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Abstract.
Performances of four methane gas analyzers suitable for

eddy covariance measurements are assessed. The assess-
ment and comparison was performed by analyzing eddy
covariance data obtained during summer 2010 (1 April to
26 October) at a pristine fen, Siikaneva, Southern Fin-
land. High methane fluxes with pronounced seasonality
have been measured at this fen. The four participating
methane gas analyzers are commercially available closed-
path units TGA-100A (Campbell Scientific Inc., USA),
RMT-200 (Los Gatos Research, USA), G1301-f (Picarro
Inc., USA) and an early prototype open-path unit Prototype-
7700 (LI-COR Biosciences, USA).

The RMT-200 functioned most reliably throughout the
measurement campaign, during low and high flux periods.
Methane fluxes from RMT-200 and G1301-f had the smallest
random errors and the fluxes agree remarkably well through-
out the measurement campaign. Cospectra and power spectra
calculated from RMT-200 and G1301-f data agree well with
corresponding temperature spectra during a high flux period.
None of the gas analyzers showed statistically significant di-
urnal variation for methane flux. Prototype-7700 functioned
only for a short period of time, over one month, in the begin-
ning of the measurement campaign during low flux period,
and thus, its overall accuracy and season-long performance
were not assessed. The open-path gas analyzer is a practi-
cal choice for measurement sites in remote locations due to
its low power demand, whereas for G1301-f methane mea-
surements interference from water vapor is straightforward
to correct since the instrument measures both gases simul-
taneously. In any case, if only the performance in this inter-
comparison is considered, RMT-200 performed the best and

is the recommended choice if a new fast response methane
gas analyzer is needed.

1 Introduction

Prior to 1990s, eddy covariance (EC) measurements of
methane flux were impossible due to lack of “fast” gas an-
alyzers needed in order to capture turbulent flux transport at
all relevant frequencies, or eddy sizes. However, after the de-
velopment of fast instruments based on the laser absorption
spectroscopy (LAS), studies reporting ecosystem scale EC
methane flux measurements started to occur more frequently
(e.g.,Verma et al., 1992; Suyker et al., 1996; Rinne et al.,
2007). The early studies employed instruments which needed
continuous maintenance, and whose sampling resolution was
not very high. Furthermore, estimating long-term methane
balance was quite expensive and a laborious task due to sub-
stantial need of continuous upkeep. The lasers needed to be
cooled to cryogenic temperature in order to function prop-
erly, and such cooling was usually done with liquid nitrogen
which further increased the maintenance requirements.

Recent advancements in the development of LAS gas an-
alyzers have made sensitive and robust instruments commer-
cially available, and accordingly, the number of gas analyz-
ers applicable for EC measurements increased. The new in-
struments function at room temperature which drastically de-
creases maintenance needs. The growing use of LAS gas an-
alyzers for eddy covariance methane flux measurements calls
for comparison between the instruments.Tuzson et al.(2010)
assessed and intercompared performance of two rather new
gas analyzers at a grassland site with an artificially created
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methane flux. Their gas release experiment lasted the total of
eleven days. While they were able to assess if flux magnitude
was measured correctly, they were not able to determine in-
struments’ long-term performance in field conditions, which
is a key issue for continuous greenhouse gas monitoring.

The objective of this study is to compare and assess the
performance of four methane gas analyzers and correspond-
ing methane fluxes. This is done by analyzing methane flux
data measured during April–October 2010 at Siikaneva fen,
Southern Finland. Four methane gas analyzers and one sonic
anemometer were used to acquire four methane flux es-
timates. Season-long performance is assessed by compar-
ing data coverage and estimates for methane budgets, while
short-term performance is assessed by analyzing random and
systematic errors in the methane flux, and also, by exam-
ining spectral characteristics of measured turbulent fluctua-
tions. One of the participating analyzers, TGA-100A (Camp-
bell Scientific Inc., USA) (e.g.,Billesbach et al., 1998), is
an older closed-path model, and is based on the same prin-
ciple as the gas analyzers used in the early studies in the
1990s. The two other closed-path models, RMT-200 (Los
Gatos Research, USA) (e.g.,Baer et al., 2002; Hendriks
et al., 2008; Eugster and Pluess, 2010; Tuzson et al., 2010),
G1301-f (Picarro Inc., USA), and an early open-path proto-
type, Prototype-7700 (LI-COR Biosciences, USA) (e.g.,Mc-
Dermitt et al., 2010; Dengel et al., 2011; Detto et al., 2011),
are new state-of-the-art instruments. The three closed-path
units operated with occasional breaks throughout the mea-
surement campaign, whereas Prototype-7700 malfunctioned
permanently at 11 June due to water leakage which damaged
internal electronics of the instrument.

2 Materials and methods

2.1 Site description

The gas analyzer intercomparison was carried out between 1
April and 26 October 2010, in Siikaneva fen, Southern Fin-
land (61◦49.961′ N, 24◦11.567′ E, 160m a.s.l). Siikaneva is a
nutrient-poor oligotrophic open fen. Distance from the study
site to the tree line is in north and south directions about
200m, and several hundred meters in east and west directions
(Fig. 1). Surrounding forest consists mainly of Scots pines.
Peat depth varies from 2 to 4 m, increasing toward the center
of the site. The surface topography is relatively flat with no
pronounced slope (Aurela et al., 2007). Vegetation height is
low, approximately 10–30 cm. Due to the topography and rel-
atively large homogeneous fetch, this location is well-suited
for eddy covariance flux measurements. The vegetation at
the site consists mainly of sedges (Eriophorum vaginatum,
Carex rostrata, C. limosa) andSphagnum-species, namelyS.
balticum, S. majusandS. papillosum. More about vegetation
and carbon gas exchange in the study site can be found in
Riutta et al.(2007).

200 m

Fig. 1.Aerial photograph of the measurement site. Light green area
shows area governed by the fen and the darker green area represents
the surrounding forest. Star marks location of the measurement
tower, red and blue lines show average methane flux and amount of
obtained methane flux data as a function of wind direction, respec-
tively. Methane flux is in units mgm−2h−1 and dashed lines show
where methane flux equals 1, 2 and 3 mgm−2h−1 and amount of
data equals 60, 120 and 180 points. Data obtained from RMT-200
was used in this plot.

Air temperature during the measurement campaign was
on average 11.5◦C, a 2.2◦C warmer than 30-yr average,
recorded at a nearby meteorological station (Drebs et al.,
2002). July was the hottest month with mean air temperature
of 20.7◦C. Peat was not frozen during the whole time pe-
riod. Accumulated precipitation during the measurement pe-
riod was 372 mm, whileDrebs et al.(2002) reported a value
of 429 mm for 30 yr average.

2.2 Measurement system

Micrometeorological measurement systems observing trace
gas fluxes usually consist of sonic anemometer and at
least one gas analyzer. At the Siikaneva site, three-axis
sonic anemometer (USA-1, METEK, Germany) was used
to measure three wind components and air temperature.
CO2 and H2O concentrations were measured with a closed-
path gas analyzer (LI-7000, LI-COR Biosciences, Lincoln,
NE, USA). Sonic anemometer was situated at 2.75 m height
above soil surface, and the sampling inlet for LI-7000 was
situated 25 cm below the sonic anemometer. The sampling
tube consisted of two parts: 16 m long tube with 10 mm in-
ner diameter followed by a 0.8 m long tube with 4 mm inner
diameter. The longer part was used to sample air also to some
of the methane gas analyzers. Both of the tubes were made of
Teflon. The whole sampling line was heated in order to avoid
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Table 1.Characteristics of the four methane gas analyzers and their respective setups.

Prototype-7700 G1301-f TGA-100A RMT-200

Analyzer type open-path analyzer WS-CRDS TDLAS off-axis ICOS
enhanced with WMS

Open/closed path open closed closed closed
Measured species CH4 CH4, H2O CH4 CH4
Sampling height 2.3 m 2.5 m 2.5 m 2.5 m
above the soil
Sampling height 1.1 m 2.5 m 2.5 m 2.5 m
above significant structures
Horizontal sensor separation 10 cm 5 cm 5 cm 5 cm
Vertical sensor separation 45 cm 25 cm 30 cm 25 cm
Length of sampling line – 16.8 m 13 m 15 m
Flow rate wind speed 10 LPM 14 LPM 12 LPM
Sample cell volume open 33 cm3 480 cm3 408 cm3

Sample cell pressure ambient pressure 187 hPa 60 hPa 189 hPa
Connected to dryer No No Yes No
System power demand low high high high

(solar- and wind-powered) (grid powered) (grid powered) (grid powered)
Need of maintenance low low high low

condensation of water vapor on the tube walls. Flow rate
in the main intake tube was approximately 24 LPM. Stan-
dard membrane pump (KNF N035.1.2AN, KNF Neuberger
GmbH, Freiburg, Germany)) and Busch SAMOS SB0080D
blower (Ateliers Busch S.A., Chevenez, Switzerland) were
accompanying LI-7000. Horizontal spatial separation be-
tween the sampling tube inlet and sonic probe was approxi-
mately 5 cm. Four methane gas analyzers were also installed
at the same site, and their characteristics are shown in Table1
and explained in more detail below. Calibration of all the
four the methane analyzers was checked in a lab before field
deployment with gases close to ambient CH4 concentration.
All the analyzers showed similar values for CH4 concentra-
tion during the lab test and therefore no additional calibration
was done. All measurements related to eddy covariance were
recorded at the rate of 10 Hz. Supporting meteorological and
soil parameters were measured in the vicinity of eddy covari-
ance measurement system.

2.2.1 LI-COR Prototype-7700

Prototype-7700 is an early pre-production prototype of
the open-path methane gas analyzer (LI-COR Biosciences,
USA). Open-path design does not utilize an intake tube or
pump to pull the sampled air into the closed measurement
cell; rather the measurements are done in situ, in an open cell,
through which air flows freely moved by the wind. The ana-
lyzer employs a 0.47 m long open Herriott cell, with 30 m of
optical path length. The analyzer was placed under the sonic
anemometer resulting in approximately 10 cm horizontal and
45 cm vertical sensor separation distances. The measurement
height was 2.3 m above soil surface and 1.1 m above surface
of a wooded structure. Tunable diode laser is utilized to cre-

ate laser beams in the near-infrared region. Methane concen-
tration is measured by using wavelength modulation spec-
troscopy (WMS) in order to increase measurement accuracy
and reduce the effects of mirror contamination. The concen-
tration is determined by scanning over absorption line near
1.65 µm. This scanning is executed at 1 kHz frequency (Mc-
Dermitt et al., 2010).

2.2.2 Picarro G1301-f

G1301-f (Picarro Inc., USA) is based on wavelength-scanned
cavity ring down spectroscopy (WS-CRDS), which is a mod-
ified version of a more traditional CRDS approach (O’Keefe
and Deacon, 1988). Picarro G1301-f is a closed-path gas an-
alyzer, with sampled air pulled into the cell via the 16 m
long intake tube (same one as for LI-7000). The 0.8 m long
tube was attached between the main sampling line and the
gas analyzer, and thus, the total length of the sampling line
was 16.8 m. The tube inlet with a filter was situated 25 cm
below the sonic anemometer, at the measurement height
2.5 m above the soil surface. Vacuubrand MD4NT vacuum
pump (Vacuubrand GmbH, Wertheim, Germany) and Busch
SAMOS SB0080D blower (Ateliers Busch S.A., Chevenez,
Switzerland) were used in sucking the air through the sam-
pling line and the analyzer. The analyzer was measuring wa-
ter vapor and methane concentrations. Due to clogging of an
internal filter, it was replaced 26 August with an external Pall
Acro 50 filter (PTFE membrane 1 µm, Pall Acro 50).

2.2.3 Los Gatos RMT-200

RMT-200 is also a closed-path methane gas analyzer (Los
Gatos Research, USA). It is based on the off-axis integrated
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cavity output spectroscopy (OA-ICOS), which differs from
regular ICOS by the fact that the laser is placed at an angle
to the axis of the cavity. A 15 m long Teflon sampling tube
8 mm in diameter was utilized to sample air to the gas ana-
lyzer. Vertical and horizontal separation between sonic probe
and inlet of the tube was 25 cm and 5 cm, respectively. The
measurement height was 2.5 m above soil surface. The tube
was not heated but it was situated inside a protective cover
next to the heated tube used to sample air for LI-7000 and
G1301-f. Edwards XDS35i pump (Edwards, Crawley, UK)
was used in sampling the air. AcroPak filter (PTFE mem-
brane 0.2 µm, Pall AcroPak 300) was attached to the inlet
line, just before the analyzer.

2.2.4 Campbell TGA-100A

Campbell TGA-100A closed-path gas analyzer (Campbell
Scientific Inc., USA) is based on TDLAS measurement tech-
nique applied with tunable lead-salt diode laser. This instru-
ment has been widely used in eddy covariance methane flux
measurement studies (e.g.,Rinne et al., 2007), and is used in
this study as a reference for the three new instruments. The
laser was cooled using liquid nitrogen. Air was sampled with
13 m long Teflon tube with 4 mm inner diameter. Air was
sucked through a filter (polypropylene/polyethylene mem-
brane 10 µm, Pall 60344). Flow rate in the tube was 14 LPM
provided by Edwards XDS35i pump (Edwards, Crawley,
UK). The inlet was situated at 2.45 m height above soil sur-
face resulting in 30 cm vertical sensor separation between
sonic probe and the inlet. Tube was not heated but the air was
dried with a diffusion drier (Nafion PD-1000, Perma pure
Inc., USA) located after the inlet. Dew point temperature re-
mained at about−15 to−30◦C. Due to this, WPL terms or
spectroscopic corrections were not needed.

2.3 Eddy covariance method

Eddy covariance method was used in measuring the vertical
turbulent fluxes of trace gases, sensible and latent heat (Aubi-
net et al., 2000):

H = ρacp w ′T ′ (1)

LE = L ρaw ′χv
′ (2)

Fc = ρaw ′χc
′ (3)

whereH and LE are sensible heat and latent heat fluxes, re-
spectively, andFc is turbulent flux of arbitrary scalarc. L is
defined as latent heat of vaporization of water,χv water vapor
mass mixing ratio (kgwater/kgdry air), T is temperature,ρa is
mean air mass density,cp is the specific heat at constant pres-
sure andχc is mass mixing ratio of scalarc (kggas/kgdry air).
w is the vertical component of 3-D wind vector. Equation (3)
can describe flux of any scalar, for instance methane, car-
bon dioxide, ozone, etc. The fluxes are defined to be positive
when directed upwards.

Data was processed with post-processing software Ed-
dyUH (http://www.atm.helsinki.fi/EddyCovariance/). Mea-
surements were sampled at 10 Hz frequency, and 30-min av-
eraging time was used in calculating the covariances. For
the most part, data processing followed the methodology de-
scribed byAubinet et al.(2000). First the high frequency
eddy covariance data were despiked by comparing two ad-
jacent measurements. If there were over 0.5 ppm difference
between two adjacent methane concentration measurements,
the following point was replaced with the same value as in
the previous point. Second, the coordinate rotation was ap-
plied: wind componentsu, v andw were rotated so thatu
was directed toward mean horizontal wind speed and sec-
ond rotation set the mean vertical wind speedw to zero
(Kaimal and Finnigan, 1994). Third, the mean values were
removed from the time series using block-averaging method.
Fourth, time lag between the concentration and wind mea-
surements induced by the sampling lines was corrected by
maximizing the covariance. Fifth, spectral corrections were
applied (Sect.2.3.1). Then, humidity effect on temperature
flux w ′T ′ was accounted for afterSchotanus et al.(1983). As
a final step, Webb-Pearman-Leuning (WPL) terms and spec-
troscopic corrections were applied according to the method
presented in Sect.2.3.2.

Turbulent cospectra and power spectra were obtained by
applying Fast Fourier Transform (FFT) to linearly detrended,
Hamming-windowed, raw high-frequency eddy covariance
data. Cospectra were used to determine frequency response
of the measurement systems. Both cospectra and power spec-
tra are analyzed in Sect.3.2.

2.3.1 Spectral corrections

Attenuation of low frequency variation was corrected with
transfer function (TFLF) after Rannik and Vesala(1999),
while attenuation of high frequency variations was corrected
with transfer function afterHorst(1997):

TFHF =
1

1+ (2πf τ)2
(4)

wheref is natural frequency andτ is measurement system-
specific coefficient, called response time.τ is related to the
cut-off frequencyfc via τ = 1/(2πfc). Cut-off frequency
corresponds to that frequency where the transfer function
equals 2−1/2, meaning that the flux has been attenuated to
approximately 0.7 of the real value at this frequency.τ was
determined for each gas analyzer experimentally by assum-
ing scalar similarity and comparing normalized temperature
and methane cospectra. Magnitude of signal attenuation can
be estimated with correction factor CF (Aubinet et al., 2000):

Biogeosciences, 10, 3749–3765, 2013 www.biogeosciences.net/10/3749/2013/
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CF=

∞∫
0

Smodel
wT (f )df

∞∫
0

TFHF(f )TFLF(f )Smodel
wT (f )df

(5)

whereSmodel
wT is the scalar model cospectrum, estimated by

fitting a curve to the measured temperature cospectrum simi-
larly to Mammarella et al.(2010). Now by multiplying mea-
sured flux with correction factor CF, the fluxes can be cor-
rected for signal attenuation.

2.3.2 Effect of water vapor and temperature
fluctuations on gas concentration
measurements

Pressure, temperature and water vapor affect the shape and
width of the absorption lines used to deduce gas concentra-
tion, and thus, gas concentration measured with a laser may
not be equal to the real gas concentration. The effect of this
on the fluxes can be corrected with the so-called spectro-
scopic correction. These effects are absorption line-specific
features and they also depend on the spectroscopic approach
used to measure the gas. Thus, gas analyzers using different
absorption lines will have different spectroscopic effects on
the measured fluxes. This has to be accounted for when the
magnitude of apparent fluxes is estimated and corrected.

Gas concentration measurements are also affected by air
density fluctuations (Webb et al., 1980; Massman and Tuovi-
nen, 2006) and these effects can be corrected by adding the
Webb-Pearman-Leuning (WPL) density terms to the mea-
sured flux. In these, the effect of atmospheric pressure fluc-
tuations on measured density is assumed negligible, however
during recent years the validity of this assumption has been
questioned (Lee and Massman, 2011; Nakai et al., 2011;
Zhang et al., 2011; Burba et al., 2012). Results from these
studies are inconsistent with each other, but generally con-
cur that the small effects of the pressure fluctuations are not
negligible in all cases. Significance of fluctuations in atmo-
spheric pressure was tested with the method proposed by
Lee and Massman(2011) and parameterization adopted from
McBean and Elliott(1975). For the study site, the pressure
fluctuations had on average two orders of magnitude smaller
effect on gas concentration measurements than water vapor
fluctuations. Therefore, in this study atmospheric pressure is
assumed constant.

The Prototype-7700 flux data was corrected for den-
sity fluctuations and spectroscopic effects at the same time
(Burba et al., 2009; McDermitt et al., 2010):

F corr
c = A

{
w ′ρcm

′ + Bµ
ρcm

ρaL
LE + C

(1+ µσ)ρcm

ρacpT
H

}
(6)

where

A = κ (7)

B = 1+
(
1− 1.46ξv

)
αvPe

κPe

κ
(8)

C = 1+
(
1− ξv

)
T

κT

κ
+ ξv (B − 1) (9)

and ρcm, and ρa are uncorrected methane and air mass
density, respectively,κ is a dimensionless correction factor
which is a function of temperature and equivalent pressure
Pe (Burch et al., 1962), κPe andκT are the partial derivatives
of κ with respect to pressure and temperature, computed at
T = T andPe = Pe, respectively.µ is molar mass of air di-
vided with molar mass of water,σ is mean water vapor den-
sity divided with mean air density andξv is mole fraction
of water vapor (molwater/molair). With this equation spectro-
scopic effects can be corrected simultaneously with density
fluctuation induced errors, i.e., WPL terms.

In a closed-path gas analyzer temperature fluctuations in
the sample gas are damped while the gas is transported in
the long tube (Leuning and Moncrieff, 1990; Rannik et al.,
1997). Thus, air sample temperature is effectively constant in
the sampling cell, meaning that the spectroscopic effects and
density fluctuation caused by temperature fluctuations may
be neglected.

For closed-path gas analyzer RMT-200 the spectroscopic
effects were corrected by adding water vapor flux multiplied
with certain factorbct to the measured trace gas flux (Neftel
et al., 2010; Tuzson et al., 2010):

F SP
c = F meas

c + bct
Mc

MvL
LE (10)

where F meas
c is measured flux (Eq.3), F SP

c is flux cor-
rected for the spectroscopic effects andMc andMv are mo-
lar masses of scalarc and water vapor, respectively. The in-
strument specific coefficientbct was adopted fromTuzson
et al.(2010) with some modifications. Theirbct incorporates
both corrections (spectroscopic and WPL) in the samebct
value, and they also state that the spectroscopic correction
is approximately 16 % of WPL H2O-term, so in our study
bct was set to 3.965× 10−7 molCH4 mol−1

H2O, which is 16 %
of the value thatTuzson et al.(2010) reported. This value
also agrees with our lab results. Effect of density fluctuations
were corrected using the traditional approach for closed-
path gas analyzers (Eq. (6) with A = B = 1 and C = 0).
LE used to correct closed-path gas analyzer measurements
should correspond to the conditions in the gas measurement
cell (Ibrom et al., 2007), meaning thatLE should be calcu-
lated with CH4 time lag and it should be attenuated to the
degree that the closed-path gas analyzer sampling line atten-
uates H2O fluctuations. In this study LI-7000 H2O measure-
ments were used to correct RMT-200 CH4 flux data. How-
ever, RMT-200 and LI-7000 had different sampling lines
with different flow rates and filters, and thus, LI-7000 mea-
surements do not fully describe the circumstances in RMT-
200 measurement cell. Therefore, some residual error, on the

www.biogeosciences.net/10/3749/2013/ Biogeosciences, 10, 3749–3765, 2013
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order of 1–30 % of the correction, is expected when using
LI-7000 H2O to correct RMT-200 data.

For G1301-f the corrections were performed using the
method and coefficients presented inChen et al.(2010). They
use second order polynomial function which describes the
effect of H2O on methane concentration measurements. The
correction is done point-by-point to the raw data using H2O
measured by the instrument itself. After 26th of August the
instrument was not any more measuring H2O and thus cor-
rection described inChen et al.(2010) could not be used any-
more. After this date only WPL correction could be done to
the data and it was done using H2O measured with LI-7000.
Closed-path gas analyzer TGA-100A was connected to dryer
and therefore the CH4 measurements were free of any inter-
ference from H2O and these corrections were not needed.

2.4 Random error estimation methods

Errors in measurements can be systematic or random. Errors
resulting in random uncertainties do not introduce any bias
to the calculated flux; rather they decrease reliability of the
measurement. Eddy covariance trace gas flux measurements
have various sources for random uncertainties. They are re-
lated to atmospheric conditions, measurement and data anal-
ysis methods and measurement site characteristics (Businger,
1986; Kroon et al., 2010).

According toKroon et al.(2010) the uncertainty of mea-
sured covariancew ′χc

′ is dominated by the uncertainty that
is related to one-point sampling of the flux. This is due to
the fact that they assume that uncertainty due to measure-
ment precision of vertical windw and mixing ratioχc are
negligible. One-point uncertainty is linearly proportional to
standard deviation of the measured covariance (Businger,
1986), and thus by comparing the standard deviations of co-
variances, it is possible to compare uncertainties in the four
methane flux estimates. The standard deviations of the co-
variances were calculated according to method proposed by
Finkelstein and Sims(2001):

σF =

√√√√ 1

ns

[
m∑

p=−m

γ̂c,c(p) γ̂w,w(p) +

m∑
p=−m

γ̂w,c(p) γ̂c,w(p)

]
(11)

wherens is the total number of samples in a dataset,m is a
number samples that is sufficiently large in order to cover the
integral timescale (e.g.,Stull, 1988) andγ̂c,c andγ̂c,w are au-
tocovariance and cross-covariance functions, respectively. In
this study,ns equals 18 000 due to 10 Hz sampling frequency
and 30 min averaging time,m is equal to 200, as suggested by
Finkelstein and Sims(2001), and auto- and crosscovariance
functions were calculated as

γ̂x,x(p) = γ̂x,x(−p) =
1

ns

ns−p∑
t=1

(xt − x)
(
xt+p − x

)
(12)

γ̂x,y(p) = γ̂y,x(−p) =
1

ns

ns−p∑
t=1

(xt − x)
(
yt+p − y

)
(13)

This mathematically rigorous method provides estimates for
the random uncertainty in flux measurements for every av-
eraging period.Finkelstein and Sims(2001) argue that this
method provides a better estimate for the standard deviation
of the covariance than previously reported methods. This is
due to the fact that it does not assume any kind of cospectral
or spectral shapes for the turbulent transport; more like the
method is based on direct statistical calculation of variance
of covariance.
Absolute value for fractional flux error describing the stan-
dard deviations as a fraction of the covariancew ′χc

′ were
calculated as

AFFE= |
σF

w ′χc
′
| (14)

AFFE illustrates how big fraction of the measured flux can be
a product of random uncertainty, which is related to sampling
and instrumental noise. If AFFE values are below one, the
measured flux values are statistically significant.

Random uncertainty related to instrumental noise (σinst)
was estimated with a method proposed byBillesbach(2011).
It is based on minimizing the correlation between the time
seriesw and χc by randomly shuffling one of them. This
corresponds to removing the signal related to turbulent
flux from the measurements. After shuffling, covariance
betweenw and χc is only related to instrumental noise
(Billesbach, 2011).

σinst =
1

ns

n∑
i=1

w ′(i)χc
′

shuf(i) (15)

where vectorχc
′

shuf contains all the measurements in time
seriesχc

′ but the values are in random order. In this study
σinst was calculated eight times for every 30 min averaging
period and the mean of the absolute values of these eight
estimates forσinst were used to estimate random uncertainty
related to instrumental noise.σinst was calculated eight times
in order to reduce uncertainty of instrumental noise estimate.

2.5 Gap filling procedure

In this study, methane flux was parameterized using peat tem-
perature by assuming an exponential dependence (Conrad,
1989):

FCH4,daily = ab(Tp, daily−10)/10 (16)

whereFCH4,daily is the average daily methane flux obtained
from the four instruments in mgm−2h−1 andTp, daily is peat
temperature (◦ C) at 35 cm depth. Values 1.88±0.03 and
5.34±0.22 were obtained for the coefficientsa and b, re-
spectively. The values are given with 95 % confidence limits.

Even though correlation between the measured mean
daily methane flux and the used gap filling method is sig-
nificant (r2

=0.992) and root mean square error is low
(RMSE=0.17 mgm−2h−1), the parameterization is not able
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to capture the high flux periods, which are observed roughly
between days 190 and 210 (Fig.2). Reason for the sud-
den drop in mean daily methane flux around day 205 is
unclear.Rinne et al.(2007) reported similar phenomenon
in their study, which was carried out at the same site, and
they hypothesized that it might be caused by the fact that
the growth of the methanogenic microbe population ex-
ceeds the growth in the available substrates, thus limiting the
methane production. However, further studies are needed to
confirm this hypothesis.

3 Results

3.1 Data coverage

The intercomparison campaign was carried out between
1 April and 26 October 2010. None of the methane gas
analyzers operated continuously through the entire period
(Fig. 2). The open-path Prototype-7700 was in operation for
33 days in the beginning of the campaign. The prototype
was not operational after 5 June 2010, due to improperly
sealed enclosure, leading first to a hardware malfunction (re-
set in sampling rate from 10 Hz to 1 Hz) on 5 June and a
few days later, to a permanent water damage on 11 June. The
water sealing issue was fixed later in the production model
by the manufacturer. However, as a result of the water dam-
age, the only period when the methane flux was measured
with the prototype was during relatively small fluxes of about
0.5 mgm−2h−1. Thus, it is difficult to estimate how it would
have performed in measuring during medium and high flux
periods in the middle of summer, when the flux was around
3–10 mgm−2h−1.

The G1301-f was out of use approximately 40 days at the
end of July, beginning of August, when fluxes were largest
reaching over 10 mgm−2h−1. Starting from 15 August the
pressure regulation of G1301-f measurement cell did not
function properly. Reason for this was the obstruction of an
internal filter. Due to the fact that the internal filters were
difficult to replace with new ones, the clogged internal filter
was removed and replaced with an external Pall Acro 50 fil-
ter which is easier to handle. From the 26 August onwards
the instrument was back in operation. However, reason for
the missing data before 15 August is still unclear. One possi-
ble cause is that temperature in the cabinet which housed the
closed-path gas analyzers was too high by the end of July and
beginning of August, which might have caused G1301-f to be
unstable, and lose the data. TGA-100A was taken away from
the site at the middle of August. The fact that the instruments
were not operating continuously at the same time should be
kept in mind when examining and assessing the results, es-
pecially for the short operating time of Prototype-7700.

Flux data coverage of the four gas analyzers was estimated
during a period when they all functioned properly, between
17 April and 17 May. All methane flux data was discarded if
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Fig. 2.Gap filled daily averaged methane flux is shown in the upper
part, cumulative methane emission estimated from three gas analyz-
ers is shown in the middle part and the periods when the methane
gas analyzers were working are shown in the bottom part of the fig-
ure. Black and red markers in the upper part represent measured and
gap filled values, respectively.

friction velocity was below 0.1 ms−1, resulting in 164 half-
hourly points to be discarded between 17 April and 17 May.
Magnitude of methane flux showed rapid decrease after fric-
tion velocity dropped below this threshold (not shown) as
also reported for CO2 by Goulden et al.(1996) and others.

The post-processing software also examined Prototype-
7700 measurements when RSSI (Received Signal Strength
Indicator) describing cleanliness of the mirrors had a mean
value below threshold of 20. This threshold was reached on
120 half-hours which were then discarded. Also, the amount
of spikes, i.e. outliers, in raw CH4 concentration data and
mean half-hourly value of CH4 concentration were used in
detecting and discarding additional erroneous data. These
criteria discarded 104 and 6 additional half-hours, respec-
tively. Including discarded sonic anemometer data, the total
of 395 half-hours were removed from Prototype-7700 dataset
during the selected period, which was approximately 140
half-hourly points more than for the three closed-path gas an-
alyzers (Table2). On the whole, the open-path prototype pro-
duced least amount of data during the selected period mostly
due to the fact that the measurements were done in an open
cell which is vulnerable to the precipitation.

Eddy covariance data were also flagged with three differ-
ent quality flags according to stationarity criteria proposed
by Foken and Wichura(1996). Flags 0, 1 and 2 represent data
with good, mediocre and bad quality, respectively. RMT-200
and G1301-f produced the most of high quality flux data (flag
0 in Table2) during this 30-day-period. Both of them pro-
duced data approximately 77 % of time which can be cate-
gorized as good data. For TGA-100A this percentage is 61 %
and for Prototype-7700 it is 56 %. For RMT-200 and G1301-f
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Fig. 3. Frequency weighted, normalized cospectra and power spectra plotted against
normalized frequencyn. The ensemble averaged methane and temperature cospectra
and power spectra are shown with black and white dots, respectively. Black trian-
gles represent negative points of the ensemble averaged methane cospectrum. Small
grey dots represent individual methane data from which the mean cospectra and power
spectra are calculated from. Straight line in the figures on the left indicates a slope of
−4/3 (Kaimal et al., 1972). Lower and upper straight lines in the figures on the right
correspond to ideal slope of−2/3 and 1, respectively. Slope of 1 is a sign of white
noise (Kaimal and Finnigan, 1994). Cospectra were normalized with corresponding
covariance and power spectra were normalized with variance values calculated be-
tween frequencies 0.005Hz and 0.1Hz. Spectral data was binned into 35 logarithmi-
cally evenly spaced bins before plotting. For Prototype-7700 data was selected from
period 17 April–17 May, when methane flux was on average 0.5mgm−2 h−1, while
for other gas analyzers the data was selected from period 9–29 June, when methane
flux was on average 3.4mgm−2 h−1.

the amount of data flagged with 0 has a noticeable diurnal
variation: around midday almost all the measurements are
flagged with 0, at night the amount of good data is smaller
and the amount of data flagged with 1 and 2 slightly in-
creases. The minimum for the amount of data flagged with 0
is reached around 2.30 a.m. when only 45 % of RMT-200 and
G1301-f data are flagged with 0. Interestingly, TGA-100A
and Prototype-7700 do not show a pronounced diurnal vari-
ation for data quality.

3.2 Spectral characteristics

Figure 3 shows ensemble averaged, normalized and fre-
quency weighted cospectra and power spectra received from
the four methane gas analyzers. For Prototype-7700 data was
selected from period 17 April–17 May while for others data
was selected from period 9–29 June. Data was selected ac-
cording to following criteria: stratification was unstable, data
was flagged with quality flag 0, wind speed was between

Table 2. Amount of data obtained between 17 April and 17 May
is given in the first two rows and in the three next rows the data
is divided into bins according to data quality. Maximum number of
data points during this period is 1440. Data with flag 0 include those
periods when flux stationarity testFoken and Wichura(1996) was
smaller than 0.3. Flag 1 corresponds to those periods when station-
arity test was between 0.3 and 1 and flag 2 corresponds to station-
arity test with value larger than 1.

RMT-200 G1301-f TGA-100A Prototype-7700

Data (points) 1178 1173 1141 1045
Data (%) 82 81 79 73

Flag 0 (%) 77 77 61 56
Flag 1 (%) 4 3 13 12
Flag 2 (%) 1 1 5 5

1.5 ms−1 and 4 ms−1 and methane flux was directed up-
wards. In other words, only periods with well-developed tur-
bulence and unstable conditions were selected. It must be
pointed out that this selection of data was done for each
methane gas analyzer individually and thus the ensemble av-
eraged methane cospectra are not calculated from the same
runs, rather the figure shows the ensemble average calculated
from best available data for each gas analyzer.

According to scalar similarity assumption, all normalized
scalar cospectra, plotted against the normalized frequency
n, should collapse into one curve. In other words, temper-
ature and methane cospectra should look the same in Fig.3.
Therefore, by comparing methane cospectra and temperature
cospectra with each other, it is possible to assess how well
the methane gas analyzers are able to measure methane flux
related to different sizes of eddies. Since sonic anemome-
ters can measure the kinematic heat flux and thus scalar
cospectra more accurately than the gas analyzers, the tem-
perature cospectra should be closer to the theoretical scalar
cospectrum, and can be used as a reference for other scalar
cospectra. Overall, all ensemble averaged methane cospec-
tra and temperature cospectra agree well. CH4 flux cospectra
from all four methane gas analyzers follow the temperature
cospectra at lower frequencies, but at higher frequency they
start to fall below thew ′T ′ cospectra. This damping of high
frequency signal is specific to an instrument and setup, and
its effect on the magnitude of methane flux can be corrected.
This correction and its magnitude are explained in detail in
Sect.3.4.1. From Fig.3, it is evident that dampening of high
frequency signal is most pronounced for RMT-200 cospectra.

Ensemble-averaged and frequency-weighted power spec-
tra of methane and temperature are shown on the right hand
side of Fig. 3. The high frequency of measured methane
power spectra are greatly affected by white noise during pe-
riod 17 April–17 May (shown only for Prototype-7700 in
Fig. 3), when the methane flux was relatively low. However,
the white noise seen in power spectra does not contribute to
the covariance due to the fact that white noise in methane
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Fig. 4. From left to right: standard deviation of the covariances,
absolute value of fractional flux error (|σF /F |) and instrumental
noise. Median values for these three statistical parameters were cal-
culated during two separate periods. Fractional flux error is calcu-
lated as a ratio between the standard deviations and the flux values.
Instrumental noise was estimated using method proposed byBilles-
bach(2011).

concentration measurements does not correlate with vertical
wind speed time series; rather it just increases the random
error of the measurement.

During period 9–29 June, when Prototype-7700 was al-
ready out of operation, the methane fluxes were from 10 to
12 time higher than during the period 17 April–17 May, and
the ensemble averaged power spectra seem to follow the tem-
perature power spectra better (the upper three plots on the
right hand side in Fig.3). G1301-f power spectra does not
show any sign of white noise, while RMT-200 power spec-
tra starts to be dominated by white noise whenn≈2.2, cor-
responding to frequency 1.6 Hz. At slightly lower frequen-
cies also dampening of RMT-200 signal can be detected.
TGA-100A ensemble averaged methane power spectra starts
to deviate from the temperature ensemble averaged power
spectra already when the normalized frequency is around 0.4
(0.3 Hz) (Fig.3). White noise had the most significant effect
on TGA-100A of all instruments. TGA-100A ensemble aver-
aged power spectra deviated from temperature power spectra
also at low frequencies during both periods, possibly as a re-
sult of the drift in the signal.

3.3 Random error estimation

The median standard deviations of the covariances related to
four methane gas analyzers during two different periods are
shown on the left of Fig.4. The standard deviations represent
the uncertainty caused by instrumental noise and one-point
sampling of the flux and they were calculated according to
Eq.11. TGA-100A and Prototype-7700 give largest standard
deviations for the covariances, implying larger random er-
rors. During the first period (17 April–17 May) they gave
almost twice the standard deviation of that for RMT-200 and
G1301-f. Random error of the flux measurements is related
to the magnitude of measured flux, i.e., high flux leads to
high random error. Since open-path instruments are subject
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Fig. 5. Top row: Distribution curves of absolute value of fractional
flux error (|σF /F |) (left plot) and cumulative sums of relative fre-
quency of occurrence (right plot). Bottom row: the same as the top
row, but for normalized instrumental noise (|σinst/F |). Frequency
of occurrence is normalized with the amount of measurements and,
thus the curves on the left give relative amount of data in each bin.
Only periods when all the methane gas analyzers were working
were used.

to the full water vapor and temperature effects, and to the
full WPL equation, and closed-path instruments are not sub-
ject to these, the raw uncorrected Prototype-7700 methane
flux shows uptake of methane in the middle of day, while
the closed-path instruments show weak emission. Therefore,
random error related to magnitude of the raw flux is expected
to be higher for the open-path Prototype-7700 than for the
closed-path instruments shown in Fig.4 (left plot). During
the second period (9 June–29 June) the standard deviations
were overall approximately five times larger than during the
first period. This was expected due to the fact that the mea-
sured flux was significantly larger during the second period.

In addition to standard deviations, which describe the ran-
dom uncertainty caused by sampling and instrumental noise,
the random uncertainty caused purely by instrumental noise
was estimated according to Eq. (15). Magnitude of instru-
mental noise is a good measure of instrument performance.
The median values are plotted in Fig.4 (right plot). Uncer-
tainty caused by instrumental noise increases when the flux
magnitude increases. This can be seen if the noise levels dur-
ing the two periods are compared, because the methane flux
was on average larger during the second period. Again, RMT-
200 and G1301-f performed the best during both periods by
having the smallest mean values for the instrumental noise,
while TGA-100A had the highest.

Lower part of Fig.5 shows distribution of normalized in-
strumental noise for the four methane analyzers during the
first period (17 April–17 May). All the distribution curves
show an asymmetric shape: the curves peak at low values
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and then they have a tail reaching up to the higher values.
The distribution curves of RMT-200, G1301-f and Prototype-
7700 peak at 0.02, whereas for TGA-100A the most common
value is closer to 0.03, meaning that instrumental noise is 2
or 3 % of the measured covariance. For TGA-100A, how-
ever, no definite peak in the distribution can be seen and the
distribution is wider than for the other gas analyzers. From
cumulative frequency of occurrence plot (bottom right plot
in Fig. 5) it can be seen that 80 % of the values for RMT-200,
G1301-f, Prototype-7700 and TGA-100A are below 0.05,
0.04, 0.09 and 0.11, respectively. For Prototype-7700 most
of the values are between 0.01 and 0.04, similarly to RMT-
200 and G1301-f, but higher values are more common.

Absolute values for fractional flux errors (AFFE) were cal-
culated according to Eq. (14). RMT-200 and G1301-f give
the smallest average values for AFFE during the both periods
(Fig. 4, central plot). AFFE from Prototype-7700 is approxi-
mately 0.03 higher than from RMT-200 or G1301-f. AFFE of
TGA-100A was consistently higher than for the other three
instruments due to higher standard deviation.

Distribution of AFFE values is shown in the upper part of
Fig. 5, similarly to the distribution of normalized instrumen-
tal noise. From cumulative frequency of occurrence shown
on the right in Fig.5, it is evident that approximately 90 %
of the RMT-200 and G1301-f AFFE values are below 0.19
and the most common value is approximately 0.12. The dis-
tributions of AFFE values are very narrow; absolute values
of fractional flux error values above 0.3 are rarely witnessed.

Distributions of TGA-100A and Prototype-7700 AFFE
values are wider than for the two previous gas analyzers
(Fig. 5). About 90 % of the AFFE values are below 0.5 for
TGA-100A and below 0.63 for Prototype-7700. The most
common value for Prototype-7700 is 0.13, while for TGA-
100A it is 0.18. The distribution of Prototype-7700 AFFE
values peaks at the same place as distribution of RMT-200
and G1301-f values, however high AFFE values are more
common for Prototype-7700. AFFE of Prototype-7700 and
TGA-100A methane flux measurements depend on the mag-
nitude of the flux. Most of the AFFE values are below 0.5,
however when the flux falls below 0.2 mgm−2h−1, the AFFE
values start to rise. For RMT-200 and G1301-f such a depen-
dence is not detected. This might be partly caused by the
fact that they did not measure as small fluxes as the other in-
struments and thus the high AFFE values that are related to
small fluxes are not detected. If only moments when abso-
lute value of raw uncorrected methane flux was larger than
0.3 mgm−2h−1 are used, the median AFFE values are 0.12,
0.13, 0.17 and 0.15 for RMT-200, G1301-f, TGA-100A and
Prototype-7700, respectively.

3.4 Systematic error estimation

Unbiased correct information on the reference magnitude of
the real flux is needed in order to estimate how much the
measured methane flux deviates from the real methane flux.

Such information cannot be obtained, as all the measure-
ments may have errors. Nonetheless, certain measurement
system and data processing induced systematic errors have
been identified and they can be corrected. These corrections
are presented in the following subsections.

3.4.1 Spectral corrections

As mentioned in Sect.3.2, the high frequency end of methane
flux cospectra is usually attenuated, meaning that it falls
below temperature flux cospectra. High frequency part of
methane flux cospectra divided with temperature cospectra
are shown in Fig.6. The grey line shows transfer function
given in Eq. (4) with corresponding response time. This grey
line should follow the ensemble averaged methane cospec-
trum divided with temperature cospectrum (black dots) and
the high frequency part of spectral correction can be esti-
mated by integrating over the transfer function.

Response times were estimated experimentally using a
method presented inAubinet et al.(2000). As a result, mean
response times of 0.16 s, 0.08 s, 0.08 s and 0.16 s were ob-
tained for RMT-200, TGA-100A, G1301-f and Prototype-
7700, respectively. These values correspond to cut-off fre-
quencies of 0.99 Hz, 1.99 Hz, 1.99 Hz and 0.99 Hz, respec-
tively. TGA-100A and G1301-f have the shortest response
time, meaning that they respond the best to changes in
methane concentration. However, it must be kept in mind that
not only the instrument response, but also the rest of the mea-
surement system (sampling tube and filter, response of sonic
anemometer, spatial sensor separation) has an effect on the
total system response time. Therefore, the obtained response
times describe not only the instrument response, but also the
ability of the whole system to measure high frequency tur-
bulent fluctuations. Longer response time of Prototype-7700
is rather surprising, because usually open-path instruments
have a short response due to the absence of intake tubes and
filters. The long response of Prototype-7700 may be a result
of the positioning of this instrument substantially below the
rest of the intakes, 1.1 m above the surface of the wood log
structure, in conjunction with 0.45 m vertical separation be-
tween the instrument and the sonic anemometer.

Magnitudes of the spectral corrections are given in Ta-
ble 3 as fractions of the raw, uncorrected methane flux.
Diurnal variations of data with and without spectral cor-
rections are shown in Fig.7 for RMT-200 and Prototype-
7700. Spectral corrections always increase the absolute value
of the flux, regardless of what the direction is of the flux.
Spectral corrections are done before adding WPL terms
or doing spectroscopic corrections, thus spectrally-corrected
fluxes are still affected by density fluctuations and spectro-
scopic effects. This means that for Prototype-7700, RMT-
200 and G1301-f spectral corrections are done for datasets
that follow dotted lines in Fig.7. For Prototype-7700 the
corrections increase the magnitude of negative and positive
methane fluxes (Table3 and Fig. 7) during daytime and
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Sect.3.2, while for the other gas analyzers data were selected from
a period 9–29 June.

nighttime, respectively. Thus, spectral corrections partly can-
cel the effect of WPL terms and spectroscopic corrections
on Prototype-7700 methane fluxes due to the fact that they
have an opposing effect on the flux. If Tables3 and 4 are
compared, it is evident that for Prototype-7700 WPL terms
and spectroscopic correction are more important than spec-
tral corrections. The correction has the smallest effect on
TGA-100A and G1301-f methane fluxes (Table3). This is
expected due to the fact that they had a shorter response time
than Prototype-7700 and RMT-200.

3.4.2 Sensitivity to water vapor and temperature
fluctuations

TGA-100A was connected to a drier and thus for this in-
strument no density or spectroscopic corrections are needed.
Significance of WPL terms (Webb et al., 1980) and the new
spectroscopic correction are assessed for G1301-f, RMT-200
and Prototype-7700 in this section using data obtained be-
tween 17 April–17 May.

For open-path gas analyzers the WPL terms are signifi-
cantly more important than for closed-path instruments due
to the fact that for closed-path gas analyzers the temperature
fluctuations are dampened by the sampling tube prior to air
sample arrival to the measurement cell. Thus, we can expect
that the WPL terms and the spectroscopic correction will be
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Fig. 7. Diurnal variations of RMT-200, G1301-f and Prototype-
7700 methane fluxes at different stages of post-processing. Dotted
line represents diurnal variation of raw, uncorrected data. SC, WPL
and SP correspond to spectral corrections, WPL terms and spectro-
scopic correction, respectively. Therefore, black line shows the diur-
nal variation of fully corrected, final flux. Diurnal variation of TGA-
100A methane flux is shown for comparison with red line. Only data
between 17 April and 17 May were used. Flux data flagged with
quality flag 0 was selected for all plots individually and thus the red
lines are not exactly the same in these three figures.

Table 3.Magnitude of spectral corrections given as percentages of
raw uncorrected covariance. Positive and negative values mean that
the correction increases upward and downward directed flux, re-
spectively. Daytime was defined as periods when the Sun’s eleva-
tion angle was above 0◦ and nighttime was defined as periods when
it was below−3◦. Only data from a period when all the instruments
were working (17 April–17 May) was used in calculating the values
in the table.

RMT-200 G1301-f TGA-100A Prototype-7700

All data (%) 11.1 5.1 5.4 3.5
Daytime (%) 12.1 5.8 6.2 −3.6
Night time (%) 9.1 4.0 4.1 7.3

larger for Prototype-7700 methane fluxes than for RMT-200
or G1301-f. Spectroscopic and WPL terms were applied ac-
cording the method presented in Sect.2.3.2. For Prototype-
7700 the coefficientsA, B andC in Eq. (6) were obtained
from look-up tables distributed with the instrument. During
the measurement campaign the approximate ranges forA, B

andC were 0.94 to 0.99, 1.42 to 1.46 and 1.21 to 1.34, re-
spectively.

As expected for open-path design, WPL terms were
large in the open-path methane fluxes from Prototype-7700.
The terms increase the flux by 0.20 mgm−2h−1, on av-
erage. However, this difference has a clear diurnal varia-
tion. At daytime (Sun’s elevation angle larger than 0◦), it is
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Table 4.WPL terms and spectroscopic correction given as percentages of the uncorrected raw covariance. Positive and negative values mean
that the correction increases the upward and downward directed flux, respectively. Daytime was defined as those periods when the Sun’s
elevation angle was above 0◦ and nighttime as those periods when it was below−3◦. Only data from a period when all the instruments were
working (17 April–17 May) was used in calculating the values in the table.

RMT-200 G1301-f Prototype-7700

All data WPL terms (%) 15.3 21.1 80.1
Spectroscopic correction (%) 3.2 0.9 23.6

Daytime WPL terms (%) 23.9 38.4 105.1
Spectroscopic correction (%) 5.0 1.2 31.8

Night time WPL terms (%) 4.5 6.9 −27.9
Spectroscopic correction (%) 0.9 0.6 −8.5

approximately 0.37 mgm−2h−1 and at nighttime (Sun’s el-
evation angle below−3◦) it is around−0.14 mgm−2h−1,
meaning that the correction diminishes the fluxes at night.
Spectroscopic correction is not as significant as WPL terms
for Prototype-7700 methane fluxes: on average fluxes cor-
rected for the spectroscopic effects and density fluctua-
tions are 0.06 mgm−2h−1 larger than only WPL-corrected
fluxes. However, also spectroscopic correction has a diur-
nal variation and the difference is 0.11 mgm−2h−1 at day-
time, while at nighttime it is−0.04 mgm−2h−1. For the
closed-path gas analyzers RMT-200 and G1301-f the sig-
nificance of WPL terms and spectroscopic correction are
much smaller as expected for a closed-path design. WPL
terms increase the fluxes on average by 0.05 mgm−2h−1

and 0.07 mgm−2h−1, respectively. If daytime and nighttime
are examined separately, this increase is 0.08 mgm−2h−1

and 0.01 mgm−2h−1 for RMT-200 and 0.11 mgm−2h−1 and
0.02 mgm−2h−1 for G1301-f, respectively. Significance of
spectroscopic correction is smaller than the significance of
WPL terms: on average spectroscopic correction increased
the fluxes for RMT-200 and G1301-f by 0.01 mgm−2h−1

and 0.003 mgm−2h−1, respectively. At daytime and night-
time this increase is 0.02 mgm−2h−1 and 0.003 mgm−2h−1

for RMT-200 and 0.003 mgm−2h−1 and 0.002 mgm−2h−1

for G1301-f, respectively. In Table4 these values are listed
as percentages of the uncorrected raw covariance.

The corrected fluxes were compared with methane flux
calculated from TGA-100A data. This dataset should be al-
most free from density fluctuations and spectroscopic effects,
since the closed-path analyzer was connected to a drier, while
sampling line dampened temperature fluctuations. Therefore,
in theory with this kind of comparison it is possible to ver-
ify and assess the performance of WPL terms and spectro-
scopic corrections that were applied to RMT-200, G1301-f
and Prototype-7700 data. Diurnal variation of TGA-100A
methane flux is shown in Fig.7 with diurnal variations of
RMT-200, G1301-f and Prototype-7700 methane fluxes at
different stages of post-processing. The diurnal variation of
fully corrected flux agrees better with TGA-100A than the
diurnal variation of not corrected flux. This is true for all
three gas analyzers, RMT-200, G1301-f and Prototype-7700.

Therefore, it can be said that both of the corrections are mod-
ifying the flux data into the right direction. For open-path
Prototype-7700 WPL terms alone are not enough, due to the
fact that diurnal variation of WPL-corrected Prototype-7700
flux differs quite a lot from the TGA-100A data at daytime.
However, from Fig.7 and Table4 it is evident that the WPL
terms are more significant for Prototype-7700 than the spec-
troscopic correction. After correcting the Prototype-7700
flux data with WPL terms high uptake of methane at day-
time, i.e., flux directed downwards, is turned into weak emis-
sion which is more plausible at this site. Both corrections
also increase the correlation between TGA-100A methane
flux data and RMT-200, G1301-f and Prototype-7700 data.
For RMT-200 methane flux data the correlation coefficient
(r) with TGA-100A methane flux data is 0.75, 0.87 and 0.88
without WPL terms or spectroscopic correction, with WPL
terms and with both corrections, respectively. For G1301-
f methane flux data these correlation coefficients are 0.63,
0.89 and 0.89 and for Prototype-7700 they are−0.11, 0.10
and 0.22, respectively.

3.5 Diurnal variation and methane flux magnitude

Median diurnal variation of methane flux obtained from the
four methane gas analyzers are shown in Fig.8. Only data
measured between 17 April and 17 May were used so that
the figure can be compared with Table5. The methane fluxes
agree well at night. All the four measurement systems show
that the flux is on average between 0.3 and 0.4 mgm−2h−1.
While the measured methane fluxes agree at night, at daytime
there is a bigger difference between them.Rinne et al.(2007)
did not find any diurnal variation in methane flux at this mea-
surement site. In our study, none of the four gas analyzers
show a statistically significant diurnal pattern for the methane
flux (Fig. 8), which is in line withRinne et al.(2007). For
Prototype-7700 it is difficult to assess the validity of methane
flux diurnal variation due to high variation in the data.

By comparing the measured methane flux to the mean
value of all the methane flux values, it is possible to assess
the magnitude of the methane flux relative to each other.
This kind of comparison can be seen in Tables5 and 6.
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Table 5.Average difference between methane flux obtained from one instrument and mean flux obtained from the four instruments between
17 April and 17 May. All the four methane gas analyzers were working during this period. If difference and relative difference are negative,
the flux obtained from that certain instrument is smaller than the mean flux obtained from all of the instruments. Only data flagged with
quality flag 0 was used.

RMT-200 G1301-f TGA-100A Prototype-7700

Flux (mgm−2h−1) 0.448 0.424 0.395 0.379
Difference (mgm−2h−1) 0.037 0.012 −0.017 −0.032
Relative difference (%) 8.2 2.9 −4.2 −8.6

RMT-200 gives the highest methane fluxes between 17 April
and 17 May (0.448 mgm−2h−1), while Prototype-7700 gives
the lowest (0.379 mgm−2h−1).

3.6 Season-long performance

Figure9 shows how well the methane flux estimates from the
four methane gas analyzers agree with each other. Methane
flux from G1301-f was selected as a reference for the three
other gas analyzers because of two reasons: the random error
was relatively small (Sect.3.3) and the corrections to the flux
measurements are small.

RMT-200 and G1301-f methane fluxes agree well during
low flux periods and high flux periods (Fig.9). This can be
seen from the fact that all the points are crowded in a nar-
row band near the 1: 1 line and the scattering of the points
is increased neither in the low flux nor in the high flux end
of the figure. A linear regression was fitted to the measure-
ments and the fit can be seen in the figure. Slope (1.004)
and intercept (0.049) imply of good match between datasets.
95 % confidence intervals for the coefficient estimates are
1.003 and 1.006 for the slope and 0.045 and 0.054 for the
intercept. The correlation coefficient between the datasets
is high (r =0.999) and the root-mean-square error is low
(RMSE= 0.138). Functioning of the gas analyzers RMT-200
and G1301-f are based on quite similar basic principle and
this might explain the good correlation.

G1301-f does not agree as well with TGA-100A as it does
with RMT-200 (Fig.9). The slope of the fitted linear regres-
sion is 0.894 (95 % confidence intervals are 0.884 and 0.904)
and it is clearly below the ideal slope of 1: 1 line. The in-
tercept is quite near zero with value of 0.011 (95 % confi-
dence intervals are−0.021 and 0.042). However, most of the
points follow the 1: 1 line, but few outliers cause the fit to
differ from the ideal 1: 1 line. This can also be seen if the
values of the residual are examined: they are mostly posi-
tive when the flux is large. If the fit describes the measure-
ments well, the residual values should vary around zero, as
in the case of RMT-200 and G1301-f methane fluxes. Thus,
it can be argued that the TGA-100A and G1301-f methane
flux datasets agree better than the slope of the fitted linear
regression implies, at least when the flux is not exceedingly
large. The correlation between the TGA-100A and G1301-
f datasets (r =0.956) is smaller than between RMT-200 and
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Fig. 8. Median diurnal variation of final fully corrected methane
flux obtained from the four methane gas analyzers. Only data from
a period when all the instruments were working (17 April–17 May)
were used. Data from this period was selected so that the methane
fluxes were given quality flag 0. Error bars denote the interquartile
range around the median values.

G1301-f methane fluxes and the root-mean-square error is
higher (RMSE=0.765). There was quite a lot of scattering
in TGA-100A methane flux data and thus the points are not
grouped as a narrow band around the fitted line and RMSE is
rather high. The scattering in TGA-100A methane flux data
is probably caused by high random error in the measurements
(Sect.3.3).

Also the agreement between Prototype-7700 and G1301-f
was assessed (Fig.9), even though the amount of Prototype-
7700 measurements is smaller than the amount of data re-
ceived from the other gas analyzers. Prototype-7700 was
operational only during period with relatively low methane
flux, and thus the points in the scatter plot figure are near-
zero. However, even though the points are located in a
small range of methane flux values, it can be seen that
they follow quite well the ideal 1: 1 line. Fitted linear
regression has slope and intercept of 1.064 (95 % confi-
dence intervals are 0.985 and 1.143) and−0.104 (95 %
confidence intervals are−0.181 and−0.028), respectively.
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Table 6. Same as Table5, but data was selected from between 9
June and 29 June. Prototype-7700 was out of operation during this
period.

RMT-200 G1301-f TGA-100A

Flux (mgm−2h−1) 3.159 3.104 2.759
Difference (mgm−2h−1) 0.151 0.097 −0.248
Relative difference (%) 4.8 3.1 −9.0

The correlation coefficient between the Prototype-7700 and
G1301-f methane flux datasets is 0.615 and root-mean-
square error is 1.021. Low correlation and high RMSE are
caused by scatter in the points when G1301-f measured quite
low flux. Without these deviations from 1: 1 line the cor-
relation would be better. Scatter plots of methane flux data
obtained only between 17 May and 17 April are shown on
the right in Fig.9.

Cumulative emission of methane during a part of the cam-
paign (between 1 May and 25 October) was estimated from
the data obtained from three closed-path gas analyzers. They
functioned with occasional breaks throughout the measure-
ment campaign, while for Prototype-7700 the amount of re-
ceived data was small, and cumulative flux data were not esti-
mated. Cumulative emission was calculated from mean daily
methane fluxes and the mean daily values were calculated
from methane flux data which was flagged with quality flag
0. If less than one third of the measurements in a day fulfilled
this criterion, mean daily methane flux was estimated using
the dependence between methane flux and peat temperature
(Eq. 16) and the same gap filling method was used for all
the methane flux measurements. This kind of procedure lead
34, 68 and 103 out of 178 days to be gap filled for RMT-
200, G1301-f and TGA-100A datasets, respectively. Cumu-
lative methane emission estimated from RMT-200 data was
based on measurements the most due to small amount of gap
filled days, while TGA-100A had the most gap filled days.
In fact, cumulative methane emission estimated from TGA-
100A data is more based on gap filling than on real mea-
surements, since the amount of gap filled days exceeds the
amount of measured days, and thus the value for methane
balance estimated from TGA-100A data is a bit dubious.

The mean daily methane flux values show great similar-
ity over the period and the gap filled values follow closely
the measured values (upper part in Fig.2). Only during the
extremely high flux period around day of year 200 is not
modeled well by the gap filling method. The three estimates
for the cumulative emission shown in the middle part of
Fig. 2 are almost the same and the amount of overall emitted
methane over the period for RMT-200, G1301-f and TGA-
100A data are 12.3 gm−2, 11.9 gm−2 and 11.8 gm−2, re-
spectively. Thus, it can be said that the methane balance
obtained from the three gas analyzers is the same even
though the amount of gap filled days is not. Overall the daily
methane emissions estimated from these three gas analyzers
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Fig. 9. Scatter plots of methane flux measured with different gas
analyzers. Only periods when amount of spikes in a half an hour
exceeded 100 were discarded. Number of points in the figure, root-
mean-square error and correlation coefficient are given above each
figure, respectively. Figures on the left show all the available data
and figures on the right are otherwise similar, except data was se-
lected only from period 17 May–17 April. During this period all the
instruments were working simultaneously and methane flux was on
average 0.5 mgm−2h−1.

agree very well and the determination of methane balance
does not depend on the selection of the gas analyzer.

4 Discussion

In terms of data coverage, the RMT-200 worked well con-
sistently throughout the campaign, while the other instru-
ments were out of operation for various periods. The RMT-
200 and G1301-f produced, on average, the highest amount
of good quality data, followed by the Prototype-7700 which
was damaged early in the campaign, preventing season-long
methane budget calculations. The prototype damage was a
result of an unsealed enclosure, causing permanent rain wa-
ter damage to the electronics. This issue was subsequently
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resolved during the redesign of the early prototype into a
more advanced prototypes, and finally, into a production
model. TGA-100A and Prototype-7700 produced less good
quality data than RMT-200 and G1301-f, possibly due to in-
strument related problems, such as contamination of open
measurement cell (Prototype-7700) or drift in the signal
(TGA-100A). Prototype-7700 data loss could have been fur-
ther minimized by careful programming of automated self-
cleaning and heating mechanisms (available in a production
model) and manual cleaning of the mirrors. However, this
increases maintenance needs, which may be more difficult
at remote sites. Malfunctioning of G1301-f in the middle of
summer, possibly caused by too high a temperature in the
measurement container, was problematic since during that
time methane production was the highest, and thus this pe-
riod was crucial for estimating annual methane budgets.

Concerning the random errors and instrument noise, the
RMT-200 and G1301-f had on average the best performance,
followed by the Prototype-7700, and then by TGA-100A.
No significant difference was observed in these categories
between RMT-200 and G1301-f (Figs.4 and 5). However,
Detto et al.(2011) observed higher instrumental noise for
RMT-200 than for the LI-7700 data (production unit in their
study) using same methods as in this study. Overall, the
fact that all three new gas analyzers show lower instru-
ment noises and smaller random errors than the older TGA-
100A model highlights the improvement in the performance
of the eddy covariance methane analyzers achieved during
the last decade. This will eventually lead to more precise
methane budget estimates and will enable research at less
studied ecosystems with small methane fluxes, such as lakes,
forests, deserts, etc.

Speaking of signal attenuation, the three closed-path in-
struments had the attenuation generally in the range that can
be expected for closed-path design (Fig.6). The attenua-
tion was larger from Prototype-7700, however,McDermitt
et al. (2010) disagrees with this study by showing produc-
tion unit LI-7700 methane flux cospectra with small fre-
quency attenuation. AlsoDetto et al. (2011) and Dengel
et al.(2011) show production unit LI-7700 methane cospec-
tra which are attenuated less than Prototype-7700 cospectra
in this study. The likely explanation for a larger attenuation
observed in this study is that Prototype-7700 was installed
1.1 m above wood log structure, and positioned 0.45 m be-
low the sonic anemometer. The intakes from other analyz-
ers were located above and away from the wooded structure.
This likely caused the attenuated cospectra, longer response
time, and larger noise and random errors. The size of the open
cell may have also contributed to the path averaging of the
smaller eddies. Overall, these issues are more related to the
measurement setup than to the instrument performance. The
one of the main advantages that the open-path design is tra-
ditionally thought to have over the closed-path design is that
the high frequency attenuation and the resulting spectral cor-
rections are smaller. This is because no intake or filters are

required. However, this advantage comes with a drawback
of an increased cell contamination, and thus, the increased
need of cell cleaning in order to avoid reduced data cover-
age, lower data quality and higher random errors.

In terms of density and spectroscopic corrections, the
open-path Prototype-7700 measurements had large WPL
terms (Fig.7 and Table4) as expected for an open-path
design.Detto et al.(2011) reported that WPL terms were
quite important in the open-path measurements and will af-
fect the uncertainty in final flux estimates. In the middle of
day, when water vapor and temperature fluxes were high, the
WPL terms were of the same order of magnitude as the raw
flux. Similarly, spectroscopic corrections were more impor-
tant for the open-path fluxes than for the closed-path fluxes.
However, these do not pose a problem for flux calculations if
all the variables needed in the WPL terms and spectroscopic
corrections are properly measured and applied.McDermitt
et al.(2010) reported that the coefficients A, B and C used in
spectroscopic correction should be in the range 0.77–1.00,
1.39–1.42 and 1.28–1.4, respectively. In our study, coeffi-
cientsB andC are slightly outside the range thatMcDermitt
et al.(2010). Reason for the discrepancy betweenMcDermitt
et al. (2010) and this study was not found. For closed-path
RMT-200 and G1301-f, both WPL terms and spectroscopic
corrections were not as significant, and were only dependent
on water vapor flux. Therefore, even though the corrections
were moderate for RMT-200 and G1301-f fluxes on average,
they might have bigger effect on the measurements, when
methane flux is low and water vapor flux is high. For G1301-
f these corrections can be done easier and with greater confi-
dence than for RMT-200, since the instrument measures wa-
ter vapor simultaneously with methane, whereas for RMT-
200 the corrections have to be made using H2O from another
instrument, such as LI-7000 in this study. This causes some
uncertainty to RMT-200 methane fluxes. However, the newer
models by Los Gatos Research (LGR) measure also H2O and
these early CH4 analyzers by LGR, such as RMT-200 in this
study, can be retrofitted to include measurement and data re-
porting of H2O (Doug Baer, personal communication).

As for the fully corrected final fluxes, the fact that these
fluxes agreed well among all analyzers (Fig.9), especially
RMT-200 and G1301-f, and the methane balance estimates
were quite similar, proves that all four tested instruments
were well-suited for methane flux measurements using eddy
covariance method.

5 Summary and conclusions

In this study, the performances of four methane gas analyzers
was assessed in terms of suitability for eddy covariance flux
measurements. The experiment was conducted from 1 April
to 26 October 2012, over a pristine fen in Southern Finland.
The four analyzers consisted of three commercially avail-
able closed-path units, TGA-100A (Campbell Scientific Inc.,
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USA), RMT-200 (Los Gatos Research, USA), G1301-f (Pi-
carro Inc., USA), and an early prototype of open-path design,
Prototype-7700 (LI-COR Biosciences, USA). The older es-
tablished model TGA-100A was used as a reference for the
three newer analyzers.

The data were collected at 10 Hz and processed using
EddyUH software in 30 min increments, primarily follow-
ing the methodology described byAubinet et al. (2000).
Spectral and co-spectral analyses were conducted using Fast
Fourier Transform applied to a linearly detrended raw high-
frequency data. Cospectra were used to determine frequency
response of the measurement systems. Statistical analyses
were conducted to evaluate random and systematic error in
tested measurements.

All four gas analyzers performed quite well, and have
proven suitable for eddy covariance measurements of
methane flux at the study site. The observed differences were
due to multiple factors, including instrument performance,
instrument design (e.g., open-path vs. closed-path, different
laser technologies), stage of instrument development (e.g.,
production unit vs. early prototype), experimental setup (e.g.,
closer to vs. further away from the ground; different intake
lengths and flow rates), data processing (e.g., internal water
vapor correction vs external WPL terms), and available data
coverage (e.g, full season with high and low fluxes, part of
mid-season with high fluxes, early-season with low fluxes).

Overall, in terms of flux magnitudes, none of the four
tested analyzers have shown statistically significant diurnal
variation for the methane fluxes and fluxes obtained with the
four instruments were not significantly different from each
other. In terms of field performance, the RMT-200 was the
overall best performer, making it a recommended choice in
grid-powered sites, while the Prototype-7700 is lightweight
and low-power instrument, making it a practical choice for
measurement sites in remote locations.
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