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Abstract—Nitrous oxide (N,0) fluxes were measured by eddy correlation during a field experiment in
August 1993. The measurements took place on a harvested wheat field located in northwest Sealand
(Denmark). A tunable diode laser absorption spectrometer (TDLAS) was used for N,O detection. The N,O
mixing ratio was sampled at a rate of 10 Hz synchronously with the three-dimensional wind data, air
temperature, water vapour and carbon dioxide (CO,) concentrations. Fast Fourier transform methods were
applied to analyse spectral and co-spectral power distributions and to compute the fluxes from the
covariance functions. Balance of the energy budget indicated adequate frequency coverage of the flux
contributions. Continuous measurements were carried out in half hour intervals during daytime and fluxes
in the range of 40-120 ng Nm~2s~! were obtained. The footprint regions for the individual measurements
were estimated by Markovian trajectory simulations taking into account the atmosphetic stability condi-
tions and wind distributions inferred from the micrometeorological measurements, The influence of
adjoining fields with different crops was evident in the Bowen ratio and CO, flux, but not noticeable in the
N,O fiux. This observation is consistent with supporting analysis of the soil depth dependence of the
nitrous oxide production, which indicates that the major contributions arise from levels below 0.9 m.
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Markovian trajectory simulation.

INTRODUCTION

The tropospheric nitrous oxide (N,O) mixing ratio is
increasing at a rate of 0.2-0.3% per year with a pres-
ent average value of 310 ppbv (Intergovernmental
Panel on Climate Change, IPCC, 1990). Transport
through the tropopause and subsequent destruction
in the stratosphere is the dominant atmospheric re-
moval mechanism, leading to an atmospheric N,O
lifetime of approximately 130 yr (WMO, 1992). With
this long lifetime, the observed N,O rise corresponds
to a 50% increase in the annual global source strength
compared to the pre-industrial period, and a 40%
excess of the present sources over the stratospheric
sink (Prinn et al., 1990). While the major N,O sources
probably have been identified, their individual contri-
butions to the global budget remain highly uncertain
(Houghton et al, 1992). Emissions from cultivated
soils are the most poorly understood, both in terms of
their global source strength and the underlying micro-
bial processes leading to N,O production.

Recently, trace gas sensors providing sufficient ac-
curacy and temporal resolution to quantify N,O

emissions by eddy correlation flux measurements
have become available (Hargreaves et al., 1994a;
Wienhold et al., 1994). In contrast to the commonly
used chamber technique, the eddy correlation method
derives the vertical turbulent flux density Fy of the
target species X at the measurement point from the
covariance between the vertical windspeed w and the
trace gas concentration px: Fx = w'px. (Businger,
1986; Fowler and Duyzer, 1989). The primes indicate
the deviations from the mean values (fluctuations),
while the overbar denotes the time average. This re-
sults in a direct flux measurement in the sense that no
further assumptions on turbulent atmospheric diffu-
sion are required. The measurement point is located
at a certain height inside the turbulent boundary layer
downwind of the source region to be investigated, and
therefore the measurement process itself does not in-
terfere with the trace gas source, avoiding possible
systematic errors. The method has the desired prop-
erty of integrating the spatial variations of the emis-
sions over a representative region, the size of which
depends on the measurement height. However, atmo-
spheric transport has to be stationary to ensure that
the surface flux equals the flux detected at the
measurement height, and a fetch (source region) with
uniform morphology of the canopy is required. Such
“ideal” circumstances are rarely met, especially with




respect to fetch uniformity, since although the topol-
ogy of the region of interest may exhibit adequate
flatness and lack aerodynamic obstacles, thereby
allowing undisturbed turbulence, the actual field size
(especially in Europe) is often too small to cover the
entire measurement source region. In these circum-
stances, the analysis of the footprint areas for the
individual measurements provides a valuable tool for
data interpretation.

This paper describes measurements of N,O emis-
sions made by applying the eddy correlation method
and the investigation of their spatial dependence using
Markovian trajectory simulations. The experiment
was part of a joint methods intercomparison field
study carried out at Lammefjorden, Denmark, in Au-
gust 1993, which combined chamber, eddy correlation
and flux gradient techniques. A comparison of the
results obtained by the different methods will be given
elsewhere (Hargreaves et al., 1994b),

—

EXPERIMENTAL SETUP

The measurement site was situated on a drained fjord in
northwest Sealand (Denmark) which was reclaimed from the
southern Kattegat in 1872. A flat region extends over several
kilometers, with maximum elevations of less than 20 m.
Steady, southwesterly sea-wind conditions were highly suit-
able for micrometeorological flux measurements. The soil
has a high organic content and the groundwater table lay at
ca. 1 m below the surface. Winter wheat had been harvested
before the measurement campaign. Figure 1 shows the di-
mensions of the target and neighbouring fields as well as the
location of the measurement devices. Although the field
width was only ca. 100 m, the long side (more than 400 m)
coincided with the prevailing wind direction. The arrange-
ment for the micrometeorological measurements is shown in
Fig. 2. The intake system (left half of the diagram) was set up
at mast A indicated in Fig. 1, while the measurement van
located 20 m downwind contained the spectrometer and the
associated equipment. For eddy correlation measurements,
air was sampled close to the measurement volume of a three-
dimensional ultrasonic anemometer (Gill Instruments Ltd.,
Hampshire, U.K.) mounted at a height of 3.25 m above the
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Fig. 1. Setup and environment of the field experiment. The mast ®A was used for the eddy correlation
measurements, The large arrow indicates the prevailing wind direction.
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Fig. 2. Schematic diagram of the intake system (left half, situated at mast A in Fig. 1) and the spectrometer
(right half, inside the measurement van).




ground. Additional inlets mounted on the mast could be
used for gradient measurements which were carried out at
selected times during the campaign for intercomparison pur-
poses. A small fraction of the gas flow was branched to
a non-dispersive infrared H,0/ CO,-analyser (LI-COR Inc,,
Nebraska, U.S.A,, 10 Hz sampling frequency) for latent heat
and CO, flux measurements. The water vapour content of
the main gas flow was reduced by a factor of over 60 using
a multitube dryer (two stages model PD-1000-24, Perma
Pure Inc., Toms River, U.S.A.). Temperature equilibration of
the sample gas was achieved by highly turbulent flow condi-
tions in the intake line (Reynolds number = 16,000) before
entering the measurement cell of the tunable diode laser
absorption spectrometer (TDLAS). This avoids the need to
apply density corrections to the N,O flux measurement
(Webb et al.,, 1980). However, they remained necessary for
the supporting CO, measurement where the sample air
could not be dried. These corrections and the associated
errors are relevant when the trace gas fluxes are small with
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Fig. 3. Noise and drift of the TDLAS. The spectrum was
obtained by Fourier transformation of a one hour 10 Hz
time series recording still air.

respect to the ambient concentration, i.e. for small transport
velocities, which was the case for both CO, and N,O fiuxes.
Damping of the N,O concentration fluctuations in the in-
take section was characterized by a cut-off frequency of
=7 Hz (Lenshow and Raupach, 1991) for the given flow
conditions, which is high compared to the measurement cell
gas exchange rate (see below). The CO, channel of the
LI-COR instrument and the TDLAS were calibrated in half
hour intervals using standard gases with ambient mixing
ratios.

The TDLAS for N,O detection has been described by
Wienhold et al. (1994). In brief, the absorption of single
rotational-vibrational N,O line at 4.527 um was quantified
by scanning it with the monochromatic emission of a lead-
salt diode laser at a rate of 1 kHz. To increase sensitivity, the
light path was folded inside a multi-reflection absorption cell
(White, 1976; Roths, 1992) providing a total path of 46 m.
The cell was purged by the sample gas with an exchange time
of 200 ms. Experimental investigations confirmed that this
gas exchange rate determined the overall N,O measurement
time response. The cell pressure was 40 mbar, which helps to
avoid interferences arising from absorptions by other atmo-
spheric constituents. High frequency modulation of the laser
emission and phase sensitive detection (Cooper and Warren,
1987) were used to suppress laser, detector and electronic
noise to a level which allowed sufficient precision in a signal
averaging time of 0.1 s. Concurrent with the acquisition of
a new spectrum, the N,O mixing ratio and its error estimate
were derived from the preceding spectrum by a linear least-
square fit against a calibration spectrum. The noise and
stability characteristics of the spectrometer were investigated
by recording a continuous 1 h time series of measurements of
N,O in laboratory air at a sampling rate of 10 Hz. Figure 3
shows the power spectral density derived from this series
by Fourier transformation; a level of 0 dB corresponds to the
ambient mixing ratio (310 ppbv). Apart from a slight oscilla-
tion at 0.3 Hz, the characteristic is well represented by white
noise over two orders of magnitude in frequency, before it
becomes limited by spectrometer drift at a level below

— 70 dB, equivalent to a 100 pptv precision. This spectrom-
eter performance was consistently reproduced under field
conditions.

The TDLAS time response limits the bandwith of the data
set. Therefore, the spectrometer was made to govern the
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Fig. 4. Data acquisition timing. Wind, temperature, water vapour and CO, mixing ratio were read

continuously by a personal computer (PC) and low pass filtered to match the N,O measurement time

response. The TDLAS data reduction algorithm carried out by a digital signal processor (DSP) triggered
the synchronous sampling of the individual data streams.




overall eddy correlation data acquisition as shown in Fig. 4.
Control of the spectrometer and analysis of spectra were
carried out by a dedicated digital signal processor (DSP)
connected to a AT-486 personal computer (PC) via the ISA-
AT-bus. Synchronization between the two computers was
established using a high-priority AT-interrupt to prevent
timing problems otherwise caused by disk operation and
other devices. Parallel to the operation of the spectrometer,
the data stream from the sonic anemometer was contin-
uously read through a PC serial port at a rate of 21 Hz. In
addition to the three-dimensional wind vector, this data
stream included information about air temperature (deduced
from the sonic measurement), the readouts of the LI-COR
analyser and control sequences. These data were processed
by a decoding routine which checked data validity and
passed the values to numerical low pass filters to reduce the
higher bandwith to the bandwidth of the N,O signal. When-
ever a new N,O mixing ratio was evaluated by the DSP (i.e.
at a 10 Hz rate) the synchronization interrupt triggered the
transfer of a complete data set to an array for temporary
storage. At convenient time intervals, the array content was
written to the hard disk. Continuous time series of 2'4
data sets were acquired, resulting in 27.3 min measurement
times between calibrations, and a frequency coverage of
6.1 x 10™4-5 Hz according to the sampling theorem (Press et
al., 1988).

DATA ANALYSIS

The vertical fluxes of N,O, CO,, horizontal mo-
mentum, sensible and latent heat were determined

off-line by evaluating the covariance of the corres-
ponding time series with the vertical component w of
the wind vector u = (4, v, w). Prior to the computa-
tion, the wind vectors were rotated to orientate the
u-axis in the mean wind direction and to align the
w-axis perpendicular to the average shear plane
(McMillen, 1988). The resulting tilt angles for the
vertical axis lay in a range of + 3°, indicating good
pre-alignment of the anemometer and further indicat-
ing minimal flow distortion induced by the instrumen-
tal setup. The time series were Fourier transformed
using a FFT algorithm, and the co-spectrum of two
series was obtained by multiplying one transform
with the conjugate complex of the other. Time shifts
Aty introduced by the inlet tubes and the different
instrument response times were accounted for by an
appropriate phase angle rotation in the frequency
domain, ie. by multiplying the co-spectrum by
exp(2miAtyv), where v denotes the channel frequency.
In this way, the co-spectrum represented the power
spectral density distribution. Mean values were sup-
pressed by setting the channel corresponding tov =0
equal to zero. In the presence of unwanted back-
ground in the covariance function, the co-spectrum
was high pass filtered using cut-off frequencies in the
range of 1-5x10~3 Hz. Time and frequency were
normalized and made dimensionless by using the scal-
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’ Fig; 5. Covariance functions for vertical fluxes of horizontal momentum, sensible heat, latent heat,
CO; and N,O. The flux magnitudes were calculated from the peaks at Aty = 0.
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Fig. 6. Spectra and co-spectra corresponding to the data of Fig. 5.




ing factor ii/h (h =3.25m being the measurement
height), thus the normalized time and frequency are
Aty = Ati/h and vy = v(ii/h) " .

Figure § illustrates a typical example of the result-

ing covariance functions in a time lag interval of
~— 50 < Aty € 50, which contains the relevant in-
formation. The maxima and minima at Aty =0 in-
dicate upward or downward fluxes respectively:
horizontal momentum and CO, are transferred to-
wards the ground, whereas latent and sensible heat as
well as N,O are emitted. For the determination of the
flux, a background value computed from the averages
in the regions —-50<A(nN<—40 and 40<

Aty < 50 was subtracted from the peaks. The stan-
dard deviation of these intervals was used to estimate
the error in the flux determination and the flux detec-
tion limit. For the N,O flux measurements, an aver-
age detection limit of 6 pptvms ™! (7.5ngNm~257})
was obtained, while measured N,O fluxes ranged
from 40 to 120 ngNm ™25~ 1,

Figure 6 displays the power spectra and co-spectra
corresponding to the data in Fig 5. For the wind
components and the sensible heat, the forms of these
functions are in good agreement with results reported
for the inertial subrange, e.g. by Kaimal et al. (1972).
At the high frequency end, the finite time response of
the LI-COR sensor becomes noticeable in the latent
heat and CO, data. The TDLAS noise contribution is
evident in the high frequency region of N,O power
spectrum, while at low frequencies the concentration
fluctuations caused by the N,O flux become obvious
(compare Fig. 3). In the co-spectrum of N,O and
w however, the prominent high frequency signature of
the spectrometer noise disappears completely, indicat-
ing the strong filtering capacity of the covariance
function for uncorrelated fluctuations.

While the N,O flux determination was of central
interest, atmospheric stability conditions were also
characterized by computing the friction velocity
u,=+/¥w and Monin-Obukhov-Length L =
— ¢, puzl/kg(Fy + 0.07Fg) from the momentum and
energy fluxes. Here, ¢,, p and 8 denote specific heat,
air density and the potential temperature respectively.
These parameters were used in the trajectory simula-
tions described below.

SOURCE REGION MODELLING

Lagrangian trajectory simulations have widely
been discussed and applied to the analysis of turbu-
lent dispersion (Sawford, 1985). In contrast to most
investigations aiming to elucidate general aspects of
turbulent transport and their dependence on bound-
ary conditions, we employed trajectory simulations in
this study to examin¢ source region effects on the
actual trace gas emission measurements. This is
highly desirable because of the conditions under

which the experiment was conducted (see Fig. 1). We
applied a model of limited complexity to estimate the
source regions for the individual flux measurements
using moderate computer resources and incorporat-
ing as far as possible the actual micrometeorological
measurement results.

The model described by Leclerc and Thurtell
(1990), based on the work of Wilson et al. (1981a—c),
was adapted for our purpose. The trajectory of an air
parcel originating at the ground was simulated by
producing a series of positions for discrete time steps
At,

Xp+1 =Xy + Il,,At, (1)

with u, = (u,, v, W,) being the parcel velocity at the
position x,,. Whenever the trajectory crossed the plane
of measurement it was taken as making a contribution
to the flux measured at that height. Thus the horizon-
tal source distribution of the air parcels contributing
to the measured fluxes could be calculated.

For the vertical velocity of the air parcel a Markov
chain

w, = u_le—Al/tL + (l - e—ZA!/ﬂ_)llzo.wrn

@

was generated by low-pass filtering random numbers
ow 1, distributed with the measured vertical wind vari-
ance o2 and using the Lagrangian time scale
1 = fo Ry(7)dt as the filter time constant. R, () de-
notes the vertical wind auto-correlation function. The
horizontal displacement was derived from the vertical
profile of the horizontal wind appropriate for the
measured atmospheric stability (see below), As de-
scribed by Wilson (1981c), the computations were
performed in a coordinate system (x, y, z,, t,) with
height independent scales 1, = 7 (4), o, = 0,(h) and
constant time steps At, = 0.1 71 (h), i.e. for homogen-
eous turbulence. Inhomogeneity of the turbulence
was introduced by the coordinate transformation

(X, 9 240 L) > (X, 1, 2, 8)

_._dt"‘ = _dL & = .2 3)
wh w@ Al AQR)
using the Lagrangian length scale
A=gc,1. @

This results in a transformation of the vertical wind
component according to

We W
oult) " 0. ()’

)

For a given data set, equations (3) were integrated
using the empirical scales (Wilson et al,, 1981c)

z 1/4
A(z)=0.52(1—6z) , L<O ©6)

-1
A(z)=0.52(1+5%) , L>0 ™




and (Leclerc and Thurtell, 1990)

z 1/3
64(2) = 1.25u, (1 +4.1 z) , L<0 t]

0w(2z) = const. = o, (h), L=0 9)
for the cases of unstable (L < 0) and neutral to stable
(L = 0) atmospheric conditions. These relations de-
fine the Lagrangian time scale 1, via equation (4).
Equation (8) was scaled by the vertical wind variance
o (h) which was deduced directly from the measure-
ments, thereby eliminating the empirical u,-depend-
ence. Numerical inversion of the integration results
lead to the desired relations ¢ = t(t,) and z = z(z,).
We endeavoured to use as many as possible of the
measured micrometeorological data in the simula-
tions, and therefore the random velocity values for the
Markov chain [equation (2)] values were generated to
match the measured w distribution instead of a Gaus-
sian assumption. This was achieved by numerically
inverting the integral of the measured frequency dis-
tribution and taking the values of the inverse function

Contribution [a.u.]

for white random arguments from the interval [0...1]
(transformation method). Similarly, the measured
two-dimensional horizontal wind distribution was re-
produced by random numbers to evaluate the hori-
zontal wind profile as a function of the stability para-
meter z/L for each individual trajectory.

A 20mx20m grid extended over a simulated
source region of 1.6 km x 1.6 km with the inlet loca-
tion in its centre, while the z, axis was divided into
256 equidistant intervals, the measurement height
corresponding to the 200th level. Typically 8000 tra-
jectories were generated, starting from the ground and
ending after leaving the top level. Flux contributions
for the grid point corresponding to the distance
travelled were counted positive or negative whenever
the trajectory crossed the measurement level in up-
ward or downward direction. The construction of the
footprint pattern consumed 20-30 min of simulation
time on an 33 MHz AT-486 computer.

Figure 7 shows a typical area source contribution
simulated for a single flux measurement and the par-
ent horizontal wind distribution for this footprint.
The target wheat field is superimposed on the foot-

Fig. 7. Distributions of the relative source contribution (left) and the parent horizontal wind (right) for one

individual flux measurement. The sampling point lies in the origin of the left-handed anemometer

coordinate system. The limits of the wheat ficld are indicated by the dashed line. The footprint was
integrated over this area to obtain the fractional wheat field contribution used in Figs 10 and 11.
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Fig. 8. Integrated radial footprint contribution parametrized by stability conditions as inferred during the
campaign.




print pattern in the figure. The area covered by the
flux measurements was found to be primarily depend-
ent on atmospheric stability, as indicated in Fig. 8.
The radial flux contribution was obtained from the
two-dimensional footprint by angular integration.
The results agree with the detailed study carried out
by Leclerc and Thurtell (1990). The area sizes of the
source regions were quantified for the individual
measurements by calculating the minimum surface
area contributing 50% of the total flux (Schmidt,
1994). For the predominant unstable to slightly stable
conditions they ranged between 0.5 and 4 x 10* m?.

RESULTS AND DISCUSSION

The systematic error that could arise from the lim-
ited bandwidth of the eddy correlation measurements
was investigated by verifying closure of the energy
balance for the sensible and latent heat fluxes (Fy; and
Fpg), net radiation (Fyg) and soil heat flux (Fg)
Fy + Fyg = Fyg + Fs. While sensible and latent heat
were measured by the eddy correlation system with
the same bandwidth as the N,O flux determination,
the remaining net radiation and soil heat flux were
recorded independently by a radiometer and soil heat
flux plates (Hargreaves, private communication). Fig-
ure 9 demonstrates the generally good agreement of
the results obtained by the different methods for the
whole measurement period. Systematic errors in the
eddy correlation measurements due to inadequate
sampling speed, which would lead to an underestima-
tion of the measured flux, are found to be of minor

Fy + Fie [Wm?

Fun+ Fg [Wm?)

Fig. 9. Energy balance of the total atmospheric heat flux
Fu + Fy g and the sum of net radiation Fyy and soil heat flux
Fg for the whole measurement period.

importance. Additional systematic errors, such as
those arising from non-stationary transport condi-
tions, can also be estimated from this analysis. Taking
— as a worst case assumption for the eddy correlation
measurements — the radiation and soil heat flux as
“exact” values, the agreement of the energy flux esti-
mates indicates the maximum error contribution to be
of the order of 18%.

Flux data are presented in Fig. 10 for 27 August
1993. Although the diurnal cycle is obvious in the
sensible and latent heat fluxes, it cannot be observed
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Fig. 10. Diurnal variation of the measured fluxes on 27 August 1993,




in the nitrous oxide flux. During the day, the CO, flux
changes its direction several times without any cor-
relation to the heat fluxes driven by solar irradiation.
To clarify this situation, which is typical for the whole
campaign period, we analysed influence of the source
region on the measured fluxes. The fractional contri-
bution of the harvested wheat field area (see Fig. 1) to
each flux value measured by eddy correlation was
evaluated by integrating the normalized fetch distri-
bution calculated by the model over that area (sece
Fig. 7). The contributions were between 10% and
60%, depending on wind direction and atmospheric
stability. Plant activity, which differentiated the ad-
joining fields from the harvested wheat field, lead to
spatial variation in source and sink strength for water
vapour and CO, through respiration and photosyn-
thesis. Therefore, the CO, flux and the Bowen ratio
B = Fy/F1x were investigated as a function of the
wheat field contribution in the footprint, for a subset
of the data with a net radiation of greater than
100 W m ™2, The result is shown in Fig. 11. A highly

significant correlation to the fractional wheat field
contribution is observed for both the CO, flux
(P.<3%x10"7, N=46) and the Bowen ratio
(P, <2x1079). Both the CO, uptake and lowered
Bowen ratio, i.e. enhanced water evaporation, are at-
tributable to plant activity. The same analysis was
carried out for the N,O flux (Fig. 12). Here, a system-
atic dependence of the emissions on the source region
is not observed, implying that the N,O emissions
from the soil were independent of the canopy when
integrated over the footprint area of a few hectares.
This finding simplifies the intercomparison of the re-
sults of different methods for estimating N,O fluxes
(chamber, eddy correlation, etc.) even for the case of
an imperfect overlap of the source regions. From soil
gas profiles that were taken during the campaign, the
main production of N,O (more than 90%) was found
to occur at a depth of 0.9 m (Christensen, private
communication). This is consistent with our micro-
meteorological observation of negligible canopy influ-
ence on the N,O emissions.
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Fig. 11. Source region dependence of CO, uptake and Bowen ratio.
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SUMMARY

We conducted eddy correlation flux measurements
of N,O emissions from an agricultural soil using
a TDLAS as trace gas sensor. The N,O flux detection
limits were 7.5ngNm~2s”! with measured fluxes
ranging from 40 to 120ngNm~2s~'. The vertical
fluxes of momentum, sensible heat, latent heat and
CO; were also measured by eddy correlation. Sys-
tematic errors estimated from closure of the energy
balance were less than about 18%, and the errors
resulting from the limited instrumental time response
were found to be of minor importance. The support-
ing micrometeorological measurements were used to
characterize the stability of the boundary layer. Lag-
rangian trajectory simulations were carried out for the
individual measurements to analyse the footprint re-
gions. A significant source region dependence was
observed in the energy and CO, fluxes, but not in the
N,O fluxes. The footprint analysis was found to be
very useful for data interpretation, and is sufficiently
straightforward that it could be carried out in the
future during the measurement period itself using
computational resources available in the field.
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