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Abstract. Nitrogenous organic aerosol (OA) has a significant effect on solar radiation, human health, and
ecosystems. However, our knowledge of the total budget of aerosol organic nitrogen (ON) and its major sources,
particularly the secondary formation processes, remains largely qualitative. In this study, we conducted bihourly
measurements of aerosol ON and a comprehensive array of organic and inorganic source markers in urban Shang-
hai during the fall–winter period of 2021. ON accounted for 6 %–58 % of the total aerosol N, averaging 20 %.
Positive factorization matrix source apportionment revealed that both primary emissions (52 %) and secondary
formations (48 %) made substantial contributions to the ON mass. Dominant primary ON sources included coal
combustion and vehicle emissions, accounting for 21 % each. Five significant secondary formation processes
involving ON formation were identified, namely, nitrate formation (14 %), photochemical formation (10 %), ni-
troaromatics formation (7 %), dicarboxylic acids (DCA) formation (8 %), and oxygenated cooking OA (7 %).
DCA formation-related ON probably represented reduced N-containing organic species such as imidazoles and
amides. Nitrate formation processes produced OA with a very low organic carbon-to-ON ratio, suggesting a het-
erogeneous/aqueous formation of organic nitrates. Our fieldwork provides first quantitative source analysis and
new insights into the secondary formation processes of ON aerosols in an urban atmosphere.
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Key points.

1. Various primary and secondary sources of aerosol organic ni-
trogen (ON) have been quantitatively resolved using a positive
matrix factorization (PMF) model based on bihourly measure-
ment data of bulk ON and comprehensive source markers.

2. Observational evidence of the formation of reduced ON
species through ammonia chemistry was found.

3. Joint source analyses of ON and organic carbon (OC) facili-
tated investigating the potentially significant formation path-
ways of ON aerosols.

1 Introduction

Nitrogen (N)-containing organic compounds are significant
constituents of ambient organic aerosols (OAs) (Yu et al.,
2024), and their environmental effects have been observed
in various aspects. For example, nitroaromatic compounds
(Laskin et al., 2015; Xie et al., 2017) and imidazole-like
species (Bones et al., 2010; Li et al., 2019) are typical brown
carbon molecules that absorb solar radiation, leading to a
warming effect. Amines are more efficient than ammonia
(NH3) in reacting with sulfuric acid to form new particles
(Qiu et al., 2011), even in urban regions with high aerosol
loading (Yao et al., 2018). Nitro-polycyclic aromatic hydro-
carbons (nitro-PAHs) are known toxicants to the human body
(Miller-Schulze et al., 2010; Bandowe and Meusel, 2017).
Additionally, the atmospheric deposition of organic nitrogen
(ON) species serves as a significant source of N nutrient for
marine and remote continental regions (Kielland et al., 2006;
Andersen et al., 2017; Li et al., 2023). Therefore, detailed
investigations are warranted to understand the budgets and
sources of ON aerosols considering their multiple important
environmental effects.

Several compound categories of ON have been identified,
including urea (Mace et al., 2003; Violaki and Mihalopou-
los, 2011), amino acids (Zhang et al., 2002; Ren et al., 2018),
amines (Ho et al., 2016; Liu et al., 2018a), N-heterocyclics
(Samy and Hays, 2013; Rizwan Khan et al., 2017), nitroaro-
matics (Chow et al., 2016; Xie et al., 2017), nitro-PAHs (Wei
et al., 2012), and organic nitrates (Li et al., 2018; Huang et
al., 2021b). While urea stands as a single compound, several
to dozens of individual compounds have been quantified in
each of the other categories. Despite considerable uncertainty
of quantification, aerosol mass spectrometry (AMS) has been
widely used to estimate the total amount of organic nitrates
(Farmer et al., 2010; Huang et al., 2021b; Xu et al., 2021).
Overall, the quantifiable individual ON species or a specific
ON category commonly constitute only a minor fraction of
the total ON aerosol content (Jickells et al., 2013). The com-
prehensive quantification of every ON molecule to derive
the total ON aerosol budget is impractical due to the lack
of knowledge of molecular composition of the ON fraction
and standards. Alternatively, bulk ON measurement, though
lacking detailed compositional data, enables mass closure

and aids in exploring major sources of ON aerosol. Tradi-
tional methods of aerosol ON quantification have relied on
the difference method, where ON is calculated as the differ-
ence between total nitrogen (TN) and inorganic nitrogen (IN)
(Cape et al., 2011). Limitations with the traditional analyti-
cal approach for aerosol ON determination have led to three
deficiencies in the current status of aerosol ON data.

First, the assessment of aerosol total ON, including
both water-soluble ON (WSON) and water-insoluble ON
(WION), has been quite restricted, with most determina-
tions focusing solely on water-soluble TN (WSTN), omitting
WION measurements (Cape et al., 2011). This approach pro-
duces WSON through taking the difference between WSTN
and IN. Some studies have employed elemental analyzers for
TN determination, calculating ON as the difference between
TN and IN (Duan et al., 2009; Miyazaki et al., 2011; Pavuluri
et al., 2015; Matsumoto et al., 2019). However, the elemen-
tal analyzers’ detection limit of nitrogen is insufficient for
accurate measurements of trace-level aerosol nitrogen (Duan
et al., 2009), limiting its widespread use in aerosol nitrogen
analysis. Despite significant uncertainty, a few studies sug-
gested that WION, deduced by subtracting WSTN from TN,
could be more abundant than WSON in coastal or urban areas
(Pavuluri et al., 2015; Matsumoto et al., 2019), highlighting
the necessity of quantifying total ON to determine the ex-
tent of ON aerosol presence. Second, the quantification of
both WSON and WION using the difference method intro-
duces considerable uncertainty, especially when ON is a mi-
nor fraction of TN (Yu et al., 2021). This approach has led to
the reporting of physically implausible negative WSON con-
centrations in past studies (Mace et al., 2003; Nakamura et
al., 2006; Violaki and Mihalopoulos, 2010; Yu et al., 2017).
Third, the absence of high-time resolution or online measure-
ment methods for aerosol ON has hampered the investigation
of ON aerosol sources and formation processes in previous
research.

We have developed an analyzer system that utilizes pro-
grammed thermal evolution of carbonaceous and nitroge-
nous aerosols and chemiluminescence detection coupled
with multivariate curve resolution data treatment (Yu et al.,
2021). This system enables simultaneous quantification of
aerosol IN and ON with high sensitivity and accuracy. Un-
like conventional methods, our new approach avoids the oc-
currence of negative ON concentrations, which are often en-
countered in difference methods. Furthermore, the method
allows for both offline and online measurements of aerosol
ON. During the summer of 2021, we conducted a two-month
period of online observations of aerosol IN and ON in urban
Shanghai (Yu et al., 2023). Our findings revealed significant
diurnal variations in ON concentrations, with vehicle emis-
sions and secondary formation processes identified as major
drivers of episodic ON enhancements. However, due to the
lack of comprehensive organic source markers, we were un-
able to fully attribute the contributions of certain potentially
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important sources and/or formation processes to the ON bud-
get.

In this study, we extended our investigation through on-
line measurements of aerosol ON in urban Shanghai during
the fall–winter period of 2021. Concurrently, we conducted
comprehensive measurements of aerosol major components
and source markers on an hourly/bihourly scale. Specifically,
we measured a comprehensive array of organic tracers repre-
senting distinct primary emission sources and secondary for-
mation processes. These measurements enabled us to quan-
titatively apportion total ON to different primary and sec-
ondary sources using positive matrix factorization (PMF) re-
ceptor modeling. Our focus lies in examining the secondary
formation sources of ON, as our knowledge regarding the
formation mechanisms of ON aerosols remains limited. By
combining the high-time resolution measurements of ON
and comprehensive organic markers, we demonstrate the suc-
cessful quantitative source analysis of ON aerosols in an ur-
ban atmosphere, revealing significant contributions of sec-
ondary formation pathways to ON.

2 Methodology

2.1 Sampling site and period

The field measurement was conducted in Shanghai, a megac-
ity located in the Yangtze River Delta (YRD) region of China
and with a population of over 24 million. In recent years, the
city has experienced frequent episodes of PM2.5 pollution,
with nitrogenous components becoming increasingly promi-
nent contributors to PM2.5 mass (Zhou et al., 2022). All mea-
surements were carried out at a monitoring site (31.17° N,
121.43° E) situated on the rooftop of an eight-story build-
ing, approximately 30 m above the ground, at the Shanghai
Academy of Environmental Sciences (SAES). This site is
surrounded by urban roads, commercial activities, and res-
idential dwellings, making it a representative urban location
influenced by a diverse range of emission sources (Wang et
al., 2018; Zhou et al., 2022). The observations were con-
ducted during the fall–winter period from 6 November to
31 December 2021.

2.2 Online measurement of aerosol ON

Aerosol ON was measured bihourly using our newly devel-
oped analytical system, which enables sensitive and simul-
taneous measurements of aerosol ON and IN. Detailed de-
scriptions of the new method can be found in our previous
work (Yu et al., 2021, 2023). In brief, the analyzer system in-
tegrates two commercial instruments: an online aerosol car-
bon (C) analyzer and a chemiluminescence NOx analyzer.
Carbonaceous and nitrogenous aerosols collected on quartz
filters were thermally evolved under programmed tempera-
tures and then catalytically oxidized to CO2 and nitrogen ox-
ides (NOy), respectively. The C signal was monitored using

the non-dispersive infrared (NDIR) method, while the N sig-
nal was recorded through chemiluminescence detection after
converting NOy to NO. The C signal assists in differentiat-
ing IN and ON components since ON aerosols produce both
C and N signals, while the IN fraction only gives an N sig-
nal. The programmed thermal evolution facilitates the sepa-
ration of aerosol IN and ON, as they exhibit distinct thermal
characteristics. The quantification of IN and ON is achieved
through multivariate curve resolution data treatment of C and
N thermal fractions (Yu et al., 2021).

The time resolution for ON measurement was 2 h, with
each sampling lasting 1 h, followed by an analysis step taking
approximately 50 min. Sampling commenced at even hours
(e.g., 02:00, 04:00). In total, 598 pairs of available ON and
IN data points were collected. 4-methyl-imidazole served as
the calibration standard for C and N measurements, with sys-
tematic calibrations conducted twice monthly. Example cali-
bration curves could be found in Yu et al. (2023). The detec-
tion limit for aerosol N is 0.013 µg N, corresponding to an air
concentration of 0.027 µg N m−3. A comparative analysis of
aerosol IN concentrations obtained through the new method
and those measured by the Monitor for AeRosols and GAses
(MARGA) system is presented in Fig. S1 in the Supplement.

2.3 Other online measurements

The measurement methods for PM2.5 mass and major aerosol
components at the site have been described in detail else-
where (Qiao et al., 2014). PM2.5 concentration was measured
using a beta attenuation particulate monitor (Thermo Fisher
Scientific, FH 62 C14 series). Organic and elemental carbon
(OC and EC) were monitored using a semicontinuous OC/EC
analyzer (model RT-4, Sunset Laboratory, Tigard, OR, USA).
The major water-soluble ionic species (NO−3 , Cl−, SO2−

4 ,
Na+, NH+4 , K+, Mg2+, and Ca2+) in PM2.5 were measured
using the MARGA (ADI, 2080; Applikon Analytical B.V.).
Elements in PM2.5 (e.g., Al, K, Ca, Mn, Fe, Ni, Cu, Zn, As,
Se, Cd, Pb) were monitored using an online X-ray fluores-
cence (XRF) spectrometer (Xact® 625, Cooper Environmen-
tal Services, Tigard, OR, USA). All the instruments were
equipped with individual sampling inlets with a cyclone to
achieve a 2.5 µm cut size. The sampling lines, made of stain-
less steel, were approximately 2–2.5 m in length.

Quantification of a suite of speciated organic markers
was conducted using a thermal desorption Aerosol Ggas
chromatography–mass spectrometer (TAG, Aerodyne Re-
search Inc.). The measurement principle and operational pro-
cedure of the TAG system have been described in detail in
previous studies (Williams et al., 2006; He et al., 2020; Zhu
et al., 2021). In brief, the TAG system operated at a time res-
olution of 2 h. During the first hour, ambient air was drawn
through a PM2.5 cyclone at a flow rate of 10 L min−1, pass-
ing through a carbon denuder to remove the gas phase, and
particles were then collected onto a thermal desorption cell
(CTD). In the second hour, the collected particles underwent
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thermal desorption and gas chromatography–mass spectrom-
etry (GC-MS) analysis. In each analysis, 5 µL of an inter-
nal standard mixture was added to the CTD that was loaded
with particles collected in the preceding hour. During the
thermal desorption step, the polar organic compounds in the
PM2.5 were derivatized to their trimethylsilyl derivatives un-
der a helium stream saturated with the derivatization agent N-
methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA). Sub-
sequently, the organic compounds were reconcentrated onto
a focusing trap cooled by a fan. Following this, the CTD was
purged with pure helium to remove excess MSTFA, and the
focusing trap was heated to 330 °C to transfer the organic
compounds into the valveless injection system, which uti-
lizes a restrictive capillary tube to connect to the GC inlet.
The GC-MS analysis was then initiated. A total of approxi-
mately 100 polar and non-polar organic compounds could be
identified and quantified with authentic standards (Zhu et al.,
2021). The individual TAG-measured source tracers used for
PMF receptor modeling are listed in Table S1 in the Supple-
ment.

Gaseous pollutants, including sulfur dioxide (SO2), ozone
(O3), nitrogen dioxide (NO2), nitric oxide (NO), and carbon
monoxide (CO), along with meteorological parameters such
as temperature, relative humidity, atmospheric pressure, vis-
ibility, wind speed, and wind direction, were also recorded.
The trace gas and meteorological data were averaged to an
hourly resolution to match the time resolution of other anal-
yses.

3 Results and discussion

3.1 Abundance and variations of ON aerosol.

The concentration of aerosol ON ranged from 0.15 to
2.35 µg N m−3, with the average being 0.80± 0.45 µg N m−3

during the fall–winter period of observation (Fig. 1). IN con-
centration was on average 3.34± 2.16 µg N m−3 and dis-
played a large variation from 0.34 to 21.05 µg N m−3. ON
accounted for 6 %–58 % of the total N in aerosols, with an
average of approximately 20 %. This percentage was sig-
nificantly lower than (p<0.001) the value (25 %) observed
at the same location during the summer of 2021 (Yu et al.,
2023). The difference was attributed to the higher enhance-
ment of IN (2.2×) compared to ON (1.8×) from summer to
winter. During the winter observation, ON exhibited signif-
icantly higher concentrations at nighttime (0.85 µg N m−3)
compared to daytime (0.75 µg N m−3) (p<0.005) (Fig. 1).
This result contradicted the findings from summertime mea-
surements, which showed higher ON concentrations during
daytime (Yu et al., 2023). From summer to winter, the day-
time and nighttime ON concentrations increased by a factor
of 1.56 and 2.13, respectively, suggesting that nocturnal for-
mation of ON aerosols might be more significant in winter.
The concentration of aerosol IN was higher during nighttime
in both summer and winter periods at the urban site.

The average of OC /ON atomic ratio was 8.15, with an in-
terquartile range of 6.92 to 9.34 during the fall–winter obser-
vation (Fig. 1). That is, in most cases there was one N atom
relative to 7–9 C atoms in the collected OAs. The average of
OC /ON atomic ratio was significantly lower in winter than
in summer (8.15 vs. 11.98) (p<0.001). Since the categories
of major primary sources of OC and ON did not change sig-
nificantly at the urban site over seasons, which is discussed
below, the lower OC /ON ratio suggested that during win-
tertime, when air pollution is more severe, more N element
was incorporated into organic molecules to form secondary
N-containing OA. Therefore, detailed investigations into the
sources, particularly the secondary formation processes of ni-
trogenous OA, are warranted.

3.2 Source apportionment for aerosol ON by PMF
model with comprehensive source markers

In this study, bihourly measurements of aerosol total ON,
together with a comprehensive list of organic and inorganic
source markers, were available. These data enabled a quan-
titative source apportionment of ON using PMF receptor
modeling. The PMF results allowed investigation of the diel
variations in ON sources. Details regarding the PMF con-
figuration and diagnostics are provided in Text S1 in the
Supplement. Benefiting from the comprehensive array of
molecular source tracers, the PMF analysis resolved a to-
tal of 18 factors, including eight primary emission sources
and 10 secondary formation sources. The factor profiles and
contributions are displayed in Figs. S3 and S4 in the Sup-
plement, respectively. Source identification was based on
established molecular and elemental markers (Qiao et al.,
2014; Wang et al., 2015). These factors and their corre-
sponding markers are as follows. (1) Industrial emissions
were represented by manganese (Mn), iron (Fe), and zinc
(Zn). (2) Coal combustion was identified through selenium
(Se) and lead (Pb). (3) Biomass burning was characterized
by the presence of levoglucosan, mannosan, and galactosan.
(4) Vehicle emissions were indicated by hopanes, nitrogen
oxides (NOx), and elemental carbon (EC). (5) Residue oil
combustion was marked by high loadings of nickel (Ni).
(6) Cooking emissions were indicated by saturated and un-
saturated fatty acids. (7) Oxygenated cooking OA forma-
tion was characterized by the high loadings of azelaic acid,
9-oxononanoic acid, and nonanoic acid, which are oxida-
tion products of oleic acid or other unsaturated fatty acids
with −C=C at the C9 position that are emitted directly
from cooking activities (Huang et al., 2021a; Wang and Yu,
2021). This factor reflects secondary oxidation products orig-
inating from primary cooking emissions and showed pro-
nounced enhancements during dinner hours, as illustrated
in Fig. S4a. (8) Sea salt emissions were distinguished by
sodium (Na+) and chloride (Cl−). (9) Soil dust was indi-
cated by silicon (Si) and calcium (Ca). (10) Nitrocatechol
formation processes were represented by 4-nitrocatechol, 3-
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Figure 1. (a) Time series of aerosol N and C concentrations as well as ON /TN and OC /ON ratios during the fall–winter field observations
in urban Shanghai from 6 November to 31 December 2021.The OC /ON values are atomic ratios, calculated by measured OC /ON mass
ratios divided by (12/14). (b) Diel variations of ON and IN concentrations as well as ON /TN and OC /ON ratios.

methyl-5-nitrocatechol, and 4-methyl-5-nitrocatechol. These
compounds exhibited strong inter-species correlations, with
R2 values ranging from 0.4 to 0.8, suggesting a common
formation pathway. (11) Nitrophenol formation was iden-
tified through 4-nitrophenol. As nitroaromatic compounds
are significant components of nitrogen-containing OA, both
nitrocatechols and nitrophenol were included in the PMF

analysis to resolve ON fractions associated with nitroaro-
matic species. (12) Nitrate formation processes were indi-
cated by nitrate (NO−3 ). (13) Sulfate formation processes
were identified through sulfate (SO2−

4 ). (14) Photochemi-
cal formation processes were associated with a high loading
of ozone (O3). (15) Phthalic acid formation processes were
resolved using phthalic acid as a tracer. (16) Dicarboxylic
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acid (DCA) formation was identified through a suite of di-
carboxylic acids. (17) Isoprene- and α-pinene-derived sec-
ondary OA (SOA) formation was represented by their re-
spective oxidation products. (18) β-Caryophyllene SOA for-
mation was characterized by β-caryophyllenic acid. The 18-
factor solution exhibited excellent agreement with the ob-
served ON and OC masses (Fig. S5). Among theses fac-
tors, 12 contributed to ON mass. The remaining six factors–
biomass burning, residue oil combustion, sea salt emission,
sulfate formation processes, phthalic acid formation, and iso-
prene and α-pinene SOA formation processes–showed neg-
ligible or no contribution to ON.

Overall, 52 % (0.42 µg N m−3) of the ON mass was at-
tributed to primary emissions (Fig. 2). Among the primary
sources, coal combustion and vehicle emissions were the
most dominant, each contributing 21 % to the aerosol ON.
This finding was consistent with the summertime measure-
ments at the same site that vehicle emissions and coal com-
bustion dominated the primary emission sources of ON (Yu
et al., 2023). The contribution of coal combustion to ON was
higher during nighttime, whereas the contribution of vehi-
cle emissions increased during traffic rush hours (Fig. 2c).
In comparison, industrial and dust emissions had relatively
lower contributions to ON but showed increased contribu-
tions during daytime. Biomass burning has been recognized
as an important source of aerosol ON (Mace et al., 2003;
Chen and Chen, 2010; Yu et al., 2017). In this study, we
found that a negligible fraction of ON was apportioned to
the primary biomass burning factor while a notable pres-
ence (7.2 %) of ON in the factor of nitrocatechol forma-
tion processes (Fig. 2). Nitrocatechols are probably formed
through the nitration of catechols emitted from biomass burn-
ing. This secondary formation pathway was supported by the
good correlation between levoglucosan and nitrocatechols
(Fig. S7). The contribution of primary cooking emissions to
ON was generally low, averaging 2 % across the observa-
tion period. However, this contribution increased to 5± 4 %
(ranging from 0.8 % to 17 %) during dinner time (Fig. 2).

Secondary formation processes contributed 48 %
(0.38 µg N m−3) to ON. Among these, nitrate forma-
tion processes contributed the largest fraction, representing
14 % of the ON mass, and exhibited minimal diel variation.
Photochemical formation processes contributed 10 % to ON,
with a considerable increase observed from noon to the
afternoon, consistent with increased photochemical activity
during daylight hours. The formation processes of DCAs
and nitrocatechols contributed 8 % and 7 %, respectively,
to the ON budget. The oxygenated cooking OA factor
contributed 7 %, exceeding the contribution from primary
cooking emissions (2 %).

ON associated with the factors related to nitrocatechol and
nitrophenol formation probably represent the amount of N
bound within nitroaromatic compounds, averaging approxi-
mately 60 ngN m−3 (Fig. 2). This study quantified four ni-
troaromatic compounds in aerosols, namely, 4-nitrophenol,

4-nitrocatechol, 3-methyl-5-nitrocatechol, and 4-methyl-5-
nitrocatechol, using the TAG system. The combined N con-
tent in the four nitroaromatic compounds averaged at 1.14
ngN m−3, accounting for approximately 2 % of the esti-
mated total nitroaromatic-N. In most cases (> 90 %), the spe-
ciated nitroaromatic-N represented less than 10 % of total
nitroaromatic-N (Fig. S10a). Nitroaromatic compounds are
known for their remarkable contributions to aerosol light ab-
sorption, and some are recognized as toxicants (Laskin et al.,
2015; Zhang et al., 2023). Our findings indicated the sub-
stantial presence of the un-speciated mass within this group
of N-containing compounds, thus the importance to identify
and quantify the unknown nitroaromatics.

The formation of ON compounds associated with oxy-
genated cooking OA probably involves the reactive uptake
of N2O5 /NO3 radicals by unsaturated fatty acid particles,
leading to the production of organic nitrates (Gross et al.,
2009; Zhao et al., 2011). The combined contribution from
the two cooking-related factors was particularly pronounced
during dinnertime, reaching 17± 10 %. It is noted that the
study-wide average contributions to ON from cooking emis-
sion and their oxidation product factors were much lower at
noon compared to evening (Fig. 2). This difference might
be attributed to the lower cooking emissions and/or more
favorable dispersion conditions during lunchtime. It is also
of note that the study-wide average contributions shown in
Fig. 2 obscure the diel variation patterns on individual days.
To address this, we examined the day-by-day variations of
cooking emission-related tracers. On many days, both unsat-
urated fatty acids (indicative of primary cooking emissions)
and azelaic acid (a marker of oxygenated cooking OA) exhib-
ited bimodal peaks during lunchtime and dinnertime. Fig. S8
highlights five representative days in which the concentra-
tions of these tracers, along with their associated-ON contri-
butions, clearly showed maxima at both mealtime periods.

Sulfate formation processes exhibited negligible contribu-
tions to ON formation in this study. Note that sulfate and
nitrate were fully neutralized by ammonium (Fig. S9), limit-
ing their capability to absorb organic bases such as amines
and suppress acid-catalyzed ON formation pathways initi-
ated by sulfuric acid. Furthermore, sulfate and ON displayed
distinct temporal variation patterns and were poorly corre-
lated (R2

= 0.05), further indicating a lack of mechanistic
linkage between sulfate chemistry and ON formation in the
urban atmosphere of Shanghai. These findings collectively
suggest that sulfate-driven processes played a minor role in
ON formation under the conditions observed.

Insignificant ON was apportioned to the factor represent-
ing SOA formation from isoprene and α-pinene oxidation.
While it is known that reactions between biogenic volatile
organic compounds such as isoprene and α-pinene with NOx
or NO3 radicals can yield organic nitrates, such contribu-
tions may have been captured within the nitrate formation
factor, rather than the biogenic SOA factors, in the PMF
analysis. This interpretation is supported by correlation anal-
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ysis, where ON showed stronger associations with NOx
(R2
= 0.45) and nitrate (R2

= 0.39) than with isoprene- and
α-pinene-derived SOA tracers (R2

= 0.18–0.19). The appar-
ent allocation of biogenically derived organic nitrates to the
nitrate formation factor may reflect differences in the for-
mation mechanisms of organic nitrates versus those of tra-
ditional biogenic SOA tracers.

In summary, both primary emissions and secondary for-
mation processes were identified as major contributors to ON
in the urban atmosphere of Shanghai. It is also important to
note, however, that PMF analysis has inherent limitations in
fully separating primary and secondary sources, particularly
for compounds such as organic aminiums, which may origi-
nate from primary emissions but subsequently undergo gas-
particle partitioning.

Finally, we also estimated the amount of oxidized ON by
summing the ON apportioned to the factors associated with
atmospheric oxidation processes, including the photochem-
ical formation, nitrate formation, and nitroaromatic forma-
tion factors. Based on this approach, oxidized ON, mainly or-
ganic nitrates and nitroaromatics, had a concentration range
of 0.02–0.85 µg N m−3, with an average of 0.25 µg N m−3.
This oxidized ON accounted for 4 %–68 % (25 % on aver-
age) of the total oxidized N (oxidized ON plus nitrate-N)
(Fig. S10b). Both oxidized ON and inorganic nitrate are
formed from nitrogen oxides (NOx), indicating shared pre-
cursors and partially overlapping formation pathways. Our
results suggest that, under urban atmospheric conditions, the
conversion ratio of NOx-N to aerosol-phase ON and nitrate-
N is approximately 1 : 3. While this estimate is subject to
uncertainties inherent in source apportionment and chemical
transformation processes, it provides valuable for evaluating
the fate of NOx and its partitioning into organic and inorganic
aerosol nitrogen. These findings underscore the importance
of quantifying bulk ON to fully characterize the abundance
and chemical nature of N-containing OAs.

3.3 Evidence of formation of reduced ON species

Note that a significant fraction of ON (8 %) was associ-
ated with the formation processes of DCAs (Fig. 2). DCAs
in ambient aerosols are primarily derived from the oxida-
tion of anthropogenic and biogenic volatile organic com-
pounds. The part of ON related to DCA formation processes
(here termed as DCA_ON) may represent the reduced-ON
species formed through the heterogeneous / aqueous phase
reactions between DCAs and NH3 /NH+4 , as discussed be-
low. Previous lab studies and field measurements have sug-
gested that the amount of particulate NH+4 , as measured by
AMS, exceeded the quantity required to balance anions in-
cluding nitrate (NO−3 ), sulfate (SO2−

4 ), and chloride (Cl−).
The excess NH+4 was believed to bind with organic acids
such as DCAs to form organic ammonium salts (Schlag et
al., 2017; Hao et al., 2020). We note that the measurement of
NH+4 by AMS relies on the quantification of NH+x fragments,

which could also originate from the fragmentation of other
reduced ON species, such as amines and amides, in addition
to NH+4 and organic ammonium salts. Consequently, the spe-
cific molecules into which the excess NH+4 -N is incorporated
remain unclear due to the lack of molecular information on
ON-containing compounds.

We examined the relationship between DCA_ON and
NH+4 concentrations during periods of continuous incre-
ment in DCA_ON lasting 4 h or longer. We identified 17
such cases during the field observation period. Interestingly,
DCA_ON showed a strong correlation with NH+4 in all these
cases (Fig. 3a). This result lends support for the hypothe-
sis that DCA_ON may represent reduced ON species formed
through the reactions between DCAs and NH3 /NH+4 . The
slopes of linear regression between DCA_ON and NH+4 var-
ied largely among the cases and could be roughly divided
into higher-slope cases and lower-slope cases, with 7 and
10 in these two categories, respectively (Fig. 3a). A higher-
slope value indicated a more rapid formation of DCA_ON
at a given concentration level of NH+4 . The higher-slope
cases were distinctly associated with higher O3 concentra-
tion (Fig. 3b), suggesting an elevated oxidation capacity and
hence enhanced formation of secondary products such as
DCAs, which serve as the precursors of DCA_ON. This ar-
gument was supported by the overall higher increment of
DCAs concentration in the higher-slope cases (Fig. 3b). Note
that the aqueous formation of imines such as imidazoles
through the reactions between carbonyls and NH3 /NH+4 has
been established in laboratory studies (Galloway et al., 2009;
Noziere et al., 2009) and confirmed by field observations
(Zhang et al., 2020; Lian et al., 2021; Liu et al., 2023). Con-
sidering the close relationship between carbonyls and DCAs,
the possibility that imines contributed to DCA_ON could
not be excluded. Overall, while we acknowledge that a posi-
tive correlation with NH+4 is not exclusive to DCA_ON, the
combination of observational evidence described above and
mechanistic plausibility strengthens our interpretation that
the DCA-related ON probably contributes to reduced ON
formation.

The concentration of DCA_ON had an interquartile range
of 8–111 ng N m−3, with an average± standard deviation
(SD) of 66± 81 ng N m−3 over the observation period. As-
suming an average molecular formula of C5H7N1.5O1.5 for
the reduced-ON species, considering these compounds may
contain 3–7 carbon, 1–2 nitrogen, and 1–2 oxygen atoms,
the concentration of these ON compounds would be 43–
592 ng m−3 with the average±SD being 352± 432 ng m−3.
This result provides a rough estimation of the total reduced
ON compounds that are formed through NH3 /NH+4 reac-
tions in urban Shanghai. In a recent study conducted in ru-
ral Shanghai (Liu et al., 2023), eight imidazoles were de-
tected, and the total concentration of these species ranged
from 1.3–15.8 ng m−3 (average: 5.5± 3.4 ng m−3). Further-
more, significant increases in imidazole concentrations were
observed during humid haze periods, suggesting an aque-

https://doi.org/10.5194/acp-25-9061-2025 Atmos. Chem. Phys., 25, 9061–9074, 2025



9068 X. Yu et al.: Significant secondary formation of nitrogenous organic aerosols

Figure 2. PMF source apportionment results for aerosol ON. (a) Overall mass and percent contributions of resolved sources to aerosol ON
during the fall–winter observation period. (b) Diel variations of source compositions of ON. (c) Diel variation patterns of each ON source.
The numerical ranges show the lowest to highest averages of percent contributions of sources at sampling hours (e.g., 02:00, 04:00). The
number in parentheses are overall percent contributions of sources to ON pool during the observation (i.e., results in a). Contributions of
nitrophenol formation and β-caryophyllene SOA formation to ON were very minor and not shown for their diel variations in (c). Secondary
sources of ON are highlighted with a purple box. The sources of OC can be found in Fig. S5.

ous phase formation pathway of these species (Liu et al.,
2023). The summed concentration level of the eight imida-
zoles was lower by 1–2 orders of magnitude compared to
our estimated bulk concentration, indicating the prevalence
of unidentified reduced ON species. Our analyses suggested
that ON aerosols originating from NH3 chemistry could be a
significant source of nitrogenous SOA. Further investigations
are needed to determine their major chemical compositions
and formation mechanisms.

3.4 Factors driving the increment of secondary ON
aerosol.

The PMF source apportionment analysis has provided the
total quantity of the secondary ON (SON) and its appor-
tionment to individual formation pathways. This greatly fa-
cilitates investigating the largely under-evaluated formation
processes of N-containing OA. We next focus on the cases

where SON showed continuous increment for a period of 4 h
or longer and discuss the driving factors behind these incre-
ments; 42 cases were identified throughout the entire obser-
vation period. To isolate the local formation of SON from
the influence of transported air masses, we extracted cases
with wind speeds lower than 3 m s−1 as cases of local SON
formation (Zhou et al., 2022). The following discussion will
exclusively focus on the local SON formation cases.

A total of 24 local SON formation cases were identified
and classified into five types based on the dominant forma-
tion pathway of SON, as revealed by the PMF analysis. Fig-
ure 4 illustrates the variations in the sources of SON and
secondary organic carbon (SOC) for the five types of local
SON increment. The ensuing discussion shows our paired
measurements of bulk aerosol ON and OC, along with sub-
sequent source analyses, provide unique insights into the for-
mation processes of N-containing OA.
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Figure 3. The relationship between ON associated with dicarboxylic acids (DCA) formation (DCA_ON) and ammonium (NH+4 ) in the
cases that DCA_ON showed continuous increments, and the potential influence factors. (a) Correlations between DCA_ON and NH+4
concentrations in each of 17 cases where DCA_ON exhibited a continuous increment. The cases can be separated into two groups based
on their linear regression slopes, those with higher slopes, enclosed in yellow dashed circles, and those with lower slopes, enclosed in blue
dashed circles. (b) Comparisons of levels of ozone (O3) and 1DCAs in higher slope cases and lower slope cases. 1DCAs refers to the
differences in DCAs concentrations at the beginning and end of each case.

Type 1 cases, totaling three, were characterized by DCA
formation processes driving the increment of SON. In one
example of Type 1 case shown in Fig. 4, SON increased
by 0.33 µg N m−3 from 16:00–22:00 on 16 November. Dur-
ing this period, DCA_ON increased by 0.27 µg N m−3, ac-
counting for 82 % of the variation in SON. Nitrate forma-
tion processes also contributed to the SON increment during
this period, but to a lesser extent. DCA formation processes
were also the dominant source of SOC increase in this case,
contributing to the production of 1.05 µg C m−3 of SOC and
80 % of the change in SOC during the period. Note that the
atomic ratio of the change in SOC (1SOC) to the change in
SON (1SON) associated with DCA formation processes was
4.5. This ratio indicates that there was approximately 1 nitro-
gen atom for every 4–5 carbon atoms in the SOA associated
with DCA formation processes. The low 1SOC /1SON ra-
tio suggested the formation of N-containing OAs with low

molecular weight and/or multiple N atoms. Considering that
some SOA compounds may not contain N atoms, the SON
compounds formed through DCA formation processes may
have a C/N ratio lower than 4. Possible candidate species
include imines, such as methyl- and ethyl-imidazoles, and
C2–C5 amides. This result supports the aforementioned hy-
pothesis that DCA_ON probably constitutes of reduced ON
species formed through reactions between acids / carbonyls
and NH3 /NH+4 . All three Type 1 cases occurred during
the transition from daytime to nighttime (e.g., from 16:00–
22:00). This suggests that acids / carbonyls accumulated dur-
ing the daytime through photochemical processes and then
entered the aqueous phase during nighttime, where they re-
acted with NH3 /NH+4 to form reduced ON species under
higher air humidity.

Type 2 cases, totaling seven, featured photochemical for-
mation as the dominant source driving SON increment.
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They mostly occurred during the morning to noon peri-
ods, suggesting formation of SON through photochemical
processes. In the Type 2 case presented in Fig. 4, 1SON
was 0.18 µg N m−3 and 1SOC was 0.97 µg C m−3. Photo-
chemical formation contributed 0.1 µg N m−3 of SON and
0.61 µg C m−3 of SOC, yielding a 1SOC /1SON atomic
ratio of 7.1. This result suggested the potential formation of
N-containing organic molecules with a C/N ratio of 6–8. Ex-
amples of such species include nitroaromatic compounds and
organic nitrates. The frequent occurrence of Type 2 cases
suggested an efficient formation of oxidized ON species in
urban areas.

Type 3 cases, totaling six, exhibit SON increase driven
by oxidation of cooking emissions. Their occurrences co-
incided with lunch and dinner hours. Take the case during
16:00–20:00 of 4 December as an example, 0.16 µg N m−3 of
1SON and 1.15 µg C m−3 of 1SOC were formed, resulting
in a C/N ratio of 8.4 for the SOA associated with the cooking
emission oxidation. Chamber simulations have shown that
SOA produced through oxidation of cooking fumes can be
more abundant than primary OA species from cooking emis-
sions (Liu et al., 2018b). However, the chemical composi-
tions and underlying formation mechanisms of N-containing
OAs remain uncertain. This study, for the first time, reveals
the potentially significant contribution of cooking oxidation
to N-containing SOA in the real urban atmosphere. Future
efforts are recommended to direct towards investigating rep-
resentative N-containing molecules formed through cooking
oxidation and their formation pathways.

Four Type 4 cases were identified, each characterized by
the dominant contribution of nitrocatechol formation to ON
increase and all occurred during the daytime. Take the case
between 06:00 and 10:00 on 19 December as an exam-
ple, the sum concentration of 4-nitrocatechol, 3-methyl-5-
nitrocatechol, and 4-methyl-5-nitrocatechol (Table S1) rose
from 9.52 to 24.64 ng m−3. This increase was attributed to
secondary formation processes of nitroaromatic compounds,
instead of primary emissions, as evidenced by the flat or de-
creasing trends of elemental carbon (EC) and nitric oxide
(NO) during that period (Fig. S11). The increment in SON
and SOC associated with the nitrocatechol formation fac-
tor was 0.18 µg N m−3 and 1.48 µg C m−3, respectively over
the four-hour period (Fig. 4), resulting in a 1SOC /1SON
atomic ratio of 9.6. This portion of SON may represent the
N content in nitroaromatic compounds formed through pro-
cesses analogous to nitrocatechol formation.

Four Type 5 cases were identified, each characterized with
nitrate formation processing as the driving source for the in-
crease in SON. This fraction of SON may indicate the for-
mation of organic nitrates, which share common precursor
of NOx with nitrate. Organic nitrates have long been recog-
nized as notable components of secondary OAs in ambient
air (Rollins et al., 2012; Perring et al., 2013). Organic nitrate
formation encompasses two main pathways: hydroxyl radi-
cal (OH)-initiated oxidation of hydrocarbons in the presence

of NOx during the day and nitrate radical (NO3)-initiated
oxidation of alkenes during the night. Both pathways in-
volve the formation of organic nitrates in the gas phase, fol-
lowed by partitioning to the particulate phase (Perring et
al., 2013). This study, through integrated analyses of SON
and SOC, provides evidence suggesting that organic nitrates
might also form through heterogeneous or aqueous reactions.
As depicted in Fig. 4, the nitrate formation process produced
0.17 µg N m−3 of 1SON and 0.43 µg C m−3 of 1SOC from
the night of 20 December to the following morning, yielding
a 1SOC /1SON atomic ratio of only 2.9. Gas-phase for-
mation of organic nitrates followed by gas-to-particle parti-
tioning would not result in such a low C/N ratio. Therefore,
a large number of organic nitrates might be formed through
heterogeneous or aqueous reactions between organic com-
pounds and HNO3 /NO3, enhancing the ON content while
not affecting the OC content which is already present in the
particle phase. In a previous study, it was suggested that or-
ganic nitrates can be produced through non-radical reactions
of hydrated glyoxal and nitric acid in the aqueous phase (Lim
et al., 2016). Xu et al. (2020) found that aerosol liquid wa-
ter promotes the formation of water-soluble ON, probably
in the form of organic nitrate species. Previous studies have
identified an 80 % underestimation of monoterpene hydroxyl
nitrate by the GEOS-Chem model, which considers both OH
oxidation and NO3 oxidation mechanisms of monoterpene
(Li et al., 2018; Zhang et al., 2021), indicating an incom-
plete understanding of the formation mechanisms of organic
nitrates. Our observational results, combined with previous
investigations, suggest the need for further exploration of the
formation mechanisms of particulate organic nitrates, such as
heterogeneous/aqueous phase reaction processes.

4 Conclusion and implications

At present, the knowledge of total aerosol ON budget is
severely limited, with source analysis predominantly qualita-
tive. Building on a methodological breakthrough that allows
for the online measurement of bulk aerosol ON and concur-
rent measurements of a comprehensive array of molecular
source tracers, we have identified both primary emissions and
secondary formation processes as substantial contributors to
PM2.5 ON mass in urban Shanghai during the fall–winter
period of 2021. While we acknowledge the inherent uncer-
tainties of PMF modeling in distinguishing certain related
sources/processes, this approach remains valuable for identi-
fying major source categories and inferring dominant forma-
tion pathways. It provides quantitative insights into the rela-
tive contributions of different sources/processes to the overall
ON budget.

The observed dominance of primary ON sources such as
coal combustion and vehicle emissions, alongside the signif-
icant contributions from secondary formation processes like
nitrate formation, photochemical processes, and DCA forma-
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Figure 4. Five types of SON increment were driven by different formation processes. The increment amounts of SON (1SON) and SOC
(1SOC) in each type are shown. The dominant formation processes of ON and OC in each type are highlighted with rising arrows.

tion, indicates the multi-faceted nature of ON aerosol pro-
duction in urban environments. The identification of specific
secondary formation pathways, including nitroaromatics for-
mation, DCA formation, and oxygenated cooking OA, sheds
light on the diverse precursors and chemical processes in-
volved in aerosol formation and evolution. Notably, we have
provided valuable observational evidence on secondary ON
aerosol formation through NH3 and NOx chemistries, the
joint evaluation of which has been under-explored in the past.

The quantification of ON contributions from various
sources and the elucidation of secondary formation mech-
anisms provided a basis for targeted mitigation strategies
aimed at reducing ON emissions and improving air quality
in urban areas. The insights gained from this study can in-
form policy decisions and regulatory measures to curb pri-
mary emission sources and mitigate the effect of secondary
formation processes on ON aerosol levels.

Looking ahead, future research efforts should focus on re-
fining our understanding of the detailed mechanisms driving
ON aerosol formation, including the chemical reactions in-
volving major precursors and secondary processes. Further-

more, continued monitoring and analysis of ON aerosol com-
position in different environmental settings will be crucial
for assessing the broader implications of ON aerosols on air
quality, climate, and public health. Bulk ON measurements
enable mass closure and are advantageous for constraining
the major sources and formation processes of ON aerosols.
This methodology complements the molecular-level charac-
terization of ON molecules, which provides chemical com-
position information but falls short of capturing total ON. Fu-
ture research efforts should emphasize identifying and quan-
tifying ON species that can indicate specific sources and for-
mation processes.
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