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Abstract
Surface exchange fluxes measured by eddy covariance tend to be un-

derestimated as a result of limitations in sensor design, signal processing
methods, and finite flux-averaging periods. But, careful system design,
modern instrumentation, and appropriate data processing algorithms
can minimize these losses, which, if not too large, can be estimated
and corrected using any of several different approaches. However, no
flux-correction method is perfect so methodological uncertainties are
inevitable. This study addresses the uncertainties in surface flux mea-
surements that have been corrected for spectral attenuation with the
transfer function approach. The sources of the errors in the estimates
of flux attenuation examined here include the (flux-averaging) period-
to-period variablity of cospectra, the departure of real cospectra from
presumed smooth curves, the inherent variability in maximum frequency
(fx) of the frequency weighted cospectra, and possible imprecision in
instrument related time constants. A method is proposed to estimate
the uncertainty resulting from combining these effects. Also included in
this study are a general mathematical relationship to describe spectra or
cospectra, comparisons of observed cospectra for cospectral similarity,
and discussions about including high-pass filters (associated with the
flux-averaging procedures) when accounting for low frequency losses.
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1. General issues regarding flux attenuation
Even the most carefully designed and deployed eddy covariance sys-

tem will not be able to completely sample all flux-carrying turbulent
atmospheric eddies. As a result, all eddy covariance systems tend to un-
derestimate the true atmospheric fluxes. This bias results from the phys-
ical limitations in the size, separation distances, and response times of
the sensors, the electronic filters used to reduce noise associated with an
instrument’s output signal, and the data processing algorithms intended
to separate the turbulent fluctuations and their means. In general terms,
the physical limitations of the instruments and any electronic filters tend
to limit a system’s ability to resolve the smallest eddies. Whereas, the
mean-removing and flux-averaging methods resrict a system’s ability to
sample the largest eddies, a consequence of finite flux-averaging periods.
Consequently, all eddy covariance systems are bandwidth limited and
all measured fluxes are attenuated at both high and low frequencies (see
Figure 4.1). No eddy covariance instrument or system is free of these
shortcomings. But, by careful design and the use of modern instrumen-
tation and electronics many of these effects can be reduced and, within
reason, quantified and corrected. To date there have been several ap-
proaches developed to deal with sensor related attenuation effects. But,
in most cases these approaches are variants of two broad methods: the
transfer function approach and in-situ methods.

Early attempts to deal with instrument-related attenuation largely fo-
cused on developing transfer functions to describe how sonic and scalar
sensor designs (sensor separation lengths and geometrical shapes) might
affect the high frequency portion of spectra and cospectra measured with
these instruments (e. g., Gurvich 1962; Kaimal et al. 1968; Silverman
1968; Wyngaard 1971; Hicks 1972; Horst 1973). In general, transfer
functions, such as those just cited, have been developed from knowledge
of atmospheric turbulence and the technology and physical principles
underlying the operation of the instrumentation. However, sometimes
they are also empirically determined, as Laubach and Teichmann (1996)
did for water vapor tube sorption effects. By comprehensively applying
spectral transfer functions to a collection of fast response instruments
Moore (1986) initiated the transfer function method for estimating spec-
tral loss associated with eddy covariance systems. More recently Horst
(1997, 2000) and Massman (2000, 2001) have extended Moore’s (1986)
approach by expanding it to include transfer functions appropriate to
newer instrumentation (e. g., Massman 1991) and by including low fre-
quency attenuation associated with flux sampling and averaging proce-
dures (e. g., Kaimal et al. 1989; Rannik and Vesala 1999; Rannik 2001).



Flux loss from spectral attenuation 41

10-2
-.1

.0

.1

.2

.3

10-1 100 101 102

fC
o(

f)
To

ta
l C

o v
ar

ia
nc

e
True cospectra
Measured cospectra

f
or

η
ηxfx

Figure 4.1. A comparison of a hypothetical frequency-weighted atmospheric cospec-
trum (solid line) with one measured by an eddy covariance system (dash-dot). The
cospectral attenuation at high frequencies is a result of sensor line averaging, sep-
aration, and response times. The low frequency loss is a consequence of the block
averaging associated with calculating time averaged fluxes. The total flux loss is
related to the difference in the areas under each of the cospectral curves. Here f is
frequency, fx is the frequency at which fCo(f) reaches its maximum value, and η and
ηx are their respective nondimensionalized forms. Further discussions can be found
in sections 2.1 and 3.2.

The transfer function method, useful as a aid in minimizing and recov-
ering flux loss related to the design of eddy covariance systems and their
data handling and flux-processing algorithms, can be summarized by the
following equation:

(w′β′)m
w′β′ =

∫ ∞
0

[
1 − sin2(πfTb)

(πfTb)2

]
H(f)Cowβ(f)df

∫ ∞
0 Cowβ(f)df

(4.1)

where w′ and β′ are the fluctuations of vertical velocity and either
the horizontal wind speed or scalar concentration; (w′β′)m is the mea-
sured covariance and (w′β′) is the true or unattenuated flux; f is fre-
quency; H(f) =

∏N
i=1 Hi(f) is the product of all the appropriate trans-

fer functions associated with high frequency attenuation; Cowβ(f) is
the one-sided cospectrum; Tb is the block averaging period; and [1 −
sin2(πfTb)/(πfTb)2] is the transfer function associated with block-averaging.
This last transfer function or filter accounts for the low frequency spec-
tral attenuation (Figure 4.1) and, as mentioned previously, is a conse-
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quence of the need to use a finite flux averaging period and the specific
method used to separate the turbulent fluctuations from their mean.

The advantages of the transfer function method are that it is fairly
comprehensive, it is independent of any measured fluxes, and it can
be reasonably accurate (Laubach and McNaughton 1999). All that is
required to use this method are the flux averaging period, the transfer
functions, and a model of the cospectra. Unfortunately, the need for
a cospectral model is also a weakness of the transfer function method.
Usually the cospectra are modeled as relatively smooth (continuous)
functions. For example, Moore (1986) used Kaimal’s et al. (1972) smooth
flat terrain spectra and cospectra and Horst (2000) used a much simpler
formulation for the cospectra that provided a very good approximation
to the flat terrain cospectra. But, smooth spectra and cospectra are not
typical of the atmospheric surface layer. In fact, virtually all observed
half hourly cospectra display significant variablity and virtually none of
them resemble a smooth shape (e. g., Laubach and McNaughton 1999).

Another shortcoming with the transfer function method is that it is
mathematically complicated and therefore numerically intensive. Al-
though modern PCs have alleviated this problem somewhat, still some
of the transfer functions are difficult to evaluate in their original formula-
tions and the numerical techniques required to do the integration are not
necessarily obvious. Moore (1986) suggested approximating the transfer
functions by simpler functions, but retained the computational aspects
of Equation 4.1. Horst (1997) and Massman (2000), on the other hand,
have suggested a much simpler analytical approach as an alternative to
the direct use of Equation 4.1. For relatively small (high frequency) at-
tenuation effects the analytical model is an extremely good substitute for
Equation 4.1 (Massman 2000, 2001). But for relatively larger amounts
of (high frequency) attenuation, Massman (2000, 2001) indicates that
the analytical method can significantly underestimate Equation 4.1.

A final concern with the transfer function method is that the associ-
ated correction factors can become quite large (e. g., Villalobos 1996).
This is particularly true at night or during low wind speeds (Massman
2001). Although it is less clear how significant a large correction fac-
tor, one greater than about 1.5 for example, may have on the long-term
carbon budget because they are typically associated with small fluxes
(Massman and Lee 2002).

Unlike the transfer function approach, in situ methods do not re-
quire smooth models of atmospheric cospectra. Fundamental to these
methods is the assumption of cospectral similarity between scalar fluxes.
Application of this method, in the most general terms, requires taking
the ratio of a reference flux (usually assumed to have no attenuation)



Flux loss from spectral attenuation 43

to an attenuated reference flux. This ratio is then used as a correction
factor for a measured and cospectrally similar scalar flux. This basic
approach has several variants. The pass band covariance approach, first
proposed by Hicks and McMillen (1988), basically assumes cospectral
similarity in the central portion of any measured scalar cospectra and
that this central cospectral band is not significantly influenced by either
low or high frequency attenuation effects. This approach has been used
in several different ways to reconstruct or correct measured fluxes (e. g.,
Mestayer et al. 1990; Verma et al. 1992; Horst et al. 1997; Aubinet et
al. 2001). A second variant is based on using the heat flux as both the
reference flux and the degraded reference flux. This approach has been
used by, among others, by Koprov et al. (1973), Lee and Black (1994),
Kristensen et al. (1997), Laubach and McNaughton (1999), and Villalo-
bos (2001) to study and correct for attenuation resulting from lateral
sensor separation effects. However, Goulden et al. (1997), using a recur-
sive low pass digital filter, applied the degraded heat flux approach for
real time correction of CO2 fluxes measured with a closed-path sensor.

While these in situ methods do not suffer from issues regarding mod-
eled cospectra like the transfer function approach does, they, neverthe-
less, have drawbacks that introduce uncertainty into the fluxes when
they are used to estimate flux corrections. First, cospectral similarity
is not guaranteed (e. g., Katul and Hsieh 1999). Differing distributions
for the sources and sinks of CO2, H2O, and heat will produce cospec-
tral dissimilarity between these scalars. Second this method does not
include any high frequency corrections to the reference flux, which is
usually taken to be the heat flux as measured by sonic anemometry, or
for line averaging effects on the vertical velocity signal. These will result
in the underestimation of the corrected fluxes. However, this should be
a relatively small amount (e. g., 2-6%, Massman 2001) that will likely
vary with wind speed and atmospheric stability. Third, the reference
flux must be large enough to be adequately resolved by the eddy co-
variance system; otherwise it cannot be used to define the correction
factor. This often makes nighttime flux corrections problematic. (Of
course flux measurement at night is difficult for other reasons as well.)
Fourth, calibrating the in situ method (appropriate to closed path eddy
covariance systems) is, by its nature, somewhat imprecise. For example,
in order to digitally degrade the temperature flux so that it will emulate
the attenuation associated with a closed-path CO2 system, it is neces-
sary to provide an appropriate time constant. How this time constant
is determined is critical to this method. If the time constant is found
by comparing spectra of temperature and CO2 or some other trace gas,
then attenuation effects resulting from any spatial separation between
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the CO2 intake tube and the sonic anemometer will have to be treated
separately. Furthermore, digitally degrading the temperature flux using
this time constant will also introduce a phase between the sonic sig-
nal and the degraded temperature signal, which may be different than
the phase between the sonic signal and the CO2 signal. Depending on
the nature of these two different phase shifts, this could result in either
overestimating or underestimating the high frequency spectral correc-
tion factor for CO2 flux. On the other hand, if this time constant is
determined by comparing the observed scalar cospectra, then in princi-
ple the time constant can be influenced by any effects associated with
the lateral and longitudinal separations between the CO2 intake tube,
the temperature sensor, and the sonic anemometer. Therefore, empiri-
cally determined time constants, often used to characterize closed path
eddy covariance systems, can be a source of uncertainty for spectral cor-
rections. This is much less of an issue with open path systems for which
the time constants are much better defined. Fifth, low frequency cor-
rections are not included with in situ methods, which may or may not
be a serious problem because the low frequency corrections are likely to
need special treatment, as discussed again in a later section.

In summary any method used for quantifying and correcting eddy co-
variance fluxes for spectral loss will also carry some inherent uncertainty.
Such methods must employ simplifying assumptions, which will be vio-
lated to varying degrees from one eddy covariance system or instrument
to another and from one flux sampling period to another. Neverthe-
less without such assumptions quantifying and compensating for spec-
tral loss in eddy covariance flux data becomes prohibitive or impossible.
It is, therefore, beneficial to examine the uncertainties associated with
these assumptions and, if possible, to quantify them.

Specifically, this study develops a simple expression (or method) for
estimating the uncertainty in the spectral correction factors derived from
the transfer function method. This expression, based on Massman’s
(2000, 2001) analytical model for spectral corrections, includes the ma-
jor aspects of cospectral variability. We focus on the transfer function
method because it lends itself to error estimation more easily than does
the in situ method. Nevertheless, the uncertainty analysis is also applied
to a hypothetical closed path system with an empirically determined
time constant. We also examine some aspects of cospectral similar-
ity by introducing and using a general mathematical form for (ideal)
spectra and cospectra and comparing heat and momentum cospectra
at an AmeriFlux and a Euroflux site. Ultimately, we hope this study
will provide an extended example of how to develop and assess spectral
correction factors that can be used at any site and with any eddy co-
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variance system. The next section uses a formal error analysis to define
the sources of uncertainties associated with the transfer function method
for estimating spectral corrections. The third section describes how the
uncertainty analysis is applied to observed data.

2. Sources of uncertainties for the transfer
function method

For the sake of consistency and to emphasize the relationship with
Massman’s (2000, 2001) approach for spectral corrections we will, as
appropriate, employ his notation throughout this study. We will also
henceforth reference his papers as M21.

For spectral correction methods based on transfer functions the ma-
jor source of uncertainty is the variability in the cospectra from one
flux averaging period to another. This cospectral variation has three
aspects: (i) variability in the frequency, fx, at which the frequency-
weighted cospectra, fCo(f), reaches a maximum value, (ii) variations
in how relatively broad or peaked fCo(f) might be (Horst 1997; M21),
and (iii) departures of any observed cospectra during an averaging pe-
riod from the assumed smooth shape. A fourth, but less significant,
source of uncertainty results from (iv) uncertainties in an eddy covari-
ance system’s time constants. Issues (i), (ii), and (iv) are treated within
the analytic framework developed by M21. The third concern is treated
numerically. The next subsection defines the concepts related to (i) and
(ii) in terms of a universal mathematical expression for cospectra and
spectra. After that section 2.2 develops an uncertainty analysis using
M21’s analytical model. Later sections discuss closed path systems and
the associated uncertainties in system time constants and also describe
how the analytical results are generalized to include the issues related
to (iii).

2.1 A general mathematical expression for
spectra and cospectra

A fairly general (smooth) mathematical expression or model of cospec-
tra that will be used with transfer function based methods to estimate
spectral correction factors is

fCo(f) = A0
f/fx

[1 + m(f/fx)2µ]
1
2µ

(m+1
m

)
(4.2)

where f is frequency (Hz), A0 is a normalization parameter (discussed in
more detail below), m is the (inertial subrange) slope parameter, and µ
is the broadness parameter. To describe cospectra, which are normally
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Figure 4.2. Influence of the broadness parameter µ on the shape of the cospectra
modeled by Equation 4.1. For µ = 7/6 Equation 4.1 approximates the flat terrain
stable-atmosphere cospectra of Kaimal et al. (1972). For µ = 1/2 it approximates
their cospectra for an unstable atmosphere. All cospectra obey a -7/3 power law in
the inertial subrange.

characterized by a -7/3 power law in the inertial subrange, m must be
3/4. To describe spectra m = 3/2 results in a -5/3 power law.

Equation 4.2 is a generalization of the models of spectra and cospec-
tra discussed by Busch (1973) and Kristensen et al. (1997). It can be
used to describe either normalized or unnormalized spectra or cospec-
tra. A normalized spectra or cospectra would have unit area, i. e.,∫ ∞
0 Co(f)df/(totalcovariance) = 1. Otherwise the area under Co(f)

would be the total covariance. Clearly, it is possible to employ the nor-
malization condition to eliminate A0 from Equation 4.2. For example,
the condition of unit area for a normalized spectra or cospectra yields

A0

B( 1
2µ , 1

2µm )

2µ(m1/2µ)
= 1

where B(x, y) is the complete beta function (e. g., Spanier and Oldham
1987). However, for the present study A0 will be taken as a free para-
meter. This is done largely for ease of computation, otherwise obtaining
the parameters fx, µ, and m by nonlinear regression on observed cospec-
tra would be considerably more complicated both mathematically and
numerically.
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An example of the broadness parameter is shown in Figure 4.2. For
m = 3/4 and µ = 7/6 Equation 4.2 closely approximates the flat ter-
rain stable-atmosphere frequency-weighted cospectra of Kaimal et al.
(1972); whereas, for µ = 1/2 it approximates their cospectral model of
an unstable atmosphere. In general, Figure 4.2 shows that relatively
narrow or peaked cospectra are associated with larger values of µ and
that relatively broad cospectra are associated with smaller values of µ.

2.2 Analytical expression for estimating
uncertainty

One of the benefits of any analytical model is that it can be used
in a formal error analysis to estimate model uncertainty resulting from
errors or uncertainties associated with the model’s parameters. M21
shares this advantage. In it’s simplest form his model yields the following
expression for the ratio of the measured covariance, (w′β′)m, to the true
or spectrally unattenuated covariance, (w′β′):

(w′β′)m
w′β′ = [

bα

(bα + 1)
][

bα

(bα + pα)
][

1
pα + 1

] (4.3)

where b = 2πfxτb and τb = the equivalent time constant associated with
block averaging (Massman 2000); p = 2πfxτe and τe = the equivalent
time constant associated with all high frequency attenuation (Massman
2000); and α is the broadness parameter for M21’s analytical model.
[Note that α is really an adjustment factor to M21’s analytical model
that improves the quality of the correction factor for relatively broader
cospectra. It is not the same as µ, but it is related to µ and is associ-
ated with cospectra for which µ ≤ 0.5.] This expression assumes that
recursive filtering is not used when separating the mean and fluctuat-
ing quantities so that the ‘a’ term of Massman (2000) is not necessary
(Massman 2001).

It is useful for the present study to simplify Equation 4.3, which can be
done by noting that for most applications the flux averaging period far
exceeds the time constants associated with high frequency attenuation
effects, i. e., τb >> τe. This allows the middle term on the right hand side
of Equation 4.3 to be approximated by unity, i. e., [ bα

(bα+pα) ] ≈ 1. The
resulting correction factor, F , is the inverse of the simplified Equation 4.3
and is given next.

F =
w′β′

(w′β′)m
= [1 +

1
(2πfxτb)α

][1 + (2πfxτe)α] (4.4)
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This expression can be used to evaluate the expected error, ∆F , in the
correction factor, F , resulting from period to period cospectral variations
in fx and α and from uncertainties in τe. Following Scarborough (1966)
or Coleman and Steele (1999) the expected error is defined as

∆F =

√[
∂F

∂fx
∆fx

]2

+
[
∂F

∂α
∆α

]2

+
[
∂F

∂τe
∆τe

]2

(4.5)

where ∆fx and ∆α are the uncertainties associated with fx and α and
∆τe is the uncertainty associated with τe. Usually τb is known with
sufficient precision that there is no need to include any associated un-
certainty. The uncertainties associated with fx and α can be evaluated
from data, as outlined in the next section. ∆τe is considered only for
the closed path system, which is also discussed later. For an open path
system ∆τe is considered negligible. [Note that the use of τe in M21’s
model for spectral corrections does introduce some uncertainties into the
spectral estimates; however they result more from mathematical approx-
imations than from random variations. Consequently, these uncertain-
ties are likely to produce biases (underestimations) of the true spectral
correction.] Using Equation 4.4 to evaluate the partial derivatives and
then setting the parameter α = 1 in the resulting expression yields the
following expression for the relative uncertainty in the correction factor,
∆F/F :

∆F

F
= {[(1 +

1
b
)p − 1 + p

b
]2[

∆fx

fx
]2

+[(1 +
1
b
)p ln(p) − 1 + p

b
ln(b)]2[∆α]2

+[(1 +
1
b
)p]2[

∆τe

τe
]2}0.5/[(1 + p)(1 +

1
b
)] (4.6)

The broadness parameter, α, was set to 1 in this expression because its
observed range variation, as discussed later, is not very great so that
explicitly including it in Equation 4.6 is not necessary and because we
wish to keep this expression as simple as possible.

Equation 4.6 can be interpreted in two ways. First, as previously em-
phasized, this expression defines the relative uncertainty in the spectral
correction factor, F , used with some eddy covariance systems. However,
and maybe more importantly, its second interpretation is that it also
represents the uncertainty in flux estimates that use transfer function
based methods to spectrally correct the measured covariances. This sec-
ond interpretation follows from the fact that the correction factors are
applied by multiplying the measured covariance by F . Nevertheless, this
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second interpretation is broader and more inclusive than what might be
inferred from the assumptions underpinning its derivation. As discussed
below Equation 4.6 is fairly robust and can be generalized to include
other sources of uncertainty associated with spectral correction factors.
The next section discusses how the model parameters fx, ∆fx, α, ∆α,
τe, and ∆τe are evaluated from observed data and how Equation 4.6 is
generalized and applied to the measured covariances.

3. Application of uncertainty analysis to
observed data

3.1 Site description and data handling
preliminaries: An AmeriFlux site

Data used in this study were obtained between January 2 and January
5, 2001 at a subalpine site within the larger Glacier Lakes Ecosystem
Experiments Site (GLEES), located in the Rocky Mountains of southern
Wyoming about 70 km west of Laramie, Wyoming, USA. This Amer-
iFlux eddy covariance site has an elevation of 3158 m and its location
is (41◦21′56.3′′N, 106◦14′22.6′′W). The mean topographical slope from
about 2 km upwind from the eddy covariance tower is about +3 to
+5◦. Beyond that the slope becomes quite steep as the land rises to a
mountain peak of about 3430 m. For the purpose of measuring fluxes,
the general region should be considered micrometeorologically complex.
During the time of this experiment the area was snow covered. The snow
depth in the clearing surrounding the eddy covariance tower was about
1.1 m and within the nearby wooded area it was about 0.7 m.

At GLEES the sonic anemometer is zref = 27.1 m above the ground
surface and, being aligned with the dominant wind direction, is pointed
nearly due west (268◦). Year round the winds almost exclusively fall
within the sector between 230◦ and 310◦. This sector is forested and
covered by Engelmann spruce (Picea engelmannii (Parry) Englem.) and
subalpine fir (Abies lasiocarpa [Hook.] Nutt.), which range in height (h)
between 15 and 20 m and in age between 250 and 450 years old. However,
the region generally is patchy and also includes seasonally wet meadows,
open areas within the forest, and several lakes of various sizes. During
the winter months the half-hourly mean winds can vary between about 2
m s−1 and 25 m s−1, with an mean ensemble average of about 10 m s−1.
The zero-plane displacement height, d, for this site is assumed to be 13
m (or d ≈ 0.75h). The mean temperature is about -10 C and the mean
pressure is about 69 kPa. As a result of solar heating of the trees and
needles the sensible heat fluxes during the daylight can be large (∼300
Wm−2), as can the latent heat fluxes (∼200 Wm−2), which is driven by
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sublimation of the snow. CO2 fluxes during the winter are low (∼0.02
mgm−2s−1) and are a combination of efflux from the snow surface and
from the tree boles. Clearly the source distributions for heat, CO2, and
water vapor fluxes are quite different at GLEES. In spite of the relatively
high heat and vapor fluxes atmospheric stability at GLEES during the
winter is assumed to be neutral during the January 2001 study period.
This is because GLEES is very windy and extremely turbulent almost
continuously during the winter months so that zref/L = 0 virtually 24
hours a day. Here L denotes the Monin-Obukhov length.

The turbulence data were obtained with an ATI sonic anemometer
(thermometer), model no. SATI/3VX and an open-path NOAA ATDD
infrared CO2/H2O sensor (Auble and Meyers 1992). Also included as
part of this study is a fast response pressure sensor for measuring static
turbulent pressure fluctuations (Cook and Bedard 1971; Nishiyama and
Bedard 1991; Wyngaard et al. 1994), which is treated in this study as
another atmospheric scalar. The sonic has a path length of 0.15 m.
The open-path CO2/H2O sensor has a path length of 0.20 m and is
mounted 0.25 m below the center of the sonic. Relative to the sonic the
open-path sensor was displaced laterally by 0.051 m and longitudinally
(behind the sonic) by 0.22 m. The pressure probe is connected to a
differential pressure sensor by a 6.1 m long garden hose with a diameter
of 0.025 m. The probe is positioned 0.33 m above the center of the sonic
and has a path length of 0.045 m. It is displaced laterally by 0.051 m
relative to the sonic and located 0.356 m behind the sonic.

For the purposes of the present work, we do not include any possible
attenuation associated with vertical displacements (e. g., Kristensen et
al. 1997) or possible tube effects on the pressure fluctuations (e. g., Ay-
din 1998; Iberall 1950). For the open path CO2/H2O instrument, which
is mounted 0.25 m below the sonic, Kristensen’s et al. (1997) results sug-
gest that correction term is about +0.2%, which is negligible. However,
at GLEES the pressure probe is mounted 0.33 m above the sonic. To
date there are no models of covariance loss to the pressure covariance,
p′w′, resulting from vertical displacement. It is, therefore, possible that
measured values of p′w′ are underestimated because we neglect this as-
pect of system design. We do not include any possible influences the
hose may have on the pressure fluctuations measured with the differen-
tial pressure sensor because again we expect this to be negligible (e. g.,
Holman 2001, Chapter 7). With these few exceptions, we use all the
system design distances and the other instrument and block averaging
filtering effects and Massman’s (2000) analytical approach to estimate
the system’s equivalent time constant for high frequency, τe, and low
frequency, τb, attenuation.
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All GLEES turbulence data are sampled at 20 Hz and the flux averag-
ing period is half an hour. Before any fluxes are calculated the 20 Hz data
are screened for spikes using Højstrup’s (1993) despiking and interpolat-
ing routine. The data are also tested for physically unrealistic values of
skewness and kurtosis (Vickers and Mahrt 1997). Nevertheless, this spe-
cific period of time, consisting of 180 contiguous half hour periods, was
chosen for this analysis because the data capture rate was extremely high
and the data system and the data itself showed no significant problems.
After despiking, the data were then used to form half-hourly mean wind
speeds which are used with the planar fit method (Wilczak et al. 2001)
to define the coordinate system. Next, all 20 Hz data are rotated into
this coordinate system and it is this rotated high frequency turbulence
data that are used for calculating cospectra. For this study the GLEES
cospectral data include the momentum covariance, u′w′, the pressure co-
variance, p′w′, the sonic virtual temperature covariance, w′T ′

v, and the
water vapor (w′ρ′v) and CO2 (w′c′) covariances. In the case of the last
two covariances we do not include the WPL terms (Webb et al. 1980)
because we are correcting only the covariance between the sonic and the
open-path CO2/H2O sensor.

3.2 Observed values of the cospectral
parameters fx, ∆fx, α, and ∆α

After rotation there are six steps that are performed to derive esti-
mates of fx and ∆fx.

Each time series is padded with about 860 zeroes to make a total of
36,864 (NFFT = 21232) data points. We note here that these win-
ter time series showed no significant temporal half-hourly trends
so that padding with zeroes should cause only a minimum of dis-
tortion in the cospectra (see Chapter 7 of Kaimal and Finnigan
1994). The FFT we employed here is very general and because it
can accept any number of data points it is not restricted to a power
of 2. However, this FFT performs best and as fast as a standard
FFT if the number of input data points is rich in powers of small
primes. For a half-hour time series, sampled at 20 Hz, this value
of NFFT is the optimal value for FFT performance.

After transforming the time series and forming the cospectra, the
discrete cospectral estimates are corrected for the reduction asso-
ciated with the padding by zeroes (Kaimal and Finnigan 1994).

The raw cospectra are then smoothed with a frequency window
that expands with frequency (Kaimal and Finnigan 1994). How-
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ever, no other windowing or tapering was used on the time series
or the cospectra (e. g., Kaimal and Finnigan 1994).

The FFT frequencies, f , are nondimensionalized (multiplied) by
the ratio zref/u to yield the nondimensional frequency, η = fzref/u.

The smoothed cospectral estimates are then multiplied by fre-
quency to form the frequency-weighted cospectra, which is fitted to
the universal cospectra given by Equation 4.2 using the Levenberg-
Marquardt nonlinear least squares algorithm (Press et al. 1992).
We fit the frequency weighted cospectrum rather than the cospec-
trum itself because the frequency weighted cospectrum has more
structure (i. e., it is not monotonic, which the cospectrum tends
to be) so it provides a more reliable and precise estimate of the
parameters. We also only fit the central portion of the observed
cospectra to avoid influencing the fit by any high or low frequency
attenuation. Note here that the transformation to nondimensional
frequencies has no impact on Equation 4.2 or the results of the fit-
ting procedure because f/fx = η/ηx. Nor does it have any impact
on the relative uncertainty in the correction factor, ∆F/F given
by Equation 4.6, because ∆fx/fx = ∆ηx/ηx. Nevertheless, when
presenting the fx results we also include another nondimensional
form for fx, i. e., η′x = fx(zref − d)/u. This second formulation,
which is more conventional, allows us to compare our results with
those of previous studies and is used specifically in Equations 4.6
and 4.3 when parameterizing fx. But because the displacement
height, d, is somewhat uncertain, it also follows that η′x is less cer-
tain that ηx. However, we do not include this source of uncertainty
in our results.

It is necessary to explore the parameter space in order to determine
the optimal values of the parameters fx, µ, and m, the slope para-
meter. Although the slope parameter is not the primary objective
of the study it is useful to be able to examine the slope of the in-
ertial subrange for its own interest as well as to assess its possible
influence on the uncertainties in fx and µ. Exploring the parame-
ter space consists of fitting each of the cospectra several different
times using different choices for the initial values of the parame-
ters and different combinations of fixed and free parameters. The
goal is to find a set of initial values for the parameters that pro-
duce the highest ensemble R2 values (best fit to the ensemble of
cospectra). This results in a set of optimized parameter values for
each cospectrum. The ensemble mean and the root mean square
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Table 4.1. Optimal parameter values for instrument covariances measured at GLEES
in Rocky Mountains of southern Wyoming during January 2001. At this site during
wintertime the atmosphere is neutrally stable. The uncertainty associated with the
value of each parameter is enclosed by parentheses. Here ηx = fxzref/u and η′

x =
fx(zref − d)/u.

Parameter p′w′ u′w′ w′T ′
v w′ρ′

v w′c′

µ 0.25 (0.06) 1.0 (0.35) 0.6 (0.28) 0.6 (0.28) 0.6 (0.38)
ηx 0.22 (0.09) 0.14 (0.04) 0.21 (0.06) 0.19 (0.06) 0.22 (0.09)
η′

x 0.11 (0.05) 0.07 (0.02) 0.11 (0.03) 0.10 (0.03) 0.11 (0.05)
α 0.8 (0.2) 1.0 (0.2) 1.0 (0.2) 1.0 (0.2) 1.0 (0.2)

variance of these optimized parameter values are then taken to be
the final (best) values for a parameter and its inherent uncertainty
or variability. For these fitting runs m = 3/4 is fixed. After deter-
mining the best estimates of ηx and µ, m is then varied between
0.7 and 0.8 to test the influence different m values may have on the
quality of the fits. A final run is then performed where ηx, µ, and
m are fit simultaneously to confirm that all parameter values are
near optimal. This last run is performed primarily to confirm that
m ≡ 3/4 (-7/3 cospectral decay) is reasonable for these cospectra.

The results of the tests concerning the slope parameter, m, confirmed
that the inertial subrange decays according to -7/3 law and that no
significant improvement in the quality of the fits could be achieved by
another value of the -7/3 slope (m = 3/4). This was true for all five
instrument covariances measured at GLEES.

The final values for µ, ηx, and η′x and their associated uncertainties
are listed in Table 4.1. M21’s broadness parameter value is also listed in
Table 4.1, but before discussing it is worthwhile comparing the present
results with the results of Kaimal et al. (1972). For flat terrain and a
neutral stability Kaimal et al. (1972) suggest that η′x = 0.085 for the
momentum flux, u′w′, and 0.079 for the heat flux, w′T ′. This study
indicates that the peak in the frequency weighted cospectrum is shifted
to slightly lower values at GLEES for momentum flux and slightly higher
values for the heat flux. But, the uncertainties are relatively large for
the GLEES site, so an precise comparison is difficult.

From the formulations given by Kaimal and Finnigan (1994) for near
neutral momentum cospectra, it is straightforward to obtain that the flat
terrain cospectral broadness is µ = 1/2. At the more topographically
complex GLEES site, however, µ = 1 indicating that the frequency-
weighted cospectrum is more narrowly peaked than for flat terrain. For
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heat flux the comparison is complicated by the fact that the model
cospectra presented by Kaimal and Finnigan (1994) is comprised of two
equations (i. e., it is piecewise continuous). But the same general conclu-
sion seems to hold for the broadness of heat flux cospectra as for momen-
tum cospectra, except that the difference between the flat terrain and
the GLEES heat flux cospectral broadness parameters, µ, is somewhat
smaller and less significant than for the momentum broadness parame-
ter. We conclude that, except for some subtle nuances, the momentum
and heat cospectra over the forested complex terrain at GLEES are sim-
ilar to the flat terrain momentum and heat cospectra. Furthermore, it
is not clear how significant, if at all, these subtle differences are. This
is because (i) Kaimal et al. (1972) did not use Equation 4.2 to describe
their cospectra, (ii) they did not use the same coordinate system as the
present study, and (iii) the variability we found in the GLEES cospec-
tral parameter values suggests that Kaimal’s et al. (1972) sample size
may not have been adequate to determine the natural variability that
was present at the time their data were obtained. Nevertheless, when
using M21’s analytical method to estimate the spectral correction fac-
tors appropriate to GLEES we will use the data from Table 4.1, rather
than the cospectral model from Kaimal et al. (1972).

Table 4.1 also indicates that the measured water vapor and CO2 co-
variance cospectra largely follow the heat covariance cospectra because
without the WPL terms these covariances are dominated by the heat
flux term. In fact the CO2 covariance is probably more strongly influ-
enced by the heat flux term than is the water vapor covariance because
the true CO2 flux is quite small, whereas the true water vapor flux can
be quite high even during the winter. Therefore, the heat flux term has
a relatively smaller contribution to the w′ρ′v covariance than to the CO2

covariance. This and the possibility of heat and vapor dissimilarity may
explain why the cospectral parameter value of ηx or η′x for water vapor
differ more from the heat covariance values than do the CO2 covariances.
We also note that the uncertainties in the parameter values for the CO2

covariance are greater than for either w′T ′
v or w′ρ′v. This may be due

to the fact that the CO2 covariance combines the variability in all the
other fluxes, CO2, water vapor, and heat.

Finally, because Kaimal et al. (1972) did not measure the pressure
covariance, p′w′, it is not possible to compare the present results with
theirs. However, Table 4.1 does indicate that the p′w′ cospectra are
considerably broader than u′w′ cospectra. This may be a general char-
acteristic of p′w′ cospectra as Wilczak (personal communication) has
found the same characteristic also occurs over the ocean.
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The parameter α and its associated uncertainty, ∆α, are determined
empirically by matching the correction factors generated by M21 ana-
lytical approach to those generated by direct integration using Equa-
tions 4.1 and 4.2. The results, shown in Table 4.1, indicate, as M21
claimed, that the analytical method is not particularly sensitive to the
broadness parameter. The only possible exception to this in this study
are the p′w′ cospectra (α = 0.8), which are extraordinarily broad (µ =
0.25) when compared to the other cospectra (µ > 0.50). M21 also found
that Kaimal’s et al. (1972) flat terrain cospectra for neutral or unstable
atmospheric stability also showed sufficient broadness that α = 0.925
was required for a good match. These two non-unity values of α suggest
that ∆α can be estimated from the observed range of variability in the
different computed values for α. We, therefore, take ∆α = 0.2 since the
observed values of α range from 0.8 to 1.0. For the purposes of estimat-
ing ∆F/F from Equation 4.6 we will take the nominal value of α as 1,
as was discussed previously.

As an example of the different steps involved in this analysis, Figure
4.3 compares the three following cospectra: the smoothed FFT cospec-
trum for w′T ′

v obtained at 6:30 am MST January 2, 2001 (dashed line),
the optimal fit of the FFT cospectrum by Equation 4.2 (solid line), and
the modeled cospectrum derived from Equation 4.2 using the ensemble
best fit parameters given in Table 4.1 (dotted line). This figure clearly
indicates the nature of the three types of cospectral variability mentioned
previously.

3.3 Cospectral (dis)similarity between sites: A
Euroflux site

The last section includes a brief comparison between the flat ter-
rain (momentum and heat) cospectra of Kaimal et al. (1972) and the
cospectra obtained at a topographically complex site during neutral at-
mospheric conditions. The results indicated that there were cospectral
differences between these sites, but it was less clear how significant the
differences might be for discussions of cospectral similarity. However, for
spectral attenuation issues the differences are quite significant because
η′x for momentum flux was about 18% lower at GLEES than at the flat
terrain site. Whereas η′x for heat flux was almost 40% higher at GLEES.
It is, therefore, worthwhile to include another site in this comparison in
an effort to determine how generalizable the previous results might be
from one site to another.

This section presents values of η′x were obtained at Griffin Forest,
a Euroflux site located at (56◦ 36’ 30” N, 3◦ 47’ 15” W) near Aber-
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feldy, Perthshire, Scotland. The forest at this site covers about 75% of
the surface and is 97.3% Sitka spruce (Picea sitchensis), 2.1% Douglas
fir (Pseudotsuga menziesii) and 0.6% birch (Betula pendula). The re-
maining 25% of the surface is open space: roads, streams, and ridges
dominated by heather and grasses. The forest Leaf Area Index (LAI) is
about 8, and where the canopy is closed, the understory is quite sparse
and dominated by mosses. The canopy height is about 7.5 m and d
averaged about 6.5 m.

The site has an elevation of 350 m ASL, and is also a micrometeo-
rologically complex site, being located in a region of ridge and valley
ranging in height between 50 and 600 m. It is situated in a broad north-
west facing valley with a mean slope of 9%. The fetch to the southwest
is about 500 m before it is disturbed by a hill. To the northwest the
fetch is about 2000 m and to the northeast and southeast it is about
1000 m. The eddy covariance instruments are mounted at 15.5 m and
consist of a Solent R2 three dimensional sonic, a closed-path Licor (6262)
CO2/H2O Infra Red gas analyzer (IRGA), and an open-path Licor 7500
IRGA. The inlet to the closed-path IRGA is located 0.20 m below and
0.05 m to the north of the sonic. The intake tube length is 18 m and
it has an inside diameter of 0.00623 m. The flow rate is 6 L min−1 and
the flow Reynolds number is about 1400. The open-path sensor is po-
sitioned 0.30 m from the center of the sonic. Data from this Euroflux
site were obtained between July and September 2000. They were col-
lected at 20.833 Hz (N1/2 = 37500 data points per half-hour) and were
processed by the Edisol/EdiRe software package. The eddy correlation
system and the data processing package are described in more detail by
Moncrieff et al. (1997). All covariances are calculated in the planar fit
coordinate system (Wilczak et al. 2001).

All Griffin forest cospectra are calculated for each 2-hour period using
smoothed and spliced FFT (Kaimal and Finnigan 1994). To obtain
the high frequency portion of the cospectra the 20.833 Hz time series
are divided into M sequential segments of contiguous 512-point time
series. [Note that for this method of cospectral analysis NFFT = 29 and
M = 4N1/2/NFFT if NFFT divides 4N1/2 exactly, otherwise M = 1+
the integer part of {4N1/2/NFFT }.] If necessary, the final segment is
zero-buffered to insure that NFFT is the same for all M data segments.
Each segment is detrended using a linear least squares fit and tapered
using a Hamming window (Kaimal and Kristensen 1991). The FFT
is applied to each segment and the transformed results are averaged
prior to logarithmic bin-averaging of the spectral estimates. The low
frequency cospectrum for the same data period is obtained by averaging
M sequential data points to obtain a single set of NFFT averaged data
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Table 4.2. Optimal values of η′
x for instrument covariances measured at Griffin forest,

Scotland, during July through September 2000. The uncertainty associated with the
value of each parameter is enclosed by parentheses. Here η′

x = fx(zref − d)/u.

Covariance η′
x η′

x η′
x

very unstable: z/L ≤ −2 neutral stability: stable: z/L > 0

u′w′ 0.009 (0.063) 0.027 (0.063) 0.029 (0.015)

w′T ′
a 0.010 (0.032) 0.073 (0.032) 0.043 (0.025)

w′ρ′
v (closed-path) 0.003 (0.008) 0.015 (0.008) 0.014 (0.011)

w′c′ (closed-path) 0.011 (0.015) 0.043 (0.015) 0.041 (0.023)

w′ρ′
v (open-path) 0.014 (0.019) 0.041 (0.019) 0.036 (0.024)

w′c′ (open-path) 0.009 (0.011) 0.047 (0.011) 0.040 (0.021)

points. Again this data series is detrended, tapered, transformed, and
logarithmically bin-averaged using the same methods as with the high
frequency portion. The resulting high and low frequency portions are
merged and sorted by frequency to obtain a single cospectral curve, to
which Equation 4.2 is then fitted. About 200 cospectra for both stable
and neutral/unstable atmospheric conditions were available for analysis.

Table 4.2 presents the cospectral parameter values for η′x obtained for
Griffin forest. The other cospectral parameter values are not included
because they are of less significance. There are several key observa-
tions concerning the Griffin forest results that need to be emphasized.
First, comparing the neutral stability η′x values with those of GLEES
(Table 4.1) indicates that for neutral conditions η′x at Griffin forest are
associated with much lower frequencies than at GLEES. Second, η′x at
Griffin forest tends to decrease with increasing atmospheric instability
and that η′x for stable conditions tend to be relatively constant and
highly variable. This stability dependency is opposite of the flat terrain
site of Kaimal et al. (1972), where constant η′x is associated with un-
stable conditions and η′x tends to increase with increasing atmospheric
stability. Third, the open-path water vapor and CO2 covariances and
the closed-path CO2 covariance can probably be considered cospectrally
similar for any atmospheric stability, especially given the uncertainty
of their respective η′x values. But, some divergence between open- and
closed-path results should not be unexpected because the influence of
the WPL temperature covariance (heat flux) term will be considerably
greater on the open-path covariance than on the closed-path covariance.
However, the closed-path water vapor cospectra are so different from
these other three scalar cospectra that they are probably untrustworthy.
We hypothesize that the water vapor fluctuations have been so strongly
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attenuated by the tube flow and interactions with the flow path walls
that their associated η′x values should not be used for spectral atten-
uation issues. Fourth, the w′T ′

a cospectra is for the atmospheric heat
flux not for the sonic temperature covariance; but, any differences in-
troduced by using w′T ′

a rather than w′T ′
v should be small. Fifth, and

final, no continuity requirement between stable and neutral values of η′x
was imposed. Except for w′T ′

a, the results suggest that the η′x values
are probably continuous across these two stability classes. Although the
variability of η′x for w′T ′

a is high in both stability classes, the data sug-
gest that the value of 0.073 for the neutral case is likely to be biased
high.

In summary, the results from this Euroflux site, when combined with
those from GLEES and Kaimal et al. (1972), suggest that cospectra,
which use the η′x normalization to parameterize fx, possess considerable
site-to-site variablity. Therefore, any investigation of issues involving
spectral attenuation of eddy covariance data needs to be examined on
a site specific basis and that the arbitrary use of Kaimal’s et al. (1972)
model for η′x has the potential to introduce significant errors into spectral
correction factors for eddy covariance fluxes.

Besides any possible site-to-site variability in cospectra there is also
the inherent variability of cospectra from one flux-averaging period to
the next.

3.4 Departures from smooth cospectral shapes
As Figure 4.3 clearly indicates observed cospectra are not particu-

larly smooth. This departure from a smooth cospectral shape is another
source of uncertainty in spectral corrections. Although obviously re-
lated to possible uncertainties in fx and µ, this source of uncertainty is,
nevertheless, different than these other two. The ideal method for spec-
tral corrections might very well be to use the transfer function method,
Equation 4.1, combined with half hourly cospectra, which would thereby
include the half-hourly departures from a smooth cospectral shape. How-
ever, this will probably never be achieved, but it can be emulated by
modifying the smooth cospectral shapes given by Equation 4.2 using
a random number generator (Press et al. 1992) to change the smooth
cospectra into a much ‘nosier’ cospectra than would traditionally be
used. Figure 4.4 compares a smooth cospectra with a nosier cospectra
produced by this method. By providing several different integer seed
values (Press et al. 1992) to the random number generator and calculat-
ing the spectral correction factor with many different noisy cospectra,
we quantify the affects of random variablity in the cospectra on the spec-



Flux loss from spectral attenuation 59

10-3 10-2 10-1 100 101 102

f zref
u

-.1

.0

.1

.2

.3
fC

o
(f

)

w
Tw

T

’
’

Measured cospectrum (smoothed)

Ensemble cospectrum

1 hour best fit cospectrum2

Figure 4.3. Comparison of the smoothed FFT cospectrum for w′T ′
v obtained at 6:30

am MST January 2, 2001 at the GLEES (dashed line) with the optimal fit to this
cospectrum with Equation 4.2 (solid line) and the modeled cospectrum derived from
Equation 4.2 using the ensemble best fit parameters given in Table 4.1 (dotted line).

tral correction factor. Each of the spectral correction factors developed
with a non-smooth cospectra using the integral method is compared to
the correction factors determined by M21’s analytical method, which
uses the smooth cospectra. This produces a range of variation in F
that could be conveniently incorporated into Equation 4.6 for ∆F/F by
simply multiplying Equation 4.6 by a constant, C = 1.2. Note that the
value of 1.2 was synthesized from all five of the GLEES covariance mea-
surements. A separate determination of C for a closed path CO2 system
was also performed and is discussed in section 3.5. The final expression
for the relative uncertainty, ∆F/F , is

∆F

F
= C{[(1 +

1
b
)p − 1 + p

b
]2[

∆fx

fx
]2

+[(1 +
1
b
)p ln(p) − 1 + p

b
ln(b)]2[∆α]2

+[(1 +
1
b
)p]2[

∆τe

τe
]2}0.5/[(1 + p)(1 +

1
b
)] (4.7)
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Figure 4.4. A comparison of the hypothetical frequency-weighted atmospheric
cospectrum shown in Figure 4.1 (solid line) with a version of it after modification
by a random number generator (dash-dot). This method of modifying the smooth
cospectral shape is used to estimate the uncertainty in the spectral correction factor
that is associated with departures of true cospectra from smoothed versions of the
cospectra.

3.5 Results for an open-path system
Figure 4.5 shows relative uncertainty in the spectral correction fac-

tor, ∆F/F , as a function of wind speed for the GLEES CO2 covariance
measurement. This figure suggests that applying a spectral correction
factor based on the transfer function approach to GLEES wintertime
CO2 covariances would lead to a 5 to 10% uncertainty in the resulting
CO2 covariance at low wind speeds and a 2 to 4% uncertainty at higher
wind speeds. Figure 4.6 shows the correction factor, F , as a function of
wind speed for the GLEES CO2 covariance measurement as estimated
by the analytical method of M21 along its inherent range of uncertainty
as predicted by Equation 4.7. The filters and equivalent time constants
employed for this and the previous figure are taken from Table 1 of
Massman (2000) and include sonic line averaging for scalar fluxes, lat-
eral separation, longitudinal separation without a first order instrument,
and high pass block averaging. The results shown in this figure indicate
that the uncertainty associated with a relatively larger value of F is it-
self relatively large and that the inherent uncertainty in F decreases as
F decreases. This supports the conclusion that if an eddy covariance
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Figure 4.5. The relative uncertainty in the spectral correction factor, ∆F/F , as
a function of wind speed for the GLEES CO2 covariance measurement. Neutral
atmospheric stability is assumed.

system is designed so that spectral attenuation is minimal (and there-
fore relatively small), then the transfer method of estimating spectral
correction factors is not particularly sensitive to the shape, the lack of
smoothness in the cospectra, or the natural variablity of the cospectra.
To rephrase, if the spectral correction factors are small, then the trans-
fer function method should provide trustworthy and relatively accurate
values for the spectral correction factors.

3.6 Extension to a closed-path system and ∆τe

The GLEES data provide an example of an eddy covariance system
with an open path CO2 sensor. Now we wish to examine the same sys-
tem with a closed path sensor. We construct this scenario primarily to
test our present methods on a system that has a much longer equivalent
time constant for high frequency attenuation, τe, than the open path
system. All the methods and calculations remain the same, except we
assume that the closed path system has an intake tube attached to a
first order instrument, which is housed in a separate shelter at the base
of the tower. We further assume that the time constant for the first or-
der instrument (τ1) was determined in situ to be 0.1 s and we will take
∆τe = 25 % of τ1. These values for τ1 and ∆τe are to be understood as
purely hypothetical. For any real application they could depart signifi-
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Figure 4.6. The correction factor, F , as a function of wind speed for the GLEES CO2

covariance measurement as estimated by the analytical method of M21 (dark solid
line) and its inherent range of uncertainty as predicted by Equation 4.7 (shaded area).
The factor C used with Equation 4.7 to account for variable (random) departures from
a smooth cospectral shape is 1.2.

cantly from these present values and from one eddy covariance system
to another.

In this simulation we allow for the attenuation associated with tube
flow (M21; Massman 1991), a small amount of lateral separation, some
small amount of longitudinal separation with first order effects (Mass-
man 2000), and a first order time constant for the CO2 sensor equal to
0.1 s. Because this closed path scenario falls into M21’s category for sys-
tems characterized by equivalent time constants between 0.1 and 0.3 s
and a neutrally stable atmosphere, his analytical approach would suggest
that Equation 4.3 above be augmented by the term [1 + 0.9pα]/[1 + pα].
Here we do not employ the additional term. Rather we use Equation 4.3
directly. Figure 4.7 shows the difference between the integral method,
Equation 4.1, and Equation 4.3. For all wind speeds the difference is
small and the agreement is quite good.

Figure 4.8 shows the correction factor, F , as a function of wind speed
for the simulated closed path CO2 covariance measurement as estimated
with analytical method of M21 along its inherent range of uncertainty
as predicted by Equation 4.7. For this example, the factor of C in
Equation 4.7 was again found to be 1.2 using the same method as the
open path sensor. This figure is the closed path analog to Figure 4.6
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Figure 4.7. Difference between the spectral correction factors estimated from the
numerical integration of Equation 4.1 and Equation 4.3 from M21. These calculations
are for a closed-path eddy covariance system and a neutral atmosphere and are shown
as a function of the horizontal wind speed. The zero line is highlighted.

and clearly demonstrates the same conclusions. That is if the correc-
tion factors are relatively large, which they are here by design, then
the inherent uncertainties associated with the transfer function method
can also be relatively large. For example the calculations shown in Fig-
ure 4.8 suggest that for wind speeds between about 2 and 10 m s−1 the
correction factor is about 1.1 ± 10%. For this same range of wind speeds
Figure 4.6 suggests that the open path system has a correction factor
and an inherent uncertainty about half of that. In these two examples
the fundamental difference between the open and closed path systems is
their respective time constants, reinforcing the notion that longer time
constants result in more spectral attenuation, greater uncertainty in the
spectral corrections, and, therefore, greater inherent uncertainty in the
fluxes or covariances that are spectrally corrected with the transfer func-
tion method.

Most of the uncertainty shown in Figure 4.8 results from variability
in the cospectra and from the uncertainty in the cospectral parameters,
not from ∆τe. This is because the present example is fairly conservative
in its estimate of τ1 and ∆τe. As either of these parameters increase in
value so also do the estimates for F and ∆F . At some eddy covariance
sites τ1 can exceed 1 s, which is considerably longer than the present
hypothetical value of 0.1 s. At present there has been no information
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Figure 4.8. The correction factor, F , as a function of wind speed for the GLEES CO2

covariance measurement as estimated by the analytical method of M21 (dark solid
line) and its inherent range of variablity as predicted by Equation 4.2 (shaded area).
The factor C used with Equation 4.2 to account for the variable (random) departures
from smooth cospectral shape is 1.2, which is the same as with the GLEES open path
sensor.

published (of which we are aware) that discusses ∆τ1, which we would
suggest be used to estimate ∆τe. However, we can easily imagine that
∆τ1 can exceed the value of 0.025 s we use in this study.

3.7 Discussion and caveats concerning low
frequencies

One of the advantages of the analytical method is the ability to es-
timate the high and low frequency portions of the correction factors
separately. Rewriting Equation 4.4 using the b and p notation yields
F = [1 + 1/b][1 + p]; where α = 1 is assumed for simplicity. The high
frequency correction factor is expressed by the p term, [1 + p], while the
low frequency portion is [1 + 1/b]. Table 4.3 (using η′x from Table 4.1)
lists these two terms for the GLEES covariance data and the simulated
closed path CO2 data. For the open path covariances both corrections
are small; however, the low frequency portion tends to be slightly larger
than the high frequency portion. In the case of the closed path CO2

system the high frequency portion is by far the dominant term, which
indicates the influence of the relatively longer high frequency time con-
stant, τe, for closed path system than for the open path.
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Table 4.3. Simplified (and approximate) high and flow frequency correction factors
for the GLEES eddy covariance system estimated with M21’s analytical method. The
(1+p) factor is for high frequency effects and the (1+1/b) factor is for low frequency
effects. Wind speeds are assumed to be greater than 1 m s−1.

Covariance (1 + p) (1 + 1
b
)

p′w′ 1.04 1.01-1.06

u′w′ 1.00-1.01 1.00-1.05

w′T ′
v 1.00-1.01 1.00-1.03

w′ρ′
v 1.01 1.00-1.04

w′c′ (open) 1.01 1.00-1.03
w′c′ (closed) 1.02-1.13 1.00-1.03

Nevertheless, in essence, both high and low frequency correction fac-
tors are based on extrapolations into regions of the cospectra where
there are no direct observations. In the case of the high frequency cor-
rections, this extrapolation is probably quite trustworthy because the
-7/3 decay law is theoretically sound and has been observationally ver-
ified in many studies. But, considerably less is known about the very
low frequency portion of the cospectra. For any sampling period, Tb,
there is no observationally based information on low frequencies within
the spectral band [0, 1

Tb
]. Therefore, by including the high pass filters

(block averaging filters, etc.) in Equation 4.1 and integrating over the
whole spectral waveband [0,∞] we implicitly assume that the observed
turbulence cospectra extends smoothly and continuously into the unob-
served portion of the cospectra. This assumption will not be true for all
atmospheric conditions, like those that might occur during convective
conditions or when other large scale planetary boundary layer processes
are active at the time of the measurements. Under these conditions, the
low frequency correction factor, [1 + 1/b], will likely misrepresent the
true correction factor.

At GLEES during the wintertime such large scale planetary boundary
layer effects do not seem to be significant. For example, Figure 4.9 is
a ogive computed from one of the 180 half hourly periods for the tem-
perature covariance w′T ′

v. This particular ogive indicates that virtually
all the half hourly cospectral power is contained in motions with peri-
ods shorter than about 5.5 minutes because the because the cumulative
cospectral power has reached a relatively stable maximum at 3(10−3)
Hz. We should note here that this particular example is an extreme
case. Other ogives (not shown) indicate that motions somewhat longer
than 30 minutes can contribute to half hourly at GLEES during the win-
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Figure 4.9. An ogive calculated from the unsmoothed FFT cospectrum for the tem-
perature covariance w′T ′

v. These data were obtained at 6:30 am MST January 2, 2001
at the GLEES. Neutral atmospheric stability is assumed. This example indicates that
virtually all cospectral power is located in atmospheric motions with periods less than
about 5.5 minutes. Other examples (not shown) show contributions from longer pe-
riod motions. The 1.0 line is highlighted.

tertime. However, we also performed other tests on the data by concate-
nating two half hourly time series to form a single hour time series and
by subsampling and concatenating four half hourly time series to form a
two hour time series. We could find no evidence of any long period, low
frequency, flux contributions. Of course, this result should not be unex-
pected because high elevation, wintertime, high-wind, high-turbulence
conditions are not particularly good candidates for low frequency plan-
etary boundary layer motions. But when conditions are more conducive
these slow large scale motions will contribute to the fluxes (Sakai et al.
2001; Finnigan et al. 2003). At present there is no single agreed-upon
well defined method for correcting fluxes for these low frequency contri-
butions. Consequently, the spectral transfer method as it is posed by
Equations 4.1 and 4.2 should not be understood as compensating for all
flux loss due to undersampling the low frequency planetary boundary
layer motions. Issues concerning the influence of these types of motions
on measured fluxes is discussed in Chapter 5 of this volume.



Flux loss from spectral attenuation 67

3.8 Summary
This study has developed a method of estimating the uncertainty

in any measured covariance that is spectrally corrected by the transfer
function method. It includes the effects of the (flux-averaging) period-to-
period variability in (i) the frequency-weighted cospectral peak, fx or η′x,
(ii) the random departure of measured cospectra from a smooth shape
(encapsuled by the parameter C of Equation 4.7), (iii) the broadness of
the frequency-weighted cospectra (µ or α), and (iv) some of the possible
uncertainties in the effective time constant of an eddy covariance system,
τe. This model, summarized by Equation 4.7, was calibrated mostly
using cospectral data from one particular AmeriFlux site (GLEES), but
also included comparisons with similar data from Kaimal et al. (1972)
and an Euroflux site (Griffin forest). Conclusions reached in this study
are

The uncertainty associated with variability in the cospectral broad-
ness is constant, i. e., ∆α = 0.2.

It is reasonable to simplify Equation 4.7 by approximating relative
uncertainty in fx, i. e., ∆fx/fx, by 0.4 or 0.5; where ∆fx is a
measure of the inherent variability in fx. The value of 0.4 is the
upper bound of values found at GLEES (Table 4.1) and 0.5 is a
value more representative of the Griffin forest site (Table 4.2). This
simplification eliminates the need to evaluate ∆fx directly.

Spectral corrections and their associated uncertainties are likely
to be site specific because the nondimensional frequency, η′x =
fx(zref − d)/u, was shown to be site specific in this study. In fact,
this study has shown that η′x varies significantly between the flat
terrain site of Kaimal et al. (1972) and the micrometeorologically
complex forested sites of GLEES and Griffin forest. Therefore,
there is no a priori reason to assume that the values for nondi-
mensional frequency, η′x, developed in this study or by Kaimal et
al. (1972) apply universally. In turn this suggests that to find any
truly universal cospectral shape will require a different turbulent
time scale than (zref − d)/u.

Equation 4.7 uses a value of 1.2 for the parameter C, which seems
to be reasonable for both open and closed path CO2 systems. How-
ever, we did not emulate all possible or observed eddy covariance
systems, so it is conceivable that C could be somewhat different
for other eddy covariance systems. Thus there may remain a need
to calibrate Equation 4.7 at more eddy covariance sites.
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The uncertainty in spectral correction, F , estimated with the trans-
fer function method, ∆F , increases as F increases and decreases
with decreasing F . Careful attention to minimizing separation dis-
tances and instrument time constants should help keep high fre-
quency losses small so that F and ∆F are small. In this case the
high frequency correction factors should be relatively independent
of cospectral shape, lack of cospectral smoothness, and inherent
variability.

The spectral losses at low frequencies on the other hand are not so
much instrument related as they are related to the length of the
sampling period and the nature of the low frequency atmospheric
motions present during a sampling period. Because so little is
known about the nature of these low frequency atmospheric mo-
tions (1-4 hours) it is difficult to make specific recommendations
for reducing this undersampling error. However, in general, as the
measurement height decreases the low frequency content of any
measured flux should also decrease, which will reduce the prob-
lem somewhat. Unfortunately, this improvement will be offset by
increasing high frequency content in the fluxes.

Present results indicate that further research is needed into the low
frequency (1-4 hour) components of eddy covariance fluxes and in
the nature of the differences in the frequency-weighted cospectral
peaks, η′x and fx, between different sites.
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