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Abstract. Eddy covariance (EC) flux measurements of ni- 1  Introduction
trous oxide (NO) obtained by using a 3-D sonic anemometer

and a tunable diode laser gas analyzer fgONvere inves-  Njtrous oxide (NO) is the greenhouse gas with the highest
tigated. Two datasets (Sorg, Denmark and Kalevansuo, Fi“greenhouse warming potential over a long period (100 years).
land) from different measurement campaigns including sub-Thjs is about three hundred times larger than that of carbon
canopy flux measurements of energy and carbon dioxide argjoxide (IPCC, 2001). Microbial activity in soil ecosystems
discussed with a focus on selected quality control aspects and the major source of D to the atmosphere (IPCC, 2001).
flux error analysis. Although fast response trace gas analyzagricultural soils are the major sources ob®, however,

ers based on spectroscopic techniques are increasingly US%‘ife to their large areal coverage, forest soils have a substan-

of EC fluxes is still limited, and some assumptions have t0g|  1994: Kesik et al., 2005).

be made for filtering and processing data. ThgONcon-
centration signal was frequently dominated by offset drifts
(fringe effect), which can give an artificial extra contribu-
tion to the fluxes when the resulting concentration fluctua-
tions are correlated with the fluctuations of the vertical wind
velocity. Based on Allan variance analysis of theONsig- (Neftel et al., 2009)
nal, we found that a recursive running mean filter with a o’ '

time constant equal to 50s was suitable to damp the influ- "€ EC method is routinely used in many micrometeo-
ence of the periodic drift. Although the neb® fluxes over ~ rological sites worldwide to measure @@nd RO fluxes

the whole campaign periods were quite small at both site@bove and below forest canopies, thanks to well established
(~5ugNnr2h-1 for Kalevansuo and- 10 ugNn2h-1 methodologies (e.g. Aubinet et al., 2000), based upon long

for Sora), the calculated sub-canopy EC fluxes were in good€'™ Stability of the fast response g@nd water vapour anal-

agreement with those estimated by automatic soil chamberd/S€rs and high signal-to-noise ratios of sampled concentra-

However, EC NO flux measurements show larger random tions. In case of MO it is not straightforward that these re-
uncertair;ty than the sensible heat fluxes. and classificatioﬁ‘u"eme”ts for reliable estimations of EC fluxes are fulfilled

according to statistical significance of single flux values in- 25 Well. Up to now only a limited number of EC mea-
dicates that downward 20 fluxes have larger random error. surements have been reported in literature and they have been
mainly carried out in agricultural soil ecosystems (Smith et

al., 1994; Wienhold et al., 1994; Christensen et al., 1996;
Laville et al., 1997; Scanlon and Kiely, 2003; Neftel et al.,
2007; Kroon et al., 2007), and forest soil ecosystems (Pih-

Correspondence td: Mammarella latie et al., 2005; Eugster et al., 2007). Large uncertainty
m (ivan.mammarella@helsinki.fi) and temporal variability of EC pD fluxes, reported by these
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Due to recent development of fast respong®Mnalyzers
based on spectroscopic techniques like tunable diode laser
(TDL) and more recently quantum cascade laser (QCL) spec-
trometers, the eddy covariance (EC) method is how suitable
for measuring long-term and spatially integrategNfluxes
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studies, are related either to biogeochemical soil processeemperature 8C. The forest is located in a flat terrain and
and/or several systematic and random error sources of thextends 1km in the east-west direction and 2km in north-
EC measurements. J® emissions are episodic in nature, south direction. The beech trees are 25 m tall, but the for-
showing high spatial and temporal variability, due to large est also contains scattered stands of conifers. The mean
variation in soil properties such as soil moisture, availabil- leaf area index (LAI) for the main footprint of the forest
ity of nitrogen and easily decomposable organic matter (Am-is 5n?m~2. The LAl is approximately constant between
bus and Christensen, 1995; Pihlatie et al., 2005; Silver et al.June and September and drops slowly during the autumn.
2005). Emission bursts of short duration, typically occur- During the campaign EC pO fluxes were measured in the
ring after fertilizer application, or associated to thawing and sub-canopy layer at 3 m height above the forest floor by us-
rain events (Flechard et al., 2005, Kroon et al., 2007, Pihlatieng a small mast. The EC system consisted of a 3-D sonic
et al., 2009), are followed by long periods of small fluxes, anemometer (Solent 1012, Gill) and a TDL gas analyser
when also uptakes of /0 have been reported (Flechard et (TGA 100, Campbell Scientific Inc.). Soil XD fluxes were
al., 2005). Moreover the performance and stability of fastalso obtained by using chamber technique. More details on
response BO gas analyzer strongly depends on the instru-the chamber setup and data processing are given in Pihlatie
mental drift, which typically characterizes TDL and QCL et al. (2005).
spectrometers (Werle et al., 1993; Nelson et al., 2002). Previ- The second measurement campaign was conducted during
ous studies performed under field conditions (Eugster et al.the spring 2007 (25 April to 27 June) at a Kalevansuo drained
2007; Kroon et al., 2007; Neftel et al., 2009) already notedpeatland forest. The site was located in southern Finland
that the laser drift can cause an over or under-estimation o{60°39 N, 24°22 E), where the mean annual precipitation
EC flux. However they did not perform a thorough investi- is 606 mm and the mean annual temperature i$@.3The
gation on the effect of the drift on the calculated flux values. canopy height is about 16 m, the tree stand is uneven and un-
In this case study we explore the limits of eddy covarianceclosed, and consists mainly of Scots piRi{s sylvestrif..)
flux measurements of /0 by using state-of-the art equip- with some small-sized Norway sprucei¢ea abied..) and
ment. We present a detailed discussion of the main errodowny birch Betula nanain the gaps near ditches. The total
sources and uncertainties of EG® fluxes measured by a LAl is approximately 2mm~—2. EC measurements of GO
commercially available TDL spectrometer (Campbell Scien-H>0 and NO fluxes were performed at 4 m height above the
tific Inc.) within two different forest ecosystems, a beech for- forest floor. Sub-canopy CGand HO fluxes were measured
estin Sorg, Denmark, and a Scots pine forest in Kalevansudjy a Li-7500 Open-Path Infrared G0 Gas Analyzer
Finland, during two distinct measurement campaigns. Both(Li-Cor Inc.) and a CSAT3 Sonic Anemometer (Campbell
field campaigns were carried out in the trunk space layerScientific Inc). EC measurements op® fluxes were con-
EC system performances are investigated by using the Allamucted at the same mast using the same CSAT3 anemome-
variance concept (Werle et al., 1993). We explored the effecter and a TDL spectrometer (TGA-100A, Campbell Scien-
of instrumental drift of the MO signal on the EC flux, and we tific Inc.). Soil fluxes of NO were also measured by en-
proposed a criterion for selecting a suitable time constant otlosure method using automatic and manual chambers. The
the high pass filter, which is a necessary method to be appliedine automatic chambers sampled and analyzed continuously
in order to remove the drift. Flux error analysis, traditionally by gas-chromatography were located approximately 100 m
used in the micrometeorological community for energy andsouthwest from the sub-canopy EC mast. More details on
COy, fluxes, are discussed and applied tgONlux measure-  chamber setup and data processing are given in Pihlatie et
ments, in order to identify uncertainty of fluxes caused byal. (2009).
instrumentation problems and systematic as well as random The TDL system used in both sites consists of a tempera-
errors. Finally for validation purposes we compare the ECture and current controlled single mode diode laser, tuned to
fluxes with those obtained by soil chamber technique. Recan infrared NO absorption band and mounted in a liquid ni-
ommendations how to treat data for post-processing are derogen Dewar. Concentration measurement was achieved by
rived from the assumption that below-canopy EC flux mea-passing the infra red laser beam through the sample and ref-
surements should match the temporal pattern and magnituderence cells. The reference gas (2000 ppi®from a steel
of chamber flux measurements, although also chambers amylinder) was drawn through the reference cell under same
prone to systematic errors. temperature and pressure conditions as the sample air in the
sample cell (see Table 1 for temperature and pressure val-
ues). The sample air was drawn to the TDL analyzer with
2 Site description and measurements a Busch rotary-vane pump (RB0021-L) via a diffusive dryer
(PD1000, Perma pure Inc.) to remove excess water vapour
The first measurement campaign was conducted from 2 Mayhat could infer the analysis. Sample air leaving the dryer was
to 5 June 2003 in a 87 year old beefhdus sylvaticd..) for- directed to the TDL analyzer via 10 m long Teflon tubing (in-
est near Sorg on the island of Zealand, DenmarRZ8N, ner diameter 4 mm) for Sorg and 4 m for Kalevansuo (inner
11°38 E). The annual precipitation is 650 mm and the meandiameter 4.25 mm). The total volume of the inlet system was
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Table 1. The setup details of the two EC-TDL systems.

429

Site Kalevansuo

Sorg

Sonic anemometer
N»O analyser TGA 100 A — Campbell
CO, and B0 analyser Li-Cor 7500

Inlet height 4m

N>O sampling tube PE aluminium composite

CSAT3 — Campbell

(synflex 1300)
Length 4m
Outer/inner diameter 9.75mm/4.25 mm
Dryer 142 cm Nafion dryer

(PD1000, Perma pure Inc.)

Sample cell (length) 1.5m
-volume 480 ml
-flow 15slpm
-pressure 50 mbar

0.095s (1.67 Hz)

Solent 1012 - Gill
TGA 100 — Campbell
3m
PTFE Teflon

10m
6 mm/4 mm
142 cm Nafion dryer
(PD1000, Perma pure Inc.)
1.5m
480 ml
14 slpm
70 mbar
0.14s (1.12Hz)

-sampling cell response time
(effective bandwidth)

Horizontal spatial separation
between sonic probe anb® inlet

Pump

0.15m 0.1m

Busch rotary-vane pump
(RB0021-L)

2000 ppm in reference cell
(Oy Aga Ab, Linde Gas)

Busch rotary-vane pump
(RB0021-L)

2000 ppm in reference cell
(Messer Griesheim, Germany)

Reference gas

approximately 0.241 and that of the sample cell 0.481. The All signals were detrended for removing the average val-
sample flow rate was 14 | mint for Sorg and 15 | min? for ues and trends. As a first step a linear detrending (LDT)
Kalevansuo experiment. The residence time in the sampl@rocedure was used. However, theONsignal measured
cell was approximately 0.1s, which is sufficient to provide by the TDL gas analyzer was frequently dominated by low
the necessary exchange time for flux measurements. frequency noise, which is mainly due to optical interfer-
During the measurement period, pressure inside the sarence fringes (Campbell TDL Reference Manual; Hernandez,
ple cells was kept constant at approximately 70 mbar for Sord 986; Werle et al., 2004; Brodeur et al., 2008), and in turn
and 50 mbar for Kalevansuo and at both sites the measurdhas strong effect on the system performance and the flux de-
ments were conducted at 10 Hz frequency. The TDL used atection limit. The movement of the fringes (and thus the
Sorg was calibrated once during the measurement campaigghange in the BO offset) is influenced by the instrument
using zero and span (290.3 ppb® calibration gases, while temperature (Smith et al., 1994), and it can contaminate the
at Kalevansuo the factory calibration was used. The setup deflux in the case that 1) these offset drift changes are faster
tails and operational parameters according to the data she€pmpared to the eddy correlation averaging time and 2) the

of the two EC-TDL systems are summarized in Table 1. resulting concentration fluctuations are correlated with the
vertical wind velocity fluctuations. In order to suppress the
instrumental drift and its potential effect on the estimated
flux values, the MO flux was also calculated after apply-
ing an autoregressive running mean filter (RMF, McMillen,
1988) to the sampled signals. Although this approach was
adopted previously for post-processing drifting concentra-
. . tion signals (Billesbach et al., 1998; Kormann et al., 2001;
The EC fluxes were calculated as 30 min co-variances beg . o "o al., 2007), the choice of the high pass time con-

tween the scalars and vertical wind veloc_lty according Ogtant is not straightforward and objective selection methods
cqmmonly accepted procedures (e.g. Aubinet et al, 2000), 6 rare in literature (Werle, 2009). Methods based on signal
Prior to qalculatlng the turbulent ﬂ.u xes a 1-D rotation (Mmean, o-correlation coefficient and spectral analysis likely fail to
lateral wind equal to zero) of sonic anemometer wind COM- ;o 4 reliable estimation of the timescale at which the drift

ponents and filtering to eliminate spikes were performed 8C%effect becomes important, because of non-stationarity nature
cording to standard methods (Vickers and Mahrt, 1997). P ' y

3 Methods

3.1 EC measurements: data processing and corrections
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of the low frequency signal noise. In this study we used the3.2 Random error of flux estimates
concept of the Allan variance (see Appendix A), as proposed
by Werle et al. (1993). This technique is a valuable tool to The time-averaged co-varianegc’ is a random variable es-
assess the precision and stability of TDL spectrometers antimated over a finite realisation and its average departure
has been used to get an estimate for the time constant for thigom the ensemble averagew'c’ > is presented by the ran-
running mean filter as described in Sect. 4.1. dom errord F, which is a measure of one standard deviation

The lag time between the J® signal and vertical wind  of the random uncertainty of turbulent flux observed over an
speed was determined by maximizing the correspondingaveraging period” (Lumley and Panofsky, 1964, Lenschow
cross-covariance function, using a procedure similar to Pih€t al., 1994). The random erré# associated withw'c’ is
latie et al. (2005). The measured®llag time was about 1s generally due to stochastic nature of turbulence and instru-
for Kalevansuo and 2 s for Sorg. mental noise.

Systematic flux underestimation due to the system char- The random erro F of turbulent flux observed over an
acteristics results from physical limitations in the sensor re-averaging period” was evaluated according to Vickers and
sponse times, separation distances between the sonic probéahrt (1997)
and the gas inlet, size of the sensors, the use of sampling _12
line filters, and the sampling tube dimensions. Therefore, F=opN @)
these Iimitatiops concern on]y the high frequency band OT the\Nhere the period” (30 min) is divided into N=6 sub-records
scalar. flulctuatlons. All ment|or_1ed effects gould be de;cnbe ndoy= (< F2 > — < F; >2)/2 is the standard deviation of
quantitatively by trqnsfer functions according to Moncrieff et the sub-record average fluxés (i =1 ... N), where< >
al. _(1997) and A_ublnet et al. (2000) an_d the flux loss can bedenotes averaging over N sub-record values.
estimated by using cospectral correction method (Moore et
al., 1986; Horst, 1997, Eugster and Senn, 1995, Mammarella
etal., 2009). In this study under the assumption of cospectral, Results
similarity between fluxes of C£ N,O and sensible heat, all
fluxes were corrected for low-pass filtering effects by using4.1 TDL system stability and performance
an empirical cospectral model (derived from sensible heat
cospectra) and theoretical transfer functions. The ability of performing EC flux measurements by using the

Cospectra of sensible heat, g@nly for Kalevansuo) and EC-TDL system depends on the accuracy and stationarity of
N2O were calculated using fast Fourier transform (FFT) onthe NO signal measured by the TDL spectrometer. More-
segments of ¥ data points (about one hour periods). In or- over the system needs to operate continuously under chang-
der to reduce the random uncertainty, the single cospectrang environmental conditions in the field. In order to investi-
were ensemble averaged according to atmospheric stabilitygate the short term stability of theo® gas analyzer, the sys-

In order to quantify the high frequency flux loss, a below tem was evaluated in the laboratory by sampling a constant
canopy cospectral model was empirically derived by fitting source of NO from closed laboratory room. The flow sys-
the sensible heat cospectra goto this simple functional tem was the same than what was used in the field, resulting

form: in similar sample flow and cell pressure. An Allan variance
L (it analysis was performed to the;® concentration measure-

fCows n n \2* A (%) ments and the 10 Hz noise level (std) of TDL was estimated

00 = o 1+m (E) 1) to be 1.5 ppbv, which is in line with the system specifications

from the manufacturer. A typical drift timescale (defined as

where f is the natural frequency in Hz= fzZ/U is the nor-  the minimum of Allan variance) for the TDL used in this
malized frequency; the EC measurement levél,the mean  study was also determined in the lab, and it is about 120s.
wind velocity,m is the inertial slope parameter (which should Nelson et al. (2004) found a Allan variance stability time of
be equal to 3/4 in order to get the4/3 inertial sub-range about 100 s for BO and 200 s for Chifor the Aerodyne Re-
power law of the cospectruiCo,y), 1 is the broadness pa- search pulsed QCL spectrometer.
rameter anan, is the normalized frequency at which the log-  The spectrometer stability can be definitely worse under
arithmic cospectruny Co,y attains its maximum value (Lee field conditions, where the temperature changes cannot be
et al., 2004). The measured sensible heat cospectra were fifdlly controlled as in a laboratory environment. Moreover ad-
ted to the Eqg. 1 by non-linear regression obtaining the parameitional low frequency drift in the scalar concentration may
etersm, u andn,, The results are discussed in Sect. 4.2. be due to non-stationarity of the atmospheric signal. Dur-

The correction for density fluctuations (Webb et al., 1980) ing both measurement campaigns, TDL systems were inside
was not necessary forJd® flux measurements because mois- a box and the insulated enclosure cover, recommended by
ture has been removed by using a high flow sample dryethe manufacturer, was used in order to dampen diurnal tem-
in the system (PD1000 Nafion® dryer, Campbell Scientific, perature variations. We frequently observed slow variations
Inc., Logan, UT, USA). in the NbO concentration signal, which cannot be related to
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Fig. 1. Example of 1 h time series ofJD concentration measured at Kalevansuo (18 May 2007, 15-16 h) and Sorg (15 May 2003, 12-13 h),
showing the effect of optical interference fringesafdb). The sonic temperature signals are also displayed for compadsor(l). Dark
lines represent linear trend (LDT) and running mean (RMF) with different time constant applied to the data.
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Fig. 2. (a)and(b): Allan variance plot of NO and sonic temperature time series displayed in Fig. 1a, ¢ (Kalevansudaitd(d): The
corresponding normalized spectral densities. Lines show the slope of different domains characterizing the signals (see the text).

non-steady-state conditions of turbulent motions, since othethe influence of low frequency drift to the® signal. By us-
scalars were not affected, but they are mainly caused by laseng larger time constants (100 and 200 s), the running mean
drift. An example is given in Fig. 1, where one hour of®  tends to lag with respect to the actual trend. Instead, the tem-
and sonic temperature signals, measured at Kalevansuo amprature signal measured at both sites is not affected by the
Sorg, are displayed. The,® concentration signal has a same kind of low frequency noise, and a simple LDT oper-
wave-like shape, which is not properly removed when us-ation was suitable. Figure 2 shows the corresponding Allan
ing a LDT operation. For this case we found that a recursivevariance and FFT spectra ob® andT signals measured at
high pass filter with a time constant of about 50 s suppresseKalevansuo. In the lower part of Fig. 2 we can see that there
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Table 2. Fitting parameter values of cospectral model (Eq. 1) ap- al., 197_2)', an.d the transfer of energy from the production
plied to sub-canopy sensible heat cospectra measured during day the dissipation scales follows a slope equal to abdu®4

time at Kalevansuo and Sorg site. for Sorg and—2 for Kalevansuo (Table 2). Similar result
was obtained by Amiro (1990) inside three different types
Parameters m Inertial sub-rangex im of forest canopies (aspen, pine and spruce). The average
slope (m+1)/m value of the normalized frequenay, is smaller for Sorg

(0.073) than the one estimated for Kalevansuo (0.12). This
difference is likely due to the different height of the canopies
(25vs. 16 m). In the roughness sub-layer the scalar transport
is dominated by coherent structures (ejection-sweep cycle),
whose typical length scales are proportional to the canopy
is a correspondence between the sleéthe FFT spectrum  heights. (Kaimal and Finnigan, 1994). Hence the differ-
and the slop¢8 of the Allan variance, e.qt = (-8 —1). For  ence inn, between the two sites could be explained just
example,a =0 corresponds with = —1 for white noise, defining a new normalized frequeney,, = n,; he/z = fn
anda = —3 corresponds witl$ = 2 for a linear drift (Werle &/ U (here we should acknowledge that a general scaling for
et al, 1993). the spectral peak would imply to use the wind velocity mea-
The N,O Allan variance (Fig. 2a) indicates that the signal sured at the canopy tog,. instead ofU, but unfortunately
is dominated by white noise up to about 5s and it starts toneasurements @f,. were not available for these sites). Us-
drift after 50s. Both regimes are clearly observable in theing the canopy height. instead of the measurement height
time domain (Allan variance) as well as in the frequency do-z, the normalized frequency values at which the cospectra
main (spectrum), and they are identified by the correspondpeak, occur at 0.6 for both sites, which indicates that the
ing slopesr andB. For comparison the temperature does notmost energetic eddies scale withand that for the selected
show any such drift at large timescales (low frequencies), bucases the ratio&,./U are invariant between the two sites.
mainly consists of two domains: an inertial sub-range and aWhile such a simple cospectral model described very well
domain showing a slopg =0 (x = —1), likely related to in-  the sensible heat cospectra measured during daytime, it was
active turbulent eddies (Katul et al., 1998), penetrating downfound unsuitable for fitting the night-time measured cospec-
into sub-canopy layer. It seems that the low frequency rangdra, which were often characterized by larger uncertainty as a
of the NbO signal « 0.02 Hz) is mainly dominated by instru-  result of multi-scale non-stationary processes usually affect-
mental drift, which can give an artificial extra contribution to ing the night-time scalar transport in the sub-canopy layer
the fluxes when the resulting concentration fluctuations ardCava et al., 2004).
correlated with the fluctuations of the vertical wind velocity. The NbO cospectra (Fig. 4b and d) show more random
For all analysed cases, when theQNsignal was dominated Vvariability especially in the low frequency range, where con-
by a fringe effect, we found that a high-pass filter time con- tributions with opposite direction to the total covariance are
stant of 50 s was suitable to damp the influence of the periimeasured and the effect op@ signal drift is clearly evident.
odic drift. Instead at higher frequencies the®lcospectra behave sim-
The same analysis was done with SorgONtime series  ilarly to the sensible heat, except that they show a damping
and similar results were found, as shown in Fig. 3. Howevereffect at the end of the inertial sub-range, as discussed in the
the fringe effect was observed less frequently during the Sorgollowing section.

campaign and mainly during the first half of the measuring
period. 4.3 Flux systematic error

Kalevansuo 1.004 2 0.84 0.122
Sorg 1.06 1.94 1.02 0.07

4.2 Cospectra In order to assess the applicability of the cospectral trans-
fer function method in the sub-canopy layer, we simulated

The empirical cospectral model (Eq. 1) was fitted to the sendirst the high frequency loss of Gdlux, whose measured
sible heat cospectra, measured at both sites during daytimeospectra show less random uncertainty than those,&f N
conditions. The averaged frequency weighted cospectra ofluxes. At Kalevansuo site the G@lux loss is mainly due to
the sensible heat flux are shown in Fig. 4a and c for Kalevanthe separation distance between the sonic probe and the head
suo and Sorg respectively, and the fitting parameter valuesf the Licor 7500. The effective first-order transfer func-
are displayed in Table 2. Prior to averaging operation, it wastion was also experimentally estimated as a ratio between
established that the fitting parameters were not a function othe measured normalized cospectrum of the,@@d sen-
atmospheric stability under near-neutral or unstable daytimesible heat flux (Mammarella et al., 2009). The normalizing
conditions. factors were calculated over frequencies not affected by at-

In the inertial sub-range the sensible heat flux cospectraenuation (Aubinet et al., 2000). Figure 5 shows the predicted
Co,p measured within the trunk space are less steep thaand measured C{xospectra calculated during daytime and a
the expected surface layer slop&/3(—2.33) (Kaimal et  typical mean value of sub-canopy wind velocity of 0.7Th.s
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Fig. 3. The same as Fig. 2 for the time series displayed in Fig. 1b, d (Sorg site).
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Fig. 4. Ensemble averaged cospectra of sensible heat afdflixes measured under unstable stratification during the Kalevaasaral(
b) and Sorg¢ andd) campaigns. The wind velocity was 0.8 misand 0.6 m5? for Kalevansuo and Sorg respectively. The solid line is the
fitted cospectral model (Eg. 1) and dashed line indicates the theoretical inertial sub-range slope.

Here the predicted cospectra for g@fer to the normal- In the case of the TDL-EC system, the spatial separa-

ized temperature cospectrum damped either by using the etion between the sonic probe and the sample gas inlet to-
fective transfer function or the theoretical ones according together with the TDL optical measurement cell response time
Moncrieff et al. (1997). In all analysed cases, both methodscaused the largest part of the high-frequency underestima-
were suitable for estimating the G@lux loss, which was  tion. Although the NO cospectra measured at both sites are

about 5%. Despite the fact that the within canopy turbulenceremarkably noisier than the previously shown £€spec-

at small scale likely is not isotropic, the high frequency flux trum, the damping of the highest frequencies for Kalevansuo
loss during daytime conditions was rather well simulated ands broadly predicted by the sensible heat cospectra attenu-
predicted by using cospectral correction methods. ated by the appropriate transfer functions (Fig. 6a). For the
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10’ : : : Sorg site (Fig. 6b) the measured®l cospectrum surpris-
ingly does not show similar damping at the high frequency
end. Besides the random uncertainty of cospectral density
estimates, such behaviour is likely related to the EC digital
filter of the TDL system used during the Sorg campaign. In
fact the corresponding XD spectrum showed an “apparent”
—5/3 inertial sub-range at the high frequency end (Fig. 3c),
where we would expect a signal dominated by white noise.

fColcov [-]

10 v v, 3 The resulting flux reduction was less than 10% for both sites.
. ¥ Finally the systematic flux error due to the high pass run-
0= o T p o ning mean filter (RMF) should be corrected by using the ap-
Normalized Frequency propriate transfer function (Rannik and Vesala, 1999) and the

: _ : . fitted empirical cospectral model. However, in practical, we
Fig. 5. Example of normalized cospectra of sensible heat (open Cir4id not include such correction in the final flux values. be-

cle) and carbon dioxide (open down triangle) fluxes measured under - . _
unstable stratification during the Kalevansuo campaign. The soligCause @ COH’GC'[IQI’I would require a priori knowledge about
curve is the fitted cospectral model (Eq. 1) and the plus and croséhe _ms_trumental mterferenc_e structure. Moreover cospectral
symbols are the predicted G@ospectra computed by multiplying similarity does not necessarily apply at low frequency range.
the cospectral model by the theoretical and empirical transfer funcMore research should be done on this issue.
tions for CQ respectively.

4.4 Flux random uncertainty

Random flux error of MO and sensible heat flux measure-
ments were estimated according to Eq. 2 for Kalevansuo and
Sorg datasets. Figure 7 (top panels) shows the frequency dis-
tributions of relative flux erron F =3 F/ F, whereF is the

flux value calculated over the averaging peribe= 30 min.

The relative flux error for MO flux is larger than the one
estimated for sensible heat flux. For both fluxes the rela-
tive random uncertainty decreases with increasing flux mag-
nitude. Moreover, in case of JO fluxes the relative errors
are larger for negative flux values. This result indicates sta-
tistically less significant values in case of downward fluxes.
Recently, Kroon et al. (2009) presented a detailed analysis of
random and systematic uncertainty of@®Iflux measured by

the EC technique. The random uncertainty, which accounted
for 90% of their estimates of the total uncertainty, was cal-
culated according to the error analysis introduced by Lumley
and Panofsky (1964) and Wyngaard (1973),

8o =+/ 275/ T)oy 3)

fColcov [-]

fCo/cov [-]

w0l ] whereT is the averaging period (e.g. 30 min), andzty are
| the standard deviation and the integral time scale of instan-
10°5 = o Lo , taneous fluxp = w’c’. Error estimates given by Eq. (2) and
10 10 10 10

Eqg. (3) are two different methods to estimate the same flux
random error, and their values are expected to be approxi-
Fig. 6. Example of normalized cospectra of sensible heat (open cirmately the same (Rannik et al., 2009). A crucial point in us-
cle) and O (down triangle) fluxes measured under unstable strat-ing the Eq. (3) is to give a reasonable estimateofwhich
ification during the(a) Kalevansuo angb) Sore campaigns. The  can pe numerically calculated from the autocorrelation func-
solid curve is the fitted cospectral model (Eq. 1) and the dash-dotte(i!iOn of the time series (Rannik et al., 2009). However, in
line is the predicted HO cospec_tra computed by _multlplylng the practical applications of Eq. (3}, is often assumed to be
cospectral model by the theoretical transfer function foONThe .

gpproxmately equal ta/U (Wyngaard, 1973; Pryor et al.,

2008).

10
Normalized Frequency [-]

open and closed down triangles refer to positive and negative value
respectively.
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bar) the random flux error criterioh F < 1.
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Fig. 8. Daily mean of MO fluxes measured by eddy covariance (top and middle panels) and automatic chambers (AC, bottom panels) during
April-June 2007 at Kalevansuo pine forest and during May 2003 at Sorg beech forest. Eddy covariance fluxes are calculated by using linear
detrending (EC-LDT) and running mean filter (EC-RMF). Error bars stand for standard error of the mean.

Although Kroon et al. (2009) used a different laser spec-nitude, we select a flux range of 40-130 pug Nvh~1 (the
trometer (model QCL-TILDAS-76, Aerodyne Research Inc., highest 30 min values measured at Kalevansuo), which corre-
USA), it is possible to compare the relative flux uncertain- sponds to the low flux range of 15-35 ng N~ reported
ties estimated in this study and by Kroon et al. (2009), undeby Kroon et al. (see their Table 3). For these flux values
the assumption that the main error sources are approximatelthe average amount of relative random error, estimated for
the same. Since the relative flux error depends on flux magKalevansuo, is about 76%, which is much smaller than the
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Table 3. Mean and median fluxes of JO measured by eddy co- 4.5 Comparison with chamber fluxes

variance (EC) and automatic chambers (AC) in Kalevansuo during L .
25 April-26 June 2007. Al fluxes are in ug NTAh—L. For validation purpose, EC JO fluxes (corrected for high

frequency loss) were compared to the soilNflux rates si-

multaneously measured by automatic chambers during the
Kalevansuo Mean (stde) Median (25th/75th perc) field campaigns (see Pihlatie et al., 2005, 2009). Chambers
were located 50 m northwest and 100 m southwest from the

N,O_EC (LDT) 1.13(1.38)  1.2845.14/8.73) i . i
N50.EC (RMF) 3.24(0.5) 2,54 (0.2/5.1) gub canopy EC mast for Sorg and Kalevansuo site respec
N,OEC (AF|<1) 459 (0.96) 4.33(0.32/7.1) tively. _ o

N,O_AC 453(0.03) 4.22 (3.28/5.04) Both of the measurement sites have limitations in a true

method comparison between the EC and chamber fluxes. In
Kalevansuo the automatic chambers were located slightly
outside the estimated footprint area of the EC system (see

value of 308% measured by Kroon et al. (Note that this value*PPendix B). However, as the vegetation and soil charac-
refers to 90% of the total uncertainty reported in their Ta- teristics around both the automatic chambers and the sub-

ble 3). Such large difference of the estimated relative ran-c2N0PY EC mastwas very similar, we can compare the fluxes

dom errors is probably related to the parameterization thaPPtained by these two methods. In Sorg, the automatic cham-
Kroon et al. (2009) used for the integral time scale in the ber was well within the footprint area of the EC system, how-

Eq. (3), e.9.7y = 10c/U, which differs by a factor of 10 ever, as there was only one big automatic chamber, the com-
with respect to that mentioned above. Accounting for theParison between the two methods is uncertain due to the high

square root of this factor, the random uncertainty estimategPatial variability in NO emissions at the measurement site
by Kroon et al. (2009) would be 97%, which is of the same (Pihlatie et al., 2005). o
order of magnitude of the one we estimated in Kalevansuo. N order to smooth out the run-to-run variability and fur-

Then given the respective average flux magnitudes (18 an§€r reduce the flux random uncertainty, it is a common pro-
25ngNnT2s71) in the selected range, the 30 min absolute cedure to compare ensemble averaged flux statistics.

uncertainty is 12 ng N m? s~1 (equals 43 ug N m2 h—1) for Comparison of daily mean values of EC and automatic
Kalevansuo and 23 ng N4 s~ for Kroon et al. (2009) EC chamber fluxes for Sorg and Kalevansuo are reported in
measurements. Fig. 8. Top panels show EC fluxes calculated after apply-

In evaluation of average flux statistics, classification ac-Ng @ standard linear detrending operation to 30 min runs

cording to some threshold value of relative flux error is done.Of N2O and vertical wind velocity signals (EC-LDT). In
For example, by usingA F| < 1, which means that for such middle panels a recursive high pass filter with a time con-
subset the fluxes are with probability 68% within one stan-Stant equal to 50s was applied prior flux calculation (EC-
dard deviation from the mean, as criterion to select the fluxetMF). For Kalevansuo site EC-LDT fluxes are randomly
with higher confidence level (ie. with smaller random errors), distributed highly scattering around zero, which can mainly
the frequency distribution of O flux values changes (less Pe€ related due to the X0 signal drift. The Sorg EC-LDT
downward fluxes) as shown in the bottom panels of Fig. 7.luxes show less scattering, but unexpected higid Nip-
However, we should acknowledge that the soiNuptake ~ take ratesx 10ugNnT=h™") for some days. The randomly
seems not merely a result of random stochastic effect of flu}arge scattering are significantly reduced in EC-RMF fluxes
values, as approximately 38% of 30 min downward ﬂuxes(espeQally in Kalevansuo), which are'comparable with the
for Kalevansuo and 12% for Sorg are statistically significantMagdnitude of chamber fluxes at both sites. A comprehensive
(larger than the estimated random flux eréaf), which is ~ @nalysis of temporal variability of 0 emission and envi-

in line with other studies reporting on occasional or evenfonmental dr|V|.ng fgctors is reported in Pihlatie et gl. (2005)
constant NO uptake in forest and agricultural ecosystems for Sorg and Pihlatie et al. (2009) for Kalevansuo site.

(e.g. Goossens et al., 2001; Butterbach-Bahl et al., 1998; Mean and median values of EC fluxes calculated over
Rosenkranz et al., 2006; Pihlatie et al., 2007; Chapuis-Lardyh€ entire campaign periods with different methods (LDT
et al., 2007; Neftel et al., 2007). Thereby® uptake often  ©OF RMF) and selected according to confidence level criteria
occurs under conditions of low nitrogen availability, which is (AF) are compared with the automatic chambers flux statis-

especially true for the drained peatland forest site Kalevanfics (Tables 3 and 4). In most of the cases the mean and me-
suo (Pihlatie et al., 2009). dian values of EC fluxes were smaller than the corresponding

values by the automatic chamber (AC) technique, however
showing a larger statistical uncertainty and dispersion as in-
dicated by the mean standard error (stde) and the 25th/75th
percentile values respectively. The EC flux statistics from
the distribution of 30 min flux calculated by LDT method
show the largest departure from the AC flux statistics. For
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Table 4. Mean and median fluxes of JO measured by eddy co- further tests in the figld are needed to assess the efficienqy.
variance (EC) and automatic chambers (AC) in Sorg during 3 May—On the other hand, this case study has demonstrated that sig-
31 May 2003. All fluxes are in pgNTeh=1, nal processing strategies are still a key issue to assure the
quality of trace gas flux measurements based upon such com-
plex systems (Werle et al., 2004). In this context, the concept
Sorg Mean (stde) Median (25th/75th perc) of the Allan variance is a valuable tool to characterize sys-
tem stability and in the time domain it provides similar infor-

NO_EC (LDT) 4.01(0.3)  3.44(1.1/7.2) . o .
N2O_EC (RMF) 479 (0.7) 3.61 (2.5/5.1) mation as spectral analysis in the frequency domain. It was
N20:EC (AF| < 1) 7.'2 (0.4) 5_'33 (3,'8/3_'0) found that during post sampling data processing a high-pass
N,O_AC 9.85(0.12) 9.6 (7.55/12.53) filter time constant of 50 s was able to reduce the fringe ef-

fect. The LDT method and RMF method with time constant
> 100s (not shown here) lead to increased scatter in fluxes
during periods characterized by low frequency variability in

Kalevansuo dataset the LDT based estimate s® Nmis- concentrations, mainly due to instrument drift.
sion inpgNnT2h~1 was 1.13 (stde=1.38) as mean value Flux error analysis, traditionally used in the micromete-
and 1.28 (25th/75th percentiles =5.14/8.73) as median  orological community for energy and G@luxes, has been
value, while the corresponding statistics for Sorg were 4.01applied to MO flux measurements, in order to identify uncer-
(stde=1.2) and 3.44 (25th/75th=1.1/7.2). The weak signifi-tainty of fluxes caused by instrumentation problems and sys-
cance of LDT flux statistics is due to randomly large valuestematic as well as random errors. Although for our EC mea-
frequently observed (especially for Kalevansuo) during peri-surement systems systematic errors due to low pass filter ef-
ods characterized by low frequency variability in®con-  fects of measured fluxes were rather small, we demonstrated
centrations, mainly due to the instrumental drift. The RMF that the cospectral transfer function method is a suitable ap-
method reduces the scatter and variability of the fluxes, and aeroach for correcting fluxes measured within canopy layer.
the same time producing an increase of the estimated averageC N2O flux measurements showed larger random uncer-
N,O emission, which is notable in Kalevansuo and relatively tainty than the other measured EC fluxes, and classification
small in Sorg dataset. Again this suggests stronger effects giccording to statistical significance of single flux values in-
optical interference fringes during the Kalevansuo campaigndicates that downward 4O fluxes are associated with larger
For further validation and comparison purpose, the meafandom errors. Finally we demonstrated that the estimated
sured 30min fluxes were conditionally selected accordingRMF fluxes show less scatter and random variability com-
to the estimated values @f F. Here we used a threshold, pared to LDT based fluxes, and they are in better agreement
IAF| <1, noting that for a Gaussian distribution 68% of with the N;O fluxes resulting from automatic soil chamber
data values is withind= 1o of the mean. Despite the fact measurements.
that 30 min downward BD fluxes are only partly removed
by such criterion (Sect. 4.4), at both sites ensemble EC flux
statistics get closer to the whole period net flux values esti- )
mated by automatic chamber technique (Tables 3 and 4). APPendix A

Allan variance analysis
5 Conclusions

The Allan variance plot is a graphical data analysis technique
EC measurements of JD fluxes with today’s commer-  for examining the low-frequency component of a time series.
cially available trace gas analyzers fo® are still a chal-  Generally this technique is applied with lab calibration gas
lenge, and careful consideration of instrument performancen order to assess the system precision and stability, which
is needed. Moreover, for this case study, the special condiphviously will depend on the drift of the instrument (Werle,
tion of turbulent trace gas measurements in the forest trunk09). For an illustrative purpose, let's to consider a simu-
space requires an in-depth assessment and evaluation of thged data time-serie¥;,i = 1,...,N with N=2 (g is a posi-
data obtained. Therefore, the focus of this paper was oRjve integer), represented by=a +bt+WN, wherea = 320
quality control aspects related to data processing as well ag the offset,h = 2 is a linear drift coefficient; = i/N and
an error analysis related to flux sampling. With respect toywN is a white noise (Gaussian) distribution with zero mean
data processing, our results highlight that fringe effects in theand variance equal to 0.1 (top panel of Fig. A1). The Allan
N20 signal, measured by TDL spectrometers (TGA100 andyariance for each “scale’=1,..., N/2 is defined as:
TGA100A, Campbell Scientific Inc.), can have a strong im-
pact on the quality of the §O EC flux values. Although an

. . 1 m—1 2
active therr_nal contr_ol of th(_a TDL encl_osure in theory could o2(k) = Z [As2(0) — As(6)] (A1)
help to partially eliminate this effect (Billesbach et al., 1998), 2(m—-1) =
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Fig. Al. Top panel: Simulated time series data containing white noise and a linear negative drift. Bottom panel: Allan plots of the simulated
data, computed by Eq. Al (solid line) and by Eqg. A3 (dashed line).

wherem = N/k is the number of subsamples and i& the ~ Appendix B
time-average of the sign&l over subsample periodof size
k, given by Footprint analysis

1 Footprint analysis for the Sorg site was already published by
As (k) = EZX(SHP) (A2) Pihlatie et al. (2005) and it is not repeated in this study. Ac-
r=1 cording to Pihlatie et al. (2005), the area contributing 85% to
Assuming that the time series data is sampled at constarihe EC flux lies within 60 mx/ k. = 2.4) around the mea-
sampling frequencyy, then the time =k/f is the integra- ~ surement mast.
tion time or the averaging time of subsample periods under At Kalevansuo site footprint functions for passive trac-
the assumption that no dead time losses due to signal preers released from the forest floor were calculated with the
cessing occurs (Werle et al., 1993). forward Lagrangian stochastic model as described by Ran-
According to Percival and Guttorp (1994), the Allan vari- nik et al. (2000, 2003). The model predicted the horizontal
ance at scalé is directly related to the variance of the Haar distribution of the surface sources of the flux measurements
wavelet coefficients at the same scale. Then an alternativéor three selected wind direction (WD) sectors (140WD

estimator for the Allan variance is <190, 190¢ < WD < 240 and 240 < WD < 32(°) and
N 2% for two stability classes (near-neutral and unstable condi-

82(k) — E Z 42 (A3) tions, defined for values gf.| > 200 and—200< L < O re-
a N = Ik spectively, wherd. is the Obukhov length measured above

canopy). As fluxes and characteristics of turbulence were

Where d; ;. are the wavelet coefficients for scalés=  measured only at two heights — one within the canopy and
1,2,4,...,N/2, derived applying the Haar wavelet transform one above — the forms of the profiles of flow statistics were
to the time seriex (Percival and Guttorp, 1994). adopted from the work by Rannik et al. (2003). However, to

The bottom panel of Fig. Al shows the Allan variance account for the actual flow characteristics the profiles were
curves of the simulated time serié§ estimated by using scaled to go through the present observations.
Eq. (A1) and Eq. (A3) as a function of the integration time Estimated footprint functions were rather similar for dif-

The Allan variance decreases as! when white noise  ferent wind direction sectors and they show a rather small
dominates. At longer integration times, the Allan variance influence of stability conditions at the sub-canopy reference
starts to increase, due to the signal drift. If a linear drift dom-height z/h. = 0.25. The upwind distance correspond-
inates, then the increase of the Allan variance obeys®to ing to 85% of cumulative footprint values was about 30m
law. (x/h.=1.87).
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