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FOREWORD 
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F l i g h t  Center ,  was t h e  s c i e n t i f i c  monitor,  and support  was provided by 

Mr. John Enders of t h e  Aeronautical  Operating Systems O f f i c e ,  Off ice  of 

Advanced Research and Technology, NASA Headquarters. 

The r e s e a r c h  reported i n  t h i s  document i s  concerned wi th  t h e  r e s u l t s  of 

s t u d i e s  of wind and turbulence i n  t h e  f i r s t  150 m of the  atmospheric 

boundary layer .  

models of  t h e  s t a t i s t i c a l  p r o p e r t i e s  of  atmospheric turbulence f o r  t h e  

des ign  and s a f e  opera t ion  of a e r o n a u t i c a l  systems. Atmospheric turbulence 

models p l a y  a number of c r u c i a l  r o l e s  i n  the design and o p e r a t i o n  o f  

a e r o n a u t i c a l  systems. F i r s t ,  they provide f o r  t h e  development gust  des ign  

c r i t e r i a ;  second , they provide f o r  t h e  development of atmospheric turbulence 

s imula t ion  procedures whereby c o n t r o l  systems can be evaluated and p i l o t s  

can be t r a i n e d .  F i n a l l y ,  they provide a b a s i s  whereby the  c u r r e n t  requi re -  

ments, c r i t e r i a ,  and procedures f o r  repor t ing  winds and turbulence t o  p i l o t s  

p r i o r  t o  take-off  o r  t h e  f i n a l  approach can be eva lua ted ,  updated and 

improved, a s  w e l l  a s  f o r  t h e  development of poss ib ly  needed new procedures 

The motivat ion behind t h i s  research  i s  t h e  development of 

It is  bel ieved t h a t  t h e  m o d e l s  reported h e r e i n  w i l l  c o n t r i b u t e  s i g n i f i c a n t l y  

t o  t h e s e  a r e a s  of a e r o n a u t i c a l  i n t e r e s t ,  e s p e c i a l l y  t o  the  development of 

atmospheric turbulence s imulat ion procedures. 

vii 



I. INTRODUCTION 

Cer ta in  s ta t is t ics  of a i r f l o w  near t h e  ground are of s p e c i a l  

i n t e r e s t  t o  designers  of a e r o n a u t i c a l  and aerospace v e h i c l e s  and systems. 

These inc lude  t h e  mean wind p r o f i l e ;  var iances  of t h e  v e l o c i t y  components ; 

s p e c t r a  of t h e  v e l o c i t y  components and of dynamic pressure ;  and cospectra  

between v e l o c i t y  components a t  d i f f e r e n t  l e v e l s .  

c a l l e d  "predictands". Two sets of "predictors" w i l l  b e  considered : e i t h e r  , 

condi t ions  c l o s e  t o  t h e  ground measured l o c a l l y ;  o r  la rge-sca le  d a t a  a v a i l a b l e  

from weather maps and astronomical t a b l e s .  

These q u a n t i t i e s  w i l l  be  

The problem of es t imat ing  t h e  predictands a t  Cape Kennedy from l o c a l  

v a r i a b l e s  h a s  been discussed i n  previous r e p o r t s ,  and w i l l  be  summarized 

only b r i e f l y  here .  I n  t h i s  r e p o r t ,  emphasis is placed on t h e  problem of 

es t imat ing  t h e  statistics requi red  from large-scale  v a r i a b l e s .  

Monin-Obukhov theory p r e d i c t s  t h a t  the  s t a t i s t i c s  o f '  atmospheric f l o w  

over homogeneous t e r r a i n  i n  equi l ibr ium i n  the  "surf ace layer"  are completely 

determined by t h r e e  parameters:  t h e  roughness length ,  z - t h e  f r i c t i o n  
0, 

v e l o c i t y ,  u*; and t h e  Monin-Obukhov length ,  L ,  def ined by: 

Hence, c is  t h e  s p e c i f i c  h e a t  a t  cons tan t  pressure ,  T temperature,  p d e n s i t y ,  

g g r a v i t y ,  k von Karman's cons tan t ,  and H the ver t ical  h e a t  flux ( including 

t h e  e f f e c t  of moisture  on buoyancy). 
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The "surface layer"  is defined as t h a t  reg ion  i n  which t h e  ver t ical  

v a r i a t i o n  of u*, H and t h e r e f o r e  L can be neglected.  

t r u e  only i n  t h e  lowest 30 m o r  so ;  t h e  p o s s i b i l i t y  remains, however, t h a t  

t h e  r e l a t ionsh ips  v a l i d  i n  t h e  su r face  l a y e r  may apply up t o  t h e  t o p  of t h e  

Kennedy tower (150 m), i f  s u r f a c e  va lues  of f r i c t i o n  v e l o c i t y ,  h e a t  f l u x  and 

L could be i n s e r t e d  i n t o  these  r e l a t i o n s .  The r e l a t i o n s ,  and tests of t h e i r  

v a l i d i t y  up t o  150 m are discussed i n  Chapter IV. 

This i s  approixmately 

The roughness length  i s  needed i n  t h e  es t imat ion  of t h e  pred ic tands  

both from l o c a l  and from e x t e r n a l  v a r i a b l e s .  Therefore a s e p a r a t e  chapter ,  

Chapter 11, i s  devoted t o  i t s  determinat ion a t  Cape Kennedy. 

The determinat ion of u* and L from l o c a l  v a r i a b l e s  has  been discussed 

i n  e a r l i e r  r e p o r t s  and w i l l  be summarized b r i e f l y  i n  Chapter 111. 

est imat ion of t h e  same q u a n t i t i t e s  from la rge-sca le  v a r i a b l e s  formed a major 

p a r t  of t h i s  p r o j e c t ,  and i s  discussed both on t h e  b a s i s  of theory and 

measurements i n  Chapter V. 

The 

Combination of t h e  r e s u l t s  of Chapter 11, 111, and V l e a d s  t o  techniques 

f o r  es t imat ion of the  predictands from la rge-sca le  v a r i a b l e s  only.  These 

methods, and a test of t h e i r  accuracy, are given i n  Chapter VI. Chapter VI1 

gives i n s t r u c t i o n s  f o r  t h e  es t imat ion  of t h e  v a r i o u s  s t a t i s t i c s  from u s u a l l y  

observed d a t a .  

p roper t ies  of t i m e  series of atmospheric turbulence a t  Cape Kennedy and else- 

where. 

F i n a l l y ,  an appendix d iscusses  s t a t i s t i c a l  and mathematical 

The tower and instrumentat ion a t  Cape Kennedy w i l l  n o t  he descr ibed i n  

d e t a i l  here ,  s i n c e  t h i s  has  been done by o t h e r  a u t h o r s ,  e . g . ,  by F i c h t l  and 

2 



McVehil (1970). Suff ice  i t  t o  say here that mean and f luctuating wind, 

as w e l l  a s  mean temperatures were avai lable  a t  six l eve l s :  18 m,  30 m, 

60 m, 90 m,  120 m and 150 m.  

Some of the material i n  t h i s  report has been discussed i n  two previous 

reports,  NASA CR-1410 and NASA CR-1889; these will be referred t o  as  Reports 1 

and 2,  respectively.  

3 



11. DETERMINATION OF ROUGHNESS LENGTH AT CAPE KENNEDY 

Roughness l eng th  i s  usua l ly  determined from wind p r o f i l e s ,  p re fe rab ly  

iinrlpr n e i ~ t r d  c o n d i t i m s ,  a l though altsriiative methods have been suggested 

i n  e a r l i e r  r epor t s .  Determination of roughness l eng ths  from wind p r o f i l e s  

presupposes a thorough understanding of p r o f i l e  theory,  above t h e  s u r f a c e  

l aye r .  A t  t h e  t i m e  of wr i t i ng  of t h i s  r e p o r t ,  numerous p r o f i l e s  have been 

processed so t h a t  t h e i r  p r o p e r t i e s  could be eva lua ted  s u f f i c i e n t l y  w e l l  t o  

suggest  r e l i a b l e  estimates of roughness lengths .  To s impl i fy  mat ters ,  only 

n e u t r a l  condi t ions  are considered f i r s t .  This i s  accomplished by cons ider ing  

only  average p r o f i l e s  of ind iv idua l  runs ,  f o r  which the  Richardson number 

between 18 and 30 m l ies  between -.05 and +.05. 

Up t o  150 m ,  i t  i s  presumably l e g i t i m a t e  t o  o b t a i n  equat ions  f o r  t he  

wind p r o f i l e  under the  assumption t h a t  t h e  wind d i r e c t i o n  i s  i n v a r i a n t  w i t h  

he ight .  Then, w e  may de r ive  express ions  f o r  t h e  p r o f i l e  over homogeneous 

t e r r a i n  by i n t e g r a t i o n  of t h e  d i f f e r e n t i a l  equat ion  f o r  wind u as a func t ion  

of he ight  z :  

du 
dz 
- -  - u*/A 

This  equat ion may be considered a s  t h e  d e f i n i t i o n  of t h e  "mixing length",  A .  

The quant i ty  u* i s  the  l o c a l  f r i c t i o n  v e l o c i t y .  

l a y e r ,  t h e  f r i c t i o n  v e l o c i t y  i s  cons t an t  and A = kz ,  s o  t h a t  t h e  wind fo l lows  

the  f ami l i a r  logar i thmic  r e l a t i o n .  

Of course i n  t h e  s u r f a c e  

4 



The behavior  of t h e  f r i c t i o n  ve loc i ty  above t h e  f r i c t i o n  l a y e r  can be 

der ived  r igo rous ly  from t h e  equation of motion i n  t h e  d i r e c t i o n  of t h e  wind: 

Here, v 

wind u, and f is the C o r i o l i s  parameter. 

is  t h e  component of geos t rophic  wind at r i g h t  angles  t o  t h e  s u r f a c e  
g 

From t h e  theory  of t h e  geos t rophic  drag c o e f f i c i e n t  (see,  f o r  example, 

Blackadar and Tennekes, 1968), we have 

H e r e  B v a r i e s  w i th  s t a b i l i t y .  

f o r  B is about 5 ( fo r  f u r t h e r  d i scuss ion ,  see Chapter V ) .  I n t e g r a t i o n  then  

shows t h a t ,  very  nea r ly  

Under n e u t r a l  condi t ions  t h e  b e s t  estimate 

u* = u - 6fz 
*O 

where u is t h e  f r i c t i o n  v e l o c i t y  a t  the s u r f a c e .  
*O 

Since  the  mixing length ,  A ,  is kz near t h e  ground, and applying the  

s c a l i n g  appropr i a t e  f o r  t h e  n e u t r a l  p lane tary  boundary l a y e r ,  w e  may put :  

f z  A = kz F (-) 
*O 

U 

Here F is  presumably a un ive r sa l  function. 

has  suggested: 

For example, Blackadar (1962) 

fz -1 F = ( 1  + 63 u) 
*O 

(7) 

5 



I f  w e  now s u b s t i t u t e  equat ions (5) and ( 6 )  i n t o  (2), and i n t e g r a t e ,  we 

may w r i t e  formally:  

f z  Z U *O = - [ I n  + G (-)I 
U *O 0 

k 

f z  where G(-) i s  another  u n i v e r s a l  func t ion ,  r e l a t e d  t o  F.  In  p a r t i c u l a r ,  
*O 

U 

w i t h  Blackadar's hypothesis  f o r  F ,  t he  express ion  f o r  t he  wind p r o f i l e  can 

be w r i t t e n  

u* z u = - I n  - + 144 f z  
Z 
0 

k 

Figure  1 shows the  logar i thmic  wind p r o f i l e ,  and, f o r  cornparision, (9)  w i th  

roughness length  20 c m  and f r i c t i o n  v e l o c i t y  52 cm/sec. Clear ly ,  the  

Blackadar p r o f i l e  i n  semilogari thmic r ep resen ta t ion  curves s i g n i f i c a n t l y  

i n  t h e  lowest 100 m. 

Geometrically,  the  roughness length  i s  given by the  i n t e r c e p t  of t he  

p r o f i l e  wi th  the  ord ina te .  I n  p r a c t i c e ,  however, t he  roughness length  i s  

o f t e n  determined by cons t ruc t ing  a tangent  t o  t h e  observed p o r t i o n  of the 

p r o f i l e  and determining z 

based on the  assumption of a logar i thmic  wind p r o f i l e .  C lea r ly ,  i f  the  

a c t u a l  p r o f i l e  is as s t rong ly  curved as Blackadar 's  p r o f i l e ,  the  roughness 

l eng th  would then be s t rong ly  overest imated.  

importance t o  analyze p r o f i l e s  observed under h y d r o s t a t i c a l l y  n e u t r a l  cond i t ions  

i n  order t o  s tudy t h e i r  curva ture .  

from i t s  i n t e r c e p t  w i th  the  o r d i n a t e ,  a procedure 
0 

It is t h e r e f o r e  of g r e a t  



I 

E 
L 

N 

* 

u, m /sec 

Figure 1. Theoretical wind profiles for 20 cm roughness 
length and ho = .52 m. = logarithmic law, 
o = log-linear law, A = hyperbolic sine law. 
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Ten-minute average wind p r o f i l e s  a r e  now a v a i l a b l e  on tape ,  one f o r  

every hour of 1968. From these ,  mean "neutral"  p r o f i l e s  r e g a r d l e s s  of wind 

speed were computed, f o r  twelve wind d i r e c t i o n  s e c t o r s .  Here, "neutral"  i s  

defined by -.05 < R i  < +.05. The r e s u l t i n g  p r o f i l e s  a r e  shown i n  Figure 2 .  

It is c l e a r  t h a t  t h e  twelve p r o f i l e s  show considerable  i r r e g u l a r i t i e s ,  

bu t  no sys temat ic  bending t o  the  r i g h t  with increas ing  he ight .  This r e s u l t  

i s  i n  agreement with conclusions reached by T h u i l l i e r  and Lappe (1964) who 

analyzed p r o f i l e s  near Dal las ,  Texas. Many of the  i r r e g u l a r i t i e s  may be 

due to  instrument e f f e c t s ;  m a few cases ,  a s  w i l l  be seen,  t h e  change of 

t e r r a i n  upstream of the  tower may be respons ib le  f o r  kinks i n  t h e  p r o f i l e s .  

I n  any case ,  (9) does not  provide t h e  b e s t  f i t  t o  t h e  observat ions.  A 

somewhat b e t t e r  f i t  i s  provided by t h e  hypothesis  

kz f 
0.0063 uk0 

U 
*O tanh X = 0.0063 - f 

which l e a d s  t o  geostrophic  drag c o e f f i c i e n t  s t a t i s t i c s  i n  a s  good agreement 

with observat ions as ( 7 ) .  I n  t h a t  c a s e ,  t h e  wind p r o f i l e  can be w r i t t e n ,  

omit t ing a term i n  ( f z )  2 

s i n h  63 fz/u*o 

s i n h  63 fz /uk0 
I n  - 15 f z  *O 

k 

U 
u = -  

0 

This  wind p r o f i l e  i s  a l s o  shown i n  F igure  1. 

logari thmic p r o f i l e  and, when f i t t e d  t o  observed p r o f i l e s ,  should produce 

b e t t e r  roughness lengths  than (9) ;  b u t  t h e  r e s u l t s  should n o t  n e c e s s a r i l y  be 

It i s  q u i t e  c l o s e  t o  t h e  

8 



N 

2 

30 
0 
0 a 
\ 

E 
¶ 

;D 

* 

N 

0 
0 

\ 
a 

E .. 
a 

1 1 1 1  I I I I I 1 1 1 1  I I I I J, 

0 
0 - 0 

' 2  

9 



1 1 1 1  I I I 1 I I l l  I 1  I I I 

UJ 'z 

1 1 1 1 1  1 I I 1 1 1 1 1  1 I I I 1 

0 - 0 
0 

10 



0 5 IO 15 20 
u, m/sec 

Figure 2e. Neutral  wind p r o f i l e  at  Cape Kennedy 
f o r  wind d i r e c t i o n s  15'. 



superior  t o  roughness lengths  determined under t h e  assumption of a logar i thmic  

p r o f i l e .  Because computations based on t h e  assumption of logari thmic p r o f i l e s  

a r e  by f a r  t h e  s imples t ,  logar i thmic r e l a t i o n s  were assumed. 

Actually,  two sets of roughness lengths  w e r e  obtained from t h e  near-neutral  

wind p r o f i l e s :  f i r s t ,  l i n e s  were f i t t e d  t o  t h e  p r o f i l e s  shown i n  Figure 2 ;  and 

second, average p r o f i l e s  were constructed from fewer i n d i v i d u a l  p r o f i l e s ,  the  

Richardson number of which w a s  r e s t r i c t e d  t o  l i e  between -.01 and .01. Thus, 

usua l ly  t e n  o r  fewer i n d i v i d u a l  ten-minute p r o f i l e s  w e r e  averaged i n  each wind 

d i r e c t i o n  s e c t o r .  

f i r s t  sample, but  systematic  e r r o r s  should be smaller .  Generally,  t h e  agreement 

between t h e  two sets of roughness lengths  w a s  q u i t e  good, and they w e r e  averaged. 

The random e r r o r s  i n  these  averages are l a r g e r  than i n  t h e  

Two o t h e r  groups of roughness lengths  were used, both r e q u i r i n g  t h e o r e t i c a l  

expressions f o r  t h e  c o r r e c t i o n  t o  the logar i thmic  wind p r o f i l e s  due t o  uns tab le  

s t r a t i f i c a t i o n .  The c h a r a c t e r i s t i c s  of these  expressions a r e  q u i t e  w e l l  known 

f o r  the s u r f a c e  l a y e r ,  genera l ly  taken as t h e  l a y e r  below 30 m o r  so. Panofsky 

and Petersen (1972) have r e c e n t l y  t e s t e d  t h e  hypotheses t h a t  t h e  expres- 

s i o n s  v a l i d  below 30 m can be appl ied up t o  100 m y  on t h e  b a s i s  of observa t ions  

a t  R i s d ,  Denmark. The r e s u l t s  were favorable  t o  t h e  hypothesis .  An independent 

test w i l l  now be descr ibed which w a s  made on Kennedy p r o f i l e s .  

on hour-average mean p r o f i l e s ,  i n  v a r i o u s  c a t e g o r i e s  of L 

length.  

each, a r e  shown as Figure 3.  

an i n t e r c e p t  suggest ing a mean roughness l e n g t h  of 0.4 m. 

have the expected curvatures .  

This was based 

t h e  Monin-Obukhov 

The average p r o f i l e s  themselves,  along wi th  t h e  mean va lue  of Lo f o r  

0’ 

Again, t h e  ‘ lneutral”  p r o f i l e  is logar i thmic ,  with 

The o t h e r  p r o f i l e s  
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Figure 3. Average wind speed p ro f i l e s  of one-hour runs ,  from 
l e f t  t o  r i g h t ,  a t  150 m: L = - 7.4 m, L = - 37 m, 
L = - 77 m, L = + 200 m, L = - 250 m ,  L - 03. 
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The tes t  w a s  made on t h e  b a s i s  of t h e  nondimensional v e r t i c a l  wind 

shear , 

1 

kz du 
u* dz 

@ = - -  

. 

I n  the s u r f a c e  layer, and, accorciiiig to the hypoihesis, up to 1% E, In  

unstable  a i r  

-114 @ = ( 1  - 16 z/L0) (13) 

I n  p r a c t i c e ,  normalized wind shears  were computed by d iv id ing  wind 

d i f fe rences  between success ive  l e v e l s  Au by t h e  corresponding wind d i f -  
U 

ferences AU under n e u t r a l  condi t ions.  Since @ n 

u AU *no u 
@u/@n = @u = - - 

u*o AUn 

Subscr ipts  u and n denote uns tab le  and n e u t r a l ,  

was evaluated from equat ion (15) ( see  *no Iu*uo U 

18 
U $ (,I 

(1 - - "18 

u18 

U 

U U 
- -  - -  *no 

*uo I n  - 
Z 
0 

= 1 i n  n e u t r a l  a i r ,  

r e s p e c t i v e l y .  The r a t i o  

below) appl ied a t  18 m: 

T h i s  procedure f o r  eva lua t ing  4 has the advantage t h a t  i t  e l i m i n a t e s  

systematic  e r r o r s  i n  wind measurements caused by sys temat ic  changes of 

roughness with d i s t a n c e  from t h e  tower. 

Obukhov length Lo i s  descr ibed i n  the  next  chapter .  

been used successfu l ly  wi th  R i s d  wind p r o f i l e s .  

The determinat ion of t h e  Monin- 

The same technique had 
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Figure 4 compares the  t h e o r e t i c a l  dependence on $I on z/Lo wi th  the  

observat ions.  Some observa t ions  from the  Risd tower (Denmark) are in-  

cluded. The agreement is s u r p r i s i n g l y  good, and f u r t h e r  confirms t h e  hypothesis  

t h a t  (13) can be used up t o  100 m, o r  even t o  s l i g h t l y  g r e a t e r  he ights .  Thus, 

t h e  method f o r  determining su r face  stress and roughness suggested by Panofsky 
I 

(1963) can be appl ied  t o  the  tower da ta .*  

F i r s t ,  t h e  d i a b a t i c  wind p r o f i l e  is  w r i t t e n  as: 

[ I n  (ze-J,) - I n  z 1 *O 

k 0 

U 
u = -  

Paulson (1970) determined J, f o r  uns tab le  a i r  from (13): 

Z 22 l+x -1 7T 
(L ) + 2 @ (r) = I n  - (-) - 2 t an  
0 

Lo 1-x 
0 

Here x = ( 1  - 16 z/Lo)'I4. Equation (15) i s  a l i n e a r  equat ion between 

u and ln(ze3) ,  wi th  I n  z 

Table 1 lists Cp, J, 

as i n t e r c e p t .  I n  s t a b l e  a i r ,  w e  take J, = - 5 z/Lo. 
0 

and e-' computed from these  equat ions .  

*More r e c e n t  da t a  from Idaho F a l l s  as w e l l  as the  p o i n t s  p l o t t e d  suggest  

t h a t  a b e t t e r  f i t  is  given by the  KEYPS equation 

$14-18-Cp z 3  = 1  

LO 

which a l s o  has  the  property t h a t ,  as -z/Lo -f m, K m is independent of zo and 

u 

f i t ,  undis t inguishable  he re  from the  KECYF'S equat ion,  i s  provided by: 

as requi red  by the  o r i g i n a l  theory of f r e e  convection. Another exce l l en t  
*O' 

z -1/3 $I = (1 - 18 r) 
0 15 
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Table 1. Wind p r o f i l e  parameters $I, I), and e-' as func t ions  of z /L  
0 

z/Lo 0.1 0.05 0 -.1 -.2 -.3 -.4 - .5 -.6 -.7 -.8 -.9 -1 -2 -3 

I) -0.5 -0.25 0 .28 -45 - 5 9  .70 .79 .87 .94 1 - 0 1  1.06 1.12 1.49 1.74 

e -' 1.65 1.28 1.0 .75 .64 .55 .50 .45 .42 .39 .37 .35 .33 .22 .18 

9 1.50 1.25 1.0 .79 .70 .65 .61 .58 .56 .54 .52 .50 .49 .42 .38 

Average wind p r o f i l e s  w e r e  constructed from t h e  10-minute average winds 

i n  1968 f o r  each s e c t o r ,  and (15) was f i t t e d  t o  each by least squares.  This 

y i e lded  t h e  second set of roughness lengths .  The t h i r d  set w a s  t h a t  given 

by F i c h t l  and McVehil (1970)  which w a s  based on one-hour average winds, bu t  

on ly  a t  1 8  m and 30 m. The f i r s t  two s e t s  then e f f e c t i v e l y  r ep resen t  

average roughness l eng ths  applying t o  the whole tower, whereas the  t h i r d  set 

r e p r e s e n t s  t h e  lowest s e c t i o n  of the tower. 

A l l  t h r e e  sets of roughness lengths  are shown i n  po la r  form i n  F igure  5 .  

Also, a l i n e  is  drawn i n t o  the  f i g u r e ,  which i s  taken t o  be the "bestrr  

d i s t r i b u t i o n  of roughness lengths  a t  Cape Kennedy. 

q u i t e  w e l l  w i th  each o t h e r ,  wi th  t h a t  by F i c h t l  and McVehil y i e ld ing  s l i g h t l y  

The t h r e e  sets agree  

lower v a l u e s  than the  o the r s .  This i s  because the  average logar i thmic  wind 

shea r  between 1 8  m and 30 m is very  s l i g h t l y  smaller than h igher  up, sug- 

g e s t i n g  s l i g h t l y  smaller roughness lengths i n  the  immediate neighborhood of 

t h e  tower than f u r t h e r  away. 
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Figure 5 .  Polar  diagram of roughness l eng ths  
A n e u t r a l  on ly ,  t e n  minute average wind 
I n e u t r a l  and u n s t a b l e ,  1 hour averages 

F i c h t l  and McVehil 
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t 
, 

A q u a l i t a t i v e  test of t he  roughness lengths  involves  comparing t h e i r  

angular  d i s t r i b u t i o n  with the  corresponding d i s t r i b u t i o n  of t e r r a i n  f ea tu res .  

F i c h t l  and McVehil (1970) d i s t i n g u i s h  b a s i c a l l y  two s e c t o r s :  e s s e n t i a l l y  

smooth t e r r a i n  (vege ta t ion  0.5 t o  1 .5  m high) from 300" through 360" t o  

160"; and a s e c t o r  wi th  trees about 200 m and more from the  tower, from 160" 

through south  t o  300". 

of trees 450 m away t o  t h e ' e a s t  and southeast .  It is seen t h a t  t he  angular  

d i s t r i b u t i o n  of roughness lengths  shown i n  Figure 5 agrees  f a i r l y  w e l l  wi th  

t h e  t e r r a i n .  

The "smooth" area is in t e r rup ted  by a narrow band 

West of the  tower, and about 200 m from i t ,  t h e r e  is a s t r i p  of f o r e s t  

extending t o  a d i s t ance  about 400 m from it. The wind p r o f i l e s  f o r  wind 

d i r e c t i o n s  255" and 285" i n  Figure 2 both show a l a r g e  wind shear  between 

30 m and 60 m y  corresponding t o  roughness l eng ths  of about 1.5 m. This rough- 

ness  l eng th  is  about what would be expected f o r  woods, and the  he igh t s  of the  

large-shear  l aye r  are cons i s t en t  with theory ( E l l i o t t ,  1958) and observa t ions  

elsewhere.  

winds, which may be due t o  a small h i l l  i n  t h a t  d i r e c t i o n .  

t h i s  explana t ion  of p r o f i l e  i r r e g u l a r i t i e s  must be considered as extremely 

t e n t  a t  i v e  . 

S i m i l a r  i r r e g u l a r i t i e s  i n  the  wind p r o f i l e s  are found with e a s t e r l y  

Nevertheless ,  

I n  summary, t h e  angular  d i s t r i b u t i o n  of roughness l eng ths ,  as shown 

i n  Figure 5, is i n  reasonably good agreement w i t h  terrain c h a r a c t e r i s t i c s .  

However, i t  w i l l  be seen later t h a t  these  roughness l eng ths  are gene ra l ly  

l a r g e r  t han  what would have been expected from the f l u c t u a t i o n  statistics. 

The roughness l eng ths  discussed i n  t h i s  chapter  are e s s e n t i a l l y  " local"  

Having been obtained fromwind p r o f i l e s  up t o  150 m a t  a roughness lengths .  

tower, they  represent  approximately a c i r c l e  of r ad ius  1 h, with the  tower 
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a t  i ts  center .  For app l i ca t ions  t o  the  dynamic behavior  of rocke ts  on the  

pad and. s h o r t l y  t h e r e a f t e r ,  such l o c a l  roughness l eng ths  are needed, i n  

con t r a s t  t o  requirements f o r  the  es t imat ion  of t he  e f f e c t  of t e r r a i n  on 

a i rp l anes ,  o r  on la rge-sca le  momentum t r a n s f e r .  

I f  the  r e l a t i o n s  v a l i d  a t  Cape Kennedy are t o  be appl ied  elsehwere,  

analogous "locall '  roughness lengths  must be est imated.  Only approximate 

guide l ines  can be s t a t e d  f o r  such q u a n t i t i e s :  cm f o r  unobstructed 

water su r faces ;  1-10 cm f o r  low g ras s  and low vege ta t ion ;  10-80 cm f o r  

f i e l d s  broken by trees and hours;  80-400 cm f o r  mainly fo re s t ed  reg ions  and 

c i t i e s .  These estimates are s t i l l  con t rove r s i a l  and r e q u i r e  cons iderable  

refinement.  

20 



111. DETERMINATION OF Lo AND u * ~  FROM LOW-LEVEL VARIABLES 

According t o  Monin-Obukhov theory,  the meteorological  pred ic tands  

needed f o r  t h e  design and opera t ion  of ae ronau t i ca l  and aerospace systems 

can be est imated as func t ion  of roughness length,  f r i c t i o n  v e l o c i t y  and 

Monin-Obukhov length  i n  t h e  su r face  l a y e r  over homogeneous t e r r a i n .  Before 

tests can be made t o  what ex ten t  these  r e l a t i o n s  are v a l i d  up t o  the  top of 

t he  Kennedy tower, a t  150 m, estimates of L z and u f i r s t  have t o  be 

made. I n  t h e  last chapter ,  t he  c h a r a c t e r i s t i c s  of roughness length  w e r e  

descr ibed.  Here, the  ques t ion  of t he  es t imat ion  of L and u w i l l  be  taken up. 

0’ 0 *O 

0 *O 

According t o  theory,  z/L i n  t he  sur face  l a y e r  is a u n i v e r s a l  func t ion  
0 

of the  Richardson number, R i ,  def ined by 

Here, y is t h e  l a p s e  rate of temperature,  and yd the  a d i a b a t i c  l apse  rate. 

Observations a t  w e l l  instrumented, homogeneous sites (see, e . g .  Paulson 

1970) confirm the  hypothesis ,  proposed o r i g i n a l l y  independently by Pandolfo,  

Dyer and Businger,  that R i  and z/L 

uns tab le  a i r ,  so t h a t  w e  may put :  

are e s s e n t i a l l y  equal  t o  each o ther  i n  
0 

Lo = z/Ri 

I n  s t a b l e  air ,  t h e  Monk-Obukhov hypothesi 

good r e l a t i o n  ( f o r  R i  << .20) seems t o  be 

i more o n t r o v e r s i a l ,  bu t  a 
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1 L = z  [ - -11  
0 5R1 

(see Businger, e t  a l . ,  1971). 

The Richardson number appearing i n  (18) and (19) has u s u a l l y  been 

determined d i r e c t l y  from i ts  d e f i n i t i o n  (17) from observat ions of wind 

and temperature a t  18 m and 30 m;  z i n  t h e  equat ions i s  taken as t h e  

geometric mean of these  two he ights  or  23 m. 

a c t u a l l y  been used i n  t h i s  p r o j e c t  f o r  determining L 

bes t  technique because i t  involves  the  squares  of measured wind shears  which 

have l a r g e  observa t iona l  u n c e r t a i n t i e s .  

Although t h i s  technique has  

i t  probably i s  not  t h e  
0’ 

A b e t t e r  method f o r  obtaining R i  involves  measurement of t h e  bulk 

Richardson number. The bulk Richardson number i s  def ined by: 

which can be determined with much g r e a t e r  percentage accuracy than R i ,  

because u has a much smaller percentage e r r o r  than du/dz. 

R i  is connected with B through 

Given 4 and $ from (12) and (15) r e s p e c t i v e l y ,  we have: 

R i  = B 1.. z:zo - $ I 2  
22 



For t h e  s u r f a c e  l a y e r ,  both JI and @ are now q u i t e  w e l l  known (see  

Chapter I I ) ,  and t h e r e f o r e  i t  is poss ib le  t o  cons t ruc t  a nomogram f o r  R i  

a s  a f u n c t i o n  of B and z / z  . This nomogram is  shown i n  Figure 6. 
0 

Figure 7 compares va lues  of R i  from (17) with those computed from 

Figure 6 f o r  O ' N e i l l ,  where winds are extremely accurate .  

i s  e x c e l l e n t .  

The agreement 

Figure 8 shows t h e  same kind of comparison f o r  Cape Kennedy from winds 

and temperatures a t  18 m and 30 m. 

geometric mean. The va lue  of z was obtained by p l o t t i n g  I n  z - JI as func t ion  

of u from 18 m t o  30 m and l o c a t i n g  the i n t e r c e p t  of t h e  s t r a i g h t  l i n e  through 

t h e  two poin ts .  

The h e i g h t  z w a s  taken as 23 m y  t h e  

0 

Figure 8 shows t h a t  a l i n e  of s lope  45" f i t s  t h e  d a t a  as w e l l  as any 

l i n e ,  suggest ing no systematic  e r r o r .  But t h e  scatter is enormous, suggest ing 

l a r g e  random e r r o r s  i n  t h e  "measured" R i .  

confirmed by t h e  wind p r o f i l e s  described i n  Chapter 11. 

That Ri-values are u n c e r t a i n  is 

It is t h e r e f o r e  concluded t h a t  Lo can be found from bulk Richardson 

number and Figure 6 more accura te ly  than by d i r e c t  measurement. I f  l a p s e  

rate is  n o t  a v a i l a b l e ,  w e  may use t h e  P a s q u i l l  s t a b i l i t y  classes (Table 2) taken 

from Slade (1968). 

a r e  requi red  t o  determine these  classes. The classes can be combined wi th  

roughness length  t o  arrive a t  an est imate  of Lo using Figure 9 ,  which has  

been taken from Golder (1972). 

Only rough est imates  of wind and r a d i a t i o n  condi t ions  

F i n a l l y ,  i f  r a d i a t i o n  and wind a t  a low l e v e l  are given,  L can be 
0 

found from Figure 10, which, however, has been derived from Kennedy d a t a  

only  and i s  n o t  n e c e s s a r i l y  v a l i d  elsewhere. 
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Table 2. Re la t ion  of P a s q u i l l  s t a b i l i t y  c l a s ses  t o  weather condi t ions  

A - Extremely uns t ab le  condi t ions  D - Neutral  condi t ions* 

B - Moderately uns tab le  condi t ions  E - S l i g h t l y  s t a b l e  condi t ions  

C - Sl igh t ly  uns tab le  condi t ions  F - Moderately s t a b l e  condi t ions  

Nighttime condi t ions  

Surf ace Wind Daytime Inso la t ion  o r  '> 418 < 318 
speed, m/sec Strong Moderate S l i g h t  Cloudiness** 

Thin ove rcas t  

Cl&diness 

<2 A A- B B 

2 A- B B C E 

4 B B-C C D 

6 C C-D D D 

>6 C D D D 

*Applicable t o  heavy ove rcas t ,  day o r  n i g h t .  

**The degree of c loudiness  i s  def ined as that f r a c t i o n  of t he  sky above 
the l o c a l  apparent horizon which i s  covered by clouds.  

Fortunately,  u% as  determined from wind, roughness and s t a b i l i t y  i s  not  

very s e n s i t i v e  t o  the exac t  va lue  of L so t h a t  t h i s  q u a n t i t y  has  t o  be known 
0, 

only approximatel-y, and e i t h e r  of the l a s t  s imple techniques t o  estimate i t  

should be s u f f i c i e n t .  The f r i c t i o n  v e l o c i t y  is most s e n s i t i v e  t o  e r r o r s  i n  

wind speed, and, t o  a somewhat smaller e x t e n t ,  t o  e r r o r s  i n  the  roughness l eng th .  
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The su r face  f r i c t i o n  v e l o c i t y  is evaluated from the  theory of the  

low-level wind p r o f i l e ,  equat ion (151, given the  wind near  t he  ground z and 

L . W e  write (15) i n  the  form: 

0 

0 

k u  
*o In z / z  - J, (Z/L~ u =  

0 

As before ,  we adopt Paulson's form f o r  $(z/L ) i n  uns t ab le  a i r  (16). I n  
0 

s t a b l e  air ,  as before  

Z 5 -  
0 

$ (e) = - L 
0 

Table 3 summarizes the  f r i c t i o n  v e l o c i t i e s  computed from ( 2 3 )  and 

(16) f o r  a l l  one-hour runs analyzed so far,  along with o ther  r e l evan t  

statistics f o r  each run. It is  almost c e r t a i n  t h a t  l o c a l  f r i c t i o n  v e l o c i t i e s  

es t imated  from ( 2 3 )  are more r e l i a b l e  than those t h a t  can be obtained from 

l a rge - sca l e  v a r i a b l e s ,  including geostrophic  wind. It is the re fo re  recommended 

t h a t ,  whenever poss ib l e ,  ( 2 3 )  be used fo r  t h i s  purpose, given su r face  wind 

r e p o r t s  from hourly sequences. 
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IV. DETERMINATION OF PREDICTANDS FROM z o ,  u , AND Lo 
*O 

4.1  Estimation of Mean Wind --- 

Wind p r o f i l e s  were discussed i n  d e t a i l  i n  Chapter 11. B r i e f l y ,  the  

u s u a l  logari thmic expressions appear t o  be v a l i d  i n  n e u t r a l  a i r  up t o  the  

top of the  tower, 150 m; f u r t h e r ,  the co r rec t ions  i n  uns t ab le  a i r  developed 

f o r  the  su r face  l a y e r  supply good f i t s  a t  high l e v e l s  as w e l l .  Some sys temat ic  

except ions a t  Kennedy occurred,  however, f o r  example, with wes te r ly  winds, t he  

winds a t  30 m and 60 m exceeded those expected from the  s imple p r o f i l e  theory.  

A s  previously mentioned, t he  explana t ion  f o r  t h i s  apparent  anomaly may perhaps 

be found i n  the  s t r e t c h  of f o r e s t ,  about 200 m t o  400 m w e s t  of the  tower. 

Once u and Lo have been determined by methods suggested i n  Chapters I11 
*O 

o r  V ,  then (15) and (16) may be used t o  estimate the  wind p r o f i l e .  However, 

s impler  procedures can sometimes be used. For example, a f requent  p r a c t i c a l  

problem is  t h a t  wind, and perhaps temperatures ,  o r  r a d i a t i o n ,  are given near  the  

su r face .  The wind a t  one o r  more h igher  l e v e l s  must be  es t imated .  This  

problem can be handled by d iv id ing  ( 1 2 )  a t  a h igher  level ( subsc r ip t  2) by (12) 

a t  a low l e v e l  ( subsc r ip t  1 ) .  The r e s u l t  i s  

) 
0 

The roughness length  i s  given,  a t  Kennedy, from Figure 5. A t  o the r  

l oca t ions ,  the  roughness lengths  are assumed known, a t  least  approximately.  
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Equation (16) o r  Table 1 gives  JI i n  unstable  a i r ,  and i n  s l i g h t l y  s t a b l e  a i r ,  

( R i  < . lo ) .  For more s t a b l e  a i r ,  ( 2 4 )  i s  of doubt fu l  value;  t h e  more s t a b l e  

t h e  air, t h e  less winds near  t h e  s u r f a c e  a r e  coupled wi th  winds higher  up, 

so t h a t  winds a t  100 m o r  so cannot be estimated from condi t ions  c l o s e  t o  t h e  

ground. 

Engineers o f t e n  estimate high-level winds from power l a w s ,  which f i t  

p r o f i l e s  reasonably w e l l  : 

P 
2 U 

- =  [ZL] 
u1 

The b e s t  f i t  of such power l a w s  t o  p r o f i l e s  is obtained i f  t h e  exponent p 

is computed from: 

- 
Here, z is t h e  geometric mean height  between z and z @ is  t h e  usua l  1 2'  

normalized wind shear  and is tabula ted  above i n  Table 1. A nomogram f o r  p 

as f u n c t i o n  of i / z  

Usually,  "random" e r r o r s  i n  t h e  high-level winds a r e  l a r g e r  than e r r o r s  

and ;/Lo is Figure 11. 
0 

produced by s l i g h t  e r r o r s  i n  zo o r  L. 

4.2 Estimation - of Variances 

According t o  Report 2 and Monin-Obukhov theory , t h e  s tandard devia t ions  

of t h e  v e l o c i t y  components are w e l l  cor re la ted  with t h e  f r i c t i o n  v e l o c i t y ;  

f u r t h e r ,  t h e  r a t i o  of s tandard deviat ions and f r i c t i o n  v e l o c i t y  should be 

dependent on z/Lo. 
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Since f r i c t i o n  v e l o c i t i e s  have been revised i n  accordance with t h e  

rev ised  roughness lengths ,  Figures 1 2  t o  15 show new r e l a t i o n s h i p s  between 

t h e  s tandard devia t ions  and t h e  f r i c t i o n  v e l o c i t i e s  on t h e  one hand, and be- 

tween s tandard d e v i a t i o n - f r i c t i o n  v e l o c i t y  r a t i o s  and z/L, on t h e  o ther .  

b e s t  estimate f o r  0 /u, i n  n e u t r a l  air i s  now 1.6, and tha't f o r  cr /u*, a l s o  1.6. 

These r a t i o s  are smal le r  than those found on t h e  average ( see  Lumley and 

Panofsky, 1964). However, they a r e  near ly  t h e  same as a t  Brookhaven, which 

is loca ted ,  l i k e  Kennedy, i n  a genera l ly  f l a t  countryside.  It is l i k e l y  t h a t  

t h e s e  r a t i o s  are not  un iversa l ,  but  depend a l s o  on a mesoscale roughness which 

c o n t r o l s  t h e  low frequency p o r t i o n  of the  spectrum of t h e  h o r i z o n t a l  v e l o c i t y  

components. I f  t h e  mesoscale v a r i a t i o n s  a r e  pronounced, f o r  example, t h e  

r a t i o  0 /u* sometimes exceeds 3.  

with  u* are q u i t e  high,  being 0.87 f o r  uu and 0.45 f o r  Gv. 

and t o  a smaller e x t e n t ,  oV, can be estimated a c c u r a t e l y  from u*, provided t h a t  

u* can be obtained without systematic  e r r o r ,  a t  least a t  Kennedy, once u* i s  

w e l l  es t imated.  

The 

U V 

The c o r r e l a t i o n  c o e f f i c i e n t s  between 0 and cl 
U U V 

This suggests  t h a t  OU, 

I n  c o n t r a s t  t o  ear l ier  r e s u l t s ,  Figures 13 and 15 show no sys temat ic  v a r i a t i o n  

of Du/u* and (5 /u* wi th  z/L. 

r e l a t i o n s  between t h e s e  r a t i o s  and s t a b i l i t y .  

A s  t o  o ther  l o c a t i o n s ,  there are no constant  
V 

I n  s p i t e  of t h e  argument t h a t  0 /u*and 0 /u* r e a l l y  could b e  as low as t h e  
U V 

observed r a t i o s  of 1.6,  t h e r e  is even b e t t e r  evidence t h a t  t h e  t r u e  r a t i o s  should 

b e  about 50% l a r g e r .  

Sec t ion  4.3 I n  t h a t  case, t h e  r a t i o s  a r e  more near ly  equal t o  those recommended 

by Lumley and Panofsky (1964). I f  t h i s  is c o r r e c t ,  e i t h e r  t h e  assumed roughness 

l e n g t h s  are too l a r g e  o r  t h e  measured standard devia t ions  are too small .  

The argument f o r  t h i s  w i l l  be discussed more f u l l y  i n  

Since 
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t he  roughness l eng ths  depend c r i t i c a l l y  on the v e r t i c a l  wind s h e a r s ,  t h i s  means 

t h a t  t he  s ta t i s t ica l  f l u c t u a t i o n s  are too small f o r  t he  wind shears .  There is 

no ob jec t ive  way t o  determine whether the  wind shears  are too l a r g e  o r  t he  

f l u c t u a t i o n s  too s m a l l .  

have no sys temat ic  e r r o r s ,  bu t  t h a t  a l l  measured f l u c t u a t i o n  s ta t i s t ics  are 

about 2/3  of t h e i r  t r u e  value,  perhaps due t o  ins t rumenta l  imperfect ions o r  

problems wi th  the  recorder .  Hence, f o r  es t imat ions  of rs and 0 w e  w i l l  assume 

t h a t  Gu - 2 . 5  u * ~  and Ov - 2 . 2  u 

these  f a c t o r s  w i l l  be assumed t o  be r e l a t i v e l y  independent of s t a b i l i t y .  

mentioned before ,  we recommend t h a t  u be  est imated from (23) as func t ion  of 
*O 

z L and wind a t  a low l e v e l .  

W e  w i l l  make the  hypothesis h e r e  t h a t  t h e  wind shears  

U V I  

as suggested by Lumley and Panofsky. Fur ther ,  
*O 

As 

0’ 0 

Report 2 a l s o  showed a r e l a t i o n  between the  d i f f e rence  of high-level  and 

low-level s tandard  devia t ions  o and the  wind a t  18 m,  i n  t h e  sense  t h a t  t h e  

va r i ance  decreased most r ap id ly  i n  s t ronges t  winds; f o r  example, t h e r e  i s  no 

change when t h e  wind is 3 m / s e c ,  and the  var iance  decreases  by 7 m2 sec 

18 m t o  150 m wi th  a wind of 8 m / s e c .  

t he  r e l a t i o n  is reproduced as Figures 16, and Figure 1 7  shows the  analogous 

r e l a t i o n  f o r  o . 

U 

-2 from 

This r e s u l t  has  no t  been explained bu t  

V 

Theore t i ca l ly ,  one might expect t h e  decrease t o  be l a r g e s t  i n  t he  most 

s t a b l e  air;  i n  uns t ab le  air the  inc rease  of -z/L with he ight  should diminish 

o r  even reverse t h i s  tendency. 

s tandard  dev ia t ion  wi th  he igh t  ( r e l a t i v e  t o  u n i t y  a t  18 m). 

Table 4 shows t h a t  f r a c t i o n a l  change of average 

According t o  Table 4 ,  t he  decrease of the long i tud ina l  s tandard  devia t ions  

is indeed l a r g e s t  f o r  t h e  most s t a b l e  a i r ;  f u r t h e r ,  i n  uns t ab le  a i r ,  t h e  

decreases  f o r  l ong i tud ina l  and lateral  s tandard devia t ions  are about t he  same; 
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Table 4. V e r t i c a l  v a r i a t i o n  of average s tandard  devia t ion  
of u and v f o r  d i f f e r e n t  s t a b i l i t y  groups 

Height, m 18 30 60 90 120 150 

Ri > -.l 
1.00 1.01 .95 .83 .80 .77 

1.00 1.04 1.00 1.02 1.03 1.05 
*U 

*V 

*U 

*V 

*U 

*V 

-0.20 < R i  < -.l - - 
1.00 1.01 .92 .84 .81 .78 
1.00 1.01 .97 .86 .86 .86 

Ri < -2.0 

1.00 .98 .94 .90 .87 .86 
1.00 1.04 .94 .90 .84 .83 

however, i n  t h e  near-neutral  c l a s s ,  average lateral s tandard d e i v a t i o n s  

a c t u a l l y  i n c r e a s e  upwards, though n o t  s i g n i f i c a n t l y .  I n  f a c t ,  upward de- 

creases are s l i g h t l y  more common i n  t h i s  category than increases .  Thi's 

p o i n t s  up t h e  tremendous v a r i a b i l i t y  of t h e  change of these  s t a t i s t i c s  wi th  

h e i g h t ,  so t h a t  t h e  systematic  changes shown i n  t h e  t a b l e  do n o t  r e f l e c t  

w e l l  t h e  behavior i n  i n d i v i d u a l  cases. A l l  we can say  with c e r t a i n t y  is  t h a t  

t h e  sys temat ic  change of t h e  s tandard devia t ions  i s  genera l ly  small, and t h a t  

decreases  exceed increases .  

change than Richardson number (Figures 16 and 17) .  But, s i n c e  t h e  r e l a t i o n s  

of wind speed t o  changes of t h e  a ' s  with h e i g h t  have n o t  been explained i t  is 

probably b e s t  a t  present  t h a t  w e  assume f o r  es t imat ion  purposes tha t  no 

s i g n i f i c a n t  vertical  v a r i a t i o n  of the 0 ' s  exists. 

Wind speed appears b e t t e r  r e l a t e d  t o  t h e  vertical  
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4 . 3  Estimation of Spectra  

F i c h t l  and McVehil (1970) have discussed s p e c t r a  of l a te ra l  and 

longi tudional  v e l o c i t y  components a t  Cape Kennedy i n  some d e t a i l .  For many 

app l i ca t ions  t o  rocke t  problems, the iner t ia l - subrange  po r t ion  of t he  s p e c t r a  

is of ---- 2 - 1  -.----e ^ _ ^ ^  --1 - - 2 l l  1. -------..> t. -___  m - - -  L - - 2 - - - & - 1  - 2 - a  a p c c - l d l  Llupu' L d l I c - c ,  d l l U  W l l l  ue diDCU35cU 1 l e L e .  I U L  l l U L l L U l 1 L d J .  W l l l U  

components, t h i s  range extends from wavelengths seve ra l  t i m e s  t he  he igh t  t o  

wavelengths of 1 cm o r  less. The exact  range w a s  discussed i n  d e t a i l  i n  

Report 1. 

The equat ion €or  the  s p e c t r a  i n  the  iqer t ia l  subrange is:  

213 6 5 1 3  S(k) = a E  

Here, "a" r ep resen t s  un ive r sa l  cons t an t s ,  which are a-out  0.5 f o r  long tud-la1 

components and 0.67 f o r  l a t e r a l  components, i f  the  wave number k is measured 

i n  rad ians  per  u n i t  l ength .  Hence, t h e  problem of e s t ima t ion  of s p e c t r a  i n  

the  subrange reduces the  problem of es t imat ing  the  d i s s i p a t i o n ,  E. 

I n  genera l ,  the  d i s s i p a t i o n  can be  w r i t t e n  i n  terms of the  nondimensional 

func t ion ,  . 
+E. 

3 
*O 

U 

E = K - E + E  

Panofsky, i n  Report 1, has  suggested t h a t ,  f o r  p r a c t i c a l  purposes ,  a t  

30 m and above, v e r t i c a l  divergence of t u rbu len t  energy f l u x  can be  neglec ted ,  

SO t ha t  (neglec t ing  the  p re s su re  term i n  the  energy budget and assuming 

equi l ibr ium) 

48 



= 4 - z/Lo 

F i c h t l  and McVehil (1970) have suggested t h a t ,  a t  18 m and perhaps below, 

vertica: f l u x  divergence and buoyant energy reproduct ion cancel  ( see  a l s o  

Panofsky, 1962) so t h a t  

The c a n c e l l a t i o n  of divergence and buoyant product ion a t  low levels 
. 

has r i c e n t l y  been confirmed by Wyngaard and Cote (1971), but  (30) has  not .  

Wyngaard and Cote's conclusion i s  t h a t  the p r e s s u r e  term is  important t o  

t h e  t u r b u l e n t  energy budget i n  uns tab le  a i r .  Nevertheless,  (29) and (30) 

s e e m  t o  e x p l a i n  w e l l  t h e  r a t i o  of energy d i s s i p a t i o n  estimates a t  d i f f e r e n t  

h e i g h t s  q u i t e  s a t i s f a c t o r i l y ,  as seen i n  Report 1, where 0 was taken as 

The problem of es t imat ing F: a t  any level then reduces t o  es t imat ing  
l 

i t  a t  a low level, taken here  as 30 m (where i t  i s ,  according t o  (28) and 

(29) 1 
9 
2 

*O 30 30 U 

&30 = - 12 14 (,I -,I 
0 0 

Figure  18 compares 3z determined from observed la teral  and l o n g i t u d i n a l  i 30 
, 

s p e c t r a  w i t h  t h e  corresponding es t imates  from (31) ,  wi th  u 

Table 3. 

about 2/3 of t h e  "computed 3fi, on the  average. 

weak winds at 30 m and poorest  f o r  s t rong winds. 

taken from 
*O 

Apparently t h e  magnitude of the "observed" va lues  of 3&-is only 

The agreement is b e s t  f o r  

This would b e  expected i f  
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Figure 18. "Observed" 3& vs 3 1 6  es t imated  from sur face  
s t r e s s ,  c .g . s . u n i t s .  
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t h e  discrepancy w a s  due t o  e r r o r s  i n  t h e  d i s s i p a t i o n  est imated from t h e  

s p e c t r a ;  t h e  s t ronger  t h e  wind, the more these estimates depend on high 

f requencies ,  which would be most s t r o n g l y  damped i f  t h e r e  w a s  undue f r i c t i o n  

i n  t h e  anemometer. The t e n t a t i v e  assumption w i l l  then be made t h a t  t h e  

computed" va lues  of E are better than "observed" values .  This assumption 11 

is  c o n s i s t e n t  with t h e  assumption i n  p a s t  s e c t i o n s  t h a t  "measured" s tandard 

d e v i a t i o n s  are too low. In  o ther  words, (31),  with u determined from (23) 

and t h e  roughness lengths  of Figure 5 i s  assumed t o  r e s u l t  i n  t h e  b e s t  estimates 

of E a t  30 m. 

*O 

I n  Chapter V I ,  suggest ions a r e  made concerning t h e  "best" procedure f o r  

ob ta in ing  u from geostrophic  winds. However, such estimates are l i k e l y  t o  
*O 

be less a c c u r a t e  than those from (23), based on low-level winds, assumed rough- 

ness  l e n g t h s  and L determined from r a d i a t i o n  and wind, as descr ibed i n  

Chapter 111. 

0 

There i s  a t  least one f law i n  the preceding argument. I f  E values  

est imated from t h e  s p e c t r a  measured a t  Kennedy are sys temat ica l ly  too low, 

t h e  e r r o r  should decrease with increasing h e i g h t s ,  as high frequencies  become 

less important.  

30 m may b e  too  l a r g e .  

re-examined w i t h  more r e l i a b l e  es t imates  of E from s p e c t r a .  

Nevertheless ,  f o r  t h e  time being, i t  is s t i l l  suggested t h a t  w e  can u s e  

Hence, observed r a t i o s  of d i s s i p a t i o n s  a t  120 m t o  those a t  

Equation (29) was  based on t h i s  r a t i o  and should be 

(29) t o  estimate E above 30 m: 

z - -  ( 1  - 16 
0 Lo 
-114 30 - -  480 30 E . = &  

(1 - c) 
3Q m 

z 
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4.4 Estimation of Cross Spectra i n  t h e  Vertical -- 
Cross s p e c t r a  a r e  u s u a l l y  charac te r ized  e i t h e r  by cospectra  and 

quadrature s p e c t r a ,  o r  by coherence, Coy and s l o p e ,  S ,  defined by 

2 2 
Cos (n) + Q (n) Co(n) = 

and 

U Q(n) a r c t a n  s = -  
2mAz Cos (n) 

(32)  

(33) 

where Q i s  t h e  quadrature  spectrum and Cos t h e  cospectrum a t  frequency n. 

Az is  the he ight  i n t e r v a l  and u t h e  mean speed i n  Az. I n  p r a c t i c e ,  s lope  

and coherence seem t o  have simpler p r o p e r t i e s  than cospectrum and quadrature  

spectrum. Therefore,  t h e  procedure recommended i s  t o  es t imate  coherence and 

s l o p e  f i r s t ,  and then estimate co- and quadrature  s p e c t r a ,  o r  space-time 

c o r r e l a t i o n  func t ion  by cosine transform (equation 2.1, Report 2 ) .  

As w a s  f i r s t  suggested by Davenport (1961), coherence can be w e l l  

f i t t e d  by exponent ia ls  of the  form: 

-aAf Co(n) = e (34) 

Here, Af is t h e  nondimensional frequency, nAz/u and a is  a "decay constant"  

which depends on Richardson number. 

Report 2 ,  show the  r e l a t i o n s h i p  between decay cons tan t  and Richardson number 

a t  23 m. The sys temat ic  d i f f e r e n c e  between Kennedy and o t h e r  sites is s t i l l  

unexplained, bu t  be l ieved  t o  be due t o  random e r r o r s  i n  t h e  Kennedy d a t a .  

F igures  19 and 20, reproduced from 
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Figure  19. Decay constant for coherence of u as function of Ri at 23 m. 
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Figures 21 and 22 reproduce t h e  corresponding f i g u r e s  from Report 2 

showing r e l a t i o n s h i p s  between s lopes  and Richardson number; here  the  

agreement between Kennedy and o ther  s i tes  i s  good. Also,  s lopes  f o r  t h e  

l a t e r a l  components a r e  about twice those of the  l o n g i t u d i n a l  components. 

_. .me s iopes  are r e i a t i v e i y  constant  up t o  i u u  m ,  but  average about 

50 percent less between 120 m and 150 m;  f o r  d e t a i l s ,  see Report 2. 

Since t h e  w r i t i n g  of Report 2 ,  considerable  work has  been done on 

decay constants  €or  h o r i z o n t a l  separa t ions .  

angles  t o  the  wind a r e  about the  same a s  the  v e r t i c a l  cons tan ts .  The 

longi tudina l  cons tan ts  are much smaller  and probably i n c r e a s e  wi th  increas ing  

r e l a t i v e  turbulen t  i n t e n s i t y .  

The decay cons tan ts  a t  r i g h t  
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V. RELATIONS BETWEEN LARGE SCALE PARAMETERS AND u * ~ ,  Lo 

5.1 Theory 

It her. hnn- t h - t  r - _ - 1 _ _ _ _  
yL-c.II o = G L 1  LIIC;IL t hc  mean wi i id  d i s t r tbu t io11  i l l  tile S U L L d L r  i d y r ~ b ,  

toge ther  with the  d i s t r i b u t i o n s  of a number of s t a t i s t i c s  of the  tu rbu len t  

flow, i s  determined by t h e  parameters z u and L . These q u a n t i t i e s  may 

be thought of as p r e d i c t o r s  o t  the  mean wind and turbulence  s t a t i s t i c s ,  s i n c e  

t h e  r e l a t i o n s h i p s  between them are now es t ab l i shed .  However, u and L are 

no t  s a t i s f a c t o r y  f o r  t h i s  use,  s i n c e  t h e i r  determinat ion by ord inary  methods 

r equ i r e s  a knowledge of t he  pred ic tands  themselves. It is t h e r e f o r e  requi red  

t o  f i n d  appropr ia te  bases  f o r  es t imat ing  the  va lues  of u and L from larger 

s c a l e  v a r i a b l e s ,  such as can be derived from synopt ic  da t a  o r  from numerical ly  

ca l cu la t ed  p rope r t i e s  of t h e  large scale flow. 

0’ *o 0 

*O 0 

*O 0 

The b a s i s  of such r e l a t i o n s h i p s  has  been l a i d  i n  t h e o r e t i c a l  s t u d i e s  

of the p lane tary  boundary l aye r  by many au thors .  An equat ion  r e l a t i n g  the  

geostrophic  drag c o e f f i c i e n t  u 

f i r s t  derived by Kazanski and Monin (1961) f o r  n e u t r a l  s t r a t i f i c a t i o n ,  and 

w a s  la ter  broadened t o  d i a b a t i c  boundary l a y e r s  by Monin and Z i l i t i n k e v i c h  

(1967) using the  semiempirical  theory.  S imi la r  r e l a t i o n s h i p s  have been 

derived more r ecen t ly  by G i l l  (1967), Csanady (1967), Blackadar and Tennekes 

(1967) and Blackadar (1969) using s i n g u l a r  pe r tu rba t ion  methods t o  match 

the  flow i n  the  su r face  (cons tan t  s t r e s s )  l a y e r  t o  t h a t  of t he  ou te r  l a y e r  

which i s  dominated by the  e a r t h ‘ s  r o t a t i o n  and buoyancy. 

j u s t i f i c a t i o n  of these  l a t te r  methods has  been d iscussed  i n  d e t a i l  by 

Blackadar and Tennekes (1968). 

/V t o  t he  su r face  Rossby number V / f zo  w a s  
*o  g g 

The t h e o r e t i c a l  
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In  t h i s  s e c t i o n  w e  review b r i e f l y  t h e  t h e o r e t i c a l  j u s t i f i c a t i o n  and 

t h e  probable l i m i t a t i o n s  of these  r e l a t i o n s  as w e  now know them. 

The flow wi th in  a n e u t r a l  b a r o t r o p i c  p lane tary  boundary l a y e r  (PBL) is 

completely determined by t h e  q u a n t i t i e s  z u t h e  C o r i o l i s  parameter, f , 

and t h e  he ight  z. Because t h e  s u r f a c e  boundary condi t ion  r e q u i r e s  t h e  

v e l o c i t y  t o  vanish a t  t h e  lower sur face ,  the flow c l o s e  t o  t h e  s u r f a c e  

i s  dominated by t h e  s u r f a c e  roughness z * t h i s  condi t ion  can be achieved 

only by s c a l i n g  h e i g h t s  c l o s e  t o  t h e  sur face  by z . On t h e  o t h e r  hand, 

throughout t h e  p r i n c i p a l  por t ion  of the  PBL t h e  a p p r o p r i a t e  length  scale 

f o r  t h e  wind d i s t r i b u t i o n  must be uk0/f. 

t h e  equat ions of motion and t h e  n e c e s s i t y  f o r  t h e  geos t rophic  depar ture  

t o  scale as u (Blackadar and Tennekes, 1968). Accordingly, t h e  p r i n c i p a l  

dimensionless parameter i s  t h e  r a t i o  of the two l ength  s c a l e s ,  ~ ~ ~ / f z ~ ,  

which may be c a l l e d  t h e  drag Rossby number. I n  a d d i t i o n  t o  t h i s  number 

t h e r e  e x i s t s  t h e  independent dimensionless r a t i o  z f /u  and i t  can b e  

sh.own from Buckingham's theorem t h a t  a l l  other  dimensionless c h a r a c t e r i s t i c s  

of t h e  n e u t r a l  PBL are func t ions  of these  two dimensionless r a t i o s .  

0' *oy 

0, 

0 

This f a c t  fol lows d i r e c t l y  from 

*O 

*O , 

6 
Normally, - the drag Rossby number is very l a r g e ,  t y p i c a l l y  lo4 t o  10 , 

and i t  is a reasonable  hypothesis  t o  t r e a t  t h e  case when t h i s  parameter 

approaches i n f i n i t y .  In  t h i s  case, the  equations of motion demand t h a t  

t h e  scale v e l o c i t y  d e f i c i t s  (u - u )/u*o and (v - vg)/u*o be universa l  
g 

f u n c t i o n s  of z f / u  

a necessary and s u f f i c i e n t  condi t ion f o r  s a t i s f y i n g  t h e  boundary condi t ions 

i s  t h a t  t h e  flow near  t h e  s u r f a c e  be logarithmic.  Also, t h e  logari thmic 

s o l u t i o n  i n  t h e  s u r f a c e  l a y e r s  is compatible w i t h  t h e  u n i v e r s a l  func t ion  of 

only as long as z >> zo.  It can f u r t h e r  be shown t h a t  
*O 
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the  outer  l a y e r  only i f  t h e  Kazanski-Monin r e l a t i o n s h i p s  are s a t i s f i e d :  

and 

( 3 5 )  

where A and B a r e  cons tan ts  t h e  va lues  of which must be determined empir ica l ly  

o r  from more complete models of the  flow. I n  these  equat ions ,  t h e  x-d i rec t ion  

i s  p a r a l l e l  t o  the  s u r f a c e  stress. 

i m p l i c i t  r e l a t i o n s  f o r  c a l c u l a t i n g  the  va lues  of u * ~  and t h e  s u r f a c e  wind- 

d r i f t  angle  ci when the  d i r e c t i o n  and magnitude of t h e  geos t rophic  wind are 

known. 

The equat ions may be considered a s  

Model s t u d i e s  of t h e  flow i n  the  PBL make i t  p o s s i b l e  t o  r e l a t e  t h e  

two cons tan ts  A and B t o  a s i n g l e  d isposable  cons tan t  (Blackadar and Tennekes, 

1968). When t h i s  cons tan t  is chosen so  as t o  achieve t h e  b e s t  f i t  of 

empir ical  d a t a ,  i t  i s  found t h a t  A and B are about 0.0 and 4 . 5 ,  r e s p e c t i v e l y .  

The r e s u l t i n g  wind d i s t r i b u t i o n  is r a t h e r  s i m i l a r  t o  t h e  c l a s s i c a l  Ekman 

s p i r a l  with a grad ien t  wind l e v e l  a t  a h e i g h t  z f / u  equal  t o  about 0 . 2 5 .  

The argument f o r  t h e  u n i v e r s a l i t y  of the  f u n c t i o n s  (u - u ) / u * ~  and 

(v - V ~ ) / U * ~ ,  on which t h e  n e u t r a l  equat ions ( 3 5 )  and ( 3 6 )  depend, rests 

on t h e  assumption t h a t  t h e r e  are no r e l e v a n t  parameters o t h e r  than u * ~ ,  f ,  

z o ,  and z. 

*O 

g 

Such i d e a l  condi t ions  seldom, i f  ever, p r e v a i l .  W e  must, i n  
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prac t ice ,  b e  concerned with such matters as non-steady states, h o r i z o n t a l  

temperature g r a d i e n t s  ( b a r o c l i n i c i t y ) ,  and d f a b a t i c  vertical  temperature 

grad ien ts .  

The e f f e c t s  of b a r o c l i n i c i t y  on t h e  s u r f a c e  wind d i r e c t i o n  appear t o  

be r a t h e r  conspicuous, but  as f a r  as they a f f e c t  u 

conclusion is based on the  r e s u l t s  of two models s t u d i e d  by Blackadar 

(1965a, b ) .  The e f f e c t  of ver t ical  temperature g r a d i e n t s  w i l l  be con- 

s idered  i n  two p a r t s :  (a )  t h e  e f f e c t s  of the  presence of an invers ion  a t  

some level h t h a t  e f f e c t i v e l y  prevents  the downward f l u x  of momentum and 

they are minor. This 
*O 

h e a t  from above, and (b) t h e  e f f e c t  of a hea t  source a t  t h e  s u r f a c e  t h a t  

r e s u l t s  i n  t h e  genera t ion  of convection by buoyant processes  w i t h i n  t h e  PBL. 

It f requent ly  happens t h a t  a s t a b l e  l a y e r  above t h e  s u r f a c e  is t rans-  

formed by mechanical mixing i n t o  an a d i a b a t i c  l a y e r  surmounted by an invers ion ,  

which must be considered t o  be impervious t o  t h e  f l u x  of momentum. I f  

t h e  i n v e r s i o n  i s  high i n  cornparision, say ,  t o  .25 u f f ,  i ts  e f f e c t  on t h e  flow, 

and t h e r e f o r e  on u i s  n e g l i g i b l e ,  f o r  the momentum f l u x  a t  these  levels 

would n o t  be s i g n i f i c a n t l y  changed by the presence of t h e  invers ion .  W e  

expect ,  t h e r e f o r e  t h a t  h w i l l  be  a s i g n i f i c a n t  parameter only when i t  is  

s m a l l  compared t o  u,/f. 

is  supported by Deardorff,  who found by numerical s imula t ion ,  va lues  f o r  A 

and B of 1.3 and 3.0 when hf /u* = 0.5. 

wi th  those found wi th  o t h e r  models where h i s  i n f i n i t e l y  l a r g e .  

Steady-state  flow i n  t h e  PBL is  governed by t h e  equat ions 

*O 

*O 

W e  s h a l l  s tudy t h i s  case i n  d e t a i l .  This conclusion 

These va lues  are reasonably c o n s i s t e n t  

m- 

d L~ f (v-v ) + - (-) = 0 
g dz P 

(37)  

d L  - f (u-u ) + - (2) = 0 
g dz P 
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subjec t  t o  t h e  boundary condi t ions a t  the  s u r f a c e  

u(zo) = 0; v(zo)  = 0; T (z ) = pu 2 ;  T ( 2  ) = 0 
x o  *o y 0 

(38) 

and to  t h e  condi t ion t h a t  a t  he ight  h t h e  stress vanishes .  

The presence of t h e  v a r i a b l e  h r e q u i r e s  t h e  d e f i n i t i o n  of t h r e e  

independent dimensionless products ,  and w e  choose f o r  these  the  following 

set  

u* hf , R = -, and Zh = - z = -  
*O *O 

zf 
f z O  U U (39)  

A s  in  the  earlier t h e o r i e s ,  we assume t h a t  the  flow is independent of z 

except i n  the  immediate v i c i n i t y  of the  sur face .  Accordingly, t h e  

equations of motion suggest  

0 

v - v  

'h) (-) = v^ (Z, 
*O 

U 

while i n  t h e  s u r f a c e  l a y e r ,  t h e  s u r f a c e  boundary condi t ion  r e q u i r e s  

U 

U 
- =  f l  (z /zo)  = f l  (ZR) 

*O 

and, because of t h e  chosen d i r e c t i o n  of the  x-axis 

V 

U 
= o  - 

*O 
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I Since the  geos t rophic  wind is  considered to be independent of he igh t ,  w e  

have 

U 

U 
_g = u  ̂ (R,Zh) 

g *O 

v 
(43) 

1 W e  now r e q u i r e  t h a t  as R approaches i n f i n i t y ,  t he  s o l u t i o n s  f o r  t he  

two l a y e r s  match each o ther  i n  a l aye r  the he igh t  of which is small compared 

t o  u / f  and h. Accordingly, we have, f o r  such a l a y e r ,  
*O 

h A 

f (ZR) E u (R,Zh) + u(Z,Zh) 
1 g (44 1 

W e  may now proceed t o  d i f f e r e n t i a t e  t h i s  equation success ive ly  w i t h  

r e spec t  t o  each of t h e  th ree  arguments Z Z and R. h '  
A 

h a U  

A 

3 U  Rf  '(ZR) = - (2, Zh) = f2(Z)  1 az 
A 

aU 
Zfl'(ZR) = 2 (R,Zh) = fg(R) 

(45) 

(47) 

where t h e  prime denotes t o t a l  d i f f e r e n t i a t i o n  with r e s p e c t  t o  the  

argument. That f is a func t ion  of Z only fol lows from the  f a c t  t h a t  t he  

l e f t  s i d e  of (46) is independent of zh while the  r i g h t  s i d e  is independent 

of R; i n  a similar way, f must be a func t ion  only of R. By similar reasoning,  

one can o b t a i n  from (46) and (47) together :  

2 

3 
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1 

where k i s  an undetermined constant  t h a t  can b e  i d e n t i f i e d  with 

t h e  von Karman constant .  With these s u b s t i t u t i o n s ,  t h e r e  r e s u l t  t h e  

s o l u t i o n s  

and 

U 1 
U k 0 
- -  - - I n  z f z  

*O 

By e n t i r e l y  analogous reasoning, one obta ins  

V 
- E L = - -  
U k 

*O 

This reasoning shows t h a t  the  Kazanski-Monin r e l a t i o n s  are q u i t e  

genera l ly  v a l i d  provided t h e  cons tan ts  A and B a r e  regarded as f u n c t i o n s  of 

hf /uko.  It i s  e n t i r e l y  

poss ib le  t h a t  some of t h e  s c a t t e r  i n  t h e  diagrams f o r  A and B t h a t  Clarke h a s  

published i s  a t t r i b u t a b l e  t o  v a r i a t i o n s  i n  h ,  which i s  g e n e r a l l y  n o t  

observed. The s c a t t e r  is most s e r i o u s  i n  t h e  determined va lues  of B. 

These func t ions  are not  known a t  t h e  present  t i m e .  
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The occurrence of su r face  hea t ing  of t h e  PBL in t roduces  s t i l l  one more 

v a r i a b l e ,  which can be se l ec t ed  t o  be the  Monin-length 

where H i s  t h e  su r face  hea t  f lux .  

it i s  immaterial  whether we adopt ku,o/fLo, as is  gene ra l ly  done, or h/Lo, as 

Deardorff (1972) has advocated, f o r  e i t h e r  one can be derived from the  

o the r  with t h e  use of \. To be cons i s t en t  with genera l  p r a c t i c e ,  w e  choose 

For purposes of nondimensionalizing i t ,  
0 

CT = ku /fLo 
*O 

which may be regarded as a kind of bulk Planetary Richardson number. 

The geos t rophic  de fec t s  now become funct ions of t h ree  independent 

v a r i a b l e s  

u - u  - = G (Z, zg, 0 )  
*O 

U 
(53) 

v - v  
2 = v^ (Z, Zh, a) 

*O 
U 

and 
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U 

U 
_g = u  ̂ (R, Zh, a) 

*O 

V 

U 
= $ (R, Zh,  0 )  

*O 

From t h i s  po in t  t he  reasoning proceeds i n  an e n t i r e l y  analogous way t o  

the  preceding d iscuss ion .  The r e s u l t  i s  t h a t  the  Kazanski-Monin cons tan ts  

must be  regarded as func t ions  of both kh/u and a t o  be determined from 

e m p i r i c a l  da t a .  

*O 

The behavior of A and B accompanying v a r i a t i o n s  of 0 have been s t u d i e d  

by Clarke (1970). The observed va lues  of A do not  s c a t t e r  apprec iab ly ,  nor  

i s  there  any s i g n i f i c a n t  v a r i a t i o n  from the mean va lue  of about 5 f o r  a l l  

values of 0 i n  t he  range of -100 t o  -1000. Thus, under most t y p i c a l  

uns tab le  condi t ions ,  A may be regarded as being w e l l  known, even though t h e  

values of i t s  arguments may be uncer ta in .  It must be concluded t h a t  whatever 

t h e  va lues  of h may have been i n  Clarke ' s  d a t a ,  they had very l i t t l e  e f f e c t  on 

the  va lue  of A.  Since u is determined pr imar i ly  by A and is  i n s e n s i t i v e  t o  

B ,  i t  may be i n f e r r e d  t h a t  the  presence of i nve r s ions  t h a t  l i m i t  the  he igh t  

*O 

of the PBL do not  normally have t o  be taken i n t o  account i n  the  de te rmina t ion  

*O' 
of u 

Under s t a b l e  condi t ions  the  scatter i n  A i s  much g r e a t e r .  Much of 

t h i s  scatter can be  a t t r i b u t e d  t o  l a r g e r  u n c e r t a i n t i e s  i n  the  de te rmina t ion  

of u i n  these  cases ,  as w e l l  as t o  the  e f f e c t s  of a c c e l e r a t i o n s  and o t h e r  

d i s turbances .  The p o s s i b i l i t y  exists t h a t  t he  scatter might be  reduced by 

taking h i n t o  account.  More s tudy  of t h i s  problem i s  d e s i r a b l e .  

*O 

*Calculat ions based on a two-layer model bounded above by an inve r s ion  show 
tha t  t he  invers ion  he ight  has  only a n e g l i g i b l e  e f f e c t  on A and B as long 
as it i s  s i t u a t e d  above a he igh t  of  .15 uho/ f .  
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I 

The observed scatter i n  B ( 5 )  is enormous, and e x i s t i n g  observat ions g i v e  

I 
l i t t l e  u s e f u l  i n d i c a t i o n  of t h e  t r u e  form of t h i s  func t ion .  It is tempting 

t o  a s c r i b e  t h i s  scatter t o  t h e  f a i l u r e  t o  s t r a t i f y  t h e  da ta  according t o  h. 

Since,  however, B is  mostly a f f e c t e d  by t h e  s u r f a c e  geos t rophic  d r i f t  angle  

(Y, is is most l i k e l y  t h a t  t h e  major p o r t i o n  of t h e  s c a t t e r  r e f l e c t s  the  

d i f f i c u l t y  of measuring i t  and t h e  s e n s i t i v i t y  of t h i s  angle  t o  l o c a l  

d i s turbances .  

so ,  the  uncer ta in ty  of B is of no g r e a t  concern f o r  t h e  p r e d i c t i o n  of u 

I 
For tuna te ly ,  u* is i n s e n s i t i v e  t o  t h e  v a l u e  of B ( 5 ,  Zh) and 

0 

. 
*O 

and L from Large-Scale Var iab les  5.2 P r a c t i c a l  Methods f o r  Determining u* - 
v- 

0 

A s  we have seen,  t h e  s u r f a c e  drag c o e f f i c i e n t  c = u,/Vg, t h e  sur face  D 

Rossby number and t h e  s t a b i l i t y  parameter 5 are connected by: 

11 2 
(55) k2 2 ln(Ro) = A(0) - I n  c + 1- - B (a)] 2 

D C 
d 

Here A ( 0 )  and B(o) are universa l  func t ions  r e c e n t l y  measured by Clarke. 

Any e f f e c t  of f i n i t e  invers ion  he ight  w i l l  be  neglected.  Here, 0 i s  given by: 

Empir ical ly ,  A ( 5 )  and B(o) are w e l l  generated by 

A(o) = 4.5 

-4 2 A ( o )  = - 14.4010 o - 14.4*10q2 5 + 0.9 

B ( 0 )  = 1.0 f o r  0 5 - 75 

B ( 0 )  = 6 . 2 0 1 0 - ~  cy2 + 9.3*10-2 5 + 4.5 

f o r  5 5 - 50 

f o r  5 > - 50  

f o r  CI > - 75 

6 5  



Since the  geos t rophic  wind speed and the  su r face  Rossby nuniber can be  assumed 

known, (55) w i l l  permit t he  es t imat ion  of the  su r face  stress, provided 0 i s  

given. In  p r a c t i c e ,  i t  is a nuisance t o  so lve  (55) numerical ly  f o r  c 

Therefore,  Figure 23 gives  i s o p l e t h s  of u as func t ion  of c and* Ro which allows 

a graphica l  determinat ion of c given 0 ,  V and Ro. Also ,  once U is  

known, L can be found from the  d e f i n i t i o n  of u by (56).  Before we can use 

Figure 23, we must f i r s t  design methods f o r  determining 0. 

D' 

D 

D' g '  

0 

A s  a f i r s t  approximation, w e  may assume t h a t  u depends only on V and 
g 

i n s o l a t i o n ,  I. 

Figure 24 shows how u i s  r e l a t e d  t o  these  two v a r i a b l e s .  This  f i g u r e  

is based on measurements a t  O ' N e i l l  ( see  Let tau  and Davisdon, 1957) ,  and Cape 

Kennedy. Of course,  the  graph can be used only during day t i m e  and between 

l a t i t u d e s  25" and 45". 

processes  during l ightwind n i g h t s  p lay  no important r o l e  and can be neglec ted .  

On windy n i g h t s ,  u is almost zero and turbulent 

Improvements may be poss ib l e ,  when measurements of t he  long-wave 

r ad ia t ion  of t he  e a r t h ' s  su r f ace ,  f o r  example from sa te l l i t es ,  are a v a i l a b l e .  

Then, an estimate of t he  r a d i a t i o n  ba lance  during day and night- t ime hours  

can b e  found. 

Where measurements of the  incoming r a d i a t i o n  are no t  a v a i l a b l e ,  i t  can 

be computed t o  a c e r t a i n  approximation (dependent on the  v a r i a b i l i t y  of 

c loudiness)  from known formulas from the  d a t e ,  the t i m e  of t he  day, t he  

l a t i t u d e  and the  cloudiness .  

Some computations have shown t h a t  a quasi-empir ical  formula by 

Albrecht ( see  Mb'ller , 1957) g ives  b e t t e r  agreement wi th  measurements than 

the t h e o r e t i c a l  formula 
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secc  1 = 1  c o s c a  
0 

( 5 7 )  

w i t h  Io = solar constant  

5 = solar zeni th  angle  

a = t r ansmiss iv i ty .  

Apparently,  t h e  d i f f i c u l t i e s  l i e  i n  c a l c u l a t i n g  t h e  absorp t ion  of 

r ad ia t ion .  This absorp t ion  changes with t h e  r e l a t i v e  air  mass and i s  

dependent on wavelength. It i s  t h e r e f o r e  a complicated func t ion  of the 

time i n  the  day and loca t ion .  

The mentioned formula by Albrecht reads  

I = (Io - Iw) cos 5 (1 - c &) (1 + 1.19 A c /&) ( 5 8 )  

I = p a r t  which i s  absorbed by water vapor 

M = absolu te  a i r  mass (secant  of zen i th  ang le )  

p = pressure  i n  mb 

A = albedo of the  e a r t h  su r face  

c = backradia t ion  cons tan t  (0.19 a t  Cape Kennedy) 

W 

For Cape Kennedy t h e  s i m p l i f i c a t i o n  

I = 1585 cos < (1 - 0.19 fi) (59) 

gives  va lues  which f o r  t h e  present  purpose a r e  r a t h e r  accura te .  

weak func t ion  of p re s su re  (1 + 1 . 1 9 . ~  /= has been con t r ac t ed  wi th  

( I  - I ) i n t o  one cons tan t .  

The very  

o w  
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# 

For March 3, 1968, f o r  example, the  hourly mean va lues  i n  Table 5 I 
have been read off  the  r a d i a t i o n  r e g i s t r a t i o n s  from Cape Kennedy and have 

been compared wi th  computed va lues  from equation (59). 

Table 5. Hourly Mean Values of Radiation a t  Cape Kennedy 

1 

I comp Time Measured Radiat ion Calculated Radiat ion ratio 
2 I meas LST m cal/cm min m cal/cm min 2 

1200 1080 1100 1.02 

1300 1090 106 8 0.98 

1400 1020 1012 0.99 

1500 850 852 1.00 

1600 620 626 1.01 

I 1700 360 358 0.99 

1800 95 98 1.03 

1900 0 0 

1 

-- 

So f a r ,  t h i s  equat ion by Albrecht gives r e l i a b l e  va lues  f o r  the  incoming 

r a d i a t i o n  only when no clouds are present .  I f  clouds are p resen t ,  a co r rec t ion  

f a c t o r  has  t o  be introduced. 
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Another p o s s i b i l i t y  involving r a d i a t i o n  measurements from sa t e l l i t e s  

e x i s t s  through use of the  temperature 8 of t h e  e a r t h ' s  s u r f a c e .  Together 

with t h e  temperature 8 a t  t h e  top of the  boundary l a y e r ,  the  temperature 

d i f f e r e n c e  A0 = 0 - 0 can be used, ins tead  of i n s o l a t i o n ,  a s  an e x t e r n a l  

p r m e t e r  . 

0 

g 

g o  

Equation (56) then can be w r i t t e n  i n  the form 

A0 1 ** 
g 'D " 

(J=€i --.--- 
0 N  

Since both c and T,/A8 (T* = - - * s c a l i n g  temperature) are func t ions  

of R and 0,  0 can be expressed a s  

D k p c u*' 
P 

0 

CJ = f (S ,  Ro) 

Here S = 

of empir ical  d a t a  f o r  t h e  dependency of c 

r e l a t i o n s h i p  given i n  equat ion (51) has been computed. The r e s u l t  i s  given 

i n  Figure 25. A t  high Rossby numbers and n o t  too l a r g e  va lues  of S ,  0 is  

near ly  independent upon R and v a r i e s  only with S. 

a l s o  g ives  some j u s t i f i c a t i o n  f o r  t h e  assumption made f o r  t h e  cons t ruc t ion  

of Figure 24.  From the  t h e o r e t i c a l  s t a n d p o i n t ,  t h e  second method has  some 

shortcomings. The known r e l a t i o n s h i p  f o r  Ae/T ,  is  most l i k e l y  n o t  c o r r e c t  

e is  a s t a b i l i t y  parameter given by e x t e r n a l  v a r i a b l e s .  By use % 
and TJA0 upon s t a b i l i t y ,  t h e  D 

Thus t h i s  second method 
0 
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5 
f o r  Rossby numbers smaller  than 10 . 
f o r  smaller Rossby numbers is the reason fo r  i n t e r s e c t i n g  (7 l i n e s  a t  low S 

and R values .  I n t u i t i v e l y ,  a t h e o r e t i c a l  r e l a t i o n s h i p  At3/T* should approach 

asymptot ica l ly  t h e  l i n e s  S = 0 a t  small Ii 

der iva t ion  of such a r e l a t i o n s h i p  must remain the  t a sk  f o r  f u t u r e  work. 

The f a c t  t h a t  t h i s  r a t i o  changes s i g n  

0 

numbers f o r  a l l  0 values .  The 
0 

200 

~~ 

20 
30 

; 40 50 

I I I 1 I 4 

, 100 400 

Figure  25. S t a b i l i t y  parameter S as func t ion  of 0 and su r face  Rossby number. 
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V I .  DETERMINATION OF PREDICTANDS FROM LARGE-SCALE VARIABLES 

6.1 Method 

T-ll pllrpmce_ Cf t h i s  chapter is to +---e c=a L *l-- L l l r  cviiipu ---I L a L i o i i d  scheme i r i  which 

some of t h e  s t a t i s t i c s  observed a t  t h e  Kennedy tower are determined from 

"external" bulk v a r i a b l e s .  Equation (55) of Chapter V which g ives  t h e  

geostrophic  drag c o e f f i c i e n t  c = u / V  as a func t ion  of Rossby number 

Ro, and t h e  p lane tary  Richardson number 0, was solved by one of the  methods 

suggested by F i e l d e r  (Chapter V ) .  

D *o g 

F i r s t ,  Figure 24  is  used t o  determine 0 from I and V * then ,  c i s  g '  D 

determined from Figure 23. Given c u i s  known; L can then be found 

from u and 0 ,  given the  d e f i n i t i o n  of 0 .  

D' *o 0 

*O 

Values of geopotent ia l  he ight  on t h e  850 mb s u r f a c e  prepared by t h e  

National Meteorological Center were obtained from t h e  Nation1 Center f o r  

Atmospheric Research a rch ives  i n  Boulder, Colorado, These 850 mb h e i g h t s  

were a v a i l a b l e  every 1 2  hours a t  00 GMT and 1 2  GMT, on t h e  r e g u l a r  NMC 

Northern Hemisphere g r i d  which has  a g r i d  i n t e r v a l  of 381 km a t  60"N 

l a t i t u d e .  

Smoothed es t imates  of t h e  geos t rophic  wind were obtained by 

- 
i n  which Ax is t h e  g r i d  i n t e r v a l  a t  F l o r i d a  (301 km). z is  t h e  averaged 

value of the  he ight  a t  t h e  two g r i d  p o i n t s  nor th  of F l o r i d a  and z s ,  zw, 

N - -  
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- 
and averaged va lues  of he ight  a t  t h e  two g r i d  p o i n t s  south ,  w e s t  and E 

east of F lor ida .  

t o  t h e  tower s i te .  

These geostrophic  wind values  w e r e  l i n e a r l y  i n t e r p o l a t e d  

I n s o l a t i o n  measurements, required f o r  the determinat ion of 0, w e r e  

However , inspec t ion  of t h e s e  suggested t h a t  a v a i l a b l e  a t  Cape Kennedy. 

many of these  w e r e  u n r e a l i s t i c a l l y  low. Therefore,  i n s o l a t i o n  w a s  

computed by t h e  method discussed i n  t h e  l as t  chapter .  

cor rec ted  f o r  c loudiness  by mult iplying i t  by (1 - .03 C) where C is t h e  

cloudiness  i n  ten ths .  

The i n s o l a t i o n  w a s  

Figure 26 compares computed and observed i n s o l a t i o n s .  Clear ly ,  i n  

many cases t h e  observed va lues  are u n r e a l i s t i c .  This is f u r t h e r  brought o u t  

by t h e  f a c t  t h a t  0-values, estimated from these measurements, are o f t e n  of t h e  

wrong s ign .  Therefore,  i n  t h i s  test, c w a s  determined from Figure 24 as 

funct ions  of computed i n s o l a t i o n  and measured geostrophic  winds. Then, 

f r i c t i o n  v e l o c i t i e s  w e r e  determined from Figure 23.  

6.2  T e s t  Resul t s  

The mean v a l u e  of t h e  f r i c t i o n  v e l o c i t i e s  observed l o c a l l y  was 0.76 

m / s e c ,  about 77% l a r g e r  than t h a t  calculated from V 

sca t te rgram depicted i n  Figure 27 i l l u s t r a t e s  t h e  r e l a t i o n s h i p  between t h e  

Some p o s i t i v e  c o r r e l a t i o n  is evident .  two sets of u 

scatter i s  probably due t o  the  uncer ta in ty  i n  t h e  geos t rophic  wind calcula-  

t i o n s .  

0 . 4 3  m l s e c .  The 
g' 

The l a r g e  amount of 
*O' 

The sys temat ic  d i f f e r e n c e  could e a s i l y  be due t o  t h e  f a c t  t h a t  an 

L 
average geos t rophic  wind i n  a (300 km) area i s  sys temat ica l ly  smaller than the 
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l o c a l  geos t rophic  wind over Cape Kennedy, p a r t i c u l a r l y ,  i f  t h e  average i s  

s m a l l .  Note t h a t  t h e  discrepancy disappears  f o r  l a r g e  speeds,  where one 

might expect smaller sys temat ic  d i f fe rences  between t h e  two kinds of wind. 

Another d i f f i c u l t y  arises from t h e  uncer ta in ty  i n  t h e  roughness l e n g t h s  

a l ready  discussed i n  earlier chapters .  Both sets of u * ~  compared i n  

Figure 26 are based on t h e  same z 's ,  namely those der ived i n  Chapter 11. 

we have seen,  t h e s e  roughness lengths  are too  l a r g e  t o  account f o r  t h e  

s ta t i s t ica l  f l u c t u a t i o n s  of the  winds a t  Cape Kennedy. 

As 
0 

Now i t  t u r n s  out  t h a t t h e  u* ' s  estimated from V18 are much more s e n s i t i v e  
0 

t o  t h e  assumed z ' s  than those based on geostrophic  winds. Therefore t h e  

quest ion w a s  r a i s e d  what va lues  of z would e l i m i n a t e  t h e  sys temat ic  

d i f f e r e n c e s  between t h e  two sets of u*. 

of magnitude less than t h e  observed z o ' s ,  and t h e r e f o r e  are q u i t e  u n r e a l i s t i c .  

It is  concluded t h a t  it i s  impossible t o  a s c r i b e  t h e  sys temat ic  d i f f e r e n c e s  

between a b s c i s s a  and o r d i n a t e  i n  Figure 27 t o  i n c o r r e c t  roughness lengths ;  

as suggested above, t h e  explanat ion can be found more probably i n  t h e  

s i g n i f i c a n t l y  underest imat ion of l o c a l  geostrophic  winds. 

0 

0 

These turned out  t o  b e  two o r d e r s  

W e  s h a l l  assume t h a t  t h e  U * ~ ' S  obtained from t h e  winds a t  18 m are 

c o r r e c t .  

b e  based on t h e  l i n e  of regress ion  f i t t i n g  Figure 27. 

Hence, t h e  b e s t  estimate of u * ~ ,  given geostrophic  winds, would 

U = 0.51 + 0.62 u * ~  (Vgs 0) 
*o est 

These estimates should then form the b a s i s  f o r  ob ta in ing  wind 

p r o f i l e s  eq. (15) and E (eq. (28)) and standard devia t ions .  T e s t  of t h i s  
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suggestion should be made a t  o ther  l o c a t i o n s  s i n c e  t h e r e  i s  no guarantee 

t h a t  eq. (63) i s  genera l ly  v a l i d .  

Figure 28 is a p l o t  of u *o  (Vg, U) c a l c u l a t e d  from V as a b s c i s s a  and t h e  
g 

standard devia t ion  of t h e  longi tudional  f l u c t u a t i o n  oU, as ord ina te .  

average va lue  of CI /u 

a t  other  tower si tes (see Lumley and Panofsky, 1964). Again, most of t h e  

scatter is probably due t o  t h e  uncer ta in ty  i n  the  geostrophic  wind observa- 

t ions .  The l a r g e  scatter i n  Figure 28 suggests  t h a t  the  b e s t  agreement with 

observed s tandard devia t ions  a t  Kennedy is  obtained by f i t t i n g  a l i n e  of 

regress ion  t o  Figure 27 : 

The 

(Vo, a) which agrees  q u i t e  w e l l  wi th  observat ions made u *o 

= 0.80 + 0.77 u * ~  (Vg, 0 )  
?l 

Simi la r ly ,  f o r  t h e  l a t e r a l  component, a t  18 m 

= 0.92 + 0.37 u * ~  (Vg, 0 )  (65) OV 

But, as  we have suggested,  t h e r e  a r e  s t rong  i n d i c a t i o n s  t h a t  t h e  observed 

q u a n t i t i e s  are too small. It is proposed t h a t  a b e t t e r  procedure f o r  

es t imat ing 0 

s t a b i l i t y  i n f o m a t i o n  is t o  use an equat ion l i k e  (63) t o  estimate uA0 and 

then mult iply by 2.5 and 2.2, r e s p e c t i v e l y ,  t o  o b t a i n  oU and a,,. 

technique w i l l  be t e s t e d  on observa t ions  t o  be made a t  R i s d ,  Denmark, on 

t h e  125 m tower. 

and ov from geostrophic  winds, roughness lengths  and 
U 

This 
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S t i l l ,  a l l  estimates based on geostrophic  winds are c e r t a i n  t o  have 

l a r g e  random e r r o r s  even i f  the systematic  e r r o r s  can be e l imina ted ,  f o r  t h e  

c o r r e l a t i o n  c o e f f i c i e n t  between observed s tandard devia t ions  and uko computed 

from geostrophic  wind is  only  about 0.44 f o r  the  u-component and 0.24 f o r  t h e  

v-component. A s  we have seen i n  Chapter I V Y  c o r r e l a t i o n  c o e f f i c i e n t s  are 

about twice as l a r g e  between s tandard devia t ions  and u 

l o c a l  wind. Hence, s tandard devia t ions  should be est imated from l o c a l  

r a t h e r  than geostrophic  wind i f  a t  a l l  poss ib le .  

' s  obtained from 
*O 
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V I I .  SUMMARY OF PRACTICAL METHODS FOR ESTIMATION 

OF LOW-LEVEL WIND STATISTICS 

7 .1  Roughness Length, F r i c t i o n  Veloci ty  L When Large-Scale 
-0- 

Information Only Is Avai lable  

a. Daytime. When t h e r e  is only la rge-sca le  information,  l o c a l  

s t a t i s t i c s  can be est imated from the th ree  b a s i c  q u a n t i t i t e s :  geostrophic  

wind speed, i n s o l a t i o n  and roughness length.  

The roughness lengths  need not  be extremely accu ra t e  and can be 

est imated from the  l o c a l  t e r r a i n  according to  the  fol lowing t a b l e :  

Table 6 .  Roughness lengths  f o r  var ious  t e r r a i n  types ,  i n  an. 

Ocean o r  ice 0.01 

Smooth g ras s  1 

Rough g ras s  5 
Farm land,  smooth 10 

Fores t ,  c i t ies  200 

Farm land, rough 50 

I n s o l a t i o n  wi th  clear sky can be determined from the  usua l  as t ronomical  

formulae,  o r ,  i f  Cape Kennedy is  t y p i c a l ,  from: 

I = 1.585 COS < (1 - 0.19 
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Here, I i s  t h e  i n s o l a t i o n  i n  ly/min and 5 i s  t h e  zeni th  d i s t a n c e  of the  sun,  

which can be computed from hour angle  t ,  d e c l i n a t i o n  of the  sun 6 and 

l a t i t u d e  $ by 

cos 5 = cos t cos 6 COS Q + s i n  6 s i n  4 

I n  cloudy s k i e s ,  t h i s  estimate has  t o  be m u l t i p l i e d  by ( 1  - .01 aC) 

where C i s  t h e  cloudiness  i n  t e n t h s  and a depends on the  type of cloud. 

We have used a = 3 ,  though the va lue  should be considerably l a r g e r  (perhaps 

7 )  wi th  low clouds.  

Given I and the  geostrophic  wind, V the  p lane tary  Richardson 

number u i s  obtained from Figure 24.  Hence, the  s u r f a c e  stress i s  found 

from Figure 2 3 ,  given U and the geostophic wind. I f  the  Kennedy r e s u l t s  

a r e  r e p r e s e n t a t i v e ,  a b e t t e r  estimate of f r i c t i o n  v e l o c i t y  i s  f i n a l l y  found 

from 

g’ 

u = 0.51 + 0.62 U * ~ ( V ~ ,  0 )  
*O 

where u *,(Vg, 0 )  is  t h e  f r i c t i o n  v e l o c i t y  obtained from u and V . 
g 

Next the  P a s q u i l l  class i s  determined from Table 2. For t h i s  t a b l e ,  

w e  need a rough es t imate  of wind speed. 

accura te ly  by the  logar i thmic  wind law appl ied a t  10 m: 

This i s  given s u f f i c i e n t l y  

0 
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Radiat ion is  taken t o  be weak if less than 0.5 ly/min, medium i f  between 

0.5 and 1.0 ly/min, and s t rong  i f  g r e a t e r  than 1.0 ly/min. 

F i n a l l y ,  Figure 9 g ives  an es t imate  of L from P a s q u i l l  class and 
0’ 

roughness length.  W e  now have u z and L and can proceed t o  Sect ion 7 . 3  *o’ 0’ 0 

of t h i s  chapter .  

b. Night. A t  n i g h t ,  large-scale  v a r i a b l e s  are n o t  l i k e l y  t o  y i e l d  

good estimate of L 

and s t r a t i f i c a t i o n  near  n e u t r a l .  

but  has  n o t  been t e s t e d .  F i r s t ,  ob ta in  roughness length  as i n  (a). Then, 

determine a f i r s t  approximation of s u r f a c e  f r i c t i o n  v e l o c i t y  from Figure 23,  

assuming CT = 0. 

l a r g e  i n  weak-wind cases with s t rong inversions.  I n  any case, use t h e  

logar i thmic  l a w  appl ied a t  10 m t o  o b t a i n  a rough wind speed. 

t o  determine P a s q u i l l  class from Table 2 .  Figure 9 g i v e s  t h e  f irst  estimate 

of Lo, as func t ion  of roughness length and P a s q u i l l  class. 

and f r i c t i o n  v e l o c i t y ,  un less  winds are too s t rong  
0 

The following procedure is recommended, 

This approximation wil l  be good i n  s t r o n g  winds, bu t  too 

U s e  t h i s  

Given L and u w e  can now estimate t h e  p l a n e t a r y  Rossby number from 
0 *O’ 

its d e f i n i t i o n :  

0.4 u * ~  
C T =  

Lo 

With t h i s  and geos t rophic  wind, we en ter  Figure 23  and o b t a i n  a second 

estimate of s u r f a c e  f r i c t i o n  v e l o c i t y .  This procedure can then be i t e r a t e d  

u n t i l  i t  converges. 

near -neut ra l  condi t ions ,  bu t  n o t  i n  very s t a b l e  a i r .  But i n  t h e  l a t te r  

case, t h e  winds are l i k e l y  t o  be too weak t o  be of p r a c t i c a l  consequence. 

It is  expected t h a t  i t  w i l l  be  f a i r l y  r e l i a b l e  under 
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Again, a b e t t e r  es t imate  of u can be found from 
*O 

u = 0.51 + 0.62 u * o v g ,  0) 
*O 

if t h e  Kennedy r e s u l t s  are t y p i c a l .  W e  then proceed t o  Sect ion 7 . 3 .  

7.2 F r i c t i o n  Veloci ty  and Lo from Low-Level Data 

It is  expected t h a t  b e t t e r  estimates of s u r f a c e  f r i c t i o n  v e l o c i t y  and 

Lo can be obtained when a low-level wind i s  measured (e.g. ,  g iven from hourly 

sequences) than i f  geostrophic  winds have t o  be used. F i r s t ,  roughness 

length i s  estimated as before .  N e x t ,  the  P a s q u i l l  class is found from 

Table 2. P a s q u i l l  c l a s s  and roughness length  y i e l d  Lo according t o  Figure 9 .  

The sur face  f r i c t i o n  v e l o c i t y  can now be found from the  equat ion  f o r  

the wind p r o f i l e :  

0.4 u u =  
*o I n  z / z  - J, (Z/L~) 

0 

where $ i s  tabulated i n  Table 1. It is  recommended t h a t  t h e  h e i g h t  z be 

taken as  10 m ,  t h e  he ight  recommended f o r  synopt ic  wind observa t ions .  This 

method has  not  been t e s t e d .  

7.3 Estimation of Various S t a t i s t i c s  from zo, li, and u * ~  

a .  Wind P r o f i l e .  The wind p r o f i l e  up t o  150 m o r  so  i s  w e l l  

described by 
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z u = 2.5 u [ I n  IT) - J I  (?)I 
0 0 

*O 

where J I  is given i n  Table 1. 

b. Variance. A t  t h i s  po in t ,  i t  i s  recommended t h a t ,  a t  a l l  l e v e l s ,  

up t o  150 m 

and 

*O 
av = 2.2 u 

These equat ions are not  so much based on Kennedy r e s u l t s ,  but  on average 

r e s u l t s  a t  va r ious  loca t ions .  

premature,  s i n c e  no gene ra l ly  v a l i d  behavior has  been documented. 

Correct ion f o r  he igh t  o r  s t a b i l i t y  appears 

c. Spectra  a t  high frequencies .  At high f requencies  (n > u/z), the  

iner t ia l - subrange  formulae appear v a l i d :  

213 213 ,-513 S(n> = c E u 

Here, E is the  d i s s i p a t i o n  of turbulence i n t o  h e a t  and t h e  cons tan t ,  c ,  

is .14 f o r  t h e  u-component and .18 f o r  the v-component, n i s  the  frequency. 
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A t  30 m and above, E is  est imated by: 

3 2.5 u*o 
E . =  [ (1 -I 16 z/Z, )1'4 3 

z 0 
0 

iiilci, beiow, 30 m y  by 

2.5 Uk0 

E =  [ l  - 16 z /L  )-'I4 
z 0 

d. Coherence. Coherence i n  the  v e r t i c a l  i s  given by: 

-K nAz/u coh(n) = e 

where Az i s  the he ight  d i f f e r e n c e  between.the two l e v e l s  considered. K 

is a decay constant  which depends on z/L as shown i n  Figures  19 and 20. 
0 

The "slope" S, defined by 

s = -  " a r c  tan (Q/c> 
2 7 ~  nAz 

(Q, quadrature spectrum; C ,  cospectrum) is about 1 f o r  longi tudional  and 

2 f o r  l a t e r a l  v e l o c i t y  components below 100 m and h a l f  as l a r g e  between 100 m 

and 150 m. 

Tests of a l l  these  procedures a t  l o c a t i o n s  away from Cape Kennedy are 

urgent ly  needed t o  test the  g e n e r a l i t y  of these  methods. 
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