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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,
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 75%—-95% water holding capacity
after applying three common fertilizers, which contrasts to 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 one week. Implementation
of the lab-derived parametrization in a chemistry transport model (CMAQ)
significantly improved post-fertilization HONO predictions at a rural site in the

agriculture intensive North China Plain, and increased regionally averaged daytime OH,
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O3, and daily fine particulate nitrate concentrations by 41%, 8%, and 47%, respectively.
The result of our study underscores the necessity to include this large post-fertilization
HONO source in modeling air quality and atmospheric chemistry. Fertilizer structure
adjustments may reduce HONO emissions and improve air quality in polluted regions

with intense agriculture.

SYNOPSIS: Our research reveals large post-fertilization soil HONO emission and its

significant impacts on air quality require worldwide attention.

INTRODUCTION

Nitrogen (N) fertilizer plays a key role in sustaining food production and the world
population 2. The global N fertilizer consumption has increased from 11.3 Tg N yr !
in 1961 to 109.1 Tg N yr ! in 2017 **. Due to low crop N use efficiency (<50% on
average globally) > ¢, 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 1% 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 (N20) resulting from soil microbial activities '! 12

, and later laboratory studies
reveal that soils can also emit nitrous acid (HONO) with an emission flux comparable
to that of NO !> %, HONO is of great importance to atmospheric chemistry and air

quality as photolysis of HONO is an important source of hydroxyl radical (OH) that

regulates the atmospheric oxidation capacity and production of secondary pollutants
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like ozone and some aerosols 38, Yet, the sources of HONO, especially those in
daytime, are not fully understood or quantified *-2°,

HONO emitted from soil is produced through microbial processes of nitrification and
denitrification '*'%2!, The regulating factors of these processes are complex and diverse,
and mainly include availability of soil N, organic matter content, soil moisture, pH, and

temperature % 2

. Soil moisture affects HONO production via controlling the
availability of oxygen (Oz) in soil that influences microbial activity 2*. 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 high soil water content (SWC) '°. However, recent field measurements
2328 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 2°. This post-fertilization HONO source from soil has been
suggested to be an important ‘missing source’ of ambient HONO in daytime 27 3°,
However, the effect of fertilizer types on HONO emission and its SWC dependence
after fertilization are unknown, making it difficult to predict this HONO source and its
atmospheric impact in 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 flux

in a controlled dynamic chamber. We found that in addition to the promotion effect at
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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 implement the scheme in a regional chemistry and
transport model to quantify post-fertilization HONO emissions and its impact on ozone
and nitrate aerosol in the North China Plain (NCP). We show that the soil HONO
emissions significantly improved model HONO simulation and this source has
important impact on regional air quality in the fertilization period.
MATERIALS AND METHODS

Soil samples. The soil samples used in this study were collected from two typical
agricultural regions in China. Swp 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 *!, producing more than 50% and 33% of wheat and maize,
respectively, in the country 2. Spx 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 of 10—15 vegetables and grains **. 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 m? and were evenly mixed to minimize the influence of spatial
variations of the soil properties **. The SWC of the field soil samples (SWCfela) was

measured immediately after soil samples being shipped to the laboratory of the Hong
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Kong Polytechnic University. All samples were then dried at room temperature, sieved
to 2 mm to remove the gravel, roots, and litter and to homogenized the soil samples *°.
The soil samples were stored in a refrigerator at 4 °C until analysis.

HONO emission flux measurements. A Teflon dynamic chamber system (Figure
S1) 131421 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 MQ-cm) to its WHC value (equation (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™!. A
relative humidity (RH) sensor was applied to measure the RH at the chamber outlet,

and the SWC was calculated by using the formula *:

t
JimoRH(D'dt  Massyqrer 100
ftt=n(1)ax RH(t)-dt Massqary soii WHC

SWCw =1 — : (1)
where SWC(t) and RH(t) is the SWC and the relative humidity in the chamber,
respectively, at time t. Masswater 1S the water mass (g) evaporated from the soil during
experiment, Massary soil 1s the mass of dry soil(g), WHC is the ratio of the water mass in
soil at saturation point to dry soil mass and is determined using filter method *°, given
by:

Mass S
WH C: water(saturated) ) (2)

Massgry soil
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The mixing ratio of HONO emitted from the soil samples was measured by 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 follows !°:
Fx= [HONOlmeasurea' 7> =% (Cou=Cin) 1~ » 3)
where Fy is the HONO emission flux in terms of N (ng N m 2 s !), Q is the chamber
inlet flow rate (L s™!), A is the petri dish area (m?), [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 My (g mol™!) and Vi (L mol ") 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, NH4HCO3 and NH4NOs. 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 SWCreia. Next, a fertilizer equivalent to 100 kg N ha™! (urea: 24.3 mg for
Swp, 19.7 mg for Suk; NH4sHCO3: 64.2 mg for Swp, 51.9 mg for Sux; NH4NO3: 32.5
mg for Swp, 26.3 mg for Sux) was dissolved in the water, added to the beaker and well
mixed with the soil. The beaker was then covered by 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 fertilized soil
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subsamples were taken from the beaker at 8-24 hr intervals to measure the emission
fluxes following the step described above, until the emission flux reached the pre-
fertilization levels. These set of experiments aimed to determine the emission flux in
different days after fertilization. A total of 9, 6 and 5 subsamples were taken for Swp
and 14, 11 and 10 subsamples for Suk after urea, NH4HCO3 and NH4NOs3 application,
respectively.

Model Simulation. The Community Multiscale Air Quality (CMAQ) model system
was applied to quantify the HONO emissions from fertilized soil and the impact on the
air quality. In the baseline simulation (Base), major HONO sources except soil
emissions, including vehicle emissions, gas-phase reactions of NO and OH, RH-
dependent and light-enhancing effects on heterogeneous reactions of NO», and the
photolysis of particle nitrate in the atmosphere and deposition on surfaces are
considered. And the detailed descriptions of these sources are given in a previous study
'8 In the present study, we updated the rate constants of nitrate photolysis to take into
account of the effect of nitrate concentration on the rate constants, based on the works
of Ye et al 3738, The detail reactions and parameters of 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 x 10737,

The post-fertilization soil HONO emissions (Fn) are predicted as a function of soil
temperature (T) and soil water content (SWC), similar to the parameterization for soil

NO emissions>> 4041
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FN = FNmax(To, SWC) - 8(SWCte;) - h(T), 4)
where Fy max 15 the maximum HONO flux at the optimum SWC (SWCc) under a
reference temperature To; g(SWCe,) is the function of HONO emission as SWC; h(T)
is the temperature dependence of HONO emission and is expressed as ratio of HONO
emission at T (Fy(T)) to that at Ty (Fy(Tp)):

Fu(m _ Aen|(F) ] _

FN(To) A-exp[(_TEa) -%)]

h(T)= exp | () (G- 5)

Fn(T) takes the form of A-exp [(_TEa)- %], in which R is the gas constant (8.314 J mol
I'K1), Ea is the activation energy and is determined, together with constant A, by
exponential fitting the HONO emission and temperature data obtained in our
experiments (See Figure S4). Fymax(To, SWCc) - g(SWCge) (See Results and
Discussion section) and h(T) are experimentally determined, and To is 25 °C which is
the room temperature under 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 gases 3% 4%

Femis= Vi X [HONO]" = v x [HONO]measured (6)
where the transfer velocity (v;) is from the CMAQ outputs, [HONO]* is the HONO
equilibrium concentration at the soil surface **, 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

9
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[HONO]measured (Figure S3). By combining equation (3-6), we can derive the soil

HONO emissions in the real ambient environment (Femis) as below:

* F max(T ,SWC ) (SWC er)
Femis= Vi % [HONO]" = Vi X [HONO]measured =V X = > Q.M_g g fer x
AV
—Ea 1 1
exp [(T)'(;'T—O)] ; (7)

The long-term observation data at 653 agriculture monitoring sites across China show
that the SWC in most agricultural land is higher than 60% **. In view of the difficulty
of accurately 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), lower limit case
(SoilHONO_min) and upper limit case (SoilHONO_max).

The simulation domain covers land areas of China with a resolution of 36 km X 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
four-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 field with the
same physical options and inputs as described in Fu et al **. The minimum boundary

45, 46

layer height at night was set to 300m , in view of underestimation by WRF in our

147

study. The emission data were obtained from Zhao et al *’ for anthropogenic sources in

2015 and the Model of Emissions of Gases and Aerosols from Nature (MEGAN) *8 for

biogenic emissions.

10
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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 (Swp) and Hong Kong in Southern China (Suk).
Before fertilization, only one HONO emission peak was observed at a low SWC (the
dry peak) in both soil samples. And the emission flux (Fx) was 341 ngm ™2 s 'at 41%
WHC for Swp (Figure 1a) and 78 ng m 2 s™! at 18% WHC for Sux (Figure 1b); it
decreased to nearly zero at >60% WHC prior to fertilization for both samples. Similar
phenomenon has been observed in previous study ', and nitrification (NHs*—NO, —
NOz3") is thought to predominate at low SWC, producing NO>™ and then HONO (Figure
3). The small peak at high SWC (the wet peak) reported by Wu et al * did not occur or
was too low to be observed in our soil samples.

We then separately applied three widely used N fertilizers, urea (CO(NH>)>),
ammonium bicarbonate (NH4HCO3) and ammonium nitrate (NH4NO3) to the soil
samples to investigate the response of soil HONO emissions to fertilization (see
Methods). As shown in Figure 1c—1h, the dry peaks were significantly enhanced after
fertilization and reached to a maximum 1-6 days later, with a maximum flux of 2100—
3400 ng m 2 s7! for Swp and 5900-8300 ng m 2 s! for Sux (Figure 2). The post-
fertilization HONO emissions at low SWC increased by approximately 10 and 100
times for Swp and Suk, respectively. The elevated HONO emissions at low SWC is due

to the increase of NH4" amount in the nitrification process after fertilization. The

11
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Figure 1. Soil emission fluxes of HONO as a function of the soil water content SWC
(% water holding capacity, WHC). Soil HONO emissions before (a, b) and after
applying urea (blue squares, c, d), NH4HCO; (orange squares, e, f), and NH4NO;
(purple squares, g, h) to soil samples from Wangdu, Hebei province in Northern China
(Swp) and Hong Kong in Southern China (Suk). 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 low SWC, 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.

Differing from the extremely low pre-fertilization HONO emissions at 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—1h), and they exhibit
similar variations with time after fertilization to the dry peaks (Figure 2a, b). After the
application of urea, NH4HCO; and NH4NO3, the maximum wet peaks reached 1100,
2516 and 450 ng m 2 s~ ! at 85%-93% WHC for Swp, respectively, and 1460, 1725 and
1048 ng m 2 s~! at 77-87% WHC for Suk. These values were considerably higher than
the pre-fertilization dry peaks. We took a weighted average of the HONO emission
fluxes of each subsample against all of the fertilization-affected days and obtain
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

13
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(Figure 1c—1h). The boosted HONO emissions at high SWC may result from the
addition of N fertilizer that provides substrate for microorganisms and increases the

51-53

abundances of their functional genes , resulting in a wet peak of HONO emission

via promoting both NHs*—=NO,™ %5457 and NO; —NO;~ (Figure 3) '* at high SWC
(unsaturated) with limited oxygen content. The greater promoting effects of N fertilizer
on HONO emissions for Spx than for Swp are possibly due to the different soil
properties between the two samples. The pH values of Swp and Suk were 7.9 and 5.7,
respectively. The alkaline condition (high pH) of Swp is likely to lead more conversion

8,59 and a low

of NH4*-N in three fertilizers to NH3 followed by its volatilization loss
pH of Suk favours HONO release from soil *. In addition to HONO, post-fertilization
NO emissions also increased for both Swp and Sux at low SWC, while the effect of
fertilization on NO emission at 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 Swp and Sk,
respectively.

The application of urea leads to the highest cumulative HONO emission for the whole
fertilization-affected period, whereas NH4NOs3 has the lowest emission, for both the dry
and wet conditions (Figure 2c, d). For Swp, the cumulative HONO emissions after urea
application are 219% and 319% higher than NH4NO3 at low and high SWC,
respectively; for Suk, the cumulative promotion effects after using urea are 7% and 66%

higher than NH4NO3 for dry and wet peaks, respectively. At low SWC, HONO is

produced mainly by the nitrification process (Figure 3) and is boosted more by urea

14
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than NH4NO3 due to more abundant reduced N in urea (CO(NH>)2) than NH4NO3 (2:1).
At high SWC, soil HONO production is from both NHs*—NO> and NO3; —NO,". The
higher HONO emission for urea than for NHsNO; suggests that NHs*—NQO, ™ 12:34-57.60
is more important than NO; — NOz  '* because urea contains only reduced N.

! which is

Additionally, urea can increase the content of soluble organic carbon °
conducive to the growth of heterotrophic microorganisms and leads to increased
production of NO,~ 2. The smaller difference between urea and NH4NOj in Spk suggest
increased importance of the NO3;— NO.™ process compared to Swp.

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 and 2b, the proportion of cumulative HONO
emitted (as N) during the entire fertilization period (Figure 2c, d) in the fertilizer usage

in Swp are 1.7%, 0.6%, and 0.3% for urea, NH4HCO3, and NH4NO3, respectively, and

in Syk are 5.4%, 1.5%, and 2.4% for urea, NH4sHCO3, and NH4NOs3, respectively.
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Figure 2. Variations of HONO emission peaks of subsamples and cumulative HONO
emissions during the fertilization-affected period. a and b show the variation of the peak
values as a function of days since fertilization for Swp and Shk, respectively (Dry peak:
solid square, Wet peak: open triangle; urea: blue, NH4sHCOs: orange, and NH4NOs3:
purple). ¢ and d represent the integrated HONO emission after application of urea,
NH4HCOs3, and NH4NOs3 for Swp and Shk, respectively (Dry peak: yellow bars, wet
peak: green bars).

16



292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

HONO [Nzo] [ N, ]
volatilization ? 1‘ ) Atmosphere
1

A
H !
! ! I Soil
CO(NH7)7 t !
NHHCO, oo v
NH,NO,

== Nitrification
Denitrification

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.

Based on the above experimental results, we derived a parameterization that links the
soil HONO emission flux at 25 °C (Fy 1) to SWC in equation (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:

(SWC-SWC.)?
W

Fyro = Fymax(To, SWCC) - 8(SWCier) = Fyymax(To, SWC)exp (— ) ®
where SWC is the soil water content ranging from 0% to 100% WHC, SWC¢ is the soil
water content at which the maximum HONO release rate (Fy max) occurred, and w
characterizes the width of the fitting curves. As shown in Figure 1 and Figure S5, two
Gaussian functions well fit the dry peak (Dry1 + Dry2) in the low SWC range (0%—60%
WHC) and the wet peak (Wetl + Wet2) in the high SWC range (60%—100% WHC),

respectively, for both Swp and Shg, in the form of:
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2
(swc—swchm)
FN(Dry peak),To — FN,maxDryl Texpl — Wpry12 + FN,maxDryz )

exp (— (sweswecyy,) > )

WDry2 2

2
(SWC-SWCcyyeyy ) L F .
2 N,maxwet2

FN(Wet peak),T, = FN,maXWeu Y <_ Wwet1

eXp <_ (SWC_SWCCWetZ) ) (10)

WWetZZ
Based on the input of Fx and SWC, the fitting procedure yielded Fn,max, SWC¢, and
w which are listed in Table 1 for low and high SWC conditions of Swp and Suk. After
combining with the formula for the temperature effect (Equation 7). The final
formulation for the HONO emission (unit: ppb m s™) after applying N fertilizer of 100
kg N ha'! at soil water content (SWC) and temperature (T) is shown below:
FN,max(To,SWCc)-g(SWCrer) %

Femis = Femis(Dry peak) + Femis(Wet peak) = V¢ X QMy
AV

exp [(F)G7)| =

- 2 2
(swc—swcc ) (swc—swcc )
Dry1 Dry2
FN,maxppy 1 "€XP 2 +FN,max exp ¢
’ ryi ’ Dry2
+

WDry12 wDry22

Vi % 63/60 14
0.00196 224

2 2
(sSWC-sWecyy ey ) (SWC-SWCCyy o1y )
FNmaxyet, €XP Wwets2 +FN maxyer, €XP Wiwetz2

6.3/60 14 X
0.00196 22.4

—43990

1 1
exp [(C22)(2-)] (11)
Table 1. Conceptual model of soil HONO emissions as multiple Gaussian functions of

the soil water content (SWC). Dryl and Dry2 represent the HONO emissions at low

18



323 SWC (0%—60% water holding capacity, WHC) and Wetl and Wet2 represent the

324  HONO emissions at high SWC (60%—-100% WHC).

Sites  Fertilizers ~ Parameters Dryl Dry2 Wetl Wet2
FN max 99.00 265.90 -- --
Unfertilized SWCc 29.71 36.65 -- -
w 13.03 4.04 - --
FN max 975.31 1623.84  433.53 377.29
Urea SWC. 7.06 26.12 71.71 90.28
w 28.81 13.90 20.74 6.43
WD FN,max 284.29 1357.77  240.05 645.91
NH4HCOs  SWC. 6.84 2291 72.83 84.11
w 7.53 15.63 21.29 3.09
FN max 572.21 766.40 125.16 142.87
NH4NO3 SWC. 19.21 27.38 79.92 90.43
w 20.16 9.08 22.75 5.61
FN max 74.24 4.51 - -
Unfertilized SWC. 18.55 42.02 -- --
w 9.48 21.99 - -
FN,max 2837.35 819.90 403.16 322.76
Urea SWC. 10.79 18.39 65.66 83.45
w 7.43 25.51 25.18 9.93
HK FN max 3594.82 830.73 340.66 419.88
NH4HCO;  SWC, 10.09 18.88 64.81 83.00
w 6.91 17.78 36.96 5.86
FN,max 3388.2 908.04 324.72 390.58
NH4NO3 SWC. 8.59 15.39 61.58 83.51
w 6.19 16.08 32.03 6.12
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Simulations of post-fertilization HONO emissions and its impact on air quality.
We next implement the HONO emission scheme in the CMAQ model (see 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 %7, with the peak HONO mixing ratio of ~2.4 ppb at
nighttime and ~0.9 ppb at noon (Figure 4b). As the information on the fertilizer use for
this fertilization event was not available, we adopted our lab measured HONO emission
for 100 kg N ha™! which is a typical fertilization use in the NCP ®*. Soil fertilization by
individual farmers in a large agricultural region like NCP can take place at the different
time, 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 significant increase at 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 temperature, relative
humidity and wind speed at Wangdu site, with the normalized mean bias (NMB) of -
2.1%, -9.8% and 28.2%. The results indicate the Weather Research & Forecasting
Model (WRF) used in this study reasonably reproduced these key surface

meteorological parameters. As shown in Figure 4b, the model simulation without soil
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361

362

363

364

365

366

emissions (Base) underestimates the ambient HONO levels by —54%, —=76% and —45%
for the daily, daytime (6:00-18:00) and nighttime averages, respectively, despite the
fact that model has included most other known sources (e.g., heterogeneous reactions
of NO: on the ground and aerosol surface, photolysis of nitrate, etc., see Methods).
With the implementation of the soil emission assuming a uniform use of urea fertilizer
of 100 kg N ha! in the model domain, the modelled soil HONO emissions (Femis) show
a pronounced diurnal variation (Figure 4a), with higher emissions in daytime than
nighttime due to the impacts of the increasing transfer velocity and soil temperature in

! with an

daytime. The daytime peak values vary in the range of 20-196 ng N m? s~
average of ~80 ng N m? s™!. The lowest values at nighttime are in the range of 0.1-9 ng
N m? s™!, with an average of ~4 ng N m? s !. The diurnal pattern and magnitude of the
soil HONO emissions are consistent with previous field observed HONO flux with
open-top chambers at Wangdu site 2> 26, The inclusion of soil HONO emissions at 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 variation in the soil water content. The
simulated nighttime average HONO levels by SoilHONO avg increased from 0.8 ppb
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
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381

382

local emissions and meteorology with a regional model. Figure S7 shows the
comparison of simulated and observed NO: concentrations at Wangdu site. The
simulation can generally catch the hourly variations. The inclusion of soil HONO
emissions (SoilHONO avg) increased the simulated NO; 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, e.g., at night on 29 and 30 June.
Here we only examined nitrate because our model had been previously improved for
nitrate production processes **, whereas the chemical processes for other secondary

aerosols (e.g., sulfate, organics) are less certain in current chemical transport models **

65
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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, (¢) 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 grey areas represent the range between the lowest
(SoilHONO_min) and highest (SoilHONO max) HONO emission with respect to

SWC.

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
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398
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400
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402
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404
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406

407

408

409

410

411

12 pg/m? 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 x 10° molecules
cm > (54%) for the daytime average OH, 7.5 ppb (11%) for the daytime average Os,
and 4.2 ug m> (66%) for the daily average nitrate in the NCP region (Figure S6). 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 %. For a large agricultural region like
NCP, the regional fertilization may last for several weeks due to different fertilization
time by individual farmers. Consequently, the effects of fertilization may play a key
role in atmospheric chemistry and air quality during photochemical active summer

season in the NCP.
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Figure 5. Model simulated impacts of soil HONO emissions after urea application in
the North China Plain. a is the distribution of cropland (unit: fraction) in China and
model domain. b-i are the spatial distributions of the (b, ¢) daily average HONO, (d, ¢)
daytime average OH, (f, g) daytime average Oz and (h, i) daily average nitrate in the
Base case and the differences with SoilHONO avg during 27-30 June 2014. The black

stars represent the locations of the sampling sites in Wangdu.

It should be noted the above simulations of regional soil HONO impact may subject
to uncertainty due to lack of information on fertilizer use in different croplands in the

simulation period and limited soil samples whose emissions were tested in our study.
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422  Nonetheless, the soil parameterization scheme from our study enables emission-based
423 air quality models to estimate the soil HONO emission and atmospheric impact after
424 fertilization. Further studies are needed to quantify the soil HONO emissions from other
425  agricultural lands and to develop a data base on gridded distribution of different
426  fertilizer use in major agricultural regions.

427  IMPLICATIONS

428 Our study demonstrates that fertilization of soils by three widely nitrogen-based
429  fertilizers could have important contribution to ambient HONO and in turn aggravate
430  air pollution in the agriculture intensive NCP region of China. As the most consumed
431  chemical fertilizer type, nitrogen fertilizers have been extensively used in the world.
432 According to the International Fertilizer Association (IFA) ¢ and China Statistical
433 Yearbook %7, China is the world’s largest N fertilizers consumer, followed by India, the
434  USA, western and central Europe, Brazil, and Russia (Figure S9). From year 2000 to
435 2017, nitrogen fertilizer consumption increased by 3%-114% in these countries and 18 %
436  in the world °. And the global demand is projected to increase at a rate of 1.2%/year
437  from 2017 to 2022 and will reach 112 Tg N yr'! in 2022 !. The potential high HONO
438  emissions from fertilized soil and its impacts on air quality thus require worldwide
439  attention.

440 Urea accounts for more than 60% of the global consumed N fertilizer . In China,
441  urea consumption has increased by approximately 49%, and its proportion in total

442  fertilizer use increased from 63.6% in 2000 to 92.1% in 2017 (Figure 6a). In India, urea
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accounts for ~99% of the total N fertilizer consumption (Figure 6b). In comparison, the
USA, Europe, and Russia use more ammonium nitrate and other N fertilizers (e.g.,
calcium ammonium nitrate, liquid ammonia, 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 inhibitors ® 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 emissions potential from other nitrogen

fertilizers, in addition to the three studied in this work, and their environmental impacts.
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Table S1. Parameterized HONO source mechanisms included in the model.

Sources HONO formation reactions

Parameters

Vehicle emissions !

Homogeneous reaction ! NO + OH— HONO

NO; + surface + hv + RH !

Particulate NOs" + hv 12 NOs3™ + hv— HONO

Deposited HNO3/ NO3 +hv 13 HNO3/NO3™ + hv—HONO

NO: + surface + hv + RH— HONO

Gasoline: 0.8% NOx of transportation sources;
Diesel: 2.3% NOx of transportation sources
CMAQ default
Nighttime: k = 5 X 1075 X foy x%
S x light intensity

e | = -3 s
Daytime: k = 1 X 107° X fpy X > 200

RH
{ s (RH < 50)
fru = E_

4 (50 < RH < 80)

10
4 (RH = 80)
—4 )
6.1 Xx107* x In(1+ 4.4 x 107 '[pNO;]) 2.5 x 10-5
= [PNOs]
Jpno, = T
X JuNoy,—cmaqQ
8.5 x 107* . »
mln(l +2.5%107Dyp,) +3.0 X 10
Jono, =

7 x 1077
X Junos-cmaQ

40
Zero air
Compressor MEFC
generator
30 cm
41
42
43

S3

N

RH
Sensor

T— bypass

LOPAP

Figure S1. Schematic diagram of the dynamic chamber system.
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Figure S2. Soil NO emission before and after fertilization. The black squares
indicate the NO emissions before fertilization for (a) Swp and (b) Skk. The blue, orange,
purple squares represent the NO emissions after applying urea, NHsHCOs3, and

NH4NOs, respectively.
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Figure S3. Measured [HONO]* for (a)Wangdu (WD) and (b) Hong Kong (HK)
samples. [HONOJ* is the equilibrium concentration at the soil surface . Here we
assumed the gas in the dynamic chamber was evenly mixed, and the measured HONO
mixing ratio was used to represent [HONO]*. The [HONO]* shown here is the result

obtained using multiple Gaussian fittings.
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Figure S4. Impact of soil temperature on soil HONO emissions in Hong Kong. The
temperature in the chamber was regulated between 5 <C and 55 <C with a step of 10 <C.
The flux measurement procedure was the same as that described in Methods. The blue
dot is the flux measured in the laboratory, and the red and gray lines represent two
different fitting results. Fit 1 is exponential fit, and the inset in the figure is the log-
transformation of the flux as the function of the inverse temperature with the red line
representing the flux calculated using exponential fit parameter. Fitl over predicts the
HONO emission at temperatures below ~300 K (27 <C), but under predict it above ~310
K (37 <C). The other fitting (Fit 2) is to first log-transform the emission data and then

linearly fit the data as a function of inverse temperature. We tried Fit 2, yielding

—60642
R

Fn(T)=3.384:101%-exp [( )%] which has a larger activation term compared to
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the exponential Fitl (Fy(T)= 6.182-10%-¢ p[( 43990) ]

). Fit 2 is better at temperature
below 300 K but has under predict more at 310 K. The model simulated soil temperature
at Wandu is 19 - 43 <T (292 - 316 K), with daytime temperature in the range of 25 -
43 T (298 - 316 K). Thus, we chose the Fitl as it may better simulate daytime HONO

flux.
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Figure S5. Gaussian fitting results of the soil HONO emission. The pink vertical
lines and the pink hollow circles represent Dryl and Dry2 at low SWC (0%-60%
WHC), respectively, and the pink lines represent summation of Dryl and Dry2
(Dry1+Dry2). The green lines (Wetl (green hollow circles) + Wet2 (green vertical
lines)) represent the fitting results at high SWC (60%-100% WHC). The red lines are
the fitting curves in entire SWC range.
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83  Figure S6. Comparison of simulated and observed meteorological factors at

84  Wangdu site. (a) is temperature, (b) is relative humidity, and (c) is wind speed.
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Figure S7. Comparison of simulated and observed NO2 concentrations at Wangdu
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Figure S8. Model simulated impacts of soil HONO emissions after urea application
in the North China Plain. The differences of Base case with SoilHONO min and
SoilHONO max for the (a, b) daily average HONO, (c, d) daytime average OH, (e, f)
daytime average Os3, and (g, h) daily average nitrate. The black stars represent the

locations of the sampling sites in Wangdu.
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Figure S9. Consumptions of different N fertilizers in six regions with large areas

of cultivated land in 2000-2017. The blue, orange, purple, and green bars represent

the consumption of urea, NHsHCO3s, NH4sNOs3 and other fertilizers, respectively.
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