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Abstract. The processes influencing turbulence in a deciduous forest and the relevant length and 
time scales are investigated with spectral and cross-correlation analysis. Wind velocity power spectra 
were computed from three-dimensional wind velocity measurements made at six levels inside the 
plant canopy and at one level above the canopy. Velocity spectra measured within the plant canopy 
ditfer from those measured in the surface boundary layer. Noted features associated with the 
within-canopy turbulence spectra are: (a) power spectra measured in the canopy crown peak at higher 
wavenumbers than do those measured in the subcanopy trunkspace and above the canopy; (b) peak 
spectral values collapse to a relatively universal value when scaled according to a non-dimensional 
frequency comprised of the product of the natural frequency and the Eulerian time scale for vertical 
velocity; (c) at wavenumbers exceeding the spectral peak, the slopes of the power spectra are more 
negative than those observed in the surface boundary layer; (d) Eulerian length scales decrease with 
depth into the canopy crown, then increase with further depth into the canopy; (e) turbulent events 
below crown closure are more correlated with turbulent events above the canopy than are those 
occurring in the canopy crown; and (f) Taylor’s frozen eddy hypothesis is not valid in a plant canopy. 
Interactions between plant elements and the mean wind and turbulence alter the processes that 
produce, transport and remove turbulent kinetic energy and account for the noted observations. 

1. Introduction 

Turbulence in the atmospheric surface boundary layer is comprised of a spectrum 
of eddies ranging in size from hundreds of meters to millimeters. This spectrum 
exists because turbulent energy must flow from large scales to relatively small 
scales in order to dissipate turbulent kinetic energy into heat (Panofsky and 
Dutton, 1984; Jensen and Busch, 1982). 

The turbulent kinetic energy budget provides the framework to examine the 
processes that contribute to the production, transport and loss of the turbulent 
velocity fluctuations. In the atmospheric surface layer, over a uniform surface, 
turbulent kinetic energy (TKE) is produced by mean wind shear and buoyant 
convection (Businger, 1982; Jensen and Busch, 1982; Panofsky and Dutton, 
1984). Turbulent kinetic energy is removed via viscous dissipation, which is 
preceded by the inertial cascade of large- to small-scale energy, without any loss 
of heat. 

Within plant canopies, the turbulent kinetic energy budget and the spectrum of 
turbulence is modified by interactions between the wind and plant-parts. In a 
plant canopy, additional turbulent kinetic energy is produced from the work 
performed by the mean flow against form drag of the plant elements (Raupach 
and Shaw, 1982; Shaw and Seginer, 1985). This process generates wakes in the 
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lee of plant parts. The length scales of the wake-generated TKE is of similar 
order as the scale of the drag elements, which are smaller than those produced by 
mean wind shear. The smaller-sized, wake-generated turbulence dissipates 

rapidly and consequently contributes little to the total turbulent kinetic energy 

observed in a plant canopy (Shaw et al., 1974; Seginer et al., 1976; Raupach and 
Shaw, 1982). 

The transport of turbulent kinetic energy in a plant canopy is often a major 
contributor to the TKE budget, as opposed to the surface layer where turbulent 
transport is negligible (Wilson and Shaw, 1977). The turbulent transport of TKE, 
however, does not create or destroy turbulent kinetic energy, but imports or 
exports it from one level to another. 

The inertial cascade of energy from large to small scales is augmented by work 
against form drag. Work against form drag by the individual plant elements 
converts large-scale, shear-produced turbulent kinetic energy into smaller scale 
motions, which quickly dissipate. This process effectively short-circuits the 
normal energy cascade and accelerates the dissipation rate of turbulent kinetic 
energy into heat (see Raupach and Shaw, 1982; Shaw and Seginer, 1985). 

Eulerian models, based on the equation of motion and the budget equations 
for kinetic energy components and tangential momentum stress, are often used to 
describe turbulent transfer in plant canopies (Shaw, 1976; Wilson and Shaw, 
1977; Inoue, 1981; Yamada, 1982; Meyers and Paw IJ, 1986). Some 
parameterizations used in these Eulerian models are subject to question. For 
example, in the models of Wilson and Shaw (1977) Inoue (1981) and Meyers and 
Paw U (1986) the dissipation rate of turbulent kinetic energy, E, is approximated 
as q3/A I, where 9 is a velocity scale, I is a length scale and A is a constant. This 
parameterization was adopted from scaling arguments for the atmospheric sur- 
face layer (Wyngaard, 1982) and is based on the assumption of local isotropy. To 
account for the influence of foliage, the scaling lengths inside a canopy are 
usually bounded. For example, Wilson and Shaw (1977) estimate 1 as the 
maximum value of the two constraints: dl(z)/dz B k and l(z) 5 a(z)/ GAO, where 
k is von Karman’s constant (0.40), a(z) is the leaf area density and A0 is a 
constant. This parameterization is probably inadequate within a plant canopy for 
two reasons. First, several length scales characterize turbulence in a canopy 
(Shaw and Seginer, 1985). And second, although wake-produced TKE is a major 
source of TKE inside a plant canopy, it does not contribute greatly to the 
turbulence variance because the wake turbulence is dissipated quickly (Raupach 
and Shaw, 1982). Consequently, computed velocity variances overestimate 
measured values (Wilson and Shaw, 1977; Meyers and Paw U, 1986). Further- 
more, the assumption of local isotropy is generally not valid for turbulence in 
plant canopies at wavenumbers generally classified as the inertial subrange (Shaw 
et al., 1974; Seginer et al., 1976; Baldocchi and Hutchison, 1988) and in the 
dissipation range within turbulent wakes (Browne et al., 1987). Based on these 
two examples, an alternative treatment of the dissipation rate of turbulent kinetic 
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energy is needed to model turbulence structure in plant canopies better. Tur- 
bulence spectral information can be used for guidance in this task. 

Lagrangian models provide an alternative means of describing turbulent trans- 
fer in plant canopies and the surface layer. The primary advantage of these 
models is the ability to mimic the actual transport and deposition processes quite 
realistically (see Wilson et al., 1981; Legg and Raupach, 1982; Raupach, 1987). 
The disadvantage of using these models is the requirement for information 
pertaining to the wind field, Lagrangian length and time scales and the 
parameter&&on of the lag-autocorrelation functions. Few studies provide the 
necessary information required to implement Lagrangian models (see Seginer et 
al., 1976; Wilson et al., 1982; Raupach et al., 1986). More information about 
these variables in different plant canopies is needed before Lagrangian models 
can be applied routinely in plant canopies. Spectral information, computed from 
turbulence measurements, can be used to derive estimates of the requisite time 
and length scales. 

Turbulence in plant canopies is inhomogeneous, varying vertically (e.g., 
Seginer et al., 1976; Finnigan, 1979a; Wilson et al., 1982; Raupach et al., 1986; 
Baldocchi and Meyers, 1988) and in some cases horizontally (Weiss and Allen, 
1976; Baldocchi and Hutchison, 1988). Lag cross-correlations and coherence 
calculations provide information for examining the spatial structure of turbulence 
within a plant canopy and its relation to the above canopy wind flow regime. 
These statistics give an indication of the degree of coupling between spatially 
separated wind regimes in lag-time and frequency domain, respectively. Un- 
fortunately, little work has been conducted in this area. Only the wind tunnel 
study of Seginer and Mulhearn (1978) and the field studies of Uchijima and 
Wright (1964), Isobe (1972), Crowther and Hutchings (1985) and Baldocchi and 
Hutchison (1988) present any experimental coherence or lag cross-correlation 
data in and above plant canopies. 

We recently completed measurements of turbulence within and above a fully- 
leafed deciduous forest. The objective of this paper is to present and discuss 
the spectral characteristics and time and length scales of turbulence at various 
levels in a forest canopy and to examine the degree to which the above- and 
within-canopy turbulence regimes are coupled. This analysis is conducted via 
examination of turbulence power and cross spectra and the coherence and 
cross-correlations of vertically-separated instruments. Vertical variations in the 
integral statistics of turbulence in a deciduous forest are presented elsewhere 
(Baldocchi and Meyers, 1988). 

2. THEORY 

Spectral information provides a means of examining the contribution of different 
frequencies to the observed velocity variances, which are components of tur- 
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bulent kinetic energy, or covariances. Spectral densities and lag-correlation 
functions are inter-related Fourier transform pairs and can be computed from 
time series measurements of turbulence (see Panofsky and Dutton (1984) and 
Jensen and Busch (1982) for further treatment). The Eulerian autocovariance 
function of a wind velocity component is defined as: 

u is the wind velocity component, x denotes the wind vector component upon 
which the correlation is computed (1 = u, the streamwise velocity; 2 = zi, the 
lateral velocity; and 3 = w, the vertical velocity), the overbar denotes time 
averaging and 7 is the time lag or lead. The Fourier transform pairs are defined 
as: 

m 

S,,(o) = 1/2?r 
I 

R,,(T) exp(- iw) dr 
-02 

Rxx(d = S,,(o) exp(iw) do (3) 
--oo 

where S,, is the spectral density and o is the wave period (W = 27rn, n is natural 
frequency). 

Similarly, the cross correlation between two separate wind velocity measure- 
ments is expressed as: 

R&) = 4)~y(t + 7) (4) 

where y represents either a different velocity component or a similar velocity 
component measured at another location. The Fourier transform pairs for the 
cross spectrum and cross-correlation function consist of real and imaginary 
parts. The cross spectrum is defined as: 

cm 

S,,(o) = 1/2~ 1 Rxy(7) exp(- iw7) d7 
-m 

(5) 

m m 

S,,(o) = 1/27r 
[I 

EVX,,(~) cos tiTdT- i 
I 

OD,,.(T) sin WTdT 
I (6) 

-m -m 

S,,(o) = Co(o) - iQ(w) (7) 

where EV,, is the even component of the cross correlation, OD,, is the odd 
component, Co is the cospectrum and Q is the quadrature spectrum. The reverse 
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Fourier transform pair is defined as: 

Rx,44 = I S,,(o) exp(imT) dw (8) 
-cc 

m m 

&Cd = 
I 

Co,,(o) cos or do + 
I 

Q(o) sin or do . 
--m -a 

(9) 

The cospectrum presents the contribution of various frequencies to the tur- 
bulence covariance. If a non-zero lag occurs between the two cross-correlated 
signals, at a given frequency, then the quadrature spectrum is non-zero and there 
is a phase difference between the two signals. 

From the spectral estimates, one can compute the coherence in frequency 
domain as: 

Cob(o) = cov(0)2 + Q&d* 
s&J&(0) . (10) 

The coherence represents the degree of correlation between two different 
signals in the frequency domain (Isobe, 1972). Coherence values converge to 
one as the separation distance becomes increasingly smaller than the length scale 
of the turbulence and the wave period approaches zero. On the other hand, 
coherences converge to zero as the separation distance exceeds the length scale 
of the turbulence and o approaches infinity. 

Lagrangian and Eulerian mass and energy exchange models make use of 
turbulent length and time scales. The length scales correspond to a measure of 
the characteristic turbulent eddy size and the time scales represent the per- 
sistence time of the velocity of a fluid parcel. Since Lagrangian time scales are 
difficult to measure, Eulerian time scales are often used to derive estimates of 
the Lagrangian parameters. These parameters are derived from time series 
measurements. For vertical transfer, the Eulerian time scale is: 

m 

T, = 
I 

R,,(T) dr/u$ (11) 
0 

where uW is the standard deviation of vertical velocity. From Equation (1 l), two 
commonly used characteristic length scales are computed as: 

L,, = ET, 02) 

L, = u,T, . (13) 
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3. Material and Methods 

3 .l. SITEANDCANOPYSTRUCTURE 

Fluctuations in the three-dimensional wind velocity components were measured 
in a fully-leafed deciduous forest during September and October, 1986. The 
experimental site is located at the Atmospheric Turbulence and Diffusion 
Division’s Forest Meteorology research site, on the U.S. Department of Energy’s 
Reservation near Oak Ridge, TN (lat 3.5” 57’ 30”N; long. 84” 17’ 15” W; 365 m 
above m.s.1.). This site is situated on a ridge in moderately complex terrain. 
Topographical features of the site are shown in Verma er al. (1986). The 
vegetation consists of an uneven-aged, mixed-species stand of oak and hickory 
trees, which extends several kilometers in all directions, with intermittent in- 
clusions of loblolly pine. The average height (h) of the stand is about 23.5 m and 
the zero-plane displacement height is about 0.9 h (Baldocchi and Meyers, 1988). 
The leaf area and silhouette woody biomass index are about 4.9 and 0.6, 
respectively, under fully-leafed conditions. A vertical profile of the leaf area 
density is presented in Figure 1. The species composition and architectural 

4.0 

0.6 

0 

0 I * I I I 
0 0.2 0.4 0.6 0.6 4.0 

PLANT AREA DENSITY h-‘1 
Fig. 1. Vertical variation in leaf area density. 
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characteristics of the stand are described in Hutchison et al. (1986). The 
characteristic lengths of the tree crowns are on the order of about 8 to 10 m. The 
length scale of the leaves is on the order of 0.10 to 0.15 m. 

3.2 INSTRUMENTATION 

Three uvw sonic anemometers (Applied Technology Inc. Boulder, CO, model 
BH-478B/3) were used to measure wind velocity components within and above 
the canopy. The sonic anemometry is discussed in detail in Baldocchi and Meyers 
(1988). A Gill uvw propeller (R. M. Young, Traverse City, MI) anemometer was 
also used to measure wind velocity components above the canopy. The propeller 
anemometers were fitted with extension shafts, as recommended by Hicks (1972). 
Temperature fluctuations were measured above the canopy with a microbead 
thermistor, placed next to the anemometry. 

The sonic anemometers were supported on swivel-booms, that were attached 
to a 33 m tall triangular tower. Access to the instruments was provided by an 
adjacent 44 m tall walk-up tower. The azimuthal angle of the anemometer booms 
was oriented so the wind generally flowed into the sensor heads, minimizing 
transducer shadowing effects (Wyngaard and Zhang, 1985). The sensor heads 
extended about 3 m upwind of the tower to minimize ‘tower shadowing effects’. 

We were unable to measure wind velocities simultaneously at all desired levels 
within the canopy. Consequently, several experiments were conducted with 
different instrument configurations. Wind velocities were measured above the 
canopy, at 34 m, with the Gill uvw anemometer during each experimental run to 
provide reference measurements of ambient wind conditions and heat flux. 

Transducer signals were sampled and digitized at a rate of 7.6 Hz with a 
computer-controlled data acquisition system. Instantaneous data were put on a 
magnetic disk. 

The data presented in this analysis were from daytime periods when wind speed 
at 34 m exceeded 1.0 m s-i. The predominant wind direction was southwesterly, 
ranging between about 200 and 260 deg. Atmospheric stability ranged from near 
neutral to slightly unstable. 

3.3 COMPUTATIONAL PROCEDURES 

Power and co-spectra and auto and cross lag-correlations were computed with 
the fast Fourier transform (PIT) technique, using a program by Carter and Ferrie 
(1979); the FFT program tapered the time series at the ends and removed linear 
trends. FFT computations were based on a time series of 4096 points. A 
one-dimensional coordinate rotation was performed on wind data measured 
within the canopy, making the mean lateral velocity component equal to zero. A 
three-dimensional coordinate rotation was performed on the velocity components 
measured above the canopy, forcing the mean w and u values to zero. 

The raw spectral densities were block-averaged to provide smoothed estimates 
over logarithmic frequency bands. The spectral densities presented in this paper 
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are multiplied by natural frequency, n, and are normalized by their respective 
variance. They are plotted against the ratio between natural frequency (n) and 
the local mean horizontal wind velocity (u), an estimate of wavenumber (k). The 
normalized spectral densities were averaged from many 539 s periods (12 to 40). 
This ensemble-averaging increases the degree of freedom associated with the 
spectral computations and reduces the random noise and standard errors asso- 
ciated with spectral estimates from individual experimental runs. 

The cross-correlations were normalized by the product of the standard devia- 
tions of the two velocity measurements. They are plotted against time lags 
normalized by above-canopy wind speed and vertical separation distance between 
the two instruments (t = ru/Az). A negative T indicates that wind velocities 
measured in the canopy lead those measured above, and a positive 7 represents 
the converse. 

4. Results and Discussion 

4.1 POWER SPECTRA 

Power spectra for the w, ZJ and u wind velocity components at different levels 
within and above the deciduous forest are presented in Figures 2a, 2b and 2c, 
respectively. These power spectra do not collapse upon a universal curve, but are 
distributed into three regimes. The first regime consists of measurements made 
above the canopy. The second regime consists of measurements made in the 
subcanopy trunkspace, below crown closure, and the third regime consists of 
measurements made in the canopy crown, between 0.75h and h, where h is 
canopy height. The characteristics of each regime are discussed below. 

The turbulence spectra in the surface layer are composed of three subranges: 
the energy-containing subrange, the inertial subrange and the dissipation 
subrange (Panofsky and Dutton, 1984). The turbulence spectra measured above 
the canopy have the shape of a hump, which is representative of energy- 
containing and inertial subranges; the dissipation subrange is beyond the resolu- 
tion of the instruments. Peak spectral densities occur at wavenumbers ranging 
between 0.005 and 0.02 m-‘, which based on Taylor’s frozen eddy hypothesis, 
corresponds to length scales ranging between 50 and 200m. Hence, these peak 
values occur in the energy-containing subrange, which is typically associated with 
length scales on the order of 10 to 2000 m (Panofsky and Dutton, 1984). Among 
the individual velocity spectra, the peak values rank as: w > u 2 u. 

The general shape and ranking of the spectral peaks are in agreement with 
spectra measured over tall vegetation (Anderson et al., 1986) and short, wheat 
stubble (Kaimal et al., 1972). The w spectrum peaks at higher wavenumbers than 
do the horizontal velocity spectra. This is because vertical velocity fluctuations 
predominately scale with the height above the surface, whereas horizontal 
velocity fluctuations are influenced by the scale of the terrain features and the 
height of the planetary boundary layer (Panofsky, 1973; Caughey, 1982). 
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Fig. 2. Turbulence power spectra measured above and within a deciduous forest canopy for the 
vertical (a), streamwise (b) and lateral velocity (c) components. 
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In the surface boundary layer, the length scales of turbulence in the inertial 
subrange range between that of the measurement height above the surface (2) 
and the Kolmogorov microscale (Panofsky and Dutton, 1984; Jensen and Busch, 
1982). In this waveband, no external energy enters the system, nor is any internal 
energy dissipated; turbulent kinetic energy only cascades from larger to smaller 
scales. According to Kolmogorov’s scaling theory, the spectral densities of the 
velocity components in the inertial subrange are a function of the dissipation rate 
(E) and the wavenumber (k) (see Jensen and Busch, 1982): 

(14) 

where CY,, is a constant. 
Velocity spectra measured above the canopy (at 1.30h) have an inertial 

subrange with a statistically significant -2/3 slope (Figure 2; Table I), thus, 
scaling according to Kolmogorov’s theory. These data agree with prior tur- 

TABLE 1 
Slopes of the velocity spectra at wavenumbers exceeding the 
spectral peak or the plateau, as observed in the subcanopy 
trunkspace. r2 is the coefficient of determination and S.E. is 
the standard error of the estimate of the slope. The question 
mark (?) indicates data with which we have little confidence 

due to high variability and a limited number of data 

z/h Velocity 
component 

Slope r2 S.E. 

0.11 w 
u 
V 

0.29 w 
u 
V 

0.46 w 
u 
v 

0.77 w 
u 
V 

0.88 w 
u 
V 

0.94 w 
u 
” 

1.30 W 
u 
” 

-0.83 0.96 
-0.82 0.7s 
--I.13 0.89 

-0.96 0.99 
~0.89 0.97 
-0.86 (?) 0.81 

-0.81 0.99 
- I .07 0.97 
- 1.14 0.96 

-0.89 0.97 
-1.09 0.99 
--0.98 0.99 

-1.21 0.99 
-- 1.09 0.99 
- 1.29 0.98 

--0.8X 0.99 
--0.70 0.98 
- 0.9 1 0.99 

-0.68 0.98 
-0.66 0.98 
-0.66 0.98 

0.050 
0.011 
0.15 

0.029 
0.067 
0.205 

0.010 
0.073 
0.108 

0.036 
0.023 
0.025 

0.021 
0.032 
0.052 

0.029 
0.032 
0.020 

0.023 
0.02 1 
0.020 
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Fig. 3. Vertical velocity spectrum measured in the canopy crown at 0.88/z. 

bulence measurements made over tall vegetation (Anderson ef al., 1986; 
Thompson, 1979) and short wheat stubble (Kaimal et al., 1972). 

The power spectra measured in the canopy crown are also hump-shaped, but 
generally exhibit a sharper peak than do these measured above the canopy 
(Figure 2). This spectral shape is seen more clearly using an individual spectrum 
sampled from Figure 2; as an example, the vertical velocity power spectrum 
measured at 0.8Sh is presented in Figure 3. The peak wavenumbers, among the 
velocity components measured in the canopy crown, rank approximately as 
w 2 u > u and range between about 0.1 and 0.2 m-r. These peak values are 
about a decade larger than those from above the canopy. 

The spectral slopes in the band of wavenumbers classically associated with the 
inertial subrange (k > l/z) are significantly more negative than -2/3 in the 
canopy crown (Figures 2 and 3; Table I). These spectral slopes range between 
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about -0.78 and - 1.3 (Table I), with the greatest slopes occurring at about 
0.88h, where the foliage density and, hence, form drag are greatest (see Figure 
I). Confidence intervals computed from the standard error of these slopes show 
that they are all significantly different from -2/3. 

The shape of the velocity spectra measured below crown closure is more 
complex than are those observed in the other two regimes (see Figure 2); Figure 
4 shows a sample vertical velocity spectrum measured at 0.46h in order to 
examine the features of these spectra in greater detail. The lower-level, power 
spectra have a distinct peak at wavenumbers ranging between 0.01 and 0.02 m-l 
nnd also rank as w 2 u > U. At wavenumbers exceeding the peak, the shape of 
these lower-level spectra differ from those observed at higher levels. First, a 
rapid drop-off in spectral densities occurs in the region between the spectral peak 
and wavenumbers on the order of about 0.2 m-‘. Thereafter, the spectral slopes 
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Fig. 4. Vertical velocity spectrum measured below crown closure at 0.46h. 
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plateau in the region between 0.2 and 1 m-l and then drop-off rapidly with 
higher wavenumbers. The slopes of these spectra at wavenumbers exceeding l/z 
are also significantly more negative than -2/3 (Table I). 

It is possible that the steep spectral slopes at wavenumbers exceeding l/z are 
evidence of the short-circuiting of the energy cascade discussed by Raupach and 
Shaw (1982) and Shaw and Seginer (1985). The mechanism for generating these 
steep slopes can be attributed to the conversion of large-scale, shear-produced, 
turbulent kinetic energy into smaller scale motions, which are quickly dissipated, 
via work against plant-element form drag. Work against form drag is propor- 
tional to &(z)c,u3, where a(z) is the plant area density and c, is the drag 
coefficient of the plant element, and is generally greatest in the canopy crown 
(Shaw and Seginer, 1985). This short-circuiting of the inertial cascade is analo- 
gous to the quick break-up of a large raindrop into tiny droplets at impact with 
the surface. 

Spectral slopes steeper than -2/3, at wavenumbers associated with the inertial 
subrange, have previously been reported for turbulence measurements made in 
an almond orchard (Baldocchi and Hutchison, 1988) and an artificial canopy 
(Seginer et al., 1976). On the other hand, velocity spectra measured in corn 
(Shaw et al., 1974; Wilson et al., 1982) and a model canopy (Raupach et al., 
1986) seem to have -2/3 slopes at wavenumbers greater than l/z. 

Differences in leaf area density, measurement height above the surface and the 
height of the canopy may account for the variety of spectral slopes that are 
observed within different plant canopies. For example, we are probably more apt 
to observe steep spectral slopes over tall vegetation than over shorter crops. 
Over tall vegetation, the length scales of the shear-produced turbulent kinetic 
energy are much greater than those associated with the canopy crown, its 
elements and the subsequent wake-produced turbulent kinetic energy. A short- 
circuiting of the inertial cascade is, thus, more likely to occur under this 
condition, when plant elements interact with the shear-produced turbulence. On 
the other hand, over shorter crops the length scale of the shear-produced 
turbulent kinetic energy becomes restricted by the height above the surface. 
Consequently, the scale of the shear-produced energy is on the same order as the 
length scales of the canopy elements. Hence, a short-circuiting of the inertial 
cascade is less likely to occur. A more detailed theory must be developed to 
explain this short-circuiting of the inertial cascade and to parameterize the 
dissipation rate of turbulent kinetic energy more realistically. 

One must be cautious before concluding that the steep slopes of the within- 
canopy velocity spectra result only from the processes described above. Equation 

(14) was derived on the assumption that Taylor’s frozen-eddy hypothesis (k = 
n/u) is valid and that turbulence is locally isotropic. Unfortunately, there is no 
theory to describe velocity spectra, determined from Eulerian measurements, 
when Taylor’s hypothesis is not valid (Jensen and Busch, 1982). 

There is no guarantee that Taylor’s hypothesis is valid in a plant canopy. This 
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hypothesis can be tested either by comparing whether a fixed-point, Eulerian 
spectrum (S( nl u)) equals a wavenumber spectrum (S(k)), determined by moving 
a sensor quickly through the canopy, or by observing that longitudinal coherence 
values equal one, at all wavenumbers (Panofsky and Dutton, 1984). 

Although such measurements are either impossible to make or are unavailable, 
we can probably assume that Taylor’s hypothesis is not valid in a plant canopy. 
This is because Taylor’s hypothesis breaks down when turbulence intensities are 
large and when wind shear is great (Jensen and Busch, 1982), conditions which 
commonly occur in plant canopies (Wilson et al., 1982; Baldocchi and Meyers, 
1988). 

On the other hand, we can test for local isotropy using the spectral data. 
According to spectral theory (see Panofsky and Dutton, 1984; Jensen and Busch, 
1982), turbulence is locally isotropic if the ratio between the lateral (S,,) or 
vertical (S,,) velocity spectral densities and the streamwise velocity (S,,,) density 
equals 4/3 at wavenumbers (k) in the inertial subrange. In the surface layer, 
turbulence becomes locally-isotropic as the scale of the turbulence decreases and 
approaches the dissipation subrange (Kaimal et al., 1972). Table II presents the 
ratios S,,/S,,, and S,,/S,, derived from measurements made within the decidu- 
ous forest canopy at wavenumbers classically associated with the inertial 
subrange (n/u exceeding 0.2 m-l). These ratios range between 0.7 and 1.3, with 
one exception. Since they are generally less than 4/3, we must conclude that 
turbulence in the canopy is locally anisotropic. 

Anisotropic turbulence has also been measured in such disparate plant cano- 
pies as corn (Uchijima and Wright, 1964; Shaw et al., 1974), an almond orchard 
(Baldocchi and Hutchison, 1988) and a model canopy (Seginer et al., 1976), at 
wavenumbers generally associated with the inertial cascade of energy. And 
recent measurements by Browne et al. (1987) show that turbulence is anisotropic 

TABLE II 
The ratios of the vertical and lateral velocity spectral 
densities with respect to the spectral density for 
streamwise velocity at wavenumbers exceeding the 
spectral peak or the plateau, as observed in the sub- 
canopy trunkspace. The question mark (?) indicates 
data with which we have Little confidence due to high 

variability and a limited number of data 

z/h s*“lL LVIL 

0.11 0.75 0.79 
0.29 1.94 (?) 0.73 
0.46 1.13 1.06 
0.77 0.95 1.08 
0.88 1.08 1.19 
0.94 1.06 1.29 
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in the dissipation subrange of turbulent wakes. Based on the evidence at hand, we 
conclude that the steep spectral slopes observed in the deciduous forest are 
representative of a combination of effects: the short-circuiting of the inertial 
cascade of shear-produced turbulent kinetic energy and the invalidity of Taylor’s 
hypothesis. 

Over the past 15 years there has been much discussion about a meaningful way 
to non-dimensionalize velocity spectra measured in plant canopies. Silversides 
(1974) recommended an arbitrary length scale that happened to be close to the 
average spacing between plants or trees. We feel that a length scale that 
integrates the scale of the characteristic turbulence, as influenced by the foliage 
density and distribution and height above the surface, should be used in this 
normalization. One likely candidate is the Eulerian length scale L,, (Equation 12). 
Velocity spectra are scaled against a non-dimensional frequency expressed as 
f=nLiU (Fg i ures Sa, Sb and 5c) for the w, u and u components, respectively 
(note: this normalization is also equivalent to f = T,,,n). The w and u spectra 
collapse to a relatively universal spectral peak, occurring at about 0.1. The u 
spectra collapse at a slightly smaller value. The shape of these spectra, however, 
are not quite universal; u spectra scaling has the greatest success, whereas u 
spectra scaling has the least. The lack of a universal spectrum with this nor- 
malization, leads us to suggest that two or more length scales may be needed to 
normalize the within-canopy turbulence spectra. Perhaps one length scale should 
be attributed to the larger, shear-produced turbulence and another should be 
representative of the smaller, wake-generated turbulence. 

4.2 COSPECTRA 

Cospectra between the u and w velocity components are presented in Figure 6 
for measurements made above the canopy and at two levels in the crown. The 
above-canopy cospectrum attains a peak at about 0.01 m-l, whereas the spectral 
peaks for measurements made in the canopy crown are about a decade higher. 
Furthermore, the spectral peak shifts toward higher wavenumbers with depth into 
the canopy, as a result of increasing canopy density and form drag. 

Wavenumbers greater than about 0.3 m-l contribute little to tangential 
momentum stress above and within the canopy. These data support the con- 
clusion of Lumley and Panofsky (1964), who state that small eddies have 
considerable energy but do not contribute significantly to the u-w covariance. 

4.3. LENGTH ANDTIMESCALES 

Mean Eulerian time scales (T,) decrease with depth into the canopy until a 
minima is reached at about 0.88h, where foliage density is greatest (Figure 7). 
They then increase as z decreases further. Mean time scales range between 0.7 
and 5.75 s, with appreciable run-to-run variability due to different wind speed 
regimes. These time scales are considerably smaller than values observed at 
similar heights in the surface boundary layer. For example, a time scale in the 
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Fig. 6. Turbulence cospectra for the u and w covariance measured in a deciduous forest canopy. 

near-neutral surface layer, approximated as k(z - d)/w, or k( z - d)/l.25 w, 
would yield a value of 26.6 s when (z - d) is 20 m and r+ is 0.3 m SC’. 

The mean characteristic length scales, computed from Equations 12 and 13 
and normalized by canopy height, range between 0.02h to 0.2h, with JY,, > L, 
(Figure 8). On inspection of Equation 12 and 13, we can deduce why L, is 
greater than L,,,.; this is because JY,, is a function of u which is greater than a,,,, 
the parameter on which JL,,, is based. The shape of the normalized length-scale 
profiles resembles the profile of the Eulerian time scale shown in Figure 6 and is 
consistent with the vertical variation of the spectral peaks. 

The length-scale profiles resemble the shape of the length-scale profile 
measured by Allen (1968) in a Japanese larch plantation. These normalized 
length scales, however, are smaller than those measured in corn (Wilson et al., 
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1982), larch (Allen, 1968) and artificial (Seginer et al., 1976) canopies. Except 
for the study of Allen (1968), the referenced studies also show that the length 
scales increase linearly with z. Wilson er al. (1982) conclude that it is difficult to 
generalize any specific behavior of the length scales with height in a canopy, but 
appeal for the need of additional measurements in plant canopies. The great leaf 
area density in the upper portion of this deciduous forest, and its consequent 
effect on the turbulent kinetic energy budget via work against form drag, 
accounts for the length scales reported here being smaller than those reported in 
the literature. 

The increase in turbulence length scales with depth in the canopy occurs 
because turbulence, below crown-closure, results primarily from the vertical 
transport of large-scale, turbulent kinetic energy from above. This hypothesis is 
supported theoretically (Wilson and Shaw, 1977; Shaw and Seginer, 1985) and by 
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our measurements (Baldocchi and Meyers, 1988). We observe that turbulence 
deep in the canopy is highly kurtotic and skewed, as a result of intermittent, 
large-scale turbulent events, and that the vertical gradients of the third-order 
moments, which represent the turbulence transport terms, are strong and suggest 
downward transport. 

It is also of interest to compare L, and I.,,, with length scales derived from the 
inverse of the wavenumber at the spectral peak. L, and L, are about a factor of 
ten smaller than the spectral-derived estimates. This difference is due to the 
Eulerian length scales being an integral estimate of the separation distance at 
which velocity measurements are well-correlated, whereas the length scales 
derived from the spectral peaks represent dominant length scales associated with 
turbulent fluctuations. 
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Corrsin ( 1974) reports that gradient transport or ‘K-theory’ models are applic- 
able if the length scale of the turbulence (L) is much less than the length scale 
associated with the curvature of the profile of a scalar: L 4 ((du/dz)/(d2u/dz2). 
He also stipulates that the turbulence length scale must be constant over the 
distance of a length scale and over the distance for which the mean field of the 
scalar changes appreciably. In other words, (dL/dz)/L e (du/dz)/u. 

Based on Corrsin’s guidelines, Bathe (1986) concludes that ‘K-theory’ 
momentum transfer models may be valid under limited conditions in the upper 
portion of some crop canopies. In the micrometeorological literature, ‘K-theory’ 
has been subject to considerable criticism when used in estimating C02, sensible 
and latent heat and momentum exchange because turbulence is an intermittent 
process, the curvature of these scalar profiles is great and counter-gradient 
transfer can occur (see Finnigan and Raupach, 1987). ‘K-theory’ incorrectly 
assumes that transfer is linearly proportional to mean gradients and does not 
admit negative turbulence exchange coefficients. 

We can test the validity of ‘K-theory’ when applied to momentum transfer in a 
forest canopy by comparing length scales computed from the curvature of the 
wind speed profile against the Eulerian length scales (Figure 8). The curvature 
length scales, above 0.8h, are about two to three times greater than the Eulerian 
length scales. According to the strict guidelines established by Corrsin (1974), we 
conclude that ‘K-theory’ is invalid for estimating momentum transfer in the 
upper portion of this forest since the differences between the Eulerian and 
curvature length scales are less than an order of magnitude. 

Extending this discussion further, there are some fundamental arguments 
against the validity of ‘K-theory’ in plant canopies, even under limited con- 
ditions. Following Shaw ( 1976), Wilson and Shaw (1977) and Meyers and Paw U 
(1986), the tangential momentum stress budget under steady-state and neutrally 
buoyant conditions in an extended, horizontally homogeneous canopy can be 
expressed as: 

-- 
aw’dlat = 0 - wf2 aulaz - aw’w’dlaz + [ dap’iaz + w’ap’ia] (15) 

where p is static pressure and the primes denote fluctuations from the mean. The 
first term on the RHS is attributed to shear production. The second term 
represents the convergence of the vertical transfer of tangential momentum stress 
or turbulent transport. The third term represents the return-to-isotropy due to 
pressure and velocity interactions. Incorporating a simple parameterization of the -- 
return-to-isotropy term (w’u’/ tl, where tl is a time scale; Wyngaard, 1982), 
Equation 15 yields a new equation describing w’u’: 

W’U’ = tl[--7* au/az .-- aw’w’dlaz] . (16) 

The term, tl?, can be interpreted as being equivalent to a first-order closure, 
eddy exchange coefficient (K). Therefore, tangential momentum stress inside a 
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plant canopy is not only influenced by the product of K and the vertical gradient 
in wind velocity, &3/az, but is additionally intluenced by the transport term. 

Although the length scale of the turbulence is less than that associated with the 
curvature of the wind velocity profile, the vertical gradient of w’ W’U’ is very 
significant in this forest canopy (Baldocchi and Meyers, 1988). The realization of 
non-zero turbulent transport for tangential momentum stress in a plant canopy 
forms the basis of the argument that a ‘K-theory’, momentum transfer model is 
invalid in a plant canopy. 

4.4 LAGCROSS-CORRELAT~ONSANDCOHJZRENCE 

Lag cross-correlations and coherence computations provide information on the 
spatial structure of turbulence in lag-time and frequency domain. Such in- 
formation is also valuable in evaluating the validity of Taylor’s frozen eddy 
hypothesis at different scales. 

Figures 9a, 9b and 9c show cross-correlation coefficients computed between 
measurements made at levels within the canopy and at a reference level above 
the canopy (at 1.45h) for the w, u and u velocity components. The peak vertical 
and streamwise velocity cross-correlations occur at a positive lag time, indicating 
that vertical and streamwise wind gusts inside the canopy lag those observed 
above the canopy; the magnitudes of the non-dimensional lag time are on the 
order of 2. These turbulent events lag those above the canopy because turbulent 
kinetic energy originates from above and is transported downward (Maitani, 
1978). 

On the contrary, the peak lateral velocity cross-correlations occur at a non- 
dimensional time of about -2, indicating that lateral motions inside the canopy 
lead those measured above. The negative lag times associated with the u 
component occur because lateral motions inside a canopy are produced in 
turbulent wakes by work against form drag of the plant elements, a process which 
has no analogy in the surface boundary layer, and are then transported upward 
(see Wilson and Shaw, 1977; Raupach and Shaw, 1982). 

The cross-correlation curves for the vertical velocity component are asym- 
metric and rather narrow, falling to zero at non-dimensional lags on the order of 
10 in magnitude. Cross-correlation curves for u and II are somewhat broader and 
approach zero at non-dimensional lags on the order of +20. We do not observe a 
20 to 40s periodicity of recurrent gusts reported by Crowther and Hutchings 
(1985), which they attribute to shed vortices generated by the local terrain. 

Both Isobe (1972) studying a corn canopy, and Finnigan (1979b) studying a 
wheat crop, report that turbulent events inside the canopy lag those above it. 
Finnigan (1979b) also shows that the lag time of the peak correlation increases 
with separation distance. We do not show a vertical variation in lag times of peak 
correlation since we normalized the lag times by separation distance, which in 
essence supports Finnigan’s finding. 
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Fig. 9. Lag cross-correlations between wind velocity measurements made inside a deciduous forest 
canopy and at 1.45h. 
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The peak magnitudes of the vertical and streamwise velocity cross-correlation 
coefficients are relatively small (<0.40), whereas those for the lateral velocity 
component are much larger (>0.70). The magnitudes of the w and r.~ cross- 
correlations agree broadly with values reported by Uchijima and Wright (1964) 
and Isobe (1972) for a corn canopy, Finnigan (1979b) for wheat and Allen (1968) 
for a larch plantation. No u component cross-correlation data are available in the 
literature for comparison. 

The peak cross-correlation coefficients are generally greater at levels in the 
subcanopy trunk space than at levels in the canopy crown. Cross-correlation 
coefficients for the velocity components in the canopy crown decrease with depth 
into the canopy. The cross-correlations between turbulent events in the canopy 
and those above the canopy are related to the length scales of the turbulence. 
Below crown closure, turbulent fluctuations result primarily from large-scale 
turbulent kinetic energy, which is transported into the subcanopy from above 
(Wilson and Shaw, 1977). As shown in Figure 8, these length scales are about ten 
times greater than those in the crown. On the other hand, turbulent fluctuations 
in the canopy crown are generated by shear and in turbulent wakes, by the 
interactions between the foliage and the mean wind and shear-produced tur- 
bulence. This process reduces the turbulence length scales such that they are 
smaller than the vertical separation distance between the two sensors. Thus, 
turbulent events in the crown become increasingly uncorrelated with above- 
canopy measurements, as separation distances increase. On the other hand, 
turbulent events in the subcanopy are less decorrelated with those occurring 
above the canopy because the length scales of these turbulent events are closer in 
magnitude to the separation distance between the reference height. 

The coherence of turbulence between two vertically separated sensors, where 
one is inside and the other is above the canopy, is shown in Figures lOa, lob and 
10~. Low-frequency turbulence is the most coherent. However, the maximum 
coherence values are less than 1 at all wavenumbers. This is because the 
turbulence length scales in the canopy are less than the vertical separation 
distances (Figure 8), which theoretically reduces turbulence coherence (see 
Kristensen and Jensen, 1979). The maximum coherences rank as o > u > w, 
which is in experimental agreement with data from an almond orchard (Baldocchi 
and Hutchison, 1988) and is in theoretical agreement with Kristensen and Jensen 
(1979); maximum coherences for the II, u and w velocity components are about 
0.8, 0.6 and 0.5, respectively. Due to the variability of the data, we are unable to 
conclude whether coherence values scale with vertical separation. However, 
largest coherence values are generally measured below crown closure, at 0.46h. 
This observation is consistent with the cross-correlation data discussed above. 

One test for the validity of Taylor’s frozen eddy hypothesis is that the 
longitudinal coherences should equal 1 across the frequency range of interest. 
The vertical velocity coherence values (Figure 10a) represent a longitudinal 
coherence for vertical motions. Coherence values are much less than 1 and 
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support our earlier contention that Taylor’s hypothesis is not valid in a plant 
canopy. 

5. Summary and Conclusions 

The turbulence velocity spectra, presented here, describe the contribution of 
different frequencies to the variance of velocity fluctuations. Turbulence spectra 
measured inside a forest canopy are much different than those measured in the 
surface layer. This is because interactions between wind and plant-parts modify 
the processes which generate, transport and remove turbulent fluctuations. 

We observed that power spectra measured in the canopy crown peak at higher 
wavenumbers than do those measured in the subcanopy trunkspace and above the 
canopy. Past attempts to scale within-canopy turbulence spectra have not been 
very successful. We find that peak spectral values collapse to a relatively 
universal value when scaled according to a non-dimensional frequency comprised 
of the product of the natural frequency and the Eulerian time scale for verti- 
cal velocity. At wavenumbers exceeding the spectral peak, the slopes of the 
power spectra are more negative than those observed in the surface boundary 
layer. 

The shift in spectral peaks and the steep spectral slopes result from work 
against form drag of the plant elements by the mean kinetic energy and the 
shear-produced turbulent kinetic energy. This work reduces the large-scale 
energy to that with length scales on the order of the plant elements, which 
dissipate quickly, thus short-circuiting the inertial cascade. We cannot discount 
that the steep spectral slopes are also due to the invalidity of Kolmogorov’s 
scaling arguments for turbulence in the inertial subrange, which are based on the 
assumptions of Taylor’s frozen eddy hypothesis and local isotropy, because these 
assumptions are invalid in a plant canopy. 

Eulerian length scales in the subcanopy are greater than those in the canopy 
crown because turbulence at the lower level is primarily due to large-scale, 
intermittent turbulence transported from above. Turbulent events below crown 
closure are more correlated with turbulent events above the canopy than are 
those occurring in the canopy crown because the relative difference between the 
turbulent length scale and the separation distance is smaller in the subcanopy. 

Current theories which describe the turbulent kinetic energy budget must be 
improved. The weaknesses of these theories revolve around the parameteriza- 
tions for the dissipation rate of wake-generated turbulence. Hopefully, these data 
can be used as guidance to improve upon the present models. 

The data presented here were from periods with near-neutral to slightly 
unstable thermal stratification. Additional measurements are needed of tur- 
bulence spectra during nocturnal and convective periods to describe the 
influence of atmospheric stability. 
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