
Science of the Total Environment 812 (2022) 152270

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Investigating the sources of atmospheric nitrous acid (HONO) in the
megacity of Beijing, China
Rongrong Gu a,b, Hengqing Shen a,⁎, Likun Xue a,⁎, TaoWang b,a,⁎, Jian Gao c, Hong Li c, Yutong Liang b,1, Men Xia b,
Chuan Yu a, Yiming Liu d, Wenxing Wang a,c
a Environment Research Institute, Shandong University, Qingdao 266237, China
b Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong 99907, China
c State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of Environmental Sciences, Beijing 100012, China
d School of Atmospheric Sciences, Sun Yat-sen University, Zhuhai 519082, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• The HONO/NOx ratio in early summer is
twice that in winter in urban Beijing.

• Heterogeneous reaction of NO2 on the
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• Homogeneous reaction of NO + •OH is
the dominant source of HONO in winter.

• HONO is the major precursor of primary
•OH in both early summer and winter.
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Nitrous acid (HONO) can powerfully influence atmospheric photochemistry by producing hydroxyl radical (•OH),
which is a crucial oxidant that controls the fate of atmospheric trace species. To deduce HONO formationmechanisms
in polluted regions, two field observations were conducted in urban Beijing during the early summer of 2017 and the
winter of 2018. These two seasons bore distinguishing pollution characteristics with a higher degree of ageing and
heavier aerosol loading in the early summer andmore abundant NOx (NOx=NO+NO2) in the winter. Elevated con-
centrations of HONOwere observed during these two seasons, with the mean± standard deviation (maximum) con-
centrations of 1.25 ± 0.94 (6.69) ppbv and 1.04 ± 1.27 (9.55) ppbv in early summer and winter, respectively. The
observed daytime (08:00–17:00 h, local time) HONO production rate was several times higher in early summer
than in winter (4.44 ± 1.93 ppbv h−1 vs. 0.88 ± 0.49 ppbv h−1). Budget analysis revealed distinct daytime HONO
formation mechanisms during these two seasons. Photo-induced heterogeneous conversion of NO2 on the ground sur-
face dominated in early summer, and homogeneous reaction of NO + •OH was dominant in winter. Photolysis of
HONO was the major source of primary •OH in both seasons, and thus, played a key role in the regulation of atmo-
spheric oxidising capacity. This study demonstrates the significant seasonal variations inHONObudget and underlines
the predominant role of HONO in primary •OH production in Beijing. Our findings will be helpful to gain an under-
standing of the chemical mechanisms underlying the formation of secondary pollution in metropolitan areas.
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1. Introduction

Nitrous acid (HONO) can strongly affect tropospheric chemistry by
photo-dissociating to hydroxyl radicals (•OH) (Kleffmann and Gavriloaiei,
2005; Xue et al., 2016). As one of the most crucial atmospheric oxidising
agents, •OH controls the removal of trace species and dominates the forma-
tion of secondary pollutants, and thus, profoundly influences air quality and
climate (Gligorovski et al., 2015). The photolysis of HONO can significantly
contribute to primary •OH formation throughout the day, with the average
contributions being >90% in winter and ranging from 50% to 80% in sum-
mer (Aumont et al., 2003; Elshorbany et al., 2010; Fu et al., 2019; Jiang
et al., 2020). Therefore, identification of HONO sources is essential for a
comprehensive understanding of the underlying atmospheric chemistry.

Decades of investigations have uncovered various processes that con-
tribute to HONO under certain atmospheric conditions: direct emissions
(e.g., soil and fuel combustion emissions) (Kurtenbach et al., 2001; Liang
et al., 2017; Oswald et al., 2013; Sun et al., 2020; Yokelson et al., 2009), ho-
mogeneous reactions (e.g., NO + •OH and NO2

⁎
+ •OH) (Li et al., 2008;

Zhang et al., 2016), photosensitive heterogeneous reactions (conversion
of NO2 on various surfaces, such as ground, aerosol, buildings, vegetation,
ocean, and so on) (Arens et al., 2001; Ma et al., 2017; Stemmler et al.,
2006; Stutz et al., 2002; Wen et al., 2019), and photolysis of N-containing
compounds with high oxidation states (e.g., particulate nitrate [pNO3],
HNO3/nitrate adsorbed on surfaces, and nitrophenols) (Barsotti et al.,
2017; Bejan et al., 2006; Ye et al., 2016; Ye et al., 2017). However,
HONO budgets are yet to be understood in many environments. On the
one hand, significant uncertainties in almost all HONO formation mecha-
nisms limit the quantification of HONO sources, hindering our understand-
ing of its budgets. These uncertainties arise from insufficient measurement
accuracies, undetermined reaction rates, and wide-ranging uptake efficien-
cies of precursors (Liu et al., 2019a; Xue et al., 2020). On the other hand, a
dearth of integrated studies that combine comprehensivefield observations
with detailed budget analysis in different atmospheric chemical environ-
ments further impedes our understanding of HONO sources and the role
of HONO in atmospheric oxidation.

In most previous studies on HONO source tracking, the homogeneous
reaction of NO with •OH was identified as a relatively minor contributor,
while the heterogeneous conversion of NO2 on surfaces has widely been
highlighted as a predominant HONO source. Kleffmann and Gavriloaiei
(2005) found an order of magnitude of discrepancy between the observed
and calculated HONO concentrations, in a forest environment, when only
pure gas phase mechanisms were considered in the calculation. Large
gaps between the observed HONO source strength and that calculated
from the NO + •OH reaction have also been commonly found in urban
(Hao et al., 2020; Li et al., 2018), suburban (Michoud et al., 2014; Yang
et al., 2014), rural (Su et al., 2008; Tsai et al., 2018), mountainous (Jiang
et al., 2020; Zhou et al., 2007), and coastal regions (Meusel et al., 2016;
Yang et al., 2021). In recent years, unexpectedly high •OH concentrations
have been detected in megacities, even during the winter, with a maximum
value of >106 molecules cm−3 (Kanaya et al., 2007; Tan et al., 2018). The
coexistence of high concentration of •OH and large amount of NO, which is
released by intensive anthropogenic activities, suggests that the importance
of the NO + •OH reaction in HONO formation needs to be reexamined
under this condition. In addition, although the heterogeneous conversion
of NO2 on surfaces has been commonly regarded as a crucial HONO forma-
tion path, on which surface the heterogeneous reaction dominates is still
under debate. The two surfaces of ground and aerosol are recognized signif-
icant in urban environments and draw themost attention; when some stud-
ies emphasized the prominent role of the ground surface (VandenBoer
et al., 2013; Zhang et al., 2016), some others argued the significance of
the aerosol surface (Liu et al., 2014; Zhang et al., 2020). Therefore, it is nec-
essary to explore the roles of ground and aerosol in heterogeneous NO2 con-
version to HONO.

To estimate the budgets and impacts of HONO in polluted urban areas,
we performed two field campaigns during the early summer of 2017 and
the winter of 2018 in urban Beijing. Beijing is located in one of the most
2

polluted regions in China (Fig. 1a–b), and thus, frequently experiences
heavy aerosol loading and high concentrations of nitrogen oxides (NOx,
i.e., NO + NO2). We investigated seasonal variations in HONO and
HONO budgets under two contrasting pollution conditions. We also
analysed the impacts of HONO on the atmospheric oxidant •OH. Our
work presents the distinct seasonal variations in HONO characteristics
and sources, underlines the significant role of the NO + •OH reaction in
HONO formation, and highlights the overwhelming contribution of
HONO to primary •OH across seasons in Beijing.

2. Experiments

2.1. Study site and time

Field measurements were performed on the rooftop of a three-storey
building (approximately 12 m above the ground) in the Chinese Research
Academy of Environmental Sciences (CRAES, 40.04°N, 116.42°E), outside
the north Fifth Ring Road of Beijing in North China (Fig. 1a–c). The
CRAES is located in a typical urban area, surrounded by dense urban traffic
and crowded residential and commercial buildings but few industrial pollu-
tion sources. As substantial anthropogenic pollutants are emitted in the
megacity of Beijing (Fig. 1a–b), severe air pollution is frequently observed
in this region. We conducted field measurements during 7–30 May 2017
and 15–30 January 2018. During these two periods, prevailing southerly
winds bring pollutants from the downtown (Fig. 1c–d), which strengthened
the representativeness of our observation site for urban Beijing. For more
information about the study site, previous studies by Wang et al. (2010)
and Xia et al. (2019) are recommended.

2.2. Measurements

Trace gases, aerosols, and meteorological parameters were measured
online during the comprehensive field experiments. The trace species
were sampled with roof-across inlets and detected by household instru-
ments. Meteorological parameters weremeasured in situ above the rooftop.
Generally, the air pollution concentrations in Beijing were high enough for
sufficiently accurate detection. A brief description of the measurement in-
struments and methods is given below. Detailed introductions can be
found in our previous studies (Gu et al., 2020; Wang et al., 2003; Xia
et al., 2019; Xue et al., 2016).

2.2.1. Trace gases
Nitrous acid (HONO) was detected by a commercial long path absorp-

tion photometer (LOPAP 03, QUMA, Germany) using the photometric de-
tection method (Heland et al., 2001). Nitric oxide (NO) and all reactive
nitrogen compounds (NOy) were measured by gas-phase chemilumines-
cence detection using a total reactive nitrogen oxides analyser (Model
EC9843, Ecotech, Australia), which was equipped with a MoO catalytic
converter. Nitrogen dioxide (NO2) was measured by a chemiluminescence
analyser (Model 42i-TL, Thermo Scientific, USA) equipped with a photo-
lytic converter (Blue Light Converter, Meteorologie Consult GmbH,
Germany) (Xu et al., 2013). Ozone (O3) was detected by a UV photometric
analyser (Model 49i, Thermo Scientific, USA). Sulphur dioxide (SO2) was
measured with a pulsed UV fluorescence gas analyser (Model 43C, Thermo
Scientific, USA). Data for all of the above gases were collected with a time
resolution of 1 min, except for HONO, which had a time resolution of 30 s.

2.2.2. Aerosols
PM2.5 mass concentrations were automatically measured by a continu-

ous particulate monitor (Model BAM 1020, Met One Instruments, USA)
using the industry-proven principle of beta ray attenuation. A wide-range
particle spectrometer (WPS, Model 1000XP, MSP, USA) was used to detect
the dry-state particle size distribution ranging from10 nm to 10 μm.Assum-
ing that all of the particles were spherical, the aerosol surface area per vol-
ume of air (S/V) was estimated. Real-time concentrations of water-soluble
ions in PM2.5 (K+, Na+, Ca2+, Mg2+, NH4

+, NO3
−, SO4

2−, and Cl−) were



Fig. 1. Spatial distributions of (a) anthropogenic primary PM2.5 emissions and (b) anthropogenic primaryNOx emissions in 2016 (data from theMIX emission inventory in the
MEIC database of TsinghuaUniversity, http://meicmodel.org/), (c) location of the observation site CRAES in Beijing, and (d)wind roses at the observation site during the two
observation campaigns in the early summer of 2017 and the winter of 2018.
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autonomously measured by the monitor for aerosols and gases (MARGA,
Metrohm, Switzerland). The data were acquired at a time resolution of
5 min for PM2.5 and S/V and 1 h for ions.

2.2.3. Meteorological parameters
Temperature (Temp), relative humidity (RH), wind speed (WS), wind

direction (WD), and solar radiation (SR) were monitored by an automatic
weather station (MAWS301, Vaisala, Finland). The photolysis frequency
of NO2 (j(NO2)) was monitored with an actinic j(NO2) filter radiometer
(Meteorologie Consult GmbH, Germany). The temporal intervals of all the
meteorological data were 1 min.

3. Results and discussion

3.1. Overview of observations

Fig. 2 presents the time series of observed HONO, associated trace spe-
cies,meteorological parameters, and calculated j(HONO). Themissing pho-
tolysis frequencies of j(HONO) and j(O1D) were calculated from j(NO2),
while the missing j(NO2) data for the early summer campaign were ob-
tained from SR (Supplement Text S1). Fig. S1b shows the average diurnal
variation in •OH,whichwas calculated from an empirical equation (Supple-
ment Text S1). Table 1 lists the statistical and correlation parameters of
HONO and related parameters. The meteorology featured low RH (32 ±
19% vs. 23 ± 11%) and low-speed urban district-oriented prevailing
winds during the two observation campaigns in early summer and winter,
despite large temperature differences between the two seasons (24.9 ±
5.0 °C vs. -2.8 ± 4.6 °C).

As shown in Fig. 2 and Table 1, the ambient air in Beijing was
characterised by a high degree of ageing and heavy aerosol loading in the
early summer, while it exhibited freshness and abundant NOx during the
3

winter. The ratio of NOx/NOy, which is negatively related to the ageing of
the air mass (Hastie et al., 1996; Wang et al., 2016; Wilson et al., 2012),
distinctly illustrated a higher atmospheric ageing degree in early summer
than in winter (with the value of 0.60 ± 0.22 vs. 0.87 ± 0.29). In early
summer, strong solar radiation and abundant atmospheric oxidants
(e.g., O3) could cooperatively enhance the formation of secondary pollut-
ants (e.g., pNO3). In winter, contrastively, continuous residential heating
throughout the cold season could enhance the release of fresh pollutants
and the lower boundary layer height in winter would further amplify the
concentration of pollutants (e.g. NOx of 35.0 ± 37.6 ppbv in winter vs.
20.7± 15.0 ppbv in early summer). The PM2.5 concentration in early sum-
mer was twice that in winter (60.0 ± 35.2 μg m−3 vs. 32.4 ±
30.5 μgm−3). Heavy aerosol loading, coupledwith considerable Ca2+ con-
tent (5.9 ± 7.2 μg m−3 in early summer vs. 0.2 ± 0.2 μg m−3 in winter),
indicated dust pollution in early summer (Xia et al., 2019). As shown in
Fig. 2, two episodes of elevated HONO concentrations were observed:
Episode I in early summer and Episode II in winter. These two episodes
were representatives of pollution characteristics during the two observation
periods.

The concentrations of HONO were generally higher in early summer
than in winter (1.25 ± 0.94 ppbv vs. 1.04 ± 1.27 ppbv). However, the se-
verest HONO incident occurred in winter rather than early summer (with a
maximum concentration of 9.55 ppbv vs. 6.69 ppbv). Similar seasonal var-
iations of HONO in Beijing have also been observed in other studies (Liu
et al., 2021; Spataro et al., 2013; Wang et al., 2017). The 2-fold HONO/
NOx ratio in early summer compared to winter (0.067 ± 0.042 vs.
0.031 ± 0.017) corroborated the enhanced HONO generation efficiency
in early summer, and the relatively low HONO/NOx in winter suggested
the increased contribution of local primary emissions to ambient HONO,
as theHONO/NOx ratio is generallymuch smaller in freshly emitted plumes
(less than 2%) than that in well-mixed ambient air (about 7%).

http://meicmodel.org/


Fig. 2. Time series of the measured HONO, NO, NO2, NOy, O3, SO2, PM2.5, Ca2+, NO3
−, aerosol surface area density (S/V), meteorological parameters (temp, RH, and wind),

and the calculated j(HONO) during the two field campaigns in the early summer of 2017 and the winter of 2018 in Beijing.
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Fig. 3 presents the average diurnal variations in HONO and related pa-
rameters. Their diurnal patterns reflect significant seasonal differences. In
early summer, HONO concentration showed a typical day-fall and night-
rise trend with an earlymorningmaximum (2.33 ppbv at 06:00 h), coincid-
ingwith the diurnal patterns of NO2. The simultaneous occurrence of anNO
peak around 06:00 h indicated that heavy morning traffic might consider-
ably contribute to HONO. In winter, the HONO concentration climbed
slowly from 03:00 h and peaked at 06:00 h, then decreased to a valley at
14:00 h, afterward sharply increase to another peak (also the maximum)
at 20:00 h, followed by a slight dip before 03:00 h. This wave-like diurnal
variation in HONO concentrationwas consistent with the trend of NOx con-
centration. As both NO and NO2 were abundant and collectively accounted
for 87% of NOy, they were likely sharing the same sources with HONO or
they were important HONO precursors during winter. The O3 concentra-
tion exhibited a typical diurnal trend of increasing after sunrise, peaking
around noon (12:00 h in winter vs. 14:00 h in early summer), and decreas-
ing to a valley before dawn. The opposite diurnal trends of O3 and HONO
suggest that their contributions to atmospheric oxidising capacity change
over time. PM2.5 exhibited similar diurnal trends to those of nitrogen oxides
for these two seasons. The steepest rise in PM2.5 in the morning of early
Table 1
Statistical and correlation parameters during the two observation campaigns in Beijing.

Parameter Early summer

MIN MED MAX MEAN ± SD r1 r2

HONO (ppbv) BDL 0.99 6.69 1.25 ± 0.94 1.00 0.
NO (ppbv) BDL 0.36 72.33 2.28 ± 6.82 0.40 −
NO2 (ppbv) 0.97 15.92 63.45 18.32 ± 11.29 0.75 −
NOx (ppbv) 0.97 16.48 102.83 20.66 ± 14.98 0.73 −
NOy (ppbv) 1.02 33.73 163.61 38.48 ± 25.42 0.69 −
HONO/NO2 NA 0.064 0.839 0.072 ± 0.052 0.26 0.
HONO/NOx NA 0.060 0.535 0.067 ± 0.042 0.24 1.
NOx/NOy 0.07 0.57 1.00 0.60 ± 0.22 −0.08 −
O3 (ppbv) BDL 36 136 40 ± 25 −0.36 0.
SO2 (ppbv) 1.72 4.46 16.26 5.24 ± 2.69 0.20 0.
PM2.5 (μg m−3) 9.4 52.8 212.2 60.0 ± 35.2 0.41 −
Ca2+ (μg m−3) 0.4 2.5 36.5 5.9 ± 7.2 0.06 0.
NO3

− (μg m−3) BDL 3.5 58.4 6.7 ± 8.4 0.31 −
S/V (μm2 cm−3) 11 395 1287 432 ± 275 0.40 0.
Temp (°C) 14.3 24.8 37.9 24.9 ± 5.0 −0.26 0.
RH (%) 4 28 95 32 ± 19 0.58 0.

Note: The parameters of r1and r2 are the correlation coefficients with HONO and HONO
maximum, mean, and standard deviation, respectively; BDL means below the detection
are 5 min except for Ca2+ and NO3

−, whose temporal resolutions were 1 h.

4

summer suggested the contribution of vehicular emission, while a sharp in-
crease in PM2.5 in the evenings of winter indicated the potential combined
roles of fuel combustion for residential heating and boundary layer reduc-
ing. HONO/NOx is a proper parameter to describe the heterogeneous con-
version efficiency of HONO from NO2 since the interferences of sudden
air mass change could be mitigated comparing with HONO/NO2 (Liu
et al., 2019b). In winter, the diurnal pattern of HONO/NOx was consistent
with that of HONO, with a trough at 14:00 h. In early summer, however, a
noontime (14:00 h) peak, also the maximum, appeared. Given the valley-
like shape of the diurnal patterns of NO, NO2, and NOy around noon, the
specific noontime peak of HONO/NOx was ascribed to photo-enhanced
HONO production. Based on the above preliminary inference, a detailed
HONO budget analysis is presented in the following sections.

3.2. HONO budgets

A detailed budget analysis was carried out to estimate HONO sources
and sinks under different pollution conditions in Beijing. Sources, such as
direct vehicular emission, homogeneous NO + •OH reaction, (photo-
induced) heterogeneous NO2 conversion on the aerosol and ground
Winter

MIN MED MAX MEAN ± SD r1 r2

24 BDL 0.57 9.55 1.04 ± 1.27 1.00 0.16
0.11 BDL 1.75 196.33 12.07 ± 25.28 0.74 −0.21
0.21 1.66 19.70 74.89 22.94 ± 16.27 0.71 −0.24
0.21 2.72 21.26 258.37 35.01 ± 37.65 0.83 −0.24
0.04 2.02 29.83 292.67 45.36 ± 46.55 0.84 −0.22
98 NA 0.035 0.224 0.041 ± 0.026 0.69 0.78
00 NA 0.028 0.162 0.031 ± 0.017 0.16 1.00
0.33 0.21 0.81 2.59 0.87 ± 0.29 −0.29 −0.11
09 BDL 17 34 15 ± 10 −0.68 0.17
03 1.57 4.04 19.84 4.94 ± 2.73 0.51 −0.23
0.11 4.2 17.6 165.3 32.4 ± 30.5 0.65 −0.18
37 BDL 0.2 1.1 0.2 ± 0.2 0.16 0.18
0.02 0.3 1.5 24.2 4.8 ± 6.3 0.31 −0.58
02 40 242 1137 316 ± 241 0.59 −0.34
17 −12.6 −2.4 7.9 −2.8 ± 4.6 0.23 −0.03
12 9 22 76 23 ± 11 0.55 0.12

/NOx, respectively; MIN, MED,MAX, MEAN, and SD refer to the minimum,median,
limit and NAmeans not available. Temporal resolutions of all of the data being used



Fig. 3. Diurnal variations of (a) HONO, (b) NO, (c) NO2, (d) NOy, (e) HONO/NOx, (f) j(HONO), (g) O3, and (h) PM2.5 in the early summer of 2017 and the winter of 2018 in
Beijing. Box plots show the hourly data of 10%, 25%, 50%, 75%, and 90%, and the dots represent average values.
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surfaces, and the photolysis of pNO3, were taken into account. Further-
more, sinks, such as photolysis, HONO+ •OH reaction, and dry deposition,
were considered as well. Table 2 summarises the parameterisations used
for the budget calculation. A detailed description of the sources and sinks
and associated calculation methods is provided in the Supplement (Text
S2).

PHONO obsð Þ ¼ LHONOþhν þ LHONOþ�OH þ Ldeposition þ ΔHONO
Δt

(E1)

Stack plots of average diurnal sources and sinks of HONO are shown in
Fig. 4. During nighttime (20:00–05:00 h), the observed production rate of
HONO (PHONO(obs)), which is defined as the sum of the total loss rates and
5

change rates of HONO in Eq. (E1), was comparable in early summer and
winter (0.58±0.26 ppbv h−1 vs. 0.55±0.45 ppbv h−1). However, during
daytime (08:00–17:00 h), PHONO(obs) in early summer was five times that in
winter (4.44±1.93 ppbv h−1 vs. 0.88±0.49 ppbv h−1). This large differ-
ence was consistent with the observations of approximately 2-fold HONO
concentrations and j(HONO) in early summer relative to the winter (day-
time average HONO of 1.02 ppbv vs. 0.54 ppbv, and j(HONO) of
1.07 × 10−3 s−1 vs. 4.96 × 10−4 s−1). During both early summer and
winter, photolysis was the major sink of HONO (89.9% vs. 78.8%,
4.11± 1.67 ppbv h−1 vs. 0.78± 0.45 ppbv h−1), followed by dry deposi-
tion (8.3% vs. 20.2%, 0.38 ± 0.17 ppbv h−1 vs. 0.20 ± 0.14 ppbv h−1),
while the HONO + •OH reaction was negligible as a sink (1.8% vs. 1.0%,
0.08 ± 0.03 ppbv h−1 vs. 0.01 ± 0.01 ppbv h−1).



Table 2
Parameterisations of HONO production mechanisms.

Mechanism Parameterisation Reference

Parameter Typical Upper & lower ratio

Early summer Winter

Direct emission ER of HONO/NOx 0.008 0.008 �2&� 1
5

1
NO2 on aerosol γNO2, aerosol 8.0 × 10−6 1.2 × 10−6 �5&� 1

5
2, 3, 4, 6

NO2 on ground γNO2, ground 8.0 × 10−6 1.2 × 10−6 �5&� 1
5

2, 3, 5, 6
NO2 on aerosol + hν γNO2, aerosol+hv 1:0� 10−4 � j NO2ð Þ

j NO2, noonð Þ 0:6� 10−4 � j NO2ð Þ
j NO2, noonð Þ �5&� 1

5
2

NO2 on ground + hν γNO2, ground+hv 6:0� 10−5 � j NO2ð Þ
j NO2, noonð Þ 3:8� 10−5 � j NO2ð Þ

j NO2, noonð Þ �5&� 1
5 2

HNO3 (ads) + hν j(HNO3, ads) j HNO3ð Þ � 3:4�10−5
7:0�10−7 j HNO3ð Þ � 3:4�10−5

7:0�10−7
�5&� 1

5 2, 7, 8

pNO3 + hν j(pNO3, ads) j HNO3ð Þ � 8:3�10−5
7:0�10−7 j HNO3ð Þ � 8:3�10−5

7:0�10−7
�5&� 1

5 2, 7, 9

Note: The value of j(NO2, noon) is 0.005 s−1. Reference 1, Kurtenbach et al. (2001); reference 2, Liu et al. (2021); reference 3, Liu et al. (2019a); reference 4, Liu et al. (2019b);
reference 5, VandenBoer et al. (2013); reference 6, Li et al. (2019); reference 7, Finlayson-Pitts and Pitts (2000); reference 8, Ye et al. (2016); reference 9, Ye et al. (2017).
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The dominant HONO sources were quite different in these two seasons
during the daytime. In early summer (Fig. 4a), the light-induced reactions
were the major HONO formation pathways. Photo-sensitive NO2 conver-
sion on the ground surface, photolysis of pNO3, and photo-induced NO2

conversion on the aerosol surface contributed 50.0% (2.22 ± 1.25 ppbv
h−1), 8.4% (0.37 ± 0.31 ppbv h−1), and 6.9% (0.31 ± 0.29 ppbv h−1)
of PHONO(obs), respectively. In terms of the surfaces, the groundwas revealed
to play a much more significant role in heterogeneous HONO formation
than the aerosol, even under conditions of high aerosol loading (Fig. 4c).
The contribution of the NO+ •OH reaction began to rise in the early morn-
ing, reached its maximum at 07:00 h, and gradually decreased throughout
the day. Despite that NO+ •OH only contributed 8.1% (0.36 ± 0.24 ppbv
h−1) to the overall PHONO(obs) throughout the daytime, it was more impor-
tant in the early morning, when its contribution to PHONO(obs) was 17.8%
(0.97±1.25 ppbv h−1) during 06:00–09:00 h. The positive correlation be-
tweenHONOandNO2 (Fig. 5a) further indicated the significant role of NO2

heterogeneous conversion in HONO formation as mentioned above. Higher
HONO/NOx ratios in daytime relative to nighttime, under the sameRHcon-
ditions (Fig. 5b), demonstrated the effects of solar radiation on daytime
Fig. 4. Budgets of HONO in Beijing during (a) early summer, (b) winter, (c) HONO p
(d) HONO pollution Episode II in winter (characterised by high NOx concentration).

6

HONO formation. Fig. 5b also indicated that the NO2 conversion efficiency
was influenced by RH. As RH increased from 0–10% to 60–70%, the aver-
age HONO/NOx ratio rose from 0.056 ± 0.058 to 0.080 ± 0.012. The
RH dependence of NO2 heterogeneous conversion varied between day
and night (Fig. 5b). During the nighttime, HONO/NOx linearly tripled as
RH increased from 0% to 70%. During the daytime, however, the HONO/
NOx ratio at low RH (0–20%) was comparable to that at high RH
(50–60%), although HONO/NOx linearly increased with increasing RH be-
tween 20% and 60%. As the lowest RH levels (0–20%) were observed
around noon (Fig. S2), the elevated HONO/NOx at low RH was ascribed
to the strongest noontime light-enhancing effects in HONO formation.

In winter (Fig. 4b), the homogeneous NO + •OH reaction was the par-
amount HONO formation pathway, contributing to 51.5% (0.81 ± 0.78
ppbv h−1) of the total calculated HONO production rates (PHONO(cal)). In
winter as comparedwith early summer, the greater than 5-fold NO concen-
tration (12.07 ± 25.28 ppbv vs. 2.28 ± 6.82 ppbv) but only two-thirds
reduction of •OH concentration ((1.32 ± 0.42) × 106 cm−3 vs. (3.40 ±
0.66) × 106 cm−3) explains the enhanced role of NO+ •OH in HONO for-
mation (0.81± 0.78 ppbv h−1 vs. 0.36± 0.24 ppbv h−1) in winter. Direct
ollution Episode I in early summer (characterised by heavy aerosol loading), and



Fig. 5. Scatter plots for data collected in early summer in Beijing. (a) HONO as a function of NO2 coloured by RH, sized by HONO/NO2, and featuring a trend line of the
campaign-average HONO/NO2 ratio; (b) HONO/NOx as a function of RH, with inset showing the average correlation trends during day and night.
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vehicular emission, NO2 heterogeneous conversion on ground/aerosol sur-
faces, photo-sensitive NO2 conversion on ground/aerosol surfaces, and
photolysis of pNO3 contributed 0.21 ppbv h−1, 0.16/0.02 ppbv h−1,
0.25/0.09 ppbv h−1, and 0.02 ppbv h−1 of HONO formation, respectively.
The significant role of NO+ •OH inHONO formation in Beijing was consis-
tent with the recent results reported by Zhang et al. (2019) and Liu et al.
(2021). It must be noted that HONO formation from NO + •OH would
not increase the net production of atmospheric radicals, while it may in-
crease the radical chain length by preventing chain-termination reactions.
These findings highlight the significant role of wintertime photochemistry
in megacities, which has usually been neglected in previous studies (Lu
et al., 2019).

Fig. 4c–d shows the average diurnal HONO budgets of two typical pol-
lution episodes characterised by heavy aerosol loading in early summer
(Episode I) and high NOx concentration in winter (Episode II). Their bud-
gets were estimated to be similar to those in early summer and winter,
both in trend and in proportion. In Episode I, the daytime average PHONO
(obs) was 5.59 ± 1.78 ppbv h−1, where the three light-induced sources
made the most significant contributions totalling 4.11 ± 0.29 ppbv h−1

and collectively accounting for 73.4% of PHONO(obs). This was slightly
higher than the average contribution of 65.3% during the early summer;
heavier aerosol loading in Episode I along with higher concentrations of
NO2 and pNO3 accounted for this increased contribution. In Episode II,
the daytime average PHONO(obs) was 1.75 ± 1.70 ppbv h−1, which was
twice the mean value in winter. The HONO source strength from NO +
•OH increased substantially and reached 2.04 ± 0.63 ppbv h−1. Direct
emission appeared to be another important sourcewith an average daytime
HONO production strength of 0.45 ± 0.08 ppbv h−1. The strong contribu-
tions of these two sources was attributed to increased emission intensity,
which enhanced the NO and HONO concentrations. In addition, the exces-
sive calculated daytime HONO production rate in Episode II and winter,
which featured abundant fresh fuel combustion emissions and relatively
weak solar radiation, indicated potentially extra HONO removals.

The upper and lower parameterisation limits in Table 2were adopted to
evaluate the uncertainties in HONO sources. These uncertainties originated
from the direct vehicular emission ratio of HONO/NOx (ERHONO/NOx), up-
take coefficient of NO2 on surfaces (γNO2), and photolysis frequency of
pNO3 (j(pNO3)). In early summer, the parameterisations of direct emission
(Fig. S3a) and non-light-related heterogeneous reactions of NO2 on aerosol
(Fig. S3b) and ground surfaces (Fig. S3d) exerted a minor influence on
HONO budgets, while the parameterisations of light-related mechanisms
dramatically affected daytime HONO source evaluation (Fig. S3c, e and
f). With the upper test limits of γNO2 and j(pNO3), the proportions of light-
induced HONO formation rates to PHONO(obs) increased significantly,
reaching 260% for PHONO(NO2+hν+ground), 36% for PHONO(NO2+hν+aerosol),
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and 42% for PHONO(pNO3+hν). However, with the lower test limits of γNO2
and j(pNO3), the sequentially corresponding proportions dropped to
10.4%, 1.4%, and 1.7%, respectively. As PHONO(NO+•OH) accounted for
8.1% of PHONO(obs), the light-related heterogeneous NO2 conversion
on the ground surface was indicated a larger source of HONO than the
NO+ •OH reaction, and both light-related NO2 conversion on the aerosol
surface and photolysis of pNO3 might challenge the contribution of NO +
•OH and take over as the other two major sources of daytime HONO, de-
spite that the γNO2 and j(pNO3) could highly unlikely reach the upper test
limits (Yu et al., 2021). We should note that even with a 100% uncertainty
of the calculated •OH concentration, the major conclusions of the HONO
budget in early summer would not be changed. In winter, γNO2 was the
most critical factor influencing the evaluation of daytime HONO sources.
The NO + •OH reaction was the dominant HONO source; light-sensitive
NO2 conversion on ground surface (Fig. S3k) was the only pathway that
could exceed the dominant contribution of the NO + •OH reaction; light-
sensitive NO2 conversion on aerosol surface (Fig. S3i) and non-light-
related NO2 conversion on ground surface (Fig. S3j) were noted to poten-
tially make considerable contributions but not sufficient to challenge the
role of NO + •OH; uncertainties in direct vehicular emission (Fig. S3g),
non-light-related NO2 conversion on aerosol (Fig. S3h), and photolysis of
pNO3 (Fig. S3l) showed negligible influence on HONO source strengths.
In addition, considering the large contribution of the NO + •OH reaction
to daytime PHONO(obs) in winter, the total calculated HONO source strength
could exceed the sink strength, and thus some sink channels were indicated
for the budget balance. Besides, we should note that, since the •OH concen-
tration might be overestimated in the fresh wintertime atmosphere, the
HONO production rate was possibly subject to overrate. However, even
with a half cut in •OH concentration, the NO + •OH was still the major
HONO formation pathway and it would not affect the conclusion of this
study. In terms of the aforementioned sensitivity results, the conclusions
of this work are qualitatively reliable but the quantitative accuracies are
still far from optimum, and parametric exactitudes are encouraged to pur-
sue in future studies.

3.3. Contribution to primary •OH production

The sources of primary •OH include HONO photolysis, O3 photolysis,
OVOCs (i.e. oxygenated volatile organic compounds) photolysis, H2O2 pho-
tolysis, and alkene ozonolysis (Xue et al., 2016). As described in the Intro-
duction, HONO photolysis plays a dominant role in primary •OH
formation in most environments. To evaluate the contribution of HONO
photolysis to •OH formation in Beijing, we calculated the net primary •OH
production rates from photolysis of HONO (P•OH(HONO)) and O3 (P•OH
(O3)). Reactions (R1)–(R3) and (R4)–(R6) describe the chemical processes
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of primary •OH formation from HONO and O3, respectively. Eqs. (E2) and
(E3) were applied to calculate the P•OH(HONO) and P•OH(O3), respectively.

HONOþ hν ! NOþ �OH λ< 400 nmð Þ (R1)

HONOþ �OH ! NO2 þ H2O (R2)

NOþ �OHþM ! HONOþM (R3)

O3 þ hν ! O 1D
� �þ O2 λ≤ 330 nmð Þ (R4)

O 1D
� �þ H2O ! 2 �OH (R5)

O 1D
� �þM ! O 3P

� �þM M ¼ N2 or O2ð Þ (R6)

P�OH HONOð Þ ¼ j HONOð Þ HONO½ �−k�OHþHONO HONO½ � �OH½ �−kNOþ�OH NO½ � �OH½ � (E2)

P�OH O3ð Þ ¼ j O1D
� �

� O3½ �∙ 2kO 1Dð ÞþH2O H2O½ �
kO 1Dð ÞþH2O H2O½ � þ kO 1Dð ÞþN2

N2½ � þ kO 1Dð ÞþO2
O2½ � ðE3Þ

Stack plots of the average diurnal P•OH(HONO) and P•OH(O3) are shown
in Fig. 6a–b. HONO photolysis dominated the primary •OH formation in
both early summer andwinter. The average daytimemean±sd (maximum)
of P•OH(HONO) were 3.86 ± 1.46 (6.47) ppbv h−1 in early summer and
0.76 ± 0.46 (1.92) ppbv h−1 in winter. In contrast, P•OH(O3) was only
0.35 ± 0.09 (0.48) ppbv h−1 in early summer and negligible in winter. In
terms of percentages, P•OH(HONO) accounted for 91.4 ± 3.9% and
99.3 ± 0.6% of P•OH(HONO) + P•OH(O3) in early summer and winter,
respectively. The calculated contribution of HONO photolysis to primary
•OH formation in Beijing was at the highest level compared with those in
other urban (Li et al., 2018), suburban (Liu et al., 2019b), rural (Gu et al.,
2020), and remote sites (Wen et al., 2019). In terms of the diurnal pattern,
P•OH(HONO) reached the highest level during the early morning in early
summer but around noon in winter. This discrepancy in the time of reaching
themaxima should arise from the combined influences of solar intensity and
HONO concentration level.

Fig. 6c–d shows stack plots of the average diurnal P•OH(HONO) and P•OH
(O3) in two typical pollution episodes characterised by heavy aerosol load-
ing in early summer (Episode I) and high NOx concentration in winter
(Episode II). As compared with the average rates in these two seasons, the
primary •OH production rates increased significantly by up to 3 times in
the two episodes. In Episode I, the daytime mean ± sd (maximum) of
P•OH(HONO) and P•OH(O3) were 5.26 ± 2.80 (11.82) ppbv h−1 and
0.66 ± 0.22 (1.01) ppbv h−1, respectively; P•OH(HONO) and P•OH(O3) ac-
counted for 88.8% and 11.2% of P•OH(HONO) + P•OH(O3), respectively.
In Episode II, the daytime P•OH(HONO) was 1.55 ± 1.30 (5.38) ppbv
h−1, accounting for 99.7% of P•OH(HONO) + P•OH(O3), and P•OH(O3) was
almost zero. Photolysis of HONOwas the most dominant source of primary
•OH in the two episodes, whether under heavy aerosol loading or high NOx
Fig. 6. Stack plots of the net primary •OHproduction rate in Beijing from the photolysis o
(characterised by heavy aerosol loading), and (d) HONO Episode II in winter (character
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concentration conditions in Beijing. The vital role of HONO in primary •OH
formation highlights its significance in atmospheric oxidising capacity and
in the establishment of control and mitigation strategies for both haze and
photochemical pollutions.

4. Summary and conclusions

In this study, we analysed the HONO characteristics, sources, and im-
pacts on primary •OH during early summer and winter in Beijing. We ob-
served elevated HONO concentrations during both seasons, with the
mean ± sd (maximum) of 1.25 ± 0.94 (6.69) ppbv in early summer and
1.04 ± 1.27 (9.55) ppbv in winter. The HONO/NOx ratio in early summer
(0.067± 0.042) was twice that in winter (0.031± 0.017). Distinct air pol-
lution characteristics were recorded for the two seasons. High degree of
ageing and heavy aerosol loading were the main features of early summer
(i.e., NOx/NOy of 0.60 ± 0.22, PM2.5 of 60.0 ± 35.2 μg m−3, and NOx of
20.7 ± 15.0 ppbv), while abundant fresh fuel combustion emissions,
such as NOx, were the major characteristics of winter (i.e., NOx/NOy of
0.87 ± 0.29, PM2.5 of 32.4 ± 30.5 μg m−3, and NOx of 35.0 ± 37.7
ppbv). In addition, the observed daytime HONO source strengths differed
between early summer (4.44 ± 1.93 ppbv h−1) and winter (0.88 ± 0.49
ppbv h−1) and the major formation pathways varied between the two
seasons as well. In early summer, despite featured heavy aerosol loading,
photo-enhanced NO2 conversion on the ground surface (50.0%) was the
most significant HONO source and photo-induced NO2 conversion on the
aerosol surface contributed only 6.9% of the observed HONO formation
rate. In winter, which was characterised by abundant fresh emissions, the
NO + •OH reaction dominated the HONO formation and accounted for
51.5% of the total calculated HONO production rates. Photolysis of
HONO was the governing source of primary •OH in both seasons, with an
approximately 10-fold higher contribution than that from photolysis of
O3. This study demonstrates the distinct seasonal variations in air pollution
and HONO chemistry in Beijing, underlines the potentially significant role
of theNO+ •OH reaction in HONO formation, and highlights the dominant
role of HONO in atmospheric oxidation across seasons. Our work provides
valuable insights for the establishment of strategies for management and
prevention of both haze and photochemical pollutions in urban regions.
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