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Despite the fact that atmospheric particulate organic nitrogen (ON) can significantly affect human health, ecosystems
and the earth's climate system, qualitative and quantitative chemical characterization of ON remains limited due to its
chemical complexity. In this study, the Aerodyne soot particle - high-resolution time-of-flight aerosol mass spectrom-
eter (SP-AMS)was deployed for ambient measurements in Nanjing, China. Positivematrix factorization (PMF) was ap-
plied to the ON data to quantify the sources of ON in submicron aerosols. The averaged ON concentration was
1.24 μg m−3, while the averaged total nitrogen (TN) in the aerosol was 20.26 μg m−3. From the PMF ON analysis,
a 5-factor solution was selected as the most representative and interpretable solution for the investigated dataset, in-
cluding oxygenated OA (OOAON), amine-related OAON (AMOAON), hydrocarbon-like OA (HOAON), industry OA
(IOAON), and local primary OA (POAON) factors. The quantified ON ions were separated into families, including
CxHN, CxHyNO, C3H<6N, CxH2x+2N, CxH2xN andOthers, consistent with their contribution to each factor. The CxHyNO
family mainly contributed to the OOAON factor and suggested the presence of amides or amino acids. The CxH2x+2N
family likely mostly originated from amines only contributing to the AMOAON and HOAON factors. The IOAON and
POAON factors were resolved due to significant tracers in the mass spectra. Further, compared with regular organic
PMF analysis, PMF ON analysis gave more insights due to improved source separation and interpretability of the
OA components, which could be a role model for further atmospheric ON research.
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1. Introduction

Atmospheric organic nitrogen (ON) has been ubiquitously observed
in atmospheric aerosol particles and aqueous droplets (e.g., fog/cloud
water, and rainwater). This fraction may represent ~30% of total (gas-
eous and particulate) airborne nitrogen (Cape et al., 2011). In the fol-
lowing, ON always refers to particulate ON unless specified otherwise.
Atmospheric ON is less understood than inorganic nitrogen (IN: ammo-
nium, nitrate and nitrite), since it consists of a wide array of compounds,
which in turn have a great variety of molecular weight, functionality,
and physicochemical properties (Saxena and Hildemann, 1996). Fur-
thermore, ON emissions may result from a diverse array of sources
and may undergo much more complex atmospheric transformations
than IN. These transformations govern the spatial and temporal varia-
tion of ON in the atmosphere. ON plays an important role in the nitrogen
cycle of terrestrial and aquatic ecosystems owing to its bioavailability
(Neff et al., 2002; Seitzinger and Sanders, 1999; Weathers et al., 2000;
Cornell et al., 1995; Cornell, 2011). ON species can also influence the
optical (Nguyen et al., 2012; Zarzana et al., 2012; Powelson et al.,
2013; Lee et al., 2013; Chen et al., 2018; Chen et al., 2020; Mohr
et al., 2013) and hygroscopic properties (Chan et al., 2005; Qiu and
Zhang, 2012; Clegg et al., 2013; Hu et al., 2014; Sauerwein et al.,
2015) of aerosol particles and fog/cloud droplets.

Bulk quantification of total ON (nitrogen mass contained in N-
containing organics) is typically determined as themass difference between
total nitrogen (TN) and IN, i.e., ON = TN – IN (e.g., Ho et al., 2015; Chen
et al., 2019). Concentrations of IN components can be measured individu-
ally using techniques such as ion chromatography, while measurement of
TN involves the conversion of all N-containing species into inorganic
forms, e.g., NO3

−, NO2
−, and NH4

+ or nitrogen containing inorganic and or-
ganic gases, e.g., NOx, NH3, or peroxyacyl nitrates (Cornell et al., 2003)
using approaches of photochemical, chemical, and high-temperature oxida-
tions (Jickells et al., 2013). Note that these methods often lead to large un-
certainties in ON quantification due to the risk of not oxidizing all ON
compounds, and the aggregation of measurement errors, especially when
ON is minor in the sample (Cornell et al., 2003;Cape et al., 2011). In addi-
tion, traditional filter collectionmay cause hydrolysis, partitioning, or filter
collection artifacts, the measurement of TN or IN is very artifact-prone be-
cause of the semi-volatile nature of NH4NO3, and the low time resolution,
ranging from hours to days, is often insufficient to describe source variation
or reactive processes.

Extensive speciation analyses of ON have been conducted. A large num-
ber of ON compounds with different functional groups have been identified
using analytical techniques including ion chromatography, liquid chroma-
tography - mass spectrometry (LC-MS), and high-resolution electrospray
ionization mass spectrometry (ESI-MS) (Ruiz-Jimenez et al., 2012;Samy
and Hays, 2013;Samy et al., 2013;Samy et al., 2011;Junninen et al.,
2010;Angelino et al., 2001;Huang et al., 2012;Sun et al., 2011b;Smith
et al., 2010). The ON species identified include amines, amino acids,
urea, amides, nitriles, organic nitrates, nitro-compounds, and N-
heterocyclic compounds, etc. However, these identifiedON classes, individ-
ually, often account for only a small fraction of the total ON, (with
e.g., <20% from amino compounds (Zhang and Anastasio, 2003, Zhang
and Anastasio, 2001;Zhang et al., 2002)), or they are not quantified, limit-
ing detailed understanding of ON chemistry.

A high-resolution time-of-flight chemical ionization mass spectrometer
(HR-ToF-CIMS) using iodide-adduct ionization with a filter inlet for gases
and aerosols (FIGAERO) which allows alternating in situ measurements of
the speciated ON in gas and particle phases at molecular level was recently
developed (Lopez-Hilfiker et al., 2014). However, simple alkyl or keto ni-
trates are underestimated or not detected at all by this technique. Indeed,
quantitative treatment of FIGAEROmeasurements is complicated by differ-
ences in instrument sensitivity to different compounds, which complicates
not only the interpretation of the ON composition, but also the total ON/
IN relationship. Furthermore, filter collection and thermal desorption
cause loss of organic nitrogen.
2

The Aerodyne high-resolution aerosol mass spectrometer (HR-AMS)
has been widely used (DeCarlo et al., 2006). The HR-AMS possesses
unique advantages regarding the bulk quantification, speciation and
source apportionment of condensed-phase ON species. The instrument's
capability of differentiating ions with the same nominal integer mass al-
lows determination of the chemical formulas of ion fragments from or-
ganic aerosol (OA) (Aiken et al., 2007;Aiken et al., 2008), which can
be used to estimate the total ON content and provide insight into its
composition. The HR-AMS also provides new perspectives for source
identification of ON. The highly time-resolved HR-AMS data (typically
in minutes) provides rich information to examine the co-variation of
ON species with other components with known sources and allows the
application of advanced multivariate factor analysis to segregate com-
ponents with common patterns of their behaviour, thus to infer the par-
ticular source types and/or chemical processes. Moreover, as a real-time
instrument, AMS avoids the sampling artifacts during sample storage
and handling that may affect off-line analyses. Previous studies showed
that the spectral patterns of different ON families can provide new in-
sights into sources and processes of ON (Aiken et al., 2009;Sun et al.,
2011a;Xu et al., 2017;Struckmeier et al., 2016). However, available
AMS research of ON is based on the characterization and source appor-
tionment analysis of organic compounds, which highly limits the under-
standing of atmospheric ON chemistry. In this study, positive matrix
factorization (PMF) was applied to the ON fragments to quantify the
sources of ON in submicron aerosols, compared to regular organic
PMF analysis, and to assess the ON role in aerosol particles.
2. Methodology

2.1. Sampling site and instrumentation

The sampling site was at the campus of the Nanjing University of Infor-
mation Science and Technology (32°12′20.82′′N, 118°42′25.46′′E). The
measurement period was from February 20 to March 23, 2015. The site
was located west/southwest of an industrial zone (mainly petrochemical,
chemical, iron and steelmaking plants), close to a residential area and a
few arterial roads (Wu et al., 2018;Wang et al., 2016).

The setup and operation of the SP-AMS were described in our previous
publications (Wu et al., 2018; Wang et al., 2016). In brief, the SP-AMS is
based on the Aerodyne high-resolution time-of-flight aerosol mass spec-
trometer (HR-ToF-AMS, Canagaratna et al., 2007), in which non-
refractory components are vaporized by impaction on a 600 °C tungsten
surface, but also includes an intracavity Nd:YAG laser (1064 nm) allowing
it to vaporize light-absorbing aerosols, especially refractory black carbon
(rBC, C1

+– C31
+) (Onasch et al., 2012). Regardless of the vaporization

scheme, the resulting gas is ionized by 70 eV electron impact (EI) ionization
and detected by a time-of-flight mass spectrometer (m/Δm=5000–6000).
In the present study, the instrument alternated between standard collection
mode (laser off) and SP mode (laser on) every 5 min. The instrument was
calibrated for ionization efficiency (IE) for nitrate every week using
250 nm NH4NO3 particles following a mass-based method (Jayne et al.,
2000) at standard collection mode. The relative ionization efficiency
(RIE) of ammonium was also determined based on these measurements,
and RIE of sulfate was calibrated using pure ammonium sulfate separately.
The RIEs for nitrate, sulfate, chloride, ammonium and organics were 1.05,
1.18, 1.3, 3.0 and 1.4, respectively. The rBC component is detected mainly
in the form of Cn

+ ions and the instrument was operated at an m/z range of
up to ~2000 to detect the fullerene ions C30

+– C160
+ (Onasch et al., 2015;

Corbin et al., 2014). The rBC calibration was obtained using monodisperse
rBC particles and a condensation particle counter (CPC) tomeasure particle
number concentrations.

Ambient air was sampled through a 16.7 L min−1 cyclone (~5m above
the ground) to achieve a size cut of 2.5 μm. The concentration of O3 was ac-
quired from the nearest environmental monitoring site. Themeteorological
parameters, including air temperature (T), relative humidity (RH), wind
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speed (WS), wind direction (WD), and solar radiation were measured by a
meteorological station ∼50 m away from the sampling site.

2.2. Basic SP-AMS data analysis

The SP-AMS data were processed and analysed within Igor Pro 6.36
(Wavemetrics) using the standard ToF-AMS analysis toolkit software pack-
age, SQUIRREL (version 1.57) and PIKA (1.16, http://cires1.colorado.edu/
jimenez-group/ToFAMSResources/ToFSoftware/). The collection effi-
ciency (CE) was estimated using the composition-dependent method of
(Middlebrook et al., 2012). The elemental ratios of OA including
nitrogen-to‑carbon (N/C), organic mass to organic carbon (OM/OC) and
oxygen-to‑carbon (O/C) ratios were determined with the Improved-
Ambient (I-A) method (Canagaratna et al., 2015).

Here, we used the peak-fitting uncertainty model described by Corbin
et al. (2015) instead of the PIKA 1.16 error model to address signal-to-
noise ratio (SNR) issues (https://acp.copernicus.org/preprints/acp-2020-
890/acp-2020-890-SC1.pdf) in PMF. The Corbin et al. model results are
in percentage uncertainties in SNR for isolated peaks (due to uncertainty
in peak width) and also potentially much larger uncertainties when small
peaks overlap with larger ones. The model was successfully applied to de-
termine overlapping peaks, e.g. CHO and CHN, decreased the fitting arti-
fact. In total, 27 fitted ON ions between m/z 26 and 87 were identified
which had been separated from its adjacentmajor peaks (see Fig. S1 for sev-
eral examples at m/z 42, 53, and 92).

Most of theON ions are assigned tofive families: CxHN, CHNO, C3H<6N,
CxH2x+2N, andCxH2xNbased on their bulk time series and elemental ratios,
plus the following additional ions: CN, CH5N, C3H4N, C4H6N, C4H7N,
C5H8N, and C5H2N.

The ON and TN in submicron organic aerosols can be determined as

OC ¼ organics=
OM
OC

� �
(1)

ON ¼ OC∗
N
C
∗

14
12

� �
(2)

TN ¼ ON þ NNO−
3
þ NNHþ

4
(3)

OC is the carbon content of the OA mass; OM/OC and N/C are the elemen-
tal ratios determined from elemental analysis;NNO3

− andNNH4
+ are the nitro-

gen concentrations in inorganic NO3 and NH4 measured by the SP-AMS.

2.3. Source apportionment

Source apportionment using positive matrix factorization (PMF) was
performed separately on organic aerosol (denoted PMFOA) and organic ni-
trogen (denoted PMF ON, only 27 ON ions included). PMF was imple-
mented in the multilinear engine (ME-2), using the SoFi interface (Source
Finder, version 6.66; (Canonaco et al., 2013)) programmed in Igor Pro
6.36 (Wavemetrics, Inc.) for model configuration and post-analysis. PMF
is a bilinear receptor model which describes measurements as a linear com-
bination of static factor profiles (i.e. characteristic mass spectra), corre-
sponding to specific emission sources and/or atmospheric processes, and
their time-dependent source contributions as shown in the following equa-
tion (Paatero and Tapper, 1994):

xij ¼ ∑
p

k¼1
gik � f kj þ eij (4)

Here, xij, gik, fkj, and eij are matrix elements of the measurement, factor time
series, factor profile, and residual matrices, respectively. The subscripts i, k,
and j denote matrix indices corresponding to time of measurement, m/z,
and factor, respectively. The measured X is an m×n matrix, representing
m measurements of n m/z. G and F are n × p and p × m matrices,
3

respectively, where p is the number of factors contained in a given model
solution and is selected by the user.

Eq. (4) is solved using a least squares algorithm that iteratively mini-
mize the quantity Q (Eq. 5), defined as the sum of the squares of the scaled
residuals:

Q ¼ ∑
i
∑
j

eij
σij

� �2

(5)

Here, eij represents the residuals (elements of E), with i and j denoting
respectively the time and m/z indices, and σijwas the corresponding ele-
ment in the measurement uncertainty matrix.

The selection of the number of factors was based on an analysis of the
dependence of total Q or Q/Qexp, scaled residuals, comparison of factor
time series and external tracers, examination of factor diurnal patterns
and the evaluation of the residual time series as a function of the number
of resolved factors (details in Section 3.2 and Supplement, Fig. S2, S3, S4).

Bootstrap analysis (Davison andHinkley, 1997)was conducted to deter-
mine the statistical stability and uncertainties of the PMF ON solution and
to evaluate trends in specific ions. Bootstrap analysis generates a set of
new input data and error matrices for analysis from random resampling
of the original input data. This resampling perturbs the input data by ran-
domly choosing rows (time points) of the original matrix which are present
several times, while other rows are removed (Paatero and Tapper, 1994);
the overall dimensions of the data matrix is kept constant for each resam-
pling.Weperformed 1000 bootstrap runs for a 5-factor solutionwith all fac-
tors unconstrained. Fig. S5 summarizes the averaged extracted solution
from the bootstrap analysis, showing the means of these solutions for the
time series and mass spectra.

3. Results

3.1. Study overview

Fig. 1 shows the time series of meteorological parameters including
temperature (T), relative humidity (RH), solar radiation, wind direction
(WD) colored bywind speed (WS), the mass concentration of organic nitro-
gen (ON, Eq. (2)), total nitrogen (TN, Eq. (3)), PM1 components (organics,
ammonium, nitrate, chloride), and the fractional contributions of OA fac-
tors from the original PMF OA analysis (Wu et al., 2018; Wang et al.,
2016): salient characteristics of these OA source apportionment factors
are discussed in Section 3.2.

As shown in Fig. 1, the temperature varied from 0 °C to 21 °C with a
mean value of 8.5 °C, which potentially correlated to ON formation, e.g.
March 13–20, the total ON concentration increasedwith the higher temper-
ature. The weather was generally humid during the sampling period with
an average RH of ∼70%. The average of the wind speed was around
1.4 m s−1 mostly from east/northeast directions. The PM1 concentration
varied from 8.4 to 180.5 μg m−3, with a mean of 46.3 μg m−3, and was
dominated by inorganic components (68.4%). A high correlation (R =
0.89) was observed between OA and ON (Fig. S1, discussed in
Section 3.4). The average ON concentration in the submicron aerosol is
1.24 μg m−3, while the average TN is 20.26 μg m−3. The ON concentra-
tions determined by the SP-AMS in Nanjing are typically similar to other
observations in China, e.g. 1.7 μg m−3 (1.4% in PM2.5) in Changzhou (Ye
et al., 2016, SP-AMS), but lower than others, e.g. 3.17 ± 2.02 μg m−3 in
Beijing (Duan et al., 2009).

We estimated the concentration of particulate organic nitrate (NO3_org)
based on the AMS data following the approaches in Xu et al. (2015b). The
method is based on the NO+/NO2

+ ratio (NOx
+ ratio) in the HR-ToF-AMS.

Due to the very different NOx
+ ratios of organic nitrates and inorganic ni-

trate (i.e., RON and RNH4NO3
, respectively; (Fry et al., 2009;Bruns et al.,

2010)), the NO2
+ and NO+ concentrations of organic nitrates (NO2, ON

and NOON) can be quantified with the HR-ToF-AMS data using

http://cires1.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/
http://cires1.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/
https://acp.copernicus.org/preprints/acp-2020-890/acp-2020-890-SC1.pdf
https://acp.copernicus.org/preprints/acp-2020-890/acp-2020-890-SC1.pdf


Fig. 1. Overview of the chemical composition and temporal trends of submicron aerosols at Nanjing in February and March 2015 including (a) time series of ambient air
relative humidity (RH), temperature (T), solar radiation; (b) time series of wind direction (WD) colored by wind speed (WS); (c) time series of organic nitrogen (ON) and
total nitrogen (TN); (d) time series of the mass concentrations of organic aerosol (Org), nitrate (NO3

−), sulfate (SO4
2-), ammonium (NH4

+), chloride (Cl−) to total PM1; and
(e) time series of the mass fractional contributions to total aerosol (OA) of the six factors derived from original PMF analysis (cooking OA (COA), traffic OA (HOA),
industry OA (IOA) local secondary OA (LSOA), semi-volatile oxygenated OA (SVOOA), and low-volatility oxygenated OA (LVOOA)).
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Eqs. (6) and (7), respectively (Farmer et al., 2010; Kiendler-Scharr et al.,
2016; Xu et al., 2015;Yu et al., 2019):

NOþ
2,ON ¼ NOþ

2,obs∗ Robs−RNH4NO3ð Þ
RON−RNH4NO3

(6)

NOþ
ON ¼ RON∗NO2,ON (7)

where Robs is the NOx
+ ratio from the measurement. RNH4NO3 was deter-

mined by IE calibration using pure NH4NO3 every 2 weeks (Fry et al.,
2013). However, the value of RON is difficult to determine because it varies
between instruments and precursor VOCs. In this study, we used RON as
2.9*RNH4NO3 based on literature (Farmer et al., 2010; Kiendler-Scharr
et al., 2016; Yu et al., 2019; Xu et al., 2015).

3.2. PMF on organic aerosol (OA)

For the whole dataset, procedures of the PMF analyses, justifications
and diagnostics of the optimal PMF OA solution, high resolution mass spec-
tra of the factors and features/behaviors of these factors were presented in
Wang et al., 2016 andWu et al., 2018. Here we briefly summarize the PMF
OA source apportionment from these studies and evaluate their ability to
explain ON sources.

Six OA factors were identified, i.e., cooking OA (COA), traffic OA
(HOA), industry OA (IOA) local secondary OA (LSOA), semi-volatile oxy-
genated OA (SVOOA), and low-volatility oxygenated OA (LVOOA).

HOA is abundant in hydrocarbon ions, and COA has significant oxygen-
ated ions atm/z=55 andm/z=57; these spectral features and their diur-
nal patterns are both similar to the ones identified at other locations (Sun
et al., 2011a, 2011b). A specific IOA factor was separated: it has a relatively
high fraction of CO2

+, and its temporal variation behaves very differently
compared to HOA (r2 = 0.03) and COA (r2 = 0.01) (although the diurnal
trend of IOA is somewhat similar to that of HOA). SVOOA and LVOOA
also have similar features with those identified by the AMS community:
SVOOA has a smaller CO2

+/C2H3O+ ratio than LVOOA; SVOOA correlates
better with nitrate (r2 = 0.53) than with sulfate (r2 = 0.31) while LVOOA
correlates better with sulfate (r2 = 0.46) than with nitrate (r2 = 0.26). In
4

addition, an LOOA factor was also identified, accounting for a relatively
smaller mass fraction (10%) of the total OA than other factors. The average
contribution from POA (48%, (COA, 15.5%), (HOA, 20%), (IOA, 16.5%))
was almost equal to that of SOA (52%, local oxygenated OA (LOOA,
10%), semi-volatile oxygenated OA (SVOOA, 16.4%), low-volatility oxy-
genated OA (LVOOA, 21.6%)).

Fig. 2 shows the ON apportionment in these PMF OA solutions, colored
by six families: CxHN, CHNO, C3H<6N, CxH2x+2N, CxH2xN and others. The
left axis presents the relative composition of each factor and the right axis
the relative contribution of each factor to the given ON ions. Accordingly,
no specific mass spectral signature and/or striking differences of relative
contributions to these ON ions for each factor are identified since almost
all families and all ions appeared in every factor. Only minor differences
can be observed, e.g. the CxH2xN family (especially at large mass-to-
charge ratios) has high contributions to the POA factors. The lack of dis-
crimination is likely due to much lower concentrations and lower signal
to noise of ON ions compared to other OA ions with high concentrations
and high signal to noise. It is not possible to represent well the attribution
of ON using the original PMF method, motivating the application of source
apportionment analysis to the N-containing fragments only.

3.3. PMF on organic nitrogen (ON)

3.3.1. Selection and overview of the PMF ON solution
A 5-factor solutionwas chosen as the best representation of the PMFON

dataset. The retrieved factors were defined as: Oxygenated secondary OA
(OOAON), amine-relatedOA (AMOAON), hydrocarbon-likeOA (HOAON), in-
dustry OA (IOAON), and local primary OA (POAON).

The criterion used to determine the optimal number of factors is the ex-
amination of Q/Qexp variations for an increasing number of solutions to
evaluate the fraction of explained variation in the dataset. For the PMF
ON solutions, the Q/Qexp value decreases sharply from 3 to 1.7 as the num-
ber of factors increases from four to five, then becomes relatively flat as the
number of factors increases to eight (Fig. S3). If the number of factors is de-
creased to four, a mixedOOAON/IOAON factor is retrieved, and a significant
signature of IOAON is included in the OOAON factor (Fig. S4, S5, S6). In-
creasing the number of factors to six leads to non-interpretable splitting

Image of Fig. 1


Fig. 2.ONapportionment in the original PMF of organic aerosol (PMFOA). The left axis for each factor profile presents the relative composition of each givenON ions and the
right axis the relative contribution of each factor to the ion.
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of the amine-related factor, which has a mass spectrum similar to the
OOAON factor, rather than a “new” split factor.

Fig. 3 compares the absolute residual spectrum of ON ions derived from
PMF ON analysis to the one of the PMF OA results. The PMF ON residuals
are distributed around 0.005 μg m−3 with a maximum value of
0.007 μg m−3. The scatter plot shows that the PMF ON residuals are gener-
ally lower than for the PMF OA. The PMF OA residuals show much larger
values for some ions: C2H4N, C5H10N, and C3H6N (all belonging to the
CxH2xN family), as well as C4H7N, C3H8N, and CHN. Overall, the distinct
mass spectral/relative contribution features in the PMF ON result and the
distinctly lower residuals illustrate the improvement in comparison to
PMF OA to identify the sources of ON species.
Fig. 3. Comparison of absolute residuals (ugm−3) of ON ions between PMFOA and PMF
m−3) in the accepted solutions of PMF_ON and PMF_OA results (right).

5

3.3.2. PMF ON factor descriptions
An overview of the factor time series, profiles, diurnal patterns and frac-

tions of ON families is presented in Figs. 4 and 5. Each factor is described
separately in further detail in the following sections. Fig. 6 shows the
stacked time series of the concentrations of the factor contributions to
each ON family and the corresponding pie charts.

3.3.2.1. Oxygenated OA (OOAON). The time series of the OOAON factor
agrees well with the time variation of SOAOA, i.e., the sum of SVOOAOA,
and LVOOAOA (r2 = 0.67). In terms of the diurnal trend, the OOAON con-
centration, as shown in Fig. 5, displays no obvious difference between
day and night.
ON, colored by the different ion families (left). Scatter plot of absolute residuals (ug

Image of Fig. 2
Image of Fig. 3


Fig. 4.Overviewof the results from the organic nitrogen positivematrix factorization (PMFON) analysis including time series (a) and factor profiles (b). In (b), the left axis for
each factor profile presents the relative composition of each factor and the right axis the relative contribution of each factor to the given ON ions.
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The profile of the OOAON factor shows the major ions are CHN+ (m/
z = 27) and C2H4N+ (m/z = 42). Approximately 71% of the CHN+ ion
is apportioned to the OOAON factor (Fig. 4b), while C2H4N+ is also appor-
tioned in appreciable amounts to other factors. The OOAON mass spectrum
is also dominated by the CxHN+ family including the ions CHN+, C3HN+,
C4HN+, C5HN+, and C6HN+, as well as the CxHyON and C3H<6N families
(Fig. 4 and Fig. 6a, b). These three families are apportioned to the factor
with 68%, 66%, and 59%, respectively, as shown in Fig. 6. The CxHyON
family includes six ions: CH3NO (m/z = 45.02), C2H4NO (m/z = 58.03),
C2H5NO (m/z = 59.04), C3H4NO (m/z = 70.03), C3H6NO (m/z =
72.05), and C4H6NO (m/z = 84.05), and their fractional contributions to
OOAON are 73%, 64%, 69%, 58%, 54%, and 59%, respectively. This
shows the main role of the CxHyON family in this factor and the presence
of amides or amino acids. In contrast, the C3H<6N family is distributed to
other factors.
3.3.2.2. Amine-related OA (AMOAON). Amine fragments usually have small
signals in HR-AMS datasets, and are typically difficult to identify because
they are embedded in larger signals of adjacent peaks in the high resolution
mass spectrum. The PMF ON analysis presents the amine-related OA factor
as a separated ON contributor.

The time series of AMOAON and nitrate (NO3), which is often formed
more locally and semi-volatile, are correlated, with r2 = 0.45. The
diurnal trends of NO3_org and AMOAON agree well with each other ex-
cept for the period from 0:00 to 10:00 (Fig. 5), which indicates our
AMOAON factor might be closely related to anthropogenic emissions
(Ng et al., 2008). During the day, this factor is inversely related to
ozone, and decreases to its lowest value with the increasing radiation
at noon.

Except for the two ions mentioned above (CHN+ and C2H4N+), the
mass spectrum of the factor is mainly dominated by the CxH2x+2N family
(C3H8N+, C4H10N+, Fig. 6). Fig. 6c shows the fractional contributions of
the CxH2x+2N family to each factor, it's obvious that the ions in the
CxH2x+2N family mostly contribute to the AMOAON factor (68%). Ion
peaks corresponding to the CxH2x+2N family are indicative of aliphatic
amines which have been identified in ambient aerosols collected from a va-
riety of sites (Pratt et al., 2009;Ge et al., 2011). Themass spectrum is unique
in the PMF ON result, with specific amine fragments, compared to the PMF
OA analysis (Fig. 2).
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3.3.2.3. Hydrocarbon-like OA (HOAON). The factor is verified by the overall
similar diurnal profiles of HOAON and HOAOA, as shown in Fig. 5c, where
both time series peak at times corresponding to rush hour traffic. Themorn-
ing peak of HOAON is observed between 8:00 and 10:00, with the same var-
iation as the HOAOA factor. The evening peak of HOAON is relatively broad
(18:00–22:00) with a maximum at 18:00–19:00, which is consistent with
the rush hour from the HOAOA factor which however has an additional
peak at 21:00.

The mass spectrum is mainly dominated by C4H7N+ (m/z = 69.06),
only contributing to the HOAON factor (100%). This ion can thus be
regarded to be a tracer of the HOAON factor. The factor also has higher con-
tributions fromC4H8N+ (m/z=70.07, Fig. 4) and C4H6N+ (m/z=68.05).
In addition, the families CxH2x+2N (apportioned to 29% in this factor),
C3H<6N (apportioned to 24%, excluding C3HN, which belongs to the
CxHN family) and CxH2xN (24%, including the ions C2H4N+, C3H6N+,
C4H8N+, C5H10N+) are also apportioned to the HOAON factor. The
CxH2x+2N family mentioned above only contributes to AMOAON and
HOAON (Ye et al., 2017; Ge et al., 2011).

3.3.2.4. Industry OA (IOAON).We attribute this factor to Industry OA due to
the high correlation of its diurnal variation with the ones of fullerene ions
and rBC (Fig. 5), as reported by Wang et al., 2016. The mass spectrum of
the factor contains enhanced peaks at m/z = 42 (C2H4N+) and m/z = 84
(C5H10N+). The relative contribution of C5H10N+ is as high as 95%
(Fig. 4b).

Industry emission was recognized as an important source of aerosols at
the sampling site by the previous studies (Wu et al., 2018). A large number
of petrochemical plants are situated northeast of the site (see Wang et al.
(2016) for a distribution of industrial plants around this site), and during
the campaign, winds mostly blew from this direction. The average diurnal
pattern of fullerene ions displays a bimodal distribution with one promi-
nent peak at 9:00 local time and another peak at 21:00 but overall remains
elevated during daytime (Fig. 5). Indeed, the fullerene ions correlate poorly
with all secondary species, including nitrate (r2 = 0.08), sulfate (r2 =
0.15), chloride (r2 = 0.07), SVOOA (r2 = 0.07), LVOOA (r2 = 0.06), and
LSOA (r2 = 0.07), and even primary species such as COA (r2 = 0.06) and
HOA (r2 = 0.12) but correlate much better with IOA (r2 = 0.45). Further-
more, we applied a multilinear decomposition algorithm to estimate the
contributions from traffic and industry to these fullerene ions:
tsFullerenes = a × tsHOA + b × tsIOA, where tsFullerenes, tsHOA, and

Image of Fig. 4


Fig. 5. Diurnal variations of the HOAON, AMOAON, OOAON, IOAON, and POAON

factors and various tracer species.
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tsIOA are the time series of fullerene ions, HOA, and IOA, respectively, and
a and b are the fitting parameters. The reconstructed fullerene ion concen-
trations correlate reasonably well with the measured values [r2= 0.52 and
a slope of 0.92] validating the effectiveness of this analysis, which yields a
relative contribution of 70% from industry and 30% from traffic for the ob-
served fullerene ions.

3.3.2.5. Local primary OA (POAON). The mass profile of the POAON factor is
specific, in having the dominating ion C3H6N+ (m/z=56, 68%),with 99%
of this ion contributing to this factor (Fig. 4b). The factor is near-zero except
7

for a few periods: 22–23 February, 26 February, 13–15 March, and 17–21
March, in which periods all the factors have enhanced values. The diurnal
trend is also unique without any tracer for comparison, as shown in
Fig. 5. Here, we identify this factor as events-driven factor from local pri-
mary emission due to no obvious variation of the time series.

3.4. Comparison of PMF OA and PMF ON

The source separation and contribution of organic nitrogen ions/fami-
lies between PMF ON and PMF OA results are compared in this section.
Fig. 7 presents the stacked time series of the concentrations of these families
in the PMF OA results representing the contributions of each factor to the
total concentrations and the corresponding pie charts, analogous to the
PMF ON presentation in Fig. 6.

As discussed in Section 3.3.2 and Section 3.3.4, the ON profiles in the
POAOA factors (HOAOA, COAOA, IOAOA) derived from PMF OA source ap-
portionment have no distinct features. In contrast, distinct mass spectral
features in the PMF ON result are obvious, e.g. C4H7N+ is almost only con-
tributing to HOAON, C3H6N+ is dominating in the POAON factor, and
C5H10N+ is to up to 95% apportioned to the IOAON factor. As discussed
in the residual comparison (Fig. 3), most of the CxH2x+2N ions have higher
residuals which were not explained in the PMF OA analysis (Fig. S7), but
they are identified in the PMF ON analysis as an amine-related factor.
The contribution of the C3H<6N family indicates high contributions to the
IOAOA and HOAON factors.

Fig. 7 compares the stacked time series of the PMF ON factors (Fig. 7a),
the stacked time series of the sum of organic nitrogen ions in each of the
PMFOA factors (Fig. 7b), and the stacked time series of the PMF OA factors
(Fig. 7c). Also shown are pie charts of the mean PMF ON factor contribu-
tions over the entire measurement period, the mean ON contributions in
each PMF OA factor, and the mean PMF OA factor contributions.

The HOAON (11%) and HOAOA (14%, only ON content) are associated
well with each other, the IOAON (18%) is lower than the IOAOA (27%),
and the sum (48%) of LSOAOA (14%), LVOOAOA (14%), and SVOOAOA

(20%) correlates with OOAON (46%). As shown in Fig. S2, the good corre-
lation between ON and OA might be driven by the time series of SOAOA

and OOAON. The POAON is a specific factor in the PMF ON analysis, more
related to local emissions, which is probably mixed to the IOAOA. The or-
ganic nitrogen compounds from COA are likely amines from meat or
overcooked food, e.g. charbroiling, since reactions of fatty acids with am-
monia at high temperature can yield amides (Lejay et al., 2019). Although
it is hard to identify the COA factor in the PMF ON analysis, the amine-
related factor (16%) is separated in PMF ON which indicates the amine-
related emission sources particularly. Above all, the distribution of the
PMF ON analysis shows clearly that there are significant contributions of
organic nitrogen from SOA and HOA, while the organic nitrogen ions are
distributed to each factor combining other OA ions in PMFOAanalysis, hin-
dering the understanding of organic nitrogen sources.

4. Conclusions

AnAerodyne SP-AMSwas deployed in a suburban site of Nanjing, China
from February 20 toMarch 23, 2015. In this study, we demonstrated the ca-
pability of the SP-AMS in quantification and characterization of organic ni-
trogen in atmospheric aerosols. Positive matrix factorization (PMF) was
applied to the ON data to quantify the sources of ON in submicron aerosols.
Five factors are retrieved as: Oxygenated OA (OOAON, well correlated with
the SOAOA factor and dominated by the CHN+ ion and the CxHyON family),
amine-related OA (AMOAON, correlating with nitrate withmostly contribu-
tions from the CxH2x+2N family), hydrocarbon-like OA (HOAON, with con-
centration peaks at times corresponding to rush hour traffic and mainly
dominated by the C4H7N+ ion, which only contributed to this HOAON fac-
tor), industry OA (IOAON,with high correlationwith fullerene ions and con-
tributions from C2H4N+ and C5H10N+), and local primary OA (POAON,
with a unique time series and dominated by the C3H6N+ ion (m/z = 56,
68%), with 95%contribution to this factor).

Image of Fig. 5


Fig. 6. Time series and fractional factor contributions as derived from the PMF ON solution (left) and corresponding pie charts (right) of the selected families CxHN (a),
CxHyNO (b), CxH2x+2N (c), and CxH2xN (d).
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In the original PMF OA analysis, no specific ONmass spectral signature
and/or striking differences of relative contributions of these ON ions to
each factor were identified since almost all families and all ions appeared
in each factor. The distinctly lower residual withoutmuch variation derived
from the PMF ON results and distinct mass spectral/relative contribution
features in the PMF ON result provide a new insight of our methodology
to identify the sources of ON species.
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