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Abstract. A quantum cascade laser spectrometer was evalmethods are often used to determine integrated emission es-
uated for eddy covariance flux measurements of, @Hd timates on a hectare scale that also have continuous cover-
N2O using three months of continuous measurements at age in time. Instrumentation is now becoming available that
field site. The required criteria for eddy covariance flux mea-meets the requirements for Gtnd NO eddy covariance
surements including continuity, sampling frequency, preci-(EC) measurements. For example, a limited humber of EC
sion and stationarity were examined. The system operatetheasurements have been published using lead salt tunable
continuously at a dairy farm on peat grassland in the Netherdiode laser (TDL) spectrometers and quantum cascade lasers
lands from 17 August to 6 November 2006. An automatic (QCL) spectrometers (e.g. Smith et al., 1994; Wienhold et al.,
liquid nitrogen filling system for the infrared detector was 1994; Laville et al., 1999; Hargreaves et al., 2001; Werle and
employed to provide unattended operation of the system. Th&ormann, 2001; Eugster et al., 2007; Neftel et al., 2007).

electronic sampling frequency was 10 Hz, however, the flow A TDL spectrometer can obtain similar precision as a QCL
response time was 0.08 S, which Corresponds toa bandWidtgpectrometer, however, the b|g advantage of QCL Spectrome_
of 2Hz. A precision of 2.9 and 0.5 ppb HZ? was obtained  ters are the better laser frequency stability and freedom from
for CH4 and NO, respectively. Accuracy was assured by cryogenic cooling cycles that can lead to instability in mode
frequent calibrations using low and high standard additionspurity and laser frequency. The QCL was first demonstrated
Drifts in the system were compensated by using a 120's runiy 1994 (Faist et al., 1994). Several studies are performed
ning mean filter. The average Gtnd NO exchange was ysing QCL spectroscopy e.g. by Nelson et al. (2002) and
512ngCm?s™t (2.46mgm?hr-!) and 52ngNm?s™!  jimanez et al. (2005). Nelson et al. (2004) pointed out that
(0.29mgnr2hr-1). Given that 40% of the total 30 emis-  the system must satisfy four criteria for performing £4hd

sion was due to a fertilizing event. N,O EC measurements. First, the continuity criteria which
means that the system should be able to operate unattended
on a continous basis at a remote field site. Second, the an-
alyzer response time and the electronic sampling frequency
should be both on the order of 10 Hz to evaluate the small
The greenhouse gasses methane 4C&hd nitrous oxide eddi_es_ as well (Monteith z_ind Unsworth, 1990). Third, the
(N,0) play an important role in global warming with global Precision of the concentration measure_ments.should be a few
warming potentials 23 and 296 times greater thar, @®  Parts per thousand of the ambient mixing ratio for £Catd

100 years time horizon (IPCC, 2001). Agricultural soils ©n€ part per thousand for®. A required precision of 4 ppb
are major sources of both gasses (IPCC, 2006). Although2nd 0.3 ppb s derived for G+and NO given an average am-
there are significant uncertainties in the estimated, @rd b_|ent concentration of 1800 ppb and 320 ppb. Finally, the sta-
N,O fluxes, mainly owing to a combination of complexity of tionarity cnter@ that |_nd|cates the requ!remen_t of |nFermed|—
the source (i.e. spatial and temporal variation), limitations@te term stability against span and minimal drift during a pe-
in the measurement equipment and the methodology usefiod of atmospheric stationarity on the order of 30 nitel-

to quantify emissions. High-frequency micrometeorological SO €t al. (2004) showed that QCL spectrometers can meet
these criteria. This conclusion is mainly based on an exper-

Correspondenceto: P. S. Kroon iment with which the system was located in the laboratory.
(p.kroon@ecn.nl) Therefore, it is desirable to validate the suitability of a QCL

1 Introduction
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716 P. S. Kroon et al.: Suitability of QCL spectrometer for EC measurements

Table 1. Main characteristics of Oukoop site in Reeuwijk based on e.g. Veenendaal et al. (2007).

Site Oukoop in Reeuwijk (NL)
Location 52°0715"N, 4°0717'E
Elevation of the polder (m below sea level) 1.6-1.7

Elevation of the ditches (m below sea level) 2.31-2.39

Height of vegetation (m) 0.05-0.35

Mean annual rainfall over 2004 and 2005 (mm¥y 870

Mean temperature over 2004 and 2006 10.3
Cow manure application in 2006 fha1) 55
Artificial fertilizer application in 2006 (kg hal) 320

spectrometer for EC measurements at a remote field site. five harvest events. Manure and artificial fertilizer appli-
This paper discusses the performance of QCL spectromeation were about 55#hatyr—! (253 kgN ha'yr~1) and
eters for EC measurements using three months of continud320kghatyr=1 (84kgNhalyr~1) in 2006. The system
ous measurements at a dairy farm on peat grasslands in theperated continuously (coverage of 87%) from 17 August to
Netherlands. Moreover, an estimate will be given ofJCH 6 November 2006. The average temperature over the mea-
and NO exchange. A description of the experimental site surement period was 1€ and 55 kgN ha' cow manure was
and the climatic conditions is given in Sect. 2. Section 3 isapplied on 14 September 2006.
devoted to the instrumentation and the methodology. The re-

sults are shown in Sect. 4. The conclusions and discussions _
are presented in Sect. 5. 3 Instrumentation and methodology

3.1 Instrumentation

2 Experimental site and climatic conditions ) i
The QCL spectrometer was placed in a container of

The measurements were performed at an intensively manéx2x2m at about 20m east from the mast. The measure-
aged dairy farm. This farm is located at Oukoop near thement height was 3 m and the mast was positioned in the mid-
town of Reeuwijk in the Netherlands (Coord“6&/15" N, dle of the field. Terrain around the towers was flat and free
4°01'17" E). The surrounding area of the measurement locaf obstruc_tion for_at least 600 m in all directions, except for
tion has soil consisting of a clayey peat or peaty clay layer ofthe container. Wind speed, air temperature,4Giid N.O
up to 0.25 m on up to 12 m eutrophic peat deposits. Rye gras§oncentrations were mef':lsured with a system consisting of
(Lolium perenne) is the most dominate grass species witt three—d|mens!onal sonic anemometer (model R3, Gill In-
rough bluegrass (Poa trivialis) often co-dominant. CloverStruments, Lymington, UK) and a QCL spectrometer (model
species constitute less than 1% of the vegetation (VeenerfRCL-TILDAS-76, Aerodyne Research Inc., Billerica MA,
daal et al., 2007). About 21% of the area is open water (NoIUSA)-
et al., 200%). The site is located in a polder which means Figure 1 shows a schematic view of the QCL spectrom-
that the water level can be managed. The mean elevation diter. The QCL spectrometer has a multipass cell with an
the polder is between 1.6 and 1.8 m below sea level. Ditctptical path of 76 m and a volume of 0.51 maintained be-
water level in the polder is being kept-a2.39 in winter and ~ tween 4.%10°Pa (35 Torr) and 4.810° Pa (40 Torr). The
—2.31min summer (Veenendaal et al., 2007). The climate iS2CL spectrometer has two laser positions available that can
temperate and wet, with an average temperature of CQr8 be used simultaneously. During these experiments only one
2004 and 2005, and with an averagely annual precipitatioaser was used which operated at the 1270.8 and 12711 cm
of about 870 mm in 2004 and 2005. The dominating wind @bsorption lines for Ciland N>O, respectively. The perfor-
direction is southwest (Veenendaal et al., 2007). A summaryhance of the system will be influenced by the use of the sec-
of the main characteristics is given in Table 1. ond laser. The use of two lasers affects the electronic sam-
Manure and fertilizer are applied about five times a yearP!ing frequency. Besides, the penalty in signal-noise ratio

from February to September. Besides, there are also abolfould be proportionally smaller by the square root of the
duty cycle difference (the amount of measurements). If two

INol, L. et al.: Effect of land cover data onl® inventory infen  lasers are sharing the same sweep equally, the signal-noise
meadows, J. Environ. Qual., submitted, 2007. ratio on both will be increased by2. The reason for not

Biogeosciences, 4, 715-728, 2007 www.hiogeosciences.net/4/715/2007/
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Fig. 1. Schematic view of the QCL spectrometer based on Nelson et al. (2004).

using the second laser in this case was to maximize the sigfilled approximately every 24 h. An automated filling unit
nal to noise ratio, which requires the most precision for fluxwas used (with a 501 storage dewar produced by Norhoff,
measurements. Netherlands). With this setup visits to the instrument were
The laser was used in pulsed mode. A sequence of lasdtecessary only once a week. In order to minimize drift ow-
light pulses, each with duration of about 10ns, is divideding to changing alignment the temperature cover and optical
by a beam splitter and sent through the multipass cell andable were maintained at 3®.1°C by thin film heaters. The
along a bypass. Both beams are detected on a single detel@ser electronics were stabilized-80.1°C using circulating
tor sequentially with the bypass pulse arriving 250 ns beforewater bath (Nelson et al., 2004). The water cooling circuit
the multipass pulse. The laser frequency is tuned throughs primarily used to remove the heat generated by the peltier
the absorption lines using a sub-threshold current applied t&lement, which cools the laser. It also stabilizes the tempera-
laser between pulses. The laser light intensity is lower at théure of the pulse electronics to provide a more uniform laser
start of the pulse sequence and increases towards the end @#tput power, and it stabilizes the position of the laser which
the pulse sequence. The total width of the scan is close tdest on the peltier element. Without water cooling a variation
0.5cnt! This is true for both beams. The bypass signal isin reported mixing ratios can occur when ambient tempera-
used to normalise the signal obtained from the multipass cellture surpasses the system temperature as large aSQ@pipb
The result is a pattern that shows a relatively constant intenfor N2O (Nelson et al., 2004).
sity ratio with a decrease in light intensity passing through The air inlet was located at the sonic height of 3m above
the multipass cell at the frequencies of the two absorptionthe field. A 25 m PTFE inlet tube with a diameter of 0.25inch
lines. was used. At the QCL spectrometer inlet a 0.01 um filter
The QCL software, TDL-Wintel, uses spectral parameters(DFU filter tube grade BQ, Balston, USA) was used to avoid
listed in the HITRAN database to make a fit to this pattern degradation of the multipass cell mirrors. The flow and cell
and derive approximate GHand NO gas concentrations pressure were controlled with a needle valve at the inlet of the
(Rothman and Barbe, 2003). With pulsed QCLs, the lasemmultipass cell. A vacuum pump (TriScoll 600, Varian Inc,
line width is on the same order as the Voigt line width of USA) with a maximum volume flow rate of 400 | mit was
the absorber, and therefore must be considered in the fittingpcated downstream of the multipass cell. The QCL spec-
routine by convolving the laser line shape with the molec-trometer was calibrated at least once a week using mixtures
ular absorbance. The non-Gaussian shape of the laser lin@ N2/O2 of 1700 and 5100 ppb for CiHand 300 and 610 ppb
profile can result in underestimating the molecular concenfor N>O (Scott speciality gasses, Netherlands)
tration from 10 to 20% depending on the line depth. Calibra- The sonic anemometer data and the QCL spectrometer
tion with known standards is therefore necessary for greateputput were logged using the RS232 output and processed
accuracy. using a data acquisition program developed at ECN, fol-
The detectors of the QCL spectrometer require cooling bylowing the procedures of McMillen (1988). Both the QCL
liquid nitrogen for maximum sensitivity in the wavelength spectrometer computer and the EC computer were available
region. The 0.5| dewar on the optical table needs to be refor remote control. The electronic sampling frequency of

www.biogeosciences.net/4/715/2007/ Biogeosciences, 4, 715-728, 2007
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the QCL spectrometer was not exactly uniform. The aver W = 1 i(wk — B (ck — &) (6)

age time between two samples was about 0.11s. The sonic Ns (=

anemometer produced an uniform sampling rate of 20.88 Hz.

The data acquisition program sav_ed both the Q_CL spectromy here k is the sampling numbes is the interval between
ete_r and sonic anemometer data m_the same file at 20.88 Hgvo samples in st/ is the running mean filter time constant
using the last measured concentration value. in s and g is the amount of samples in the average period
(Lee et al., 2004). The eddy fluxds were calculated us-

ing a 120 s running mean filter time constant and a 30 min
The net ecosystem exchange (NEE) consists of the source&verage time. Furthermore, the time lag between the sonic
the sinks and the surface flux. Horizontal homogeneity, a fla@€mometer and QCL spectrometer data caused by the length
terrain and stationary circumstances were assumed within th@f the sampling tube was determined using the covariance as
average time of 30 min. The storage term was calculated usiunction of delay time, which is given by

ing the average values of GHind NO at 3m height over

3.2 Methods

each 30 min period. The net ecosystem exchange over 30 min — 1 LI
of both gasses is given by Fe = covyc(NAT) = Wiy np, = e > Wickinas )
k=1
h - —

- Ci — Ci-1

Sedz = ————h+ w'c’ 1 . . , . .
/o ¢ T J @ where the delay time is defined byAn in which n denotes
T NEE Storage o flux the amount of time steps. The absolute maximum in covari-

ance, which represents the eddy flux, occurs at the exact de-
lay time. The exact delay time is dependent on the flow rate
h MM § - in the tube. The flow rate itself is dependent on the resistance
in ppb, i indicates the flux numbef, is the average time ot the system, which is mainly dependent on the conditions

in s andw is the vertical wind velocity in ms' (e.g. based ot ihe inlet filter. If the inlet filter becomes dirty, the flow rate
on Hoogendoorn and van der Meer, 1991 and Nieuwstadty || gecrease.

1998).

in which h is the measurement height in 18}, is the source
term in ppbs?, ¢ is the gas concentration of GHor N,O

The storage term was calculated using the QCL spectrom-

Evaluation of the eddy flux consisted of different phases. . .
. eter data according to Eq. (1). The calibrated corrected NEE
First, the raw data of(7) andc(z) was analyzed by eye on was given by adding the storage and the eddy flux term.

(sl n more cetail o the ata, however, 1 s very mprac- FUIermore, the Webb-Correction was party appiied (webl
tical for long term flux measurements. The raw data screen—et al., 1980). The ngb-correctlon for density fluctuations
ing should be done automatically in further research. Then)’vaS not perfor_med since th_ere was a constant temperature
all concentration data was corrected using a two-point caIi-and pressure in the sampling cell. However, the Webb-

bration factor based on weekly calibrations. The two—pointfrc;::a';snﬂf&;gsv;nsﬂ;enﬁg do;rﬁﬁf:j;;pgil:czL:ﬁteuggrcr)]nsl'eovr\]/as
calibration factorfiy is defined by 9 PP p

not dried to a constant humidity before the mixing ratio was
_ SH— S > measured. The Webb-correction was performed using latent
fn = My — M, 2) heat flux data of the University of Wageningen. These latent
heat fluxes were derived using an open path system which
was located at the same height and at a distance of about 3m
From the closed path EC system of gbhd NO. The Webb-
correction based on this open path EC system probably over-
estimated the correction because the 25m inlet tube of the
Ccor = fiHCuncor 3) closed EC system of CHand NO attenuated the fluxes.

) ) i For more information about the open path system the reader
with Cuncor the uncorrected concentration value in ppb andig referred to Veenendaal et al. (2007). Moreover, the NEE
Ceor the corrected concentra’u_on va!ue in ppp. It was Im- a4 were flagged using the instationarity test of Foken and
portant to correct the data using this factor since the QCLyichura (1996). Finally, the fetch was checked by a foot-
spectrometer does not provide absolute values for the mixin rint model based on the Kormann-Meixner method (Neftel
ratios. Next, the time average, which was based on a runnin%t al., 200%; Kormann and Meixner, 2001). The 30 min NEE
mean, and mean removal operations were performed by 5, was rejected when less than 70% of the flux came from

in which S| and Sy are the low and high standard values in

ppb andM| andMy are the low and high measured values in

ppb. The corrected concentration was found using this facto
and the following equation

- At At the dairy farm site.
Wk = (1 — —)wk-1 + —wk 4)
Tf 15
~ At At 2Neftel, A. etal.: A simple tool for operational footprint evalu-
Ge=01- T_f)ck_l + f_fck (5) ations, Environmental Pollution, submitted, 2007.

Biogeosciences, 4, 715-728, 2007 www.hiogeosciences.net/4/715/2007/
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4 Results for frequencies below 3 Hz when cell pressures were above
4.7x10° Pa (35 Torr). In that case, the Reynolds number was
4.1 Performance EC measurements higher than 4000. The flow was prevented from becoming

less turbulent by regular replacement of the inlet filters. A
The required criteria for EC flux measurements including thorough investigation on the damping effect could be done
continuity, sampling frequency, precision and stationarity using an empirical correction approach given by Ammann
were examined using three months of field measurementset al. (2006). This correction approach is based on a com-
First, the continuity of the system was evaluated. The systenparison of the normalized co-spectrumw!” andwCH, or
operated continuously (total data coverage 87%) at a dairyyN,O. ThewT co-spectrum is calculated from the sonic
farm on peat grassland in the Netherlands from 17 August ttanemometer with which almost no damping occurred. An es-
6 November 2006 with about one visit per week excluding timation of the damping is done using the flux ogives which
the intensive campaigns. The system proved to be s&y  are given by
ble as far as alignment and laser drift was concerned. The "
most sensitive part of the system proved to be the liquid , p _ _
nitrogen refilling unit. In summer with high temperatures O8uclfm) = ; |Couwe(fi)
the container became too hot inside which led to changing =

. : . . i ns — 1) At
alignment. An extra ventilator was installed on the container fi= A m=12 .. [(ST)] 8
which proved to be sufficient to keep the temperature inside (s — 1 Ar !
the container below 3%. where f represents frequency in Hz aitb,,. the normal-

The validation of the sampling frequency of the systemized co-spectrum. The ogive represents the true cumulative
consisted of three parts, namely the electronic sampling frecontribution of the turbulent eddy frequencies to the flux.
guency, the flow response and the damping. For most conThe total damping effect is determined by scaling the damped
ditions a sampling frequency of about 10 Hz is sufficient to ogive at the low frequencies (up to 0.065Hz which means
perform EC measurements (Ammann, 1998). The electroni@ time period of 155s) to the respective undamped ogive of
sampling frequency is dependent on the complexity of thewT. The damping factor is then indicated by the right-end of
spectrum and the number of spectral lines included in thethe ogive. Figure 2 and 3 show the absolute normalized co-
fit. Laboratory tests, using the Aerodyne TDL-Wintel soft- spectra of CH, N,O and wT belonging to 7 October 2006
ware running on a 1 GHz PC showed that 20 Hz acquisitionbetween 12:00-14:00 which was a neutral period with mean
was possible for 2 or 3 gas species simultaneously. Twowind velocity of about 7 ms! and 8 October 2006 between
species were simultaneously measured at an adjusted ele09:00-02:00 which was a stable period with mean wind ve-
tronic sampling frequency of 10 Hz during the continuously locity of about 3ms?!. Besides, the unscaled and scaled
field measurements. The average time between two samplasgyives are presented in these figures. These analyses were
was about 0.11s. As a consequence, the contribution tp CHdetermined using block averaging instead of a running mean
and NO fluxes of large eddies, with sampling frequencies filter and an average time of 30 min. The contributions until
below 5 Hz, were electronically sampled well, but the contri- a sampling frequency of 2 Hz were taken into account. It can
bution of smaller eddies were not. be seen that there is almost no difference between the contri-

However, the overall sampling frequency of the system isbution at the high frequencies of thel' flux and thewCHy
limited by sampling cell response time rather than the sig-or wN>O flux. Therefore, the damping effects seem to be
nal processing time. A sampling cell response time (1/e)almost negligible. Although, more analyses should be done
of 7=0.08 s was obtained using the 400 mirVarian vac-  to investigate the effect of damping on the flux values for all
uum pump with a cell volume of 0.5I in the laboratory. circumstances.

The measured response time implies a volume flow rate of The system precision and stationarity are strongly depen-
375Imin! which is close to the nominal pumping speed. dent on the drift of the instrument. An indication of both
The response time was not determined in the field since n@roperties can be given using an Allan variance analysis (e.g.
automatic calibration system was installed. However, the reAllan, 1966; Werle and Slemr, 1991). In this method, the
sponse time in the laboratory and in the field should be probvariances in the time series of reported mixing ratio when
ably the same since it should not be a function of the flowsampling a constant source from a calibration take are plot-
rate as long as the pumping speed is constant with the cebied as a function of integration time. The Allan variance de-
pressure. Thus, the effective bandwidth #/{2 is estimated  creases withr—1 when random noise dominates. This de-
at~2 Hz which is slightly less than the Nyquist frequency of crease continues to a point at which drift effects start to in-
5Hz using a sampling rate of 10 Hz. fluence the measurements. Due to instrument drift at longer

Nevertheless, the contribution of high frequencies (i.e. thetimes the Allan variance increases again. The minimum is
small eddies) to the calculated flux can be decreased byndicated byza andoa, which represent the stability time
the inlet tube. According to Lenschow and Mann (1994) in s and the sensitivity in ppb H2/? belonging to this sta-
the damping effect was estimated to be smaller than 50%bility time. Apart from this, the y-axis intersection point

www.biogeosciences.net/4/715/2007/ Biogeosciences, 4, 715-728, 2007
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Fig. 2. Comparison of the absolute normalizeatspectra (top), unscaled (middle) and scaled ogives (bottom) with integration started from
low frequencies of the heat and ¢Hux (left) and the heat and 2O flux (right). The given co-spectra and ogives represent averages over 4
half-hourly measurements on 7 October 2006 between 12:00-14:00.

gives an indication of short term precision of the system instationarity are influenced by drift effects which depend on

ppb Hz /2 using the instrumental configuration. The most important factor
to minimize drift is proper thermal control of optics and the
o =o1sfs ¥ 2 9) electronics to maintain constant dimensionality and a stable

electrical environment of the system. Precision may also be
in which fs is the sampling frequency in Hz. Precision and

Biogeosciences, 4, 715-728, 2007 www.biogeosciences.net/4/715/2007/
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Fig. 3. Comparison of the absolute normalizeatspectra (top), unscaled (middle) and scaled ogives (bottom) with integration started from
low frequencies of the heat and ¢Hux (left) and the heat and 2O flux (right). The given co-spectra and ogives represent averages over 4
half-hourly measurements on 8 October 2006 between 00:00-02:00.

improved by optimizing the least-squares fitting routines toto maintain a narrow laser width, the short term precision is
minimize residuals between data and fit, and by optimiz-generally limited by detector noise. The influence of align-
ing the optical alignment of the system. Optical inferencement and therefore the amount of laser power on the de-
fringes, which can lead to instabilities with continuous wave tector was investigated using laboratory tests. It was found
laser systems, are not as important in pulsed laser systemthat the precision was doubled when power at the detector
However, since the pulsed laser is operated near thresholdlas doubled by alignment optimization. The precision is
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Fig. 4. Allan variance plots for Chl (left) and N,O (right) during 14 min data period with 10 Hz sampling rate of ambient air from gasbags.

determined in the field using three ten liter gasbags filledequal tora can be used. Nevertheless, this filter could cause
with ambient air. The Allan variances are determined an under- or overestimation of the flux due to filtering the
ing 14 min of 10 Hz data. A precision of 2.9 ppb 22 and contributions of large eddies since passive scalars, likg CH
0.5ppb Hz Y2 for CH4 and NO is derived using Fig. 4. and NO, can acquire mesoscale fluctuations. These meso-
These values are close to the required precision values afale fluctuations can occur while the convective process,
4 ppbHz Y2 and 0.3 ppb HzY/2 which are given in Sect. 1. which drives their advection, itself fluctuates on a horizon-
Our field values are also close to the precision values statethl scale on the order of the boundary layer, i.e. within the
by Nelson et al. (2004). If a TE-cooled detector was used in-microscale range (Jonker et al., 1999).
stead of a LN2-cooled detector, the precision would propably An estimate of the under- or overestimation was made by
decrease with a factor of three with the presently availablemeans of ogive analyses based on Lee et al. (2004). In this
detectors (Nelson et al., 2004). case, the ogives were determined by integrating the absolute
The fourth criteria, the stationairty criteria, required inter- Normalized co-spectrum starting from the high frequencies.

mediate term stability against span and minimal drift during This ogive is defined by
a period of atmospheric stationarity on the order of 30 min. (ns—1)Ar
This validation consisted of two parts, namely the effect of 0oF . 2Ar c .
the drift and the instrument adjustments on the stationarity. 8ue(fm) = Z [Couc(f)l
The minimum in the Allan variance defining the long-term =m
- - . L . i (ng — 1At

stability which can be reached using this instrument is now fi=—m=12 .., [—
about 200 s (Nelson et al., 2004). This mimimum was deter- (ns — DAz 2At
mined in the laboratory. The long term stability of 10s and The apsolute normalized co-spectra were calculated over one
longer can be worse in the field than in the laboratory wherengyr starting at 7 October 2006 12:00 and 13:00 forsCH
the temperature may not be controlled_as well. In our casegnd N,O using block averaging. The average normalized co-
the minimum was reached after 30s (Fig. 4). HoweveryCH gpectra were determined for each component over the two
and NO fluxes are often calculated over an average time ofpne-hourly co-spectra (Fig. 5). The amount of under- or over-
30min. The choice of this interval is mainly based on the gstimation was derived using tiizs" (8.3x10~3) in which
measurement height and the stability of the atmosphere sincge frequency 8x 103 Hz corresplg)%ds to the used running
the size of the contributing eddies depends on those propefyean time constant of 120 s (Fig. 5).
ties. Larger eddies contribute when the measurement height |t \was derived that the underestimation due to the 120s
becomes higher and the atmospheric circumstances are Mofgnning mean filter was 11% and 8% for g&ind NO dur-
unstable. An over- or underestimation of flux can be causeqng this period. Besides, it was checked if the average time
by instrumental drift effects on time scales from 200's to the of 30 min was long enough to include all the contributed ed-
longest average time of 30 min. This extra contribution only gies to the flux. This validation was done by comparing the
occurs when the fluctuations of the concentration are correpqF yalues of the frequencies 104 and 61x 104 Hz,
lated with the fluctuations of the vertical wind velocity. which correspond to a time scale of 56 and 27 min, respec-

A running mean filter is a possible solution to filter drift tively. The difference was only 1%, therefore it was proved
contributions. A running mean filter with a time constant that an average time of 30 min was long enough in this case.

]. (10)
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Fig. 5. The absolute normalizezb-spectra and ogives with integration started from high frequencies gflGid(left) and NO flux (right)
for determining the effect of the running mean filter and average time. The given ogives represent averages over 2 one-hourly measurement:
on 7 October 2006 between 12:00-14:00.

Although, more research should be done to derive the amountected concentration value in ppb. The low, high, and low-
of underestimation due to the running mean and the minimahigh calibration factors differ a lot (Fig. 6). This figure is
required average time for all circumstances. based on an experiment with which the three calibration fac-
Calibrations have to be performed to improve the accu-tors are determined by different cell pressures. It can be seen
racy of the mixing ratio values and therefore the accuracy ofthat a single point calibration with one-standard can provide
the flux values. Three different correction factors were cal-flux values that differ by up to 18% from a two-standard es-
culated a low, a high and a low-high calibration factor. The timate. By means of this, it can be stated that there will be a
low-high calibration was defined by Eq. (2) and both other zero offset in our measurement system. Therefore, it will bet-

factors were determined by ter to use a low-high calibration factor since the zero-offset
st should be the same for both. The lowest standard should

fi=— (12) be lower than the lowest expected atmospheric concentration
My and the highest standard should be higher than the highest

fu = S_H (12) expected concentration. Besides, the calibration factor will
My be more precise when more calibration standards are used.

The corrected concentration was found using one of thes@nly two standards are used in our case.

factors and the following equation The calibration factor changed when instrument parame-

Corr — ters were modified and when changes were made in fitting

cor — fXCUI’]COI’ (13)

parameters or in alignment. The calibration factor seems to
with fy the low, high or low-high calibration factot;yncor be slightly dependent on the cell pressure (Fig. 6). Therefore,
the uncorrected concentration value in ppb é@Rggt the cor- it will be important to perform the calibrations at the pressure
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Fig. 7. Calibration factor of CH (left) and N,O (right) from 17 August to 22 September 2006. The cell pressure was nearly constant at
5.3x10% Pa (40 Torr) during this period.

of the measurements. The uncertainty in calibration factor4.2 CH; and NO exchange rates
will be a minor effect when a match of abou& 10° Pa is
obtained. This match can easily be obtained. Thkbra- 4.2.1 Analysis using 30 min flux values
tion factor is more dependent on the alignment and the fit-
ting parameters. The maximal difference in calibration fac-A dataset of Cd and NO EC measurements was obtained
tor was 0.44 and 0.63 for CHand NO, respectively, based from 17 August to 6 November 2006 for which 99.8% was
on data from 17 August until 22 September 2006 (Fig. 7).Wwithin the footprint of the investigated dairy farm site. About
The cell pressure was nearly constar®>510° Pa (40 Torr) 7% of the CH and 22% of the MO flux values were re-
during this period. These calibration factors were based orected by the instationarity tests (Foken and Wichura, 1996).
manual calibrations which were performed each field visit. The average standard deviations over six 5min flux values
Automatic calibrations will be better, however, they could Were 84% and 185% for C+and NO, respectively. So, the
not be performed until now. temporal variation was very large for both greenhouse gasses
and especially for MO. The accepted calibrated and Webb-
corrected 30 min NEE values are shown in Fig. 8.
In general the measurements for bothGithd NO show
a net emission. About 98% and 91% of all flux values
are positive for Ci and NO. In consequence, negative
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measurements on 7 October 2006 between 12:00-14:00.

fluxes also occurred, however, the reliability should be an-is used as the estimation. An example of a covariance func-
alyzed in more detail to investigate if these fluxes were nottion is plotted in Fig. 9. The average detection limit of the
caused by an instrumental artifact. Most fluxes were betweefQCL spectrometer was 41 ngCts ! and 6 ngN m2s1
—1000ngC m?2s-1 and 1000ngC m?s~1 for CH4 or be-  based on all 30 min flux values with a clear defined peak in
tween —100ngN nT2s~1 and 100ngNm?s-1 for N,O.  the correlation plot. Thus, the estimated detection limit was
The high positive peaks were clearly related to cow manureprobably most of the time much smaller than the measured
application. The negative fluxes occurred in short events lastCH; and NO fluxes.
ing at most a few hours. The negative £Huxes mainly The conclusion is that large emissions of £&hd NO
occurred during low turbulence conditions with a friction ve- occurred at this dairy farm on peat grasslands. Moreover,
locity lower than 0.2ms!. This was not the case for the negative emissions seemed to occur, however, more analy-
negative NO fluxes. Therefore, most of the negative £H ses should be performed to ascertain these uptakes. First, the
fluxes will be filtered when u*-filtering is applied. raw data screening could be improved using an automatic
screening based on the Vickers and Mahrt method (Vickers
The reliability of the negative fluxes was checked by a de-and Mahrt, 1997). Second, the negative fluxes should be an-
termination of the detection limit. The detection limit of the alyzed using spectral analysis. For the net annual exchange,
QCL spectrometer was derived using a method proposed byhe uptake episodes were negligible.
Wienhold et al. (1995). In this method, the standard devia-
tion of the covariance function far outside the true lag time
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Fig. 10. Weekly average of Ciflux (left columns in red) and weekly average of®lflux (right columns in blue) in left figure, and weekly
average of air temperature (left columns in red) and weekly precipitation rates (right columns in blue) in right figure measured at a dairy farm

site in the Netherlands.

Table 2. Average and standard deviation of gldnd N>,O exchange at a dairy farm in the Netherlands over the period 17 August to 6
November 2006.

CHy [ngCm2s71]  CH4[mgm—2hr1] NoO[ngNm2s~1]  N,O [mgm2hr 1

NEE non-calibrated with Webb-correction 40281 1.951.35 3647 0.2G6:0.27
NEE calibrated with Webb-correction 51385 2.46:1.85 5269 0.29:0.39
4.2.2 Analysis using weekly flux values The Webb-correction is probably somewhat lower since the

correction is based on a near located open path system.
Weekly average flux values were calculated when data covHowever, the calibrated NEE values with Webb-correction
erage higher than 50% occurred in more than four days aeemed to be a good first estimation of the,Gihd NO
week. An overview of weekly average GHux and NO exchange at this dairy farm on peat land since the overesti-
flux are presented in Fig. 10. The weekly average air tem-mation of the Webb-correction is probably compensated by
perature and the weekly precipitation rates are also showithe underestimation due to the damping effect and the use of
in Fig. 10. These have been made available by KNMI in thea running mean filter. A summary of non-calibrated Webb-
Netherlands. Cow manure was applied in week 37. The highcorrected NEE and calibrated Webb-corrected NEE is given
est CH, weekly average flux also occurred in this week. Thein Table 2.
highest NO flux took place in week 40 after a large amount
of precipitation.

5 Conclusions
4.2.3 Analysis using three months of flux values

A QCL was used for EC measurements of £ahd NO.
The average calibrated corrected NEE and the standargévaluation of its performance was performed using three
deviation in the average were 5t385ngCn2s1 and months of continuous measurements at a dairy farm site
52+69 ngN nT2 s~ from which 40% of NO emission was  on peat land in the Netherlands. The required criteria for
due to the fertilizing event. Thus, the standard deviationseddy covariance flux measurements including continuity,
were of the same order of the average flux values, this wasampling frequency, precision and stationarity were exam-
mainly caused by the fertilizing event The calibrated NEE ined. The system operated continuously from 17 August to
was about 26% and 44% higher than the non-calibrated NEEG November 2006 with about one visit a week. The vali-
for CH4 and NO, respectively. dation of the sampling frequency of the system consisted of

The Webb-corrected NEE was 6% higher for £Bhd  three parts, namely the electronic sampling frequency, the

34% higher for NO than the non-Webb-corrected NEE. flow response and the damping. An electronic sampling
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frequency of 10Hz was obtained using a 1 GHz BG- Eugster, W., Zeyer, K., Zeeman, M., Michna, P., Zingg, A., Buch-
tem. The flow response time was about 2Hz and almost mann, N., and Emmenegger, L.: Nitrous oxide net exchange in
no damping to the flux contribution by the high frequency & beech dominated mixed forest in Switzerland measured with a
eddies occurred . Thus, the overall sampling frequency of duantum cascade laser spectrometer, Biogeosciences Discuss., 4,
the system was about 2Hz. A precision of 2.9 ppbHz 1167-1200, 2007,

1/2 : ; http://www.biogeosciences-discuss.net/4/1167/2007/.
and 0.5 ppb Hz'/* was obtained for Ckland NO, respec Faist, J., Capasso, F., Sivco, D. L., Sirtori, C., Hutchinson, A. L.,

tively. These Vall/uzes are close to t{}‘;‘ required prgmsmn val- and Cho, A. Y.: Quantum cascade laser, Science, 264, 553-556,

ues of 4 ppb Hz/< and 0.3 ppb Hz*/<. The precision was _

strongly dependent on the power on the detector and thus thegen, T. and Wichura, B.: Tools for quality assessment of surface-

alignment. The stationairity was checked using Allan vari-  pased flux measurements, Agr. Forest Meteorol., 78, 83—105,

ance analyses and frequently calibration sessions. Drift in 1996.

the system was removed using a 120 s running mean filter. Adargreaves, K. J., Fowler, D., Pitcairn, C. E. R., and Aurela, M.:

two-point calibration was required at least once a week. Annual methane emission from Finnish mires estimated from
The continuous operation of the system was also proven by eddy covariance campaign measurements, Theor. Appl. Clima-

three months of field measurements (data coverage of 87%). ©l, 70, 203-213, 2001. o

A first estimate of CH{ and NbO exchange was made. The Oogfndoog_‘: C-l J. ITrg l‘]fta” S_e;r Meer'MT' tH“h Fys_’_'sgh?ftt?t?s'

average calibrated corrected exchange was 512 ngient poriverschinseten i, Lefiise Litgevers Maatschappl), Detil, The

2 1 . Netherlands, 1991.
and 52ngNm<s™+ for CHs and NO, respectively, from

. .. e IPCC: Climate change 2001, The Scientific Basis, Cambridge Uni-
which 40% of NO emission was due to the fertilizing event. versity Press, Cambridge, UK, 2001.

The N;O peak, which was strongly correlated to precipita- jpcc: Climate change 1995, Scientific and technical analyses of
tion, occured about three weeks after the fertilizing. Finally, impacts, adaptations and mitigation. Contribution of working
although the dairy farm site was a net source of4Gid group Il to the Second Assessment Report of the Intergovern-
N2O, uptake also seemed to occur in short events lasting at mental Panel on Climatic Change, Cambridge University Press,
most a few hours. However, more research should be done to London, 2006.
investigate the reliability of these negative fluxes. Jiménez, R., Herndon, S., Shorter, J. H,, Nelson, D. D., McManus,
In conclusion, a QCL spectrometer was suitable for per- J- B, and Zahniser, M. S.. Atmospheric trace gas measure-
forming continuous EC measurements of £hd N.O. ments using a dual quantum-cascade laser mid-infrared absorp-

Nevertheless, a two-point calibration was necessary for ob- tion spectrometer, Proceedings of SPIE, 5738, 318-331, 2005.
! P y Jonker, H. J. J., Duynkerke, P. G., and Cuijpers, J. W. M.:

talnllng accurate estlmaFes. Besides, the possible }Jnderestl- Mesoscales fluctuations in scalars generated by boundary layer
mation due to the damping effect, the use of a running mean ., vection J. Atmos. Sci.. 56. 801-808. 1999.

filter and the limited effective sampling frequency should be kaimal, J. C. and Finnigan, J. J.. Athmospheric boundary layer
analyzed in more detail. flows, Oxford University Press, Oxford, 1994.
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