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A B S T R A C T

Agriculture is the largest anthropogenic source of atmospheric N₂O. Dryland crops are known to emit dispro
portionately large amounts of N2O in short hot moments and to display high interannual variability in the 
emission rate. In comparison, the temporal dynamics of paddy rice N2O emission are less well understood. In this 
study, the N2O flux was measured near-continuously using an eddy covariance system on a 70-m tall tower in a 
paddy-dominated agricultural landscape of the Yangtze River Delta, China from 2019 to 2024. The results 
showed that hot moment occurrence time fraction was higher in the month of fertilization (June; 33%) than the 
average across the full year (14%), but hot-moment fluxes were not as well-defined as those reported for dryland 
crops. The six-year mean N2O flux was 8.5 kg N₂O–N ha-¹ yr –1. The annual flux was weakly correlated with 
annual precipitation (linear correlation= +0.63, p = 0.18). The coefficient of variation (CV) of the annual N₂O 
emission (5.9%) was much smaller than the CV of precipitation (25.1%), indicating weak sensitivity of the N2O 
flux to precipitation. The overall emission factor, calculated as the ratio of N in the annual N2O flux to the flux 
footprint-weighted N fertilizer input, was 4.3% ± 0.2%, which is much higher than the IPCC direct (dryland 
crops: 1%; paddy fields: 0.4%) and indirect emission factor (1.1%) for paddy rice. Future work should investigate 
if this high emission factor also holds for paddy rice in other climate zones and under different water man
agement regimes.

1. Introduction

Nitrous oxide (N₂O) has a global warming potential approximately 
300 times that of carbon dioxide (CO₂) over a 100-year timescale (Griffis 
et al., 2017). N2O concentration in the atmosphere is increasing at an 
annual rate of about 2% per decade (Tian et al., 2020). Being the largest 
anthropogenic source of N₂O, the agricultural sector contributes 3.6 Tg 
N yr − 1 or 56% of the global anthropogenic N₂O emissions (Tian et al., 
2024). This emission estimate has a large uncertainty range from 2.7 
to 4.8 Tg N yr − 1. This uncertainty stems from three major challenges 
that confront local emission measurements and calculations. First, in an 
agricultural ecosystem, N₂O is emitted directly from cropland fertilizer 

use and livestock manure. N₂O is also indirectly emitted from waters 
surrounding croplands, where approximately 30% of nitrogen fertilizers 
enter via runoff and leaching (IPCC, 2006). However, indirect N₂O fluxes 
remain difficult to measure and model due to the episodic nature of the 
emission and high spatial heterogeneity across agricultural landscapes 
(Griffis et al., 2013).

Second, a cropland ecosystem often shows short-term high N2O 
emission fluxes. These episodic high fluxes are referred to as hot mo
ments (McClain et al., 2003; Bernhardt et al., 2017; Wagner-Riddle 
et al., 2020). They typically account for only 1% to 10% of the obser
vation period but can contribute over 50% of the total annual N₂O 
emission. Hot moments are evident in high-frequency time series of the 
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N₂O flux observed with eddy-covariance (EC) and flux chambers 
(Stuchiner et al., 2025; Li et al., 2015; Scanlon and Kiely, 2003; 
Molodovskaya et al., 2012; Barczyk et al., 2024). Because their episodic 
nature – some last <24 h – they may evade detection if measurement 
frequency is too low. Hot moments are also difficult to model. For 
example, the DNDC model successfully simulated the total N₂O emission 
in an agricultural landscape in Canada, but it was less accurate in pre
dicting the timing and the magnitude of hot moments (Desjardins et al., 
2010). To complicate the matter further, N₂O emission is highly variable 
in space in an agricultural landscape which typically consists of multiple 
crop types with heterogenous fertilizer management practices. A hot 
moment captured in one crop field may not be representative of its 
neighboring fields. It remains unclear whether the significant contri
bution of N₂O hot moments, observed at the plot (~10 m) and the field 
scale (~100 m), also holds true at the landscape scale (~10 km).

Third, observational studies published so far have shown that N₂O 
emission can be highly variable interannually. The coefficient of varia
tion (CV) often exceeds 20% (Anthony and Silver, 2021; Barczyk et al., 
2024; Li et al., 2015; Tallec et al., 2022; Wagner-Riddle et al., 2007) and 
sometimes reaches 106% (Merbold et al., 2021). Evidence suggests that 
this emission variability is linked to precipitation variability (e.g., 
Haszpra et al., 2018; Desjardins et al., 2010). By increasing soil mois
ture, precipitation creates anaerobic conditions, which enhances deni
trification and leads to increased N₂O production and emission (Chen 
et al., 2017; Wang et al., 2024). Precipitation may also enhance indi
rect N₂O emission by increasing nitrogen loss from runoff and leaching 
(Wang et al., 2023). Notably, most multi-year observations are restricted 
to dryland ecosystems dominated by maize, wheat and rapeseed. N₂O 
emission from persistently wet soils is negligible because strongly 
reducing conditions promote the complete reduction of N₂O to N₂ 
(Kroon et al., 2010; van Beek et al., 2011). However, even though paddy 
soil is flooded, with fertilizer N input, and water-level management, rice 
paddies can sustain N₂O production and emission through dynamic 
redox conditions (Cai et al., 1997). It is unclear if N₂O emission in 
paddy-dominated agricultural landscapes varies significantly at the 
interannual timescale and if the annual N2O emission exhibits similar 
precipitation sensitivity to that of dryland crops.

The main N2O emission pathway is nitrogen fertilizer application in 
cropland. China is the largest consumer and producer of nitrogen fer
tilizer in the world. In 2022, China used 49 million tons of nitrogen 
fertilizer, accounting for about 37% of the global total in the same year. 
The Yangtze River Delta (YRD) stands out as one of the most intensively 
cultivated regions in the country. This study focuses on a paddy- 
dominated agricultural landscape in the YRD. In this landscape, paddy 
fields constitute 72.7% of the land area and rely heavily on nitrogen 
fertilizer to sustain high crop yield. We conducted long-term, high-fre
quency, and continuous N₂O flux measurement with an EC system on a 
70-m tall tower. We aim to: (1) investigate the contribution of hot mo
ments to the N2O emission and factors influencing hot moments, (2) 
examine monthly, seasonal and annual emission patterns, and (3) 
quantify the interannual variations of N₂O emission in relation to 
precipitation.

2. Methods

2.1. Site description

The EC tower was located in Quanjiao County, Anhui Province in the 
YRD (31.9667◦N, 118.2607◦E). The region is under of the influence of 
subtropical monsoon climate. The annual mean temperature and the 
precipitation are 16.1 ◦C and 1091 mm, respectively. The landscape 
within the 5-km radius of the tower is composed of paddy cultivation 
(72.7%), dryland (wheat and maize, 1.1%), forests (10.2%), fishponds 
(4.2%), other water bodies (5.0%), sealed area (5.1%) and other land 
cover types (wetland, grassland, shrubland and bare land, 1.7%) ac
cording to the 10-meter spatial resolution land cover map provided by 

Gong et al. (2019). Paddy cultivation consists of rice-fallow rotation, 
rice-wheat rotation, rice-shrimp farming, and vegetable farming. The 
paddy was transplanted in May and harvested in October, with con
ventional water management involving early-season flooding, 
mid-season drainage, and moderate irrigation without waterlogging in 
the late season. Nitrogen fertilization consisted of compound fertilizers 
and urea. For paddy, compound fertilizers were applied as a basal fer
tilizer prior to transplanting, followed by urea topdressing between June 
and early July. For wheat, application occurred twice in a crop season, 
once in November and the other time in February of the following year. 
For fishpond, fingerlings were stocked in the in early February and 
harvested in January of the next year. From May to November, formu
lated feed was applied at a frequency of two to three times per day. Large 
quantities of chicken manure were incorporated as supplementary feed 
in the initial and mid-to-late phases.

The annual N input in the paddy cropland in the EC footprint was 
estimated to be 160 kg N ha⁻¹ yr–1 in 2019, based on the data provided 
by local farmers (Xie et al., 2022). This estimate was a weighted mean N 
input to rice-fallow rotation (110 kg N ha⁻¹; areal percent: 40%), 
rice-wheat rotation (160 kg N ha⁻¹; areal percent: 30%), rice-shrimp 
farming (240 kg N ha⁻¹; areal percent: 25%), and vegetable farming 
(160 kg N ha⁻¹; areal percent: 5%). The annual N inputs for subsequent 
years were scaled from the 2019 value using the year-specific relative 
changes in N input at the county level using county level data provided 
by the provincial government (https://tjj.chuzhou.gov.cn/). The annual 
N input were estimated as 156, 153, 129, 139, and 135 kg N ha–1 yr–1 

from 2020 to 2024, respectively. This scaling assumes that the 
county-level statistics accurately reflected year-to-year fluctuations in N 
fertilizer use by the local farmers. The aquaculture ponds in the land
scape primarily practiced a fish-mussel polyculture. The annual N input 
of the aquaculture ponds from 2019 to 2024 was 1430, 1752, 1203, 
1819, 1651 and 1322 kg N ha–1, respectively.

2.2. EC flux and microclimate measurements

A closed-path EC system was installed on a free-standing tall tower at 
the height of 70 m above the ground (Fig. S1). The EC system consisted 
of a closed-path CO₂/N₂O gas analyzer (Model TGA200A, Campbell 
Scientific Inc., Logan, Utah, USA) and a three-dimensional ultrasonic 
anemometer (Model CSAT3B, Campbell Scientific Inc.). The EC system 
was oriented at azimuth angle of 35◦ into the prevailing wind. Installed 
in July 2018, it commenced normal observation in October 2018. The 
EC system signals were sampled at 10 Hz and stored by a datalogger 
(model CR6, Campbell Scientific Inc.). The high frequency data were 
used to compute half-hourly fluxes. Details of the sampling setup of the 
closed-path EC system, including a schematic diagram, cell pressure, 
pump type, tube type and length, flowrate, and calibration procedure, 
are provided by Xie et al. (2022).

Microclimatic variables were sampled at 1 Hz and were averaged to 
half-hourly means by two dataloggers (model CR3000/CR1000, Camp
bell Scientific Inc.). Air temperature and humidity were measured with 
temperature/humidity sensors (model HMP155, Vaisala Inc., Helsinki, 
Finland) at the heights of 10, 50 and 70 m above the ground. Wind speed 
and direction were measured with anemometers and wind vanes (model 
05,103, R M Young Inc., Traverse City, Michigan, USA) at the heights of 
10 m and 50 m above the ground. Solar radiation was measured with a 
four-component radiometer (model CNR4, Kipp & Zonen B.V., Delft, the 
Netherlands) at the height of 10 m above the ground. Air pressure was 
measured with a pressure senor (model CS106, Campbell Scientific Inc.) 
at the height of 70 m above the ground. Soil temperature (Tsoil) at soil 
depth of 10 cm was measured with a temperature sensor (T109, 
Campbell Scientific Inc.).

Precipitation data was obtained from a standard weather station 
which belongs to the China Meteorological Data Network. It was located 
in Chuzhou City, approximately 30 km northeast of the study site.
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2.3. EC data processing

Half-hourly fluxes were calculated with the EddyPro software 
(Version 6.2.1, LI-COR Inc.) Before the flux calculation, statistical tests 
were performed on the 10 Hz raw data to screen and remove spikes 
(Vickers and Mahrt, 1997). A double coordinate rotation was used to 
correct sensor tilt (Aubinet et al., 2012). Spectral corrections were 
implemented to compensate for high-frequency flux losses caused by 
sensor separation and line averaging (Moncrieff et al., 1997). The time 
lag introduced by the spatial separation between the gas analyzer and 
the three-dimensional sonic anemometer and the closed-path sampling 
tube was accounted for (Xie et al., 2022).

The eddy fluxes were corrected for storage in the air column below 
the measurement height using the concentration time series measured 
by the analyzer. Following the quality flag system of Mauder and Foken 
(2004), only observations with flags 0 and 1 were retained, while those 
with flag 2 were excluded. The N₂O flux was constrained to a range of 
− 10 to 30 nmol m-² s-¹ and the CO₂ flux to − 50 to 50 μmol m-² s-¹. 
Nighttime N2O and CO₂ flux data was excluded if the friction velocity fell 
below 0.1 m s⁻¹ (Aubinet et al., 2012).

Our analysis focused on the fluxes at the daily, monthly and annual 
timescales. A daily mean N₂O flux was calculated when >50% of the 
half-hourly data within a day were valid. The proportion of valid daily 
mean flux ranges from 51.1% (2020) to 75.3% (2019). A monthly mean 
N₂O flux was calculated when over 50% of the days had valid daily flux 
in the month. There were 54 months, or 75%, with valid monthly N₂O 
flux during 2019–2024. Missing months were gap-filled using an air 
temperature and precipitation predictive model proposed by (Xie et al., 
2022).

Regarding the CO2 flux data, daytime gap fraction varied from 34.6% 
(2019) to 54.2% (2020), and the nighttime gap fraction (after friction 
velocity screening) varied from 32.9% (2019) to 60.1% (2022). An 
exponential relationship between valid half-hourly nighttime CO₂ flux 
and 10-cm soil temperature was used to calculated ecosystem respira
tion (RE). Gross primary production was calculated as GPP = RE − NEE, 
where NEE is net ecosystem exchange (i. e., the EC flux corrected for 
storage).

2.4. Calculation of the N2O emission factor

The half-hourly flux footprint was calculated using the flux footprint 
prediction model of Kljun et al. (2015). To calculate the N2O emission 
factor, we aggregated fertilizer usage data to the eddy flux footprint. The 
flux contribution density was combined with a 10-meter spatial reso
lution land cover map (Gong et al., 2019) to determine the weighting 
factor of each land cover type. Paddy cropland and fishpond were the 
only land use types in the EC footprint subject to fertilizer application. 
The cropland footprint weight was 67.5% (range from 66.8% to 68.2%) 
and the fishpond weight was 5.7% (range from 5.2% to 5.9%). The 
emission factor was determined as the ratio of the total annual N2O flux 
to the footprint-weighted N input. This calculation was performed for 
each year.

2.5. Detection of hot moment

The two most common methods for detection of hot moment involve 
standard deviation and 75%-to-25% inter-quantile range (IQR; 
Stuchiner et al., 2025). A detection threshold is chosen as a multiple of 
standard deviation or IQR such that the number of hot moments is 
consistent among spatial replicates or among different years and that hot 
moments constitute only a small fraction of the observations (Stuchiner 
et al., 2025; Molodovskaya et al., 2012; Anthony and Silver, 2021, 2024; 
Li et al., 2015). The first method is preferred if the flux data follows a 
Gaussian-like distribution and the second method is more appropriate if 
the data is positively skewed due to spike-like events. In this study, the 
first method was used because the flux data appeared to show a normal 

distribution. The detection threshold was one standard deviation of 
daily flux in a given year. The number of hot moments detected with this 
threshold during the fertilization period was relatively stable, ranging 
from 9 in 2019 to 14 in 2022 (2020: 11; 2021: 13; 2023: 11; 2024: 10). A 
higher threshold of 1.5 times the standard deviation would result in a 
much larger interannual variation in the number hot moments during 
the fertilization period (from 5 in 2019 to 11 in 2022).

3. Results

3.1. Daily variations of N2O fluxes and environmental factors

Fig. 1 shows the time series of daily N2O and CO2 fluxes, Tsoil, and 
daily precipitation. The paddy growing season (May to October) expe
rienced favorable hydrothermal conditions. Averaged over the period 
from 2019 to 2024, 57.5% of the annual precipitation occurred in the 
growing season, with a range of 48.1% (2022) to 80.1% (2021). Annual 
precipitation varied from 564.1 mm (2019) to 1321.6 mm (2020). The 
maximum daily precipitation (119.6 mm) occurred on July 19, 2023. 
The growing-season mean Tsoil varied from 21.4 ◦C (2019) to 24.1 ◦C 
(2024) and the annual mean varied from 17.8 ◦C (2023) to 19.7 ◦C 
(2022).

The daily N₂O flux varied from − 1.02 nmol m-² s-¹ (8 February 2021) 
to 6.83 nmol m-² s-¹ (4 September 2024). The N2O flux was higher during 
the growing season under more favorable hydrothermal conditions, with 
an average daily value of 1.21 ± 0.94 nmol m-² s-¹. In the non- growing 
season, the average daily N₂O flux was 0.94 ± 0.72 nmol m⁻² s⁻¹. High 
daily N2O emission fluxes tended to be accompanied by strong CO₂ 
absorption fluxes during the peak growing season (June to August; 
Fig. 1a and 1c).

3.2. Hot moments and controlling factors

Hot moments are shown in Fig.1a as red circles. These hot moments 
are days with the daily N2O flux exceeding one standard deviation of all 
valid daily observations in the same year. On average, hot moments 
occurred in 14% of the observations and contributed 24% of the total 
N₂O emission. About 79% of the hot moments were observed in the 
growing season, and the rest in the non-growing season. Notably, 25% or 
50 out of a total of 197 hot moments were observed during the paddy 
fertilization period (June to first half of July).

The N₂O flux increased with increasing Tsoil during hot moments and 
non-hot moments (Fig. 2). The positive relationship between the N₂O 
flux and Tsoil was stronger during non-hot moments (Fig. 2b, R2 = 0.75) 
than hot moments (Fig. 2a, R2 = 0.34). Some hot moments occurred in 
rainy conditions. To evaluate the impact of precipitation on N₂O emis
sion, a flux difference (ΔN₂O) was calculated as the N₂O flux on the day 
of precipitation during a hot moment minus the mean daily N₂O flux 
from the previous three days. ΔN₂O was generally positive (Fig. 3); this 
is expected as the previous three days may or may not experience hot 
moments. The slight decreasing trend of ΔN₂O with increasing precipi
tation was not statistically significant (p = 0.18). This analysis was built 
on the approach of Miller et al. (2022), who calculated the difference in 
the N₂O flux between the rainfall day and the preceding day as a mea
sure of precipitation impact on the flux. We also used the mean flux of 
one day and five days before a hot moment with rainfall as the reference 
to compute ΔN₂O. The relationship was not significant for either time 
windows (R = 0.023, p = 0.91 for one day; R = − 0.12, p = 0.50 for five 
days).

There were 35 hot moments in rainy conditions and 162 in dry 
weather conditions. The mean hot-moment flux (2.53 ± 0.76 nmol 
m–2 s–1) in rainy weather was not significantly different from the mean 
(2.55 ± 0.85 nmol m–2 s–1) in dry weather (p = 0.93). In other words, 
precipitation was not the main trigger of hot moments in this paddy 
landscape.
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3.3. Seasonal variations in N2O and CO2 fluxes

Fig. 4a shows the average monthly N₂O flux over the course of the 
year. The lowest monthly N₂O flux was 0.50 nmol m⁻² s⁻¹ (January) and 
the highest was 1.61 nmol m⁻² s⁻¹ (June) coinciding with paddy 

fertilization. A secondary peak occurred in August (1.30 nmol m⁻² s⁻¹). 
The seasonal mean flux was highest in the summer (June, July, and 
August; 1.40 ± 0.41 nmol m⁻² s⁻¹) and lowest in the winter (December, 
January, and February; 0.53 ± 0.12 nmol m⁻² s⁻¹). The seasonal mean 
was 0.82 ± 0.16 in the spring (March, April, May) and 1.04 ± 0.26 nmol 

Fig. 1. Time series of (a) daily mean N2O flux, 10-day running N2O flux mean, and N2O hot moments, (b) daily mean 10-cm soil temperature and daily precipitation, 
and (c) daily mean CO2 flux. The gray shaded areas represent the fertilizer application periods.

Fig. 2. Relationships between N₂O flux and Tsoil during (a) hot moments and (b) non-hot moments of N₂O emission. Red curves represent exponential fits to 2 ◦C bin- 
averaged data (R² and p-values shown).

Fig. 3. Relationship between the N2O flux enhancement during hot moments 
and cumulative precipitation during the three days leading to the hot moment.

Fig. 4. (a) Monthly composite N2O flux and soil temperature (Tsoil), and (b) net 
ecosystem exchange (NEE), gross primary production (GPP), and ecosystem 
respiration (RE) from 2019 to 2024. The black line represents ± 1 standard 
deviation of multi-year observations.
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m⁻² s⁻¹ in autumn (September, October., November).
The N2O flux seasonality was not in sync with plant growth. The GPP 

peak occurred in August, two months later than the N2O flux peak 
(Fig. 4b). On the monthly scale, the N₂O flux significantly increased with 
increasing GPP and decreased as NEE became less negative (Fig. S2), and 
the correlation with GPP was stronger than with NEE. Nitrogen fertil
ization resulted in N2O flux peak in June. In August, paddy entered mid- 
growing season. GPP and RE reached their peaks at the time of highest 
Tsoil.

3.4. Interannual variation in N2O emission

The agricultural landscape acted as a CO₂ sink only in 2019, 2022 
and 2023, whereas it was a CO₂ source in all other years (Table 1).

Table 1 lists the annual N2O emission from 2019 to 2024, along with 
the annual footprint- weighted N input. The mean annual N₂O emission 
was 8.5 ± 0.5 kg N₂O–N ha⁻¹ over the six years. The highest emission 
occurred in 2020, reaching 9.1 kg N₂O–N ha⁻¹, which accounted for 
4.2% of the nitrogen input. The lowest emission occurred in 2019, with 
7.6 kg N₂O–N ha⁻¹, representing 3.9% of the nitrogen input. For all 
years except 2019, the slope of the cumulative N₂O emission shows a 
sudden rise after May when the paddy transplant began (Fig. 5).

The interannual variability in the N2O emission was weak, with a low 
CV of 5.9%. The annual precipitation was much more variable, with a 
CV of 25.1%, about four times that of the N₂O emission. The CV of N 
input was 6.6%, similar to the CV of annual N₂O emission. The multi- 
year mean emission factor was 4.3% ± 0.2%, with a low CV of 4.7%. 
Both the annual N₂O emission and the emission factor increased with 
increasing annual precipitation, but the relationships were not statisti
cally significant (Fig. 6).

4. Discussion

4.1. Comparison of annual N₂O emission

Fig. 7 compares the annual N₂O emission observed in this study with 
those found in the literature. The literature results are grouped by spatial 
scale into three categories: landscape scale (~10 km) consisting of 
multiple dryland crop types, plot scale (~ 10 m) representing a fishpond, 
and field scale (~100 m) representing one site with a single crop (paddy) 
or rice-dry crop rotation. The mean annual N₂O emission of this study 
(8.5 ± 0.5 kg N₂O–N ha⁻¹) was 2.2 times higher than the mean value 
reported for dryland agricultural landscapes and fishponds and about 
twice that reported for paddy fields. Static chambers were used in the 
fishpond and paddy studies to measure the N2O flux. Except for Hu et al. 
(2022), Zhou et al. (2018) and Yao et al. (2013), the observation fre
quency in these studies typically varied from twice a week to about once 
a week. It is likely that some hot moments were missed due to the low 
observational frequency. Hu et al. (2022) reported a high annual emis
sion flux (7.8 kg N2O–N ha–1) for their field which was managed as a 
winter wheat-rice rotation system. Their system received high N input 
(200 kg N ha⁻¹ for wheat and 250 kg N ha⁻¹ for paddy). Moreover, they 

sampled more frequently (once per day) during fertilization, drainage, 
and post-precipitation periods, capturing short-term N₂O flux peaks.

For observational studies that covered three or more years, the CV is 
in the range of 19.4% - 106% for the annual N₂O emission, and 5.9% - 
26.3% for annual precipitation (Table S1). In this study, the CV for 
annual precipitation was 25.1%, higher than in most other studies, yet 
the CV for annual N₂O emission was only 5.9%. The majority of the 
multi-year studies listed in Table S1 were conducted in fields and 
landscapes dominated by dryland crops, and precipitation is an impor
tant driver of interannual emission variability (Griffis et al., 2017). In 
comparison, precipitation is expected to play a weaker role in interan
nual emission variability in paddy fields, where intensive irrigation and 
prolonged flooding provide stable water input and maintain saturated 
soil moisture, thus buffering the effect of precipitation change (Zheng 
et al., 2000). The low emission CV in this study is consistent with this 
expectation.

However, the multi-year observations made by Zhou et al. (2018) in 
a paddy field and by Yao et al. (2013) in a field of rice-wheat rotation 
showed high interannual variability the in annual emission, with CV of 
73.3% and 27.7%, respectively. To capture hot moments during high 
emission periods (e. g., the week after fertilizer application), the re
searchers measured the flux once a day using a flux chamber. At other 
times, measurements were made at a lower sampling frequency of 2–3 
times per week. But hot moments can also occur in low emission periods 
(Tallec et al., 2022). For example, during the fallow season, Zhou et al. 
(2018) observed several hot moments when the flux was one order of 
magnitude greater than the baseline value. Given the low sampling 
frequency and the small area sampled by the chamber, some hot mo
ments may have been missed, contributing to the interannual variability 
in these studies. We postulate that the EC observation in this study 
yielded a more robust estimate of the interannual variability because of 
its large measurement footprint and its continuous nature.

4.2. Comparison of patterns of hot moment

In dryland systems, hot moments can be triggered by fertilization 

Table 1 
Annual mean daily N2O flux, annual mean daily CO2 flux, annual Tsoil, annual precipitation, annual N₂O emission, footprint-weighted N input, and emission factor from 
2019 to 2024.

Time Annual mean daily 
N2O flux 
nmol m–2 s–1

Annual mean daily 
CO2 flux 
μmol m-² s-¹

Annual Tsoil  
◦C

Annual precipitation 
mm

Annual N2O emission 
kg N2O–N ha–1

N input 
kg N ha–1

Emission Factor 
%

2019 0.90 ± 0.66 -0.050 ± 2.0 18.1 564.1 7.6 193 3.9
2020 0.95 ± 0.78 0.056 ± 2.40 18.2 1321.6 9.1 217 4.2
2021 0.95±0.85 0.11 ± 2.60 18.3 884.1 8.4 185 4.5
2022 1.06 ± 0.93 − 1.32 ± 3.09 19.7 820.3 8.9 206 4.3
2023 1.11 ± 0.98 − 0.36 ± 2.98 17.8 1073.1 8.8 203 4.3
2024 1.04 ± 1.00 0.043 ± 2.98 18.3 1114.6 8.0 179 4.4
Mean 0.99 ± 0.87 − 0.25 ± 0.55 18.4 ​ 8.5 ± 0.5 197 ± 13 4.3 ± 0.2

Fig. 5. The monthly cumulative N2O emissions in the region.
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application (Stuchiner et al., 2025; Merbold et al., 2021; Li et al., 2015; 
Lognoul et al., 2019), precipitation events (Stuchiner et al., 2025; 
Anthony and Silver, 2021, 2024; Merbold et al., 2021; Li et al., 2015; 
Molodovskaya et al., 2012; Lognoul et al., 2019), soil temperature 
fluctuations (Stuchiner et al., 2025; Anthony and Silver, 2021, 2024; 
Merbold et al., 2021; Lognoul et al., 2019), and freeze/thaw cycles 
(Wagner-Riddle et al., 2007; Molodovskaya et al., 2012; Stuchiner et al., 
2025). They occur in 1–20% of the time, but their contribution to the 
annual N₂O emission often exceeds 40%. In this study, hot moments 
occurred in 14% of the time, and their contribution to the annual N₂O 
emission was 24%, which was lower than that reported for most dryland 
ecosystems. Here, triggers of hot moment were not well-defined. 
Freeze/thaw was not a factor as the soil did not freeze during the 
experiment (Fig. 1b). That the flux during hot moments had a weaker 
correlation with temperature than that in other times (Fig. 2) suggests 
that temperature fluctuations did not play a major role. We pointed out 
earlier (Section 3.2) that hot moments in rainy and fair weather were 
about equal in strength. It is possible that precipitation was a hot 
moment trigger, but its effect may have been concealed or diluted by the 
irrigation water standing in the paddy fields.

In the month of fertilizer application (June), hot moment occurrence 
time fraction was 33%, which is more than twice the mean occurrence 
fraction of 14%. The mean hot moment flux in June was 2.67 nmol 
m–2 s–1, which was 187% higher than the mean flux of non-hot moments 

(0.93 nmol m–2 s–1) in June. The mean flux in June (1.61 nmol m–2 s–1) 
was greater than that in the month before (May; 0.86 nmol m–2 s–1) and 
after (July; 1.21 nmol m–2 s–1). So, fertilizer application clearly 
enhanced the emission. But fertilizer application as a trigger of hot 
moment was somewhat muted. The flux footprint encompassed a larger 
number of fields where fertilization was not synchronized, with time 
differences of several weeks. Varied fertilization timing and manage
ment practice prevented hot moments from concentrating in time and 
reaching a spike-like high flux intensity.

4.3. Emission factor

The N2O emission factor remained stable (mean 4.3%; CV = 4.7%) 
despite significant interannual fluctuations in precipitation 
(CV = 25.1%). This value is much higher than the IPCC direct emission 
factor for dryland crops (1%) and paddy fields (0.4%) (IPCC, 2019). In a 
meta analysis of 67 paddy field observations in China, Aliyu et al. (2019)
obtained a mean emission factor of 0.48 ± 0.05%, which is much lower 
than the emission factor in this study. Five factors may have contributed 
to the difference. First, Aliyu et al. (2019) used the difference in the 
annual N2O flux between fertilized plots and a background flux in 
control plots without fertilizer application to compute the emission 
factor, while in this study, the flux included the background component. 
According to Aliyu et al. (2019), the mean background flux is 0.43 kg 

Fig. 6. Relationship of (a) annual N₂O emission and (b) emission factor with annual precipitation.

Fig. 7. Comparison of annual N2O emission. Each datapoint represents the mean annual emission of one study, and error bars represents ± 1 standard deviation of 
interannual variation if multi-year data are available. Group means and standard deviations are given as horizontal lines and boxes (Desjardins et al., 2010; Haszpra 
et al., 2018; Tong et al., 2023; Fang et al., 2022; Ma et al., 2018; Lin et al., 2012; Hu et al., 2022; Gorh and Baruah, 2019; Yao et al., 2013; Zhou et al., 2018).
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N2O–N ha–1 for rice paddies. Removing this background from the 
overall annual emission would reduce our emission factor slightly to 
4.1 ± 0.2%. Second, some of the flux data analyzed by Aliyu et al. (2019)
were derived from soil chambers, which can only measure soil emission. 
There is evidence that crop plants can emit N2O by serving as passive 
conduits of N2O from the soil to the atmosphere (Zhang et al., 2015; 
Chang et al., 1998; Chen et al., 1997; Yu et al., 1997). Zhang et al. (2015)
observed that the plant flux accounts for 12% of the ecosystem N2O flux 
in a soybean field. The role of rice plant transport of CH4 to the atmo
sphere has been widely recognized (e.g., Wassmann and Aulakh, 2000). 
Yu et al. (1997) showed that rice plants account for 85.7% of total N2O 
emission to the atmosphere through the plant aerenchyma while the flux 
across the soil-water interface plays a minor role. Third, having small 
basal areas and being operated infrequently, the flux chambers in those 
studies may have missed some emission hotspots and hot moments (e.g., 
Audet et al., 2014), causing low biases in the emission factor estimates. 
The rates of emission from hotspots are 2-fold greater than non-hotspot 
locations in a corn field (Turner et al., 2016). Fourth, the N input used 
for our emission calculation did not include the contribution of atmo
spheric N deposition. The total N deposition (wet plus dry) is about 40 kg 
N ha⁻¹ yr–1 in Eastern China (Yu et al., 2019). Addition of this to the N 
input would reduce our multi-year mean emission factor to 3.6 ± 0.1%. 
Finally, flux chambers can only detect direct emission, whereas the EC 
flux measured on the 70-m tower consisted of both direct emission from 
paddy fields and indirect emissions from drainage networks. According 
to IPCC, the indirect emission factor for cropland is 1.1% (IPCC, 2019).

One source of uncertainty is N input. The N input data for 2019 came 
from a survey of local farmers and was more accurate than the N input 
data for the subsequent years which were scaled by county-level data 
(Section 2.1). This uncertainty may have influenced the interannual 
variability of the emission factor, but the general conclusion should be 
robust because the emission factor for 2019 is much higher than the 
IPCC default value.

Our emission factor is in better agreement with other “top-down” 
estimates. Crutzen et al. (2008) estimated that the global N2O emission 
factor, including both direct and indirect emissions related to anthro
pogenic N inputs, is 4% ± 1%. Using boundary-layer methods and N2O 
concentration measured on a tall tower, Griffis et al. (2017) obtained an 
emission factor of 5.3% ± 1.2% for the U.S. Corn Belt. Wagner-Riddle 
et al. (2007) used the flux-gradient method to make observation of the 
annual N2O flux of wheat and corn crops under conventional manage
ment in southern Ontario, Canada. Dividing their annual flux values by 
the corresponding N inputs yields an emission factor of about 3%.

5. Conclusions

This study presents six years (2019–2024) of near-continuous and 
high-frequency N2O observation in a paddy-dominated agricultural 
landscape using a tall-tower eddy covariance system. N2O emission hot 
moments mostly occurred during the paddy growing season (May to 
October). The application of fertilizer in June stimulated N2O emission, 
resulting in a marked emission peak. The mean annual N2O emission 
was 8.5 ± 0.5 kg N₂O–N ha-¹yr − 1. Despite high variability in annual 
precipitation (CV = 25.1%), the annual N2O emission showed minimal 
interannual variation (CV = 5.9%), indicating weak role of precipitation 
in influencing N2O emission. The overall emission factor was 4.3% ±
0.2%, which was much higher than most published studies for paddy 
rice and the IPCC-recommended values for direct and indirect emission. 
Possible reasons for this difference included N deposition, emission by 
rice plants and indirect emission from drainage networks in the tower 
flux footprint.

This study was conducted in a landscape managed as a single- 
cropping paddy cultivation with a specific irrigation regime (flood
ing–drainage–reflooding–moderate irrigation without waterlogging) 
and in a specific climate (subtropical monsoon climate). Caution is 
warranted when extrapolating the findings to other paddy systems or 

climatic regions. Long-term EC observations of N₂O flux remain limited 
for paddy rice. Future research should integrate EC measurements with 
chamber sampling to better capture N₂O hot moments (e.g., during 
fertilization and drainage), to clarify the role of plant transport of N2O to 
the atmosphere, and to quantify indirect N₂O emission associated with 
irrigation and drainage networks, and should investigate methodolog
ical discrepancies between chamber-based and EC-based estimates to 
improve flux upscaling.
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