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was tested in laboratory and field mea-
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showed radiation-dependent or
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nally attributed to biological process
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HONO (nitrous acid) is a crucial precursor for tropospheric OH radicals, and its sources are not well understood.
In the past decade, soil was proven to be a potential source for HONO. However, more field measurements of soil
HONO emission flux are needed to explore themechanism and its impact on regional air quality. Here, we devel-
oped a system based on twin open-top chambers (OTCs) andwet chemical methods to measure HONO emission
flux from agricultural soil in the North China Plain (NCP). The performance of the OTC systemwas tested under
laboratory and field measurement conditions. The results showed that the system could reflect the strength
(N90%) and variation of gas emission with an average residence time of 4–5 min. The greenhouse effect and
chemical reaction interference in the chamber was proven to have no significant influence on the HONO flux
measurement. Field measurement revealed that agricultural soil before fertilization was an important source
of HONO. The emission flux showed radiation-dependent or temperature-dependent variation, with a peak of
3.21 ng m−2 s−1 at noontime that could account for approximately 67 pptv h−1 of the missing HONO source
under an assumed mixing layer height of 300 m. Fertilization substantially accelerated HONO emission, which
was rationally attributed to biological processes including nitrification. Considering the high fertilization rate in
the NCP and other similar regions in China, HONO emission from agricultural soil likely has enormous impact
on regional photochemistry and air quality, suggesting that more research should be conducted on this aspect.
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Keywords:
Open-top chamber
HONO
Emission flux
Agricultural soil
NCP
vironmental Sciences, Chinese Academy of Sciences, Beijing 100085, China.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2018.12.245&domain=pdf
https://doi.org/10.1016/j.scitotenv.2018.12.245
yjmu@rcees.ac.cn
https://doi.org/10.1016/j.scitotenv.2018.12.245
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


622 C. Xue et al. / Science of the Total Environment 659 (2019) 621–631
1. Introduction
Nitrous acid (HONO) is an important photochemical precursor for
the hydroxyl radicals (OH) that determine the fate ofmost air pollutants
in the troposphere (Monks, 2005; Lu et al., 2018). The sources of
HONO, however, are not well understood. Briefly, HONO is easily
photodegraded under sunlight conditions (300–400 nm), and its typical
noontime concentration calculated from a steady state approximation is
expected to be less than hundreds of pptv. However, many studies that
conducted field campaigns in urban regions (Wong et al., 2012; Appel
et al., 1990; Cui et al., 2018; Hou et al., 2016; Kanaya et al., 2007;
Kleffmann et al., 2003; X.R. Li et al., 2018, D. Li et al., 2018; Qin et al.,
2009; Su et al., 2008a, b; Tong et al., 2016; Volkamer et al., 2010;
Wang et al., 2015), suburban regions (Ryan et al., 2018; Tong et al.,
2016), and rural regions (Su et al., 2008a, b; Kleffmann et al., 2003;
Acker et al., 2006; Li et al., 2012; Tan et al., 2017) found unexpected
high levels of HONO concentration up to 2 ppbv during noontime, sug-
gesting unknown daytime sources such as ground base HONO forma-
tion (Wong et al., 2012; Su et al., 2008a, b; Harrison and Kitto, 1994;
Laufs et al., 2017; Ryan et al., 2018; Kleffmann et al., 2003; Meusel
et al., 2016; Spataro et al., 2013; Twigg et al., 2011; Vandenboer et al.,
2014; Vandenboer et al., 2015). The results attracted lots of laboratory
research to explore the strength and mechanism for ground-based
HONO formation. The reported mechanisms for ground-based HONO
formation (HONOemission from soil or HONO formation on the soil sur-
face) include (a) the photosensitized reduction of NO2 on the soil
(humic acid) surface (Han et al., 2016; Ma et al., 2017; Monge et al.,
2010; Ndour et al., 2008; Sosedova et al., 2011; Stemmler et al., 2006),
(b) the photolysis of adsorbed nitric acid and particle nitrate on the
soil surface (Fu et al., 2018; Yang et al., 2018; Ye et al., 2017; Y. Zhang
et al., 2012; N. Zhang et al., 2012 Zhou et al., 2003, 2011), (c) the dis-
placement of adsorbed HONO by strong acid i.e., HCl and HNO3

(Vandenboer et al., 2015), (d) acid-base equilibriumbetween soil nitrite
and hydrogen ions (Su et al., 2011) (e) direct release by ammonium ox-
idizing bacteria (Oswald et al., 2013; Scharko et al., 2015) and
(f) heterogeneous formation of biogenic NH2OH (Ermel et al., 2018).
However, the mechanisms need more assessment from field flux mea-
surement to explore which is the major contributor in the real
environment.

Fluxmeasurement can provide direct evidence for gas exchange be-
tween the soil and atmosphere. The methods can be classified into two
kinds: micrometeorology and chamber methods. The micrometeorol-
ogy methods include the eddy covariance (EC) method (Rummel
et al., 2002; Honrath et al., 2002; Stella et al., 2012), the aerodynamic
gradient (AG) method (Beine et al., 2005, 2006; Harrison and Kitto,
1994; He et al., 2006; Laufs et al., 2017; Stella et al., 2012; Stutz, 2002;
Twigg et al., 2011) and the relaxed eddy accumulation (REA) method
(Pryor et al., 2002; Ren et al., 2011; Wongphatarakul et al., 1998; Y.
Zhang et al., 2012; N. Zhang et al., 2012). The EC method is treated as
the most popular for measuring the exchange between soil and atmo-
sphere, for instance themeasurement of NO emission flux from various
soil (Honrath et al., 2002; Stella et al., 2012). The EC method, however,
needs fast and highly sensitive HONO measurement techniques which
is a current challenge for them. Therefore, the AG and REA methods
weremostly used in recent studies to conductHONOfluxmeasurement.
By using the AG method, Laufs et al. (2017) and Harrison and Kitto
(1994) found that daytime HONO flux was correlated with the product
of NO2 and J(NO2) (Laufs et al., 2017). By using the REA method, Zhou
et al. (2011), Y. Zhang et al., 2012 and N. Zhang et al., 2012 found that
the upward HONO flux may come from the photolysis of adsorbed
HNO3, rather than NOx, whereas Ren et al. (2011) found that daytime
upward HONO flux in the San Joaquin Valley was in good correlation
with the production of NO2 and solar radiation. The reported HONO
flux measurements have revealed different precursors or mechanisms
for ground-based HONO formation, implying that more field measure-
ment of HONO flux needs to be conducted.
Chamber methods such as the twin open-top chambers (OTCs)
method (Marion et al., 1997; Mochizuki et al., 2015) were broadly
used to (a) assess the effect from O3 or other harmful pollutants on var-
ious plants (Alonso et al., 2014; Feng et al., 2015; Gao et al., 2016;
Peñuelas et al., 1999; TANI et al., 2017), (b) measure gas emission
(i.e., CO2, CH4, N2O, NOx, BVOCs) or uptake (i.e., O3, NO2) from various
plants or ecosystems under different conditions (Laine et al., 2019;
Lindwall et al., 2016; Mochizuki et al., 2015; Mosier et al., 2003;
Schollert et al., 2017; TANI et al., 2017; Valolahti et al., 2015; Karlsson
et al., 2000; Nussbaumand Fuhrer, 2000), and (c) quantify the influence
from climate change on the behavior of plants or ecosystems (Laine
et al., 2019; X.R. Li et al., 2018, D. Li et al., 2018; Lindwall et al., 2016;
Schollert et al., 2017; Valolahti et al., 2015).

To measure HONO emission flux from agricultural soil in the NCP,
we developed a system combining the OTCs with wet chemical
methods. Performance of the OTC system was tested in laboratory and
field measurement conditions. HONO emission flux was measured be-
fore and after fertilization in the NCP and the potential mechanism
was discussed in this paper.

2. Experimental

2.1. Twin open-top chambers (OTCs) method

As shown in Fig. 1, the OTC system consists of two chambers: an ex-
perimental chamber (Exp-chamber) and a reference chamber (Ref-
chamber). The only difference between the two chambers is that the
Exp-chamber consists of an underground and an above-ground part
whereas the Ref-chamber consists only of an above-ground part. The
underground part of the Exp-chamber is a stainless cylinder pedestal
(inner diameter, ID: 32 cm) inserted into the soil (down to 15 cm
deep) when it's running.

The aboveground part is a stainless bracket consisting of six stainless
tubes (length: 80 cm, outer diameter: 1 cm) and three circle rings (ID:
32 cm, 32 cm and 16 cm). The six tubes were evenly welded between
the two circle rings (ID: 32 cm). The bottom of the aboveground part
of the Exp-chamber is welded on the cylinder pedestal. The bottom of
the Ref-chamber is sealed by Teflon film.

For both chambers, another cycle ring (ID: 16 cm) is fixed 20 cm
above the top cycle ring (ID: 32 cm). All the abovegroundpart is covered
by Teflon film. A stainless collar with six holes (ID: 0.5 cm) horizontally
facing toward the center is fixed in the chamber at the height of 3 cm.
Ambient gas was pumped into the chambers through the collars to
flush them from the bottom (soil surface) to the top. The flushing gas
was sprayed through the six holes on the collar, and can mix well
with the emitted gas in the chamber. The flushing gas flow is controlled
at 20 Lmin−1 by aflow regulator. The regulators are calibrated by a soap
flowmeter once a day. Therefore, the flushing air sweeps the soil surface
in the Exp-chamber and mixes with gases emitted from soil, and finally
overbrims out through the upper ring. The reduced upper ring inside di-
ameter avoids interference from ambient air. Stripping coils without
any inlets for HONO measurement are fixed at the height of 60 cm in-
side of the chamber. Therefore, the soil emission flux can be obtained
by the difference of HONO concentrations in the two chambers.

FHONO−N ¼ CExp−CRef
� �� Fflush �MN � P

R � T� S
� 1
60

ð1Þ

FHONO-N: HONO emission flux based on N, ng m−2 s−1;
CExp: HONO concentration in the Exp-chamber, ppbv;
CRef: HONO concentration in the Ref-chamber, ppbv;
Fflush: flushing flow, L min−1;
MN: molar mass of N, g mol−1;
P: air pressure, kPa;
R: ideal gas constant, L kPa mol−1 k−1;
T: thermodynamic temperature, K;



Fig. 1. Structural diagram of the twin open-top chambers. 1. Stainless collar. 2. Stripping coil. 3. Peristaltic pump. 4. Air pump. 5. Flow regulator. 6. Sample bottle. 7. Absorption solution
bottle. The heights of some parts of the chambers are also shown on the left and right of the diagram (the height of the soil surface is treated as zero).
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S: area of the soil covered by the chamber, m−2.

2.2. HONO collection and analyzer

HONO was measured by a wet chemical method that was intro-
duced in detail by Xue et al. (2019). Briefly, HONO is absorbed by ultra-
pure water in the stripping coil and collected automatically in glass
bottles (20 mL) with a sampling period of 1 h per sample. The gas
flow and absorption solution flow were set at 2 L min−1 and
0.2mLmin−1, respectively. The gasflow and liquid flowwere calibrated
once per day. Two systems of the wet chemical method were continu-
ously working in both the Exp-chamber and Ref-chamber. The liquid
samples were stored in a refrigerator at 4 °C and then analyzed by ion
chromatograph in no more than one week.

2.3. Laboratory research on the performance of OTCs

We tested the performance of the OTC system in laboratory research
by giving a certainNOflux.During the research, NO standard gaswas in-
troduced into the bottom of the chamber through a right-angle Teflon
tube (ID: 1.5 mm). The short side of the tube was horizontally installed
at the bottom of the Ref-chamber. The length of the short side was
32 cm, which was same as the ID of the chamber. Six holes were evenly
distributed on the short side and the outlet of the short sidewas blocked
by a knot. The long side of the right-angel tubewas connected to amass
flow controller (range: 0–50 mL min−1) that was in command of the
flow from the standard gas of NO to the bottom of the chamber. There-
fore, NO standard gas was slowly introduced into the bottom of the
chamber similar to the soil emitted gas to the chamber. High purity ni-
trogen (N99.999%) was used as the flushing gas at the flow of
20 L min−1. NO was measured at the height of 60 cm in the chamber
by a NO-NOx analyzer (Thermo Fisher Model 42i, NO-NO2-NOx ana-
lyzer, USA).

2.4. Site description

As shown in Fig. 2, the field experiments were carried out at the Sta-
tion of Rural Environment, Chinese Academy of Science (SRE-CAS) lo-
cated in an agricultural field in Wangdu County, Hebei Province of
China. In this site, winter wheat and summer maize have been culti-
vated for several decades in the field. The soil pH (in a 1:2.5 soil to
water), organic C and total N were 8.1, 8.34–9.43 g kg−1 and
1.02–1.09 g kg−1, respectively. The annual rainfall is approximately
555 mm and the annual temperature is approximately 12.3 °C. The
highest temperature of approximately 26.5 °C and the lowest tempera-
ture of about−4.1 °C occurred in July and January, respectively.

Many previous research studies on N2O, NH3 and NO emission from
agricultural soil have been conducted at this site (Tian et al., 2017;
Zhang et al., 2011, 2016; Y. Zhang et al., 2012; N. Zhang et al., 2012).
For example, (Zhang et al., 2016; Y. Zhang et al., 2012; N. Zhang et al.,
2012) found that nitrification was the predominant process for NO
and N2O emission in the NCP. During nitrification, NH4

+was transferred
to NO3

− with the intermediate production of NO2
− and H+, which was a

potential source of HONO. In addition, nitrogen fertilizer (mainly am-
monium) is widely used in the NCP exacerbating reactive nitrogen gas
emission from soil.

During the pre-experiment in 2015, we tested the performance of
the OTC system to measure soil NO emission and soil HONO emission
before and after fertilization. We measure the gradient concentrations
of NO in the Exp-chamber after fertilization by two NO-NOx analyzers
(Thermo Fisher Model 42i, NO-NO2-NOx analyzer, USA) and the atmo-
spheric NO concentration by a NO-NOy analyzer (Thermo Fisher
Model 42i-Y, NO-NOy analyzer, USA). The two NO-NOx analyzers were
connected to the Exp-chamber through two 3.5 m long Teflon tubes.
Two Apresys USB Temperature and RH Data Loggers (179-UTH, USA)
were used tomeasure the temperature and RHwith one installed inside
and the other outside of the Exp-chamber in the pre-experiment. We
also conducted two field measurements of soil HONO emission flux in
the summers of 2016 and 2017 when planting maize. In this paper,
we just talk about the performance of the OTCs and the primary result
in the pre-experiment with the aim to test the OTC system.

3. Results and discussion

3.1. Performance of the OTC system in the laboratory

Fig. 3 shows the time series of NO concentration in the chamber dur-
ing eight steps. At the beginning of the experiment, only flushing gas
(N2) was introduced into the chamber. NO concentrations in the cham-
ber remained stable at zero, suggesting good calibration of the NO ana-
lyzer and negligible interference from ambient NO. When the NO was
first introduced into the chamber (step 1), the NO concentrations in-
creased quickly and reached a constant value in approximately 4 min.
From step 1 to step 4, the NO flux was gradually increased by enlarging
the flow of the standard gas, while NO concentration was always close
to a consistent value in 4–6 min with an average of 4.5 min. From step
5 to step 8, the NO flux was gradually decreased, while NO concentra-
tion was always close to a consistent value in 4–7 min with an average



Fig. 2. Location of the SRE-CAS station black star in Part A and B and aerial view of themeasurement site after wheat harvest (part C). In part C, the station located at the buildingwith red
rooftop which was surrounded by agricultural soil and small villages.
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Fig. 3. NO concentration in the Ref-chamber during laboratory research. The vertical lines
indicate the beginning of experimental steps 1–8 when different NO flux was set.
1 (23 min): F(NO)given = 90.7 ng m−2 s−1; 2 (51 min): F(NO)given = 181.4 ng m−2 s−1;
3 (83 min): F(NO)given = 272.1 ng m−2 s−1; 4 (112 min): F(NO)given = 362.8 ng m−2 s−1;
5 (136 min): F(NO)given = 272.1 ng m−2 s−1; 6 (164 min): F(NO)given =
181.4 ng m−2 s−1; 7 (187 min): F(NO)given = 90.7 ng m−2 s−1; and 8 (214 min): F(NO)
given = 0 ng m−2 s−1. The given flux was inferred from the only concentration of NO
standard gas, the flow of the standard gas and the area of the bottom.
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of 5.25min, suggesting that the chamberwas able to respond quickly to
the variation of soil emission.

In addition, the measured NO flux had significant correlation with
the given NO flux (slope = 0.918, r2 = 0.998), as graphically shown
in Fig. 4. The measured flux was lower than the given flux by approxi-
mately 8%. The excellent correlation demonstrated that the emitted
NO mixed well with the flushing gas in the chamber indicating that
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Fig. 4. Correlation of the given NO flux and measured NO flux based on N.
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the chamberwas able to quantify soil reactive nitrogen gas includingNO
and HONO emissions.

3.2. Performance of the OTC system in the field test

In addition to the laboratory research to test the OTC system, mea-
surement of gradient NO concentrations in the Exp-chamber over the
fertilized soil was conducted to test the performance of the OTC system.
During this experiment, ambient air was used as the flushing gas, so the
NO concentration in the chamber would be same as the ambient air
without soil NO emission. However, both H45-NO and H60-NO in the
chamber were obviously higher than ambient air, suggesting that soil
indeed emitted NO to atmosphere. H45-NO and H60-NO exhibited the
same variation trend and high correlation (slope = 0.94, r2 = 0.73),
suggesting that NO was homogeneously mixed between the heights of
45 cm and 60 cm. Similarly, HONO in the chamber between the two
heights was expected to be homogeneouslymixedwhen HONOwas re-
leased from soil. The results obtained from laboratory research and field
measurement confirmed that the OTC system was able to reflect soil
HONO emission (Fig. 5).

3.3. Greenhouse effect in the chamber

One of the important parameters to assess chambermethods includ-
ing static and dynamic chamber methods when measuring CO2/CH4/
NO/N2O/HONO/NH3 emission from soil is the greenhouse effect includ-
ing the disturbance on temperature and relative humidity. For themea-
surement of HONO, a soluble gas with a high Henry constant of
49 M atm−1 at 298 K, the condensed water film on the inner-wall of
the chamber would absorb HONO, resulting in unauthentic emission
flux.

For the static chamber method which is always used in CO/CH4/NO
emission flux measurement, the chamber was always covered by
nontransparent material keeping out sunlight (Zhang et al., 2016).
However, the RH in the chamber was expected to increase quickly and
a condensedwater film easily formed on the inner-wall of the chamber.
What'smore, the photochemistrywould be largely weakened including
photolysis and photosensitive reactions. Therefore, the traditional static
chamber method was not suited to measure HONO emission flux. For
dynamic chamber methods including the open-top chamber method
Fig. 5. The gradient concentrations of NO in the Exp-chamber during the pre-experiment
in August 2015. A. NO concentrations at the heights of 45 cm (H45-NO, red star) and 60 cm
(H60-NO, green triangle) inside the chamber and atmospheric NO concentration (Atm-NO,
black line). B. Correlation of NO concentrations at the heights of 45 cm and 60 cm.
(OTC), the transparent cover (Teflon film) has almost no reduced im-
pact on photochemistry in the chamber representing real environmen-
tal conditions. In addition, the flux inferred from the difference of the
Exp-chamber and Ref-chamber eliminated the interference from the
wall effect and atmospheric potential interference.

Fig. 6 shows the temperature and relative humiditymeasured inside
and outside of the Exp-chamber in the pre-experiment in 2015. At
nighttime, the temperature and RH inside and outside the chamber
cooperated very well whereas a difference emerged in daytime. The
temperature inside the chamber was always higher than outside and
the RH inside the chamber was always lower than outside (Fig. 7 and
Table 1). The average ΔT (T-inside − T-outside) was 1.9 ± 1.1 °C (7%)
leading to small change in the chamber environment.

The relative humidity inside the chamber was lower than outside by
3.7% (Table 1). The ΔRH (RH-inside− RH-outside) may come from the
change of temperature. For example, when the temperature varied from
26.5 °C to 28.3 °C (Table 1), the saturated vapor pressure of water in-
creased from 3.383 kPa to 3.783 kPa, resulting in a 3.1% decrement of
the relative humidity, assuming the water in air was the same. The dec-
rement of RH in the chamber mainly resulted from increasing chamber
temperature, suggesting almost no water loss caused by the pump and
tubes during the flushing process. However, the small decrement of RH
was adverse to the formation of a water film on the inner-wall of the
chamber, and largely avoided the interference from the condensed
water film.

3.4. Influence from chemical reactions in the chamber

The chamber method is strictly valid for inert trace gases. However,
the destruction and the production of HONO (e.g., by HONO photolysis,
HONO + OH, NO + OH, photolysis of HNO3 or particle NO3

−, and NO2

heterogeneous reactions on the wall or soil surface) in the chambers
may cause artificial flux that needs to be corrected for.

The loss or production rates by the reactions HONO + NO or NO
+ OH are typically at least one order of magnitude lower than the
HONO photolysis even when assuming a high OH concentration of
5 × 106 molecule cm−3. The photolysis rate of HNO3, J(HNO3), is no
N2.4 × 10−7 s−1 (Laufs and Kleffmann, 2016), four orders of magni-
tude lower than the HONO photolysis rate, indicating that the
HONO formation path by HNO3 photolysis is negligible. Then, to cal-
culate the influence of gas phase reactions on soil HONO emission
flux, we only take HONO photolysis into account, which dominates
the destruction of HONO during daytime. HONO photolysis is a first
order reaction:

ct ¼ c0 � e− J HONOð Þ�t ð2Þ

Here, ct is HONO concentration after a period of time, t, of photolysis
and c0 is the initial concentration of HONO. For dynamic chambers, the
loss of HONO depends on the photolysis rate and the transportation
time from the soil surface to the sample height. Therefore, the loss
ratio of HONO flux by photolysis, γ, is expressed as:

γ ¼ 1−e− J HONOð Þ�t ð3Þ

The ideal transportation time (t) is approximately 2.4 min and the
measured residence time is approximately 4 min. Assuming a typical
maximum J(HONO) of 1 × 10−3 s−1, the loss of HONO by photolysis
(γ) will be approximately 13.4% (t = 144 s) and 21.3% (t = 240 s), re-
spectively. It means the measured HONO flux is possibly
underestimated especially at noontime when the radiation is strong.
The underestimated part of HONO flux fromphotolysis can be corrected
by dividing by (1− γ).

Note that the photolysis of particle NO3
− happens in both the Exp-

chamber and Ref-chamber. The influence from photolysis of particle
NO3

− can be negligible because we calculate the soil HONO emission



Fig. 6. Temperature and relative humidity inside (black line) and outside (blue line) of the Exp-chamber in the per-experiment in 2015.
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flux only based on the difference of HONO concentrations in the two
chambers. Because the chamber cover is made of Teflon film, the het-
erogeneous reactions of NO2 on the chamber walls are of little signifi-
cance in the experimental and reference chambers. However, the NO2

heterogeneous reactions on the soil surface in the experimental cham-
ber may have positive impact on HONO flux especially under sunlight.
The concentration of NO2 in the experimental chamberwill increase be-
cause NO emitted from soil can be oxidized to NO2 by O3. Assuming a
high O3 concentration of 100 ppbv and a typical atmospheric NO2 con-
centration of 20 ppbv, themaximum concentration of NO2 in the exper-
imental chamber will be 120 ppbv. Based on the results of Han et al.
(2016) and Stemmler et al. (2006), the largest HONO production on
the soil surface is 5 × 1010 molecules cm−2 s−1 in the presence of
Fig. 7.HONO emission flux from agricultural soil before fertilization from 2015-8-11 to 2015-8
HONO). B: HONO emission flux and the fitted lines. C: Radiation.
20 ppbv NO2. As HONO production is not proportional to the initial
NO2 concentration (Stemmler et al., 2006), the production is predicted
to be 1.0 × 1011 molecules cm−2 s−1 in the presence of 120 ppbv NO2,
which will lead to an increase of HONO concentration in the chamber
by ca. 0.9 ppbv. However, NO-derived NO2 is produced during the flush-
ing process in which air is blown from the bottom to the top of the
chamber. TheNO2 concentration around the soil surface, however, is ex-
pected to be much smaller than 120 ppbv. Therefore, the increase of
HONO concentration in the experimental chamber by ca. 0.9 ppbv is
the theoretical maximum and the practical influence from soil NO emis-
sion is expected to be much less than that. In addition, the additional
HONO flux enhanced by soil NO emission (soil-derived NO → NO2

→ HONO) also belongs to soil-derived (ground base) HONO emission.
-12. A: HONO concentrations in the Exp-chamber (Exp-HONO) and the Ref-chamber (Ref-



Table 1
Descriptive statistics of the temperature and RH inside and outside of the Exp-chamber
(Tinside, Toutside, RHinside, RHoutside, ΔT = Tinside − Toutside, ΔRH = RHinside − RHoutside) in
the pre-experiment. Observation represents the number of used data.

Tinside
(°C)

Toutside
(°C)

ΔT
(°C)

RHinside

(%)
RHoutside

(%)
ΔRH
(%)

Average 28.3 26.5 1.9 61.3 66.8 −4.8
Median 25.7 24.5 1.1 62.0 67.7 −3.7
Standard
deviation

9.2 8.0 1.9 30.4 27.5 6.9

Minimum 15.2 14.4 −1.1 21.1 22.9 −26.0
Maximum 43.4 40.2 7.3 100.0 100.0 13.7
Observation 1837 1837 1837 1837 1837 1837
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3.5. HONO emission before fertilization

On August 10th, 2015, the OTC system was assembled on bare agri-
cultural soil where no fertilization or irrigation was implemented after
wheat harvest in June. Fig. 7 shows the HONO emission flux in the day-
time of August 11th, 2015 and August 12th, 2015. HONO concentrations
in the Ref-chamber (Ref-HONO) revealed a normal daytime variation
trend that showed a peak in the morning and a valley at noontime.
However, HONO concentrations in the Exp-chamber (Exp-HONO)
were significantly higher than the Ref-HONO and showed a noontime
peak (Fig. 7A). Positive HONO emission flux from the agricultural soil
was inferred from the difference of Exp-HONO and Ref-HONO. The
HONO emission flux also showed a noontime peak and a nighttime or
morning valley with an average of 1.89± 0.87 ngm−2 s−1, comparable
to the field measurement results reported by Laufs et al. (2017) (up to
2.3 ng m−2 s−1), Ren et al. (2011) (up to 7 ng m−2 s−1) and Zhou
et al. (2011) (2.7 ng m−2 s−1). Assuming a mixing layer height of
300 m, the measured maximum HONO emission flux of
3.21 ng m−2 s−1 could account for approximately 67 pptv h−1 of the
missing HONO source.

The variation trend of HONO emission flux in the daytime was sim-
ilar to that of sunlight radiation (Fig. 7B and C) with a good correlation
Fig. 8. Correlations of HONO emission flux w
(r2= 0.74, Fig. 8A), which suggested that soil HONO emissionmay orig-
inate fromphotosensitive processes such as the reduction of NO2 on the
soil surface, the photolysis of nitrate on the soil surface, or the displace-
ment of HONO by strong acid including HCl and HNO3 generated in at-
mospheric photochemistry. In addition, good correlation was found
between the HONO flux profile and temperature. As the temperature
variation was consistent with soil temperature or at least with soil sur-
face temperature, the HONO emission profile was expected to be in
good correlation with soil temperature. If so, soil HONO emission was
possibly related to biological processes such as nitrification, which was
proven to have the potential to emit HONO (Oswald et al., 2013;
Scharko et al., 2015).

3.6. HONO emission after fertilization

Fig. 9 shows the HONO emission flux on August 14th, 2015 after fer-
tilization. Compared with the condition before fertilization, Exp-HONO
after fertilization increased by one order of magnitude whereas Ref-
HONOwas comparable to that before fertilization, leading to a huge in-
crease of HONO emission flux (Table 2). The diurnal pattern of HONO
flux after fertilization was similar to before fertilization: peak at noon-
time and valley in the morning and night. Fertilization accelerated soil
HONO emission and HONO formation from photosensitive processes
discussed in Section 3.5 was supposed to be similar to that before fertil-
ization, suggesting that HONO emission from fertilized agricultural soil
in NCP was mainly from biological processes. As reported by our previ-
ous studies (Tian et al., 2017; Zhang et al., 2011, 2016; Y. Zhang et al.,
2012; N. Zhang et al., 2012), nitrification was largely enhanced by am-
monium fertilization in NCP, resulting in remarkable increase of N2O
and NO emission. During the nitrification process, NO2

− is produced by
ammonium oxidizing bacteria as an intermediate product, which is
suspected to be an important source for HONO. Therefore, soil HONO
emission is expected to be affected by fertilization rate, which is proba-
bly such as soil N2O and NO emission.

Note that the fertilization rate here was approximately 45 kg ha−1

based on N, which was much lower than the local fertilization rate in
NCP where a rate up to approximately 330 kg ha−1 based on N was
ith radiation (A) and temperature (B).



Fig. 9. HONO emission flux from agricultural soil after fertilization and the variation of Exp-HONO and Ref-HONO on 2015-8-14. On August 13th, 2015, a 50 mL compound fertilizer
solution was evenly sprinkled on the soil surface inside the chamber.

628 C. Xue et al. / Science of the Total Environment 659 (2019) 621–631
used by local farmers. Then, in the summer of 2016, we repeated the
fluxmeasurement over the agricultural soil in theNCPwith amaximum
fertilization rate of 330 kg ha−1 based on N. Fig. 10 shows the result of
the measurement. Unexpectedly high HONO emission flux up to
1515 ngm−2 s−1, was first found in field measurement. The peak emis-
sion was two orders of magnitude higher than the reported flux, but
comparable to the peak emission reported by Oswald et al. (2013),
Weber et al. (2015) and Ermel et al. (2018) in their laboratory simula-
tions. Assuming a highmixing layer height of 1000m, the peak emission
flux can be responsible for approximately 9.5 ppbv h−1 of the unknown
HONO source. Application with higher fertilization rate indeed in-
creased soil HONO emission, which was able to explain the missing
source in agricultural fields. For example, Tan et al. (2017) also observed
high HONO concentrations up to 2 ppbv at noontime in an agricultural
field of Wangdu. To maintain such high HONO levels at noontime, a
source strength of approximately 7.2 ppbv h−1 was needed with an as-
sumed HONO photolysis frequency of 10−3 s−1. The strength can't be
simply explained by reported homogeneous reactions or heterogeneous
reactions without soil HONO emission.

In addition, previous studies also reported that the N application rate
in the NCP varied from 120 to 729 kg ha−1 with a mean of 325 kg ha−1

for winter wheat, and 96 to 482 kg ha−1 with amean of 263 kg ha−1 for
summer maize (Cui et al., 2008; Miao et al., 2011). As HONO emission
from biological processes was strongly linked to soil nutrition including
NH4

+, the agricultural soil in the NCP after normal fertilizationwith high
Table 2
Descriptive statistics of HONO emission flux, Exp-HONO and Ref-HONO before and after fertili

Before fertilization

F(HONO)N ng m−2 s−1 Exp-HONO (ppbv) Ref-HONO

Average 1.89 1.33 0.60
Midian 1.81 1.41 0.60
Standard deviation 0.87 0.21 0.25
Minimum 0.55 0.82 0.27
Maximum 3.21 1.68 1.11
Observation 23 23 23
fertilization rate wasmore likely to be a huge reservoir for HONO. How-
ever, the manner of fertilization including spreading on the soil surface
and burying underground can't guarantee that the fertilizer was evenly
distributed in soil. Then, the measured flux may suffer some influence
from that, suggesting that sampling site selection was worth more at-
tention. In all, more research about HONO emission flux from agricul-
tural soil in the NCP should be conducted to better understand the
impact on photochemistry and regional air pollution in the future.

4. Summary

The present study demonstrates a useful development and applica-
tion of the twin open-top chambers (OTCs) method to measure HONO
emission flux over agricultural soil in the NCP. Laboratory research
and field measurement confirmed the excellent performance of the
OTC system to measure HONO emission flux from soil. The OTC system
could quickly respond to the variation of the given emission with a res-
idence time of 4–5 min at the measurement height of 60 cm. Gradient
measurement of NO in the Exp-chamber suggested that the flushing
gas mixed well with emitted gas. The greenhouse effect including the
influence on temperature and RH in the chamber was proven to have
no significant influence duringHONO fluxmeasurement. The photolysis
of HONO would lead to an underestimation of the flux by 13–21%.
Chemical reactions including the heterogeneous formation of HONO
fromNO2 didn't result in a significant influence onHONOmeasurement
zation. Observation represents the number of used data.

After fertilization

(ppbv) F(HONO)N ng m−2 s−1 Exp-HONO (ppbv) Ref-HONO (ppbv)

21.00 10.46 0.97
18.19 9.81 0.97
11.34 4.45 0.27
5.69 3.78 0.40
40.42 17.82 1.44
18 18 18



Fig. 10. HONO emission fluxes in the summer of 2016. High fertilization rate was applied in this measurement.
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after fertilization. In the field measurement, we found that the HONO
emission flux (up to 3.21 ngm−2 s−1) before fertilization could account
for approximately 67 pptv h−1 of themissingHONO source under an as-
sumedmixing layer height of 300m. The emissionflux fromagricultural
soil in the NCPwas largely enhanced by ammonium fertilization, which
was possibly attributed to nitrification. Considering the impact of fertil-
ization on soil HONO emission and the high fertilization rate in the NCP
and other similar regions in China, our result highlights the critical need
to measure HONO emission flux from agricultural soil in the NCP and
other similar regions to explore its impact on regional air quality.
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