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Fast chemical sensor for eddy-correlation
measurements of methane emissions
from rice paddy fields

Peter Werle and Robert Kormann

A high-frequency-modulation spectrometer with a lead-salt diode laser operating in the n4 band of CH4

at 7.8 mm was used as a fast chemical sensor to measure ambient methane concentrations of 2 ppmv
~parts in 106 volume-mixing ratio! with a time resolution of 10 Hz for micrometeorological flux measure-
ments. To assess the quality of the data on methane emissions from rice paddy fields, we compared
eddy-correlation measurements with simultaneously recorded emission data from the state-of-the-art
closed-chamber technique and showed that the closed-chamber measurements were 60%–90% higher
than were the eddy-correlation measurements during the campaign. This outcome demonstrates that
diode-laser spectroscopy is a valuable tool for quality assurance. © 2001 Optical Society of America

OCIS codes: 010.1120, 010.1330, 010.3920, 120.0120, 140.2020, 300.6270.
1. Introduction

Methane is emitted into the atmosphere from natural
sources including wetlands, oceans, termites, and
CH4-hydrate destabilization in permafrost regions.1,2

Analyses of air bubbles in ice cores suggest that the
atmospheric concentrations of CH4 remained fairly
constant to as high as 700 ppbv ~1 ppbv 5 1029

volume-mixing ratio! between 30,000 and 300 years
ago.3 The atmospheric concentration of CH4 has
more than doubled since the industrial revolution4 to
approximately 1.7 ppmv ~1 ppmv 5 1026 volume-
mixing ratio!. The increase in the atmospheric CH4
concentration during the past century is positively
correlated with the growth of the world’s human pop-
ulation, and it appears that anthropogenic activities,
including agriculture intensification, biomass burn-
ing, and natural-gas drilling, have a strong influence
on CH4 emissions.5 In addition to increased emis-
sions of CH4 there appears to be a less efficient re-
moval of CH4 from the atmosphere.6

Among biogenic sources of atmospheric CH4, rice
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paddies have been identified as one of the most im-
portant sources. Methane is produced in rice paddy
fields by the strictly anaerobic process of methano-
genesis catalyzed by methanogenic bacteria. Meth-
ane emissions from rice paddy fields contribute
approximately 12%–20% to the overall atmospheric
methane budget. Rice cultivars can strongly influ-
ence methane emissions from rice paddy fields, and
therefore the use of rice cultivars that show low
methane-emission rates in the field has to be re-
garded at present as one of the most promising real-
istic approaches to mitigating CH4 emissions at
sustainable rice production.

In the future CH4 is expected to become an increas-
ingly important greenhouse gas, as Asian rice pro-
duction must increase by 60% over the next 30 years
to keep up with population growth.7 Increased rice-
cropping intensity and fertilizer use are expected to
increase significantly CH4 emissions from flooded
rice paddies.8 The projected concentration9,10 of
CH4 by the year 2030 is 2200 to 2500 ppbv.

To specify and implement effective CH4-reduction
policies requires that more precise quantification of
fluxes from individual sources be determined. In
particular, there is a need to understand and assess
CH4 fluxes from rice paddies better because global
extrapolations1,2 range from 25–150 Tg yr21. The
global CH4-flux estimates from rice paddies have
been extrapolated almost exclusively from closed-
chamber measurements.11–15 In this process, small
areas of a rice paddy field are enclosed within a gas-



s
c
t

s
T
o
s

s
w
t
i
v
s
a
a

t
w
e
r
t
w
T
l
a
a

f
s
a
t
m
t
f

t
c
c

tight chamber, and the flux-rate calculation is based
on the time-dependent linear increase of CH4 in the
closed chamber’s atmosphere.16

An interdisciplinary research project funded by the
European Community provided simultaneous mea-
surements of methane emissions from rice paddy
fields by the eddy-correlation and the closed-chamber
techniques during field campaigns that were per-
formed to assess and improve the quality of data on
methane fluxes and allow a comparison with the data
from continuous monitoring provided by the chamber
method.

2. Fast Chemical Sensor for Methane-Flux
Measurements

The report of the External Advisory Committee on an
interregional research program on methane emission
from rice fields17 recommended the inclusion of addi-
tional measurement techniques for methane emis-
sions from rice fields along with the standard
diffusion-chamber method. Of special interest is the
use of micrometeorological techniques, especially
those involving laser measurements, for measuring
methane emissions.

A major limitation on atmospheric research on
surface-exchange and flux measurements is the lack of
sensitive, reliable, and fast-response chemical-species
sensors.18 Therefore in past years techniques for fast
and simultaneously sensitive trace-gas measure-
ments based on tunable-diode-laser ~TDL! absorption
pectroscopy have been successfully applied to mi-
rometeorological flux-measurement techniques, i.e.,
he eddy-covariance technique.19–25 The availabil-

ity of such sensors offers a new approach to validating
closed-chamber measurements and provides infor-
mation about CH4 emissions on a larger scale, which
is the basis for any up-scaling effort.

The eddy-correlation technique directly deter-
mines the flux of an atmospheric trace constituent
through a plane that is parallel to the surface. For
the determination of surface-emission and surface-
deposition fluxes the method is rigorous when specific
criteria are met. Ideally, the meteorological condi-
tions controlling the state of the turbulence should
not vary over the course of the measurements. The
surface viewed by the sensors should be horizontally
uniform in both its physical and its chemical–
biological aspects and should stretch for a distance
much greater than the height z at which the mea-
urements are made ~the fetch is typically 100z!.
his height z should be much greater than the scale
f the surface roughness and the intrinsic scale of the
ensors.
Because the eddy-correlation method can be con-

idered to define the instantaneous upward or down-
ard transport of the constituent and then to average

he contributions to yield the net flux, it must take
nto account the frequency range of the turbulence for
ertically transporting the constituents in the atmo-
phere. The technique requires simultaneous, fast,
nd accurate measurements of the vertical velocity
nd the trace species in question. Fortunately, a
echnique for the measurement of the turbulence
ith the necessary resolution is available. Sonic an-
mometers can readily yield air-motion data with the
equired resolution. Likewise, the ability to handle
he air-motion and the chemical-concentration data
ith modern computer systems is well in hand.
hus these aspects can be ignored, and the major

imitation on field measurements can be dealt with:
n appropriate chemical sensor with sufficient time
nd chemical resolutions.
Therefore a fast laser optical sensor is the key issue

or eddy-correlation measurements. Diode-laser
pectrometers are now at the threshold of routine
pplication in environmental monitoring. To date,
he development of this technology has been driven
ainly by scientific questions, but increasingly these

echniques are applied to a sensitive, selective, and
ast analysis for monitoring applications.19–27

The key element of the fast chemical sensor is the
laser diode. In Fig. 1~a! the absorption spectrum of
methane is plotted together with the atmospheric
water absorption versus the wavelength. The
near-IR absorption comprises overtone or combina-
tion bands that typically are 1 to several orders of
magnitude weaker than the IR fundamental band.
Antimonide lasers26 can be used for the detection of
CH4 at 3.26 mm ~n3!, and for the 7.8-mm ~n4! spectral
region lead-salt diode lasers are the optimum choice,
as they cover the IR fundamental bands with strong
absorption for the most atmospheric trace gases.

In trace-gas monitoring applications lead-salt laser
instruments routinely achieve parts-per-billion de-
tection levels of a number of important molecular
species.27 When one starts to select a laser the first
task is to select from mode maps, as shown in Fig. 1,
a combination of a base temperature and a drive
current at which the laser produces a strong, prefer-
ably single-mode, emission that is tuned to the
absorption line being monitored. After the investi-
gation of several antimonide and lead-salt diode la-
sers a lead-salt device with the characteristics shown
in Fig. 1 was selected. For injection currents be-
tween 400 and 600 mA at temperatures ranging from
85 to 95 K, single-mode operation with an average
power level of 200 mW was ensured, and isolated
methane-absorption lines could be selected reproduc-
ibly for the measurements even after repetitive ther-
mal cycling, which was an important criterion for the
planned field measurements.

As a high time resolution and a high chemical res-
olution were prerequisites for the success of the mea-
surements, high-frequency-modulation ~high-FM!
spectroscopy was selected. In FM spectroscopy the
laser is modulated at higher frequencies, typically in
the rf region, thus allowing selective and fast scan-
ning over an absorption line of a molecule. The tech-
nique is described in detail in a recent review.27

The layout of the detection electronics is shown in
Fig. 2~a!. The system can be run in either the single-
one or the two-tone mode, and the optimum method
an be selected by the system operator from case to
ase, depending on the experimental conditions.
20 February 2001 y Vol. 40, No. 6 y APPLIED OPTICS 847
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The modulation section provides the required rf mod-
ulation for the laser. The laser beam is split into a
sample and a reference path. Detector signals are
fed into phase-sensitive detection electronics, which
48 APPLIED OPTICS y Vol. 40, No. 6 y 20 February 2001
can be regarded as a high-frequency lock-in amplifier.
Both signals ~sample and reference! are then digi-
ized and further processed by use of digital filters
nd line-locking, normalization, and calibration pro-
edures.28

The reference beam passes through a reference
cell, which provides a high signal-to-noise ratio signal
from the spectral feature under investigation. This
channel is used for line-locking and on-line drift cor-
rection. A line-locking procedure monitors the devi-
ation of the signal position from a given set point and
decides whether a change in temperature or current
has to be made to compensate for drifts. To compen-
sate for fast and small fluctuations requires that the
signals be on-line shifted prior to signal averaging, as
shown in Fig. 2~b!. These corrected signals are then
fed into a digital filter routine that removes the back-
ground and references the signal to a previously
stored calibration signal, as shown in Fig. 2~c!. All
lgorithms and procedures were implemented in a
eal-time parallel multiprocessor system. With this
pectrometer ambient methane concentrations of ap-
roximately 2 ppm can be detected with a precision of
pproximately 1% at a 10-Hz repetition rate.
The optical layout together with the external con-

rol units of the system based on the detection scheme
escribed above are shown in Fig. 3. The optome-
hanical components of the spectrometer are
ounted on a 50 cm 3 90 cm optical breadboard.
he lead-salt diode laser is mounted on a cold head
ithin an LN2 Dewar laser ~Laser Photonics, Inc.,

Analytics Division, Andover, Massachusetts, Model
L5736 Laser Dewar!. The diverging laser beam is
collimated to a nearly parallel beam ~labeled with a
circled numeral 1 in Fig. 3! by an off-axis parabola,
which focuses the beam at the center of a commercial
astigmatic Herriott cell ~New Focus, Inc., Santa
Clara, California, Model 5611 multipass cell! with a
total path length of 18 m. This cell has a very small
internal volume of 0.3 l and is specially designed for
applications requiring a high time resolution. The
outgoing thin and nearly parallel beam ~labeled with
a circled 3! is then focused onto a broadband HgCdTe
measurement detector by use of a BaF2 planoconvex
lens. The reflex of the cell-inlet window is used as a
reference ~labeled with a circled 2! after passing
hrough a small cell that contains pure methane gas.
his reference beam is used, on the one hand, for the
eliable identification of the absorption features of
he trace gas of interest and, on the other hand, for
he active stabilization ~line locking! of the spectro-
eter.
A visible ~680-nm! diode laser is used to align the

ystem. The beam splitter, which sets the align-
ent beam onto the main light path, is removed dur-

ng the measurement. A rotary vacuum pump
Leybold AG, Köln, Germany, Model SOGEVAC SV
5! provides a gas flow of approximately 18 standard
iters per minute ~slpm! through the Herriott cell at a

pressure of approximately 50 hPa. A dust filter is
mounted at the inlet point of the measurement head
to protect the gas system, and especially the mirrors
Fig. 1. ~a! Absorption spectrum of CH4 and atmospheric water
plotted versus the wavelength. For sensitive detection of meth-
ane the spectral ranges at approximately 3.3 mm ~for n3! and 7.8

m ~for n4! are well suited. A lead-salt device operating near 7.8
mm was selected. For injection currents between 400 and 600 mA
at temperatures of ~b! 85 K, ~c! 90 K, and ~d! 95 K, single-mode
peration with an average power level of 200 mW was ensured.



d

of the Herriott cell, from pollution. A newly devel-
oped calibration system allowed programmed se-
quences of measurements of the background signals
~N2!, the calibration gas, and the ambient air. The
calibration system is based on a dilution system, and
high-concentration calibration gas from steel cylin-
ders is diluted to ambient concentrations.
Fast examination of the wind vectors was per-
formed by use of an ultrasonic anemometer ~Gill In-
struments, Ltd., Lymington, Hampshire, UK, Model
1012R2 Solent Research ultrasonic anemometer!. It
was operated in the calibrated mode, meaning that
the results were corrected for damping of the wind
velocity that was caused by the anemometer mount
Fig. 2. ~a! Signal-processing scheme with the implementation of the single-tone and the two-tone techniques. The main elements in the
data processing are signal averaging, filtering, intensity normalization, and line locking. ~b! Prior to signal averaging all spectra were

rift corrected. ~c! The digital filter processes background corrections. REF, reference signal; MEAS, measured signal; MEAS, averaged
measured signal; BGR, background signal; CAL, calibration signal.
20 February 2001 y Vol. 40, No. 6 y APPLIED OPTICS 849
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by use of a built-in calibration procedure. The speed
of sound, also determined by the anemometer, was
used to derive the virtual temperature. Fast water-
vapor and carbon dioxide measurements were per-
formed by use of an open-path nondispersive IR
device ~Advanet, Inc., Okayama, Japan, Model E009
nfrared gas analyzer!, which is shown together with
he anemometer in the upper right-hand section of
ig. 3.
A prototype of the commercial H2O–CO2 device is

escribed by Othaki and Matsui.28 The band limit of
the measurement device was found to be approxi-

Fig. 3. High-FM spectrometer for methane sensing with all the
together with the layout of the optical sensor that is based on a sma
is mounted behind the measurement paths of the ultrasonic anemo
50 APPLIED OPTICS y Vol. 40, No. 6 y 20 February 2001
mately 10 Hz on the basis of the approximations of
Moore.29 To avoid aliasing, we low-pass-filtered the
signal of this device by using a four-pole Butterworth
filter ~a band limit of 10 Hz! before it was digitized by
the spectrometer’s data-acquisition system. To
avoid band limiting by larger distances between the
different measurement devices, we mounted them as
close as possible to each other, keeping in mind that
mutual perturbation can be possible.

The impact of the H2O–CO2 sensor and the gas
inlet on the wind measurement by the shadowing of
the wind seems to be low because, at the height of the

rol electronics for eddy-correlation trace-gas flux measurements
lume ~0.3-l! Herriott cell. The nondispersive IR H2O–CO2 sensor
r and the gas inlet for the spectrometer. OAP, off-axis parabola.
cont
ll-vo
mete
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wind-measurement volume, only smaller construc-
tion elements are present. A shadowing effect by
the additional devices ~H2O–CO2 sensor, spectrome-
ter’s gas inlet, etc.! is also minimized by use of down-
wind mounting from the expected main wind
direction. Because the gas flow into the inlet of the
spectrometer can also cause a nonvanishing wind ve-
locity, the distance from the gas inlet to the wind-
measurement zone ~17 cm! was chosen such that the
estimated influence was less than the resolution of
the anemometer. To avoid an unwanted inclination
of the anemometer, we equipped the measurement
head with an inclinometer ~Applied Geomechanics,
Santa Cruz, California, Model 900-T biaxial clinom-
eter! that allows a vertical adjustment of the mea-
surement head within the geopotential. Neither
drifts nor fluctuations nor relevant inclinations of the
measurement head during the field measurements
could be detected.

The measurement height was 3.2 m, which should
allow a thorough observation of the inertial subrange
for a typical wind velocity of 1.6 mys. The measure-
ment interval of the ultrasonic anemometer was fixed
at 48 ms, corresponding to a measurement rate of
approximately 20.8 Hz. The spectrometer integra-
tion time was set to 96 ms, which could then easily be
synchronized with the data rate of the anemometer
and which was adapted to the possible frequency res-
olution that is given by the gas exchange in the mea-
surement cell of the spectrometer. The averaging
time scale for the turbulent fluxes21 was chosen to be
approximately 30 min, interrupted by a calibration
procedure of the diode-laser spectrometer that lasted
for approximately 20 s.

The system described so far is capable of measur-
ing simultaneous wind and ambient methane-
concentration data at a 10-Hz sampling rate. Such
fast-response measurements of state variables gen-
erate time-series data that can be analyzed statisti-
cally. The general data-analysis scheme is shown
in Fig. 4. Problems with the time series must be
corrected before performing the eddy-correlation
calculations. The data should be detrended and
high-pass filtered to remove wavelengths longer
than approximately 1y3 to 1y5 of the length of the
eries. This procedure ensures that enough com-
lete cycles of the retained wavelengths are aver-
ged to yield satisfactory statistics. Finally, we are
eft with a clean series that can be used in eddy-
orrelation analysis.

The first step in the eddy-correlation process is
hen to calculate the perturbation values of the data
oints. For the measured time series of concentra-
ion values, we can subtract the mean from each data
oint to yield the time series of perturbations c9. We
an similarly find a time series of the vertical wind-
elocity perturbations w9. Multiplying the respec-
ive values together yields a time series w9c9. The

average of this series, ^w9c9&, gives the turbulent ver-
tical flux. An advantage of this method is that it is
direct and simple, and fluxes can be calculated at
whatever height or location the original time series
was measured. The trace-gas devices used within
the described measurement campaign measure den-
sities or mass per volume ~H2O–CO2 sensor! as well
as ~mass! mixing ratios ~TDL methane sensor! with
respect to moist air. According to Webb et al.,31 a
correction, which was found to be of the order of 10%,

Fig. 4. Schematic illustration of the data analysis: Raw data
from the sonic anemometer and the spectrometer were detrended,
and the covariance and the cospectra were calculated to determine
the time lag td between the wind and the concentration measure-
ments. An Allan variance analysis38 was used to check the sta-
tionary conditions.
20 February 2001 y Vol. 40, No. 6 y APPLIED OPTICS 851
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has to be applied. Predrying of the air before quan-
tifying the mass mixing ratio would have avoided this
correction but might limit the frequency resolution of
the concentration-measurement system.

Data conditioning also covers a rotation of the wind
vectors and a trend removal. Consecutive rotations
could be performed on each measured wind vector,
those rotations constituting a linear rotation in ac-
cord with the instantaneous inclinometer reading, a
rotation around the z axis ~which causes the horizon-
al component of the average wind velocity to point
long the positive x axis, and rotations that cause the

mean vertical wind to vanish.32 By adoption of a
ystematic error of 3% per degree,33 these errors

should be kept well below 10%.
Because of technical limitations, a sporadic loss of

individual measurement points could appear. For
these cases linear interpolation from neighboring
points was implemented in the analysis software.
The flow of the ambient air into the measurement cell
of the spectrometer introduces an uncertainty into
the simultaneity of the time-series data. Therefore
a correlation analysis was used to find the time lag
and the fluxes.34,35 The standard deviations within
the covariance plots for longer time lags were used to
estimate the measurement error. This method
takes into account both the real measurement errors
of the individual data points and the uncertainty in
the stationarity during the averaging time interval,
and it turned out to be a very conservative measure
for the errors of the turbulent fluxes.

The Fourier-transformed time series were used to
derive spectra.36 Cross spectra, cospetra, and
quadrature spectra, as well as coherence spectra,
were found by use of the time delay derived from the
correlation analysis. These spectra were averaged
by use of exponentially grown frequency intervals to
account for the usually logarithmic representation of
the spectra. They showed that the considered fre-
quency range between approximately 0.003 and 5 Hz
contained the main contributions to the turbulent
fluctuations and fluxes.

Trends of the micrometeorological time series,
caused mainly by system drifts and by micrometeo-
rological instationarities themselves, must be re-
moved before starting the flux calculation. This
procedure is usually performed by use of a running
mean or a band limit, as was done in this study. The
high-pass time constant was determined based on the
Allan variance criterion.37 An Allan plot,38 shown in
the lower section of Fig. 4, provides complementary
time-domain information to the frequency domain.36

The minimum in the Allan variance at ta corresponds
to the optimum integration time, which is a charac-
teristic property for a given data set because it rep-
resents the time during which we can assume
stationary conditions for the data set under investi-
gation.38 Stationarity of the micrometeorological
time series was typically guaranteed for several hun-
dred seconds. Accordingly, the detrend time con-
stant was chosen to be fixed at 300 s.
52 APPLIED OPTICS y Vol. 40, No. 6 y 20 February 2001
3. Field Measurements

Methane emissions from rice paddy fields in Italy
have been investigated for several years and show
strong diurnal and seasonal variations with signifi-
cant differences in consecutive years.13,14 Usually,
such measurements are based on gas-collector cham-
bers. A typical gas-collector chamber is made of col-
orless, smooth plexiglass. The edges are fixed by
aluminum profiles and are sealed with silicone on the
inside. A chamber covers a surface area of approx-
imately 0.4 m2 and is approximately 90 cm high.
Each chamber is fitted with a removable plexiglass
cover, the position of which is controlled by a pneu-
matic pressure cylinder. A fan mounted on the in-
side of the cover causes rapid replacement of the air
inside the chamber with ambient air when the cover
is open. When the cover is closed a fan causes the
rapid mixing of the air within the chamber so that
vertical gas gradients inside the chamber are
avoided.

The gas-collector chamber is placed in the field on
stainless-steel frames that are sunk into the soil prior
to flooding and remain in the same position during
the entire vegetation period. The inner volume of
the chamber is separated from the ambient atmo-
sphere, but the water in the chamber can undergo
exchange with the surrounding water body.

The CH4-emission rate is calculated from the tem-
poral increase of the CH4 concentration inside the
box. The concentration increases during the typi-
cally 30-min closure time and is measured with a gas
chromatograph that is connected to a computer
through an interface designed for peak integration.16

An automated system for methane-flux measure-
ments that is based on the closed-chamber method
was developed by F. Conen from the Institute of Ecol-
ogy and Resource Management ~University of Edin-
burgh!. It allowed continuous measurements at
ight different locations for an entire growing season,
s is necessary for obtaining data on diurnal and
easonal variations in emission rates under field con-
itions.
The field work was carried out at the Instituto

perimentale per la Cerealicoltura, Sezione Spezial-
zzata per la Risicoltura, Vercelli, Italy. The insti-
ute is located in the main rice-growing area of

estern Europe: This area covers a more than
000-km2 rice-growing area in northern Italy in the

valley of the River Po between the cities of Milan and
Turin. The site is rather homogenous and is covered
with rice paddy fields of different plot sizes, so a good
fetch for eddy-correlation measurements was pro-
vided.

In times of high CH4-emission rates from rice
paddy fields ~from May to August! intensive measur-
ng campaigns were performed by use of both the
losed-chamber method and the eddy-correlation
echnique. For the field eddy-correlation measure-
ents a trailer containing the fast laser optical sen-

or for methane-flux measurements was prepared for
peration at the measurement site in Vercelli @Figs.
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5~a! and 5~b!#. The instrument was remote con-
rolled through an ethernet connection to the insti-
ute. A variable-height measurement mast for the
easurement of the meteorological data and contin-
ous gas sampling was set up in the field. The
hole system was backed up by an uninteruptable
ower supply, and residual-current detectors were
mplemented for safety reasons.

Wind direction, wind speed, temperature, pres-
ure, humidity, and other factors were recorded to-
ether with the spectroscopic gas-sensor data to
enerate a complete data set for micrometeorological
nalysis. In general, the best wind conditions for
ddy-correlation measurements with wind speeds
ell above 1 mys and predominantly coming from

south of the measurement mast ~where the chambers
were located! were found from noon to early after-

Fig. 5. ~a! Setup for the field eddy-correlation and the closed-
chamber measurements. 3-D, three dimensional. ~b! Measure-
ment mast located in the downwind direction that was north of the
closed chambers in the center of the field with several hundred
meters of fetch in all southern directions. The distributions of ~c!
the wind speed and ~d! the wind direction at the site. Shown is a
pronounced north–south distribution of the wind directions with
winds from the Mediterranean sea moving toward the Swiss alps.
noon. Data were recorded for daytime and for 24-h
flux measurements.

In total more than 300 measurements of 30-min
intervals each provided data for the flux determina-
tion on the basis of a 10-Hz temporal resolution.
These measurements were digitized and stored for
off-line analysis. The three wind components ~two
horizontal and one vertical! yielded horizontal wind
speeds and directions @Figs. 6~a! and 6~b!#, and the

ethane data provided a time stamp for off-line anal-
sis. A total of 36,000 wind vectors at a 20-Hz rate
lus 18,000 data points at a 10-Hz rate for methane,
he measurement error, the temperature, and a se-
ies of parameters for data quality control were ob-
ained for each 30-min interval. The total data
overage during the campaign was better than 95%.
he separately recorded data @Fig. 6~d!# from the So-

ent Research ultrasonic anemometer and the diode-
aser methane sensor @Fig. 6~e!# were combined into
ne data set for further processing of the methane
ux w9c9 @Fig. 6~g!#. The time lag between the sonic-
nemometer data and the gas analyzer that is due to
he finite length of the sampling tube was determined
or each of the 300 measurement intervals, and the
ata sets were corrected by a relative shift of the data
o obtain coincident data for the final flux determi-
ation. The covariance of the flux plotted versus the
ime delay is shown in Fig. 6~f !. The peak corre-
ponds to the corrected time delay and therefore to
he observed turbulent flux. The usual sign conven-
ion, meaning an upward-pointing z axis, was used.
herefore a maximum corresponds to an input of the
uantity into the atmosphere. Some nonrandom
uctuations for large time delays can also be seen in
his type of plot. Such low-frequency fluctuations
ypically were observed during unstable stratifica-
ion. As was already mentioned, the estimated er-
ors from the covariance plots contain, of course,
hese low-frequency fluctuations.

For each 30-min interval the corresponding spectra
or the vertical wind and the concentration as well as
he cospectra of the flux were calculated and analyzed
o check whether the whole flux was obtained. This
rocess is important to ensure that no significant flux
ontributions in the high-frequency ~sensor band-
idth limited! and in the low-frequency ~measure-
ent time limited! domains are lost and that fluxes
ill not be underestimated.36 The inertial subrange

with its expected n24y3 behavior can clearly be seen
within the cospectrum nCw9c9 of the fluctuations of
the vertical wind and the methane concentration
@Fig. 6~h!#.

An Allan variance analysis @Fig. 6~i!# was per-
ormed to ensure the stability of the data set prior to
ata averaging.37,38 It is interesting to note the be-

havior of the Allan variance in the presence of tur-
bulence at short integration times for which there is
practically no real averaging. Therefore we assume
a data set in which a turbulence parameter has been
recorded. If the sampling frequency is sufficiently
high that fast fluctuations can be well resolved the
Allan variance at first detects a kind of linear drift
20 February 2001 y Vol. 40, No. 6 y APPLIED OPTICS 853
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and starts with a slope of 2. This slope changes in
the inertial subrange in which frequency fluctuations
according to f25y3 dominate the Allan plot, and the
slope becomes approximately 2⁄3. As primarily 1yf
noise dominates for longer integration times, we end
up with a constant level for the Allan variance. If
the integration time is sufficiently long to permit in-
tegration over the fast fluctuations they will contrib-
ute less and less to the longer integration times and
the white noise, as the dominant noise source will
now be averaged, leading to a decreasing Allan vari-
ance ~Fig. 4! to a point at which the drift effects start
to influence the measurement, i.e., the stationarity of
the measurement is no longer valid.

The data were edited to match several quality-
assurance criteria, e.g., minimum wind speed, stable
meteorological conditions, and wind coming from the
southern directions where the chambers are located.
One week of such final flux data is shown in Fig. 7~a!;
ach individual data point is based on a set of data, as

Fig. 6. Time-series data for ~a! the horizontal wind direction and
illustrates stable conditions. The measurement mast was locate
fluctuations of ~d! the vertical wind w9 and ~e! the CH4 concentrat
g! the corresponding flux c9w9 was calculated. ~h! Spectra that w

completely measured,36 and ~i! an Allan variance analysis after
veraging.37,38
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shown in Fig. 6. During one week, the increasing
flux was strongly correlated with the ambient tem-
perature, and even a weak daily cycle with flux peaks
in the early afternoon was observed. The calculated
mean daytime flux for this period was 6.35 ppbv mys,
corresponding to 14.5 mgy~m2 h!. Figure 7~b! shows
hese fluxes plotted versus the wind direction during
he measurement interval that was determined from
he time-series data sets, as shown in Fig. 6. We
lso estimated the footprint of the eddy-correlation
easurements, as discussed by Schuepp,39 and ob-

ained the peak of the emissions, as indicated by the
lled circles in Fig. 7~c! in which the footprint is
lotted versus the wind direction. The peak emis-
ions cover the area where the eight automatic cham-
ers were located well. The radial lines in the plot
ndicate the area from which approximately 50% of
he flux is expected to come. Even if this approxi-
ation typically overestimates the footprint the

the wind direction. ~c! A polar plot of both wind directions that
the center of the polar plot. Detrended time-series data of the

c9 as determined at a 10-Hz rate. ~f ! After a time-lag correction,
nalyzed to guarantee that the high-frequency part of the flux was
pplication of a detrending procedure confirmed the stability for
~b!
d in
ions
ere a
the a



t
i
fl
m
s
6
m
a
m
h
t
m

c
s
o
m
t
c

eddy-correlation measurements are representative
for the field area under investigation.

A set of high-quality data on methane emissions
from irrigated rice paddy fields in Italy was collected

Fig. 7. ~a! Time-series data of the methane flux plotted versus ~b!
the wind direction and ~c! the corresponding footprint as indicators
for the overlap of closed-chamber data and eddy-correlation mea-
surements.
during the field campaign. From these data a mean
daytime flux of 6.35 ppbv mys @14.5 mgy~m2 h!# was
derived. Figure 8~a! shows the daytime averages
that were calculated from the data shown in Fig. 7~a!
ogether with the averaged data from the correspond-
ng closed-chamber measurements. The ratio of the
uxes that were calculated from the closed-chamber
easurements and from the eddy-correlation mea-

urements is plotted in Fig. 8~b!, and approximately
0%–80% higher methane emissions were deter-
ined by the closed-chamber method. The gener-

lly lower emission measurements of the laser-based
icrometeorological eddy-correlation system shown
ere were confirmed in an on-site comparison with
wo other independent diode-laser-based instru-
ents: A two-tone FM instrument34 developed at

the Max-Planck Institut, Mainz, Germany, was oper-
ated together with the instrument described here.
In addition, a commercial fast-scanning IR spectrom-
eter40 ~Aerodyne Research, Inc., Billerica, Massachu-
setts! of the Joint Research Center of the European
Community, Ispra, Italy, also provided eddy-
correlation data from the same site during the cam-
paign. All systems have independent calibration

Fig. 8. ~a! Methane fluxes derived from measurements obtained
by use of the closed-chamber ~filled squares! and the eddy-
orrelation, i.e., micrometeorlogic, ~filled circles! methods. The
traight lines at 11 and 6.5 on the left-hand axis are for orientation
nly. ~b! Decrease in the ratio of the closed-chamber measure-
ents to the eddy correlation with time. This decrease indicates

hat 60%–90% higher fluxes were obtained with the closed-
hamber measurements during the measurement period.
20 February 2001 y Vol. 40, No. 6 y APPLIED OPTICS 855
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systems and optical designs, different sampling tubes
and inlet systems at different measurement heights,
specific control hardware and software, and individ-
ually written eddy-correlation data-analysis proce-
dures.

4. Summary and Discussion

TDL absorption spectroscopy based on the FM tech-
nique is one of the most powerful spectroscopic tech-
niques for the ultrasensitive and high-speed
detection of weak absorption signals. TDL absorp-
tion spectroscopy has made the transition from a
technique that was mainly of interest to instrument
developers into one that produces results of real value
to trace-gas analysis and atmospheric-chemistry
studies. This technique is especially well suited to
the measurement of trace-gas fluxes from terrestrial
ecosystems on the basis of the eddy-correlation tech-
nique because it allows rapid measurements of am-
bient gas concentrations of approximately 2 ppmv
with frequencies as high as 10 Hz with an accuracy
that is still better than 1%.

In the context of an interdisciplinary research
project eddy-correlation measurements of methane
emissions from rice paddy fields have been performed
during a field campaign to permit a comparison with
data from continuous monitoring provided by the
closed-chamber technique. The application of these
two independent methods should help to assess and
improve the quality of the data on methane fluxes.
The closed-chamber technique yields valuable results
for understanding the local processes that finally lead
to net methane emissions into the atmosphere and
the detection of diurnal as well as seasonal variations
in CH4-flux rates from rice paddy fields. It is appro-

riate to determine the effects of different site treat-
ents on fluxes, but site spatial variability is a great

roblem when using chambers to measure fluxes
rom a field or an ecosystem.41 In addition, cham-
ers disturb the natural air turbulence, decouple the
ice plant from the ambient turbulent atmosphere,
nd alter the temperature, the solar radiation, and
he gas concentrations in the measurement environ-
ent. Therefore the extrapolation of CH4 emissions

on the basis of flux rates that are obtained by use of
small closed-chamber measurements to field, land-
scape, and regional levels is not established very well.
A major objective of the eddy-correlation measure-
ments was the exploration of systematic differences
between the state-of-the-art closed-chamber method
and a direct micrometeorological technique.

During the measurement campaign a record of
high-quality data on methane emissions from irri-
gated rice paddy fields in Italy has been obtained.
From the eddy-correlation measurements a mean
daytime flux of 6.35 ppbv mys @14.5 mgy~m2 h!# has
been derived, whereas the measurements based on
the state-of-the-art closed-chamber technique have
reported approximately 60%–90% higher methane
emissions. The lower fluxes measured by the laser-
based micrometeorological eddy-correlation system
shown here have been confirmed in on-site compari-
56 APPLIED OPTICS y Vol. 40, No. 6 y 20 February 2001
sons with two other independent diode-laser-based
eddy-correlation systems. All participating instru-
ments ~laser spectrometers and gas chromatographs!
were calibrated routinely, and simultaneous mea-
surements of ambient methane concentrations have
eported the same values. It is important to point
ut that the differences occurred for only the fluxes
hat were calculated from the different techniques.

As a first attempt to try to explain this difference,
e should recall that closed chambers usually have a

an mounted inside the chamber, and when the cham-
er is closed the fan causes rapid mixing of the air
ithin the chamber. Thus a strong artificial turbu-

ence is introduced into the chamber that does not
llow natural gradients to form inside the box. The
hamber data may suffer from this experimentally
ntroduced effect, which might have influenced the

ethane-flux measurements obtained with closed
hambers in rice paddy fields to date.

During the analysis of the campaign data a positive
orrelation between the measured methane flux, the
riction velocity, the horizontal wind, and the temper-
ture has been found. This result is also in line with
he recent findings of Kahlil et al.,42 who analyzed a

7-year data set on methane emissions from rice fields
in Tu Zu, China, and found that greater wind speeds
tend to result in greater methane emissions. They
conclude that wind can affect fluxes from rice fields
by an increase in the agitation of the soil and the
water as the plants are moved in the wind, and this
effect may be larger in windier locations. Although
the amount of distortion or turbulence is constant
inside the chamber and is decoupled from the atmo-
spheric conditions, this is not the case for the almost
unaffected in situ eddy-correlation measurements in
the free atmosphere. As we can see from other
available data, the decreasing ratio of the flux mea-
sured by the closed-chamber technique to the flux
measured by the eddy-correlation technique during
the week, as shown in Fig. 8~b!, correlates well with
the simultaneously increasing horizontal wind speed
and friction velocity, which is a measure of turbu-
lence. This finding indicates that, for higher wind
speeds, the difference between the eddy-correlation
data and the closed-chamber measurements becomes
smaller, but, unfortunately, in the rice-growing re-
gion the wind speeds tend to be low and a problem
remains: Do closed-chamber measurements overes-
timate methane emissions from rice paddy fields? Or
do the independent eddy-correlation measurements
underestimate the fluxes? Whatever the process is
that causes more flux in the closed chamber with the
fans on, to date the consensus of the project partners
is that it accounts for only a fraction of the difference
between chamber and micrometeorological measure-
ments. The discrepancy between micrometeorologi-
cal measurements and the closed-chamber technique
has not yet been resolved completely. This issue is
intended to be a major aspect of a future synthesis
paper to aid in the interpretation of future CH4-flux
measurements by different methods.
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