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ABSTRACT

Turbulent velocity, temperature, water vapor concentration, and other scalars were measured at the canopy–
atmosphere interface of a 13–14-m-tall uniform pine forest and a 33-m-tall nonuniform hardwood forest. These
measurements were used to investigate whether the mixing layer (ML) analogy of Raupach et al. predicts eddy
sizes and flow characteristics responsible for much of the turbulent stresses and vertical scalar fluxes. For this
purpose, wavelet spectra and cospectra were derived and analyzed. It was found that the ML analogy predicts
well vertical velocity variances and integral timescales. However, at low wavenumbers, inactive eddy motion
signatures were present in horizontal velocity wavelet spectra, suggesting that ML may not be suitable for scaling
horizontal velocity perturbations. Momentum and scalar wavelet cospectra of turbulent stresses and scalar fluxes
demonstrated that active eddy motion, which was shown by Raupach et al. to be the main energy contributor
to vertical velocity (w) spectral energy (Ew), is also the main scalar flux–transporting eddy motion. Predictions
using ML of the peak Ew frequency are in excellent agreement with measured wavelet cospectral peaks of vertical
fluxes (Kh 5 1.5, where K is wavenumber and h is canopy height). Using Lorentz wavelet thresholding of
vertical velocity time series, wavelet coefficients associated with active turbulence were identified. It was dem-
onstrated that detection frequency of organized structures, as predicted from Lorentz wavelet filtering, relate to
the arrival frequency ^U&/h and integral timescale, where ^U & is the mean horizontal velocity at height z 5 h.
The newly proposed wavelet thresholding approach, which relies on a ‘‘global’’ wavelet threshold formulation
for the energy in w, provides simultaneous energy–covariance-preserving characterization of ‘‘active’’ turbulence
at the canopy–atmosphere interface.

1. Introduction

Understanding momentum, heat, and scalar mass ex-
changes between vegetation and the atmosphere is nec-
essary for the quantification of evaporation and sensible
heat flux for hydrologic budgets, ozone deposition on
urban forests, nonmethane hydrocarbon emissions from
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natural vegetation, carbon storage in ecosystems, etc.
Such exchanges are governed by a turbulent mixing
process that appears to exhibit a number of universal
characteristics (Amiro 1990; Amiro and Davis 1988;
Raupach et al. 1989; Gao et al. 1992; Baldocchi and
Meyers 1988, 1989; Paw U et al. 1992). Early attempts
to predict these universal characteristics made use of
rough-wall boundary layer analogies but limited success
was reported (for review, see, e.g., Raupach et al. 1996;
Raupach et al. 1991; Raupach 1979; Wilson 1989; Rau-
pach and Thom 1981; Thompson 1979; Mulhearn and
Finnigan 1978). A basic distinction between canopy and
rough-wall boundary layer turbulence is that the ‘‘for-
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est–atmosphere’’ system is a porous medium permitting
finite velocity and velocity perturbations well within the
canopy. Hence, the canopy–atmosphere interface cannot
impose a severe constraint on fluid continuity (the ‘‘no
slip’’ boundary condition in specific) as an impervious
boundary, as discussed in Raupach and Thom (1981),
Raupach (1988), and Raupach et al. (1989).

Raupach et al. (1989) and Raupach et al. (1996) pro-
posed a mixing layer (ML) analogy to model the uni-
versal characteristics of turbulence close to the canopy
atmosphere interface in uniform and extensive canopies.
Their analogy is based on solutions to the linearized
perturbed two-dimensional inviscid momentum equa-
tions (Rayleigh’s equation) using hydrodynamic stabil-
ity theory (HST). For such a system of equations, HST
predicts the unstable mode generation of two-dimen-
sional transverse Kelvin–Helmholz (KH) waves with
streamwise wavelength (Lx) if the longitudinal velocity
profile has an inflection point (a necessary but not suf-
ficient condition). Such instabilities are the origins of
organized eddy motion in plane mixing layers; however,
a KH eddy motion cannot be produced or sustained in
boundary layers due to the absence of such an inflection
point in the velocity profile. A plane mixing layer is a
‘‘boundary-free shear flow’’ formed in a region between
two coflowing fluid streams of different velocity but
same density (Tennekes and Lumley 1972, 104; Rau-
pach et al. 1996). Raupach et al. (1996) recently argued
that a strong inflection point in the mean velocity profile
at the canopy–atmosphere interface results in a flow
regime resembling a mixing layer rather than a boundary
layer neighboring this interface. Raupach et al.’s (1996)
ML analogy is the first theoretical advancement to an-
alyzing the structure of turbulence close to the canopy–
atmosphere interface of a horizontally extensive uni-
form forest.

As discussed in Tennekes and Lumley (1972, 112),
planar mixing layers are self-preserving so that mean
velocity and turbulent stress profiles become invariant
with respect to a horizontal distance (x). Hence, such
profiles can be expressed in terms of local length and
velocity scales. The self-preservation hypothesis is con-
sistent with numerous observations that turbulent mix-
ing close to the canopy–atmosphere interface exhibits
a number of universal characteristics. Among these uni-
versal characteristics are the emergence of friction ve-
locity (u*) and canopy height (h) as representative ve-
locity and length scales (Raupach 1988; Raupach et al.
1989).

In addition to exerting drag on the airflow aloft, can-
opy foliage acts as a source (or sink) for many passive,
active, and reactive scalar entities such as heat (Ta),
water vapor (Q), ozone (Q3), and isoprene (2-methyl-
1,3-butadiene, hereafter Is) resulting in a ‘‘scalar mixing
layer.’’ A scalar mixing layer is a generalization of a
thermal mixing layer, which is defined as a plane layer
formed between two coflowing streams of same lon-
gitudinal velocity but different temperatures (LaRue and

Libby 1981; LaRue et al. 1981). Unfortunately, theo-
retical and laboratory investigations demonstrate that
pure thermal mixing layers are not self-preserving
(Lumley 1986). In fact, laboratory measurements of
grid-generated turbulence in a thermal mixing layer
(usually produced by heating one side of a grid) by
LaRue and Libby (1981) and Ma and Warhaft (1986)
illustrate that computations utilizing self-preservation
assumptions overestimate the maximum measured heat
flux by more than 25%. Hence, instabilities responsible
for momentum vertical transport may not transport sca-
lars in an analogous manner.

Given the complexities of mean scalar concentration
profiles within forested systems (see, e.g., Denmead and
Bradley 1985; Moritz 1989), the dissimilarity in scalar
and momentum sources and sinks, the large atmospheric
stability variation close to the canopy–atmosphere in-
terface, and the complex foliage distribution with height
all suggest a need to further investigate the applicability
of Raupach et al.’s (1996) ML analogy to scalar mass
transport.

The objective of this study is to investigate whether
the characteristics of active turbulence, typically iden-
tified from vertical velocity statistics, can be extended
to mass transport at the canopy–atmosphere interface.
In Raupach et al. (1996), particular attention was de-
voted to eddy sizes responsible for the generation of
coherency and spectral peaks in the vertical velocity.
Here, eddy sizes responsible for cospectral peaks of
scalar fluxes and their relationship to active turbulence
are considered. Active turbulence is identified from or-
thogonal wavelet decomposition that concentrates much
of the vertical velocity energy in few wavelet coeffi-
cients. The remaining wavelet coefficients, associated
with ‘‘inactive,’’ ‘‘wake,’’ and ‘‘finescale turbulence’’
are thresholded using a Lorentz wavelet approach ad-
vanced by Vidakovic (1995) and Katul and Vidakovic
(1996, 1998). Wavelet spectra and cospectra are also
used to investigate the characteristics of active turbu-
lence for the two stands (different canopy heights, uni-
formity, and leaf area distribution) and for a wide range
of atmospheric stability conditions. Much of the flow
statistics derived by Raupach et al. (1996) in the time
domain are also extended to the wavelet domain. Since
canopy sublayer (CSL) turbulence is intermittent in the
time domain with defined spectral properties in the Fou-
rier domain, orthonormal wavelet decompositions per-
mit a simultaneous time–frequency investigation of both
flow characteristics.

Unless otherwise stated, the notation used throughout
is as follows: Ui (U1 5 U, U2 5 V, and U3 5 W) are
the instantaneous longitudinal (U), lateral (V), and ver-
tical (W) velocity components; C is the instantaneous
concentration of a scalar entity (C 5 Ta, Q, CO2, O3,
and Is); xi (x1 5 x, x2 5 y, x3 5 z) are the longitudinal
(x), lateral (y), and vertical (z) directions with z defined
from the ground surface; ^ · & is time averaging; ui and
c are the turbulent fluctuations around ^Ui& and ^C& so
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that ^ui& 5 ^c& 5 0; and the x direction is aligned along
the mean horizontal wind direction so that ^V& 5 0.

2. Methods of analysis

Much of the scalar transport at the canopy–atmo-
sphere interface is due to localized eddy motion in time
(Raupach et al. 1996; Paw U et al. 1992; Paw U et al.
1995; Bergstrom and Hogstrom 1989); hence, a local-
ized basis function is preferred for spectral and cos-
pectral analysis and for characteristic length scale iden-
tification. A localized basis function in the time domain
has advantages over its Fourier counterpart due to its
ability to concentrate much of this energy in few wavelet
coefficients (Katul and Vidakovic 1996). Hence, or-
thonormal wavelet transforms ‘‘disbalance’’ energy of
many flow variables. For completeness, key derivations
pertaining to wavelet spectra, cospectra, and Lorentz
wavelet filtering approaches are first reviewed.

a. Wavelet analysis

Orthonormal wavelet expansions are used since the
basis functions are orthogonal and mutual independence
of wavelet coefficients is guaranteed at all scales. Using
a logarithmic uniform spacing for the scale discretiza-
tion with increasingly coarser resolution at larger scales
(space discretization), a complete orthogonal wavelet
basis can be constructed that permits decomposition of
any discretely measured turbulent flow variable (e.g.,
ui, c) vector f(xj) into N wavelet coefficients [where j
5 0, 1, . . . , N 2 1; ^f(xj)& 5 0]. Unlike Fourier trans-
forms, many wavelet basis functions are available for
this decomposition (see, e.g., Daubechies 1992).

1) FAST WAVELET TRANSFORM (FWT)

The Haar wavelet basis is selected for its 1) differ-
encing characteristics, 2) locality in the time domain,
3) short support that eliminates any edge effects in the
transformed series, and 4) wide use in atmospheric tur-
bulence research (Howell and Mahrt 1994; Katul and
Parlange 1994; Katul and Vidakovic 1996, 1998; Lu
and Fitzjarrald 1994; Turner and Leclerc 1994; Turner
et al. 1994; Mahrt and Howell 1994; Yee et al. 1996;
Mahrt 1991). The Haar basis ca,b(x) 5 (a21/2)c[(x 2
b)/a], where a 5 2m and b 5 2mi is given by

1, for 0 , x , 1/2,
c(x) 5 21, for 1/2 # x , 1, (1)

0, elsewhere,

where i and m are integers representing the position and
scale indices, respectively. For the Haar wavelet, the
coefficients WC(m11)(k) and the coarse-grained signal
S (m11)(k) (i.e., a low-pass filtered series) at scale (m 1
1) are computed from S (m) at scale m using

1
(m11) (m) (m)WC (i) 5 [S (2i 2 1) 2 S (2i)] (2)

Ï2

and

1
(m11) (m) (m)S (k) 5 [S (2i 2 1) 1 S (2i)], (3)

Ï2

for m 5 0 to M 2 1, i 5 0 to 2M2m21 2 1, and M 5
log2(N), N (52M) is the number of samples. The wavelet
coefficients (WCs) and coarse-grained signal (S (m)) are
calculated from simultaneous application of (2) and (3)
to the measurement vector [f(xj) originally stored in S (0)]
for m 5 0 to M 2 1, where ^S (0)& 5 0. The decom-
position in (2) produces N 2 1 wavelet coefficients
defining the Haar wavelet transform of f(xj) (see, e.g.,
Katul et al. 1994; Katul and Parlange 1994; and Katul
and Vidakovic 1996).

2) WAVELET SPECTRA AND COSPECTRA

The N 2 1 discrete Haar WCs satisfy the energy
conservation

M2mj5N21 m5M i5(2 21)

2 (m) 2f ( j) 5 [WC (i)] , (4)O O O
j50 m51 i50

which is analogous to Parseval’s identity. The total en-
ergy TE contained in a scale, Rm, is computed from the
sum of the squared WCs at scale index (m) using

M2mi5(2 21)1
(m) 2T (R ) 5 (WC [i])OE m N i50

and (5)
m5M

2(0)^S & 5 T (R ),O E m
m51

where Rm 5 2mdy (with dy 5 ^U&) is typically21f s

estimated using Taylor’s (1938) hypothesis and later ad-
justed by the ratio of convective to time-averaged ve-
locities, and f s is the sampling frequency (10 Hz for
this experiment). From this identity, the Haar wavelet
power spectrum (energy per unit wavenumber) for a
given angular wavenumber Km corresponding to scale
Rm is (Meneveau 1991)

2p
K 5 . (6)m Rm

Hereafter, K refers to wavenumber for representation
simplicity unless the discrete Km definition is required
in a derivation. Hence, the power spectral density func-
tion P(Km) is computed by dividing TE by the change
in wavenumber DKm (52p 22m dy21 ln[2]), so that

(m) 2^^(WC [i]) &&dy
P(K ) 5 , (7)m 2m2p ln(2)2

where ^^ · && is averaging over all values of the position
index (i) at scale index (m) (see Szilagyi et al. 1996 for
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discussion of alternative definition of DKm). Note that
the wavelet power spectrum at wavenumber Km is di-
rectly proportional to the average of the squared wavelet
coefficients at that scale. Because the power at Km is
determined by averaging many squared wavelet coef-
ficients, the wavelet power spectrum is generally
smoother than its Fourier counterpart (see Katul and
Parlange 1994) and does not require the usual window-
ing and tapering.

The Haar wavelet cospectrum of two turbulent flow
variables (e.g., u and c) can be calculated from their
respective wavelet coefficient vectors ( and )(m) (m)WC WCu c

at wavenumber Km using

(m) (m)^^(WC [i])WC [i])&&dyu cP (K ) 5 , (8)u,c m 2m2p2 ln(2)

where
M2mm5M i5(2 21)1

(m) (m)^uc& 5 {[WC (i)][WC (i)]}, (9)O O u cN m51 i50

as discussed by Hayashi (1994), Katul and Parlange
(1994, 1995), Katul and Vidakovic (1996), and Yee et
al. (1996). It should be noted that the above wavelet
expansions preserve variances and covariances. This
complete and orthogonal wavelet decomposition differs
from continuous wavelet analysis used in Brunet and
Collineau (1994), Collineau and Brunet (1993), Gao and
Li (1993), Lu and Fitzjarrald (1994), Qiu et al. (1995),
Turner and Leclerc (1994), and Turner et al. (1994), in
which wavelet analysis was used to identify specific
structural elements in the turbulence measurements.

b. Wavelet thresholding

In Vidakovic (1995) and Katul and Vidakovic (1996,
1998), it was demonstrated that discrete orthonormal
wavelet transformation disbalances energy of turbulent
flow variables but preserves their variances. That is,
energy of the transformed time series is concentrated in
only a few wavelet coefficients (usually less than 10%
for many turbulent flow variables). Such a disbalance
between number of wavelet coefficients containing en-
ergy and dimension (5N) offers a practical method to
extract ‘‘active’’ turbulence from vertical velocity mea-
surements. Such energy extraction is based on the prem-
ise that much of the energy in vertical velocity is due
to active turbulence (Raupach et al. 1996). Extracting
energy containing events from their respective wavelet
coefficients can be readily achieved using Lorentz wave-
let filtering discussed next. Prior to discussing Lorentz
wavelet filtering, the distinction between active and in-
active eddy motion is first considered.

1) ACTIVE AND INACTIVE EDDY MOTION

The decomposition of eddy motion into active and
inactive was first proposed by Townsend (1961) for

equilibrium layers (analogous to the neutral atmospheric
surface layer). Townsend’s (1961) hypothesis states that
eddy motion in the equilibrium layer can be decomposed
into an active component, which is a function of ground
shear stress (u*) and height (z), and an inactive com-
ponent, which is produced by turbulence in the outer
region. The inactive component is partly produced by
the irrotational motion due to pressure fluctuations and
by the large-scale vorticity field in the outer layer, which
the equilibrium region senses as rapid variability in the
mean flow. Raupach et al. (1991) suggested that inactive
eddy motion scales with u* and boundary layer depth
(see Katul et al. 1996a for details). In the context of
canopy turbulence, eddy motion responsible for much
of the vertical transport is termed as active, while eddy
motion with scales much larger than the canopy height
are termed inactive.

2) LORENTZ THRESHOLDING

A general measure of energy disbalance for a given
measurement vector in a particular domain such as time,
wavelet, or Fourier (gi, i 5 1, 2, . . . , N) is the Lorentz
curve L(p). The L(p) curve is a convex curve describing
the cumulative energy that is contained in p smallest
energy components. The L(p) curve is computed by
ranking, in ascending order, the energy in the wavelet
coefficients and plotting the cumulative loss in energy
(ordinate axis) incurred upon removing, sequentially,
one coefficient until all N coefficients are removed (plot-
ted on abscissa). A sample Lorentz curve is shown in
Fig. 1a for which the abscissa is the cumulative number
of coefficients removed (in fraction) and the ordinate is
the cumulative energy loss (in fraction). In Fig. 1a, the
convexity in L(p) relative to the diagonal line (ideally
balanced energy) is directly proportional to energy dis-
balance. Note in Fig. 1a that energy disbalance in the
wavelet domain is larger than its time or Fourier coun-
terpart. Typically, high-energy disbalance in the time
domain is associated with strong intermittency so that
it suffices to retain only a small fraction of time intervals
within a time series, while high-energy disbalance in
the Fourier domain is associated with concentration of
energy at low wavenumbers so that it suffices to retain
only few Fourier modes. Since canopy turbulent flows
are intermittent in time and exhibit energy concentration
at low wavenumbers, it is natural that energy be con-
centrated in even fewer wavelet modes given that wave-
let decompositions are sensitive to the time–frequency
properties of turbulent flow variables.

The well-defined and unique inflection point in the
wavelet Lorentz curve L(p) suggest an objective method
to threshold wavelet coefficients. The inflection point
can be identified as the point for which the L(p) curve
slope is unity. Hence, in Lorentz thresholding, wavelet
coefficients are set to zero if
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FIG. 1. (a) Sample Lorentz curves L( p) in time (solid circle), Fourier (plus), and wavelet (solid rectangles) domains. The abscissa and
ordinates are the cumulative coefficients (from 0 to 1) and the corresponding loss in vertical velocity energy (from 0 to 1) should these
coefficients be thresholded. The point p at which the tangent of L(p) is unity defines the thresholding criterion (b). All coefficients smaller
than p are eliminated as in (10). The solid diagonal line is for a perfectly balanced signal. The more disbalanced curve, measured by the
area between the diagonal and L(p), is for the wavelet domain. (b) Comparison between original and reconstructed vertical velocity time
series. For clarity, only 15 s are shown. The run is from the hardwood forest experiment (16 June 1996).

TABLE 1. Summary of runs, general comments on canopy morphology, leaf area index (LAI), and the range of sensible (H ) and latent
heat (LE) fluxes during the experiment. Here, PI95 and PI96 refer to the 1995 and 1996 pine forest experiments, and HW96 and NCAR96
refer to the 1996 hardwood forest experiment with measurements collected at z/h 5 1 and measurements by NCAR collected at z/h 5 1.2.

Experiment Stand Dates Runs

Comments

h
(m) LAI

H
(W m22)

LE
(W m22)

PI95
PI96
HW96
NCAR96

Pine (z/h 5 1.0)
Pine (z/h 5 1.0)
Hardwood (z/h 5 1.0)
Hardwood (z/h 5 1.2)

12 Aug, 1 Oct 1995
4, 5, 9 May 1996
16–18 Jun; 2, 3, 8 Jul 1996
20, 24 Jun 1996

40
52
71
20

13
14
33
33

2.9–3.1
2.5
6.1
6.1

20–296
20–283
20–296
20–296

44–440
90–455
85–532
85–532

2 WC , b ,k th (10)
k5N 1

2 b 5 WC ,Oth kN k51

where WCk (k 5 1, . . . , N) are the N wavelet coeffi-
cients of some turbulent flow variable. The criterion in
(10) is based on the premise that gain in parsimony by
thresholding an additional coefficient is exactly bal-
anced by loss in energy (Vidakovic 1995; Katul and
Vidakovic 1996). Since active motion is the main energy
contributor to w (i.e., ) and since Lorentz thresholding2s w

retains only large-amplitude wavelet coefficients, then
the nonzero wavelet coefficients in (10) are associated
with ‘‘active turbulence.’’ In analogy to conditional
sampling, it is convenient to define the relative fre-
quency Dw as the percent ratio of nonzero wavelet co-
efficients to total wavelet coefficients. In wavelet thresh-

olding, Dw is considered as a measure of compression
efficiency (Farge et al. 1992).

To graphically demonstrate the effects of Lorentz
wavelet thresholding on a given vertical velocity time
series, Fig. 1b displays 15 s of measured and wavelet
thresholded w from a hardwood forest at z 5 h (see
Table 1). The wavelet thresholded time series is com-
puted by wavelet transforming the original time series,
applying Lorentz threshold as in (10), and finally inverse
transforming the thresholded series back to the time
domain. For this run, 91% of the wavelet coefficients
(Dw 5 0.09) were set to zero. The remaining 9%, which
contains 91% of the variance, was used to reconstruct
the time series from the nonzero wavelet coefficients.
We associate the wavelet thresholded time series with
active turbulence due to arguments discussed in section
4c. We note that an earlier study by Howell and Mahrt
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FIG. 2. Normalized leaf area index profiles. The area under both
profiles is normalized to unity and the height from the ground surface
is normalized by the canopy height (h).

(1994) established the filtering potentials of multire-
solution wavelet analysis to extract energy-containing
events. The above approach differs from their adaptive
multiresolution filtering scheme since neither a window
width (constant cutoff scale) nor a small-scale cutoff
variance is needed.

3. Experimental setup

Eddy correlation measurements from two forest ex-
periments at the Blackwood Division of the Duke Forest
(358589N, 798089W; elevation, 163 m) near Durham,
North Carolina, were collected and analyzed.

a. Pine forest experiment

These measurements were collected in 1995 and 1996
for a few days at different seasons. The site is a uni-
formly aged managed loblolly pine forest that extends
1000 m in the north–south direction and 600 m in the
east–west direction. The stand, originally grown from
seedlings planted at 2.4 m 3 2.4 m spacing in 1983, is
14 m tall (the h variable). Given the stand uniformity
and the tree-to-tree spacing in relation to canopy height,
the stand can be classified as extensive. Further details
about understory species composition, soil type, and the
general climatic conditions of the area can be found in
Ellsworth et al. (1995), Katul et al. (1996b), Katul et
al. (1997a), and Katul et al. (1997b).

Eddy correlation instruments, consisting of a Camp-
bell Scientific Krypton (KH2O) hygrometer collocated
with a triaxis Gill sonic anemometer having a path
length dsl 5 0.149 m, were positioned on a 22-m alu-
minum walk-up tower at z/h 5 1. Other details about
the Gill sonic anemometer can be found in Katul et al.
(1994) and Katul (1994). The sonic anemometer was
positioned at 150 cm from surrounding leaves to avoid
potential sonic wave reflection by pine needles and min-
imize the ‘‘wake turbulence’’ effects. The U, V, W, Ta,
and Q time series were sampled at 10 Hz and segmented
into runs for which the sampling duration per run (Tp)
was 27.3 min. The run fragmentation resulted in 16 384
(5214) measurements per flow variable per run (M 5
14). All analog signals from the Gill anemometer and
the KH2O hygrometer instruments were sampled by a
213 Campbell Scientific micrologger and transferred to
the hard drive of a personal computer via an optically
isolated RS232 interface for further processing. The raw
measurements for each run were then transformed so
that the mean longitudinal velocity ^U& was aligned
along the mean horizontal wind direction and ^V& 5 0.
In general, data collection started around 0900 LT and
was terminated at about 1800 LT unless storms or rain
events were forecasted the previous day. The amount
of runs collected each day varied from 8 to 19 runs.
Time series were inspected to identify and exclude runs
1) without constant mean virtual temperature and water

vapor concentrations and 2) with negative sensible or
latent heat flux. Table 1 summarizes the runs used.

b. Hardwood forest experiment

This stand is a 33-m-tall (standard deviation in height
is 8 m) unevenly aged mature second growth deciduous
hardwood mix with the oldest individual exceeding 180
years (Bowling et al. 1997). At this stand, a 40-m alu-
minum walk-up tower was used to mount eddy corre-
lation instruments. The tower is in a flat area known as
the Meadow Flats, which describes the topography for
500 m in all directions (Conklin 1994). About 1.1 km
west-northwest and at 1.7 km northwest of the tower,
the slopes of the Bald Mountains (peak 5 232 m) and
Blackwood Mountains (peak 5 226 m) begin their rise,
respectively. These slopes are less than 15%, and their
influence on the airflow close to the tower can be, in a
first-order analysis, neglected (see Kaimal and Finnigan
1994, 169). The instruments were positioned on the
southwest face of the tower to allow unobstructed ex-
posure to the region’s prevailing southwest winds. The
site details and species composition are presented in
Conklin (1994) and Katul et al. (1997b). For comparison
with the pine stand, the normalized leaf area index (LAI)
profiles for the two stands are shown in Fig. 2. Note
that the two stands have very distinct LAI profiles in
terms of leaf concentration close to the canopy top. The
normalized LAI profile for each stand was measured by
a LICOR 6000 LAI meter.

Datasets were collected in June–July 1996 and are
described below. The first dataset was collected at z/h
5 1.2 by the National Center for Atmospheric Research
(NCAR) starting 20 June and ending 25 June while
testing a high-frequency isoprene gas analyzer. The sec-
ond dataset was collected at z/h 5 1.0 from 17 June to
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11 July using the same configuration as the pine forest
experiment.

1) THE z/h 5 1.0 DATASET

In this dataset, 10-Hz velocity, temperature, and water
vapor measurements were collected using the same in-
struments from the pine experiment at z/h 5 1.0. These
instruments were moved from the pine forest, positioned
at the hardwood forest on 16 June 1996, and operated
from 17 June to 11 July 1996 just before Hurricane
Bertha swept through the region. The data acquisition
system was started at 0900 LT and shut down at 1530
LT or prior to forecasted localized storm events. The
runs used are described in Table 1.

2) THE z/h 5 1.2 DATASET

The flux system is composed of a Gill triaxial sonic
anemometer, a LICOR-6262 CO2/H2O (LICOR, Lin-
coln, Nebraska) gas analyzer, a GFAS (Postfach, Ger-
many) ozone gas analyzer, and a fast isoprene sensor
based on chemiluminescence reaction between a pri-
mary alkene and ozone (see Hills and Zimmerman 1990;
Guenther and Hills 1998). The instruments are described
in Guenther and Hills (1998). All sensors were digitally
sampled at 20.8 Hz and stored on a hard drive for pro-
cessing (see Table 1). These measurements are used to
assess the consistency of ML characteristic length scales
to scalars having different sources and sinks at the for-
est–atmosphere interface than heat and water vapor.

4. Results and discussion

The results and discussion section is divided into
three parts. In the first part, similarity constants are mea-
sured and compared to other experiments in order to
assess whether the ML analogy explains key statistical
flow properties at z 5 h. In the second part, wavelet
spectra and cospectra are presented in order to identify
flux transporting wavenumbers. In the third part, a link-
age between such length scales, active turbulence, and
organized motion is considered via Lorentz wavelet
thresholding. An examination as to whether KH predicts
characteristic flux-transporting eddy sizes for a wide
range of scalars with different canopy sources and sinks
is also discussed.

a. Flow statistical properties

The flow statistics available for comparison with
many canopy-turbulence experiments include velocity
statistics and integral length scales. For the pine and
hardwood forests, these flow statistics are computed for
each run and discussed next.

1) VELOCITY STATISTICS

If the canopy turbulence at z 5 h is to be universal
and independent of canopy morphology (for horizon-
tally extensive and uniform canopies), then the flow
statistics described by bi 5 aia with bi (5^U&, su, and
sw for i 5 1, 2, and 3, respectively) and a 5 u* should
result in constant ai (i 5 1, 2, and 3) for both stands.
Here, su (5^u2&1/2) and sw (5^w2&1/2) are the longitu-
dinal and vertical velocity standard deviations, respec-
tively. The bi 5 aia relationships are shown in Fig. 3a
for all runs with the regression statistics for solid lines
shown in Table 2. From Fig. 3a and Table 2 it is evident
that canopy morphology details (e.g., height and foliage
distribution) have minor influence on ai for i 5 3, which
is in agreement with Raupach et al. (1996). Also, a3 is
better described by ML statistics than a2, suggesting
that the ML analogy is suitable for vertical but not hor-
izontal transport. However, unlike Raupach et al.’s
(1996) atmospheric stability argument, the canopy sta-
bility parameter h/Lmo does influence sw/u* as evi-
denced in Fig. 3b, where Lmo is the Obukhov length. In
this figure, the function

1/3
s hw 5 1.1 1 2 ,1 2u Lmo*

where

3u*L 5 2 (11)mo ^wT &
kg

^T &a

describes the measurements well. For small 2h/Lmo

(,0.1), sw/u* is consistent with its mixing layer value
(51.1). However, when 2h/Lmo is not small (.1.0), sw/
u* can be larger than its surface layer value (51.25).
Furthermore, for large 2h/Lmo, the 1/3 free-convective
power law is approached. This result is consistent with
Shaw et al. (1988) and Leclerc et al. (1990), who dem-
onstrated that thermal effects, which enhance the pro-
duction of turbulent kinetic energy, are largest in the
upper third of the canopy where the radiation load is
highest. To further examine the ML analogy for vertical
transport, integral timescales are considered next.

2) INTEGRAL TIMESCALE OF VERTICAL VELOCITY

The integral timescale (Iw), defined as

`

I 5 r (t) dt , (12)w E w

0

where rw(t) is the vertical velocity autocorrelation func-
tion and t is time lag, can be related to the characteristic
frequency ( f p) of KH waves predicted from HST. Using
the ‘‘generic’’ canopy length scale parameters from Rau-
pach et al. (1996), assuming that eddy convection ve-
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FIG. 3. (a) Flow statistical properties ^U&, su, and sw as a function
of u

*
for both stands. (b) The influence of canopy stability function

on sw/u
*

. For neutral mixing and surface layers, sw/u
*

5 1.1 and
1.25, respectively. (c) The variation of with ^U&/h. The solid line21I w

is derived by us from Raupach et al.’s (1996) generic canopy data.

TABLE 2. Comparison between measured flow statistics from this experiment, previously published similarity constants for the canopy
sublayer (CSL) from Raupach et al. (1996), and similarity constants measured in laboratory mixing layers (MLs). The regression statistics
for the model b 5 aa are presented. The coefficient of determination (R2), the standard error of estimate (SEE), and the standard error in
a coefficient (SEC) are also shown. The Nw/Tp regression analysis resulted in significant intercepts.

Flow variable (b) a a SEE R2 SEC CSL ML

^U& (Overall)
^U& (Pine)
^U& (Hardwood)

u* 3.54
3.87
2.97

0.36 m s21

0.31 m s21

0.32 m s21

0.85
0.88
0.84

0.06
0.07
0.07

2.4–5.0 3.6a

su (Overall)
su (Pine)
su (Hardwood)

u* 2.25
2.40
2.02

0.17 m s21

0.13 m s21

0.14 m s21

0.85
0.90
0.87

0.03
0.03
0.01

1.8 1.7

sw (Overall)
sw (Pine)
sw (Hardwood)

u* 1.11
1.16
1.05

0.07 m s21

0.06 m s21

0.07 m s21

0.90
0.91
0.87

0.01
0.01
0.01

1.1 1.3

I21
w ^U&/h 3.3 0.08 s21 0.87 0.11 2.84b

Nw/T c
p ^U&/h 0.65 0.02 s21 0.81 0.026 0.45

Nw/T d
p I21

w 0.194 0.018 s21 0.85 0.026 0.16

a Estimated from Fiedler’s (1974) data and the self-preservation hypothesis.
b Estimated from Raupach et al.’s (1996) generic canopy parameters.
c The regression intercept 5 0.066 is significant.
d The regression intercept 5 0.067 is significant.
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FIG. 4. Normalized wavelet power spectra as a function of nor-
malized wavenumbers (Kh) for (a) u, (b) w, and (c) q for all 159
runs. The 21 and 25/3 power laws are also shown (solid lines).

locity (Uc) is 1.8 ^U& from Shaw et al. (1995), noting
that f p 5 Uc/Lx, and after some algebra, we obtain

1 ^U&
5 2.84 . (13)

I hw

We decided to use the ratio Uc/^U& 5 1.8 found ex-
perimentally by Shaw et al. (1995) in order to compare
with Raupach et al.’s (1996) generic canopy parameters.
Furthermore, much of the theoretical results relating Uc

to ^U& as in Lumley (1965), Wyngaard and Clifford
(1977), and Hill (1996) assume low squared turbulent
intensity (i.e., [su/^U&]2 , 0.1). For our experiment, the
squared turbulent intensity varied from 0.2 to 2; hence,
the application of such theoretical models introduces
large uncertainties. From (12), Iw is calculated for all
runs (integration is terminated at the first zero crossing,
as discussed in Katul et al. 1997a) and compared to ^U&/
h in Fig. 3c. The regression model 5 a4^U&/h is21I w

used, as before, to estimate a4 from measurements in
Fig. 3c (see Table 2 for regression statistics). Given that
the ‘‘generic canopy’’ of Raupach et al. (1996) assumes

that the shear length scale (Ls) defined as ^U&(d^U&/
dz)21 is h/2, the measured a4 5 3.3 is in good agreement
with HST predictions. This agreement demonstrates that
vertical transport is controlled by active turbulence at z
5 h. To further examine the statistical properties of
active turbulence, wavelet spectra and cospectra are con-
sidered next.

b. Wavelet analysis

1) WAVELET ENERGY AND POWER SPECTRA

In Figs. 4a–c the dimensionless wavelet power spectra
of u (5Pu), w (5Pw), and c (5Pc, c 5 q as an example)
are shown along with the 21 and 25/3 power laws for
both forest stands, respectively. The wavelet spectra are
normalized with characteristic velocity, scalar, and
length scales corresponding to u*, c* (5^wc&/u*), and
h. The wavenumber, computed from Taylor’s (1938) fro-
zen turbulence hypothesis and adjusted by 1.8 (5Uc/
^U&), is normalized by h. Note from Figs. 4a,b that for
Kh , 1, a 21 power law is evident in Pu but not Pw.
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FIG. 5. Normalized wavelet power cospectra as a function of nor-
malized wavenumbers (Kh) for (uw), (wT ), and (wq). The 21 and
27/3 power laws are shown.

FIG. 6. Normalized wavelet energy cospectra as a function of nor-
malized wavenumbers (Kh) for uw, wT, and wq (z/h 5 1.0). The peak
scale corresponds to 0.5 h.

FIG. 7. Similar to Fig. 6 but at z/h 5 1.2 and for wu, wT, wq,
wO3, and (w Is).

As discussed in Katul et al. (1996a), a 21 power law
in the u spectrum at a low wavenumber is a signature
of inactive eddy motion. We note that the spectra in
Figs. 4a,b suggest that inactive eddy motion contributes
to but not at z 5 h and for both stands. While2 2s su w

the 21 power law reflects inactive eddy motion (which
scales with boundary layer height), the 21 power law
in Fig. 4a does not extend beyond Kh , 0.003 because
of buoyancy effects. Evidence of the 21 power law in
the scalar time series in Fig. 4c also suggests that in-
active eddy motion contributes to scalar variance (see
Kader and Yaglom 1991).

2) WAVELET POWER COSPECTRA OF VERTICAL

FLUXES

In Fig. 5, the wavelet power cospectra of the nor-
malized uw (5Puw), wT (5PwT), and wq (5Pwq) are
shown for all runs. Note that for Kh . 2, an approximate
27/3 power law (regression slope 5 22.08), typically
observed in the inertial subrange (fine scales) of surface
layer turbulence, is present for nearly three decades. For
Kh , 1, an approximate 21 power law is apparent at
z 5 h, which is in agreement with many surface layer
experiments (Kader and Yaglom 1991). The transition
in power laws from 21 to 27/3 occurs at about Kh 5
2, which is also the ‘‘active’’ scale for scalar and mo-
mentum transport, as evidenced by the energy cospectra
in Fig. 6. In Fig. 6, the momentum and flux-transporting
eddies occur at about Kh 5 1.5 and can be compared
to ML predictions. As discussed in Raupach et al.
(1996), the peak frequency ( f wp) in the w spectrum oc-
curs at f wp 5 0.45^U&/h (for a generic canopy). For Kh
5 1.5, the peak frequency in the flux wavelet cospectra
of Fig. 6 is 1.5 3 [1.8/(2p)]^U&/h (i.e., 50.43^U&/h)
and is in excellent agreement with Raupach et al. (1996).
Interestingly, Figs. 5 and 6 suggest some cospectral sim-

ilarity between momentum and scalar transport at both
stands despite differences in canopy morphology and
vertical variability in scalar and momentum sources and
sinks. This point is examined using the scalar measure-
ments at z/h 5 1.2 by NCAR in Fig. 7. These cospectral
measurements suggest that peak cospectral frequencies
for T, q, O3, and Is are similar though correlation co-
efficients between such scalar fluctuation time series is
far from unity for many runs (not shown here).

c. Wavelet thresholding, organized structures, and
active turbulence

Wavelet analysis enables the estimation of Lx/h from

TL Upx c5 , (14)
h N hw
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FIG. 8. (a) Variation of organized motion frequency Nw/Tp with
integral timescale (Iw). The regression line (solid) is Nw/Tp 5 0.194

1 0.066. (b) Same as (a) but with ^U &/h. The regression line21I w

(solid) is Nw/Tp 5 0.65^U&/h 1 0.066. (c) Variation of the organized
motion relative frequency (Nwdt/Tp) with fraction of nonzero wavelet
coefficients (Dw).

where Tp is the sampling period (51638.4 s in this
study) and Nw is the total number of organized structures
detected in Tp. The estimation Lx/h from such an ap-
proach requires an objective and ambiguous method to
estimate Nw/Tp. Here, we demonstrate that Lorentz
wavelet thresholding can be used to estimate Nw/Tp

while preserving energy, covariances, and two-point sta-
tistics expected in canopy mixing layers. The approach
is based on the premise that w time series reconstructed
from nonzero wavelet coefficients encompass only ac-
tive turbulence associated with coherent structures.
Hence, Nw/Tp can be readily computed from counting
zero crossings in the time domain. For each run, the w
time series is transformed to the wavelet domain, Lor-
entz thresholded, and transformed back to the time do-
main from nonzero wavelet coefficients. On average,
two sequential zero crossings in the time domain de-
scribe an organized structure.

An independent test, for which the thresholded ver-
tical velocity time series reconstructs active turbulence
properties for each run, can be performed via conser-
vation of energy and preservation of scalar mass fluxes.

Both of these tests are examined in the appendix. From
the appendix, it is clear that the small number of nonzero
wavelet coefficients conserves much of the variances
and covariances for all runs. That Nw/Tp reproduces
much of the KH organized eddy motion dynamics can
be tested by analytically relating Nw/Tp to Iw using

TL U I ^U& U N 1px c w c w
5 5 2p ⇒ 5 . (15)

h N h h ^U& T 2pIw p w

That is, if the time series constructed from nonzero
wavelet coefficients represents active turbulence, then
Nw/Tp measured by zero crossings in the time domain
must be ø0.16 . This relationship is directly tested21I w

in Fig. 8a with good agreement between zero-crossing
Nw/Tp predictions and measurements. Regression anal-
ysis (solid line) between Nw/Tp and resulted in a21I w

slope equal to 0.194 (see Table 2), which is close to
0.16 obtained from Raupach et al.’s (1996) generic can-
opy parameters and the ML analogy. Hence, such an
agreement demonstrates that the proposed method for
estimating Nw/Tp is consistent with ML predictions. A
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similar analysis between Nw/Tp and ^U&/h as in (14) is
shown in Fig. 8b. In comparison with other filtering
approaches, Lorentz wavelet thresholding can be viewed
as ‘‘data adaptive’’ since more wavelet coefficients are
thresholded with increasing integral timescale (or Nw/
Tp). Such data adaptation is demonstrated by the rela-
tionship between Dw and the time fraction of structures
detected (5Nwdt/Tp) using zero crossings in Fig. 8c.
The relationship in Fig. 8c is consistent with the working
hypothesis that nonzero wavelet coefficients represent
organized structures. It should be noted that our pro-
posed wavelet thresholding method differs from pre-
vious methods since the ‘‘filtering’’ criterion requires
no calibration and no a priori structural geometry spec-
ification.

5. Conclusions

Turbulent velocity and scalar fluctuation measure-
ments at the canopy–atmosphere interface of two mor-
phologically distinct forests were collected and analyzed
using the mixing layer (ML) analogy proposed by Rau-
pach et al. (1989) and Raupach et al. (1996). We dem-
onstrated the following.

1) The vertical velocity statistics are insensitive to can-
opy morphology when compared to the mean hori-
zontal velocity (^U&). In particular, the relationship
between ^U& and u* varied by 30% from stand to
stand.

2) The ML analogy predicts well the relationship be-
tween sw and u*. However, sw/u* diverges from its
ML value (51.1) due to variations in the canopy
stability parameter (2h/Lmo). When 2h/Lmo . 2, the
1/3 power law, typically associated with the free con-
vective limit, is evident in the sw/u* measurements.

3) Using the ML analogy, the integral timescale (Iw) is
related to the arrival frequency of organized eddies
(5^U&/h) whose origin is the transverse KH. This
relationship was found to not be sensitive to stability
variation in agreement with a previous study by Ir-
vine and Brunet (1996). The derived relationship
from this experiment 5 3.3^U&/h is in excellent21I w

agreement with values reported by Raupach et al.
(1996) for a generic canopy. A direct consequence
of this result is that for tall canopies (.10 m), the
arrival frequency is small (^U& ; 1 m s21, 5 0.321I w

Hz). When considered in concert with the rapid de-
cay (Pwc ; K27/3) of the scalar cospectrum (Pwc),
this analysis suggests that slower response sensors
having a response frequency at least an order of mag-
nitude larger than (;3 Hz) can be utilized in21I w

eddy correlation flux calculations.
4) Wavelet power spectra revealed that inactive eddy

motion, in the sense of Townsend (1976), contami-
nates horizontal velocity and scalar fluctuations but
not vertical velocity fluctuations. Since inactive eddy
motion is a boundary layer phenomenon, this study

demonstrates that ML is only applicable to vertical
turbulent transport and flow statistics.

5) Wavelet energy cospectra revealed similarity in eddy
sizes responsible for much of the scalar and mo-
mentum covariances at dimensionless wavenumber
Kh 5 1.5. We showed that these cospectral wave-
numbers are associated with energy containing ed-
dies of vertical velocity perturbations in agreement
with the ML analogy.

6) Using Lorentz wavelet thresholding, the detection
frequency of organized motion (Nw/Tp) predicted
from vertical velocity time series was found to be
linearly related to ^U&/h and in agreement with21I w

the ML analogy. The fact that this finding agrees
with a previous result by Collineau and Brunet
(1993), which utilized an entirely different wavelet
thresholding approach, confirms the robustness of
wavelet techniques to detecting organized flow prop-
erties.
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APPENDIX

Active Turbulence Identification with Lorentz
Thresholding

In this appendix, it is demonstrated that nonzero
wavelet coefficients, obtained following Lorentz thresh-
olding and used to reconstruct vertical velocity time
series and estimate Nw/Tp, are associated with active
turbulence. Since active turbulence is responsible for
much of and ^wc& (c 5 T, q, etc. . . .), then the2s w

reconstructed vertical velocity time series (wf ) variance
and covariance with a scalar (i.e., ^wf c&) must be pre-
served. We tested this hypothesis by

1) wavelet transforming the original vertical velocity
time series for each run,

2) Lorentz thresholding wavelet coefficients using the
criterion in (10),

3) reconstructing the vertical velocity time series from
nonzero wavelet coefficients for each run (wf ),

4) comparing variances of thresholded (wf ) and original
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FIG. A1. (a) Comparison between thresholded and original vertical velocity standard deviations for all runs. The 1:1 line is also shown.
(b) Comparison between latent heat flux (W m22) computed from thresholded and original vertical velocity time series for all runs. The 1:
1 line is also shown.

(i.e., nonthresholded) vertical velocity time series for
each run, and

5) comparing covariances ^wc& and ^wf c&.

The variance and covariance comparisons of steps (4)–
(1) are shown in Figs. A1a,b (c 5 q for illustration). From
Figs. A1a,b, it is evident that few wavelet coefficients
reproduce much of the variances and covariances dem-
onstrating that less than 10% (Fig. 8c) of the wavelet
coefficients are associated with active turbulence.
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