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Abstract 

Nitrous acid (HONO) plays a crucial role in the production of the highly 

reactive hydroxyl radical (OH), which acts as a major oxidant to remove various 

gases emitted into the atmosphere and produce secondary air pollutants. Previous 

studies have revealed the significant contribution of HONO emissions from soil to 

atmospheric HONO. The release of HONO from soil is mainly attributed to 

nitrification and denitrification processes, in which microbial communities and 

genes play a vital role. These processes are influenced by various environmental 

factors, including soil moisture, temperature, nitrogen (N) content, etc. 

As a major factor, the effects of N fertilizers on HONO emissions have not 

been studied. In addition to HONO emissions introduced by fertilizers, emissions 

from unfertilized soils also accounted for a large part of total soil emissions due to 

their long duration. However, limited research has been conducted to quantify 

HONO emissions for different soil types, resulting in a lack of parameterization 

schemes to assess their impact on air quality. To address these research gaps, 

parameterization schemes linking HONO emissions from both fertilized and 

unfertilized soils to soil water content (SWC) and temperature were developed and 

implemented in a chemical transport model. This improved the simulation of 

atmospheric HONO levels. 
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We conducted experiments to measure soil HONO emissions after applying three 

commonly used fertilizers and found high HONO emissions from soils at high soil 

moisture, which contrasts to previous lower predictions at high soil moisture. This 

source is missing from current state-of-the-art air quality models. The effects of 

fertilization on HONO release lasted for approximately one week. Based on laboratory 

results, we developed a parameterization scheme and incorporated it into a chemical 

transport model. The inclusion of post-fertilization soil HONO emissions improved 

HONO predictions and demonstrated the significant impact of this emission source on 

air quality. Additionally, we found that the use of urea fertilizer resulted in the highest 

release of HONO compared to other commonly used fertilizers (ammonium 

bicarbonate and ammonium nitrate). Therefore, we propose that adjusting fertilizer 

structures may help to reduce HONO emissions and improve air quality in polluted 

regions with intense agriculture.  

We also measured soil background (unfertilized) HONO and NO emission fluxes 

of 48 soil samples collected from diverse soil types across China. The results show 

much higher emissions of HONO than those of NO, which were caused by the higher 

promotion effects of long-term fertilization on the abundance of HONO-producing 

genes than NO-producing genes. This enhancement was greater in northern China than 

in southern China, which accounts for the higher emission fluxes in the former region 

than in the latter region. Simulations using a chemical transport model with the lab-

derived parametrization show greater impacts of soil background HONO emissions on 
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air quality than NO emissions, and larger impacts in the regions with lower 

anthropogenic emissions. With the projected continuous reduction of anthropogenic 

emissions, the contribution of soil emissions to reactive nitrogen levels is expected to 

increase substantially. Our study highlights the necessity for quantification of 

HONO emissions from soil together with NO emissions to improve the estimates 

of reactive N emissions and their impact on air quality.  

Overall, this thesis measured both fertilized and unfertilized soil HONO 

emissions. The derived parameterization schemes improved the performance of 

the HONO simulations and demonstrated the important role of soil HONO 

emissions in atmospheric oxidative capacity and atmospheric chemistry. 
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Chapter 1 Introduction and Motivation 

This chapter is an overall introduction to my graduation thesis, including the 

background and the importance of my Ph.D. research, the knowledge gaps and the 

objectives, and the new findings and significances of this study.  

1.1 Introduction 

Nitrous acid (HONO) is a key precursor of the highly reactive hydroxyl radical 

(OH) (Alicke et al., 2003;Kim et al., 2014). OH is the most important oxidant to remove 

many gases emitted into the atmosphere and, in the process, produces air pollutants 

such as ozone (O3) and secondary aerosols (Lu et al., 2019a;Stone et al., 2012). 

Accordingly, exploring the sources and sinks of HONO is a hot topic in atmospheric 

chemistry and air pollution control. The sources of HONO we presently know contain 

direct emission from vehicles and ships, gas phase oxidation, and heterogeneous 

reactions occurring on the ground and aerosol surface, and photolysis of nitric acid and 

particulate nitrate (Gu et al., 2022;Liu et al., 2019b;Xue et al., 2020). However, these 

sources are insufficient to explain the observed HONO concentrations in the ambient 

atmosphere, especially during the daytime. Over the past ten years, several research 

studies have identified soil microbial emissions as a significant contributor to the 

missing source of HONO (Oswald et al., 2013;Ermel et al., 2018;Wu et al., 

2019;Bhattarai et al., 2021). 
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Soil HONO emissions are mainly produced through the nitrification and 

denitrification processes in the soil, which are regulated by different microbial 

communities. The long-term fertilization enhances soil microbial abundance and 

activity by increasing soil nitrogen (N) content (Kautz et al., 2004;Tian et al., 2015), 

thereby affecting the release of reactive N, including HONO and NO, to the atmosphere. 

However, the impact of long-term fertilization on the mechanism and magnitude of 

HONO emission are not well studied. 

Total soil N emissions comprise both emissions from fertilization and those from 

unfertilized sources (Yan et al., 2003b). To assess the impact of soil HONO emissions 

on air quality over different time periods, it is crucial to accurately quantify the 

emissions from soil under both fertilized and unfertilized conditions. Fertilization plays 

a significant role in supplying N to the soil and can also lead to N loss from fertilized 

soils into the atmosphere. Typically, N fertilizers are applied as a basal dressing and 1-

3 rounds of top dressing during the crop growth period (Ministry of Agriculture and 

Rural Affairs of the People's Republic of China, 2010). The continuous use of N 

fertilizers and crop rotation increase the potential for reactive nitrogen production in 

fertilized soils. Although the agricultural sector recognizes fertilization as a major 

source of atmospheric reactive nitrogen, there is limited knowledge regarding its impact 

on HONO emissions. Consequently, the current state-of-the-art models lack an 

appropriate parameterization scheme to accurately quantify the impact of post-

fertilization soil HONO emissions on air quality.  
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The emissions from unfertilized soil in current year or season are defined as the 

background emissions(Gu et al., 2007;Gu et al., 2009;Kim et al., 2013). Although post-

fertilization N emissions are significantly higher than those during non-fertilization 

period, the boosting effect of nitrogen fertilization only lasts for one to two weeks, and 

nitrogen emissions from agricultural soils stay at a low level as background emissions 

for most of the time (Tian et al., 2020;Zhang et al., 2014). Thus, accurately quantifying 

background emissions is crucial for simulating their impact on air quality.  Since the 

proposal of soil microbial emissions of HONO in 2013 by Oswald et al (Oswald et al., 

2013), numerous studies have carried out laboratory experiments and field 

measurements of HONO emissions. However, most of these studies have been 

conducted at individual or sparse sites, resulting in limited measurements of HONO 

emissions from diverse soil types. Consequently, there is a lack of parameterization to 

quantify HONO emissions from different soil types and their impact on air quality.  

1.2 Aims and objectives 

It is essential to address these issues in order to accurately quantify soil HONO 

emissions and assess their impact on air quality.  The detailed objectives of this study 

are listed below. 

1. To investigate the responses of post-fertilization HONO emissions to different 

fertilizer types. 
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2. To quantify soil background emissions of HONO from a wide range of soil 

types in different regions of China. 

3. To develop a parameterization scheme suitable for regional transport models. 

4. To evaluate the effects of soil HONO emissions on regional air quality. 

1.3 Findings and significances  

We quantified soil HONO emissions after treatment using three common 

fertilizers (urea, ammonium bicarbonate, and ammonium nitrate) in laboratory. 

Additionally, we investigated the relationship between HONO emissions and the time 

since fertilization. Our laboratory experiments reveal high HONO emissions from 

fertilized soils at high soil moisture, which contrasts to previous lower predictions at 

this soil water content for agricultural or natural soils. This source is missing from 

current state-of-the-art air quality models. Urea leads to the largest HONO emissions 

compared to the other two common fertilizers. A parameterization is developed and 

implemented in a chemical transport model that improves post-fertilization HONO 

prediction and demonstrates significant impact of this HONO source on atmospheric 

chemistry. As the most consumed chemical fertilizer, nitrogen fertilizers have been 

extensively used in the world. Considering that nitrogen fertilizers are widely used 

worldwide and play a crucial role in agricultural practices, the high potential for post-

fertilization HONO emissions and their impact on air quality should be of global 
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concern. The findings are likely of great interest to a wide range of readers, including 

atmospheric chemists, soil scientists, agricultural researchers, farmers, chemical 

engineers, and environmental policy makers. 

Through the measurement of soil background HONO and NO emissions from 

diverse soil types in different regions of China, we find that the emission fluxes from 

cropland soils are higher than those from forest soils, and the emission fluxes from soil 

samples in northern China were found to be higher than those in southern China. In 

addition, the soil background emission fluxes of HONO are generally higher than that 

of NO, revealing a significant contribution of HONO to the reactive oxidized nitrogen. 

We conducted a statistical analysis of 52 previous field studies on the long-term 

fertilization impact on gene abundance in China. We found that the long-term 

fertilization can significantly increase the soil microbial gene abundances involved in 

soil nitrogen cycling, and the enhancement of HONO-producing genes abundances is 

much higher than that of NO-producing genes. The promotion effect in northern China 

is higher than that in southern China. We also derive a lab-based parametrization of soil 

background emissions to quantify the HONO emissions and their impact on air quality 

in a chemical transport model. Results show that high emissions are mainly 

concentrated in regions with dense cropland and that soil background emissions have a 

significant effect on atmospheric oxidation capacity and secondary pollutants, 

particularly in regions with low anthropogenic emissions and dense cropland. Soil 

background HONO emissions have a larger impact on air quality than NO. This study 
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highlights the need for considering HONO in the assessment of reactive nitrogen loss 

from soils to the atmosphere and their impact on air quality.  

1.4 Thesis structure 

1) The thesis is organized into nine chapters as follows: Chapter 1 provides an 

introduction to the background, knowledge gaps, objectives, and findings and 

significances of this study. 

2) Chapter 2 reviews the HONO chemistry and its impact on air quality, the 

sources and sinks of HONO that we currently know, measurement techniques, 

and impact factors of soil HONO emissions. 

3) Chapter 3 introduces the setup of dynamic chamber, measurement techniques, 

preparation of soil samples, and the process of measuring soil emission fluxes. 

4) Chapter 4 reports the post-fertilization HONO emissions after using three 

commonly used fertilizers and reveals their significant impact on air quality. 

5) Chapter 5 presents the background emissions from different soil types across 

China and quantifies their impact on air quality. 

6) Chapter 6 summarizes the key findings and the implications of this thesis, the 

limitations of this study, and proposes the directions for future research. 
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Chapter 2 Literature review 

OH is the most important oxidant in the atmosphere, removing and determining 

the lifetime of most trace gases in the troposphere and leading to the formation of 

secondary pollutants such as O3 and secondary aerosols (Finlayson-Pitts and Pitts J., 

1997;Stone et al., 2012;Elshorbany et al., 2010). The OH concentration level can be 

used as an indicator of atmospheric oxidation capacity. HONO plays important role in 

atmospheric chemistry due to its contribution to OH (Alicke et al., 2003;Kleffmann et 

al., 2005), and the research on the sources of HONO and its effects on air quality has 

become one of the hot topics of atmospheric chemistry. Despite numerous studies 

exploring the HONO budget and its effect on atmospheric oxidation capacity, many 

controversies remain (Gu et al., 2021;Zhang et al., 2019a;Xue et al., 2020;Zhang et al., 

2020). In recent decade, soil microbial emissions have been identified as a significant 

source of HONO, which is regulated by various environmental factors (Oswald et al., 

2013;Wu et al., 2019;Ermel et al., 2018). In this chapter, we reviewed the atmospheric 

chemistry and sources of HONO. Also, the research status of soil HONO emissions, 

measurement techniques, as well as the impact factors are also reviewed. 

2.1 The atmospheric chemistry and impact of HONO  

HONO is one of the relatively active trace gases in the atmosphere. Due to its 

important contribution to OH and significant role in nitrogen deposition and nitrogen 

cycle, HONO has received extensive attention. The measurement of HONO began in 
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the late 1970s (Perner and Platt, 1979), and its concentration is generally higher in 

heavily polluted urban areas, reaching as high as several to about a dozen ppb at night 

(Yun et al., 2017;Kleffmann, 2007;Spataro and Ianniello, 2014). In terms of diurnal 

variation, HONO usually accumulates continuously at night and peaks in the early 

morning, while rapidly declining during the day and reaching a minimum value at noon 

and afternoon due to photolysis (Qu et al., 2019;Nie et al., 2015;Michoud et al., 

2014;Liu et al., 2019b;Gu et al., 2021). The photolysis of HONO occurs at a wavelength 

range of 300 - 405 nm (Stockwell and Calvert, 1978;Stutz et al., 2000), as shown below:  

HONO + hv → NO + OH(300 nm < λ < 405nm)       (R1) 

Early research believed that the contribution of HONO to OH was primarily 

concentrated in the early morning, while during the noon and afternoon, when sunlight 

is strong, HONO could not accumulate due to the rapid photolysis reaction (Platt et al., 

1980;Alicke et al., 2003;Winer and Biermann, 1994), and its contribution to OH can 

therefore be ignored. With the improvement of measurement technology and the 

reduction in the detection limit of HONO (Kleffmann et al., 2002;Heland et al., 2001), 

the lower HONO concentration in the daytime can now be accurately quantified. In 

recent years, many studies have observed high concentrations of HONO both in urban 

and suburban areas, revealing that HONO can also make an important contribution to 

OH formation throughout the all daytime, with a contribution of 20-80% in different 
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regions around the world (Kleffmann et al., 2005;Zha et al., 2014;Fu et al., 

2019;Elshorbany et al., 2009;Acker et al., 2006;Alicke et al., 2003;Kim et al., 2014).  

Many studies have been conducted to understand the sources of HONO and assess its 

impact on atmospheric oxidation. A consistent finding from these studies is that even 

when considering the currently known sources of HONO (Section 2.2), there are still 

missing sources, particularly during the daytime with strong sunlight (Huang et al., 

2017;Gu et al., 2020;Zhang et al., 2020;Liu et al., 2021;Hou et al., 2016;Villena et al., 

2011). Several studies have proposed new mechanisms and sources to explain these 

missing sources (Stemmler et al., 2006;George et al., 2005;VandenBoer et al., 

2014;Zhang and Tao, 2010), but there is still ongoing debate and controversy 

surrounding the reasons for the missing sources. Therefore, further investigation is 

needed to fully understand the sources of HONO and their implications for air quality. 

In the following section, we will review the widely accepted sources of HONO. 

2.2 HONO sources and sinks 

2.2.1 HONO sources 

The sources of HONO in the atmosphere are very extensive, including 

homogeneous reactions, heterogeneous reactions of nitrogen dioxide (NO2) on various 

surface, photolysis of nitric acid (HNO3) and particulate nitrate (pNO3), as well as direct 

emissions.  
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2.2.1.1 Gas phase homogeneous reactions  

Homogeneous reactions refer to chemical reactions that occur in the same phase. 

The homogeneous reactions of NO and OH, as described in R2, have been shown to 

produce HONO (Nguyen et al., 1998;Pagsberg et al., 1997). This pathway is well 

established, and it is typically included in model mechanisms as a default HONO source 

(Fu et al., 2019;Zhang et al., 2016a). Another process, R3, also produces HONO. 

However, its reaction rate is quite low, with a small rate constant of 1.2 × 10 -34 cm3 

molecules-1 s-1 (Chan et al., 1976). As a result, its contribution to HONO concentration 

is not significant, especially in environments with low nitrogen oxides (NOx). 

NO + OH +M → HONO +M            (R2) 

NO + NO2 + H2O → 2HONO             (R3) 

2.2.1.2 Heterogeneous reactions 

Heterogeneous chemical reactions take place at two-phase interfaces (e.g. gas-

liquid, gas-solid, and liquid-solid). A large number of field observations have shown 

that HONO can be generated through heterogeneous processes of NO2 on various 

surface (Harrison et al., 1996;Kleffmann et al., 1999;Finlayson-Pitts et al., 

2003;Notholt et al., 1992;Reisinger, 2000). Due to absence of photochemical reactions 

at night, heterogeneous reactions become the most important sources of HONO at night. 

Heterogeneous reactions as sources of HONO can be divided into hydrolysis reactions 

and reduction reactions of NO2 occurring on the surface of reducing substances. 
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Hydrolysis of NO2 on various surfaces (R4), including the ground, buildings, 

vegetation, and aerosol, is an important pathway of heterogeneous formation source of 

HONO (Lammel and NeiláCape, 1996;Harrison et al., 1996;Kleffmann et al., 1999). 

On the basis of both field and laboratory studies, R4 is identified as a significant HONO 

source (Sakamaki et al., 1983;Finlayson-Pitts et al., 2003). However, the contribution 

of R4 to HONO varies greatly in different environments, depending on the 

concentration of NO2, surface area, and moisture content (Finlayson-Pitts et al., 2003). 

2NO2 + H2O
surface
→    HONO + HNO3           (R4) 

In addition, heterogeneous reactions of NO2 on the surfaces of reducing matters 

(R5) (e.g., soot, humid acid, mineral dust, and other organic substrates) can also 

produce HONO, and this process has been shown to be photo enhanced (Ammann et 

al., 1998;Kalberer et al., 1999;Monge et al., 2010;Stemmler et al., 2006). 

NO2 + A
red → HONO + Aox             (R5) 

where Ared  and Aox  represent reducing and oxidizing substances, respectively. 

Although these reactions are related to previous findings, i.e., the unknown daytime 

source of HONO is correlated with NO2 concentrations and radiation intensity, none of 

them can fully explain the high concentration of HONO observed during the daytime. 
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2.2.1.3 Photolysis of nitric acid/ nitrate  

Previous field and laboratory experiments demonstrated that the photolysis of 

HNO3 and nitrate deposited on the ground and vegetation surface was an important 

source of HONO (R6) (Zhou et al., 2003;Zhou et al., 2011). Both natural and artificial 

surfaces, like vegetation surfaces, roads, and buildings, could provide large surface 

areas for surface photolysis. The photolysis rate constant (JHNO3(s)) of the surface 

HNO3/nitrate is higher than that of the gaseous HNO3, with a range of 6.0 × 10−6 s-1 

to 3.7 × 10−4 s-1 (Ye et al., 2016a). A study conducted in the Pearl River Delta, China 

(Li et al., 2012) found that the photolysis of HNO3 adsorbed on the ground surface was 

an important contributor to HONO formation. 

HNO3/NO3
− + hv → HONO/NO2

− + O          (R6) 

2.2.1.4 Photolysis of particulate nitrate 

 Ye et al. (2016b) conducted an airborne measurement in the marine boundary 

layer, the results showed that the HONO unknown source was strongly correlated with 

the product of the pNO3 concentrations and its photolysis frequency, suggesting a 

significant contribution of pNO3 photolysis to HONO concentrations. Subsequent 

laboratory experiments demonstrated the important role of pNO3 photolysis in HONO 

formation (Ye et al., 2017;Bao et al., 2018) and determined its photolysis rate constants 

(JpNO3) are in the range of 6.2 × 10−6 s-1 to 5.0 × 10−4 s-1. 
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pNO3 + hv → HONO + O             (R7) 

2.2.1.5 Direct emissions  

In addition to secondary generation, primary direct emissions also contribute 

significantly to HONO levels. Fossil fuel combustion and biomass burning are well-

known primary sources of HONO (Kurtenbach et al., 2001;Kirchstetter et al., 1996;Nie 

et al., 2015;Gu et al., 2020). The quantification of HONO direct sources and mainly 

concentrated on vehicle exhaust. The HONO/NOx ratio is often used to characterize the 

emission coefficient of HONO in vehicle exhaust. The type of vehicle and its operating 

state, the type of fuel used and whether it is equipped with a catalytic converter have a 

greater impact on HONO emissions. HONO emissions from diesel vehicles generally 

exceed those from gasoline vehicles. Kurtenbach et al. (2001) and Kirchstetter et al. 

(1996) measured the emission factors of HONO for different types of vehicles in 

Wuppertal, Germany and a tunnel in San Francisco, U.S., respectively, with the HONO/ 

NOx ratios ranging from 0.3% to 0.8%. Trinh et al. (2017) found the emission ratio of 

HONO/NOx was in a range of 0.16–1% with an average of 0.8%. Rappengluck et al. 

(2013) observed an emission factor of 1.7% for HONO at a heavily trafficked 

intersection in Houston. Generally, the HONO/NOx ratios in the vehicle are within a 

range of 0.29–1.7%  (Rappengluck et al., 2013;Xu et al., 2015). Modeling studies often 

employ HONO/NOx ratios of 0.8% for gasoline vehicles and 2.3% for diesel vehicles 

(Zhang et al., 2016a;Fu et al., 2019). 
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Apart from fossil fuel combustion, previous experiments have indicated that 

biomass burning can also directly emit HONO and generate it indirectly through NO2 

heterogeneous reactions on soot  (Burling et al., 2010;Yokelson et al., 2009). The 

results of Nie et al. (2015) showed that the direct emission of biomass burning 

accounted for 17% of the observed HONO concentration, and more than 80% of the 

HONO was produced by the conversion of NO2 in the nighttime biomass burning plume. 

In the recent decade, the direct HONO emissions from soil have been recognized 

as an important source of HONO. The research status of soil HONO emissions will be 

reviewed in detail in Section 2.3. 

2.2.2 HONO sinks 

The main HONO mechanism for HONO removal is through the photolysis of 

HONO (R1). This reaction determines the lifetime of HONO in the daytime, which is 

generally 15-20 min at noon. Another significant chemical loss occurs through the 

reaction of HONO with OH (R8), with a reaction rate constant of 6 ×10-12 cm3 

molecules-1 s-1 (Atkinson et al., 2006). Due to the low concentrations of OH in the 

nighttime, R8 is only important in the daytime with high OH concentrations. In addition, 

HONO can also be removed by wet and dry deposition. 

HONO + OH → H2O + NO2             (R8) 
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2.3 Soil HONO emissions  

2.3.1 Development of soil HONO emissions measurements 

In 2011, Su et al. (2011) measured the direct emission of HONO from soil for the 

first time, and proposed that soil nitrite (NO2
-) can emit a large amount of HONO to the 

atmosphere. This mechanism was proposed to explain sources of HONO that were 

previously unaccounted for during daylight hours. This study proposed that HONO can 

be released in equilibrium with soil NO2
-. In 2013, Maljanen et al. (2013) measured the 

emission flux of reactive oxidized nitrogen gases from acidic soils in northern Finland 

and found that high nitrous oxide (N2O) and nitric oxide (NO) emissions were 

accompanied by high HONO emissions. 

Also in 2013, Oswald et al. (2013) measured HONO and NO emissions of 17 soil 

samples across the world and found that the fluxes of HONO and NO are comparable, 

even in samples from non-acidic soils. Their findings revealed that the nitrification 

caused by ammonia-oxidizing bacteria (AOB) can release HONO and NO directly. 

Building upon this discovery, many laboratory incubation experiments and field 

measurements were conducted to measure the soil microbial emissions of HONO. 

Ermel et al. (2018) investigated the HONO emissions from pure cultures of AOB and 

ammonia-oxidizing archaeon (AOA). The results demonstrated that in addition to AOB, 

AOA also contributes to biogenic HONO emissions, and all measured AOB and AOA 

strains emitted more HONO than NO; however, AOB appears to be the major 
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contributor to HONO and NO in their pure culture experiments. Scharko et al. (2015) 

utilized isotopic techniques to demonstrate the conversion of 15NH4
+ in soil to HO15NO. 

They also conducted gene sequence analysis, linking the peak HONO flux to the 

abundance of AOB and AOA. The results of forest soil sampled from the eastern United 

States by Mushinski et al. (2019) showed low emissions from forest soils, with fluxes 

of HONO about twice and six times that of NO for soils stands dominated by arbuscular 

mycorrhizal and ectomycorrhizal, respectively. And they proposed that soil NOy 

(HONO + NOx) production is largely mediated by AOB. Bhattarai et al. (2018) revealed 

that agricultural soil HONO and NO emissions highly depend on the concentration of 

soil NO2
-, and in their laboratory measurements, the average NO emission flux was 

significantly higher than that of HONO. HONO flux from bare soil in the 

Mediterranean island measured by Meusel et al. (2018) are about twice as high as NO 

flux. Wu et al. (2022) measured HONO emissions from soil samples collected from 

different land use types in Shanghai, China, and scaled up their findings to estimate 

global HONO emissions.  

In addition to nitrification, HONO is also produced in soil through denitrification. 

Wu et al. (2019) found the high soil HONO emissions at high soil water content. 

Through the gene expression analyses, they attributed this phenomenon to biological 

nitrate reduction, which is a step in the denitrification process. The study of Bhattarai 

et al. (2021) also revealed that microbial nitrate reduction is an important pathway of 

HONO generation in soil, and its contribution to HONO emissions even exceeded that 
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of nitrification in their study. In summary, the main mechanisms responsible for soil 

HONO emissions are nitrification and nitrate reduction in denitrification process. 

2.3.2 Mechanisms of soil nitrogen emissions 

Soil microbes are crucial drivers of N cycling in ecosystems, with various 

microbial communities regulating specific key steps in this process (Levy-Booth et al., 

2014;Huang et al., 2013). Soil emissions of HONO and NO are mainly related to the 

nitrification and denitrification processes (Oswald et al., 2013;Ermel et al., 2018;Wu et 

al., 2019). Nitrification is the biological oxidation of ammonium (NH4
+) to nitrate 

(NO3
−), including two steps of ammonium oxidation and nitrite oxidation (Li et al., 

2020b;Martens-Habbena et al., 2009;Zhang et al., 2018) performed by two distinct 

groups of microbes: ammonia-oxidizers (encoded by amoA genes of ammonia-

oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB)) and nitrite-oxidizers 

(encoded by nxrA) (Levy-Booth et al., 2014;Wertz et al., 2008) (Figure 2.1). 

Denitrification is the biological reduction of NO3
− to dinitrogen gas (N2); this occurs 

via a four-step process (NO3
− → NO2

− → NO → N2O → N2), with each step controlled 

by different microbiomes (Correa-Galeote et al., 2017;Philippot, 2002) and catalyzed 

by a different enzyme: nitrate reductase (encoded by narG and napA), nitrite reductase 

(encoded by nirK and nirS), nitric oxide reductase (encoded by norB), and nitrous oxide 

reductase (encoded by nosZ), respectively (Figure 2.1) (Tang et al., 2016;Geets et al., 

2007). The emission fluxes of HONO during nitrification and denitrification are largely 
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related to NO2
− produced in the soil, so AOA amoA, AOB amoA, narG, and napA can 

be used as functional gene markers of HONO emission. Similarly, nirK and nirS are 

gene markers of NO production and emission.  

 

Figure 2.1 Soil microbial nitrification and denitrification processes, which are 

responsible for soil HONO and NO productions. 

2.3.3 Measurement technologies of soil trace gas emissions 

The technologies used for flux measurement mainly include micrometeorological 

methods and chamber methods (Smith et al., 1994;Harper et al., 2011). 

Micrometeorological techniques include various approaches such as the mass balance 

method, vertical flux techniques (aerodynamic gradient technique, eddy covariance, 

and relaxed eddy accumulation method), and inverse dispersion analysis (Harper et al., 

2011). Micrometeorological methods are widely used in the measurement of gas 

emission fluxes in ecosystems or farmland. However, they have certain limitations, 
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such as being applicable only to large areas, requiring uniformity of the underlying 

surface, and demanding high analytical sensitivity and response speed of the analyzers 

(Muller et al., 2010;Horst and Weil, 1994;Harper et al., 2011). Sörgel et al. (2015) 

measured the flux of HONO in a forest in Germany by using the aerodynamic gradient 

technique and found that the forest soil was a sink of HONO, while the net emissions 

were observed for clearing soil in the daytime. 

Chamber methods are commonly employed to measure the exchange of trace gases 

between the ground surface and the atmosphere (Behrendt et al., 2014;Smith et al., 

1994;Xue et al., 2019;Tang et al., 2019b;van Dijk et al., 2002). Compared to 

micrometeorological techniques, chamber methods are less expensive, easier to deploy, 

and less demanding on the environment. There are two types of chamber methods: static 

chamber and dynamic chamber.  The static chamber involves covering the soil with a 

closed chamber and calculating fluxes by measuring the concentration change of the 

gas inside the chamber.  Since the static chamber is closed, the environment inside the 

chamber changes, which affects the emission processes of soil. This method is currently 

used for the measurement of inert gases. The dynamic chamber method considers the 

flow process of the gas inside the chamber and is better suited for measuring fluxes of 

reactive gases (Meixner, 1994). Previous studies have demonstrated that the dynamic 

chamber system can simulate field fluxes accurately (Plake et al., 2015;Remde et al., 

1993). Also, several research groups have utilized the dynamic chamber method to 

measure soil HONO emissions (Ermel et al., 2018;Oswald et al., 2013;Wu et al., 2019). 
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2.3.4 Impact factors of soil HONO emissions 

2.3.4.1 Soil moisture 

Soil moisture is a major driver of HONO emissions (Oswald et al., 2013;Wu et al., 

2019) by regulating the availability of oxygen (O2) in soil that influences microbial 

activity (Bollmann and Conrad, 1998;Butterbach-Bahl et al., 2013). At lower soil water 

content (SWC), the nitrification process becomes dominant. In contrast, higher SWC 

limits the diffusion of O2, creating an anaerobic environment in the soil that favors the 

denitrification process (Bollmann and Conrad, 1998). Oswald et al. (2013) found that 

the emission peak of HONO occurred under the condition of low SWC (0-40% water 

holding capacity, WHC), which is more conducive to the nitrification reaction and the 

diffusion of gas to the soil surface. Subsequent isotopic and genetic experiments further 

confirmed the significant contribution of nitrification to HONO emissions at low SWC 

(Ermel et al., 2018;Scharko et al., 2015). In addition to the dry peak at low SWC, Wu 

et al. (2019) found high HONO emissions (wet peak) under high SWC conditions, 

attributing it to the denitrification process in the soil through gene-expression analyses. 

2.3.4.2 Soil temperature 

The temperature range of 25-30 ℃ is generally considered optimal for the 

activities of nitrifying and denitrifying microorganisms, with microbial activity 

decreasing as temperatures increase. However, research by Myers demonstrated that 
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soil nitrifying bacteria adapt to their local climate. In tropical Australian soils, the 

optimum temperature for nitrification is 35°C, and nitrification occurs even at soil 

temperatures as high as 60°C, which is well above the reported maximum temperature 

for temperate soils (Myers, 1975). Many studies have found that between 5 and 25 ℃, 

as the temperature increases by 10 ℃, the nitrogen gas loss increases by 1.5 to 2 times. 

It is widely accepted that there is an exponential increase in soil N emissions in response 

to temperature, which has been observed in biological systems within a specific 

temperature range (O'Connel, 1990;Thierron and Laudelout, 1996;Winkler et al., 1996). 

At high temperature, the sensitivity of soil emissions to temperature may be reduced. 

This could be due to the deactivation or destruction of enzymes caused by further 

increases in temperature.Accurately quantifying the impact of soil HONO emissions on 

air quality requires understanding how these emissions respond to temperature. Despite 

this importance, there are currently only a limited number of studies on the temperature 

effect on HONO emissions.  Oswald et al. (2013) investigated the relationship between 

soil temperature and soil HONO emissions and found that HONO flux increased 

exponentially with temperature. The activation energy they reported by fitting the 

experiment results using Arrhenius equation was 80 kJ mol-1. Wu et al. (2019) found 

that both the wet and dry emission peaks of HONO increased with rising temperature, 

suggesting that biological processes drive HONO emissions. 
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2.3.4.3 Soil nitrogen content 

N fertilizer plays a key role in sustaining food production and the world population 

(FAO (Food and Agriculture Organization), 2019;Mulvaney et al., 2009). 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 (Lu and Tian, 2017;FAOSTAT (Food and Agriculture Organization Corporate 

Statistical Database), 2019). Due to low crop N use efficiency (<50% on average 

globally) (Zhang et al., 2015a;Mueller et al., 2017), 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 (Gheysari et al., 2009;Sepaskhah and Tafteh, 

2012;Tafteh and Sepaskhah, 2012;Ju and Zhang, 2017). N loss from fertilized soils is 

a major source of reactive N species in the atmosphere, including HONO.  

Soil nitrogen sources mainly include fertilization, nitrogen deposition, and 

biological nitrogen fixation (Bøckman, 1997;Zhu et al., 2015). The type, amount, 

method, and timing of nitrogen fertilizers affect soil N emissions. Many types of 

nitrogen fertilizers are available for fertilization. It can be divided into ammonium 

nitrogen (NH4
+) fertilizer, nitrate nitrogen (NO3

-) fertilizer, and amide nitrogen 

fertilizer, according to the form of compounds. Soil NH4
+ and NO3

- are the substrates 

of soil nitrification and denitrification, respectively. The availability of NH4
+ and NO3

- 

is an important factor controlling the nitrification and denitrification, respectively, and 

will cause differences in N emissions caused by different processes. The application of 
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different fertilizers would result in distinct promotion effects on HONO emissions from 

the soil. However, the differences in the effects of different fertilizer types on HONO 

emissions have not been reported yet. 

Tang et al. (2019b) set up a dual dynamic chamber system and used it for field 

observations in a farmland in the North China Plain (NCP). Their study found that 

agricultural fertilization increased soil emissions of HONO. Similarly, Xue et al. (2019) 

also found the promoting effect of fertilization on HONO emissions in the NCP. The 

field observation results suggested that the high HONO flux is mainly from the direct 

emission of soil rather than from the heterogeneous reaction of NO2. Agricultural 

fertilization will affect the balance of the HONO budget, and then affect the 

atmospheric oxidation in the NCP. Their subsequent research revealed the high HONO 

emissions from the fertilized fields enhanced atmospheric HONO concentrations and 

thus accelerated the local and the regional O3 pollution (Xue et al., 2021).  

2.3.4.4 Soil pH 

Soil pH is a crucial factor that affects the emission of HONO by altering the 

chemical balance of  NO2
- and H+ (Su et al., 2011). However, Oswald et al. (2013) 

found that high HONO emissions were observed from some non-acidic soils. Scharko 

et al. (2015) also found that the HONO emission flux in low pH soil was very low, 

which was caused by low soil pH leading to a low nitrification rate. It is generally 

believed that the optimum pH range of soil nitrifying microorganisms for nitrification 
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is about 8.5. When soil pH<6.0, the nitrification rate decreased significantly, and when 

pH>10.0, nitrification was hindered. The optimum pH range for denitrification reaction 

is 6 ~ 8, and some people think it is 7 ~ 8. 

In summary, soil emissions play a significant role in atmospheric HONO levels. 

Nonetheless, there remains a need for further research to understand the fundamental 

mechanisms, factors influencing HONO emissions, and their effects on the atmosphere.  
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Chapter 3. Methodology 

3.1 Dynamic chamber setup   

A dynamic chamber system has been designed to measure the soil emissions of 

HONO and NO. As shown in Figure 3.1, The entire system consists of a zero gas 

generator, a dynamic chamber, and analyzers of HONO and NO. The diameter and 

height of the Teflon chamber are 20 cm and 30 cm, respectively, and the total volume 

is 9.4 L. 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. A relative humidity (RH) 

sensor was used to measure the real-time RH inside the chamber. The entire sampling 

unit, including the chamber and LOPAP inlet, was placed in a dark and temperature-

controlled cabinet to exclude photosensitized interferences.  

 

Figure 3.1 Schematic setup of the dynamic system. 
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3.2 Long path absorption photometry  

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) (Heland et al., 2001). Because of its high accuracy, low detection 

limit, simple operation, high time resolution, and relatively low cost, LOPAP is the 

most widely used instrument for measuring HONO. 

The LOPAP is a wet chemical instrument that quantitatively converts HONO to 

an azo dye. The concentration of this dye is determined by measuring absorption 

photometry, and thus to quantify the HONO concentration (Kleffmann et al., 2002). 

LOPAP consists of three separate units: sampling unit, reaction unit, and detection unit. 

As shown in Figure 3.2, the sampling air first pumped through R1 (10 g L-1 

sulfanilamide in 1 M hydrochloric acid (HCl)) in a stripping coil. In this step, HONO 

and are absorbed into solution. Then, the solution is transferred into the instrument and 

mixed with reagent R2 (a 0.1g L-1 n-(1-naphthyl) ethylenediamine-dihydrochloride 

solution) to yield the azo dye, which is subsequently detected by long-path absorption. 

Two parallel channels are set to avoid the influences of interfering species. In Channel 

1, HONO and interfering species are determined, while in Channel 2, only the 

interferences are quantified. The difference between the two channels is the 

concentration of HONO. 
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Figure 3.2 Schematic diagram of the LOPAP instrument (Heland et al., 2001). 

3.3 NOx chemiluminescence analyzer 

The NO mixing ratio emitted from the soils was measured by a NOx 

chemiluminescence analyzer (Model 42i, Thermo Scientific, USA). The principle of 

the 42i is that NO reacts with O3 and produces electronically excited NO2. The decay 

of electronically excited NO2 molecules to lower energy states results in infrared light. 

The intensity is linear to the NO concentration. NO2 must first be transformed into NO 
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before it can be measured using the chemiluminescent reaction. The NOx emitted from 

soil is mainly NO (Yan et al., 2003a), so the measurement of NO2 will not be described 

in detail here. 

3.4 Preparation of soil samples  

The 48 soil samples used in this study were collected from various regions in 

China (Figure 3.3), including 24 cropland samples and 24 forest samples. Among these 

samples, the soil samples used for fertilization experiments 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 (Ma et al., 2016), producing more than 50% 

and 33% of wheat and maize, respectively, in the country (Wang et al., 2012). 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 of 10–15 vegetables and grains 

(Wong et al., 2001). The soil properties and crop species in these two regions differ 

significantly and are representative of typical north–south differences in Chinese 

agriculture. 



45 

 

 

Figure 3.3 Sampling sites in China. Red stars and blue dots represent cropland 

sites and forest sites, respectively. The samples of cropland soil collected from WD and 

HK were used for fertilization experiments. 

Each sample was a uniform mixture of five subsamples that were taken from the 

upper layer (0–5 cm) of soil at different locations within a 100 m2 area to account for 

spatial inhomogeneity of soil properties. 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. The gravel, roots, and litter were removed from 
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the samples, and they were then air-dried at room temperature, homogenized by passage 

through a 2 mm sieve, and finally stored in a refrigerator at 4 °C until analysis.  

3.5 HONO emission flux measurements  

The HONO and NO emission fluxes of samples were measured using a dynamic 

chamber (Figure 3.1). 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. WHC is the ratio of the water mass in soil at saturation point to dry soil 

mass. We used the filter method that is commonly used in soil laboratory incubation 

studies to determine the soil WHC. The detail steps are as follows (Bhadha et al., 2017). 

We first placed 25g dry soil sample in a funnel equipped with filter paper that was 

wetted before. The funnel was attached to a rubber hose with a stopper attached to the 

neck. Water was slowly added to the soil in the funnel until the soil was submerged, 

and the amount of water added (W0) was recorded. After 30 mins, we removed the 

stopper from rubber hose and collected all the water that drained from the funnel for 30 

mins, recorded the amount of water drained from the funnel (W1). Water holding 

capacity is the ratio of the mass of water retained in the soil to dry soil mass, given in 

below equation: 

WHC=
W0−W1

25
× 100%             (3.1) 
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The petri dish was then immediately placed into the chamber to measure the 

HONO and NO emission fluxes of the sample. A constant stream of purified dry air 

was passed through the chamber at a flow rate of 6.3 L min−1 until the sample was dry 

(i.e., no water vapor could be detected). The change in the RH value in the chamber 

was then calculated and used to determine the real-time SWC (Oswald et al., 2013) of 

the sample by using the formula: 

SWC(t) = 1 −
∫ RH(t)∙dt
t
t=0

∫ RH(t)∙dt
tmax
t=0

Masswater

Massdry soil 
∙
100

WHC
        (3.2) 

where SWC(t) and RH(t) is the SWC and the relative humidity 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), WHC is soil water holding capacity 

(equation (3.1)). 

The mixing ratios of HONO and NO in the chamber were measured using a 

LOPAP and a NOx chemiluminescence analyzer, respectively. The emission fluxes of 

HONO or NO were calculated using the following formulae(Oswald et al., 2013): 

FN(HONO)=
Q

A
∙[HONO]measure∙

MN

Vm
=

Q

A
∙(Cout(HONO)–Cin(HONO))∙

MN

Vm
   (3.3) 

FN(NO)=
Q

A
∙[NO]measure∙

MN

Vm
=

Q

A
∙(Cout(NO)–Cin(NO))∙

MN

Vm
      (3.4) 

where FN is the HONO or NO emission flux in terms of N (ng N m−2 s−1); Q and 

A are the chamber inlet flow rate (L s−1) and the area of the soil surface (m2), 
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respectively; [HONO]measured and [NO]measured are the measured HONO and NO mixing 

ratios (ppb), respectively; Cout and Cin are the mixing ratios of HONO or NO (ppb) at 

the chamber outlet and inlet, respectively; MN is molar mass of N (g mol−1); and Vm is 

the molar volume of the air (L mol−1). 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 above. 

3.5.1 Measurements of fertilized soil emissions  

We investigated the responses of HONO and NO emissions to different N 

fertilizers by applying urea, ammonium bicarbonate (NH4HCO3) and ammonium 

nitrate (NH4NO3). As shown in Figure 3.4, 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; 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 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 

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 
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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. 

 

Figure 3.4 Flow chart of fertilization experiment. 

3.6 Methods of meta-analysis 

We conducted a meta-analysis of previous studies to summarize what has been 

determined about the effects of long-term fertilization on the abundance of HONO- and 

NO-producing genes in soil microbes. Meta-analysis is a statistical method that 

combines individual studies addressing the same question by giving different weights 

to each study according to their sampling size and variance, rather than simply 

averaging the results of these studies.  

The first step of the meta-analysis involved a literature search for relevant studies, 

followed by the extraction of six types of data from these studies: the sample size, mean, 

and standard deviation (SD) of the abundances of HONO- and NO-producing genes 
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(Figure 2.1) with long-term fertilization (the treatment group) and without fertilization 

(the control group). We searched the Web of Science and Google Scholar for studies 

published from 2010 to 2021, using the following keywords: “fertilization” (or 

“fertilizer application”); “genes”; “amoA” or “narG” or “napA” or “nirK” or “nirS” 

(functional genes relevant to HONO and NO production; Figure 2.1); and “soil”. A 

study was included if (1) it was a field experiment; (2) it involved fertilization 

experiments that were conducted for more than 3 years with fertilization and control 

plots located on the same soil and subjected to the same management practices (i.e., 

vegetation, tillage, and irrigation practices); (3) it collected soil samples during non-

fertilization periods; and (4) it reported the mean abundance and SD of HONO- and 

NO-producing genes, and replicate numbers, or these data were extractable from its 

tables or figures. Data were extracted from figures using WebPlotDigitizer 

(https://automeris.io/WebPlotDigitizer/). This process afforded 52 studies (Table 3.1) 

for meta-analysis, which was performed using OpenMEE software(Wallace et al., 

2017). The location of the sites in these studies are showed in Figure 3.5. 

Table 3.1 The studies used for meta-analysis. 

Refs region Latitude longitude 

Li et al (Li et al., 2020a) Hunan 26.753 111.876 

Sun et al (Sun et al., 2015) Anhui 33.217 116.583 

Wang et al (Wang et al., 2018) Hebei 37.9 114.67 

Sun et al (Sun et al., 2021) Hebei 37.883 114.683 

Wang et al (Wang et al., 2019b) Shaanxi 35.2 107.667 
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Yang et al (Yang et al., 2017a) Beijing 39.8 116.467 

Chen et al (Chen et al., 2012) Hunan 28.014 110.02 

Hu et al (Hu et al., 2019) Hubei 32.167 112.167 

Liu et al (Liu et al., 2019a) Chongqing 29.8 106.4 

Fan et al (Fan et al., 2016) Jiangsu 31.967 119.3 

Yang et al (Yang et al., 2017b) Hebei 37.617 116.383 

Chen et al (Chen et al., 2010) Hunan 28.867 111.2 

Yin et al (Yin et al., 2014) Shenyang 41.533 123.383 

Gu et al (Gu et al., 2017) Jiangsu 29.879 119.875 

Jiangsu 31.664 119.468 

Xia et al (Xia et al., 2021) Hunan 28.117 112.3 

Tang et al (Tang et al., 2016) Jiangxi 26.741 115.058 

Yin et al (Yin et al., 2019) Xinjiang 37.017 80.717 

Tang et al (Tang et al., 2019a) Hunan 28.117 112.3 

Dong et al (Dong et al., 2015) Sichuan 31.267 105.467 

Yang et al (Yang et al., 2020) Hunan 28.117 112.3 

Tao et al (Tao et al., 2018) Xinjiang 44.383 85.683 

Wang et al (Wang et al., 2020b) Shaanxi 35.2 107.667 

Fang et al (Fang et al., 2020) Fujian 26.225 119.069 

Hu et al (Hu et al., 2020) Jilin 43.517 124.8 

Yu et al (Yu et al., 2018) Heilongjiang 47.433 126.633 

Ai et al (Ai et al., 2013) Hebei 37.917 115.217 

Duan et al (Duan et al., 2017) Hunan 28.953 112.737 

Tao et al (Tao et al., 2017) 

Zhou et al (Zhou et al., 2014) 

Guo et al (Guo et al., 2017) 

Xinjiang 44.383 85.683 

Chongqing 29.8 106.4 

Anhui 33.617 116.75 

Xue et al (Xue et al., 2016) Jilin 43.506 124.809 

Zhao et al (Zhao et al., 2016) Jiangsu 31.3 120.617 
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Jin et al (Jin et al., 2014) Jiangsu  31.085 120.773 

Su et al (Su et al., 2015) Hunan 28.917 111.45 

Song et al (Song et al., 2017) Hunan 26.759 111.872 

Dai et al (Dai et al., 2021) Jiangxi 28.567 115.933 

Yao et al (Yao et al., 2016) Zhejiang 29.017 119.45 

Long et al (Long et al., 2021) Yunnan 23.533 103.217 

Chen et al (Chen et al., 2011) Hunan 28.917 111.433 

Bei et al (Bei et al., 2018) Hebei 36.7 114.9 

Fan et al (Fan et al., 2011) Heilongjiang 50.25  127.48 

Chen et al (Chen et al., 2014) Inner 

Mongolia 

42.03 116.28 

Chen et al (Chen et al., 2013) Inner 

Mongolia 

42.03 116.28 

Wang et al (Wang et al., 2014) Jiangsu 31.3 120.62 

Chen et al (Chen et al., 2019) Hunan 28.55 113.33 

Fang et al (Fang et al., 2018) Fujian 26.23 119.07 

Gu et al (Gu et al., 2018) Zhejiang 29.02 119.47 

Liu et al (Liu et al., 2018) Zhejiang 30.83 120.67 

 Hunan 28.62 113.33 

 Jiangxi 28.57 115.57 

 Jiangxi 28.25 116.92 

Shen et al (Shen et al., 2011) Inner 

Mongolia 

42.04 116.29 

Wang et al (Wang et al., 2019a) Jiangxi 26.73 115.05 

Wen et al (Wen et al., 2018) Hubei 30.47 114.35 

Zhang et al (Zhang et al., 2015b) Fujian 26.23 119.07 
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Figure 3.5 Locations of studies used for meta-analysis. 

The second step of the meta-analysis involved calculating the effect size 𝑦𝑖 and 

the variance 𝑣𝑖 of each study. The effect size represents the magnitude of the effect of 

long-term fertilization on the abundance of HONO- and NO-producing genes and is 

expressed as a natural logarithm response ratio (lnRR), which was calculated as 

follows(Luo et al., 2006;Dai et al., 2020) : 

𝑦𝑖 = ln(RR) = ln(
Xfer

Xc
),             (3.5) 
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where Xfer and Xc are the mean abundances of the target genes in the N-fertilization 

treatment group and in the control group, respectively. The variance (𝑣𝑖) associated with 

each 𝑦𝑖 was calculated as follows: 

𝑣𝑖=
𝑆𝑓𝑒𝑟

2

𝑛𝑓𝑒𝑟𝑋𝑓𝑒𝑟
2 +

𝑆𝑐
2

𝑛𝑐𝑋𝑐
2,              (3.6) 

where Sfer and Sc are the SD of fertilization and control treatments, respectively; and 

nfer and nc are the number of replicates in the fertilization and non-fertilization group, 

respectively.  

Finally, a random‐effects model was used to calculate overall effect size (𝑦𝑚𝑒𝑎𝑛) 

by combining the 𝑦𝑖  values from all of the studies, accounting for within-study 

sampling variance and between‐study variance. A restricted maximum likelihood 

approach was used to determine the parameters of the meta-analysis. The 𝑦𝑚𝑒𝑎𝑛 was 

regarded as significant if its 95% confidence interval (CI) did not overlap with 0. 

Subsequently, 𝑦𝑚𝑒𝑎𝑛 was transformed back to a percentage change in gene abundance 

caused by long-term fertilization, as follows: 

Percentage change = (𝑒𝑦𝑚𝑒𝑎𝑛 − 1)  ×  100%.         (3.7) 
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Chapter 4. Impact of fertilization on soil 

HONO emissions 

4.1 Introduction 

China is the world’s largest user of agricultural N fertilizers and accounts for 

approximately 30% of total global consumption of N fertilizers (FAOSTAT (Food and 

Agriculture Organization Corporate Statistical Database), 2019). In addition, China’s 

total agricultural N fertilizer consumption increased from 9.3 Tg in 1980 to 20.7 Tg in 

2018 (National Bureau of Statistics, 2019). Furthermore, China is one of three regions 

in the world with the highest levels of N deposition, which over the past 30 years have 

increased by approximately 60% (Yu et al., 2019). The use of agricultural fertilizers 

and high levels of N deposition increase soil N concentrations and the abundance and 

activities of soil microbes(Kautz et al., 2004;Tian et al., 2015), which inevitably lead 

to the release of a considerable amount of reactive N species, including HONO and NO, 

to the atmosphere. However, the effects of fertilization on soil HONO emissions have 

not been well studied. 

As reviewed in chapter 2, HONO emitted from soil is produced through microbial 

processes of nitrification and denitrification (Oswald et al., 2013;Ermel et al., 2018;Wu 

et al., 2019). The regulating factors of these processes are complex and diverse, and 

mainly include availability of soil N, organic matter content, soil moisture, pH, and 
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temperature (Butterbach-Bahl et al., 2013;Ludwig et al., 2001). Soil moisture affects 

HONO production via controlling the availability of O2 in soil that influences microbial 

activity (Bollmann and Conrad, 1998). Previous laboratory studies have shown that 

HONO fluxes from natural and agricultural soils typically peak at 0%–40% WHC and 

then decrease to a very low level at high SWC (Oswald et al., 2013). However, recent 

field measurements (Tang et al., 2019b;Xue et al., 2019;Liu et al., 2019b;Xue et al., 

2021) 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 (Gao et al., 2016a). This post-fertilization HONO source from 

soil has been suggested to be an important ‘missing source’ of ambient HONO in 

daytime (Su et al., 2011;Liu et al., 2019b). 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 chapter, we investigated the responses of HONO emissions from fertilized 

soil to SWC, fertilizer type, and the time since fertilization. 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 implement the scheme in a regional 

chemistry and transport model to quantify post-fertilization HONO emissions and its 

impact on air quality in the NCP. We show that the soil HONO emissions significantly 
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improved model HONO simulation and this source has important impact on regional 

air quality in the fertilization period. 

4.2 Soil HONO and NO 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. And the 

emission flux (FN) was 341 ng m−2 s−1 at 41% WHC for SWD (Figure 4.1a) and 78 ng 

m−2 s−1 at 18% WHC for SHK (Figure 4.1b); it decreased to nearly zero at >60% WHC 

prior to fertilization for both samples. Similar phenomenon has been observed in 

previous study (Oswald et al., 2013), and nitrification (NH4
+→NO2

−→NO3
−) is thought 

to predominate at low SWC, producing NO2
− and then HONO (chapter 4). The small 

peak at high SWC (the wet peak) reported by Wu et al (2019) 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(NH2)2), 

ammonium bicarbonate (NH4HCO3) and ammonium nitrate (NH4NO3) to the soil 

samples to investigate the response of soil HONO emissions to fertilization (see chapter 

3). As shown in Figure 4.1c–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 s−1 for SWD and 5900–8300 ng m−2 s−1 for SHK (Figure 4.2).  The post-
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fertilization HONO emissions at low SWC increased by approximately 10 and 100 

times for SWD and SHK, respectively. The elevated HONO emissions at low SWC is due 

to the increase of 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 (Cartes et al., 

2009;Bouwman et al., 1997). 
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Figure 4.1 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 
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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 low SWC, high SWC, and the entire SWC range, respectively, as 

multiple Gaussian functions (Table 4.1). 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 4.1c–1h), and they exhibit 

similar variations with time after fertilization to the dry peaks (Figure 4.2a, 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 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 4.1. The averaged emissions (FN,average) of the 

wet peaks during the entire fertilization-affected period were 240–820 ng m−2 s−1 

(Figure 4.1c–1h). The boosted HONO emissions at high SWC may result from the 

addition of N fertilizer that provides substrate for microorganisms and increases the 
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abundances of their functional genes (Ouyang et al., 2018;Jin et al., 2014;Di et al., 

2014), resulting in a wet peak of HONO emission via promoting both NH4
+→NO2

− 

(Shen et al., 2013;Wrage et al., 2001;Zhu et al., 2013;Carrasco et al., 2004;Zhou et al., 

2012) and NO3
−→NO2

− (Wu et al., 2019) at high SWC (unsaturated) with limited 

oxygen content. The greater promoting effects of N fertilizer 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 (Bolan et al., 2004;Rodriguez et al., 

2019) and a low pH of SHK favours HONO release from soil (Su et al., 2011).  

In addition to HONO, post-fertilization NO emissions also increased for both SWD 

and SHK at low SWC, while the effect of fertilization on NO emission at high SWC is 

not obvious (Figure 4.3). 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 4.2c, d). For SWD, the cumulative HONO emissions 

after urea application are 219% and 319% higher than NH4NO3 at low and high SWC, 

respectively; for SHK, 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 
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produced mainly by the nitrification process (chapter 4) and is boosted more by urea 

than NH4NO3 due to more abundant reduced N in urea (CO(NH2)2) than NH4NO3 (2:1). 

At 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

− (Shen et 

al., 2013;Zhu et al., 2013;Carrasco et al., 2004;Zhou et al., 2012;Liu et al., 2014;Wrage 

et al., 2001) is more important than NO3
−→NO2

− (Wu et al., 2019) because urea 

contains only reduced N. Additionally, urea can increase the content of soluble organic 

carbon (Mulvaney et al., 1997), which is conducive to the growth of heterotrophic 

microorganisms and leads to increased production of NO2
− (Venterea, 2007). The 

smaller difference between urea and NH4NO3 in SHK suggest 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 4.2a and 4.2b, the proportion of cumulative 

HONO emitted (as N) during the entire fertilization period (Figure 4.2c, 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. 
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Figure 4.2 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 SWD and SHK, respectively 

(Dry peak: solid square, Wet peak: open triangle; urea: blue, NH4HCO3: orange, and 

NH4NO3: purple). c and d represent the integrated HONO emission after application of 
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urea, NH4HCO3, and NH4NO3 for SWD and SHK, respectively (Dry peak: yellow bars, 

wet peak: green bars).  

 

Figure 4.3 Soil NO emission before and after fertilization. The black squares 

indicate the NO emissions before fertilization for (a) SWD and (b) SHK. The blue, orange, 

purple squares represent the NO emissions after applying urea, NH4HCO3, and 

NH4NO3, respectively. 

4.3 Impact of soil temperature  

In addition to soil moisture and fertilization, soil temperature is also an important 

factor influencing soil nitrogen emissions (Oswald et al., 2013;Wu et al., 2019). An 

exponential increase in soil respiration with respect to temperature is commonly 

accepted and was observed for biological systems over a limited range of temperatures 

(O'Connel, 1990;Thierron and Laudelout, 1996;Winkler et al., 1996). To test the 
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response of HONO emissions to the variation of temperature, the temperature in 

chamber was regulated between 5 and 55 °C with a step of 10 °C. Figure 4.4 shows the 

relationship between the soil emission of the SHK and the temperature. Previous study 

demonstrated that the soil biological process and soil nitrogen emission increases 

exponentially with respect to temperature (Winkler et al., 1996;Wu et al., 2019), so we 

use the result of SHK to represent the effect of temperature that were fitted by using a 

Arrhenius equation: 

FN(T) = A∙exp [(
−Ea

R
)∙
1

T
]             (4.1) 

where R is the gas 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 experiments. 

As shown in Figure 4.4, 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. Fit1 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 

FN(T)= 3.384∙1012∙exp [(
−60642

R
)∙
1

T
], which has a larger activation term compared to 

the exponential Fit1 (FN(T)= 6.182∙109∙exp [(
−43990

R
)∙
1

T
]). Fit 2 is better at temperature 

below 300 K but has under predict more at 310 K. The model simulated soil temperature 
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at Wandu is 19 - 43 °C (292 - 316 K)(see the model results in (Wang et al., 2021)), with 

daytime temperature in the range of 25 - 43 °C (298 - 316 K). Thus, we chose the Fit1 

as it may better simulate daytime HONO flux. From the Arrhenius plot, we obtained 

the activation energies for HONO was 43.99 kJ mol−1. This value is within the range 

reported for nitrification by ammonia-oxidizing bacteria (AOB) (25 to 149 kJ mol−1) 

(Qiao and Bakken, 1999;Saad and Conrad, 1993), suggesting that the soil nitrification 

process is an important contributor to HONO.  
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Figure 4.4 Impact of soil temperature on soil HONO emissions in Hong Kong. The 

blue dot is the flux measured in the laboratory, and the red and gray lines represent two 

different fitting results. 

Another index to describe the temperature dependence of soil microbial activities, 

commonly referred to as the Q10 value, has been the focus of many studies. The value 

of Q10 is the factor by which the respiration rate differs for a temperature interval of 

10 ℃, and is defined as: 

Q10 =
RT+10

RT
                (4.2) 

where RT and RT+10 are respiration rates at temperatures of T and T + 10, respectively 

(Winkler et al., 1996). Many previous studies have reported an exponential increase in 

soil NO emission with increasing temperature, where the Q10 value is approximately 2 

(Kirkman et al., 2001;Levine et al., 1996;Meixner and Yang, 2006). However, studies 

in Kalahari reported values of up to 4.6 (Aranibar et al., 2004). As shown in Figure 4.5, 

Q10 values of SHK ranged from 0.4 to 3.4, which is within the range of previous studies. 

Q10 values increased first and then decreased with the increasing temperature. The 

maximum value was between 25 and 35℃, which means soil microbial activity 

increases with temperature and then decreases and optimum soil temperature of 

microbial activity in soil is 25 - 35℃. A previous study also indicates that the high 

temperatures may even be a negative relationship the NO emission and the soil 

temperature (Passianoto et al., 2004). 
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Figure 4.5 Q10 values of HK sample between 5 and 55 °C. 

4.4 Parameterization scheme 

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(Behrendt et al., 2014;van Dijk et al., 2002;Mamtimin et al., 2016): 

FN = FN,max(T0, SWCC) ∙ g(SWCfer) ∙ h(T) ,        (4.3) 

where FN,max  is the maximum HONO flux at the optimum SWC (SWCC) under a 

reference temperature T0; g(SWCfer) is the function of HONO emission as SWC; h(T) 
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is the temperature dependence of HONO emission and is expressed as ratio of HONO 

emission at T (FN(T)) to that at T0 (FN(T0)): 

h(T)=
FN(T)

FN(T0)
=

A∙exp[(
−Ea

R
)∙
1

T
-]

A∙exp[(
−Ea

R
)∙
1

T0
)]

= exp [(
−Ea

R
)∙(

1

T
-
1

T0
)] ,      (4.4) 

FN(T)  takes the form of A∙exp [(
−Ea

R
)∙
1

T
] , FN,max(T0, SWCC) ∙ g(SWCfer)  (to be 

discussed later) and h(T) are experimentally determined, and T0 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 (Meusel 

et al., 2018;Su et al., 2011): 

Femis= vt × [HONO]* = vt × [HONO]measured ,       (4.5) 

where the transfer velocity (vt) is from the CMAQ outputs, [HONO]* is the HONO 

equilibrium concentration at the soil surface (Meusel et al., 2018), 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. We assume that the air was well mixed in the chamber and [HONO]* was 

equal to [HONO]measured (Figure 4.6). By combining equation (4.3-4.5 and 3.3), we can 

derive the soil HONO emissions in the real ambient environment (Femis) as below: 
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Femis= vt × [HONO]* = vt × [HONO]measured = vt ×
FN,max(T0,SWCC)∙g(SWCfer)

Q

A
∙
MN
Vm

×

exp [(
−Ea

R
)∙(
1

T
-
1

T0
)]    ,             (4.6) 

 

Figure 4.6 Measured [HONO]* for (a)Wangdu (WD) and (b) Hong Kong (HK) 

samples. [HONO]* is the equilibrium concentration at the soil surface (Meusel et al., 

2018). 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. 

Based on our experimental results showed in Figure 4.1, we derived a 

parameterization that links the soil HONO emission flux at 25 °C (FN,T0) to SWC in 

equation (5.6) for air-quality model use. Gaussian fitting was applied in Matlab 8.6 

(MathWorks Inc., Natick, MA, USA) to fit the experimental data shown in Figure 4.1 

using the following formulation:  
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FN,T0 = FN,max(T0, SWCC) ∙ g(SWCfer) = FN,max(T0, SWCC)exp (−
(SWC−SWCc)

2

w2
) (4.7) 

where SWC is the soil water content ranging from 0% to 100% WHC, SWCC is the soil 

water content at which the maximum HONO release rate (FN,max ) occurred, and w 

characterizes the width of the fitting curves. As shown in Figure 4.1 and Figure 4.7, two 

Gaussian functions well fit the dry peak (Dry1 + Dry2) in the low SWC range (0%–60% 

WHC) and the wet peak (Wet1 + Wet2) in the high SWC range (60%–100% WHC), 

respectively, for both SWD and SHK, in the form of: 

FN(Dry peak),T0 = FN,maxDry1 ∙ exp(−
(SWC−SWCCDry1)

2

wDry12
) + FN,maxDry2 ∙

exp(−
(SWC−SWCCDry2)

2

wDry22
),            (4.8) 

FN(Wet peak),T0 = FN,maxWet1 ∙ exp (−
(SWC−SWCCWet1)

2

wWet12
) + FN,maxWet2 ∙

exp (−
(SWC−SWCCWet2)

2

wWet22
).            (4.9) 

Based on the input of FN and SWC, the fitting procedure yielded FN,max, SWCc, 

and w which are listed in Table 4.1 for low and high SWC conditions of SWD and SHK. 

After combining with the formula for the temperature effect (Equation 4.6). The final 

formulation for the HONO emission (unit: ppb m s-1) after applying N fertilizer of 100 

kg N ha-1 at soil water content (SWC) and temperature (T) is shown below:  
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Femis = Femis(Dry peak) + Femis(Wet peak) = vt ×
FN,max(T0,SWCC)∙g(SWCfer)

Q

A
∙
MN
Vm

× exp [(
−Ea

R
)∙(
1

T
-

1

T0
)] = vt ×

[
 
 
 
 
 FN,maxDry1 ∙exp(−

(SWC−SWCCDry1
)
2

wDry1
2 )+FN,maxDry2∙exp(−

(SWC−SWCCDry2
)
2

wDry2
2 )

6.3/60

0.00196
∙

14

22.4

+

FN,maxWet1 ∙exp(−
(SWC−SWCCWet1

)
2

wWet1
2 )+FN,maxWet2 ∙exp(−

(SWC−SWCCWet2
)
2

wWet2
2 )

6.3/60

0.00196
∙

14

22.4

]
 
 
 
 
 

×

exp [(
−43990

R
)∙(
1

T
-
1

298
)]    ,            (4.10) 
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Figure 4.7 Gaussian fitting results of the soil HONO emission. The pink vertical 

lines and the pink hollow circles represent Dry1 and Dry2 at low SWC (0%–60% WHC), 
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respectively, and the pink lines represent summation of Dry1 and Dry2 (Dry1+Dry2). 

The green lines (Wet1 (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. 

Table 4.1 Conceptual model of soil HONO emissions as multiple Gaussian 

functions of the soil water content (SWC). Dry1 and Dry2 represent the HONO 

emissions at low SWC (0%–60% water holding capacity, WHC) and Wet1 and Wet2 

represent the HONO emissions at high SWC (60%–100% WHC).  

Sites Fertilizers Parameters Dry1 Dry2 Wet1 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 SWCc 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 

 NH4HCO3 SWCc 6.84 22.91 72.83 84.11 

  w 7.53 15.63 21.29 3.09 

  FN,max 572.21 766.40 125.16 142.87 

 NH4NO3 SWCc 19.21 27.38 79.92 90.43 

  w 20.16 9.08 22.75 5.61 

  FN,max 74.24 4.51 -- -- 

 Unfertilized SWCc 18.55 42.02 -- -- 

  w 9.48 21.99 -- -- 
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  FN,max 2837.35 819.90 403.16 322.76 

 Urea SWCc 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 

 NH4HCO3 SWCc 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 SWCc 8.59 15.39 61.58 83.51 

  w 6.19 16.08 32.03 6.12 

 

4.5 Impact of post-fertilization HONO emissions on air 

quality 

We next implement the parameterization scheme we derived in the Community 

Multiscale Air Quality (CMAQ) model and simulate the HONO during a typical 

fertilization event in the NCP. The model simulations were performed by collaborator 

(Dr. Xiao Fu). High ambient HONO levels were observed following fertilization during 

27-30 June 2014 at an agricultural site in Wangdu (Liu et al., 2019b), with the peak 

HONO mixing ratio of ~2.4 ppb at nighttime and ~0.9 ppb at noon (Figure 4.8b). 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−1 which is a typical 

fertilization use in the NCP (Zhang et al., 2014). Soil fertilization by individual farmers 

in a large agricultural region like NCP can take place at the different time, and the 
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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 4.1 in the model 

simulations. As the NO emission does not show significant increase at high SWC after 

fertilization (Figure 4.3), we did not include soil NO emission in our model simulations.  

The long-term observation data at 653 agriculture monitoring sites across China 

show that the SWC in most agricultural land is higher than 60% (Pan et al., 2019). 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).  

As shown in Figure 4.8b, 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 nighttime averages, respectively, despite the fact that model 

has included most other known sources (e.g., heterogeneous reactions of NO2 on the 

ground and aerosol surface, photolysis of nitrate, etc.). With the implementation of the 

soil emission assuming a uniform use of urea fertilizer of 100 kg N ha−1 in the model 

domain, the modelled soil HONO emissions (Femis) show a pronounced diurnal 

variation (Figure 4.8a), with higher emissions in daytime than nighttime due to the 
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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 nighttime 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 emissions are 

consistent with previous field observed HONO flux with open-top chambers at Wangdu 

site (Tang et al., 2019b;Xue et al., 2019). 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 4.8b). 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.  

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 4.8c). 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 4.8d) 

due to an increase in the oxidation of NOx by OH and O3 to form nitric acid. The model 
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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 

the nitrate production processes, whereas the chemical processes for other secondary 

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

models. 

 

Figure 4.8 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 grey areas represent the range between the lowest 

(SoilHONO_min) and highest (SoilHONO_max) HONO emission with respect to 

SWC. 
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We also simulated the potential impacts of soil HONO emissions in the NCP 

region for the average case (SoilHONO_avg), which suggests that soil HONO 

emissions increased regionally averaged daytime OH, O3, and daily fine particulate 

nitrate concentrations by 41%, 8%, and 47%, respectively (Figure 4.9). More details on 

the simulation results can be found in Wang et al. (2021). 

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. 
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Figure 4.9 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, 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 stars represent the locations of the sampling sites in Wangdu. 
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4.6 Implications 

This chapter demonstrates that fertilization of soils by three widely nitrogen-based 

fertilizers could have important contribution 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) (IFA (International Fertilizer 

Association), 2000-2017) and China Statistical Yearbook (National Bureau of Statistics, 

2019), China is the world’s largest N fertilizers consumer, followed by India, the USA, 

western and central Europe, Brazil, and Russia (Figure 4.10). From year 2000 to 2017, 

nitrogen fertilizer consumption increased by 3%-114% in these countries and 18 % in 

the world (IFA (International Fertilizer Association), 2000-2017). And 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 (FAO (Food and Agriculture Organization), 2019). The potential 

high HONO emissions from fertilized soil and its impacts on air quality thus require 

worldwide attention.  
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Figure 4.10 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, NH4HCO3, NH4NO3 and other fertilizers, respectively.  

Urea accounts for more than 60% of the global consumed N fertilizer (IFA 

(International Fertilizer Association), 2000-2017). In China, urea consumption has 

increased by approximately 49%, and its proportion in total fertilizer use increased from 

63.6% in 2000 to 92.1% in 2017 (Figure 4.10a). In India, urea accounts for ~99% of 

the total N fertilizer consumption (Figure 4.10b). 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 



83 

 

China and India, two countries with the highest urea use and severe air pollution, adding 

nitrification inhibitors (Woodward et al., 2021) 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. 

4.7 Summary 

In this chapter, we measured the soil HONO emissions after applying three 

common fertilizers and found high HONO emissions from soils at 75%–95% WHC, 

which contrasts to previous lower predictions at high soil moisture. In terms of the 

effects of different fertilizer types, urea use leads to the largest release of HONO 

compared to the other two commonly used fertilizers (NH4HCO3 and NH4NO3). The 

significant promotion effect of fertilization lasted up to one week. Implementation of 

the lab-derived parametrization in CMAQ model significantly improved post-

fertilization HONO predictions at a rural site in the agriculture intensive North China 

Plain, and increased regionally averaged daytime OH, O3, and daily fine particulate 

nitrate concentrations by 41%, 8%, and 47%, respectively. The result of this chapter 

underscores the necessity to include this large post-fertilization HONO source in 

modeling air quality and atmospheric chemistry. We also proposed that fertilizer 
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structure adjustments may reduce HONO emissions and improve air quality in polluted 

regions with intense agriculture. 
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Chapter 5. Soil background emissions from 

different soil types across China 

5.1 Introduction 

Emissions from soils that are not fertilized in the current year or season are 

regarded as background emissions (Gu et al., 2009;Gu et al., 2007;Bouwman, 

1996;Ding et al., 2013). In natural ecosystems, background emissions are one of the 

most critical nitrogen loss pathways due to the absence of anthropogenic disturbance. 

In agricultural systems. the application of N fertilizers increases soil emissions of 

nitrous oxide (N2O), NO, and HONO, but this effect lasts for only about 2 weeks (Wang 

et al., 2021;Bouwman et al., 2002;Tian et al., 2020;Tang et al., 2019b;Xue et al., 

2019;Xue et al., 2021;Liu et al., 2019b). In contrast, background emissions from 

agricultural soils remain at a low level but persist for most of the time (Tian et al., 

2020;Zhang et al., 2014). As the result, background emissions of NO account for 40% 

of total annual emissions of NO (the sum of background and fertilizer-induced 

emissions)(Yan et al., 2003a). Therefore, it is important to quantify soil background 

emissions and their effect on air quality. However, only two studies have measured 

HONO emissions from soils collected in China during non-fertilization periods: a study 

that examined soils collected from Xinjiang, (Oswald et al., 2013) and a study that 

examined soils collected from Shanghai (Wu et al., 2022). There is an obvious need to 

quantify soil emissions of HONO and NO in vast regions of China with diverse soil 
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properties and agricultural practices and to develop a process-based parameterization 

of HONO and NO emissions for model use. 

In this chapter, the HONO and NO emission fluxes of soil samples collected from 

various regions in China during a non-fertilization season were measured. The results 

showed that soil background emission fluxes of HONO were higher than those of NO. 

Based on the experimental results, we developed a parameterization scheme for 

background emissions of HONO and NO with respect to SWC. We then incorporated 

this scheme into a regional chemical transport model to estimate soil background 

emissions of HONO and NO and their effects over China in a summer month. Our study 

underlines the previously underappreciated contribution of HONO to total reactive 

oxidized N species emitted from soils. 

5.2 Soil background HONO and NO emissions  

All of the samples’ emission fluxes of HONO and NO exhibited consistent water-

dependent characteristics and were similar to those that have been reported in previous 

studies (Oswald et al., 2013). That is, the emission fluxes first increased and then 

decreased with decreasing SWC, and the highest emissions of HONO and NO were 

typically from soils with an SWC corresponding to 20%–36% WHC and 17%–43% 

WHC, respectively. In addition, all of the soil samples had similarly shaped emission 

profiles. The emission peak values of all samples are shown in Figure 5.1, which reveals 

that emission fluxes from cropland soil were higher than those from forest soil, possibly 
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due to the long-term fertilization of cropland soil causing it to have a higher N content 

and greater microbial activity than forest soil. In addition, soil samples collected in 

northern China had higher emission fluxes than those collected in southern China. This 

may be attributable to the presence of more cropland and the application of more 

fertilizer in northern than in southern China (Wang et al., 2020a;Tian et al., 2012), 

resulting in these regions exhibiting different increases in the abundances of HONO- 

and NO-producing genes in response to long-term fertilization, as discussed in chapter 

4. 

The maximum emission of HONO in our national samples ranged from 0.2 ng m-

2 s-1 to 484 ng m-2 s-1. The range is wider than the range of 5 samples in Xinjiang (5-

250 ng m-2 s-1) (Oswald et al., 2013) and of 35 samples in Shanghai (4-288 ng m-2 s-1) 

(Wu et al., 2022), highlighting large variations of soil HONO emissions from the vast 

land of China. Resulting from the high N deposition in China, the HONO emissions 

from forest soils in the present study (range: 0.2-208 ng m-2 s-1, mean: 50 ng m-2 s-1) are 

higher than that from forest soils in Germany (<1.2 ng m-2 s-1) (Sörgel et al., 2015), 

Australia (<5 ng m-2 s-1) (Oswald et al., 2013), Suriname(<5 ng m-2 s-1) (Oswald et al., 

2013), and Finland (0-1 ng m-2 s-1) (Maljanen et al., 2013). The HONO emission from 

cropland soil in other countries (e.g. Germany (~250 ng m-2 s-1) and France (~20 ng m-

2 s-1) (Oswald et al., 2013)) are within the range (16-484 ng m-2 s-1) of this study. 
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Figure 5.1 Laboratory-measured maximum emission fluxes (ng m−2 s−1) of soil 

samples collected from (a) cropland and (b) forests in various regions of China. The 

orange and blue bars represent the fluxes of HONO and NO, respectively 

We divided China’s agricultural areas into nine major regions according to China 

Integrated Agricultural Regionalization report (NARC (National Agriculture 

Regionalization Committee), 1981). Each of these regions has similar cropping patterns 

(Qiu et al., 2022) as well as similar soil types and crop types (Chen et al., 2020). We 

averaged the emission fluxes of the samples collected from each of these regions to 

obtain an averaged emission flux curve for each region. The results are shown in Figure 

6.2c–r. For cropland soil, the average maximum emission fluxes of HONO and NO in 

each of the nine regions ranged from 35 to 410 ng m−2 s−1 and from 6 to 43 ng m−2 s−1, 

respectively. In addition, the peak emission fluxes for HONO were approximately 10 

times those for NO. For forest soil, the average maximum emission fluxes of HONO 

and NO in each of the nine regions ranged from 1 to 145 ng m−2 s−1 and from 5 to 20 
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ng m−2 s−1, respectively. We also averaged the fluxes of different SWC segments and 

thus found that the discrepancy between HONO and NO emission fluxes varied with 

the SWC, as shown in Figure 5.2a,b. That is, at SWC less than 40% WHC, the emission 

fluxes of HONO were generally significantly higher than those of NO, whereas at SWC 

greater than 40% WHC, the emission fluxes of HONO and NO were similar, due to a 

marked decrease in the emission flux of HONO.  
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Figure 5.2 Average emission fluxes of HONO and NO as a function of the SWC 

of soil samples collected in eight regions of China. (a) and (b) represent the average 

fluxes of different SWC segments; and (c–r) depict the characteristics of the average 

emission fluxes of HONO (orange squares) and NO (blue squares) from cropland (c–j) 

and forest (k–r) soil as a function of SWC (% water holding capacity, WHC). The 

shaded areas represent the standard deviations, while the red and pink lines represent 

the results of fitting soil HONO and NO emissions as multiple Gaussian functions, 

respectively (Table 6.1). 

Soil microbial HONO and NO emissions are caused by the nitrification and 

denitrification processes in soil, regulated by different microbial communities. As 

discussed in chapter 4, long-term fertilization in China increased more HONO-

producing gene abundance than NO-producing gene abundance, which caused higher 

emission fluxes of HONO than of NO from soils, especially in the regions exposed to 

high levels of long-term fertilization and N deposition.  

5.3 Results of meta-analysis 

The results of our meta-analysis revealed the effects of long-term fertilization on 

the abundance of AOA amoA, AOB amoA, narG, nirK, and nirS in China (as only two 

studies have examined napA, we did not use the results for this gene). The overall effect 

sizes of long-term fertilization on the abundance of the above genes are presented in 

Figure 5.3, which shows that there was a greater enhancement in HONO-producing 
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gene abundance (AOA amoA (32%), AOB amoA (326%), and narG (99%)) than in NO-

producing gene abundance (nirK (90%) and nirS (36%)) (P < 0.05). These effects were 

significant, as the 95% CIs did not overlap 0. Thus, we infer that long-term fertilization 

had a much greater effect on the abundance of HONO-producing genes (amoA and 

narG) than on the abundance of NO-producing genes (nirK and nirS).  

 

Figure 5.3 Effect of long-term fertilization on gene abundance. Each dot represents 

the effect size for a specific gene in one of the included studies. Black solid squares and 

associated error bars are effect sizes and 95% confidence intervals, respectively.  
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We next divided China into northern and southern parts, with 32°N latitude as the 

boundary, and classified the effect sizes in these two parts to determine the differences 

of the long-term fertilization effects on abundance of N-cycling microbial genes. The 

overall effect sizes after classification are shown in Figure 5.4. The increases in the 

abundances of AOA amoA, AOB amoA, narG, nirK and nirS were 36%, 448%, 129%, 

119%, and 52%, respectively, in northern China; and 30%, 261%, 80%, 66%, and 19%, 

respectively, in southern China. This showed that long-term fertilization generated a 

more favorable microbial environment in soils in northern China than in those in 

southern China for the production and release of HONO and NO. 
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Figure 5.4 Effects of long-term fertilization on N-cycling gene abundance in 

northern China (> 32°N latitude) and southern China (< 32°N latitude). Black solid 

squares and associated error bars are effect sizes and 95% confidence intervals, 

respectively.  

5.4 Parameterization scheme  

Similar to section 5.4, we used SWC and T to quantify soil emission fluxes of 

these species (Mamtimin et al., 2016;van Dijk et al., 2002;Behrendt et al., 2014) via the 

following equations: 

FN(HONO) = FN,max (HONO)(T0, SWCC) ∙ g(SWC)(HONO) ∙ h(T),     (5.1)  

FN(NO) = FN,max (NO)(T0, SWCC) ∙ g(SWC)(NO) ∙ h(T),       (5.2)  

where SWCC is the optimal SWC where the maximum flux (FN,max(T0, SWCC)) has 

been observed at a reference temperature T0 (25 °C); g(SWC)  is the dependency of 

HONO or NO emissions on the SWC; and h(T)  is a dimensionless function of soil 

emissions with respect to soil T and is expressed as the ratio of emissions at T (FN(T)) 

to that at T0 (FN(T0)) (Wang et al., 2021), as follows: 

h(T) = 
FN(T)

FN(T0)
 = 

A ∙ exp[(
−Ea

R
)∙
1

T
-]

A ∙ exp[(
−Ea

R
)∙
1

T0
)]

 = exp [(
−Ea

R
) ∙ (

1

T
-
1

T0
)] ,     (5.3) 
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where A is a constant, R is the gas constant (8.314 J mol−1 K−1), and Ea is the activation 

energy. We used the average of the three Ea values (80, 75, and 44 kJ mol−1) that have 

been reported by Oswald et al. (2013) and chapter 4. FN,max(T0, SWCC) ∙ g(SWC) was 

determined by our experiments, as described below.  

The soil background emissions of HONO and NO in the real ambient environment 

were estimated using a standard formalism for the atmosphere–soil exchange of trace 

gases, as shown below: 

Femis(HONO) = vt(HONO) × [HONO]* = 
1

Ra(HONO) + Rb(HONO) + Rsoil(HONO)
× 

[HONO]measured,               (5.4) 

Femis(NO) = vt(NO) × [NO]* =
1

Ra(NO) + Rb(NO) + Rsoil(NO)
× [NO]measured,   (5.5) 

where vt is transfer velocity, which equals the reciprocal of the sum of aerodynamic 

resistance (Ra), quasi-laminar layer resistance (Rb), and soil resistance (Rsoil), where Ra, 

Rb, and Rsoil were calculated using the formulae recommended by Pleim and Sakaguchi 

et al; and [HONO]* and [NO]* are the equilibrium concentrations of HONO and NO 

at the soil surface, which were assumed to be the mixing ratios of HONO and NO 

measured at the chamber outlet ([HONO]measured and [NO]measured), given that air was 

well mixed in the chamber. Finally, by combining Eqs. (3.3), (5.1), (5.3), and (5.4) or 

(3.4), (5.2), (5.3), and (5.5), we deduced the soil emissions of HONO or NO, 

respectively, in the real ambient environment (Femis), as follows: 
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Femis(HONO) = vt(HONO) × [HONO]* =
1

Ra(HONO) + Rb(HONO) + Rsoil(HONO)
 ×  

[HONO]measured =

1

Ra(HONO) + Rb(HONO) + Rsoil(HONO)
×
FN,max (HONO)(T0,SWCC)∙g(SWC)(HONO)

Q

A
 ∙ 

MN
Vm

× exp [(
−Ea

R
) ∙ (

1

T
-

1

T0
)],                 (5.6) 

Femis(NO) = vt(NO) × [NO]* =
1

Ra(NO)+Rb(NO)+Rsoil(NO)
× [NO]measured =

1

Ra(NO)+Rb(NO)+Rsoil(NO)
×
FN,max (NO)(T0,SWCC)∙g(SWC)(NO)

Q

A 
∙ 

MN
Vm

× exp [(
−Ea

R
) ∙ (

1

T
-
1

T0
)]. (5.7) 

Based on the averaged experimental results shown in Figure 5.2c–r, we developed 

a parameterization of cropland and forest in various regions to link soil emission fluxes 

of HONO and NO at 25 °C with the SWC in Eqs. (5.6) and (5.7). We used a multiple 

Gaussian fitting approach in MATLAB 8.6 (MathWorks Inc., Natick, MA, USA) to fit 

the HONO and NO release profiles: 

FN,max(T0, SWCC) ∙ g(SWC) = FN,maxPeak1 ∙ exp (−
(SWC−SWCCPeak1)

2

wPeak1
2 ) +

FN,maxPeak2 ∙ exp (−
(SWC−SWCCPeak2)

2

wPeak2
2

),          (5.8)  

where FN,maxPeak is the peak value of emission fluxes, SWC ranged from 0% to 100% 

WHC, SWCC is the SWC at which the FN,maxPeak occurred, and 𝑤 is the width of the 

fitting curves. As shown in Figure 5.2c–r, two Gaussian functions well fitted the 

experimental dependency of HONO emission on the SWC, and the fitting parameters 

are listed in Table 5.1.  
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Table 5.1 Parameterization schemes of soil background emissions of HONO and 

NO as multiple Gaussian functions of the SWC. Peak1 and Peak2 represent two 

Gaussian functions.  

       HONO      NO 

Cropland Region Parameter Peak1 Peak2 Peak1 Peak2 

Gan–Xin region FN,max 36.54 80.53 9.89 2.98 

SWCc 25.04 23.56 27.94 88.19 

w 2.62 9.97 23.17 54.35 

Loess Plateau FN,max 72.57 219.9 22.58 2.98 

SWCc 18.63 19.19 28.64 88.78 

w 21.35 9.00 23.69 63.18 

Southern China  FN,max 72.24 4.51 20.5 29.81 

SWCc 18.55 42.02 17.05 39.02 

w 9.48 21.99 11.95 26.21 

Inner Mongolia 

and along the 

Great Wall  

FN,max 130.17 31.32 15.41 2.53 

SWCc 26.35 31.53 34.39 89.86 

w 10.08 36.83 24.57 95.38 

Huang–Huai–Ha 

region  

FN,max 108.76 59.59 30.86 3.71 

SWCc 32.91 39.48 32.87 88.33 

w 14.35 4.82 24.52 44.35 

Northeastern 

China 

FN,max 136.5 69.72 4.93 28.57 

SWCc 26.45 24.9 17.31 32.62 

w 17.56 5.14 69.65 22.18 

Southwestern 

China 

FN,max 52.89 13.27 12.11 2.31 

SWCc 24.33 43.26 32.21 79.94 

w 10.14 30.78 23.33 43.93 
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Middle and Lower 

Yangtze River 

region 

FN,max 159.75 12.86 6.98 22.71 

SWCc 17.93 23.57 16.95 30.48 

w 9.97 66.62 8.18 22.98 

Forest Gan–Xin region FN,max 73.74 7.74 9.87 2.85 

SWCc 26.05 41.53 28.58 85.25 

w 13.36 55.56 23.01 54.35 

Loess Plateau  FN,max 64.34 21.77 8.67 4.14 

SWCc 24.24 35.04 30.17 58.19 

w 9.24 30.5 24.37 54.35 

Southern China FN,max 0.43 0.61 7.28 6.21 

SWCc 41.58 95.67 24.15 48.37 

w 23.34 41.22 15.17 31.35 

Inner Mongolia 

and along the 

Great Wall 

FN,max 61.42 12.55 5.39 3.88 

SWCc 20.86 30.06 19.17 52.83 

w 6.91 28.63 19.01 58.54 

Huang–Huai–Hai 

region 

FN,max 20.25 47.17 9.39 3.37 

SWCc 26.94 30.45 24.76 72.81 

w 18.13 5.61 25.02 60.41 

Northeastern 

China 

FN,max 0.38 0.89 8.23 3.47 

SWCc 37.65 93.67 20.24 95.19 

w 20.58 47.31 47.57 95.06 

Southwestern 

China 

FN,max 4.68 3.01 8.36 1.76 

SWCc 39.46 74.26 38.35 97.11 

w 13.84 41.6 29.67 75.68 

Middle and Lower 

Yangtze River 

region 

FN,max 3.60 5.61 10.44 20.3 

SWCc 36.49 65.97 23.07 43.39 

 w 14.26 31.16 10.79 27.62 
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We compared reported field-measured fluxes with the results from our laboratory-

derived parameterization. Given the paucity of field measurements of soil background 

emissions of HONO, we collated 19 field studies that measured background emission 

fluxes of NO using a chamber (Table 5.2). The sites of these studies were distributed in 

various provinces in China and thus the results represented the overall profile of 

background soil emissions of NO in China. As shown in Figure 5.5a, the reported soil 

background emissions of NO ranged from 0.2 to 11.0 ng m−2 s−1, with an average of 2.2 

ng m−2 s−1, and 73% ranged from 0.5 to 3.0 ng m−2 s−1. Among them, we further selected 

nine studies that reported the SWC and T for field measurements and compared their 

emission fluxes with the values calculated by our parameterization for each region. The 

results are shown in Figure 5.5b. The median of the field-measured emission fluxes of 

NO was 1.7 ng m−2 s−1, while that from our parameterization was 2.2 ng m−2 s−1. We 

acknowledge limitations in the above comparison arising from the differences between 

our study and the other studies in terms of the sampling season, date, and location. 

Nevertheless, the estimated soil emission fluxes of NO generated by our 

parameterization are comparable to those that have been determined from field 

measurements.  

Table 5.2 The 48 field measurements of soil background NO emissions recorded 

in 19 studies in China. 
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Refs Province Latitude longitude 

Fang & Mu, 2009 (Fang and Yujing, 2009) Zhejiang 30.83 120.7 

Deng et al., 2012a (Deng et al., 2012) Jiangsu 31.62 120.47 

Liu et al., 2011 (Liu et al., 2011) Shanxi 34.93 110.71 

Mei et al., 2009a (Mei et al., 2009)  Jiangsu 32.58 119.7 

Zhou et al., 2010a (Zhou et al., 2010) Jiangsu 31.61 120.49 

Yan et al., 2013a (Yan et al., 2013) Shandong 36.97 117.98 

Zhang et al., 2019a (Zhang et al., 2019b) Shandong 36.86 117.83 

Tian et al., 2020a (Tian et al., 2020) Hebei 38.02 115.08 

Li et al., 2013a (Li and Slomp, 2013) Guangdong 23.17 113.38 

Zhang et al., 2016a (Zhang et al., 2016b) Jiangsu 32.07 118.97 

Zhang et al., 2021a (Zhang et al., 2021) Sichuan 30.68 103.8 

Zhang et al., 2021a (Zhang et al., 2021) Sichuan 31.27 105.47 

Pang et al., 2009 (Pang et al., 2009) Zhejiang 30.83 120.7 

Yan et al., 2015 (Yan et al., 2015) Shangdong 36.97 117.98 

Zhang et al., 2011 (Zhang et al., 2011) Heibei 38.66 115.25 

Zheng et al., 2003 (Zheng et al., 2003) Jiangsu 31.27 120.63 

Yu et al., 2010 (Yu et al., 2010) Heilongjiang 44.2 125.53 

Zhang et al., 2019 (Zhang et al., 2019c) Jiangsu 32.07 118.97 

Yao et al., 2015 (Yao et al., 2015) Jiangsu 32.58 119.7 

Gao et al., 2016 (Gao et al., 2016b) Sichuan 33.05 102.6 

a Studies reporting field soil water content and temperature simultaneously for 

parameterization validation. 
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Figure 5.5 Range of field-measured background emission fluxes of NO in China. 

(a) Distribution of background emission flux of NO determined from 48 observations 

from 19 studies. Black solid squares are field-measured emission fluxes of NO, red 

curves are densities of field-measured emission fluxes of NO, and the rug at the bottom 

gives the count of observations. (b) Box plots of field-measured emission fluxes of NO 

and parameterization-estimated emission fluxes of NO. The middle, upper, and lower 

lines of the boxes show the median, upper, and lower quartiles, respectively, and the 

solid black triangle is the mean value. The whiskers show the value within the 1.5 

interquartile range and the open rhombuses indicate the ranges of emission fluxes of 

NO. 
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5.5 Impact of soil background emissions on air quality 

We next implement the HONO emission scheme in the CMAQ model to simulate 

the impact of soil background emissions on air quality in China. The model simulations 

were performed by collaborator (Dr. Xiao Fu). Detailed model simulation results can 

be found in Wang et al (Large contribution of nitrous acid to soil emitted reactive 

oxidized nitrogen and the impact on air quality, Published in Environ Sci Technol). 

Figure 5.6 shows the estimated average soil background emissions of HONO and NO 

for August 2016. The soil background emissions of HONO were higher than that those 

of NO. The high soil emissions were concentrated in regions with dense cropland, such 

as the NCP and Northeast Plain (NEP), with values greater than 2 ng N m−2 s−1 for 

HONO and greater than 1 ng N m−2 s−1 for NO. In the NCP region, where there are 

major anthropogenic sources, the background soil emissions of N accounted for 

approximately 3.2% of anthropogenic NOx emissions. In contrast, in the NEP region, 

the background soil emissions of N reached approximately 10.8% of anthropogenic 

emissions of NOx.  
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Figure 5.6 Model-simulated monthly average soil background emissions of (a) NO, 

(b) HONO (ng N m−2 s−1) in August 2016, and (c) anthropogenic emissions of NOx in 

2015 in China. 

We further evaluated the effect of soil background emissions on atmospheric 

oxidation capacity and air quality. As shown in Figure 5.7, the soil background 

emissions increased the monthly average concentrations of HONO by 0.08 and 0.07 

ppb (21% and 47%) in the NCP and NEP regions, respectively. This indicates the 

important contribution of soil emissions to ambient HONO concentrations. 

Consequently, soil background emissions had a non-negligible effect on atmospheric 

oxidation capacity and secondary pollutants, especially in the NEP region, due its low 

anthropogenic emissions and dense cropland. We note that several previous studies in 

Europe suggest insignificant contributions of soil emissions to ambient HONO 

concentrations. For example, vertical measurements of HONO in a rural area of 

Germany using the aerodynamic gradient method indicated that soil acted as a sink of 

HONO in nighttime, and the soil emissions, based on the laboratory measured 

emissions from soil samples collected from the sites, contributed less to the daytime 

positive flux than other sources (Sörgel et al., 2015). Using the similar gradient method, 

another study also indicated soil being a net sink in an agricultural site of France during 

nighttime, and based on the correlation of the HONO flux with photolysis of NO2 and 

the diurnal profile of the HONO flux (peaking in the late morning), the author attributed 

the positive HONO flux in daytime to light-induced HONO formation through 
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heterogeneous reaction of NO2 on surface, rather than soil direct emission (Laufs et al., 

2017). In that study, the soil HONO emissions were not measured but estimated based 

on soil moisture and temperature. Another recent study presented similar findings of 

the dominance of the NO2 production pathway in a rural grassland following a rainfall 

(von der Heyden et al., 2022). Our model has considered HONO deposition and all 

known HONO sources including the light enhanced NO2 heterogenous reactions on 

surface (see Method Section) and soil emissions based on the samples collected across 

China. The net positive contribution of soil to ambient HONO concentrations in our 

study may be partially explained by the high emissions of HONO from forest and 

cropland in China. 

Figure 5.7 shows simulated contributions of soil background HONO and NO 

emissions to ambient OH, O3, and particulate nitrate (NO3
−) in August 2016. In the NEP 

region, the soil background emissions increased the maximum 1-hour (max-1h) OH, 

max-1h O3, and daily average NO3
− concentrations by 7.5%, 2.0%, and 5.0%, 

respectively, with the contributions in specific grid squares being greater than 25%, 4%, 

and 16%, respectively. In the NCP region, the presence of high anthropogenic emissions 

meant that the soil background emissions made smaller relative contributions to the 

concentrations of these pollutants. Moreover, soil background emissions of HONO had 

a larger effect than those of NO on air quality in northern China, while the emissions of 

these two species had similar effects on air quality in southern China. 
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Figure 5.7 Simulated effects of soil background emissions on air quality. (a–d) 

Overall effect of soil background emissions of HONO and NO on monthly average 

concentrations of HONO, max-1h O3, max-1h OH, and daily average concentrations of 

particulate nitrate ions (NO3
-), respectively. (e–h) and (i–l) represent the contributions 

of soil background emissions of HONO and NO, respectively, to the above species. 

Anthropogenic NOx emissions have gradually declined in China since 2012, due 

to efforts to reduce anthropogenic emissions that were implemented in recent years  

(Wang et al., 2022). In anticipation of a continuous decrease in anthropogenic emissions, 

the effects of soil emissions of N species on atmospheric chemistry and air pollution 

control will become increasingly significant. If anthropogenic emissions of NOx, VOCs, 
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SO2, NH3, PM2.5, and BC decrease by 70%, 54%, 78%, 24%, 75%, and 90%, 

respectively,  under low-carbon energy policies and maximum end-of-pipe control 

strategies (CBE–MFR in Xing et al. (2020)), the monthly average contributions of soil 

background HONO and NO emissions to max-1h OH, max-1h O3, and daily average 

NO3
− will increase to 17%, 4.6%, and 14%, respectively, in the NEP region (Figure 5.8). 

In addition, the corresponding contributions of soil background HONO emissions will 

be 12%, 3.0% and 9.3%, respectively. In the NCP region, the monthly average 

contributions of soil background HONO and NO emissions to max-1h OH, max-1h O3, 

and daily average NO3
− will increase to 4.4%, 2.0% and 6.6%, respectively.  

We note that uncertainties exist in the above simulations, resulting from limited 

soil samples to represent the vast territory of China. Additionally, the emissions were 

determined from soil samples collected in March, whose soil characteristics are 

possibly different from those in August or other months. Fertilization activities are 

active from April to July, so the effect of soil emissions on air quality in August is 

possibly even larger due to more N residue in soil. Nonetheless, our results demonstrate 

the unignored impacts of soil background emissions on air quality in a month with 

active photochemistry. 
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Figure 5.8 Simulated impacts of soil background on air quality in the future with the 

reduction of anthropogenic emissions under the low-carbon energy policies and 

maximal end-of-pipe control strategies. a-d are the overall impact of soil background 

HONO and NO emissions on monthly average HONO, max-1h O3, max-1h OH, and 

NO3
-, respectively. e-h and i-l represent the contribution from soil background HONO 

and NO emissions, respectively. 

5.6 Implications 

Many studies have shown that soil emissions of NO have a significant effect on 

air quality, especially during fertilization periods. For example, it was suggested that 

soil NO emissions during fertilization in the NCP region accounted for 11%–20% of 

anthropogenic emissions of NOx and increased the concentrations of O3 by 9.5 ppb (Lu 



107 

 

et al., 2019b). Moreover, a study in California showed that soil emissions accounted for 

40% of the NOx emissions in July, thereby increasing the monthly concentrations of 

NO2 and O3 by 176% and 23%, respectively (Sha et al., 2021). Another study in the 

southeastern U.S. revealed that nearly half of the increase in the concentration of O3 at 

a rural site in summer was attributable to temperature-driven increases in emissions of 

NOx (Romer et al., 2018).  

Based on measurements of 48 soil samples collected across China, our study 

revealed that soil emissions of HONO were higher than soil emissions of NO in most 

of these samples, and our model simulations showed larger impact of HONO than NO 

on air quality. However, HONO has not been considered in many previous 

investigations of soil emissions of reactive oxidized N and their effect on air quality. 

Thus, the total amount of N lost from soil to the atmosphere may have been 

underestimated, and its effect on the atmosphere may have been underappreciated. We 

call for reappraisals of the roles of reactive N species in atmospheric chemistry and air 

quality by inclusion of HONO in assessments, particularly in countries or regions with 

vast agricultural lands, such as the U.S., India, Europe, and Brazil (Ramankutty et al., 

2008), in addition to China. As anthropogenic emissions of NOx are gradually 

decreasing due to strict emission controls, the contribution of soil emissions of N to the 

N budget and atmospheric environment will become increasingly important in the 

future. We call for more research on soil HONO emissions around the world and suggest 
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that future N emission control strategies should also consider soil HONO and NO 

emissions.  

5.7 Summary 

In this chapter, we measured background emission fluxes of HONO and NO from 

soil samples collected from 48 sites across China. The results showed much higher 

emissions of HONO than those of NO, which were caused by the higher promotion 

effects of long-term fertilization on the abundance of HONO-producing genes than NO-

producing genes. Besides, this enhancement was greater in northern China than in 

southern China, which accounts for the higher emission fluxes in the former region than 

in the latter region. In simulations using a chemical transport model with laboratory-

derived parametrization, we found that HONO emissions had a greater effect than NO 

emissions on air quality. With projected continuous reductions in anthropogenic 

emissions, the contribution of soil emissions will increase significantly. Our findings 

highlight the need to consider HONO in the assessment of reactive nitrogen loss from 

soils to the atmosphere and its effect on air quality.  
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Chapter 6. Summary and future work 

6.1 Summary of the thesis 

Soil emissions make a significant contribution to atmospheric HONO levels, but 

their impact on air quality is often overlooked due to a lack of parameterization to 

accurately quantify soil HONO emissions. This thesis addresses this gap by developing 

a parameterization for HONO emissions from both fertilized and unfertilized soils. The 

key findings and summaries of this thesis are presented below.  

We measured post-fertilization HONO emissions from soil samples collected from 

two typical agricultural regions in China. Besides, we investigated the impact of 

different fertilizer types and the duration since fertilization on HONO emissions. The 

results showed that agricultural fertilization stimulate the soil HONO emissions 

significantly, and the promotion effects of fertilization lasted up to one week. 

Interestingly, high HONO emissions from soils at high SWC (75%–95% WHC) were 

found, which contrasts to previous lower predictions at high soil moisture. Based on 

the results of laboratory experiments, we developed a parameterization scheme linking 

HONO emission to SWC for three commonly used fertilizers. The implementation of 

the parametrization in a regional chemical and transport model (CMAQ) model 

significantly improved post-fertilization HONO predictions during fertilization period. 

The simulation results showed that the post-fertilization HONO emissions increased 

regionally averaged daytime OH, O3, and daily fine particulate nitrate concentrations 
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by 41%, 8%, and 47%, respectively, in the NCP region. In terms of the effects of 

different fertilizer types, the largest release of HONO were found after urea applications 

compared to the other two commonly used fertilizers (NH4HCO3 and NH4NO3). We 

therefore recommend adjusting the type of fertilizer application to reduce HONO 

emissions and their impact on air quality, especially in the polluted regions with intense 

agriculture. 

We measured background (unfertilized) HONO and NO emissions from soil 

samples collected from 48 sites across China. Results showed that cropland soils have 

higher emissions than forest soils that are not affected by anthropogenic activities. 

Because long-term fertilization had a greater increase in HONO-producing genes 

compared to NO-producing genes, higher emissions of HONO than those of NO were 

found. The greater enhancement of long-term fertilization to genes in northern China 

resulted in higher emission fluxes in comparison to southern China. We developed a 

parameterization scheme to accurately assess background soil HONO and NO 

emissions in various regions of China. The simulation results showed that HONO 

emissions had a greater effect than NO emissions on air quality and the contribution of 

soil emissions will increase significantly with the continuous reductions of 

anthropogenic emissions. Our study highlights the need to consider HONO in the 

evaluation of reactive nitrogen loss from soils to the atmosphere and its impact on air 

quality. Neglecting soil HONO emissions in previous studies may lead to an 

underestimation of total N emissions from soil to the atmosphere. Future studies of 
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nitrogen cycle and atmospheric chemistry should consider the influence of soil HONO 

emissions. 

6.2 Future works 

While this thesis discusses the importance of soil HONO emissions, there are still 

many topics that warrant further investigation in future research. 

1. Effects of different fertilizer application rates on soil HONO emissions. As an 

important supplier of nitrogen in the soil, different application rates of chemical 

fertilizers directly affect soil nitrogen content, thereby affecting soil reactive nitrogen 

emissions, including HONO. While this thesis has explored the effects of fertilizer 

types and timing of fertilization on soil HONO emissions, the role of fertilizer 

application rates remains unexplored. 

2. Global soil HONO emissions and their implications for air quality. Soils have 

been demonstrated to be an important source of global NOx emissions. A global 

inventory shows that soil emissions account for 22% of global NOx emissions (Jaegle 

et al., 2005). Such considerable amounts of soil NO emissions are an important 

contributor to global atmospheric NOx and have a significant impact on air quality. 

However, the global-scale study of soil HONO emissions and their influence on air 

quality has been lacking. In this thesis, we have demonstrated that soil emissions have 

a more pronounced effect on regions with low anthropogenic emissions and intensive 



112 

 

cropland compared to regions with high anthropogenic emissions. Therefore, we 

hypothesize that the impact of soil emissions on air quality may be particularly 

significant in countries and regions with extensive agricultural land but limited 

anthropogenic sources, such as the United States, Brazil, and Europe. Future studies 

can employ the parameterization scheme we have developed to evaluate the impact of 

soil HONO emissions in a global-scale model. 

3. Using isotopic techniques to quantify the relative contributions of various 

microbial processes to soil emissions of HONO. This paper has reviewed the microbial 

mechanisms of soil HONO emissions. Both soil nitrification and denitrification 

processes can produce HONO. However, the specific contribution of each process to 

HONO emissions remains unknown. By employing isotopic techniques, we aim to 

quantify the individual contributions of these processes, thereby providing a basis for 

controlling soil emissions and their impact on air quality. 

4. Nitrogen deposition has significant impacts on soil emissions. It provides N to 

the soil, resulting in an increase in soil N content. This, in turn, leads to increased 

emission of reactive nitrogen from the soil. As a crucial source of nitrogen input in 

agricultural soil, the amount of nitrogen deposition is continuously rising. However, the 

specific impact of nitrogen deposition on soil HONO emissions remains uncertain. 

Therefore, in the future, a combination of laboratory experiments and modeling can be 
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used to simulate the effects of nitrogen deposition on soil HONO emissions and its 

consequences on air quality. 

5. Precipitation can stimulate pulsed soil emissions when the soil remains drying 

for a long time. Previous studies on soil NO emissions connected pulse emissions with 

the duration of drought periods. The longer the drought, the more significant the impact 

of precipitation pulses. In our study, however, we simulated a relatively short time 

frame, focusing only on one week following fertilizer application or one month of 

background emissions. Hence, I believe the influence of pulses would not be highly 

observable in this study. Nonetheless, it is undeniable that this is an important question, 

and we can explore the influence of pulses in future studies. 

6. The impacts of the use of nitrification inhibitors on the emission of reactive 

nitrogen in soil. By inhibiting nitrification, these inhibitors can decrease the formation 

of nitrite and nitrate in the soil, thereby suppressing the emission of gases such as 

HONO, NO, and N2O. However, the inhibitors also hinder the conversion of 

ammonium nitrogen in the soil, leading to the accumulation of ammonium nitrogen and 

an increase in NH3 emissions. Therefore, in the future, we can conduct research to 

understand the comprehensive impact of nitrification inhibitors on the emission of 

reactive nitrogen and evaluate their overall effect on air quality. 
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