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Abstract. Long term methane flux measurements have been
mostly performed with plant or soil enclosure techniques on
specific components of an ecosystem. New fast response
methane analyzers make it possible to use the eddy covari-
ance (EC) technique instead. The EC technique is advanta-
geous because it allows continuous flux measurements inte-
grating over a larger and more representative area including
the complete ecosystem, and allows fluxes to be observed
as environmental conditions change naturally without distur-
bance. We deployed the closed-path Fast Methane analyzer
(FMA) from Los Gatos Research Ltd and demonstrate its
performance for EC measurements at a Ponderosa pine plan-
tation at the Blodgett Forest site in central California. The
fluctuations of the CH4 concentration measured at 10 Hz ap-
pear to be small and their standard deviation is comparable to
the magnitude of the signal noise (±5 ppbv). Consequently,
the power spectra typically have a white noise signature at the
high frequency end (a slope of +1). Nevertheless, in the fre-
quency range important for turbulent exchange, the cospec-
tra of CH4 compare very well with all other scalar cospectra
confirming the quality of the FMA measurements are good
for the EC technique. We furthermore evaluate the com-
plications of combined open and closed-path measurements
when applying the Webb-Pearman-Leuning (WPL) correc-
tions (Webb et al., 1980) and the consequences of a phase
lag between the water vapor and methane signal inside the
closed path system. The results of diurnal variations of CH4
concentrations and fluxes are summarized and compared to
the monthly results of process-based model calculations.

Correspondence to:C. J. P. P. Smeets
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1 Introduction

Methane (CH4) is the predominant hydrocarbon in the
Earth’s atmosphere. Although its abundance is far less than
that of carbon dioxide (CO2), its greenhouse warming poten-
tial is 21 times higher per molecule on a 100 year time hori-
zon resulting in a 18% contribution to the total anthropogenic
radiative forcing from greenhouse gases (IPCC, 2007). Cur-
rent estimates of some of the individual source and sink
magnitudes in the CH4 global budget have significant un-
certainties that need to be resolved. In particular, there is
scientific controversy over both the magnitude and direction
of the CH4 flux between forests and the atmosphere, and
data to solve this controversy are scarce. The major uncer-
tainty is for tropical forests that comprise a large part of all
forested land and are the dominant components of the ter-
restrial biosphere-atmosphere exchange of trace gases. A re-
cent publication byFrankenberg et al.(2005) showed that
satellite data gave about 4% higher methane concentrations
over tropical rainforests in the Amazon region than estimates
from a global chemistry transport model. In line with this,
airplane and ground measurements byBraga do Carmo et al.
(2006) andMiller et al. (2007), respectively, present unex-
pected large methane emissions from tropical rainforests in
the Amazon region (2–21 mg CH4 m−2 d−1 and 20–35 mg
CH4 m−2 d−1, respectively). Apart from wetlands, other un-
known sources of methane emissions are thought to be im-
portant contributors as well. Recent laboratory results e.g.
from Keppler et al.(2005), Keppler et al.(2008) andVigano
et al. (2008) suggest that plants may be direct emitters of
CH4.

Long term methane flux measurements in forested areas
have been mostly performed using dynamic enclosure (or
chamber) techniques for individual ecosystem components
such as plants or soils (e.g.,Singh et al., 1997; Kiese et al.,
2003; Verchot et al., 2000; Kutzbach et al., 2007). While
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these techniques can be simple and relatively inexpensive to
operate, they are not continuous and are prone to a variety of
potential errors (e.g.,Kutzbach et al., 2007). Moreover, en-
closure techniques observe fluxes for very small surface areas
that are not necessarily representative of the whole ecosys-
tem and can be easily disturbed by the measurement enclo-
sure itself. For example,Simpson et al.(1999) andSinha et al
(2007) measured methane fluxes in boreal forests with cham-
bers and exclusively detected net uptake of CH4, while fluxes
measured from micrometeorological towers showed the im-
portance of spatial source and sink heterogeneity and demon-
strated that the forest as a whole was a net source.

The eddy covariance (EC) technique is ideally suited for
continuous flux measurements integrating over a larger and
more representative area including the complete ecosystem,
allowing fluxes to be observed as environmental conditions
change naturally without disturbance. Examples of methane
analyzers that have a fast enough response time to perform
EC flux measurements are the quantum cascade laser (QCL)
spectrometer (Kroon et al., 2007) and the tunable diode laser
(TDL) spectrometer (Wille et al., 2008). We employed the
closed path DLT-100 Fast Methane analyzer (FMA) from
Los Gatos Research (LGR) employing a more recently devel-
oped off-axis integrated cavity output spectrometer (ICOS)
which is comparatively easy to use and relatively inexpen-
sive. Hendriks et al.(2008) presented the first field data for
this type of methane analyzer obtained under medium high
flux conditions over a peat meadow area and demonstrated
its stability over longer periods and a sufficient high response
rate for EC measurements (i.e., 10 Hz).

We present a thorough evaluation of the EC data qual-
ity of the FMA under low methane flux conditions over a
Ponderosa pine plantation at the Blodgett Forest site on the
western slope of the Sierra Nevada Mountains in California.
We focus on data processing using frequency-dependent re-
sponse functions with special attention for the complications
that arise under low flux conditions, the combination of open
and closed-path measurements when applying the Webb-
Pearman-Leuning (WPL) corrections (Webb et al., 1980) and
the consequences of a phase lag between the water vapor and
methane signal inside the closed path system. The results
of diurnal variations of CH4 concentrations and fluxes are
summarized and compared to the monthly results of process-
based model calculations (Ridgwell et al., 1999).

2 Experimental set-up

2.1 Field area description

Observations were made from 11 to 19 August 2007 but the
presentation of data is limited to the period 14 to 19 August
for which we have a continuous time series. The measure-
ments were performed above a Pondorosa pine plantation
owned by Sierra Pacific Industries, adjacent to the Univer-

sity of California at Berkeley’s Blodgett Forest Research Sta-
tion. The site is situated on the western slope of the Sierra
Nevada mountains in California (38.90◦ N, 120.63◦ W, and
1315 m elevation), 75 km downwind (northeast) of Sacra-
mento and receives anthropogenically impacted air masses
rising from the valley below during the day. The site was
planted withPinus ponderosaL. in 1990, interspersed with
a few individuals of Douglas fir, white fir, California black
oak, and incense cedar. Average canopy height in July 2007
was about 8 m, and the leaf area index (LAI) was estimated as
5.1 m2 m−2 (one-sided LAI for the full canopy). The under-
story was composed primarily of manzanita (Arctostaphylos
spp.) and whitethorn (Ceonothus cordulatus) shrubs. Mix-
ing ratios of several trace gases (e.g. carbon monoxide) along
with a whole range of meteorological parameters have been
measured at the site since 1997. All technical details of the
site are reported elsewhere (Goldstein et al., 2000; Misson
et al., 2005).

The EC measurements were carried out at the top of a
13.5 m high scaffolding tower (z=13.5 m), 5.5 m above the
medium dense canopy. The presence of the canopy causes
the bottom surface only to take up a small fraction of the
total shear stress. In other words, the logarithmic velocity
profile has its origin at the level where the canopy-averaged
surface stress acts, the so-called displacement heightd. This
length scale is used as a zero reference level in order to ob-
tain the representative measurement height (z−d). Follow-
ing Wieringa(1993), we assume thatd is proportional to the
height of the canopyh, i.e.d/h=0.7, so that the representa-
tive measurement height isz−d=7.9 m.

The instrumentation consisted of a Campbell CSAT3 sonic
anemometer, a Campbell FW3 Type E thermocouple, a LI-
COR LI7500 open-path hygrometer, and a Fast Methane An-
alyzer (FMA, Los Gatos Research). Raw data was sampled
at 10 Hz using a Campbell CR1000 datalogger and stored on
a laptop. Hendriks et al.(2008) demonstrated that the time
constant of the FMA is about 0.1 s, hence a sample frequency
of 10 Hz is sufficient. The FMA was operated in a closed-
path EC set-up that carries the sampled air through a 20 m
long PVC tube with a 1 cm inner diameter. The tube inlet
was shielded from rain by a funnel that was mounted 0.2 m
behind the sonic anemometer and close to the LI7500. Be-
fore the air enters the cavity it passes a Swagelok SS-4FW4
internal filter with a 2µm pore size. The pump is a high flow
dry scroll pump XDS-35i from BOC Edwards with a maxi-
mum pumping capacity of 580 l min−1 that is placed behind
the FMA. The FMA and dry scroll pump were placed in wa-
ter resistant and ventilated aluminium boxes. The resistance
within the system reduces the pumping speed and from the
time lag between the sonic anemometer and the FMA signal
we estimated it to be about 40 l min−1.

Atmos. Chem. Phys., 9, 8365–8375, 2009 www.atmos-chem-phys.net/9/8365/2009/



C. J. P. P. Smeets et al.: Eddy covariance methane measurements 8367

3 Data processing

3.1 Introduction

Measurements performed with the EC method need sev-
eral corrections that mostly increase the turbulent flux. In
Sect.3.2 we discuss the general corrections related to the
geometry of the EC set-up and the physical separation and
limitations of the individual sensors. For some of these cor-
rections we study the frequency-dependent cospectral trans-
fer functions as described byMoore (1986). For example,
the correction of the water vapor flux by means of a transfer
function is given by

1F

F
= 1−

∞∫
0

Twq(f )Cwq(f )df

/ ∞∫
0

Cwq(f ) (1)

with Twq the net system cospectral transfer function asso-
ciated with sensors of vertical velocityw and quantityq,
Cwq is the atmospheric cospectrum ofw andq at natural fre-
quencyf (Hz). It is the product of the response functions as-
sociated with sensor frequency response, size and separation.
Measuring under low flux conditions leads to relatively high
signal noise and its consequences are discussed in Sect.3.3.
The influence of density fluctuations on the measurement of
scalar fluxes described byWebb et al.(1980) (the so-called
WPL or Webb-Pearman-Leuning corrections) can be quite
important and the consequences of the unusual combination
of open- and closed sensors are discussed in Sect.3.4. The
latter corrections are not taken into account traditionally and
therefore merit extra attention.

3.2 General corrections

EC measurements are always subject to imperfect leveling
and we use a data rotation to force the individual half hourly
averages of the sonic anemometer wind speeds perpendicu-
lar to the average wind direction and in the vertical to zero,
i.e. v=0 andw=0. The sonic temperature flux is corrected
for the contamination from humidity fluxes (Schotanus et al.,
1983) and the CSAT3 sonic anemometer is corrected inter-
nally for the influence of velocity fluctuations.

The physical separation between the sonic anemometer
and all other open- and closed path sensors leads to delay
times which are detected by a trial and error method that
maximizes the covariances. The mean time delay for the
closed path system was found to be about 2.6 s. This pro-
cedure also corrects for the longitudinal (streamwise) sepa-
ration of sensors.

The quality of our EC data and several theoretical and
empirical sensor response functions are studied by using an
ensemble of 87 cospectra. To obtain good quality cospec-
tra for this selection of data we applied the following cri-
teria. After data rotation (i.e.v=0 andw=0) and in case

of a stationary and homogeneous boundary layer in two-
dimensional and axially symmetric flow, the momentum flux
perpendicular to the average wind direction,v′w′, should
equal zero. In practice this is seldom the case and we there-
fore limit the ratio of the lateral and longitudinal momen-

tum fluxes to
∣∣∣v′w′/u′w′

∣∣∣<0.25. To obtain realistic fluxes

we limit the delay times resolved from the covariance max-
imization to values between 2.2 and 3.0 s for CH4 (the aver-
age delay time was 2.6 s) and between 0 and 0.3 s for CO2
and H2O. To obtain sufficiently large fluxes we only se-
lect runs withu∗ (friction velocity) larger than 0.1 ms−1 and
obtained during daytime under slightly unstable conditions,
i.e. −0.5<(z−d)/L<0 with L=−u3

∗θv/kgwθv the Monin-
Obhukov length withk the von Ḱarmán constant (taken as
0.4),g the gravitational acceleration,θv the virtual potential
temperature, andwθv the virtual heat or buoyancy flux.

The lateral separation correction (i.e., perpendicular to the
mean wind direction) between the sonic anemometer and
the LICOR and FMA inlet is calculated by using an opti-
mized spectral transfer function as described in Appendix
A1. Inside the sampling tube of a closed-path system low-
pass filtering of scalar fluctuations takes place that can lead
to considerable high frequency loss (Lenschow and Rau-
pach, 1991). The theoretical transfer function byLenschow
and Raupach(1991) appears to underestimate the actual tube
damping in our system in accord with the findings ofAubinet
et al.(2001) andSpank and Bernhofer(2008). We corrected
for this by adding an empiric correction factor to the original
transfer function (see Appendix A2).

3.3 High frequency noise

The magnitude of typical 30-min variations of methane con-
centrations during the experiment was small and its typical
midday standard deviation was about equal to the maximum
amplitude of the signal noise (i.e.,±5 ppbv, the maximum
signal amplitude observed over a time interval of 10 samples.
It should be noted that part of this noise probably resulted
from the high pumping speed in the closed path system that
caused pressure fluctuations inside the measurement cell of
the FMA. The consequence of a relatively high noise level is
a slope of +1 at the high frequency end of the power spec-
trum, commonly referred to as a white noise spectrum (Stull,
1997).

The cospectrum is much less influenced since the noise
is random and does not correlate with vertical wind speed
variations. Such filtering capacity of the covariance function
was also demonstrated byWienhold et al.(1995). Neverthe-
less, noise still partly modifies the high frequency end of our
cospectra. In Fig.1 we plotted ensemble averaged and nor-
malized cospectra for the selection of 87 runs as a function of
natural frequencyf . Note that we did not use the dimension-
less frequency (f z/u) to average our cospectra because the
wind speed variations within the selection of 87 runs were
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Fig. 1. normalized averaged cospectra from an ensemble of 87 half
hour runs. The cospectra for sonic temperature, water vapor and
methane flux are plotted as a function of natural frequency. The
dotted grey curve (CH4 simulated) represents an estimate of the ex-
pected shape of the cospectrum of CH4 without the influence of sig-
nal noise. The dashed grey curve is the arbitrarily offset near-neutral
universal cospectrum (Kaimal et al., 1972; Kaimal, 1973). The dif-
ferent sizes of arrow A and B indicate the deviation between the
universal and the measured cospectra at the low frequency end and
the dotted vertical line marks the high frequency region where sig-
nal noise dominates the cospectrum of CH4. The average stability
and wind speed for the ensemble arez/L=−0.11 andū=2.5 m s−1.

small (ū=2.5±0.5 m s−1). The cospectra were corrected for
sensor line averaging and/or a lateral separation correction
when appropriate. The cospectra of sensible heat and water
vapor (CwTs andCwq ) overlap and compare very well to the
universal Kansas curve for near neutral cospectra (Kaimal
et al., 1972; Kaimal, 1973). The universal curve was arbi-
trarily offset so that a comparison with its slope at low and
high frequencies is not obscured by our cospectra. This re-
sult is proof for the high quality of our EC measurements.
The selected cospectra were obtained under slightly unstable
conditions (z/L=−0.11) which explains the increase of our
cospectra relative to the universal curve at the low frequency
end (distanceA>B in Fig. 1). The cospectrum of CH4 com-
pares very well to the other cospectra, thereby confirming the
good quality of the CH4 measurements by the FMA. How-
ever, for frequencies higher thanf =0.3 Hz (vertical dotted
line) the values behave erratic due to the influence of rel-
atively high signal noise as discussed before. Without the
influence of this noiseCwCH4 is expected to vary as illus-
trated by the smooth dotted curve. This curve was derived
by reducingCwTs with the transfer functions applicable to
CwCH4, that is, tube damping, lateral sensor separation and
cell volume damping (see Appendix A for a description of
the transfer functions).

To obtain correct estimates for the CH4 fluxes we first cal-
culated the methane flux using the selection of cospectral es-
timates obtained belowf =0.3 Hz. The contribution to the
fluxes abovef =0.3 Hz is estimated from the relative contri-
butions to the sensible heat, water vapor and CO2 cospectra
in this frequency range under the assumption of cospectral
similarity of scalars (confirmed in Fig.1). For the ensemble
of 87 cospectra the average contribution to the fluxes in the
frequency range abovef =0.3 Hz was about 7% and varied
between 3 and 11%.

3.4 WPL corrections

Density fluctuations arising from heat and water vapor fluxes
affect the measured flux densities of trace gases, such as
moisture and CO2 according to the Webb-Pearman-Leuning
(WPL) theory (Webb et al., 1980). The assumptions by WPL
(i.e., no net flux of dry air) lead to the prediction of a mean
vertical velocity in the presence of heat and/or water vapor
fluxes. The vertical flux densityFc of trace gasc, with den-
sity ρc, is given as follows in the WPL formulation

Fc = ρ′
cw

′ +ρc w

= ρ′
cw

′ +ρc

[
µ

ρd

w′ρ′
v +

(1+µσ)w′T ′

T

]
(2)

with w the vertical velocity, indicesv andd indicate the wa-
ter vapor and the dry air component, respectively,T is the
temperature,µ is the ratio of the molecular masses dry air
and water vapor (md/mv=1.61),σ is the water vapor mixing
ratio (ρv/ρd ). An overbar represents a time-mean quantity
and a prime represents the deviation from the mean. The first
term on the right hand side of Eq. (2) is the measured scalar
flux and the second term determines the WPL correction due
to the contributions of the water vapor and heat fluxes. For
the correction of water vapor and CO2 fluxes Eq. (2) can be
applied straightforward and for the closed path system the
temperature flux in Eq. (2) can be set to zero since the damp-
ing of temperature fluctuations inside the tube of a closed
path system is very effective (Leuning and Moncrieff, 1990).

Applying WPL corrections to CH4 fluxes is not straight-
forward because of the specific set-up of combined open- and
closed path sensors. Below we describe in detail two specific
corrections applied to the CH4 fluxes that follow from rec-
ommendations byMassman(2004) andIbrom et al.(2007a).
For the closed path FMA the only term of concern is the di-
lution term by water vapor fluctuations in Eq. (2). The fluc-
tuations referred to are those that are present inside the mea-
surement cell where the methane measurement takes place.
This leads to the following two problems. First of all, the
water vapor fluctuations are measured by an open path sen-
sor in the free atmosphere and second, a significant delay in
travel time of water vapor through the tube with respect to
other scalars (phase shift effect) has been found in several
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experiments (Laubach and Teichmann, 1996; Aubinet et al.,
2000; Clement, 2004; Ibrom et al., 2007a,b).

To estimate the correct water vapor fluxes for use in the
WPL corrections for the CH4 fluxes we first calculate the true
free atmospheric water vapor flux from the open-path LI7500
data by applying corrections for lateral separation and sensor
line averaging. Then we apply inverted corrections for tube
damping and cell volume averaging to simulate the attenua-
tion via the closed path system (this reduces the free atmo-
spheric flux between 1 and 5%). Note that this reduction is
small compared to other closed path systems as a result of
the combination of a relatively short and wide tube and a
high flow rate.

The second effect concerns the phase shift between water
vapor and other scalars inside the tube and its dependence on
relative humidity which was first quantified byIbrom et al.
(2007b). It is currently not very well known what causes
this delay. Ibrom et al.(2007b) noticed that the delay time
increased in time due to particles coating to the internal fil-
ters or even the entire interior of the intake tube. They hy-
pothesize that the increased damping with RH relates to the
response of particles to a varying RH. The decoupling of
scalars and water vapor desynchronizes the actual dilution
of CH4 by water vapor inside the closed-path FMA (i.e., the
WPL effect). At the time of writing of this paper we did not
yet quantify this phase effect for our system. As suggested
by Ibrom et al.(2007b), we apply a transfer function to cor-
rect for the effect of a phase shift for which the amount of
damping depends on the relative humidity (see Appendix B).
Throughout the experiment the relative humidity was very
low and the maximum day time values were about RH=35%
(Fig. 2) leading to a maximum reduction of the water vapor
fluxes in the WPL correction of 2–11%.

4 Results

In Fig. 2 the meteorological variables temperature, wind
speed, relative humidity, net-radiation and wind direction are
plotted together with the mixing ratios of CH4 and CO (mea-
sured at the Berkeley Blodgett Forest Research Station). The
meteorological variables show the typical diurnal variation
that is illustrative for the very regular upslope-downslope
flow, described in detail byLamanna and Goldstein(1999)
andDillon et al. (2002). During summer this circulation is
very persistent and present for 72% of the time (Carroll and
Dixon, 2002). Therefore our results should be representative
for summer conditions in spite of the limited dataset. Dur-
ing the daytime, upslope flow from the warm Central valley
rises along the Western slope of the Sierra Nevada. After
sunset a shallow stable boundary layer develops due to ra-
diative cooling of the surface and a layer of cold air flows
downslope. Along with this regular wind pattern, the Sacra-
mento urban plume is transported up into the foothills of the
Sierra Nevada during daytime. After sunset, the pollutants
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Fig. 2. Time series of(a) temperature (red) and wind speed (blue),
(b) net-radiation (red) and relative humidity (blue),(c) wind direc-
tion, and(d) CH4 (blue) and CO (red) concentrations as a function
of time. The vertical lines in plot (c) and (d) mark the start and
reversal of the upslope flow.

are flushed back towards Central Valley, being replaced by
cleaner regional background air from aloft.

The timelines of CH4 and CO closely follow each other
which suggests that both gases originate from the same
source regions (Central valley/Sacramento region) and that
their mixing ratios are mainly controlled by the diurnal flow
patterns. Early in the morning, together with the onset of
the upslope flow as indicated by the first vertical solid line
in Fig. 2 (at 07:30 h), the concentrations of CH4 and CO in-
crease simultaneously until the flow turns downslope again
at sunset (second vertical solid line at 18:00 h). This diurnal
cycle for CH4 and CO resembles the results fromLamanna
and Goldstein(1999) for anthropogenically emitted hydro-
carbons.

As CO emissions mainly originate from combustion, it is
likely that CH4 also originates from the same anthropogenic
source regions around the Sacramento area. The CH4 con-
centrations in Fig.2 vary around the California ambient
air background value of about 1835 ppbv (Prinn and Weiss,
2005) with higher values occurring in the pollution plume
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phase effects in the WPL corrections assuming RH=35% (see text).

from the Sacramento area (late afternoon) and lower ones for
the regional background air originating from higher in the
Sierra Nevada (just before sunset).

The time series of the various fluxes are plotted in Fig.3.
For CH4 fluxes (pink bars) we only plotted those runs for
which a realistic phase shift was obtained from the maxi-
mization of covariances (a time lag between 2.2 and 3.0 s).
The size of a pink bar illustrates the effect of a water va-
por phase shift in the WPL corrections (i.e. with and with-
out phase effect corresponds to the largest and smallest neg-
ative values of a bar, respectively). For completeness, we
also plotted the CH4 fluxes that lie outside the former selec-
tion as blue dots. The sensible heat, latent heat and CO2
fluxes all show a clear daily cycle in accord with the fair
weather conditions. At night, all fluxes become negligi-
ble as the atmosphere becomes stable and turbulence ceases.

The methane fluxes show the same diurnal pattern and are
consistently directed downward during daytime. The night-
time CH4 fluxes have noticeable more scatter than all other
fluxes, which relates to the larger uncertainty of the CH4
measurements. The daily maximum (downward) CH4 flux
varies around 100 ng m−2 s−1 (or 8.6 mg m−2 day−1) and the
average obtained during daytime (i.e., between 08:00 and
17:00 h) is about 67 ng m−2 s−1 (6.0 mg m−2 day−1). The
daily mean value for the whole period was 29 ng m−2 s−1

(2.5 mg m−2 day−1). These values were calculated account-
ing for water vapor phase effects in the WPL corrections as-
suming RH=35%.

To illustrate the importance of the various corrections to
the WPL effect on CH4 fluxes we give some examples for
the ensemble of 87 runs. Taking the free atmospheric water
vapor flux for the calculation of the WPL effect reduces the
average downward CH4 flux from 214 to 56 ng m−2 s−1 (a
reduction of 74%) and reducing this water vapor flux with
the corrections for tube damping/volume averaging slightly
increases the CH4 flux to 61 ng m−2 s−1. We now take the
latter result as a reference to study the effects of a phase shift.
Taking RH=35%, the phase shift increases the CH4 flux fur-
ther to 68 ng m−2 s−1. The very low values of RH limit the
effect of a phase shift to a 10% increase of the CH4 flux.
However, the influence of the phase effect increases expo-
nentially with RH. Hence, in the hypothetic case of a tropical
forest with typical daytime values of RH=80% even in the
dry season, the water vapor flux in the WPL correction would
reduce 30% which increases the CH4 flux to 99 ng m−2 s−1,
i.e., an increase of 60%. Such a large sensitivity of WPL
corrections to RH and the way it is implemented is typical
for our experiment where the CH4 fluxes are relatively small
compared those for water vapor. When we apply the free
atmospheric water vapor flux in the WPL correction for ex-
ample to the CO2 fluxes these only reduce about 20% while it
was 74% for the CH4 fluxes. Hence, depending on the atmo-
spheric conditions and the trace gases sampled, low-pass fil-
tering due to phase effects can potentially be very important
and should be quantified properly for any closed-path EC-
system to prevent possible serious underestimation of fluxes
through the WPL effects.

Although our time series is limited it was shown to be
representative for the very persistent diurnal circulation pat-
tern occurring throughout summer so that a comparison with
monthly model results is justified.Ridgwell et al.(1999)
used a process-based model to calculate the monthly con-
sumption of atmospheric CH4 by soils. Their average grid
cell deposition for the experimental region in the month of
August is about 1 mg CH4 m2 day−1 which is lower than
the CH4 fluxes obtained during the Blodgett forest campaign
(2.5 mg m−2 day−1). Verchot et al.(2000) and Dutaur and
Verchot(2007) suggest that soil texture is an important bio-
chemical control of CH4 oxidation in soils with coarse tex-
tured soils consuming CH4 most efficient. Given the very
dry conditions at the Blodgett forest site throughout summer,
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it is likely that during our measurements the CH4 uptake by
the soil was not limited by oxidation reactions in the soil but
through its gas-phase transport capacity, i.e., how well the
ground is drained (Verchot et al., 2000). In line with this, the
diurnal variation of sub-surface temperatures and humidity
were not found to correlate with the measured CH4 fluxes.
Since the soil at the Blodgett forest site is very porous (up to
65% by volume,Goldstein et al., 2000) we therefore expect
a high gas diffusivity that is likely to support the observation
of relatively high CH4 fluxes.

Most other studies that present CH4 fluxes measured by
EC systems obtained much higher values, e.g. an average of
480 ng m−2 s−1 over a peat meadow area (Hendriks et al.,
2008), 50 to 350 ng m−2 s−1 over Arctic tundra (Wille et al.,
2008), and an average of 680 ng m−2 s−1 over peat grass-
land (Kroon et al., 2007). We analyzed the detection limit
for our CH4 fluxes following the method described byWien-
hold et al.(1995) andKroon et al.(2007) (see Appendix C).
Using this method, the average probable detection limit for
the ensemble of 87 runs is estimated at 22 ng m−2 s−1 with
a standard deviation of 12 ng m−2 s−1. The uncertainty for
fluxes above the detection limit is on average 26% according
to this method. As a comparison, the uncertainty for all other
fluxes obtained with the same method is about 6%, a factor 4
lower.

5 Conclusions

We have shown the feasibility of EC measurements at low
CH4 flux levels with a Fast Methane analyzer (FMA) during
an experiment in a Ponderosa pine plantation at the Blodgett
Forest site in California. Even with a relatively high sig-
nal to noise ratio the detection limit of the system was about
22 ng m−2 s−1 with an average uncertainty for fluxes above
the detection limit of 26%.

The data treatment procedure is presented in detail. The
theoretical transfer function for tube damping byLenschow
and Raupach(1991) was found to underestimate the actual
damping in line with findings byAubinet et al.(2000) and
Spank and Bernhofer(2008). The cospectra from the CH4
fluxes compare very well to those from all other scalars and
the universal Kansas curve (Kaimal et al., 1972; Kaimal,
1973), demonstrating the quality of the FMA is useful for
EC measurements. The relatively high signal to noise ra-
tio caused erratic behavior of the cospectral estimates at the
high frequency end abovef =0.3 Hz. This random flux con-
tribution was removed by calculating the CH4 fluxes from
cospectral estimates obtained belowf =0.3 Hz. The con-
tribution to the fluxes abovef =0.3 Hz was estimated from
the corrected cospectra of temperature, water vapor and CO2
assuming cospectral similarity of scalars. The effects of
desynchronization of the water vapor and CH4 signals in-
side a closed path sensor, quantitatively described byIbrom
et al.(2007b), are shown to be potentially very important for

the Webb-Pearman-Leuning (WPL) correction (Webb et al.,
1980) when applied to the relatively small CH4 fluxes. The
magnitude of the effect strongly depends on the relative hu-
midity and for California data with a low daytime maximum
of RH=35%, the CH4 flux increases about 10%. However, in
the hypothetic case of a tropical rainforest ecosystem, where
RH is typically 80% during the dry season, the CH4 fluxes
would increase about 60%.

The observations at the Blodgett forest site show that the
CH4 concentrations vary diurnally with the upslope flow
from the polluted valley below in the day, and the downs-
lope flow of cleaner air from aloft during the night with an
average value of about 1843 ppbv. The CH4 fluxes were con-
sistently directed downward and followed a clear diurnal pat-
tern. Based on an ensemble of 87 30-min flux measurements
the average during the daytime was 67±42 ng m−2 s−1 and
the maximum values varied around 100 ng m−2 s−1. The
daily mean value for the whole period was 29 ng m−2 s−1

(2.5 mg m−2 day−1). These values are higher than recent
monthly estimates from a process-based model study (Ridg-
well et al., 1999). We presume that the very dry conditions
and porous soil texture at the Blodgett Forest site support
a high gas diffusivity of the soil resulting in relatively high
CH4 fluxes.

Current estimates of upward directed CH4 fluxes over
tropical forest ecosystems byBraga do Carmo et al.(2006),
Miller et al. (2007) and Sinha et al(2007) give values of
about 20 to 210, 280, and 80 ng m−2 s−1, respectively. The
EC system presented here, with a lower detection limit dur-
ing this experiment of about 22 ng m−2 s−1, is expected to be
suited for measuring eddy covariance CH4 fluxes even at the
low end of this range.

Appendix A

Frequency response corrections for the EC-system

A1 Lateral sensor separation

FollowingMoore(1986) the effect of lateral separations be-
tween two sensors can be represented by the following co-
spectral transfer function

Ts(n) = e−9.9n1.5
(A1)

with n=f s/u the normalized frequency andu the wind
speed. We derived an optimal value fors by comparing
Eq. (A1) with the ratio of ensemble averaged and normal-
ized cospectra of the water vapor flux and the sonic temper-
ature flux. Doing so, we inherently assume negligible flux
loss for the sonic temperature flux and co-spectral similar-
ity of scalars in the atmosphere (Ibrom et al., 2007b). The
difference in sensor line averaging effects for the sonic and
Licor7500 is neglected. We find a good match of the cospec-
tra fors=0.17 m. Since the inlet of the closed path FMA was
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Fig. A1. Transfer functions from an ensemble of 16 half hour runs
from an experiment in Cabauw. The empiric transfer functions for
damping of the CO2 (red dots,CwCO2/CwTs

) and the CH4 flux data
(blue dots,CwCH4/CwTs

) are plotted together with the uncorrected
(Gt dashed line) and corrected (Gt,corr solid line) predictions from
Eq. (A2) as a function of natural frequency. For corrected predic-
tions the exponential term in Eq. (A2) was increased by a factor
of 8.

close to the Licor7500 we use the same procedure to correct
for lateral separation of the methane data.

A2 Tube damping

For turbulent flow in a circular tube with radiusa it can be
shown (Leuning and King, 1992) that the transfer function is

G2
t = exp(−160Re−1/8af 2X/U2), (A2)

where Re is the Reynolds number (2aU/ν), ν the kine-
matic viscosity,f is frequency,X is the tube length (i.e.
20 m), andU the flow speed inside the tube (8.2 m s−1 dur-
ing the California experiment). Equation (A2) applies when
Rec=2300<Re<105, where Rec is the critical Reynolds
number at which the flow becomes turbulent.

We use the data from an experiment in Cabauw (The
Netherlands) to quantify the tube damping characteristics of
our EC-system. We employed the same tube and pumping
system but additionally connected a closed path Licor6262
analyzer parallel to the FMA. This synchronous set-up al-
lows direct comparison between the CH4 results from the
FMA and the CO2 results from the LI6262. The empiric
transfer function for tube damping is calculated from the ra-
tio of averaged and normalized cospectra of the CO2 flux
(LI6262) and the sonic temperature flux. The cospectrum of
the sonic temperature flux (corrected for sensor line averag-
ing) is used as a reference since it does not show significant

loss of signal at high frequencies (see Fig. 1). The cospectra
of the CO2 and CH4 fluxes were corrected for sensor sep-
aration and volume averaging inside the measurement cells
(see Sect.A4 below). The cospectrum for CO2 was addi-
tionally corrected for signal processing inside the Licor6262
(see Sect.A3 below). The remaining differences between
the cospectra of temperature and those of CO2 or CH4 are
assumed to represent the tube damping.

In Fig. A1 the ratios of ensemble averaged (16 half hour
runs) normalized cospectra from temperature with those of
CO2 (CwCO2/CwTs ) and CH4 (CwCH4/CwTs ) are compared to
the predictions from Eq. (A2) (Gt ). First of all, the empiric
transfer functions for the CO2 and CH4 cospectra match very
well implicating that tube damping of CH4 measurements
equals that of the CO2 data from the Licor6262. Second, the
prediction from Eq. (A2) clearly underestimates the actual
tube damping.Aubinet et al.(2001) also notice a significant
underestimation by the theoretical curve (the half-power fre-
quency for the CO2 and H2O signal were reduced by about
0.3 and 0.2 Hz, respectively) and appoint this to the effect of
filters in the system which is not taken into account in the
predictions. To reproduce the empiric transfer function as it
is derived from the ratio of cospectra (i.e.,CwCO2/CwTs and
CwCH4/CwTs ) the exponential term in Eq. (A2) was increased
by a factor of 8 (solid curve in Fig. A1,Gt,corr).

A3 Signal processing in the Licor6262

High frequency attenuation caused by signal processing
takes place in the Licor6262 according toMassman(2004).
The Licor6262 uses a third-order Bessel filter as an anti-
aliasing filter for signal output, the transfer function,h3B(ω),
is expressed as

h3B(ω) = 15/(15−6�2)− i(15�−�3) (A3)

wherei is the imaginary unit,�=3.0824τ3B(ω/2π) andτ3B
is the time constant of the third-order Bessel filter. As in
Massman (2004) we useτ3B=0.2 s in this study.

A4 Volume averaging effects of the measurement cell

The spectral transfer function related to volume averaging in
a measurement cell is (Shimizu, 2007)

hvol(ω) =
sin2(ωτvol/2)

(ωτvol/2)2
(A4)

whereτvol is the time constant of the volume averaging ef-
fect which is equal to the time needed to fill the chamber
and is computed asτvol=Vcham/P with Vcham the vol-
ume of the measurement cell,P is the pumping speed in
the system (P=38.8 and 35.5 l min−1 for the experiments
in California and Cabauw, respectively). The cell volume
for the Licor6262 is 1.19×10−5 m3 and for the FMA it is
0.55×10−3 m−3.
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Appendix B

Decoupling of signals in a closed-path system

The amplitude attenuation and decoupling of scalars and wa-
ter vapor desynchronize the actual dilution of the scalar by
water vapor inside the closed-path system (i.e., the WPL ef-
fect). This desynchronization of the water vapor signal is
simulated as the low pass filtering with a first-order recursive
filter (Ibrom et al., 2007b)

H(f ) =
1

1+(f/fc)2
(B1)

wherefc is the cut-off frequency (the frequency at which
the filter reduces the power spectral estimates by a factor 2).
Ibrom et al.(2007b) present an exponential function that pre-
dicts the increase offc as a function of relative humidity for
their EC-system. Moreover, they also demonstrate that the
same relation can be used to other EC-systems with very dif-
ferent tube dimensions (i.e., radius and length). From the
CO2 measurements performed in Cabauw, mentioned earlier,
we estimated that the cut-off frequency for tube damping is
fc=1.042 Hz. The values for RH that we use in this paper
are 35 and 80% which increases the value offc obtained for
CO2 by a factor of 4 and 20, respectively, according to the
results fromIbrom et al.(2007b).

Appendix C

Probable detection limit of the CH4 fluxes

For a correct estimate of the closed path measured methane
fluxes we estimated its maximum value via a trial and er-
ror method that repeatedly calculates covariances for a range
of lag times betweenw′ and CH′

4, i.e. the vertical velocity
component and the methane concentration, respectively. The
standard deviation of the cross covariances far outside the lag
time of maximum covariance can be used as an estimate for
the flux detection limit (Wienhold et al., 1995; Kroon et al.,
2007). In order to obtain a sufficiently large range of tail
values, we calculated the covariances for lag times ranging
between plus and minus 50 s. The standard deviations of the
covariance in the range of lag times from−50 to −40 and
+40 to +50 s were used as an estimate for the detection limit.
The calculation of the detection limit for CH4 fluxes is not
straightforward since it includes the influence of water vapor
fluxes via the WPL effect. To estimate the correct detection
limit from Eq. (2) we therefore use the general formula for
the absolute error1X (Fritschen and Gay, 1979) which is
equivalent to the total differential of the functionX consist-
ing of several independent variablesyi , each with its own
absolute error1yi

1X =
1y1∂X

∂y1
+

1y2∂X

∂y2
+ .....+

1yn∂X

∂yn

. (C1)

The partial derivatives calculated from Eq. (2) for the CH4
and water vapor fluxes are

∂Fc

∂ρ′
cw

′
= 1 (C2)

and

∂Fc

∂ρ′
vw

′
= ρc

µ

ρd

, (C3)

respectively. We assume that the errors in the other terms
are small and the errors in the measured CH4 and water va-
por fluxes (the1yi ’s in Eq. C1) are equal to the detection
limit derived from the cross covariance. This method gives
a maximum possible error estimate since we combine the in-
dividual errors in all variables in the most unfavorable way.
A more likely estimate of the total error is obtained when the
individual error terms in Eq. (C1) are combined through a
least squares approach (Fritschen and Gay, 1979).

The probable detection limit for the selection of 87 runs is
22 ng m−2 s−1 with a standard deviation of 12 ng m−2 s−1.
This corresponds to a normalized detection limit of about
25%. As a comparison, the normalized detection limit for all
other fluxes is about 6%, hence, a factor 4 lower. As noted
before, the results for CH4 are biased by the combination of
small variations of CH4 concentrations in a 30-min run and
relatively high instrument noise that related to pressure fluc-
tuations as a result of the high pumping speed.
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