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Particulate organic nitrates, among the major components of secondary organic aerosols and fine particles, play
important roles in regional nitrogen cycle, ozone budget, and cloud condensation nuclei formation. However, the
pollution characteristics of particulate organic nitrates at mountain areas and the effects of anthropogenic
pollutant transport remain poorly understood. In this study, field sampling and measurements were conducted at
a high-elevation mountain site over North China Plain in winter and spring. Total five kinds of particulate
organic nitrates in fine particles were determined by ultra-high performance liquid chromatography-electrospray
mass spectrometry. The average total concentrations of particulate organic nitrates were 330 + 121 ng m™ and
247 + 63 ng m> in winter and spring. The monoterpene-derived organic nitrates were the dominant components
in both seasons with their contribution higher than 70%, accounting for 1.2 + 0.8% and 2.0 + 1.0% in organic
aerosols in winter and spring, respectively. The significantly higher levels of particulate organic nitrates in winter
than spring was ascribed to the strong effects of mountain-valley breezes and coal combustion plumes. The
increasing concentrations of NOy and particulate matters brought by the valley breeze at daytime facilitated the
formation of MHN215, OAKN359, and OAHN361, while the rising SO, abundance and the sulfate aerosols
transported by elevated emission sources affected the formation of MDCN247 at nighttime.

2014; Takeuchi and Ng, 2019). Therefore, organic nitrates can act as
temporary reservoirs of NOyx and influence O3 budget through the HOx

1. Introduction

Organic nitrates, mainly derived from the oxidation of volatile
organic compounds (VOCs) in the presence of reactive nitrogen oxides,
play a vital part in the tropospheric chemistry, regional nitrogen cycle,
and cloud condensation nuclei (CCN) formation. Gaseous organic ni-
trates are mainly produced from the reactions between VOCs and OH
radicals together with NOy during the daytime and the oxidation of
VOCs by NO3 radicals at nighttime (Perring et al., 2013; Rollins et al.,
2012). Following the initial production, gaseous organic nitrates readily
turn into the particle phase via gas-particle partitioning or further
oxidation during which process the nitrate group is retained. They are
eventually removed by dry and wet deposition, or via hydrolysis or
photolysis which results in the loss of the nitrate group (Epstein et al.,
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(HOx = OH + HO3 + RO») cycle and the NOy cycle (Farmer et al., 2011;
Lee et al., 2016; Mao et al., 2013). Organic nitrates are also among the
major components of secondary organic aerosols (SOA) and fine parti-
cles (PMy5), which aggravate the atmospheric visibility and the air
quality (Ayres et al., 2015; Ng et al., 2017). In addition, most of the
particulate organic nitrates have strong hygroscopicity because of the
containing hydrophilic groups such as nitrate group, hydroxyl group,
and carboxyl group, therefore they act as CCN to influence the global
radiation balance and regional climate (Tegen and Schepanski, 2018;
Twomey et al., 1984; Xu et al., 2015).

Field measurements of particulate organic nitrates were early con-
ducted in North America. Their concentrations were usually in the range
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0f 0.01-2.94 pg m™ and varied significantly with locations, time periods,
and measurement techniques (Li et al., 2021b). Field observation by
Rollins et al. (2013) with thermal dissociation coupled to laser induced
fluorescence (TD-LIF) in the San Joaquin Valley in California in summer,
2010 showed average concentrations of 0.20 pg m™ at nighttime and
0.10~0.15 pg m™® during daytime. Moreover, organic nitrates controlled
the nocturnal SOA formation with the contribution to organic aerosols
up to 27~40%. Fry et al. (2013) observed up to 140 pptv of
aerosol-phase organic nitrates using TD-LIF at an urban-affected forest
site in Colorado in summer, 2011. In addition, up to 30% of the total
organic nitrates existed in the particulate phase at night, while the
fraction dropped to less than 10% during daytime. Zare et al. (2018)
reported approximately 0.2 + 0.1 ppbv of organic nitrates in gas and
particle phases in Bibb County, Alabama in summer, 2013 and they
found that about 52% of the NOy retained by organic nitrates can be
released to the atmosphere again when coupled the observation data
with the model simulation results. In recent years, a few studies on
particulate organic nitrate were conducted in polluted atmosphere in
eastern China. Huang et al. (2021) observed approximately 0.7 pg m™ of
particulate organic nitrate in urban Beijing in winter and found that the
formation of organic nitrates had a positive relationship with the aerosol
liquid water. Zhang et al. (2016) found that organic nitrates could
contribute about 21% and 18% of the total particulate nitrate mass in
urban Beijing in the biomass burning period and the coal combustion
period, respectively by using the AMS-PMF method. In addition, our
research group have carried out several observations in different urban
and rural sites. Li et al. (2018) reported that the total concentration of
five kinds of organic nitrates was 325.4 + 116.7 ng m™° in urban Jinan
in summer, contributing to 1.64 + 0.34%o of PM; 5, while Zhang et al.
(2021) measured maximum of 415 ng m™~> in rural Dongying in June
2017. Up to date, most of the field measurements on particulate organic
nitrates were carried out in hot seasons in the ground sites. The abun-
dances and variation characteristics at elevated areas in cold seasons
remain unclear.

Previous studies have shown that the concentrations of particulate
organic nitrates were largely depended on the mixing ratios of pre-
cursors and oxidants, aerosol physical and chemical properties, meteo-
rological conditions, and anthropogenic activities. The formation of
particulate organic nitrates can be enhanced by increased emissions of
VOCs and NOy (Lee et al., 2019; Li et al., 2021a). In the condition of
relatively high humidity, they can form through aqueous reactions and a
possible formation pathway was proposed (Xu et al., 2020). Model
simulations and laboratory studies also demonstrated the importance of
heterogeneous/aqueous reactions for organic nitrates formation (Ng
et al., 2017; Northcross and Jang, 2007; Riedel et al., 2015). Besides,
several studies have been carried out recently to explore the effects of
aerosol acidity on organic nitrates. Rindelaub et al. (2016) proposed an
acid-catalyzed hydrolysis mechanism for the a-pinene-derived organic
nitrates. Fry et al. (2018) found that coal-burning plumes from thermal
power plants which were rich in acidic sulfate aerosols facilitated the
formation of organic nitrates at night in their aircraft measurements.
Huang et al. (2021) concluded that the increasing aerosol acidity pro-
moted the formation of organic nitrates. In addition, anthropogenic
activities also influence the abundances of particulate organic nitrates
(Zhang et al., 2021). During biomass burning and coal combustion pe-
riods, the average concentration of organic nitrates in submicron par-
ticles in Beijing in winter was up to 4.2 pg m™ and 0.8 pg m,
respectively (Zhang et al., 2016). The above recent findings indicate the
strong impacts on particulate nitrate formation from atmospheric con-
ditions and anthropogenic activities. By far, however, more researches
are required to understand and confirm the effect degree and the
detailed influencing mechanisms.

In this study, PMy 5 filter samples were collected at the summit of
Mount Tai (Mt. Tai) in winter and spring with simultaneous online
measurements of related parameters and subsequent particle chemical
analyses. The concentrations and composition of specific organic
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nitrates were presented. Then, the variation characteristics and influ-
encing factors were analyzed. Finally, the detailed effects and influence
mechanisms were explored and discussed. Due to the unique
geographical location of Mt. Tai and the complex polluted conditions,
the current work can enrich the observation dataset and contribute to a
more comprehensive understanding on the sources and formation of
particulate organic nitrates.

2. Experiments and methods
2.1. Site description

The sample collection and on-line measurements were conducted in
the Taishan National Reference Climatological Station at the summit of
Mt. Tai (36.26 N, 117.11 E; 1535 m a.s.l.) in Shandong Province, China.
Mt. Tai, the highest peak within the North China plain, is situated in the
central part of Shandong Province (Fig. 1). The city of Tai’an, with a
population of about 5.5 million, lies 15 km to the south. Although Mt.
Tai is a popular tourist spot, the sampling site is located relatively far
away from restaurants and temples and is little affected by the nearby
anthropogenic activities. Furthermore, the altitude of the measurement
site is near the top of the atmospheric boundary layer. As the boundary
layer height changes, air pollutants from the ground may be transported
to the sampling site with mountain-valley breezes. Due to its unique
geographic location, Mt. Tai has been used widely as a sampling site for
researches on regional atmospheric pollution and atmospheric chemis-
try in the past decade (Jiang et al., 2020; Sun et al., 2016; Wang et al.,
2017).

2.2. Sample collections and on-line measurements

In total, 118 ambient PM; 5 samples were collected from November
26 to December 30, 2017 and from March 9 to April 7, 2018 with a
medium-volume sampler (TH-150A, Wuhan Tianhong, China) at a flow
rate of 100 L min’!. The samples were collected during daytime and
nighttime separately with the daytime samples from 7:00 to 18:30 LT
(Local Time, LT = UTC+8) and the nighttime samples from 19:00 to
06:30 LT the next day. In addition, four blank samples were collected
before and after each sampling campaign in same conditions except the
pump not working. Before sampling, the filters were pre-baked in muff
furnace at 600 °C for 4 h to remove organic matters that may be
adsorbed on. After the sampling, the filter samples were stored at -20 °C
in a freezer for further analysis.

During the sampling periods, related air pollutants and meteoro-
logical parameters were also monitored in real time. Trace gases
including NO (Model T200U, Advanced Pollution Instrumentation
(API), USA), NO, (Model T500U, API, USA), SO, (Model 43C, Thermo
Electron Corporation, USA), O3 (Model T400, API, USA) and CO (Model
300EU, APIL, USA) were measured via optical methods at a time reso-
lution of 1 min. Meanwhile, the PMj 5 mass concentration was analyzed
by the light scattering and beta ray absorption method (SHARP 5030,
Thermo Scientific, USA) at a time resolution of 30 min. The meteoro-
logical data of relative humidity (RH), temperature (T) as well as wind
direction and speed were obtained from the Taishan National Reference
Climatological Station.

Inorganic water-soluble ions including Cl', NOy’, NOg3/, 3042', Na™,
NH,F, K*, Mg?*, Ca?>* were determined by a Monitor for Aerosols and
Gases (MARGA, ADI20801, Applikon-ECN, Netherlands) (Wen et al.,
2018). The dataset from December 7 to December 23, 2017 were un-
available because of the instrument malfunction.

2.3. Organic nitrate determinations and other chemical analyses
A piece of ~25 cm? (one half) was cut from each sample filter and

extracted in 15 mL methanol (HPLC grade, Sigma-Aldrich, USA) under
sonication for three times. The final extract solution with a volume of
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Fig. 1. (a) The location of the observation site (Mt. Tai) deployed in this study, (b) the expanded topographic view of Mt. Tai and the surrounding areas, and (c) a

photo of observation site.

approximately 45 mL was kept stationary at 4 °C for 12 h and then
concentrated to | mL by rotary evaporation at room temperature. After
filtered by the 0.25-pm polytetrafluoroethylene (PTFE) syringe filter,
1.5 mL methanol was added into the concentrated solution and a gentle
stream of high purity nitrogen was used to blow it to near-dryness.
Finally, 300 pL methanol was added to re-dissolve the residues, and
200 pL was transferred to the brown sample injection bottle for subse-
quent chemical analysis.

The resulting extracts were analyzed using an ultra-high perfor-
mance liquid chromatography (UHPLC, Thermo Scientific, USA)
coupled to an ion-trap mass spectrometer (MS, ISQECO00LC, Thermo
Scientific, USA) equipped with an electrospray ionization (ESI) source
operated in positive mode. The analytes were separated by an Atlantis
C18 column (2.1 x 15 mm, 2.1 pm, Waters, USA) and the column
temperature was set at 24 °C. A gradient elution was performed with
methanol (HPLC grade, Sigma-Aldrich, USA; eluent A) and deionized
water with 0.1% formic acid (HPLC grade, Sigma-Aldrich, USA; eluent
B) at a flow of 0.2 mL min~!. The gradient procedure was set as below: a
composition of 30% A and 70% B was maintained for 3 min; it changed
to 90% A and 10% B within 10 min and then kept for 3 min; finally it
went back to 30% A and 70% B within 0.1 min and hold for 7.9 min. The
following five kinds of organic nitrates were identified from PMj 5
samples in this study: Monoterpene hydroxyl nitrate (MW = 215,
MHN215), Pinene keto nitrate (MW = 229, PKN229), Monoterpene
dicarbonyl nitrate (MW = 247, MDCN247), Oleic acid keto nitrate (MW
= 359, OAKN359) and Oleic acid hydroxyl nitrate (MW = 361,
OAHN361). Two surrogate standards, 2-Hydroxy-3-pinanone (GC-
grade, TCI, Japan) for MHN215, PKN229 and MDCN247 and Ricinoleic
(Analytical Reagent, Sigma-Aldrich, USA) for OAKN359 and OAHN361,
were selected to approximately quantify the contents of the five kinds of
organic nitrates based upon similar molecular structures and close
retention time (Li et al., 2018). The recoveries of the two surrogate

standards were 74.4% and 77.8%, respectively. The structures and
retention time of the five kinds of quantified organic nitrates as well as
the two surrogate standards used for the quantification are listed in
Table A1. The standard curves of the two surrogate standards (% > 0.99)
are depicted in Fig. Al. The signals of the blank samples were under or
near the detection limits and thus were not subtracted from the sample
signals when performing the quantification. More details about the
identification of organic nitrates can be found in (Li et al., 2018).

In addition, a ~2 cm? circular piece was poked from each sample
filter to analyze the contents of organic carbon (OC) and elemental
carbon (EC) using a semi-continuous OCEC carbon aerosol analyzer
(Sunset Laboratory, USA). Methane in helium was used as internal
standard and calibrations were performed with different concentrations
of sucrose solutions to ensure accurate and reliable analyzing results.
The concentrations of primary organic carbon (POC) and secondary
organic carbon (SOC) were calculated via the EC tracer method (Dong
et al., 2020; Turpin and Huntzicker, 1995). The content of OM is
approximately estimated from the OC content:

OM = foumoc X OC 1)

where fom/oc is the proportional coefficient between OM and OC and
2.07 was selected for this study according to the previous field study
(Yao et al., 2016).

The ISORROPIA-II thermodynamic model was applied to estimate
liquid water content (LWC) and the pH value of the fine particles based
on the equation below (Fountoukis and Nenes, 2007):

1000[H, ]
pH= —1lg (W) @
where [H * ,;,] is the concentration of H ion in liquid phase and LWC is
the value of liquid water content which are derived from the model with
units of pg m™,
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3. Results and discussion
3.1. Concentrations and composition

To understand the abundances and seasonal differences of particu-
late organic nitrates, the concentrations of the five specific organic ni-
trates as well as related trace gases and meteorological parameters
observed at Mt. Tai in winter and spring were compared (as shown in
Table 1). The average concentrations of MHN215, PKN229, MDCN247,
OAKN359 and OAHN361 in winter were 107.8 &+ 60.1, 90.5 + 56.2,
32.7 £+ 22.6, 25.4 + 19.1 and 62.7 + 36.0 ng m™ (mean + standard
deviations), respectively, while were a little lower in spring with values
of 104.8 + 26.8, 64.6 + 17.3, 15.2 £+ 11.8, 21.2 £+ 12.1, and 41.5 +
30.7 ng m>, respectively. The average total concentration of the five
organic nitrates (XONs) was 330 + 121 ng m in winter, accounting for
1.0 &+ 0.6% of the PM5 5 mass concentration, with a maximum contri-
bution of 3.8% at the nighttime of December 8, 2017. The average
concentration of ZONs was 247 + 63 ng m?in spring, corresponding to
1.0 + 0.9% of the PM, 5 mass concentration, with a maximum contri-
bution of 4.2% at the daytime of March 12, 2018. The relatively high
concentrations of particulate organic nitrates and the notable fractions
in PMy5 at the Mt. Tai confirm that organic nitrates are important
component of fine particulate matters.

Compared with the particulate organic nitrate concentrations in
other locations around the world (Table 2), the concentrations of ZONs
observed at Mt. Tai are comparable with those at the mountain site in
Colorado, United States where is characterized by large biogenic emis-
sions and limited anthropogenic influence (Fry et al., 2013). They are
higher than those found at the forest sites in Finland and in California,
United States (Kortelainen et al., 2017; Rollins et al., 2013), but lower
than those at a suburban site in Netherlands (Kiendler-Scharr et al.,
2016). The differences in the abundances of particulate organic nitrates
among different locations are mainly caused by the different location
characteristics and atmospheric environments and are also related to the
different detection techniques. When compared with our previous
measurements via the same method of UHPLC-MS, the abundances of
particulate organic nitrates at Mt. Tai are found similar to the concen-
trations in urban and rural sites in Shandong and Beijing, suggesting
generally high levels of particulate organic nitrates over the North China
Plain (Li et al., 2018; Zhang et al., 2020, 2021).

As demonstrated in Table 1, the concentration of XONs had obvious
seasonal difference, with the average value in winter was 1.3 times as
high as that in spring (p < 0.01). With examination of the concentrations

Table 1
The concentrations of five kinds of organic nitrates and PM, s, related trace
gases, and meteorological parameters at Mt. Tai (average + standard deviation).

Species/parameter Winter Spring
MHN215 (ng m™) 107.8 + 60.1 104.8 + 26.8
PKN229 (ng m™) 90.5 + 56.2 64.6 = 17.3
MDGCN247(ng m™%) 32.7 + 22,6 15.2+11.8
OAKN359 (ng m™) 25.4 +19.1 21.2 + 12.1
OAHN361 (ng m™) 62.7 + 36.0 41.5 + 30.7
¥ONs (ng m™) 330.5 + 120.8 247.4 + 63.5
PM, 5 (pg m™) 41.3+ 225 37.3 + 20.4
¥ONs/PM 5 (%) 1.0 £ 0.6 1.0 £ 0.9
0C (pg m™>) 10.6 + 4.5 52+21
EC (ug m™>) 2.4+12 1.540.8
POC (ug m™) 4.9+ 24 28+ 1.6
SOC (g m™) 5.8+ 25 2.4+ 1.4
CO (ppmv) 0.38 £ 0.16 0.40 + 0.12
SO, (ppbv) 3.7+28 1.7 +1.2
NO (ppbv) 0.6 + 1.0 0.2£0.2
NO, (ppbv) 3.4+24 2.0+1.1
NOy (ppbv) 4.0+3.3 22413
03 (ppbv) 49.2 +11.1 65.4 +12.2
T (°C) 81+41 8.4 £ 6.0
RH (%) 46.5 + 17.4 65.3 + 22.9
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of related pollutants and meteorological parameters, it is noticed that
the average concentrations of NOy (4.0 + 3.3 ppbv) and SO, (3.7 + 2.8
ppbv) in winter were significantly higher than those in spring (2.2 + 1.3
ppbv for NOy and 1.7 £ 1.2 ppbv for SO3) (p < 0.01). An opposite sea-
sonal pattern was found for the oxidant ozone (49.2 + 11.1 ppbv in
winter vs. 65.4 + 12.2 ppbv in spring) (p < 0.01), while the concen-
trations of PMy 5 were similar during the two seasons (41.3 + 22.5 g
m > for winter and 37.3 + 20.4 pg m ™ for spring). The concentrations
of OC and EC in winter were almost as twice as those in spring (10.6 +
4.5pgm >and 2.4 + 1.2 in winter vs. 5.2 + 2.1 and 1.5 + 0.8 pgm > in
spring for OC and EC, respectively). Considering that there were rare
local anthropogenic emissions near the sampling site at Mt. Tai, the
relatively higher concentrations of organic nitrates in winter are prob-
ably associated with the transport and aging processes of air pollutants
emitted from anthropogenic activities in urban areas.

The proportions of each species to the ZONs in PMjy 5 samples are
illustrated in Fig. 2. Among the five organic nitrates, no matter in winter
or spring, MHN215 was the most abundant component, followed by
PKN229 and OAHN361. The proportions of MDCN247 and OAKN359
were relatively small, with the contributions averagely no more than
10%. The MDCN247 concentration was a little higher than OAKN359 in
winter, while lower than OAKN359 in spring. The highest proportion of
MHN215, with an average of 34% in winter and 42% in spring at Mt.
Tai, is consistent with previous filed measurements (Dinkelacker and
Pandis, 2021; Zhang et al., 2021), mainly due to the larger emissions of
monoterpenes. The total proportion of organic nitrates derived from
monoterpenes including MHN215, PKN229, and MDCN247 was
approximately 75% in both winter and spring, contributing 1.2 £+ 0.8%
and 2.0 + 1.0% to organic aerosols in winter and spring, respectively. It
is much higher than that from the oleic acid (OAKN359-+0AHN361). It
indicates that biogenic volatile organic compounds were the most
important precursors of particulate organic nitrates at Mt. Tai. Previous
researches have shown that the abundances of monoterpenes in winter
are not very low (Cheng et al., 2018; Ding et al., 2016). In addition to the
biogenic emissions, they can also be emitted from anthropogenic sources
such as industrial production (Cheng et al., 2018), vehicle exhausts (Dai
et al., 2010), and biomass burning (Andreae et al., 2019). In addition,
the relative abundance of MDCN247 exhibited visible difference be-
tween the two seasons, with the proportion in winter almost twice as
high as that in spring. The details reason for the seasonal difference in
the MDCN247 proportion will be discussed later in Section 3.4.

3.2. Variation characteristics and influencing factors

Fig. 3 depicts the time series of the concentrations of organic nitrates,
mixing ratios of gaseous pollutants, and meteorological conditions
during the two sampling periods. As shown, the maximum concentration
of XONs was observed at the nighttime of December 13 in winter and
March 18 in spring, up to 774 ng m™ and 428 ng m’>, respectively. The
PKN229 concentration also reached its maximum value of 353 ng m™ at
the nighttime of December 13 and the concentrations of both MHN215
and PKN229 at the nighttime of March 18 reached their maximum
values of 217 ng m™ and 107 ng m™, respectively. With examination of
meteorological parameters, the humidity in these two pollution cases
were relatively high, with the RH up to 88% and 97%, respectively,
implying a potential heterogeneous or aqueous formation pathway for
organic nitrates. Previous researches have confirmed that aqueous
chemistry of semi-volatile organic compounds resulted in efficient for-
mation of secondary organic aerosols in the condition of high humidity
(Hu et al., 2016). High relative humidity could enhance the aqueous
phase reactions and the monoterpene derived SOA formation in the at-
mospheric particle (Mahilang et al., 2021). Field study at a forest site has
shown that aerosol liquid water could promote the formation of
water-soluble organic nitrogen in aerosols (Xu et al., 2020). As shown by
the predictions from ISORROPIA-II thermodynamic model, liquid water
could appear when the RH exceeded 20%. With the increasing of the RH
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Table 2

Concentrations of particulate organic nitrates (ONs) from field observations in previous studies and this study (units: ng m™).
Location Site type Sampling period Species Measurements Concentration Reference
Colorado, USA montane site July-Aug. 2011 particulate ONs TD-LIF 10~80 pptv Fry et al., (2013)
California, USA suburban site May-June 2010 particulate ONs TD-LIF 25~250 Rollins et al., (2013)
Finland forest site Mar.-Apr. 2011 particulate ONs HR-TOF-AMS 33 +£57 Kortelainen et al., (2017)
Netherlands suburban site May 2008 particulate ONs HR-TOF-AMS average 520 (200~1800) Kiendler-Scharr et al., (2016)

Oct. 2008

Hebei, China rural site Dec. 2018 particulate ONs HR-TOF-AMS 500~900 Huang et al., (2021)
Dongying, China rural site Jan. 2018 5 ONs, C10H;7NO5S HPLC-MS 113~415 Zhang et al., (2021)
Shenzhen, China urban site 2015-2016 particulate ONs HR-TOF-AMS 120~530 Yu et al., (2019)
Jinan, China urban site June 2016 “5 ONs, C;oH17NO5S HPLC-MS 71~1338 Li et al., (2018)
Beijing, China urban site Jan. 2018 “5 ONs, C10H17NO,S HPLC-MS 126~528 Zhang et al., (2020)
Mt Tai montane site Nov.-Dec. 2017 a5 ONs HPLC-MS 122~774 (This study)
Mt Tai montane site Mar.-Apr. 2018 “5 ONs HPLC-MS 153~428 (This study)

2 5 ONs refer to C10H17NOy4, C19H15NOs, C19H17NOg, C1g8H33NOg, and C;gH35NOg in this study.

I vEN2is [ PrN229[ |MDCN247 0AkN359 [l 0AHN361

Winter

Fig. 2. The proportions of the five kinds of organic nitrates at Mt Tai. The values in the center of the rings represent the average concentration of *ONs in winter and

spring, respectively.

from 20% to 70%, the LWC increased slowly. Nevertheless, when the RH
was greater than 70%, the LWC increased rapidly with the maximum up
to 755 ug m>. In these two cases, in the condition of high humidity, it is
possible that liquid water appeared on the surface of fine particles and
promoted the uptake of gas-phase water-soluble pollutants and the
subsequent aqueous reactions, and therefore probably enhanced the
formation of particulate organic nitrates. In addition, the abundant
liquid water also facilitated the gas-particle partitioning of organic ni-
trates in these two pollution cases.

The second highest concentration of *ONs during the winter sam-
pling period, 646 ng/m>, was observed at the daytime of December 1,
accompanied with the appearance of the maximum MHN215 concen-
tration of 359 ng/m>. In this winter pollution case, high concentrations
of NOy and CO were noticed in the levels of 12.4 ppbv and 0.90 ppmv,
respectively, demonstrating the potential transport of polluted air
masses from urban emission sources. Besides, the maximum SO5 con-
centration was up to 10.2 ppbv and the equivalent molar ratio of sulfate
in anions increased from 19% to 46%. The relative humidity was in the
range from 29% to 57%. In addition, based on the predictions by
ISORROPIA-II thermodynamic model, the average LWC reached 8.1 +
6.7 pg m™> and the average pH value was as low as 2.2 + 1.1, which meet
the conditions in which acid-catalyzed aqueous reactions can take place.
Therefore, it is likely that the coal combustion plume created required
conditions for the occurrence of acid-catalyzed aqueous reactions and
affected the formation of particulate organic nitrates in this pollution

case. During the spring sampling period, the second highest concentra-
tion of ZONs appeared at the daytime of March 13, in the level of 400
ng/m°. In the spring, the OAHN361 concentration reached its maximum
of 134 ng/m® and the ozone concentration was also relatively high — up
to 74.6 ppbv. Furthermore, compared with other pollution cases in
spring, the ambient temperature at the daytime of March 13 (10 °C) was
comparatively high. The intense photochemical oxidation activity in
spring possibly enhanced formation of organic nitrates.

Further analysis was performed by grouping the sample cases ac-
cording to the concentration of XONs. During the winter sampling
period, there were 20 high-XONs cases with the concentration higher
than 350 ng/ms, in which MHN215, PKN229, and OAKN359 accounted
for very high proportions. It is found that the concentrations of NOy and
CO for high->ONs group were significantly higher than those for low-
2ONs group (with ratios of 1.5 and 1.4, respectively; p < 0.01). In
addition, most of these high-2ONs cases occurred at daytime with the
wind from the south where the urban Tai’an is located. The elevated
particulate organic nitrates and trace gases at the daytime under
southern wind conditions are ascribed to the pollutant transport and the
subsequent aging processes caused by valley breezes. Detailed analyses
and discussion on the impacts of mountain-valley breeze will be seen in
Section 3.3. During the spring sampling period, there were only 3 high-
TONs cases with the concentration above 350 ng/m® and 24 moderately
high-ZONSs cases with the concentration larger than 250 ng/m®. Inter-
estingly, high and moderately high-XONs cases presented significantly
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Fig. 3. Time series for the concentrations of five organic nitrates and PM, s, related trace gases, and meteorological data measured at Mt. Tai in winter (a) and spring
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tration of XONs. M; refers to the maximum concentration of MDCN247.

higher proportions of organic nitrates in secondary organic aerosols
than low-2ONs cases (with the average carbon ratio of 9.2% v.s. 5.4%; p
< 0.01), indicating enhanced secondary formation of particulate organic
nitrates in pollution cases in spring.

As for the organic nitrate MDCN247, it reached its maximum con-
centration of 108 ng/m> and 60 ng/m> on the daytime of December 11,
2017 and March 22, 2018. With examination of atmospheric conditions
in these two pollution cases, it was found that the corresponding SO,
concentrations are rather high, up to 6.6 ppbv and 4.7 ppbv respectively,
far higher than the average levels of 3.7 ppbv in winter and 1.7 ppbv in
spring. Therefore, it is speculated that the rich SO, or the coal com-
bustion plumes affected the formation of MDCN247. Detailed analyses
on the affected formation of MDCN247 will be shown in Section 3.4.

3.3. Transport via mountain-valley breeze at daytime

As a typical mountain site, Mt. Tai is apparently affected by
mountain-valley breezes (Jiang et al., 2020; Sun et al., 2016). As shown
in Fig. 3, the spikes in the concentrations of CO, NOy, SO; and PM; 5
were frequently encountered during the sampling period in winter,
indicating the transport of polluted plumes to the mountain top. These
pollutants often presented well-defined diurnal patterns with a daytime
concentration peak, which is consistent with the characteristic of the
mountain-valley breeze. To understand the influence of mountain-valley
breezes on the concentrations of particulate organic nitrates at Mt. Tai at
daytime in winter, the daytime samples with and without apparent in-
fluences of mountain-valley breezes were selected based on the
following three criteria. The first criterion is that the CO concentration
increased obviously at the daytime (usually with a peak in the
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afternoon). Since CO has a long atmospheric lifetime and is relatively
stable in the atmosphere, the notable increase in CO concentration
usually means the transport of polluted air masses. The second criterion
is that the RH increased at noon or afternoon. Along with the transport
of warm air from the ground surface to the summit of the mountain, the
RH will increase due to the decrease in the temperature of the air mass.
The third criterion is that the wind came from the southern part. As
shown in the topographic map of Mt. Tai in Fig. 1, Tai’an city is located
in the south and at the foot of the mountain. Therefore, air pollutants in
urban Tai’an are readily transported to the sampling site at the summit
of Mt. Tai under the condition of south winds. When the southern wind
prevails, the concentrations of CO and other pollutants usually pre-
sented an obvious increase during the daytime, and the RH also showed
an increase. In contrast, the diurnal profile of CO and RH mostly
changed gently during the daytime when the winds from other di-
rections dominated, due to the suppression of mountain-valley breezes.

According to the above three criteria, four “affected cases” (ACs; the
daytime of November 27 and 30, and December 27 and 28) and four
“unaffected cases” (UACs; the daytime of December 8, 18, 20, and 24)
were selected (marked in Fig. 3; solid rectangles represent ACs and
dotted rectangles represent UACs). As shown in Fig. 3, in the affected
cases, the wind mostly came from the south or southwest and the CO
concentration exhibited apparent daytime increases, indicating obvious
influence from the mountain-valley breezes at the daytime. Neverthe-
less, in the unaffected cases, the wind mainly came from the north or
northwest, the CO concentration and the RH almost kept stable. Fig. 4
compares the concentrations and compositions of particulate organic
nitrates in affected and unaffected cases. Overall, the concentrations of
total organic nitrates and most individual organic nitrates (except
MDCN247) in affected cases were significantly higher than those in
unaffected cases. Particularly, the average concentration of total organic
nitrates, MHN215, OAKN359, and OAHN361 in affected cases were 2.0,
2.2, 2.7, and 3.2 times as high as those in unaffected cases. In addition,
compared with unaffected cases, the proportions of MHN215, OAKN359
and OAHN361 in affected cases increased, while the fractions of PKN229
and MDCN247 decreased. In particular, the proportions of oleic acid-
derived organic nitrates (OAKN359 and OAHN361), the precursor of
which is a major component of cooking oil, increased from 25% to 38%.
The above results demonstrate the large impact of mountain-valley
breezes on the abundances and composition of particulate organic ni-
trates in winter. During the daytime, the valley breeze from the southern
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Fig. 4. Comparisons between ACs and UACs in the concentrations and com-
positions of organic nitrates. Hollow markers denote UACs, while the solid
markers denote ACs. The values in the center of the rings represent the average
concentrations of ZONs for ACs and UACs, respectively.
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directions brought a large quantity of air pollutants to the mountain
summit, not only increasing the concentrations of organic nitrates, but
also changing their chemical composition.

Under the influence of mountain-valley breezes, the increases in the
proportions of MHN215, OAKN359 and OAHN361 are mainly attributed
to the enhanced formation of them in the polluted urban plumes.
Compared with PKN229 and MDCN247, the precursors of MHN215 are
more widely available, including a-pinene, p-pinene and limonene, etc.,
and thus form via more formation pathways (Fry et al., 2009; Perraud
et al., 2010). Furthermore, the oxidation degree of PKN229 (containing
carbonyl functional group) and MDCN247 (containing dicarbonyl
functional group) are higher than MHN215 (containing hydroxyl func-
tional group). Therefore, in the polluted urban plumes, along with the
increasing concentrations of precursors during the short-distance
transport, MHN215 is more inclined to form (Zhang et al., 2021). As
for OAKN359 and OAHN361, since their precursor oleic acid is pro-
duced primarily from human cooking activities, mountain-valley bree-
zes transported a large amount of urban pollutants including rich oleic
acids, finally resulting in increased generation of oleic acid derived
organic nitrates.

3.4. Impacts from elevated source at nighttime

Surrounding the Mt. Tai, a number of coal-fired industries, such as
thermal power plants, cement plants, and steel plants, are distributed in
the urban and suburban areas of several cities including Tai’an in the
south, Jinan in the North, Liaocheng in the west, and Zibo in the east.
During the nighttime of the sampling period in winter, as shown in
Fig. 5, the MDCN247 exhibited good correlations with POC (r = 0.83, p
< 0.01), SO, (r=0.72,p < 0.01), NO, (r=0.78, p < 0.01) and moderate
correlations with SOC (r = 0.63, p < 0.01), CO (r = 0.67, p < 0.01), and
the product of NO5 and ozone (NO5*03) (r = 0.69, p < 0.01). In addition,
the MDCN247 concentration at nighttime presented a consistent trend
with SOy, NO3, and NO,*O3 (shown in Fig. 6). Moreover, backward
trajectory analysis shows that when elevated concentrations of
MDCN247 and SO; concurrently appeared (e.g., at the nighttime of
December 9, 19, 21, 23, and 26), the air masses passed over the regions
with intensive industries and climbed to arrive to the sampling site at the
summit of Mt. Tai (shown in Fig. A2), as reported in the previous study
by (Wang et al., 2017). As well known, SO5 is a good indicator for coal
combustion plumes and coal combustion also emits a large quantity of
NOy and organic matters. Additionally, the product of NO, and ozone,
representing the source strength of NO3 radical and N»Os, stands for the
nocturnal oxidation capacity. It together with the SOC relate to the
secondary formation of organic aerosols. The above results suggest that
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Fig. 6. Scatter plots between the concentrations of MDCN247 and SO, NO,,
and the product of NO, and O3 (error bar represents 1/2 standard deviation).

the elevated MDCN247 concentrations at nighttime in winter was
strongly associated with the coal-combustion emission sources and was
linked to secondary formation processes. In winter, due to the very large
consumption of coal for heating purpose and power generation, the
concentration and proportion of MDCN247 in winter were much higher
than those in spring. The enhanced formation of isoprene-derived ni-
trates has also been reported in power plant plumes based on aircraft
observations in the southeast of the United States by (Fry et al., 2018).
Note that no significant correlation was found between the MDCN247
concentration and the ambient RH, indicating that other factors such as
concentrations of precursors and oxidants and aerosols properties
instead of the humidity (or the aerosol water content) dominated the
formation of MDCN247.

Previous studies have shown that the plumes emitted from coal-fired
power plants is highly acidic and is favourable for secondary organic
aerosol formation. The coal combustion plume contains sulfuric acid
aerosols and the high concentration of SO is readily oxidized to produce
sulfuric acid. Sulfuric acid aerosols provide seed aerosols and acid-
catalyzed reactions to promote the generation of secondary organic
aerosols including organic nitrates (Hewitt, 2001; Hlawiczka et al.,
2016). Han et al. (2016) find that organic nitrates can be generated
through acid-catalyzed reactions, or the acidic condition contributes to
the partitioning of gaseous organic nitrates into particle phase. There-
fore, it is possible that the high concentrations of acidic aerosols in the
coal-combustion plumes affected the formation of MDCN247 when the
plumes transported to the sampling site at Mt. Tai.

Furthermore, the latest Master Chemical Mechanism (MCM,
http://mcm.leeds.ac.uk/MCM/, version3.3.1) shows that SO can
directly react with Criegee intermediates (CIs) which derived from
limonene and ozone, and then react with NO3 to form MDCN247. Cls are
important oxidants in troposphere and have significant contribution to
global SO, oxidation and atmospheric oxidation capacity (Huang et al.,
2015; Khan et al., 2018; Novelli et al., 2017). Theoretical studies, field
observations, and laboratory simulations also confirm the quite rapid
reactions between SO and CIs and the rate coefficients are up to 107! —
10'3 cm® molecules™ s (Berndt et al., 2012; Jiang et al., 2010; Welz
et al., 2012). Therefore, the reactions between SO, and CIs in the
coal-combustion plumes can affect the formation of MDCN247 during
the transport to a certain extent. When compared with the major pre-
cursors of a-pinene and p-pinene for MHN215 and PKN229, the reaction
rates between MDCN247’s main precursor limonene and ozone and the
subsequent reaction rate of the produced CIs with SO, are much faster
than pinenes (McGlynn et al., 2021; Ye et al., 2018). Therefore, only
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MDCN247 experienced remarkable formation in coal combustion
plumes and exhibited strong correlations with SO,. Further in-
vestigations are required to obtain comprehensive understanding on the
roles of SO in the formation of different organic nitrates in the future.

4. Conclusions

To understand the pollution characteristics of particulate organic
nitrates and the major sources and influencing factors at high altitude in
North China Plain, fine particle samples were collected at the summit of
Mt. Tai (1534 m a.s.l.) in the winter of 2017 and the spring of 2018 and
five kinds of particulate organic nitrates were determined by UHPLC/
MS. The average total concentrations of particulate organic nitrates in
winter and spring were 330 + 121 and 247 + 63 ng m™>, respectively
and were significantly higher in winter than in spring. MHN215,
PKN229, and OAKN361 were the dominant species in the measured
particulate organic nitrates, with the total contribution above 80%. The
high levels of particulate organic nitrates are mainly attributed to the
heterogeneous or aqueous reactions under high humidity, the transport
and aging processes of urban or industrial plumes, and the oxidation
processes in the presences of photochemical oxidants. Comparative
analysis and case analyses show that mountain-valley breezes had a
substantial impact on the abundance and composition of particulate
organic nitrates at daytime, leading to increases in both concentrations
and fractions of MHN215, OAKN359 and OAHN361. In addition, the
good correlation and consistent trends between MDCN247 and SO,
suggest that the transport of coal-combustion plumes affected the for-
mation of MDCN247 through the acid-catalyzed reactions by acidic
sulfate aerosols and the fast reactions between SO, with Criegee in-
termediates. This study highlights the large impacts of transport of
anthropogenic pollutant on the formation of particulate organic nitrates
at mountain site. More in-depth field and laboratory studies are needed
to better understand the detailed formation pathways.
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