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Abstract. Two three-dimensional split-film anemometers were used to measure turbulence statistics within
and above a corn canopy. Normalised profiles of mean windspeed, root-mean-square velocity, momentum
flux, and heat flux were constructed from half-hourly averages by dividing within-canopy measurements by
the simultaneous canopy-top measurement. With the exception of the heat flux, these profiles showed
consistent shape from day to day. Time series of the three velocity components were recorded on magnetic
tape and subsequently analysed to obtain Eulerian time and length scales and the power spectrum of each
component at several heights. The timescale was found to have a local minimum value at the top of the
canopy. However the length scale L, formed from the timescale and the root-mean-square vertical velocity
varied with height as L,, >~ 0.1 z. The power-spectra were non-dimensionalised to facilitate comparison of
spectra at different heights and times. All spectra had —5/3 regions spanning at least two decades in
frequency.

1. Introduction

A good understanding of turbulence statistics within and above a plant community is
a prerequisite to understanding turbulent transport of water vapour, carbon dioxide,
oxygen, disease spores, pollen and damaging pollutants within a crop. However, much
work concerning transport in and above forests and agricultural crops has been carried
out without any detailed knowledge of the statistics of the turbulence in these
environments; the fluxes are assumed to be linearly related to the mean concentration
gradients, with a spatially varying ‘constant’ of proportionality, the eddy diffusivity (X),
presumed to be a function of the turbulence. It is widely recognised (Tennekes and
Lumley, 1972; Corrsin, 1974) that this relationship is not realistic in systems in which
the turbulence length scale is large compared with the distance over which the
concentration gradient may change significantly. Forest and agricultural canopies are
systems in which K-theory should be used only with great care.

The dependence of studies in the literature on K-theory is probably a consequence
of lack of detailed data on canopy turbulence statistics, and this in turn is due to the
technical difficulty of constructing an anemometer satisfying the requirements of
broad-band frequency response, small sampling volume, and unambiguous response to
winds from all directions within the total solid angle. To date, the only anemometers
satisfying all of the above requirements are the servo-controlled split-film heat-transfer
anemometer described by Shaw et al. (1973) and modified by Ward (1977), and the
multiple-element hot-film anemometer described by Lang and Leuning (1981).
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Shaw et al. (1973) and Ward (1977) have compared velocity statistics measured with
the split-film (SF) anemometer with simultaneous statistics obtained using cup,
pressure-sphere, propellor, and sonic anemometers. Shaw efal. (1974a,b) have
presented velocity statistics measured with the SF anemometers within and above plant
and forest canopies. This paper presents turbulence data based on over 100 hr of
measurements with the SF anemometers within and above a mature corn canopy.
Vertical profiles of mean windspeed, cup windspeed, the standard deviations of the three
velocity components, turbulence intensity, shear stress, and heat flux were obtained.
Spectral analysis was performed on data collected within and above the canopy and
estimates of the turbulence time and length scales were computed from the autocorre-
lation functions and velocity component variances. The intention of the work was to
provide detailed statistics of the turbulence within a corn canopy for input to a
Lagrangian model of turbulent dispersion based on numerical simulation of particle
trajectories (Wilson et al., 1981).

2. Site and Experimental Procedure

The measurements were made in a 25 ha cornfield at the Elora Research Station, Elora,
Ontario, Canada, during the summers of 1976 and 1977. The field slope was less than
2%, and the fetch never less than 200 m.

During the 1976 measurement period, September 13 to October 5, the height of the
canopy was 225 cm. A sonic anemometer* was operated at a height z = 370 cm (all
heights to be given were measured from the ground). A SF anemometer was operated
at one of several heights (75, 125, 175, 225, 275, 370, 655 cm). Simultaneous time series
of the velocity components (&, v, w) in directions (x, y, z) at the two heights were recorded
on a Sangamo** model 3562 FM tape recorder for subsequent spectral analysis. A total
of 30 hr of data were recorded, with at least two hours of split-film data at each height.

During the 1977 measurement period, July 28 to September 3, the distribution of the
vegetative area with height was approximately constant. The average height to the top
of the tassles, measured frequently using samples of 50 plants, increased from 212 to
227 cm during this time. There were 59 000 plants per hectare, and the leaf area index
was 2.9. The three velocity components were measured at two heights using split film
anemometers. Temperature fluctuations for heat flux calculations were measured using
miniature fine wire resistance thermometers, which were attached to the anemometer
probes within 2 cm of the velocity sensors and rotated with the probe so as never to
lie upwind or downwind of the velocity sensors. The sensing volume thus defined was
very small (diameter >~ 5 ¢cm).

Signals from the sensors were sampled 100 times per second by a Honeywell H316
minicomputer which accumulated the means, variances and covariances and at the end

* Kaijo Denki Co. Ltd., Tokyo, Japan.
** Sangamo Electric Co., Springfield, Iflinois, U.S.A.
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of each run (usually 1/2hr) performed a coordinate transformation which made
v = w = 0 independently at each anemometer (Tanner and Thurtell, 1969), and printed
the results. Profiles of the turbulence statistics throughout the canopy were obtained by
operating one anemometer-thermometer at the top of the canopy, and another within
the canopy at a height which was changed from run to run, throughout the experiments
covering the range from 9 to 220 cm. Approximately 90 hours of data were obtained.

The instruments were placed between rows, but it was necessary to break off parts
of leaves to avoid destruction of the anemometers. Damage to the canopy was kept to
a minimum and the site changed several times, so the data should closely represent a
healthy, undamaged canopy.

At the beginning of each day’s measurements in 1976 the sonic and split-film
anemometers were compared for 1 hr at z = 370 cm. During 1977 the two split-film
anemometers and thermometers were compared at the canopy top for several 1/2 hr
runs. If the comparison was unsatisfactory, the anemometers were recalibrated. Table I
shows results of the comparisons for those days of the 1977 season for which statistics
will be presented.

The symbols used in Table I are:

(o,, 0,, 6,), the standard deviations of (u, v, w)

s = Ju? + 17, the ‘cup’ windspeed

o,, the standard deviation of the temperature fluctuations
A, the sensible heat flux density

7, the momentum flux density

H, canopy height.

An overbar denotes a time average value.

The high accuracy of the SF anemometers is apparent from Table I. However, note
that while the turbulence intensity at the top of the canopy (typically 6,,/u4 = 0.7) is much
greater than that in the wind tunnel used for calibrations, satisfactory performance at
the top of the canopy does not guarantee adequate performance lower in the canopy,
where g,,/u may have a value as large as 5, and the timescale of the turbulence decreases.
The limiting factor low in the canopy, assuming speeds large enough to guarantee forced
convection from the heated film (2 20 cm s~ 1), is the inertia of the servo system used
to control the instantaneous angle § between wind direction and probe orientation at
sufficiently small values to allow accurate correction for along-film-axis flow. At 5 Hz
the servo system angular displacement ratio was 0.5 (obtained by applying a known sine
wave to the servosystem input and measuring the resulting amplitude of servomotor
displacement). Measurements within the canopy indicated that 909, of the time
Bl < 30°.

3. Data of 1977 — Vertical Profiles

The profiles to be presented are constructed from data from many different runs on
different days, appropriately normalised. A lack of scatter indicates that the shape of
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the normalised profile is invariant from day to day. Let a subscript H denote a value
at canopy height.

3.1. WIND DIRECTION

The coordinate rotation set v = 0 at each anemometer for each period. Inspection of the
rotation angles tan ~! (v/#%) in principle allows correlation of the wind direction at two
sites, but each time an anemometer was moved, an unknown offset was introduced in
the azimuth angle with respect to the higher anemometer. The best that one can hope
to achieve from the available data is to correlate changes in wind direction at two levels
which occur during a series of several runs with the anemometers undisturbed.

In comparing indicated direction changes at canopy top and within the canopy, it is
possible to find large well-correlated changes, and large poorly-correlated changes. We
can say nothing definitive about the variation of mean wind direction with height in the
canopy. Perhaps some of the scatter in the experimental data to be presented could be
reduced by a classification according to wind direction with respect to the row
orientation. However, during the experiments the impression was formed that the wind
direction was not causing noticeable changes in the observed statistics. The appearance
of this densely planted crop was not dramatically anisotropic (except of course near
ground) and it seems unlikely that a fluid element passing along the row would encounter
significantly less vegetation than one moving across the row. Certainly in future
experiments wind direction should be recorded.

3.2. MEANS AND STANDARD DEVIATIONS OF WIND VELOCITIES

Figures 1 and 2 show the normalised profiles of # and cup windspeed s, both of which
are well behaved functions of height. The dashed lines are the curves:

z
U=1Uypgexp{ 40— -1
220 P( (220 ))
s= exp(30(i—1>>
220 . 220 .

No secondary maximum was observed in the wind profile near the bottom of the canopy,
in contrast with the findings of Bill ez al. (1976) but in agreement with most observations
within dense, mature corn canopies. The profile of s/s,, versus z/H resembles that
reported by Shaw er al. (1974b) for a crop of height ~ 280 ¢m, and their comments
regarding the inadequacy of the exponential wind profile near the canopy top, where
&°s/éz* < 0, also apply here. See Seginer et al. (1976) for a demonstration that an
exponential canopy wind profile would be expected on the assumption of a height
independent Prandt] mixing length (defined by ! = \//p /(dii/dz) which implies K = I?
du/dz where K is the eddy viscosity) and a vertically uniform canopy.
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Figure 3 shows that the variation with height of (s - %)/s is quite regular, with
increasing proportional difference between s and % as depth into the canopy increases.

Figures 4, 5, and 6 show the normalised profiles of the standard deviation of the
velocity components, 6,/06,,, 6,/0,, 0,,/0,., all of which are well behaved functions
of height. It is of interest that below about 70 cm the normalised standard deviations
of u and v show little decrease as the surface is approached.

Figures 7, 8, and 9 show the turbulence intensity of the three velocity components
versus height, 6,(2)/u(z), 6,(2)/u(z), and ¢,(z)/u(z). Above about 100 cm, the turbulence
intensity is a well behaved function of height while below 100 cm, there is considerable
scatter. The mean and sample standard deviation (in brackets) for 233 runs at canopy
top were, for u, v, w respectively, 0.66 (0.04), 0.60 (0.05), and 0.35 (0.02). The limited
data low in the canopy indicate a maximum value of the turbulence intensities at around
25 cm. Figure 10 gives the measured values of 6,(z)/s(z). This ratio is a more well
behaved function of height than is ¢, (2)/4(z), suggesting that use of turbulence intensities
defined with the cup windspeed would be more useful in canopy studies.

Figure 11 shows the ratio 6,/0, as a function of height. At the canopy top the mean
and sample standard deviation from all data were 0.82 (0.08). An increase with
decreasing height can be seen, in spite of the scatter. The ratio 6,,/0,, shown in Figure
12, displays less scatter than 6,/0, and a very definite peak at about 130 cm. The mean
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and sample standard deviation at the top of the canopy were 0.54 (0.03). Whereas Shaw
et al. (1974b) found g, > o, > o, at all heights in a nature corn canopy, such a general
rule is not confirmed by Figures 11 and 12.

Bradley, Denmead, and Thurtell (personal communication) have made turbulence
measurements in a forest of ponderosa pines in Australia. The canopy height was 16 m,
with the live needles concentrated between this height and 8 m. It is of interest that their
profile of 6,,/5,,,, is very similar to that obtained for the corn canopy (see Figure 6) when
the ratios are plotted against normalised height, z/H. By the same height-normalisation
it was found that their profile of ¢,,/s is very similar in shape to that for the corn canopy
(see Figure 10) with a peak at 1/2 the canopy height.

3.3. THE PROFILE OF MOMENTUM FLUX

The accuracy of eddy-correlation measurements of the momentum flux 7= —p uw
depends very critically on accurate orthogonality of the x and z measurement axes,
precise alignment with respect to the ground plane, and absence of any false correlation
introduced, for example, by the electronic circuitry. Kaimal and Haugen (1969) state
that an accuracy of at least +0.1° in internal alignment and mounting is necessary. The
split-film anemometer determines u and w from measurements of ./(u* + w?), the
instantaneous elevation angle ¢, measured with respect to the plane of the split between
the two films (see Figure 1 of Shaw etal., 1973), and the previously determined
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alignment error ¢, between the plane of the splits and the plane defined by the vertical
axis of the sensor. The alignment error was known to an accuracy of perhaps +0.5°
(certainly +1°), so that our decomposition of the wind vector into horizontal and
vertical components could add of the order of 29, of the horizontal velocity to the
vertical velocity. However this (pure tilt) effect is removed by the coordinate rotation
performed at the end of the experimental run.

On seven days during the measurement period, close agreement was obtained
between estimates of ¢ with two anemometers together at z = H (we were unable to
determine the cause of the poor agreement on other occasions). Figure 13 shows the
normalised profile of momentum flux formed from the measurements on those 7 days.
The scatter is not excessive. The points below z = 60 cm were all measured on the same
(very windy) day.

In the absence of any horizontal inhomogeneity (negligible pressure gradient and
acceleration) one may attribute the vertical divergence of the momentum flux to the
mean drag D_ of the vegetation, which may be parameterised as

D, = pepa(z)s?, (1)

where a(z) is the vegetative area per unit volume.
Strictly, one should write the instantaneous drag as D (f) = pcp(z, V, Da(z)V'* where
V. =u,/u?+ v* + w?is the projection of V-V = 4? + v + w? on the x-axis. The drag

T
L
/
Ve
;e
2.0 P i
/ @
=
e
1.6 1 / ooo
— 2
: |/
~N /0”
£ 1.2+j
> .
£
*
0.8}
I
! - —equation 3
0.4-'
0 _ 1
0 0.5 1.0

Normalised shear-stress T/1y

Fig. 13. Profile of normalised shear stress.
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coeflicient ¢, may vary in response to factors such as angle of attack, leaf fluttering, the
nature of the element wake (turbulent/laminar), and wake interactions (see Raupach
and Thom, 1981). As this leads to excessive complication, however, and because it was
found that the height-variation of V (z)/V (H) is very similar to that of the normalised
cup windspeed s/s(H), there is little point in adopting the more general formulation.
Accepting equation (1) and assuming that neglible momentum is transferred directly to
the soil (7(0) = 0), it follows that

z

@) = pen f a(2)5°(2) dz @
and °
Ti(% - j a(2)(s/5ua) 2 / j a(2)(s/ 52 dz. )

In order to calculate a profile of normalised momentum flux, a(z) was determined from
a sample of 18 plants collected on 3 different days, between which no large differences
were found. For each of 7 layers, a(z) was calculated by defining the total surface area
of plant tissue to be the sum of

(1) twice the 1-sided planar leaf area

(ii) the cylindrical area of stem and ears

(iii) the area of a cylinder of average tassle diameter and length equal to total length
of tassle
and normalising by the relevant canopy volume involved. Table II shows the height-
dependence of a(z).

The ‘total area index’, the total surface area per unit ground area, was

H
f a(z)dz = 7.0,
0

TABLE II

The height-distribution of vegetative area within the canopy. The ground area
occupied by one plant is 1695 cm?, (59000 plants/ha).

Height Planar 1-sided Total a(z)
interval leaf area (cm?) area (cm?) (em~1)
per plant per plant

0- 33 127 551 099 x 10~2
34— 66 477 1212 2,17 x 1072
67-100 810 2201 393 x 102
101-133 990 2417 432 x 1072
134-166 1247 2619 4.68 x 10-2
167-200 1126 2434 435 x 1072
201-233 113 441 0.79 x 10~2

0-233 4890 11875
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and the conventional leaf area index, which includes only the 1-sided planar leaf area,
was 2.9.

The profile of normalised momentum flux according to Equation (3) is plotted on
Figure 13 with the observations. Although a drag coefficient which decreases with
increasing height would give a closer fit to the observations (i.e., a deeper penetration
of the momentum flux), a constant drag coefficient is a good first approximation.

From Equation (2) it follows that

H

Ty = PCpSH J‘ alz)(s/sy)” dz.

The value of the integral was calculated to be 0.84. For periods during which both
anemometers were together at z = H, the estimates from the two anemometers were
averaged to obtain 24 combined estimates of (t,, sZ) with s, in the range
1.36 ms~! < s, <3.10m s~ '. These data are shown on Figure 14. From the slope of
the observed relationship, it follows that C,, ~ 0.07. For comparison with data obtained
using a(z) = 1-sided area, this value must be multiplied by 11875/4890 (see Table II)
which gives C,, = 0.17. Values from 0.13 to 0.30 for the drag coefficient of a single corn
leafin a wind tunnel were reported by den Hartog (1973), depending on angle of attack,
windspeed and leaf size. A smaller value of the drag coefficient for the whole canopy
is expected as a result of aerodynamic interference between leaves (Thom, 1971;
Hoerner, 1965).

- (WH 0.4 e °

L)

[mzs'Z] *

0.2 ’ H
L ]
| 1 | 1 1 i
%0 ' 2 * n ! o 8 10

7 [m's”]

Fig. 14. Shear stress as a function of windspeed at z = H. The line is a least squares fit.
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3.4. PROFILE OF EDDY HEAT FLUX

On 8 days during 1977, eddy heat fluxes were measured at the top of and within the
canopy. The profile of normalised eddy heat flux is shown in Figure 15. The data are
for periods when 4, > 25 W m~2, and include a wide range of values of 4, and net
radiation at canopy height, R,,. The spread of the points about a value of unity when
both measurements are made at H indicates the degree of uncertainty. The variability
both from day to day and from 1 hr to 1 hr is considerable, though at 160 cm, where the
scatter is greatest, the variability from day to day exceeds that within each day. The
greater variability in the shape of the heat flux profile than in the momentum flux profile
is a reflection of the fact that the drag is (for a given canopy) a function of only a single

o
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Normalised heat-flux A/A4

Fig. 15. Daily profiles of normalised sensible heat flux density. The day numbers are identified in
Table II1.



J. D. WILSON ET AL.

508

) 01/9 ) 01/¢ Tes)) D 0l/¥ [re X 11944 suonpuos Ayg

07 0z L1 (44 87 (D,) sumeradway 1y

8 0l 8 6 81 (¢-w 3) Ayprumy 2injosqy

LLO 690 980 1€0 97'0 8C°0 (0.) "o
A 8S <9 68 0s 8 ((_suo) ™o
99°0 66 961 901 0s 9 (c-w m) ¥y
980 88t 549 SOt 1294 ove (-w m) "y
70— 8.1 8s1 (494 171 £vT (;-5 wo) Hn
SHT1-S1TI SPET—GIEl SHST—SIST SHS1—SI1s1 SSTI—STT (1a3) suny

01 ¥8°0 9.0 750 1+0 Hy /(091

udlOYR00 8/T1 6/¢ 8/¥T 8/97 8/8¢ uoN/Aeq
UOTIB[ALIOD € Q S 9 L (] 2I31]) loquinu Ae(y

“Hy /(091) ¥ ‘saxuyy 18y jo onel ays unoaye A[qissod sa[qeirea poInNseaul JO SINJEA

HI T14VL



STATISTICS OF ATMOSPHERIC TURBULENCE WITHIN AND ABOVE A CORN CANOPY 509

‘external’ parameter, which may be chosen as the cup windspeed at canopy height, while
the source strength for sensible heat at any height in the canopy depends in a complex
fashion on the radiation conditions, moisture availability and physiology of the plants.

Although there are insufficient data to determine the factors controlling the profile
shape, the wide spread from day to day in 4(160)/4,, provides an opportunity to look
for qualitatively important factors. Table III compares the values of possibly relevant
parameters; the parameter most closely correlated with 4(160)/4,, is R, . Corrglation
coefficients were obtained by a least-square fit.

In agreement with the findings of Shaw et al. (1974a), no systematic variation in
A(z)/ A, with solar elevation was inferred. On 24 August 1977, the sky was clear from
1500 EDT onwards. Four consecutive half-hourly values of 4(110)/4(230) between
1600 EDT and 1800 EDT were 0.49, 0.49, 0.46, 0.51 (with A4(230) = 86, 74, 50,
38 W m~2). Between 1800 and 1830, 4(110)/4(230) = 0.62, though over this period
A(230) = 23 W m~ 2. From these measurements (the only suitable clear-sky period), it
seems that solar elevation need not have a large effect on the shape of A(z)/4.

In the upper ~ 50 cm of the canopy, there is little divergence of the sensible heat flux
density. In the layer 180—80 cm, the divergence is quite variable from day to day, with
the average pattern appearing to be a constant divergence across the layer (constant
source strength).

4. Data of 1976 — Time Series Analysis

4.1. LENGTH AND TIME SCALES

In many models of turbulent energy, momentum, and mass exchange, the concept of
a ‘length scale’ arises, either directly or indirectly measurable, and interpreted broadly
speaking as a measure of the local eddy size, or the distance over which exchange is
occurring. Examples are:

(i) the Prandt!l mixing length

du
I=Jt/p|—,
/p/dz

a gradient-diffusion type length scale used to relate shear stress to the mean velocity
shear (first-order closure) and observed to have the value kz (k = von Karman’s
constant = 0.4) in the constant stress layer in flow above a flat surface.

(ii) Taylor’s Lagrangian length scale

4= J w()w,(t + &) d¢/o,,
0

where w;_is the vertical velocity of a tagged fluid element. Taylor (1921) showed that
this length scale is precisely related to the rate of spread of a puff of marked fluid
elements in a turbulent flow. An estimate of this length scale is a required input to the
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trajectory-simulation model of turbulent dispersion in a plant canopy described by
Wilson et al. (1981). As Lagrangian measurements near ground are very difficult, %, is
often estimated from a knowledge of the Eulerian time scale

x

I'g= J‘ RE(é) d¢

0

where Rg(¢) is the Eulerian autocorrelation function
Ri(8) = wO)w(t + &)/,

defined from measurements of w at a point fixed in space.

(iii) The wide variety of length scales defined in higher-order closure relations now
being employed in numerical models of turbulent flows. For example, the higher-order
closure model for canopy flow described by Wilson and Shaw (1977) uses three
height-dependent length scales all chosen as multiples of /', which for a corn canopy
was chosen as !’ = the smaller of (kz, 0.3/a(z)) with k = 0.4 and a(z) = leaf area density.
In the bottom of the canopy a(z) is small, so that /' is the conventional Prandtl length
scale for flow in a constant stress layer.

It is important that a clear idea of the height — dependence of the eddy size or exchange
depth be obtained, preferably by direct measurement.

Uchijima and Wright (1964) derived values of the Prandtl mixing-length from
measurements of the wind profile using heated thermocouple anemometers in and above
acorn canopy of height H ~ 140 cm. The local stress 1(z) was determined from the wind
profile and the leaf area per unit volume using the arguments given in Section (3.3)
herein. Their Figure 6 shows /(z) ~ 0.4z in the lower half of the canopy (with estimates
at 20 and 40 cm, which are apparently below the lowest anemometer (50 cm) and whose
origin is therefore hard to understand). Maximum values of / occurred in mid-canopy,
with reduced values near the top of the canopy, which are more consistent with / ~ 0.4
(z-d), where d is the displacement height measured from the wind profile above the crop.
However, note that the information here arises from the mean wind profily alone.
Bearing in mind the small speeds and stresses measured deep in the Elora canopy, one
cannot expect this procedure to be very accurate.

The split-film anemometer data recorded on magnetic tape enabled calculation of an
Eulerian time scale in and above the corn canopy. The recorded data were reproduced
and autocovariance functions computed for the u, v, and w components using the
techniques described by Silverside (1972). Prior to the calculation of the autocovariance
functions, the data were digitally filtered into three overlapping bands whose combined
frequency range was 0.003 Hz to 20 Hz. Three autocovariance functions were computed
for each orthogonal component, one for each frequency band. Each was defined for 50
lags, the lags being 10.0, 0.5, 0.025 s duration for the low, medium and high frequency
bands, respectively.

For 14 different periods ranging in length from 1 to 4 hr, estimates of the Eulerian
time scales for the ¥ and w components were calculated from the integral of the
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autocovariance function using

8
1
r,=——— J R, (H)dt
R,.(0)
where 0
I, = Eulerian time scale of u or w component.

R, (f) = autocovariance at lag ¢.*
B = smallest time at which R _(r) becomes negative.

A summary of the autocovariance integrals and time scales for each of the selected
14 periods is given in Table IV.

The time scale for any particular run is a function of the mean speed at that height
since the length scale at each height remains constant (in principle). Therefore, for
graphical presentation of time-scale data obtained from different runs and different
days, the data had to be normalized to an ‘average’ day. This was done using the
relationship:

r,=r,2%

EB 70
where

I’ = normalized time scale of the vertical turbulence

w

700
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5004
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HEIGHT (cm)
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2004

100

0 0 0.25 0'5 0.75 10
TIME (sec)

Fig. 16. Profile of Eulerian timescale I',. Each point represents one run. The dashed line is the top of the
canopy.

* R henceforth denotes the autocovariance function rather than the dimensionless autocorrelation function.
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I',, = the observed time scale of the vertical turbulence
U340 = the mean wind speed at 370 cm over the period when I',, was calculated
i35, = the average wind speed at 370 cm over all runs and all days.

A profile of the normalized time scale, I';,, is shown in Figure 16. The value of u#,,
for the ‘average’ day was 291 cm s™'. As shown in the figure, the time scale had a
minimum at the top of the canopy, although without the single measurement at 75 cm,
this would be in doubt. However, the concept of high-velocity low-persistence motion
in the dense upper canopy (where most of the momentum is absorbed) and low-velocity
longer-persistence wafting in the more open lower canopy seems plausible.

Two length scales were formed from I,

L, =T,

Figure 17 shows the height dependence of these length scales. Although there is
insufficient data to be conclusive, it appears that

L, ~0.1z
L,~0.5(z- 75 cm).

700

600
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400+

HEIGHT (cm)

300

200

T

0
0 50 %0 150 200 250 300
LENGTH (cm)

Fig. 17. Profiles of Eulerian length scales L, (©) and L,([]). Each point represents one run. The dashed
line is the top of the canopy.
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Seginer et al. (1976) measured (directly) the Prandtl mixing-length / and the Eulerian
length scales L, , = T, . ,u within and above an array of cylindrical rods in a wind
tunnel. While the 3 Eulerian length scales all increased with height in the canopy, / was
approximately constant (except very near ground), the latter being consistent with their
measurement of an exponential wind profile which did not show the reversal of
curvature near canopy top often seen in corn canopy wind profiles. This finding
highlights the large difference in magnitude between very different types of length scales.
Although still well-defined, these length-scales are harder to interpret in a canopy where
both the constituent velocity and times scales vary, than in the atmospheric layer well
above the canopy, in which the velocity scale is approximately constant and the
interpretation of ¢,I" or ul" as a characteristic eddy size seems quite reasonable.

At this time it is not possible to generalise with any certainty as to the behaviour of
L,,, L, with height in a crop canopy. A great deal of effort is involved in a single
measurement of L,,, L,, and it is likely to be a long time before definitive profiles have
been obtained for a variety of types of canopy. However, it should be stressed that it
is worthwhile to know these statistics; for example, they are prerequisities to successful
simulation of disease spore or pollen trajectories in a crop.

4.2. SPECTRAL CHARACTERISTICS

Power spectra of the u, v and w velocity components were computed for 7 different
periods ranging in length from 1 to 4 hr with one set of spectra computed at each of 7
levels. The data were sampled at 160 Hz and the spectra computed in 3 overlapping
bands ranging in frequency from 0.001 to 20 Hz. The individual spectra were non-
dimensionalized and spectra from each height compared.

A non-dimensional frequency f was defined by f = 2nnz/u where
n = the observed frequency
z = the instrument height
u = the mean wind speed at height z.

As discussed by Silversides ez al. (1974), this non-dimensionalizing scheme assumes
that the length scale of the turbulence is a linear function of height and that the
length-scale goes to zero at the surface. Based on the information in Figure 17, the length
L, appears to meet this criterion. A second assumption is that Taylor’s hypothesis can
be applied in order to convert measurements from the time domain to the space domain.
The frozen-turbulence approximation is probably inaccurate in the highly turbulent
regions of the lower canopy.

A non-dimensional spectral density S(f) was defined by

s( - D
oz
where
G ,(f) = the observed spectral density
o =, v,0rw

6> = the variance of u, v, or w at height z and for f below 20 Hz.
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No corrections were made for stability.

Figure 18a, b, c presents the non-dimensionalized power spectra of the u, v, and w
components respectively for data from 4 different heights above the canopy. The heights
are indicated in the figures. All spectra have —5/3 regions spanning at least 2 decades
of frequency. The upper level « and v spectra (370 and 655 cm) have slightly smaller
values at higher frequencies than those from the lower 2 levels. This is because the
spectra were normalized by the total variance. The upper levels have significantly more
variance at the extremely low frequencies (f < 0.005) and therefore the non-dimension-
alized variance at the higher frequencies is reduced. The w spectra match well at all
frequencies.

Kaimal er al. (1972) gave empirical formulae (their equations 21) which summarise
the velocity spectra measured in the Kansas surface-layer experiments. On each of
Figures 18a, b, c, several spectral-density values from the Kansas formulae are plotted
(assuming ¢, = 2.30u., 6, = 1.7u., and ¢,, = 1.25u.). The above-canopy Elora spectra
of u and w in particular differ negligibly from the neutral Kansas spectra.

The power spectra of the u, v, and w components observed at various depths within
the canopy are presented in Figure 19a, b, ¢, respectively. As with the observations
above the canopy, there is an extensive —5/3 region spanning at least 2 decades of
frequency at all depths within the canopy. The w-spectra from different heights match
acceptably-well using the present scaling scheme, in contrast to the findings of Shaw
et al. (1974a). Some improvement in the normalisation of the u- and v-spectra could be
obtained by writing the non-dimensionalising length scale as z-z,, where z, is an
arbitrary displacement length. In view of the uncertainty in our knowledge and
interpretation of canopy length scales, such a procedure would at this stage be pointless.

5. Conclusion

The vertical profiles of horizontal windspeed s(z) and #(z), the standard deviations ¢,(z),
0,(2), 6,(2), and the momentum flux 7(z) may be normalised by their canopy-top values
to obtain profiles whose shape varies little from day to day, implying that stability effects
were not very important within the canopy during the periods when the measurements
were obtained. The flow within the canopy may therefore be characterised by a single
windspeed, for example the canopy-top cup windspeed s,,. However it must be pointed
out that these measurements have necessarily been made on days sufficiently windy for
the split-film anemometers to operate satisfactorily, and it is suspected that the canopy
flow statistics would be very different under calm conditions with high net radiation.
The shape of the profile of normalised sensible heat flux changes very significantly
from day to day; of the variables measured, the sensible heat flux most closely paralleled
the value of the net radiation at the top of the canopy. The assumption of a constant
drag coefficient leads to a slightly shallower predicted penetration of the momentum flux
into the canopy than was observed, implying that the drag coefficient decreases with
increasing height. The mean canopy drag coefficient was found to be 0.17.
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The estimated vertical profile of the Eulerian time scale of the turbulence for an
average day shows a local minimum in the timescale at the top of the canopy. The length
scale formed as the product of observed timescale and root-mean-square vertical
velocity appears to fit the expression L,, ~ 0.1z, while the length scale formed using the
horizontal windspeed is given approximately by 0.5 (z — 75 cm).

All power spectra presented for each of the three velocity components had extensive
-5/3 regions spanning at least 2 decades of frequency. The span of the - 5/3 region
appeared to increase with increasing height above the soil surface. In the lowest regions
of the canopy, the nondimensionalizing parameter z/u was adequate for the w spectra
but not for the » and v data.
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