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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 covariance (EC) technique in-
stead. The EC technique is advantageous because it allows continuous flux measure-5

ments integrating over a larger and more representative area including the complete
ecosystem, and allows fluxes to be observed as environmental conditions change nat-
urally without disturbance. We deployed the closed-path Fast Methane Analyser (FMA)
from Los Gatos Research Ltd and demonstrate its performance for EC measurements
at a Ponderosa pine plantation at the Blodgett Forest site in central California. CH4 con-10

centrations measured at 10 Hz showed a relatively high noise level that was caused by
a software related problem. Nevertheless, in the frequency range important for turbu-
lent exchange, the cospectra of CH4 compare very well with all other scalar cospectra
confirming the quality of the FMA measurements are good for the EC technique. The
low-pass filtering characteristics of our closed-path system and the use of the Webb-15

Pearman-Leuning (WPL) corrections for a combination of open and closed-path sen-
sors are discussed using a large ensemble of cospectra. The diurnal variation of the
methane concentration was up to 60 ppbv with an average of 1843 ppbv. Concentra-
tions increased from morning to late afternoon as upslope flow from the valley below
carried polluted air to the site, and then decreased through the night as downslope flow20

carried cleaner air from aloft. The fluxes were consistently directed downward with a
well defined diurnal pattern, averaging −35±40 ng m−2 s−1 during the daytime. The de-
tection limit of the system was estimated at 22 ng m−2 s−1. The average CH4 deposition
during the daytime was higher than the average value for warm temperate forests in a
recent global inventory and the results from a process-based model study.25
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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
potential is 21 times higher per molecule on a 100 year time horizon resulting in a 18%
contribution to the total anthropogenic radiative forcing from greenhouse gases (IPCC,5

2007). Current estimates of some of the individual source and sink magnitudes in the
CH4 global budget have significant uncertainties that need to be resolved. In particu-
lar, 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 scarse.
The mayor uncertainty is for tropical forests which comprise a large part of all forested10

land and are the dominant components of the terrestrial biosphere-atmosphere ex-
change of trace gases. Recent publications by Frankenberg et al. (2005); Braga do
Carmo et al. (2006); Miller et al. (2007) from satellite, airplane and ground measure-
ments, respectively, all indicate higher methane emissions from tropical rainforests in
the Amazone region than expected from process-based model estimates. Apart from15

wetlands, other unknown sources of methane emissions are thought to be important
contributors as well. Recent laboratory results e.g. from Keppler et al. (2005), Keppler
et al. (2008) and Vigano et al. (2008) suggest that plants may be direct emitters of CH4.

Long term methane flux measurements in forested areas have been mostly per-
formed using dynamic enclosure (or chamber) techniques for individual ecosystem20

components such as plants or soils (e.g., Singh et al., 1997; Kiese et al., 2003; Ver-
chot et al., 2000; Kutzbach et al., 2007). While 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, enclosure techniques ob-
serve fluxes for very small surface areas which are not necessarily representative of25

the whole ecosystem and can be easily disturbed by the measurement enclosure itself.
For example, Simpson et al. (1999) and Sinha et al. (2007) measured methane fluxes in
boreal forests with chambers and exclusively detected net uptake of CH4, while fluxes
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measured from micrometeorological towers showed the importance of spatial source
and sink heterogeneity and demonstrated that the forest as a whole as a net source.

The eddy covariance (EC) technique is ideally suited for continuous flux measure-
ments integrating over a larger and more representative area including the complete
ecosystem, allowing fluxes to be observed as environmental conditions change nat-5

urally without disturbance. Recently, methane analyzers have become available that
have a fast enough response time to perform EC flux measurements of methane (e.g.
Hendriks et al., 2008; Kroon et al., 2007; Wille et al., 2008). We tested the DLT-100
Fast Methane Analyser (FMA) from Los Gatos Research (LGR) Ltd incorporated for EC
flux measurements over a Ponderosa pine plantation at the Blodgett Forest site on the10

western slope of the Sierra Nevada Mountains in California. In the near future we plan
to test the recent hypothesis of higher methane emissions in the Amazon basin. The
FMA is a closed path methane analyzer with a response rate up to 20 Hz and is com-
paratively easy to use, relatively inexpensive, and stable over longer periods (Hendriks
et al., 2008). We present a thorough evaluation of t he EC data quality and processing15

with an emphasis on the frequency-dependent response functions. Special attention
is given to the complications that arise when applying Webb-Pearman-Leuning (WPL)
corrections (Webb et al., 1980) to an EC-system that combines open and closed-path
measurements. Furthermore, the diurnal variations of CH4 concentrations and fluxes
are discussed and compared to findings from a recent global inventory (Dutaur and20

Verchot, 2007) and 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, above a Pondorosa pine plan-
tation owned by Sierra Pacific Industries, adjacent to the University of California at25

Berkeley’s Blodgett Forest Research Station. The site is situated on the western slope
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of the Sierra Nevada mountains in California (38.90◦ N, 120.63◦ W, and 1315 m eleva-
tion), 75 km downwind (northeast) of Sacramento and receives anthropogenically im-
pacted air masses rising from the valley below during the day. The site was planted with
Pinus ponderosa L. in 1990, interspersed with a few individuals of Douglas fir, white
fir, California black oak, and incense cedar. Average canopy height in July 2007 was5

about 8 m, and the leaf area index was estimated as 3.2 m2 m−2. The understory was
composed primarily of manzanita (Arctostaphylos spp.) and whitethorn (Ceonothus
cordulatus) shrubs. A detailed description of the site is provided by Goldstein et al.
(2000) and Misson et al. (2005).

The EC measurements were carried out at the top of a 13.5 m high scaffolding tower.10

The instrumentation consisted of a Campbell CSAT3 sonic anemometer, a Camp-
bell FW3 Type E thermocouple, a LI-COR LI7500 open-path hygrometer, and a Fast
Methane Analyzer (FMA, Los Gatos Research). Raw data was sampled at 10 Hz using
a Campbell CR1000 datalogger and stored on a laptop. The FMA was operated in
a closed-path EC set-up that carries the sampled air through a 20 m long PVC tube15

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. Before 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 maximum
pumping capacity of 580 l min−1 that is placed behind the FMA. The FMA and dry scroll20

pump were placed in water 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.

The EC measurements were installed 5.5 m above a medium dense canopy at a
height of about z=13.5 m. The presence of the canopy causes the bottom surface only25

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 height d . This length scale is used as a zero reference
level in order to obtain a representative measurement height (z−d ). Following Wieringa
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(1993), we assume that d is proportional to the height of the canopy (h), i.e. d/h=0.7,
so that the representative measurement height becomes z−d=7.9 m.

3 Data processing

3.1 General corrections

To correct for the frequency responses in our EC-system we follow the approach of5

Moore (1986). The methods and transfer functions applied are fully described in the
Appendix.

EC measurements are always subject to imperfect leveling and we force the individ-
ual half hourly averages of the sonic anemometer wind speeds perpendicular to the
average wind direction and in the vertical to zero, i.e. v=0 and w=0.10

The delay times between the raw data signals from the sonic anemometer and the
open and closed path sensors were 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 procedure also corrects for the longitudinal (streamwise) separation
of sensors while the lateral separation (i.e., perpendicular to the mean wind direction)15

is corrected separately (see Sect. A1).
The sonic temperature flux is corrected for the contamination from humidity fluxes

(Schotanus et al., 1983). The CSAT3 sonic anemometer is corrected internally for the
influence of velocity fluctuations.

Low-pass filtering of scalar fluctuations inside the sampling tube of a closed-path20

system can lead to considerable high frequency loss (Lenschow and Raupach, 1991).
The theoretical transfer function by Lenschow and Raupach (1991) appears to under-
estimate the actual tube damping in accord with the findings of Aubinet et al. (2001)
and Spank and Bernhofer (2008). We corrected for this by adding an empiric correction
factor to their transfer function (Sect. A2).25
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3.2 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 density Fc of c, with density ρc, is given as
follows in the WPL formulation

Fc = ρ′
cw ′ + ρcw = ρ′

cw ′ + ρc

[
µ

ρd

w ′ρ′
v +

(1 + µσ)w ′T ′

T

]
(1)

with w the vertical velocity, indices v and d indicate the water 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 ). Over-
bars represent time-mean quantities and primes represent deviations from the mean.5

The first term on the right hand side of Eq. (1) is the measured scalar flux and the sec-
ond term determines the WPL correction due to the contributions of the water vapor
and heat fluxes. We apply WPL-theory by following the specific recommendations for
closed path sensors by Ibrom et al. (2007a) summarized below.

The temperature flux in Eq. (1) is set to zero since the damping of temperature10

fluctuations inside the tube of the closed path system is very effective. This only leaves
the dilution term by water vapor fluctuations in Eq. (1). For a closed path FMA this
specifically refers to the fluctuations inside the measurement cell were the methane
concentrations are measured. Henceforth, when considering the water vapor flux from
the open-path LI7500 with the WPL-theory, it should be reduced by the attenuation15

effects by tube damping and cell volume averaging. Additionally, a significant delay
in travel time of water vapor through the tube with respect to other scalars has been
found in several experiments (Laubach and Teichmann, 1996; Aubinet et al., 2000;
Clement, 2004; Ibrom et al., 2007a,b). The latter quantify the effects in dependence of
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the relative humidity. This decoupling of scalars and water vapor desynchronizes the
actual dilution of the scalars (i.e. CH4) by water vapor inside the closed-path FMA (i.e.,
the WPL effect). Since we currently do not know the effect of scalar decoupling in our
system, we estimated these from the results of Ibrom et al. (2007b) (Sect. A5).

3.3 High frequency noise5

The amplitude of typical 30-min variations of methane concentrations during the ex-
periment was only about a factor two or three larger than the noise level. The typical
amplitude of signal noise was about ±5 ppbv which appeared to be related to the data
acquisition system; recently upgraded software reduces the noise level to ±1 ppbv. The
consequence of a high noise level is a typical slope of +1 at the high frequency end10

of the power spectrum, which is commonly referred to as white noise (Stull, 1997).
The cospectrum is much less influenced since the random noise signal does not cor-
relate with vertical wind speed variations. Such filtering capacity of the covariance
function was also demonstrated by Wienhold et al. (1995). Nevertheless, noise still
partly modifies the high frequency end of our cospectra. In Fig. 1 we plotted averaged15

and normalised cospectra from a selection of 87 runs (see Appendix for a list of selec-
tion criteria). 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 and Cwq) overlap and com-
pare very well to the (arbitrarily offset) universal Kansas curve for neutral cospectra20

(Kaimal, 1973). This result is proof for the high quality of our EC measurements. The
selected cospectra were obtained under slightly unstable conditions (see Appendix)
which explains their increase relative to the universal curve at the low frequency end
(distance A>B in Fig. 1). The cospectrum of CH4 also compares very well to the other
cospectra, thereby confirming the good quality of the CH4 measurements by the FMA.25

However, for frequencies higher than f=0.3 Hz (vertical dotted line) the values behave
erratic due to the signal noise. The dotted curve demonstrates how CwCH4

is expected
to vary whithout the influence of signal noise. This curve was calculated from reducing
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CwTs with the transfer functions for tube damping, lateral sensor separation and cell
volume damping (Appendix).

We filter out the random contribution of signal noise by calculating the CH4 fluxes
from all cospectral estimates with f <0.3 Hz. The contribution to the fluxes above
f=0.3 Hz is estimated from the relative contributions in this frequency range to the5

sensible heat, water vapor and CO2 fluxes under the assumption of cospectral simi-
larity of scalars (i.e. this is confirmed in Fig. 1). For the ensemble of 87 cospectra the
average contribution was about 7% and varied between 3 and 11%.

3.4 Calculation of the methane fluxes

In this Section we summarise the calculation of methane fluxes and quantify the effect10

of several corrections for the ensemble of 87 runs obtained during the daytime.
After maximizing the covariances via a trial and error method, the cospectra are cal-

culated and all appropriate transfer functions are applied. The influence of instrument
noise on the CH4 fluxes for f >0.3 Hz is removed following the procedure discussed in
the previous Section.15

Before the WPL corrections can be applied to the CH4 fluxes, we need an estimate of
the water vapor flux inside the measurement cell. First, the true free atmospheric water
vapor cospectra are calculated from the open-path LI7500 data by applying corrections
for lateral separation and sensor line averaging. The cospectra of the water vapor flux
inside the measurement cell of the FMA are then simulated by decreasing the free20

atmospheric cospectra with the inverted transfer functions for tube damping and cell
volume averaging (the flux is reduced by 1–5%). These reductions are small as a result
of the combination of a relatively short and wide tube and a high flow rate compared
to other closed path systems. Additionally, we apply a transfer function to correct for
the effect of phase shifts (Ibrom et al., 2007b) in the system between scalars and water25

vapor using the maximum relative humidity found during the daytime (i.e. RH=35%, see
Fig. 2). The desynchronisation between the water vapor and CH4 signal reduces the
water vapor fluxes in the WPL correction by 2–11% (Sect. A5), which simultaneously
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reduces the WPL effect.
Taking the free atmospheric water vapor fluxes for the calculation of the WPL ef-

fect reduces the average downward CH4 flux for the ensemble of runs from 214 to
56 ng m−2 s−1 (a reduction of 74%). Adding the corrections for tube damping/volume
averaging and phase effects reduces the water vapor flux, and with that the WPL ef-5

fect, so that the average CH4 flux increases to 61 and 68 ng m−2 s−1, respectively (i.e.,
the WPL reduction decreases to 71 and 68%, respectively). Hence, for our experiment
at the Blodget forest site, the very low values of RH during the experiment result in
a relatively small effect from phase shifts (the CH4 flux increases about 10%). How-
ever this may be different in other environments such as tropical forests where RH has10

averages of 80% even in the dry season. Using RH=80% reduces the influence of
the WPL effect significantly. The desynchronisation of scalars inside the measurement
cell reduces the water vapor flux in the WPL correction about 30%, and with that, the
average CH4 flux increases to 99 ng m−2 s−1. This is a 46% increase compared to the
cases with RH=35%. It should be noted that such large sensitivity to WPL correc-15

tions is specific for the relatively small CH4 fluxes compared to those for water vapor.
As an example we note that the total water vapor flux dilution in the WPL corrections
for CO2 fluxes only causes the flux to decrease 20%. Nonetheless, it is obvious that
low-pass filtering due to phase effects is potentially very important and should there-
fore be quantified properly for any closed-path EC-system to prevent possible serious20

underestimation of fluxes.

4 Results

In Fig. 2 the mixing ratios of CH4 and CO are plotted together with the meteorological
variables temperature, wind speed, relative humidity, net-radiation and wind direction.
The timelines of CH4 and CO closely follow each other which suggests that both gases25

originate from the same source regions (Central valley/Sacramento region) and that
their mixing ratios are mainly controlled by the diurnal flow patterns. The meteorolog-

5210

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/5201/2009/acpd-9-5201-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/5201/2009/acpd-9-5201-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 5201–5229, 2009

Eddy covariance
methane

measurements

C. J. P. P. Smeets et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

ical variables show a clear diurnal variation that illustrates the very regular upslope-
downslope flow, described in detail by Lamanna and Goldstein (1999) and Dillon et al.
(2002). During summer this circulation is very persistent and present for 72% of the
time (Carroll and Dixon, 2002).

During the daytime, upslope flow from the warm Central valley rises along the West-5

ern slope of the Sierra Nevada. After sunset a shallow stable boundary layer develops
due to radiative cooling of the surface and a layer of cold air flows downslope. Along
with this regular wind pattern, the Sacramento urban plume is transported up into the
foothills of the Sierra Nevada during daytime. After sunset, the pollutants are flushed
back towards Central Valley, being replaced by cleaner regional background air from10

aloft.
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 increase
simultaneously untill 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 from Lamanna15

and Goldstein (1999) for anthropogenically emitted hydrocarbons.
The identical behaviour for CH4 and CO demonstrates that CH4 originates from the

anthropogenic sources around the Sacramento area. While CO emissions mainly orig-
inate from combustion, the majority of CH4 emissions in California comes from landfills
(42%) and agricultural livestock (38%) (Franco, 2002). The latter is heavily concen-20

trated in the Central Valley which makes it probably the most important contributor.
The CH4 concentrations vary around the California ambient air background value of
about 1835 ppbv (Rigby et al., 2008) with higher values occuring in the pollution plume
from the Sacramento area (late afternoon) and lower ones for the regional background
air originating from higher in the Sierra Nevada (just before sunset).25

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
maximization of covariances (a time lag between 2.2 and 3.0 s). The size of the pink
bars illustrates the effect of a water vapor phase shift in the WPL corrections (i.e. with
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and without phase effect corresponds to the largest and smallest negative values of a
bar, respectively). The CH4 fluxes outside the selection are plotted 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 negligible as the atmosphere
becomes stable and turbulence ceases. The methane fluxes show the same diurnal5

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 higher
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 daily average is about 35 ng m−2 s−1 (3.0 mg m−2 day−1).10

These values were calculated accounting for water vapor phase effects in the WPL
corrections assuming RH=35%. The CH4 fluxes obtained during the Blodgett forest
campaign are higher than those from observational and model estimates. A recent
global inventory of field measurements conducted in temperate forests estimates an
annual average uptake of 1.6 mg m−2 day−1 (Dutaur and Verchot, 2007). Ridgwell et al.15

(1999) used a process-based model to calculate the consumption of atmospheric CH4
by soils, and their average grid cell value for the experimental region in the month of
July is about −1 mg m2 day−1.

Verchot et al. (2000) and Dutaur and Verchot (2007) suggest that soil texture is
an important biochemical control of CH4 oxidation in soils with coarse textured soils20

consuming CH4 most efficient. Given the very dry conditions at the Blodget forest site
throughout summer, 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 correlate25

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 results from other studies using EC systems to measure CH4 fluxes were ob-
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tained under conditions providing much higher fluxes, 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 tun-
dra (Wille et al., 2008), and an average of 680 ng m−2 s−1 over peat grassland (Kroon
et al., 2007). We analyzed the detection limit for our CH4 fluxes following the method
described by Wienhold et al. (1995) and also used by Kroon et al. (2007). In short,5

multiple covariances (or cross covariances) are calculated using a wide range of time
lags between e.g. w ′ and CH′

4 (we used a range between −50 and +50 s and calcu-
lated the covariance every 0.1 s). The standard deviation of the cross covariances far
outside the true lag time is used as an estimate for the flux detection limit (i.e., values
between −50 to −40 and +40 to +50 s). Since the CH4 covariances also include WPL10

effects we corrected for this using a simple error analysis (Sect. A6). 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 of fluxes above the detection
limit is on average 26%. As a comparison, the uncertainty for all other fluxes obtained
with the same method is about 6%, a factor 4 lower. Note, as mentioned before, that15

the results for CH4 are influenced by large instrumental noise resulting from outdated
instrument software. Implementation of new software reduces the signal-to-noise ratio
of the FMA a factor 5 (I. Vigano, personal communication, 2008) and is expected to
lower the detection limit.

5 Conclusions20

We have shown the feasibility of EC measurements at low CH4 flux levels with a Fast
Methane Analyser (FMA) during an experiment in a Ponderosa pine plantation at the
Blodgett Forest site in California. Even with a relatively high signal to noise ratio due to
inferior instrument software, 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%. Upgrading the25

instrument software reduces the noise by a factor 5, and hence, the resolution and
lower detection limit for CH4 fluxes are expected to improve significantly.
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The data treatment procedure is presented in detail. The theoretical transfer function
for tube damping by Lenschow and Raupach (1991) was found to underestimate the
actual damping in line with findings by Aubinet 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, 1973), demonstrating the quality of5

the FMA is useful for EC measurements. Nevertheless, the high signal to noise ratio
in the CH4 signal caused erratic behavior of the cospectral estimates at the high fre-
quency end above f=0.3 Hz. This random flux contribution was removed by calculating
the CH4 fluxes from cospectral estimates below the filter frequency f=0.3 Hz. The con-
tribution to the fluxes above f=0.3 Hz was estimated from the corrected cospectra of10

temperature, water vapor and CO2. The effects of desynchronization of the water vapor
and CH4 signals inside a closed path sensor, quantitatively described by Ibrom et al.
(2007b), are shown to be potentially very important for the Webb-Pearman-Leuning
(WPL) correction (Webb et al., 1980) applied to the relatively small CH4 fluxes. The
magnitude of the effect strongly depends on the relative humidity and implementation15

for the California data, with a maximum value of only RH=35% during the daytime,
the CH4 flux increases only about 10%. However, in the hypothetic case of a tropical
rainforest ecosystem, where RH is typically 80% during the dry season, the increase
would be as high as 60%.

The observations at the Blodget forest site show that the CH4 concentrations vary20

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 consistently directed downward and followed a clear
diurnal pattern. Based on an ensemble of 87 30-min flux measurements the aver-
age during the daytime was 35±40 ng m−2 s−1 and the maximum values varied around25

100 ng m−2 s−1. These values are higher than recent estimates from a global inventory
of field measurements in temperate forests (Dutaur and Verchot, 2007) and a process-
based model study (Ridgwell et al., 1999). The very dry conditions and porous soil
texture at the Blodgett Forest site support a high gas diffusivity of the soil resulting in
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relatively high CH4 fluxes.
Current estimates of upward directed CH4 fluxes over tropical forest ecosystems by

Braga 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
is expected to be well suited for measuring the CH4 fluxes even at the low end of this5

range.

Appendix A

Frequency response corrections for the EC-system

In Moore (1986) simplified expressions are given that describe the frequency response
corrections for EC-systems expressed as frequency-dependent cospectral transfer
functions. For example, the correction of the water vapor flux by means of a trans-
fer function is given by

∆F
F

= 1 −
∞∫
0

Twq(f )Cwq(f )df

/ ∞∫
0

Cwq(f ) (A1)

with Twq the net system cospectral transfer fucntion associated with sensors of vertical10

velocity w and quantity q, Cwq is the atmospheric cospectrum of w and q at frequency
f (Hz). It is the product of the response functions associated with sensor frequency
response, size and separation.

The theoretical transfer functions suggested by Moore (1986) and others often un-
derestimate the actual damping in the system (e.g., Spank and Bernhofer, 2008). In the15

following, we use an ensemble of 87 cospectra to study several theoretical and empiric
sensor response functions. To obtain good quality cospectra for the ensemble we use
the following criteria. After rotation of the EC data (i.e., forcing v and w to zero) and in
case of a stationary and homogeneous boundary layer in two-dimensional and axially
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symmetric flow, the momentum flux perpendicular to the average wind direction, v ′w ′,
should now equal zero. In practice this is seldom the case and we therefore limit the

ratio of the lateral and longitudinal momentum fluxes to
∣∣∣v ′w ′/u′w ′

∣∣∣<0.25. The friction

velocity u∗ should exceed 0.1 ms−1. To obtain realistic fluxes, the empiric method that
maximizes the covariances should converge to values between 2.2 and 3.0 s for CH45

and between 0 and 0.3 s for CO2 and H2O (i.e., the average delay time for the closed
path sensor was 2.6 s). Furthermore, we only allow runs that were obtained during
daytime to obtain a selection of sufficiently large fluxes and consistently unstable con-
ditions, i.e. −0.5<(z−d )/L<0 with z the measurement height and L=−u3

∗θv/kgwθv
the Monin-Obhukov length with g the gravitational acceleration, θv the virtual potential10

temperature, and wθv the virtual heat or buoyancy flux.

A1 Lateral sensor separation

The phase shift between signals of the vertical wind speed and scalars from the
Licor7500 or FMA are synchronized by a trial and error method that maximizes the
covariance. This method also corrects for the longitudinal (streamwise) separation of
sensors but not for the de-correlation caused by lateral sensor separation (i.e., perpen-
dicular to the wind direction). The effect of lateral separation s between two sensors
can be represented by the following co-spectral transfer function

Ts(n) = e−9.9n1.5
(A2)

with n=f s/u the normalised frequency and u the wind speed. An optimal value for s
is found by comparing Eq. (A2) with the ratio of ensemble averaged and normalised
cospectra of the water vapor flux and the sonic temperature flux. Doing so, we inher-15

ently assume negligible flux loss for the sonic temperature flux and co-spectral simi-
larity of scalars in the atmosphere (Ibrom et al., 2007b). The difference in sensor-line
averaging effects for the sonic and Licor7500 is negligible. A good match is found for
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s=0.17 m. Since the inlet of the closed path FMA was close to the Licor7500 we use
Eq. (A2) and s=0.17 m to correct the lateral separation for both sensors.

A2 Tube damping

The effects of low-pass filtering in a closed-path EC-system due to mixing effects are
wellknown (Lenschow and Raupach, 1991; Leuning and King, 1992) and can lead to
considerable high frequency signal loss. For turbulent flow in a circular tube with radius
a it can be shown that the transfer function is

G2
t = exp(−160Re−1/8af 2X/U2), (A3)

where Re is the Reynolds number (2aU/ν), ν the kinematic viscosity, f is frequency, X
is the tube length (i.e. 20 m), and U the flow speed inside the tube (8.2 ms−1 during the5

California experiment). Equation (A3) 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 analyser parallel to10

the FMA. This synchroneous set-up allows 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 ratio of averaged and normalised cospectra of the
LI6262 CO2 and the sonic temperature flux (the same procedure as in Sect. A1). The
cospectrum of the sonic temperature flux was corrected for sensor line averaging and15

the cospectra of the CO2 and CH4 fluxes were corrected for sensor separation, signal
processing for Licor6262 CO2 signal (Sect. A3 below), and volume averaging inside the
measurement cells (Sect. A4 below). The remaining difference between the cospectra
of temperature and CO2/CH4 represents the tube damping.

In Fig. 4 we compare the ratio of normalised cospectra with the predictions from20

Eq. (A3). First of all, the empiric transfer functions from the CO2 and CH4 cospectra

5217

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/5201/2009/acpd-9-5201-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/5201/2009/acpd-9-5201-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 5201–5229, 2009

Eddy covariance
methane

measurements

C. J. P. P. Smeets et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

match very well implicating that tube damping in the CH4 cospectra is well represented
by that in the CO2 cospectra from the Licor6262. Second, the prediction from Eq. (A3)
clearly underestimates the actual tube damping.

Aubinet et al. (2001) also notice a significant underestimation by the theoretical curve
and appoint this to the effect of filters in the system which is not taken into account in5

the predictions. The empiric transfer function from the ratio of cospectra is reproduced
by increasing the tube length in Eq. (A3) by a factor of 8 (solid curve in Fig. 4).

A3 Signal processing in the Licor6262

High frequency attenuation caused by signal processing takes place in the Licor6262
according to Massman (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 − 6Ω2) − i(15Ω −Ω3) (A4)

where i is the imaginary unit, Ω=3.0824 τ3B (ω/2π) and τ3B is the time constant of the
third-order Bessel filter. As in Massman (2004) we use τ3B=0.2 s in this study.10

A4 Volume averaging effects of the measurement cell

The spectral transfer function related to volume averaging in a measurement cell is

hvol(ω) =
sin2(ωτvol/2)

(ωτvol/2)2
(A5)

where τvol is the time constant of the volume averaging effect which is equal to the time
needed to fill the chamber and is computed as τvol=Vcham/P with Vcham the volume 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 the15

Licor6262 is 1.19×10−5 m3 and for the FMA it is 0.55×10−3 m−3.
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A5 Decoupling between H2O and other scalars in a closed-path system

Many investigations (Laubach and Teichmann, 1996; Aubinet et al., 2000; Ibrom et al.,
2007a) find that the lag time of water vapor in closed-path systems is always larger
than for CO2 (or other inert scalars such as CH4). Recent publications by Ibrom et al.
(2007a) and Ibrom et al. (2007b) specifically address this decoupling of scalars in the
tubing system of a closed-path EC system and quantify its effects in terms of a transfer
function that depends on the relative humidity of the air sample. The amplitude at-
tenuation and decoupling of scalars and water vapor desynchronize the actual dilution
of the scalar by water vapor inside the closed-path system (i.e., the WPL effect). This
desynchronisation of the water vapor signal can be simulated the low pass filtering with
a first-order recursive filter (Ibrom et al., 2007b)

H(f ) =
1

1 + (f /fc)2
(A6)

where fc 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 predicts the increase of fc as a function of relative humidity for their EC-system.
Moreover, they also demonstrate that the same relation can be used to other EC-5

systems with very different tube dimensions (i.e., radius and length).
Since we have not yet quantified the effect of phase shifts for our system we use the

results from Ibrom et al. (2007b) to simulate the low-pass filtering in our EC-system.
From the CO2 measurements performed in Cabauw we estimated that the cut-off fre-
quency for tube damping is fc=1.042 Hz. We estimate from Fig. 2 that the maximum10

value for RH during the daytime is only about 35%, which increases fc by a factor of 4
according to Ibrom et al. (2007b). As an alternative to this low humidity case we also
estimated the effects for a tropical rainforest ecosystems where RH can be as high
as 80% on average during the dry season leading to an increase of fc by a factor of
20. The low pass filtering effects of the phase shift differs substantially for both cases15
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and the average CH4 flux for the ensemble of 87 selected runs with RH=35 and 80%
increases from −68 to −99 ng m−2 s−1 (+45%), respectively. Note that with increasing
low pass filtering due to phase effects, the WPL effect decreases and the resulting CH4
fluxes become larger.

A6 Probable detection limit of the CH4 fluxes5

The correct covariance was calculated by maximizing its value via a trial and error
method that repeatedly calculates covariances for a range of lag times between the
signals. The standard deviation in the tail of the distribution of different covariances
as a function of lag time (the so-called cross covariance function) corresponds to the
detection limit (Wienhold et al., 1995; Kroon et al., 2007). In order to obtain a sufficiently10

large range of values, we calculated the covariances for lag times ranging between plus
and minus 50 s. The standard deviations 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 in-
cludes the influence of water vapor fluxes via the WPL effect. To estimate the detection
limit from Eq. (1) we use the general formula for the absolute error ∆X (Fritschen and
Gay, 1979) which is equivalent to the total differential of the function X consisting of
several independent variables yi , each with its own absolute error ∆yi

∆X =
∆y1∂X
∂y1

+
∆y2∂X
∂y2

+ ... +
∆yn∂X
∂yn

. (A7)

The partial derivatives calculated from Eq. (1) for the CH4 and water vapor fluxes are

∂Fc

∂ρ′
cw ′

= 1 (A8)
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and
∂Fc

∂ρ′
vw ′

= ρc
µ

ρd

, (A9)

respectively. We assume that the errors in the other terms are small and the errors in
the measured CH4 and water vapor fluxes (the ∆yi ’s in Eq. A7) are equal to the detec-
tion limit derived from the cross covariance. This method gives a maximum possible
error estimate since we combine the individual errors in all variables in the most unfa-
vorable way. A more likely estimate of the total error is obtained when the individual5

error terms in Eq. (A7) 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 stan-
dard deviation of 12 ng m−2 s−1. This corresponds to a normalised detection limit of
about 25%. As a comparison, the normalied detection limit for all other fluxes is about10

6%, hence, a factor 4 lower. As noted before, the results for CH4 are biased by high
instrument noise caused by outdated instrument software. New software improves the
signal-to-noise ratio of the FMA a factor 5 and will substantially lower the detection
limit.
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Fig. 1. Normalised and averaged cospectra for the sonic temperature flux (CwTs
), water vapor

flux (Cwq) and methane flux (CwCH4
) as a function of f (Hz). The dotted curve (CwCH4

simulated)
represents the expected shape of CwCH4
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curve is the arbitrarily offset universal cospectrum from Kaimal (1973) for neutral atmospheric
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dotted line marks the high frequency region where signal noise contributes to CwCH4
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Fig. 2. Time series of (a) temperature (T , red) and wind speed (u, blue), (b) net-radiation (Rnet,
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