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Abstract. HONO is an important precursor for OH radicals that impact secondary-pollutant production. How-
ever, there are still large uncertainties about different HONO sources which hinder accurate predictions of HONO
concentration and hence atmospheric oxidation capacity. Here HONO was measured during the EXPLORE-YRD
campaign (EXPeriment on the eLucidation of the atmospheric Oxidation capacity and aerosol foRmation and
their Effects in the Yangtze River Delta), along with other important parameters, enabling us to comprehensively
investigate HONO variation characteristics and evaluate the relative importance of different HONO sources by
using a box model. HONO showed significant variations, ranging from several tens of parts per thousand to
4.4 ppb. The average diurnal pattern of HONO /NOx showed a maximum of 0.17 around noon and resembled
that of j (O1D), indicating the existence of photo-induced sources. Modeling simulations with only the default
HONO source (OH+NO) largely underestimated HONO concentrations, with the modeled-averaged noontime
HONO concentration an order of magnitude lower than the observed concentration. The calculated strength
of the unknown HONO source (Punknown) showed a nearly symmetrical diurnal profile with a maximum of
2.5 ppb h−1 around noon. The correlation analysis and sensitivity tests showed that the photo-induced NO2 con-
version on the ground was able to explain Punknown. Additional HONO sources incorporated into the box model
improved the model’s performance in simulating HONO concentrations. The revised box model reproduced the
nighttime HONO concentration well but still underestimated the daytime HONO concentration. Further sensi-
tivity tests indicated the underestimation of daytime HONO was not due to uncertainties of photo-induced NO2
uptake coefficients on the ground or aerosol surfaces or the enhancement factor of nitrate photolysis but was
more likely due to other sources that were not considered in the model. Among the incorporated HONO sources
and the default gas-phase source, photo-induced NO2 conversion on the ground dominated the modeled HONO
production during the daytime, accounting for 71 % of the total, followed by NO+OH, NO2 hydrolysis on the
ground surface, vehicle emissions, photo-induced NO2 conversion on the aerosol surface, nitrate photolysis and
NO2 hydrolysis on the aerosol surface. NO2 hydrolysis on the ground surface was the major source of nighttime
HONO, contributing 55 % of total HONO production. HONO photolysis contributed 43 % of ROx production
during the daytime, followed by O3 photolysis (17 %), HCHO photolysis (14 %), ozonolysis of alkenes (12 %)
and carbonyl photolysis (10 %). With observed HONO as a model constraint, the average peak of net ozone pro-
duction rate increased by 88 % to 12.6 ppb h−1 compared to that without observed HONO as a model constraint,

Published by Copernicus Publications on behalf of the European Geosciences Union.



15456 C. Ye et al.: HONO chemistry at a suburban site during the EXPLORE-YRD campaign

indicating HONO evidently enhanced O3 production and hence aggravated O3 pollution in summer seasons. Our
study emphasized the importance of heterogeneous NO2 conversion on the ground surface in HONO production
and accurate parameterization of HONO sources in predicting secondary-pollutant production.

1 Introduction

OH radicals are the primary oxidant in the atmosphere,
accelerating the degradation of gas-phase pollutants and
regulating the lifetime of trace gases. OH oxidation will
lead to secondary-pollutant formation like secondary organic
aerosol (SOA) and O3, which both have adverse impacts on
air quality. HONO is one of the most important precursors of
OH radicals by photolysis (Reaction R1), especially in pol-
luted areas, contributing up to 92 % of primary OH produc-
tion (Alicke et al., 2003; Kleffmann et al., 2005; Elshorbany
et al., 2009; Hou et al., 2016; Xue et al., 2020; Tan et al.,
2017). Previous studies reported that HONO was a vital OH
precursor not only in the early morning but also throughout
the day (Neftel et al., 1996; Ren et al., 2003, 2006; Michoud
et al., 2012). Therefore, HONO is closely linked to atmo-
spheric oxidation capacity, and the accurate representation
of HONO sources in models is important for air quality pre-
dictions and control strategy development.

HONO
hν
−→ OH+NO (R1)

OH+NO
M
−→ HONO (R2)

However, HONO sources are still controversially discussed
due to the complexity of their formation mechanisms. Till
now, several HONO sources, including gas-phase reactions,
direct emissions, heterogeneous reactions on various surfaces
and acid displacement reactions, have been proposed. The
gas-phase HONO source mainly comes from the reaction be-
tween OH and NO (Reaction R2). This source is too small
to explain high HONO levels frequently observed at dif-
ferent sites in the world (Lee et al., 2016; Michoud et al.,
2014; Liu et al., 2019b; Kleffmann et al., 2003), indicat-
ing other sources still exist. Large unknown HONO sources
were reported at different sites, for instance, 3 ppb h−1 in
Tai’an (Xue et al., 2022), 2.58 ppb h−1 in Beijing (Spataro
et al., 2013), 0.7 ppb h−1 in Paris (Michoud et al., 2014)
and 1.77 ppb h−1 in Santiago (Elshorbany et al., 2009). The
strength of the unknown source was 1 order of magnitude
higher than the HONO production rate by the OH+NO reac-
tion. Other gas-phase sources, like the reaction between ex-
cited NO2 and water molecules (Li et al., 2008) and the pho-
tolysis of nitro-phenols (Bejan et al., 2006), have also been
proposed. However, the two gas-phase sources were verified
to be of minor importance to HONO production under at-
mospherically relevant conditions (Yang et al., 2021a; Sorgel
et al., 2011). Direct emissions include emissions from com-
bustion sources and fertilized soil by biological processes.

HONO could be directly released from vehicle exhaust and
is often characterized by the HONO /NOx ratio, which is
typically less than 2 % of NOx emissions (Kurtenbach et al.,
2001; Xu et al., 2015; Kramer et al., 2020). Hence, HONO
emissions by vehicles were considered to play a minor role
in HONO formation, especially in rural and remote areas.
Biomass-burning episodes like wildfire also contributed to
HONO emissions on a global scale (Nie et al., 2015; Cui
et al., 2021). HONO emitted by wildfires was estimated to
account for two-thirds of OH production in fresh wildfire
plumes, which accelerated the age of plumes and O3 pro-
duction (Theys et al., 2020). In addition, microbe-produced
nitrite from fertilized soil can produce HONO (Su et al.,
2011; Oswald et al., 2013; Weber et al., 2015; Scharko et
al., 2015; Wang et al., 2021). Recent field studies revealed
HONO and concurrent O3 and H2O2 enhancements after
fertilization events in the North China Plain, implying the
significant impact of soil-emitted HONO on regional atmo-
spheric oxidation capacity (Xue et al., 2021).

NO2+H2O
surfaces
−→ HONO+HNO3 (R3)

NO2+Ared
→ HONO+A′′ (R4)

HNO3(ads)
hν
−→ [HNO3]∗ads (R5)

[HNO3]∗ads→ HONOads+Oads (R6)

Heterogeneous processes are believed to be important for
HONO production. Heterogeneous NO2 conversion on hu-
mid surfaces (Reaction R3) has long been identified as an im-
portant source of nighttime HONO, with two NO2 molecules
converting to one HONO molecule (Finlayson-Pitts et al.,
2003; Stutz et al., 2004). However, Reaction (R3) could not
explain HONO levels during the daytime. Field measure-
ments revealed that the unknown HONO source was pos-
itively correlated with j (NO2), indicating a photo-induced
process (Vogel et al., 2003; Lee et al., 2016). Photo-induced
NO2 conversion on humic acid was proposed to explain day-
time HONO (Reaction R4) (Stemmler et al., 2006, 2007).
This source was found to be important to sustain high day-
time HONO levels (Wong et al., 2013; Zhang et al., 2016;
Xue et al., 2022). In addition, adsorbed nitrate and HNO3
photolysis on various surfaces was found to be enhanced
compared to gas-phase HNO3 and also contributed to HONO
formation (Zhou et al., 2011; Ye et al., 2016, 2017; Bao et al.,
2018; Baergen and Donaldson, 2013). However, the impor-
tance of heterogeneous adsorbed nitrate and HNO3 photoly-
sis on HONO production (Reactions R5–R6) is highly uncer-
tain, with the enhancement factor (EF) for nitrate photolysis
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relative to gas-phase nitric acid spanning 3 orders of magni-
tude from 1 to 1000 (Ye et al., 2017; Bao et al., 2018; Laufs
and Kleffmann, 2016; Romer et al., 2018; Shi et al., 2021).
HONO deposition during the nighttime and subsequent des-
orption from the soil by strong acid displacement during the
daytime were proposed to be a HONO source (Vandenboer
et al., 2015). Although various sources have been proposed,
there are still large uncertainties about many mechanisms and
the relative importance of each mechanism in different envi-
ronments.

O3 pollution is serious in China in the summer and
becomes a major air quality issue. The observed ozone-
increasing rates from 2013–2017 were 3.11, 2.29, 0.56 and
1.63 ppb yr−1 in Beijing–Tianjin–Hebei (BTH), the Yangtze
River Delta (YRD), the Pearl River Delta (PRD) and the
Sichuan Basin (SCB), respectively, the four megacity clus-
ters in China (Li et al., 2019a). O3 is produced by complex
photochemical chain reactions between volatile organic com-
pounds (VOCs) and NOx in the presence of sunlight. Now
the control strategy for O3 pollution mainly focuses on the
reduction of VOCs and NOx , which mainly depend on the
O3 formation regimes. HONO photolysis is one of the major
sources of primary ROx radicals, which initiate the photo-
chemical reactions leading to O3 formation. More and more
field studies and modeling studies found that high HONO
levels in China aggravated O3 pollution. For instance, the in-
corporation of proposed HONO sources improved the pre-
dictions of O3 by the WRF-Chem model and increased O3
concentrations by 6 %–12 % compared with cases without
HONO sources (Zhang et al., 2016). Fu et al. (2019) found
that newly added HONO sources increased nitrate concen-
trations by 17 µg m−3 and O3 by 24 ppb during a winter pol-
lution episode in the PRD of China. Furthermore, missing
representations of HONO sources in box models or chemical
transport models would affect the judgment of O3 formation
regimes and lead to ineffective O3 mitigation strategies (Li et
al., 2018c; Liu et al., 2023b). Therefore, an accurate under-
standing of HONO formation mechanisms is important for
the refinement of the O3 pollution control policy.

YRD is one of the most populated and polluted areas in the
world. Recently, this area has witnessed an evident increase
in O3 levels, with O3 pollution days more than doubling (28
to 76 d) from 2014 to 2017 (Liu et al., 2020). A large number
of studies were carried out that mainly focused on the study
of O3 pollution characteristics and determination of O3 sensi-
tivity to VOCs and NOx (Ding et al., 2013; Xing et al., 2017;
Wang et al., 2019), while research on HONO formation
mechanisms and their effects on the ROx (OH, HO2, RO2
radicals) budget and O3 production was still limited. The
EXPLORE-YRD campaign (EXPeriment on the eLucidation
of the atmospheric Oxidation capacity and aerosol foRma-
tion and their Effects in the Yangtze River Delta) was car-
ried out with the aim of exploring the atmospheric oxidation
capacity in the area and developing an effective co-control
strategy for both O3 and particulate matter. As mentioned

above, HONO chemistry is closely linked to atmospheric ox-
idation capacity and, therefore, should be comprehensively
studied. In this study, HONO was measured along with other
gas-phase (including OH, HO2, VOCs, NOx), aerosol-phase
and meteorological parameters during the EXPLORE-YRD
campaign in China, providing us with a detailed evaluation
of HONO chemistry by employing an observation-based box
model. We first investigate the HONO variation characteris-
tics and the strength of the unknown source. Then correla-
tion analysis and sensitivity tests were performed to investi-
gate preliminarily the relative importance of different HONO
sources. Then we incorporate proposed HONO sources into
the box model to investigate if these sources could explain
observed HONO concentration. The comparison of modeled
and measured HONO provides unique information for un-
derstanding different HONO formation mechanisms and ex-
ploring their respective contributions to HONO production.
Based on modeling results, the contribution of HONO pho-
tolysis to primary ROx production was calculated. In ad-
dition, the O3 formation rates calculated with and without
HONO sources were also compared to investigate the effects
of HONO on O3 production.

2 Experiment

2.1 Site description

The EXPLORE-YRD campaign was performed from
14 May to 20 June 2018 at a suburban site (32.56◦ N,
119.99◦ E) in the YRD region, one of the most polluted areas
in China. The measurement site is located in the park of the
meteorological radar station in the city of Taizhou, which is
situated 200 km northwest of the city of Shanghai (Fig. S1
in the Supplement). This location was remote from indus-
trial centers, bordered by farmlands and fishponds, and occa-
sionally affected by biomass-burning events. Winds from the
east and southeast prevailed during the measurement periods,
indicating this site is influenced by anthropogenic pollution
from the YRD region. All the instruments were placed in five
containers, and the sampling inlet was about 5 m above the
ground.

2.2 HONO measurement

HONO was measured by a commercial HONO monitor
(LOPAP, QUMA), which was based on a wet chemical tech-
nique. A detailed description of the instrument has been in-
troduced in previous studies (Heland et al., 2001; Xue et
al., 2020). Briefly, HONO was sampled by stripping solution
(sulfanilamide plus HCl) in a stripping coil. Then the sam-
pled solution reacted with a n-(1-naphthyl)ethylenediamine-
dihydrochloride solution, yielding azo dye, which was de-
tected by an optical absorption spectrometer at 550 nm. In
order to minimize the effect of interfering species, two strip-
ping coils in series were employed. In the first coil, nearly all
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HONO and a small fraction of interfering species were sam-
pled. In the second coil, assuming the same number of inter-
fering species was sampled, the difference in signals between
the two coils represents the true HONO concentration in the
atmosphere. Zero calibration was performed every day. The
detection limit and uncertainty of the instrument were 5 ppt
and 10 %, respectively.

2.3 Other measurements

A comprehensive set of gas-phase and aerosol-phase pa-
rameters has been measured in the campaign, and detailed
information on parameters and instruments is listed in Ta-
ble S1 in the Supplement. Here we will make a brief intro-
duction. O3, CO, SO2 and PM2.5 were measured by Model
49i, Model 48i, Model 43i and Model 1400A from Thermo
Inc, respectively. NOx was measured by a trace-level ana-
lyzer (Model 42i), which was equipped with a home-built
photolytic converter for the true NO2 measurement to avoid
interference from other NOy species like peroxyacetyl nitrate
(PAN), HONO and organic nitrate. As NO2 was an important
precursor of HONO, the true NO2 measurement was used
in this study to better understand HONO formation mech-
anisms. VOCs were measured by an online gas chromato-
graph equipped with a flame ionization detector and mass
spectrometer. HCHO was measured by the Hantzsch fluores-
cence technique. OH and HO2 radicals were measured by the
PKU-LIF (Peking University Laser Induced Fluorescence)
system, and detailed information about PKU-LIF equipment
can be found in our previous studies (Lu et al., 2013; Tan et
al., 2017; Ma et al., 2022). Photolysis frequencies were cal-
culated using spectroradiometer-measured integrated actinic
flux. RH, temperature, pressure, wind speed and wind direc-
tion were simultaneously measured by a portable weather
station (MAWS301, Vaisala, Finland). The aerosol surface
area (Sa) was derived from data measured by a scanning
mobility particle sizer instrument (SMPS; TSI 3936) and an
aerosol particle sizer instrument (APS; TSI 3321). Aerosol-
phase water-soluble ions were measured by a gas and aerosol
collector (GAC)-equipped ion chromatography instrument.

2.4 Observation-based box model

HONO concentration was simulated by a box model based
on the RACM2-LIM1 mechanism. The model was con-
strained with measurements of NO, NO2, O3, CO, H2O,
C2-C12 VOCs, HCHO, OH radicals, temperature and pres-
sure with a time resolution of 5 min. Measured HONO was
only constrained when trying to explore the contribution
of HONO to primary ROx budget and O3 production rate.
In other cases, HONO was not constrained in model sim-
ulations. In addition, j (O1D), j (HONO), j (H2O2), j (NO2)
and j (HCHO) were also constrained to the model. CH4 and
H2 were assumed to be 1900 and 550 ppb, respectively. In
RACM2-LIM1, based on the reactivities with OH, different

VOCs were assigned to different lumped species rather than
treated individually. A first-order dilution loss term with a
lifetime of 8 h was assigned to all species to represent depo-
sition and advection loss. The modeled PAN and observed
PAN matched well (Fig. S2), and the ratio of modeled-to-
observed PAN concentration was 1.09 if this dilution term
was incorporated. Detailed information on the box model can
be found in our previous studies focusing on simulating OH
and HO2 radicals (Tan et al., 2017, 2018; Ma et al., 2019).

2.5 Ozone production rate calculation

The total ozone production rate (F (O3)) was directly de-
termined by the reactions between NO and peroxy radicals
(Eq. 1). Due to a lack of measurements of different peroxy
radical species, model-calculated peroxy radical concentra-
tions were used in Eq. (1). O3 was mainly consumed by pho-
tolysis and reactions with alkenes, OH and HO2. In addition,
the reaction between OH and NO2 forms HNO3, which con-
stitutes a portion of the O3 loss. NO3 radicals, formed by
the reaction between NO2 and O3, could subsequently form
N2O5 or organic nitrate formation, contributing to O3 loss.
The loss rate of O3 can be described in Eq. (2). Therefore,
the net ozone production rate P (O3) can be obtained by cal-
culating the difference between F (O3) and D(O3) (Eq. 3).

F (Ox)=kNO+HO2 [NO][HO2]

+

∑
i

kRO2i+NO[RO2]i [NO] (1)

D (Ox)=kO1D+H2O

[
O1D

]
[H2O]+ [O3](

kO3+Alkenes [alkenes]
+kO3+HO2 [HO2]
+kO3+OH [OH] )+ kOH+NO2 [NO2] [OH]
+3

(
kO3+NO2 [NO2] [O3]− kNO+NO3 [NO3]

[NO]− jNO3 [NO3] ) (2)
P (Ox)= F (Ox)−D(Ox) (3)

3 Results and discussion

3.1 Overview of the measurements

Figure 1 presents the time profiles of HONO and related
chemical species as well as meteorological conditions from
23 May to 18 June 2018. The temperature ranged from 15
to 35◦C, and the RH ranged from 30 % to 100 % during
the measurement period. Rainfall events occurred on 25–26
May and 10 June, and corresponding concentrations of both
primary and secondary pollutants were low as a result of
low solar radiation intensity and the scouring effect of rain.
The daily maximum values of j (O1D) frequently exceeded
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Figure 1. Time series of HONO, O3, CO, PM2.5, OH, HCHO, NOx , relative humidity (RH), temperature and j (O1D) during the EXPLORE-
YRD campaign.

2× 10−5 s−1, indicating strong solar radiation intensity dur-
ing most days of the measurement period. The mean diurnal
profiles of HONO and related parameters are shown in Fig. 2.
Similar with CO, HCHO peaked around 08:00 LT with a
maximum of 5 ppb, indicating the effect of anthropogenic-
emission-related sources. While the sampling site is located
in a suburban area with no heavy traffic nearby, the maximum
values of NO and NO2 during the campaign reached 38.6 and
49.6 ppb, respectively. The maximum diurnal-averaged con-
centrations of NO and NO2 were 4.4 and 14.8 ppb, respec-
tively. As VOCs and NOx are important precursors of O3,
relatively high NOx and VOCs are conducive to O3 produc-
tion. The daily maximum 8 h average O3 concentrations fre-
quently exceeded Class-II limit values (160 µg m−3, which is
equivalent to 82 ppb at 298 K and 1013 kPa) of the National
Ambient Air Quality Standard, and the highest concentration
can reach as high as 150 ppb, indicating serious photochem-
ical pollution. From 06:00 LT, O3 starts to rise rapidly with
the increase in solar radiation intensity and reaches a maxi-
mum value of 85 ppb at 15:00 LT. Subsequently, O3 concen-
trations start to decrease rapidly due to the decrease in O3
in situ production, NO titration and dry deposition. Concur-
rent PM2.5 and O3 pollution occurred from 28 to 30 May,
which is not unexpected as both pollutants are closely linked
to the oxidation of VOCs and NOx . The co-occurrence of
PM2.5 and O3 pollution in China has been frequently ob-
served in recent years (Li et al., 2019b), especially in the
spring and autumn seasons, making it a significant challenge

for the next phase of air-cleaning actions in China to syn-
ergistically control both pollutants. OH radicals showed a
typical diurnal pattern, with a maximum around noon and
very low concentrations in the morning and night. The mean
diurnal pattern shows that the average peak concentration
of OH radicals is 1.0× 107 cm−3. With respect to summer
OH concentrations in China, the average peak OH concen-
trations measured in this study are higher than those mea-
sured in Wangdu (9.0×106 cm−3) (Tan et al., 2017), Heshan
(3.2×106 cm−3) (Ma et al., 2022) and Yufa (4.5×106 cm−3)
(Lu et al., 2013). The relatively high OH concentration im-
plied a strong atmospheric oxidizing capacity in this region.
The reaction between OH and NO is the dominant gas-phase
source of HONO. Compared with most other studies aiming
at investigating the HONO budget, the concurrent measure-
ment of OH radicals in our study will enable us to more accu-
rately assess the contribution from other sources (excluding
NO+OH) to HONO production.

HONO concentrations exhibited significant day-to-day
variations, with the highest concentration reaching 4.4 ppb
and the lowest concentration of several tens of parts per
thousand. The maximum HONO concentration was observed
on the night of 24 May, with HONO increasing from 1.8
to 4.4 ppb in 3 h. Interestingly, during this period, PM2.5
increased concurrently from 112 µg m−3 to a maximum of
203 µg m−3, indicating HONO and PM2.5 might have origi-
nated from the same source. Considering HONO, PM2.5 and
CO increased concurrently in such a short period, a primary
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Figure 2. The diurnal patterns of HONO, HONO /NOx , NO, NO2,
CO, O3, HCHO and j (O1D).

source like biomass burning was the possible reason for this
event.

In Fig. 2, HONO showed a typical diurnal pattern, i.e.,
high concentrations in the early morning and evening and
low concentrations during the daytime, as typically observed
at other rural, suburban and urban sites (Li et al., 2010; Mi-
choud et al., 2014; Xu et al., 2015; Lee et al., 2016). HONO
generally began to accumulate in the evening, when HONO
photolysis loss ceased. High NO2 concentrations, which fa-
cilitated heterogeneous NO2 reactions on humid surfaces,
together with the primary vehicle emissions, led to an in-
crease in HONO during the nighttime. After sunrise, HONO
showed a rapid decrease due to fast photolysis and reached a
minimum in the later afternoon. Considering that the atmo-
spheric lifetime of HONO is only 10–20 min (with respect to
photolysis) around noon (Sörgel et al., 2011), however, the
averaged noontime HONO concentration was relatively high
(0.5 ppb), implying the existence of strong daytime HONO
sources to counteract its rapid photolysis. Furthermore, it
can be clearly seen that periods with high NO2 concentra-
tions were typically accompanied by high HONO concen-
trations (29–30 May, 5–7 June), and vice versa. This phe-
nomenon further confirmed that NO2 is an important precur-
sor for HONO production. In addition, O3 pollution episodes
also coincided with high HONO levels (e.g., 5–8 June). This
phenomenon can be attributed to the following two reasons:
firstly, O3 and HONO have a common precursor NOx ; sec-
ondly, the photolysis of HONO will lead to the production of
OH radicals, which will eventually promote the production
of O3, so the higher HONO concentration will lead to the

higher O3 production, which will be further confirmed later
in our model analysis.

HONO /NOx is an important parameter to characterize
the HONO concentration and the extent of heterogeneous
NO2 conversion to HONO because it is less affected by trans-
port and up–down convection compared to the HONO con-
centration. As shown in Fig. 2, HONO /NOx started to in-
crease after 18:30 LT, when HONO photolysis loss ceased.
However, with the fresh NOx continuing to be emitted,
the ratio then remains nearly constant overnight. The atmo-
spheric lifetime of HONO is very short compared to NOx .
The main source of nocturnal HONO was generally consid-
ered to be the heterogeneous NO2 hydrolysis reaction, and
if this source also dominated daytime HONO production,
the rapid photolytic loss of HONO would make the day-
time HONO /NOx value decrease to a minimum. In con-
trast, a daytime HONO /NOx maximum (0.17) was ob-
served around 12:00 LT, indicating other important sources,
which is much faster than the heterogeneous NO2 hydroly-
sis reaction, dominating daytime HONO production. Addi-
tionally, the mean diurnal pattern of HONO /NOx resem-
bled that of j (O1D), pointing to the possibility of light-
promoted HONO sources being dominant during the day.
In terms of mean diurnal profiles, the average peak value
of HONO /NOx in this study is much larger than that re-
ported in Beijing (0.08) (Gu et al., 2022), London (0.04) (Lee
et al., 2016) and Nanjing (0.055) (Liu et al., 2019a), which
indicated the high efficiency of NOx-to-HONO conversion.
HONO /NOx measured in summer is typically higher than
that measured in winter, which could be attributed to higher
solar radiation intensity and hence promote the conversion
of NOx to HONO by photosensitized reduction. In addition,
considering that the observation period covered the fertiliza-
tion period in June, the high HONO /NOx in our study may
be partially explained by direct soil HONO emissions around
the sampling sites.

The average HONO concentration during the EXPLORE-
YRD campaign is 0.62± 0.49 ppb, which is within the range
of the summer HONO concentration reported in previous
studies and is much lower than the observed concentration
in winter in other sites in China, like Wangdu (1.8± 1.4 ppb)
(Xue et al., 2020), Xianghe (2.18± 1.95 ppb) (Zhang et
al., 2022b), Jinan (1.35 ppb) (Li et al., 2018a) and Beijing
(0.98± 0.85 ppb) (Zhang et al., 2022c), probably due to the
relatively low concentration of NOx in summer. However,
the observed HONO concentration is higher than that ob-
served in summer in some suburban sites, like Hong Kong
(0.35± 0.30 ppb) (Xu et al., 2015) and Xi’an (0.51 ppb)
(Huang et al., 2017), which also indicates the relatively
high atmospheric oxidizing capacity in this region. Liu et
al. (2019a) reported a comparable summer HONO concentra-
tion of 0.56 ppb at a suburban site in the YRD region. A rela-
tively high average HONO concentration of 0.76 ppb (0.01–
5.95 ppb) was reported at a suburban site in the YRD region
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Figure 3. The diurnal profiles of calculated the strength of the un-
known HONO source (Punknown) and observed HONO.

during the biomass-burning season, which was attributed to
the influence of biomass events (Nie et al., 2015).

3.2 Strength of the unknown HONO source

More and more studies now confirm that gas-phase reactions
are far from sufficient to explain the observed HONO con-
centrations, and in this study we also calculated the contri-
bution of non-gas-phase reactions to the HONO production
based on the measured data (Punknown). The reaction between
NO and OH is the only considered gas-phase HONO source,
and the removal pathways of HONO include photolysis – the
reaction with OH radicals. Thus, Punknown is calculated as
follows:

dHONO
dt

= PNO+OH+Punknown−PHONO+OH−Pphotolysis,

Punknown =
1HONO
1t

+ kHONO+OH [HONO][OH]

+jHONO [HONO]− kNO+OH [NO][OH] ,

where dHONO / dt represents the change rate of
observed HONO at 5 min intervals. OH, NO and
j (HONO) were constrained by measured data.
The reaction rate constants for NO+OH and
HONO+OH were 9.8× 10−12 cm3 molec.−1 s−1 and
6.0× 10−12 cm3 molec.−1 s−1, respectively. The calcu-
lated mean diurnal profile of Punknown is shown in Fig. 3.
Punknown showed a symmetrical diurnal trend and peaked
around 10:00–12:00 LT with a maximum of 2.5 ppb h−1.
The variation in Punknown tracked the profile of j (O1D),
which may be a hint of a photo-induced process driving
HONO production. The average peak value of Punknown
was comparable to that measured in Beijing (2.58 ppb h−1)
and is larger than in Guangzhou (0.65 ppb h−1), Santiago
(1.77 ppb h−1), indicating the important contribution of
the unknown source to HONO production. While HONO
concentration is relatively low at noon, the strength of the
unknown source is the largest, as a strong source is needed
to compensate for the rapid photolysis loss of HONO at
noon.

Meanwhile, a 0-D box model was employed to understand
the observed HONO profiles, and only the default NO+OH

Figure 4. The modeled HONO concentration with only default
HONO source (OH+NO).

reaction was considered for HONO production (scenario S0
in Table 2). Although the HONO diurnal trend was cap-
tured in the base run simulation, the simulated HONO con-
centration was about an order of magnitude lower than the
measured concentration (Fig. 4), further confirming the cru-
cial role of non-gas-phase sources in HONO production.
The simulated HONO concentration was less than 0.05 ppb
around noontime, and the average peak concentration was
only 0.2 ppb.

3.3 Correlation analysis

As the strength of the unknown source of daytime HONO
was much greater, we focused on analyzing the unknown
source of daytime HONO in this part. According to our
analysis above, photo-induced processes were likely to be
the reason for the high observed HONO during the day-
time. Previous studies have proposed some photo-induced
heterogeneous pathways, including photo-induced NO2-to-
HONO conversion on the aerosol surface, photo-induced
NO2-to-HONO conversion on the ground surface and hetero-
geneous nitrate photolysis. However, the relative importance
of these sources to HONO production is still highly contro-
versial. The comprehensive measurements performed during
the EXPLORE-YRD campaign provide us with a unique op-
portunity to evaluate different HONO sources.

The correlation analysis between Punknown and other po-
tential parameters can provide us with a preliminary un-
derstanding of the potential HONO sources. NO2 concen-
tration can be an important indicator of the heterogeneous
reaction of NO2 at the ground surface because the ground
surface-to-volume ratio is considered to be constant for a
well-mixed boundary layer. NO2× Sa can represent the het-
erogeneous NO2 reaction on the aerosol surface. The particle
nitrate concentration can be used as an indicator of nitrate
photolysis. Therefore, NO2× j (NO2), NO2× j (NO2)× Sa
and NO−3 × j (NO2) can be used as proxies for three hetero-
geneous HONO sources, respectively. As shown in Fig. 5,
we found that the unknown source correlated weakly with
NO2× j (NO2)× Sa, indicating photo-induced NO2 conver-
sion on the aerosol surface might play a minor role in day-
time HONO production. In contrast, the correlation coeffi-
cients (R2) of Punknown with NO2× j (NO2) and Punknown
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Figure 5. The strength of the unknown source (Punknown; 08:00–18:00 LT) plotted against NO2×j (NO2), NO2×j (NO2)×Sa and NO−3 ×
j (NO2).

with NO−3 × j (NO2) (R2
= 0.66) were significantly higher,

suggesting that the photo-induced NO2 conversion on the
ground surface and nitrate photolysis may have a profound
impact on HONO production, which will be discussed in
more detail in Sect. 3.4.

3.4 HONO formation by different heterogeneous
mechanisms

In this section, sensitivity tests were performed to understand
how the uncertainties of different photolytic HONO forma-
tion pathways would impact HONO production. The goal of
these tests was to investigate if the potential HONO forma-
tion pathways could explain the profiles of Punknown.

3.4.1 Photo-induced NO2 conversion on the aerosol
surface

The HONO production rate by photo-induced NO2 conver-
sion on the aerosol surface (Paerosol+hν) can be expressed as
follows:

Paerosol+hν =
1
4
γaerosol+hν×

j (NO2)
0.005s−1 ×[NO2]×υNO2×Sa,

where υNO2 is the mean molecule speed of NO2, Sa is the
aerosol surface area density, and γaeosol+hν is the photo-
induced NO2 uptake coefficient on the aerosol surface which
depends on the solar radiation intensity. Previous laboratory
studies have reported the positive dependence of γaeosol+hν
on solar radiation intensity. Accordingly, j (NO2)

0.005 s−1 in the
equation represents the promotion effect of solar radiation
(Vogel et al., 2003; Wong et al., 2013).

From the equation, we can see that γaeosol+hν is the key
factor affecting the HONO production rate. The laboratory-
derived γaeosol+hν ranged from 10−4 to 10−7, largely depend-
ing on the components of the model aerosols used in labo-
ratory experiments. γaeosol+hν on the soot surface was mea-
sured to be 10−4 (Ammann et al., 1998) but rapidly decreased
to 10−7 due to the consumption of reactive sites (Gerecke
et al., 1998; Kleffmann et al., 1999). Stemmler et al. (2007)
measured γaeosol+hν on the humic acid aerosol surface up to

2× 10−5, which was considered to be more relevant for am-
bient conditions. Here we used a photo-induced uptake co-
efficient of 2× 10−5 and increased the value to 2× 10−4 as
an upper limit to check if the photo-induced NO2 conversion
on the aerosol surface could explain Punknown. As shown in
Fig. 6a, HONO production by photo-induced NO2 conver-
sion on the aerosol surface was much lower than Punknown
even with an upper limit of 2× 10−4, indicating that the con-
tribution of the photo-induced NO2 conversion on the aerosol
surface to HONO is minor, consistent with previous correla-
tion analysis. A recent study also revealed NO2 conversion
on the aerosol surface contributed less than 5 % and 12 % of
HONO production in the summer and winter seasons at a ru-
ral site, respectively (Song et al., 2022).

It should be mentioned that non-photo-induced NO2 con-
version (NO2 hydrolysis) on the aerosol surface also con-
tributed to HONO production during the daytime. However,
NO2 hydrolysis is generally considered to be much slower
than photo-induced NO2 conversion. Therefore, it could not
be the main source of daytime HONO in our study and was
not discussed here.

3.4.2 Heterogeneous nitrate photolysis

The expression for the contribution of heterogeneous nitrate
photolysis to HONO production is as follows:

PNO−3 +hν
=
[
NO−3

]
×j

(
NO−3

)
=
[
NO−3

]
×j (HNO3)g×EF,

where [NO−3 ] is the concentration of nitrate (ppb), j (HNO3)g
is the photolysis rate constant of gas-phase nitric acid, and EF
is the enhancement factor (the ratio of aerosol-phase nitrate
photolysis rate constant to gaseous nitrate photolysis rate
constant). Recent evidence from a number of studies sug-
gested that aerosol-phase nitrate photolyzes quickly to gen-
erate NO2 or HONO with a rate between 10 and 300 times
faster than that of gas-phase HNO3 (Zhou et al., 2011; Ye
et al., 2016, 2017). However, there is still great controversy
about the rate constant of heterogeneous nitrate photolysis.
For instance, observed NOx and HNO3 during the Korea–
United States Air Quality (KORUS-AQ) campaign were best
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Figure 6. HONO production rates by different HONO formation pathways with different parameter settings. (a) Photo-induced NO2 con-
version on the aerosol surface, (b) heterogeneous particulate nitrate photolysis and (c) photo-induced NO2 conversion on the ground surface.

explained with a moderate EF of 1–30 by detailed box mod-
eling (Romer et al., 2018). Modeled O3 was largely overesti-
mated compared to observations when EF was set to 120 in a
recent modeling study, indicating EF under atmospherically
relevant conditions may be much lower than 120 (Zhang et
al., 2022a). Laufs et al. (2016) investigated HNO3 photoly-
sis on quartz glass surfaces and found the EF value was less
than 10. A recent chamber study indicated that suspended ni-
trate aerosol released HONO with an EF lower than 10 (Shi
et al., 2021). Andersen et al. (2023) found the EF of marine
nitrate aerosol increased with RH and decreased with partic-
ulate nitrate concentrations through aircraft and ground mea-
surements, which could partly explain the large discrepancy
in EF values under different conditions.

We performed sensitivity tests with EF values of 20, 50
and 100 to understand how uncertainties in EF would im-
pact HONO production and if particulate nitrate photolysis
could explain Punknown. As shown in Fig. 6b, we calculated
the HONO production rate of nitrate photolysis under differ-
ent EF conditions and found that regardless of whether the
EF is 20, 50 or 100, the calculated HONO production rate
was about 1 order of magnitude lower than Punknown, indi-
cating that the contribution of nitrate photolysis to HONO is
minor at this site due to the relatively low concentration of
particulate nitrate in summer compared to winter. Zhang et
al. (2022a) pointed out that HONO production contributed
by nitrate photolysis was an order of magnitude higher than
that on clean days.

3.4.3 Photo-induced NO2 conversion on the ground
surface

Vertical HONO measurements revealed a negative profile
(Kleffmann et al., 2003; Wong et al., 2013; Tuite et al., 2021),
providing evidence that a strong HONO source is likely near
the ground surface. Laboratory studies confirmed the specu-
lation and found that photo-induced reactions between NO2

and organic material (e.g., humic acids) lead to pronounced
HONO production (George et al., 2005; Stemmler et al.,
2006; Han et al., 2016). Since humic acids are an important
component of soil and soil constitutes an important portion
of the ground surface, this mechanism seems to be an impor-
tant candidate for HONO sources in the lower troposphere.

HONO production by photo-induced NO2 conversion on
the ground surface can be expressed as follows:

Pground+hν =
1
4
γground+hν ×

j (NO2)
0.005s−1 × [NO2]× υNO2 ×

1
MLH

.

According to laboratory-derived uptake coefficients on hu-
mic acids, γground+hν is on the order of 10−5 (Stemmler et
al., 2006, 2007; Han et al., 2016), and sensitivity tests were
performed with γground+hν of 2.5× 10−5 and 4× 10−5. In
addition, mixing layer height (MLH) is also a crucial fac-
tor influencing the HONO production rate on the ground
surface. MLH refers to the height of the atmospheric layer
where turbulent mixing occurs and pollutants are effectively
mixed throughout the layer. It is worth mentioning that MLH
instead of boundary layer height (BLH) was used here, as
BLH would result in a significant underestimation of surface
HONO source strength. Recent HONO vertical measure-
ments revealed that the HONO concentration at 100 m was
evidently lower than that near the surface, implying MLH
was less than 100 m (Vogel et al., 2003; Vandenboer et al.,
2013; Xing et al., 2021). Here we take the value of 50 m for
the MLH based on previous studies (Lee et al., 2016; Xue
et al., 2022; Zhang et al., 2022c). When the γground+hν was
4× 10−5, the variation trend and magnitude of HONO pro-
duction were similar to Punknown (Fig. 6c), indicating photo-
induced NO2 conversion on the ground surface was an im-
portant HONO source. This was consistent with some stud-
ies combining field measurements and modeling simulations
(Wong et al., 2013; Tuite et al., 2021).
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3.5 HONO formation by vehicle emissions

It is generally accepted that HONO can be emitted by vehi-
cle exhaust, and HONO /NOx is used as a proxy to quan-
tify primary HONO emissions from vehicles. Based on pre-
vious studies (Kurtenbach et al., 2001; Liu et al., 2019a),
we used a widely applied ratio of 0.008 to calculate HONO
emissions by vehicles at night. Considering the short life-
time of HONO with respect to photolysis during the day-
time, the daytime HONO concentrations contributed by vehi-
cles would be overestimated if a fixed value of HONO /NOx
were used. Therefore, the atmospheric lifetime of NOx and
HONO should be taken into consideration to calculate vehi-
cle emissions during the daytime (Xue et al., 2022; Zhang et
al., 2022c).

Primary HONO emissions from vehicles can be expressed
as follows:

HONOemi = 0.008×NOx(nighttime),

HONOemi = 0.008×NOx ×
τ (HONO)
τ (NOx)

(daytime),

where τ (HONO) and τ (NOx) denote the atmospheric life-
time of HONO and NOx , respectively. τ (HONO) can be ex-
pressed as follows:

τ (HONO)=
1

j (HONO)+OH× kOH+HONO
.

NOx in the atmosphere is mainly removed through reaction
with OH to generate HNO3 and through N2O5 hydrolysis
to generate HNO3. N2O5 hydrolysis is negligible compared
to NO2+OH during the daytime. Therefore, the atmospheric
lifetime of NOx can be expressed as follows:

τ (NOx)=
1

OH× kOH+NO2

×

(
1+

NO
NO2

)
.

The average diurnal profile of HONO contributed by vehicle
emissions is shown in Fig. S3. The calculated contribution
of vehicle emissions to observed HONO ranged from 2 % to
32 %, with an average value of 15 %.

3.6 Box modeling on HONO production with the
incorporation of different HONO sources

Based on the above analysis, five heterogeneous HONO for-
mation mechanisms were parameterized into the box model.
The mechanisms and corresponding parameter settings are
listed in Table 1. Such parameter settings are adopted from
previous laboratory and modeling studies (Stemmler et al.,
2006, 2007; Han et al., 2016; Romer et al., 2018; Zhang et
al., 2022a).

As shown in Fig. 7, including HONO sources signif-
icantly improved the model performance in HONO sim-
ulations. The box model incorporated with five heteroge-
neous sources (S1) reproduced observed HONO profiles dur-
ing nighttime well, indicating a reasonable representation of

Figure 7. Modeled HONO concentrations with additional HONO
sources compared to the observations. Model+Emi represents the
sum of modeled HONO and vehicle HONO emissions.

nighttime HONO mechanisms. However, HONO concentra-
tion was still underestimated from 12:00 to 16:00 LT, which
was likely caused by the following two reasons: (i) the un-
certainty of γground+hν,γaerosol+hν and EF and (ii) other un-
known daytime sources of HONO that were not included in
the model. Sensitivity tests were performed to see if the un-
certainties of the parameters adopted in models caused the
discrepancy between modeled and observed HONO concen-
trations during the daytime. The results of each sensitivity
run were compared to those of S1, and the description of
the changes in each sensitivity test is listed in Table 2. If
we increased γground+hν to 6× 10−5, the HONO concentra-
tion from 12:00 to 15:00 LT could be explained, whereas the
HONO concentration from 06:00–12:00 LT will be largely
overestimated (S2 in Fig. 8); if we increased γaerosol+hν to
2× 10−4 (S3 in Fig. 8), the modeled daytime HONO nearly
kept unchanged compared to S1 due to the low aerosol sur-
face area density; if we increased EF to 100, daytime HONO
still could not be explained (S4 in Fig. 8), indicating that the
underestimation of daytime HONO was not due to the uncer-
tainties of γground+hν , γaerosol+hν and EF but was more likely
due to other sources that were not considered. It should be
noted that the box model cannot take vertical transport into
account, which may introduce additional uncertainty. Wong
et al. (2013) indicated that upward transport played an impor-
tant role in distributing surface-produced HONO to the entire
boundary layer. A 1D or 3D model may be an ideal tool for
simulating HONO. The advantage of using the box model
to explore the source of HONO was that the box model was
constrained by simultaneously measured HONO precursors,
which enabled a more accurate investigation of its secondary
sources.

Modeled HONO profiles from 23 May to 18 June are
shown in Fig. 9. Notably, simulated HONO profiles showed
very good agreement with the observations from 23 May to
4 June while underestimating daytime and nighttime HONO
concentrations from 5 to 16 June. Previous studies observed
much higher HONO concentrations after fertilization com-
pared to periods before fertilization (Xue et al., 2021). Given
that the measurement site was surrounded by agricultural
fields and the measurement period covered the fertilization
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Table 1. Parameterized HONO source mechanisms in the box model.

Mechanisms Reaction Parameterization

NO2 hydrolysis on the aerosol surface NO2+ aerosol→ 0.5HONO γaerosol= 1× 10−5

Photo-induced NO2 conversion on the aerosol surface NO2+ aerosol
hν
−→ HONO γaerosol+hν = 2× 10−5

NO2 hydrolysis on the ground surface NO2+ ground→ 0.5HONO γground =2× 10−6

Photo-induced NO2 conversion on the ground surface NO2+ ground
hν
−→ HONO γground+hν = 2.5× 10−5

Nitrate photolysis NO−3
hν
−→ HONO EF= 20

Table 2. Different model simulation scenarios and corresponding configuration.

Scenario Configuration

S0 Default HONO formation mechanism (OH+NO)
S1 S0 plus five heterogeneous sources (parameters set as in Table 1) plus emissions
S2 γground+hν was changed to 6× 10−5 compared to S1
S3 γaerosol+hν was changed to 2× 10−4 compared to S1
S4 EF was changed to 120 compared to S1

Figure 8. Results from sensitivity tests compared with observed
HONO concentrations. S1: parameters are listed in Table 1;
S2: γground+hν was changed to 6× 10−5 compared to S1; S3:
γaerosol+hν was changed to 2× 10−4 compared to S1; S4: EF was
changed to 120 compared to S1.

event after the wheat harvest in June, fertilization-event-
induced soil HONO emissions may result in high daytime
HONO levels and the HONO /NOx ratio. Therefore, field
HONO flux measurements and laboratory investigations of
corresponding mechanisms are warranted in future work to
more accurately represent soil HONO emissions in models.

3.7 HONO budget

Figure 10a depicts the averaged diurnal profiles of the HONO
production rates from seven HONO sources (five heteroge-
neous sources, gas-phase NO+OH and vehicle emissions).
During daytime (06:00–19:00 LT), photo-induced NO2 con-
version on the ground surface was the main contributor to
simulated HONO, accounting for 71 % of the total, followed
by NO+OH, NO2 hydrolysis on the ground surface, vehi-

cle emissions, photo-induced NO2 conversion on the aerosol
surface, nitrate photolysis and NO2 hydrolysis on the aerosol
surface. The maximum production rate by photo-induced
NO2 conversion on the ground surface was 1.85 ppb h−1,
which occurred around 09:00 LT. The NO+OH reaction
played a minor role in HONO production. This is consistent
with recent studies, which also revealed that the NO+OH
reaction was too small to explain daytime HONO (Li et
al., 2018a; Michoud et al., 2014). In contrast, Liu et al.
(2021) reported that daytime HONO production was domi-
nated by the NO+OH reaction in summer in Beijing, con-
tributing 22 % of total HONO production. Despite the un-
certainties of γaerosol+hν and EF, photo-induced NO2 con-
version on the aerosol surface and nitrate photolysis con-
tributed less than 10 % of total production, implying they
were not important in HONO production at this site. As sug-
gested by previous studies, heterogeneous nitrate photolysis
may be more important under low-NOx conditions (Zhou et
al., 2003; Elshorbany et al., 2012). NO2 hydrolysis on the
ground surface dominated HONO production during night-
time, contributing 55 % of total production, consistent with
previous studies (Kleffmann et al., 2003; Vandenboer et al.,
2013). HONO loss was dominated by photolysis, followed
by deposition and reaction with OH (Fig. 10b). The average
peak loss rate by HONO photolysis was 2.3 ppb h−1.

Despite a good match between observed and measured
HONO during most days, HONO was still underestimated
after fertilization events, indicating the strong influence of
soil HONO emissions on the HONO budget in areas sur-
rounded by agricultural fields. Therefore, soil HONO emis-
sions should be well constrained, especially for rural areas
during fertilization periods. In addition, while nitrate photol-
ysis played a negligible role in HONO formation in our study,
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Figure 9. Time series of modeled and observed HONO concentra-
tions from 23 May to 18 June.

Figure 10. HONO production rates and loss rates by different path-
ways.

it may play a more important role in winter pollution periods
with high nitrate loadings. Our study highlighted the impor-
tant role of NO2 conversion on the ground surface. Previous
studies found that some coexisting gas species like NH3 and
CO2 may promote HONO production by the heterogeneous
NO2 reaction (Li et al., 2018b; Xu et al., 2019; Liu et al.,
2023a; Xia et al., 2021). Therefore, laboratory experiments
investigating heterogeneous NO2 conversion on the ground
surface with these species present are needed for better rep-
resentation of HONO formation in models.

3.8 HONO contribution to ROx and O3 production

The primary sources of ROx radicals mainly include O3 pho-
tolysis, HONO photolysis, ozonolysis of alkenes and car-
bonyl photolysis. Generally, in clean regions, O3 photoly-
sis is the main contributor to the primary source of radi-
cals, while in polluted urban areas, HONO photolysis ex-
ceeds O3 photolysis and becomes the main primary radical
source. Field measurements revealed that HONO photolysis
contributed more than 40 % of primary radical sources (Tan
et al., 2017; Ma et al., 2019; Ren et al., 2006). The ozonoly-
sis of alkenes is an important source of ROx radicals at night.
In addition, the ozonolysis of alkenes was the second largest
radical source during the winter in urban areas (Tan et al.,
2018). During the winter in oil- and natural-gas-producing
basins in the United States, carbonyl photolysis was found
to be the largest radical source, initiating the photochemi-
cal chain reactions and ultimately leading to exceedances of
O3 concentrations (Edwards et al., 2014). Similarly, carbonyl
photolysis was the major primary source of radicals in the oil

Figure 11. Primary ROx production rates by different pathways
during the EXPLORE-YRD campaign.

extraction region in China during the winter seasons (Chen et
al., 2020).

Figure 11 depicts the contribution of different channels
to the primary source of ROx in the Taizhou area. We can
clearly see that HONO photolysis is the dominant contributor
to the primary source of ROx , not only in the early morning
but also throughout the day. HONO photolysis contributed
43 % of ROx production during the daytime, followed by
O3 photolysis (17 %), HCHO photolysis (14 %), ozonoly-
sis of alkenes (12 %) and carbonyl photolysis (10 %). The
maximum ROx production rate by HONO photolysis was
2.6 ppb h−1, which occurs around 11:00 LT. HONO photol-
ysis was also identified as the major source of primary ROx
production in the summer in Chengdu (34 %) and Wangdu
(38 %) (Tan et al., 2017; Yang et al., 2021b). The results
above indicate that HONO is closely linked to the ROx bud-
get, and it is crucial to accurately identify HONO sources in
order to fully comprehend the atmospheric oxidation capac-
ity.

As mentioned in Sect. 3.1, O3 episodes were typically
accompanied by high HONO levels. In this section, a box
model was employed to quantify the contribution of HONO-
to-O3 production. F (O3) and P (O3) were first calculated
with observed HONO as a constraint. F (O3) showed a typ-
ical diurnal pattern with a maximum of 15.8 ppb h−1 oc-
curring around 09:00 LT (Fig. 12). When observed HONO
was not constrained in the model, the average peak of
F (O3) decreased nearly 45 % to 8.8 ppb h−1 (Fig. 12), in-
dicating HONO significantly contributed to O3 production
and thereby boosted O3 pollution during the summer. P (O3)
decreased from 12.6 to 6.7 ppb h−1 with a 47 % reduction,
which is higher than the 20 % reduction in urban Beijing (Li
et al., 2021; Zhang et al., 2023). Yang et al. (2021c) observed
two O3 pollution episodes with nearly identical O3 precur-
sor (VOC and NOx) levels. Interestingly, they found higher
O3 peak concentrations coinciding with higher HONO con-
centrations in one of the episodes. This correlation can be at-
tributed to the fact that higher HONO concentrations can lead
to higher levels of OH radicals, which can, in turn, enhance
the production of O3 by initiating the chain reactions (Yang et
al., 2021c). We also modeled OH radicals with and without
observed HONO as a model constraint. The modeled OH-
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Figure 12. Model-calculated total and net O3 production rate
with and without observed HONO as a model constraint. Accord-
ing to different types of VOC precursors, organic peroxy radicals
(RO2) can be classified into seven categories, including methyl
peroxy radicals (MO2=CH3O2), first-generation peroxy radicals
from alkanes (ALKAP), alkenes except isoprene (ALKEP), iso-
prene (ISOP), aromatics (AROP), OVOC (OVOCP) and acyl peroxy
radicals (ACETYLP=ACO3+RCO3).

averaged peak concentration with HONO was 8× 106 cm−3,
which was nearly twice as high as that (4.4× 106 cm−3)
without HONO as a model constraint. Our results empha-
size the importance of HONO in primary radical production
and O3 production. Accurately representing HONO sources
in models is crucial for characterizing atmospheric oxida-
tion capacity and quantifying secondary-pollutant produc-
tion. Therefore, more field, laboratory and modeling studies
are urgently needed to develop more concise HONO forma-
tion parameterizations. In addition, most studies are focus-
ing on VOCs and NOx reduction to achieve O3 mitigation.
However, O3 formation showed the nonlinear relationship of
VOCs and NOx , making it difficult to decrease O3 by solely
reducing VOCs or NOx . For instance, during the COVID-
19 lockdown period, O3 showed an evident increase, while
NOx and VOCs showed a decreasing trend, highlighting the
complexity of O3 mitigation (Zhao et al., 2020; Wang et al.,
2022). Our results suggest HONO contributed significantly
to O3 production in China, and thereby, reducing HONO pro-
duction may be an alternative way for O3 control. As het-
erogeneous NO2 reactions on the ground surface are impor-
tant sources for HONO production, reducing NOx emissions
would be beneficial for reducing HONO emissions. How-
ever, NOx reduction may also lead to more O3 production
if O3 formation is in a VOC-limited regime, and hence the
overall effects of NOx reduction on O3 should be evaluated
by chemical transport models. Moreover, HONO emission
by soil is an important HONO source in rural areas with large
areas of agricultural fields. Decreasing soil HONO emissions
is beneficial for O3 pollution control, especially during the
fertilization period in June when the O3 pollution was se-
vere. Therefore, more environmentally friendly fertilization
amounts and fertilization modes should be investigated to de-
crease soil HONO emissions.

4 Conclusions

HONO measurements, along with a wide range of gas-phase,
aerosol-phase and meteorological measurements, were con-
ducted during the EXPLORE-YRD campaign. HONO con-
centrations exhibited significant day-to-day variations, with
the highest concentration reaching 4.4 ppb and the lowest
concentration reaching several tens of parts per thousand.
The relatively higher summer HONO and OH concentra-
tions compared to other suburban sites suggested higher
atmospheric oxidation capacity. HONO /NOx exhibited a
diurnal pattern similar to j (O1D), with a maximum of
0.17 around noon, implying the existence of photo-induced
HONO sources. The box model with the only default HONO
source (OH+NO) failed to capture the observed HONO
concentration. The calculated Punknown showed a diurnal
pattern with a maximum of 2.5 ppb h−1 occurring around
10:00–12:00 LT. The correlation coefficients of Punknown
with NO2× j (NO2) and NO−3 × j (NO2) were significantly
higher than those of Punknown with NO2× j (NO2)× Sa, in-
dicating photo-induced NO2 conversion on the aerosol sur-
face played a minor role in HONO production. Sensitiv-
ity tests suggested HONO production rate by photo-induced
NO2 conversion on the ground surface was able to explain
Punknown. With additional HONO sources incorporated, the
box model reproduced the nighttime HONO concentration
well but still underestimated the daytime HONO concen-
tration. Further sensitivity tests implied the discrepancy be-
tween modeled and observed daytime HONO concentration
was not due to uncertainties in γground+hν , γaerosol+hν and EF
but was more likely due to other HONO sources that were
not considered. Among the incorporated HONO sources and
the default gas-phase source, photo-induced NO2 conver-
sion on the ground surface was the main contributor to sim-
ulated daytime HONO, accounting for 71 % of the total,
followed by NO+OH, NO2 hydrolysis on the ground sur-
face, vehicle emissions, photo-induced NO2 conversion on
the aerosol surface, nitrate photolysis and NO2 hydrolysis
on the aerosol surface. The maximum production rate of
photo-induced NO2 conversion on the ground surface was
1.85 ppb h−1 which occurred around 09:00 LT. NO2 hydrol-
ysis on the ground surface was the major source of night-
time HONO, contributing 55 % of total HONO production.
HONO loss was dominated by photolysis, followed by depo-
sition and reaction with OH.

HONO photolysis contributed 43 % of ROx production
during the daytime, followed by O3 photolysis (17 %),
HCHO photolysis (14 %), ozonolysis of alkenes (12 %) and
carbonyl photolysis (10 %). The maximum ROx production
rate by HONO photolysis was 2.6 ppb h−1, which occurs
around 11:00 LT. When the observed HONO was not con-
strained in the box model, the calculated P (O3) showed a
typical diurnal pattern with a maximum of 6.7 ppb h−1 oc-
curring around 09:00 LT. P (O3) would increase by 88 % to
12.6 ppb h−1 if HONO was constrained, indicating HONO
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significantly enhanced O3 production and hence aggravated
O3 pollution during the summer season.
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