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Abstract. We present turbulence spectra and cospectra derived from long-term eddy-covariance
measurements (nearly 40,000 hourly data over three to four years) and the transfer functions of
closed-path infrared gas analyzers over two mixed hardwood forests in the mid-western U.S.A. The
measurement heights ranged from 1.3 to 2.1 times the mean tree height, and peak vegetation area
index (VAI) was 3.5 to 4.7; the topography at both sites deviates from ideal flat terrain. The analysis
follows the approach of Kaimal et al. (Quart. J. Roy. Meteorol. Soc. 98, 563–589, 1972) whose
results were based upon 15 hours of measurements at three heights in the Kansas experiment over
flatter and smoother terrain. Both the spectral and cospectral constants and stability functions for
normalizing and collapsing spectra and cospectra in the inertial subrange were found to be different
from those of Kaimal et al. In unstable conditions, we found that an appropriate stability function for
the non-dimensional dissipation of turbulent kinetic energy is of the form φε(ζ ) = (1−b−ζ )−1/4 −
c−ζ , where ζ represents the non-dimensional stability parameter. In stable conditions, a non-linear
function Gxy(ζ ) = 1 + bxyζ cxy (cxy < 1) was found to be necessary to collapse cospectra in
the inertial subrange. The empirical cospectral models of Kaimal et al. were modified to fit the
somewhat more (neutral and unstable) or less (stable) sharply peaked scalar cospectra observed over
forests using the appropriate cospectral constants and non-linear stability functions. The empirical
coefficients in the stability functions and in the cospectral models vary with measurement height and
seasonal changes in VAI. The seasonal differences are generally larger at the Morgan Monroe State
Forest site (greater peak VAI) and closer to the canopy.

The characteristics of transfer functions of the closed-path infrared gas analysers through long-
tubes for CO2 and water vapour fluxes were studied empirically. This was done by fitting the ratio
between normalized cospectra of CO2 or water vapour fluxes and those of sensible heat to the transfer
function of a first-order sensor. The characteristic time constant for CO2 is much smaller than that for
water vapour. The time constant for water vapour increases greatly with aging tubes. Three methods
were used to estimate the flux attenuations and corrections; from June through August, the attenu-
ations of CO2 fluxes are about 3–4% during the daytime and 6–10% at night on average. For the
daytime latent heat flux (QE ), the attenuations are found to vary from less than 10% for newer tubes
to over 20% for aged tubes. Corrections to QE led to increases in the ratio (QH +QE)/(Q∗ −QG)

by about 0.05 to 0.19 (QH is sensible heat flux, Q∗ is net radiation and QG is soil heat flux), and
thus are expected to have an important impact on the assessment of energy balance closure.
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1. Introduction

High frequency loss in measured eddy-covariance fluxes can be caused by path/line
averaging, sensor separation, inadequate sensor frequency response, damping
through tubes in closed-path gas analyzers, and filtering in data processing (Moore,
1986). Previous studies using spectral methods have shown that corrections to
measured fluxes range from a few to over 30% (Eugster and Senn, 1995; Leun-
ing and Judd, 1996; Horst, 1997; Massman, 2000). The magnitudes of such flux
losses in the higher frequency range can be of the same order as unaccounted for
lower frequency flux contributions due to inadequate averaging time (Rißmann and
Tetzlaff, 1994; Sakai et al., 2001; Finnigan et al., 2003).

Spectral methods to correct flux losses often require knowledge of the true
cospectra, as well as the transfer functions (Moore, 1986; Massman, 2000). The
most commonly used cospectral models in the atmospheric surface layer are those
of Kaimal et al. (1972) and Wyngaard and Coté (1972), derived from the Kansas
experiment over a relatively smooth surface and flat terrain. However, the heights of
eddy-covariance systems at most long-term AmeriFlux forest sites are about twice
the canopy height or less. Thus, they are in the so-called roughness sublayer where
tree elements impose strong influences on the flow characteristics, and the validity
of surface-layer Monin–Obukhov similarity becomes questionable (Kaimal and
Finnigan, 1994). Moreover, the topography at most flux sites is not flat. Therefore,
there is a need to evaluate the characteristics of turbulence spectra and cospectra
over forest canopies, and to compare them with the standard Kansas experiment
results.

Some previous studies presented spectra and cospectra in and above plant can-
opies (Shaw et al., 1974; Anderson et al., 1986; Baldocchi and Meyers, 1988;
Amiro, 1990). However, their emphases were on spectra inside canopies in com-
parison with those above, and the above canopy spectra or cospectra were not
analyzed in the same way as Kaimal et al. (1972) for comparison. These short-
term campaign studies were based on relatively limited data compared to nearly
40,000 hr of measurements from the two long-term AmeriFlux sites used in this
study. As noted in Wyngaard and Coté (1972), the results of Kaimal et al. (1972)
were also based upon very sparse data (15 1-hr runs, 10 unstable, 5 stable, at three
heights). However, the Kansas experiment provided a more complete measurement
set, including the vertical profiles of mean wind speed and temperature, and the
dissipation of turbulent kinetic energy (TKE) (among other variables) that was used
in the analyses of Kaimal et al. (1972). These complementary measurements are
not available for the present study. Sakai et al. (2001) analyzed cospectra using
the long-term AmeriFlux measurements over Harvard Forest but focused only on
convective conditions. They reported that the normalized cospectra of momentum
and of a scalar in the roughness sublayer over forest canopies are more sharply
peaked than those observed in the Kansas experiment (Kaimal et al., 1972) and
may be described by a single form in convective conditions.
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This study analyses data from long-term measurements over two mixed hard-
wood forests, one at the University of Michigan Biological Station (UMBS) in
northern lower Michigan, U.S.A. (45◦36′ N, 84◦43′ W), and the other at the Mor-
gan Monroe State Forest (MMSF) in south-central Indiana, U.S.A. (39◦19′ N,
86◦25′ W). The two main objectives of this study are to compare spectral and co-
spectral characteristics over forests with the more ‘universally’ accepted functions
from Kaimal et al. (1972), and to evaluate tube attentuations of eddy-covariance
fluxes of CO2 and water vapour.

In the following, a brief description of the two sites, instruments, measurements,
data analyses is given in Section 2; characteristics of spectra and cospectra are dis-
cussed in Section 3. Transfer functions and estimates of frequency loss in CO2 and
water vapour fluxes (or QE) due to tube damping, and implications of cospectral
correction in QE on the energy balance closure, are presented in Section 4. The
main findings and conclusions are summarized in Section 5.

2. Sites, Data and Processing

A detailed description of the MMSF site, its topography, composition of tree
species, soil type, mean canopy height, vegetation area index (VAI), flux tower
structure, instrumentation, can be found in Schmid et al. (2000). A similar de-
scription of the UMBS site is given in Schmid et al. (2003). Neither site is flat.
The MMSF site has a ridge/ravine topography with a relative relief of less than
60 m and an overall fall of 90 m in 4 km. At the UMBS site, the most significant
topographic feature is the crest of an interlobate moraine approximately 1 km to
the south-west of the flux tower with a relative elevation of about 30 m. Peak VAI
was 3.5 at the UMBS site and 4.7 at the MMSF site. For the leafless periods, VAI
was about 1 at UMBS and about 1.5 at MMSF, representing stem and branch area,
and (in the case of UMBS) some evergreens in the understory. The mean tree height
(hC) was 22 m at UMBS and 26 m at MMSF. The structures of the main flux towers
at both sites are identical and approximately 46 m tall.

At each site, eddy-covariance systems, each consisting of a Campbell Sci-
entific, Inc. CSAT3 three-dimensional (3-D) sonic anemometer-thermometer and
a closed-path Licor-6262 infrared CO2/H2O gas analyzer (IRGA), are installed
at two heights, 34 m and 46 m. Thus, the two measurement heights are 1.5hC

and 2.1hC at UMBS, 1.3hC and 1.8hC at MMSF. The IRGAs are maintained in
climate-controlled laboratories at the base of the towers and sample air is drawn
from inlets close to the transducer array of each CSAT3 through long Teflon tubes
(4.8 × 10−3 m inner diameter) with lengths of 52 m and 40 m for the 46-m and
34-m systems respectively at the UMBS site, and similarly 56 m and 46 m at the
MMSF site. The flow rate at both heights is about 6 l min−1 at the UMBS site,
and about 8 l min−1 at the MMSF site. In this study, time lags determined from
maximum lagged correlations were used (Schmid et al., 2000, 2003). All eddy-
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covariance measurements are sampled at 10 Hz and saved continuously, except for
periods of instrument maintenance. Data analysed in this study include the periods
starting March, 1999 at UMBS and March, 1998 at MMSF, to the end of 2001 at
both sites.

Quality analyses of the hourly raw 10-Hz data include the detection of ‘hard’
and ‘soft’ flags (Vickers and Mahrt, 1997; Schmid et al., 2000, 2003); in this study,
hourly data with continuous flags greater than 10 (1 sec in time) and total flags
more than 1.7% (1 min) are excluded. This is a more conservative criterion than
that used for direct eddy-covariance calculations, as commonly applied for spectral
analysis.

Since the topography at both sites is complex, the ensemble averaged stream-
line coordinate is chosen. A moving bin-average (±7◦) is performed for vertical
rotation angles in each wind direction and it is assumed that the long-term average
mean velocity perpendicular to the mean streamline is zero in each wind direction
(Lee, 1998; Baldocchi et al., 2000; Finnigan et al., 2003). We also used a modified
planar fit method (Paw et al., 2000; Wilczak et al., 2001) to determine the sonic
anemometers’ tilt angles as functions of azimuth, and found that it yielded negli-
gible differences in eddy-covariance fluxes and cospectra presented here. Upwind
directions that likely suffer from flow distortions by the tower and instruments are
also excluded. As in Kaimal et al. (1972), hourly records (10 Hz) were used to
calculate spectra and cospectra but without using their two-band (higher and lower
frequency ranges) approach.

For the results presented here, a simple block-average was used (i.e., no fil-
tering such as linear-detrending or moving-average) in order to keep spectral and
cospectral integration over frequencies equal to directly calculated variances and
covariances. Some of these covariances are then corrected for tube attenuation of
CO2 and water vapour fluxes as discussed later in Section 4. As noted by Stull
(1988) and, more recently Sakai et al. (2001), non-detrended spectra can poten-
tially exhibit red noise effects on the lower frequency end in certain situations
(e.g., in convective conditions) or due to an inadequate sampling period. However,
the spectral consequences of detrending and filtering of data are always somewhat
subjective, and dependent on the procedure. Moreover, it is important to bear in
mind that the low frequency end of any given spectrum is subject to great un-
certainty (Stull, 1988). We found that linear-detrending yielded negligible effects
on directly calculated variances and covariances as well as spectra and cospectra
in near-neutral and stable conditions. As the low frequency end of spectra under
convective conditions is not the focus of this work, we do not pursue this topic
further. However, our preliminary results using longer sampling or averaging peri-
ods showed that there are some contributions from periods longer than 1 hr to the
covariances in convective conditions, similar to those reported in Sakai et al. (2001)
and Finnigan et al. (2003).

In general, spectral and cospectral densities are small in the highest frequency
range. Occasional ‘spikes’ in the 10-Hz data were replaced with the corresponding



LONG-TERM EDDY-COVARIANCE MEASUREMENTS 217

hourly mean (zero fluctuation). Hourly spectra and cospectra were smoothed using
the procedure described in Kaimal and Finnigan (1994) except for those at the
lowest ten frequencies (periods longer than 6 min). Thus, greater scatter is expected
in the lowest decade of frequencies. For a given length of sampling or averaging
period, spectral and cospectral estimates in the lowest few frequencies are often
considered unreliable due to inadequate sampling in general (Kaimal and Finnigan,
1994) and possibly unresolved lower frequencies and red noise in particular, and
therefore are often not used in the interpretation (Stull, 1988).

Unlike Kaimal et al. (1972), where measurements at three heights were com-
bined as an ensemble in their analyses, we analyzed our data separately for each
of the four measurement heights in the foliated and leafless season. This allows
an examination of the effects of height variations in the roughness layer over
forest canopies and of seasonal changes and site specific differences in VAI. This
approach was possible because of the large amount of data available from long-
term measurements at the two sites that include a similar range of stability as in the
Kansas experiment. We used data collected in June through August to represent the
foliated season at both sites (Table I). November to April at the UMBS site, and
November to March at the MMSF site, represent the leafless season. Bud-break is
usually earlier at the MMSF site than at the more northern location of the UMBS
site (Schmid et al., 2000, 2003).

A frequently used parameter is ζ = (z − d)/L, the non-dimensional buoyancy
term in the TKE budget equation, which is also used as a stability parameter in the
surface layer (Stull, 1988). Here d is the zero-plane displacement height, and L is
the Obukhov length. We used d = 0.75hC and d = 0.6hC for the foliated and the
leafless seasons, respectively. These values were estimated using the logarithmic
wind profile and the CSAT3 sonic anemometer data at both 46 m and 34 m in
near-neutral conditions. Sakai et al. (2001) reported similar values of d/hC for the
Harvard Forest. Sensitivity tests, for example, using d = 0.5hC for the leafless sea-
son, yielded negligible changes in the results presented below. At both the UMBS
and MMSF sites, the probability distribution density function of ζ is more sharply
peaked in the leafless season (Figure 1), indicating relatively more near-neutral
cases as expected. Peak densities are at near-neutral conditions in both seasons, but
on the stable (ζ > 0) side in the leafless season and on the unstable side (ζ < 0)

in the foliated season.

3. Spectral and Cospectral Characteristics

In this section, we follow the approach of Kaimal et al. (1972) in the analysis of
spectral and cospectral characteristics so that similarities and differences between
the Kansas experiment and our observations over forests may be examined.
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Figure 1. Probability distribution density function of the stability parameter ζ measured at the 46-m
level at the UMBS (upper panel) and MMSF (lower panel) sites. Note that the integration of each
curve over ζ equals 1.

3.1. THE SPECTRA OF VELOCITY COMPONENTS

In the inertial subrange, the spectrum, Su(n), of the longitudinal velocity (u)

normalized by u2∗ (u∗ is the friction velocity) may be written as,
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nSu(n)

u2∗
= α

(2πk)2/3

[
k(z − d)ε

u2∗

]2/3

f −2/3 = α

(2πk)2/3
φ2/3

ε (ζ )f −2/3

= auφ
2/3
ε (ζ )f −2/3, (1)

where n is the natural frequency, f = n(z−d)/U is a non-dimensional frequency,
z is the measurement height, U is the local mean wind speed, k is the von Karman
constant (0.4 in this study, 0.35 in Kaimal et al., 1972), α is a constant estimated to
be about 0.5 and thus au = 0.3 (Kaimal et al., 1972), ε and φε are the dimensional
and non-dimensional dissipation rates of TKE, respectively.

Based on hot-wire measurement of ε, the Kansas experiment yielded (Wyngaard
and Coté, 1971),

φ2/3
ε (ζ ) =

{
1 + 0.5(−ζ )2/3,

1 + 2.5ζ 3/5,

−2 ≤ ζ ≤ 0
0 ≤ ζ ≤ 2

}
. (2)

Dividing Equation (1) by φ2/3
ε , u spectra collapse into a single curve in the inertial

subrange,

nSu(n)

u2∗φ
2/3
ε (ζ )

= auf
−2/3, (3)

and similarly, the inertial subrange spectra, Sv(n) and Sw(n), of the lateral (v) and
vertical (w) velocity components can be collapsed into the same form,

nSv(n)

u2∗φ
2/3
ε (ζ )

= avf
−2/3, (4a)

nSw(n)

u2∗φ
2/3
ε (ζ )

= awf −2/3, (4b)

and local isotropy predicts that in the inertial subrange, Sv(n) and Sw(n) are higher
than Su(n) with a ratio of 4/3; thus, av = aw = 0.4.

Using the Kansas u spectra, combined with either direct (hot-wire) measure-
ments or indirect estimates (Equation (2)) of dissipation, Kaimal et al. (1972)
estimated α to be about 0.5 ± 0.05 with no clear dependency on ζ . They also
indicated that much higher values (up to 0.69) were reported by other studies;
Högström (1990) also reported a higher value (0.6) but dissipation was not dir-
ectly measured in his experiment. Instead, he assumed that dissipation balances the
shear production and the buoyancy term in the TKE budget, and used the empirical
function of the non-dimensional shear derived from his experiment to estimate φε .
Note that Kaimal et al. (1972) used k = 0.35 in their calculation of α. If k = 0.4 is
used, their estimate of α is reduced by about 10%.
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In this study, we did not have either direct (hot-wire) measurement of ε or
appropriate wind profile measurements to derive the empirical stability function
for local non-dimensional shear production. Thus, we did not attempt to evaluate
the values of α from our velocity spectral data. We can, however, use measured
inertial subrange velocity spectra, together with Equations (3) and (4), to evaluate
the products auφ

2/3
ε (ζ ), avφ

2/3
ε (ζ ) and awφ2/3

ε (ζ ), which were calculated at two
frequencies f = 4 and 5, while Kaimal et al. (1972) calculated at f = 4.

For neutral conditions (ζ = 0), the values of auφ
2/3
ε (0), avφ

2/3
ε (0) and

awφ2/3
ε (0) were estimated as ensemble averages over the range −0.02 < ζ < 0.02

(Table II). In general, these products are larger at 46 m than at 34 m at the same
site during the same season. This height difference is somewhat greater at UMBS
(but smaller at MMSF) in the foliated season than the leafless season. The height
differences are more similar between the two sites in the foliated season than in the
leafless season. Seasonal changes in these products for the same height are much
greater at MMSF; the products are greater in the foliated season and the seasonal
change is greater at 34 m. At the UMBS site, the seasonal change is small at both
heights; either negligible or opposite to the seasonal change at the MMSF site.
Combining these products at both sites, they decrease with normalized height in
the leafless season. However, such organized change is absent during the foliated
season, possibly due in part to the difference in peak VAI between these two sites.

Variations in the ratio aw/au with height and seasonal changes in VAI are sim-
ilar to those of the above products (Table II). This is not the case for the ratio
av/au. Both ratios are smaller than the 4/3 value as predicted by isotropy; av/au

ranges from 1.15 to 1.20 and aw/au from 1.01 to 1.08. This result is in agreement
with previous studies over forests (Anderson et al., 1986; Baldocchi and Meyers,
1988; Amiro, 1990), but differs from those of Kaimal et al. (1972) and Högström
(1990) over smoother surfaces. However, there are similarities in our velocity
spectra with those of Kaimal et al. (1972). For example, in stable conditions, the
ratios Sv(n)/Su(n) and Sw(n)/Su(n) reach their respective inertial range values at
a higher f with increasing ζ (Figure 2). For the same ζ , Sw(n)/Su(n) reaches its
inertial subrange value at a higher f than Sv(n)/Su(n), and even falls short at the
most stable conditions. Such a transition of the ratios to their inertial range values
is less organized in very unstable conditions, particularly for Sv(n)/Su(n).

The variations in the products auφ
2/3
ε (0), avφ

2/3
ε (0) and awφ2/3

ε (0) described
above could be due in part to the variations in φε with height. This may be discussed
in terms of the TKE budget in the roughness layer over forest canopies. In a non-
dimensional form, and assuming steady-state and horizontal homogeneity, the TKE
budget equation, normalized by k(z − d)/u3∗, reads,

γ (φm − ζ − φt − φp − φε) = γ k(z − d)

u∗
∂U

∂z
− γ ζ − γ φt − γ φp

−γ k(z − d)ε

u3∗
= 0, (5)
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TABLE II

Velocity spectra and their ratio in the inertial subrange in neutral conditions at the
UMBS and MMSF sites.

z (m) Foliage auφ
2/3
ε (0) avφ

2/3
ε (0) awφ

2/3
ε (0) av/au aw/au

UMBS

46 on 0.314 0.372 0.335 1.18 1.07

46 off 0.312 0.375 0.338 1.20 1.08

34 on 0.284 0.339 0.288 1.19 1.01

34 off 0.295 0.346 0.298 1.17 1.01

MMSF

46 on 0.361 0.418 0.386 1.16 1.07

46 off 0.298 0.347 0.309 1.16 1.04

34 on 0.329 0.377 0.340 1.15 1.03

34 off 0.239 0.278 0.241 1.16 1.01

where φm is the non-dimensional shear production, φt is the turbulent transport,
and φp is the pressure transport. We added the eddy diffusivity enhancement factor
γ ≥ 1 to allow γ φm = 1 regardless of the height in the roughness layer or the
vegetation density (Garratt, 1992). Thus, we have φε = φm − ζ − φt − φp =
γ −1 − ζ − φt − φp. Both wind-tunnel experiments (Raupach et al., 1986) and
large-eddy simulation (Su et al., 1998) have shown that γ varies with height in the
roughness sublayer; it could be influenced also by vegetation density but not much
affected by stability (Garratt, 1992). The transport terms, φt and φp , also vary with
height in the roughness sublayer (Kaimal and Finnigan, 1994; Dwyer et al., 1997),
and could be influenced by canopy morphology. Thus, we can expect φε to vary
with height and VAI. Since γ ≥ 1, and the transport terms appear as local sinks of
TKE in the roughness sublayer above forest canopy (Kaimal and Finnigan, 1994;
Dwyer et al., 1997), φε is less than 1 in near-neutral conditions.

Assuming au does not change with stability, we can follow Kaimal et al. (1972)
to evaluate φ2/3

ε (ζ ) as empirical functions of ζ . In doing so, we divided auφ
2/3
ε (ζ )

by its neutral value auφ
2/3
ε (0) so that the empirical functions equal 1 at ζ = 0.

In selecting the forms of such empirical functions, we considered both the TKE
budget and published forms of empirical functions for other budget terms. For
example, the form φm = (1−β−ζ )−1/4 is often used for unstable conditions, while
a linear form φm = 1 + β+ζ has been observed for the stable surface layer (Stull,
1988; Sorbjan, 1989). Wyngaard and Coté (1971) found that φt is negligible in
stable conditions, whereas in unstable conditions φt = −ζ . An empirical stability
function for φp is generally lacking and thus not considered here.
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Figure 2. Ratios of v and w spectra to the u spectrum approaching constants in the inertial subrange
but less than 4/3 as predicted by isotropy. Data shown are for the foliated period at the 46-m level of
the UMBS site.

Thus, for stable conditions, in addition to the form φ2/3
ε = 1 + b+

1 ζ 3/5 in Equa-
tion (2), the form φ2/3

ε = 1+b+
2 ζ 2/3 was also used (Garratt, 1972; Wyngaard, 1975;

Kaimal and Finnigan, 1994). However, we found that the former yielded a better
fit to our data, particularly for 0 < ζ < 0.5 (not shown for the sake of brevity).
The coefficient b+

2 varies between different studies, from 3.7 in Garratt (1972), 4 in
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TABLE III

Empirical coefficients in the stability functions
(non-dimensional dissipation) used to collapse ve-
locity spectra in the inertial subrange (Equation (6))
at the UMBS and MMSF sites.

z (m) Foliage b+
1 b+

2 b− c−

UMBS

46 on 1.50 2.94 31.1 0.94

46 off 1.56 3.07 35.5 0.64

34 on 2.04 4.26 25.5 1.10

34 off 1.88 3.86 117.8 1.10

MMSF

46 on 1.28 2.42 30.2 0.59

46 off 1.95 4.05 43.5 0.81

34 on 1.25 2.30 129.0 1.25

34 off 2.39 5.19 75.7 1.43

Wyngaard (1975), to 5 in Kaimal and Finnigan (1994). Note that the Kansas data
yielded b+

2 = 2b+
1 (Kaimal et al., 1972; Kaimal and Finnigan, 1994).

For unstable conditions, we observed that φ2/3
ε (ζ )/φ2/3

ε (0) first decreases from
1 at ζ = 0 to a minimum approximately at ζ = −0.25 before starting to increase
with more negative ζ (Figure 3). This feature cannot be described by Equation
(2). We found that the decrease can be described well by the known form φm =
(1 −β−ζ )−1/4 as in Garratt (1972), accounting for shear production of TKE in this
stability range. Högström (1990) used the form φε = 1.24[(1 − 19ζ )−1/4 − ζ ] and
the factor 1.24 indicated that they found the dissipation was greater than the shear
and buoyancy productions in unstable conditions.

With the above considerations, we chose the following functions to fit our data,

φ2/3
ε (ζ )

φ
2/3
ε (0)

=
{ [(1 − b−ζ )−1/4 − c−ζ ]2/3,

1 + b+
1 ζ 3/5 or (1 + b+

2 )2/3,

−2 ≤ ζ ≤ 0
0 ≤ ζ ≤ 2

}
, (6)

where we added the coefficient c− to the buoyancy term ζ to take into account
the fact that c− is about 0.5 in very unstable conditions (corresponding to the
unstable limit of Equation (2)) and that the transport term may be proportional
to ζ in unstable conditions (Wyngaard and Coté, 1971). This added freedom also
improved the non-linear fit compared to setting c− = 1 to our data (not shown for
the sake of brevity). The non-linear fit results are given in Table III and shown in
Figure 3 in comparison with Equation (2).

For stable conditions, the coefficient b+
2 (from 2.30 to 5.19) is about twice b+

1
(from 1.25 to 2.39) for the same height during the same season. This is similar
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Figure 3. Comparison of stability function of φ
2/3
ε (ζ )/φ

2/3
ε (0). Upper panel: Points and dashed

curves (Equation (6)) are based on spectra measured at the 46-m level at the UMBS site during
the summer. Lower panel: Long dashed curves (foliated season) and short dashed (leafless season)
are fits to Equation (6) using measured spectra at all four heights at both sites to illustrate the
range of variations and seasonal differences. The solid curves in both panels are from Equation (2)
after Kaimal et al. (1972). For the stable conditions, all the curves shown are based on the formula
φ

2/3
ε = 1 + b+

1 ζ 3/5.
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to the Kansas data when the same two functions were used (Kaimal et al., 1972;
Kaimal and Finnigan, 1994). In comparison with the products auφ

2/3
ε (0), avφ

2/3
ε (0)

and awφ2/3
ε (0) (Table II), one difference is that b+

2 and b+
1 are generally greater at

the lower level at the same site during the same season. However, their variations
with height and seasonal change in VAI are similar. Variations with height are less
at MMSF than at UMBS during the foliated season, but more similar between the
two sites in the leafless period. Seasonal differences for the same height are the
least (negligible) at the 46-m level of the UMBS site and the greatest (factor of 2)
at the 34-m level of the MMSF site. Again, this could be due to the difference in
normalized measurement height as well as greater peak VAI at the MMSF site. In
the foliated season, b+

2 and b+
1 are much smaller than those of the Kansas results,

particularly at the MMSF site, indicating that φε in the roughness sublayer over
forest canopies increases with ζ less rapidly than is observed in the stable surface
layer over a much less rough surface. The differences in b+

2 and b+
1 from the Kansas

results are generally reduced in the leafless season (Figure 3).
In unstable conditions, the initial decrease in φε from ζ = 0 to ζ = −0.25 is

consistent for all heights at both sites regardless of seasonality in VAI (Figure 3).
For ζ < −0.25, φε generally increases more rapidly with increasingly negative
ζ than observed in the Kansas experiment. At both sites, seasonal changes in
b− (related to shear production) are greater at 34 m, but seasonal changes in c−
(related to buoyancy production) are greater at the 46-m level. However, variations
in b− and c− with height and season are not as clearly organized as in auφ

2/3
ε (0),

avφ
2/3
ε (0), awφ2/3

ε (0), b+
2 and b+

1 .
Normalized velocity spectra (Figure 4) illustrate many characteristics similar

to those in Kaimal et al. (1972). The spectra fall together in the inertial subrange,
where they follow the −2/3 slope quite well. The separations according to ζ are
illustrated by the orderly shift of the spectral peaks and the lower frequency roll-off
following a slope of about +1 in the direction of decreased f for ζ from +0.95 to
−0.20. In stable conditions, peak frequencies are highest for w spectra and least for
u spectra for the same stability. Spectra for ζ < −0.20 in the lowest frequencies
are clustered, and spectra in the range +0.95 < ζ < +2 overlap with the spectra
of ζ = +0.95; they are thus not shown for clarity.

3.2. THE COSPECTRA OF VERTICAL MOMENTUM AND SENSIBLE HEAT

FLUXES

Similar to the velocity spectra, dimensional analysis (Wyngaard and Coté, 1972)
predicted that the inertial subrange cospectrum, Couw(n), of the vertical mo-
mentum flux, has the form,

nCouw(n)

u′w′ = αuw

(2πk)4/3
φm(ζ )φ1/3

ε (ζ )f −4/3, (7)
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Figure 4. Normalized velocity spectra. Data shown are for the foliated period at the 46-m level of the
UMBS site.
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and the cospectrum, Cowθ (n), of the vertical sensible heat flux is in the form,

nCowθ(n)

w′θ ′ = αwθ

(2πk)4/3
φh(ζ )φ1/3

ε (ζ )f −4/3, (8)

where φh is the non-dimensional temperature gradient. Using local free convection
scaling, Wyngaard and Coté (1972) predicted that αuw and αwθ approach constant
values in the free convection limit. They also evaluated the behaviour of αuw and
αwθ with stability, using observed formulae for φh and φε . This was combined with
an observed empirical function of φm for ζ < −0.5 to predict that the right-hand
sides of Equations (7) and (8) become auwf −4/3 and awθf

−4/3, respectively, for
unstable conditions, with auw = 0.043 and awθ = 0.138. Kaimal et al. (1972) used
slightly higher values auw = 0.048 and awθ = 0.140.

Using local z-less scaling, Wyngaard and Coté (1972) predicted that under very
stable conditions,

nCouw(n)

u′w′ ∝ nCowθ(n)

w′θ ′ ∝ ζ 4/3, (9)

which can be seen easily from Equations (7) and (8), and that φm, φh and φε are
all proportional to ζ under very stable conditions, as they observed in the surface
layer.

Kaimal et al. (1972) wrote Equation (7) as

nCouw(n)

u′w′ = auwGuw(ζ )f −4/3, (10)

and Equation (8) as,

nCowθ(n)

w′θ ′ = awθGwθ (ζ )f −4/3, (11)

where they used linear forms for Guw(ζ ) and Gwθ(ζ ) in stable conditions with the
linear coefficients estimated empirically from measured cospectra in the inertial
range at the non-dimensional frequency f = 4,

Guw(ζ ) =
{

1,

1 + 7.9ζ,

−2 ≤ ζ ≤ 0
0 ≤ ζ ≤ 2

}
, (12)

Gwθ(ζ ) =
{

1,

1 + 6.4ζ,

−2 ≤ ζ ≤ 0
0 ≤ ζ ≤ 2

}
. (13)

In the usual range of ζ in stable conditions (e.g., ζ < 0.5 in Figure 1), the non-
linearity (Equation (9)) in Guw(ζ ) and Gwθ(ζ ) may be small (Wyngaard and Coté,
1972).
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TABLE IV

Empirical coefficients in the stability functions used to collapse co-
spectra in the inertial subrange (Equations (14) and (15)) at the UMBS
and MMSF sites.

z (m) Foliage auw awθ buw cuw bwθ cwθ

UMBS

46 on 0.052 0.151 4.65 0.72 2.68 0.45

46 off 0.041 0.136 5.73 0.69 3.15 0.44

34 on 0.028 0.113 6.17 0.59 3.21 0.36

34 off 0.025 0.107 7.13 0.71 3.77 0.43

MMSF

46 on 0.055 0.160 4.13 0.49 2.27 0.28

46 off 0.042 0.110 7.16 0.62 4.24 0.36

34 on 0.045 0.130 4.42 0.50 2.10 0.26

34 off 0.024 0.090 13.02 0.54 5.41 0.34

Using measured inertial subrange cospectra at f = 4 and 5, we estimated the
values of auw and awθ as ensemble averages in the range −0.5 < ζ < −0.02 (Table
IV) as Couw(n) and Cowθ(n) are very small in the inertial subrange in very unstable
and near-neutral conditions, respectively, where the measurement error could be
large. In general, auw and awθ are greater at the higher level of both sites. They are
also larger for the same height during the foliated period. Seasonal differences for
the same height are also greater at the MMSF site, as expected from the greater
peak VAI. The variations in auw and awθ presented here, and their deviations from
the Kansas data (Wyngaard and Coté, 1972), could be due to the differences and
variations in φm, φh and φε over forest canopies of different morphology. Although
we did not have direct measurements of local φm and φh and other supporting data
to analyze the behaviour of αuw and αwθ from the neutral to the unstable limit, our
earlier analysis of φ2/3

ε (Figure 3, Tables II and III) showed that φε over forests
follows a different functional form from the Kansas results in unstable conditions,
particularly for −0.5 < ζ < 0.

In stable conditions, we found that the linear Equations (12) and (13) hold up
only when ζ < 0.5 (Figure 5). The stability functions Guw(ζ ) and Gwθ(ζ ) increase
less rapidly with ζ than the linear prediction when ζ > 0.5. Thus, we used the
following non-linear form,

Guw(ζ ) =
{

1,

1 + buwζ cuw,

−2 ≤ ζ ≤ 0
0 ≤ ζ ≤ 2

}
, (14)
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Figure 5. Estimates of auwGuw(ζ ) (upper panel) and awθGwθ (ζ ) (lower panel) using measured
cospectra at f = 4 and 5, in comparison with Kaimal et al. (1972). Points and dashed curves are
estimates for the foliated period at the 46-m level of the UMBS site.

and

Gwθ(ζ ) =
{

1,

1 + bwθζ
cwθ ,

−2 ≤ ζ ≤ 0
0 ≤ ζ ≤ 2

}
, (15)

where the coefficients buw, cuw, bwθ and cwθ were estimated from measured inertial
subrange cospectra at f = 4 and 5 (Table IV). In general, buw (from 4.13 to 13.02)
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is greater than bwθ (from 2.10 to 5.41) by a factor of about 2, more than the relative
difference in respective linear-fit coefficients in Equations (12) and (13). Also, cuw

(from 0.49 to 0.72) is greater than cwθ (from 0.26 to 0.45). Thus, Guw(θ) increases
more rapidly with ζ than Gwθ(ζ ) in stable conditions. The variations of buw, cuw,
bwθ and cwθ with height and VAI are generally opposite to that of auw and awθ .
For example, they are generally greater closer to the canopy and during the leaf-off
periods. Seasonal differences are again greater at the MMSF site. For very stable
conditions, our estimated values of cuw and cwθ (less than 1) further deviate from
4/3 as predicted by Wyngaard and Coté (1972) than the linear prediction. Lack
of supporting measurements of φm and φh under stable conditions prevented an
examination of how these functions over forest canopies in the roughness layer
may differ from those used in the analysis of Wyngaard and Coté (1972).

As expected, normalized cospectra collapse in the inertial subrange where they
follow a slope close to −4/3, and which started at a higher f for Cowθ (n) than
for Couw(n) (Figure 6). We also included auw and awθ in the normalization so
that Cowθ (n) and Couw(n) would be equal at the same f in the inertial range.
This would allow a better comparison between Cowθ (n) and Couw(n) for the same
height, as well as Cowθ (n) or Couw(n) at all heights at both sites since auw, awθ ,
buw, cuw, bwθ and cwθ all vary with height and VAI. For example, as indicated by
Kaimal et al. (1972), in the lower frequency range (f less than the peak frequency),
normalized heat flux cospectral densities in unstable conditions are smaller than
those of momentum flux, and thus larger eddies are relatively more efficient in
transporting momentum than scalar in the vertical direction.

3.3. EMPIRICAL COSPECTRA MODELS

Empirical cospectral formulae from Kaimal et al. (1972) have often been used in
estimates of frequency loss of measured fluxes in the surface layer (Moore, 1986;
Rißmann and Tetzlaff, 1994; Eugster and Senn, 1995; Horst, 1997; Massman,
2000). Here we examine how these cospectral models fit our observations over
forest.

3.3.1. Neutral and Unstable Conditions
For an unstable surface layer, Kaimal and Finnigan (1994) used the cospectral
formulae in near-neutral conditions from Kaimal et al. (1972) because unstable
cospectra in the low frequency end are clustered –

nCouw(n)

u′w′ = βuw
−1 f

(1 + βuw
−2 f )7/3

, (16)
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Figure 6. Normalized cospectra. Data shown are for the foliated period at the 46-m level of the
UMBS site.

where βuw
−1 = 12, βuw

−2 = 9.6, and,

nCowθ(n)

w′θ ′ =




βwθ
−1 f

(1 + βwθ
−2 f )7/4

, f ≤ 1

βwθ
−3 f

(1 + βwθ
−4 f )7/3

, f ≥ 1




, (17)



LONG-TERM EDDY-COVARIANCE MEASUREMENTS 233

where βwθ
−1 = 11, βwθ

−2 = 13.3, βwθ
−3 = 4 and βwθ

−4 = 3.8.
Sakai et al. (2001) used a single form to fit both momentum and scalar cospectra

in the roughness layer over forests in convective conditions, viz.

nCoxy(n)

x′y′ = β
xy

−5f

1 + (β
xy

−6f )7/3
, (18)

where βuw
−5 = 8.5, βuw

−6 = 12.4 and βwθ
−5 = 7.6, βwθ

−6 = 11.5 in the foliated season at
Harvard Forest, with slightly smaller values during the leaf-off periods. The eddy-
covariance system at the Harvard Forest site is at a height of 30 m, or 1.3hC , which
is at a normalized height very close to the 34-m level at the MMSF site.

As discussed at the end of Section 3.2, larger eddies are relatively more efficient
in the transport of momentum, while smaller eddies are relatively more efficient
in transporting heat. This feature is clearly shown in Figure 7 (top panel), and
consistent for all heights and seasons (even though not shown here for the sake
of brevity). Thus, empirical cospectral models for vertical momentum and scalar
fluxes should be different in unstable conditions. In addition, we used cospectra in
the frequency band 0.01 < f < 10 to fit the empirical cospectral formulae. This
band covers the most important turbulent scales, about a decade from the peak
frequency in the lowest frequency end, and about a decade of inertial subrange at
the highest frequency end, as shown in both Figure 6 and in Kaimal et al. (1972)
and Sakai et al. (2001). This choice avoids the greater variability in the cospectra
when f < 0.01 due to inadequate sampling, red noise, mesoscale influence, natural
variability. Above f = 10, measurement errors could be relatively large as the
cospectral densities are small.

For the normalized momentum cospectra, Equation (16) generally fits our data
better than Equation (18) (middle panel in Figure 7, and Table V). The functional
form of Equation (18) fits the more sharply peaked cospectra better than Equation
(16), as reported in Sakai et al. (2001). This difference was also shown in Horst
(1997) where a form similar to Equation (18) was used for all stability conditions,
except that he used an exponent of 2 instead of 7/3 to make the relationship more
amenable to analytical treatment. Thus, we also used the following formulae, a
slight modification from Equation (17) for f ≤ 1,

nCowθ(n)

w′θ ′ =




βwθ
−7 f

1 + (βwθ
−8 f )7/4

, f ≤ 1

βwθ
−3 f

(1 + βwθ
−4 f )7/3

, f ≥ 1




. (19)

This form fits our normalized vertical heat flux cospectra in the lower frequency
(f ≤ 1) band better at the 34-m level during the foliated season at both sites (Table
V). This may confirm the observation of Sakai et al. (2001) that Cowθ (n) close to
the canopy over forest is more sharply peaked than those in Kaimal et al. (1972),
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Figure 7. Cospectral models for neutral and unstable conditions. Top panel: the difference between
the cospectra for the vertical momentum and sensible heat fluxes. Middle panel: Cospectra of the
vertical momentum fluxes. Bottom panel: Cospectra of the vertical sensible heat fluxes. Points
(measurements) and curves (models) are for the foliated period at the 46-m level of the UMBS site.
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as the best fit using Equation (18) was also obtained when applied to measured
Cowθ (n) at the 34-m level at both sites during the foliated period (Table V).

Moreover, we found that the following simpler one-part form, similar to that of
Horst (1997) in that the exponent is 2, yielded much better fits than Equation (18)
for all heights and seasons (Table V):

nCowθ(n)

w′θ ′ = βwθ
−9 f

(1 + βwθ
−10f )2

. (20)

This indicates that our observed Cowθ(n) is not as sharply peaked as reported by
Sakai et al. (2001) (bottom panel in Figure 7), including those at the 34-m level
at the MMSF site in the foliated season (Table V), which as noted above is at a
similar normalized height as the observations at Harvard Forest used by Sakai et
al. (2001).

The coefficients βuw
−1 and βuw

−2 are generally larger, and βwθ
−3 and βwθ

−4 are smaller,
than respective values in Kaimal et al. (1972). This is not always the case for βwθ

−1
and βwθ

−2 . All the coefficients in Table V are generally greater at the lower level in
the same season. Seasonal differences for the same height are greater at the MMSF
site, which again could be due to the higher peak VAI, and the greater mean canopy
height.

3.3.2. Stable Conditions
In the stable surface layer, the cospectra for both momentum and sensible heat
fluxes are described by the same formula in Kaimal et al. (1972):

nCoxy(n)

x′y′ = β
xy

+1(f/f0)

1 + β
xy

+2(f/f0)2.1
, (21)

where β
xy

+1 = 0.88 and β
xy

+2 = 1.5 for both xy = uw and xy = wθ , and f0 is defined by
the intercept between the straight line extended from the −4/3 slope in the inertial
subrange and the nCoxy(n)/x′y′ = 1 line. Thus, from Equations (10) and (11), we
have,

f0 = [axyGxy(ζ )]3/4. (22)

In general, Equation (21) fits measured Couw(n) quite well, but for measured
Cowθ (n), the following form yielded a better fit (Figure 8, and Table VI),

nCowθ(n)

w′θ ′ = βwθ
+3 (f/f0)

1 + βwθ
+4 (f/f0)2.1

. (23)

This form fits less sharply peaked cospectra better, as discussed earlier.
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Figure 8. Cospectral models for stable conditions. Upper panel: cospectra of the vertical momentum
fluxes. Lower panel: Cospectra of the vertical sensible heat fluxes. Points (measurements) and curves
(models) are for the foliated period at the 46-m level of the UMBS site.
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TABLE VI

Similar to Table V but for empirical coefficients in the model cospectra in stable conditions
(Equations (21) to (25)).

z (m) Foliage βuw+1 βuw+2 βuw+5 βuw+6 βwθ+1 βwθ+2 βwθ+3 βwθ+4 βwθ+7 βwθ+8

UMBS

46 on 0.73 1.44 0.77 1.63 0.84 2.08 1.58 1.42 1.65 1.61

46 off 0.69 1.20 0.73 1.37 0.90 2.17 1.69 1.45 1.77 1.65

34 on 0.76 1.34 0.80 1.51 1.17 3.83 2.20 1.88 2.31 2.13

34 off 0.70 1.03 0.73 1.19 1.08 3.08 2.04 1.71 2.14 1.94

MMSF

46 on 0.86 1.85 0.91 2.07 1.03 2.79 1.95 1.64 2.04 1.86

46 off 0.88 1.89 0.93 2.12 0.97 2.69 1.83 1.60 1.92 1.81

34 on 0.94 1.97 0.98 2.18 1.49 5.60 2.76 2.23 2.90 2.53

34 off 1.13 3.02 1.19 3.30 1.67 7.49 3.32 2.71 3.50 3.09

z (m) Foliage RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2

UMBS

46 on 0.022 0.949 0.020 0.956 0.030 0.897 0.024 0.934 0.025 0.931

46 off 0.019 0.964 0.018 0.968 0.027 0.923 0.021 0.952 0.022 0.948

34 on 0.023 0.952 0.023 0.954 0.033 0.889 0.025 0.935 0.025 0.935

34 off 0.029 0.933 0.029 0.932 0.030 0.913 0.021 0.955 0.022 0.953

MMSF

46 on 0.027 0.928 0.025 0.939 0.038 0.853 0.029 0.917 0.029 0.916

46 off 0.031 0.909 0.030 0.918 0.031 0.895 0.021 0.950 0.021 0.949

34 on 0.028 0.938 0.027 0.941 0.041 0.864 0.039 0.878 0.039 0.878

34 off 0.028 0.934 0.031 0.923 0.031 0.915 0.028 0.934 0.028 0.934

In practice, the exponent of 2.1 in Equations (21) and (23) has been modified to
2 for an analytical solution to be achieved (Eugster and Senn, 1995; Horst, 1997).
Thus, we also used the following equations to fit our data,

nCouw(n)

u′w′ = βuw
+5 (f/f0)

1 + βuw
+6 (f/f0)

2
, (24)

nCowθ(n)

w′θ ′ = βwθ
+7 (f/f0)

[1 + βwθ
+8 (f/f0)]2

. (25)

where the coefficients βuw
+5 , βuw

+6 , βwθ
+7 and βwθ

+8 are slightly larger than the corres-
ponding coefficients βuw

+1 , βuw
+2 , βwθ

+3 and βwθ
+4 in Equations (21) and (23) (Table VI).

The only noticeable differences in the normalized cospectra are at the higher fre-
quency end, but the cospectral contributions to the total covariances are generally
small in this frequency range (Figure 8).
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In both seasons, the coefficients βuw
+1 and βuw

+2 at the UMBS site are smaller than
those of Kaimal et al. (1972), while the opposite is generally the case at the MMSF
site, particularly at the 34-m level. In general, all coefficients are greater at the
MMSF site, and so are their variations with height or season (Table VI).

4. Cospectral Corrections of Flux Losses

4.1. DEFINITIONS

The true kinematic vertical eddy-covariance fluxes of a scalar (s) can be expressed
as the integral of its true one-sided cospectrum over frequency n,

w′s′ =
∫ ∞

0
Cows(n) dn, (26)

where w′ and s′ are fluctuations of vertical velocity and scalar concentration,
respectively, and the overbar indicates an ensemble average. In practice, the
integration is limited by the sampling rate and averaging time.

Similarly, the measured flux and cospectrum, denoted by the superscript m, are:

w′s′m =
∫ ∞

0
Com

ws(n) dn =
∫ ∞

0
Hws(n)Cows(n) dn, (27)

where Hws(n) is a net transfer function or the product of a set of transfer functions
characteristic of a particular eddy-covariance system and the scalar s (Moore, 1986;
Massman, 2000).

A flux attenuation factor (δs) can be defined as:

δs = w′s′m

w′s′ =
∫ ∞

0
Hws(n)

Cows(n)

w′s′ dn ≈
∫ ∞

0
Hws(n)

Cowθ (n)

w′θ ′ dn, (28)

where θ is potential temperature, and it is assumed that the true normalized cospec-
tra of all scalars have the same form and that the cospectra of sensible heat fluxes
can usually be measured with adequate accuracy. Thus, knowledge of Hws(n) is
needed in addition to the normalized cospectra discussed in the previous section.

4.2. CHARACTERISTICS OF TRANSFER FUNCTIONS

Lenschow and Raupach (1991) and Massman (1991) studied the attenuation of
scalar concentrations through tubes as functions of Reynolds number, flow rate,
geometry of the tube (inner diameter, length, straight, curved or elbow bend),
Schmidt number of the scalar, along with other factors. In practice, such factors,
and thus the attenuation, may vary with time. For example, Leuning and Judd
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(1996) showed that the attenuation to water vapour by aged and dirty tubes is much
greater than that by new and clean tubes.

In this study, we used an empirical approach to evaluate the transfer functions.
Using the definitions in Section 4.1, we have,

Hws(n) = δs

(
Com

ws(n)

w′s ′m
)

(
Cowθ (n)

w′θ ′

) = 1

1 + (2πτsn)2
, (29)

where the far right-hand side is a form of the transfer function for a first-order
sensor, and τs is the characteristic time constant of the sensor response (Horst,
1997), which is equivalent to the inductance in an alternating circuit (Eugster and
Senn, 1995). We can estimate both δs and τs through a non-linear fit to Equation
(29), using the ratios of measured normalized cospectra of CO2 or water vapour
fluxes to those of sensible heat as a function of frequency n. In practice, this should
be done for periods when changes in the transfer function may be assumed to be
small. Consequently, the values of δs and τs represent ensemble averages for each
period.

The range of frequency n used for the non-linear fit is determined from en-
semble (monthly) averages of measured cospectra of sensible heat, water vapour
and CO2 fluxes (Figure 9, upper panel). Typically, the lower limit is chosen as n =
0.01 Hz as the peak frequency is between 0.01 and 0.02, slightly higher (about 0.3)
for the nighttime. The higher limit is determined as the ratio of normalized cospec-
tra of water vapour or CO2 flux to those of sensible heat flux falls below 0.05. The
non-linear fit is applied to the ensemble average of these ratios (Figure 9, lower
panel); the standard deviations of these ratios change little across the frequency n.
This consistency could indicate that the transfer function, and thus τs , change little
during the period of data shown here. The attenuation is generally greater for water
vapour flux than for CO2 flux (Figure 9, upper panel). This is illustrated also by
both lower normalized cospectra at higher frequencies (n > 0.1) and the greater
cospectral peak (as total covariance is attenuated more).

The characteristic response time (τs) for water vapour flux increases each year
but not so for the CO2 flux (Table VII). Note that new tubes were installed at the
UMBS site before the growing season in 2001, while the tubes at the MMSF site
had not been changed (but were cleaned annually) from 1998 to 2001.

4.3. COSPECTRAL CORRECTION OF CO2 AND WATER VAPOUR (OR QE )
FLUXES

Here we use three methods (Horst, 1997) to estimate the flux loss and discuss
their relative merits and weaknesses in practice. Methods 1 and 2 estimate the flux
attenuation factor δs by integrating the product of the derived transfer function and
true normalized cospectra so that the true flux can be estimated (Equation (28)).
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Figure 9. Upper panel: Comparison of normalized cospectra (points) for the vertical water vapour,
CO2 and sensible heat fluxes, and transfer functions (curves) for water vapour and CO2 fluxes. Lower
panel: Non-linear fit to the ensemble average of the ratio between measured normalized cospectra of
CO2 flux and those of sensible heat to the transfer function of a first-order sensor (Equation (29)).
Ensemble averaged results for July, 2000 at the 46-m level of the UMBS site during the daytime are
shown.

The difference is that Method 1 uses measured normalized cospectra of sensible
heat as the true cospectra, while Method 2 takes cospectra models for a particular
season at a specific height and site presented in Section 3.3. One weakness of
these two methods is that they do not account for any real differences between
the model or sensible heat cospectra and water vapour or CO2 cospectra in the
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TABLE VII

Characteristic time constant τs (s) (Equation (29)).

Month UMBS MMSF

1999 2000 2001 1998 1999 2000 2001

CO2 flux daytime

June 0.314 0.256 0.319 0.243 0.325 0.266 0.291

July 0.304 0.265 0.307 0.305 0.299 0.285 0.421

August 0.317 0.278 0.302 0.297 0.284 0.276 0.304

CO2 flux nighttime

June 0.283 0.269 0.306 0.283 0.251 0.214 0.246

July 0.313 0.261 0.305 0.280 0.232 0.299 0.397

August 0.301 0.283 0.286 0.273 N/A 0.284 0.276

Water vapour flux daytime

June 1.013 1.870 0.532 0.695 2.314 2.658 2.753

July 1.244 1.810 0.673 0.608 2.117 2.536 3.625

August 1.637 2.504 1.024 0.636 1.723 2.668 4.637

lower frequency range, especially for the model cospectra. Such differences in the
low frequencies could be relatively large and important at certain conditions (Sakai
et al., 2001; Finnigan et al., 2003).

Method 3 simply divides measured cospectra by the transfer function and then
integrates them over frequency to obtain the corrected flux (Equations (26) and
(27)). An advantage is that this preserves any real variations in the lower frequen-
cies of CO2 and water vapour cospectra that are essentially not damped, but may
be different from the sensible heat flux cospectra or the model cospectra. However,
if the cospectra in the highest frequency end are attenuated to the noise level, such
noise could be amplified by the transfer function and could introduce an artifact
into the flux correction. The same could happen in Method 1, if measurement errors
are large in the highest frequencies of the sensible heat flux cospectra. It is much
less of a problem in Method 2 when the cospectra model is used.

Thus, for all three methods, we calculated the measured (not corrected) water
vapour and CO2 fluxes as the integration of respective measured cospectra from
the lowest frequency to a cut-off frequency at which the normalized cospectra
nCoxy(n)/x′y′ falls below 0.01 or the transfer function is smaller than 0.1 (Figures
7–9). Hourly data were discarded if the contributions to the total scalar flux above
this cut-off frequency estimated using either model cospectra or the measured sens-
ible heat flux cospectra were greater than 50%, as the measured cospectra of water
vapour and CO2 fluxes were considered to be attenuated too much to be deemed re-
liable for correction in these cases. Then, the normalized cospectra were corrected
using the three methods up to this cut-off frequency. The fractional contribution to
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the total flux above the cut-off frequency is calculated using the model cospectra
in all three methods. For the present study, we used Equation (20) for neutral and
unstable conditions to apply Method 2, as it is simpler than Equation (19), and has
no discontinuity at f = 1. Equation (23) was used for stable conditions. These
corrections were applied to measurements from June through August from 1999
to 2001 for the UMBS site, and from 1998 to 2001 for the MMSF site. Transition
periods (non-steady state) near sunrise and sunset (small sensible heat flux) are
excluded for the correction of CO2 flux, while only daytime latent heat fluxes were
corrected as they are usually very small at night. In the following discussion and
related figures, measured CO2 and latent heat fluxes are denoted by FCO2 and QE ,
respectively, and their corrections by FCO2 and QE .

In general, corrections are the largest using Method 3 and the least using Method
1 (Figure 10). The attenuation factor for CO2 flux δCO2 changes little from year to
year at both sites using the same correction method, except that it is slightly larger
(less attenuation) at nighttime in 2000 at the UMBS site. However, the attenu-
ation factor for latent heat flux δQE

showed clear year-to-year variations, smallest
(greatest attenuation) in 2000 and greatest (least attenuation) in 2001 at the UMBS
site (Figure 10a), and continuously decreases from 1998 to 2001 at the MMSF site
(Figure 10b). These variations remain the same regardless of the correction method
used, and are consistent with the variations in the characteristic time constant for
the water vapour flux at the two sites (Table VII). Again, it illustrates that tube
attenuation for water vapour fluxes increases greatly with the tubes aging, but not
so for CO2 fluxes.

The attenuations to CO2 fluxes during the summer period are on average about
3–4% in the day and 6–10% at night (Figure 10). Because the absolute differences
during daytime and nighttime have opposite signs (Figure 11), the impact of the
cospectral corrections to the cumulative net ecosystem exchange (NEE) during
the growing season is reduced due to the partial cancellations. This could also
be the case for the gross ecosystem production (GEP) or photosynthetic uptake in
the daytime, as it is usually estimated by subtracting ecosystem respiration from
NEE, which is measured using the eddy-covariance method. However, such an
impact would remain on the ecosystem respiration at nighttime during the growing
season, as well as during the dormant season when there is no cancellation. The
attenuations to latent heat fluxes are about 20% in 2000, and about 10% in 1999
at the UMBS site (Figure 10a). They were less than 10% in 1998 and over 20% in
2001 at the MMSF site (Figure 10b).

The relatively smaller corrections to CO2 fluxes generally do not alter their sea-
sonal and annual variability observed before the corrections. For example, daytime
CO2 fluxes during the growing season are the greatest (more negative) in 1999 and
least in 2001 at the UMBS site both before and after correction (Figure 11a). This
is not the case for latent heat flux. Before correction, QE is about 50 W m−2 higher
in 2001 than in 2000 in midday at the UMBS site, but is about the same for the two
years after correction (Figure 11a). For the MMSF site, QE is about the same in
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Figure 10. (a) Ensemble average of diurnal courses of CO2 flux correction FCO2 and latent heat
flux correction QE , and flux attenuation factors for CO2 (δCO2) and for latent heat flux (δQE

).
The top panel compares the corrections using the three methods for the same year, whereas the lower
three panels illustrate the year-to-year variations for each method. Data shown are for June through
August at the 46-m level of the UMBS site. (b) Same as in (a) but for the MMSF site.
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Figure 10. Continued.
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Figure 11. (a) Year-to-year variations in the ensemble-averaged diurnal course of measured CO2 flux
FCO2 and latent heat flux QE , their corrections (using Method 3) FCO2 and QE , and corrected
fluxes. Data shown are for June through August at the 46-m level of the UMBS site. (b) Same as in
(a) but for the MMSF site.

all four years (1998–2001) before correction, but exhibits year-to-year variations
after correction, least in 1998 and greatest in 2001 (Figure 11b), with a difference
of about 100 W m−2 at midday.

4.4. EFFECTS ON THE ENERGY BALANCE CLOSURE

The large percentages of correction in latent heat fluxes are expected to have sig-
nificant impacts on the energy balance. One statistical measure of energy balance
closure is the slope of the linear fit (forced through the origin) for QH +QE versus
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Figure 11. Continued.

Q∗ −QG. Here, we examine the impact of the cospectral corrections in QE on this
slope as an illustration.

In 2000, before and after correction, this slope was increased from 0.944 to
1.089 at the UMBS site, and from 0.785 to 0.929 at the MMSF site (Figure 12).
Such increases vary from year to year and between the two sites (Table VIII),
but generally follow the percentage of correction in QE (Figure 10). For example,
using Method 3 at the UMBS site, the minimum increase is 0.053 in 2001 and
maximum is 0.145 in 2000, while at the MMSF site, the minimum increase is 0.046
in 1998 and maximum is 0.187 in 2001. Note that correction Method 3 always
yielded the largest increase, and Method 1 the least, for the same period and at the
same site.
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Figure 12. Increases in the slopes of linear fits (forced through the origin) of QH + QE versus
Q∗ − QG as a result of cospectral correction to QE . Data shown are for June through August at the
46-m level in 2000.
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TABLE VIII

Impacts of corrections in QE on the linear fit (forced through origin) for QH + QE versus
Q∗ − QG at the 46-m level from June through August at the UMBS and MMSF sites. The
coefficient of determination is denoted by R2.

Year 1998 1999 2000 2001

Fit statistics Slope R2 Slope R2 Slope R2 Slope R2

UMBS

Measured 0.974 0.960 0.944 0.960 0.964 0.956

Method-1 1.059 0.961 1.053 0.960 1.005 0.956

Method-2 1.067 0.960 1.060 0.958 1.012 0.955

Method-3 1.082 0.961 1.089 0.957 1.017 0.956

MMSF

Measured 0.718 0.949 0.737 0.945 0.785 0.947 0.773 0.941

Method-1 0.753 0.953 0.835 0.951 0.899 0.956 0.919 0.949

Method-2 0.753 0.951 0.836 0.951 0.906 0.952 0.927 0.945

Method-3 0.764 0.953 0.845 0.951 0.929 0.954 0.960 0.943

Even though the cospectral corrections generally increase the slope, and in
many cases bring it closer to 1, there are cases where it is still much smaller than
1 or conversely becomes greater than 1. For example, after the correction using
Method 3, the slope is only 0.764 in 1998 at the MMSF site, but as large as 1.089
in 2000 at the UMBS site. This indicates that other components of energy budget
such as heat storage in the vegetation, measurement errors in Q∗, and corrections
to the values of QG used here likely have important impacts. These issues are
currently under investigation and to be presented elsewhere.

5. Summary and Conclusions

Turbulent spectra and cospectra in the roughness sublayer over two mixed hard-
wood forests have been analyzed following the approach of Kaimal et al. (1972)
for the Kansas experiment. Results presented here are based on nearly 40,000 hours
of eddy-covariance measurements at the two long-term AmeriFlux sites at the Uni-
versity of Michigan Biological Station (1999–2001) in northern Lower Michigan
and at the Morgan Monroe State Forest (1998–2001) in south-central Indiana.

Although the normalized spectra and cospectra presented here share many sim-
ilar characteristics to those reported by Kaimal et al. (1972), significant differences
were found in both the constants and the stability functions that are needed not only
to normalize and to collapse spectra and cospectra in the inertial subrange, but also
to derive cospectral model parameters.
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Commonalities with the ‘classic’ spectra and cospectra include the −2/3 slope
for spectra and −4/3 slope for cospectra in the inertial subrange, and the orderly
progression towards higher frequency of the spectral and cospectral peak with in-
creasing stability. Similar to Kaimal et al. (1972), we also showed that the cospectra
of the vertical sensible heat fluxes differ from those of the vertical momentum
fluxes. In the former, the −4/3 slope roll-off range starts at a higher normalized fre-
quency f than in the latter. Both cospectra confirmed that larger eddies are relatively
more important in transporting momentum than sensible heat, while smaller eddies
are relatively more efficient in transporting heat. One difference from Kaimal et al.
(1972) is that in the inertial subrange, the ratio of lateral to longitudinal velocity
spectra (1.15–1.20) is greater than the ratio of vertical to longitudinal velocity spec-
tra (1.01–1.08), and both are smaller than the 4/3 value as predicted by isotropy.
This result is in agreement with the results previously reported from short-term
experiments over forest canopies.

The product of the spectral constant for the longitudinal velocity and the non-
dimensional TKE dissipation to the 2/3 power were calculated from spectral
densities in the inertial subrange. The values of this product in neutral condi-
tions, and its change with stability, vary with measurement height and seasonal
change in VAI. In unstable conditions, a new form of stability function for the
non-dimensional dissipation was derived for flow over forests. Such variations and
differences were discussed in terms of the TKE budget in the roughness sublayer
over forest canopies. Direct measurements of other budget terms, such as local
wind shear production, turbulent transport, and pressure transport are needed to
verify the characteristics of the non-dimensional dissipation functions presented in
this study.

Cospectral constants for sensible heat and momentum in neutral and unstable
conditions presented here are of a similar magnitude to values given in Kaimal et
al. (1972) and Wyngaard and Coté (1972), but also showed great variations with
measurement height, season and site with different canopy morphology. In stable
conditions, a non-linear form of the stability function is proposed to normalize and
collapse the cospectra in the inertial subrange. The analysis of Wyngaard and Coté
(1972) predicts that these stability functions should be proportional to ζ 4/3 in very
stable conditions. However, our results showed that such a proportionality varies
from ζ 0.49 to ζ 0.72 for momentum cospectra, and from ζ 0.26 to ζ 0.45 for sensible heat
cospectra. Again, direct measurements of stability functions of non-dimensional
shear and temperature gradient in the roughness layer above forest canopies are
needed to verify any differences from those used in the analysis of Wyngaard and
Coté (1972).

In spite of the differences in spectral and cospectral constants and stability
functions, we found that the empirical forms from Kaimal et al. (1972) may
be modified to fit the normalized cospectra over forests, providing appropriate
cospectral constants and stability functions are used.
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The transfer function of a first-order sensor (Eugster and Senn, 1995; Horst,
1997) was fitted to the ratio of cospectra of CO2 or water vapour fluxes to those
of sensible heat to study the characteristics of damping by long tubes. As reported
previously by Leuning and Judd (1996), the characteristic time constant for CO2

cospectra is much smaller than that for water vapour cospectra. The latter also
increases greatly with tube aging.

Three methods were compared to estimate the flux attenuation and correction.
From June through August, the attenuations of CO2 fluxes are found to be, on
average, about 3–4% during the daytime and 6–10% at night. For latent heat flux
during the day, the attenuations range from less than 10% for newer tubes to over
20% for aged tubes.

Corrections to the latent heat flux led to increases in the slope of linear fits
(forced through the origin) for QH + QE versus Q∗ − QG by up to 0.145 at the
UMBS site, and by 0.187 at the MMSF site. For the MMSF site, such increases
generally led to a slope closer to, but still less than, 1, and was only improved
to 0.764 in 1998. On the other hand, the slope after correction at the UMBS site
is up to 1.089 in 2000. Clearly, the cospectral correction for QE presented here
addresses only one component of the energy balance closure problem, albeit an
important one. Corrections of other terms, including the heat storage in biomass,
measurement errors in net radiation, and corrections to measured soil heat flux,
need to be assessed for a comprehensive treatment of the problem.

Finally, we recognize that effects of longer sampling or averaging periods,
detrending or the moving average, cross-talk, line averaging, transducer shadow
effects and flow distortions on the spectra and cospectra measured by sonic an-
emometers are still unresolved issues worthy of further investigation, despite
considerable progress since the pioneering days of Kaimal et al. (1972)
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