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Abstract. Particulate organic nitrates (pON) are an impor-
tant component of secondary organic aerosol in biogenic-
emission-dominant environments and play a critical role in
NOx cycles. However, estimation of pON has been a chal-
lenge in polluted environments, e.g., North China Plain, with
high concentrations of inorganic nitrate and NOx . Here we
developed a method for estimation of pON from the measure-
ments of high-resolution aerosol mass spectrometer coupled
with a thermodenuder based on the volatility differences be-
tween inorganic nitrate and pON. The results generally cor-
related well with those estimated from positive matrix fac-
torization of combined organic and inorganic mass spectra
and from the ratio of NO+ to NO+2 (NO+x ratio), yet they had
improvements in reducing negative values due to the influ-
ences of high concentration of inorganic nitrate and constant
NO+x ratio of organic nitrates (RON). By applying this ap-
proach to the measurements at an urban (Beijing) and a ru-
ral site (Gucheng) in summer and winter in the North China

Plain, we estimated that the average mass concentrations of
NO3,org (1.8 µg m−3 vs. 1.0 µg m−3) and pON to OA (27.5 %
vs. 14.8 %) were higher in summer than in winter in Bei-
jing, indicating more pON formation in biogenically and an-
thropogenically mixed environments. In addition, the aver-
age NO3,org loading in Gucheng was 1.9 µg m−3, and the
pON at the rural site also showed higher contribution to OA
than that in Beijing during wintertime due to higher primary
emissions and gaseous precursors in Gucheng. In addition,
RON was determined and showed considerable differences
between day–night and clean–polluted periods, highlighting
the complexity of pON compounds from different chemical
pathways (e.g., OH and NO3 oxidation) and sources.
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1 Introduction

Particulate organic nitrates (pON), accounting for 5 %–77 %
of organic aerosol (OA) (Ng et al., 2017), are important at-
mospheric constituents as they affect NOx recycling, ozone
and secondary organic aerosol (SOA) production (Perring et
al., 2013; Romer Present et al., 2020). Most previous stud-
ies on pON quantification are based on filter measurements
using gas chromatography (GC) (O’Brien et al., 1995) and
Fourier transformed infrared (FTIR) spectroscopy (Blando
et al., 1998). Online measurement techniques – e.g., ther-
mal dissociation–laser-induced fluorescence (TD-LIF) (Day
et al., 2002), thermal dissociation–cavity ring-down spec-
troscopy (TD-CRDS) (Thieser et al., 2016) and thermal
dissociation–cavity attenuated phase shift spectroscopy (TD-
CAPS) (Sadanaga et al., 2016) – were also used to charac-
terize pON in the atmosphere. The principle is to convert
pON to NO2 first and then to subtract ambient NO2 from the
total NO2. However, the pON may not be accurately quan-
tified under ambient-NO2-dominated conditions. A high-
resolution time-of-flight chemical ionization mass spectrom-
eter (HR-ToF-CIMS) using iodide-adduct ionization (Lee
et al., 2014) with a filter inlet for gases and aerosols (FI-
GAERO) (Lopez-Hilfiker et al., 2014) (FIGAERO-CIMS)
allows for simultaneous characterization of molecular com-
positions of gas and particle phases of ON. However, the
lack of authentic ON standards and different instrument sen-
sitivity for various ON compounds increase the challenges in
quantification of pON.

Recently, pON were also quantified using a high-
resolution aerosol mass spectrometer (HR-AMS) mainly
based on the differences of fragmentation patterns between
pON and inorganic nitrate (Xu et al., 2015b; Farmer et al.,
2010; Kortelainen et al., 2017; Ng et al., 2017). The “PMF
method” and “NOx method” are the two most commonly
used methods for pON quantification (Fry et al., 2013; Xu
et al., 2015b; Yu et al., 2019; Dai et al., 2019). The PMF
method, which combines organic and inorganic fragments
in positive matrix factorization (PMF) analysis, was able to
identify organic aerosol factors that showed a largely differ-
ent NO+ /NO+2 ratio from pure ammonium nitrate (AN).
The NOx fragments are then assumed to be mainly from
pON (Xu et al., 2015b; Zhang et al., 2016). However, the
separation of inorganic and organic NO+x may be limited by
the bilinear model depending on the correlations between
inorganic nitrate and pON. In addition, some primary or-
ganic aerosol (POA) factors from the PMF method also con-
tained much higher NO+ or NO+2 compared to directly mea-
sured mass spectrum of primary emissions (Xu et al., 2020)
(Fig. S1 in the Supplement), increasing the uncertainties in
quantification of pON. The NOx method is based on the
upper and lower bounds of RON (ratio of NO+ to NO+2
of pON), which were determined from oxidations of iso-
prene and monoterpenes (β-pinene) with nitrate (NO3) radi-
cals (Fry et al., 2009; Bruns et al., 2010; Boyd et al., 2015).

One of the major uncertainties is that RON varies largely de-
pending on reaction conditions and precursors in ambient
air rather than being constant values. Nevertheless, previ-
ous field studies failed to explore the temporal variation of
RON due to the limitation of methods and the diversity of
pON. In some environments, the measured ratio of NO+ to
NO+2 in ambient air is even lower than the average ratio of
NO+ to NO+2 from ammonium nitrate (RAN), resulting in
negative values of pON estimated by the NOx method, es-
pecially for the wintertime in China, when aerosol particles
are dominated by inorganic nitrate (Yu et al., 2019; Zhu et
al., 2016). Despite the uncertainties above, extensive stud-
ies have been conducted to characterize spatial and seasonal
variations of pON in low-NOx environments with high bio-
genic emissions, e.g., the southeastern United States and Eu-
rope (Kiendler-Scharr et al., 2016; Lee et al., 2016; Xu et
al., 2015b; Ng et al., 2017). Similar work, however, is lim-
ited in China, especially in northern China, with high emis-
sions of NOx and anthropogenic volatile organic compounds
(VOCs). In recent years, some studies have explored the con-
centrations of pON at two background sites in spring (Zhu et
al., 2016) and during biomass burning and coal combustion
periods in Beijing (Zhang et al., 2016). Yu et al. (2019) found
a good correlation between pON and fresh SOA at night at an
urban site in southern China based on the NOx method and
the PMF method. In contrast, Qiao et al. (2021) reported that
pON were more correlated with the emission from biomass
burning but poorly correlated with less-oxidized oxygenated
OA (LO-OOA) at a rural site (Xianghe) in summer. Despite
these results, our understanding of the levels, sources and
processes of pON in the North China Plain (NCP) remains
poor.

In this study, we demonstrate the applications of thermod-
enuder (TD)-HR-AMS in characterization of pON (referred
to as the “TD-AMS method”) during wintertime and sum-
mertime in NCP (including an urban site and a rural site) and
compare pON mass loadings from three different methods,
i.e., the NOx method, PMF method and TD-AMS method.
The temporal variation of RON during three campaigns is
elucidated. The mass loadings and diurnal variations of pON
during one summer and two winter campaigns are elucidated,
and the impacts of relative humidity (RH) and temperature on
pON are discussed.

2 Experimental methods

2.1 Experimental setup

This study was performed at the Institute of Atmospheric
Physics, an urban site in Beijing, and Gucheng, a rural site
in Hebei province. The field observations at the urban site
were conducted in summer from 20 May to 23 June and win-
ter from 20 November to 25 December in 2018, and at the
rural site from 10 December 2019 to 13 January 2020. All
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data in this study are reported in Beijing local time. The setup
and operations of TD and HR-AMS were similar to previous
studies (Xu et al., 2019). The HR-AMS that was operated in
V mode with a time resolution of 3 min was placed down-
stream of the TD. TD alternated between the bypass line and
TD line in a cycle of 30 min. The TD heating temperature
was set as 50, 70, 90, 109, 120, 127 and 250 ◦C in summer
and 50, 70, 90, 109, 127, 150 and 250 ◦C in winter in Beijing,
while in winter of 2019 in Gucheng the setting TD tempera-
ture ramped linearly from 50 to 250 ◦C with a sampling cycle
of 150 min. The average particle loss in the TD was corrected
according to the calibration by using NaCl and was found to
be 10 % (Huffman et al., 2008).

2.2 Data analysis

The HR-AMS data analysis was performed using PIKA
(V 1.62F). The HR-AMS was calibrated for ionization ef-
ficiency (IE) using pure ammonium nitrate by following the
standard protocols (Jayne et al., 2000). Here, we apply three
independent methods of quantifying pON. Note that the de-
fault relative ionization efficiencies (RIEs) of 1.1 and 1.4
were applied for inorganic nitrate and NO3,org, respectively,
during three campaigns. Considering the high mass fraction
of ammonium nitrate, the composition-dependent collection
efficiency (CDCE) was applied to the bypass data (Middle-
brook et al., 2012). In contrast, a constant CE of 0.5 was
used for those from TD, consistent with the data process-
ing in previous studies (Xu et al., 2016; Huffman et al.,
2009). The elemental composition of OA was calculated us-
ing the “improved-ambient (I-A)” method (Canagaratna et
al., 2015).

The first method is the NOx method, which is based on
the differences in the NO+ /NO+2 ratio between organic and
inorganic nitrates (Farmer et al., 2010; Xu et al., 2015b). The
RAN was determined from IE calibrations as 3.7 in sum-
mer and 3.4 in winter in both Beijing and Gucheng. How-
ever, we found that the winter RAN was higher than those
from ambient observations. Therefore, we chose a period
with high NO3 loadings (assuming predominant inorganic
nitrate (NO3,inorg) contribution) to determine RAN, which
was 2.8 and 2.2 , respectively, in Beijing and Gucheng in
winter. Note that NO3,org loadings calculated by the NOx
method were slightly underestimated in winter in this case
due to the organic nitrate contribution even in a period with
high NO3 loadings. In addition, the large uncertainties in
pON quantification were found from the NOx method at
high PM levels during wintertime due to the assumption for
RAN. To reduce the effect of variation in RON values among
different instruments, we determined RON by multiplying
RON /RAN with RAN in using the NOx method, assuming
that RON /RAN is independent of the instrument (Fry et al.,
2013). The RON /RAN ratios of 2.08 and 4.17 from isoprene
and β-pinene oxidation experiments were used as upper and
lower bounds of pON in this study (Xu et al., 2015b). Hence,

RON of 7 and 15, 5 and 12, and 4 and 10 obtained in summer
and winter in Beijing and Gucheng during wintertime, re-
spectively, were used to estimate the upper and lower bounds
of pON loadings in this study.

The second method is PMF analysis of combined organic
and inorganic aerosol (referred to as the PMF method) (Sun
et al., 2012; Yu et al., 2019; Xu et al., 2015b). By includ-
ing NO+ and NO+2 ions, PMF analysis was able to sep-
arate organic from inorganic nitrates. For instance, Sun et
al. (2012) performed factor analysis on combined organic
and inorganic aerosol mass spectra and found that the NO+

and NO+2 ions in the nitrate factor were dominantly from in-
organics and that the ratio of NO+ /NO+2 was close to that of
pure ammonium nitrate, while those in OA factors with high
NO+ /NO+2 were generally assumed as organic nitrates in
summer in New York City. In this study, the concentrations of
NO3,org are calculated by summing up NO+ and NO+2 from
both POA and SOA factors. The time series and mass spec-
tra of PMF factors resolved from PMFOrg and PMFOrg+NO3

are shown in Figs. S2–S3. The mass spectral profiles of
all PMF factors resolved from PMFOrg+NO3 are similar to
those previously resolved in ambient air (Yu et al., 2019; Xu
et al., 2015b). The mass concentrations of PMF factors re-
solved from PMFOrg+NO3 overall were well correlated with
that from PMFOrg (Table S2) and also resembled their related
tracers. However, some discrepancies in mass concentrations
were observed. For example, the concentrations of MO-OOA
and LO-OOA resolved from PMFOrg were lower than that
from PMFOrg+NO3 , which was caused by the signals of NO+x
in mass spectra of SOA in winter in Beijing. The OA factors
representing different sources were identified by PMF, and
detailed PMF analyses from the three campaigns have been
given in Xu et al. (2021) and Chen et al. (2021).

The third method denotes the TD-AMS method, which
is based on the different volatility between organic and in-
organic nitrates. Briefly, NO+ and NO+2 (hereafter NO+x )
signals in HR-AMS mass spectra can be from fragmen-
tation of both particulate organic and inorganic nitrates,
whereas CxHyN+z and CxHyOzN+p are completely from par-
ticulate organic nitrogen compounds including ON and other
nitrogen-containing organic compounds. The CxHyN+z and
CxHyOzN+p dominated the N mass for non-ON organic ni-
trogen compounds (Fig. S4), while NO+ and NO+2 were the
main N-containing ions for ON (Farmer et al., 2010; Boyd
et al., 2015; Xu et al., 2015a). Note that the CxHyN+z and
CxHyOzN+p families refer to the sum of N-containing ions
at m/z< 60 due to the limited mass resolution of V mode
(Xu et al., 2017b). Owing to the higher volatility of NO3,inorg
than ON (Huffman et al., 2008; Ng et al., 2017), the remain-
ing mass loadings of nitrate fragments from pON (denoted as
NO+x,org) are expected to be much higher than that of nitrate
fragments from inorganic nitrates (denoted as NO+x,inorg) at
high TD temperatures (Huffman et al., 2008; Berkemeier et
al., 2020). As shown in Fig. 1, NO+ and NO+2 decreased sig-
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Figure 1. Thermograms of CxHyN+, CxHyON+, NO+ and NO+2 in (a) summer in Beijing, (b) winter in Beijing and (c) winter in Gucheng.
Variations of the fraction of N mass from N-containing ions and the ratio of NO+ to NO+2 as a function of temperature are also shown.

nificantly from 25 to 90 ◦C, whereas the decreases slowed
down substantially for T > 90 ◦C. Hence, we assumed that
the NO3,inorg evaporated completely at T = 90 ◦C. In addi-
tion, the N mass from NO+ and NO+2 dominated the total N
at T > 90 ◦C (Fig. 1a3–c3), indicating that pON dominated
the total particulate organic nitrogen compounds in NCP in
both summer and winter. The NO+x measured by HR-AMS
for T > 90 ◦C was the remaining organic nitrate compounds
upon heating, consistent with previous studies reporting a
complete evaporation of pure AN at∼ 60 ◦C (Huffman et al.,
2008). The slightly different evaporation temperature of AN
between this study and Huffman et al. (2008) could be due to
the different aerosol mixing states in different environments.
For example, Li et al. (2021) and Liu et al. (2021) found that
secondary inorganic aerosol (SIA) particles were frequently
coated with organics in NCP, which may affect the evapora-
tion temperature of AN.

Assuming that the volatility of pON can be represented by
total organic nitrogen compounds, the mass concentrations
of pON in ambient air can be determined as

[NO3,org] =
[NO3]T=90 ◦C

MFRCHN++CHON+T=90 ◦C
. (1)

The ratio of NO+ to NO+2 of pON (denoted as RON,calc) can
be determined as

[
NO3,inorg

]
= [NO3]−

[
NO3,org

]
, (2)[

NOinorg
]
=

RAN

1+RAN
×

[
NO3,inorg

]
, (3)

[
NO2,inorg

]
=

1
1+RAN

×
[
NO3,inorg

]
, (4)[

NOorg
]
= [NO]−

[
NOinorg

]
, (5)[

NO2,org
]
= [NO2]−

[
NO2,inorg

]
, (6)

RON,calc =
[NOorg]

[NO2,org]
. (7)

The subscript “T = 90 ◦C” denotes the mass concentrations
and mass fraction remaining (MFR) of fragments at T =
90 ◦C. The subscripts “org” and “inorg” denote the mass con-
centration of fragments of particulate organic and inorganic
nitrates. NO, NO2 and NO3 are the measured mass concen-
trations of total nitrate fragments. RAN is the average ratio
of NO+ to NO+2 from ammonium nitrate. The sensitive tests
of NO3,org and RON with the variation of MFR and RAN are

Atmos. Meas. Tech., 14, 3693–3705, 2021 https://doi.org/10.5194/amt-14-3693-2021



W. Xu et al.: Estimation of particulate organic nitrates in the North China Plain 3697

shown in Fig. S5, demonstrating the impact of accurate deter-
mination of MFR and RAN on RON in the TD-AMS method.

Note that the pON /OA ratio in this study refers to the
contribution of pON to total OA including the contribution
of nitrate functional groups (i.e., total OA=Org+NO3,org).
The conversion method from NO3,org /Org into pON /OA is
illustrated in Takeuchi and Ng (2019).

3 Results and discussion

3.1 Intercomparisons

Figure 2 shows the NO3,org mass loadings estimated us-
ing three different methods during three campaigns. The
NO3,org loadings calculated by the TD-AMS method corre-
lated well with those of the NOx method during summer-
time (R2

= 0.62), but different slopes were found in differ-
ent periods of the measurements. For example, the slope was
1.1 during 15–17 June (R2

= 0.94), implying higher NO3,org
loadings calculated by the NOx method with RON = 15 than
that using the TD-AMS method. Comparatively, the slope
was 0.35 during 11–12 June (R2

= 0.62), suggesting lower
loadings from the NOx method. Such differences were likely
due to different pON species that were formed under differ-
ent precursors and meteorological conditions (e.g., tempera-
ture, NOx levels and RH). Also, the slope differences indi-
cate the variations of pON compounds leading to the varia-
tion of RON (RON,calc = 5.0 during 11–12 June vs. 13.6 dur-
ing 15–17 June), highlighting the importance of determining
the time-dependentRON. On average, the mass concentration
of NO3,org calculated by the TD-AMS method in summer
was 1.8 µg m−3, which was slightly higher than that from
the NOx method (1.0–1.5 µg m−3). Negative NO3,org mass
loadings from the NOx method were observed, accounting
for 8.5 % and 12.8 % of the time during wintertime in Bei-
jing and Gucheng, respectively. This phenomenon has also
been observed in previous studies in China (Zhu et al., 2016;
Yu et al., 2019), particularly in winter, and was likely due
to (1) high emissions of anthropogenic volatile organic com-
pounds (AVOCs) and high-NOx conditions resulting in simi-
lar RON and RAN and (2) much higher inorganic nitrate load-
ing than pON. As shown in Fig. 2, the NO3,org from the
TD-AMS method correlated well with that from the NOx
method, yet the mass loadings deviated from the lower and
upper bounds from the NOx method during some periods,
likely due to different pON compounds. The NO3,org load-
ings from the NOx method ranged from 0.9 to 1.3 µg m−3

and from 0.8 to 1.6 µg m−3 in Beijing and Gucheng during
wintertime, respectively, which is overall comparable to that
of the TD-AMS method in Beijing (1.0 µg m−3) and slightly
lower than that in Gucheng (1.9 µg m−3).

The average mass concentration of NO3,org calculated
from the PMF method (0.28 µg m−3) is much lower than
those from the other two methods in summer in Beijing, in

agreement with the results in the southeastern USA (Xu et
al., 2015b). In contrast, the average NO3,org (2.5 µg m−3) in
winter in Beijing was higher, and that (1.8 µg m−3) in win-
ter in Gucheng was comparable to that from the other two
methods. Such differences during three campaigns indicate
that the uncertainties of the PMF method in estimation of
NO3,org can originate from, for example, (1) the incorrect
assignment of NO+ and NO+2 to POA factors, (2) the dif-
ferent ratio of NO+ to NO+2 in the nitrate inorganic aerosol
(NIA) factor from pure ammonium nitrate, and (3) the contri-
bution of organic ions to the NIA factor. As shown in Fig. S2,
the nitrogen-containing fragments (CxHyN+, accounting for
5 % of NIA) were unexpectedly assigned to the NIA fac-
tor, while the NO+x in MO-OOA, a factor often related to
aqueous-phase processing (Xu et al., 2017a), were negligi-
ble, resulting in the minor response of NO3,org loadings as
a function of RH. This is also supported by the fact that
the concentrations of NO3,org from the PMF method were
much lower than those from the TD-AMS method at high
RH levels (10–12 June, RH= 70 %). The NO+x signals as-
signed to POA in winter in Beijing were much higher than
those in source emission experiments. For example, fNO+

(3.5 %) and fNO+2
(1.5 %, fractions of NO+ or NO+2 in total

mass spectrum) of biomass burning OA (BBOA) in winter
in Beijing (Fig. S3) were higher than those from burning of
different biofuels (fNO+ = 0.9 % and fNO+2

= 0.65 %) (Xu et
al., 2020). Further analysis suggested that the episodes dom-
inated by POA also resulted in higher pON loadings from
the PMF method in winter in Beijing. Considering the un-
certainties of the PMF method, the following discussions are
mainly based on the results from the TD-AMS method and
NOx method.

The average mass concentration of NO3,org in summer was
higher than that in winter in Beijing, consistent with the con-
tribution of NO3,org to NO3 (24.1 % vs. 9.8 %). This result
is consistent with the seasonal variation of NO3,org loadings
observed in the southeastern USA (Xu et al., 2015b). One
explanation is stronger secondary formation during summer-
time than winter, as indicated by the higher fraction of SOA
and SIA (Zhou et al., 2020). The dominant biogenic volatile
organic compounds (BVOCs) in summer and AVOCs in win-
ter (Liu et al., 2020) would be another reason for the dif-
ferences in pON loadings in two seasons. The contribution
of NO3,org to NO3 (9.8 % vs. 11.6 %) was comparable be-
tween Beijing and Gucheng during wintertime, yet the av-
erage NO3,org in Gucheng was higher than that in Beijing
during wintertime. This can be attributed to much higher an-
thropogenic emissions (e.g., coal combustion and biomass
burning) at the rural site than urban site (Sun et al., 2020; Xu
et al., 2021), resulting in different pON compounds as sug-
gested by the different RON (RON,calc = 2.2 in Beijing and
4.3 in Gucheng on average). Also, the variations of N mass
contributions from different N-containing ions as a function
of TD temperature supported the differences in pON com-
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Figure 2. Intercomparisons of NO3,org mass loadings using three different methods in (a) summer in Beijing, (b) winter in Beijing and
(c) Gucheng. The top and bottom of shaded areas in time series are the upper and lower bounds of pON loadings from the “NOx method”.

pounds (Fig. 1). Note that the contribution of pON (assum-
ing MWON = 200 g mol−1) to OA in NCP (14.8 %–27.5 %)
was in the range of previous studies (Ng et al., 2017; Yu et
al., 2019), and the seasonal variations of pON /OA in Bei-
jing (14.8 % in winter vs. 27.5 % in summer, Table S1) were
also similar to previous studies (Xu et al., 2015b). The higher
contribution of pON to OA in Gucheng than Beijing (24.0 %
vs. 14.8 %) indicated a more important role of pON in OA at
the rural site in NCP during wintertime.

The negligible correlation of NO3,org with POA in summer
in Beijing (R2

= 0.05) is in contradiction with the results in
Xianghe (a rural site in NCP), which shows that pON for-
mation might be highly associated with primary emissions
(Qiao et al., 2021). Such differences were caused by the dif-
ferent primary emission in different environments. For ex-
ample, BBOA is the dominant POA in Xianghe (Qiao et al.,
2021) but not in Beijing during summertime. The higher cor-
relation of NO3,org with POA was found in winter in NCP
(R2
= 0.49–0.52), suggesting that primary emissions can be

an important source of pON in winter in NCP, which may
be related to NO3 oxidation of AVOCs emitted from anthro-
pogenic activities (Li et al., 2019; Lee et al., 2019). Our re-

sults are consistent with the considerable contributions of
alkanes (a typical AVOC) to pON production in previous
field (Lee et al., 2015), model (Jordan et al., 2008) and cham-
ber studies (Lim and Ziemann, 2009). In fact, there is a grow-
ing consensus about the importance of AVOCs (e.g., styrene
(Yu et al., 2019), toluene (Ramasamy et al., 2019) and long-
chain aliphatics (Matsunaga and Ziemann, 2010)) in pON
formation under high-NOx conditions (Lee et al., 2015; Li
et al., 2019; Lee et al., 2019).

3.2 Diurnal variation

As shown in Fig. 3, the NO3,org loadings and contributions
from the TD-AMS method and NOx method showed similar
diurnal profiles in summer in Beijing, which were charac-
terized by decreased concentration during daytime, in agree-
ment with the behaviors of total NO3 in Beijing (Sun et al.,
2013) and NO3,org in Shenzhen (Yu et al., 2019). The ele-
vated planetary boundary layer and temperature-dependent
gas–particle partitioning could be the major reason. We no-
ticed an elevated fraction of NO3,org in NO3 during daytime
in summer, likely suggesting that photochemical processing
played an important role in the formation of pON in summer
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in Beijing. This is consistent with the moderate correlation
of Ox with NO3,org during 12:00–18:00 and tight correlation
between LO-OOA, an OA factor related to photochemical
production (Xu et al., 2017a), and NO3,org from 06:00–16:00
during summertime (Fig. S6). Note that NO3,org loadings, the
contributions of pON to OA and NO3,org /NO3 showed ap-
parent increases starting at 20:00 in summer, highlighting the
important role of the NO3 radical in the nocturnal pON for-
mation (Fry et al., 2013; Zhang et al., 2016; Ng et al., 2017).
Indeed, we calculated the ratio of NO+ to NO+2 of ON dur-
ing daytime and nighttime and found higher RON at night
(RON,calc = 5.8± 2.8) than daytime (RON,calc = 5.2± 3.0)
in summer (Fig. S7; the t value of 1.79 between day and
night was larger than that at the 90 % confidence level, 1.66),
suggesting that the pON compounds from OH-initiated and
NO3-initiated chemical reactions were different. This higher
RON for pON formed via NO3 oxidation than those via OH
oxidation is consistent with the results of chamber experi-
ments (Takeuchi and Ng, 2019).

The diurnal variations of NO3,org loadings in winter in
Beijing and Gucheng were characterized by significant in-
creases during daytime, indicating that photochemical pro-
duction played an important role in pON formation. How-
ever, the fraction of pON in OA remained relatively stable
throughout the day, suggesting that photochemical process-
ing also produced other SOA besides pON. NO3,org from the
two different methods showed some different trends during
some periods in winter (Fig. 3). For example, the NO3,org
from the NOx method dropped at 08:00, while that from the
TD-AMS method peaked at 08:00 in winter in Beijing. The
differences in NO3,org from the two different methods also
appeared in the morning in Gucheng, where NO3,org loadings
from the TD-AMS method showed an obvious enhancement
at ∼ 06:00, yet not in the NOx method. Also, the fraction of
pON from the TD-AMS method in OA (22.8 %) was higher
than that from the NOx method (5.7 %–11.0 %). Such differ-
ences in the morning during wintertime could be attributed
to the differences in organic nitrogen composition with dif-
ferent volatility and also different RON between morning and
afternoon. In Beijing in winter, the peak of NO3,org from the
TD-AMS method was partly caused by the changes in AVOC
emissions (e.g., acetone, benzene, C8 aromatics and toluene)
(Sheng et al., 2019). In Gucheng in winter, photochemical
aqueous-phase processing was one of the reasons for those
differences in the morning due to the frequent occurrence
of radiation fog that dissipated after sunrise (Kuang et al.,
2020). Overall, our results suggest that the use of a fixedRON
value in the NOx method was limited in representing diurnal
variation characteristics of pON in winter in NCP.

3.3 Dependence of pON on NR-PM1 loading

As shown in Fig. 4, NO3,org showed an overall increasing
trend with the increase of PM in both summer and winter.
However, the variations of pON in OA were different be-

tween summer and winter. The pON fractions in OA were
comparable (∼ 14 %) between summer and winter in Bei-
jing on clean days (nonrefractory submicron aerosol (NR-
PM1)< 20 µg m−3), yet the RON in summer (RON,calc = 7.0)
was much higher than that in winter (RON,calc = 2.8), empha-
sizing the seasonal differences in pON composition. Com-
paratively, the pON fraction in OA at the rural site was higher
than that in Beijing in winter, and the RON was also different
(RON,calc = 6.0 in Gucheng vs. RON,calc = 2.8 in Beijing),
highlighting the very different pON compounds between ru-
ral and urban sites during clean days. The fraction of pON
in OA at high PM levels shows significant differences. For
example, the fraction of pON in OA showed a clear increase
as a function of PM and reached ∼ 30 % at high PM levels
(> 50 µg m−3) in summer in Beijing, indicating the increased
contribution of pON to OA during polluted episodes. Com-
paratively, the contribution of pON to OA remained small un-
der different PM levels in winter in Beijing and Gucheng. By
linking the variations of pON with OA factors, we found that
LO-OOA (a factor related to the photochemical processing;
Xu et al., 2017a) shows obvious increase in polluted condi-
tions in summer but not in winter in Beijing (Fig. S8), in-
dicating that photochemical processing played an increasing
role in polluted conditions during summer yet a limited role
in winter in Beijing. In addition, the largely enhanced pri-
mary emissions at high PM levels in winter could be another
reason for the lower contribution of pON to OA. Different
from the variations of pON /OA, the fraction of NO3,org in
total NO3 showed overall decreasing trends as a function of
PM levels, indicating that the increases of inorganic nitrate
were more rapid than NO3,org. We found that NO3,org was
more important than inorganic nitrate during clean days in
summer, contributing ∼ 80 %, although the contribution de-
creased rapidly to 20 % in polluted episodes.

Table 1 summarizes the average RON,calc on clean and pol-
luted days during three campaigns. RON,calc showed a lower
value on polluted days than that on clean days, indicating the
changes of ON compounds at different PM levels. Note that
the RON,calc of 1.2 on polluted days in winter in Beijing was
lower than the RAN of 2.8. Besides the intense primary emis-
sion and complicated precursors in winter, the mixture effect
from AVOC and BVOC oxidations may have played a part
in this low RON,calc, which warrants further studies. In addi-
tion, the uncertainties of RAN from a period with high NO3
loadings could be another possible reason.

3.4 Effects of meteorological conditions

Figure 5 shows the variations of NO3,org mass loadings as
a function of RH and temperature during daytime (08:00–
20:00) and nighttime (20:00–08:00) during three campaigns.
In general, NO3,org showed an increasing trend as a func-
tion of RH below 80 % in both daytime and nighttime. Previ-
ous studies in NCP showed ubiquitously increased PM levels
as a function of RH. In addition to the increased aqueous-
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Figure 3. Diurnal profiles of NO3,org loadings, fraction of pON in OA, and fraction of NO3,org in NO3 calculated by the “TD-AMS method”
and “NOx method” in (a) summer in Beijing, (b) winter in Beijing and (c) winter in Gucheng. Because there are fewer data in Gucheng due
to more TD temperature settings, the diurnal profile shows 4 h averaged data.

Table 1. A summary of average RON,calc during three campaigns.

BeijingSummer BeijingWinter GuchengWinter

NR-PM1< 20 µg m−3 7.0 2.8 6.0
NR-PM1> 50 µg m−3 3.4 1.2 3.5
Average 5.7 2.2 4.3

phase processing, the stagnant meteorological conditions at
high RH levels were often found to be the major reason.
Therefore, the increases of NO3,org as a function of RH
could be mainly associated with the increased PM levels. As
RH increased above 90 %, we observed some decreases in
NO3,org, possibly indicating the impact of hydrolysis of pON
(Takeuchi and Ng, 2019; Rindelaub et al., 2015; Liu et al.,
2012). However, since OA concentration also exhibited a de-
creasing trend above 80 %–90 % RH as with NO3,org, the de-
crease in NO3,org may have been also affected by partition-
ing. The day and night differences in NO3,org at low and high
RH levels are also shown in Fig. 5. For example, we observed
higher NO3,org loadings during daytime than nighttime at
RH< 60 %, indicating that photochemical formation of pON

was more important than nocturnal production, which is fur-
ther supported by the elevated fraction of NO3,org in NO3 in
daytime (Fig. 3). However, higher NO3,org loadings at night-
time than daytime were observed at RH> 60 % in Gucheng,
likely suggesting the importance of nocturnal reactions asso-
ciated with enhanced primary emissions at high RH levels.
Overall, the day–night differences highlight the impacts of
multiple factors on ON formation, including precursors (e.g.,
biogenic and anthropogenic VOCs) and oxidants (e.g., OH
and NO3 radicals), which needs to be further investigated by
analyzing molecular compositions of ON.

The NO3,org loadings showed a slightly decreasing trend
as a function of T in summer due to the evaporative loss at
high temperatures. This result was consistent with the cham-
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Figure 4. Variations of NO3,org mass loadings, fraction of pON in OA and fraction of NO3,org in NO3 as a function of particulate matter
(PM) loadings in (a) summer in Beijing, (b) winter in Beijing and (c) winter in Gucheng. Because there are fewer data points in Gucheng
due to more TD temperature settings, the chemically resolved PM pollution is 20 µg m−3 on average.

Figure 5. Variations of NO3,org mass loadings as a function of RH
and temperature in (a) summer in Beijing, (b) winter in Beijing
and (c) winter in Gucheng calculated by the “TD-AMS method”.
The mid-point line, lower and upper boxes, and lower and upper
whiskers refer to the median, 25th and 75th percentiles, and 10th
and 90th percentiles, respectively, for the entire study.

ber experiments showing decreasing monoterpenes pON as
temperature increased from ∼ 25 to ∼ 40 ◦C (Boyd et al.,
2017; Berkemeier et al., 2020). In contrast, the NO3,org
loadings in both daytime and nighttime showed increasing
trends as a function of T in winter in Beijing, suggesting
the importance of photochemical production. In contrast,
the NO3,org loadings decreased as temperature elevated in
Gucheng during wintertime and then remained relatively sta-
ble at T > 0 ◦C. One reason was greatly enhanced primary
emissions from residential heating at low temperatures.

4 Limitations and conclusions

In this study, we demonstrated the capability of combining
HR-AMS and TD measurements to quantify and characterize
pON in NCP in summer and winter. However, this approach
has several limitations. Firstly, we assumed that NO3,inorg
evaporated completely at T =∼ 90 ◦C, which might not be
the case in some environments and could overestimate evap-
orative loss of NO+ and NO+2 from ON. Secondly, the av-
erage mass loss of CxHyN+z and CxHyOzN+p at T = 90 ◦C
was used as the proportion of mass loss of pON; however,
the volatilities of pON vary among different pON species.
Indeed, it is challenging to quantify due to the extremely
complex pON in ambient air, as well as the absence of pON
standards. In addition, separating nitrogen ion fragments is a
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challenge due to the limited resolution of HR-AMS, leading
to the uncertainties in calculating mass losses of CxHyN+z
and CxHyOzN+p . Thirdly, using a default value of RIEON =

1.4 and a fixed molar mass (MWON = 200 g mol−1) for esti-
mation of pON would introduce additional uncertainties con-
sidering the complexity of pON compounds. Fourthly, the
low-volatility nitrogen-containing compounds (e.g., metal
nitrates) with a high NO+x ratio cannot be separated, result-
ing in an overestimation of pON. Lastly, HR-AMS only mea-
sures submicron non-refractory pON, which might also un-
derestimate pON in ambient air.

Overall, the pON estimated from the TD-AMS method
correlated well with those from PMF and NOx methods, yet
it has advantages in estimating pON in an anthropogenically
dominant environment. Particularly, we found that RON var-
ied differently between day and night and between clean and
polluted episodes, highlighting different pON compounds
from different chemical pathways and sources. Our estima-
tion showed higher mass concentrations of NO3,org in sum-
mer than in winter (1.8 vs. 1.0 µg m−3), as well as a greater
contribution of pON to OA (27.5 % vs. 14.8 %), indicating
more pON formation in a biogenically and anthropogenically
mixed environment. In addition, the NO3,org loadings at the
rural site (1.9 µg m−3) were higher than that in Beijing due
to higher primary emissions and gaseous precursors during
wintertime.
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