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Abstract. The performance of eight fast-response methaneysers tested do not measurg@ concentrations alongside
(CHg4) gas analysers suitable for eddy covariance flux mea-CH4 (i.e. FMAL1 and DLT-100 by Los Gatos Research) and
surements were tested at a grassland site near the Cabauw ttilis complicates data processing since the required correc-
tower (Netherlands) during June 2012. The instruments weréions for dilution and spectroscopic interactions have to be
positioned close to each other in order to minimise the effectbased on external information. To overcome this issue, we
of varying turbulent conditions. The moderate £filixes  used BO mole fractions measured by other gas analysers,

observed at the location, of the order of 25 nmofs1, adjusted them with different methods and then applied them
provided a suitable signal for testing the instruments’ perfor-to correct the CHl fluxes. Following this procedure we es-
mance. timated a bias of the order of 0.1 g (GHn2 (8% of the

Generally, all analysers tested were able to quantify themeasured mean flux) in the processed and correctegl CH
concentration fluctuations at the frequency range relevanfluxes on a monthly scale due to missingCconcentra-
for turbulent exchange and were able to deliver high-qualitytion measurements. Finally, cumulative £Hflxes over 14
data. The tested cavity ringdown spectrometer (CRDS) in-days from three closed-path gas analysers, G2311-f (Picarro
struments from Picarro, models G2311-f and G1301-f, werelnc.), FGGA (Los Gatos Research) and FMA2 (Los Gatos
superior to other Cllanalysers with respect to instrumen- Research), which were measuring®iconcentrations in ad-
tal noise. As an open-path instrument susceptible to the efdition to CHy, agreed within 3% (355-367 mg (GHmM?)
fects of rain, the LI-COR LI-7700 achieved lower data cover- and were not clearly different from each other, whereas the
age and also required larger density corrections; however, thether instruments derived total fluxes which showed small
system is especially useful for remote sites that are restrictethut distinct differences#10 %, 330-399 mg (Ck m—2).
in power availability. In this study the open-path LI-7700 re-
sults were compromised due to a data acquisition problemin
our data-logging setup. Some of the older closed-path anal-
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1 Introduction sers and to assess their performance. A few inter-comparison
studies exist (Detto et al., 2011; Peltola et al., 2013; Tuzson

Methane (CH) is the third most important greenhouse gas et al., 2010), but none of them included such a wide range of
for the radiative balance of the atmosphere, after watg®)H models currently available on the market as this study.
and carbon dioxide (C&). Due to its high global warming This study reports results from an inter-comparison exper-
potential of 28 (at the 100-year horizon), changes in its abuniment held at a Dutch grassland site in June 2012 as part of
dance have an effect on the ongoing climate change (Myhréhe INnGOS EU-FP7 project. The objective of this study was
etal., 2013). The total global Gtsource is thought to be rel- to evaluate the field performance of the instruments tested, to
atively well quantified, but the relative contributions of each determine the accuracy and precision of the measured fluxes
source and changes in individual sources are not (Ciais eand to assess the relative merits of different instrumental de-
al., 2013). The gradual increase in atmospherig Cbhcen-  signs (e.g. open- vs. closed-path gas analysers). Due to its
tration observed over the last century decreased in the paselatively short duration, our study cannot answer the ques-
decades and came to a standstill around 2000 for severdilon of how applicable the tested instruments are for long-
years before starting to increase again from 2007 (Dlugo+erm field usage; for that the reader is referred to Peltola et
kencky et al., 2011). Explanations for the temporary stand-al. (2013) and Detto et al. (2011). This presentation of the re-
still are inconsistent with each other, highlighting the needsults addresses the following topics in detail: (i) precision of
for improved bottom-up studies to understand better the mos€H4 measurements from each instrument; (ii) an analysis of
important factors controlling the changes in atmosphericthe impact of corrections due to density fluctuations (WPL)
CH4 (Heimann, 2011; Nisbet et al., 2014). Several mecha-and spectroscopic effects on the fluxes; (iii) an evaluation of
nisms have been proposed to explain the temporary decline ithe errors arising when an externap®l signal is used for
the growth rate, such as (a) decreases in anthropogenic emithe WPL and spectroscopic corrections of the,Gldx and
sions (e.g. Dlugokencky et al., 1994), (b) decreases in anfiv) the consistency in total accumulated £émissions dur-
thropogenic emissions before 1999, and decreases in wetlaridg a 14-day period. For this effect, eight @Has analysers,
emissions after that (Bousquet et al., 2006) or (c) changes imcluding models by Picarro Inc., Los Gatos Research, LI-
the removal rate by OH (e.g. Monteil et al., 2011). A net- COR Biogeosciences and Aerodyne Research Inc., were set
work of eddy covariance (EC) towers can provide direct andup to measure side-by-side for 22 days.
continuous monitoring of ecosystem scale surface fluxes that
can be upscaled to landscape and continental scales using
process-based models. This combined approach can help up- Experimental setup
ravel the relative contribution of different sources and sinks
to the global CH budget. 2.1 Site

Over the last 20 years, with the advances made in laser ab-
sorption spectroscopy (LAS), several £éhs analysers suit- The gas analyser inter-comparison experiment was per-
able for eddy covariance measurements have been developefdrmed at the Cabauw Experimental Site for Atmo-
Field applications of the first generation of @IEC analy-  spheric Research (CESAR) (B812.00' N, 4°5534.48 E,
sers were limited due to the need for cooling lasers and/or-0.7 m a.s.l). The Cabauw tall tower combines a comprehen-
detectors for cryogenic temperatures, and they also had rekive set of observations to profile many aspects of the atmo-
atively high flux detection limits (e.g. Fowler et al., 1995). spheric columnwWww.cesar-observatorynlA broad range
This made long-term measurements challenging and timeef atmospheric and ecological measurements are conducted
consuming and inhibited measurements at remote locationsn a continuous basis. The site is located in an agricultural
which are often important CHsources, such as remote wet- landscape, with Cklemissions originating from ruminants
lands that are distributed across the globe (e.g. Siberia, Southnd other agricultural activities, but also from the peaty soil
America, the tropics). After the development of gas analy-and the drainage ditches between the surrounding fields. The
sers that can use Peltier cooling systems, measurements bssil consists of a 0.5 to 1 m deep clay layer on top of a peat
came possible at these remote locations, although the availayer which is several metres deep. The water table level is on
ability of mains power remained an issue. Recently, a newaverage 0.5 m below the surface. For a more thorough site de-
generation of commercial fast-response &dnsors has be- scription, see e.g. Beljaars and Bosveld (1997) and van Ulden
come available, which offers a much improved signal/ noiseand Wieringa (1996).
ratio and is even easier to use due to stable operation. Con- During the campaign, the vegetation, which consisted of
sequently there are large efforts to create continental-scalgrass and occasional sedges next to the drainage ditches sur-
networks of measurement stations (e.g. the Integrated Carounding the measurement tower, was low (0.05-0.2 m), al-
bon Observation System (ICOS) and the Integrated nop-COthough a taller maize field was located 70 m away in the
Greenhouse gas Observing System (InGOS)) allowing folSW-W direction from the measurement mast (see Fig. 1).
CHg4 fluxes to be measured continuously. In this context, itisThe landscape is relatively flat and level, making the area
important to characterise the currently availablesGidaly-  ideal for micro-meteorological flux measurements. The eddy
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air conditioned and the indoor temperature was kept around

o 22°C. Data-logging software capable of handling and sav-

[ ing all 56 variables at 20 Hz was written in LabView for this
ol ety campaign (National Instruments, USA). Actual sampling fre-
(1 ﬁéiif guencies for the sonic anemometers were 20 Hz and for the

{ 1m gas analysers they are given in Table 1.

The gas analysers were divided between the two
anemometers, which will from now on be referred to as
METEK1 and METEK2. Two open-path analysers (models
LI-7500 and LI-7700, LI-COR Biogeosciences, USA) were
situated on both sides of METEK1, displaced in the NW-
SE direction by approximately 0.3m. The LI-7500 mea-
sured CQ and HO mole densities, while the LI-7700 mea-
sured CH. Two different LI-7700 analysers were used se-
quentially and the switch between instruments was done on
19 June. The LI-7700 is a low-power, lightweight CHas
Figure 1. Picture of the meas_urement_setup._The picture was take'hnalyser with a 0.8 m long open measurement cell. Its op-
tovx_/ards the most common wind dlrect!on during the campaign. T_heeration principle is based on laser absorption spectroscopy,
trailer whl(_:h housed the closed_-path instruments and data—logglngpnore precisely wavelength modulation spectroscopy (Mc-
computer is at the front of the picture. Dermitt et al., 2010). The LI-7700 reports Gkholar density

(mmol m~3) while all the other CH analysers report mole

covariance measurement tower was approximately 87 n{rr_:lction (umol mo‘rl). Unfortunately, the data were recorded
away from the nearest building, the Cabauw tall tower With three decimals (e.g. 0.088 m_m‘?fﬁ)’ and thus the r(;ns-
(height 213 m) located to the NE. The fetch in the main wind ©!ution of the L1-7700 data was limited to 0.001 mmot

direction (W-SW) was free from any large obstacles for sev-(8P0ut 20 ppb); for the other instruments a resolution of
eral hundreds of metres. 0.001 ppm was used. Because of this oversight, the CH

Meteorological conditions during the campaign were fluxes from the LI-7700 instrument were more attenuated and

recorded next to the measurement mast by a weather statigiPiSier than normal (cf. Fig. 5a below). This data-logging
operated by the Royal Netherlands Meteorological InstituteProPlem should be kept in mind for the interpretation of the
(KNMI). Air temperatures during the campaign ranged be- Fesults of this study.

tween 4.3 and 22.4C with an average of 14&. Rain was In addition to the two open-path devices, three closed-
%ath gas analysers (G2311-f, Picarro Inc., USA; FGGA, Los

recorded on 19 out of 22 measurement days, 21 June bein _
the rainiest day with a total of 14.1 mm of rain. Cumulative ©¢2t0S Research, USA; DLT-100, Los Gatos Research, USA)

rainfall during the whole campaign was 63.1 mm, which is Sampled air close to METEKI (the sampling setup of all gas

close to the climatological mean for the site for this period. 2nalysers is described in Table 1). The G2311-fis a new gas

Relative humidity ranged between 43 and 100 %, with an av-2n@lyser by Picarro Inc. and is based on cavity ringdown

erage of 78 %. The campaign was thus held in relatively cooSPECtroscopy (CRDS). The analyser is able to make simul-
and moist conditions. taneous fast measurements of£,OH4; and HO mole frac-

tions. The whole sampling line connected to the G2311-f was
2.2 Measurement system heated in order to prevent condensation gf+bn the tube
walls. The FGGA (“Fast Greenhouse Gas Analyzer”) devel-
Eddy covariance flux measurements were conducted besped by Los Gatos Research is based on off-axis integrated
tween 6 and 27 June 2012 at a 6.5m high tower. Two sonicavity output spectroscopy (OA-ICOS) and the instruments
anemometers were used (both USA-1, METEK, Germany) tgprovide fast measurements of @H; and HO mole frac-
acquire fast measurements of wind velocity components andions on a continuous basis. The FGGA tested is the stan-
sonic temperature. Similar instruments were used in an efdard (rackmount) version rather than the enhanced perfor-
fort to minimise the potential systematic bias onf{fllixes =~ mance version introduced later with more accurate tempera-
caused by the use of different types of anemometers. Théure control. The third closed-path analyser accompanying
anemometers were placed on the same tower at the samMETEK1 was a DLT-100, an older benchtop model (pro-
height with approximately one metre horizontal distance induction year: 2005) by Los Gatos Research. It is based on
the NW-SE direction between them (see Fig. 1). the same measurement principle as the FGGA (OA-ICOS);
All data were logged at a frequency of 20 Hz by a centralhowever, it is able to measure and report mole fractions only
computer located in a trailer that also housed the closed-patbf CH4. Accidentally, until 16 June the instrument reported
analysers. The trailer was approximately 26 m away fromdata at 1 Hz, and after that the sampling frequency of this
the measurement tower in the NE direction. The trailer wasinstrument was set to 10 Hz. This was taken into account
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Gas Pro- Gases Sampling  Cell pressure, Horizontal ~ Vertical Sampling Inner  Flow Filters Tube Pump
analyser duction measured frequency median (25t6th sensor sensor tube dia- rate material
year (Hz) percentiles) (Torr) separation  separation length meter  (LPM)
(cm) (cm) (m) (mm)
LI-7700 2010 CH, 10 N/A 30 0 N/A N/A N/A N/A N/A N/A
(LI-COR)
LI-7500 N/A COp, 20 N/A 30 0 N/A N/A N/A N/A N/A N/A
(LI-COR) H,0
LI-7000 N/A COp, 10 438.9 (428.2.445.0) 5 15 41 9 32 Coarse dust (inlet) + 1 pm PTFE Dry vacuum scroll pump (XDS35i,
(LI-COR) H,0 Gelman filter BOC Edwards, Crawly, UK)
G2311-f 2011 CH, 2.3 151.5 (constant) 5 15 30 8 25 Coarse dust (inlet)+ 10um PTFE Side channel blower (Samos SB
(Picarro) COy, particulate filter 0080D, Busch Produktions GmbH,
H>0 Maulburg, Germany)
G1301-f 2009 CH, 10 140 (constant) 5 15 42 5 N/A Coarse dust (inlet) + WhatmaRTFE Vacuum scroll pump (Varian TriScroll
(Picarro) COy glass fibre thimbles, 603G 300, Palo Alto, California, USA)
FGGA 2008 CH, 10 137.9(137.8.138.1) 5 15 9+21 6+9 29 Coarse dust (inlet)+10um PTFE Dry vacuum scroll pump (XDS35i,
(Los Gatos Res.) COy, particulate filter BOC Edwards, Crawly, UK)
Hy0
FMA1 2008 ChH, 10 141.3 (140.1.142.2) 5 15 41 9 32 Coarse dust (inlet) + 2 ym PTFE Dry vacuum scroll pump (XDS35i,
(Los Gatos Res.) Swagelok (Swagelok pat BOC Edwards, Crawly, UK)
no. SS-4FW4-2)
FMA2 2006 CHy, 10, 2 after 145.1(144.5..146.1) 5 15 42 5 N/A Coarse dust (inlet) + WhatmarPTFE Vacuum scroll pump (Varian TriScroll
(Los Gatos Res.) H>0 20.6.201% glass fibre thimbles, 603G 300, Palo Alto, California, USA)
DLT-100 2005 CH, 1,10 after 137.7 (135.4..138.9) 5 25 30 5 50 60 um Coarse dust (inlet) PTFE Dry vacuum scroll pump (XDS35i,
(Los Gatos Res.) 16.6.201% +2 um Swagelok (Swagelok BOC Edwards, Crawly, UK)
pat no. SS-4FW4-2)
QCL (Aerodyne 2005 CH,, 10 N/A 5 15 41 5 25 Balston DFU Grade BQ PTFE Vacuum scroll pump (Varian TriScroll
Res. Inc.) N>O 300, Palo Alto, California, USA)

2 A brief explanation for the low sampling frequency is given in Sect. 4.3.1.
b Changes in the sampling frequencies are explained in Sect. 2.2.
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when spectral corrections were applied (Sect. 4.3.1). ThavhereF, is the flux of gas at the surfacepq is mean dry
cell pressure of DLT-100 varied slightly during the cam- air density, My is the molar mass of dry aity the verti-
paign, whereas FGGA had a relatively constant cell pressureal wind component ang. is the dry mole fraction of gas
throughout the measurement period (Table 1). Picarro instrue (r. = Nd]:];air’ where N is the number of moles). Follow-
ments control cavity pressure rigorously by opening/closinging Reynolds decomposition, overbars denote mean values
valves in front of or behind the cavity, which keeps the cavity and primes’{ fluctuations around the mean. However, usu-
pressure practically constant. ally gas analysers do not report dry mole fractian);(rather

Air for five closed-path gas analysers was sampled fromthey report wet mole fraction (i.e. total mole fractiop,),
near METEK2. Four of them measured £Bind one only  or in the case of open-path analysers the gas molar density,
CO; and KO. These four Cli analysers were a G1301-f which is affected by fluctuations in temperature and humid-
(Picarro Inc., USA), a QCL (Aerodyne Research Inc., USA) ity. In addition, the instruments used to measure gas concen-
and two FMAs (Los Gatos Research, USA). Henceforth, thetrations and wind components are non-ideal, i.e. they do not
two rackmount FMAs are referred to as FMAL and FMA2. make truly instantaneous measurements and therefore act as
FMAZ2 was taken back to the laboratory for cleaning in the bandpass filters effectively filtering out certain high and low
middle of the campaign (between 19 and 20 June) and aftefrequencies in the signal. Both of these effects need to be cor-
the cleaning operation the instrument measured by accideryected for, in addition to other post-processing steps, before
only with 2 Hz until the end of the campaign. G1301-f is an the measured flux represents the flux at the surface. The cor-

older model by Picarro Inc. The measurement principle is therection methods used in this study are discussed in greater
same as in G2311-f and the instrument is capable of measugtetail in the following sections.

ing any two out of three gases (GHCO, and HO) simul-

taneously. During this campaign the instrument was not able8.2 General data post-processing steps

to measure BHO and thus ClH and CQ were selected. The

QCL is an older (pulsed) quantum cascade laser by AeroData obtained during the campaign were post-processed
dyne Research Inc. The detector was cooled with liquid ni-with the EddyUH software (freely available at:
trogen using an automated bN”“ng system. During this http://WWW.atm.helsinki.fi/Eddy_Covariance/index.[))hp
campaign, the QCL measured both £&hd NO. A Perma The post-processing was done according to the following
Pure drier was connected to the QCL sampling line in orderSteps:

to remove HO from the air samples. The Fast Methane Ana-
lyzer (FMA) is a slightly older model by Los Gatos Research
using OA-ICOS. The standard FMA instrument is able to
measure and report only GHnole fractions, but it can be
updated to measure als@®. While FMA1 was a standard
CHg, instrument, FMA2 was upgraded to enable the parallel

— First the CH time series were converted with cal-
ibration parameters (Table 2) from measured ppm
(mmolm~23 for LI-7700) to calibrated units. The pa-
rameters were obtained with the method described in
Sect. 3.3.

H>0 measurements. The LI-7000 (LI-COR Biogeosciences,
USA) was used to measure g@nd HO from the vicin-

ity of METEK2. These HO measurements were needed for
the corrections applied to some of the £Huxes (Sect. 3).
Due to precise pressure control, the G1301-f cell pressure
remained constant throughout the campaign. Cell pressures
of FMA1, FMA2 and LI-7000 varied slightly and QCL cell
pressure was not recorded (Table 1). No significant differ-
ence in performance between the different pump types used
was found.

3 Data post-processing

3.1 Introduction

Under the assumptions of turbulence stationarity, a horizon- —

tally homogeneous surface and turbulence characteristics,
the mass balance equation is reduced into a simple form
which is the basis of eddy covariance measurements:

1)

www.biogeosciences.net/11/3163/2014/

The raw eddy covariance data were despiked by com-
paring two temporally adjacent Gdoncentration mea-
surements. If their difference was larger than 3 ppm the
following point was considered a spike and was re-
placed with the value of the previous data point. For
LI-7700 also data points were considered as spikes, for
which the diagnostic value indicated by the instrument
was 32 768 (instrument not ready), 16 384 (no laser sig-
nal detected) or 8192 (reference methane signal not
locked).

For closed-path instruments which also measurgd,H
the effects of fluctuating humidity on GHmea-
surements were corrected point-by-point according to
Eqg. (4) below, with coefficients given in Table 3.

The coordinate system of the sonic anemometer was ro-
tated using the double rotation method (Rebmann et al.,
2012), aligning thex axis of the anemometer with the
mean flow.

Linear detrending was used to separate the turbulent sig-
nal from the measurements, and the covariances were

Biogeosciences, 11, 316%-2014
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Table 2. Calibration coefficients for different instruments used in t is a measurement system-specific fit parameter which char-
this study. Values for offset are given in ppm for gas analysers othetcterises the high-frequency filtering effects.

than LI-7700. For LI-7700 the coefficient is given in mmotsh

Values for the coefficient of determination are given in the last col-3.3 Calibration coefficients

umn. LI-7700 data are affected by an external data-logging problem

(Sect. 2.2). The analysers had not been calibrated against common stan-
dards prior to the start of the inter-comparison exercise. In or-
Gas analyser Applied after ~ Offset  Gain R? der to minimise the differences in the ¢iuxes caused by
LI-7700 06/06/2012 0.0047 0901 067 differgnt calibrations, the following procedure was applied:
G2311-f 06/06/2012 0014 0983 0.96 30 min mean values for the mole fractions were calculated for
G1301-f 06/06/2012 —0.036 1.030 0.97 each CH mole fraction time series. These values were com-
FGGA 06/06/2012 0.033 0971 0.95 pared with high-accuracy measurements (calibrated against
FMA1 06/06/2012 —0.072 1.055 0.94 the NOAA2004 concentration scale) made at 20 m height
FMA2 06/06/2012 0.033 1.001 0.94 at the CESAR tower with another G2301 instrument (Pi-
20/06/2012  -0.143 1.074 0.96 carro Inc., USA). Only daytime periods (between 09:00 and
DLT-100 06/06/2012  —0.077 1.039 0.93 21:00), when the Clconcentration difference between 20
18/06/2012  —0.225 1.099  0.96 and 60m heights was smaller than 15 ppb, were used. Un-
QCL 06/06/2012 -0.155 1.092 0.83 der such circumstances, the concentrations measured at 20m
13/06/2012  —0.252 = 1.227 ~ 0.80 and 6.5m heights were assumed to be sufficiently similar.
21/06/2012 0.114 0.953 0.85

A simple linear regression between 20 m height measure-
ments and Chll mole fraction time series derived from EC
measurements was used to obtain the calibration parameters
(offset and gain) (Table 2) for each EC gHme series. For
the QCL three sets of coefficients were determined since the
fitting procedure of the instrument was changed two times
— Within an iterative loop, the resulting GHluxes were  during the campaign and this had an effect on the reported
corrected for the effect of fluctuating humidity and also CHa values. For the FMA2 and DLT-100 two sets of coef-
for fluctuating temperature for the open-path LI-7700 ficients were determined: for FMA2 the calibration changed
instrument (Sect. 3.4). Temperature fluctuations are exsince the sampling cell was cleaned and for the DLT-100 it
pected to be fully damped in the closed-path systemschanged due to restarting the instrument, which caused a sud-
used. den decrease in the cavity ringdown time and consequently a

. ) slight change in calibration.
— Finally, the fluxes were corrected for high- and low-

frequency damping, based on the method described bg 4  Corrections for density and spectroscopic effects

Aubinet et al. (2000).
The overall correction factor CF used to correct for band-passHumldlty and tempt_arature quctugtloqs affec.t gas flux mea-
I surements by causing changes in air density (Webb et al.,
filtering was calculated as

1980; Massman and Tuovinen 2006; Ibrom et al., 2007b)

calculated by searching the maximum of the cross-
covariance function within certain predefined lag win-
dows. A 30 min averaging period was used for all fluxes.

o0 and, for gas analysers based on laser absorption spectrome-
{ Cmod(f)df try, also by altering the shape of the gas absorption line (Mc-
CF= : (2)  Dermitt et al., 2010; Neftel et al., 2010; Tuzson et al., 2010).
S TFRE () TFHE () Cmod (f) df Corrections for these effects are referred to as density and
0 spectroscopic correction, respectively.

where TR is a transfer function describing low-frequency ~ Rella (2010) proposed to correct both of these effects for
dampening, adopted from Rannik and Vesala (1999)TF clqsed—pa.th gas analysers by using a second-order polyno-
is a transfer function which describes high-frequency damp-Mial function

ing, Cmod is @ scalar model cospectrum ayids natural fre- _ 2

guency.Cmod Was determined by fitting a curve to ensemble Xe =Te <1+ axvt bx”) ’ “)
averaged temperature cospectrayd bvas determined ex- . . .

: L . . . wherey,. is the wet mole fraction of gas r. is the dry mole
penmentally by f|tt|ng the Lorentglan _funct|on (Eq. 3), which fraction of gasc corrected for any interference from water,
is based on a first-order recursive filter (Eugster and SennX is the HO mole fraction andz and b are instrument-

. v
1995), to the ratio between measured£ihd temperature specific coefficients which describe the dependence ain

cospectra. Xv- This expression has been demonstrated to be suitable for
1 correcting measurements for dilution (i.e. density correction
TFHF = 2 ) for closed-path gas anal sers) and spectroscopic effects in
1+ (2nf7) path g y p p

Biogeosciences, 11, 3163186 2014 www.biogeosciences.net/11/3163/2014/
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Table 3. Spectroscopic coefficients used in Eqgs. (4) or (5) for different gas analysers.

Gas analyser a b Source

((mol mor- 1=y ((mol mol~1)—2)
G1301-f (Picarro) —1.27 0.14522 Rella (2010)
FGGA (Los Gatos Res.) -1.189 0.2096 Hiller et al. (2012)
FMA (Los Gatos Res.) —-1.219 1.678 Hiller et al. (2012)
DLT-100 (Los Gatos Res.) —-1.219 1.678 Hiller et al. (2012)

several studies (Chen et al., 2010; Hiller et al., 2012; NaraThis also applies to spectroscopic correction and to the com-
et al., 2012; Rella et al. 2013), and it is nhowadays widely bined correction presented in Eq. (5).

used. It is worth noting that Eq. (4) is reduced to the cor- The coefficientss andb used for the different gas anal-
rection for dilution alone fou = —1 andb = 0. This form  ysers are listed in Table 3. For FMA2 and FGGA the cor-
of correction is easily applicable if the closed-path gas anal+ection was done point-by-point applying Eqg. (4) with the
yser measures botly, and x,, and in fact is implemented H,O concentration measured within the instrument; for some
into some of the instruments that can thus report a dry moleof the instruments with no in situ measurement ofCH
fraction (e.g. G2311-f, which uses coefficients from Chen et(i.e. G1301-f and DLT-100), the correction was performed
al., 2010). However, some of the laser spectrometers usedsing Eqg. (5), and the covariane€y, was adjusted using

in this study did not measure ® and thus external $O the empirical procedure described below (Sect. 3.4.1). For
measurements were needed. When using exters@lriea-  FMAL it was performed using Eq. (5) and the®l covari-
surements, it may be preferable to apply the corrections tance from the LI-7000w’x/, calculated with FMAL CH

the half-hourly averaged fluxes, instead of correcting the rawlag time because LI-7000 and FMAL shared the same inlet
data point-by-point, since this way the possible discrepandine. CH,; signals from the G2311-f and the QCL were free
cies between the external and intergalare not passed on from H,O interference since the G2311-f applied a similar
to the high-frequency, time series. By using Reynolds de- correction internally during the measurements and the QCL
composition, averaging and slightly reorganising the termswas connected to a drier, and it is assumed that the drier
the expression above can be converted into flux form (see€ompletely removes the effect ohbB on the sampled CH

Appendix A for derivation): Open-path gas analyser LI-7700 ghheasurements are not
_ _ _ only affected by the BO, but also by temperature fluctua-
F, = p:“i (w’_)(é-i- L_w’_x,j (5) tions, and the resulting CHfluxes were corrected with the
M, 14 ax, +bX” 1-% method proposed by McDermitt et al. (2010).
— 2
__¢ +Eﬂxv _bZX” + 1_ Xew' X! 3.4.1 Using external BO in correcting CH 4 fluxes
(1+ axv +bxv ) 1-x)

Adsorption/desorption of $D molecules on the sampling
tube walls and filters (closed-path gas analysers only) cause
amplitude and phase shifts compared to an unperturbed,
wherep, is the mean total air density ard, is the mean ideal signal (Fratini et al., 2012; Ibrom et al., 2007a; Mam-
molar mass of moist air. The first term on the right-hand sidemarella et al., 2009; Massman and Ibrom, 2008; Nordbo et
is the measured flux{RAY), the second term is the effect of al., 2013; Runkle et al., 2012). Thusp@ lag times tend
air density fluctuationsf\VP\, H,O term in WPL correction)  to be longer than for other gases in the same sampling tube
and the third term£SPECT) and the multiplier in front of the  and attenuations of 3O fluctuations are enhanced. Adsorp-
parentheses arise from the spectroscopic effects fattds  tion/desorption of HO depends on sampling line character-
on the measurements of gas istics, i.e. tube material, flow rate, filter, etc. Moreover, the
One should note that Eq. (5) is identical to Eg. (3a) in mechanisms are enhanced when relative humidity increases
Ibrom et al. (2007b) if we take = —1 andb = 0, meaning  and/or dirt accumulates on the wall of the tube. This en-
that the spectroscopic effects are neglected, and only the ehancement is sampling line-specific (Ibrom et al., 2007a;
fect of density fluctuations is corrected. In addition, it should Mammarella et al., 2009). To date a comprehensive explana-
be emphasised that under normal circumstances the two cotion for the amplitude and phase shifts is missing. However,
rection methods presented above (Egs. 4 and 5) will deliveiNordbo et al. (2013) showed promising development in this
the same result, if and only if the covarianegy,, reflects  respect.
the variation in HO mole fraction in the measurement cell A problem arises from the fact that the attenuation and
when gas is measured, a point which has been highlightedphase shift of HO are not known in the sampling lines of
for density correction (Ibrom et al., 2007b; Massman, 2004).those gas analysers not capable of measurip@.H hus,

S /TR (FRAY 4 FPL 4 pSPECT)
1+axy +bXy
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correcting CH data for the HO effect is difficult. To partly  the auto-covariance only at lag zero. Thus, the instrumen-

overcome these difficulties, the following procedure wastal noise can be estimated as the difference between the ob-
used to estimate the phase shift betweefODHand other  served value of auto-covariance at lag zero (i.e. variance of

scalars. First, the ratio of #0 and CQ lag times in the LI-  the time series) and extrapolation of auto-covariance function

7000 sampling line was parameterised as a function of RHvalues to lag zero:

A2
try0 RH\¢ (07959 = C11(0) - Cua(p > 0, (®)
= ‘i<166> ; (6)

fco, whereC11 = C11(p) is the auto-covariance functiop,is the
where RH is the relative humidity in %. Data were grouped lag andC11(p — 0) is the extrapolation of auto-covariance
into 12 relative humidity classes and the fit parametees ~ function to lag zeroC11(p — 0) was estimated using linear
ande were obtained by fitting the above expression to me-€xtrapolation and auto-covariance values at lagsp< 11
dian values in 12 relative humidity classe$ £ 0.9963 and  Wwere used for the extrapolation. In essence, with this method
RMSE =0.0841), yielding the values= 1.081 (95% con- the observed variance of time seri€g;(0) is divided into
fidence bounds: 1.002—1.159)= 6.369 (5.849-6.888) and two parts: variance caused by turbulent mixiaga(p — 0,

e =14.06 (12.43-15.69). It was then assumed that the raticand variance caused by instrumental nc('ksté"ise)z. There-

has the same relative humidity dependence in all samplingore, 5,7°'¢ describes the noise level in the measured time
lines and, finally, the KO covariancew’y;, used in Eq. (5)  series. Contribution of this noise to uncertainty in the covari-

was calculated with a lag time of ance is estimated using error propagation (Eq. 7 in Mauder
RH\ ¢ etal., 2013):
ANA2 ANAL _ ANAL
. (Ucnoise)zaf)
P tﬁ;\]éqz — A1 Gg?:.se: T (9)

ANA2 | : - - . o .
wherez; /5 is the lag time of HO measured with for in-  hereN is the number of samples in a time series atfd

stance LI-7000, angt)"*! is the lag time of CH{ measured s the variance of the vertical wind component. Unlike in the
with for instance FMA At takes into account the phase shift original equation given in Mauder et al. (2013), the contribu-
between HO and CH, in the sampling line. Now, instead of tion of instrumental noise i was neglected since the focus
calculatingw’x; with t,ﬁg‘éz, which corresponds to maximis- was on comparing the gas analysers. This method is sensi-
ing the covariance, the covariance is calculated witind tive only to random noise, i.e. white noise, in the signal and
then Eqg. (5) was applied. No attempt was made to correcit cannot be used to estimate drift or low-frequency noise in
for differences in attenuation of # in different sampling the signal, since such variations contribute to auto-covariance
lines. Moreover, the assumption that the ratio betweg® H at multiple lag times, not just at lag zero.
and CQ lag times follows the same relative humidity depen-  Eddy covariance fluxes are usually estimated by maximis-
dence in all sampling lines may not necessarily be valid.  ing the cross-covariance between time sexiesdy,.. Wien-

hold et al. (1995) developed a method to assess how well
3.5 Random errors in the flux this maximum can be detected from the cross-covariance.

o o In their method the detection limit of a flux is estimated as
When evaluating instrument performance, it is vital to know y,e standard deviation of the cross-covariance function val-

how much noise there is in the measured signal. In many Sit{,as far from the maximum value, i.e. the flux. In essence,

uations the random error of an eddy covariance flux meay,is method estimates the magnitude of the background vari-
surement is dominated by one-point sampling uncertainty,sion of the cross-covariance. In this study the detection lim-

(Businger, 1986; Kroon et al., 2010), caused by the stochasgg \yere estimated by using the position of the maximum as
tic nature of turbulence, rather than by instrumental noise. INhe origin of time, calculating the cross-covariance between
this study, the total random uncertainty of a flux estimate isja seriesy andy, within lag windows—150's to—50 s and

c

calculated with the method proposed by Finkelstein and Simg;g 5 14 150 5, and finally calculating the standard deviation of
(2001). In this method, the error variance of the covarianceq gptained cross-covariance values.

is estimated based on cross-covariances and auto-covariances
and thus the uncertainty estimate contains contributions orig3.6  Flux data filtering and quality control
inating from sampling uncertainty and instrumental noise.

Lenschow et al. (2000) introduced a method to estimate in-The flux data were screened in order to remove clearly erro-
strumental noise of LIDAR measurements, and later Maudemneous values. Flux data were removed if there were too many
et al. (2013) applied it to eddy covariance data. Due to thespikes during an averaging period (over 3000 spikes), 30 min
fact that instrumental noise is uncorrelated with the turbu-mean CH mole fractions were unrealistic (below 1.7 ppm or
lent signal, it can be assumed that the noise contributes tabove 3.5 ppm) or sonic anemometer data were erroneous.
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[

In addition, the open-path LI-7700 data were screened basec 20
on the RSSI (received signal strength indicator) and the di- o
agnostic value provided by the instrument. The diagnostic 7. ’

L
®
N

w
3

value describes instrument activities during operation and =
RSSI represents how clean the mirrors in the open measure £

ment cell are. Periods were omitted if the 30 min mean value £, M\MWMW‘M \t MMW | LM h Q}“L

[

©
-2 -1
CHAﬂux(mgm h™)

=)

for RSSI was below 15. Periods were also rejected if no laser ~
signal was detected for more than 5% of the time, or if over
3% of the time the lower mirror spin motor was on. In addi- u-770
tion to these criteria, a few clear outliers were removed from ez -
the LI-7700 data based on visual inspection. A threshold of cisoi | —
0.08ms! for friction velocity (u,) was determined based o |
on the measured data and was used to discard periods witl e |
low turbulent mixing. This threshold was used for all £H evaz |
fluxes. The fluxes were distributed into three quality classes ;g L

based on a flux stationarity test (Foken and Wichura, 1996). ., P

If the test yielded values smaller than 0.3, the fluxes were e O e tadmmy T 2208 2406 26008
given quality flag 0 (highest quality), fluxes with test values _ _ . )
between 0.3 and 1 were given flag 1 (medium quality) and ifFigure 2. Upper plot shows Chlflux time series (grey lines: in-

the test yielded values above 1, then the fluxes were flc';lggea'v'.dual Chy flux time series; black “.ne: median GHlux time
with 2 (low quality) Series) and the bottom plot shows periods when gas analysers were

working. Red colour corresponds to fluxes measured with METEK2
and blue to fluxes measured with METEKL1.

L L L 29

4 Results

LI-7700

4.1 Data coverage and quality N

G1301-f

The poorest data coverage (Fig. 2) was obtained with the
G1301-f and DLT-100 instruments (26.7 and 64.4 %, respec-
tively); however, this was caused by data-logging problems
and does not reflect instrument performance. FGGA and

DLT-100

FGGA

FMA1

FMA2 I Missing

[ Removed by data screening [
[CFlag2
[Flag1 |

G2311-f achieved the best data coverage, which also often =
. . . Flag0
had the high-quality flag (Fig. 3). I e . T R T
The largest data filtering effect using the screening pro- Percentage of data (%)
Cedu_re (:elsczlé)(e))/d I?dsteCt' \_?».GtV\:jasTl;](?r the LI-7.7(|)0' Vlwtth ;F-Figure 3. Distribution of quality flags for Cl fluxes during the
pI‘OXIma: ely o Of data rejected. This was mz_im y re_ ate Ocampaign. Quality flags were given according to flux stationarity
one period (from 9 June to 14 June 2012) during which bothgyiieria (Foken and Wichura, 1996). Flag 0 (flux stationarity be-

mirrors became dirty and manual cleaning was not possibleyoy 0.3) corresponds to the highest quality, flag 1 (flux stationar-

From 18 June onwards the mirrors were cleaned manuallyty between 0.3 and 1) to medium quality and flag 2 to the lowest

every second day. The friction velocity criterion removed 66 quality (flux stationarity above 1). Green bars show the amount of

30 min CH, flux data points (6 % of data) from all time se- accepted data and blue bars shown the amount of omitted data. LI-

ries. 7700 data are affected by an external data-logging problem which
is not caused by the analyser.

QcL

4.2 Random errors and instrumental noise

The statistics of the estimates for instrumental noise levelof CH4 mole fractions, which contain contributions from
are shown for each instrument in Fig. 4 for periods whenboth instrumental noise and atmospheric fluctuations, mea-
all gas analysers were working. The noise was not estimatedured by the two Picarro instruments were approximately 4.6
for the LI-7700 due to the data-logging problem (explainedand 4.3 ppb, respectively. Thus the variations in the Gide

in Sect. 2.2). On average, the two Picarro analysers, G2311series from these two analysers were clearly dominated by
f and G1301-f, had the lowest instrumental noise (0.4 andatmospheric fluctuations rather than instrumental noise. This
1.2 ppb, respectively) during the study period (Fig. 4a and b).is evident in the example fast-response time series shown in
It is however questionable whether the method used can ad-ig. 5. For the two Picarro instruments the turbulent signal
equately separate the turbulent signal from the instrumentatan easily be seen in the time series (high concentration dur-
noise in the case of the G2311-f for which the overall noiseing upward motion and close to ambient concentration dur-
level was very small. For comparison, the standard deviationsng downward motion), while for the other instruments the
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3111 [ Gw 5 ment. Instrumental noise from other analysers at Los Gatos
e — Research did not show such strong temperature dependence.
o e T The LGR analysers also report cavity ringdown (CRD)
D00 S o o times which describe how long it takes for the laser signal

S S T O T to attenuate in the optical cavity. Roughly speaking the CRD

, p p
fstrumentalnolse, o™ (ppb) time can be thought to represent cleanliness of the mirrors

il Te b in the cavity: a short CRD time corresponds to dirty mirrors
FaGA o - -EEm - o and a long CRD time to clean mirrors. For most of the LGR
FMAT | e - - - = — = — o . L !
oz S analysers the CRD times decreased significantly during the
. ‘ e R - campaign due to dirt accumulating on the mirrors in the cav-

' " amentsinae, o5 omoin i) * ity. Only the FGGA had a rather stable CRD time throughout
sty e : . the campaign, around 11.7 ps, wh|.Ie for other LGR analysers
Goif| - - EEm ----@0 o the values at the end of the campaign were 7 us. However, the
FMA1 e —mE - ---0 o instrumental noise did not significantly depend on the CRD
| e oo ® o, ° time, and periods when it was around 7 ps were still usable
B a—— R B — for flux calculations. For example, for FMA1 the instrumen-

Detection mit, o (armol m 2s) tal noise increased from 6.5 to 7.8 ppb when the CRD time

was above 10 s or below 8 ps (only periods when cell tem-

Figure 4. Boxplots of instrumental noise (upper two plots) and de- perature was above 2€ or below 27C were considered).
tection limit (bottom plot) calculated based on the methods pre- The detection limits, shown in Fig. 4c, were approxi-

sented in Sect. 3.5. Only periods when all the instruments were 21
working and the Cl flux was below 30 nmol m2s~1 were used mately 2nmol m*s™, except for the QCL and the FMAZ,

(129 points) for the detection limit plot. For the instrumental noise vyh|ch had h_lgher valges (4 nmol‘rﬁs—.l). The flux detep—

plots periods when all the instruments were working and the in-tlon limit estimated with this method is mostly determined

strumental noise was estimated successfully were used (99 pointsiY the stochastic nature of turbulence during the 30 min peri-

Grey boxes show the interquartile range, vertical lines within the 0ds selected. For the QCL the high noise level also increased

boxes show medians, stars show the means, dashed whiskers shdte value of the detection limit, but the higher detection limit

the limits for outliers and circles show values outside these limits.for FMAZ2 is not explicable in terms of white noise, since for

LI-7700 is not shown due to the data-logging problem outside theinstance FMA1 had more white noise but a lower detection

instrument. limit when compared to FMA2. The FMAZ2 signal was possi-
bly also contaminated with (structured) noise rather than just
white noise, which contributed more to the detection limit
than to the instrumental noise. However, before the instru-

signal in CH, concentration is mixed with instrumental noise ment was taken back to the laboratory for cleaning (19 June),

and is therefore not visible as clearly. All the other gas analy-the instrumental noise values were similar to those reported

sers show much higher instrumental noise levels; FGGA hady other instruments (approximately 2 nmotfrs~1), which

the smallest instrumental noise of the non-Picarro analyserssuggests that cleaning of the cavity was unsuccessful.

while QCL had the highest.

The low noise estimate for G2311-f data may be partly4.3 Flux corrections

caused by the instrument’s low measurement frequency

(2.3Hz; see Sect. 4.3.1 for an explanation), because noisé.3.1 Spectral corrections

decreases when increasing the sample size. Noise in 10 Hz

G2311-f data can be roughly estimated by multiplying the Ensemble-averaged GHospectra are shown in Figs. 6 and

noise estimate for 2.3 Hz data (0.4 ppb) p}L0Hz/2.3Hz. 7, together with the corresponding temperature cospectra.

This calculation yields a value of 0.8 ppb, which is closer to In the ideal case the CHcospectra would collapse onto

the value estimated for G1301-f, but still a lot smaller than the temperature cospectra and both would follow the model

what was approximated for other instruments. cospectrum, which is also shown for reference. However, all

The instrumental noise of the FMA1 was highly variable CH,4 cospectra fell below the temperature cospectrum at the

during the experiment and affected by cell temperature: wherhigh-frequency end.

the cell temperature of the FMA1 was betweer’€7and As the flux is the integral of the cospectrum, it is clear that

29°C, the instrumental noise was approximately 13.8 ppbthe contribution of the high-frequency fluctuations (small ed-

and reached up to 20 ppb, whereas in other situations (celflies) is underestimated and should be corrected. This is done

temperature above 2€ or below 27C) it was on average with the method presented in Sect. 3.2; the response times

6.8 ppb. The reason for this odd temperature dependence issed for the corrections are given in the figures. G2311-f had

unknown. The noise in the FMA2 data also responded tothe slowest response time, which was caused by instrument

cell temperature, but not as strongly as for the FMAL instru-malfunction: although the instrument was set to measure at

Biogeosciences, 11, 3163186 2014 www.biogeosciences.net/11/3163/2014/



O. Peltola et al.: Evaluating the performance of gas analysers for CHEC flux measurements 3173

1980
1910 F  a) LI-7700 b) G2311-f, c:‘"” =0.26 ppb
1950
1880
3 1920
g 1850
<t
z 182 1890
1860
1790
1830
19701 61301, 6™ =1.08 ppb 19501 o) FGGA, o™ = 4.95 ppb
1940 1920
i)
g 1910 1890
IV
“ 1880 1860
1850 1830
1970 ] 1980 _
e)FMA1, o °*¢ =7.01ppb f)FMA2, 67" =3.73 ppb
1940 1950
_’8‘_ 1910 1920
=
<
S 1880 1890
1850 1860
1820 1830
19701 g)DLT-100, 6" =7.13 ppb 970 hact, 6" =11.80ppb
1940 1940
3
g 1910 1910
Iﬂ‘
“ 1880 1880
1850 1850

0 5 10 15 20 0 5 10 15 20
Time (min) Time (min)
Figure 5. Example of raw Clj concentration data from each instrument. Data were measured on 22 June 2012, between 10:40 and 11:00.

Corresponding instrumental noise estimates are also shown in the figure, except for LI-7700. The LI-7700 data are clearly affected by the
external data-logging problem which is not caused by the analyser.

10 Hz, it was effectively measuring at approximately 2.3 Hz, the instrument’s internal software (Gloria Jacobson, Picarro
and the recorded 10Hz data were a linear interpolation ofinc., personal communication). Thus, if this is the case, other
the 2.3 Hz data. Thus frequencies exceeding 2.3 Hz were lost52311-f analysers should not be affected.

The reason for this malfunction is unknown, but it could have  The magnitudes of spectral corrections are presented in
been caused by a memory leak produced by some addition&lig. 8 as percentages of the measured raw fluxes. At close
code designed specifically for this campaign and added tdo 40 %, the correction was largest for the G2311-f. This is
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Figure 6. Normalised frequency-weighted GHospectra between GHand vertical wind velocity for the different instruments associated

with the METEK1 anemometer (black dots show positive values, black triangles negative values), corresponding temperature cospectra
(white dots), theoretical slope4/3 in the inertial subrange (dash-dotted line), model cospectrum (grey line) and model cospectrum multiplied

by transfer function describing high-frequency attenuation, Eq. (3) (dashed grey line). Response time describing high-frequency attenuation
is given in the figure for each gas analyser. Small grey dots show individual cospectra from which the mean cospectrum (black markers) is
calculated. For this figure data were selected from the period 19 to 27 June, using only unstable perio@g @Hgrflux was directed
upwards (b) wind speed was between 2 msand 6 ms1, (c) CH, fluxes were flagged with quality flag O agd) more than 60 % of the

points in the normalised cospectra were positive. The LI-7700 data are affected by an external data-logging problem which is not caused by

the analyser.

not surprising since it had the slowest response time. For thand that the choice of correction method should not induce a
other CH; fluxes the correction ranged from 10 to 30 % of systematic bias between the instruments, as long asite H
flux used in Eq. (5) is calculated with the same lag time as

the CH; flux.
4.3.2 Density and spectroscopic corrections The magnitudes of density and spectroscopic corrections
are given in Fig. 8. The density correction was on average

As a test, the Chifluxes of the FGGA were calculated by ap- @Pproximately 10 % during the day and a few percent at night
plying the HO corrections point-by-point (Eq. 4) and com- When FO fluxes were small. Spectroscopic corrections were
paring these values to half-hourly fluxes calculated usingMuch smaller: a few percent during the day and less than a

block-averaging and corrected using Eq. (5). The linear fit toPercent at nighttime. However, the LI-7700 is an exception:
the data processed with the two methods has a slope of 1.000€ density correction was on average 40 % during the day
and an intercept 0£0.001 nmol n2s~2, and the RMSE and ~ @nd—27 % at night. In addition, the spectroscopic correction
correlation coefficients) are 0.008 nmolm2s-1 and 1.000, ~ Was also larger (daytime 14 %, nighttimel3 %). The dif-
respectively. The excellent agreement between the data setgrence between the LI-7700 and the other gas analysers is
confirms that the two correction methods are nearly identicac@used by the fact that the effect of temperature must be taken

the originally measured flux.
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Figure 7. CH4 cospectra obtained with METEK2. For plot details refer to Fig. 6.

into account in the case of the open-path analyser, while temzero is statistically significant. This was expected since the
perature fluctuations are smoothed out for closed-path serfluxes were still affected by density and spectroscopic effects
sors with long inlet lines. and the difference should be related®g/} -. If the slope is
To validate the density and spectroscopic corrections apsmall before the HO correction is applied, it can be said that

plied, the corrected CHfluxes were compared with the for that setup the effect of #D on CH, fluxes is small. This
fully corrected G2311-f Chiflux. This instrument does both presumably can be explained by enhanced phase and ampli-
corrections automatically during measurement using coeffitude shifts of the HO signal in that particular setup which
cients reported in Chen et al. (2010) and it has been showdiminish the effect of HO on CH; flux measurements. This
that the automatic correction implemented in Picarro instru-is the case for instance for DLT-100, for which the slope was
ments performs well (e.g. Rella et al., 2013). Thus the fully —0.181+4 0.140 before applying any4® corrections.
corrected G2311-f Ciiflux is a good reference for the other  For the QCL no density or spectroscopic corrections were
instruments and there should not be any residy® ffect  applied, because the gas analyser was connected to a drier.
left in G2311-f fluxes. A linear correlation between the dif- In theory, the differences between G2311-f and QCL4CH
ference in CH flux and the density correction terr}/"",  fluxes should not correlate wi V‘,QZL, since both should be
the second term on the right-hand side in Eq. 5) was used téree from any interference from4@. This is supported by
evaluate if the corrections were done properly (Fig. 9 showsthe small slope derived for the QCL 6f0.035+ 0.245 (Ta-

an example using FGGA data). If the slope equals zero, thdle 4). Thus, it can be said that the drier connected to the
H>0 corrections were done correctly and the differences beQCL worked well.

tween the CH flux time series do not depend d?jm?‘L. After applying the HO corrections the slopes were gen-

Values for the slope before and after applying th&©Htor- erally closer to zero, which implies that the corrections

rections are given in Table 4. Before applying theCHcor- modified the CH fluxes in the right direction. For the
rection, the slopes differ from zero and the difference fromFGGA, the slope after applying the,B corrections was
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Figure 8. Change in CH flux after applying different corrections. The values are given as a percentage of raw uncorrected flux. Bold bars
give the median and error bars give the 25th and 75th percentile values. Light brown bars show daytime data (sun elevatio®) amgle

light blue bars show nighttime data (sun elevation argte3°). Bars on the far right show the overall effect. Negative value means that the
correction is increasing downward fluxes, positive that it is increasing upward fluxes. Note the changing scaleaxtisthe

—0.026+0.047, which is not significantly different from tion. DLT-100 fluxes were over-corrected (the slope was pos-
zero; this suggests that the coefficients obtained from Hilleritive after O correction) and FMA1 fluxes were under-
et al. (2012) were applicable to the FGGA used in this study.corrected (the slope was negative aftesCHcorrection).
Only the slopes for DLT-100 and FMAL1 remained statis- Neither of these gas analysers measure® ldnd thus ex-
tically significantly different from zero, even after correc- ternal HO measurements were used to correct theiry CH
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Table 4. Summary of the values for slogeof a linear fitA Fcp, = CH, FGGA
. . 30 T T T T
kFYPL, where A Fcy, is the difference between fully corrected + before 0 comections
G2311-f CH, flux and flux from the gas analyser in question, and ° ’:‘t‘e’”z"“":;i;’g"s N
H H . . — — Fit:y=ax,a=-6.! e

Fc\éYqPL is the correction term related to density corrections (second 7. 7 95% Confdence nterval (-7.0669%-01 ~6.0668e-01) 1

4 N Fit: y=ax, a=—2.5554e-02

95 % Confidence interval (—7.2802e—02 2.1693e—02)

term on the right-hand side in Eq. (5)7(\{\{42'- was calculated using
H>0 measured with LI-7000 and the lag time oj® itself, mean-
ing that the used yD covariance was maximised for every averag-
ing period. Values and standard errors for slépae given before
and after KO corrections (density and spectroscopic correction).
In theory, after HO corrections the slope should be zero. Symbol
* highlights those values farwhich are significantly different from

0 at P =95%. LI-7700 is not shown, since temperature, not only
H>0, also affects LI-7700 Clfluxes.

s
T
°
I

s

Difference to fully corrected G2311-f CH, flux (nmol m

Gas Before HO After H,O . ‘ ‘ ‘ ‘ ‘ ‘ ‘

analyser corrections corrections 0 2 4 e i 12 B 6
G2311f —1.266+0.018 0 _ _

G1301-f —0.416+0.269 0.259+ 0.272 Figure 9. Difference between FGGA CHfluxes and fully cor-
EGGA —0.657+ 0.050¢ —0.026+0.047 rected G2311-f Cll fluxes before (black markers) and after (red
FMA1 _1.1344+0.178 —0.200+0.18C markers) HO corrections are applied to FGGA GHiata. FyypL
EMA2 —0.458+0.17% 0.116+0.177 was calculated with B0 covariancew’x;,, maximised.

DLT-100 —0.181+0.140° 0.846+ 0.140°

QCL —0.035£0.245 —0.03540.245

be said that use of noisyJ@ data in the HO corrections
does not compromise the precision of £iixes. Moreover,
if the CH, analyser also measures® these measurements
fluxes. Assuming that the coefficients obtained from Hiller should be used to correct the GHata no matter how noisy
et al. (2012) are applicable to the DLT-100 and FMAL usedthe H,0 signal is, rather than externap@ data.
in this study, the non-zero slopes suggest that the empirical
method used to parameterise the lag time difference betwees.3.3 Correcting CH;, fluxes without concurrent H,O
the HO signal and other scalar signals (Sect. 3.4.1) was not measurements
fully successful. Moreover, different attenuation and shape
of the cross-covariance function may have contributed to the=igure 10 exemplifies the problem of using externalCH
miscalculation of the KO correction (see Sect. 4.3.3 and measurements in two contrasting situations: one with low
Fig. 10). For the DLT-100 the value of the covarianceuof  and one with high latent heat flux. The cross-correlation be-
with H20O, w’_x,’, used in Eqg. (5) appears to have been tootween CH (FGGA) andw, and between D (FGGA) and
high and for the FMAL1 too small. In the case of the G1301- w both peak at different lag times even though the gases
f, which did not measure $D either, the method seemed to are measured with the same sampling line and instrument.
overcorrect the data since the slope was positive (0.259), buthe difference is caused by the sorption/desorption gD H
the difference from zero was not statistically significant. on the internal walls of the sampling tube and filters. The
The above discussion deals with the systematic error irH,O cross-covariances shown in these plots are normalised
the HO correction. Despite the fact that the correction is with the values that should be used in Eq. (5) for correct-
highly sensitive to the lag time, attenuation and the shapeng FGGA CH; fluxes (black dots in the plots). Thus, for
of the cross-covariance function, one might be tempted tanstance, if in these situations the covariances betwegh H
use external HO measurements to correct ¢Huxes if the (FGGA) andw are maximised and then used in thg®Hcor-
H2O obtained from the Cldanalyser is noisy. Uncertainties rections, the corrections are overestimated by 132 % (left plot
in w’x/, andw’y] calculated with the data from FGGA were in Fig. 10) and 21 % (right plot in Fig. 10). Moreover, the two
estimated based on Finkelstein and Sims (2001), and this urH,0 cross-covariances (LI-7000 and FGGA) shown in both
certainty is assumed to be the total uncertaintm. By plots have different degrees of attenuation, the FGG®H
applying error propagation to Eq. (5) we can estimate howcross-covariance being more attenuated, and the shape of the
much the noise inw’x} is affecting the precision of CH  cross-covariance is affected by the tube effects. The FGGA
fluxes when the density and spectroscopic corrections arél,O cross-covariance functions are wider and the peaks not
done. Relative uncertainty of FGGA GHluxes is increased as sharp as in the LI-7000,8 cross-covariances. In order to
from 24.3 to 24.4% after applying the,B corrections. If  correct successfully CHfluxes using HO covariance mea-
the uncertainty inv’y/ is artificially doubled, then the rela- surements, all three effects (lag time, attenuation and shape
tive CH, flux uncertainty is increased by 0.4 %. Thus it can of the cross-covariance) induced on® by the sampling
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Figure 10. Two examples of cross-covariances betweeand HO (FGGA) and HO (LI-7000). Location (lag time) and amplitude (atten-

uation) of HO (LI-7000) cross-covariance are adjusted in order to replicat@ HFGGA) cross-covariance.J@ cross-covariances were
normalised with the values that should be used in Eq. (5) in order to illustrate the magnitude of the relative error made in density and spec-
troscopic corrections (Eq. 5) if different values #ofy; are used. The dots show the values which would be used in the correction (Eq. 5).
Vertical dotted lines show the GHag time.

line must be properly taken into account. If the®lis mea-  sor), the correction is clearly overestimated, by approxi-
sured with the same instrument as the Cthis is achieved mately 2.85nmolm2s-1 (74 % overestimation), when LE
by calculating the HO covariance with the same time lag was above 150 W r?. If the attenuation is revised this er-
that is used for calculating the GHlux. If H,0 is measured  ror decreases to 1.07 nmolths ! (25 % overestimation), if
by an external instrument, the effects need to be estimated. the lag time is revised the error is 0.24 nmotfs1 (5%

In order to study how sensitive theoB corrections are  overestimation) and if both are revised the correction be-
to the effects of the sampling line on measure®HFGGA  comes underestimated by 0.88 nmols 1 (21 % underes-
CHjy fluxes were corrected with LI-7000J@ measurements timation). By revising both, attenuation and lag time, the re-
and then compared with the correction calculated with thesults were worse than just by altering the lag time. This stems
internal HO measurements and internal £ldg time. The  from the fact that the shape of the® cross-covariance is
LI-7000 H,O covariance used in Eqg. (5) was modified with also altered, which was not accounted for here.
four different methods (see Fig. 10): the covariance be- Systematic bias in the daily cycle of FGGA gfuxes in
tween LI-7000 HO andw was maximised and then used these four cases is shown in Fig. 12. The daytime @ikes
in Eq. (5) (no revision), LI-7000 LD cross-covariance max- are overestimated in the “No revision” case (Fig. 12a) and in
imum was adjusted to be the same as the FGG® lgross-  the “Attenuation revised” case (Fig. 12b). This is in line with
covariance maximum (attenuation revised), LI-70000H Fig. 11a and b, since at daytime the latent heat flux is high
lag time was revised to match the FGGA®I lag time  and according to Fig. 11a and b this also increases the bias
(lag time revised), and both, attenuation and lag time, aran the correction. In the “Lag time revised” case no clear bias
revised (both revised). A comparison between these fouin the daily cycle can be seen, whereas in the “Both revised”
methods and the reference correction calculated using inease daytime Chifluxes are underestimated.
situ FGGA HO measurements is shown in Fig 11. With  The fact that HO corrections are highly sensitive to the
no revision applied to LI-7000 $D data (i.e. the KO lag time used in calculating’ x,, results from the shape of
covariance is calculated from the LI-7000 data choosingcross-covariance betweean and yx,. The cross-covariance
the time lag that maximises the covariance for that sen-betweenw andy, is an exponential function of the time lag
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Figure 11. Combined error in density and spectroscopic corrections as a function of latent heat flux if extgdnalddsurements are used

in Eq. (5). FGGA CH fluxes were corrected with LI-70004® measurements (blue colour) and with FGGA-interngDHneasurements

(red colour) which yield correct values and are shown for comparison. The difference between these two, i.e. error in the correction using
external KO, is plotted with black colour. The lines show medians and the areas show interquartile range around the (agdiaes.
correction is calculated by maximising LI-70@@ x; . (b) Maximum of LI-7000w’ x, is adjusted to match the maximum of FGGAy,.

(c) Lag time of LI-7000w’ x/, is adjusted to match the lag time of FGG&y;. (d) Both lag time and maximum of LI-7000’x; are set

to match FGGATX,’). Data measured during the whole campaign (635 points) were divided into 8 latent heat flux bins before plotting. The
dashed lines highlight the zero line. See also Fig. 10 for examples from two contrasting averaging periods.

between the time series and thus the error in the correctiorraple 5. Agreement between CGHfluxes obtained from different

increases exponentially when error in the lag increases. instruments and median GHlux from all instruments. 221 CH
flux data points when all instruments were working were used in
4.4 Agreement between flux estimates the analysis. For G1301-f only 139 points were used due to the short

operating time of the instrument. Only periods when all,Gldxes
After corrections have been applied as well as possible, alhad the quality flag 0 or 1 and the difference between sensible heat
the instruments agreed relatively well with the medianyCH fluxes from the two anemometers was smaller than 40 mere
flux (Table 5). The slopes of the linear fits with this median used. LI-7700 data are affected by an external data-logging problem
flux were between 1.090 (G1301-f) and 0.997 (FGGA) andWhich is not caused by the analyser.
the intercepts were acceptable, ranging frer6.835 (LI-

7700) to 2.997 nmol m?s~1 (DLT-100). The values of the Gas Slope Intercept RMSE  Correlation
correlation coefficient were close to 1, which implies thatall ~ analyser 2(””1“" ) (“TO' coefficient
flux results are highly correlated. The LI-7700 had the high- mTesTY) mTesT)

est value of root mean square error (RMSE); this implies L|-7700 1.014 —6.835 16.554 0.879
that it had the highest scatter in gHluxes. This might be G2311-f 1.003 1.128 5.573 0.986
at least partly caused by the LI-7700 data-logging problem G1301-f 1.090 —2.489 6.386 0.989
and partly caused by the fact that it is an open-path gas anal- FGGA 0.997 1.015 4.782 0.990
yser and that the open sampling cell was vulnerable to distur- FMAL ~ 1.029 ~ —2.076 5.642 0.986
bances which might appear as high variation in the fluxes. Of El\lflffoo 11%55‘; _0235937 85-07022 0(-)9;;'7
the closed-path instruments, FMA2, QCL and G1301-f gave acL 1000 1652 7 092 0.977

the highest values for RMSE.
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Figure 12.Daily course of the systematic bias observed in FGGA @tk if the density and spectroscopic corrections (Eq. 5) are made with
external HO measurements, i.e. LI-70038 measurements. The lines show medians and the areas show the interquartile range around the
medians(a) The correction is calculated by maximising LI-7000y; . (b) Maximum of LI-7000w’x;, is adjusted to match the maximum
of FGGAw’ /. (c) Lag time of LI-7000w’ x; is adjusted to match the lag time of FGGAy,,. (d) Both lag time and maximum of LI-7000

w’x}, are set to match FGGA' ;. Data measured during the whole campaign (635 points) were used. The dashed lines highlight the zero
line. See also Fig. 10 for examples from two contrasting averaging periods.

Despite the good agreement between the,Gldxes  ter the adjustment the difference between the G2311f CH
shown in Table 5, there seems to have been a systematic bidlsix and other CH fluxes no longer depended 0@,’4?. Cu-
between the different instruments, which is revealed by themulative CH; emissions after adjusting the;B corrections
cumulative sums shown in Fig. 13 (left plot). Most of the are shown on the right in Fig. 13. The agreement is bet-
flux time series gave a value around 360 mgfrfor the cu-  ter than before adjustment and now the values range from
mulative CH, emission during the 13-day period shown in 335mgnT2 (QCL) to 367 mg nm? (G2311-f). Thus the dif-
the plot; however, three time series deviated most from thisferences seen before the adjustment can at least partly be at-
value: FMA1 and QCL derived about 330 mgfand the  tributed to miscalculated #0 corrections.

DLT-100 399 mg 12 for the cumulative sum. Monthly values were calculated by computing mean val-

Cumulative CH emissions from three gas analysers ues for the CH fluxes during 12 to 25 June (the same time
(G2311-f, FGGA and FMAZ2) agreed best. For these threeperiod as in Fig. 13) and then multiplying the mean values
analysers the §D corrections were done using interngl® by the length of the month June (Fig. 14). Figure 14 shows
measurements and thus it can be assumed that the correctiotie same pattern as Fig. 13: the DLT-100 initially gave higher
were done accurately. Two out of the three time series whichluxes and the FMAL gave lower fluxes than all the analysers
diverged most from the mean (DLT-100 and FMAL1) were on average; however, the difference decreased if fit@ ¢or-
corrected with external #0 measurements, which suggests rections were set to match the G2311-f. For the DLT-100 the
that the differences in cumulative Gldmissions could have difference between fluxes calculated with original and ad-
been caused by the>B corrections. To test this, the>B justed BHO correction on a monthly scale was approximately
corrections were adjusted so that the slopes in the column 00.1 g (CH;) m~2, which is 8% of the monthly Ci emis-
the right in Table 4 became zero, meaning that a time seriesion observed on average. These results highlight the impor-
—kF(‘é‘,’_E'-, wherek is the slope, was added to the fluxes. Af- tance of proper LO corrections, especially for calculating
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Figure 13. Cumulative sums of Clifluxes during a part of the campaign (from 12 to 25 June). The time series are not gap filled and they
all contain the same number of points. The left plot shows fluxes calculated with the origi@atétrections and the right plot shows
cumulative CH fluxes after adjusting the 4D corrections with the slopes given in the right in Table 4, in other words by addm@vp'-

Hy
wherek is the slope. Thus, after this adjustment the differences between G2311 s and other Ciifluxes do not depend

WPL
iy
Data from LI-7700 and G1301-f are not shown. The insets show a close-up of the last day. N

long-term CH, balances. As the absolute value of thegCH  formance of LI-7700 against two LGR analysers (FMA and
corrections depends on the magnitude of the latent heat fludtGGA) and they showed that minimum detectable flux was
the corrections are significant in locations where latent heasimilar from all instruments and the fluxes from LI-7700
fluxes are large and CHluxes are low. agreed with the closed-path LGR @Huxes during both
The slightly smaller cumulative CHemissions observed low and high flux periods, although there was scatter in
with QCL, FMA2 and FMAL1 than with the other three gas the results. They also concluded that using a low capacity
analysers cannot be explained by the use of two anemomeump instead of a high capacity version for the closed-path
ters: the anemometer which was accompanying the thre€GR analyser will add uncertainty to the fluxes. Tuzson et
analysers mentioned above (METEK2) gave on average al. (2010) compared the results from QCL and FMA gas
4% larger value for turbulence intensity,(/U) and 2%  analysers. In that study artificial GHlux was created in
larger value for sensible heat flux than the other anemomethe prevailing wind direction and both instruments were able
ter (METEKZ1). This implies that the fluxes measured with to quantify the artificial flux accurately. Peltola et al. (2013)
METEK?2 should not be underestimated compared to fluxegpresented results from GHlux measurements at a boreal
measured with METEK1. fen during summer 2010. In that study four £blas analy-
sers were deployed (FMA, G1301-f, TGA-100A (Campbell
Scientific Inc., USA) and an early prototype version of LI-
7700). Excellent agreement between FMA and G1301-f was
shown, whereas LI-7700 and TGA-100A produced slightly
. . : . 2 4
All three previously published CHflux inter-comparison ~Mmore scattered results. Less than 0.5 g{3H< difference
studies (Detto et al., 2011; Peltola et al., 2013; Tuzson ef4 % relative difference) was found in the cumulative sums
al., 2010) showed relatively good correspondence betweeR! the gap-filled CH flux data over 6 months from FMA,
measured Chifluxes. Detto et al. (2011) compared the per- G1301-f and TGA-100A. Although all these studies provide

5 Discussion
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= : = ‘ ‘ T strument’s low measurement frequency during our experi-
[ ]Original H,0 correction . .
8 [ ciusted .0 corection ment. For some LGR analysers, the noise responded to cell
G2311-f 2 ] temperature and to a lesser extent to cavity ringdown time.
1
(The newer gas analysers by LGR, so-called enhanced per-
FGGA — |

] formance or EP models, control cell temperature more rig-
EMAT E ! i orously and this problem may at least partly be solved; how-

: ever, this could not be verified in this study since no enhanced
FMA2 !

]

| , performance models were used.) As for the QCL, the higher

- noise level is typical of this older pulsed laser system. Newer
DLT-100 E QCL systems use continuous wave lasers and show signifi-
cantly lower white noise levels. Unfortunately, such a system

QCL F I ] was not yet available for this campaign.
I Noise in the signal makes the data analysis more diffi-
0 02 04 06 o8 " 2 14 cult. For instance, spectral analysis of the data is difficult
Monthly CH, emission (g m ~2) since parts of the spectra are covered by white noise. Also,

assessing high-frequency attenuation of the signal becomes
Figure 14. Monthly CHy emissions estimated from mean £H djfficult if the measurements and the calculated cospectra
fluxes observed during part of the campaign (from 12 to 25 June)gre nojsy: nevertheless, frequency ranges that contribute the
Data corrected with the original 4D correction are shown with most to the turbulent exchange are well resolved by all in-

; ; ; WPL
grey bars and with the adj_ustque corrections Eklcy, a_dded struments (Figs. 6 and 7). Moreover, the noise in the data in-
to the fluxes) are shown with black bars. Vertical dashed lines show .
the mean values creases the random uncertainty of fluxes. However, the flux

uncertainty caused by noise in gldata is of the order of

1nmolnm2s1 (Fig. 4), whereas the fluxes measured dur-

ing this study were at least ten times larger and thus even
valuable knowledge on the relative performance of the instru-the relatively noisy QCL signal did not compromise the use
ments tested, they do not include a comprehensive set gf CHof the measurements. In addition, for these instruments and
gas analysers and thus our study with eight;@t$truments  the magnitude of the fluxes at the site, most of the flux ran-
contains important information for the scientific community. dom uncertainty originates from one-point sampling of the

One of the main aims in running an eddy covariance siteflux (Businger, 1986; Kroon et al., 2010) and not from instru-
and measuring greenhouse gas fluxes is to obtain monthlynental noise. The sampling error is an inherent property of
annual or even decennial GHG budgets. Calculation of long-eddy covariance measurements which cannot be minimised
term budgets requires high data coverage in order to minby instrument selection or design.
imize the need for gap filling. Typically, open-path instru-  All CH4 flux time series were corrected with commonly
ments, such as the LI-7700 used in this study, produce lesased methods. The magnitudes of the corrections (Fig. 8)
flux data than closed-path devices due to the vulnerabilityare measurement site and setup specific and should be only
of the open measurement cell to the elements. Data gaps ofhought of as indicative; in any case, they can be compared
ten occur under certain circumstances, such as rainy periodsith each other to find out which analyser needs large cor-
or episodes with snow. As a consequence, when using opermrections. As pointed out by Detto et al. (2011) and Peltola
path instruments, it is difficult to study how the flux levels re- et al. (2013), the density and spectroscopic corrections are
act to precipitation. This complicates gap-filling during these much larger for open-path LI-7700 than for the closed-path
episodes. Applicability of an analyser for long-term studies devices due to the additional contribution from unattenuated
is also hampered if constant maintenance is needed (filtetemperature fluctuations. Large corrections are not problem-
replacement, liquid nitrogen is needed for cooling the laseratic as long as the sensible and latent heat fluxes used in
and/or detector, laser tuning, cleaning of measurement celllensity and spectroscopic corrections are measured accu-
mirrors etc.), analyser drifts significantly or if the analyser rately. However, any bias in these fluxes will also bias the
malfunctions frequently and needs to be taken away from theCH, fluxes, especially where CHluxes are small. Usually,
measurement site for repair. However, due to the fairly shortsensible and latent heat fluxes can exhibit significant diur-
length of our study, we cannot conclude which one of thenal patterns and thus miscalculated density and/or spectro-
tested analysers is the most suitable for long-term field appliscopic corrections can cause a false daily cycle in thg CH
cation, for that the reader is referred to Peltola et al. (2013)flux (see Fig. 12) which might lead to misinterpretation. This
and Detto et al. (2011). is especially problematic if measurements are done at loca-
It was shown in Sect. 4.2 that Picarro instruments G2311+tions where small Chifluxes are measured with large sensi-

f and G1301-f are superior to the other instruments testedle and latent heat fluxes. In such conditions, the corrections
in terms of signal noise, although the low noise estimateare large relative to the real flux (cf. Smeets et al., 2009). This
for G2311-f data could be partially explained by the in- problem is relevant for all analysers, but especially open-path
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instruments and those closed-path devices that do not mea- Mostly the differences in performance result from data
sure BO simultaneously. As shown in Sect. 4.3.2, estimat-coverage and the amount of noise in the data. For some of
ing the HO effect on the measured GHlux without any  the slightly older instruments the fact that they did not mea-
knowledge of how the measurement system altex@ Huc- sure HO proved to be a challenge during data processing
tuations will most likely lead to miscalculated corrections, and a significant potential source of systematic bias in the
and may even cause an erroneous daily cycle in @ikes ~ CHjy fluxes, which amounted to around 0.1 g (gih—2 on
(see Fig. 12) and overall bias the ¢Huxes. One approach a monthly scale and can therefore be significant at sites with
to minimising this problem is the usage of one main samplingsmall or medium CH fluxes. Biased time series are difficult
line for two analysers: one which measures&elg. FMA)  to correct since the bias does not decrease with averaging, as
and one which measures@ (e.g. LI-7000), and then using in the case of random noise.
the measured $D to correct CH data. For FMAL such a Out of the three newest gas analysers (G2311-f, FGGA
measurement setup was used in this study, nevertheless tlaad LI-7700), the G2311-f was superior to the others with
H2>O corrections were still underestimated (Table 4). Thisrespect to instrumental noise, but noise aside, the two closed-
might have been caused by the use of different filters inpath instruments (G2311-f and FGGA) performed similarly.
FMA1 and LI-7000 sampling lines (Table 1) and their differ- The performance of LI-7700 was difficult to assess due to
ent contribution to HO phase and amplitude shifts. Alterna- data-logging issues with the instrument particular to our
tively, one can determine the;® effects in the sampling line  study. In any case, the analyser needed a lot more mainte-
before it is deployed in the field (cf. Querino et al., 2011), or nance than the other analysers due to repeated contamination
the air sample may be dried; however, none of the driers comef the open measurement cell. However, with clean mirrors,
pletely removes KO from the air samples. There is always the performance of the LI-7700 was comparable to the other
some residual bD left, although it does not necessarily sig- new (closed-path) instruments. Thus the analyser remains a
nificantly affect the CH fluxes. Thus if possible one should viable option for locations with limited power availability as
use gas analysers which measures@Ad HO in situ oral-  long as it can be cleaned regularly, which can be demanding
ternatively open-path analysers for which the WPL and specat remote locations. Also, the G1301-f performed well dur-
troscopic corrections can be made using atmospheric sensing the campaign, although the performance was difficult to
ble and latent fluxes. All the new GHtlosed-path gas analy- assess fully because it was operated only a few days at the
sers also measureB, and thus this problem is more related end of the campaign. However, the data obtained seemed to
to the use of slightly older models such as the FMA. agree well with the FGGA and the G2311-f and instrumental
noise was low.
The main conclusion is that all systems (excluding G1301-
f and LI-7700 due to low data coverage) agreed on the cu-
Eight fast-response GHyas analysers suitable for eddy co- mulasive flux pattern over an episqde of thirteen days within
variance flux measurements were inter-compared at a Dutcii +0 %6 At the moderate- or medium-range flux levels ob-
. ) : served over the Cabauw fields each of these setups can de-
agricultural site and the high-frequency data were post-l. "
. iver good data. For low flux conditions however, systems
processed with up-to-date methods. The measurements were

with less noise will outcompete the others. Moreover, the
evaluated based on several parameters, such as data coverage

and quality, amount of noise in the signal, magnitude and od agreement between cumulative £efissions indi-

L . : cates that the selection of an instrument does not strongly
simplicity of different corrections, and the agreement of the . .
. ) . : bias the measured fluxes in one way or another, as long as
fluxes obtained with the different instruments.

the data are processed appropriately.

6 Summary and conclusions
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Appendix A: Derivation of Eg. (5) where terms such as’y. yield zero by definition and third-

order terms such as’r/ x/ are assumed to be negligible. By
Equation (4), originally proposed by Rella (2010), can be solyving w's/ from the equation above and using Eq. (4) for
used to correct measurements of gdsr any interference  mean values the following equation is achieved:

from H2O. The equation can be modified to be applicable to

the averaged fluxes by first using Reynolds decomposition On— 1

all three time series, namely the wet and dry mole fractions” re= 1+axy,+bxy? (

of gasc (x. andr., respectively) and the mole fraction of

H20 (xv): Next the second term on the right-hand side within the paren-
theses is separated into density and spectroscopic parts:

a+2by, /)
_ . (A3
Trar by ‘x5 ). (A3)

Iy
c

et x(=(F+rl) (Lhax, +ax+2bxo+b+bx?) - (A1)

/’é=_;_2<w’_)(é+ e —w'x) (Ad)
Now if the equation above is multiplied hy’ (vertical wind 1+axy + b 1-%
speed fluctuations) and the result is averaged, then a+2bxy —bxl+1
J— T Mtan+bnd) Az
w'x. = arcw’ x} + 2brc o w' x, + w'rl + axyw'r] (A2) Xv T OXv Xv
+ b w'rl, Finally, the obtained expression farr/ is substituted into

Eqg. (1), which yields Eq. (5).

Biogeosciences, 11, 3163186 2014 www.biogeosciences.net/11/3163/2014/



O. Peltola et al.: Evaluating the performance of gas analysers for CHEC flux measurements 3185

AcknowledgementsThe research leading to these results hasDlugokencky, E. J., Steele, L. P., Lang, P. M., and Masarie, K. A.:
received funding from the European Community’'s Seventh The growth rate and distribution of atmospheric methane, J. Geo-
Framework Programme (FP7/2007-2013) in the InGOS project phys. Res., 99, 1702117043, d€i:1029/94JD01243994.

under grant agreement no. 284274. O. Peltola is grateful to theDlugokencky, E. J., Nisbet, E. G., Fisher, R., and Lowry, D.: Global
Magnus Ehrnrooth foundation for funding. COST Action ES0804  atmospheric methane: budget, changes and dangers, Philos. T. R.
is acknowledged for funding a short-term scientific mission to the  Soc. A, 369, 2058-2072, d&D.1098/rsta.2010.0342011.
Netherlands. We are grateful to the Academy of Finland CentreEugster, W. and Senn, W.: A Cospectral Correction Model for Mea-
of Excellence programme (project no. 272041), ICOS (271878), surement of Turbulent NOFlux, Bound.-Layer Meteorol., 74,
ICOS-Finland (281255) and ICOS-ERIC (281250) for funding part  321-340, doit0.1007/BF0071237%.995.

of this research. Also, the Nordic Center of Excellence DEFROST,Finkelstein, P. and Sims, P.. Sampling error in eddy correlation
ESF TTORCH Research Networking Programme and EU project flux measurements, J. Geophys. Res.-Atmos., 106, 3503-3509,
GHG-LAKE are acknowledged. Furthermore, Picarro Inc. and doi:10.1029/2000JD900732001.

Gloria Jacobson are acknowledged for lending the G2311-fFoken, T. and Wichura, B.: Tools for quality assessment of surface-
instrument and for valuable discussion during the preparation of based flux measurements, Agr. Forest Meteorol., 78, 83-105,

this study. 1996.
Fowler, D., Hargreaves, K. J., Skiba, U., Milne, R., Zahniser, M. S.,
Edited by: L. Merbold Moncrieff, J. B., Beverland, |. J. and Gallagher, M. W.: Measure-

ments of CH and NO fluxes at the landscape scale using mi-
crometeorological methods, Philos. T. R. Soc. Lond., 351, 339—

References 356, 1995.

Fratini, F., Iborom, A., Arriga, N., Burba, G., and Papale, D.: Relative

Beljaars, A. C. M. and Bosveld, F. C.: Cabauw data for the vali-  humidity effects of water vapour fluxes measured with closed-
dation of land surface parameterization schemes, J. Climate, 10, path eddy-covariance systems with short sampling lines, Agr.
1172-119, 1997. Forest Meteorol., 165, 53-63, 2012.

Bousquet, P., Ciais, P., Miller, J. B., Dlugokencky, E. J., Hauglus- Heimann, M.; Atmospheric science: Enigma of the recent methane
taine, D. A., Prigent, C., Van der Werf, G. R., Peylin, P., Brunke, budget, Nature, 476, 157—158, 2011.

E.-G., Carouge, C., Langenfelds, R. L., Lathiere, J., Papa, F., Ragjjller, R. V., Zellweger, C., Knohl, A., and Eugster, W.: Flux cor-
monet, M., Schmidt, M., Steele, L. P., Tyler, S. C., and White,  rection for closed-path laser spectrometers without internal water
J.: Contribution of anthropogenic and natural sources to atmo- yapor measurements, Atmos. Meas. Tech. Discuss., 5, 351-384,
spheric methane variability, Nature 443, 439-443, 2006. doi:10.5194/amtd-5-351-2012012.

Businger, J. A.: Evaluation of the Accuracy with which Dry |prom, A., Dellwik, E., Flyvbjerg, H., Jensen, N. O., and Pilegaard,
Deposition can be Measured with Current Micrometeorolog-  K.: Strong low-pass filtering effects on water vapour flux mea-
ical Techniques, J. Clim. Appl. Meteorol., 25, 1100-1124,  syrements with closed-path eddy correlation systems, Agr. Forest
doi:10.1175/1520-0450(1986)025<1100:EOTAWW>2.0.GO;2 Meteorol., 147, 140-156, ddi0.1016/j.agrformet.2007.07.007
1986. 2007a.

Chen, H., Winderlich, J., Gerbig, C., Hoefer, A., Rella, C. W., |prom, A., Dellwik, E., Larsen, S. E., and Pilegaard, K.: On
Crosson, E. R., Van Pelt, A. D., Steinbach, J., KO”e, O., Beck, the use of the Webb_Pearman_Leuning theory for closed-
V., Daube, B. C., Gottlieb, E. W., Chow, V. Y., Santoni, G. W.,  path eddy correlation measurements, Tellus B., 59, 937-946,
and Wofsy, S. C.: High-accuracy continuous airborne measure- doi:10.1111/j.1600-0889.2007.003112007b.
ments of greenhouse gases (Cd CHy) using the cavity ring-  Kroon, P. S., Hensen, A., Jonker, H. J. J., Ouwersloot, H.
down spectroscopy (CRDS) technique, Atmos. Meas. Tech., 3, G., Vermeulen, A. T., and Bosveld, F. C.: Uncertainties
375-386, doit0.5194/amt-3-375-201@010. in eddy covariance flux measurements assessed frory CH

Ciais, P., Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., and NyO observations, Agr. Forest Meteorol., 150, 806816,
Chhabra, A., DeFries, R., Galloway, J., Heimann, M., Jones, C., d0i:10.1016/j.agrformet.2009.08.008010.

Le Quéré, C., Myneni, R. B., Piao, S., and Thornton, P.: CarbonLenSChOW, D., Wulfmeyer, V., and Senff, C.. Measuring
and Other Biogeochemical Cycles, in: Climate Change 2013: second- through fourth-order moments in noisy data, J. At-
The Physical Science Basis. Contribution of Working Group It0 mos. Ocean. Technol., 17, 1330-1347, 10i1175/1520-

the Fifth Assessment Report of the Intergovernmental Panel on  0426(2000)017<1330:MSTFOM>2.0.CQ2ZD00.

Climate Change, edited by: Stocker, T. F., Qin, D., Plattner, G.-Mammarella, I., Launiainen, S., Gronholm, T., Keronen, P., Pumpa-
K., Tignor, M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., nen, J., Rannik, U., and Vesala, T.: Relative Humidity Effect on
Bex, V. and Midgley, P. M., Cambridge University Press, Cam-  the High-Frequency Attenuation of Water Vapor Flux Measured
bridge, United Kingdom and New York, NY, USA, 465-570,  py a Closed-Path Eddy Covariance System, J. Atmos. Ocean.
2013. Technol., 26, 1856-1866, dD.1175/2009JTECHA1179.1

Detto, M., Verfaillie, J., Anderson, F., Xu, L., and Baldoc- 20009.
chi, D.: Comparing laser-based open- and closed-path gagyassman, W. J.: Concerning the measurement of atmospheric trace
analyzers to measure methane fluxes using the eddy co- gas fluxes with open- and closed-path eddy covariance system:
variance method, Agr. Forest Meteorol., 151, 1312-1324, the WPL terms and spectral attenuation., in: Handbook of Mi-
doi:10.1016/j.agrformet.2011.05.012011. crometeorology, edited by: Lee, X., Massman, W. J., and Law,

B., Kluwer Academic Publishers, 133—160, 2004.

www.biogeosciences.net/11/3163/2014/ Biogeosciences, 11, 316%-2014


http://dx.doi.org/10.1175/1520-0450(1986)025%3C1100:EOTAWW%3E2.0.CO;2
http://dx.doi.org/10.5194/amt-3-375-2010
http://dx.doi.org/10.1016/j.agrformet.2011.05.014
http://dx.doi.org/10.1029/94JD01245
http://dx.doi.org/10.1098/rsta.2010.0341
http://dx.doi.org/10.1007/BF00712375
http://dx.doi.org/10.1029/2000JD900731
http://dx.doi.org/10.5194/amtd-5-351-2012
http://dx.doi.org/10.1016/j.agrformet.2007.07.007
http://dx.doi.org/10.1111/j.1600-0889.2007.00311.x
http://dx.doi.org/10.1016/j.agrformet.2009.08.008
http://dx.doi.org/10.1175/1520-0426(2000)017%3C1330:MSTFOM%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0426(2000)017%3C1330:MSTFOM%3E2.0.CO;2
http://dx.doi.org/10.1175/2009JTECHA1179.1

3186

O. Peltola et al.: Evaluating the performance of gas analysers for C+EC flux measurements

Massman, W. J. and lIbrom, A.: Attenuation of concentration fluc- Peltola, O., Mammarella, |., Haapanala, S., Burba, G., and Vesala,
tuations of water vapor and other trace gases in turbulent tube T.: Field intercomparison of four methane gas analyzers suit-

flow, Atmos. Chem. Phys., 8, 6245-6259, d6i5194/acp-8-
6245-20082008.

able for eddy covariance flux measurements, Biogeosciences, 10,
3749-3765, doi:0.5194/bg-10-3749-2013013.

Massman, W. J. and Tuovinen, J.-P.: An analysis and implicationgQuerino, C. A. S., Smeets, C. J. P. P, Vigano, |., Holzinger, R.,

of alternative methods of deriving the density (WPL) terms for

eddy covariance flux measurements, Bound.-Layer Meteorol.,

121, 221-227, dal0.1007/s10546-006-907Q-3006.
Mauder, M., Cuntz, M., Druee, C., Graf, A., Rebmann, C.,
Schmid, H. P., Schmidt, M., and Steinbrecher, R.: A strat-

Moura, V., Gatti, L. V., Martinewski, A., Manzi, A. O., de
Aragjo, A. C., and Réckmann, T.: Methane flux, vertical gra-
dient and mixing ratio measurements in a tropical forest, At-
mos. Chem. Phys., 11, 7943-7953, 86i5194/acp-11-7943-
2011 2011.

egy for quality and uncertainty assessment of long-term eddy-Rannik, U. and Vesala, T.: Autoregressive filtering versus linear de-
covariance measurements, Agr. Forest Meteorol., 169, 122-135, trending in estimation of fluxes by the eddy covariance method,

doi:10.1016/j.agrformet.2012.09.008013.

Bound.-Lay. Meteorol., 91, 259-280, 1999.

McDermitt, D., Burba, G., Xu, L., Anderson, T., Komissarov, A., Rebmann, C., Kolle, O., Heinesch, B., Queck, R., Ibrom, A., and

Riensche, B., Schedlbauer, J., Starr, G., Zona, D., Oechel, W.,
Oberbauer, S., and Hastings, S.: A new low-power, open-path in-

strument for measuring methane flux by eddy covariance, Appl.
Phys., 102, 391-405, 2010.

Aubinet, M.: Data Acquisition and Flux Calculations, in: Eddy
Covariance: A Practical Guide to Measurement and Data Anal-
ysis, edited by: Aubinet, M., Vesala, T. and Papale, D., Springer
Atmospheric Sciences, 59-84, 2012.

Monteil, G., Houweling, S., Dlugockenky, E. J., Maenhout, G., Rella, C. W.: Accurate Greenhouse Gas Measurements in Hu-

Vaughn, B. H., White, J. W. C., and Rockmann, T.: Interpreting

mid Gas Streams Using the Picarro G1301 Carbon Diox-

methane variations in the past two decades using measurements ide/Methane/Water Vapor Gas Analyzer, Tech. rep., 2010.
of CH4 mixing ratio and isotopic composition, Atmos. Chem. Rella, C. W., Chen, H., Andrews, A. E., Filges, A., Gerbig, C.,

Phys., 11, 9141-9153, d&D.5194/acp-11-9141-2012011.

Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt,
J., Huang, J., Koch, D., Lamarque, J.-F., Lee, D., Mendoza,
B., Nakajima, T., Robock, A., Stephens, G., Takemura, T. and
Zhang, H.: Anthropogenic and Natural Radiative Forcing, in:

Hatakka, J., Karion, A., Miles, N. L., Richardson, S. J., Stein-
bacher, M., Sweeney, C., Wastine, B., and Zellweger, C.: High
accuracy measurements of dry mole fractions of carbon diox-
ide and methane in humid air, Atmos. Meas. Tech., 6, 837-860,
doi:10.5194/amt-6-837-2012013.

Climate Change 2013: The Physical Science Basis. ContributiorRunkle, B. R. K., Wille, C., Gazot, M., and Kutzbach, L.: At-

of Working Group | to the Fifth Assessment Report of the Inter-

governmental Panel on Climate Change, edited by: Stocker, T. F.,

Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K., Boschung, J.,

tenuation Correction Procedures for Water Vapour Fluxes from
Closed-Path Eddy-Covariance Systems, Bound.-Lay. Meteorol.,
142, 401-423, do10.1007/s10546-011-9689-3012.

Nauels, A., Xia, Y., Bex, V. and Midgley, P. M., Cambridge Uni- Smeets, C. J. P. P., Holzinger, R., Vigano, |., Goldstein, A. H.,

versity Press, Cambridge, United Kingdom and New York, NY,
USA, 659-740, 2013.
Nara, H., Tanimoto, H., Tohjima, Y., Mukai, H., Nojiri, Y.,

and Rdckmann, T.: Eddy covariance methane measurements at
a Ponderosa pine plantation in California, Atmos. Chem. Phys.,
9, 8365-8375, dal0.5194/acp-9-8365-2002009.

Katsumata, K., and Rella, C. W.: Effect of air composition Tuzson, B., Hiller, R. V., Zeyer, K., Eugster, W., Neftel, A., Am-

(N2, O, Ar, and HO) on CG and CH, measurement by

wavelength-scanned cavity ring-down spectroscopy: calibration

mann, C., and Emmenegger, L.: Field intercomparison of two op-
tical analyzers for Cl eddy covariance flux measurements, At-

and measurement strategy, Atmos. Meas. Tech., 5, 2689—-2701, mos. Meas. Tech., 3, 1519-1531, d6i’5194/amt-3-1519-2010

doi:10.5194/amt-5-2689-2012012.

2010.

Neftel, A., Ammann, C., Fischer, C., Spirig, C., Conen, F., van Ulden, A. P. and Wieringa, J.: Atmospheric boundary layer re-

Emmenegger, L., Tuzson, B., and Wahlen, S.;ON ex-

search at Cabauw, Bound.-Lay. Meteorol., 78, 39—69, 1996.

change over managed grassland: Application of a quan-Webb, E. K., Pearman, G. I., and Leuning, R.: Correction of Flux

tum cascade laser spectrometer for
flux measurements, Agr. Forest Meteorol., 150, 775-785,
doi:10.1016/j.agrformet.2009.07.013010.

Nisbet, E. G., Dlugokencky, E. J.,
Methane on the Rise—-Again, Science,
doi:10.1126/science.1247823014.

Nordbo, A., Kekaladinen, P., Siivola, E., Lehto, R., Vesala, T.,
and Timonen, J.: Tube transport of water vapor with con-
densation and desorption, Appl. Phys. Lett., 102, 194101,
doi:10.1063/1.4804632013.

and Bousquet, P.:
343, 493-495,

Biogeosciences, 11, 3163186 2014

micrometeorological

Measurements for Density Effects due to Heat and Water-Vapor
Transfer, Q. J. R. Meteorol. Soc., 106, 85-100, 1980.

Wienhold, F. G., Welling, M., and Harris, G. W.: Micrometeorolog-

ical Measurement and Source Region Analysis of Nitrous-Oxide
Fluxes from an Agricultural Soil, Atmos. Environ., 29, 2219—
2227, doi10.1016/1352-2310(95)00165-W995.

www.biogeosciences.net/11/3163/2014/


http://dx.doi.org/10.5194/acp-8-6245-2008
http://dx.doi.org/10.5194/acp-8-6245-2008
http://dx.doi.org/10.1007/s10546-006-9070-8
http://dx.doi.org/10.1016/j.agrformet.2012.09.006
http://dx.doi.org/10.5194/acp-11-9141-2011
http://dx.doi.org/10.5194/amt-5-2689-2012
http://dx.doi.org/10.1016/j.agrformet.2009.07.013
http://dx.doi.org/10.1126/science.1247828
http://dx.doi.org/10.1063/1.4804639
http://dx.doi.org/10.5194/bg-10-3749-2013
http://dx.doi.org/10.5194/acp-11-7943-2011
http://dx.doi.org/10.5194/acp-11-7943-2011
http://dx.doi.org/10.5194/amt-6-837-2013
http://dx.doi.org/10.1007/s10546-011-9689-y
http://dx.doi.org/10.5194/acp-9-8365-2009
http://dx.doi.org/10.5194/amt-3-1519-2010
http://dx.doi.org/10.1016/1352-2310(95)00165-U

