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ABSTRACT

Particle image velocimetry (PIV) measurements just within and above a mature corn canopy have been
performed to clarify the small-scale spatial structure of the turbulence. The smallest resolved scales are
about 15 times the Kolmogorov length scale (� � 0.4 mm), the Taylor microscales are about 100�, and the
Taylor scale Reynolds numbers range between R� � 2000 and 3000. The vertical profiles of mean flow and
turbulence parameters match those found in previous studies. Frequency spectra, obtained using the data
as time series, are combined with instantaneous spatial spectra to resolve more than five orders of magni-
tude of length scales. They display an inertial range spanning three decades. However, the small-scale
turbulence in the dissipation range exhibits anisotropy at all measurement heights, in spite of apparent
agreement with conditions for reaching local isotropy, following a high-Reynolds-number wind tunnel
study. Directly calculated subgrid-scale (SGS) energy flux, determined by spatially filtering the PIV data,
increases significantly with decreasing filter size, providing support for the existence of a spectral shortcut
that bypasses the cascading process and injects energy directly into small scales. The highest measured SGS
flux is about 40% of the estimated energy cascading rate as determined from a�5/3 fit to the spectra. Terms
appearing in the turbulent kinetic energy budget that can be calculated from the PIV data are in agreement
with previous results. Evidence of a very strong correlation between dissipation rate and out-of-plane
component of the vorticity is demonstrated by a striking similarity between their time series.

1. Introduction

Turbulent boundary layer flow measurements inside
and above canopies have been performed extensively in
the last three decades as summarized in Raupach and
Thom (1981) and Finnigan (2000). Several studies have

focused on corn canopies (e.g., Shaw et al. 1974a,b,
1983; Wilson et al. 1982). Besides fundamental insights
on the structure of turbulent flow over rough bound-
aries in general, this knowledge is essential for predict-
ing scalar exchange between the atmosphere and the
canopy. Furthermore, turbulent entrainment and dis-
persal of pollen grains (anemophilous) into the atmo-
sphere is significant for ecological studies on genetic
diversity (Wolfenbarger and Phifer 2000) as well as its
impact on allergies.

Past measurements of atmospheric turbulence in
near-neutral flow within and above different plant
canopies have revealed a striking consistency of the
mean flow and turbulence characteristics (Raupach et
al. 1996). They show that the vertical profiles of nor-
malized mean streamwise velocity exhibit an inflection
point at canopy height that generates flow instabilities.
The actual profile depends on the canopy density,
which is characterized by the leaf area index (LAI) and
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the related projected frontal area index (PFAI), PFAI
� LAI/2 (Poggi et al. 2004). The roughness layer ex-
tends up to three canopy heights (Raupach et al. 1991)
and includes a constant Reynolds stress layer of one to
two canopy heights. Brunet et al. (1994) observed a
similarity between the roughness layer turbulence sta-
tistics and those of a plane mixing layer, and conse-
quently Raupach et al. (1996) proposed a canopy mix-
ing layer analogy. Various subsequent experiments
have strengthened this picture.

Characteristics of small-scale flow structures have
been investigated in high-Reynolds-number turbulent
flows. For example, local isotropy has been confirmed
using spectral characteristics in a wind tunnel study of a
high-Reynolds-number, rough-wall turbulent boundary
flow by Saddoughi and Veeravalli (1994). For canopy
flows, as discussed in detail by Finnigan (2000), the
assumption of isotropy seems to be inherently violated
within canopies. Here, besides the energy cascading
down the inertial subrange, two additional processes
cause direct transfer of kinetic energy from large scales
to small scales, bypassing the cascading process. The
first process is associated with interaction of mean flow
with canopy elements, which converts some of the
mean kinetic energy directly into finescale turbulence
(wake production). The second process involves direct
conversion of turbulent kinetic energy of large-scale
eddies to finescale turbulence (spectral shortcut), also
by the canopy elements. As a result of these two pro-
cesses, the shape of the spectrum is altered and deviates
in the inertial subrange from the classical�5/3 behavior
(Finnigan 2000). In wind tunnel model canopies, this
spectral shortcut has been shown to increase the energy
level in the inertial and dissipation ranges of the spec-
trum (Raupach et al. 1986).

The small-scale spatial structure in canopy flows, es-
pecially in natural canopies, is still not well resolved
(Finnigan 2000). Energy spectra have been obtained
both in the field (e.g., Shaw et al. 1974a; Amiro 1990)
and in wind tunnels (e.g., Brunet et al. 1994) using
single point sensors. Based on the ratios of turbulent
spectral density between the streamwise and wall-
normal components in the inertial (�5/3 slope) range,
isotropy was not attained. However, the high-
Reynolds-number field experiments did not resolve the
small scales, while the Reynolds numbers in the wind
tunnel studies were too low for the development of
local isotropy. For example, the split hot-film anemom-
eters used by Shaw et al. (1974a) and Wilson et al.
(1982) had a physical dimension of 0.9 cm and a sam-
pling frequency f leading to U/f � 0.2 m, where U is the
mean velocity. Sonic anemometers that have typical
pathlengths of 10–15 cm have been used for studying

forest canopies (e.g., Collineau and Brunet 1993). Thus,
the kinetic energy at the scale of canopy element wakes
has not been resolved (Finnigan 2000).

In this study we use a time series of particle image
velocimetry (PIV) measurements just within and above
a mature corn canopy in order to resolve both the large-
and small-scale turbulence. Two-dimensional PIV mea-
sures the instantaneous spatial distribution of two ve-
locity components at a resolution that depends on sev-
eral system parameters (details follow),�2.8 mm in the
present study. The large-scale structures are resolved
by invoking Taylor’s hypothesis on the time series,
whereas the small scales are resolved spatially. The
data compare well with other sensors and previously
observed trends. We use the energy spectra to estimate
the energy flux cascading down in the inertial range,
not to be mistaken as the total dissipation (Finnigan
2000). Associated small-scale turbulence parameters
are determined using this dissipation rate. However, we
demonstrate that local isotropy is not obtained at the
smallest resolved scales, although several tests seem to
suggest the opposite. Furthermore, spatial filtering of
the instantaneous velocity distribution enables us to
calculate the subgrid-scale (SGS) stresses and energy
flux, that is, the energy transferred from resolved to
subgrid scales. The SGS energy flux increases with de-
creasing filter size, reaching 40% of the spectral esti-
mate of cascading energy flux, supporting the claim of
bypass mechanisms. Finally, we use a sample time se-
ries of velocity fluctuations, Reynolds stresses, dissipa-
tion, and vorticity magnitude to demonstrate a weak
correlation between dissipation and stress and a strong
correlation between the dissipation rate and the out-of-
plane component of the vorticity.

2. Description of the field experiments

a. Setup and conditions

The field measurements were performed from 10
July 2003 until 22 July 2003, on the eastern shore of the
Chesapeake Bay, at a latitude of 38°35�31	N and a lon-
gitude of 75°51�55	W. The site was a flat, irrigated, 1.2-
km2 circular field with a diameter of about 800 m. Half
of this field was planted with corn, and the other half
with potatoes. During the course of the experiments the
corn plants were fully matured and pollinating. The
location of the various instruments relative to the cen-
ter of the field is shown in Fig. 1. The meteorological
station consisted of two 3D Campbell Scientific sonic
anemometers/thermometers (CSAT), a Vaisala
HMP45C hygrometer/thermometer, an RM Young
03105 propeller wind vane (RMY), and a Texas Elec-
tronics rain gauge. This station and the PIV system
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were located about a 100 m south of the center of
the field, and 6.8 and 5.3 m inside the cornfield, re-
spectively. As discussed later, the wind direction during
the tests was southerly, that is, from bottom to top in
Fig. 1.

Particle image velocimetry consists of recording two
exposures of a section through a flow field seeded with
particles that closely follow the flow (Raffel et al. 1998;
Adrian 1991). Data analysis provides the instantaneous
velocity distribution over the sample area. Thus, the
spatial energy spectra can be calculated directly, with-
out invoking Taylor’s hypothesis. Data analysis also en-
ables calculation of the spatial distribution of the in-
plane strain components and the out-of-plane vorticity
component.

The field PIV system was essentially the same as the
one used by Nimmo Smith et al. (2002), with minor
modifications. The laser sheet forming optics and the
camera were mounted on a retractable, rotating plat-
form that could be raised up to 9.75 m above the ground
(Fig. 2). A wind vane, mounted on top of the platform,
was used for aligning the system with the wind direction.

The light source was a dual flashlamp–pumped dye
laser. The laser beam (maximum 120 microjoules per
pulse at 594 nm) was guided through a 400
m-diameter
optical fiber to the experimental platform where the
beam was expanded to create a vertical light sheet. The
thickness of the light sheet varied between 3 and 4 mm
over the sample area. A 12-bit autocorrelation charge-
coupled device (CCD) camera (2048� 2048 pixels, Sili-
con Mountain Design), having a hardware-based image
shifter between exposures to overcome directional am-
biguity (Nimmo Smith et al. 2002), was used. The field
of view of the camera was 18.2 � 18.2 cm2, while the
distance from the camera to the light sheet was 61.5 cm.
The camera was mounted inside a temperature-
controlled enclosure to prevent overheating.

We used oil-based fog as flow tracers, generated by
two Rosco 1600 fog generators. The mean fog particle
diameter was 2 
m (Han et al. 2002; Kähler et al. 2002).
The output nozzle of each generator was connected to
a 30-m-long, 10-cm-diameter, perforated, flexible plas-
tic hose, laid out in a half circle of radius 30 m around
the facility inside the cornfield, just below canopy

FIG. 1. Schematic layout of the instruments during the field experiment (not to scale): open
circle � PIV system; filled circle � meteorological station.
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height. During the experiments, fog was slowly released
through the perforations, and advected toward the ex-
perimental facility. For most of the time this approach
created uniform seeding in the camera field of view at
all elevations.

Out of the 12-bit data we kept and processed the 8

bits that contained the particle traces. The signal-to-
noise ratio was subsequently increased using a modified
histogram equalization method and then processed us-
ing in-house-developed, direct correlation software
(Roth and Katz 1999, 2001). We subsequently corrected
the data for optical image distortion, and for out-of-

FIG. 2. Schematic layout of the platform carrying the PIV system and the relative position of the camera and the light sheet
(not to scale).
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plane motion (Nimmo Smith et al. 2002). The interro-
gation windows were 64 � 64 pixels (5.6 � 5.6 mm2),
and with 50% overlap provided a vector spacing of 2.8
mm. Thus, each instantaneous velocity distribution con-
tained 64� 64 vectors. The uncertainty in the measure-
ments was about 0.2 pixels (0.06 m s�1), provided there
was sufficient seeding. Since the seeding particles were
not always uniformly distributed, we discarded vectors
that did not satisfy a minimum correlation coefficient,
and subsequently utilized only those maps that con-
tained 70% or more vectors. The number of vector
maps passing our criteria was 3300 � 100. A typical
instantaneous velocity field superimposed on the vor-
ticity distribution is shown in Fig. 3. Note that the in-
stantaneous mean velocity (i.e., spatially averaged over
the field of view) was subtracted from each vector to
highlight the spatial structure of the flow. The resulting
2D vector maps were used to calculate the ensemble-

averaged velocity profiles, turbulence characteristics,
vorticity, and spatial spectra. Second-order finite differ-
encing is used for calculating spatial derivatives. In the
results that follow, x1 � x, x2 � y, and x3 � z are the
streamwise, lateral, and wall-normal direction respec-
tively; and ui (u1 � u, u2 � , u3 � w) and u�i (u1 � u�,
u2 � �, u3 � w�) are the corresponding instantaneous
and fluctuating velocity components along xi. An over-
bar is used to indicate ensemble (time) averaging, and
a horizontal line average is denoted by angle brackets.
For convenience, we denote the ensemble-averaged ve-
locity as Ui(x, z) � ui(x, z), and �i is the rms value of
the corresponding velocity fluctuation component.

The measurements discussed in this paper were car-
ried out during a windy night on 22 July 2003 between
0030 and 0300 eastern daylight time (EDT). The PIV
measurements were performed at four different
heights: z/h � 1.29, 1.20, 1.11, and 0.97, where z is the

FIG. 3. Typical vector map of the instantaneous velocity field superimposed on the vorticity
distribution. The instantaneous spatial mean velocity is subtracted to highlight the flow struc-
ture.
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height of the center of the field of view measured from
the ground, and h � 2.67 m is the average canopy
height. At each elevation, 4096 double-exposure images
were recorded at an acquisition rate of 4 Hz, corre-
sponding to 1024 s of sampling time. Before each run
the camera was aligned with the wind direction using
the wind vane. Based on the meteorological station
data (details follow), the 5-min average wind direction
did not change by more than 5° during each run, but
standard deviations were 20°. The 3D sonic anemom-
eters on the meteorological tower were mounted at
z/h � 1.0 and 1.35, while the RMY was located at
z/h � 1.5. Data from the meteorological station was
continuously acquired at 6.9 Hz, using a Campbell Sci-
entific CR23X datalogger, during the entire experi-
ment.

b. Corn field characteristics

The planted corn variety was 33B51 Pioneer BT gene
plus yield guard insecticide. The corn was fully matured
and, as illustrated in Fig. 1, it was planted in double
rows in a staggered configuration. The lateral distance
between rows in a double row was 0.10 m, and the
distance between double rows was 0.76 m. The centers
of the stalks in each row were longitudinally spaced by
0.19 m. The resulting surface area per plant was 0.1 m2.
We measured the height of 43 stalks around the PIV
system and obtained an average height of 2.67 m.

The LAI is here defined as the ratio between the
total one-sided leaf area and the occupied surface area
per plant, while the PFAI is defined as the ratio be-
tween the projected frontal area and the occupied sur-
face area of one plant (Finnigan 2000; Wilson et al.
1982). Both were measured using image processing
based on four different corn plants located near the
measurement site. As illustrated in Fig. 4, for one plant
the PFAI was calculated by thresholding the grayscale
images, and calculating the projected area of the silhou-
ette shown in Fig. 4b. The LAI was determined in the
same way by peeling the leaves as shown in Figs. 4c and
4d. The average results were LAI � 6.0 � 0.6 and
PFAI � 3.7 � 0.5. The ratio PFAI/LAI of 0.6 � 0.1 is
slightly higher than the typically assumed value in
canopy flows (PFAI � LAI/2; Finnigan 2000). The
present LAI is about twice as high as that reported by
Wilson et al. (1982), because of the double-row con-
figuration, which halves the ground area per plant.

3. Experimental results

a. Mean flow characteristics

During the tests, the wind was coming from the
south-southwest. The mean air temperature, as mea-

sured by the Vaisala hygrometer/thermometer, de-
creased slightly during the experiments, from 26.5° to
25.8°C, while the relative humidity increased from
93.5% to 95.9%. The Obukhov length, L (Kaimal and
Finnigan 1994), was calculated using the sonic an-
emometer data:

L � �
�u*CSAT�

3��

�g�T���u�3T ���z�h

, �1�

where T is the mean virtual temperature, (u�3T �)z�h is
the covariance between vertical velocity and virtual
temperature fluctuations at canopy height, g is the
gravitational acceleration, � � 0.4 is the von Kármán
constant, and the friction velocity is determined from
the sonic anemometer located at canopy height,
u*CSAT � [(u�1u�3)2 � (u�2u�3)2]1/4 (Jacobson 1999). The
Obukhov length was 20 m, indicating weakly to mod-
erately stable conditions at canopy height.

A comparison between 5-min-averaged streamwise
velocities measured by the PIV system (average of the
central 10 � 10 vectors and 1200 maps), the sonic an-
emometers (CSAT), and the propeller wind vane
(RMY) is shown in Fig. 5. Note that the measurement
heights are different, as specified below the graph. An
accompanying comparison between the mean flow and
turbulence parameters of the PIV and CSAT measure-
ments is presented in Table 1. The CSAT data are pro-
vided only for the cases in which the PIV and CSAT
measurements are performed at almost the same
height. The PIV data are consistent with the CSATs
both in absolute values and trends, considering that
measurements are performed at different locations (see
Fig. 1). Differences can be attributed to spatial hetero-
geneity of the flow field, misalignment (less than 10°),
and differences in elevation between the instruments.
The mean wind direction (0° being a northerly wind)
ranges between 190° and 200°, with standard deviations
of each 5-min average of about 20°; that is, it was about
parallel to the dirt road, coming from the south-
southwest (Fig. 1). This wind direction falls within 20°
of the orientation of the PIV system. As is evident, the
mean velocities range between 1 and 4 m s�1, increas-
ing with height.

Normalized mean velocity components and turbulent
parameters, nicknamed “family portraits” (Raupach et
al. 1996; Finnigan 2000), as calculated from the PIV
data, are presented in Fig. 6. The statistics are ensemble
averaged over all the datasets at each vector position,
and subsequently horizontally line averaged over the 10
central columns. Thus, each plotted point represents an
average of more than 30 000 measurements. In general,
the vertical profiles are consistent with published data
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FIG. 4. Calculation of the LAI and PFAI of corn plants.
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for a variety of canopy flows (Shaw et al. 1974b, 1983;
Wilson et al. 1982; Finnigan 2000). In Figs. 6a–c the
profiles are normalized by the mean velocity at canopy
height, Uh

CSAT, and the friction velocity, u*CSAT, as mea-
sured by the CSAT at the same time (Table 2). Note
that the mean velocity changes over time (Fig. 5) and
therefore the CSAT mounted at z/h � 1 is used for
normalization since it continuously measures the veloc-
ity at canopy height while the PIV system is moved to
different elevations. Other parameters presented in Fig.
6 are the correlation coefficient ��u�1u�3�/��1���3�, the
skewness �u �3i �/��

3
i �, and the locally normalized rms val-

ues of velocity fluctuations ��i�/�U�. The normalized
shear stress (Fig. 6b) is not equal to unity at canopy
height as is usually the case in canopy flows, most likely
since the CSAT measurements are performed at a dif-
ferent location than the PIV measurements. In addi-

tion, there is the effect of spatial inhomogeneity at the
scale of the measurement volume. Figure 6b also indi-
cates that the constant shear stress layer is confined to
z/h � 1.25, not like in Finnigan (2000), presumably
since the measurements were performed in an advec-
tive flow region. In Fig. 6c, as expected, the values of �1

are higher than those of �3, that is, �1 � �3. The nor-
malized streamwise velocity fluctuations peak at 1.1 �
z/h � 1.23, and then decrease at higher elevation. At
canopy height, �1 and �3 are of similar magnitude as
those obtained for a wide variety of canopy flows,
�1/u* � 2.0 and �3 /u* � 1.0 (Finnigan 2000). Discrep-
ancies are most likely due to measurements being per-
formed near the edge of the cornfield and in an advec-
tive flow region. The correlation coefficient shown in
Fig. 6d is approximately 0.5 at canopy height and de-
creases to about 0.3 at z/h � 1.3. The former value is

TABLE 1. Comparison of the mean flow and turbulence parameters between CSAT and PIV.

Sample time EDT

PIV CSAT PIV PIV CSAT

0211–0228 0040–0057 0111–0128 0137–0154

z /h 0.97 1.0 1.11 1.21 1.29 1.35
U1 (m s�1) 1.49 1.54 2.50 2.46 2.60 2.67
U3 (m s�1) �0.11 �0.06 �0.08 �0.08 �0.05 �0.05
�1 (m s�1) 0.78 0.93 1.15 1.07 0.97 1.09
�3 (m s�1) 0.47 0.44 0.66 0.66 0.64 0.59
�u�1u�3 (m2 s�2) 0.18 0.22 0.28 0.26 0.18 0.26

FIG. 5. Five-minute-averaged wind velocities and wind directions on 22 Jul 2003. Error bars indicate
standard deviation.
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slightly higher than that occurring in the log layer of a
typical turbulent boundary layer, �0.45, and the latter
is lower (Pope 2000). The elevated level of ��u�1u�3�/
��1���3�, which is a measure of the efficiency of vertical
momentum transport, does not extend beyond z/h �
1.3. The wall-normal skewness, shown in Fig. 6e, is con-
sistently negative while �u�31 �/��

3
1� is positive, indicating

a preference for sweeping motions (u�1 � 0 and u�3 � 0)
near canopy level, as observed before by Shaw et al.
(1983). The magnitude of both skewness terms de-
creases with increasing height. Figure 6f shows that
both x and z components of the turbulent intensity in-
crease with decreasing elevation, and that ��1�/�U(z)� is
larger than ��3�/�U(z)�. Their magnitudes are similar to
those obtained by Shaw et al. (1974b), �0.4 and �0.25
for the x and z component, respectively.

b. Spectral characteristics and cascading energy flux

In this section we examine the spectral characteristics
of the high-Reynolds-number canopy turbulence. The

analysis follows closely the work of Saddoughi and
Veeravalli (1994) who measured the spectral character-
istics of a turbulent boundary layer in a wind tunnel at
slightly lower Taylor scale Reynolds numbers (R� �
1800) compared to the present values (R� � 2000–3000;
details follow). In addition we relate our spectra to
those obtained in field canopy flows (e.g., Shaw et al.
1974a; Wilson et al. 1982), and in wind tunnel model
canopies (e.g., Brunet et al. 1994; Raupach et al. 1986).
We also discuss the influence of the interaction be-

TABLE 2. Mean friction velocities and mean velocities at canopy
height (h � 2.67 m) used for normalizing the PIV data.

Height of PIV
system z /h

CSAT at z /h � 1.0

u*CSAT (m s�1) Uh
CSAT (m s�1)

0.97 0.47 1.53
1.11 0.60 1.88
1.20 0.57 1.74
1.29 0.54 1.73

FIG. 6. Mean flow and turbulence statistics of the corn canopy flow.
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tween the flow and the canopy elements on the spectral
shape and its effect on estimates of dissipation rate.

The spectral characteristics are analyzed using the
PIV data in a twofold manner. First, the energy at small
scales is examined through spatial spectra that can be
calculated directly from the instantaneous velocity dis-
tributions. Second, invoking Taylor’s “frozen” turbu-
lence hypothesis, the PIV data at each point can be
treated as time series ( f � 4 Hz) to study the energy at
large scales. The latter are compared to the spectra
calculated from the sonic anemometer data ( f � 6.9
Hz). In all cases we use fast Fourier transforms. To
reduce the effect of the finite datasets, we remove the
mean and apply linear detrending with zero padding.
We do not use a windowing function. Details are pro-
vided in Doron et al. (2001) and Nimmo Smith et al.
(2005). The spatial spectra presented in this paper are
calculated separately for each horizontal line (contain-
ing 64 vectors) in the 2D vector maps, ensemble aver-
aged, and then averaged over the 11 central lines of the
velocity distributions. The one-dimensional (1D) spec-
tra E11, E33, and�E13 are plotted in Fig. 7 as a function
of the streamwise wavenumber �1. The spectra calcu-
lated treating the PIV data as time series, have a range
of 4 � 10�3 � �1 � 8 rad m�1, while the spatial spectra
have a range of 34.5 � �1 � 1.1 � 103 rad m�1. The
wavenumbers in the gap between the two plots corre-

sponding to length scales ranging from 0.2 to 1 m are
not resolved. The spectra obtained from the PIV and
sonic anemometer time series are very similar. The
minimal discrepancies can be attributed to the slight
misalignments and differences in height. The distribu-
tions of E11 and E33 suggest an inertial range with a
�5/3 slope over almost three decades of wavenumbers.
Furthermore, the time series and spatial spectra seem
to fit the same �5/3 line; that is, the spatial spectra
appear to be an extension of the time series spectra.
Note that the energy in the lowest �1 point in each
spatial spectrum is reduced because of the effect of
detrending. The same agreement persists in the normal-
ized spectra obtained at all heights (Fig. 8). In the in-
ertial range, E33(�1)/E11(�1) ranges between 1.41 and
1.48, that is, slightly above 4/3, the isotropic value, in
contrast with Shaw et al. (1974a) who obtained ratios
that were smaller than the isotropic value. This differ-
ence might be caused by the fact that our spatial spectra
only cover the small-scale end of the inertial range, and
the start of the dissipation range. As discussed by Finni-
gan (2000), the shape of the spectra in canopy flows is
modified through direct kinetic energy conversion by
interaction of both the mean flow and large-scale tur-
bulent structures with canopy elements, into turbulent
kinetic energy (TKE) at scales comparable to those of
the canopy elements (see also Brunet et al. 1994 and

FIG. 7. Comparison of 1D energy spectra obtained from PIV (time series and spatial at
z /h � 0.97) and CSAT (z /h � 1.0).

2814 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S VOLUME 64



Raupach et al. 1986). Consequently, he claims that the
spectra deviate from the classical inertial subrange�5/3
slope including a change in slope and formation of a
bump at scales of energy injection. This so-called spec-
tral shortcut mechanism occurs only inside the canopy,
in the vicinity of plant elements, but may be “felt” also
slightly above canopy because of upward turbulent
transport. The measured spectra presented in Figs. 7
and 8 do not show significant deviations from the �5/3
slope except for the smallest scales, which presumably
extend into the dissipation range. Similar �5/3 slopes
were obtained by Shaw et al. (1974a) and Wilson et al.
(1982) in a corn canopy. Note that PIV measurements
in a wind tunnel laboratory canopy flow model (Zhu et
al. 2006) do show significant deviations from a �5/3
slope below canopy height.

Because of the effect of spectral shortcut, the ques-
tion arises of how to estimate the cascading energy flux
in canopy flows. As we do not resolve the smallest dis-
sipation scales, a direct estimate of dissipation based on
the velocity gradients that accounts for all of the dissi-
pation in the sample area is not meaningful. A�5/3 line
fit to the energy spectra, which seems to prevail in our
data, does not account for the effect of the bypass
mechanism, and will most likely overestimate the cas-
cading energy flux. The modified Kolmogorov theory
proposed by Finnigan (2000) is difficult to implement
and is only applicable inside the canopy. Another op-
tion is to spatially filter the 2D PIV vector maps and

calculate the SGS energy flux as discussed in detail in
section 3c. The SGS energy flux directly measures the
total energy flux from resolved (filtered) scales to sub-
grid scales at the filter scale. For isotropic turbulence in
the inertial range, the SGS energy flux is almost equal
to the dissipation rate (Pope 2000). We show in section
3c that the SGS energy flux is scale dependent, and that
at the smallest scales it is equal to about 40% of the
estimates based on a �5/3 line fit to the energy spectra.
This difference provides a measure of how much the
spectrum-based calculation overestimates the cascading
energy flux. Thus, in this section, we determine the
cascading energy flux by a �5/3 line fit to the spectra,
later assessing its validity by comparing it to the SGS
fluxes.

For homogeneous, isotropic turbulence, the 1D lon-
gitudinal spectra in the inertial range follow (Pope
2000)

Eii��1� � Ci�
2�3�1

�5�3, �2�

where C1 ≅ (18/55)1.6 and C3 ≅ (24/55)1.6. Thus by
fitting a �5/3 slope line to the distribution of Eii, one
can estimate �, that is, the energy flux cascading down
the inertial range. Results are presented in Table 3
along with the SGS flux, �SGS.

The Kolmogorov shear stress spectrum decays at a
faster rate than the longitudinal spectra. Following Sad-
doughi and Veeravalli (1994),

E13��1� � �C13S�1�3�1
�7�3, �3�

FIG. 8. Normalized longitudinal spectra of PIV data at different heights.
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where S is the mean shear rate magnitude and C13 is a
constant. The sample shear spectrum, shown in Fig. 7, is
noisier than the normal spectra and seems to decay
slightly slower than the �7/3 slope line, which can be
derived from scaling arguments (Pope 2000).

The spectrally estimated dissipation can subse-
quently be used to calculate the Kolmogorov length
scale � � (�3/�)1/4, the transverse Taylor microscale � �
(15��2

1/�)1/2, and the Taylor scale Reynolds number
R� � �1�/�, where � is the kinematic viscosity of air.
The values of �, �, �, and R� are presented in Table 3
for different z/h. When the dissipation rates are nor-
malized by uCSAT*3 /h (also in Table 3), their values range
between 2.2 and 2.5, consistent with the range of mag-
nitudes obtained in a wind tunnel by Brunet et al.
(1994) who show that �h/uCSAT*3 has a broad peak of
�2.5 at z/h � 1.4. Within our range of elevations, the
highest dissipation rate occurs at z/h � 1.29. The Kol-
mogorov length scales range between 370 and 440 
m,
with the highest value obtained at canopy height. The
Taylor microscale is almost constant, � � 40 mm, and
the corresponding Reynolds numbers range from R� �
2.08 � 103 to 3.10 � 103. Note that �/� is of the order
of 100, consistent with ratios obtained by Saddoughi
and Veeravalli (1994) and Saddoughi (1997). The inte-
gral scale can be calculated using L � q3/2/� (Pope
2000). Since we have only data on the in-plane velocity
components, the kinetic energy, q, is estimated assum-
ing u�22 ≅ (u�21 � u�23 )/2, that is, q ≅ 3(u�21 � u�23 )/4. The
validity of this assumption is supported by the 3D
CSAT measurements. The values of L , also tabulated in
Table 3, range between 2h and 3h. For R� � 103,
L 11/L � 0.43 (Pope 2000), where L 11 is the longitudinal
integral length scale. Thus, the present L 11 is on the
order of h, consistent with the literature on canopy
flows (e.g., Finnigan 2000).

The normalized longitudinal, 1D spectra at several
elevations are plotted in Fig. 8. They have an inertial
range extending over three decades, �10�4 � �1� �
�10�1. Within the inertial range, all the data collapse
onto a single curve, consistent with Saddoughi and
Veeravalli (1994). Also consistent is the increase of the
inertial range with Reynolds number, although in the
present data all the values of R� are of the same order.

The power-law behavior in the inertial subrange is
best examined by plotting the compensated Kolmo-
gorov spectrum function, �(��):

�ii��j�� � Eii��j��
�2�3�j

5�3. �4�

Typical examples of �11(�1�) and �33(�1�) are plot-
ted in Fig. 9. The inertial range of the wall-normal com-
ponent seems to be about one decade shorter than that
of the longitudinal component. The compensated spec-
tra tend to reach plateaus in the inertial region whose
values are C1 � (18/55)1.6 and C3 � 4C1/3 [Eq. (2)], for
the longitudinal and wall-normal component, respec-
tively, suggesting a tendency toward local isotropy. At
the low wavenumber end of the inertial range, the wall-
normal component is still substantially lower than the
isotropic value, consistent with Saddoughi and Veer-
avalli (1994), while the longitudinal component at
canopy height seems to be slightly higher than the iso-
tropic value. At the transition from inertial to dissipa-
tion range the wall-normal component seems to exhibit
a small hump; that is, small-scale isotropy is not
achieved, as discussed in more detail later.

To investigate the power-law behavior of the spatial
spectrum in the dissipation region (i.e., for �1� �
�10�1), also following Saddoughi and Veeravalli
(1994) we plot the compensated spatial spectrum Eq.
(4) on log-linear scales in Fig. 10. The dissipation range
of the energy spectrum of isotropic turbulence decays
as (Kraichnan 1959)

E��� � A����� exp��	�����. �5�

The present data for the wall-normal component
seem to follow the line plotted for � � 5.2, as obtained
previously by direct numerical simulation (e.g., Sanada
1992) and by Saddoughi and Veeravalli (1994). Both
spectra are expected to deviate from the � � 5.2 slope
because of the effects of noise at high wavenumbers.
However, here the streamwise component deviates be-
cause of the injection of energy by the spectral shortcut
mechanism. Existence of local isotropy in high-
Reynolds-number boundary layer flow was also evalu-

TABLE 3. Turbulence parameters calculated from the PIV data.

z /h � (m2 s�3)

�h

u*3
CSAT � (
m) � (mm) R� (103) L (m)

�SGS /�
(� � 60�)

3
�2
2

�

0.97 0.09 2.3 440 40 2.08 5.5 0.44 0.39
1.11 0.18 2.2 370 40 3.10 8.4 0.42 0.32
1.20 0.15 2.2 387 41 2.92 8.6 0.40 0.32
1.29 0.15 2.5 387 37 2.38 6.8 0.41 0.32
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ated by Saddoughi and Veeravalli (1994) using the cor-
relation coefficient:

R13��1� �
�E13��1�

�E11��1�E33��1��
1/2 . �6�

The value of R13 should drop to zero as a necessary
condition for local isotropy (e.g., Pope 2000). As is evi-
dent from Fig. 11, the present values of R13(�1) indeed
decay to zero at k1� � 10�3, with some variations that
seem to depend on the local R�. However, it is best to
keep in mind that symmetries that are less restrictive
than isotropy may also lead to the same relation, for
example, axial symmetry about the streamwise compo-
nent (Pope 2000). We do not have out-of-plane data,
and as a result, a discussion on what kind of symmetry
prevails would be speculative.

Focusing on small scales, we plot in Fig. 12 the dis-
sipation spectra, �2

1E11(�1) and �2
1E33(�1), for the two

components, and compare them with the universal
spectrum (Gargett et al. 1984; Luznik et al. 2007). The
spectral estimates of dissipation are used here without
further refinement to match the universal spectra. If
values of � are adjusted in order to match �2

1E11(�1)
(Fig. 12a) with the universal spectrum, the variations of
� are of the order of 20%. No adjusted values of �

match �2
1E33(�1) (Fig. 12b) with the universal spectrum.

The plots in Fig. 12 are especially sensitive to small-
scale anisotropy due to the linear scales involved and
since they peak at the wavenumbers of maximum dis-
sipation rate. Clearly, both streamwise and wall-normal
spectra deviate from the universal spectra and from
each other at �1� � �0.1, corresponding to a length
scale of approximately 2.5 cm, which is of the same
order as the corn stem diameter. The streamwise com-

FIG. 9. Compensated longitudinal and wall-normal PIV spectra at z /h � 1.29 and z /h � 0.97.

FIG. 10. Compensated semilog plot of the spatial PIV spectra.
Solid line is Eq. (5) with � � 5.2. (a) E11(�1); (b) E33(�1).
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ponent has more energy at small scales than the uni-
versal spectrum, whereas as the wall-normal compo-
nent is less energetic than the universal curve. Al-
though at very high wavenumbers (�1� � 0.3) the

spectra are also contaminated by noise, the anisotropy
at small scales is evident. These trends might be an
indication of injection of energy by the two shortcut
mechanisms mentioned before (Finnigan 2000).

FIG. 11. Spectra of the correlation coefficient R13(�1) for different heights.

FIG. 12. Dissipation spectra plotted with universal dissipation spectra from Gargett et al. (1984). (a) E11(�1) component, and (b)
E33(�1) component.
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c. Subgrid-scale energy flux

In this section, we spatially filter the PIV data at
different scales, �, and calculate the SGS energy flux,
�SGS, from turbulence at scales larger than �, to subgrid
scales that are smaller than � (Liu et al. 1994; Chen et
al. 2005). This procedure is typically associated with
large eddy simulation (LES) of turbulent flow, and the
energy flux is the key parameter that SGS stress models
attempt to reproduce. In the inertial subrange of ho-
mogenous, isotropic turbulence, �SGS is almost equal to
� (Pope 2000).

The in-plane contribution to the SGS energy flux,
�SGS

2D (�), is (Liu et al. 1999; Chow et al. 2005; Chen et al.
2005)

�2D
SGS�� � ���11S̃11 � �33S̃33� � 2�13S̃13, �7�

where �ij � uiuj
�� ũi ũj with i, j � 1, 3, is the SGS stress

tensor and S̃ij � 1⁄2(�ũi /�xj � �ũj /�xi) is the resolved
(filtered) strain-rate tensor (Meneveau and Katz 2000).
The tilde indicates a spatial filtering operation, here a
box filter, at some scale �. To compare �SGS

2D (�) to the
spectral estimate of dissipation, �, we use the in-plane
contribution to the cascading energy flux in the inertial
subrange of homogeneous isotropic turbulence, �2D �
7/15� (Fincham et al. 1996). The same relation is appli-
cable to the SGS energy flux, that is, �SGS

2D (�) �
7/15�SGS(�). Figure 13 shows the SGS energy flux nor-
malized by �2D as a function of filter size �. We use
filters with sizes of � � 8 � 8, 12 � 12, 16 � 16, and
20� 20 vectors, corresponding to approximately 60, 90,
120, and 150�. As is evident, the energy transferred
from filtered to subgrid scales increases as the filter size
decreases. The change is particularly large below
canopy height. Above canopy, �SGS

2D (�) seems to reach a
plateau in the � � 60–80� range, but not below canopy.
Since the increasing energy flux does not cascade down
from larger scales, where �SGS

2D is lower, there must be a
different source, consistent with the existence of a spec-
tral bypass mechanism, that injects energy directly to
small scales (Finnigan 2000). The size of the corn stem
or leaves is about 60–80�, our smallest filter scale. Un-
fortunately, we cannot use a significantly smaller filter
without adversely affecting the accuracy of the SGS
stress calculations. We are also limited by the maximum
filter size that still allows us to calculate S̃ij. Interest-
ingly, the values of �SGS

2D /�2D range between 28% and
44% at all elevations, and are consistent with the ratio
between the rate of cascading energy estimated based
on Finnigan’s (2000) modified Kolmogorov theory, and
estimates of dissipation based on �5/3 line fits to spec-
tra. Therefore, � estimated from a �5/3 line fit overes-
timates the cascading energy flux but its value is of the

correct order of magnitude, that is, of the same order as
the direct measurement of SGS flux. This conclusion
has also been confirmed during wind tunnel measure-
ments within a model canopy (Zhu et al. 2006). For
convenience, and since we do not know what filter size
to choose and how to account for out-of-plane contri-
butions, we will continue to use the �5/3 fitted esti-
mates of cascading energy flux in the following sections.
However, it is best to keep in mind that the actual
cascading energy fluxes are 2.3–3.6 times lower.

d. Terms appearing in the turbulent kinetic energy
budget

TKE budgets have been measured in forest canopies
by Leclerc et al. (1990) and Meyers and Baldocchi
(1991), and in wind tunnel studies by Raupach et al.
(1986) and Brunet et al. (1994). One can use the PIV
data to examine several terms in the TKE (u�i u�i /2) bud-
get (Pope 2000):

�Uj

�

�xj
�1

2
u�iu�i�

I

�
�

�xj �1
�

u�jp�

II

�
1
2

u�iu�iu�j

III

� 2�u�isij

IV
�

� u�iu�jSij

V

� 2�sij sij

VI

� 0, �8�

where Sij and sij are the mean and fluctuating rates of
strain, respectively, and p� is the fluctuating pressure.
Here, we do not use the volume-averaged expression of

FIG. 13. The ratio of subgrid-scale energy flux to spectrally
estimated cascading energy flux.
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the TKE budget since the 3D spatial heterogeneity is
not resolved by the present PIV setup. Besides the pres-
sure–velocity correlation term (II), the PIV data should
enable us to calculate the in-plane components of all
the terms in Eq. (8).

The normalized convective transport of kinetic en-
ergy (I), the production rates (V), and turbulent diffu-
sion (III) terms are tabulated in Tables 4, 5, and 6,
respectively. For the dissipation rate (term VI) we can
only provide estimates, and we do not account for all
the dissipation as discussed before. To calculate Uj�q/
�xj, the gradients are determined by linear least squares
fits through the data within the central 20� 20 points of
the sample areas. The mean velocities are averaged
over the same area. The production rate terms (V,
Table 5) are also calculated locally at each point, and
then averaged over the central 20 � 20 area. Since the
light sheet is aligned with the mean flow, the main mean
spatial gradients of the mean flow are within the sample
area. Thus, we neglect the contributions of U2 and �/�x2

terms. In support of this latter assumption, for most of
the present data �U1/�x1 is almost equal in magnitude
and opposite in sign to �U3 /�x3.

We have tried to calculate the gradients of the triple
correlation terms (III) based on the spatial distributions
in individual sample areas. Unfortunately, even an av-
erage of 3300 measurements still leaves significant spa-
tially nonuniform patches, which cause unreasonable
variations in gradients, especially when the magnitudes
are very small. Thus we do not estimate the streamwise
gradients. The only elevation where the streamwise tur-
bulent diffusion appears to provide reasonable values is
z/h � 0.97, where it is extremely small. For the vertical
gradients, since we have data at several elevations, that

is, a wider range, we can still estimate the terms using a
least square fitted power law. The results are presented
in Table 6. The transport by the viscous stresses term
(IV) is negligible (�10�3) at all heights, and as a result
it is not presented.

Vertical trends of all terms that we can calculate are
summarized in Fig. 14. The terms, including the spectral
estimates of dissipation rate, are shown in the same way
as in Raupach et al. (1986) and Brunet et al. (1994) to
facilitate comparison with previous trends. Here, the
loss terms are negative and the gain terms are positive
while the dissipation estimate is questionable. Since we
do not account for all the terms (e.g., the pressure trans-
port), a balance should not be expected. Indeed, the
only elevation where we are close to balance is z/h �
0.97.

Of the contributors to the production rate (Table 5),
�u�3u�1�U3 /�x1 is negligible. The terms associated with
the mean wall-normal gradients, �u�1u�3�U1/�x3 and
�u�3u�3�U3 /�x3, act as sources while�u�1u�1�U1/�x1 acts as
a sink. Although �U1/�x1 is relatively small compared to
its vertical gradients, its contribution is amplified by the
large �u�1u�1. The total production peaks very near to
the canopy and decreases at a higher elevation. The
production exceeds � (at z/h � 0.97), but these two
“source/sink” terms are comparable above the canopy.
The vertical turbulent transport is significant only near
the canopy, and decreases with increasing elevation.
The trends of production, dissipation rates, and turbu-
lent transport are consistent with the wind tunnel mea-
surements of Brunet et al. (1994) and the field mea-
surements of Leclerc et al. (1990).

e. The relation between the dissipation rate and the
out-of-plane component of the vorticity

Boundary layer flows display an intricate pattern of
ejection–sweep (E–S) cycles (e.g., Raupach 1981; Shaw
et al. 1983; Gao et al. 1989; Finnigan and Shaw 2000)
that will be further explored in Part II of this paper
(Zhu et al. 2007). A sweep is associated with fast-
moving downward-directed fluid, that is, u�1 � 0 and
u�3 � 0, whereas an ejection is associated with slow-
moving upward-directed fluid, that is, u�1 � 0 and u�3 � 0.

TABLE 5. Production terms (V) normalized by uCSAT*3 /h.

z /h
�u�1u�1

�U1

�x1
�u�1u�3

�U1

�x3
�u�3u�1

�U3

�x1
�u�3u�3

�U3

�x3 ��u�iu�jSij

0.97 �2.6 7.5 0.2 1.3 6.4
1.11 �2.8 4.6 �0.5 1.9 3.2
1.20 �3.8 2.9 �0.3 2.3 1.1
1.29 �1.9 2.0 �0.3 2.0 1.8

TABLE 4. Convective transport of kinetic energy terms (I)
normalized by uCSAT*3 /h.

z /h U1�q/�x1 U3�q/�x3 U1�q/�x1�U3�q/�x3

0.97 2.8 �1.2 1.6
1.11 4.5 �0.3 4.2
1.20 5.6 �0.2 5.4
1.29 7.5 �0.3 7.2
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As an example, Figs. 15a and 15b present the time se-
ries of the fluctuating velocity components and their
correlation, respectively, at z/h � 1.20. Time series ob-
tained at different heights appear quite similar and are
not shown here. In this analysis, we use the central 20�
20 vectors of each instantaneous distribution. To high-
light trends of large-scale flow features, each data point
is an average over 20 � 20 instantaneous vectors, and a
30-s running average. Note that applying a 30-s running
average causes the values of the �u�1u�3 time series to
become positive only. Without a running average,
�u�1u�3 fluctuates between positive and negative values.
These plots provide an insight into the sequence of
events occurring in the canopy flow boundary layer. A
few ejection–sweep cycles can be clearly discerned in
Fig. 15a. As is evident, only about 10 major events oc-
cur during the measurement period of 1024 s, raising
questions on the statistical significance of the average
trends. The characteristic durations of sweep or ejec-
tion events are in the 30–50-s range. The time trace of
the �u�1u�3 correlation seems to show conflicting trends,
at least from visual observations. In some cases, the
sweeps involve high correlation, for example, at 300 s,
but in other events the shear stresses during sweeps are
low, for example, at 70 s. About half of the�u�1u�3 peaks
are associated with sweeps. Note, however, that the
time trace represents 3D ejection and sweep structures
passing the 2D field of view of the camera. While these
structures are strong on their centerlines, they become
weaker off centerline (Finnigan and Shaw 2000).

The relation between the dissipation rate and the
vorticity has been documented in Zhu and Antonia
(1997), Nelkin (1999), and Zeff et al. (2003). To the best
of our knowledge, it has not been studied in the atmo-
sphere. For isotropic, homogeneous turbulence, the
mean dissipation rate is equal to the mean enstrophy,
that is, �  �!2 (e.g., Zhu and Antonia 1997) and !2

2  
!2/3. Unfortunately, our data are too coarse for fully
resolving the real vorticity, and/or estimating the dissi-
pation rate from velocity gradients. Furthermore, as
discussed before, there is anisotropy at small scales.
Still, when we compare the time series of the underre-
solved out-of-plane enstrophy component, !2

2, to time
series of the spectrally estimated, �, the similarity in

trends is striking, as shown in Figs. 15c and 15d. Both
time series show running averages over 30 s. To calcu-
late the dissipation time series, we average the spectra
of the central 11 rows over 30 s (1320 spectra) and then
fit a �5/3 line to them. The striking similarity has a
correlation coefficient of about 0.9. Furthermore, al-
most all the major dissipation rate and high enstrophy
events occur during sweeps. Conversely, during some of
the ejection events, for example, at 900 and 950 s, there
are shear stress peaks but the dissipation rate is espe-
cially low. However, the magnitudes of 3!2

2 are 2–3
times smaller than the values of �, as shown in Table 3.
Insufficient spatial resolution most likely contributes to
this discrepancy. Indeed, the values of 3!2

2 are very
close to those of the underresolved 7.5�(�u�1/�x3)2 (not
shown), and slightly lower (by 20%–30%), than the un-
derresolved 15�(�u�1/�x1)2 (also not shown). Yet, the
values of the underresolved 3!2

2 are comparable to
those of �SGS (see Table 3), the energy flux from re-
solved to subgrid scales. Since the spatial derivatives of
velocity components are expected to increase with in-
creasing resolution, the full dissipation (i.e., 2sijsij),
would be higher than the present 3!2

2 (i.e., higher than
�SGS).

FIG. 14. Normalized terms of the turbulent kinetic energy bud-
get: squares � � (Table 3); circles � convective terms (Table 4);
triangles � production (Table 5); crosses � vertical turbulent
transport (Table 6).

TABLE 6. Turbulent diffusion terms (III) normalized by uCSAT*3 /h.

z /h

�

�x3
�1

2
u�1u�1u�3� �

�x3
�1

2
u�3u�3u�3� �

�x3
�1

2
�u�1u�1u�3 � u�3u�3u�3��

0.97 1.73 0.94 2.67
1.11 0.92 0.49 1.40
1.20 0.66 0.35 1.02
1.29 0.48 0.25 0.73
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This strong correlation between vorticity and dissi-
pation has been shown to exist in laboratory flows (Zeff
et al. 2003; Zhu and Antonia 1997). Zeff et al. (2003)
show that local high strain rates cause vortex stretching,
which increases the local growth rate of the vorticity.
Thus, the peak in vorticity lags behind the dissipation
peak. According to Zeff et al. (2003) the delay is about
0.1–0.2��. The present delay between samples is about
25 times the Kolmogorov time scale, ��  ( /�)1/2 �
10�2 s, and we can therefore not resolve the lag be-
tween the enstrophy and dissipation rate peaks.

4. Summary and conclusions

PIV measurements along with sonic anemometer and
other meteorological sensors examine the flow struc-
ture within and above a corn canopy. The mean flow
and turbulence statistics measured by PIV compare
well with the sonic anemometer data. Furthermore, the
trends and absolute values of the mean velocity pro-
files, rms values of velocity fluctuations, Reynolds
stresses, and third-order moments of turbulent velocity
fluctuations are consistent with data on canopy flow
found in the literature. We construct spectra by com-
bining time and spatial series. The small scales at the

transition between inertial and dissipation ranges, from
15� to 450�, are studied using the instantaneous veloc-
ity distributions. The low wavenumber range of the
spectra is calculated by invoking Taylor’s hypothesis on
the 4-Hz time series. The spatial spectra appear as a
natural extension of the times series spectra in the in-
ertial range. The energy spectra cover five orders of
magnitude of length scales; of them the inertial range
spans approximately three decades. The shape of the
inertial range does not show a noticeable deviation
from the classical �5/3 slope, at least until �1� � 0.1;
that is, there is no clear evidence of modifications to the
spectral shape due to shortcuts caused by interactions
with canopy elements, as suggested by Finnigan (2000).
However, note that our data cover the 0.94 � z/h �
1.32 range; in other words, we may not be deep enough
within the canopy to show this effect.

When we examine whether the data satisfy condi-
tions for local isotropy at small scales, for example, by
examining the compensated spectra and by calculating
the correlation coefficients, at first glance it appears
that local isotropy is indeed achieved. However, from
plots of the normalized dissipation spectra (which high-
light the dissipation scales), it is evident that the trends
and magnitudes of vertical and horizontal components

FIG. 15. Time series (30-s running average) at z /h � 1.20 of (a) u�1, u�3; (b) �u�1u�3 ; (c) !2
2 ; and (d) �.
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differ significantly; that is, the flow is clearly not locally
isotropic at small scales. Within the dissipation range,
especially for �1� � 0.1, the energy of the horizontal
component is substantially higher than that of the ver-
tical component. Note that the size of canopy elements
is also about �1� � 0.1. Although only accurate to
within one order of magnitude, we still estimate the
energy flux cascading down in the inertial range by
�5/3 line fits to the energy spectra, and from them
obtain that the Kolmogorov length scale is � � 0.4 mm,
and the Taylor microscale Reynolds numbers range be-
tween R� � 2000 and 3000. The accuracy of our spectral
estimate of the cascading energy flux is evaluated by
comparing it to the subgrid-scale (SGS) energy flux,
which represents the energy transferred from resolved
to subgrid scales in large eddy simulations. The SGS
energy flux decreases with increasing filter size; that is,
the turbulence at small scales must have an additional
energy source that does not cascade down from larger
scales. This finding is consistent with the claims that in
canopy flows some energy is directly injected into small
scales, bypassing the cascading process (Brunet et al.
1994; Finnigan 2000). The SGS flux varies between 0.28
and 0.44 of the value of the cascading energy flux de-
termined by a �5/3 line fit to the spectra. Thus the
spectral values of � overestimate the energy flux cas-
cading down the inertial range, but not by orders of
magnitude.

The terms appearing in the turbulent kinetic energy
budget that can be directly calculated from the 2D PIV
data are of the same order and consistent with pub-
lished data on canopy flows. The total production peaks
and exceeds the cascading energy flux at canopy height.
With increasing elevation the production rate de-
creases, while the cascading energy flux remains un-
changed. In addition, turbulent transport is significant
in the vicinity of canopy height.

Time series of � and the out-of-plane component of
the vorticity magnitude show a striking similarity, with
correlation coefficients of about 0.9. Time series of ve-
locity fluctuations show a repeated pattern of ejection–
sweep cycles, which have a characteristic duration of
30–50 s. The Reynolds shear stresses show some but not
a definite relation to these cycles. Almost all of the high
dissipation rate events close to canopy height occur
during sweep events. Thus, it is of interest to perform a
detailed statistical analysis of these relationships. They
are examined in detail in the second part of this paper.
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