathway-specific contributions
to wintertime NO3 in urban Beijing, by determining the §'%0 and
3N of NO3 in daily PM, 5 samples (November 1, 2017 to January 31,
2018). This study had two aims: 1) to reveal the fractional contri-
bution of the three oxidation channels using the 8'80-3""N space of
NO3; 2) to estimate the nitrogen isotopic signatures of the ambient
NOx mixture (3'>’N-NOx) more accurately.

2. Materials and method
2.1. Study site, field sampling, and laboratory analysis

The winter study was carried out in an urban site of the
megacity Beijing, at the Chinese Research Academy of Environ-
mental Sciences (40°04’N, 116°42’E); it lasted from November 1,
2017 to January 31, 2018. The sampling site was in a typical urban
business and residential region, which has been described in pre-
vious studies (Zhang et al.,, 2020a; Song et al., 2019a, 2019b). The
pre-combusted filter for PM,5 sampling (Tissuquartz™ Filters,
2500 QAT-UP, size: 8 x 10 in; Pall Corp., Port Washington, NY, USA)
was loaded onto a high-volume air sampler (KC-1000, Laoshan,
Qingdao, China), which was set up on the roof of a building (12 m
above the ground). The sampler was operated at a flow rate of
1.05 m®/min for 23.5 h (Zhang et al., 2020a). Once collected, the
PM, 5 samples were immediately delivered to the laboratory and
stored in a fridge. The gaseous HNO3 and particulate nitrate were
likely to have been collected together during the sampling process,
and were defined as atmospheric nitrate in this study. A total of 95
samples were collected (92 PM, 5 samples, and 3 blanks). Details of
the sampling site and procedures have been described elsewhere
(Song et al., 2019a, 2019b; Zhang et al., 2020c).

Routine measurements of water-soluble inorganic ions, e.g.,
NO3, SO7~ and NHZ} were reported in the previous study (Zhang
et al., 2020a). In summary, the inorganic ions of interest in the fil-
ter samples were extracted ultrasonically using ultrapure water
(18.2 MQ, Millipore) for 30 min. Then, the concentrations of the
inorganic ions in the filtered extracts were quantified by ion
chromatography (Thermo Fisher Scientific, USA; Zhang et al,,
2020c). The limits of detection for the inorganic ions were gener-
ally greater than 0.65 pg/L. The reported ionic concentrations of
PM5 5 samples were recalculated by subtracting those of the blanks.
Laboratory analyses of the 3'%0 and 3'°N values of the NO3 in PM, 5
were performed by following a bacterial denitrifier approach (Luo
et al,, 2019; Sigman et al,, 2001; Liu et al., 2018). To summarise,
the aqueous NO3 in the extract was first converted into gaseous
N,O by the bacteria Pseudomonas aureofaciens (with a conversion
efficiency higher than 98%), and the produced gaseous N,O was
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then concentrated and fed into a ratio isotopic mass spectrometer
(Delta V advantage; Thermo Fisher Scientific, USA) for isotope
measurement. International nitrate standards with certified iso-
topic values (e.g., IAEA-NO3, USGS32, USGS34, USGS35) were used
for data calibration. The standards and the PM; 5 extracts were
adjusted to a final sample size of 20 nmol N. The N/O isotopic values
of NO3 were also recalculated for each PM; 5 sample by using mass
balance. The isotopic values of the NO3 in PMy5 were reported
using the “d” notation in units per mil (%o):

CN

12
N

5]5N7NO§ = |= sample -1
N

T4
NN2 in air

x 1000 (1)

180

16
0

(5]8N—NO§ = | g7 sample _ 4
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x 1000 2)

The aerosol properties, i.e., acidity and aerosol liquid water
content (ALWC), which have been suggested to significantly affect
inorganic nitrate chemistry (i.e., the gas-to-particle exchange),
were simulated using the thermodynamic model ISORROPIA-II
(Fountoukis and Nenes, 2007; Zhang et al., 2020b). Detailed infor-
mation on the chemical and thermodynamic model analyses are
provided in Text S1.

2.2. End-member mixing of 6'%0—NO3 and 6> N—NO3

The 3'80—NO3 signatures can be used to infer the NO3 forma-
tion channel and are usually elevated when NOx is oxidized by Os.
Therefore, a two-endmember linear mixing model was used to
assess the respective contribution of daytime and nocturnal path-
ways, as follows (Phillips and Gregg, 2001):

‘18 — 18
0 07N03sample — 0" Ogqy

518 0oet — 6180day

(3)

noct =

3'804ay represents the 3'®0 endmembers of NO3 generated
solely via the daytime channel, 580, represents those generated
via nocturnal pathways, and Fyoct represents the overall fractional
contribution of nocturnal pathways to NO3 accumulation. For the
31804ay, theoretical values were calculated (=55%o, Table S1; Fang
et al, 2011), while the field 8800 was simulated using the
Keeling plot (Pataki et al., 2003; Zhang et al., 2020b):

680 — NO;sample =a-% +b (4)
3

where the intercept of “b” represents the endmembers of 8'®0pct
(Table S1).

The overall uncertainty in Fyoct, taking into account all of the
parameters, was calculated as follows:

1
0%: 2 [Urznix+ (1- FnOCf)2 ° ‘75 + Fz%oct ‘ 0% (5)
(b—a)
with “mix”, “a”, and “b” representing 3'%0—NO3 sample, 3'04day, and
3180p0ct for brevity, respectively. Usually, the overall uncertainty
was in the order of 5% for Fnoc, with the denominator as high as
50%o in the present study (Table S1).

In theory, 3'®*0—NO3 should have been significantly and
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positively correlated with 3>N—NO3 during haze development,
when the N;Os channel dominated the nitrate accumulations
(Fig. 1B). Otherwise, 5'80—NO3 should have been negatively
correlated with 3'>N—NO3, when the NO3+HC channel surpassed
the N,Os channel in NO3 formation. Furthermore, the 3'°N end-
members of NO3 from daytime and nocturnal pathways (615Nday
and 3®Npec, respectively) were inferred using their respective
3'80—NO03 endmembers and the correlations of 3'®0—NO3 with
3®N—NO3 in the PM, 5 samples (Fig. 1A and B). More importantly,
the 3" Npocr endmembers were determined by the relative preva-
lence of the NO3+HC channel or the N,Os channel in the overall
nocturnal NO3 formation. Therefore, the slopes of §'®0—NO3
against 3’N—NO3 reflected their relative fractional contributions.
The difference between 815Nday and 8Nyt (Ay in Fig. 1A) repre-
sents the absolute difference of nitrogen isotopic fractionation
factors from NOx to NO3 between the field daytime and nocturnal
channels (as eNgay and eNpoct, respectively, Fig. 1A).
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Fig. 1. Correlations between 3"°N—NO3 and 3'®0—NO3 of PM, 5 samples (A and B).
Panel A shows the N isotopic fractionation effects of individual processes during the
conversion of NOx to NO3. eNg,y represented the overall N isotopic fractionation effects
of daytime pathways converting NOx to NO3; while eNyoc; represented those through
nocturnal pathways. Ay represented the difference of 5'°N endmembers between
daytime and nocturnal channels (3"°Ngay and 3"°Npocr, respectively), and also the dif-
ference between eNgay and eNpoe. Panel B shows the slope of 3N—NO3 against
3'80—NO0; for field PM, 5 samples determined by the relative contribution of N,Os and
NO; channels to the overall nocturnal pathway. Detailed interpretations were provided
in the main text and supporting information.
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2.3. Pathway-specific contributions to NO3 in PM>s: insights from
regressions of 6'80—NO3 versus 6> N—NO3

Initially, we estimated the relative contribution of daytime and
nocturnal pathways to NO3 in PM;5 by using Eqns (1)-3), and
thereby the respective contributions of N,Os and NO3+HC path-
ways (Fn205 and Fyos, respectively) were quantified based on the
absolute difference between the field eNpo¢ (determined by the
relative importance of the NO3+HC and N,Os5 channels) and the
theoretical eNn2os (Fig. 1B, Eqn S6 in Text S2). As aforementioned,
the slope of 3'®0—NOj3 against 3"’ N—NO3 is determined by the
respective contributions of the N,O5 and NO3+HC pathways, and
therefore, can be used to calculate the difference between field
eNpocr and theoretical eNnags. Overall, by linking the 3°N—NO3 to
the NOx oxidation chemistry, our new isotopic perspective provides
another way to assess the fractional contributions of specific
pathways to NO3 in PM; 5. The corresponding uncertainties in the
calculations of these parameters were provided in Text S3.

2.4. Simulation of the 6"°N signatures of in-situ NOx

In this study, we were interested in both the daily 8'°N-NOx
(3"N signatures of in-situ NOx) and monthly mean values of §°N-
NOx, which can be calculated using the following independent
approaches.

A) Monthly mean values of 8'°N-NOx; inferred from the differ-
ences between the BlsNday and isotopic fractionation factor of the
daytime pathways (eNgay), or from the differences between the
3" Npoct and isotopic fractionation factor of the nocturnal pathways
(eNnoct), for which eNpocr Was approximated to eNgay plus 8.5%o
(Fig. 1A).

B) Daily 8'°N-NOx; the overall isotopic fractionation factors (¢N)
from NOx to NO3 can be estimated by considering the individual eN
values of the specific pathways (Text S2) with respect to their
relative fractional contributions (Eqn. (4)), so the §'°N-NOx was
formulated as:

eN = (1 —Fuoct) * enday + Fn2os* eNn2os + Fnos * eNnos

(6)
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3PN-NOx = 3°N—NO3 sample — eN (7)
The individual (i.e., €Nday, eNn205, €éNno3) and overall un-

certainties of eN, taking the propagation of uncertainty of each

factor (Eqn. (4)) into account, were greater than 5%o (Text S3).

3. Results and discussion
3.1. Overview of the observations

Major inorganic ions in the 23.5-h integrated PM, 5 samples
(e.g., SO5~, NO3, NHZ), the aerosol properties (i.e., pH and ALWC),
and the meteorological conditions during the sampling period are
presented in Fig. 2. As is consistent with previous studies, the pe-
riodic cycle of haze episodes was usually in the order of 4—7 days
(Fuetal., 2020; Guo et al., 2014). In general, the temporal evolution
of aerosol inorganic chemical species, aerosol acidity, water con-
tent, and even the 3'80—NO03 and 3'°N—NOj3 values were related to
the occurrence of haze pollution. Specifically, the above-mentioned
proxies increased rapidly from clean days to haze episodes, except
for the O3 (Fig. 2, Fig.S2). As the most abundant secondary inorganic
chemical species, the mean concentration of NO3 was 8.74 pg/m>
(from 0.66 to 43.52 pg/m?), higher than that of SO~ (mean of
436 pg/m>, from 0.50 to 27.51 pg/m>). The ratio of NO3/SO%"
increased from 0.3 during clean days to 3.1 in haze episodes, sug-
gesting an enhanced NO3 formation potential, and highlighting the
importance of NO3 in fine aerosol development. The dominance of
NO3 over SO7~ in mass during haze pollution in the North China
Plain (NCP) region has been reported previously and was mainly
attributed to the emission mitigation efforts in recent years (Fu
et al, 2020; Xu et al, 2019; Zhao et al, 2019). During the
campaign, the aerosol pH inferred from the thermodynamic anal-
ysis was 5.4 on average, ranging from 2.5 to 6.6 (Fig. 1), which was
in-line with previous reports (Ding et al., 2019; K. Li et al., 2019).
The simulated ALWC ranged from 5 pg/m?> to 230 pg/m?, which was
comparable to the corresponding PM,5 concentrations (Fig. 2).
Such high aerosol pH and ALWC values have been reported previ-
ously across the NCP region, and were regarded as a distinct feature
of the particulate matter in that region when compared to those of
the United States and Europe (Guo et al., 2015; Shi et al., 2017; Song
etal,, 2018, 20193, 2019b). Higher pH and ALWC values facilitate the
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Fig. 2. Time series of meteorological variables (i.e., RH, T), aerosol properties (pH, ALWC), mass concentrations of PM, s, and major ions (NHZ, NO3 and SO%") in the winter of

2017-2018 (1 November-31 January).
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gas-particle partitioning of atmospheric nitrate, which leads to
more than 95% of the atmospheric nitrate partitioned into the
particle phase in this study (Fig.S1, Ding et al., 2019; Liu et al., 2017;
Song et al., 20193, 2019b). Therefore, the N isotopic fractionation
effect between gaseous HNOs and particulate NO3 may be minor
and was not considered in this study.

The 3""N—NO3 ranged widely from +2.8%o to +19.6%0, with a
mean of +12.9%0 + 3.5%o during the sampling period (Fig. 2). In
general, the averaged 3'>N—NOj3 values of the PM,s in winter
2017—-2018 were comparable to those reported previously in urban
Beijing. For example, 8'>N—NOj3 values of PMa 5 ranged from —2.3%o
to +19.7%o (+11.9%0 + 4.4%0) in the winter of 2014 (Song et al.,
2019a, 2019b), —2.5%0 to +19.2%0 (approximately +12.3%o) from
October 2014 to January 2015 (He et al, 2018), and +1.3%o
to +21.2%o (+13.0%o + 4.7%o) from February to April 2013 (Luo et al.,
2019). Comparing the 3°>N—NOj3 values directly among different
years and sampling sites was not recommended. This is because the
determined 3> N—NOj3 value is a complex function of the combined
initial nitrogen isotopic signatures of various NOx sources and any
given nitrogen isotopic fractionation effect during NOx conversions.

However, the small variations of wintertime-averaged 3'°>N—NO3

values since 2013 were surprising, given that the N-enriched NOx
emitted from coal combustion or heavy-duty diesel-powered
trucks was cut or replaced by the relatively >’N-depleted NOx from
natural gas (+14.5 + 4.4%o vs —16.5 + 1.7%o, respectively, Walters
et al., 2015a; Walters et al., 2015b; Zhang et al., 2020c). Combined
with the reported NOx emission inventory (Fig. S3), one of the more
likely explanations for these results is that the transportation sector
was the dominant NOx emission source in the urban environment.
The 3'80—NO3 (mean of +74.9%o + 13.4%o) also varied widely,
from +55.3%o to +103.5%0 during the observations. In general, the
determined 3'®0—NOj3 falls within the broad ranges given in pre-
vious reports for PM; 5 or precipitation (e.g., +49.4%o to +103.9%o,
see Zong et al., 2017; Luo et al., 2019, Song et al., 20193, 2019b, and
references therein). However, the mean 3'®0—NO3 value in the
current study (winter 2017—2018) seemed lower than in the above-
mentioned reports; there it was generally higher than +80%o (Luo
et al., 2019; Song et al., 2019a, 2019b; Zong et al., 2020; Zhang
et al., 2020a). Usually, the 8'80—NO3 was highly dependent on its
formation pathways, elevating proportionally with the nocturnal
pathways dominant in the conversion of NOx to NO3. For example,
the 8'80—NOj3 showed a strong positive correlation with the NO3
concentrations during the sampling period (Fig. S5). This implied
that the nocturnal pathways played an important role in high NO3
concentrations during winter in Beijing. Therefore, the declined
wintertime 3'®*0—NO3 from 2013 to 2017 may be attributed to
increased photochemistry activity, which facilitated the chemical
conversion of NOx to NO3 (Fu et al., 2020; Lu et al., 2019; Womack
et al., 2019). For instance, the estimated contribution of the OH
oxidation channel to the overall NO3 concentrations averaged
45.3% during the sampling period (see Section 3.3), which was
higher than that reported in previous studies. Furthermore, an
extremely high mixing ratio and turnover rate of OH
(1-8 x 108 cm—3) was reported in Beijing in the winter of 2016. This
was based on direct field observations, which were comparable
with those determined in the summer study (Lu et al., 2019). The
observed 80-depleted NO3 in this study could mainly be due to the
elevated proportion of wintertime photochemical pathways.

3.2. Correlations between daily 6'0—NO3 versus 6°N—NO3

The daily field 8'®*0—NO3 was significantly and linearly corre-
lated with the corresponding 3"’N—NO3 throughout the winter,
with extremely similar slopes observed for the three months
(slopes = 0.171-0.179, Fig. 3), and the intercept varying
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colour in this figure legend, the reader is referred to the Web version of this article.)

from —2.4 + 2.6 to 0.58 + 1.8. The points deviating from linear re-
gressions can be attributed to: 1) fluctuation of source NOx; 2)
variation of fyoz and temperature; 3) Rayleigh fractionations during
the rapid buildup of NO3; and, 4) the possible influence of aerosol
deposition. At a first glance, the regression slope seemed to be
driven by the relative difference in 3'®0-8'"N endmembers be-
tween daytime and nocturnal channels, with the means of 3'°N
(An) and 380 differences estimated to be approximately 8.5%0 and
40%o, respectively (Fig. 1A). In fact, the regression slope was
determined by the relative contributions of the N,Os hydrolysis and
NOs-+HC formation pathways within a specific period (Fig. 1B), as
the two channels were characterized by similar 3'®0 endmembers
but distinct 8'>N endmembers (Fig. 1B, Table S1). This implied that
the field 3'>°N—NO3 was directly linked to the oxidation chemistry
of NOx. Under typical wintertime meteorological conditions in
Beijing (mean temperature of 273.25 K, temperatures ranging from
264.85 K to 277.25 K), the 3> Nn2os and 8'°Nyos were calculated to
be approximately +29.8%o (from +28.8%o to +31.0%0) and —19.1%o
(from —19.4%o to —18.8%o0), while the field 8"°Npoct was approxi-
mated to +21.4%0 (eNgay+An), assuming 3°N-NOx = 0% (also
nocturnal 8'>’N—NO; = 0%). Therefore, the linear regressions
offered a new way to distinguish the contribution of the N,O5 hy-
drolysis and NO3+HC channels relative to the overall nocturnal
pathways (Fig. 1 and see below for more discussion).

3.3. Estimates of the fractional contributions of specific pathways
based on the 6'80-6"N space of NO3

The estimated 8®Opo¢ endmembers varied from -+92.5%0
to +98.9%o (intercept of regressions in Fig. 4) during the sampling
period. Notably, the mean value (4+95.2%o) compared well with that
estimated by using the theoretical approach (Table S1; Walters
et al, 2016). The daily 3'®0—NO3 exhibited large variability
(from +55.3%0 to +103.5%0), yet was significantly and positively
correlated with the NO3 concentrations, implying a role of O3
oxidation in the buildup of atmospheric NO3 (Fig. S5). Due to the
large denominator in Eqn. (3), the overall uncertainty of the
nocturnal pathway contribution was in the order of 5%. The daily
contributions of the nocturnal channels declined with time (Fig.S6;



Z. Zhang, H. Guan, H. Xiao et al.

120
B November
® December
A Jaunary
100
~
=3
=
s
SN~
Om 80
Zn - 77—7".*—7.
- - A
o A .
60 A
Novembery= (-53.4£159) x+ (92.5£25) , R*=042
Decembery = (-754+10.6) x+ (943£2.7) , R*=0.59
Jaunary y= (-942=82) x+ (989=29) , R?>=0.78
40 T T I
0.0 0.1 02 0.3 0.4
Y [NO_{]

Fig. 4. Keeling plots of 5'®0—NO3 against 1/NO3. November PM, 5 samples are shown
with black squares, December with red circles, and January with blue triangles. The
intercept represented the 3'®0 endmembers of NO3 generated via nocturnal pathways.

Table S2), and the monthly mean values were 62.1%, 53.5%, and
45.8% for November, December, and January, respectively. On
average, approximately 54.7% of the NO3 in the PMy 5 was gener-
ated from the nocturnal pathways during the winter sample period.

Linking the 3'>’N—NO3 to the NOx oxidation chemistry, our new
strategy suggested that the N,Os channel contributed approxi-
mately 85 + 2% relative to the other nocturnal pathways. This was
comparable across the three months due to the similarity of the
regression slopes of 3'80—NO3 against 3>N—NO3 (Figs. 1 and 3).
Overall, the relative fractional contributions (mean =+ sd) of the
OH-+NO3, N;0s5 and NO3+HC channels to the atmospheric NO3
were estimated to be 45.3 + 30.2%, 46.5 + 25.6%, and 8.2 + 4.5%,
respectively, in the winter of 2017—2018 in urban Beijing (Table 1).
The relatively large standard errors associated with the individual
channels can be attributed to the distinct wintertime atmospheric
chemical conditions seen day-to-day during the sampling period
(Fig. 2, Fig.S3). In general, our estimates were consistent with
previous reports conducted in urban Beijing based on either
A0-NO3 or 3'80-NO3, suggesting that nocturnal pathways
dominated NO3 accumulation in the winter (Fan et al., 2020; Song
et al.,, 2020; Wang et al., 2019; He et al., 2017). However, the pre-
sented estimates significantly differed from the corresponding
values estimated using A'’0—NO3 in the winter of 2013—2014 and
2015 in urban Beijing (OH+NO; = 31 + 11%, N,05 = 35 + 17%, and
NO3+HC = 34 + 12%), due to the significant differences in the
estimated proportional contribution of the NO3;+HC pathway
(Wang et al., 2019; Song et al., 2020). The NO3+HC pathway should
be less important in nitrate accumulation. For example, a recent

Table 1
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global modelling study suggested that nitrate production from the
NOs-+HC pathway only accounted for 4—5% of the annual global
surface nitrate production on average, while OH oxidation was as
important as N»Os uptake globally (both 41%, Alexander et al.,
2020). Moreover, the NO3+HC pathway was estimated to
contribute 1-10% of the atmospheric NO3 during an annual study
in La Jolla, USA (Michalski et al., 2003). The potential of 3'>’N—NO3
for use in evaluating NOx oxidation chemistry has been suggested
previously (Walters and Michalski, 2016), yet the current study was
one of few that have utilized 3'°N—NO3 in the assessment of
pathway-specific contributions.

3.4. 6N signatures of atmospheric NOx and the potential NOx
emission sources during winter in Beijing

The overall eN values from NOx to NO3 were estimated to be on
average + 16.3 + 1.8%o (ranging from +13.2%o to +19.5%o, Fig. S7),
resembling those estimated based on the A70—NO3 approach
(+15.8 + 7.4%o) in January 2015 in Beijing (Song et al., 2020).
Generally, the uncertainty of daily eN from NOx to NO3 was roughly
5% (Text S4). Moreover, the 3'°N signatures of the monthly mix-
tures of NOx simulated by the two independent approaches were
comparable (Table 1). The mean monthly 3°N signatures of
ambient NOx based on approach A were —5.9%o, —3.8%o, and —3.6%o
for November, December, and January, respectively; these were
close to the corresponding monthly mean values based on
approach B (—5.5%o, —2.7%o, and —3.2%o, respectively). The overall
uncertainties in the ambient 3'>’N-NOx based on approaches A and
B were 5.2%o and 5%o, respectively, implying that our simple stra-
tegies for the estimation of pathway-specific contributions and
nitrogen isotopic fractionation effects based on the 5'80-3'>N space
of NO3 were robust. One of the great advantages of the current
approach was the absence of numerous assumptions, potentially
reducing the uncertainties of the estimated eN and 8'°N values in
the ambient mixture of NOx.

The monthly 3>N-NOx signatures were within the range of the
NOx emitted from vehicular exhaust (—3.7 + 10.4%o, Walters et al.,
2015a; Walters et al., 2015b; Zong et al., 2017), indicating that
transportation was a major contributor to ambient NO3 in the PMj 5
preliminary. Based on multiple isotopic evidence (A'C, 3'3C,
3" N—NHZ" and 8>N—NO3), Lim et al. (2020) also suggested that
liquid fossil fuel combustion, especially vehicle exhaust, signifi-
cantly enhanced the accumulation of secondary inorganic aerosols
in urban Beijing in the spring of 2016. The dominance of NOx
emitted from the transport sector can also account for the minor
variations in wintertime-averaged 3’N—NO3 values in recent
winter seasons in urban Beijing. Furthermore, Beijing’s local
emission inventory (e.g., MEIC) also indicated that transportation
was the key contributor to NOx emissions in 2017 (approximately
75%, Fig. S3). Together, these results indicated that vehicle emis-
sions were the key contributing source to NOx in the megacity of
Beijing in recent years.

The calculated contribution of the individual oxidation pathway (Fou: contribution of OH oxidation channel, Fy05: N2Os hydrolysis channel, Fyos: NO3 reacted with hy-
drocarbon), the nitrogen isotopic fractionation factor from NOx to NO3 (eN), and the estimated source signatures of NOx (3'°N-NOx) during the sampling period.

Fou Fno20s Fnos eN 3'5N-NOx (A) 3'5N-NOx (B)
November 37.8 + 30.1%° 52.8 + 25.6%° 9.3 + 4.5%° 16.5 + 1.6%o —5.9%0 5.5 + 2.6%0
December 47.1 + 30.9%* 449 + 26.2%° 7.9 + 4.6%° 16.5 + 1.8%o —3.8%0 —2.7 + 1.9%0
January 51.6 + 28.1%* 41.0 + 23.9%* 7.2 + 4.2%° 15.8 + 2.0%o —3.6%0 —3.2 + 2.2%0
Mean 453 + 30.2% 46.5 + 25.6% 8.2 +4.5% 16.3 = 1.8%o —4.4 + 1.2%0 —3.8 + 2.5%0

The uncertainty associated with each parameter is included in Text S3. Categories that share common letters do not differ significantly (p > 0.05). 3'>N-NOx (A) and 3'>N-NOx
(B) represented the initial NOx signatures derived from two independent approaches (see material and method 2.4).
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4. Conclusions

Particulate nitrate is playing an increasingly important role in
haze development during winter, making the reduction of NOx
emission a top priority for further PM;5 pollution mitigation.
However, the emission inventory of NOx remains highly contro-
versial. Our improved isotopic approach highlighted that the
transport sector was the largest emitter in the winter of 2017 in
Beijing. Combined with previous reports on 3'>’N—NO3 in PM, 5, we
also inferred that vehicles were the major contributors to NOx
emissions between 2013 and 2017 in Beijing. The results of the NOx
source divisions were in-line with the published regional emission
inventories from the MEIC models. Therefore, our results revealed
that control measures on transportation should be implemented
for continued air quality improvement. More research should be
conducted in other city clusters to further explain the NOx emission
inventory regionally, by using the approved source apportionment
methods. For the megacity of Beijing, the NOx concentration was
estimated to have declined by 20% between 2013 and 2017,
whereas the particulate nitrate fraction increased during this
period. The increasing role of nitrate aerosol in haze pollution was
driven by the high conversion efficiency of NOx to NO3, resulting
from increased atmospheric oxidant concentrations (i.e., O3 and
-OH) and the abundance of alkaline gas, NH3. Previous pollution
mitigation policies have concentrated on cutting emissions of ni-
trate aerosol precursors of NOx. However, the atmospheric re-
actions involving NOx and radicals/oxidants (e.g., OH and Os3) are
complex, leading to a non-linear response in regional haze pollu-
tion as a result of efforts to mitigate NOx emissions. Overall, con-
current reductions of NOx, NHs, and VOCs (volatile organic
compounds) are necessary to further improve clean air policies.
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