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A B S T R A C T   

Nitrous acid (HONO) can be photolyzed to produce hydroxyl radicals (OH) in the atmosphere. OH plays a critical 
role in the formation of secondary pollutants like ozone (O3) and secondary organic aerosols (SOA) via various 
oxidation reactions. Despite the abundance of recent HONO studies, research on national HONO emissions in 
China remains relatively limited. Therefore, this study employed a "wetting-drying" model and bottom-up 
approach to develop a high-resolution gridded inventory of HONO emissions for mainland China using multi-
ple data. We used the Monte Carlo method to estimate the uncertainty in HONO emissions. In addition, the 
primary sources of HONO emissions were identified and their spatiotemporal distribution and main influencing 
factors were studied. The results indicated that the total HONO emissions in mainland China in 2016 were 0.77 
Tg N (R50: 0.28–1.42 Tg N), with soil (0.42 Tg N) and fertilization (0.26 Tg N) as the primary sources, jointly 
contributing to over 87% of the total. Notably, the North China Plain (NCP) had the highest HONO emission 
density (3.51 kg N/ha/yr). Seasonal HONO emissions followed the order: summer (0.38 kg N/ha) > spring (0.19 
kg N/ha) > autumn (0.17 kg N/ha) > winter (0.06 kg N/ha). Moreover, HONO emissions were strongly 
correlated with fertilization, cropland, temperature, and precipitation. This study provides vital scientific 
groundwork for the atmospheric nitrogen cycle and the formation of secondary pollutants.   

1. Introduction 

The primary source of hydroxyl radicals (OH) in the troposphere, 
gaseous nitrous acid (HONO), has a considerable effect on atmospheric 
chemical processes (Liu et al., 2019; Sun et al., 2020; Xue et al., 2020). 
HONO photolysis can contribute more than 90% of atmospheric OH 
during haze pollution days (Zhang et al., 2022). The concentration of 
OH directly affects the atmospheric oxidative capacity (Yang et al., 
2021). In the atmosphere, OH functions as a significant oxidant, which 
reacts with nitrogen oxides (NOx) and volatile organic compounds 
(VOCs) (Wu et al., 2022), leading to the formation of ozone (O3) (Zhang 
et al., 2016) and secondary organic aerosols (SOA) (Carlton et al., 2020; 
Zhang et al., 2019). Consequently, HONO has a significant influence on 
atmospheric photochemistry and local climate. (Wang et al., 2020). 
Currently, HONO sources fall into two main categories: direct emissions 
from sources including soil, traffic, and biomass burning, and secondary 

generation resulting from homogeneous and heterogeneous chemical 
reactions (Wu et al., 2022; Zhang et al., 2016, 2019). This study focuses 
on direct emissions of HONO. 

The emission of HONO from soil is a consequence of both abiotic 
processes, such as NH4

+ transformation to NO2
− , and biotic processes, 

such as nitrification and denitrification by ammonia-oxidizing bacteria 
and archaea (Donaldson et al., 2014; Medinets et al., 2016; Weber et al., 
2015), playing an important role in increasing HONO emissions in the 
atmosphere (Wu et al., 2019; Zhang et al., 2016). This contribution is 
particularly noteworthy in regions with extensive cropland (Xue et al., 
2020). In addition, the use of nitrogen fertilizers increases the concen-
tration of NH4

+ during the nitrification process (Wang et al., 2021) and 
the abundance of functional genes of microorganisms (Di et al., 2014; 
Ouyang et al., 2018). Consequently, fertilization leads to additional 
HONO emissions from agricultural soils (Tang et al., 2019). It’s worth 
highlighting that the agricultural nitrogen fertilizer consumption in 
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China ranked first in the world (Wang et al., 2023). The widespread 
application of nitrogen fertilizers unavoidably exacerbates nitrogen 
emissions from agroecosystems and enhances HONO emissions, thus 
significantly affecting the nitrogen cycle (Wu et al., 2022). 

Recently, researchers have conducted numerous observations to 
quantify soil HONO emissions. Soil HONO flux typically ranges from 20 
to 3000 ng N/m2/s, but significant uncertainties exist (Maljanen et al., 
2013; Su et al., 2011). HONO emitted from soil can account for some of 
the missing HONO during the daytime (Meusel et al., 2018). Soil HONO 
emissions can reach levels of 1000 ng N/m2/s when nitrogen fertilizers 
are applied to agricultural land (Xue et al., 2019). Despite quantification 
of soil HONO emissions from various land cover types (Bhattarai et al., 
2018; Wu et al., 2019), fewer observation points result in substantial 
uncertainties. Consequently, the influence of soil HONO emissions on 
atmospheric pollutants in atmospheric models remains inadequately 
characterized. 

Current research generally constructs a parameterized scheme by 
combining soil HONO emission flux and various influencing factors and 
then applies the scheme to regional air quality models to quantify the 
impact of HONO on atmospheric pollutants. For example, Wang et al. 
(2023) constructed a parameterization scheme of soil HONO emission 
fluxes with T and soil water content (SWC) and quantified the effect of 
soil HONO emissions on atmospheric HONO concentrations in combi-
nation with the CMAQ model. Wang et al. (2021) incorporated their 
parameterization scheme into the CMAQ model to quantify the impact 
of soil-emitted HONO on air quality after fertilization. Wu et al. (2022) 
conducted a more comprehensive assessment of global soil HONO 
emissions, but there may be uncertainties when applied to China. The 
above studies have focused mainly on soil HONO emissions, while others 
have studied source-specific or region-specific HONO emissions, for 
example, studies by Liao et al. (2021) on HONO emissions from traffic, 
Sun et al. (2020) on HONO emissions from ships, and Yin et al. (2023) on 
multi-source HONO emissions in Guangdong Province. This study 
considered more sources of HONO emissions and used more 
high-resolution data in mainland China. 

Therefore, this study aimed to (1) develop a high-resolution HONO 
emission inventory for mainland China using the "wetting-drying" model 
and bottom-up approach; (2) identify the hot spots of each source of 
HONO emissions and analyze their spatiotemporal distribution charac-
teristics; and (3) reveal the main factors influencing the HONO emis-
sions. This study provides crucial scientific insights into the atmospheric 
nitrogen cycle and the reduction of secondary pollutant formation while 
also offering invaluable data support for improving the accuracy of 
regional air quality models (such as WRF-Chem and CMAQ). 

2. Data and methods 

2.1. Data sources 

Fertilization data (B. Li et al., 2021; Zhao et al., 2023) were calcu-
lated based on data from MARA (2017) and NDRC (2017). We obtained 
daily precipitation information with a resolution of 0.1◦ × 0.1◦ from the 
NASA Global Precipitation Measurement (GPM) dataset (Huffman et al., 
2019). Soil pH, cation exchange capacity (CEC), and organic carbon 
(OC) data were sourced from the Harmonized World Soil Database v 1.2 
(http://www.fao.org/land-water/databases-and-software/hwsd/en/). 
Land cover type data were retrieved from Global surface coverage at a 
30-m resolution in 2017 (Gong et al., 2019). China transportation 
network data were obtained from Open Street data (http://www.geo 
fabrik.de). The refined cropland overfire area in each province was 
obtained by coupling two types of fire point remote sensing data, 
MCD64A1 and MCD14ML (Li et al., 2018). 

2.2. HONO emissions 

This study considered 16 sources of HONO emissions, including 

emissions from different soil cover types, fertilization, biomass burning, 
and traffic. 

2.2.1. HONO emissions from soils 
Current studies typically estimate soil HONO emissions by creating 

parameterized schemes with the assistance of meteorological models, 
such as WRF. The method relies on relatively few Chinese observations 
(Zhang et al., 2016, 2019), potentially introducing uncertainties when 
applied to China. Weber et al. (2015) found that field-based HONO 
emissions were similar to laboratory-measured emissions during the 
wetting-drying cycle. They combined HONO emissions during the 
wetting-drying cycle with biocrust composition and satellite data to 
estimate the field HONO emissions. Wu et al. (2022) utilized the “wet-
ting-drying” method across different soil cover types for the estimation 
of global HONO emissions. Van Dijk et al. (2002) had shown that 
emissions obtained by this method are consistent with field measure-
ments. The “wetting-drying” model does not rely on meteorological 
models and shows considerable potential for practical application 
(Weber et al., 2015). The “wetting-drying” model utilized easily acces-
sible data and can be used for nationwide evaluation of soil HONO 
emissions. 

The calculation of soil HONO emissions involved (1) direct soil 
HONO emissions: occurring with or without fertilization, and (2) soil 
HONO emissions due to fertilization: representing emissions post- 
fertilization that exclude direct soil emissions. Specifically, HONO 
emissions due to fertilization were calculated as the difference between 
HONO emissions from fertilized soil and unfertilized soil during the 
wetting-drying cycle (Wu et al., 2022). We used Equation (1) to compute 
the total direct HONO emissions and fertilizer-induced HONO emissions 
from soil in China (ECS,HONO, Tg N/yr) 

ECS,HONO =
(
ECR + EFR + EGL + ESL + EWL + EBL + Efer

)
∗ CRF (1)  

where ECR, EFR, EGL, ESL, EWL, and EBL represent the direct HONO 
emissions from cropland, forest, grassland, shrubland, wetland, and bare 
land, respectively. Efer represents HONO emissions induced by fertil-
ization. Studies indicate that plant canopies may affect the emission of 
HONO through various mechanisms, such as uptake and deposition 
(Meng et al., 2022; Sörgel et al., 2011). This study corrected these effects 
through the canopy reduction factor (CRF) to avoid significantly over-
estimating soil HONO emissions in forest regions. The CRF formula is 
represented by Equation (2): 

CRF =

(
e− (ka∗SAI) + e− (kb∗LAI)

2

)

(2)  

where ka and kb are the plant leaf uptake constants, fixed at 8.75 and 
0.24 (Yienger and Levy, 1995). Leaf area index (LAI) was acquired from 
the global monitoring data of NOAA. Our LAI data are resolved daily, 
thus addressing the problem of coarse resolution in previous studies (Wu 
et al., 2022). Stomatal area index (SAI) was computed using LAI/SAI 
values across various land cover types, as detailed by Yienger and Levy 
(1995). 

As for direct soil HONO emissions, this study considered six land 
cover types, including cropland, forest, grassland, shrubland, wetland, 
and bare land (Gong et al., 2019). For the different land cover types, we 
calculated their HONO emissions (ELC,cell kg N/ha/yr) induced by pre-
cipitation and temperature for each grid cell separately (Equation (3)). 

ELC,cell = EHONO,int,LC ∗ Pcell ∗ Tcell (3)  

where EHONO,int,LC is the mean HONO emissions for each land-cover type 
during a wetting and drying cycle (Table S1). Pcell indicates the count of 
monthly precipitation events per grid cell. An episode of precipitation is 
characterized by daily rainfall of more than 0.1 mm at the central 
location. Tcell stands for the calibration coefficient for temperature, 
which can be computed using Equation (4): 
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Tcell = e0.103∗T/(Q10 ∗ 2.5) (4)  

where T represents the temperature (◦C) of the monthly mean soil sur-
face (Muñoz Sabater, 2019), and the Q10 value is averaged using the soil 
HONO flux data at varying temperatures sourced from Oswald et al. 
(2013). Additionally, a calibration constant of 2.5 is used for soil tem-
perature (Wu et al., 2022). 

2.2.2. HONO emissions from fertilization 
The increase in the abundance of functional genes of microorganisms 

due to fertilization, leading to the emission of HONO, represents a 
substantial source that deserves attention (Xue et al., 2021). The current 
studies commonly employ parameterized schemes to estimate HONO 
emissions from fertilization (Song et al., 2023; Wang et al., 2021). 
However, these parameterization schemes vary, primarily due to dif-
ferences in the selected regions, time, and sample size. In our study, we 
employed high-resolution monthly fertilization data to calculate HONO 
emissions (Efer, cell, kg N/ha/month) from fertilization within each grid 
cell using Equation (5): 

Efer,cell = Fcell ∗ EF (5)  

where Fcell represents the fertilizer input (kg N/ha/month) for different 
grid cells, and EF denotes the emission factor (%) due to fertilization. 
The EF values were computed using Equation (6) (Wu et al., 2022). We 
verified the accuracy of Equation (6) by comparing the uncertainty 
range (R50) of the calculated emission factors (EFs) with the observed 
values (Table S4). 

EF = 3 ∗ 10− 5 ∗ Qfer
2 − 0.003 ∗ Qfer + 0.1 (6)  

where Qfer represents fertilizer usage (kg N/ha). 

2.2.3. HONO emissions from other sources 
Tunnel tests have been proven more effective in obtaining the levels 

of traffic-related HONO emissions and accurately reflecting actual 
operating conditions (Gentner and Xiong, 2017). Several studies have 
revealed that traffic represents a notable origin of HONO emissions 
using HONO/NOx ratios ranging from 0.29% to 1.7% (Kurtenbach et al., 
2001; Xu et al., 2015). We used a HONO/NOx ratio of 1.31 to estimate 
HONO emissions from traffic ( S. Li et al., 2021). The NOx emission data 
were sourced from the Tsinghua University MEIC inventory (Li et al., 
2017). 

Biomass burning is another contributor to atmospheric HONO. Some 
researchers estimate HONO emissions from biomass burning using the 
HONO/CO ratio (Veres et al., 2010; Wu et al., 2022). We calculated 
HONO emissions from biomass burning using the amount of biomass 

burning and emission factors, as shown in Equation (7): 

EHONO,BB = (AFB + AHB + AHF + AFF) ∗ EF (7)  

where EHONO,BB is the estimated HONO emissions from biomass burning, 
and AFB, AHB, AHF, and AFF refer to activity data for field straw burning 
(including rice, corn, and wheat), household straw burning (including 
rice, corn, and wheat), household firewood, and forest fire, respectively. 
Activity data were obtained directly from statistical yearbooks (NBS – 
National Bureau of Statistics, 2017). EF represents the emission factor 
for each biomass-burning species (Cui et al., 2021). 

2.3. Factors influencing HONO emissions 

We used Spearman’s rank correlation coefficient to explore the 
correlation between HONO emissions and the amount of fertilizer 
applied, soil pH, cation exchange capacity (CEC), organic carbon (OC), 
the percentage of each land cover type, transportation network density, 
the amount of biomass burning, precipitation, temperature, and wind 
speed. This analysis aimed to identify the primary factors influencing 
HONO emissions. Soil physical and chemical properties and land-cover 
types displayed relatively minor temporal variations at the grid cell 
level, and fertilization exhibited a nonlinear trend. Consequently, we 
computed correlations between fertilization, physico-chemical proper-
ties of soil, land cover types, and HONO emissions with a spatial reso-
lution of 5′ × 5′ (roughly 10 × 10 km). The monthly-scale analysis of the 
relationship between HONO emissions and meteorological variables, 
including temperature, precipitation, and wind speed, is conducted for 
each grid. 

2.4. Uncertainty analysis 

Employing the Monte Carlo simulation approach, we evaluated the 
inconclusiveness of HONO emissions. This method has been extensively 
used in various inventory studies (Kang et al., 2016; Li et al., 2019; 
Rabbani et al., 2019). We assumed that the uncertainties in the activity 
levels and emission factors (EFs) followed a normal distribution. The 
coefficient variation (CV) of fertilization activity levels was derived from 
(Huang et al., 2012). Uncertainties in EFs for HONO emissions from soils 
were estimated by fitting sample data sourced from different literature. 
Activity levels and emission factors for biomass burning uncertainties 
were obtained from Shen et al. (2013) and Cui et al. (2021). Other 
factors, such as the share of each land-cover type, LAI, soil temperature, 
and wind speed exhibited relatively small fluctuations (details in 
Table S5). The HONO emissions calculations underwent 10,000 repeti-
tions, with all inputs randomly selected. R50 values (the difference be-
tween the 75th and 25th quartiles) were used to characterize the 

Fig. 1. (a) Spatial distribution of HONO emission density, and (b) share of each source.  
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uncertainties. 

3. Results and discussion 

3.1. Emission estimation and comparison 

The total HONO emissions in mainland China in 2016 were 0.77 
(R50: 0.28–1.42) Tg N (Fig. 1a). The primary contributors to these 
emissions were soil and fertilization, accounting for 54.6% (0.42 Tg N 
with a range from 0.16 to 0.67 Tg N) and 33.1% (0.26 Tg N with a range 
from 0.07 to 0.61 Tg N) of the total, respectively. It highlights the sig-
nificant role of anthropogenic activities in HONO emissions. Biomass 
burning contributed 65.3 Gg N, followed by forests at 56.9 Gg N, 
grasslands at 36.6 Gg N, traffic at 30.0 Gg N, and bare land at 28.5 Gg N. 
HONO emissions from wetlands and shrublands each contributed less 
than 1%. 

Our study found that the total soil HONO emissions were 0.68 (R50: 
0.23–1.28) Tg N in 2016, consistent with the 0.58 Tg discovered in 2017 
(Wu et al., 2022). We estimated HONO emissions from fertilization 
(0.20 Tg N) in China based on the methodology of Song et al. (2023), 
which aligns with the emissions (0.26 Tg N) in this study. The mean 
HONO soil flux ranged from − 0.86 to 20.25 ng N/m2/s as measured by 
Tang et al. (2019), while our estimated value was 10.79 ± 12.25 ng 
N/m2/s at the same location. Wang et al. (2021) reported HONO 
emission fluxes of 0–350 ng N/m2/s from soils located in the NCP using a 
dynamic chamber system, compared to our estimation of 11.44 ± 12.48 
ng N/m2/s. Song et al. (2020) reported HONO emission fluxes of 0–5.9 
ng N/m2/s from soils in the eastern part of Chongming Island, while our 
calculation was 1.77 ± 1.54 ng N/m2/s. Our estimates were in general 
agreement with the values reported in other studies (Table S3). 

3.2. Spatiotemporal distribution of HONO emissions 

There is a significant seasonal variation in HONO emissions in China, 
with augmented levels observed in the summer, in contrast to reduced 
levels detected in winter. HONO emissions were highest in July, 
reaching 0.14 kg N/ha (17.1%). Meanwhile, emissions in October and 
April were reported at 0.07 kg N/ha (8.8%) and 0.07 kg N/ha (8.4%), 
respectively. Notably, January recorded the lowest HONO emissions of 
0.02 kg N/ha, representing only 2.1% of the annual emissions (Fig. 2a). 
Specifically, HONO emissions in July were approximately 8 times higher 

than those in January. Previous research has shown that HONO emis-
sions from agricultural soils significantly contribute to the elevation of 
atmospheric O3 levels (Xue et al., 2021). More specifically, Wang et al. 
(2021) reported a 5–6 ppb rise in O3 in certain locations in the North 
China Plain (NCP) around noon after applying about 80 ng N/m2/s 
HONO flux from fertilized soil to the CMAQ model. Similarly, inducing 
HONO emissions from cropland that exceeded 100 ng N/m2/s to a 3D 
chemical transport model (such as the Chemistry and Weather Research 
and Forecasting model) led to a rise of 2.4–3.6 ppb of O3 in eastern China 
(Zhang et al., 2016). China experiences elevated ozone levels during the 
summer, and HONO probably plays a significant role in ozone 
formation. 

The HONO emission density in China was 0.81 kg N/ha/yr. Twenty 
provinces had HONO emission densities above the national mean, 
including Jiangsu, Henan, and Shandong provinces, which were among 
the top three in China with 6.27, 4.61, and 3.24 kg N/ha/yr, respec-
tively, well above the national mean (Fig. 2b). HONO emissions, 
excluding fertilization, in these three provinces were 1.72 ± 0.07 kg N/ 
ha/yr, exhibiting minimal differences. Differences in HONO emissions 
resulting from fertilization were observed in Jiangsu, Henan, and 
Shandong provinces, with respective amounts of 4.64, 2.82, and 1.50 kg 
N/ha/yr, highlighting the role of fertilization in provinces with high 
emissions. We conducted Pearson correlation analysis between total 
HONO emissions and each source. The result revealed a strong positive 
correlation of total HONO emissions with emissions from fertilization (r 
= 0.96) and weaker positive correlations with emissions from direct soil 
emissions (r = 0.47), traffic (r = 0.31), and biomass burning (r = 0.27). 

Fig. 2. (a) Monthly HONO emission density of each source, and (b) HONO emission density of each source in each province. Where NC, NEC, EC, CC, SC, SCW, and 
NCW represent North China, Northeast China, East China, Central China, South China, Southwest China, and Northwest China, respectively. 

Table 1 
HONO emission density of each source in seven regions of China.  

Regions Sources  

Direct soil 
emission 

Fertilization Traffic Biomass 
burning 

Sum 

CC 1.08 1.45 0.09 015 2.77 
EC 1.00 1.35 0.13 0.16 2.63 
NC 0.37 0.11 0.03 0.06 0.57 
NCW 0.25 0.11 0.01 0.01 0.37 
NEC 0.52 0.05 0.03 0.22 0.83 
SC 0.79 0.28 0.06 0.06 1.19 
SCW 0.32 0.04 0.05 0.05 0.42 

Note: The unit in this table is “kg N/ha/yr”. 
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We conducted a comparison of HONO emissions in seven regions of 
China. Our analysis revealed that Central China (CC) (2.77 kg N/ha/yr), 
East China (EC) (2.63 kg N/ha/yr), and South China (SC) (1.19 kg N/ha/ 
yr) had higher HONO emissions than the other regions (Table 1), which 
exhibited emissions below the national mean (0.81 kg N/ha/yr). 
Notably, the share of cropland in the Central China (CC) region reached 
31.1%, which far exceeded the national mean (14.2%), and nitrogen 
fertilization in the East China (EC) region was 12.42 kg/km2, which was 
3.53 times higher than the national mean (3.52 kg/km2) (NBS – National 
Bureau of Statistics, 2017). The higher HONO emissions in these regions 
were closely associated with their higher proportion of cropland and 
large amounts of nitrogen fertilization. Interestingly, even though 
Northeast China (NEC) has a significant portion of cropland (35.1%) and 

high nitrogen fertilization (5.77 kg/km2), HONO emissions remained 
relatively low. This difference comes from the region’s high latitude and 
low temperatures, which limit HONO emissions. 

3.2.1. HONO emissions in O3-polluted focal areas 
Fenwei Plain (FWP), 2 + 26 cities, Sichuan Basin (SCB), Yangtze 

River Delta (YRD), and Pearl River Delta (PRD) regions have been found 
to have high atmospheric O3 concentrations in China (Jin and Holloway, 
2015; McLachlan et al., 2018; Wu and Xie, 2017). Therefore, we 
analyzed HONO emissions in these areas to understand their contribu-
tion to O3 formation. Our findings reveal that the annual mean of HONO 
emissions in the 2 + 26 cities, FWP, SCB, YRD, PRD, and the rest were 
3.23, 2.11, 1.63, 3.24, 1.41, and 0.58 kg N/ha/yr, respectively (Fig. 3a). 

Fig. 3. (a) Annual HONO emission density in the O3 pollution focus area, and (b) monthly HONO emission density in the O3 pollution focus area.  

Fig. 4. Percentage of each source of HONO emissions as urbanization increases. Urbanization is quantified as the proportion of impervious surface within each 5′ ×
5′ grid. 
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Notably, these regions with high O3 concentrations exhibited signifi-
cantly greater HONO emission capacities compared to other areas. In 
particular, in 2 + 26 cities and YRD, HONO emission density was 5.57 
and 5.59 times higher than in other regions. Photolysis of more HONO 
can lead to more OH radicals, which enhances atmospheric oxidation 
and thus increases the risk of O3 pollution. Throughout the year, the 
HONO emission density in the 2 + 26 cities and YRD regions consistently 
exceeded that in other regions, thus getting designated as “perennially 
high HONO emission” regions (Fig. 3b). Consequently, for future studies 
on HONO, including air quality modeling and field observations, 
prioritizing the 2 + 26 cities and Yangtze River Delta regions is rec-
ommended. Furthermore, both HONO emission density and total HONO 
emissions in the five primary O3 high-pollution zones exhibit significant 
seasonal variation, with peaks in summer and troughs in winter (Fig. 2a 
and 3b). Hence, summer should be the focal season for HONO research. 

We further analyzed the sources and characteristics of urban HONO 
emissions on a national scale. As urbanization increased, we observed a 
notable shift in the composition of HONO emissions. The percentage of 
direct soil HONO emissions gradually decreased from 55% to 4% 
(Fig. 4). Concurrently, the share of fertilizer-induced HONO emissions 
also exhibited a decreasing trend, declining from 33% to 4% (Fig. 4). 
This decline in soil HONO emissions can be attributed to the propor-
tional decrease in cropland and forests as impervious surfaces increase. 
In contrast, HONO emissions from traffic showed a significant rise from 
4% to 70% (Fig. 4), emphasizing the prominence of traffic-related 
HONO emissions in highly urbanized areas. Additionally, HONO emis-
sions from biomass burning constitute 42% of total emissions at an 

urbanization level of 70%, showing a decreasing trend thereafter 
(Fig. 4). 

3.2.2. Spatiotemporal distribution of HONO emissions from each source 
Since soil emissions account for up to 87.7% of total HONO emis-

sions, this study focused on the spatiotemporal distribution of direct soil 
emissions and fertilizer-induced HONO emissions for in-depth analysis. 
In China, direct soil emissions exhibit a seasonal pattern, peaking in July 
at 93.37 g N/ha, followed by April and October at 25.80 g N/ha and 
25.02 g N/ha, while January records the lowest emission at 3.69 g N/ha 
(Fig. 5). The mean soil surface (0–7 cm) temperature in summer in China 
after gridding was 7.38 ◦C, which was significantly higher than the 
3.14 ◦C, 3.20 ◦C, and − 0.97 ◦C in spring, fall, and winter (Muñoz 
Sabater, 2019). Summer also experienced frequent wetting-drying cy-
cles (13.81 times in summer, 7.77 times in spring, 9.62 times in fall, and 
4.53 times in winter) (Huffman et al., 2019). These environmental 
conditions in summer, characterized by higher temperatures and alter-
nating wetting-drying periods, can induce HONO emissions (Wu et al., 
2022). In spatial terms, the NCP, Central China, and SCB regions are 
HONO emissions hotspots because of their higher proportion of crop-
land. For example, Henan (49.0%), Sichuan (36.7%), and Hebei (34.6%) 
are 3.45, 2.58, and 2.43 times higher than the national mean (14.2%), 
respectively (NBS – National Bureau of Statistics, 2017). 

The distribution of HONO emissions from fertilization in China dif-
fers from that of direct soil HONO emissions. In particular, emissions of 
33.46 g N/ha (12.5%), 37.10 g N/ha (13.9%), and 37.94 g N/ha (14.2%) 
were recorded in April, July, and October, respectively, whereas lower 

Fig. 5. Spatial distribution of HONO emissions from soil (first row), fertilization (second row), traffic (third row) and biomass burning (fourth row) in January, April, 
July, and October 2016. 
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emissions of 5.01 g N/ha (only 1.9%) occurred in January. In the North 
China Plain, the extensive utilization of N fertilizers was the primary 
cause of the higher HONO emissions. For example, Jiangsu (18.56 kg N/ 
km2) and Henan (17.25 kg N/km2) exceeded the national mean (3.52 kg 
N/km2) by 4.27 and 3.90 times, respectively (NBS – National Bureau of 
Statistics, 2017). 

HONO emissions resulting from traffic were relatively low and 
mainly located in NCP, YRD, and PRD regions, as illustrated in Fig. 5. 
Monthly variations in HONO emissions from traffic were not significant. 
HONO emissions resulting from biomass burning activities were mainly 
located in NC, NEC, and SCW regions (Fig. 5). HONO emissions from 
biomass burning activities peaked at 11.14 g N/ha in March. In other 
months, HONO emissions were 5.17 ± 0.91 g N/ha. Thus, the season-
ality of HONO emissions primarily results from seasonal variations in 
soil HONO emissions. 

3.3. Key influencing factors of HONO emissions 

Spatial analysis revealed a notable positive relationship (correlation 

coefficient ρ = 0.87; P < 0.01) between HONO emissions and the 
amount of N fertilizer used, and a similar correlation of 0.88 (P < 0.01) 
was found between HONO emissions and cropland (Table 2). Fertiliza-
tion and direct soil emissions emerge as the primary sources of HONO 
emissions, with the higher correlation coefficients observed between 
HONO emissions and these two factors. There are minimal correlations 
between HONO emissions and soil physicochemical properties or land- 
cover types other than cropland. In addition, we observed that soil pH 
exerts an influence on HONO emissions at the national scale (ρ = 0.21; P 
< 0.01), which aligns with a prior study conducted in Shanghai, 
reporting a correlation between maximum HONO fluxes and soil pH (ρ 
= 0.17) (Wu et al., 2022). Other research supports the findings that the 
favorable conditions for microbial growth as soil pH increases result in 
higher HONO emissions (Ermel et al., 2018). The correlation coefficients 
between HONO emissions and impervious surfaces, transportation 
network density, and biomass burning were above 0.4 (Table 2). 

A statistically significant positive correlation between HONO emis-
sions and temperature was discovered in the temporal analysis, with a 
coefficient of 0.89 (P < 0.01) (Fig. 6b and e). Additionally, precipitation 
also showed a high correlation with HONO emissions (ρ = 0.71; P <
0.01) (Fig. 6a and d). In this study, temperature and precipitation were 
crucial indicators for assessing HONO emissions and thus explaining 
their significant correlations with HONO emissions. Nevertheless, the 
dispersion of HONO relies primarily on the airflow movement. A 
negative relationship between wind speed and HONO emissions was 
observed (ρ = − 0.25; P < 0.01) (Fig. 6c and f). Overall, HONO emissions 
are mainly positively affected by fertilization, cropland percentage, 
temperature, and precipitation and negatively affected by wind speed. 

3.4. Uncertainty in HONO emissions 

We performed 10,000 Monte Carlo simulations to evaluate the un-
certainty regarding the difference between the 75th and 25th quartiles. 
In 2016, China exhibited direct HONO emissions varying between 0.28 

Table 2 
Correlations and P-value of HONO emissions and influencing factors in China.  

Influencing factors Correlation (ρ) Significance (P) 

Fertilization 0.87 <0.01 
pH 0.21 <0.01 
CEC − 0.04 <0.01 
OC − 0.17 <0.01 
Cropland 0.88 <0.01 
Forest − 0.02 <0.01 
Grassland − 0.49 <0.01 
Shrubland 0.04 <0.01 
Wetland 0.00 >0.01 
Bare land − 0.17 <0.01 
Impervious surface 0.64 <0.01 
Transportation network density 0.41 <0.01 
Amount of biomass burning 0.55 <0.01  

Fig. 6. Correlations and point distributions with P < 0.01 between HONO emissions and precipitation (a, d), temperature (b, e), and wind speed (c, f) on monthly 
time scales. 
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and 1.42 Tg N. Specifically, soil HONO emissions ranged from 0.16 to 
0.67 Tg N, and HONO emissions from fertilization covered a range of 
0.07–0.61 Tg N. Soil and fertilization were the main sources of HONO 
emissions and uncertainty in total emissions primarily arose from these 
two sources. The uncertainty in fertilization surpassed that in direct soil 
emissions, with the emission factor being the largest contributor to the 
uncertainty in fertilizer-induced HONO emissions. Future efforts will 
prioritize more comprehensive field observations to reduce uncertainty 
in emission factors, particularly those for HONO emissions resulting 
from fertilization. The estimated ranges for HONO emissions from traffic 
and biomass burning were 0.02–0.04 Tg N and 0.03–0.09 Tg N, 
respectively, showing relatively lower uncertainty. These two sources 
generated lower HONO emissions, consequently contributing less to the 
uncertainty of total HONO emissions. 

4. Conclusion 

This study employed the "wetting-drying" model and bottom-up 
approach to establish the high-resolution gridded HONO emission in-
ventory of mainland China. We considered currently more comprehen-
sive HONO emission sources at a national scale. Consistent with other 
studies, direct soil emissions accounted for the largest share of HONO 
emissions. However, fertilization (33.1%), a factor often overlooked in 
previous research, emerged as the second-largest source of HONO 
emissions. HONO emissions reached their peak in July and dropped to 
the lowest levels in January. Spearman’s analysis revealed that fertil-
ization, cropland, temperature, and precipitation significantly influ-
enced HONO emissions. 

We considered almost all sources of HONO emissions, but there are 
still some limitations. Firstly, the current emission inventories might 
have some uncertainties, primarily due to the limited research on 
emission factors in previous studies. Secondly, there may be unidentified 
sources of HONO, necessitating further investigation into HONO emis-
sions. Thirdly, the study did not account for the secondary generation of 
HONO, which requires further refinement for future work. We believe 
that the high-resolution inventory of HONO emissions presented in this 
study establishes a scientific basis for the formulation of atmospheric 
policies and improvements in air quality. 
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Pöschl, U., Hoffmann, T., Andreae, M.O., Meixner, F.X., Trebs, I., 2013. HONO 
emissions from soil bacteria as a major source of atmospheric reactive nitrogen. 
Science 341, 1233–1235. https://doi.org/10.1126/science.1242266. 

Ouyang, Y., Evans, S.E., Friesen, M.L., Tiemann, L.K., 2018. Effect of nitrogen 
fertilization on the abundance of nitrogen cycling genes in agricultural soils: a meta- 
analysis of field studies. Soil Biol. Biochem. 127, 71–78. https://doi.org/10.1016/j. 
soilbio.2018.08.024. 

Rabbani, M., Heidari, R., Yazdanparast, R., 2019. A stochastic multi-period industrial 
hazardous waste location-routing problem: integrating NSGA-II and Monte Carlo 
simulation. Eur. J. Oper. Res. 272, 945–961. https://doi.org/10.1016/j. 
ejor.2018.07.024. 

Shen, H., Huang, Y., Wang, R., Zhu, D., Li, W., Shen, G., Wang, B., Zhang, Y., Chen, Y., 
Lu, Y., Chen, H., Li, T., Sun, K., Li, B., Liu, W., Liu, J., Tao, S., 2013. Global 
atmospheric emissions of polycyclic aromatic hydrocarbons from 1960 to 2008 and 
future predictions. Environ. Sci. Technol. 47, 6415–6424. https://doi.org/10.1021/ 
es400857z. 

Song, S., Zhang, C., Gao, Y., Zhu, X., Wang, R., Wang, M., Zheng, Y., Hou, L., Liu, M., 
Wu, D., 2020. Responses of wetland soil bacterial community and edaphic factors to 
two-year experimental warming and Spartina alterniflora invasion in Chongming 
Island. J. Clean. Prod. 250, 119502 https://doi.org/10.1016/j.jclepro.2019.119502. 

Song, Y., Xue, C., Zhang, Y., Liu, P., Bao, F., Li, X., Mu, Y., 2023. Measurement report: 
exchange fluxes of HONO over agricultural fields in the North China Plain. 
EGUsphere 2023, 1–38. https://doi.org/10.5194/egusphere-2023-1223. 

Sörgel, M., Trebs, I., Serafimovich, A., Moravek, A., Held, A., Zetzsch, C., 2011. 
Simultaneous HONO measurements in and above a forest canopy: influence of 
turbulent exchange on mixing ratio differences. Atmos. Chem. Phys. 11, 841–855. 
https://doi.org/10.5194/acp-11-841-2011. 

Su, H., Cheng, Y., Oswald, R., Behrendt, T., Trebs, I., Meixner, F.X., Andreae, M.O., 
Cheng, P., Zhang, Y., Pöschl, U., 2011. Soil nitrite as a source of atmospheric HONO 
and OH radicals. Science 333, 1616–1618. https://doi.org/10.1126/ 
science.1207687. 

Sun, L., Chen, T., Jiang, Y., Zhou, Y., Sheng, L., Lin, J., Li, J., Dong, C., Wang, C., 
Wang, X., Zhang, Q., Wang, W., Xue, L., 2020. Ship emission of nitrous acid (HONO) 
and its impacts on the marine atmospheric oxidation chemistry. Sci. Total Environ. 
735, 139355 https://doi.org/10.1016/j.scitotenv.2020.139355. 

Tang, K., Qin, M., Duan, J., Fang, W., Meng, F., Liang, S., Xie, P., Liu, J., Liu, W., Xue, C., 
Mu, Y., 2019. A dual dynamic chamber system based on IBBCEAS for measuring 
fluxes of nitrous acid in agricultural fields in the North China Plain. Atmos. Environ. 
196, 10–19. https://doi.org/10.1016/j.atmosenv.2018.09.059. 

Van Dijk, S.M., Gut, A., Kirkman, G.A., Gomes, B.M., Meixner, F.X., Andreae, M.O., 2002. 
Biogenic NO emissions from forest and pasture soils: relating laboratory studies to 
field measurements. J. Geophys. Res. 107 https://doi.org/10.1029/2001JD000358. 

Veres, P., Roberts, J.M., Burling, I.R., Warneke, C., De Gouw, J., Yokelson, R.J., 2010. 
Measurements of gas-phase inorganic and organic acids from biomass fires by 
negative-ion proton-transfer chemical-ionization mass spectrometry. J. Geophys. 
Res. 115, D23302 https://doi.org/10.1029/2010JD014033. 

Wang, J., Wang, G., Wu, C., Li, Jianjun, Cao, C., Li, Jin, Xie, Y., Ge, S., Chen, J., Zeng, L., 
Zhu, T., Zhang, R., Kawamura, K., 2020. Enhanced aqueous-phase formation of 
secondary organic aerosols due to the regional biomass burning over North China 
Plain. Environ. Pollut. 256, 113401 https://doi.org/10.1016/j.envpol.2019.113401. 

Wang, Y., Fu, X., Wang, T., Ma, J., Gao, H., Wang, X., Pu, W., 2023. Large contribution of 
nitrous acid to soil-emitted reactive oxidized nitrogen and its effect on air quality. 
Environ. Sci. Technol. 57, 3516–3526. https://doi.org/10.1021/acs.est.2c07793. 

Wang, Y., Fu, X., Wu, D., Wang, M., Lu, K., Mu, Y., Liu, Z., Zhang, Y., Wang, T., 2021. 
Agricultural fertilization aggravates air pollution by stimulating soil nitrous acid 
emissions at high soil moisture. Environ. Sci. Technol. 55, 14556–14566. https:// 
doi.org/10.1021/acs.est.1c04134. 

Weber, B., Wu, D., Tamm, A., Ruckteschler, N., Rodríguez-Caballero, E., Steinkamp, J., 
Meusel, H., Elbert, W., Behrendt, T., Sörgel, M., Cheng, Y., Crutzen, P.J., Su, H., 
Pöschl, U., 2015. Biological soil crusts accelerate the nitrogen cycle through large 
NO and HONO emissions in drylands. Proc. Natl. Acad. Sci. U.S.A. 112, 
15384–15389. https://doi.org/10.1073/pnas.1515818112. 

Wu, D., Horn, M.A., Behrendt, T., Müller, S., Li, J., Cole, J.A., Xie, B., Ju, X., Li, G., 
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