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AEOLLAN TRANSPORT VEGETATIVE CAPTI?RE OF P.~TICULATES 

ABSTRACT 

Aeol ian (wind-blown) t r a n s p o r t  of s o i l  p a r t i c l e s  t o  which plutonium 
I 

i s  a t t a c h e d  is r e s p o n s i b l e  f o r  t h e  escape of r a d i o a c t i v i t y  beyond t h e  

boundar ies  of t h e  Nevada T e s t  S i t e .  Th i s  t h e s i s  concerns  t h e  h o r i -  

z o n t a l  a e o l i a n  e r o s i o n  of t h e  l a r g e  p a r t i c l e s ,  which t r a v e l  c l o s e  

t o  t h e  ground. They a r e  cap tured  by d e s e r t  c r e o s o t e  bushes ,  b u i l d i n g  

r a d i o a c t i v e  wind hummocks around t h e  sh rub  bases .  

The a i r f l o w  above and below t h e  average  shrub h e i g h t  and i n s i d e  

a bush i s  i n v e s t i g a t e d .  The d rag  c o e f f i c i e n t  above t h e  v e g e t a t i o n  

is  found t o  d e c r e a s e  w i t h  i n c r e a s i n g  wind speed.  Below t h e  shrub 

h e i g h t ,  t h e  development of a n  i n t e r n a l  boundary l a y e r  r e s u l t s  i n  

I 
a l o g a r i t h m i c  v e l o c i t y  p r o f i l e .  The bushes are widely  spaced and 

aerodynamical ly  v e r y  porous,  producing a  f low more t y p i c a l  of 

i n d i v i d u a l  roughness e lements  t h a n  of a p l a n t  canopy. P a r t i t i o n i n g  

t h e  t o t a l  d r a g  above t h e  v e g e t a t i o n  i n t o  ground drag  and bush d rag  

c o n t r i b u t i o n s  i l l u s t r a t e s  t h e  dominant r o l e  of t h e  v e g e t a t i o n  i n  

producing d rag  and the reby  c o n t r o l l i n g  s o i l  e ros ion .  

The y e a r l y  h o r i z o n t a l  e r o s i o n  f l u x  below bush h e i g h t  i s  e s t i n a t e d  
I 

I 
t o  be  40 grams p e r  year  pe r  cm width ,  based upon monthly wind and 

s o i l  mois tu re  d a t a  and f i e l d  e r o s i o n  measurements. The ground 

I 
s t r e s s  nee ed t o  i n i t i a t e  movement is  c l o s e  t o  t h e  m i n i ~ u m  s t r e s s  P 

I 

determined by Bagnold. Under t h e s e  low e r o s i o n  c o n d i t i o n s  t h e  bush 

hummocks cbnnot grow l a r g e  enough t o  s i g n i f i c a n t l y  a f f e c t  t h e  

ground s t r e s s  i n s i d e  t h e  bush,  so  t h e  l i m i t  t o  hummock growth i s  

t h e  c r e o s o t e  bush l i f e  span. It is concluded t h a t  t h e  l a r g e r  e rod ing  



p a r t i c l e s  a r e  t rapped by t h e  bushes a s  t h e y  b u i l d  hummocks, t h u s  t h i s  

mode of r a d i o a c t i v e  t r a n s p o r t  is  n e g l i g i b l e  compared t o  t h e  resuspens ion  

John W. Glendening 
Department of Atmospheric Sc ience  
Colorado S t a t e  U n i v e r s i t y  
F o r t  C o l l i n s ,  Colorado 80523 
F a l l ,  1977 
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Releases  of r a d i o a c t i v e  plutonium have contaminated s o i l  on t h e  

Nevada T e s t  S i t e  (NTS). Aeol ian (wind-blown) t r a n s p o r t  of ? a r t i c u l a t e s  

w i t h  actached plutonium i s  r e s p o n s i b l e  f o r  t h e  escape  of t h i s  t o x i c  

element beyond t h e  NTS boundar ies .  The t r a n s p o r t  is be l i eved  t o  

occur  mainly through resuspens ion ,  s m a l l  (d iamete r  < 80 pm) contaminated 

p a r t i c l e s  being l i f t e d  v e r t i c a l l y  and then  moving w i t h  t h e  wind. T h i s  

t h e s i s  examines t h e  h o r i z o n t a l  t r a n s p o r t  of t h e  l a r g e r  contaminated 

p a r t i c l e s  which cannot be  resuspended by t u r b u l e n c e ,  i . e .  

wind e r o s i o n .  

On t h e  Xevada T e s t  S i t a  t h e  wind l o o s e n s ,  p i c k s  up, and t r a n s p o r t s  

contaminated s o i l  p a r t i c l e s  compris ing t h e  d e s e r t  pavement. Creosote  

bushes c a q t u r e  t h e  e rod ing  p a r t i c l e s ,  b u i l d i n g  hummocks up t o  20 cm 

h i g h  under t h e  bushes.  These wind hummocks a r e  more r a d i o a c t i v e  than  

t h e  surrounding s o i l .  

T h i s  t h e s i s  c o n s i d e r s  t h e  y e a r l y  e r o s i o n  f l u x  and t h e  c a p t u r e  of 

loosened m a t e r i a l  by t h e  v e g e t a t i o n ,  as w e l l  a s  t h e  a i r f l o w  s o  

important  t o  bo th  p rocesses .  Wind p r o f i l e s  above and below bush 

h e i g h t  and i n s i d e  a bush a r e  ob ta ined .  Th is  a l lows  t h e  p a r t i t i o n i n g  

of  t h e  t o t a l  d rag  i n t o  t h e  d rag  on t h e  bushes and t h e  d rag  on t h e  

ground. The l a t t e r  causes  wind e r o s i o n ,  and t h i s  p a r t i t i o n i n g  

measures t h e  e f f e c t i v e n e s s  of t h e  v e g e t a t i o n  i n  reducing e ros ion .  

The thresl!old s u r f a c e  s t r e s s  needed t o  d i s l o d g e  t h e  s o i l  p a r t i c l e s  

i s  determined.  The magnitude of t h e  d e s e r t  e r o s i o n  f l u x  i s  es t imated  

from wind d a t a ,  based upon a c t u a l  f i e l d  measurements w i t h  c o r r e c t i o n s  

f o r  s o i l  mois tu re  f a c t o r s .  F i n a l l y  t h e  e f f e c t i v e n e s s  of t h e  sh rubs  



i n  c a p t u r i n g  t h e  eroding p a r t i c l e s ,  t h e  r e s u l t i n g  sound growth r a t e ,  

and hummock growth a r e  d i s c u s s e d .  



2. NEVADA TEST SITE DESCRIPTION 

The Nevada T e s t  S i t e  (NTS) encompasses an approximately  r e c t a n g u l a r  

a r e a  50 m i l e s  (3-C) by 30 m i l e s  (E-id) i n  sou thern  Nevada, 65 m i l e s  

nor thwest  bf Las Vegas (Fig .  1 ) .  The t e r r a i n  i s  extremely i r r e g u l a r ,  

c o n s i s t i n g o f  g e n e r a l l y  nor th-south  r i d g e s  and v a l l e y s  w i t h  a n o r t h  

t o  s o u t h  downward s lope .  The v a l l e y s  c o n s i s t  of g e n t l y  t o  moderately 

s l o p i n g  a l l u v i a l  f a n s  and t e r r a c e s .  The c l i m a t e  i s  t y p i c a l  of t h e  

Great    as in d e s e r t  w i t h  h i g h  midday t empera tu res  and low p r e c i p i t a t i o n ,  

producing t y p i c a l  d e s e r t  v e g e t a t i o n .  

The U.S. Atomic Energy Commission conducted n u c l e a r  exp los ions  

a t  NTS between 1951 and 1963 u s i n g  plutonium (Pu 239) i n  bo th  c r i t i c a l  

and s u b c r i t i c a l  c o n f i g u r a t i o n s .  Some of t h i s  r a d i o a c t i v e  plutonium 

has  moved o u t s i d e  t h e  NTS boundar ies  ( B l i s s  and Dunn, 1971). The 

primary soyrce  of t h i s  escaped plutonium is be l i eved  t o  be t h e  

so-cal led  " sa fe ty"  exp los ions  des igned t o  t e s t  t h e  e f f e c t s  of a 1 ~  

a c c i d e n t a l  d e t o n a t i o n  of t h e  h igh  e x p l o s i v e  t r i g g e r  of a n u c l e a r  

bomb. These exp los ions  s c a t t e r e d  l a r g e  amounts of plutonium. 

Ne i the r  t h e  a c c i d e n t a l  v e n t i n g s  of underground exp los ions  nor  t h e  

r e l e a s e  o f l u n f i s s i o n e d  plutonium from above ground f u l l  s c a l e  n u c l e a r  

exp los ions  a r e  cons idered  t o  be major s o u r c e s  of escaped plutonium. 

The movement is mainly by a e o l i a n  (wind-blown) t r a n s p o r t  w i t h  wa te r  

t r a n s p o r t  p lay ing  a secondary r o l e  (Eberhardt  and G i l b e r t ,  1974).  

The escape of plutonium, a v e r y  hazardous t o x i c  element w i t h  an 

extremely long h a l f  l i f e ,  beyond t h e  c o n f i n e s  of f e d e r a l l y  c o n t r o l l e d  

land i s  important  because i t  r a i s e s  t h e  p o s s i b i l i t y  of human h e a l t h  

I 



Fig. 1. Nevada T e s t  S i t e  (NTS) Loca t ions  ( a f t e r  Q u i r i n g ,  1968) 
I 



damage from i n h a l a t i o n  of resuspended plutonium o r  from i n j e s t i o n  of 

plutonium picked up by p l a n t s  o r  animals  i n  t h e  food cha in .  

2 . 1  Climatology 

I 
The c l i m a t e  of t h e  NTS a r e a  is  t y p i c a l  of a h i g h  d e s e r t  b a s i n  w i t h  

l a r g e  temperature  v a r i a t i o n s ,  p r e d o n i n a t e l y  c l e a r  s k i e s ,  and low 

r e l a t i v e  h u m i d i t i e s  (Table 1). The average  d a i l y  temperature  range  

is about  50'~ on a c l e a r  d r y  day i n  summer o r  autumn. The t empera tu re  

can r e a c h  an extreme of llO°F. The annua l  average  p r e c i p i t a t i o n  is 

I about  six inches .  The r a i n f a l l  maximum occurs  i n  January and February,  

t a p e r i n g  o f f  t o  a  pronounced minimum i n  June. It t h e n  r i s e s  t o  a 

secondary maximum i n  J u l y  and August, followed by a  r a p i d  d e c l i n e  

t o  a second r y  minimum i n  October and a  r i s e  t o  t h e  w i n t e r  maximum. P 
The wind regime is t y p i c a l  of mountain-valley t e r r a i n .  Sou ther ly  

winds predominate dur ing  d a y l i g h t  hours  d u r i n g  t h e  w a r m  h a l f  of t h e  

year .  I n  w i n t e r ,  by mid-day t h e r e  is  s u f f i c i e n t  h e a t i n g  on t h e  

mountain ~ 1 3 ; ~ s  t o  i n t r o d u c e  a  s o u t S e r l y  component. Wester ly  t o  

n o r t h e a s t e r l y  winds p r e v a i l  a t  n i g h t  dur ing  a l l  months. The s t r o n g e s t  

I 
winds occur  d u r i n g  t h e  s p r i n g .  The wind speed shows a s t r o n g  d i u r n a l  

e f f e c t ,  peaking a t  1500 hours  (Fig .  2 ) .  

2.2 GXX A r  I a  

The exper imental  o b s e r v a t i o n s  f o r  t h i s  t h e s i s  were made i n  t h e  

I 
GMX a r e a  of NTS. It is a  r e g i o n  about  1 km s q u a r e  l o c a t e d  w i t h i n  

t h e  much l a r g e r  Frenchman F l a t  r e g i o n  (F ig .  1).  W is  g e n e r a l l y  

f l a t  a t  an  e l e v a t i o n  of 910 mete r s .  The e l e v a t i o n  i n c r e a s e s  s lowly 

t o  t h e  n o r t h  and t h e  a r e a  i s  c rossed  by sha l low s t ream channels  
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Fig. 2 .  NTS Wind Speed i n  Miles  p e r  Hour a s  a Funct ion of Time of Day 
(from Quir ing  , 1968) 



w i t h  a  broad southward d r a i n a g e .  Low wind hummocks a r e  found around 

t h e  bushes. 

From December 1954 t o  February 1956 22 small h igh  e x p l o s i v e  " sa fe ty"  

d e t o n a t i o n s  r e l e a s e d  a  few c u r i e s  of plutonium. The a r e a  of measurable 

2 
contaminat ibn is about  0.12 irm , surrounded f o r  s e v e r a l  k i l o m e t e r s  

by a  r e g i o n  of similar t e r r a i n  and v e g e t a t i v e  cover .  Th i s  " sa fe ty"  

exp los ion  r e g i o n  has  f r e q u e n t l y  been used t o  s tudy  t h e  plutonium 

escape problem. Anspaugh -- e t  a l .  (1976) i n v e s t i g a t e d  t h e  wind-induced 

resuspens ion  of plutonium contaminated s o i l  p a r t i c l e s ,  and S i n c l a i r  

(1976) es t imated  t h e  downwind t r a n s p o r t  due t o  d u s t  d e v i l  a c t i v i t y .  

S o i l  (Tamura, 1974),  v e g e t a t i v e  (Romney -- et  a l . ,  1974),  and animal  

(Smith, 1974) removal have a l l  been s t u d i e d  i n  t h i s  a rea .  

Environmental  weather ing over  t h e  20 y e a r  pe r iod  fo l lowing  t h e  

I 
plutonium r e l e a s e s  has  i n t i m a t e l y  a s s o c i a t e d  t h e  plutonium, i n  t h e  form 

of plutonium oxide,  w i t h  h o s t  s o i l  p a r t i c l e s .  The plutonium a c t i v i t y  

spread from ground ze ro  downwind i n  t h e  p r e v a i l i n g  wind d i r e c t i o n  

a s  t h e  contaminatsd s o i l  p a r t i c l e s  were d i s lodged  and t r a n s p o r t e d  

by wind f o r c e s ,  r e s u l t i n g  i n  a n  e longa ted  r a d i o a c t i v e  i s o p l e t h  

p a t t e r n  (Fig .  3 ) .  Thus t h e  r a d i o a c t i v i t y  moves p r i n c i p a l l y  through 

a e o l i a n  t r a n s p o r t  of contaminated s o i l  p a r t i c l e s .  

2 . 3  T e s t  Bush S i t e  

The primary wind measurements were made a t  a  s i r e  on t h e  wes te rn  

edge of t h e  GMX a r e a  because  of t h e  p resence  of a p r e v i o u s l y  e s t a b -  

l i s h e d  meteoro log ica l  tower (Fig .  4 ) .  The s i t e  was l o c a t e d  on an 

a l l u v i a l  £ah s l o p i n g  southward w i t h  a  g r a d i e n t  of 1-2%. It was 

surrounded by evenly  spaced v e g e t a t i o n  w i t h  an upwind f e t c h  of over  
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Fig .  3 .  R a d i o a c t i v i t y  I s o p l e t h s  a t  GHX Area (from G i l b e r t  and 
Eberhard t ,  1974) 



I 
F i g .  4 .  Test Bush Site at G;4X Area (a f te r  Rhoades, 1974) 



I 

12 km t o  bhe south-southwest.  T h i s  is  t h e  p r e v a i l i n g  wind d i r e c t i o n  

f o r  t h e  daytime h i g h  wind p e r i o d s  and a l s o  f o r  t h e  measurement p e r i o d s .  

A t  t h i s  s i t e  a  t e s t  bush w a s  chosen f o r  e x t e n s i v e  a i r  f l o v  

measuremerits c l o s e  t o  and i n s i d e  t h e  bush. The c r i t e r i a  f o r  choosing 

t h i s  bush yere: 
I 

1) Th i s  test bush had a v e r y  l a r g e  wind hummock b u i l t  up 
i n s i d e  it (184 cm). Studying such  a l a r g e  hummock might 
p rov ide  c l u e s  r e g a r d i n g  a s i z e  l i m i t  t o  hummock growth. 

2) There was a l a r g e  spac ing  between t h i s  bush and t h e  
c l o s e s t  upsteam bush. Th is  a l lowed t h e  wind i n c i d e n t  
upon t h e  chosen bush t o  be  i n  approximate e q u i l i b r i u m ,  
which would n o t  b e  achieved i f  t h e  a i r  f low approaching 
t h e  bush w a s  d i s t u r b e d  by t h e  presence of ano ther  bush 
a  s h o r t  d i s t a n c e  upwind. 

3 )  The test bush was l a r g e  i n  d iamete r  and t h u s  e x e r t s  a 
g r e a t e r  e f f e c t  on t h e  i n c i d e n t  a i r  f low t h a n  a smal l  
bush. Th is  reduces  three-dimensional  e f f e c t s ,  r educes  
t h e  e f f e c t s  of t h e  wind measurement probes on t h e  
a i r  f low, and a l lows  t h e  h o t  w i r e  anemometers t o  be 
s aced f u r t h e r  a p a r t  i n s i d e  t h e  bush. P 

4 )  The t e s t  bush was w i t h i n  t e n  mete r s  of a  meteoro log ica l  
tower. It was a l s o  v e r y  c l o s e  t o  a  b ivane which could  
be used t o  determine t h e  p r e v a i l i n g  wind d i r e c t i o n ,  
needed t o  a l i g n  t h e  ho t  w i r e  anemometers. 

2.4 Vege ta t ion  

The v e g e t a t i o n  i n  t h e  GXX r e g i o n  i s  predominantly c r e o s o t e  bush 

(Larrea  d i v a r i c a t a  o r ,  i n  o l d e r  t e x t s ,  C o v i l l e a  t r i d e n t a )  w i t h  

v a r i o u s  c o e x i s t i n g  s p e c i e s ,  t h e  s p e c i f i c  s p e c i e s  va ry ing  i n  d i f f e r e n t  

r e g i o n s  of t h e  GXX a r e a  (Xhoades, 1974).  Creosote  bush i s  a  sh rub  

w i t h  a n  average  h e i g h t  of 0.6 m i n  t h e  GMX a r e a .  Its main stems 

a r e  woody, r i s i n g  a t  an  a n g l e  from t h e  ground. They a r e  l imber  w i t h  

a  one cm maximum d iamete r .  The branches  can be e i t h e r  s imple  or 

branched, becoming bushy a t  t h e  t i p s  where t h e  s t a l k  diameter  

d imin i shes  g r e a t l y .  Leaves a r e  s p a r s e ,  c o n s i s t i n g  of two 6-10 m long ,  



3-4 mm wide 'broad l e a f l e t s  jo ined  a t  t h e  base .  Excre t ions  of t h e  l a c  

s c a l e  a r e  d e p o s i t e d  i n  g r e a t  q u a n t i t y  on t h e  stems. It is fed  upon 

by on ly  a few i n s e c t s ,  o c c a s i o n a l l y  by j a c k r a b b i t s ,  and i s  cons idered  

a "noxious deed." The c r e o s o t e  bush grows w e l l  on a l l  s o i l s  and is  

t h e  dominant p l a n t  f o r  30 m i l l i o n  a c r e s  of t h e  southwest United S t a t e s .  
I 

The c r d o s o t e  bush growth rate is mainly  determined by t h e  

annua l  p r e c i p i t a t i o n  (Dal ton,  1961). The shrub grows u n t i l  i ts  s i z e  

i s  l i m i t e d  by t h e  a v a i l a b l e  water .  The low d e s e r t  p r e c i p i t a t i o n  accounts  

f o r  t h e  wide spacing and even d i s t r i b u t i o n  of t h e  GMX c r e o s o t e  bushes.  

Chew and Chew (1965) exper imenta l ly  determined t h e  age t o  r e a c h  

mature growth a s  about  50 years .  The volume of t h e  branches  i n c r e a s e d  

l i n e a r l y  w i t h  age  from 20 y e a r s  u n t i l  m a t u r i t y  (Fig .  5 ) .  Unfor tuna te ly  

t h e  dependelce  of  shrub h e i g h t  and d iamete r  on age  were no t  determined.  

The average  l i f e  span of a c r e o s o t e  bush is u n c e r t a i n .  No 

d e f i n i t i v e  s t u d i e s  have been made and o n l y  e s t i m a t e s  from exper ienced 

d e s e r t  o b s e r v e r s  a r e  a v a i l a b l e .  D r .  F r i t z  Went of t h e  U n i v e r s i t y  of 

Nevada es t imated  t h e  average  l i f e t i m e  t o  be  about  100 y e a r s ,  b u t  h e  

remarked t h a t  t h e  d e f i n i t i o n  of l i f e  span i s  of importance s i n c e  

dur ing  p e r i o d s  of drought  t h e  branches  d i e ,  l e a v i n g  t h e  r o o t  which 

may l a t e r  g 4 ow new s h o o t s  dur ing  f a v o r a b l e  c o n d i t i o n s  ( p e r s o n a l  

communication). D r .  C.W. Ferguson of t h e  Douglas Tree  Laboratory ,  

U n i v e r s i t y  bf Arizona es t imated  t h e  average  l i f e  span a s  50 t o  100 

y e a r s  ( p e r s  n a l  communication). Shreve,  a l i f e l o n g  observer  of P 
c r e o s o t e  bushes i n  Arizona,  e s t imated  t h e  average  l i f e  span t o  

exceed 100 y e a r s  (Shreve and Hinkley,  1937) .  The average  e s t i m a t e  

is  t h u s  about  100 y e a r s .  



1 YEARS 

F i g .  5.  Creosote Bush Growth Rate (from Chew and Chew, 1365) 



Rhoades (1974) found t h e  s i z e s  of t h e  c r e o s o t e  bushes t o  v a r y  

widely  b e t w ~ e n  d i f f e r e n t  r e g i o n s  of t h e  @fX a r e a .  The s o u t h e a s t  

s e c t o r  had Fhree meter  h i g h  bushes,  w h i l e  o t h e r s  had bushes less than  

one meter high.  Measurements of 20 c r e o s o t e  bush clumps c l o s e  t o  t h e  

chosen t e s t ' b u s h  found t h e  average  h e i g h t  (H) t o  be  1.06 m,  t h e  

v a r i a b i l i t y  being r e l a t i v e l y  small (a = .22 m) (Table  2 ) .  The average  

"diameter" (D) was 2.07 meters (o  = 0.10 m), "diameter" being t h e  

average  of t h e  l o n g e s t  and s h o r t e s t  wid ths  of t h e  bush. The bush 

shapes  ranged from c i r c u l a r  t o  i r r e g u l a r  oblongs.  Most of t h e  

c r e o s o t e  bushes were i n  clumps of  what appeared t o  b e  3-4 bushes.  

However, t h e  s e p a r a t e n e s s  of t h e s e  bushes  is q u e s t i o n a b l e  due t o  

I t h e  a b i l i t y  of  t h e  c r e o s o t e  bush t o  grow a new set of branches  from 

an o l d e r  r o o t  and t h u s  form a "newf1 bush. These clumps u s u a l l y  had 

wind hummocks a s s o c i a t e d  w i t h  them. A t y p i c a l  c r e o s o t e  bush of t h e  

GHX a r e a  i s  d e p i c t e d  i n  Fig .  6 .  

Aerial photograph s t u d i e s  by Rhoades found t h e  pe rcen tage  of 
I 

shrub c o v e r  t o  v a r y  from 5 t o  12% over  t h e  QM: a r e a .  H i s  a n a l y s i s  

spo t  c l o s e s k  t o  t h e  t e s t  bush (330 meters away) had a shrub cover  

of 9.7% as b, easured by microscopic  a n a l y s i s  and 8.1% when measured 

by a photod/ensiometer technique.  A s p o t  400 mete r s  away gave a 

v a l u e  of 121.3% from microscopic  a n a l y s i s .  L e a v i t t  (1974) es t imated  
I 

t h e  GKX s h r r b  coverage t o  be  10%. Based upon an average of t h e  above 

v a l u e s ,  the! shrub cover  e s t i m a t e  used i n  t h i s  t h e s i s  w a s  10%. 

Given t h e  average  d iamete r ,  h e i g h t ,  and a r e a  coverage of t h e  

c r e o s o t e  bdshes,  t h e  fo l lowing  parameters  were computed : 

2 
4f 

' = F r o n t a l  s i l h o u e t t e  a r e a  = 2.2 m 

As = Bush b a s e  a r e a  

I 



TABLE 2 

Creosote Bush Measurements 

Shrub 
I d e n t i f i e r  

Shrub Diameter Shrub Height Hummock Height Shape 
(Xin-Max) Elaximum Maximum Descript ion 
( t o  neares t  ( t o  nea re s t  ( t o  nea re s t  
0.05 m) 0 .1  m) 0.5 cm) 

C i rcu la r  

Oval 

C i r cu la r  

Oval 

Oval 

Oval 

C i r cu la r  

Ring of 
smaller  shrubs 

C i r cu la r  

Oval 

1 l a r g e r  bush, 
3 smaller  ones 

C i r cu la r  

Oval 

C i r cu la r  

C i r cu la r  

Weird 

Oval 

C i r cu la r  

Oval 

C i r cu la r  



TABLE 2 (con t  ' d )  

Shrub I Shrub Diameter Shrub Height Hummock %eigh t  Shape 
I d e n t i f i e r  (Hin-fix) Maximum Maximum D e s c r i p t i o n  

( t o  nearest ( t o  n e a r e s t  ( t o  n e a r e s t  
0.05 m) 0.1 m) 0.5 cm) 

Mean = 2.07 m 

Tes t  Bush 1.60-2.80 0.90 18.5 Oval 





1 S p e c i f i c  a r e a  pe r  bush = 34 rn2 

h = Roughness element c o n c e n t r a t i o n  parameter = Af/S = 0.065. 

Xear t h e  r e s t  bush t h e  o n l y  o t h e r  s p e c i e s  of d e s e r t  v e g e t a t i o n  

is  t h e  w h i t e  bursage ( F r a n s e r i a  dumosa). On t h e  average  i t  is  one- 

f i f t h  t h e  J e i g h t  and one-tenth t h e  d iamete r  of t h e  c r e o s o t e  bushes.  

The bursage  popula t ion  i s  r e l a t i v e l y  s p a r s e  and i t s  branches  a r e  
I 

not  d e n s e l y  spaced.  There fore ,  i t s  e f f e c t  on t h e  a i r  f low was 

cons idered  t o  be  n e g l i g i b l e  i n  comparison t o  t h e  e f f e c t  of t h e  c r e o s o t e  

bushes.  

2.5 S o i l  

The t o p  l a y e r  of t h e  s o i l  i s  a w e l l  developed d e s e r t  pavement 

(Fig .  7 ) .  The s o i l  p a r t i c l e s  a r e  cemented t o g e t h e r  by c l a y  p a r t i c l e s ,  

t h e  s u r f a c e  c r u s t  forming a f t e r  t h e  s o i l  h a s  been wet ted by r a i n  and 

d r i e d .  Th is  c r u s t  is much more mechanical ly  s t a b l e  than  t h e  under- 

l y i n g  s o i l  and makes t h e  d e s e r t  pavement h i g h l y  r e s i s t a n t  t o  wind 

e r o s i o n .  However, t h e  s u r f a c e  c r u s t  can be d i s t u r b e d  by t h e  weight of 

v e h i c l e s  o r  man, exposing h i g h l y  e r o d i b l e  p a r t i c l e s .  A s o i l  survey 

conducted by L e a v i t t  (1974) a s s e s s e d  t h r e e  s i t e s  i n  t h e  GMX a r e a  

down t o  a dep th  of 152 cn. H e  found t h e  topmost l a y e r  t o  be t e x t u r e d  

g r a v e l l y  o r  cobby sandy loam of low o r g a n i c  c o n t e n t ,  w e l l  t o  e x c e s s i v e l y  

d ra ined  w i t h  slow run  o f f  and r a p i d  p e r m e a b i l i t y  (2%-10 inches  of 

r a i n f a l l  pe r  hour ) .  The s o i l  is of v o l c a n i c  o r i g i n  and was formed 

I from l imes tone ,  b a s a l t ,  q u a r t z i t e ,  and r h y o l i t e .  Ploderate wind and 

water  e r o s i o n  is  evidenced by t h e  low wind hummocks around p l a n t s  

and t h e  shallot:  s t r eam channe l s  p r e v a l e n t .  The top 15 cm is s o f t ,  

f r i a b l e ,  nor\-sticky, non-p las t i c  and e x h i b i t s  a weak f i n e  p l a t y  
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s t r u c t u r e .  Rocks and pebb les  abound on t h e  s u r f a c e ,  w i t h  average  

l e n g t h s  and h e i g h t s  of 15 mm and 8  mm r e s p e c t i v e l y .  They cover about  

25% of t h e  s ? r f a c e  a r e a .  

Tamura (1974) determined t h e  s o i l  p a r t i c l e  s i z e  d i s t r i b u t i o n  and 

plutonium c o n t e n t  of t h e  upper 3  crn s o i l  l a y e r  (Table 3 ) .  The mean 

diameter  of t h e  d e s e r t  pavement s o i l  is  70 pm, i f  t h e  s o i l  p a r t i c l e s  

w i t h  d iamete r s  over  2000 pm ("gravel")  a r e  neg lec ted .  Chepi l  (1941) 

has  shown t h a t  t h e  g r a v e l  p a r t i c l e s  a r e  g e n e r a l l y  n o t  e r o d i b l e  and 

t h e r e f o r e  they  have been excluded i n  computing t h e  above mean d iamete r  

so  t h a t  t h e  b a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  d e s e r t  pavement might 

be  b e t t e r  compared t o  t h a t  of t h e  hummock-tra?ped p a r t i c l e s .  T h i s  

u n e r o d i b l e  g r a v e l  comprises a l a r g e  f r a c t i o n  (33%) of t h e  d e s e r t  

pavement. The s o i l  s i z e  d i s t r i b u t i o n  obeys t h e  o f t e n  c i t e d  log-normal 

s o i l  d i s t r i b u t i o n  o n l y  f o r  t h e  sand s i z e d  p a r t i c l e s .  The s u r f a c e  

l a y e r  of t h i s  s o i l  is  a v a i l a b l e  f o r  wind dislodgement and t r a n s p o r t .  

The s o i l  w a s  r a d i o a c t i v e  due t o  t h e  presence of plutonium oxide.  

80-90% of t h e  r a d i o a c t i v e  c o n t e n t  of t h e  s o i l  i s  i n  t h i s  top 3 cm 

l a y e r ,  95% w i t h i n  t h e  t o p  5 cm. The major t r a n s p o r t  of r a d i o a c t i v e  

p a r t i c l e s  w i t h i n  t h e  s o i l  is  due t o  r a i n f a l l  washing r a d i o a c t i v e  

p a r t i c l e s  down from t h e  s u r f a c e .  Because americium has  a  g r e a t e r  

s o l u b i l i t y  than  plotonium, i t  i s  removed more qu ick ly  from t h e  

s u r f a c e  l a y e r  l e a v i n g  plutonium a s  t h e  main component of t h e  wind- 

e r o d i b l e  s u r f a c e  s o i l  p a r t i c l e s .  S o i l  microorganisms a r e  a l s o  

r e s p o n s i b l e  f o r  t h e  downward t r a n s p o r t  of r a d i o a c t i v i t y  ( G i l b e r t  and 

Eberhard t ,  1974).  The r a d i o a c t i v e  p a r t i c u l a t e s  a r e  l e s s  s u s c e p t i b l e  

t o  e r o s i o n  a s  they  p e n e t r a t e  deeper  i n t o  t h e  s o i l .  



TABLE 3 

Desert Pavement Soil Analysis 

1 

I Size Size Geometric Soil Fraction T o i l  Fraction Activity Activity Radioactive 
Category Fraction mean Neglecting Gravel in in Soil Contribution 

1 
I (diameter Diameter Fraction to Soil 
I in pni) (pm) (%) Cumulative ( X )  Cumulative (dpm/g) (dpnilg) (%) 

Gravel 

Very 
Coarse Sand 840-2000 1300 

Medium 
Coarse Sand 250-840 

Fine Sand 

Very 
Fine Sand 

Silt 

(based upon Tamura, 1974) Cloddiness (% > 840 pm) = 32.8% 



Plutonium becomes in t ima te ly  assoc ia ted  with t h e  s o i l  wi th in  
l 

a  few months a f t e r  depos i t ion .  The movement of r ad ioac t ive  p a r t i c l e s  

i s  then d i r e c t l y  r e l a t e d  t o  s o i l  erosion.  The plutonium is not evenly 

d i s t r i bu ted1  i n  t h e  s o i l  and "hot" spo t s  a r e  present .  No apparent 

dependence of r a d i o a c t i v i t y  upon t h e  s o i l  p a r t i c l e  s i z e  has been 

discovered; t he re fo re ,  t h e  usua l  assumption i s  t h a t  t h e  r a d i o a c t i v i t y  

i s  simply propor t iona l  t o  t h e  s o i l  mass (Anspaugh and Phelps, 1974). 

Tamura a l s o  sampled t h e  s o i l  i n  a  bush wind hummock loca ted  

wi th in  t en  f e e t  of h i s  d e s e r t  pavement sample (Table 4 ) .  This s o i l  

s i z e  d i s t r i b u t i o n  d i f f e r e d  markedly from t h a t  of t h e  d e s e r t  pavement 

s o i l ,  e s p e l i a l l y  i n  t h e  conspicuous absence of grave l  p a r t i c l e s .  The 

median diameter of t h e  s o i l  f r a c t i o n  was 120 um, again neglect ing 

grave l .  A log-normal d i s t r i b t r t i on  f i t  t h e  sand s i z e  d i s t r i b u t i o n .  

This  "blow" sand has a  higher concent ra t ion  of f i n e  sand than t h e  

pavement, due t o  t h e  d i f f e r e n t  na tu re s  of t h e  s o i l s .  The pavement 

has developed a  p l a t y  s t r u c t u r e ,  whereas blow sand is  very loose.  

Thus, t h e  pavement s i z e  f r a c t i o n s  o f t e n  represent  aggregates formed 

by f i n e r  s i z e s ,  while t h e  blow sand f r a c t i o n s  represent  ind iv idua l  

p a r t i c l e s .  The bush hummocks a r e  more r ad ioac t ive  than t h e  d e s e r t  

pavement. The wind hummocks gave higher  sur face  r a d i o a c t i v i t y  

readings (21,000 cpm) than the  bare  pavement (15,000 cpm) and a l s o  

showed a  higher a c t i v i t y  per u n i t  weight of s o i l  (3100 vs .  2570 cpm/gm). 

S o i l  dens i ty  measurements found t h e  d e s e r t  pavement s o i l  t o  

have a  bulk dens i ty  of 1.56 g/cm3 and a  p a r t i c l e  dens i ty  (p P ) of 

3 2.22 g/cm . The bulk dens i ty  of t h e  blcw sand was 1.37 g/cm 
3 



TABLE 4 

Wind Hummock Soil Analysis 

- S i z e  Size Geometric Soil Fraction Soil Fraction Activity Activity Radioactive 
Category Fraction Mean Neglecting Gravel in in Soil Contribution 

I (diameter Diameter Fraction to Soil 
I in pm) (urn) (%) Cumulative (%) Cumulative (dpmlg) (dpmlg) ( X )  _ 

Gravel 

Very 
Coarse Sand 640-2000 1300 

Medium 
Coarse Sand 250-840 

Fine Sand 

Very 
Fine Sand 

Silt 

Clay 

Cl.oddiness (% > 840 pm) = 4.6% (based upon Taaura, 1974) 



3 
of s i l i c a  sand p a r t i c l e s  i s  2 . 6 5  g/cm . The p a r t i c l e  d e n s i t y  was 

measured u s i n g  a  non-polar, h i g h l y  w e t t a b l e  l i q u i d  t o  f i l l  i n t e r s t i c i e s .  

2.6 Bush H r c k s  

Bush wind hummocks a r e  mainly  a s s o c i a t e d  w i t h  c r e o s o t e  bush 

clumps. The s m a l l e r  bursage h a s  no d i s c e r n i b l e  hummock, and t h e  

o c c a s i o n a l  " s ing le"  c r e o s o t e  bush h a s  e i t h e r  a n o t i c e a b l y  smal le r  

hummock o r  none a t  a l l .  Measurements of 20 c r e o s o t e  clumps found 

t h e  average  hummock h e i g h t  t o  be 5 cm (Table 2 ) .  For t h e s e  same 
I 

bushes t h e  hollowing c o r r e l a t i o n s  were found: 

C o r r e l a t i o n  c o e f f i c i e n t  

Huprmock h e i g h t  w i t h  shrub h e i g h t  

Hu$mock h e i g h t  w i t h  shrub diameter  

shrub h e i g h t  w i t h  shrub d iamete r  

i n d i c a t i n g  t h a t  e i t h e r :  1) t h e  l a r g e r  p l a n t s  a r e  o l d e r  and have had 
I 

more t ime t o  b u i l d  a  mound, o r  2) t h e  l a r g e r  p l a n t s  a r e  more e f f i c i e n t  

a t  bui ld ing(mounds than  t h e  smal le r  bushes.  Probably bo th  mechanisms 

c o n t r i b u t e  PO t h e  observed c o r r e l a t i o n s .  

Comparison of t h e  t e s t  bush w i t h  t h e  20 bush average  i s  in format ive :  

Maximum Height 
I 

Average ~ia/neter 
I 

Mound ~ e i ~ h / t  

T e s t  bush 

0.9 m 

2 . 2  m 

18.5 cm 

Bush average  

1.06 m (o  = 0.22 m) 

2.07 m ( a  = 0.60 m) 

5.0 cm ( a  = 3 . 3  cm) 

F i g u r e  8 shows t h e  hummock p r o f i l e  of t h e  t e s t  bush. Note t h a t  

t h e  mound edges c o i n c i d e  w i t h  t h e  bush edges.  There i s  some 
I 





assymmetry in the profile. It is assumed that this is a "typical" 

hummock profile. 

Dead organic naterial is prevalent inside the bush. It consists 



3 . 1  F i e l d  I n s t r u m e n t a t i o n  

The meteoro log ica l  measurements used i n  t h i s  s tudy  were: 1 )  wind 

and t empera tu re  r e a d i n g s  above and below t h e  average  shrub h e i g h t  

from ins t ruments  on m e t e o r o l o g i c a l  towers  n e a r  t h e  t e s t  bush allowed 

t h e  f low i n  t h e  two regimes t o  be  compared, 2)  average  and t u r b u l e n t  

f low v e l o c i t i e s  c l o s e  t o  and i n s i d e  t h e  t e s t  bush were measured by 

t h r e e  h o t  w i r e  anemometers, and 3)  t h e  wind d a t a  necessa ry  t o  e s t i m a t e  

t h e  h o r i z o n t a l  e r o s i o n  f l u x  was ob ta ined  from a c l i m a t o l o g i c a l  wind 

measuring s t a t i o n  (SYSTRAC 1\15). 

Two t s n  meter towers  and t h e i r  a s s o c i a t e d  equipment had p r e v i o u s l y  

been e s t a b l i s h e d  on t h e  western  edge of t h e  GMX a r e a  a t  t h e  t e s t  

bush s i t e  by t h e  Las Vegas A i r  Resources Laboratory  of t h e  Na t iona l  

Oceanic and Atmospheric Admin is t ra t ion  (NOAA). A s t a n d a r d  vane and 

cup anemometer con t inuous ly  recorded t h e  wind d i r e c t i o n  and speed 

I 
a t  t e n  meters .  Cup anemometers measured t h e  t e n  minute mean h o r i z o n t a l  

wind a t  f i v e  l e v e l s  ($, 1, 2 ,  4 ,  and 8 m). A s e p a r a t e  cup anemometer 

a t  2 m con t inuous ly  recorded t h e  wind speed and a 2 m bivane con t inuous ly  

sampled t h e  h o r i z o n t a l  and v e r t i c a l  wind f l u c t u a t i o n s .  A l l  t h e  cup 

anemometers were p e r i o d i c a l l y  wind t u n n e l  c a l i b r a t e d .  Temperatures 

were  measurled every t e n  minutes  a t  f i v e  l e v e l s .  Two l e v e l s  were 

below t h e  s o i l  s u r f a c e  a t  1 cm and 3 cm. Above ground q u a r t z  s e n s o r s  

i n  a s p i r a t e L  s h i e l d s  measured t h e  a i r  t empera tu re  a t  4, 2 ,  and 8 m. 

A hydrothermograph, supplemented by s l i n g  psychrometer o b s e r v a t i o n s ,  

I 
provided r e l a t i v e  humidity read ings .  PSI anero id  barometer recorded 

t h e  a tmospher ic  p r e s s u r e .  S o i l  mois tu re  was ob ta ined  by averag ing  



I 
f i v e  samples from t h e  upper 0 .5  cm s o i l  l a y e r .  Each sample was 

weighed, oven d r i e d ,  t h e n  re-weighed. XOAA personne l  performed t h e  

I 
d a t a  c o l l e c t i o n  and r e c o r d i n g  t a s k s .  

Three  Datametr ics  800-VTP c o n s t a n t  r e s i s t a n c e - r a t i o  ho t  w i r e  

anemometers measured t h e  mean and t u r b u l e n t  f low i n  and around t h e  

chosen bush. These b a t t e r y  powered i n s t r u m e n t s  opera ted  up t o  s ix 

hours  on one charge.  Because t h e i r  l e a d  l e n g t h  w a s  l i m i t e d  t o  e i g h t  

f e e t ,  t h e  a s s o c i a t e d  e l e c t r o n i c s  were housed i n  c h i l l e d  i n s u l a t e d  

i c e  c h e s t s  t o  keep them a t  a c c e p t a b l e  temperatures .  The s e l f - c l e a n i n g  

probes c o n l i s t e d  of 0.5 cm long  s t a i n l e s s  steel f i l a m e n t s .  The 

manufacturer  s p e c i f i e s  t h e i r  accuracy  t o  be  w i t h i n  2%, and t h e i r  

f requency i e s p o n s e  t o  be  100 hz. The o u t p u t  v o l t a g e  response is  

non- l inear  and ze ro  d r i f t  is  p o s s i b l e .  The h o t  w i r e  v o l t a g e s  were 

recorded by an I n c r e d a t a  d i g i t a l  r e c o r d e r  a t  a  r a t e  of 145 r e a d i n g s  

pe r  second per  anemometer. 

The t h r e e  ho t  w i r e  probes  were suspended from aluminum t u b i n g  

i n  e i t h e r  a h o r i z o n t a l  o r  v e r t i c a l  arrangement around t h e  t e s t  bush. 

Genera l ly  measurements were made a t  h e i g h t s  of 9 6 ,  45, and 4 cm. 

I 
These h e i g h t s  were based upon t h e  90 cm h e i g h t  of t h e  t e s t  bush. 

The 96 crn ?e igh t  was j u s t  above t h e  bush,  t h e  45 cm h e i g h t  was h a l f  

I 
t h e  bush h e i g h t ,  and t h e  4  cm h e i g h t  gave wind speeds  c l o s e  t o  t h e  

ground. A bivane l o c a t e d  c l o s e  t o  t h e  bush was used t o  s i g h t  a 

landmark i n d i c a t i n g  t h e  p r e v a i l i n g  wind d i r e c t i o n ,  towards which t h e  

h o t  w i r e  probes were then  o r i e n t e d .  The wind d i r e c t i o n  was a l s o  

checked a f t e r  each measurement. Before  and a f t e r  each measurement 

pe r iod  t h e  ho t  w i r ~ s  were covered and t h e  ze ro  v e l o c i t y  v o l t a g e  

was recorded.  



1 
C l i m a t a l o g i c a l  winds n e a r  Frenchman Lake were measured by 

SYSTRAC s t a t i o n  15, l o c a t e d  34 km s o u t h  of t h e  meteoro log ica l  tower.  

Th i s  permaniently s i t e d  cup anemometer s t a t i o n  w a s  p e r i o d i c a l l y  

quer ied  by remote c o n t r o l  and i n  r e p l y  gave t h e  t e n  second wind 

average  a t  a h e i g h t  of 10 m. T h i s  s t a t i o n  has  opera ted  from August 

1969 t o  Au A st  1976 w i t h  o n l y  a  15% l o s s  of d a t a .  These breakdowns 

occur red  rahdomly, u s u a l l y  i n  b locks  of days  o r  weeks. The c l imata -  
I 

l o g i c a l  d a t k  is  weighted towards t h e  f i r s t  two y e a r s  when t h e  sampling 
I 

i n t e r v a l  was 5 minutes ,  a f t e r  which it changed t o  15 minutes.  

Besides  t h e  ho t  w i r e  anemometer d a t a ,  t h e  d i g i t a l  r e c o r d e r  a l s o  
I 

r ecorded t h e  o u t p u t  of a  Keteorology Research Inc .  Model 1550B 

nephelometer.  Th i s  ins t rument  measures t h e  b a c k s c a t t e r e d  l i g h t  
I 

from p a r t i c h l a t e s  i n  a  c o n t r o l  volume, the reby  i n d i c a t i n g  t h e  p a r t i c u -  
I 

l a t e  l o a d i n g  of t h e  a i r .  The nephelometer sampled t h e  a i r  10 cm 

above t h e  g  4 ound a t  a l o c a t i o n  t h r e e  mete r s  from t h e  t e s t  bush. It 
I 

was designed t o  p rov ide  10% accuracy  and wi ths tand  a 0'-130°F 

I 
t e m p e r a t u r e r a n g e .  The i n l e t  sampling t u b e  in t roduced  a t ime d e l a y  

I 

of  0.8 s e c , ~ t h e  t i m e  c o n s t a n t  of t h e  ins t rument  be ing  2 sec .  Although 

on ly  q u a l i t a t i v e  measurements of t h e  a tmospher ic  d u s t  c o n t e n t  were 
I 

needed, nevarche less  t h e  nephelometer was c a l i b r a t e d ,  u s i n g  Freon 

gas  a s  a b a c k s c a t t e r  c o e f f i c i e n t  r e f e r e n c e .  

, . 2  Hot Wire Anemometer Data Ana lys i s  

The h o i  w i r e  anemometers were i n d i v i d u a l l y  c a l i b r a t e d  i n  a wind 
I 

t u n n e l  by c 9 p a r i n g  p i t o t  t u b e  v e l o c i t y  c a l c u l a t i o n s  w i t h  ou tpu t  

v o l t a g e s  medsured by a  d i g i t a l  v o l t m e t e r .  Th i s  v o l t n e t e r  a l s o  

c a l i b r a t e d  t h e  d i g i t a l  r e c o r d e r  which recorded t h e  ho t  w i r e  v o l t a g e s  



d. A t h i r d  o r d e r  polynomial w a s  f i t  t o  each c a l i b r a t i o n  
I 

curve  and 4sed t o  conver t  each recorded anemometer v o l t a g e  i n t o  a 

corresponding v e l o c i t y .  

The "ve loc i ty"  measured by a h o t  w i r e  anemometer is  a c t u a l l y  a 

"mass v e l o  i t y "  i .e.  t h e  product  of a i r  d e n s i t y  tines v e l o c i t y .  'i 
There fore  a l l  c a l c u l a t e d  v e l o c i t i t e s ,  measured bo th  i n  t h e  f i e l d  and 

i n  t h e  wind t u n n e l ,  had t o  be  c o r r e c t e d  f o r  d e n s i t y  t o  o b t a i n  t h e  

t r u e  v e l o c i t y .  A i r  t empera tu re  and p r e s s u r e  d a t a  were t h u s  needed i n  

bo th  cases. '  T h i s  p resen ted  d i f f i c u l t i e s  f o r  t h e  f i e l d  d a t a ,  s i n c e  

v e l o c i t y  measurements were made a t  a 4 cm h e i g h t  whi le  t h e  lowes t  

a i r  t empera tu re  sensor  on t h e  m e t e o r o l o g i c a l  tower was a t  50 cm. To 

overcome t h i s  p rob len ,  a c o n s t a n t  t empera tu re  d i f f e r e n t i a l  between 

t h e  two l a y e r s  was assumed. Th is  t empera tu re  d i f f e r e n c e  was es t imated  

t o  be  4 ' ~  from comparisons of t h e  measured t empera tu re  p r o f i l e s  t o  

t empera tu re  p r o f i l e  formulas  developed by Malurkar and Ramaas (1931). 

Because t h e  f i e l d  measurements were a l l  t aken  dur ing  t h e  a f t e r n o o n  

on sunny days ,  t h e  a i r  t empera tu re  on a g iven  day w a s  r e l a t i v e l y  

c o n s t a n t  ( 2 ' ~  maximum r a n g e ) .  S ince  t h e  d e n s i t y  depends upon t h e  

a b s o l u t e  temperature ,  e r r o r s  from t h i s  source  were n e g l i g i b l e  compared 

t o  o t h e r  er?ors  i n  t h e  v e l o c i t y  measurements, e .g .  a 1°c t empera tu re  

e r r o r  would g i v e  a v e l o c i t y  e r r o r  of on ly  0.3%. 
I 

I n  t h e  f i e l d  t h e  ho t  w i r e  anemometers were compared both  t o  

themselves and t o  t h e  cup anemometers on t h e  m e t e o r o l o g i c a l  tower.  

For in tercomparison of t h e  ho t  w i r e s  they  were placed a f o o t  a p a r t  

a t  a 2 m h e i g h t  i n  a n  " i s o l a t e d "  s p o t ,  i . e .  one f a r  removed from 

nearby bushes.  The f low p a s t  each of t h e  anemometers should  be  t h e  

same. An 18.3 minute t e s t  (150,000 v a l u e s  p e r  ho t  w i r e  anemometer) 

I 



gave ve locq t i e s  of 3.96, 4.00, and 4.01 mlsec f o r  t h e  th ree  anemometers, 
I 

showing agdeement within 1%. The s tandard dev ia t ions  obtained 
I 

agreed wi ty in  5%. To compare the  hot wire  anemometers with the  tower 

cup anemometers, a 40 minute t e s t  w a s  made with a hot wire  anemometer 

I 
loca ted  a 5oot t o  t h e  s i d e  of both t h e  1 m and 2 m tower cup anemometers. 

The average r a t i o s  between t h e  four  t e n  minute mean cup v e l o c i t i e s  

and t h e  cor/responding t e n  minute mean hot  wire  v e l o c i t i e s  were 

1.144 ( o  = 0.017) a t  1 m and 1.139 (o  = 0.029) a t  2 m. The r a t i o s  
I 

agreed t o  su rp r i s ing  degree f o r  both he ights .  The source of t h e  

discrepancy between t h e  hot  wi re  and cup anemometer v e l o c i t i e s  is 

cup anemometer "overspeeding", a well-known e f f e c t  r e s u l t i n g  from 

the  cup c h a r a c t e r i s t i c a l l y  acce l e ra t ing  f a s t e r  i n  gusty winds than 

it dece lera tes .  The magnitude of t h i s  overspeeding e r r o r  was 

cons i s t en t  with t h e  r e s u l t s  of an in t ens ive  inves t iga t ion  of cup 

overspeeding e r r o r s  made by Izumi and Barad (1970). They found 

t h e  overspeeding t o  average 16% of t h e  wind speed, but noted t h a t  

tower inf ldences  could account f o r  a s  much a s  5% of t h i s  and thac 

s t a b i l i t y  a l s o  inf luences  t h e  overspeeding. They suggested t h a t  t h e  

I 
bes t  es t imate  of overspeeding e r r o r  w a s  about 10%. The cup 

anemometer,speeds obtained were cor rec ted  f o r  overspeeding by mult i -  

plying t h e i  by a f a c t o r  of 0.876, t h e  average of t h e  above two 
I 

r a t i o s .  Using t h i s  r a t i o  f o r  a l l  he igh t s  i s  j u s t i f i e d  by t h e  
I 

agreement between t h e  1 m and 2 m r a t i o s  and by Izumi and Barad's 
I 

conclusion t h a t  no s t rong  r e l a t i o n s h i p  ex i s t ed  between over speeding 
I 

e r r o r  and anemometer height .  
I 

One mgjor source of e r r o r  i n  hot  wi re  anemometer measurements 

can be zerd d r i f t .  To minimize t h i s  t h e  anemometers were covered 



before and ' a f t e r  each measurement period and t h e  zero ve loc i ty  vol tage  

was recorded. Because t h e  measurement per iods were r e l a t i v e l y  

sho r t  ( ~ 3 0  minutes),  t h i s  was done o f t e n  enough t h a t  t he  change i n  

zero v e l o c i t y  vol tage  was genera l ly  small  (average d r i f t  - 0.08 mv/min). 

A one m i l l i v o l t  e r r o r  g ives  a  v e l o c i t y  e r r o r  of 0.45% a t  a  v e l o c i t y  of 

3 m/sec. I n  t h e  da t a  reduct ion  t h e  zero v e l o c i t y  vol tage  used t o  

c a l c u l a t e  t h e  v e l o c i t y  from t h e  recorded vol tage  was presumed t o  

I be a  l i n e a r  i n t e r p o l a t i o n  of t h e  zero v e l o c i t y  vol tages  measured 

before and a f t e r  t he  measurement period. Unfortunately t h e r e  were 

two per iods  where an end zero v e l o c i t y  vo l t age  was not obtained. 

Taking a  llw/orst case" zero d r i f t  f o r  t h e  longer  of t he  two per iods ,  
l 

a  maximum average v e l o c i t y  e r r o r  of 1 .2% w a s  ca lcu la ted .  This i s  

small  enough t o  be ignored. 

Hot wire  anemometers respond not  t o  wind flow i n  one d i r e c t i o n  
I 

only but  to' t he  flow i n  a  plane perpendicular  t o  t h e  wire. Thus 

a  ho r i zon ta l ly  o r i en t ed  hot wire  w i l l  a l s o  respond t o  v e r t i c a l  flow, 

but  not  t o  horizontal flow p a r a l l e l  t o  t he  wire.  P r a c t i c a l  consider- 

a t i o n s  of p  ac ing  a  probe very c l o s e  t o  t h e  ground forced the  use I' 
of a  ho r i zon ta l  o r i e n t a t i o n  f o r  t h e  hot wires .  Any change between 

t h e  mean wind d i r e c t i o n  and the  plane normal t o  t h e  hot wire  would 

r e s u l t  i n  t h e  measured v e l o c i t y  decreasing according t o  t h e  cos ine  

of t h e  angle,  a  r e l a t i o n s h i p  v e r i f i e d  during the  wind tunnel  c a l i -  

b ra t ion .  I f  t h e  angle increased beyond15Othe presence of t h e  

probe posts '  would f u r t h e r  decrease t h e  measured wind v e l o c i t y .  It 

was the re fo re  important t h a t  t he  wind d i r e c t i o n  remain e s s e n t i a l l y  

cons tan t .  For tuna te ly  t h e  wind d i r e c t i o n  during t h e  f i e l d  measurements 

was remarkably s teady.  The nearby bivane inked record was checked 



f o r  wind d i r e c t i o n  before,  during,  and a f t e r  each measurement. Two 

measurement per iods which showed v a r i a t i o n s  g r e a t e r  than ten  degrees 

were discayded. Such a  t en  degree v a r i a t i o n  would give an e r r o r  of 

d 2% accord i  g  t o  t h e  cos ine  law. 

With t h e  hot  wire element ho r i zon ta l ly  o r i en t ed ,  any mean v e r t i c a l  

wind wouldlgive a  measured v e l o c i t y  g r e a t e r  than t h e  a c t u a l  ho r i zon ta l  

wind. Although t h e r e  is  d e f i n i t e l y  v e r t i c a l  flow due to  t h e  bush, 

es t imates  using t h e  con t inu i ty  equat ion showed it  t o  be genera l ly  

n e g l i g i b l e  (See Appendix A ) .  

Because t h e  hot  wires  a l s o  respond t o  turbulen t  f l u c t u a t i o n s  i n  

t h e  v e r t i c a l  d i r e c t i o n ,  turbulence w i l l  cause t h e  measured v e l o c i t y  

t o  be g rea t e r  than the  a c t u a l  ho r i zon ta l  ve loc i ty .  This e f f e c t  

I 
was estimated and found t o  be n e g l i g i b l e  except c lo se  t o  t he  ground 

behind t h e  bush where tu rbu len t  i n t e n s i t i e s  of up t o  0.7 a r e  found. 

Such high turbulence l e v e l s  would produce an estimated e r r o r  of 

7% (See Appendix A ) .  Since a  hot  wire  anemometer i s  unable t o  

d i s t i ngu i sh  flow d i r e c t i o n ,  such l a r g e  turbulen t  i n t e n s i t i e s  r a i s e d  

t h e  p o s s i b i l i t y  t h a t  i n t e r m i t t e n t  r eve r se  flow might have occurred. 

However t h e  v e l o c i t y  frequency d i s t r i b u t i o n s  of these  cases  were 

e s s e n t i a l l y  Gaussian, which would not  be e x ~ e c t e d  i f  r eve r se  flow 

w a s  s i g n i f i c a n t  . 



4 .  AIRFLOW ABOVE AXD W I T H 1 3  YEGETATION 

Surface f r i c t i o n  l eads  t o  t h e  formation of a  boundary l aye r  below 

t h e  geostrophic wind. I n  t h i s  boundary l a y e r  momentum is t r ans fe r r ed  

downward by turbulen t  wind shear  and bouyant motions t o  t he  sur face  

l aye r .  The su r f ace  l aye r  is  defined a s  t h a t  region where the  f luxes  

I 
of momentum, hea t ,  and moisture a r e  independent of he ight ,  to a f i r s t  

approximati,on. The height  of t h i s  l a y e r  can extend from 10-50 m. 

When considering flow over a vegetated su r f ace  t h e  momentum f l u x  is 

constant  only i n  t h e  ho r i zon ta l ly  homogeneous flow above the  wake 

i n t e r a c t i o n  region. Below t h i s  he ight  ho r i zon ta l  inhomogeneities 

produce s t r e s s  v a r i a t i o n s  wi th  he ight .  

The ground and obs t ac l e s  above i t ,  e .g.  vege ta t ion ,  exe r t  a 

I 
drag on t h e  a i r  flow c a l l e d  t h e  t o t a l  su r f ace  s t r e s s  (r ) .  The 

0 

su r f ace  f r i c t i o n  v e l o c i t y  is  defined as :  

where p = a i r  dens i ty .  In  t h e  sur face  l a y e r  t he  v e r t i c a l  momentum 

f l u x  (F ) i s  cons tan t ,  equal and oppos i te  t o  t he  shear:  
m 

where r = shear  s t r e s s  

u  = f l uc tua t ing  ho r i zon ta l  v e l o c i t y  

w = f l uc tua t ing  v e r t i c a l  v e l o c i t y .  

?fomentdm t r a n s f e r  is  o f t e n  descr ibed by semi-empirical r e l a t i o n s h i p s .  
I 
I 

One method, analogous t o  molecular t r anspor t  i n  viscous flow, uses  
a 

t he  v e l o c i t y  grad ien t  and an eddy tu rbu len t  t r a n s f e r  c o e f f i c i e n t  (K ) :  m 



A second mkhod u s e s  a  t r a n s f e r  c o e f f i c i e n t  i n  i n t e g r a t e d  form: 

Both K and Cd are f u n c t i o n s  of h e i g h t .  The "meteorological"  s u r f a c e  m 

drag  c o e f f i c i e n t  (Cd) used h e r e  is  one-half t h e  v a l u e  of t h e  "aero- 

dynamic" s u r f a c e  d rag  c o e f f i c i e n t  (C 1: 
d a  

The l o g a r i t h m i c  wind law is known t o  adequa te ly  d e s c r i b e  t h e  

v e l o c i t y  p r o f i l e  i n  t h e  s u r f a c e  l a y e r  under n e u t r a l  c o n d i t i o n s :  

where k = von Karman c o n s t a n t  

z = c h a r a c t e r i s t i c  l e n g t h  of s u r f a c e  roughness.  
O I 

U, i s  a  u s k u l  s c a l i n g  v e l o c i t y  f o r  t h e  s u r f a c e  l a y e r .  z o is  o f t e n  

used t o  s c a l e  t h e  e d d i e s  r e s p o n s i b l e  f o r  t h e  d rag  on a  rough s u r f a c e .  

The l o g a r i t h m i c  wind p r o f i l e  can be  de r ived  e i t h e r :  1) by assuming 

a  c o n s t a n t  ' s t r e s s ,  n e u t r a l  c o n d i t i o n s ,  and mixing l e n g t h  t h e o r y ,  o r  

2)  more g e n e r a l l y ,  i .e.  w i t h  fewer r e s t r i c t i o n s ,  by asymptot ic  matching 
I 

of a  law 04 t h e  w a l l  wi th  a v e l o c i f y  d e f i c i t  law of t h e  o u t e r  f low. 

The l o g a r i t h m i c  wind p r o f i l e  can a l s o  be  v a l i d  f o r  h e i g h t s  above 
I 

t h e  s u r f a c k  l a y e r ,  up t o  100 m o r  more. 

The von Karman c o n s t a n t  (k) h a s  t r a d i ~ i o n a l l y  been given a v a l u e  

of 0 .4 ,  based upon l a b o r a t o r y  exper iments .  Experiments i n  t h e  



atmosphere, with higher  Reynolds numbers than a r e  t y p i c a l  of labora tory  ' 

I 
I flows, show a l a r g e  s c a t t e r .  The most ex tens ive  experiments t o  

da te ,  conducted i n  a Kansas f i e l d , i n d i c a t e d  k = 0.35 (Businger e t  a l . ,  
I 

1971). ~ h i b  va lue  has been accepted by many micromereorologists 

because i t  grees  c l o s e l y  with t h e  k = 0.33 va lue  Tennekes (1968) t 
deduced by Lxtrapolat  ing wind tunnel  measurements t o  very l a r g e  

Reynolds numbers. Some disagreement cont inues,  however, a s  P r u i t t  

e t  a l .  (1973) found k va lues  between 0.39 and 0.44. The von Karman 
A- 

constant  us  a d i n  t h i s  t h e s i s  was t h e  t r a d i t i o n a l  0.4 value.  

I n  dea l ing  with flow over vege ta t ion ,  t h e  he ight  where t h e  mean 
I 

wind vanishhs according t o  t h e  logar i thmic  wind p r o f i l e  may not  be 

t h e  ground i t s e l f ,  but  some he ight  above the  ground which a c t s  a s  a 
I 

new sur face '  with r e spec t  t o  t h e  wind, t h e  zero plane displacement 

he ight  (Do) ;. Eq. (4-6) then becomes: 

where Z = c h a r a c t e r i s t i c  roughness l eng th  above vegeta t ion .  
O I 

The n e u t r a l  case  r e q u i r e s  t h a t  t h e r e  i s  no heat  f l u x  from t h e  

sur face  t o  t h e  atmosphere. I n  t h e  more usua l  d i a b a t i c  case,  hea t  f l u x  
I 
I 

is present .  The assoc ia ted  bouyancy fo rces  may play a s i g n i f i c a n t  

r o l e  i n  modifying t h e  sur face  l aye r  wind p r o f i l e .  The Richardson 

number (Ri) i s  o f t en  used a s  a measure of s t a b i l i t y :  

I bouyancy t r a n s f e r  of momentum - g 
( r  + 

R i  = - 
mechanical t r a n s f e r  of momentum T ( a ~ / a z ) '  

where g = i r a v i t a t i o n a l  acce l e ra t ion  

I' = ad iaba t i c  l apse  r a t e .  



Another s t a b i l i t y  parameter ,  t h e  s c a l i n g  lengt'h L ,  was in t roduced  

by Obukhov (1946) u s i n g  s i m i l a r i t y  arguments. L i s  u s u a l l y  c a l l e d  

t h e  Xonin-Obukhov l e n g t h :  

I 
where 8 = f l u c t u a t i n g  temperature .  L i s  used t o  d e f i n e  t h e  Monin- 

Obukhov d imens ion less  h e i g h t ,  5 = z/L. The advantage of t h i s  represen-  

t a t i o n  i s  t h a t  L i s  approximately  c o n s t a n t  i n  t h e  s u r f a c e  l a y e r ,  

whereas t h e  Richardson number i s  n o t .  I n  d i a b a t i c  c o n d i t i o n s  Eqs. 

(4-6) and (4-7) must be  modif ied,  a s  w i l l  be d e s c r i b e d  l a t e r .  
I 

Whethe+ t h e  roughness e lements  a r e  d e n s e l y  spaced o r  n o t ,  a t  

some h e i g h t  t h e i r  wakes i n t e r a c t  and are i n t e g r a t e d  i n t o  a  h o r i z o n t a l l y  

homogeneous ' flow. The o u t e r  f low above t h e  wake i n t e r a c t i o n  r e g i o n  i s  

t h e  c o n s t a n t  s t r e s s  r e g i o n  d e s c r i b e d  by E q .  (4-7) f o r  n e u t r a l  condi-  

t i o n s .  The e x i s t e n c e  of t h i s  c o n s t a n t  s t r e s s  l a y e r  above t h e  v e g e t a t i o n  

has  been w e l l  documented i n  bo th  wind t u n n e l  work (OILaughlin and 

Annambhotla, 1969; P l a t e  and Q u r a i s h i ,  1965; Sadeh -- e t  a l . ,  1971) and 

e r iments  (Kutzbach, 1961; Thom, 1971).  The c o n s t a n t s  

i n  Eq. (4-7) a r e  determined by t h e  combined e f f e c t s  of s i n g l e  

roughness elements.  An i n d i v i d u a l  roughness element is  g e n e r a l l y  

c h a r a c t e r i z e d  by a h e i g h t  (H), a d iamete r  (D),  and a  p o r o s i t y  ( 4 ) .  

When c o n s i d e r i n g  uniformly s c a t t e r e d  roughness e lements  t h e  s p e c i f i c  

a r e a ,  i.e. t h e  ground a r e a  p e r  roughness  element ( S ) ,  i s  an impor tan t  

parameter.  Many e m p i r i c a l  f o m u l a e  have a t tempted t o  r e l a t e  Z and 
0 

D t o  H, D,  and S. For example, L e t t a u  (1969) suggested:  
0 



This  formula h a s  been found to .be  most u s e f u l  when t h e  roughness 

e lements  a r e  somewhat i s o l a t e d .  Other proposed formulae a r e  more 

adequate  when t h e  i n d i v i d u a l  roughness e lements  a r e  so  c l o s e  t h a c  

they  have l o s t  t h e i r  i d e n t i t y ,  i . e  f o r  canopy flow. Empir ical  formulae 

f o r  D have a l s o  been proposed f o r  such cases .  Seg iner  (1974) 
0 

r e f e r e n c e s  much of t h i s  work. 
I 

I n  t h e ' u p p e r  f low regime t h e  mean and t u r b u l e n t  v e l o c i t i e s  depena 

s o l e l y  upon t h e  h e i g h t  above Do and t h e  s h e a r  s t r e s s ,  n o t  t h e  parameters  

of t h e  roughness e lements  t h a t  produce t h i s  s h e a r  s t r e s s .  Morris  

(1955) h a s  noted t h a t  t h e  d i s t a n c e  from t h e  ground t o  t h i s  upper 

f low regime depends p r i m a r i l y  on t h e  f requency and s i z e  of t h e  

v o r t i c e s  formed by t h e  roughness e lements .  Woodruff -- e t  a l .  (1963) 

found t h e  h e i g h t  of t h e  wake i n t e r a c t i o n  r e g i o n  f o r  a c t u a l  and model 

windbreaks t o  extend t o  2.0 H and 1.8 Y r e s p e c t i v e l y  f o r  downwind 

d i s t a n c e s  of 20 H. O'Loughlin and Annambhotla (1969) found wake 

dep ths  of B t o  14 H f o r  f low over  roughness e lements ,  whi le  Sadeh 

et a l .  (1971) found d e p t h s  of 1.7 H. Flow e x p e r i n e n t s  over  two- -- 
dimensional  s o l i d  windbreaks,  where t h e  v e r t i c a l  f low is  of n e c e s s i t y  

much g r e a t e r  than  f o r  porous ones ,  found a wake i n t e r a c t i o n  r e g i o n  

up t o  2-4H(Good and J o u b e r t ,  1968).  Based upon t h e  average bush 

h e i g h t  of 1 m y  t h e  h e i g h t  of t h e  GMX wake r e g i o n  was es t imated  t o  

be  l e s s  t h a n  2 m. There fore ,  v e l o c i t i e s  a t  and above 2 in were 

I 
considered t o  r e p r e s e n t  t h e  c o n s t a n t  s t r e s s  o u t e r  l a y e r .  

The preceeding arguments have concerned t h e  h o r i z o n t a l l y  

homogenous f low above t h e  wake i n t e r a c t i o n  l a y e r .  Below t h i s  h e i g h t  

t h e  e f f e c t  of i n d i v i d u a l  roughness e lements  must be cons idered .  

Vegeta t ion i n t e r a c t s  w i t h  t h e  mean f low wind by 1 )  e x t r a c t i n g  t h e  



momentum ryqu i red  by t h e  aerod-ynamic d r a g  of p l a n t  p a r t s ,  2 )  conver t ing  

mean k i n e t i c  energy i n t o  t u r b u l e n t  k i n e t i c  energy i n  t h e  vake formed 

behind a n  o b s t r u c t i o n ,  and 3 )  break ing  down l a r g e  s c a l e  t u r b u l e n t  

motions i n t o  smaller s c a l e  motions i n  t h e  wake reg ion .  

The f low p a s t  an  i n d i v i d u a l  two-dimensional roughness e lement ,  

e . g . ,  a windbreak, w i l l  be  d e s c r i b e d  f i r s t .  The i n c i d e n t  f low is  

d i s t o r t e d ,  p roduc ing  a  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  e lement ,  and 

s e p a r a t i o n  bubbles  ahead of and behind s o l i d  o b s t a c l e s .  A wake o r  

s h e a r  zone ex tends  above t h e  n e a r  s e p a r a t i o n  zone. I n t e n s e  s h e a r  

transfers 7 ean k i n e t i c  energy i n t o  t u r b u l e n t  energy,  r e s u l t i n g  i n  

i n c r e a s e d  mixing. The g r e a t e s t  v e l o c i t y  r e d u c t i o n s  occur  i n  r e g i o n s  

of g r e a t e s t  mixing. The v e l o c i t y  p r o f i l e  c o n t i n u a l l y  a d j u s t s  u n t i l  

t h e  excess  mixing becomes n e g l i g i b l e .  Downstream of t h e  s e p a r a t i o n  

zone, a  new boundary l a y e r  f low deve lops  i n  e q u i l i b r i u m  w i t h  t h e  

under ly ing  s u r f a c e  (Fig.  9 ) .  Th i s  i n t e r n a l  boundary l a y e r  grows 

s lowly dowdstream, e v e n t u a l l y  d i s p l a c i n g  t h e  wake reg ion .  Stream- 

l i n e s  on t h e  upwind s i d e  s tar t  t o  rise b e f o r e  reach ing  t h e  o b s t a c l e ,  

r e a c h  a  maximum a t  a  p o i n t  beyond t h e  o b s t a c l e ,  and then  s lowly drop.  

The d rag  e x e r t e d  on t h e  a i r f l o w  reduces  t h e  wind v e l o c i t y ,  a s  

i n d i c a t e d  by t h e  upward r ise of t h e  s t r e a m l i n e s .  The s u r f a c e  s t r e s s  

i s  a l s o  reduced (Fig .  9 ) .  The s h e l t e r e d  zone h a s  been es t imated  t o  

extend from 5 H windward t o  30 H leeward (van Eimern e t  al . . ,  1 9 6 4 ) .  The 

wind r e d u c t i o n  a t  lower h e i g h t s  i s  balanced by a  corresponding wind 

speed i n c r e a s e  a t  upper l e v e l s ,  a s  r e q u i r e d  by t h e  law of c o n t i n u i t y .  

For porous o b s t a c l e s  t h e  f low f e a t u r e s  a r e  q u a l i t a t i v e l y  similar, 

except  t h a t  t h e  l e s s e r  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  element 

u s u a l l y  r e s u l t s  i n  t h e  d i sappearance  of t h e  s e p a r a t i o n  reg ion .  Flow 



I 
Fig .  9. Airf low Regions Behind a Windbreak ( a f t e r  P l a t e  and Lin,  1965 

and Seginer  and Sagi ,  1972) 



changes a r e  l e s s  a b r u p t  and t h e  t u r b u l e n c e  is  less i n t e n s e .  The 

decreased mixing a l l o w s  t h e  wind r e d u c t i o n  zone t o  extend f u r t h e r  

downwind. A t  t h e  f r o n t  and r e a r  of a porous s c r e e n ,  both  t h e  p r e s s u r e  

and v e l o c i t y  a r e  approximately  c o n s t a n t  w i t h  h e i g h t .  The a i r  f lowing 

through t h e  s c r e e n  p rov ides  t h e  l e a k  which reduces  t h e  p r e s s u r e  

d i f f e r e n t i a l  a c r o s s  t h e  o b s t a c l e .  Th i s  p r e s s u r e  drop i s  p r o p o r t i o n a l  

t o  t h e  v e l o c i t y  squared,  iil agreement w i t h  t h e  d rag  f o r c e  (Fd) 

equat ion:  
I 

where t h e  d rag  c o e f f i c i e n t  of t h e  o b s t a c l e  (cd)  is  a  f u n c t i o n  of 

p o r o s i t y .  

For porous p l a t e s  il a  wind t u n n e l ,  Cas t ro  (1971) found t h a t  t h e  

v o r t e x  s t r e e t  and reversed  f low r e c i r c u l a t i o n  r e g i o n ,  two c h a r a c t e r -  

i s t i c s  a s s o c i a t e d  w i t h  f low behind s o l i d  o b j e c t s ,  bo th  disappeared when 

t h e  p l a t e  p o r o s i t y  inc reased  beyond 30%. Bleed a i r  e n t r a i n i n g  i n t o  

t h e  shear  l a y e r s  prevented t h e n  f r e z  i n t e r a c t i n g .  The e f f e c t i v e  

p o r o s i t y  of t h e  c r e o s o t e  bushes w i l l  be  found t o  be 70-80%. Obs tac les  

of such l a r g e  p o r o s i t y  can  be cons idered  t o  b e  l a t t i c e s  whose 

s e p a r a t e  e lements  a r e  of s u f f i c i e n t l y  s m a l l  width  t h a t  they  have 

n e g l i g i b l e  i n d i v i d u a l  e f f e c t  on t h e  f low,  b u t  which t o g e t h e r  form 

a  uniform j h e e t  of r e s i s t a n c e .  The main e f f e c t  of such a  s t r u c t u r e  

i s  t o  produce a  drop i n  t h e  t o t a l  p r e s s u r e  a long  any s t r e a m l i n e  

pass ing  through it. A summary of r e l e v a n t  formulae has  been g iven  

by Graham (1976). 

The windbreak d i scussed  above has  been assumed t o  be two-dimen- 

s i o n a l .  Es t imates  of t h e  l e n g t h  t o  h e i g h t  r a t i o  r e q u i r e d  t o  meet 



t h i s  assumption have ranged from 12 t o  24. A r a t i o  of two reduces 

the  protec!ive e f f e c t  by one-half (5leck and Trienes,  c i t e d  by van 

Eimern e t  a l . ,  1964) .  Flow pas t  a three-dimensional ob jec t  involves 

add i t i ona l  t u rbu len t  mechanisms. A s  t h e  flow passes t h e  roughness 

elements, t h e  wake v o r t i c e s  t r a n s f e r  v o r t i c i t y  from the  mean shear  

t o  t h e  flow d i r e c t i o n  i t s e l f .  The shear  i s  g r e a t e r  than t h a t  of 

two-dimensional flow and more tu rbu len t  k i n e t i c  energy is  generated. 

I n i t i a l l y  t h i s  turbulence is  sca led  t o  t h e  dimensions of t h e  roughness 

element, bdt  f u r t h e r  downwind t h e  d i s t ance  from t h e  sur face  becomes 

t h e  sca l ing  length  j u s t  a s  i t  w a s  f a r  upstream. The l a t e r a l  v e l o c i t y  

d e f i c i t  region grows l i n e a r l y  with d i s t ance  downstream and soon 

becomes Gaussian (Meroney, 1968). 

P l an t s  c r e a t e  d is turbances ,  whose ind iv idua l  e f f e c t  i s  soon 

d i s s ipa t ed  but  whose aggregate  e f f e c t  determines t h e  i n t e n s i t y  and 

na ture  of t h e  turbulence. I n  t he  region below bush height  t he  time 

averaged flow i s  three-dimensional, and a one-dimensional model 

can be only p a r t i a l l y  adequate. Two types of f l o v  have been 

observed, i s o l a t e d  roughness flow and canopy flow. The l a t t e r  can be 

f u r t h e r  divided i n t o  wake in t e r f e rence  flow and skimming flow. 

The " i so l a t ed  roughness" type of flow occurs when indiv idua l  

roughness elements a r e  f a r  enough a p a r t  t h a t  t h e  wake and vor tex  

of each element have completely developed and d i s s ipa t ed  before  t h e  

I next element i s  reached. I n  such a flow, Eq. (4-7) is v a l i d  above 

the  roughness element he ight .  Z i s  g r e a t e r  than i t  would be f o r  
I 0 

t h e  surfach alone,  s ince  i t  i s  a measure of t he  sur face  drag and t h e  

p ro j ec t ions  considerably increase  t h i s  drag.  



i n t e r f e r e n c e 1 '  f l o w  o c c u r s  when t h e  roughness e lements  

a r e  c l o s e  enough t h a t  t h e  wake and v o r t e x  of a n  element i n t e r f e r e s  

w i t h  t h e  f low a t  fo l lowing  elements.  When t h e  roughness e lements  
I 

a r e  so  clo!e t h a t  s t a b l e  v o r t i c e s  o r  pocke t s  of "dead" a i r  a r e  formed, 

t h e  f low i s  c a l l e d  "skimmingf' f low. I n  bo th  c a s e s  t h e  roughness 

e lements  a r e  packed so  c l o s e l y  t h a t  a new uniform s u r f a c e ,  t h e  canopy, 

is  formed by t h e i r  t o p s ,  and t h e  s u r f a c e  l a y e r  is  d i s p l a c e d  upward 

by t h e  displacement  h e i g h t  Do. Eq .  (4-7) is  v a l i d  above t h e  canopy 

h e i g h t .  Below t h i s  h e i g h t  a complicated,  bu t  comparat ively  weak, 

canopy f low e x i s t s .  It is  u s u a l l y  t r e a t e d  a s  a one-dimensional f low,  

and a n  exponen t ia l  wind law has  o f t e n  been observed ( Inoue,  1963; 

Cionco, 1972): 

U a exp [a (z/H - I ) ]  

where a i s  an e m p i r i c a l  c o n s t a n t .  

The main d i f f e r e n c e  between t h e  f low i n s i d e  v e g e t a t i o n  and above 

i t  is  t h a t  i n  t h e  former c a s e  momentum can be absorbed d i r e c t l y  by 

t h e  vegeta!ion and t h e  equa t ion  of motion becomes: 

I 

where P = mean p r e s s u r e  and Q = f o l i a g e  a r e a  pe r  u n i t  volume. Both 

c and R a!e u s u a l l y c o m p l i c a t e d  f u n c t i o n s  of h e i g h t ,  and cd is  
d 

a l s o  somewhat dependent upon wind speed.  

I 
Three f low regimes a r e  d i s t i n g u i s h a b l e  i n  well-developed canopy 

flow: I 
I 

1)  i n  t h e  upper p a r t  of t h e  canopy t h e  p r e s s u r e  t e r n  is 
n e g l i g i b l e ;  



2)  in t h e  middle  of t h e  canopy t h e  d ivergence  of t h e  momentum 
f l u x  is  n e g l i g i b l e ,  e s p e c i a l l y  f o r  a dense  canopy; and 

3 )  v e r y  c l o s e  t o  t h e  s u r f a c e  a(=)/3z = 0 and t h e  wind 
p r o f i l e  i s  l o g a r i t h m i c .  The h e i g h t  of t h i s  r e g i o n  
depends upon t h e  roughness element spac ing .  

Seg iner  (1975) has  shown t h a t  t u r b u l e n t  mixing dominates bouyant 

e f f e c t s  c l o s e  t o  a windbreak. S t a b i l i t y  e f f e c t s  can b e  s i g n i f i c a n t  
I 

f o r  downwind d i s t a n c e s  beyond 3 H, r educ ing  t h e  s h e l t e r i n g  e f f e c t  

by approximately  10%. Uchijima and Wright (1964) found no l a r g e  
1 

thermal  e f f e c t s  i n  a  corn  c rop  canopy s tudy  cover ing  a wide range  

of thermal  s t a b i l i t i e s .  

I n  t h e  fo l lowing  a n a l y s i s  of t h e  f low i n  and above t h e  d e s e r t  

c h a p a r r a l  of t h e  G3K r e g i o n ,  t h e  fo l lowing  conc lus ions  w i l l  be  reached. 

The c r e o s o t e  bushes a r e  widely  spaced and aerodynamical ly  v e r y  

porous. They a c t  as i n d i v i d u a l  roughness e lements ,  each producing 

a wake t h a t  is e s s e n t i a l l y  d i s s i p a t e d  by t h e  t i m e  i t  r e a c h e s  t h e  

downwind bushes. The f low is  c l o s e s t  t o  t h e  " i s o l a t e d  roughness" 

e  "canopy" f low produced by more c l o s e l y  spaced elements.  

The wake r e d i o n  of a  bush is  similar t o  t h a t  of a  two-dimensional 

windbreak, w i t h  an i n t e r n a l  boundary l a y e r  developing downstream. 

These wakes combine and merge v e r t i c a l l y  w i t h i n  t w i c e  t h e  bush 

h e i g h t .  A h o r i z o n t a l l y  homogeneous, c o n s t a n t  s t r e s s  r e g i o n  e x i s t s  

above t h i s  wake i n t e r a c t i o n  reg ion .  Due t o  t h e  c l o s e  and r e g u l a r  
I 

spacing of ' t h e  branches ,  t h e  f low w i t h i n  a n  i n d i v i d u a l  bush h a s  

p r o p e r t i e s  ~ imi l a r  t o  t h a t  of f low through a canopy, a l though  t h e  
I 

f low h a s  no; had t ime t o  become well-developed. 



5. AIRFLOW NEASURBBNTS 

5.1  Flow  dove t h e  Vege ta t ion  

The a i r f l o w  above t h e  sh rubs  was i n v e s t i g a t e d  because  1 )  i t  

provided c l u e s  t o  t h e  t y p e  of f low below shrub h e i g h t  and 2) t h e  

r e s u l t s  were used t o  e s t i n a t e  t h e  p a r t i t i o n i n g  of t h e  t o t a l  d rag  

between t h e  bush and t h e  ground, an  impor tan t  f a c t o r  i n  a s s e s s i n g  

t h e  a b i l i t y  of v e g e t a t i o n  t o  c o n t r o l  wind e r o s i o n .  

A g r e a t  d e a l  of e f f o r t  h a s  gone i n t o  developing r e l a t i o n s  

between t h e  momentum f l u x  and t h e  wind p r o f i l e  under u n s t a b l e  c o n d i t i o n s .  

Barad (1964) gave a h i s t o r i c a l  account  of 30 y e a r s  of work measuring 

s u r f a c e  s t r e s s  i n  t h e  s u r f a c e  l a y e r .  Under n e u t r a l  c o n d i t i o n s  t h e  

s u r f a c e  stress can be e a s i l y  determined from t h e  l o g a r i t h m i c  v e l o c i t y  

p r o f i l e ,  b u t  d i a b a t i c  c o n d i t i o n s  r e q u i r e  c o n s i d e r a t i o n  of bouyancy 

e f f e c t s .  The GKX v e l o c i t y  p r o f i l e s  were ob ta ined  under u n s t a b l e  

dayt ime c o n d i t i o n s .  There fore  a  d i a b a t i c  f l u x  r e l a t i o n s h i p  was 

used t o  o b t a i n  t h e  s t r e s s  above t h e  v e g e t a t i o n .  

I n  t h e  most e x t e n s i v e  measurements t o  d a t e ,  Sus inger  -- e t  a l .  

(1971) r e l a i e d  t h e  dimensionless  wind g r a d i e n t  t o  5 .  Paulson (1970) 

i n t e g r a t e d  t h i s  r e l a t i o n s h i p ,  g iv ing :  

where Y = d i a b a t i c  v e l o c i t y  ? r o f i l e  c o r r e c t i o n  

= 2 I n  [ ( l + s ) / 2 ]  f I n  [ ( l + s 2 ) / 2 ]  - 2 tan'l s + r / 2  + s = ( 1  - 15 5 )  . 
For measurements over v e g e t a t i o n ,  t h e  ze ro  p l a n e  displacement  must 

be  added t o  t h e  above equa t ion :  



I 

where now : = (z - Do)/L. 

Eq. (5-2) w a s  employed t o  o b t a i n  "bes t  f i t "  v a l u e s  of Z o and 

D f o r  t h e  GMX a r e a  from 89 concur ren t  wind and temperature  p r o f i l e s  
0 

measured a t  t h e  m e t e o r o l o g i c a l  towers .  S ince  t h e  r e g i o n  of  i n t e r e s t  

was t h e  c o n s t a n t  s t r e s s  l a y e r  above t h e  wake i n t e r a c t i o n  r e g i o n ,  

o n l y  t h e  winds a t  2, 4 ,  and 8 m were used.  The long upwind f e t c h  
I 
I 

insured  t h a t  t h e  8 m v e l o c i t y  was w e l l  w i t h i n  t h e  c o n s t a n t  stress 

reg ion .  

The Richardson number a t  4 m w a s  computed us ing  wind and t empera tu re  

g r a d i e n t s  determined by f i t t i n g  a q u a d r a t i c  of ( I n  z)  t o  t h e  wind and 

t empera tu re  p r o f i l e s .  The Monin-Obukhov l e n g t h  was then  c a l c u l a t e d  

u s i n g  Businger e t  a l . ' s  (1971) e m p i r i c a l  r e l a t i o n s h i p :  

Knowing L, Y could be  c a l c u l a t e d  f o r  each of t h e  wind p r o f i l e s .  

Munroe and Oke (1973) found no s t a t i s t i c a l l y  s i g n i f i c a n t  r e l a t i o n  

between e i  h e r  Zo o r  D and wind speed,  c o n t r a d i c t i n g  t h e  r e s u l t s  7 0 
I 

of o t h e r  i n v e s t i g a t i o n s .  They a t t r i b u t e d  t h e  Zo and D o v a r i a t i o n s  

found by o t h e r s  t o  inadequa te  d i a b a t i c  c o r r e c t i o n s  and s t r e a m l i n i n g  

e f f e c t s .  Accordingly, Z and D i n  t h e  GlfX a r e a  were assumed t o  
0 0 

remain c o n s t a n t  under a l l  wind c o n d i t i o n s  and a U, f o r  each i n d i -  

v i d u a l  p r o f i l e  determined from a l e a s t  s q u a r e  f i t .  The sum of t h e  

squared d i f f e r e n c e  between each es t imated  and measured v e l o c i t y  

was computed, and t h e  v a l u e s  which gave t h e  minimum squared v e l o c i t y  



e r r o r  were Z 2 . 7  c n  and D = 8 cm. The average  v e l o c i t y  e r r o r  
0 0 

percen tage  w a s  0.52%. 

To determine whether t h e  Z and Do v a l u e s  c a l c u l a t e d  i n  t h i s  
0 

manner were a  f u n c t i o n  of s t a b i l i t y ,  t h e  wind p r o f i l e s  were s e p a r a t e d  

i n t o  s t a b i l i t y  c l a s s e s  and t h e  above p rocess  repea ted .  The c a l c u l a t e d  

Z and D v a l u e s  e x h i b i t e d  no d e f i n i t e  t r e n d  w i t h  s t a b i l i t y ,  t h e r e f o r e  
0 0 '  

t h e  d i a b a t i c  v e l o c i t y  p r o f i l e  c o r r e c t i o n  used above in t roduced  no 

s y s t e m a t i c  

It is  

e r r o r .  

I 
i n t e r e s t i n g  t o  compare t h e s e  r e s u l t s  t o  t h o s e  which would 

have been ob ta ined  by assuming n e u t r a l  c o n d i t i o n s .  Using t h e  above 

method w i t h  no d i a b a t i c  c o r r e c t i o n  gave Z = 0.73 cm and Do = 2 5  cm, 
0 

t h e  average  v e l o c i t y  e r r o r  pe rcen tage  be ing  1.1:. A s  might be 

expected,  when s e p a r a t e d  i n t o  s t a b i l i t y  c l a s s e s  t h e  c a l c u l a t e d  Z o 

and D v a l u e s  depended s t r o n g l y  on s t a b i l i t y .  The d i a b a t i c  c o r r e c t i o n  
0 

does  n o t  i n t r o d u c e  an a d d i t i o n a l  degree  of freedom, so  t h e  d e c r e a s e  i n  

t h e  v e l o c i t i  e r r o r  ob ta ined  by u s i n g  i t  is  s i g n i f i c a n t .  

I n  s imul taneous ly  de te rmin ing  Z o and D o  ' t h e r e  was a s t r o n g  

i n t e r a c t i o n  between t h e  two and t h e  minimum was r a t h e r  broad.  

Th is  should  no t  a f f e c t  t h e  U, v a l u e s  c a l c u l a t e d  f o r  each p r o f i l e .  

F i g u r e  10 g i v e s  a s  a  f u n c t i o n  of wind speed t h e  8 m ne teoro log-  

i c a l  d rag  c o e f f i c i e n t ,  Cd (8  m) = u * / u ( ~  m) . The 8  m d rag  c o e f f i c i e n t  

d e c r e a s e s  f o r  s t r o n g e r  winds, i n  agreement wit?- f i e l d  s t u d i e s  of 

a  windbreak (Seg iner ,  1975) and of a c rop  canopy (Uchijima and 

Wright, 1964). S ince  t h e  t o t a l  d rag  is  t h e  sum of t h e  form ( p r e s s u r e )  

d rag  and s k i n  f r i c t i o n ,  t h e  t o t a l  d rag  should no t  i n c r e a s e  i n  propor- 

t i o n  t o  t h e  v e l o c i t y  squared,  so  i t  i s  no t  unexpected t h a t  the drag  

c o e f f i c i e n t  v a r i e s .  The t o t a l  d r a g  r e s u l t s  mainly from bush d r a g ,  





and t h e  change of Cd w i t h  U probably  i n d i c a t e s  2 change i n  t h e  bush 

drag c o e f f i c i e n t  (cd) w i t h  U. The p l a n t  e lements  a r e  f l e x i b l e  and 

t h e i r  e f f e c t i v e  r e s i s t a n c e  changes w i t h  wind speed.  .Also, t h e  mutual 

b s h e l t e r i n g  f  t h e  e lements  may be  a f u n c t i o n  of wind speed.  .A 

d e c r e a s e  of c  w i t h  wind speed i s  i n  agreement  w i t h  t h e  measurements 
d  

of Meroney (1968) and Landsberg and Thom (1971) f o r  i n d i v i d u a l  p l a n t  

e lements  i n  wind t u n n e l s .  

The computed D is  small compared t o  t h e  h e i g h t  of t h e  v e g e t a t i o n .  
0 

T h i s  i m p l i e s  t h a t  t h e  f low is an " i n d i v i d u a l  roughness" type,  s i n c e  

D ' s  c a l c u l a t e d  u s i n g  e m p i r i c a l  formulas  d e r i v e d  from canopy f low 
0 

s t u d i e s  a r e  much l a r g e r .  L a t e r  r e s u l t s  w i l l  suppor t  t h i s  conc lus ion .  

5.2 Flow Below Shrub Height 

The f low below shrub h e i g h t  was a l s o  i n v e s t i g a t e d .  A v e l o c i t y  

p r o f i l e  mealsured a t  an  " i s o l a t e d "  s p o t ,  i . e .  f a r  removed from nearby 

bushes,  is  shown i n  Fig .  11. This  wind d a t a  i m p l i e s  a  l o g a r i t h m i c  

p r o f i l e  w i t ~ h  z = 0.12 cm, bu t  s i n c e  winds were ob ta ined  f o r  o n l y  
0 

t h r e e  h e i g h t s  t h i s  cannot be  proved. Note t h a t  t h e  apparen t  

l o g a r i t h m i c  p r o f i l e s  e x h i b i t  a c o n s i s t e n t  z f o r  d i f f e r e n t  t i m e  
0 

p e r i o d s  w i t ~ h  d i f f e r e n t  mean v e l o c i t i e s .  

A t h e o l r e t i c a l  c a s e  f o r  p r e d i c t i n g  a l o g a r i t h m i c  p r o f i l e  between 

o b s t a c l e s  f o r  i s o l a t e d  roughness f low w i l l  be made i n  t h e  f o l l o ~ ~ i ~ - g  

paragraphs ,  and exper imental  r e s u l t s  have confirmed t h i s  p r e d i c t i o n .  

However, no canopy i n v e s t i g a t i o n  h a s  found such a  p r o f i l e .  Thus t h e  

apparen t  l o g a r i t h m i c  p r o f i l e  between shrubs  i s  f u r t h e r  evidence t h a t  

t h e  f low is  of t h e  i s o l a t e d  roughness type.  
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SJhen a n  e s t a b l i s h e d  f low ex2er fences  a n  a b r u p t  change i n  s u r f a c e  

roughness,  t h e  f low does  no t  immediately a d j u s t  t o  t h e  new s u r f a c e  

a t  a l l  l e v e l s .  A t  t h e  s u r f a c e  a n  i n t e r n a l  boundary l a y e r  develops .  

I 
This  l a y e r  i s  i n  e q u i l i b r i u m  w i t h  t h e  new s u r f a c e  and has  a l o g a r i t h m i c  

v e l o c i t y  p r o f i l e .  The dep th  of t h e  e q u i l i b r i u m  l a y e r  i n c r e a s e s  

downstream a s  t h e  f low a t  h i g h e r  l e v e l  a d j u s t s  t o  t h e  new boundary 

cond i t ions .  

T h i s  same phenomenon, t h e  development of an  i n t e r n a l  boundary 

l a y e r ,  a l s o  occurs  downwind of a l i n e  change of roughness such as 

a windbreak ( P l a t e ,  1971). Counihan -- e t  a l .  (1974) have developed a 

theory  o f  J a k e  f low i n  which t h i s  "wall" l a y e r  i s  assumed t o  be an 

"equi l ibr ium" l a y e r ,  as d e f i n e d  by Townsend. Turbulent  energy produc- 

t i o n  then  l o c a l l y  ba lances  d i s s i p a t i o n .  They a rgue  t h a t  s i n c e  t h e  

p e r t u r b a t i o n  p r e s s u r e  g r a d i e n t  is  n e g l i g i b l e  and t h e  v e l o c i t y  

approaches  ze ro  a t  t h e  w a l l ,  t h e  momentum equa t ion  r e q u i r e s  t h e  

shear  stress g r a d i e n t  n e a r  t h e  w a l l  t o  be ze ro  and a l o g a r i t h m i c  

v e l o c i t y  p r o f i l e  r e s u l t s .  T h e i r  exper imental  d a t a  does  i n d i c a t e  

such a r e g i o n  i n  t h e  wake f low behind a s o l i d  o b j e c t .  

The u wind f e t c h  needed t o  b u i l d  a n  i n t e r n a l  boundary l a y e r  t o  P 
bush heighC may be es t imated  from E l l i o t ' s  (1958) equat ion:  

I 

where 6 = h e i g h t  of t h e  i n t e r n a l  boundary l a y e r  

x = h o r i z o n t a l  d i s t a n c e  downwind of t h e  change i n  roughness.  

Bradley (1968) found t h e  p r o p o r t i o n a l i t y  c o n s t a n t  t o  be about  0 .9 .  

Since  z = 0.0012 m, t h e  i n t e r n a l  boundary l a y e r  would reach  t h e  
0 

average  s h  ub he igh t  a t  6 .1  rn downwind. The average  d i s t a n c e  between 

f 



bushes i s  5.8 m, and s i n c e  they  a r e  s t aggered  it i s  reasonab le  t o  

expect  a  l o g a r i t h m i c  p r o f i l e  between bushes.  The p a r t i c u l a r  i s o l a t e d  

s p o t  a t  which t h e  measurements were made had an upwind f e t c h  of about  

12 m, so  a  l o g a r i t h m i c  p r o f i l e  should  have been e s t a b l i s h e d .  

OfLoughlin and h n a m b h o t l a  (1969) exper imenta l ly  s t u d i e d  t h e  

"wake l a y e r "  f low below t h e  t o p s  of s o l i d  roughness e lements .  T h e i r  

f low v i s u a l i z a t i o n s  showed t h e  e x i s t e n c e  of a "horse-shoe" v o r t e x  

w i t h  h o r i z o n t a l  d iamete r  of 3 H surrounding and s t reaming from each 

s i d e  of a roughness element.  They found l o g a r i t h m i c  v e l o c i t y  p r o f i l e s  

between t h e  e lements ,  p r o f i l e s  which were no t  dependent upon t h e  

boundary l a  4 er th ickness .  Thus t h e  s u r f a c e  boundary c o n d i t i o n s  

d i c t a t e  a type  of "inner" law, i n  which t h e  s h e a r  s t r e s s  does n o t  

I 
v a r y  g r e a t l y  w i t h  h e i g h t .  T h e i r  i n n e r  l o g a r i t h m i c  p r o f i l e  met a n  

o u t e r  f low l o g a r i t h m i c  p r o f i l e  a t  z = 14 H, producing a  k ink  similar 
I 

t o  t h a t  observed i n  t h e  GXX a r e a  where o u t e r  and i n n e r  l o g a r i t h m i c  

p r o f i l e s  were a l s o  found (Fig .  12) .  

I f  a  l o g a r i t h m i c  v e l o c i t y  p r o f i l e  i s  assumed [E~. (4-6)], t h e  

ground f r i c t i o n  v e l o c i t y  [(u*) ] can be  ob ta ined  from t h e  v e l o c i t y  
g  

a t  4  cm: 

k u = ( .4 )  
('*Ig l n ( z / z o )  0.04 m U(4 cm) = 0.114 U(4 cm) 

1n(0*0012 rn 1 

Under t h e  above assumption t h e  meteoro log ica l  d rag  c o e f f i c i e n t  i s  n o t  

a f u n c t i o n  of wind speed. Although a  l o g a r i t h m i c  p r o f i l e  u s u a l l y  

i m p l i e s  a  c o n s t a n t  s t r e s s  l a y e r ,  c a u t i o n  must be  e x e r c i s e d  i n  such  

an i n t e r p r e t a t i o n .  Sadeh et a l .  (1971),  f o r  example, found a  n e a r l y  

l o g a r i t h m i c  p r o f i l e  when t h e  s t r e s s  was n o t  c o n s t a n t  w i t h  h e i g h t .  
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I 
The above c a l c u l a t i o n  of t h e  ground s t r e s s  by Eq .  (4-6) omi t s  

t h e  d i a b a t i c  c o r r e c t i o n  p r e v i o u s l y  used t o  c a l c u l a t e  t h e  t o t a l  s t r e s s  

above t h e  v e g e t a t i o n .  S i m i l a r i t y  based d i a b a t i c  c o r r e c t i o n s  have 

been shown t o  be  v a l i d  above a  h o r i z o n t a l l y  homogeneous s u r f a c e ,  bu t  

n o t  between roughness elements.  Below t h e  shrub h e i g h t  t h e  v e g e t a t i v e  

d rag  dominates t h e  momentum t r a n s f e r  and bouyancy e f f e c t s  should be 

n e g l i g i b l e .  The o b s e r v a t i o n  t h a t  t h e  wind speed r a t i o s  below shrub  

h e i g h t  were n o t  dependent upon t h e  wind v e l o c i t y ,  w h i l e  t h e  ones  

above shrub h e i g h t  were, s u p p o r t s  t h i s  c o n t e n t i o n .  F u r t h e r  suppor t  

comes from Bradley (1972),  who found t h e  measured d rag  c o e f f i c i e n t  

t o  be independent of wind speed below a 1 m h e i g h t  over  wheat s t u b b l e ,  

whereas a t  h i g h e r  l e v e l s  t h e  d rag  c o e f f i c i e n t  decreased w i t h  i n c r e a s i n g  

wind speeds.  

The above d rag  c o e f f i c i e n t  v a l u e  can be  checked by assuming t h a t  

an  e q u i l i b r i u m  l a y e r  e x i s t s  c l o s e  t o  t h e  ground (See Appendix 3>.  An 

a n a l y s i s  of 24 c a s e s  f o r  t h e  i s o l a t e d  s p o t  i m p l i e s  t h a t  ( u , ) ~ / U ( ~  cm) 
0 

is n o t  c o n s t a n t ,  as a  l o g a r i t h m i c  p r o f i l e  would imply, b u t  is 

dependent upon wind speed (Fig .  1 3 ) .  However, t h e  e q u i l i b r i u m  l a y e r  

assumption is  l e s s  v a l i d  a t  lower wind speeds ,  s o  t h i s  i m p l i c a t i o n  

may be  f a l s e .  The important  p o i n t  is  t h a t  a t  t h e  h i g h e r  wind speeds  

t h e  r e s u l t  (U*) /U(4 cm) = 0.12 i s  supported by bo th  e q u i l i b r i u m  
g  

l a y e r  assumption and l o g a r i t h m i c  p r o f i l e  assumption c a i c u l a t i o n s .  

The v e l o c i t y  d i s t r i b u t i o n s  f o r  a l l  h e i g h t s  a t  t h e  i s o l a t e d  

s p o t  a r e  v e r y  c l o s e  t o  Gaussian curves  w i t h i n  two s tandard  d e v i a t i o n s  

of t h e  mean, b u t  t h e  t a i l s  were s l i g h t l y  heavy. The heav iness  of  

t h e  low speed t a i l  r e s u l t s  from t h e  i n a b i l i t y  of a  speed t o  be n e g a t i v e .  





The p o s i t i v e  skewness of t h e  d i s t r i b u t i o n s  r e f l e c t s  t h e  f i n i t e  

p r o b a b i l i t y  of v e r y  l a r g e  v e l o c i t i e s .  P l o t t i n g  t h e  complement 

cumulat ive  d i s t r i b u t i o n  f u n c t i o n  showed t h a t  t h e  t a i l  i s  most s i m i l a r  

t o  a Gamma d i s t r i b u t i o n  t a i l .  The s h o r t e r  t h e  t ime i n t e r v a l ,  t h e  

c l o s e r  t h e  p e l o c i t y  d i s t r i b u t i o n  approached a  Gaussian d i s t r i b u t i o n  

because  t h e  f low was s t e a d i e r .  

Nikuradse ( c i t e d  by Businger.  1973) found a n  o f t e n  used c r i t e r i a  

f o r  " f u l l y "  rough flow: 
I 

where v  = kinemat ic  v i s c o s i t y  of a i r .  It should be  noted t h a t  Counihan 

(1975) h a s  suggested t h a t  t h i s  c r i t e r i a  may be  a f u n c t i o n  of s u r f a c e  

roughness.  A t  GMX zo = 0.0012 m and (U,) /U(4 cn) = 0.114. S ince  
g  

-5 2 
v  = 1.7 x 10 m / s e c  @ 40°c and 0.92 a t m ,  t h e  f low is  f u l l y  rough 

whenever U(4 cm) > 0.3 m/sec. A l l  t h e  measurement p e r i o d s  met t h i s  

cond i t ion .  Furthermore,  t h e  minimum f r i c t i o n  v e l o c i t y  f o r  e r o s i o n  

w i l l  b e  found t o  b e  0.21 m/sec ( a t  0% s o i l  m o i s t u r e ) ,  s o  { (U*) z / v )  
g  0 

> 15 under e r o s i o n  c o n d i t i o n s .  

The c r i t e r i a  u s u a l l y  used f o r  f u l l y  t u r b u l e n t  f low is  (U, z ) / v  > 

30, t h u s  when e r o s i o n  occurs  f u l l y  t u r b u l e n t  f low ex tends  down t o  

and below 0.24 cn,  a l though  probably  n o t  t o  h e i g h t s  c l o s e  t o  z . 
0 

5.3 Flow I n s i d e  t h e  Tes t  Bush 

A c r e o s o t e  bush c o n s i s t s  of r e l a t i v e l y  s t i f f  branches  of up t o  

one centimeter i n  diameter .  Each branch e x e r t s  a  d rag  on t h e  flow, 

a  combination of form and s u r f a c e  drag.  Each i n d i v i d u a l  branch h a s  

a n e g l i g i b l e  e f f e c t ,  bu t  t o g e t h e r  they  form an e f f e c t i v e  r e s i s t a n c e  



which produces a p r e s s u r e  drop e x t r a c t i n g  momentum from t h e  flow. 

Each branch g e n e r a t e s  a wake, producing a l a r g e  t u r b u l e n t  i n t e n s i t y  

j u s t  behind i t ,  bu t  t h e  e d d i e s  g e n e r a l l y  have such h igh  f r e q u e n c i e s  

t h a t  i n d i v i d u a l l y  they  c o n t r i b u t e  l i t t l e  t o  t h e  shear  s t r e s s .  Using 

t h e  r e l a t i o n  between S t r o u h a l  number and Reynolds number f o r  f low 

p a s t  a  c y l i n d e r  ( S c h l i c h t i n g ,  1968) t o  approximate f low p a s t  a branch,  

t h e  eddy f r e q u e n c i e s  i n  a  bush may b e  expected t o  range  from 20 t o  

1000 c p s  under t y p i c a l  c o n d i t i o n s ,  w i t h  t h e  s m a l l e r  f r e q u e n c i e s  found 
I 

o n l y  f o r  v a r y  Large lower branches.  S ince  s p e c t r a l  measurements 

determined t h a t  t h e  i n e r t i a l  subrange e x i s t s  o n l y  f o r  f r e q u e n c i e s  

less than  50 c p s ,  t h e  i n d i v i d u a l  branch e d d i e s  c o n t r i b u t e  l i t t l e  t o  

l a r g e  s c a l e  shear .  

V e r t i c a l  v e l o c i t y  p r o f i l e s  were ob ta ined  a t  l o c a t i o n s  upwind, 

downwind, and i n s i d e  t h e  chosen bush a l o n g  t h e  wind r a d i a l  pass ing  

through t h e  bush c e n t e r .  Some measurements were a l s o  made t o  t h e  

s i d e  of t h a  bush. V e l o c i t y  p r o f i l e s  were ob ta ined  by t h e  t h r e e  h o t  

w i r e  anemometers and s t a n d a r d i z e d  u s i n g  concur ren t  measurements of 

t h e  i s o l a t e d  2 m cup anemometer (Fig .  14) .  

The g e n e r a l  f e a t u r e s  of t h e s e  v e l o c i t y  p r o f i l e s  can be  q u a l i -  

t a t i v e l y  desc r ibed .  The f low is  r e t a r d e d  a s  i t  approaches t h e  bush a t  

t h e  lower l e v e l s ,  bu t  a t  t h e  t o p  of t h e  bush i t  speeds  up s l i g h t l y .  

A s  t h e  f low moves through t h e  bush t h e  f low s t r e n g t h  d e c r e a s e s  a t  a l l  

l e v e l s .  Behind t h e  bush t h e  v e l o c i t y  r e t a r d a t i o n  i s  g r e a t e s t  a t  

mid-bush h e i g h t .  The v e l o c i t y  p r o f i l e  adjus tment  is similar t o  t h a t  

found by L w a t a n i  (1968) i n  t h e  i n i t i a l  adjus tment  f low r e g i o n  w i t h i n  

peg roughness elements.  P l a t e  (1971) has  suggested.  t h a t  t h e  v e l o c i t y  

should be  approximately  c o n s t a n t  j u s t  ahead,  behind,  and i n s i d e  a  
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I 

porous wind break.  Although Fig .  15 might i n d i c a t e  t h a t  t h e  v e l o c i t y  

p r o f i l e  i s  l i n e a r  w i t h  h e i g h t ,  a n  approximately  c o n s t a n t  v e l o c i t y  

p r o f i l e  ( d o t t e d  l i n e )  cannot be  r u l e d  o u t  because measurements a r e  

on ly  a v a i l a b l e  a t  t h r e e  l e v e l s .  

Even though t h e  f low through a three-dimensional  o b j e c t  inust 

i t s e l f  be  three-dimensional,  f o r  f low a l o n g  t h e  c e n t e r l i n e  p a r a l l e l  

t o  t h e  wind it was cons idered  t o  be  two-dimensional t o  a v e r y  rough 

approximation.  J u s t i f i c a t i o n  comes from symmetry arguments and from 

E d l i n g ' s  (1974) a n a l y s i s  of f low over  a f i n i t e  roughness e lement ,  

which found t h e  three-dimensional e f f e c t s  t o  be  conf ined t o  a narrow 

s h e a r  p l a n e  n e a r  t h e  edge. Towards t h e  c e n t e r  of h i s  roughness s e c t i o n  

t h e  f low w a s  two-dimensional t o  a f i r s t  o r d e r  approximation.  

To t h e  s i d e  of t h e  bush t h e  v e l o c i t y  i n c r e a s e s  markedly a t  a l l  

l e v e l s .  T h i s  i m p l i e s  t h a t  t h e  f low may d i v e r g e  h o r i z o n t a l l y  more 

t h a n  v e r t i c a l l y .  

The v e l o c i t y  f requency d i s t r i b u t i o n s  measured i n s i d e  t h e  bush 

were approximately  Gaussian,  except  f o r  t h e  t a i l s ,  which were 

s i g n i f i c a n t l y  h e a v i e r  than  t h e  d i s t r i b u t i o n  t a i l s  measured o u t s i d e  

t h e  bush. They e x h i b i t e d  l a r g e  p o s i t i v e  skewness and a p l a t y k u r t i c  

d i s t r i b u t i o n .  The t u r b u l e n t  i n t e n s i t y  i n c r e a s e s  c l o s e  t o  t h e  ground. 

These r e s u l t s  a g r e e  w i t h  t h o s e  of A l l e n  (1968) and P e r r i e r ,  -- e t  a l .  

(1970) and a r e  t y p i c a l  of f lows found w i t h i n  v e g e t a t i v e  canopies .  

5.4 Drag P a r t i t i o n  

A major d i f f i c u l t y  i n  a s s e s s i n g  t h e  s u s c e p t i b i l i t y  of a s o i l  t o  

wind e r o s i o n  is  a l lowing  f o r  t h e  p r o t e c t i o n  a f f o r d e d  by v e g e t a t i o n .  

Most s t u d i e s  of t h e  d rag  on roughened s u r f a c e s  i n  a f u l l y  developed 
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boundary l a y e r  have assumed t h e  s u r f a c e  t o  be  homogeneous, a s  i n  
I 

Nikuradse'  s' c l a s s i c  s t u d i e s  on sand-roughened p i p e s .  Su t  t h e  f low 

over  d i s c r e t e  i s o l a t e d  o b s t a c l e s  w i t h  a  r e l a t i v e l y  smooth s u r f a c e  

between the; is  a cons iderab ly  d i f f e r e n t  c i rcumstance,  s i n c e  t h e  t o t a l  

d rag  a r i s e s  from bo th  ground drag  and o b s t a c l e  d rag .  Scant a t t e n t i o n  

h a s  been pa id  t o  t h e  q u e s t i o n  of how d r a g  i s  p a r t i t i o n e d  between 

t h e  two sources ,  b u t  such s t u d i e s  a r e  v i t a l  t o  e s t i m a t i n g  t h e  s h e a r  

s t r e s s  on t h e  s o i l  from known s t r e s s  above t h e  v e g e t a t i o n .  Wooding, 

e t  a l .  (1973) g i v e  a  b r i e f  h i s t o r y  of t h e  few drag  p a r t i t i o n  i n v e s t i -  -- 
g a t i o n s  which have been under taken.  

The t o t a l  s h e a r  s t r e s s  of t h e  a i r  f low above t h e  bushes (r  ) i s  a  
0 

combination of t h e  s t r e s s  on t h e  ground i t s e l f  (r ) and t h e  s t r e s s  
g  

e x e r t e d  by t h e  bushes (r  ). Thei r  r e l a t i v e  magnitude can be computed 
b  

f o r  t h e  GMX a r e a ,  based upon prev ious  s t r e s s  c a l c u l a t i o n s  f o r  t h e  

f low above and below bush h e i g h t .  Using Cd from Fig .  10,  t h e  
I 

f r i c t i o n  v e i o c i t y  above t h e  bushes is found t o  be 0.62 m/sec f o r  a  

r e f e r e n c e  wind of 8 m/sec a t  8 m. The corresponding 4 cm wind is  
I 

2.42 m/sec,land s i n c e  t h e  s u r f a c e  d rag  c o e f f i c i e n t  i s  0.013, t h e  

c a l c u l a t e d  s u r f a c e  f r i c t i o n  v e l o c i t y  i s  then  0.32 m/sec. The d e f i n i t i o n  

2 
of f r i c t i o n  v e l o c i t y  [E~. (4-I)]  t h e n  g i v e s  r = 0.41 n/m and r = 

0 g  
2  

0.11 n/m . Assuming t h a t  t h e  s u r f a c e  s t r e s s  i s  c o n s t a n t  o u t s i d e  

t h e  bush and ze ro  i n s i d e  i t ,  t h e  d rag  p a r t i t i o n  equa t ion  may be  

w r i t t e n :  

Solving E q .  (5-7) f o r  r and u s i n g  t h e  above v a l u e s  of T and T~ g i v e s  b  0 

I 2  
0 

r = 0.31 n/m . There fore  76X of t h e  t o t a l  s t r e s s  above t h e  bushes 
b  



r e s u l t s  from t h e  bushes themselves ,  even though t h e y  on ly  cover  10% 

of t h e  s u r f  c e  a r e a .  The remaining 24% of t h e  t o t a l  s t r e s s  a r i s e s  from f 
I 

s t r e s s  on t h e  s o i l .  

The assumption t h a t  t h e  s u r f a c e  s t r e s s  i s  c o n s t a n t  o u t s i d e  t h e  

bush and ze ro  i n s i d e  t h e  bush,  used t o  d e r i v e  Eq.  (5-8), is o f t e n  

made f o r  t h e  sake  of s i m p l i c i t y .  T h i s  assumption is c e r t a i n l y  no t  v a l i d  

f o r  a s o l i d ,  two-dimensional windbreak a s  t h e  s u r f a c e  s t r e s s  i s  n e g a t i v e  

f o r  t h e  p a r t  of t h e  s u r f a c e  covered by t h e  f r o n t  and r e a r  s e p a r a t i o n  

bubbles.  Downstream of t h e  reat tachment  p o i n t ,  i t  i n c r e a s e s  r a p i d l y ,  

and a p p r o r d a t e l y  l i n e a r l y  w i t h  d i s t a n c e  t o  r e a c h  i ts  unobs t ruc ted  

v a l u e  ( P l a t e  and Lin,  1965) ,un less  a d j a c e n t  roughness e lements  a r e  

too c l o s e l y  spaced. Porous wind b reaks  have no s e p a r a t i o n  bubble and 

t h e  s t r e s s  i s  p o s i t i v e  i n s i d e  t h e  bush, making t h e  assumption more 

v a l i d .  For th ree -d iaens iona l  o b j e c t s  t h e  s t r e s s  d i s t r i b u t i o n  around 

t h e  o b j e c t  i s  unknown. Because of t h e  above assumption,  t h e  average  

r should have used t o  c a l c u l a t e  r from Eq.  (5-7). However, 
8 b 

because t h e  maximum v a l u e  of T had been measured i t  was used i n s t e a d .  
b 

Th is  r e s u l t s  i n  a s l i g h t  underes t imate  of r 
b ' 

The drag  c o e f f i c i e n t  of a bush f o r  t h i s  f low s i t u a t i o n  can  be 

c a l c u l a t e d  from: 

Obviously t h e  bush d rag  c o e f f i c i e n t  depends upon t h e  r e f e r e n c e  v e l o c i t y .  

Since  one purpose  of computing t h e  d rag  c o e f f i c i e n t  i s  t o  use  pub l i shed  

graphs  of p o r o s i t y  ( 4 )  v s .  d rag  c o e f f i c i e n t  ( c  ) t o  e s t i m a t e  t h e  
d 

p o r o s i t y  of t h e  average bush, s e v e r a l  d r a g  c o e f f i c i e n t s  have t o  be  

c a l c u l a t e d .  

I 



I 
Seginer  (1972) compiled c  v s .  Q curves  from s e v e r a l  s o u r c e s ,  

I d 

us ing  a  d r a i  c o e f f i c i e n t  based upon t h e  v e l o c i t y  a t  bush h e i g h t .  The 

corresponding bush c  of 0.17 i m p l i e s  p o r o s i t i e s  of 0.68, 0 .77 ,  and 
d  

0.80 from t h e s e  curves .  Hagen and Skidmore (1971) used an average  

v e l o c i t y  computed over  t h e  wake d e p t h  f o r  t h e i r  c d .  Taking t h i s  

dep th  t o  be  2 m, t h e  c a l c u l a t e d  bush c  i s  0.16 and g i v e s  a  p o r o s i t y  d 

of abou t  80% by e x t r a p o l a t i o n .  Graham's (1976) wind t u n n e l  gauze 

r e s u l t s  imply a p o r o s i t y  of 82%.  
I 

The abbve r e s u l t s  sugges t  that t h e  average  bush p o r o s i t y  is 

i n  t h e  70-80% range.  However, t h i s  "poros i ty"  i s  a c t u a l l y  t h e  

e q u i l v a l e n t  p o r o s i t y  of a  two-dimensional windbreak, s i n c e  t h e  

curves  used t o  o b t a i n  t h e  p o r o s i t y  v a l u e s  had a l l  been d e r i v e d  from 

windbreak d a t a .  Thus t h e  "poros i ty"  c a l c u l a t e d  above i n c l u d e s  t h e  

e f f e c t  of  t h e  f i n i t e  wid th  a l lowing  a i r  t o  f low around t h e  bushes.  

Marshadl (1971) conducted wind t u n n e l  exper iments  t o  measure 

t h e  d r a g  p a r t i t i o n  f o r  s o l i d  c y l i n d e r s  and hemispheres of v a r i o u s  

d iamete r s  a  d  spacings .  H e  was a b l e  t o  o b t a i n  a  good c o r r e l a t i o n  P 
between t h e  s t r e s s  p a r t i t i o n  and t h e  roughness element c o n c e n t r a t i o n  

parameter A.  Using h i s  F igure  7 ,  t h e  c a l c u l a t e d  X of 15.4 f o r  t h e  

bushes a t  @fX p r e d i c t s  t h a t  t h e  p o r t i o n  of t o t a l  s t r e s s  due t o  

ground s t r e s s  should  be n e g l i g i b l e .  The d i sc repancy  between t h i s  

p r e d i c t i o n  and t h e  above c a l c u l a t i o n  showing t h e  s t r e s s  absorbed 

by t h e  gro?nd t o  be  24% of t h e  t o t a l  s t r e s s  r e s u l t s  from t h e  f a c t  

t h a t  M a r s h a l l ' s  measurements were made on s o l i d  (0% p o r o s i t y )  o b j e c t s  

whi le  t h e  dushes have j u s t  been shown t o  be  aerodynamical ly  q u i t e  

($ i 70-80%). I n  a n  a t t empt  t o  e m p i r i c a l l y  c o r r e c t  f o r  t h i s  



p o r o s i t y ,  A may be  d i v i d e d  by t h e  approximate "denssness" of t h e  bush 

(25%). Th js  new v a l u e  p r e d i c t s  t h e  ground s t r e s s  f r a c t i o n  t o  be  

24%, i n  cons iderab ly  b e t t e r  agreement w i t h  measurements. X a r s h a l l  

I 
(1970) used h i s  wind t u n n e l  r e s u l t s  t o  e s t i m a t e  t h e  amount of v e g e t a t i v e  

cover  needed t o  arrest s o i l  e r o s i o n  i n  a semi-arid reg ion  of A u s t r a l i a .  

Because h e m a d e  no a l lowances  f o r  bush p o r o s i t y ,  h i s  c a l c u l a t i o n s  must 

over-es t imate  t h e  p r o t e c t i o n  a f f o r d e d  by a g iven  shrub c o n c e n t r a t i o n .  

Wooding, e t  a l .  (1973) combined s e v e r a l  sets of h i g h  Reynolds number 

d rag  p a r t i d i o n  exper iments ,  i n c l u d i n g  Marshal l  I s ,  i n t o  a s l i g h t l y  

d i f f e r e n t  curve  of d rag  p a r t i t i o n  v s .  A .  It a l s o  p r e d i c t s  t h a t  t h e  
I 

s t r e s s  is & t i r e l y  due t o  t h e  v e g e t a t i o n ,  w h i l e  us ing  t h e  same 

p o r o s i t y  c r r e c t i o n  more c o r r e c t l y  i m p l i e s  t h a t  o n l y  71% of t h e  s t r e s s  7 
w i l l  b e  absorbed by t h e  p l a n t s .  It i s  concluded t h a t  drag p a r t i t i o n  

s t u d i e s  based s o l e l y  on t h e  roughness element c o n c e n t r a t i o n  ( A )  of 

s o l i d  roug$ness e lements  cannot  be  d i r e c t l y  used f o r  aerodynamical ly  

porous bushes. Some al lowance must be made f o r  the- e f f e c t  of bush 

p o r o s i t y  upon t h e  bush d rag  c o e f f i c i e n t .  

Arya (1975) de r ived  an express ion  f o r  d rag  p a r t i t i o n ,  h i s  

equa t ion  10 which may be  w r i t t e n  a s :  

where m = parameter c o r r e c t i n g  f o r  non-constant ground s t r e s s .  Eq. 

(5-9) p r e d i c t s  t h e  bush s t r e s s  t o  be  78% of t h e  t o t a l  s t r e s s ,  

c l o s e l y  ag!eeing w i t h  t h e  c a l c u l a t e d  v a l u e  of 76%. For comparison 

purposes  m was set equa l  t o  2 i n  u s i n g  Eq. (5-9),  which is  e q u i v a l e n t  

t o  making !he assumption used t o  d e r i v e  Eq. (5-7). No p o r o s i t y  



c o r r e c t i o n  was needed, s i n c e  Eq. (5-9) i n c l u d e s  t h e  e f f e c t  of a  

v a r i a b l e  drhg c o e f f i c i e n t .  For t h i s  r e a s o n  Arya' s f o r n u l a t i o n  i s  

b e l i e v e d  t o  be  more u s e f u l  i n  e s t i m a t i n g  t h e  ground s t r e s s  f o r  a  s u r f a c e  

p r o t e c t e d  b i  v e g e t a t i o n .  

It i s  i n t e r e s t i n g  t o  e s t i m a t e  Z f o r  t h e  Gl4Z a r e a  from a  
0 

r e l a t i v e l y  complex formula a l s o  de r ived  by Arya, t h e  c a l c u l a t e d  v a l u e  

being 3 . 6  cm. To conpare  t h i s  v a l u e  t o  a measured v a l u e ,  Z must be 
0 

ob ta ined  from Eq.  (4-6), i . e .  a l o g a r i t h m i c  p r o f i l e  w i t h  no d i s p l a c e -  

ment h e i g h t ,  s i n c e  t h i s  is  t h e  p r o f i l e  t h a t  Arya assumed i n  h i s  

d e r i v a t i o n .  Under t h i s  r equ i rement ,  t h e  observed Z was 3.1 cm, i n  
0 

r e l a t i v e l y  good agreement w i t h  t h e  es t imated  v a l u e .  However, t h e  much 

s imple r  Letcau formula [ E ~ .  (4-lo)], one b e l i e v e d  t o  be r e l a t i v e l y  

a c c u r a t s  f o r  widely  spaced o b s t a c l e s ,  p r e d i c t s  Z = 3.3 cm, i n  even 
0 

b e t t e r  agreement. 

Marshal l  (1971) demonstrated t h a t  f o r  widely  spaced roughness 
I 

elements ,  t h e  d rag  due t o  t h e  bushes can be  found by c a l c u l a t i n g  t h e  

d rag  on each bush from t h e  d rag  c o e f f i c i e n t  f o r  a  s i n g l e  bush and 

adding t h e  d rag  due t o  t h e  s u r f a c e  s t r e s s .  However, a s  t h e  e lements  

become l e s s  d i s t a n t l y  spaced a  p o i n t  i s  reached when t h e  above approach 

i s  i n v a l i d .  Th i s  i s  because  t h e  f low h a s  changed from an i s o l a t e d  

roughness f low t o  a wake i n t e r f e r e n c e  f low,  where t h e  wake o r  

s e p a r a t i o n  zone from an upwind o b s t a c l e  now a f f e c t s  t h e  f low around 

downwind elements.  I n  t h i s  r e g i n e  t h e  c determined f o r  an  i s o l a t e d  
d  

element is  no l o n g e r  v a l i d ,  and a s  t h e  e lements  become v e r y  c l o s e l y  

spaced t h e  t o t a l  d rag  a c t u a l l y  d e c r e a s e s  and t h e  s u r f a c e  s t r e s s  becomes 

n e g l i g i b l e .  Marshal l  developed a  c r i t e r i a  f o r  de te rmin ing  whether 



I 
t h e  o b s t a c l e s  behaved a s  i n d i v i d u a l  e lements .  Using t h e  same p o r o s i t y  

c o r r e c t i o n  a s  p r e v i o u s l y ,  t h e  c r i t e r i a  f o r  i s o l a t e d  roughness f low 

was found t o  be s a t i s f i e d .  Thus t h e  bushes a c t  a s  i n d i v i d u a l  roughness 

e lements ,  i n  agreement w i t h  p rev ious  conc lus ions .  



6. AEOLw EROSION 

6.1  Eros ion  D e s c r i p t i o n  

The s e v e r i t y  of a e o l i a n  e r o s i o n  depends upon t h e  c l i m a t e ,  t h e  

s o i l ,  and t h e  v e g e t a t i o n .  S o i l  e r o s i o n  by wind a c t i o n  is  a  problem 

p r i m a r i l y  i n  d r y  reg ions .  I n  t h e s e  a r e a s  h i g h  winds occur  f r e q u e n t l y ,  

t h e  s o i l  t e x t u r e  and m o i s t u r e  u s u a l l y  permit  easy  detachment of t h e  

p a r t i c l e s ,  and t h e  s p a r s e  v e g e t a t i o n  cannot s h e l t e r  t h e  s o i l .  The 

g r e a t e s t  wind e r o s i o n  occurs  where t h e  average  annua l  p r e c i p i t a t i o n  

is  less than  20 inches .  

The fo l lowing  paragraphs  w i l l  d i s c u s s  on ly  a e o l i a n  e ros ion .  While 

s t ream bed p a r t i c u l a t e  t r a n s p o r t  is  q u a l i t a t i v e l y  s i m i l a r  t o  wind 

e r o s i o n ,  t h e  v a s t  d i f f e r e n c e  i n  d e n s i t y  between water  and a i r  produces 
I 

d i f f e r e n t  h u a n t i t a t i v e  r e s u l t s .  S p e c i f i c a l l y ,  t h e  l a r g e  d i f f e r e n c e  

between t h e  d e n s i t y  of a i r  and t h e  p a r t i c l e  d e n s i t y  enab les  p a r t i c l e  

f e c t s  t o  dominate f l u i d  v i s c o s i t y  e f f e c t s  f o r  a e o l i a n  

e r o s i o n ,  bu t  t h i s  i s  no t  t h e  c a s e  f o r  water e r o s i o n .  

Wind d r i v e n  s o i l  movement o c c u r s  i n  t h r e e  modes: s u r f a c e  c r e e p ,  

s a l t a t i o n ,  and suspension.  The s a l t a t i o n  mode, i n  which t h e  p a r t i c l e s  

move i n  a  s e r i e s  of jumps, is  t h e  i n i t i a t i n g  mechanism. Yind e r o s i o n  

begins  when s o i l  p a r t i c l e s  o r  a g g r e g a t e s  a r e  set i n t o  ziotion through 

wind p r e s s u r e  f o r c e s  overcoming g r a v i t a t i o n a l  f o r c e s .  The s u r f a c e  

shear  s t r e s s  r e q u i r e d  t o  move t h e  most e r o d i b l e  s o i l  g r a i n s  i s  c a l l e d  

t h e  t h r e s h q l d  s t r e s s  [(u,) 1. 
I ,. t 

I n  t h k  f i e l d ,  e r o s i o n  beg ins  a t  k n o l l s ,  r i d g e s ,  and o t h e r  more 

exposed s p o t s .  Once e r o s i o n  has  s t a r t e d ,  i t  spreads  fanwise  t o  

leeward and t h e  bombarding a c t i o n  of t h e  s a l t a t i n g  p a r t i c l e s  causes  



o the r  p a r t i c l e s  t o  move. The s a l t a t i n g  p a r t i c l e s  can a l s o  abrade t h e  

l a r g e  s o i l  aggregates ,  d i s i n t e g r a t i n g  them i n t o  more e a s i l y  e rod ib l e  

s i ze s .  Coarse s o i l  p a r t i c l e s  hinder  t h e  erosion by she l t e r ing  t h e  

remain sus4ended i n  t h e  a i r .  The impacts from these  s a l t a t i n g  g ra ins  

f i n e r ,  m o d  e rod ib l e  g ra ins  from t h e  wind. Very f i n e  dust  p a r t i c l e s  

a l s o  hinder  erosion by increas ing  t h e  cohesive fo rces  between s o i l  

p a r t i c l e s .  Assuming an eroding su r f ace  of s u f f i c i e n t  length ,  t h e  

erosion f l u x  increases  with downwind d i s t ance  u n t i l  i t  reaches t h e  

maximum t h a t  t h e  wind can sus t a in .  

P a r t i c l e s  moving i n  s a l t a t i o n  usua l ly  begin t h e i r  motion by 

r o l l i n g ,  then they abrupt ly  r i s e  v e r t i c a l l y  i n t o  t h e  a i r f low.  Aero- 

dynamic drag acce l e ra t e s  them and they reach ho r i zon ta l  speeds 

approaching those of t he  wind i t s e l f .  Af te r  t h e  p a r t i c l e s  reach 

t h e i r  maximum height ,  g r av i ty  p u l l s  them downward i n  a near ly  s t r a i g h t  

t r a j e c t o r y  a t  an angle of 5-12' t o  t h e  ho r i zon ta l .  The higher t h e  

g ra ins  bounce, t h e  more momentuin they e x t r a c t  from tho wind and t h e  

harder they impact t he  s o i l  sur face .  Upon impingement the s a l t a t i n g  

p a r t i c l e s  may cause o the r  p a r t i c l e s  t o  move, a s  i n  a  chain r eac t ion ,  

o r  they ma 4 bounce upward again. Quartz sand p a r t i c l e s  i n  p a r t i c u l a r  

a r e  very e l a s t i c .  The obl ique  descent  angle  and t h e  i r r e g u l a r  sur face  

r e s u l t  i n  t he  rebounds being near ly  v e r t i c a l .  L i f t  on the  p a r t i c l e  

a l s o  contributes t o  t h i s  v e r t i c a l  r i s e .  Momentum is thereby t r ans fe r r ed  

from t h e  f l u i d  flow to  the  sur face ,  r e s u l t i n g  i n  a  shear s t r e s s  

between t h e  two. The s a l t a t i o n  t r anspor t  depends upon the  ground 

shear  s t r e s s .  

S a l t a t i n g  p a r t i c l e s  have diameters of 50-500 um. They must be 

smali  enough t o  be moved by wind ac t ion  but l a r g e  enough not t o  



I 
i n i t i a t e  t he  movement of both l a r g e r  and smaller  p a r t i c l e s .  The 

s i z e  d i s t r i b u t i o n  of t h e  s a l t a t i n g  p a r t i c l e s  changes with he ight  due 

t o  the  f a s t e r  g r a v i t a t i o n a l  sedimentation speed of t he  l a r g e r  p a r t i c l e s .  

The l a r g e r  and heavier  s o i l  p a r t i c l e s  and aggregates  move by 

s l i d i n g  o r  r o l l i n g  along t h e  sur face  i n  t h e  sur face  creep mode. Many 
I 

of these  p a h i d e s  cannot be moved by wind pressure  alone,  but  they 

a r e  moved by t h e  impact of s a l t a t i n g  g ra ins .  G i l l e t t e  e t  a l .  (1972) -- 
found t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n s  of t h e  creep p a r t i c l e s  and of 

t h e  s o i l  to .  be nea r ly  i d e n t i c a l .  The diameter of p a r t i c l e s  moving 

i n  su r f ace  creep i s  usua l ly  l e s s  than 2000 ym. 

Very small p a r t i c l e s  i n  t h e  s o i l  a r e  extremely cohesive and a r e  

r a i s ed  i n t o  t h e  a i r  only through t h e  sand b l a s t i n g  ac t ion  of s a l t a t i o n .  

- .f t h e i r  s a t t l i n g  v e l o c i t y  is  l e s s  than t h e  c h a r a c t e r i s t i c  v e l o c i t y  

of t h e  tu rbu len t  f l u c t u a t i o n s ,  they w i l l  be supported by the  turbulence 

and c a r r i e d  ho r i zon ta l ly  i n  t h e  t h i r d  mode of movement, suspension. 

Upward eddies ,  such a s  thermals ( S i n c l a i r ,  1976), can l i f t  dus t  

p a r t i c l e s  high i n t o  the  atmosphere. P a r t i c l e s  i n  suspension have 

diameters  l e s s  than 80 zm. Al te rna t ive ly ,  dus t  p a r t i c l e s  may c l i n g  

t o  t h e  l a r g e r  g ra ins  and be t ranspor ted  with them. 

Aeolian erosion is e s s e n t i a l l y  a  su r f ace  phenomenon extending t o  

s a l t a t i o n  height .  Comparatively few s a l t a t i n g  g ra ins  jump higher  

I 
than a  n e t e r  above t h e  ground, 90% of t h e  mass movement occurr ing 

below 20 cm. The s a l t a t i o n  l a y e r  i s  about 10 cm deep fo r  p a r t i c l e s  

of 100 \lm diameter.  S a l t a t i o n  coupled with mechanical and thermal 

turbulen t  eddies  may r a i s e  dus t  clouds t h r e e  to  f i v e  ki lometers  high, 

but t h e  major movement of t h e  s o i l  mass i s  ho r i zon ta l ,  not v e r t i c a l .  

I 



Most bf t h e  e rod ing  s o i l  moves i n  t h e  s a l t a t i o n  mode. The 

r e l a t i v e  p r o p o r t i o n s  of t h e  t h r e e  movement modes v a r i e s  g r e a t l y  f o r  
I 

d i f f e r e n t  s o i l s  and d i f f e r e n t  wind speeds .  Roughly 50-75% of t h e  s o i l  

mass i s  moked through s a l t a t i o n ,  5-25% i n  s u r f a c e  c r e e p ,  and 3-40% by 

suspens ion  (Chepi l  and Woodruff, 1963).  The d i s t i n c t i o n  between 
1 

t h e s e  modes of t r a n s p o r t  is  somewhat a r t i f i c i a l ,  s i n c e  a l l  t h r e e  

r e s u l t  from t h e  i n t e r a c t i o n  of p a r t i c l e s  w i t h  t h e  t u r b u l e n t  wind. 

A s  t h e  e r o s i o n  c o n t i n u e s  t h e  s m a l l e r ,  more e r o d i b l e  s o i l  f r a c t i o n s  

a r e  c o n t i n u a l l y  s o r t e d  from t h e  l a r g e r  c l o d s  and r o c k s ,  which remain 

i n  p l a c e  u n l e s s  they  are broken down by a b r a s i o n .  The e rod ing  

f r a c t i o n  is caught  by bush hummocks, and comparison of t h e  d e s e r t  

pavement and hummock s o i l  s i z e  d i s t r i b u t i o n s  conf i rms t h a t  t h e  

g r a v e l  (d 2000 pm) has  indeed been s o r t e d  o u t .  The most e r o d i b l e  

f r a c t i o n  appears  t o  be  t h e  f i n e  sand (d = 125-250 um). Th is  might 

seem t o  c o n f l i c t  w i t h  Bagnold's  (1954) o b s e r v a t i o n  t h a t  t h e  most 

e a s i l y  d i sburbed  p a r t i c l e s  have a 110 pm d iamete r ,  bu t  h i s  r e s u l t  

was ob ta ined  f o r  l o o s e ,  c o h e s i o n l e s s  sand g r a i n s .  S ince  cohesion 

f o r c e s  a f f e c t  s m a l l e r  p a r t i c l e s  more s t r o n g l y ,  i t  is  l o g i c a l  t h a t  

under f i e 1 9  c o n d i t i o n s  t h e  most e r o d i b l e  p a r t i c l e s  should have a 

diameter  lbrger than  110 urn and t h i s  h a s  been confirmed by Zingg .arid 

Chepi l  (19150). 

Bagno~ld (1954) found t h a t  sand moving i n  s a l t a t i o n  took up nuch 

of t h e  modenturn of t h e  wind, r educ ing  i t s  v e l o c i t y  j u s t  above t h e  
I 
I 

s u r f a c e .  I t  is  a l s o  b e l i e v e d  t h a t  suspended p a r t i c l e s  can dampen 

turbulence! and t h u s  a l t e r  t h e  apparen t  von Karman c o n s t a n t  ( B a r e n b l a t t  

and ~ o l i t  Syn, 1974).  Because the  s a l t a t i o n  f l u x  a t  XTS was s m a l l ,  

n e i t h e r  og t h e s e  f a c t o r s  need t o  be cons idered .  



6.2 S o i l  E,rosion Fac tors  

Descrabing t h e  f a c t o r s  t h a t  a f f e c t  aeo l i an  erosion w i l l  emphasize 

the  complex!ity of t h e  subjec t  and underscore t h e  neces s i ty  f o r  empir ical  

approaches t o  t h e  problem. These f a c t o r s  a r e  p a r t i c l e  s i z e  and 

dens i ty ,  wind speed and su r f ace  s t r e s s ,  turbulence,  s o i l  moisture,  

sur face  s o i l  s t r u c t u r e ,  non-erodible elements,  and vegeta t ion .  

P a r t i c l e  s i z e  and dens i ty  a f f e c t  t h e  threshold s t r e s s  needed t o  

i n i t i a t e  movement. A s  previously ind ica ted ,  few very l a r g e  o r  very  

small  p a r t i c l e s  a r e  moved d i r e c t l y  by t h e  wind. Thus t h e  s o i l  must 

conta in  a  l a r g e  f r a c t i o n  of sand s i zed  p a r t i c l e s  t o  begin the  s a l t a t i o n  

movement so necessary t o  s u s t a i n  wind erosion.  Rela t ive ly  few 

p a r t i c l e s  with diameters l a r g e r  than 500 urn a r e  moved by winds, 

although a few up t o  2000 urn may be moved by very  s t rong  winds, so 

s o i l  c loddiness  decreases  t h e  s o i l  e r o d i b i l i t y .  Chepil (1946) used 

a 840 um diameter cutoff  t o  d i s t i n g u i s h  between erodib le  and non-erod- 

i b l e  s o i l  f r ac t ions .  

h The w i  d  e ros ion  r a t e  depends upon the  frequency and i n t e n s i t y  

of high wind episodes. A s t rong  wind, g r e a t e r  than the  s a l t a t i o n  

threshold ve loc i ty ,  i s  needed t o  d is lodge  t h e  g ra ins  and i n i t i a t e  

movement. Also, a  s t rong  wind imparts more momentum t o  t h e  s a l t a t i n g  

p a r t i c l e s ,  thereby increas ing  t h e  ho r i zon ta l  f l ux .  

Wind turbulence must have some e f f e c t  on t h e  threshold v e l o c i t y ,  

but present ly  l i t t l e  is known about t h e  magnitude of i ts  inf luence  

because most work has been conducted i n  wind tunnels  over r e l a t i v e l y  

plane surfaces.  There t h e  turbulence was determined by the  su r f ace  

I 
roughness, giving turbulence l e v e l s  s i g n i f i c a n t l y  d i f f e r e n t  from 

those found i n  t he  atmosphere above a  pebble-covered sur face .  



S o i l  m o i s t u r e  is a n  impor tan t  de te rminan t  i n  wind e r o s i o n  because  

on ly  r e l a t i v e l y  d r y  p a r t i c l e s  are wind e r o d i b l e .  Water f i l m  cohesion 

between p a r t i c l e s  make them v i r t u a l l y  s t a b l e .  The f o r c e  of cohesion 

v a r i e s  d i r e c t l y  w i t h  t h e  m o i s t u r e  c o n t e n t .  T h i s  cohes ive  f o r c e  

r a i s e s  t h e  t h r e s h o l d  stress needed t o  d i s l o d g e  t h e  p a r t i c l e s .  

A v e r y  important  de te rminan t  of  t h e  s o i l  e r o s i o n  r a t e  is t h e  s o i l  

s t r u c t u r e .  Any change i n  p a r t i c l e  cohesion o r  agglomerat ion changes 

s o i l  e r o d i b i l i t y .  The d e s e r t  pavement has  a c r u s t  about 0 .2  cm t h i c k ,  

r e c o g n i z a b l e  by i ts  dense  p l a t y  s t r u c t u r e .  Th i s  e r o s i o n  r e s i s t a n t  

c r u s t  is formed by t h e  a c t i o n  of r a i n  drops  s t r i k i n g  t h e  s u r f a c e  

and d i s p e r s i n g  c l a y  and s i l t  p a r t i c l e s  a t  t h e  s u r f a c e .  On d r y i n g ,  

I t h e  s o i l  p a r t i c l e s  a r e  cemented t o g e t h e r  t o  form a c r u s t  more compact 

and mechanical ly  s t a b l e  t h a n  t h e  s o i l  below. The number of non- 

e r o d i b l e  c  !l ods is a l s o  i n c r e a s e d .  Th is  cementing a c t i o n  i s  more 

common dur ing  t h e  summer months. The s u r f a c e  c r u s t  can be weakened 

by t h e  a b r a s i o n  from s a l t a t i o n ,  which loosens  t h e  bonds between t h e  

s o i l  p a r t i c l e s  and exposes a more e r o d i b l e  s o i l .  The non-erodible 

c l o d s  a l s o  g r a d u a l l y  b r e a k  under t h e s e  impacts.  The longer  :he e r o s i o n  

c o n t i n u e s  t h e  g r e a t e r  t h e  q u a n t i t y  of e r o d i b l e  m a t e r i a l  t h ~ t  is 

formed by a b r a s i o n .  The d e s e r t  c r u s t  i s  especiall::  suscc?:ible t o  

abras ion .  A r t i f i c i a l  mechanical  d i s t u r b a n c e s ,  e . ~ .  " c h i c l e s  d r i v i n g  

on t h e  desiert  pavement, enormously i n c r e a s e  t h e  erod i l  i i  i c y  o f  the 

s o i l .  

R a i n f a l l  o f t e n  c a r r i e s  water  s o l u b l e  ~ C a e n t i n ~  - ~ c c r i a ! s  downward, 

leaving on top  c o a r s e r  p a r t i c l e s  such a s  q u a r t z  s;~!lJ d r  '-'atcr s t a b l e  

aggrega tes .  Some of t h e s e  p a r t i c l e s  remain loose  o n  :!IC su r fL ic  

and c o n t r i b u t e  t o  t h e  i n i t i a t i o n  o f  s o i l  e ros ion .  They d r y  r a p i d l y  



on t h e  sur face  and consequently may be moved by t h e  wind soon a f t e r  

t he  p r e c i p i t a t i o n ,  even before  t h e  drying of t he  sur face  i s  apparent .  

Abrasion from these  p a r t i c l e s  tends t o  wear down the  sur face  c r u s t ,  

and thereby hasten t h e  drying of t h e  sur face .  

The e ros ion  f l u x  depends upon t h e  unobstructed d i s t ance  over which 

s o i l  p a r t i c l e s  can move. The more f r equen t ly  moving p a r t i c l e s  s t r i k e  

t h e  sur face ,  t h e  g r e a t e r  t h e  subsequent detachment of t he  s o i l  

p a r t i c l e s .  Thus wind eros ion  inc reases  wi th  upstream f e t c h  u n t i l  

it achieves equi l ibr ium a t  t h e  maximum erosion r a t e  t h e  wind can 

sus t a in .  The more e rod ib l e  t h e  s o i l ,  t he  s h o r t e r  the  d i s t ance  

needed t o  reach t h i s  maximum. 

A rough sur face  is l e s s  e rod ib l e  than a  smooth one f o r  two reasons.  

F i r s t l y ,  i t  is  more e f f e c t i v e  i n  slowing down the  wind ve loc i ty  
I 

c lose  t o  dhe sur face .  Secondly, i t  al lows entrapment of t he  moving 

s o i l  p a r t i c l e s  i n  she l te red  s i t e s ,  e spec i a l ly  when r idges  o r  furrows 

a r e  presedt .  Son-erodible clods and p l an t  res idues  on the  su r f ace  

both decrease e r o d i b i l i t y  f o r  t hese  reasons. Windbreaks, such 

a s  s tanding vegeta t ion ,  decrease t h e  s t r e s s  on the  ground and a r e  

important e r o s i o n  con t ro l  devices.  

The q u a n t i t a t i v e  e f f e c t  of t h e  above f a c t o r s  upon erosion f l u x  ~ 
i s  very  d i f f i c u l t  t o  est imate.  The e f f e c t  of s o i l  s t r u c t u r e  i n  

p a r t i c u l a r  i s  e spec i a l ly  hard t o  a s se s s ,  ye t  a  sur face  c r u s t  can 

g r e a t l y  decrease t h e  s o i l  e ros ion  r a t e .  A l l  erosion f l u x  equat ions 

conta in  af l e a s t  one empir ical  cons tan t .  The bes t  method fo r  
I 

determinihg i ts  magnitude is  from a c t u a l  f i e l d  measurements of wind 

erosion a t  a s p e c i f i c  s i t e .  

I 



I 
6 . 3  Eros ion  F lux  Formulae 

To develop a formula r e l a t i n g  t h e  h o r i z o n t a l  s a l t a t i o n  f l u x  (F) 

t o  wind v e l o c i t y ,  Bagnold (1954) assumed t h a t  t h e  moving sand g r a i n s  

I 
absorbed t h e  s u r f a c e  stress from t h e  a i r  d u r i n g  t h e i r  saltation 

t r a j e c t o r i e s  and t r a n s f e r r e d  it t o  t h e  ground upon impact. H e  

developed t h e  p r o p o r t i o n a l i t y :  

I n  f i e l d  exper iments  w i t h  sand dunes Bagnold determined v a l u e s  f o r  

t h e  p r o p o r t i o n a l i t y  c o n s t a n t  as a f u n c t i o n  of t h e  s o i l  s i z e  d i s t r i b u t i o n .  

These cons 'rants gave t h e  maximum f l u x  s u s t a i n a b l e  by t h e  wind, s i n c e  

t h e  s u r f a c e  c o n s i s t e d  of l o o s e  sand g r a i n s  and t h e  upwind f e t c h  w a s  

long  enough t h a t  t h e  maximum f l u x  had been achieved.  Chepi l  (1945) 

has  shown t h e  g e n e r a l  form of Eq. (6-1) t o  a p p l y  e q u a l l y  w e l l  t o  

s a l t a t i o n ,  suspension,  and s u r f a c e  c r e e p  of d r y  s o i l s .  H i s  i n v e s t i -  

g a t i o n s  have a l s o  eva lua ted  t h e  e f f e c t s  of s o i l  t e x t u r e  (Chepi l ,  

1946), c l o d d i n e s s  and v e g e t a t i v e  r e s i d u e  (Chepi l  and Woodruff, 1954),  
I 

s o i l  m o i s t l r e  (Chepi l ,  1956),  and f e t c h  (Chepi l ,  1959) on e r o s i o n .  

Somewhat d i f f e r e n t  equa t ions  have been proposed by Kawamura 

(1948) : 

by Owen (1964) 

where a  i s  an e m p i r i c a l  c o n s t a n t ,  
I I 



and by ~ e t t a u  ( 1 9 7 3 )  

. I 
A s  noted by Bel ly ( 1 9 6 4 ) ,  any of Eqs. ( 6 - I ) ,  ( 6 - 2 ) ,  ( 6 - 3 ) ,  o r  

( 6 - 4 )  could be used t o  r e l a t e  wind speed t o  e ros ion  flux, s ince  a l l  

a r e  t h i r d  order  polynomials i n  U, with empir ical  c o e f f i c i e n t s  which 

must be experimentally determined. G i l l e t r e  ( 1 9 7 6 )  found Le t t au ' s  

formula t o  agree reasonable wel l  with t h e  e ros ion  f l u x  over a  Texas 

f i e l d ,  and t h i s  formula was chosen f o r  use  wi th  t h e  GFfX da ta .  Assuming 

p ropor t iona l i t y  between t h e  sur face  s t r e s s  and t h e  sur face  wind, 

E q .  ( 6 - 4 )  becomes: 

where E = empir ical  fiux equation constant  

U = wind a t  a  given he ight  

Ut  = threshold v e l o c i t y  a t  a given height .  



7 . 1  Threshold S t r e s s  

The wind v e l o c i t y  needed t o  i n i t i a t e  s o i l  p a r t i c l e  movemen: i s  

g r e a t l y  dependent upon t h e  s i z e  of t h e  p a r t i c l e .  Because of t h e i r  

weight, l a r g e  p a r t i c l e s  a r e  not e a s i l y  moved. Very small  p a r t i c l e s  

a l s o  r e s i s t  movement because they a r e  held by s t rong  cohesive fo rces  

and because they remain i n s i d e  t h e  v iscous  sublayer  f o r  flow over 

smooth sur faces .  Thus t h e r e  is some in te rmedia te  s i z e  f o r  which the  

s t r e s s  needed t o  move t h e  p a r t i c l e  i s  a  miniinum. 

The wind fo rces  ac t ing  on a su r f ace  p a r t i c l e  a r e  t h e  t o t a l  drag, 

r e s u l t i n g  from form drag and sk in  f r i c t i o n ,  and the  l i f t  caused by 
I 

t h e  v e l o c i t y  grad ien t  across  t h e  p a r t i c l e .  Sy considering these  

fo rces ,  ~ a b n o l d  (1954) der ived an equation r e l a t i n g  t h e  movement 

threshold t o  t h e  p a r t i c l e  diameter and dens i ty :  

This equation ignores  t h e  e f f e c t s  of p a r t i c l e  cohesion, non-erodible 

sur face  ropghness elements, and turbulence.  Wind tunnel  s t u d i e s  

conducted by Bagnold confirmed t h i s  equat ion,  except f o r  very small  

p a r t i c l e s  f o r  which cohesion was a  f a c t o r .  These cohesive fo rces  

cannot be 'evaluated t h e o r e t i c a l l y  because the  geometry of the  contac t  

sur faces  3s unknown. Figure 16 dep ic t s  the  c l a s s i c  r e l a t i onsh ip  

Bagnold fopnd between p a r t i c l e  s i z e  and threshold f r i c t i o n  v e l o c i t y  

3  
f o r  q u a r t = '  sand (p = 2.65  g/cm ) ,  showing t h a t  the  110 urn p a r t i c l e s  

P  

a r e  t he  o?es most e a s i l y  d is turbed .  Iversen -- e t  a l .  (1973) confirmed 

t h i s  r e l a t i o n s h i p  i n  an ex tens ive  wind tunnel study using p a r t i c l e s  





I 

of v a r i o u s  s i z e s  and d e n s i t i t e s .  A l l  of t h e  above' s t u d i e s  involved 

l o o s e  p a r t i c l e s .  Mois ture  causes  s o i l  g r a i n s  t o  adhere  t o  each o t h e r ,  

i n c r e a s i n g  t h e  t h r e s h o l d  stress needed t o  i n i t i a t e  s a l t a t i o n .  Chep i l  

(1956) found a n  e m p i r i c a l  r e l a t i o n  between s o i l  mois tu re  and t h e  

inc reased  t h r e s h o l d  f r i c t i o n  v e l o c i t y  [ A ( U  ) I: 
* t  

" I *(**)t ' [H (15 atm) 

where M = s o i l  mois tu re  c o n t e n t  

M (15 atm) = s o i l  m o i s t u r e  c o n t e n t  a t  15 atm s u c t i o n .  

Th is  equa t ion  w i l l  be  used t o  c o r r e c t  e r o s i o n  f l u x  c a l c u l a t i o n s  f o r  

t h e  e f f e c t  of  s o i l  mois tu re .  The v a l u e  used f o r  M(15 atm) i s  4.4%, 

based upon S e l l e r ' s  (1965) t a b u l a t i o n s  f o r  sandy loam. It is c l o s e  

t o  t h e  4.0% v a l u e  used by Chep i l  (1956) f o r  P r a t t  sandy loam. 

Although wind t u n n e l  work h a s  s u c c e s s f u l l y  r e l a t e d  t h r e s h o l d  s t r e s s  

t o  p a r t i c l e  d iameter  and d e n s i t y ,  a n  independent f i e l d  de te rmina t ion  

w a s  made f o r  t h e  GMX a r e a .  Th is  w a s  done because  t h e  s u r f a c e  s t r u c t u r e ,  

e .g .  non-erodible c l o d s  and pebbles  and t h e  s u r f a c e  c r u s t ,  w i l l  

a f f e c t  t h e  t h r e s h o l d  stress, t h i s  t h r e s h o l d  v a l u e  being an important  

f a c t o r  i n  t h e  e r o s i o n  f l u x  formula.  

G i l l a t t e  -- e t  a l .  (1974) have determined t h a t  d u s t  suspension is  

p r i m a r i l y  due t o  s a l t a t i o n  a c t i o n .  There fore ,  an i n c r e a s e  of d u s t  

c o n c e n t r a t i o n  over  t h e  background l e v e l  i s  q u a l i t a t i v e  evidence t h a t  

s a l t a t i o n  is occur r ing .  Figure 17 compares concurrent  nephelometer 

and ho t  w i r e  anemometer r e a d i n g s  a t  4 cm. During h i g h  v e l o c i t y  

pe r iods ,  when t h e  s u r f a c e  s t r e s s  exceeds t h e  s a l t a t i o n  t h r e s h o l d ,  

t h e  sa l ta t ion-produced d u s t  concen t ra t ion  r i s e s  f a r  above background 

v a l u e s .  Concurrent t e n  second averages  of t h e  two a r e  shown i n  





. 8 

F ig .  18. The es t imated  t h r e s h o l d  v e l o c i t y  i s  i n d i c a t e d .  Because 

we a r e  cons ider ing  on ly  average  v a l u e s ,  t h e  c u t  o f f  i s  n o t  i d e a l l y  

sharp ,  b u t a  t h r e s h o l d  is d e f i n i t e l y  apparen t .  Three  anomalous p o i n t s ,  

i . e .  h i g h  nephleometer read ings  a t  v e l o c i t i e s  below t h e  th resho ld  v a l u e ,  

a l l  were found t o  have occur red  a f t e r  sudden wind S u r s t s  had knocked 

t h e  d u s t  i n t o  t h e  a i r  and b e f o r e  t h e  d u s t  had had t ime t o  s e t t l e  
I 

o u t .  U s i n g  t h e  p r e v i o u s l y  determined r e l a t i o n s h i p  between t h e  wind 

v e l o c i t y  a t  4 cm and s u r f a c e  s t r e s s ,  t h e  2.4 m/sec t h r e s h o l d  v e l o c i t y  

equa tes  t o  a  0.27 m/sec t h r e s h o l d  f r i c t i o n  v e l o c i t y .  Th i s  a g r e e s  

c l o s e l y  w i ~ t h  t h e  0.25 m/sec v a l u e  found by G i l l e t t e  (1976) f o r  

s o i l s  of s ~ i m i l a r  mois tu re  c o n t e n t .  F u r t h e r ,  when c o r r e c t e d  f o r  

t h e  0.35% s o i l  m o i s t u r e  of  t h e  measurement pe r iod  a (U * t  ) of 

0.21 m/sec i s  c a l c u l a t e d  f o r  a complete ly  d r y  s o i l .  Th i s  i s  l a r g e r  

than  t h e  0.15 m/sec ob ta ined  i n  a wind t u n n e l  f o r  i n d i v i d u a l  sand 

p a r t i c l e s  ;by Bagnold (1954),  which i s  r e a s o n a b l e  s i n c e  t h e  GXX 

1 
s o i l  s u r f a c e  e lements  w i l l  i n c r e a s e  t h e  s t r e s s  r e q u i r e d  t o  i n i t i a t e  

p a r t i c l e  motion. 

7.2 Eros3on Flux Formula C a l i b r a t i o n  

Because of t h e  complexity of t h e  f a c t o r s  invo lved ,  i t  i s  

d i f f i c u l t  t o  t h e o r e t i c a l l y  e s t i m a t e  t h e  q u a n t i t a t i v e  s o i l  e r o s i o n  

rate, a s  G i l l e t t e  -- et  a l .  (1972) d i scovered  i n  a s tudy  of a  Nebraska 

f i e l d .  Th i s  is  e s p e c i a l l y  t r u e  a t  GNX, where a  s u r f a c e  c r u s t  e x i s t s .  

Experimental  d a t a  i s  needed t o  de te rmine  t h e  proper  p o r p o r t i o n a l i t y  

c o n s t a n t  f o r  Eq. (6-5). F o r t u n a t e l y ,  GMX s a l t a t i o n  d a t a  had been 

ga thered  f o r  t h e  pe r iod  March 20 t o  A ? r i l  25, 1974 (Table 5 ) .  

Unfor tuna te ly ,  on ly  s i x  d a t a  v a l u e s  were ob ta ined ,  two r e p l i c a t i o n s  
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TABLE 5 

GMX Aeolian Erosion Measurements 

Period 1 Period 2 Period 3 

Sample 2 Sample 3 Sample 5 Sample 6 Sample 1 Sample 4 

935 March 2 0 ,  1974 g30 April 1 2 ,  1974 g30 March 20 ,  1974 
Level to to to 

935 March 2 8 ,  1974 1 4 ~ ~  April 25 ,  1974 1 4 ~ ~  April 25 ,  1974.  

Surface Creep 0.046 0.022 0 .686 0.773 1.010 1.198 

Total Saltation 0.108 g 0.034 g 3.846 g 4.848 g 4.309 g 5.772 g 

Total Erosion 0.154 g 0.056 g 4.532 g 5.621 g 5.319 g 6.97- 

(from Boman, 1976) 

Period 

1 

2 

3 

Derived 

Date 

3120174-3/28/74 

41 12 74-4125174 

3120174-4 /25 /74  

3128174-4/ 121 74 

Average Erosion (below 30.5 cm) 

0.105 g 

5.077 g 

6.145 g 

0.963 g 



of t h r e e  time periods,  s i n c e  a  c e r t a i n  minimum of co l l ec t ed  s o i l  was 

needed f o r  accu ra t e  weighting, and f o r  each measurement t he  low 

erosion f l u x  made a  long c o l l e c t i o n  period necessary.  However, s ince  

I 
t h e  t h r e e  periods overlapped, sub t r ac t ion  allowed a  fou r th  value 

t o  be derived f o r  t h e  ind ica ted  period. The 30.5 cm high erosion 

c o l l e c t o r s  sampled the  ho r i zon ta l  f l u x  i n  f i v e  sepa ra t e  f r a c t i o n s  

(Re ichan ,  1974) .  The su r f ace  creep dropped through an ape r tu re  

a t  ground l e v e l ,  and t h e  s a l t a t i o n  f l u x  w a s  captured i n  four  

equal ly  spacedve r t i ca l  compartments. The u n i t s  had vented c o l l e c t i o n  

passages t b  a l low the  a i r f l o w  through t h e  devices  t o  approximate t h e  

a i r  flow ou t s ide  and thereby c o l l e c t  t h e  smaller  p a r t i c l e s  more 

e f f i c i e n t l y .  The vents  were covered wi th  mesh t o  al low no p a r t i c l e s  

l a r g e r  than 10 pm t o  escape. 

The erosion samplers were f ixed  i n  pos i t i on ,  p a r t i a l l y  buried 

i n  t h e  ground t o  b e t t e r  c o l l e c t  t h e  su r f ace  creep.  Because t h e  

d i r e c t i o n  of t h e  c o l l e c t o r ' s  ape r tu re  was cons tan t ,  i t  only measured 

t h e  vec tor  flax i n  thac d fzzc t ion ,  xoc t k e  t o t a l  erosion i n  a l l  

d i r ec t ions .  P a r t i c l e s  en ter ing  from s l i g h t l y  d i f f e r e n t  d i r e c t i o n s  

were sampaed according t o  a  cos ine  law, and erosion i n  t h e  r eve r se  

d i r ec t ion lwas  not  sampled a t  a l l .  Erosion samplers which can r o t a t e  

with t h e  ind have been designed, but  a  f ixed  c o l l e c t o r  was bel ieved 1 
t:, be adequate f o r  t h e  GXX a rea  because the re  t he  erosion moves 

pr imar i ly  i n  one d i r ec t ion .  Since t h e r e  i s  a  p a r t i c l e  movement 
I 

threshold v e l o c i t y ,  only t h e  s t ronger  v e l o c i t i e s  w i l l  produce s o i l  

movement. Further ,  because t h e  e ros ion  depends on the  cube of t he  

v e l o c i t y  D E ~ .  (6-5) 1, t he  high wind occurrences e s s e n t i a l l y  d e t x n i n e  

the  erosion r a t e .  Figure 1 9  i n d i c a t e s  t h a t  t h e  wind d i r e c t i o n  
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is v e r y  c o 4 s t a n t  f o r  t h e  d a y l i g h t  hours  of h i g h e s t  wind speeds  

dur ingf i rc lh ,  t h e  month w i t h  t h e  strongesrr winds. Th is  p a t t e r n  a l s o  
I 

p r e v a i l e d  dur ing  t h e  y e a r .  The fo l lowing  c a l c u l a t i o n s  o f  e r o s i o n  f l u x  

would n o t  Fe j u s t i f i e d  i f  a  p r e v a i l i n g  d i r e c t i o n  f o r  h igh speed 

winds had i o t  been found. The c a l c u l a t i o n s  g i v e  t h e  e r o s i o n  f l u x  

i n  t h e  d i r k c t i o n  of t h e s e  h i g h  winds ( n o r t h  n o r t h e a s t ) ,  and t h i s  

e r o s i o n  i s b e l i e v e d  t o  r e p r e s e n t  n e a r l y  a l l  of  t h e  t o t a l  e r o s i o n  f l u x .  

Because f a r  fewer h igh  winds occur  f o r  o t h e r  d i r e c t i o n s ,  e r o s i o n  

f l u x  i n  t h e s e  o t h e r  d i r e c t i o n s  will be  v e r y  small. 

To f i h d  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  i n  t h e  e r o s i o n  f l u x  equa t ion ,  

Eq. (6 - j ) ,  t h e  f i e l d  s a l t a t i o n  d a t a  must be r e l a t e d  t o  wind d a t a  f o r  

t h e  same per iod .  For t h i s  c a l i b r a t i o n ,  t h e  SYSTRAC S t a t i o n  15 d a t a  

is  used.  It would have been p r e f e r a b l e  t o  u s e  winds measured c l o s e r  

t o  t h e  ground and n e a r e r  t o  t h e  e r o s i o n  c o l l e c t o r  l o c a t i o n s ,  b u t  
I 

such d a t a  ?as n o t  a v a i l a b l e .  A m e t e o r o l o g i c a l  tower had been e r e c t e d  

near  t h e  c o l l e c t o r s ,  bu t  wind d a t a  w a s  ob ta ined  from i t  on ly  sporad- 

i c a l l y .  Mprz impor tan t ly ,  SYSTPLLC winds were a v a i l a b l e  no t  o n l y  f o r  

t h e  f o u r  c b l i b r a t i o n  p e r i o d s  but a l s o  on a  c l i m a t a l o g i c a l  b a s i s .  

A s  d9sc r ibed  i n  t h e  p rev ious  s e c t i o n ,  a  t h r e s h o l d  v e l o c i t y  (U ) 
t 

I 

a t  4 cm h<s been measured, b u t  t o  u s e  Eq. (6-5) w i t h  t h e  SYSTRAC d a t a ,  

an  e q u i v a j e n t  SYSTRAC U t  i s  needed. The computed v a l u e ,  6 .1  mlsec  

f o r  OX sod1 mois tu re ,  i s  based upon t h e  fo l lowing  convers ions :  

1) t h e  r a t i o  between 350,000 hot  wire wind speeds  a t  4 cm and 96 c n  

f o r  a n  i s d l a t e d  s p o t ,  a r a t i o  found t o  be e s s e n t i a l l y  independent 

of wind sdeed,  2) a smal l  c o r r e c t i o n  f a c t o r  t o  a d j u s t  96 cm wind 

speeds  t o 1  m wind speeds ,  3)  t h e  r a t i o  between 125 tower cup 

anemometer winds a t  1 m and 8 m,  a r a t i o  found t o  be a  f u n c t i o n  of 



wind speed ,  and 4) t he  r a t i o  between 125 8 m tower anemometer and 
I 
I 

88 SYSTRAC laverage winds over t h e  same time period.  I n  a n t i c i p a t i o n  

Of this cO?l er s ion ,  t h e  U a t  4  cm had been determined f o r  a t e n  
t 

second averlage v e l o c i t y  because the  recorded SYSTRAC v e l o c i t i t e s  

were known t o  be t e n  second averages.  For t h e  four  c a l i b r a t i o n  

periods,  a  SYSTRAC Ut of 10.4 mlsec is  used. This va lue  is obtained 

by applyingl Chepi l ' s  s o i l  moisture co r r ec t ion  [E~. (7-2)] f o r  t h e  

measured 0.65% s o i l  moisture t o  t h e  Ut  f o r  0% s o i l  moisture.  No 1 
r a i n  f e l l  during these  per iods ,  and t h e  measured s o i l  moisture remained 

constant .  ' 

Once t h e  threshold v e l o c i t y  f o r  t h e  SYSTMC s t a t i o n  i s  known, 

t h e  empir i  a 1  constant  i n  Eq. (6-5) can be obtained. To do t h i s  t h e  'I 
equation &st be expressed i n  t h e  form: 

I 2 
where Q = eros ion  wind f a c t o r  = n U (ui-Ut) E i i  

n = wind frequency 
i 

and the  s u m a t i o n  is over a  given time i n t e r v a l .  The frequency va lues ,  

i . e .  t h e  n mber of SYSTRAC winds of average ve loc i ty  U were 1 i' 

determined ' f o r  each of t h e  four  c a l i b r a t i o n  periods from t h e  SYSTRAC 

wind d a t a  (Table 6 ) .  However, s i n c e  t h e  SYSTRAC s t a t i o n s  only measured 

t h e  winds f o r  a  ten  second period every 15 minutes, only 1/96 of 

t h e  poss ib l e  wind speeds were recorded. J u s t  because a high wind 

episode had not  been recorded d id  not  mean t h a t  one had not  occurred. 

The high wind " t a i l "  of a  v e l o c i t y  d i s t r i b u t i o n  has an important 

e f f e c t  on the  f l u x  computed by E q .  (7-3). To examine t h i s  t a i l ,  

t he  complement cumulative d i s t r i b u t i o n  func t ions  (CCDF) was p lo t t ed  
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TABLE 6 

SYSTRAC S t a t i o n  15 Winds f o r  E r o s i o n  C a l i b r a t i o n  P e r i o d s  

P e r i o d  1 

Frequency (%) 

P e r i o d  2 P e r i o d  3 Der ived  
P e r i o d  



Wind 
Speed 

Per iod  1 

TABLE 6 (cont'd) 

Frequency (%) 

Per iod  2 Period 3 Derived 
Per iod  

0 . 3 ~ 1 0  
5 5 . 0 ~ 1 0  5 

7 . 2 ~ 1 0  
5 1 . 7 ~ 1 0  5 

Q Value 

(kt) 



f o r  t h e  c a l i b r a t i o n  p e r i o d s  (F ig .  2 0 ) .  The t a i l s  were found t o  

f o l l o w  a n  exponen t ia l  d i s t r i b u t i o n .  Accordingly a n  exponen t ia l  t a i l  

was f i t  by eye t o  each of t h e  v e l o c i t y  d i s t r i b u t i o n s .  I n  c a l c u l a t i n g  

v a l u e s  of Q, a c t u a l  n  's  were used up t o  t h e  v e l o c i t y  where t h e  
i 

s c a r c i t y  of t h e  wind v a l u e s  produced a n  i r r e g u l a r  d i s t r i b u t i o n .  Above 

t h i s  v e l o c i t y  t h e  f requency v a l u e s  of t h e  f i t t e d  exponen t ia l  t a i l  

were used i n  t h e  computat ions ,  up t o  a  cut-off  v e l o c i t y  of 60 knots .  

Th i s  h a s  t h e  e f f e c t  of smoothing o u t  t h e  i r r e g u l a r  s t a t i s t i c a l  

v a r i a t i o n s  r e s u l t i n g  from t h e  s m a l l  number of observed h i g h  winds.  

F i g u r e  2 1  compares t h e  measured e r o s i o n  f l u x  t o  t h e  c a l c u l a t e d  Q v a l u e  

f o r  t h e  same per iod .  The v a l u e  of t h e  e m p i r i c a l  c o n s t a n t  E is  

found t o  be  9 x gm p e r  ( c m ~ s e c ) ~  p e r  u n i t  width .  

7.3 Year ly  Erosion Flux C a l c u l a t i o n  

The average  monthly e r o s i o n  f l u x  mzy be  es t imated  from 

c l i m a t a l o g i c a l  SYSTRAC S t a t i o n  15 wind d a t a ,  a  r ecord  cover ing  15 

y e a r s  (Tab 1 e 7 ) .  The procedure  fol lowed i s  n e a r l y  i d e n t i c a l  t o  

t h a t  used i n  t h e  l a s t  s e c t i o n  f o r  t h e  f o u r  c a l i b r a t i o n  per iods .  To 

c a l c u l a t e  Q, a c t u a l  monthly f requency d i s t r i b u t i o n  v a l u e s  were used 

up t o  t h e  h igher  v e l o c i t i e s ,  above which a  f i t t e d  exponen t ia l  t a i l  

was used. A SYSTRAC Ut was c a l c u l a t e d  f o r  each month from t h e  

es t imated  average  s o i l  mois tu re ,  a g a i n  us ing  Eq.  (7-2). 

While t h e  s o i l  m o i s t u r e  was known f o r  t h e  c a l i b r a t i o n  p e r i o d s ,  

I average  monthly c l i m a t a l o g i c a l  v a l u e s  were no t  known. Only 27 

s p o r a d i c  measurements were a v a i l a b l e ,  most ly  t aken  dur ing  :he s p r i n g  

months. S h l l e r s  (1965) h a s  d e s c r i b e d  methods f c r  e s t i m a t i n g  t h e  

water  c o n t e n t  of a  s o i l ,  t h e  r e l e v a n t  f a c t o r s  being a  known monthly 
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TABLE 7 

SYSTRAC S t a t i o n  15 Cl imato log ica l  Winds 

1 
1 

I - - -  - 

. - - .  . Frequency (%) - - 

Average 
Speed 
( k t )  -- 

Wind Speed I n t e r v a l  ( k t )  

Month 

Jan. 

Feb r . 
March 

Apr i l  

May 

June 

Ju ly  

Aug . 
Sept .  

Oct. 

Nov . 
Dec . 





r a i n f a l l  r a t e ,  estimated su r f ace  runoff and downward percola t ion ,  

and a ca l cu la t ed  evapot ranspi ra t ion  r a t e .  The l a t t e r  depends upon 

a i r  temperature and humidity, s o l a r  r a d i a t i o n ,  and s o i l  moisture.  

Unfortunately,  these  methods a r e  only capable of ca l cu la t ing  t h e  

1 
t o t a l  moisture content  of a deep s o i l  l a y e r  containing the  a v a i l a b l e  

water,  not  t h e  s o i l  moisture r i g h t  a t  t h e  sur face .  It i s  t h e  s o i l  

moisture ok t h e  very topmost l a y e r  t h a t  determines the  erosion 

threshold.  Accordingly, t h e  problem is approached by following a 

suggest ion of P h i l i p  (1957) who extens ive ly  s tudied  atmospheric s o i l  

moisture r e l a t i onsh ips .  He assumed a thermodynamic equi l ibr ium 

a t  t h e  a i r - s o i l  i n t e r f a c e  between t h e  r e l a t i v e  humidity of t h e  a i r  

(RH) and t h e  moisture p o t e n t i a l  of t h e  s o i l  ( a ) :  

RH = exp {g@/RT) 

where R = thermodynamic gas constant .  Q has been deternined a s  

a func t ion  of s o i l  moisture f o r  many s o i l s ,  among them sandy loams. 

Therefore, ,  it should be t h e o r e t i c a l l y  poss ib l e  t o  r e l a t e  r e l a t i v e  

humidity t b  s o i l  moisture.  Unfortunately,  t hese  curves a r e  accu ra t e  

only f o r  r p l a t i v e l y  l a r g e  va lues  of s o i l  moisture,  not  f o r  t h e  low 

va lues  found i n  t h e  dese r t .  However these  arguments d id  suggest t h a t  

some funct ' ional  r e l a t i o n s h i p  should e x i s t  between sur face  s o i l  

moisture and r e l a t i v e  humidity. Accordingly, t h e  measured s o i l  

moisture 4s p l o t t e d  aga ins t  concurrent ly measured r e l a t i v e  humidity 

(Fig. 2 2 ) .  Two va lues  were discarded because they were measured 
I 

during r a q n f a l l  episodes. A s  might be expected, t he  graph e x h i b i t s  

considerable  s c a t t e r  because t h i s  a t tempts  t o  gross ly  s impl i fy  a 





I 

complex p rocess  by assuming t h a t  e q u i l i b r i u m  has  been achieved.  The 

c o r r e l a t i o n l  c o e f f i c i e n t  was o n l y  0.69. Never the less ,  t h i s  method 

is  b e l i e v e d  t o  p rov ide  t h e  b e s t  a v a i l a b e  e s t i m a t e  of t h e  average 

monthly s o i l  s u r f a c e  m o i s t u r e  from t h e  a v a i l a b l e  d a t a .  

The 10 year  c l i m a t a l o g i c a l  summary f o r  t h e  Yucca F l a t  weather 

s t a t i o n  t e n  m i l e s  n o r t h  of G14X prov ides  monthly mean a i r  humidity 

v a l u e s  (Tabile 1 ) .  Because humidity v a r i e s  d i u r n a l l y ,  t h e  1600 hour 

v a l u e s  a r e  used s i n c e  t h e  measurements used t o  d e r i v e  Fig .  21 were 

a l s o  made around t h a t  hour. These ,average  monthly humidity v a l u e s  may 

be conver ted i n t o  an es t imated  average  s o i l  mois tu re  f o r  each month 

u s i n g  F ig .  2 2 .  U i n  Eq. (7-3) i s  then  a d j u s t e d  f o r  s o i l  m o i s t u r e  
t 

according tlo Eq. (7-2).  

The e r o s i o n  c o l l e c t o r s  o n l y  sampled t h e  h o r i z o n t a l  f l u x  up t o  

a  h e i g h t  of 33.5 cm. S ince  t h e  t o t a l  e r o s i o n  f l u x  below bush h e i g h t  

is  r e q u i r e d ,  a  c o r r e c t i o n  must be  made f o r  t h e  f l u x  no t  sampled 

due t o  t h e  s h o r t  h e i g h t  of t h e  c o l l e c t o r .  Xemoto -- e t  a l .  (1969) 

have v e r i f i e d  a  t h e o r e t i c a l  p r e d i c t i o n  of Kawamura (1948) t h a t  t h e  

v e r t i c a l  c ~ n c e n t r a t i o n  of s a l t a t i n g  p a r t i c l e s  [ ~ ( z ) ]  v a r i e s  a s :  

C ( z )  a exp (-mz) 

where m i s  a n  e m p i r i c a l  c o n s t a n t .  It i s  n e c e s s a r y  t o  determine 

whether t h e  GNX s a l t a t i o n  d a t a  a g r e e s  w i t h  t h i s  equa t ion .  S ince  t h e  

s a l t a t i o n  q lux  was c o l l e c t e d  over  a  f i n i t e  v e r t i c a l  h e i g h t ,  i t  i s  

necessa ry  t o  i n t e g r a t e  Eq. (7-5) between t h e  h e i g h t s  d e f i n i n g  each 

of t h e  f o u r  compartments: 



I ~ ( z ) d z  
J h; [exp (-mh,) - exp (-rnh?)] 

where SF = c a l c u l a t e d  s a l t a t i o n  f r a c t i o n  i n  one compartment 

h l ,  h2 = h e i g h t s  of bottom and t o p  of compartment r e s p e c t i v e l y  

Hs = h e i g h t  of s a l t a t i o n  c o l l e c t o r  = 30.5 cm. 

The m g i v i n g  t h e  b e s t  f i t  between c a l c u l a t e d  and measured f r a c t i o n s  

can be  found f o r  each of t h e  s i x  measurements. The average  i s  

11.7 m-I (o = 2.2 m l )  w i t h  an average  c o r r e l a t i o n  c o e f f i c i e n t  of 

0.996.  Thus Eq.  (7-5) does  a c c u r a t e l y  d e s c r i b e  t h e  v e r t i c a l  d i s t r i b u -  

t i o n  of s a l t a t i o n  f l u x .  I n t e g r a t i n g  Eq .  (7-5) from 30.5 t o  100 cm, 

t h e  c a l c u l a t e d  s a l t a t i o n  f l u x  from t h e  t o p  of t h e  e r o s i o n  c o l l e c t o r  

t o  t h e  average  bush h e i g h t  w a s  found t o  b e  o n l y  2.9% of t h e  s a l t a t i o n  

f l u x  cap tured  by t h e  c o l l e c t o r s .  When t h e  c r e e p  f r a c t i o n  is  inc luded ,  

t h e  f l u x  below bush h e i g h t  no t  sampled by t h e  c o l l e c t o r s  is  found t o  

be o n l y  2.4% of t h e  amount sampled. The major mass f l u x  occurs  v e r y  

c l o s e  t o  t h e  s u r f a c e .  

An ap  roximate  c o r r e c t i o n  w i l l  be  made f o r  r a i n y  day ep i sodes .  P 
When t h e  s o i l  is  wet ted,  no e r o s i o n  w i l l  t a k e  p l a c e  u n t i l  t h e  s u r f a c e  

mois tu re  has  dropped below M(15 a tm).  Under d e s e r t  c o n d i t i o n s ,  

i . e .  w i t h  a  l a r g e  s o l a r  r a d i a t i o n  f l u x  and g e n e r a l l y  windy c o n d i t i o n s ,  

t h e  t o p  s u r f a c e  w i l l  q u i c k l y  d ry .  The e x a c t  t ime f o r  which e r o s i o n  

is  i n h i b i t e d  i s  unknown, f o r  no s t u d i e s  have been made of t h e  d ry ing  

of t h e  s u r f a c e  s o i l  l a y e r .  Even t h e o r e t i c a l  d i s c u s s i o n s  d e a l  on ly  

w i t h  t h e  d ry ing  of s o i l  w e l l  below t h e  t o p  0 . 5  cm. 
I 

S o i l  h o i s t u r e  t r a n s p o r t  i s  a  complex s u b j e c t  invo lv ing  t h e  

s o l u t i o n  t o  d i f f e r e n t i a l  e q u a t i o n s  whose c o e f f i c i e n t s  a r e  no t  c o n s t a n t  
I 



but  a r e  themselves f u n c t i o n s  of s o i l  mois tu re .  Computer s i m u l a t i o n s  

I :  
a r e  u s u a l l y  r e q u i r e d  t o  s o l v e  s o i l  m o i s t u r e  f low problems ( P h i l i p ,  

1975). The complex i t i e s  i n c r e a s e  g r e a t l y  f o r  t h e  r e l a t i v e l y  d r y  

s o i l s  c h a r a c t e r i s t i c  of t h e  d e s e r t .  Parameters  such a s  h y d r a u l i c  

c o n d u c t i v i t y  change markedly f o r  v e r y  d r y  s o i l s ,  and q u a n t i t a t i v e  

r e s u l t s  a r e  n o t  r e a l l y  a v a i l a b l e .  Evaporat ion t r a n s p o r t  dominates 

t h e  h y d r a u l i c  t r a n s p o r t  under t h e s e  c o n d i t i o n s ,  and t h e  former 

phenomenon has  n o t  been widely  s t u d i e d  (Wang, 1963). Jackson -- e t  a l .  

(1975) found t h a t  t h e i r  computer model p r e d i c t i o n s  of water  f l u x  

agreed w e l l  w i t h  measurements i n  t h e  modelled s o i l  except  i n  t h e  

f i r s t  c e n t i m e t e r  below t h e  s u r f a c e .  It is  known t h a t  where t h e  

s u r f a c e  evapora t ion  r a t e  i s  r a p i d ,  t h e  c a p a c i t y  of t h e  s o i l  t o  

d e l i v e r  water  upwards i s  u s u a l l y  exceeded. The exposed s u r f a c e  
I 

then  d r i e s  q u i c k l y ,  b u t  j u s t  how q u i c k l y  i s  unknown. Continued 

evapora t ion  then  depends upon vapor f low through t h i s  d r y  l a y e r ,  b u t  

s i n c e  t h e  vapor d e n s i t y  is  low t h e  t r a n s f e r  p rocess  i s  slow, and 

it becomes slower as t h e  d r y  l a y e r  d e p t h  i n c r e a s e s .  I n  t h i s  manner 

t h e  d e s e r t  t r a p s  i t s  prec ious  s o i l  wa te r  a t  deeper  l e v e l s .  I n  

f a c t ,  a paradox can r e s u l t  whereby t h e  "water l o s s  may be  l e a s t  

when, by t h e  u s u a l  s t a n d a r d s ,  c o n d i t i o n s  a r e  most f a v o r a b l e  f o r  

evaporat ion"  ( P h i l i p ,  1957) due t o  t h i s  s u r f a c e  b o t t l e n e c k .  The 

b a s i s  f o r  t h e  " r a i n y  day" c o r r e c t i o n  w i l l  be  t aken  from a d i s c u s s i o n  

w i t h  D r .  A. Klute ,  CSU Department of Agronomy. H i s  experiments w i t h  

water  s a t u r a t e d  s o i l  columns d r i e d  under h igh  r a d i a t i o n  and wind r 
I 

c o n d i t i o n s  l e d  him t o  e s t i m a t e  t h a t  a  wet ted d e s e r t  s o i l  s u r f a c e  w i l l  

d r y  o u t  w i t h i n  one day a f t e r  a  r a i n f a l l ,  bu t  e x a c t l y  how much l e s s  

than  one day i s  u n c e r t a i n .  Accordingly,  t h e  c a l c u l a t e d  monthly f l u x  

I 



is decreased by 1/31 f o r  each day t h a t  t h e  r a i n f a l l  exceeded 0.1 inch ,  

based on 10 year  c l i m a t a l o g i c a l  p e r c i p i t a t i o n  d a t a .  The 0 . 1  i n c h  

c u t o f f  i s c h o s e n  because  a l e s s e r  amount of  r a i n  f a l l  on ly  wets  

t h e  s o i l  t o  a  dep th  l e s s  than  0 . 7  c n  and would be quiclcly evaporated.  

I 
The r e s u l t i n g  c o r r e c t i o n s  v a r y  from 3% t o  19% (Table 8 ) .  The 

l a r g e r  c o r r e c t i o n s  occur  i n  months where t h e  es t imated  e r o s i o n  f l u x  

i s  small, so  t h e  n e t  e f f e c t  of  t h i s  " r a i n y  day" c o r r e c t i o n  i s  minor 

and i t  i s n o t  b e l i e v e d  t h a t  any l a r g e  e r r o r  i s  in t roduced  by t h i s  

somewhat q u a l i t a t i v e  argument. 

I 
Combining t h e  monthly e r o s i o n  f l u x e s  es t imated  from Eq.  ( 7 - 3 ) ,  

t h e  c o r r e c t i o n  f o r  e r o s i o n  f l u x  n o t  cap tured  by t h e  c o l l e c t o r s ,  and 

t h e  r a i n  day c o r r e c t i o n  g i v e s  a n  es t imated  h o r i z o n t a l  e r o s i o n  f l u x  

below bush h e i g h t  of about  40 grams of s o i l  pe r  cm of f low width  

pe r  y e a r  (Table 8 ) .  Parch,  by f a r  t h e  w i n d i e s t  month, i s  r e s p o n s i b l e  

f o r  a v e r y  l a r g e  pe rcen tage  of t h e  t o t a l  e r o s i o n .  Th is  e r o s i o n  

r a t e  i s  v e r y  s m a l l .  Chepi l  (1946) found e r o s i o n  f l u x e s  many t imes 

i l a r g e r  i n  h i s  s t u d i e s  of e rod ing  f i e l d s .  But t h e s e  a g r i c u l t u r a l  

f i e l d s  had a  l o o s e  s o i l  s t r u c t u r e  and were n o t  p r o t e c t e d  by v e g e t a t i o n .  

A very  low e r o s i o n  f l u x  i s  r e a s o n a b l e  f o r  t h e  GMX r e g i o n  because  

t h e  s o i l  s u r f a c e  c o n s i s t s  of a well-developed cemented c r u s t  and i s  

f u r t h e r  p r o t e c t e d  by s u r f a c e  pebbles  and s h e l t e r i n g  v e g e t a t i o n .  The 

combination produces a h i g h l y  non-erodible  s o i l .  The o b s e r v a t i o n  

t h a t  blowing d u s t  and sand i s  seldom v i s i b l e  s u p p o r t s  t h i s  conc lus ion ;  

indeed,  euen t h e  v e r y  s t r o n g  winds produced by d u s t  d e v i l s  r a i s e  

r e l a t i v e l y  l i t t l e  d u s t .  
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8 . 1  Shrub I n t e r c e p t i o n  of P a r t i c l e s  

The eroding s o i l  does  n o t  p a s s  unimpeded; sooner  o r  l a t e r  t h e  

e r o s i o n  f l u x  is i n t e r c e p t e d  by a bush. Although t h e  c r e o s o t e  bushes 

a r e  aerodynamical ly  porous,  t h e y  a r e  n e a r l y  o p t i c a l l y  opaque hor izon-  

t a l l y .  There fore  p r a c t i c a l l y  a l l  of  t h e  s u r f a c e  c r e e p  and t h e  

e rod ing  p a r t i c l e s  below bush h e i g h t  w i l l  e v e n t u a l l y  impinge upon 

a  branch a's t h e y  a t t empt  t o  p a s s  through t h e  volume occupied by 

t h e  shrub.  

The s a l t a t i n g  p a r t i c l e s  t r a v e l  i n  b a l l i s t i c  t r a j e c t o r i e s  w i t h  

speeds  c l o s e  t o  t h a t  of t h e  wind. The impact p r o b a b i l i t y  of a  

p a r t i c l e  i n c i d e n t  upon a branch r e p r e s e n t e d  by a  c y l i n d e r  can be  

c a l c u l a t e d .  For example, F i g u r e  46 of Fuchs (1964) i n d i c a t e s  t h a t  

a  r e l a t i v e l y  s m a l l  p a r t i c l e  (d = 100 um) encounter ing a % cm d iamete r  

branch a t  ghe r e l a t i v e l y  slow speed of % m/sec has  an impact 

p r o b a b i l i t i  of 90%. The more u s u a l  c i rcumstance,  a  l a r g e r  p a r t i c l e  

and /or  a  h i g h e r  i n c i d e n t  v e l o c i t y ,  h a s  an even g r e a t e r  impact 

p r o b a b i l i t y .  

The branches  a r e  r e l a t i v e l y  s o f t ;  t h e r e f o r e ,  t h e  i n t e r c e p t e d  

p a r t i c l e s  w i l l  l o s e  much of t h e i r  h o r i z o n t a l  momentum upon impact.  

1 The e x a c t  p a t h  of t h e  p a r t i c l e  a f t e r  impact depends upon many fac to rs - -  

v e l o c i t y ,  impact a n g l e ,  and e l a s t i c i t y - - b u t  i t  may be assumed t h a t  

t h e  s u r f a c e  c r e e p  s t o p s  moving and t h e  s a l t a t i n g  p a r t i c l e s  e s s e n t i a l l y  

f a l l  v e r t i c a l l y .  Th i s  assumption i s  j u s t i f i e d  because 1 )  t h e  s a l t a t i n g  

p a r t i c l e s  a r e  i n  c l o s e  proximity  t o  t h e  ground (90% w i t h i n  20 cm 

of t h e  ground) ,  2 )  a  p a r t i c l e  t a k e s  a  s h o r t  t ime t o  f a l l  such a 



stress, s i n c e  p a r t i c l e  movement would then  be  i n i t i a t e d .  There fore  

i t  i s  necessa ry  t o  e s t i m a t e  t h e  ground s t r e s s  i n s i d e  a bush. 

I n  w e l l  developed canopy f low w i t h  c l o s e l y  spaced e lements  t h e  

shear  s t r e s s  d e c r e a s e s  g r e a t l y  from t h e  canopy t o p  t o  t h e  s u r f a c e ,  

I 
r e s u l t i n g  i n  n e g l i g i b l e  s u r f a c e  s t r e s s  (Wright and Lemon, 1960; 

Kawatani, 1968).  However, t h e  c r e o s o t e  bush f low i s  no t  w e l l  developed, 

and t h e  bushes themselves  a r e  aerodynamical ly  porous,  so  t h e s e  

canopy r e s u l t s  cannot be  a p p l i e d  t o  t h e  p r e s e n t  c a s e .  One might 

s t i l l  s u s p e c t  t h i s  t o  b e  t r u e ,  s i n c e  Kawatani (1968) found t h a t  i n  

t h e  i n i t i a l  development zone of a roughness a r r a y  t h e  s t r e s s  d i d  

d e c r e a s e  c l o s e  t o  t h e  s u r f a c e .  The e f f e c t  of a mound is  a 

f u r t h e r  comiplication, s i n c e  i t  w i l l  i n c r e a s e  t h e  s u r f a c e  s t r e s s  of 

t h e  a i r  pas~s ing  over  it. There fore  i t  was necessa ry  t o  o b t a i n  a n  

e s t i m a t e  of t h e  ground s t r e s s  i n s i d e  a bush; i t  could  n o t  be assumed 

t o  b e  s m a l l .  

The ground s t r e s s  i n s i d e  t h e  t e s t  bush was es t imated  u s i n g  two 

d i f f e r e n t  methods: 1) by assuming t h a t  an  e q u i l i b r i u m  l a y e r  e x i s t s  

w i t h i n  4 cm of t h e  ground, and 2)  by assuming t h a t  t h e  r a t i o  (U,) / o  
g u 

w a s  a c o n s t a n t  equa l  t o  i t s  v a l u e  o u t s i d e  t h e  bush,  where o = 
U 

The e d u i l i b r i u m  l a y e r  assumption i s  d i s c u s s e d  and j u s t i f i e d  i n  

Appendix B. The f o u r  p e r i o d s  analyzed were t h o s e  w i t h  h igh  average  

v e l o c i t i e s ,  f o r  t h i s  method i s  more j u s t i f i a b l e  under such c o n d i t i o n s .  

The d i s s i p a t i o n  determined (U ) ' s  were a d j u s t e d  t o  a r e f e r e n c e  * g 

v e l o c i t y  v a l u e  by assuming t h a t  (U,) / U  was c o n s t a n t .  A s  shown i n  
8 

Table  9 ,  tk!e p r e d i c t e d  ground f r i c t i o n  v e l o c i t y  i n s i d e  t h e  bush f o r  

a 2 m r e f e  ence v e l o c i t y  of 6 m/sec i s  0.082 m/sec. For t h e  same r 



s h o r t  d i s t a n c e ,  and 3) t h e  lower  wind speeds  i n s i d e  t h e  bush w i l l  

no t  a l l o w  t h e  i n t e r c e p t e d  p a r t i c l e s  t o  g a i n  enough forward momentum 

t o  escape  from t h e  bush. 

Once a humock has  s t a r t e d  t o  b u i l d  i t  w i l l  a c t  t o  i n t e r c e p t  

s a l t a t i n g  p a r t i c l e s  t r a v e l i n g  w i t h i n  a mound h e i g h t  of t h e  ground. 

I 
The mound w i l l  a l s o  cause  t h e  p a r t i c l e s  i n  s u r f a c e  c reep  t o  l o s e  

energy as they  r o l l  up t h e  s l o p e .  P a r t i c l e s  moving s lowly w i l l  be  

t rapped on t h e  upward s l o p e  of a l a r g e  hummock. There fore  t h e  upwind 

s l o p e  w i l l  be  more g radua l  than  t h e  downwind s l o p e ,  a s  is apparen t  

i n  Fig .  8. The asymmetry o f  t h i s  f i g u r e  shows t h a t  t h e  i n t e r c e p t e d  

p a r t i c l e s  do no t  f a l l  complete ly  v e r t i c a l l y  bu t  a l s o  t r a v e l  h o r i -  

z o n t a l l y .  

The above arguments i n d i c a t e  t h a t  n e a r l y  a l l  of t h e  p a r t i c l e s  

i n c i d e n t  upon a bush w i l l  n o t  p a s s  through it b u t  w i l l  impact a 

branch o r  t h e  hummock somewhere i n s i d e  t h e  shrub.  More e l a b o r a t e  

t h e o r i e s  of v e g e t a t i v e  i n t e r c e p t i o n  of p a r t i c l e s  have been developed 

(e.g. Chamberlain, 1975; Bache and Uk, 1975), b u ~  they  a r e  r e q u i r e d  

o n l y  f o r  s m a l l e r  p a r t i c l e s  (d < 100 ym) w i t h  much lower impact 

p r o b a b i l i t i e s .  Furthermore,  t h e y  r e q u i r e  a branch d e n s i t y  parameter 

t o  be  kno I . The s i m p l i f i e d  arguments used above a r e  b e l i e v e d  v a l i d  

f o r  t h e  c a s e  of  l a r g e  p a r t i c l e s  w i t h  s i g n i f i c a n t  h o r i z o n t a l  momentum 

encounter ing a n  o p t i c a l l y  opaque shrub.  The f i l t e r i n g  e f f i c i e n c y  

of a  bush ill not  be p e r f e c t ,  bu t  i t  w i l l  be v e r y  high.  r 
8.2 Es t imat ion  of Ground S t r e s s  I n s i d e  t h e  T e s t  Bush 

The p a r t i c l e s  b u i l d i n g  t h e  wind hufi~nock w i l l  no t  remain i n  

p l a c e  if tpe s t r e s s  on t h e  ground i n s i d e  t h e  bush exceeds t h e  t h r e s h o l d  



TABLE 9 

(U,) Es t imates  I n s i d e  t h e  T e s t  Bush 
g 

I 
A. From D i s s i p a t i o n  24easurements 

(U,) f o r  
g 

U (2 in) = 6 mlsec 

(rnisec) 
2 3 I (m i s e c  

Average 0.078 0.082 

(A) Using (U,Ig = [ . k z ~ ]  113 

(B) Where U = 1.06 mlsec 

B. From Turbulence I n t e n s i t y  Measurements 
I 

I 
Average I 0.096 0.10 

(C) These measurements n o t  made a t  c e n t e r  of bush spot,  o t h e r s  a r e  
(D) Based upon 5 second wind averages  
(E) Using (U,) = 0.37 

g u 



c o n d i t i o n s  t h e  ground f r i c t i o n  v e l o c i t y  a t  an  i s o l a t e d  s p o t  would 

be  0.31 mlsec,  t h u s  {(U,) ( i n s i d e  bush)/(ii,) ( o u t s i d e  bush) 1 = 26%.  
8  g  

The assumption of a c o n s t a n t  ( u , ) ~ / <  i s  d i scussed  i n  Appendix C .  
J 

I n t e n s i t y  measurements made i n s i d e  t h e  bush were a l s o  a d j u s t e d  t o  a  

I 2 m r e f e r e n c e  v e l o c i t y  of 6 mlsec, p r e d i c t i n g  a  ground f r i c t i o n  

v e l o c i t y  i n s i d e  t h e  bush of 0.10 m/sec (Table  9 ) ,  o r  { (U,) ( i n s i d e  
g  

bush) /  (U*) ( o u t s i d e  bush) 1 = 32%. 
g 

The two methods gave s u r p r i s i n g l y  s i n i l a r  r e s u l t s .  Assuming 

t h e  ground f r i c t i o n  v e l o c i t y  t o  i n c r e a s e  i n  p r o p o r t i o n  w i t h  t h e  wind 

speed,  t h e  wind would have t o  i n c r e a s e  t o  over  t h r e e  t imes  t h e  o u t s i d e  

t h r e s h o l d  v a l u e  t o  move t h e  s o i l  i n s i d e  t h e  bush.  S ince  t h e  SYSTRAC 

average  t h r e s h o l d  speed i s  21  k t s ,  winds of over  70 k t s  would be 

r e q u i r e d ,  a  h i g h l y  u n l i k e l y  occur rance  accord ing  t o  t h e  c l i m a t a l o g i c a l  

r ecord  (Table 1 ) .  There fore ,  once t h e  e rod ing  p a r t i c l e s  a r e  cap tured  

by t h e  bush they  may be  adjudged t o  remain t h e r e .  

An a d d i t i o n a l  f a c t o r  f u r t h e r  i n c r e a s e s  t h e  l i k e l i h o o d  t h a t  t h e  

hummock s o i l  p a r t i c l e s  w i l l  remain t rapped .  The s o i l  i n s i d e  a bush 

is  n o t  b a r e ,  t h e  t o p  l a y e r  c o n t a i n i n g  much o r g a n i c  m a t e r i a l .  S o i l  

p a r t i c l e s  se t t le  below t h i s  d e b r i s  and a r e  p a r t i a l l y  s h e l t e r e d  from 

d i r e c t  wind a c t i o n .  The t y p e  of o r g a n i c  m a t e r i a l  most e a s i l y  d i s t u r b e d  

i s  t h e  seed pod s e c t i o n s ,  which have a  v e r y  low d e n s i t y .  Using 

I v e r s e n  e t  a l . ' s  (1973) r e s u l t s  and t h e  measured d e n s i t y  (p = -- P  
2 

0.13 gmlcm ) and approximate s i z e  (D = 0.4 cm) of t h e  pods, t h e  

c a l c u l a t e d  t h r e s h o l d  f r i c t i o n  v e l o c i t y  i s  2 5  cm/sec. Th is  v a l u e  is  

g r e a t e r  than t h a t  f o r  t h e  s o i l  a l o n e ;  t h e r e f o r e ,  t h e  o r g a n i c  m a t e r i a l  

w i l l  n o t  be  removed a t  wind speeds  when s o i l  p a r t i c l e s  would be  

I 



moved. The s h e l t e r i n g  a c t i o n  or' t h e  deb r i s  then makes t h e  removal 

of s o i l  from a hummock even more d i f f i c u l t .  

8 . 3  Hurmnock Growth 

A growing creosote  bush i n i t i a l l y  has no wind humock a t  i t s  

base. The nm.ber of branches, t h e  o p t i c a l  dens i ty ,  and t h e  f i l t e r i n g  

e f f i c i e n c y l a l l  i nc rease  a s  t he  shrub grows i n  height  and diameter.  

However, any in t e rcep ted  p a r t i c l e s  w i l l  not  remain trapped i f  t h e  

sur face  s t r e s s  i n s i d e  t h e  shrub is  l a r g e  enough t o  i n i t i a t e  s a l t a t i o n .  

Also, s a l t a t i n g  p a r t i c l e s  in te rcepted  by smaller  shrubs may pick up 

enough ho r i zon ta l  v e l o c i t y  a s  they f a l l  t o  escape from the  shrub. 

The much smaller  bursage p l a n t s  were observed t o  possess no v i s i b l e  

hurmnocks. Therefore t h e r e  must be some c r i t i c a l  shrub s i z e  below 

which t h e  p a r t i c l e s  nay be in te rcepted  but not  trapped. 

A s  a c reosote  bush grows l a r g e r  t h e  a i r f l o w  around and i n s i d e  

it is  more a f f ec t ed  by t h e  increas ing  aerodynamic drag.  The su r f ace  

s t r e s s  i n s i d e  the  bush decreases ,  increas ing  t h e  entrapment e f f i c i ency .  

Furthermore, a f t e r  a mound i s  formed it  w i l l  a l s o  grow, i n t e rcep t ing  

more s a l t a t i n g  p a r t i c l e s  d i r e c t l y  and capturing more sur face  creep.  

Thus the  volume growth r a t e  of t h e  humock inc reases  a s  t he  shrub 

en larges ,  due both t o  t h e  g r e a t e r  a r e a  swept out  and the  g rea t e r  

i n t e r cep t ion  and entrapment e f f i c i e n c i e s .  The growing shrub w i l l  

t he re fo re  become increas ingly  e f f i c i e n t  a t  bu i ld ing  a mound. 

For a mature c reosote  bush such a s  t h e  t e s t  bush, t he  in t e rcep t ion  

e f f i c i e n c y  is  v i r t u a l l y  1002 due t o  i t s  o p t i c a l  opac i ty ,  and t h e  low 

sur face  s t r e s s  i n s i d e  t h e  bush al lows entrapment of t h e  in te rcepted  



I 
p a r t i c l e s .  The volume growth r a t e  or' t h e  hummock is  then  e s s e n t i a l l y  

determined by t h e  e r o s i o n  f l u x  and t h e  shrub width .  

A s  t h e  mound grows t h e  s u r f a c e  s t r e s s  is a f f e c t e d  by t h e  humrnock 

s i z e .  For an i s o l a t e d  h i l l ,  t h e  s u r f a c e  s t r e s s  i n c r e a s e s  from i t s  

upwind v a l u e  t o  a maximum a t  t h e  c r e s t  (Taylor  and Gent, 1974; 

Jackson and Hunt, 1975) .  The s u r f a c e  stress on a mound covered by 

a bush should be  s i m i l a r l y  a f f e c t e d  a l though  it i s  apparen t  t h a t  t h e  

s t r e s s  i n c r e a s e  w i l l  be much l e s s  s i n c e  t h e  e f f e c t  of t h e  shrub on 

I t h e  a i r f l o w  w i l l  dominate t h e  e f f e c t  of t h e  mound. The r e s u l t s  

of t h e  preceeding s e c t i o n  i n d i c a t e  t h a t  even f o r  a l a r g e  mound t h e  
1 

s u r f a c e  s t i e s s  i n s i d e  t h e  shrub is  a f r a c t i o n  of t h e  s t r e s s  o u t s i d e .  

There fore ,  t h e  e f f e c t  of t h e  hummock on t h e  s u r f a c e  s t r e s s  may be  

cons idered  n e g l i g i b l e  when compared t o  t h e  e f f e c t  of t h e  shrub f o r  

t h e  hummock s i z e s  observed i n  t h e  Q4X a r e a .  Confirmatory evidence 

i s  g iven  by F u l l e r  (1975) who mentions t h a t  i n  a r e a s  of much g r e a t e r  

e r o s i o n  f l u x  t h e  hummocks may grow l a r g e  enough t o  p a r t i a l l y  cover 

t h e  c r e o s o t e  bushes.  The e r o s i o n  f l u x  a t  t h e  G14X s i te  is so  small 

t h a t  i n  t h h  l i f e t i m e  of a n  average  shrub  t h e  mound he igh t  cannot 

grow l a r g e  enough t o  i n c r e a s e  t h e  s u r f a c e  stress s u f f i c i e n t l y  t o  

a l l o w  i n t e r c e p t e d  p a r t i c l e s  t o  escape.  There  t h e  hummock growth 

i s  l i m i t e d  on ly  by t h e  l i f e  expectancy of a c r e o s o t e  bush. 

I f  t h e  i n i t i a l  growth per iod  i s  n e g l e c t e d ,  t h e  minimum age  of 

a c r e o s o t e  bush can be es t imated  from t h e  e r o s i o n  f l u x  and a measured 

mound p r o f i l e .  I n  performing t h i s  c a l c u l a t i o n  i t  is  assumed t h a t  

t h e  shrub !ize remains c o n s t a n t  and t h a t  t h e  shrub i n t e r c e p t i o n  and 

t r a p p i n g  e f f i c i e n c i e s  a r e  100%. These assumption a r e  v a l i d  f o r  t h e  

bushes  observed on t h e  GNX s i t e ,  b u t  f o r  smal le r  bushes which have 



not  reached mature s i z e  they  a r e  n o t .  Unfor tuna te ly  t h e r e  a r e  t o o  

many unknowns t o  e n a b l e  t h e  dependence of t h e  c a p t u r e  e f f i c i e z c y  upon 
I 

t h e  age o f '  t h e  bush t o  b e  computed. There fore  t h e  above assumptions 

must be made, w i t h  t h e  knowledge t h a t  t h e  c a l c u l a t e d  age  will be  
I 

The minimum age  of t h e  t e s t  bush w i l l  now be  c a l c u l a t e d .  The 

3  measured volume of t h e  mound p r o f i l e  (Fig .  8) i s  2300 cm per  u n i t  

width.  THe es t imated  y e a r l y  e r o s i o n  f l u x  below bush he igh t  is  

3 
40 grams per  u n i t  width .  S ince  t h e  s o i l  bu lk  d e n s i t y  i s  1.37 g/cm , 

t h e  minimdm age of t h e  t e s t  bush i s  80 y e a r s .  T h i s  e s t i m a t e  seems 

reasonab le ,  s i n c e  t h e  average  l i f e t i m e  of a  c r e o s o t e  bush is  about  
I 
I 

100 y e a r s .  Because t h e  t e s t  bush had such a l a r g e  hummock, i t  is  

presumed t o  be  one of t h e  o l d e s t  bushes i n  t h e  a r e a .  
I 

I f  t i e  hummock p r o f i l e s  of  t h e  o t h e r  bushes a r e  assumed t o  b e  

similar t o  t h a t  of t h e  t e s t  bush,  t h e n  t h e  minimum age of a  bush 

i s  p r o p o r t i o n a l  t o  i ts  hummock h e i g h t ,  assuming average  upwind 

f e t c h e s .  Using t h i s  c r i t e r i a ,  any bush w i t h  a  h m o c k  he igh t  over  

4 cm has  e x i s t e d  s i n c e  t h e  G14X plutonium r e l e a s e  20 y e a r s  ago. 

These s h r i b s  have been c o l l e c t i n g  e rod ing  r a d i o a c t i v e  s o i l  f o r  t h i s  

e n t i r e  pe r iod .  

The maximum age of a  c r e o s o t e  bush may b e  es t imated  by assuming 

t h a t  i ts  p a r t i c l e  c a p t u r e  e f f i c i e n c y  is  0% u n t i l  i t  reaches  m a t u r i t y  

and i s  100% t h e r e a f t e r .  Adding t h e  matura t ion  age t o  t h e  minimum 

age determined above w i l l  t h e n  g i v e  t h e  es t imated  maximum age.  

S ince  t h e  matura t ion  age  is es t imated  a s  50 y e a r s ,  t h e  maximum age 

I 
of t h e  t e s t  bush i s  es t imated  t o  be 130 y e a r s .  



8.4 Transport of Radioac t iv i ty  

Af te r  t he  r e l e a s e  of plutonium from ground zero ac GZrS, t he  

r ad ioac t ive  p a r t i c l e s  s e t t l e d  on t h e  s o i l  sur face .  LaJith weathering 

they migrated downward, but  t he  h ighes t  a c t i v i t y  i s  s t i l l  found a t  

the  surface! The eroding s o i l  comes from t h i s  sur face  s o i l .  The 

erosion process s t r i p s  t h e  s o i l  with t h e  h ighes t  r a d i o a c t i v i t y  from 

t h e  d e s e r t  pavement and depos i t s  i t  i n  t h e  hummocks. Thus the  

a c t i v i t y  per gram of t h e  hummock s o i l  i s  g rea t e r  than t h a t  of t he  

d e s e r t  pavement, a s  shown by Tables 3 and 4.  The hummocks w i l l  be 

"hot ter"  than t h e  surrounding s o i l .  

This  a n a l y s i s  p r e d i c t s  t h a t  the  r a d i o a c t i v i t y  of t he  d e s e r t  

pavement wiJ .1  be slowly co l l ec t ed  by t h e  wind hummocks and t h a t  i t s  

ho r i zon ta l  movement downwind w i l l  proceed very slowly. Thus v e r t i c a l  

t r anspor t  through resuspension w i l l  be t he  major process by which 

r a d i o a c t i v i t y  escapes from t h e  C4X area .  

Because t h e  GMX s o i l  has  a  cemented su r f ace  c r u s t  and i s  protected 

by vegeta t ion ,  ho r i zon ta l  s o i l  movement is  minimal, aild t he re fo re  

l i t t l e  r a d i o a c t i v i t y  is t ranspor ted  by ho r i zon ta l  "erosion. This 

circumstance i s  fo r tuna te ,  f o r  i f  t h e  s o i l  cons is ted  of loose  p a r t i c l e s  

t h e  r a d i o a c t i v i t y  would spread much more r ap id ly  from a  contaminated 

s i t e .  Thus t h e  G>C< s i t e  i s  zn exce l l en t  l oca t ion  f o r  nuclear  

experiments involving sur face  r e l e a s e  of r a d i o a c t i v i t y .  



This  t h e s i s  i n v e s t i g a t e d  t h e  a i r f l o w  above and below shrub h e i g h t  

and i n s i d e  a bush. The y e a r l y  h o r i z o n t a l  e r o s i o n  f l u x  below shrub 

he igh t  and t h e  growth r a t e  of wind hummocks i n s i d e  t h e  shrubs  were 
I 

b o t h  estimaded. 

Wind p r o f i l e s  ob ta ined  above shrub h e i g h t  al lowed t h e  c a l c u l a t i o n  

I 
of t h e  t o t a l  stress and d r a g  c o e f f i c i e n t  above t h e  v e g e t a t e d  s u r f a c e .  

The d rag  c o e f f i c i e n t  was found t o  d e c r e a s e  w i t h  i n c r e a s i n g  wind speeds .  

Flow measurements below shrub h e i g h t  i n p l i e d  t h e  e x i s t e n c e  of 

a  l o g a r i t h m i c  wind p r o f i l e ,  a s c r i b e d  t o  t h e  development of an i n t e r n a l  

boundary l a y e r  downwind of t h e  sh rubs .  T h e i r  wide spacing and h i g h  

p o r o s i t i e s  made t h e  a i r f l o w  more r e p r e s e n t a t i v e  of a  f low over  

i n d i v i d u a l  roughness e lements  than  of a p l a n t  canopy flow. Ground 

stress e s t i m a t e s  from a l o g a r i t h m i c  wind p r o f i l e  and an e q u i l i b r i u m  

l a y e r  assumption bo th  gave i d e n t i c a l  r e s u l t s  under h i g h  wind c o n d i t i o n s .  

V e l o c i t y  p r o f i l e s  measured n e a r  and i n s i d e  a  bush evidenced t h e  

g r e a t  r e d u c t i o n  i n  wind speed produced by bush d rag .  I n  a d j u s t i n g  

t o  t h e s e  v e l o c i t y  r e d u c t i o n s ,  t h e  f low seemed t o  d i v e r g e  h o r i z o n t a l l y  

a s  much a s  i t  d i d  v e r t i c a l l y .  

Xeasurements of t h e  ground s t r e s s  and t h e  t o t a l  s t r e s s  above t h e  

v e g e t a t i o n l e n a b l e d  computation of t h e  d r a g  e x e r t e d  by t h e  v e g e t a t i o n .  

The c a l c u l  t e d  d rag  c o e f f i c i e n t  of a  s i n g l e  bush impl ied t h a t  t h e  bushes t 
were aerodynamical ly  ve ry  porous.  P a r t i t i o n i n g  t h e  t o t a l  d rag  i n t o  t h e  

components due t o  t h e  ground and t o  t h e  bush demonstrated t h a t  t h e  

p o r o s i t y  of t h e  sh rubs  cannot be  ignored when e s t i m a t i n g  t h e  e x t e n t  of 

e r o s i o n  p r o t e c t i o n  provided by v e g e t a t i o n .  Vegeta t ion was found t o  



s i g n i f i c a n t l y  reduce t h e  s u r f a c e  s t r e s s ,  even f o r  widely  spaced and 

porous shrubs .  

The t h r e s h o l d  s t r e s s  r e q u i r e d  t o  i n i t i a t e  s a l t a t i o n  was determined 

t o  be  c l o s e  t o ,  bu t  s l i g h t l y  g r e a t e r  than ,  t h e  minimum s u r f a c e  s t r e s s  

measured f o r  i n d i v i d u a l  p a r t i c l e s  forming a  smooth s u r f a c e .  T h i s  

t h r e s h o l d  speed i n c r e a s e  r e s u l t e d  from a combination of t h e  cementat ion 

of t h e  s u r f a c e  s o i l  c r u s t  and t h e  s t r e s s  absorbed by s u r f a c e  

p r o j e c t i o n s  such as pebbles .  

The y e a r l y  h o r i z o n t a l  a e o l i a n  t r a n s p o r t  below bush h e i g h t  was 

es t imated  from wind and s o i l  m o i s t u r e  d a t a ,  based upon a c t u a l  f i e l d  

measurements. The v e r y  low v a l u e  found, 40 g r a m  per  year  pe r  cm 

width ,  was a s c r i b e d  t o  b o t h  t h e  g r e a t  s t a b i l i t y  of t h e  cemented 

s u r f a c e  c r u s t  and t h e  p r o t e c t i v e  e f f e c t  of t h e  v e g e t a t i o n .  

Arguments were p resen ted  s u p p o r t i n g  t h e  assumption of a  h i g h  

f i l t e r i n g  e f f i c i e n c y  f o r  c r e o s o t e  bushes ,  w i t h  t h e  bushes sweeping 

ou t  most of t h e  e rod ing  p a r t i c l e s  i n c i d e n t  upon then.  Sur face  

s t r e s s  e s t i m a t e s  demonstrated t h a t  wind hummocks cannot grow l a r g e  

enough i n  t h e i r  l i f e t i m e  under t h e  low e r o s i o n  f l u x  c o n d i t i o n s  of 

t h e  GKX a r e a  t o  s i g n i f i c a n t l y  a f f e c t  t h e  ground s t r e s s  i n s i d e  t h e  

I 
bush. There fore ,  t h e  limitation t o  hummock growth was found t o  be 

t h e  l i f e  span of t h e  c r e o s o t e  bush. The es t imated  age of a  bush 

based upon i t s  hummock h e i g h t  w a s  comparable t o  t h e  c r e o s o t e  bush 

l i f e  span. 

It is  concluded t h a t  t h e  a e o l i a n  h o r i z o n t a l  s o i l  e r o s i o n  i s  

mainly t rapped by bushes i n  t h e i r  humnocks, and t h i s  mode of 

r a d i o a c t i v e  t r a n s p o r t  over  l a r g e  d i s t a n c e s  i s  a n  extremely slow 

one. Thus ' the  major escape  of r a d i o a c t i v i t y  from t h e  GMX a r e a  must 



be through the  resuspension of s m a l l  p a r t i c l e s .  These can be l i f t e d  

high above the  ground and ho r i zon ta l ly  t ranspor ted  by t h e  wind 

l a r g e  d i s t ances  i n  a  r e l a t i v e l y  sho r t  time. 
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EFFECT OF XE&Y Am FLUCTUATf?lG VERTICAL VELOCITY 
ON iNEASURZD HORIZONTAL VELOCITY 

A  hot  l i r e  anemometer measures t h e  v e l o c i t y  of moving a i r  i n  a  

p lane  perpend icu la r  t o  t h e  w i r e  axis. With t h e  =is o r i e n t e d  h o r i -  

z o n t a l l y  t h e  v e c t o r  sum of t h e  h o r i z o n t a l  and t h e  v e r t i c a l  v e l o c i t i e s  

('meas 
) w i l l  be  measured: 

I n  t h e  d a t a  r e d u c t i o n  p rocess ,  a v o l t a g e  was f i r s t  conver ted i n t o  an 

e q u i v a l e n t  U and t h e  measured v e l o c i t i e s  were averaged i n t o  a  mean meas 

Since : 

I 
then  n e g l e c t i n g  h i g h e r  o r d e r  terms: 

A . 1  E r r o r  Due t o  Non-zero Mean V e r t i c a l  Ve loc i ty  

I f  t u r b u l e n t  f l u c t u a t i o n s  a r e  n e g l e c t e d ,  Zq. (A-3) becomes: 



The v e i o c i t y  p r q f i l e s  t aken  upwind, downwind, and i n s i d e  of t h e  

t e s t  bush can be  used t o  e s t i m a t e  t h e  mean v e r t i c a l  v e l o c i t y .  I f  t h e  

volume occupied by t h e  branches  is much l e s s  than  t h e  bush volume, then  

t h e  c o n t i n u i t y  equa t ion  becomes: 

The aV/ay term w i l l  be  n e g l e c t e d ,  r e s u l t i n g  i n  a  maximum v e r t i c a l  
I 

v e l o c i t y  e s t i m a t e  (W ) from f i n i t e  d i f f e r e n c e s :  
max 

I 

Using t h e  v e l o c i t y  p r o f i l e s  t o  measure AU/Ax, t h e  l a r g e s t  v a l u e  of 

W / U  is  found t o  b e  0.15. S u b s t i t u t i o n  i n  Eq .  (A-4) r e s u l t s  i n  
m a x  - 

'meas = 1.01 U. There fore ,  t h e  e f f e c t  of t h e  mean v e r c i c a l  v e l o c i t y  

on t h e  measured h o r i z o n t a l  v e l o c i t y  may be neg lec ted .  

A.2 E r r o r  Due t o  V e r t i c a l  Ve loc i ty  F l u c t u a t i o n s  

I f  W 1 0,  Eq.  (A-3) becomes: 

-- 
Assuming w2/u2 = 0.27 ( F r o s t  e t  a l . ,  1975) ,  then  t h e  l a r g e s t  t u r b u l e n t  

- 
i n t e n s i t y  observed,  &/U = 0 .7 ,  g i v e s  U = 1.07 U. The more 

meas 

normal t u r b u l e n t  i n t e n s i t y  of 0 .3  r e s u l t s  i n  = 1 .01  U .  Thus 
I meas 
I under a l l  b u t  t h e  most extreme c o n d i t i o n s  t h i s  source  of e r r o r  

is  n e g l i g i b l e .  

I 



APPENDIX B 

STXSS ESTLUTION FROM EQUILIBRILX LAYER A S S W T I O N  

A s  d e f i n e d  by Townsend (1961),  an  "equ i l ib r ium layer"  i s  a r e g i o n  

where e q u i l i b r i u m  e x i s t s  between t h e  l o c a l  r a t e s  of energy p roduc t ion  
I 

and d i s s i p i t i o n .  I n  g e n e r a l  t h e  t u r b u l e n t  k i n e t i c  energy of a  f low 

may depend a s  much on t r a n s p o r t  p rocesses  from remote l o c a t i o n s  a s  

on t h e  l o c a l  p roduc t ion  and d i s s i p a t i o n .  Near a  r i g i d  boundary, 

however, t h e  f low is  o f t e n  v i r t u a l l y  u n a f f e c t e d  by t h e  flow i n  

a d j a c e n t  a r e a s .  Equ i l ib r ium,  o r  quas i -equ i l ib r ium,  l a y e r s  have a  

u n i v e r s a l i t y  of s t r u c t u r e  independent of t h e  h i s t o r y  of t h e  f low,  

r e s u l t i n g  i n  a  s imple  dependence of t h e  mean v e l o c i t y  g r a d i e n t  on 

I ,  
t h e  Reynolds s t r e s s  and d i s t a n c e  from t h e  boundary, i . e .  apparen t  

v a l i d i t y  of t h e  mixing l e n g t h  momentum t r a n s f e r  theory .  The most 

f a m i l i a r  e q u i l i b r i u m  l a y e r  i s  a  c o n s t a n t  s t r e s s  r e g i o n  which h a s  

a  l o g a r i t h m i c  v e l o c i t y  p r o f i l e .  However i n  f lows w i t h  an a d v e r s e  

p r e s s u r e  g r a d i e n t  t h e  c o n s t a n t  s t r e s s  r e g i o n  forms o n l y  a  smal l  

p a r t  of t h e  t o t a l  e q u i l i b r i u m  l a y e r  (Townsend, 1961). 

Laboratory  exper iments  examining t h e  f low n e a r  bo th  smooth and 

v e r y  rough w a l l s  have shown t h e  p roduc t ion  and g e n e r a t i o n  terms t o  

q r e a t l y  exceed t h e  o t h e r  terms of t h e  t u r b u l e n t  energy equa t ion  

I 
n e a r  t h e  w a l l  ( H a n j a l i c  and Launder, 1972; Klebanoff ,  1955; 

Townsend, 1951). Th i s  e q u i l i b r i u m  r e g i o n  where t h e  p roduc t ion  and 

d i s s i p a t i a n  terms ba lance  covered 1 /5  of t h e  boundary l a y e r  d e p t h ,  

o r  about  iO times t h e  h e i g h t  of t h e  roughness e lements  f o r  a  rough 

s u r f a c e .  Both terms inc reased  g r e a t l y  c l o s e  t o  t h e  s o l i d  boundary. 



An e q u i l i b r i u m  r e g i o n  h a s  a l s o  been found c l o s e  t o  t h e  w a l l  downwind 

of a model windbreak (Good and J o u b e r t ,  1968).  

The use  of an  assumed e q u a l i t y  between n e c h a n i c a l  energy p roduc t ion  

and d i s s i p a t i o n  t o  c a l c u l a t e  t h e  momentum f l u x  i n  t h e  atmosphere w a s  

f i r s t  proposed by Deacon (1959) and demonsrrared by Taylor (1951). 

Under n e u t r a l  c o n d i t i o n s  w i t h  l o c a l l y  i s o t r o p i c ,  h o r i z o n t a l l y  homogeneous, 

and s t a t i o n a r y  tu rbu lence ,  t h e  t u r b u l e n t  energy equa t ion  reduces  t o :  

and s i v e s :  
I 

I when a l o g a r i t h m i c  v e l o c i t y  p r o f i l e  is  assumed. 

I n  t h e  fol lowing s e c t i o n s  t h e  u s e  of Eq.  (3-2) t o  measure t h e  
I 

ground f r i g t i o n  v e l o c i t y  w i l l  be j u s t i f i e d  f o r  t h e  f low bo th  o u t s i d e  

and i n s i d e  a bush a t  a  h e i g h t  of 4 cm. I n  bo th  c a s e s ,  t h e  assumption i s  

made t h a t  t h e  s h e a r  s t r e s s  measured v e r y  n e a r  t h e  ground i s  equa l  

t o  t h a t  a t  t h e  ground i t s e l f .  Th i s  is v a l i d  f o r  a  s p o t  between 

shrubs ,  bu t  less apparen t  f o r  bush flow. Support f o r  t h e  l a t t e r  

ome from IJ i lson and Shaw (1976) whose model f o r  canopy 

f low f o u n d l i t t l e  s h e a r  s t r e s s  v a r i a t i o n  c l o s e  t o  t h e  ground. 

I 
W h i l e t h e  e q u i l i b r i u m  between produc t ion  and d i s s i p a t i o n  i s  

more f u l l y r e a l i z e d  c l o s e r  t o  t h e  ground, i t  does no t  extend t o  

I 
t h e  v i s c o u s  r e g i o n  where t h e  tu rbu lence  Reynolds number i s  so  s m a l l  

t h a t  v i s c o h s  e f f e c t s  become important  and l o c a l  i s o t r o p y  no l o n g e r  

e x i s t s .  Tpe e q u i l i b r i u m  depends upon f u l l y  t u r b u l e n t  (h igh Reynolds 
I 

number) f low,  bu t  t h i s  i s  c e r t a i n l y  t h e  c o n d i t i o n  a t  a  4 cm h e i g h t .  

I 



To u s J  Eq. (B-2) a  v e l o c i t y  spectrum d e n s i t y  f u n c t i o n  

was found biy F o u r i e r  t r a n s f o r m a t i o n  of t h e  ho t  w i r e  anemometer d a t a .  

For t h e  i n $ r t i a l  subrange,  t h e  v e l o c i t y  s p e c t r a i  d e n s i t y  f u n c t i o n  

[ sU(n) ]  

where a = one-dimensional Kolmagorov c o n s t a n t  
1 

n = f requency 

I 
so  a  s t r a i g h t  l i n e  w i t h  a s l o p e  of  -513 was f i t  by eye t o  t h e  i r i e r t i a l  

subrange od a  i n  [ sU(n) ]  v s .  n  curve,  from which E could be  c a l c u l a t e d  

us ing  a  v a l u e  of 0 .5  f o r  a 
1 ' 

B . l  Flow qetween Shrubs 

I n  t h i s  s e c t i o n  t h e  u s e  of Eq. (B-2) w i l l  be  j u s t i f i e d  f o r  f low 

o u t s i d e  a  bush. Some disagreement  h a s  been voiced over  whether t h e  

t u r b u l e n t  energy equa t ion  e q u i l i b r i u m  i s  between t h e  d i s s i p a t i o n  

term and t h e  t o t a l  (mechanical and bouyancy) product ion terms (Busch 

and Panofsky, 1968) o r  j u s t  t h e  mechanical  p roduc t ion  term ( F i c h t e l  

and ~ c v e h i l ! ,  1970). I n  t h e  most complete s tudy  t o  d a t e ,  Wyngaard 

and Cote' 
1971) showed t h a t  t h e  d i s s i p a t i o n  exceeds t h e  t o t a l  

p roduc t ion  s l i g h t l y  f o r  non-neutra l  c o n d i t i o n s  (Fig.  2 3 ) .  There fore  

t h e  magni t ide  of t h e  bouyancy term can  be  important  and must b e  

es t imated .  ' The bouyant p roduc t ion  term g %IT cannot be  computed 

d i r e c t l y  £:om t h e  a v a i l a b l e  d a t a .  An i n d i r e c t  approach u s i n g  

s i m i l a r i t y  theory  r e s u l t s  w i l l  be  u t i l i z e d .  

The e x t e n s i v e  i n v e s t i g a t i o n  of t h e  a tmospher ic  energy budget 





f o r  t h e  imbhlance between mechanical  t u r b u l e n t  energy p roduc t ion  

and d i s s i p a t i o n :  

I 
where t h e  imbalance term I is  a f u n c t i o n  of 5. This  imbalance r e s u l t s  

from t h e  sub of t h e  bouyant p roduc t ion ,  t h e  p r e s s u r e  t r a n s p o r t ,  

d i r e c t l y  and concluded t h a t  below 5 m t h i s  term i s  n e g l i g i b l e  under 

n e u t r a l  cond i t ions .  The t e r m  i s  s m a l l  i n  i t s e l f  and i t  i s  a l s o  

p a r t i a l l y  balanced by t h e  t u r b u l e n t  t r a n s p o r t  terms.  Thus t h e  

and t h e  t u r b u l e n t  t r a n s p o r t  terms of t h e  t u r b u l e n t  k i n e t i c  energy 

imbalance term is mainly due t o  bouyancy p roduc t ion .  Combining 

i t h  t h e  d i a b a t i c  v e l o c i t y  g r a d i e n t  express ion  of Businger ,  

equa t ion .  

e t  a l .  (1971),  Champagne, e t  a l .  (1977) d e r i v e d  t h e  r e s u l t :  -- 
I 

E l l i o t t  (1972) measured t h e  p r e s s u r e - v e l o c i t y  c o r r e l a t i o n  

I 
where y = d i a b a t i c  c o r r e c t i o n  f a c t o r  = [l + 0 . 5  ( 5 1  2'31-31 2 ,  They 

I 
obta ined  &od agreement between i n d i r e c t  measurements of u, u s i n g  

Eq. (B-5) and d i r e c t  measurements u s i n g  a t  a 4 meter h e i g h t  i n  

a  Minnesota f i e l d .  

To e s t i m a t e  t h e  d i a b a t i c  c o r r e c t i o n  f a c t o r  y a t  a  4 cm h e i g h t  

f o r  t h e  i s o l a t e d  s p o t ,  5 must f i rst  be es t imated .  A derivation 

1 r e s u l t s  in .  

I 



I For z = 4 cm, and assuming: 

1 )  \/K + 1.35 a s  5 += 0 (Sus inger ,  1971) 
m 

2 )  aT/az >> I' v e r y  c l o s e  t o  t h e  ground 

3)  (U,)g = 0.114 U ( 4  cm) 

4) U(,4 cm) = 1 misec and T(4 cm) = 4 2 ' ~  

5 )  aT/az = -0 .67°~ /cm @ 4 cm, based upon a f i t  of t h e  observed 
t empera tu res  t o  t h e  t empera tu re  p r o f i i e  e q u a t i o n s  of l ia lurkar  
and Ramdas (1931). 

I 
I The computed v a l u e s  a r e  5 = -0.050 and y = 0.97. 

There fore ,  t h e  mechanical  p roduc t ion  dominates t h e  bouyant 

p roduc t ion  of  t u r b u l e n t  k i n e t i c  energy a t  t h i s  h e i g h t ,  i . e .  t h e  

v e l o c i t y  g r a d i e n t  n e a r  t h e  bounary dominates t h e  t empera tu re  g r a d i e n t  

i n  producing t u r b u l e n t  k i n e t i c  energy.  For a l l  p r a c t i c a l  purposes ,  

t h e r e f o r e ,  Eq.  (B-2)  can be used t o  e s t i m a t e  ( u , ) ~  from t h e  
D 

d i s s i p a t i o n ,  i . e .  t o  a good approximat ion y = 1 v e r y  c l o s e  t o  t h e  

ground. Th is  r e s u l t  is  supported by Hess and Panofsky (1966) and I 
E l l i o t t ( 1 9 7 2 ) ,  who b o t h  found t h a t  t h e  e q u i l i b r i u m  of t h e  p roduc t ion  

and d i s s i p a t i o n  t e r n s  of t h e  t u r b u l e n t  k i n e t i c  energy equa t ion  is 

n o t  s i g n i f ' c a n t l y  a f f e c t e d  by bouyancy w i t h i n  6 m of t h e  ground, f 
even f o r  q u i t e  u n s t a b l e  c o n d i t i o n s .  (U,) c a l c u l a t e d  by t h i s  method 

g 

f o r  a n  i s o l a t e d  s p o t  i s  found t o  be  a f u n c t i o n  of wind speed,  

approaching under h i g h  wind c o n d i t i o n s  t h e  0.114 v a l u e  d e r i v e d  by 

assuming a l o g a r i t h m i c  wind p r o f i l e  below bush h e i g h t  (Table 10, 

Fig .  11) .  T h i s  r e s u l t  l e n d s  c redence  t o  t h e  arguments p resen ted  
I 

above, s i n h e  t h e  assumptions  r e q u i r e d  f o r  bo th  a l o g a r i t h m i c  wind 

Eq .  (B-2) are b e t t e r  met a t  h igher  wind speeds ,  and 

t h e r e f o r e  t h e  two methods of e s t i m a t i n g  (U*) should approach each 
g 

o t h e r  under such c o n d i t i o n s .  



TABLE 10 

(U,) o/U and (u,) m/o Between Shrubs a t  4 up. Height 
0 P u 



TABLE 10 (cont'd) 

Average 

(A) Based upon 5 second wind averages 

(B) From velocity spectrum measurements 

(c) Using (u,)~ = Ckz~l 1 /3  



1 B . 2  Flow n s i d e  a  Sush 

The c o n d i t i o n s  f o r  an  e q u i l i b r i u m  l a y e r  i n s i d e  a  bush a r e  d i f f i c u l t  

t o  e s t a b l i s h  t h e o r e t i c a l l y  and must be  escimated from exper imental  

measurements. Before making t h e s e  c a l c u l a t i o n s ,  some r e s u l t s  from 

exper iments  i n  v e g e t a t i v e  canopies  w i l l  be  n e n t i o i e d .  Cionco (1965) 

de r ived  t h e  mixing l e n g t h  v a r i a t i o n  w i t h  h e i g h t  from v e g e t a t i v e  

canopy wind measurements. H e  found a c o n s t a n t  p r o p o r t i o n  between 

I 
t h e  mixing l e n g t h  and h e i g h t  f o r  t h e  lower q u a r t e r  of a  canopy, 

t h e  p r o p o r t i o n a l i t y  c o n s t a n t  being c l o s e  t o  t h e  von Kaman c o n s t a n t .  

Above t h i s  r e g i o n  t h e  roughness element e f f e c t  upon t h e  flow was 

e v i d e n t ,  as t h e  mixing l e n g t h  remained c o n s t a n t  w i t h  h e i g h t .  Uchijima 

and Wright (1964) found s i m i l a r  r e s u l t s  up t o  h a l f  t h e  canopy h e i g h t  

f o r  a  corn  c rop  of r e l a t i v e l y  s p a r s e  spac ing ,  whi le  Schuepp and 

White (1975) found a l o g a r i t h m i c  v e l o c i t y  r e g i o n  up t o  one- tenth  

t h e  h e i g h t  of t h e i r  model canopy of c l o s e l y  spaced e lements .  Wilson 

and Shaw (1976) used a t u r b u l e n c e  c l o s u r e  scheme canopy f low and found 

t h e  d i s s i p a t i o n  t o  ba lance  t h e  p roduc t ion  up t o  0.15 t h e  canopy 

h e i g h t .  These r e s u l t s  imply t h a t  t h e  lower l a y e r  is  a n  e q u i l i b r i u m  

reg ion .  The dep th  of t h e  e q u i l i b r i u m  r e g i o n  may depend upon t h e  

spac ing  of t h e  branches  i n  t h e  canopy. 

The necessa ry  e q u i l i b r i u m  l a y e r  c o n d i t i o n s  w i l l  now be e s t i m a t e d  

f o r  a  c r e o s o t e  bush from f i e l d  measurements. The bouyancy term w i l l  

be neg lec ted ,  as t h e  last s e c t i o n  found i t  t o  be n e g l i g i b l e .  The 

I 
c o n d i t i o n  t h a t  t h e  t r a n s p o r t  terms b e  much l e s s  than  t h e  p roduc t ion  

terms i s  s a t i s f i e d ,  assuming two-dimensional f low and n e g l e c t i n g  

buoyancy p roduc t ion ,  when: 



I 

The following assumptions a r e  made: 

1) q = 7  

2) (u,) i n s i d e  bush = 0.3 (U,) ou t s ide ,  based upon the r e s u l t s  
!3 g  

of su r f ace  s t r e s s  p red ic t ions  
I 

3)  a u ' / a ~  = (u*) JICZ 

- 2  
4) -uw- (U*Ig .  

t4easuremenes, ad jus ted  by assuming t h a t  U and u  a r e  propor t iona l  t o  a  

re ference  v e l o c i t y  a t  a 2 m height ,  give:  

1) U(4 cm)(inside bush) = 0.176 U(2 m) 

2) (Uk)o(outside bush) = 0.054 U(2 m) 
0 

-4 2  
3) A ( ~ > / A x  = -(5.2 x 10 ) U (2  m) 

I 
4) ~ ( 4  cm) = 0.0015 U(2 m), based upon con t inu i ty  equation 

c a l c u l a t i o n s  i n  Appendix A 

7 
5) A ( ~ ) / A Z = O . O ~ ~ U - ( ~ ~ )  

and Eq. (B-6) then becomes: 

-5 3 -5 3 -5 3 
[-9x10 ]U (2  m) + [8x10 ]U ( 2  m) << [26x10 ]U ( 2  m). (B-8) 

This  condit ion appears t o  be wel l  met, but  only because the  two 

advection terms cancel  each o the r  ou t .  There i s  no doubt t h a t  t h i s  

i s  q u a l i t a t i v e l y  t r u e ,  f o r  t h e  ho r i zon ta l  v e l o c i t y  flow t r a v e l s  from 

I a  higher turbulence region t o  a  lower one while t he  v e r t i c a l  ve loc i ty  

flow does t h e  opposi te .  But while t h e  ho r i zon ta l  advection term 

es t imate  i s  based upon adequate measurements, t he  magnitude of the  

v e r t i c a l  advection i s  based on measurements with a v e r t i c a l  spacing 

so l a r g e  t h a t  t h e  ca lcu la ted  va lue  can only be considered a  rough 

est imate.  



A second c r i t e r i a  t h a t  must be  m e t  is  f o r  t h e  d i f f u s i o n  terms 

a l s o  t o  be  much l e s s  than  t h e  p roduc t ion  terms,  i . e . :  

Es t imat ing  t h e  d i f f u s i o n  terms d i r e c t l y  i s  n o t  p o s s i b l e ,  bu t  Townsend 

(1961) s t a t e s  t h a t  they  a r e  u s u a l l y  of t h e  o r d e r  (q)312, which f o r  

t h e  p r e s e n t  c a s e  i s  about  0.010. Eq. (B-9) t h e n  becomes 0.010 << 

h 0.086, so  t i s  c o n d i t i o n  i s  a l s o  reasonab ly   ell m e t .  

S i n c e  bo th  c o n d i t i o n s  are m e t ,  i t is  assumed t h a t  t h e  l o c a l  

t u r b u l e n t  k i n e t i c  energy p roduc t ion  e q u a l s  t h e  l o c a l  d i s s i p a t i o n  

i n s i d e  t h e  bush a t  a h e i g h t  of 4 cm. There fore  Eq. (B-2) can be  used 



APPENDIX C 

STRESS ESTIWTION FROM TURBULEXCE INTEXSITY .YE%SUREAYEMTS 

Many i n v e s t i g a t o r s  have e m p i r i c a l l y  es t imated  s t r e s s  by assuming 

u, a 5 o r  u, a c. T h i s  assumption is based upon exper imental  d a t a .  
u 

For example, H a n j a l i c  and Launder (1972) found t h e  r a t i o  between 

u, and 6 t o  b e  c o n s t a n t  f o r  an  e x t e n s i v e  d e p t h  i n  f low over  a rough 

s u r f a c e .  

Unfor tuna te ly  t h e  p r o p o r t i o n a l i t y  c o n s t a n t s  ob ta ined  show 

c o n s i d e r a b l e  s c a t t e r ,  even when p l o t t e d  a g a i n s t  s t a b i l i t y  ( c ) .  Panofsky 

(1969) s t a t e s  t h a t  t h e r e  is l i t t l e  r e a s o n  t o  expect  u,./u t o  be a 
" u 

l I u n i v e r s a l "  f u n c t i o n  of  r due t o  t h e  l a c k  of  similarity between 

d i f f e r i n g  s i t e s .  For n e u t r a l  a tmospher ic  c o n d i t i o n s  u*/a v a l u e s  of 
u 

0.40 ( F r o s t ,  e t  a l . ,  1975) ,  0.43 (McBean, 1971),  and 0.56 (Kaimal e t  a l . ,  

1972) have been r e p o r t e d .  Laboratory  exper iments  f o r  homogeneous 

s h e a r  flowh r e p o r t e d  u * / f i v a l u e s  from 0.52 t o  0.57 (Hanja l i c  and 

Launder, 19721, where < = 5 . Wilson and Shawls (1976) t u r b u l e n c e  

I u 

c l o s u r e  t h e o r y  f o r  a canopy p r e d i c t e d  u*/a = 0.53 c l o s e  t o  t h e  ground. 
u 

mht a t  t h e  bush s i te ,  Measurements of (U,) /a t aken  a t  a 4 cm hei, 
g u 

u s i n g  (U*) v a l u e s  determined from d i s s i p a t i o n  measurements, averaged 
8 

t o  0.37 ( o  = 0.05) f o r  24 measurements (Table  l o ) ,  somewhat lower 

than  t h e  v a l u e s  quoted above. However, Grass  (1971) has  shown t h a t  

f o r  f low over  a rough boundary t h i s  r a t i o  is  no t  r e a l l y  a c o n s t a n t  

bu t  d e c r e a s e s  c l o s e  t o  t h e  s u r f a c e .  There fore ,  t h e  c a l c u l a t e d  r a t i o  

I 
was b e l i e v e d  t o  be v a l i d .  T h i s  r a t i o  ob ta ined  f o r  a s p o t  f a r  removed 

from the  bushes w a s  used t o  e s t i m a t e  s u r f a c e  s t r e s s  n e a r  and i n s i d e  

t h e  bush. 
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