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• The rice-dominated landscape was a
source of N2O most of time.

• Temperature and precipitation were the
main drivers of the N2O flux variations.

• The N2O flux was higher than those re-
ported by other rice paddy studies.

• The emission factorwas 3.8% in 2019 and
4.6% in 2020, respectively.
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Although croplands are known to be strong sources of anthropogenic N2O, large uncertainties still exist regarding their
emission factors, that is, the proportion of N in fertilizer application that escapes to the atmosphere as N2O. In this
study, we report the results of an experiment on the N2O flux in a landscape dominated by rice cultivation in the Yang-
tze River Delta, China. The observationwasmadewith a closed-path eddy covariance systemon a 70-m tall tower from
October 2018 to December 2020 (27 months). Temperature and precipitation explained 78% of the seasonal and in-
terannual variability in the observed N2O flux. The growing season (May to October) mean flux (1.14 nmol m−2 s−1)
was much higher than the median flux found in the literature for rice paddies. The mean N2O flux during the observa-
tional period was 0.90 ± 0.71 nmol m−2 s−1, and the annual cumulative N2O emission was 7.6 and 9.1 kg N2O-
N ha−1 during 2019 and 2020, respectively. The corresponding landscape emission factor was 3.8% and 4.6%, respec-
tively, which were much higher than the IPCC default direct (0.3%) and indirect emission factors (0.75%) for rice
paddies.
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1. Introduction

With intensive application of nitrogen (N) fertilizer, agricultural lands
are the largest anthropogenic source of atmospheric N2O, accounting for
more than 50% of the global anthropogenic N2O emission (Tian et al.,
2020). It is estimated that global N fertilizer use will increase by 50%
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from 2010 to 2050 in order to satisfy future food demand (Zhang et al.,
2015). Increased N fertilizer utilization will promote soil microbial nitrifi-
cation and denitrification processes and accelerate N2O emissions. Based
on a meta-analysis of 78 published studies, Shcherbak et al. (2014) find
that N2O emissions grow significantly faster than the linear relationship
with N fertilizer application, with a typical emission factor (that is, the pro-
portion of N in fertilizer application that escapes to the atmosphere as N2O)
of 0.99% ± 1.16% for dryland crops (mainly upland grain and N-fixing
crops) and 0.28% ± 0.35% for rice paddies.

Field studies show that the N2O flux in a cropland is dependent on agri-
cultural management and environmental factors. Generally, the N2O flux
between the atmosphere and cropland soil increases with increasing soil
moisture (Smith et al., 1998; Zheng et al., 2000) and shows linear or expo-
nential relationships with temperature (Smith et al., 1998; Waldo et al.,
2019). These functional relationships can be disrupted by large episodic
emission events. In dryland crop systems, such as wheat, corn, cotton and
canola, intensive N2O fluxes are observed 1 to 20 days after N fertilizer ap-
plication (Ding et al., 2007; Wagner-Riddle et al., 2007; Wang et al., 2013;
Huang et al., 2014; Tallec et al., 2019; Waldo et al., 2019). High N2O fluxes
are also found after irrigation and heavy precipitation (Barton et al., 2011;
Molodovskaya et al., 2012; Wang et al., 2013; Huang et al., 2014; Liang
et al., 2018; Lognoul et al., 2019;Waldo et al., 2019). In rice paddies, larger
flux is observed during short non-waterlogged periods than when the field
isflooded (Akiyama et al., 2005; Zou et al., 2005; Qin et al., 2010; Yao et al.,
2014). Continuous monitoring is essential to capture such emission epi-
sodes for accurate determination of the total N2O emission from a cropland.

Flux chambers are a common method used to measure the N2O flux in
agricultural ecosystems. They are low-cost and relatively simple to operate,
and can be replicated at multiple locations (Smith and Dobbie, 2001; Zheng
et al., 2004). If automated and coupled to an in-situ N2O gas analyzer, a
chamber system can achieve a high degree of temporal and spatial coverage
(Denmead et al., 2010; Barton et al., 2011; Butterbach-Bahl et al., 2013;
Griffis et al., 2013; Tallec et al., 2019; Waldo et al., 2019). The majority
of published chamber studies aim to measure the N2O flux from cropland
soils, which is the dominant pathway of direct emission. Indirect emissions
occurring outside the target field, such as those associated with drainage
networks, are generally missed by these measurements. In the UK agricul-
tural land, drainage channels emit comparable amounts of N2O as cropland
soils, accounting for 86% of the total indirect N2O flux (Outram and
Hiscock, 2012). In the US Corn Belt, microstream channels emit
54 Gg N2O-N y−1, or 42% of the total agricultural N2O emission in this re-
gion (Turner et al., 2015). A complete assessment of cropland N2O budgets
requires that the measurement system covers a footprint much larger than
the typical plot scale (~1 m2) for which flux chambers are suited.

An alternative method to flux chambers is eddy covariance (EC), which
can provide long-term, continuous flux measurement. This approach has
been used to investigate the N2O flux in cropland (Christensen et al.,
1996; Hargreaves et al., 1996; Skiba et al., 1996; Pattey et al., 2008;
Molodovskaya et al., 2011; Molodovskaya et al., 2012; Wang et al., 2013;
Huang et al., 2014; Rannik et al., 2015; Shurpali et al., 2016; Brown
et al., 2018; Lognoul et al., 2019; Tallec et al., 2019; Cabral et al., 2020;
Wang et al., 2020), grassland (Scanlon and Kiely, 2003; Di Marco et al.,
2004; Leahy et al., 2004; Hsieh et al., 2005; Kroon et al., 2007; Neftel
et al., 2007; Kim et al., 2010; Kroon et al., 2010a, 2010b; Mishurov and
Kiely, 2011; Neftel et al., 2010; Jones et al., 2011; Hörtnagl and
Wohlfahrt, 2014; Merbold et al., 2014; Wolf et al., 2015; Cowan et al.,
2016; Fuchs et al., 2018; Liang et al., 2018; Cowan et al., 2020;
Voglmeier et al., 2020; Goodrich et al., 2021), forests (Pihlatie et al.,
2005; Eugster et al., 2007; Mammarella et al., 2010; Mishurov and Kiely,
2010; Pihlatie et al., 2010; Zona et al., 2013a, 2013b; Zenone et al.,
2016) and urban ecosystems (Famulari et al., 2010; Järvi et al., 2014;
Helfter et al., 2016). The in-situ or non-intrusive nature of the method is es-
pecially suited for capturing episodic emission events. For example, EC
measurements observe significantly higher emission than chambers during
a high-emission period in a cotton field due to irrigation (Wang et al.,
2013). In the above cited studies, the EC system was deployed on short
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towers, measuring the flux from a footprint at the field or the ecosystem
scale (~1 ha). Because the measurement tower was situated in a uniform
field, the measured N2O flux originated almost exclusively from direct
emission of the target surface in question. Recently, Haszpra et al. (2018)
documented the first results of N2O flux monitoring with an EC system on
a tall tower (measurement height 82 m), with a flux footprint of about
10 km in radius (Barcza et al., 2009). In the present study, an EC tower is
considered to be tall if the flux footprint exceeds 10 km2. Tall tower EC is
desirable for a heterogenous agricultural landscape composed of multiple
ecosystems and streamnetworks. Because of its large footprint, it allows ob-
servation of greenhouse gas fluxes integrated at the landscape scale (Davis
et al., 2003; Haszpra et al., 2005; Desai et al., 2015; Peltola et al., 2015). In
the case of N2O, the tall-tower flux consists of emissions from agricultural
soils as well as emissions in stream channels, thus providing a more com-
plete assessment of the cropland N2O cycle than flux chambers and short-
tower eddy covariance.

In this paper, we present the results of the N2O flux observation made
with a closed-path EC system mounted on a tall tower in a cropland in
the Yangtze River Delta (YRD), eastern China. YRD is one of the most inten-
sive agricultural regions in China. Rice-winter wheat rotation is the major
farming mode, which is supported by heavy N fertilizer use. Recent years
have seen increasing aquacultural production, using aquaculture ponds
converted from rice paddy fields. The landscape is highly heterogeneous.
Mixed with rice/wheat fields are other surface features, including aquacul-
ture ponds, vegetable fields, irrigation channels and water holding ponds.
Generally, flooded rice paddy fields have lower N2O flux than dryland
crops. The emission factor for rice paddies is 0.68%, which is lower than
1.21% for wheat and 1.06% for maize according to 57 published studies
(Linquist et al., 2012). This rice emission factor is based on chamber data;
so far, no ECmeasurement has been attempted for rice paddies. Because ir-
rigation channels are a prominent feature of rice cultivation, an open ques-
tion is whether the emission factor at the landscape scale is greater than
that for a single rice paddy.

To our best knowledge, the present study appears to be the first effort to
measure N2O flux with the EC method in a rice cultivation landscape
(Nicolini et al., 2013; Nemitz et al., 2018). We aim (1) to assess the quality
of flux data observed with the closed-path EC system on the tall tower,
(2) to characterize temporal dynamics of the N2O flux, (3) to investigate en-
vironmental factors that control the temporal variations of the N2O flux,
and (4) to obtain a N2O emission factor for this rice paddy dominated land-
scape.

2. Materials and methods

2.1. Site description

The study site (118.2607 °E, 31.9672 °N, 11 m above sea level, Fig. 1c)
is located in Quanjiao, Anhui Province, in the YRD. The region is under the
influence of subtropical monsoon climate. The annual mean temperature
and precipitation are 16.1 °C and 1091 mm (from 1990 to 2020), respec-
tively. The prevailing wind direction at the site is between 45° and 135°
(Fig. 1b). The landscape within a radius of 15 km is composed of cropland
(rice paddy: 67.9%; dryland: 4.6%), forest (12.0%), aquaculture ponds
(2.6%), water body (3.6%), impervious area (8.3%) and other land cover
types (wetland, grassland, shrubland and bare land, 1.0%; Fig. 1a and Sup-
plementary Table S1). Water body pixels include rivers, streams, water
holding ponds and reservoirs. The Chuhe River, about 450 m from the
site, flows through the flux footprint.

According to the governmental statistical yearbooks (http://tjj.
chuzhou.gov.cn) and our field surveys, about 30% of the cropland in the
flux footprint is double-cropped (Supplementary Table S2). Rice is usually
transplanted in June and harvested in October, with a growing season of
120 to 130 days. Rice paddies are under conventional water management
characterized by flooding in early season, mid-season drainage, and fre-
quent waterlogging with intermittent irrigation in late season. Wheat is
usually planted in November and harvested in next May. About 40% of
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Fig. 1.Description of thefield site. (a) Land usemap (Gong et al., 2019) and footprint climatology over thewholemeasurement period. Contour lines represent footprint from
20% to 90% in a 10% interval. (b) Wind rose during the measurement period. (c) Map of the study site.
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local farmers deploy rice-fallow rotation and 25% is shrimp farming in rice
paddies. In rice-fallow rotation, rice is usually transplanted in middle May
to early June and harvested in September. For shrimp farming, young
shrimps are usually introduced into irrigation ditches near the rice paddies
before rice harvesting. About 2 to 4 weeks after rice harvesting, the field is
inundated to support shrimps which are usually harvested in next April to
early June. Another 5% of the land is dryland crops, mainly vegetables.

Local farmers apply N fertilizers (compound fertilizer+urea) inMay to
middle June (for rice-fallow rotation) or June to middle July (for rice-
wheat rotation and shrimp-rice farming) during the rice cultivation
phase, at a rate of 110 kg N ha−1. The N fertilizer use in wheat cultivation
is applied in November and next February, with a total amount of
50 kg N ha−1. The total annual N use is 160 kg N ha−1 in rice-wheat rota-
tion. For shrimp-rice farming, soybean seed and commercial artificial diet
are applied in March during shrimp cultivation phase, at amount of
2240 kg ha−1 (dry weight), corresponding to 130 kg N ha−1. The total an-
nual N use is 240 kgN ha−1 in shrimp-rice farming rotation. The amount of
annual N use for vegetables is 160 kg N ha−1. In aquaculture ponds, com-
mercial artificial diet and chicken manure are used, with annual input of
18,000 kg ha−1 (dry weight) and 14,000 kg ha−1 (wet weight), respec-
tively, equivalent to the total annual N input of 1430 kg N ha−1, which is
5 to 12 times higher than in the cropland.

2.2. Instrumentation

Two EC systems were installed on a tower at the 70 m height above the
ground (Fig. 2). One consisted of a closed-path CO2/N2O analyzer (model
TGA200A, Campbell Scientific Inc., Logan, Utah, USA) and a three-
dimensional ultrasonic anemometer (model CSAT3B, Campbell Scientific
Inc.), and the other consisted of an open-path CO2/H2O analyzer (model
EC150, Campbell Scientific Inc.) and a three-dimensional ultrasonic ane-
mometer (model CSAT3A, Campbell Scientific Inc.). The closed-path EC
systemwas installed in July 2018, and started to work normally in October
2018. The open-path EC system was in operation since June 2017. The EC
signals were sampled at 10 Hz and stored by two dataloggers (models CR6
and CR3000, Campbell Scientific Inc.) for subsequent analysis. In parallel to
the EC measurement, a trace gas analyzer (model G1301, Picarro Inc.,
3

Sunnyvale, CA, USA) was used to measure CH4 and CO2 concentrations
from December 2017 to December 2018. The air inlet of this analyzer
was placed at the same height of the EC systems.More details about the sys-
tem for CH4 and CO2 concentration measurements are described by Huang
et al. (2021).

The sampling setup of the closed-path EC system is shown in Fig. 2e. Its
air inletwas located at the same height of the sonic anemometer at a distance
of 8 cm from the center of the anemometer's path. The inlet was fitted with a
vortex intakewhich served as a particulatefilter: It divided the air into a dirty
stream containing all the particles and a clean stream. Only the latter entered
a dryer (Nafion® tube, 7.3 m long, 2.2 mm inner diameter, model TT-110,
Perma Pure LLC, Lakewood, New Jersey, USA) and subsequently the ana-
lyzer's sampling cell. The dry air was drawn through a Teflon tube (75 m
long, 6.35 mm inner diameter) at a nominal flow rate of 3.5 L min−1 at
STP by a vacuum pump (model nXDS6i, Edwards Ltd., West Sussex, UK).
The flow returning from the analyzer to the dryer and from the dryer to
the pump occurred in a PVC suction hose (total length 140 m, 25.4 mm
inner diameter). A needle valve between the dryer and the air sampling
tube regulated the pressure of the whole system, which was kept at 35 to
39 mb. A reference gas of known concentrations (CO2: 15,000 ppm, uncer-
tainty: 1.5%; N2O: 90 ppm, uncertainty: 3%) flew continuously through
the reference cell of the analyzer, with a flow rate of 10 mLmin−1. On aver-
age, a 40 L reference cylinder lasted about 7months. The light beam from the
laser of the closed-path analyzer was split into its reference cell and the sam-
ple cell whose attenuation was measured by the same detector. The concen-
trations of the air sample in the sample cell were calibrated against the
reference cell concentrations. The instrument uncertainties of the CO2 and
N2O concentrations and fluxes were 1.5% and 3%, respectively.

In addition to the flux measurement, temperature and humidity were
measured with temperature/humidity sensors (model HMP155, Vaisala
Inc., Helsinki, Finland) at heights of 10, 50 and 70 m above the ground.
Wind speed and wind direction were measured with anemometers and
wind vanes (model 05103, R M Young Inc., Traverse City, Michigan,
USA) at heights of 10 and 50 m. Air pressure was measured with a pressure
sensor (model CS106, Campbell Scientific Inc.) at the height of 70 m. Four
components of the surface radiation balancewere measuredwith a radiom-
eter (model CNR4, Kipp& Zonen B.V., Delft, the Netherlands) at the height

Image of Fig. 1


Fig. 2. Description of the EC systems. Photo of the flux tower (a), closed-path EC system: anemometer and the gas inlet (b), open-path EC system (c), N2O/CO2 gas analyzer
(d), and schematic of sampling setup for the close-path EC system (e).
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of 10 m. These meteorological variables were sampled by a datalogger
(model CR3000, Campbell Scientific Inc.) and archived as half-hourly aver-
ages. Precipitationwasmonitored at a standardweather stationmaintained
by the China Meteorological Data Network, located in Chuzhou City, about
30 km to the northeast of the study site. (The rainmeasurement at the tower
was interrupted by large data gaps. For months with complete observation,
the mean monthly precipitation at the tower was 65 mm, which is in good
agreement with the mean value of 61 mm observed at the weather station
for the same months.)

2.3. Data processing

Half-hourly fluxes were obtained with the EddyPro software (Version
6.2.1, LI-COR Inc., Lincoln, Nebraska, USA) from the 10 Hz EC data. Before
the flux calculation, the raw data were screened for spikes (Vickers and
Mahrt, 1997). A double coordinate rotation was used to remove tilt errors
(Aubinet et al., 2012). The lag time caused by spatial separation of the gas an-
alyzer and the sonic anemometer (and by travel through the sampling tube
for the closed-path EC) was corrected before the flux calculation. The lag
timewas determinedwith a covariancemaximizationmethod supplemented
with a default value and a preset range of allowable values (Aubinet et al.,
2012; more on this in Section 3.1). The WPL density correction was applied
to the open-path EC gasfluxes (Webb et al., 1980). No density correctionwas
needed for the closed-path system as temperaturefluctuations were removed
by the sampling tube andwater vapourwas removed by the dryer. The Reyn-
olds number of the flow in the sampling tube was about 2250, which is close
to the critical Reynolds number of 2300, indicating some loss of high-
frequency fluctuations. Hence, a spectral correction method was used to cor-
rect for the flux loss at high frequencies caused by dynamic frequency re-
sponse of the sensor, scalar and vector path averaging, sensor separation
and signal attenuation down the sampling tube (Moncrieff et al., 1997).

The eddyfluxwas corrected for the storage termbelow themeasurement
height using the concentration time series measured by the analyzer. This
correction could be subject to errors at the sub-day time scale because it
was not based on profile measurements, but the uncertainty was not as crit-
ical at longer time scales. The 0-1-2 qualityflag systemdeveloped byMauder
and Foken (2004) was used to remove poor quality flux data (data tagged
with flag 2). The nighttime fluxes were screened for conditions of possible
decoupling between the surface and the air layer. Half-hourly observations
whose friction velocity (u⁎) was less than 0.1m s−1 were excluded from fur-
ther analysis. The thresholdwas determined by the relationship between the
nighttime CO2 flux and the friction velocity (Aubinet et al., 2012).
4

Our analysis focused on flux values at the daily, monthly and annual
timescales. Processes at sub-day timescales, such as convective mixing dur-
ing morning transitional periods (Peltola et al., 2015), were omitted from
the results presented below. The closed-path EC was interrupted by occa-
sional power failures and equipment maintenance. After data quality
screening, valid N2O flux data was obtained for 48% half-hourly intervals
from October 2018 to December 2020. A daily mean flux was calculated
if there was 50% ormore valid half-hourly flux data in that day. The overall
daily data coverage was 63%. Since there were three large data gaps (9
March to 29 April 2020, 52 days; 28 June to 12 August 2020, 46 days; 13
to 31 December 2020, 19 days), gaps were filled on monthly scale. A
monthly mean N2O flux was calculated if valid daily flux data exceeded
50% in that month. For othermonths, gapswere filled by amultiple nonlin-
ear regression equation between the observed monthly N2O flux and
monthly mean air temperature and precipitation (Section 3.3). Annual cu-
mulative N2O emission was calculated from the gap-filled monthly data.

2.4. Footprint analysis

The EC flux footprint was calculated for every half hour using the foot-
print model of Kljun et al. (2015). The input parameters include the EC
measurement height, roughness length, wind speed, boundary layer height,
the Obukhov length, crosswind standard deviation, friction velocity, and
wind direction. Surface roughness was estimated from the linear relation-
ship between wind speed and friction velocity (Lee, 2018). Boundary
layer height data was obtained from NOAA's global data assimilation sys-
tem (https://ready.arl.noaa.gov/gdas1.php). All other input data were pro-
vided by the EC systems. The footprint climatology based on the hourly flux
footprint (Fig. 1a), was used to upscale fertilizer application data for com-
parisonwith theN2Oflux. The upscalingwas carried out at the annual time-
scale and for the whole flux footprint.

2.5. Plot- and field-scale data from published studies

We compared our tall-tower flux with plot- andfield-scale data found in
81 published studies (Supplementary Tables S3 and S4). For comparison of
the mean flux measured in the growing season, the data were divided into
two groups: rice paddy versus dryland crops. Here dryland crops include
grain crops (wheat, corn and soybean) and commercial crops (cotton, rape-
seed, sugarcane and sugar beet). For comparison of the annual mean flux,
the data were grouped into three categories (rice-fallow, rice-dryland
crop rotation and dryland crops).

https://ready.arl.noaa.gov/gdas1.php
Image of Fig. 2


Fig. 4. Normalized co-spectra between the vertical velocity (w) and sonic
temperature (Ts), CO2 concentration and N2O concentration for 12:00–15:00, 18
September 2019. The x axis is normalized frequency, where n is natural frequency,
z is measurement height and U is wind speed. The black solid curve represents the
ideal co-spectral model of Kaimal et al. (1972), and black dashed line represents
the ideal slope of −4/3 in the inertial subrange.
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3. Results

3.1. Quality assessment of the closed-path EC data

The long sampling tube (75 m, Fig. 2e) used by the system caused a
large lag time. Here the lag time was determined with the lagged correla-
tion between the 10 Hz CO2 signal and the vertical velocity for every
half-hourly period. Fig. 3 shows the lagged correlation for several afternoon
periods in August 2019. During these periods, the CO2 flux signal was
strong (from −7.58 to −40.16 μmol m−2 s−1), representing ideal condi-
tions for the lag time determination. The result indicated a highly stable
time lag of 7.4 ± 0.1 s. Accordingly, the default lag time was set to 7.4 s
in the EddyPro software. As the tube flow rate could vary with pressure,
the lag time was allowed to fluctuate between 7.0 and 8.5 s. If the lag cor-
relation calculation returned a lag time outside this range, the default value
was used. Over the whole experimental period, above 70% of the half-
hourly observations had a lag time in the 7.0 to 8.5 s window, indicating
a stable flow rate through the analyzer.

We used the CO2 time series for the determination of time lag because
its signal was much stronger than the N2O time series, resulting in a more
precise estimate of the time lag. We then assumed the same lag time for
N2O. This is a safe assumption becauseN2O is an inert gaswithout evidence
of an adhesion tube-wall effect. The samemethod of lag determination can
be found in Kroon et al. (2010a), Rannik et al. (2015) and Brown et al.
(2018), who used CO2 or CH4 to estimate the lag time for N2O.

TheN2O fluxwas weakly sensitive to the lag time. If the default lag time
was used for all observational periods, the mean N2O flux would decrease
by 5%. The weak sensitivity was an indication that turbulent diffusion at
the measurement height (70 m above the ground) was dominated by
large eddies.

Typical co-spectra between the vertical velocity and three scalars (tem-
perature, CO2, and N2O) are shown in Fig. 4. Overall, the co-spectra were in
good agreement with the ideal co-spectral model proposed by Kaimal et al.
(1972), especially for temperature and CO2. TheN2O co-spectrumwas nois-
ier than those of temperature and CO2, and appeared to be lower than the
modelled value for normalized frequency greater than 3, emphasizing the
need for high frequency correction. (The frequency correction by the
EddyPro software increased the N2O flux by 10% on average.)

Fig. 5a shows the half-hourly turbulent CO2 flux time series observed
with two EC systems for a typical 7-day period and Fig. 5b is a 1:1 com-
parison of these two systems for the whole measurement period. The
CO2 flux measured by the closed-path system agreed well with that
from the open-path system (R2 = 0.88; Fig. 5b). Further, in Fig. 6,
Fig. 3. Lagged correlation between the CO2 concentration and the vertical velocity.
Observations were made between 12:00 and 15:00 local time on 14 to 16 August
2019. The black dotted line represents a lag time for 7.4 s. Each data curve
represents a half-hourly observation.
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CO2 concentration observed by the closed-path analyzer is compared
with that obtained with the Picarro system over a two-month period
(14 October to 21 December 2018) when both were functioning nor-
mally. Once again, an excellent agreement was achieved, as evidenced
by the good correlation (R2 = 0.997) and a small difference of 1% be-
tween the two systems (Fig. 6b).

The CO2 comparisons indicated that the closed-path EC system achieved
a high standard of performance. Since theN2O andCO2measurementswere
made with the same laser, detector and plumbing setup, a reasonable infer-
ence is that its N2O flux data was also in good quality. Brown et al. (2018)
reported that excellent agreement was achieved for both the CO2 and the
N2O fluxes measured with a closed-path EC system of the same type as
ours and with two other parallel EC systems.

3.2. Temporal variations of the N2O flux

Time series of the daily and monthly N2O flux are shown in Figs. 7 and
8, along with the daily and monthly air temperature and precipitation. The
dailymean temperature varied from−4.3 to 34.7 °C over themeasurement
period. The annual mean air temperature was similar between the two
years (18.2 °C in 2019 and 18.0 °C in 2020). More precipitation fell in the
summer of 2020 than in 2019: the annual precipitation in 2020 was
1322 mm, which more than doubled the amount in 2019 (564 mm). Year
2019 was the second driest year in the period from 1990 to 2020, and
year 2020 was slightly wetter than the climate norm (1091 mm). The larg-
est daily precipitationwas 98.2mm (recorded on 8 August 2020). The sum-
mer total precipitation (830 mm, June to August) in 2020 was the third
highest during the period from 1990 to 2020.

The daily N2O flux was highly variable with time, ranging from−0.96
(on 8 February 2019) to 4.91 nmol m−2 s−1 (20 August 2020; Fig. 7a). The
overall daily mean N2O flux was 0.90 ± 0.71 nmol m−2 s−1 (mean ± 1
standard deviation). Negative daily flux occurred on 39 days, mostly in
the winter and the spring.

The observed monthly mean flux varied from 0.34 nmol m−2 s−1 in
January in 2019 to 1.84 nmol m−2 s−1 in June in 2020 (Fig. 8a). The flux
in the summer (June to August) of 2020 (1.68 ± 1.07 nmol m−2 s−1) was
49% higher than in the summer of 2019 (1.13 ± 0.62 nmol m−2 s−1). This
difference was most likely caused by precipitation variations: the total

Image of Fig. 3
Image of Fig. 4


Fig. 5. Comparison of the CO2 flux observed with two EC systems (OP: open-path, CP: closed-path). (a) Time series for a typical 7-day period, (b) 1:1 plot for the whole
measurement period. In panel b, color indicates data density. Also shown in panel b are regression statistics.
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precipitation in the summer of 2020 (830mm)was more than 4 times that in
the summer of 2019 (191 mm; Fig. 8b). The mean flux during the rice grow-
ing season (May to October) was 1.14 ± 0.72 nmol m−2 s−1, which was
about twice that observed innon-growing season (0.63±0.59nmolm−2 s−1;
November to April).

The half-hourly N2O flux did not show obvious diurnal patterns (Fig. 9).
For example, the difference between the mean daytime flux (1.07 ±
4.64 nmol m−2 s−1; solar elevation angle > 0°) and the nighttime flux
(1.02 ± 2.68 nmol m−2 s−1; solar elevation angle < 0°) in the autumn
was within their ranges of variations.

The annual cumulative N2O emission was 7.6 kg N2O-N ha−1 in 2019
and 9.1 kgN2O-Nha−1 in 2020. The cumulative emission from the growing
season (May to October) of 2019 and 2020was 5.1 and 6.1 kg N2O-N ha−1,
respectively, which contributed about 67% of the total annual emission. A
Monte-Carlo simulation was used to estimate the uncertainty of the annual
flux arising from gap-filling. This simulationwas based on 10,000 ensemble
members and the assumption that errors of the regression coefficients
(Section 3.3) followed a normal distribution, and their standard deviations
were all taken as 50% of the 95% confidence intervals. The standard devi-
ation of the simulated annual N2O flux was 0.20 nmol m−2 s−1, which was
equivalent to 22% of the mean observed N2O flux over the whole measure-
ment period.
Fig. 6. Comparison of the CO2 concentration measured with the Picarro analyzer and th
(a) and 1:1 plot (b). In panel b, color indicates data density. Also shown in panel b are r

6

3.3. Effects of environmental conditions on the N2O flux

Fig. 10 shows the dependence of the N2O flux on air temperature at the
daily, 10-day and the monthly scale. The relationship with air temperature
was exponential at these three time scales and the correlation was signifi-
cant (R2 > 0.15, p < 0.01). A notable outlier was found in the monthly
flux versus temperature relationship (panel c); it occurred in June 2020, a
month with very high precipitation (291 mm). A two-variable regression
on the monthly data yields,

Fn ¼ −1:397 �0:205ð Þe−0:068 �0:051ð ÞTa þ 0:003 �0:001ð ÞPþ 1:204 �0:385ð Þ (1)

where Fn ismonthlyflux in nmolm−2 s−1,Ta is air temperature in °C, P is pre-
cipitation in mm, and the parameter bounds denote 95% confidence inter-
vals. This regression explained 78% of the observed flux variability, better
than the single variable regression with temperature (R2 = 0.63, Fig. 10c).

3.4. Comparison with plot- and field-scale flux data

Fig. 11 shows a comparison of the flux value in this study with plot- and
field-scale N2O flux data for the growing-season and the annual period
found in the literature. The growing season N2O flux is 0.44±0.70 (mean±
e closed-path EC TGA analyzer from 14 October to 21 December 2018: time series
egression statistics.

Image of Fig. 5
Image of Fig. 6


Fig. 7. Time series of (a) daily mean N2O flux, (b) daily mean air temperature, and (c) daily precipitation over the whole measurement period. In panel a and b, filled dots
represent daily mean values, and black lines represent 10-day running means.
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1 standard deviation of spatial replicates) nmol m−2 s−1 for rice paddy and
0.58 ± 0.61 nmol m−2 s−1 for dryland crops. Our growing season value,
1.14 nmol m−2 s−1, was significantly higher than both (one-sided Student t-
test p < 0.01). For plot- and field-scale studies conducted over the annual pe-
riod, the N2O flux is 2.55 ± 2.44 kg N2O-N ha−1 y−1 from rice-fallow sys-
tems, 6.65 ± 4.59 kg N2O-N ha−1 y−1 for rice-dryland crop rotation, and
3.29 ± 7.44 kg N2O-N ha−1 y−1 for dryland crops. The rice-dryland crop
rotation systems have the highest annual mean flux presumably because
of higher total N fertilizer use. Our annual mean flux, 8.11 kg N2O-
N ha−1 y−1, was higher than the mean values of the three groups, and
the difference was statistically significant between our flux and those
of rice-fallow systems and dryland crops (p < 0.01).

4. Discussion

4.1. Negative N2O flux

Over the whole experimental period, 66% of the daily flux value
fell in the range from 0.2 to 1.4 nmol m−2 s−1 and 92% was positive
Fig. 8. Time series of (a) monthly mean N2O flux, and (b) monthly mean a
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(Fig. 12), indicating that the landscape was a source of N2O most of
the time. About 8% of the daily flux was negative, implying a net
N2O uptake. Negative N2O flux has also been reported for cropland
(maize, rice paddy and wheat; Li et al., 2008; Berger et al., 2013;
Hao et al., 2016; Tallec et al., 2019), grassland (Jones et al., 2011),
forests (Eugster et al., 2007; Zona et al., 2013b) and aquatic ecosys-
tems (Huttunen et al., 2003; Xia et al., 2013). Low N and oxygen levels
in the soil tend to favor N2O consumption (Chapuis-Lardy et al.,
2007). For rice paddies, negative N2O flux has been reported for
waterlogged periods (Berger et al., 2013; Hao et al., 2016). In our
study, nearly all the negative flux was measured in the non-growing
season, when most of the fields in the flux footprint were in the
fallow/flooding phase of the rice-fallow rotation. The most negative
flux (−0.96 nmol m−2 s−1) was observed on 8 February 2019, one of
the coldest days during the experiment (Fig. 7b; temperature on 8 Feb-
ruary 2019 was −0.1 °C). Our results are consistent with the study of
a subtropical rice paddy by Lin et al. (2012), who found that lower
temperature and waterlogged condition are conducive to N2O consump-
tion by the soil.
ir temperature and precipitation over the whole measurement period.

Image of Fig. 7
Image of Fig. 8


Fig. 9.Diurnal pattern of the N2O flux for (a) spring, (b) summer, (c) autumn, and (d) winter during the wholemeasurement period. Solid lines are ensemble means and grey
areas denote ±1 standard deviation.
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The negative flux cannot be explained by instrument calibration uncer-
tainty (3%; Section 2.2). To obtain an estimate of the overall uncertainty of
the daily flux, we selected a two-week period from 12 August to 25 August
2019 when weather conditions were relatively stable (no rain; mean daily
temperature in the range of 27.6 to 31.5 °C), and assumed that the flux fluc-
tuations were caused by measurement uncertainties. The standard devia-
tion of the daily flux was 0.4 nmol m−2 s−1. Because the zero flux value
was more than two standard deviations away from the mean, the chance
of a negative flux due to measurement uncertainty was less than 2%.

4.2. Temperature and precipitation controls on the N2O flux

Previous plot- and field-scale studies often show periods of pulse-like
N2O flux resulting from fertilization use and precipitation or irrigation
(Molodovskaya et al., 2012; Wang et al., 2013; Huang et al., 2014; Tallec
et al., 2019). This phenomenon was not observed in this study (Fig. 7a)
for two reasons. First, our flux footprint is extensive: the area encompassed
by the 90% footprint contour line is about 200 km2 (Fig. 1a). Timing of fer-
tilizer application varied by several weeks among thefields in this footprint,
so any fertilizer-induced emission signal associatedwith an individual farm
would become smeared. Second, the footprint of any single half-hourly
measurement was restricted to a small wind directional sector that may
Fig. 10. Relationships of the N2O flux with air temperature at the (a) daily, (b) 10-d
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or may not have been affected by fertilizer application. The lack of flux
pulses may also be an indication of a large contribution of indirect emission
(from irrigation channels) to the observed flux.

The largest monthly flux was observed in June 2020, the month with
the highest monthly precipitation (291 mm) of the whole experiment.
The climatological mean precipitation for June is 165 mm. The month of
June 2019 experienced the sixth lowest precipitation amount (84 mm)
from 1990 to 2020, and the flux was 1.16 nmol m−2 s−1 or 59% lower
than the value observed for June 2020. The air temperature in June was
similar between the two years (26.6 °C in 2019 and 26.7 °C in 2020), fur-
ther supporting the interpretation of the precipitation effect on themonthly
flux. Heavier precipitation may have a larger influence on emissions from
water bodies than frompaddy fields, as more N ismoved to the aquatic eco-
systems by leaching and runoff, stimulating the production of N2O (Tian
et al., 2017). Further, previous studies of a rice-based agro-ecosystem in
southeast China (Zheng et al., 2000) and a rice-dominated agricultural wa-
tershed in eastern China (Xiao et al., 2019a) show positive correlation be-
tween precipitation and the N2O flux.

In the US Corn Belt, N2O emission is enhanced by warmer and wetter
conditions (Griffis et al., 2017). In the present study, temperature and pre-
cipitation also exerted positive influence on the monthly flux (Eq. (1)). On
the annual time scale, precipitation variation may have contributed to the
ay and (c) monthly scale. Color in panels indicates precipitation amount (mm).

Image of Fig. 9
Image of Fig. 10


Fig. 11. Comparison with plot- and field-scale N2O flux data found in the literature for the growing-season (a) and the annual period (b). Number of observations is denoted
by N. Dashed lines represent the mean values of this study. Black square represents the mean value of each group. The + symbol represents outliers.
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higher annual flux in 2020 (9.1 kg N2O-N ha−1, annual precipitation
1322 mm) than in 2019 (7.6 kg N2O-N ha−1, annual precipitation
564 mm) as the annual mean temperature was nearly the same between
the two years (18.2 °C in 2019 and 18.0 °C in 2020). In Griffis et al.
(2017), the interannual variability is much larger (85%) than ours (20%),
and is driven primarily by temperature change. This comparison is prelim-
inary because of different time span (six years versus two years) and differ-
ent spatial scales (regional scale versus local scale).

A positive correlation between temperature and the N2O flux has been
reported for both terrestrial (e.g., Smith et al., 1998; Flessa et al., 2002;
Hörtnagl and Wohlfahrt, 2014; Waldo et al., 2019) and aquatic ecosystems
(e.g., Hu et al., 2012; Venkiteswaran et al., 2014; Wu et al., 2018; Xiao
et al., 2019b; Grossel et al., 2021). The Q10 of the N2O flux from terrestrial
systems is in the range of 0.6 to 19.3 (Smith et al., 1998; Dobbie et al., 1999;
Flessa et al., 2002; Zou et al., 2004; Parkin and Kaspar, 2006; Ding et al.,
2007; Song and Zhang, 2009; Smith et al., 2011; Ni et al., 2012; Li et al.,
2013; Zhou et al., 2018; Liu et al., 2019), with a mean value of 3.7,
Fig. 12. Frequency distribution of the daily N2O flux over the whole experimental
period.
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which is higher than the mean value of 2.7 for aquatic ecosystems (range
1.7 to 4.5, Liu et al., 2016; Xiao et al., 2019a; Xiao et al., 2019b). The Q10

in the present study, found byfitting the data in Fig. 10with an exponential
function across the three time scales, is between 1.4 and 1.5, which is near
the lower limit of the above ranges. This result was 1 to 3 times lower than
the value obtained for permanently flooded rice paddy fields in subtropical
China (Q10 3.3 to 6.1, Zhou et al., 2018). By performing an inverse analysis
with the N2O concentration observed on a tall tower, Griffis et al. (2017)
found that the regional-scale Q10 for the US Corn Belt is also quite low
(2.0). It appears that the N2O flux has weaker response to temperature at
the landscape and the regional scale than the plot- and field-scale flux, as
the former may consist of sources with a weak temperature dependence.

4.3. Explanation for the high EC flux

Two reasons may explain the higher N2O flux in our study than in other
rice paddy studies. First, the N2O flux data for rice paddies cited in Fig. 11
were all based on the chamber method. It is possible that some emission
hotspots (locations of high emission) and hot moments (episodic high emis-
sion events) are missed by these small-scale measurements. Although some
authors have reported good agreement in the N2O flux between the cham-
ber method and the EC method (Christensen et al., 1996; Hargreaves et al.,
1996), others have found that the chamber method is biased low by as
much as 50% on the annual time scale in comparison with the ECmeasure-
ment (Wang et al., 2013; 1.43 kg N2O-N ha−1 y−1 according to the cham-
ber method and 3.15 kg N2O-N ha−1 y−1 according to the EC method),
suggesting that the ECmay hasmeasured a different area. Second, drainage
systems are N2O emission hotspots (Denmead et al., 2010; Turner et al.,
2015), but they are generally omitted in the chamber-based studies. In
the US Corn Belt, indirect N2O emission from the drainage network and
streams accounts for 53% of the total emission (Turner et al., 2015).

Currently, we lack direct evidence of large emission signals associated
with drainage networks in the YRD. Xia et al. (2013) reported that the
mean N2O flux is 0.08 nmol m−2 s−1 for rivers, ponds and reservoirs in a
small rice paddy watershed called Jurong (area of 45.5 km2) in Jiangsu
Province, China. In a later study of the same watershed but with expanded
measurement to include small irrigation ditches, Xiao et al. (2019a) ob-
served a higher mean N2O flux of 0.31 nmol m−2 s−1. These flux values
are lower than those reported for irrigation ditches and rivers in the US
Corn Belt (5.25 nmol m−2 s−1; Turner et al., 2015) and lowland arable
catchment in the UK (0.37 to 3.35 nmol m−2 s−1; Outram and Hiscock,
2012), even though the reactive N concentrations in the Jurong watershed
(NO3-N=0.30 to 1.85mg L−1, NH4-Nmg L−1= 0.12 to 0.49mg L−1) are
at similar levels as those reported by Outram and Hiscock (2012). In Xia

Image of Fig. 11
Image of Fig. 12
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et al. (2013) and Xiao et al. (2019a), the N2O flux was measured two times
permonth using thewater-air exchangemethod. Xiao et al. (2019a) suggest
that because of the coarse temporal resolution, hot emission moments may
have beenmissed. Continuousmonitoring of riverine fluxmay be an impor-
tant next step to determine whether the waterways in the flux footprint are
the source of the high indirect emission flux suggested by our tall-tower
data.

Another potential large emission source is aquaculture ponds. This is be-
cause they receive much more N input than cropland. According to our sur-
vey of local aquaculture farming practice, the annual N input was
1430 kg N ha−1. Similarly high N inputs have been reported for aquacul-
ture ponds in other areas (405 to 650 kg N ha−1, Liu et al., 2016; Ma
et al., 2018; Wu et al., 2018). Surprisingly, the N2O flux reported for aqua-
culture ponds is relatively low, ranging from 0.02 to 0.36 nmol m−2 s−1

(Liu et al., 2016; Ma et al., 2018; Wu et al., 2018; Li et al., 2019; Yuan
et al., 2019; Yang et al., 2020). To investigate the role of aquaculture
ponds in the landscape N2O budget, we measured the N2O flux of two fish-
ponds near the tall tower. Details about the fishpond measurement are de-
scribed in Supplementary Materials. The pond flux was more sensitive to
temperature (Q10 = 2.5, Supplementary Fig. S2) than the tall-tower flux
(Q10: 1.4 to 1.5, Fig. 9). The mean pond flux was 0.37 nmol m−2 s−1

over the period between January 2018 and October 2020 (Supplemen-
tary Fig. S1), which was 59% lower than the mean tall-tower flux. It
should be noted that our pond measurement was made when the
ponds were full of water, so were those reported by Wu et al. (2018),
Yuan et al. (2019) and Yang et al. (2020). We hypothesize that the
pond emission flux, driven by high sediment N concentrations, is
much higher during low water levels and dry periods than when the
pond is fully inundated (Liu et al., 2016; Ma et al., 2018). This hypoth-
esis, if confirmed in future experiments in the tall-tower footprint, can
partially reconcile the difference between our tall-tower flux and the
plot- and field-scale observations (Fig. 11).

4.4. Emission factor

Combustion sources of N2O in the EC footprint were negligible. The
total number of residents was about 2000 to 4000 in the tower footprint.
They used coal, liquid fuel and electricity for cooking. No space heating
was allowed. Government regulations did not permit burning of crop resi-
dues in this region. With these considerations, the measured flux can be
used to infer an emission factor.

Our footprint analysis revealed that 67% of the surface in the eddy
flux footprint was occupied by cropland, 5% by aquaculture ponds,
and the remaining by forest, water body, impervious area and other
lands (Table S1). Among them, only cropland and aquaculture ponds
were applied N fertilizer. Using the above footprint proportions and
the N inputs, we arrived at a footprint-weighted fertilizer application
intensity of 200 kg N ha−1 (Table S2). The annual N2O emission from
this agricultural landscape was 7.6 and 9.1 kg N2O-N ha−1,
corresponding to 3.8% and 4.6% of the applied N in 2019 and 2020,
respectively.

Our result was higher than the IPCC default direct emission factor (EF)
of 1% (range 0.3% to 3%) for dryland crops and 0.3% (range 0.0% to 0.6%)
for rice paddies (IPCC, 2006). The footprint-weighted direct EF using these
two default values was 0.4% for the cropland in the eddy flux footprint. If
we assume that this is the true direct EF, the indirect EF would be 3.4%
to 4.2%, which is higher than the default EF (0.75%) of indirect emission
resulting from N leaching and runoff (range 0.05% to 2.5%). Alternatively,
if we accept the IPCC default indirect EF of 0.75%, our result would imply a
direct EF of 3.05% to 3.85%, which is greater than the upper limit of the
IPCC range for direct emission.

Our EF was lower than the US Corn Belt result (value 5.3%± 1.2%) re-
ported by Griffis et al. (2017). In that region, about 12% of the regional
emission is contributed by livestock (Griffis et al., 2013). In our study, live-
stock emission was negligible as farm animal population (pigs and
chickens) was small.
10
5. Conclusions

The present study appears to be the first effort to observe the N2O flux
with the EC method in a rice cultivation landscape. The landscape was a
source of N2O most of the time, with a daily mean flux of 0.90 ±
0.71 nmol m−2 s−1 over the 27-month measurement period. Air tempera-
ture and precipitation explained 78% of the monthly N2O flux variations.
The temperature sensitivity was rather low (Q10: 1.4 to 1.5), supporting a
previous study (Griffis et al., 2017) showing that the N2O flux has weaker
response to temperature at spatial scales consisting of multiple sources
than at the plot scale consisting of a single soil source.

Our tall-tower flux was higher than most flux values found in other rice
paddy studies. One explanation for this difference is that small-scale
chamber measurements in those studies may have missed emission hot
spots and hot moments. The large emission factors reported here imply
that waterbodies in the flux footprint, such as aquaculture ponds with in-
tensive N input and irrigation networks, are potentially large emission
sources.
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