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a b s t r a c t

To investigate nitrous acid (HONO) levels and potential HONO sources above crop rotation

fields. The HONO fluxes were measured by the aerodynamic gradient (AG) method from 14

December 2019 to 2 January 2020 over an agricultural field in the Huaihe River Basin. The

ambient HONO levels were measured at two different heights (0.15 and 1.5 m), showing a

typical diurnal cycle with low daytime levels and high nighttime levels. The upward HONO

fluxes were mostly observed during the day, whereas deposition dominated at night. The

diurnal variation of HONO flux followed solar radiation, with a noontime maximum of 0.2

nmol/(m2•sec). The average upward HONO flux of 0.06 ± 0.17 nmol/(m2•sec) indicated that

the agricultural field was a net source for atmospheric HONO. The higher HONO/NO2 ra-

tio and NO2–to–HONO conversion rate close to the surface suggested that nocturnal HONO

was formed and released near the ground. The unknown HONO source was derived from

the daytime HONO budget analysis, with an average strength of 0.31 ppbV/hr at noontime.

The surface HONO flux, which was highly correlated with the photolysis frequency J(NO2)

(R2 = 0.925) and the product of J(NO2) × NO2 (R2 = 0.840), accounted for ∼23% of unknown

daytimeHONO source. The significant correlation betweenHONOfluxes and J(NO2) suggests

a light-driven HONO formation mechanism responsible for the surface HONO flux during

daytime.
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Introduction

As an important precursor of hydroxyl (OH) radicals, the pho-
tolysis of nitrous acid (HONO) contributes 25%–60% of primary
production of atmospheric OH radicals (Elshorbany et al.,
2009; Huang et al., 2017; Meng et al., 2020). Although at-
mospheric HONO has been studied for several decades,
the sources of HONO remain considerable debated. Model-
measurement discrepancies have been widely reported, and
higher daytime HONO concentrations have been observed in
remote, rural and urban regions compared to those predicted
by the known reactionmechanisms (Hou et al., 2016; Lee et al.,
2016; Li et al., 2012; Meusel et al., 2016; Michoud et al., 2014;
Oswald et al., 2015; Sörgel et al., 2011a, 2011b; Tang et al., 2015;
VandenBoer et al., 2013; Villena et al., 2011; Wang et al., 2017;
Wong et al., 2013; Yang et al., 2014; Zhou et al., 2002), which
has stimulated investigations of potential HONO formation
mechanisms. Several mechanisms have been proposed based
on field and laboratory studies, involving (i) the photosen-
sitized reduction of NO2 on organic substances, e.g., humic
acids (George et al., 2005; Han et al., 2016; Scharko et al.,
2017; Stemmler et al., 2006; Stemmler et al., 2007), (ⅱ) the dy-
namic process of deposition of strong acid and rerelease of
absorbed HONO from soil surfaces (VandenBoer et al., 2014a;
VandenBoer et al., 2014b), (ⅲ) the photolysis of surface HNO3

and particulate nitrate (Ye et al., 2017; Ye et al., 2018; Ye et al.,
2016; Zhou et al., 2003, 2011) and (ⅳ) the biotic or abiotic pro-
duction and release of nitrite in soil (Bhattarai et al., 2021;
Donaldson et al., 2014; Oswald et al., 2013; Scharko et al., 2015;
Su et al., 2011).

Several field studies have revealed high correlations be-
tween daytime HONO levels and the photolysis frequency
J(NO2) or solar radiation and the NO2 concentration, which
points to an atmospheric HONO source involving the photo-
sensitized reduction of NO2 on organic substrates (Jiang et al.,
2020; Kleffmann, 2007; Laufs et al., 2017; Ren et al., 2011;
Sörgel et al., 2011a; Tsai et al., 2018). However, high day-
time HONO fluxes of 2.84 nmol/(m2•sec) and the maximum
HONO concentration up to 20.64 ppbV were observed in an
agricultural field in the North China Plain after fertilization,
whichmay be attributed to biotic and abiotic HONO emissions
from the soil (Tang et al., 2019; Xue et al., 2019). This forma-
tion mechanism has been proposed to be an effective HONO
source in agricultural fields (Oswald et al., 2013; Su et al., 2011;
Bhattarai et al., 2021), and it is closely related to NO emissions
(Bhattarai et al., 2018; Mamtimin et al., 2016; Meusel et al.,
2016; Weber et al., 2015), N2O emissions (Maljanen et al.,
2013), soil water content (Oswald et al., 2013; Weber et al.,
2015; Wu et al., 2019) and fertilization (Tang et al., 2019, 2020;
Xue et al., 2019, 2021).

Flux measurements provide direct information about the
gas exchange processes between the surface and the atmo-
sphere and are a better way to investigate the source of
trace gases in the lower atmosphere. Several methods have
been developed to measure land-atmosphere exchange of
gas, which can be divided into direct micrometeorological
methods (e.g., the eddy-covariance (EC) and disjunct eddy-
covariance methods), indirect micrometeorological methods
(e.g., the aerodynamic gradient (AG) method and the re-

laxed eddy-accumulation (REA) method) (Ren et al., 2011;
Stella et al., 2012) and chamber methods (Tang et al., 2019,
2020; Xue et al., 2019). The micrometeorological methods al-
low larger spatial-scale measurements without influencing
the underlying surface, whereas the chambers only repre-
sent small-scale spatial measurements. As the most common
method, EC is widely used to study the land-atmosphere gas
exchange. However, due to the lack of fast and sensitive EC-
HONO measurement system, indirect methods such as the
AG, REA and chamber methods have been applied to the field
HONO flux measurements (Laufs et al., 2017; Ren et al., 2011;
Zhou et al., 2011; Tang et al., 2020; Xue et al., 2019) and indi-
cates the different HONO formation pathways. The photosen-
sitized reaction of NO2 on soil surfaces (Laufs et al., 2017), the
photolysis of adsorbedHNO3 (Zhang et al., 2012) and soil emis-
sions (Tang et al., 2020; Xue et al., 2019) have been proposed as
potential mechanisms for HONO production. Unfortunately,
the few available HONO flux measurements, which are some-
what skewed to summertime periods despite the fact that the
significance of HONO is likely higher in winter, limit the un-
derstanding and parameterization of surface HONO produc-
tion and loss processes.

In this study, HONO flux measurements were performed
over an agricultural field in winter in the Huaihe River Basin,
which is an important grain production area in China, with
grain output accounting for about 16% of the national to-
tal output. The arable area of the basin is about 12.7 mil-
lion hectare, covering 12% of the total national arable area,
and the application of nitrogen fertilizer accounts for 76.3%
of the country (Cao et al., 2019). The heavy application of ni-
trogen fertilizers increases a potential to release HONO from
agricultural soils, which affects the photochemistry, ozone
and air quality in the Huaihe River Basin. Therefore, it is
crucial to understand HONO formation pathways in agricul-
tural fields. Here, we report HONO flux measurements over a
winter-wheat field using the AG method coupled with the in-
coherent broadband cavity enhanced absorption spectrome-
ter (IBBCEAS) technique. The unknown daytime HONO source
was discussed based on the budget analysis and the origin of
the surface HONO flux is investigated. The primary objective
of our observations was to determine whether surface HONO
fluxes are able to close the daytimeHONObudget and to inves-
tigate whether the proposed HONO formation mechanisms
dominate surface HONO flux at the studied agricultural field
site.

1. Materials and methods

1.1. Site description

The measurements were performed over an agricultural
field at the Shouxian National Climatological Observatory
(32°25’47.8’’N, 116°47’38.4’’E), 9 km south of Shouxian, An-
hui Province, China. The site is homogeneous farmland sur-
rounded by a large amount of agricultural areas, with a low-
traffic road located 250 m to the north. The agricultural field
consists of 17 ha of rice-winter wheat rotation croplandwhich
was fertilized, rotary tilled and sown before 31 October 2019,
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with an ammonium-based fertilization amount of ∼ 69 kg
N/ha.

The HONO fluxes were measured from 14 December 2019
to 2 January 2020 during the growth of the winter wheat (from
0.07 to 0.08 m high). Before the measurements were con-
ducted, rice was harvested before 18 October 2019. Thus, the
surface was a mix of winter wheat seedling and sparse rice
residuals. The mixing ratios of HONO and NO2 at different
heights were simultaneouslymeasured using two IBBCEAS in-
struments with a time resolution of 1 min, which were placed
in a thermostated container controlled by an air conditioner.
The IBBCEAS technique is an optical technique that improves
detection sensitivity by increasing the effective absorption op-
tical path of the gas, which is explained in detailed elsewhere
(Duan et al., 2018; Meng et al., 2020). The IBBCEAS instrument
allows the detection of HONO down to 60 pptV (2σ ) at 1 min
time resolution and instrument showed excellent agreement
with long path absorption photometer (LOPAP) (Duan et al.,
2018). The light intensity was automatically calibrated every
1 hr throughout the campaign and the mirror reflectivity was
calibrated weekly to ensure the accuracy and validity of the
data.

1.2. Aerodynamic gradient and meteorological
measurements

The HONO and NO2 mixing ratios were measured at two
heights above the canopy using a 3 m high gradient mast.
The sampling inlets were mounted at heights of 0.15 and 1.5
m above the ground and positioned away from the mast to
minimize the turbulence disruptions caused by the gradient
mast (Fig. S1). Throughout the campaign, the sampling inlets
were always above the wheat canopy, and the sample lines
were heated with heating tape and were protected from radi-
ation with black insulated tubing to avoid the condensation
of water vapor and photolysis. Other trace gases, NO and O3,
were also measured during the campaign, which were mea-
sured using an NOx analyzer (Model 42iTL, Thermo Scientific,
USA) and an O3 analyzer (Model 49i, Thermo Scientific, USA),
respectively. The PM2.5 concentrations were measured using
a synchronized hybrid ambient real-time particulate (SHARP)
Monitor (Model 5030, Thermo Scientific, USA).

Meteorological parameters included wind speed and di-
rection (EL, Shanghai Meteorological Instrument Factory Co.,
China), air temperature (Tair) and relative humidity (RH)
(HMP155, Vaisala, Finland) and solar radiation (BSRN3000,
TRUWEL Instrument Inc., China) were measured continu-
ously. The soil parameters such as soil temperature (Tsoil)
(TMC6-HC, ONSET, USA) and soil water content (θ ) (S-SMD-
M005, ONSET, USA) were also measured at different depths
in the surface soil layer (5 and 10 cm). For the EC measure-
ments, an integrated 3-D ultrasonic anemometer and open-
path CO2/H2O analyzer (IRGASON, Campbell Sci. Inc., USA)
was set 4 m above the ground,with data sampling and record-
ing at 10 Hz. A footprint analysis with the ART Footprint Tool
(Neftel et al. 2008) indicated that more than 80% of the field
was in the EC mast footprint on average. Thus, at least 80% of
the field was inside the gradient mast since it was below the
EC mast.

1.3. Data treatment and AG flux uncertainty

The HONO flux was calculated at 30 min intervals by the AG
method (as described in Section S1 of Appendix A. Supple-
mentary data), which required a significant mixing ratio gra-
dient across the height. The signal to noise ratio of the gra-
dient, which is the ratio of the mean (�HONO) to the stan-
dard deviation (σHONO) of the HONO mixing ratio difference
at two successive levels, can be used to evaluate whether the
existence of a significant gradient difference in HONO mixing
ratios between two measurement heights (Stella et al., 2012).
The fluxes were calculated using only the significant gradient
difference.Moreover, the data from instruments that were not
simultaneously available (calibrations, intercomparisons and
maintenance outage) and unusual conditions like dense fog
events (e.g., 24 and 25 December 2019) were not considered
in flux calculations. Finally, about 81% of the logged data was
used to determine the HONO flux, and other measurements
were also averaged for 30min intervals for the subsequent flux
analysis.

The uncertainty in the HONO flux (σFHONO
), which is directly

related to the gradient error (σgradient) and the friction velocity
(u∗) error (σu∗ ), is expressed as (Laufs et al., 2017):

σFHONO
=

√
σ 2
u∗ + σ 2

gradient (1)

Since the HONO gradients were obtained by the IBBCEAS
instruments at two heights, the quantification of the gra-
dient strongly depended on the accuracy of the two in-
struments. Therefore, the IBBCEAS instruments were cali-
brated and intercompared several times throughout the field
campaign. The external sampling inlets were placed adja-
cent to each other and identical sampling velocity was used
to minimize the measurement deviations. The intercompar-
isons exhibited excellent agreement (HONO: R2=0.987; NO2:
R2=0.993), with slopes of close to 1 (HONO: 0.998 ± 0.020,
NO2: 0.992 ± 0.005) and small intercepts of 5 ± 13 (HONO) and
257 ± 57 pptV (NO2), which demonstrates the credibility of the
quantification of the HONO gradients (Fig. S2). Then, the errors
of friction velocity (σu∗ ) and the gradient (σgradient) were calcu-
lated following the method of Laufs et al. (2017). The uncer-
tainty of HONO flux was finally determined by Eq. (1), which
was typically less than 35%.

2. Results and discussion

2.1. General observations

The meteorological parameters (global radiation, wind speed
and direction, air temperature and relative humidity) and
PM2.5 are presented in Fig. S3. Cloudy days dominated the ex-
perimental periods, with the maximum global radiation only
reaching 470 W/m2, and clear sky only occurred on 22, 27,
28, 29 and 31 December, and the global radiation reached 562
W/m2 at noontime. The daytime temperature was around 6°C
and the relative humidity varied between 26% and 99%. The
nighttime temperature ranged from −3.5 to 12.6°C and the rel-
ative humidity varied between 45% and 99%. During most of
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Fig. 1 – Time series of O3, NO, NO2 and HONO mixing ratios
and HONO/NOx ratio measured at 1.5 m height from 14
December 2019 to 2 January 2020.

the campaign, the prevailing winds were north and south sec-
tors, with an average wind speed of 2.3 ± 1.4 m/sec. The PM2.5

concentrations varied from 13 to 156 μg/m3, with an average
of 60 μg/m3. The daily average PM2.5 concentrations were be-
low the Chinese National Ambient Air Quality Standard (Class
Ⅱ: 75 μg/m3), except on 21, 23, 26 and 30 December when daily
average PM2.5 concentrations were above 80 μg/m3.

The mixing ratios of O3, NO, NO2 and HONO exhibited di-
urnal and day-to-day variations (Fig. 1). During the measure-
ment period, the O3 mixing ratio varied from 0.52 to 52.35
ppbV, with a mean value of 14.30 ± 11.18 ppbV. The average
mixing ratios of NO and NO2 at 1.5 m were 9.23 ± 16.25 ppbV
(0.08−117.53 ppbV) and 9.95± 4.20 ppbV (1.84−22.47 ppbV), re-
spectively. The maximum NO mixing ratio up to 117.53 ppbV
was observed at around 6:30 LT (local time) on December
19, which could be attributed to occasional local emissions
from biomass burning and vehicles (NO/NOx > 90%). Ambi-
ent HONO concentrations at 1.5 m height varied from below
detection limits to 2.06 ppbV, with an average of 0.26 ± 0.24
ppbV during daytime (08:00-17:00 LT) and 0.52 ± 0.35 ppbV
during nighttime (19:00-06:00 LT). The observed HONO levels
are comparable to the levels measured in the rural areas of
the Pearl River Delta (Backgarden, Guangzhou) (Li et al. 2012),
but lower than those measured at a rural site (Wangdu, Hebei)
in the North China Plain (Xue et al., 2020) and in polluted ur-
ban environments (Elshorbany et al., 2009; Hao et al., 2020;
Huang et al., 2017; Jia et al., 2020; Li et al., 2018; Liu et al., 2020;
Yu et al., 2009) as summarized in Table S1. The HONO/NOx

ratio varied from 0.1% to 14.2%, with an average of 2.7% ±
2.0%, which was lower than observations in other rural ar-
eas of China. The average HONO/NOx ratio that exceed direct
emissions (0.3%−1.3%) was observed (Kirchstetter et al., 1996;
Kramer et al., 2020; Kurtenbach et al., 2001; Liang et al., 2017;
Liu et al., 2017; Nakashima and Kajii, 2017), suggesting that
ambient HONO levels were dominated by other sources rather
than direct emissions in the agricultural field (Xue et al., 2020).

Fig. 2 – Time series of HONO mixing ratios measured at
different heights (0.15 and 1.5 m), HONO mixing ratio
differences between 1.5 and 0.15 m (�HONO), friction
velocity (u∗) and HONO fluxes determined by the
aerodynamic gradient (AG) method at geometric mean
height zref = 0.38 m. The error bars denote the standard
deviation.

2.2. Aerodynamic gradient HONO fluxes

The HONOmixing ratios at 0.15 and 1.5 m levels, vertical mix-
ing ratio differences (�HONO) and HONO fluxes are shown in
Fig. 2. The HONOmixing ratio differences featured distinct di-
urnal patterns. The negative gradients during daytime indi-
cate net emission and positive gradients at night indicate net
deposition. The �HONO were up to −0.57 ppbV during day-
time and 0.48 ppbV at night. The friction velocity u∗ varied
from 0.15 m/sec at night to 0.23 m/sec during daytime, with a
maximum value up to 0.53 m/sec.

The calculated HONO fluxes ranged from −0.39 to 1.1
nmol/(m2•sec), with an average of 0.06 ± 0.17 nmol/(m2•sec),
which was within the range of the HONO flux measure-
ments in other suburban/rural/remote areas (−1.71–2.36
nmol/(m2•sec)) (Harrison and Kitto, 1994; Laufs et al., 2017;
Ren et al., 2011; Sörgel et al., 2015; Stutz et al., 2002; Tang et al.,
2020; Xue et al., 2019; Zhang et al., 2012; Zhou et al., 2011).
The observed HONO fluxes are comparable to the measure-
ments in other agricultural fields (Laufs et al., 2017; Ren et al.,
2011; Tang et al., 2020; Xue et al., 2019) and about an order
of magnitude higher than for remote forest site (Table S2)
(Ren et al., 2011; Sörgel et al., 2015), but are lower than the
levels (–0.5–1.31 nmol/(m2•sec)) measured at PROPHET site,
which could be ascribed to differences in pHof canopy and soil
surfaces between rural and forested sites (Sörgel et al., 2015;
Zhang et al., 2012). The upward HONO fluxes were mostly ob-
served throughout the whole campaign and the similar high
emission event on 16 December was also observed at the
PROPHET (Program for Research on Oxidants: Photochemistry,
Emission and Transport) site (Zhang et al., 2012) and during
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Fig. 3 – Diurnal profiles of HONO mixing ratio (0.15 and 1.5
m), HONO flux and its potential precursors and driving
factors, i.e., NO, NO2, photolysis frequency J(NO2), friction
velocity (u∗), soil temperature (Tsoil) and soil water content
(θ) during the measurement period.

the PHOTONA 2 (PHOTOlytic sources of Nitrous Acid in the at-
mosphere) campaign (Laufs et al., 2017). ThemaximumHONO
flux up to 1.1 nmol/(m2•sec) is of the same order of magni-
tude as the REA HONO flux (maximum: 1.31 nmol/(m2•sec))
(Zhang et al., 2012; Zhou et al., 2011) and the HONO flux (fertil-
ized field: 1.51 nmol/(m2•sec)) measured by the twin open-top
chamber method (Xue et al., 2019).

2.3. Diurnal variation of HONO flux

The diurnal variations of meteorological parameters and
chemical species are shown in Fig. 3. The HONO mixing ra-
tio accumulated and remained relatively stable (∼0.5 ppbV) at
night, then gradually decreased after sunrise due to photol-
ysis and vertical mixing, and reached the minimum value at
noon. The significant daytime negative HONO gradients with
higher HONO concentrations at 0.15 m indicate the existence
of surface HONO source during the day. The diurnal NO profile
exhibited a well-defined diurnal pattern with a morning con-
centration peak of 20 ppbV, followed by a decrease to themini-
mumduring daytime. In contrast, theNO2 exhibited aweak di-
urnal profile, with higher values of ∼11 ppbV at night. The soil
temperature and soil water content were also relatively stable
with small variations, and an average Tsoil of 7.59 ± 0.91°C and
θ of 0.18 ± 0.001 m3/m3 were observed over the measurement
period.

The high emission event (16 December 2019) was removed
from the data since it did not represent a common flux profile

in the agricultural field (Laufs et al., 2017). The diurnal pro-
file of HONO flux generally followed the photolysis frequency
J(NO2), with a maximum of 0.2 nmol/(m2•sec) around noon.
The upward HONO fluxes observed during the day imply the
existence of a surface HONO source which is driven by solar
radiation. In contrast, the nocturnal downward flux is close
to zero (−0.003 ± 0.027 nmol/(m2•sec)) was observed, indi-
cating net deposition at night. The observed daytime HONO
fluxes (−0.03 to 0.2 nmol/(m2•sec)) are comparable to those
measured by Laufs et al. (2017) (0.01−0.16 nmol/(m2•sec)) and
Tang et al. (2020) (−0.09−0.55 nmol/(m2•sec)) in agricultural
fields.

2.4. Nocturnal HONO sources

2.4.1. Nocturnal homogeneous reaction
The reaction of NO with OH is the most important homoge-
neous reaction for HONO formation. The net HONO produc-
tion (PnetOH+NO) at night is calculated as follows:

PnetOH+NO = kOH+NO[OH][NO] − kOH+HONO[OH][HONO] (2)

The rate constants of kOH+NO and kOH+HONO are
9.8 × 10−12 and 6.0 × 10−12 cm3/(molecules•sec), respec-
tively (Atkinson et al., 2004, 2005), and [NO] and [HONO] are
hourly average mixing ratios of NO and HONO, respectively.
The nocturnal OH radical concentration ([OH]) was estimated
since it was not available during the campaign. The average
OH concentration of 5 × 105 molecules/cm3 was observed at
night in summer in rural environments (Tan et al., 2017), and
the ratio of [OH]summer/[OH]winter is about 2 (Spataro et al.,
2013; Zhang et al., 2019). Therefore, the nocturnal OH con-
centration of 2.5 × 105 molecules/cm3 was used in this study,
which was comparable to the OH levels observed in winter in
Beijing (Ma et al., 2019; Tan et al., 2018).

The nocturnal variations of PnetOH+NO,NO andHONOare illus-
trated in Fig. 4. The PnetOH+NO ranged from 0.04 to 0.15 ppbV/hr,
with an average of 0.09 ppbV/hr, which increased before mid-
night and remained relatively constant after midnight. The
profile of PnetOH+NO approximately followed that of NO due to the
higher NO levels (11.13 ppbV) compared to HONO levels (0.53
ppbV) governing the variation of PnetOH+NO. Considering ±50%
uncertainty of OH values to estimate PnetOH+NO, the PnetOH+NO var-
ied from 0.02 (0.06) to 0.07 (0.21) ppbV/hr for −50% (+50%)
variations of OH concentration. The levels of PnetOH+NO are com-
parable to those measured at a rural site (Li et al., 2012) but
lower than thosemeasured in polluted urban areas (Hao et al.,
2020; Zhang et al., 2019). By integrating PnetOH+NO before mid-
night (19:00-00:00 LT)whenHONOmixing ratios increased, the
accumulated amount of HONO from homogeneous reaction
was 0.18−0.54 ppbV for ±50% variations of OH concentration,
which can explain the HONO production (0.08 ppbV) in the
first half of the night.

2.4.2. Heterogeneous conversion of NO2

The heterogeneous reaction of NO2 on the surface are con-
sidered as an important pathway for nocturnal HONO forma-
tion as reported in laboratory and field studies (Cui et al., 2018;
Finlayson-Pitts et al., 2003; Hao et al., 2020; Meng et al., 2020).
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Fig. 4 – Nocturnal hourly average net HONO production
(PnetOH+NO), NO and HONO. The boxes represent 25% to 75% of
the data, and the whiskers 90% of data. The red circle and
black line refer to the mean and median of data,
respectively.

During themeasurement period, the nocturnal HONO/NO2 ra-
tios ranged from 0.4% to 18.4% at the lower level and from 0.4%
to 15.3% at the upper levels, with an average of 5.4% and 4.6%,
respectively, which was comparable to the values reported in
previous studies (Hao et al., 2020; Huang et al., 2017; Su et al.,
2008). The higher HONO/NO2 ratios close to the surface im-
plied that nocturnal HONO was formed and released near the
ground. However, aerosol surface, as another important het-
erogeneous reaction medium, also influences the heteroge-
neous conversion of NO2 (Cui et al., 2018; Meng et al., 2020;
Zhang et al., 2020). Since the aerosol surface areawas notmea-
sured in the present study, PM2.5 concentrations were used
as an alternative to identify the impact of aerosols. The weak
anti-correlation of HONO/NO2 ratio with PM2.5 concentration
(Fig. S4) suggested that heterogeneous HONO production on
aerosol surfaces could be negligible.

The surface-adsorbed water is also a factor influencing
NO2 hydrolysis on wet surface (Finlayson-Pitts et al., 2003;
Stutz et al., 2004), however, the exact mechanisms are still
unclear. The influence of RH on heterogeneous HONO for-
mation is investigated in this study, as illustrated in Fig. 5.
The HONO/NO2 ratio increased along with RH when RH in-
creased from 55% to 85% and then decreased with the further
increase of RH,which was in agreement with previous studies
(Huang et al., 2017; Li et al., 2012; Liu et al., 2019). The negative
dependency of HONO/NO2 ratio on RH was found when RH
was above 85%, which could be attributed to the rapid growth
in the number of water mono-layers leading to the less reac-
tive to NO2 and the effective uptake of HONO on saturated
surface (Cui et al., 2018; Li et al., 2012; Liu et al., 2019).

The NO2–to–HONO conversion rate (CHONO) is generally
used to evaluate the efficiency of heterogeneous conversion of
NO2, which is calculated from Eq. (3) by assuming that the ob-
served nocturnal HONO comes from the NO2 heterogeneous

Fig. 5 – Scatter plot of the HONO/NO2 against RH for the
height near the surface (0.15 m) at night. The mean (red
circle), median (black line), boxes represent 25% to 75% of
data and whisker represent 10% to 90% of data are shown
in each bin of relative humidity (RH).

reaction (Su et al., 2008).

CHONO =
[HONO]t2
[NO2]t2

− [HONO]t1
[NO2]t1

t2 − t1
(3)

where [HONO]t and [NO2]t represent the HONO and NO2 mix-
ing ratios at the measuring time t, and the fitted slope of
HONO/NO2 against time is taken as the NO2–to–HONO con-
version rate (Liu et al., 2019). The nocturnal CHONO ranged
from 0.002 to 0.015 hr at 0.15 m and 0.002 to 0.008 hr at
1.5 m, with an average value of 0.008 ± 0.004 and 0.005 ±
0.002 hr, respectively. The higher CHONO near the surface also
supports that the ground surface is the predominant sur-
face where nocturnal HONO is formed (Kleffmma et al., 2003;
VandenBoer et al., 2013). The derived CHONO in this study are
lower than those observed by Su et al. (2008) (0.016 ± 0.014 hr)
and Li et al. (2012) (0.016 ± 0.014 hr) in rural areas of the Pearl
River Delta and by Alicke et al. (2003) at a rural site in Pabst-
thum (0.018 ± 0.009 hr), but comparable to the observations in
rural forested region in Bavaria (0.0075± 0.0045 hr, Sörgel et al.,
2011b) and urban environments (Huang et al., 2017; Liu et al.,
2019; Wang et al., 2013; Wang et al., 2017).

2.5. Daytime HONO sources

2.5.1. Missing daytime HONO source
The daytimeHONObudget analysis (Eq. (4)) is applied to inves-
tigate the unknown HONO source and identify whether the
surface HONO flux can explain the unknown HONO source.
The lower-level data were used for the HONO budget analy-
sis since they described the ground source processes better
(Laufs et al., 2017). However, the NO data were only measured
at 1.5 m height throughout the campaign, which was used
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here.

dHONO
dt

= (POH+NO + Punknown)−
(
LOH+HONO + Lphoto

) ± Tv ± Th

(4)

The production/loss terms of HONO contain homogeneous
reaction (POH+NO), unknown HONO source (Punknown), reac-
tion of OH with HONO (LOH+HONO) and photolysis (Lphoto). The
terms of Tv and Th describe the vertical and horizontal trans-
port processes, which are negligible due to rapid photolysis
and relatively homogeneous atmosphere (Dillon et al., 2002;
Li et al., 2018; Liu et al., 2019; Sörgel et al., 2011a).

Simplifying Eq. (4), the unknowndaytimeHONO source can
be derived by Eq. (5), where the dHONO/dt is approximated by
�HONO/�t. The daytime OH concentration was calculated by
the empirical equation (Eq. (6)),whichwas based on the strong
correlations of OH concentration with photolysis frequency
J(O1D) (Liu et al., 2019; Rohrer and Berreshein, 2006). The cal-
culated OH concentration ranged from 3.3 × 106 to 4.6 × 106

molecules/cm3 at noontime, which was comparable to obser-
vations over northern China in winter (Tan et al., 2018).

Punknown = kOH+HONO[OH][HONO] + J(HONO)[HONO]

+� HONO
� t

− kOH+NO[OH][NO] (5)

[OH] = a ×
(
J
(
O1D

)
/10−5

)b + c (6)

where J(HONO) is photolysis frequency of HONO, and a, b and
c characterize the average influence of the chemical environ-
ment on OH radical at a specific research site. Coefficients
a = 4.2 × 106 molecules/cm3 and b=1 reflects the average in-
fluence of reactants on OH at the research site and the com-
bined effects of all photolytic processes (e.g. photolysis of O3,
NO2, HCHO, H2O2 and HONO), respectively. The coefficient c
counts the light-independent processes which is 0.2 × 106

molecules/cm3 in winter.
The average diurnal HONO production/loss rates and

HONO flux rate from 8:00 to 17:00 LT are presented in Fig. 6.
Surface HONO fluxes were converted into column HONO pro-
duction rate by dividing them by the surface layer height
which was assumed to be homogeneously mixed (Tsai et al.,
2018; Su et al., 2011). The photodecomposition (Lphoto) dom-
inated the daytime HONO loss, with an average of 0.65
ppbV/hr around noon (11:00−14:00 LT), and LOH+HONO was
very small and less than 3% of Lphoto. The average noon-
time Punknown of 0.35 ppbV/hr was comparable to the POH+NO

(0.28 ppbV/hr),which contributed about 55% of daytimeHONO
productivity. The derived Punknown is comparable to observa-
tions by Zhou et al. (2002) in rural areas of New York State
(0.22 ppbV/hr) and by Kleffmann et al. (2005) at a forest site
near Jülich (0.55 ppbV/hr), but smaller than those reported by
Li et al. (2012) in the polluted rural environments of the Pearl
River Delta (0.77 ppbV/hr), Jia et al. (2020) in the urban atmo-
sphere of Beijing (2.33 ppbV/hr) and Liu et al. (2019) at a subur-
ban site of Nanjing (1.04 ppbV/hr). The average HONO flux rate
(Pflux) of 0.08 ppbV/hr was derived at noontime, which is com-
parable to the values reported by Tang et al. (2020) at the same
site (0.06 ppbV/hr) and Xue et al. (2019) in a rural area of the
North China Plain (0.07 ppbV/hr), and accounted for ∼23% of

Fig. 6 – Average daytime HONO production (Punknown:
unknown HONO source strength; POH+NO: homogeneous
reaction rate) and loss (LOH+HONO: reaction rate of OH with
HONO; Lphoto: photolysis rate) rates and HONO flux rate
(Pflux) in winter in agricultural fields.

Table 1 – Correlation coefficients (R2) between average di-
urnal HONO flux (08:00–17:00 LT (local time)) and different
variables. The bold numbers denote the strong correla-
tions observed during the field campaign.

Diurnal average HONO fluxes

Tsoil 0.018
θ 0.0001
Tair 0.042
NO 0.035
J(NO2) 0.925
NO2 0.763
J(NO2) × NO2 0.840

Tsoil: soil temperature; θ : soil water content; Tair: air temperature;
NO: NO concentration; NO2: NO2 concentration; J(NO2): photolysis
frequency of NO2; J(NO2) × NO2: the product of the photolysis fre-
quency J(NO2) and NO2 concentration.

the unknown daytime HONO source. However, when the mix-
ing layer height of 70 m was adopted at noontime according
to Xue et al. (2021), the unknown HONO source could be ex-
plained by the Pflux (0.30 ppbV/hr). And almost all of the HONO
production (92%) could be explained by the POH+NO and surface
HONO flux,which is in agreement with the results reported by
Xue et al. (2021). Therefore, the knowledge of boundary layer
processes is crucial for further studies, which influences the
understanding of atmospheric HONO sources and sinks.

2.5.2. Potential surface sources for HONO flux
The upward HONO flux indicates the existence of surface
HONO source during daytime. To investigate the origin of the
surface HONO flux, the correlations between diurnal HONO
fluxes and potential precursors and controlling parameters
were analyzed (Table 1). Strong positive correlations of the
HONO flux with the photolysis frequency J(NO2) (R2 = 0.925)
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and the product of J(NO2) × NO2 (R2 = 0.840) were observed
during the day, suggesting a light-driven daytime HONO
source, possibly via NO2 conversion as proposed by laboratory
studies (George et al., 2005; Han et al., 2016; Stemmler et al.,
2006). Similar correlations between the HONO flux and the so-
lar radiation × NO2 or J(NO2) × NO2 were also observed by
Ren et al. (2011) and Laufs et al. (2017), who found that the
daytime HONO fluxes were well correlated with the products
of the NO2 concentrations and solar radiation/J(NO2) in agri-
cultural fields. However, strong correlations between daytime
HONO flux and both solar radiation × NO2 (R2 = 0.58) and
HNO3 × UV solar radiation (R2 = 0.66) were also observed in
rural areas during the UBWOS 2012 (Uintah Basin Wintertime
Ozone Study) campaign (Tsai et al., 2018). Unfortunately, the
lack of surface nitrate measurements in this study makes it
impossible to evaluate the influences of the HNO3 photolysis
mechanism (Zhang et al., 2012; Zhou et al., 2011). In addition,
a very weak correlation was observed between the HONO flux
and J(NO2)×NO2 above a forest canopy,which could be caused
by the influence of the canopy. The surface processes may be
decoupled from the air above the forest canopy when mea-
surements are made above high trees.

Another potential HONO source,HONO release from soil by
biotic and/or abiotic processes proposed by Su et al. (2011) and
Oswald et al. (2013), could depend strongly on the soil water
content and temperature, and would be expected to be as-
sociated with the NO flux (Bargsten et al., 2010). To investi-
gate the soil HONO emissions, the HONO and NOx fluxes were
measured simultaneously by applying the automatic chamber
method in the agricultural field. The daytime HONO flux was
correlated with NO flux (R = 0.64), and the HONO flux from
the fresh soil samples were found to be of the same order of
magnitude as the field measurements, indicating the HONO
emissions from agricultural soil (Tang et al., 2020). However,
the weak correlations of HONO fluxwith soil temperature, soil
water content and NO concentration were observed in this
study (Table 1), implying that soil HONO emission played ami-
nor role. The positive intercept (0.025 ± 0.019 nmol/(m2•sec))
of the correlation plots of HONO flux and J(NO2) × NO2 (Fig. S5)
may reveal the magnitude of the soil HONO emissions and/or
other light-independent HONO sources. However, compared
to the measured HONO fluxes, the small intercept indicates
that the light-independent HONO sources are of minor im-
portance during the day. Furthermore, the nitrification and
denitrification processes, like most biological reactions, are
strongly influenced by soil temperature and cease when the
soil temperature is below 5°C (Western Plant Health Associa-
tion, 2002). The average soil temperature of 7°C was observed
in this study, which was cold enough to weaken biological re-
actions. Thus, we believe that soil HONO emissions are of mi-
nor importance in this field campaign, which is in agreement
with previous field studies inwhich soil HONOemissionswere
found to be insignificant and the daytime HONO source was
well correlated with the solar radiation (Oswald et al., 2015;
Tsai et al., 2018). Finally, two possible physicochemical and/or
biological processes could account for the differences in the
observations: (ⅰ) the average temperature was about 5°C lower
than that observed by Tang et al. (2020), which could reduce
nitrite production from microbiological processes, and/or (ⅱ)

the soil HONO emissions may be decreasing after the initial
fertilization period (Bhattarai et al., 2019; Xue et al., 2021), the
lower daytime HONO fluxes were observed in this campaign
compared to those observed by Tang et al. (2020), which were
measured shortly after fertilization.

3. Conclusions

The HONO mixing ratios and fluxes were measured in the
Huaihe River Basin from 14 December 2019 to 2 January
2020 by applying the aerodynamic gradient method coupled
with the IBBCEAS technique. Ambient HONO concentrations
ranged from below detection limits to 2.06 ppbV, which were
comparable to the HONO levels measured in rural areas but
lower than measurements in the polluted urban environ-
ments. The average HONO flux was 0.06 ± 0.17 nmol/(m2•sec),
indicating that the agricultural field was a net HONO source
for the overlying atmosphere. The upward HONO fluxes were
mostly observed during the day, and the diurnal profile of
HONO flux approximately followed the variation of solar ra-
diation,which corresponded to a photolytically driven surface
HONO source. Deposition was dominant at night, with a small
negative HONO flux of −0.003 ± 0.027 nmol/(m2•sec).

The higher HONO/NO2 ratio and NO2–to–HONO conversion
rate close to the surface suggested that nocturnal HONO pro-
duction was dominated by heterogeneous NO2 conversion on
the ground surface. The daytime HONO budget analysis was
utilized to determine the unknownHONO source. The average
strength of the unknown HONO source was 0.35 ppbV/hr at
noontime,which contributed about 55% of the daytime HONO
productivity. The derived noontime HONO flux rate of 0.08
ppbV/hr was comparable to the values reported in other ru-
ral areas of China, which accounted for ∼23% of the unknown
daytime HONO source. Significant correlations of the HONO
flux with the photolysis frequency J(NO2) and the product of
J(NO2) × NO2 were observed for the daytime hours, suggest-
ing a light-driven HONO source responsible for the surface
HONO flux during the day. However, it is challenging to ex-
plicitly determine the mechanism of surface HONO source
due to the limited measurement and dominating correlation
of most mechanisms with solar radiation. To better under-
stand the surface HONO flux and precise mechanisms, more
comprehensive measurements are needed, including better
characterization of the surface chemical composition and pro-
found knowledge of boundary layer processes.TheAGmethod
together with the IBBCEAS technique provides a useful flux
measurement technique, which will be applied in future field
studies.
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