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Abstract

The cospectra of momentum (M), sensible heat (H), latent heat (LE), and carbon diox-
ide (Fc) fluxes measured by eddy covariance (EC) over a shortgrass steppe are calcu-
lated for over 800 time intervals spanning a range of wind, surface heating, evaporative,
and photosynthetic conditions. The power spectrum of the vertical wind clearly shows
that the inertial subrange is not sufficiently captured. The cospectra of the different
fluxes show that the lack of measurement resolution in the high frequency results in
a loss of flux, especially as stability approaches neutral. A procedure is outlined to
use statistics from the cospectrum to estimate the amount of high-frequency flux that
remains unmeasured for each time interval. The greatest loss of flux was for H (14%
on average for 0>z/L>0.001 where z/L is the dimensionless stability), consistent with
other studies which indicate temperature fluctuations actively produce turbulence at
high frequencies. LE and Fc showed less than half as much loss of flux as H. This
differential loss of flux has direct implications for addressing energy balance closure in
EC studies, as well as reconciling biases of fluxes measured by EC with the Modified
Bowen Ratio technique. It is recommended that the cospectra of fluxes be examined
while setting the height of instrumentation in order to insure that high frequency eddies
are resolved.

1 Introduction

The eddy covariance (EC) technique has been an important development toward un-
derstanding plant growth and energy balance at the spatial scale of entire ecosystems
and over a range of temporal scales (Baldocchi et al., 2001). In particular, EC emerged
at a time when data on ecosystem-scale carbon balance was needed to constrain mod-
els of climate change (Goulden et al., 1996) and subsequent to the key development
of a leaf model linking photosynthesis with transpiration and energy balance (Collatz
et al.,, 1991). This combined model has been widely adopted in various forms into land
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surface models (LSMs) used to provide surface boundary conditions to global carbon-
climate models (GCMs) (e.g. Bonan and Levis, 2006; Dickinson et al., 2002; Sellers et
al., 1996). Thus, the most widespread use of EC data is in calibrating LSMs against
instantaneous hourly fluxes of CO,, water, and heat, (hereafter collectively known as
“fluxes”) and integrated annual sums of water and carbon calculated from the pro-
cessed EC data (Stockli and Vidale, 2005). The unbiasedness of the data collected
using EC is then of paramount importance, because it serves as the foundation for a
large number of research endeavors at plot, regional, and global scales.

The flux “data” made available by EC is in fact a highly processed statistic that has
been manipulated in many ways using a host of theoretical considerations necessary
to correct for different physical phenomena that can bias the calculated flux due to
departures from several assumed conditions. One such assumption is that the mea-
surements capture all scales of mixed-layer turbulence, but are not contaminated by
mesoscale eddies or diurnal patterns, which introduce covariance between the wind
and scalars that is independent of turbulence or local surface exchange. This requires
measurements to be at a high enough frequency to capture fine-scale eddies, and
extend long enough to capture low-frequency turbulent eddies out to some frequency
where turbulent exchange is negligible. In practice, the high frequency limit is deter-
mined by the instrumental response time (<1s), and the low frequency end of the
observations is bounded by the averaging interval for which the flux is calculated (5—
60 min). There is a well-founded theoretical (Lumley, 1964) and empirical (Kaimal et
al., 1972; Vickers and Mahrt, 2003) justification for the existence of this frequency inter-
val, judged on the basis of the spectral decomposition of the covariance of any scalar
and the vertical wind. This quantity is known as the cospectrum (Wyngaard and Cote,
1972), and just as the product of a scalar and the vertical wind in the time domain
equates to the flux of that scalar for that time interval, the cospectrum shows the scalar
flux contained in eddies of that characteristic frequency interval.

Several aspects of the cospectrum deserve attention, because the cospectrum can
be used as the basis to correct for undetected fluxes caused by limitation in the mea-
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surements of vertical wind frequencies. The asymptotic behavior at the low frequency
end is known as the “cospectral gap”, and its shape can be affected by the length
of time used to compute the fluxes and the choice of averaging technique used in
Reynolds decomposition (Foken et al., 2006; Massman, 2000; Moore, 1986). The
asymptotic behavior at the high frequency end is known as the “inertial subrange”,
where turbulent energy in large eddies is gradually dissipated into smaller eddies until
the cospectrum reaches 0, i.e. the molecular diffusive limit. Many small-scale pro-
cesses can affect the shape of the inertial subrange: signal asynchrony, instrument
native frequency response, signal filtering, path-length averaging, sensor separation,
and others. In addition to the shape of the cospectrum, the peak can vary under differ-
ent conditions. In particular, the peak of the cospectrum is linked to the height at which
the flux measurements are taken. Because the ground imposes a limit to the size of
the eddies measured by the sensor, measurements closer to the surface tend to have
cospectra that are shifted more toward the high frequency than measurements from
taller towers (Rissmann and Tetzlaff, 1994).

Theoretical treatments conclude the slope of the cospectrum in the inertial subrange
in log-log space is —7/3, and when each bin of the cospectrum is weighted by its fre-
quency f, the slope becomes —4/3 (Wyngaard and Cote, 1972). The integral of the
cospectrum is equal to the covariance, so cospectra are commonly normalized by their
corresponding covariances, such that the area under the f-weighted cospectrum in
semilog space is 1. For the remainder of this paper, all cospectra presented will be
f-weighted and normalized by their covariance, so that cospectral area directly corre-
sponds to proportion of flux carried by eddies of given frequency. Theory suggests
that all scalars should be similar in their cospectral behavior, so that the normalized
cospectra of momentum (M), heat (H), latent heat (LE), and CO, fluxes (Fc) should all
take on the same peak and asymptotic shape for the same measurement conditions
(Anderson and Verma, 1985; Kaimal et al., 1972; Wyngaard and Cote, 1972).

Kaimal et al. (1972) showed that the shape and position of power spectra and
cospectra is closely dependent on the stability of the mixed layer, expressed as the
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dimensionless stability parameter z/L, where L is the variable Obukhov length, and z is
the fixed observation height (Kaimal and Finnigan, 1994). The stability parameter z/L
characterizes the relative importance of buoyancy and shear in producing turbulence,
where buoyancy causes z/L to become negative, stability causes z/L to become posi-
tive, and shear causes the z/L to become small. In general, stable conditions (z/L>0)
prevail at night, when there may be large shear (z/L~0), or small shear (z/L>0) ac-
companying the negative heat flux. By contrast, the typically positive heat flux during
the day leads to generally unstable conditions (z/L<0), although high shear will also
drive z/L to near zero.

In this paper we examine the cospectra of M, H, LE, and Fc from a typical field exper-
iment (Wolf et al., 2006) to determine whether the cospectra fulfill their expected prop-
erties, namely that they converge to zero at the cospectral gap, that they decay by —4/3
power to zero in the inertial subrange, and that all scalars are similar in their cospectral
shape. We then examine the bias in the fluxes caused by flaws in the cospectra, iden-
tify measurement conditions that introduce bias, and present a procedure to correct
measurements that are potentially biased.

2 Methods
2.1 Measurements

Measurements took place in five intervals of several days each from May to Septem-
ber 2001. The data represent a wide range of meteorological conditions during that
period, including day, night, wet, dry, growing, and senescent periods. The study site
was located in the shortgrass steppe region of Kazakhstan, 40 km north of the capital
Astana, on the experimental station of the Baraev Kazakh Research Institute for Grain
Crops Research. The field itself was a 200 ha pristine grass-forb steppe at 51.5758 N,
71.2681 E, 428 m above sea level. The fetch for upwind directions were 250 m from
the north, 610 m from the east, 2250 m from south, and 360 m from the west, beyond
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which were fallow wheat fields. The site is extraordinarily flat, with no slopes exceeding
0.5° for 20 km in any direction, and only isolated trees, with none nearer than 5 km. The
canopy height was approximately 0.3 m. A description of the ecology and meteorology
of the site is available in Wolf et al. (2006).

Fluxes of CO,, water, heat, and momentum were measured using an eddy co-
variance system based on a fast-response open-path infrared gas analyzer (IRGA;
model LI-7500, Licor, Inc. Lincoln, NE) coupled with a 3-dimensional sonic anemometer
(model CSAT-3, Campbell Scientific, Logan, UT), both installed at 1.3 m above ground
level. Digital signals from these instruments were recorded at 10 Hz using a Campbell
Scientific CS5000 datalogger. All raw data were archived for later post-processing.

2.2 Data processing

Data were processed in several steps to compute either fluxes or cospectra. The steps
in flux processing were (1) parsing data into 20 min intervals; (2) recursively removing
spikes greater than 6 o beyond a quadratic fit to the 10 Hz data; (3) dealiasing with a
1st order Butterworth filter with a cutoff frequency at 4.8 Hz, which had the recurrence
relation:

Y = 0.94165478x; + 0.94165478x;_, — 0.8833089876y;_, (1)

(Fisher, N. D.) where x is the original scalar time series and y is the filtered time
series; (4) rotation to a natural coordinate system (Lee et al., 2004); (5) removing signal
asynchrony by maximizing the covariance between each scalar and the vertical wind
(e.g. Eugster et al., 1997); (6) calculating scalar fluxes using the mean and covariance
of each scalar with the vertical wind; (7) making frequency domain corrections to the
fluxes for path-length averaging using the filter coefficients summarized in Massman
(2000); and (8) adjusting fluxes for air density artifacts (Webb et al., 1980).
Calculation of power spectra and cospectra was identical for steps 1-5, after which
(6b) power spectra and cospectra were calculated and aggregated into 23 frequency
bins; and (7b) cospectra for each scalar (denoted generically x below) were divided by
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the transfer function H, for each frequency bin (f), using filter coefficients (7) for each
instrument’s sensor separation distance:

Twewa = \/TirGA + TCsAT, (@)

Tyy = \/ TcsaT, + TCSAT,y 3)
Twr = \/TCsAT, (4)
H, (f) = (1 + 2nf1,,)”" (5)
Co(wx) = Co(wx)/H, (6)

where Co(wX) refers to the cospectrum of wX, where w is the vertical wind and X
is a generic scalar (e.g. U for streamwise horizontal wind, T for temperature, Q for
H,O, and C for CO,). The subscripts to 7 refer to the instruments used to measure
the scalars, including an infrared gas analyzer (IRGA) for CO, and H,O, and a sonic
anemometer (CSAT) for horizontal (x) and vertical (z) components of the wind. The
transfer functions increase the high frequency part of the cospectrum (Fig. 1). Finally,
the frequencies were transformed into the dimensionless frequency n=fz /U, and each
cospectrum divided by its corresponding flux.

2.3 Analyses of cospectra

Once normalized cospectra were obtained, several quantities were subsequently cal-
culated (Fig. 2), presented below using MATLAB syntax (MathWorks, 2005). The slope
of the final four bins of cospectra was calculated using least squares in log-log units
(where all logs use base 10):

[slope, intercept] = polyfit(log 10(f), log 10(CoW X), 1); (7)
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Subsequently, two points were calculated: the point (xN, yN) at which the regression
from the observed cospectrum reached the Nyquist frequency 7 N:

yN = 10."(log(fN). x slope + intercept); (8)
xN =N, (9)

and the point (xT, yT), where a —4/3 slope (in log-log units) extending from (xN, yN)
would reach a negligible value, nominally 10~

yT =10." - 3; (10)
dlLogY = log(yT) - log(yN); (11)
xT = fN x 10"(dLogY/(-4/3)) (12)

The area under the curve defined by these two points was called the “lost flux” and
calculated as:

k =log10(yN x xN"(4/3)); (13)
a = 0.0380965430607922; (14)
b = 0.325720861427438; (15)
LostFlux = 10"k x (a — b/10"((4 x log 10(xT))/3)); (16)
3 Results

The distribution of stability parameter z/L over the day is presented in Fig. 3. Although
there are never unstable periods of night, there are occasionally stable periods during
the day, typically accompanying precipitation events. The magnitude of z/L is greater
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during stable periods than unstable periods, indicating a generally low surface heat flux
during the day, but strong nocturnal inversions, and generally high shear at the site.

The power spectra for the vertical wind (w) are sorted from left to right in the low
frequency range from unstable to stable (Fig. 4), similar to the classic results of Kaimal
et al. (1972). However, nearly all of the data lie in the range —0.1<z/L< 0.1, and when
this range is subdivided into finer bins than in Kaimal et al. (1972), we see an additional
source of variability among the power spectra. As the stability approaches zero, the
peak shifts to higher frequencies, with the consequence that less and less of the inertial
subrange of the turbulence is observed.

Exploring this phenomenon further, the height of the final bin of the power spectrum
can be taken as a metric of how much of the inertial subrange of turbulence has been
resolved by the measurements. As the stability approaches zero from either direction,
the peak of the power spectrum S(w) is shifted toward fN, and the value of S(w) at fN
increases toward the peak value. By this metric, the most neutral observation periods
clearly resolve the least high frequency turbulence (Fig. 5).

The cospectra for M, H, LE, and Fc show several clear dependencies with stability
(Fig. 6). As z/L moves from very unstable to very stable, the cospectra become more
peaked, and shift to higher frequencies. This indicates that in very stable air the turbu-
lent eddies are smaller in general and more constrained in their size distribution. The
different scalars appear subtly different from one another, most particularly in the de-
scent toward the inertial subrange. M and H do not descend as far to zero as LE and
Fc by the time the cospectra reach the Nyquist frequency, apparently a consequence
of a slight shift in the M and H cospectra toward the right relative to LE and Fc. This
increase in power at high frequencies for H has been attributed by others to tempera-
ture fluctuations leading to buoyant production of turbulence (Katul et al., 2001). The
difference in the cospectrum of turbulent exchange of the different scalars indicates
that the temperature fluctuations likely originate in different locales in the canopy from
water vapor and CO, fluctuations.

As a consequence of cospectral peak shifting under different stability regimes, the
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high frequency termini of the cospectra vary with respect to their final height and fre-
quency. The most neutral spectra are relatively low frequency, and also furthest from
zero power, with the consequence that the unresolved region of the inertial subrange
is largest in these most neutral conditions. These characteristics of the high frequency
termini of the cospectra are presented for the heat flux in Fig. 7.

The lost flux region clearly peaks as z/L approaches neutral from either direction
(Fig. 7c), as a consequence of the peak shifting closer to the Nyquist frequency of the
measurements (Fig. 7b). While the majority of observation periods have losses below
5%, a substantial number have 10% or greater losses. The slope of the final bins of
the cospectrum approaches zero as the stability approaches zero (Fig. 7d), indicating
that these comprise the crest of the cospectral peak at neutrality. Interestingly, few of
the heat flux cospectra appear to conform to the expected —4/3 slope, and tend toward
a —2/3 slope.

Cospectra for all the fluxes were similarly analyzed for the dependence of the lost
flux on stability, and the same general pattern holds, in which the most neutral mea-
surements have the greatest losses (Fig. 8). However, there are clear differences in
the amount of high frequency flux loss between the different scalars. For conditions
where 0<z/L<0.001, H suffers the most flux loss (5—14%) in the region -0.1<z/L<0.1,
followed by M, but LE and Fc never lose more than a few percent (2-5%).

It has been suggested that if the instruments are not filtered between the signal mea-
surement and subsequent logging, then the high frequency noise will be aliased back
into the signal. This appear to be the case, as the power spectra of the unfiltered data
show a slight increase in power at the highest frequencies (data not shown). Nonethe-
less, this does not mean that the aliased fluctuations contained in two signals should
co vary. In other words, if any of the turbulent flux is contained in eddies that co vary
at frequencies beyond the measurement frequency, they are lost. To demonstrate that
changing the sampling frequency decreases the total turbulent flux that is measured, |
degraded the signal by sampling the real signals at 1/2, 1/3, ... 1/10 the true sampling
frequency, and calculated the fluxes using the procedure above to determine the loss
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of signal. Because the signals are not averaged in this process, they should contain
some of the high frequency variations of the native resolution. The drop from 10 Hz to
5Hz to 3.3Hz show a strong loss of signal, up to a loss of ~10% of the flux from H,
LE and Fc (Fig. 9). The M flux was not very affected by degrading the signal. This re-
confirms that the combination of the measurement height, the surface roughness, the
wind speed, and the measurement frequency are characterizing a region of turbulence
that is very sensitive to changes in the measurement frequency.

4 Discussion

This research was begun as attempt to understand lack of energy balance in EC stud-
ies. Studies to date have preferred to assign the undermeasurement to the LE flux,
because H,O is measured by a separate instrument from 7 and w (Twine et al., 2000).
This logic implies that the CO, flux is also undermeasured, because it too is measured
separately from 7 and w. Another line of argument suggests that perhaps the Bowen
ratio (H/LE) is accurately measured by the instrument, but that sum of H and LE is
undermeasured (Twine et al., 2000). This argument would appear to be false, as side-
by-side comparisons between EC and Modified Bowen Ratio techniques show clear
differences in their Bowen ratios (Brotzge and Crawford, 2003). Still another consider-
ation of energy balance non closure (Foken et al., 2006) attributes the error to losses
in the low-frequency part of the turbulence spectrum. The study in this paper indicates
that undermeasurement of the H flux may well be more at fault in energy balance clo-
sure, that the Bowen ratio may not be accurately measured by EC, and that the high
frequency part of the spectrum may be at issue in some studies. The method shown
for calculating the loss of the high frequency flux can be directly applied to any set of
fluxes for which the raw high frequency data has been kept, and can directly address
this loss of flux.

The more important lesson in this study is that flux towers need to be high enough
above the canopy to be able to resolve all of the turbulence. Although the tower was
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over 5 times the height of the canopy, the failure of the instrument setup to capture
all the relevant scales of turbulence is a major compromise to the goal of accurately
measuring the intended fluxes. This failure could be avoided by checking cospectra
under high shear conditions and confirming that they do indeed taper off to near zero
at the Nyquist frequency.
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Fig. 1. Transfer function weights applied to cospectra to correct for path-length averaging of the
measured scalars for a typical wind speed (2.9 m 3‘1). The cospectral power at each frequency
bin is divided by the corresponding Hx value to yield an estimate of the unfiltered cospectrum.
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Fig. 2. Archetype of an observed cospectrum, showing the showing the terminal observed
value of the cospectrum well above zero at the normalized Nyquist frequency (fN). Extending a
line from this point to zero using a —4/3 slope shows an area of the flux in the inertial subrange
that is unresolved by the measurement frequency, and is called here the “lost flux”. That the
plotted points of the cospectrum represent midpoints of bins in the observed cospectrum, so
the terminal bin is bounded by fN on the high frequency end. Note that this graph is semilog,
making the —4/3 slope non linear.
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Fig. 4. The power spectrum of the vertical wind averaged within different stability regimes.
Dashed lines are neutral to stable, and solid lines are neutral to unstable. Lines become thinner
as they approach neutral. The number of observation periods represented by each stability bin

are shown in parentheses.
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Fig. 5. The value of the power spectrum of w at the Nyquist frequency under different stability
regimes. The diagram is symmetric, so z/L is expressed as an absolute value. The heavy line
represents the average of 0.0001 increments of |z/L|.
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Fig. 6. The cospectrum of four vertical scalar fluxes: (a) momentum; (b) heat; (c) evaporation;
(d) CO, exchange. Dashed lines are neutral to stable, and solid lines are neutral to unstable.
Lines become thinner as they approach neutral. The number of observation periods repre-
sented by each stability bin are the same as in Fig. 3. The lines extending to the right from
each cospectrum are estimates of the lost flux.
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Fig. 7. Characteristics of the high frequency terminus of the observed cospectra of w'T’ under
different stability regimes. (a) The final cospectral power (abscissa); (b) The normalized Nyquist
frequency; (c) The lost flux calculated from the cospectrum, calculated by extending the final
point on the cospectrum to zero using —4/3 slope; (d) The observed slope of the last four bins
of the cospectrum, expressed in thirds. 13171
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Fig. 8. Characteristics of cospectra of vertical fluxes of scalars under different stability regimes.
(a) The value of the cospectrum at fN; (b) the normalized Nyquist frequency; (¢) the lost flux;
(d) the slope of the final four bins of the cospectra. The bins of z/L are the same as in Fig. 5,
but plotted as the upper value of each bin (i.e. —0.001>z/L>0 is plotted at 0).
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Fig. 9. Scalar fluxes calculated with reduced sampling rates, at 1/2, 1/3, ... 1/10 the native

10 Hz sampling rate, shown as a proportion of the flux at the native resolution.
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