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ABSTRACT

ind barriers are an important method to control
soil erosion by wind. A revierv of the literature

revealed that the equation currently in use to predict
length of protection is not precise and does not satisfy
known boundary conditions. Various data sets were
studied and an alternative equation was formulated that
both matches the published data and correctly fits the
boundary conditions. This equation also included the
variable of barrier porosity. The new equation was
verified to fit published measulements with an Rr of 0.97
and was highly significnt (a : 0.001). A check was also
made with data for a snow fence that were independent
of the data used for calibration. For this data set. the Rr
was 0.703. which rvas significant (o - 0.001). It was
concluded that the new equation was an improvement
over the equation currently in use.

INTRODUCTION
Wind barriers of various kinds are used to modify the

rvind profile and protect against the damaging etTects of
rvind. Vegetative wind barriers are most often used in
agriculture, but artificial wind barriers such as rvood ot
fabric fences can also be used. Artificial wind barriers
are especially valuable in dealing with wind erosion
problems .rssocia(ed with con st ru ct ion. rtoring
hazardous wastes, or providing protection in agriculture
!1hen insuilicient time exists to establish vegetative cover
or vegetatlve rvind barriers. Barrier technology can also
be used to design truck beds and railroad cars to
minimize material loss during transport.

Barriers, like any obstuction of air tlow. bring about
three effects on their environment. First. the tlow of the
approaching rvind is changed in magnitude and direction
belbre it crosses the barrier. Second. the leervard air florv
pattern is changed. Third. changes occur in lhe
microclimrte (temperature. vapor pressure. and
evapotranspirxtion) surrounding the barrier (Rosenberg,
1976). To take full advantage of the positive effecrs of
barriers. precise relationships are needed fbi their
design.

A simpie linear relationship between length of
protection and height of barrier was reported by Schwab
et al. (1966) and is currently used by the Soil
Conservation Sewice (SCS). Horvever. this relationship
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does not match experimental data over a wide range of
lengths of protection nor does it contain the variabie of
barrier porosity. The purpose of this article is to develop
more precise mathematical relationships betu'een height.
porosity, and spacing of wind barriers used for
mitigating damage from winds.

BACKGROUND

Researchers have studied the decrease in wind
velocities on the leeward side of barries (windbreaks) in
the field and in wind tunnels (Woodruff and Zingg,
1952; Moysey and McPherson, 1964; Hagen and
Skidmore, 197Ia &b', Tabler and Veal, 1971; Raine and
Stevenson, 19771 and Hagen, 1980). Bates (1924) was
one of the first to study the effects of height and density
of shelter belts on leeward veiocites. He stated that a
windbreak of moderate effectiveness reduces the velocity
oi a 32 km/hour wind, striking normal to the windbreak.
for a distance of30 times the heighr ofthe windbrea,i 1in
his case, trees). This finding has been verified repeatedly
over time attesting to the quality of the data from Bates
(1924) and the other researchers referenced above.
Tabler (1980), for example, reported that the drift length
on the leeward side of a snow fence (at the maximum size
of the drift or at the saturation point for snoN storage) is
approximately 30 times the height of the snow fence.
These similar findings and those of other resarchers
indicate that the reduction of velocities on the leervard
side of barriers is a stable and reproducible phenomenon
(Raine and Stevenson, 1977).

Several researchers have related wind veiocity
reduction rvith porosity of the barrier. They include
Wcodruff and Zingg (1952). Moysey and McPherson
(1964), Hagen and Skidmore (1971a & b), and Raine
and Stevenson (1977). Moysey and McPherson (1964).
using the results of both wind tunnel and field
experiments, found the leervard side velocities to be a

function of barrier porosity. They stated that a porosity
of 2570 otfers the best sheltering (velocitv reduction)
belorv the mid'height of the barrier. For lee*ard
distances of one to eight barrier heights. wind barriers
that have porosities in the range of 15 to 35% provide
better sheltering than do solid barriers. They concluded
that the fracti;n of reduction ol lee*arci ielocitr is

almost constant ;eqarCless ol ihc cl,ange in ni-qnituJe oi
:tr xi)ilr(,.lar1 r:iL,(:i, :r\ (.-r-- \ 't:a i..:' .:' :'.r:::'.'r:'
based on barrer height is greater rhan "10.i10(). .\
Reynold's number.qrearer than .10,000 can be achiereci
rvith uind velocities of only a ferv kilometers pet hour.
They turther lound that the shapes ol barrier oieriirgs
have less eiTect on li:elrard velocities rhan did :-rrri;r
porositr.



Siricr,i]oi. rai Hager (19ltr; 6iela1upa6 zi model ro
e::plaii rhe reiationship of rhe rario of lee$ ard velocirl to
rir. uDslreanl approach velocirr'(U,'L,) and leeward
disrance expressed as barrier heights (X) Ibr a 40%
porous barrier. While their model generallr' fits rlind
runnel and field dara. it cioes not satisf) the bounciari
.'::i:ii.': i.:-.i,jrC tirt iir:,'i::. i.c.. lll' ral,.rr {L. L ,

3irrio!cna\ unitr. This nrocieling procedur€ ais(,
necesitates separate equations for each differenr
porosity. The authors recognized that there is a velocity
reduction upwind from the barrier and presented an
equation for such a reduction for a barrier with 40%
porosit-'-.

Sch*ab et al, (1966) used the data of Woodruff and 0 4 B 12 16 20 24 28 32
Zingg (1952) to develop the follou'ing equation for the Length,/Height
distance offull protection from auindbreak: ris. I Ralio of do\n$ind ro upwind *.loci(-r as a funcrion of $ind

bauier heiehli dollnhind.

L= 17 H(U,,./U)cosB ... .. t1l
(1971a). and Raine and Stevenson (1977) have measured
the gind velocin reductions on the lee*ard side of
barriers n'ith different porosities. Within the area of
Yelocity reduction, the !ertical velocitl profile appears to
be a straight iine except in the immediate vicinitl of the
ground (Aase et a1.. 1976). lt appears that near the
ground, the profile foliou s the typical logarthmic shape,
but above this boundart layer the profile is uniform. This
information sas used to develop a relationship betq'een
leeward velocitl reduction, height of barrier, and
porosity of the barrier.

The region behind the barrier downq ind to
approximately four to six barrier heights is the vortex
area where special modeling is needed to define the
velocity reduction (see Fig. 1), For most applications,
this area is adequatell sheltered by the barrier. Using a
field data set and a wind tunnel data set from Raine and
Stevenson (1977), the velocitr reductions for four
porosities uere modeled. Presented in Table 1 are *'ind
data from the two sets of tests for porosity, velocity
reduction, and downstream distance from the barrier for
the winds approaching the barrier at right angles.

Reported velocities \\'ere measured or taken at a height
of 1/2 H u'here H is the height of the barriers. Actual
velocities at 1/2 u'ere obtained for the data from Hagen
and Skidmore (1971a), $'hile the integrated average

TABLE 1. NMber ot b.tud hcights (X = L/H) belos bamers A
for v,rious *ind velGitv reducrionsMODEL DEVELOPMENT

This paper u ill be resrricted to modeling wind barriers
having a top boundarl that is angular in form. For a
Reynold's number above 40,000, the separation point is
fixed at the angular edge and does not shift with
increasing Reynold's numbers (Vennard, 1961). Almost
all field conditions of concern u'ill have a Reynold's
number greater than 40.000 (Greeley and lversen, 1985).

Model Fotmulation
The barrier exerts, by its drag, a force on the wind

field tbat is compensated by a loss of momentum of the
ai!. In an incompressible fluid, a reduction in
momentum implies a reduction in velocity, Thus, the
drag is converted into wind speed reduction that is
desired for sheltering the soil (Skidmore and Hagen,
1976), Woodruff and Zingg (1952), Hagen and Skidmore

2a2A

0.6

0.4

0

where
L:
H:

disrance of full protection,
height of the barrier in any units u hich are the
same as L.
minimum u ind velocity at 50-ft heighl
required to move the most erodible soil
fraction,
actual u'ind \'elocit)'at 50-fr height,
the angle of deviation of prevailing u,ind
direction from the perpendicular to the
windbreak -

B=

The above equation is typically used to design
windbreaks. Its main advantage is simplicity. lt,
ho$'ever, does not consider porositl' although research
has clearly shown that porosity is a factor in the distance
of full protection as discussed above.

A reanalysis of the data from Woodruff and Zingg
(1952) indicated that either an intercept of
approximately 8 should be added to equation [1] or the
value 17 should be increased to achieve a reasonable fit
of the data. Furthermore, Raine and Stevenson (1977)
stated that the tests by Woodruff and Zirgg (1952) did
not properly establish a logarithmic wind profile
upstream of the test section, and the results from such
tests were only a qualitative indication of full scale
u'indbreak performance,

L0 44.5
0.95 34.5
0 90 28.s
0.85 25.0
0.80 20.0
0.7 0 l6.0
0.6 0 l3.0
0.50 10.5
0 40 8.0

60.0 50.0
3l.t 37.4
31.0 30.0
2 7.3 25.0
:l 5 2t.o
t6 0 16.0
12.a 12.0
10.5 10.0
7.0 7.A

44.5 43.0
li_0 34.0
21.4 25.5
2) O \ 9.4
19.0 1?.0
13.5 r 3.0
9.5 9.s
65 6.5

4 5.0 4 4.0
36.0 13.0
28.5 :5.0
24.0 20.0
16.5 16.0
10.5 11.0
7.5 1-.5

43.0
31.0
25.A
21.5
18.0
15.0
I2.0
10.0

Nore, l, = IenCLh lee\rard ol rhc ba!rier
H ' hcight of thc barncr
Ur = lhe lecs.rd wind 'ddily ar 0 5 H
U = !he upsiream wind.tlcity a! 0.5 H
F = ficld &re fron Raine.nd Srevenson {1977)
wT = eind runncl data ironr Rar,e and Slc!.trson (197t1
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eq'Jrtlo:r \as used as lr sinplt nrooer. Tilt iirrm ol th.
equation is

UL

I]
=1-AeBX

s here
Ur. : the leeq'ard uind \elocil! at a

for location L.
t . = the upstream tind relocitr at

0102030405060
OISTANCE,/ BAFRIEF HEIGHT

Fig. 2-Relationship betw€en wind bsrrier porosil.\ end th€ cocfficienl

Porosit} Dffects
Porosity effects are considered b1 variations in the

coefficient A. The zero value for coefficient A for 100%
porosity is a theoretical boundarl condition One u'ould
expect the magnirude of velocity reduction to be inversell
proportional to porosity. Both Raine and Stevenson
(1977) and Mo1se1'and McPherson (1964) repofied that
the velocity reduction \\ as greater for 20% porositl than
for zero percent. This result does not natch our
equation, but sas probably due ro back flol in the core

area behind solid barries. Vaiues for A are pJotted as a

function of porosit-v itr Fig. 3. The lollouing nonlinear
function gave a reasonable fir (Rr : 0 gg-i and o = 0.01):

7
= C.6

G

0.......,t2j

height of 0.5 H

a height of 0.5
H.

X - L/H,
H : the height of the barrier.
L = the distance dounstream from the barrier.

The unknoun coefficients, A and B, u'ere determined for
the data given in Table 1 s ith MERV, a computer
program designed to anairze non-linear functions
(Gregorl and Fedler, 1986).

The exponent B uas found to be apProximatel!
constant rrith an average value of 0.0876. Next. this
alerage value of 0.0876 for B rvas used with equation [2]
and the data in Table 1 to determine neu'vaiues for A
The equations for the dif{erent porosities are as follou's: .l8l

Porositr
o!

Barrier Fitted Equation R2

A=1.217 181 xto 3 P-7.39r 10 5Pl

u here P is porosity in Percent.
Because a barrier exerts a drag on the wind as it flo* s

over the barrier. the coefficienr A should be a function of
the drag coefficient. lfthis h)'pothesis is true, knowledge
relating drag coefficients to shape couid be used to
estimate A for shapes not considered in our analysis

The hypothesis that A was a function of drag
coefficient $as tested $'ith measured drag coefficients
reported by Hagen and Skidnore (197ib). Equation [8]
\\'as used to calculate values for A for porosities given by
Hagen and Skidmore (1971b). These values \r'e!e then
related to the measured drag coefficients for the same

prorosities (FiC. a). A simple linear equation $'ith an

@:Solidl Ur /Uo =

2a% UL/Uo =

1.0 - 1.190 e-0.0876X A 99

' ' ' ' 'l3l
r.A-1.172 e0.0876X 099

Z* u1lu" = r.6 - 6 969 
"'O 

Orr't o.n, 
tt'

.... ..... .tsl

50qa UL/U. = 1.0 - 0.792 e'0 0876X 0.99

toul" uL/Uo=10 00"oou'u" u'""Oolul
Condition
'''''l7l

All equations fit the measuled data well with an Rr of
0.99. s hich rvas highll significant (a : 0.001). Equation
[7] uas obtained b1' the boundarl condition that zero
porositl is equal to no barrier and Ux is equal to Uo
Results are shown in Fig. 2.

Note that U./U! automaticalll approaches one as X
becomes large. This is a correct boundary condition not
achieved by equation [1]. A1 this point, it * as concluded
that equation [2] with a constant value for B and a

variable A as a function of porosity \r'as both a simple
and accurate model for the given data and should be an
appropriate equation for modeling downwind effects
behind baniers.
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Flg.-t 'A typhal nt betwc€n pEdicr4d (sotid tiner and metrsurtd
{cir(lesr velorities dot nsind of lrind b.eaks.

intercepr ofzero and a slope of0.gl gale an Rr ol0.99o
thal u3s highly significant 1o = 0.0b1). Based on rhis
result, the hypothesis was accepled, and ir *as concluded
thatA.can bc replaced with 0.81 rimes rhe known drag
coefficient,

Length of Protection
With X expressed as L/H, equation [2] can now be

written as

UL/U. = 1- Ae o 0876l/ll .. ...l9l
with. A being d€termined using equation Ig].Furthermore, the wind profile downwind from the
barrier near the end of the length of prorecrion can be
urrl*".d- 

19 lbllow the rypical logarirhmic prorjle ( A brew
et al.. 1q80) described as follows:

u = (u- t0.4)t"(.lz-Dt lZo) . .....1101
where

U = wind velocirv ar heiqhr Z,
U* : fricrion velocitv,
Z : height above land surface.
D : displacement hcisht.
Zo - aerodvnamic roulhness.

Equation [10] can be applied twice, once for location 0,
upwind to the barrier, and once fbr location L,
downward. and the results can be used with the
relarionship expressed in equarion Ial ro obtain rhe
iollowlng:

U'r=U , l-Ae 0.v8-o r H .Jl.n 
ll l D-'/zootl

ln( H I Dr )/Zoi )

. . . . . . . . .[11]

lhe term lr \quJre brrclet ,,:ll l.e dutincd ,rs rhc
i ouqh ness :rC ir stmqn r iic:or li . Ii L lt e jll rl.Jce con ditions
do\\ n\!-tncl are equal to the surtace conditions up\\ind.
D, rrill equal D rnd ZG rrrll equai Zo. ceu,ing i, ro be
equal to unirv. The elevarions of the ruo l.rnJ surfoces
are assumed equal. If the land elevarions difler. then the
H terms in equation [11] rvould also be different. Raine
and Stevenson (1977) have pointed out thar some of the

2426

data in the Iiterature such as those reported by Woodruff
and Zrngg (1952) may not be accuraie because the windprofile upwind was not considered and controlled to
simulate true field conditions.

--Equation It1] has rhe advantage that it expresses the
effects ofthe barrier on the friction velociry, Ui, which is
the rerm oJren used ro predicr *ina erosion r Greeiey anJ
tversen. 1985; Grcgorl er al., lggg). It is also in a form
that.can be used direcrly in wind erosion models rhal
con_sider changes in surface roughness. As discussed
earlier, the velocity rcductions in"the vortex .on" i.o*
the barrier down\r'ind 4 to 6 barrier heights are nol
considered with equation [11]. The results o6tained from
equation [11] may, ho\iever, be adequate in the vortex
zone for. m-o-st modeling objectives. For example, if the
porosity is 30% or higher, the vortex zone of reierse f.low
near the back side ol the barrier may not form and
equation {l ll $iil be a saLisfactory model for all lensths
behind the barrier. In rhe case oi a solia barrier.fi"."
ygyine soil cannot pd\5 rhrough rhe barrier, equation
lltl would )ield a U* rhat goes to zero (in fact a small
negative number). indicaring no polential to move
sedlmenr downwind. While some velociry may truly exisr
behind the barrier, no sediment movement wjill continue
because the barrier is solid. This result matches the
result predicted with equation [11]. Finally, ,in"" Ui
must exceed the threshold or critical value, U,rc, for soil
movement to occur, euors in the prediction of U* in the
vortex zone where U+ is small will not have an effect on
the predicted soil mor,ernent because the U* does not
exceed thelhreshold value, U*". Equation [11] therefore
appears_ adequate for use in modeling soil movement
behind barriers.

If the length of prorection needs to be predicted,
equation [11] can be arranged in the following form;

1.5

1.0

0.5

where U*. is the thresholcl velocity for soil conditions
downwind from the barrier. and 

"cos p is the lengih
adjustment added tbr the condition of nonperpen dicuiar
wind to the barrier.

...A tarrier also provides some prorection upwind.
Woadruff and Zingg (1952) and pelton (1976) repirted a
limited amount of such data. plate (1971) graptricatty
presented measured results from Nageli (1911). All ol
these reports considered indicated thal the shape of the
upwind protection $as similar to the dorvnwind
prot€ction except for a distortion in the lel,gth scale.
Skidmore and Hagen (1976) used a secoird order
po_lynomial equation to fit the upwind etfect on rvind
velocity._Their equarion was for ; 40% porosity and is
not valid for a distance upto fire times ihe windbreak
height.

Since insufficienr daia $.ere found in the lirerxrure ro
directlv cvalurrc the Drote.riotl uolind. ,l: ,: : .: Lr :r ! i., n l.v
);,icin,. - .,;r.r S--. . ,-rr, .\J) u\cd . I -.1,,.r,,.velocitv lalues for lengrhs betrr.een 0 and 5H. iquarion
f2l rvas rhen tlt to tli\ Benelalcd dara lor derer.mtralion
of the B vrlue. Fqu.rrri-- 'lJ att(.r cJIibrt,ion, m,rched
the generated dara ercepr fbr the firsr 0 ro lH. Since
modeling the inter-core section of rindbreaks rras not
part of the obje ires ol thls anicle. dara ior ::;rg:hs less

L = 11..1 H ln [( )lcosB.. ..[12]1- U'. U'o Re)

:i,.,.



than one windbreak height were discarded from further
analysis. The remaining data were refit to determine a

mori precise value for B. This resulted in a value of
0.0877 for B. Equation [2] fit this data with an R2 of
0.951 and was significant (a : 0.001). Between the

length limits of I to 5H, bolh equations produced about
the same results.

Equation [2] provides three advantages over- 
-thepolynomial equation of Skidmore and Hagen (1976).

First, it is stable at the upper boundary condition for
lengths gleater than 5H. Second, it includes the variable
A ;hich includes the effect of porosity. Changes in
porosity can be consideted by changing A with equation

[8]. This consideration fits the graphs presented by Plate

itgZt ), *f i"tr provides some verification of equation [2]
The final advantage is both the upwind and downwind
effects are modeled by the same form of equation. This
easily allows the total length of protection to be

considered by changing the numeric value in front of H
in equation [12]. Instead of being the inverse of the B

coefficient for downwind conditions, it is the sum of the

inverse of both the upwind and downwind B values
(l/0.0876 + l/0.08'7'7). This provides the following final
equation for predicting the total length of protection:

L=r2.oHln1 A-11 
"osp ........rJI' 1 - U. /ruo Ra)

VERIFICATION WITH FIELD DATA

Equation [11] *as tested with R": 1.0 and rt = 0

using each of the data sets given in Table 1. Equation

[11] fit all data sets with an R2 value of 0.97 or better.
Since all data sets were used in development, three

degrees of freedom were lost due to determination of
coifficients. Nevertheless. the relationship was highly
significant.

An independent check was made using data reported
by Tabler and Veal (1971). They reported that their
birriers had a porosity of approximately 509o. They also

reported that ali barriers Nerc open for the bottom two
f'e;t. This intbrmation was used with the total height to
estimate a total barrier porosity using 1007o porosity for
the bottom two feet and 5070 for the rest of the barrier.
Measured velocity reductions were compared to
predicted velocity reductions using the estimated
porosities and equation [11], Values of R" = 1 and D =- 0
*ere assumed ibr this data set. Average values for
velocity reductions were reported by Tabler and Veai
( l97l ) and were used in the analysis. There was one point
where one of the replications was less than one'third the
magnitude of the other two or more than three standard
deviations away from the other two This point was

treated as an outlier and the avelage recomputed usir'g
only the two closest values. The equation had an R) of
0.703 and rvas signiticant (o : 0.001) for this set ol dala

slt\t\1\lt1'
Literature reporting *indbreak d.rta was revierved.

The equation otten used to evaluate protection ilom
rvindbreaks does not consistently fit the majority of
published data. Furthermore. the equation aiso does not
predict correct values for )eeside velocity reductions at
boundary conditions. The Iiterature review also revealed

\. o1 jlib':\.\ cm r.r.D..:rri.r iofo

7. Hagen. L.J. and E L. Skidmore. 1971a. Turbuient
fluctuations and venical flow as affeclcd by windbreak

that windbreak porosity is an important variable that
needs to be considered in the evaluation.

An alternative equation was developed to predict the

relationship between leeward and upwind velocities as a

function of the ratio of distance leeward to barrier
height. The new equation gives correct predictions at

boundary conditions and includes the variable of
porosity. The equation fits published data sets well.
Based on this good fit and the problems with the present

equation for wind barriers, this new equation should be

an improuement over current procedures for evaluating
wind barriers with an angular top boundary.
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