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Abstract. In the summer of 2018, a comprehensive field campaign, with measurements on HONO and related
parameters, was conducted at the foot (150 m a.s.l.) and the summit of Mt. Tai (1534 m a.s.l.) in the central North
China Plain (NCP). With the implementation of a 0-D box model, the HONO budget with six additional sources
and its role in radical chemistry at the foot station were explored. We found that the model default source,
NO+OH, could only reproduce 13 % of the observed HONO, leading to a strong unknown source strength of
up to 3 ppbv h−1. Among the additional sources, the NO2 uptake on the ground surface dominated (∼ 70 %)
nighttime HONO formation, and its photo-enhanced reaction dominated (∼ 80 %) daytime HONO formation.
Their contributions were sensitive to the mixing layer height (MLH) used for the parameterizations, highlighting
the importance of a reasonable MLH for exploring ground-level HONO formation in 0-D models and the ne-
cessity of gradient measurements. A 1HONO/1NOx ratio of 0.7 % for direct emissions from vehicle exhaust
was inferred, and a new method to quantify its contribution to the observations was proposed and discussed.
Aerosol-derived sources, including the NO2 uptake on the aerosol surface and the particulate nitrate photolysis,
did not lead to significant HONO formation, with their contributions lower than NO+OH.

HONO photolysis in the early morning initialized the daytime photochemistry at the foot station. It was also a
substantial radical source throughout the daytime, with contributions higher than O3 photolysis to OH initiation.
Moreover, we found that OH dominated the atmospheric oxidizing capacity in the daytime, while modeled NO3
appeared to be significant at night. Peaks of modeled NO3 time series and average diurnal variation reached
22 and 9 pptv, respectively. NO3-induced reactions contribute 18 % of nitrate formation potential (P (HNO3))
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and 11 % of the isoprene (C5H8) oxidation throughout the whole day. At night, NO3 chemistry led to 51 % and
44 % of P (HNO3) or the C5H8 oxidation, respectively, implying that NO3 chemistry could significantly affect
nighttime secondary organic and inorganic aerosol formation in this high-O3 region. Considering the severe O3
pollution in the NCP and the very limited NO3 measurements, we suggest that besides direct measurements
of HOx and primary HOx precursors (O3, HONO, alkenes, etc.), NO3 measurements should be conducted to
understand the atmospheric oxidizing capacity and air pollution formation in this and similar regions.

1 Introduction

Numerous field campaigns coupled with model simulations
have been conducted worldwide to understand summertime
atmospheric chemistry as it is linked to the regional air qual-
ity and global climate (Alicke et al., 2003; Elshorbany et al.,
2012; Heard et al., 2004; Kanaya et al., 2009, 2013; Michoud
et al., 2012; Ren et al., 2003; Rohrer and Berresheim, 2006;
Tan et al., 2017; Travis et al., 2020). One of the key issues is
the level and the production–loss paths of the atmospheric
oxidizing capacity governed by radicals (OH, NO3, etc.).
This is also essential in converting primary to secondary pol-
lutants and the removal of greenhouse gases (Lu et al., 2019;
Seinfeld and Pandis, 2016).

On a global scale, OH controls atmospheric oxidation. As
the detergent in the troposphere, OH can oxidize most trace
gases, including inorganic (SO2, NO2, etc.) and organic com-
pounds (VOCs, etc.), and determines the lifetime of green-
house gases (e.g., CH4). In addition, the fast conversion of
HO2 to OH (Reaction R1) as part of the radical propaga-
tion cycle, primary OH (radical initiation) mainly originates
from photolysis reactions, including O3 (Reactions R2 to
R4), HONO (Reaction R5), HCHO (Reactions R6 to R9, and
R1), and H2O2 (Reaction R10), and the ozonolysis of alkenes
(not shown in detail here). In particular, HONO photolysis
is reported to be an important or even the major OH source
in the lower atmosphere of polluted regions, with a contri-
bution of 20 %–90 % (Alicke et al., 2003; Elshorbany et al.,
2009; Kleffmann et al., 2005; Platt et al., 1980; Slater et al.,
2020; Whalley et al., 2021; Xue et al., 2020). However, this
process still needs more global quantification due to the in-
complete understanding of HONO formation and its vertical
distribution in the atmosphere (Kleffmann, 2007). A state-of-
art summary of the reported HONO sources can be found in
our recent study (Xue et al., 2020).

HO2+NO→ OH+NO2 (R1)

O3+hv→ O(1D)+O2 (λ<320nm) (R2)

O(1D)+H2O→ 2OH (R3)

O(1D)+M→ O+M (M = N2 or O2) (R4)
HONO+hv→ NO+OH (λ<400nm) (R5)
HCHO+hv→ H+HCO (λ<340nm) (R6)
HCHO+hv→ H2+CO (λ<365nm) (R7)

H+O2→ HO2 (R8)
HCO+O2→ CO+HO2 (R9)
H2O2+hv→ 2OH (λ<362nm) (R10)

In addition, other oxidants can also be of importance on a re-
gional scale. For example, the NO3 radical could be a major
oxidant in forests (vegetation shadows slow down its pho-
tolysis) or in the nocturnal boundary layer at high-O3 re-
gions (Brown and Stutz, 2012). Formed by the reaction of
NO2+O3 (Reaction R11), high NO3 levels usually occur
at night, due to its very rapid photolysis during the daytime
(Reactions R12 and R13). Moreover, high NO3 concentra-
tions are only observed for high O3 and medium NOx con-
centrations in the absence of significant levels of NO caused
by Reaction (R15). Like OH, NO3 also has high reactivity
with various trace gases (Brown and Stutz, 2012; Mellouki et
al., 2021). For example, NO3 reacts with NO2 to form N2O5
(Reaction R14), which can undergo hydrolysis on wet sur-
faces or clouds to produce HNO3 (or NO−3 ) (Reaction R16)
or decomposition back to NO3+NO2 (Reaction R17). NO3
can also react with various organic compounds to form sec-
ondary organic aerosol (SOA). For instance, NO3 reacts with
isoprene (C5H8), leading to significant organic nitrate (e.g.,
alkyl nitrate) production (Rollins et al., 2009).

NO2+O3→ NO3+O2 (R11)
NO3+hv→ NO+O2 (λ<690nm) (R12)
NO3+hv→ NO2+O (λ<690nm) (R13)
NO2+NO3→ N2O5 (R14)
NO+NO3→ 2NO2 (R15)

N2O5+H2O
surface
−→ 2HNO3 (or 2NO−3 ) (R16)

N2O5→ NO2+NO3 (R17)

In the past decade, particle pollution, such as PM2.5, has
been going down, while O3 pollution is increasing in many
cities of China (Han et al., 2020; Li et al., 2019; Sun et
al., 2016, 2019). Especially in the North China Plain (NCP),
air pollution has become a major environmental risk for the
public health of >330 million people living in this region.
This raises efforts in exploring the NOx–VOC–O3 chemistry.
Meanwhile, high O3 indicates an enhanced atmospheric oxi-
dizing capacity; that is, elevated OH and NO3 levels are ex-
pected. However, very few observations have been reported
of OH and NO3 levels, as well as their production (e.g.,
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HONO photolysis or NO2+O3) or loss (e.g., to oxidize pri-
mary pollutants) in the high-O3 region of the NCP so far (Lu
et al., 2019; Suhail et al., 2019). Herein, we provide the first
HONO measurements at the foot of Mt. Tai (in Tai’an, a typ-
ical urban site), followed by measurements at the summit of
Mt. Tai in the summer of 2018. Data from the summit sta-
tion are presented in the companion paper, in which daytime
HONO formation and its role in the atmospheric oxidizing
capacity at the summit level are studied. In this paper, cou-
pled with the box model, the HONO budget and the radical
chemistry at the ground level are explored and discussed.

2 Methods

2.1 Field campaign

2.1.1 Measurement sites

In the summer (from late May to July) of 2018, a compre-
hensive field campaign was conducted to understand the at-
mospheric oxidizing capacity and O3 pollution in Tai’an, a
city in the middle of the NCP. Tai’an is located nearly in
the middle between Beijing and Shanghai. The city has a
population of about 5.6 million and is about 60 km south
of Jinan (the capital city of Shandong province, population:
∼ 8.7 million). Measurements were conducted both at the
ground level (the foot of Mt. Tai, 150 m a.s.l.) and the sum-
mit level (the summit of Mt. Tai, 1534 m a.s.l.; 36.23◦ N,
117.11◦ E). The foot station was inside Shandong College of
Electric Power (36.18◦ N, 117.11◦ E) in the Taishan district
of Tai’an. There are no industrial activities around this site,
which is surrounded by the campus, a residential area, and a
business district. The 801st province road is in the northeast
of this typical urban site. Inside the campus (about 50 ha),
frequent traffic was not observed, but it sometimes occurred
on the urban roads nearby. Mt. Tai is located in the north part
of Tai’an. Locations of these two stations on the map can be
found in the companion ACP paper (entitled “Atmospheric
measurements at Mt. Tai – Part I: HONO formation and its
role in the oxidizing capacity of the upper boundary layer”;
Xue et al., 2021a).

Measurements at these two stations allow us to study
HONO formation and its role in the atmospheric oxidizing
capacity of the lower (the foot study) and the upper bound-
ary layer (the summit study). Briefly, in the summit study, we
found remarkably high daytime HONO levels as well as high
unknown HONO source strength, which was mainly caused
by rapid vertical transport from the ground to the summit lev-
els driven by mountain winds.

2.1.2 Instrumentation

HONO mixing ratios were continuously measured by the
LOPAP technique (LOPAP-03, QUMA GmbH, Germany)
(Heland et al., 2001; Kleffmann et al., 2006) from 29 May
to 8 July 2018 at the foot station, followed by measurements

at the summit station from 9 to 31 July 2017. At the foot sta-
tion, NO–NO2–NOx , O3, CO, and SO2 were measured on-
line by a series of Thermo Fisher Scientific instruments (42i,
49i, 48i, and 43i, respectively). Because chemiluminescence
techniques using molybdenum converters were reported to
overestimate the NO2 level caused by interferences of other
NOy species, the measured NO2 was corrected with a family
constraint in a model run (see Sect. 3.1.2). VOCs (56 species)
and OVOCs (15 species) were measured by a homemade
GC-FID (gas chromatography–flame ionization detector) in-
strument (Liu et al., 2016) and the USEPA DNPH-HPLC
(high-performance liquid chromatography) method (Wang et
al., 2020), respectively. Gas-phase H2O2 was measured by a
monitor based on the wet chemical method (AL2021, Aero-
laser GmbH, Germany), details of which can be found in
Ye et al. (2018a). Water-soluble inorganic particle species
(i.e., NO−3 , SO2−

4 , Cl−, Na+, K+, Ca2+, etc.) of PM2.5 were
collected on Teflon filters every 2 h at a sampling flow of
100 L min−1 and analyzed by an ion chromatograph (Liu et
al., 2020).

Meteorological parameters, including atmospheric tem-
perature (T ), pressure (p), relative humidity (RH), wind di-
rection (WD), wind speed (WS), and solar irradiance (Ra),
were continuously measured by an automated meteorologi-
cal station. J (NO2) was measured by a 4π filter radiome-
ter (Metcon GmbH, Germany). For the analysis of time se-
ries and statistic descriptions of the data, 10 min average
data (except for PM2.5) were used. In contrast, hourly data
were used for model simulations. PM2.5 measurements were
obtained from the Tai’an monitoring station (200 m east of
the foot station), and only hourly average data were avail-
able. Other J values used in this study, including J (HONO),
J (O(1D)), J (H2O2), J (HCHO)rad, and J (HNO3), are calcu-
lated by the box model based on trigonometric SZA (solar
zenith angle) functions (MCM default photolysis frequency
calculation; see Jenkin et al., 1997) and scaled by the mea-
sured J (NO2). For instance, J (HONO)= J (HONO)model×

J (NO2)measured/J (NO2)model.

2.2 Model description

2.2.1 Box model and constraints

The Framework for 0-D Atmospheric Modeling, F0AM v4.0
(available at https://github.com/AirChem/F0AM, last access:
1 May 2021) developed by Wolfe et al. (2016) was used to
explore the HONO budget and the radical chemistry. The
MCM v3.3.1 Chemical Mechanism was obtained from http:
//mcm.york.ac.uk/home.htt (last access: 1 May 2021). Note
that the present F0AM model could also be run with fam-
ily constraints (see details in Wolfe et al., 2016), such as the
NOy and Cly families. Hence, it allows us to correct for in-
terferences in the NO2 measurements using the chemilumi-
nescence method (see Sect. 3.1.2).
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The model was constrained by the measured J (NO2), T ,
RH, P , VOCs, OVOCs, and all the other measured inorganic
species, including the corrected NO2 by the family con-
straint. Continuous VOC measurements were available from
12 June to 6 July, and hence box model simulations were
performed during this period. While J (NO2) measurement
was available from 16 June, J (NO2) from 12 to 16 June was
estimated through the high quadratic correlation (R2

= 0.96,
Fig. S1) between J (NO2) and solar irradiance.

2.2.2 Model scenarios

Table 1 shows the description of different model scenarios. A
base case (Sce-0) with all the measured parameters as con-
straints was run to simulate radical concentrations and their
production–loss rates. The family constraint was used in this
scenario to correct for interferences of NO2 measurements
(Sect. 3.1.2). Meanwhile, the role of HONO in radical chem-
istry was also explored by several model sensitivity tests that
involved reducing or increasing the constrained HONO.

With the simulated OH and the corrected NO2 from the
base case, we could further explore the HONO budget. Three
model scenarios were conducted to assess the potential con-
tributions of different HONO sources, including one with
only the default model source (Sce-1) and one with all the
six additional sources, including direct emission, dark and
photo-enhanced NO2 uptake on aerosol and ground surfaces
and nitrate photolysis (Sce-2). In Sce-3, photo-enhanced
NO2 uptake on the ground surface was reduced by a factor of
10, and aerosol-derived sources (NO2 uptake on the aerosol
surface or particulate nitrate photolysis) were significantly
enhanced (see Sect. 3.2.3) to test whether the aerosol-derived
sources could explain the observations well.

3 Results and discussion

3.1 Overview of the measurements and potential
interferences

3.1.1 Overview of the measurements

Figure 1 shows the meteorological parameters measured at
the foot station. During the campaign, it was generally sunny
except for slight rain (<10 mm) on 9, 10, 13, and 28 June and
heavy rain (∼ 100 mm) in the night of 25/26 June. Ambient
temperature was normally around 25 ◦C at night and around
30 ◦C during the daytime, except for rainy days when the
temperature was relatively low. The relative humidity (RH)
was high (up to 80 %) on those rainy or cloudy days and low
(around 40 %) on other days. Campaign-averaged tempera-
ture and RH were 27.5 ◦C and 46.6 %, respectively (Table 2).
Air masses observed at this site originated from multiple di-
rections, including west, south, and east, which are shown in
the wind rose plot in Fig. S2a. Wind speed was generally low,
with an average of about 2 m s−1. In addition, the wind rose

results generally agree well with HYSPLIT trajectory results
in Fig. S2b and c.

In Figs. 2 and 3 the measured HONO and related species
at the foot station and their diurnal variation profiles are pre-
sented, respectively. The measured HONO showed a typi-
cal diurnal variation with accumulation after sunset and de-
cay after sunrise. Mixing ratios of the measured HONO
varied from 0.05 to about 3 ppbv, with an average of
0.62± 0.42 ppbv. The measured NO2 showed a very simi-
lar variation to HONO, and their correlation was high (R =
0.73), indicating a potential role of NO2 in HONO formation.
Severe O3 pollution (maximum: 145 ppbv) was observed at
this site, with O3 levels frequently exceeding the Class-1
limit value (1 h 160 µg m−3, equivalent to 82 ppbv at 298 K
and 101 kPa) of the National Ambient Air Quality Standard
of China (GB3095-2012), while the NOx level was typi-
cally lower than O3. Consequently, a relatively low NO was
frequently found, whose concentration was generally lower
than 1 ppbv, except for some fresh plumes that contained
higher NO concentrations. The two primary pollutants, CO
and SO2, were generally lower than 0.5 ppmv and 5 ppbv, re-
spectively, except for several polluted events, within which
CO and SO2 reached around 2 ppmv and around 35 ppbv,
respectively. However, all the primary pollutants, including
NO, CO, and SO2, showed poor correlations with HONO
(R = 0.49, 0.44, and 0.13, respectively), implying the minor
role of direct emission in HONO formation. The measured
hourly PM2.5 varied from 10 to 66 µg m−3, with an average
of 29 µg m−3. The correlation of PM2.5 and HONO was very
low (R = 0.06), suggesting a minor role of aerosol-derived
sources in HONO formation. More discussion on the HONO
budget is presented in Sect. 3.2.

Compared to other summertime measurements worldwide
(Table 3), the measured HONO level at this site is similar to
some measurements in China, such as Beijing in 2007 (Hen-
drick et al., 2014), Beijing in 2008 and 2017 (Crilley et al.,
2019; Hendrick et al., 2014), and Guangzhou in 2006 (Yang
et al., 2014); in Europe, such as Milan in 1998 (Alicke et al.,
2002) and Rome in 2001 (Acker et al., 2006); and in North
America, such as New York in 2001 (Ren et al., 2003) and
Colorado in 2011 (Vandenboer et al., 2013). In addition, it
is lower than measurements in cities during polluted periods,
such as Jinan in 2016 (Li et al., 2018), Santiago de Chile in
2005 (Elshorbany et al., 2009), Santiago de Chile in 2009
(Villena et al., 2011), and Mexico in 2003 (Volkamer et al.,
2010) but higher than recent measurements near European
cities, including Forschungszentrum Karlsruhe (Kleffmann
et al., 2003), Forschungszentrum Jülich (Elshorbany et al.,
2012), suburban Paris (Michoud et al., 2014), and Cyprus
(Meusel et al., 2016). It is noteworthy that the measured
HONO at the foot station is significantly higher than that
observed at the summit station in the same summer, indicat-
ing possibly different roles and formation paths of HONO at
these two stations.

Atmos. Chem. Phys., 22, 1035–1057, 2022 https://doi.org/10.5194/acp-22-1035-2022
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Table 1. Description of different model scenarios.

Scenarios Constraints Objectives

Sce-0 All measurements; NOz family constraint NO2 correction; radical concentration and chemistry

Sce-1 All measurements+ corrected NO2 and simulated radicals
from Sce-0

HONO simulation with NO+OH

Sce-2 Same as Sce-1 HONO simulation with additional sources

Sce-3 Same as Sce-1 but with reduced ground NO2 uptake and
enhanced aerosol-derived sources

Testing the performance of aerosol-derived sources

Figure 1. Meteorological parameters measured at the foot of Mt. Tai during the campaign.

3.1.2 NO2 interference and correction

As the most important HONO precursor, accurate measure-
ment of NO2 plays a key role in analyzing HONO formation.
The NOx monitor used in this study could specifically detect
NO. To measure NO2, a molybdenum converter is used to
convert NO2 to NO. However, this chemical conversion
process suffers from the interference of other NOy species
(Villena et al., 2012), primarily including inorganic species
such as (measured) HONO, (non-measured) HNO3, HNO4,
N2O5, and NO3, peroxyacyl nitrates (PANs, RC(O)OONO2),
organic nitrates (RONO2), and peroxy nitrates (ROONO2).
In this study, we defined the sum of RONO2 and ROONO2
as organic nitrates∗. Hence, the measured NO2 is the sum of
real NO2 and those interfering species. HONO was measured
and subtracted from the measured NO2, and we defined
NO∗2= the measured NO2−HONO. As NO2 is the most
important HONO precursor, we used the family constraint
(NO∗2=NO2+HNO4+ 2N2O5+NO3+PANs+ organic
nitrates∗) in the base case (Sce-0) to separate each
species from NO∗2. To describe the PAN class, PAN,
PPN, and MPAN (MCM names; see their structures at
http://mcm.york.ac.uk/home.htt, last access: 1 May 2021)

were considered. In the organic nitrates∗ class, CH3NO3,
C2H5NO3, NC3H7NO3, IC3H7NO3, TC4H9NO3, NOA,
ISOP34NO3, ISOPANO3, ISOPDNO3, ISOPCNO3, and
ISOPBNO3 (MCM names) were included. Considering that
HNO3 is very sticky, we expect HNO3 was mostly absorbed
by the filter and/or sampling tubes before the converter rather
than being converted to NO by the converter. Therefore,
HNO3 was generally not included in the family constraint
and only considered for the uncertainty analysis.

Figure 4 shows the model results of the relative contri-
bution of each NO∗2 species to NO∗2. At night with the ab-
sence of photochemistry, the real NO2 dominated NO∗2 com-
ponents, with a contribution of >95 %, suggesting a small
interference on the NO2 measurement. However, the contri-
bution of real NO2 was found to decrease during the daytime
due to the increasing interference. For example, at 11:00, the
real NO2 contributed 82 % of the NO∗2, indicating that the
interferences could be as high as +22 % (calculated from
18 %/82 %). In particular, at 13:00, PANs alone caused the
highest interference by+21 % (calculated from 17 %/81 %).

The variations of the simulated PANs and NO3 and their
ratios to NO2 were similar to previous observations (Brown

https://doi.org/10.5194/acp-22-1035-2022 Atmos. Chem. Phys., 22, 1035–1057, 2022
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Table 2. Statistic summary of meteorological parameters and the measured species. Note that the observation data point number (Obs) of
hourly PM2.5 is about 1/6 of others (10 min time resolution). The measured rather than the corrected NO2 was used here. SD: standard
deviation. Min: minimum. Max: maximum.

Parameters Mean SD Median Min Max Obs

WS (m s−1) 2.2 1.1 2.1 0.2 9.7 5749
RH (%) 46.6 17.5 44.9 12.2 88.7 5749
P (kPa) 98.7 0.4 98.6 97.6 99.7 5749
T (◦C) 27.5 3.8 27.4 17.9 36.1 5749
J (NO2) (×10−3 s−1) 3.2 3.7 1.0 0 11.1 3183
O3 (ppbv) 63 31 62 0.1 145 5727
PM2.5 (µg m−3) 29 12 28 10 66 959
CO (ppmv) 0.28 0.25 0.20 0.01 2.08 5717
SO2 (ppbv) 3.6 4.0 2.2 0 36.2 5648
NO (ppbv) 2.0 8.3 0.3 0 126.0 5749
NO2 (ppbv) 15.2 10.8 12.3 0 78.8 5601
HONO (ppbv) 0.62 0.42 0.52 0.05 2.97 5423

Figure 2. HONO and related species measured during the campaign.

and Stutz, 2012; Roberts et al., 1998; Su et al., 2008; Villena
et al., 2012; Xue et al., 2011), indicating that the uncertainty
of the method is small. For the following model simulations
and analysis, only the corrected NO2 was used. In addition,
Fig. S3 exhibits the parallel test results in which HNO3 was
included in the family constraint. It can be found that the in-
terference became more significant; for instance, the interfer-
ence could be as high as+75 % (calculated from 43 %/57 %,
at 11:00). This represents the upper limit of the interferences
if the sampling tubes and the inlet filter are heated so that
HNO3 could have reached the converter.

Additionally, as shown in Fig. S4, the simulated HNO4
showed (1) a different diurnal variation from the observed
HONO, (2) concentrations generally 1–2 orders of magni-
tude lower than the observed HONO, and (3) a very poor
correlation (R2

= 0.06) with the observed HONO, indicat-
ing its negligible interference on the HONO measurement by
the LOPAP technique (Legrand et al., 2014). It is worth not-

ing that for the description of O3 formation in the polluted
atmosphere, accurate measurements of NOx and HONO are
necessary.

3.2 HONO sources and budget

3.2.1 Model default source (NO+OH) and unknown
source strength

The homogeneous reaction of NO and OH has been adopted
as the default HONO source in atmospheric chemistry mod-
els, including MCM. Model results from Sce-1 that only
contains the homogeneous source with the modeled OH
from Sce-0 are shown in Fig. 5. Apparently, the source of
NO+OH is too small to explain the observed HONO as
the simulated one is almost 1 order of magnitude lower than
observations. Its contributions to the measured daytime and
nighttime HONO are 15 % and 12 %, respectively.
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Figure 3. Average diurnal profiles of HONO and related species measured during the campaign. Note that some of these data were also
shown in the companion ACP paper for comparison between measurements at the foot and the summit stations.

Figure 4. Relative contribution of each NO∗2 species.
PANs=PAN+PPN+MPAN. Org represents organic nitrates∗

(RONO2+ROONO2).

Figure 5. Simulated HONO by the default mechanism (Sce-1, left
axis) compared with the observations (Obs, left axis), unknown
source strength (Punknown, right axis), HONO photolysis frequency
(J (HONO), right axis). The blue shaded area in the plot and the pie
charts represents the difference between the observation and mod-
eled values. The relative contributions of NO+OH to the observa-
tions at night (19:00–04:50) and in the day (05:00–18:50) are shown
in the left and the right pie charts, respectively.

Atmos. Chem. Phys., 22, 1035–1057, 2022 https://doi.org/10.5194/acp-22-1035-2022
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Then we calculated the unknown source strength
(Punknown) based on the following equation (Sörgel et al.,
2011; Su et al., 2008).

Punknown =
1HONO
1t

+L(HONO)pho

+L(HONO)HONO+OH−P (HONO)NO+OH (1)

The HONO loss rates through photolysis (L(HONO)pho) and
reaction with OH (L(HONO)HONO+OH) and production rate
from NO+OH were obtained from the base model scenario
(Sce-0 with a constraint of the measured HONO). HONO
mixing ratio differences within a 1 h interval, 1HONO

1t
, were

calculated from the measurements and are compared with
Punknown in Fig. S5. As shown in Fig. 5, Punknown rapidly
increased in the morning and peaked at nearly 3 ppbv h−1 at
11:00, followed by a decrease, revealing a photo-enhanced
source. Note that the profile of Punknown is asymmetric
around 12:00 solar noon, indicating the unknown source is
not simply photolytic but also includes its precursors. For
instance, higher NO2 levels were observed in the morning
than in the afternoon (Fig. 3e), which preliminarily implies
the importance of NO2-to-HONO conversion. The possible
additional HONO sources responsible for Punknown are dis-
cussed in the following section.

3.2.2 Additional sources vs. Punknown

Direct emission: ∆HONO/∆NOx ratio

The1HONO/1NOx ratio for the direct emission was deter-
mined from fresh plumes, which reached the following re-
quirements: (1) measured at night when photolysis was ab-
sent and (2) a rapid NO increase by>10 ppbv within 10 min.
Only 17 cases were obtained throughout the campaign due to
the persistent high O3 and the fast NO-to-NO2 conversion. If
NO is completely titrated by O3, there is a risk that the plume
may not be fresh and that the inferred 1HONO/1NOx
might be overestimated due to heterogeneous secondary
HONO sources. In Table 4 the obtained 1HONO/1NOx
was shown, varying from 0.18 % to 1.86 %, with an average
of 0.98 % and a median of 0.90 %. The inferred value might
be larger than the real one as potential NO2-to-HONO con-
version leads to an overestimation. This is consistent with
the observation that the inferred 1HONO/1NOx is gener-
ally higher in high RH conditions due to the potential NO2-
to-HONO conversion (Fig. 6). More importantly, we found
that the observed HONO/NOx is convergent as NO/NO2
increases (Fig. 6), which allows for a further correction of
1HONO/1NOx . The reported NO/NO2 ratios from com-
bustion processes show significant variations, e.g., 6.7 in
Wuppertal (Kurtenbach et al., 2012), ∼ 18 in Denver (Wild
et al., 2017), 5–30 in London (Carslaw and Beevers, 2005),
and 13–43 from China IV/V vehicles (He et al., 2020). Fur-
thermore, in the emission inventory, the NO/NO2 emission
ratio in the NCP is about 9 (Zhang et al., 2009). However, the

measured nighttime NO/NO2 ratios were less than 3 (Fig. 6),
much lower compared to direct emission measurements, in-
dicating that the observed plumes were not fresh enough to
directly obtain the primary 1HONO/1NOx emission ratio.
By using a typical NO/NO2 ratio of 10 from car exhaust, the
calculated 1HONO/1NOx through the convergent function
(Fig. 6) is 0.7 %, similar to that obtained from laboratory or
tunnel experiments (Kirchstetter et al., 1996; Kramer et al.,
2020; Kurtenbach et al., 2001; Liu et al., 2017a).

Caused by its fast daytime photolysis, direct HONO emis-
sions (HONOemi) are likely significantly overestimated when
a constant 1HONO/1NOx ratio is considered, as done in
former studies (Kramer et al., 2020; Liu et al., 2017b). Due
to the much shorter lifetime of HONO (τ (HONO)) com-
pared to NOx (τ (NOx)), a much smaller fraction of the
emitted HONO compared to NOx will survive in the day-
time atmosphere. Accordingly, for the first time, we calcu-
lated τ (HONO) and τ (NOx) and considered them in the pa-
rameterization of HONOemi (see the method in Sect. S1 of
the Supplement). As shown in Fig. S6a, daytime τ (NOx)
was typically 1 order of magnitude higher than τ (HONO)
(Fig. S6a), indicating a remarkable overestimation of the
contribution of HONOemi to the measured HONO when us-
ing a constant 1HONO/1NOx emission ratio (Fig. S6b).
Hence, HONOemi was quantified by the following equations:

HONOemi = 0.7%×[NOx] (nighttime) (2)

HONOemi = 0.7%×[NOx]×
τ (HONO)
τ (NOx)

(daytime). (3)

In summary, direct emission contributed about 1 %–26 % of
the measured HONO, with an average of 13 %. Moreover, the
new method developed here may still have some uncertain-
ties but largely reduces the significant overestimation of the
contribution of HONOemi to the observations during daytime
compared to using a constant 1HONO/1NOx (Fig. S6b).

NO2 uptake on the aerosol surface

Parameterizations of HONO formation from the NO2 up-
take on the aerosol surface without and with photo-enhanced
effects (P (HONO)a_dark and P (HONO)a) are described
by Eqs. (4) and (5), respectively. In Eqs. (4) and (5),
HONO yields of 50 % and 100 % were considered for the
dark and the photo-enhanced NO2 conversion, respectively
(Finlayson-Pitts et al., 2003; George et al., 2005). A rela-
tively large NO2 uptake coefficient γa_dark of 1× 10−5 was
used here to represent its upper limit. Its overestimation
should not cause significant uncertainties as P (HONO)a_dark
was negligible in HONO formation (see the following dis-
cussion). For the photo-enhanced NO2 uptake coefficient γa
values of 1.3× 10−4 (upper limit derived from the summit
measurements in our companion paper; see Xue et al., 2021a)
and 2× 10−5 (more realistic value derived from laboratory
experiments; see Stemmler et al., 2006 and 2007) were used

https://doi.org/10.5194/acp-22-1035-2022 Atmos. Chem. Phys., 22, 1035–1057, 2022
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Table 4.1HONO/1NOx ratios determined from nighttime (19:00–04:50) data of the campaign. Concentrations (ppbv) of HONO, NO, and
NOx at the start and the end of each plume of fresh emissions are also shown.

Date Period HONO NO NOx 1HONO/1NOx

1 June 02:20–02:30 1.58 1.77 3.1 13.5 64.4 75.8 1.67 %

04:20–04:30 2.67 2.74 0.6 38.2 36.0 74.2 0.18 %

11 June 03:00–03:10 1.32 1.71 0.2 18.9 24.9 50.0 1.55 %
03:50–04:20 1.68 2.21 15.7 71.7 51.3 107.0 0.95 %
04:30–04:40 1.91 2.31 41.2 72.4 75.3 107.3 1.25 %
22:00–22:10 1.41 1.69 1.0 16.6 41.1 78.4 0.75 %
23:30–23:40 1.74 1.99 1.7 17.0 53.2 71.1 1.40 %

12 June 22:10–22:30 2.64 2.78 0.8 59.0 68.7 132.9 0.22 %

14 June 03:00–03:10 1.43 1.76 6.6 21.2 38.8 56.5 1.86 %

20 June 20:50–21:10 0.94 1.65 0.9 29.7 30.0 108.5 0.90 %

22 June 02:10–02:20 1.29 1.98 4.6 95.1 51.8 147.2 0.72 %
02:40–03:00 1.58 2.20 38.3 120.1 83.1 163.7 0.77 %

29 June 01:00–01:20 0.96 2.26 3.1 70.5 24.3 109.4 1.53 %
02:20–02:40 0.34 0.40 7.0 21.1 45.6 59.6 0.43 %
04:20–04:30 1.79 1.97 11.7 42.2 44.0 74.0 0.60 %

5 July 01:10–01:30 0.77 1.38 0.1 18.2 33.8 70.6 1.66 %
02:10–02:30 1.09 1.26 6.4 71.0 56.2 124.6 0.25 %

Mean 0.98 %

Figure 6. The inferred direct emission ratio (1HONO/1NOx )
and NO/NO2 colored by RH. Only data with NO/NO2 >0.5 were
shown as lower ratios indicate more aged rather than fresh plumes.

in Eq. (5) to constrain the upper limit and a more realistic
value of P (HONO)a.

P (HONO)a_dark =
v(NO2)× Sa×[NO2]

8
× γa_dark, (4)

P (HONO)a =
v(NO2)× Sa×[NO2]

4

×[γa×
J (NO2)measured

0.005s−1 ], (5)

where v(NO2), Sa, [NO2], and J (NO2)measured denote the av-
erage NO2 molecular speed (m s−1), aerosol surface density
(m−1), NO2 concentration (ppbv), and the measured NO2
photolysis frequency (s−1), respectively. As aerosol size dis-
tribution measurements were not available at the foot station,
we estimated Sa based on the measured PM2.5 concentrations
as they were highly correlated. For instance, measurements
at the summit station during this campaign and other sites
in the NCP found high correlations between PM2.5 and Sa
(derived from particle size distribution measurement), with a
Sa/PM2.5 ratio of about 8× 10−6–1.3× 10−5 m2 µg−1 (Wu
et al., 2008; Xue et al., 2020). Here a Sa/PM2.5 ratio of
1.0× 10−5 m2 µg−1 was used, and its uncertainty will not
cause significant changes in the HONO simulations because
of its small contribution (see the following discussion).

Diurnal variations of P (HONO)a_dark and P (HONO)a, in
comparison with Punknown and P (HONO)NO+OH, are shown
in Fig. 7a. Clearly, both P (HONO)a_dark and P (HONO)a
were negligible compared to daytime Punknown. P (HONO)a
increased with γa, but even when using the upper limit of
γa = 1.3× 10−4, it was still too small to be comparable to
P (HONO)NO+OH and far from explaining Punknown. This
observation reveals minor impacts of heterogeneous HONO

Atmos. Chem. Phys., 22, 1035–1057, 2022 https://doi.org/10.5194/acp-22-1035-2022
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formation on particle surfaces to the missing HONO source,
particularly during daytime.

pNO3 photolysis

Parameterization of HONO formation from particulate ni-
trate photolysis (P (HONO)pn) is presented in Eq. (6). Recent
studies found that EF (enhancement factor) values were gen-
erally lower than 10; for instance, a value of 7 was reported
from a recent field study (Romer et al., 2018). In laboratory
studies, even lower values of ∼ 1 were observed (Laufs and
Kleffmann, 2016; Shi et al., 2021; Wang et al., 2021). Hence
an EF value of 7 was used in the P (HONO)pn calculation,
and values of 1 and 15.6 were also used to test the sensi-
tivities (the upper limit value was derived from the summit
measurement; see Xue et al., 2021a).

P (HONO)pn = pNO3× J (HNO3)×EF, (6)

where pNO3 and J (HNO3) represent the measured particu-
late nitrate (with units converted from µg m−3 to ppbv) and
the photolysis frequency of gas-phase HNO3 (s−1), respec-
tively.

Diurnal variations of P (HONO)pn with different EF val-
ues are shown in Fig. 7a. With EF varying from 1 to
7, P (HONO)pn was 1–2 orders of magnitude lower than
Punknown. Even using a high EF= 15.6, P (HONO)pn was still
significantly less than half of P (HONO)NO+OH. Therefore,
model results constrained by field measurements and recent
kinetics suggested that the two aerosol-derived sources (NO2
conversion and nitrate photolysis) may not have significant
impacts on daytime HONO formation, with their contribu-
tions significantly lower than half of P (HONO)NO+OH.

NO2 uptake on the ground surface

Parameterizations of HONO production from the NO2 up-
take on the ground surface without and with photo-enhanced
effects (P (HONO)g_dark and P (HONO)g) are demonstrated
in Eqs. (7) and (8), respectively. NO2 uptake coefficients of
γg_dark and γg were set to 1.6× 10−6 and 2× 10−5 (Han et
al., 2016; Stemmler et al., 2006, 2007), respectively. The
photo-enhancement effect was described by J (NO2)measured

0.005 s−1

(Vogel et al., 2003; Wong et al., 2013; Xue et al., 2020).

P (HONO)g_dark =
v(NO2)×[NO2]

8×MLH
× γg_dark, (7)

P (HONO)g =
v(NO2)×[NO2]

4×MLH
× γg×

J (NO2)measured

0.005s−1 (8)

As shown above, one of the most important parameters for
calculating ground HONO formation in a box model is the
mixing layer height (MLH) as it is part of the denominators
in both Eqs. (7) and (8). MLH for HONO should be signifi-
cantly lower than the boundary layer height (BLH) due to its
formation on the ground level and its short lifetime, which

could be confirmed by gradient measurements (Kleffmann et
al., 2003; Meng et al., 2020; Vandenboer et al., 2013; Vo-
gel et al., 2003; Wang et al., 2019; Wong et al., 2012; Xing
et al., 2021; Ye et al., 2018b). For instance, a recent gradi-
ent HONO study by the MAX-DOAS technique in south-
west China found a steep HONO gradient from 0 to 4 km
(Xing et al., 2021). When considering their measurement at
17:00 (UTC+ 8) as an example, HONO levels rapidly de-
creased from 4.8 ppbv at the ground level (∼ 4 m above the
ground surface) to 1.6, 0.7, 0.3, 0.2, and 0.1 ppbv averaged in
the layers of 0–100, 100–200, 200–300, 300–400, and 400–
500 m above the ground level, respectively. In contrast, both
NO2 and aerosol extinction remarkably increased from the
ground level to about 200 m and then decreased with alti-
tude (>200 m). These observations indicate that (1) ground-
derived sources dominated daytime HONO formation; (2)
the MLH for HONO was much less than 100 m; and (3)
significant overestimation, i.e., by a factor of >3 in Xing
et al. (2021), could be expected if using measurements on
the ground surface to represent the average HONO within an
MLH higher than 100 m. A similar phenomenon could also
be found in tower-based vertical measurements in Germany
and the USA. For instance, from the ground level (4–10 m) to
100 m above the ground surface, Vogel et al. (2003) and Van-
denboer et al. (2013) observed similarly declining HONO
levels from ∼ 0.6 to 0.3 (representative cases from Fig. 4 in
Vogel et al., 2003, and Fig. 8 in Vandenboer et al., 2013),
respectively. All of these cases suggest that near-ground sur-
face measurements were more weighted by ground-derived
sources. Moreover, this phenomenon was observed during
their whole campaigns including daytime and nighttime, sug-
gesting a similar level of MLH. Hence, the maximum of
MLH could be reasonably assumed to be 100 m for near-
ground surface measurements. A minimum MLH of 35 m
was derived based on the assumption that all the Punknown
could be wholly explained by photosensitized heterogeneous
NO2 reaction on the ground surface in our recent study (Xue
et al., 2021b). Therefore, in the present study, the MLH for
HONO was set at a constant height of 50 m, with sensitivity
tests performed with the MLH set at 35 and 100 m. In gen-
eral, a ∼ 50 m level could represent a general MLH for 0D
models to study HONO measurements near the ground sur-
face. Similar values (25–100 m) were also used in previous
box model studies (Harrison et al., 1996; Lee et al., 2016;
Xue et al., 2020, 2021b). Nevertheless, it should be high-
lighted that a box model as used in the present study is not an
ideal tool for studying a ground source when comparing with
near-ground surface measurements in the atmosphere. For
the future, gradient measurements are recommended, which
should be compared with 1-D model simulations.

Diurnal variations of P (HONO)g_dark and P (HONO)g, in
comparison with Punknown and P (HONO)NO+OH, are shown
in Fig. 7b. P (HONO)g_dark is the largest HONO source dur-
ing the nighttime, while it was negligible during the daytime,
which is consistent with many previous studies (Li et al.,
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Figure 7. HONO production rates from different (a: aerosol-derived, b: ground-derived) sources and unknown HONO source strength.

2010; Liu et al., 2019; Vogel et al., 2003; Xue et al., 2020;
Zhang et al., 2019b, a, 2016). The photo-enhanced forma-
tion, P (HONO)g, shows a similar shape and a similar level
to daytime Punknown, indicating the potential dominance of
P (HONO)g in the daytime HONO formation. When chang-
ing MLH to 100 (or 35) m, the level of P (HONO)g becomes
much lower (or higher) than Punknown. Due to this, sensitivity
tests on MLH were conducted, but in Sce-2 a constant MLH
of 50 m was used. Small differences in the shapes of mea-
sured and modeled results may also be caused by the variable
MLH induced by variable vertical mixing in the atmosphere
and the variable photolytic lifetime of HONO during the day-
time.

3.2.3 HONO budget

Along with the previous discussion, we conducted a model
run (Sce-2) with all the discussed HONO sources. As shown
in Fig. 8, this model performed well in predicting HONO, in-
dicating reasonable parameterizations of the HONO sources.
Here, the time series of the modeled HONO were very con-
sistent with those of the observations, both for the variations
and the absolute levels. The only major exception was a pe-
riod of heavy rain from 25 to 28 June (see the next section).
In particular, the model exhibited very high performance in
predicting noontime (10:00–16:00) HONO as the modeled
HONO was very close to the observed HONO (Fig. 8b).
Moreover, in Sce-3 we reduced γg by a factor of 10 and en-
larged γa from 2× 10−5 to 1.2× 10−3 or EF from 7 to 400.
While the modified model could also generally predict the
observed HONO levels (Figs. S7a and S8a), it largely failed
to reproduce the noontime observations in levels and varia-
tions (Figs. S7b and S8b), including its asymmetry, as men-
tioned in Sect. 3.2.1. This observation reinforces our conclu-
sion that aerosol-derived sources only play a minor role in
daytime HONO formation.

Figure 9 displays the diurnal relative contributions of dif-
ferent HONO sources. It clearly shows that dark NO2 up-

Figure 8. Modeled HONO mixing ratios (model, in blue) in com-
parison with observations (Obs, in black). (a) Time series. (b) Av-
erage diurnal variations. Model+HONOemi represents the sum of
the modeled HONO and HONOemi.

take on the ground surface dominated (∼ 70 %) nighttime
HONO formation, while photo-enhanced NO2 uptake on the
ground surface dominated (∼ 80 %) daytime HONO forma-
tion. P (HONO)NO+OH played a moderate role throughout
the whole day, with a contribution of 5 %–15 %, except for
a relatively larger contribution (∼ 20 %) in the early morn-
ing due to high NO levels. Direct emissions made mod-
erate contributions of 15 %–25 % at night but negligible
ones during the daytime. Contributions of P (HONO)a_dark,
P (HONO)a, and P (HONO)pn were always lower than 10 %,
and their contributions could be even smaller when using re-
alistic kinetic parameters derived in recent studies. There-
fore, aerosol-derived HONO sources may not significantly
contribute to HONO formation for near-ground surface mea-
surements (Chen et al., 2019; Neuman et al., 2016; Sarwar et
al., 2008; Vogel et al., 2003; Wong et al., 2013; Xue et al.,
2020; Zhang et al., 2016, 2019b).
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Figure 9. Relative contributions of different HONO sources. Note
that the contribution from direct emission was calculated based on
the ratio of HONOemi to the observed HONO.

3.2.4 Other potential sources

As discussed before, the model (Sce-2) could generally well
reproduce most observations, except for the period from 25
to 27 June. A significant overestimation occurred from mid-
day of 25 June to the morning of 26 June, which was caused
by the enhanced wet/dry deposition due to the heavy rain
(>100 mm, Fig. S9) during the night of 24/25 June. In con-
trast, from midday on 26 June to the night of 27/28 June, a
significant underestimation by the model was obtained. Ad-
ditionally, an elevation of HONO/NOx was found during this
period (Fig. S9). This might be caused by (1) the enhanced
HONO emission from urban soil or (2) the enhanced NO2
uptake on the ground surface. HONO emissions from soils
may occur through biological processes observed in the lab-
oratory experiments or field measurements over the agricul-
tural fields (Oswald et al., 2013; Scharko et al., 2015; Tang et
al., 2019; Xue et al., 2019), while evidence for its occurrence
on urban soil surfaces after the rain is still uncertain. At 13:00
on 26 and 27 June, the model predicted lower HONO by al-
most a factor of 2–4 (observation: 0.45 ppbv on both days;
model: 0.13 and 0.21 ppbv), which needs an enhancement of
at least 2–4 in γg if using NO2 uptake on the ground sur-
face to explain the underestimation. Current laboratory stud-
ies have studied the enhancement effect of atmospheric RH
(in the range of 10 %–70 %) on the NO2 uptake coefficient
on the humic acid surface with enhancement factors of less
than 3 (Han et al., 2016; Stemmler et al., 2006, 2007). Cam-
paign averages of the measured NO2 and RH at 13:00 were
7.4 ppbv and 35.5 %, respectively. At 13:00 on 26 (27) June,
the measured NO2 of 7.9 (4.3) ppbv was similar to (or lower

than) the campaign average, but the RH of 67.6 % (53.1 %)
was significantly higher than the campaign average. But the
RH was still in the range (10 %–70 %) for which RH showed
a small enhancement effect on γg (less than 3). Hence, af-
ter rain, an enhanced NO2 uptake may be responsible for
the underestimation. In addition, soil HONO emission may
co-exist, but more evidence for urban regions was needed.
However, the impact of highly humid surfaces (e.g., rainwa-
ter on the ground surface) on different HONO sources and
sinks was still unclear. Further studies on the impact of rain
on urban soil surface processes are necessary, such as field
studies of soil HONO emission fluxes and laboratory studies
of NO2 uptake kinetics on relevant surfaces.

3.3 Radical chemistry

Comprehensive field measurements in comparison to model
studies allow the role of HONO in the radical chemistry of
the atmosphere to be studied. HONO is expected to strongly
impact OH levels in the lower atmosphere due to strong day-
time HONO sources and due to its fast photolysis. In addi-
tion, considering high O3 levels at the present field site, NO3
chemistry could also be important, particularly during night-
time, which will also be discussed in this section.

3.3.1 Role of HONO in radical concentrations

Figure 10 shows the simulated radical concentrations in dif-
ferent model scenarios, in which their sensitivities to the
constrained HONO were tested. It can be obtained that
ROx radicals (OH, HO2, and RO2) were significantly af-
fected by the constrained HONO, implying the vital role
of HONO in the ROx budget. For instance, the peak OH
concentration in the base case was 0.42 pptv (equivalent
to 1.0× 107 molecules cm−3). It decreased to 0.37 (or
0.32) pptv when HONO was reduced by 50 % (or 100 %) and
increased to 0.46 (or 0.51) pptv when HONO was enlarged
by 50 % (or 100 %). In contrast, modeled NO3 concentra-
tions showed very small variations whether HONO was re-
duced or enlarged. NO3 concentrations are mainly governed
by the levels of O3+NO2 during nighttime, when HONO
has no impact on radical levels, due to its missing photol-
ysis. The radical concentrations that are almost the same in
the model cases NO+OH and case −100 % indicate the mi-
nor role of NO+OH in the radical budget as this OH sink is
exactly compensated for by the OH production through Re-
action (R5).

3.3.2 Radical production–loss rates and reactivity

Figure 11a and b illustrate the production–loss rates of OH
and NO3, respectively. The total production rates of these
radicals were similar to their loss rates due to their short
lifetimes and high reactivities. For OH (Fig. 11a), its largest
source was the reaction of HO2+NO (average contribution:
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Figure 10. Simulated concentrations of (a) OH, (b) HO2, (c) RO2, and (d) NO3. Different colored lines show results in different scenarios.
NO+OH: only with the homogeneous source. Base: constrained by the observed HONO.+50 %: constrained by the observed HONO× 1.5.
+100 %: constrained by the observed HONO× 2. −50 %: constrained by the observed HONO× 0.5. −100 %: constrained by HONO= 0.

70 %), which is part of the propagation cycle and which is not
a radical initiation source (Elshorbany et al., 2010). HONO
photolysis was the second largest OH source (average con-
tribution: 11 %), and it is expected to be the largest primary
OH source after subtracting OH loss through HONO+OH
and NO+OH (see Sect. 3.3.4). Reactions with NO2, CO,
and C5H8 acted as the top three OH sinks but did not dom-
inate OH loss due to high OH reactivity caused by various
other reactions, particularly those with other VOCs (see be-
low).

Figures 11c and S10a show the OH reactivity with dif-
ferent classes of pollutants and their relative contributions,
respectively. Total OH reactivity showed a small peak of
20 s−1 in the morning and then stayed almost constant
around 17 s−1. Among different classes of pollutants, the
measured inorganics (ordered by OH reactivity contribu-
tion: NO2>CO>NO>O3>HONO>SO2>H2O2) con-
tributed the largest to the OH reactivity with values in the
range of 2.6–8.4 s−1. Their total contribution was larger in
the morning (43 %) due to high NO, NO2, and CO levels
(Fig. 2) and decreased to 15 % at noontime. Reactivities with
the measured alkanes, alkenes, aromatics, and OVOCs were
0.95–1.2, 3.3–3.9, 2.2–2.9, and 1.65–1.9 s−1, leading to rel-
ative contributions of around 5 %–7 %, 18 %–22 %, 11 %–
17 %, and 9 %–12 % throughout the whole day, respectively.
Likewise, C5H8 alone contributed 4 % of the OH reactivity in
the early morning (0.85 s−1), and its contribution increased
to 12 % at noontime (2.1 s−1) as a result of high levels of
C5H8 at noontime.

Figures 11d and S10b show NO3 reactivity with differ-
ent pollutant classes and their relative contributions, respec-

tively. Compared with the total OH reactivity, the total NO3
reactivity exhibited lower values and a different variation
profile. It showed a minimum of 1 s−1 at noontime and in-
creased to around 4 s−1 at 02:00. The reaction NO2+O3
(Reaction R11) is the most important net NO3 source. In
contrast, NO3 formation by the N2O5 decomposition (Reac-
tion R17) is almost compensated for by the same amount of
NO3 loss during N2O5 production (Reaction R14). NO3 loss
was dominated by its photolysis and its reactions with NO
during the daytime and reactions with NO2 at night. More
discussion on the NO3 chemistry is presented in the follow-
ing section.

3.3.3 NO3 chemistry

As shown in Fig. 10d, high NO3 levels (diurnal peak:
9.3 pptv, time-series peak: 22 pptv) were simulated by the
model. High NO3 concentrations, as well as high NO3 reac-
tivities (Fig. 10d), generally appeared at night (18:00 to 04:00
in the next day) when OH was very low and NO3 was not lost
by photolysis, indicating that the NO3-initialized chemistry
may play an important role in nighttime chemistry at this site.
To verify this assumption, we compared the C5H8 oxidation
and nitrate formation through NO3-induced reactions with
other reactions.

C5H8 oxidation

Figure 12 shows (a) the C5H8 loss rates (L(C5H8)) through
different oxidation paths and (b) their relative contributions.
L(C5H8) through O3 was generally in the range of 0.04–
0.12 ppbv h−1. L(C5H8) through OH showed high values
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Figure 11. Production rates (P ), loss rates (L), and reactivities of radicals. (a) L and P of OH. (b) L and P of NO3. (c) Reactivities of
OH. (d) Reactivities of NO3. In (a) and (b), the top three sources or sinks are shown, and all the others are summarized as “Other sources”
or “Other sinks”. In (c), OH reactivities with different families of the measured species are shown, and reactivities with all the unmeasured
species are summarized as “Others”. In (d), NO3 reactivities from the top three reactions are shown, and all the others are summarized as
“Others”.

in the daytime and low ones during the night. Opposite to
OH, loss rates L(C5H8) through NO3 were low in the day-
time and high during the night. On average, L(C5H8) val-
ues through OH, O3, and NO3 oxidation were 1.3, 0.07, and
0.16 ppbv h−1, with relative contributions of 84 %, 5 %, and
11 %, respectively. During the daytime, L(C5H8) through
OH oxidation was generally 1 order of magnitude higher than
those through NO3 or O3 oxidation, leading to a dominant
C5H8 loss contribution of generally >90 % through OH ox-
idation (Fig. 12b). However, at night, OH was much lower
and NO3 was higher due to the absence of photochemistry,
resulting in an increasing contribution of L(C5H8) through
NO3 oxidation (Fig. 12b). Average L(C5H8) through night-
time NO3 oxidation increased to 0.30 ppbv h−1, but L(C5H8)
through OH oxidation decreased to 0.33 ppbv h−1, resulting
in a relatively high contribution of NO3 oxidation (32 %–
57 %). NO3 oxidation contributed to 44 % of the nighttime
C5H8 loss, which is comparable to OH oxidation (48 %) and
much higher than O3 oxidation (8 %). C5H8 is an important
common hemiterpene emitted by many species of vegeta-
tion, and its oxidation plays a key role in secondary organic
aerosol (SOA) formation. The results of the present study
show that daytime OH-induced C5H8 oxidation is the most
important, while NO3-induced oxidation of C5H8 may also

significantly affect the SOA formation during the nighttime
(Brown and Stutz, 2012; Mellouki et al., 2021).

HNO3 formation

As an important component of particulate matter, inor-
ganic nitrate (pNO3) is produced by the partitioning of
gas-phase HNO3 and by heterogeneous uptake of N2O5.
HNO3 formation from OH+NO2 and from N2O5 hy-
drolysis on the aqueous aerosol surface is also the ma-
jor daytime and nighttime sinks for removing NOx from
the atmosphere. Hence, the production of HNO3, defined
as P (HNO3)=P (HNO3)OH+P (HNO3)NO3 , represents the
upper limits of pNO3 production. P (HNO3)OH denotes the
HNO3 production through Reaction (R18) in the model (Sce-
0). For calculation of P (HNO3)NO3 , both HNO3 formation
through N2O5 heterogeneous uptake on the aerosol surface
(Reaction R16) and other NO3-induced reactions were con-
sidered (the former is the dominant one).

NO2+OH→ HNO3 (R18)

In the model, parameterization for the heterogeneous N2O5
uptake is described by Eq. (9).

P (HNO3)N2O5 =
v(N2O5)× Sa×[N2O5]

4
× γN2O5 × 2, (9)
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Figure 12. (a) Diurnal loss rate of C5H8 by NO3, O3, and OH oxidation and (b) their diurnal relative contributions.

where v(N2O5), [N2O5], and γN2O5 represent the molecu-
lar speed, concentration, and heterogeneous uptake coeffi-
cient of N2O5, respectively. γN2O5 was typically set as 0.1
reported in previous studies (Brown and Stutz, 2012; Wang
et al., 2017).

As shown in Fig. 13, the overall P (HNO3) was high during
the daytime and low during the night. During the daytime,
P (HNO3)NO3 was generally much lower than P (HNO3)OH,
leading to high contributions of P (HNO3)OH (>90 %). How-
ever, during the night, P (HNO3)OH and its relative con-
tribution to P (HNO3) remarkably increased. On average
throughout all day, P (HNO3)NO3 contributed 18 %, signif-
icantly lower than P (HNO3)OH (82 %). However, at night,
P (HNO3)NO3 contribution increased to 51 %, slightly higher
than P (HNO3)OH (49 %). Model results may have uncertain-
ties but shed light on the atmospheric chemistry in this pol-
luted region. So far, very few NO3 measurements are avail-
able in China (Lu et al., 2019; Suhail et al., 2019), while its
high concentration and important role in chemical oxidation
presented in this study indicate the necessity of direct NO3
(as well as related species such as N2O5 and ClNO2) mea-
surements in the NCP, where summertime O3 levels are sub-
stantially increasing (Han et al., 2020; Li et al., 2019; Sun et
al., 2016, 2019).

3.3.4 Radical initiation vs. termination

Measurements of other radical precursors, such as H2O2
(through photolysis to produce OH), HCHO (through pho-
tolysis to produce HO2), and alkenes (through ozonolysis via
Criegee intermediate to produce OH, HO2, and RO2), were
available, which allows for a comparison of radical initiation
(primary production) and termination (T (ROx)). As shown in
Fig. 14, the overall radical initiation and termination showed
similar variations and levels. Both the sum of the ROx initi-
ation and termination showed peaks of about 7.6 ppbv h−1

at noon, which is in the range of 2.5–12.2 ppbv h−1 re-

ported in previous studies (Elshorbany et al., 2010, 2012;
Hofzumahaus et al., 2009; Kukui et al., 2014; Liu et al.,
2012; Ren et al., 2003). During the daytime, it is evident
that HONO photolysis (P (ROx)HONO_net) made the largest
contribution (20 %–70 %, Fig. 14b) to ROx initiation, with
an average of 37 % (or 32 % for all day; Fig. S11), fol-
lowed by ozonolysis (29 %), O3 photolysis (21 %), HCHO
photolysis (13 %), and H2O2 photolysis (1 %). In particular,
ROx production from the ozonolysis of alkenes was signifi-
cantly lower than that from HONO during 06:00–14:00 until
later after 17:00 when it started to dominate ROx produc-
tion. At night with the absence of photochemistry, ozonoly-
sis was the major source for primary ROx . Due also to the
high production of radicals during the daytime, ozonolysis
played an important role in primary ROx production (39 %
for all day). The termination of radicals T (ROx) was dom-
inated by NO2+OH→HNO3, NO2+CH3COO2→PAN,
and HO2+HO2→H2O2 (Elshorbany et al., 2010, 2012;
Hofzumahaus et al., 2009; Kukui et al., 2014; Liu et al., 2012;
Stone et al., 2012).

3.4 Implications for further studies

For the first time, we considered HONO and NOx lifetimes
to quantify the contribution of direct emission to daytime
HONO formation. The method developed here remarkably
reduced the overestimation of contribution from direct emis-
sion. It is universal and should be used for all ground mea-
surements to quantify the contribution of direct emission to
daytime HONO formation.

In the present study, we also conclude that heteroge-
neous NO2 reaction on the ground surfaces is the major
HONO source. Constraints on aerosol-derived sources, in-
cluding NO2 uptake on the aerosol surfaces and particulate
nitrate photolysis, are conducted by our measurements at
the summit of Mt. Tai and recent laboratory studies. There-
fore, it could be expected that similar conclusions can be
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Figure 13. (a) HNO3 production (P (HNO3)) from NO3- or OH-induced reactions and (b) their relative contribution at each hour of the day.
NO3-induced reactions include heterogeneous uptake of N2O5 on the aerosol surface and all the other NO3 reactions that produce HNO3.

Figure 14. Primary ROx production and net ROx loss. (a) Production from different sources and (b) their relative contributions at different
hours of the day. (c) The top 20 ROx loss rates. Note that the top 20 net radical loss paths are summarized here. It could represent the
majority of total T (ROx ) as others (<0.03 ppbv h−1) were at least 2 orders of magnitude lower than the sum of the top 20. Nighttime
P (ROx )HONO_net was negative (a net sink for OH), so that its contribution was also negative at night. The same amounts of radical loss
or production from equilibrium reactions (e.g., HO2+NO2↔HNO4; CH3COO2+NO2↔PAN) were excluded from radical initiation or
termination. T (ROx )NO2+CH3COO2 represents the net PAN formation.

found in other studies when considering ground measure-
ments. Additionally, parameterizations of HONO sources
used for box model simulations are applicable for other stud-
ies. The values of some parameters, such as NO2 uptake co-
efficients, MLH, and particulate nitrate photolysis frequency,
are obtained or derived from laboratory or field studies. Fur-
ther studies may improve the understanding of the varia-
tion of those parameters; for instance, NO2 uptake coef-
ficients may vary with locations that have different land-
scapes. In particular, based on three vertical measurements
in Germany, the USA, and China, similar levels of MLH
(<100 m) were derived, indicating the potential application
of this method to ground measurements worldwide. This
could significantly reduce the underestimation of HONO for-
mation from ground-derived sources compared to models in
which the BLH was used. Meanwhile, sensitivity tests should

be conducted, and uncertainties should be discussed accord-
ingly.

It has been recognized that HONO photolysis could initi-
ate daytime atmospheric chemistry in the early morning and
also act as a substantial OH source during the daytime in
polluted regions. The significant contribution and impact of
HONO on radical levels could motivate studies by chemistry-
transport models, most of which currently do not include
HONO chemistry.

Furthermore, O3 pollution is becoming a key environmen-
tal issue in China. These high levels of O3 are often accompa-
nied by moderate levels of NOx . In this case, NO3 chemistry
could make a considerable contribution to atmospheric oxi-
dization capacity, especially during the nighttime. Its follow-
up impacts on atmospheric composition, such as the forma-
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tion of nitrate and SOA, need further field measurements and
model quantifications.

4 Summary

Atmospheric HONO and related parameters (VOCs, NOx ,
PM2.5, J (NO2), etc.) were measured at the foot and the sum-
mit of Mt. Tai in the summer of 2018. The present study was
conducted mainly based on measurements at the foot station.
The observed HONO varied from 0.05 to about 3 ppbv, with
an average of 0.62± 0.42 ppbv. With the implementation of
a 0-D box model (F0AM) coupled with the Master Chem-
ical Mechanism (MCM v3.3.1), the HONO budget and the
radical (ROx +NO3) chemistry were explored.

The main conclusions are summarized as follows:

1. The default HONO source, NO+OH, significantly un-
derestimated the observed HONO concentrations. This
reaction could only account for 13 % of the observed
HONO, revealing a strong unknown source (Punknown).
The diurnal profile of Punknown rapidly increased in the
morning and peaked nearly 3 ppbv h−1 at ca. 1 h before
noon, suggesting additional photo-enhanced HONO
formation processes.

2. A HONO/NOx ratio of 0.7 % was derived for direct
emission, and its contribution (15 %–25 % at night but
negligible during the daytime) was quantified by a new
method developed in this study. Based on the con-
straints on the aerosol-derived HONO sources (NO2 up-
take on the aerosol surface and nitrate photolysis) ob-
tained from the summit measurement (see the compan-
ion paper) and from recent laboratory studies, we found
that the aerosol-derived HONO sources may not sig-
nificantly contribute to HONO formation at the ground
level. Their contributions to HONO formation were al-
ways smaller than NO+OH. Heterogeneous NO2 con-
version on the ground surface made the largest contri-
bution to Punknown, but it was sensitive to the MLH used
for its parameterization. This addressed the importance
of a reasonable MLH for exploring ground-level HONO
formation in 0-D models and the necessity of vertical
measurements.

3. HONO played an important role in ROx but a negligible
role in NO3 concentrations. OH dominated the atmo-
spheric oxidizing capacity in the daytime, while NO3
appeared to be significant at night. Peaks of NO3 time
series and diurnal variation reached 22 and 9 pptv, re-
spectively. NO3-induced reactions contribute 18 % of
nitrate formation potential and 11 % of the C5H8 oxi-
dation throughout the whole day, while at night, NO3
chemistry led to 51 % and 44 % of the nitrate forma-
tion potential and the C5H8 oxidation, respectively. NO3
chemistry may significantly affect nighttime secondary
organic and inorganic aerosol formation in this high-O3

region. Hence, the direct measurement of NO3 (along
with HOx , N2O5, ClNO2, etc.) in this region should be
conducted.
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