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ABSTRACT: Nitrogen lost from fertilized soil is a potentially
large source of atmospheric nitrous acid (HONO), a major
precursor of the hydroxyl radical. Yet, the impacts of fertilizer types
and other inﬂuencing factors on HONO emissions are unknown.
As a result, the current state-of-the-art models lack an appropriate
parameterization scheme to quantify the HONO impact on air
quality after fertilization. Here, we report laboratory measurements
of high HONO emissions from soils at a 75−95% water-holding
capacity after applying three common fertilizers, which contrasts
with previous lower predictions at high soil moisture. Urea use
leads to the largest release of HONO compared to the other two
commonly used fertilizers (ammonium bicarbonate and ammonium nitrate). The signiﬁcant promotion eﬀect of fertilization
lasted up to 1 week. Implementation of the lab-derived parametrization in a chemistry transport model (CMAQ) signiﬁcantly
improved postfertilization HONO predictions at a rural site in the agriculture-intensive North China Plain and increased the
regionally averaged daytime OH, O3, and daily ﬁne particulate nitrate concentrations by 41, 8, and 47%, respectively. The results of
our study underscore the necessity to include this large postfertilization HONO source in modeling air quality and atmospheric
chemistry. Fertilizer structure adjustments may reduce HONO emissions and improve the air quality in polluted regions with intense
agriculture.
KEYWORDS: soil HONO emissions, fertilization, high soil moisture, model improvements, ambient air pollution
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INTRODUCTION
Nitrogen (N) fertilizers play a key role in sustaining food
production and the world population.1,2 The global N fertilizer
consumption has increased from 11.3 Tg N yr−1 in 1961 to 109.1
Tg N yr−1 in 2017.3,4 Due to low crop N use eﬃciency (<50% on
average globally),5,6 a substantial fraction of surplus N is lost to
the environment mainly through emissions and runoﬀ, which
causes adverse eﬀects on water and air quality.7−10 N loss from
fertilized soils is a major source of reactive N species in the
atmosphere. It has been long known that soils can emit nitric
oxide (NO) and nitrous oxide (N2O) resulting from soil
microbial activities,11,12 and later laboratory studies reveal that
soils can also emit nitrous acid (HONO) with an emission ﬂux
comparable to that of NO.13,14 HONO is of great importance to
atmospheric chemistry and air quality as photolysis of HONO is
an important source of hydroxyl radicals (OH) that regulate the
atmospheric oxidation capacity and production of secondary
pollutants such as ozone and some aerosols.15−18 Yet, the
sources of HONO, especially those in daytime, are not fully
understood or quantiﬁed.19,20
HONO emitted from soil is produced through microbial
processes of nitriﬁcation and denitriﬁcation.13,14,21 The
© 2021 American Chemical Society

regulating factors of these processes are complex, diverse, and
mainly include the availability of soil N, organic matter content,
soil moisture, pH, and temperature.22,23 Soil moisture aﬀects
HONO production via controlling the availability of oxygen
(O2) in soil that inﬂuences the microbial activity.24 Previous
laboratory studies have shown that HONO ﬂuxes from natural
and agricultural soils typically peak at 0−40% soil water-holding
capacity (WHC) and then decrease to a very low level at a high
soil water content (SWC).13 However, recent ﬁeld measurements25−28 observed a sharp increase in soil HONO emission
immediately after fertilization when SWC is high as agricultural
fertilization usually takes place along with rainfall or followed by
irrigation.29 This postfertilization HONO source from soil has
been suggested to be an important “missing source” of ambient
HONO in daytime.27 However, the eﬀect of fertilizer types on
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HONO emission and its SWC dependence after fertilization are
unknown, making it diﬃcult to predict this HONO source and
its atmospheric impact on air quality models.
In this study, we investigated the responses of HONO
emissions from fertilized soil to SWC, fertilizer type, and the
time since fertilization. We collected soil samples from croplands
in northern and southern China and measured the soil HONO
emission ﬂuxes in a controlled dynamic chamber. We found that
in addition to the promotion eﬀect at a low SWC, fertilizer
applications can also greatly stimulate soil HONO emissions at a
high SWC−a common condition for fertilized soil. Based on the
laboratory results, we derived a parameterization scheme linking
HONO emission to SWC for three commonly used fertilizers,
and implemented the scheme in a regional chemistry transport
model to quantify postfertilization HONO emissions and their
impacts on ozone and nitrate aerosol in the North China Plain
(NCP). We show that the soil HONO emissions signiﬁcantly
improved model HONO simulations and this source has an
important impact in regional air quality in the fertilization
period.

where SWC(t) and RH(t) is the SWC and the RH in the
chamber, respectively, at time t. Masswater is the water mass (g)
evaporated from the soil during experiment, Massdry soil is the
mass of dry soil(g), and WHC is the ratio of the water mass in
soil at a saturation point to dry soil mass and is determined using
a ﬁlter method,36 given by
WHC =

Mass water(saturated)
Massdry soil

(2)

The mixing ratio of HONO emitted from the soil samples was
measured using a long-path absorption photometer (LOPAP)
(QUMA Elektronik & Analytik GmbH, Wuppertal, Germany)
with a detection limit of 5 ppt. The entire sampling unit,
including the chamber and LOPAP inlet, was operated in the
dark and in a temperature-controlled cabinet to exclude
photosensitized interferences. The emission ﬂuxes were
calculated as follows13
FN =

■

M
M
Q
Q
·[HONO]measured · N = ·(Cout − Cin) · N
A
Vm
A
Vm
(3)

MATERIALS AND METHODS
Soil Samples. The soil samples used in this study were
collected from two typical agricultural regions in China. SWD was
collected from a maize ﬁeld (38.66° N, 115.25° E) in Wangdu
County located in the NCP, which is one of the highest
agricultural productivity regions in China,31 producing more
than 50 and 33% of wheat and maize, respectively, in the
country.32 SHK was collected from a vegetable ﬁeld (22.43° N,
114.11° E) in Hong Kong, Southern China, which has a
subtropical humid climate and produces 10−15 vegetables and
grains.33 The soil properties and crop species in these two
regions diﬀer signiﬁcantly and are representative of typical
north−south diﬀerences in Chinese agriculture. At each site, ﬁve
subsamples were collected from the top soil layer (5 cm) within
100 m2 and were evenly mixed to minimize the inﬂuence of
spatial variations of the soil properties.34 The SWC of the ﬁeld
soil samples (SWCfield) was measured immediately after soil
samples being shipped to the laboratory of the Hong Kong
Polytechnic University. All samples were then dried at room
temperature and sieved to 2 mm to remove the gravel, roots, and
litter and to homogenize the soil samples.35 The soil samples
were stored in a refrigerator at 4 °C until analysis.
HONO Emission Flux Measurements. A Teﬂon dynamic
chamber system (Figure S1)13,14,21 was used to measure the
HONO emission ﬂuxes. 15.5 g of a prepared dry soil sample was
placed in a glass Petri dish (diameter = 50 mm) and wetted with
ultrapure water (resistivity > 18 MΩ·cm) to its WHC value (eq
2). The Petri dish was then placed in the chamber to
immediately measure the HONO emission ﬂux.13,14 The air
inlet was evenly distributed at the bottom of the chamber, and a
small fan was placed inside the chamber to completely mix the
gas. During incubation, the soil was dried under a constant
stream of puriﬁed dry air with a ﬂow rate of 6.3 L min−1. A
relative humidity (RH) sensor was applied to measure the RH at
the chamber outlet, and the SWC was calculated by using the
formula13

where FN is the HONO emission ﬂux in terms of N (ng N m−2
s−1), Q is the chamber inlet ﬂow rate (L s−1), A is the Petri dish
area (m2), [HONO]measured is the measured HONO mixing ratio
(ppb), Cout and Cin are the mixing ratios of HONO (ppb) at the
chamber outlet and inlet, respectively, and MN (g mol−1) and Vm
(L mol−1) are the molar mass of N and molar volume of the air,
respectively.
We investigated the responses of HONO emissions to
diﬀerent N fertilizers by applying urea (CO(NH 2 ) 2 ),
ammonium bicarbonate (NH4HCO3), and ammonium nitrate
(NH4NO3). For each fertilizer, we added 250 g of the soil
sample to a glass beaker and calculated the water required by the
soil samples to reach the target SWCfield. Next, a fertilizer
equivalent to 100 kg N ha−1 (urea: 24.3 mg for SWD, 19.7 mg for
SHK; NH4HCO3: 64.2 mg for SWD, 51.9 mg for SHK; and
NH4NO3: 32.5 mg for SWD, 26.3 mg for SHK) was dissolved in
the water, added to the beaker, and well mixed with the soil. The
beaker was then covered by a paraﬁlm punctured with small
holes to reduce the evaporation of water and ensure gas
exchange between the beaker and air. During the experimental
period after fertilization, 15.5 g of the fertilized soil subsamples
were taken from the beaker at 8−24 h intervals to measure the
emission ﬂuxes following the step described above, until the
emission ﬂux reached the prefertilization levels. These sets of
experiments aimed to determine the emission ﬂuxes in diﬀerent
days after fertilization. A total of 9, 6 and 5 subsamples were
taken for SWD and 14, 11, and 10 subsamples for SHK after urea,
NH4HCO3, and NH4NO3 application, respectively.
Model Simulations. The Community Multiscale Air
Quality (CMAQ) model system was applied to quantify the
HONO emissions from fertilized soil and the impacts on the air
quality. In the baseline simulation (Base), major HONO sources
except soil emissions, including vehicle emissions, gas-phase
reaction of NO and OH, RH-dependent and light-enhancing
eﬀects on heterogeneous reactions of NO2, and the photolysis of
particle nitrate in the atmosphere and deposition on surfaces are
considered. The detailed descriptions of these sources are given
in a previous study.18 In the present study, we updated the rate
constants of nitrate photolysis to take into account of the eﬀect
of nitrate concentrations on the rate constants, based on the
works of Ye et al.37,38 The detailed reactions and parameters of

t

∫ RH(t )·dt Mass water 100
SWC(t ) = 1 − tt= 0
·
∫t =max0 RH(t )·dt Massdry soil WHC
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Figure 1. Soil emission ﬂuxes of HONO as a function of SWC (% WHC). Soil HONO emissions before (a,b) and after applying urea (blue squares,
c,d), NH4HCO3 (orange squares, e,f), and NH4NO3 (purple squares, g,h) to soil samples from Wangdu, Hebei province in Northern China (SWD) and
Hong Kong in Southern China (SHK). The solid squares indicate the averaged emission results during the fertilization-aﬀected period. The shadow
areas represent the standard deviations. The pink, green, and red lines represent the soil HONO emission ﬁtting results at a low SWC, a high SWC, and
the entire SWC range, respectively, as multiple Gaussian functions (Table 1). The upper right corner of (c−h) shows the maximum emission of the
fertilized subsamples.

as the ratio of HONO emission at T (FN(T)) to that at T0
(FN(T0))

these sources adopted in the present study are listed in Table S1.
The HONO uptake on the ground was incorporated with an
uptake coeﬃcient of 1.0 × 10−5.39
The postfertilization soil HONO emissions (FN) are
predicted as a function of soil temperature (T) and SWC,
similar to the parameterization for soil NO emissions35,40,41

(

E

A ·exp − RTa
FN(T )
h(T ) =
=
E
FN(T0)
A ·exp − RTa

)

( )
0

FN = FN,max(T0 , SWCC) ·g (SWCfer ) ·h(T )

ÄÅ
ÉÑ
ÅÅ E i 1
1 zyzÑÑÑÑ
ÅÅ a jj
= expÅÅ− ·jj − zzÑÑ
ÅÅ R j T
T0 z{ÑÑÑÖ
ÅÇ
k

(5)

(4)

(

E

)

FN(T) takes the form of A ·exp − RTa , in which R is the gas

where FN,max is the maximum HONO ﬂux at the optimum SWC
(SWCC) at a reference temperature T0; g(SWCfer) is the
function of HONO emission as SWC; and h(T) is the
temperature dependence of HONO emission and is expressed

constant (8.314 J mol−1 K−1), Ea is the activation energy and is
determined, together with constant A, by exponential ﬁtting the
HONO emission and temperature data obtained in our
14558
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Figure 2. Variations of HONO emission peaks of subsamples and cumulative HONO emissions during the fertilization-aﬀected period. (a,b)
Variations of the peak values as a function of days since fertilization for SWD and SHK, respectively (dry peak: solid square; wet peak: open triangle; urea:
blue; NH4HCO3: orange; and NH4NO3: purple). (c,d) Integrated HONO emission after application of urea, NH4HCO3, and NH4NO3 for SWD and
SHK, respectively (dry peak: yellow bars and wet peak: green bars).

experiments (see Figure S4). FN,max(T0,SWCC)·g(SWCfer) (see
the Results and Discussion) and h(T) are experimentally
determined, and T0 is 25 °C, which is the room temperature at
which the experiments are conducted.
To make use of the laboratory results to quantify the soil
HONO emissions in the real ambient environment (Femis), we
used the following formula derived from a standard formalism
that describes the atmosphere-soil exchange of trace gases30,42
Femis = vt × [HONO]* = vt × [HONO]measured

simulating soil moisture during fertilization that typically occurs
along with irrigation, we incorporated the average, lowermost
and uppermost soil HONO emissions in the SWC range of 60−
100% WHC after using urea (the dominant fertilizer in China)
to represent the average case (SoilHONO_avg), the lower limit
case (SoilHONO_min), and the upper limit case (SoilHONO_max).
The simulation domain covers land areas of China with a
resolution of 36 km × 36 km based on a Lambert projection with
two true latitudes of 25° N and 40° N, as illustrated in Figure 5a.
The simulation period was 27−30 June 2014, and a previous 4
day period was set as a spin-up time. The Weather Research and
Forecasting Model (WRF) version 4.0 was applied to generate
the meteorological feld with the same physical options and
inputs as described in Fu et al.44 The minimum boundary layer
height at night was set to 300 m,45,46 in view of underestimation
by WRF in our study. The emission data were obtained from
Zhao et al.47 for anthropogenic sources in 2015 and the Model of
Emissions of Gases and Aerosols from Nature (MEGAN)48 for
biogenic emissions.

(6)

where the transfer velocity (vt) is from the CMAQ outputs,
[HONO]* is the HONO equilibrium concentration at the soil
surface,42 and [HONO]measured is the measured HONO mixing
ratio at the chamber outlet. In our chamber system, the zero-air
inlets were evenly distributed and a small fan was used to mix the
air in the chamber (Figure S1). We assume that the air was well
mixed in the chamber and [HONO]* was equal to
[HONO]measured (Figure S3). By combining eqs 3−6, we can
derive the soil HONO emissions in the real ambient
environment (Femis) as below

■

Femis = vt × [HONO]* = vt × [HONO]measured
É
ÅÄÅ
yÑÑÑ
FN,max(T0 , SWCC)· g (SWCfer )
ÅÅ Ea ji 1
ÅÅ− ·jj − 1 zzzÑÑÑ
= vt ×
×
exp
z
ÅÅ R jj T
Q MN
T0 z{ÑÑÑÑÖ
ÅÅÇ
·
k
A Vm
(7)

RESULTS AND DISCUSSION
HONO Emissions from Fertilized Soils. We measured the
HONO ﬂuxes under diﬀerent soil moisture for agricultural soil
samples that were collected from Wangdu, Hebei province in
Northern China (SWD) and Hong Kong in Southern China
(SHK). Before fertilization, only one HONO emission peak was
observed at a low SWC (the dry peak) in both soil samples. The
emission ﬂux (FN) was 341 ng m−2 s−1 at 41% WHC for SWD

The long-term observation data at 653 agriculture monitoring
sites across China show that the SWC in most agricultural land is
higher than 60%.43 In view of the diﬃculty of accurately
14559
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Figure 3. Key biological and physicochemical processes involved in soil HONO emissions. Green and yellow arrows represent nitriﬁcation and
denitriﬁcation processes, respectively. Purple arrows represent physicochemical processes.

(Figure 1a) and 78 ng m−2 s−1 at 18% WHC for SHK (Figure 1b);
it decreased to nearly zero at >60% WHC prior to fertilization
for both samples. A similar phenomenon has been observed in a
previous study,13 and nitriﬁcation (NH4+ → NO2− → NO3−) is
thought to predominate at a low SWC, producing NO2− and
then HONO (Figure 3). The small peak at a high SWC (the wet
peak) reported by Wu et al.14 did not occur or was too low to be
observed in our soil samples.
We then separately applied three widely used N fertilizers,
urea, NH4HCO3, and NH4NO3 to the soil samples to investigate
the response of soil HONO emissions to fertilization (see
Materials and Methods). As shown in Figure 1c−h, the dry
peaks were signiﬁcantly enhanced after fertilization and reached
a maximum 1−6 days later, with a maximum ﬂux of 2100−3400
ng m−2 s−1 for SWD and 5900−8300 ng m−2 s−1 for SHK (Figure
2). The postfertilization HONO emissions at a low SWC
increased by approximately 10 and 100 times for SWD and SHK,
respectively. The elevated HONO emissions at a low SWC are
due to the increase of the NH4+ amount in the nitriﬁcation
process after fertilization. The maximum dry peak occurred
approximately 2 days later for urea use than NH4HCO3 and
NH4NO3 for both samples, mainly because that urea is organic
nitrogen and must be ﬁrst hydrolyzed to NH4+−N by urease in
soil within 2−3 days.49,50
Diﬀering from the extremely low prefertilization HONO
emissions at a high SWC, signiﬁcant wet peaks are observed at
>60% WHC for all of the fertilized soil subsamples from both
sites and for diﬀerent days (Figure 1c−h), and they exhibit
similar variations with time after fertilization to the dry peaks
(Figure 2a,b). After the application of urea, NH4HCO3, and
NH4NO3, the maximum wet peaks reached 1100, 2516, and 450
ng m−2 s−1 at 85−93% WHC for SWD, respectively, and 1460,
1725, and 1048 ng m−2 s−1 at 77−87% WHC for SHK. These
values were considerably higher than the prefertilization dry
peaks. We took a weighted average of the HONO emission
ﬂuxes of each subsample against all of the fertilization-aﬀected
days and obtained averaged emissions (FN,average) in Figure 1.
The averaged emissions (FN,average) of the wet peaks during the
entire fertilization-aﬀected period were 240−820 ng m−2 s−1
(Figure 1c−h). The boosted HONO emissions at a high SWC
may result from the addition of N fertilizer that provides a
substrate for microorganisms and increases the abundances of
their functional genes,51−53 resulting in a wet peak of HONO
emission via promoting both NH4+ → NO2−12,54−57 and
NO3−→NO2− (Figure 3)14 at a high SWC (unsaturated) with
a limited oxygen content. The greater promoting eﬀects of N
fertilizers on HONO emissions for SHK than for SWD are possibly
due to the diﬀerent soil properties between the two samples. The
pH values of SWD and SHK were 7.9 and 5.7, respectively. The
alkaline condition (high pH) of SWD is likely to lead more

conversion of NH4+−N in three fertilizers to NH3, followed by
its volatilization loss,58,59 and a low pH of SHK favors HONO
release from soil.30 In addition to HONO, postfertilization NO
emissions also increased for both SWD and SHK at a low SWC,
while the eﬀect of fertilization on NO emission at a high SWC is
not obvious (Figure S2). The average NO ﬂuxes at 60−100%
WHC are only 1.7 and 1.0% of HONO ﬂuxes in SWD and SHK,
respectively.
The application of urea leads to the highest cumulative
HONO emission for the whole fertilization-aﬀected period,
whereas NH4NO3 has the lowest emission, for both the dry and
wet conditions (Figure 2c,d). For SWD, the cumulative HONO
emissions after urea application are 219 and 319% higher than
the NH4NO3 emission at low and high SWCs, respectively; for
SHK, the cumulative promotion eﬀects after using urea are 7 and
66% higher than that of NH4NO3 for dry and wet peaks,
respectively. At a low SWC, HONO is produced mainly by the
nitriﬁcation process (Figure 3) and is boosted more by urea than
NH4NO3 due to more abundant reduced N in urea (CO(NH2)2) than NH4NO3 (2:1). At a high SWC, soil HONO
production is from both NH4+ → NO2− and NO3− → NO2−.
The higher HONO emission for urea than for NH4NO3 suggests
that NH4+ → NO2−12,54−57,60 is more important than NO3− →
NO2−14 because urea contains only reduced N. Additionally,
urea can increase the content of soluble organic carbon,61 which
is conducive to the growth of heterotrophic microorganisms and
leads to increased production of NO2−.62 The smaller diﬀerence
between urea and NH4NO3 in SHK suggests the increased
importance of the NO3− → NO2− process compared to SWD.
The loss of soil N to HONO in the atmosphere after
fertilization can be estimated as follows. We assume that the
HONO emissions during the entire fertilization period reach the
wet peaks as shown in Figure 2a,b, the proportions of cumulative
HONO emitted (as N) during the entire fertilization period
(Figure 2c,d) in the fertilizer usage in SWD are 1.7, 0.6, and 0.3%
for urea, NH4HCO3, and NH4NO3, respectively, and in SHK are
5.4, 1.5, and 2.4% for urea, NH4HCO3, and NH4NO3,
respectively.
Based on the above experimental results, we derived a
parameterization that links the soil HONO emission ﬂux at 25
°C (FN,T0) to SWC in eq 4 for air-quality model use. Gaussian
ﬁtting was applied in Matlab 8.6 to ﬁt the experimental data
shown in Figure 1 using the following formulation:
FN, T0 = FN,max(T0 , SWCC)· g (SWCfer )
= FN,max(T0 , SWCC) exp[−(SWC − SWCc)2 /w 2]

(8)

where SWC is the soil water content ranging from 0 to 100%
WHC, SWCC is the SWC at which the maximum HONO release
rate (FN,max) occurred, and w characterizes the width of the
14560

https://doi.org/10.1021/acs.est.1c04134
Environ. Sci. Technol. 2021, 55, 14556−14566

Environmental Science & Technology

pubs.acs.org/est

Article

Table 1. Conceptual Model of Soil HONO Emissions as Multiple Gaussian Functions of the SWCa
sites

fertilizers
unfertilized

urea
WD
NH4HCO3

NH4NO3

unfertilized

urea
HK
NH4HCO3

NH4NO3

parameters

Dry1

Dry2

FN,max
SWCc
w
FN,max
SWCc
w
FN,max
SWCc
w
FN,max
SWCc
w
FN,max
SWCc
w
FN,max
SWCc
w
FN,max
SWCc
w
FN,max
SWCc
w

99.00
29.71
13.03
975.31
7.06
28.81
284.29
6.84
7.53
572.21
19.21
20.16
74.24
18.55
9.48
2837.35
10.79
7.43
3594.82
10.09
6.91
3388.2
8.59
6.19

265.90
36.65
4.04
1623.84
26.12
13.90
1357.77
22.91
15.63
766.40
27.38
9.08
4.51
42.02
21.99
819.90
18.39
25.51
830.73
18.88
17.78
908.04
15.39
16.08

Wet1

Wet2

433.53
71.71
20.74
240.05
72.83
21.29
125.16
79.92
22.75

377.29
90.28
6.43
645.91
84.11
3.09
142.87
90.43
5.61

403.16
65.66
25.18
340.66
64.81
36.96
324.72
61.58
32.03

322.76
83.45
9.93
419.88
83.00
5.86
390.58
83.51
6.12

a

Dry1 and Dry2 represent the HONO emissions at a low SWC (0−60% WHC), and Wet1 and Wet2 represent the HONO emissions at a high
SWC (60−100% WHC).

ﬁtting curves. As shown in Figures 1 and S5, two Gaussian

Femis = Femis(Dry peak) + Femis(Wet peak)

functions well ﬁt the dry peak (Dry1 + Dry2) in the low SWC

= vt ×

ÑÉ
ÅÄÅ
ÅÅij Ea yz ji 1
v
1 zyzÑÑÑÑ
j
Å
z
j
× expÅÅj− z· jj − zzÑÑ = 6.3 / 60t 14
z
Ñ
ÅÅk R { j T
T
·
0 {Ñ
ÑÖ
ÅÇ
k
0.00196 22.4
ÅÄÅ
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ÅÅ
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j
Å
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zz + FN,maxDry2·
× ÅÅÅÅFN,maxDry1· expjjjj−
2
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j
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Dry1
ÅÅÇ
{
k
ij (SWC − SWCC )2 yz
zz
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Dry2
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expjjjj−
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wDry2
{
k
ij (SWC − SWCC )2 yz
Wet1
zzz + FN,max ·
expjjjj−
zz
Wet2
j
wWet12
{
k
É
Ñ
2 Ñ
ÅÄÅ
jij (SWC − SWCC Wet2) zyzÑÑÑÑ
zÑÑ × expÅÅÅÅjijj− 43990 zyzz·
expjjj−
z
zzÑÑ
ÅÅÅk
j
R {
wWet2 2
Ç
{ÑÑÑÖ
k
ÉÑ
ij 1
1 yzÑÑÑ
jj −
zzÑÑ
298 {ÑÑÑÖ
(11)
kT

range (0−60% WHC) and the wet peak (Wet1 + Wet2) in the
high SWC range (60−100% WHC) for both SWD and SHK:
FN(Dry peak), T0 = FN,maxDry1· exp[− (SWC − SWCCDry1)2 /wDry12]
+ FN,maxDry2· exp[− (SWC − SWCCDry2)2 /wDry2 2]

(9)

FN(Wet peak), T0 = FN,maxWet1· exp[− (SWC − SWCC Wet1)2 /wWet12]
+ FN,maxWet2· exp[− (SWC − SWCC Wet2)2 /wWet2 2]

FN,max(T0 , SWCC) · g (SWCfer )

(10)

Based on the input of FN and SWC, the ﬁtting procedure
yielded FN,max, SWCc, and w, which are listed in Table 1 for low
and high SWC conditions of SWD and SHK. After combining with

Q MN
·
A Vm

Simulations of Postfertilization HONO Emissions and
Their Impact on Air Quality. We next implement the HONO
emission scheme in the CMAQ model (see Materials and
Methods) and simulate the HONO during a typical fertilization
event in the NCP. High ambient HONO levels were observed
following fertilization during 27−30 June 2014 at an agricultural
site in Wangdu,27 with the peak HONO mixing ratio of ∼2.4 ppb
at night-time and ∼0.9 ppb at noon (Figure 4b). As the

the formula for the temperature eﬀect (eq 7). The ﬁnal
formulation for the HONO emission (unit: ppb m s−1) after
applying the N fertilizer of 100 kg N ha−1 at SWC and
temperature (T) is shown below:
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Figure 4. Impacts of soil HONO emissions after urea application at Wangdu in the North China Plain. (a) Soil HONO emissions (Femis) and the
impacts on (b) HONO mixing ratios, (c) O3 mixing ratios, and (d) nitrate concentrations at the Wangdu site. Nitrate observation data were not
available before 8:00 on 28 June 2014 due to instrument failure. The gray areas represent the range between the lowest (SoilHONO_min) and highest
(SoilHONO_max) HONO emission with respect to SWC.

emissions are consistent with the previous ﬁeld-observed
HONO ﬂux with open-top chambers at the Wangdu site.25,26
The inclusion of soil HONO emissions at a high SWC improved
the model performance for ambient HONO simulations at
Wangdu for the study case. The observed values at night are
generally in the range between the lower and upper simulated
limits due to variations in the SWC. The simulated night-time
average HONO levels by SoilHONO_avg increased from 0.8 to
1.8 ppb, with the NMB decreasing from −45 to 33% (Figure
4b). The daytime HONO simulation was also improved, with
the NMB decreasing from −76 to −29%. However, underestimation of HONO at noontime remains considerable,
possibly due to the contributions of missing photosensitive
sources and the diﬃculty in simulating local emissions and
meteorology with a regional model. Figure S7 shows the
comparison of simulated and observed NO2 concentrations at
the Wangdu site. The simulation can generally catch the hourly
variations. The inclusion of soil HONO emissions (SoilHONO_avg) increased the simulated NO2 slightly, with the NMB
decreasing from −29.1 to −26.7%.
With inclusion of the soil HONO emission under the typical
fertilizer use, the simulated daytime average O3 levels increased
from 68.3 to 74.5 ppb, closer to the observed average at Wangdu
(74.6 ppb) (Figure 4c). The maximum increase in the hourly O3
level was above 9 ppb. The increased oxidation capacity
enhanced secondary aerosol production. The simulated nitrate
concentration increased by 49% (Figure 4d) due to an increase
in the oxidation of NOx by OH and O3 to form nitric acid. The
model was able to capture the high nitrate concentrations, for
example, at night on 29 and 30 June. Here, we only examined
nitrate because our model had been previously improved for the
nitrate production processes,44 whereas the chemical processes
for other secondary aerosols (e.g., sulfate and organics) are less
certain in the current chemical transport models.64,65

information on the fertilizer use for this fertilization event was
not available, we adopted our lab-measured HONO emission for
100 kg N ha−1, which is a typical fertilization use in the NCP.63
Soil fertilization by individual farmers in a large agricultural
region such as NCP can take place at diﬀerent times, and the
impact of fertilization on the atmosphere is inﬂuenced by the
average eﬀect of these fertilization activities. In order to obtain
the average eﬀect of fertilization on HONO emissions, we used
averaged emissions (FN,average) shown in Figure 1 in the model
simulations. As the NO emission does not show a signiﬁcant
increase at a high SWC after fertilization (Figure S2), we did not
include soil NO emission in our model simulations.
Figure S6 shows the comparison of simulated and observed
temperatures, RH, and wind speed at the Wangdu site, with the
normalized mean bias (NMB) of −2.1, −9.8, and 28.2%. The
results indicate the Weather Research and Forecasting Model
(WRF) used in this study reasonably reproduced these key
surface meteorological parameters. As shown in Figure 4b, the
model simulation without soil emissions (Base) underestimates
the ambient HONO levels by −54, −76, and −45% for the daily,
daytime (6:00−18:00), and night-time averages, respectively,
despite the fact that the model has included most of the other
known sources (e.g., heterogeneous reactions of NO2 on the
ground and aerosol surface, photolysis of nitrate, etc., see
Materials and Methods).
With the implementation of the soil emission assuming a
uniform use of the urea fertilizer of 100 kg N ha−1 in the model
domain, the modeled soil HONO emissions (Femis) show a
pronounced diurnal variation (Figure 4a), with higher emissions
in daytime than night-time due to the impacts of the increasing
transfer velocity and soil temperature in daytime. The daytime
peak values vary in the range of 20−196 ng N m2 s−1 with an
average of ∼80 ng N m2 s−1. The lowest values at night-time are
in the range of 0.1−9 ng N m2 s−1, with an average of ∼4 ng N m2
s−1. The diurnal pattern and magnitude of the soil HONO
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Figure 5. Model-simulated impacts of soil HONO emissions after urea application in the North China Plain. (a) Distribution of cropland (unit:
fraction) in China and the model domain. (b−i) Spatial distributions of the (b,c) daily average HONO, (d,e) daytime average OH, (f,g) daytime
average O3, and (h,i) daily average nitrate in the Base case and the diﬀerences with SoilHONO_avg during 27−30 June 2014. The black star represents
the location of the sampling site in Wangdu.

Figure 5 shows the potential impacts of soil HONO emissions
in the NCP region for the average case (SoilHONO_avg),
which suggests that soil HONO emissions could increase the
daily ambient average HONO mixing ratio by 0.6 ppb (117%),
the daytime average OH concentration by 41% and O3 by 8%.
The regional daily average nitrate concentration was enhanced
by 47%. The absolute enhancement was more signiﬁcant in the
areas with higher aerosol concentrations. The largest increase of
nitrate exceeded 12 μg/m3 for the simulation period average. If
all of the agricultural soil reaches the wet peak of the HONO
emissions (SoilHONO_max), the enhancement could be much
larger and could be 0.9 ppb (164%) for the daily average
HONO, 4.5 × 106 molecules cm−3 (54%) for the daytime
average OH, 7.5 ppb (11%) for the daytime average O3, and 4.2
μg m−3 (66%) for the daily average nitrate in the NCP region
(Figure S8). The results demonstrate that crop fertilization can
signiﬁcantly increase HONO emission and aggravate regional
air quality in the NCP. Although our model simulation is for a
relatively short 4 day period, the impact of fertilization is
expected to occur in extended periods in summer. In the NCP
region, the main summer crop is maize, which is planted in June
after harvesting wheat. Fertilizers are applied at the time of
planting as basal dressing, with additional top dressing in
August.63 For a large agricultural region such as NCP, the
regional fertilization may last for several weeks due to diﬀerent
fertilization times by individual farmers. Consequently, the
eﬀects of fertilization may play a key role in atmospheric
chemistry and air quality during photochemically active summer
season in the NCP.

It should be noted the above simulations of the regional soil
HONO impact may subject to uncertainty due to the lack of
information on fertilizer use in diﬀerent croplands in the
simulation period and limited soil samples whose emissions
were tested in our study. Nonetheless, the soil parameterization
scheme from our study enables emission-based air quality
models to estimate the soil HONO emission and atmospheric
impact after fertilization. Further studies are needed to quantify
the soil HONO emissions from other agricultural lands and to
develop a database on the gridded distribution of diﬀerent
fertilizer use in major agricultural regions.

■

IMPLICATIONS
Our study demonstrates that fertilization of soils by three widely
nitrogen-based fertilizers could have important contributions to
ambient HONO and in turn aggravate air pollution in the
agriculture-intensive NCP region of China. As the most
consumed chemical fertilizer type, nitrogen fertilizers have
been extensively used in the world. According to the
International Fertilizer Association (IFA) 66 and China
Statistical Yearbook,67 China is the world’s largest consumer
of N fertilizers, followed by India, the USA, western and central
Europe, Brazil, and Russia (Figure S9). From year 2000 to 2017,
nitrogen fertilizer consumption increased by 3−114% in these
countries and 18% in the world.66 The global demand is
projected to increase at a rate of 1.2%/year from 2017 to 2022
and will reach 112 Tg N yr−1 in 2022.1 The potential high
HONO emissions from fertilized soil and their impacts on air
quality thus require worldwide attention.
14563

https://doi.org/10.1021/acs.est.1c04134
Environ. Sci. Technol. 2021, 55, 14556−14566

Environmental Science & Technology

pubs.acs.org/est

Sciences, East China Normal University, 200241 Shanghai,
China
Keding Lu − State Key Joint Laboratory of Environment
Simulation and Pollution Control, College of Environmental
Sciences and Engineering, Peking University, 100871 Beijing,
China; orcid.org/0000-0001-9425-9520
Yujing Mu − Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, 100085 Beijing, China;
University of Chinese Academy of Sciences, 100049 Beijing,
China; orcid.org/0000-0002-7048-2856
Zhiguo Liu − Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, 100085 Beijing, China;
University of Chinese Academy of Sciences, 100049 Beijing,
China
Yuanhang Zhang − State Key Joint Laboratory of Environment
Simulation and Pollution Control, College of Environmental
Sciences and Engineering, Peking University, 100871 Beijing,
China
Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.1c04134

Urea accounts for more than 60% of the global consumed N
fertilizer.66 In China, urea consumption has increased by
approximately 49%, and its proportion in the total fertilizer
use increased from 63.6% in 2000 to 92.1% in 2017 (Figure S9).
In India, urea accounts for ∼99% of the total N fertilizer
consumption (Figure S9). In comparison, the USA, Europe, and
Russia use more ammonium nitrate and other N fertilizers (e.g.,
calcium ammonium nitrate, liquid ammonia, and nitrogen
solutions), with urea accounting for 5−30%. Although urea has
several advantages over other nitrogen fertilizers such as its
higher nitrogen content and a longer residence in soil for
absorption by plants, the same properties unfortunately lead to
higher emission of HONO to the atmosphere. Thus, for China
and India, two countries with the highest urea use and severe air
pollution, adding nitriﬁcation inhibitors68 along urea or
replacing urea with low HONO-emitting fertilizers would help
alleviate air pollution during the fertilization periods. We also
call for investigations of the HONO emission potential from
other nitrogen fertilizers, in addition to the three studied in this
work, and their environmental impacts.
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