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Abstract

Accurate estimation of terrestrial ecosystem respiration is crucial for developing
regional- to global-scale carbon budget databases. This study evaluated nighttime
ecosystem respiration under low turbulence conditions at a paddy field in China during
the 2004 growing season. Data from turbulent flux with storage change and alterna-
tively from CO, concentration profiles measured from the surface to 32 m height were
investigated and compared. Conditions were separated into windy and calm using a
friction velocity (v,) threshold. On calm nights, the vertical gradient of CO, concentra-
tion was higher near the canopy level and decreased with height. No differences were
detected in terms of quantity and seasonality between the eddy covariance-observed
nighttime ecosystem respiration (A;) and the alternatively calculated R, under calm
conditions. Nighttime underestimation of paddy ecosystem respiration was low, even
under calm conditions. Under stable atmospheric conditions, nighttime “loss” of CO,
flux may result mainly from CO, being stored in air below the sensor height, and
CO, drainage loss could be small because advection is small. Because the addi-
tion of measurement-height storage change is preferable for reducing nighttime un-
derestimation, u, filtering and low turbulence data elimination are not required for the
paddy ecosystem. Alternatively, under low turbulence conditions, nighttime flux can
be calculated from concentration profiles, but actual measurement of the nocturnal
boundary layer height is very important. For gap-filling of nighttime CO, flux data for
a paddy ecosystem, development of multiple regression functions based on the crop
biomass/leaf area index in association with field water status is preferable to a single
regression function using air/soil temperature.

1 Introduction

Carbon dioxide emission from both vegetation and soil, known as ecosystem respira-
tion, is an important component of the terrestrial carbon budget. Ecosystem respiration
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acts as a determining factor for ecosystem status as either a carbon source or a carbon
sink (e.g., Valentini et al., 2000; Janssens et al., 2001). To precisely estimate annual
balances of greenhouse gases, we must understand the source and sink strengths
of individual ecosystems and anthropogenic emissions. Climate change is one of the
biggest challenges facing humanity. If carbon emission and/or photosynthetic carbon
uptake can be manipulated, it may be possible to maintain carbon storage in the ter-
restrial biome. To effectively manipulate respiratory carbon emission from terrestrial
ecosystems, accurate measurements of ecosystem respiration and its major control-
ling factors are required.

Net ecosystem exchange (NEE) is the difference between two large terms: the se-
questration of carbon by photosynthesis and the emission of carbon by soil respiration.
A delicate balance exists between these terms, and thus even small errors in the es-
timation of either may lead to relatively large errors in estimated NEE. The eddy co-
variance (EC) technique is the only reliable method for measuring the net exchange of
carbon, water, and energy between a terrestrial ecosystem and the atmosphere over
timescales of hours to years. Over the past decade, the number of flux measurement
sites using the EC technique to measure surface—atmosphere exchange of carbon,
water, and energy fluxes has increased dramatically worldwide (e.g., Baldocchi et al.,
2001) and is still expanding.

However, EC measurement difficulties have often been reported under calm night-
time conditions (e.g., Goulden et al., 1996; Staebler and Fitzjarrald, 2004). In the EC
approach, net vertical turbulent CO, flux is measured between the atmosphere and
surface (vegetation and soil). Under calm conditions at night, stably stratified atmo-
sphere (negative buoyancy) often occurs, whereby cool, dense air near the surface
resists mixing with air above. This decoupling of the atmosphere means that fluxes
measured at sensors may be unrepresentative of fluxes from the soil and canopy.

One commonly used approach to limit such nighttime underestimation is addition to
the eddy CO, flux, a term that accounts for the CO, storage in the layer between the
ground and the measurement height (e.g., Wofsy et al., 1993). Another approach is
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to discard NEE measurements under calm conditions and replace the missing values
with NEE modeled as a function of temperature parameterized with measurements
under windy conditions (e.g., Goulden et al., 1996; Aubinet et al., 2001; Massman
and Lee, 2002). Discrimination between calm and windy conditions is usually based
on friction velocity, u,, and therefore this approach is often referred to as “u, correc-
tion” Some alternative approaches have also been developed for nighttime respiration
measurements. One such approach is to derive ecosystem respiration from daytime
eddy covariance data by extrapolating the relationship between daytime NEE and solar
radiation to zero irradiance; however, uncertainty still remains and the estimated quan-
tity is usually lower (up to 20% lower) and less responsive to temperature changes
(e.g., Kowalski et al., 2003; Xu and Baldocchi, 2004). Closed-chamber techniques are
another common approach for measuring CO, fluxes between the atmosphere and
biosphere (e.g., Angell et al., 2001; Arnone and Obrist, 2003; Patrick et al., 2007),
but recent studies have shown that the closed-chamber method overestimates CO,
respiration under low turbulence conditions (e.g., Schneider et al., 2009).

A novel approach for nighttime ecosystem respiration developed by van Gorsel et
al. (2007, 2008, 2009) is based on the assumption that advection is small relative to
the vertical turbulent flux (Ec) and storage change (Sc) of CO, in the few hours after
sundown. The sum of Ec and Sc reach a maximum during this period, which is used
to derive a temperature-response function for ecosystem respiration (van Gorsel et al.,
2007). The reliability of the method was established using data from different sites
(van Gorsel et al., 2009). However all the sites were forest sites, and thus different
results might be expected for short canopy vegetation such as agricultural fields and
grassland. Pattey et al. (2002) introduced the nocturnal boundary layer (NBL) method
as an alternative under light wind conditions to estimate nighttime CO, fluxes along
with EC fluxes for agricultural crops. Defining the height of the NBL is not always easy
due to the occasional presence of temperature and CO, stratifications. In addition, NBL
profiles integrate a larger area than EC due to the variation of the flux footprint. The
dimension and orientation of the flux footprint depends largely on the sensor height,
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surface roughness, wind speed and direction, and atmospheric stability. Thus, how
tall a profile tower is required and how calm-condition data will be evaluated are still
research issues for carbon budget studies over short canopy vegetation.

In monsoon Asia, paddy rice is the dominant agricultural crop and an ecosystem that
is highly controlled by human activities. For a complete carbon scenario of the Asian re-
gion, measurement of the carbon budget in agricultural fields, especially paddy fields,
is essential. Previous studies on paddy ecosystems have been generally limited to
short-term or seasonal CO, flux exchange estimation (e.g., Miyata et al., 2000; Saito
et al., 2005). Some studies have estimated paddy soil respiration during growth or fal-
low periods using the closed-chamber method (Lou et al., 2004; Zhu et al., 2005) and
derived models from fallow period respiration for growing season respiration using the
EC method (e.g., Ren et al., 2007). In the growing season, characteristic changes in
crop phenology, the vegetation index, and soil water coverage have large influences on
the magnitude of ecosystem respiration. Paddy ecosystem respiration is also manipu-
lated through management practices such as irrigation and drainage, and therefore, the
magnitude and seasonality of paddy respiration differ from those of other ecosystems.

The study addressed the following questions regarding ecosystem respiration mea-
surement for a rice paddy ecosystem:

1. To what extent is nighttime ecosystem respiration underestimated by EC mea-
surement under low turbulence conditions?

2. How much of the “lost” EC-measured nighttime ecosystem respiration can be
retrieved by the storage-change approach?

3. What is the feasibility of using high towers for nighttime ecosystem respiration
measurement?

4. How different are EC-measured nighttime NEE and high tower-measured night-
time NEE estimated from storage change?

5. What is the best strategy for gap-filling nighttime data?
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2 Methodology
2.1 Site description

The monitoring site was located in a transition area between humid and dry regions
in China. The annual mean temperature in 2004 was 16.8 °C, ranging from —-7.6°C in
December to 36.8 °C in July. Annual precipitation in 2004 was about 1400 mm (Yatagi
et al., 2009), most of which fell from mid-May to mid-October. The cropping pattern
was wheat-rice-fallow, following the typical local practice in central China. Wheat was
seeded around mid-December and harvested at the end of May. Rice seedlings were
planted in mid-June and harvested at the end of September.

This study was conducted at a flat, homogenous paddy field in Shouxian (32.55° N
and 116.78°E, 22.7 m a.s.l.) in 2004. The site was located within the Huai River basin
in Anhui Province (Fig. 1), at the southern edge of residential Shouxian, about 2 km
south of the city center. Surrounding land was mainly agricultural fields, with some
residences and small buildings that were often surrounded by trees. A paved road
passed 200 m west of the site, and an irrigation canal was located 2 km west of the
road. Lake Wabuhu was 7 km to the southeast, and the Huai River was 9 km to the
northwest.

An observation tower was established at the southeast corner of a field that included
a meteorology station, ponds, and an office building. Paddy fields were distributed
northeast to southwest of the tower.

2.2 Observation items

Turbulent fluxes were measured at three different heights above the ground surface.
Flux densities of CO,, sensible heat, latent heat, and momentum were measured by
the EC method. Three components of wind velocity and temperature fluctuation were
measured with a sonic anemometer (C-SAT-R3-50; Gill Instruments, Lymington, UK),
while the densities of CO, and water vapor were measured with an open-path infrared
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gas analyzer (LI-7500; LI-COR, Lincoln, NE, USA). The sensor heads of the sonic
anemometer and the gas analyzer were mounted on the 32-m-tall tower at 3.5, 12.2,
and 32m above the ground. The physical path length of the sonic anemometer was
0.1 m, and that of the open-path gas analyzer was 0.125m. The horizontal distance
between the two sensor heads was 0.2m. The data from these sensors were sam-
pled at 10 Hz using a CR 1000 data logger (CR1000; Campbell Scientific, Logan, UT,
USA) and retrieved using a compact flash card. Half-hourly flux densities of CO,, latent
heat, and sensible heat were calculated from the covariance between the vertical wind
velocity, w, and the respective quantities. Air-density fluctuation effects on the mea-
surement of CO, and latent heat fluxes were corrected following the method of Webb
et al. (1980).

Mean temperature and relative humidity were measured with temperature-humidity
sensors (HMP-45D; Vaisala, Vantaa, Finland) at five heights: 1.5, 2.8, 10.8, 20.7, and
30.7m. A pressure sensor (PTB-210; Vaisala) measured atmospheric pressure. Soil
temperature was measured with thermocouples at depths of 0.05, 0.1, 0.2, and 0.4 m
below the ground surface. Soil heat flux plates (CPR-PHF-01; Climatec, Japan) were
set in three places in the soil surface of grassland areas adjacent to the paddy field to
measure soil heat flux.

Downward and upward radiation flux densities (both of shortwave and longwave)
were measured with a four-component net radiometer (CNR1; Kipp & Zonen BV, Delft,
The Netherlands) mounted on the meteorological tower at a height of 31.8 m. The vol-
umetric water contents of three soil layers (-0.1, —0.2, and -0.4 m) were measured
with time-domain reflectometry (TDR) soil moisture sensors (C-CS616-30; Campbell
Scientific). These supporting data were sampled every 5 s using data loggers (CR23X;
Campbell Scientific), and 5-min averages of the sampled data were recorded. Addi-
tional details of the observation have been reported by Tanaka et al. (2007).
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2.3 CO, budget equation and EC method

The carbon dioxide mass conservation equation states that the CO, produced or ab-
sorbed by a biological source/sink is either stored in the air or removed by flux diver-
gence in all directions. This equation has been developed and discussed in detail by
various authors, notably Finnigan (1999, 2003), Finnigan et al. (2003), and Feigenwin-
ter et al. (2004). The general equation for NEE calculation is

NEE = /6Cdz+ wic'(z /WaCdZ+ [(u—+v—)dz

I Il Ml v

where term | is storage change (Sc), term Il is turbulent transfer (Ec), term Ill is vertical
advection, and term |V is horizontal advection. For a homogenous surface like our
site, terms of Il and IV are neglected and NEE is measured based on Ec and Sc
measurements (Aubinet et al., 2005). Therefore, we calculated NEE as follows:

(1)

NEEg, = Sc, +Ec; (2)

So, = 25,5, (3)
At

Ec, = w/c! 4)

where NEEg, is the eddy covariance measurement of NEE; Ec, and Sc, represent the
turbulent flux and storage change at 3.5 m, respectively; z, is the 3.5 m height; AC; is
the change of CO, density during the duration of focus; and At is the time difference
(30 min).

2.4 Storage-change method

Changes in CO, storage (Sc) in the air layer from the surface to 32m height were

estimated. We calculated the rate of storage change in CO, densities under calm con-

ditions when turbulent fluxes are thought typically underestimated by the EC approach.
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Total storage change was calculated from the integration of storage changes at three
height levels, as follows:

NEESC = SC~| + SC2 + SCs

_AC, AC, AC

3
= A7 x(z1-0)+ A x(22—21)+Tx(23—22), (5)

where NEEg; is the storage-change measurement of NEE, Sc; is the storage change
between the surface to 3.5m height, Sc, is that between 3.5 to 12.2m height, and
Scg is that between 12.2 to 32m height. AC,, AC,, and ACj are the changes in CO,
density during the focus duration times at 3.5, 12.2, and 32 m height, respectively, and
Z4, Z», and z5 are the measurement heights of 3.5m, 12.2m, and 32 m, respectively.
At is the time difference (30 min).

2.5 Data processing

Missing data due to instrument malfunction are a common problem at tower flux sites.
Unfavorable conditions may also cause specious flux data.

2.5.1 Determination of the v, threshold

For nighttime CO, flux data correction, the most important aspect for most research is
determining the u, threshold, taking the quality and quantity of effective data into ac-
count. We chose the average value test (AVT) method for determining the u, threshold,
as described in the ChinaFlux methodology (Zhu et al., 2006).

2.5.2 Establishment of the model

When analyzing ecosystem respiration with data measured by the EC method, pre-

vious studies have used flux data from nighttime periods to establish the relationship

between ecosystem and environmental factors (e.g., Baldocchi et al., 2001; Saito et

al., 2005). Because respiration at nighttime during the growing season includes plant
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respiration, soil respiration, and respiration produced by root exudates, we used sur-
face albedo to separate periods to establish the model. Air temperature and data that
passed all quality-control criteria were used to derive the regression function. We used
the following simple exponential function:

R, = aexp(bT), (6)

where a and b are empirical constants to be determined by regression; T is air temper-
ature; b is related to a temperature coefficient Q4y, as b=In(Q4)/10; and a indicates
R, at 0°C. In this study, we divided the whole study duration into four periods (early
vegetative, mid-vegetative, full vegetative, and mature) and determined a and b for the
respective periods by fitting the nocturnal NEE as a function of average air temperature.

2.5.3 General flow for processing nighttime CO, flux

Figure 2 presents a flowchart of the nighttime CO, flux data processing. If the at-
mospheric condition was unstable, CO, diffused from plants and soil could reach the
sensor height. The flux value (Ec) when v, > 0.1 ms~" could be considered a real value
and NEEg, was taken as the sum of Ecy and Sc,. Under the stable atmospheric con-
dition when v, < 0.1 ms'1, the temporal change in CO, storage could be considered
as the alternate value; thus, NEEg, was taken as the value. Data were rejected if they
were collected under unfavorable conditions such as rainfall, wind direction from a con-
taminated area other than the target area, high wind speed (WS>10 ms"), or highly
turbulent conditions (o, >0.5 ms‘1). Some faulty data due to unstable conditions of
CO, densities, u,, and wind direction were used to discard additional data based on a
coefficient of variation (CV) threshold. Finally, considering the lower and upper limits
(0 and 15 pmol m=2s™, respectively) of effective nighttime NEE, other faulty data were
rejected. The effective nighttime NEE threshold value was determined on the basis of
experience and examination of observed data. Zhu et al. (2006) also used 0 as the
lower limit in their study. A model was established using the effective data, meteoro-
logical data including air temperature (7), and a biomass index. Finally, all missing
1210
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data were replaced with model data. Solar radiation was used to separate daytime
and nighttime. For the comparisons of data, u, filtering was not performed, but all
other steps of data processing were carried out and considered to be the general data
processing procedure.

3 Results
3.1 Meteorology and surface conditions

Figure 3 presents time series of daily precipitation, air temperature, and volumetric
soil water content at depths of 0—-0.4 m during the rice growing period in 2004. Annual
precipitation was 1400 mm and most precipitation occurred during the rice growing sea-
son (June—September). Soil water content measured at the nearby grassland showed
a relatively normal range (0.40—-0.45) with distinctly higher values and saturation in the
early to middle vegetation stages (up to day of year (DQOY) 205); thereafter, soil water
decreased slightly but then became stable for the rest of the period. Air temperature
was around 25°C at the beginning of rice growth and began to gradually decrease
from DOY 218. At the end of the growing season (DOY 280), the air temperature was
around 15°C.

Figure 4 shows surface conditions during the growing period, illustrating the char-
acteristic patterns of sensible heat flux (H), latent heat flux (LE), daytime CO, flux,
and albedo. At the beginning of the growing season, H was around 100 W m™2 similar
to LE. While H was approximately 50 W m~? for the entire growing period, H became
dominant after DOY 270. LE was large throughout the growing period, showing an op-
posite pattern compared to H. Daytime CO, flux indicated a gradual increase in CO,
uptake with plant growth, reaching the highest value during maximum canopy coverage
(DQY 210) and then gradually decreasing until harvest, when daytime CO, flux carbon
emission replaced uptake. Surface albedo showed a similar pattern in CO, flux and
suddenly decreased just after harvest (DOY 278). Good synchronization of H, LE, CO,
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flux, and surface albedo occurred at our site, with minimum H, maximum LE, maximum
CO, uptake, and maximum surface albedo in the maximum canopy cover period.

3.2 CO, concentration and storage change estimation

Figure 5 illustrates the development of the vertical CO, concentration gradient below
the tower measurement height on windy, intermittent, and calm nights. Under stable
atmospheric conditions, CO, concentrations at 3.5 and 12.2m heights gradually in-
creased with time and then gradually decreased prior to sunrise. Near the canopy
layer at 3.5m height, CO, densities showed higher concentrations than at 12.2 and
32m heights; the difference in CO, concentration and development of the vertical
CO, concentration gradient were also higher between 3.5m and 12.2 m than between
12.2m and 32m under low turbulence conditions. The change in CO, densities at
32m height was small except under unstable turbulent conditions. Under turbulent
conditions, CO, densities differed little between heights, with changes in CO, concen-
tration. The largest changes in CO, concentration over the calm and intermittent nights
were observed close to the lower measurement height (3.5m) near the ground during
low turbulence. Under calm conditions, a small change in u, led to a CO, concentra-
tion change, while under turbulent conditions, v, had no impact on CO, concentration
change.

3.3 Nighttime NEE estimation

Nighttime ecosystem exchanges were grouped by turbulent and low turbulence or calm
conditions; here we focus on the calm conditions. Figure 6 shows nighttime values of
NEE and its subcomponents (eddy flux (Ec4) at 3.5m and the storage terms at 3.5m
(Scq) and 32m (Sc)) as a function of u,. The figure shows that under low turbulence
conditions, eddy flux was lower than NEE and the storage term was about 7% of the
eddy flux at low measurement height (3.5m). The subcomponents exhibit consistent
behavior: at low v, conditions (when inversion builds up), some respired CO, cannot
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reach the eddy level and remains trapped below the 3.5m level. This assumes an air
layer in which the CO, concentration is gradually growing, which must appear in the
rate of storage change. As nighttime u, increases, eddy flux becomes an increasingly
significant term in NEE, while the importance of the storage term decreases. When
the storage term is added, “lost” fluxes during nighttime can be retrieved. On the other
hand, NEE calculated from the concentration profile from the 32-m tower shows higher
values under calmer conditions and becomes stable under windy conditions (Fig. 6).
Similar quantities of NEEE (2.96+0.22) and NEEg,, (3.05+0.23) were found under calm
conditions after performing all quality checks. Moreover, the temperature sensitivities
of NEEg, and NEEg. under calm conditions and NEEg, under both windy and calm
conditions showed similar magnitude and temperature dependency (Fig. 7). During
the growing period, NEE over the paddy fields showed characteristic seasonal change.
NEE was low in the early vegetative stage, gradually increased with increasing vege-
tation cover to reach maximum values during full vegetation coverage, and decreased
prior to harvest. The NEEg; under windy conditions, NEEg, under calm conditions,
and NEEg. under both conditions exhibited similar seasonality and magnitude (Fig. 8).
The seasonality of NEE before and after gap-filling also had similar tendencies except
during the full vegetative stage and in day-to-day fluctuation of non-gap-filled NEE in
relation to atmospheric and surface conditions.

3.4 Gap-filling model

We obtained different exponential regression models depending on the data period.
We considered the whole growing period and separation of the growing period based
on crop phenology. We also examined NEEg, data for the low turbulence condition and
the alternate NEEg, data. The offsets of the exponential regression functions, indicated
by parameters a and b and the fitting strength, were evaluated by the coefficient of de-
termination (rz) (Table 1). The degree of curvature of the regression function indicated
by parameter b was larger (0.0393) for NEEg, than for NEEg, (0.0254) and the range
of b values changed (0.007-0.05) when separating the growing season based on crop
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phenology.

The regression function derived from Ec,+Sc; was better than that derived from Sc
at low turbulence with r? values of 0.89 and 0.70, respectively. The temperature coef-
ficient (Q4¢), which is an important index of the dependence of air/soil temperature on
soil respiration, reflects the effect of change in air/soil temperature on soil respiration.
In the paddy ecosystem, Q,, values are derived from nighttime air temperature. The
value of Qo was higher (1.48) for NEEg, than for the alternate NEEg, data (1.28), but
Q4o changed to a range of 1.07—1.67 when using exponential factions based on growth
periods.

Figure 9 presents cumulative nighttime ecosystem respiration over the growing pe-
riod after gap-filling estimated using the single exponential function and the separated
exponential functions. The difference in cumulative nighttime ecosystem respiration
between the general and alternative method was negligible when data were gap-filled
using the single function. Little difference was observed between the two methods
when using the separated exponential functions, although values were higher in the
NEEg, case. However, the results using single and separated exponential functions
for gap-filling differed largely. Exponential functions based on periods always produced
higher cumulative respiration except during DOY 185—-200 (Fig. 9). The difference in
single exponential functions and separated exponential functions on cumulative respi-
ration was around 100g C m~2.

4 Discussion

We assumed a turbulent flux of zero for the calm condition. Therefore, nighttime NEE
could be calculated from the CO, concentration change measured at three different
heights from the surface to 32m. At night when convective heating ends, the NBL,
a shallow, weakly turbulent layer that extends to heights of only tens of meters, is
bounded by a low-level radiative inversion. The inversion inhibits vertical mixing so that
emissions of gases from the surface are contained in a shallow air layer, where gas
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concentrations change appreciably. When inversion builds up, the eddy flux is close
to zero and all CO, remains trapped below the inversion level. Therefore, the stor-
age change between the ground and the inversion layer will represent true biological
emission flux. Similar to Pattey et al. (2002) and Acevedo et al. (2004), this study also
showed a good correlation between NEEg, and NEEg.. In short canopy vegetation,
storage changes have little influence under a calm condition and no influence under
windy conditions. Saito et al. (2005) also concluded that the contribution of storage
change is only 6% under calm conditions and minor under windy conditions for a rice
paddy.

Stable atmospheric conditions are often associated with decoupling of airflows above
and within the plant canopy, leading to the development of advection by drainage flows
and causing nighttime underestimation of ecosystem respiration. The underestima-
tion of nighttime NEE is lower in a short canopy such as rice than in a large canopy
such as forest because of the lower required measurement height and homogenous
surface condition of the former. In short canopy vegetation, the maximum measure-
ment height is usually a few meters, while in forest canopy usually more than 30 m is
required, depending on canopy height. Even under low atmospheric turbulence condi-
tions, measurements at lower heights over a short canopy can detect a large percent-
age of eddy-containing target molecules, while measurements at higher levels detect
smaller percentages of eddy-containing target molecules under the same condition.

van Gorsel et al. (2009) reported that for early evening, forest respiration estimates
from micrometeorological data showed a distinct peak and agreed very well with es-
timates from chamber measurements. Good estimates of NEE were obtained dur-
ing this time window, while for the remainder of the night, total ecosystem respiration
was largely underestimated compared to chamber measurements because of cold air
drainage and associated advection. Advection occurs mainly in the presence of flows
associated with topography (drainage flows) or land-cover differences (breezes) (Aubi-
net, 2008). Paddy fields have flat topography and uniform canopy. In this study, no
distinct respiration peak period or underestimation period was detected, demonstrating
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that the influence of advection was negligible.

Although under calm conditions, both methods produced similar average NEE,
NEEg, was slightly larger under very calm conditions (v, < 0.05) and slightly lower
under calm conditions (v, <0.1). This difference might have been caused by the NBL
height. In this study, we used a fixed 32-m NBL height, which might have led to the
higher NEE under the very calm condition and slightly lower NEE under the calm con-
dition.

To group the nighttime ecosystem exchange measurements according to respective
ambient wind conditions, a u, threshold of 0.1 ms~' was applied. This value is well
within the range of thresholds used in previous EC studies to distinguish between well
developed and low turbulence conditions at low canopy study sites. Saito et al. (2005)
and Ren et al. (2007) also applied a 0.1 ms™" threshold for screening nighttime CO,
fluxes measured by EC at rice paddy sites. Higher u, thresholds have typically been
used for forest sites: 0.17ms™" (Goulden et al., 1996), and 0.25ms™" (Law et al.,
1999; van Gorsel et al., 2007), 0.4ms™" (Dolman et al., 2004). Massman and Lee’s
(2002) survey of the literature found that v, thresholds varied from 0.0 to 0.6 m s~ for
different sites.

In present study, Qo was smaller than values found at other sites. Zou et al. (2003)
and Zhu et al. (2005) measured soil respiration using the closed-chamber method dur-
ing rice-growing periods in a subtropical region of China and reported Q, values for
soil of 1.68 and 1.70, respectively. The difference in Q4, values might have been due to
methodological and site differences, and the chamber method is known to show higher
nighttime ecosystem respiration compared to the EC method (Griffis et al., 2004).

Plant biomass in crop fields exhibits large seasonal changes, which consequently
affect ecosystem respiration. Several studies have found that respiration in grasslands
and field crop ecosystems linearly increases with biomass production (e.g., Pattey et
al., 2002; Saito et al., 2005; Shimoda et al., 2009). Thus, crop biomass is an es-
sential factor in a respiration model. Growth respiration dominates in a lower crop
biomass condition, while maintenance respiration becomes dominant with a larger crop
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biomass. Therefore, establishment of a model for nighttime respiration using soil/air
temperature and different exponential regression functions with a biomass index is
preferable. Similar results were reported by Saito et al. (2005) for paddy rice and Pat-
tey et al. (2002) for soybean fields. A rice paddy ecosystem is controlled by human
activities, and thus water management such as irrigation and drainage should be con-
sidered in developing the exponential model. Saito et al. (2005) showed the midterm
drainage of paddies impacts on ecosystem respiration.

Various u, thresholds have been used for different study sites, biome types, and
determination methods. No set limits of u, have been established for specific biomes,
and in many cases, the ratio of underestimation by EC measurements was found to be
consistent for a wide range of wind speed and u, (van Gorsel et al., 2007). Thus, in
short canopy vegetation, v, filtering and low v, data elimination are not necessary, and
alternatively, under stable conditions, flux can be calculated by measuring CO, profiles
from high towers.

5 Conclusions

Accurate estimation of terrestrial ecosystem respiration is fundamental for develop-
ing regional to global carbon budget databases. Many meteorologists, hydrologists,
crop physiologists, ecologists, and plant biochemists have focused on this issue. The
present study evaluated nighttime ecosystem respiration of paddy fields using the CO,
concentration profile and eddy covariance methods. We described the data treatment
procedure and observational results, and conclude with the following insights:

1. In short canopy vegetation like paddy rice, nighttime underestimation of ecosys-
tem respiration is low even under calm conditions.

2. Rice paddies have flat terrain and thus very little influence by the advection term;
addition of storage change by measurement height can greatly reduce nighttime
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flux underestimation under stable atmospheric conditions. Therefore v, filtering
and low turbulence data elimination are not required for this type of ecosystem.

3. Under low turbulence conditions, as an alternative to EC measurement, nighttime
flux can be calculated from concentration profiles measured from a high tower,
but accurate measurement of NBL height is very important.

4. For gap-filling of nighttime CO, flux for a rice paddy ecosystem, development of
regression functions based on the crop biomass/leaf area index in association
with field water status is preferable to using a single regression function based on
air/soil temperature.

All of the parameters were measured only up to 32m height based on a previous
research finding that changes in nocturnal wind speed were negligible above 30 m at
this study site. The main limitation of this study is that we could not measure the NBL
height. For evaluation of nocturnal ecosystem respiration under stable atmospheric
conditions, the best options are measurement of eddy covariance, measurement from
a high tower with known NBL height, and the chamber method.
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Table 1. Parameters a and b and the coefficient of determination r? of the fitted regression
functions between nighttime ecosystem respiration A, and air temperature T by different ap-
proaches and periods. The regression equation used for flux calculation.
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General method Alternate method

Periods Parameter
a
Total growing DOY (165-290) bz
r
a
Early vegetation DOY (165-190) bz
r
a
Mid vegetation DOY (191-220) bz
r
a
Full vegetation DOY (221-238) bz
g
a
b

Mature & harvest DOY (268-280)

~
N

1.1884
0.0393

0.8911

0.5171
0.0518

0.5724

3.814
0.0071

0.0141

2.525
0.0243

0.6163

1.0352
0.0404
0.8452

1.7154
0.0254
0.7099

0.6783
0.0446

0.3953

4.7236
—-0.0048
0.0043

2.5082
0.0246

0.4971

2.0829
0.0083

0.2217
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The fitted functions are of exponential form: R, = a exp (bT).
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Fig. 1. Location of the study site in Shouxian (32.55° N, 116.78° E, 22.7 m a.s.l.), near the Huai
River in Anhui Province, China. The study site is indicated by a black mark (m).
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Replacing the
missing or error
data with modeled
data

Judging the data have any error whether CV of
u«<0.4, WD<0.1 & pco2 <0.05

K
Judging the data have any error whether
0<NEE<15 pmol m?s™

N

Establishing a model of NEE and meteorological
data for gap filling

zZ1
PR 2 TUNE S

zZ1

- T —Tr T T
1
z

Fig. 2. Flowchart for nighttime CO, processing at the paddy field site. R,: solar radiation, u,:
friction velocity, NEE: nighttime net ecosystem exchange, Ec: eddy flux, Sc: integrated storage
change, Scy: 3.5m height storage change, P: precipitation, WD: wind direction, WS: wind
speed, o,,: turbulent intensity, oo, CO, density, and CV: coefficient of variation.
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Fig. 3. Seasonal courses of meteorological variables at the rice paddy field site in Shouxian
during the 2004 growing period. Ta: daily mean air temperature, SWC: daily mean soil water

content, and P: daily precipitation.
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Fig. 4. Seasonal variations in sensible heat (H), latent heat (LE), and daytime CO,, (Ec) fluxes Full Screen / Esc

averaged between 08:00 and 16:00 Beijing Standard Time (BST), and surface albedo averaged
between 11:00 and 13:00BST (T, EV, MV, FV, M, and H represent the rice transplanting, early

vegetation, mid-vegetation, full vegetation, mature, and harvest periods, respectively). Printer-friendly Version
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Fig. 5. Nighttime CO, density and friction velocity (u,) for (a) windy, (b) intermittent, and
(¢) calm nights; the symbols represent the following: —, 3.5m height; ¢, 12.2m height, and

$, 32m height.
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Fig. 6. Nighttime NEE, eddy flux, and storage change as a function of friction velocity (v,) class;

the symbols represent the following: W, nighttime NEE._; O, nighttime Ec; and e, nighttime
NEEg.. Vertical bars indicate their standard errors.
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Fig. 7. Nocturnal ecosystem respiration as a function of air temperature. (a) NEEg, (¢) and
NEEg, (o) under low turbulence conditions, and (b) windy condition NEEg, (¢) and calm condi-
tion NEEg, (*).
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Fig. 8. Seasonal variation in average nighttime NEE. (a) NEEg, under both windy and calm
conditions, and (b) NEEg, under windy conditions and NEEg, under calm conditions. Five-day

running mean gap-filled data (—) and non-gap-filled data (*).
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Fig. 9. Example of differences by method for cumulative gap-filled nighttime ecosystem res-
piration during the investigation period in 2004 (both windy and calm conditions NEEg, with
the single exponential function (0), windy condition NEEg, and calm condition NEEg, with the
single exponential function (M), both windy and calm conditions NEEg, with multiple exponen-
tial functions (o), windy condition NEEg, and calm condition NEEg, with multiple exponential
functions (o).
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