AGRICULTURAL
AND
v i , FOREST
S L S METEOROLOGY
ELSEVIE Agricultural and Forest Meteorology 111 (2002) 93-108

www.elsevier.com/locate/agrformet

Estimation of the three-dimensional aerodynamic structure
of a green ash shelterbélt

X.H. Zhou®*, J.R. Brandl&, E.S. Takl&¢, C.W. Mized

2 School of Natural Resource Sciences, University of Nebraska, Lincoln, NE 68583-0814, USA
b Department of Geological and Atmospheric Sciences, lowa State University, Ames, |A 50011, USA
¢ Department of Agronomy, lowa State University, Ames, |A 50011, USA
d Forestry Department, lowa State University, Ames, |A 50011, USA

Received 2 April 2001; received in revised form 14 February 2002; accepted 18 February 2002

Abstract

The three-dimensional aerodynamic structure of a tree shelterbelt is described by two structural descriptors: vegetative
surface area density (vegetative surface area per unit canopy volume) and cubic density (vegetative volume per unit canopy
volume). Based on destructive measurements, estimates of both descriptors for a two-row 31-year-old gFeeaxirash (
pennsylvanica Marsh.) shelterbelt are developed. In order to estimate the structural descriptors in three dimensions based on
data measured in two dimensions, equations to predict vegetative surface area and volume, their marginal distribution with
height, and their marginal distribution across width at a given height are derived for each tree component: trunk, branches,
leaves and seeds. The procedure to use these equations to estimate the structure of the green ash shelterbelt either in thre
dimensions or in the width and height dimensions is demonstrated. The estimated structure can be used to test current models
of turbulence through a tree shelterbelt under a field conditions, and to simulate the wind fields as influenced by the actual
structure of a tree shelterbelt. The developed equation can be used to generate the three-dimensional structure of a shelterbel
with a design similar to the sampled shelterbelts or a shelterbelt of green ash mixed with other species similar to those in the
sampled shelterbelts. Thus, the boundary-layer flows as influenced by the overall structure of tree shelterbelts with different
designs can be numerically simulated. These simulated results can provide guidance for shelterbelt design. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction speed, turbulent stress and pressure is dependent on its
structure (Radke and Hagstrom, 1974; Wilson, 1987).
Shelterbelts are widely used to reduce wind speed Wind fields around a shelterbelt can be predicted by
and alter wind fields (Brandle et al., 1988). The aero- associating its aerodynamic influence with its struc-
dynamic influence of a particular shelterbelt on wind ture. The more complex the shelterbelt structure, the
more difficult it is to accurately associate the flow
- fields with its structure (Heisler and DeWalle, 1988).

* Published as Journal Series No. 13298 of the Agricultural When the barrier is a fence with a minimal width
Rfscegrrrcehsg\r’]'j;r?g’ aﬂ?r']\(’)errsT'teyl ﬂ_ﬁggf?;‘:"é%g; dimension, optical porosity, defined as the percentage
fax: +1-402-472-2964. of open space, has been used successfully to parame-
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0168-1923/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
PIl: S0168-1923(02)00017-5



94 X.H. Zhou et al./Agricultural and Forest Meteorology 111 (2002) 93-108

and to predict boundary-layer flows near the fence shape. Furthermore, because plant elements with dif-
(Hagen et al., 1981; Wilson, 1985). In the case of a ferent geometric shapes have different surface volume
tree shelterbelt, its complex three-dimensional (3D) ratios, spatial functions of vegetative surface area
structure makes this simple representation inadequatedensity and cubic density are capable of reflecting the
to describe the details of the structure. geometric shape of individual elements.

Shelterbelts with similar internal structural compo- As yet, neither function has been defined based on
nents but different external characteristics of height, measured data. The actual 3D structure of a shelterbelt
width and cross-sectional shape exhibit very different has never been used to numerically predict its aero-
aerodynamic influences on the wind fields (Woodruff dynamic influence. In order to undertake and test a
and Zingg, 1953; Tabler and Veal, 1971; Cao et al., numerical investigation of the aerodynamic influence
1981). The geometric shapes of individual elements of a shelterbelt, a method to estimate both functions
and open spaces between them also influence the flowis required. This paper presents a method to estimate
fields close to the barrier (Gandemer, 1979; Perera, the vegetative surface area density and cubic density
1981). The surfaces of a canopy absorb momentum of a green ashRraxinus pennsylvanica Marsh.) shel-
from and exert stress on air flow (Thom, 1971; Holland terbelt in three dimensions using equations whose pa-
et al., 1991a,b). If the canopy of a tree shelterbelt is rameters can be estimated based on the data measured
considered as a porous medium, then the drag forcein two dimensions.
of a shelterbelt canopy on air flow is determined
not only by its surface area but also by its volume
(Scheidegger, 1974; Coulson et al., 1978). The spatial 2. Working functions of vegetative surface area
arrangement of the vegetative surface area in a shel-density and cubic density
terbelt canopy determines the distribution of momen-
tum sinks and shear stress sources. Furthermore, as The numerical method to solve the turbulence
air diverges at the locations where the density of solid model simulating the boundary-layer flows near a
materials is high and converges at the locations where shelterbelt and within or above a forest canopy sub-
it is low, the spatial arrangement of the solid elements divides the working domain into an array of dis-
and open spaces determines the divergence and conerete grid cells (Wang and Takle, 1996; Lee, 2000).
vergence of air flow within and around a shelterbelt Therefore, the structural description of the shelterbelt
canopy. requires estimates of both structural descriptors for

To accommodate all structural components of a each grid cell (see Fig. 1).
shelterbelt, Brandle et al. (2002) defined the aerody- It is desirable that both descriptors be estimated us-
namic structure of a tree shelterbelt in three dimen- ing easily measured parameters, such as DBH (diam-
sions by its external characteristics of height, width eter at breast height of 1.37 m) and height. Therefore,
and cross-sectional shape, by the internal amount andvegetative surface area density and cubic density need
arrangement of vegetative surface area and volumeto be defined as functions in the foi8p (D, h, X, y,
within its canopy, and by the geometric shape of in- 2) andBc(D, h, X, Y, 2), whereD represents DBHh is
dividual vegetative elements. Accordingly, vegetative the tree height; and, y, andz are the spatial coordi-
surface area density (vegetative surface area per unitnates across width, along length and with height, re-
canopy volume) and cubic density (vegetative volume spectively. It is difficult to define these two functions,
per unit canopy volume) were suggested as structural because vegetative surface area and volume are not
descriptors of choice for the overall 3D aerodynamic easy to measure in three dimensions. However, both
structure of a shelterbelt. Expressed as spatial func- are more easily measured layer by layer with height
tions, both can describe the amount and arrangementor section by section across width within a layer as
of vegetative surface area and volume within a shel- shown in Fig. 1. If both functions are expressed in
terbelt canopy. Because both spatial functions would terms of equations whose parameters can be estimated
be continuously zero outside their domain bound- using the data measured in this way, they can be de-
aries, they also can indicate the external shelterbelt fined based on field measurements. The lower the res-
characteristics of height, width and cross-sectional olution of the grid cells, the easier it is to express both
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Fig. 1. Cross-sectional view (A) and front row side view (B) of a green ash shelterbelt as an array of discrete grid cells.
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functions. The degree of resolution is determined by grid cell with respect to the layer (the double integral

the size of the grid cells.
The grid cell sizes used by Wang and Takle

(1995-1997) in their simulations provide guidance.

term in function (1)), and can be determined by mea-
suring the vegetative surface area of each tree com-
ponent section by section across the width dimension

Assuming that vegetative surface area of a shelter- within a layer.

belt is uniformly distributed along its length, they

divided their hypothetical shelterbelts into increments

The working function for cubic density is given by

of 0.1-0.5 times of shelterbelt height across the width Bc(D, k, x, y, z)

dimension X) and 0.1 times of shelterbelt height with
the height dimensionz]. If variability in shelterbelt
structure along the length dimensiog) (is to be

considered, the length dimension also must be sub-
divided. The distance between adjacent trees within
a row in a shelterbelt can be an increment along
the length dimension because it is small relative to

shelterbelt length. Accordingly, the size of grid cells
is suggested as: widtlhx < 0.5 times of shelter-
belt height; lengthAy = distance between adjacent
trees within a row; and heightAz < 0.1 times of
shelterbelt height.

We used this resolution to develop a working func-

tion for estimating the vegetative surface area density

in each grid cell centered at,(y, 2):

Sap(D, h,x,y,2)

1 24: z+0.5Az . d ,
=—— N S:(D,h) / Yo (z)dz
AxAyAz &= 0sa:

1 z+0.5Az ,x+0.5Ax
X —/ / @ (x'12)) dx’ d7’
AzJ;—05a; Jx-05ax
1)

where subscript represents tree components: trunk,
branches, leaves and seeds foe= 1, 2, 3, and 4,
respectively;S (D, h) is the surface area of tree com-
ponenti for an entire treey, (z) the marginal distri-
bution of surface area of tree componewith height;
andg, (x|z) the marginal distribution of surface area
of tree componenit across width at a given height

z+0.5Az

4
1
= — Vi(D, h
AXAYAZ; DR |:/z—0.5Az

1 z4+0.5Az ,x+0.5Ax
X —/ / @, (x'|z/)dx’ dZ’
AzJ, 05a; Jx—05ax
2)

The symbols in this function are defined analogous
to those in function (1) with/ indicating volume. To
estimate the 3D aerodynamic structure of a tree shel-
terbelt requires developing the equations for each tree
component in functions (1) and (2).

Wvl- (Z/) dz/:|

3. Data collection

Two, double row, 31-year-old shelterbelts, com-
posed of green ash, eastern red cedhniperus
virginiana L.) and Austrian pineRinusnigra Arnold),
located at the University of Nebraska Agricultural
Research and Development Center near Mead, NE
(41°29N, 96°30'W, and 354 m above mean sea level)
were sampled. One row consisted of alternating green
ash and eastern red cedar. The other row consisted
of alternating pairs of green ash and Austrian pine.
Within row spacing was 2 m and between row spacing
was 4 m. The basal area ratio of the three species was
7.6 (green ash):1.5 (Austrian pine):0.9 (eastern red
cedar). Green ash averaged 11.5m in height, ranging
from 5.0 to 14.0m, and 24.0cm in DBH, ranging
from 6.7 to 38.0cm. The data on green ash structure

The marginal distribution of surface area with height was then used to develop a hypothetical shelterbelt
is used to calculate the relative surface area in a hor- consisting entirely of green ash with a planting pattern

izontal layer with respect to an entire tree (the sim- similar to the measured shelterbelt.

ple integral term in function (1)), and can be found Eighteen green ash trees were destructively sam-
by measuring the vegetative surface area of each treepled in 1996 and 1997. In order to describe the

component layer by layer with height. The marginal marginal distributions of surface area and volume with

distribution of surface area across width at a given height, four of the 18 trees were separated into simple
height is used to calculate the relative surface area in anon-branched segments and individual leaves by 1 m
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horizontal layers for measurement. The remaining 14  The measured data were used to estimate the param-
trees were separated into simple non-branched seg-eters in each equation with the Marquardt method in
ments and individual leaves for measurement. Each the NLIN Procedure of SAS (SAS Institute, 1990).
trunk was divided into 1 m sections, and the middle

diameter of each section was measured to calculate ]

surface area and volume (Husch et al., 1982; Bai 4 Equation development

et al., 1987). By measuring the lengtiz) and mid- ] ]

dle diameterD,,), the surface ares(z) and volume ~ 4-1. Surface area and volume and their marginal

(Vsp) of a single branch were determined using distributions with height

Sss = 7w fsDplp 3 4.1.1. Trunk
_ _ Trunk surface area and volume and their marginal

yvherefs is the branch_surfacg area adjustment chtor, distributions with height can be predicted from DBH
i.e., a surface area ratio of a single branch to a cylinder andjor height if a trunk form equation describing the
which has the same middle diameter and length as theradius at a given height(D, h, 2)] can be defined. A
branch, and number of possible form equations exist (Beher, 1927;

1 2 Husch et al., 1982; Bai et al., 1987). The form equation
Ves = g7 /v Dl () with the best fit was a third order polynomial:

where fy is the branch volume adjustment factor, 3 .

i.e._, volume ratio of a _single _branch to a cylinder ,(p n,z) = Dzarj (1_ 5)/’ O<z<h )
which has the same middle diameter and length as =1 h

the branch. Both surface area and volume adjust-

ment factors were estimated by sectionally measuring wherea,; (j = 1, 2, and 3) is a parameter. The 251
345 single branches of different sizes, each of which measured radii of the 18 green ash trunks at different
was divided into at least five sections. The measured heights were fitted to this equation with 95.0% PVE
surface area and volume adjustment factors in two (percentage of variance explained by regression), and
branch size (middle cross-sectional aredength) P < 0.001. The 95% confidence interval af in-
classes had different means and standard deviations cluded zero so the second order term was dropped. To
Both measured factors were, however, independent of make this equation have a better fit, it was modified
branch size within a class (Zhou, 1999). The branch to (D, h, 2) by adding an exponential parameter on
surface area adjustment factor wa8B= 0.014 for D and refitting to the measured data

branch size< 0.1 dn?, and 0990+ 0.013 for branch

size> 0.1dn?. The branch volume adjustment factor 7m (D, h, z)

was 1049+ 0.032 for branch size< 0.1dn?, and 08645 z z\3
1.259+ 0.039 for branch size- 0.1 dn. =D 0'7205<1 B _> + 0'2414<1 Bl _> ’
The surface areas and volumes of leaves and seeds o< ; <, PVE=97.3%, P < 0.001 (6)

were estimated indirectly from dry weight using spe-

cific surface area (Davies and Benecke, 1980) and Using this form equation, equations for trunk sur-
specific volume. To determine the specific surface ar- face area, volume and their marginal distributions with
eas of samples of both tree components, the surfaceheight can be derived and fitted to the data (Table 1).
areas were measured using the LI-3100 Area Meter

(LI-COR), and the dry volumes were measured us- 4.1.2. Branches

ing the displacement method (Ronco, 1969). The sur-  Predicting the branch volume and surface area of an
face areas of leaf and seed samples were computecentire tree using easily measured parameters is highly
by doubling the meter reading, assuming that neither desirable. While the measured branch volume and sur-
had significant thickness. Dry weights of leaves and face area of an entire tree can be fitted to numerous
seeds were determined by drying samples to constantequations, an equation capable of describing the in-
weight in a forced-air oven at 6%. trinsic relationship of branch volume or surface area



Table 1

Equation set for estimating the 3D aerodynamic structure of a green ash shelterbelt®?

Surface area [S;(D, k) in m?] and
volume [V;(D, k) in m3] equations

Marginal distribution of surface area
[/5, (2)] and volume [¢, (z)] with height

Marginal distribution of surface area [(psi (x|z)] and
volume [Q"v, (x]z)] across width at a given height

Surface area

Trunk

Branches

Leaves

Seeds

S1(D, h) =3.5211 x 1072 x DO7"43p,
PVE = 99.2%

2.6026 x D1-0440

$2(D) = ————F"—F—,
In(7191.8 x D)
PVE = 90.3%

S3(D, h) = 0.4595 x D0'8708h]'2944,
PVE = 86.4%

S4(D) = 4.7570 x 10° x D*3016,
PVE = 79.8%

1.7130

U, (2) =
PVE = 97.6%

5.8002
Yy (1) = T
PVE = 74.6%

6.3126

ws} ()=
PVE =77.9%

7.3708

U, (@) =
PVE = 69.9%

12
h

(%)1.0465 (1 oz

(5)"0-

(§>2.5914 (1 _z

z> n 0.5740 (

Z

h

-
<

h

Z

h

)0.91()2

)0.6900

)0.41()2

B

B

ps, (x

s, (x

)=1 Ax

, trunk occurrence,

0 otherwise

[z)

4,/13(2) — (x — x0)?
th@[LhE +hE)]
4,/3(z) — (x — x0)?
7L +LE@)]

[2)

436 - (= x)?
@M@ +h@]’
4,/3(z) — (x — x0)?

L[ +L@)]

[2)

4/13(2) — (x — x0)?

4/B@) — (x — x0)?

7)) +L@)]

xp —11(z) < x < xo,

X0 < x < x0+12(2)

xo —11(z) < x < xo,

Xo < x < x0+ ()

xp —11(z) < x < xo,

X0 < x < x0+12(2)

86

80T—€6 (2002) TTT ABoj0I0eBIN 159104 pue [eunNdLIBY / e B Noyz "H'X



Volume

Trunk

Branches

Leaves

Seeds

Vi(D, h) = 1.4068 x 10~* x D109
PVE = 99.4%

2.1044 x 1073 x D22468
V2(D) = ,
In(7191.8 x D)
PVE = 94.5%

Va(D, h) = 3.3891 x 1073 x DO-8351p1.4751
PVE = 85.7%

Vi(D) = 2.1200 x 10710 x D314
PVE = 83.2%

1.4384 b4 0.4819
wvl(m:[ ¥ (1-7) = (1-
PVE = 95.9%
sz @) = 10.9733 (5)1.3356 (1 a %>1.4007’

PVE =77.9%

¥y, () isthesame as g (2)

¥y, (2) is the same as ¥, (2)

Py, (x|z) is the same as @5, (x]z)

Py, (x]z) is the same as ¢ (x[z)

Py, (x|z) is the same as s, (x]z)

Py, (x|z) is the same as s, (x]z)

2D (cm) is the diameter of tree trunk at height of 1.37m, & (m) the tree height, /1(z) (m) and /5(z) (m) are the tree crown diameters at a given height of z (see Fig. 2A),
PVE the percentage of variance explained by regression, x (m) and z (m) the coordinates across width and with height, xo (m) the coordinate of vertical axis of trunk across

width, and Ax (m) the dimension of a grid cell across width (see Fig. 1).

b p < 0.001 for all regressions.
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to DBH and/or height is preferred. The branch volume
of an entire tree\(2) is

n

Vo %ZNka D2, lsk (7)

k=1
wheren is the number of branch groups. In tkth
(k = 1,2,...,n) group, N, denotes the number of
branches;Dnk is the middle diameter; antkx the
length. The branch volume of an entire tree can then
be associated with its DBH and/or height if the vari-
ables on the right-hand side of this equation are ex-
pressed in terms of DBH and/or height. Usingto
denoter D2, Ig/4, Eq. (7) gives

n

n
Vo = fVZNkUk = fvUmax) Nirw
k=1 k=1

(8)

wherevmax is the maximum oby, andry the relative
volume of a branch in thkth group(vi/vmax) - If the

X.H. Zhou et al./Agricultural and Forest Meteorology 111 (2002) 93-108

A property of the probability density function (Bain
and Engelhardt, 1992; Hogg and Craig, 1995) gives

1
Yn(@y)dry =1

Tmin

12)

Becausey is less than or equal to 1 but positive. The
definite integral term in Eq. (9) is a constant greater
than zero and less than unity.
Substituting Egs. (10) and (11) into Eqg. (9), the
branch volume of an entire tre@4(D)] can be related
to DBH and fitted to the measured data (Table 1).
Following the same procedure, the branch surface area
of an entire tree$(D)] is developed (Table 1).
According to the pattern of the data, the measured
marginal distribution densities of branch surface area
and volume with height were fitted to the beta distri-
bution (Hogg and Craig, 1995) (Table 1).

4.1.3. Leaves

total number of branches of an entire tree is denoted  Using the typical shape of a green ash crown de-
by N and the probability density function of branch  scribed by Hightshoe (1988) and the allometric rela-
numbers with respect to the relative branch volume tionship of crown radius to DBH (Bai et al., 1987), the
is represented by y(rv), wherery is the relative  crown radius of a green ash at a given heid¥d, h,
volume, this equation becomes 2)] may be approximated by

R(D,h,z) = apaD*?z®(h — )4, 0<z<h

(13)

n
Va & fyvmaxN Y Arvialn (o rvk
k=1
1
~ fyvvmaxN [ ¥n(ry)ry dry

’min

9 whereag1, ag2, agr3 andags are parameters. Based
on our personal observation, the leaves of a green ash
whereAry = ry+1) — v andrmin is the relative are assumed to be approximately uniformly distributed
volume of the smallest branch. In this equatibn,s within the envelope of its crown. By integrating leaf
a constant. The volumes of the largest branches from surface area and volume per unit canopy volume in
each of the 18 green ash trees§x(D)] showed an the region bounded by the curve of Eq. (13), respec-
allometric relationship to their DBH: tively, the equations for leaf surface area and volume
can be derived and fitted to the data (Table 1). Ac-
cording to the crown shape described by Eqg. (13), the
marginal distributions of leaf surface area and vol-
ume with height also can be derived and fitted to
the data (Table 1). The developed equation for the
marginal distribution of leaf surface area with height
is the same as that of leaf volume with height. The
measured distribution densities of leaf surface areas
were consistent with those of leaf volumes. Because
both leaf surface area and volume are proportional
to leaf weight, their relative distribution must be the
same.

vmax(D) = 9.9496 x 1076 x D2-5899’

PVE = 91.2%, P < 0.001 (10)

According to the fractal bifurcation of a tree (Borchert
and Slade, 1981; Stewart, 1988; Zeide, 1998), the
number of branches of an entire tra¥(D)] can be
related to DBH and fitted to the measured data giving

74112 x D14678

In(71918 x D) ’
PVE = 94.8%, P < 0.001

(11)
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4.1.4. Seeds 5. Results

Of the 18 measured trees, eight were female, and
had seeds. Seed surface area and volume are a mi- All the equations in functions (1) and (2) have been
nor part of the shelterbelt structure representing only developed and are summarized in Table 1. The equa-
2.79% of the tree surface area and 0.50% of the tions for a seed component are only applicable to
tree volume (Zhou, 1999). For simplicity, the seed female trees. Before using these equations, the resolu-
surface area and volume of an entire tree were ex- tion for the structural description was determined by
pressed as an allometric relationship to DBH(D) referencing the measured tree height and spacings be-
andVy(D)]. Similar to the leaves, the marginal distri- tween trees and rows in the shelterbelt. The resulting
butions of seed surface area and volume with height resolution is shown in Fig. 1.
are the same and expressed as a beta distribution. The surface area for each tree componentin function
These equations were fitted to the measured data(l) was estimated by substituting DBH and/or height
(Table 1). into the corresponding surface area equation. The rel-
ative surface area of each tree component in a hori-
zontal layer with respect to an entire tree in function
(1) was estimated by substituting height into the cor-
responding marginal distribution of surface area with
height. The relative vegetative surface area for each

By referencing Fig. 2A, the marginal distribution of tree component in a grid cell with respect to the hor-
trunk surface area and volume across width at a given izontal layer in function (1) was estimated using the
height can be visually defined as the same function marginal distribution of surface area across width at
form shown in Table 1. a given height. To use this marginal distribution, the

The marginal distribution of surface area and vol- spacings between trees and rows in the shelterbelt, and
ume across width at a given height for the other three the distances from characteristic points of the shelter-
components can be determined if their surface areabelt canopy envelope (labeled by™in Fig. 2A) to
and volume are measured horizontally section by sec- the trunk and the corresponding heights of these points
tion within a layer for all layers. Such measurements, were measured for determination of the crown diam-
however, are not available at this time. Alternatively, eters across width at a given height(f) andl2(2)].
these distributions may be approximated according Substituting these into function (1), the vegetative sur-
to green ash architecture. Assuming that the projec- face area densities in all grid cells (Fig. 1) were esti-
tion of a tree crown at any given heigtd) onto the mated. Using the same procedure, the cubic densities
ground is an ellipsoid jointly composed of two half inthese grid cells were also estimated. As a result, the
ellipsoids (Fig. 2A) and assuming that the branches, 3D aerodynamic structure of the green ash shelterbelt
leaves and seeds in a layer are uniformly distributed is described.
within the outline of the ellipsoid, the marginal dis- Unfortunately, current numerical simulations are
tributions of their surface area and volume across unable to utilize a detailed description of structure
width at a given height can be derived (Table 1). Be- along the length dimension due to computation de-
cause of the second assumption above, the derivedmands. Consequently, the boundary-layer flows near
marginal distributions of surface area are the same for a shelterbelt have been numerically simulated only
these three tree components, and the derived marginalin the width—height domain (Wilson, 1985; Wang
distributions for their surface areas are the same asand Takle, 1997; Patton et al., 1998). As a result,
those for their volumes. The curves of this marginal the average structure over the length dimension
distribution at three different heights are illustrated needs to be estimated for use in current numerical
in Fig. 2B. Using the derived marginal distribution, simulations.
the relative surface areas across width for each dis- In one of the sampled shelterbelts, there were 72
crete grid cell at the three heights were calculated as green ash trees, 35 in the north row and 37 in the
an example and represent the areas under the curvesouth row. Using the procedure above, vegetative sur-
in Fig. 2B. face area densities and cubic densities for each of the

4.2. Marginal distributions of surface area and
volume across width at a given height
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Table 2

Estimates of the average vegetative surface area densiffes (M) of a green ash shelterbelt over the length dimension (the cells correspond
to the grid cells in Fig. 1A)

14 North row South row
0 0 0.15 | 0.12 0 0 0 0
12l 0 | 042 | 063 | 045 | 0.19 | 0.23 0 0
0 1.1 1.66 1.20 0.44 0.61 0.41 0
10 0 1.93 29 2.09 1.06 1.48 0.98 0
’g 1.49 2.45 2.76 1.97 1.91 2.66 1.77 0
.8 g| 1.64 2.70 3.06 217 1.84 2.58 2.29 1.39
\2“ 1.69 2.78 3.17 2.23 2.06 2.91 2.56 1.56
'% 6| 1.61 2.65 3.05 213 2.07 2.95 2.58 1.57
dé) 1.46 2.39 2.79 1.92 1.95 2.82 2.43 1.48
'E 4| 1.24 2.03 2.42 1.63 1.71 2.50 212 1.29
ED 0 1.57 2.53 1.70 1.36 2.05 1.69 1.03
£ 2 0 1.08 1.84 1.17 1.26 1.95 117 0
0 0.59 1.14 0.64 0.70 1.21 0.65 0
0 0 0 0.86 0 0 0.92 0 0
0 1.5 3.0 4.5 6.0 7.5 9.0 10.5 12.0
Width dimension (x in m)
Table 3

Estimates of the average cubic densities (m3) of a green ash shelterbelt over the length dimension (the cells correspond to the grid
cells in Fig. 1A)

14 North row South row

0 0 0.00005 | 0.00004 0 0 0
12 0 0.00018 | 0.00028 | 0.00019 | 0.00007 | 0.00009 0

0 0.00058 | 0.00097 | 0.00063 | 0.00022 | 0.00033 | 0.00020
10 0 0.00123 | 0.00215 { 0.00133 | 0.00060 | 0.00094 | 0.00055
0.00118 { 0.00194 | 0.00287 | 0.00156 | 0.00128 | 0.00210 | 0.00118 0
8 |0.00155 | 0.00255 | 0.00416 | 0.00204 | 0.00155 | 0.00290 | 0.00193 | 0.00118
0.00184 | 0.00302 | 0.00557 | 0.00242 | 0.00205 | 0.00427 | 0.00256 | 0.00156
6 | 0.00200 | 0.00328 | 0.00705 | 0.00263 | 0.00241 | 0.00574 | 0.00300 | 0.00183
0.00201 | 0.00330 | 0.00865 | 0.00265 | 0.00259 | 0.00735 | 0.00322 | 0.00196
4 10.00189 | 0.00310 | 0.01046 | 0.00249 | 0.00255 | 0.00913 | 0.00318 | 0.00194
0 0.00261 | 0.0135 | 0.00282 | 0.00227 | 0.01115 | 0.00283 | 0.00172
0 0.00195 | 0.01581 | 0.00211 | 0.00233 | 0.01435 | 0.00215 0
0 0.00114 | 0.01872 | 0.00123 | 0.00139 | 0.01712 | 0.00129 0
0 0 0.02330 0 0 0.02170 0 0
0 1.5 3.0 4.5 6.0 7.5 9.0 10.5 12.0

o O |O |o

Height dimension (z in m)

Width dimension (x in m)
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72 trees were estimated and averaged over the lengthseeds in Fig. 3 reflect the average vertical distributions
dimension to give the vegetative surface area densi- of surface area and volume of a whole shelterbelt
ties and cubic densities of the green ash shelterbeltrather than the individual tree. The non-uniformity of
(Tables 2 and 3). the vegetative surface area density and cubic density
with height resulted from the vertical variation in
vegetative surface area and volume. The ratio of total
6. Discussion vegetative surface area in Fig. 3A to the total volume
in Fig. 3B at the same height dramatically increases
6.1. Application of the estimated shelterbelt structure with increasing height (Fig. 4), indicating that the
ratio of vegetative surface density to cubic density is
In the past, there were no field measurements avail- not constant.
able for the 3D structure of tree shelterbelts. As a  The large variation in the ratio of vegetative surface
result, the drag force term in the equations of motion area to volume suggests that neither vegetative surface
was parameterized only using assumed vegetativearea nor volume alone can represent the aerodynamic
surface area density for a numerical simulation of the structure of a shelterbelt canopy. However, the small
boundary-layer flows near a hypothetical shelterbelt magnitude of cubic density (0.00004—0.0233bm3
(Wilson and Mooney, 1997). The estimates of vegeta- in Table 3) suggests that vegetative surface area den-
tive surface area density and cubic density in Tables 2 sity alone can best describe the aerodynamic struc-
and 3 can now be incorporated into current turbulence ture of a shelterbelt or forest canopy (Wang and Takle,
models. 1997; Lee and Black, 1993), because maximum cubic
In addition, the magnitude of, and variation in vege- density (0.02330 fim~—3) is well below the limit of
tative surface area density and cubic density provide relative change in air volume (0.05) when air flow can
a reasonable reference for future numerical simula- be considered as incompressible (Schlichting, 1979).
tions. The vegetative surface area densities of a dou- The estimated structure can be used to test and com-
ble row green ash shelterbelt ranged from 0.12 to pare the relative importance of vegetative surface area
3.17nfm=3 (Table 2), and its cubic densities from and volume on the aerodynamic influence of a shel-
0.00004 to 0.02330 Am~3 (Table 3). Variation amo-  terbelt.
ng the columns and rows in both tables shows the spa-
tial variation across width, and with height. 6.3. A method to estimate the 3D aerodynamic
structure of a shelterbelt
6.2. Aerodynamics of shelterbelt structure
All the equations in functions (1) and (2) were de-
Gross (1987) used either cubic density or vegetative Veloped based on tree architecture. The marginal dis-
surface area density to parameterize the drag forcetributions of leaf surface with height follows a beta
term in the equations of motion for simulation of the distribution, which agrees with other research using
wind flow within and around a single tree. If the ratio the beta distribution for generating vertical profiles
of vegetative surface area density to cubic density were Of leaf area density of other tree species (Massman,

spatially constant, or 1982; Meyers et al., 1998). The marginal distribu-

SaD (x1. X2, X3) tions of the surface area gnd volume of branches,
——="2"= — constant (14) leaves and seeds across width at a given height were
Dc(x1, x2, x3) derived by assuming that the surface area and vol-

then the drag force term in the equations of motion ume of these three tree components within a layer are
could be parameterized by either structural descriptor, uniformly distributed (see Section 4.2). This assump-
because the drag force term parameterized by veg-tion appears reasonable for leaves and seeds, but may
etative surface area density is proportional to cubic have limitations for branches, because a branch ta-
density. pers with distance from the trunk which may result

The vertical profiles of surface area and volume of in more branch surface area and volume closer to the
the four tree components: trunk, branches, leaves andtrunk.
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12
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Height (m)
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Ratio of the total surface area to the total volume of the four tree components (m™)

Fig. 4. Vertical profile of the ratio of the total surface area at a given height in Fig. 3A to the total volume at that height in Fig. 3B.

In this paper, the 3D aerodynamic structure was es- DBH, tree height, planting pattern, spacing, and crown
timated for a 31-year-old green ash shelterbelt. The 3D diameter as shown in Fig. 2A are required. However,
structure of shelterbelts with different designs will be tree sex also needs to be observed for an application
different. The method developed in this paper for de- of the equations for a seed component.
scribing the 3D structure is applicable to any type of a
tree shelterbelt. However, this method is complicated,
because it involves the development of the equations 7. Conclusion
in functions (1) and (2). Consequently, it is necessary
to develop an efficient indirect method to estimate 3D  Our aim has been to develop a method to estimate
structure. This estimated structure becomes valuable,the vegetative surface area density and cubic density
however, as a reference point of actual structure for of a tree shelterbelt in three dimensions, and to present
the development of a more efficient indirect method. the actual 3D aerodynamic structure of a green ash

Description of the 3D structure for a wide variety shelterbelt. Both vegetative surface area density and
of shelterbelts will remain limited until an indirect cubic density are estimated in three dimensions using
method of estimating the structure becomes available. the equations derived according to green ash architec-
This limitation makes it difficult to predict the aero- ture. The parameters in these equations are estimated
dynamic influences of tree shelterbelts with different using data measured in two dimensions.
designs. The equations in this paper are, however, di- The equations show that: (1) for trunk, leaves and
rectly applicable to shelterbelts with the same design. seeds, the surface area and volume are exponential
These equations also can be used to estimate the 3Dfunctions of DBH and/or height; (2) for branches, the
structure of other green ash shelterbelts or of shelter- surface area and volume are a ratio of an exponential
belts with species similar in architecture to those in function of DBH to a logarithmic function of DBH,;
the sampled shelterbelt. Using these equations, only and (3) the marginal distributions of surface area and
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