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Abstract—A model forest canopy is designed to simulate meteorological characteristics of a
typical live forest. Velocity and gaseous plume behavior are measured. Flow properties are
compared with recent field measurements. Ground penetration in the initial fetch region resulted
in strikingly different streamline motion when compared to wind motions within the equilibrium
regions. Measured values of the vertical eddy diffusion coefficient are shown to predict plume
behavior in the equilibrium region if a correction is included for the ratio K,/K.>1.0.

Ventilation of an eclevated line source into the canopy region is compared with a simple
one-dimensional model.

INTRODUCTION

WiIND movement within a forest stand and within its boundary region dominates the
exchange processes occurring within the vegetative canopy. The structure of the timber
stand interacts with prevailing winds to determine the rate of fire spread, snow pack,
soil erosion, dispersal of seed for forest regeneration, blow down, and carbon dioxide
and water vapor exchange during plant metabolism.

Agricultural meteorologists, atmospheric scientists, and hydrologists are interested
in information about the evaporation and exchange processes occurring within these
vegetative canopies. Such information facilitates calculating the efficiency of water,
energy, and CO, transport in plant metabolism and the penetration of foreign ad-
ditives into or their escape out of the bulk of a canopy. As early as 1937 experimenters
measured velocity, temperature, evaporation rate, and energy balance within and
above such canopies (PENMAN and LoNG, 1960; INOUE, 1963; UcHuima and WRIGHT,
1964; Lemon, 1962). These measurements, however, have provided only a rough
sketch of the final picture of a highly complex, turbulent flow field within vegetation.

In the past, measurements of diffusion from point or line sources in forest con-
figurations were limited to measurements of an instantaneous line source by Bendix
over a tropical rain forest (BAYNTON, 1963), of point and line source distributions
over a deciduous forest by Litton Systems (ToURIN and SHEN, 1966), of instantaneous
point sources in a tropical deciduous forest by MELPAR (ALLISON et al., 1968), and
of rates of particulate dispersion in a forest canopy at Brookhaven (RAYNOR, 1967,
1969). These measurements are extensive and well documented. However, they must
be normalized to some simplified geometry in order to determine universal character-
istics and governing parameters of a vegetative penetration by a diffusing plume.

Since field measurements are not easy to obtain because of prohibitive costs of
providing a perfect measuring station and the difficulty of obtaining cooperative
weather, a laboratory program for modeling flow in and above plant covers was
initiated at the Fluid Dynamics and Diffusion Laboratory at Colorado State Uni-
versity. [For previous results see PLATE and QuarisHI (1965), MERONEY and CERMAK
(1967), and MErONEY (1968).]
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598 R. N. MERONEY

The purpose of this paper, then, is to discuss some measurements of diffusion from a
continuous point source, rather than from an instantaneous point source, in and
above a model forest canopy. The results include: :

(2) a description of the diffusion process in and above the simulated canopy;

(b) a description of vertical dispersion of tracer materials;

(c) a determination of the effect of the initial fetch of the forest canopy on tracer
dispersion, and

(d) a determination of the vertical distribution of the eddy diffusion coefficients in
and above the modeled canopy.

MODELING OF A FOREST CANOPY

The wind tunnel, traditionally a research tool of the aerodynamicist, also has been
used frequently by the forest meteorologist in an effort to understand the climate in a
forest as it is generated by the presence of permeable, random shaped, elastic, objects,
i.e., trees. Researchers have modeled forest behavior using tree boughs, cotton balls,
wooden pegs, plastic strips, and even wire mesh (HIRATA, 1953; Iizuka, 1956;
MALINA, 1941; WOODRUFF and ZINGG, 1952). Obviously, complete modeling of the
complex geometry and structural characteristics of a live tree is not practical. How-
ever, a recent comparison of velocity, turbulence, and diffusion measurements in
model and prototype canopies indicates simulation of dimensionless drag and wake
characteristics of the individual canopy elements are sufficient to study general
phenomena (MERONEY, 1968).

Model trees chosen after this simulation are specified to have an average height of
18 cm, a stem height of 5 cm, and crown diameter of 7 cm. Thus, the model tree has a
drag coefficient of 0-72 over the velocity range studied and a lateral wake growth
similar to that measured for live trees.

EXPERIMENTAL EQUIPMENT AND PROCEDURES

The experimental data were obtained in the low speed Army Meteorological Wind
Tunnel at Colorado State University (CSU) (PLATE and CERMAK, 1963). This tunnel
was specifically designed to study fluid phenomena of the atmosphere. The tunnel has a
2 m square by 26 m long test section with an adjustable ceiling to provide a zero
pressure gradient over the forest canopy. The model trees were inserted into holes in
aluminum plate sections which extended the width of the tunnel and 11 m down-
stream from the tunnel midsection. The elements were randomly positioned with
approximately one tree per 36 cm?. From above, the arrangement gave the same visual
appearance as a moderately dense coniferous forest. The density of this modeled
coniferous forest was equivalent to a stand density index as calculated by REINKE
(1933) of 250 for a forest with an average tree height of 40 ft and a diameter at breast
height of 10 in. (F1G. 1), (FIG. 2).

The flow field of this model was studied by mapping the diffusion plume of a con-
tinuous point source. Helium gas was used as one tracer for the diffusion experiment.
The gas was released continuously at a constant rate from a 2 mm nozzle located in
and above the canopy. The plume was sampled by a 2 mm diameter probe positioned
by a traversing device. Samples were drawn into the probe at a constant rate and
passed over a standard leak into a mass spectrometer (Model MS12AB of the Vacuum-
Electronics Corporation). The output of the mass spectrometer was an electrical
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F1G. 1. Wind tunnel arrangement.

voltage proportional to the concentration. The mass spectrometer was calibrated
periodically by a set of premixed gases of research grade (FiG. 3).

To investigate the buoyancy character of the helium tracer additional measurements
were obtained using a mixture of Kr-85 and air as another tracer. The flow rate of
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Kr-85 mixture was controlled by a pressure regulator at the bottle outlet and mon-
itored by a Fisher and Porter flowmeter. Source concentration was 64 pCi cm™3
of Kr-85, a beta emitter (half life—10.3 years).

A sampling rake of eight probes was built from 2 mm dia. hypodermic tubing
and was mounted on a traversing carriage. The horizontal and vertical position of this
carriage was controlled remotely from outside the tunnel. Concentrations were meas-
ured at ground levels at various scaled distances from 200 to 400 ft downwind and at
vertical elevations centered on plume maximum concentrations. Samples were aspirated
at a constant rate of 500 cm® min~?! into eight TGC-308 Tracerlab Geiger-Mueller
side wall cylindrical counters. Samples were flushed through the counting tubes for
atleast2min. Valve A in FI1G. 4b was closed, and each sample was subsequently counted
for 1 min on Nuclear Chicago Ultra-scaler Model 192A. All samples counted were
adjusted for background radiation (see FiGs. 4a and 4b),

EXPERIMENTAL RESULTS

All measurements were taken at a free stream velocity of 6 m sec™*. The ceiling of
the test section was adjusted for zero pressure gradient and the upstream velocity
profile was measured and found to be logarithmic. The temperature condition was
constant, hence neutral stability existed.

a. Typical velocity profile results

A sequence of vertical profiles of mean velocity measurements were made along
the tunnel centerline both in and above the forest canopy. The transformation of the
wind profiles in the vertical direction are shown in FiG. 5. Jetting of the wind flow
beneath the canopy is observed for at least the first 3 m (or 15 canopy heights);
subsequently, the wind profile reaches equilibrium at about 4 m (or 20 canopy heights).
Finally, accelerations of the wind are observed during the last 2 m of the canopy as the
wind adjusts to the smooth surface downwind. The extent of the entrance region
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agrees with previous measurements by MERONEY and CERMAK (1967), and PLATE and
QuarisHI (1965), but is greater than that tentatively suggested by REIFSNYDER (1955),
whose measurements were for an extremely short forest fetch. The shape of the equili-
brium velocity profile agrees qualitatively with prototype measurements for mod-
erately dense conifer forests (COOPER, 1965 ; DENMEAD, 1964 ; Fons, 1940; POPPENDIEK,
1949; REIFSNYDER, 1955; TIREN, 1927; ToURIN and SHEN, 1966).

Seasonal wind profile changes can be compared with various model elements. In
the winter the Minnesota deciduous forest of TouriN and SHEN (1966), compares
favorably quantitatively with a fairly dense peg arrangement by MERONEY and KAWAT-
ANI (1968), (F1G. 6), whereas, the plastic tree canopy simulates summer measurements
made by ALLEN (1968), SHINN (1968) and ToURIN and SHEN (1966), (FiG. 7).

The profiles above the canopy are logarithmic and can be plotted to follow the
displacement law ufu* = k~'In[(y—d)/zo] as shown by PLATE and QUARIsHI (1965).
However, it should be noted that the popular regression technique first suggested by
Lettau to solve for u*, d, and z, could not be used unless it was modified (ROBINSON,
1961). This program (a version of which is known as the “Three Bears” program)
unfortunately assumes u*, d, and z, are independent; as a result, some investigators
have obtained the physically suspect result that & is negative (KuNgG, 1961). In our
computations 4 was assumed equal to the canopy height; thus z, ~ 2.2 cm, and u* ~
1.4 m sec™*. In addition, measurements over the peg canopy suggested that the velocity
profiles may be dominated by the canopy top wake until z ~ 2.5 to 3 k; hence, it
would appear that forest micro-meteorologists should not attempt a log-law analysis
unless they utilize fairly tall towers. Moreover, recent analysis of data for above
canopy flows suggests that the friction velocity and roughness length are not local
quantities but vary with height in the leading edge region; perhaps because the as-
sumption of a constant shear stress region is invalid (SADEH et al. 1969).

Turbulence and drag measurements for the model forest discussed herein have been
previously presented by MERONEY (1968).

b. Diffusion plume results

Plumes were released at the model forest entrance from locations near the ground,
at half canopy height, and at the top of the canopy. Releases were also made in the
equilibrium wind profile region downstream.

FiGUREs 8 and 9 display the typical plume exhalation by the forest near the entrance
and the subsequent re-inhalation further downstream. A similar behavior has been
noticed for releases of gas over a model crop canopy simulated with dowel pegs
(MERONEY and CERMAK, 1967 ; MERONEY ef al. 1968; Yano, 1967). This phenomena is
a result of vertical motions near the front of the forest canopy previously reported by
Tizuka (1952). The subsequent rapid penetration further downstream may be due to
the intense shear and mixing near the canopy top over the initial fetch region.

Plume releases within the forest near the ground were characterized by wide
meandering and large lateral dispersal. Such erratic behavior, including plume bi-
furcation, occurs frequently during forest diffusion experiments (ALLISON et al. 1968;
SHINN, 1969; GEIGER, 1950).

FiGures 10 and 11 present typical vertical-isoconcentration sections through con-
tinuous point source plumes released at various heights above the ground (i.e., 0 and



Wind Tunnel Studies of the Air Flow and Gaseous Plume Diffusion of a Model Forest

Z/h

401~
X Tourin; Deciduous forest (winter)
e [27x|27cm (diag), (x=2-8m andI0-3m)
35} 8 2-34x254cmisq), (x =BSm and 9-5m)
& 2:54x254cmldiag),(x =9m and 10 m)
0 508«5C8cmisq),(x=Smand I1Om)
30—
oaa * emEm
2-51—
201
5=
O
OS5
o]

u/u,

Fi1c. 6. Comparisons with winter forests.

o

Tourin; Deciduous forest {summer I966)

12¥x1-27em (Diag), ( x=%3m, 103m)
35—

+*

Plastic model frees (18 em high, Scm
trunk space)

Japanese larch { Aew |, 1988)

Wisconsin deciduous forest
(SHiNN , 1969)

&

30~

u]

1 ! | 1 [ i

o4 o8 12 16 20 24
u/u,

FiG. 7. Comparisons with summer forests.

603



604 R. N. MERONEY

Diffusion in the plastic tree canopy
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h) where the flow field appears fully established (i.e., x/A = 33). For the elevated
releases the sequence of stages of the concentration gradient observed on penetration
of the plume downstream are similar to those observed by FLEMMING (1967) during
elevated line source releases over a deciduous forest. Initially, there is a gradient
downward followed by a gradient in concentration upward even further downstream.

It should be noted that the diffusing cloud tilts forward near the tree top due to
wind shear and that a rapid forward movement results from the relatively high wind
speed at the tree tops. Rapid vertical growth of the plume for ground source releases
is another feature also duplicated by ground based bomblet measurements.

It has been generally observed for continuous plume releases that the maximum
concentration at ground level decreases at a rate proportional to a power function of
the longitudinal downstream distance, x™. For a plume dispersing in or above a
vegetative canopy, the rate of dispersal also appears to be a function of the distance
from the release position, (x — x,)™, (see F1G. 12). The rate of dispersion, however,
is much larger than for plumes dispersing over a smooth surface (MALHOLTRA and
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Diffusion in the plastic tree canopy (Kr—85)

CErRMAK, 1964), ie. Meanopy plastic — —4.8, Mpeg canopy — —2.5, Msmooth surface = —1.3.
Examination of bomblet releases in a deciduous forest produced values of m = —7.0
for a typical near-neutral summer release and m =~ —3.0 for a winter release.

When the flow above and below the canopy ceiling is treated as separate flow
regimes, similarity conditions appear to exist when the appropriate characteristic
length parameters are chosen. If the character of the concentration profile is ex-
amined above the canopy top one finds that similarity may be obtained over long fetch
distances by displaying C/Cy vs. (z — h)/(A — k) where h = canopy height, and A =
characteristic height of plume when C = } C; (FiG. 13). Data is compared to an
analytic expression that also summarizes the character of plume releases over smooth
surfaces. The characteristic height, A should of course be a function of turbulence and
fetch.

¢. Eddy diffusion coefficient

The concept of a macroscopic equation of turbulent dispersion of some property C
results generally in the equation

aCc d g aC
o w0 = o (Kxi g) 1
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where K, is the coefficient of turbulent diffusion. The coefficient K, incorporates
within itself the complexities of the actual transport process. Hence, most analytical
studies of fluid mechanics require some theoretical or empirical expression for the
variation of K, with other parameters. Several scientists have studied the nature of
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K., for plant communities, but further studies are still needed (PENMAN and LoNG,
1960; INOUE, 1963 ; YANO, 1966; SaiTO, 1964).

The eddy diffusion coefficient for transport of the injected gas in the model canopy
has been determined utilizing concentration and velocity profiles and a finite dif-
ference interpretation of equation (1). In order to simplify the discretion analysis, the
concentration data were converted to line source data by lateral integration. Two
computational methods were used to calculate K,(z). In one, equation (1) was solved
directly in finite difference form for K.(z) such that:

dC K.(z—2Az) — 4K, (z — Az) 8C
u— 4+ i

dx 2Az dz
k) = 7°C 3 14C @
7 "Ik
where
ac oc, . &°C

ox’ 9z P 8z%

are replaced by their finite difference approximations. In the other method, equation
(1) was integrated once into z to eliminate the second derivative term such that

* aC

" ox

K.(2) = °_( 3 C)
32 2

These methods gave essentially identical results in and above the forest canopy. Cal-
culations were performed on a CDC 6400 computer at Colorado State University
using input data taken from lines faired through the ground source concentration
measurements at x; = 6 m and from vertical velocities calculated from the slope of
streamlines.

The resulting profiles in K(z) are displayed in FiG. 14. Three distinct regions of
variation of K are noticeable. Immediately adjacent to the wall is a zone where K
increases exponentially. In the area from 4 to 12 cm, K remains essentially constant
and K becomes proportional to (z — d) where d is a displacement height. Similar
behavior has been observed for prototype canopies. Finally, these K profiles may also
be described as qualitatively similar to the peg data.

A number of authors have suggested that K should remain constant in vegetative
cover, others have suggested that K should vary linearly (e.g., INOUE, 1963; UcCHUIMA
and WrIGHT, 1964). It should be noted that for the case of the model peg canopy, both
conditions of X exist, although in different regions. FIGURE 15 compares the distribu-
tion of the modeled K within the canopy with typical results of the distribution of X
for a pine forest as measured by DENMEAD, 1964.

The experimental data mesh used to obtain the estimates of K,(z) was fairly coarse,
hence, to verify the results it was decided to recompute the concentration distributions
numerically for the elevated release conditions for a continuous point source situation.

dz
©)
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Equation (1) was solved by means of an alternating-direction-implicit technique des-
cribed by PEACEMAN and RAcHFORD (1955). Initially it was assumed K, = K,(z).

FIGURE 16 compares the ground concentrations as measured and as calculated
when initial plume concentrations at x = 25 cm were substituted into the calculation
procedure. If a value of the ratio K,/K, = 2.0 or 4.0 is assumed, one obtains a some-
what better comparison as shown from the same figure. The value of X, is normally
expected to exceed K, especially in the near ground region. Faster lateral dispersion at
ground level has also been observed for model peg canopies (MERONEY and CERMAK,
1967).

4 z,=270cm %, =60m
© z;=Ocm X =60m
¢+ 2,=100em % =6:0m

=— Numerical solution K,/K,=1-0
—== Numerical solution K,/ K, =2-0
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100 100

FiG. 16. Analytical check on ground concentration variation.

FIGURE 17 displays the effect of the assumption K,/K, > 1 on the cross-section iso-
concentration lines as seen for an elevated and ground release in the plastic tree canopy.

d. Forest penetration model

Despite the existence of sets of diffusion data in various vegetative canopy con-
figurations, the understanding of the physical dispersion of gases in forests is very
simple-minded. Most experimentalists have tried to fit their results to regression
equations; for example BAYNTON (1963) suggests

B
(Dosage)grouna = [A £ mc-r-n—u-:-am*] 9 (Dosage)apove -

canopy

where U is the velocity, AT is the temperature difference above and below canopy, and
o, is the standard deviation of wind direction above forest. As Baynton notes, such a
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611

formula applies specifically to the forest where the data were collected. In addition to
modifications of simple Gaussian plume models (TOURIN and SHEN, 1969; ALLISON ef
al. 1968), one may also appeal to a simple-minded, one-dimensional model for
canopy penetration first suggested by CALDER (1961).
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The concentrations beneath the canopy ceiling resulting from an elevated contin-
uous release line source can be estimated by,

S s S
Cbeluw (.X) = (') exp (_ = ) fexp (_ }’) Cabove (,V) d}'
canopy u u g u canopy

where s = penetration coefficient and # = below canopy wind speed. The measure-
ments above the canopy have been fitted to the formula suggested by BOSANQUET
and PearsoN (1936).

A
Cabove (x) = ; CxXp (_ -Bl(x)

canopy

and the predicted below canopy concentrations compared with experimental data in
FiG. 18. Obviously the Bosanquet formula is somewhat inadequate; however, it is
apparent fair comparison is obtained for a model penetration coefficient of 0-75 sec™1.
This is comparable to a prototype exchange rate of ~0.45 min~!, since the time scale
for the model may be interpreted as 100 times less than in the field.

CONCLUSIONS

The general character of flow in and above vegetative canopies may be satisfactorily
simulated in the meteorological wind tunnel. In addition, new data derived for this
experimentation suggest that even the micro-structure transport phenomena behave
in a manner similar to that of the prototype. Therefore, it is possible to conclude that:

(1) The basic trends of the dynamic and kinematic behavior of a complex vegetative
cover may be simulated by simple porous geometry in a wind tunnel.

(2) The initial fetch of the peg canopy affects tracer dispersion of a continuous
point source in a unique manner. That is vertical convective motions exhale the gases
released at the beginning of the canopy, and subsequently, the canopy appears to
re-inhale the products farther downstream.

(3) The concentration profile above the canopy displays the features of a plume
released over a flat plate but displaced by a height 4.

(4) The eddy diffusion coefficient varies linearly as (z — d) above a vegetative cover
and has a growth rate nearly proportional to ku*.

(5) The eddy diffusion coefficient, K, within the artificial vegetative cover, appears
to develop into three regions—initially K, grows exponentially, next it remains con-
stant, and, finally, K, grows at a linear rate.

(6) The experimental law for attenuation of boundary concentration was obtained
as x~*-® for gas source releases far from the canopy inception. (Rates of dispersion
are somewhat larger near the edge of the vegetative cover.)

(7) The lateral eddy diffusion coefficient, K, appears to be ~2 times larger than the
vertical transport rate as an approximation. However, it is expected that X, # 0 at
ground level.

(8) Considering the similarity of plume behavior, when considered separately above
and below the top of the canopy, it would appear that models directed to treat the
physics of these two layers separately are justified.

Acknowledgements—The author gratefully acknowledges support for this work under DoD Contract
DAABO7-68-C-0423.



Wind Tunnel Studies of the Air Flow and Gaseous Plume Diffusion of 2 Model Forest 613

REFERENCES

ArLeN L. H. (1968) Turbulence and wind spectra within a Japanese Larch plantation. J. appl. Meteorol.
7, 73-78.

Arvrison J. K., HERRINGTON L. P. and Norton J. P. (1968) Diffusion below and through a dense, high
canopy. Paper PRC 68-3, Melpar, Inc., Arlington, Virginia. (Paper presented at Conference on
Fire and Forest Meteorology of the American Meteorological Society and the Society of
American Foresters, March 1968).

BaynTton H. W, (1963) The penetration and diffusion of a fine aerosol in a tropical rain forest.
Ph.D. Thesis. University of Michigan, Ann Arbor.

Bosanquer C. H. and Pearson J. L. (1936) The spread of smoke and gases from chimneys. Trans.
Farad. Soe. 32, 1249-1263.

CaLDER K. (1961) A simple mathematical model for the penetration of forest canopy by aerosols.
U.S. Army Chemical Corps, Biological Laboratory Technical Study 37, Fort Detrick, AD 262228.

Coorer R. W, (1965) Wind movement in pine stands. Georgia Forest Res. Paper No. 33, Georgia
Forest Res. Council.

Denmeap O. T. (1964) Evaporation sources and apparent diffusivities in a forest canopy. Appl.
Meteorol. 3, 383-389.

Fons W. L. (1940) Influence of forest cover on wind velocity. J. Forestry, 38, 481-486.

FLEMMING G. (1967). Concerning the effect of terrain configuration on smoke dispersal. Atmospheric
Environment, 1, 239-252.

GEIGER R. (1950) The Climate Near the Ground. Harvard University Press, Cambridge.

HimraTa T. (1953) Fundamental studies on the formation of cutting series on the center pressure, the
drag coefficient of a tree and one effect of shelter belts. Bull. Tokyo Univ. Forestry, No. 45, 61-87.

Iizuka H. (1952) On the width of a windbreak. Bull. Forestry Exp. Sta., Meguro, Tokyo, 56, 1-218.

Irzuka H. (1956) On the width of windbreak. Proc. Int. Union Forest Res. Organ., 12th Congress,
Oxford, Section II, IUFRO, 1-4.

INoue E. (1963) On the turbulent structure of airflow within crop canopies. J. Met. Soc. Japan,
Series I, 41, No. 6.

Kung E. (1961) Derivation of z, from wind profile data above tall vegetation. Annual Report DA-36-
039-SC-80282, U.S. Army Electronics Command, Ft. Huachuca, 27-36.

LemoN E. R. (1962) The energy budget at the earth’s surface. Part 11, Production Research Report No. 2,
Agricultural Research Service, U.S. Dept. of Agriculture, p. 49.

MaLHOTRA R. C. and CERMAK, J. E. (1964) Mass diffusion in neutral and unstably stratified boundary-
layer flows. Int. J. Heat Mass Trans. 7, 169-186.

Marmva F. V. (1941) Recent developments in the dynamics of wind-erosion, Trans. Am. Geophys.
Union. 279.

MEerONEY R. N. (1968) Characteristics of wind and turbulence in above model forests. J. appl.
Meteorol. 7, No. 5, 780-788.

MeroNEY R. N, and Kawatant T. (1968) The structure of a canopy flow field, Fluid Dynamics and
Diffusion Laboratory, Tech. Rept. CER67-68TK 66, Colorado State University, Fort Collins.

MERONEY R. N., Kesic D. and YAMADA T. (1968) Gaseous plume diffusion within model peg canopies,
Fluid Dynamics and Diffusion Laboratory Tech. Rept. CER68-69RNM-DK-TY3, Colorado
State University, Fort Collins.

MeronNEY R. N. and Cermak J. E. (1967) Characteristics of diffusion within model canopies. Paper
presented at Symposium on the Theory and Measurement of Atmospheric Turbulence and Diffu-
sion in the Planetary Boundary Layer, Albuquerque.

PeacemMaN D. W. and Racurorp H. H. (1955) The numerical solution of parabolic and elliptic
differential equations. J. Soc. Indust. appl. Math., 3, 28-41.

PENMAN H. L. and Long 1. F. 1960: Weather in wheat. Quart. J. Roy. Meteorol. Soc. 86, 16-50.

Prate E. J. and Cermak J. E. (1963) Micro-meteorological wind tunnel facility: Description and
characteristics. Fluid Dynamics and Diffusion Laboratory, Tech. Rept. CER63EJP-JECY, Colorado
State University.

PLATE E. J. and QuarisHI A. A. (1965) Making of velocity distributions inside and above tall crops.
J. Appl. Meteorol. 4, 400-408.

PorpenpIEK H. F. (1949) Investigation of velocity and temperature profiles in air layers within and
above trees and brush, Tech. Rept. Contract N6-ONT-275, Task Order VI, NR-082-036, Dept.
of Engineering, University of California, Los Angeles.

Raynor G. 8. (1969) Forest micro-meteorology studies at Brookhaven National Laboratories. Fourth
Annual George H. Hudson Symposium, State University College of Arts and Science, Platts-
burgh, New York, March 26-28, 1969.

Raynor G. S. (1967) Effects of a forest on particulate dispersion. USAEC Meteorological Information
Meeting, Chalk River, Canada.

AE, 4/6—B



614 R. N. MERONEY

REemrsNYDER W. E. (1955) Wind profiles in a small isolated forest stand. Forest Sci., 1, 289-297.

Remnke L. H. (1933) Perfecting a stand-density index for even aged forests. J. Agr. Res., 46, 622-628.

RopmsoN S. M. (1961) A method for machine computation of wind profile parameters, and Studies
of the three dimensional structure of the planetary boundary layer. Annual Report DA-36-039-
80282, U.S. Army Electronics Command, Ft. Huachuca, 63-70.

SApEH W. Z., CerMAK J. E. and KawaTani T. (1969) Flow ficld within and above a forest canopy.
Technical Report CER69-TO0WZS-JEC-TKS6, Fluid Dynamics and Diffusion Laboratory, Colo-
rado State University, July.

Sairo T. (1964) On the wind profiles in plant communities. Bull. Nat. Inst. Agric. Sci. (Japan), Series
A, No. 11.

SHINN J. (1968). Air flow in the tree trunk region of several forests. Paper presented at A.M.S.
Meeting, Utah State University, Logan, Utah, June 26-28, 1968.

TN Lars (1927) Einige interschungen ober die schaftform, Meddel. Stattens Skogsforsoksanstalt,
Hafte 24, No. 4, 81-152.

Tourin M. H. and SueEnN W. C. (1966) Deciduous forest diffusion study. Final Report to U.S. Army,
Dugway Proving Grounds, Contract DA42-007-AMC-48 (R).

UcaumMA Z. and WriGHT J. L. (1964) An experimental study of air flow in a corn plant-air layer. Bull.
Nat. Inst. Agric. Sci. (Japan), Series A, No. 11.

WoobrUFF N. P. and ZINGG A, W. (1952) Wind-tunnel studies of fundamental problems related to
windbreaks. U.S. Dept. Agriculture, Soil Conservation Service, Rept. SCS-TP-112.

WrigHT J. L. and Lemon E. R. (1961) Estimation of turbulent exchange within a corn crop canopy
at Ellis Hollow (Ithaca, N.Y.), Internal Report 62-7, State College of Agriculture, Cornell
University, 1962.

Yano Motoaxt (1966) Turbulent diffusion in a simulated vegetative cover. Fluid Dynamics and
Diffusion Laboratory Tech. Rept. CER66MY25, Colorado State University.



