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Abstract. A Fast Methane Analyzer (FMA) is assessed for 1 Introduction
its applicability in a closed path eddy covariance field set-up
in a peat meadow. The FMA uses off-axis integrated cavityMethane is the third most important greenhouse gas glob-
output spectroscopy combined with a highly specific narrowally, after water vapour and carbon dioxide. Its concentra-
band laser for the detection of GHind strongly reflective  tion has risen by 150% since the pre-industrial era (Foster et
mirrors to obtain a laser path length of 2-200° m. Statis-  al., 2007) and currently 20% of the enhanced greenhouse ef-
tical testing and a calibration experiment showed high pre-fect is considered to be due to methane (Foster et al., 2007).
cision (7.8<10-3 ppb) and accuracy<{(0.30%) of the instru-  Although methane is less abundant in the atmosphere com-
ment, while no drift was observed. The instrument responséared to carbon dioxide, it is a relatively strong greenhouse
time was determined to be 0.10s. In the field set-up, thegas: the Global Warming Potential of methane expressed as
FMA is attached to a scroll pump and combined with a 3-axisCOz-equivalents is approximately 25 (over 100 years) while
ultrasonic anemometer and an open path infrared gas andhat of carbon dioxide is by definition 1 (Foster et al., 2007).
lyzer for measurements of carbon dioxide and water vapourFor water vapour and carbon dioxide, the eddy covariance
The power-spectra and co-spectra of the instruments Wertechnique has been used for several decennia (Aubinet etal.,
satisfactory for 10 Hz sampling rates. 2000) to measure the exchange of these gases with the earth
Due to erroneous measurements, spikes and period%urfac_e' In eddy co_varignce, the vert.ical fluxXof an a“‘.‘o'

of low turbulence the data series consisted for 26% ofSpherIC propertys is dwectly determmed by the covariance

of that property and the vertical velocity, as shown in Eq. (1).

gaps. Observed CHfluxes consisted mainly of emis- : . ) .
sion, showed a diurnal cycle, but were rather variable over.ThIS can be obtained by calculating the time averaged prod

. N i
The average Cidemission was 29.7 nmolnd s, while :CLE;\./?tgegsnom}lﬂfgf)ff_th% daer\]/(ljatt;](;née) (');tt'r;?] a/tn*g;
the typical maximum Ckl emission was approximately pheric propertys), S=SS viatiom(’)

: i . .
80.0nmolm?2s~1 and the typical minimum flux was ap- the vertical wind velocity ¢ from w=uw-+w"

proximately 0.0nmolm2s-1. The correspondence of the f
measurements with flux chamber measurements in the footFS — s = / W' ()5 (t)dt )
print was good and the observed £Emission rates were Ip—1
. . . 1
comparable with eddy covariance @¢Hneasurements in
other peat areas. (Aubinet et al., 2000). The eddy covariance technique re-

Additionally, three measurement techniques with lower duires an instrument with high precision, accuracy and sys-
sampling frequencies were simulated, which might give thetem stability as well as high sampling rates and short instru-
possibility to measure CHfluxes without an external pump Ment response timer). Unfortunately, the low abundance
and save energy. Disjunct eddy covariance appeared to be tiff methane in the atmosphere hampers adequate concentra-
most reliable substitute for 10 Hz eddy covariance, while re-tion measurements of this gas and the eddy covariance tech-

laxed eddy accumulation gave reliable estimates of the fluxe§idue has therefore been rarely applied for the assessment
over periods in the order of days or weeks. of methane emissions (Kroon et al., 2007; Hargreaves et al.,

2001; Kormann et al., 2001). The advantages of the eddy co-

variance technique compared to other techniques for measur-
Correspondence to: D. M. D. Hendriks ing trace gases are nonetheless obvious: integrated continu-
(dimmie.hendriks@falw.vu.nl) ous measurements over a large footprint area {d420* m?)
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0.20m 2 Methodsand materials

- —— - - -
———————— B - 2.1 Instrument design

Gas Inlet Gas Outlet

(to vacuum pump) A measurement cell with highly reflective mirrors was com-

T @ T P gz Lens bined with a highly specifip narrowband laser system by

= <}/\. Detector1006 - O’Keefe et al. (1998), creating a path length of at least two

%O > ! : km in the measurement cell. In this manner, small absorp-

tion rates cause much larger reduction of the total transmitted
laser intensity. The ICOS technique could therefore be used
Control Data collectsn for the detection of gases with ultra weak absprption, while
slactronics and analysis system making the extensive optical module and the nitrogen Dewar
superfluous. The operation of the DLT-100 Fast Methane An-
Fig. 1. Schematic overview of the integrated cavity output analysis alyzer (FMA) from Los Gatos Research Ltd. is based on this
(ICOS) technique used in the FMA. (Source: Los Gatos Researctimproved ICOS technique and uses a distributed feedback
Ltd.) “R" is the reflectivity of the mirrors and?” and “P" arethe ~ (DFB) diode laser with a wavelength of nearly 1/6%. The
sensors ofcel| and Peell- DFB diode laser offers tunability, narrow line width and high
output power in a compact and very rugged setup. It features
and longer periods without disturbance from small scale sur@ grating structure within the semi-conductor, which narrows
face features. These properties enable assessments of spati@ wavelength spectrum and guarantees single-frequency
and temporal variability at the landscape scale. emission. Off-axis ICOS implies that a laser beam directed
Since the 1980s, infrared absorption spectrometry usindnto the measurement cell at a slight angle, after which it
tunable diode lasers (TDLs) has been widely used for meais reflected in the cell numerous times by highly reflective
surements of trace gases in the lab. A field technique formirrors (reflectivity~0.9999), thus creating a path length of
eddy covariance using a multipass absorption cell was intro2—20x 10° m by making 1-1&10* passes in the cell (Bear
duced in 1995 (Zahniser et al., 1995). Unfortunately, seri-€t al., 2002; Fig. 1). The detector measures fractional ab-
ous problems of drift and low sensitivity effects occurred. sorption of light at the methane resonant wavelength, which
Additionally, the method had more practical drawbacks: theis an absolute measurement of the methane concentration in
large nitrogen Dewar for temperature control that needs refilithe cell.
weekly, an extensive and sensitive optical module, and fre- The path length of the laser, and therefore the time period
quent calibration. Improvements were made with the Quan-during which the laser is being reflected in the cell for each
tum Cascade Laser (QCL) spectrometer which was first in-measurement, is dependent on the reflectivity of the mirrors
troduced in 1994 (Faist et al., 1994). The method was morén the measurement cell. This period over which the laser
stable and accurate in eddy covariance set-up than the TDIs being reflected in the measurement cell is called the mir-
spectrometry (Nelson et al., 2004; Kroon et al., 2007), butror ringdown time (MRT) and is continuously monitored by
the practical drawbacks of the methane instruments (large nithe FMA. The MRT cannot be allowed to drop below 3.0 to
trogen Dewar, optical module, and frequent calibration) were3.5us, since the laser path length then becomes too short to
still present in the QCL spectrometer technique. Hitherto, thedetect the changes in laser intensity properly. The mirrors
micrometeorological measurement techniques for methané the measurement cell are sensitive to dirt accumulating in
have thus implied very expensive, large and labour intensivéhe measurement cell; a small contamination of the measure-
field set-ups with logistic limitations to unattended field de- ment cell causes rapid decrease of the MRT. Cleaning the
ployment. mirrors is a relatively simple procedure that can be done in a
The objective of this study was to investigate the appli- dust-free environment.
cability and quality of the FMA, a new off-axis integrated = The FMA measures in the concentration range from 10 to
cavity output spectroscopy (ICOS) technique using a highly25x10° ppb and operates autonomously. Technically, mea-
specific narrowband laser, for its applicability for eddy co- surements can be made at rates up to 20 Hz and at ambient
variance field measurements of methane. The relatively usetemperatures of 5C to 45 C, while humidity should be be-
friendly and low cost set-up is tested for precision, accuracylow 95% to avoid condensation. The pressure in the measure-
and system stability as well as its’ performance in eddy co-ment cell Pce), Which can be adjusted by a valve switch on
variance field set-up. The first data series are analysed anithe instrument, should be kept near 210 hPa. To obtain sam-
compared with data obtained by existing measurement techpling rates higher then 1 Hz, an external pump is needed to
niques. To asses the applicability of the instrument at loca-maintain the required®ce andr.
tions that lack external power supply, alternative measure- The measurement cell has a volume of 383 m?3 and
ments techniques of the set-up are simulated which could rea length of 0.20 m (Fig. 1). Data output is provided in ana-
duce the power requirements. logue as well as digital format (RS232&TCP/IP) and the de-

L HR mirrors (R~0.9999)}
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vice can store data up to 10 gigabytes. Warm-up time is ap-

proximately one minute and measurements as well as perfor- E&,

mance can be observed on a colour TFT LCD flat panel dis- §

play. The dimensions of the FMA are 0.25m height, 0.97 m £

width and 0.36 m depth and it has a weight of 22 kg. Power g

requirements are 115/230 VAC, 50/60 Hz and 180 W and in- ;i ‘ ‘ ‘ ‘ ‘ ‘

let/outlet fittings are of the Swagelok typ#g’, 1/4”). o w0 20 w0 40 s0 600
time (sec)

2.2 Site description 1.0E-05

Besides testing in the laboratory, the FMA was tested in Ng ®)

an eddy covariance set-up at the Horstermeer measuremen% 1.0E-08 r

site. This site is located in a eutrophic peat meadow area in
the central part of the Netherlands and was described exten--
sively by Hendriks et al. (2007). The area has a flat topog-
raphy and vegetation consists of grasses, small shrubs and
reeds. Before, CHfluxes in the area were measured with

the flux chamber technique and variation between three land OR8]
elements was observed: emissions from the saturated land

and water surfaces were high compared to the relatively dr)i:ig. 2. Time series of Clgconcentration measurements with 10 Hz

land. The annual Welg.hted Gremission at the S|t2e 9Yer sampling rate with a mean of 1905 ppb and a standard deviation of
2005 and 2006 was estimated at 83t88.81 nmolnt<s 4.74 pph(a) and the Allan variance plot for these déig.

(Hendriks at al., 2007).

j
|

1.0E-07

Allan V.

10, o 100 1000
integration time (s)

2.3 Assessment of instrument stability, precision and accuthe integration time&’ =k As (Allan, 1966; Werle et al., 1993;
racy Nelson et al., 2004). The Allan variance decreases when ran-
dom noise dominates over drift effects. However, when noise

System stability is a majgr factor infl'uencing high-sensitivity (5 geq by instrumental drift of the system starts to dominate,
measurements. Theoretically, the signal from a perfectly Stagye ajjan variance starts to increase, indicating a decrease

ble system could be averaged infinitely. However, real SYS—of system stability and hence precision. £ebncentration

te”.‘s are stablg only for a I_|m|ted time period. The '9”9”‘ measurements over a ten minute period of relative constant
of time over which a laser signal can be averaged to achlevta:H4 concentrations with a mean value of 1905 ppb and a
optimum sensitivity, and thus high precision, largely deter- 5504214 deviation of 4.74 ppb with 10 Hz sampling rate were

mines the quality of the spectrometer. The precision of CONYysed to determine the Allan variance. Subsequently, the Al-

chentratlodn r?eﬁsuren’tl)e_znts ShO_UId be_at Ieaﬁt s few parts_p?én variance of this period was plotted over the integration
thousand of the ambient mixing ratio., which IS approxi- ;o 7 (Fig. 2), showing a decreasing Allan variance over

mately 4 ppb for a mixing ratio of approximately 1800 ppb jyteqration times larger than 2.4s. No increase of the Allan

(out§|de air) in the case of Ql—(Kroo_n _et al., 2007). BOth variance was observed at larger integration times, indicating
maximurm system S,tab'“ty and precision can be determined, , op,qence of instrumental drift, and thus high system stabil-
using the Allan variance (Allan, 1966; Werle et al., 1_993; ity and precision, for integration times of a few seconds up
Nelson et al., 2004; Kroon et al., 2007). The Allan Vanance, ten minutes. Additionally, an indication for the short term

(0}), as a func_tlon of Integration time T, is the average O,f precision ¢) was obtained by the y-axis intercept at the min-
the sample variance of two adjacent averages of time series,um Allan varianceofjvzalx 10-3ppk?). Using Eq. (3):

of data and is described by Eg. (2): :

o =o0a x fi 3)

1 m

2 2

k)) = E Agia(k) — As(k 2 . . . - .
<UA( )>z 2m x=1[ s+1(6) @] o) in which o4, is the square root of the minimum Allan vari-

ance andf; is the sampling frequency of the system (10 Hz),
o was determined as 780 3ppbHz /2. Precisions of

k
with: A, (k)=1 ,
s() "Elx(”l)'“rl 0.3ppbHz Y2 (Nelson et al., 2004) and 2.9 ppb 2

with: s=1,... n; andm=m’'—1. (Kroon et al., 2007) were found in previous studies of QCL
In this equation is an average of the Citoncentration,  instruments.
k is the number of elements in subgraty is the subgroup Next, a calibration experiment was carried out by adminis-

number/ is the sample-number in the subgroup, aridhe  tering standard gas mixtures with concentrations of 125 ppb
number of independent measurements. It is assumed thand 2002 ppb Ckl both with an accuracy of 0.2 ppb, to the
data are collected over a constant data intesvaltherefore  FMA at ten instances within a 10-day period. During the

www.atmos-chem-phys.net/8/431/2008/ Atmos. Chem. Phys., 8, 431-443, 2008
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Table 1. Results of the 10-day calibration experiment with two standard gases of 125 and 2002 ppb respectively. Time elapsed since start of
experiment, Cl{ concentrations measured by FMA/( andM ), MD values andfg values are shown.

Calibration experiment FMA

Measurement date and time  Time elapsed (days) loy @4$ (125ppb) high ClHgas (2002 ppb) F¢q
My (ppb)  MDp My (ppb)  textitMDgy

02/04/07 11:50:00 0 125 —0.1% 2005 0.2% 0.998
03/04/07 09:00:00 0.882 127 1.5% 1999 —-0.1% 1.003
03/04/07 15:30:00 1.153 125 —-0.1% 1999 —-0.1% 1.002
04/04/07 09:20:00 2.896 125 —0.1% 2000 —0.1% 1.001
04/04/07 16:45:00 2.205 125 —-0.1% 1999 —-0.1% 1.002
05/04/07 09:30:00 2.903 125 —-0.1% 1999 —-0.1% 1.002
05/04/07 17:30:00 3.236 124 —0.9% 2001 0.0% 1.000
10/04/07 09:45:00 7.913 125 —-0.1% 2004 0.1% 0.999
11/04/07 09:40:00 8.910 125 —-0.1% 2002 0.0% 1.000
11/04/07 16:30:00 9.194 125 —0.1% 2002 0.0% 1.000
12/04/07 09:15:00 9.892 125 —-0.1% 2004 0.1% 0.999

whole experiment the FMA was never turned off in order to emissions from the peat meadow area in which the measure-
imitate longer measurement periods as will be the case in thenents were taken. Nonetheless, the increasing trend af CH
field set-up. The deviation from the standard gas values otoncentration at the Horstermeer site was similar to the trend
CH4 (MD) was calculated for each measurement by Eq. (4): at the Cabauw site. Generally, slow variation in concentra-
M_s tions is caused by the difference between continental and ma-

MD = (4)  rine background concentration, the continental concentration

S being approximately 50 ppb higher (Eisma et al., 1994). Dur-
where M is the measured CHconcentration in ppb and ing the measurement period, prevailing winds were from the
is the CH, concentration of the standard gas in ppb. A two- east (continental). This accounted for the slow rise iyCH
point calibration factor ¥¢a)) was calculated for each set of concentrations at both measurement locations.

measurements by Eq. (5): The influence of changing temperature and pressure con-
S _§ ditions in the measurement cell on ¢koncentration mea-

Feal= —2— "L (5) surements was assessed in the laboratory. During a time
My — My series of continuous measurements, a step chand®ein

where Sy and S, are the high and low standard values of was induced, while the temperature in the measurement cell
CHa in ppb andMy andM; are the high and low measured (Zcen) increased steadily. An effect of the increaselgd
values of CH in ppb. Although the measured concentration On CHs concentration was observed neither from the time
sometimes varied one or two ppb from the standard valueseries, nor from the correlation plots (Fig. 3). A decrease
over the experimental period for both gases, no actual drifin the CHy concentration data was observed 990's after the
was observed in the instrument (Table E)q was 1.000 on  sharp decrease ificel. However, this feature did not result
average with fluctuations:0.30%, indicating high accuracy in @ clear correlation between Gttoncentration andel.
of the FMA. Also, this type ofP..;; changes did not occur under normal
Additionally, over a period of a week, Grtoncentration ~ Circumstances wheficei had a stable value near 210 hPa.
measurements at the Horstermeer site were compared with
CHg4 concentrations measured at 20 and 60 m heightata me&4

. . ./ 1 .

surement site in Cabauw (S8 N anc_JI 458 B, approxi After testing in the laboratory, the FMA was installed in a
mately 30 km from the Horstermeer site. The Ziéncentra- ) . .
. , closed-path eddy covariance field set-up (Fig. 4). In order
tions at Cabauw were measured with a Carlo Erba gas chro- ;
matoarah svstem and have a precision of 2 opb. Th CHto obtain 10 Hz measurements, a dry vacuum scroll pump

grapn sy prec ppD.- Thig XDS35i, BOC Edwards, Crawly, UK) was used with a max-
concentration at the Horstermeer site was 15 ppb higher or.

) ) : . imum pumping speed of 9.2210 3m3s~1. However, at
average, which might be the result of the relatively highyCH the required pressure of 210 hPa the actual pumping speed

1The CH, concentration measurements in Cabauw are measuredvas 5.5 1(_)_3 m3s~1. The scroll pump has relatively high
with a gas chromatograph by the Energy Centre of the Netherlandpower requirements: 100/200V to 120/230V, 50/60 Hz and
(ECN). 600 W. It was placed at the end of the set-up, connected to

Incorporation of FMA in eddy covariance system

Atmos. Chem. Phys., 8, 431-443, 2008 www.atmos-chem-phys.net/8/431/2008/
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Fig. 3. Results of the laboratory experiment on the effecfqfj and Peej 0N CHy concentration measuremenga) time series of Clg con-
centration measurement®) time series off.q| measurementgc) time series ofP¢¢) measurementg) scatter plot of Clj concentration

againstr,,;; with correlation coefficientRZ); (e) scatter plot of Clg concentration againgt.g) with R2.
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1 rain cap (sharpened at the edges)
2 filter (60 um)
3 bended tubing of stainless steel
4 teflon tubing (diameter=64 mm)
5 water locked case
6 tube with warming strip
7 Fast Methane Analyser
8 heating elements
9 sturdy pipe to pump

10 semi closed case

11 scroll pomp

12 air exhaust with silencer

4.30m

¢mmmmmmem—————

" Jata from
=eensnnnnsP direction data

_________ O . 4 Zz:r(r:lometer 13 3-axis ultra sonic anemometer
direction air flow oo’ 14 Licor7500 (CO, and H,0 analyser)

15 data collection in Gill software
16 handheld computer
17 power supply (regional electricity network)

swagelok screws are used for all connections

1.00 m

data from sonic to
"F"""""" handheld system

e LIS
oo m

*

0.0
N B

Fig. 4. Schematic overview of the combined field set-up of the closed path eddy covariance system igsi@tHthe FMA and the open

path eddy covariance system for €@nd water vapour.
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+ tube length = 0.25m termined by both electronic signal processing and byrthe
L B LN TIY LRIV ELITYE of the measurement cell (Nelson et al., 2004). Electronic
oost signal processing is dependent on the spectral complexity of
. the measurement technique as well as the technical design of
- the ICOS technique. In the case of the FMA, this was de-
fined by the designers (Los Gatos Research Ltd.) as 20 Hz.
The limiting factor of the maximum sampling rate is often
which could be determined by the volume of the measure-
ment cell (0.55%10-3m?3) divided by the actual pumping
speed (5.58103m3s~1) giving a flow response of 0.10s.
. Additionally, T was determined by applying a step change in
. concentrations at 20 Hz sampling rate (Fig. 5) (Moore, 1986;
05 00 05 o 15 20 Zahniser et al., 1995; Nelson et al., 2004). Each data point
time (s) was the average mixing ratio of multiple step change events
at a certairr (time elapsed since step change in concentra-
Fig. 5. Averaged and normalised time series of Ltbncentra-  tion). Ther was defined by the exponential fit to the decay of
tion data showing the instrument response with 20 Hz sampling ratéhe CH;y mixing ratio and was calculated=0.11 s by Eq. (6):
changing from ambient air to a gas sample with a highy@bin-
centration for tube lengths of 0.25m and 1.0 m. [CHa],=[CHa],=ge /7 (6)

o
©
.

.

dcobs/dcincr
o
o

=3
~
.

0.2

where [CHy; is the CH, concentration at instance In
the FMA by a wire-reinforced tube with an internal diameter this, sensitivity to tube length could be observed (Fig. 5).
of 1.9x10-3m, sucking air through the system. The FMA The data in the graph are normalized by the transformation
was placed in a heated, water resistant box, while the scrolll Cops/d Cincr, Whered Copsis the increase of [Ch] between
pump was placed in an aerated box that prevented it fronthe starting time and timeandd Cincr is difference between
getting wet and from overheating. In addition to the internal the final [CHy] and [CHs] at the starting time. Since the ef-
filter with a pore size of 2m (Swagelok part no. SS-4FW4- fect of tube damping was corrected separately, amhly
2), afilter with a pore size of 60m was placed at the inlet refers to the response of the instrument itself, the actual
in order to prevent dust, aerosols, insects and droplets fromvas determined as 0.10s.
entering the tubing. The inlet was shielded from the rain by The suitability of the FMA eddy covariance set-up was
a stainless steel cap. To prevent any water that accidentalljurther evaluated by examining the power spectravcind
passed the first filter from moving down toward the analyzer[CH,4] and co-spectrum of the covarianeg[CH,]’ (Stull et
the air was first led up through a stainless steel tube (diametedl., 1988; Kaimal and Finnigan, 1994). For this purpose
of 6.4x10~3m) that bends sharply at 0.5m after which the twelve half hours of data from two days with moderately
air moves down toward the analyzer through a Teflon tubeunstable conditions were analysed. The results of the spec-
(diameter of 6.41073m). After the air has passed through tral analysis were averaged and binned and the logarithmic
the FMA measurement cell it flows through the scroll pump spectral and co-spectral densities were plotted against fre-
and was exhausted through a silencer. The gas-inlet filter waguency (Fig. 6). Additionally, the theoretical spectra defined
positioned 0.2 m away from the LI-7500 open path infraredby Kaimal et al. (1972) and Hgjstrup (1981) were plotted
gas analyzer (LI-COR Lincoln, NE, USA) and a Windmaster in the graphs (Smeets et al., 1998). The power spectrum
Pro 3-axis ultrasonic anemometer (GILL Instruments Lim- of w very closely followed the whole theoretical spectrum,
ited, Hampshire, UK) directed into the prevailing wind. Both while both the [CH] power spectrum and the’[CH4]’ co-
instruments were installed at 4.3 m above the surface at thgpectrum showed slight deviations from the theoretical spec-
Horstermeer measurement site (Hendriks et al., 2007). Datgum. Most important is that the inertial subranges of both
were logged digitally on a handheld computer at a rate ofthe power spectra and the co-spectrum were in general agree-

10 Hz (Van der Molen et al., 2006). ment with the theoretical curve. The [GHoower spectrum
showed a slight tendency to extend upward in the low fre-
2.5 Assessment of FMA in measuring ¢Huxes guency range. This was also observed in the {Otwer

spectrum from the LI-7500 analyzer at the site (Hendriks et
In general a sampling rate of 10 Hz, with a Nyquist frequencyal., 2007), indicating that the upward tendency in the low
of 5Hz, is used for eddy covariance techniques (Aubinet erange was not instrument related, but was rather an effect
al., 2000; Kroon et al. 2007). Therefore an instrumental timeof environmental factors. Kaimal et al. (1976) found high
response of 10 Hz or greater is required in order to correlatelensities of low frequencies in the temperature power spec-
with the wind measurements made with the 3-axis ultrasonidrum in response to a diurnal cycle. Since a diurnal cycle was
anemometer. The measurement rate of an instrument is debserved for both [C&) and [CHy] at the Horstermeer site,

Atmos. Chem. Phys., 8, 431-443, 2008 www.atmos-chem-phys.net/8/431/2008/
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this might have been the cause of the upward tendency ob- ‘ ‘ ‘
served in the power spectra. However, the overestimation of e~ Cbservedw
low frequencies will automatically cause an underestimation (@) — Thearetical w
of the high frequencies, since the total area under the power
spectrum is a fixed surface (Kaimal et al., 1972; Hgjstrup,
1981). Considering the’[CH4]’ co-spectrum, the observed 10" 1
peak nean=10"1 Hz generally matched the peak of the theo-
retical spectrum and was agreement with spectral analysis of =
CHjy flux measurements by Verma et al. (1992), Kormann et
al. (2001) and Werle and Kormann (2001). The spectral per- 102
formance of the eddy covariance set-up for temperature and

CO, fluxes were discussed previously in a paper by Hendriks

etal. (2007) and were in agreement with the spectral analyses

of the CH,; flux measurements.

Additionally, in previous research by Hendriks et 107
al. (2007) the energy balance consisting of the eddy co- n[Hz
variance measurements of latent heat and sensible heat, ‘ o Observed CH,
the micro-meteorological measurements of incoming and (b) — Theoreical scalar
reflected radiation components and the ground heat flux
showed a closure of 82%. This indicated that the data from
the eddy covariance set-up were acceptable (Lloyd et al., 107F ]
1997). _

The travel time of the air in the closed path set-up fromthe <
inlet filter to the FMA, caused a time lag with respecttothein &
situ measured wind data. For 20 half hour periods, the covari-
ancew’[CH4]’ of w’ atinstance=0.0s and [CH]' atz=0.0s
was determined, as well as the covariancevdfat t=0.0 s
and [CHy]" at ther=0.1s,r=0.25,/=0.3s, ... ,r=2.0s. For
all half hour periods the highest value ©f[CH4]’ occurred
with [CHy4]’ at¢=0.6s. For the calculation of the actual co- 10 : . ‘
variance the time lag of the GHneasurements compared to n}ﬂzl
the wind measurements was therefore taken as 0.6 s. 10°

107 1

10°

—o-Observed wCH,
2.6 Data processing (c) — Theoretical w-scalar

The EUROFLUX methodology (Aubinet et al., 2000) was

applied to the eddy covariance data to calculate the CH 10"
fluxes from the closed path system and the;@lGxes from €,
the open path system (Hendriks et al., 2007) on a thirty §
minute basis. Since system instrumental drift was not ob- &
served, an overestimation of the fluxes as a result of this av- 102
eraging period was not expected. The damping effect of the

T on the CH signal was corrected for in the flux calcula-

tion procedure as well as for the time lag of 0.6 s between

closed path Chland open path wind, temperature and,CO
measurements (Moore et al., 1986). The tube length of the 10;30.3 102 o 10
set-up was over 1000 times the inner diameter of the tube n[Hz]

and therefore the air temperature in the measurement cell

could be considered stable. As a result, the Webb correcl-:ig_ 6. Averaged and binned results of the spectral analyses of the

tion for density fluctuati_ons arising from variations in tem- -\, eddy covariance set-up for two moderately turbulent days
perature that was applied to the open path,GBasure-  (six half hour periods per day).(a) Observed and theoretical
ments, was not required for the closed path measuremen{sower-spectrumw; (b) Observed and theoretical power-spectrum
of CHy(Leuning and Moncrieff, 1990). The Webb correc- of [CH,]; (c) Observed and theoretical co-spectrumudfCH,]’.

tion for density fluctuations arising from variations in water

vapour (measured with the LI-7500) was applied according
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to Leuning and Moncrieff (1990). Frequency loss correc-
tions for closed-path systems were applied according to the 251
theory of Leuning and King (1992). Since 3-axis ultrasonic

anemometers were found to under measure wind speed at
large angles, the method of Nakai et al. (2006) was used to __ 151
apply the angle of attack dependent calibration (Gash and :w 101
Dolman, 2003; Van der Molen et al., 2004). '

20 4

5

nmol m

2.7 Simulation of alternative flux measurement approaches £
—_— 0+

~

In eddy covariance, the sampling rate determines the numbe 8:_3 5

of samples that are taken out of an infinitely large number of = o

samples. The higher the sampling rate, the higher the statis- -107[,. *

tical reliability, which results in higher accuracy of the ob-

served means and covariances (Van der Molen, 2002). In or-

der to obtain reliable estimates of fluxes, a sampling rate ofat 20

least 10 Hz is generally used for eddy covariance techniques.

However, measurements performed at lower rates than 10 Hz

can generate reliable re;ults too (Rinne etal., 2000 and 200]F;ig. 7. Results of the analyses of the effect of low turbulence on

Graus. etal, ,20,06; Businger an,d Oncley, 1990). 1Hz ,eddynightly CHy fluxes, showing a drop in flux magnitude below:qf

covariance, disjunct eddy covariance, 1 Hz eddy covariancgs g gooms?!. Data are binned over, classes of 0.02 T and

and relaxed eddy accumulation (REA) are possible alternagrror bars show the standard deviation per class.

tives for the preferred 10 Hz eddy covariance. These mea-

surement techniques could make the external pump of the

FMA eddy covariance set-up superfluous and thus save over REA is a conditional sampling method in which air sam-

half of the energy required for the eddy covariance set-upples are drawn into two separate reservoirs depending on

This might be necessary for operation in remote places wherghe direction ofw. The criterion of valve switching is

an external power source is not available. Here, the raw, CH based on values of the standard deviatiomwdfo,,), which

CO, and water vapour 10 Hz field data were manipulated tois measured by the 3-axis ultrasonic anemometer at 10 Hz.

simulate 1 Hz eddy covariance, disjunct eddy covariance and he valve is activated according to the threshold condition

REA. |wo| =0.60,. In the case of-|wo<|w=<|wp (deadband val-
With 1 Hz eddy covariancek is determined in the same ues), neither “up” nor “down” samples are taken, but sam-

manner as 10 Hz eddy covariance (Eg. 2), but at a lower freples are discarded from the sampling system (Graus et al.,

guency. The method was tested by averaging each 10 cor2006). Here, we simulated REA by dividing all eddy covari-

secutive data points of GHconcentration as well as wind ance data points of one half hour measurement period into

velocity for the 10 Hz data set, thereby simulating a slowerthree data matrices based on the direction ofuth@pward,

sampling rate (1 Hz) with a longer(1.0 s instead of 0.10s). downward and deadband values). Next, the measured con-
Disjunct eddy covariance uses a subset of the whole 10 Hzentrations are summed and the turbulent flux of the sealar

time series to determine the flux of an atmospheric property(Fs) was determined according to Eq. (8):

F; according to Eq. (7):

.

0 0.1 0.2 0.3 0.4
u* (ms™)

Fy~bxoy X As )]
N
Fo=<uw's' >= i X Z w]s] 7) (Businger and Oncley, 1990). Titevalue is the correction
N = for the deadband andls the difference between the concen-

where N is the subset of the data (Rinne et al., 2000 angtrations in the accumulation reservoirs (Bowling et al., 1999).
2001). Here, the disjunct eddy covariance method was tested

by sampling the first data point of every 10 data points fromg  Req)its

the 10 Hz data set, thereby creating a time interval of 0.9s

between the sampling moments, while theemained 0.10S. 3.1 First data series

To build a field set-up for disjunct 1 Hz eddy covariance a

“snap sampling” instrument would have to be mounted in From the eddy covariance data series 11% consisted of gaps
front of the inlet of the system to obtain samples that are saméue to failure of the eddy covariance set-up caused by rain
pled with a frequency of 1 Hz, while maintaining the sam- events and instrumental errors. Additionally, 3% of the data
pling duration as short as possible (“snap”). This methodseries consisted of spikes (GHux >100.0 nmolnr2s™1
would give the FMA an analysis time of 1.0s instead of and CH, flux <—10.0nmolnT?s™1) and were removed
0.10s. from the data set. During night time periods with low friction
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Fig. 8. CHy flux data series over a two week period in the summer of Z8p&nd CG flux (NEE) data series over the same perfoyl

velocity (u.) the turbulence of the atmosphere can become3.2 Intercomparison with flux chamber data
too low for the performance of eddy covariance measure-
ments (Wohlfahrt et al., 2005; Dolman et al., 2004). In order For two days during the CHeddy covariance measurement
to determine the criticak, value for CH, eddy covariance period at the Horstermeer site, flux chamber measurements
measurements at this specific site, the,Gldx data ande, ~ were made in the footprint of the eddy covariance tower
data from periods with incoming shortwave radiation (SWin) with a Photoacoustic Field Gas-Monitor (type 1312, Innova
<20 W m2 were selected (Dolman et al., 2004). The nightly AirTech Instruments, Ballerup, Denmark) connected with
CHjy fluxes showed a significant decrease for periods withtubes to closed, dark chambers (Hendriks et al., 2007). Flux
u,<0.09ms? (Fig. 7). This result is similar to the critical chamber data were collected at the three land elements oc-
u, value of 0.10 ms? found for CQ fluxes at the same site curring in the footprint of the eddy covariance tower: rel-
(Hendriks et al., 2007). CHflux data measured during pe- atively dry peat land, saturated peat land and ditch water
riods withu, <0.09ms ! occurred at 12% of the data series surfaces. The fluxes from the various land elements are
and where removed too. The total amount of data gaps acaveraged with respect to their relative surface area (70%,
counted for 26% of the whole data series. 20% and 10% respectively; Hendriks et al., 2007). On
CHy fluxes and CQ fluxes (net ecosystem exchange June 10 the flux chamber measurements showed an aver-
(NEE)) were plotted for a two week period in June 2006 atage CH flux of 114.5+9.6 nmolm2s~1, while the eddy
the Horstermeer site (Fig. 8). Although the £fuxes are  covariance measurements showed an averagg floid of
rather variable over time, a diurnal cycle can be observed3.2 nmolnt2s-1 over the same period (Fig. 9). On 3 Oc-
with low emission during the night and high emission dur- tober the average GHlux from the chamber measurements
ing the day. CQ fluxes have a similar, but opposite, di- was 53.6-:11.2 nmolnt?s~, while that from eddy covari-
urnal cycle. The observed GHluxes consisted mainly of ance was 61.6 nmolnfs1.
emission and had an average of 29.7 nmofisr!, while
the typical maximum Chl emission was approximately 3.3  Simulation of alternative flux measurement approaches
80.0 nmolm2s~1. The typical minimum flux was approxi-
mately 0.0nmolm?s~* and at three occasions a small up- The simulated 1 Hz and disjunct eddy covariance data as well
take was observed. as the simulated REA data were compared with the original
10Hz eddy covariance data as half hourly averages over a
15 day period (Table 2). It can be observed that the various
methods show similar but not identical results and that all
alternative methods showed variations from the 10 Hz eddy
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Table 2. Summary of results of 1 Hz eddy covariance, disjunct eddy covariance and REA compared to 10 Hz eddy covariangedop CH
and water vapour (D) flux measurements. Average gas flux over the 15 day period, average deviation from the 10 Hz eddy covariance data
and standard deviations of half hourly data are shown.

10HZEC 1HzEC Disjunct1HzEC REA (d=0.6; b=0.2)

average gas flux Ciflux (nmol m—2 s~2) 26.74 27.35 26.29 25.76
CO, flux (umolm—2s-2) -6.53 584 —-6.31 —6.41
H,O flux (mmolni2s-2) 3.13 2.79 3.05 3.01
average deviation from normal  GHlux (%) 0% 2% —2% —4%
10 Hz eddy covariance Clux (%) 0% —-11% —3% —2%
Ho0 flux (%) 0% —11% —3% —4%
standard deviation Ciflux (nmol m—2 s~2) 11.65 12.23 12.70 14.34
CO, flux (umolm—2s-2) 9.95 9.13 9.86 11.22
H,O flux (mmolni2s-2) 2.82 2.59 2.80 2.77

450 5 —+- EC data July 10 2006 :mlzzEECC
s gzulfantcéd g } flux chamber 50 T o disjunct 1Hz EC
400 1 o gitch water surface] TeaSUrEMents — - REA (d=0.6 and b=0.20)
—~ 350 %
% 300 1 % =
E 250 4 g
= 13
3 2001 =
T 1501 ‘5
S laverage of flux chamber data s
é 100 4 //’t“~~(/// ‘\\*~-<«""\‘~<\ e
50 ,—;NV N R "
A L .
0 T T T T T
10:00 11:00 12:00 13:00 14:00 15:00 10
. -of-d 179.5 179.6 179.7 179.8 179.9 180.0 180.1 180.2 180.3 180.4 180.5
time-of-day time (julian days)
400 - —~—§C |datg October 3 2006
- » saturated land } e Fig. 10. Time series of Clj fluxes for a one day period: half hourly
o ditch water surface averages of 10 Hz eddy covariance and simulated 1 Hz eddy covari-
. 800 - ance, disjunct eddy covariance, and REA.
‘e 250 -
£ i
[=}
£ 2001 . . . .
= 150 % ation of the time series was somewhat higher than that of
S e the 10 Hz eddy covariance. Average £énd water vapour
= 100 7 St — fluxes determined with 1 Hz eddy covariance showed how-
50 <~ Waverage of flux chamber data h ever a large underestimation compared to the 10 Hz eddy
0 4. 8 ‘ ‘ ‘ covariance measurements. The disjunct eddy covariance
10:00 11:00 12:00 13:00 14:00 15:00 method showed on average a slight underestimation of the
time-of-day half hourly fluxes for CH as well as for CQ@ and water

vapour measurements-2% and—3%), while the standard

Fig. 9. Hourly CH, flux data at 10 July and 3 October (both 2006) {eviation was somewhat higher than that of the 10 Hz eddy
plotted in combination with flux chamber data from various land covariance

elements in the footprint of the eddy covariance tower collected at ) )
the same day. The square marks show the weighed average of the The b-value used in REA for correction of the deadband

flux chamber measurements. area was determined by Pattey et al. (1993) as 0.56. For
the measurement set-up investigated hedeyalue of 0.20
showed results most similar to the normal 10 Hz eddy co-
covariance data (Fig. 10). The 1 Hz eddy covariance methodiariance measurements for ghheasurements as well as
showed on average a slight overestimation of the half hourlyfor CO, and water vapour measurements. The results of the
fluxes for CH, measurements (2%) and the standard devi-REA method showed on average a small underestimation of
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the half hourly fluxes for Chlas well as for CQ and water meadow site in the Netherlands (Reeuwijk), where emissions

vapour measurements-4% and—2%). The standard devia- were 46£31 nmolnT2s~1 on average (Kroon et al., 2007)

tion however, was significantly higher than that of the 10 Hz and average annual GHmission of 30 nmolm2s~1 from

eddy covariance, pointing at relatively large deviations frompeat lands in Germany and the Netherlands@ar et al.,

the 10 Hz measurements at a half hourly basis. 2007). From the comparison of the eddy covariance mea-
surements with flux chamber measurements, it was observed
that the fluxes from the two techniques showed a discrep-

4 Conclusions and discussion ancy of approximately 20%. However, considering the fact
that the flux chamber measurements are point measurements

The FMA, which uses the new off-axis ICOS technique, wasat the soil surface while the eddy covariance has a footprint

found to perform satisfactorily in laboratory experiments and of hundreds of square meters, some degree of variation may
in the eddy covariance field set-up. Compared to other techpe expected.

nigues, the absence of a large nitrogen Dewar for cooling
that would need weekly refill, the compact, narrow band and Additionally, raw CH,;, CO, and water vapour 10 Hz field
stable laser, the relative user friendliness and low costs ardata were manipulated to simulate 1 Hz eddy covariance, dis-
considerable advantages. The FMA eddy covariance set-upinct eddy covariance and REA. It was concluded that, when
was found to perform independently in an unattended fieldusing a scroll pump is not possible for technical or practical
situation. However, care should be taken when placing thereasons; disjunct eddy covariance was the most reliable sub-
instrument with a scroll pump in the field. The FMA should stitute for 10Hz eddy covariance. This method showed the
be kept dry and in ambient temperatures betwed &d  highest degree of resemblance with the 10 Hz eddy covari-
45°C, while the scroll pump should be kept dry and cool. ance for all three gases. The simulated 1 Hz eddy covariance
Contamination of the measurement cell should be preventedyf CO, and water vapour fluxes, showed relatively large de-
since the mirrors inside the measurement cell are sensitiv&iations from the 10 Hz eddy covariance data, indicating a
and only a small contamination might cause a rapid decreasteduced reliability of the method and no possibility to test
in reflectivity of the mirrors and performance of the instru- the validity of the method at sites without the eddy covari-
ment. ance set-up for Cid Simulation of REA did show similar
The analysis of the Allan variance indicated a high pre-results for all three gases; however, the standard deviation of
cision and system stability of the FMA. Additionally, the the time series was significantly higher than that of the 10 Hz
calibration experiment showed sufficiently high accuracyeddy covariance, pointing at relatively large deviations from
(<0.30%). As long as ambient temperatures do not exceedhe 10 Hz measurements at the half hourly basis. REA was
the range of 5 to 4% and pressure in the measurement celltherefore evaluated to generate reliable estimates of fluxes
is near 210 hPa, the GHneasurements are not affected by over periods in the order of days or weeks. Importantly, the
changes iMce and Pey. Since no instrumental drift was ob-  b-value for CH, flux measurements was the same as that for
served in the Allan variance analyses, in the calibration exthe CGQ and water vapour flux measurements. This indicates
periment or in the comparison with GHoncentration data thatit will be possible to determine tihevalue for CH, mea-
at a field site nearby, it was concluded that frequent calibra-surements with REA at new and remote locations using an
tion of the FMA was not necessary. eddy covariance set-up with low power requirements fop CO
The observedr was 0.10s, implying a maximum sam- Of water vapour. Finally, it should be taken into account that
pling rate of 10 Hz which is sufficient for eddy covariance the “snap sampling” instrument for disjunct eddy covariance
measurements. The closed path FMA eddy covariance Sysand the valve switching system for REA will introduce addi-
tem performed well, as shown by the power- and CO_Spectréional artefacts, which also require certain amounts of power
which corresponded well to the theoretical spectral curves(Rinne et al., 2000; Kuhn et al., 2005; Graus et al., 2006).
Additionally, the energy balance showed satisfactory closure.
CH, fluxes appeared to be underestimated during periods
with low turbulence and a, correction was applied for CH
flux data during periods with,<0.09ms 1. Due to erro-
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