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Abstract .  P lan t ing  windbreaks is a u s e f u l  wind eros ion 
c o n t r o l  p r a c t i c e ,  but t o  ob ta in  bes t  r e s u l t s ,  t h r e e  major 
f a c t o r s  must be considered i n  des igning a windbreak system: 
1 )  t h e  windbreak, 2) t h e  l o c a l  winds, and 3) t h e  f i e l d  t o  be 
protected.  By analyzing these  f a c t o r s ,  t h e  optimum windbreak 
p o r o s i t y ,  spacing,  o r i e n t a t i o n ,  he igh t ,  and o the r  f a c t o r s  can 
be determined f o r  each locat ion.  

INTRODUCTION 

Windbreaks have long t e e n  used t o  con t ro l  
- wind eros ion,  bu t  no sys temat ic  des ign proce- 

dure is ou t l ined  i n  t h e  l i t e r a t u r e ,  f o r  th ree  
reasons: Wind and windbreak d a t a ,  a s  compiled, 
a re  n o t  easy t o  use;  some e f f e c t s  of windbreaks 
are  s t i l l  not  f u l l y  understood; and windbreak 
systems a r e  genera l ly  multipurposed, with ero- 
s ion  c o n t r o l  a s  only  one of t h e  uses.  

Here, I w i l l  q u a n t i f y  some major d i r e c t  
e f f e c t s  of windbreaks on wind e ros ion  and a l s o  
i d e n t i f y  some a d d i t i o n a l  i n d i r e c t  benef i t s .  
Three major f a c t o r s  t h a t  must be considered i n  
designing a windbreak system a r e :  1 )  windbreak, 
2) local winds, and 3) f i e l d  t o  be protected.  
Each f a c t o r  w i l l  be considered ind iv idua l ly .  

THE WINDBREAK 

The two main e f f e c t s  of windbreaks t h a t  a id  
i n  wind e ros ion  c o n t r o l  a r e :  1 )  they decrease 
surface-wind shea r  s t r e s s ,  and 2) they t r a p  
moving s o i l .  To opt imize  wind-erosion con t ro l ,  
s e v e r a l  v a r i a b l e s  can be manipulated when de- 
s ign ing  windbreaks. These inc lude  poros i ty ,  
poros i ty  d i s t r i b u t i o n ,  h e i g h t ,  width,  shape, 
r e s i l i e n c y ,  and s e a s o n a l  v a r i a t i o n  i n  porosi ty .  

Among these  v a r i a b l e s ,  windbreak porosi ty  
has t h e  most in f luence  on windspeed reduct ion 
and s o i l  t rapping.  When s u r f a c e s  a r e  highly 
e rod ib le  and t h e  windspeed is above the  thres-  
hold v e l o c i t y  necessary  t o  i n i t i a t e  p a r t i c l e  
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motion, e ros ion  r a t e  is p ropor t iona l  t o  wind- 
speed cubed (Bagnold 1943; Chepil  1945; Zingg 
1953). Thus, even modest r educ t ions  i n  wind- 
speed cause major reduct ions  i n  wind e r o s i o n  
( f i g s  . 1 and 2) . Maximum wind and e ros ion  re- 
duc t ion  extends over a l a r g e r  leeward a r e a  when 
windbreak poros i ty  is near  40 percent  a s  com- 
pared wl th  a less-porous windbreak. 

+ WIND DIRECTION 

WINDBREAK HElQHT8 

Figure 1. Rat io  of s h e l t e r  t o  open f i e l d  wind- 
speed (U/Uo) and wind e ros ion  (WE/WE,) with 
a l l  windspeeds above threshold  v e l o c i t y  normal 
t o  a 20-percent-porous windbreak. Windspeeds 
measured a t  0.12H above t h e  su r face .  

Skidmore and Woodruff (1968) def ined pre- 
ponderance a s  the  maximum value  of t h e  r a t i o  of 
p a r a l l e l  t o  perpendicular wind e ros ion  f o r c e s  
obtained by ca lcu la t ing  the  r a t i o  f o r  every 
d i r e c t i o n  a t  a loca t ion ,  I n  loca t ions  where 
wind-direction preponderance is low o r  t h e  wind- 
break is not  or iented normal t o  t h e  preponderant 
d i r e c t i o n ,  wind w i l l  o f t en  pass through t h e  wind- 
break a t  an oblique angle. Because wind then 
t r a v e l s  a longer d is tance through the  windbreak, 
t h e  e f f e c t i v e  windbreak poros i ty  may be l e s s  



than t h a t  f o r  winds normal t o  the  windbreak, 
pa r t i cu l a r l y  i n  multirow windbreaks (van Eimern 
e t  a l .  1964). Less land i s  a l so  needed t o  
produce a porous than a nonporous windbreak; 
thus,  i t  is probably the most e f f i c i e n t  fo r  
wind erosion control.  Hagen and Skidmore 
(1971a) have l i s t e d  probable po ros i t i e s  of 
some windbreak species ,  but more measurements 
a r e  needed for  addi t ional  species.  

-- WIND DIRECTION 

WINDBREAK HEIGHTS 

Figure 2. Ratio of s h e l t e r  t o  open f i e l d  
windspeed (U/U,) and wind erosion (WE/WEo) 

" with a l l  windspeeds above threshold ve loc i ty  
and normal t o  a 40-percent-porous windbreak. 
Windspeeds measured a t  0.12H above the  sur- 
f ace. 

The optimum porosi ty  d i s t r i b u t i o n  with 
height  is s t i l l  much debated. Rosenberg (1974) 
suggested t ha t  porosi ty  should decrease with 
height  i n  proportion t o  the  logari thmic increase 
i n  windspeed with height .  In  con t ras t ,  Raine 
(1974) suggested t h a t  maximum windspeed reduc- 
t i o n  with a minimum use of mate r ia l  should 
occur with a windbreak closed a t  t h e  bottom and 
opened t o  near ly  100 percent poroei ty  a t  t he  
top  with an ove ra l l  poros i ty  of 30 percent.  He 
noted t h i s  design would avoid concentration of 
a region of high shear near  t h e  top  of the  wind- 
break, which would quickly d i f f u s e  high wind- 
speeds back t o  t he  surface. 

Experiments with uniform porosi ty  s l a t -  
fences  showed t ha t  a porosi ty  of less than 40- 
percent  near  the  fence top caused excess shear  
(and turbulence),  while low poros i ty  near t h e  
bottom created low pressures  which induced a 
r e c i r cu l a t i on  zone i n  the  leeward a r ea  (Hagen 
and Skidmore 1971b). E i ther  of these  mechanisms 
can probably prevent a maximum area  of s h e l t e r  
i n  t he  leeward area. Consequently, it is 
doubtful  t h a t  e i t h e r  the  top o r  bottom of an 
optimum windbreak should be of very low poro- 
s i t y .  

measurements showed t ha t  f o r  s i m i l i t u d e  betvaen 
windbreaks, the r a t i o  H/z, must be s i m i l a r  
because a s  H/z, increased s o  d id  windspeed re- 
duction a t  a given leeward loca t ion  (Jeneen 
1954; Kaine 1974). (2, is open f i e l d  roughness 
length.) Scaling the  r a t i o  of H/zo is par t icu-  
l a r l y  important when wind tunnels  a r e  used t o  
simulate f i e l d  conditions. 

Besides t h e i r  d i r ec t  e f f e c t s  on wind ero- 
s ion,  windbreaks a l s o  i nd i r ec t l y  i n f l uence  wind 
erosion. For example, i n  many a r ea s  windbreaks 
t r ap  snow, which increases  s o i l  moisture  and 
prevents freeze-drying of the  sur face-so i l  clods 
(Bisal and Nielson 1964). Windbreaks decrease 
the  speed a t  which surface s o i l  d rys  a f t e r  
p rec ip i ta t ion ,  and a l so  enhance vege t a t i ve  
growth (Skidmore e t  a l .  1974; Rosenberg 1974). 
Even the  windspeed reduction during r a i n s  w i l l  
a id  i n  preserving a cloddy su r f ace  near  wind- 
breaks (Lyles, Dickerson, and Schmeidler 1974). 

Another useful property of windbreaks is 
tha t  they t r ap  par t  of the  suspended dus t  pa r t i -  
c l e s  blown i n t o  them. Thus, sometimes windbreaks 
can be used t o  s i gn i f i c an t l y  improve v i s i b i l i t y  
and a i r  qual i ty .  Honda (1974), who used indus- 
t r i a l  dus t s  t o  t e s t  the  dust-trapping a b i l i t y  
of 10 p lan t  species ,  found t h a t  i nd iv idua l  
p lan ts  trapped 35 t o  80 percent of t h e  dus t ;  
most species  t es ted  trapped 50 t o  60 percent .  
Consequently , i f  t yp i ca l l y  spec ies  t r a p  50 
percent of t h e  dust ,  th ree  rows i n  a windbreak 
would presumably t r ap  88 percent of t h e  dus t  
t ha t  en t e r s  it.  Honda (1974) found t h a t  trap- 
ping e f f ic iency  was inversely propor t iona l  t o  
porosi ty  measured by l i g h t  transmission. Also, 
trapping e f f ic iency  depended on both leaf  and 
dust  cha r ac t e r i s t i c s .  

A f i n a l ,  but important, e f f e c t  of wind- 
breaks occurs when they a r e  numerous enough 
t o  increase the  ove ra l l  roughness of t h e  
landscape. Jensen (1954) measured t h a t  e f f e c t  
along two p a r a l l e l  l i n e s  extending from the  
North Sea t o  t he  Ba l t i c  coast.  Near t h e  North 
Sea coast  the  r a t i o  of surface windspeed t o  
geostrophic windspeed was 0.38; in land  along 
t he  f i r s t  l i ne ,  with only a few windbreaks, 
t he  r a t i o  was 0.29. Along t h e  second l i n e ,  
where there  were th ree  times as many windbreaks 
a s  along t he  f i r s t  l i ne ,  t h e - r a t i o  was decreased 
t o  0.21. Thus, I n  f l a t  a reas ,  adding s eve ra l  
windbreaks over a l a rge  area can s i g n i f i c a n t l y  
decrease what we of ten r e f e r  t o  a s  open-field 
windspeed. Further s t ud i e s  a r e  needed on t h i s  
e f f e c t  i n  the  Great Plains ,  because it could be 
of s i gn i f i c an t  value i f  a government-sponsored 
program used incent ives  t o  insure r e l a t i v e l y  
continuous windbreaks over l a rge  areas .  

h e  hor izonta l  range of windspeed reduc- 
t i o n  by a windbreak is proport ional  t o  its 
he igh t  (H) (van Eimern e t  a 1  1964). However, 



THE LOCAL WINDS 

Windspeeds above th resho ld  v e l o c i t y  cause 
wind e ros ion  at  a r a t e  p ropor t iona l  t o  wind- 
speed cubed. To combat t h i s  fo rce  most e f f e c t -  
ively ,  t h e  d i r e c t i o n  preponderance of t h e  wind 
eros ion f o r c e s  and t h e  d i s t r i b u t i o n  of t h e  
eros ion fo rces  wi th  windspeed dur ing c r i t i c a l  
eros ion per iods  must be  known. There a r e  
s e v e r a l  wind-data sources ,  many of which a r e  
l i s t e d  by Lyles (1976). 

The preponderance and d i r e c t i o n  of wind 
eros ion f o r c e s  a r e  l i s t e d  i n  USDA Handbook No. 
346 (Skidmore and Woodruff 1968). The prepon- 
derance and d i r e c t i o n  of t h e  Great P l a i n s  wind 
eros ion fo rces  f o r  March a r e  shown i n  f i g u r e  3. 
A preponderance of one ind ica ted  no p re fe r red  
d i r e c t i o n ,  whi le  a preponderance of two ind i -  
ca tes  eros ion f o r c e s  a r e  twice as g r e a t  p a r a l l e l  
with t h e  d i r e c t i o n  l i n e  a s  normal tb  it. Ob- 
viously,  where preponderance is l a r g e ,  wind- 
breaks should be o r i en ted  normal t o  t h e  maximum 
erosion fo rces  t o  perform e f f i c i e n t l y .  

STATION KEY 

6 

Figure 3. Map of Great Plains showing s ta t ion  
abbrevia t ion (A) ; and preponderance of 
average March wind e ros ion  f o r c e s  p a r a l l e l  
t o  t h e  l i n e  through each l o c a t i o n  (B) . 

The windspeed-probabili ty d i s t r i b u t i o n  a l s o  
a f f e c t s  windbreak performance, a s  i l l u s t r a t e d  
i n  f i g u r e  4 f o r  winds normal t o  a windbreak a t  
Dodge City,  Kansas. I n  t h e s e  ca lcu la t ions ,  I 
used the  average d i s t r i b u t i o n  of south winds 
during March and assumed an open f i e l d  thres-  
hold windspeed of 19 mph. Wind e ros ion  a t  each 
speed was assumed p ropor t iona l  t o  F U ~  where F 
is f r a c t i o n  of time a t  which wind was a t  speed 
U. 

A s  shown i n  f i g u r e  4, windspeeds j u s t  above 
t h e  threshold  a r e  most f r equen t ,  and thus  on 
highly e rod ib le  s o i l s ,  they cause t h e  l a r g e s t  
amount of e ros ion ,  Where s h e l t e r  is  s u f f i c i e n t ,  
however, the  windspeed is reduced below th res -  
hold a t  low speeds,  and t h e r e  is e ros ion  only 
a t  the  highest  windspeeds. 

OPNN W L O  

Figure 4. Calculated e f f e c t s  of windspeed 
d i s t r i b u t i o n  of sou the r ly  March winds a t  
Dodge Ci ty ,  Kansas on amount of wind e ros ion  
(WE) i n  va r ious  speed ranges compared wi th  
t o t a l  wind e ros ion  over a l l  speeds (WEtot) i n  
open f i e l d  and a t  va r ious  d i s t a n c e s  (H) 
leeward of a 40 percent porous b a r r i e r .  

To eva lua te  windbreak e f f e c t s  on wind 
eros ion a t  a l o c a t i o n ,  both t h e  windspeed and 
d i r e c t i o n  d i s t r i b u t i o n s  must be  considered 
simultaneously. To i l l u s t r a t e  t h i s ,  I calcu- 
l a t e d  t h e  e f f e c t s  of windbreaks o r i en ted  e a s t -  
west and northeast-southwest dur ing March a t  
Dodge Ci ty ,  Kansas ( f i g .  5).  We assumed a 40 
percent porous windbreak and used an empi r i ca l  
formula derived e a r l i e r  (Skidmore and Hagen 
1970) t o  desc r ibe  windspeed reduct ion by t h e  
windbreak a s  follows: U/Uo = 0.85 - 4EXP(-O.2H') 
+ 4EXP(-0.3H9) + O.O002B'2 where H' equals  
H/sin 8,  and U/Uo i s  t h e  r a t i o  of s h e l t e r  t o  
open f i e l d  windspeed. (8  is t h e  acu te  angle  
hetween the windbreak and wind directlone, and 
s i n  8 is given a lower l i m i t  of 0.18 as 8 
approaches zero. ) 



9 d 

- \\ .I 

LI w 

- NORTH OR NORTHWEST SIDE \\ / / SOUTH OR SOUTHEAST SIDE I 

/ 

20 - .IL - I 

0; I 1 I I I I 1 1 1 I 1 

Figure 5. Calculated r a t i o  of s h e l t e r  t o  open-field wind erosion f o r  average d i s t r i b u t i o n s  of 
windspeed and wind d i r ec t i on  a t  Dodge City,  Kansas, i n  March. Calculations a r e  f o r  two, 40 
percent porous windbreaks - one or iented east-west and the  other northeast-southwest. A th res -  
hold ve loc i ty  of 19 mph was assumed a t  anemometer height;  the  dashed l i n e s  i nd i ca t e  estimated 
values.  

We did not ca lcu la te  erosion within 8 h of 
t h e  windbreak because i n  t h a t  region where 
turbulence i n t ens i t y  is  high, sur face  shear  
s t r e s s  and windspeed measurements by cup ane- 
mometers a r e  not r e l a t ed  by a constant drag 
coef f l c i en t z / .  However, wind erosion approaches 
zero  i n  the she l te red  a r ea  where windspeed is 
lowest . 

Calculated r e s u l t s  i n  f i gu re  5 show t h a t  
most of the  wind-erosion forces  were from the  
north a t  Dodge City. Figure 3 a l s o  shows t h a t  
t h e  east-west windbreak is  normal t o  the  pre- 
ponderant wind erosion forces  and, thus, should 
be most e f f ec t i ve .  Orienting t h e  windbreak 
nor theas  t-southwest increases  WE/WE, about 10 
percent  a t  most loca t ions  within the  s h e l t e r  o r ,  
conversely, reduces windbreak inf luence by 3 t o  
4 H. This sharply i l l u s t r a t e s  the  value of 
proper windbreak o r i en t a t i on  f o r  wind erosion 
control .  

Field,  wind-eroeion cont ro l  p rac t ices  a r e  
o f t en  designed using the  "wind erosion equation" 
(Woodruff and Siddoway, 1965). I n  t h i s  equation, 
f i e l d  width i s  usual ly  reduced by 10 H t o  account 
f o r  the  e f f e c t  of a windbreak when computing the  
p o t e n t i a l  s o i l  loss .  A b e t t e r  design c r i t e r i a  - than the  present  "10 H-rule" would be t o  reduce 
t he  f i e l d  width by the  number of windbreak 
he igh ts  over which open f i e l d  wind erosion is 
reduced a t  l e a s t  50 percent.  Such a c r i t e r i o n ,  
by accounting f o r  d i f fe rences  i n  windbreak 

3/ Unpublished data of Hagen. - 

porosi ty  and or ien ta t ion  i n  e ros ion  con t ro l  
designs, would permit wider windbreak spacing 
i n  good designs. For example, a t  Dodge City, 
erosion was reduced 50 percent at 12 H leeward 
f o r  the  east-west windbreak ( f i g .  5). If  t he se  
windbreaks were i n  a s e r i e s  with some s h e l t e r  
on both s i de s ,  then 17 H could be subtracted 
from the  f i e l d  width. In con t ras t ,  only 1 3  H 
could be subtracted from t h e  f i e l d  width, i f  
the  s e r i e s  of windbreaks were or iented north- 
east-southwest. 

THE FIELD 

The f i n a l  fac tor  i n  windbreak design i s  
the  f i e l d ,  on which control  p r ac t i c e s  a r e  
general ly  designed t o  reduce f i e l d  erosion t o  . 
some to le rab le  l eve l .  The f i e l d  erosion t o l e r -  
ance depends on such f ac to r s  a s  t he  crop, depth 
of productive s o i l ,  laws, and downwind e f f e c t s  
on a i r  qua l i t y  o r  drainage di tches .  I n  t he  
absence of more r e s t r i c t i v e  cons t ra in t s ,  t h e  
S o i l  Conservation Service of ten  appl ies  a s o i l -  
l o s s  tolerance of 5 T/AC/YR t o  wind and water 
erosion combined. Conservationiste usua l ly  use 
a combination of con t ro l  p rac t ices  t o  con t ro l  
wind erosion. Here, I w i l l  only consider some 
general  p r inc ip les  appl icable  t? using windbreaks 
on f i e l d s  with var ious po t en t i a l s  f o r  erosion,  

I used the wind-erosion equation t o  calcu- 
l a t e  both the  e f f e c t s  of low windbreaks (which 
only t r a p  the  s a l t a t i n g  s o i l )  and of 20 f t - t a l l  
windbreaks (which t r a p  s o i l  and provide a 
she l te red  a rea  of 10 H), The results are sham 
i n  f i gu re  6 for  four wide f i e l d s  In weetarn 



-. Kaneas (i.e., c l ima t i c  f a c t o r  e q u a l  100) where 
t h e  p o t e n t i a l  eros ion ranged from 20 t o  200 
T/AC/YR. 

WINDBREAK SPACING (f 1) 

Figure 6. Effect  of windbreak spacing on poten- 
t i a l  annual wind e ros ion  (WE) on f o u r  f i e l d s  
using: (A) very low windbreaks, (B) 20-ft- 
t a l l  windbreaks wi th  e r o s i o n  averaged over 
unsheltered p a r t  of f i e l d ,  and (C) 20 - f t - t a l l  
windbreaks wi th  e r o s i o n  averaged over  e n t i r e  
f i e l d  width. WE, is  t h e  p o t e n t i a l  wind ero- 
s ion  without windbreaks on f o u r  wide f i e l d s .  

I f  t h e  eros ion p o t e n t i a l  is high,  say 200 
T/AC/YR, then windbreaks must be spaced l e s s  
than 1000 f t  apa r t  t o  t r a p  enough moving s o i l  t o  
begin reducing e ros ion .  I f  windbreaks a lone 
must reduce t h e  e ros ion  p o t e n t i a l  t o  low l e v e l s  
i n  the  unshel tered a r e a ,  they  must be spaced 15 
t o  20 H. Although curve B ( f i g .  6). i s  used i n  
design procedures t o  i n s u r e  a t o l e r a b l e  e ros ion  
l e v e l  i n  t h e  unshe l t e red  a r e a ,  i t  t ends  t o  h ide  
t h e  f a c t  t h a t  when e r o s i o n  i s  averaged over t h e  
e n t i r e  a r e a ,  s h e l t e r e d  and unshe l t e red ,  s o i l  l o s s  
is reduced s u b s t a n t i a l l y ,  a s  shown by curve C. 
For example, 20- f t - t a l l  windbreaks spaced 600 
f t  a p a r t  reduced s o i l  l o s s  t o  60 percent  of t h e  
t o t a l  l o s t  from an open f i e l d .  

When p o t e n t i a l  e ros ion  on a f i e l d  is  low 
because of adequate vege ta t ion  and c lods ,  then 
t a l l  windbreaks a r e  no t  a s  important because 
l i t t l e  s o i l  is usua l ly  saved i n  t h e  s h e l t e r e d  
area.  This  is  i l l u s t r a t e d  by t h e  20 T/AC/YR 
f i e l d  i n  f i g u r e  6 ;  l o w  windbreaks, a t  1000-ft 
spacings reduced e ros ion  45 percent  whi le  a 
2 0 4  t - t a l l  windbreak reduced e r o s i o n  only an 
a d d i t i o n a l  11 percent .  Before t h e  des igner  
chooses low windbreaks f o r  a f i e l d ,  however, he 
should consider two a d d i t i o n a l  f a c t o r s .  I f  t h e  
a rea  has some t a l l  windbreaks, then a d d i t i o n a l  

ones may con t r ibu te  t o  roughening t h e  landscape. 
Second, a windbreak may b e  t h e  major wind-erosion 
-control  method when c l i m a t i c  extremes cause 
vege ta t ion  and other  c o n t r o l  methods t o  f a i l ,  

A f i n a l  s t e p  i n  des igning a windbreak 
system should be t o  c a l c u l a t e  t h e  amount of s o i l  
which w i l l  be trapped by t h e  system, Th i s  
should be done t o  insure  t h a t  t h e  t rapped s o i l  
w i l l  not  exceed t h e  capac i ty  of small windbreaks 
o r  be incompatible wi th  farming opera t ions  n e a r  
t h e  windbreak (Hagen, Skidmore, and Dickerson, 
1972). 
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