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• HONO and particulate nitrite were si-
multaneously measured in North China.

• Vehicle exhausts and NO2 reactions are
identified as major sources of HONO.

• Heterogeneous reactions of NO2 pro-
duced a large amount of particulate
nitrite.

• Particulate nitrite acted as a potential
source of HONO especially in the day-
time.
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Characteristics and transformation of nitrous acid (HONO) and particulate nitrite were investigated with high
time-resolution field measurements at an urban site in Ji'nan, China from Nov. 2013 to Jan. 2014. During the
sampling period, averages of 0.35 ppbv HONO and 2.08 μg m−3 fine particulate nitrite were observed. HONO
and particulate nitrite exhibited similar diurnal variation patterns but differed in the time atwhich concentration
peaks and valleys occurred. Elevated nocturnal HONO concentration peaks were mainly associatedwith primary
emissions from vehicle exhaust and secondary formation via heterogeneous reactions of NO2. In fresh air masses
dominated by vehicle emissions, the average HONO/NOx ratiowas 0.58%. The nocturnal heterogeneous reactions
of NO2 contributed to about half of the elevated HONO concentration peaks, with the conversion rates in the
range of 0.05% to 0.96% h−1. Meanwhile, a large amount of particulate nitrite, which greatly exceeded the
concentration of the gas-phase HONO, was also produced through the heterogeneous reactions of NO2. The
large yields of particulate nitrite were facilitated by abundant ammonia and particulate cations in urban Ji'nan.
Notably, in the daytime, particulate nitrite acted as a potential source of HONO, especially in conditions of low
humidity and acidic aerosols, which possibly has subsequent effects on photochemistry in the boundary layer.
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1. Introduction

Nitrous acid (HONO) normally accumulates at nighttime and photo-
dissociates during the daytime. The photolysis of HONO in the sunlight
enhances the OH radicals (R1) present in the troposphere, especially in
the early morning when other sources are weak (Zhou et al., 2001;
Alicke et al., 2002; Acker et al., 2006; Kleffmann, 2007). In addition to
the high levels of nocturnal HONO, a considerable amount of HONO is
also frequently observed at daytime, suggesting the complexity of
HONO sources and the existence of unknown ones (Kleffmann et al.,
2003; Su et al., 2008a; Sörgel et al., 2011a; Li et al., 2012, 2014; Ma
et al., 2013). Therefore, identification and evaluation of the various
sources of HONO have become crucial to the recognition of current
HONO chemistry (VandenBoer et al., 2014a).

HONO↔
hv

NOþ OH ðR1Þ

Ambient HONO originates not only from primary emission but also
secondary formation. The predominant HONO source varies with
locations and periods. In urban cities, a large fraction of HONO is emitted
from vehicle exhaust especially during rush hours. In farmlands or
forests, soil nitrite and bacteria act as an important emission sources
(Su et al., 2011; Oswald et al., 2013). In most of other cases, however,
chemical reactions of nitrogen oxides and/or other nitrogen-containing
compounds produce more HONO. Among them, heterogeneous process
of NO2 on available surfaces is considered as the dominant formation
pathway (R2). Both laboratory and field studies have reported that a
significant amount of ambient HONO is converted from NO2 on wet
surfaces such as atmospheric aerosols (mineral dusts, soot, sulfates,
organics, etc.), ground, plants, sea, and snowwith different mechanisms
and conversion rates (Zhou et al., 2001; Herrmann et al., 2010; Khalizov
et al., 2010; Bedjanian and El Zein, 2012; Zha et al., 2014). The conversion
coefficient mainly depends on the abundance of surface to volume
ratios, the surface properties, and the ambient relative humidity
(Finlayson-Pitts et al., 2003; Su et al., 2008b; Zha et al., 2014). Besides,
other homogeneous and heterogeneous reactions and surface photolysis
involving NO, NO2, and HNO3 also contribute to the ambient HONO in
some specific conditions (Li et al., 2012; Liu et al., 2014). Due to the var-
ious constituents of atmospheric trace pollutants and surfaces properties,
researchers are far from having a full understanding of the sources
of HONO, particularly in a polluted environment with intensive NOx

emissions and high aerosol loading such as occurs in North China.

NO2 þ NO2 þH2Oads→
surf

HONOþ HNO3 ðR2Þ

Particulate nitrite (NO2
−) has the same oxidation state of the nitro-

gen atom as HONO. Owing to its very low abundance and chemical in-
stability (Lammel and Cape;, 1996), little attention has been paid to
particulate nitrite in past decades. In recent years, however, high levels
of particulate nitrite in the troposphere have been observed, and it was
revealed that particulate nitrite may serve as a potential reservoir of
HONO (Song et al., 2009; VandenBoer et al., 2014b). The production of
particulate nitrite from gas-phase HONO may occur on solution layers
exposed to the atmosphere, such as wet aerosols, fog droplets, and
surface water (Moore et al., 2004; He et al., 2006; Sörgel et al., 2011b;
VandenBoer et al., 2014b). R3 demonstrates the reversible reaction
and gas-aerosol partition between particulate nitrite and HONO,
which depends on such factors as concentrations, acidity of the active
surfaces, ambient temperature, and relative humidity. In acidic condi-
tions, particulate nitrite reversibly associates with H+ ions to yield
HONO, such that high levels of particulate nitrite may also contribute
to the sources of ambient HONO in the regions with severe particulate
pollution. Therefore, recognition of particulate nitrite and its linkages
to HONO is essential to provide complete insights into HONO chemistry
in such regions.

HONO gð Þ↔HNO2 aqð Þ↔NO−
2 aqð Þ þ Hþ

aqð Þ ðR3Þ

Ji'nan, the capital city of Shandong province, is located almost in the
center of North China (a fast-growing region in past decades). The city
has a temperate, semi-humid continental monsoon climate, which is
rainless in spring, rainy and hot in summer, and dry and cold in autumn
and winter. It covers an area of 8177.21 km2 and has a population of
approximately 7.0million (SPBS, 2014). By the end of 2013, the number
of vehicles in Ji'nan had surged to about 1.4 million, a rate of increase of
about 14%. Due to the intensive emissions of air pollutants from vehicles
and other sources such as industries, urban Ji'nan has been suffering
from severe particulate matter pollution in the past decade, and
elevated concentrations of particulate nitrite were observed there in our
previous studies (e.g., Gao et al., 2011;Wang et al., 2012, 2014). In recent
years, the city has devoted itself to reducing pollutant emissions by
speeding up the elimination of “yellow label” vehicles and implementing
stricter emission standards.

In this study, simultaneous on-line measurements of HONO and
nitrite in PM2.5 were made in urban Ji'nan during the cold season.
Characteristics, sources, and transformation of HONO and particulate
nitrite were analyzed in detail with the aid of related air pollutants,
with the expectations of obtaining a comprehensive understanding of
gas-phase HONO and particulate nitrite in the polluted urban boundary
layer in North China and providing new insights into the chemistry of
HONO.

2. Experiment and methods

2.1. Site description

Field measurements were conducted at the Atmospheric Environ-
ment Observation Station of Shandong University (AEOS-SDU) in urban
Ji'nan (N36°40′, E117°03′). It is located on the rooftop of a six-story teach-
ing building on the central campus of the university, approximately 20m
above the ground. The inlets of the online instruments were installed
about 1.5 m above the rooftop of the observation station. The sampling
period lasted 41 days, from Nov. 26, 2013 to Jan. 5, 2014.

The AEOS-SDU site is surrounded by educational, residential,
and commercial districts. It is located to the north of Shanda S Road
and to the east of Shanda Road. Shanda N Road lies to the north, and
Hongjialou S Road lies to the east (Fig. 1). There are several busy roads
nearby: Jiefang Road (about 750 m to the south), Lishan Road (about
1200 m to the west), 2nd Ring Road E (about 1300 m to the east), and
Huayuan Road (about 1100 m to the north). In addition to vehicle
emissions, large-scale industries in suburban areas are important
sources of emissions in Ji'nan. These industries are mainly distributed
in the northeast (coal-combustion power plants, steel plant, and chem-
ical plants) and southwest (cement plants).

2.2. Instruments

Data collected in this study included the concentrations of PM2.5

water-soluble ions such as nitrite, nitrate, ammonia, and sulfate; PM2.5

mass; trace gases of HONO, HNO3, NOx, and O3; and meteorological pa-
rameters. The involved monitors, analyzers, and sensors are described
in detail below.

Water-soluble gases and ions in PM2.5 were measured using the on-
lineMonitor for AeRosols and GAses in ambient air (MARGA, ADI20801,
Applikon-ECN, Netherlands). AWRD (Wet Rotating Denuder) was used
to capture the acidic and alkaline gases including HCl, HNO2, HNO3, and
NH3, and a SJAC (Steam Jet Aerosol Collector) was equipped to collect
the water-soluble ions in PM2.5. The sample solutions were then
analyzed by two ion chromatographs (Makkonen et al., 2012; Khezri
et al., 2013). Note that the measured data of HONO using the WRD



Fig. 1. (a) Topographicmap of the study regionwhich shows the locations of Ji'nan (marked in square) and some othermajor cities. (b) Specific location of themeasurement site and roads
nearby.

Table 1
Statistics of major gaseous pollutants and water-soluble ions in PM2.5.

Species Concentration Sampling instrument

PM2.5 (μg m−3) 134.9 ± 114.5 SHARP
Nitrate (μg m−3) 23.43 ± 19.93 MARGA
Sulfate (μg m−3) 24.04 ± 22.46 MARGA
Nitrite (μg m−3) 2.08 ± 2.31 MARGA
HONO (ppbv) 0.35 ± 0.5 MARGA
HNO3 (ppbv) 1.18 ± 1.86 MARGA
NO (ppbv) 58.5 ± 76.9 42C
NO2 (ppbv) 46.9 ± 21.7 42C
NOx (ppbv) 105.5 ± 93.6 42C
SO2 (ppbv) 43 ± 33 43C
O3 (ppbv) 16 ± 13 49C
HONO/NO 0.081 ± 0.483
HONO/NOx 0.0055 ± 0.0149
HONO/NO2 0.0093 ± 0.018
NO2

−/NO2 0.021 ± 0.018
NO2

−/∑N(III) 0.81 ± 0.17
NO3

−/PM2.5 0.17 ± 0.07
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with absorption liquid of 25 mg L−1 Na2CO3 was previously discovered
to be overestimated (Genfa et al., 2003). Therefore, 15 ppmv H2O2 in
water instead of Na2CO3 was applied as absorption solution, which
could efficiently oxidize S (IV) and avoid its reaction with NO2. With
the H2SO4 formed, the absorption solution is acidified, and the hetero-
geneous reactions of NO2 in the WRD are impeded. Thus, any artifact
present was the result of the conversion of NO2 on the surface of the
sampling tube, and the overestimation was relatively small. Recent
studies have also shown that the overestimation of HONO using WRD
mainly occurs in the daytime (Khezri et al., 2013; Nie et al., 2015).
Thus, we used only nocturnal HONO data except as described in
Section 3.4. During the field study, LiBr solution (4.0 mg L−1) was
added to each sample as an internal standard. The aerosol and gas sam-
pleswere collected by theMARGA at a flow rate of 16.7 Lmin−1 and an-
alyzed at a time resolution of 1 h. During the collection period, 897
hourly samples were taken and analyzed.

PM2.5mass concentrationwas continuouslymeasured by a Synchro-
nized Hybrid Ambient Real-Time Particulate Monitor (SHARP Monitor,
Model 5030; Thermo Fisher Scientific, USA) with a flow rate of
16.7 L min−1. The absorption coefficient of beta rays and the scattering
coefficient of 880 nm light were used to quantify the PM2.5 concentra-
tions (Wen et al., 2015).

The concentrations of NO and NO2 were measured by chemilumi-
nescence method (Model 42C, TEC, USA), which was equipped with a
molybdenumoxide catalytic converter to convert NO2 intoNO.Anultra-
violet absorption method was applied to detect the O3 concentration
(Model 49C, TEC, USA) (Wang et al., 2012; Wen et al., 2015). An
automaticmeteorological station (PC-4, JZYG, China)wasused to collect
meteorological data including temperature, relative humidity, andwind
direction and speed. In the following analysis, 798 sets of hourly average
data of these trace gases and meteorological parameters were collected
and used.

3. Results and discussion

3.1. General results of the observation

3.1.1. Characteristics and concentrations
The average concentrations of HONO, NO, NO2, O3, PM2.5, fine particu-

late nitrite and nitrate (NO3
−), and the ratios among them in urban Ji'nan
are listed in Table 1. During themeasurement period, the averagemixing
ratios of HONO, NO, NO2, and O3 were 0.35, 58.5, 46.9, and 16 ppbv,
respectively. The average concentration of fine particulate nitrite was up
to 2.08 μg m−3. The average molar or mass ratios of HONO/NOx, HONO/
NO2, NO2

−/NO2, and NO3
−/PM2.5 were 0.006, 0.009, 0.021, and 0.17, re-

spectively. The average HONO concentration observed in Ji'nan exceeded
that measured at a background site in Hong Kong (0.126 ppbv, Zha et al.,
2014), was comparable to thatmeasured in urban Seoul (0.36 ppbv, Song
et al., 2009), butwas lower than thosemeasured inmost othermegacities
including Beijing (1.04 ppbv, Spataro et al., 2013), Shanghai (0.92 ppbv,
Wang et al., 2013), Guangzhou (2.8 ppbv, Qin et al., 2009), and Santiago
(1.5 ppbv, minimum of daily average, Elshorbany et al., 2009). Of note,
the HONO concentration in Guangzhou (measured in the summer of
2006) exceeded that in Beijing (measured in the winter of 2006), proba-
bly due to the differences in emissions, season, and climate. Guangzhou
has a subtropical monsoon climate (humid), whereas Beijing has a
temperate monsoon climate. The HONO concentration in Shanghai
(measured from 2010 to 2012) was lower than those in both Guangzhou
andBeijing, partly because of the implementation of strict vehicle exhaust
emission standards in recent years. Compared with that in other cities in
China, the HONO concentration in Ji'nan in the cold season was very low,



Fig. 3. Diurnal variations of (a) HONO and (b) fine particulate nitrite. The dot and the line
in the boxes refer to the mean and median values, respectively. The boxes represent 50%
(25% to 75%) and the lengths of whiskers donate 90% of the data.

Fig. 2. Time series of concentrations of NO, NO2, HONO, O3, particulate nitrite, and PM2.5, andmeteorological parameters of wind, temperature, and relative humidity during the sampling
periods.
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owing to the emissions, weather conditions, and the chemical processes
occurring in this region, which are discussed in the following sections.

Despite the low concentrations of gas-phase HONO, a high level of
fine particulate nitrite was observed in Ji'nan (2.08 μg m−3 on average,
with an average PM2.5 concentration of 134.9 μgm−3), whichwasmuch
higher than those recorded in Bakersfield, California (0.15 μg m−3,
VandenBoer et al., 2014a) and Beijing (0.12 μg m−3, Wang et al.,
2005) and was comparable to the concentration in Seoul
(1.41 μg m−3, Song et al., 2009). The average molar ratio of fine partic-
ulate nitrite to total nitrite (sum of HONO and fine particulate nitrite)
was 0.81, and 97% of the NO2

− data exceeded the HONO concentrations.
On average, approximately 1.37 ppbv (corresponding to 2.80 μg m−3)
of total nitrite was observed in urban Ji'nan, which is much higher
than that in Gwangju (0.677 ppbv, Chang et al., 2008) and Seoul
(1.05 ppbv, Song et al., 2009), indicating high levels of N (III) pollutants
and possibly important roles of particulate nitrite in the atmospheric
chemistry of this area.

Temporal variations of concentrations of aerosols and trace gases
and meteorological parameters in Ji'nan are depicted in Fig. 2. Haze
episodes occurred frequently, particularly from Dec. 13 to Dec. 26
when the wind speed was low and humidity was high. Throughout
this period, high concentrations of HONO and particulate nitrite were
observed alongwith high levels of NOx and PM2.5. Themaximumhourly
concentration of HONOwas 3.39 ppbv, which occurred at 8:00 LT (local
time) on Dec. 15, with simultaneous concentrations of NO, NO2, and
PM2.5 being 288.4 ppbv, 66.6 ppbv, and 270.0 μg m−3, respectively.
The highest particulate nitrite concentration measured was
12.62 μg m−3, which occurred at 10:00 LT on Dec. 16, and simulta-
neously, concentrations of 452.8 ppbv for NO, 133.2 ppbv for NO2

(the maximum value recorded during the measurement period), and
443.3 μg m−3 for PM2.5 were observed. The concurrent appearance of
concentration peaks of these air pollutants suggests that high levels of
HONO and particulate nitrite in urban Ji'nan are combined results of
primary emissions, secondary formation via heterogeneous reactions
of NO2 on aerosol surfaces, and/or accumulation in adverse weather
conditions. However, during the period from Nov. 27 to Dec. 12, very
lowconcentrations of bothHONO and nitritewere observed in conjunc-
tion with high levels of NOx and PM2.5. This was possibly associated
with a special meteorological condition (e.g., high-speed wind from
the southwest), intense solar radiation (as indicated by good visibility
and low humidity), and relatively high concentrations of atmospheric
oxidants (e.g., ozone), which accelerated the oxidation of N (III).

3.1.2. Diurnal variation
Concentrations of HONO and particulate nitrite exhibited apparent

diurnal variations (as shown in Fig. 3). From late afternoon, HONO
concentrations started to increase and reached a peak (maximum aver-
age value of 0.58 ppbv) at 7:00 LT in the early morning. After sunrise,
decomposition started in the presence of sunlight, and thus the concen-
tration decreased to a minimum average of 0.16 ppbv at 13:00 LT in the
early afternoon. Although the diurnal pattern of particulate nitrite was
similar to that of HONO, the appearance of a concentration peak and
valley occurred 1 or 2 h later than that of HONO. Themaximum average
concentration of particulate nitrite (3.00 μg m−3) appeared at 8:00 LT,
and the valley valuewas 1.17 μgm−3 at 15:00 LT. These results indicate



Fig. 4. Proportions of major nitrogen-containing components at (a) nighttime and (b) daytime (data of HNO3 are not included because the concentrations were very low).
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striking resemblances in sources and formation pathways between
HONO and particulate nitrite, with the time lag attributable to the
chemical transformation and equilibrium among them and related sub-
stances. The HONO concentration was the highest in autumn, followed
by winter, summer, and spring in Beijing (Hendrick et al., 2014) and
Hong Kong (Xu et al., 2015). The concentration of particulate nitrite in
Ji'nan was high in winter and summer and relatively low in autumn
and spring according to our previous study (Gao et al., 2011).

In general, the concentrations of HONO and particulate nitrite at
nighttime were much higher than those at daytime. Moreover, the
nocturnal proportions of HONO and nitrite in reactive nitrogen oxides
were also higher than those during daytime: 0.37% and 0.96% versus
0.23% and 0.76% (Fig. 4). In contrast, the proportions of oxidized
nitrogen-containing compounds such as NO2 and particulate nitrate
were remarkably higher at daytime than those at night, which was
attributed to the strong oxidation capacity of photochemical oxidants
in the presence of sunlight (Ma et al., 2013).
Fig. 5. Nighttime frequencies of wind directions and speeds for (a) HON
3.2. Direct emissions of HONO

To understand the contribution of direct emissions to the HONO
concentration peaks, nocturnal HONO mixing ratios were analyzed in
combination with wind directions and speeds. As shown in Fig. 5,
elevated HONO concentrations (N0.5 ppbv) mostly occurred during pe-
riods of low wind speed (b1 m s−1). When the wind speed was above
1.5 m s−1, the HONO concentration was substantially below 0.3 ppbv.
However, there was no significant linear correlation between the
HONO concentration and wind speed. These results suggest that local
emissions contribute significantly to the frequent nocturnal concentration
peaks ofHONO. Thedistribution characteristics ofHONOwithwindswere
quite similar to those of NO,with themajority of the increased concentra-
tions emerging at lowwind speeds (b1m s−1) and lower concentrations
emerging at highwind speeds, butwere significantly different from those
of NO2 and SO2, indicating that traffic emissions had a strong influence on
HONO peaks recorded at the sampling site.
O, (b) NO, (c) NO2, and (d) SO2 during the measurement periods.



Fig. 6. Scatter plots of HONO and NOx for four nocturnal cases.
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The primary emission of HONO in urban Ji'nan is mainly attributed
to vehicle exhaust. To further clarify the contributions of traffic emis-
sions to the HONO concentration peaks, pollution cases were selected
according to the following criteria: (a) only nocturnal data (to avoid
the effects of photolysis in the daytime); (b) NO/NOx ratio N 0.7; and
(c) NO N 88 ppbv (the highest 25% of NO data). Totally four cases
were chosen here and analyzed in detail. As shown in Fig. 6, HONO
correlated well with NOx (0.68 ≤ R2 ≤ 0.83), with the HONO/NOx ratio
ranging from0.42% to 0.87%. These results indicate that traffic emissions
are a principal source of the HONO peaks. Under conditions dominated
by traffic emissions, an average HONO/NOx ratio of 0.58% was obtained
at our sampling site. The ratios of HONO/NOx have been reported to
range from 0.3% to 0.8% in freshly emitted vehicle exhaust based on
tunnel studies (e.g., Kleffmann et al., 2003; Kurtenbach et al., 2001).
Therefore, 0.58% was reasonably chosen as the emission factor at this
site and used to adjust the HONO data to exclude the contribution
from traffic emissions in Section 3.3.

3.3. Heterogeneous formation of HONO and particulate nitrite

3.3.1. Heterogeneous formation of HONO
Apart from direct emissions, a large fraction of HONOwas produced

from the heterogeneous reaction of NO2 onwet surfaces. To understand
the contribution of the heterogeneous uptake of NO2 to the elevated
HONO concentrations and the conversion efficiency, seven nighttime
cases were selected and analyzed here. Instead of the original HONO
concentration, an adjusted HONO concentration, HONO*, was used to
remove (or reduce) the influence from traffic emissions. The HONO*
concentration was calculated by subtracting the NOx concentration
timing factor of 0.58% obtained in the previous section (Eq. (1)). Consid-
ering all of the nocturnal data with HONO concentration peaks greater
than 1 ppbv, approximately 42% of the HONOwas contributed by traffic
Table 2
CHONO, R2 and other supportive information for seven nocturnal cases.

Case Date Time R2 CHONO

1 Dec. 15, 2013 01:00–07:00 0.58 0.34
2 Dec. 17, 2013 00:00–05:00 0.52 0.13
3 Dec. 17, 2013 19:00–03:00 0.90 0.96
4 Dec. 18, 2013 19:00–22:00 0.90 0.10
5 Dec. 19, 2013 19:00–23:00 0.82 0.05
6 Dec. 24, 2013 03:00–07:00 0.92 0.42
7 Jan. 04, 2014 19:00–23:00 0.93 0.12

a Mean value of the selected case period.
emissions, and about half (~58%) was attributed to heterogeneous
reactions of NO2.

½HONO�� ¼ ½HONO�−0:58%� ½NO� ð1Þ

Subsequently, the NO2-to-HONO conversion efficiency was calculated
following Eq. (2) (Alicke et al., 2002; Li et al., 2012).

CHONO ¼ HONO�½ �t2− HONO�½ �t1
NO2½ � � t2−t1ð Þ ð2Þ

Here, ½NO2� represents the average NO2 concentration over the time
interval t1 to t2.

CHONO and HONO mixing ratios in these cases are summarized in
Table 2. The adjusted HONO concentrations showed large variability
(less than 0.1 to 2.5 ppbv). As depicted, HONO* concentrations correlated
well with the NO2mixing ratios inmost cases (0.54 ≤R2 ≤ 0.89), suggest-
ing that the heterogeneous reactions of NO2 were the major formation
pathways of the enhanced HONO during these periods. Similar to
HONO*, CHONO also showed great variability, from 0.05% to 0.96% h−1

with an average of 0.29% h−1. The conversion efficiency in urban Ji'nan
was lower than those observed in Guangzhou (1.6% h−1, Su et al.,
2008a; Li et al., 2012), Shanghai (0.7% h−1, Wang et al., 2013), and
Hong Kong (0.52% h−1, Xu et al., 2015). Apart from case 3 on Dec. 17,
the CHONO values correlated well with PM2.5 (R2 = 0.84), suggesting
that the aerosol surface is of vital importance to the NO2-to-HONO con-
version efficiency under severe haze conditions. In addition, very good
correlation was found between relative humidity and NO2-to-HONO
conversion efficiency (R2 = 0.92). It is possible that the conversion rate
is strongly influenced by the liquid water content, which correlates
positively with relative humidity.

3.3.2. Heterogeneous formation of particulate nitrite
Besides HONO, particulate nitrite is another important product of

the heterogeneous reactions of NO2 in the troposphere. Moderately
good correlations were found between nocturnal nitrite and NO2 (see
Fig. 7). In conditions of moderate and high humidity (RH N 50%), the
concentration of particulate nitrite increased as the concentration of
NO2 rose with an average slope of 0.10 (μg m−3 ppbv−1), indicating
the formation of particulate nitrite from the heterogeneous reaction of
NO2. When the relative humidity was low (b50%), the level of particu-
late nitritewas relatively low and changed littlewith NO2 concentration
in that the heterogeneous reactions of NO2 were inhibited.

Six nocturnal caseswere further analyzed to explore the formation of
elevated concentrations of particulate nitrite (Fig. 8). These cases lasted
from 6 to 14 h, during which the concentration of nitrite rose positively
with NO2 concentration. Strong correlations (0.68 ≤ R2 ≤ 0.92) between
the concentrations indicated that the heterogeneous process is one of
the major formation pathways of particulate nitrite and makes a signifi-
cant contribution to the elevated concentrations of nocturnal particulate
nitrite during the cold season in urban areas of Ji'nan. In the six pollution
cases, the slope of fine NO2

− versus NO2 ranged from 0.045 to 0.250
(μg m−3 ppbv−1), with the maximum slope of 0.250 occurring during
the night of Dec. 15.
(% h−1) HONO* (ppbv) RHa (%) PM2.5
a(μg m−3)

0.88–1.53 65 227.4
0.45–0.82 51 162.9
0.41–2.50 81 91.3
0.26–0.39 48 69.1
0.29–0.43 51 124.1
0.20–1.10 69 342.5
0.11–0.29 50 144.3



Fig. 8. Correlations between fine particulate nitrite and NO2 for six nocturnal cases.

Fig. 7. Scatter plots of fine particulate nitrite versus NO2 with (a) RH N 50% and (b) RH b 50%.
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Generally, the NO2-to-nitrite conversion efficiency is promoted with
a larger active water layer surface (e.g., higher relative humidity and
PM2.5 mass concentration), favorable surface chemical environment
(e.g., alkaline aerosols and less oxidants), and steady meteorological
conditions. OnDec. 15, high relative humidity (65% on average), elevated
PM2.5 mass concentration, sufficient ammonium cations, low levels of
ozone, and low wind speeds all facilitated the heterogeneous reactions
and led to an extremely high conversion efficiency.

The high ratios of particulate nitrite to total nitrites and the good
correlations between particulate nitrite and NO2 suggest that a large
fraction of heterogeneous products is presented in particulate form
instead of gas-phase HONO. Here, the concentration of free cation
(equivalent concentration) was calculated to evaluate the existence
of nitrite with consideration of all of the major ions in fine particles
(Eq. (3)).

Cation p; freeð Þ ¼ NHþ
4 pð Þ þ Naþpð Þ þ Kþ

pð Þ þ 2� Ca2þpð Þ
� �

þ 2�Mg2þpð Þ
� �� �

− 2� SO2−
4 pð Þ

� ��
þ NO−

3 pð Þ þ Cl−pð Þ
�

ð3Þ

It is worth noting that ammonium contributed the most among the
five major cations and was produced from the rich ammonia (9.1 ± 6.3
ppbv on average) present in urban Ji'nan.

Throughout the nocturnal elevations, the majority of the free cation
concentrations were higher than the peak concentrations of particulate
nitrite, i.e., the cationswere in excess. Good correlation (R2= 0.68) was
found between them, and particulate nitrite concentrations increased
positively with the free cations in most of the periods. Therefore, the
formation of particulate nitrite in urban Ji'nan is enhanced by the pres-
ence of rich ammonia, and there are abundant cations left to neutralize
the newly produced nitrite inwet aerosols or small droplets. As a result,
particulate nitrite became the dominant product of the heterogeneous
processes of NO2, and the nocturnal HONO presented relatively low
concentration in North China during the cold season.

3.4. Release of HONO from particulate nitrite during the daytime

Gas-phase HONO could be produced from high levels of particulate
nitrite in suitable conditions. The release of HONO from particulate
nitrite is promoted when the ambient temperature is high, humidity is
low, and in particular, the aerosols are acidic.

Neutralization degree (F) is used here to represent the acidity of the
aerosols and is calculated using the equivalent concentrations of the
major ions: sulfate, nitrate, and ammonium (Eq. (4)) (Zhou et al., 2012).

F ¼ NHþ
4

� �
= 2� SO2−

4

h i
þ NO−

3

� �� �
ð4Þ
As illustrated in Fig. 9, gas-phase HONO formation was observed in
urban Ji'nan with the concurrent decrease in particulate nitrite concen-
tration in the daytime. From the late morning to the early afternoon
(11:00–15:00 LT) on Dec. 18, there was a sharp decrease in the relative
humidity (from 52% to 35%), leading to a very dry environment (little
liquid water available on aerosol surfaces). Moreover, the aerosols
were slightly acidic (F value b1 at most times during the period). The
HONO concentration exhibited a continuous increase from 0.25 to
0.53 ppbv. Within the 4 h, the concentration of fine nitrite decreased
from 2.00 to 1.04 μg m−3. The ratio of fine particulate nitrite to the
total nitrites also decreased from 0.77 to 0.50. The rate of decrease in
particulate nitrite concentration was approximately 0.24 μg m−3 h−1.
Simultaneously, the rate of increase of the HONO concentration was
0.06 ppbv · h−1 (~0.13 μg m−3 h−1), suggesting the release of HONO
from nitrite. On Dec. 26, from 10:00 LT in the morning to 15:00 LT in
the afternoon, the relative humidity was very low (ranging from 22%
to 30%), and the aerosols were acidic with the F value decreased to
~0.8. During this period, although the particulate nitrite concentration
was low (substantially below 0.90 μg m−3), a significant increase in
the HONO concentration (from 0.39 to 0.60 ppbv) was observed with
a simultaneous decline in the fine nitrite concentration. The average
rate of increase of the HONO concentration was 0.03 ppbv · h−1

(~0.06 μg m−3 h−1), and the rate of decrease of the fine nitrite was
0.08 μg m−3 h−1 — close to the rate of increase of the HONO. In this
case, the proportion of fine particulate nitrite in total nitrites decreased
from 0.52 to 0.30, i.e., almost half of the fine particulate nitrite was con-
verted into gas-phase HONO. Moreover, the NOx concentrations during
these two periods were substantially low (less than 15 and 9 ppbv,
respectively), indicating limited contributions to HONO from other
sources such as traffic emissions and heterogeneous reactions of NO2.

It is well known that photolysis of HONO is an important source of
OH radicals in the daytime. The high levels of particulate nitrite in



Fig. 9. Temporal variations of HONO, fine particulate nitrite, ambient temperature, RH, NO2
−/∑N(III) ratio and F value for two selected cases. Case A lasted from 10:00 to 20:00 LT on Dec.

18 and case B started on 8:00 LT and ended at 19:00 LT on Dec. 26. The NO2
− ratio and F value were estimated based on the measured data (see main text).
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urban Ji'nan and the enhanced aerosol-gas conversion in conditions
of low humidity and acidic aerosols made the particulate nitrite an im-
portant source of HONO, especially during the daytime, and produced
subsequent effects on the photochemistry in the boundary layer.

4. Summary and conclusions

High time-resolution field measurements of HONO, particulate ni-
trite in PM2.5, related air pollutants, and meteorological parameters
were conducted in urban Ji'nan in North China from Nov. 26, 2013 to
Jan. 4, 2014. During the measurement period, the mean concentrations
of HONO and fine particulate nitrite were 0.35 ppbv and 2.08 μg m−3,
with the maximum hourly concentrations recorded of 3.39 ppbv and
12.62 μg m−3, respectively. The concentrations of both HONO and fine
particulate nitrite exhibited distinct diurnal cycles with peaks in the
early morning and valleys in the early afternoon. Elevated nocturnal
HONO concentration peaks were associated with primary emissions
from vehicle exhaust and secondary formation via heterogeneous
reactions of NO2. The average HONO/NOx ratio during the periods
with fresh vehicle emissions was 0.58%. The efficiency of the heteroge-
neous conversion of NO2 to HONO, ranging from 0.05% to 0.96% h−1,
strongly depended on the humidity and the aerosol loading. Overall,
secondary formation contributed to about half of the elevated HONO
concentration peaks. In addition, the heterogeneous reactions of NO2

on aerosol surfaces also produced significant amounts of particulate
nitrite. Abundant ammonia and alkaline substance in fine particles
enhanced the heterogeneous formation of particulate nitrite and
thus made it the major product instead of gas-phase HONO in urban
Ji'nan. However, during the daytime, particulate nitrite acted as a
potential source of HONO. Gas-phase HONO was released especially
in conditions of low humidity and acidic aerosols. The enhanced
aerosol-gas conversion and high levels of particulate nitrites make
non-negligible contributions to the production of HONO and thus
have subsequent effects on the photochemistry in the boundary layer
in North China. With the implementation of stricter vehicle emission
standards in China, the emissions and productions of HONO and
particulate nitrite are expected to decrease in the future. However, the
concurrent control of ammonia emissionsmay lead to enhanced release
of gas-phaseHONO fromparticulate nitrite in the acid aerosol condition.
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