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Abstract Methane (CH4) fluxes observed with the eddy-covariance technique using an open-
path CH4 analyzer and a closed-path CH4 analyzer in a rice paddy field were evaluated with
an emphasis on the flux correction methodology. A comparison of the fluxes obtained by
the analyzers revealed that both the open-path and closed-path techniques were reliable, pro-
vided that appropriate corrections were applied. For the open-path approach, the influence of
fluctuations in air density and the line shape variation in laser absorption spectroscopy (here-
after, spectroscopic effect) was significant, and the relative importance of these corrections
would increase when observing small CH4 fluxes. A new procedure proposed by Li-Cor Inc.
enabled us to accurately adjust for these effects. The high-frequency loss of the open-path
CH4 analyzer was relatively large (11 % of the uncorrected covariance) at an observation
height of 2.5 m above the canopy owing to its longer physical path length, and this correction
should be carefully applied before correcting for the influence of fluctuations in air density
and the spectroscopic effect. Uncorrected CH4 fluxes observed with the closed-path analyzer
were substantially underestimated (37 %) due to high-frequency loss because an undersized
pump was used in the observation. Both the bandpass and transfer function approaches suc-
cessfully corrected this flux loss. Careful determination of the bandpass frequency range or
the transfer function and the cospectral model is required for the accurate calculation of CH4

fluxes with the closed-path technique.
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1 Introduction

Methane (CH4) is an important greenhouse gas, with a global warming potential per unit
mass that is 25 times greater than that of carbon dioxide (CO2) on a 100-year time scale
(Forster et al. 2007). A few pioneering works to determine CH4 exchange with the eddy-
covariance technique (Kaimal and Finnigan 1994; Lee et al. 2004) were reported by Verma et
al. (1992), Hovde et al. (1995), and Suyker et al. (1996). Recent advances in laser absorption
spectroscopy (Baer et al. 2002; Li-Cor Inc. 2010; Shemshad et al. 2012) have facilitated
employments of laser-based CH4 analyzers in the eddy-covariance approach, and a number of
studies have been conducted since then (e.g., Rinne et al. 2007; Sachs et al. 2008; Hendriks et
al. 2008; Zona et al. 2009; Tuzson et al. 2010; Dengel et al. 2011; Querino et al. 2011). Fluxes
observed using the eddy-covariance technique represent the spatially-“averaged” exchange at
the ecosystem scale, and the technique can be applied on a continuous basis. These properties
are particularly effective for quantifying the ecosystem-scale CH4 exchange, since CH4 has
a heterogeneous source/sink distribution (Sachs et al. 2010) that is laborious to cover with
chamber observations. Thus, the present technique using the new CH4 analyzers has the
potential to greatly advance our understanding of the CH4 budget at the ecosystem scale and
larger scales.

When applying the eddy-covariance technique for observing CH4 exchange, there are
currently two options regarding the type of gas analyzer: an open-path or a closed-path gas
analyzer. Both analyzers have advantages and disadvantages. The open-path analyzer can
be installed adjacent to an ultrasonic anemo-thermometer, which enables the high-frequency
loss due to signal decorrelation to be minimized. However, the gas density observed with
the open-path analyzer is affected by fluctuations in air density (Webb et al. 1980) and by
variations in the absorption line shape in the laser absorption spectroscopic measurement
caused by changes in temperature, pressure, and water vapour (Gharavi and Buckley 2005;
Li-Cor Inc. 2010). Such effects must be appropriately adjusted for. One advantage of the
closed-path gas analyzer is that it does not need these adjustments provided that fluctuations
of temperature, water vapour concentration, and pressure are negligibly suppressed in the
measurement cell. The closed-path gas analyzer requires a relatively large correction of the
high-frequency loss caused mainly by the attenuation of turbulent fluctuations in the sampling
tubes and an insufficient flushing speed in the measurement cell.

An important point to consider is that the accuracy of the flux must be assured regardless
of the type of analyzer employed in the observation. Both the open-path and closed-path CH4

analyzers still have issues that need to be carefully examined for accurate flux calculations.
Because the available open-path CH4 analyzer, specifically LI-7700 from Li-Cor Inc., has
a larger physical path length compared to open-path CO2/H2O gas analyzers, the expected
larger high-frequency loss must be appropriately corrected. A new adjustment procedure
proposed by Li-Cor Inc. (2010) to correct for variations in the absorption line shape needs
to be carefully evaluated before it is used in scientific research.

For closed-path CH4 analyzers, the validity of the widely-used correction approaches for
the high-frequency loss should be examined. Closed-path CH4 analyzers achieve sensitive
measurements by detecting the laser absorption by CH4 in the decompressed measurement
cell (Baer et al. 2002; Asakawa et al. 2010; Shemshad et al. 2012). Furthermore, the mea-
surement cell of closed-path CH4 analyzers has a larger volume compared to closed-path
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CO2 analyzers, and consequently a high flow speed is necessary to flush the cell in a suf-
ficiently short time. These factors necessitate the use of a high power-consuming pump
in eddy-covariance observations with closed-path CH4 analyzers. However, a high power-
consuming pump is not always applicable because of power restrictions at a field site or
financial limitations, and measurements may have to be made using an undersized pump. The
high-frequency loss can be large (up to 30 %) when an undersized pump is used in conjunc-
tion with a closed-path CH4 analyzer (Detto et al. 2011). Thus, it is of practical importance to
examine the applicability of correction approaches for the high-frequency loss to such large
attenuation.

There are two widely-used correction approaches for high-frequency loss, i.e., the band-
pass approach (Högström et al. 1989; Watanabe et al. 2000; Asanuma et al. 2005) and the
transfer function approach (Moore 1986; Massman 2000; Ibrom et al. 2007a). The choice
of approach to correct the high-frequency loss is rather subjective, although it seems that
the transfer function approach has been more commonly used for correcting both CO2 and
CH4 fluxes (e.g., Aubinet et al. 2001; Kosugi et al. 2007; Rinne et al. 2007; Smeets et al.
2009; Detto et al. 2011; Peltola et al. 2013), due to the simplicity of the calculation. However,
the most appropriate approach should be chosen by considering the site characteristics. The
transfer function approach may fail to work correctly for non-ideal conditions (Laubach and
McNaughton 1998), specifically when the cospectrum does not follow the ideal shape. This
suggests that quite a large amount of data may be influenced because atmospheric turbulence
is inherently non-stationary, and an arbitrary threshold in a stationary index is often used
for data selection. The bandpass approach also has a weakness in that it is not applicable
when the flux of the reference scalar is very small, resulting in a large error in the correction
(Watanabe et al. 2000). The drawbacks mentioned above were mainly identified for water
vapour and CO2 exchanges, and it should be investigated if these drawbacks also exist in
CH4 flux observations.

One method used to confirm the accuracy of observations is a comparison of the fluxes
obtained from open-path and closed-path analyzers, including the post-processing of data.
Detto et al. (2011) conducted such a comparison at three sites with different CH4 source
strengths. They demonstrated that CH4 fluxes determined from both analyzers agreed rea-
sonably well, however the scatter tended to increase at sites with smaller CH4 sources.
The authors used both fast and slow pumps in the experiment and reported that the fast
pump slightly over-performed compared to the slow pump, although this comparison was
not conducted in a direct manner. Peltola et al. (2013) compared three closed-path CH4

analyzers and one open-path CH4 analyzer installed in a fen for flux observation. Although
their focus was not a comparison between the open-path and closed-path analyzers, their
results demonstrated that fluxes observed with the open-path and the closed-path analyzers
agreed reasonably well. Currently, such comparative studies are limited to the two mentioned
above. Important factors that affect the accuracy of fluxes may vary between sites, and more
comparative studies under different climates and in different eddy-covariance set-ups will
provide valuable information. Moreover, the two studies above applied the transfer function
approach to correct for the high-frequency loss of fluxes in the closed-path data, and the
applicability of the bandpass approach needs to be examined.

In this study, we compared CH4 fluxes obtained with both open-path and closed-path CH4

analyzers for the cross-validation with an emphasis on data post-processing, i.e., the flux cor-
rection methodology. We evaluated both the bandpass and transfer function approaches for
correcting the high-frequency loss of the closed-path CH4 observation where an undersized
pump was used for the whole observation period. We also attempted to clarify the importance
of each correction for the open-path eddy-covariance technique, namely the effects of fluctu-
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ations in air density, line-shape variations, and also high-frequency loss. The high-frequency
loss of the open-path data is generally small, but not negligible. It was explicitly treated
in this study, because this underestimation error propagates to the final corrected fluxes for
both the open-path and closed-path techniques, and thus affects any comparison between
the techniques. On the basis of the results obtained, suggestions for both the open-path and
closed-path techniques are made for a reliable evaluation of CH4 exchange. For this pur-
pose, we analyzed data obtained in a rice paddy field where a large range of CH4 fluxes was
observed. Throughout the paper, conventional micrometeorological notations are used for the
coordinate system and wind velocity vectors. The overbar and prime denote time averaging
and deviation from the time average, respectively.

2 Observation

2.1 Study Site

The observations were conducted at the Mase paddy site (36◦03′N, 140◦02′E, 12 m a.s.l) in
Tsukuba, Japan, in 2012. The site is one of the AsiaFlux monitoring sites, and energy and
CO2 fluxes are continuously observed there using the eddy-covariance technique (Miyata et
al. 2005; Mano et al. 2007). Paddy fields with similar cultivation practices extend for at least
1 km on flat terrain in the direction of the prevailing wind. Rice was transplanted on May 2
and harvested on September 12 2012. The mean density of rice plant was 14.51 bunch m−2.
The growth of rice was monitored with an interval camera and the canopy height, h, was
determined. We started the CH4 observations using the open-path eddy-covariance technique
on March 8 2012, and the closed-path CH4 analyzer was added to the system on June 10
2012. In this study, two months of data obtained in July and August 2012 were analyzed,
because a large range of CH4 fluxes was observed in these months. In this period, h increased
from 0.5 m at the beginning of the observation to 1.1 m around August 10. Subsequently, h
gradually declined to 1.0 m by the end of the observation period. Further details of the study
site have been described by Saito et al. (2005, 2007) and Ono et al. (2008a,b).

2.2 Instrumentation

To observe the turbulent fluctuations of wind velocity and sonic virtual temperature, an
ultrasonic anemo-thermometer (DA-600-3TV, Kaijo Sonic, Japan) with a sensor head with
a 0.1-m path length (TR-62AX) was installed at the top of a 3-m observation mast. The
observation height was 3.35 m. The sensor head of the ultrasonic anemo-thermometer was
set to face the direction of the prevailing wind, and the sensor head was installed precisely
level. An open-path CH4 analyzer (LI-7700, Li-Cor Inc., USA) and an open-path infrared
CO2/H2O gas analyzer (LI-7500, Li-Cor Inc., USA) were installed at the same height as
the ultrasonic anemo-thermometer for CH4 and water vapour concentration measurements.
The mirror heaters embedded in the open-path CH4 analyzer were switched off to prevent
any undesired heat interference (Burba et al. 2008). The sensor separation between the ultra-
sonic anemo-thermometer and the open-path CH4 analyzer was 0.29 m and that between the
ultrasonic anemo-thermometer and the CO2/H2O gas analyzer was 0.25 m.

For the closed-path eddy-covariance observations, a closed-path CH4 analyzer (RMT-
200 Fast Methane Analyzer, Los Gatos Research, Inc., USA) was installed in a small, air-
conditioned observation shed, and air samples were drawn from the same height as the sensor
path of the ultrasonic anemo-thermometer using a 23-m polypropylene tube with an internal
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diameter of 4 mm. The air inlet was 0.12 m from the sensor path of the ultrasonic anemo-
thermometer. A PTFE filter unit (Millex-FH, 0.45 µm, EMD Millipore, Corp., USA) and
metal filter unit (B-4F-60, 60 µm, Swagelok, USA) were inserted into the flow line just after
the air inlet and at the inlet of the gas analyzer, respectively, to prevent dust contamination of
the measurement cell. Fluctuations in the water vapour concentration of the sampled air were
suppressed using a Nafion dryer (PD-50T-24, Perma Pure, Inc., USA) and a reflux method;
i.e., the exhaust gas from the CH4 analyzer was used as the dry purge gas for the dryer. A
dry scroll vacuum pump (SH-110, Agilent Technologies, Inc. USA) was placed at the end of
flow line. The flow rate was approximately 10 L min−1 when connected to the closed-path
system; the cell flushing time was estimated as 2.4 s using the cell volume of 0.4 L. All
turbulence signals were recorded at 10 Hz by a datalogger (CR1000, Campbell Scientific
Inc., USA).

The zero offset of the ultrasonic anemo-thermometer was carefully examined and found to
be negligible (less than ±0.02 m s−1). The changes in sensitivity of both the closed-path and
open-path CH4 analyzers were checked with standard gases at the end of this observation.
The shift of sensitivity was approximately 1 % for both analyzers. The LI-7500 was replaced
with an alternative LI-7500 on April 28 2013, as part of a regular maintenance regime. Before
the replacement, the alternative LI-7500 was calibrated with standard gases in a laboratory.

Relevant micrometeorological measurements were also made in the vicinity of the obser-
vation mast. The observations included air temperature and relative humidity (HMP-45A,
Vaisala, Finland) at a height of 3.35 m, soil and water temperature (copper-constantan ther-
mocouple) at several depths, solar radiation (CMP-6, Kipp & Zonen, The Netherlands) at 2.1
m, and precipitation (TE525MM, Texas Electronics, USA). Half-hourly averages of these
variables were recorded by a datalogger (CR3000, Campbell Scientific, Inc., USA).

3 Data Analysis

The raw 10-Hz data were divided into 30-min intervals, and all data analyses and flux calcu-
lations were performed on these 30-min data. The following data processing was performed
before calculating the covariances. First, data spikes were removed (Vickers and Mahrt 1997);
second, a lateral wind correction on the sonic virtual temperature, Tsv (K) (Schotanus et al.
1983) was applied. Third, time lags in the signals from different analyzers were corrected
by shifting the 10-Hz data. Fourth, a coordinate rotation was performed so that v = 0 and
w = 0 for all data.

Time lags in the signals from different analyzers occur due to the different speeds of signal
processing and the spatial separations between the analyzers. For the closed-path analyzer,
the travelling time for sampled air in the tube also needs to be considered. Signals from
the open-path CO2/H2O gas analyzer and both the open- and closed-path CH4 analyzers
were synchronized to those from the ultrasonic anemo-thermometer for each series of 30-
min data using time lags estimated as follows. The time lag was first evaluated for each
data series with a cross-correlation analysis (Moncrieff et al. 1997) against Tsv from the
ultrasonic anemo-thermometer. For the open-path analyzers, relationships between the time
lag and wind speed and direction were established. The estimated time lag from the wind
speed and direction was then used for signal synchronization for each data series. For the
closed-path CH4 analyzer, the time lag depended on relative humidity (Ibrom et al. 2007b);
however its relationship with wind speed and direction was not obvious. Hence, the time
lag was determined from relative humidity only. The calculated time lag was typically 9.5 s,
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which was approximately in agreement with an estimated time lag from the flow rate and the
volume within the sampling tube.

In the following sections, data analyses specific to the open-path and closed-path data
are described. We adopted empirical approaches to determine the shape of the transfer func-
tions and the cospectral model whenever possible to eliminate the uncertainty related to the
applicability of theoretical models, and to focus on the framework of the flux correction
methodology.

3.1 Open-Path Data Processing

3.1.1 Corrections for Air Density Fluctuation and Line shape Variation

The covariance between w and CH4 molar density observed with the open-path analyzer, mo

(mol m−3), must take into account the effect of fluctuations in air density (Webb et al. 1980)
and variations in the CH4 absorption line shape (Gharavi and Buckley 2005). Hereafter,
the latter is referred to as the spectroscopic effect. These corrections were performed in a
combined manner (Li-Cor Inc. 2010; McDermitt et al. 2011) as shown below,

w′m′
oc = A

{
w′m′

o + B
mo

ρd
w′q ′ + C

(
1 + q

ρd

)
mo

T
w′T ′

}
, (1)

where w′m′
oc is the corrected CH4 flux, ρd is the molar density of dry air (mol m−3), and q

is the water vapour molar density (mol m−3). The coefficients, A, B, and C , arise from the
correction of the spectroscopic effect and are calculated from air pressure, air temperature
(T ), and q using the parametric equations of Li-Cor Inc. (2010). The covariance w′T ′

sv was
converted to w′T ′ using q (Schotanus et al. 1983) and w′T ′ was used in Eq. 1. The effect of
fluctuations in static pressure (Massman and Tuovinen 2006; Li-Cor Inc. 2010) was neglected
herein.

3.1.2 Corrections for High-Frequency Loss

Before applying the correction above, high-frequency loss in the open-path system due to
sensor separation and line averaging must also be determined to avoid error propagation into
the final corrected flux through Eq. 1. In this study, we developed an empirical procedure to
correct for the high-frequency loss for the open-path system, to avoid uncertainties related to
the applicability of theoretical correction. A widely-used transfer function and time constants
in the analytical formulations in Massman (2000) did not recover cospectra with the ideal
−7/3 power law in the high-frequency region for our data. One reason for this may be that we
used the wavelet transform to calculate cospectra, rather than a traditional Fourier transform.

The empirical procedure that we established used look-up tables for the parameters used
in one type of transfer function depending on wind speed and lateral sensor separation. The
high-frequency loss of w′T ′

sv was assumed to be negligible, and any attenuation of cospectra
of w and signals from the open-path analyzers was evaluated against the cospectra of w and
Tsv. As will be shown later, the cospectrum of w and Tsv has indiscernible high-frequency loss.
In this study, the signals from different sensors were synchronized, which thus minimized the
effect of longitudinal separation. Other sources of loss, such as the line averaging and phase
shifts (Shaw et al. 1998), if any, were accounted for in a bulk manner using this empirical
correction.
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The transfer function between w and an arbitrary variable, x , denoted as Hwx ( f ) was
defined as follows,

Hwx ( f ) = 1

1 + α f γ
, (2)

where f is the frequency (s−1). The parameter α is related to the lower end of the frequency
band that is affected by the high-frequency loss, e.g., α is greater when the high-frequency
loss extends to the lower frequency region. γ expresses the sharpness of the decrease in the
transfer function in the high-frequency range; e.g., γ is greater for a sharper decrease in
the transfer function. The parameters α and γ were determined for data groups that were
defined according to classes of wind speed and lateral separation between the ultrasonic
anemo-thermometer and gas analyzers. Different look-up tables for the CO2/H2O analyzer-
and the CH4 analyzer-anemometer combination were determined, because the gas analyzers
have different sensor path lengths and different sensor separations from the ultrasonic anemo-
thermometer.

This correction was applied on both a covariance and cospectrum basis in a consistent
manner. To correct covariances, a correction factor, ε, was calculated as

ε =
∫ ∞

0 Ĉ∗( f )d f∫ ∞
0 Hwx ( f )Ĉ∗( f )d f

, (3)

using the transfer function defined in Eq. 2 and a normalized cospectral model Ĉ∗ (defined
below in Eq. 7). Observed covariances were multiplied by ε. To correct cospectra, the high-
frequency loss was estimated by multiplying the transfer function (Eq. 2) with the cospectral
model (Eq. 7), and then the frequency-dependent loss components were added to the observed
cospectrum. The use of the same transfer function and cospectral model to correct both
covariances and cospectra enabled an accurate comparison of fluxes between the open-path
and closed-path technique. This was especially important for the water vapour flux, because
the water vapour flux or the cospectrum of w and q appeared in both the air density and
spectroscopic effect corrections for the open-path data and the correction of high-frequency
loss for the closed-path data with the bandpass approach described in the next section. In this
study, the maximal overlap discrete wavelet transform (Percival and Walden 2000) was used
to calculate the cospectra (Appendix 1).

3.2 Closed-Path Data Processing

In this measurement, temperature fluctuations were dampened as air travelled through the
long sampling tube (Leuning and Judd 1996; Rannik et al. 1997). The fluctuation of the
water vapour concentration was also suppressed with a Nafion dryer. It was then assumed
that the remaining small fluctuations in temperature, water vapour concentration, and pres-
sure, had a negligible effect on the CH4 density observed with the closed-path analyzer.
Consequently, the closed-path data only needed to be corrected for the high-frequency loss,
which is described below.

3.2.1 Bandpass Approach

The bandpass approach utilizes the “local” cospectral similarity between scalars over the
higher frequency region, and substitutes high-frequency components of the attenuated signal
obtained from a slow-response analyzer with the signal obtained from an analyzer with an
ideal frequency response. In this study, the scalar of interest for the high-frequency loss
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correction was the CH4 molar density measured with a closed-path analyzer denoted by mc

(mol m−3),

w′m′
cc =

f2∫
0

Cwmc( f )d f + β

∞∫
f2

Cwr ( f )d f, (4)

where w′m′
cc is the corrected CH4 flux, and Cwx is the cospectrum of w and an arbitrary

scalar variable, x . f2 is the frequency above which high-frequency loss affects the cospectrum,
and f2 defines the high-frequency end of the bandpass region. The attenuated Cwmc( f ) for
f > f2 is replaced with Cwr ( f ), where r indicates a reference scalar with no high-frequency
loss. β is the cospectral ratio for the bandpass frequency region and is defined as below,

β =
∫ f2

f1
Cwmc( f )d f∫ f2

f1
Cwr ( f )d f

, (5)

where f1 is the low-frequency end of the bandpass region, and at frequencies below f1

cospectral similarity does not always hold due to the influence of mesoscale atmospheric
motions such as entrainment at the top of the atmospheric boundary layer (Asanuma et al.
2007) and mesoscale circulations related to surface condition contrasts (Saito et al. 2007).

In this study, f1 and f2 were determined by examining the ratios between the normalized
cospectrum of w and Tsv and that of w and mc. The cospectral ratio was calculated following
Kosugi et al. (2007, their Eq. 3 and 4); f1 and f2 were determined from the whole dataset,
and thus were fixed for the whole analysis period.

The “local” cospectral similarity at higher frequencies is an acceptable assumption over a
surface with homogeneous source/sink distributions. However, in practice, there are situations
when the similarity does not hold. When the magnitude of the flux of the reference scalar,
r , becomes negligibly small, the similarity no longer holds, because the cospectral shape
becomes noisy and may not have a noticeable peak for negligible turbulence transfer. This
may result in a large correction error. To avoid this situation, r was selected sequentially
from Tsv, q , and CO2 (denoted as c) by judging the magnitude of coherence between mc and
r (Eq. 10). First, the coherence between mc and Tsv averaged over the bandpass region was
checked and if the averaged coherence was greater than a threshold value, Tsv was selected as
r . Otherwise, q or c was examined sequentially for the appropriate r in the same way. In this
study, Cwq and Cwc were corrected for the high-frequency loss using the method described
in Sect. 3.1, so q and c can be the appropriate r in the bandpass approach. The threshold
value was chosen to be 0.5 in this study.

3.2.2 Transfer Function Approach

The fraction of the underestimation due to the high-frequency loss from the ideal cospectral
shape can be expressed by the transfer function, H( f ). The measured covariance obtained
from a slow-response analyzer can then be expressed as follows,

w′m′
cc =

∞∫
0

Hwmc( f )C∗
wmc

( f )d f, (6)

where C∗
wmc

( f ) is the ideal cospectrum without the high-frequency loss.
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The normalized version of C∗
wmc

was determined empirically by fitting the cospectral
model below to ĈwTsv data, assuming cospectral similarity between mc and Tsv,

Ĉ∗(n) =

⎧⎪⎨
⎪⎩

an

(1 + bn)c
n < nc

dn

(1 + en)7/3 n ≥ nc

(7)

where a, b, c, d , and e are fitting parameters. The subscripts are omitted because it is assumed
that the cospectra of w and any scalars are expressed by Eq. 7; n is the normalized frequency,
n ≡ f (z − d)/u, and nc is determined arbitrarily. The zero-plane displacement, d , was
calculated as 0.75h. Data were separated into groups according to the atmospheric stability,
ζ ≡ −(z − d)/LO, where LO is the Obukhov length, and the cospectral model was fitted
to each group: ζ < 0, 0 ≤ ζ < 0.1, 0.1 ≤ ζ < 0.3, 0.3 ≤ ζ < 0.5, 0.5 ≤ ζ < 1.0, and
1.0 ≤ ζ .

The same form of transfer function as Eq. 2 was empirically determined by fitting Eq. 2 to
the cospectral ratio between the normalized cospectrum of w and Tsv and that of w and mc as
described above. One set of parameters (α and γ ) was determined again for the closed-path
CH4 eddy-covariance system, and these parameters were fixed for the whole analysis period.

The correction factor, ε, was calculated using Eq. 3. When the observation height is fixed,
the ε can be determined from u, ζ , and d , once the parameters in Eqs. 2 and 7 are determined
appropriately.

3.3 Data Quality Control

All 10-Hz raw data were visually checked and data resulting from instrumental malfunction
were discarded. Data with many spikes, abnormal skewness and kurtosis, and large dis-
continuities were also discarded (Vickers and Mahrt 1997). A stationary test (Mahrt 1998)
was used to reject data with strong non-stationarity. Data collected during rainfall were also
removed from the analysis.

For specific analyses, such as determining the transfer function (Eq. 2), the bandpass
frequency region with the cospectral ratios (i.e., f1 and f2), and the cospectral model (Eq. 7),
the data were screened with more strict criteria. Data collected during period of large wind
speeds and large fluxes were selected using the criteria below: u > 1.0 m s−1, |w′T ′

sv| >

0.01 K m s−1, |w′q ′| > 1.0 mmol m2 s−1, and |w′m′
c| > 10 nmol m2 s−1. To determine Eq. 2

for the open-path data, the criterion for u was omitted.

4 Results and Discussion

4.1 Corrections of Open-Path Data

4.1.1 High-Frequency Loss

The high-frequency loss of open-path data was corrected on the basis of the covariance
and cospectrum as described in Sect. 3.1.2. The parameters in the transfer function (Eq. 2)
were determined for the wind speed and lateral separation classes. The parameters α and
γ clearly varied with wind-speed classes (Fig. 1): α decreased with increasing wind speed,
and γ increased with increasing wind speed. α was generally higher for the CH4 analyzer-
anemometer combination; however the dependence on wind speed was qualitatively the
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Fig. 1 Variations of the α and γ parameters in the transfer function (Eq. 2) for wind-speed classes for (a and b)
the CO2/H2O analyzer-anemometer combination and (c and d) the CH4 analyzer-anemometer combination.
Symbols indicate different lateral separation classes: plus for 0.00–0.05 m, times for 0.05–0.10 m, asterisks
for 0.10–0.15 m, open square for 0.15–0.20 m, and triangle for 0.20–0.30 m

same for both the CO2/H2O analyzer- and CH4 analyzer-anemometer combinations. This
behaviour of α can be explained by the theoretical transfer function of line averaging (Gurvich
1962; Silverman 1968; Kaimal et al. 1968; Horst 1973) and sensor separation (Irwin 1979;
Kristensen and Jensen 1979); i.e., the high-frequency loss extends to the lower frequency
region with decreasing wind speed, and thus α increases. The larger α for the CH4 analyzer-
anemometer combination can be interpreted as the high-frequency loss affecting the lower
frequency region for the larger sensor path length of the CH4 analyzer. Another parameter γ

had approximately the same value for both the CO2/H2O analyzer- and the CH4 analyzer-
anemometer combinations for all wind-speed classes. The larger γ in the higher wind-speed
classes may reflect the effect of aliasing (Stull 1988). In high wind conditions, the cospectral
peak is shifted to a higher frequency, and as a result a larger contribution may exist at
frequencies higher than the Nyquist frequency. This affects the shape of the high-frequency
region in the cospectrum of w and Tsv to a greater degree compared to the cospectrum of w

and a scalar with a sensor separation, because this aliasing has a less significant effect on
attenuated signals (Laubach and McNaughton 1998). This may result in a sharper decrease
in the transfer function at high frequency, thus producing a larger γ with increasing wind
speed.

In contrast to the wind-speed dependence, the dependence of the parameters on the lateral
separation was less obvious. The parameter α for the CO2/H2O analyzer-anemometer com-
bination tended to become larger with increasing lateral separation, whereas the dependence
of α on lateral separation for the CH4 analyzer-anemometer combination and γ for both the
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Fig. 2 a Observed normalized cospectra of vertical wind speed, w, and CH4 concentration observed with the
open-path gas analyzer, mo, and b normalized cospectra corrected for the high-frequency loss

combinations were indiscernible. The dependence of α on the lateral separation can also be
explained by the theoretical transfer function of sensor separation (Irwin 1979; Kristensen
and Jensen 1979). However, the long physical path length of the CH4 analyzer might have
masked the dependence of α on the lateral separation. We designed the instrumentation so
that the ultrasonic anemo-thermometer faced into the prevailing wind direction, and the gas
analyzers were installed in the lateral direction so that they did not block the anemometer.
This resulted in less data for smaller lateral separations, and thus a larger uncertainty for
situations with smaller lateral separation.

In practice, α for the CO2/H2O analyzer-anemometer combination were grouped into two
lateral separation classes separated by 0.15 m. Values were averaged and then a look-up table
was created; i.e., α for the CO2/H2O analyzer-anemometer combination were determined
for two lateral separation and nine wind-speed classes. Other parameters (i.e., α for the
CH4 analyzer-anemometer combination and γ for both combinations) were averaged for
each wind-speed class, and one parameter regardless of lateral separation was determined
for each wind-speed class. With these empirical transfer functions and the cospectral model
obtained in Eq. 7, cospectral loss in the high-frequency region was corrected for the open-
path eddy-covariance system. The corrected cospectra were in close agreement to the −7/3
power law in the higher frequency range (Fig. 2), indicating an adequate performance for
this correction. The magnitude of the correction was 7 % for both w′q ′ and w′c′, and 11 %
for w′m′

o against the uncorrected covariances.
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The magnitude of the high-frequency loss correction for w′m′
o was also reported by Peltola

et al. (2013), who found the high-frequency loss to be 3.5 % against the uncorrected covariance
at an observation height of 2 m above the canopy when measured with an ultrasonic anemo-
thermometer vertically separated upward by 0.45 m. McDermitt et al. (2011) and Dengel et
al. (2011) did not report the fractional magnitude of this correction; however their cospectra
indicate that the magnitude of this correction may be similar to our own at a similar observation
height above the canopy. The reason why the high-frequency loss found by Peltola et al. (2013)
was smaller than in our study (11 %) is unclear, because a larger separation of the LI-7700
instrument from the ultrasonic anemometer should lead to a larger high-frequency loss. It
should be noted that Peltola et al. (2013) used a prototype of the LI-7700 analyzer, and its
application was confined to a period of relatively low CH4 fluxes of about 9 nmol m−2 s−1

due to instrumental malfunction.

4.1.2 Influence of the Fluctuations of Air Density and the Spectroscopic Effect

The effect of fluctuations in air density and line shape variation on measured w′m′
o were

adjusted using the covariances corrected for the high-frequency loss as described above to
avoid error propagation to the final corrected flux. The effects of these corrections, along
with the high-frequency loss correction, on the flux were examined throughout their diurnal
variations (Fig. 3).

The observed uncorrected CH4 flux was smaller during daytime than at nighttime, with
the minimum occurring around 0900 (Fig. 3a). The high-frequency loss correction increased
the flux with a slightly larger correction applied during nighttime when stable conditions
prevailed.

The conventional correction for the air density fluctuation mostly affected the daytime
flux (Flux with HFL+WPL in Fig. 3a). This correction contributed to approximately 21 % of
the fully corrected fluxes (Flux with HFL+WPL+SS in Fig. 3a) during daytime (Table 1a).
The magnitude of the correction for a unit energy transfer was larger for the sensible heat
flux, H , as implicitly suggested by Webb et al. (1980). However, in a rice paddy field, the
latent heat flux, LE, is the dominant energy transport (Fig. 3b), which resulted in a larger
magnitude of the correction term related to LE during daytime. On a typical sunny day, a
large latent heat flux cools the surface, resulting in a lower H in the afternoon and even
downward H in the late afternoon. This has an important consequence for the correction of
the effect of air density fluctuation on w′m′

o: the correction related to H was greatly reduced
in the afternoon, and the total absolute correction was smaller than that in the late morning
when the magnitude of correction was at a maximum. Conversely, the correction contributed
−4 % during nighttime due to the dominant effect of the downward H (Table 1a).

The effect of the spectroscopic correction was evident only during daytime with an average
contribution of 9 % to the fully corrected flux (Table 1a). During nighttime, this correction had
an indiscernible effect, and the correction for the air density fluctuation dominated. Peltola et
al. (2013) reported corrections for the fluctuation of air density and the spectroscopic effect
to be 80 and 24 % as a percentage of the uncorrected covariance, respectively. These values
were larger than the values reported by them (recalculated as 40 and 16 % as a percentage
of the uncorrected covariance for the fluctuations of air density and the spectroscopic effect,
respectively). Their application of the LI-7700 analyzer was confined to a period of relatively
low CH4 fluxes of about 9 nmol m−2 s−1, and thus their values were larger than the values
reported here.

To evaluate the contribution of the high-frequency loss to the final corrected flux, the
correction for the fluctuation of air density and the spectroscopic effect was made without
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Fig. 3 a Mean diurnal variations in uncorrected CH4 flux observed with the open-path gas analyzer and
fluxes with different corrections applied in stages (HFL high-frequency loss correction, WPL correction for
the fluctuations of air density, and SS spectroscopic correction), along with the correction terms relating to
the fluctuations in air density (denoted as the WPL term). b Mean diurnal variations of the sensible and latent
heat fluxes. Data obtained in July were averaged

applying the high-frequency loss correction to w′m′
o and w′q ′ (data not shown). These con-

tributions were typically 6 and 10 % of the fully corrected flux for daytime and nighttime
respectively (Table 1a). The high-frequency loss of w′m′

o dominated this contribution and
less than 1 % of the fully corrected flux was affected by the high-frequency loss of w′q ′.

The fully corrected CH4 flux exhibited an emission peak during 1400–1500 and the
minimum occurred during 0500–0600 when values were averaged, which is likely to be a
consequence of the diurnal variation of soil temperature. Another short-time peak was also
observed around 0300, which may correspond to a flush of CH4 stored within the rice canopy
during calm nighttime conditions.

4.2 Corrections to Closed-Path Data and Comparison with Open-Path Data

Herein, an undersized pump was used with the closed-path CH4 eddy-covariance system.
This led to a relatively large underestimation of the CH4 flux observed with the closed-path
system due to the high-frequency loss: the uncorrected CH4 flux was underestimated by
37 % relative to the fully corrected flux obtained from the open-path data (Fig. 4a). This
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Table 1 Averaged contribution
of various corrections to the final
corrected flux for (a) open-path,
and (b) closed-path data

The contributions were averaged
separately for daytime and
nighttime. Averaged CH4 fluxes,
sensible heat flux (H ), latent heat
flux (LE), and air temperature (T )
are also shown
HFL high frequency loss, SS
spectroscopic correction, WPL
air density fluctuation correction

Daytime
(0800–1800)

Nighttime
(2000–0600)

(a) Open-path data

HFL of w′m′
o (%) 6 10

HFL of w′q ′ (%) <1 <1

SS (%) 9 <1

WPL (%) 21 −4

w′m′
oc (nmol m−2 s−1) 66.8 60.6

H (W m−2) 10.8 −15.3

LE (W m−2) 228.3 28.9

T (◦C) 27.6 23.0

(b) Closed-path data

HFL of w′m′
c (%) 34 38

w′m′
cc (nmol m−2 s−1) 65.9 58.5
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Fig. 4 Comparisons of CH4 fluxes obtained from the closed-path data (y-axis) against the corrected CH4
fluxes from the open-path data (x-axis). The flux from the closed-path data were a uncorrected, b corrected
with the bandpass approach (denoted as BP) with only Tsv as a reference scalar, c corrected with BP with
either Tsv or q, or c as a reference scalar, and d corrected with the transfer function approach (denoted as TF).
Data obtained in July are shown. The broken lines are regression lines: a y = 0.63x (R2 = 0.77), b y = 0.90x
(R2 = 0.05), c y = 0.97x (R2 = 0.88), and d y = 0.99x (R2 = 0.93)
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underestimation was slightly larger during nighttime (Table 1b). The bandpass and transfer
function approach was applied to correct CH4 fluxes obtained from the closed-path system.
The corrected CH4 fluxes were compared with the corrected fluxes obtained from the open-
path system as described in Sect. 4.1 to evaluate the performance of the bandpass and transfer
function approaches, temporarily assuming that the flux based on the open-path data was
correct.

4.2.1 Bandpass Approach

In the application of the bandpass approach, the bandpass region needs to be determined in
advance. The cospectral ratio was close to unity and the scatter was relatively small between
0.01 and 0.04 Hz (Fig. 5). This indicates that “local” cospectral similarity holds over this
frequency region. The high-frequency end of the bandpass region, f2, was determined so that
the bandpass region was not affected by the attenuation due to the slow response of the closed-
path system for CH4. The cospectral ratio began to decline above 0.04 Hz and was close to
zero above 1.0 Hz. As the frequency fell below 0.01 Hz, the scatter became progressively
larger, although the median value of the cospectral ratio remained close to unity until 0.002
Hz. Below this frequency, the median value started to deviate from unity. This suggests that
cospectral similarity does not always hold below 0.01 Hz at this site. Hence, f1 and f2 were
determined to be 0.01 and 0.04 Hz, respectively.

The corrected fluxes were compared with fluxes calculated from data obtained with the
open-path system. When the bandpass approach was applied with only Tsv as the reference
scalar, most of the data were corrected to agree with the flux calculated from open-path data
(Fig. 4b). However, the scatter was large with some extreme outliers. When other scalars were
substituted for Tsv in situations where the coherence between Tsv and mc in the bandpass
region was lower than the threshold as described in Sect. 3.2.1, the scatter was highly reduced
and the corrected CH4 flux agreed well with the flux observed by the open-path system
(Fig. 4c). Of the data, 14 % were calculated based on q , and there were no situations where
c was used. In this figure, only the data obtained in July are shown, but the result was also
qualitatively the same for August. The root-mean-square error (RMSE) was 9.8 nmol m−2 s−1
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Fig. 5 The ratio of the cospectra of vertical wind velocity, w, and CH4 concentration observed with the
closed-path analyzer, mc, to the cospectra of w and sonic virtual temperature, Tsv, against frequency, f
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Fig. 6 The distribution of differences between CH4 fluxes obtained from the open-path and closed-path data
in July. CH4 fluxes from the closed-path data were corrected with a the bandpass, and b transfer function
approaches. The differences were calculated as fluxes from the open-path data minus fluxes from the closed-
path data

Table 2 Sensitivity analysis for a widening of the bandpass frequency region

Base f1 and f2 Higher f2 Lower f1

Slope 0.97 0.94 0.98

R2 0.88 0.93 0.85

RMSE 9.8 8.3 11.2

f1 and f2 indicate the lower and higher ends of the bandpass frequency region, respectively. The unit RMSE
is nmol m−2 s−1

for the July data, and the histogram of errors (Fig. 6a) showed that approximately 80 % of
the data were within 10 nmol m−2 s−1 different.

For the bandpass approach, it is important that the bandpass frequency region, namely
f1 and f2, is properly determined. We examined the consequence of widening the bandpass
frequency region (Table 2). When f2 was increased to include one additional higher frequency,
the slope decreased to 0.94, although R2 increased and the RMSE decreased. In this case, a
part of the cospectrum close to the higher end of the bandpass region was affected by the high-
frequency loss, resulting in the underestimation of β, and thus the fluxes were systematically
underestimated. The higher R2 and lower RMSE probably stemmed from the reduction in
random errors in β by averaging a wider bandpass frequency. When f1 was decreased to
include one additional lower frequency, the slope did not vary; however R2 decreased and
RMSE increased. Expanding the bandpass frequency region to a lower frequency resulted
in a part of the bandpass region being affected by a failure of cospectral similarity at the
lower end in some cases, and as a result the random error in β was increased and RMSE
increased.

Saito et al. (2007) reported that cospectral gaps ranging from κz = 3 × 10−3 to 1 × 10−1,
where κ = 2π f/u, were observed at the same site, which corresponds to approximately
f = 3 × 10−4 to 1 × 10−2 s−1 assuming u = 2 m s−1. The f1 obtained in this study
approximately agrees with the higher frequency end of the distribution of cospectral gaps of
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Table 3 The cospectral model obtained for each stability range

Stability range Lower frequencies Higher frequencies nc

ζ < 0 6.11n/(1 + 17.82n)1.43 0.52n/(1 + 1.18n)7/3 1.5

0 ≤ ζ < 0.1 3.44n/(1 + 9.23n)1.43 1.11n/(1 + 1.52n)7/3 0.5

0.1 ≤ ζ < 0.3 2.41n/(1 + 5.63n)1.43 1.23n/(1 + 1.54n)7/3 0.5

0.3 ≤ ζ < 0.5 1.05n/(1 + 1.35n)1.43 1.21n/(1 + 1.29n)7/3 0.5

0.5 ≤ ζ < 1.0 0.89n/(1 + 1.33n)1.43 1.19n/(1 + 1.28n)7/3 0.5

1.0 ≤ ζ 1.11n/(1 + 2.37n)1.43 1.15n/(1 + 1.23n)7/3 0.5

nc divides the data into lower and higher frequencies. n is the normalized frequency

Saito et al. (2007), thus implying that the source of cospectral dissimilarity in the lower
frequency in this study is also due to mesoscale transport related to land-surface characteristics
at the mesoscale.

4.2.2 Transfer Function Approach

When applying the transfer function approach, the cospectral shape must be precisely mod-
elled. A cospectral model (Eq. 7) was fitted to the observed cospectra between w and Tsv

(Fig. 7). The fitted cospectral models are listed in Table 3. The cospectral peak occurred
around n = 0.1 for ζ < 0, and the peak frequency increased as the stable stratification
strengthened from ζ = 0 to ζ = 0.5. The cospectra had a broader shape for unstable strat-
ification and became narrower as the stable stratification became greater. These properties
are qualitatively identical to those reported by Kaimal et al. (1972). For cospectra in stable
stratification, a single curve model has often been used (Moore 1986). However the cospec-
tral models with two separate frequency ranges fitted our data better. Parameter c in Eq. 7
did not vary with the stability, and hence c was fixed to the value of ζ < 0 (c = 1.43).

The transfer function, H( f ), was empirically determined by fitting Eq. 2 to the median
data in Fig. 5. The parameters α and γ were determined to be 11.2 and 1.95, respectively.
The effective time constant of the closed-path system was about 2.6 s. This effective time
constant was greater than the estimated cell flushing time of 2.4 s, since other factors such
as fluctuation damping in the sampling tube affect the total system response.

Corrected fluxes using the transfer function (Eq. 2) and the cospectral model (Eq. 7) were
compared with fluxes obtained from the open-path system (Fig. 4d). The corrected fluxes
agreed well with fluxes obtained from the open-path system; RMSE = 6.8 nmol m−2 s−1.
Approximately 80 % of the data were within 10 nmol m−2 s−1 different using the transfer
function approach (Fig. 6b). Again, only data obtained in July are shown in this figure, but
the result was qualitatively the same for August.

4.3 Suggestions for Eddy-Covariance Applications

The comparison between the open-path and closed-path data suggests that both eddy-
covariance techniques for CH4 are reasonably consistent provided that the necessary cor-
rections are appropriately applied (Fig. 4). The open-path CH4 data are greatly affected by
the fluctuations in air density and the spectroscopic effect. However, the correction proposed
by Li-Cor Inc. (2010) allowed us to take these effects into account. The high-frequency loss
for the fluxes used in this adjustment should be corrected beforehand. This is particularly
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critical when applying the open-path CH4 analyzer to sites with small CH4 fluxes, such
as upland forest ecosystems. When the true CH4 flux is small, the relative importance of
correcting for the fluctuations in air density and the spectroscopic effect increases, and as a
result the observed (i.e., uncorrected) CH4 flux using the open-path analyzer also becomes
larger compared to the true flux, in terms of the absolute magnitude. In this case, small errors
due to the high-frequency loss of the open-path data may be amplified, in a relative sense,
compared to the final corrected flux, through the correction for the fluctuations compared to
air density and the spectroscopic effect. This would also be true for the water vapour flux
when the true CH4 flux is small. Hence, the high-frequency loss of observed CH4 and water
vapour fluxes measured with the open-path analyzers, as well as sensible heat flux if any,
should be carefully accounted for.

The high-frequency loss of the CH4 flux observed with the closed-path eddy-covariance
technique in this study was relatively large. This is attributable to the use of an under-
sized pump. Nevertheless, the corrections applied, i.e., the bandpass and transfer function
approaches, satisfactorily accounted for the loss. This may be an important result from a
practical perspective because an expensive and high power-consuming pump is not always
applicable in field experiments. However, efforts to increase the flow speed may improve the
accuracy of the CH4 flux by reducing the fraction of the flux to be corrected.

In the correction of the closed-path data, the bandpass and transfer function approaches
both worked well in our experiment. The histogram of errors (Fig. 6) revealed that both
approaches have a similar error distribution. The bandpass approach produced a larger nega-
tive difference compared to the transfer function approach. The skewness of the error distrib-
ution was −1.01 and −0.38 for the bandpass and transfer function approaches, respectively.
Thus, both approaches adequately corrected the high-frequency loss of CH4 fluxes measured
with the closed-path analyzer for quality control data in our dataset, with a slightly better
performance when using the transfer function approach.

When applying the bandpass approach, an appropriate reference scalar must be chosen.
In most cases, sonic virtual temperature has been used as the reference scalar because of the
approximately ideal frequency response of the ultrasonic anemo-thermometer (e.g., Grelle
and Lindroth 1996; Yasuda and Watanabe 2001), and for the water vapour flux, there is often
no alternative to the sonic virtual temperature. Currently, in most situations where CH4 flux
observations are to be made, turbulence observations for H2O and CO2 are available. There-
fore, the possibility of these scalars being used as the reference scalar should be considered,
as was the case in our study. This is particularly important for the CH4 flux, because the
major sources of CH4 are wetland areas and rice paddy fields (Schlesinger and Bernhardt
2013), where sonic virtual temperature may not be the appropriate reference scalar owing to
the dominance of the latent heat flux in the energy balance.

Another key piece of data processing in both approaches may be the accurate synchroniza-
tion of CH4 and wind velocity signals. This enables the convergence of the characteristics
of high-frequency loss into a single transfer function. Otherwise, uncertainty will propagate
to the final corrected fluxes through the determination of β in the bandpass approach and
the transfer function itself in the transfer function approach. The time lag of the CH4 sig-
nal observed with the closed-path analyzer varied with the relative humidity in this study,
as reported by Ibrom et al. (2007b). This effect is probably important in humid climates,
and must be treated with care. In addition, the bandpass frequency region and the shape of
cospectra should be precisely determined.

We initially anticipated that the bandpass approach might be an improvement for correct-
ing the high-frequency loss in the closed-path system based on the results of Laubach and
McNaughton (1998). Each cospectrum for 30-min data generally deviates from the com-

123



114 H. Iwata et al.

posite cospectral shape for atmospheric turbulence. Thus the uncertainty of the modelled
cospectra may enhance the uncertainty of the transfer function approach, and the bandpass
approach may have an advantage in this respect. Against our expectations, the transfer func-
tion approach performed reasonably well, and actually performed slightly better than the
bandpass approach. The analysis above was applied to selected data with a stationary index,
which might result in a better performance of the transfer function approach. However, we
also applied the correction to data with a less strict stationary check, and found that the
results were qualitatively unchanged, and the transfer function approach was better. Part of
the reason for this may be that our observational site was ideal regarding the homogeneity
of wind and scalar source fields; CH4 emission may be fairly homogeneous in the horizontal
direction in an inundated paddy field. Whether the bandpass approach or the transfer function
approach is better probably depends on site conditions. The selection of the approach for the
high-frequency loss of the closed-path eddy-covariance system should be made carefully for
each observational site. This is important considering that flux observations are increasingly
conducted worldwide including at sites with less ideal micrometeorological conditions for
flux observations.

Finally, it should be noted that a systematic difference in the flux observed with open-
path and closed-path analyzers for CO2 at the same site (Ono et al. 2007, 2008b) was not
obvious in this study for CH4. McDermitt et al. (2011) showed that the heat generated by
the mirror heaters of an LI-7700 analyzer did not affect the temperature environment in the
observational path even under extreme heating conditions. Furthermore, the mirror heaters
were switched off in our study. The LI-7700 analyzer may not suffer the heat interference
problem that has been observed with the open-path CO2 analyzer (Burba et al. 2008).

5 Conclusions

Consistency between fluxes observed with the open-path and closed-path eddy-covariance
techniques is critical for inter-site comparisons between different ecosystems and allows the
cross-validation of fluxes observed with both techniques. The present study clearly demon-
strated that the CH4 fluxes observed using both techniques were consistent. This suggests
that the correction procedure proposed to account for the influence of fluctuations in air den-
sity and the spectroscopic effect is reasonably accurate, and the approaches used to correct
the high-frequency loss that are widely used for the CO2 flux can be applied to the CH4

flux also, even when an undersized pump is used with the closed-path CH4 analyzer. Both
the bandpass and transfer function approaches worked well with a careful determination of
parameters related to the bandpass frequency region, transfer function, and cospectral shape.
This study also re-emphasizes that accurate data processing, specifically the high-frequency
loss of the open-path data, is required before these corrections are applied, especially for
observations close to the ground. Accuracy in the overall corrections becomes even more
important when observing a small CH4 flux.
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Appendix 1: Maximal Overlap Discrete Wavelet Transform

In this study, the coherence among scalars was used in the bandpass approach as described in
Sect. 3.2.1. The coherence with the maximal overlap discrete wavelet transform (MODWT)
is defined below.

The j th level MODWT coefficients are defined for an arbitrary variable x with a sample
size N as follows (Percival and Walden 2000),

W̃x, j,t ≡
L j −1∑
l=0

h̃ j,l xt−l mod N (8)

for t = 0, ..., N − 1, where h̃ j,l are termed the j th level MODWT wavelet filters and are
defined as h j,l/2 j/2, where h j,l is the j th level wavelet filter; L j is the width of filters and is
defined as (2 j −1)(L −1)+1, where L is the width of the j = 1 base filter. The cospectrum
of w and an arbitrary scalar, x , is given as follows,

Cwx ( f ) = 1

N

N−1∑
t=0

W̃w, j,t W̃x, j,t (9)

where f is defined as f ≡ 1/(2 j
t) with 
t being the sampling interval. The MODWT
is a non-orthogonal variant of the discrete wavelet transform (DWT); its decomposition is
highly redundant in time. The redundancy of the MODWT coefficients modestly decreases
the variance of certain wavelet-based statistical estimates (Cornish et al. 2006). This property
may stabilize the characterization of turbulent transfer, especially over the frequency region
below the spectral peak frequency.

The coherence between two arbitrary variables (x and y), λxy( f ), was calculated using
MODWT in a similar way to the DWT version (Scanlon and Albertson 2001) as follows,

λxy( f ) = Cxy( f )

σx, jσy, j
, (10)

where σx, j is the standard deviation of the j th level MODWT coefficients of variable x .
Wavelet analysis requires the determination of a wavelet filter function, and appropriate

selection of the function depends on the objectives of the analysis and the time series being
analyzed. We chose the least asymmetric wavelet with eight coefficients, LA(8) (Daubechies
1992), following Cornish et al. (2006). The LA(8) filter has better uncorrelatedness between
wavelet coefficients across scales compared to the Haar filter, which has been more commonly
used because of its simplicity, and thus the energy leakage problem from nearby frequencies
(Qiu et al. 1995) has less influence on the calculated wavelet coefficients.
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