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ABSTRACT: 580 is widely used to track nitrate (NO;~) Mild Pollution
formation but overlooks NOj radical reactions with hydrocarbons
(HCs), particularly in heavily emitting hazes. This study introduces
high-time resolution A'O-NO;™ as a powerful tool to quantify
NO;~ formation during five hazes in three cities. Results show
significant differences between A'70-NO;~ and 6"*0-NO;~

identifying NO;~ formation. §'*0-NO;~ results suggested N,Oq

4
35.3%

hydrolysis (62.0—88.4%) as the major pathway of NO;~ formation, | NO,+O AT
while A”O-NO;~ shows the NO;~ formation contributions of =~~~

NO, + OH (17.7-66.3%), NO; + HC (10.8—49.6%), and N,O4 i s HC
hydrolysis (22.9—33.3%), revealing significant NO; + HC ' . . "

contribution (41.7—56%) under severe pollution. Furthermore,
NO;~ formation varies with temperatures, NO, oxidation rate
(NOR), and pollution levels. Higher NO, + OH contribution and
lower NO; + HC contribution were observed at higher temperatures, except for low NOR haze where higher NO, + OH
contributions were observed at low temperatures (T < 10 °C). This emphasizes the significance of NO, + OH in emission-
dominated haze. Contributions of NO, + OH and NO, + HC relate to NOR as positive (fp, = 3.0NOR?> — 2.4*NOR + 0.8) and
negative (fp, = —2.3*NOR? + 1.8*NOR) quadratic functions, respectively, with min/max values at NOR = 0.4. At mild pollution,
NO, + OH (58.1 + 22.2%) dominated NO,~ formation, shifting to NO; + HC (35.5 + 16.3%) during severe pollution.
Additionally, high-time resolution A'’O-NO;~ reveals that morning—evening rush hours and high temperatures at noon promote
the contributions of NO; + HC and NO, + OH, respectively. Our results suggested that the differences in the NO;™ pathway are
attributed to temperatures, NOR, and pollution levels. Furthermore, high-time resolution A'’0-NO, is vital for quantifying NO; +
HC contribution during severe hazes.

KEYWORDS: nitrate, A'”O-NO;~, formation pathways, haze episodes, NO; + HC

1. INTRODUCTION conversion of NO, into NO;~ through three major pathways.
Most cities in China have experienced a dramatic increase in These p e}thways include (i) daytime oxidation of NO, by tl}e
fine particulate matter (PM,;), especially during winter. O_H r‘adlcal tolproduce HNQ3(3) (P1, NO, + OH)!A (ii)
Secondary inorganic aerosols (SIA: NH,*, NO,", and $O,27) mghttlme reaction qf NO, with O; to form NQ3 radlca]‘s,
dominate the composition of PM,, contributing to 30—77% which then react with hydrocarbons (HC, volatile organic
and driving the formation of hazes."” Recent studies have c?mp(?unds) to'produce HNO'3(g) (P2, NO; + HC), and (?11)
found a significant decrease in the mass concentration of SO,*~ nighttime reaction of NO, v@th NO, to form N,Os, which
in PM, s, while the contribution of NO,~ has become more undergoes heterogeneous reactions on wet e;e_rlolsols to generate
prominent.””° During severe haze episodes, the mass fractions liquid-phase HNO; (P3, N,O5 hydrolysis). The produced
of NO;™ in PM, 5 and SIA exceed 30 and 50%, respectively.”*

It is of great significance for understanding NO;™ formation in Received: September 14, 2023
heavy haze episodes to alleviate haze occurrence. Revised: ~ November 15, 2023

Atmospheric NO;™ primarily originates from the oxidation Accepted: November 16, 2023
of nitrogen oxides (NO, = NO + NO,). The conversion of Published: November 30, 2023
NO, to NO;™ involves two main processes: the photochemical

cycle of NO, to form NO, in the atmosphere and the
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HNO; can directly react with alkaline gases (e.g., NH; and
organic amines) to form atmospheric NO;™."° Different
oxidants involved in NO;~ formation are typically associated
with varying degrees of oxygen isotopic fractionation
e(NOZ_,Nm_).lZ’B For example, NO;™~ formed through reactions
involving the OH radical (§'*0-OH, —25 to 0%o) exhibits
significantly lower 5'0-NO;” values compared to those
formed from ozone in the troposphere (5'%0-0,;, 90—
122%0), providing evidence for quantifying the contributions
of different pathways to NO;~ production.* Thus, the dual
isotopes 6'*0 and A'7O have been proven effective in tracing
the formation pathways of NO;~.>"*"*~"” Zhang et al."* used
5'®0-NO;~ evidence to demonstrate that 60.9% of NO;~ in
the North China Plain during summer mainly originated from
heterogeneous oxidation (N,Os hydrolysis). Zong et al.”’
found that photochemistry (NO, + OH) contributed 58.0% of
summertime NO;~ loadings based on 6'*0-NO;~ evidence.
Although many studies have used 5'®O to investigate the
formation pathways of NO;7, its application is restricted to
certain regions due to its limitation in identifying only the NO,
+ OH and N,Og hydrolysis pathways of NO;~ formation.
Unlike §'*0, the oxygen-17 anomaly (A'7Q) values represent
mass-independent fractionation associated with ozone involve-
ment (A0 # 0%o¢), and it has a more sensitive ability to
identify the pathways of NO;~ formation.” This method has
been widely used in recent studies.””'>"'*'”*"** Zhang et al."?
employed A'70 to reveal that NO; + HC and N,O; hydrolysis
were the dominant pathways for winter NO;™ production in
the urban area of Nanjing, with a significant contribution of
72% during nighttime. He et al.” also used A”0-NO;” to
show that NO; + HC and N,Oj hydrolysis were the major
pathways, contributing 56—97% of NO;~ during haze episodes
in Beijing. Previous studies often used a single oxygen isotope
(6"0 or A”0) to quantify the formation pathways of NO;~,
finding that NO, + OH dominated in summer daytime, while
the NO; + HC and N,Og hydrolysis prevailed in winter
nighttime.”'>*° However, other researchers have pointed out
that NO; + HC shows significant contribution in the Beijing
area of China, comparable to the other two pathways.”> The
inconsistency in these research results is due to the fact that
many studies overlooked the NO; + HC contribution to NO;~
yields using a single 6'*0. The deviation of the results will be
even more pronounced, especially for heavily polluted regions
in northern China during winter. Thus, it is crucial to re-
evaluate the contribution of the NO; + HC to NO;~
production using dual stable isotopes §'°0 and A'7O.

This study collected high-resolution haze samples from three
cities in northern China, including Zibo in Shandong Province,
Harbin in Heilongjiang Province, and Zhoukou in Henan
Province. The high-time resolution dual isotopes 5'0-NO,~
and A0-NO;~ were used synchronously to comprehensively
quantify the mechanisms of NO;™ formation. We evaluated the
differences between A'’O and 6'®O in identifying the NO,~
formation pathways. Results from the A'7O analysis suggested
that the NO; + HC pathway is the major pathway for NO;~
formation under severe pollution. Meanwhile, we explored the
factors that impact NO;™ formation during different hazes. In
addition, high-time resolution AY0 provided new evidence
and understanding of NO;~ formation in the rapidly changing
hazes and offered a comprehensive understanding for
mitigating NO;™ concentration in hazes.

2. MATERIALS AND METHODS

2.1. Sample Collection. A high-flow sampler (TE-6070,
TISCH, U.S.) equipped with quartz filters was used to collect
159 sets of high-time resolution samples during five hazes from
November 18, 2022, to February 9, 2023. The sampling sites
were set in Zibo, Shandong Province; Harbin, Heilongjiang
Province; and Zhoukou, Henan Province (Figure S1).
Different sampling times were set for samples based on
PM,s concentration: 6 h (PM,s < 75 ug/m*) for mild
pollution, 4 h (75 < PM,5 < 150 ug/m?®) for moderate
pollution, and 2 h (PM, 5 > 150 ug/m?) for severe pollution.
According to the sampling sites, five haze episodes were
defined as ZB1, ZB2, HEBI, HEB2, and ZK, respectively.
Detailed information about samples is shown in Table S1.
Meteorological parameters such as temperature (T'), humidity
(RH), wind speed (WS), and pollutant concentrations,
including PM, 5, SO,, NO,, CO, and O;, were obtained from
the nearest environmental monitoring stations to the sampling
sites.

2.2. Isotopic Analysis of §'30 and A'70 for NO;™. A 30
cm? filter membrane was extracted with 20 mL of Milli-Q
water for 30 min. The concentrations of water-soluble ions
(Na*, K*, Ca’*, Mg*, Cl7, NO,~, SO,*", and NH,") were
measured using an ion chromatograph (ICS 6000, Thermo
Fisher, USA).”"** The dual oxygen isotopes (50 and A'70)
were determined after converting NO;~ (0.8 ugN) to N,O
through denitrification bacteria (ATCC13985).”° The N,0 gas
is catalytically decomposed to N, and O, by placing it in a gold
tube at 800 °C.” The §'*0 and 670 of O, were measured
using a stable isotope ratio mass spectrometer (MAT253,
Thermo Fisher, USA). The A0 of the sample nitrate was
obtained using the formula A0 = §70 - 0.52 x §'%0.”7**
The true isotope values of samples were obtained using the
international standard samples USGS34 (A'70 = —0.1%o) and
USGS35 (A0 = +21.6%0). This method can measure oxygen
isotope values of atmospheric samples with low NO;~
concentration, with a repeatability precision of 0.1%o for
5"0 and 0.3%o for 570 (n = 10).

2.3. Evaluation of NO;~ Formation Pathways by A'70
and §'%0. The oxygen atom of ozone with A'7O is transferred
to nitrate through various reactions during the formation of
atmospheric NO;~, leading to the presence of A'7O signal in
NO,~.>”*" Different oxidants involved in the production of
NO;~ have distinct A'7O signals, as shown in eqs R1—R3.”” By
inputting the fractionation values [AO-NO;~] of the three
oxidation pathways and the A'7O signal in NO;™ into a
Bayesian model (stable isotope analysis in R, SIAR),>"** the
contributions of NO;~ via NO, + OH (P1), NO, + HC (P2),
and N,Oj; hydrolysis (P3) can be quantified and defined as fp,
fry and fps;, respectively, as shown in eqs R4 and RS5.”
Similarly, 5'®0 can be used to evaluate the contributions of
NO, + OH (P1) and N,O; hydrolysis (P3) due to §'*0-NO;~
values with significant differences between the OH pathway
(=25 to 0%o) and the N,O; hydrolysis (90—122%0),"*** 7" as
shown in egs R6 and R7:"’

[A70 — NO, T, = 2/3A x A0 — O,* (R1)

[A70 — NO; Iy, = 2/34 x A70 — 0," + 1/3A70
- 0" (R2)

https://doi.org/10.1021/acs.est.3c07590
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Figure 1. Time series of (1) concentrations of NO;™ and PM, 5, (2) T and RH, and (3) NOR and the values of A'””O-NO;~ and §'30-NO;” in five

hazes.

[A70 — NO;Tp; = 2/34 x A70 — O,* + 1/6A70
- 05" (R3)
A70 — NO; = [A70 — NO; I, X f,,
+ [A70 — NO, Iy, X f,,

+ [A70 — NO; I, X f,, (R4)
Jor + /o +fP3 =1 (RS)

§'%0 - NO,” =f, X [6"°0 — NO;

+ foy X [6°0 — NO; s (R6)

Jor +fP3 =1 (R7)

Here, A"70-0,* is used with a value of 39%0 (A'70-0,* = 1.5
AY0-Oy0)->**” The A value represents the ratio of O,
oxidation of NO relative to HO,- and RO,-,*” which depend
on the concentrations of the corresponding oxidants.”**” The
detailed calculation can be found in Text SI1. Significant
differences in the O; concentration and T concentration were
observed during five hazes (Table S2), corresponding to
different A values and fractionation values of oxidation
pathways (Table S3). Lower fractionation values were
observed for P1 (21.9 + 4.0), P2 (354 + 4.0), and P3 (28.7
+ 4.0) in ZB2 with low O, concentration compared to high O
concentration. Therefore, the corresponding fractionation
values should be used to accurately calculate the NO;~
formation pathways in different hazes. [§'*0-NO; ]oy and
[6'"0-NO; Jipo represent the &80 fractionation values
produced by OH oxidation and N,Ojs hydrolysis, respectively.

3. RESULTS AND DISCUSSION

3.1. Characteristics of NO;~ in PM,; and Oxygen
Isotopes of NO;~. Figure 1 shows the time series of
meteorological conditions (T and RH), concentrations of
NO;™ and PM, ;, and values of A”’O-NO;~ and §'30-NO;™ in

five hazes. The average values, listed in Table S2, show high
RH (73.5 + 14.4%) and low WS (1.3 + 0.9m/s), which
promoted the accumulation of pollutants and haze forma-
tion.*”™** The PM, s concentrations in HEB1 and HEB2 are
much higher than that of ZB1, ZB2, and ZK, with values of
67.5-33.0 ug'm® (179.3 + 68.4 ug-m®) and 66.5—316.0 ug-m?*
(2104 + 99.2 pg-m?), respectively. The PM, 5 concentrations
in five hazes are much higher than those of hazes in
Shanghai.43 It is worth noting that the NO;~ concentration
and proportion in HEB1 and HEB2 are much lower than those
in other hazes (28.6—33.1%), with values of 15.7 + 6.5 ug-m?*
(9.7 + 48%) and 30.6 + 11.7 ugm® (172 + 10.8%),
respectively. Similarly, the NO, oxidation rates (NOR, 0.18 +
0.7) in Harbin hazes were significantly lower than in Zibo
(0.29 = 0.1) and Zhoukou (0.40 = 0.2). This emphasizes that
the increase in the NO;™ concentration in PM, 5 during Harbin
hazes can be attributed to primary emission. Moreover, it was
found that Harbin had lower temperatures (—7 to —25 °C)
compared to Zibo (—5.2 to 16.7 °C) and Zhoukou (1.4 to 13.4
°C). This implies that a higher heating demand may be a
possible reason leading to more primary emission in Harbin
than in other cities.

The average values of AO-NO,” in ZB1, ZB2, HEBI,
HEB2, and ZK are 30.4 + 1.5, 31.9 + 1.2, 27.3 + 2.4, 30.8 +
1.3, and 30.3 & 1.2%o, respectively. These values are consistent
with previous studies conducted in Beijing Winter of 2015
(278 + 2.1 and 30.6 + 1.8%0)”*’ and Nanjing Winter
(30.5%0)."* However, they are higher than those reported in
Taiwan Province (23.0 + 5.0%0).** HEB1 had the lowest
average A'”O-NO;~ values among the five hazes, indicating a
higher production of NO;~ through the OH pathway (P1),
resulting in more negative A7O-NO;~ values.”” Conversely,
higher average A'’O-NO;" values in the other hazes suggest a
greater contribution from nocturnal formation pathways with
enriched AO-NO;~ values, such as NO; + HC and N,O;
hydrolysis.”” The average values of §"*0-NO;” in five hazes
were 93.4 + 5.1, 98.0 + 4.2, 79.8 + 6.6, 95.8 + 3.5, and 88.4 +
5.0%o, respectively. These values are significantly higher than
those observed in the summer in the North China Plain (+73.7
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+ 7.8%0) and autumn in Southeast China cities (+71.8 +
14.7%¢).'7*° This is due to seasonal differences in NO;~
formation, with N,Og hydrolysis dominating during the
winter.">*® Similar to the A70-NO;~ results, HEB1 shows
lower 5'%0-NO; values compared to those of the other hazes,
indicating a prominent contribution of NO, + OH to NO;~
yields.

3.2. Differences between A'70 and §'%0 in Identify-
ing NO;~ Formation Pathways. 5'®*0-NO;” and A'O-
NO,~ were used to quantify the contributions of P1(NO, +
OH), P2 (NO; + HC), and P3 (N,O; hydrolysis) to NO;~
yields during five hazes. Significant differences were observed
in the results of the two oxygen isotopes (Figure 2). The
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Figure 2. Formation contributions of NO, + OH (P1), NO; + HC
(P2), and N, Oy hydrolysis (P3) to NO, ™~ obtained by A'7O and 6'*0
in five hazes.

A'0O-NO;~ results showed that NO, + OH was the major
contributor for NO;™ loadings in ZB1, HEB1, HEB2, and ZK,
accounting for 41.8 + 9.9, 66.3 + 16.4, 43.2 + 9.7, and 53.5 +
11.6%, respectively. This finding highlights the importance of
photochemical reactions in the formation of NO;~ during
hazes. Our results contradict the previous understanding that
photochemical reactions dominate NO,;~ formation in
summer, while liquid-phase heterogeneous reactions are
more important in winter.** Particularly, the OH concentration
is expected to be low in HEB1 due to its low temperature
(=17.3 + 3.1 °C) and O, concentration (18.4 + 7.5 ;,tg~m3).46
However, it was found that the NO, + OH pathway
contributed significantly to NO;™ production in HEB1. One
possible explanation is that the OH photochemical activity
increases significantly with the rise in pollutant concentrations
during hazes. Even with relatively low concentrations of OH,
its photochemical activity becomes highly active due to the
increased pollutant emissions.”” On the other hand, the
absence of high O; concentrations in winter haze may be due
to its rapid consumption by the conversion of emitted NO to
NO,, as indicated by the highest NO, levels in HEBI (76.8 +
20.6 pg-m?, Table S2). Furthermore, NO, exhibits the lowest

oxidation rate (NOR, 0.13 + 0.05) in HEBI, suggesting that
the NO, + OH pathway has a greater advantage in generating
NO;™ in PM,; under high emission conditions. Unlike
summer, the O; concentration in winter hazes may not be
suitable as an indicator of photochemical activity. In Zibo
hazes, the NO; + HC pathway of ZB1 and ZB2 was found to
be the significant contributor of NO;™, accounting for 24.9 +
8.8 and 49.6 + 6.1%, respectively. The lower O; concentration
in Zibo hazes, as a precursor for NO;, cannot explain the
significant contribution of this pathway, but it is more likely
attributed to the enhanced HC/DMS emission.’ Based on the
72 h back trajectory of different hazes in Figure S2, the high
concentration of DMS carried by clusters from the ocean may
be the reason for the increased contribution of the NO; + HC/
DMS pathway during the Zibo hazes. Moreover, P2
contributions in the other three hazes were also significant,
especially for HEB2 (22.8 + 9.2%). Unlike Zibo hazes, a large
amount of HC emissions were measured in HEB2, as shown in
Table S4, which lead to the prominent contribution of P2.
Meanwhile, Fan et al. used A'70-NO;” to explore the
differences in the formation pathways of NO;™ at different
pollution levels and found that the NO; + HC/N,O4+Cl™
pathway contributes 22—39% of NO;~ production at low
pollution levels and increases to 46—59% at high pollution
levels.” He et al. reported A'70O-NO, -constrained calculations
suggesting that N,Os + Cl™ and NO; + HC dominated 16—
56% of NO;~ production, emphasizing the non-ignorable role
of both in the production of NO;™ in Beijing haze.” Li et al.
used A”0O-NO;™ to reveal the winter contribution of the NO,
+ HC/DMS pathway to NO;~ production up to 30% in
Qinyuan.”” Wang et al. used A7O-NO;™ to explore the
formation pathway of nitrate in Guangzhou under different
vertical altitude conditions and found that the contribution of
the NO; + HC/DMS pathway to NO;~ production increased
from 12 to 25% with increasing altitude.” Wang et al. used
A'0-NO;" to reveal that NO; + HC/DMS contributed 34%
of NO,™ formation in Beijing haze."” Thus, an increasing
number of studies have pointed out that the reaction between
NOj; radicals and HC has a prominent contribution to NO;~
production in haze. N,Og hydrolysis (P3) was a secondary
contribution pathway for NO;~ yields in ZB1 (33.3 + 2.3%),
ZB2 (32.7 + 2.3%), HEB1 (22.9 + 10.9%), HEB2 (34.0 +
1.7%), and ZK (31.4 + 6.5%).

In contrast to A'7O-NO;™ results, 6'*0-NO;™ suggests that
N,O; hydrolysis (79.1 + 12.2%) was the major pathway for
NO;™ yields in the five hazes. Due to the neglect of kinetic
fractionation and the use of a wide range of 5'80-0j during the
quantification of NO,~ pathways,®” there are significant
uncertainties in the results of §'®O-NO;~ for identifying
NO,"~ formation pathways. In comparison, the unique A'7O-
NO;~ signal resulting from ozone reactions enhances the
sensitivity and accuracy in assessing the relationship between
NO;™ and atmospheric chemistry. For the uncertainty of A'’O
analysis results, it can be found in Text S1 that accurate A
values and A'70-O5* are key to ensuring the accuracy of the
analysis results. In this study, the A value at the corresponding
time can be obtained based on high-resolution haze samples,
which to some extent reduces result uncertainty. Moreover, the
AY0-05* value in this study is consistent with that of previous
studies.”®”” Thus, A”O-NO,™ is better suited for evaluating
NO;~ formation pathways in complex atmospheric environ-
ments.”” Compared to A'7O-NO;™ results, the contributions
of N,O; hydrolysis from §'®*0-NO;” were overestimated by
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Figure 3. Influence of (a) T, RH, O;, and pollution levels and (b) NOR on NO;~ formation pathways.

499 + 6.3, 55.7 £ 6.5, 39.1 + 12.4, 51.0 + 4.3, and 44.6 +
41% in ZB1, ZB2, HEB1, HEB2, and ZK, respectively.
Correspondingly, NO, + OH contributions to NO;~ yields in
ZB1, ZB2, HEB1, HEB2, and ZK were significantly under-
estimated by 6'%0, reaching 25.0, 6.1, 28.3, 28.2, and 30.5%,
respectively. It is important to note that 10.8—49.6% of NO;~
produced from NO; + HC (P2) in the five hazes is
disregarded. This leads to an underestimation of HC
contribution to NO;~ and an increase in uncertainty when
predicting NO,~ concentrations. Therefore, A'’O as a more
powerful tool can provide a more comprehensive under-
standing of the pathways for the formation of NO;~ in hazes.
The discussion mainly focuses on the A0 analysis results.
3.3. Impact Factors of NO;~ Formation Pathways.
Figure 3 shows the relationships between meteorological
conditions (T, RH, NOR, and Oj), pollution levels, and NOR
and NO;~ formation. As the temperature increases, higher
contributions of NO, + OH and lower contributions of NO; +
HC were observed. This can be attributed to enhanced
photolysis and reduced heating demand. However, in cases of
Harbin hazes with low NOR, higher NO, + OH contributions
are observed at relatively low temperatures (T « 10 °C)
compared to high temperature (—10 < T < 10 °C) in other
hazes. Figure 3b shows a positive quadratic relationship (fp; =
3.0*NOR? — 2.4*NOR + 0.8) between NO, + OH and NOR,
where the contribution of NO, + OH initially decreases and
then increases with increasing NOR values. This trend can be
observed in Harbin hazes, where the highest contribution of
NO, + OH corresponds to lower NOR. Similarly, NOR
reaches its lowest value when the O; concentration is between
15 and 25 pug-m?, corresponding to the maximum contribution
of NO, + OH. This finding highlights the significance of the
OH pathway in NO;~ formation driven by emissions.
Furthermore, a high RH typically promotes the formation of
NO;™. However, our study reveals that the relationship
between NOR and RH does not consistently show a positive
trend. The impact of N,Og hydrolysis on NO;~ formation
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remains relatively stable as T and RH increase, indicating that
N,Oj; hydrolysis is not the dominant pathway of NO;™ yields
in high RH hazes (average values >73.5%). The influence of
RH on NO;~ formation is relatively complex, as the
contributions of both NO, + OH and NO; + HC exhibit
diversity with increasing RH. Further analysis reveals a
negative quadratic relationship between NOR and NO; +
HC (fp, = —2.3*NOR®> + 1.8*NOR, Figure 3b). The
contribution of NO; + HC to NO;~ yields first increases
and then decreases as NOR increases, reaching its maximum at
NOR = 0.4. Due to the quadratic relationships between NOR
and NO;~ formation pathways (NO, + OH and NO; + HC),
NOR may be a more sensitive indicator than meteorological
conditions for reflecting the formation pathways of NO;™ in
hazes.

In addition, the formation pathways of NO;~ show
differences at different pollution levels. The A'”O-NO;~ values
increase from 28 + 2.8%0 (NO;™ < 15 ug-m?) to 31.6 + 1.5%0
(NO;~ > 45 pugm®). Higher A0 values in the severe
pollution level indicate prominent contributions of NO; + HC
and N,Og hydrolysis to NO;™ formation due to the distinctive
high A0 signal of 03.”**"7 In Figure 3a, it has been found
that the contribution of NO; + HC to NO;~ formation
increases from 17.0 + 14.2% in NO;~ < 1§ //tg-m3 to 35.3 +
16.3% in NO;~ > 45 ,ug‘m3, which is associated with increased
HC emissions under severe pollution level. As shown in
Figures S3 and S4, the increase in the P2 contribution is
accompanied by an increase in the HC concentration, such as
oxygenated/intermediate volatile organic compounds (O/
IVOCs). For example, the OVOC concentration increased
from 18.9 pg:m™ in low P2 contribution to 30.6 ug'm™ in
high P2 contribution. Meanwhile, the concentration of IVOCs
is 1 order of magnitude higher than that of OVOC:s in the five
hazes. The concentration of IVOCs from 45.5 yg'm™ in the
low contribution of the NO; + HC pathway increases to 55.4
ugm™ in the high contribution of the NO; + HC pathway
contribution. The relationships between the O/IVOCs and the
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Figure 4. Diurnal variations curves of 2, 4, and 6 h, including meteorological conditions, gaseous precursors, and NO;™ formation pathways.

NO; + HC pathway contribution can be found in Text S2. In
addition, it is difficult to distinguish the contributions of the
NO; + HC pathway and the N,Og + CI~ pathway by A'7O-
NO;~ due to the same fingerprint feature between the two
paths. According to the relationship between NO; + HC
pathway contribution and CI” concentration in five haze
episodes (Figure SS), we found that Cl™ concentration in five
haze episodes was 4.7 + 2.9 ug'm™ in low P2 contribution,
while CI™ concentration only increased by 2.8 pg-m™ in high
P2 contribution. Compared to the other HC species, the lower
growth rate of the CI™ concentration showed that it is not the
main pathway of NO;~ formation. Thus, the increased HC
emission (O/IVOCs) is an important reason for the increase
in NO; + HC pathway contribution under different pollution
levels. Moreover, the contribution of N,Oj hydrolysis shows a
slow increasing trend from 24.9 + 10.2% (mild pollution) to
33.0 + 2.4% (severe pollution). Conversely, the lower A'7O
values in the mild pollution level suggest the importance
contribution of NO, + OH to NO;~ production, which
decreases rapidly from 58.1 + 22.2% at mild pollution to 31.7
+ 14.8% at severe pollution. A possible explanation could be
that increased pollution has weakened solar radiation, leading
to a reduction in the number of OH photochemical reactions.
Our study shows that NO, + OH (58.1 & 22.2%) is the main
pathway during the mild pollution level, while NO; + HC
becomes the dominant pathway for NO;~ formation (35.5 +
16.3%) at severe pollution level. The significant role of NO; +
HC in the formation of NO;~ during severe pollution levels of
hazes should be of concern. It highlights the importance of
strict control of HC emissions to effectively alleviate the
explosive growth of the NO;™ concentration in haze.

3.4. Diurnal Variation of NO;~ Formation Pathways.
The curves of 2, 4, and 6 h in Figure 4 represent the diurnal
variation characteristics of different components under severe
pollution (PM,5 > 150 pg/m?), moderate pollution (75 <
PM, 5 < 150 pug/m?®), and mild pollution (PM, 5 < 75 ug/m?),
respectively. Additionally, they also reflect the ability of
samples with different time resolutions to identify the NO;~
formation. The diurnal variations of PM, 5, CO, and NO, show
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good consistency, with higher concentrations at night
compared to daytime. Their concentrations reach maximum
values at peak hours and a minimum at noon in the 2 h curve
(severe pollution). Similarly, the contribution of NO;~ from
NO; + HC follows the trends observed in the 2 h curve, with
significantly higher contributions during nighttime and
morning—evening peak hours compared to daytime and at
noon. This is attributed to increased vehicle emissions during
peak hours and reduced accumulation of pollutants with the
increase in the daytime boundary layer. Furthermore, RH and
T exhibit opposite diurnal variations. T is higher during the
day, peaking at noon, which corresponds to the highest
concentrations of O, and HO, (Text S1) at noon (14:00).”%**
This is because intense light promotes the production of
aluminating elements such as O; and HO,. Meanwhile, NOR
and the contribution of NO, + OH reach their maximum at
noon in the 2 h curve, indicating a prominent contribution of
NO, + OH during the daytime at noon. Higher A values were
also observed during the day, peaking at noon with a range
from 0.96 to 0.97. This leads to greater fractionation values
produced by three pathways: P1 (25.5%0), P2 (39.1%o), and
P3 (32.4%0c). Moreover, the A'7O value (26.2%0) at noon
during severe pollution is closer to the fractionation value
produced by the NO, + OH pathway, suggesting the higher
photochemical contribution to NO;~ production at noon.
However, A values show larger variations during the night of
severe pollution, with a minimum value of 0.74, corresponding
to lower fractionation values of P1 (19.8%o), P2 (33.3%0), and
P3 (26.5%0) pathways. At this time, the A'7O value (30.2%o)
is closer to the fractionation values of P2 and P3 pathways,
providing evidence that the NO; + HC and N,Oj pathways
dominate the nighttime formation of NO;™.

In addition, it was found that the diurnal variation trends of
each component tend to stabilize as the time resolution
decreases from 2 to 6 h, even approaching a straight line. For
example, no obvious peak hours can be observed in the diurnal
variation of PM, 5, CO, NO,, and SO, in the 4 and 6 h curves,
weakening the information from the emission source. More-
over, it was found that the contributions of NO; + HC and
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N,Oj; hydrolysis were mainly active to NO;~ formation during
the day than at night in the 4 and 6 h curves. The diurnal
variation of NO, + OH shows higher levels at night than
during the daytime. Those results from low-time-resolution
samples were obviously contrary to those of high-time-
resolution samples. A possible explanation is that the low-
resolution A'’O signal weakens the detailed information in
evaluating the pathways of NO;~ formation, leading to
considerable uncertainty in the results. Our results emphasize
the necessity of high-time-resolution samples to ensure result
accuracy.

3.5. Formation Pathways of NO;~ under Different
Hazes and Clusters. Figure S displays the contribution ratios
of NO;~ formation pathways in different hazes and clusters
obtained by A'O. The 72 h back trajectory and the
composition characteristic of each cluster in five hazes are
shown in Figures S2 and S6, respectively. Local pollution
cluster 2, with a higher NO;~ concentration (68.9 g/m?) than
marine clusters 1, 3, and 4 (0.5—43.0 ug/m?), leads to the haze
formation of ZB1 (Figures S2 and S6). Furthermore, it is
found that NO, + OH contributed 40—46% of NO;™ in
marine clusters 1, 3, and 4. In contrast, local pollution cluster 2
with higher HC concentration (OVOCs, 29.4 pug/m?) leads to
higher NO; + HC contribution up to 34% of NO;™~ production
compared to marine clusters (NO; + HC, 20—26%). Especially
during the peak pollution period of ZB1, the contribution of
NO; + HC to NO;~ formation can reach 41.7% (Figure S7).
Moreover, ZB2 is mainly driven by local clusters 1 and 3,
where the contribution of NO; + HC to NO;~ formation
consistently remains dominant (47—56%), followed by N,Os
hydrolysis (29—34%) and NO, + OH (15—19%). ZB2 is
successively influenced by clusters 1, 3, 1, and 2, with
corresponding NO;™ concentrations of 17.6, 32.3, 57.9, and
30.7 ug/m?, respectively (Figure S6). It was found that the
contribution of NO; + HC to NO;~ yields also increases from
48 to 56% with the increase in HC emission (OVOCs, from
13.8 to 31.1 pug/m®). These results confirm that NO; + HC
plays a non-negligible role in NO;~ formation, particularly in
severe pollution level, as shown in Figure 3b.

HEBI is influenced by clusters 1 and 3 from Russia, as well
as clusters 2 and 4 from Heilongjiang Province. As shown in
Figure S6, all clusters show high concentrations of PM,
(84.3—248.6 pug/m®), SO, (23.8—36.5 ug/m’), NO, (47.7—
101.9 ug/m*), RH (72.2—81.6%), and low NOR (0.07—0.17)
and NO;™~ concentration (7.3—20.5 ug/m?). The A'O values
in HEB1 (23.9—29.4%o0) are significantly lower than in other
hazes, suggesting that NO, + OH (54—86%) is the main
pathway for NO;™ formation in HEB1. This finding contradicts
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the lower OH concentration due to low temperature (—16.2 to
—29.9 °C). We speculate that the high HC concentration
under high emissions and low NOR may contribute to the
prominent role of NO, + OH (Figure $6).*°° Additionally,
the relationships between the contributions of NO, + OH and
NO; + HC and NOR were consistent with Figure 3b. For
example, an increase in NOR from cluster 1 (0.11) to cluster 2
(0.17) corresponds to a decrease in the NO, + OH
contribution from 86 to 54%. Similarly, a decrease in NOR
from 0.17 in cluster 2 to 0.14 in cluster 4 corresponds to an
increase in NO, + OH contribution from 54 to 70%.
Compared to HEB1, HEB2 is influenced by the northwest
clusters 1, 2, 3, and 4, with significantly higher NOR values
(0.18—0.33) corresponding to the increased NO; + HC
contributions and decreased NO, + OH contribution (35—
41%). Clusters 1 (0.18) and 3 (0.19) in HEB2 with lower
NOR exhibit prominent contributions from NO, + OH (50
and 61%), while clusters 2, 4, and 1 show a decrease in NO, +
OH contribution and an increase in NO; + HC contribution
with increasing NOR. Compared to HEB1, ZK showed higher
temperature (3.2—10.1 °C), RH (55.6—87.6%), and O,
concentrations (44.1—72.5 ug/m?), corresponding to higher
OH photochemical activity and higher contributions from
NO, + OH (47—64%). N,O4 hydrolysis acts as a secondary
pathway of NO;~, with the minimum (21%) and maximum
(34%) contributions observed at low RH (cluster 2, 57.3%)
and high RH (cluster 2, 87.6%), respectively. Moreover,
compared to HEB2, ZK haze shows lower contributions from
NO; + HC (11-19%) due to the lower emissions of HC
during the Chinese Lantern Festival (Table S4 and Figure S6).
Furthermore, compared to the analysis results of 6'*0-NO;™ in
Figure S8, this study emphasizes the necessity of using A'’O to
constrain the pathways of NO;™ formation during severe haze
pollution, as its sensitivity is suitable for complex atmospheric
environments.

4. IMPLICATION

This study employs high-time resolution dual-isotope A'7O
and §"0 to investigate NO,;~ formation in different hazes in
cities of northern China. The results of §'*0 overlook NO; +
HC contribution, while A'7O provides a more comprehensive
and sensitive constraint on NO;~ formation. Significant
differences of the formation pathways of NO;™ in different
hazes can be observed due to the influence of various factors,
such as NOR, temperature, and pollution levels. NOR and
pollution levels are more effective indicators than meteoro-
logical conditions to reflect the formation of NO;™ in hazes.
For example, in emission-dominated hazes, NO, + OH is the
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dominant pathway for the NO;~ formation. However, the
contribution of NO; + HC increases with increasing NOR and
pollution levels, reaching its maximum value at NOR = 0.4 and
severe pollution levels. Utilizing A'7O is crucial for accurately
quantifying the formation pathways of NO;™, especially during
severe hazes. Additionally, there are uncertainties in the
evaluation process of NO,~ formation pathways using A'’O.
First, the A values were obtained using empirical formulas due
to limited monitoring of radical concentrations (HO,/RO,).
To reduce the uncertainties associated with A values, efforts
can be made to strengthen the monitoring of radical
concentrations and directly measure the A”0O-NO, end-
member value. Second, we found that the A0 signal
characteristics are lower in emission-dominated hazes. There-
fore, it is necessary to better evaluate the influence of emission
sources on the A'’O-NO;" values in environmental samples to
obtain more accurate results on the NO;~ formation. Finally,
the A0 signal can be incorporated into air quality models to
simulate and predict NO;™ concentrations in the future.
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