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Abstract

In order to make recommendations to landowners with regard to the design and management of tree shelterbelts,
it is necessary to understand and predict the wind flow patterns associated with shelterbelt structure. A structural
description is a prerequisite for any prediction of wind flow. Optical porosity (percentage of open spaces on the
side view of a shelterbelt) has been used as a structural descriptor of a shelterbelt; however, it is a 2-dimensional
measure unable to fully represent the aerodynamic influence of a tree shelterbelt. Based on numerous studies
observing the wind fields associated with shelterbelt structure, the overall aerodynamic structure of a tree shel-
terbelt in three dimensions is defined by its external structural characteristics (length, height, width, and cross-
sectional shape) and by its internal structural components (amounts and arrangements of vegetative surface area
and volume, and geometric shape of individual vegetative elements). In order to associate the defined structure
with wind speed, turbulent stress, and pressure, it is characterized using two structural descriptors: the spatial
functions of vegetative surface area density (vegetative surface area per unit canopy volume) and cubic density
(vegetative volume per unit canopy volume). For field estimation, the two structural descriptors are expressed in
three dimensions using two working models in terms of 1- or 2- dimensional sub-functions capable of being
defined with field measurements. This paper discusses the rationale behind the definition, characterization, and
working models for the 3-dimensional aerodynamic structure of a tree shelterbelt.

Introduction

Shelterbelts or windbreaks are barriers used to reduce
wind speed and alter wind fields. As a result of the
changes in wind flow patterns, microclimate in the
protected zone is altered. The wind flow modification
of a particular shelterbelt is dependent on its struc-
ture (Heisler and DeWalle 1998). Different structural
designs provide different wind flow patterns, allow-
ing different landowner objectives to be met (Woo-
druff et al. 1963).

Most of these design considerations are met by
manipulating species selection, shelterbelt location,
and planting pattern (Cao et al. 1981a). When these
factors are changed, the amount and arrangement of
the vegetative elements within the shelterbelt are
changed. This, in turn, alters the path of the wind flow
through or around the barrier, resulting in variations
in the quantity and quality of protection provided by
the shelterbelt. Knowing how to manipulate shelter-
belt structure to meet specific objectives is one criti-
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cal requirement for helping landowners manage
shelterbelts (Brandle et al. 2000).

Shelterbelt structure is defined as the amount and
arrangement of plant elements and the open spaces
between these elements (Sturrock 1969; Zhang et al.
1995). Optical porosity (the percentage of open space
as seen perpendicularly to the shelterbelt side) and
optical density (the percentage of the solid portion)
of a shelterbelt are commonly used structural
descriptors for a shelterbelt (Loeffler et al. 1992).
When a barrier is a slat fence with no significant
width dimension, optical porosity provides an excel-
lent measure of structure and a reasonable approxi-
mation of the path of wind flow through the fence. In
this case, optical porosity has been used successfully
to predict the wind fields around a 2-dimensional
(2D) fence by its parameterization of the drag force
in the equations of motion (Wilson 1987).

In the case of a tree shelterbelt, two shelterbelts
with similar optical porosities may have very differ-
ent external characteristics and different internal veg-
etative surface areas and volumes. Furthermore, the
arrangement of plant elements or open spaces within
their canopies is likely to be different, which suggests
that they have different aerodynamic properties and
hence different flow patterns in the sheltered area. As
a better understanding of the turbulent flows through
a shelterbelt developed, limitations of optical poros-
ity as a structural descriptor for a tree shelterbelt be-
came apparent (Zhang et al. 1995). Moreover, the
simulation of 3-dimensional (3D) boundary-layer
flows around a shelterbelt is a topic where continued
research is required (Judd et al. 1996). Therefore, be-
ing able to define the aerodynamic structure of a tree
shelterbelt in three dimensions provides a better basis
for predicting wind flow associated with the overall
structure of a tree shelterbelt.

In this paper, we re-analyze data from papers relat-
ing shelterbelt structure to aerodynamic responses
and define the 3D aerodynamic structure of a tree
shelterbelt. Further, in order to be useful to research
and management communities, the structural descrip-
tors characterizing the defined structure must be de-
veloped and expressed in easily used models.

Data acquisition
The data presented in this paper were either directly

taken from previously published papers or indirectly
scaled from the figures in those papers using a digital

caliper with an accuracy of 0.01 mm. Optical porosi-
ties of shelterbelts were given in most of the original
papers. In other cases (Woodruff and Zingg 1952;
Jensen 1954; Woodruff et al. 1963; Surrock 1969,
1972), optical porosities were estimated from their
published photos using the cluster method in Multi-
Spec® image analysis software (Loeffler et al. 1992).
Parameters in the models used to describe the rela-
tionship between optical porosity of a shelterbelt and
its aerodynamic response were estimated using the
Marquardt method in the NLIN Procedure of SAS®.

Motivation for improving shelterbelt structural
description

Comparison of the data in Figures 1 to 3 illustrates
that shelterbelts with similar optical porosities have
very different aerodynamic influences as indicated by
conventional measures of shelter effectiveness. The
aerodynamic terms of these measures are minimum
relative wind speed (the ratio of leeward minimum
wind speed to open wind speed at the same height
(Figure 1)), average reduction of relative wind speed
(the ratio of leeward wind speed to open wind speed
at the same height) over 25 H (where H is barrier
height) in the lee (Figure 2), and 70% effectively pro-
tected distance (the leeward horizontal distance
within which the relative wind speed is less than 70%
(Figure 3)). Regression analyses did a fair job of as-
sessing average trends of these three aerodynamic
terms versus optical porosity. However, the percent-
ages of variance explained by regression in all three
cases were less than 52% due to the significant vari-
ability of each aerodynamic term at a given optical
porosity.

The data in Figures 1 to 3 were collected from 19
publications. In these publications, the instrumenta-
tion, measurement height, local surface condition, and
turbulence regime of the approaching flow were dif-
ferent. If not caused by these four factors, significant
variability of an aerodynamic term at a given optical
porosity in Figures 1 to 3 was caused by the inability
of optical porosity to sufficiently specify the shelter
effect of a barrier with significant width. We assumed
the instrumentation used by different studies met the
standard of accuracy of the time and should not cause
significant variability of measured wind flow. The
measurement height was not a factor contributing to
variability of the data in Figures 1 to 3, because the
three figures were all derived from the relative wind
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Figure 1. The relationship of optical porosity to minimum relative wind speed leeward of the barrier with a significant width dimension (H
is barrier height; z, measurement height; z,, the roughness length; and PVE, the percentage of variance explained by regression).
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Figure 2. The relationship of optical porosity to average reduction of relative wind speed over 25 H in the lee of the barrier with a significant
width dimension (H is barrier height; z, measurement height; z,, the roughness length; and PVE, the percentage of variance explained by

regression).
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Figure 3. The relationship of optical porosity to 70% effectively protected distance leeward of the barrier with a significant width dimension
(H is barrier height; z, measurement height; z,, the roughness length; and PVE, the percentage of variance explained by regression).

speed measured at low levels where the relative wind
speed is independent of height. The data points of
relative wind speed measured at the different heights
(below 0.6 H in a smooth wind tunnel (Figure 170 in
Jensen (1954)), below 0.4 H in a rough wind tunnel
(Figure 171 in Jensen (1954)), or below 0.56 H in the
field (Figure 4 in Heisler and DeWalle 1988)) all fell
on the same curve when plotted against horizontal
distance from a shelterbelt (see also Figure 5 in Bean
et al. 1975). The importance of the local surface con-
dition and the turbulence regime were recognized in
the modelling process (Judd et al. 1996); however,
few field studies provided these descriptions. There-
fore, the data in Figures 1 to 3 could not be scaled
and normalized to account for variations in the ter-
rain roughness or the turbulence regime, which may
add to variability in the figures. However, this vari-
ability should not be significant because most terrains
chosen for measurements of wind speed were flat
with minimum roughness, and most of these measure-
ments were made under neutral atmospheric stability.
Minimizing the potential influence of the four factors
to cause significant variability of an aerodynamic
term at given optical porosity in Figures 1 to 3, we
conclude that optical porosity as a 2D structural de-

scriptor is unable to sufficiently represent the aerody-
namic structure of a tree shelterbelt.

This limitation was recognized by earlier research-
ers and led to the introduction of various alternative
descriptors, including body of gaps (Sturrock 1969),
standing woody density (Cao et al. 1981a), aerody-
namic porosity (Loeffler et al. 1992), and 3D porosity
(Zhang et al. 1995). Unfortunately, these structural
descriptors were not widely accepted, perhaps be-
cause their aerodynamic implications were not well
addressed relative to the structural components of the
shelterbelt. Nevertheless, their introduction indicates
the need to define the aerodynamic structure of a tree
shelterbelt in three dimensions and to find more ac-
curate structural descriptors as substitutes for optical
porosity. These structural descriptors should be
defined on a basis of underlying aerodynamic influ-
ences of the structural components and should be ac-
curately related to the aerodynamic influence of a tree
shelterbelt.



Aerodynamic influence of the overall shelterbelt
structure

The overall structure of a tree shelterbelt in three di-
mensions is represented by its external structural
characteristics including length, height, width, cross-
sectional shape, and orientation and by its internal
structural components including vegetative surface
area and volume as well as the arrangement and geo-
metrical shapes of the vegetative elements.

Aerodynamic influence of the external structural
characteristics of a shelterbelt

Aerodynamic influence of shelterbelt length and
height

The length of a tree shelterbelt is set by its design.
The height, however, is dependent on tree species,
age, planting pattern, and site condition. Both length
and height determine the extent of the sheltered ar-
eas. The fields of wind speed as influenced by a shel-
terbelt are all described in one dimension (with height
or across width) or in two dimensions (height-width
domain). Ignoring the effects of the two shelterbelt
ends on a wind flow field, the descriptions assume
that the shelterbelt length is long enough and the pro-
portion of the sheltered area influenced by the two
shelterbelt ends is small and negligible so that the in-
fluence along length is uniform. However, this
assumption is not valid in the case of short barriers
commonly existing around farmsteads. To address the
variability in the wind field along length or in three
dimensions for any shelterbelt, the length of the shel-
terbelt needs to be specified.

Shelterbelt height is used universally as a scale
factor for wind fields, sometimes with the specifica-
tion of H/z, where z, is the roughness length of H/L
where L is the Monin-Obukhov length. This means
that the height of any shelterbelt is unity in the scaled
space, and that its scaled aerodynamic influence is in-
dependent of height with a given atmospheric stabil-
ity (H/L) of the approaching flow and surface
roughness (H/z,). This conditional independence of
shelterbelt aerodynamics on height is conventionally
accepted but has not been theoretically proven.

Tabler and Veal (1971) measured the vertical pro-
files of wind speed at three leeward locations: 2.5 H,
5 H, and 10 H from each of five fences with different
heights. They found that the relative wind speed re-
duction factor (1— fgl u(z)dz/féi ug(z)dz, where u(z)
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and u,(z) are wind speeds at height of z in the shel-
tered and unsheltered areas, respectively) in the iden-
tical locations behind the five fences was not
constant. However, it was a function of fence height.
In addition, the ratio of wind speed reduction factor
to fence height decreased with increasing fence height
(Figure 2 and Figure 4 in Tabler and Veal (1971)).
This observed evidence does not support the condi-
tional independence of shelterbelt aerodynamics on
height and suggests that shelterbelt height should be
included in defining the 3D aerodynamic structure.

Aerodynamic influence of shelterbelt orientation

The aerodynamic influence of a shelterbelt varies
with the incident angle of the approaching wind
(Schmidt et al. 1995). The aerodynamic influences of
shelterbelt orientation are addressed relative to the
direction of the approaching wind. Thus, shelterbelt
orientation alone does not have any aerodynamic im-
plication, which allows us to ignore the shelterbelt
orientation in defining the 3D aerodynamic structure.

Aerodynamic influence of shelterbelt width

The width of a tree shelterbelt is a function of its age,
species composition, number of rows, planting
patterns, and management. Takahashi (1978) and
Wang et al. (2001) studied the aecrodynamic influence
of the shelterbelts with different widths. Keeping the
element surface area and volume constant across the
width dimension, both studies arrived at nearly the
same conclusion that the aerodynamic influence of
width was insignificant. The tree shelterbelts with
different widths (different numbers of rows), but the
same age, species composition, spacing, planting pat-
tern, and management should have similar amounts of
vegetative surface area and volume in a unit canopy
volume, depending on genetic uniformity of species,
thus total vegetative surface area and volume within
their canopies are not constant, but increase with their
widths. Apparently, the conclusions from the two
studies apply primarily to the theoretical situation
rather than to a tree shelterbelt. Other studies have
shown that the turbulence fields influenced by barri-
ers with significant width were quite different from
those influenced by barriers without significant width
(Woodruff and Zingg 1952, 1953; Schwartz et al.
1995). Therefore, width of a tree shelterbelt must
have significant aerodynamic influence.
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A: Calculated using data from Woodruff and Zingg (1953)

Shapes  7,,(0.5) d,5(0.5) E,5(0.5) R14(0.5)
H H!

a 0.25 21.44 0.48 0.035

b 0.23 24.80 0.55 0.028

c 0.19 27.64 0.57 0.017

d 0.12 24.05 0.56 0.045

WIND

B: Calculated using data from Cao et al. (1981a)

Shapes 7,,(0.54) d7(0.54) E»5(0.54) R4(0.54)
H H!
a 0.63 3.31 0.19 0.022
b 0.48 5.41 0.21 0.037
c 0.49 6.89 0.22 0.035
d 0.16 6.80 0.43 0.046
e 0.57 4.48 0.18 0.026
WIND -/F
DIRECTION 185
a b
WIND > .
DIRECTION 1\
I\ES
c d e

Figure 4. The shelter effectiveness of the model shelterbelts with different cross-sectional shapes [7,,(z) is minimum relative wind speed in
the lee where z is measurement height in barrier height (H); d,y(z) or d;5(z), 70% or 75% effectively protected distance; E,s(z), average
reduction of relative wind speed over 25 H in the lee; and R, (z), recovery rate of the wind speed 10 H downwind of its minimum towards
equilibrium].



Aerodynamic influence of the cross-sectional shape
of a shelterbelt

The cross-sectional shape of a tree shelterbelt is the
external profile of its cross-section and is determined
by its width, height, and the geometry of its bound-
ary. Various shapes of tree shelterbelts are formed by
the planting patterns of trees and/or shrubs, by spe-
cies composition, or by removal or addition of trees
and/or shrubs. The aerodynamic influence of the
cross-sectional shape of a shelterbelt was recognized
by earlier shelterbelt ecologists. The shelterbelt with
a streamlining shape in its cross-section, which
appears as a pitched or gable roof with a wide sweep
in the eaves, has been frequently advocated. This is
often achieved by planting central rows with tall trees
and by flanking shorter trees and/or shrubs on either
side (Caborn 1960).

Woodruff and Zingg (1953) and Cao et al. (1981a)
investigated the aerodynamic influence of shelterbelts
with different cross-sectional shapes, but with equal
heights, lengths, and widths. Using their data, we cal-
culated shelter effectiveness shown in Figure 4A and
Figure 4B. These results show that shelterbelts with
different cross-sectional shapes have very different
aerodynamic influences on minimum relative wind
speed, 70% or 75% effectively protected distance,
average reduction of the relative wind speed over 25
H in the lee, and recovery rate of wind speed 10 H
downwind of its minimum towards equilibrium (the
ratio of an increment in the relative wind speed over
10 H downwind of its minimum to 10 H).

Aerodynamic influence of the internal structural
components of a shelterbelt

Aerodynamic influence of the vegetative surface
area within a shelterbelt canopy

Vegetative surfaces extract momentum from and ex-
ert a shear stress on the wind flow. Wilson and Shaw
(1977) asserted that the mean spatial derivative of
pressure fluctuations in a canopy was not zero as tra-
ditionally accepted, but that it was the pressure force
that constituted the major portion of the total drag
force of vegetation. They proposed that this drag
force was dependent on the vegetative surface area
density (S,p), defined as vegetative surface area per
unit canopy volume, and the velocity of air flow (u;,)
such that:
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Figure 5. Diagram of air flow into and out of a cube filled with
vegetative elements (arrows indicate the direction of air motion).

(9 !
LI CpSapil; (1)
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where overbar (7) denotes the spatial average; prime
("), the departure of a variable from its average; p,
pressure; x; (i = 1, 2 and 3), the coordinate in the ith
dimension; and C,, the surface drag coefficient.
Thereafter, vegetative surface area density was widely
accepted as a major aerodynamic structural descrip-
tor not only for homogenous canopies, but also for
linear shelterbelt canopies. It was used to parameter-
ize the drag force in the equations of motion for
simulating the turbulent flow around a shelterbelt
(Wang et al. 2001), in and over a homogenous canopy
(Lee 2000), and around a single tree (Gross 1987).

Aerodynamic influence of the vegetative volume
within a shelterbelt canopy

Divergence and convergence of air flow inside a
shelterbelt canopy are results of flow around solid
portions and through void spaces. Consider a given
cube within a tree canopy (Figure 5). If air enters the
cube with the same velocity in three directions, more
air enters the cube from the side where vegetative
volume is least. Similarly, if air leaves the cube with
the same velocity in the three directions, less air flow
leaves the cube from the side where vegetative vol-
ume is greatest.
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The pressure decrease of fluid flow through a po-
rous medium is determined not only by the surface
area of the medium but also by the solid volume of
the medium. Kozeny (1927) expressed this pressure
decrease in terms of cubic porosity and surface area
density, assuming that the porous medium was repre-
sented by an assemblage of crooked channels of vari-
ous cross-sections and lengths. Cubic porosity is a
measure of the void spaces among the solid portions
in a unit medium volume, that function as the pas-
sages through which fluid flows. Surface area density
is a measure of the surface areas in contact with the
fluid flow in a unit medium volume, that extract mo-
mentum from and exert shear stress on the fluid flow.
Therefore, in Kozeny’s formula, the pressure decrease
of the fluid flow through a porous medium is directly
proportional to its surface area density and inversely
proportional to its cubic porosity (Scheidegger 1974).

While cubic porosity has not yet been reported as
a structural descriptor for shelterbelts, it was used as
a structural descriptor for a tree crown to simulate the
wind fields around individual trees with different
crown shapes (Gross 1987).

Aerodynamic influence of the arrangement of
shelterbelt elements

The arrangement of the vegetative elements within a
tree shelterbelt can be described by the spatial distri-
butions of vegetative surface area and volume. The
distribution of vegetative surface area in a shelterbelt
canopy spatially represents the momentum sinks and
shear stress sources for the wind flow. In locations
where vegetative surface area per unit volume is high,
wind flow loses more momentum due to surface drag.
The distribution of vegetative volume in a shelterbelt
canopy is responsible for the divergence and conver-
gence of air flow. At a given velocity, more air con-
verges through the more permeable portions where
there is less vegetative volume and diverges around
the denser portions where vegetative volume is
greater.

The wind speed reduction and the size of the pro-
tected zone, as influenced by a fence with a uniform
porosity, are different from those created by a fence
with a non-uniform porosity (Gandemer 1979). As the
lower portion of a fence becomes more porous, more
air flows through the fence near the ground, increas-
ing the relative wind speed while extending the pro-
tected zone further to the lee. As the upper portion of
a fence becomes more porous, the pressure gradient
between the top of the fence and the ground becomes

larger, causing a Coanda effect, or a downward flow,
increasing turbulence, and shortening the extent of the
protected zone (Plate 1971).

Wilson (1987) compared the boundary-layer flows
as influenced by fences having uniform and non-uni-
form optical porosities. Both fences had an overall
optical porosity of 0.5, but the non-uniform one had
increasing optical porosity with height. Within 6 H
leeward, the uniform fence had greater wind speed
reduction at a height of 1 H but less at 0.5 H than the
non-uniform one. The energy spectra of vertical velo-
city behind the two fences were clearly distinguish-
able (Figure 7b in Wilson (1987)).

Aerodynamic influence of the geometric shape of
shelterbelt elements

The geometric shape of an element is a factor deter-
mining its drag force on fluid flow. Elements with
rounded edges, such as branches, tend to have less
drag than those with sharp edges, such as slates in a
board fence (Heisler and DeWalle 1988). Similarly,
the geometric shape of the openings between ele-
ments has an influence on the flow through those
openings. It appears, however, that the effect is lim-
ited to the area near a barrier. As distance from the
barrier increases, the influence of geometric shape of
elements inside the barrier on flow pattern attenuates
(Figure 2 in Perera 1981).

Proposed definition of the 3D aerodynamic
structure of a tree shelterbelt

The previous discussion indicates that wind fields
around a shelterbelt are comprehensively influenced
by its external structural characteristics and internal
structural components. In order to more accurately
predict the wind fields around a tree shelterbelt, its
overall aerodynamic structure in three dimensions
should be defined by its external structural charac-
teristics: length, height, width, and cross-sectional
shape; and by its internal structural components:
amounts and arrangements of its vegetative surface
area and volume as well as the geometric shape of
individual elements. The prediction of wind fields re-
quires the quantitative association of this defined
structure with wind speed, turbulent stress, and pres-
sure. Subsequently, the quantitative characterization
of the 3D aerodynamic structure becomes essential.



Characterization of the 3D aerodynamic
structure of a tree shelterbelt

A tree shelterbelt canopy is often qualitatively
described as a porous medium which is defined as a
solid body containing pores. Intuitively, the meaning
of a pore is quite clear. However, it is difficult to give
an exact geometric definition of what is meant by the
notion of a pore. Pores are void spaces of various
sizes and are distributed more or less irregularly
throughout a medium (Scheidegger 1974). Similarly,
the pores in a shelterbelt canopy are irregularly dis-
tributed and have various sizes with different geomet-
ric shapes. Therefore, a tree shelterbelt canopy can be
considered as a porous medium.

Within the canopy, vegetative elements are inter-
spersed with pores. These solid elements and pores
are arranged in a mixed geometric matrix where the
solid/pore interfaces form a complicated surface.
Neither the solid/pore interfaces extracting momen-
tum from wind flow, nor the volume arrangement de-
termining the divergence and convergence of wind
flow can be described by an analytical equation with
infinitely high resolution. However, the total volume
of a tree shelterbelt can be considered as a collection
of numerous small grid cells. Within each cell, the
amounts of vegetative surface area and volume can
be defined using area and volume quantities. As the
size of each cell becomes infinitely small, the number
of grid cells becomes infinitely large, and the surface
area and volume determinations, while mathemati-
cally possible, become meaningless. For example, the
amounts of surface area and volume in an infinitely
small cell approach zero, but relative to the size of
the cell, both surface area and volume approach ei-
ther one or zero depending on whether or not the cell
is occupied by a solid element. At the other extreme,
as the size of each cell becomes large, the ability to
describe the arrangements of vegetative surface area
and volume within a shelterbelt canopy decreases.

Accordingly, the amounts of vegetative surface
area and volume must be defined at a finite resolution
as determined by the cell size so as to provide a
meaningful measure. The measure of the amounts of
vegetative surface area and volume is independent of
the resolution if both are defined relative to the cell
size. In a cell, vegetative surface area relative to the
cell size is vegetative surface area density and veg-
etative volume relative to the cell size is cubic den-
sity (vegetative volume per unit canopy volume).
Therefore, vegetative surface area density and cubic
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density (or cubic porosity) are the two structural de-
scriptors of choice for characterizing the amounts of
vegetative surface area and volume.

It is assumed that vegetative elements are randomly
and motionlessly distributed within a grid cell. The
random assumption suggests that either vegetative
surface area density or cubic density in one grid cell
can be represented by one value. The motionless as-
sumption means that vegetative surface area, volume,
and element composition in a grid cell do not change
with respect to time. This is consistent with the flow
model assumptions that ignore momentum transfer to
plant motion, allowing either vegetative surface area
density or cubic density to be expressed as a spatial
function independent of time. As spatial functions,
vegetative surface area density and cubic density have
an obvious advantage and are capable of describing
the spatial distributions of vegetative surface area and
volume at a given resolution.

Branches and trunks have cylindrical shapes.
Leaves are broad and flat, needle-like, or scale-like.
Seeds and their assemblage have more complicated
shapes, but their amount is small, even negligible
(Zhou et al. 2002). It is impractical for the structural
characterization to take each geometric shape of in-
dividual vegetative elements into account. Elements
with different shapes have different surface-to-
volume ratios. Accordingly, the vegetative surface
area density and cubic density should be able to
jointly reflect the geometric shape of vegetative ele-
ments. Additionally, both should be able to describe
the average size of vegetative elements in a shelter-
belt canopy. For example, the elements having greater
volume and smaller surface area have a bigger aver-
age size than those having smaller volume and greater
surface area. Therefore, the spatial variability in a ra-
tio of vegetative surface area density to cubic density
should reflect the heterogeneity of the geometric
shapes and average sizes of tree components in a
shelterbelt canopy.

Defined in the 3D domain containing a shelterbelt
canopy, both spatial functions of vegetative surface
area density and cubic density are continuously zero
outside the boundary of the canopy envelope. There-
fore, the influence of the length, height, width, and
cross-sectional shape of a shelterbelt can be repre-
sented by the surface area density and cubic density
at each gird cell in the computational domain. In other
words, either term can be used to indicate shelterbelt
length, height, width, and cross-sectional shape, as
defined by its domain boundary, outside of which the
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Figure 6. A green ash (Fraxinus pennsylvanica Marsh.) and Austrian pine (Pinus nigra Arnod) shelterbelt as a collection of the discrete grid

cells.

term is continuously zero. For example, if the vegeta-
tive surface area density of a shelterbelt canopy is
expressed as a spatial function S,p(D, h, x;, X3, X3),
then:

S.p (D,h,x,x,,x,)
f(D,h,x,x,,%,)20 0<x <10o0r0<x, <100 or
[(x,=5)° +(x,=7)* <25
= where x; > 7]

0 else @)

where D is DBH (diameter at breast height); A, tree
height; and f(D, h, x, x5, x3), a universal function.
Additionally, x,, x, and x5, are the coordinates in the
width, length, and height dimensions. The domain of
this function indicates that the length of the shelter-
belt is 100; height, 12; width, 10; and cross-sectional
shape, an assemblage of a rectangle and the half circle
that is on the top of the rectangle. The advantage of
the spatial function of vegetative surface area density
provided Wang et al. (2001) with the capability of
simulating the influence of cross-sectional shape of
hypothetical shelterbelts on shelter efficiency.

In summary, the spatial functions of vegetative
surface area density and cubic density are the two
structural descriptors of choice for characterizing the
3D aerodynamic structure of a tree shelterbelt
because they have ability to describe the amounts and
arrangements of vegetative surface area and volume
in a tree shelterbelt canopy; to jointly reflect the geo-
metric shapes of tree components; and to indicate the

length, height, width, and cross-sectional shape of a
tree shelterbelt. If both structural descriptors are in-
corporated into the equations of motion and the con-
tinuity equation, the aerodynamic influence of the
overall shelterbelt structure on wind speed, turbulent
stress, and pressure can be numerically predicted. Our
efforts to incorporate these structural descriptors into
the equations of motion and continuity equation are
reported in Zhou et al. (2004). Any solution to these
equations will require estimates for both structural
descriptors.

Working models for guiding the field estimation
of the structural descriptors

A numerical method to solve the equations of motion
along with the continuity equation for simulating the
wind fields near a shelterbelt subdivides the shelter-
belt and the surrounding space into numerous discrete
grid cells (Takle et al. 2003). Accordingly, vegetative
surface area density and cubic density in the grid cells
in Figure 6 are needed for simulation of the wind
fields as influenced by the overall shelterbelt struc-
ture. To know both structural descriptors in each grid
cell within a tree shelterbelt canopy requires that the
vegetative surface area and volume for each tree be
expressed in terms of spatial variables (x;, x,, x3). To
estimate both structural descriptors for a field shelter-
belt also requires that the vegetative surface area and
volume for an individual tree be related to easily
measured parameters such as DBH and height.



Assuming that an implicit function S
(D, h, x, x5, x3) represents the vegetative surface area
in a spatial location (x;, x,, x3) within a crown of a
given tree with known DBH and height at a particu-
lar site, the vegetative surface area density S,p
(D, h, x,, x5, x3) for this tree in a grid cell centered at
(1, X5, x3) with dimensions Ax;, Ax,, and Ax; (Fig-
ure 6) can be expressed as:

SAD(D9 h’ X1, X2, x3)

1 J'x3+0.5m3 fx2+0.5Ax2 fx1+0.5Ax1
 Ax; AxyAxyd 1370500 J 1y —0580) J i —058x,
S(D, h, x’l,x’z,x’3)dx’]dx'zdx’3 3)

It is difficult to explicitly define the function of
vegetative surface area due to the complexity of tree
structures in three dimensions. Consequently, the ap-
plication of function (3) is limited. Alternatively,
function (3) can be redefined in terms of the vegeta-
tive surface area of a whole tree [S(D, h)] and the
relative distribution of vegetative surface area

[qJS(xl’ X2, X3)] giVCH by

SAD(D’ h, xy, x5, X3)

S(D, h) J‘x3+0.5AX3 J‘x2+0.5Ax2 fx1+0.5Ax1
_AX1AX2AX3 x3=0.5Ax3 J x,—0.54x, J x;—0.5Ax,
1115()6’1,x'z,x’3)dx’1dx'2dx’3 “4)

The surface areas of trunk, branches, leaves, and
seeds for any tree are measurable in the field; thus the
vegetative surface area of a whole tree for a given
species at a particular site can be estimated and sta-
tistically related to its DBH and height. However, the
relative distribution of vegetative surface area re-
mains difficult to estimate because it is not easy to
measure the vegetative surface area in three dimen-
sions under field conditions. It is desirable that the
integral term in function (4) be defined as a combi-
nation of some 1- or 2-dimensional terms capable of
being estimated in the field.

The lower the resolution of the grid cells, the easier
it is to define the integral term in function (4). As the
size of the grid cells increases, the resolution tends to
be lower. As a result, it becomes easier to define the
integral term. If the resolution is so low that one grid
cell contains a while tree, or the dimensions of the
cell (Ax,, Ax,, and Ax;) are given by the maximum
crown diameters in the width and length dimensions,
and tree height, the integral term can be defined as
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‘1’. Unfortunately, this resolution makes the struc-
tural description meaningless in addressing the
arrangements of vegetative surface area and volume
within a shelterbelt canopy. For meaningful structural
description, higher resolution must be used. As the
size of the grid cells decreases, the resolution tends
to be higher and it becomes more difficult to define
the integral term. The resolution should be increased
to the degree necessary to provide a meaningful
structural description while remaining feasible to de-
fine the integral term.

The grid cell sizes used in previous numerical
simulations of boundary-layer flows near a shelterbelt
are a reasonable reference point to determine the nec-
essary resolution of the structural description for a
tree shelterbelt. Assuming that the vegetative surface
areas of hypothetical shelterbelts were distributed
uniformly along the length dimension, Wang et al.
(2001) subdivided the shelterbelt and the surrounding
space into increments of 0.1 to 0.5 H across the width
dimension (x;) and of 0.1 H with the height dimen-
sion (x;) for their simulations. If the variability in
shelterbelt structure along the length dimension (x,)
is to be considered, the length dimension must also
be divided. The distance between adjacent trees
within a row can be the increment along the length
dimension because it is small relative to length. Ac-
cordingly, the size of the grid cells is suggested as:
Ax; =0.5 H across the width dimension, Ax,=d,
(where d, is the distance between adjacent trees
within a row) along the length dimension, and
Ax3; =0.1 H with the height dimension.

By subdividing a shelterbelt into numerous grid
cells at the suggested size, we can now use two dis-
tributions, which are capable of being measured and
estimated, to define the integral term in function (4):
(1) the marginal relative distribution of vegetative
surface area with height [{sg;(x5)] and (2) the marginal
relative distribution of vegetative surface area across
the width dimension at a given height [{sg3(x;1x3)].
Then:

4’53()%) = fj:f:r:¢S(x’1,x’2,x’3)dx’1dx’2
(5)
and

o ! ’ ! ’
. Ps(x' 1, x'p, x'3)dx’s

Ug3(x3)

Ygi3(x113) = (6)
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The distribution, yig;(x3), describes the relative allo-
cation of vegetative surface area of a whole tree with
height. Its integration from the ground to the top of a
tree equals one. Integration from bottom to top of a
grid cell gives the relative vegetative surface area
within the layer with respect to the entire tree (term
[2] in function (7)). It can be found by measuring the
tree surface area layer by layer with height. The dis-
tribution, sg;3(x;1x3), describes the relative allocation
of vegetative surface area across the width dimension
at a given height of x;. Its integration from one side
to the other of a tree across the width dimension at

'x3+0.5Ax3

1
SAD(D’h”‘l’Xzsx3):m [s(D.h)] [Lro_sag

(1]

Given DBH and height, this function spatially de-
scribes the vegetative surface area density for an in-
dividual tree composed of trunk, branches, leaves,

S.p(Dh,x,x,,%)=

v +050x 1
D) dx! ] f‘l 1 P I
b3 (x'3)dx' L Usi3 (¥ 11x'3 )dx' 3’y

(2]

1 { [ 3 +0.5Ax,
—_— S.(D,h
Ax,Ax,Ax, [5: (D] Lw-m

Ysrs (x; )dx;:I [

any height equals one. The integration of its average
over height of a grid cell from one side to the other,
both of which are parallel to the length dimension, is
the relative vegetative surface area in the grid cell
with respect to the layer (term [3] in function (7)).
This distribution can also be found if the vegetative
surface area in a layer is measured section by section
across the width dimension. Therefore, function (4)
can be defined using three 1- or 2-dimensional terms
capable of being measured and estimated under field
conditions:

rasa )
3]

and seeds. Its right hand side can be separated into
four parts for these four tree components:

w+0.5Ag | pr+0.5Ax, s,
_[ J W (X | X5)dxdx,

I ~0.5Ax, Ax3 Xy +0.5Ax;
(] [2] (3]
[ +0.54x o, o +0.54g ] e+05Ax S e,
+8,(D, h) J;ro.SAx l//SB3(x3)dx3:| -‘;~05Ax E L +0.5Ax Wspis (X |x3)dx3dx1
L =% 3 10048 3 TRTOI0N
(4] (5] (6]
[ e +0.5Ax; oy, [ 2 +05Ay | pr+0.5Ax P ,~
+5.(D,h) -[c—OSAx WSLS(X3)dx3:| J.x—osm Ax, 054 Vs (X |x3)dx3dxlj (3)
L 3 . 3 L 1 - 1 3 3 - 3
(7] (8] (9]
[ (3 +0.540 b, [ 5 +05Ay | p3+0.54x P ,_
+85(D,h) J:—osm '//sss(xz)dx.a:' -[r-OSAx Ax. Jrosac Wisin (| X5)dx;dx]
L *X3—U.0Ax L 1—U-2An 3 TBTOIAN ]
[10] [11] [12]

where SH{D, h), Sg(D, h), S;(D, h), and S¢(D, h) are
the vegetative surface areas of trunk, branches,
leaves, and seeds of a whole tree, respectively. The

functions Yigr3(x3), Wsps(x3), Wsr3(x3), and Yge3(x3) are

the marginal relative distributions of vegetative sur-
face areas with height for trunk, branches, leaves, and
seeds, respectively. Their integrations denoted by
terms [2], [5], [8], and [11] are the relative vegetative



surface areas in a given layer with respect to an en-
tire tree for the corresponding components. The func-
tions  Ygpi3(x1lx3),  Wspi3(xilxz),  Wgpiz(xlxs), and
Pgg13(x; lx3) are the marginal relative distributions of
vegetative surface areas across the width dimension
at a given height for trunk, branches, leaves, and
seeds, respectively. Their integrations denoted by
terms [3], [6], [9], and [12] are the relative vegetative

1
Ax AxyAx

-
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X3 —0.5A%;
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3 +0.5
Wy [0

R —0.5Ax;
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Wyps (X3)dx;
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W [

L iy —0.5Ax;
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Wy (x3)dx;

-

23 +0.5Ax;
L -[c3—0.5Ax3

+V,(d,h)

4 /
Wyss(X3)dx;

The terms in this function are defined analogous to
those in function (8) with ‘V’ indicating volume.

Functions (8) and (9) are working models to define
the spatial functions of vegetative surface area den-
sity and cubic density of a common tree in a shelter-
belt. Both working models provide guidance on how
to estimate the structural descriptors of a tree shelter-
belt for the prediction of the wind fields in its shel-
tered areas. To estimate the structural descriptors for
a given tree shelterbelt at the resolution as determined
by the suggested grid cell size, we need to develop
the 24 sub-functions in both models for calculating
the corresponding 24 terms for each tree in the shel-
terbelt. The 24 sub-functions are dependent on tree
species, age, site condition, planting pattern, and
management. For a given shelterbelt at a particular
site, the 24 sub-functions need to be explicitly
expressed in terms of DBH, tree height, and/or spa-
tial variables for each tree species. The development
of the 24 sub—functions for a given shelterbelt goes
beyond the scope of this paper and were reported
separately (Zhou et al. 2002).
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surface areas in a given grid cell with respect to the
layer for the corresponding terms.

Using the same derivation procedure, the cubic
density [B.(D, h, x;, X5, x3)], in a grid cell centered at
(1, x5, x3) with dimensions Ax,, Ax,, and Ax; (Fig-
ure 6) for a given tree species with known DBH and
height at a particular site can be defined as:

1

M-05M0 Ax, Hiy+0.5A%
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Summary and conclusion

If we are to address the aerodynamic influence of a
tree shelterbelt, we must have the capability of pre-
dicting the wind flow associated with the shelterbelt
structure. The structural description of a tree shelter-
belt is critical to this capability. This description has
been expressed in two dimensions using optical po-
rosity (or optical density); however, it is insufficient
to represent the aerodynamic influence of tree shel-
terbelts with complex 3D structures. An analysis of
numerous studies indicates that: (1) shelterbelts with
different lengths, heights, widths, or cross-sectional
shapes but similar internal structural components
produce different wind fields; (2) vegetative surfaces
extract momentum from and exert shear stress on
wind flow through a shelterbelt canopy, and the ar-
rangement of these surfaces determines the spatial
distribution of the extraction and exertion; (3)
vegetative volume and its arrangement are responsi-
ble for the divergence and convergence of air flow
around and through a shelterbelt canopy; and (4) the
geometric shape of the elements in a shelterbelt sig-
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nificantly influences the wind field close to the bar-
rier. Therefore, we propose that the aerodynamic
structure of a tree shelterbelt in three dimensions
should be defined by the external structural charac-
teristics: length, height, width, and cross-sectional
shape; and by the internal structural components:
amounts and arrangements of its vegetative surface
area and volume as well as the geometric shape of
individual vegetative elements.

In order to associate the overall structure of a tree
shelterbelt with wind speed, turbulent stress, and
pressure, the defined structure needs to be quantita-
tively characterized. The spatial functions of vegeta-
tive surface area density and cubic density are
proposed as the two structural descriptors best able to
characterize the overall 3D aerodynamic structure of
a tree shelterbelt because they can not only describe
the internal structural components of the shelterbelt,
but also indicate the external structural characteristics
of the shelterbelt. Two working models for guiding
the field estimation are developed, defining both
structural descriptors of a common tree in a shelter-
belt in three dimensions using the three types of 1- or
2-dimensional sub-functions. For vegetative surface
area or volume, the three types of sub-functions de-
scribe the amount, marginal relative distribution with
height, and marginal relative distribution across the
width dimension at a given height. Based on field
measurements, these sub-functions can be defined.

Describing the 3D aerodynamic structure of a tree
shelterbelt using the developed models based on field
measurements is labor intensive. An efficient indirect
method to estimate this structure is needed. The defi-
nition and characterization of the 3D aerodynamic
structure provide a theoretical basis from which the
indirect method can be developed. The working mod-
els provide guidance for estimating the actual struc-
ture of a tree shelterbelt against which the indirect
method can be verified. Moreover, the actual structure
can be used to further test the shelterbelt turbulent
flow model previously tested using assumed vegeta-
tive surface area density (Takle et al. 2003), advanc-
ing our understanding of the boundary-layer flows as
influenced by a shelterbelt.
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